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Tolfenamic acid (TA) is a non-steroidal anti-inflammatory drug that was studied for its photodegradation in

aqueous (pH 2.0–12.0) and organic solvents (acetonitrile, methanol, ethanol, 1-propanol, 1-butanol). TA

follows first-order kinetics for its photodegradation, and the apparent first-order rate constants (kobs) are

in the range of 0.65 (pH 12.0) to 6.94 × 10−2 (pH 3.0) min−1 in aqueous solution and 3.28 (1-butanol) to

7.69 × 10−4 (acetonitrile) min−1 in organic solvents. The rate-pH profile for TA photodegradation is an

inverted V (^) or V-top shape, indicating that the cationic form is more susceptible to acid hydrolysis

than the anionic form of TA, which is less susceptible to alkaline hydrolysis. The fluorescence behavior of

TA also exhibits a V-top-shaped curve, indicating maximum fluorescence intensity at pH 3.0. TA is highly

stable at a pH range of 5.0–7.0, making it suitable for formulation development. In organic solvents, the

photodegradation rate of TA increases with the solvent's dielectric constant and solvent acceptor

number, indicating solute–solvent interactions. The values of kobs decreased with increased viscosity of

the solvents due to diffusion-controlled processes. The correlation between kobs versus ionization

potential and solvent density has also been established. A total of 17 photoproducts have been identified

through LC-MS, of which nine have been reported for the first time. It has been confirmed through

electron spin resonance (ESR) spectrometry that the excited singlet state of TA is converted into an

excited triplet state through intersystem crossing, which results in an increased rate of photodegradation

in acetonitrile.
Introduction

Tolfenamic acid (TA) belongs to the fenamate family of non-
steroidal anti-inammatory drugs (NSAIDs). It is used to treat
various pain-related ailments in humans and animals.1,2

Recently, its anti-Alzheimer effect3–8 and anticancer activity
against various cancers have also been identied and reported
by many workers,9–26 which have signicantly increased its
clinical importance.
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TA (2-[(3-chloro-2-methylphenyl)amino]benzoic acid) is
structurally similar to aminobenzoic acids and contains an
amine group that is attached to the two benzoic acid rings
(Fig. 1). TA is insoluble in water but soluble in dilute solutions
of alkali hydroxides and most organic solvents.1,27,28 It is
a photosensitive drug known to degrade on exposure to UV/
sunlight.28–31 The most apparent result of photodegradation is
the loss of the potency of the active drug and the formation of
unwanted inactive products that may be toxic or harmful to the
patients.32 The literature lacks information regarding the pho-
todegradation kinetics of TA in aqueous and organic solvents.
No comprehensive investigations have been made for the pho-
todegradation kinetics and the photoproducts formed there-
aer. A couple of TA photodegradation studies performed
Fig. 1 Chemical structure of TA.
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earlier are related to the environmental effects of water pollu-
tion and toxicity.29,30

Since the literature lacks such information on TA, studying
its photodegradation kinetics in aqueous and different protic
and aprotic organic solvents could benet pharmaceutical
scientists, especially when its therapeutic uses have been
repurposed. The information generated from the photostability
studies would not only help to improve the medicinal stability
of TA but would also help evaluate the handling and packaging
aspects, therapeutic and adverse effects, and develop new drug
delivery systems.32 The present study has been carried out in
aqueous media (pH 2.0–12.0) and some organic solvents
(acetonitrile, methanol, ethanol, 1-propanol, 1-butanol) in
which TA has been photodegraded by articial UV light, and the
reaction kinetics have been determined. The photoproducts
have been identied, and a correlation has been established
between the reaction rate, pH, and various physicochemical
parameters of the solvents.
Experimental section
Materials

TA was obtained from Sigma Aldrich (St. Loius, MO, USA).
Solvents and reagents used were of analytical grade purchased
from BDH (Germany)/Merck (Germany)/DaeJung (Korea). The
buffer systems used for the photolysis of TA were: KCl–HCl (pH
2.0), citric acid–Na2HPO4 (pH 3.0–8.0), H3BO3–KCl–NaOH (pH
9.0–10.0), and Na2HPO4–NaOH (pH 11.0–12.0). The ionic
strength in each case was 0.02 M.
Methods

Thin-layer chromatography (TLC). TLC was carried out
according to the method reported in British Pharmacopoeia28 to
conrm the purity of the active drug. Pure TA powder was
weighed (25 mg) and dissolved in a mixture of methyl alcohol
and methylene chloride in a 1 : 3 (v/v) ratio and diluted up to
10 mL of the same mixture. A 10 mL aliquot of the prepared
solution was applied on precoated silica gel GF254 plates of 250
mm thickness (Merck, Germany). The TLC tank was equipped
with a mobile phase containing a mixture of glacial acetic acid,
dioxane, and toluene in a ratio of 1 : 25 : 90 (v/v). A stand-up time
of 10 min was provided for saturation. The plate was then
placed in the TLC tank to run in a mobile phase at 25 ± 2 °C.
The plate was allowed to air dry, and the spot was observed
under the UV lamp (Uvitech, Cambridge, UK) at 254 and
365 nm. Similarly, the results were reconrmed by employing
another method of TLC using hexane, chloroform, acetone, and
glacial acetic acid in a ratio of 75 : 25 : 20 : 0.1 (v/v/v/v) as mobile
phase at 25 ± 2 °C.33 All protocols were followed in a similar
pattern as described above.

FTIR spectroscopy. The powder sample of pure TA was
analyzed using an FTIR spectrometer with ZnSE windows
(Nicolet iS5, ThermoFisher Scientic, USA). The powder sample
was placed on the diamond crystal optical base (iD7 ATR,
ThermoFisher Scientic, Great Britain). The spectrum was
collected at a 4 cm−1 resolution aer performing 128 scans in
21384 | RSC Adv., 2024, 14, 21383–21397
the 4000–600 cm−1 region. The spectra were analyzed through
Omnic soware (version 9).

