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ABSTRACT

The molecular structure of an energetic molecule N-ethyl-N-(2,4,6-trinitrophenyl)nitramide
(ETNPN) and its spectroscopic properties are analyzed by density functional theory. The calculated
IR and Raman spectral bands were discussed with the aid of normal coordinate analysis (NCA) of
force field calculations based on DFT method. The intra-molecular charge transfer interactions and
stability of the ETNPN molecule were analyzed by the natural bond orbital study. The chemical
reactive sites of the molecule were investigated using HOMO-LUMO and molecular electrostatic
surface map. In addition, the nonlinear properties of the molecule have been determined using first
order hyper polarizability.
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1. INTRODUCTION

Nonlinear optics (NLO) is a very important phenomenon in the field of photonics that plays a
vital role in the area of frequency mixing, optical communications, laser technologies, optical data
storage devices, optical image processing, and biomedical applications."™ Organic NLO materials
having large second and third-order optical nonlinearities and fast response in technological
developments, as well as these materials, are very efficient for Terahertz generation and noise
detection.”” The structure of organic NLO materials is based on the 7 bond system; due to the
overlap of  orbital’s, delocalization of electronic charge distribution of an aromatic ring leads to the
high mobility of the electron density. The design of efficient organic NLO materials mostly relies on
a push-pull mechanism that contains an electron-donating group (donor) interacting with an electron-
withdrawing group (acceptor) through mt-conjugation.®™

In this paper, the N-ethyl-N-(2,4,6-trinitrophenyl) nitramide (ETNPN) molecule was
optimized and its spectroscopic bands are analyzed with help of normal coordinate analysis and
functional groups are assigned by potential energy distribution. The natural bond orbital, frontier
molecular orbital, molecular electrostatic potential and hyperpolarizability of ETNPN molecule were
investigated. These studies on ETNPN have been reported for the first time and discussed in detail.

2. COMPUTATIONAL DETAILS

The ETNPN molecule was investigated by quantum chemical density functional theory
calculations employing B3LYP/6-311++G(d,p) basis set using the Gaussian 09 program package.™?
The ETNPN molecule was optimized and the optimized structure was used for entire calculations.
The (3N-6) modes of vibrations are analyzed and assigned with help of potential energy distribution
using Gar2ped program.*® Natural bond orbital analysis of the molecule was performed using NBO
3.1 program.** The ETNPN molecular structure, HOMO-LUMO, and MEP surface were mapped

using Gauss View 5.0 visualization program.®

3. RESULT AND DISCUSSION

3.1. Optimized parameters

The optimized structural parameters of ETNPN with atom numbering scheme are shown in
Figure 1 and the optimized structural parameters are calculated using the B3LYP/6-311++G(d,p)
method are listed in Table 1. The theoretically predicted bond lengths of C1-C6, C5-C6 are 1.399,
1.392 A which are greater than the other C-C bond distance (~1.38 A) due to the substitution of NO,
and ethyl group. The m conjugation interaction between N-O and C-C, C-C and C-C bond orbital
causes expansion of C2-C1-C6 (122.40°), C2-C3-C4 (122.38°), C4-C5-C6 (123.32°) bond angles
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over the other C1-C2-C3 (118.13°), C3-C4-C5 (117.36°), C1-C6-C5 (116.29°) angles of benzene

ring.

Figure 1. The optimized molecular structure of ETNPN.

The carbon atom of the benzene ring attached nitrogen, C-N bond distances are calculated to
be 1.478, 1.481 and 1.475 A for C1-N7, C3-N13, and C5-N10, respectively. In the NO, group, the
computed unequal value of the bond length of N=O which indicates the asymmetric charge
distribution along the O=N=0 bond in the ETNPN molecule. Also, the calculated bond distance of
N7-09, N10-O12, N13-015, N17-019 are contracted about ~0.003 A over the bond distance of N7-
08, N10-011, N13-014, N17-018 due to the influence of one of the oxygen atom of the nitro group.
The O=N=0 bond angles were calculated to be 126.04° for O8=N7=09, 126.57° for 011=N10=012,
125.98° for O14=N13=015 and 127.05° for O18=N17=019. The observed dihedral angles of the
benzene ring, C6-C1-C2-C3 (-2.74°), C2-C1-C6-C5 (-1.01°), C1-C2-C3-C4 (-1.49°), C2-C3-C4-C5
(-1.41°), C3-C4-C5-C6 (-2.81°) and C4-C5-C6-C1 (-2.11°) are confirmed the co-planar orientation
of the ETNPN molecule.
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Table 1. Optimized geometric parameters of ETNPN by using B3LYP/6-311++G(d,p) level.

