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n of sulfadiazine catalyzed by p-
benzoquinones and picric acid: application to
charge transfer complexes†
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Ghani*a

As the treatment of effluents containing the antibiotic drug sulfadiazine (SZ) is one of the challenging

problems in the field of environmental chemistry, it is essential to determine the concentration of SZ by

a rapid and accurate method and then find a suitable method to degrade the assayed products into

harmless chemicals. The color of the charge transfer (CT) complexes developed from the reaction of SZ

with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), chloranilic acid (CHL) and picric acid (PA) was

used to determine the concentration of SZ at 528, 510 and 410 nm, respectively. The Lambert–Beer's

law is obeyed in the ranges of 6.80–68.06, 13.61–136.12 and 6.80–27.22 mg mL�1 for DDQ, CHL and PA

complexes. The photolysis of SZ / DDQ in presence of sodium nitrite at 256 nm leads to faster

degradation of SZ compared with the control experiments. This was simply spectrophotometrically

followed by a decrease in the intensity of the CT band. The effect of some additives such as oxalic acid,

and hematite nano particles was studied. For comparison, other p-acceptor reagents such as CHL and

PA were used. About 80% of SZ is degraded in 45 min upon the illumination of SZ / DDQ at 256 nm,

whereas 90 min is required in the case of CHL and PA to attain the same degradation limit.
Introduction

Sulfadiazine (4-amino-N-pyrimidin-2-yl-benzenesulfonamide,
SZ, Scheme 1) is an effective sulfonamide drug used mainly in
treatment of different types of bacterial infections.1 Sulfon-
amides are bacteriostatic rather than bactericidal. Their value
lies in their ability to slow down or prevent bacterial multipli-
cation in wounds or infected systems without appreciable
toxicity to the body tissues. The metal complexes of SZ were
found to be more effective and desirable drugs than the free
drugs. Zn(II)–SZ was used to prevent bacterial infection in
burned animals,2 while silvadene, Ag(I)–SZ, was applied in the
case of the topical burns.3 Several analytical methods were used
for determination of SZ in the pharmaceutical formulations and
biological samples such as HPLC,4–6 LC-MS,7,8 uorimetry,9 and
UV-Vis.10–23

Three main reactions were reported for SZ to give colored
compounds capable of absorbing light in the visible range.
First, diazotization of the primary amino group and coupling
Scheme 1 Structures of SZ, and its proposed charge transfer
complexes, SZ / DDQ, SZ / CHL and SZ / PA.
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with several reagents such as 4-amino-5-hydroxy-naphthalene-2-
7-disulfonic acid,10 resorcinol,11 3-amino phenol,12 thymol13 and
4-naphthol14 was one of the reported methods. The coupling of
SZ with N,N-diethyl-p-phenylene diamine sulfate in presence of
potassium iodate gave a red color product with lmax of 550 nm.15

Another colored compound has a lmax of 510 nm was formed
from the reaction of SZ with promethazine–HCl in presence of
N-bromosuccinimide.16 Second, the –NH2 group was also used
to form some Schiff-base compounds with aldehydes such as
4-dimethylaminocinnamaldehyde17 with a detection limit of
0.4–4.8 mg mL�1. The determination of SZ using some acceptors
through the formation of CT complexes, was the third method.
This tool was rapidly assessed for its validity as a simple
quantitative analytical method.18–23 The reported acceptors used
were p-benzoquinone,18 tetrachlorobenzoquinone,19 tetra-
cyano-ethylene,20 trinitro-benzene,21 safranin T22 and phenosa-
franine.23 The investigation of the molecular structures of some
sulfonamides, including SZ, in the free acid form, with DDQ
using IR, UV-Vis and 1H NMR spectroscopies has been reported
elsewhere.24 The authors suggested the formation of H-bond
between the –NH2 and C]O of DDQ that did not compare
well with our ndings from the complete proton transfer (dis-
cussed later).

