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a b s t r a c t 

Five cobalt complexes synthesized from two aroylhydrazones were characterized by elemental analyses, 

thermogravimetric analysis, molar conductivity, magnetic susceptibility measurements, IR and electronic 

spectra. Single crystal X-ray structure of one of the complex is also reported and it got crystallized in 

triclinic space group P ̄1 and the crystal structure shows a distorted octahedral geometry around the 

metal center. Spectral data reveal that both the aroylhydrazones are tridentate and coordinate through 

the azomethine nitrogen, hydrazonic oxygen, and pyridyl nitrogen. Magnetic susceptibility measurements 

confirm the paramagnetic nature of the Co(II) complexes and one of the complex was found to be dia- 

magnetic in nature. Additionally, HF/6-311G(d,p)/LANL2DZ calculations were performed to predict the 

possible intramolecular interactions contributing to the lowering of the stabilization energy. Accordingly, 

π→ π ∗ transitions were found to be responsible for the stabilization energy for the ligands and their 

cobalt complexes. To describe and discuss the chemical reactivity and stability of synthesized complexes, 

quantum chemical parameters like frontier orbital energies, hardness, softness, energy gap, electroneg- 

ativity, chemical potential, electrophilicity, polarizability and dipole moment were calculated. Also, the 

main electronic structure principles such as maximum hardness, minimum polarizability, and minimum 

electrophilicity principles were considered to evaluate the stability of the complexes. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

The architectural beauty of coordination complexes arises due 

o the interesting ligand systems containing different donor sites. 

n aroylhydrazones, it is well known that a proton transfer can oc- 

ur between the hydrazinic-N and keto group of hydrazide part. 

herefore, tautomerization equilibrium exists between amido form 

nd iminol form through intramolecular proton transfer. The avail- 

ble donor sites in aroylhydrazone compounds are amide oxygen 

nd azomethine nitrogen [1] . By suitable substitution on the hydra- 
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one framework, the number of coordination sites can be increased 

hereby increasing the denticity. The hydrazone ligands act mostly 

s tridentate moieties though they have the potential to behave 

s bridging tetradentate ligands [2] . Among the ligand systems, 

ydrazide and hydrazone occupy a special place because of their 

traightforward synthesis, high purity and wide range of applica- 

ions [3–5] . The presence of azomethine nitrogen in hydrazones 

s responsible for their biological importance. Metal complexes of 

roylhydrazones have been studied for many years as they exhibit 

ntimicrobial and anticancer activities [ 6 , 7 ]. Reported studies claim 

hat the cadmium complex of pyridine-2-carbaldehyde isonicoti- 

oylhydrazone could contribute alternatives as a drug candidate 

or the treatment of microbial diseases. Studies on cytotoxicity of 

admium complexes of hydrazones have reported that they have 

hown a greater effect than cis-platin [8] . It was reported recently 

https://doi.org/10.1016/j.molstruc.2021.129978
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hat judicious choice of substituents on the aromatic ring of aroyl- 

ydrazones can modulate their luminescent properties and it was 

lso reported that on coordination with Ni(II) quenching of fluores- 

ence has taken place [9] . This can open up the possibility of fu-

ure investigations for the application of these ligands for sensing 

hese metal ions. In addition to these, they have been studied by 

esting the catalytic activity of the complexes. Reports show that 

atalytic abilities of vanadium complexes were investigated and it 

as found that alcohol and/or ketone were obtained with good to 

xcellent conversion as the main products of the hydrocarbon oxi- 

ation [10] . 

As a part of our studies on aroylhydrazones [3] , we were eager 

o investigate the effect of substituents on the hydrazone frame- 

ork on complexation with different metal salts. Di-2-pyridyl ke- 

one was selected as the carbonyl part in one of the hydrazone 

ince it can provide a further binding site for metal cation and can 

hus increase the denticity. The donor atoms are beautifully placed 

o that it provides two pockets to bind the metal ions. The choice 

f nicotinoylhydrazide as the hydrazide part was based on the fact 

hat the nitrogen present in the ring can also coordinate to metal 

enter and is capable of forming polymeric structures. This arti- 

le reports the synthesis and characterization of cobalt complexes 

erived from some substituted aroylhydrazones. We have focused 

n cobalt complexes of these hydrazones as earlier reports suggest 

ppreciable corrosion inhibiton activity and also antitumour activ- 

ty [ 11 , 12 ]. We have also investigated the chemical reactivity, sta-

ility of the synthesized complexes, quantum chemical parameters 

ike frontier orbital energies, hardness, softness, energy gap, elec- 

ronegativity, chemical potential, electrophilicity, polarizability and 

ipole moment. 

. Materials and methods 

.1. Materials 

Di-2-pyridyl ketone (Aldrich), 2-benzoylpyridine (Aldrich), ben- 

hydrazide (Aldrich), and nicotinic hydrazide (Aldrich), cobalt(II) 

hloride dihydrate (E-Merck), cobalt(II) bromide (Aldrich), cobalt(II) 

cetate tetrahydrate (Nice Chemicals Pvt. Ltd.), potassium thio- 

yanate (Merck) and ammonium thiocyanate (E-Merck) were used 

s received. Solvents were purified by standard procedures before 

se. 
Scheme 1. Syntheses of

2 
.2. Synthesis of aroylhydrazones 

Aroylhydrazones were synthesized by adapting the earlier re- 

orted procedure [3] , namely via condensation between appro- 

riate aldehyde/ketone with the respective acid hydrazide as de- 

cribed below ( Scheme 1 ). 

HBPB: Selected IR (cm 

−1 ) bands: ν(N–H), 3063; ν(C 

= O), 1678; 

(C 

= N), 1571. 

Electronic absorption bands (MeCN) λmax (nm): 233, 271, 322 

HDKN: Selected IR (cm 

−1 ) bands: ν(N–H), 2928; ν(C 

= O), 1689; 

(C 

= N), 1579. 

Electronic absorption bands (MeCN) λmax (nm): 222, 271, 321. 

.3. Syntheses of complexes 

.3.1. Syntheses of [Co(BPB) 2 ]Br ( 1 ), [Co(BPB) 2 ] ( 2 ), [Co(DKN)Cl] ( 3 ) 

Complexes 1 ( Scheme 2 ) and 3 ( Scheme 3 ) were prepared by

efluxing a corresponding methanolic solution of aroylhydrazone 

nd cobalt salt solution in equimolar ratios after adding two drops 

f triethylamine for 3 h. The resulting solution was allowed to 

tand at room temperature and after slow evaporation; the brown- 

olored products were washed with ether, filtered and dried over 

 4 O 10 in vacuo. 

Complex 2 ( Scheme 2 ) was prepared by a similar method using 

obalt(II) acetate tetrahydrate. Dark brown crystalline product ob- 

ained washed with ether, filtered, and dried over P 4 O 10 in vacuo. 

[Co(BPB) 2 ]Br ( 1 ): Yield: 68%, �m 

(DMF): 79 ohm 

−1 cm 

2 mol −1 , 

(B.M.): diamagnetic, Elemental Anal. Found (Calcd.) (%): C: 61.27 

61.72), H: 3.74 (3.82), N: 10.98 (11.36), Co: 7.43 (7.97). 

[Co(BPB) 2 ] ( 2 ): Yield: 73%, �m 

(DMF): 9 ohm 

−1 cm 

2 mol −1 , μ
B.M.): 4.23, Elemental Anal. Found (Calcd.) (%): C: 68.94 (69.19), 

: 4.23 (4.28), N: 12.49 (12.74), Co: 8.69 (8.93). 

[Co(DKN)Cl] ( 3 ): Yield: 69%, �m 

(DMF): 12 ohm 

−1 cm 

2 mol −1 , 

(B.M.): 3.95, Elemental Anal. Found (Calcd.) (%): C: 50.83 (51.21), 

: 3.21 (3.54), N: 17.51 (17.56), Co: 14.39 (14.78). 

.3.2. Synthesis of [Co(BPB)NCS] ( 4 ) & [Co(DKN)NCS] •H 2 O ( 5 ) 

To a methanolic solution of aroylhydrazone (1 mmol), a solution 

f potassium thiocyanate (0.097 g, 1 mmol) in minimum volume 

f water was added, followed by the addition, with constant stir- 

ing, a solution of cobalt(II) acetate tetrahydrate (0.249 g, 1 mmol) 

n the methanol was added. The final solution was refluxed for 
 aroylhydrazones. 
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Scheme 2. Syntheses of cobalt complexes of HBPB. 

Scheme 3. Syntheses of cobalt complexes of HDKN. 
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 h. and the resulting solution was allowed to stand at room tem- 

erature and after slow evaporation, the brown crystalline prod- 

ct was washed with ether, filtered, and dried over P 4 O 10 in vacuo 

 Schemes 2 and 3 ). 

[Co(BPB)NCS] ( 4 ): Yield: 60%, �m 

(DMF): 10 ohm 

−1 cm 

2 mol −1 , 

(B.M.): 4.02, Elemental Anal. Found (Calcd.) (%): C: 57.57 (57.56), 

: 3.64 (3.38), N: 13.40 (13.42), Co: 14.19 (14.12). 

[Co(DKN)NCS] •H 2 O ( 5 ): Yield: 73%, �m 

(DMF): 5 ohm 

−1 cm 

2 

ol −1 , μ (B.M.): 4.12, Elemental Anal. Found (Calcd.) (%): C: 48.97 

49.21), H: 3.34 (3.67), N: 18.74 (19.13), Co: 13.04 (13.41). 