Bond Lengths B3LYP Bond B3LYP Dihedral B3LYP
(A) angles ) Angles )
C1-C2 1.380 C2-C1-C6 122.40 C6-C1-C2-C3 -2.74
C1-C6 1.399 C2-C1-N7 116.65 C6-C1-C2-H20 -177.94
C1-N7 1.478 C6-C1-N7 120.94 N7-C1-C2-C3 -177.22
C2-C3 1.383 C1-C2-C3 118.13 N7-C1-C2-H20 2.09
C2-H20 1.082 C1-C2-H20 120.81 C2-C1-C6-C5 -1.01
C3-C4 1.380 C3-C2-H20 121.06 C2-C1-C6-N16 -178.35
C3-N13 1.481 C2-C3-C4 122.38 N7-C1-C6-C5 178.95
C4-C5 1.382 C2-C3-N13 118.83 N7-C1-C6-N16 1.61
C4-H22 1.082 C4-C3-N13 118.79 C2-C1-N7-08 145.35
C5-C6 1.392 C3-C4-C5 117.36 C2-C1-N7-09 -32.91
C5-N10 1.475 C3-C4-H22 121.09 C6-C1-N7-08 -34.61
C6-N16 1.410 C5-C4-H22 121.53 C6-C1-N7-09 147.12
N7-08 1.213 C4-C5-C6 123.32 C1-C2-C3-C4 -1.49
N7-09 1.208 C4-C5-N10 117.07 C1-C2-C3-N13 178.37
N10-O11 1.214 C6-C5-N10 119.61 H20-C2-C3-C4 179.20
N10-012 1.208 C1-C6-C5 116.29 H20-C2-C3-N13 -0.94
N13-014 1.211 C1-C6-N16 124.40 C2-C3-C4-C5 -1.41
N13-015 1.208 C5-C6-N16 119.25 C2-C3-C4-H22 179.71
N16-N17 1.383 C1-N7-08 117.22 N13-C3-C4-C5 178.74
N16-C21 1.471 C1-N7-09 116.72 N13-C3-C4-H22 -0.15
N17-018 1.216 08-N7-09 126.04 C2-C3-N13-014 178.69
N17-019 1.207 C5-N10-011 116.20 C2-C3-N13-015 -1.39
C21-C23 1.521 C5-N10-012 117.29 C4-C3-N13-014 -1.45
C21-H27 1.092 011-N10-012 126.51 C4-C3-N13-015 178.47
C21-H28 1.091 C3-N13-014 116.98 C3-C4-C5-C6 -2.89
C23-H24 1.090 C3-N13-015 117.04 C3-C4-C5-N10 -176.41
C23-H25 1.093 014-N13-015 125.98 H22-C4-C5-C6 -177.84
C23-H26 1.092 C6-N16-N17 116.31 H22-C4-C5-N10 2.46
C6-N16-C21 121.73 C4-C5-C6-C1 -2.11
N17-N16-C21 118.65 C4-C5-C6-N16 175.37
N16-N17-018 116.42 N10-C5-C6-C1 177.58
N16-N17-019 116.53 N10-C5-C6-N16 -4.93
018-N17-019 127.05 C4-C5-N10-011 -54.16
N16-C21-H27 105.46 C6-C5-N10-011 126.13
N16-C21-H28 107.25 C6-C5-N10-012 -54.86
C23-C21-H27 111.29 C1-C6-N16-N17 -66.22
C23-C21-H28 111.60 C1-C6-N16-C21 92.96
H27-C21-H28 107.23 C5-C6-N16-N17 116.51
C21-C23-H24 110.72 C5-C6-N16-C21 -84.31
C21-C23-H25 108.90 C6-N16-N17-018 -8.13
C21-C23-H26 111.94 C6-N16-N17-019 172.89
H24-C23-H25 108.32 C21-N16-N17-018 -167.97
H24-C23-H26 108.93 C21-N16-N17-019 13.05
H25-C23-H26 107.92 C6-N16-C21-C23 116.44
C6-N16-C21-H27 -5.70
C6-N16-C21-H28 -119.76
N17-N16-C21-C23 -84.85
N17-N16-C21-H27 153.00
N17-N16-C21-H28 38.95
N16-C21-C23-H24 58.68
N16-C21-C23-H25 177.68
N16-C21-C23-H26 -63.08
H27-C21-C23-H24 177.54
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H27-C21-C23-H25 -63.47
H27-C21-C23-H26 55.78
H28-C21-C23-H24 -62.72
H28-C21-C23-H25 56.27
H28-C21-C23-H26 175.52

3.2. NBO analysis

Natural bond orbital (NBO) analysis, the second order perturbation theory analysis of Fock
matrix gives the donor-acceptor intra molecular interactions, hybridization, and delocalization of
electron occupancy within the molecule. NBO analysis of the title compound was performed using
NBO 3.1 program™ as implemented at the DFT/B3LYP/6-311++G(d,p) level of theory. The
important donor-acceptor charge transfer interaction and their stabilization energies, occupancies are
listed in Table 2. The most strong hyperconjugative interaction of n3;O8—n*(N7-09),
n;011—n*(N10-012) and n3O14—n*(N13-015) have maximum stabilization energies of 1034.64,
994.95 and 1078.69 kJ/mol respectively, the respective n* anti bonding orbital with the electron
density up to 0.581e, 0.571e and 0.599e. The strong n—c* hyperconjugative interaction between the
oxygen and as well as nitrogen lone pairs and the anti-bonding orbitals of the N-O bonds by the
energetic  stabilizations of n,08—c*(N7-09), n,09—c*(N7-08), n,011—c*(N10-012),
n,012—6*(N10-011), n,015—c6*(N13-014), n,019—c*(N17-018), n;018—c*(N17-019) and
n,016—c*(N17-019) have high stabilization energies of 99.48, 101.95, 97.97, 101.28, 100.40,
100.78, 95.12,444.89 and 151.23 kJ/cal respectively, with the low occupancy up to 0.059, 0.062¢,
0.064e, 0.059¢, 0.053e, 0.053e, 0.054e and 0.524e for the respective o* anti bonding orbital. The
intra molecular interaction are formed by the orbital overlap between n(C-C)—n*(C-C) interactions,
i.e., M(C1-C2)—>n*(C3-C4), n(C1-C2)—>n*(C5-C6), n(C3-C4)—n*(C1-C2), 1(C3-C4)—n*(C5-CH),
1(C5-C6)—n*(C1-C2) and m(C5-C6)—n*(C3-C4) have the stabilization energies 128.24, 166.17,
157.84, 136.41, 119.87 and 157.76 kJ/cal respectively, which results in intra molecular charge
transfer cause stabilization of the molecule. These high intra molecular stabilization energies are due

