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Computer-aided design of triazolo-cages as anion
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Molecular cages with three-dimensional cavities have garnered significant interest due to their enhanced

encapsulation abilities. In this study, we computationally investigate the binding behavior of a triazolo-

cage receptor composed of alternating triazole and phenyl building blocks. With six different anions,

including atomic (F�, Cl�, Br�, and I�), linear (SCN�), and trigonal planar (NO3
�) geometries, we analyze

the binding selectivity of the parent cage with DFT calculations. The influence of solvation on binding

strength is investigated by calculating binding free energies in both gas phase and six solvent

environments of progressively increasing dielectric constants. Symmetry-Adapted Perturbation Theory

(SAPT) analysis reveals that electrostatic interactions dominate the binding process. Additionally, we

perform computer-aided design to generate a series of new cage receptors with diverse functionalities,

and our findings highlight the tunable chloride affinity achieved by adjusting various cage properties.

Overall, this study offers insights into the design of novel cage receptors with versatile functionalities

and provides a strategic approach to the rational design of anion receptors.

Introduction

Supramolecular receptors that selectively bind anions are critical
in applications such as anion sensing,1–4 anion extraction,5–8 and
catalysis.9–12 These synthetic hosts feature molecular segments
designed to selectively bind guest anions within well-defined
intramolecular cavities, primarily through various non-covalent
interactions.13–16 Hydrogen bonding, one of the most extensively
studied supramolecular interactions, has traditionally been facili-
tated in anion receptors through the incorporation of NH groups,
e.g., ureas,6,17,18 amides,19–21 and pyrroles.22,23 Early investigations
into the CH hydrogen bonding motif were carried out in the 1960s
by Sutor.24 However, the full significance of CH hydrogen bonds
has only been recently recognized, as demonstrated through a
series of preorganized macrocyclic and cage receptors that only
bind anions using activated CH donors.25–31

With the advancement in software and hardware in the past
few years, computational methods have been applied to provide

valuable insights into hydrogen-bonded chemical systems.32–34

Supramolecular methods35 calculate the interaction energy by
determining the difference between the energy of the complex
and the sum of the energies of its individual monomers.36

Commonly used methods in this category include dispersion-
corrected density functional theory (DFT-D),37–39 Møller–Plesset
perturbation theory (MP2),40–42 and coupled-cluster theory.43–45

In contrast, perturbative methods calculate the interaction
energy by treating it as a perturbation to the Hamiltonian of the
monomers.46 One of the most popular perturbative methods is
symmetry-adapted perturbation theory (SAPT),47–49 which offers
a physically meaningful decomposition of intermolecular inter-
actions into electrostatic, induction, dispersion, and exchange-
repulsion components.

Computer-aided design has revolutionized the way new materi-
als are developed, providing tools that allow for the efficient
screening50,51 and optimization of molecular structures.52–54 By
leveraging computational techniques to predict the properties55

and behaviors56 of potential materials, researchers can significantly
reduce the time and cost associated with experimental trial-and-
error. In the context of anion receptors, computer-aided design
enables the fine-tuning of structures51,57–59 after the use of compu-
tational methods help to understand supramolecular features like
preorganization60–62 and interactions.63–65 This knowledge helps to
provide a basis for proposing candidates with enhanced selectivity
and binding affinities. By simulating interactions between recep-
tors and anions, researchers can optimize receptor structures for
improved performance in target applications.

Department of Chemistry, Indiana University, Bloomington, IN 47405, USA.

E-mail: mche@iu.edu, sdebnath@iu.edu, aflood@iu.edu, kraghava@indiana.edu

† Electronic supplementary information (ESI) available: Exponents and coeffi-
cients of the custom basis set used for Iodine. Calculated binding free energies of
cage 1. SAPT energy decomposition of cage complexes. Benchmarking of calcula-
tions – Comparison with experiment. The 1/er dependence of binding free
energies of cage 1. The xyz atomic coordinates of the cages and anion-
complexes investigated in this study are included in a zip file. See DOI: https://

doi.org/10.1039/d4cp04589k

‡ Current address: Department of Chemistry, Columbia University, New York
10027.

