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Introduction

Supramolecular approaches to the mitigation of the hazard
posed by chemical warfare agents (CWAs) have attracted recent
interest, with chemical sensors,>® catalysts®®> and CWA-
responsive materials being proposed,®® amongst other appli-
cations. In the pursuit of recognition strategies for the
complexation of chemical warfare agents, and the subsequent
transduction of this event to furnish functional materials, there
is a need for academic and industrial research groups to use
appropriate chemical simulants (also referred to as surrogates
or analogues). This is mandated by both the health and safety
impact of CWAs and also by their regulation under the Chem-
ical Weapons Convention. The challenge arises in determining
the most appropriate chemical simulant; in the case of chem-
ical reactivity and vapour pressure, model compounds have
been described and evaluated and their limitations under-
stood.>*® In the case of supramolecular binding events the
choice of CWA simulant for many studies is not yet clear.
Commonly used simulants include the dialkyl methyl-
phosphonates and the trialkyl phosphates (Fig. 1), with exam-
ples of inclusion in supramolecular ‘baskets’ and coordination
to metal centres being reported in recent years.'>** Studies of
CWA recognition behaviour are not common, and comparisons
of agent behaviour to simulants even less so. Some rare
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furnishes preliminary supramolecular agent—simulant correlation data. Such comparison studies will have
utility in the design of new CWA-responsive materials.

examples of CWA recognition and also of comparative CWA-
simulant behaviour include hydrogen bond-mediated recogni-
tion of the nerve agent O-pinacolyl methylphosphonofluoridate
or soman (hereafter referred to as GD),* studies of the coordi-
nation of both V- and G-series CWAs and simulants to lantha-
nide complexes,” and the performance of responsive
supramolecular gels to the presence of GD, dimethyl methyl-
phosphonate (DMMP) and diethyl chlorophosphate (DCP).*>*

With regard to the use of the hydrophobic effect to drive
inclusion of organophosphorus (OP) CWAs such as GB (sarin)
and GD, cyclodextrins (CDs) provide an ideal test case for
establishing supramolecular agent-simulant correlations. The
recognition of OP CWAs by CDs has been demonstrated
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Fig. 1 Molecular structures of the CWAs soman (GD) and sarin (GB)
and some commonly used organophosphorus simulants.
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previously by a number of research groups;'”'* GB is bound by
a- and GD by B-CD. Furthermore, functionalised-CDs have been
proposed for use in CWA decontamination and medical coun-
termeasures, particularly with regard to cyclosarin (GF).***° A
recent review by Estour et al. summarises work in the interac-
tions of both OP nerve agents and other toxic OP compounds,
such as pesticides, with CDs.** Studies of the complexes formed
between OP CWAs and CDs by NMR methods and appropriate
comparison to the inclusion behaviour of simulants has not, to
the best of our knowledge, been widely investigated.

Herein, we describe experimental and computational
methods for the study of inclusion complexes of GD by -CD
and make comparison to the binding behaviour of commonly
used simulants. Such data will find utility in the development of
new supramolecular approaches to hazard mitigation in which
simulants are likely to be used, and, in addition, furnishes new
understanding of the hydrophobic inclusion of GD by -CD.

Results and discussion
The interaction of GD with B-cyclodextrin

Initial evidence that indicates the formation of complexes in
solution is obtained from '"H NMR spectra of equimolar solu-
tions of B-CD and GD in D,O and referenced against an internal
MeOH standard.?®** As can be seen in Fig. 2, significant upfield
chemical shift perturbations of the B-CD internal cavity proton
environments H-3 and H-5 (conventional proton numbering,
see ESIt) are clearly seen and are highly indicative of inclusion
of the GD guest species.”* It might be expected that, due to the
aliphatic nature of the guests, that these perturbations in
chemical shift would be small. In agreement with this proposed
inclusion complex, the proton environments external to the
cavity (e.g. H-2, H-4; Fig. 2) are not perturbed by the presence of
the guest species.

