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a  b  s  t  r  a  c  t

NMR,  circular  dichroism  and  fluorescence  techniques  were  used  to  study  the  structure  in  solution  of
a new  �-cyclodextrin  derivate  in  which  naphthalene  chromophore  group  is  bridged  to O(2)  and  O(3)
secondary  positions  of  the same  glucopyranose  unit  through  a  bidentate  hinge.  The  results  point  to  the
formation  of a very  stable  dimer  in  aqueous  solution  which  dissociates  in  non-polar  solvents.  Dimer-
ization  was  enthalpy  and  entropy  favoured.  The  hydrophobic  character  of the  naphthyl  moiety  plays
eywords:
yclodextrins
luorescence
ircular dichroism
olecular modelling

a  very  important  role  in the entropy  change  sign.  Molecular  mechanics  as  well  as  molecular  dynamics
calculations  indicated  that  the  most  stable  dimers  are  head-to-head  oriented.  For  these  dimer  structures
the naphthyl  moieties,  relatively  shielded  from  the  solvent,  are  sufficiently  close  to  each  other  to couple
their transition  moments,  but  without  forming  excimers.

© 2011 Elsevier B.V. All rights reserved.

ydrophobic effect

. Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides composed of 6,
 or 8 d-glucopyranose termed �, � and �CD, respectively. Because
f their hydrophobic cavity, they are capable of forming inclusion
omplexes in water with a great variety of organic compounds
1,2], which makes them ideal for many supramolecular applica-
ions including drug delivery, sensors or molecular machines [2,3].
he utility of native CDs is often limited because of their relatively
ow discrimination character among guests of similar size, solu-
ility, which is restricted to water or very polar solvents [4],  and
he conformational constrains imposed by the cyclooligosaccharide
rchitecture. Efforts have been made to chemically modify natu-
al CDs in order to manipulate their binding properties, enhance
he enantioselectivity towards chiral guests, achieve solubility in a
esired solvent or investigate the inclusion mechanism [5].  In this
ontext, O-methylated CDs offer many advantageous features for
pplications in fields such as the separation of chiral molecules or
rug encapsulation [6]. Thus, permethylated CDs exhibit a larger

exibility as compared to the native CDs, with a wider cavity and
igher solubility in both aqueous and organic solvents [7–9].

∗ Corresponding author. Tel.: +34 918854672; fax: +34 918854763.
E-mail address: francisco.mendicuti@uah.es (F. Mendicuti).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.07.013
Fluorescently labeled CD derivatives represent very useful tool
for sensing applications and supramolecular studies. The attach-
ment of a chromophore to a CD not only alters the original binding
ability and selectivity, but also provides a spectroscopic probe
for investigating the structure, conformations and the molecular
recognition of multiple molecules [10–13].  The naphthalene group
is particularly attractive for this purpose due to the numerous
applications in photochemical molecular devices [14] and fluo-
rescence molecular sensors [14–20].  Consequently, a great effort
has been devoted to investigate the structure, conformation and
aggregation properties in solution of naphthalene-modified CDs.
Ueno et al. [21,22] have studied the self-inclusion processes of
�CD bearing two naphthyl moieties linked to the primary CD
face. One of the two pendant naphthyl moieties seems to move
outwards–inwards from the inner cavity. Equilibrium is reached
between a predominant form in which a naphthyl group is included
into the CD cavity and another one where both naphthyl groups
are located outside. The conformational changes in the appended
group, which were monitored by excimer fluorescence and cir-
cular dichroism, were guest-dependent. Valeur’s group [23–25]
have reported the photophysical properties of �CDs bearing sev-
eral 2-naphthoyloxy chromophores substituted at one or both

CD faces. These systems were used as a model for studying the
excitation energy transfer process among naphthalene moieties.
Garcia-Garibay and McAlpine [16,26,27] described the synthesis
and the inside-outside isomerism of 3-O-(2-methylnaphthyl)-�CD.

dx.doi.org/10.1016/j.jphotochem.2011.07.013
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:francisco.mendicuti@uah.es
dx.doi.org/10.1016/j.jphotochem.2011.07.013
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solution (10–20 mM)  of the guest (AC or AA) in the previous stock
6 M.J. González-Álvarez et al. / Journal of Photochem

H NMR  experiments revealed the presence of dimers at concen-
rations higher than 0.1 mM.  The circular dichroism spectrum of
iluted samples was, however, consistent with a monomer form.
H NMR  chemical shift variations as a function of concentration
rovided a monomer–dimer equilibrium constant of 5000 M−1 at
5 ◦C [16]. Other authors [17,18] have studied how the differ-
nces in the chain length of the linker of the appended naphthyl
roup to the CD affect the association behaviour of the modi-
ed �CD. The presence of dimers for the 6-O-mono-2-naphthoate
CD, where the 2-naphthoyl moiety is directly attached to the
D, was demonstrated. However, when the chromophore group

s connected to the CD through a relatively long chain as in 6-
(N-2-naphthoyl-2-aminoethyl)amino]-6-deoxy �CD the molecule
refers to adopt a self-inclusion conformation. Park et al. have also
ynthesized CD derivates bearing different chromophoric moieties
15,19,20],  among which the 6-O-(2-sulfonate-6-naphtyl)-�CD.
his compound exhibits a monomer–dimer equilibrium with a high
imerization constant (∼104 M−1 at 25 ◦C) [28,29]. The naphthyl
roup did not present an excimer band in the fluorescence spectra
ut it did show an exciton coupling band in the circular dichroism
pectrum which denotes a relative proximity between naphthyl
oieties. More recently, Liu et al. [11] have reported the synthesis

f two novel permethylated �CD derivates containing naphthalene
nd quinoline appended groups. The results from circular dichro-
sm and ROESY spectra showed that both chromophores are deeply
elf-included into the cavity of the CD. Nevertheless, both groups
re expelled towards the narrow primary face upon complexation
f bile salt guests.

