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Charge Transfer Complex of N-(4-methoxyphenyl)-2-
oxooxazolidine-3-sulfonamide and Picric Acid: Experimental
and DFT Studies
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The formation of a charge-transfer (CT) complex between the electron donor: N-(4-
methoxyphenyl)-2-oxooxazolidine-3-sulfonamide (SOZ) and the acceptor molecule: picric acid
(PiOH) with a 1:1 stoichiometry ratio in dichloromethane and chloroform at room temperature
was studied using spectrophotometry. Various parameters were calculated and the polarity
effects on these parameters were considered. IR spectroscopy confirmed the presence of different
functional groups in the complex. The experimental results were supplemented by quantum
calculations, Density Functional and Time-Dependent Functional Theories (DFT and TD-DFT)
at the B3LYP level. Theoretical UV-visible and simulated IR spectra were obtained using
B3LYP/6-311G(d,p) and compared with experimental results. Mulliken charge, MEP, HOMO
and LUMO energy values were calculated, and NBO analysis was performed on the optimized
charge transfer complex.
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Charge-transfer (CT) complexation is an important
field of research. The formation of a charge transfer
complex has been used to characterize derivatives as
well as to calculate electron affinities and ionization
potentials.®’ The interactions between these molecules
play a significant role in many areas such as organic
and inorganic reactions, biological processes and the
design of photoelectric products.®-1!

To understand protein folding and control the
macromolecular assembly, we have to understand the
thermodynamics and behaviour of complex
formation.'?-%4

The properties of CT complexes formed using
acceptor molecules with donors containing oxygen,
nitrogen and sulfur atoms, have been of increasing
importance in recent years.®? Among them are N-
sulfamoyloxazolidinones which combine two pharma-
cophores, the sulfamoyl and the oxazolidinone
moieties.?®?* These have been widely used against a
large family of Gram-positive bacteria and as precursors
in the synthesis of 2-chloroethylnitrososulfamides that
have been used in chemotherapy as anti-tumour
agents. 2

In connection with our interest in studying
charge transfer complexes,?” we investigated CT
complexes formed between a N-sulfamoyloxazolidinone
compound, N-(4-methoxyphenyl)-2-oxooxazolidine-
3-sulfonamide (SOZ), and picric acid.

The objective of the first part of the present
work was to study the thermodynamics of the
complexation reaction between donor and acceptor in
the liquid phase and in the solid state by spectroscopic
methods.

Different thermodynamic parameters such as
the stability constant (K), standard thermodynamic
reaction quantities (1 z7°, 4G°, 45° ), molar extinction

coefficient (e, ), oscillator strength (f), transition
dipole moment (., ) and ionization potential (Ip)

were calculated using spectrophotometric measurements
in chloroform and dichloromethane, while IR spectro-
scopy was used to characterize the synthesized solid
complexes.

In the second part of this work, we compared
the experimental results with those obtained by
guantum chemical calculations such theoretical UV-
visible and IR absorbance spectra using the TD-DFT
(Time-Dependent Density Functional Theory) method
at the B3LYP level.

EXPERIMENTAL DETAILS

N-(4-methoxyphenyl)-2-oxooxazolidine-3-sulfonamide
was synthesized according to a previously published
method.?® Picric acid (Aldrich) was used without
further purification because of its high purity. The
spectroscopic grade solvents (chloroform and
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dichloromethane) were purchased from Prolabo and
Fluka.

The UV-visible spectra were recorded between
400 nm and 220 nm using a Jasco UV-530
spectrophotometer equipped with a Jasco EHC-477S
thermostat (0.1 °C) and 1.0 cm matched quartz cells.
The IR spectra of the formed complexes and reactants
were analysed in the form of KBr pellets using a
spectrophotometer (Spectrum One Perkin Elmer FT-IR).

The solid CT complexes were prepared by
separately dissolving equal amounts of the acceptor
and donor at room temperature in the minimum
volume of chloroform. The two solutions were
combined and stirred for 24 hours.?° The solid
precipitate was filtered, washed many times with a
minimum volume of chloroform, and dried under
vacuum over anhydrous CaCls.

