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Energetics and exchange of xenon and water in a
prototypic cryptophane-A biosensor structure†

Perttu Hilla * and Juha Vaara

A microscopic description of the energetics and dynamics of xenon

NMR biosensors can be experimentally difficult to achieve. We

conduct molecular dynamics and metadynamics simulations of a

prototypical Xe@cryptophane-A biosensor in an explicit water

solvent. We compute the non-covalent Xe binding energy, identify

the complexation mechanism of Xe, and calculate the exchange

dynamics of water molecules between the solution and the host.

Three distinct, hitherto unreported Xe exchange processes are

identified, and water molecules initialize each one. The obtained

binding energies support the existing literature. The residence times

and energetics of water guests are reported. An empty host does

not remain empty, but is occupied by water. The results contribute

to the understanding and development of Xe biosensors based on

cryptophane derivatives and alternative host structures.

Conventional nuclear magnetic resonance (NMR) is troubled by low
sensitivity, requiring abundance of the target nuclei in the sample.
Xe NMR biosensors1–4 (XBSs) are microscopic machines capable of
molecular recognition at low concentration. The extremely sensitive
electron cloud of 129Xe (ref. 5) and the ability to increase the Xe NMR
signal intensity by several orders of magnitude6,7 by hyperpo-
larization8 and indirect detection9,10 enable accurate probing of
low-concentration environments. In XBS, the Xe atom is encapsu-
lated in a functionalized host molecule,1 and introduced as an
exogenous agent to the sample. When the host binds to a target
molecule with its molecule-selective antenna, a change is reported
by the 129Xe NMR chemical shift.2,3

Cryptophanes11–14 (Crs) composed of two linked cyclotriver-
atrylene (CTV) bowls are currently a favorite category of XBS
hosts. Their flexible, roughly spherical cavity is capable of

molecular encapsulation via van der Waals forces. Crs meet
the main requirements for potential hosts:2 (i) high affinity for
Xe and (ii) suitable Xe exchange rate with the solvent. While (i)
ensures that a sufficient amount of Xe is encapsulated, (ii) is
essential for the Hyper-CEST technique,6,7 where hyperpolar-
ized Xe enters the host, is depolarized by a frequency-swept
irradiation at the resonance frequency in confinement, and is
exchanged back to the solution. The resulting decrease of the
bulk Xe NMR intensity as a function of the irradiation fre-
quency is used to construct an indirect z-spectrum of sufficient
intensity.

Host–guest systems are generally significant in chemical sensing
and drug design.15–18 Gaining microscopic information on the
non-covalent binding experimentally is challenging. Experiments
on the energetics and dynamics of Xe@Cr complexes7,19–34 initially
used an organic solvent.7,19–23,26,27,30,31,34 The introduction of water
solubility-enhancing groups28 provided increased Xe
affinity,24,25,28,29,32,33 with the Xe guest bound to the water-soluble
Cr hosts by ca. 5–6 kcal mol�1.

Computational work on Xe@Cr systems includes the Xe
chemical shift,35–40 affinity and dynamics,38,39,41 structural
modifications of the host,35–38 and role of the solvent.39–41

The interior volume of the host is decisive for Xe affinity,14

and a dynamical cage allows an induced fit of the guest.29 The
Xe@Cr binding energy, including some Cr derivatives, is ca.
4–17 kcal mol�1.38,39,41 Many of the studies do not include host
dynamics or explicit solvent effects. Dispersion interactions
have been found to be essential for these non-covalently bound
systems.38,39,42 In ref. 41, the explicit solvent was found to be
important, and correlation between the average number of
encapsulated water molecules and Xe affinity was observed.

In this communication we study computationally the host–
guest interactions between Xe and the simple, commonly used
cryptophane-A (CrA) host, also known as Cr-222, in its natural
solvent environment at room temperature. We focus on the Xe
binding free energy, DABind, the mechanism of Xe complexa-
tion, as well as the role of solvent water. We attach no targeting
or solubility-enhancing moieties, and hence the system can be
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viewed as a prototype XBS. Molecular dynamics (MD) and
metadynamics (MTD)43,44 simulations are performed at the
semiempirical GFN245 and GFN0,46 as well as at the GFN-FF47

force-field levels of theory within the xTB code.48,49 The Xe
exchange rate between the solution and CrA has been experi-
mentally estimated at ca. 102 s�1 (ref. 2, 3, 20, 21, 32 and 33).
Hence, exchange events are rare in the molecular time scale.
For this reason, Xe dissociation was modeled by MTD to
enhance phase-space sampling. xTB employs the density-
functional tight-binding approach,50,51 amenable for configura-
tional and dynamical modeling of non-covalently bound sys-
tems over time scales and system sizes exceeding those possible
entirely from first principles.

