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bstract

In this work, we report on steady-state and time-resolved picosecond measurements of the effect of �-cyclodextrin (CD) on the UV–visible
bsorption and fluorescence characteristics of 4′- dimethylaminoflavonol (DMAF) in N,N-dimethyl formamide (DMF). We first show that the
lectronically excited DMAF in DMF undergoes an equilibrated reaction between an intramolecular charge transfer (ICT) and a tautomer (T)
ormed after an intramolecular proton transfer in the former. A very small amount of anion of DMAF is also found at the ground state. Upon
ddition of CD, the results show larger formation of anions of DMAF through H-bonding interactions inside of the CD and at its gate giving birth
o inclusion and capped complexes, respectively. Both anions emit at the same regions. However, the encapsulated one has a shorter fluorescence
ifetime (∼1 ns) due to the lower polarity of the caging nano-cavity when compared to DMF. Rotational times of free (97 ps) and complexed (130

nd 770 ps) DMAF agree with those expected from the hydrodynamics theory and the optimized structures using PM3 calculations. The results
dd new information on the interaction of CD with phenol-containing probes, and it may be relevant to the design of sensors using these nano-hosts
nd to drug delivery field using CD.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Encapsulation of aromatic molecules (guests) by cyclodex-
rins (CD) can induce large changes in their photochemical
nd photophysical events [1–9]. Therefore CD nano-cavities
aging has been used to study proton-transfer reactions, twisting
otion, formation of an excimer and reaction rates. In a previ-

us contribution, we reported on the caging effect of �-CD on
-hydroxyflavone (3HF) [10]. The result shows a stabilization
f the caged anion of 3HF in the ground state, due to a cooper-
tive H-bonding network effect of the nano-cage. Other works

howed the presence of the anion structure of 3HF when caged
n the bovine serum albumin protein, and in alcoholic solvents
11,12]. Recent studies of 3-HF and its derivative Fisetin in aque-
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us solutions of CD have reported an enhanced relative emission
f the tautomer T, the structure which is formed after an ultrafast
xcited-state intramolecular-proton transfer (ESIPT) reaction in
he enol (E) one, upon addition of CD [13,14]. The result was
xplained in terms of reducing intermolecular interactions of
he dyes with water due to the caging effect of CD, and making,
hus, more favourable the ESIPT in the included dye [13,14].

On the other hand, several studies have been done on 4′-
ialkylaminoflavonol derivatives, and show remarkable solvent
ffect (mainly due to the polarity) on the result of their ESIPT
eactions [15–21]. These molecules exhibit two emission bands.
ne corresponds to the emission of an intramolecular charge-

ransferred (ICT) structure and the other one corresponds to the
roton transferred tautomer (T) [22–27]. In nucleophilic and
polar solvents the intramolecular proton-transfer process is irre-
ersible, while it is reversible for non nucleophilic polar solvents.

hus, upon increasing the solvent polarity, the equilibrium shifts

oward the ICT state possessing a large dipole moment with
espect to the T structure [18,19]. In 4′-diethylaminoflavonol
he dipole moment of excited ICT (9.21 D) is significantly

mailto:Abderrazzak.douhal@uclm.es
dx.doi.org/10.1016/j.jphotochem.2006.11.022
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arger than that of excited T (5.5 D) [18]. The result suggests
he existence of a competition between solvent relaxation and
roton transfer process. 4′-dimethylaminoflavonol (DMAF) is
derivative of 3HF, but it exhibits a different behaviour in

he excited state. Recently, we reported on a femtosecond (fs)
ime-resolved fluorescence study of DMAF in solution [15].

e showed that the excited enol form undergoes an ultrafast
ntramolecular charge-transfer (ICT) process at S1 induced by
he dimethyl-amino group followed by an ESIPT reaction to
ive a keto tautomer (T). In apolar solvents, the ICT reaction is
ot favourable and the ESIPT is abnormally slow (∼2 ps) and
rreversible. However, for highly polar solvents, the ICT reac-
ion in E is very fast (∼100–200 fs) to give an ICT state, and a
ubsequent T in equilibrium with its precursor (ICT).

