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Results from molecular dynamics experiments pertaining to the encapsulation of ClOy within the hydrophobic
cavity of an aqueous o-cyclodextrin (a-CD) are presented. Using a biased sampling procedure, we constructed
the Gibbs free energy profile associated with the complexation process. The profile presents a global minimum
at the vicinity of the primary hydroxyl groups, where the ion remains tightly coordinated to four water molecules
via hydrogen bonds. Our estimate for the global free energy of encapsulation yields AGe,. ~ —2.5 kgT. The
decomposition of the average forces acting on the trapped ion reveals that the encapsulation is controlled by
Coulomb interactions between the ion and OH groups in the CD, with a much smaller contribution from the
solvent molecules. Changes in the previous results, arising from the partial methylation of the host CD and
modifications in the charge distribution of the guest molecule are also discussed. The global picture that
emerges from our results suggests that the stability of the C1O4~ encapsulation involves not only the individual

ion but also its first solvation shell.

I. Introduction

One of the most distinctive characteristics associated with
the behavior of cyclodextrins (CD) in solution is their ability
to act as efficient complexation agents of a large variety of solute
species.! This feature is commonly ascribed to their overall
molecular geometry, normally portrayed in terms of a quasi-
cylindrical cavity, 6—7 A in height and 5—8 A in diameter,
surrounded by a number of glucopyranose units intermediate
between 6 and 8.%°

A large body of previous studies has demonstrated that the
prevailing interactions at the inner and outer surfaces of CD
cavities differ at a qualitative level.! The hydroxyl groups,
located at the top and bottom rims of the CD, confer the outer
surface a hydrophilic character. In contrast, the inner cavities
represent environments with clear hydrophobic characteristics;
the latter represent key elements that, in turn, would explain
the high stability of inclusion complexes involving organic
probes in aqueous solutions.

Complementary to these observations, it is also well docu-
mented that simple inorganic ions, such as alkali halides, SCN™
and ClO,~, can be encapsulated within CD cavities as well.*’
Information from spectrophotometric,>® NMR,”® X-ray,’ calo-
rimetric,'®!! potentiometric'>!* and conductance* experiments
have revealed selective associations of many ionic species.
Concerning the specific case of the encapsulation of simple
anionic species in small o-cyclodextrins (six glucose units), there
seems to be general consensus establishing that C10,~ exhibits
one of the largest binding constants.*> For cationic species, the
complexation information always appears as complementary to
that of the anions and is much less conclusive. In fact, there is
not clear agreement about the influence of the identity of the
counterion on the encapsulation constant.”'*!'* From a micro-
scopic perspective, the global picture that emerges from the
available experimental information would suggest that the
stability of CD-ion moieties would be the result of the complex
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interplay involving not only the usual Lennard-Jones and
Coulomb-type interactions but also short-ranged forces that
would affect the packing within the central cavities."!! As such,
and despite its apparent simplicity, many aspects related to the
actual sources for the ionic stabilization and the microscopic
characteristics of the encapsulation mechanisms remain poorly
understood.

Given the previous description, the purpose of the present
paper aims at the elucidation of microscopic characteristics
associated to ionic encapsulation within CD using molecular
dynamics techniques. In the last decade, this approach has been
successfully implemented to analyze solvation of a large variety
of relatively simple host-CD partners in vacuo and solution.'
Recently, with the advent of more powerful computational
resources and more sophisticated simulation tools,'*"% it also
became feasible to obtain thermodynamic information pertaining
to the CD encapsulation of guests with much more complex
molecular geometries, such as cholesterol or rotaxane in
solution.**3! Within a similar spirit, in the present study, we
present results from full atomistic, molecular dynamics simula-
tions involving the complexation of CIO; within an aqueous
0o-CD. To clearly identify the characteristics of the ionic
encapsulation, we also performed additional runs analyzing the
encapsulation of a cationic and a neutral molecule with similar
geometry to that of the ClOy.

The organization of the paper is as follows: In section III we
present details of the systems and the methodology that we
implemented to run the simulations. Section IV includes the
results of our simulation experiments. The main conclusions of
the paper are summarized in section IV.