In general, the water soluble NaSZ drug might be excreted
from the humans and animal without the complete metabo-
lization and biotransformation. In addition, the expired and
unused SZ may be found also in the waste water coming from
the households. Therefore, the treatment of effluents contain-
ing SZ is one of the challenging problems in the eld of envi-
ronmental chemistry. Most of the wastewater treatment
methods do not include the decomposition of the SZ residues
and thus the continuous release of these fragments may be
terminated with the antibiotic resistance and toxicity effects.
Among the different methods used to degrade the pollutants is
the photocatalytic technique,25 which involves the creation of
the highly reactive free radicals and safe by the formation of
harmless chemicals such as water and carbon dioxide. The
H2O2/KI assisted photo-decomposition of SZ in water at 365 nm
was recently investigated, where the iodine radicals were
proposed to be the driving force in the degradation process.26

The performance and the degradation pathways of SZ by UV/O3

have been studied.27 Fenton-reagent was also used in the
degradation of SZ,28,29 compared with UV/H2O2 system28,30 and
the relevance of the concentration and heterocyclic aromatic
groups to the degradation kinetics was studied. The photo-
chemical transformation of SZ in presence of different iron
sources such as oxalate, citrate and nitrate was studied during
the illumination with the sun-light.31 Unlike the Fenton tool, it
was not necessary to add H2O2 to the degradation system, and
the high degradation rate in case of the oxalate ion reects the
role of the anion in the degradation process. Immobilized TiO2

(ref. 32 and 33) and TiO2/FeCl3 (ref. 31, 34–36) systems were
introduced as catalyst and the irradiation process was carried
out at 365 nm.

The aim of the present work is to develop a sensitive, simple,
rapid and accurate spectral method for the quantitative deter-
mination of SZ in the pure form and the pharmaceutical
39990 | RSC Adv., 2017, 7, 39989–39996
preparations via the formation of CT complexes with DDQ, CHL
and PA (Scheme 1). The stoichiometry, formation constant and
other thermodynamic parameters were also determined.
Several analytical and spectral tools were used to characterize
the solid CT complex with DDQ. Geometry optimization of SZ
and its complexes was done by CAM-B3LYP/6-31G(d) method.
Because of the oxidative power of DDQ and its role in the
oxidation of alcohols37 and oxygenation of benzene,38 for the
rst time, to the best of our knowledge, the photocatalytic
degradation of the environmental pollutants such as the
expired and unused SZ were carried out with the aid of some p-
acceptor systems as well as other additives such as Fe2O3, oxalic
acid and sodium nitrite.

Experimental
Instruments

FT IR spectra were recorded as potassium bromide pellets using
a Jasco FTIR 460 plus in the range of 4000 to 200 cm�1. 1H and
13C NMR spectra were run at 300 MHz in DMSO-d6 using
a Varian-Oxford Mercury VX-300 NMR. Elemental microanalysis
was performed using ElementerVario EL III. Electronic spectra
were scanned on OPTIZEN POP automate spectrophotometer.

Synthesis

One mmol of NaSZ (272 mg) was added to one mmol of DDQ
(227 mg) in 25 mL acetonitrile/H2O mixture (100 : 1), and then
the reaction mixture was reuxed for 6 h, whereupon the solid
CT complex was precipitated. Several trials were done to prepare
the solid complexes of SZ / CHL and SZ / PA, but unfortu-
nately these trials were failed.

�Data for DDQ (C8Cl2N2O2).39 IR (KBr, cm�1): 2241 (s, C^N),
1674 (s, C]O), 1553 (s, C]C), 1450 (s, C]C), 1267 (s, C–O), 890
(m, C–Cl). UV-Vis (acetonitrile, nm): 219, 264, 286, 352 and 484.

� Data for NaSZ (C10H9N4NaO2S). IR (KBr, cm�1): 3416
(m, NHass

2 ), 1630 (m, C]N), 1292 (m, SOass
2 ), 1131 (m, SOss

2 ), 977
(w, S–N), 674 (w, C–S). 1H-NMR (300 MHz, DMSO-d6, d): 8.06
(d, 2H, C–Hpym); 6.34 (t, 1H, C–Hpym); 7.48 (d, 2H, C–Hph); 6.46
(d, 2H, C–Hph); 5.30 (s, 2H, NH2).

