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Abstract

A quantum chemical screening of two imidazole-based chalcone ligands: 2-
[1-(3-(1H-imidazol-1-yl)propylimino)-3-(phenylallyl)|phenol and 2-[1-(3-(1H-
imidazol-1-yl)propylimino)-3-4-nitrophenylallyl]phenol (hereinafter referred
to as HL1 and HL2 respectively) and their Pd, Pt and Zn chelates for charge
transport and nonlinear optical (NLO) properties, is reported via dispersion-
corrected density functional theory (DFT-D3) and time-dependent DFT (TD-
DFT) methods. From our results, Pd and Pt complexes have been observed to
show excellent hole-transport properties, owing to their very small reorgani-
zation energies. The light extraction efficiency of the HL1-Pt complex was de-
duced to be particularly impressive, thus suitable for the manufacture of hole
transport layer in violet light emitting diodes (LEDs). Moreover, redox po-
tentials and chemical stability studies have enabled us to validate the greater
stability in moisture (towards oxidation), of HL2 complexes compared to their
HL1 counterparts. The first and second hyperpolarizabilities of both ligands
and their complexes have been found to be outstandingly higher than those of
the push-pull prototypical, para-nitroaniline by factors of up to 12 in the case
of HL2. These compounds, with the exception of the HL2-Pt complex, are
thus interesting candidates having wide transparency tradeoffs for NLO effi-
ciency in the manufacture of optoelectronic and photonic devices capable of
second and third-order NLO response. Finally, metal chelation has been es-
tablished to enhance the NLO response of all the chalcone-based imidazole
ligands investigated as a result of metal-ligand charge transfer and ligand-
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metal charge transfer electronic transitions identified in the resulting com-
plexes with the exception of the zinc complexes.
Keywords

Density Functional Theory, Time-Dependent Density Functional Theory,
Chalcone-Imidazoles, Charge Transport and Nonlinear Optical Properties

1. Introduction

Chalcone derivatives have extensively been used in optoelectronics as photore-
fractive polymers, nonlinear optical (NLO) materials, chromophore sensors, fluo-
rescent probes for the determination of metal ions and sensing of DNA, and in
the study of photo-alignment layers of liquid crystal displays [1] [2] [3]. As a
matter of fact, these derivatives are one of the most interesting groups of mate-
rials for NLO applications because, apart from exhibiting high NLO coefficients,
they are well-known for their good crystallizability into non-centrosymmetric
structures with excellent second harmonic generation (SHG) conversion effi-
ciency [1] [4] [5]. Additionally, they possess a good optical limiting behavior
when in contact with nanosecond laser pulses at Nd-YAG laser wavelengths
(1064 nm) [6]. It must also be noted that in recent times, organic materials exhi-
biting NLO properties have intensely been investigated in comparison with tra-
ditional inorganic nonlinear crystals because of their many superior properties
such as: ultrafast response times, lower dielectric constants, high internal quan-
tum efficiency, high damage threshold, flexible design and low driving voltage
which contributes to an efficient energy usage, cognizance of the growing de-
mand for energy, hence impacting immensely the energy budgets of countries
[5] [7] [8]. Given that chalcones bear a very good synthon, a variety of novel he-
terocycles with good pharmaceutical and even NLO profiles dyes have been de-
signed [9]. Chalcones incorporate a donor-mn-acceptor-n-donor (D-n-A-n-D) type
conjugated system with appreciable hyperpolarizability, prerequisite for poten-
tial interest in NLO applications [10]. Moreover, the presence of intramolecular
charge-transfer features in the chalcone skeleton, allows for the design of new
molecules substituted for donor or acceptor groups, which gives us an under-
standing of the structure-property relationships [6]. Nevertheless, the efficiency
of organic light emitting diodes (OLEDs) is relatively low, thus slowing its very
ambitious economic impact, partly because of their low stability in air and mois-
ture, low luminous efficiency and carrier mobility amongst other bottlenecks [11]
[12]. For these reasons, there is a pressing need to find novel materials with effi-
cient applicability in the field of optoelectronics and photonics. Although the bi-
ological uses of chalcones have been investigated widely in recent times, the use
of chalcones as potential optoelectronic materials is still a topic of great research
interest [4]. Often, in a bid to get around the reported poor luminescence prop-
erties of chalcone-based organic molecules, partly due to the quenching pro-
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cesses from the intramolecular torsional motions and cis-trans isomerization in
the a, f~unsaturated ketone moiety, the complexation method is often a way out
towards improving their optical properties [3] [13]. Fortunately, organometallic
and coordination complexes have found a place of choice for the production of
NLO materials due to their tunable metal centers and their inherent charge-
tranfer transitions [14]. Motivated by the role played by complexation in im-
proving the optical properties of chalcone-based compounds, we herein turn our
interest on the investigation of chalcone-imidazole complexes for optoelectronic
applications.

Based on fluorescence properties of some chalcone based Schiff bases of N-
(3-aminopropyl)imidazole complexes earlier investigated by Kalanithi and co-
workers [3], it is envisaged that these compounds should show promising charge
transport and NLO characteristics besides the fact that they are also nitrogen-
containing m-conjugated derivatives [15]. Likewise, given the fact that chalcone-
imidazole based hybrid chromophores are less investigated in this perspective,
studies in this light are very much imperative. To the best of our knowledge, stu-
dies on the impact of transition metal complexation on the OLED properties of
chalcone-imidazole hybrids are scarce. In line with the fact that transition metal
coordination is most likely to improve upon the mechanical properties and
thermal stability of these molecules, investigations on chalcone-based complexes
in this regard are appealing.