A common characteristic of the above commented works is that
he chromophore substituent is linked to a single glucopyranose
osition at either the primary or the secondary rim. The confor-
ational and aggregation properties in solution are then dictated

y the ability to form intra- or intermolecular inclusion complexes.
owever, we have reported the self-association processes of 2I,3I-
-(o-xylylene)-permethylated CDs (XmCD) in which a xylylene
hromophore group bridged simultaneously vicinal O(2) and O(3)
f the same glucopyranose [30–32].  Small dimerization equilibrium
onstants were obtained (KD: ∼180, ∼200 and 248 M−1 for Xm�-,
�- and -�CDs, respectively, at 25 ◦C). Dimerization processes were
ccompanied by �H  < 0 and �S  < 0. Molecular dynamics simula-
ions for XmCD monomers demonstrated the presence of an open
or half-open)/capped equilibrium which is significantly displaced
o the open conformation. Calculations also revealed that the most
table dimers are those formed when two XmCDs approach through
heir secondary faces (head-to-head, HH).

In addition, the XmCDs shows negative solubility coefficients in
ater, being more soluble in cold than in hot water. This situation

s analogous at that observed for per-O-methylated and partially
ethylated CD derivatives [33]. X-ray studies in this series sug-

est that the reverse solubility as compared with canonic CDs is
ue to the breakdown of hydration networks leading to aggrega-
ion [34–41].  Although this particular behaviour can be attributed,
n essence, to the hydrophobic effect, the crystallographic stud-
es alone do not allow determining the pathway which leads from
igh solubility in cold water to low solubility at higher tempera-
ure. The presence of the doubly linked aromatic ring in XmCDs
eems to exacerbate this effect, favouring the formation of well-
efined dimeric species in solution through a mechanism that does
ot involve inclusion phenomena. These modified CDs may  thus
erve as well-defined systems to study the hydrophobic effect in
ore deep by using spectroscopic techniques.
This work describes the synthesis and study the behaviour in

ater of a hinge-type capped CD named 2I,3I-O-(1,8-naphtylene)-

er-O-Me-�-cyclodextrin (Nm�CD), which contains a naphthyl
ap-like moiety. Dimerization equilibrium constant, thermody-
amic parameters upon association and information about the
nd Photobiology A: Chemistry 223 (2011) 25– 36

structure in water were obtained by using NMR, fluorescence,
circular dichroism and molecular modelling techniques. The
complexation of 1,8-dimethoxynaphatalene (oN) [42] and the
hetero-association of Nm�CD both with heptakis(2,3,6,-tri-O-
methyl)�CD (Me�CD) were also studied.

To the best of our knowledge, this is the first report on a naphthyl
appended CD derivative that self-aggregates by strong hydropho-
bic interactions with really large binding constants and without
the need for inclusion of the substituent into the partner CD.
Compared to �CD derivatives bearing a single-linked naphtyl sub-
stituent, the double-linked hinge-type disposition should impose
significant conformational constraints. Notably, it forces a quasi-
perpendicular disposition of the major axis on the naphthalene
moiety and the central axis of the �CD molecule, disfavouring self-
inclusion and/or penetration into the partner CD.

2. Experimental

2.1. Synthesis and characterization

Briefly, the synthesis of 2I,3I-O-(1,8-naphtylene)-per-O-Me-�-
cyclodextrin (Nm�CD), was  accomplished in two steps starting
from its xylylene-appended counterpart Xm�CD [30] (Scheme 1).
Catalytic hydrogenation of the benzylic ether furnished the selec-
tively differentiated vicinal diol diOHm�CD which can be now
reacted with an excess of 1,8-bis(bromomethyl)naphthalene in
DMF  in the presence of sodium hydride (Scheme 1). One-pot dou-
ble alkylation furnished the target compound Nm�CD (37% overall
yield from Xm�CD). The structures of the diOHm�CD intermediate
and Nm�CD were confirmed by NMR, electrospray mass spec-
tra (ESIMS) and combustion analysis. Synthetic details as well as
characterization data are included in Supporting Information (Figs.
S4–S6).

2.2. Solution preparations, instruments and experimental details

The solutions of Nm�CD used for fluorescence and circular
dichroism experiments were prepared by weight in deionized
water (Milli-Q) and stirred for ∼24 h prior to measuring. The
concentrations ranged from 0.002 to 0.4 mM.  For the aqueous
solution of Me�CD the concentration range was wider reach-
ing concentrations close to 11 mM.  All the organic solvents used
in the fluorescence and circular dichroism experiments were
spectroscopic or purity > 98% grades. Nevertheless they were
always checked before use. 2,3-Butanedione (diacetyl, Aldrich) was
used as fluorescence quencher for the naphthyl group. Sodium
1-adamantanecarboxylate (AC) and/or adamantyl-1-amine (AA)
were also used as control guest molecules to probe the accessibil-
ity to the �CD cavity in water. 1,8-Bis(methoxymethyl)naphthalene
(oN) was prepared as previously described from the corresponding
1,8-bis(hydroxymethyl) naphthalene [43].

1H NMR, 2D COSY, 1D NOESY and 1D TOCSY experiments were
performed by using a 500 MHz, Bruker 500 DRX instrument in the
5–60 ◦C temperature range. For NMR  measurements solutions of
Nm�CD in deuterated water were prepared in the 1.42–22 mM
range. Though the lowest concentration was  still above the detec-
tion limit for this particular compound, no significant spectral
changes were observed by working below 1 mM.  For NMR  titra-
tion experiments, 1.5 mM stock solutions of Nm�CD in D2O were
prepared. A 500-�L aliquot of the stock solution was  transferred to
a 5-mm NMR  tube, and the initial NMR  spectrum was  recorded. A
solution of Nm�CD was  then prepared. Aliquots of this solution
were gradually added to the NMR  tube via microsyringe, recording
the corresponding spectrum after each addition. Additions were
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Scheme 1. Synthesis of, 2I,3I-O-(1,8-naphthalene)-per-O-methyl-�-cyclode

ontinued until complete saturation of the host. Chemical shift vari-
tion of the host diagnostic signals were plotted against the guest
oncentration and binding constants were calculated from these
ata by using a least-squares fitting protocol [42].