Received 5th December 2024,
Accepted 31st January 2025

DOI: 10.1039/d4cp04589k

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

2:
02

:4
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-4057-7053
https://orcid.org/0000-0002-2489-0090
https://orcid.org/0000-0002-2764-9155
https://orcid.org/0000-0003-3275-1426
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp04589k&domain=pdf&date_stamp=2025-02-11
https://doi.org/10.1039/d4cp04589k
https://doi.org/10.1039/d4cp04589k
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp04589k
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027009


4644 |  Phys. Chem. Chem. Phys., 2025, 27, 4643–4651 This journal is © the Owner Societies 2025

Effective anion binding depends on the complementary fit
between the receptor and the anion in terms of size, shape, and
interactions.66 Therefore, when designing receptors, it is crucial to
focus on functionalization, preorganization, and the interaction
types. Molecular cages with three-dimensional (3D) cavities have
received considerable attention in this regard since the creation of
Katapinand66 and amine- or amide-based cryptands.67–69 These
cages offer enhanced encapsulation for anions compared to two-
dimensional (2D) hosts,70–73 leading to excellent selectivity.74,75

For example, the small hemicryptophane tris-urea cage synthe-
sized by Delecluse et al.76 shows exclusive selectivity for F� over
other halides. Xu et al.77 introduced a tricationic amide cage for
anion recognition and catalysis in water. Jiang et al.78 synthesized
a conformation-adaptive phenazine-based Pd2L4 cage receptor
which exhibits very strong halide binding affinity. In the context
of the structures investigated in this study, Liu et al.28 created a
cryptand-like triazolo-cage that shows attomolar affinity for Cl�.
A recent computational study by Li et al.79 explored the rigidity
and binding cavity of cryptand-like cages, including this triazolo-
cage, focusing on their interactions with atomic halides in the gas
phase. However, their work did not examine these interactions in
solution or with larger molecular anions of varying shapes.

In this work, we investigate the binding behavior of the parent
triazolo-cage receptor (vide infra) in solution to six anions of
various geometries, including atomic (F�, Cl�, Br�, I�), linear
(SCN�), and trigonal planar (NO3

�). We evaluate the influence of
solvent on the interaction strength by calculating binding free
energies in the gas phase and in six different solvent environments
of progressively increasing dielectric constants. Additionally, we
perform in silico design to generate a series of modified cage
receptors with diverse functionalities, guided by various comple-
mentarity criteria. Furthermore, we predict the 1 : 1 chloride
binding free energies for these newly designed cage receptors.
Overall, our study presents a strategic approach to designing new
cage receptors with versatile functionalities.

Computational methods

Density functional theory (DFT) calculations were performed using
the Gaussian 16 suite of programs.80 The M06-2X functional81 was
employed throughout the study. Solvent effects were accounted for
using the conductor-like polarizable continuum model (CPCM).82

The Tight SCF convergence criteria and the UltraFine integration
grid were used in all the DFT calculations. For geometry optimiza-
tions, the 6-311+G(d) basis set83,84 was used for the atoms of the
cage receptors, whereas the larger 6-311+G(3df,p) basis set83,85 was
applied for the atoms of the anion guests. A customized in-house
basis set of comparable quality was used for iodine, with the
coefficients provided in the ESI.† Vibrational frequencies and
thermal corrections were evaluated using the same basis sets,
and all optimized structures were verified as minima without
imaginary frequencies. Natural population analysis was performed
at the same level of theory using NBO 3.1.86–88 Single-point
energies were obtained with larger basis sets to compute the
binding affinities. In these calculations, the 6-311++G(3df,2p) basis

set was used for the cage atoms, the aug-cc-pVTZ basis set for the
anion atoms,89–91 except for bromine and iodine atoms, for which
the aug-cc-pVTZ-PP basis set92,93 where pseudopotentials describ-
ing the inner core orbitals were used.

Symmetry-adapted perturbation theory (SAPT) analysis was
performed using the scaled SAPT0 method, sSAPT035 imple-
mented in the Psi4 software.94 It incorporates scaling factors to
improve the accuracy of exchange-type terms. The jun-cc-pVDZ
basis set95 was used for all atoms except for bromine and iodine
for which the jun-cc-pVDZ-PP basis set with pseudopotentials
was applied.

