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Abstract The thermodynamics of the dimer formation of
2I,3I-O-(o-xylylene)-per-O-Me-γ-cyclodextrin (XmγCD) in
aqueous solution was studied by fluorescence techniques,
Molecular Mechanics and Molecular Dynamics. Lifetime
averages th i, obtained from fluorescence decay profiles
upon excitation of the xylylene appended group, were used
as the property sensitive to the association process. The
dimerization equilibrium constants (KD) were obtained
from non-linear regression analysis of the plots of th i
against [XmγCD] at several temperatures and they were
compared with the values obtained for the counterparts
Xmα- and XmβCDs. The van’t Hoff plot allows us to
obtain the ΔH and ΔS showing that the dimerization
process was also entropically disfavoured. Molecular
Mechanics as well as Molecular Dynamics calculations in
the presence of water were also employed to study the
conformational behaviour of isolated XmγCDs, the possi-
ble structure of the dimers formed and the driving forces
involved in such association processes. Results indicate that
those conformations where Xy moiety does not block the
cavity entrance are favoured. Dimers are preferably formed

by head-to-head CD approaching. However, the formation
of stable head-to-tail is not dismissed.
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Fluorescence .Molecular mechanics .Molecular dynamics

Introduction

Cyclodextrins (CDs) are cyclic oligosaccharides consisting
of α(1→4)-linked D-glucopyranoside units that are widely
used as hosts for molecule guests of appropriate shape and
size that can undergo at least partial inclusion into their
hollow cavities [1–4]. Complexation is usually accompa-
nied by changes in the polarity and microviscosity
surrounding the guest, thus modifying the spectroscopic
properties when such guests contain a chromophore group
[5–10]. Analogously, chemically modified CDs bearing
covalently attached moieties (capped CDs) can undergo
self-inclusion and self-association phenomena, depending
on the size and shape of the appended group and the
flexibility and length of the chain that connects it to the CD
core. Both processes can be exploited to control the
complexation of isolated guest molecules [11–56]. Self-
inclusion or self-association also involves changes in the
spectroscopic properties of CD-appended chromophore
groups, which has found application in the design of
chemo-sensors [12, 16, 19, 22, 24, 28, 38, 42, 52, 53] and
light harvesting host molecules for photonic devices [13,
14, 17, 18, 29, 30, 47].

In most of the reported examples of capped CDs, the
pendant chromophore group is linked to one or two primary
C(6) positions [12, 16, 19, 21, 22, 24, 28, 31–33, 37, 38,
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41–43, 46, 48–51, 53]. Examples of secondary-face
fluorophore-appended CDs are rather limited [20, 23, 25,
39, 56]. A particularly interesting architecture is the case
where a bidentate group is attached to two different
secondary positions in the CD torus [57]. The mobility of
the appended element must be then significantly restricted
and, consequently, a deep change in the sensing abilities
towards different guests is expected.

We recently described the synthesis and characterization
of several 2I,3I-O-(o-xylylene)-permethylated CDs, in
which a xylylene group was bridging the vicinal O-2 and
O-3 secondary positions of a glucopyranose unit through a
bidentate-hinge [58]. Fluorescence, Molecular Mechanics
(MM) and Molecular Dynamics (MD) techniques were
used for studying the formation of dimeric aggregates from
2I,3I-O-(o-xylylene)-per-O-Me-α- and -β-cyclodextrins
(named XmαCD and XmβCD respectively) in water,
corroborating preliminary dynamic 1HNMR evidence [56,
58]. The fluorescence decay profiles of the xylylene moiety
were fitted to the sum of three-exponential decays, two of
which were ascribed to the monomer and dimer species and
the third, shorter lived one to the scattering of the sample
and stray light. The dimerization equilibrium constants (KD)
in the 5–45°C range, obtained from average lifetime
variations with [XmCD], were similar and relatively low
for both the α and βCD derivative (~180 M−1 and
~200 M−1 at 25°C, respectively). Dimerization processes
were enthalpy-governed and entropy-disfavoured, with
ΔH < 0 values typical of attractive van der Waals and
electrostatic type interactions and ΔS < 0 values
corresponding to the loss of degrees of rotational and
translational freedom, which overcome the loss of solvation
order during dimerization. MD calculations of XmCD
monomers at different temperatures demonstrated the
presence of an equilibrium which is
noticeably displaced to the open conformation. In the
capped conformation the o-xylylene group seems to
partially block the secondary rim CD entrance. MM and
MD in the presence of water reveal that the most stable
dimers are formed when both XmCD approach head-to-
head with both CDs placed in an open (or half-open)
conformation. In these dimer structures the Xy groups are
close enough to mutually interact and, although they do not
penetrate inside the cavity of the neighbour CD, they are
both relatively shielded from bulk water. The head-to-head
dimer structure agrees with the analysis of the quenching
results and those obtained from the study of the complex-
ation of a α,α’-dimethoxy-o-xylene (oXy) with permethy-
lated α- and -β-cyclodextrins (mαCD and mβCD) and the
heterodimerization of XmCDs with mαCD and mβCDs.

