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ABSTRACT

The spectroscopic properties of the Cefalexin (CFX) were examined by FT-IR, FT-Raman and UV-Vis techniques.

FT-IR and FT-Raman spectra in solid state were observed in the region 4000-400cm-1 and 3500-100cm-1 respec-

tively. The UV-Vis absorption spectrum of the compound that dissolved in

water was recorded in the range of 200-400nm. The structural and

spectroscopic data of the molecule in the ground state were calculated by using density functional theory (DFT) employing B3LYP method
with 6-31G(d,p) basis set. Complete vibrational assignments aided by the theoretical harmonic frequencies calculated were compared with
experimental FT-IR and FT-Raman spectra. The observed and the calculated frequencies are found to be in good agreement. The calculated
HOMO and LUMO energies show that charge transfer occurs within the molecule.

1. Introduction

Cefalexin (CFX) compound belongs to the Cephalosporins.
These are compounds containing a 1,2-thiazine fused to a 2-aze-
tidinone for a oxo-5-thia-1-azabicyclo[4,2,0] oct-2-ene-2-carbox-
ylic acid moiety or a derivative thereof. The title compound is
a first generation cephalosporin antibiotic. It is one of the most
widely prescribed antibiotics, often used for the treatment of su-
perficial infections that result as complications of minor wounds
or lacerations. It is effective against most gram-positive bacte-
ria.

The CFX and its derivatives were studied by several authors. Ma-
daras-kelly et.al. conclude that CFX remains the preferred antibi-
otic treatment for uncomplicated cellulitis. Patients with non-f3-
lactam regimens, primarily tetracycline and macrolides, had more
side effects and did less well than CFX patients [1]. In the hos-
pital, oral antibiotic therapy decreases length of stay, eliminates
phlebitis / IV line infections, and is less expensive than paren-
teral therapy [2,3]. Golightly et al. issue can be circumvented by
using Surface Enhanced Raman Scattering (SERS). The use of
SERS requires the presence of a roughened surface made of met-
als or colloids [4,5]. In recent decades, different physical forms
of solid active pharmaceutical ingredients (APIs) have evolved
from a mere scientific curiosity to an issue that must be ad-
dressed for every dosage form [6-8]. In comparison, the Raman
spectroscopic technique utilizes a monochromatic light source
(e.g. a laser) focusing on a sample and analyzing the resulting
scattered light [9].

Literature survey reveals, to the best of the present research stu-
dent’s knowledge, that DFT frequency calculations of the title
compound CFX have not been reported so far. Therefore, the
present investigation has been undertaken to study the molecu-
lar structure, geometrical parameters, vibrational wavenumbers,
modes of vibrations and the Natural Bond Orbital (NBO) analy-
sis which explain the most important orbital interactions in order
to classify general structural features. CFX molecule can show
large first order hyperpolarizabilities () related to an electronic
intra-molecular charge transfer excitation between the ground and
excited states calculation were performed by using DFT-B3LYP
methods with 6-31G(d,p) basis set. By analyzing the density of
states, the molecular orbital compositions and their contributions
to the chemical bonding were studied. The study of HOMO,
LUMO analysis were used to elucidate information regarding

charge transfer within the molecule. Moreover, the Mulliken
population analyses of the title compound were calculated and
the calculated results reported. The experimental and theoretical
results supported each other, and the calculations are valuable for
providing a reliable insight into the vibrational spectra and mo-
lecular properties.

2. Experimental Details

The compound under investigation namely, CFX was purchased
from APEX chemicals, Chennai which was of spectroscopic
grade and hence, used for recording the spectra as such without
any further purification. The FT-IR spectra of the compounds
were recorded in Bruker IFS 66V spectrometer in the range of
4000-400cm™. The spectral resolution was + 2cm™. The FT-Ra-
man spectra of these compounds were also recorded in the same
instrument with FRA 106 Raman module equipped with Nd:YAG
laser source operating at 1.064um line widths with 200mW pow-
er. The spectra were recorded in the range of 3500-100cm™ with
scanning speed of 30cm'min’ of spectral width 2cm’!. The fre-
quencies of all sharp bands were accurate to £ 20cm™. The UV-
Vis absorption spectrum of the sample was examined in the range
of 200-400nm using Shimadzu UV-1800 PC, UV-Vis recording
spectrophotometer.