Steady-state fluorescence was performed by using a high sensi-
ivity spectrofluorimeter, the SLM 8100C Aminco, equipped with

 cooled photomultiplier and a double (single) monochromator
n the excitation (emission) path. The fluorescence decay mea-
urements were achieved on a time correlated single photon
ounting (TCSPC) FL900 Edinburgh Instruments Spectrometer with

 thyratron-gated lamp filled with H2. Circular dichroism (ICD)
pectra were obtained by using a JASCO-715 spectropolarimeter
see Supporting Information, Instruments and Experimental Details).

. Results and discussion

.1. Absorption spectra

As depicted in Fig. 1, the Nm�CD absorption spectrum in water
xhibits two intense main bands whose maxima are placed at 220
nd 290 nm and a very faint one located at 320 nm.  Nm�CD/water
olutions show spectra that very well match the one observed for
he oN model compound but whose maxima are slightly shifted to
he blue by about 4 nm.  By comparison the of oN structure with
imilar naphthalene derivates [44,45],  these bands can be ascribed,
ccording to Platt’s notation [46], to the 1Bb, 1La and 1Lb electronic
ransitions. For these transitions dipole moments (superimposed
n Fig. 1) are nearly parallel to the long (1Bb) and short (both 1La

nd 1Lb) naphthalene main axis.

.2. Fluorescence measurements

.2.1. Emission spectra

Fig. 2 shows the emission spectra for Nm�CD/water solutions

pon excitation of the naphthyl group at 295 nm.  Each spectrum
xhibits a double band located at ∼335 and ∼342 nm and a shoulder
t ∼355 nm.  The fluorescence intensity obviously increases upon
(Nm�CD) from 2I,3I-O-(o-xylylene)-per-O-methyl-�-cyclodextrin (XmCDs).

increasing the Nm�CD concentration, but this fact does not affect
the ratio between the intensities of the two  main bands. This, in
addition to the fact that the spectra never showed a broadening
to the red, denotes the absence of any intermolecular naphthalene
excimers.

The association constant KD for the dimerization process of
λ / nm

Fig. 1. Absorption spectra for Nm�CD in water dilute solution at 25 ◦C. Superim-
posed is the Nm�CD structure showing the directions of the electronic transitions
moments.
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fractions (100 × fi) obtained from the different lifetime contributions ascribed to
both species. (Bottom) Variation of the weighted average lifetime with the temper-
ig. 2. Emission spectra (�ex = 295 nm)  for Nm�CD/water solutions in the
–0.425 mM range of concentrations at 25 ◦C. Changes of the corrected fluorescence

ntensity with [Nm�CD] at 25 ◦C are superimposed.

an be related with the fluorescence intensity (I) measured as the
rea under the naphthyl group emission spectrum, and the total
m�CD concentration by Eq. (2) [31]:

 = �(Nm�CD)2
[Nm�CD]0 −

(
�(Nm�CD)2

− �Nm�CD

)
(√

8KD[Nm�CD]0 + 1 − 1

)

4KD

(2)

here �(Nm�CD) and �(Nm�CD)2
are the proportionality constants

per chromophore unit) between fluorescence intensity and con-
entration of the monomer and dimer forms.

A plot of the corrected fluorescence intensity taking into account
he inner effect, (Icorr) with [Nm�CD]0 at 25 ◦C is inserted in Fig. 2
more details in Instruments and Experimental Details in Supporting
nformation). This representation is linear and the Icorr/[[Nm�CD]0
atio remains constant in the whole range of Nm�CD concentra-
ions used in our measurements. This fact demonstrates, according
o Eq. (2),  that �(Nm�CD)2

∼= �Nm�CD, or in other words, the fluo-
escence quantum yield does not change with the dimerization
rocess.

.2.2. Fluorescence intensity decays
Time-resolved fluorescence measurements for Nm�CD aque-

us solutions at different concentrations and temperatures were
erformed at the maximum of the emission band (342 nm)  upon
xcitation of the naphthyl group (295 nm).

The fluorescence intensity decay profiles were fitted to three-
xponentials at any [Nm�CD] and temperature [47]. The short
ived component (∼0.2 ns) was ascribed to the innate stray light
nd/or scattering of the cylindrical cuvettes used. The intermedi-
te (∼12 ns) and the slowest (∼30 ns) components were assigned to
he free (Nm�CD) and the dimer (Nm�CD)2 species, respectively.
As shown in Fig. 3, the fractional contribution of the interme-
iate component decay time, fNm�CD, (more details in Instruments
nd Experimental Details in Supporting Information), decreases with
Nm�CD], whereas the contribution of the slowest component,
ature for [Nm�CD] = 0.00479 (�), 0.104 (�) and 0.394 mM (�). (For interpretation of
the  references to color in this figure legend, the reader is referred to the web  version
of  the article.)

f(Nm�CD)2
, increases and, in agreement with an enthalpy-favoured

association process, it noticeably decreases with temperature due
to complex dissociation. In consequence, the weighted average life-
times 〈�〉 defined as:

〈�〉 = fNm�CD�Nm�CD + f(Nm�CD)2
�(Nm�CD)2

(3)

where �Nm�CD and �(Nm�CD)2
are the lifetimes for both species,

increase (decreases) with [Nm�CD] (temperature) as inferred from
Fig. 3.

3.2.3. Thermodynamics of the dimerization processes
The variation of the average lifetime (〈�〉) against [Nm�CD]0 at

different temperatures is depicted in Fig. 4. The 〈�〉 increasing with
[Nm�CD]0 is due to the increase in the dimer fraction. The near
plateau is achieved at very low concentrations pointing towards a
high dimerization constant.

Additionally, these experimental data can be fit to the following
non-linear equation [31]:

〈�〉 =
2�Nm�CD + (�(Nm�CD)2

/�Nm�CD) �(Nm�CD)2

(√
8KD[Nm�CD]0 + 1 − 1

)

2 + (�(Nm�CD)2
/�Nm�CD)

(√
8KD[Nm�CD]0 + 1 − 1

) (4)

The experimental data which fit reasonably to the curve gener-
ated by Eq. (4) under the assumption that �(Nm�CD)2

/�Nm�CD = 1,

provide association constants at different temperatures collected
in Table 1. The KD values obtained were significantly high in com-
parison with those calculated for similar naphthalene-substituted
�CDs [16–18,28,29].
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Table 1
Association constants KD, �Nm�CD and �(Nm�CD)2

parameters obtained from analysis
of decay profiles at different [Nm�CD] and temperatures.

