
 

Abstract 

 
FT-IR and FT-Raman spectra of 4-Hydroxy-3-

Nitrocoumarin have been recorded in the range of 

4000–400 cm
-1 

and 4000–10 cm
-1

 respectively.  A 

detailed vibrational analysis have been carried out 

and assignments of the observed fundamental bands 

have been proposed on the basis of peak positions, 

relative intensities, fundamentals, overtones and 

combination bands. With the hope of providing more 

and effective information on the fundamental 

vibrations, Density Functional Theory (DFT)-Beck3-

Lee-Yang-Parr(B3LYP) levels with 6-31G* basis set 

have been employed in quantum chemical analysis and 

normal coordinate analysis has been performed on  4-

Hydroxy-3-Nitrocoumarin, by assuming Cs point 

group symmetry. The computational wavenumbers are 

in good agreement with the observed results. The 

theoretical spectra obtained agree well with the 

observed spectra. 
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1.  Introduction 

 
 Coumarin derivatives are associated with the class 

of naturally occurring lactones that are found in 

different food sources, such as fruits, herbs, and 

vegetables[1].  The chemical name of coumarin is 

benzopyrone.   Several naturally occurring coumarin 

derivatives have considerable interest in terms of 

biological and potential drugs.  The pharmacological 

activity of many coumarin derivatives has been 

extensively investigated [2-9].
  

3-Alkyl and 4-alkyl 

coumarins are known to posses various physiological 

activities[10,11] and 4-arylisocoumarins posses 

antialergic property[12].  Some coumarin derivatives 

found to have anti cancer [13,14], diuretic, analgesic, 

myorelaxant [15], antifungal [16] and anthelmintic 

[17] activities.  Coumarin derivatives having 

sulphonamide moiety are found to have antimicrobial 

[18,19], antifungal [20], antitubercular [21] activities 

and anti-tumor promoting effect [22]. 
 

 When ingested, coumarin acts as a blood thinner.  

Coumarin 153 is useful to test the reliability of 

dielectric continuum model for estimating dielectric 

friction effect [23].  Also, coumarin and its derivatives 

are important for the synthesis of many oxygen 

heterocyclics and pyrazoles.  Heterocyclic ring fused 

on substituted coumarins has become an attractive 

target in organic synthesis because of their 

significance in biological systems.  Thus, coumarin 

derivatives are subject of considerable pharmaceutical 

and chemical interest.   In recent years, much of the 

attention has  been  focused  mainly on the coumarin 

synthesis and  identification [24-33].  Consideration of 

all these factors led to undertake a detailed Infrared 

and Raman spectral studies and vibrational 

assignments of 4-Hydroxy-3-Nitrocoumarin. 

 

 The vibrational wavenumbers obtained by 

quantum chemical calculations are typically larger 

than their experimental counterparts [34] and they 

have to be scaled by empirical scaling factors ranging 

from 0.801 to 0.996.  These scaling factors are 

determined from the mean deviation between the 

calculated and experimental wavenumbers [35-37].  

The aim of this work is to predict the vibrational 

spectra of 4-Hydroxy-3-Nitrocoumarin by applying the 

density functional theory (DFT) calculations based on 

Becke3-Lee-Yang-Parr (B3LYP) level with the use of 

the standard 6-31G* basis set.  The calculated 

vibrational wavenumbers were compared with the 

experimental results obtained and the simulated and 

observed spectra were also analyzed in detail. 

 

2.  Experimental Details 

 

 Spectroscopically fine samples of 4-Hydroxy-3-

Nitrocoumarin is obtained from Lancaster Chemical 

Company, UK, and used as such without further 

purification for the spectral measurements.  The room 

temperature Fourier transform infrared spectum of the 

title compound is measured in the region 4000–400 

cm
-1

, at a resolution of ±1 cm
-1

, using BRUCKER IFS 

66V vacuum Fourier transform spectrometer, equipped 

with an MCT detector, a KBr beam splitter and globar 

source. Fourier transform Raman spectrum of the title 

compound is measured in the range of 4000 – 10 cm
-1

, 

using Bruker RFS 100/S FT-Raman spectrometer. 
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3.  Computational Details 
 

 Density functional theory calculation was carried 

out by means of the 2003 version of the GAUSSIAN 

suit of program package [38] with B3LYP level using 

the standard  6-31G* basis set [39,40].  The normal 

grid (50,194) was used for numerical integration.  The 

Cartesian representation of the theoretical force 

constants has been computed at the fully optimized 

geometry by assuming Cs point group symmetry.  