The present work extends the study of the aggregation in
water of these systems to the larger-ring cyclooligosacchar-
ide homologue 2I,3I-O-(o-xylylene)-per-O-Me-γ-CD

(XmγCD). Steady-state and time-resolved fluorescence
spectroscopy measurements, as well as MM and MD
calculations were performed. Aggregation number, associ-
ation constant and thermodynamics parameters upon
association were obtained. The complexation of oXy and
the hetero-association of XmγCD with mγCD respectively
were also studied. Molecular Mechanics (MM) as well as
Molecular Dynamics (MD) calculations in the vacuo and in
the presence of water were employed to study the
conformational behavior of the isolated XmγCD and the
possible structures for the associated forms.

Materials and methods

Reagents and solution preparation

The synthesis and characterization of XmγCD and mγCD
were described elsewhere [58]. α,α’-Dimethoxy-o-xylene
(oXy), whose preparation was already described [59] was
used as a model compound for the appended group. CD
aqueous solutions (water deionized by Milli-Q system)
were prepared by weight and they were stirred for at least
~24 h prior to measuring. XmγCD/water solutions were in
the 0.586–13.897 mM concentration range. For studying
the oXy (XmγCD) complexation (hetero-dimerization) with
mγCD the oXy (XmγCD) concentration was kept constant
and the [mγCD] was changed in the 0–8.94 mM (0–
10.65 mM) range. The use of larger XmγCD (or mγCD)
concentrations resulted in the appearance of a powdered
precipitate. Nevertheless, all measurements were performed
in transparent solutions. A characteristic of XmγCDs,
already observed for methylated cyclodextrins [60] and
for XmαCD and XmβCDs [58], is that the solubility
decreases with temperature [61–63]. 2,3-Butanedione
(diacetyl, Aldrich) was used as a fluorescence xylylene
quencher. Other n-alcohol (from methanol to hexanol)
solvents (Aldrich, spectrophotometric grade or purity
>98%) were checked before using.

Experimental details

Steady-state and time-resolved fluorescence measure-
ments were performed by using a SLM 8100C Aminco
spectrofluorometer and a Time Correlated Single Photon
Counting (TCSPC) FL900 Edinburgh Instruments Spec-
trometer with a thyratron-gated lamp filled with H2

respectively. In the latter case the data acquisition was
performed with a time window width of 200 ns with a total
of 10,000 counts at the intensity maximum. The instru-
mental response function was obtained from the scattering
of a Ludox solution. More details are described elsewhere
[58].
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Cylindrical quartz 2 mm inner path cells were used for
most of the experiments. Corrections due to the inner effect,
which are significant at the highest concentrations, were
made by the following expression

Icorr ¼ Iobs antilog
Aex þ Aem

2

� �
ð1Þ

where Aex and Aem is the absorption at the wavelength of
excitation and emission respectively.

Decay intensity profiles were fitted to a sum of
exponential decay functions as

IðtÞ ¼
Xn
i¼1

Aie
�t=t i ð2Þ

by the iterative reconvolution method. The intensity
weighted average lifetime of a multiple-exponential decay
function was then defined as

th i ¼
Pn
i¼1

Ait2i

Pn
i¼1

Ait i

ð3Þ

where Ai is the pre-exponential factor of the component
with a lifetime ti of the multi-exponential function intensity
decay.

