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Complexes of dihexyl 2,6-naphthalenedicarboxylate with�- and
�-cyclodextrins: Fluorescence and molecular modelling
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Abstract

Fluorescence techniques and molecular mechanics (MM) were used to study the inclusion complexes of dihexyl 2,6-naphthalene-
dicarboxylate (DHN) with�- and �-cyclodextrins (CDs). Stoichiometries, formation constants and the changes of enthalpy and entropy
upon inclusion were also obtained by measuring the variation, with CD concentration and temperature, of the relative intensity of two peaks
shown in all steady-state emission spectra. Results agree with the formation of 1:1�CD:DHN and 2:1�CD:DHN stoichiometry complexes.
MM calculations in the presence of water were employed to study the formation of different stoichiometry complexes of DHN with both�-
and�CDs. For the most stable structures of 1:1 complexes a large portion of DHN is exposed to the solvent making it possible for another CD
t . However,
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o approach. Driving forces for 2:1 inclusion processes may be dominated by non-bonded van der Waals CD–DHN interactions
ue to the different structures of the 2:1 complexes, an important electrostatic interaction appears between both�CDs in the�CD2:DHN
omplex. This interaction does not exist between�CDs in the�CD2:DHN complex. Most of this contribution is due to the intermolec
ydrogen bonding formation between secondary hydroxyl groups of both�CDs. The average of the lifetime measurements〈τ〉 with the CD
dded also supports the formation of such stoichiometry complexes.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Cyclodextrins (CDs) are macrocyclic torus-shaped
olecules formed byd-(+)-glucopyranose units. CD size and

hape are correlated to the type and number of (1,4) linkages
etween those units. The most well-known CDs, named�-,
- and�CDs, are those with 6, 7 and 8 of those units respec-

ively. CDs are suitable to form inclusion complexes with
ow molecular weight compounds and polymers giving in-
eresting supramolecular assemblies[1–4]. Size, shape and
olarity of the guest molecule relative to the CD low po-

ar inner cavity are critical parameters for the complexation.
luorescence spectroscopy[5–21] is useful for solving the

hermodynamics accompanying the inclusion for guests con-
aining fluorophore groups. Molecular modelling[22,23]can
lso provide information about the structure of the complexes
nd about their driving forces.

∗ Corresponding author. Tel.: +34 91 8854672; fax: +34 91 8854763.
E-mail address:francisco.mendicuti@uah.es (F. Mendicuti).

We have been using the combination of fluoresc
and molecular modelling to study the inclusion phen
ena of small molecules with CDs[16–21]. One of ou
studies was focused on the inclusion of diesters
rived from the 2,6-naphthalenedicarboxylic acid,S-OOC-
C10H6COO-S, with �- and �CDs, whereS= CH3- [19]
or CH3-CH2-groups [20]. The compounds are nam
dimethyl 2,6-naphthalenedicarboxylate (DMN) and die
2,6-naphthalenedicarboxylate (DEN) respectively. DMN
DEN emission spectra showed two peaks, like many o
naphthalene derivatives[16–18,21], whose ratio of intens
ties was very sensitive to medium polarity. Thermodyn
ics of complexation was studied through the change
this ratio with the CD concentration and temperature. D
form complexes of stoichiometries 2:1 and 1:1 with� and
�CD [19] respectively whereas DEN prefers 2:1 stoichio
tries with both hosts[20]. The estimated association co
stants at 25◦C for DMN complexes were relatively larg
∼8.0× 105 M−2 and∼1.3× 103 M−1 for �CD2:DMN and
�CD:DMN respectively. The stability of the�CD2:DEN
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complex (∼2.7× 104 M−2) is slightly larger than that of
�CD2:DEN (∼1.3× 104 M−2). Both 2:1 complexes how-
ever exhibit smaller stability than the�CD2:DMN complex.
Molecular mechanics, in agreement with thermodynamic
parameters changes, demonstrates that the complexes were
mainly stabilized by van der Waals interactions existing be-
tween host and guest. Nevertheless, CDs approach to dis-
tances where electrostatic non-bonded interactions appear
between them for�CD2:DMN and�CD2:DEN complexes.
These interactions hardly exist in the�CD2:DEN complex.
This contribution was attributed to the intermolecular hydro-
gen bonding formation between secondary hydroxyl groups
of both CDs.

The purpose of the present work is to study the complex-
ation of the dihexyl 2,6-naphthalenedicarboxylate, another
diester guest whereS= CH3-(CH2)5 – is a longer chain ca-
pable of exhibiting rather coiled conformations, with�- and
�CDs from the experimental and theoretical points of view.
Association constants and enthalpy and entropy changes were
obtained. Results were rationalized by emulation of the com-
plexation processes using Molecular mechanics and they
were compared with those obtained for DMN and DEN in-
clusion processes with both CDs.