Scaling of the force fields were performed by the 

scaled quantum mechanical (SQM) procedure. 
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 Where Ci is the scale factor of coordinate i, Fij 
B3LYP 

is the B3LYP/6-31G* force constant in the local 

internal coordinates, and Fij
scaled

 is the scaled force 

constant. The multiple scaling of the force constants 

was performed by the quantum chemical method with 

selective scaling in the local symmetry coordinate 

representation [41] using transferable scale factors 

available in the literature [42].  The transformation of 

force field from Cartesian to symmetry coordinate, the 

scaling, the subsequent normal coordinate analysis, 

calculations of total energy distribution (TED), IR and 

Raman intensities were done on a PC with the version 

V7.0-G77 of the MOLVIB program written by 

Sundius [43,44].  To achieve a close agreement 

between observed and calculated, the least square fit 

refinement algorithm was used to recalculate the 

normal modes, TED and the corresponding 

theoretically expected IR intensities.  

 The prediction of Raman intensities was carried 

out by following the procedure outlined below. The 

Raman activities (Si) calculated by the Gaussian–2003 

program and adjusted during scaling procedure with 

Molvib were converted to relative Raman intensities 

(Ii) using the following relationship derived from the 

basic theory of Raman scattering. 
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 Where 0 is the exciting frequency, and i is the 

vibrational frequency of the i
th

 normal mode, h, c and k 

are fundamental constants, and f is a suitably chosen 

common normalization factor for all peak intensities. 

 

4.  Results and Discussion 
 

4.1.  Molecular structure and symmetry 
 

 The bond lengths and bond angles calculated by 

means of B3LYP method for the title compound is 

depicted in Table 1.   

 

Table 1  Optimized geometrical parameters of  

4-Hydroxy-3-Nitrocoumarin obtained by 

 B3LYP/ 6-31G* density functional 

 calculations 

 

 

Para 

meters 

Bond 

length of 

4H3NC
*
 

(Å) 

Parameters 

Bond 

angle of 

4H3NC
*
 

(
0
) 

O1-C2 1.4038 O1-C2-C3 114.89 

C2-C3 1.4675 C2-C3-C4 121.98 

C3-C4 1.3997 C3-C4-C5 119.28 

C4-C5 1.4435 C4-C5-C6 117.98 

C5-C6 1.4036 C5-C6-C7 120.73 

C6-C7 1.3979 C6-C7-C8 118.99 

C7-C8 1.3889 C7-C8-C9 121.00 

C8-C9 1.4057 C8-C9-C10 119.86 

C9-C10 1.3846 O1-C2-O11 116.62 

C2-C11 1.2000 C3-C2-O11 128.48 

C3-N12 1.4388 C2-C3-N12 118.36 

C4-O13 1.3143 C4-C3-N12 119.64 

C10-H14 1.0842 C3-C4-O13 124.10 

C9-H15 1.0853 C5-C4-O13 116.61 

C8-H16 1.0862 C9-C10-H14 121.25 

C7-H17 1.0845 C8-C9-H15 120.05 

N12-O18 1.2161 C10-C9-H15 120.08 

N12-O19 1.2693 C7-C8-H16 119.26 

O13-H20 1.0123 C9-C8-H16 119.73 

  C6-C7-H17 118.91 

  C8-C7-H17 122.08 

  C3-N12-O18 121.02 

  C3-N12-O19 117.35 

  O18-N12-O19 121.62 

  C4-O13-H20 105.27 
* 
4H3NC: 4-Hydroxy-3-Nitrocoumarin 

 

