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Abstract

The absorption and fluorescence spectral features of a dioxin-like compound, 2-dibenzofuranol (DBFOH), have been studied in aqueous
and non-aqueous media and in the presence of cyclodextrins (CDs). The fluorescence of DBFOH is structured in cyclohexane and shifts
towards red when the polarity of the solvent is increased. The pKs in the ground and first electronic excited states are pK= 9.95 and pK* = 1.5,
as calculated by the Förster cycle from the absorptometric and fluorimetric data. DBFOH forms inclusion complexes with� and�-CDs but
not with �-CD, the spectral behavior being dependent on the type of macrocycle.�-CD enhances the emission of DBFOH by forming a 1:1
complex, whereas the�-CD forms 1:1 and 2:1 stoichiometries, (DBFOH)2:�-CD, as deduced from absorption, fluorescence, and1H NMR
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xperiments. No excimer emission is perceived, unlike the case of dibenzofuran (DBF) and 2-dibenzofurancarboxylic acid with�-CD. The
omplexation does not modify the excited-state reactivity of DBFOH, in contrast to other condensed aromatic alcohols. The binding
ave been obtained from the emission spectra by multivariable non-linear regression analysis at several wavelengths and, from the
n the temperature, the thermodynamic parameters of the binding, enthalpy and entropy, have been deduced. The effect of the hy
n the stability and on the proton transfer in the excited state of DBFOH is compared to the non-substituted DBF and the corr
arboxylate derivative (DBFC). The similarities between the enthalpies indicate that the complex formation is governed by the in
he aromatic part in the cavity, the functional group having a negligible effect on the binding.
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. Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides built up
rom �-d-glucopyranose residues linked by�-1,4 glycosidic
onds, the most common being those formed by six, seven
r eight glucose units (�, �, and�-CD, respectively). This

amily of macrocycles display a torus-like shape, with a hy-
rophobic cavity and two hydrophilic rims in which the pri-
ary and secondary OH groups are inserted. The main feature

hat makes CDs of interest is their capacity to form inclusion
omplexes with a variety of guest molecules in solution or in
olid phase[1], a property that yields many interesting appli-
ations that have been extensively described in the literature
2].

∗ Corresponding author. Tel.: +34 948 425600x6315; fax: +34 948 425649.
E-mail address:gaitano@unav.es (G. González-Gaitano).

In the case of fluorescent guests, the inclusion can a
the ground and/or excited states of the fluorophore, pro
ing remarkable modifications in the spectral properties o
substrate upon inclusion. Fluorescence enhancement
most common situation, ascribed to factors such as the
tection against collisional quenching, changes in the pol
of the microenvironment or an increase in the rigidity of
guest, amongst others[3]. The opposite effect (quenching
fluorescence), although less common, has also been ob
for inclusion complexes, for example in the case of ce
heterocycles, such as acridine[4] and phenazine[5], or some
naphtalene derivatives, such as 2-acetylnaphtalene[6,7], and
pyrene[8,9].

In addition to the changes in the spectral propertie
the guest upon the inclusion, its photochemistry can als
modified [10]. Thus, the CD behaves as a protective
ing for the fluorophore against photobleaching or side

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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actions or, on the contrary, it can act as a catalyst, induc-
ing excimer formation[11,12]. The reactivity in the ex-
cited state, e.g. proton transfer, can also be altered in the
presence of CD due to interactions of a protonable group
with the edges of the cavity as in the case of 2-naphtol,
for example[13–15]. The CDs have also proven to restrict
the twisting of functional groups in molecules that display
twisted intramolecular charge transfer (TICT), for exam-
ple 4-N,N-dimethylaminocinnamic acid[16] or 2-(4′-N,N-
dimethylaminophenyl) benzimidazole[17].

In previous works we have investigated the spectral prop-
erties and photophysics of some dioxin-like compounds,
dibenzofuran (DBF) and 2-dibenzofuran carboxylic acid
(DBFCA) and its inclusion within natural CDs[18,19]. In
DBF, some important differences with respect to nitrogen
containing heterocycles in the stoichiometries and binding
constants were found, especially with�-CD, and�-CD. The
latter CD was also found to induce excimer emission by
complexes of 2:2 stoichiometry at high�-CD/DBF ratios.
In DBFCA, the emission is very sensitive to the pH and to
the type of CD used, yielding also stoichiometries different
from 1:1 in the case of the�-CD. In addition, 2D ROESY ex-
periments combined with molecular dynamics calculations
proved that the carboxylate group of the ionized DBFCA
(DBFC) is located at the narrower edge of the�-CD [20].