2

2

est,
d of
2 l
i to
t 2,6-
n
t rted
[
f t of
m The
�
w
a by
t the
p ble-
fi N
s

ranged from 0 to 1.20× 10−2 and 1.29× 10−2 M respec-
tively, while the guest concentration was maintained constant
in all experiments. All solutions were stirred for about 2 days
before measuring.

2.2. Apparatus

Steady-state and time resolved fluorescence measure-
ments were performed by using an SLM 8100 AMINCO
Spectrofluorimeter and a time-correlated single-photon-
counting FL900 Edinburgh Instruments Spectrometer
equipped with a lamp filled with N2. Characteristics of both
instruments and measurement conditions were similar to
those described previously[20]. Emission spectra were ob-
tained upon 294 nm as excitation wavelength. Decay profiles
were collected by exciting at 296 nm, one of the peaks of the
spectral output of the N2 lamp, by selecting the emission at
385 nm. Measurements of different solutions were performed
at 10◦C intervals in the 5–45◦C temperature range (Techne
RB-5, TE-8A).

2.3. Theoretical methods

The calculations were performed with Sybyl 6.9[25] and
the Tripos Force Field[26]. Bond stretching, angle bend-
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. Details and methods

.1. Materials

The dihexyl 2,6-naphthalenedicarboxylate (DHN) gu
epicted in Fig. 1, was synthesized by reaction
,6-naphthalenedicarboxylic acid chloride withn-hexano

n presence of triethyl amine in a manner similar
hat described previously for the analogous diethyl
aphthalenedicarboxylate (DEN) diesters[20]. Details for

he synthesis of similar compounds were previously repo
24]. Purification was achieved by recrystallization (3×)
rom the chloroform solutions by adding a slight amoun
ethanol. Characterization was mainly done by NMR.
CD (Aldrich) was used as received and the�CD (Aldrich)
as recrystallized (2×) from water. Water content of∼10%
nd 6% for the�- and�CD respectively were obtained

hermo gravimetric analysis (TGA). DHN solutions in
resence of CDs were prepared by weight, from a dou
ltered (Millipore, 0.45�m∅ cellulose filters) aqueous DH
aturated solution (<10−6 M). Concentrations of�- and�CD

Fig. 1. Structure of the DHN guest.
ng, torsion, van der Waals, electrostatics, and out-of-p
nergies contributed to the total potential energy. As in
ious calculations[19,20] a relative permittivity of 3.5 in
acuum and a lineal function of the distance in the p
nce of water were used. DHN and water molecule cha
ere obtained by MOPAC[27]. CDs and water charges we

he same as used previously[17–20]. Non-bonded cut-o
istances were set at 8Å. Minimization of the of the sys

em was performed by the simplex algorithm and the
ugate gradient was used as a termination method (grad
.2 and 3.0 kcal mol−1 Å−1 in vacuum and in water respe

ively) [28]. Water addition was achieved by the Molecu
ilverware (MS)[29] algorithm. Periodic Boundary Cond

ions (PBC) were employed.
Binding energy or any of its contributions,Ebin for a com-

lex, were obtained as the difference between the pote
nergy of the complex and the sum of the potential ene
f the isolated DHN and CD. The strain energy of CD

he sum of torsional, stretching and bending energies. S
elaxed criteria were used for the hydrogen bond (OH· · ·O′)
ormation: the H· · ·O′ distance and the O′ H O angle are in
he 0.8–2.8̊A range and larger than 120◦ respectively.

. Results and discussion

.1. Fluorescence measurements

Fig. 2 depicts the uncorrected emission spectra
5◦C of DHN and DHN/CD water solutions at differe
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Fig. 2. Uncorrected emission spectra of DHN aerated aqueous solutions at five CD concentrations and at 25◦C uponλexc= 294 nm. (a) [�CD] = 0 (dashed
line), 0.58 (�), 1.9 (©), 9.0 (�) and 12.0 (♦); (b) [�CD] = 0 (dashed line), 0.58 (�), 2.6 (©), 9.0 (�) and 12.9 (♦); The [DHN] was held constant (<10−6 M).

concentrations of�CD or �CD. Spectra look like those re-
ported for DMN [19] and DEN[20] water solutions with
both CDs. They show even analogous characteristics: (a) no
isoemissive points are distinguished; (b) the fluorescence in-
tensity (area under emission spectrum) of the DHN water
solution substantially increases in the presence of�CD; this
relative increase, however, is smaller when�CD is added;
in general an increase of fluorescence intensity for both
DHN/�CD and DHN/�CD solutions with CD concentration
is observed; this increase, however, is slightly larger for the
latter; (c) two overlapping bands, whose maxima in the ab-
sence of CD are placed at 368 and 386 nm, that are shifted a
few nanometers toward the high energy region of the spec-
trum upon the addition of CD are observed. The main feature,
however, is the change that takes place in the relative inten-
sity of both bands with [CD]. The low energy band intensity
decreases and the high one increases with [CD].

