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Introduction 

Cyanic acid (the isomer of fulminic acid) is an unstable 

(explosive), poisonous, volatile, clear liquid with the structure of 

H–O–C≡N (the oxoacid formed from the pseudohalogen 

cyanide), which is readily converted to cyamelide and fulminic 

acid. There is another isomeric cyanic acid with the structure of 

H–N=C=O, called isocyanic acid. Cyanate group (and 

isocyanate group) can react with itself. Cyanuric acid (also 

called pyrolithic acid), white monoclinic crystal with the 

structure of [HOC(NCOH)2N], is the trimer of cyanic acid. The 

trimer of isocyanic acid is called biuret. Cyanic acid hydrolyses 

to ammonia and carbon dioxide in water. The salts and esters of 

cyanic acid are cyanates. But esters of normal cyanic acid are 

not known. The salts and esters of isocyanic acid are 

isocyanates. The isocyanate group reacts with the hydroxyl 

functional group to form a urethane linkage.  

Diisocyanates (or polyisocyanates) are monomers for 

polyurethane production. Polyurethane is made from a variety of 

diisocyanates in conjunction with polyether and polyester 

polyols as co-reactants by addition polymerization which needs 

at least –N=C=O groups. Polyurethanes are widely used in the 

manufacture of flexible and rigid foams, fibres, coatings and 

elastomers. If isocyanate monomer is polymerized with amide 

group, polyurea is produced. Cyanates (or Isocyanates) are 

readily with various forms of amide (including ammonia, 

primary, secondary-amines, amides and ureas) and hydroxy 

functional group. They are used in the synthesis for the target 

molecules such as pharmaceuticals, pesticides, textile softener, 

lubricants and industrial disinfectants. They can convert to 

polycyclic compounds such as hydrations and in imidazolons. 

They are used as plastic additives and as heat treatment salt 

formulations for metals [1]. 2, 6-dichlorophenyl isocyanate is 

used as an intermediate in organic synthesis.  

The term of tosyl is for p-toluene sulfonyl acid ester 

functional group, the conjugate base of the strong acid, p-

Toluenesulfonic acid. The tosyl group, like other sulfonates, has 

electron-withdrawing properties. It is a highly reactive leaving 

group due to the stability of resonance structure. It has a 

distribution negative charge rather than a localized charge. Each 

oxygen atom bears one-third of the total negative charge. The 

tosyl group serves as a protecting group which is readily 

cleaved. Toluene sulfonic acid and their derivatives are used as 

intermediates for the synthesis of isocyanate compounds used as 

catalysis for the production of thermosetting resins. p-Toluene 

sulfonic acid is often used as a catalyst in the formation of acetyl 

which water must be removed from the reaction mixture to 

escape reversible reaction. Water is removed azeotropically by 

distillation (Toluene is a solvent) [1]. 

The derivatives of phenylisothiocyanate are of 

spectroscopic interest due to the role of NCO and substituents 

play in the vibrational structures and spectra. During the past 

decade, the density functional theory (DFT) has emerged as a 

powerful tool in studying vibrational spectra of fairly large 

molecules. The two tops of trifluoromethylsulfonyl isocyanate 

were investigated by ab initio calculations as well as 

experimental vibrational spectroscopy and electron diffraction 

method. It was determined that the molecule exist in a single 

gauche conformation (the isocyanate group nearly eclipses) one 

of the sulfonyl S=O bonds in the three physical states [2]. 

The literature search has revealed that density functional 

theory calculations and vibrational analysis have not been 

reported so far on 2, 6-dichlorophenyl isocyanate. Therefore, the 

present investigation was undertaken to study the vibrational 

spectra of this molecule completely and to identify the various 

normal modes with great wavenumber accuracy. The DFT 

calculations have been performed to support our wavenumber 

assignment. Prediction of vibrational frequency of polyatomic 

molecules by quantum chemical computation has become very 

popular because of its accurate and therefore consistent 

description of the experimental data. Atomic charges of  
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ABSTRACT 

The Fourier transform infrared (FTIR) and FT - Raman spectra of        2, 6-dichlorophenyl 

isocyanate have been recorded in the liquid state. The molecular geometry, vibrational 

frequencies, and atomic charges have been calculated by using density functional theory 

(DFT) calculation (B3LYP) with 6-311+G(d,p) and 6-311++G(d,p) basis sets. Simulated 

FTIR and FT - Raman spectra for 2, 6-dichlorophenyl isocyanate showed good agreement 

with the observed spectra. The calculated HOMO and LUMO energies show that charge 

transfer occurs within the molecule.  The molecular stability and bond strength were 

investigated by applying the natural bond orbital (NBO) analysis and electrostatic potential 

(ESP). The isotropic chemical shift computed by 1H and 13C nuclear magnetic resonance 

(NMR) chemical shifts of the 2, 6-dichlorophenyl isocyanate calculated using the gauge 

invariant atomic orbital (GIAO) method also shows good agreement with experimental 

observations. 
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2, 6-dichlorophenyl isocyanate molecule was investigated by 

using B3LYP calculations with 6-311+G(d,p) and 6-

311++G(d,p) basis sets. The main objectives of this paper are to 

measure both FTIR and FT-Raman spectra along with 

hyperpolarizability, HOMO (Highest Occupied Molecular 

Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) 

energies that have been used to elucidate the information 

regarding charge transfer which occurs within the molecule.  

Experimental Detail     

The sample 2, 6-dichlorophenyl isocyanate was purchased 

from Lancaster Chemical Company, U.K with a stated purity of 

greater than 97%, and it was used as such for the spectral 

measurements. The room temperature Fourier transform infrared 

spectra of 2, 6-dichlorophenyl isocyanate was recorded in the 

region 4000400 cm1
 at a resolution of ±1 cm1

, using 

BRUKER IFS-66V Fourier transform spectrometer, equipped 

with an MCT detector, a KBr beam splitter and global source. 

The FT-Raman spectrum was recorded on the same instrument 

with FRA-106 Raman accessories in the region 3500100 cm1
. 

Nd:YAG laser operating at 200 mw power with 1064 nm 

excitation was used as source.  

Computational Details 

The molecular geometry optimization and vibrational 

frequency calculations were carried out for 2, 6-dichlorophenyl 

isocyanate, with GAUSSIAN 09W software package [3] the 

density functional method used is B3LYP i.e. Becke’s three-

parameter hybrid functional with the Lee-Yang-Parr correlation 

functional method [4, 5] combined with standard 6-311++G(d,p) 

basis set. Scaling of the force field was performed according to 

the SQM procedure [6, 7] using selective scaling in the natural 

internal coordinate representation [8]. Vibrational frequencies 

are scaled by 0.9843 and 0.9786 for B3LYP/6-311+G(d,p) and 

B3LYP/6-311++G(d,p) respectively  for the 2, 6-dichlorophenyl 

isocyanate. Transformation of the force field and subsequent 

normal coordinate analysis including the least square refinement 

of the scale factors, calculation of the potential energy 

distribution [PED] and the prediction of FTIR and FT-Raman 

intensities were done on a PC with the MOLVIB Program 

(version 7.0-G77) written by Sundius [9, 10]. For the plots of 

simulated Raman spectra, pure Lorentizian band shapes were 

used with a bandwidth of 10 cm1
. Finally the calculated normal 

mode vibrational frequencies provide atomic charges and 

thermodynamic properties also through the principle of 

statistical mechanics. 