This study therefore is aimed at investigating the combined effects of the nitro
group substituent and the complexation of two imidazole-based chalcone ligands:
2-[1-(3-(1H-imidazol-1-yl)propylimino)-3-(phenylallyl) |phenol (HL1) and 2-[1-
(3-(1H-imidazol-1-yl)propylimino)-3-4-nitrophenylallyl|phenol (HL2) (see Fig-
ure 1) on their charge transport and NLO properties. To achieve our objective,
the polarizability (a), first hyperpolarizability (f) and second hyperpolarizabilies
() have been calculated, given that these quantities are key indicators and reflect
the extent to which optical nonlinearity can be observed [16]. It must also be re-
called that second-order response governed by the second order hyperpolarizabil-
ity offers more varied and richer behavior than first-order NLO process due to
the higher dimensionality of the frequency space [16]. Therefore, the investiga-
tion of the second-order hyperpolarizability of the chalcone derivatives investi-
gated herein has been probed into in order to conclude on the appropriateness of
the materials for NLO applications [16] [17]. Similarly, properties with respect to
OLED applications such as oxidation and reduction potentials, hole (1) and
electron reorganization (A.) energies, electronic absorption and emission spectra,
electric dipole moments have also been probed into herein.

Given the irrefutable role theoretical investigations play in the design and syn-
thesis of materials, the density functional theory (DFT) electronic structure me-
thod and its time-dependent extension have been used as the platform for all our
calculations considering the fact that the DFT method is relatively faster than
other methods like the post Hatree-Fock and coupled cluster methods at com-

parable accuracy [18].
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Figure 1. Input structures of studied ligands (HL1 and HL2) and complexes with M = Pd*, Pt** & Zn*" and
Hg*.

2. Computational Details

All quantum chemical calculations in the present study were carried out using
the ORCA 4 package [19], with the exception of the study of the NLO response
calculations which were done with the Firefly quantum chemical package [20],
which is based on part of the GAMESS US source code [21]. The GGA function-
al BP86 [22] [23] in conjunction with the def2-TZVP basis set [24] and the
B97-3c composite electronic structure approach [24] were used for geometry op-
timizations and frequency calculations since they yield excellent geometries and
vibrational frequencies [25] [26]. To speed-up the geometry optimization and

frequency calculations, but with marginal loss in accuracy, the resolution-of-
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the-identity (RI-]) approximation [27] was used in conjunction with appropriate
auxiliary basis sets. In the calculation of both fluorescence and electronic absorp-
tion spectra the TD-DFT method was invoked at the cam-B3LYP/def2-TZVP level
based on the BP86/ def2-TZVP optimized structures. It should be recalled that
the range-separated hybrid density functional cam-B3LYP functional [28] has
been found to perform well in excited state calculations and highly recommended
for molecules wherein charge transfer phenomena are significant [29]. To speed
up excited states calculations with marginal loss in accuracy, the Tamm-Dancoff
approximation scheme was employed. The PBEO functional [30] was employed
for single-point (SP) calculations of the molecules studied along with the basis
set ma-def2-TZVP for the metal ions and ma-def2-SVP for every other element.
To speed-up the calculations with the hybrid functionals, the RI-J approxima-
tion was used in combination with the chain-of-spheres (COSX) approximation,
giving rise to the RIJCOSX approximation [26]. Throughout the ORCA calcula-
tions, numerical quadrature grids of at least 5 were used.

The TD-DFT method in the Firefly package was used to calculate the static\
hyper polarizabilities of both organic molecules and transition metal complexes
at the PBEO/SBK]JC level of theory [31] based on BP86 optimized structures. The
SBKJC (Stevens/Basch/Krauss/Jasien/Cundari) valence basis set and the corres-
ponding effective core potentials (ECPs) were used here because they are appro-
priate for the computation of the (hyper) polarizabilities of the metal complexes
investigated, since they contain heavy transition metal ions [31]. Also, long-
range dispersion interactions were incorporated via the Grimme’s atom-pairwise
dispersion correction using the Becke-Johnson damping scheme (D3BJ) [32]

[33] as implemented in both packages.

3. Results and Discussion
3.1. Thermodynamic Parameters of Complexation Reactions

The complexes investigated herein have been modeled based on earlier studies
by Kalanithi and coworkers [3] following the synthetic process depicted by Equ-
ation (1).

HLx + MCI, — [ M(Lx)Cl]+ HCI 1)

where x =1 and 2.

To verify the coordinating affinity of the HL1 and HL2 ligands toward Hg, Pd,
Pt, and Zn ions, the enthalpies ( AHg,, ), and Gibbs free energies (AG
temperature have been calculated and presented in Table 1 using Equations (2)
and (3).

) at room

Rxn Rxn

AH Rxn — HEM(LX)CG + HI(-)ICI _(HEILX + Hl(\)/ICIZ ) (2)
AG'R><n = G[OM(LX)u] + GI(-)icl - (GBILX + GI(\)/ICIZ ) (3)

Here, H® and G°, respectively, represent the enthalpies and Gibbs free ener-
gies of the respective species at 298.15 K and 1.00 atm, obtained at the D3(BJ)-
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BP86/def2-TZVP level of theory in gas phase.

