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Abstract  
Force field calculations have been carried out for 5-amino-2-chloro and 5-amino-2-fluoro benzotrifluorides. As 

the frequencies of the corresponding modes for the C-Cl and C-F groups do not differ widely the two molecules 

are assumed to be isotopomers for the purpose of the force field calculations. The calculated and the observed 

frequencies match nicely for both the molecules. Consistent vibrational assignments have been proposed for the 

ring modes and the internal modes of the CF3 and NH2 groups, based on the potential energy distributions 

(PEDs), the IR and the Raman intensities and depolarization ratios of the Raman lines. 
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I. Introduction 

                   Vibrational spectra of CF3 - substituted compounds have been extensively studied in the past [1-23]. 

Vibrational analysis for benzotrifluoride (C6H5-CF3)  has  been  proposed in  details  by a number  of  workers 

[2 ,4 ,9 , 11 ,13, 16, 17], D
 ̛ 
Cunha and Kartha [13] were the first to study the polarized Raman spectrum, liquid 

and gas-phase IR spectra and the force field calculations for benzotrifluoride and its deuterated derivatives. 

Green and Harrison [16] have reported the IR (liquid-gas-phase ) and Raman (solid-, liquid-and gas-phase) 

spectra of benzotrifluoride and the polarized Raman and IR spectra of its 9 derivatives (o-, m- and p-X-C6H4-

CF3; X = F, Cl and Br) and proposed the vibrational analysis for these molecules. Yadav and Singh studied the 

IR and Raman spectra and carried out the forced field calculations for p-CF3-C6H4-NH2 [23], o-, m- and p-CF3-

C6H4-CHO [21] and o-, m- and p-CF3-C6H4-CN [22]. These studies provide better understanding regarding the 

C-CF3 stretching mode and the internal modes of the CF3 group. 

              The vibrational spectra of benzene derivatives containing the NH2 group have also been studied by a 

numbers of workers [16, 24-41]. Studies of the vibrational spectra and force fields of 9 derivatives of aniline (o-

m- and -p-X-C6H4-NH2 ; X = F, Cl and Br) by Kumpawat et al. [36] are helpful in understanding the effect of 

NH2 group on the modes of the phenyl ring. Studies made by several others workers [25-29] deal with the 

vibrational spectra of primary aromatic amines. Bellamy and Williams [24], have carried out a thorough study 

of the characteristics of the NH2 group. The earlier studies [25-29] provide information regarding the vibrational 

frequencies of NH2 group. Several workers [42-44] have made thorough studies of mono-halogenated benzene 

compounds. These studies provide good information regarding the vibrational frequencies of C-Cl and C-F 

groups. From the survey of the literature it appears that work on the vibrational spectra of di-substituted 

benzotrifluorides is limited to only a few publications [45,46]. However, to the best of our information the force 

field calculations for di-substituted benzotrifluorides have not been carried out so far.  

       In the present work the force field calculations have been carried out for 5-amino-2- chloro-and-5-amino-2-

fluoro benzotrifluorides (here after called as 5A2CB and 5A2FB respectively) based on the IR and Raman 

spectra reported earlier [47-53]. The aim of the present study is to (i) make consistent assignment for the ring 

modes, (ii) study the effect of the positions of the substituents CF3, NH2, Cl and F on the ring modes and the 

internal modes of the substituents themselves, (iii) propose consistent assignments for the internal modes of the 

CF3 and NH2 groups and (iv) determine the force fields for these two molecules. 