to ICT interactions stabilize the molecule.
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Table 2. Second order perturbation theory analysis of Fock matrix in NBO basis including the stabilization
energies using DFT/B3LYP/6-311++G(d,p) level.

- - 3 — —
Donor(i) ED() Acceptor(j) ED() E@) EQ-EQ) R
(e) (e) (kJ/mol) (a.u) (a.u)
6(C1-C2) 1.969 c*(C1-C6) 0.038 23.91 1.45 0.081
o(C1-C2) 6*(C3-N13) 0.111 18.51 1.18 0.066
6(C1-C2) 6*(C6-N16) 0.033 17.00 1.31 0.065
1(C1-C2) 1.636 T*(C3-C4) 0.335 128.24 0.4 0.1

n(C1-C2) n*(C5-C6) 0.370 166.17 0.39 0.112
n(C1-C2) n*(N7-09) 0.581 83.19 0.26 0.068
c(C1-C6) 1.968 c*(C1-C2) 0.019 23.28 1.48 0.081
6(C1-C6) 6*(C5-C6) 0.035 17.88 1.46 0.071
c(C1-C6) 6*(C5-N10) 0.102 17.29 1.18 0.063
o(C2-C3) 1.973 6*(C1-N7) 0.106 17.75 1.18 0.064
o(C2-C3) 6*(C3-C4) 0.021 22.44 1.48 0.08
o(C2-H20) 1.970 6*(C1-C6) 0.038 22.78 1.24 0.073
6(C2-H20) 6*(C3-C4) 0.021 20.22 1.27 0.07
o(C3-C4) 1.972 6*(C2-C3) 0.021 22.23 1.48 0.079
6(C3-C4) 6*(C5-N10) 0.102 18.88 1.18 0.066
1(C3-C4) 1.637 *(C1-C2) 0.313 157.84 0.41 0.112
n(C3-C4) *(C5-C6) 0.370 136.41 0.39 0.101
n(C3-C4) n*(N13-015) 0.599 109.44 0.25 0.077
o(C4-C5) 1.968 6*(C3-N13) 0.111 19.13 1.18 0.067
6(C4-C5) 6*(C5-C6) 0.035 23.91 1.46 0.082
o(C4-H22) 1.971 6*(C2-C3) 0.021 19.93 1.27 0.07
o(C4-H22) 6*(C5-C6) 0.035 22.02 1.25 0.073
c(C5-C6) 1.966 c*(C1-C6) 0.038 17.58 1.46 0.07
6(C5-C6) 6*(C1-N7) 0.106 18.13 1.18 0.065
6(C5-C6) 6*(C4-Cb) 0.019 23.53 1.48 0.082
n(C5-C6) 1.654 n*(C1-C2) 0.313 119.87 0.41 0.098
1(C5-C6) T*(C3-C4) 0.335 157.76 0.41 0.111
1(C5-C6) T*(N10-012) 0.571 44.97 0.28 0.052
1(C5-C6) o*(N16-N17) 0.148 23.24 0.7 0.059
n(N7-09) 1.986 n*(N7-09) 0.581 23.74 0.47 0.054
1(N10-012) 1.989 T*(N10-012) 0.571 22.94 0.48 0.054
n(N13-015) 1.986 n*(C3-C4) 0.335 20.05 0.6 0.052
n(N13-015) n*(N13-015) 0.599 25.33 0.45 0.055
6(N17-019) 1.990 6*(N17-019) 0.524 28.89 0.75 0.074
6(C21-H27) 1.976 6*(N16-N17) 0.148 22.65 0.93 0.065
6(C23-H25) 1.982 c*(N16-C21) 0.033 24.66 0.97 0.068
n108 1.981 6*(C1-N7) 0.106 19.18 1.23 0.068
n208 1.896 6*(C1-N7) 0.106 71.55 0.71 0.098
n208 6*(N7-09) 0.059 99.48 0.91 0.133
n308 1.434 c*(N7-08) 0.062 21.19 0.84 0.067
n308 n*(N7-09) 0.581 1034.64 0.23 0.214
n109 1.981 6*(C1-N7) 0.106 19.01 1.22 0.068
n209 1.890 6*(C1-N7) 0.106 76.28 0.7 0.101
n209 c*(N7-08) 0.062 101.95 0.9 0.134
n1011 1.981 6*(C5-N10) 0.102 18.84 1.23 0.068
n2011 1.893 6*(C5-N10) 0.102 69.38 0.71 0.097
n2011 6*(N10-012) 0.064 97.97 0.91 0.131
n3011 1.431 n*(N10-012) 0.571 994.95 0.23 0.211
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n1012 1.981 o*(C5-N10) 0.102 18.88 1.23 0.068
n1012 0*(N10-011) 0.059 14.61 1.42 0.064
n2012 1.890 o*(C5-N10) 0.102 73.14 0.71 0.099
n2012 0*(N10-011) 0.059 101.28 0.9 0.134
n1014 1.982 o*(C3-N13) 0.111 19.09 1.22 0.068
n2014 1.895 o*(C3-N13) 0.111 74.36 0.7 0.1

