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ABSTRACT

Fourier-Transform infrared and Fourier-Transform aRan spectra of 2-methoxy-4-
nitroaniline(2M4NA) was recorded in the region 460@00 crit and 3500 — 100 cf.Quantum
chemical calculations of energies, geometrical ciee and vibrational wavenumbers of
2M4NA were carried out by ab initio HF/6-311G(d,phd DFT (B3LYP/6-311G(d,p) and
B3PW91/6-311G(d,p)) levels of theory with completéaxation in the potential energy
surface.The vibrational frequencies are calculased scaled values are compared with FT-IR
and FT-Raman experimental values. The differeneavden the observed and scaled
wavenumber values of most of the fundamentalsryssreall in DFT than HF. The calculated
HOMO-LUMO energies show that charge transfer ocearthe molecule. The study is extended
to the HOMO - LUMO analysis to calculate the eryegap, ionization potential, electron
affinity, global hardness,chemical potential andlgdl electrophilicity and thermodynamic
properties of 2M4NA.. The experimental spectrao alsincide satisfactorily with those of
theoretically constructed simulated spectrograms.

Keywords: FTIR and FT Raman spectra; ab initio and DFTmethoxy-4-nitroaniline;
vibrational analysis; HOMO-LUMO energy.
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INTRODUCTION

In chemical industry and in the field of biologyoaratic amines play a major role. Aniline and
substituted anilines are widely used as a startiatgrial in a vast amount of pharmaceutical and
many other industrial processes. They have attlamtesiderable attention over the years [1,2].
Nitroaniline is used in the synthesis of dyes, algemicals, pharmaceutical products, rubber,
plastic additives, photographic antifogging ageantsl coccidiosis. 2-Methoxy-4-nitroaniline is
used in dyeing textiles, in the printing industapyd as an intermediate in the synthesis of azo
dyes that have applications in tattoo inks, emulgiaints, toy enamels and also used in the test
systems with synthetic peptide substrates in ha®eslogy[3]. It is also used in the
preparation of f-Amino carbonyl compounds which are extremely im@ott as biologically
active molecules [4].1t plays an important role detection of advanced solid tumors in
patients[5]. Vibrational assignments based on FTnlEhe vapour, solution,liquid phases and the
Raman spectra in the liquid state were reportedafoline [6]. Raiet al performed IR and
Raman spectral measurement and DFT calculatiomflofine substituted anilines [7]. Ploug-
Sorenseret al reported the structure of o- nitro aniline hydrocide [8]. The Vibrational spectra
of the 2,6 dibromo-4-nitroaniline and 2-(methylthaniline applying DFT calculation based on
B3LYP level with 6-31G* basis set was reported Kryshnakumaret al. [9]. The theoretical
and experimental studies of vibrational spectra #remal analysis of 2-nitroaniline and its
cation have reported by S.Azhaget al. [10]. Shankaret al. [11 ] studied 2-chloro-6-
methylaniline with polarized Raman and infrared cé@e E Kavithaet al have studied the
molecular structure and HOMO — LUMO studies of &eaniline [12]. Molecular modeling by
guantum chemical calculation of 2-chloro-5-nitrohe was studied by PM Anbarasanal
[13].

Density functional theory (DFT), accepted by theigbo quantum chemistry community is a
cost-effective general procedure for studying pteisiproperties of the molecules. DFT
calculations of vibrational spectra of many orgasystems[14,15] have shown promising

conformity with experimental results. Therefore this present investigation ab initio and DFT
techniques are employed to study the complete tuilora spectra of the title compound and to
identify the various normal modes with greater waumber accuracy.

Literature survey reveals that to the best of omovdedge no ab initio HF/DFT frequency
calculations of 2-methoxy-4-nitroaniline have beeported so far. In this study, molecular
geometry,optimized parameters and vibrational feegies are computed and the performance
of the computational methods for ab initio (RHFyptd density functional methods (B3LYP
and B3PW91) at 6-311G(d,p) basis set is compahegbarticular, for polyatomic molecules the
DFT methods lead to the prediction of more accuratdecular structure and vibrational
frequencies than the conventional ab initio Harffeek calculations.The calculated HOMO
(Highest occupied molecular orbitals) -LUMO (Lowesibccupied molecular orbitals) energies
show that charge transfer occur in the title mdiecDFT calculations are reported to provide
excellent vibrational frequencies of organic compas) if the calculated frequencies are scaled
to compensate for the approximate treatment ottrelecorrelation, for the deficiencies and for
the anhormanicity [16-17]. Ab initio HF and DensRynctional Theory (DFT) calculations have
been performed to support our wave number assigismen
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MATERIALS AND METHODS

