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1. Introduction 

Owing to the distinctive features of the IL salts; 

e.g. melting point below 100 °C, high chemical 

stability, high thermal stability, negligible vapor 

pressure, ordinary polarity, and so on; they are 

recommended for applications such as reaction 

surroundings, extractants, catalysts, lubricants, 

lubricant additives to a variety of base oils, etc. [1-8]. 

Even though, the development of ILs benefits from 

imidazolium or pyridinium cations and halide anions, 

they are prone to hydrolysis and generate hazardous as 

well as corrosive hypohalous acids [9]. For steel-steel 

contact benefitting base fluid of PEG (polyethylene 
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Here, we have been evaluated the geometrical, electronic and spectroscopic 

characters of TMG-NP and TPG-NP, at DFT vs. ab initio. Assessment of these 

ILs have been done via the optimized structures using B3PW91, ωb97xd and 

HF/6-311++G(d,p). The spectral analysis of both ILs is containing IR, Raman, 
1H NMR,13C NMR, and UV–Vis. Both TMG-NP & TPG-NP with high 

polarizability, hyperpolarizability (βtot) and polarity are proposed as molecules 

with high NLO character. These characters are comparable with those of the 

related standards to urea structure. The calculated βtot values for TMG-NP, 

especially TPG-NP structure are found to be about 31.5 - 45.5 times greater than 

the βtot value of urea, leading us to consider these structures as the suitable 

candidates for NLO materials. Both systems display differentially Eg (band gap), 

global reactivity, charge delocalization and DOS plot that are realized via NBO 

analysis. The electron density transfers from the electropositive atoms to the 

electronegative atoms, because of electronegative difference of them that is 

recognized via MEP analysis. Less stability and more reactivity of TPG-NP than 

TMG-NP arising from less hyperconjugation, more π-stacking and more steric 

effect of TPG-NP than TMG-NP. Finally, in order to reduction in friction along 

with wear, TPG-NP with higher nucleophilicity and lower electrophilicity than 

TMG-NP, is suggested as better noncorrosive lubricant additive for tribological 

performance. 
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glycol), these salts are revealed the tribological 

properties, anti-wear and friction reduction [10,11]. 

Furthermore, the amino acids due to the carboxylic and 

amine groups, can act as both cationic and anionic 

counter ions in the synthesis of task-specific ILs for 

diverse applications [12-14]. Recently, some of amino 

acids and alkylguanidines successfully synthesized and 

characterized using FT-IR along with NMR data [15]. 

Now, we are investigated TMG-NP and TPG-NP as 

the designed ILs via computational chemistry (Figure 

1). 

 

 

 
TMG-NP 

 
TPG-NP 

Fig. 1. The optimized structures of TMG-NP and TPG-NP, at ωb97xd/6-311++G(d,p). 

 

2. Computational methods 

The structures of TMG-NP and TPG-NP are 

optimized and the theoretical data are achieved using 

the GAMMES [16] package at B3PW91/6‐311++G** 

[17], ωb97xd/6‐311++G** [18], and HF/6‐311++G** 

[19]; which are advantageous for diffuse functions 

(Scheme 1) [20-22].  

Moreover, the υmin calculations are done to 

approve the optimized structures to be an energy 

minimum (and not a transition state) also to acquire 

vibrational spectra [23]. The vibrational IR & Raman 

spectra of the scrutinized ILs are calculated in the 

harmonic approximation. Here, in order to understand 

the microscopic origin of nonlinear behavior of the 

scrutinized ILs, we are investigated total static dipole 

moment (0), isotropic polarizability () and first 

hyperpolarizability (β) tensor for them, at the selected 

methods. First hyper-polarizability is a third rank tensor 

which can be illustrated by a 3*3*3 matrix [24]. To find 

the total hyperpolarizability (βtot), we are calculated all 

components of this matrix as βxxx, βxxy, βxyy, βyyy, βxxz, 

βxyz, βyyz, βxzz, βyzz, and βzzz, using ωb97xd/6-

311++G(d,p) and HF/6-311++G(d,p). 
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Scheme 1. The studied acronyms in this research. 