In this framework, we have carried out an investigation
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Elmer LS-50B spectrofluorimeter. The excitation wavelength
in each case corresponded to theλmax in the absorption spec-
trum at its longest wavelength. The scan rate was 300 nm/min,
and the excitation and emission slits fixed at a spectral band-
pass of 6.0 and 2.5 nm, respectively. 1.000 cm-pathlength
or 0.400 cm-pathlength quartz cells were employed both
in absorption and fluorescence measurements, keeping
constant the temperature with an external heated circulating
bath (25.0± 0.1◦C for the absorption spectra and 15, 25, 35
and 45◦ ± 0.1◦C for the fluorescence measurements).

In the experiments with CDs, the DBFOH concentra-
tion was fixed in 3.63× 10−5 M for UV measurements. For
fluorescence, it was 5.4× 10−6 M for �- and �-CD, and
2.71× 10−5 M for �-CD. The concentration of DBFOH was
always kept within the interval of linearity in all the cases.
The ratio CD/DBFOH was varied by direct titration in the
cell with a stock solution containing DBFOH + CD.

1H NMR spectra were recorded at 300 K in a Bruker
Avance 400 Ultrashield spectrometer (9.36 T) by averaging
600 scans. The assignation of the resonances of the DBFOH
has been done with the aid of the 1D and COSY spectra
and the simulation of spin subsystems with MestRe-C soft-
ware [21]. The solutions were prepared in D2O (Aldrich,
99.9% minimum in D) by adding solutions of�-, �- and�-
CD to vials containing weighed amounts of DBFOH. The Job
method has been used in order to ascertain the stoichiome-
t
s

3
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7.4,
d nm
o sharp
p re-
ith 2-hydroxydibenzofuran (DBFOH), a heterocycle ca
le of giving proton transfer in the excited state. The elec
onor group OH produces a different behavior with resp

o the COOH group in DBFCA. Our research has been
used in the study of the spectral features and photoph
f this molecule in water and other solvents, and in the p
nce of natural CDs. The effect that the complexation
ave in the excited-state proton transfer has also bee
estigated. The thermodynamic parameters of the bin
educed from the temperature dependence of the form
onstants, and the effect of theOH group on the stabilit
ave been analyzed by multivariable non-linear square

ing and compared with those of the parent DBF, and
BFC.

. Experimental

�-CD was manufactured by Roquette,�-CD and�-CD
y Wacker. The water contents determined by the
nalysis were 10.6, 8.29, and 7.91%, respectively
ydroxydibenzofuran (DBFOH) with 98% purity w
btained from Aldrich, purified by precipitation in wa

rom an ethanol solution. The rest of reagents were
s received. Cyclohexane (Panreac), ethanol (Merck)
cetonitrile (Scharlau), were of spectrophotometric gr
ater solutions were prepared with type I-grade water.
UV spectra were acquired with a HP 8452A dio

rray spectrophotometer (1s integration time). Steady-
uorescence measurements were performed using a P
ry of the complex in the case of the�-CD, by mixing stock
olutions of DBFOH and�-CD [22].

. Results

.1. Spectral properties of DBFOH

The absorption spectrum of DBFOH in water, at pH
isplays a broad long wavelength band (LW) at ca. 320
verlapped to a more intense one at 288 nm, and a
eak at 252 nm (Fig. 1). The bands are red shifted with

Fig. 1. Absorption spectra of DBFOH as a function of pH.
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Fig. 2. Absorption spectra of DBFOH in several solvents (CH: cyclohexane;
MeCN: acetonitrile; EtOH: ethanol), and DBF in water.

spect to the non-substituted DBF, due to the auxochromic
effect of the electron donorOH group (Fig. 2). The shape
of the spectrum does not change substantially in organic me-
dia, such as cyclohexane, ethanol and acetonitrile, the cyclo-
hexane being the solvent that yields the best resolution of
the vibronic structure (Fig. 2). The spectrum is much less
structured in water and the bands are slightly blue shifted. At
pHs at which ionization of the hydroxyl occurs (above≈ pH
10), the appearance of the absorption spectrum changes dra-
matically, with the LW band centered at 340 nm and two
other more intense bands at 296 and 256 nm. TheO− group
has a higher tendency thanOH to donate electrons to the
aromatic ring, which increases the conjugation of the� sys-
tem with the subsequent reduction in the energy of the 0–0
transition.