.4. Physical measurements 

C, H and N analyses of the aroylhydrazones and the complexes 

ere performed on a Vario EL III CHNS analyzer at SAIF, Kochi, 

ndia. The metal content of the complexes was determined by 

AS after digestion with con. HNO 3 . The analysis was done using 

hermo Electron Corporation, M series Atomic Absorption Spec- 

rophotometer. The IR spectra were recorded on a JASCO FT/IR- 

100 Fourier Transform Infrared spectrometer using KBr pellets in 

he range 40 0–40 0 0 cm 

−1 . Electronic spectra in acetonitrile solu- 

ions were recorded on a Spectro UV–vis Double Beam UVD-3500 

pectrometer in the 20 0–90 0 nm range. 1 H NMR spectra of the 

ynthesized hydrazones were recorded in CHCl 3 -d 6 as solvent on a 

ruker Avance DPX-300 MHz NMR spectrometer at NIIST, Trivan- 

rum. Chemical shifts are reported in δ(ppm) relative to TMS as 

he internal standard. The molar conductance of the complexes in 

MF (10 −3 M) solutions was measured at 298 K with a Systronic 

odel 303 direct-reading conductivity bridge. The magnetic sus- 

eptibility measurements were performed on powdered samples at 
3 
98 K using a Sherwood Scientific Magnetic Susceptibility Balance 

M.S.B) MK1 using HgCo(SCN) 4 as calibrant, the diamagnetic con- 

ribution to the susceptibility was estimated through Pascal’s con- 

tants. 

.5. X-ray crystallography 

A plate-like brown crystal of [Co(BPB) 2 ] with dimensions 

.32 × 0.22 × 0.20 mm 

3 was selected and diffraction data was 

ollected on a Bruker SMART APEX diffractometer equipped with 

raphite monochromated radiation ( λ = 0.71073 Å) by using the 

/w scan technique at room temperature. The structure was solved 

y direct methods and refined by full-matrix least-squares on F 2 

sing the SHELXL-2018/3 [13] program package. All non-hydrogen 

toms were subjected to anisotropic refinement and all the hydro- 

en atoms were assigned with common isotropic displacement fac- 

ors and were included in the final refinement by use of geometri- 

al constraints. 

Crystal data and details of the refinement for [Co(BPB) 2 ] ( 2 ) are

ummarized in Table 1 and selected bond lengths ( ̊A) and angles 

 °) are presented in Table 2 . The molecular structure of complex 

 showing the atom labeling scheme and the remaining crystallo- 

raphic figures showing the intermolecular forces ( Fig. 2 ) and pack- 

ng ( Fig. 3 ) were drawn using DIAMOND version 3.2 g [14] . 

.6. Computational details 

Ab initio calculations of the ligands (HBPB and HDKN) and 

ve complexes were performed by G09W package [15] at HF/6- 

11G(d,p)/LANL2DZ [16] in the gas phase. After the geometry op- 
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Table 1 

Crystal data and structure refinement parameters for complex 2 . 

Parameters [Co(BPB) 2 ] ( 2 ) 

Empirical Formula C 38 H 28 CoN 6 O 2 

Formula weight (M) 659.59 

Temperature (T) K 273(2) 

Wavelength (Mo K α) ( ̊A) 0.71073 

Crystal system Triclinic 

Space group P ̄1 

Lattice constants a ( ̊A), b ( ̊A), c ( ̊A), α ( °), β ( °). γ ( °) 10.728(2), 2.498(3), 12.883(3), 66.802(3), 83.614(4), 83.103(4) 

Volume V ( ̊A 3 ) 1572.3(6) 

Z Calculated density ( ρ) (Mg m 

− 3 ) 2 1.393 

Absorption coefficient, μ (mm 

−1 ) 0.591 

Limiting Indices −13 ≤h ≤ 13, −15 ≤k ≤ 15, −15 ≤l ≤ 15 

Reflections collected 10,982 

Unique Reflections 6181 [R(int) = 0.0386] 

Refinement method Full-matrix least-squares on F 2 

Data / restraints / parameters 6182 / 0 / 424 

Goodness-of-fit on F 2 1.010 

Final R indices [I > 2 σ (I)] R 1 = 0.0824, wR 2 = 0.1925 

R indices (all data) R 1 = 0.1134, wR 2 = 0.2289 

R 1 = 
||F o | - |F c || / 
|F o |, wR 2 = [ 
w(F o 
2 -F c 

2 ) 2 / 
w(F o 
2 ) 2 ] 1/2 . 

Table 2 

Selected bond lengths ( ̊A) and bond angles ( °) for 

[Co(BPB) 2 ] 

Bond lengths Bond angles 

Co1–N2 2.0364(4) N2–Co1–N5 169.89(18) 

Co1–N5 2.0264(4) N2–Co1–O1 76.34(17) 

Co1–O1 2.054(4) N2–Co1–N1 77.00(17) 

Co1–O2 2.092(3) N5–Co1–O2 75.73(15) 

Co1–N1 2.139(5) N5–Co1–N4 76.35(17) 

Co1–N4 2.151(4) O1–Co1–N1 153.20(16) 

N2–N3 1.360(6) O2–Co1–N4 151.08(16) 

N5–N6 1.368(5) N5–Co1–N1 94.04(17) 

N2–C6 1.296(7) N2–Co1–N4 99.83(17) 

N5–C25 1.294(6) N1–Co1–N4 96.84(17) 

O1–C13 1.286(6) N4–Co1–O1 90.38(17) 

O2–C32 1.266(6) N1–Co1–O2 92.49(17) 

N3–C13 1.343(7) N2–Co1–O2 108.94(16) 

N6–C32 1.346(6) O2–Co1–O1 93.52(16) 

C13–C14 1.488(8) C6–N2–N3 122.1(4) 

C32–C33 1.495(7) C25–N5–N6 120.4(4) 
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imizations of all molecules and verifying these structures, NBO 

nalysis [ 17 , 18 ] was conducted to estimate the possible intramolec- 

lar interactions. Frontier molecular orbital investigations [19–

1] were employed to evaluate/ compare the reactivity behavior. 

In the Conceptual Density Functional Theory known as Density 

unctional Theory of chemical reactivity, chemical reactivity de- 

criptors like hardness ( η), electronegativity ( χ ), softness ( σ ) and 

hemical potential (μ) are given as the derivatives concerning the 

umber of electrons (N) and the total electronic energy (E) at a 

onstant external potential. The equations based on ionization en- 

rgy (I) and electron affinity (A) parameters of the descriptors have 

een obtained by Pearson and Parr with the help of the finite dif- 

erences approach [22] . 

= −χ = 

[
∂E 

∂N 

]
ν(r) 

= −
(

I + A 

2 

)

= 

1 

2 

[
∂ 2 E 

∂ N 

2 

]
ν(r) 

= 

I − A 

2 

= 1 /η

As is known, Molecular Orbital Theory explains the reactivity of 

olecules via frontier orbital energies. Using Koopmans Theorem, 

onization energy and electron affinity values of molecules can be 
4 
pproximately predicted. In the mentioned theory, it is accepted 

hat negative values of HOMO and LUMO orbital energies of any 

olecule correspond to ionization energy and electron affinity val- 

es of the molecule. In the framework of this information, the fol- 

owing mathematical expressions can be written [23] . 

 = −E HOMO 

 = −E LUMO 

Electrophilic powers of molecules are associated with their 

hemical hardness and electronegativity (or chemical potential) 

alues through electrophilicity index ( ω) which was introduced by 

arr, Liu, and Szentpaly [24] . After the electrophilicity index was 

mparted to science, Chattaraj [25] defined nucleophilicity ( ε) as 

he multiplicative inverse of the electrophilicity index. These defi- 

itions proposed by said scientists are widely used in the studies 

egarding organic reaction mechanisms. 

 = χ2 / 2 η = μ2 / 2 η

 = 1 /ω 
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Fig. 1. The molecular structure of [Co(BPB) 2 ] ( 2 ) along with the atom numbering 

scheme. 
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Fig. 2. Intermolecular forces in [Co(BPB) 2 ]. 
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One of the parameters providing information about electron- 

onating ability, electron-accepting ability, and stability of chem- 

cal compounds is polarizability ( α). There is a remarkable corre- 

ation between polarizability and softness. This parameter is cal- 

ulated depending on diagonal components of polarizability tensor 

ia the following equation. 

 

α〉 = 1 / 3 [ αxx + αyy + αzz ] 

Also, HOMO & LUMO and MEP plots were visualized by 

aussview 6.01 package [26] to show the nucleophilic and elec- 

rophilic attack sites. 

. Results and discussion 

.1. NMR spectra of aroylhydrazones 

The 1 H NMR spectra of HBPB and HDKN were recorded in 

DCl 3 and are shown in Fig. S1. The sharp signals at δ = 15.2 

nd δ = 15.7 ppm are due to the existence of the ligands in imi-

ol form in CDCl 3 . On D 2 O exchange the intensity of this signal

s found to be considerably decreased. Aromatic protons appear as 

ultiplets at 7.2–8.8 ppm range. 

.2. Crystal structure of [Co(BPB) 2 ] ( 2 ) 

Brown plate-shaped crystals of 2 were obtained by slow evap- 

ration from a mixture of dichloromethane-methanol (1:1 v/v) so- 

ution of [Co(BPB) 2 ]. The molecular structure of [Co(BPB) 2 ] along 

ith the atom numbering scheme is depicted in Fig. 1 . The bond 

istances and angles ( Tables 1 and 2 ) reveal that the indepen- 

ent units of the molecule exist in a distorted octahedral geometry 

round the metal center. Here we can see that the Co(II) center is 

oordinated by each of the hydrazone moiety through cis pyridyl 

itrogen, trans azomethine nitrogen and cis enolate oxygen atoms 

n an N 4 O 2 meridional manner [ 27 , 28 ]. The higher strength of Co–

 azo compared to Co–N py bond is evident from their bond lengths. 

his observation is also seen in Mn complexes of similar ligands 

29] , but this is little bit different in copper(II) complexes of hy- 

razones, where one of the pyridyl nitrogen and enolate oxygen 

re slightly longer than the remaining four bond lengths [30] . On 
5 
omplexation, we can see that the carbonyl bond distance is in- 

reased when compared to the corresponding value in the free 

igand 1.2213(14) Å [3] , and this supports coordination through 

nolate oxygen. A delocalized conjugating effect along the metal- 

helate rings is generated by a significant amount of metal-to- 

igand π back bonding and this imparts partial single and double 

ond nature to the C6–N2 and N2–N3 hydrazine bonds in the hy- 

razone moiety owing to the extensive delocalization over the en- 

ire coordination framework [31] . 