3. Computational details

To provide complete information regarding the structural char-
acteristics and the fundamental vibrational modes of CFX, the
B3LYP correlation functional calculations were carried out.
The calculations of geometrical parameters in the ground state
were performed using the Gaussian 03[10] program. DFT cal-
culations were carried out with Becke’s three-parameter hybrid
model using the Lee-Yang-Parr correlation functional (B3LYP)
method. The optimized structural parameters were used in the
vibrational frequency calculations at DFT level to character-
ize all stationary points as minima. The optimized structural
parameters were evaluated for the calculations of vibrational
frequencies by assuming C1 point group symmetry. The assign-
ments of the calculated wavenumbers were aided by the anima-
tion option of Gauss View 5.0 graphical interface from Gaussian
program [11]. As a result, the unscaled calculated frequencies,
reduced mass, force constants, infrared intensities, Raman ac-
tivities and depolarization ratio were obtained. The symmetry
of the molecule was also helpful in making vibrational assign-
ments. The symmetries of the vibrational modes were deter-
mined by using the standard procedure [12] of decomposing the

182 IJSR - INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH




Research Paper

traces of the symmetry operation into the irreducible represen-
tations. The symmetry analysis for the vibrational modes of CFX
was presented in detail in order to describe the basis for the as-
signments. By combining the result of the Gauss View program
[13] with symmetry considerations, vibrational frequency as-
signments were made with a high degree of confidence. There
is always some ambiguity in designing internal coordinates.
However, the defined coordinates form complete set and match-
es quite well with the motions observed using the Gauss View
program. UV-Vis spectra, electronic transitions, vertical excita-
tion energies and absorbance were computed with the time-de-
pendent DFT (TD-DFT) method. The electronic properties such
as HOMO and LUMO energies were determined by TD-DFT ap-
proach.

4. Results and discussion

4.1 Geometric Structure

The optimized molecular structure of CFX belongs to C, point
group symmetry. The most optimized geometry performed at
B3LYP/6-31G(d,p) basis set of CFX molecule with atom number-
ing scheme is shown in Fig.l. The comparative optimized struc-
tural parameters such as bond length, bond angle are presented in
Table 1. The theoretical values for the CFX molecule were com-
pared with the experimental values by means of the root mean
square deviation values [14]. The C -Cl, bonds were found to
be shorter than the other bonds of CFX. This molecule has sev-
en N-C bond lengths, twelve C-C bond lengths, one C-S bond
length, thirteen C-H bond lengths, four C-O bond lengths, one
O-H bond length, one C-Cl bond length, two N-H bond length.
The O,-H,, bond length value was found to be 0.9889A. Here
the value of C,-S, bond length was found to be high compared
to other bond length values. Several researchers have explained
the changes in the frequency or bond length or bond angle of the
C-H bond on substitution due to change in the charge distribution
on the carbon atom of the ring. The calculated bond angle of C-
N,-C, is 134.51° is found to be high compared to other values of
bond angle. The small difference between experimental and the-
oretical bond lengths and bond angles may be due to the presence
of intermolecular hydrogen bonding.

4.2 Vibrational analysis

The title molecule CFX has 41 atoms, belonging to C1 point
group and possessing 104 normal vibrational modes. The vi-
brational spectral assignments were performed based on the
recorded FT-IR and FT-Raman spectra and the theoretically pre-
dicted wavenumbers of the title molecule. Vibrational frequen-
cies of CFX were calculated by B3LYP with basis set 6-31G(d,p)
level. The observed peaks were compared with the calculated
results to facilitate the assignments of the peaks and are tabu-
lated in Table 2. The experimental and theoretical FT-IR and FT-
Raman spectra of CFX are shown in Figs.2 and 3. The theoreti-
cally simulated spectra are more regular than the experimental
ones because many vibrations presenting in condensed phase
lead to strong perturbation of infrared and Raman intensities of
many other modes. Fogarsi and Pulay et al. recommended the
natural internal coordinates [15,16]. The calculated harmonic
wavenumbers are usually higher that the corresponding experi-
mental quantities because of the combination of electron cor-
relation effects and the basis set deficiencies. The maximum
number of values determined by B3LYP/6-31G(d,p) is in good
agreement with the experimental values.

4.2.1 CH, Vibrations

Methyl groups are generally referred to as electron donating
substituent’s in the aromatic ring system. The C-H stretching
in CH, occurs at lower frequencies than those of aromatic ring.
For CH, compound, the modes appearing in the region 2962
- 2872 cm™ are assigned to CH, stretching mode of vibration
[17,18]. In the present work, the FT-IR bands observed at 2931,
2919 and 2905 cm™ and the FT-Raman bands observed at 2930,
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2918 and 2905 cm™ have been assigned to CH, stretching vibra-
tions [19-21]. The B3LYP level at 6-31G(d.p) basis set values are
2930, 2919 and 2904 cm™ as shown in Table 2. In general, the
aromatic CH, stretching vibration calculated values are in good
agreement with the experimental values. These vibrations are
identified as pure mode with 100% of PED values.