 The two possible conformers of the title 

compound along with labeling of atoms are shown in 

Fig.1.  The DFT structure optimization of the title 

compound has shown that the conformer (b) (Fig.1) 

has lower energy (E =  –776.746718963 a.u.) than the 

conformer (a) (E = –776.722215390 a.u.) for 

B3LYP/6-31G* method.   4-Hydroxy-3-Nitrocoumarin 

belongs to Cs point group symmetry.  The compound 

has 20 atoms (Fig. 1) and hence possesses 54 

fundamental modes of vibrations.   For molecules of 

Cs symmetry, group theory analysis indicates that 54 

fundamental vibrations will be distributed as:                  

vib = 37A
'
 (in-plane) + 17A

"
 (out-of-plane).  From the 

structural point of view, 4-Hydroxy-3-Nitrocoumarin 

have 21 stretching vibrations, 16 in-plane bending 

vibrations, 8 out-of-plane bending vibrations and 9 

torsion vibrations. 
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Figure 1.  (a) and (b): Conformers of 4-Hydroxy-3-

Nitrocoumarin along with numbering of atoms. 

 

 

4.2.  Assignment of Spectra 
 

 Detailed description of vibrational modes can be 

given by means of normal coordinate analysis.  For 

this purpose, the full set of standard symmetry 

coordinates were defined as given in Table 2.   

 

Table 2    Definition of local symmetry coordinates   

                 used in B3LYP/6-31G* force fields for  

  4-Hydroxy-3-Nitrocoumarin 

 

Symmetry coordinates
a
 Description

b
 

In-Plane  

S1 = r1,2 + r1,6 CO stretch 

S2 = r1,2 – r1,6 CO stretch 

S3 = r2,11 CO stretch 

S4 = r4,13 CO stretch 

S5 = r3,2 + r3,4 CC stretch 

S6 = r3,2 – r3,4 CC stretch 

S7 = r5,4 + r5,6 CC stretch 

S8 = r5,4 – r5,6 CC stretch 

S9 = r7,6 + r7,8 CC stretch 

S10 = r7,6 – r7,8 CC stretch 

S11 = r9,8 + r9,10 CC stretch 

S12 = r9,8 – r9,10 CC stretch 

S13 = r5,10 CC stretch 

S14 = r7,17 CH stretch 

S15 = r10,14 CH stretch 

S16 = r9,15 CH stretch 

S17 = r8,16 CH stretch 

S18 = r3,12 CN stretch 

S19 = r12,19  NO stretch 

S20 = r12,18 NO stretch 

S21 = r13,20 OH stretch 

S22 = 1,2,3 – 2,3,4 + 3,4,5 – 4,5,6 + 

5,6,1 – 16,1,2 

RingA def 

S23 = 1,2,3 – 2,3,4 – 3,4,5 +2 4,5,6 – 

5,6,1 – 6,1,2 

RingA def 

S24 = 2,3,4 – 3,4,5 + 5,6,1 – 6,1,2 RingA def 

S25 = 7,6,5 – 6,5,10 + 5,10,9 – 10,9,8 + 

9,8,7 – 8,7,6 

RingB def 

S26 = 2 7,6,5 – 6,5,10 – 5,10,9 + 2 10,9,8 

– 9,8,7 – 8,7,6 

RingB def 

S27 = 6,5,10 – 5,10,9 +  9,8,7 – 8,7,6 RingB def 

S28 = 8,7,17 – 6,7,17 CH rock 

S29 = 9,8,16 – 7,8,16 CH rock 

S30 = 10,9,15 – 8,9,15 CH rock 

S31 = 5,10,14 – 9,10,14 CH rock 

S32 = 5,4,13 – 3,4,13 CO rock 

S33 = 1,2,11 – 3,2,11 CO rock 

S34 = 2,3,12 – 4,3,12 CN rock 

S35 = 3,12,18 – 3,12,19 NO rock 

S36 = 18,12,19  ONO bend 

S37 = 4,13,20 COH bend 

   