II. Systems Studied and Simulation Details

The systems under investigation were composed of a single
0-CD and a guest solute mimicking a C1O; molecule, immersed
in a cubic box containing N,, = 2640 water molecules. The
dynamical trajectories corresponded to NPT simulation runs.
Langevin dynamics were implemented to maintain the temper-
ature and the external pressure close to 7= 298 K and 1 bar,
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Figure 1. Initial configuration of the host—guest complex.

respectively. At these thermodynamic conditions, the length of
the simulation box fluctuates around L = 43 A. The dynamics
were generated using the NAMD package,** with a force field
corresponding to the CHARMM?22 parametrization.> A few
additional runs were also performed on systems containing the
partially methylated, 6-mono-O-methyl-o.-CD. Specific interac-
tions involving the ether groups were modeled using the
parameters taken from refs 34 and 35. Potential energy
parameters involving the ClO; molecule were taken from the
work by Liu et al..’® whereas water interactions were modeled
using the classical TIP3P model.’’ Long range forces were
handled by computing Ewald sums, using a particle mesh
procedure.’®3 Because the systems exhibit a net charge, the
presence of a neutralizing background was assumed. The time
step was set to 1 fs.

Initial coordinates of the o-CD were obtained from X-ray
data.* The simulation procedure involved the initial orientation
of the CD, such that its largest moment of inertia would coincide
with the z-axis of the simulation box; an equilibration run of
200 ps followed, during which only the solvent molecules were
allowed to move, at temperatures close to 7 = 700 K. From
then on, the system was gradually cooled to temperatures close
to ambient conditions, by multiple rescalings of the atomic
velocities during a time interval of 100 ps. During this period,
we released the constraints on the CD sites, with the exception
of six spherically symmetric, soft harmonic interactions with
restoring force k ~ 15 kcal mol™! A=%* acting on each
glycosidic oxygen site and centered at the corresponding initial
positions. This external potential helped to preserve the initial
orientation of the CD, with minor modifications of its overall
dynamics. Finally, a water lying in the close vicinity of the upper
CD rim was replaced by the ClO; guest (see Figure 1).

III. Results

A. Confinement of C10, . We will begin our analysis by
adopting a simple geometrical order parameter, &, that describes
the degree of confinement of the ion within the host CD cavity:

&= Zper — Zcp ()

In the previous equation, Zpgr and Zcp stand for the
z-coordinates of the centers of mass of the perchlorate molecule
and CD, respectively (see also Figure 1). Within this context, a
magnitude of interest is given by the Gibbs free energy
associated with the order parameter, namely,
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Figure 2. Gibbs free energy profiles for the inclusion of ClO,-like
molecules within an a-CD.

where [1.Crepresents an equilibrium ensemble average and 5!
= kgT is the temperature times the Boltzmann constant.

In Figure 2 we present results for AG(§) = G(§) — G(§=w).
Sampling of all relevant fluctuations along different values of
& was obtained by implementing an adaptive biasing force
(ABF) scheme.**”* This methodology has been successfully
employed in analyses of encapsulation processes involving even
more complex guest molecules, such as cholesterol*® or rotax-
ane,! and relies on the generation of trajectories along a chosen
reaction coordinate, experiencing practically no free energy
barriers. This is achieved by means of biasing forces estimated
along a series of small bins which, in turn, span the complete
& interval. These forces are applied to flatten the free energy
surface, so that & becomes uniformly sampled.

Additional technical details of the procedure are summarized
as follows: (i) the profile was obtained by dividing the relevant
—10 < £ < 10 A interval into 10 different overlapping windows;
(ii) a confining potential along the x and the y directions, with
harmonic constant k., ~ 0.1 kcal mol~! A~2, was also applied
on the ClO; center of mass, which restricted the sampling over
the pper? = Xper + Yder < 50 A2 cylindrical region, at all values
of &; (iii) within each window, instantaneous values of the forces
were harvested in bins 0.1 A wide. Convergence within each
window typically required a sequence of ~2 x 10° simulation
steps.

The free energy profile for C1O; inclusion shown in Figure
2 (solid line) exhibits a central barrier flanked by two local
minima: the deepest one (AG ~ —2.5 kcal mol™!) is located
near the positions of the O6-HO6 primary hydroxyl groups, &,
~—=275A (see Figure 1), whereas the second one, somewhat
wider and shallower (AG ~ —0.5 kcal mol™!) is centered at &
~ 5 A, close to the location of the hydroxylated a-CD upper
rim. The magnitude of the central barrier, located at & ~ 0, is
AG ~ 2.5(4.5) kcal mol™! high, measured from the right (left)
minimum.