 

II. Normal Co-ordinate Calculations 

             Molecular structures of 5A2CB and 5A2FB are not available in literature and therefore, model 

structures for these molecules were assumed. In these structures the phenyl ring, the NH2 group and C and one F 

atoms of the CF3 are taken to be co-planar. A local C2v point group symmetry is assumed for the NH2 group and 
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similarly, a local C3V point group symmetry is assumed for the CF3 group. Hence, the remaining two of the three 

F atoms are placed symmetrically above and below the plane of the ring. The bond length and bond angles are 

as follows: 

  r (CC) = 1.397 Å, r(CH) = 1.084Å, r(C-Cl) = 1.750Å , r(C-F) = 1.35Å, r( N-H) = 0.990Å, r( C-CF3) = 1.481Å,  

r( C-NH2) = 1.450Å
 
,  <CCC = 120

°
,  <CCX , N = H , Cl, F, NH2 and CF3 = 120

°
, <CNH = 119

°
 , <CCF = <FCF 

= 109
° 
28

’ 
 

The symmetry co-ordinates for the purpose of the force field calculations are constructed from the 

internal co-ordinates. The symmetry co-ordinates for the phenyl ring part were constructed in the same way as 

suggested by Whiffen [52], for the CF3 group as given by Hollestein and Günthard [53] and for the NH2 group 

as suggested by Yamaguchi et al. [54].  The torsion symmetry co-ordinates for the CF3 groups were formed by 

taking average of all the six dihedral angle deformations and similarly, for the NH2 group by taking average of 

all the four dihedral angle deformations. To calculate the F- and G-matrices and to perform the normal co-

ordinate analysis computer program written by schchatschneider [55] was used. 

The frequencies for the C-Cl and C-F groups for the corresponding modes are observed to be quite 

close. Therefore, in the present calculations the molecules 5A2CB and 5A2FB are assumed to be isotopomers. 

By doing so, one can determine more force constants. The principal force constants were taken from the work of  

Kydd [56] for Benzene, Bürger et al. [57] for CF3–CH=CH-CF3 , D’Cunha and Kartha [13] for 

benzotrifluorides, Yamaguchi et al. [54] for NH2-CO-NH2 and Rastogi et al. [58] for 2,4-dichlorobenzonitrile . 

A 70 parameters force field was constructed to calculate the F-matrix of the molecules. The non-diagonal force 

constants were adjusted by hit and trial method keeping in view the potential energy distributions (PEDs) and 

agreement between the experimental and calculated frequencies. The diagonal and non-diagonal force constants 

for the two molecules 5A2FB and 5A2CB are collected in Tables-1and 2.  

 

III. Result and Discussion 

             The molecules 5A2CB and 5A2FB belong to the categories 1,2-di-heavy-4-light and 1,4-di-light-2-

heavy substituted benzenes, respectively, because the Cl and CF3 groups are treated as heavy substituents and 

the NH2 and F groups are treated as light substituents. The frequency ranges for the phenyl ring modes for these 

two categories are proposed by Varsanyi [59]. The calculated frequencies, along with their PEDs and the 

corresponding IR and Raman frequencies (taken from the ref. [47]) and the normal mode assignments are given 

in Tables-3 and 4 for 5A2FB and 5A2CB, respectively. The discussion of the normal mode assignments can be 

divided into the following three categories:  (i) Phenyl ring and the C(Ph)-X ( X / H / CF3  / NH2 / Cl / F group 

modes,  (ii) NH2 group modes and  (iii) CF3 group modes. 

 

3.1    Phenyl Ring and C(Ph)-X (X = H / CF3 / NH2 / Cl / F) Group Modes  

  Due to replacement of the H atom by X (X = CF3 NH2 and C-X) group the symmetry of benzene is 

lowered from the D6h point group to the CS . Hence, each one of all the 10 doubly degenerate modes (modes 6-

10 and 16-20 ) of benzene splits in two components, giving rise to 20 normal modes. Therefore, in tri-

substituted benzene one has 30 normal mode due to the phenyl ring as: 6 ring stretching, 3 ring planar bending, 

3 ring torsion, 3 C-H stretching, 3 C-H in-plane bending and 3 C-H out-of-plane bending, 3 C-X stretching, 3 C-

X in-plane and 3 C-X out-of-plane bending modes. 