n2014 0*(N13-015) 0.053 100.40 0.91 0.134
n3014 1.435 1*(N13-015) 0.599 1078.69 0.22 0.213
n1015 1.982 o*(C3-N13) 0.111 19.13 1.22 0.068
n2015 1.895 o*(C3-N13) 0.111 74.78 0.7 0.1

n2015 0*(N13-014) 0.053 100.78 0.91 0.134
n1N16 1.750 o*(C1-C6) 0.038 41.03 0.96 0.091
n1N16 o*(C5-C6) 0.035 27.00 0.96 0.074
niN16 0*(N17-019) 0.524 151.23 0.41 0.117
n1N16 n*(N17-019) 0.193 24.66 0.76 0.061
niN16 o*(C21-C23) 0.012 20.77 0.85 0.062
n1N16 o*(C21-H28) 0.018 15.37 0.86 0.053
n2018 1.875 o*(N16-N17) 0.148 110.36 0.69 0.121
n2018 o0*(N17-019) 0.524 40.36 0.41 0.063
n2018 n*(N17-019) 0.193 88.13 0.76 0.115
n3018 1.519 0*(N17-019) 0.524 44489 0.37 0.178
n3018 ©*(N17-019) 0.193 54.81 0.72 0.093
n1019 1.981 0*(N17-018) 0.054 16.91 1.42 0.068
n2019 1.870 o*(N16-N17) 0.148 116.35 0.69 0.124
n2019 6*(N17-018) 0.054 95.12 0.89 0.129

3.3. Vibrational analysis

The ETNPN molecule contains 28 atoms and it has 78 modes of fundamental vibrations are
calculated and assigned with help of density functional theory and potential energy distribution. The
simulated unscaled, scaled values and its assignments with PED are listed in Table 3. The simulated
IR and Raman spectra are illustrated in Figure 2. The various modes of vibrational assignments of
an ethyl group, benzene ring, NO,, CC, CN, and NN functional groups are analyzed and are
discussed in detail.

@)

v v v v v ¥ v
=Isoo Ec Yo Yo Yol =Z=soo =0cO0O 1 so0o0 1000 soo

Tinite

IJSRR, 8(1) Jan. — Mar., 2019 Page 244




Raman Intensity (a.u.)

V. Anbu et al., IJSRR 2019, 8(1), 238-255

0.6 —

0.5

0.4 —

0.3

0.2

O.1

0.0

(b)

T
3500

- T
3000

+ T 5 T - T ~ T ~ T ~
2500 2000 1500 1000 500 o

WwWavenumber (cm™)

Figure 2. Simulate (a) IR and (b) Raman Spectra of ETNPN

Table 3. Vibrational Assignments of ETNPN

Wavenu[nber

Unscal(ecdm )Scaled Intensity #Assignments with % of PED
3233 3091 29.82 V(CH)(99)
3226 3084 22.59 V(CH)(99)
3151 3017 7.62 vas(CH3)(99)
3119 2988 2.51 vas(CH3)(99)
3119 2987 12.4 vas(CH2)(99)
3074 2947 5.65 vs(CH;)(99)
3050 2925 18.45 vs(CH,)(99)
1652 1622 357.24 v(CC)(31) + vas(NO,)(19) + vs(NO,)(8)
1647 1617 73.99 V(CC)(43) + vas(NO)(16) + B(CCC)(4)
1638 1608 392.32 va(NO,)(42) + v¢(NO,)(31)
1615 1587 101.2 vas(NO,)(44) + vg(NO,)(41)
1607 1579 153.84 vas(NO2)(32) + v¢(NO,)(31) + v(CC)(15)
1592 1565 150.43 vas(NO,)(27) + vs(NO,)(26) + v(CC)(22) + B(CCC)(5)
1513 1488 3.72 8(CH3)(83) + B(NO,)(9)
1492 1468 8.15 8(CH3)(86) + B(NO,)(8)
1487 1464 18.69 v(CH,)(22) + v(CC)(20) + 5(CH3)(16) + V(CN)(11)
1475 1452 23.07 ¥(CH,)(66) + v(CC)(8) + B(CHz)(3) + V(CN)(3)
1429 1408 4,58 V(CC)(45) + B(CH3)(22) + B(CCN)(13) + v(CN)(5)
1418 1398 22.2 B(CH3)(77) + B(NCC)(10) + v(CH)(9)
1403 1383 43.62 vs(NO,)(45) + B(NHC)(14) + B(NO,)(11) + v(CN)(10)
1394 1374 80.27 B(NCC)(49) + v(NO,)(17) + B(CHz)(14) + v(CN)(4)
1377 1358 165.59 vs(NO,)(57) + B(NO,)(10) + v(CN)(8) + B(NHC)(6)
1370 1351 274.97 Vs(NO2)(37) + vas(NO2)(21) + B(NO,)(14) + v(CN)(10) + o(CH3)(5)
1367 1348 99.77 o(CH3)(39) + v(NO,)(23) + v(CN)(9) + B(NO,)(4)
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1334 1317 9.4 v(NO2)(47) + o(CH3)(16) + B(NO,)(10) + B(NCH)(5)

