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Designing new and innovative receptors for the selective binding of radionuclides is central to nuclear

waste management processes. Recently, a new multi-topic ion-pair receptor was reported which binds a
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variety of cesium salts. Due to the large size of the receptor, quantum chemical calculations on the full

ion-pair receptors are restricted, thus the binding mechanism are not well understood at the molecular
level. We have assessed the binding strengths of various cesium salts to recently synthesized multi-topic
ion-pair receptor molecule using density functional theory based calculations. Our calculations predict
that the binding of cesium salts to the receptor is predominantly occurs via cooperative binding
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mechanism. Cesium and anion synergistically assist each other to bind favorably inside the receptor.

Energy decomposition analysis on the ion-pair complexes shows that the Cs salts are bound to the
receptor mainly through electrostatic interactions with small contribution from covalent interactions for

large ionic radii anions. Further, QTAIM analysis characterizes the importance of different inter-

molecular interactions between the ions and the receptor inside the ion-pair complexes. The role of
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crystallographic solvent molecule contributes significantly by ~10 kcal mol™ to the overall binding
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affinities which is quite significant. Further, unlike the recent molecular mechanics (MM) calculations,
our calculated binding affinity trends for various Cs ion-pair complexes (CsF, CsCl and CsNOs3) are now
in excellent agreement to the experimental binding affinity trends.

Some notable host
ether®,calix[4]arene-crown-[6]

Introduction s

Designing new ligands for the selective separation of harmful and
toxic radionuclides such as cesium'?(Cs'?’), strontium’(Sr*’, Sr’°)
and iodine® (1'%, I'*!) have gained significant interest to reduce
the volume of generating nuclear fission products from nuclear
power production and from nuclear reactor accidents like
Chernoboyl6 and Fukushima Diichi’. Post processing of these
nuclear wastes using a selective ion probe remains to be the most
challenging aspects of on-going nuclear strategies in the back-end
of the fuel cycle. To this end, numerous experimental studies
have been carried out to identify ligands suitable for selective

and calix-pyrrole'®'®
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crown

and calix crown “receptors,

which are found to bind cesium cation (Cs") with high selectivity.
On the other hand, pyridyl terminated tripodal amide receptor
are promising ligands to selectively bind
so various halide anions (F", Cl" and I).

14,15

Further, in solvent extraction processes, the influence of
counter ions is recognized to be an important and decisive factor
to achieve better separation factor.'®?® In this direction, several
multi-topic ion-pair receptors have been synthesized. Particularly

35 extraction of radionuclide ions.
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Sessler and co-workers??* have pioneered in synthesizing many
ion-pair receptors, which tend to enhance the binding through
favourable cooperative effects. Interestingly, within the various
ion-pair binding receptors, the binding mechanism of each ion-
pair are unique from one receptor to another. For example, in the
crown-6-calix[4]arene-capped calix[4]pyrrole, both cations and
anions are observed to bind simultaneously to the host,” whereas
in another one (calix[4]pyrrole-calix[4]arene), the ions bind
through the sequential mechanism.?*

Very recently, Kim et al.**® reported yet another ion-pair
receptor (calix[4]arene crown-[5] strapped with calix[4]pyrrole

This journal is © The Royal Society of Chemistry [year]
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moiety via glycol and aromatic linker) for the efficient extraction
of Cs" via cation metathesis. This receptor is composed of three
main cation binding sites, namely calix[4]arene-crown-5 (C),
glycol site (G), the concave site of calix[4]pyrrole (P) and, two
probable anion (X') binding sites namely convex side of
calix[4]pyrrole (P) and outer sphere of the crown site(C) (figure
1). Hence, resulted in four distinguishable binding modes for the
Cs salts in the receptor, namely C/P, G/P, P/P and C/C where first
letter stands for cation binding site and later is for anion binding
site  (scheme 1). In conjunction with experimental data,
theoretical gas phase calculations using molecular mechanics
(MM) force fields were also carried out to gain more insights on
the preferable binding mode.

Noticeably, MM calculations carried out in the gas phase for
the above mentioned ion-pair receptor’™>¢ failed to follow the
experimental binding trends. For example, although the
experimental data suggest the C/P binding mode is to be
thermodynamically favourable for CsF and CsCl, MM
calculations predict C/C and G/P binding modes. Further, the
computational results do not shed light over the existence of
positive allosteric effects in the ion-pair binding mechanism. An
elucidation of such acting cooperative effects in the receptor at
the molecular level is indeed very essential and can act as a test
bed for synthesizing more efficient ion binding probe.

Quantum chemical calculations at the density functional theory
(DFT) level are very popular and powerful method to investigate
the binding preferences of various radionuclides to different
hosts.”?For instance, Boda et al investigated the selective
binding of Cs" over Na' with macro cyclic calix-bis-crown
s ether.’Hill et al. studied the binding of various alkali metal
cations to crown ether and its analogues.**However, apart from
the aforementioned experimental investigations, owing to the
large system size, quantum chemical calculations on these
reported ion-pair receptors are very rare.*’

Here, we have carried out DFT calculations on the ion-pair
receptor of Kim. et al.>***to unravel the structures and binding
mechanism of Cs salts. Our present study focused to address the
following intriguing questions,

(i) What are the binding affinities of anions and Cs’ in the
absence of their counterparts?

(i1) Which is the most preferable binding mode for cesium salts at
this receptor and why?

(iii) To what extent, cation or anions assist each other in binding?
and,

(iv) To what extent solvent molecules alter the binding affinity
trend?