The emission is strongly pH dependent (Fig. 3a) and dual
fluorescence can be observed, with bands at 352 and 443 nm,
and two isoemissive points at 415 and 433 nm, for pH
intervals 0.1–7.8, and 8.7–12.5, respectively. The emission
at basic pH, coming from the excitation of the anion, is
much less intense than the observed in acidic conditions.
Organic solvents, such as cyclohexane, acetonitrile and
ethanol can not accept a proton from excited DBFOH,
so the fluorescence comes from neutral DBFOH. The
emission at 352 nm is attributed to molecular DBFOH,
whereas that at 443 nm corresponds to the ionic form.
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Fig. 3. (a) Fluorescence emission of DBFOH as a function of pH
(λex = 299 nm, [DBFOH] = 5.4× 10−6 M); (b) normalized fluorimetric titra-
tion of DBFOH at 352 and 443 nm. The solid lines are the fits to Eq.(3).

Table 1
Spectral characteristics of DBFOH in several solvents at 298 K

Solvent λmax log(ε) λF

(nm)
Quantum
yield, φ

Stokes
shift
(cm−1)

Cyclohexane 252 4.26 326 0.354 189.4
290 4.25 340
324 3.84

Acetonitrile 252 4.27 348 0.289 2320
290 4.26
322 3.86

Ethanol 252 4.20 351 0.408 2957
290 4.22
318 3.77

Water (pH 0.1) 252 4.09 352 0.190 3849
288 4.10
310 3.63

Water (neutral) 252 4.09 352 0.079 3849
288 4.10
310 3.63

Water (pH 13) 256 4.13 443 0.035 6838
296 3.99
340 3.64
he band is more structured in cyclohexane, showing
axima (Fig. 4). When the dielectric constant of the solv

ncreases, the emission loses its structure and the S
hift increases according to the general solvent effect[23]
n the sequence cyclohexane < acetonitrile < ethanol < w
acid)≈ water (neutral). The ethanol, despite hav

lower dielectric constant than acetonitrile, posse
ydrogen-bonding ability and produces a higher rela
tokes shift. The quantum yields decrease in the o
thanol > cyclohexane > acetonitrile > water (acid) > w
neutral) > water (basic). All these results are collecte
able 1.
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Fig. 4. (a) Normalized fluorescence emission of DBFOH in some organic
solvents (CH: cyclohexane; MeCN: acetonitrile; EtOH: ethanol); (b) in wa-
ter, at different pHs.

3.2. Ground and excited-state pK’s of DBFOH

The pK in the ground state can be calculated from the
changes in the absorbance by a non-linear least-squares
fit to the Henderson–Hasselbach equation. By choosing
λmax= 288 nm the pK was 9.95± 0.02, a value close to that
of other aromatic alcohols, such as 2-naphthol (9.5)[24], 4-
hydroxydiphenyl ether (9.6)[25], and 1-naphthol-2-sulfonate
(9.6) [26].

It is possible to calculate the acidity constant in the excited
state, pK* , by means of the F̈orster cycle[27] with absorption
and emission data:

pK − pK∗ = EHX − EX

2.303RT
(1)

whereEHX andEX are the energies of the electronic 0–0
transition for the acid and base pair, respectively,T the tem-
perature andR the universal gas constant. The determination
of such energies in acid–base equilibria has been discussed
by Grabowski and Grabowska[28]. They can be obtained by
averaging the energies corresponding to the maxima in the
absorption and fluorescence spectra (expressed in wavenum

bers) of both the acid and base forms, i.e.,

EHX = NAhc

2
(ν̄a

HX + ν̄f
HX); EX = NAhc

2
(ν̄a

X + ν̄f
X) (2)

whereaandf refer to absorption or fluorescence, respectively.
This method is appropriate provided the spectra have a well-
resolved vibrational structure. In our case, the poorly defined
maximum of the LW band in alkaline conditions can pro-
duce a considerable error in the estimation ofν̄a