In the present work, we focus on the caging of DMAF by �-
D in N,N-dimethyl formamide (DMF) solution, and we show

he cooperativity effect of OH-groups of �-CD in stabilizing the
ormed anionic complexes of 1:1 stoichiometry. Steady-state and
s-time resolved experiments together with theory were used to
lucidate the nature of the complexes and their photodynamics.

. Experimental and theoretical methods

DMAF was synthesized using Algar-Flynn-Oyamada reac-
ion and it was purified by means of a repeated recrystallisation
rom methanol solutions [28]. �-CD (from Sigma–Aldrich) was
sed as received. Anhydrous DMF (Sigma–Aldrich, 99.8%)
as used after drying and purification by standards methods.
teady-state absorption and emission spectra were recorded on a
arian (Cary E1) and Perkin-Elmer LS 50B spectrophotometers,

espectively. Excited-state emission lifetimes were measured
y using a time-correlated single-photon counting picosecond
pectrophotometer (FluoTime 200). The sample was excited by

pulsed laser centred at 393 or at 433 nm. The instrumen-
al response function (IRF) was typically 65 ps. The emission
ignal was collected at the magic angle. The emission decay
ata were convoluted with the IRF signal and fitted to a multi-
xponential function using the Fluofit package. The quality of
he fits was characterized in terms of residual distribution and
educed χ2 value. Details on the apparatus and procedure of data
nalysis were described [9]. All the measurements were done at
93 ± 1 K.

Quantum calculations to find the most stable guest–host
omplexes were performed using the GAUSSIAN 03 software
ackage [29]. The �-CD molecule was optimized by PM3
ethod from the crystal structure (Cambridge structure data

ase). The glycoside oxygen atoms of the largest gate of CD
ere placed into an XY plane containing the gate, and their

entres were defined as the centre of the coordination system.
MAF molecule was initially placed along the Z axis passing

rom the centre of CD and through its long axis. The position
f the guest was determined by the Z coordinate of its centre of
ass. The geometry of the guest–host complex was completely
ptimized by PM3 without any restriction. Therefore, we have
onsidered three kinds of complexation modes to form the com-
lexes. A mode for which the inclusion of DMAF into �-CD
s through the phenyl-amino part, a second one for which the

�

E
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rocess of inclusion is through the chromone moiety, and the
hird one in which the longer dimension of DMAF was placed
arallel to the largest gate of CD (XY plane).

. Results and discussion

.1. Steady-state absorption and fluorescence spectra

Fig. 1A shows the UV–visible absorption spectra of∼10−5 M
MAF in solutions of DMF having different concentrations of
-CD. These spectra have the maximum intensity at ∼400 nm, a
and which corresponds to the absorption of the enol (E) struc-
ure. It is clear that addition of �-CD gives birth to a new band at

475 nm, and to a decrease of the E one. The band at 475 nm is
xplained in terms of the formation of a stabilized anion (A) of
MAF through strong H-bond interactions with �-CD leading

o the shift of the proton of the DMAF OH group to CD, as it
as been reported for its parent molecule 3HF [10]. This expla-
ation is supported by the result of adding a small amount of
olid NaOH to the DMAF/DMF solution, and which provokes
he disappearance of E band to give a new strong one having
he maximum at ∼475 nm (not shown). Thus, this new band
s clearly due to the absorption of A. For CD solution, a clear
sosbestic point at 423 nm reveals the existence of equilibrium
etween the E and A structures.

Fig. 1A shows the effect of adding 1.7 M of water to a DMF
olution of DMAF in presence of 110 mM of �-CD. The figure
lso exhibits the effect of adding 100 mM of dried maltose (two
inked glucose units lacking a hydrophobic nano-cavity but hav-
ng eight OH groups) to the same solution of DMAF. In the first
ample, we observed a small decrease (∼10%) of the 475 nm
bsorption band intensity. We explain the result in terms of a
rotonation of A to give E, and probably due to a weak exclu-
ion of A from �:CD cavity caused by the interactions with
ater molecules located at the gate of CD. For the effect of mal-

ose in the second sample, we observed a small increase in the
nionic band intensity (∼15%). This change is not large as the
ne induced by �-CD, but it is enough significant to suggest the
nteraction of DMAF with �-CD glucopyranose units without
nclusion.