In addition to this, we have also carried out energy
decomposition analysis (EDA) to determine the various
contributions of interaction energy components into the total
interaction energy. Besides, topological analysis using atoms in
molecule (AIM) approach is performed to decipher the nature of
inter-molecular interactions existing in the ion-pair complexes.
These two tools have gained considerable attention to understand
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ss the nature of bonding present between the ions and the

extractants.”’ 3

Computational Details

The starting structures of the ion-pair receptor are taken from the
reported X-ray structure of Kim et al.>***We have considered
various cesium-halide salts, viz. CsF (CCDC codes: 826578),
CsCl (CCDC codes: 826574), CsBr and Csl along withCsNO;
(CCDC codes: 826577) for complexation with the receptor. For
CsBr and Csl, we have used the CsCl X-ray structure. All X-ray
derived structures are further optimized using BP86 functional®*
*in conjunction with the def2-SV(P) basis set (denoted as Bl
basis set).*Notably, this functional/basis set (BP86/de2-SV(P)
was previously observed to produce accurate structural
parameters.****The effect of long range electrostatic effects are
taken into account by using the implicit COSMO solvation model
(water as solvent; e= 80).**The size of the system is very large
(173-187 atoms), such that even with double -basis set (1572
basis functions), the computation is very demanding. Thus,
geometry optimizations with the larger basis sets are prohibitive.
Nevertheless, to comment on the basis set dependency of the
structure and energetics, a set of calculations are performed for
[Receptor.CsCl] complex at the C/P binding mode using a basis
set of triple {-quality*" **(TZVP, 2404 basis functions, denoted as
B2 basis set) (ref SI, Table S1, S2). The obtained structural
changes between def2-SV(P) and TZVP basis set are found to be
negligible. Further, binding affinities are also observed to deviate
only by 4 kcal mol™ (ref SI, Table S2).

Moreover, the above complex is also optimized at gas phase as
well as at €=80 with and without Grimme’s three-body dispersion
correction term (denoted as D3 correction).” Noticeably, the
optimized structural parameters with D3 corrections are observed
to deviate more with respect to X-ray structure (ref SI, Table S1).
The same is noted for the gas phase optimized structure at
BP86/B1 level. Such alteration in geometry is found to be
minimal in case of COSMO optimized structure at BP86/B1
level. The above results thus justify our applied DFT level
(BP86/B1 using implicit solvation scheme (¢=80)) for geometry
optimization.

Compared to BP86, hybrid B3LYP** performs better in
energetics  calculations.**"’ Hence, Binding affinities are
computed using dispersion corrected B3LYP(D3) functional with
a B2 basis set on BP86/B1 pre-optimized structuresat €=80. For
Cs" and T ions, a def-TZVP basis set was used to describe the
valance orbitals, whereas the core electrons were modelled via
SD-ECP (replacing 46 electrons in the core)*® pseudo potential.
To speed up the calculations, a resolution of identity (RI or
RIJCOSX) approximation**was applied by using corresponding
auxiliary basis sets. Similar computational methodology was
successfully used by us to benchmark the alkane binding to
cucurbiturils with the experimental binding free energies ** and
also to describe binding mechanism of Cs" in fulvic acid.*®

Due to large system size the harmonic frequency calculations
on ion-pair receptor adducts are computationally very expensive.

1o Further, the experimentally determined thermodynamic quantities

suggests the binding of ion-pair to the receptor is enthalpy
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driven,”>?® hence our derived electronic binding affinities can be
expected to correlate well with the experimental binding trend.
All structural optimizations are performed using TURBOMOLE
v 6.3.1 while energetics are computed using ORCA v 3.0
software.’

The nature of interactions present between Cs/X and the
receptor have been analysed using BP86/B1 (¢=80) optimized
structures by means of EDA as implemented in the ADF program
package™ based on the methods pioneered by Morokuma® and
Ziegler®™ at a level of BLYP/TZ2P with ZORA. It should be
noted that Pardue et al*® reported that both BLYP and B3LYP
functional predict similar EDA parameters. Thus for
computational efficiency we chose BLYP/TZ2P method for the
present study. The total interaction energy (AE;,)between the two
fragments is calculated using the following equation,

AEim(C ): AEelslal (C)+ AEpauli (C)+ AEorb (g) (1)

and, the percentage covalency have been calculated using the
equation 2,
[AEor (O/(AEeisiar (€) + AEqs (€))] X 100 2

where, AEqga (§) and AE,; ({) represents the electrostatic
and repulsive interaction energy contributions between the
fragments respectively. AE,;, ({) is the stabilizing energy arises
from the orbital contributions and thus represents the strength of
covalent bonding between the fragments.

Further, the quantum theory of atoms in molecule (QTAIM)
was applied to depict the topological properties of the most
favourable [Receptor-Cs'X] complexes. QTAIM analysis,
pioneered by Bader and co-workers characterizes bonding and
non-bonding interactions of atoms in terms of the electron density
p(1), Laplacian of the electron density L(r), kinetic energy density
H(r) and a potential energy to the Lagrangian kinetic energy ratio
(IV(©)/G(r))|.BFor instance, the presence of a (3, -1) critical point
in QTAIM topography represents a chemical bond between two
atoms and are called as the bond critical points (BCPs) where the
shared electron density reaches a minimum, whereas a critical
point with (3, +1) and (3, +3) signatures identify a ring structure
(RCP) and cage critical point (CCP) in the molecular system. The
p(r) values at the BCPs is related to the strength of the bonds.*In
this study, QTAIM calculations are performed at BP86/B2 level®
using AIM2000 package.%

Results and Discussion

(a) Solvation of Ions:

The preferential binding of ions to the receptor is known to be
modulated by dehydration penalty of ions. From the earlier
studies,”™?* 8% it is apparent that a primary hydration number of
six can be considered for the halide ions and for Cs cation. Topol
et al.%" demonstrated that the primary hydration shell of F, CI
and Br” contains six water molecules. DFT studies by both Dang
et al.% and Al et al.% predicteda partially solvated structures for
I' and Cs" to be the most stable species. Recently, we have also
used hexa-hydrated halide ions towards understanding the ion-
host interaction at the molecular level.”Similarly, for nitrate,
Bodaet al.”” used hexa hydrated structure in their previous
quantum chemical calculation. The same solvated models have
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been used here in our study. To validate the solvation model, we
have calculated the hydration free energies of all ions which are
indeed found to be close with the experimentally derived values
(ref SI, Figure S1 and Table S3),”%and in particular the trends are
excellently reproduced. Thus the chosen methods BP86/B1 for
geometry optimizations within the implicit COSMO solvation
model and B3LYP-D3/B2 for energetics are accurate enough for
the present study.