HX, as well as
the widening of the basic emission does inν̄f

X. This approach
produces pK* = 0.85. As an alternative, the 0–0 transition can
be obtained by calculating the wavenumber corresponding
to the intersection point of the normalized absorption and
emission spectra. These values are 30,379 cm−1 for the neu-
tral DBFOH and 26,690 cm−1 for the ionised form, yielding
pK* = 2.22. In any case DBFOH becomes a stronger acid in
its excited state.
pK= pK* − pK=−8.38, calculated using
1.54 as the mean value, falls within the same range than the
reported for 2-naphthol (−6.7)[24], 4-hydroxydiphenyl ether
(−9.4) [25] and 1-naphthol-2-sulfonate (−8.0) [26].

Fluorescence titrations can give information about the
time scale in which fluorescence decay and excited-state pro-
ton exchange occur. When exciting at the isosbestic point
λ = 299 nm the normalized fluorescence at 352 and 443 nm
versus the pH,φ/φ0, gives a double sigmoid curve, with a
wide plateau region between 3 and 8 pH units, and two in-
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ection points at 1.2 and 9.8 (Fig. 3b). In these plots, th
mission at 443 nm has been corrected for the contrib

rom the protonated form at this wavelength, the correc
actor given byF443/F352 at the lowest pH. The two-ste
hape shows a reversible two-state model that reflect
quilibria corresponding to the acid–base reactions of th
ited and ground states. The curves for the ionic or ne
orms of DBFOH intersect at pH 2,φ/φ0 = 0.6, and the platea
xtends along six pH units. This is the characteristic ca
hich both the rate constant of dissociation of DBFOH* and

he rate of pseudo first order protonation of the excited a
re comparable to the rate of the fluorescence. This c
roved by fitting the curves to the equations[29]:

φ

φ0
= |H+|/(|H+| + Ka) + k4/k2|H+|

1 + k3/k1 + k4/k2|H+| ,

φ′

φ′
0

= Ka/(|H+| + Ka) + k3/k1

1 + k3/k1 + k4/k2|H+| (3)

1 andk2 being the rate constants of fluorescence of the
ral and ionic form, andk3, k4, the rate constants for t
eprotonation of DBFOH* /protonation of (DBFO−)* . The
esulting fits are the solid curves inFig. 3b. Ideally, the sum
/φ0 +φ′/φ′

0 in the flat regions should be 1, but this is not
ase (ca. 1.26). This may be due to overlapping of the flu
ence between both forms of the molecule, and consequ
he calculated values will be different[25]. In any case, th
ts yield k4/k2 = 63, andk3/k1 = 2.1, taken as the mean v
es from the neutral or ionic form, i.e., the fluorescenc
xcited DBFOH is contemporaneous with the proton tr
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Table 2
Spectral characteristics of DBFOH with natural CDs at 298 K

Absorption Emission λF (nm) Stokes shifta (cm−1)

�-CD No effect No effect
�-CD Defined isosbestic points Enhancement 352 3236
�-CD Three defined isosbestic points; two

isosbestic points that shift with [�-CD]
Low [�-CD]: quenching;
high [�-CD]: enhancement

352 3236

a �ex = 316 nm.

fer in the lowest excited state, so thus DBFOH* is partially
dissociated before the emission takes place. In such case, the
acid–base reaction in S1 cannot reach the equilibrium and the
pK* obtained from the inflection point in the titration curves
would be only an estimation. Yet, the value obtained from
the inflection point (1.2) is not far from the 1.54 calculated
by the F̈orster cycle. Time-resolved fluorescence experiments
should be used in order to complete these results.

3.3. Studies of DBFOH+CD in water

3.3.1. Absorption spectroscopy
The effects produced by the addition of�-, �-, and�-CD

on the UV spectrum of DBFOH in water have been collected
in Table 2. �-CD produces defined isosbestic points at 254,
260, 292, 302, and 316 nm, together with redshifts of 2 and
4 nm for the bands at 288 and 310, respectively. With the
wider macrocycle,�-CD, isosbestic points also appear at 254,
270, 294, 306 and 320 nm, the last two points shifting slightly
with the CD concentration. There is also a redshift of 2 nm
for the band at 288 nm (Fig. 5). The�-CD does not modify
the DBFOH spectrum.