Therefore, the increase in the absorption band intensity at
475 nm upon addition of �-CD is a consequence of the for-
ation of anionic complexes with �-CD, and not because of

he hydration of the host. The change in the absorption band in
resence of �-CD reveals a significant interaction between the
uest and the host. In the formed entities, the H-bond interaction
rovokes deprotonation of the OH group of DMAF and forma-
ion of its anionic forms, which might be included (inclusion
omplex, Ain: �-CD) or not (capped complex, Aout: �-CD). We
xplain the energetic balance in favour of anion formation of
MAF as a result of a cooperative effect of the 16 OH groups

t the largest gate of the �-CD nano-cavity [10].

To describe the above complexes formation of DMAF with

-CD, we considered the following equilibria:

+ �-CD
K1
�Ain : �-CD (1)
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Fig. 1. UV–visible (A) absorption and (B and C) emission spectra of 4′-
dimethylaminoflavonol (DMAF) in N,N-dimethylformamide (DMF) at different
concentrations of �-CD. The inset shows the weak effect of (a) addition of 1.7 M
of water on the 475 nm absorption band of DMAF in DMF with of 110 mM of �-
CD solution and (b) addition of 100 mM of maltose to a DMAF in DMF solution.
For (B and C) the excitation wavelengths were 390 and 475 nm, respectively.
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+ �-CD
K2
�Aout : �-CD (2)

here Ain:�-CD and Aout:�-CD refer to the inclusion (Ain) and
apped (Aout) complexes of A and �-CD, respectively (Fig. 2A).

(1) and (2) give the apparent equilibrium (3) in which Abound
tates for both inclusion and capped complexes:

+ �-CD
Kapp
� Abound (3)

he apparent equilibrium constant (Kapp) is given by:

app = [Abound]

[E][�-CD]
(4)

he treatment of the experimental data to obtain the value of Kapp
as been previously described [30], and it consists in fitting the
ata by the following equation:

A = Kapp
�a[DMAF]0[�-CD]0

1 + Kapp[�-CD]0
(5)

here �A refers to the difference between the absorption inten-
ity in absence and presence of �-CD. The subscript “0” denotes
he total concentration, and �a is the maximum value of �A.
ig. 2B shows the variation of �A value at 475 nm with [�-CD]0
nd the fit using Eq. (5). The obtained Kapp value is 38 ± 4 M−1

t 293 K. This value is not very different from that reported for
HF with �-CD (48 M−1) [10].

Fig. 1B shows the emission spectra of DMAF in DMF and in
resence of �-CD when exciting at 390 nm (enol band). In pure
MF, the emissions of ICT and T are at ∼520 and ∼580 nm,

espectively. Upon addition of �-CD, the global emission inten-
ity increases, and the shape of the spectrum changes and shifts
o the red side of the spectrum by ∼8 nm. This change is a conse-
uence of an increase in the population of the anionic structures
f DMAF when complexed to �-CD at S0. Addition of �-CD
roduces and stabilizes A, and therefore it decreases the pop-
lation of E. Consequently, the photoformation of ICT and T
opulations decreases at S1.

In pure DMF, when exciting at 475 nm (into the A band,
ig. 1C) we observed a weak emission band having the
aximum at ∼540 nm. This band is attributed to A. Upon �-CD

ddition, the fluorescence band of A gradually increases due to
he formation of inclusion and capped complexes. It is worthy
o note that we did not observe any shift in A emission when
ncreasing �-CD concentration. These results indicate that both
ncluded and capped anions of DMAF emit at the same spectral
egion.