4.2.2 C-H Vibrations

Aromatic compounds commonly exhibit multiple weak bands
in the region 3200 - 3000 cm™ due to aromatic C-H stretching
vibrations [22-25]. The C-H symmetric stretching vibrations ob-
served in FT-IR spectrum at 3091 cm™ , similarly in FT-Raman
spectrum at 3088 cm™. The C-H in-plane and out-of-plane bend-
ing vibrations generally lie in the range 1300-1000 cm™ and 950-
800 cm™ respectively [26,27]. 'The calculated values of these
modes for the title molecule have been found to be 3090 cm™ at
B3LYP level with 6-31G(d,p) basis set calculation. As indicated
by the PED, these modes involve approximately 100% contribu-
tion suggesting that they are stretching modes. The substituted
benzene like molecule gives rise to C-H stretching, C-H in-plane
and C-H out-of-plane bending. The in-plane C-H bending vibra-
tions appear in the range 1475-1450 cm™ [28] in the substituted
benzenes and the out-of-plane bending vibrations occur in the
frequency range 750-1000 cm '[29]. The calculated frequencies
are 964, 939 and 829 cm™ assigned to C-H torsion bending vibra-
tions for CEX. This also shows good agreement with the experi-
mental values as given in Table 2.

4.2.3 C-N Vibration

The identification of C-N vibration is a very difficult task, since
the mixing of several bands is possible in this region. The C-N
stretching vibrations generally occur in the region 1180-1280
cm’[28]. James et al. [30] assigned 1370 cm™ for 1-benzyl-1-H-
imidazone for C-N vibration. Pinchaset et al. [31] assigned C-N
stretching at 1368 cm™ in benzamide. Kahorec and Kohlrensch
et al. [32] identified the stretching wavenumber of C-N band in
Salicylcaldoxinne at 1617 cm™. In the present investigation the
bands observed at 1489 and 1330 cm™ in FT-IR and 1489, 1360
and 1331 cm™ in FT-Raman are assigned to C-N stretching vibra-
tion as given in Table 2. The theoretically calculated value of C-N
stretching vibrations are 1489 and 1330 cm™ by B3LYP level with
6-31G(d,p) basis set.

4.2.4 C-0O vibrations

The C-O stretching vibration in CFX has a main contribution in
the mode with B3LYP/6-31G(d,p) predicted frequency at 1749
cm’. In the present investigation the bands were observed at
1717 cm™ and at 1717 cm™ in FTIR and FT-Raman spectrum of
CFX respectively. The C-O bending vibration mode with the ex-
perimental frequency of 1717 cm™ was found to be in excellent
agreement with the calculated value at B3LYP level.The conclu-
sions above are in agreement with the literature value [33].

4.2.5 N-H Vibrations

It has been observed that the presence of N-H group in vari-
ous molecules may be correlated with a constant occurrence of
absorption bands whose positions are slightly altered from one
compound to another; this is because the atomic group vibrates
independently of the other groups in the molecule and has its
own frequency. The intensity of absorption in this region de-
pends upon the degree of hydrogen bonding, and hence upon
the physical state of the sample. Normally in all the heterocyclic
compounds, the N-H stretching vibration occurs in the region of
3500-3000 cm™[34]. In our title molecule, the N-H stretching vi-
bration, is predicted at 3481 cm™ by B3LYP/6-31G(d,p) and is in
very good agreement with experimental methods. This mode is
pure stretching mode as it is evident from Table 2, which is ex-
actly contributing to 100% of PED. This predicted wavenumber
exactly correlate with the literature data[35].
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4.2.6 C-S Vibration

In general, the assignment of the band due to C-S stretching vi-
brations in different compounds is difficult.The identification of
C-S vibration becomes a very difficult task because of the mixing
of several bands. The stretching vibrations assigned to the C-S
linkage assigned to occur in the region 700-600 cm™[36]. The
band observed at 599 cm™ in FT-IR and 596 cm™ in FT-Raman
are assigned to C-S stretching mode of vibration [37]. The PED
for this mode suggests that this is pure mode. The calculated
wavenumber are 596 cm™ by B3LYP level with 6-31G(d,p) basis
set. The calculated wavenumbers are in good agreement with
the experimental data and the values are in good agreement
with the experimental values, as presented in Table 2.

4.2.7 C-C Vibrations

The benzene possesses six stretching vibrations of which the
four with the highest wavenumbers occurring near 1650 — 1400
cm’ are good group vibrations [38]. With heavy substituents,
the bonds tend to shift to somewhat lower wavenumbers and
greater the number of substituents on the ring, broader the ab-
sorption regions. In the title molecule, the bands observed in
FT-IR and FT-Raman at 1580 cm™ have been assigned to C-C
stretching due to the substituents in benzene ring. The calcu-
lated C-C stretching vibrations using B3LYP/6-31G(d,p) shows a
very good agreement with the experimental values.

4.2.8 NH, Vibrations

Primary aliphatic amides absorb in the region 3520-3320 cm™
[39]. The position of absorption in this region depends upon the
degree of hydrogen bonding and the physical state of the sam-
ple or the polarity of the solvent. The NH, stretching modes are
3462 and 3368 cm™ by B3LYP level 6-31G(d,p) basis set, while
the experimental values are 3368 and 3369 cm™ in FT-IR and FT-
Raman spectrum respectively, as presented in Table 2. The PED
contributions are 100% for stretching mode.