Proton environments in the GD molecule were also observed
to undergo significant chemical shift changes. The proton
resonances of the tert-butyl group of the pinacolyl side-chain
were observed to move downfield from 0.89 to 0.99 ppm, and
the side-chain methyl group from 1.30 to 1.41 ppm. Conversely,
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the P-Me group underwent very small magnitude perturbations
of <0.01 ppm, indicating that the inclusion of the pinacolyl side-
chain in the CD cavity dominates the complexation event.

The presence of both phosphorus and fluorine nuclei on the
GD guest molecule also provides additional information for the
study of these complexes. As can be seen in Fig. 3 the presence
of B-CD results in the resolution of all four stereoisomers (P(+),
C(1)) of GD, indicating preferential binding of some isomers
over others, in agreement with previous reports® and as will be
shown computationally. In addition, upfield chemical shift
perturbations (= 0.3 ppm) are also observed for the phosphorus
nuclei, again indicative of complex formation. Similarly signif-
icant perturbations are observed in the '°’F NMR spectra of GD-
B-CD mixtures, indicative once more of both inclusion complex
formation and chiral resolution (see ESIT).

Clearly, the presence of multiple stereoisomers of the guest
GD species results in complication of the binding phenomena.
However, it should also be noted that the presence of isomeri-
cally pure samples of GD is unlikely, and their synthesis chal-
lenging. To that end, racemic mixtures of GD were studied with
regard to determining complex stoichiometry and complex
affinity. Standard methods for Job plot analysis were conducted,
and the solutions checked for degradation of GD to furnish PMP
as would be evidenced by the appearance of a singlet in the *'P
NMR at 28.6 ppm (see ESI;7 lit.>® 25.99 ppm) over the course of
the experiment. This was estimated to be <5% degradation, and
as such unlikely to significantly influence the complex stoichi-
ometry determination. Analysis of the data by monitoring the H-
3 and H-5 environments of the B-CD cavity furnished a Job plot
with maxima at =0.5 mol fraction, indicative of the formation
of a complex of 1 : 1 stoichiometry (Fig. 4).

Quantitative NMR titrations were then conducted in order to
determine the association constant for the racemic mixture of
GD with B-CD. Experiments were conducted using seventeen
separate NMR samples of the B-CD solution with the addition of
aliquots of a stock GD solution to furnish solutions containing
appropriate molar equivalents of GD to construct a binding
curve (0, 0.2, 0.4...2.0, 2.5, 3.0, 4.0, 5.0, 7.0 and 10.0 molar
equivalents). Due to solubility limitations of GD in an aqueous
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Fig. 2 Selected region of the 'H NMR spectra of (a) B-CD and (b)
equimolar B-CD and GD in D,O (293 K).
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Fig.3 >*'P NMR of (a) GD and (b) equimolar solution of GD and -CD in
D,0 (293 K).
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Fig. 4 Job plot analysis of the complex formed between B-CD and
GD in D,O by monitoring of the B-CD (a) H-3 and (b) H-5 internal
cavity proton environments.

environment, aliquot volumes of 8 pL per 0.2 mol equivalents
were used. As with the Job plot analysis, titrations could
potentially be further complicated by the presence of GD
hydrolysis products that may interact with the B-CD cavity,
namely PMP (vide infra), and a fresh GD stock solution was
prepared at the start and at two intermediate points of the
titration. Analysis of the *'P NMR data (see ESIt for spectra) for
GD and GD-B-CD mixtures indicates minimal PMP present in
the mixtures (typically <5%). Furthermore, "H NMR spectra are
in agreement with less than 5% PMP present in all samples. In
addition to this, examination of the 'H NMR environments of
the B-CD host indicates no reaction between host and guest over
the time period of the experiments. The binding curves ob-
tained by monitoring the changes in the chemical shift of both
the H-3 and H-5 B-CD proton environments are shown in Fig. 5
and were fit satisfactorily to a 1:1 binding model using the
software package EQNMR.*” Association constants of 2075 + 66
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Fig. 5 Binding curves obtained from *H NMR titrations of B-CD with
GD in D,O monitoring the B-CD H-3 (x) and H-5 (+) proton
environments.
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and 2060 + 79 M ' for the H-3 and H-5 binding curves,
respectively, were obtained (Table 1).