2. Experimental details

The compound (2M4NAyvas purchased from Sigma-Aldrich Chemical Comp&f§A with more
than 98 % purity and was used as such without éantlurification to record FTIR and FT Raman
spectra. A projection of 2-methoxy-4-nitroanilirseshown in the Figure 1. The FTIR spectra of
the compound is recorded in the region 4000 — 480 in evacuation mode on Bruker IFS 66V
spectrophotometer using KBr pellet technique (splithse) with 4.0 cthresolutions. The FT
Raman spectra are recorded using 1064 nm line ofYld& laser as excitation wavelength in the
region 3500 — 100 cthon Bruker IFS 66V spectrometer equipped with FRA& ET Raman module
accessory. The spectral measurements were caniect Central Electro Chemical Research
Institute(CECRI), Karaikudi (Tamil Nadu), Indiah& experimental FTIR and FT Raman spectra of
(2M4NA) is presented in the Figures 2 & 3.

3. Computational details

The entire calculations conducted in the presenkweere performed at Hartree-Fock (HF),
B3LYP and B3PW91 levels included in the Gaussiaw Gackage [18program together with
the 6-311G(d,p) basis set function of the densiycfional theory (DFT) utilizing gradient
geometry optimization [19]. The geometries werstfdetermined at the Hartree Fock level of
theory employing 6-311G (d,p) basis set. All te®metries were then optimized using 6-311G
(d,p) basis sets using density functional thedd§T) [20] employing the Becke’s three-
parameter hybrid functional (B3) [21] combined wititadient —corrected Lee-Yang and
Parr(LYP) correlation [22functional (B3LYP) and Perdew and Wang (PW91) [23]2vhich
present the best predicting results for molecgkeometry and vibrational wave numbers for
moderately larger molecule[25-27]. The DFT paotis the electronic energy as E =
Er+Ev+E+Exc, where E, By, and E are the electronic kinetic energy, the electroclear
attraction and the electron-electron repulsion serespectively. The electron correlation is
taken into account in DFT via the exchange cori@taterm Ec, which includes the exchange
energy arising from the antisymmetry of the quantaethanical wavefunction and the dynamic
correlation in the motion of individual electronsmakes DFT dominant over the conventional
HF procedure [28]. The optimized structural parirewere used in the vibrational frequency
calculations at the HF and DFT levels to chararteall stationary points as minima. Then
vibrationally averaged nuclear positions of 2M4NAused for harmonic vibrational frequency
calculations resulting in IR and Raman frequenci€ee DFT hybrid B3LYP,B3PW91
functional also tends to overestimate the fundaalembdes in comparison to the other DFT
methods; therefore, scaling factors have to be ts@dtain considerably better agreement with
experimental data. Thus according to the work adifiut and Pulay [29], a scaling factor of 0.96
has been uniformly applied to the B3LYP with 6-31d®) and 0.9631 for B3PW91 with 6-
311G(d,p) calculated wavenumbers [30]. Similathg vibrational modes studies through HF
method were scaled by a value of 0.89 [31]. Hmatalculated normal mode vibrational
frequencies, provide thermodynamic properties by wh statistical mechanics. Zero point
vibrational energy was also calculated in the preseork. By combining the results of the
Gaussview program [32] with symmetry consideratjafisrational frequency assignments were
made with high degree of accuracy. There is alwsyse ambiguity in defining internal
coordination. However, the defined coordinate faomplete set and matches quite well with
the motions observed using the Gaussview programttfe plots of simulated IR and Raman
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spectrum, pure Lorentzian band shapes were usédaviiandwidth of 10 cth HOMO-LUMO
analysis and energy gaps has been computed and wlaed molecular properties are
calculated.