1309 1292 208.74 V(CN)(34) + v(NO,)(11) + B(HCH)(20) + B(NCN)(4)

1266 1250 87.37 V(CC)(85) + B(CCN)(3)

1210 1197 12.07 I'(CH,)(58) + v(CN)(17) + B(CNC)(10)

1191 1178 14.77 V(CN)(32) + B(CCC)(25) + v(CC)(18) + B(CCH)(4)

1156 1144 9.78 p(CH,)(58) + B(CCC)(8) + V(CN)(8) + B(CCN)(4)

1116 1106 30.34 p(CH,)(34) + v(CN)(15) + B(NCH)(8) + v(CH)(6) + B(CHC)(5) + B(CCN)(5)
1103 1092 47.21 B(CCH)(31) + v(CC)(19) + p(CH2)(11) + v(CH)(8)

1072 1062 55.19 V(CN)(27) + v(CH)(21) + B(CCC)(13) + v(NN)(8) + B(CNC)(4) + v(CC)(3)
971 964 20.75 V(CH)(38) + p(CH2)(22) + B(CNC)(11) + v(NN)(9)

960 953 81.25 V(NN)(22) + B(CCC)(17) + v(CN)(11) + B(NO2)(9) + p(CH2)(4)

952 946 1.3 3(CH)(81) + y(CCCC)(7) + y(NCCC)(5)

941 935 25.97 3(CH)(62) + y(CCCC)(17) + y(NCCC)(5)

935 929 25.27 V(CN)(28) + y(NO,)(20) + y(HCCC)(12) + v(NN)(5) + B(CCC)(4) + 1(CCCC)(3)
927 921 20.92 V(CN)(34) + y(NO,)(28) + B(CCC)(5) + V(CH)(3)

844 840 7.41 y(NO,)(77) + B(CCC)(6)

835 831 28.82 ¥(NO,)(30) + B(HCH)(19) + y(NCCC)(7) + 1(CCCC)(7) + B(CNC)(6)
790 787 7.83 Y(NCCC)(28) + 1(CCCC)(25) + y(COON)(24)

787 784 5.39 B(HCH)(18) + y(COON)(11) + B(HCH)(9) + y(NOON)(8) + B(OON)(7)
784 780 1.89 o(NO,)(30) + B(CH,)(22) + y(NCCC)(12) + B(CNC)(8) + 1(CCCC)(4)
757 755 17.18 »(NO,)(60) + y(COON)(7) + y(CNCN)(6) + B(CCC)(4)

746 743 26.44 ©(NO,)(20) + 1(CCCC)(20) + B(CH,)(11) + y(NCCC)(11) + y(COON)(7)
735 732 37.48 o(NO,)(36) + B(CCC)(29) + v(CN)(8) + B(HCH)(4)

725 723 16.4 o(NO,)(61) + y(NCCC)(17) + ©(CCCC)(10)

708 706 4.97 7(CCCC)(22) + y(NCCC)(17) + y(COON)(12) + B(OCN)(5) + B(CCC)(4)
664 663 4.41 B(CCN)(19) + B(OCN)(17) + 1(CCCC)(16) + y(NCCC)(13) + y(COON)(6)
603 602 7.54 B(CNN)(25) + B(NCH)(11) + v(NN)(10) + o(NO,)(7) + B(OCN)(6) + 1(CCCC)(6)
573 573 8.52 3(CCC)(36) + y(NCCC)(12) + B(OCN)(12) + p(NO,)(8)

545 545 3.76 p(NO,)(51) + B(CCC)(12) + B(CNC)(10)

524 524 8.34 3(CCC)(42) + y(NCCC)(31) + p(NO,)(4)

482 483 1.46 V(NN)(13) + 1(CCCC)(9) + y(NCCC)(7) + B(OCN)(6) + B(CNC)(6)
469 470 7.41 Rb(CCN)(22) + y(NCCC)(14) + 1(CCCC)(13) + y(CNCN)(12) + B(OCN)(6)
410 411 3.54 B(NCH)(23) + ©(CCCC)(17) +y(CNCN)(10) + y(NCCC)(9) + p(NO,)(8)
367 368 0.51 (CCCC)(29) + B(OCN)(16) + y(NCCC)(9) + B(CCC)(6) + B(CNC)(5) + v(CN)(4)
350 351 0.46 B(CCC)(19) + B(CNC)(15) + p(OCN)(11) + B(NCN)(11) + v(CN)(10)
327 328 3.36 B(NCN)(18) + B(CNC)(12) + B(OCN)(12) + y(CNCN)(6) + t(CNCH)(5)
321 322 2.46 y(NCCC)(34) + 1(CCCC)(26) + B(CCN)(10) + B(OCN)(10)