It is clear from Table 1 that the HL1 ligand has a higher affinity for the Pd, Pt,
and Zn than the HL2. It is also obvious from the values in Table 1 that the for-
mation of HL1-Hg and HL2-Hg is not thermodynamically feasible at room tem-

perature, since their AGg,, values are positive.

Rxn

Based on these results, it can be concluded that the HL1 and HL2 ligands have
significantly higher affinities for the d metal ions Pd(II), and Pt(II) and can effi-
ciently chelate them in chemical and biological systems, compared to the Zn(II)

ions since they have larger AGg,, values. Additionally, the reactions of the Pd,

Rxn
Pt, and Zn with the ligands are also found to be exothermal contrary to the for-
mation of mercury complexes. Consequently, the foregoing study will focus on

the Pd, Pt, and Zn based complexes.

3.2. Molecular Geometry and Structural Parameters

The optimized geometric parameters around the coordination centers of the HL1
and HL2 transition metal complexes obtained from calculations by means of the
DFT based methods: RI-BP86-D3(BJ)/def2-TZVP and B97-3c, are presented in
Table 2.

It can be observed that both RI-BP86-D3(BJ)/def2-TZVP and B97-3c levels of
theory give similar coordination patterns and bond parameters typical of expe-
rimental values [34] [35] for similar bond types. It is evident from Figure 2 that
the HLI ligand acts as a tridentate chelate toward the Pt(II), Pd(II) and Zn(II)
ions. While the HL1 ligand utilizes N17 atom of the imidazole ring as a donor in
the HL1-Pd and HL1-Pt complexes, it is observed that the C19 atom of the im-
idazole ring acts as one of the donors in the HL1-Zn complex resulting in an or-
ganometallic compound. It is noticed that the C19-Zn bond is the longest of all
metal-ligand bonds (2.616 A (2.637 A)), reminiscent of the weak nature of or-
ganometallic bonds. On the other hand, the HL2 ligand is found to act as a bi-

dentate ligand toward all the metal ions, in which cases there exist no apparent

Table 1. Enthalpies (AH,,, , kcal/mol), and Gibbs free energies (AGg,, , kcal/mol) of

complex formation between the HL1 and HL2 ligands and some transition metal chlo-
rides at room temperature at the D3 (BJ)-BP86/def2-TZVP level of theory in gas phase.

Complexes A Hyxn AGran
HL1-Hg 0.959 0.695
HL1-Pd —67.145 -64.905
HL1-Pt -67.395 —65.327
HL1-Zn -20.474 -20.439
HL2-Hg 1.995 1.696
HL2-Pd —65.941 —64.568
HL2-Pt —58.432 —57.855
HL2-Zn -13.206 —13.584
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Table 2. Some selected geometric parameters in gas phase of thermodynamically stable complexes at RI-BP86-D3 (BJ)/def2-TZVP
& B97-3c levels of theory.

Geometric parameters BP86-D3 (BJ)/def2-TZVP (B97-3¢)*
Bond Lengths (A) HL1-Pd HL1-Pt HL1-Zn HL2-Pd HL2-Pt HL2-Zn
M-Nnu 2.087 (2.092) 2.066 (2.073) 1.986 (1.995) 1.962 (1.967) 1.941 (1.939) 1.997 (2.003)
M-O2s 1.994 (1.999) 1.997 (2.003) 1.891 (1.899) 1.961 (1.962) 1.982 (1.980) 1.886 (1.894)
M-Cly; 2.285 (2.306) 2.294 (2.312) 2.180 (2.198) 2.286 (2.309) 2.282 (2.299) 2.155 (2.172)
M-Cyo / / 2.616 (2.637) / / /
M-Ny7 2.072 (2.089) 2.032 (2.043) / / / /

Bond Angles (°)

O2-M-Nu 88.3 (87.2) 90.3 (89.6) 98.4 (98.2) 92.5(91.7) 92.4 (92.5) 97.4 (97.3)
N11-M-Clyy 175.9 (175.5) 176.6 (176.5) 117.4 (118.4) 104.5 (104.8) 108.7 (108.6) 117.3 (118.0)
Cly-M-N1z 89.6 (89.5) 91.1 (90.7) / / / /
O25-M-Ny7 / / / / / /
C19-M-028 / / / / / /

Dihedral Angles (°)

O2-M-Cl7-Nn 67.8 (58.3) 82.6 (78.6) 140.2 (137.7) 179.0 (176.9) —178.9 (-180.0) 147.7 (142.2)
025-M-Cly-N17 178.0 (178.0) 178.4 (178.1) / / / /
Cly7-M-Ni17-Nn 176.1 (176.1) 176.6 (176.5) / / / /
Cl7-M-C19-N11 / / 117.5 (118.4) / / /

* Geometric parameters in gas phase of complexes studied at B97-3c are reported in parenthesis.

ol

HLI-Pd HL2-Pd

I
[ 3%

i :
e K
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L}

3

HL1-Zn

Figure 2. Optimized structures of studied HL1 and HL2 complexes in gas phase at the
RI-BP86-D3 (BJ)/def2-TZVP level of theory.

imidazole-based donor atom upon complexation. From the values of the bond
angles and torsional angles it is evident that the HL1-Pd and HL1-Pt complexes
have distorted square planar geometries around the central metals. The HL1-Zn
on its part shows a distorted tetrahedral geometry while the HL2 complexes are
found to have nearly perfect trigonal planar geometries with the exception of the
HL2-Zn complexes in which the torsional angle (O.-M-Cl,,-Ny;) deviates con-
siderably from perfect planarity.