Out-of-plane  

S38 = 17,7,8,6 CH wagg 

S39 = 16,8,9,7 CH wagg 

S40 = 15,9,10,8 CH wagg 

S41 = 14,10,5,9 CH wagg 

S42 = 11,2,1,3 CO wagg 

S43 = 13,4,5,3 CO wagg 

S44 = 12,3,2,4 CN wagg 

S45 = 3,12,18,19 CN wagg 

S46 = 1,2,3,4 – 2,3,4,5 + 3,4,5,6 – 4,5,6,1 + 

5,6,1,2 – 6,1,2,3 

RingA tors 

S47 = 1,2,3,4 – 3,4,5,6 + 4,5,6,1 – 6,1,2,3 RingA tors 

S48 = – 1,2,3,4 +2 2,3,4,5 – 3,4,5,6 – 4,5,6,1 

+2 5,6,1,2 – 6,1,2,3 

RingA tors 

S49 = 7,6,5,10 – 6,5,10,9 + 5,10,9,8 – 

10,9,8,7 + 9,8,7,6 – 8,7,6,5 

RingB tors 

S50 = 7,6,5,10 – 5,10,9,8 + 10,9,8,7  – 8,7,6,5 RingB tors 

S51 = – 7,6,5,10 + 2 6,5,10,9 – 5,10,9,8 – 

10,9,8,7 +2 9,8,7,6 – 8,7,6,5 

RingB tors 

S52 = 7,6,5,4 – 10,5,6,1 Butterfly 

S53 = 5,4,13,20 + 13,4,13,20 OH tors 

S54 = 4,3,12,18 + 12,3,12,18 + 4,3,12,19 + 

2,3,12,19 

NO tors 

For numbering of atoms refer Figure 1. 
a
 Definitions are made in terms of the standard 

valance coordinates: 

ri,j is the bond length between atoms i and j; 

I,j,k is the valance angle between atoms i, j, k where j 

is the central  atom; 

i,j,k,l is the out-of-plane angle between the i-j bond and 

the plane  defined by the j, k, l atoms: 

International Journal of Engineering Research & Technology (IJERT)

Vol. 1 Issue 7, September - 2012

ISSN: 2278-0181

3www.ijert.org



i,j,k,l is the torsional (dihedral)angle between the plane 

defined by the  i,j,k and j,k,l atoms; 
b
 stretch, def, rock, wagg, bend and tors mean 

stretching, deformation, rocking, wagging, bending 

and torsional motions, respectively, 

 

 

 The observed and calculated wavenumbers and 

normal mode descriptions for the title compound are 

reported in Table 3.  The observed and simulated IR 

spectra of 4-Hydroxy-3-Nitrocoumarin are presented 

in Fig. 2 and the observed and simulated Raman 

spectra of 4-Hydroxy-3-Nitrocoumarin are presented 

in Fig. 3.  

 

 

Figure 2. Comparison of observed and calculated 

FT-Infrared spectra of  4-Hydroxy-3-Nitro 

coumarin: (a) observed in solid  phase;                        

(b) calculated with B3LYP/6-31G* 

 

 

 

 

 

 

 

 

 

 

 

 

                  

 

 

 

 

 

Figure 3. Comparison of observed and calculated 

FT-Raman spectra of 4-Hydroxy-3-Nitro 

coumarin: (a) observed in solid phase;                    

(b) calculated with B3LYP/6-31G* 

 

 

  

  When using computational methods to predict 

theoretical normal vibrations for relatively complex 

polyatomics, scaling strategies are used to bring 

computed wavenumbers into closer agreement with 

observed wavenumbers.  For the DFT method 

employed in this work the simplest limiting scaling 

strategy was used. 

  

The average difference between unscaled 

wavenumbers and observed wavenumbers for 4-

Hydroxy-3-Nitrocoumarin was approximately 12.16 

cm
-1

.  In order to reproduce the observed 

wavenumbers, refinement of scaling factors were 

applied and optimized via least square refinement 

algorithm which resulted an average difference of 4.91 

cm
-1

 between the experimental and scaled quantum 

mechanical (SQM) wavenumbers for 6-31G* basis set.  

 

 All vibrational assignments are based on the 

respective point group symmetry of the molecule.  