Spectrouorimetry. The uorescence measurements of TA in
the pH range of 2.0–12.0 were carried out with a spectrouo-
rimeter (Jasco FP–8300, Japan) at room temperature (25 ± 2 °C)
using 370 and 452 nm as excitation and emission wavelengths,
respectively. A pure TA solution of 0.01 mM was used as
a standard to measure the uorescence intensity in relative
uorescence units.

NMR and mass spectrometry (MS). The purity of pure TA
powder was ascertained by analyzing it through 1H NMR spec-
trometry. The 1H NMR spectra were recorded at 500 MHz
(Avance AV-500, Bruker, Germany) using methanol (CD3OD) as
solvent.

The purity of TA was ascertained using electron ionization
(EI) mass spectra in positive ionization mode (RT 1.5) using
a heated probe (JEOLMS 600H-1, USA). The identication of the
degradation products was made by analyzing the samples on
UHPLC (Dionex Ultimate 3000, ThermoFisher, Germany)
coupled with an Ultra High-Resolution QTOF mass spectrom-
eter (Maxis II, Bruker Daltonics, Bremen, Germany) equipped
with an electrospray ion source. The MS system was calibrated
using an internal calibrant (sodium formate solution 0.01 M)
injected at 3 mL min−1 using a syringe pump before each
injection to ensure high mass accuracy. The separation was
carried on an RP-18 column (100 × 3.0 mm, 1.8 mm, Macherey-
Nagel, Düren, Germany). The column was maintained at 40 °C,
and the injection volume was 10 mL. The ow rate of the mobile
phase was 0.40 mL min−1, solvent A was 0.1% formic acid, and
B was methanol with 0.1% formic acid. All the samples were
analyzed in positive ion mode. The parameters were set as
follows:

The drying gas temperature was 270 °C, the ow of drying
gas was set at 12.0 L min−1, the capillary voltage of 4500 V, the
mass range of 100–1200 m/z, the nebulizer pressure was set at
3.1 bar, the spectral rate was 2.00 Hz.

The same ion source conditions were also used for MS/MS
mode. Data were recorded using Bruker Hystar soware
version 4.1 and calibrated using Data Analysis 4.4 (Bruker,
Germany). Auto MS/MS analysis was done on pooled samples.
The top 3 peaks were selected for MS/MS analysis with the active
exclusion for 30 s.

The potential metabolite features were extracted, aligned,
and intensity normalized on internal standard with data log2-
transformed using Metaboscape 3.0 (Bruker, Germany).
Metaboscape soware was used for feature extraction using the
following parameters: Intensity threshold 900 counts,
minimum peak length 9 spectra, minimum peak length
(recursive) 7 spectra, and minimum feature for extraction were
1/3 of all analyzed samples, including QCs. Features found less
than 80% of samples were ltered. Every feature represents
a specic m/z value of [M + H]+ ion and possible sodium
adducts, retention time, and peak height. For identication and
molecular formula generation, exact masses of parent ions were
matched with <5 ppm error and sigma value <50 in most cases.
MS/MS spectra of signicantly different features were searched
© 2024 The Author(s). Published by the Royal Society of Chemistry
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in NIST 14 Tandem Mass Spectral Library and Mass Bank of
Europe.

Electron spin resonance (ESR) spectrometry. The spectra of
TA (2.0 mg) in acetonitrile were recorded using an ESR spec-
trometer (JES-FA100, JEOL, Japan) equipped with a 500W xenon
lamp (SX-UI501XQ, Ushio, Japan).

pH measurements. The pH of the samples was set with the
help of a digital pH meter (Elmetron CP501, Poland) using
a glass electrode and a temperature probe. The instrument's
calibration was performed using solutions prepared from
commercially available buffer tablets of pH 4.0, 7.0, and 9.0
(Merck, Germany).

Assay of TA. It is of utmost importance to use an assay
method that is accurate, precise, robust, and sensitive.
However, it should also be stability-indicating to quantify the
active drug in the presence of impurities and degradation
products, particularly in kinetic studies. The HPLC method
used in this study has previously been validated as per the
guideline of ICH34 and was found to be accurate, precise, robust,
and stability-indicating with a tR of 4.3 min.31 All the photo-
degraded products identied through this method showed
separate tR from those of TA.

Radiation source. It is imperative to select an appropriate
radiation source for the photolysis studies of any compound, as
the experimental conditions are known to affect the degrada-
tion reactions signicantly.35 The photolysis rate depends on
the experimental conditions, like the light source and its
intensity; therefore, different visible and UV radiation sources
are employed for such purposes.35 An articial UV light source
has been used for the photolysis reactions in this study. The UV
lamp emits maximum radiation in the UV-C region, i.e., 254 nm,
and partially (∼5%) in the 300–550 nm regions. It is known to
have a consistent UV output throughout its average life of
9000 h. It is effectively used in air and water disinfection units
due to its constant UV output over its lifetime and is preferred
for use in various photochemical processes. Such wavelength
irradiation sources have been effectively employed for photol-
ysis studies of different substituted aromatics,36 including TA.29

TA shows two absorption maxima in the 250–370 nm region.27

Since the lamp emission is in the region of the studied drug;
therefore, the photolysis reactions were performed with the
same readily available radiation source. A previous study has
also reported the photodegradation of TA in an alkaline solu-
tion with a similar wavelength lamp.29

Light intensity measurements. This actinometer developed
by Parker37 and Hatchard and Parker38 is still considered the
most useful actinometer over a wide range of wavelengths (254–
577 nm) for determining light intensity. The irradiation of
potassium ferrioxalate solutions in sulfuric acid results in the
reduction of ferric to ferrous ions. The light intensity of the TUV
light used in this study is found to be 5.62 ± 0.12 × 1018 qs−1.

