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The Ñuorescence emission of Piroxicam, an anti-inÑammatory drug exhibiting excited-state intramolecular
proton transfer (ESIPT), was studied in pure solvents and in dioxaneÈwater mixtures. The solvent proticity
was seen to play a key role in the ground-state promoting the existence of di†erent conformers (open and
closed form), and in the excited-state where it is responsible for a pronounced quenching of the tautomer
emission in the aforementioned mixtures. A derived SternÈVolmer relation shows the di†usive control of the
process M~1 s~1). The values of polarity (p*), proticity (a) and of dioxaneÈwater(kq B 4.3 ] 109 ET(30)
mixtures assessed by the solvatochromism of this molecule, are in agreement with a ““critical ÏÏ concentration
B22 M above which water presents the characteristics of the free solvent. Below that concentration, Piroxicam
adopts a closed conformation through an intramolecular hydrogen bond in a six-membered ring, which is very
stable and thus insensitive to microenvironmental changes.

1 Introduction

Piroxicam, 1,2-benzothiazine-3-carboxamide, 4-hydroxy-2-
methyl-N-(2-pyridyl)-1,1-dioxide, is a molecule belonging to
the wide group of non-steroidal anti-inÑammatory drugs
(NSAID). These drugs are used for a variety of conditions
since they exhibit analgesic, antipyretic and antiplatelet
properties.1 Although they can overcome some of the negative
side e†ects of corticosteroids, NSAID are known to induce
photosensitive action.2 Nevertheless, Piroxicam is not among
the most photoactive group, covered by the 2-arylpropionic
acid derivatives.3

This drug can exist in several prototropic species,4 with the
anionic ones dominating at neutral biological pH.5 Di†erent
conformations have also been proposed for this molecule in
the ground-state,6 due to the ability to establish an intramole-
cular hydrogen bond forming a six-membered ring. This
enolic species can undergo intramolecular proton transfer in
the excited-state, ESIPT, converting into the keto form,6
(Scheme 1). ESIPTs were found in a number of reactions in
the recently reviewed vast literature.7 The majority of these
reactions involve the transfer of a proton (or a hydrogen
atom) from an oxygen donor to an oxygen (or nitrogen)
acceptor. Five-membered rings, like in 3-hydroxyÑavone, and
six-membered rings, like in methyl salicylate, with an intra-
molecular hydrogen bond between the two moieties thus
facilitating proton transfer are the most commonly report-
ed.8,9 The dynamics of the tautomer formation encompasses a
large range of time domains, ranging from the femtosecond to

Scheme 1 Excited-state intramolecular proton transfer (ESIPT) from
the enol form of Piroxicam to the keto form.

the microsecond, although the majority of the relevant pro-
cesses occur in the sub-picosecond domain.

A well-known anti-inÑammatory drug, salicylic acid, which
can also undergo ESIPT,10 presents great photochemical sta-
bility. The excited tautomer su†ers a reverse isomerization on
the ground-state surface, so that the entire process is cyclic,
which in turn confers photochemical stability to the molecule.
The same must occur with Piroxicam according to its spectro-
scopic behaviour where hydrogen bonds seem to play a key
role. Further attempts to relate the strength of the intramole-
cular hydrogen bond and the photochemical stability were
made.11 Although it is clear now that ESIPT alone cannot
account for all the e†ects of photostability, it certainly does
play a crucial role, as can be envisaged from the ensemble of
our data. This also, is reinforced by the fact that Piroxicam is
administered to the patients in a composition that involves
cyclodextrin, where it is known that the molecule adopts the
closed conformation.6

The solvatochromism of two centrosymmetrical squaraine
dyes has recently been reported in pure solvents, dioxaneÈ
water mixtures and was used to probe the polarity of AOT
reverse micelles.12 The unsubstituted squaraine dye which
forms an intermolecular hydrogen bond with water exclu-
sively in the excited state is a suitable molecule to calculate n*
(which accounts for dipoleÈdipole interactions between the
solute and the solvent) and a (which is a measure of the
solvent acidity). The hydrogen bonding observed in Piroxicam
is both intramolecular and intermolecular and the prototro-
pism exhibited contributes to more complex features.