The absorption data suggest some sort of interaction in the
ground state between DBFOH and�- or �-CD. In the case
of �-CD, the isosbestic points remained constant for all the
c 6
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considerations just a single guest can be lodged completely
inside the�-CD cavity, along its longitudinal axis.

The protons of the�-CD shift upfield in the presence of
DBFOH. As with the�-CD, the changes in the inner protons
are the most remarkable (H3:−0.14, and H5:−0.20 ppm).
The signals of the H6, at the primary rim of the cavity, move
considerably, in−0.13 ppm which may suggest the partici-
pation of the narrower edge of this CD in the complex. The
external protons H1, H2, and H4, change−0.08,−0.05, and
−0.07 ppm, respectively. In the case of this wider CD, two
DBFOH molecules can be lodged in the cavity, yielding a
complex other than 1:1. In order to elucidate the actual sto-
ichiometry, we performed a NMR titration according to the
Job method[22], as shown inFig. 7. The abscissa is the
mole fraction of host or guest, obtained by mixing solutions

Fig. 5. (a) UV spectra of DBFOH 3.6× 10−5 M in the presence of variable
amounts of�-CD (arrows indicate the changes in intensity with increasing
[�-CD]); (b) in the presence of�-CD.
oncentration range. In contrast, for�-CD, the points at 30
nd 320 nm vary, which suggests the possibility of diffe
toichiometries[30]. Finally, the red shifts detected both w
- and�-CD, resembling the spectrum in ethanol (Fig. 2),

ndicate a less polar environment for the molecule, sim
o that inside the CD cavity, what suggests the inclusi
ature of the complex[31].

.3.2. 1H NMR spectroscopy
Fig. 6shows the proton spectrum of DBFOH and its as

ation. The addition of�- or �-CD produces important shif
n the DBFOH protons, as well as changes in those o
Ds, specially the inner H5 and H3 ones. These evide
ndoubtedly indicate that DBFOH is lodged within the ca
f the CD, in agreement with the UV and fluorescence
eriments. With�-CD, no changes in any of the resonan
ither of the host or the guest are perceived.

In the case of�-CD, all the protons move upfield. Tho
f the cavity, H3 and H5, shift in−0.10 and−0.17 ppm
espectively, whereas the outer protons shift in a lesser e
H1: −0.05, H2:−0.08, H4:−0.03, and H6:−0.08 ppm)
ccording to the dimensions of both molecules and to s
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Fig. 6. Selected zones of the1H NMR spectra of (a)�-CD 3× 10−4 M; (b) DBFOH 4× 10−4 M; (c and d) 9× 10−4 M DBFOH + 3×10−4 M �-CD; (e and f)
1× 10−3 M DBFOH + 3× 10−4 M �-CD.

Fig. 7. Job plot of protons of (a)�-CD and (b) DBFOH.

of fixed concentration. The maximum is reached at a molar
ratioX�-CD = 0.35 andXDBFOH = 0.65, proving that the com-
plex is a (DBFOH)2:�-CD type. The remarkable changes in
the chemical shifts are in accordance to tight packing of two
DBFOH molecules within the�-CD.

3.3.3. Steady-state fluorescence
The experiments with CDs have been carried out at neu-

tral pH. The samples were excited at the highest wavelength
isosbestic point in the absorption spectrum (316 nm). This
guarantees that both the DBFOH and the complexes are ex-
cited according to their relative concentrations, yielding an
emission proportional to their quantum yields.

(a) α-Cyclodextrin. As it was expected, there are no changes
in the fluorescence spectra. The narrower�-CD either
does not form complex with DBFOH or the binding is
weak. 2-Dibenzofuran carboxylate[19] does not form
complexes either, although DBF and 2-dibenzofuran car-
boxylic acid can form a relatively weak complex with this
CD [18,19].