Estimates for the standard free energy for the encapsulation
AGY,. can be readily obtained from AG(&), namely,

. A [ expl—BAG(E)] dE
—BAG? . =In pme =25 (3)

where A = 1.6 x 107!® dm? represents an estimate of the
average section of an o-CD. A comparison between the previous
result and direct experimental information is not straightforward:
the available results exhibit a widespread dispersion and strongly
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Figure 3. Time evolution of the reaction coordinate, & and its two
components, Zpgg and Zcp. In the inset, we show a comparison between
the free energy profile obtained from a histogram of &(¢) (open circles)
and the ABF profile shown in Figure 2 (solid line).
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depend on the particular technique implemented, the ionic
strength and the specific counterions presented in solutions. For
example, using NMR signals, Yamashoji et al.” have reported
—BAGY,. = 2.8 for NaClO,, whereas pH potentiometric
measurements performed by Gelb et al.!? yield —SAGY,. ~ 4,
for buffered solutions containing ClO;, to cite two well
differentiated experimental results. As such, the 0.3 kg7 dis-
crepancy between our result for AGY,. and Yamashoji‘s is still
smaller than the overall experimental uncertainty (of the order
of 1.2 kgT); this observation leads us to believe that our
description may still remain physically sound.

Given this picture, we further investigated on the character-
istics of the configurations in the vicinity of the global minimum.
To that end, an additional nonbiased simulation experiment was
undertaken, with the ClOj initially equilibrated at the vicinity
of & ~ —2.75 A. Note that the depth of the attractive potential
well is sufficient so as to allow us to collect meaningful statistics
in this region for time spans of the order of a couple of
nanoseconds. In Figure 3 we present results for the time
evolution of &(¢), Zpgr(f) and Zcp(f). Except for a brief 150 ps
interval at r ~ 1.8 ns (corresponding to a frustrated release
episode of the guest molecule), &(¢) fluctuates around &, = —2.89
+0.56 A. Interestingly, a free energy profile obtained from the
logarithm of the probability distribution associated with &(r) at
the vicinity of & (see inset in Figure 3) yields a similar curvature
for the global minimum as that presented in Figure 2.

In Figure 4 we present a snapshot of a typical configuration
of the solvation structure of a trapped ClO; at the global
minimum. At a first glance, the overall structure can be described
in terms of a tetracoordinated solute interacting exclusively with
water molecules, via hydrogen bonds: one water molecule
clearly lies within the CD cavity whereas the other three are
located in outer positions, near the lower rim.

To gain quantitative insight about this structure, we analyzed
site—site pair correlation functions involving Oxygen sites of
CIO; and hydrogen sites of water:

2N,

4
\4 H 0

rHn=—- Wlr, —r;/1 — nO @)
Son T 4PN, 4 Z, ,; /

where i and r correspond to coordinates of the ith hdrogen
site (1 < i < 2N,,) in the water molecules and the jth oxygen
site (1 = j < 4) in the ClO,, respectively. Results for the
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Figure 4. Snapshot of a typical stable configuration for the inclusion
of ClO,~ within an o-CD. Also shown are the four nearest water
neighbors of the host and relevant directions which define the angles
0; (see text).
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Figure 5. Upper panel: goy corresponding to ClO4—H,0 site—site
pair correlation function. The cumulative integral, N, is also shown
(right axis, open circles). Bottom panel: orientational correlation, P(cos
0), for configurations at the vicinity of the free energy minimum.

site—site pair correlation function are shown in the top panel
of Figure 5. The profile is dominated by a main peak located at
r=72 A, corresponding to a single, lineal, O—Hy***Opgr
hydrogen bond (results for the cumulative integral are also
shown in Figure 5).

A close inspection of Figure 4 also reveals that one C1—O
bond is distinctively aligned along the z-axis. To quantify this
particular orientational correlation, we computed the following
distribution:

4
_1 _
P(cos 6) = 4_1]; [d(cos 6; — cos O)11 5)
with
YNY
cos 0, = od (6)
ey

where rhe; = rh — 1y (1 < j < 4) and 7 represents a unit vector
along the z-direction (see also Figure 4).
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Figure 6. Hydrogen bond survival probability function, Cyg(?), for
bonds between ClO,~ and water, computed during the period of time
the host molecule remains in the interior of the CD cavity (Cii, circles).
For comparison, the function CHg(¢), corresponding to the ClO,~
molecule solvated in bulk water, is also shown (squares).

Results for P(cos 0) are shown in the bottom panel of Figure
5. A bimodal distribution is clearly perceptible: (i) on the one
hand, there is a local maximum, integrating approximately
~(0.75, located at cos € ~ —0.3, a value quite close to the
minimum of the corresponding bending interaction 6 ~ 109.5°;
(ii) on the other hand, the distribution presents a second peak,
well separated from the previous one, at cos 6 ~ 1, with area
~0.25.