RESULTS AND DISCUSSION

4.1 Molecular geometry

The optimized structure parameters of 2M4NA catad by ab initio HF and DFT-B3LYP,
B3PW91 levels with the 6-311G(d,p) basis set atdi in the Table 1. in accordance with the
atom numbering scheme given in Fig.1. Our optimigdctural parameters are now compared
with the exact experimental X-ray study for 2-metpd-nitroaniline [33 ] . From the structural
data shown in Table 1, it is known that the varibaad lengths are greater than the experiment.
The over estimation can be explained that the #tmai calculations belong to isolated molecule
in gaseous phase and the experimental resultsgpdanolecule in solid state.

The changes in the frequency or bond length ofCthé bond on substitution is due to a change
in the charge distribution on the carbon atom &f blenzene [34,35The substituents may be
either of electron withdrawing type(F,CI,Br,N@tc.) or electron donating type (€KC:Hs,
NH,, etc). The carbon atoms are bonded to the hydragems withc bond in benzene and
substitution of a N@group for hydrogen reduces the electron densityheatring carbon atom.
The ring carbon atom in substituted benzenes exddrge attraction on the hydrogen atom
resulting in an increase in the C-H force constamd a decrease in the corresponding bond
length. The reverse holds well on substitution weidgctron donating group.

Comparing bond angles and lengths of BALYP and B3PWith those of HF, as a whole the
formers are on higher side than the latter andtR€ calculated values correlates well compared
with the experimental results. In spite of thefet#nces, calculated geometric parameters
represent a good approximation and they are theslfas calculating other parameters, such as
vibrational frequencies, molecular and thermodymrgonoperties.

4.2 Vibrational assignments

The vibrational analysis of 2ZM4NA is performed ¢ tbasis of the characteristic vibrations of
methoxy,nitro and amino modes. The molecule undesideration belongs to the Cs point
group. It has 20 atoms, so 54 normal modes of foneaal vibrations. The computed vibrational
wavenumbers, their IR and Raman activities cornedppy to the different normal modes are
used for identifying the vibrational modes unambigsly. The harmonic vibrational frequencies
calculated for 2M4NA at HF and B3LYP, B3PW91 levetng the 6-311G(d,p) basis set have
been summarized in table 2. It can be noted tlet#hculated results are harmonic frequencies
while the observed frequencies contain anharmoaointribution. The latter is generally lower
than the former due to anharmonicity. The repraduast of observed fundamental frequencies
are more desirable because they are directly obknm a vibrational spectrum. Comparison
between the calculated and the observed vibratigpeadtra helps us to understand the observed
spectral features. Inclusion of electron corfefatin density functional theory to a certain
extend makes the frequency values smaller in casgparwith the HF frequency data.
Comparison of the frequencies calculated by B3LY# B83PW91 with experimental values
reveals the overestimation of the calculated vibnal modes due to neglect of anharmonicity in
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real system. Inclusion of electron correlation ensity functional theory to a certain extent
makes the frequency values smaller in comparistim &éperimental values.

For visual comparison, the observed and calcul@gimaulated) FTIR and FT Raman spectra of
2-methoxy-4-nitroaniline is presented in a comm@venumber scale in Figures 2&3.

C-H Vibrations

The 2M4NA molecule give rise to three C-H stretchithree C-H in-plane bending vibrations
and three C-H out-of-plane bending vibrations. 8iRanethoxy-4-nitroaniline is a trisubstituted
aromatic system it has two adjacent and one isbl@tél moieties. The aromatic structure shows
the presence of C-H stretching vibrations in thgiae 3000-3100 cih which is the
characteristic region for the ready identificatioinC-H stretching vibration [36]. The expected
three C-H stretching vibrations correspond to (mode (52-50) stretching modes of C1-H, C4-
H and C6-H units. The vibrational mode nos: (52a588)gned to aromatic C-H stretching
computed by B3PW91/6-311G(d,p) method at 3124, 273067 cm shows good agreement
with recorded FT-Raman spectrum which shows peak2il, 3097and 3089¢m

The aromatic C-H in- plane bending modes of beazamd its derivatives are observed in the
region 1300-1000cth The bands are sharp but are weak to medium ityefifie C-H in-plane
bending vibrations computed in the region at 13280land 1213 cth(mode nos: 35,34,33) by
B3PW91/6-311G(d,p) method shows good agreement MitiRaman spectral region at 1282
and 1230 and 1195¢m The C-H out-of-plane deformation modes of benzf8i&e38] are
expected to occur in the region 1000-600cnThe out-of-plane bending vibration falls in the
FT-IR, FT-Raman spectrum as a medium bands at 958,and 881 cthand 922,914 and
852cm® shows good agreement with theoretically compute®8P\B91/6-311G(d,p) and
B3LYP/6-311G(d,p) methods at 921,918 and 858" amd 919,897 and 858cm(mode nos:
26,25 and 24). The same vibrations computed bY63EALG (d,p) also shows good agreement
with experimental data.