(b) β-Cyclodextrin. Fig. 8shows the fluorescence spectra of
DBFOH upon the addition of�-CD. The intensity of the
whole spectrum enhances and neither isoemissive points
nor band shifting are perceived. This suggests that the

se
t
ce of

late
e
wer

that
complexation with�-CD does not affect the acid–ba
equilibrium in the excited state, and theOH group mus
feel the same microenvironment than in the absen
CD, i.e., hydratation outside the cavity of the�-CD. This
same effect was found for 2-dibenzofuran carboxy
with �-CD [20], in which the COO− remains outsid
the CD, with a preferred orientation towards the narro
edge of the cavity. This behavior is in contrast with
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Fig. 8. Fluorescence spectra of DBFOH 5.4× 10−6 M in the presence of
variable amounts of�-CD at 25◦C (arrows indicate the changes in intensity
with increasing [�-CD]).

of 2-naphthol[13] or 1,6-naphthalenediol[14] in which
�-CD favors the emission of the molecular form with
respect to the ionic one, by diminishing the rate constant
of ionization in the excited state. The DBFOH is axially
longer than 2-naphthol so that theOH group can be
exposed to the solvent.

(c) γ-Cyclodextrin. With �-CD, DBFOH initially undergoes
fluorescence quenching at low ratios [CD]/[DBFOH],
then, at medium and high ratios the intensity increases
up to reaching a plateau (Fig. 9). The emission band does
neither shift nor has an isoemissive point within the en-
tire range of�-CD concentration. Unlike the DBF and
DBFCA, the DBFOH does not give excimer-type emis-
sion, although this behavior of the DBFOH is similar to
that of 2-dibenzofuran carboxylate.

F f
v

Taking into account that the stoichiometry is 2:1, the ini-
tial quenching detected must be due to the formation of a
complex of such stoichiometry, due to the higher proportion
of fluorophore. This complex coexists with the 1:1, which
has a quantum yield of fluorescence similar to that of DB-
FOH. When [�-CD] increases, the equilibrium is shifted to
the 1:1 complex. The ratio between the emissions at 352 and
443 nm as a function of [�-CD] is constant, what indicates
that the acid–base equilibrium remains the same for both sto-
ichiometries, suggesting again that theOH group must be
outside the cavity, irrespectively of the stoichiometry of the
complex.

3.3.4. Estimation of the binding constants
For a 1:1 complex the estimation of the association con-

stant by fluorescence reduces to the recording of the emis-
sion intensity at a certain wavelength (currently atλmax)
versus the CD concentration. Afterwards, the data are lin-
earised by the Benesi–Hildebrand approach or fitted directly
by a non-linear least squares fitting procedure. In the general
case of having several emissive species, each one of con-
centrationci , and provided we are working within the range
of linearity, the fluorescence at a certain CD concentration
is

F
∑
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ig. 9. Fluorescence spectra of DBFOH 2.71× 10−5 M in the presence o
ariable amounts of�-CD at 15◦C.
j =
i=0

kici (4)

hereki is a proportionality constant related to the qu
um yield of each one of the fluorophores. In the absen
D, the fluorescence is due solely to the guest,F0 =k0c0, so

hus

Fj

F0
=

∑
i=1

qiχi (5)

hereqi =ki /k0 andχi the mole fraction of the fluorophor
he corresponding mass balance and mass action law
ect the concentrations of all of the components in solu
ith a constant for each binding stepKi . From the numer

cal point of view, the problem reduces to finding a ve
K1. . .Ki . . .q1. . .qi) that minimizes the sum of the squares
he residuals at each concentration. However, in the ca
toichiometries different than 1:1, the increasing numb
tting parameters produces broader confidence limits, s
imes making the results unreliable. This problem ma
vercome if a wider set of experimental data is used
xample, by taking into account the emission measur
ther wavelengths. In this way, a multivariable analysi

he whole set of wavelengths under study can be perfor
y imposing the condition that the binding constants be
ame for each wavelength. In this case, Eq.(5)must be rewrit
en as:

Fj

F0

)
λ

=
∑
i=1

qi,λχi (6)
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Table 3
Binding constants,K× 10−3 (L mol−1), qi , and thermodynamic parameters for DBFOH complexes with CDs

15◦C 25◦C 35◦C 45◦C 
H (kJ mol−1) 
S(J mol−1 K−1)

�-CD K1 3.63± 0.05 2.95± 0.04 2.17± 0.03 1.67± 0.02 −20± 1 0± 4
q1 2.083± 0.004 2.161± 0.004 2.333± 0.005 2.505± 0.005