Result and Discussion 

Geometry optimization 

The labeling of atoms of 2, 6-dichlorophenyl isocyanate is 

given in Fig. 1. The structural parameters obtained by 

DFT/B3LYP levels with the 6-311+G(d,p) and 6-311++G(d,p) 

basis sets.  The bond lengths, bond angles and dihedral angles 

differences between theoretical approaches have been depicted 

in Table 1  

The optimized geometry reveals that NCO group substituted 

in para position of benzene ring is laying slightly out-of-plane. 

The benzene ring appears to be little distorted with (C1–C6) and 

(C1–C2) bond lengths exactly at the substitution place 1.409Å 

by B3LYP/6-311+G(d,p) basis set and 1.411Å by B3LYP /6-

311++G(d,p) basis set longer than the remaining bonds (C2–

C3), (C3–C4), (C4–C5) and (C5–C6). 

Several researchers [11-13] have explained the changes in 

the frequency or bond length of the C–H bond on substitution 

due to a change in the charge distribution on the carbon atom of 

the benzene ring. The reverse holds well on substitution with 

electron donating groups Cl10. The actual charge in the C–H 

bond length would be influenced by the combined effects of the 

inductive mesmeric interaction and the electron dipole field of 

the polar substituent. In this study, the C–H bond lengths were 

calculated as 1.079, 1.080, 1.079Å by B3LYP /6-311+G(d,p) 

and 1.083, 1.084, 1.083 Å by B3LYP /6-311++G(d,p) methods. 

The increase of C–C bond lengths exactly at the substitution 

place C1–C6 and C1–C2 is accompanied by slightly irregular 

hexagonal structure of the angle C1–C2–C3 and C1C6C5, 

122.214 Å and 122.208 Å by B3LYP /6-311+G(d,p) and 

122.051 Å and 122.052 Å by 6-311++G(d,p) basis sets, 

respectively. The C–N single bond length is 1.360 Å, 1.189Å by 

B3LYP /6-311+G(d,p) and 1.361 Å, 1.189 Å by 6-311++G(d,p) 

basis sets, respectively. 

 

Fig 1. Geometrical structure of 2, 6-dichlorophenyl 

isocyanate 

Vibrational Analysis  

The 2, 6-dichlorophenyl isocyanate contains 14 atoms; thus, 

assuming C1 symmetry point group, 25 modes of in plane 

symmetry and 11 modes of out-of-plane symmetry should 

appear as bands in the spectra. The harmonic vibrational 

frequencies calculated for 2, 6-dichlorophenyl isocyanate at by 

B3LYP/6-311++G (d,p)and 6-311++G(d,p) basis sets have been 

listed in Table 2. All the assignments were subsequently 

confirmed in the MOLVIB package [9] using B3LYP 

calculations. By the help of the calculated potential energy 

distribution (PED), we assigned the vibrational frequencies of 

the studied molecule. The detailed vibrational assignment of the 

experimental wavenumbers is based on normal mode analyses 

and a comparison with theoretically scaled wavenumbers with 

PED. The calculated frequencies are usually higher than the 

corresponding experimental quantities, due to the combination 

of electron correlation effects and basis set deficiencies. After 

applying the scaling factors, the theoretical calculations 

reproduce the experimental data well in agreement. 
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Table 1. Optimized structural parameters of 2, 6-dichlorophenyl isocyanate utilizing DFT-B3LYP/6-311+G(d,p) 

and 6-311++G(d,p)) density functional calculation 
Bond 

length 

Value(Å) Bond angle Value(°) Dihedral angle Value(°) 

6-311+G(d,p) 6-311++G(d,p) 6-311+G(d,p) 6-311++G(d,p) 6-311+G(d,p) 6-311++G(d,p) 

C1-C2 1.409 1.411 C2-C1-C6 116.565 116.777 C6-C1-C2-C3 0.0 0.0 

C1-C6 1.409 1.411 C2-C1-N7 121.716 121.612 C6-C1-C2-Cl10 180.0 180.0 

C1-N7 1.360 1.361 C6-C1-N7 121.719 121.611 N7-C1-C2-C3 -180.0 -180.0 

C2-C3 1.387 1.390 C1-C2-C3 122.214 122.051 N7-C1-C2-Cl10 0.0 0.0 

C2-Cl10 1.816 1.813 C1-C2-Cl10 118.782 118.842 C2-C1-C6-C5 0.0 0.0 

C3-C4 1.396 1.399 C3-C2-Cl10 119.004 119.107 C2-C1-C6-Cl14 -180.0 -180.0 

C3-H11 1.079 1.083 C2-C3-C4 119.408 119.466 N7-C1-C6-C5 180.0 180.0 

C4-C5 1.396 1.399 C2-C3-H11 119.616 119.577 N7-C1-C6-Cl14 0.0 0.0 

C4-H12 1.080 1.084 C4-C3-H11 120.976 120.957 C1-C2-C3-C4 0.0 0.0 

C5-C6 1.387 1.390 C3-C4-C5 120.193 120.189 C1-C2-C3-H11 180.0 -180.0 

C5-H13 1.079 1.083 C3-C4-H12 119.903 119.906 Cl10-C2-C3-C4 180.0 -180.0 

C6-Cl14 1.816 1.813 C5-C4-H12 119.904 119.906 Cl10-C2-C3-H11 0.0 0.0 

N7-C8 1.189 1.192 C4-C5-C6 119.412 119.465 C2-C3-C4-C5 0.0 0.0 

C8-C9 1.200 1.202 C4-C5-H13 120.975 120.958 C2-C3-C4-H12 180.0 180.0 

   C6-C5-H13 119.614 119.577 H11-C3-C4-C5 -180.0 -180.0 

   C1-C6-C5 122.208 122.052 H11-C3-C4-H12 0.0 0.0 

   C1-C6-Cl14 118.777 118.842 C3-C4-C5-C6 0.0 0.0 

   C5-C6-Cl14 119.014 119.107 C3-C4-C5-H13 180.0 180.0 

      H12-C4-C5-C6 -180.0 180.0 

      H12-C4-C5-H13 0.0 0.0 

      C4-C5-C6-C1 0.0 0.0 

      C4-C5-C6-Cl14 180.0 180.0 

      H13-C5-C6-C1 180.0 -180.0 

      H13-C5-C6-Cl14 0.0 0.0 

 

Table 2. Experimental and Calculated DFT-B3LYP/6-311+G (d,p)and 6-311++G (d,p)levels of vibrational frequencies (cm
1

), IR 

intensity (kmmol
1

) and Raman activity (Å
4
 amu

1
) of 2, 6-dichlorophenyl isocyanate 

No Spe. Observed 

frequencies 

(cm1) 

Calculated frequencies (cm1) B3LYP IR Intensity 

(kmmol1) 

Raman intensity   (kmmol1) Vibrational 

assignments /PED 

(≥ 10%) 
6-311+G(d,p) 6-311++G(d,p) 

IR Raman Unscaled Scaled Unscaled Scaled 6-

311+G(d,p) 

6-

311++G(d,p) 

6-

311+G(d,p) 

6-

311++G(d,p) 