To further corroborate the stability of the tetracoordination
of the ClO; with the water molecules, we estimated 7yg, the
average lifetime of the four tagged solute—solvent hydrogen
bonds (HB). To do so, we computed the time integral of the
time correlation function of the occupation number 7;,

Typ = [ Cp(0) dt (7)
(1) n,(0)1
Cp®) = ) ———— 3)

where 7;(f) = 1 if the ClOy (ith molecule in eq 8) is H-bonded
to the jth water molecule at time ¢ and zero otherwise, in the
intermittent approximation.*>~*® For the definition of HB, we
used the geometrical criterion described in ref 49.

To compute 7y, we split the full temporal interval into two
parts: during the first one (“in”), the ClO; remained trapped in
the interior of the o-CD cavity, and during the second one
(“out”), we sampled configurations with the ClO; solvated in
the bulk. Results for Cyg(#) corresponding to the two periods
are shown in Figure 6. Integrals over the two curves yield i
= 2.1 ps and 7l = 6 ps. This enhancement in the HB
characteristic time scale, of approximately a factor of 3, would
then confirm the extra-stability of the first solvation structure
provided by the CD.

B. Confinement of Different ClO,-like Guests. We now
turn into the analysis of the nature of the encapsulation
mechanism for small ionic species. In this context we found it
instructive to perform two series of runs in which the ClOy
guest was replaced by (i) an artificial cation, hereafter referred
to as ClOf, obtained by reversing the original partial charges
of the anion and (ii) a neutral-like C10, hydrophobic molecule,
in which all Coulomb charges were suppressed.

For a direct comparison, the free energy profiles associated
with these new species are also displayed in Figure 2. The profile
of AG for ClO," is dominated by a ~8.2 kcal mol~! main
maximum, located at £ = —1.3 A. As we move to positive
values of &, a plateau-like regime appears, localized between 0
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Figure 7. (a) Mean forces acting upon the ClO,~ molecule at the
vicinity of the free energy minimum, &,. Also shown are the contribu-
tions from guest—host and guest—water interactions. (b) Decomposition
of the guest—host average force into Coulombic and dispersion
(Lennard-Jones) contributions.

<&x3 A, where AG briefly levels off at ~3.5 kcal mol ™.
Taking into account these observations, one can conclude that
no encapsulation processes are likely to be observed for the
cationic guests; moreover, and contrasting sharply with the
ClOy; result, the lower rim of the CD has now turned into
the most unfavorable solvation environment. The third curve
shown in Figure 2 corresponds to the hydrophobic ClO4 solute
(dashed line). As expected, in the absence of Coulomb interac-
tions, the central, £ ~ 0, region of the cavity becomes a much
more stable solvation medium than the polar bulk solvent
(AG(E=0) ~ —5 kcal mol™"). As such, our results corroborate
previous interpretations based on thermodynamic data analyses'?
that have suggested that Coulomb forces play a leading role
controlling the complexation of small ionic species within CD
cavities, in detriment of the hydrophobic interactions, which
are normally invoked as the ones driving similar encapsulation
processes for larger and more complex organic guests.

C. Stability Analysis. To further investigate on the validity
of the previous arguments, we examined with more detail the
sources of the stabilization of the anionic guests in the vicinity
of global minimum of AG at & ~ —2.75 A. Our analysis was
based on the consideration of the total guest-environment energy
coupling Egg, namely,

Egr = Egy T Egw )

where Egy and Egw represent the guest—host and guest—water
contributions to the total intermolecular potential energy. Note
that an equivalent partition can also be performed in terms of
average forces along the & direction, namely,

FgE = F%H + Fgw (10)

F= (L[]
08 ag
with a = GH, GW. The results for the average force and its
guest—host and guest—water decomposition as a function of
the order parameter are shown in the top panel of Figure 7.
The results were collected over the ~2 ns unconstrained
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Figure 8. Free energy profiles for the inclusion of ClO4™ into a normal
and a methylated o-CD.

trajectory mentioned in previous sections. The interval sampled
is rather narrow, spanning from & ~ —4 A, which roughly
corresponds to the location of the lower rim, up to § ~ —2 A,
which is still slightly below the position of the center of mass
of the CD. Note that interactions with the solvent, except for
the £ < —3.5 A interval where the water “pushes” the guest
out toward the bulk, practically vanish inside the inner cavity
of the CD. Anyhow, the magnitude of the solvent forces is much
smaller than those derived from the interactions with the CD,
that clearly dominate the stabilization of the guest—host
complex. Moreover, a second decomposition of the latter force
into dispersive, i.e., Lennard-Jones type, and Coulombic con-
tributions (shown in the bottom panel of Figure 7) reveals that
Coulomb interactions prevail in promoting the stabilization of
the ClO; within CD cavities.