In this paper, we show that it is also possible to apply the
solvatochromic studies of Piroxicam in pure solvents and
dioxaneÈwater mixtures to explain the non-speciÐc soluteÈ
media interactions. This drug is found to be able to report
structural water changes in dioxaneÈwater mixtures which are
considered as mimetic of biological environments. Knowledge
of water interactions in organic media and at organic inter-
faces is of crucial relevance for the understanding of a whole
range of processes, including the formation and structure of
microemulsions.13,14
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2 Experimental section
2.1 Materials

Piroxicam was kindly provided by ““Laborato� rios Medinfar ÏÏ
and used without further puriÐcation. Solvents used were all
of spectroscopic grade except for n-hexanol, which was ana-
lytical grade. Water was distilled twice before use. Each
solvent was checked for the absence of Ñuorescence at the
wavelengths of experimental excitation and emission. Concen-
trated stock solutions of Piroxicam were prepared in spectro-
grade acetone. The small aliquots needed to prepare the
diluted solutions were carefully bubbled by a stream of toN2evaporate the acetone content. The Ðnal concentration was
kept below 5] 10~6 M to guarantee that the absorbance at
excitation wavelength did not exceed 0.1. All measurements
were made 24 h after sample preparation in order to ensure
complete dye solubilization.

2.2 Apparatus

A JASCO V560 UV/Vis spectrophotometer was employed in
UV absorption measurements. Fluorescence spectra were
recorded on a Perkin-Elmer LS 50B spectroÑuorimeter with a
sample holder thermostated at 25 ¡C. The instrumental
response at each wavelength was carried out by means of a
curve obtained using appropriate Ñuorescence standards (until
400 nm) including the one provided with the instrument. The
Ñuorescence quantum yields of the aerated Piroxicam solu-
tions were determined relative to that of quinine bisulfate in
0.5 M solution using adequate correc-H2SO4 (/fB 0.546 15)
tions for the solventÏs refractive index.16 Fluorescence lifetimes
were determined in water and cyclohexane using the time cor-
related single photon counting method. The photon source
was a Spectra-Physics set-up composed of a titaniumÈ1 sap-
phire Tsunami laser pumped by an argon ion laser, with a 37 ps
fwhm instrument response. Further description may be found
elsewhere.17 Data analysis was performed by a deconvolution
method using a non-linear least-squares Ðtting programme
based on the Marquardt algorithm and the goodness of the Ðt
was evaluated by statistics parameters like reduced s2.

3 Results and discussion
3.1 Pure solvents

Absorption and Ñuorescence spectra of Piroxicam were mea-
sured in nonpolar, polar aprotic and polar protic solvents,
Piroxicam being reasonably soluble in all of them, for the con-
centration of probe used. The data obtained are summarised
in Table 1. A major bathochromic shift (B30 nm) occurs with
increasing solvent polarity and hydrogen bonding ability. This
shift is supposed to be due to an intramolecular hydrogen
bond between the ÈOH group of the benzothiazine ring and
the carbonyl of the lateral amide group, forming a six-member
ring.6 This process is perturbed in protic solvents by the for-
mation of an intermolecular hydrogen bond originating an
open conformer or even the anionic species due to a very low

(B4.9). At room temperature, the Ñuorescence emission ofpKaPiroxicam in aprotic solvents is independent of excitation
wavelength, with the band maximum around 470 nm. This
extremely high Stokes shift was attributed to a rearrangement
of the molecule in the excited state, originating its tautomer
via a proton intramolecular transfer, generally denominated
ESIPT.6 In protic solvents the Piroxicam Ñuorescence
depends on the excitation wavelength showing two bands one
with a maximum around 400 nm (a so-called ““normal ÏÏ
emission) and another around 490 nm (the tautomeric
emission).