DABind was estimated by a thermodynamic cycle. Four dis-
tinct physical sites (Fig. 1) were simulated: (i) water only, (ii) Xe
atom in water, (iii) CrA in water, and (iv) Xe@CrA in water. The
averages hEi of the total energies of the different sites are
subtracted as

DEBound = hEivi � hEiiii, (1)

DEFree = hEiii � hEii. (2)

Hence, the free energy of Xe binding becomes

DABind E DEBound � DEFree (3)

The ESI† provides the technical details of the simulations.
The results, –4.4 (1.2), –10 (4), and –21 (9) kcal mol�1 at the
GFN-FF, GFN0, and GFN2 levels, respectively, all reproduce the
correct, negative sign of DABind. The GFN-FF value is in good
agreement with prior experiments, ca. 5–6 kcal mol�1. The
larger DABind of GFN0 falls in the range of dispersion-
corrected density-functional theory (DFT) data and the bench-
mark MP2 result of ref. 39, while GFN2 agrees with the even
stronger binding produced by other DFT functionals.39 How-
ever, it should be noted that the first-principles calculations39

involved differences of potential energy minima at optimized
geometries, whereas the present free-energy differences include
the kinetic energy of the atoms. Our GFN-FF datum is expect-
edly in line with the earlier study41 that combined force-field

MD with free energy perturbation methods. However, moieties
increasing the water solubility of CrA, were included in ref. 41.
The association constant Ka and the Eyring–Polanyi exchange
rate o,52,53

Ka ¼
1

c0
e�DA=RT ; (4)

o ¼ kBT

h
e�DA=RT (5)

(with c0 = 1 M) between Xe@CrA and Xe in solution, were
calculated with the obtained DABind. For GFN-FF, GFN0, and
GFN2, Ka = 1.6 � 103, 2.8 � 107, and 2.7 � 1015 M�1, as well as
o = 3.8 � 109, 2.2 � 105 and 2.4 � 10�3 s�1 were obtained,
respectively. Ka resulting from GFN-FF is in the best agreement
with existing values, ca.103�104 M�1.19,21,22,27,28,32,33,41 On the
other hand, GFN0 produces the closest order of magnitude for
o (earlier ca.102 s�1). eqn (4) and (5) are, however, very sensitive
to variations of the exponential factor.

While DABind and the derived o are relatively well repro-
duced by GFN-FF and GFN0, respectively, the GFN2 data appear
to be overly attractive. This might be caused by several factors.
According to a benchmark study,42 GFN2 systematically under-
estimates non-covalent repulsion. Secondly, site (iii) simulation
started from an initially empty CrA and, with GFN2, did not
proceed to encapsulate any water, unlike with GFN0 and GFN-
FF. Presumably the GFN2 trajectory is too short (see ESI†).
Hence, hEiiii is higher than a system with encapsulated water
would have had. This decreases DABind at the GFN2 level,
rendering the host–guest interaction energetically too attrac-
tive. Additionally, the lack of solubility-enhancing units in our
prototypic XBS can contribute to the discrepancy.

Next, we simulated the dissociation event by using MTD43,44

to push the Xe atom out from the CrA cavity, in site (iv). The
association process would be much harder to simulate in
practice, and is assumed to happen via the same path. Due to
the computational requirements of the semiempirical meth-
ods, a sufficient number of long enough MTD simulations with
GFN0/GFN2 was out of reach. Altogether, six of the MTD runs
performed with GFN-FF produced dissociation, and always in
two successive steps: (1) One or more H2O molecules enter the
host cage and co-exist with Xe for a few ps, and (2) Xe exits,
leaving one or more encapsulated waters behind. It is, hence,
evident that water molecules play a crucial role in the Xe
exchange. As expected, both the Xe guest and the water mole-
cules are found to exit (and the H2O also enter) the cage via the
portals between the three linkers (Fig. S1 in ESI†). In more
detail, the simulated events can be classified into three cate-
gories (Fig. 2): (i) A water molecule enters, followed by the
displacement of Xe. (ii) Two H2Os enter from different portals,
followed by Xe exiting via the third portal. (iii) Two waters enter,
one of them travels through the cage, and the other exits
through the same portal it entered from. Two new waters enter,
after which Xe exits as in (ii). Animations of the processes (i–iii)
can be found in the ESI.†