 

Utilizing the x, y and z Cartesian coordinate, we 

are expected 0, , βtot parameters via the succeeding 

equations: 𝜇0 = (𝜇2
𝑥 + 𝜇2

𝑦 + 𝜇2𝑧) 1/2; 𝛼 = 1/3 (𝛼𝑥𝑥 + 𝛼𝑦𝑦 

+ 𝛼𝑧𝑧); 𝛽𝑡𝑜𝑡 = [(𝛽𝑥𝑥𝑥 + 𝛽𝑥𝑦𝑦 + 𝛽𝑥𝑧𝑧)2 + (𝛽𝑦𝑦𝑦 + 𝛽𝑦𝑧𝑧 + 𝛽𝑦𝑥𝑥)2 

+ (𝛽𝑧𝑧𝑧 + 𝛽𝑧𝑥𝑥 + 𝛽𝑧𝑦𝑦)2] 1/2 and also 𝛽𝑡𝑜𝑡 = (𝛽2
𝑥 + 𝛽2

𝑦 + 

𝛽2
𝑧) ½ [25]. The TD-DFT technique is operated to obtain 

UV–Vis spectrum. The optimized structures are used in 

the isotropic chemical shifts, FMO, NBO, and MEP 

analysis [26]. The chemical shifts of 1H & 13C NMR 

spectra are calculated via gauge-independent atomic 

orbitals in chloroform solvent [27]. The global 

reactivity is distinguished through the succeeding 

expressions: N = EHOMO(Nu) – EHOMO(TCNE);  = 2 / 2;  

= (EHOMO + ELUMO) / 2;  = (ELUMO – EHOMO) / 2; χ = – 

; S = 1 / , and ΔNmax = –  /  [28]. 

 

3. Results and Discussion 

3.1. Geometry 

The geometrical data of the designed ILs are found 

via the method modification (Tables S1 and S2). Both 

ILs show a non-planar geometry (with C1 symmetry) 

and bond length between single bond and double bond 

of two carbon atoms in the 4-nitro phenoxide moiety; in 

the range of 1.378 - 1.434 and 1.375 – 1.433 Å at 

ωb97xd, 1.367 - 1.430 and 1.366 - 1.432 Å at HF for 

TMG-NP and TPG-NP, correspondingly. Also, both 

ILs show an intra-molecular hydrogen bond between 

the corresponding cationic and anionic moieties (N-

H…..O; See Graphical Abstract); in the bond length of 

1.537, 1.661 Å at ωb97xd, 1.603 and 1.778 Å at HF for 

TMG-NP and TPG-NP, respectively. The ∠CCC 

values in the NP rings of TMG-NP and TPG-NP are 

changed from 115.94⁰ to 121.99⁰, and from 116.13⁰ to 

121.89⁰ at ωb97xd; also from 115.88⁰ to 121.91⁰, and 

from 115.85⁰ to 121.19⁰ at HF, correspondingly. In 

comparison to benzene structure which it’s ∠CCC value 

supports the sp2 hybrid of 120⁰, now the studied ILs are 

confirmed sp2 hybridization for their carbon atoms with 

∠CCC values lower and/or higher than 120⁰ in the 

corresponding NP cycles. The smaller ∠CCC bond 

angle than 120⁰ in NP ring of the scrutinized ILs, 

exhibits that the related carbon atoms have more p 

character than normal sp2 in C=C and/or C=O bonds. 

Furthermore, the theoretical data display similar range 

of C=N bond lengths in 1.438 Å at ωb97xd, 1.425 Å at 

HF for TMG-NP; 1.434 Å at ωb97xd and 1.423 Å at 

HF for TPG-NP showing good delocalization of 2pπ-

electrons among nitro group and phenoxide ring. Also, 

the corresponding torsion angle is found about 177.347⁰ 

at ωb97xd, 178.518⁰ at HF for TMG-NP; 175.491⁰ at 

ωb97xd and 178.667⁰ at HF for TPG-NP that implies 

these moieties are in the same plane.  

 

3.2. Harmonic vibrations 

Here, no imaginary frequency mode is found for 

the studied ILs; henceforth both structures are emerged 

as a true minimum on their potential energy surfaces. 

Moreover, the IR & Raman spectra of two species are 

compared and contrasted at ωb97xd/6-311++G(d,p) 

and HF/6-311++G(d,p) (Figure 2). 

The calculations show both TMG-NP and TPG-

NP structures with non-planar geometry; 36 and 64 

atoms; 102 and 186 active normal vibrational modes in 

their corresponding IR & Raman spectra, respectively, 

in which the most important peaks are discussed, now. 