5. Other Molecular Properties

5.1 NBO analysis

NBO(Natural Bond Orbital) analysis provides an efficient meth-
od for studying intra and inter molecular bonding and interaction
among bonds, and also provides a convenient basis for investi-
gation charge transfer or conjugations in molecular system. An-
other useful aspect of NBO method is that it gives information
about interactions in both filled and virtual orbital spaces that
could enhance the analysis of intra and intermolecular interac-
tions. The second order Fock matrix was carried out to evaluate
the donor-acceptor interactions in the NBO analysis [40]. For
each donor NBO(i) and acceptor NBO(j), the stabilization energy
associated with i—j delocalization can be estimated as  where
q; is the donor orbital occupancy, ¢, and ¢ are the diagonal ele-
ments and F (i, j) is the off-diagonal NBO Fock matrix element.
In Table 4, the perturbation energies of significant donor-accep-
tor interactions are presented. The larger the E(2) value, more
intensive is the interaction between electron donors and electron
acceptors. In CFX, the interactions between the first lone pair of
nitrogen N, and the antibonding of C -O, have the highest E(2)
value around 56.26 kcal.mol.

5.2 Molecular electrostatic potential

Molecular electrostatic potential and electrostatic potential are
useful quantities to illustrate the charge distributions of mol-
ecules and used to visualize variably charged regions of a mol-
ecule. Therefore, the charge distributions can give information
about how the molecules interact with another molecule. Mo-
lecular electrostatic potential regions for the electrophilic attack
of charged point-like reagents on organic molecules [42]. The
molecular electrostatic potential V(r) that is created in the space
around a molecule by its nuclei and electrons is well established
as a guide to molecular reactive behaviour. It is defined by:
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in which Z, is the charge of nucleus A, located at R, p(r’) is the
electronic density function for the molecule and r’ is the dummy
integration variable [43]. At any given point r(x, y, z) in the vi-
cinity of a molecule, the molecular electrostatic potential (MEP),
V(r) is defined in terms of the interaction energy between the
electrical charge generated from the molecule electrons and nu-
clei and a positive test charge (a proton) located at r [44]. The
molecular electrostatic potential is related to electron density and
a very useful descriptor for determining sites for electrophilic
attack and nucleophilic reactions as well as hydrogen-bonding
interactions [45,46]. To predict reactive sites for electrophilic
and nucleophilic attack the investigated molecule, the MEP at
the B3LYP/6-31G(d,p) optimized geometry was calculated. The
different values of the electrostatic potential at the surface are
represented by different colors. Potential increases in the order
red<orange<yellow<green<blue. Therefore, red indicates nega-
tive regions, blue indicates positive regions, as green appears
over zero electrostatic potential regions. It is accepted that the
negative (red) and the positive (blue) potential regions in the
mapped MESP represents regions susceptible to approach electro-
philic molecules or nucleophilic molecules respectively.

In fact, the mapped MESP over a single surface does not suffice
to point out which ligand’s regions are more prone to oncom-
ing electrophilic species. To really find out these regions, one
should analyze MESP’s contour map of the ligand .Spatial re-
gions denser in MESP’s contour lines present stronger electro-
static then region with less contour lines.Also ,electrostatic field
planar projection points orthogonally towards decreasing MESP
contours.Therefore, in general, the red regions depictured in the
total electron density surface mapped with the MESP indicate
the occurrence of inward electrostatic fields, which favor the
approach of electrophilic species and repel nucleophilic ones.
It can be seen that the most possible sites for electrophilic at-
tack is C8. Negative regions in the studied molecule are found
around 010,011 and 012 atoms indicating a possible site for nu-
cleophilic attack. According to these calculated results, the MEP
map shows that the negative potential sites are on electronega-
tive atoms as the positive sites are around the hydrogen atoms.
The contour map provides a simple way to predict how different
geometries can interact and is shown in Fig.4

5.3 UV-Vis spectral analysis

In an attempt to understand the nature of electronic transitions,
positions of experimental absorption peaks, calculated absorption
peaks(X ), vertical excitation energies(E) and assignments of the
transitions of the CFX molecule were calculated and the results
are presented in Table 5. The UV-Visible absorption spectra of
the title compound is shown in fig.5 The electronic absorption
spectra were calculated using the TD-DFT method based on the
B3LYP/6-31G(d,p) level optimized structure in gas phase and
water. For TD-DFT calculations, the theoretical absorption bands
are predicted at 314.13, 285.82 and 283.52 nm in gas phase and
3.9105,4.2685 and 4.3349 nm in water solution. The TD-DFT
calculations on electronic absorption spectra in water solvent
were performed. The absorption wavelength calculated at 320
nm is in good agreement with the experimental absorption wave-
length at 320 nm in the UV-Visible spectra [47-49]. The highest
occupied molecular orbitals (HOMOs) and the lowest-lying unoc-
cupied molecular orbitals (LUMOs) are named as frontier molec-
ular orbitals (FMOs). The energy gap between the HOMOs and
LUMOs as the critical parameters in determining molecular elec-
trical transport properties helps in the measure of electron con-
ductivity. To understanding the bonding feature of the title mol-
ecule, plot of the Frontier orbitals, such as HOMO and LUMO as
shown in Fig. 6.