Photolysis
Aqueous solution. TA powder was solubilized in a few mL of

ethanol, and its solutions (5.00 × 10−5 M) were prepared in the
pH range of 2.0–12.0 using appropriate buffer systems. TA
solutions were irradiated in the light chamber (Fig. S1†) with
continuous stirring over the magnetic stirrer for constant light
© 2024 The Author(s). Published by the Royal Society of Chemistry
diffusion through the reaction vessels. Samples were withdrawn
at regular intervals (0 to 180 min) and were subjected to the
chromatographic assay.

Organic solvent. A stock solution of TA equivalent to 2.0 ×

10−4 and 4.0 × 10−4 M was prepared separately in ve different
organic solvents, i.e., methanol, ethanol, propanol, butanol,
and acetonitrile. Each solution was transferred into the Pyrex
reaction vessel and irradiated to UV light with constant stirring
in the photolytic chamber. The drug was irradiated in each
solvent for 96 h (4 days). The reaction vessels were marked for
the solvent level, and the fresh solvent was added in case of any
evaporation. The samples from the solution were withdrawn at
different time intervals of 0, 6, 24, 30, 48, 54, 72, 78, and 96 h,
and an appropriate dilution of 24 mg/10 mL was made in the
mobile phase for the HPLC analysis. Each time, the dilution was
ltered through a nylon membrane before the analysis. All
experiments were performed in triplicate. Each blank solvent
was also exposed to the UV light, as described above. Similarly,
a set of drug samples in each solvent was stored in the dark in
a tightly closed container to avoid evaporation.

Quantum yield of photolysis. The light intensity of Philips
30 W TUV was determined using a potassium ferrioxalate acti-
nometer,38 and the value was found to be 5.62 ± 0.12 × 1018

qs−1. The amount of energy emitted by the irradiation source
was calculated using the area under the respective emission
band. These measurements were used to calculate the factor R,
which gives the relation between the quantum number (Qr)
dissipated at the particular wavelength range (TA absorption
bands) and the total quantum number (Q) found using potas-
sium ferrioxalate actinometry. The absorbed quanta by TA were
measured to calculate the quantum efficiency (f). Hence:

A = K × Ed

where A is the area (Sq. cm) under the emission bands, K is the
constant that gives variations in the relative energy of the
emission bands, and Ed is the energy emitted in the wavelength
range covered by bands. The emission bands absorbed by TA
(289, 338) to the total area of emission bands of the TUV tube
were used to calculate the ratio (R).

R ¼ Al1 þ Al2

Al1 þ Al2 þ Al3 þ Al4 þ Al5

where l1, l2, l3, l4, and l5 are the wavelengths at 254, 313, 366,
405 and 436 nm, respectively.

The following relation was used to estimate the quantum
efficiency (F) of TA:

The rate of photolysis = K s−1 (initial concentration) = moles s−1

4 ¼

rate of TA photolysis ðmoles s�1Þ � no: of molecules per mole

R�Q
RSC Adv., 2024, 14, 21383–21397 | 21385



Table 1 First-order rate constants (kobs) for the photolysis of TA in the
pH range 2.0–12.0a

pH kobs × 102 � SD (min−1) R2 t50 (min) t90 (min) f

2.0 4.50 � 0.22 0.9987 2.33 15.4 1.60
3.0 6.94 � 0.34 0.9979 1.51 9.99 2.45
4.0 4.21 � 0.51 0.9990 2.49 16.5 1.49
5.0 2.65 � 0.19 0.9987 3.96 26.1 0.99
6.0 1.51 � 0.29 0.9974 6.95 45.9 0.53
7.0 1.11 � 0.44 0.9984 9.46 62.4 0.39
8.0 1.01 � 0.18 0.9987 10.4 68.6 0.35
9.0 0.95 � 0.55 0.9996 11.0 72.9 0.33
10.0 0.82 � 0.36 0.9988 12.8 84.5 0.29
11.0 0.72 � 0.69 0.9986 14.6 96.2 0.25
12.0 0.65 � 0.58 0.9995 16.1 106.6 0.23
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Result and discussion
Purity conrmation

TLC. The purity of the drug sample has further been ascer-
tained by performing TLC according to the methods of British
Pharmacopoeia28 and Abdelwahab et al.33 The results have been
compared to that of the reference standard of TA. Both refer-
ence standard and sample spots appeared similar in position,
color, and size (Fig. S2†), with a retention factor (Rf) of 0.8 and
0.49 by each method, respectively.

FTIR spectrometry. It is of utmost importance to conrm the
purity of the active drug before validating the analytical method
to ensure that there are no degrading products and unwanted
impurities present in the sample that may interfere with the
analysis. FTIR spectrometry has been performed to conrm the
purity of TA. On comparing the sample with its reference
standard, it was observed that there were no spectral changes
between the two powders, which indicates that the material was
pure and that no unwanted substances were present in the
sample (Fig. S3†).