Four fused five-membered chelate rings share the metal center. 

he dihedral angle between the planes constituting Co1, N1, C5, C6, 

2 and Co1, N2, N3, C13, O1 with a maximum deviation from the 

ean plane of 0.0528 Å for C5 and 0.0571 Å for N2 respectively 

s found to be 3.47 °. The trans angle N2–Co1–N5 is much farther 

rom 180 ° compared to Cu(II) complexes reported with HBPB hy- 

razone [32] . It is found that this deviation is highest for Mn(II) 

omplexes of similar hydrazones [33] . The intraligand bite angles 

lso become more acute (75.73 °−77.00 °) in this complex when 

ompared to its Cu(II) complex, but this was more pronounced in 

he Mn(II) complex (70.85 °−72.41 °). The two ligand moieties in the 

resent compound are aligned almost perpendicular to each other 

s revealed from the dihedral angle of 87.95 ° between the plane 

ontaining atoms {N1, C5, C6, N2, N3, C13, O1, Co1} with that to 

econd plane {N4, C24, C25, N5, N6, C32, O2, Co1}. 

There are no classic hydrogen bonds seen in the crystal struc- 

ure. However, some weak hydrogen bonding and C–H 

•••π inter- 

ctions including that between metal-containing chelate ring Cg(2) 

ith the protons on C(28), Cg(6) with protons on C(30) and chelate 

ing Cg(1) with protons on C(37) [34] are seen in the crystal lattice 

 Fig 2 , Table 3 ). There is also a π- π interaction between the pyridyl

ing of a molecule with the pyridyl ring of another molecule with 

 distance of 3.81 Å ( Fig. 2 ). The orientation in the close packing

 Fig. 3 ) is in such a way that molecules are interconnected through 

hese interactions. 

.3. Molar conductivity and magnetic susceptibility measurements 

The molar conductance value of [Co(BPB) 2 ]Br was found to 

e 79 ohm 

−1 cm 

2 mol −1 showing that it is a 1:1 electrolyte, 
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Table 3 

H-bonding, π- π and C–H 

•••π interaction parameters of [Co(BPB) 2 ] ( 2 ). 

H-bonding 

Donor •••H 

•••A ( ̊A) D −H H 

•••A D •••A D −H 

•••A 

C27–H(27) •••N(6) a 0.93 2.56 3.3207 139 

π - π interactions 

Cg(I) •••Cg(J) Cg −Cg ( ̊A) α ( °) β ( °) 
Cg(5) •••Cg(5) b 3.8100 0.00 22.45 

C–H 

•••π interaction 

X −H(I) •••Cg(J) H 

•••Cg ( ̊A) X −H 

•••Cg ( °) X •••Cg ( ̊A) 

C(28) −H(28) •••Cg(2) c 2.80 138 3.5389 

C(30) −H(30) •••Cg(6) d 2.95 141 3.7133 

C(37) −H(37) •••Cg(1) e 2.99 137 3.7158 

Equivalent position codes 

a = 1-x,1-y,1-z, b = 2-x,-y,1-z, c = 1-x,1-y,1-z, d = 2-x,1-y,1-z e = 1-x,-y,1-z 

D, donor; A, acceptor; Cg, centroid; α ( °) = Dihedral angle between planes I and J 

β ( °) = Angle between Cg(I)–Cg(J) vector and Cg(J) perp 

Fig. 3. Packing diagram of [Co(BPB) 2 ] ( 2 ). 
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hile others have very low values in the range 4–12 ohm 

−1 cm 

2 

ol −1 indicating their non-electrolytic nature [35] . The complex 

Co(BPB) 2 ]Br was found to be diamagnetic in nature, which illus- 

rates that it has no unpaired electrons. Here the metal is in + 3

xidation state with a spin paired octahedral configuration. The 

bserved magnetic moment for the octahedral complex [Co(BPB) 2 ] 

s found to be 4.23 B.M. which is higher than calculated by the 

pin-only formula [36] . This suggests that there is an orbital con- 

ribution. In octahedral complexes, Co 2 + has (t 2g ) 
5 (e g ) 

2 configura- 

ion and is possible to transform an orbital into an equivalent (de- 

enerate) orbital by rotation. This suggests that complex 2 has a 

igh spin octahedral configuration. The magnetic moment of the 

ther three complexes is found in 3.95–4.12 B.M. range suggesting 

 tetrahedral geometry [37] . 

.4. Infrared spectra 

The significant IR frequencies of the ligands are given in the 

xperimental section. The IR spectra of ligands (Fig. S2) showed 

trong bands at ~30 0 0 and ~1680 cm 

−1 which are assigned to ν(N–

) and ν(C 

= O) vibrations, respectively, suggesting that the hydra- 
6 
ones are present in the amido form in solid state [38] . Spectral 

ssignments of the complexes made are compared with that of the 

ydrazones and are tabulated in Table 4 . In all the complexes there 

re no characteristic bands of amide and amino groups suggesting 

hat both the hydrazones are coordinated to the metal center in 

he enolate form [39] . However a new band at ~1370 cm 

−1 is ob-

erved which is ascribed to ν(C–O) stretching suggesting the enoli- 

ation of –C 

= O of acyl keto group giving rise to –C 

= N 

–C 

= N- moi-

ty [40] . In addition to this, the band corresponding to the azome- 

hine stretching shows a downward shift indicating that the nitro- 

en of the azomethine group is ligated to the metal center [41] . 

 new band at ~ 1590 cm 

−1 is observed which may be due to 

he new ν(C 

= N) band which supports the participation of azome- 

hine nitrogen in coordination [42] . The pyridyl in-plane ring de- 

ormation and out-of-plane ring deformation are found at higher 

requencies compared to that of the ligands suggesting the coordi- 

ation of pyridyl nitrogen [43] . 

The IR pattern of thiocyanato complexes is similar to that of the 

ther complexes discussed above and the major difference lies in 

he 210 0–20 0 0 cm 

−1 region of the spectrum. The most interest- 

ng peaks in the IR spectra of these complexes is a sharp band at 

062 cm 

−1 in [Co(BPB)NCS] and 2070 cm 

−1 in [Co(DKN)NCS] •H 2 O 

44] . The position of peak and its structure (singlet) points out to 

he presence of N-bonded terminal thiocyanate group in the com- 

lex. The ν(CS) of NCS ligand at 774 and 758 cm 

−1 indicates the 

oordination through nitrogen atom of terminal NCS ligand [ 5 , 45 ] 

ut the bending vibration of NCS group which is expected near 

80 cm 

−1 are normally weak and tend to be obscured by other 

ands. For complex 5 , a broad band due to the presence of lattice 

ater in the complex was seen at 3420 cm 

−1 which was also evi- 

ent from the thermogravimetric analysis. The TGA curve for com- 

lex 5 displayed the first stage of decomposition in the range 60–

10 °C, which is due to the loss of one molecule of water with 

.90% of the total weight of the complex (Calcd. 4.09%) ( Fig. 4 ). 

.5. Electronic spectra 

The electronic spectra of aroylhydrazones and the complexes 

10 −5 M) were recorded in acetonitrile solution and spectral data 

re summarized in Table 5 . The n → π ∗ and π→ π ∗ transitions of 

he uncomplexed hydrazones are slightly shifted upon complexa- 

ion. The bands in the range of 384 - 410 nm correspond to the 

igand to metal charge transfer (LMCT) transitions [46] ( Fig. 5 ). 

The terms arising for a Co 2 + (d 

7 system) are the ground state 
 F and the excited states 3 P, 1 G, 1 D, 1 S. The transitions from the 

round state to the three singlet states ( 1 G, 1 D, 1 S) are spin for- 

idden and will be very weak and can be ignored. The two re- 

aining states 3 F and 

3 P can have spin permitted transitions. The 

 state split into A 2g + T 1g + T 2g and P state is transformed into a
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Table 4 

Infrared spectral assignments (cm 

−1 ) of the cobalt complexes. 

Compound ν(C–O) ν(C = N) ν(C = N) a ν(Co–O) ν(Co–N) 

[Co(BPB) 2 ]Br ( 1 ) 1368 1558 1595 531 475 

[Co(BPB) 2 ] ( 2 ) 1360 1541 1584 535 445 

[Co(DKN)Cl] ( 3 ) 1377 1508 1589 548 470 

[Co(BPB)NCS] ( 4 ) 1373 1551 1597 538 479 

[Co(DKN)NCS] •H 2 O ( 5 ) 1364 1509 1584 550 470 

a Newly formed C = N. 

Table 5 

Electronic spectral data of the cobalt(II//III) complexes. 