Computational Details

The optimized structures of SOZ, PiOH and their CT
complex were obtained using the Gaussian 09
package,® at the DFT/ B3LYP/6-311G (d, p) level of
the theory. Two geometries of the formed CT complex
were considered. In the first one (parallel model), the
phenyl ring of PiOH was placed in parallel with the
phenyl ring of SOZ. In the second one (T-shape
model), the phenyl moiety of PiOH was placed
perpendicular to the middle of the SOZ molecule. The
most stable structure of the CT complex corresponds
to the lowest binding energy. 1.3

Charge Transfer Complex of N-(4-methoxyphenyl)-
2-oxooxazolidine-3-sulfonamide and Picric Acid:
Experimental and DFT Studies

The binding energy (E,;, ) is defined as the
difference of energies between the complex
E (complex )™ and its individual components,
E (Donor )™ and E (Acceptor )
geometry: 32

i their optimized

Eyna = E (complex )™ - [E (Donor )™ + E (Acceptor )°m} D

E is the absolute energy (the heat formation as
reported by Gaussian).

Furthermore, TD-DFT calculations were also
performed at the same level (B3LYP) in vacuum and
in the PCM model, using two solvents with distinct
dielectric constants (dichloromethane and chloroform)
to study the electronic properties.3*

RESULTS AND DISCUSSION
1. Electronic Spectra

The formation of the SOZ-PiOH complex in solution
was visualized by UV-vis spectrophotometry at 20 °C.
As shown in Fig. 1, the UV-Visible spectrum of SOZ
was different in the presence of the PiOH molecule.
The intensity of the SOZ absorbance at 334 nm
increased with the cumulative addition of PiOH in
chloroform (10-*M) and a new band was detected at
408 nm. In addition, two isosbestic points were
recorded, at 308 and 369 nm. These characteristics
were clearly caused by the CT complex formation.
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Figure 1. Absorption spectra of N-(4-methoxyphenyl)-2-oxooxazolidine-3-sulfonamide (2.5 10 M) with
various concentrations of picric acid.
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The presence of an isosbestic point in
electronic spectra is good evidence that only two
principal species are present in the reaction; in some
electronic spectra, the existence of two isosbestic
points is indicative of two chemical equilibria. This is
the case in our study, which provides evidence of the
presence of two CT complexes.

2. Determination of Stability Constants

The Benesi-Hildebrand equation was used to obtain
the stability constants (K) and the molar extinction
coefficients (ect) for the 1:1 CT complexes in
chloroform and dichloromethane at different
temperatures (15-30 °C): 3%

[ALID], — [D]
Abs ~ = ot o @

With Abs =d-d,-dp, [D] and[A] are the initial

concentrations of the donor (SOZ) and the acceptor
(PiOH) respectively. d is the absorbance of the
mixture of PiIOH and SOZ at some appropriate

wavelength (/1CT ) against the solvent as reference

and d?, d? are the absorbances of the PiOH and SOZ
with the same concentrations as in the mixture, at the
same wavelength. The quantity &, =&-&,-&,

refers to the correction of the molar extinction
coefficient of the complex with those of the acceptor,
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g4, and the donor, g,. Eq. (1) is valid under the
condition[D] >>[A] 3, The plots of [D],[A],/Abs
Versus [D ]O were used to calculate the stability constant

and molar extinction coefficient values at 15, 20, 25
and 30 °C in chloroform and dichloromethane (Fig. 2)
and these are listed in Table 1. The correlation
coefficients were greater than 0.98 for all such plots.

The stability constant values in dichloro-
methane were lower than those in chloroform; this
indicates that the CT complex is more stable in a less
polar solvent. *°

These complexes have large stability constants
and molar extinction coefficients, which indicate that
they are very stable, as expected: high donation of the
SOZ molecule that holds N, O and S atoms.