The characteristic stretching vibration of the amino group
was detected in the region 3342–3340 cm−1, while other char-
acteristic peaks of the spectra were observed in the ngerprint
region of 1661, 1582, 1500, 1440–1400, 1267, and 749 cm−1 for
carbonyl, benzene ring, an amino group (bending vibration),
a methyl group (symmetric stretching), C–H, and C–N defor-
mation, respectively. All these peaks are in accordance with
those reported in the literature for TA.1,39–43

NMR and MS. The data obtained through NMR and MS
further conrmed the purity of the drug. EI-MS spectrum of TA
showed the following peaks: m/z 261.0 (M+, 63.7%), m/z 243.1
([M − 18]+, 55.1%), m/z 208.1 (100%), m/z 180.1 (22.5%), m/z
89.0 (6.4%), m/z 77.1 (5.7%), m/z 44.0 (4.0%). The m/z peaks
obtained for TA through MS (Fig. S4†) are like those reported in
the literature.1

The NMR spectrum of TA showed the following peaks: d 7.97
(1H, dd, J = 8 Hz, 1.5 Hz, H-3), d 6.72 (1H, t, J = 8 Hz, 1 Hz, H-4),
d 6.80 (1H, br d, J = 8 Hz, H-5), d 7.26 (1H, dd, J= 7.5 Hz, 1.5 Hz,
H-6), d 7.14–7.31 (3H, m, H-40, 50, 60), d 2.295 (1H, s, CH3).
Similarly, the frequencies and intensities obtained for the
sample in its 1H NMR spectrum (Fig. S5†) are also found to be
similar, thus conrming that the sample used was pure and
potent.1

The purity of the active drug was ascertained before being
subjected to photodegradation reactions. The purity of TA is
conrmed by TLC (Fig. S2†), FTIR (Fig. S3†), MS (Fig. S4†), and
NMR (Fig. S5†). Hence, before proceeding to the photo-
degradation reactions, it has been ensured that the drug is pure
and that no prior degradation product(s) or additional impu-
rities are present.

Kinetics of photodegradation in aqueous solution. TA
concentrations in aqueous solutions aer photodegradation
reactions in the pH range of 2.0–12.0 obtained using HPLC
assay method31 are reported in Tables S1 and S2.† The initial
concentration difference of TA in aqueous (5.00 × 10−5 M) and
organic solvents (2.0 × 10−4 and 4.0 × 10−4 M) is due to its poor
21386 | RSC Adv., 2024, 14, 21383–21397
solubility in water. TA is practically insoluble in water;1,28

therefore, it was dissolved in a fewmL of ethanol before making
its aqueous solutions at different pH. Due to this insolubility, it
tends to precipitate at higher concentrations, particularly those
used in organic solvents. Therefore, its photolysis reactions
have been performed at lower concentrations in aqueous media
than in organic solvents. The assay data obtained for the
photolysis of TA were subjected to kinetic treatment, and it has
been found that the TA follows rst-order kinetics for its pho-
todegradation in aqueous solutions (pH 2.0–12.0). The log
concentration versus time plots at pH 2.0–12.0 are given in
Fig. S6 and S7.† The apparent rst-order rate constants (kobs)
were calculated from the slopes of the straight lines of the
kinetic plots and are given in Table 1. First-order rate constants
(kobs) for the photodegradation of TA at pH 2.0–12.0 are in the
range of 0.65 × 10−2 min−1 (pH 12.0) to 6.94 × 10−2 min−1 (pH
3.0) (Table 1).

Effect of pH. The effect of pH on photodegradation kinetics
is essential in evaluating the stability of the drugs at a particular
pH. Not much information in the literature is available
regarding the pH effect on TA and its physicochemical proper-
ties. Various rate–pH proles for the photodegradation of
different drugs have been reported earlier.44–47 A plot of kobs
versus pH for the photodegradation of TA has been constructed
and found to be an inverted V (^) or V-top shape (Fig. 2). The
kobs–pH prole for the photolysis of TA shows an increase in the
rate constant from pH 2.0 to 3.0 (pKa1 1.95)43 with amaximum at
pH 3.0, indicating that the cationic form of TA is more
susceptible to acid hydrolysis. However, beyond pH 4.0 (pKa2

4.05),43 the rate of photolysis of TA decreases, and very low rate
constants in the pH range of 6.0–12.0 have been observed (Table
1). It may be due to the low susceptibility of the anionic form of
TA to alkaline hydrolysis. The V-top-shaped k–pH proles have
previously been reported for the hydrolysis of estrone phos-
phate,48 dacarbazine,49 hydrochlorothiazide,50 tyrphostin,51 4-
amino salicylic acid,52 riboavin53,54 and piroxicam.55

TA shows a uorescence emission band at 452 nm on exci-
tation at 370 nm.43 The correlation between uorescence and
the rate of photodegradation has been made by plotting the
uorescence intensity (A.U.) and the rate of photodegradation
a f = quantum yields of photolysis.

© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 The kobs–pH profile for photolysis of TA in aqueous solution.
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(kobs) of TA versus pH (Fig. 3). It has been found that the uo-
rescence intensity (A.U.) versus pH is superimposed on the rate–
pH prole. It indicates the maximum availability of the singlet
excited state of TA at pH 3.0 and the minimum at pH range 7.0–
12.0. Therefore, the photodegradation rate is higher at pH 3.0
than at pH 7.0–12.0, indicating the maximum formation of an
excited triplet state at pH 3.0, resulting in the photodegradation
of TA molecules. It has previously been reported that at higher
pH values, the uorescence of molecules is quenched and vice
versa.56,57

Kinetics of photodegradation in organic solvents. The pho-
todegradation of unionized molecules of TA has been carried
out for 96 h (5760 min.) in ve commonly used organic solvents,
i.e., acetonitrile, methanol, ethanol, 1-propanol, and 1-butanol.
Themolar concentration of TA in each solvent with time is given
in Table S3,† and the degradation plots are shown in Fig. S8.† It
has been observed that most of the degradation of TA (∼50% or
above) occurred in the initial 24 h (1440 min.) in most cases
(Table S3†). However, it slowed down later, possibly due to the
formation of photodegradation products and their interaction
with the available photons. Similar patterns have also been re-
ported previously for other drugs like riboavin,58–60 ascorbic
acid,61,62 and sulfacetamide.63

A curve pattern has been noted for TA molar concentration
when plotted against the time in all solvents (Fig. S8†). Such
Fig. 3 kobs–pH profile (:) for the photolysis of TA at pH 2.0–12.0,
along with fluorescence intensity versus pH curve (C). The values of
kobs have been increased to 500 folds to match the fluorescence
curve.