The interaction of trialkylphosphates and dialkyl
methylphophonates with B-cyclodextrin

A series of commonly used trialkyl phosphates and dia-
Ikylmethyl phosphonate species were chosen as non-reactive
simulants for the G-series agents. As with the GD experi-
ments, initial screening of the guests with B-CD for complex
formation was conducted using equimolar aqueous solutions of
approximately 5 mmol concentration. Consideration of the
internal (H-3 and H-5) protons once more indicates inclusion
behaviour, although unlike the example with GD, the upfield
perturbations are small: 0.012 for triethyl phosphate (TEP),
0.013 for diisopropyl methylphosphonate (DIMP), and
<0.01 ppm for (diethyl methylphosphonate) DEMP, for the H-3
environment. Again, external protons (H-1, H-2, H-4, H-6) were
not affected by the presence of the guest species.

Determination of the stoichiometry of the complex formed
between the simulant guest molecule and the f-CD host was
once again determined by Job plot analysis. Fig. 6a is a typical
Job plot obtained for DIMP and B-CD, indicating a 1 : 1 complex
stoichiometry; the same complex stoichiometry was determined
for all simulants studied. In the case of DEMP it should be
noted that the perturbations in chemical shift were very small,
indicating very low affinity complexes.

Determination of the association constants for the formation
of the simulant-CD complexes was conducted by quantitative "H
NMR titration experiments. In all cases, the titration was per-
formed by addition of minimum volume aliquots of the guest
species into the B-CD solution in order to hold the concentration
of the latter near-constant and to generate molar ratio solutions
of up to 10 : 1 guest : host. Binding isotherms were constructed
by monitoring the chemical shift perturbations in the B-CD
internal proton environments H-3 and H-5 with changing guest
concentration (Fig. 6b), although the small chemical shift
perturbations led to some overlap of neighbouring data points.
The determination of association constants for the complexa-
tion of simulants with B-CD were determined by fitting of the "H
NMR titration data using EQNMR.” In the case of DEMP
a binding curve could not be obtained, with shift perturbations
of <0.01 ppm observed at a DEMP : CD molar ratio of 10 : 1. As
such any DEMP-CD complex formation is extremely weak, and

Table 1 Binding constant data for the inclusion of GD and simulant
phosphate and phosphonate species by B-CD (D,0O, 298 K). All binding
curves were fit to 1: 1 models and association constants determined
by EQNMR?”

Guest species Association constant M ™"

B-GD 2075 + 75; 2060 + 79
TEP 40+ 9

TnPP 115+ 6

TiPP 56 8

DEMP =0

DIMP 22+4

PMP 230 £+ 26
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Fig. 6 H NMR studies of the complexation behaviour of DIMP with f-
CD, where (a) Job plot analysis constructed form monitoring the -CD
H-3 proton environment, and (b) binding curve obtained by titration of
B-CD with DIMP and monitoring of the f-CD H-3 proton environment
(298 K, D;0).

the binding constant reported as approximately zero. All CD-
simulant association constants are reported in Table 1.

The interaction of pinacolyl methylphosphonate with B-
cyclodextrin

Also of interest as a supramolecular G-agent simulant is pina-
colylmethyl phosphonate (PMP), the hydrolysis product of the
nerve agent GD. Structurally this bears closest resemblance to
GD, but again the choice of this as a G-agent simulant is still not
ideal. The pK, of PMP is estimated at =2.5, thus under the
current conditions (and most conditions under which such
binding events would be considered) the molecule will be
dissociated and present as an anionic species.