Fig. 1 Thermodynamic cycle of the four sites (see text) simulated to
access the free energy of Xe binding to the CrA host, DABind. Xe atom in
green, water molecules in red, CrA cage in black.
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In each process, the H2O molecules initialize the rare event,
acting like a catalyst. The dissociation is analogous to a single
displacement reaction. A schematic pathway of the process (ii)
is presented in Fig. 3. Similar graphs on (i) and (iii) are shown
in the ESI.† The conformation of the host changes in the Xe
dissociation in a combination of the French door and sliding
door gating mechanisms54 that open/close the portal. In the
French door part (grey arrows in Fig. 3, top), the two OCH3

groups rotate away from the Xe dissociation pathway. In the
sliding door part (grey dashed lines), the entire host structure
opens by stretching the linkers that connect the CTV bowls.

As Xe displacement is associated with the inclusion of water
molecules, the energetics and dynamics of H2O in site (iii) were
further simulated by MD. With GFN0 and GFN-FF, an initially
empty, solvated CrA cage does not remain empty, but is
eventually occupied by water molecules that undergo fast in-
out exchange with the solution. At the GFN2 level this exchange
was not observed (vide supra). The RMS distances of H2O
molecules from the center of the host illustrate the exchange

(Fig. 4). At the GFN0 level, the CrA cavity is occupied by at least
three waters almost throughout the simulation. After ca. 700 ps,
a short period of empty cavity is also seen. The exchange is
markedly slower at the GFN-FF level. The host encapsulates an
average of 3.32 and 2.25 water molecules at the GFN0 and GFN-
FF levels, respectively.

The distribution of different cage occupation numbers NW is
presented in Table 1. With GFN0, the broad distribution peaks
around 3� � �5 water molecules, never exceeding six. In contrast,
the GFN-FF occupation peaks sharply at 2, with the maximum
NW = 4. After the initial equilibration there is always at least one
H2O guest in the CrA cage at this level.

In a two-state system, the relative binding energy DABA

between the two states can be approximated by

DABA � �RT ln
NB

NA
; (6)

where NB and NA are the state populations. Assigning state B as
cage occupation NW = 0/1 for GFN0/GFN-FF, leads to the H2O
binding energies with CrA listed in Table 1. The values are
approximate due to the finite length of particularly the GFN0
production simulation. With GFN0, the obtained relative bind-
ing energy between the smallest (NW = 0) and the most common
(NW = 3� � �5) occupations is ca. �1 kcal mol�1. Correspondingly,
the energy between the smallest (NW = 1) and the most common
(NW = 2) occupation with GFN-FF is ca. �2 kcal mol�1. At the

Fig. 2 Three distinct Xe exit processes from CrA, each initialized by
inclusion of water molecule(s) that displace Xe.

Fig. 3 (Top) Type (ii) Xe dissociation event (see text) from the CrA host,
followed by a water molecule exiting. The grey arrows and dashed lines
denote the gating mechanism involved. (Bottom) Distance of the Xe atom
and the H2O molecules from the center of the host cage against the MTD
time it takes for the process to complete. A coexistence period, where
water and Xe reside simultaneously in the cavity, is highlighted in orange. H
atoms of the host are not shown for clarity.

Fig. 4 Distances from the center of the host to the closest water
molecules, based on the GFN0 (top) and GFN-FF (bottom) MD simulations.
The entire production period (GFN0) or the last ns (GFN-FF) is shown.