© 2024 The Author(s). Published by the Royal Society of Chemistry
a curve pattern indicates that the degradation does not follow
zero-order kinetics. The log concentration of TA is determined
from the molar recoveries, and rst-order graphs have been
plotted versus time (Fig. S9†). The plots indicated that the
photolysis of TA in various organic solvents follows apparent
rst-order kinetics as a linear pattern against time has been
observed (Fig. S9†). Such reactions indicate that the degrada-
tion products are formed from a constant fraction of the drug at
a dened time following an unimolecular reaction.45,58,64 The
apparent rst-order rate constants (kobs) for the photo-
degradation of TA have been calculated from the slopes of the
rst-order plots by the following equation and are reported in
Table 2.

kobs ¼ 2:303

t
log

a

a� x

where a is the initial concentration, and x is the amount that
has changed in time, t. Therefore, if a, x, and t can be deter-
mined experimentally, k can be calculated in units of time. The
rates (kobs) for the photodegradation of TA in each solvent are
between 4.13 to 7.69 × 104 min−1, while the R-squared regres-
sion values are in the range of 0.986–0.996 (Table 2). The rst-
order rates obtained in the stability studies at various time
intervals may represent a sum of rate constants for the photo-
degradation of multiple species.58 Several drugs are known to
follow rst-order degradation kinetics, including
riboavin,35,47,58–60 ascorbic acid,61,64 cyanocobalamin,62 methyl-
cobalamin,65 uoroquinolones,66–68 sulfacetamide,63 etc. Among
fenamates, various studies have also reported rst-order
degradation kinetics for drugs like mefenamic acid,69–73

meclofenamic acid,74 and also for TA.29,30,75

Effect of TA concentration on the photodegradation. Drug
concentration plays a vital role in the degradation as it may
affect the reaction rate.61,76 Dilute solutions of drugs are known
to be more prone to degradation than concentrated ones.74,76,77

Therefore, the effect of TA concentration on the photo-
degradation rate has also been ascertained by exposing double-
strength stock solution (i.e., 4.0 × 10−4 M) in different organic
solvents to the same intensity UV light under similar experi-
mental conditions. The molar concentration of TA aer
photolysis in various organic solvents is reported in Table S4.†
The comparative concentration versus time plots with respect to
the original concentration (i.e., 2.0 × 10−4 M) in each organic
solvent is shown in Fig. S10.† The results indicated a similar
curve pattern with slightly lower degradation rates (Table S4†)
than the solutions containing a lesser amount of the drug
(Table S3†).

Similarly, the kobs values for the photolysis of TA in each
solvent calculated from the rst-order plots (Fig. S9†) are also
found to be lesser, i.e., 3.28 to 6.28× 104 min−1, with regression
values of 0.984–0.995. The results indicated that 50% of the
drug degradation (t50) in double-strength solutions occurred in
about 18–35 h (Table 2) compared to 15–28 h of original solu-
tions (Table 2). The faster degradation rate of the solutions
containing lower TA concentrations under similar photolysis
conditions could be due to the availability of more photons for
RSC Adv., 2024, 14, 21383–21397 | 21387



Table 2 Apparent first-order rate constants (kobs) for the photodegradation of TA in different organic solvents with half (t50) and shelf-life (t90)
a

Solvent
Dielectric
constant

Acceptor
number

Viscosity
(mPa s)

Ionization potential
(eV)

Density
(g mL−1)

Concentration
(M × 104)

kobs × 104 � SD
(min−1) R2 t50 (h) t90 (h) F

Acetonitrile 38.5 18.9 0.369 12.20 0.777 2.00 7.69 � 0.90 0.991 15.01 2.27 0.11
4.00 6.28 � 1.50 0.986 18.38 2.79 0.18

Methanol 32.6 41.3 0.544 10.84 0.787 2.00 6.48 � 1.20 0.996 17.83 2.70 0.09
4.00 5.54 � 1.05 0.990 20.85 3.16 0.16

Ethanol 24.3 37.1 1.074 10.47 0.785 2.00 5.85 � 1.35 0.994 19.73 2.99 0.08
4.00 4.74 � 1.25 0.995 24.37 3.69 0.13

1-Propanol 20.1 37.3 1.945 10.15 0.800 2.00 4.67 � 0.75 0.990 24.73 3.75 0.07
4.00 4.12 � 0.88 0.987 28.05 4.25 0.12

1-Butanol 17.8 36.8 2.544 10.04 0.806 2.00 4.13 � 0.80 0.986 27.97 4.24 0.06
4.00 3.28 � 1.10 0.984 35.26 5.34 0.09

a F quantum yields of photolysis.

Fig. 4 A plot of kobs of TA versus dielectric constant of the solvents. (*,
×) Acetonitrile, (C,B) methanol, (:, D) ethanol, (-,,) propanol, and

4 4
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the excitation of the TA molecule than the higher
concentrations.

Effect of solvent. The effect of a solvent on a drug is a widely
studied parameter due to its inuence on the degradation rate.
Depending upon the solute–solvent interaction, various solvent
characteristics may directly or indirectly affect drug stabiliza-
tion or degradation.58,66–68,78–81 In the present study, four
commonly used protic (alcohols) and a polar aprotic organic
solvent (acetonitrile) have been employed to study their impact
on the photodegradation of TA. The solvents have been selected
based on their common lab usage, easy availability, and phys-
icochemical characteristics like dielectric constant, viscosity,
acceptor number, ionization potential, and density. The results
indicated that the photolysis rate of TA is inuenced by the
nature of the solvent when irradiated under similar experi-
mental conditions. Whether the drug solution was diluted or
concentrated, the degradation rate is found to be in the
following order (Table 2):

Acetonitrile > methanol > ethanol > propanol > butanol

Various physicochemical properties of the selected solvents
(Table 2) have been correlated with the degradation rates to
ascertain the multiple factors inuencing the photodegradation
of TA, which are discussed in the following sections.