Results and discussion
Anion complexes of the parent cage

The rigid triazolo-cage synthesized by Liu et al.28 shows an
attomolar affinity for the chloride anion, and the crystal struc-
ture of is its chloride complex is illustrated in Fig. 1a and b.
In this study, the triazolo-cage serves as the model structure.
To reduce the computational cost, each acyl dicyclohexylamine
group on the three phenyl groups is substituted by a hydrogen
atom to form the simplified parent cage 1 (Fig. 1c and d). Cage 1
features a binding pocket of 3.6 Å in diameter, enveloped by a
backbone of three arms. Each arm consists of two triazoles
serving as polarized H-bond donors, along with one bridging
phenylene that enhances its rigidity. With three equivalent arms,
the cage has intrinsic three-fold symmetry (D3 point group).

In this study, we investigate the 1 : 1 binding of cage 1 with
six anions to examine its binding preferences. The anionic
guests range from 2.5 to 4.2 Å in size.96 The optimized struc-
tures of the complexes in the gas phase are shown in Fig. 2.

In the gas phase, complexes with F�, Cl�, and I� retain the
D3-symmetry of the parent cage, where those halides are posi-
tioned at the center of the host cavity. Interestingly, the Br�

complex shows a slight distortion that breaks the D3-symmetry.
However, the energy lowering from the distortion is very small
and is not physically meaningful. Thus, we suggest that it is an

Fig. 1 Crystal structure of the triazolo-cage: (a) side view and (b) top view.
Optimized structure of cage 1 in the gas phase at the M06-2X/6-311+G(d)
level of theory: (c) side view and (d) top view.
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artifact resulting from the slight instabilities in the DFT numerical
integration grids, not uncommon for such large molecules in high
symmetries. Smaller anions like F�, Cl�, and Br� are stabilized by
six H-bonds from triazoles and three H-bonds from phenylenes,
whereas the large size of I� compels the triazole hydrogen bond
donors to orient away from the center of the binding site, leading
to ineffective hydrogen bonding. However, in solvents with increas-
ing dielectric constants, the small fluoride anion (d = 2.5 Å) moves
away from the cavity center towards one of the nitrogen atoms on
the three-fold axis. As shown in Table 1, the distance between the F
atom and the nearest N atom on the axis in the gas phase D3-
symmetric structure is 4.38 Å. This distance decreases by 0.36 Å in
CHCl3 (er = 4.71) and an additional by 0.12 Å in DCM (er = 8.93).
Nevertheless, the trend levels off starting from acetone (er = 20.49)
to H2O (er = 78.36), where the distance stabilizes at 3.87 Å. On the
opposite side, the longer N� � �F distance on the other side is 4.38 Å
in the gas phase, increasing to 4.79 Å in CHCl3 and 4.97 Å in DCM,
before stabilizing at 5.0 Å from acetone onward. In contrast, larger
spherical halides like Cl�, Br�, and I�, with diameters of 3.4 Å,
3.8 Å, and 4.2 Å, respectively, do not exhibit this drift along the axis
due to their larger sizes, which prevent significant movement.

The D3-symmetry is also observed in the 1�NO3
� complex, where

the nitrogen atom of the nitrate is positioned at the center of the
cavity. Each terminus oxygen atom forms two H-bonds (2.2 Å) with
two opposing triazole units on different arms of the cage, while the
hydrogen bond donors from the phenyl units are directed towards
the nitrogen atom of the nitrate. Interestingly, despite NO3

� being
larger (d = 4.0 Å) than the spherical cavity, its trigonal planar structure
is compatible with the three-arm structure of the cage receptor,
though the oxygen atoms can be seen to be slightly outside the cavity.

Since SCN� is too large (d = 4.2 Å) for the spherical cavity
of the parent cage, and it is only partially stabilized by the

receptor. While its nitrogen terminus remains in the cavity,
the sulfur atom lies outside of the binding site, resulting in a
C2-symmetric form of 1�SCN�. The N terminus is stabilized
by three H-bonds from phenylenes, as well as two H-bonds
from two alternating triazole units on the same arm of cage 1.
Nonetheless, the rest of the four triazole units do not partici-
pate in intermolecular hydrogen bonding. Since the number of
effective H-bonds formed in 1�SCN� is considerably fewer than
what was found in halide complexes, weaker binding with
thiocyanate is expected.