Assignments were made through visualization of the 

atomic displacement representations for each 

vibration, viewed through GAUSSVIEW [45] and 

matching the predicted normal wavenumbers and 

intensities with experimental data.  It is convenient to 

discuss the vibrational spectra of 4-Hydroxy-3-

Nitrocoumarin in terms of characteristic spectral 

regions as described below. 

 

 

4.2.1.  C–H Vibrations 
 

 Aromatic compounds commonly exhibit multiple 

weak band in the region 3100–3000 cm
-1

 due to 

aromatic C–H stretching vibrations.  In the present 

study the weak band appears at 3081cm
-1

 in IR 

spectrum is assigned to C–H stretching vibrations. The 

Weak bands at 3118 cm
-1

,  3093 cm
-1

, 3080 cm
-1

 and 

3025 cm
-1

 in Raman Spectrum have been assigned to  

C–H stretching vibrations.  The C–H out-of-plane 

bending vibrations are strongly coupled vibrations and 

occur in the region 900–667 cm
-1

.  Hence, the bands 

appeared at 900 cm
-1

, 800 cm
-1

, 792 cm
-1

 in  IR 

spectrum and  890 cm
-1

, 810 cm
-1

, 793 cm
-1

 in Raman 

spectrum of the title compound have been assigned to 

C–H out-of-plane bending vibrations.  The in-plane 

and out-of-plane bending vibrations of C–H bond have 

also been identified for the title compound and they 

are presented in Table 3.  They are in good agreement 

with the literature values [46-48]. 

 

4.2.2.  C–C vibrations  
 

 Benzene has two degenerate modes, e2g (1596  

cm
-1

)  and e1u (1485 cm
-1

), and two non-generate 

modes, b2u (1310 cm
-1

) and a1g (995 cm
-1

), due to 

skeleton stretching of C–C bonds.  Bands between 

1300 cm
-1

 and 1650 cm
-1

 are assigned to C–C 

stretching modes.  In the IR spectrum, very strong 
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bands at 1600 cm
-1

,         1548 cm
-1

, and two weak 

bands at 1380 cm
-1

, 1313 cm
-1

  are assigned to C–C 

Stretching vibrations.  In all these modes, the 

contributions of C–C stretching vibrations are present 

along with the rings’ deformation.  This kind of 

mixing of modes is a consequence of the lowering of 

symmetry and it has been observed in mono-

substituted benzenes, nitrobenzene, phenol, 

benzaldehyde, azobenzenes, naphthalene, coumarin[1]. 

The actual positions are determined not so much by 

the nature of the substituents, but by the form of 

substitution around the ring.  All the wavenumbers 

except that of the ring breathing mode (995 cm
-1

) 

remain practically unaffected by substitution.  The in-

plane and out-of-plane bending vibrations of carbon 

atoms are found in the respective characteristic region 

and they are listed in Table 3. 

 

4.2.3.  C=O Vibrations 
 

 The carbonyl stretching frequency has been most 

extensively studied by infrared spectroscopy.  

Normally this multiply bonded group is highly polar 

and therefore gives rise to an intense infrared 

absorption band.  The carbon-oxygen double bond is 

formed by P –P  bonding between carbon and 

oxygen.  Because of the different electro negativities 

of carbon and oxygen atoms the bonding electrons are 

not equally distributed between the two atoms.  The 

following two resonance forms contribute to the 

bonding of the carbonyl group: > C = O  C
+
 – C

–
.  

The lone pair of electrons on oxygen also determine 

the nature of the carbonyl group.  The position of the 

C=O stretching vibration is very sensitive to various 

factors, such as the physical state, electronic effects by 

substituents, ring strains, etc. [49].  Consideration of 

these factors provides further information about the 

environment of the C=O group.  The carbonyl 

stretching generally occurs as a strong absorption in 

the region from 1730 to 1645 cm
-1

.  This portion of the 

infrared and Raman spectrum is most useful because 

the position of the carbonyl absorption is quite 

sensitive to substitution effects and the geometry of the 

molecule.  In the present investigation, the peaks 

identified at 1871 cm
-1

 in IR spectrum and 1870 cm
-1

 

in Raman spectrum have been assigned to C=O 

stretching vibrations.   This shift in wavenumber is due 

to the influence of oxygen present in  NO2 group [50]. 