.2. Picosecond time-resolved emission study

To get information on the photodynamics of DMAF in pure
MF and in presence of �-CD, we recorded ps-emission decays
f these solutions. Fig. 3A shows the decays in pure DMF upon
xcitation at 393 nm (E domain) and observed at 470 and 660 nm.

t these wavelengths of observation the decays of ICT and T

re selectively gated and they fit to a bi-exponential function
aving time constants of τ1 ∼ 59 and τ2 ∼ 234 ps, respectively
Table 1). Moreover, the two pre-exponential factors describing
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ig. 2. (A) Variation of the absorption intensity difference (A − A0) at 475 nm o
he solid line is the result of a fitting model which assumes an 1:1 stoichiomet

ree DMAF, �-CD and their inclusion and capped complexes.

he growth and decay of T at 660 nm are identical in mag-
itude but opposite in sign. These features indicate that the
SIPT reaction connecting the ICT and T structures in DMF

s reversible. Both species are equilibrated at S1. Therefore,
e analyzed the data shown in Table 1 according to the Birks
odel [31]. To determine the forward and back rate constants

t is necessary to know the emission lifetime of ICT or T. Since
hese values cannot be directly obtained, we used the emission
ifetime of a model molecule, where ESIPT is not possible to

btain the lifetime of ICT. The emission lifetime (0.65 ns) of
he complexes of DMAF to methanol (<0.01%, v/v) in DMF
as used [16]. Breaking the intramolecular H-bond in DMAF

eads to formation of intermolecular ones with methanol. It

r
o
a
c

able 1
itting values for emission decays of DMAF in pure DMF at different observation w

EXC = 393 nm λEXC

em (nm) τ1 (ps) a1 (%) τ2 (ps) a2 (%) τ1 (ps

70 60 60 230 40 66
40 68 49 230 51 68
00 60 −44 230 56 66
30 58 −46 238 54 66
60 59 −50 237 50 65
AF upon addition of �-CD. A0 is the absorption intensity in absence of �-CD.
the formed complexes. (B) Schematic representation of the equilibria between

roduces a new component in the emission decay, and it cor-
esponds to the open enol form of DMAF having an emission
ifetime of 0.65 ns. This value was used for the determina-
ion of direct and reverse rate constants between ICT and T in
MF. Thus, operating as previously [16], we obtained the val-
es of 9.2 × 109 s−1 and 5.1 × 109 s−1 for the rate constants of
irect and reverse proton transfer processes in ICT � T. The
elated equilibrium constant (K) at the excited state is ∼1.8
nd �G0 = −1.42 kJ/mol at 293 K. The values of direct and

everse proton transfer of the dye in DMF are close to those
btained in acetonitrile (1.4 × 1010 s−1 and 7.1 × 109 s−1) [16],
solvent which is not different from DMF as the polarity is

oncerned.

avelengths when exciting at 393 and 433 nm

= 433 nm

) a1 (%) τ2 (ps) a2 (%) τ3 (ns) a3 (%)

58 230 42 – –
49 227 50 3.2 1

−43 224 56 3.1 1
−45 230 54 3.3 1
−46 230 53 3.1 1
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Fig. 3. Emission decays (magic angle) of DMAF in DMF at 470 and 660 nm
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A) without �-CD and exciting at 393 nm, and (B) in presence of 110 mM of
-CD and exciting at 433 nm. IRF is the instrument response function (∼65 ps).
he values of lifetimes and pre-exponential factors are given in Tables 1 and 2.

To get more information on these processes, we excited at
33 nm (close to the maximum of absorption band of A, Table 1).
he decays are not shown, but Table 1 contains the fitting decays
arameters using a three exponential model and which gives
ifetimes of τ1 ∼ 60 ps, τ2 ∼ 230 ps and τ3 ∼ 3.2 ns. Although

he contribution of the ns-component is small (∼1%), it was
ecessary to introduce it to obtain an accurate fit. The shortest
ime (∼60 ps) are obtained in the decaying and rising compo-
ents at the blue and red regions, respectively. Their relative

i
f
f
t

able 2
itting values for emission decays of DMAF in DMF in presence of different concen

�-CD] (mM) τ1 (ps) a1 (%) τ2 (ps) a2 (%)