3. Determination of Thermodynamic Parameters

The standard thermodynamic quantities (1H°, 4S°)
associated with CT complex formation were evaluated

from Van't Hoff plots,*-4% assuming AH ° as constant
over the temperature range of 20 — 35 °C.

The correlation coefficients for all plots of InK
vs. 1 (Fig. 3) were greater than 0.97. The entropies
T
and enthalpies of complexation were calculated using
these plots.

Table 1. Stability constants K and molar extinction coefficients €., of the 1:1 SOZ-PiOH complex in two

solvents at different temperatures.

Solvent T(K) Aep (nm) Ker Ecr (L/ mol.cm) Linearity (R)

chloroform 288 4, 32x10* 14.40x103 0.99392
293 1.11x10* 20.42x103 0.99713

298 408 0.32x10* 30.77x10° 0.99278

303 0.20x10* 45.54x10° 0.99829

dichloromethane 288 1.60%x10* 0.92x10° 0.99827
293 0.83x10* 1.23x10° 0.99835

298 331 0.35x10* 1.55x10° 0.99936

303 0.17x10* 3.43x103 0.98070
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Figure 2. Benesi-Hildebrand plots for the SOZ- PiOH complex at 15, 20, 25 and 30 °C
(@) in chloroform and (b) in dichloromethane.

The free energy (J/mol) was determined using The thermodynamic parameter values

the equation: recorded in Table 2 show that the CT reaction is
thermo-dynamically favoured in both solvents,

AG° =AH®-TAS®° =-RTInK (3) and it is an exothermic process. The enthalpy
and entropy values were usually more negative

where R is the gas constant (8.314 J.mol™.K™) and T as the stability constant of the complex

is the temperature in Kelvin. increased.
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Figure 3. Van’t Hoff plots for(a) SOZ- PiOH in chloroform, (b) SOZ- PiOH in dichloromethane.

Table 2. Experimental and predicted values of thermodynamic quantities for the CT complexation of N-(4-
methoxyphenyl)-2-oxooxazolidine-3-sulfonamide with picric acid in chloroform and dichloromethane.

Parameter In vacuum Chloroform Dichloromethane
Theoretical Experimental Theoretical Experimental Theoretical
AH (kj/mol) -168.3 -139 -134.50 -110.86 -122.36
AS (j/mol.k) -586.88 -396.59 -364.98 -302.48 -334.52
AG ( kj/mol) 5.67 -20.81 -25.68 -20.72 -22.62
f — 39.90 — 3.10 —
Ecr(eV) — 3.04 — 3.75 —
uen (D) — 21.84 — 4.77 —
Io (eV) — 9.51 — 10.38 —
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4, Determination of the lonization Potential of
the Donor

Belferragui et al. used Aloisi and Pignataro’s equation
to determine the ionization potential of the donor (Ip)
ina CT complex: %

I,(eV)=5,76 +0,153 x10°v, (5)

where v is the wavenumber in cm™ of the complex

which corresponds to bands from the interactions
between acceptor and donor molecules in the formed
CT. lonization potential is used to evaluate the
electron-donating power of a donor molecule, which
is the energy required to remove an electron from the
highest occupied molecular orbital. The calculated
ionization potentials are listed in Table 2.

5. Determination of Oscillator Strength (f) and
Transition Dipole (uen)

Oscillator strength (f) is a dimensionless parameter,
used to express the probability of CT band transitions.
4 We can determine oscillator strength from the
absorption spectra of the CT complexes; this quantity
is calculated using the basic formula:

f =0,432x10° jgdv

©)

where Isdv is the area below the curve of the molar
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extinction coefficient of the absorption band vs.
frequency. As a first approximation, we obtain:

f =0,432x10° ecr vy @)

where €.y is the maximum molar extinction

coefficient of the band and Av, , is the width of the

band at half maximum. The oscillator strength is
recalculated in Table 2. These values reflect the
existence of interactions between the acceptor-donor
pair with a relatively high probability of CT
transitions. This is also supported by the relatively
high heat of formation. The relationship between the
extinction coefficient and the transition dipole was
estimated using the following equation:

e dv,, T
_ -2 cT 1/2
Uey = 9,52 x10 '{—Av } (8)
where 4v =V, at &, and is defined as
€ [V 2 T ottty
6. IR spectra of CT complexes and reactants

The IR spectra of PiOH, SOZ and their corresponding
CT complex are presented in Fig. 4, whereas their
peak assignments are listed in Table 3.