As with the previous simulants, '"H NMR revealed perturba-
tions in the B-CD internal proton environments H-3 and H-5
and these were of a slightly greater magnitude (A6 H-3 =
0.03 ppm at equimolar concentrations) to those observed with
the trialkylphosphate and dialkyl methyl phosphonate simu-
lants. Interestingly, external proton environments were also
perturbed, albeit to a lesser extent, with environments H-1 and
H-2 and H-4 perturbed upfield by approximately 0.01 ppm.
Furthermore, it was found that the PMP guest protons were also
affected significantly by the complexation, an effect which could
not be measured easily on the previous simulants studied but
was apparent with GD. In this case, the changes to the guest
proton environments were larger than those observed for 3-CD
protons, with the side chain methyl group in particular per-
turbed by 0.12 ppm. Alongside significant chemical shift
changes for the t-butyl group (approx. 0.088 ppm at 1:1
CD : PMP molar ratio) this is highly indicative of the inclusion
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View Article Online

Paper

of the aliphatic side-chain in the CD cavity (see ESIT for tabu-
lated chemical shift observations). Analysis of >'P NMR spectra
of PMP and equimolar PMP-B-CD mixtures revealed small
upfield perturbations (=0.03 ppm) supportive of complexation,
and also resolution of stereoisomers (see ESIt).

Job plot analysis and NMR titration binding studies (Fig. 7)
were undertaken for comparison to both the neutral simulant
and GD studies. Fitting of the H-3 internal proton data yielded
an association constant of 230 M~ ",

Computational modelling

As stated earlier, GD exists in four stereoisomers that possess
different affinities for inclusion by B-CD and also possess
different toxicities. According to Benschop and De Jong, the
P(—) isomers possess greater affinity for human acetylcholine
esterase (HUAChE), and therefore greater toxicity (LDs, (mouse)
99 pg kg~ for P(—)C(+) and 38 pg kg~ for P(—)C(—) following
subcutaneous administration).”® In contrast, they state the
analogous LDs, value for the P(+) isomers in the range 2000-
5000 ug kg ', and refer to these compounds as ‘non-toxic’. In
agreement with Benschop and De Jong,*® van Dongen et al.*®
also state that the C(£)P(+) isomers are non-toxic and further-
more, that they are hydrolysed more rapidly.

More recent work by Ordenlich et al. measured the bimo-
lecular rate constants of phosphorylation of HuAChE and
showed a selectivity for the P(—)C(+) as 7.5 x 10*-fold over the
P(+)C(+) isomer.* They also demonstrated negligible effects of
the chiral C, centre on the rate of phosphorylation. The authors
explain the greater toxicity of the P(—) isomers through the
combination of the orientation of the P=0 group within the
active site and the accommodation of the alkoxy substituent.
This complementarity between the P(—) isomers and the active
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Fig. 7 'H NMR studies of the complexation behaviour of PMP with f-
CD, where (a) Job plot analysis constructed form monitoring the 3-CD
H-3 proton environment, and (b) binding curve obtained by titration of
B-CD with PMP and monitoring of the B-CD H-3 proton environment
(298 K, D20).
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centre allows for polarisation of the P=0 bond by the oxyanion
hole and the close proximity of this group to the nucleophilic
residues. In contrast, the P(+) diastereoisomers exhibit low
reactivity that results from steric constraints preventing
accommodation of the alkoxy side-chain within the enzyme acyl
pocket.

As discrimination between these four isomers has been re-
ported®®* for B-CD it was decided to determine if computa-
tional methods could reproduce the experimental data. As a test
of this approach all four isomers of GD were modelled as their
B-CD complexes. Binding in water was presumed to occur
through dehydration of both B-CD host and GD guest followed
by complexation and ejection of water:

B-CD-mH,0 + GD-nH,O — B-CD-GD + (H0),,4»