1 A  3091 3253 3096 3252 3087 4.926 3.225 14.278 14.341 CH(100) 

2 A   3246 3045 3237 3021 0.772 0.226 4.997 5.176 CH(96) 

3 A   3226 3016 3196 3009 3.285 2.735 4.573 4.833 CH(96) 

4 A 2271  2453 2276 2413 2274 1734.301 1619.215 12.125 12.316 NCO(98) 

5 A 1648 1647 1654 1652 1634 1649 5.621 5.590 100.000 100.000 CC(76), βCH(21) 

6 A 1588 1580 1606 1598 1593 1588 7.754 9.702 19.515 20.451 CC(71), γCH(18) 

7 A   1603 1588 1586 1581 20.733 20.625 0.924 0.941 CC(80), βCN(17) 

8 A 1479  1495 1484 1483 1479 51.299 48.247 1.963 2.449 βCH(67),CC(21) 

9 A 1437 1435 1446 1442 1443 1439 63.265 59.357 1.961 2.707 βCH(60),CC(22) 

10 A  1312 1342 1325 1329 1314 1.085 0.959 14.303 13.216 βCH(63),CC(20) 

11 A 1245 1250 1251 1247 1250 1246 10.737 9.998 1.431 2.183 CC(71), βCH(20) 

12 A 1202 1205 1205 1204 1205 1203 10.692 9.944 0.761 1.004 CC(73), γCH(18) 

13 A 1166 1159 1190 1189 1175 1171 58.052 52.375 5.064 5.960 CC(71), βCN(17) 

14 A 1106  1110 1110 1110 1109 14.219 8.719 16.922 11.849 CCl(59), CC(21) 

15 A 1075 1080 1084 1083 1082 1079 3.162 4.906 10.972 11.583 CCl(57), CC(18) 

16 A  1000 1017 1016 1005 1002 0.594 1.720 0.056 0.001 γCH(68), γCC(11) 

17 A 924 921 946 935 932 921 0.000 0.000 0.004 0.975 γCH(65), γCC(15) 

18 A 809  819 818 815 810 37.594 25.216 2.460 5.547 γCH(67), γCC(12) 

19 A 771 765 777 776 772 771 14.695 14.209 1.623 1.470 CCl(60), CC(27) 

20 A  761 771 770 757 765 47.555 95.086 3.885 0.002 CCl(59), CC(26) 

21 A 743 707 766 750 756 744 97.269 44.958 0.009 0.580 βCC(73), βCH(11) 

22 A 554  561 559 560 558 0.244 0.062 2.082 1.490 βCC(71), γCH(12) 

23 A 530 531 552 534 549 530 12.734 6.634 1.900 2.054 γ CC(72), βCH(13) 

24 A  522 540 538 529 527 0.000 0.000 5.859 2.831 βCC(68), βCH(28) 

25 A  507 524 512 521 510 21.252 6.994 0.070 0.004 γCC(78), γCH(13) 

26 A  491 499 497 495 492 6.392 26.402 57.270 56.694 γCC(68), βCH(18) 

27 A  470 488 486 487 473 33.468 30.440 3.253 3.408 γNCO(71), γCC(12) 

28 A  387 398 397 395 391 5.444 3.260 21.804 20.526 γNCO(66), γCC(13) 

29 A  325 342 331 337 326 0.468 0.475 26.165 26.277 βC-NCO(76), 

γCCl(16) 

30 A  273 290 289 288 275 0.627 0.010 21.417 31.745 βNCO(67), βCC(13) 

31 A  259 269 265 268 263 0.498 0.551 0.032 0.034 βNCOwag(62), 

γCH(12) 

32 A  197 209 208 204 199 0.000 0.000 7.023 15.272 βCCl(55), γCC(25) 

33 A  165 188 167 187 163 0.144 0.354 25.133 23.904 βCCl(61), γCC(21) 

34 A   115 113 115 112 0.096 0.031 34.500 34.355 γNCO (53), γCC(13) 

35 A   50 50 48 48 0.955 0.120 13.702 8.604 βNCOwag(60) 

36 A   46 36 31 30 0.034 1.065 575.177 546.139 γNCOwag(69) 

-stretching, νsym-sym stretching, νasym-asym stretching, β-in-plane bending, γ-out-of-plane bending, -scissoring,  

-wagging,-rocking, ρip-in-plane rocking, ρop-out-of-plane rocking, t-twisting,sd-symmetric deformation, ad-asymmetric deformation, Rtrigd-Ring trigonal deformation, 
βRing-in-plane ring, γRing-out-of -plane ring τ-torsion. 
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The simulated IR and Raman spectra of 2, 6-dichlorophenyl 

isocyanate are shown in Figs 2 and 3, respectively. 

C–H vibrations 

The 2, 6-dichlorophenyl isocyanate molecule gives rise to 

three CH stretching vibrations, three CH in-plane and three 

CH out-of-plane bending vibrations. The aromatic structure 

shows the presence of CH stretching vibrations in the region 

31003000 cm1
 which is the characteristic region for the ready 

identification of CH stretching vibrations [14 -17]. The 

expected three CH stretching vibrations appeared medium at 

3240 cm1
 in FTIR, 3227 and 3091 cm1

 in FT-Raman spectrum. 

Theoretically computed CH vibrations by B3LYP/6-

311++G(d,p) at 3087, 3021, and 3009 cm1
 show good 

agreement with recorded FT-Raman spectrum at 3091 cm1
   for 

2, 6-dichlorophenyl isocyanate. 

 

Fig 2. Observed FT-IR and simulated spectrum of 2, 6-

dichlorophenyl isocyanate 

(a)Observed (b) B3LYP/6-311+G(d,p)  (c) B3LYP/6-

311++G(d,p) 

 

Fig 3. Observed FT-Raman and simulated spectrum of 2, 6-

dichlorophenyl isocyanate 

(a) Observed (b) B3LYP/6-311+G(d,p)  (c) B3LYP/6-

311++G(d,p) 

The aromatic CH in-plane and out-of-plane bending 

modes of benzene and its derivatives are observed in the region 

13001000 cm1
 [1820]. The bands are sharp but are weak-to-

medium intensity. The three CH in-plane bending vibrations 

computed at 1479, 1439, 1314 B3LYP/6-311++G(d,p) method 

show good agreement FTRaman bands observed at 1435 and 

1312  cm1
 and FTIR band observed at 1479 and 1437 cm1

. The 

out-of-plane bending vibrations fall in FTIR spectrum at 924 and 

809 cm1
, and FT-Raman bands observed at 1000 and 921 cm1

. 

These bands show good agreement with theoretically computed 

B3LYP/6-311++G(d,p) methods at 1002, 921, and 810 cm1
.  