Table 1 Simulated number of water molecules NW inside the CrA cage.
The relative energies DA [eqn (6)] refer to NW = 0 and 1 for the GFN0 and
GFN-FF levels, respectively. The activation energy normalized by the
number of guests, DA/NW, is also shown

Number of water molecules NW

0 1 2 3 4 5 6

GFN0 RO (%)a 4.5 11.9 12.3 24.4 17.2 24.6 5.2
DAb 0 �0.58 �0.60 �1.01 �0.80 �1.02 �0.09
DA/NW

b 0 �0.58 �0.30 �0.34 �0.20 �0.20 �0.02
GFN-FF RO (%)a — 2.3 71.8 24.8 1.2 — —

DAb — 0 �2.06 �1.43 0.38 — —
DA/NW

b — 0 �1.03 �0.48 0.10 — —

a Relative occupation. b In units of kcal mol�1.
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GFN0 level, the energetic advantage of adding water guests persists
up to NW = 6, where DA E 0. The largest energy gain, DA/NW, occurs
when a single water molecule enters an empty host. With GFN-FF,
introducing one water to an already singly occupied host results in
the highest energy gain. As NW = 0 did not occur during the entire
8.5 ns production period, it appears to be extremely beneficial to
include 1–2 water molecules at the GFN-FF level.

The exchange between encapsulated and bulk water molecules
was studied by computing the survival probability function, P(t), of
water inside the host. P(t) is the time correlation function of the
number of molecules that remain in the cavity after the time t, with
the value P(0) equaling the average occupation number. We approx-
imate the mean residence time t of water molecules through a

single-exponential fit to PðtÞ � Pð0Þe�
t
t, as detailed in the ESI.† The

results, t = 198 (5) and 308 (8) ps at the GFN0 and GFN-FF levels,
respectively, are consistent with the in-out exchange behavior of
water (Fig. 4) and with the distribution of NW (Fig. S5, ESI†). Earlier
force-field MD simulations41 for water-soluble CrA derivatives indi-
cate a faster exchange by about one order of magnitude. The
underlying force field used in ref. 41 is different from the present
xTB Hamiltonians. Additionally, our prototypic CrA does not have
the solubility enhancing moieties.

Conclusions

In summary, the behavior of a prototypic Xe biosensor,
Xe@CrA, in an aqueous medium was studied by MD and
MTD simulations. The correct, attractive sign for the Xe bind-
ing free energy could be reproduced in a thermodynamic cycle
calculation. The binding energies agree well with earlier data,
apart from a too attractive result obtained at the semiempirical
GFN2 level. MTD simulations enabled the complexation
mechanism and pathway of Xe to be identified for the first
time. Three qualitatively different processes, each initialized by
the inclusion of H2O molecules, were found. The host confor-
mation changes prior to Xe dissociation in a combination of the
French door and sliding door gating mechanisms. There might
exist other possible exchange mechanisms, which could not be
reproduced in the present, finite set of simulations. Despite the
hydrophobic nature of the CrA interior, in an aqueous medium
the host cavity is, on average, inhabited by 2–3 H2O molecules.

Many of the earlier computational studies on XBSs were
performed in vacuo and/or with static models, omitting the
important dynamical and solvent effects modelled here.
The present work sheds light on the microscopic description
of the solvated Xe@CrA XBS core, supports the existing litera-
ture on the thermodynamics of the system, and paves the way
for further studies. In addition, MTD is a promising method for
the generation of non-covalent host–guest binding events that
are out of reach for classical MD.
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2021, 17, 1548–1561.

43 A. Laio and F. Gervasio, Rep. Progr. Phys., 2008, 71, 1–22.
44 A. Barducci, M. Bonomi and M. Parrinello, Wiley Interdiscip.

Rev.: Comput. Mol. Sci., 2011, 1, 826–843.
45 S. Grimme, S. Ehlert and C. Bannwarth, J. Chem. Theory

Comput., 2019, 15, 1652–1671.
46 P. Pracht, E. Caldeweyher, S. Ehlert and S. Grimme, ChemR-

xiv: A Robust Non-Self-Consistent Tight-Binding Quantum
Chemistry Method for large Molecules, 2019.

47 S. Spicher and S. Grimme, Angew. Chem., Int. Ed., 2020, 59,
15665–15673.

48 C. Bannwarth, E. Caldeweyher, S. Ehlert, A. Hansen, P. Pracht,
J. Seibert, S. Spicher and S. Grimme, Wiley Interdiscip. Rev.:
Comput. Mol. Sci., 2020, 11, e01493.

49 GitHub: xTB, https://github.com/grimme-lab/xtb.
50 J. Harris, Phys. Rev. B: Condens. Matter Mater. Phys., 1985, 31,

1770–1779.
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