T (◦C) 10−3 KD (M−1) �Nm�CD �(Nm�CD)2

5 216 ± 202 26.5 ± 1.6 32.4 ± 0.2
15 137 ± 127 26.1 ± 1.2 30.8 ± 0.2
25  92 ± 58 25.5 ± 0.6 29.8 ± 0.2
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Fig. 5. Changes in the lifetime averages (〈�〉) (�) and the fractional dimer-to-
monomer contribution ratios (�) with ε for fluorescence decay measurements per-
35  78 ± 44 24.0 ± 0.6 28.9 ± 0.2
45  69 ± 34 22.8 ± 0.6 27.8 ± 0.2

The thermodynamic parameters for the dimerization pro-
ess were attained from the van’t Hoff linear representations
Fig. S1 in Supporting Information). Both �H (−21.3 ± 2.7 kJ mol−1)
nd �S  (+24.7 ± 9.2 J K−1 mol−1) parameters favour Nm�CD dimer-
zation. Intermolecular CD associations by attractive van der Waals
r electrostatic interactions are usually characterized by �H  < 0.
n fact, the value and sign of �H  is very similar to that obtained
or the dimerization process of Xm�CD (and their Xm�CD and
m�CD partners [31,32]) and also for the complexation of many
ther naphthalene derivates with �CDs [48–51].  The favourable
ositive value of �S  for Nm�CD, in contrast with the negative
alue found for Xm�CD (and also for Xm�CD and Xm�CD [31,32]),
ust be due to the different size of the appended moiety and the

igher hydrophobicity of a naphthyl group in aqueous medium,
s compared to the benzyl group. For a dimerization process, the
uantitative value and sign for �S  is the result of the balance
etween two opposite factors: (i) the expected loss of degrees of
reedom accompanying any self-assembling and (ii) the reorganiza-
ion of host and guest solvating water molecules during the process
52]. The larger size of the naphthalene compared to the benzene,
ill cause a larger loss of solvating shells during Nm�CD dimeriza-

ion and consequently this effect will contribute more favourably
o �S.

.2.4. Fluorescence quenching
The fluorescence quenching experiments are quite useful to

etermine the accessibility of a free quencher to the naphthyl
nchored to the �CD, giving information about its location. Quench-
ng measurements by diacetyl were carried out on oN (very
iluted) and Nm�CD/water solutions at 25 ◦C. For the latter sys-
em two Nm�CD concentrations (2.68 × 10−3 mM and 0.257 mM)
ere employed. At these concentrations and temperature the

imer molar fractions were approximately 0.15 and 0.8, respec-
ively. Stern–Volmer 〈�0〉/〈�〉 plots were linear in the whole range
f concentrations used. The Stern–Volmer constants (KSV) were
0.9, 26.9 and 2.5 M−1 for oN and 2.68 × 10−3 mM and 0.257 mM
formed on Nm�CD 0.2 mM solutions of different solvents: water, methanol/water
(20:80 and 50:50, v/v), methanol, ethanol and butanol at 25 ◦C. Idem upon adding
AC up to reaching a 1.6 M concentration (× and +, respectively).

Nm�CD, respectively. The bimolecular quenching constants (kq)
[53] for each system were (3.0 ± 0.2) × 109, (1.6 ± 0.5) × 109 and
(8.5 ± 0.6) × 107 M−1 s−1, respectively. These results demonstrate
that naphthyl moiety in the isolated oN is obviously much more
accessible to the quencher than in the Nm�CD dimer, where
it is probably shielded by the two  CD macrorings (or perhaps
partially included into the partner CD). As expected, kq values
drastically decreases with the dimer fraction. In addition, the
temperature dependence on kq was obtained for the 0.257 mM
Nm�CD/water solution. kq’s of (3.7 ± 0.2) × 107, (8.5 ± 0.6) × 107

and (1.9 ± 0.2) × 108 M−1 s−1 for 5 ◦C, 25 ◦C and 45 ◦C, respectively,
were in agreement with �H  < 0.

3.2.5. Dependence of the fluorescence quantum yield and lifetime
with medium polarity (ε) and microviscosity (�)

The influence of the medium ε and � on the fluorescence quan-
tum yield (˚) and lifetime (�) for the naphthyl moiety in Nm�CD
was assessed by measuring dilute solutions of the oN model in sev-
eral solvents (water, methanol/water, ethanol/water mixtures and
n-alcohols) at 25 ◦C. The results (Fig. S2, Supporting Information)
reveal that in the case of the oN derivative � decreases with ε,
for ε > 50, and it increases with �. ˚, however, does not show any
special trend when varying ε and � (˚ ≈ 0.08 ± 0.06). Dimer forma-
tion in Nm�CD may  involve a decreasing (increasing) in polarity
(microviscosity) surrounding the chromophore (appended naph-
thyl placed between both CDs or perhaps included in the inner
cavity of a �CD partner whose ε ≈ 50 [32]). These results may  there-
fore agree with �(Nm�CD)2

> �Nm�CD and with �(Nm�CD)2
∼= �Nm�CD.

Fluorescence decay measurements on Nm�CD solutions in dif-
ferent polarity solvents were also performed. The concentrations
used were similar in all experiments, [Nm�CD] ≈ 0.2 mM  (dimer
molar fraction ∼0.8). Fig. 5 depicts the ratio of the fractional con-
tributions for decay times attributed to the dimer and monomer
species and 〈�〉 variations with ε. Results indicate a decrease in
both the fractional ratio values and 〈�〉 when decreasing the sol-
vent polarity as a consequence of the dissociation of the (Nm�CD)2
into the monomer species with a faster lifetime component.