C–C vibrations 

There are six equivalent CC bands in benzene and one 

band in outside of the ring and consequently there will be six 

CC stretching vibrations. In general, the bands around 

16501300 cm1
 [21 24] in benzene derivatives are assigned to 

skeletal stretching CC bands. The FTIR bands observed at 

1648, 1588, 1245, 1202 and 1166 cm1
, the  FT-Raman bands 

observed at 1647, 1580, 1250, 1205 and 1159 cm1
 , assigned to 

CC stretching vibrations for the title molecule show good 

agreement with theoretically computed B3LYP/6-311++G(d,p).  

methods in the region at 1649, 1588, 1581, 1246, 1203, and 

1171 cm1
. The CC in-plane bending vibrations are assigned in 

the region 550300 cm1
. On account of the heavy substitution 

on the ring these vibrations have shifted to lower frequencies 

from their usual range, making assignment difficult. In 2, 6-

dichlorophenyl isocyanate, the medium FT-Raman band 

observed at 491 cm1 
without corresponding FTIR band is 

assigned to the CC in-plane bending vibration with more 

contribution to β(CH) mode. The theoretically computed CC 

in-plane bending vibration 558 cm1
 and 527 cm1

 by B3LYP/6-

311++G(d,p). The FT-Raman band at 507, 491 cm1
 is assigned 

to CC out-of-plane bending vibration without corresponding 

FTIR band and contribution. The theoretically calculated 

frequencies at 510 cm1
 and 492 cm1

 by B3LYP/6-311++G(d,p) 

methods are assigned for CC out-of-plane vibrations 

approximately coincides with FT-Raman frequency. The FTIR 

bands identified at 530 cm1
 and FTRaman band identified at 

531 cm1
 for 2, 6-dichlorophenyl isocyanate have been assigned 

to the ring in-plane vibrations. The FTRaman bands observed 

at 325 cm1 
with mixed contribution assigned. The theoretically 

computed and B3LYP/6-311++G(d,p), show  good agreement 

with experimental observations. 

C–Cl vibrations  

The C–Cl stretching vibration give rise to strong 

absorptions in the range 760–505 cm
−1

. However, vibrational 

coupling with other vibrations may shift the upper limit to 840 

cm
−1

 [21]. An intense infrared band absorbed at 771 cm
−1

 and 

765 cm
−1

 in FT-Raman are assigned to the C–Cl stretching 

vibration. The theoretically computed stretching vibration at 771 

cm
−1

 by B3LYP/6-311++G(d,p). The C–Cl in-plane bending 

vibrations are assigned to a computed band at 199 and 163 cm
−1

 

by B3LYP/6-311++G(d,p). The same vibration is assigned to a 

Raman band at 197 cm
−1 

and a medium strong band at  

165 cm
−1

. The theoretically computed and B3LYP/6-

311++G(d,p) basis set show  good agreement with experimental 

observations  

NCO vibrations 

There are six vibrations for NCO moiety: asymmetric, 

symmetric stretching, in-plane bend, in-plane wagging, out-of-

plane bend and out-of-plane wagging vibrations. The 

asymmetric stretching vibration appears always as the strongest 

and broad band near 2274 cm1
 in the FTIR spectrum; 

conversely, the band is an unfailing evidence for the presence of 

the isocyanate moiety [25-27]. In 2, 6-dichlorophenyl 

isocyanate, the FTIR band is observed at 2271 cm1
 as is 
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assigned to asymmetric stretching vibration. The symmetric 

stretching vibration is generally observed to be FTIR weak but 

FT-Raman strong in the range 14601340 cm1
 [28]. However, 

in some substituted phenyl isocyanates, the band has been 

observed to be strong in the FTIR spectrum [29, 25, 26]. The 

two in-plane bending vibrations have been assigned in the range 

660640 cm1
, and two out-of-plane vibrations in the range 

560540 cm1
, while these in-plane and out-of-plane 

assignments corresponding to high and low frequencies in 

accordance with the theoretical results, they are not in agreement 

with the previous assignments by others [27, 28]. Hence, the 

band at 470, 387 cm1
 and 273, 259 in FT-Raman since have 

been assigned to in-plane and out-of-plane bending vibrations, 

respectively. The theoretically computed value of in-plane and 

out-of-plane vibrations at 473, 391 cm1
 and 275, 263 cm1

 by 

B3LYP/6-311++G(d,p) basis set coincide with experimental 

values. The in-plane and out-of-plane wagging vibrations at 48, 

30 cm1
 by B3LYP/6-311++G(d,p) basis set.  

Potential energy distribution 

To check whether the chosen set of vibrational frequencies 

contribute maximum to the potential energy associated with 

normal coordinates of the molecule, the PED is calculated. PED 

of the other couple modes which make up 100% distribution are 

presented in Table 2. This information supports and confirms the 

present assignments. PED has been calculated using the relation, 

k

ikiiLF
PED



2


 

PED is the contribution of the i
th

 symmetry coordinate to the 

potential energy of the vibration, whose frequeny is k (Fii = 

potential constant, Lik = L matrix elements and λk = 4π
2
C

2
K

2
).  

13
C NMR and 

1
H spectral analysis 

The molecular structure of 2, 6-dichlorophenyl isocyanate 

are optimized by using B3LYP method with 6-311++G(d,p). 

Then, GIAO 
13

C calculations of the title molecule is calculated 

and compared with experimental [232] data are shown in 

Table3.  

 

Fig 4.  NMR spectra of 2, 6-dichlorophenyl isocyanate 

(a) 
1
H   (b) 

13
C 

The 
1
H and 

13
C NMR spectra are presented in Fig.4. The 

approximate chemical shift ranges of some 
13

C resonances i.e., 

C of aromatic ring have the δ range 110– 160 and type of carbon 

having double bond oxygen is in the δ range 150–220. The 

aromatic protons are having the chemical shift δ (ppm) in the 

range 6–8.5 [30]. In our title compound, the two chlorine atoms 

are different at two different positions. This chlorine atoms show 

electronegative property (they attract the other atom towards), 

but the chemical shift for C3, C5 seems to be C3 = 128.13; C5 = 

128.13 ppm for 2, 6-dichlorophenyl isocyanate by B3LYP/6-

311++G(d,p) method. For the other carbon atoms the values are 

given in Table 3.  

Table 3. Experimental and theoretical chemical shifts of 2, 6-

dichlorophenyl isocyanate in 
1
H and 

13
C NMR spectra (δ 

ppm) 
Atom label Experimental a 6-311++G(d,p) Chemical shift (δ) 

C1 133.20 132.06 1.14 

C2 134.03 133.83 0.20 

C3 128.13 128.03 0.10 

C4 128.20 128.11 0.09 

C5 128.13 128.03 0.10 

C6 134.08 133.83 0.25 

H11 7.478 7.431 0.047 

H12 7.276 7.189 0.087 

H13 7.478 7.431 0.047 
a Taken from Ref. [28] and δ difference between respective chemical 

The atom C6 is having the higher chemical shift value 

134.08 ppm for 2, 6-dichlorophenyl isocyanate molecules. The 
13

C chemical shifts of all the carbon atoms are in good 

agreement with the theoretical range. In our studies the chemical 

shift of aromatic protons, H11 and H13 are well agree with the 

range of aromatic protons chemical shift. 

Other molecular Properties 

HOMO and LUMO analysis 

Many organic molecules, containing conjugated π electrons 

are characterized by large values of molecular first 

hyperpolarizabilities, were analyzed by means of vibrational 

spectroscopy [31, 32]. In most cases, even in the absence of 

inversion symmetry, the strongest band in the FT-Raman 

spectrum is weak in the FTIR spectrum and vice-versa. But the 

intramolecular charge transfer from the donor to acceptor group 

through a single-double bond conjugated path can induce large 

variations of both the molecular dipole moment and the 

molecular polarizability, making FTIR and FT-Raman activity 

strong at the same time. The experimental spectroscopic 

behaviour described above is well accounted by ab initio 

calculations is π conjugated systems that predict exceptionally 

FTIR intensities for the same normal modes [32]. It is also 

observed in our title molecule the bands in FTIR spectrum have 

their counterparts in FT-Raman shows that the relative 

intensities in FTIR and FT-Raman spectra are comparable 

resulting from the electron cloud movement through π 

conjugated frame work from electron donor to electron accepter 

groups.  