Effect of solvent dielectric constant. The permittivity or
dielectric constant (3) of a solvent is a measure of its polarity.
The dielectric constant of a solvent is oen valuable for stabi-
lizing a pharmaceutical formulation and is considered an
essential parameter for predicting solute–solvent interac-
tions.45,47,58,78 Any change in the dielectric constant value of
a solvent may alter the activation energy, thus affecting the
degradation rates.46,58,78,81 A correlation has been made between
the apparent rst-order rate constants of TA (Table 2) and the
solvent dielectric constants (Table 2), and the plot is shown in
Fig. 4.

The results indicated that the photodegradation of TA
increased linearly with an increase in the dielectric constants of
the solvents (Fig. 4). The increase in the degradation rate of TA
21388 | RSC Adv., 2024, 14, 21383–21397
with an increase in the solvent dielectric constant indicates that
the reaction involves polar or similar charged degradation
species; therefore, the rate has been accelerated in solvents
having high 3 values (Table 2). This pattern of enhanced
degradation of TA with increasing dielectric constants is known
to occur when identical charged species are involved in the
reaction. On the contrary, the decrease in the degradation rate
with an increase in dielectric constant oen occurs when the
reaction occurs between ions of opposite charges.82–84

A linear pattern was noted in the thermal degradation
studies of TA when the dielectric constant was increased in the
ethanol–water mixtures by increasing the amount of water.75 A
similar effect has also been observed previously in drugs like
riboavin,58 uoroquinolones,66–68 and 5-uorouracil.81 Based
on these ndings, it is suggested that using a combination of
appropriate solvents for TA may result in comparatively better
stability.

Effect of solvent acceptor number. The rate of degradation of
a drug is dependent on its electron-donating capacity, which is
affected by the nature of the solvent.58,85 The acceptor number
(AN) is a benchmark for the solvents' capacity to share electron
pairs with compatible donors. This property of solvents may
affect the reaction or photolysis rate.58,78,81 In the present study,
a correlation has been made between the apparent rst-order
(A, >) butanol. (––––) 2.0 × 10 M; (– – – –) 4.0 × 10 M.

© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 A plot of kobs of TA versus viscosity of the solvents. (*, ×)
Acetonitrile, (C, B) methanol, (:, D) ethanol, (-, ,) propanol, and
(A, >) butanol. (––––) 2.0 × 104 M; (– – – –) 4.0 × 104 M.

Paper RSC Advances
rate constants (kobs) of TA (Table 2) and the AN of highly
structured protic solvents, i.e., above 25 (Table 2). The value of
acetonitrile does not follow the pattern linearly, probably due to
its different aprotic nature. At the same time, a somewhat linear
pattern has been noted in the alcohols (Fig. 5). The increase in
solvent AN of alcohols increased the photolysis rate, and hence,
using a combination of solvents may reduce the degradation
rates.

Effect of solvent viscosity. The viscosity of the solvents or
media in which the drug is present is an essential intensive
physical property that directly affects the drug stability and
degradation rate. The literature holds ample evidence that the
degradation rate can be altered for certain drugs by controlling
the viscosity of the medium.35,58,61,78,81,86 In the present study,
when the viscosities of the solvents (Table 2) are plotted against
the photolysis rates of TA (Table 2), a linear pattern has been
obtained (Fig. 6). This linearity thus indicates that the increase
in the viscosity of the solvents resulted in a decrease in the
photolysis of TA. The increase in the viscosity could have
resulted in lesser penetration of the UV light in the medium,
thus causing a reduction in the rate of degradation of TA.

A correlation between the effect of solvent viscosity on the
rates and mechanism of chemical reactions with certain drugs
has been reported.35,58,61,78,81,86–88 A similar viscosity effect was
observed when the photodegradation of fenamates was found
to lower with an increase in medium viscosity.89,90 The
temperature of the medium plays a vital role in the viscosity
effect on the reaction rate.84 The opposite result has been
observed in the case of the thermal degradation of TA in
ethanol–water mixtures. It was observed that the increase in the
viscosity of the medium resulted in increased degradation of TA
due to a rise in the temperature.75

Effect of solvent ionization potential. The ionization poten-
tial of a solvent is the minimum energy required to remove an
electron from the molecule of that solvent.91 The effect of
solvent ionization potential on drug degradation can be
understood in terms of the solvent's ability to participate in or
inuence degradation reactions. The ionization potential of
a molecule is comparatively lower in the singlet excited state
than in the ground state. Hence, it is easier to remove an elec-
tron in this state. This phenomenon occurs in the presence of
Fig. 5 A plot of kobs of TA versus acceptor number of protic solvents
(alcohols). (C,B), Methanol, (:, D) ethanol, (-,,) propanol, and (A,
>) butanol. (––––) 2.0 × 104 M; (– – – –) 4.0 × 104 M.

© 2024 The Author(s). Published by the Royal Society of Chemistry
an electron acceptor due to photoionization, particularly in
molecules having an anionic state.47,92

A correlation has been made between the rate constants of
TA (Table 2) and the solvents' ionization potential (Table 2). TA
and the solvents used in this study possess hydrogen donor and
acceptor properties, except for acetonitrile, which only has
acceptor ability due to its aprotic nature.93 Interestingly, a rela-
tively linear relationship (Fig. 7) has been found between the
two factors, indicating that the higher the ionization potential
of the solvent, the more the degradation of TA, probably due to
higher dipole moments and Gibbs energy, as also observed by
Faiz et al.94 in a different study.