A correlation of both methods with respect to the obtained bond parameters

permits the establishment of the correlation Equation (4);

y =1.000x-1.174 (4)

where y=B97 — 3c bond parameters,

x=BP86 bond parameters.

The correlation coefficient (R? = 0.998 ) obtained between the bond parame-
ters obtained at the aforementioned levels shows a good linear relationship be-
tween both methods, thus affirming somewhat perfect similarity of both levels of
theory used for geometry optimization and frequency calculations. Consequent-
ly, in the present study geometries obtained at both levels of theory will be used

at our convenience.

3.3. OLED Properties

The percolation theory or hopping theory, used to describe the electronic beha-
vior of devices, has been in recent times an important research tool for a rational
insight in the area of organic electronics [36]. In the search for appropriate
OLED materials with high efficiency, charge mobility across molecular crystals,
consisting of successive hopping from molecule to molecule, remains an indis-
putable factor, amongst other important criteria, and relies on two essential pa-
rameters, viz.: the intermolecular electronic coupling, also called electron trans-
fer integral, A, and the reorganization energy of the electron transfer process

between a molecular dimer, A, which is well illustrated in the Marcus rate equa-
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tion of electron or hole-transfer, k., [37] [38] as follows:

2
A2 1 —(AG®+ 2
Ket :[T]AH:b (4nAK,T) 2 exp (llTBT) (5)

where A and AH,; are the reorganization energy for the intramolecular electron
transfer and the electronic coupling integral between donor-acceptor pairs, re-
spectively, and A G'is the Gibbs free energy change of the process. Mobility is the
measure of the rate of charge transport in response to an electronic field. Hence,
for a significant charge transport, low reorganization and electronic coupling
energy is fundamental. In view of a comparative study, N,N-diphenyl- N, N bis
(3-methlphenyl)-(1,1 “biphenyl)-4,4 “diamine(TPD) (A, = 0.290 eV) and tris(8-
hydroxyquinolinato)aluminum(III) (Alq3) (1. = 0.276 eV) which are typical hole
and electron transport materials [11] respectively, have been referred to herein.
The reorganization energy is composed of two parts, namely: the internal reor-
ganization (A,) and the external polarization (A.). The former term J; reflects the
change in molecular geometry associated with going from the neutral state to the
ionized state, and vice versa while the latter term A. describes the change in elec-
tronic polarization of the surrounding molecules [39]. The external contribu-
tion, we must recall, is difficult to evaluate theoretically and besides, the com-
puted values of the external reorganization energy are much smaller than their
internal counterparts [40]. In the present study therefore, we focus attention on
the calculation of the internal reorganization energy from first principle. The re-
organization energies for the hole and electron transfers have consequently been
evaluated at the RIJCOSX-PBE(0-D3/ma-def2-TZVP (for the metal ion) and ma-
def2-SVP (for the other elements)// B97-3c levels of theory in gas phase using
the following formulas in Equation (6) and (7) [12] [41] and reported in Table
3.

Table 3. Computed chemical hardness (7), adiabatic electron affinity (AFA), vertical
electron affinity ( VEA), vertical ionization potential (/P (v)), adiabatic ionization poten-
tial (/P (a)), Ae and An values in eV of the HL1 and HL2 complexes at PBE0-D3/ma-
def2-TZVP (for the metal ion) and ma-def2-SVP (for the other elements)//B97-3¢ levels
of theory in gas phase.

Compounds n IP(v) IP(a) AEA VEA An Ae

HL1 1.186 - - - - 3.203 0.800
HLI-Pd 2.762 6.957 6.821 1.662 1.433 0.202 0.439
HL1-Pt 2.682 6.731 6.635 1.667 1.366 0.140 0.546
HL1-Zn 3.068 7.389 7.075 1.674 1.253 0.572 0.856

HL2 0.995 - - - - 3.019 0.673
HL2-Pd 2.634 7.750 7.600 2.789 2.482 0.236 0.597
HL2-Pt 2.661 7.625 7.447 2.478 2.303 0.275 0.410
HL2-Zn 2.754 7.678 7.223 2.755 2.171 0.673 0.738

*Experimental electron affinity (EA) of the Oxygen molecule = 0.448 + 0.006 eV [42].
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2 =(Es —E7)+(E°-E)) (6)
2, =(Eg ~E)+(E - E7) )

where E; (E, ) is the single point energy of the cation (anion) calculated with
the optimized structure of the neutral molecule. Similarly, E] (E”) is the sin-
gle point energy of the cation (anion) calculated with the optimized cation (anion)
structure, E° (E°) is the single point energy of the neutral molecule calculated
at the cationic (anionic) state. Finally, EJ is the single point energy of the neu-
tral molecule at the ground state.

It is observed from Table 3 that 1, (reorganization energy for hole transport)
values are comparatively smaller as compared to the A. (reorganization energy
for electron-transport) values demonstrating relevance of studied complexes as
p-type materials for organic light emitting devices. Moreover, the A. values ob-
tained are found to be greater than that of Alq3. Amongst the studied complex-
es, the Pt(II) and Pd(II) complexes have been found to present interestingly
lower A, values compared to TPD, suggestive of their suitability as p-type mate-
rials for OLEDs. The trend in A values is found to be; HL2-Zn > HL1-Zn >
HL2-Pt > HL2-Pd > HL1-Pd > HL1-Pt, implying that among the molecules stu-
died, HL1-Pt complex possesses the best hole transport properties since its A
value (0.140 eV) is significantly smaller that of the prototypical molecule, TPD.
It is worthy of note that hole-transport capability in the present study is signifi-
cantly improved upon metalleation of the HL1 and HL2 ligands by d transition
metals. It should be recalled that low reorganization energies are desirable in
charge transport materials as they result in greater charge mobility due to small-

er hopping barriers.