Looking for additional elements supporting our description,
we finally constructed the free energy profile corresponding to
the encapsulation of ClO,” within the partially methylated,
6-mono-O-methyl-a-CD. This functionalization enhances the
hydrophobicity of the CD central cavity and also leads to a small
increase of the linear dimensions of the molecule along the z
axis. The profile for the corresponding free energy is presented
in Figure 8; note that to minimize effects deriving from the
larger size of the cavity, the curves in Figure 8 are depicted as
a function of Az = Zpgr — Z, where Z represents the average
z-coordinate of the six glycosidic oxygen sites in the cyclodex-
trins. As expected, the new profile exhibits dramatic changes
in the negative Az region: (i) the most remarkable is observed
in the vicinity of the formerly stable solvation environment, that
now turns into a highly unfavorable region, characterized by a
AG ~ 3 kcal mol™! high barrier. (ii) The position of the new
minimum is shifted ~1 A toward the central part of the cavity;
from this point, the magnitude of the escape activation energy
in either direction is not negligible ~2 kcal mol™' ~ 4 kgT.
The operated functionalization does not promote any meaningful
modification in the profile along the Az = 0 region, in which
the partial stabilization is still dominated by interactions with
the hydroxyl groups of the upper rim.

IV. Concluding Remarks

The simulation results presented in this paper provide new
insights concerning the nature of the encapsulation of ClOy
within the hydrophobic cavity of an a-CD. Using an ABF
scheme, we succeeded in constructing a free energy profile
associated to a simple geometrical order parameter that describes
the degree of encapsulation. The profile presents a global
minimum located at the vicinity of the primary hydroxyl groups
and a much shallower one, at the upper rim. On the other hand,
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this feature is in agreement with previous interpretations inferred
from experimental results.®° The central part of the CD cavity
represents a highly unfavorable environment for ionic trapping.
By means of a simple integration of the free energy profile along
the relevant portion of the phase space, we also obtained an
estimate for the Gibbs free energy associated to the binding.
Our result is somewhat higher (~0.3 kcal mol™! less stable)
than the ones reported in previous experimental studies.
Anyhow, the discrepancy may be ascribed to differences
between our simplified simulated system and the ones actually
measured, most notably, those associated with the presence of
counterions and/or additional ionic species. In this context, we
would like to stress that experimental information confirms that
cations are hardly incorporated within CD cavities*™ (a fact that
was furthermore confirmed in our simulations with ClOJ). As
such, we tend to believe that their presence in the analysis of
the complexation of ClOy can be safely disregarded.

From a microscopic perspective, the stable encapsulation
configurations of ClOj are characterized by the tetracoordination
with neighboring water molecules via hydrogen bonds. This
intermolecular connectivity, in turn, also affects orientational
correlations of the guest ion that presents one Cl—O bond
aligned along the axis of the cylindrical cavity of the CD.

Changes in the charge distribution of the solute modify the
corresponding free energy profiles. For a ClOj-like ion, we
found that the inner cavity does not exhibit any stable environ-
ment for encapsulation. The scenario changes dramatically as
the solute turns into an hydrophobic species: under these
circumstances, the free energy profile at the central segment of
the a-CD cavity shows a minimum, whose depth is at least 1
order of magnitude larger than typical thermal energies.

Finally, we also analyzed ionic trapping within a partially
functionalized CD, in which the primary hydroxyl groups are
methylated. Our results clearly show the disappearance of the
main minimum, revealing that the highly polarized OH groups
control the encapsulation mechanism of the anion. As stated in
the previous paragraph, these CD groups do not lie within the
first solvation shell of the ClO;. This observation, in turn, would
indicate that the stability of the anion solvation structure
provided by OH groups is somehow exerted in an indirect
fashion, most likely affecting not only the individual ion but
also its first solvation shell. Although this feature has been
conjectured in the past,>*° the results presented here provide,
for the first time, direct confirmation of the complexity in the
solvation of ionic species within CD cavities. We are confident
that the physical arguments supporting this evidence will remain
valid in the analysis of the solvation of other small ionic solutes
that we are currently undertaking.
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