(b)Binding of Cesium to Receptor

The receptor bears three binding sites for Cs' namely, ‘C’, ‘G’
and ‘P’ site (figure 1). Cs'cation binding affinity to the receptor
have been calculated using the following equation:

©)

For the ‘C’ and ‘G’ sites, the calculated binding affinities are
-15 kcal mol™ and -13 kcal mol” respectively. Among the three
binding sites, Cs" binding to the ‘P’-site is least favourable (B.E
~-7 keal mol™) (Table 1). Hence, ‘C’ and ‘G’ sites act as the
primary binding site for Cs* in absence of anion.

E(receptor] T Efcs+. (112061 Efreceptor-s+] T Er20)6]

Cs' at the ‘C’ site interacts with crown-5 oxygen atoms
through strong electrostatic interaction (Cs-Opoun- 2.93-3.10 A).
Aromatic moieties of calix-[4]-arene are also found to interact
with Cs” through cation-m interaction in the C site (Cs-Arene-
3.45-3.51 A). However, in ‘G’ site, in addition to cation-n
interaction with the calix[4]arene moiety(Cs-Arene-3.54-3.74 A),
two ethylene glycol spacers (Cs-Og- 3.06-3.56 A ) further
provide favourable electrostatic interaction whereas larger space
of the cavity reduces steric hindrance. Finally, for the ‘P’site,
pyrrole rings of calix[4]pyrrole unit interacts weakly with Cs" via
cation-t interaction (Cs-Np-3.66-3.73 A) and thus lead to
minimal binding affinity (only 7 kcal mol™) and energetically less
favorable as compared to ‘C’ and ‘G’ site.

(c) Binding of Anions to Receptor

The chosen anions (X=F’, CI', Br, I' and NO3") can bind either at
‘P’ or at the outer sphere of ‘C’ site of the receptor through
hydrogen bonding (table 2).Anion (X') binding affinities to the
receptor have been calculated using the following equation,

“)

E(receptor] T Epx-t20)61 Efreceptor-x-] + Eft120)6]

In site ‘C’, anions can only interact with the methylene
hydrogen atoms through weak hydrogen bonding (F-H > 2 A),
whereas at the ‘P’ site, a strong hydrogen bonding (F"...H-Nyro1c-
1.68-1.70 A, I'...H-Npyoe-2.58-2.63 A) is noted. These variations
in the geometry lead to favorable binding affinity at the ‘P’ site
(~-5 kcal mol™'for F") but unfavorable binding is noted for the ‘C’
site (>+5 kcal mol™). For large I anion, both the sites are found
to be unfavorable. The computed bond lengths are consistent with
the structural parameters of previously reported computational
study for calix[4]pyrrole-halide system’"?and with reported
experimental data (F"...H-N:1.64 A, I"...H-N:2.69 A).”

Evidently, electronegativity and hydration energy of anions

This journal is © The Royal Society of Chemistry [year]
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play an important role in their selective binding at the‘P’ site.
Interestingly, despite having highest electronegativity, F is noted
to have a lower binding affinity than Cl'and Br. This can be
attributed to the strong solvation nature of the F~ at water medium
which increases the desolvation energy barrier for F'. Notably,
carlier experiments by Kim et al.%also observed no complexation
of F~ with the receptor in the more polar medium. For the ‘P’ site,
the strength of anion binding decreases as follows,

CI>Br ~NOy >F>>T

(d) Cesium assisted Anion binding

Experimental studies on various ion-pair receptors’* “suggest that

binding of anions are largely influenced by the presence of the
cation. From table 1 and 2, it is evident that anion binding to the
receptor is comparatively weaker as compared to Cs'. Thus,
cation is expected to bind first to the receptor, which can
subsequently enhance the binding affinity of anion to the
receptor. Here, we have considered all possible four binding
modeswhich are earlier denoted as C/P, G/P, P/P and C/C
(scheme 1). The cation assisted anion binding affinitiesare
calculated using the following expression,

E[ReceptonCsﬂ*‘ E[X-.(Hzo)e]—’ E[Receptor.Cs+.X-] + E[(HZO)()](S)

For all the three available X-ray structures (CsCl, CsF and
CsNO;), our optimized structures are very close to the
experimental data (Table 3).2%?For instance, the average Cs*-O¢
bond distances are within 0.1 A deviation with respect to
corresponding three X-ray structures. Notably, for CsNO; at G/P
mode, in contrary to experimental observation of asymmetric
binding of Cs" and nitrate (3.19-3.50 A), Cs" is noted to interact
with nitrate symmetrically (Cs™-Opiare-3.26-3.28 A). Such
3s structural change can be attributed to the presence of
crystallographic solvent molecule (ethanol) in the X-ray structure
(see below).The Cs™-O bond lengths at the °C’ site is
comparatively shorter as compared to Cs'-Oapenedue to strong
electrostatic interactions. As expected, the X-N,, bond lengths are
clongated as we go from F to I' due to decreasing
electronegativity which leads to weakening of hydrogen bonding
down the group. Notably, Cs-Og bond distances (G/P mode) in
the complexes are found to be somewhat elongated (>0.4 A) as
compared to Cs-bound-receptor in the absence of anions. Such
elongation is found to be larger as we move down the group from
CsF to Csl complexes. The presence of anion at ‘P’ site also
resulted in shortening of Cs-N, bond distance (by ~0.1 A in P/P
mode). In contrary, the computed Cs-O¢ bond distances in C/P
and C/C modes remain almost unchanged with respect to
[Receptor-Cs']. In the presence of Cs™ at ‘G’ site, X-Np bond
lengths are elongated significantly (by ~0.09 A for CsC1,~0.10 A
for CsBr, ~0.11 A for Csl) from CsCl to Csl as compared to bare
anion binding to the receptor [Receptor-X']. Such elongation
even becomes more prominent (>0.15 A) for the G/P mode of
CsNO; complex. However, in case of CsF, X-Np distance remain
unaltered even in presence of Cs* at ‘G’ site probably due to the
large inter-ionic distance between the ion-pair (~5 A). For all
salts, presence of cation at ‘C’ or ‘P’ site does not change in
anion-pyrrole bond length. These observations are further
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o0 suggested that the close proximity of anion near cation can induce

such structural changes (specifically for G/P binding mode).