3.3.1. Redox Potentials\Chemical Stability of Studied Compounds

One of the key characteristics of an ideal optical crystal used in fields like pho-
tonics and optoelectronics is its chemical stability. In our work therefore, in view
of predicting the stability of our chemical systems, the absolute hardness (1),
have been calculated based on the molecular electron density theory (MEDT)
[41], using Equation 8:

O°E 1
=n==(IP,—E
(aNzl(r) =5 (IR ~EA) (8)

In Equation (8), U(r) represents the external potential of an N-electron system
with total energy E. P and EA are the first vertical ionization potential and elec-
tronic affinity of the system, respectively. The values of /Pand EA are calculated

as follows:

IR, =E,,-E\ 9)
EA =Ey —Eya (10)

where E,, E,_, and E,,, are the single point energies of the neutral, catio-
nic, and anionic forms of the N-electron system for the optimized geometry of

the neutral molecule.
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It is clear from Table 3 that the complexes are significantly more stable chemi-
cally than the ligands. Also, it is observed that as far as the complexes are con-
cerned, the Zn(II) complexes are more stable than their Pt(II) and Pd(II) coun-
terparts.

Another important factor which also characterizes the charge transport prop-
erties of OLED materials is their ionization potential and electron affinity. In an
electron transport material, the electron affinity must be high enough to permit
an efficient injection of electrons into low-lying unoccupied molecular orbitals
[43]. In this work, the ionization potentials (/P) and electron affinities (£A) have
been calculated according to Equations (8)-(11) at PBE0-D3(BJ)/ma-def2-TZVP
(for the metal ion) and ma-def2-SVP (for the other elements) level of theory in

gas phase.
IP(v)=E; —Ey (11)
IP(a)=E -Eg (12)
AEA=E -E; (13)
VEA=E; -E. (14)

The calculated EA values for the studied complexes are all greater than the
calculated EA of oxygen (see Table 3) defining their anionic stability toward the
oxygen present in surrounding. Thus, according to these observations the HL2
complexes are quite stable to air moisture compared to their HL1 counterparts.
Also, the ionization energy (IE) of the hole transport layer (HTL) is one impor-
tant material property that will influence the open-circuit voltage, fill factor, and
short-circuit current [44]. On the basis of above theoretical calculations, the io-
nization potential values of the complexes follow the trend HL1-Pt < HL1-Pd <
HL1-Zn < HL2-Pt < HL2-Zn < HL2-Pd. The HL2-Pd and HL2-Zn complexes
score the highest /P values while the HL1-Pt and HL1-Pd have shown the least
values. Upon application of these complexes in optoelectronics, the present study
on IP values will be very informative on the ideal HTL IP range within which
holes can be injected into the emissive layer of these potential hole transport

candidates.

3.3.2. Electronic Absorption\Emission Spectra and Charge Transport

It is worth recalling that a good charge transport material should not absorb in
regions of the spectrum where the pixel is emitting light. This is important be-
cause photons of light can go through a number of internal reflections before ex-
iting the device. Thus, even a small amount of absorption in the wrong region of
the spectrum can lead to a drastic decrease in the light out coupling efficiency of
the OLED device (Light extraction efficiency) [8]. Therefore, a comprehensive
study of absorption and emission spectra of these materials allows for their ra-
tional design in a bid to achieve marginal absorption in their emission window
(achieve high stoke shifts). In this study therefore, electronic absorption and
fluorescence studies of studied compounds have been undertaken for a rational

design of efficient optoelectronic devices.
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Herein, the HL2-Pt, HL2-Pd, HL1-Pd and HL1-Pt complexes earlier observed
to be potential hole transport materials, have been further screened with respect
to their electronic absorption and fluorescence spectra calculated at the cam-
B3LYP/def2-TZVP//D3(B])-BP86/def2-TZVP levels of theory. From Figure 3, it
can be observed that in the HL1-Pt complex, there is very little absorption
(A =333Nnm) in the emission window (A4, =411.64nm) of the complex,
conferring on it the status of a good hole transport material and can potentially
serve in the design of hole transport layers (HTL) in the fabrication of violet
OLEDs. The HL1-Pd compound on the other hand is observed to emit a low
light intensity though somewhat out of the absorption window. In the HL2-Pd
complex, though the absorption window does not coincide neatly with the fluo-
rescence spectrum, the latter remains relatively very weak and will require con-
siderable redesigning to boost its fluorescence properties. In the case of the
HL2-Pt complex, it is observed that the emission window falls sharply within its
absorption window. Consequently, a severe decrease in the light out coupling ef-
ficiency of the device is expected even though it possesses a good hole reorgani-
zation energy. Consequently, in the redesign of HL2-Pt as a hole transport ma-
terial, emphasis must be directed towards improving on its light absorption and

emission characteristics.

3.4. NLO Response

Quantum chemical calculations have been shown to be useful within the descrip-
tion of the relationship among the electronic structure of chemical systems and
their NLO response [43] [45]. In this study, the combined effects of nitration and
transition metal complexation of the HL1 parent molecular framework on the
NLO response have been investigated. The calculation of the components of the
static electronic linear polarizability (a), the first hyperpolarizability (#) and the
second hyperpolarizability () tensors at the PBEO/SBKJC//BP86/def2-TZVP level
of theory, were done via the TD-DFT method as implemented in the Firefly
quantum chemical package [19].

