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The reversible binding of xenon to cryptophane molecules is 
currently heavily explored for application 
system in NMR. Herein, for aqueous solution
of degenerate exchange in this host-guest system 
based on a novel approach using hyperpolarized 10 

The large signal enhancement of several orders due to 
hyperpolarization (hp) and its large chemical shift dispersion 
make 129Xe a highly sensitive probe for investigations of 
molecular environments by nuclear magnetic resonance
(NMR).1,2 The non-toxic gas is dissolvable in blood and other 15 

biological fluids and can be delivered through inhaling for in
vivo imaging of lungs and tissue.2,3 In combination with 
cryptophane molecules applicability and sensitivity of the 
approach are further expanded. Cryptophanes are 
family of cage molecules composed of two semi20 

cyclotriveratrylenes connected by linkers of various length
which bind small, apolar molecules non
reversibly.4 For xenon binding crytophane
three ethylene linkers are very attractive because 
atom is enclosed with high binding constant and xenon residence 25 

times which are slow on the NMR timescale.
formation with hp 129Xe can thus be explored
amplification by chemical exchange saturation transfer 
(hyperCEST)7,8 while modifications in the host
e.g. induced by deformations of the cage, can translate directly in 30 

a change of transfer rate.9,10 The exceptional xenon binding 
properties make cryptophane-A which can be functionalized to 
bind desired targets currently the candidate 
biosensing with the aim to image biomolecules and their 
interaction in tissue and organisms.11 

35 

The complex formation of xenon with 
derivatives has been previously quite extensively studied as a 
system governed by van der Waals forces.
focused on organic solutions assuming a simple dissociation 
process where xenon enters or leaves the otherwise xenon40 

host. Interestingly, Bartik et al. found in tetrachloroethane solvent
indications for a further exchange mechanism, the replacement of 
host-bound xenon directly by freely dissolved xenon
knowledge, no other study on the evidence of such a
exchange process has been published to date45 

understanding of the processes of reversible xenon binding to 
cryptophane is still far from complete, especially in aqueous 
solution. This situation is pressing, also
applications because the prevailing exchange 
particular situation can affect sensitivity of the 50 

e.g. hyperCEST, or the interpretation of data
attempts to determine the exchange kinetics 
xenon host-guest system in aqueous solution
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tive probe for investigations of 
magnetic resonance 
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which bind small, apolar molecules non-covalently and 

For xenon binding crytophane-A molecules with 
linkers are very attractive because just a single 

high binding constant and xenon residence 
are slow on the NMR timescale.5,6 Complex 

can thus be explored for additional signal 
chemical exchange saturation transfer 

odifications in the host-guest interaction, 
can translate directly in 

The exceptional xenon binding 
which can be functionalized to 
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biomolecules and their 

xenon with cryptophane-A and 
quite extensively studied as a 

system governed by van der Waals forces.5,12 The analyses 
s assuming a simple dissociation 

otherwise xenon-free 
tetrachloroethane solvent 

mechanism, the replacement of 
by freely dissolved xenon.5 To our 

other study on the evidence of such a degenerate 
has been published to date. Apparently, the 

understanding of the processes of reversible xenon binding to 
, especially in aqueous 

, also with respect to 
exchange mechanisms in any 

sensitivity of the method of choice, 
data.7,13 This work thus 

the exchange kinetics in the cryptophane-
in aqueous solution with particular 

emphasis on the detection 
mechanism. NMR exchange experiments 
and the water-soluble derivative monoacetic acid cryptophane60 

(CrAma) are employed for qualitative and quantitative 
A xenon high field NMR spectrum of the 

host-guest system in solution show70 

which are indicative of the slow exchange b
free and cryptophane-bound xenon
the Supporting Information). T
partition of xenon in between both pools
the magnetization of free and cryptophane75 

MCXe, respectively, are related by 
koff as the transition rates for 
cryptophane-bound pool and vice versa. 
exchange mechanism (Fig. 1) 

∗ +↔+ CXeXeCXeXe
k

70 

where freely dissolved xenon is denoted as 
cryptophane-xenon complexes as 95 

unrecognized in this spectrum 
intensity or pattern of the spectral lines 
means to identify such a process
exchange spectroscopy with the 
dissolved xenon pool being selectively inverted and subsequentl100 

allowed to exchange freely.14 A depleti
the cryptophane-bound xenon pool occur
magnetization is lost at rate k
complex, and, secondly, negative magnetization is 
kon  from the freely dissolved xenon pool105 

associates anew. A derivation of 
the Bloch-McConnell equations which take into account chemical 
exchange can be found in the Supporting Information. 
in any case of fairly diluted host molecules 
achieved by a proper choice of freely dissolved xenon 110 

concentration. In consequence, k
and the depletion rate then simplifies to
exchange process will contribute with rate 
rate koff because the frequency of collisions for
cryptophane-bound xenon is proportional115 

freely dissolved xenon, [Xe]. Similarly, t

Figure 1  Scheme for degenerate exchange in
monoacedic acid cryptophane-A (Me = CH
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 of the degenerate exchange 
experiments on hyperpolarized 129Xe 

soluble derivative monoacetic acid cryptophane-A 
for qualitative and quantitative analysis. 