Quantitatively this change can be measured by the ra-
tio R of intensities of the low and high energy peaks
(I∼386 nm/I∼368 nm).Fig. 3depicts the variation ofRwith [CD]
for the DHN/CD solutions at different temperatures.Rmono-
tonically decreases upon addition of CD. This decrease with
[CD], however, depends on the host. Quantitatively this de-
crease is always larger at the lowest temperatures. The lowest
value ofRobtained for a given [CD] at the lowest tempera-
ture is related to the larger amount of DHN that is complexed
a nstan
a com-
p EN
a e
i f the
m plex-
a

3.2. Fluorescence intensity decays

In spite of the low fluorescence signals, the decay profile
for a DHN water solution in absence of CD can be fitted to

Fig. 3. Variation ofR with [�CD] (top) and [�CD] (bottom) at 5 (�); 15
(©); 25 (�); 35 (�); 45◦C (♦). Curves were obtained by adjusting the
experimental data by using Eq.(7).
t this temperature, suggesting a larger association co
nd therefore a negative enthalpy change accompanying
lexation. Similar effects were observed with DMN, D
nd other naphthalene derivative guests[17–21]. The chang

n R is usually associated with the decrease in polarity o
edium surrounding the chromophore guest during com
tion.
t
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single exponential decay functions, while those containing
CD can be reasonably adjusted to double exponential decay
functions (χ2 ≈ 1.1–1.4). The single lifetime component,τ0,
in the absence of CD is ascribed to the free DHN guest.τ0
decreases as the temperature increases, showing values of
14.4, 13.4, 12.4, 11.3 and 10.4 ns as the temperature increases
from 5 to 45◦C at 10◦ intervals respectively. As previously
[20], the analysis of the profile decays for DHN/CD solu-
tions was carried out by fixing one componentτ1 to τ0. Then
a second componentτ2 was obtained from the iterative re-
convolution analysis[30]. τ2 was always longer thanτ1 but it
decreased with temperature. Thus,τ2 values were 22.4± 1.8,
21.2± 2.2, 19.4± 1.8, 18.3± 1.2 and 16.8± 0.9 ns as the
temperature increased from 5 to 45◦C respectively. This com-
ponent could be associated to the complexed form.

The fractional contributionfi of each decay time to the
steady-state intensity which represents the fraction of total
fluorescence intensity due to componenti at the wavelength
of observation is given by[31]:

fi = Aiτi
∑

i Aiτi

= Ii
∑

i Ii

(1)

whereAi is the pre-exponential factor of the component with
a lifetimeτ i of the multiexponential function intensity decay.
On the other hand, the intensity weighted average lifetime
〈
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Fig. 4. Variation of the average of lifetime〈τ〉 with [�CD] (top) and [�CD]
(bottom) at 5 (�); 15 (©); 25 (�); 35 (�); 45◦C (♦). Curves were obtained
by adjusting the experimental data by using Eq.(10) and the association
constants obtained from steady-state measurements.

(�=f2), for equilibrium(3) can be written as

x2 = [CDn : G]

[G]0
= K[CD]n0

1 + K[CD]n0
(4)

whereK is the association constant written as

K = [G : CDn]

[G][CD]n (5)

The molar fractionx2 can be evaluated from the steady-state
measurement through the parameterR as it is related to the
polarity around the guest as

x2 = R0 − R

R0 − R∞
(6)

where the subscripts 0 and∞ are the values at [CD]0 = 0, for
free DHN and at [CD]0 =∞ for the complex. From Eqs.(5)
and (6)the following be obtained

R = R0 + R∞ K[CD]n0
1 + K[CD]n0

(7)

Curves depicted inFig. 3for DHN/�CD and DHN/�CD sys-
tems are the results of the non-linear regression analysis[32]
derived from Eq.(7). Adjustments indicate stoichiometries
1:1 and 2:1 for DHN complexes with�- and�CDs respec-
tively. Table 1 collects the association constants obtained
f