For instance, the strongest stretching frequency of N29-

H30 bond in TMG-NP structure is calculated as 2419.47 

and 3055.73 cm-1 at ωb97xd and HF, respectively; 

while the stretching frequency of N29-H31 bond in 

TMG-NP structure is calculated as 3689.44 and 

3878.24 cm-1 at ωb97xd and HF, respectively.
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TMG-NP 

 
TPG-NP 

Fig. 2. The vibration frequencies of TMG-NP and TPG-NP in IR and Raman spectra using at ωb97xd/6-311++G(d,p). 

 

We are obtained wave numbers of N29-H30 bond in 

IR & Raman spectrum of TMG-NP structure in the 

region of 1836.87 and 105.63 cm-1 at ωb97xd; 1533.34 

and 147.43 cm-1 at HF, while the wave numbers of N29-

H31 bond in TMG-NP structure is obtained in the region 

of 46.24 and 77.99 cm-1 at ωb97xd; 59.88 and 47.85 cm-

1 at HF, respectively. Clearly, H30 atom via H—bonding 

is absorbed to O6 atom of 4-nitro phenoxide and then it 

is repulsed from O6 atom. The C=O stretching 

vibrations usually are reported in the range of 1000–

1300 cm-1. In this research, 4-nitro phenolic C2=O6 

stretching vibrations of TMG-NP structure are 

observed in the region of 1363.78 and 1405.28 cm-1, at 

ωb97xd; 1487.53 and 1664.61 cm-1, at HF. The 

strongest stretching frequency of N13-H14 bond in TPG-

NP structure is observed in 2678.14 and 3347.38 cm-1 

at ωb97xd and HF, respectively; while the stretching 

frequency of N13-H15 bond in TPG-NP structure is 

considered in 3667.31 and 3878.08 cm-1 at ωb97xd and 

HF, respectively. The wave numbers of N13-H14 bond in 

IR & Raman spectra of TPG-NP structure are obtained 

in the region of 1816.06 and 209.73 cm-1 at ωb97xd; 

964.33 and 126.85 cm-1 at HF, while the wave numbers 

of N13-H15 bond in this structure are found in the region 

of 55.43 and 40.33 cm-1 at ωb97xd; 60.49 and 40.83 cm-

1 at HF, respectively. As above mentioned, H14 atom of 

TPG-NP via H—bonding is absorbed to its O6 atom 

and then is repulsed from this atom. Also, 4-nitro 

phenolic C2=O6 stretching vibrations of TPG-NP 

structure are calculated in the region of 1444.00 and 

1618.88 cm-1 at ωb97xd; 1530.13 and 1711.83 cm-1 at 

HF. There are some vibrational frequencies in the range 

of 1300–1700 cm-1 for C–C, N–C, C–O, N–O, N–H 

starching and bending bond in aromatic compounds. 

The C=O stretching vibrations of TMG-NP ring are 

observed in the region of 804.05 and 44.90 cm-1 at 

ωb97xd; 1307.64 and 160.68 cm-1 at HF in IR spectrum; 

while it’s corresponding signals in Raman spectrum are 

appeared at 405.48 and 174.98 cm-1 at ωb97xd; 513.06 

and 53.50 cm-1 at HF. Here, the C=O stretching 

vibrations of TPG-NP ring are studied in the region of 

30.83 and 124.43 cm-1 at ωb97xd; 220.84 and 210.55 

cm-1 at HF in IR spectrum; while it’s corresponding 

signals in Raman spectrum are emerged at 95.74 and 

37.68 cm-1 at ωb97xd; 434.28 and 55.58 cm-1 at HF.  

 

3.3. Nonlinear optical properties  

The 0 value of TMG-NP structure is estimated 

about 12.00 – 15.00 Debye, while the 0 value of TPG-

NP structure is calculated about 13.00 – 17.00 Debye, 

at ωb97xd/6-311++G(d,p) and HF/6-311++G(d,p) 

(Table 1). 

In continuous, we are found 𝛼 values of TMG-NP 

and TPG-NP structures between 23.66  10–24 - 25.58 

 10–24 esu and 53.47  10–24 - 56.28  10–24 esu, 

respectively, at HF/6-311++G(d,p) and ωb97xd/6-

311++G(d,p). Also, we are considered 𝛽𝑡𝑜𝑡 values of 

TMG-NP and TPG-NP structures in the range of 1.93 

 10–30 – 2.76  10–30 esu and 4.09  10–30 – 6.43  10–

30 esu, at ωb97xd/6-311++G(d,p) and HF/6-

311++G(d,p), respectively.  
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Table 1. The NLOs of TMG-NP and TPG-NP, at the selected methods. 