The dynamics of proton transfer can be strongly dependent
on the solventÏs ability to form hydrogen bonds. In fact,

Table 1 Absorption and emission maxima, and Ñuores-(jmaxabs ) (jmaxcmi )
cence quantum yield of Piroxicam in di†erent solvents(/f)

/f] 102 jmaxabs /nm jmaxemi /nm
Solvent Label ^0.05 ^0.5 ^0.5

Water 1 0.01 359.0 499.5
Methanol 2 0.01 358.2 503.0
Ethanol 3 0.02 355.0 499.0
Propanol 4 0.03 353.4 496.1
Butanol 5 0.05 350.1 493.4
Hexanol 6 0.07 334.0 491.3
Cyclohexanol 7 0.27 328.0 474.0
Ethyleneglycol 8 0.13 358.1 481.0
Glycerol 9 1.50 357.0 485.1
Dimethylsulfoxide 10 0.04 330.2 472.1
Acetonitrile 11 0.06 332.2 470.5
Acetone 12 0.07 329.0 496.0
Dichloromethane 13 0.14 325.0 472.0
Triacetine 14 0.35 324.5 470.3
Chloroform 15 0.19 325.6 472.3
Dioxane 16 0.20 329.0 480.0
Diethyl ether 17 0.05 320.5 478.2
Benzene 18 0.17 326.1 474.0
Carbon tetrachloride 19 0.18 325.0 478.1
Cyclohexane 20 0.18 325.0 470.2

proton transfer causes large electronic and structural
rearrangements associated with quite large Ñuorescence shifts,
as those that were found. In order to collect information
about the properties of the electronic states involved, spectral
shifts can be related to solvatochromic e†ects and these are
usually evaluated in terms of macroscopic physical parameters
of the solvent. They can be interpreted using the theoretical
Ooshika, Bayliss and McRae relation (OBM).16 This theory
has been successfully applied to polar solutes as it predicts the
existence of a permanent dipole for the ground-state solute.

An attempt to apply this theory to all types of solvents
studied revealed the existence of two di†erent trends in the
absorption data, (Fig. 1a) : one involving protic solvents and
the other gathering the remaining aprotic ones. However,
Ñuorescence maximum energy showed a fairly good corre-
lation for the ensemble of tested solvents, (Fig. 1b). Therefore,
there is one species which is preferentially stabilised in aprotic
solvents and another one which is stabilised in the protic
solvent through intermolecular hydrogen bonds. Although the
two species have similar molar extinction coefficients, when
excited at 350 nm their quantum yields of Ñuorescence are
very di†erent. In fact, the quantum yield of the tautomeric
species (the one that emits further to the red) is much higher
than the one from the normal emission, which is only found in
a protic medium. Hence, it is understandable that the emission
behaves as if only one species were present.

This behavior points to the existence of speciÐc soluteÈ
solvent interactions. In such conditions, it is necessary to
make use of empirical correlations of solvent polarity. The

polarity scale built with a betaine is undoubtedlyET(30)
accepted as the most popular to correlate several solvent
properties. This uni-parametric scale is dependent on both the
solvent dielectric properties and the hydrogen-bonding capac-

Scheme 2 Equilibrium between the closed conformation in(PrxN),
which the intramolecular H-bond prevails, and the open conforma-
tion of Piroxicam in which the intermolecular H-bond pre-(PrxA),
vails.
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ity, but it is not a†ected by the solvent hydrogen bonding
acceptor basicity. The Lewis acidÈbase speciÐc interactions
arise from the negative charge localised in the phenolic
oxygen atom of the betaine.

Therefore, some important information concerning the
process involved in Piroxicam solvatochromism could be
inferred. As may be seen (Figs. 1c, d), there is not a linear
correlation with this parameter. An inÑexion point, identical
for absorption and emission, around kcalET(30)\ 48.5
mol~1, marks the frontier between an aprotic and a protic
medium. This shows that both molecules, Piroxicam and the
betaine, have quite di†erent solvatochromism, very likely due
to the intramolecular hydrogen bond contribution in Piroxi-
cam.

In view of the situation, one must look for a multi-
parametric approach devised to assess separately the e†ects of
both the polarity and hydrogen bonding capacity of the
media. The KamletÈTaft solvatochromic comparison
method,16 is one of the most studied and can be expressed by
the equation

XYZ\ XYZ0 ] s(n* ] d)] aa ] bb (1)

where XYZ is a solute physicochemical quantity (in this case
the absorption and emission energy maxima), is thatXYZ0same quantity in an inert reference solvent, n* is the solvent
polarity/polarizability, a is the hydrogen bond donor acidity,
b is the hydrogen-bond acceptor basicity and d is a correction
term for the solvent polarizability (this is di†erent from zero
only for aromatic solvents). The s, a and b coefficients are
determined by energy maxima multiple linear regression
analysis, leading in general to good correlations, (Figs. 1e, f ).