5.4 Mulliken population analysis
The total atomic charges of CFX obtained by Mulliken popula-
tion analysis by B3LYP method with 6-31G(d,p) basis set was
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listed in Table.6. The atomic charges affect dipole moment, po-
larizability, electronic structure and what more, more a lot of
properties of molecular systems. The charge distribution of the
title compound shows that all the hydrogen atoms have positive
charges. All the nitrogen atoms have negative charges. The car-
bon atoms have either positive charges or negative charges. The
maximum atomic charge is obtained for C8 when compared to
other atoms. From the result it is clear that the substitution of
aromatic ring leads to a redistribution of electron density. The
charge distribution on the molecule has an important influence
on the vibrational spectra [50]. The corresponding plot of Mul-
liken charges obtained by B3LYP/6-31G(d.p) level is shown in
Fig.7.

5.5 Global and local reactivity descriptors

The energy gap between HOMO and LUMO is a critical param-
eter to determine molecular electrical transport properties. By us-
ing HOMO and LUMO energy values for a molecule, the global
chemical reactivity descriptors of molecules such as hardness,
chemical potential, softness, electronegativity and electrophilicity
index as well as local reactivity have been defined [S51-55]. Soft-
ness is a property of molecule that measures the extent of chemi-
cal reactivity. It is the reciprocal of hardness. S = using Koo-
pman’s theorem for closed-shell molecules, n, pu and y can be
defined as n = w=  x = where A and I are the ionization
potential and electron affinity of the molecules respectively. The
ionization energy and electron affinity can be expressed through
HOMO and LUMO orbital energies as I = -E, ., and A = -E
wor Electron affinity refers to the capability of a ligand to ac-
cept precisely one electron from a donor. The ionization potential
calculated by B3LYP/6-31G(d,p) method for CFX is 1.5431eV.
Considering the chemical hardness, large HOMO-LUMO gap
means a hard molecule and small HOMO-LUMO gap means a
soft molecule. One can also relate the stability of the molecule
to hardness, which means that the molecule with least HOMO—
LUMO gap is more reactive. Recently Parr et al. [51] have also
defined a new descriptor to quantify the global electrophilic pow-
er of the molecule as electrophilicity index (®), which defines a
quantitative classification of the global electrophilic nature of a
molecule Parr et al. [S1] have proposed electrophilicity index ()
as a measure of energy lowering due to maximal electron flow
between donor and acceptor. Their definition of electrophilicity
index () is as follows: © = Using the above equations, the
chemical potential, hardness and electrophilicity index have been
calculated for CFX and their values are shown in Table 7. The
usefulness of this new reactivity quantity has been recently dem-
onstrated in understanding the toxicity of various pollutants in
terms of their reactivity and site selectivity [56]. The calculated
value of electrophilicity index describes the biological activity of
CFX.

5.6 Thermodynamic properties

The statistical thermodynamics, the standard thermodynamic
functions: heat capacity(C"pm), entropy(S° ) and enthalpy (H° )
were calculated using perl script THERMO.PL [57] and are list-
ed in Table 8 and the correlation graph is shown in fig.8. As
observed from Table 8, the values of C°pm, S°m and H°m all
increase with the increase of temperature from 100 to 1000K,
which is attributed to the enhancement of the molecular vibration
with the temperature increase. All the thermodynamic data pro-
vide helpful information that may facilitate further study on the
title compound. They compute the other thermodynamic energies
according to relationships of thermodynamic functions and esti-
mate directions of chemical reactions according to the second law
of thermodynamics in thermo chemical reactions according to the
second law of thermodynamics in thermo chemical field.

Note: All thermodynamic calculations were done in gas phase
and they could not be used in solution.
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6. Conclusions

The FT-IR and FT-Raman spectra were recorded and the de-
tailed vibrational assignment was presented for CFX for the first
time. A complete vibrational investigation of the title compound
were performed using FT-IR and FT-Raman spectroscopic tech-
niques and the various modes of vibrations were explicitly as-
signed the results of PED analysis. The equilibrium geometries,
harmonic frequencies, infrared intensities and Raman scattering
activities of the molecule were determined and analyzed by B3L-
YP with 6-31G(d,p) basis set. The simulated FT-IR and Raman
spectra of the title compound show good agreement with the
observed spectra. The electronic properties were also calculated
and compared with the experimental UV-Vis spectrum. The dif-
ferences between the observed and the scaled wavenumbers val-
ues of most of the fundamentals are very small.It is believed that
this study reveals the interesting spectroscopic and electronic
properties of the title compound, which will be useful to those
who are in the pursuit of experimental and theoretical details of
the title molecule.