Parameter 
TMG-NP TPG-NP 

ωb97xd HF ωb97xd HF 

μx (Debye) -10.97 -14.49 -11.47 -15.97 

μy (Debye) 3.74 3.74 6.32 5.75 

μz (Debye) 1.97 1.73 -1.36 -1.28 

μ0 (Debye) 11.76 15.07 13.17 17.02 

αxx (u.a.) 200.43 179.69 466.07 442.87 

αyy (u.a.) 186.20 166.06 361.41 336.64 

αzz (u.a.) 150.80 151.22 354.85 343.82 

α (u.a.) 179.14 165.66 394.11 374.44 

α × 10-24 

(esu) 25.58 23.66 56.28 53.47 

βxxx (u.a.) -161.01 -230.84 -387.33 -673.81 

βxyy (u.a.) -32.38 -50.14 -45.54 -22.70 

βxzz (u.a.) -25.89 -37.13 -20.59 -40.26 

βx (u.a.) -219.28 -318.12 -453.47 -736.77 

βyyy (u.a.) 45.49 41.07 43.00 19.23 

βyxx (u.a.) -20.49 -29.54 29.81 40.41 

βyzz (u.a.) 14.60 17.99 43.65 21.88 

βy (u.a.) 39.60 29.52 116.47 81.52 

βzzz (u.a.) 9.71 4.58 30.17 42.72 

βzxx (u.a.) -25.74 -26.34 -106.91 -82.77 

βzyy (u.a.) 26.69 25.78 6.28 -29.23 

βz (u.a.) 10.66 4.02 -70.46 -69.27 

β2
x+β2

y+β2
z 49765.06 102086.70 224167.10 554280.11 

βtot (u.a.) 223.08 319.51 473.46 744.50 

βtot × 10-30 

(esu) 1.93 2.76 4.09 6.43 

  

Hence, we propose both ILs as an interesting NLO 

material, so that TPG-NP species is more reactive for 

dipole–dipole interaction than TMG-NP species. Urea 

as a reference species is chosen to investigation of the 

NLO character. It is respected generally as a threshold 

value for comparative goals. The βtot values for TMG-

NP and especially TPG-NP structure are established to 

be about 31.5 -45.5 times greater than the βtot value of 

urea (0.3728  10–30 esu), leading us to suggest TMG-

NP and especially TPG-NP structure as the suitable 

candidate for NLO materials. 

 

3.4. 1H & 13C NMR spectra 

The chemical shifts of ILs are studied in chloroform 

solvent (Tables 2 and 3).  

Firstly, both ILs structures are confirmed by 

assignment of their1 H NMR spectrum, which reveals 

relative intensities of the aromatic and aliphatic proton 

resonances. One wide signal is appeared in 12.03 and 

10.85 ppm as the most deshield peak in aromatic area 

for NH proton (N29-H30 bond) of TMG-NP structure, 

while other proton (N29-H31 bond) is appeared in 3.25 

and 3.27 ppm using ωb97xd and HF, respectively. The 

signals in aromatic area are found for H4, H5, H35, and 

H36 of NP moiety in TMG-NP structure in the range of 

7.98 – 5.43 ppm using ωb97xd; 8.41 – 5.34 ppm using 

HF. One singlet signal in aliphatic area for CH3 protons 

of TMG-NP structure is appeared in the range of 1.15 

– 2.90 ppm using ωb97xd; 1.66 – 2.73 ppm using HF. 

Furthermore, the signals in aromatic area are found for 

H4, H5, H63, and H64 of NP moiety in TPG-NP structure 

in the range of 8.39 – 7.61 ppm using ωb97xd; 8.88 – 

7.24 ppm using HF. 
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Table 2. The 1H NMR chemical shifts of TMG-NP and TPG-NP structures in chloroform. 