From the fluorescence depolarization measurements,
[64] the anisotropy r is defined as:

r ¼ IVV � GIVHð Þ= IVV þ 2GIVHð Þ ð4Þ
where Ixy is the intensity of the emission that is
measured when the excitation polarizer is in position
x (V for vertical, H for horizontal), the emission
polarizer is in position y, and the G factor (= IHV/IHH)

corrects for any depolarization produced by the optical
system.

For a single excited species which is dynamically
quenched, the t/t0 ratio (with/without quencher, Q) is
related with [Q] by the linear Stern-Volmer equation. For
more complicated systems, the Stern-Volmer representa-
tions of th i= t0h i are only linear at low quencher concen-
trations [65].

For the dimerization process [58] of XmγCD described
by the following equilibrium

2XmgCD! XmgCDð Þ2 ð5Þ
the association constant KD expressed as

KD ¼
XmgCDð Þ2

� �
XmgCD½ �2 ð6Þ

can be related with the fluorescence intensity, I at the
maximum of the Xy emission band or measured as are
under the emission spectrum, and the total [XmγCD] by the
equation

I ¼ f XmgCDð Þ2 XmgCD½ � � f XmgCDð Þ2 � fXmgCD
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8KD XmgCD½ �þ1p � 1

� 	
4KD

ð7Þ

where fXmgCD and f XmgCDð Þ2 are the proportionality constants
(per chromophore unit) between fluorescence intensity and
[XmγCD] and [(XmγCD)2]. Both parameters are related to
their fluorescence quantum yields and molar absorptivities
at the excitation wavelength.

On the other hand a non-linear relationship between th i
and [XmγCD] can be obtained as

th i ¼
2tXmgCD þ f XmgCDð Þ2=fXmgCD

� �
t Xmg2CDð Þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8KD XmgCD½ �þ1p � 1

� 	
2þ f XmgCDð Þ2=fXmgCD

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8KD XmgCD½ �þ1p � 1

� 	 ð8Þ

where fXmgCD and f XmgCDð Þ2 are lifetimes for the isolated
free and dimer forms. When fluorescence quantum yields
for free and dimer forms are similar, f XmgCDð Þ2 � fXmgCD,
Eq. (7) becomes linear and Eq. (8) is rather simplified.

MM and MD backgrounds

Molecular Mechanics (MM) and Molecular Dynamics
(MD) calculations were performed with Sybyl 6.9 [66]
and the Tripos Force Field [67]. A relative permittivity ε=
3.5 (ε=1) was used in the vacuum (in the presence of
water). Optimizations were carried out by the simplex

algorithm, and the conjugate gradient was used as a
termination method with gradients of 0.2 (1.0) Kcal/molÅ
for the calculations carried out in vacuum (water) [68, 69].
Charges for XmγCD in the initial non-distorted conforma-
tion (8=0º and ψ=−3º, τ=115.3° and side chain χ angles
in the trans conformation [58]) were obtained by MOPAC
[70]. Non-bonded cut-off distances were set at 8Å. The
Molecular Silverware algorithm (MS) and periodic bound-
ary conditions (PBC) were used for water solvation [71].

The methods used for the conformational study of the
isolated XmCDs and for the dimerization processes were
similar to those described previously [58]. In brief the MD
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simulations in the vacuo were made in the 300–550 K
temperature range at 50 K intervals. The dimerization
processes by different head-to-head (HH), head-to-tail (HT)
and tail-to-tail (TT), CD-to-CD approaching are depicted in
Fig. 1. Critical analysis of the structures generated by
scanning the θ [O(4)-o-o’O(4’)] dihedral angle in the −90
to 90° range (10° intervals) and the y coordinate (oo’
distance) from 20 to 6Å (1Å intervals) followed by
optimization (PBC, gradient 1 kcal/molÅ) provided the
most favorable orientation for approaching which are
approximately 30°, 20° and 15° for HH, HT and TT
respectively. Both CDs remain almost parallel to each
other. With as initially fixed θ (as Fig. 1 depicts) the 1:1
complexation was emulated by approaching in 0.5Å steps
along the y coordinate from 20 to 6Å. Every step was also
optimized in the presence of water and saved for further
analysis. Minima binding energy (MBE) for HH, HT and
TT dimeric structures were optimized once again (gradient
0.5 kcal/molÅ) and used as the starting conformations for
the 1.0 ns MD simulations following the same strategy
described earlier [58]. In a similar way some trimer