C-C vibrations

There are six equivalent C-C bonds in benzene anseguently there will be six C-C stretching
vibrations. In addition, there are several C-C-@l@ne and out of — plane bending vibrations of
the ring carbons. However, due to symmetry of beaezenany modes of vibrations are infrared
inactive. In general the C-C stretching vibratiemsaromatic compounds give the bands in the
region of 1430 to 1650 cfi39]. The FT-IR band observed at 1600, 1554 andasd assigned

to C-C stretching vibration shows good agreemettt thieoretically computed B3PW91/6-311G
(d,p) method in the region at 1604,1558 and 1580 mode nos: 45,43 and 42). The same
vibration computed by HF method also shows the sengkof result. The ring breathing mode
observed as medium strong band at 829emFT-IR spectrum and 813¢hin FT-Raman show
good agreement with theoretically computed B3PWSI/6G(d) method at 807 ¢m(mode
no:23). For the in-plane deformation vibration Saimouchiet al [40] gave the frequency data
for different benzene derivatives as a result ofmad coordinate analysis. The theoretically
calculated C-C-C in plane bending vibration i.e.vwing the vibration we found that C6-C1-
C2 and C3-C4-C5 angle vary in the opposite directio general, the C-C-C out- of plane and
in- plane - bending vibrational wavenumber obseruedFT-IR spectrum and FT-Raman
spectrum shows good agreement with theoreticalyprded wavenumber.
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O-CHjz group vibrations

The compound 2M4NA has only one methoxy groupg'apasition; therefore there will be only
one O-CH stretching mode. In case of computed HF/6-311G (@ O-C stretching vibration
observed at 1053ctand at 1035 and 1045¢nby DFT/B3LYP/6-311G(d,p) and B3PW91/6-
311G(d,p) methods nearly coincides with the expental FT-IR peak at 1047 and FT-Raman
at 1049crit.This is supported by bandana shamhal [41] in their study of the same kind of
vibration at 1041 cfhin HF and 1069cihin DFT study. Each CiHor OCH; group give rise to
three C-H valance oscillations (2800-30009nand three C-H deformation as suggested by
Bellamy[ 42]. Bandana Sharned al [41] has assigned C-H asymmetric stretching aBZB15
cm® and C-H symmetric stretching at 2914 “tmMeganathanet al [43] has assigned
2929,2971cni for C-H asymmetric and 2838 &nfor C-H symmetric vibration in their study.
Based on the above litereature data the very stbamg observed at 2952,3037tmnd 2870
cm?in FT-IR spectrum is assigned to C-H asymmetric syrdmetric stretching vibration. The
theoretically computed B3PW91/ 6-311G(d,p) at 28638 and 2875cth coincides exactly
with the experimental results.The B3LYP/6-311G(d,@lle nearly coincides with this.

The very strong band observed at 1122dm FTIR and 1118 cthin FT Raman assigned as
CHg twisting vibration is in excellent agreement witte theoretically calculated value by HF/6-
311G(d,p) method at 1100 &mB3LYP/6-311G(d,p) method at 1119 ¢nand B3PW91/6-
311G(d,p) method also at 1119 tm The vibrational wavenumbers 25Itmand 189 crt in

FT Raman are assigned to £k plane bending vibration and Ghbut of plane bending
vibration. The same vibration computed theoreljcal 252,246 and 250¢hand 187,184 and
185cm® by HF and DFT methods. The O-gkibration mode assigned at 1040tifor anisole[
44] and in the region of 1000-1100¢nfor its derivatives [45-48]. Singh and Yadav[49]
assigned the C-O-GHangle bending mode at 341,382 and 340" dor o,m and p-methoxy
benzaldehyde respectively. In accordance with theve conclusion, we have assigned the
theoretically predicted value 324, 326 and 327dwy HF and DFT methods as the C-O-CH
angle bending mode which coincides with the ban®2& cnt" observed in the FT-Raman
spectrum. Balafour[44] assigned the torsional mufd®-CH; group at 82cr, Lakshmaiah and
Rao[46] calculated this mode to be at 58dmr anisole. Some researchers assigned this node a
100 cm' [50,51 ]. In our study this mode is assigned tagcally at 71,89,91cthin HF and
DFT methods.