In general, nonlinear optical phenomena occur whenever the optical fields asso-
ciated with one or more laser beams propagating in a material are large enough
to produce polarization fields proportional to the product of two or more of the
incident fields [46]. However, linking the macroscopic coefficients to the indi-
vidual molecular coefficients remains a significant problem because of interac-
tions between neighboring molecules. However, most often the macroscopic
second-order nonlinearities of organic materials can rationally be described by
the nonlinearities of the constituent molecules [47]. Hence, polarization 7, in-
duced in an atom or a molecule by an external field E can be given by Equation
15, where the vector quantities P and F are related by the tensor quantities a, £,

and y.
P=gE+BE2+yE%+--+qYAE +qPAE? +-.. (15)

where q(”) is the nth quadrupole nonlinear susceptibility.
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Figure 3. The electronic absorption and fluorescence spectra of HL1-Pd, HL1-Pt, HL2-Pd and HL2-Pt in
gas-phase at cam-B3LYP/def2-TZVP level of theory.

The definition for the average linear polarizability (a), the total static first
hyperpolarizability ( S, ), the vector part of the dynamic first hyperpolarizability
(., ), and the averaged (isotropic) third hyperpolarizability (7/) were calcu-

lated using the following equations:

(a>:%(axx +ta,, +azz) (16)

P =(B+ B+ )" (17)

where: ﬂx:(ﬂxxx+ xyy+ xzz); ﬂy:(ﬂyyy+ yzz+ﬂyxx);
ﬂZ:(ﬁZZZJ’_ ZXX+ Zyy)

B =B+ B+ 57) (18)

where S (i=x,y,z) is given by:
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i

%) ) (/3”,- + B + B )

j=xy,z

(r)= %[7 Yy + Ve + 2 (Vg + Vs + Vo)

(19)

From Tables 4-7, an enhancement in the NLO properties have been observed

after the introduction of nitro-group (withdrawing group) into HL1 ligand frame-

work to obtain HL2. This change may be explained from the fact that the nitro

group increases the polarizability of the molecule as observed in Table 5, favor-

ing charge transfer. Hence, the static first hyperpolarizabilities of the HL2 ligand

are found to be 7.5 and 2.5 times higher than HL1 and paranitroaniline (a pro-

totypical molecule) respectively. Moreover, the static second hyperpolarizabili-
ties of the HL2 ligand are found to be 2.6 and 12 times higher than HL1 and pa-
ranitroaniline, which is a motivating prerequisites for the use of HL2 as a NLO

material.

Table 4. Static average polarizabilities (a in 107> esu), along with some tensor compo-

nents (in a.u.) for ligands, their transition metal complexes and p-NA, calculated at w =0
using the TD-DFT method at PBEO/SBKJC level of theory.

Molecules a, a, a, a, a, a, (a)x10esu

HL1 288.03 -26.73 280.67 -16.33 -23.12 178.93 369.31
HL1-Pd 387.64 -37.61 374.41 46.23 -53.92 186.99 468.79
HL1-Pt 392.53 -38.20 383.92 45.54 —52.44 190.32 477.55
HL1-Zn 339.04 -25.97 302.97 21.75 -64.63 206.91 419.34

HL2 329.41 -51.31 315.18 -12.18 —-32.00 186.17 410.37
HL2-Pd 390.22 -40.41 361.66 41.19 —-89.46 235.19 487.58
HL2-Pt 393.08 —44.30 356.20 42.02 -89.61 245.27 491.28
HL2-Zn 386.96 -53.98 355.85 20.18 -56.68 191.96 461.74

p-NA 141.93 0.03 92.66 0.54 -0.33 29.92 130.66

Table 5. Static total first hyperpolarizabilities (Bir in 107 esu), alongside some of its

components (in a.u.) for ligands, their transition metal complexes and p-NA, calculated
at w = 0 using the TD-DFT method at PBEO/SBK]JC level of theory.

Molecules B By, B... B, B, B, B x10esu

HL1 -105.78 59.30 11.57 -351.70 419.48 -136.75 4.87
HL1-Pd 945.18 266.65 171.00 1525.35 453.20 428.95 14.24
HLI1-Pt 1448.95 —449.41 165.38 3158.91 -965.23 1021.45 29.87
HL1-Zn 234.35 103.54 189.17 —-206.86 806.01 -188.32 7.37

HL2 1610.01 —1466.46 7.76 3090.88 —2854.87 567.49 36.68
HL2-Pd 1936.94 -1734.73 -82.43 3262.81 -3087.65 205.14 38.85
HL2-Pt 2130.84 -1590.45 -15.63 349420 —-3242.46 584.50 41.49
HL2-Zn 270190 -1159.83 144.49 3610.47 -2065.34  412.47 36.11

p-NA -1940.14 0.21 -4.09 -1756.29 -1.31 -67.84 15.18
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Table 6. Isotropic values of the vector component of the first hyperpolarizbility (B in
107 esu), alongside some of its components (in a.u.) for L, its transition metal complexes
and p-NA, calculated at w = 0 using the TD-DFT method at PBEO/SBK]C level of theory.