formation processes were also studied. Starting from the
MBE dimer structure the most favorable orientations for the
approaching of a third CD were obtained, then the
complexation was performed as described for dimers.
Trimeric MBE structures were then optimized and 1 ns
MD simulation was carried out on them.

Results and discussion

Experimental part

Figure 2 (left) exhibits the fluorescence emission spectra
for XmγCD water solutions at 25°C obtained upon excitation
of the xylylene (Xy) moiety (260 nm). XmγCD/water
solutions spectra, similarly to oXy, show a single band
centered at ~288 nm whose intensity monotonically increases
with [XmγCD] and decreases with temperature. Whatever
the [XmγCD] and temperature are, the spectra never point
toward the presence of intermolecular Xy excimers.

Figure 2 (right) shows the variation of the corrected (by
using Eq. 1) fluorescence intensity measured as the area
under the emission spectra with [XmγCD] at different
temperatures. The representations are nearly linear in the
whole range of [XmγCD] used in our experiments, which
according to Eq. 7 demonstrate that f XmgCDð Þ2 � fXmgCD
i.e., that is, the fluorescence quantum yield for the free
XmγCD does not change upon dimerization. Obviously
this means that fluorescence intensity is not a suitable
property to evaluate the association constants for these
systems. Something similar occurred with the other
XmαCD and XmβCD members of the series [58].

Fluorescence decay profiles for XmγCD/water solutions at
different [XmγCD] and temperatures were performed at the
maximum of the emission of the xylylene band (288 nm)
upon 260 nm of excitation. Intensity profiles were fitted to
the sum of three-exponential decays with lifetime compo-
nents in the 0.09–0.24 ns, 3.9–6.4 ns and 6.3–11.6 ns ranges.
The fast component, whose contribution decreases with
concentration and increases with temperature, was ascribed
to the scattering. Most of this contribution is due to the use
of cylindrical cells, which exhibit an innate weak scattered
light due to stray light. Unfortunately, the low fluorescence
quantum yield of Xy (ΦoXy,water=0.029 at 25°C) sometimes
makes this component quite important, especially when
measuring the lowest concentrations and at the highest
temperatures where the fluorescence is thermally quenched.
At concentrations slightly higher than the ones used in our
measurements, especially at the highest temperatures (these
CDs exhibit negative solubility coefficients) where the
solubility limit is reached, the intensity profiles show a large
component due to the scattering. The middle component,
which is attributed to the free unassociated XmγCD, shows
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Fig. 1 Coordinate systems used to emulate the dimerization processes
by MM with different head-to-head (HH), head-to-tail (HT) and tail-
to-tail (TT) XmγCDs approaches
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values rather similar to those obtained for other member of
the series (XmαCD and XmβCD) [58] and its contribution
clearly decreases with [XmγCD] and slightly increases with
temperature. The slower component, attributed to the
presence of dimers, has a value which is considerably
smaller than those obtained for the other member of the
series [58]. The contribution of this slow component
increases with [XmγCD] and, in agreement with a possible
ΔH0 < 0 accompanying the association process, decreases
with temperature.