 

3.1.1 Ring stretching modes  

                Out of the 6 C-C stretching modes the modes 8a, 8b, 19a, 19b, 14 and 1, the modes 8a & 8b and 19a 

&19b appear in very narrow spectral ranges and are easily assigned in the region 1400-1625 cm
-1 

due to their 

characteristics magnitudes. For 5A2FB the frequencies 1620,1572,1505 and 1455 cm
-1

 are assigned to the C-C 

stretching modes 8b, 8a ,19b and 19a, respectively with the corresponding calculated frequencies 1620, 1567, 

1501 and 1453 cm
-1

, respectively. Similarly, for 5A2CB the observed frequencies 1608, 1585, 1482 and 1442 

corresponding to the calculated frequencies 1611, 1578, 1492 and 1430 cm
-1

 are assigned to the modes 8a, 8b, 

19b and 19a, respectively. The choice of the components a and b of the modes 8 and 19 is based on the ranges 

for the magnitudes of these modes suggested by Varsanyi [59]. From the Tables 3 and 4 it could be seen that 

there is a very good agreement between the observed and calculated frequencies for these modes. It may be 

noted from the Tables 3 and 4 that the modes 8a, 8b and 19a have major contributions from the ring stretching 

and small contributions planar force constants. However, the mode 19b has comparable contributions from the 

ring stretching and the C-H planar deformation force constants and small contributions from several planar force 

constants.  It may be noted that irrespective of the light/heavy nature of the substituted CF3, the component b 

appears with higher magnitude compared to the component a for both the modes 8 and 19. The PEDs for these 

modes suggest that the modes 8a, 8b have major contribution from the C-C stretching force constant and some 

contribution from the C-C-C angle bending and the C-H planar bending force constants. The modes 19a and 19b 

have comparable contributions from the C-C stretching and C-H planar bending force constants. In addition, the 
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mode 19a has some contribution due to the C-CF3 stretching force constant where as the modes 19b has some 

contribution from the C-C-C angle bending force constant.  

     The ring C-C stretching mode 14, known as the Kekule C-C stretching mode, corresponding to the 

benzene frequency 1309 cm
-1

 , which is spectroscopically forbidden both in the IR and Raman spectra of 

benzene. However, it appears as an extremely weak IR frequency for benzene. It is one of the substituent 

sensitive modes. In the present case for the 5A2FB molecule an IR band at 1310 cm
-1

 with the medium strong 

intensity and for the 5A2CB molecule an IR band at 1285 cm
-1

 observed with medium intensity corresponding 

to the weak Raman line 1282 cm
-1 

are assigned to this mode. The PEDs  for this mode suggest that this mode 

arises mainly due to the C-C stretching force constant with some mixing of the C-H planar bending and C-CF3 

stretching modes for 5A2FB where as for 5A2CB  there is mixing with the NH2 rocking mode also.  

The ring C-C stretching mode 1 corresponding to the phenyl ring breathing vibration appears as the 

strongest Raman line at 991 cm
-1

 and is strongly polarized. It is also one of the substituent sensitive modes. As 

this mode for 1, 2, 4-
 
tri-substitueted benzenes is derived from the most symmetry mode of benzene, it must 

retain its characteristic feature of the intensity and polarization in the Raman spectra to some extent. For 5A2FB 

the frequency 905 cm
-1

 appears with very strong intensity and low depolarization ratio in the Raman spectrum 

and with medium IR intensity. This frequency is the most suitable candidate for the ring breathing mode. From 

the PEDs for this frequency it is seen to arise due to strong mixing of the C-C stretching with the C-H planar 

bending, the C-CF3 and the C-C-C angle bending modes.  Similarly, for 5A2CB also the ring breathing mode 1is 

assigned at ~900 cm
-1

. Here also this frequency appears with good intensity and low depolarization ratio in the 

Raman spectrum. However, this frequency arises due to mixing of C-C stretching and C-H planar bending 

modes. 