0 60 48 233 51
4 50 45 233 52

10 53 40 245 51
30 61 35 265 47
50 58 27 265 46
10 58 14 280 45
Photobiology A: Chemistry 188 (2007) 74–82

ontributions change when exciting at 393 nm (Table 1). The
s-component is assigned to the emission of A formed by a
roton-transfer reaction from DMAF to DMF in the H-bonded
form. A similar process was also observed for the parent 3HF

n DMF [32]. Therefore, the fluorescence of A mainly comes
rom the excited structure initially pumped from S0. However,
small population of A could be formed at S1 due to an inter-
olecular proton transfer reaction between the H-bonded E and
MF. This reaction may happen in few ps (<5 ps) as it occurs

n 3HF/DMF solutions [32].
In presence of �-CD and exciting at 393 nm, we could not

esolve properly the contribution of anionic species because at
his excitation wavelength the population of A is very low. The
btained time constants are τ1 ∼ 50 ps, τ2 ∼ 260 ps, τ3 ∼ 620 ps
nd τ4 ∼ 2.5 ns. When exciting at 433 nm (close to the maximum
f A absorption band, Fig. 1A) a four-exponential function was
eeded to fit the experimental data (Fig. 3B). The obtained time
onstants are τ1 ∼ 50 ps, τ2 ∼ 280 ps, τ3 ∼ 1 ns and τ4 ∼ 3.6 ns
Table 2). The value of the amplitudes of these components
epends on �-CD concentration (Table 2). The components
iving τ1 and τ2 are assigned to ICT and T emission decays,
espectively. Taking into account that the amplitudes (a3 and
4) for τ3 and τ4 components are maxima when the emission
ecay is recorder at 540 nm (anion emission region), we assigned
hese components to different complexes between A and �-CD.
he presence of the 3.6 ns component (τ4), which it is very close

o that obtained in pure DMF (3.2 ns), suggests the existence of
complex in which CD does not involve its caging effect on

he lifetime value, but it is H-bonded to DMAF (capped com-
lex, Fig. 2A). A similar complex formation was proposed for
ile Red with �-CD [33]. On the other hand τ3 (1.1 ns) can
e assigned to the caged A in 1:1 complex (inclusion complex,
ig. 2A). The protection of A by �-CD leads to a decrease in

he lifetime of the anion from ∼3.6 ns to ∼1 ns. This shorten-
ng in lifetime can be explained by considering that the interior
f CD is less polar than DMF [33]. The difference in polarity
hould affect the rate constants of the non-radiative channels as
he charges within the complex should be stabilized by a polar

edium. On the other hand, the values of τ3 are close to that
ecorded for the anion in dioxane (∼0.64 ns), a solvent similar
o CD from the point of view of polarity [1–3]. In addition to
he above assignment of the four components to fit the decays of
he complexes, the heterogeneity of CD samples giving rise to

nclusion complexes of different angle of inclusion and to dif-
erent capped structures may lead to a large distribution of the
ormed entities and therefore the decays of the populations of
he emitters fit a multi-exponential model.

trations of �-CD, upon excitation at 433 nm and observation at 540 nm

τ3 (ns) a3 (%) τ4 (ns) a4 (%) a4/a3

– – 3.2 1 –
1.1 1 3.6 2 2.0
1.1 3 3.6 6 2.0
1.2 5 3.7 13 2.6
1.1 8 3.7 19 2.4
1.1 14 3.7 27 1.9
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Fig. 4. Time-resolved emission spectra of DMAF (A) in pure DMF and (B) in
presence of 110 mM of �-CD upon excitation at 393 nm, and (C) in presence of
110 mM of �-CD upon excitation at 433 nm.
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We now use the time-resolved data together with the absorp-
ion one (Kapp) to have the equilibrium constant value for each
omplex formation. First of all, we suppose that both capped
nd caged anion structures have similar radiative rate constants
kr), and thus taking into account the Strikler and Berg equa-
ion, they should have similar molar absorption coefficients (ε)
34]. Obviously, the non-radiative rate constants (knr) might be
ifferent.