� Data for SZ / DDQ (C18H9Cl2N6NaO4S$2CH3CN): color:
dark brown. Elemental analysis (%): calc.: C 45.45, H 2.60, N
19.27, found C 45.28, H 2.44, N 18.38. IR (KBr, cm�1): 3438
(m, NHass), 3223 (m, NHss), 2211 (w, C^N), 1661 (m, C]O). 1H-
NMR (300 MHz, DMSO-d6, d): 10.96 (s, NH), 9.94 (s, NH), 8.50
(m, 2H), 8.04 (d, 1H), 7.91 (d, 1H), 7.62 (d, 1H), 7.26 (d, 1H), 7.00
(m, 1H). 13C-NMR (300 MHz, DMSO-d6, d): 177.26 (C]O),
173.13 (C]O), 157.33, 157.15, 151.04, 143.27, 142.38, 140.22,
139.68, 136.29, 130.27, 128.64, 128.17, 127.00, 124.06, 116.27,
113.46, 112.67, 110.64, 83.44.

Quantum chemical calculations

Full geometry optimization of SZ, DDQ, CHL, PA and their
charge transfer complexes were carried out by Gaussian 03
program package40 using density functional theory (DFT),
hybrid exchange–correlation functional CAM-B3LYP with
a long-range correction term41 and the split valence 6-31G(d)
This journal is © The Royal Society of Chemistry 2017
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basis set. The complexes were characterized as local minima via
harmonic frequency analysis.
Photometric measurements

5 � 10�3 mol L�1 stock solutions of SZ, (DDQ, CHL) and PA
solutions were prepared in water, acetonitrile, and dioxane,
respectively. The stoichiometry of the CT complexes in solution
was determined by molar ratio42 and continuous variation43

methods. In the molar ratio method, the concentration of SZ
was 2.5 � 10�4, 4 � 10�4, and 1 � 10�4 mol L�1 for DDQ, CHL
and PA assay, respectively, while the acceptor is varied
from 2.5 � 10�5 to 4.0 � 10�4, 1.0 � 10�5 to 6.0 � 10�4 and
5.0 � 10�5 to 1.5 � 10�4 mol L�1 in that order. The absorbance
of SZ / DDQ and SZ / CHL complexes in acetonitrile was
measured at 528 and 510 nm, while that of SZ / PA was
monitored in dioxane at 410 nm. In the continuous variation
method, the same concentration (5 � 10�3 M) of SZ and the
acceptor was used. The plot of the absorbance versus the mole
fraction of SZ showed a maximum at the molar ratio corre-
sponding to the most stable formed species.
Analysis of dosage form

The analysis of SZ in Dermazin cream (30 mg, Medical Union
Pharmaceutical company) was done by dissolving (500 mg) the
cream in a concentrated H2SO4 (10 mL, 7 M). Filtration was
carried out to remove the insoluble excipients. Then, the
neutralization was achieved by adding 30 mL of concentrated
sodium hydroxide (5 M), ltration was repeated. The ltrate
was treated in the same way as the standard to get the corre-
sponding CT complexes suitable to the spectral analysis.
General procedure

Aliquots of 5 � 10�3 mol L�1 of SZ solution were mixed with
0.5, 0.8 and 0.2 mL of DDQ, CHL and PA, respectively, in 10 mL
volumetric ask and subsequent completed with the acetoni-
trile (DDQ and CHL) or dioxane (PA).
Fig. 1 Effect of pH change on the stability of the SZ charge transfer
complexes.
Photocatalytic degradation procedure