  

4.2.4.  C–N Vibrations 
 

 C–N vibrations are identified with the help of 

force field calculations because,  identification of C–N 

vibrations is a difficult task since the mixing of 

vibrations is possible.    The unconjucated C–N 

linkage in the nitro give medium to weak bands near 

1250 – 1020 cm
-1

 because of C–N stretching vibrations 

[51]. The strong peak in IR spectrum at 1018 cm
-1

 and 

a medium peak in Raman spectrum at  1037 cm
-1

 are 

assigned to C–N stretching vibrations.    The bands 

observed in Raman spectrum at 1870 cm
-1

, 1694 cm
-1

, 

1680 cm
-1

 and 1645 cm
-1

  have been assigned to C–N 

stretching modes.   

 

4.2.5.  O–H  Vibrations 
 

 The O–H stretching vibrations are sensitive to 

hydrogen bonding.  The non-hydrogen bonded or a 

free hydroxyl group absorb strongly in the 3550-3700 

cm
-1

 region.  Hydrogen bonding alters the 

wavenumbers of the stretching and bending vibrations.  

The O–H stretching bands move to lower wavenumers 

usually with increased intensity and band broadening 

in the hydrogen bonded  species.  In the present study, 

the stretching vibrations of hydrogen group were 

observed in Raman spectrum at 3010 cm
-1

.  This shift 

in the O–H stretching vibration in the title compound 

reflects the strength of hydrogen bond [52].  The O–H 

in-plane vibrations are strongly mixed with other 

vibrations.  The strong band observed at 1489 cm
-1

 in 

Raman spectrum were assigned to the O–H in-plane 

vibration.  The O–H torsional vibration is very 

anharmonic; therefore it is difficult to reproduce this 

frequency with a harmonic approach [51].  In Raman 

spectrum the medium band observed at 1209 cm
-1

 was 

assigned to torsional vibration. 

 

4.2.6.  Nitro Group vibrations 
  

 The symmetric and symmetric stretching 

vibrations of the nitro group are also occurring in the 

same C–C stretching regions.  The very strong band 

observed in IR spectrum at 1420  cm
-1

 and at 1423 cm
-

1
 in Raman spectrum are assigned to NO2 symmetric 

stretching vibrations.  The deformation vibrations of 

NO2 group (rocking, wagging and twisting) contribute 

to several normal modes in the low frequency region 

[53].  In IR Spectrum the nitro group vibrations are 

observed at 780 cm
-1

,  746 cm
-1

, and 710 cm
-1

.  In 

Raman spectrum the nitro group vibrations are 

observed at 750 cm
-1

,  701 cm
-1

, 698 cm
-1

, 449 cm
-1

, 

165 cm
-1

, 78 cm
-1

 and 34 cm
-1

.  Based on the SQM 

results the strong NO2 torsional mode can be expected 

to appear below 100 cm
-1

 only.  In the present study 

calculated wavenumber 69 cm
-1

 due to torsional mode 

agrees will with the band at 78 cm
-1

 in Raman 

spectrum [54].  

 

5.  Conclusion 

 
 The DFT based SQM approach provides the most 

reliable theoretical information on the vibrational 

properties of medium-size molecules.  Based on the 

force field obtained by density functional theory 

calculations at B3LYP/6-31G* level, the vibrational 

wavenumbers, infrared intensities and Raman 

activities were calculated and a complete vibrational 

analysis of the title compound has been carried out.  
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Refinement of scaling factors applied in this 

investigation achieved a weighted rms deviation of 

4.91 cm
-1

 between the experimental and SQM 

wavenumbers.   
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Table 3 

Calculated wavenumbers (cm
-1

) of 4-Hydroxy-3-Nitrocoumarin by B3LYP/6-31G* method and vibrational assignments based on potential energy distribution (PED) 

 

Mode 

No. 