The ratio between the emission quantum yields of Aout
capped) and Ain (included) entities (φout/φin) is similar to the
atio of their lifetimes (τout/τin):

τout

τin
= φout

φin
(6)

n addition to that, the emission intensity (Ii) observed in the
teady-state measurement is related to the time-resolved emis-
ion data by:

i = aiτi
∑

jajτj

(7)

i ∝ εiφi[i] (8)

o, assuming that εout = εin,

Iout

Iin
= aoutτout

ainτin
= φout[Aout]

φin[Ain]
(9)

aking into account Eqs. (6), (1) and (2), we obtain:

[Aout]

[Ain]
= aout

ain
= K2

K1
(10)

hus, the ratio between the amplitudes of the lifetimes of
out and Ain (aout/ain) is similar to the ratio between K2/K1.
able 2 shows that the ratio between the amplitudes of a4/a3
aout/ain) varies between 1.9 and 2.6. Taking into account the
rror in determining the ai values when fitting the data using
multi-exponential model, we used the mean value of this

atio (2.2), and we obtained K2 = 2.2K1. Using Kapp = K1 × K2,
e got K1 = 4.1 M−1 and K2 = 9.3 M−1. This result shows that

he capped complex is more stable than the inclusion one by
2.1 kJ/mol at 293 K. This energy difference might be attributed

o the highest polarity of DMF compared to that of CD. The
MAF molecule outside of CD nano-cage could take any conve-
ient position to give birth to A, whereas, the location of DMAF
nside the CD is limited by the cavity size and shape. In addition
o this geometry difference, a polar medium (DMF) stabilizes

ore a created charge separation in the formed complex. Other
pecific factors like H-bonding interactions involving the coop-
rativity of the OH groups of CD to stabilize the formed capped
omplex will be examined in the theoretical part (vide infra).

To get a clear picture of the spectral evolution of emis-
ion with time, Fig. 4 shows time-resolved emission spectra
TRES) of DMAF in DMF and in presence of 110 mM �-CD.
n pure DMF, at early times (<50 ps) we observed the emis-

ion of ICT and T structures. The relative intensity of the latter
ncreases when time proceeds, and it reaches its maximum at
bout 100 ps. After this time, there is no significant change
n the shape of the two bands, but a simultaneous decrease in
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ntensity is observed for both, and their ratio is close to the cor-
esponding one observed in the steady-state spectrum. These
esults provide an additional demonstration that the intramolec-
lar proton-transfer reaction occurs in a time shorter than 100 ps
nd the existence of an equilibrium between the ICT and T forms,
s the relative intensities between blue and red bands remain con-
tant after 100 ps. An analysis of the data gave ∼110 ps as time
onstant for the direct proton-transfer reaction in ICT to give T.
e also observed the emission of A as a shoulder at 540 nm.

ig. 4B and C show that when the solution contains �-CD the
hape of the TRES depends on the gating time. Before 100 ps,
he major emission comes from ICT (510 nm), and a significant
ontribution from A emission is detected at 540 nm. The T emis-
ion has the maximum around 580 nm. At 200 ps the intensity
f ICT band decreases, while those of A and T increase and the
lobal emission becomes broader. At longer times (>500 ps), the
pectrum is dominated by the emissions of A having lifetimes
n the ns-regime.

.3. Theoretical calculations
To have structural information on the DMAF:�-CD com-
lexes, we performed PM3 calculations. Though PM3 has been
uccessfully used previously to CD chemistry [35,36], it should

p
i
o
t

Fig. 5. Structures of the optimized 1:1 inclusion (C1 and C2) and c
Photobiology A: Chemistry 188 (2007) 74–82

e noted that the theoretical results from these calculations
hould be considered as an approximation.

The obtained data suggest three possible complexation
odes. For the inclusion entities, one fitting mode encapsulates

he chromone moiety into the cavity (C1), while the other one
oes it through the phenyl-amino part (C2). To characterize these
nclusion ways, we defined an inclusion angle (θ) as the angle
etween the plane of the embedded moiety and that perpendic-
lar to the gate of CD. We found θ ∼ 45◦ and ∼10◦ for the first
nd second inclusion modes, respectively. Furthermore, for C1
nd C2 a length of ∼5.5 and ∼8 Å of the molecule is exposed
utside of cyclodextrin, respectively. However, within C1 the
uest is more protected from the solvent effect. For the third
omplexation mode giving a capped complex (C3), the long axe
f DMAF was located parallel to the plane defined by the largest
ate of the cavity (with 16 hydroxyl groups) and the C–O–H and