The photo degradation was carried out by illumination of SZ
with a highly energetic UV hand lamp in presence and absence
of the investigated p-acceptors. This was achieved by adding
0.5 mL of DDQ, 0.8 mL of CHL or 0.2 mL of PA from the
stock solution (5 � 10�3 M) to an equivalent volume of SZ
(5� 10�3 M) in 10 mLmeasuring ask and then the volume was
completed to themark with acetonitrile or dioxan (10mL). Then
the sample was illuminated with a UV hand lamp, at two
different wave lengths (256 and 365 nm), positioned perpen-
dicular at a distance of 2 cm. The irradiation was interrupted in
regular intervals to record the electronic spectrum until no
further change was observed. The same experiment was
repeated by addition of oxalic acid (2.0 � 10�4 M), suspended
Fe2O3/oxalic acid (2.0 � 10�4 M) and sodium nitrite (1.0 � 10�4

to 4.0 � 10�4 M).
This journal is © The Royal Society of Chemistry 2017
Results and discussion
Stoichiometry, stability and optimization conditions

The reaction between SZ and thep-acceptor systems (DDQ, CHL
and PA) in solution afforded CT complexes with a ratio of 1 : 1.
This stoichiometry was obtained by two different methods;
molar ratio and continuous variation methods (Fig. S1 & S2†).
The optimum conditions of the formation of the CT complexes
and their stabilities were investigated through the study of
several parameters such as the concentration of the donor and
acceptors, time, pH, and temperature. The complexes were
instantaneously formed and the absorbance of the developed
color remained unchanged for one hour (Fig. S3†). The
optimum pH ranges for the complete formation and high
stability of CT complexes are 5.30–12.00, 4.50–6.20 and 5.00–
11.20 for SZ / DDQ, SZ / CHL and SZ / PA, respectively
(Fig. 1). The CT complexes are not recommended to be formed
in the strongly acidic medium. A wide pH range was observed
for both the DDQ and PA complexes formation, while it is
limited for the CHL complex.

The formation constants and themolar absorptivity values of
the complexes were determined by the modied Hildebrand

method.44 The plot (Fig. S4†) of
Co
AC

o
Dl

A
values vs. Co

A + Co
D gives

a straight line with a slope of 1/3 and intercept of
1
k3
, where

Co
A and Co

D are the initial concentrations of the acceptor and SZ,
respectively, A is the absorbance of the detected CT band and l is
the path-length. The values of kf (L mol�1) and 3 (L mol�1 cm�1)
are tabulated in Table 1. In comparison, SZ / DDQ has higher
stability than the other complexes, which was reected in the
isolation of its solid complex. This may be attributed to the
proton transfer and the strong H-bond created between the
donor and the acceptor (discussed later). The oscillator strength
(f), which is used to measure the integrated intensity of the CT
band, was calculated39 and the values are given in Table 1. The
highest f value of the CT band of SZ / DDQ complex indicates
a high probability of the CT transition due to the strong inter-
action between the donor and acceptor. The electronic donating
power of SZ wasmeasured by calculating its ionization potential
RSC Adv., 2017, 7, 39989–39996 | 39991
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Table 2 Analytical parameters of the developed spectrophotometric
method

Parameters DDQ Chloranilic acid Picric acid

lmax (nm) 528 510 410
Linear range
(mg mL�1)

6.80–68.06 13.61–136.12 6.80–27.22

Molar absorptivity
(L mol�1 cm�1)

3.30 � 103 3.20 � 103 9.53 � 102

Sandell sensitivity
(mg cm�2)

0.103 0.24 0.0279

Relative standard
deviation (%)

1.78 1.67 1.03

Detection limit
(mg mL�1)

3.61 7.57 0.88

Quantication limit
(mg mL�1)

10.95 22.94 2.66

Slope 0.0096 0.00415 0.0357
Intercept �0.044 +0.016 �0.045
Correlation coefficient 0.997 0.996 0.996