Table 1 Optimized geometrical parameters of CFX

Bond _ [B3LYP Bond angiy [BOL2__[Bond — [BaLYP
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0.-H._[09889 C-C-0. 12191 __|C-N.-C_[9452
CooH. (10857 C-C-0. 1177 __|N-C.-C._[11918
C.oH. (10857 0.-C-0. 12037 __|N-C.-C_[11676
C,-H, 10973 C,-0,-0, (1531 (SN 1ol
C.-CL__[05%7 C-C.HL 10978 __[C.-C.-C_[1906
.m0, (1223 C-CooH. [1125% |C.-C.-C.[12044
C.oN._ 13729 C-C.—HL. {1095 [C.—C.-C.[1189%2
C.-C._[15319 Ho-C.H[10825 _|C.—C.-C.[12042
C.-N, 14597 Hy-C,-H, (10659 (%% 12024
C.oIL_ (1099 H-CHL[1099 __[C-C-C |18
NH. {10099 C.oC.-0.[1211__|C-C.-C_[12378
C.—C. 14027 C.-C.oN. (11534 [C-C.-C. 12452
C.-C. (13988 0.-C.oN.[125 __[C-C.-C, 11168
C.oC. (139 C.-C.-N.[108% _[C.-C.-C. [118515
C.oH. (10862 C.oC.-N.[10731__|C.-C.—H_[10858
C.-C._ 1397 C.-C.-H.[10894 _|C.-C.—H. [1089
CooH. (10862 C.oCooH 1157 |C-N.-C,_ 12147
CoC. (1393 C.-C.H_[10748 _|C-N.-C,[1192
C.oH. 108 N.-C.—H.[1086