Binding energies of the parent cage

The 1 : 1 binding free energies of cage 1 with the six anions were
calculated in the gas phase and across six solvents of varying
dielectric constants: chloroform (er = 4.71), dichloromethane
(er = 8.93), acetone (er = 20.49), acetonitrile (er = 35.69),
dimethylsulfoxide (er = 46.83) and water (er = 78.36). Complexa-
tion reactions are represented by eqn (1), where X� = F�, Cl�,
Br�, I�, NO3

�, and SCN�:

1 + X� $ 1�X� (1)

The calculated binding free energies are presented in Fig. 3a
and Table S1 (ESI†). Among the anions tested, fluoride exhibits
the strongest binding, followed by spherical chloride and
bromide. By comparison, iodide demonstrates significantly
weaker binding. The decline in binding free energies from
Br� to the larger I� highlights the size selectivity of this cage.
Additionally, the receptor’s shape selectivity is evident from the
notably lower binding energies for the trigonal planar nitrate
and the linear thiocyanate. Overall, the following order of anion

Fig. 2 Optimized structures of 1 : 1 1�X� in the gas-phase using. Side view of (a) 1�F�, (b) 1�Cl�, (c) 1�Br�, (d) 1�I�, (e) 1�NO3
� and (f) 1�SCN�. Top view of

(g) 1�F�, (h) 1�Cl�, (i) 1�Br�, (j) 1�I�, (k) 1�NO3
� and (l) 1�SCN�.

Table 1 Distances between F and the nearest N atom on the axis of cage 1 in 1�F�

Gas CHCl3 DCM Acetone MeCN DMSO H2O

Dielectric constant (er) 1 4.71 8.93 20.49 35.69 46.83 78.36
Distance between F and the nearest axis N atoms (Å) 4.38 4.02 3.90 3.87 3.87 3.87 3.87
Distance between F and the farther axis N atoms (Å) 4.38 4.79 4.97 5.00 5.00 5.00 5.00
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binding energy and selectivity for cage 1 is observed: F�4 Cl�

4 Br� 4 NO3
� 4 SCN� 4 I�.

Across the solvents, binding energies decrease, consistent with
the trend previously in computational and experimental
studies.30,61,64 An excellent linear correlation (R2 = 0.995) between
the binding energy and the inverse of dielectric constant (1/er) is
illustrated in Fig. 3b for 1�Cl�. Similar correlations for the other
ions are shown in Fig. S2 (ESI†).

The computed binding free energies of cage 1 with Cl�, Br�, I�,
and NO3

� have been compared to the experimental values obtained
from titrations in DMSO as reported by Liu et al.2 As shown in
Table S4 and Fig. S1 (ESI†), the computational method successfully
reproduces the experimental trend, yielding a slope of 0.99.
While it consistently underestimates binding free energies by
1–3 kcal mol�1, we believe a correction based on the linear regression
can account for this systematic error. Experimental results were not
reported for F�, though its strongest binding affinity is consistent
with the high charge density, and in agreement with the gas phase
calculations of Li et al.79 To better understand the basis for this trend,
we performed a SAPT energy decomposition analysis, which provide
a detailed breakdown of the contributing forces.

As shown in Fig. 4a, the SAPT results provide a breakdown
of the different fundamental interactions that contribute to the
stabilization of anion complexes formed with cage 1. Among the
three attractive forces—electrostatics, induction, and disper-
sion—electrostatic contributions overwhelmingly dominate, as
shown by the energy breakdown. This trend is further emphasized
in Fig. 4b, where the ratio of electrostatics to the total interaction
energy clearly surpasses that of the other components. It is
interesting that the three non-electrostatic contributions
(exchange-repulsion, induction, and dispersion) sum up to a
small value, mostly due to the repulsive nature of the exchange
term. Due to this near-cancellation, the electrostatic contributions
closely track the total interaction strength. Similar observations
have been made previously by Liu et al.28 in their investigation of
the analogous 2-D receptor with anions.

A noticeable increase in exchange repulsion is observed as
the size of the halide anion increase, from 1�F� to 1�Cl�, 1�Br�,
and 1�I�. This trend reflects the growing wavefunction overlap
between these anions and the cage. The largest iodide ion (I�)
experiences the highest exchange repulsion, while the smallest
fluoride (F�) exhibits considerably less. Although cage 1 was

Fig. 3 (a) Computed 1 : 1 anion binding free energies, DG (kcal mol�1), of cage 1 with F�, Cl�, Br�, I�, NO3
�, and SCN� in gas, CHCl3, DCM, acetone,

MeCN, DMSO, and H2O. (b) The dependence of the binding energy of 1�Cl� on the inverse of the solvent dielectric constant.