Compound 

Intaligand transitions LMCT d-d transitions 

λmax (nm) ԑ (M 

−1 cm 

−1 ) λmax (nm) ԑ (M 

−1 cm 

−1 ) λmax (nm) ԑ (M 

−1 cm 

−1 ) 

HBPB 233 271 322 5.25 × 10 3 , 4.488 × 10 3 , 5.164 × 10 3 —- —- —- —- 

HDKN 222 271 321 5.038 × 10 4 , 4.855 × 10 4 , 5.174 × 10 4 —- —- —- —- 

[Co(BPB) 2 ]Br ( 1 ) 222 288 7.35 × 10 4 , 4.56 × 10 4 408 2.854 × 10 4 549 5.7 × 10 2 

[Co(BPB) 2 ] ( 2 ) 258 282 3.015 × 10 4 , 2.536 × 10 4 384 2.457 × 10 4 551 5.61 × 10 2 

[Co(DKN)Cl] ( 3 ) 224 246 285 5.44 × 10 3 , 4.489 × 10 3 , 4.079 × 10 3 407 2.387 × 10 3 590, 666 5.43 × 10 2 , 3.67 × 10 2 

[Co(BPB)NCS] ( 4 ) 230 290 2.97 × 10 4 , 2.05 × 10 4 410 1.18 × 10 4 588, 625 2.17 × 10 3 , 3.73 × 10 3 

[Co(DKN)NCS] •H 2 O ( 5 ) 222 285 7.367 × 10 3 , 4.763 × 10 3 , 403 2.615 × 10 3 585, 619 3.53 × 10 3 , 4.21 × 10 3 

T
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 1g state. Hence three peaks should appear in the spectrum cor- 

esponding to 4 T 2g (F) ← 

4 T 1g (F), 4 A 2g (F) ← 

4 T 1g (F) and 

4 T 1g (P) ←
 T 1g (F). There are two T 1g states and since they are of the same

ymmetry, they interact with one another and this interelectronic 

epulsion is much more marked in d 

7 T d case. Due to this, they 

ay cross each other but it is impossible because states of the 

ame symmetry cannot cross each other. But this occurs in O h case 

nd thus 4 A 2g ← 

4 T 2g transition is very weak. 

In tetrahedral complexes of Co 2+ the electronic arrangement is 

e) 4 (t 2 ) 
3 . Three transitions are expected, 4 T 2 (F) ← 

4 A 2 , 
4 T 1 (F) ←

 A 2 , 
4 T 1 (P) ← 

4 A 2 . In the Co(II) complexes except [Co(BPB) 2 ], two

ands in the range 585 - 6 6 6 nm are observed corresponding to 
Fig. 5. Electronic spectra of the Co(II/III) co

7 
 T 1 (F) ← 

4 A 2 and 

4 T 1 (P) ← 

4 A 2 transitions [ 47 , 48 ] ( Fig. 6 ), but the

ther transition lies in the near IR region and is not observed as it 

s out of the range of the used spectrophotometer (20 0–90 0 nm). 

n complex [Co(BPB) 2 ], a weak band at 551 nm was found which 

an be assigned to 4 T 1g (P) ← 

4 T 1g (F) transition [ 11 , 31 ]. In the case

f [Co(BPB) 2 ]Br, cobalt is in + 3 oxidation state with a d 

6 elec-

ronic configuration. So only one weak d-d transition is observed 

t 549 nm. These values were in agreement with reported octahe- 

ral cobalt complexes [ 49 , 50 ] 
mplexes in the region 20 0–70 0 nm. 
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Fig. 4. TG-DTG curve of [Co(DKN)NCS] •H 2 O ( 5 ). 
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.6. Natural bond orbitals 

The NBOs for the ligands and their cobalt complexes are ana- 

yzed to predict the possible intramolecular interactions, and the 

esults are given in Tables S1 and S2 (supl. data). The optimized 

eometries along with atom labeling of the ligands and complexes 

re presented in Fig. 7 . From Table S1, the highest contribution 

o the stabilization energy (E (2) ) of each ligand are sourced from 

he π→ π ∗ resonance interactions: E (2) for π C32-C38 → π ∗ C26- 

28 (HBPB) and π C26-C27 → π ∗ C28-N35 (HDKN) interactions 

re 46.31 and 33.19 kcal/mol, respectively. It is also found from 

able S1 that the resonance energy for the C1-N11 → π ∗ C2-N12 

nd C2-N12 → π ∗ C3-C4 interactions are 8.75 and 23.53 kcal/mol 

or HBPB proligand, and 4.09 and 11.67 kcal/mol for HDKN lig- 

nd, respectively. It is worth to mention that the count of the 

esonance interactions for HDKN proligand is greater than that of 

he HBPB proligand because of the nicotinoyl hydrazide moiety. 

or instance, HDKN has additionally the C14-N36 → π ∗ C15-C16 

11.73 kcal/mol), C14-N36 → π ∗ C18-C19 (25.84 kcal/mol), the C28- 

35 → π ∗ C26-C27 (12.22 kcal/mol), and the C28-N35 → π ∗ C29- 

32 (29.65 kcal/mol) interactions over this nicotinoyl hydrazide 

oiety. One remarkable n → π ∗ interaction is calculated for both 

igands: the stabilization energy of LP (1) N13 → π ∗ C1-N11 and LP 

1) N13 → π ∗ C23-O25 interactions are determined as 18.65 and 

2.83 kcal/mol for HDKN and, 39.80 and 70.18 kcal/mol for HBPB. 

On the other hand, the chelation of the HBPB and HDKN to- 

ards the cobalt center affects the donor-acceptor interactions, 

ore or less according to the substituent group on the complexes. 

or complexes 1 and 2 synthesized by using the HBPB ligand, the 

tabilization energy for the interaction of the lone pair of the nitro- 

en atom to cobalt is calculated as 8.42- 34.42 kcal/mol and 6.78–

5.16 kcal/mol, respectively. Besides, the charge transfer from the 

one pair of oxygen atoms to cobalt contributed to the stabiliza- 

ion of complexes 1 and 2 are calculated as 5.26- 43.13 kcal/mol for 

omplex 1 and as 5.24–43.37 kcal/mol for complex 2 , respectively. 

lso, the electron delocalization energies of the LP (3) O16 → LP ∗Co 

EDi = 0.83778e) and LP (3) O32 → LP ∗Co (EDi = 0.83786e) interac- 

ions for complex 2 , are the highest contributed interactions, are 

alculated at 43.31 and 43.37 kcal/mol. The other highest energy 

nteractions for complex 1 is due to the electron delocalization 

ver the main body of the complex, which are π C4-C7 → π ∗ C6- 

12 and π C20-C23 → π ∗ C22-N28 with the E (2) = 38.41 kcal/mol 

EDi = 0.80860e) and E (2) = 38.00 kcal/mol (EDi = 0.80901e), respec- 

ively. Also, the electron moving from the Cl atom towards Co(II) 

tom contributes to stabilizing complex 3 with the energy of 9.89 
8 
nd 6.50 kcal/mol. On the other hand, the highest contribution to 

he stabilization energy of complex 3 , except for the resonance in- 

eractions, is sourced from the charge movement to Co(II) atom 

rom the lone pair of O atom on the main skeleton of the com- 

lex, with the energy of 13.28 kcal/mol. For the complexes 4 and 

 including the -N 

= C 

= S fragment, the resonance energy for LP (2) 

 → π ∗ N30-C31 and LP (2) S → π ∗ N39-C40 are calculated as 58.73 

nd 93.59 kcal/mol, which are the highest contribution to the sta- 

ilization of these complexes. 

.7. Frontier molecular orbitals and chemical reactivity 

As given above, frontier orbital energies are widely considered 

n the reactivity analysis of molecules. In this context, Koopmans 

heorem can be considered as a bridge between Molecular Orbital 

heory and Conceptual Density Functional Theory. The quantum 

hemical descriptors for the two proligands and the complexes 

ere calculated and are given in Table 6 . Electronic structure prin- 

iples known as maximum hardness principle [51] , minimum po- 

arizability principle [52] and minimum electrophilicity principle 

53] provide great amenities to chemists in terms of the prediction 

f the stability of molecules and directions of chemical reactions. 

earson defined the chemical hardness as the resistance towards 

lectron cloud polarization or deformation of chemical species and 

roposed two reactivity principles about this concept [54] . One 

f them is Maximum hardness principle which states that “there 

eems to be a rule of nature that molecules arrange themselves 

o be as hard as possible.” This means that chemical hardness is a 

easure of stability and hard molecules are more stable compared 

o soft ones. It is apparent from the hardness data given in the 

elated table that complex 2 is more stable compared to others. 

ccording to the Minimum electrophilicity principle introduced by 

hattaraj [25] , in a stable state, electrophilicity is minimized. If so, 

he complex having the lowest electrophilicity index value should 

e more stable. This principle also supports the idea that the most 

table one among the studied complexes is complex 2 . The results 

btained in the light of maximum hardness and minimum elec- 

rophilicity principles are compatible with each other. Molecules 

ith high polarizability and dipole moment are quite reactive. The 

alidity of this information is supported via the minimum polar- 

zability principle. Although complex 1 has a high polarizability 

alue, the dipole moment value of complex 2 is lower compared to 

thers. If so, one can say that almost all electronic structure prin- 

iples point to the same complex as the most stable complex. 

The chemical reactive sites for the proligands and cobalt com- 

lexes are presented in Fig. 8 by visualizing HOMO, LUMO, and 

EP plots. Accordingly, the HOMO for the HDKN and HBPB lig- 

nds concentrates on the whole surface except for the phenyl- and 

yridine- rings, respectively. On the other hand, LUMO density for 

oth proligands expanded over the whole molecular surface. For 

ll the complexes, the chelation of each ligand to the metal makes 

he nucleophilic attack center shifted to the metal center (electron- 

oor region). In this context, there is no HOMO density on the 

henyl- rings for 1, 2 , and 4 complexes, on the pyridine- ring(s) for 

 and 5 complexes. One of the remarkable results of these plots is 

hat the LUMO for complexes 1 (except for the bromine ion) and 2 

xpands over the whole molecular surface while the LUMO density 

or the other complexes expands around the metal center and of 

he substituent atom (or groups). For instance, the LUMO for 4 and 

 complexes is quite distributed on the substituted -NCS part and 

ver Co(II). Also, it can be said that all compounds are more en- 

husiastic against nucleophilic attacks than the electrophilic attacks 

ecause of the dominant blue color over the molecular surfaces of 

he complexes while the ligands present two possible regions for 

oth the nucleophilic (blue) and electrophilic attacks (red). 