Inspection of an X-ray structure of -CD hydrate shows that it
has ten water molecules inside the central cavity.*® These
interact strongly with each other and the surrounding hydroxyl
groups. Consequently the atomic coordinates from that struc-
ture were used as a basis for a model of 3-CD-10H,O to simulate
the solvated host. Initial calculations were undertaken with the
semi-empirical PM6 method which is rapid compared to ab
initio methods. Although the magnitudes of binding energies
determined by this method are often unrealistic, they generally
predict the correct rank order of complex formation.**** To
introduce a further level of complexity it was assumed that GD
would be solvated so a simulation of GD surrounded by 55 water
molecules (to approximate a molar solution) was initiated to
determine if there were any significant hydrogen bonds formed
between the CWA and surrounding solvent. All non-hydrogen
bonding water molecules were removed prior to a second
geometry optimisation iteration by PM6. Free energies were
calculated for the resulting PM6 optimised geometries for each
chemical entity. The simulation indicated four interactions so
the free energy of GD-4H,0 was calculated. The process of host
and guest dehydration involved the removal of 14 water mole-
cules so the free energy of a (H,0),, cluster was also calculated.
The B-CD-GD complex was created by introducing GD into the
cavity of solvent-free B-CD. Starting geometries were created
using the Spartan’14 Minimizer. As B-CD has a slight funnel
shape, GD was introduced in two orientations and the lower
energy complex from each pair of simulations retained. The
geometries of all entities were calculated from molecular
mechanics coordinates (Merck Molecular Force Field) followed
by semi-empirical calculations using PM6. The process can be
formalised as:

f-CD-10H,O + GD-4H,0 — B-CD-GD + (H,0)4

The free energy for the complexation process is given by:

AG(pinding) = [B-CD-GD + (H,0),4]
— [B-CD-10H,0 + GD-4H,0]

This journal is © The Royal Society of Chemistry 2017
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Table 2 Computational data for B-CD-GD complexes

G (k] mol ™) AG (k] mol ™)

GD-4H,0 606.29 —
B-CD-10H,0 3057.00 —

(H,0)14 518.55 —

B-CD - GDjc(_yp(s)] 3120.03 -24.71
B-CD - GD{c(iyp(s) 3120.38 ~24.36
B-CD-GDjcyp(_) 3121.05 ~23.69
B-CD - GDjc(—p()] 3121.35 ~23.36

All four isomers are predicted to bind with the C(—)P(+) and
C(+)P(+) isomers held more strongly than the C(—)P(—) and C(+)
P(—) isomers. From these calculated values (Table 2) the average
association constant from the simulations is 13 742 at 298.15 K.
Thermodynamic properties derived from semi-empirical
models are generally far less accurate than those calculated by
more sophisticated ab initio approaches, however, for supra-
molecular complexation involving relatively large host mole-
cules the latter can be highly CPU intensive and time
consuming. Using the PM6 data and fitting the experimental
data from Table 1 for H-3, assuming that the value of K is likely
to be an average of all four isomers, allows the derivation of
a normalisation coefficient, n, of 1.27 from:

AG(calcd) = —nRT In K(expl)

Applying this to the individual calculated AG(pinging) values
gives K for the individual isomers as shown in Table 3.

These results indicate that the P(—) stereoisomers that
possess greater complementarity for the active site of HUAChE,
and exhibit greater toxicity, are in fact bound with lower affinity
by B-CD than the lower toxicity P(+). The value of 1848 and 1664
M for the two P(—) isomers are in close agreement with the
value reported by Desire and Saint-Andre of 1887 M~ " (K4 = 5.3
x 10~* M) at pH 7.40, determined from enzyme inhibition
assays and fluoride release.”® While the difference between the
toxic and non-toxic isomers determined computationally in our
study is not as great as would be expected based on hydrolysis
data, it has been possible to differentiate between the two
classes using a low level, semi-empirical approach. Analysis of
the resulting structures using Olex2 ** indicates that hydrogen
bonds form between GD and the cyclodextrin for the C(+)P(—)
isomers but not for the C(+)P(+) isomers, as shown in Fig. 8 and
Table 4.* Furthermore, in every case the ¢-butyl and methyl
substituents of the pinacolyl group were drawn into the central

Table 3 Binding constant data for the GD isomers derived from
computational data

Association constants Ky, M~ *

C(=)P(+), C(+)P(+), C(+)P(-), C(=)P(-),
[(S)-C, (R)-P] [(R-C, (R)-P] [(R)-C, (5)-P] [(S)}C, (S)-P]
2554 2285 1848 1664

RSC Adv., 2017, 7, 38069-38076 | 38073
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Fig. 8 B-CD-GD complexes: (from top) C(—)P(+), C(+)P(+), C(+)P(-),
C(—)P(-). Dashed lines indicate intermolecular interactions.