Fig. 4 (a) SAPT calculations. (b) Ratios of non-electrostatics (exchange-repulsion, induction and dispersion) and electrostatics of the total sSAPT0
energies in the gas phase.
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found to selectively bind chloride, with a cavity tailored in size
and shape, the lower exchange repulsion in the 1�F� complex
results in fluoride binding even stronger than chloride. Inter-
estingly, 1�NO3

� and 1�SCN� show reduced exchange repulsion
due to the geometric mismatch between these non-spherical
anions and the largely spherical binding cavity of cage 1.

To understand the secondary attraction contributions from
induction interactions, we analyzed the partial charges of the
anions in the complexes. The charges (Table 2), as determined
using the natural population analysis, indicate that F� retains the
highest partial negative charge, consistent with its strongest
induction contribution. In comparison, the larger anions such
as I� and NO3

� show significantly lower charges in the complexes,
which correlates with their reduced induction effects. Finally,
dispersion forces, which arise from the dynamic correlation
between electrons on the anion and the receptor, follow the
expected trend based on anion size and polarizability. The least
polarizable F� generates the weakest dispersion forces, while the
larger, more polarizable I� and NO3

� contribute significantly to
the dispersion component.

In summary, while electrostatic interactions dominate the
binding in all six complexes, induction plays a secondary
attractive role for highly polarizing anions. Meanwhile, disper-
sion becomes more important in stabilizing the larger and
more polarizable anions. The trend in exchange mirrors the
size and wavefunction overlap of the anions with the receptor.

Computer-aided design of cage receptors

While cage 1 exhibits remarkably strong binding with chloride,
as described in the experimental studies by Liu et al.,28 its
potential as a chloride extractant is limited due to its exces-
sively high affinity, preventing the release of chloride after
capture. Therefore, we performed computer-aided design and
propose six new cage receptors by introducing various substi-
tuents and building blocks on the aryl group of 1 to achieve
reduced chloride affinities. The design strategy is illustrated in
Fig. 5. Substitutions are introduced to the phenylene subunit
on one of the three arms based on five factors: electrostatics,
sterics, flexibility, size, and electronics.

The optimized cage structures investigated in this study are
shown in Fig. 6. Cages 2 and 3 are constructed by varying the
electrostatic properties of the binding site. Specifically, 2 is

designed by substituting the phenylene with a pyridine, and 3 is
designed by substituting the phenylene C–H with a C–F unit.
Based on the hypothesis that receptors with greater flexibility
suffer from greater reorganization energy penalty, cage 4 is
built with a flexible propyl chain substituting the rigid pheny-
lene. Cages 5 and 6 feature larger binding cavities compared to
1, although 6 offers higher preorganization with a carbazole
moiety as opposed to two phenylenes in 5. Finally, cage 7 is
constructed by incorporating the electron donating NMe2 sub-
stituent. Fig. 7 shows the electrostatic potential (ESP) maps of
cages 1–7, qualitatively demonstrating the positive electrostatic
potentials at the center of the receptors.

Binding of cages 2–7

We compare the number of hydrogen bonds (HBs) formed in
1 : 1 chloride complexes with cages 1–7 (Table 3), as well as the
predicted binding free energies (Table 4). Both cages 1 and 7
offer nine hydrogen bonds in their respective 1 : 1 chloride
complexes. However, eight hydrogen bonds are formed with
2, 3, and 4. With significantly larger cavities than the chloride
guest, cages 5 and 6 are only able to provide six hydrogen bonds
to stabilize the anion.