 

3.1.2 Ring Planar Bending Modes  

Benzene has two planar ring deformation mode as 6 and 12. As mentioned earlier the mode 6 splits into 

6a and 6b for 1,2,4-tri-substituted benzenes. For benzene the 6 and 12 have magnitudes 606 and 1010 cm
-1

. Due 

to Varsanyi [59] all the three modes 6a, 6b and 12 are substituent and position dependent. For both the 

molecules 5A2FB and 5A2CB the modes 6a and 6b have similar trend for their magnitudes. The angle bending 

mode 12 is one of the substituent sensitive modes and it finds place in discussion in almost all the articles 

related to the vibrational studies of benzene derivatives. For 5A2FB it could be assigned at 664 cm
-1 

where as 

for 5A2CB the frequency 1025 cm
-1

 is assigned to this mode. 

 

3.1.3 Ring Torsion Modes  

              Phenyl ring torsions correspond to the modes 4, 16a and 16b of benzene for which these modes have 

magnitude 707, 404, and 404 cm
-1

. For 5A2FB the mode 4 is assigned at 690 cm
-1

, where as for 5A2CB it is 

associated with the frequency 690 cm
-1

 . For both the molecules this frequency is observed in the IR spectrum 

only. The remaining two torsional modes of the phenyl ring could be assigned at 530 and 167 cm
-1 

for 5A2FB 

where as for 5A2CB these modes are assigned at 523 and 106 (calc.) cm
-1

. 

 

3.2 C-X (X = H / CF3 / NH2  / Cl / F) Group Modes  

For these molecules, the assignments for the C-H stretching modes are straight forward. In 1, 2, 4-tri-

substituted benzenes the modes 3,18a and 18b correspond to the C-H planar bending modes [59]. The mode 3 is 

assigned at   1269 cm
-1

 and 1255 cm
-1 

for 5A2FB and 5A2CB, respectively. For both the molecules this mode 

appears to be a strongly mixed mode. The other two C-H planar bending modes are assigned at 1125, 1015 cm
-1

 

for 5A2FB and 1090, 1057 cm
-1

 for 5A2CB.
 
It appears from PEDs that for 5A2CB one of the C-H planar 

bending frequency (1090 cm
-1

) arises due to mixing of the C-C and CF3 stretching and C-H planar bending 

modes, where as the other frequency (1057cm
-1

) arises due to the C-C stretching and C-H planar bending 

modes. For 5A2FB the higher frequency arises due to strong mixing of the C-C, C-NH2 and CF3 stretching and 

C-H planar bending modes. 

 Out of the 3 non- planar C-H bending modes 5, 11 and 17b, the mode 17b appears to have the highest 

magnitude [59]. In the present case the frequencies 821 , 870 and 940 cm
-1

 are assigned to the 3 C-H non-
 
planar 

bending modes for 5AFB and similarly for the 5A2CB molecule the frequencies 828 , 870 and 1036 cm
-1

 (calc.) 

are assigned to the 3 C-H non planar bending modes. In both the cases these three frequencies appear to arise 

due to mixing of the C-H non planar bending modes with the C-C-C-C ring torsional modes. From the intensity 

pattern of these frequencies the lowest frequency ( ̴ 820 cm
-1

) is assigned to the mode 11 known as the umbrella 

wagging mode . Similarly, the middle frequencies (~ 870 cm
-1

) are assigned to the mode 5 and the highest 

frequencies (940 and 1036 cm
-1

) are assigned to the mode 17b
 
for both these molecules. It may be noted that for 

5A2CB, the frequency corresponding to the mode 17b could not be observed experimentally. 