Table 3. Assignments and frequencies (cm™) for picric acid, N-(4-methoxyphenyl)-2-oxooxazolidine-3-
sulfonamide and their complex.*647

PiOH SOz SOZ/ PiOH complex Assignments
(experimental)
3291 s 3277 s v(N—H)
3103 s 3094 m v(O—H)
2981 m 2966 w 2954 w v(C—H) aromatic
2842 w 2830 w v(C— N)
1861 w 1887 w v(NOy)
1758 s 1745 s v(N —H) deformation
1632 m 1608 s 1620 w v(C=C)
1527 s 1649 m 1596 m phenyl breathing modes
1431 m 1511 m 1499 s v(C-C),
1342 s 1402 w 1392 m C—H in plane bend
1358 m 1346 m v(SO2)
1148 w 1253 m 1241 m C —H deformation
1087 w 1180 m 1138 m C—H bend
919 m 1032 m 1019 w C—H out of plane bend
704 s 963 w 907 w
582 w 620 m 608 m
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Figure. 4. IR spectra for (a) picric acid, (b) N-(4-methoxyphenyl)-2-oxooxazolidine-3-sulfonamide, and (c) the
SOZ-PiOH complex.

During formation of the CT complex, we
observed the existence of free PiOH and SOZ in the
spectrum of the SOZ-PiOH complex. However, the
characteristic bands for SOZ and PiOH were shifted to
lower frequencies in the SOZ-PiOH complex. These
changes reflect the charge transfer between SOZ and
PiOH on complexation.

Interestingly, the peaks for v(O-H) (3103 cm”
1, v(NO) (1861 cm™?) and v(C=C) (1632 cm?) in the
free acceptor PiOH shifted to higher frequencies in the
SOZ-PiOH complex: 3094 cm™, 1887 cm™ and 1620
cm* respectively.

In addition, v(N-H) (3291 cm™) and 6(N-H)
(1758 cm) in the free SOZ were higher than their
corresponding peaks in the SOZ-PiOH complex,

where they appeared at 3277 cm™ and 1745 cm™,
respectively. The N-H peak intensity in SOZ-PiOH
increased with respect to that in the free SOZ.

The abovementioned changes in the
frequencies of the characteristic bands of free PiOH
and free SOZ upon complexation supports the
formation of a CT complex between SOZ and PiOH
through the N-'H~O interaction. 4¢->0

7. Molecular Modelling Studies

To obtain a better understanding about the process
of charge transfer, we have complemented the
experimental study on the SOZ-PiOH interaction with
quantum chemical calculations using the Density
Functional Theory (DFT) and Time Dependent



37 Karim Dinar, Mekki Kadri and Charge Transfer Complex of N-(4-methoxyphenyl)-
Achour Seridi 2-oxooxazolidine-3-sulfonamide and Picric Acid:
Experimental and DFT Studies

Table 4. Mulliken’s electronic charge on various atoms of picric acid, N-(4-methoxyphenyl)-2-oxo-oxazolidine-
3-sulfonamide and the picric acid/N-sulfamoyloxazolidinone complex using DFT (311G (d, p)
basis set) calculations.