On the other hand, it is well known the large affinity of adaman-
tane derivatives for �CD by forming 1:1 strong stable complexes
(K ∼ 104 M−1) in water [12,54–56].  Processes like self-inclusion

of CD appended groups, dimer formation or any other guest
complexation may  compete with this strong complexation. Sodium
1-adamantanecarboxylate (AC) was added to each of the previously
studied Nm�CD (0.2 mM)  solutions up to reaching [AC] = 1.6 mM
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Fig. 6. Absorption spectra ( ) and circular dichroism ( ) for Nm�CD
(0.2  mM in water) at 25 ◦C (upper); comparative circular dichroism spectra for
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m�CD solution of a different polarity solvent at 25 C ([Nm�CD] ≈ 0.2 mM)  (bot-
om). (For interpretation of the references to color in this figure legend, the reader
s  referred to the web version of the article.)

8-fold excess). Results are also represented in Fig. 5 and show that
he addition of excess AC does not produce any significant changes
either in 〈�〉, nor in the fractional dimer-to-monomer contribution
atios whatever the polarity of the solvent was.

.3. Circular dichroism measurements

The magnitude and sign of the ICD spectrum of a chromophore
uest when it interacts with a CD can inform about its location with
espect to the CD [57–61].  The ICD spectrum sign varies depend-
ng on the type and depth of the guest inclusion in the CD cavity
nd the orientation of its electronic transition moment relative to
he CD n-fold axis. Parallel (perpendicular) orientation gives a pos-
tive (negative) ICD band which becomes opposite sign when the
hromophore is located partially outside [57–61].

Fig. 6 (upper) shows the circular dichroism spectrum of Nm�CD
0.2 mM  in water) at 25 ◦C. At this concentration and temperature
round the 80% of the Nm�CD is in dimer form. The ICD spec-
rum exhibits a relatively intense exciton coupling (EC) band in the
lectronic 1Bb transition region, whereas a slightly positive band

1
s observed in the La zone. ICD spectrum for EC is characterized
y the typical bisignate Cotton effect that takes place when two
hromophores are close enough to couple their electric transition
oments. In general, stronger absorption and smaller interchor-
nd Photobiology A: Chemistry 223 (2011) 25– 36

mophore distances leads to larger intensity for the positive and
negative peaks in the EC signal [62]. In case of a pair of naphthalene
moieties, EC takes place when they are spaced out by around 7 Å
[62]. Thus, EC signal observed for the 1Bb band in water most prob-
ably points towards the presence of HH-type (Nm�CD)2 dimers
in this solvent. Furthermore, this structure would be presumably
stabilized through mutual cooperative interactions between the
naphthyl groups, or even between naphthyl groups and secondary
methyl groups, as predicted before for (XmCD)2 dimers [30–32].

Different polarity solvent-induced circular dichroism variations
on Nm�CD were also examined and depicted in the bottom panel
of Fig. 6. Variations in the solvent polarity (the same solvents and
concentrations as in the previous section) made drastic changes
in the ICD spectra band shape and intensities. Whereas the 1La

intensity band monotonically decreases when decreasing medium
polarity (ε), the intensity of the EC dual band decreases down to
methanol, and then, becomes a single positive band in less polar
solvents. This means that when the medium surrounding Nm�CD
becomes more and more hydrophobic, the interaction between
naphthyl groups turns weaker, shifting the equilibrium towards the
monomeric species. The relatively intense positive 1Bb and weak
1La bands in the non-polar solvents would agree with a monomer
Nm�CD species where the naphthyl group, interacting with its
CD macroring, would be located outside the cavity and lying rel-
atively parallel to it, according to Kodaka’s rules [57,59]. Similar
conclusions were reached from lifetime measurements described
earlier in this paper, where a decrease in medium polarity means an
increase in the monomer fraction. These would also agree with the
explanation given for the �S  > 0 for Nm�CD dimerization in water,
where the hydrophobic effect is assumed to play an important role.

As with fluorescence measurements, neither the intensity nor
the shape at the 1Bb or 1La ICD bands were influenced by the
addition of AC to the Nm�CD solutions used in our previous exper-
iments at 25 ◦C. Complexation of AC with Nm�CD in polar solvents
cannot compete with its strong self-association at 25 ◦C. Same
behaviour was  observed at 45 ◦C in water. Furthermore, the results
also reflect that AC does not form inclusion complexes with Nm�CD
in non-polar solvents. Similar conclusions were reached from time-
resolved measurements at 25 ◦C (or 45 ◦C).

The variation of the ICD with the concentration for
Nm�CD/water solutions for the 1La band at 25 ◦C was also
studied. Unfortunately, due to the low absorptivity of this band,
it was not possible to get reliable ICD signals at concentrations
smaller than 0.25 mM.  For Nm�CD concentrations larger than
0.25 mM only a slight variation in the ICD signal with [Nm�CD] is
observed, since the plateau, as shown in Fig. 4, is almost reached.
Even so, the experimental data can reasonably be adjusted to
a non-linear equation similar to Eq. (3), by using the KD value
obtained previously by fluorescence lifetime measurements at the
same temperature [63].

3.4. Study of the heterodimerization process

To evaluate the role of the naphthyl moiety in the intermolec-
ular self-association of Nm�CD, the heterodimerization between
Nm�CD and permethylated �CD (Me�CD) at different tempera-
tures was  also studied. The results show a fairly small decrease in
〈�〉 with [Me�CD]. At the [Nm�CD] used, ∼80% of Nm�CD forms a
very stable dimer, and even the addition of a great excess of Me�CD
(up to ×70 times) does not force (Nm�CD)2 to dissociate, i.e. does
not substantially decrease 〈�〉. These results reinforce the idea that
the mutual and strong cooperation between naphthyl groups is

mainly responsible for the high (Nm�CD)2 stability. The study of
the oN model complexation with Me�CD was  also tackled. 〈�〉 for
oN/Me�CD water solutions ([oN] kept constant) also hardly change
upon Me�CD addition at any temperature. oN nearly does not inter-
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filled symbols) and 1La (open symbols) electronic transition moments for naphthyl
roup obtained from the analysis of the 10 ns MD trajectories performed on Nm�CD
alf-open (2) conformation at 350 K (circles) and 600 K (squares).

ct with Me�CD or if it does, its binding constant is extremely low
Fig. S3 in the Supporting Information).