τ〉 for a double-exponential decay can be obtained as

τ〉 = f1τ1 + f2τ2 (2)

alues off2 (subscript 2 is attributed to the complexed gu
ncrease upon CD addition whilef1 decreases.Fig. 4depicts
he variation of〈τ〉 with [CD] for DHN and�- or �CD wa-
er solutions at different temperatures. At each tempera
rom the initial value in the absence of CD (τ0), 〈τ〉 increase
onotonically with CD concentration. This increase is du

he larger fraction of the complexed form, where the gue
resumably located in a higher microviscosity medium w
larger lifetime component than the free DHN guest.〈τ〉

lso decreases with temperature. This is probably due
ecrease in the amount of the complexed form (if�H< 0)
nd the temperature effect on both lifetime componen

he free and complexed guest. WhileR mainly depends o
edium polarity,〈τ〉 is mainly dependent on the mediu
icroviscosity surrounding the guest. The inclusion pro

n a relatively hydrophobic CD cavity should be accom
ied by a decrease of medium polarity (R) and an increase
icroviscosity (〈τ〉).

.3. Binding constants

For a CDn : G complex, with stoichiometry 1:n, whose
lobal equilibrium can be written as

CD + G � CDn : G (3)

ssuming [CD]0 ≈ [CD] and one unique complex CDn : G
s supposed to exist, the molar fraction of complexed Gx2
 rom these adjustments, as well as the values forR0 andR∞.
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Table 1
Association constantsK, R0 (τ0) andR∞(τ∞), as well as, their absolute errors for�CD:DHN and�CD2:DHN at five temperatures, determined from measure-
ments ofRby using nonlinear regression fits from Eq.(7)

T (◦C) K× 10−2 (M−1) R0 (τ0) R∞ (τ∞) d/e

�CD:DHN
5 3.5± 0.8 1.346± 0.025 (14.2± 0.4) 0.683± 0.042 (23.5± 2.8) (0.30± 0.20)

15 2.3± 0.7 1.340± 0.023 (13.3± 0.4) 0.682± 0.068 (23.0± 4.1) (0.38± 0.31)
25 1.6± 0.7 1.332± 0.022 (12.5± 0.4) 0.776±0.104 (19.9± 2.8) (0.66± 0.53)
35 1.3± 1.2 1.329± 0.023 (11.8± 0.4) 0.950± 0.154 (17.2± 2.3) (1.06± 1.00)
45 3.4± 2.5 1.256± 0.005 (10.8± 0.5) 1.127± 0.040 (14.5± 0.9) (1.11± 1.01)

T (◦C) K× 10−4 (M−2) R0 (τ0) R∞ (τ∞) d/e

�CD2:DHN
5 15.7± 2.6 1.316± 0.014 (14.4± 0.3) 0.774± 0.016 (18.4± 0.7) (0.22± 0.14)

15 6.5± 1.1 1.311± 0.017 (13.4± 0.2) 0.798± 0.020 (18.1± 0.6) (0.27± 0.10)
25 2.4± 0.6 1.312± 0.012 (12.4± 0.2) 0.773± 0.046 (21.3± 6.2) (0.22± 0.15)
35 1.6± 0.5 1.320± 0.010 (11.3± 0.2) 0.836± 0.058 (21.3± 6.2) (0.20± 0.18)
45 0.9± 0.5 1.314± 0.011 (10.4± 0.2) 0.884± 0.116 (28.6± 3.3) (0.15± 0.33)

In parentheses are the values forτ0, τ∞ andd/e by using nonlinear regression fits from Eq.(10) by fixing K values to the ones obtained from steady-state
measurements.

The low fluorescence signal, due to the low DHN water sol-
ubility, contributes to the relatively large uncertainties of the
results.R0 values, which are very similar for both systems,
seem not to depend much on temperature. The values ofR∞,
which is a measure of the polarity surrounding the complexed
guest, denote that, at 25◦C, for both complexes DHN guest
are located in a similar polarity environment. Stoichiometries
of the DHN complexes formed differ from those studied by us
with other guest diesters, DMN and DEN, whose substituents
Sare shorter, methyl or ethyl groups respectively. DMN com-
plexes with�- and�CD giving 2:1 and 1:1 CD:DMN sto-
ichiometries respectively, whereas DEN always prefers 2:1
CD:DEN stoichiometries.