Symmetry 

Species 

Observed  

Wavenumber 

(cm
-1

) 

Calculated 

 wavenumber (cm
-1

), B3LYP/6-31G*  

force field Characterization of normal modes with PED(%) 

IR Raman Unscaled Scaled IR
a
 

Intensity 

Raman
b
 

activity 

Q1 A' - 3118 vw 3116 3114 5.024 127.143 CH( 99) 

Q2 A' - 3093 vw 3099 3080 1.551 124.510 CH( 99) 

Q3 A' 3081 vw 3080 vw 3081 3078 9.342 165.443 CH(99) 

Q4 A' - 3025 vw 3028 3024 3.686 79.143 CH(99) 

Q5 A' - 3010 s 2984 2988 477.862 38.862 OH(100) 

Q6 A' 1871 vw 1870 vw 1867 1862 538.669 36.213 CO(62), bCN(11), bRingA (11), CC( 8), CN( 7) 

Q7 A' - 1694 vw 1673 1694 108.192 77.192 CN(31), CC(31), bRingA(8), bCN( 7), CO(5) 

Q8 A' - 1680 vw 1655 1685 405.254 29.914 CC(35), CN(17), bCN(14), bRingA(11), CO(8), bRingB(6) 

Q9 A' - 1645 vw 1648 1651 47.447 119.539 CC(52), CN(19), bRingB(7), bCH(6) 

Q10 A' 1600 vs 1601 vs 1598 1596 231.196 37.897 CC(50), bCN(12), CN(11), bCH( 6) 

Q11 A' 1548 vs 1545 m 1539 1550 367.196 210.237 CC(31), CO(17), bRingA(14), bCN(12), bCOH( 8), bCO(6) 

Q12 A' 1489 s 1485 s 1498 1481 41.655 1.762 CC(41), bCH(27), bCOH(16) 

Q13 A' - 1464 m 1491 1449 31.017 9.182 CC(44), CO(22), bCH(14), bCN(8) 

Q14 A' 1420 vs 1423 vs 1397 1415 13.506 25.402 CC(38), bCOH(14), bCH(10), bRingA ( 9), CO(8), NO(7) 

Q15 A' 1380 vw 1380 vw 1384 1387 24.902 53.621 CC(84) 

Q16 A' 1313 w 1315 m 1312 1314 42.064 33.323 CC(30), CO(15), bCN(10), NO( 9), CN(7), bCOH( 6) 

Q17 A' 1270 w 1271 w 1300 1267 214.193 112.673 tOH(19), CC(18), CO(16), bCOH(9), CN(8), bCO(7) 

Q18 A' 1258 w - 1249 1254 42.403 2.585 bCH(49), CN(10), bRingA(10), bCN(8), CO(6), CC(6) 

Q19 A' - 1235 vw 1224 1227 172.260 7.847 CC(33), CN(16), CO(13), bRingA(11), tOH(6), bCH(5) 

Q20 A' - 1209 m 1213 1209 93.571 59.342 tOH(35), CO(17), CC(14), CN(11), bCN( 7), NO(5) 

Q21 A' 1192 vs - 1181 1185 51.381 67.429 CC(21), bCH (17), CO(15), bCN(13), bRingB(11), tOH(9) 

Q22 A' 1111 s 1115 w 1140 1108 4.151 9.666 bCH(88), CC(10) 

Q23 A' - 1091 vw 1061 1098 17.866 3.507 bCH(61), CC(19), bRingB(14) 
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Q24 A" 1034 w 1048 w 999 1037 7.815 29.922 CC(44), bCH(34), CO(7), bCN( 5) 

Q25 A' 1018 s 1037 m 993 1023 2.080 9.793 CO( 22), CH(20), CN(11), CC(9), bCO(7), bCN(6) 

Q26 A" - 1004 vw 972 997 1.588 0.750 CH( 6), tRingB  ( 8) 

Q27 A' - 978 vw 928 972 4.319 0.927 CH(80), tRingB( 9) 

Q28 A' 960 vw 966 vw 909 963 85.173 5.285 bCN(26), CO(22), CN(15), bCO(14), CH(8), CC(7) 