The analysis of the wave function indicates that the electron 

absorption corresponds to the transition from the ground to the 

first excited state and is mainly described by one-electron 

excitation from the highest occupied molecular orbital (HOMO) 

to the lowest unoccupied molecular orbital (LUMO). The 

HOMO of π nature, (i.e., benezene ring) is delocalized over the 

whole C–C bond. By contrast, LUMO the is located over 

chlorines and isocyanate groups, consequently the HOMO and 

LUMO transition implies an electron density transfer to 

aromatic part and propionic acid of π conjugated system from 



M. Karnan et al./ Elixir Vib. Spec. 88 (2015) 36441-36450 
 

36446 

chlorines. Moreover, these orbital significantly overlap in their 

position for 2, 6-dichlorophenyl isocyanate. The atomic orbital 

composition of the frontier molecular orbital is shown in Fig.5 

for 2, 6-dichlorophenyl isocyanate. 

 

Fig 5. The atomic orbital composition of the frontier 

molecular orbital for 2, 6-dichlorophenyl isocyanate 

Commonly, the atom occupied by more densities of HOMO 

should have stronger ability for detaching electrons, whereas the 

atom with more occupation of LUMO should be easier to gain 

electron. For 2, 6-dichlorophenyl isocyanate, the highest 

occupied molecular orbital (HOMO) lying at 0.26991 eV, is a 

delocalized π orbital. The HOMO-1, lying 0.28053 eV below 

the HOMO, is a delocalized π orbital over both the entire 

molecules. While, the HOMO-2 lying 0.30520eV below the 

HOMO, respectively, are π orbitals that localized in benzene 

ring. Whereas, the lowest unoccupied molecular orbital 

(LUMO), lying at 0.06571eV, is π* orbital that localised for 2, 

6-dichlorophenyl isocyanate. The LUMO+1, lying about 

0.05293 eV above the LUMO, is also a π* that is similar to 

LUMO. The HOMO-LUMO energy gap of 2, 6-dichlorophenyl 

isocyanate was calculated at the B3LYP/6-311++G(d,p) level 

and is 0.20420 eV, reveals that the energy gap reflects the 

chemical activity of the molecule. LUMO as an electron 

acceptor represents the ability to obtain an electron, HOMO 

represents the ability to donate an electron. The calculated self-

consistent field (SCF) energy of 2, 6-dichlorophenyl isocyanate 

is 1318 a.u moreover; the lower in the HOMO and LUMO 

energy gap explains the eventual charge transfer interactions 

taking place within the 2, 6-dichlorophenyl isocyanate molecule. 

 

 

Hyperpolarizability calculations 

The first hyperpolarizabilities (β0) of this molecular system, 

and related properties (β, α0 and α) of 2, 6-dichlorophenyl 

isocyanate were calculated using B3LYP/6-311++G(d,p) basis 

set, based on the finite-field approach. In the presence of an 

applied electric field, the energy of a system is a function of the 

electric field. Polarizabilities and hyperpolarizabilities 

characterize the response of a system in an applied electric field 

[33]. They determine not only the strength of molecular 

interactions (long-range inter induction, dispersion force, etc.) as 

well as the cross sections of different scattering and collision 

process. First hyperpolarizability is a third rank tensor that can 

be described by 3×3×3 matrix. The 27 components of the 3D 

matrix can be reduced to 10 components due to the Kleinman 

symmetry [34]. It can be given in the lower tetrahedral format. It 

is obvious that the lower part of the 3×3×3 matrixes is a 

tetrahedral. The components of β are defined as the coefficients 

in the Taylor series expansion of the energy in the external 

electric field. When the external electric field is weak and 

homogeneous, this expansion becomes: 

......
6

1
2

10    FFFFFFEE
 

where E0 is the energy of the unperturbed molecules, Fα the 

field at the origin μα, ααβ and βαβγ are the components of 

dipole moments, polarizability and the first hyperpolarizabilities, 

respectively. The total static dipole moments μ, the mean 

polarizabilities α0, the anisotropy of the polarizabilities α and the 

mean first hyperpolarizabilities β0, using the x, y and z 

components they are defined as: [35, 36] 

The total static dipole moment is    

  2
1

222

zyx  
 

The isotropic polarizability is 

3
0

zzyyxx 





 

The polarizability anisotropy invariant is 

       2
1

22222
1

62 xxxxzzzzyyyyxx   

and the average hyperpolarizability is 

  2
1

222

0 zyx  
 

xzzxyyxxxx    

yzzxxyyyyy    

yyzxxzzzzz    

The total static dipole moment, polarizabilities and first 

hyperpolarizabilities of 2, 6-dichlorophenyl isocyanate were 

calculated. Table  4 lists the values of the electric dipole moment 

(Debye) and dipole moment components, polarizabilities and 

hyperpolarizabilities of the 2, 6-dichlorophenyl isocyanate. In 

addition to the isotropic polarizabilities and polarizabilities 

anisotropy invariant were also calculated. The polarizabilities 

and first hyperpolarizabilities of 2, 6-dichlorophenyl isocyanate 

are 76.784033, 78.272733 a.u and 4.62293×1030
, 

4.58867×1030
 esu, by B3LYP/6-311+G(d,p) and 6-

311++G(d,p)  basis sets, which are comparable with the reported 

values of similar derivatives [37, 38]. We conclude that the title 

compound is an attractive object for future studies of nonlinear 

optical properties. 
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Table 4. The B3LYP/6-311+G (d,p) and 6-311++G (d,p)   calculated electric dipole moments (Debye), Dipole moments compound, 

polarizability (in a.u), β components and βtot (10
30

 esu) value of   2, 6-dichlorophenyl isocyanate 
Parameters B3LYP/6-311+G(d,p) B3LYP/6-311++G(d,p) Parameters B3LYP/6-311+G(d,p) B3LYP/6-311++G(d,p) 

x 0.0174 0.2826 xxx 0.0082 0.0892 

y -4.7531 -4.7548 yyy -72.8365 -73.1756 

z 0.0000 0.0000 zzz 0.0000 0.0000 

 4.7531 4.7632 xyy 0.2631 4.3515 

xx -77.3627 -78.9242 xxy -0.8609 -0.7933 

yy -76.5836 -77.6878 xxz 0.0000 0.0001 

zz -76.4058 -78.2062 xzz -0.0432 -0.7544 

xy -0.0021 -0.0587 yzz 11.7838 12.6243 

 -76.784033 -78.272733 YYZ -0.0003 -0.0004 

Δ(esu) 7.77147×1025 11.6689×1025 tot(esu) 4.62293×1030 4.58867×1030 

 

Table 5. Significant second-order interaction energy (E (2), kcal/mol)  between donor    and acceptor Orbitals  of 2, 6-

dichlorophenyl isocyanate calculated at B3LYP/ 6-311+G(d,p)level of theory 

Donor (i)  Acceptor (j) E(2)a  kcal/mol  a.u  a.u 

n (N7)  π* (C1  C2) 1.3 1.32 0.038 

n (Cl10)  * (C1 N7) 0.6 1.03 0.023 

n (Cl10)  * (C1 C2) 1.5 1.46 0.043 

n (Cl10)  * (C2C3) 1.9 1.47 0.047 

n (Cl14)  * (C1C2) 3.3 1.24 0.057 

n (Cl14)  * (C1C6) 1.5 1.46 0.043 

n (Cl14)  * (C5C6) 1.9 1.47 0.047 

n (O9)  * (N7C8) 16 1.33 0.13 
a E(2) means energy of hyperconjugative interactions (stabilization energy). 