Atom Mulliken’s electronic Mulliken’s electronic Mulliken’s Difference
Number charge (a.u) on charge (a.u) on different  electronic charge (a.u) on (a.u)

different atoms in SOZ  atoms in different atoms in the

(a.u) PiOH (a.u) CT-complex (a.u)
S6 1.341 — 1.354 0.013
o7 -0.536 — -0.569 -0.033
08 -0.482 — -0.481 0.001
N9 -0.787 — -0.827 -0.040
Cl1 0.259 — 0.269 0.010
C12 -0.162 — -0.152 0.010
C18 — 0.334 0.355 0.021
C31 — 0.251 0.229 -0.022
C32 — -0.182 -0.164 0.018
C34 — 0.277 0.272 -0.005
C35 — -0.180 -0.179 0.001
C36 — 0.235 0.233 -0.002
043 — -0.575 -0.629 -0.054
Dipole
moment 3.537 1.905 2.989 —

Figure 5. Optimized geometric structures obtained using B3LYP of (a) N-(4-methoxyphenyl)-2-
oxooxazolidine-3-sulfonamide, (b) picric acid, (c) the parallel model complex and (d) the T shape
model complex
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Density Functional Theory (TD-DFT) calculations at
the B3LYP level.

7.1. Optimization of Geometries and Charge
Distribution

The geometries of SOZ, PiOH and the SOZ-PiOH
complexes were optimized under vacuum (Fig. 5). The
binding energies values calculated at the DFT (B3LYP)
level of the optimized configurations obtained from the
two models previously described were -6.957 kcal/mol
(perpendicular model) and -6.767 kcal/mol (parallel
model), indicating that the first model was more stable
and energetically favourable than the second.*

The calculated dipole moments of SOZ and
PiOH were: 3.537 D and 1.905 D, respectively, while
the same for the molecular complex was found to be
2.989 D (Table 4). This change in the dipole moment
value indicates the charge transfer from SOZ to
PiOH®2, The electronic charge values for the N9, C11
and C12 atoms in the SOZ molecule were found to be
-0.787, 0.259 and -0.162 a.u, respectively. The
charges on the CT-complex with PiOH were found to
change from atom to atom, as detailed in Table 1. The
charges for N9, C11, C31 and O43 were found to have
decreased in the CT complex, while the charges for
C12, C18 and C32 had increased. The difference in
charge values varied between -0.054 and 0.022 a.u.
and the largest differences were found in the N9 and
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034 atoms. This reflects the transfer of an observable
quantity of electronic charge between SOZ and PiOH.
7.2. Correlation of Electronic Spectra with
Spectroscopic Transitions

The UV-visible spectra of PiOH, SOZ and the PiOH-
SOZ complex in chloroform are displayed in Fig. 1.
These show that a new band appeared at 408 nm when
PiOH and SOZ were mixed together; this broad band
is related to the solvent polarity, which indicates the
charge transfer nature of the complex. In order to gain
greater understanding of electronic transitions taking
place in the complex, we performed TD-DFT
calculations for SOZ, PiOH and the SOZ-PiOH
complex using a PCM model with the B3LYP/6-
311G(d, p) method and chloroform as solvent. The
energy and oscillator strength values obtained from
TD-DFT calculations for the SOZ-PiOH complex in
transitions occurring at particular wavelengths are
shown in Table 5. In the experimental visualization,
the new peak’s maximum appeared at 408 nm in
chloroform and 331 nm in dichloromethane, while the
predicted peak maximum values were at 481 nm and
407 nm in chloroform and dichloromethane,
respectively. Thus, the absorption maxima of the
charge transfer elucidated in the present theoretical
investigation TD-B3LYP/6-311G(d, p) for the PCM
model corroborated well with the experimental results,
with a deviation of 73—76 nm.
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Figure 6. Computed absorption spectra of SOZ, PiOH and the SOZ-PiOH CT complex in chloroform using TD-
DFT.



39 Karim Dinar, Mekki Kadri and
Achour Seridi

Charge Transfer Complex of N-(4-methoxyphenyl)-
2-oxooxazolidine-3-sulfonamide and Picric Acid:
Experimental and DFT Studies

Table 5. Results of TD-DFT calculations for the SOZ-PiOH complex in a PCM model using chloroform,

dichloromethane and methanol as solvent

Solvent  Transition Wavelength Oscillator Energy Experimental
(nm) strength (eV) Amax (NM)