Due to the favorable columbic interaction, the presence of Cs"
in close proximity to anions at C/C,P/P and G/P mode enhances
the binding affinities of anions (table 4). Although, CsF has
highest lattice energy among the Cs halides,”® we find that the
presence of Cs" does not appreciably enhance the binding affinity
of small and high electronegative anion such as F~ at G/P mode
due to larger inter ionic distance between the Cs” and F.
However, for larger Br and I' ion, the inter ion-pair distance
decreases (~3 A) for G/P mode which leads to significant
enhancement of the binding affinity of Br™ and I in the presence
of Cs'(table 4). Even in the presence of Cs’, the anion binding
affinities at the C/C binding mode are noted to be weak for all
Cs-salts. However, with the increasing size of halide, we find an
increase in the extent of favorability for 'C' site. particularly for I,
owing to the close inter-ionic separation at C/C binding mode
(5.97 A) and proper size compatibility between the opposite ions.
Thus 'C' site is now noted to be more favorable than 'P' site in the
presence Cs'at 'C' site (Table 4). Similarly the presence of Cs" at
‘P’ site also enhances the anion binding affinities (P/P mode) by
almost 6 kcal mol™.

(e) Anion assisted Cesium binding

Until now, we have shown that cationdoes assist the anion
binding to the receptor. Taking consideration of binding affinity
(Table 1 & Table 2), we can expect anion to bind the receptor
later to Cs*. Nevertheless, the presence of anion can also regulate
cation binding ability due to the acting cooperative effect. As all
the anions are noted to have unfavorable binding affinity at the
outer sphere of ‘C’ site, hence anions are not expected to bind at
the ‘C’ site prior to cation binding. Thus, C/C binding mode is
not considered here. Anion assisted cation binding affinity is
calculated using the following expression,

Elreceptorx-1 T Ejcs+#20)6] = EfReceptor.cs+x-1 T Ef20)61(6)

We indeed find a significant enhancement (by ~5-10 kcal mol
") of binding strength for Cs'in the presence of anions for all
modes except for CsF in G/P binding mode. As mentioned in the
earlier section, particularly for the G/P mode of CsF, the larger
inter ionic distance between the Cs™ and F~ diminishes the effect
of positive allosteric effect. Similar to cesium assisted anion
binding, we find that proximal presence of anion in close
proximity with Cs" (for P/P and G/P mode) assist the binding of
cation most (table 4).

(f) Overall binding affinity of ion-pairs to receptor

We have also calculated the overall binding affinity for cesium

1o salts to receptor using the following expression,

Efreceptor] T Ejcs+20)6) T Epx-120)6) = Efrec-cs+.x-] T 2E 2061 (7)

As expected, the C/C binding mode is noted to be less

1s preferable for all cesium salts except for Csl (table 5). In the

4|Journal Name, [year], [vol], 00-00
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presence of I', the considerable preference of Cs' to bind at 'C'
site over 'P' site in the contact ion-pair complexes of CsI (C/C and
P/P) (Table 4) seems to originate slightly higher preference of
C/C mode for Csl than the P/P mode. Relative binding strength of
CsF in receptor is predicted to be less as compared to CsCI and
CsBr. The computed binding affinity trends suggest that C/P
mode to be the most favorable for CsF and CsCl, whereas CsNO;
ion-pair complex prefers G/P mode which are in good correlation
with experimental data.?>**We find that the calculated binding
affinity trend for CsNO; in close agreement with experimentally
observed G/P binding mode. It should be noted that with pure
calix-pyrrole system which is only capable to bind ion-pair via
P/P binding mode, Wintergerst et al.” reported binding of CsNO;
to the host molecule is weakest (or unbound) among the three Cs
salts (CsCl, CsBr and CsNO3). Although our used host molecule
is markedly different (as it contains 'C' site for cation) in
comparison to the aforementioned calix-pyrrole system, we can
qualitatively compare the performance of these two host
molecules at the P/P binding site. We do predict a similar trend,
where within the three salts (CsCl, CsBr and CsNO;), binding
affinities for CsNOs; is least for the P/P binding mode (-23.59 kcal
mol'- CsCl;-22.80 kcal mol™'- CsBr; -20.59 kcal mol'- CsNO3).
Notably, for CsNOs, the preference of G/P over the C/P binding
site is due to the presence of favorable bi-dentate coordination
between the ion pairs in the former binding motif.Particularly for
large anions like Br™ and I', a slight preference for G/P mode over
C/P mode is observed. This can be ascribed to the favorable
electrostatic interactions present between the oppositely charged
ions of large ionic radii at short distances which indeed help to
stabilize the contact ion-pair complex formation.

(2) Role of Crystallographic solvent molecule

In the X-ray crystal structures of CsF, CsCl and CsNO; bound
receptor, a crystallographic methanol molecule, a water molecule
and an ethanol molecule are found(figure 2). In order to
quantitatively describe the influence of these explicit solvent
molecules on the structures and relative binding affinities, we
further calculated the binding affinity using following expression,

E(receptor T Ecs+20)61 T Ex-120)61+ Efsol=E Receptor.Cs+.X- 30 2Eqi20)67 (8)

where, X= F, CI, NO;™ and Sol denotes CH;OH, H,O and
C,Hs;OH

We have also calculated the relative energies (R.E in kcal mol
") for all binding modes with respect to the most stable species of
all three Cs salts (table 7).

Here, we have not considered C/C binding mode as we noted
this binding mode to be least favorable
calculations.The optimized structures (Table 6) showed very
small displacement from the reported X-ray structure [RMSD:
0.357 A (CsF), 0.309 A (CsCl) and 0.478 A (CsNOs): see SI,
Figure S2].