As mentioned earlier there are three stretching modes due to the ring substituents, namely, the C-CF3, 

C-NH2 and C-F/C-Cl stretching modes, similar to the case of 2A5CB and 2A5BB here also the C-CF3 stretching 

mode is assigned at  ̴1340 cm
-1

. The PED for this mode contains contribution from the C-CF3 stretching force 
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constants and other several planar stretching and bending force constants for both the molecules. For the 5A2FB 

molecule the most suitable candidate for the C-NH2 mode is the frequency 1225 cm
-1

 based on the PED, 

intensities in Raman and IR and the depolarization ratio. In the light of the PED the C-NH2 stretching frequency 

is associated to a frequency at 1115 cm
-1

 for 5A2CB.This frequency appears with stronger IR intensity and 

medium Raman intensity and low depolarization ratio. The C-F stretching appears strongly in the IR spectra in 

the region 1400 -1450 cm
-1

 for substituted benzenes. In the present case a frequency ̴ 1260 cm
-1

 is observed with 

very strong IR intensity. The Raman line corresponding to this frequency has good intensity and low 

depolarization ratio. The force field calculation suggests the calculated frequency 1247 cm
-1

 could be associated 

to the C-F stretching frequency corresponding to the observed frequency ̴ 1260 cm
-1

. The PED for this 

frequency suggests that this results due to strong mixing of the C-F stretching mode with several planar modes.  

The C-Cl stretching frequency, as mentioned earlier is expected to appear in the region 600-800 cm
-1

. 

A frequency at ̴ 665 cm
-1

 appears with good IR and Raman intensities and low depolarization ratio. The 

calculated frequency corresponding to this frequency appears to have appreciable contribution from the C-Cl 

stretching force constant and hence, this frequency is assigned to C-Cl stretching mode for 5A2CB. In this case 

also this is not a pure mode as it arises due to strong mixing amongst the C-Cl and C-NH2 stretching and C-C-C 

angle bending modes. Out of the three C-X (X=C-CF3 / NH2 / F/Cl) planar bending modes the C-CF3 planar 

bending is expected to have the smallest magnitude. For 5A2FB and 5A2BB the force field calculations also 

favours the above idea. For 5A2FB and 5A2CB strong Raman lines observed at 130 cm
-1 

and 122 cm
-1

 are 

assigned to the C-CF3 planar bending modes. For 5A2FB it arises due to mixing of the C-CF3 and C-Cl planar 

bending and the CF3 rocking modes, where as for 5A2CB it is a result of mixing of the C-CF3 and C-Cl planar 

bending modes. The C-NH2 and C-X (X = F, Cl) planar bending modes are expected to appear at higher 

magnitudes than that of C-CF3 planar mode. The normal co-ordinate calculation suggests that the C-NH2 planar 

bending mode can be associated to a frequency at 534 cm
-1

 for 5A2CB where as for 5A2FB a frequency at 331 

cm
-1

 can be assigned to this mode. The planar C-Cl bending mode is calculated to be 192 cm
-1

. No observed 

frequency could be correlated to this mode, where as the C-F planar bending mode is calculated to be 480 cm
-1

 

and is correlated to the observed frequency 470 cm
-1

 with good Raman and medium IR intensities, both of these 

β(C-Cl) and β(C-F) are strongly mixed modes.   

   Out of the 3 C-X (X = CF3 / NH2 / F/Cl) modes the C-CF3 out of plane bending mode is expected to 

have the lowest magnitude. For 5A2CB the frequency 122 cm
-1

 and for 5A2FB the frequency 124 cm
-1

 (calc.) 

cm
-1

 is assigned to this mode. The C-NH2 non-planar bending mode is associated to the IR frequency 424 cm
-1

 

for 5A2FB; while for 5A2CB the Raman frequency 366 cm
-1

 is assigned to 332 cm
-1

 and non-planar C-Cl 

bending mode is correlated to the Raman frequency at 234 cm
-1

. 