HOMO—LUMO 641.88 0.0006 1.93
HOMO—LUMO+1 528.28 0.0004 2.34

CHCl; HOMO—LUMO+2 481.75 0.0007 2.57 408
HOMO-1—-LUMO 408.84 0.0006 3.03
HOMO-1—-LUMO+1 359.71 0.0007 3.44
HOMO-2—LUMO 338.68 0.0147 3.66
HOMO—LUMO 611.58 0.0006 2.02

CH.Cl; HOMO—LUMO+1 508.49 0.0004 2.43
HOMO—LUMO+2 407.68 0.0007 2.65 331
HOMO-1-LUMO 395.81 0.0006 3.13
HOMO-1-LUMO+1 350.05 0.0008 3.54
HOMO-3—-LUMO 334.54 0.0657 3.70

7.3. Predicted Thermodynamic Parameters

For further confirmation of the charge transfer
complex (SOZ-PiOH) formation, we calculated the
thermodynamic parameters by molecular modelling
using the B3LYP/6-311G (d, p) method in vacuum,
chloroform and dichloromethane. The thermodynamic
parameter values are listed in Table 2. The
thermodynamic results obtained under vacuum were
larger than those in chloroform and dichloromethane.
This is due to the solvent effect and the dielectric
constant (in vacuum £=0).

We observed that the complexation was an
exothermic reaction justified by the negative enthalpy
change (AH) suggesting that in nature, the
complexation process is an enthalpy driven.

Additionally, the enthalpy change of the
complex in chloroform was more negative than in
dichloromethane, which indicates that the acceptor
and donor interactions were stronger in chloroform
than in dichloromethane. The change of free energy
(AG) was negative; thus the charge transfer is a
spontaneous reaction.

The thermodynamic quantities obtained by
experimental methods were compared with those
obtained theoretically, and we found that the results
were of the same sign and magnitude, with differences
of less than 32.04 kJ/mol. This indicates good accord
between experimental and theoretical results.

7.4. Simulated IR Spectra

The predicted band assignments for SOZ, PiOH and
the SOZ-PiOH complex (Table 3) were obtained

using B3LYP/6-311G(d, p). The main IR bands of
SOZ and PiOH were present in the spectrum of the
complex, with changes in intensities or wave-
numbers of vibrational bands implying its
formation (Fig. 7).

N—H Vibrations:

The stretching vibration of the amino group (N-H) in
the SOZ-PiOH complex was present as a very strong
and broad band at 3277 cm™ in the experimental IR
spectra, while the corresponding computed peak
appeared at 3188 cm. These results show good
agreement between experimental and theoretical IR
spectra, with a deviation of only 89 cm™.

O—H Vibrations:

The hydroxyl group (O—H) vibration appeared at
3094 cm as a strong band near the vibration of the
amino group in the experimental IR. The same
vibration was calculated at 3153 cm, which is in good
accord with the experimental data.

Aromatic C-H, SOz and NO: Vibrations:

In aromatic compounds, the vc.n generally appears in
the range of 3000-3100 cm™. 535 |n this study, the
aromatic stretching band appeared at 2954 cm* while
the corresponding theoretical wavenumber was
determined to be 3076 cm™™.

As for other peaks, we noticed that the
experimental peaks of SO, and NO; appeared at 1346
cm? and 1887 cm, respectively. However, in the
calculated IR spectra they appeared at 1308 cm and
2021 cm™.
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Figure 7. Experimental and simulated IR spectra of the SOZ-PiOH complex.

These deviations between experimental and 7.5. HOMO-LUMO calculations for the SOZ-
calculated infrared frequencies were justified by the PiOH Complex at Ground State
fact that the IR spectra was carried out experimentally
in the solid state while the calculated spectra were for The HOMO (the Highest Occupied Molecular Orbital)
the compounds in gas phase. and LUMO (the Lowest Unoccupied Molecular
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Orbital), also called FMO (Frontier Molecular
Orbitals), are the most likely orbitals to be involved in
chemical reactivity, and play significant roles in
electronic spectra, as well as in interactions between
molecules. "% The computed energies of HOMO
orbitals and their localization and appearance in the
model structures are suggestive of the efficiency of the
charge transfer between acceptor and donor
molecules.