Although the structures are perturbed very little due to the
presence of solvent molecules, the overall binding affinities are
modified significantly (up to 10-15 kcal mol”, Table 7) but
importantly does not alter the overall binding trends. This indeed
suggests that solvent molecules in close proximity to the ions
provide charge delocalization through hydrogen bonding thus
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stabilizing to the solvent separated Cs salt complexes.

It should be noted that a direct comparison of solvent effect on
the binding affinities cannot be made between the different
cesium salts due the presence of non-identical solvent molecule at
different ion-pair complexes. However, we can rationalize the
observed change in binding affinity with respect to different
binding modes for a particular ion-pair complex.

For CsF ion-pair complex, very similar binding affinities are
predicted for both C/P and G/P binding sites in the presence of a
solvent methanol molecule (R.E=+1.1 kcal mol'l), Here, at G/P
mode, methanol acts as a bridge between the ions where
hydrogen on the hydroxyl group ofthe methanol remain hydrogen
bonded with F~ (1.67 A) and oxygen of methanol coordinate to
Cs" (2.97 A). The inter-ionic distances are now elongated further
(5.45 A) as compared to contact ion-pair complex to form solvent
bridged ion-pair complex. These subsequent changes help the
ion-pair to get stabilized more inside the receptor (binding
affinity increased by~15 kcal mol™). Further, we find C/P mode
for CsF is slightly more favourable (by only 1 kcal mol") as
compared to G/P.This is in accord with the reported experimental
observationsof Kim et al. 2where a slow equilibrium between the
G/P mode and the thermodynamically stable C/P mode was
noted.However, for CsCl, the binding affinity at C/P mode still
remains more preferable as compared to G/P mode but now the
margin of difference is 3 kcal mol' (R.E=+3.2 kcal mol™).
Similar to CsF, here also water is observed to remain hydrogen
bonded albeit weakly with Cl" (2.21 A). Hence, an enhanced
binding affinity is smaller for CsCl as compared to CsF. In case
of CsNOsthe G/P ion-pair complexis found to be largely
preferable (by 9 kcal mol™) as compared to C/P mode (R.E=+9.0
keal mol™). Here, Cs* interacts strongly with the oxygens of the
‘G’site (figure 2). As mentioned earlier, an asymmetric strong bi-
dentate interaction of NO5 with Cs* (3.34-3.59 A) is also noticed
resulting in a strongly favourable binding as compared to P/P and
C/P modes. For CsNO; binding at G/P site, Cs" interact with an
oxygen atom of an ethanol molecule (3.19 A) while a strong
hydrogen bonding interaction with ethanol and NO;™ (1.92 A)
further stabilize the structure leading to very strong binding
affinity through a solvent bridged ion pair complex thus the
overall binding affinity is stabilized by ~10 kcal mol™.

(h) Comparison with reported MM calculations

Contrary to previously reported gas phase MM calculations
(Table 7), our calculations predict favourable binding modes
more accurately. Although the experimental X-ray and NMR data
favor C/P binding mode for CsF, CsCl and G/P mode for CsNOs,
the MM calculations conclude favorability of G/P binding motif
for both CsF, CsCl. However, for CsNOs the MM calculations do
predict the correct G/P binding mode to be most preferable.
Notably, unlike MM calculations, the present computational
methodology incorporates the implicit solvent effect through the
COSMO solvation model. To understand whether the incorrect
trend predicted by MM calculations originates due to solvation,
we further calculated the binding affinities of CsCl with the
receptor in the gas phase (table 8). We note that absolute binding
affinities are larger as compared to the solvated systems. More

25, 26

s importantly, here also gas phase calculations failed to follow the

experimental trend. Hence, owing to the lack of solvation effects,
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incorrect binding affinity trends were predicted.

Finally, to gauge the influence of different solvent media to the
binding affinities, calculations with [Receptor.CsCl] were
performed with chloroform as solvent (¢=5.5). The net binding
affinity of all the complexes increases by almost 8-15 kcal mol’
'but overall the favourability towards C/P binding mode remain
unchanged at both solvent environments (ref SI, Table S4). This
provides further support to the notion that solvent media of low
polarity can modulate the extraction efficiency of Cs salts to the
receptor.

(i) Energy Decomposition Analysis (EDA)

The nature of the interactions present between the radionuclides
and the receptor has been further analysed through EDA (table 9).
It is well known that the total interaction energy of a complex
strongly varies with the use of different fragment systems. With
view of this, here we have considered two different fragment
pairs viz. FP, and FPg. FP, investigates the interactions between
cesium bound receptor with anions, whereas fragment FPy deals
with the interaction between anion bound receptor with
cesiumcation. EDA calculations have been performed for the
most preferred binding mode of CsX complexes (i.e. C/P mode
for CsF,CsCland G/P mode for CsBr, CsI and CsNOs).

For both the fragment pairs i.e. FPsand FPg, we find the
contribution of electrostatic interaction (AEg,) is considerably
higher (>70 %) as compared to orbital interaction (AE,,) (~20-30
%) in the overall interaction energy. This is suggestive of the fact
that the electrostatic interaction of cesium and anion at their
corresponding binding site plays a dominant role in stability of
the complex. This is also revealed in the QTAIM study (see
below). Further, for all complexes, negative value of total
interaction energy points towards the well stabilization of cesium
and anion inside the complex. In case of FP,, The bonding
energy is noted to be more negative for the [Receptor.Cs']~[F]
than the other anions. The AE,, is significantly more negative for

] than the others due to the lesser contribution from electrostatic
interaction term to this pair. The Pauli repulsion for the cesium
bound receptor and anion is lower for all other anions as
compared to F". For FPg, The total steric interaction is estimated
to be more negative for Br', I' and NO;™ bound receptor due to the
lesser contribution of Pauli repulsion term.