NO, Vibration:

The deformation vibration of N Ogroup (scissoring,wagging,rocking and twistinghtributes

to several modes in the low frequency region[52je NQ scissoring mode of vibration occurs
in the region 794,791chin thoreticlly computed DFT (B3PW91/B3LYP)methods well
supported by 796¢thin FT-IR and 806cm in FT-Raman. In aromatic compounds the wagging
mode ofwNO; is assigned at 740+50 &mvith a moderate to strong intensity, a region hick
yCH is also active[53]. For the present compowND; assigned at 710, 722 &nin B3LYP/6-
311G(d,p) and B3PW91/6-311G(d,p) methods coincieeactly with 727,721cthin FT-IR and
FT-Raman experimental spectra. The rocking meéd@, is active in the region 545+45 ¢hin
aromatic compounds. In the present case, the rgakiode of NG at 558, 555ci in DFT
methods is supported by experimental observatioB5&8cnm® in FT-Raman. The frequency
computed theoretically by B3LYP/6-311G(d,p) and B&R/6-311G(d,p) methods at 57 ¢m
(mode no: 1) is assigned to torsion mode of,@up. In all nitro substituted benzene, two
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strong bands are observed near 1530 and 1340wdnich are the asymmetric and symmetric
stretching vibrations of N©Ogroups and provide an unmistakable identity for eékestence of
NO, group in the molecule [54,55Based on the above literature data the very stimargl
observed at 1319 c¢fin FT-Raman spectrum is assigned toé@mmetric stretching vibration.
The theoretically computed by B3LYP/6-311G(d,p)18L0cm* (mode no: 36) The computed
value for NQ asymmetric stretching vibration by B3PW91/6-311@)dat 1558crt nearly
coincides with experimental FT-IR at 1554 and FTraa at 1566cih

NH; Vibration

The title molecule 2M4NA under investigation possese NH group and hence we expect one
symmetric and one asymmetric N-H stretching vilbrati In the IR spectrum of aniline , the
asymmetric and symmetric NHstretching vibrations were assigned the ban@5@8 and 3412
cm’® respectively, while in p-fluroaniline [SThe corresponding bands were observed at lower
frequencies 3499 and 3414 c¢h Hondaet al [56] in their studies of the jet-cooled neutral
molecules of aniline and 4-floroaniline demonstiatee F substituent caused a slight decrease of
the N-H stretching frequencies. Kavitle al [12] has assigned 3578,3475tnfor N-H
asymmetric and symmetric vibration. The asymmefuig) stretching mode appears to be
calculated at the higher wavenumber 3572dfman the symmetricvf) one 3478 cm by
B3PW91/6-311G(d,p) method (mode nos. 54,53) detet to the FT-IR band as strong and
very s':;(l)ng bands at 3571,3502 tnThe counter part of the FT-Raman spectrum shd69,3
3475cm.

The NH, group of molecule under investigation also hassscing § NH,) rocking pNH2) and
wagging (wNH;) modes. The scissoring mode of the Ndfoup appears in the region 1615-
1650 cnt in benzene derivatives with NHubstituents. JP Abrahagn al has assigned IR band
at 1608 crit and the Raman band at 16207cim their compound p-amino acetanilide [SThe
computed NH scissoring vibration by B3PW91/6-311G(d,p) method 804cn (mode no.45)
nearly coincides with the experimental FT-IR valae 1600crii. The NH rocking mode
predicted at 1020 cthin the theoretical value is in good agreement W2 cnt band at FT-
Raman. The NKHwagging mode computed by theoretical DFT methodbet at 372,375 ch
shows good agreement with recorded FT-Raman an359