Table 1 Spectrophotometric data of sulfadiazine CT complexes

Reagent DDQ Chloranilic acid Picric acid

lmax (nm) 528 510 410
kf (L mol�1) 3.30 � 103 3.20 � 103 1.45 � 103

3 (L mol�1 cm�1) 5.80 � 103 2.80 � 103 9.74 � 102

Ip (eV) 8.66 8.76 9.49
f 0.0095 0.0056 0.0020
m (debye) 1.80 0.78 0.42
ECT (eV) 2.36 2.43 3.00
DGo (kJ mol�1 K�1) �14.50 �14.34 �12.37
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(Ip), which is related to the value of the wave number of the CT
band (Ip (eV)¼ 5.76 + 1.52� 10�4nCT). The lowest Ip value of SZ in
SZ / DDQ suggests that SZ needs low energy to donate the
electron density to DDQmolecule to form a stable complex. The
standard free energy changes of complexation (DGo) of the
investigated complexes were calculated. As shown in Table 1,
the formation of SZ / DDQ is more spontaneous and favor
than the other CT complexes.
Validation of Beer's law

A subsequent of the optimization of the reaction conditions,
calibration curves were constructed for SZ using the p-accep-
tors (Fig. S5†). It was found that Beer's law is obeyed in the
concentration range of 6.80–68.06, 13.61–136.12 and 6.80–
27.22 mg mL�1 for DDQ, CHL and PA. The analytical parame-
ters of the calibration curve, Sandell's sensitivity, correlation
coefficient and relative standard deviation are given in Table 2.
Therefore, PA is favored to use in the determination of low
concentration of SZ, while CHL can be used for the higher
concentration of SZ. The correlation coefficient values are
close to the unity, which indicates that the validation of the
proposed method in the applied concentration range. The
intercept of the regression equation of the calibration curve is
very small ((�0.045)–(0.016)), reecting the corroboration of
Beer's law. Highest molar absorptivity value was recorded for
SZ / DDQ (3.3 � 103 L mol�1 cm�1) compared with the
others. Detection limit is the smallest concentration of
a solution of complex that can be detected with percent
certainty. Based on the standard deviation of the replicate
determination values under the same conditions and the slope
of calibration curve, the detection limit (LOD) and the quan-
titation limit (LOQ) were calculated. The LOD and LOQ are
found to be 0.88–7.57 and 2.66–22.94 mg mL�1, respectively.

The selectivity of the developed method was studied by
evaluating the interfering effect of some excipients used in the
pharmaceutical preparations of SZ such as lactose, fructose,
glucose, starch and sodium citrate. The obtained data (Table
S1†) showed that the recoveries of SZ are in the range of 99.3–
101.0% with no interference from these excipients. The
repeatability and reproducibility of the developed method have
been obtained (Table S2†) from the calculation of the intra-day
and inter-day precision and accuracy by carrying out the
experiment ve times at three different concentrations.
39992 | RSC Adv., 2017, 7, 39989–39996
The ruggedness and robustness of the proposed method
were assessed by another researcher and studying the inuence
of the small variation of the experimental variables. For
example, the concentration of the acceptor was changed up and
down by about 0.02 M and the reaction time on the same
manner by 2.0 min. In these experiments, one experimental
parameter was changed, while the other parameters were kept
unchanged. The results (Table S3†) did not show any consid-
erable statistical difference suggesting that the applied method
is robust and rugged.

The unique properties such as the simplicity, sensitivity,
repeatability and reproducibility are very important for the
routine quality control analysis of SZ especially it doesn't require
dull extraction, heating at high temperature and long time for
the completion of the reaction. As shown in Table S4,† the
average recoveries for the determination of SZ in Dermazin drug
are in the range of 99.2–100.2%, which reects the high accuracy
and precision of the proposed method as given by their low
RSD% values.