Effect of solvent density. The solvent density is another
parameter that has not been studied much for its impact on
drug degradation reactions. Solvent density affects the solute–
solvent interactions and alters the relative solvation energies of
the reactant and activated complexes, thus affecting the reac-
tion rate.95 Therefore, another attempt has been made to
investigate a correlation between the reaction rates of TA (Table
2) and the solvent densities (Table 2). The results showed that
the density of the solvents also plays a vital role in TA degra-
dation since a linear relationship has been found between them
in both concentrations (Fig. 8). The solvent with the lowest
density (i.e., acetonitrile) showed the maximum photo-
degradation, while the one with higher density (i.e., 1-butanol)
showed comparatively slower degradation (Table 2). This
Fig. 7 A plot of kobs of TA versus ionization potential of the solvents. (*,
×) Acetonitrile, (C,B) methanol, (:, D) ethanol, (-,,) propanol, and
(A, >) butanol. (––––) 2.0 × 104 M; (– – – –) 4.0 × 104 M.
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Fig. 8 A plot of kobs of TA versus density of the solvents. (*, ×)
Acetonitrile, (C, B) methanol, (:, D) ethanol, (-, ,) propanol, and
(A, >) butanol.
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decrease in photodegradation rates could have happened due to
the slower diffusion of reactants or lesser penetration of UV
light into the denser solutions, as previously observed for
mefenamic acid photodegradation by Shnain et al.90

Identication of the photodegraded products. The identi-
cation of the photoproducts of TA has beenmade by LC-MS. The
chromatograms of TA irradiated for 96 h in different organic
solvents are shown in Fig. S11–S15.† Various photoproducts
have been identied, and their structures have been proposed
with molecular masses (Table 3). Altogether, a total of 17
photoproducts were identied in the photolyzed solutions of TA
in different solvents. Of these, only four are common in all
solvents (TP-I, XII, XIII, and XVI), while TP-XV and XVII are
present in four solvents except ethanol (Table 3). TP-I is iden-
tied as 3-chloro-2-methylaniline, the main ingredient used in
the synthesis of TA, and is also present as its impurity.1

Photoproduct TP-IV is found exclusively in 1-butanol, TP-V in
ethanol, and TP-VIII in methanol. Thus, the type of solvent and
its various physicochemical properties impact not only the
reaction rate but also the formation of degradation products, as
discussed in the previous sections.

Previously, da Silva et al.29 reported a few photodegradation
products of TA by direct photolysis and UV/H2O2 process, which
are also found in this study, i.e., TP-I till TP-VIII (Table 3).
However, in the present study, nine new photoproducts of TA
have been identied (TP-IX to TP-XVII) that have not been re-
ported earlier for TA. The formation of different photoproducts
in different solvents indicates the impact of the nature of the
solvent on the photodegradation of TA.
21390 | RSC Adv., 2024, 14, 21383–21397
Degradation of TA in Organic solvents in the dark. A set of
similar samples was stored in the dark in a tightly closed
container and subjected to HPLC analysis. The samples were
observed for any degradation of TA in the organic solvents in
the dark at similar time intervals to those of photodegradation
studies. No substantial change in the recovery values of TA (100
± 2%) has been observed for four days (i.e., 96 h) in any solvent,
indicating that the light source is the primary catalyst for
initiating TA degradation. Previously, Ahmed et al.27 also re-
ported no change in the TA concentration when stored in
various organic solvents at room (25 ± 1 °C) and refrigerated (5
± 3 °C) temperatures for 24 h.

Blank control. The solvents used in this study are known to
have a UV cut-off value of #220 nm, which means they absorb
the UV light at or below this wavelength and not on any other
wavelengths.68,91 However, to ascertain their effect, a set of
placebo solvents (i.e., without TA) was irradiated similarly for
the same duration as those containing the drug and subjected
to HPLC analysis. No change has been observed in any solvent
aer 96 h of irradiation, indicating the non-reactivity of the
solvents. Hence, the photoproducts formed are of TA and not of
any solvent.

Mode of photodegradation. Different workers have con-
ducted photostability studies on TA.29,30 However, there is
dearth that no such work has been carried out to evaluate the
photostability of TA in aqueous (pH 2.0–12.0) and organic
solvents (acetonitrile, methanol, ethanol, 1-propanol, 1-
butanol). The viable mechanism for the photodegradation of TA
in the aqueous and organic medium is described below.

Aqueous solutions. TA molecule on irradiation is converted
into an excited singlet state (1[TA]) (1) which is then converted
into an excited triplet state (3[TA]) through intersystem crossing
(isc) (2). The 3[TA] state interacts with ground state TA to form
anionic and cationic radicals (3). These anionic and cationic
radicals may accept or lose a proton, which results in the
formation of reduced (4) and oxidized TA radicals (5). The two
TAHc radicals may form oxidized and reduced TA molecules (6).
The TAc may further lead to the formation of degradation
products (7).