The association constants obtained from steady-state mea-
surements were relatively low, 159 M−1 and 24500 M−2 for
�CD:DHN and�CD2:DHN at 25◦C respectively. The con-
stant for�CD:CHN is in the same order as other 1:1 com-
plexes of naphthalene derivatives with�CD, like 2-methyl
naphthoate (200 M−1), and always smaller than their corre-
sponding complexes 1:1 with�CD (2000 M−1) [33]. The
association constant for�CD2:DHN is similar to the one
for �CD2:DEN (2.7× 104 M−2) and smaller than that for
�CD2:DMN (81.9× 104 M−2) at the same temperature re-
ported by us[19,20]. These results indicate that at 25◦C ap-
proximately 65% of DHN is complexed with one�CD and
that 78% is with two�CDs when CD is added up to approx-
i our
e t all
D

fluo-
r t any
[

I

w

I

where [G]0 (= [G] + [CDn : G]) is the initial concentration of
the guest,ka constant which depends on instrumental condi-
tions,eandd are the factors for the quantum yield change of
the free and complexed guest respectively in the presence of
CD, relative to the quantum yield of the isolated (in the ab-
sence of CD) free guest due to the interactions with the new
components of the system. But thed factor also comprises
the variation in quantum yield that takes place when the free
guest complexes[9].

From Eqs.(1) and (2)the following equation is derived
by substituting the values of Eqs.(4), (5), (8) and (9):

〈τ〉 = τ0 + τ∞(d/e)K[CD]n0
1 + (d/e)K[CD]n0

(10)

Fig. 4also shows the results of the nonlinear adjustment de-
rived from Eq.(10) that reproduces the results of association
constants obtained by the steady-state method. Curves seem
to reasonably fit the experimental results and they also repro-
duce the 1:1 and 2:1 stoichiometries, which are characterized
by the typical curve shape at the lowest [CD]. Values ofτ0,
τ∞ andd/e parameters, collected inTable 1, are subject to
large uncertainties due to intrinsic reasons of the method.
These results, however, seem reasonable. Values ofd/e in-
crease with temperature when DHN complexes with�CD
whereas they are almost constant for the DHN/�CD system.
I an-
t t
u i-
l free
D he
c n
τ

3

s-
i

mately the maximum concentration of CD reached in
xperiments, 0.012 M. At this CD concentration almos
MN (99.1%) was complexed with a couple of�CDs.
On the other hand we can express the steady-state

escence intensity at a given wavelength of the guest a
CD] as[9]:

2 = kdx2[G]0 (8)

herex2 was defined in Eq.(4), and the total intensity as

= k{e(1 − x2)[G]0 + dx2[G]0} (9)
t is difficult to independently relate this ratio with the qu
um yield changes of the free (e) and the complexed (d) gues
pon complexation.τ0 obtained from the fit are very sim

ar for both systems and to the experimental values for
HN in the absence of CD,τ0 at each temperature. On t
ontrary, the values ofτ∞, which are obviously larger tha
0, also depend on the CD used.

.4. Variation of enthalpy and entropy

�H◦ and�S◦ were obtained from van’t Hoff plots, u
ng the association constants collected inTable 1. Fig. 5
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Fig. 5. Van’t Hoff plots for the formation of�CD:DHN (�) and�CD2:DHN
(©). Values ofK at 45◦C were excluded due to the large uncertainties.

depicts these plots for both�CD:DHN and�CD2:DHN com-
plexes obtained from steady-state. They are reasonably linear
(r = 0.992).Table 2shows the enthalpic and the entropic terms
including those for DMN[19] and DEN[20] complexation
with both CDs. Both DHN inclusion processes are enthalpi-
cally governed with an unfavorable entropic term.�H◦ for
the formation of 1:1�CD:DHN (−23.6 kJ/mol) is similar
to the values obtained for the 1:1 complexation of 2-methyl
naphthoate with�CD reported by us[16], and always more
negative than the values obtained for the 1:1 complexation
with �CD[16,21]. This negative sign is typical of large guests
trying to penetrate into a relatively small cavity, where van
der Waals host–guest interactions are important. The entropic
term reveals that�S◦ for 1:1 �CD:DHN is also negative
(−36.6 J/kmol). Something similar occurred with 9-methyl
anthroate and 2-methyl pyrenoate when they complexed with
�CD [18]. Complexation of both guests also gave negative
entropy changes. Part of these guests were exposed to the
solvent in the complexes, diminishing the positive entropy
contribution due to the breaking of the solvent shell around
the guests during the complex formation.�H◦ for the 2:1
�CD:DHN complex is also negative but shows larger abso-
lute values than the ones obtained for the 1:1 complexes with
�CD. These values are quantitatively similar to the ones ob-

T
V
c

C

�

�

�

�

�

�

tained for 2:1 complexes of DEN with both CDs and smaller
than the value with the 2:1 complex of DMN with the smallest
�CD. These results were again typical of hydrophobic guests
whose complexation is driven by van der Waals interactions
and/or hydrogen bonding or any other attractive interaction
which makes enthalpy decrease during the process.�S◦ is
also negative (−102.3 J/kmol) for 2:1�CD:DHN. Negative
entropy changes were also found for 2:1 complexes of DMN
with �CD and DEN with�- and�CDs. These negative values
were explained as a consequence of the fact that the guest is
almost totally immobilized inside the cavity of both CDs.