high field NMR spectrum of the cryptophane-xenon 
shows two well separated signals, 

indicative of the slow exchange between the pools of 
bound xenon, respectively (see Figure S1 in 

The signal intensities reflect the 
in between both pools. At dynamic equilibrium 
of free and cryptophane-bound xenon, MXe and 

, respectively, are related by MXekon=MCXekoff with kon and 
the transition rates for transfer of free xenon to the 

and vice versa. However, a degenerate 

∗   

where freely dissolved xenon is denoted as Xe, or Xe*, and 
xenon complexes as CXe, or CXe*, remains 

 because it does not affect the 
intensity or pattern of the spectral lines further. In order to find 

to identify such a process, consider the situation in NMR 
the magnetization in the freely 

pool being selectively inverted and subsequently 
depletion of the magnetization in 

bound xenon pool occurs because, firstly, 
koff  due to dissociation of the 

negative magnetization is gained at rate 
the freely dissolved xenon pool when the complex 

A derivation of the depletion rate Rd=kon+koff by 
s which take into account chemical 

can be found in the Supporting Information. Moreover, 
y case of fairly diluted host molecules MCXe<<MXe can be 

achieved by a proper choice of freely dissolved xenon 
kon<<koff in dynamic equilibrium 

then simplifies to Rd = koff. The degenerate 
exchange process will contribute with rate k[Xe] to the transition 

the frequency of collisions for replacement of 
bound xenon is proportional to the concentration of 

Similarly, the complex can also

 

cheme for degenerate exchange in xenon binding to 
A (Me = CH3). 
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possibly dissociate through the replacement of cryptophane-
bound xenon by guest molecules other than xenon present in the 
solution. Such mechanisms as well as the spontaneous decay of 
the cryptophane-xenon complex occur at a rate independent of the 
free xenon concentration and may be collectively addressed as 5 

xenon-independent dissociation processes. It is known that 
cryptophanes can host a range of small guest molecules, 
including water, helium and possibly molecular oxygen, or 
nitrogen.4–6 Some of the species are essentially present in most 
common solvents, particularly water, and may than contribute 10 

rates proportional to their concentration to koff. Under condition 
of constant concentration these rates, as well as the rate of 
spontaneous decay, are constant such that koff is the sum of a 
constant component, c, stemming from xenon-independent 
dissociation, and a component proportional to free xenon 15 

concentration, specific to degenerate exchange, 

Rd = c + k[Xe]. 

Thus, by a series of exchange experiments differing in the 
concentration of freely dissolved xenon, the presence of 
degenerate exchange can be clearly proven: it is causative for a 20 

linear dependence of Rd on the dissolved xenon concentration. 
Any mechanisms inducing xenon-independent dissociation of the 
complex account for a constant offset in the depletion rate. 

A solution of CrAma in pure water (~6.5 µM) was prepared 
(see SI) and filled in a commercial screw-cap NMR tube 25 

supplemented by a home built tube setup to enable bubbling of hp 
129Xe gas through the sample. A gas mixture of helium, nitrogen, 
and xenon (129Xe in natural abundance of 26%) was provided by 
a home built xenon polarizer16 and lead to a nearby 9.4 T wide 
bore NMR spectrometer where the experiments were conducted. 30 

The mixture had constant total and nitrogen partial pressures of 3 
bar and 0.2 bar, respectively, while xenon and helium partial 
pressures were varied complementarily. At each setting of xenon 
partial pressure, pXe, the polarizer was allowed to settle for stable 
generation of hyperpolarized 129Xe and run until xenon saturated 35 

flow through the temperature equilibrated sample (at 298 K) was 
achieved. Directly prior to execution of the pulse sequence 
bubbling was stopped and the sample was allowed to settle for 2 s 
to recycle any material from built up foam. Thus, for given pXe 
the solution was assumed to be saturated at a xenon concentration 40 

given by Henry´s law, [Xe] = s pXe, where s = 4.32 mM/bar is the 
xenon solubility in water at 298 K.17 

In the exchange experiments on the xenon-saturated solution 
the magnetization of freely dissolved xenon was selectively 
inverted and allowed to exchange freely for a period τex; 45 

subsequently, the magnetization of CrAma-bound xenon was 
selectively excited and detected (Fig. 2(a)). Upon integration of 
the signal in the Fourier-Transform spectrum, signal decay could 
be monitored in dependence of τex. In total, six series of exchange 
experiments were conducted with settings for pXe of 0.02, 0.1, 50 

0.2, 0.4, 0.8, and 1.2 bar and eight fixed exchange periods τex 
between 0 and 256 ms. The data of each series were 
approximated by the mono-exponential function Aexp{–Rdτex}+B 
in a non-linear least squares fit (Fig. 2(b)). As the central result, 
in Figure 2(c) the dependence of the depletion rate on the xenon 55 

partial pressure is presented. It is evident that the rate increases 
with partial pressure (or, free xenon concentration) which cannot 
be accounted for solely by xenon-independent dissociation 
processes. The presence of a degenerate exchange mechanism can 
be deduced by approximating the data by a linear function. A 60 

linear least squares fit with [Xe] = s pXe reveals the kinetic rate 
constants for xenon-independent dissociation and degenerate 
exchange c = 19 ± 1 s-1 and k = 5600 ± 800 M-1s-1, respectively. 