labs\ 87.97[ 8.10a ; r2 \ 0.961 (2a)

lflu \ 61.02[ 2.14a [ 0.82n* [ 1.11b ; r2\ 0.958 (2b)

The numerical values obtained showed : (i) the valuelabs0 [ lflu0around 9600 cm~1, in agreement with the experimental
values ; (ii) an increase of charge localisation in the excited
state with respect to the ground state, since both a and s are
negative,18,19 (iii) they also reÑect the spectral bathochromic
shifts with increasing n* and a, as well as with increasing
basicity (negative b) ; (iv) the solvent hydrogen bond donor
ability is the parameter which further inÑuences the spectral
behaviour of this molecule (a/s ? 1, while for the mol-ET(30)
ecule this ratio is 1.318,20) ; (v) the decrease in a of the Ñuores-
cence enhances the importance of the intramolecular
hydrogen bond, even though one cannot exclude the existence
of a certain degree of covariance between the adjustable
parameters ; (vi) no signiÐcance was attributed to the d param-
eter since a limited number of solvents with were usedd D 0
and thus its statistical weight is meaningless.

In summary, the solvatochromic analysis reveals the exis-
tence of di†erent spectroscopic species which are stabilised
according to the solvent hydrogen bonding ability. The mol-
ecule seems to respond essentially to the solvent hydrogen
donor capacity (Scheme 2). In protic solvents, although the
dominant form of Piroxicam is the open conformer, the closed
form also exists, similar to that reported for the case of sali-
cylic acid.21 There are, however, certain solvents which sys-
tematically fall o† the correlations. They are aprotic solvents

Fig. 1 Maximum absorption and emission wave-(=, K) (L, …)
numbers of Piroxicam in protic (open symbols) and non-protic (closed
symbols) solvents, calculated using OBM theory, (a) and (b) ; against
solvent values, (c) and (d) ; and calculated using eqns. (2) (e) andET(30)
(f).

like acetonitrile and chloroform. In this case perhaps there is
not only one dominating species but a mixture of states
occurs, making possible the presence of both open and closed
conformers. In fact, these solvents are known to establish
hydrogen bonds.22

Molecules such as Piroxicam, exhibiting ESIPT usually
display Ñuorescence lifetimes of the order of picoseconds (or
even femtoseconds). In fact, we have tried the measurement of
Ñuorescence lifetimes of Piroxicam in several solvents in an
apparatus with a 60 ps resolution. However, the signal-to-
noise ratio was such that a clear trustworthy analysis is not
feasible. The data obtained in water (protic) and cyclohexane
is presented in Table 2 together with some literature values.
Good agreement between cyclohexane and the reported
values of toluene (non-protic solvents) is found. In water, the
decay is very complex and a third, much longer component
was detected, in contrast with the reported data.6 In view of
the results obtained they could not be used in a quantitative
way. In microemulsions where the quantum yields of Ñuores-
cence are higher, a complete study was carried out23,24 but,
the determination of both radiative and non-radiative rate
constants was not possible, since the decays were multi-
exponential and an average lifetime value would not have
any physical meaning in this system. Therefore, a partial

Table 2 Fluorescence decay times and preexponential factors for Piroxicam decays in solvents, at 23 ¡C, nm; nm)(q
i
) (a

i
) (jexc \ 296 jemi \ 460

Solvent q1/ns q2/ns q3/ns a1 (%) a2 (%) a3 (%) s2

Water (pH\ 7) 0.017 1.80 0.15 97.8 1.3 0.9 1.59
(pH\ 4)6 \0.020 3.74 È 98.0 2.0 È È

Cyclohexane 0.058 È 0.18 95.0 È 5.0 1.60
Toluene6 0.060 È 0.20 92.0 È 8.0 È
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study of Piroxicam photophysics was attempted using only
Ñuorescence quantum yields assuming the approximation

to be valid. SigniÐcant di†erences among the/f~1[ 1 P knrsolvents studied were detected (Table 1), showing a decrease
of for protic solvents. Nevertheless, solvents like glycerol,/fethyleneglycol or cyclohexanol show relatively high values.
An attempt to correlate the quantum yields with the solvent
macroscopic viscosities was made. All the protic solvents fall
in the same line, (Fig. 2a), which can be expressed by