 

Table 6. Natural atomic orbital occupancies and energies of most interacting NBO’s of 2, 6-dichlorophenyl isocyanate along with 

their hybrid atomic orbitals and hybrid directionality 
Parameters

a 

(AB) 

Occupancies Energies 

(a.u) 

Hybrid AO(%) 
b
 Deviation  at A( °) Deviation at B(°) 

(C1C2) 0.04239 0.49078 sp
1.63 

(C1) 

sp
1.63

 (C2) 

s( 38.06) + p(61.94) 

s( 38.05) + p(61.95) 

6.7 6.3 

(C1C6) 0.04234 0.49122 sp
1.63

(C1) 

sp
1.63

 (C6) 

s( 38.07) + p(61.93) 

s( 38.06) + p(61.94) 

6.7 6.3 

(C1N7) 0.03066 0.27994 Sp
3.23

(C1) 

Sp
0.88

(N7) 

s( 23.63) + p(76.37) 

s( 53.21) + p(46.79) 

- - 

(C2C3) 0.02624 0.50251 sp
1.56

(C2) 

sp
1.82

(C3) 

s( 39.11) + p(60.89) 

s( 35.43) + p(64.57) 

6.4 - 

(C2Cl10 ) 0.02886 0.07013 Sp
3.4

(C2) 

Sp
5.19

(Cl10) 

s( 22.75) + p (77.25) 

s( 16.17) + p(83.83) 

- - 

(C3C4) 0.01718 0.51674 sp
1.78

(C3) 

sp
1.82

(C4) 

s( 35.93) + p(64.07) 

s( 35.47) + p(64.53) 

1.4 1.3 

(C4C5) 0.01716 0.51755 Sp
1.82

(C4) 

sp
1.78

(C5) 

s( 35.05) + p(64.05) 

s( 35.96) + p(64.04) 

1.3 1.4 

(C5C6) 0.02628 0.50108 sp
1.82

(C5) 

sp
1.56

(C6) 

s( 35.41) + p(64.59) 

s( 39.09) + p(60.91) 

- 6.4 

(C6Cl14 ) 0.02884 0.07012 Sp
3.39

(C6) 

Sp
5.19

(Cl14) 

s( 22.75) + p(77.25) 

s( 16.17)+ p(83.83) 

- - 

(N7C8) 0.02498 0.53730 Sp
1.14

(N7) 

Sp
0.95

(C8) 

s( 46.79) + p(53.21) 

s( 51.38) + p(48.62) 

- - 

(C8O9) 0.00527 0.43084 Sp
1.06

(C8) 

sp
2.51

(O9) 

s( 48.47) + p(51.53) 

s( 28.48) + p(71.52) 

- - 

n(Cl10) 1.99217 0.06640 Sp
0.20

 s(83.67) + p(16.33) - - 

n(Cl14) 1.99217 0.06642 Sp
0.20

 s(83.67)+ p(16.33) - - 
a For numbering of atoms refer Fig 1 

b Percentage of s-type and p-type subshell of an atomic orbitals are given in their respective brackets 

 

Table 7. Accumulation of natural charges and electron population of atoms in core, valance, Rydberg orbitals of 2, 6-

dichlorophenyl isocyanate 
Atomsa Charge (e) Natural population (e) Total (e) Atomsb Charge 

(e) 

Natural population (e) Total (e) 

Core Valence Rydberg Core Valence Rydberg 

C1 0.104 1.998 3.881 0.017 5.896 C2 -0.021 1.998 4.005 0.017 6.021 

C8 0.845 1.999 3.140 0.016 5.155 C3 -0.210 1.999 4.196 0.015 6.210 

Cl10 0.029 10.000 6.964 0.008 16.971 C4 -0.171 1.999 4.161 0.012 6.171 

H11 0.228 0.000 0.770 0.002 0.772 C5 -0.210 1.999 4.196 0.015 6.210 

H12 0.218 0.000 0.781 0.001 0.782 C6 -0.021 1.998 4.005 0.017 6.021 

H13 0.228 0.000 0.770 0.002 0.772 N7 -0.547 1.999 5.536 0.012 7.547 

Cl14 0.029 10.000 6.964 0.008 16.971 O9 -0.498 2.000 6.494 0.004 8.498 

a Atoms containing negative charges 
b Atoms containing positive charges 
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Natural bond orbital analysis  

The natural bond orbital (NBO) [39] analysis of 2, 6-

dichlorophenyl isocyanate are being performed to estimate the 

delocalization pattern of electron density (ED) between the 

principle occupied Lewis-type (bond or lone pair) orbitals and 

unoccupied non-Lewis (antibond or Rydberg) orbitals. Table 5 

lists the occupancies and energies of most interacting NBO’s 

along with their percentage of hybrid atomic orbital 

contribution.  

The interactions result is a loss of occupancy from the 

localized NBO of the idealized Lewis structure into an empty 

non-Lewis orbital. For each donor (i) and acceptor (j), the 

stabilization energy E (2) associated with the delocalization 

from i → j is estimated as 

 

where  is the donor orbital occupancy,  and  are 

diagonal elements and F (i,j) is the off diagonal NBO Fock 

matrix element. The NBO analysis provides an efficient method 

for studying intra and intermolecular bonding and also provides 

a convenient basis for investigating charge transfer or 

conjugative interaction in molecular systems [40].  

The possibilities of ED delocalization from the lone pair 

donor atoms to the antibonding acceptor atoms of the title 

molecule are depicted in Table 6. In other words, the 

delocalization of ED through donor to the acceptor of this type 

contributed predominantly to the stabilization of entire 

molecular system.  This is due to the fact that greater the value 

of E (2), the more intensive is the interaction between electron 

donors and electron acceptors and the greater the extent of 

conjugation of the whole system.  

The natural charges determined by natural bond orbital 

(NBO) analysis by B3LYP/6-311++G (d, p) method is presented 

in the Table 6. The more negative charges on C2and C6 carbon 

atoms are due to the attachment of chlorine atoms with these 

carbon atoms. When compared the charges of the aromatic ring 

carbon atoms, less negative charge is observed in the carbon 

atoms which has Cl group. This is caused by effect of chlorine 

atom. The chlorine atoms Cl10, and Cl14 has less negative charge 

than the carbon atoms C2 and C6. This is due to the hyper 

conjugative effect.  

The hybrid directionality and bond bending analysis of the 

benzene ring in the title molecule provide excellent evidence to 

the substituent effect and steric effect. The angular properties of 

the natural hybrid orbitals are very much influenced by the type 

of substituent that causes conjugative effect or steric effect [41]. 

In Table  6, the bending angles of different bonds are expressed 

as the angle of deviation from the direction of the line joining 

two nuclear centers. The (C1C2) bond is more bent away 

from the line of C1C6 centers by 6.7  results a strong charge 

transfer path towards NCO. According to the results, we can say 

that the degree of pyramidalization has affected by Cl 

substituents. 