O groups point toward the 16 OH of the largest gate.
We found that the inclusion of DMAF through the chromone

oiety (C1) gives the most stable inclusion complex, by a
ifference of ∼10 kJ/mol relatively to the one through the

henyl-amino moiety (C2). However, the capped complex (C3)
s slightly more stable than C1 by 4.2 kJ/mol. Fig. 5 exhibits the
ptimized structures of C1, C2 and C3. The complex C1 shows
he formation of only one intermolecular H-bond (d ∼ 1.8 Å)

apped (C3) complexes of DMAF: �-CD using PM3 method.
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ig. 6. Emission anisotropy (r(t)) decays of DMAF (�) in pure DMF and (�)
n presence of 110 mM of �-CD. Excitation and emission wavelengths were 433
nd 540 nm, respectively. The solid curves are from the fits.

etween an OH of �-CD and the C–O–H group of DMAF.
or C3, we observed the formation of an intermolecular H-
ond (d ∼ 1.8 Å) between the C O group of DMAF and an OH
f �-CD, and two intermolecular H-bonds (∼1.8 Å) between
–O–H and two OH of �-CD. The formed three intermolecular
-bonds in C3 helped by the cooperative H-bonding network of
-CD favour the ionization of DMAF and stabilize the capped
omplex. The polarity of the solvent will then contribute to its
tabilization as we experimentally observed.

.4. Picosecond time-resolved emission anisotropy

To elucidate the dynamics of the orientational motion of
MAF and of the guest–host systems, we measured the rota-

ional relaxation times (φ) of the emitters using time-resolved
uorescence anisotropy (r(t)) technique. Representative r(t)
ecays are shown in Fig. 6 upon excitation at 433 and emis-
ion at 540 nm. To begin with DMAF in pure DMF, the decay
f r(t) at any observation wavelength from 470 to 660 nm fits
o a mono-exponential function of time constant φ ∼ 97 ± 10 ps
∼100 ± 10 ps when exciting at 393 nm). A comparable rota-
ional time (85 ps) has been observed for its parent molecule
HF [10].

Modelling DMAF as a prolate ellipsoid (an ellipsoid of rev-
lution formed by rotation about its major axis) non-hydrated
otor, and using the hydrodynamics theory [37,38] (Eq. (12)),
e calculated the rotational time of DMAF in DMF.

= ηV (fC)

kBT
(12)

is the molecular volume of the rotor, η the viscosity of the
edium, kB is the Boltzmann constant, T the absolute tempera-

ure and C is a constant depending on the boundary condition.

he two limiting cases for these conditions are the hydrody-
amic stick and slip ones. For a non-spherical solute molecule,
he value of C follows 0 < C ≤ 1. The magnitude of C depends
n solute–solvent friction, and on the size of the solute rela-

v
s
c
(
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ive to that the solvent molecule. The parameter f is a factor to
ccount for the shape of the solute (f = 1 for a sphere, and for
on-spherical molecules f > 1) [39]. The magnitude of the devi-
tion from unity in the value of f indicates the degree of the
on-spherical nature of the solute.

Thus, under stick- and slip-boundary condition limits, we
alculated rotational times of DMAF ∼100 and ∼36 ps, respec-
ively. The experimental value (97 ps) is close to the expected
ne under stick boundary conditions proposing an attachment
f the solvation shell to DMAF. This result suggests that the H-
onding interactions between DMAF and DMF molecules are
trong enough that the solvation shell is rotating with the solute,
nd this result also agrees with the observation of A emission in
MF.
For DMAF in a solution of 110 mM �-CD, exciting at