/f\
c
gc

(3)

where c\ [8.6^ 0.3 and c\ 0.62^ 0.05. This power depen-
dence on viscosity with 0\ c \ 1 has been reported for di†er-
ent types of molecules25 under various conditions of solvent,
temperature and pressure. Several distinct interpretations
have been given.25,26 A value of c close to unity corresponds
to the Smoluchowski limit and leads to simple hydrodynamics
in the StokesÈEinstein relation, while a very low c generally
means an almost total absence of viscosity dependence. Our
results do not let us decide whether the process has a barrier
or not. In the excited state Piroxicam can undergo intramole-
cular proton transfer, which is normally a very fast process.
The absence of an energy barrier would lead to proton or
hydrogen atom transfer rates in the sub-picosecond region ;
H-tunnelling through a small barrier would also lead to the
same kind of picture.27 A competitive process for tautomeric
emission in a protic environment would involve breaking the
hydrogen intramolecular bond. This rupture requires a rela-
tively low energy (10È12 kJ mol~1 28) and it is usually an
adiabatic process. Therefore, if the barrier exists it is not likely
to be high.

For the complete set of solvents tested, eqn. (3) is unable to
report all the changes in as far as aprotic solvents are/f ,concerned. Solvent polarity must also play an important role
in the case of Piroxicam. Molecules like salicylic acid or

Fig. 2 Fluorescence quantum yield of Piroxicam in protic and(K)
non-protic solvents nm and T \ 25 ¡C, (a) Ðt using(=), jexc \ 350
eqn. (3) ; (b) multiple regression analysis with eqn. (4).

methyl salicylate also showed a lack of correlation between knrand viscosity for non-alcoholic solvents, while a moderate
dependence on relative permittivity was detected.9 Similar
situations have already been reported for molecules in reac-
tions involving dipoles or ions.29,30 To account for this
““polarity ÏÏ e†ect, the empirical parameter was used,ET(30)
giving the best results (Fig. 2b). Since the fol-/f~1[ 1 P knr ,lowing empirical equation, eqn. (4), and a multiple regression
analysis was applied :

ln(/f~1[ 1) \ A] B ln g ] C/ET(30) (4)

where A\ 11.5 ; B\ [0.60 ; C\ [ 178 and r2\ 0.97. This
last correlation allows the apolar solvents to be in the same
line as the protic ones. Once again, solvents like acetonitrile,
and acetone failed to correlate. These solvents have a rather
important basicity, which inÑuences Piroxicam emission, eqn.
(2b). However, does not account for it.31ET(30)

3.2 Mixtures of dioxane–water

The major contribution of the solvent hydrogen intermolecu-
lar bonding in the tautomeric emission of Piroxicam led us to
explore the dioxaneÈwater mixtures since several physico-
chemical properties of these mixtures are now well known and
they are frequently used as mimetic media to study probes in
membranes and interfaces.32,33 These two solvents are misci-
ble in all proportions thus allowing one to perform measure-
ments in a broad range of solvent polarity. Furthermore we
have also studied photophysical properties of Piroxicam in
microemulsions.5,23,24 The spectroscopic behaviour of Piroxi-
cam was studied in a wide range of water concentrations, the
probe being soluble in all of them. For lower water concentra-
tions, the spectra resemble those in aprotic solvents, with a
strong absorption band with a maximum around 329 nm. As
the water concentration is increased this band is red shifted
and a second one appears at higher energies similar to what
happens in protic solvents. The main aspect in these mixtures
is the existence of an isosbestic point (j \ 290 nm), (Fig. 3),
anticipating an equilibrium in the ground-state controlled by
the presence of water. This equilibrium can be expressed as :

PrxN ] nH2O E8F

Kb
PrxAÈnH2O

where is the neutral form of Piroxicam (with an intra-PrxNmolecular hydrogen bond) and is the moleculePrxAÈnH2Owhere intermolecular hydrogen bonding with water competes
to disrupt the intramolecular hydrogen bond; n is the number
of water molecules necessary to lead the ““ intra ÏÏ species to the

Fig. 3 Absorption spectra of Piroxicam in dioxaneÈwater mixtures
at di†erent compositions (1È7) : [water] \ 55.6 M; 38.9 M; 27.8 M;
16.7 M; 11.1 M; 5.6 M; 0 M. Insert : absorption spectra of andPrxN(see text) calculated by global analysis using eqn. (6).PrxA