Natural population analysis 

The natural population analysis [42] performed on the title 

molecule clearly describes the distribution of charges in the 

various sub-shells (core, valence, Rydberg) in the molecular 

orbital. The accumulation of natural charges on individual atom 

of the title molecule is given in Table 7.  It shows that an atom 

N7 has the lowest electronegative charge of 0.547e and C1 has 

the lowest electropositive charge of 0.104e. Likewise, O9, C3, 

and C5 atoms have considerable electro negativity and they are 

tending to donate an electron. Conversely, the C8, Cl10, Cl14, H11 

and H12 atoms have considerable electropositive and they are 

tending to acquire an electron. Further, the natural population 

analysis showed that 94 electrons in the title molecule are 

distributed on the sub shell as follows:   

Core :  37.99005 (99.9738% of 38) 

Valence    :  55.86379 (99.7568% of  56) 

Rydberg   :  0.14615 (0.1555% of  94)   

Molecular electrostatic potential (MEP) analysis 

The molecular electrostatic potential, V(r), at a given point r 

(x, y, z) in the vicinity of a molecule, is defined in terms of the 

interaction energy between the electrical charge generated from 

the molecule electrons and nuclei and a positive test charge (a 

proton) located at r. The molecular electrostatic potential (MEP) 

is related to the electronic density and is a very useful descriptor 

for determining sites for electrophilic attack and nucleophilic 

reactions as well as hydrogen-bonding interactions [43,44]. To 

predict reactive sites for electrophilic and nucleophilic attack for 

the title molecule, MEP was calculated at the B3LYP/6-

311++G(d,p) optimized geometry. The negative (red) regions of 

MEP were related to electrophilic reactivity and the positive 

(white) regions to nucleophilic reactivity shown in Fig.6 The 

negative regions are mainly localized on the carbonyl oxygen 

atom, O9 atom. Also, a negative electrostatic potential region is 

observed around the nitrogen atom (N7 atom).  

A maximum positive region is localized on the hydrogen 

atoms indicating a possible site for nucleophilic attack. The 

MEP map shows that the negative potential sites are on 

electronegative atoms as well as the positive potential sites are 

around the hydrogen atoms. These sites give information about 

the region from where the compound can have non covalent 

interactions. 

 

Fig 6. The molecular electrostatic potential map of 

2, 6-dichlorophenyl isocyanate 

Mulliken atomic charge  

Mulliken atomic charge calculation has an important role in 

the application of quantum chemical calculation to molecular 

system because of atomic charges effect dipole moment, 

molecular polarizability, electronic structure and more a lot of 

properties of molecular systems. The calculated mulliken charge 

values of 2, 6-dichlorophenyl isocyanate are listed in Table  8. 

The mulliken charge distribution of the 2, 6-dichlorophenyl 

isocyanate in B3LYP/6-311++G(d,p) methods are shown in 

Fig.7. The charge distribution of the titled molecule shows all 

the hydrogen atoms and C1 are positively charged whereas the 

other carbon atoms are negative.  
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Table 8. Mulliken population analysis of 2, 6-dichlorophenyl 

isocyanate performed at B3LYP/6-311+G (d,p) and 6-

311++G (d,p) 

 

Atoms 

Atomic charges 

B3LYP/-311+G(d,p) B3LYP/6-311++G(d,p) 

C1 0.445058 0.69219 

C2 -0.224033 -0.33142 

C3 -0.130355 -0.05325 

C4 -0.094745 -0.12202 

C5 -0.130362 -0.05324 

C6 -0.224017 -0.33207 

N7 -0.426306 -0.48371 

C8 0.346565 0.326437 

O9 -0.337955 -0.29667 

Cl10 0.139377 0.04388 

H11 0.171704 0.195056 

H12 0.153991 0.175751 

H13 0.171706 0.195011 

Cl14 0.139372 0.044049 

The influence of electronic effect resulting from the 

hyperconjugation and induction of chlorines in the aromatic ring 

causes a positively charged value in in 2, 6-dichlorophenyl 

isocyanate. The charge distribution of chlorine atom is 

increasing trend in B3LYP/6-311++G(d,p) methods in 2, 6-

dichlorophenyl isocyanate. All hydrogen atoms are positive 

charges in title compound. 
 

Fig 7. Correlation graph of Mulliken atomic charges with 

B3LYP/6-311+G (d,p) and 6-311++G(d,p)  levels 

Thermodynamic function analysis 

On the basis of vibrational analysis, the statically 

thermodynamic functions: heat capacity (C
0

p,m), entropy (S
0

m), 

Gibb’s free energy (G
0

m) and enthalpy changes (H
0

m) for the title 

molecule were obtained from the theoretical harmonic 

frequencies and listed in Table  9.  

Table 9. Statistical thermodynamic parameters of 2, 6-

dichlorophenyl isocyanate at various temperatures. 
Temp.         

(Kelvin) 

Thermodynamic parameters (k cal mol
–1

) 

CP S (H
o
 -E

o
o)/T (Go−E

o
o)/T 

100 17.6925 76.63999 12.37516 -64.2648 

200 27.7107 95.62987 20.94753 -74.6823 

300 36.6213 113.8971 31.07623 -82.8209 

400 44.0459 132.1826 42.23190 -89.9507 

500 49.9909 150.5685 54.13482 -96.4337 

600 54.6724 169.0320 66.60817 -102.424 

700 58.3767 187.5360 79.53040 -108.006 

800 61.3484 206.0484 92.81294 -113.235 

900 63.7681 224.5448 106.3888 -118.156 

1000 65.7636 243.0079 120.2064 -122.801 

 

 

From the Table  9, it can be observed that these 

thermodynamic functions are increasing with temperature 

ranging from 100 to 1000 K due to the fact that the molecular 

vibrational intensities increase with temperature. The correlation 

equations between  heat  capacity,  entropy, enthalpy,  Gibb’s 

free  energy  changes  and temperatures were fitted by quadratic 

formulas and the corresponding fitting factors (R
2
) for these 

thermodynamic properties are 0.996, 1.999, 0.999 and 1.000 

respectively. The corresponding fitting equations are as follows 

and the correlation graphics of those shows in Fig.8 

 

Fig 8. Correlation graph of Gibb’s energy, entropy and 

enthalpy With temperature of 2, 6-dichlorophenyl 

isocyanate 

Conclusion 

The infrared and Raman spectral measurements have been 

made for      2, 6-dichlorophenyl isocyanate The structure of the 

spectra is considerably different from their parent-phenyl 

isocyanate. The vibrational structure of       2, 6-dichlorophenyl 

isocyanate shows features different from the spectra, with regard 

to the substituent’ position, and chlorine, in-plane and out-of-

plane vibrations. A complete vibrational assignment has been 

proposed, aided by electronic structure calculations (at 

B3LYP/6-311+G(d,p) and 6-311++G(d,p)  basis sets), and 

normal coordinate treatment. Potential energy distributions 

(PEDs) suggest that several normal modes are coupled in 

varying degrees. Further, first order hyperpolarizability, NBO 

analysis, HOMO and LUMO analysis, thermodynamic 

properties of the title compound was performed on the basis of 

DFT calculations at the B3LYP/6-311+G(d,p) and 6-

311++G(d,p)  basis sets.  

References 

1) http://www.chemicalland21.com/ dichlorophenyl isocyanate.  

2) T.K. Gounev, G.A. Guirgis, J.R. Durig, J. Mol. Struct. 613 

(1999) 436.  