N.A. Mangalam, M.R.P. Kurup, E. Suresh et al. Journal of Molecular Structure 1232 (2021) 129978 

Fig. 6. Electronic spectra of complexes 3, 4 & 5 in the region 50 0–90 0 nm. 

9 
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Fig. 7. The optimized structures of the ligands and five cobalt complexes at HF/6-311G(d,p)/LANL2DZ level. 
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. Conclusions 

The article reports the synthesis and characterization of five 

obalt complexes derived from two different aroylhydrazones. In 

ll the complexes the hydrazones were found to be coordinated to 

he metal center in a similar approach of a tridentate NNO donor 

ype. One of the complexes got crystallized in a distorted octa- 

edral geometry. The complex [Co(BPB) 2 ]Br is found to be ionic 
10 
n nature and is diamagnetic. This was evident from molar con- 

uctivity studies and magnetic susceptibility measurements. Be- 

ides, the NBO calculations revealed that the resonance interac- 

ions are mainly responsible for lowering the energy for all com- 

lexes. The reactivity analyses made with the help of well-known 

lectronic structure principles like maximum hardness, minimum 

lectrophilicity, and minimum polarizability principles showed that 

he most stable cobalt complex among studied complexes is com- 
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Fig. 8. HOMO & LUMO (isoval:0.02) and MEP (isoval:0.0 0 04) for ligands and cobalt complexes at HF/6-311G(d,p)/LANL2DZ in the gas phase. 

11 
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Table 6 

The quantum chemical reactivity identifiers, total electronic and free energies of the cobalt complexes at HF/6- 

311G(d,p)/LANL2DZ in the gas phase. 

HBPB HDKN 1 2 3 4 5 

HOMO (-I) −0.30721 −0.31583 −0.41543 −0.41471 −0.43513 −0.44328 −0.42271 

LUMO (-A) 0.07202 0.06879 −0.04983 −0.04875 −0.14871 −0.12031 −0.08207 

�E (L-H) 10.31938 10.46605 9.94849 9.95828 7.79389 8.78847 9.26929 

χ −3.19992 −3.36115 −6.33019 −6.30570 −7.94355 −7.66804 −6.86789 

η 5.15969 5.23302 4.97424 4.97914 3.89694 4.39423 4.63465 

ω 0.99226 1.07943 4.02788 3.99284 8.09609 6.69045 5.08861 

�Nmax 0.62018 0.64230 1.27259 1.26642 2.03841 1.74502 1.48186 

μ (debye) 6.75063 3.32804 1.75143 0.76902 10.57498 7.27095 10.91801 

α (au) 217.47133 207.53467 441.90800 430.03733 237.76633 268.76067 257.69933 

∗The abbreviations are followed as I, ionization energy; A, electron affinity, �E, energy gap; χ , electronic chemical 

potential; η, global hardness; ω, electrophilicity index; �Nmax, charge transfer capability; μ, dipole moment; α, 

polarizability. 
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lex 2 . Also, HOMO, LUMO, and MEP plots imply that the sub- 

tituent group (-NCS) and atoms (Br and Cl) chelated to Co atom 

hifted the chemical reactive site for the complexes. 
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Abstract: Counterions like F-,Cl-.Br-,I- are introduced into benzene…Li+, benzene….Na+ and 

benzene…K+ complexes. Addition of these counterions lowers the binding energy of these cation…π 

systems. The alkali metal cations includingLi+,Na+ and K+ and counterions including F-,Cl-,Br-,I- are 

considered in the present study usingB3LYP/6-31+G(d,p)basis set. Results show that cation….π 

interactions are more stable than counter ionic interactions. When counterions like halide ions, 

sulphate ions and phosphate ions are introduced into a cation….π complex, there observed a 

decrease in binding energy, which yields valuable information in understanding crystal packing. 

 

I. INTRODUCTION  

      Benzene can be considered as a planar hexagonal system with delocalized π electron centres above and below the 

plane . Addition or Interaction of a cation reduces the charge density on the benzene. The cation binds to the π-face of 

the aromatic. In the initial findings, K+ interacts with water gives an interaction energy of 18kcal/mol, where as K+ with 

benzene it is 19 kcal/mol [1]. Hence the aromatic complexes are more stronger. Both NMe4
+ and K+ have  similar 

interaction energies. Electrostatic interaction is the driving force for these interactions.[2] 

      It is seen that a counterion is the ion ,that accompanies an ionic species inorder to maintain electric 

neutrality.[3,4,5]. In Sodium chloride(NaCl), the sodium cation is the counterion for the chlorine  atom and vice versa. 

In tight ion pairs, the anion will effect the ability of the cation to participate in cation….π binding. In 

tetramethylammonium binding with picrate, the binding energy is for picrate is found to be -8.35kcal/mol, in 

tetramethylammonium chloride, the binding energy for chloride is -4.64kcal/mol. Results shows that cation-π 

interactions are more stable than counterionic interactions. (Alkali metals> Alkaline earth metals.) When counterions 

like halogens, sulphates  and phosphates are introduced into a cation-π complex, there is a decrease in binding energy. 

 

II. THEORY OF CATION−Π INTERACTIONS 

      Electrostatic model and Quadrople moment are the important factors controlling cation…π Interactions . According 

to electrostatic model, the positive surface is balanced by negative π-Electrons above and below the plane. A 

comparison of simple alkali metals binding to Benzene, the trend is Li+ > Na+> K+ gives -37.24kcal/mol, -

24.06kcal/mol and -15.23kcal/mol. The more negative the maximum electron charge cloud over the center of the 

aromatic, cation-π interaction is stronger. 

      Electrostatic components and dispersive forces are one of the major factor, that controls cation- π interaction. 

Probably the most important of these for simple systems is the interaction of the ion with the induced dipole in the 

system. Donor-acceptor and charge- transfer terms along with dispersion forces may also be important.    

      Binding Energy is one of the factor that controls Cation π interaction. It is found that when the binding energy of 

cation….π system is more negative, it is more stable.The electrostatic forces and dispersion forces are also interesting. 

The role of an induced dipole in cation binding showed that cyclohexane is better than benzene in this regards it is just 

that the induced dipole is not enough to make a strong cation binding site.  

      Concerning the aromatic component, the electrostatic potential surfaces of the aromatic rings of delocalization 

electron clouds shows trends in cation-π interactions. Variations among the ions are also consistent, in that the cation-π 

interaction decreases as the ionic radius increases, as expected for an electrostatic model. 

      Benzene, has no dipole moment, but it does have a substantial, permanent quadrupole moment. A quadrupole can be 

thought of as two dipoles aligned in such a way so that there is no net dipole. Topologically, quadrupoles are equivalent 

to dorbitals and the quadrupole in benzene in particular is topologically equivalent to a dz2 orbital. Thus, there is a 
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permanent, non-spherical charge distribution in benzene, with regions of relative negative and positive charges. Plots of 

the electrostatic potential surface provide a useful way to visualize the quad-rupole. Just as an ion can be attracted to 

the appropriate end of a dipole, so can an ion experience a favourable interaction with appropriate regions of a 

quadrupole. This is an electrostatic interactions ,it requires no adjustment of the electronic distribution around the  

ion or the molecule. Importantly, there is no a prior reason to expect that such interactions will be inherently weaker 

when the molecule contributes a quadrupole rather than a dipole. 

      The usefulness of the quadrupole moment is that it provides an easy way to visualize the charge distribution of 

aromatics and leads naturally to the expectation of significant electrostatic interactions. It also correctly predicts the 

preferred geometries of cation-π complexes and other “polar-π” inter- actions.  

 

III. STRUCTURE AND BONDING 

 
 

IV. CATION…Π INTERACTIONS-COUNTERIONIC EFFECT 

      SO4
2- ion is a counterionic group, it is interacted with the benzene…Li+ system. It is seen that the cation-π system is 

interacting with the counterionic system. The sulphur oxygen bond aligned parallel to the carbon hydrogen bond. When 

benzene…Li+ system interacts with the counterionic group like SO4
2-system, through non-covalent interaction, there 

forms interaction energy. This counterionic interactions forms a planar system, where as in Li+ ion, cation Pi interaction 

exists. 

      Six resonances can possible for an sulfate ion. The SO4
2- exists in the resonance forms, where the sulphur-oxygen 

bond has more energy than the oxygen- oxygen bond. The S-O bond length is 2Angstrom more. Many Interactions are 

possible in these type of systems. The S-O bond length is 2Angstrom more than O-O bond or S-S bond. 

 

A) Sulfateion (SO4
2-) 

      Sulfate ion (SO4
2-) is the conjugate base of HSO4

-, which in turn is the conjugate base of H2SO4, sulphuric acid. 

GilbertLewisin1916, in terms of electron octets around each atom, proposed that there is no double bonds but only 

aformalchargeof2+onthesulphuratom. The apparent contradiction to the shortness of the S-O bond length insulfateion 

than S-O single bonds can be cleared if one realizes that there are covalent double bonds in the Lew is structure that 

representbondsthatarestronglypolarizedbymorethan90%towardstheoxygenatom.Ontheotherhand,inthestructurewithanio

nicbond,thechargeislocalizedasalonepairontheoxygen. 

 

B) Phosphate ion (PO4
3-) 

      The phosphate ion is a polyatomic ion with the empirical formula PO4
3- and a molar mass of 94.97 g/mol. It 

consists of one central phosphorus atom surrounded by four oxygen atoms in a tetrahedral arrangement. The phosphate 

ion carries a negative three formal charge and is of the hydrogen phosphate ion, HPO4
2- , which is the conjugate base of 
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H2PO4
-, the dihydrogen phosphateion, which in turn is the conjugate base of H3PO4, phosphoric acid. A phosphate salt 

forms when a positively charged ion attaches to the negatively charged oxygen atoms of the ion, forming an ionic 

compound. 