Q29 A" - 943 vw 908 933 26.046 0.566 bRingB( 8), CO(18), bRingA(11), CC(8), bCO( 5) 

Q30 A" 870 s 890 w 885 882 18.033 5.923 CH(26), CC(10), bCNO(8), NO(8), tRingB(7), bCN(6) 

Q31 A' 800 s 810 m 797 808 30.090 3.581 
CH(32), CN(17), tRingB(13), bCNO( 8), NO(7), bRingA( 

6) 

Q32 A" 792 s 793 m 785 787 49.500 2.681 CH( 29), bCNO(16), NO(11), tRingB(9), CO(8), CN(7) 

Q33 A" 780 vs - 755 784 15.301 2.558 
tRingA(30), CN(22), tNO2(19), CO(10), tRingB(10), 

bCNO(6) 

Q34 A" 746 m 750 vw 748 747 2.459 1.829 CO(33), tRingA(23), tNO2(17), CN(14), tRingB(6) 

Q35 A" 710 m  704 708 4.619 3.915 tRingB(48), tNO2(20), CN(6), bRingB(5) 

Q36 A' - 701 vw 683 695 2.109 7.662 tRingB(48), tNO2(20), CN(6), bRingB(5) 

Q37 A' - 698 w 674 693 4.164 8.448 
tNO2(25), bRingB(12), bRingA(11), bCNO(9), tRingB(8), 

CH(7) 

Q38 A" - 690 s 667 687 4.643 12.351 
tRingA(29), CO(20), CH(10), tRingB(10), tNO2(5) 

Q39 A' - 636 m 609 635 10.939 1.148 bRingB(28), bRingA(25), CN(13), CC(11), CN(7), bCO(5) 

Q40 A' 580 m 570 vw 536 561 0.530 9.565 bRingA(38), bRingB(23), CC(20), CO(10) 

Q41 A" - 539 w 534 533 0.874 0.507 tRingB(62), CH(11), tRingA(8) 

Q42 A' 510 w - 451 490 11.312 9.707 bRingA (52), bRingB(14), CC(13), bCO(7), bCN(7) 

Q43 A' - 470 w 443 460 2.257 2.268 CN(38), bCNO(28), bCN(8), bCO( 7), NO( 7) 

Q44 A" - 449 m 440 446 4.673 0.582 tRingB(36), CN(17), tNO2(6), CH(5) 

Q45 A' - 442 vw 405 432 7.163 1.935 bCO(28), bCNO(18), NO(14), CC(10), CO(7), bRingA(5) 

Q46 A' - 380 vw 356 366 1.304 4.377 bCN(43), CN(12), CO(9), bRingA( 8), CC(8), CN( 7) 

Q47 A' - 348 vw 324 336 2.185 3.326 
bCN(34), CN(11), bCNO(10), bRingB( 9), CC(9), 

bRingA(8) 

Q48 A" - 300 m 278 287 3.806 2.486 CN(52), tRingA(11), tRingB(10), bCNO(8) 

Q49 A" - 260 vw 250 246 4.785 1.117 CN(51), tRingA(26), bCNO(9), tRingB(6) 

Q50 A' - 230 m 226 222 0.206 0.549 bCNO(33), CN(23), bCN(21), NO(12) 
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Q51 A" - 165 vw 163 164 0.167 2.349 tRingA( 44), CN(25), tNO2(11), bCNO(7), tRingB(5) 

Q52 A" - 103 vs 91 96 0.230 1.203 NO(37), bONO(23), bCNO(13), tRingA(11), tNO2(8) 

Q53 A" - 78 s 76 69 0.369 0.526 NO(30), tRingA(27), bONO(23), tNO2( 7) 

Q54 A" - 34 vw 31 31 0.114 2.471 NO(36), bONO(35), tRingA(17), bCNO(12) 

 

Abbreviations: : stretching; b: bending; : wagging; t: torsion s-strong; vs-very strong; w-weak; m-medium ; vw-very weak. 
a 
Relative absorption intensities normalized with highest peak absorption. 

b
 Relative Raman intensities calculated by Eqn.(2). 
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