3.5. Molecular mechanics

Schemes of 1:1 and 2:1 inclusion strategies are depicted
in Fig. 6. Details of these processes were similar to the ones
described previously[19,20]. CDs were initially in the non-
distorted form. From the analysis of the 5000 structures ob-
tained from the 1 ns MD simulation in the vacuum, whose
characteristics were described previously[20], two guest con-
formations were initially selected as starting geometries for
the emulation of the 1:1 complexation. One of them, which is
quite coiled, depicted on top ofFig. 6, corresponds to the low-
est energy conformation (13.7 kcal mol−1) and the other one,
shown on the bottom, to the conformation with lowest energy
(16.4 kcal mol−1) which is fairly extended. In the remainder
o
r guest
a n
a
t on
p ordi-
n n
e
δ the
t of
t scan-
n sults
o
p
C :1
c from
t rgy
( ttom
o was
s
d
a

p
0 -
s
e ever-
t rriers
m pen-
e r for
able 2
alues of the enthalpy (�H◦) and entropy term (−T�S◦) for different
omplexes

omplex �H◦ (kJ mol−1) −T�S◦ (kJ K−1 mol−1)

CD2:DMNa −100.4± 1.6 +66.5± 1.5
CD:DMNa −13.4± 0.3 −4.4 ± 0.3
CD2:DENb −45.3± 4.1 +20.2± 4.2
CD2:DENb −46.6± 5.0 +20.4± 4.9
CD:DHNc −23.6± 2.1 +10.9± 2.2
CD2:DHNc −56.0± 5.2 +30.5± 5.2
a From Ref.[19].
b From Ref.[20].
c Removing the data at 45◦C whoseK values have large errors.
f this manuscript such conformations will be namedCandE
espectively. Three parameters define the relative host–
pproaching:θ, the inclusion angle (plane angle betweeyz
nd the DHN guest naphthalene ring);δ, theoo′C9 angle and

heoo′ distance alongycoordinate. For the 1:1 complexati
rocess the DHN was moved step by step along this co
ate for a previously fixed pair ofθ andδ parameters. The
ach structure generated was solvated and minimized.θ and
optimized pairs were obtained by critical inspection of

hree-dimensionalEbin − θ − δ maps obtained by analysis
he structures generated in the vacuum by incrementally
ing such parameters at different CD-host distances. Re
f this inspection indicate that the most favorableδ and θ

airs were∼90◦, 40◦ (60◦, 5◦) and 90◦, 55◦ (55◦, 5◦), when
(E) approached the�- and �CDs respectively. The 2

omplexation process, however, was emulated starting
he 1:1 stoichiometry structure of minimum binding ene
MBE) by approaching a second CD, as shown at the bo
f Fig. 6. In a similar manner, each structure generated
olvated and minimized. Theoo′′ distance along they axis
efines the CD separation. The association angleθ′ initially
t 0◦ was measured by the dihedralO(4)–o–o′′–O′(4) angle.

Fig. 7 depicts binding energies obtained uponC (E) ap-
roaching each CD fromy= +16 (+20) toy=−4 (−2) at
.5 intervals, measured in̊A. This figure shows the inclu
ion process with�CD (top) and�CD (bottom). Binding
nergy seems to decrease during the approaching. N

heless, the presence of some unfavorable energy ba
eans that the guest should surmount them in order to
trate into the cavity. These barriers are obviously large
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Fig. 6. Scheme for the 1:1 (top) and 2:1 (bottom) formation of host-DHN complexes.

the complexation with�CD. Surmounting some small bar-
riers during the approach of DHN to�CD, the structures of
MBE named 1C� and 1E�, shown at the bottom ofFig. 7,
are reached aty(Å) = +1.2 (+4.9) whereδ = 56.2◦ (56.5◦) and
θ = 54.9◦ (1.3◦) whenC (E) approaches the host. At this point
Ebinding is −40.4 kJ/mol (−55.2 kJ/mol). Even if part of the
guest penetrates into the CD cavity, as depicted, a significant
portion of it is also left out. Binding energy for the complexa-
tion ofCwith �CD shows a large positive unfavorable energy
gap fory< +10.7 (Å). This makes 1C�, with y= +10.7 (Å),
δ = 6.8◦, θ = 51.4◦ andEbin =−18.3 kJ/mol the most feasible
structure for this complex. Only a very small part ofC is
inside the cavity. The inclusion of a more extended DHN
conformation (E) is also accompanied by a relatively large
gap which is centered aroundy= +12 (Å) with Ebin > 0. As-
suming that this barrier is surmounted during complexation,
the most feasible structure would be 2E� with y(Å) = +4.6
whereδ = 59.0◦ andθ = 10.3◦. If it is not the geometry of the
complex, 1E�, should be similar to 1C� where almost all
DHN is outside the�CD cavity.