 

C) Chlorate (ClO3
-) 

     The chlorate ion cannot be satisfactorily represented by just one Lewis structure since all the Cl-O bonds are of the 

same length (1.49 Å) in potassium chlorate and the chlorine atom is hypervalent. Instead, it is often thought of as a 

hybrid of multiple resonance structures. 

 

V. COUNTERION EFFECT IN CATION-Π SYSTEMS 

     Counterions like F-, Cl-, Br-, I-_ are introduced into benzene...Li+, benzene....Na+ and benzene...K+ complexes. 

Addition of these ions lowers the binding energy. Binding energy shows an increase in the values, from F- to I-. Cation-

π interaction with counterionic groups are strongly favoured when an anion like I- is interacting. The binding energy is 

found to be  -25.63kcal/mol. The observed values are found to be -13.98,-15.21,-16.67 and -25.63 kcal/mol.[6,7,8]. 

Calculations were performed on the interaction between cation…π systems and various anionic groups, which are 

called counterionic groups, where M+=Li+,Na+,K+ and X=F-,Cl-,Br-.I-.Calculations were performed using B3LYP 

version of DFT.  6-31+G(d,p) basis set was employed. Calculations for the lowest energy structures were obtained. 

     It is observed that the cation…π interaction in benzene…..Li+, benzene….Na+, Benzene..K+ systems are more 

stronger than counterionic interactions. Electrostatic interaction is the major driving force for benzene…Li+, Na+, K+ 

complexes where charge transfer decreases in the order K+>Na+>Li+ 

   
Benzene……Li+…..    F-Benzene…..Li+……Cl- 

 

   
Benzene……Li+……   Br-Benzene…….Li+……I- 

Benzene..Li+halide counterionic systems 
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Counterionic Systems E(kcal/mol) Ebsse(kcal/mol ) 

Benz…..Li+F- -13.98kcal/mol -11.57kcal/mol 

Benz….Li+Cl- -15.21kcal/mol -13.38kcal/mol 

Benz….Li+Br- -16.67kcal/mol -13.46kcal/mol 

Benz…..Li+I- -25.63kcal/mol -16.42kcal/mol 

Binding Energy of Benzene..M+halide counterionic systems 

Counterionic System E(kcal/mol) Ebsse(kcal/mol ) 

Benz….Na+F- -9.76kcal/mol -9.03kcal/mol 

Benz….Na+Cl- -10.64kcal/mol -9.96kcal/mol 

Benz….Na+Br- -13.26kcal/mol -9.88kcal/mol 

Benz…..Na+I- -14.06kcal/mol -5.84kcal/mol 

Benz…..K+F- -6.64kcal/mol -6.15kcal/mol 

Benz….K+Cl- -7.13kcal/mol -6.41kcal/mol 

Benz…..K+Br- -9.27kcal/mol -6.12kcal/mol 

Benz…..K+I- -15.62kcal/mol -5.41kcal/mol 

 

 
     In benzene.....Li+ sulfate, there is some interaction energy.(82kcal/mol).There is no such interaction in Na+ and K+. 

In benzene......Li+ chlorate, there is no binding of chlorate with Li. It is not in Na+ and K+. In benzene....Li+ phosphate, 

phosphate binds with Li+ and not in Na+ and K+. 

     In Benzene.....Li phosphate , the Li+ ion binds with central phosphorus atom significantly a Li-P bond, with the Li 

attached to two oxygen atoms. P=O bond perpendicular to the plane, above the counterionic system. It is similar to a 

diamond shaped cut. The oxygen-Lithium bond lengths are 2.5 angstroms and 2.4 angstrom. Binding energy is 

decreased Li+ above the plane binds to the aromatic ring .It shows a binding energy of 82kcal/mol where as reverse in 

the case of Na+ and K+. The counterionic bond is not seen in the benzene....Na+ phosphate. It is not at all binding in 

K+. 
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VI. CONCLUSION 

     Cation….π Interaction with counterionic groups are strongly favoured when an anion like I-Is interacting. Among 

the halide counterions, Benz…M+I- is more stable.ie, Benz…M+I- binds more and is stable as F<Cl<Br<I. Addition of 

counter ions like halide ions lowers the binding energy of cation…π system. This study yields valuable information in 

crystal packing[10,11,12] and also in the transport of ions in biological systems[13]  
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Abstract---The reorganization energies of Oligoacenes from benzene to nonacene were studied using DFT method at B3LYP 

functional and 6-31+G(d,p) basis set in Gaussian09. Reorganization energy (λhole) and (λelectron) from cationic and anionic state are 

calculated to determine rate of charge transfer and Diffusion coefficient in pair of molecules. The diffusion coefficient is used to 

determine mobility properties and electronic properties of organic semiconductors. Electron and hole reorganization energies 

(λhole) and (λelectron) decrease with increase in number of benzene rings in oligoacenes and rate of charge transfer increases. Thus 

oligoacenes act as high mobility and high efficiency organic semiconductors. The calculation of electron and hole Reorganization 

energies is an important method for determining mobility of organic molecular solids. Oligoacenes with low reorganization energy 

values can act as high mobility Organic semiconductors for Organic Field effect Transistors. These properties are used to 

determine mobility properties of Organic Semiconductors. Thus low reorganization energies has applications in designing of 

materials. 

Keywords--- Reorganization energy, Transport property, mobility, Oligoacene 

 

I. INTRODUCTION 

Reorganization energy of oligoacenes is one of its most 

important Transport property , studied and calculated 

computationally. It is total sum of inner component 

reorganization energy and outer component reorganization 

energy, λ=λi + λo. ie, The total reorganization energy of 

material includes modification of molecular 

geometry(change in bondlength) as well as surrounding 

medium due to polarization effect(solvent) with addition 

and removal of a charge carrier and is expressed as λ=λi + 

λo. Here λi is inner component reorganization energy and λo 

is outer component reorganization energy.[1,2,3] 

htttp://www.iaeme.com/ijaret.asp 

Reorganization energies studied on Oligoacenes from 

benzene to nonacene are calculated in electron volts. These 

reorganization energies decreases from benzene to nonacene 

as seen from values given computationally. These 

calculations are performed using B3LYP functional and 6-

31+G(d,p) basis set in Gaussian09. These calculations were 

based on Marcus theory of equations. Reorganization energy 

depends upon structure of molecule in neutral state and 

cationic state.[4] 

II. REORGANIZATION ENERGIES FOR 

OLIGOACENES 

Acenes λhole( eV) λelectron(eV) 

Benzene 0.313 0.249 

Naphthalene 0.179 0.235 

Anthracene 0.136 0.193 

Phenanthrene 0.213 0.304 

Tetracene 0.110 0.158 

Pyrene 0.149 0.210 

Pentacene 0.095 0.129 

Hexacene 0.078 0.110 

Heptacene 0.068 0.093 

Octacene 0.057 0.071 

Nonacene 0.049 0.060 

 

These calculations are obtained using B3LYP functional and 

6-31+G(d,p) basis set of DFT. In these reorganization 

energy of oligoacenes, it is observed that bondlengths, 

structure, plane of the molecule changes for product 

obtained. The bond length and bond angles changes, which 

depends upon relaxation energies. Reorganization energy 

λhole and λelectron is decreasing from benzene to nonacene 

and rate of charge transfer increases as from electron 

transfer equation. These molecules can be used as organic 

semiconductors in optoelectronic devices, due to low λ 

values.These reorganization energy is related with Diffusion 

coefficient and distance between pair of molecules. The 

theoretical values of the reorganization energies are in 

agreement with values obtained experimentally. It is 

observed that Reorganization energy is according to the 

Franck-Condon principle. The reorganization energy (λhole) 

and (λelectron) of cation and anion of the molecule in 

groundstate and in excited state are calculated, as from the 

Franck-Codon principle.[2,3] This property is an important 

parameter for determining mobility property of organic 

semiconductors(λ values). 

The reorganization energy includes inner component factor 

and an outer component factor Reorganization energies are 
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calculated as 

 hole(electron) = (E*cation(anion) - E) + (E*+(-) - E+(-)) 

where E describes energy of optimization of neutral 

molecule, E+(-) explains energy of optimization of cationic or 

anionic molecule , E*cation(anion) describes energy of neutral 

molecule in cationic or anionic geometry, E*+(-) describes 

energy of cationic or anionic molecule in neutral geometry . 

This equation explains cationic and anionic energy in 

Hartrees and energy of neutral molecule. The reorganization 

energies were calculated at B3LYP functional and 

6-31+G(d,p) basis set in Gaussian09. From rate of electron 

transfer equation, λ depends on nuclear wavefunctions and 

overlapping of wavefunctions occur which makes rate of 

electron transfer in these Oligoacenes. Using B3LYP 

functional and 6-31+G(d,p) basis set , λ has been shown to 

give values decreasing from benzene to nonacene. 

 

Molecules for 

Reorganization Energy(eV) 

are determined. 

λhole( eV) λelectron(eV) 

PTCDA 0.144 0.251 

PTCDA(N-CH3) 0.157 0.259 

 

In the above examples Perylene - 3,4,9,10 tetracarboxylic -

3,4,9,10 dianhydride(PTCDA) and its N-methylated 

analogues , the hole reorganization energy is less than 

electron reorganization energy. These molecules can act as 

high mobility organic semiconductors,due to low λ values, 

where π-π stacking, planarity, molecular layers add to high 

mobility. 

Oligoacenes with good reorganization energy values are 

used as good organic semiconductors . Pentacene to 

nonacene show a sharp decrease in reorganization energy 

values. When λ decreases, rate of charge transfer W 

increases, as seen in the Marcus Equation. 