Spectral characterization of solid CT complex

To clarify the coordination sites of SZ involved in the formation
of SZ / DDQ, the IR spectra of SZ and DDQ were compared
with that of SZ / DDQ. The IR bands at 2241 (n(C^N)), 1553
(n(C]C)) and 890 cm�1 (n(C–Cl)) are the characteristic modes39

of DDQ. The NaSZ spectrum exhibits the asymmetric mode of
the –NH2 group at 3416 cm�1, while the symmetric mode is
overlapped. The bands observed at 1630, 1292 and 1131 cm�1

are attributed to n(C]N)py, n(SO
ass
2 ) and n(SOss

2 ). In CT complex,
the most noteworthy remark is the disappearance of the
stretching mode of the –NH2 group and grown of two broad
bands at 3438 and 3223 cm�1 because of the formation of two
–NH groups. Furthermore, the n(C^N) mode is shied to the
lower wave number, 2211 cm�1 via the proton transfer process
and presence of double bond character to some extent (Scheme
1). An additional band assigned to n(C]O) of DDQ is observed
at 1661 cm�1 in the spectrum of the CT complex.
This journal is © The Royal Society of Chemistry 2017
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The 1H NMR spectrum of NaSZ in DMSO displays a singlet
broad signal at d 5.30 ppm with integration of two protons
allocated to the –NH2 group. The aromatic protons of the
pyrimidine ring give rise to one triplet and one doublet signals
at d 6.34 and 8.06 ppm. The other doublet signals at d 6.46 and
7.48 ppm are assigned to the phenyl ring. In complex, the
vanishing of the –NH2 signal and appearance of two singlet
signals at d 9.94 and 10.97 ppm with the same integration value
could be taken as an evidence for the proton transfer from –NH2

group to DDQmoiety. In addition, the symmetry of the aromatic
signals of the phenyl ring is lost, where four doublet signals are
observed at d 7.26, 7.62, 7.91 and 8.04 ppm. The pyrimidine ring
give rises to two signals at d 8.50 and d 7.00 ppm. The addition
of picric acid to NaSZ was accompanied by a proton transfer,
where an additional singlet signal (d 11.21 ppm) was observed.
Fig. 2 Local minimum structures of the mono-negatively SZ–CT
complexes (a) SZ / DDQ, (b) SZ / CHL, and (c) SZ / PA, calculated
by CAM-B3LYP/6-31G(d) method.
Quantum chemical calculations

The ground state geometry optimization of the mono-negatively
CT complexes was carried out at CAM-B3LYP/6-31G(d) level of
theory. The geometries were characterized as local minima via
the analysis of the harmonic frequencies. A view of the molec-
ular structures, atomic numbering as well as hydrogen bond
interactions between the donor and acceptor molecules is
shown in Fig. 2. The bond lengths and angles are given in
Tables S5–S7.† As shown in Fig. 2, the optimized structure of SZ
/ DDQ is characterized by two H-bonds, N(39)/H–N(24)
(1.94182 Å, 167.6�) and N(39)/H–C(19) (2.35261 Å, 136.9�), as
a result of proton transfer from –NH2 to C^N group. An
increase in the bond lengths of C(30)–C(31), C(36)–N(39) and
C(37)–N(38) by 0.11723, 0.01105 and 0.06278 Å is observed upon
the proton transfer and H-bond interactions. Similar, the C(19)–
C(21) and C(17)–C(21) bonds of SZ are 0.06242 and 0.05758 Å
lengthened upon the CT formation. Alternatively, the structure
of SZ / CHL is stabilized by three H-bonds, which are
supportive for the CT process. As the H-bond interaction
approaches more linearity as it become stronger.45 The inter-
action of pyrimidine N with the phenolic group is the strongest
one with a distance of 1.57122 Å and angle of 164.5� compared
with the other H-bonds, O(34)/H/C(2) (2.88785 Å, 160.1�) and
Cl(38)/H–C(2) (2.98315 Å, 132.5�).46 In comparison, the C(29)–
C(30) bond lengthens by 0.01084 Å, while the C(30)–O(36) bond
shortens by 0.02451 Å as a result of the pyrimidine–phenolic
interaction. The other interactions result in an increase in the
bond lengths of C(31)–O(34) and C(32)–Cl(38) bonds by 0.00442
and 0.00616 Å upon the formation of SZ / CHL complex. Five
H-bond interactions and proton transfer from the acceptor
(phenolic group) to the donor (pyrimidine ring) support the
stability of SZ / PA (Fig. 2). The phenyl ring participates with
one nitro group in two H-bonds with distances of 2.394 (O(44)/
H–C(2)) and 3.124 Å (O(34)/H–C(1)). Followed the proton
transfer process to the pyrimidine ring, the NH proton is
affected by two H-bonds, 1.929 (O(33)/H–N(23)) and 2.329 Å
(O(44)/H–N(23)). The last H-bond is the strongest H-bond
interaction and is created between O(40)NO and pyrimidine
ring, O(40)/H–C(20) with a distance of 2.401 Å and angle
176.3�.
This journal is © The Royal Society of Chemistry 2017
Photo-catalytic degradation