cavity of the CD whereas the P-Me group remained at the
annulus of the CD, in agreement with the chemical shifts
observed in the proton NMR spectra. The chirality of the carbon
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centre is therefore of secondary importance to that of the
phosphorus. In their 1.95 A resolution crystal structure of GD
with Torpedo californica acetylcholine esterase (TcAChE), San-
son et al. note that the terminal GD oxygen interacts weakly with
hydrogen bond donors at distances of 2.6, 2.7 and 3.0 A and that
the bridging oxygen interacts with a histidine nitrogen atom at
3.2 A% A similar effect is seen for the CD-GD complexes with
C(£)P(—) chirality, where hydrogen bonds of 2.7 A are found in
the model systems. In all cases C-H---O interactions are pre-
dicted and it is presumably these weak arrays, coupled to
hydrophobic effects, which stabilise complex formation leading
to slightly more favourable AG values for the B-CD complexes if
the C(+)P(+) isomers. It appears that in this case the less stable
complexes happen to allow for some hydrogen bonding despite
it often being associated with increased stability in supramo-
lecular chemistry.

Agent-simulant comparisons and implications for simulant
selection

The use of simulants to test the efficacy of CWA disclosure and
decontamination systems is necessary due to the prohibited use
and safety impacts of the CWAs themselves. Indeed, there are
many examples of responsive materials that claim functional
properties towards CWAS based on extrapolation of simulant,
rather than agent, data, however, the reason for selecting
a specific simulant is not always clear and may be dependent on
material availability or literature precedent.**** Whilst some
agent-simulant correlations such as vapour pressure'® or
material permeability® are understood (or at least partially so),
those involving host-guest systems are not to the same extent.

In this work many of the commonly used simulants do not
mirror the inclusion behaviour of GD in the hydrophobic cavity
of B-CD. Almost all of the dialkyl methylphosphonates, such as
DIMP, exhibit affinities two orders of magnitude lower than the

Table 4 Intermolecular distances (A) and angles (°) found in the
modelled GD-CD complexes

X-H---0
Compound X0 (A) H--0 (A) X-H:--0 (%)
GDyc(—jp(n)-CD

C-H:--0 3.19 2.15 156.2
GDyc(+ypCD

C-H---0 3.21 2.17 154.2
C-H---0 3.23 2.13 175.9
GDcyp(—)-CD

O-H---0 2.76 1.74 176.7
C-H---O 3.17 2.14 151.2
C-H---0 3.23 2.13 168.5
GDyc(-ye(—)-CD

O-H---0 2.74 1.71 172.6
C-H---0 3.14 2.11 151.6
C-H---0 3.22 2.12 169.9
C-H--0 3.24 2.17 159.5

This journal is © The Royal Society of Chemistry 2017
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GD-B-CD complex. Concerns could be raised with regard to
pursuing synthetic host systems for CWA recognition based on
simulant binding data, or conversely, the dismissal of hosts
systems based upon the lack of simulant binding. The former
could result in development of functional systems optimised
towards binding simulant molecules and not CWAs, whereas
the latter could result in missed opportunities where CWA
binding could potentially be exploitable.

The work here presents a further case, alongside other
supramolecular studies,"* that simulant selection must be
considered carefully, and extrapolation of simulant data towards
implied performance against CWAs must be done cautiously. It
also demonstrates that computational methods can furnish
additional useful information with regard to complex formation
and, importantly, stereoisomer-specific complexation.

Conclusions

A combined experimental and computational study of the
complexation of the CWA GD with B-CD has been conducted,
with further insights provided by semiempirical modelling of
the four isomers of GD bound within a hydrophobic cavity.
Comparison to commonly used simulants provides agent-sim-
ulant correlation data, albeit for a specific rather than general
case; further studies will seek to establish how generic some of
these comparative behaviours are for a wider range of host
systems. The significant discrepancy in complex affinity
between the CWA and all the studied simulants highlights the
importance of appropriate simulant choice in the study of
supramolecular system.
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