W=
     

 
 √

  

    
  
  

    ⁄  

where Hmn ,is coupling matrix element(electronic coupling) 

between pair (m,n) of molecules, λ is Reorganization energy 

and KB is Boltzmann constant. When W increases ,Diffusion 

coefficient(D) will increase and mobility will increase. Thus 

these oligoacenes from pentacene to nonacene act as High 

mobility good organic semiconductors in optoelectronic 

devices [5] .Other factors which depends on Reorganization 

energy are Intermolecular coupling and Transfer 

Integral[8,9]. Thus these reorganization energy are based on 

these factors also. Reorganization energy is energy required 

for reactants to convert to products as seen in Gibbs energy 

diagram with displacement coordinate. λ is reorganization 

energy required to convert reactant molecules to product 

complex, where it is utilized or used for structural 

rearrangement of reactant molecules and its relative 

orientation. These molecular rearrangements include relative 

reorientation of reactant molecules and relative reorientation 

of solvent molecules. Electron transfer can occur only after 

thermal fluctuations bring geometry of reactant molecules to 

the point, where electron transfer takes place according to 

Franck Codon principle.[6,7]. Rate of electron transfer in 

these molecules depends upon λ, which is reorganization 

energy and Hmn which is coupling matrix element between 

pair of molecules. Hmn depends upon wavefunctions of two 

charge localised states    and    between molecular 

pairs,which makes strength of interactions in these 

molecules[10]. 

 

Figure showing reorganization energies of optimized 

structures of Pentacene in cationic and anionic geometry 

using B3LYP functional and 6-31+G(d,p) basis set. 

 

 
Energy of optimization of neutral molecule 

 

 
Energy of cationic charged molecule in neutral structure 

 

 
Energy of Optimized structure of cationic molecule 
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Energy of neutral molecule in cationic structure 

III. SUMMARY 

The development and analysis of charge carrier mobility and 

its electronic properties can be possible in any general 

computational technique like DFT. Calculation of electron 

and hole Reorganization energies is an important method for 

determining mobility and hence electronic properties of 

organic molecular solids. Oligoacenes with low 

reorganization energy values can act as high efficiency 

Organic Semiconductors for Organic Field effect 

Transisitors and has applications in hole transporting 

materials and electron transporting materials. These low 

reorganization energy values has applications in Designing 

of molecules and biological materials. 
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The Binding energies of cation-p complexes are calculated computationally using DFT method and the
B3LYP functional. The binding energies in kcal/mol using B3LYP functional and 6–31 + G(d,p) basis set
in Gaussian09 has provided a source to design one-dimensional materials and to study hopping of
charges in one-dimensional materials.
The Mulliken charges and DE in kcal/mol with bsse corrections are confirmed using B3LYP functional

and 6–31 + G(d,p) basis set in Gaussian09. Above benzene ring, a cation is located at a distance of
2.5 Angstrom units above plane of molecule and binding energy DE)is calculated using B3LYP functional
and 6–31 + G(d,p) basis set, which shows difference between energy of [benzene. . ..Metal ion complex]
and sum of energy of [benzene] and [cation M+]. Binding energies of cation-p complexes on polyacenes
are determined and studied hopping dynamics. Binding energies as well as hopping energies for cations
to polyaromatic hydrocarbons follows the order Li+>Na+>K+. Binding energies ðDEÞ decreases with size of
cation(M+) as Li+>Na+>K+. When binding energy DE or DGð Þ decreases, in cation-p complexes, reaction
rate k increases. This study has applications in computing rate of the reactions and in thermodynamic
properties of chemical reactions.
Copyright � 2022 Elsevier Ltd. All rights reserved.
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1. Objective

This theoretical research work urges computational modelling
and designing of oligoacenes or polyacenes in the field of semicon-
ductors and to reveal nature of interactions. The work aims not
only in improving performance of organic materials for possible
incorporation in devices, but also for satisfying the need for insight
into relevant physical processes that govern electrical conduction
in these materials and complexes. The main objective of this work
is to tune oligoacenes or polyacenes as high mobility semiconduc-
tors in the field of optoelectronic devices and to calculate parame-
ters that enhance mobility of these polyacenes.

1.1. Methodology

The Binding energy calculations based on density functional
theory(DFT) method were performed on a series of polyacenes
with both one dimension(linear polyacenes) and in two-
dimensions(bent polyacenes).

All DE energies in kcal/mol were produced using B3LYP func-
tional and 6–31 + G(d,p) basis set in Gaussian09 [1]. B3LYP func-
tional and 6–31 + G(d,p) polarized basis set was used[2]. All
frequency calculations for transition state structures were com-
puted in this method. The role of dispersion interactions[3] in sta-
bilization of ground state structures were assessed by calculations
at M05-2X functional and 6–31 + G(d,p) basis set.[4,5,6]

The Binding energies in kcal/mol in acene metal ion struc-
tures were performed to find lowest energy structure and to find
transition state of structures. Calculations were performed for
binding of Li+, Na+ and K+ with various rings. The rings on edges
and center are represented as So and C respectively. The inter-
mediate rings are sequentially labelled as S1, S2, S3 etc. starting
from extreme edge(S0). For each of the configurations, binding
energies are calculated. The minimum energy configuration for
cation on the ring corresponds to its location at its centre while
transition states correspond to cations placed vertically over C-C
bonds.
hemical

urface,
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Fig. 1. Structures of acene molecules considered in Binding Energy studies.
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In the table above, binding energies of cations to each of ring are
calculated. For a given ring in any system, binding energies
decreases with size of cation (Li+>Na+>K+). Our computed binding
energies[7] and trends are in good agreement with previous calcu-
lations as well as collision induced dissociation(CID) experiments
for benzene. . .. . .M+ complexes[8]. Incorporation of dispersion

interactions at M05-2X functional and 6–31 + G(d,p) basis set sta-
bilize cation. . .p complexes by 2 kcal/mol. Among linear polyaro-
matic hydrocarbons, upto tetracene, binding of cation to terminal
ring is strong. This is in accordance with binding energies obtained
for these systems at MP2/6-31G* level[9]. However, as number of
rings increase, cation tends to bind to central ring much more
effectively. The binding energies continuously decrease as we go
from central ring to terminal ring.

In addition, binding energies also increase with increase in
number of rings for linearly fused rings. Across the rings, binding
2

energies for cations are large though terminal rings bind more
strongly to Li+ than central rings. In these fused acenes, terminal
rings are more electron rich than central ring. The extent of charge
transfer depends on distance to which cation M+ binds to ring or
aromatic p conjugated system[10]. The rate of charge transfer k,
between pair of molecules(m,n) at a fixed temperature can be cal-
culated using equation

k ¼ 2Hmn
2

h

ffiffiffiffiffiffiffiffiffiffiffi
p3

kKbT

r
e�DG=nRT where k ¼ �DG

Hmn is coupling matrix element between pair of molecules, DG or
DE is binding energy in kcal/mol, kb is Boltzmann constant, k is
reorganization energy, k = �DG is cancellation of reorganization
energy term by standard Gibbs energy. The rate k increases, if bind-
ing energy is low and Hmn increases.



Fig. 2. Structures of benzene metal ion complexes using B3LYPfunctional and 6–
31 + G(d,p) basis set.
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1.2. Results

Higher binding energy, is most stable of these systems. For Li+,
Na+ and K+, binding to Li metal is most stable. Li is the best metal
selected for binding in these metal ion complexes. For Li+ metal
cation, it shows �37.24 kcal/mol, which is highest binding energy
value in single aromatic ring benzene systems. For bsse correc-
tions, it shows a value of �36.2 kcal/mol[7]. In Li+ metal cation,
binding energy value is most stable than bsse corrected binding
energy value. For Na+ metal cation, it shows a binding energy value
of �24.06 kcal/mol and K+ metal binding with single ring, it shows
a binding energy value of �15.23 kcal/mol. For a single ring
system, for Li+,Na+ and K+ with benzene ring, binding energies
are very high and most stable than bsse corrected binding energy
values.

In Benzene Li+ complex, the Mulliken charge is +0.165475 on
Li + and +0.685530 on Na+ in Benzene. . ...Na+ complex. In
Benzene. . ..K+ complex, it shows a Mulliken charge of +0.952516
value. The charge transfer decreases in the order K+>Na+>Li+.
For Naphthalene binding with Li+, it shows a binding energy value
of �39.94 kcal/mol.

The bsse corrected value is �39.3 kcal/mol which is less stable
than binding energy value without bsse correction. For Naph-
thalene binding with Na+ metal, it shows a binding energy value
of�26.37 kcal/mol. With bsse correction it shows �25.68 kcal/mol.
For Naphthalene binding with K+, it shows a binding energy value
of �17.44 kcal/mol and with bsse correction, it is �16.95 kcal/mol.
For Naphthalene. . ...Li+, Mulliken charge is +0.165475 and different
charges can be studied. For Naphthalene. . .. . .Na+, it shows a
Mulliken charge of +0.682036 and in Naphthalene. . .. . .K+ it shows
a Mulliken charge of +0.949310 value. Naphthalene binding with
Li+ shows minimum energy structure which is most high value
suitable for binding. Naphthalene. . .. . ..Na+ shows high rate and
rate of cation hopping is very high and increases rate of reaction
k, due to Quantum tunneling. The rate is very high in
Naphthalene. . .. . ..Na+ complexes due to Quantum tunneling
because of smaller barrier height[12].

On plotting number of rings of fused acenes along � axis and
Binding energies in kcal/mol along y axis, it is observed that
Binding energies increases with number of rings of fused acenes.
Binding energy is maximum for hexacene showing a value
of �46.42 kcal/mol and minimum for benzene and it increases
with number of rings of polyacenes.