Molecules B, B, B, B, x10%esu Dipole moment

HL1 —1055.10 1258.43 —410.26 14.62 4.88
HL1-Pd 4576.04 1359.61 1286.86 42.71 14.71
HL1-Pt 9476.73 —2895.70 3064.34 89.61 14.50
HL1-Zn -620.59 2418.04 -564.97 22.11 8.82

HIL2 9272.63 —8564.63 1702.48 110.04 4.40
HL2-Pd 9788.44 —9262.95 615.42 116.55 0.91
HL2-Pt 10,482.61 -9727.37 1753.51 124.47 0.71
HL2-Zn 10,831.40 —6196.02 1237.40 108.33 4.16

p-NA —5268.88 -3.92 —-203.51 45.55 7.80

Table 7. Average static second hyperpolarizabilities (y in 1077 esu) and its components
(in a.u.) for the ligands, their transition metal complexes and p-NA, calculated at w = 0
using the TD-DFT method at PBEQ/SBKJC level.

Molecules o Yo Vo Yy Yrar You  {7)x10%esu

HL1 99,211.37 120,021.64 9676.43  80,491.59 9011.81 11,109.88 86,027.20
HL1-Pd  466,156.43 235,917.57 14,445.13 208,845.62 21,938.72 23,530.87  245,029.91
HL1-Pt  552,939.80 317,418.49 14,229.04 331,865.81 32,865.25 27,613.64  333,855.34
HL1-Zn 216,879.65 88,478.69 23,381.57 87,656.10 16,929.00 14,962.16 113,566.89

HL2 279,154.07 285,536.77 8933.56 253,145.65 17,236.27 16,973.91  229,667.21
HL2-Pd  621,111.59 323,313.86 42,336.54 330,717.51 68,391.50 59,016.64  380,602.66
HL2-Pt  660,309.99 308,089.10 45,887.12 339,861.28 80,570.35 66,638.33  397,685.23
HL2-Zn  684,671.50 323,592.82 15,283.80 238,044.06 19,297.26 18,575.93  315,076.52

p-NA 93,093.09 5077.05 552.39  -2989.74  -38.22 324.20 18,663.00

Upon metalleation of both ligands, an overall enhancement of y values is ob-
served. This trend is equally noticed for the f values with the exception of the
HL2-Zn complex that witnesses a slight drop in the B value. Also, it is observed
that the HL1-Pd and HL1-Zn complexes show S values that are inferior to that
of paranitroaniline. In addition to HL1-Pt therefore, the HL2 ligand and all the
HL2 complexes have been found to show high prospects to be used as NLO ma-
terials given that their fand yvalues are greater than that of the prototype para-
nitroaniline and comparative to B values of [Ru(L)3]2+ complexes earlier re-
ported [14].

The dominant components of B in the HL2 compounds are g, and f,, imply-
ing that the intramolecular charge transfer phenomenon in the compounds oc-
curs mainly in the x-y-direction as opposed to the HL1 compounds wherein the
pxis dominant in the HL1-Pd and HL1-Pt complexes while the £, component is
dominant in the HL1 and its Zn(II) complex. On the other hand, the tensor

DOI: 10.4236/cc.2021.94012

229 Computational Chemistry


https://doi.org/10.4236/cc.2021.94012

F. K. Bine et al.

components of y for the compounds are found to contribute positively and in all
directions to the average value, showing that the compounds can exhibit mul-
ti-dimensional third order NLO responses.

In view of the fact that dipole moment plays an important role in molecular
polarizabilities [48], a careful examination of Table 6 on the relationship be-
tween the observed ., values and the corresponding dipole moments has been
carried out. It can be observed that the HL1 compounds show a more or less di-
rect relationship between these values, whereas the HL2 compounds show an
inverse relationship between their dipole moments and observed f., upon transi-
tion metal complexation. Therefore, in the process of modeling derivatives
(complexes) from HL1 or HL2 ligands aimed at boosting their S, values, an in-
crease in the dipole moment of the HL1 derivative or a reduction of dipole mo-
ment of the HL2 derivatives will be a good preliminary towards the search of

much more performant NLO materials.

Electronic Absorption Spectra of HL1, HL2 and Their Transition Metal
Complexes

Analysis of electronic absorption spectra results allows us to assign the character
of the main transition involved in a molecule upon an external excitation pro-
cess and also to gain further insight into the intramolecular charge transfer (ICT)
phenomena occurring in these structures. Calculated wavelength, oscillator streng-
th (4 and molecular orbital excitations for the transition of the UV-Vis absorp-
tion bands of studied compounds are reported in Table 8. Herein, natural tran-
sition orbitals (NTQO) have been computed to facilitate our discussion, a scheme
that often provides a more convenient representation of the electronic transi-

tions.

Table 8. Absorption energies (AE, eV), wavelengths (1, nm), and oscillator strengths (4,
contributions of the natural transition orbitals (NTOs) calculated at Cam-B3LYP/def2-TZVP
level of theory in gas-phase by the TD-DFT method.