Figure 3 depicts the changes in the average lifetime ( th i)
obtained by using Eq. 3 with [XmγCD] for XmγCD/water
solutions at different temperatures. For the calculations of
th i the component due to the scattering was not taken into
account during the fitting process. th i increases with
[XmγCD] since the fraction of associated form, which has
a higher lifetime component than the free one, increases.
However, as shown in Fig. 3, the magnitude of this increase
is considerably smaller than the one obtained for XmαCD
and XmβCD systems. The curves correspond to the
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adjustments of the experimental data to Eq. 8 on the
assumption that f XmgCDð Þ2=fXmgCD ¼ 1, thus providing
the association constants (KD), tXmgCD and t XmgCDð Þ2
values which are collected in Table 1. Although the changes
in th i with [XmγCD] are smaller than those obtained for
XmαCD and XmβCD/water systems, this does not mean
that KD values are smaller. In fact KD’s are slightly larger
for XmγCD than for the other two members of the series
[58]. At the largest [XmγCD] (=13.9 mM) used in our
experiments, the fraction of XmγCD dimerized is relatively
low (~0.34). The fact that the xylylene moiety is simulta-
neously connected to C(2) and C(3) of the glucopyranose
unit as a bidentate-hinge by a pair of short chains limits its
penetration into the partner CD. According to some authors,
this is one of the more plausible reasons for dimer
stabilization [20, 23, 25].

ΔH and ΔS values for the association into dimers were
obtained from van’t Hoff linear representation (Fig. 4) of
KD’s at different temperatures and are collected in Table 2.
The XmγCD dimerization process is accompanied by a
highly negative enthalpy change, much larger than the ones
obtained for the other members of the series. ΔH < 0 values
are usually associated to favorable attractive intermolecular
interactions, i.e., van der Waals or hydrogen bonding
interactions. The ΔS < 0 values may be due to the loss of
rotational and translational degrees of freedom which
accompanies any association process, which here is not
compensated by entropy gain that would provide the
breaking in the water solvating shells of the inner cavity
and around a guest when it penetrates inside a CD cavity.
This fact suggests that the Xy moiety does not penetrate
inside the neighbor XmCD cavity, since complexation of
small molecules with CDs usually provides ΔS > 0 [5–10].

Fluorescence anisotropy (r), defined by Eq. 4, does not
provide much information as the scattering of the sample

makes the interpretation of the results doubtful. In fact,
much larger r values than the ones expected for a single
appended to CD chromophore in an aqueous medium (r=
0.1130 for [XmγCD]=0.5 mM at 25°C), which decrease
with [XmγCD] (r=0.0118 for [XmγCD]=2.61 mM at 25°
C) were obtained at the lowest XmγCD concentrations (≤
~2.5 mM). This is due to the high scattering contribution
which accompanies the emission at low [XmγCD]. How-
ever, an increase of r with [XmγCD], in agreement with an
increase in the dimer fraction, was observed at [XmγCD] ≥
~2.5 mM (r=0.0560 for [XmγCD]=13.9 mM at 25°C).
The increase of r with temperature (from r=0.0110 at 5°C
up to 0.0254 at 45°C for a [XmγCD]=2.61 mM) would
also agree with the increase in the scattering contribution as
the fluorescence intensity is thermally quenched.

Quenching measurements of the xylylene moiety at
different temperatures by diacetyl were carried out in a
XmγCD/water solution at a [XmγCD] for which the molar
dimer fraction was ~22% as for the previously studied
XmCD systems [58]. This makes it possible to compare
these results with those available for oXy, XmαCD and
XmβCD [58]. Stern-Volmer th iq¼0= th i plots are linear in
the range of the quencher concentration ([diacetyl]=0–6×

Table 1 Association constants KD, tXmgCD and t XmgCDð Þ2 parameters
obtained from analysis of decay profiles at different [XmγCD] and
temperatures

XmγCD/water

T(°C) KD(M
−1) τXmCD (ns) t XmCDð Þ2 (ns)

5 529±135 5.8±1.0 9.3±0.5

15 442±87 5.3±0.5 8.1±0.3

25 (177±80) a (4.3±0.6) a (30.1±4.8) a

(200±74) b (4.4±0.2) b (12.3±0.9) b

248±75 4.8±0.3 7.0±0.4

35 86±50 4.5±0.2 7.1±0.8

45 64±83 4.3±0.1 5.6±0.6

aKD, tXmgCD and t XmgCDð Þ2 parameters for XmαCD system
b Idem for XmβCD system. Both data were taken from reference [58]
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Fig. 4 Van’t Hoff representations from the association constants
collected in Table 1 for XmγCD (▲). Data for XmαCD (□) and
XmβCD (◯) systems were also included [58]