 
Figure 2  (a) Scheme of the NMR exchange experiment. (b) 65 

Normalized intensities (dots) of CrAma-bound xenon 
magnetization at pXe = 0.2 bar in dependence of exchange delay 
τex. Mono-exponential curve fitting (solid line) reveals a 
depletion rate Rd = 26.0 ± 1.8 s-1. (c) Depletion rate in dependence 
of xenon partial pressure with linear fit. 70 

In the analysis any contributions to the depletion rate by 
longitudinal relaxation of free or cryptophane-bound xenon were 
ignored (see SI). As is known for water soluble derivatives of 
crytophane-A, longitudinal relaxation of free or crytophane-
bound xenon occurs with time constants of the order of minutes 75 

or tens of seconds, respectively, in aqueous solution.11(g),12(d) This 
is much longer than the exchange periods of maximally 256 ms 
used in the experiments such that the observed depletion is 
dominated by chemical exchange. Also the variation of helium 
concentration in the exchange experiments (helium partial 80 

pressure was between 1.6 and 2.78 bar while xenon partial 
pressure varied between 1.2 and 0.02 bar) was assumed to have 
no effect on the results. Because of the very low polarizability of 
the helium electron shell the binding affinity to CrAma may be 
much smaller in comparison to xenon. Furthermore, due to the 85 

small size of helium, the ability of a single atom to expel xenon 
from CrAma is likely to be very limited as xenon only occupies 
less than 50% of the cage volume of 89 Å3.6 

In principle, measurements of the line width of crytophane-
bound xenon in dependence of pXe can be used to determine the 90 

presence of the degenerate exchange mechanism, as was 
anticipated by Bartik and coworkers.5 A quantitative analysis, 
however, is compromised by contributions to the line width from 
transversal relaxation, which may well be of the order of the 
exchange broadening and difficult to separate from, and from 95 

inhomogeneities of the static field. These problems are alleviated 
in the exchange experiment approach presented here. The wide 
separation on the chemical shift scale of the free xenon signal 
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from the cryptophane-bound xenon signal (~130 ppm for CrAma) 
allows for very clean selective excitation and intensity 
determination (integration) of the latter one. The proposed 
approach, however, requires revision under more extreme 
conditions than discussed here. When the exchange and 5 

relaxation rates become of similar order depletion during τex is 
governed by both processes. The simple linear dependence of the 
depletion rate on dissolved xenon concentration must then be 
replaced by a more complex expression in the matrix eigenvalues 
of the Bloch-McConnell equation including the relaxation rates 10 

(see SI). 
It is an interesting question, whether other processes than 

xenon-independent dissociation or degenerate exchange can 
substantially contribute to the kinetics. The direct hopping of 
xenon from one host to the next was found to play no, or at most 15 

a very minor role in organic solvent.12(a) That mechanism, 
however, would be degenerate within the cryptophane-bound 
pool and not affect the freely dissolved xenon pool. An exchange 
of xenon in between the pools could stem from higher order 
dissociation mechanisms, from collisions of two or more host 20 

molecules which would result in the transfer of at least one xenon 
atom from its host into the solution (and, possibly, the reverse 
transfer). In aqueous solutions and biomedical applications the 
host molecules, possibly functionalized, will be highly diluted, 
such that higher order events too rarely occur to have a 25 

considerable impact on the kinetics. However, it remains at this 
point open to which extent various guest molecules different to 
xenon but present in the solution (nitrogen, water) affect the 
overall transition rates kon and koff individually as only their 
cumulative effect can be determined by the rate c. Application of 30 

the approach presented here can further progress in cases where 
koff can be determined in dependence of the concentration of the 
compound in question. 

In summary, for aqueous solution, a degenerate exchange 
mechanism for xenon bound to cryptophane host molecules was 35 

found. This exchange mechanism can be unequivocally identified 
by the linear dependence of the magnetization depletion rate of 
cryptophane-bound xenon on the free xenon concentration in a 
series NMR exchange experiments. In addition, spontaneous 
decay of the complex and further xenon-independent dissociation 40 

processes where host-bound xenon is replaced by other guest 
molecules manifest as a constant offset to the depletion rate. For 
monoacetic acid crytophane-A in pure water the rates were 
quantified in this way to 19 s-1 and 5600 M-1 s-1 for dissociation 
and degenerate exchange, respectively. The approach can be 45 

readily applied to unravel the kinetic network of complex 
formation of xenon with other members of the cryptophane 
family or their derivatives, including bare or functionalized host-
molecules in non-pure watery solutions, like blood or cell 
suspensions. The understanding of the kinetics in these important 50 

host-guest systems could be further deepened and optimization 
strategies put forward in the applications. 
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