Atom ωb97xd HF Atom ωb97xd HF 

TMG-NP TPG-NP 

30 12.03 10.85 14 11.50 9.92 

4 7.98 8.41 58 9.61 9.35 

5 7.77 8.36 4 8.39 8.88 

35 6.13 5.90 5 8.17 8.45 

36 5.43 5.34 63 7.91 8.58 

26 3.68 3.95 64 7.61 7.24 

31 3.25 3.27 25,61,62 7.45 7.67 

16 2.90 2.73 50,40,28,60,56 7.25 7.47 

28 2.32 2.46 38 7.00 7.47 

14 2.42 2.37 51 6.92 7.47 

18 2.42 2.37 34 6.75 7.09 

20 2.21 2.27 27,47,49 6.44 7.01 

22 1.83 2.09 45 5.77 6.29 

15 2.32 2.09 36 5.69 6.42 

23 1.53 2.09 23 5.58 6.91 

19 2.11 2.09 15 4.14 5.42 

27 1.88 1.92 29 6.92 7.78 

24 1.15 1.66 39 5.77 7.16 

 

Table 3. The 13C NMR chemical shifts of TMG-NP and TPG-NP structures in chloroform. 

Atom ωb97xd HF Atom ωb97xd HF 

TMG-NP TPG-NP 

2 182.92 190.10 2 185.19 191.16 

10 171.02 177.36 10 169.21 180.18 

1 137.11 142.14 41,19,52 149.48 150.31 

3 133.59 142.09 30 145.23 147.25 

8 132.69 129.74 54 142.01 143.88 

9 122.57 116.66 3,1 138.88 142.90 

7 116.99 113.30 35 136.78 138.97 

21 
38.52 

37.30 
20,43,57,2

2,37,59 
135.56 

137.79 

25 
37.95 

37.02 
26,32,33,4

6,48 
133.64 

136.65 

17 
36.90 

36.82 
21,44,24,3

1 
132.74 

135.21 

13 35.85 34.68 53,55 131.45 134.19 

   8,9 130.77 133.29 

   7 124.16 129.21 

One signal in aromatic area for C54-H58 proton of 

TPG-NP structure is appeared in 9.61 and 9.35 ppm 

using ωb97xd and HF, respectively. Clearly, this proton 

is oriented in 2.321 Å from oxygen atom of phenoxide 

moiety. Other signals in aromatic area is appeared for 

protons of tetraphenyl groups in this structure in the 

range of 7.45 – 5.77 ppm using ωb97xd; 7.67 – 6.29 

ppm using HF. The 13C chemical shifts are displayed 

signals in aliphatic area for C13, C17, C21, and C25 of 

TMG-NP structure in the range of 35.85 - 38.52 ppm 

using ωb97xd; 34.68 - 37.30 ppm using HF. 

Furthermore, the 13C chemical shifts of both ILs are 

displayed signals in aromatic area for other carbon 

atoms of TMG-NP structure and all carbon atoms of 

TPG-NP structure in the range of 116.99 - 182.92 and 

124.16 - 185.19 ppm using ωb97xd; 113.30 - 190.10 

and 129.21 - 191.16 ppm using HF, correspondingly.  

 

3.5. FMOs, Reactivity & UV–Vis  

After extensive computations, we found helpful 

information regarding to the FMO energies, shapes, Eg, 

reactivity, kinetic stability and spectral data of various 

compounds and nanostructures [29-35]. Accordingly, 

in this section, we are probed FMOs, reactivity and 

UV–Vis of ILs using the used methods. the calculated 

FMOs of TMG-NP with 68 HOMOs from 198 MOs are 
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introduced HOMO and LUMO with -0.2539 and 

0.0253 a.u. at ωb97xd, while the corresponding values 

are appeared with -0.2556 and 0.1185 a.u. at HF. The 

HOMO coefficients of TMG-NP are delocalized over 

it's TMG moiety, while the HOMO coefficients of 

TPG-NP are delocalized over both TPG and NP 

moieties (Figure 3).  

 

  
LUMO; from above view LUMO; from bottom view 

  

HOMO; from above view HOMO; from bottom view 

Fig. 3. The selected FMOs of TMG-NP, at ωb97xd/6-311++G(d,p). 

 

Accordingly, the LUMO coefficients of TMG-NP 

are delocalized over it's NP moiety, while the LUMO 

coefficients of TPG-NP are delocalized over both TPG 

and NP moieties. These observations confirm more 

band gap of TMG-NP for electron donation from 

HOMO to LUMO than TPG-NP (Figure 4). 

The band gap values of the TMG-NP and TPG-

NP structures are estimated 4.43 and 4.40 eV using 

B3PW91; 7.60 and 7.28 eV using ωb97xd; 10.18 and 

9.27 eV using HF, respectively (Tables 4, 5 and Figure 

5).