These experiments demonstrate that two interacting naphthyl
roups are required to make a presumably HH-type dimer forma-
ion possible. It also supports that this interaction does not involve
nclusion of the naphthalene moieties in the CD cavities. Circu-
ar dichroism also reinforces this fact. In both the Nm�CD/Me�CD
nd oN/Me�CD experiments, the ICD spectra did not exhibit any
ariation with [Me�CD] either.

.5. NMR  measurements

In contrast to that reported for the analogous xylylene-tethered
CD counterpart [47–52], 1H NMR  spectra for Nm�CD in D2O at
ifferent concentrations (1.42–22 mM)  and temperatures (5–50 ◦C)
eatured no significant proton chemical shift variations (see
ig. S7, Supporting Information). This observation fits with the
emarkably high dimerization constant (KD) determined by time-
esolved fluorescence. In fact, the Nm�CD concentrations used in
MR  experiments exceed the concentrations at which, according

o Fig. 4, any chemical shift variations must be observed. The sce-
ario is similar to that encountered when ICD signal variation with
Nm�CD] for the 1La band was monitored.

The remarkable 1H NMR  spectrum signal splitting observed
or Nm�CD in D2O solutions at 25 ◦C is ascribable to the large
nisotropic effect induced by the naphthyl group and further
upports that the naphthalene moiety is relatively close to the
econdary rim of the CD torus in the dimer, so that all glucose
rotons become affected by the associated electronic current. Full
ssignment of the seven magnetically non-equivalent glucopyra-
osyl units was then possible by combining 2D COSY and 1D TOCSY
xperiments (Fig. S8, Supporting Information). The observation of

ross-peaks in the NOE spectra between aromatic protons and
ethoxy groups at the secondary rim of the CD moiety (Fig. S9, Sup-

orting Information) is also in agreement with the HH orientation
f the two CD partners upon dimer formation.
nd Photobiology A: Chemistry 223 (2011) 25– 36 31

Extensive precipitation occurred in D2O solutions of Nm�CD
above 50–60 ◦C (depending on the concentration) resulting in line
broadening in the NMR  spectra, which probably indicates that the
monomeric species, whose fraction increases with temperature
(�H < 0), is too insoluble in D2O to allow detection by NMR.

The shape of the 1H NMR  spectrum for Nm�CD collected in
deuterated chloroform (1.5 mM at 25 ◦C) was sharply different
to that registered in D2O, with extensive overlapping of the sig-
nals, indicating that the naphthalene ring is probably more distant
from the CD cavity and exposed to the solvent. The spectrum did
not change with concentration or temperature, and no precipita-
tion was  observed. This agrees with the conclusions inferred from
the fluorescence and ICD experiments indicating that monomeric
species are mainly present in non-polar solvents.

The capability of Nm�CD to form inclusion complexes in water
with either adamantane-1-carboxilate (AC) or adamantyl-1-amine
(AA) was also assayed by NMR. Virtually no changes on the pro-
ton chemical shifts of Nm�CD were observed upon titration with
either of the guests up to 10-fold molar excess, which denotes that
complexation of AC or AA with Nm�CD does not take place. This is
sharply different to that previously observed for Xm�CD or the per-
methylated �CD (Me�CD), which formed 1:1 complexes with AC
(binding constants of 443 ± 2 M−1 and 965 ± 15 M−1, respectively,
at 25 ◦C) [30]. This observation further supports the existence of an
aggregate stabilized through hydrophobic interactions at relatively
low temperatures, in which the access to the cavity is blocked.

3.6. Molecular mechanics and molecular dynamics calculations

Molecular mechanics (MM)  and molecular dynamics (MD) cal-
culations were performed with Sybyl 8.0 [64] and the Tripos Force
Field [65]. A relative permittivity ε = 3.5 (ε = 1) was used in the vac-
uum (in the presence of water). Charges for Nm�CD were obtained
by MOPAC [66]. The starting Nm�CD were built with the macror-
ing in the non-distorted form (� = 0◦ and   = −3◦, � = 121.7◦ and
side chain � angles in the trans conformation [67]) and the naph-
thyl substituent in some of the most probable conformations (ten)
for the chain that links the naphthalene moiety to a glucopyra-
nose unit of the �CD macroring. These ten selected conformations
for Nm�CD appended group were those of the minima poten-
tial energies (MBE) from a total of 400 starting conformations
obtained by placement of the four torsional angles that describe the
rotation around C(3)–O–CH2–Car(1) and C(2)–O–CH2–Car(8) ether
bonds at the maxima of their probability distribution functions and
further structures minimization. These distributions (depicted in
Fig. S10, Supporting Information) were obtained from the analysis
of the 10 ns MD trajectories (at 600 K) performed on an isolated
glucopyranose linear trimer, where the central unit contains the
bidentate naphthalene moiety substituted at the C(2) and C(3)
positions (a description of the method is included in Supporting
Information, page 21). Structure optimizations were carried out
by the simplex algorithm, and the conjugate gradient was  used
as a termination method with gradients of 0.2 (0.5) kcal mol−1 Å−1

for the calculations carried out in vacuum (water) [68,69].  Non-
bonded cut-off distances were set at 8 Å. For calculations in water
the Molecular Silverware algorithm (MS) [70] was used for solva-
tion with periodic boundary conditions (PBC) in a canonical (NTV)
ensemble.