A range of LUMO and HOMO values for the
PiOH-SOZ complex in the ground state was obtained
using DFT at the B3LYP level, and these are
illustrated in Fig. 7. It is evident from the figure that
LUMOs were generally delocalized over the PiOH
molecule, while HOMO and HOMO-1 were
localized only on the SOZ. Thus the 408 nm band
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corresponds to HOMO (PiOH) and to LUMO+2
(SOZ) in chloroform, while the 331 nm band
corresponds to the same transition in dichloro-
methane. This is a picture of the molecular orbital
level for the CT transition taking place in this
complex. The energy values for HOMO, HOMO-n,
LUMO and LUMO-n, where n =1 to 5 for PiOH,
SOZ and the PiOH-SOZ complex in ground state are
provided in Table 6. It is interesting to note that the
LUMO energy level of the PIOH-SOZ CT complex
(-5.632 eV) compared well with the LUMO energy
level of PiOH (-3.918 eV), while the HOMO energy
level (-8.326 eV) of the complex was close to the
HOMO energy level of PiOH (-8.727 eV). This trend
for localization of frontier molecular orbitals in the
PiOH-SOZ system is very similar to other electron
donor-acceptor composite systems. 5960

Table 6. HOMO-LUMO energies for picric acid, N-(4-methoxyphenyl)-2-oxooxazolidine-3-sulfonamide and the
CT complex at ground state. Orbital numbers are written in brackets.

Orbital Orbital energy (eV)
Picric acid N-sulfamoyloxazolidinone CT complex

HOMO -8.727 (58) -5.796 (71) -8.326 (129)
HOMO-1 -8.489 (57) -6.911 (70) -8.816 (128)
HOMO-2 -8.762 (56) -7.619 (69) -9.006 (127)
HOMO-3 -9.006 (55) -8.000 (68) -9.578 (126)
HOMO-4 -9.034 (54) -8.245 (67) -9.741 (125)
HOMO-5 -9.143 (53) -8.517 (66) -9.796 (124)
LUMO -3.918 (59) -0.108 (72) -5.632 (130)
LUMO+1 -3.292 (60) -0.054 (73) -5.197 (131)
LUMO+2 -2.993 (61) 0.462 (74) -4.898 (132)
LUMO+3 -0.952 (62) 0.979 (75) -4.517 (133)
LUMO+4 -0.653 (63) 1.768 (76) -4.027 (134)
LUMO+5 0.789 (64) 1.986 (77) -2.857 (135)
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Figure 8. Calculated FMO pictures of the SOZ-PiOH complex using the DFT method.
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Table 7. SOZ-PiOH interactions and stabilization energies in a perpendicular model of the CT complex by the
B3LYP method.

Donor Acceptor E®@ (kcal/mol) Distance (A) Angle (°)

From SOZ to PiOH

LP(2) O7 BD*(1) C31-043 0.16 2.719 154.73
LP(3) O7 BD*(1) C31-043 0.12 2.719 154.73
From PiOH to SOZ

LP(1) 043 BD*(1) N9-H23 2.42 2.338 143.26
LP(2) 043 BD*(1) N9-H23 0.42 2.338 143.26
LP(1) 045 BD*(1) N9-H23 1.46 2.387 146.98
LP(2) O45 BD*(1) N9-H23 0.92 2.387 146.98

BD(1) = ¢ bonding orbital; BD(1)* = o* antibonding orbital; LP(1) and LP(2) indicates 1 and 2" lone pair

electron, respectively. E@ = stabilization energy.

From the above, it is evident that orbital interaction
energy arises mainly from the charge transfer between
occupied and unoccupied orbitals.