3) Gaussian 09, Revision A.1, M.J. Frisch, G.W. Trucks, H.B. 

Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman, G. 

Scalmani, V. Barone, B. Mennucci, G.A. Petersson, H. 

Nakatsuji, M. Caricato, X. Li, H.P. Hratchian, A.F. Izmaylov, J. 

Bloino, G. Zheng, J.L. Sonnenberg, M. Hada, M. Ehara, K. 

Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. 

Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., 

J.E. Peralta, F. Ogliaro, M. Bearpark, J.J. Heyd, E. Brothers, 

K.N. Kudin, V.N. Staroverov, R. Kobayashi, J. Normand, K. 

Raghavachari, A. Rendell, J.C. Burant, S.S. Iyengar, J. Tomasi, 

)000.1(100.3184.047.58

)999.0(100.3095.005.50

)999.1(100.3088.0411.2

)996.0(100.5110.0771.7

2270

2250

2250

2250

,

















RTTS

RTTG

RTTH

RTTC

m

m

m

mp



M. Karnan et al./ Elixir Vib. Spec. 88 (2015) 36441-36450 
 

36450 

M. Cossi, N. Rega, J.M. Millam, M. Klene, J.E. Knox, J.B. 

Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E. 

Stratmann, O. Yazyev, A.J. Austin, R.. Cammi, C. Pomelli, J.W. 

Ochterski, R.L. Martin, K. Morokuma, V.G. Zakrzewski, G.A. 

Voth, P. Salvador, J.J. Dannenberg, S. Dapprich, A.D. Daniels, 

Ö. Farkas, J.B. Foresman, J.V. Ortiz, J. Cioslowski, and D.J. 

Fox, Gaussian, Inc., Wallingford CT, 2009. 

4) A.D. Becke, J. Chem. Phys. 98 (1993) 5648. 

5) C. Lee, W. Yang, R.G. Parr, Phys. Rev. B37 (1988) 785.  

6) A.E. Reed, F. Weinhold, J. Chem. Phys. 83 (1985) 1736.  

7) H. Lampert, W. Mikenda, A. Karpten, J. Phys. Chem. 101 

(1997) 2254.  

8) G. Fogarasi, X. Zhou, P.W. Taylor and P. Pulay: The 

Calculation of Ab initio Molecular Geometries: Efficient 

Optimization by Natural Internal Coordinated and Empirical 

Correlation by Offset Forces, J. Am. Chem. Soc.114 (1992) 

8191. 

9) T. Sundius, J. Mol. Struct. 218 (1990) 321: MOLVIBV.7.0; A 

Program for Harmonic Force Fields calculations, QCPE 

Program No.807, (2002). 

10) T. Sundius, J. Mol. Spectrosc. 82 (1980) 138.  

11) H.M. Badawi, W. Förner, Y.S. Oloriegbe, J. Mol. Struct. 

(Theochem) 548 (2001) 219.  

12) J.V. Prasad, S.B. Rai, S.N. Thakur, J. Chem. Phys. Lett. 629 

(1989) 164. 

13) M.K. Ahmed, B.R. Henry, J. Phys. Chem. 10 (1986) 629.  

14) G. Varsanyi, Vibrational Spectra of Benzene Derivatives, 

Academic Press, New York, 1969.   

15) N. Puviarssan, V. Arjunan, S. Mohan, Turk. J. Chem. 26 

(2002) 323.  

16) V. Krishnakumar, V. Balachandran, T. Chithambarathan, 

Spectrochim. Acta 62 (2005) 918.  

17) V. Krishnakumar, R. John Xavier, Indian J. Pure Appl. Phys. 

41 (2003) 95.  

18) V. Krishnakumar, N. Prabavathi, Spectrochim Acta 71 

(2008) 449.  

19) A. Altun, K. Golcuk, M. Kumru, J. Mol. Struct. (Theochem) 

637 (2003) 155.  

20) S. J. Singh, S.M. Pandey, Indian J. Pure Appl. Phys. 12 

(1974) 300. 

21) G. Socrates, Infrared Characteristics Group Frequencies, 

John Wiley, New York 1980.  

22) S. Ahmad, P.K. Verma, Indian J. Phys. 64 (1990) 50.  

23) D. Sajan, K.P. Laladhas, I. Hubert Joe, V.S. Jayakumar, J. 

Raman Spectrosc. 36 (2005) 1001.  

24) L.J. Bellamy, the Infrared Spectra of Compound Molecules, 

Chapman and Hall, London, 1975.  

25) C.V. Stephenson, W.C. Coburn, W.S. Wilcox, Spectrochim. 

Acta 17 (1961) 933.  

26) J.R. Tonannavar, R. Rao, A.M. Joshi, K. Suryanaryan Rao, 

M.A. Shashidhar, Indian J. Pure Appl. Phys. 26 (1988) 395.  

27) G.W. Chantry, E.A. Nicol, D.J. Harrison, A. Bouchy, G. 

Roussy, Spectrochim. Acta 30 (1974) 1717.  

28) http://riodbol.ibase.aist.go.jp.  

29) A.M. Huralikoppi, Investigation on the Spectra of some 

substituted Aromatic Molecules; Ph.D Thesis, Department of 

Physics, Karnataka University, Dharrwad, 1985.  

30) L.D.S. Yadav, Organic Spectroscopy, Anamaya Publishers, 

New Delhi, 2005.  

31) Y. Ataly, D. Avci, A. BaSoglu, J. Struct. Chem. 19 (2008) 

239.  

32) T. Vijayakumar, I. Hubert Joe, C.P.R. Nair, V.S. Jayakumar, 

J. Chem. Phys. 343 (2008) 83.  

33) C.R. Zhang, H.S. Chen, G.H. Wang, Chem. Res. Chinese. U. 

20 (2004) 640. 

34) D.A. Kleinman, Phys. Rev. 126 (1962) 1977. 

35) Y. Sun, X. Chen, L. Sun, X. Guo, W. Lu, J. Chem. Phys. 

Lett. 381 (2003) 397. 

36) O. Christiansen, J. Gauss, J.F. Stanton, J. Chem. Phys. Lett. 

305 (1999) 147. 

37) V.B. Jothy, T. Vijayakumar, V.S. Jayakumar, K. 

Udayalekshmi,  K. Ramamoorthy, I. Hubert Joe, J. Raman 

Spectrosc. 38 (2007) 1148.  

38) O. Prasad, L. Sinha, N. Kumar, J. Atom. Mol. Sci. 1 (2010) 

201.  

39) G. Keresztury, S. Holly, J. Varga, G. Besenyei, A.V. Wang, 

J.R. Durig, Spectrochim. Acta 49 (1993) 2007.  

40) M. Karabacak, L. Sinha, O. Prasad, Z. Cinar, M. Cinar, 

Spectrochim. Acta 93 (2012) 33.  

41) A. Ebrahimi, F. Deyhimi, H. Roohi, J. Mol. Struct. 

(Theochem) 626 (2003) 223. 

42) A. E. Reed, R.B. Weinstock, F. Weinhold, J. Chem. Phys. 83 

(1985) 735.  

43) E. Scrocco, J. Tomasi, Adv. Quantum Chem. (1979) 11.  

44) N. Okulik, A.H. Jubert, Internet Electron J. Mol. Des. (2005) 

4.   