Recently, an increase consideration has been dedicated to the
pharmaceutical compounds as a class of environmental
pollutants.47,48 Despite the target of these compounds is to
perform a biological action on human beings, may also affect
other living organisms in a unexpectable way. Owing to their
toxicity, sulfonamides are now replaced by other chemothera-
peutics such as quinolones.49 The effectiveness of DDQ to be
used as an oxidant for the oxidation of different types of the
organic compounds such as alcohols37,38 encouraged us to study
the photodegradation process of SZ in presence of different p-
acceptor systems. As previously discussed, SZ forms stable
colored complexes with some p-acceptors and it is easy to
spectrophotometrically follow the degradation process.
RSC Adv., 2017, 7, 39989–39996 | 39993
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Illumination of the acetonitrile solution of SZ, as a control
experiment at either 256 or 365 nm was followed by monitoring
the change of the absorbance value at 239 nm. The degradation
efficiency [R ¼ 100 � ((At � A0)/A0)] was determined, where A0
and At are the initial absorbance and that obtained aer the
illumination time (t). About 19.0% and 9.0% of SZ was
decomposed at 256 and 365 nm within 3 h (Fig. S6†). Thus, the
degradation of SZ is hardly to achieve in the absence of an
oxidant. Introduction of a p-acceptor to the solution of SZ
develops a colored solution. This color disappears upon the
exposure to UV-light, 365 nm. Illumination of SZ/ DDQ (2.5�
10�4 M), SZ/ CHL (4.0 � 10�4 M) and SZ/ PA (1.0 � 10�4 M)
systems for about 3 h results in degradation of about 85%, 49%
and 8% in that order (Fig. S7†). DDQ has been shown to act as
an efficient photo-oxidant.

To be able to decrease the degradation time, the combina-
tion of Fe2O3 nanoparticles and oxalic acid has been tested with
Table 3 The rate constant, t1/2 and the degradation efficiency of the de

Conditionsa Acceptor The degradation e

UV light (365 nm) DDQ 85
CHL 49
PA 8.0

UV 365 nm + H2C2O4 DDQ 77.5
CHL 41.0

UV 365 nm + H2C2O4 + Fe2O3 DDQ 77.0
UV light (256 nm) DDQ 78.0

CHL 62.0
PA 75.0

UV 256 nm + NaNO2 DDQ 80.0
CHL 69.0
PA 76.0

a 0.5 mL of DDQ, 0.8 mL of CHL or 0.2 mL of PA from the stock solution (5
10 mL measuring ask and then the volume was completed to 10 mL. The
suspended Fe2O3/oxalic acid (2.0 � 10�4 M) and sodium nitrite (1.0 � 10

Fig. 3 Linear relationship ln(At/Ao) with the illumination time (min) of
SZ / DDQ photodegradation under different conditions.

39994 | RSC Adv., 2017, 7, 39989–39996
the systems of CT complexes. The irradiation of the ferrioxalate
complexes31,34–36 resulted in formation of hydroxyl radicals,
which may be able to accelerate the decomposition process. By
using oxalic acid alone, about 77.5% and 41% of SZ were
decomposed upon the illumination of SZ / DDQ and SZ /

CHL systems at 365 nm for 90 min, while the degradation of SZ
/ PA was hardly to proceed. The degradation efficiency is
decreased by adding Fe2O3 to a system of SZ + DDQ + oxalic acid,
while a highly resistance towards the degradation was observed
with CHL and PA acceptors that was shown in Fig. 3. This may
be attributed to complex formation and stabilization of the
sulfonamide group.