318 319 0.85 V(CN)(47) + B(CCC)(8) + v(CC)(6) + BNO2)(5)

274 275 4.13 B(NCH)(25) + y(NCCN)(16) + B(CCC)(16) + v(CN)(14) + B(CNC)(3)
246 247 1.97 B(CNC)(19) + BNCN)(15) + 1(CNCH)(14) + t(NCHH)(14) + B(CCC)(7)
197 198 1.7 (NCHH)(38) + B(NCN)(21) + t(CNCH)(7) + B(CCC)(5) + B(CNC)(4)
177 178 4.21 Y(NCCC)(42) + B(CNC)(11) + t(CCCC)(11) + y(HCCC)(7) + B(OCN)(6)
170 171 2.15 B(CNC)(28) + t(CCCC)(11) + T(NCCC)(8) + T(CNCC)(7) + B(CNC)(5)
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162 163 1.08 B(CNC)(51) + t(NCCC)(9) + 1(CCCC)(5)

155 156 2.1 B(CNC)(32) + 1(CNCH)(19) + t((NCHH)(13) + t(CNCN)(3)
136 137 1.49 t(CNCH)(49) + B(CNC)(19) + t(NCHH)(15)

125 126 0.43 Z(CNCN)(53) + T(CNNO)(13) + t(CNCH)(12) + B(CNC)(4)
102 102 0.91 ©(CNNO)(67) + t(CNCH)(5) + B(HNC)(4)

98 99 6.09 t(NCCC)(60) + t(CNNO)(9) + t(CNCH)(6)

65 66 1.44 1(ONCC)(35) + 1(CNCC)(29) + t(CNCN)(7)

51 51 1.67 7(CNCC)(41) + (ONCC)(41)

43 43 0.26 T(ONCC)(64) + t(CNCC)(15) + t(CCCC)(13)

40 40 0.32 1(CCCC)(45) + t(ONCC)(19) + B(CCN)(8) + ((NCCC)(8) + T(CNCN)(6)
33 33 0.19 t(ONCC)(64) + B(CNC)(17) + t(CNCH)(7)

%; stretching, B; in-plane bending, y; out-of-plane bending, rocking, t; torsion.

3.3.1. Ethyl group vibrations
CHj3 vibration

The ethyl groups CH3; asymmetric and symmetric stretching wavenumbers are observed
between 3000-2960 cm ' and 2970-2840 cm ' respectively.'®*” The DFT calculated bands at 3017
and 2988 cm' are attributed to CHs asymmetric stretching with PED of 99%, as well as CHs
symmetric stretching band is calculated at 2947 cm™ with PED of 99%. The CH3; asymmetric and
symmetric deformations are expected in the region 1475-1455 cm' and 1390-1360 cm,
respectively.'® The DFT simulated out of plane CH3 asymmetric deformation mode at 1488 and 1468
cm' with PED of 83% and 86% respectively. The predicted band at 1398 cm™' (PED of 77%) is
assigned to in plane CH3; symmetric deformation. The CH3 wagging and rocking modes are active in
the region 1360-1320 cm™'. The CH3 wagging mode of vibration is computed at 1348 cm™' (PED of
39%) in vibrational spectrum.

CH; vibration

The ethyl group, asymmetric and symmetric CH; stretching is usually present in the region
2970-2900 cm™' and 2940-2840 cm™' respectively.’®*® The CH, asymmetric and symmetric bands
are calculated and assigned at 2987 cm ' and 2925 cm' respectively. The CH, scissoring
deformation vibration commonly appears in the region 1480-1420 cm'.**% In ETNPN, the CH,
scissoring deformations are calculated at 1464 and 1452 cm' with PED of 22% and 66%
respectively. The CH, twisting bands generally appear in the region 1290-1200 cm'.*® The CH,
rocking vibrations are commonly appearing in the region 1190-1060 cm™* and 835-715 cm’
respectively. The vibrational band calculated at 1197 cm™' is assigned to CH, twisting with PED of
58%. As well as the bands at 1144, 1106 and 784 cm " are attributed to CH, rocking.
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3.3.2. Benzene ring vibration
CH vibration

For the aromatic CH stretching vibrational band can appear in the region 3100-3000 cm ™. %
The computed peaks at 3091 and 3084 cm' are attributed to CH stretching of a benzene ring with a
PED of 99%. The tetrasubstituted aromatic ring CH in-plane bending and out of plane bending was
generally found in the region 1205-1085 cm ™' and 965-950 cm™' respectively.?*?* The CH inplane
bending was calculated at 1092 cm™' with PED of 31%. The theoretically calculated bands at 946
and 935 cm ' are attributed to CH out of plane bending vibration with PED of 81% and 62%

respectively.

CC vibrations

The vibrational band for CC ring stretching of the NO, substituted skeletal benzene ring
occurs at 1625-1430 cm™'.?* The calculated bands at 1622 cm™ (PED of 31%) and 1617 cm™' (PED
of 43%) are attributed to aromatic CC stretching vibrations. The phenyl ring CC stretching band
commonly occurs in the region 1380-1240 cm™'. The simulated band at 1250 cm™' with PED of 45%
is assigned to phenyl CC ring stretching. The benzene ring deformation vibrations due to CCC out of
plane bending are occurred at 580-505 cm™'. The CCC out of plane deformation vibration is
calculated at 573 and 524 cm ™' with PED of 36% and 42% respectively. The ring breathing band due
to NO, attached C-N stretching generally occurs in the region 540-490 cm ™. The band 470 cm™ is
attributed to be ring breathing of C-N stretching. The aromatic ring torsion vibrations are calculated
at 368 cm ™' with PED of 29%.