The methods used for (i) the conformational study of the iso-
lated Nm�CD structures and (ii) the dimer (Nm�CD)2 formation
were similar to those described previously [31,32]. (i) For the iso-
lated Nm�CD, 5 ns MD simulations in the vacuum were made at

several temperatures ranging from 350 to 600 K on each of the
(10) initial Nm�CD structures (Supporting Information, Fig. S11
and page 21).  For these structures, in contrast with Xm�CD which
contain a xylylene moiety [31,32], the bulkier naphthyl moiety
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haracteristics and its substitution at the 1 and 8 naphthalene
ositions, only make two, full-open and open, conformations pos-
ible. Those capped conformations which appeared in Xm�CD,
or Nm�CD are excluded [31,32]. (ii) Dimerization processes were
erformed starting from the minimized most stable full-open and
pen (Supporting Information, named 1 and 2, Fig. S11) Nm�CD
tructures by considering three different CD-to-CD approaching,
amed HH,  HT and TT-type (H = head; T = tail) (coordinate sys-
em to describe the approaching during dimerization process is
epicted in Fig. S11). Critical analysis of the structures generated
y scanning the 	 [O(4)–o–o′–O(4′)] dihedral angle in the −180
o 180◦ range (10◦ intervals), the ε [o–o′–O(4′)] angle from 50
o 130◦ (10◦ intervals) and the y coordinate (oo′ distance) from
0 to 6 Å (1 Å intervals) in the vacuum, followed by optimization
0.2 kcal mol−1 Å−1) provided the most favourable 	 and ε angles
or approaching. Initially fixed these 	 and ε angles at those values,
he dimerization was emulated by approaching in 0.5 Å steps along
he y coordinate from 20 to 6 Å  now in the presence of water (MS,
BC, NVT). Every structure was optimized (1.0 kcal mol−1 Å−1) and
aved for further analysis. Minima binding energy (MBE) structures
or dimers were optimized once again (0.5 kcal mol−1 Å−1) and used
s the starting conformations for the 1.0 ns MD  simulations follow-
ng the same strategy described earlier (Supporting Information,
age 21)  [31,32].

.6.1. Conformational study of NmˇCD

Probability distribution for �i and  i torsional angles of

he Nm�CD macroring was obtained from the analysis of the
0 ns molecular dynamics trajectories in the vacuum at dif-
erent temperatures on ten most stable structures for Nm�CD

ig. 8. Changes in the binding energies when a second Nm�CD approaches a Nm�CD (y co
1)  and half-open (2) conformations. Superimposed are the MBE  (Nm�CD)2 structures.
nd Photobiology A: Chemistry 223 (2011) 25– 36

(Fig. S11, Supporting Information). These structures were full-open
or open. The �i and  i angles for these structures like to adopt two
typical skewing conformations from the trans state (0 ± 60◦). How-
ever,  i can visit a cis state (180◦) for some of the glucopyranose
units. This state is mostly responsible for the macroring distortion
[31,32,67]. At any temperature and due to larger substituent size,
the Nm�CD macroring is much less flexible than its Xm�CDs part-
ner [31]. Therefore, the distributions for �i and   torsional angles
only get slightly wider upon increasing the temperature. The angles
that describe the rotation around the ether type bonds that link the
naphthyl moiety to the macroring (an example of the probability
distributions depicted in Fig. S12, Supporting Information) change
from the initial placements during the MD trajectory. However, this
does not make substantial changes in the Nm�CD initial full-open
or open conformations.

The distributions of the distances between the center of mass
of the naphthyl moiety and �CD macroring show single maxima
at any temperature (Fig. S13, Supporting Information). The average
of these distances only slightly increases with temperature. These
distributions do not show any isosbestic points due the presence
of a half-open/capped equilibrium, as was  previously observed for
the Xm�CD partner [31]. Here, the Nm�CD system is more rigid
and, as stated before, no significant changes from the initial existing
conformations were observed. This probably contribute to the large
stabilization for (Nm�CD)2.

Fig. 7 depicts the distribution of the angles between the 7-fold

macro-ring CD axis and the 1Bb and 1La dipole transition moments
obtained from the analysis of the MD trajectories in vacuum for the
open (2) conformation (Fig. S11, Supporting Information) of Nm�CD
at two  temperatures. Presumably, open conformations should be

ordinate in Å) by HH (�), HT (�) and TT (�) orientations for the most stable full-open
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esponsible for the ICD signal since it is unlikely that the naphthyl
roup interacts with the CD cavity in the full-open arrangement.
he distribution presents a maximum at 89 ± 19◦ (26 ± 23◦) for 1Bb
1La) transition at 350 K. At 600 K, due to the larger conformational
ampling, the distributions are wider and show a maximum located
t 99 ± 28◦ or even become bimodal for the angle with 1La (and 1Lb),
ith the maxima placed at 27 ± 24◦ and 107 ± 38◦. The NMR  exper-

ments in deuterated chloroform, where only monomer exists, also
oint to a likely open conformation for Nm�CD. The results of these
istributions support the high intensity and positive sign of the 1Bb

CD band for Nm�CD in non-polar solvents when the only species
resent in the medium is the monomer and do not disagree with
he sign and low intensity for the 1Lb (and 1La) band according to
odaka’s rules [57,58].

.6.2. Dimerization of NmˇCD to (NmˇCD)2
Fig. 8 depicts the changes in the interaction energy for the dimer

ormation as a function of the distance along the y coordinate (d,
) between the centers of both Nm�CDs for different HH, HT and
T-type approaches, for the most stable full-open (1) and open (2)
onformations (Supporting Information, named 1 and 2, Fig. S11,).
lthough quantitatively different, whatever the orientation of the
pproaching is, both conformations shown favourable interactions
t the MBE. Nevertheless, dimers formed by HH approaching are
he most energetically favourable. This conformation accords with
he EC dual signal observed in the ICD spectrum in water, which

equires the two relatively close naphthyl groups to interact. It
lso is in agreement with the recent calculations done before for
ther similar naphthalene-modified CDs, where the chromophore
s linked to a single glucopyranose position positioned in the sec-

ig. 9. Histories for CD–CD binding energies and center of mass distances for (Nm�CD)2

inimized MBE  structures obtained from MM calculations for the most stable full-open (1
nd Photobiology A: Chemistry 223 (2011) 25– 36 33

ondary rim [71]. Van der Waals attractive interactions are the most
important contribution for any of the HH,  HT and TT-type dimers
whatever the initial full-open (1) or half-open (2) conformations
were. However, differently to Xm�CD self-association [31], the
electrostatic contributions are also significant especially when both
CDs approach HH oriented. These results agree with the experimen-
tal �H  < 0 which is the typical sign for attractive van der Waals
and/or electrostatics interactions.