5. Other molecular properties

5.1 HOMO LUMO analysis

Many organic molecules that contain conjugatedt electrons are characterized as
hyperpolarizabilities and were analysed by meanglyhtional spectroscopy[58,5% most of
the cases , even in the absence of inversion symmigte strongest band in the Raman spectrum
are weak in the IR spectrum and vice -versa. @ lk&ctron cloud movement from the donor to
acceptor can make the molecule highly polarizedugin the single —double bond path when it
changes from the ground state to the first excstatke. The analysis of wave function indicates
that the electron absorption corresponds to thesitian from the ground to the first excited state
and is mainly described by one electron excitatrom the highest occupied molecular orbital
(HOMO) to the lowest unoccupied orbital (LUMO). TheIMO: of = nature (ie. benzene ring)
is delocalized over the whole C-C bond. By contthst HOMO is located over NtHatom,
consequently the HOMO —» LUMO transitionplies an electron density transfer to
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aromatic part and N£of = conjugated system from NHroup. The atomic orbital compositions
of the frontier molecule orbital are sketched m4i

HOMO energy =0.22345a.u

LUMO energy =0.07643a.u

HOMO-LUMO energy gap ©.14702 au.

The calculated self-consistent field (SCF) enerfjg-methoxy-4-nitroanilings -606.56022256
au. Moreover, the lowering in the HOMO and LUMO emegap explains the eventual charge
transfer interactions that take place within thdenole.

5.2 HOMO-LUMO energy gap and related molecular gdies

The HOMO, LUMO and HOMO-LUMO energy gap @4NA in the HF and DFT level in 6-
311G(d,p) basis set has been calculated. The HQMOIO energy gap reveals that the energy
gap reflects the chemical activity of the molecélssociated within the framework of SCF MO
theory the ionization energy and electron affiign be expressed through HOMO and LUMO
orbital energies as | = Homo and A= -Euwmo.The hardness corresponds to the gap between the
HOMO and LUMO orbital energies. The larger the HOMOMO energy gap the harder the
molecule [60]. The global hardnesg, =1/2(E umo - EHomo). The hardness has been associated
with the stability of chemical system. The electraffinity can be used in combination with
ionization energy to give electronic chemical pttn u=1/2(komo + ELumo). The global
electrophilicity indexw = p?/2n is also calculated and listed in Table 3.

5.3 Thermodynamic properties

On the basis of vibrational analysis of DFT studasB3LYP/ 6-311G(d,p), B3PW91/ 6-
311G(d,p), and HF/6-311G(d,p) levels, severalmizelynamic parameters are calculated and
are presented in Table 4 . The zero point vibnaéinergy (ZPVE) and the entropy,T) are
calculated to the extent of accuracy and the vanatin ZPVE seem to be insignificant. The
total energy and the change in the total entrog@~wfethoxy-4-nitroaniline at room temperature
at different methods are only marginal.

CONCLUSION

The results of the study lead to the following dasions. (i) The proper frequency assignments
for the compound 2M4NA is performed for the fitiste from the FTIR and FT Raman spectra.
The experimental FTIR and FT Raman spectra wergaosd with the theoretical ab initio and
DFT calculations of the vibrational spectra of thelecule. (i) The equilibrium geometries of
2M4NA was determined and analyzed both at HF an@l Bf/els of theories utilizing 6-311G(d,
p) basis set. The scaled DFT( B3LYP/B3PW91) cakioths are powerful approach for
understanding the vibrational spectra of mediunedsiarganic compounds. (iii) The HOMO-
LUMO energy gap and other related molecular propeiere discussed and reported.
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Table 1. Optimized geometrical parameters of 2-mabxy-4-nitroaniline bond length(A), Interaxial anges()

Bond length (A )| Experimental HF/6-311G(d,p) B3LYP/| B3PW91/
6-311G(d,p)| 6-311G(d,p)
Ci-C, 1.337 1.386 1.401 1.399
Ci-Ce 1.337 1.385 1.388 1.386
Cy-H 1.100 1.075 1.084 1.085
C,-Cs 1.337 1412 1.422 1.420
Co-Nyg 1.266 1.374 1.373 1.368
Cs-Cy 1.337 1.369 1.381 1.379
Cs-O13 1.355 1.352 1.367 1.361
Cs-Cs 1.377 1.394 1.400 1.397
Cy-Hg 1.100 1.069 1.079 1.081
Cs-Ce 1.337 1.372 1.388 1.385
Cs-Nyg 1.248 1.453 1.461 1.456
Cs-Hg 1.100 1.071 1.080 1.082
N1o-Hi1 1.050 0.994 1.008 1.007
Nio-Hi2 1.050 0.994 1.007 1.006
0:5Ci4 1.402 1.402 1.424 1.416
CisHis 1.113 1.086 1.095 1.096
CisHis 1.113 1.080 1.088 1.089
CisHy7 1.113 1.085 1.095 1.095
N1g-O19 1.310 1.188 1.227 1.222
N1g-Oy 1.310 1.190 1.229 1.224
Bond angle()