4216 Phys. Chem. Chem. Phys., 1999, 1, 4213È4218



““ inter ÏÏ one ; is an equilibrium constant deÐned by theKbequation

Kb\
[PrxAÈnH2O]

[PrxN][H2O]n
(5)

Considering that the absorption species detected follows a
LambertÈBeer law and using a mass balance, a Ðnal expres-
sion can be derived which allows one to calculate n andKb ,
the spectral band shapes of the two species involved in the
equilibrium according to the expression

Aj\ [Prx]0
eNj ] eAj Kb[H2O]n

1 ] Kb[H2O]n
(6)

where and represent the molar extinction coefficients ofeNj eAjboth species. The insert of Fig. 3 gives the absorption spectra
of these two species following this formalism. A value of Kb\

M~1 is obtained (n \ 2.5^ 0.2), which means0.003^ 0.002
that, e.g., for the mixture 22 M in water, 87% of Piroxicam is
hydrogen-bonded. The emission spectra nm) once(jexc \ 350
again show the tautomer Ñuorescence. Its intensity is tremen-
dously a†ected by water concentration.

Absorption and emission maxima may be used to gain an
insight into solvent characteristics sensed by the probe. Using
eqn. (2a), the KamletÈTaft parameter a can be directly evalu-
ated. The results show that the ability of dioxaneÈwater mix-
tures to donate hydrogen bonds (a) is very poor for lower
water concentrations.34 But, for concentrations above 25 M it
increases rapidly up to a value (1.06) which is near the one
reported for pure water (1.1718,20). Recent work indicates that
a values generally have an uncertainty of ^0.10 per unit,35
which makes this a fair result.

Since b values for water and dioxane are quite similar (0.38
for water36 and 0.37 for dioxane18), and assuming that b will
not change much, one can obtain a n* for the di†erent solu-
tion compositions. The n* calculated in this way predict a
value of 0.59 for pure dioxane (0.55 in the literature18) and
1.02 for water (1.09 in the literature18) which are in agreement
with those previously reported. n* variation is much less sig-
niÐcant than a, for these mixtures, probably reÑecting the for-
mation of complexes as evidenced by an(dioxane)

m
(water)

ninfrared study of the vibrational modes of water in dioxane.37
Microwave dielectric measurements38 conÐrm the existence of
such complexes and of a breaking point in the analysed
properties of the mixture for a molar water fraction of 0.83
(B25 M), above which the properties are similar to pure water
with a tetrahedral structure.39,40

For a better comparison with results from the literature for
these mixtures, one should convert them into values.ET(30)
This can be achieved using the following equation :41

ET(30)\ 31.2] 11.5n* ] 15.2a (kcal mol~1) (7)

These can be compared with those found for pure solvents
(Fig. 4a) and with those determined by Langhals42 (Fig. 4b)
using the following empirical relation :

ET(30)\ ED ln
ACp
C*

] 1
B

] ET0(30) (8)

where is the molar concentration of water, is theCp ET0(30)
value in dioxane and and C* are adjustable empiricalEDparameters. From the former, one can envisage the probe
sensing the possibility of establishing hydrogen bonds with the
solvent ““ later ÏÏ than the solvent is able to do it. The inÑection
point of the sigmoidal trend corresponds to a water concen-
tration close to 25 M. This is also the concentration above
which a approaches its value in pure water. The latter com-
parison reinforces this view. Above a water concentration
which Langhals denominated as a ““critical concentrationÏÏ,

M, there is a reasonable agreement between the twoCk B 22
sets of results, while for lower concentrations Piroxicam
reports a solvent less available to interact through hydrogen

Fig. 4 (a) Absorption maxima variation with the solvent parameter
in pure solvents (bold line) and dioxaneÈwater mixtures (dottedET(30)

line) ; (b) comparison of Langhals values (bold line) and thoseET(30)
predicted by the solvatochromism of Piroxicam (thin line) for the
dioxaneÈwater mixtures.

bonding. The equilibrium between the ““ inter ÏÏ and the ““ intra ÏÏ
conformers of Piroxicam is able to detect this transition and
to report correctly the solvent characteristics above 22 M
water concentration. But, below this value, it must be more
favourable for water, from an energetic viewpoint, to interact
with dioxane rather than to break the intramolecular hydro-
gen bond of Piroxicam. This would also explain the di†erence
detected by comparison with betaine, where the intramolecu-
lar hydrogen bond is absent.