Table 2 ΔH0 and ΔS0 accompanying the dimerization processes of
XmCD/water systems

System ΔH (kJmol−1) ΔS (JK−1mol−1)

XmαCD/watera −29.6±6.9 −60±23
XmβCD/watera −22.7±4.4 −34±15
XmγCD/water −100.2±21.8 −43±7

a Data from reference 58
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10−2M) used. The bimolecular quenching constants kq for
XmγCD exhibit an increase with temperature (Fig. 5), in
agreement with the negative ΔH value associated to dimer
formation and the larger accessibility to the Xy moiety in
the monomer. This result may also be expected for a
dynamic quencher process which is controlled by species
diffusion and whose efficiency increases when decreasing
the viscosity of the milieu with temperature. The results
indicate a better exposure of the Xy to the quencher in the
oXy than in the XmCD/water systems at any temperature.
Moreover the access of the quencher to the Xy chromo-
phore in XmγCD is rather larger than for the other two
XmCDs. As the dimer fraction is similar in all experiments,
these results could account for different dimer structures
formed with the XmCDs.

For a better understanding of the fluorescence intensity
changes and lifetimes upon dimer formation for XmCDs,
the dependence of fluorescence quantum yields, Φ, and
lifetimes, t, for oXy on the polarity (ε) and microviscosity
(η) were studied by measuring the fluorescence properties
of oXy dilute solutions in different solvents, which cover a
wide range of ε and η. All the emission spectra exhibited a
single Xy band and the intensity decays were mono-
exponential for any of the solvents used. As shown in
Fig. 6, t exhibits a decrease with ε and an increase with η.
However, Φ hardly depends on ε and η. Dimer formation
may involve a decreasing (increasing) in polarity (micro-
viscosity) surrounding the Xy group, as presumably this
group may locate itself in a more apolar (and higher
microviscosity) environment when XmCD associates. As a
consequence, the experimental changes in the fluorescence

intensity with [XmCD] may agree with f XmCDð Þ2 � fXmCD,
but also an increase in th i (and t XmCDð Þ2 > tXmCD)
may be expected upon dimerization. The amount of the
latter variation may be related with the polarity and
microviscosity of the XmCD cavities or vicinities relative
to the corresponding values in water. The fact that
t XmaCDð Þ2 > t XmbCDð Þ2 > t XmgCDð Þ2 [58] would agree with
an increase (decrease) in the polarity (microviscosity) with
the XmCD macroring size, which is very reasonable.
Studies on the complexation of 2-methyl naphthoate, a
probe which is sensitive to the medium polarity, reveal
that the polarity of natural CD cavities noticeably
increases with the size [7].

We have also performed fluorescence measurements on
the complexation of oXy with mγCD and the heterodime-
rization process between XmγCD and mγCD in the 5–45°C
temperature range. Figure 7 depicts the results obtained
from steady-state and time-resolved fluorescence. The non-
variation of fluorescence intensity and lifetime averages
with [mγCD] reveals that XmγCD does not form hetero-
dimers with mγCD at any temperature. This also occurred
for XmαCD and XmβCD with their corresponding per-
methylated CDs [58]. The guest oXy does not complex with
mγCD either, as also happened with mβCD. The behavior
with mαCD was different, the oXy fitted properly inside the
mαCD cavity, forming the corresponding 1:1 complex.
Nevertheless, this complex exhibited a relatively low
binding constant (K≈140 M−1 at 25°C) [58]. These experi-
ments agree with the fact that XmγCD dimer formation
does not involve the penetration of Xy moiety inside the
neighbor CD (quite difficult due to the bidentate-hinge of
the xylylene group) and they also support that dimerization
may require the presence of two Xy moieties, as hetero-
dimerization with mγCD does not take place.