C,-Ci-Cg 120.0 121.2 121.2 121.2
C,-Ci-H; 120.0 119.2 119.0 119.0
Ci-CrGCs 120.0 118.8 118.5 118.5
C1-Cx-Nyy 120.0 122.1 122.7 122.8
Ce-Ci-H; 120.0 119.6 119.8 119.8
Ci-Ce-Cs 120.0 118.7 119.0 118.9
C1-Ce-Hg 120.0 121.0 121.6 121.6
C3-Cx-Nyy 120.0 119.1 118.8 118.6
C,-C5-Cy 120.0 120.4 120.6 120.6
C,-C3-O43 120.0 114.6 1141 1141
Co-Nig-H1g 120.0 115.6 116.5 116.5
Co-Nyg-Hs, 120.0 116.3 118.0 118.2
C4-C3-O43 120.0 125.0 125.3 125.3
Cs-Cy-Cs 120.0 119.2 119.1 119.1
C3-C4-Hg 120.0 121.9 122.4 122.4
C3-0,5Cys 120.0 119.6 118.2 117.8
Cs-Cy-Hg 120.0 118.9 118.5 118.5
C,-Cs-Cs 120.0 121.7 121.6 121.7
C4-Cs-Nyg 120.0 118.6 118.7 118.6
Ce-Cs-Nyg 120.0 119.7 119.7 119.7
Cs-Ce-Hg 120.0 120.2 1195 119.5
Cs5-N1g-Oqg 120.0 117.9 118.0 117.9
Cs5-N1g-Oyg 120.0 117.8 117.8 117.8
H11-Nig-Hio 120.0 114.5 116.1 116.3
0,3CisH1s 109.5 111.2 111.2 111.3
0,3CisHyg 109.5 106.2 105.9 106.1
0O13Ci4-Hy7 109.4 111.2 111.1 111.2
Hi5-CisHig 109.5 109.3 109.5 109.4
H15-CisHiy 109.4 109.6 109.5 109.5
H1g-CisHi7 109.4 109.3 109.5 109.4
019-N1g-O59 120.0 124.4 124.2 124.3
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Table2. Comparison of the observed(FT-IR and FT-Raan) and calculated (HF/B3LYP and B3PW91) vibratioml
frequencies of 2-methoxy-4-nitroaniline [ harmonidrequency (cm?) ]

Experimental frequency Calculated frequency
Vibrational FT-IR FT-Raman HF/ B3LYP/ B3PW91/ Vibrational
mode nos. 6-311G(d,p) 6-311G(d,p) 6-311G(d,p) assignments
1 48 57 57 w(O-CH; )+ 1(NOy)
2 71 89 91 W(O-CHy)
3 107 111 110 110 v(CHs )+ 1((NHy)
4 158 162 161 162 (O-Ghlbending
5 189 187 184 185 W(NH,)+ v (CHg)
6 251 252 246 250 B (CHy)
7 254 255 252 251 ring torsional
8 322 324 326 327 (C-0-C) bending
9 329 327 328 328 (C-0-C) bending
10 349 349 348 350 v(C-C-C)
11 359 352 375 372 w(NH,)
12 407 430 439 428 430 w(NH,)
13 449 475 446 446 V(NH,)
14 489 489 478 482 1(O-CHy)
15 516 521 525 519 521 v(C-0O-C)
16 553 544 543 541 544 p (NOy)
17 595 555 553 555 558 p (NOy)+ v(C-0-C)
18 619 632 630 630 632 B(C-H)+B(C-C-C)
19 659 696 705 692 695 v (C-H)
20 727 721 752 710 722 wW(NO,)
21 765 790 771 774 783 B(C-C-C)w(C-0)
22 796 806 814 791 794 3(NOy)
23 829 813 822 800 807 ring breathing
24 881 852 900 858 858 v (C-H)
25 916 914 918 897 918 v (C-H)
26 958 922 957 919 921 v (C-H)
27 1022 1020 1011 1020 p(NH,)+v (O-CH)
28 1047 1049 1053 1035 1045 v (O-CHy)
29 1080 1088 1070 1080 v(C-N)+BC-H
30 1122 1118 1100 1119 1119 Siisting
31 1141 1141 1125 1128 v(C-H)
32 1172 1168 1176 1163 1166  v(C-H)
33 1195 1187 1206 1213 B (C-H)
34 1251 1230 1236 1243 1240 B (C-H)
35 1282 1257 1284 1300 B (C-H)+v(C-N)
36 1367 1319 1305 1310 1342 v4(NOy)
37 1384 1404 1351 1375 v (C-C-C)+w (NO,)
38 1405 1430 1429 1402 1410 £$ym.bending
39 1446 1440 1427 1432 GKym.bending
40 1469 1443 1432 1433 GHsym.bending
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contd...