Table 2 collects some geometrical parameters and different
interaction energy contributions that involve the naphthyl moi-
eties of both CDs at the MBE. These contributions are favourable in
most of the cases, except for TT approaching, where these interac-
tions obviously do not exist. It is noticeable that the inter-naphthyl
distance nearly fulfills the EC requirements for both (1) and (2)
HH-type dimer conformations at the MBE. Superimposed in Fig. 8
are the MBE  structures for both orientations of the HH, HT and TT
(Nm�CD)2 dimers that, once optimized again (0.5 kcal mol−1 Å−1),
were used as starting structures for MD simulations.

Fig. 9 shows the history of the binding energies between Nm�CD
units for (Nm�CD)2 dimers obtained from analysis of the 1.0 ns MD
trajectories, as well as the distances between the center of mass
of each Nm�CD unit (Fig. S14 contains histories for other ener-
getic interactions, Supporting Information). Table 2 also collects
in parentheses the values of some of the parameters obtained
for the minima binding energy structures achieved from the
analysis of these trajectories. Again HH approaching is energeti-

cally more favourable than any other orientation. HT-dimers are
stable during the whole 1 ns trajectory; TT-dimers, whatever the
initial conformation was, dissociate reaching distances where CDs
hardly interact. As collected in Table 2, the interaction energies for

dimers by HH (black), HT (light gray) and TT (gray) orientations starting from the
) (upper panels) and half-open (2) (bottom panels) conformations.
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Table 2
Binding energy and other contributions (kJ mol−1), as well as, several geometrical parameters for the structures 1 and 2 of MBE  for Nm�CD by HH, HT and TT approaching
obtained by MM calculations. In parentheses are the structures for minima binding energy obtained from the analysis of the 1 ns MD trajectories in the presence of water as
a  solvent.

Parameter HH(1) HT(1) TT(1) HH(2) HT(2) TT(2)

Distance CD–CD (Å) 9.6 (9.8) 10.1 (10.0) 13.8 (13.3) 8.7 (9.6) 11.0 (11.2) 13.3 (13.9)
Distance N1–N2 (Å) 4.9 (5.1) 8.5 (10.3) 21.8 (19.5) 6.8 (7.5) 10.6 (10.4) 22.5 (24.0)
	  (◦) 11.2 (18.2) 0.1 (−133.4) 13.4 (26.4) 40.3 (25.6) 0.3 (−171.5) 19.3 (14.7)
Ebinding (kJ mol−1) −64.2 (−108.9) −31.4 (−67.2) −17.8 (−31.8) −55.0 (−93.7) −45.8 (−51.6) −21.7 (−25.8)
Electrostatics −11.0 (−17.5) −2.8 (−4.4) +5.0 (+4.3) −20.8 (−11.1) −3.3 (+5.4) 2.0 (−1.3)
van  der Waals −53.1 (−91.4) −28.5 (−62.8) −22.9 (−36.1) −34.3 (−82.7) −42.5 (−57.0) −27.0 (−24.5)
Einter N2–NmCD1 −49.9 (−44.5) −0.2 (−6.9) 0 (0
Einter N1–NmCD2 −41.8 (−61.0) −12.1 (−5.3) 0 (0
Einter N1–N2 −29.4 (−36.4) +0.6 (−1.0) 0 (0
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ig. 10. Minima binding energy structures HH-type (upper) and HT-type (bottom)
or  (Nm�CD)2 dimer obtained from the analysis of the 1 ns MD  simulations. Starting
onformations were full-open (1) and open (2).

he MBE  structures where naphthyl groups are involved, when they
xist, were always more favourable when two Nm�CD approach HH
riented.

Minima binding energy HH and HT-type structures for the
Nm�CD)2 dimer obtained from the analysis of the 1 ns MD  simula-
ions are depicted in Fig. 10.  This HH-open(2) dimer structure would
gree with most of the experimental findings. For this arrangement
he centers of both naphthalene rings are separated by 7.5 Å and
hereas the naphthalene rings are nearly parallels and favourably

nteract, they are far away from a face-to-face stacked structure.

. Conclusion

NMR, fluorescence, induced circular dichroism and molecular
odelling techniques were used for studying the self-aggregation

f Nm�CD in water and organic solvents. Dimerization constants
n water are three orders of magnitude larger than those pre-
iously obtained for similar �-cyclodextrin derivatives bearing
ouble-linked xylynene moiety at the secondary ring, instead of
he naphthyl one. Dimerization processes were both enthalpy and

ntropy favoured. The �H  < 0 values are quite similar to those
btained for the (Xm�CD)2 formation. However, �S  > 0 in contrast
ith the negative value obtained for Xm�CD (and also Xm�CD

nd Xm�CD [31,32]). This sign is attributed to the much higher
) −37.3 (−17.3) −4.3 (−13.5) 0 (0)
) −18.5 (−23.4) −23.6 (−2.2) 0 (0)
) −8.4 (−12.3) −3.5 (−3.8) 0 (0)

loss of solvation order during dimerization in the case of the
larger naphthyl groups compared with the benzene rings. NMR, ICD
and fluorescence measurements indicate that dimerization takes
place in high polar solvents. Similarly to that described for com-
pounds in the xylylene-capped series [30–32] a negative solubility
coefficient for Nm�CD was  observed in water. This fact is compat-
ible with a change in hydration status that is strongly dependent
on temperature. Considering the highly hydrophobic character of
the naphthalene platform, it is conceivable that this moiety is
shielded from bulk water at low temperatures in the dimer form
and becomes exposed when increasing the molecular mobility in
the monomer at the highest temperatures.

MD calculations of Nm�CD allow us to infer that the conforma-
tions possible for the appended groups are those that are open or
full-open and the absence of any open � capped equilibrium. Theo-
retical results, in agreement with NMR  spectra, the exciton coupling
bisignal obtained in the ICD spectrum and quenching experiments
in water, indicated that most stable and probable dimers are formed
when both Nm�CD approach head-to-head with both CDs  placed
in an open conformation. Nevertheless, calculations do not exclude
the presence of head-to-tail ones. For these (Nm�CD)2 structures
the naphthyl moieties are relatively close to each other to cou-
ple their transition moments but without forming excimers and,
although they do not penetrate inside the cavity of the neighbour
CD, they may  be relatively shielded from the solvent.
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