Molecule state Amax f AE (eV) electronic transition
P> H (HOMO > LUMO) 61%
HL1 5 251.4 0.024 4.933
(HOMO -1 LUMO + 1) 38%
P> H (HOMO > LUMO) 90%
HL1-Pd 6 314.2 0.217 3.946
(HOMO -1->LUMO + 1) 8%
P> H (HOMO > LUMO) 76%
HL1-Pt 5 332.9 0.176 3.724
(HOMO -1 LUMO + 1) 22%
P > H (HOMO > LUMO) 84%
HL1-Zn 4 271.2 0.594 4.572
(HOMO -1 LUMO +1) 11%
HL2 4 297.6 1.064 4.166 P> H (HOMO - LUMO) 93%
P > H (HOMO - LUMO) 78%
HL2-Pd 6 398.4 0.061 3.112 > H( > ) 78%
(HOMO -1 LUMO + 1) 21%
HL2-Pt 5 418.2 0.071 2.965 P > H (HOMO > LUMO) 94%
P> H (HOMO - LUMO) 80%
HL2-Zn 6 281.8 0.415 4.400
(HOMO -1->LUMO + 1) 17%
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The maximum wavelength bands presented in Table 8 for all the compounds
have been found to originate from the almost degenerated HOMO/HOMO - 1
couple to the LUMO and LUMO + 1 respectively. However, in all the com-
pounds studied, the HOMO to LUMO transition is the main contribution to the
absorption spectra. The HL1 ligand is seen to possess a maximum absorption
band that appears around 251.4 nm. It is worthy of note that the maximum ab-
sorption peak of HL1 shows a bathochromic shift with the introduction of the
electron withdrawing nitro group in HL2. Also, upon complexation of both li-
gands, a bathochromic shift is observed with the exception of the HL2-Zn com-
plex that witnesses a hypsochromic shift. On the whole, it is observed that apart
from the HL2-Pt complex, all the studied compounds show good transparency
tradeoffs in the visible region for NLO efficiency.

In a bid to decipher the nature and origin of electronic excitation, the isosur-
faces of the hole, particle and particle-hole overlap as shown in Table 9 have
been generated via the Multiwfn 3.6(dev) software [49] and visualized using the
Chemcraft 1.8 visualization software [50]. It is observed that 7 — 7~ electronic
transitions are predominant in the chalcone moiety of HL1 and HL2 ligands
while in the studied complexes, we have some low-lying d -z and 7 —d
or d »>d transitions, although bands with larger intensity are in general due
to charge-transfer transitions. Also, the particle-hole overlap in the HL2 ligand is
found to be more extensive than the overlap in the HL1 ligand. Hence, nitration
enhances charge transfer (CT) in HL1 which explains the impressive increment
of its S and y values observed. In the Pt and Pd complexes it is observed that
particle-hole overlaps are mainly localized around the metal-based d-orbitals,
the chloride ligand and the phenolic ring of HL2 complexes.

Table 9. The dominant NTO “particle-hole” pairs for the dominant electronic transitions of each investigated molecule and the

“particle-hole” overlap in gas-phase.

Molecule Electron distribution

Hole distribution Electron-hole overlap

HL1

HL1-Pd
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Continued

HL1-Pt

HL1-Zn

HL2

HL2-Pd

HL2-Pt

HL2-Zn
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This observation is evident of metal-ligand charge transfer (MLCT) and ligand-
metal charge transfer (LMCT) dominated electronic transitions within the Pt(II)
and Pd(II) metal chlorides complexes studied (except the Zn(II) chloride complex),
along with inherent ligand-ligand charge transfer (LLCT) transitions. The intro-
duction of MLCT and LMCT electronic transitions often, but not always, boosts the
first molecular hyperpolarizabilities of organic push-pull systems, as observed in the
present study. This observation nicely corroborates the relatively lower hyperpola-
rizabilities of the Zn(II) complexes compared to their Pt(II) and Pd(II) counterparts
as charge transfer in the Zn(II) complexes is observed to be essentially LLCT.

4. Conclusion

Chalcone based ligands have widely been investigated for optoelectronic and
photonic applications. Nevertheless, chalcone-imidazole based metal-organic
compounds have been paid less attention. In the present work therefore, theo-
retical investigations via the density functional theory (DFT) method have been
undertaken in a bid to predict the combined effects of the nitro group substitu-
ent and complexation on the electron/hole-transport properties and the nonli-
near optical (NLO) activity of two imidazole-based chalcone ligands: 2-[1-(3-
(1H-imidazol-1-yl)propylimino)-3-(phenylallyl)Jphenol and 2-[1-(3-(1H-imida-
zol-1-yl)propylimino)-3-4-nitro-phenylallyl]phenol. From our results, the Pd(II)
and Pt(II) complexes have been found to exhibit excellent hole-transport prop-
erties, owing to their very small reorganization energies, suggestive of the fact that
these complexes could serve as promising charge transport materials suitable for
the manufacture of organic light emitting diodes (OLEDs). The light extraction
efficiency of the HL1-Pt complex was deduced to be particularly impressive, thus
suitable for the manufacture of hole transport layer in violet light emitting dio-
des (LEDs). Moreover, redox potentials and chemical stability studies have been
used to attest for the greater stability in moisture of HL2 complexes towards
quenching compared to their HL1 counterparts. The first and second hyperpola-
rizabilities of the HL1-Pd and HL1-Zn complexes have been found to be inferior
to that of paranitroaniline. That notwithstanding, the HL1-Pt, the HL2 ligand
and all the HL2 complexes have been found to show high prospects to be used as
NLO materials given that their fand y values are greater than that of the proto-
type paranitroaniline. Additionally, it has been observed that metal chelation
enhances the NLO response of the chalcone-based imidazole ligands investigated
in this study. Overall, the studied compounds have demonstrated interesting
properties for the manufacture of optoelectronic and photonic devices capable of
second and third-order NLO response with good transparency tradeoffs. Base on
the forgoing, the present study may serve as a guide for experimental works in
the development of highly stable chalcone-imidazole complexes with meaningful
nonlinear optical and charge transport properties for practical use.
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