Table2. Comparison of the observed(FT-IR and FT-Raan) and calculated (HF/B3LYP and B3PW91) vibratioml
frequencies of 2-methoxy-4-nitroaniline [ harmonidrequency (cm?) ]

Experimerftaguency Calculated fremie
Vibrational FT-IR FT Raman HF/ B3LYP/ B3PW91/  Vibrational assignments
mode Nos. 6-311G(d,p) 6-311G(d,p) 6-311G(d,p)

41 1452 1447 1447 Gldsym. bending
42 1500 1492 1493 1485 1500 v(C-C)

43 1554 1566 1569 1519 1558 v (C-C)w4(NO,)
44 1585 1575 1558 1567 3 (NHp)

45 1600 1607 1579 1604 3(NH,)+v(C-C)
46 1635 1593 1608 3 (NHp)

47 2870 2821 2891 2875 v(C-H)

48 2952 2878 2950 2953 v(C-H)

49 3037 3019 2928 3014 3038 v(C-H)

50 3089 2968 3045 3067 v(C-H)

51 3097 3024 3099 3117 v(C-H)

52 3114 3131 3041 3111 3124 v(C-H)

53 3502 3475 3390 3447 3478 Vs(NH>)

54 3571 3569 3490 3557 3572 VadNH))

Abbrevations usedt- torsion;y- out of plane bending- in plane bendingy- rocking;3- scissoringp- stretching;vs.symmetric
stretching.s asymmetric stretchingy- wagging

Table 3.Comparison of HOMO, LUMO, energy gaps EHOMO —-LUMO), and related molecular properties of
2-methoxy-4-nitroaniline (eV)

Molecular properties HF/6-311G(d,p) B3LYP/6-311G(d,p) B3PW91/6-311G(d,p)
€ HOMO -0.31204 -0.22186 -0.22345
€ Lumo 0.07169 -0.07656 -0.07643
Energy gap 0.38373 0.1453 0.14702
lonisation Potential (1) 0.31204 0.22186 0.22345
Electron affinity(A) -0.07169 0.07656 0.07643
Global Hardness\( ) 0.19187 0.07265 0.07351
Chemical potential () -0.12018 -0.14921 -0.14994
Global Electrophilicity () 0.03763 0.15320 0.15291
434
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Table 4. Theoretically computed energies (a,u), zempoint vibrational energies (kcal mot"), rotational
constants (GHz) entropies (cal ma! k™) and Dipole moment (D) (Kcal Mol* Kelvin™) of 2-methoxy-4-

nitroaniline
Parameters HF / 6-311G(d,p) B3LYP / 6-311G(d,p) B3PW91/ 6-311G(d,p)
Total energy -603.23664919 -606.79776416 -606.56022256
Zero point energy 102.60999 95.29991 95.72729
Rotational constants
1.61430 1.58356 1.59369
0.67945 0.66851 0.67290
0.47978 0.47158 0.47467
Entropy
Total 99.981 102.111 101.989
Translational 41.265 41.265 41.265
Rotational 30.791 30.844 30.824
Vibrational 27.924 30.002 29.899
Dipole moment 6.1154 6.6911 6.7082

Fig. 1 The atom numbering for 2-methoxy-4-nitroaniine molecule
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Fig. 3 Experimental (a), calculated (b,c), (d) FIRaman Spectra of 2-methoxy-4-nitroaniline
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LUMO PLOT
(First excited State)

*

E L0 — -0.07643 au

AE= 0.14702 au

E pomo =-0.22845 au

HOMO PLOT
(Ground State}

Fig. 4 Atomic orbital composition of the frontier molecule for 2-methoxy-4-nitroaniline
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