 

3.3 Internal Mode of the NH2 Group    

Out of the 6 NH2 modes the modes υs( NH2) and υas(NH2 ) could be easily assigned owing to their 

characteristic magnitudes. For 5A2FB these modes are assigned at 3390 cm
-1

 and 3480 cm
-1

 and for 5A2CB the 

frequencies 3400 cm
-1

 and 3490 cm
-1

 are assigned to these modes. The magnitudes of these two modes υs and υas 

satisfy the empirical relation given by Bellamy [29], 

                                      υs = 345.5 + 0.876 υas 

 for both the molecules, suggesting that the two NH bonds of the NH2 group are identical in these 

molecules. The PEDs suggest that these are pure NH2 stretching modes. There are two frequencies in the region 

of β(NH2) mode. For 5A2CB the frequencies are 1625 and 1655 cm
-1

 and for 5A2FB these are 1632 and 1642 

cm
-1 

.The average of the two frequencies in both the cases is assigned to the β(NH2)
  
mode, i.e. for 5A2FB the 

frequency 1637 cm
-1 

and for 5A2CB the frequency 1640 cm
-1

 is assigned to the  β(NH2)
  
mode. For 5A2FB the 

doublet is explained as arising due to the Fermi resonance between the β(NH2)
  
fundamental at 1637 cm

-1
 and 

combination band at 1260+375 cm
-1

; whereas for 5A2CB the two frequencies 1625 and 1655 cm
-1

 are explained 

in terms of Fermi resonance between the β(NH2)
  
 fundamental at 1640 cm

-1
 and the combination band at 905 

+745 =1650 cm
-1

. 

The rocking mode of the NH2 group appears in the region 1000-1100 cm
-1

. The frequencies 1005 and 

1047 cm
-1

 are assigned to this mode for 5A2CB and 5A2FB, respectively. The PEDs for this mode suggest that 

it arises due to mixing of the rocking mode with the ring stretching mode for 5A2FB where as for 5A2CB it 

mixes with the C-H planar bending and C-C ring stretching modes. The wagging and the torsional modes of the 

NH2 group are pure wagging and torsional mode for 5A2CB and these are assigned at 720 and 352 cm
-1

. For the 

5A2FB molecule the wagging is a pure wagging mode; while, the torsional mode mixes slightly with the ring 

torsional mode and the CF3 deformation and rocking modes. For this molecule the frequencies 720 and 355 cm
-1

 

are assigned to the wagging and torsional modes of the NH2 group. 

 

 3.4 Internal Mode of the CF3 Group  

The CF3 group has 9 internal modes of vibration. In all the substituted benzene molecules containing 

CF3 group (s) there are four frequencies, one in the region 1300-1350 cm
-1

, two in the region 1100-1200 cm
-1 
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and one in the region 700-800 cm
-1 

which appear to be associated with the normal modes involving the CF3 

group. In the present case also for 5A2FB one observes the frequencies involving the CF3 groups. As discussed 

earlier the frequency 1340 cm
-1

 could be assigned to the C-CF3 stretching mode. The frequencies 1160 cm
-1 

and 

1140 cm
-1

 are assigned respectively to the anti-symmetric (a”) and symmetric (a
’
) components of the anti-

symmetric CF3 stretching mode. The PEDs for these frequencies suggest that the C-CF3 stretching mode and υas 

(CF3) (a”) mode localized within the CF3 group. Corresponding to the fourth characteristic vibration of the CF3 

group in the region 700-800 cm
-1

 two  frequencies are observed at 745 and 785 cm
-1

. The force field calculation 

places only one planar frequency in this spectral region. Appearance of the doublet could be explained in terms 

of the Fermi resonance between the CF3 symmetric stretching at {(785+745)/2} = 765cm
-1

 (a’) and the 

combination band 505 (a″) +270 (a”) = 775 cm
-1

 (a′).  

For 5A2CB the four characteristic CF3 group frequencies are 1334 cm
-1

, 1175, 1145 and 745 cm
-1

. The 

frequency 1335cm
-1 

is assigned to the mode υ(C-CF3) and the rest three frequencies 1175 , 1145 and 745 cm
-1

 

are assigned to the modes  υas (CF3) (a’+a’’) and υs (CF3) modes, respectively. The patterns of the PEDs for the 

frequencies, 1145 and 745 cm
-1 

for 5A2CB are similar to those of 5A2FB.  