Structures of the isolated XmγCD

From the analysis of Molecular Dynamics 1 ns trajectories
in the vacuo on XmγCD, the probability distribution for 8i
and ψi torsional angles of the macroring at different
temperatures were obtained. In a way similar to that of
other XmCDs [58] and natural CDs [72], the φi and ψi

angles preferably adopt two skewing conformations from
the trans state (0°±60°). However, ψi can sporadically visit
a cis state, which is responsible for macroring distortion
[72]. The number of visits to this cis state increases with
temperature. At any temperature the XmγCD seems to be
more flexible than the other members of the series Xmα-
and XmβCDs [58]. As a consequence the number of
transits to the different states increases, the population of
cis states increases and the cavity depth decreases. The
distributions of the distances between the center of mass of
the benzene ring of the Xy group and the center of mass of
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Fig. 5 Variation of the bimolecular quenching constant (kq) for
XmαCD (□), XmβCD (◯), XmγCD (△) and oXy (×) with temperature.
The quencher was diacetyl (C4H6O2)
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the cyclooligosaccharide moiety (denoted by o), depicted in
Fig. 8, show a single maxima at any temperature. The
average of these distances increases with temperature, this
increase being a consequence of the high XmγCD macror-
ing flexibility as compared to other member of the series. In
addition, these distributions do not show any isosbestic
points which may confirm, but not discharge, the presence
of an open/capped equilibrium, as was previously observed
for other members of the series [58]. In the Xmα- and
XmβCDs the fraction of molecules that can adopt a capped
type structure slightly increases with temperature. Now, this
equilibrium seems to be markedly displaced toward the
open form. The analysis also demonstrates the absence of
structures where the Xy group is self-included into the cavity.
Some of these capped and open structures are superimposed
in Fig. 8. In spite of this flexibility, the torsional angles that
describe the rotation around the ether type bonds that
connect the appended benzene from the Xy to O2 and O3 of
the glucopyranose unit hardly change from the initial

position throughout the whole MD trajectory. This indicates
that the φi and ψi torsional angles in the macroring are
really responsible for the open/capped structures.

The whole ensemble of these results, together with the
fact that dimerization constants are relatively low, suggests
that inclusion processes of an adequate external guest into
the isolated XmγCD might be feasible, since the entrance
to the CD cavity would not be significantly hindered.

Association processes

Figure 9 depicts the changes in the interaction energy for
the dimer formation as a function of the distance along the
y coordinate (d, Å) between both XmγCDs for HH, HT and
TT approaches, obtained as described earlier. Although
quantitatively different, all three approaches exhibit favor-
able interactions at the MBE. Most of the MBE, in
agreement with ΔH < 0, is due to van der Waals attractive
interactions for any of the HH, HT and TT dimers; the
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electrostatic interactions, mostly unfavorable, however, are
much less significant at any distance. Table 3 collects some
geometrical parameters and different interaction energy
contributions that involve the Xy moieties of XmγCDs.
The Xy-Xy interactions, due to the short Xy-Xy distance,
seem to be unfavorable for the MBE HH dimer (for other
approaches this interaction does obviously not exist). At
this XmγCD distance, only one of the Xy groups favorably
interacts with the partner CD macroring.

Figure 10 (left) shows the MBE structures for theHH and
HT (XmγCD)2 dimers that, once optimized (0.5 kcal/Åmol),
were used as starting structures for MD simulations. For
both structures the Xy groups adopt an open conformation.

Figure 11 shows the history of the interaction energies
and some contributions where the Xy group is involved

obtained from the analysis of the 1.0 ns MD trajectories for
the HH, HT and TT (XmγCD)2 structures. Table 4 collects
the values of some of the parameters obtained for the minima
binding energy structure obtained from the analysis of these
trajectories. As for (XmαCD)2 and (XmβCD)2, the HH
(XmγCD)2 seems to be energetically more favorable than
those obtained when XmCDs approach by any other
orientation. Nevertheless, HT-type dimers also show impor-
tant favorable interaction energy along most of the
trajectory, but it dissociates at the last part of the trajectory.
TT-type dimer disappears quite fast. An HH-type dimer
would agree with the fact that experimentally (XmγCD)2
dimers are spontaneously formed in XmγCD/water solu-
tions, but XmγCD-mγCD heterodimers are not. However,
HT-type dimers would agree with the quenching experiments
and a relatively high Xy group accessibility in the (XmγCD)2
dimers, as compared to the analogous (XmαCD)2 and
(XmβCD)2. As collected in Table 4, the interaction energies
for the MBE structures where Xy groups are involved, when
they exist, were always favorable whatever the HH or HT
approach was. This probably means that both HH- or HT-
types would be possible. Figure 12 (right) depicts MBE
structures for both types of dimers obtained from analysis of
the 1.0 ns MD trajectories.