More than 90% of the stabilization of 1:1 complexes at the
MBE comes from van der Waals non-bonded interactions,
the remaining part is due to electrostatic ones. The CD:DHN

formation with any of the CDs whenC approaches is ac-
companied by an increase of total potential energy. WhenE
approaches, however, a slight decrease in such energy takes
place. This is mainly due to the increase in both the CD
macroring and the DHN strains.

As was pointed out earlier, an important characteristic of
the geometry for 1:1 complexes is that a relatively large por-
tion of the guest is outside the CD cavity. This suggests the
possibility of the approaching of a second CD to the previ-
ously formed 1:1 complex. The theoretical emulation of the
process has already been described.

The left panel ofFig. 8shows the change in the binding en-
ergy between guest and CD hosts,Ebin [G − (CD + CD′)] as a
function of theoo′′ distance during the approaching of a sec-
ond CD′ to the of MBE structure of the (1:1) CD:G complex.
Binding energies whenE complexes with both CDs decrease
with the CD separation reaching a minimum value. They
coordinate ofo′′ ando′ center of masses for the structures of
minimumEbin (MBE′) whenE complexes are accomplished
at +8.1 and +4.1 (̊A) for �CD2:DHN (−115.2 kJ mol−1) and
of +8.0 and +4.7 (̊A) for �CD2:DHN (−114.2 kJ mol−1).
Most of the attractiveEbin [G − (CD + CD′)] interaction at
the MBE′ is due to van der Waals contribution (>99%). The
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Fig. 7. Binding energies as a function ofycoordinate (̊A) for C (open symbols) andE (filled symbols) conformations of DHN guest when complexed with�CD
(squares) and�CD (circles). Superimposed are depicted some 1:1 stoichiometry structures (removing water molecules) that correspond to minima binding
energies.

Fig. 8. Ebin[G − (CD + CD′)] (left), Ebin[(CD:G)− CD′] (center) andEbin[CD − CD′] (right) as a function of the distance between�CDs (squares) or�CDs
(circles) hosts along they coordinate, for the formation of 2:1 complexes withC (open symbols) andE (filled symbols) conformation of DHN.
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central and right panels ofFig. 8 also depict the interac-
tion energyEbin[(CD:G)− CD′)] andEbin[CD − CD′] versus
oo′′ distance respectively. At the MBE′,Ebin[(CD:G)− CD′)]
also shows a global minimum that denotes the feasibility of
the formation of 2:1 complexes with both CDs when the con-
formation is relatively extended (E). For the structures of
MBE′ the centers of both CDs are separated by∼8Å. At this
distance, according to the right panel, a strong attractive inter-
action that contributes to stabilizing the 2:1 complexes occurs
between both CDs. This stabilization arises almost equally
from electrostatics and van der Waals non-bonded interac-
tions. This distance (∼8Å) is also appropriate for the forma-
tion of intermolecular hydrogen bonds (HBs) between both
CDs. According to the criteria of HB formation, the struc-
tures of MBE′ whenE complexes with�CD (�CD) contains
11 (12) intra- and 10 (13) intermolecular HBs respectively.

The situation forCcomplexing both CDs is somewhat dif-
ferent.Ebin [G − (CD + CD′)] increases whenC complexes
with �CD and it decreases when it does with�CD. MBE′
structures are reached ato′′ ando′ y coordinates of 16.9 and
+10.5 (Å) for �CD2:DHN (−30.2 kJ mol−1) and +9.3 and
+1.2 (Å) (−89.3 kJ mol−1) for �CD2:DHN. van der Waals
contribution toEbin [G − (CD + CD′)] is no larger than 80%.
For �CD2:DHN the distance between CDs is only slightly
large than 8̊A and it therefore behaves in a way similar to the
Ecomplexation with both CDs. The MBE′ structure contains
1 ty is
l ever,
E ed
E
F ergy
b tance
b ac-
t that
w x.

N,
w rm-
i d
e stoi-
c on
f
� r
2 f
D r-
m

ntly
t sign
o
d lex.
A s di-
m shell
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h sla-
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Fig. 9. Structures of minimum binding energy forC (top) andE (bottom)
conformations of DHN when forming the�CD2:DHN complexes. HBs
shows by dashed lines. Water molecules were removed.

and host molecules have lost the ordered water molecules
which solvated them during complexation.