(j) QTAIM Analysis

We have investigated the topological properties at the BCPs
forthe most favourable receptor-Cs"X complexes (refer SI, table
S5-S9). All the systems analyzed here clearly display BCPs
indicating the non-bonded interactions that exist between the
Cs'/X" and receptor molecule. In the molecular graph, the big
circles correspond to attractors attributed to positions of atoms
and critical points such as (3, -1) BCP (red), (3, +1) RCP (yellow)

S

>

=)

S

&

S

b

ssand (3, +3) CCP (green) indicated by small circles (refer SI,

figure S4).

In the C/P-CsF complex, seven different bond paths have
been observed between F~ and 'P' site. Of the seven bond paths,
four are N-H"F type and remaining three are C-H"F type
interactions (refer SI, figure S3). Of the three C-HF interactions,
two corresponds to the hydrogen bonding between the methine
hydrogens of the 'P' site and the anions, whereas the last one is
attributed to the hydrogen bonding of anions with nearby
hydrogen of calix[4]arene moiety. C/P-CsCl system also noted to
have these seven different bond paths and additionally two C,Cl
interactions are also observed (Figure 3). The calculated
topological properties at the BCP between the interacting atoms
with the corresponding anions suggest that as the size of the
anions increases, the charge density at BCP decreases. For a
typical hydrogen bond, the values of the electron density at the
BCP should be within 0.002-0.035 a.u.”® Our calculated value for
the anions bound in 'P' site falls in this range (refer SI, table S5-
S9). It is interesting to note that, mainly H "X bonding
interactions stabilize the incoming anions. The p values at the
H X BCPs suggest that there are seven such hydrogen bonding
interactions that fall into two distinct sets. Among the seven
hydrogen bonds, four are comparatively stronger whose p values
lie at ~ 0.0165 a.u. whereas for the remaining three weak
hydrogen bonds, this value lies at ~0.003 a.u. These varying
degrees are consistent with the geometric parameters (table 3). It
is clear that the hydrogen bonding between the methine
hydrogens of the 'P' site and the anions ions are not symmetric
and the strength of the hydrogen bonds is distinguished using the
properties of the electron density at BCP. It is interesting to find
that the four strong hydrogen bonds (N-HX) get weakened and
other three weak hydrogen bonds (C-H"X) are strengthened
gradually as we move from the fluoride to iodide. Interestingly, in
the CsNO; ion-pair complex, NO;  shows different bond paths
between the NO;™ anion and 'P' site and with the aromatic linker.

Cremer and Karaka” have developed a scale to determine
the nature of bonds based on these topological properties.
Accordingly, in all the cases the BCPs between C-HX bonds
have negative Laplacian, a positive kinetic energy density H(r)
and a potential energy to the lagrangian kinetic energy ratio
(IV(r)/G(r))] of less than 1. Critical points with such
characteristics have been identified by Cremer as constituted by
atoms that share a shared interaction (ionic, van der Waals, or
hydrogen bonds). While the negative L(r) values and small
negative H(r) values along with a —|V(r) /G(r)| values at the BCPs
between N-H~X bonds are indicative of a weak non-bonding
interactions. As it is obvious from Table S5-S9, the ellipticity
values (g) for the N-H---X and C-H"X interactions are nearly
small and close to zero, indicating that the hydrogen bonds are
conserved in all the complexes. For Cs" at the 'C' site the small
values of p, the high values of € and the nearly zero values of H(r)
suggest, according to the Rozas® criterion, that all Cs:--O
intermolecular interactions, are basically electrostatic in nature
(Figure 3). More specifically, it can be seen that the values of
ellipticity obtained for the Cs---O interactions are within the

6|Journal Name, [year], [vol], 00-00
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range of 0.072—1.133. The existence of Cm-~-Cs’ interactions is
also revealed by the presence of corresponding BCPs in the
molecular graphs (refer SI, figure S4). In 'G' site, bond paths have
been observed between the Cs” and aromatic moieties of calix-4-
arene along with the ethylene glycol spacer interactions.

Conclusions

An increasing interest and urgency is devoted to improve the
nuclear waste management processes through the design of new
receptor macrocycles. Sessler and co-workers have designed a
series of macrocycles for the selective extraction of Cs'. Various
mechanisms for the binding of Cs salt to the receptor have been
suggested. In this manuscript, we have carried out a systematic
study to understand the structure, binding and selectivity of
various Cs salts to a recently synthesized receptor”>using
electronic structure calculations. To our knowledge, the
electronic structure calculations reported here are the first to be
carried out on such gigantic receptor without truncations. The
major findings from our study are summarized as follows:

(i) We find that Cs" alone can favorably bind to ‘C’ and ‘G’ site
of the receptor. The binding of anions occurs at the ‘P’ site,
preferably due to the strong hydrogen bonding between the
protons of the pyrrole ring and the anions.

(i) Computed binding affinities further indicate that the ion-pair
binding to the receptor occurs majorly via cooperative binding
mechanism. Both Cs” and anion assist each other to provide
excess stability to the ion-pair receptor complex.

(iii) In accord to experiments, we find C/P mode to be most
preferable for CsF and CsCl while G/P for CsNOs. The presence
of a crystallographic solvent molecule is also observed to
enhance the overall binding affinity of the Cs salt to the receptor
by 1-15 kcal mol ™.

(iv) Irrespective of fragment pair (A and B), electrostatic
contribution (AE,¢) to the total interaction energy is estimated
to be higher than the orbital interaction (AE,y). QTAIM
calculations clearly bring out the importance of strong hydrogen
bonding interactionswhich stabilizes the anions at the 'P' site. In
line with our EDA results, QTAIM also reveals the bonding of
Cs" at 'C' and 'G' site is dominantly ionic in nature. Further, our
results demonstrate the bulk solvent effects are crucial for the
correct binding trends of Cs salts to the receptor. Thus, the
applied theoretical tools can be used to predictand design new
receptor molecules for the complexation of various other
radionuclides such as Sr*". Future work on this direction is
ongoing in our computational laboratory.
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Table Captions

Table 1. Calculated Cs* binding and relative affinities (B.E and R. E, in kcal mol™) to the
receptor.