C.-C. 11397

Table 2 Vibrational KSSlgnment ol CFX
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Calculated
xperimental Fequency 40 1183|1182 1182 |uNC(29)
{om ) __{Vibrational band assignment 4 213 (1213 1213 [v0C(15)
Mode No. [ () B3LYP/6- |PED%
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3 868 |%99 3368 |UNH,(100) 46 150 1150 149 |ucc(e)
4 88 322 |VOH() 47 42 |1 143 |sHCC(S)
5 WP 309 |oCHBY 48 1% |12 1%  |tHCCC®GS)
6 0 3090 |oCHO8) 49 1101 1101 101 |uNC(36)
! 3080 |38 3081 |vCH(E0) 5 1095 |109% 1095 |UNC(30)
$ o P 3073 |oCHE3) 51 1062|1063 063 |uCC(93)
) S| 3052 |vCHBY 5 1042|1042 1043 |UNC(59)+ LCC(20)+ SOCN(10)
10 3007 {3007 3007 |uCH(%8) SHCH(51)+ SHCS(36)+
1l 2986 289 2986 CH(100 ? = = = pcecs)
oCH(100) 54 018|107 017 |uCC(23)+ SHCC(10)
12 2986|289 2986 CH(59
VCH(S) 5 1011 1011 1010 |uCC(10)+ uNC
13 2964|2964 294 |uCH(5)) % o - ” p—
i 2931|2930 2% [vCH81) - o - o p——
15 2919|2918 2919 [uCH,(57) 5 - - - o
16 2905|2905 2904 CH,(100
VCH,(100 59 905 905 906 CC+ 3ONC(17)
7 1766|1767 1767 |v0C,48) o o o o ———
18 1750|1749 179 [v0C,83) o o o - ——
2
19 mr | m8  [v0C(9) 0 0 0 - oo
3
2 158 1580 158 |vCC(86) o ” " " -
2l 1489 1489 1489 |UNC(19)+ SHNC(51) o o o - —
v 2
2 U |um 1“8 |sHCC() o " s " HOCO()
3 1456 146 45 |SHCC(17
7 66 801 801 800 THOCC(24)+ YOCNC(12)
% 1“0 |14 441 [SHCO6
) 67 787 789 788 v0COC(29)
% 48 1429 1428 |SHCH(36) o o o - o
% 1411 1410 41 |SHCH(84) SCCC(I3)
0 730 ™ ™ tHOCC(26)+00COC(72)
27 1375|1375 1375 [SHOC(9)
0) 7 3 3 THOCC(10)
28 48 |14 148 |SHOC(36)
7 691 91 691 1CCCC(52)
2 1411 1410 41 |SHCH(8)
7 685 687 686 1CCC(69)
30 1375|1375 1375 [3HOC@9)
73 609 608 608 5CCC,(35)
31 1360|1360 1360 |SHNC(22
@) 7 599 5% 59 0SC(56)+70CNC(42)
3 1330|1331 1330 |SHCC(5)+uNC(36)
7 - 579 579 NCCC(59)
3 136|137 132  |SHCC(69)
7% - 540 540 S0CC(11)+1CCNC(10)
3 B13 1312 1313 |tHCSC(15)
7 - 496 496 THNCCO(#)
% 1303|1302 1302 [SHCN() - _ - . SCCN (T
3SCN(13)+uCCN(10)
36 1287|1285 128 [5CCC(68)
79 - 453 454 THNCCO(#)
37 1252|1252 1253 |SHCS(0)
) - 46 46 THNCC(58)+ vCC(11)
38 2400|1242 241 |sHCC(32)
81 - 401 401 1CCCC(23)+50CC(46)
39 2135|1231 213 |voC(s)
8 - 399 400 10CCC,(51)
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34 [1.04 [035 [72 [8.09 [249 [110 [3.32 [2.39
8 39 39 8CCe() 35 [110.85 [27.88 |73 |33.87 353 111 [0.21_|0.37
“ 311 312 SNCC(10) 36 [13.57 [11.9 |74 [8.28 [1.94 |[112 [0.44 [7.12
37 [32.75 [13.07 |75 |39.21 |6.05_|113 |0 457
5 311 311 SNCC(17) 38 1.88 2.85 76 18.65 [2.88 114 10.25 [1.8
Table 4 Second order perturbation theory analysis of Fock
86 299 299 ONCC(11)+yCCCC(58) matrix in NBO analysis
a i ) b[R(G 7\e
& 284 285 S0CC+ENCC(2)+ 8CCC(16) Donor(i) |Acceptor(j) f;fgl)) (kJ/ F;l ( u{))‘E(l) faflu) )
nC_-C_|n*C_-C, [19.53 0.27 0.065
88 27 272 SOCN(12)+ SCNC(12) TR SR X E o 006
89 253 254 5CCC(19)+tHNCC(39) nC,-C, |[n*C_-C. 2048 0.27 0.067
LP.-N, [n*C,-0, |20.98 0.37 0.08
90 21 240 3CCC(17) IP.-0, [n*C,-C, [20.1 0.63 0.102
SCOTIE LP.- 0, [n*C,-0, [31.08 0.63 0.117
91 201 200 LP,-0, [n*N,-C,_ [27.5 0.5 0.116
SCNC(13)+/CNCC(12) LP.-0. [n*C.—C. [3632 0.41 0.111
9 183 183 grggg((égg@cm(ny LP.- 0, [n*C,.-C_|224 0.64 0.109
ONCC(3CNCT)s LP,-0, [n*C_-C,_ [27.83 0.71 0.127
93 166 167 50CC(56) LP.-N,_ |[n*C_-0,_ |56.26 0.29 0.116
9% 160 160 YCCCC(23)+50CC(46) * E(2) means energy of hyper conjugative interaction (stabiliza-
CONCG D tion energy).
% 124 123 rCNCCEZ7%+yCCCN(12)
9% 118 118 1CCON3) " Energy difference between donor and acceptor i and j NBO or-
bitals.
97 97 98 5CCC(26)
o ol 9 COONG) ¢ F(i,j) is the fock matrix element between i and j NBO orbitals.
T
99 7 7 T0CCN(41)+ YCNCC(51) Table 5 UV-Vis excitation energy(AE) of CFX
TD-B3LYP/6-31G(d.p)