 

  
LUMO; from above view LUMO; from bottom view 

  

HOMO; from above view HOMO; from bottom view 

Fig. 4. The selected FMOs of TPG-NP, at ωb97xd/6-311++G(d,p). 
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Table 4. The FMO energies, and Eg of TMG-NP and TPG-NP using the used methods. 

Method 
HOMO 

(a.u.) 

LUMO 

(a.u.) 

Eg 

(eV) 

ΔNmax 

(eV) 

TMG-NP 

B3PW91 -0.2224 -0.0597 4.43 1.73 

ωb97xd -0.2539 0.0253 7.60 0.82 

HF -0.2556 0.1185 10.18 0.37 

TPG-NP 

B3PW91 -0.2185 -0.0568 4.40 1.70 

ωb97xd -0.2505 0.0170 7.28 0.87 

HF -0.2501 0.0905 9.27 0.47 

 

Table 5. The calculated N,  , , , χ, S and ΔNmax of TMG-NP and TPG-NP using the used methods. 

Method 
N 

(eV) 

μ 

(eV) 

η 

(eV) 

ω 

(eV) 

S 

(eV) 

ΔNmax 

(eV) 

TMG-NP 

B3PW91 3.41 -3.84 2.21 3.33 0.45 1.73 

ωb97xd 2.55 -3.11 3.80 1.27 0.26 0.82 

HF 2.50 -1.86 5.09 0.34 0.20 0.37 

TPG-NP 

B3PW91 3.51 -3.75 2.20 3.19 0.45 1.70 

ωb97xd 2.64 -3.18 3.64 1.39 0.27 0.87 

HF 2.66 -2.17 4.63 0.51 0.22 0.47 

 

 
TMG-NP 
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TPG-NP 

Fig. 5. The DOS plots of TMG-NP and TPG-NP, at ωb97xd/6-311++G(d,p). 

 

Reactivity factors of TMG-NP and TPG-NP 

structures are estimated as N: 3.41 and 3.51 eV using 

B3PW91; 2.55 and 2.64 eV using ωb97xd; 2.50 and 

2.66 eV using HF, : -3.84 and -3.75 eV using 

B3PW91; -3.11 and -3.18 eV using ωb97xd; -1.86 and 

-2.17 eV using HF, η: 2.21 and 2.20 eV using B3PW91; 

3.80 and 3.64 eV using ωb97xd; 5.09 and 4.63 eV using 

HF, : 3.33 and 3.19 eV using B3PW91; 1.27 and 1.39 

eV using ωb97xd; 0.34 and 0.51 eV using HF, along 

with ΔNmax: 1.73 and 1.70 eV using B3PW91; 0.82 and 

0.87 eV using ωb97xd; 0.37 and 0.47 eV using HF, 

correspondingly. Therefore, TPG-NP with lower band 

gap, higher N than TMG-NP is suggested as good 

noncorrosive lubricant additive for tribological 

performance.  

The absorption UV–Vis spectra of both ILs are 

analyzed via the main molecular orbital contributions, 

λmax, E, f, T and T% (Scheme 1, Figure 6 and Tables 6, 

7).  
 

 
TMG-NP 

 
TPG-NP 

Fig. 6. The UV–Vis spectrum of TMG-NP and TPG-NP, at ωb97xd/6-311++G(d,p). 
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Table 6. The main molecular orbital contributions, λmax, and E using the selected methods. 

Method MO  Number 
λmax  

(nm) 

E  

(ev) 

TMG-NP 

ωb97xd HOMO → LUMO 68 → 69 313.97 3.95 

HF HOMO → LUMO 68 → 78 260.55 4.76 

TMG-TNP 

ωb97xd HOMO → LUMO 132 → 133 325.35 3.81 

HF HOMO → LUMO 132 → 150 263.03 4.71 

 

Table 7. The main molecular orbital contributions, f, T, and T% using the selected methods. 