In Naphthalene. . .. . .Li+ complexes, the rate is high and
increases with temperature. This can be explained using Arrhenius
equation. Naphthalene. . .. . ..Na+ shows high rate due to Quantum
tunneling[13] and it is independent of temperature. This studies
are calculated using M05-2X functional and 6–31 + G(d,p) basis
set. Naphthalene. . ...Na+ shows high rate than Naphthalene. . ..Li+

and this shows a marked variation than Naphthalene. . ...Li+ com-
plexes. Naphthalene. . .. . .Na+ complexes and Naphthalene binding
with Na+ is the most suitable complexes that can be selected
because of its high rate and it shows high value. The rate of hop-
ping is much faster for Na+ than Li+ due to Quantum tunneling
and has smaller barrier height. M05-2X functional is used for cal-
culating rate of the reaction, gives high rate in Naphthalene. . .. . ..
Na+ complexes and 6–31 + G(d,p) basis set is used, which gives
most accurate values. M05-2X functional is used for calculating
rate of reaction here and is most significant.



Fig. 3. Binding energies in kcal/mol as function of Number of rings of fused acenes using B3LYPfunctional and 6–31 + G(d,p) basis set.
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Calculations are done in various polyaromatichydrocarbon sys-
tems from benzene to coronene (Fig. 1) using B3LYP functional and
6–31 + G(d,p) basis set. In each of system as shown in figure, a
cation is located at a distance of 2.5 Angstrom units above aromatic
ring and cation is moved from top of one ring (horizontally) to
other end above plane of molecule. The cation Li+, Na+ and K+ is
moved from one end of aromatic ring to other end at a distance
of 2.5 Angstrom units above plane of aromatic ring structure[10].
For each of cation Li+,Na+ and K+, potential energy surface(PES) is
obtained (see Figs. 2–6 and Table 1).

The hopping of cation Li+,Na+ and K+ can be observed and ini-
tial structure, Transition state(TS) Structure(Intermediate Struc-
ture), and final structure can be studied. The potential energy
surface for each of cation is different and hopping barriers can
be observed. The cation Li+,Na+ and K+ can be located at each of
above ring and in the centre and binding energy is calculated
for each of ring(DEÞ: When binding energy DE
or DG in kcal=mol decreases, in acene metal ion structures, rate
of reaction k increases[11]. A cation Li+, Na+ and K+ is placed at
centre of ring in each fused acene systems and ground state
structure energy in kcal/mol can be calculated. Then the same
cation Li+, Na+ and K+ is placed at a distance of 2.5 Angstrom units
4

above each ring of fused acene system and binding energy in each
of ring in kcal/mol can be calculated. Difference in energy
between these two structures gives barrier height in these
complexes.

On plotting no. of rings as first, second, third ring of fused acene
along x axis and E0 Volts Reduction potentials along y axis, it is
observed that Li metal is most binding for fused acenes. Li metal
is binding with fused acenes and is having a E� value of �3.05 V.
Na+and K+is less binding than Li+.

1.3. Significance outcome of the research study

It has applications in spin transport properties in oligoacenes.
As size of conjugated ring systems increase, contribution from
orbitals of atoms of edge-states decrease to overall VB resonance
structure. Hence in principle, edge atoms may no longer be in con-
jugation with each other. Therefore for polyaromatic linearly fused
rings, edge atoms might be disjoint from each other. This is shown
in figure. The atoms marked red on side of chain are not correlated
with their analogues on other side of chain.

For such systems, ground state can hardly be described by a
single-determinant closed shell configuration. Hence, longer chain



Fig. 4. Structures of cation doped polyacenes using B3LYP functional and 6–31 + G
(d,p) basis set.
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polyaromatic hydrocarbons represent a unique class of molecular
systems which can have low singlet–triplet gaps and hence can
be wonderful molecules for realizing superconductivity from
organic molecules. One of most important characteristic feature
is its singlet triplet instability of polyacenes and electronic proper-
ties can thus be explained.

One of most important application is in fascinating properties of
graphene. Graphene, a one-atom thick two dimensional layer of
carbon atoms in an sp2 bonding environment. Graphene is com-
posed of fused benzene rings in a two dimensional arrangement
exhibits transport, optical and storage properties. Graphene, due
to highly mobile p electrons are polarized by presence of ions like
Li+ and this has resulted in fabrication of Lithium ion batteries(LIB)
for electrochemical energy storage applications. Lithium ions(Li+)
get intercalated between graphene layers through a sandwich like
complex formation with benzene rings on top and bottom. These
studies has applications in mobility of cations over aromatic ring.
The incorporation of hexagonal sheets of planar graphene layers,
binding with cations Li+, Na+ and K+ and p electron clouds, struc-
tural arrangement are very interesting and mobility of cations
can be studied. The binding energy calculation with metal ions is
applied in these areas. Alkali metal ions p surface can be used to
design molecular structures and design of molecular materials.
At room temperature, mechanism for ionic diffusion is distinctly
different for Li+ and Na+ metal ions.

Li+ diffuses according to Arrhenius equation, while Na+ diffuses
entirely via quantum tunneling across barrier from lowest vibra-
tional ground state. Alkali metal ions are rather free to diffuse
across aromatic surfaces of layer materials like graphene. One of
most important research study is in solid state chemistry and
solid-state graphene battery, band structure and band like trans-
port behaviour of solids and in designing one-dimensional materi-
als[14]. The band method and Fermi level can be studied. These
studies has applications in interactions between aromatic rings
and Li+ cation, which are considered as cation- p interactions,
between out of plane negatively charged p electrons of aromatic
ring and positively charged cations. Since cations are adsorbed
over p surface by weak intermolecular forces, they are expected
to be highly mobile towards lateral movement across rings in gra-
phene. This study can describe thermodynamic properties of
chemical reactions and methods in electrochemistry[15]. This
research study can synthesize charged molecules, and has applica-
tions in protein ligand interactions, folding of proteins and is help-
ful in protein studies.



Fig. 5. E0 Volts (Reduction Potentials at 298 K) of Li+, Na+ and K+ as a function of No. of rings as first, second and third ring of fused acene.

Fig. 6. Nature of disjoint edge atoms in long chain polyaromatic hydrocarbons.
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Table 1
Binding Energies DG[a] in kcal/mol of Li+,Na+ and K+ to various rings in polyaromatic hydrocarbons.

b Metal ion C S1 S2 S3 S4 S5

1 Li+ �37.24(�36.2)
Na+ �24.06(�23.62) � � � � �
K+ �15.23(�14.92)

2 Li+ �39.94(�39.3)
Na+ �26.37(�25.68)
K+ �17.44(�16.95)

3 Li+ �42.35(�41.7) �41.63(�40.87)
Na+ �28.44(�27.58) �27.93(�27.02)
K+ �18.94(�18.42) �19.09(�18.41)

4 Li+ �44.08(�43.4) �43.50(�42.77)
Na+ �29.86(�29.49) �28.98(�28.53)
K+ �20.12(�19.55) �20.26(�19.60)

5 Li+ �45.29(�44.59) �44.93(�44.59) �45.29(�44.59)
Na+ �30.88(�29.94) �30.68(�29.61) �30.82(�29.76)
K+ �20.10(�20.37) �21.23(�20.56) �21.33(�20.64)

6 Li+ �46.10(�45.42) �46.00(�45.24) �46.42(45.64)
Na+ �31.60(�30.67) �31.64(�30.59) �31.89(�30.84)
K+ �21.59(�20.95) �22.00(�21.31) �22.2(�20.95)

7 Li+ �46.70(�46.02) �46.72(�45.76) �47.32(�45.96)
Na+ �32.09(�31.14) �32.21(�31.19) �32.66(�31.61)
K+ �21.96(�21.25) �22.85(�21.79) �23.04(�22.14)

8 Li+ �47.09(�46.41) �47.24(�46.47) �47.96(�47.18) �48.36(�47.6)
Na+ �32.43(�31.49) �32.66(�31.60) �33.22(�32.15) ��33.53(�30.69)
K+ �22.26(�21.65) ��22.26(�22.17) ��23.33(�22.60) ��23.59(�22.86)

9 Li+ �51.94(�53.93) �51.74(�53.73) �51.15(�53.14) �50.28(�52.31) �50.10(�52.29)
Na+ �36.12(�38.07) �35.96(�37.91) �35.48(�37.43) �34.79(�36.78) �34.52(�36.53)
K+ �24.62(�26.53) �24.49(�26.40) �24.10(�26.01) �23.51(�25.43) �22.93(�24.96)

10 Li+ �54.50(�54.40) �52.16(�54.14) �51.19(�53.68) �50.52(�52.56) �50.29(�52.48)
Na+ �36.60(�38.07) �36.31(�37.90) �35.77(�37.43) �35.13(�36.78) �34.81(�36.53)
K+ �25.03(�26.53) �23.07(�26.40) �24.33(�26.24) �24.79(�25.60) �23.69(�25.09)

11 Li+ �41.12(�40.41) �41.86(�42.52)
Na+ �27.06(�27.92) �27.69(�28.29)
K+ �18.52(�19.16) �18.33(�18.88)

12 Li+ �40.53(�41.27) �42.73(�43.43)
Na+ �27.19(�28.18) �28.17(�29.08)
K+ �18.58(�19.23) �18.99(�19.59)

13 Li+ �40.49(�41.29) �44.11(�44.83)
Na+ �28.24(�29.37) �29.26(�30.32)
K+ �19.88(�20.63) �19.91(�20.58)

14 Li+ �42.31(�41.47) �43.95(�44.61)
Na+ �28.39(�29.60) �29.46(�30.54)
K+ �20.04(�20.82) �20.29(�20.97)

[a] Binding Energy with BSSE correction.
[b] Refer Fig. 1.
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