100 68 68 @(C:Iggg&rcmc(&ssy States  [Gas phase Water pL
Acal E(eV) Acal E(eV)
101 46 46 TNCCC(62)+ tCCNC(13) S1 314.1300 __ [3.9468 _ |3.9105__ [0.0227 __|320
SCCN(24)+NCCN(9) S2 285.82 43379 |4.2685___0.0115___|280
102 3 40 +TCNCC(20) S3 283.52 4.373 4.3349__|0.0005__ 269
103 16 17 ;(C:ggg((ﬁ))ncccc(nﬁ Table 6 Mulliken atomic charges of CFX
At [B3LYP At- [B3LYP At [B3LYP At- [B3LYP
104 12 10 TNCCC{47)+CCNC(45) oms |6-31G(dp) [oms [6-31G(dp) |oms [6-31G(d,p) [oms [6-31G(d,p)
v-stretching; §-bending; y-Out of plane bending; t-torsion; poten- NI 10446283 1011 |-0474173 2l 10086124 H31 1015692
tial energy distribution (PED); €2 [0178918  [012 [-0423042  [C22 [-0094647  [H32 [0.123572
C3_[0072037 __|C13_|-0375066 _ |C23 |-0115719 _ |H33 |0.124455
Table 3 IR intensity and Raman activity of CFX C4 [0397883  [C14 [0579705  |N24 [-055713  [H34 0303647
S5 [0139885__ |C15 [0.087607 _ |H25 [0140334 _ |H35 |0.119075
S.No IR, |Ram  |SNo |IR, |Ram  |S.No |IR, |Ram C6_ 0136666016 |-048545 _ [H26 |0.149963 _ |H36 |0.094066
1 [827 1491 (39 [34.86 1605 |77 |25.79 |12.9 C7_ 0013115 |NI7 |-0535692 _ |H27 |0.17599% _ |H37 0089724
2 1836 [113.72 140 1584 16.7 |78 |13.17 |1.49 C8_ 0534204 |C18 0075373 |H28 |0.152461 _ |H38_|0.092065
3 1255 147.63 |41 [113.32 |11.53 |79 |16.67 |6.18 €9 [0486139 _[C19 [0110449 _ |H29 [0336394 _ |H39 |0.080374
4 |7 276.46 |42 |38 6.57 |80 |0.1 [3.93 010 |-0397387__|C20_|-0.10623 H30 [0132347 _ |H40_|0.233504
5 [20.34 [24.67 |43 |59.33 |7.96 |81 _|4.37 |1.32 H 10245272
6 1126|904 |44 |10.78 |6.62 |82 |25.07 |3.06
7 0.65 (6735 [45 [3.64 (69 [83 [23.75 [5.41 Table 7 Molecular properties of CFX
8  [84 [39.84 [46  |9.65 [9.87 |84 [7.49 |6.25 Molecular prop- [B3LYP/6- [\ ] B3LYP/6-
9 267 [105.61[47 [1527 [11.38 [85 [3.39 [1.18 erties 31G(d.,p) olecular properties |34 )
10 [18.23 [74.88 |48 [12.53 |664 |86 |25.03 |5.94 - 6.4597
11 [1.89 8847 |49 [2622 [22 |87 [41.33 |1 eHOMO(eV)  (6.4597 Chemical hardness(n)
121443 [97.04 |50 _[38.83 |2.15 |88  |6.64 |2.88
13 |27.87 [219.71 [51 [33.82 [6.3 _ [89 [8.13 [4.44 eLUMO(eV)  |-1.5431 Chemical potential(y) (-0.2499
141629 [146.61 52 [8.73  [1.04 [90 [0.57 0.3
15 [35.14 |146.78 [53 (24 267 (91 (99 (159 e(H-L) (eV) 4.7166 Electronegativity(y) 2.4583
16 |438.54 [146.78 |54 [1.01__[329 |92 |5.16_|2.21 — —
17 [388.54 [21.71 |55 |1.59 [12.65 |93 |10.88 |4.06 Ionization 1.5431 Electrophilicity 3.0216
18 [179.16 |14.88 |56 |0.44 174 |94 |0.84 |0.46 potential(l) index(w)
19 [4358 10659 |57 |1.08 _ [24.47 |95 |2.24 |0.79 Electron 40014 [Softness(S) -9.4583
20 [1.84 [3528 |58 |7.19 |7.19 |96 |13.26 |0.94 affinity(A)
21 [88.78 [4.69 (59 214 142 |97 [5.87 [447
22 (0.7 [632_ |60 [1.04_[0.34 |98  [34.38 [2.41 Table 8 Thermodynamic functions of CFX
23 398.81 [3.18 61 13.2 10.62 |99 24.71 |[1.9 Temperature Entropy |Enthalpy Heat
24 [39.71 |0.7737 |62 |5.24__[3.97 _|100_|19.46 |0.19 (T°K) (J/molK) |(J/molLK) Capacity(K]/mol)
25 [1346 [16.18 |63 |4.95 |0.42 |101 [3.26 |1.44 100.00 43476 [162.00 10.34
26 [748 |09 |64 |147.94 [2.2 _ |102_|0.66 |2.23 200.00 579.08 _ |266.48 31.76
27 [22.34 |5543 |65 |13.78 |1.19 _|103 |04 [2.81 298.15 70513 |371.93 63.09
28 [9.38  [2365 |66 [0.97 [1.57 [104 [3.52 [2.25 300.00 70744 |373.89 63.78
29 [396.08 [13.62 |67 [0.52 _[4.42 _[105 [2.53_[0.19 400.00 828.99 _ |473.55 106.27
30 [26.39 [276 |68 3693 [10.05 |106 |53  [3.22 500.00 94390 |556.55 157.92
31 [944  |6.83 |69 |89.53 [2.8 _ |107 |0.14 |0.77 600.00 105148 |623.05 217.03
32 [1824 [15011 |70 |8.25 |1.75__|108 |0.39 |0.68 700.00 115167 |676.41 282.09
33 [4526 |12.85 |71 |6.18 _|4.54 _|109 |0.33 |2.23 800.00 124493 |719.88 351.98
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