The CF3 group has three deformation modes, namely, δs(a’) and δas (a’+ a”) , which appear in the 

region 400-500 cm
-1

. In the case of 5A2FB these mode are assigned at 505 (a”) and 493 (a’) cm
-1

.
  

The 

symmetric CF3 deformation mode δs(CF3) is assigned at 188 cm
-1 

(calc.). The PEDs show that the δas (a’ +a”) 

modes are mixed and localized modes; while, the δs (CF3) mode is mixed mode, the mixing being with the 

modes associated with the CF3 group as well as the phenyl ring modes.  

For the 5A2CB molecule the mode δs is assigned at 275 cm
-1

 where as the frequencies 465 and 452 

(calc.) cm
-1 

are
 
 assigned to the modes δas (CF3) (a

’
) and δas ( CF3 ) (a

”
), respectively . The rocking of the CF3 

group is assigned at 328 cm
-1 

(a’) and 285 cm
-1

 (a”) where as for 5A2CB it is assigned at 278 cm
-1

 (a’) and 270 

cm
-1

 (a”) for 5A2CB. The torsional mode of the CF3, group has the lowest magnitude of all the normal modes 

and it is calculated to be 68 and 54 cm
-1

 for 5A2FB and 5A2CB, respectively. 
 

IV. Conclusions 

 Out of the 6 ring stretching modes 8a, 8b, 19a, 19b 14 and 1, the first four modes, namely,  8a, 8b, 19a 

and 19b do not show variation in the magnitudes for both the molecules. The Kekule ring stretching modes 14 

appears at 1310 cm
-1

 for 5A2FB and 1283 cm
-1

 for 5A2FB suggesting that there is an effect of the nature of the 

substituent at the position 2. The ring breathing mode 1 has nearly the same magnitudes for 5A2FB and 5A2CB 

( ̴900cm
-1

). The trigonal bending mode 12 appears at 666 cm
-1 

for 5A2CB and 1026 cm
-1 

for 5A2FB. Out of the 

three torsional modes of the ring, the mode 4 seems to retain its magnitude in the range 660-700 cm
-1

. The 

remaining two ring torsion modes appear to depend on the nature and position of the substituent. Out of the 9 C-

H modes the three C-H stretching modes appear quite sensitive to the position and the nature of the substituents. 

Out of the 3 planar C-H bending modes, the mode 18b also appears to be insensitive where as the modes 3 and 

18a appear to be position and nature sensitive. All of the 3 C-H non-planar bending modes, the modes 17b and 

11 are sensitive to the nature and position. 

The C-CF3 stretching mode is observed in the range 1325 -1340 cm
-1

 for both the molecules suggesting 

that the CF3 group behaves as a light substituent contrary to the suggestion of Varsanyi [59]. The C-NH2 

stretching mode appears to have its magnitude in the region 110-1300 cm
-1

 for both the molecules. The 

symmetric stretching frequency of the CF3 group is observed in a very narrow frequency range 740-770 cm
-1

 for 

the two molecules and it appear as a very strong and polarized Raman line. The two anti-symmetric   stretching 

modes are observed in the range 1100-1200 cm
-1

; a
” 

components is assigned at a higher magnitude than the a
’
 

component. One can see that the modes δs , δas (a
’
 and a

”
) , ρ|| and ρ 

 
of the CF3 group are sensitive to the nature 

and position of the substituent. The PEDs for all the modes excepting the τ mode suggest that all of these are 

strongly coupled mode, the coupling being with different ring substituent (s) modes allowed by the symmetry.  

The internal modes of the NH2 group υa, υas and β are insensitive to the position and nature of the 

substituent. The remaining three modes ρ, ω and τ appear to be substituent and position sensitive.  From the 

PEDs of these mode it appears that the modes υa , υas , β and ω are highly localized group modes for both the 

molecules. The mode τ is a mixed (non-localized) mode for 5A2FB and 5A2CB. The vibrational spectra of 

5A2FB and 5A2CB could be explained by treating these molecules isotopomers of each other. 
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