Method MO  f  T T% 

TMG-NP 

ωb97xd HOMO → LUMO 0.276  0.589 69.42 

HF HOMO → LUMO 0.483 0.551 52.82 

TMG-TNP 

ωb97xd HOMO → LUMO 0.268 0.532 56.60 

HF HOMO → LUMO 0.557 0.563 63.46 

 

The calculated absorption maximum of TMG-NP 

and TPG-NP structures is appeared as λmax: 313.97 and 

325.35 nm, E: 3.95 and 3.81 eV, f: 0.276 and 0.268 eV, 

T: 0.589 and 0.532, T%: 69.42 and 56.60 using ωb97xd; 

λmax: 260.55 and 263.03 nm, E: 4.76 and 4.71 eV, f: 

0.483 and 0.557 eV, T: 0.551 and 0.563, T%: 52.82 and 

63.46 using HF, correspondingly. Based on these 

theoretical investigations the long wave length bands 

are assigned to n O atom of C=O group → σ* N29-H30 and C=O 

group → σ* N13-H14 bond transitions caused by HOMO-

LUMO intramolecular charge transfer from the TMG 

and TPG fragments to the corresponding NP moiety, 

correspondingly; while these transitions are not 

happened for their corresponding σ* N29-H31 and σ* N13-

H15 bonds.  

 

3.6. NBO & MEP 

NBO analysis of the surveyed ILs is included as a 

concise of electron donor orbitals, electron acceptor 

orbitals, and the interaction stabilization energy E(2) in 

kcal/mol (Table 8) [29-35]. 

The principal intramolecular interaction or charge 

transfer of TMG-NP and TPG-NP structures is 

obtained owing to the orbital overlap of lone pairs of 

oxygen atom to anti-bonding sigma bond. The E(2) of 

LP (1) O6 → σ*(H30–N29), LP (2) O6 → σ*(H30–N29), and LP 

(3) O6 → σ*(H30–N29) is found 9.06, 32.92, and 15.35 

kcal/mol using ωb97xd; 8.24, 17.49, and 15.16 

kcal/mol using HF, respectively; from unit 1 (NP) to 

unit 2 (TMG) of TMG-NP. The order of E(2) is 

arranged as LP (2) O6 → σ*(H30–N29) > LP (3) O6 → σ*(H30–

N29) > LP (1) O6 → σ*(H30–N29). Also, the E(2) of LP (1) O6 

→ σ*(H14–N13), LP (2) O6 → σ*(H14–N13), and LP (3) O6 → 

σ*(H14–N13) is found 8.31, 20.54, and 20.43 kcal/mol 

using ωb97xd; 5.86, 13.29, and 10.44 kcal/mol using 

HF, respectively; from unit 1 (NP) to unit 2 (TPG) of 

TPG-NP. The order of E(2) is arranged as LP (2) O6 → 

σ*(H14–N13) > LP (3) O6 → σ*(H14–N13) > LP (1) O6 → 

σ*(H14–N13). The most stabilization energy is considered 

for LP (2) O6 → σ*(H30–N29) in TMG-NP and the least 

stabilization energy is found for LP (1) O6 → σ*(H14–N13) 

in TPG-NP, at the used methods. This phenomenon is 

supported via the NBO charge; with the aim of charge 

transformation between the phenoxide oxygen (O6) and 

the NH proton in H30–N29 bond of TMG-NP; and also 

between the phenoxide oxygen (O6) and the NH proton 

in H14–N13 bond of TPG-NP structure. 
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Table 8. The selected NBO analysis of TMG-NP and TPG-NP: electron donor orbital (i), electron acceptor orbital (j), E(2), 

and the second-order perturbation theory. 

Donor 

NBO (i) 

Acceptor 

NBO (j) 

E(2) 

 

E(j -

i) 

(a.u.) 

F(i,j) 

(a.u.) 

TMG-NP at ωb97xd 
LP (1) O6 BD*(1) H30 – N29 9.06 1.09 0.091 

LP (2) O6 BD*(1) H30 – N29 32.92 0.81 0.146 

LP (3) O6 BD*(1) H30 – N29 15.35 0.83 0.103 

TMG-NP at HF 
LP (1) O6 BD*(1) H30 – N29 8.24 1.47 0.099 

LP (2) O6 BD*(1) H30 – N29 17.49 1.11 0.124 

LP (3) O6 BD*(1) H30 – N29 15.16 0.97 0.115 

TPG-NP at ωb97xd 
LP (1) 

O6 
BD*(1) H14 – N13 8.31 1.12 0.088 

LP (2) 

O6 
BD*(1) H14 – N13 20.54 0.79 0.114 

LP (3) 

O6 
BD*(1) H14 – N13 20.43 0.71 0.115 

TPG-NP at HF 
LP (1) 

O6 
BD*(1) H14 – N13 5.86 1.51 0.084 

LP (2) 

O6 
BD*(1) H14 – N13 13.29 1.08 0.108 

LP (3) 

O6 
BD*(1) H14 – N13 10.44 0.98 0.069 

 

Hence, we are detected the distributed negative 

and positive atomic charges of –0.781, +0.456 and -

0.803, +0.461 at ωb97xd; -0.892, +0.482 and -0.908, 

+0.497 at HF, on accepting moiety (O6 atom) and 

donating moiety (either H30 or H14 atom) 

correspondingly. In addition, it is found less negative 

and less positive charge transfer in TMG-NP than 

TPG-NP (Figures 7 and 8).  
 