4. Conclusion

Fluorescence measurements reveal that DHN guests form
complexes with�- and�CDs with different guest:host stoi-
chiometries, 1:1 and 2:1 respectively. Both 1:1 and 2:1 com-
plex formations are exothermic and they are accompanied by
an unfavorable entropy change. Molecular mechanics proves
that the formation of such complexes is possible and permits
their stoichiometries to be explained. Such stoichiometries
are closely related to the length of the DHN guest which can
adopt fairly coiled-bulky conformations and the CD sizes. For
the hypothetical 1:1 complexes with both CDs a large portion
of DHN is outside the cavity. This permits the approximation
of a second�CD to the 1:1�CD:DHN complex up to CD
distances where interactions are favorable for the formation
of intermolecular HBs between them. This would stabilize
the 2:1 stoichiometry complex. This is not probable for the
�CD:DHN, as the cavity size does not favor the approxima-
tion of a second CD, especially when DHN is in a coiled
conformation. The non-bonded van der Waals interactions
are mainly responsible for the stability of both 1:1 and 2:1
c tween
C

2 intra- and 1 intermolecular HBs respectively. The cavi
arge enough to accommodate a coiled DHN guest. How
bin[G − (CD + CD′)] interaction, as well as the non-bond
bin[(CD:G)− CD′)] one whenC complexes with�CD, as
ig. 8shows, are much less favorable. The interaction en
etween both CDs also shows this characteristic; the dis
etween�CDs is large enough not to allow any CD inter

ions, thus avoiding the formation of intermolecular HBs
ould favor the formation of a 2:1 stoichiometry comple
According to the results the coiled conformations of DH

hich are probably most favored, are not capable of fo
ng complexes with two�CDs. However, both coiled an
xtended conformations could reasonably form 2:1
hiometry complexes with�CDs. This may be the reas
or the experimental formation of 1:1�CD:DHN and 2:1
CD:DHN complexes.Fig. 9depicts the MBE′ structure fo
:1�CD:DHN complex when theE andC conformations o
HN complexes with two�CD, showing intra- and inte
olecular HBs between both CDs.
The stoichiometry of both complexes and subseque

he geometry of them could account for the negative
f entropy variation during complexation. The single�CD
o not shield the DHN from the solvent in the 1:1 comp
s a consequence the important positive contribution i
inished due to the fact that most of the ordered water
round the guest is unaltered during the complexation
nfavorable entropy term for�CD2:DHN complexation may
owever, be attributed to the loss of rotational and tran

ional freedom degrees during the process of a guest a
mmobilized inside the cavity of both CDs since both gu
omplexes. Nevertheless electrostatics interactions be
Ds also play an important role for this stabilization.



I. Pastor et al. / Journal of Photochemistry and Photobiology A: Chemistry 173 (2005) 238–247 247

Acknowledgements

This research was supported by MCYT project
BQU2001/1158 and GR/MAT/0810/2004. We wish to ex-
press our thanks to M.L. Heijnen for assistance with the
preparation of the manuscript.

References

[1] J. Szejtli, T. Osa, Comprehensive Supramolecular Chemistry, vol. 3,
Cyclodextrins, Elsevier, Oxford, 1996.

[2] V.T. D’Souza, K.B. Lipkowitz, Chem. Rev. 98 (5) (1998) 1741–2076.
[3] A. Harada, Adv. Polym. Sci. 133 (1997) 141–201.
[4] A. Harada, Acc. Chem. Res. 34 (6) (2001) 456–464.
[5] K. Kano, I. Takenoshita, T. Ogawa, Chem. Lett. Chem. Soc. Jpn.

(1982) 321–324.
[6] A. Nakajima, Spectrochim. Acta 39A (10) (1983) 913–915.
[7] N. Kobayashi, R. Saito, H. Hino, Y. Hino, A. Ueno, T. Osa, J. Chem.

Soc. Perkin. Trans. II (1983) 1031–1035.
[8] S. Hashimoto, J.K. Thomas, J. Am. Chem. Soc. 107 (1985)

4655–4662.
[9] G. Patonay, A. Shapira, P. Diamond, I.M. Warner, J. Phys. Chem.

90 (1986) 1963–1966.
[10] G. Nelson, G. Patonay, I.M. Warner, Appl. Spectrosc. 41 (7) (1987)

1235–1238.
[11] S. Hamai, J. Phys. Chem. 93 (1989) 6527–6529.
[12] G.C. Catena, F. Bright, V. Anal. Chem. 61 (1989) 905–909.
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