0½TA�!hv 1½TA� (1)

1½TA�!isc 3½TA� (2)

3[TA] + 0[TA] / TAc− + TAc+ (3)

½TA���!H
þ ½TAH�� (4)

½TA�þ� �!�H
þ ½TA�� (5)

2TAHc / TA + TAH2 (6)

TAc/degradation products (7)
© 2024 The Author(s). Published by the Royal Society of Chemistry



Table 3 Photoproducts of TA identified by LC-MS in various organic solvents after 96 h of irradiationa,b

Compound Accurate mass RT Molecular formula Proposed structure ACN MeOH EtOH PrOH BuOH

TP-I 141.0345 7.0 C7H8Cl1N1 + + + + +

TP-II 157.0294 6.4 C7H8Cl1N1O1 + +

TP-III 170.0215 5.5 C7H6O5 + +

TP-IV 224.0532 0.9 C7H12O8 +

TP-V 243.0895 0.7 C14H13N1O3 +

TP-VI 277.0505 7.8 C14H12Cl1N1O3 + +

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 21383–21397 | 21391
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Table 3 (Contd. )

Compound Accurate mass RT Molecular formula Proposed structure ACN MeOH EtOH PrOH BuOH

TP-VII 295.1055 8.0 C14H17N1O6 + +

TP-VIII 307.0247 7.6 C14H10Cl1N1O5 +

TA 261.0556 9.9 C14H12Cl1N1O2 + + + + +

TP-IX 326.3059 10.9 C20H39NO2 + + +

TP-X 347.2824 10.9 C22H37NO2 + + +

TP-XI 362.2780 10.9 C18H38N2O5 + + +

21392 | RSC Adv., 2024, 14, 21383–21397 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 (Contd. )

Compound Accurate mass RT Molecular formula Proposed structure ACN MeOH EtOH PrOH BuOH

TP-XII 352.2613 10.7 C21H36O4 + + + + +

TP-XIII 320.2311 10.2 C15H32N2O5 + + + + +

TP-XIV 242.1518 6.8 C13H22O4 + + +

TP-XV 210.0892 7.3 C11H14O4 + + + +

TP-XVI 213.0789 8.1 C13H11N1O2 + + + + +

TP-XVII 240.1725 9.5 C14H24O3 + + + +

a ACN = acetonitrile; MeOH =methanol; EtOH = ethanol; PrOH = 1-propanol; BuOH= 1-butanol. b The positive sign (+) indicates the presence of
the photoproduct in the solvent.

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 21383–21397 | 21393
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Organic solvents. The triplet state of TA (3[TA]) by interacting
with solvent molecules/ions results in the formation of a dipolar
intermediate (8). This dipolar intermediate is further converted
into the anion (TAHc−) and cation (Ac+) radicals (8). The anion
radical on oxidation transforms into the degraded and unde-
graded TA (11). The reaction scheme showing the involvement
of dipolar intermediate in the photolysis of TA in organic
solvents results in the degradation of TA is shown in Fig. 9.

0½TA�!hv 1½TA� (8)

1½TA�!isc 3½TA� (9)

3½TA� þAH ������!organic solvent ðTAs�//H//AsþÞ
dipolar intermediate

/TAH� þA�þ

(10)

TAH� ������!O2

photooxidation
undegraded TAþ degradation products (11)

The degradation products identied by LC-MS/MS are given
in Table 3. Based on the identication of these products formed
during the photolysis reaction in different organic solvents,
a photodegradation pathway has been proposed and shown in
Fig. 9 Suggested photodegradation pathways for the degradation of TA

21394 | RSC Adv., 2024, 14, 21383–21397
Fig. 9. TA on the absorption of light undergoes several
processes, including ring-cleavage, bond-cleavage, oxidation-
reduction, dechlorination, addition and removal of amine,
which results in the formation of various photoproducts (Fig. 9).
The degree of the formation of these photoproducts is depen-
dent on the nature of the solvent, solvent characteristics, and
interaction of TA with the specic solvent molecule.

ESR spectrometric studies. The conversion of the excited
singlet state of TA (1[TA]) to the excited triplet state (3[TA]) has
been investigated in acetonitrile at room temperature, as
depicted in Fig. S16.† The ESR spectra obtained for TA before
and aer acetonitrile irradiation reveal insights into this pho-
tophysical process. Before irradiation, the ESR spectrum
showed no signicant signal, indicating the absence of the
triplet state. However, an ESR signal is observed post-irradiation
corresponding to the excited triplet state (3[TA]). This transition
suggests that upon irradiation, there is an efficient intersystem
crossing from the excited singlet state (1[TA]) to the triplet state
(3[TA]). These ndings provide compelling evidence that irra-
diation in acetonitrile induces the conversion of 1[TA] to 3[TA],
underscoring the role of the solvent environment and irradia-
tion conditions in modulating the photophysical behavior of
TA.

Quantum yields of photolysis. The quantum yields for the
photolysis of TA in aqueous (pH 2.0–12.0) and organic solvents
to form various degradation products.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(acetonitrile, methanol, ethanol, 1-propanol, 1-butanol) have
been calculated (Tables 1 and 2), and the values are in the range
of 0.23–2.45 and 0.06–0.18, respectively. These calculated
quantum yield values are affected by the pH of the medium and
the reactivity of the excited triplet state in aqueous and organic
solvents. In the acidic region, the F values are higher than those
in the alkaline region, indicating that in the case of TA, the high
reactivity of the excited triplet state in the acidic region results
in the increased photodegradation of TA.

Conclusion

TA is a photosensitive compound that is photolyzed by UV
irradiation. The present study is based on the determination of
the kinetics of TA in aqueous and organic solvents. The rate–pH
prole represents a V-top shape curve, and the rate of degra-
dation increased with an increase in pH from 2.0 to 3.0 (pKa1,
1.95), and beyond 4.0 (pKa2, 4.05), the rates of photodegradation
decreased till pH 12.0. The higher rate of TA degradation at
acidic pH is due to the sensitivity of TA towards acid hydrolysis,
and a decrease in the rates of degradation at higher pH is due to
the less susceptibility of TA molecules towards alkaline hydro-
lysis. The bulk properties of themedium used play an important
role in the drug's stability. It has been found that the rate of
photolysis of TA increases with the polarity of the medium and
decreases with an increase in the medium viscosity.
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