Accepting the presence of HT-type dimer structures and
considering the possibility of larger order HT n-mer
formation, a new XmγCD was approached to the MBE
HT-type dimer obtained from the MM calculation. The
procedure was similar to the one described for the dimer
formations. The MBE HT trimer structure was optimized
and a 1 ns MD trajectory was simulated.

Figure 12 depicts the histories for the distances and some
interaction energies between pairs of neighbor XmγCDs in
the trimer (1–2 and 2–3). Interaction energies between 1
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Fig. 9 Changes in the interaction energies when a second XmγCD
approaches a XmγCD (y coordinate in Å) by HH (□), HT (◯) and TT
(△) orientations. Arrows point out the MBE (XmγCD)2 structures
whose geometrical and energetic parameters are collected in Table 3

Parameter HH min HH1 HT min HT1 TT min TT1

Distance (Å) 12.1 20.0 12.0 19.9 13.8 19.8

Distance Xy1-Xy2 (Å) 4.5 9.3 12.3 20.2 24.6 30.6

θ (°) 30.2 30.3 18.8 18.6 13.8 90.9

Ebinding (kJ/mol) −12.6 −0.0 −43.3 −0.0 −21.6 0

electrostatics 3,9 0.2 2.0 0.0 6.0 −0.0
van der Waals −16.5 −0.2 −45.3 −0.0 −27.6 0

Einter Xy2-XmCD1 9.2 −0.0 −11.6 −0.0 0 0

electrostatics 1.2 0.2 −5.4 0.0 0 −0.0
van der Waals 8,0 −0.2 −6.2 −0.0 −0.0 0

Einter Xy1-XmCD2 −5.5 −0.0 0 0 0.0 0

electrostatics 2.6 0.2 0 0.0 0 0

van der Waals −8.1 −0.2 −0.0 0 0.0 0

Einter Xy1-Xy2 5.0 −0.0 0 −0.0 0.0 0

electrostatics 5.1 0.2 0 0 0 0

van der Waals −0.0 −0.2 −0.0 0.0 −0.0 0

Table 3 Binding energy and
some energy contribution ener-
gies (kJmol−1) for the structures
of MBE (min) and at the largest
XmCD- XmCD separation (∞)
for XmγCD by HH, HT and TT
approaching. ε remains nearly
close to 90°
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and 2 XmγCDs are favorable throughout the whole
trajectory, however, after one third of the trajectory the
third XmγCD hardly interacts with the one adjacent to it.
Apparently dimers are stable but the addition of a third
XmγCD does not stabilize the system.

Conclusions

Steady-state and time-resolved fluorescence techniques
and Molecular Modeling were employed to study the
self-association in water of 2I,3I-O-(o-xylylene)-per-O-
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Me-γ-cyclodextrin (XmγCD). Lifetime averages th i
obtained from analysis of decay profiles for XmγCD/water
solutions at different temperatures allowed us to obtain
dimerization equilibrium constants, KD, and thermodynam-

ics parameters during association. The process was
enthalpically governed and entropically disfavoured, as it
was the case for the XmαCD and XmβCD previously
studied. The ΔH < 0 values were typical of attractive van
der Waals interactions, whereas the ΔS < 0 values
corresponded to the loss of freedom degrees during
association. MD simulations, performed to study the
conformational behaviour of isolated XmγCD in the vacuo
at different temperatures, demonstrated the presence of an

equilibrium which was displaced to the
open conformation. Rotation around the bonds at the
brindging oxygen atoms of the CD macroring seems to be
responsible for these two arrangements. Simulations of the
dimerization processes in water showed that (XmγCD)2
dimers can preferably be formed by head-to-head CD
approaching. However, in agreement with quenching
measurements, the formation of stable head-to-tail dimers
is not dismissed.
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Table 4 Binding energy and some other interaction energy contribu-
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