33 nm and gating within the 470–660 nm region, a dou-
le exponential function was needed to get an accurate fit
f the r(t) decay. The obtained times are φ1 ∼ 130 ± 20 ps
nd φ2 ∼ 770 ± 50 ps. When exciting at 393 nm, we obtained
120 ± 20 and ∼750 ± 50 ps, respectively. The contribution of

he short component changes from 79% (at 470 nm) to 86% (at
30 nm) suggesting that the observed rotational times (φ1 and
2) correspond to rotors emitting at different regions. However,

he change is not very large and agrees with the emission lifetime
ontributions (Table 1). The 130 ps rotational time is slightly
onger than that of the free tautomers in DMF (97 ps). There-
ore, we propose that the short component is a combination of
hat of A bound to CD (capped entity) and of the free DMAF
tructures in the bulk solvent. Note also that a rotational time of
MAF into the cavity might be as short as ∼100 ps if �-CD does
ot restrict its motion, as it has been observed in other systems
9]. In fact, the results of PM3 calculations for the included A
Fig. 5) indicate that there is enough space between the guest
nd the host allowing the former to rotate with less restriction
rom CD. It is worth noting that the size of the included part of
he DMAF (chromone moiety) is ∼5 Å, while the diameter of
he larger gate of �-CD is longer (∼9.5 Å) allowing an almost
ree motion of the guest.

At 110 mM of �-CD and using the values of K1 = 4.1 M−1

nd K2 = 9.3 M−1 we estimated ∼19% of DMAF is free, ∼31%
orming inclusion complexes and ∼50% involved in the capped
omplexes, respectively. Thus, a small contribution of the inter-
al rotation of the guest inside �-CD in the short component of
(t) decay seems reasonable. The longer time (770 ps) is assigned
o the overall rotational time of the 1:1 inclusion complex, and
ts contribution is 21, 30 and 15%, when the anisotropy decay is
ollected at 470, 540 and 630 nm, respectively. The maximum of
he contributions (30% at 540 nm) is similar to that obtained for
he population of the inclusion complex using the equilibrium
onstants (31%).

In order to support our assignment and to get structural infor-
ation on the inclusion complexes, we used the hydrodynamic

heory and calculated the rotational time of these entities. The

olume of inclusion complexes is much larger than that of the
olvent molecules (DMF). Therefore, we took C = 1 and which
orresponds to a stick boundary condition. To apply equation
12), the values of f and V (4πabc/3) were calculated from
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he molecular dimensions of the inclusion complex optimized
y PM3 method, where a = c and b hold for semi major and
inor axes of the ellipsoid, respectively. For the inclusion com-

lex (C1) a = c = 9.4 Å and b = 6.9 Å, which gives V = 2700 Å3

nd f = 1.15. Taking into account the viscosity of the solvent η

DMF at 293 K) ∼ 0.80 cP, and the value of the involved param-
ters, we obtained φ(C1) = 617 ps, close to the corresponding
xperimental one (770 ps). Thus, the experimental value of φ

orresponds to 1:1 inclusion complex. For this complex the
eometry (PM3 calculations) has ∼5.5 Å (phenyl amino ring)
f the guest located outside the nano-cage. Finally for both free
nd complexed probe, the initial value of r(t = 0) ∼ 0.30 is not
ar from the ideal one (0.4), a result which indicates that the
mission transition moments of the complexed and free DMAF
ave rotated by about 24◦ to that of its absorption ones.

. Conclusion

The present work shows a clear effect of �-CD on the stabi-
ization of complexed anion of DMAF through an intermolecular
roton transfer reaction and a cooperative H-bonding network of
-CD. Both the steady-state and ps time-resolved data show the
xistence of two different kinds of complexes: one in which the
hromone moiety is inside the cavity (inclusion complex), and
nother one having the anionic molecule outside of the cavity
capped complex). The relation between the equilibrium con-
tants for both complexes indicates that the capped complex is
ore stable than the inclusion one, a result in agreement with

he theoretical calculations. The anisotropy measurements give
he rotational times of free, complexed DMAF to CD, and of the
hole DMAF:CD complexes. The data corroborate the exis-

ence of two complexes and the expected geometries by PM3
alculations. We believe that the reported results give a new
nsight into specific interactions of guest–host systems involv-
ng CD. The findings might be useful for the design of chemical
ensors involving these nano-cavities and for drug delivery field
sing CD as a host [40].
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