Table 2. Calculated anion binding affinities (B. E units in kcal mol™) to the receptor.

Table 3.Optimized structural parameters (A) of Receptor-Cs X complex.

Table 4. Cs" assisted anion (X') and anion (X") assisted Cs" binding affinity (B. E, units in kcal
mol™) to receptor.

Table 5. Net Cs "X binding affinity (B. E, units in kcal mol™) to the receptor

Table 6. Optimized structural parameters (A) of Receptor-Cs X complex in presence of solvent
molecule

Table 7. Calculated binding affinities (B. E, units in kcal mol™) and relative energies (R. E, units
in kcal mol™) of [Receptor.CsX] (X=F’, CI, NO;3") complex in the presence of crystallographic
solvent molecule.

Table 8. Gas phase binding affinities (B. E, units in kcal mol™) of CsCl in receptor at B3LYP-
D3/B2//BP86/B1 level

Table 9. Energy decomposition analysis (energies in kcal mol™) on complexes of Cesium Salts
with Receptor at BLYP/TZ2P level. The values in the parentheses give the percentage
contribution to the total attractive interactions (AEgistat TAEOrb).

Figure Captions
Scheme 1: Possible binding modes of Cs X" in Receptor.
Figure 1. Structure of ion-pair receptor

Figure 2. Optimized structures of (a) Receptor-Cs Fcomplex (C/P binding mode), (b) Receptor-
Cs'CI” complex (C/P binding mode) and (c) Receptor-Cs NOs™ complex (G/P binding mode) in
the absence and presence of solvent molecule. Primary interactions are shown using ball and

stick model.

Figure 3. The Laplacian of electron density describing the (a) C-H---Cl interaction

(calix[4]pyrrole) (b) C-H---Cl interaction (calix[4]arene ) (c) C-H:--Cl interaction (m-spacer) (d)
(a) CsOc interaction of Receptor-Cs'CI complex (C/P).



Dalton Transactions

Scheme 1: Possible binding modes of Cs"X" in Receptor.
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Table 1. Calculated Cs” binding and relative affinities (B.E and R. E, in kcal mol™) to the

receptor.

Cation | Binding site R.E B.E

Crown 'C' 0 -15.11

Cs' Glycol 'G' | +2.06 | -13.05

Pyrrole 'P' | +8.35 | -6.76




Table 2. Calculated anion binding affinities (B. E units in kcal mol™) to the receptor.

Anions ‘P’ site ‘C’ site
F -5.64 +30.96
Cr -8.44 +11.36
Br -8.21 +5.52
I +1.72 +7.96

NO5 -7.57 +6.06

Dalton Transactions
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Table 3.Optimized structural parameters (A) of Receptor-Cs X complex.

| Cs-Oc/g | Cs-Cp’ | Cs-Np | X-Np

Receptor-Cs'".F

G/P 3.15-3.99 3.48-3.55 - 2.72-2.73

C/P 2.90-3.10 (2.84-3.03) | 3.40-3.43(3.40-3.46) - 2.72-2.73 (2.76-2.81)

Cc/C 2.97-3.19 3.41-3.62 - -

P/P - - 3.47-3.52 2.72-2.73
Receptor-Cs".CI

G/P 3.34-4.08 3.44-3.67 - 3.29-3.30

C/P 2.94-3.12(2.84-3.10) | 3.44-3.45 (3.29-3.40) - 3.21-3.23 (3.23-3.31)

Cc/C 2.98-3.10 3.39-3.83 - -

P/P - - 3.53-3.55 3.21-3.22
Receptor-Cs'.Br’

G/P 3.30-4.13 3.45-3.61 - 3.48-3.51

C/P 2.92-3.10 3.45-3.46 - 3.40-4.42

Cc/C 2.99-3.13 3.41-3.73 - -

P/P - - 3.55-3.57 3.38-3.40
Receptor-Cs'.I’

G/P 3.17-4.21 3.49-3.58 - 3.71-3.76

C/P 2.92-3.11 3.45-3.52 - 3.60-3.66

C/C 2.92-3.10 3.45-3.52 - -

P/P - - 3.56-3.57 3.61-3.66
Receptor-Cs .NO;’

G/P 3.23-3.62 (3.01-3.63) | 3.48-3.67 (3.48-3.76) - 2.93-2.97 (2.92-3.00)

C/P 2.93-3.11 3.38-3.51 - 2.79-2.85

C/C 2.94-3.15 3.42.3.43 - -

P/P - - 3.56-3.59 2.83-2.89

* Values in parenthesis are the corresponding experimental values (ref no.25, 26).

®Cs"-Cy refer to the distance between Cs' and ortho and meta carbon atoms of Calix[4]arene moiety with respect to the phenoxy

groups.




Table 4. Cs" assisted anion (X) and anion (X)) assisted Cs” binding affinity (B. E, units in kcal mol™) to receptor.

Dalton Transactions

Page 14 of 24

X assisted Cs* binding”

Binding Cs' assisted X binding”
Mode F CI Br’ I NO;’ F CI Br I NOy’
G/P -4.27 -1476 | -15.81 -6.24 -21.63 | -11.69 -19.37 -20.65 -21.02 -27.11
(-5.64) (-8.44) | (-8.21) | (+1.72) | (-7.57) | (-13.05) | (-13.05) | (-13.05) | (-13.05) | (-13.05)
C/p -7.61 -13.55 -12.71 -2.25 -12.63 | -17.08 -20.23 -19.62 -19.09 -20.17
(-5.64) | (-8.44) | (-8.21) | (+1.72) | (-7.57) | (-15.11) | (-15.11) | (-15.11) | (-15.11) | (-15.11)
c/c | 12345 | 4312 | 285 | -2.58 | +1.08 ] ] ] ] ]
(+30.96) | (+11.36) | (+5.52) | (+7.96) | (+6.06)
P/P -11.64 -16.83 -16.04 -5.13 -13.82 -12.77 -15.15 -14.59 -13.61 -13.01
(-5.64) (-8.44) | (-8.21) | (+1.72) | (-7.57) | (-6.76) | (-6.76) | (-6.76) | (-6.76) | (-6.76)