  
From bottom view From above view 

Fig. 7. The NBO charge of TMG-NP, at ωb97xd/6-311++G(d,p). 

 

The MEP maps of these ILs are recommended as a 

beneficial character for characterization of electrophilic 

and nucleophilic sites in the range of -2.000e-3 to 

+2.000e-3. The red and blue colors reveal the highest 

negative and positive regions making the suitable sites 

for electrophilic and nucleophilic attack, independently 

(Figures 9 and 10).  

Henceforth, the most significant interaction of 

TMG-NP and TPG-NP structures is characterized on 

oxygen atoms of 4-nitro phenoxide (NP‒) as good 

electrophilic site and nitrogen atoms of tetramethyl 

guanidinium (TMG+) and tetraphenyl guanidinium 

(TPG+) as good nucleophilic site with other nucleophile 

and electrophile sites in lubricants or their 

surrounding’s molecules, correspondingly.
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From bottom view From above view 

Fig. 8. The NBO charge of TPG-NP, at ωb97xd/6-311++G(d,p). 

 

 

 

From bottom view From above view 
Fig. 9. The MEP of TMG-NP in the range of -2.000e-3 to +2.000e-3, at ωb97xd/6-311++G(d,p). 

 
 

  
From bottom view From above view 

Fig. 10. The MEP of TPG-NP in the range of -2.000e-3 to +2.000e-3, at ωb97xd/6-311++G(d,p). 
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4. Conclusion 
The design, theoretical analysis and description of 

ILs based on nitro phenoxide are presented using DFT 

and ab initio. The geometry, frequency, IR, Raman, 

UV–Vis spectrum, FMO, Eg, DOS global reactivity, 

NBO and MEP analysis of novel TMG-NP and TPG-

NP structures are identified using ωb97xd/6-

311++G(d,p) and HF/6-311++G(d,p). Both TMG-NP 

and TPG-NP with high μ0, α, βtot are introduced as 

molecules with high NLO character. These characters 

are comparable with those of the reported standards for 

urea. The calculated βtot values for TMG-NP and 

especially TPG-NP structure are found to be about 31.5 

- 45.5 times greater than the βtot value of urea, leading 

us to consider TMG-NP and especially TPG-NP 

structure as the suitable candidates for NLO materials. 

Both systems display differentially Eg, DOS, global 

reactivity, and charge delocalization that is realized via 

NBO analysis. Less stability and more reactivity of 

TPG-NP than TMG-NP arising from less 

hyperconjugation, more π-stacking and more steric 

effect in TPG-NP than TMG-NP. Also, TPG-NP with 

higher N and lower  than TMG-NP is suggested as 

better noncorrosive lubricant additive for tribological 

performance in order to reduction in friction along with 

wear. As a result, because of different orientation of the 

bonded hydrogen atoms to nitrogen atoms of TMG+ 

(H30–N29 and H31–N29) as well as TPG+ (H14–N13 and 

H15–N13) ions relation to oxygen atoms in carbonyl 

group of NP‒ (C2=O6), DFT and ab initio calculations 

cannot provide consistency between vibrational 

frequencies, spectroscopic data, NBO analysis, etc. In 

this survey, we compared and contrasted DFT vs. ab 

initio methods without experimental observations in 

order to predict the stability, electronic along with 

spectroscopic properties of the designed ionic liquids. 

Our investigation confirmed the ωb97xd method as the 

best and most reliable theoretical method with 6-

311++G(d,p) basis set. Both TMG-NP and TPG-NP 

systems are shown higher polarizability, higher 

hyperpolarizability, and higher polarity (about 31.5 - 

45.5 times) than urea, leading us to consider these 

systems as better candidate for NLO materials. 

Henceforth, we recommend that the researchers can 

benefit from this method to evaluate their desired ionic 

liquid systems before the synthesize procedure; for the 

sake of time, energy and cost saving.  
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