3.3.3. NO;, Vibrations

Aromatic nitro molecules containing strong absorption band owing to the NO, asymmetric
and symmetric stretching in the regions 1570-1485 cm ' and 1370-1320 cm ™' respectively.?® The
calculated asymmetric stretching at 1608, 1587, 1579 and 1565 cm ™' with PEDs of 42%, 44%, 32%
and 27% respectively. The most intense peaks of the NO, symmetric stretching is computed at 1383,
1358, 1351 and 1317 cm ™' with PEDs of 45%, 57%, 37%, and 47% respectively. The NO, scissoring
modes are expected in the region 850+60 cm'.?%**? The predicted vibrational bands at 840 cm™
(PED of 77%) and 831 cm™ (PED of 30%) are attributed to NO, scissoring. Aromatic nitro group
wagging and rocking modes are active in the region 740+50 cm™' and 540450 cm,
respectively.?®*" Theoretically calculated bands at 780-723 cm™' and 545 cm™ are owing to NO,

wagging and rocking respectively.
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3.3.4. C-N, C-C, and N-N vibrations

The band for CN stretching modes occurs in the region 1180-865 cm'.*®* The calculated
wave numbers at 1178, 1062, 929 and 921 cm' are assigned for CN stretching with the potential
energy distribution of 32%, 27%, 28%, and 34% respectively. The aromatic compound CNN
deformation vibrations are commonly occurring near 590 cm™'. The computed band at 602 cm™' is
attributed to C-N deformation with PED of 25%. The ethyl group, C-C stretching vibration is
calculated at 1408 cm™' with PED of 44%. As well as aromatic azo compound NN stretching
vibrations are calculated at 953 cm ',

3.4. Frontier molecular orbital

Highest occupied molecular orbital (HOMO) act as electron donor and lowest unoccupied
molecular orbital (LUMO) act as an electron acceptor are collectively called as frontier molecular
orbital, which are very important parameters for quantum chemistry such as the insight into the
nature and reactivity of the molecule.?® The molecular orbital theory is due to the interaction between
HOMO and LUMO orbital of a molecular structure, transition state transition of n-m* type is
observed. While the Enomo is directly related to the ionization potential, E_ymo is directly related to
the electron affinity. The Egap, the energy difference between the HOMO and LUMO regulates the
kinetic stability, chemical reactivity, optical polarizability, and chemical hardness-softness of a
molecule is important stability for structures.?**° 3D plots of frontier molecular orbital (HOMOs and
LUMOs) with the energy values of ETNPN are shown in Figure 3. The Exomo and E_umo Values are
-7.670 eV and -2.944 eV respectively, the Egap is 4.726 eV. From the Figure 3, it is clear that
HOMO is localized on all the NO, group except O14-N13-0O15, an ethyl group, N16, C5-C6, C1,
and C3 atom; LUMO is localized on the entire benzene ring except for C5 atom, 014-N13-015, O8-
N7-09, N16-N17, 018, 019 and C21 atom of the ethyl group. According to the Koopmann’s
theorem®, the ionization energy and electron affinity, electro negativity (y), chemical reactivity (p),
softness (s) and other calculated reactivity descriptors of PTM molecule are presented in Table
4.The Enomo and Eymo are corresponding to the approximated values of the ionization potential (IP)
and the electron affinity (EA), respectively. The electro negativity, y is calculated from the relation,
= (IP+EA)/2 and the negative value of x gives the chemical potential of the molecular system. The
stability of the molecule can be interpreted from the value of chemical hardness (1) by the relation, n
= (IP-EA)/2. The n value represents the resistance to polarization due to an external perturbation on
the molecular system. The global softness value reflects the degree of chemical reactivity of the
molecule and is calculated using the relation, S = 1/2n. The electrophilicity index (o = p?/2n) is

considered to be a measure of the electrophilic power which characterizes the energy lowering
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associated with the maximum electron flow between donor and acceptor orbitals. The total energy
change is calculated from the relation, AEr = -n/4. The energy gain or loss in a donor-acceptor
charge transfer is determined from the overall energy balance, AE= EA-IP. The HOMO-LUMO
energy gap is small, it promotes the interaction between HOMO and LUMO and also stabilizes the

molecule and thereby NLO activity.

- Ily°
ELumo= -2.944eV
. LUMO

Ecar= 4.726 eV

? R

Figure 3. Frontier molecular orbitals of ETNPN.

Table 4. Calculated local reactivity parameters of ETNPN at DFT/B3LYP/6-311++G(d,p) method.