* Values in parenthesis denote for anion binding affinity in the absence of the cation.
® Values in parenthesis denote for cation binding affinity in the absence of the anion
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Table 5. Net Cs "X binding affinity (B. E, units in kcal mol™) to the receptor

Binding Mode | Cs'F’ Cs'CI Cs Br Cs'T Cs' NO53”
G/P -17.32 -27.82 -28.86 -19.30 -34.68
C/P -22.72 -28.67 -27.83 -17.37 -27.74
C/C +8.34 -11.99 | -17.96 | -12.54 | -14.03
P/P -18.40 -2359 | -22.80 | -11.89 | -20.59




Table 6. Optimized structural parameters (A) of Receptor-Cs X complex in presence of solvent molecule®

Dalton Transactions

| Cs-Ocsg | Cs-C,° | Cs-Np | X-Np

Receptor-Cs".F.CH;0H

G/P 3.14-3.85 3.48-3.80 - 2.77-2.80

C/P 2.93-3.11 (2.84-3.03) | 3.47-3.51 (3.40-3.46) - 2.72-2.76 (2.76-2.81)

P/P - - 3.51-3.56 2.72-2.75
Receptor-Cs'.CI".H,0

G/P 3.10-4.47 3.39-3.55 - 3.25-3.27

C/P 2.92-3.11 (2.84-3.10) | 3.45-3.51 (3.29-3.40) - 3.23-3.26 (3.23-3.31)

P/P - - 3.53-3.58 3.24-3.29
Receptor-Cs .NO;.C,HsOH

G/P 3.17-3.68 (3.01-3.63) | 3.53-3.93 (3.48-3.76) 2.93-2.94 (2.92-3.00)

C/P 2.93-3.11 3.46-3.54 - 2.87-2.92

P/P - - 3.54-3.59 2.82-2.92

* Values in parenthesis are the corresponding experimental values (ref no.25, 26)

°Cs*-Cy refer to the distance between Cs' and ortho and meta carbon atoms of Calix[4]arene moiety with respect to the phenoxy

groups.
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Table 7. Calculated binding affinities (B. E, units in kcal mol™) and relative energies (R. E, units in kcal mol™) of [Receptor.CsX] (X=
F", CI', NO3") complex in the presence of crystallographic solvent molecule.”

Binding Net BE MM R.E Net BE for MM R.E Net BE for MM R.E
Mode for CsF prediction®® CsCl prediction® CsNO;5 prediction®

G/P -32.26 -193.1 +1.1 -29.45 -135.5 +3.2 -44.46 -135.8 -
(-17.32) (-27.82) (-34.68)

C/p -33.32 -165.6 - -32.62 -115.8 - -35.47 -116.7 +9.0
(-22.72) (-28.67) (-14.03)

P/P -18.08 -182.5 +15.2 -29.57 -117.6 +3.0 -26.88 -103.5 +17.6
(-18.40) (-23.59) (-20.59)

* Values in parenthesis denote for binding affinity without the influence of crystallographic solvent molecule




Table 8. Gas phase binding affinities (B. E, units in kcal mol™) of CsCl in receptor at B3LYP-D3/B2//BP86/B1 level

Binding Mode | Binding energy
G/P -105.04
C/P -90.22
C/C -80.88
P/P -105.04

Dalton Transactions
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Table 9. Energy decomposition analysis (energies in kcal mol™) on complexes of Cesium Salts with Receptor at BLYP/TZ2P level.

Dalton Transactions

The values in the parentheses give the percentage contribution to the total attractive interactions (AEgistat *AE0rb)-

Fragment Binding Pauli Electrostatic | .0 . Orbital Total
Pgair Complex Mode | repulsion | interaction interaction interactions | interaction energy
AE pauli AE istat AE o AEin
Receptor-Cs*F- C/p 81.04 -142.31 -61.27 -58.73 -120.00
p (70.78) (29.22)
ERp— C/p 68.68 -105.93 -37.25 -36.18 -73.43
Receptor-Cs Cl (74.54) (25.46)
R G/P 56.42 -115.25 -58.83 -25.84 -84.67
FPA Receptor-Cs Br (81.69) (18.31)
Receptor-Cs T G/P 64.34 -112.90 -48.52 -23.03 -71.59
p (83.06) (16.94)
n ) G/P 55.51 -117.50 -62.00 -28.54 -90.53
Receptor-Cs "NO3 (30.46) (19.54)
Receptor-FCs" C/p 55.28 -87.81 -32.52 -34.09 -66.62
p (72.03) (27.97)
et C/P 51.58 -84.86 -33.27 -33.24 -66.52
Receptor-CICs (71.85) (28.15)
S G/P 20.13 -74.46 -54.33 -25.71 -80.04
FPg Receptor-BrCs (74.33) (25.67)
Receptor-ICs’ G/P 25.58 -77.94 -52.36 -28.54 -80.90
P (73.20) (26.80)
P G/P 25.66 -85.50 -59.83 -29.70 -89.54
Receptor-NO;Cs (74.22) (25.78)
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Figure 1. Structure of ion-pair receptor
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Figure 2. Optimized structures of (a) Receptor-Cs F complex (C/P binding mode), (b) Receptor-
Cs'Cl complex (C/P binding mode) and (c) Receptor-Cs NO;™ complex (G/P binding mode)in
the absence and presence of solvent molecule. Primary interactions are shown using ball and
stick model.

(@)

Receptor-Cs 'F.CH;0H

(b)

Receptor-Cs CI Receptor-Cs CI"H,O
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(©)

Receptor-CsWO{ Receptor-CsWO3'.C2H50H
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Figure 3. The Laplacian of electron density describing the (a) C-H---Cl interaction
(calix[4]pyrrole) (b) C-H:--Cl interaction (calix[4]arene ) (¢c) C-H---Cl interaction (m-spacer) (d)
(a) Cs"Oc interaction of Receptor-Cs CI” complex (C/P).

(@) (b) (©
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