�-CDa K1 0.332± 0.009 0.39± 0.02 0.31± 0.02 0.240± 0.006
K2 28.3± 0.5 13.2± 0.3 7.4± 0.2 11.2± 0.1
q1 1.053± 0.006 1.070± 0.005 1.156± 0.005 1.413± 0.004

a The parameterq2 has been set to zero in the fit.

and now, the error function to be minimized becomes

E =
∑

λ

∑
j

((Fj/F0,λ)cal − (Fj/F0,λ))
2

(7)

where theλ subindex stands for the wavelength. For ac-
complishing this calculation, we have written a routine in
MATLAB ® based on the Newton–Raphson algorithm, which
switches to the Levenberg–Marquardt in the case of poor con-
vergence. The input parameter is a vector that contains the
initial guess for the binding constants andqi , and the output
are the estimation of the parameters with their error bounds,
defined as the confidence intervals corresponding to a signif-
icance level,α = 0.16. A weight factor,wλ, is introduced at
each wavelength in Eq.(7), taken as the absolute value of the
difference betweenF0,λ and the maximum value reached in
the binding. In this way, the wavelengths at which the changes
in intensity are more important contribute with a higher sta-
tistical weight.

The fitted parameters for�- and�-CD at each tempera-
ture are collected inTable 3. The results of the multivariable
calculation show thatq1 = 2.16 for the�-CD andq1 = 1.07
for the�-CD, at 25◦C, i.e., the fluorescence of the 1:1�-CD
complex is practically the same than that of DBFOH. This
explains the fall in intensity at the beginning of the plot in
Fig. 9(sinceq = 0). If the concentration of�-CD were high
e form
o e to
t d
4

F
a e
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m r-
b e
i ing
s re-
s state
i e
� i-
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m n of
t eters
w e to
t , the
r f

�-CD agrees with according to the wider cavity of�-CD, in
which the first DBFOH molecule that enters must fit loosely.
The same trend in the association constants was observed in
the complexes between�-CD with DBFC.

The thermodynamic parameters of the binding, enthalpy
and entropy can be obtained from the dependence ofK on the
temperature through the van’t Hoff equation, provided these
magnitudes remain constant within the working temperature
range. The entropy and enthalpy have been calculated by
a weighed least-squares method, the weights given by the
standard deviations ofK at each temperature (Table 3). In
the case of�-CD complex,
H is negative, as usual in CD
complexes, and the entropy is negligible within the experi-
mental uncertainty. The binding enthalpy is practically the
same than that for DBF and DBFC with this CD (−22± 3
and −19.1± 0.4 kJ mol−1, respectively), confirming what
has been said about the main driving force in the binding.
The functional group in the 2 position has either no effect on
the formation of the complex or it is negligible.

For the�-CD complexes, although the errors in the pa-
rameters are higher than those with�-CD, we could estimate
the enthalpy in each binding step by fittingK1 andK2 to the
van’t Hoff equation separately. The enthalpy for the 1:1 step
is−9 kJ mol−1, lower than−26 kJ mol−1 for the second one.
The result is in accordance to the loose fit of DBFOH in the
cavity of the�-CD (1:1 complex), which becomes tighter
o

A

cial
s t
B arra.
T able
h ento
d
I

R

wer
2
nough, and consequently, all the DBFOH were in the
f 1:1 complex, the intensity should reach a value clos

hat of free DBFOH, at 15 and 25◦C, and higher at 35 an
5◦C.

The binding constants for�-CD are close to those of DB
nd DBFC (1.8× 103 M−1), indicating that the driving forc

n the inclusion must be similar in the three complexes.
akes sense since the DBFC:�-CD complex has the ca
oxylate outside the cavity[20] and the driving force is th

nclusion of the aromatic part of the molecule. Someth
imilar is expected to happen with DBFOH, in which the
ults prove that the acid–base equilibrium in the excited
s not affected by the presence of the�-CD. Regarding th
-CD, the fact thatK2 is more than two orders of magn

ude higher thanK1 reveals that the inclusion of a seco
olecule of DBFOH is more favorable than the inclusio

he first one. The confidence interval of the fitted param
idens in this case with respect to the 1:1 complex, du

he increased number of variables. On the other hand
elatively low value forK1 in the�-CD compared to that o
nce the first guest molecule is lodged.
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