Parameters B3LYP/6-311++G(d,p)
HOMO energy, Eromo (eV) -7.670
LUMO energy, E umo (eV) -2.944
HOMO- LUMO energy gap, AEgap (€V) 4.726
lonisation potential, IP (eV) 7.670
Electron affinity, EA (eV) 2.944
Electronegativity, y (eV) 5.307
Chemical hardness, 1 (eV) 2.363
Global softness, S (eV)™ 0.212
Chemical potential, p (eV) -5.307
Electrophilicity index, @ (eV) 5.959
Total energy change, AEt (eV) -0.591
Overall energy balance, AE (eV) -4.726
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3.5. Molecular Electrostatic Potential

The molecular electrostatic potential is widely used as reactivity towards electrophilic and
nucleophilic attacks as well as hydrogen bonding interactions; it is very useful for studying the
physiochemical property relationships of molecular structures.®*® The MEP surface for ETNPN was
generated by mapping DFT/B3LYP/6-311++G(d,p) method, electrostatic potential onto the
molecular electron density surface is shown in Figure 4. In Figure 4, the dissimilar values of the
electrostatic potential at the surface are indicated by different colors, the potential increases in the
order of red < yellow < green < blue. In MEP of ETNPN, the isosurface=-0.106a.u. representing the
regions that eagerly donate electron (nucleophilic centre) and isosurface= +0.106 a.u. representing
the regions that accept electrons (electrophilic center). In MEP surface the maximum positive region,
which is preferred site for the nucleophilic attack is depicted as blue, while the maximum negative
region is selected site for the electrophilic attack is represented as red. As seen from Figure 4, the
red region electrophilic reactivity was essentially localized on the oxygen atoms in the nitro group,
whereas the blue region nucleophilic reactivity of the molecule was mainly localized on the carbon

atoms in the benzene ring and nitrogen.

(@)

Figure 4.Total electron density (TED), molecular electrostaticpotential (MEP), electrostatic potential contour map
and electrostaticpotential (ESP) of ETNPN.
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3.6. First order hyperpolarizability

The computed values of nonlinear optical response properties of ETNPN molecule such as
the first hyperpolarizability, polarizability, anisotropy of polarizability and total static dipole moment
are presented in Table 5. Molecules have maximum values of hyperpolarizability, polarizability and
dipole moment exhibit significant NLO properties. The DFT calculations, the first order
hyperpolarizability value of ETNPN are 7.553 x10% esu, the mean polarizability value is —1.953
x102 esu and the anisotropy of polarizability is observed to be 3.531 x10% esu. Also, the
calculated first hyperpolarizability value is 2.02 times that of urea (3.728 x10™' esu) and the
computed mean polarizability is 2.7 times that of urea. The high values observed in
hyperpolarizability values of Pxxy, Pxyy and Pxzz and polarizability values of axz and ayz
components compare than other components, it is indicate that the strong delocalization of electron
cloud in these directions, which illustrates that the charge conjugation is perpendicular to the bond
axis and also the substantial involvement of © orbitals in the charge transfer interaction. Thus the
high value of hyperpolarizability is attributed to the ICT interactions between donor and acceptor,
especially the extent of n—n* conjugation, HOMO-LUMO energies and symmetry of the molecule,
which support the NLO activity of the crystal. Another parameter used as a descriptor to represent
the charge movement through the molecule is the dipole moment. The dipole moment is an important
molecular electronic property which reflects the charge distribution and is given as a vector in three
dimensions. The direction of the dipole moment vector in a molecule depends on the centers of
positive and negative charges. The large value of the total dipole moment indicates the strong
polarity of the bond and it is computed for ETNPN to be 3.7608 Debye, which is 2.73 times that of
urea (1.3732 Debye). These high values of molecular dipole moment and polarizability relative to
urea show the large NLO property of ETNPN crystal.

Table 5. NLO properties of ETNPN

o Second-order
. o hyperpolarizability o
dipole Polarizability (esu) (es0) hyperpolarizability
esu
(esu)

X 0.0995 0l XX -137.079 BXXx -103.187 Yxooxx -4842.70
uy | 15908 | axy -3.7948 Bxxy 15.0958 Yoy ~2434.74
yz -3.4063 ayy -136.944 Bxyy 15.7785 Y2222 -552.591
utotal | 3.7608 | axz 5.9537 Byyy 0.6111 Ty -1107.44
oyz 0.3385 Bxxz -14.8944 Vxxzz -764.065
o zz -121.457 Bxyz -3.6679 Vyyzz -477.359
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atotal | -1.9537x10% | Byyz 5.3978 yrotal | -1.2621x107°
Aa 3.5317x107 Bxzz 5.8764
Byzz -1.5846
Bzzz -7.9286
B total 7.55301 x10™**

4, CONCLUSION

The detailed spectroscopic bands have been investigated based on quantum chemical

calculation and function groups were assigned using scaled quantum mechanical force field method

of the N-ethyl-N-(2,4,6-trinitrophenyl) nitramide molecule. The intra-molecular interactions,

stabilization energies and electron density of the title molecule were analyzed using NBO analysis.

The HOMO-LUMO energy gap is calculated 4.726 eV, which improves the ICT interactions capable

to produce the enhanced NLO responses. The electrophilic and nucleophilic reactivity of the title

molecule is analyzed by MESP surface plot. Based on the DFT computations, the hyperpolarizability

of the title molecule is calculated 3.531 x10%esu, which value is 2.02 times that of urea. The

hyperpolarizability values also proposed the better NLO response of the ETNPN molecule.
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