The Ñuorescence quantum yield of tautomeric Piroxicam
nm) is strongly a†ected by water concentration, as(jexc \ 350

was expected by what was seen in pure protic solvents. This
Ñuorescence quenching sensed by Piroxicam, was also report-
ed for other organic molecules like squaraines14 and 9-
anthroates.43 The establishment of intermolecular bonds
promotes the nonradiative processes via additional vibration
modes with the consequent increase in internal conversion.7
The ratio of the Ñuorescence quantum yield of Piroxicam in
the absence and in the presence of water, are plotted/f0 , /f ,against water concentration, (Fig. 5). As it is seen this SternÈ
Volmer plot is non-linear. Usually, this is related to the exis-
tence of static quenching. In the present case this static
contribution is bound to be associated with a ground-state
complex, as it was detected and accounted for by the absorp-
tion. A way of conÐrming the value calculated for the complex
equilibrium constant would be through a plot ofKb ,

vs. which contains data not available to(/f0//f)/(q0/q) [H2O],
us.

The SternÈVolmer constant extracted from theKSV \ kqqO ,
Ðtting of all data points, is 0.56 M~1. In order to have an
estimate of the magnitude of the quenching rate constant, kq ,
and since we do not know the Ñuorescence lifetime of the mol-
ecule in dioxane, we used a value close to that reported for
Piroxicam in toluene (Table 2), qB 100 ps. In such conditions,

M~1 s~1. This value is only slightly inferior tokqB 4.3 ] 109
the di†usion-controlled rate constant, in the dioxaneÈkdiff ,water mixtures, which range from 5.9] 109 to 10 ] 109 M~1
s~1, (insert of Fig. 5). This range was calculated through the
use of the Smoluchowski relation, D@ is thekdiff\ 4pD@R@Na .
mutual di†usion coefficient, D@\DH2O ] DPiroxicam , DPiroxicamcan be obtained through the StokesÈEinstein equation, where
the viscosity of the mixtures44 as well as the values of DH2O 45
were taken from the literature. A closer look at Fig. 5 shows
the existence of two regions. One for M, where a[H2O][ 25
linear trend with the total water concentration conÐrms that
almost all the water is available to interact with Piroxicam.
Secondly, for M, a clear departure from linearity[H2O]\ 22
is seen, revealing that not all the water is being e†ectively used
to interact with the probe. Curiously the transition region
found corresponds to a water concentration of 22È25 M,
which as we saw before shows signiÐcant changes in water
aggregation and coincides with the minimum detected in
Kdiff .
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Fig. 5 SternÈVolmer plot for the quantum yield ratio against water
concentration. Insert : variation of di†usional rate constant, withkdiff ,water concentration.

4 Conclusions
The role of the solvent on the spectroscopic behaviour of the
drug Piroxicam was the aim of the present study. This mol-
ecule exhibits a very high Stokes shift due to a tautomeric
emission arising from an intramolecular proton transfer in the
excited state. In protic solvents a second species is present,
probably as an open conformer. The existence of speciÐc inter-
actions explains the failure of the theoretical relation of
Ooshika, Bayliss and McRae and the success of the multi-
parametric KamletÈTaft equation to explain the data. An
empirical equation involving both viscosity and polarity

could describe the solvent inÑuence on pointing to(ET(30)) /f ,a process with a low barrier.
The absorption spectra of Piroxicam in dioxaneÈwater mix-

tures show the existence of a ground-state complex between
the probe and water. In the excited state water contributes to
the quenching of the tautomer emission with a di†usion-
controlled rate constant process. The n* and a parameters of
these mixtures were calculated from spectral shifts showing
good agreement with reported results for a water concentra-
tion above 22 M. The data obtained conÐrm the picture of a
critical water concentration, as proposed by Langhals,42
above which properties similar to bulk water are sensed by
the probe. These are important features to bear in mind when
working with this drug in systems as reversed micelles, which
are considered as mimetic of biological environments.
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