7.6. Natural Bond Orbital (NBO) Analysis

The Natural Bond Orbital (NBO) approach of
Weinhold et al. has been frequently used in the
estimation of intra- and intermolecular interactions.®
It provides a convenient basis for investigating charge
transfers or conjugative interactions in molecular
systems. NBO analysis was used to provide the
electronic wave-functions that are interpreted in a set
of occupied Lewis orbitals, the contribution of atomic
orbitals and a set of non-Lewis localized orbitals. The
electronic delocalization interaction can be
quantitatively represented using the energy of
stabilization (E @), which can be expressed as
equation (9): 6265

E2 E2
*F‘OF)xnﬂ—-#xnU:-i” xn, )
g _-¢ AE Ej-E.

where (@|Flo) OF g2 is the Fock matrix element
ij
between the i and j NBO orbitals, F; represents the

off-diagonal NBO Fock matrix element, ¢ ande,

denote the energies of the & and ¢~ NBO orbitals,
n, isthe population of the donor & orbital, while E,
and E are the diagonal elements (orbital energies).

The energies of stabilization E @ of the CT complex
calculated using the RB3LYP/6-31G (d) single point
method, and the geometric parameters of the formed
hydrogen bond in the SOZ-PiOH complex are
presented in Table 7. It is known that the energies of
strong H-bonds vary between 1 and 10 kcal/mol,
whereas the energies of weak H-bonds are lower than
2 kcal/mol. %6

In this study, we found that the N9-H23 bond
was the centre of electron density, and the O43 atom
in PiOH was classified as the best electron acceptor
location, with an E @ value of 2.42 kcal mol?, thus
this hydrogen bond was fairly strong. Consequently,
we suggest a formula which can explain the hydrogen
bonding between SOZ and PiOH.57-69

7.7.  Molecular Electrostatic Potential (MEP)

MEP values are very helpful in determining sites for
electrophilic attack and nucleophilic reactions,
especially H-bonding interactions, and are related to
electronic density.”%7> The map created by these
calculations can visualize the charged regions of a
molecule. Charge distributions are used to determine
interactions between molecules. The electrostatic
potential values are represented by different colours:
the most electronegative potential regions are depicted
in red, while regions of most positive electrostatic
potential are in blue and regions of zero potential in
green. So the potential decreases as follows: blue >
green > yellow > orange > red. The MEP values for
SOZ, PiOH and their CT complex were calculated at
the B3LYP (6-31G (d)) level (Fig. 9). The map plot
for free SOZ (Fig. 9 (a)) demonstrates that the most
positive potential (blue) was localized on the amino
group corresponding to a map surface value of 0.055
a.u., and became more positive in the SOZ-PiOH CT-
complex (0.093 a.u.) (Fig. 9 (c)). The negative
potential (red) of the free SOZ was observed around
the sulfonyl group with a maximum surface value of -
0.055a.u., but in the CT-complex it was more negative
(-0.086 a.u.). For the acceptor, we observed that the
positive region of the free PiOH was focused in the
centre of the benzene moiety (Fig. 9 (b)), with a
maximum surface map value of 0.052 a.u., whereas
the regions of negative potential were observed around
the nitrogen groups and the hydroxyl moiety with a
maximum surface value of -0.052 a.u. This indicates
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Figure 9. Molecular electrostatic potential map of (a) SOZ, (b) PiOH, (c) the SOZ-PiOH complex.

that the electronic cloud delocalized from SOZ
(donor) to PiOH (acceptor), as confirmed by the FTIR
study and NBO analysis.”®"®

CONCLUSION

The CT complex formed by a 1:1 stoichiometry ratio
of N-(4-methoxyphenyl)-2-oxooxazolidine-3-sulfon-
amide as donor and picric acid as acceptor was
investigated in two different polar solvents. The study
revealed that the stability constants of the SOZ-PiOH
complexes increased with decreasing solvent polarity.
The complex dissociated in polar solvents because of
their large dielectric constants. The thermodynamic
parameters as determined by both spectroscopic
measurements and theoretical calculations showed
that the charge-transfer complexation reaction was
exothermic and enthalpy-entropy co-driven. The TD-
DFT method was also used to investigate the
geometric structure of the CT complex. The results
obtained indicated an n—o* transition and the
formation of N---H---O H-bonds between the acceptor
and donor molecules. The modelling results thus
corroborated well with the experimental data.
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