High energetic UV lamp (256 nm) was used for the illumi-
nation process to increase the efficiency and rate of the degra-
dation process. The results showed that about 78% (SZ /

DDQ), 62% (SZ / CHL) and 75% (SZ / PA) of SZ were
decomposed during 90 min. Then sodium nitrite (1.0 � 10�4 to
4.0 � 10�4 M) was tested in combination with the same light
source. The decomposition rate was twofold accelerated in case
of DDQ, where about 80% of SZ was degraded in 45 min.
However, the degradation percent remains nearly the same for
the other two systems, as 69% (SZ / CHL) and 76% (SZ / PA)
of SZ was decomposed in 90 min. The photodegradation of the
CT complexes was found to be a rst order reaction. By plotting
ln(At/A0) vs. time, a linear relation was obtained with a slope
corresponding to the rate constant (Table 3). Therefore, by
using DDQ as an acceptor, sodium nitrite and illumination of
the reaction mixture at 256 nm, the rate and time of the
degradation process are improved. The illumination process of
SZ / DDQ/NaNO2 system at 256 nm was followed by solution
1H NMR studies in CD3–CN (Fig. S8†). Exclusion of SO2 gas was
monitored, and detected by potassium dichromate test subse-
quent by formation of a variety of insoluble products, including
coupling of the pyrimidine and aminobenzene rings. The
broadness of the NMR signals may be taken as an indication of
the creation of free radicals, which should be the motive of the
degradation process.
gradation of SZ under different conditions

fficiency% Duration time t1/2 (min) k (min�1)

180 126 5.5 � 10�3

177 3.90 � 10�3

1443 4.80 � 10�4

90.0 66.5 1.04 � 10�2

88.0 7.90 � 10�3

90.0 48.0 1.60 � 10�2

90.0 43.3 2.09 � 10�2

56.0 1.24 � 10�2

43.0 1.63 � 10�2

45.0 18.7 3.70 � 10�2

90.0 58.0 1.20 � 10�2

47.0 1.03 � 10�2

� 10�3 M) was mixed with the equivalent volume of SZ (5 � 10�3 M) in
same experiment was repeated by addition of oxalic acid (2.0 � 10�4 M),
�4 to 4.0 � 10�4 M).

This journal is © The Royal Society of Chemistry 2017
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Conclusion

The determination of sulfadiazine has been spectrophotomet-
rically performed through the formation of three charge trans-
fer complexes with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ), chloranilic acid (CHL) and picric acid (PA). The
Lambert–Beer's law was obeyed in the ranges of 6.80–68.06,
13.61–136.12 and 6.80–27.22 mg mL�1 for DDQ, CHL and PA
complexes. The CT complexes are not recommended to be
formed in the strongly acidic medium. DDQ and PA are favored
to use in the determination of the low concentration of SZ, while
CHL can be used for the high concentration of SZ. The results
did not show any considerable statistical difference suggesting
that the applied method is robust and rugged. The IR and NMR
data of SZ / DDQ revealed charge transfer process accompa-
nied by proton transfer from –NH2 of SZ to C^N of DDQ.
Density functional theory calculations indicated that the stabi-
lization of the CT complexes is attributed to presence of several
H-bond interactions. Owing to the oxidative power of DDQ, for
the rst time the p-acceptors were investigated in the photo-
degradation process of the investigated drug. The degradation
of SZ is hardly to achieve in the absence of an oxidant or in
presence of iron(III) oxide. Illumination of SZ/ DDQ system at
365 nm for about 3 h resulted in degradation of about 85%. By
using 256 nm as a light source, the time was decreased to
90 min. The decomposition rate was twofold accelerated at
256 nm by adding sodium nitrite to the reaction mixture.
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