With the presence of the lone pair from the nitrogen atom
in the binding cavity of cage 2, we observe a decrease of
7.8 kcal mol�1 in chloride binding free energy in the gas phase
as compared to cage 1. Similarly, due to the highly electro-
negative fluorine atom, cage 3 is predicted to have the lowest
Cl� binding energy in the series, with an 8.6 kcal mol�1

decrease. Cage 4, with one fewer phenylene CH and enhanced
flexibility, exhibits a 3.5 kcal mol�1 decrease in binding energy.
While cage 5 bears an additional phenyl unit compared to 1, the
contribution of the CH proton from the phenyl group to the
overall hydrogen bonding is minimal.97 Additionally, the
increased cavity size renders 5 less favorable for Cl� binding,
with a predicted binding energy 8.1 kcal mol�1 lower than that of
1. The presence of the carbazole unit in cage 6 increases the
cavity size, resulting in a 6.7 kcal mol�1 decrease in the Cl�

Table 2 Natural charges of anion guests calculated by natural population
analysis

Anion Atom Natural charge

F� F �0.94249
Cl� Cl �0.88624
Br� Br �0.85536
I� I �0.85201
SCN� S �0.28759

C 0.08798
N �0.72044

NO3
� N 0.74705

O �0.54893
O �0.54894
O �0.54894

Fig. 5 Design scheme for tuning chloride affinities for novel cage
receptors.
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affinity. Lastly, although cage 7 offers a similar cavity size to 1,
the electron donating NMe2 lowers the binding energy by
4.3 kcal mol�1. With this knowledge, it is possible for us to
establish a systematic scheme to develop novel cage receptors
with customizable anion affinities.

The SAPT energy decomposition analysis (Fig. 8) of the new
cages reveals the dominance of electrostatic contribution to the
gas phase binding. The strongest binding is observed for 1�Cl�,
4�Cl�, and 7�Cl�. Whereas 2�Cl�, 3�Cl�, 5�Cl�, and 6�Cl� have
slightly less favorable overall interaction energies. The

electrostatic interaction is strongest for 1�Cl�, 4�Cl�, and 7�
Cl�, indicating the dominance of this term in these complexes.
The exchange repulsion is highest for 3�Cl�, suggesting sig-
nificant electron cloud overlap repulsion in this complex,

Fig. 6 Optimized geometries at M06-2X/6-311+G(d) in the gas phase for new cages: Side views (top row) and top views (bottom row) of cages 2, 3, 4, 5,
6 and 7.

Fig. 7 The electrostatic potential (ESP) maps at M06-2X/6-311++G(3df,2p) for cages (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6 and (g) 7.

Table 3 Hydrogen-bonding distances for 1 : 1 chloride complexes

1�Cl� 2�Cl� 3�Cl� 4�Cl� 5�Cl� 6�Cl� 7�Cl�

Number of H-bondsa 9 8 8 8 6 6 9
Average Tz H� � �Cl� H-bond distancesb (Å) 2.50 2.47 2.50 2.50 2.65 2.68 2.50
Average Ph H� � �Cl� H-bond distancesc (Å) 2.63 2.62 2.59 2.63 2.90 2.91 2.63

a Based on hydrogen atoms pointing toward the anion with H� � �Cl� distances o3.0 Å. b Average distances between Cl� and triazole H-bond
donors. c Average Cl� and phenylene H-bond donors.

Table 4 Comparison of 1 : 1 cage�Cl� binding free energies (kcal mol�1)

1 2 3 4 5 6 7

Gas phase �66.16 �58.36 �57.55 �62.71 �58.09 �59.51 �61.91
DCM �14.35 �10.85 �9.10 �13.53 �10.10 �11.23 �12.49
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which is within our expectation since a fluorine atom substi-
tutes one of the phenylene hydrogen atoms. The induction
interaction is relatively consistent across 1�Cl�, 2�Cl�, 3�Cl�, 4�
Cl�, and 7�Cl�, indicating similar polarization effects. Disper-
sion interactions are strongest for 1�Cl�, 2�Cl�, 3�Cl�, 4�Cl�,
and 7�Cl�, similar to the observations for induction. Overall,
5�Cl�, and 6�Cl�exhibit weaker exchange repulsion, induction,
and dispersion interactions. Due to the dominance of electro-
statics across all species, it is expected that the chloride binding
for all seven cages will be weakened in DCM (er = 8.93), where
the electrostatic interactions will be partially screened in inter-
actions. With the highest ratio of non-electrostatic contribu-
tions observed in 5�Cl�, and 6�Cl�, we expect the dielectric
screening to be less prominent for them in DCM.

The design of cages 2–7 demonstrates how structural
modifications systematically alter chloride binding affinities
and interaction profiles. Across all cages, electrostatics remain
the dominant force for binding. A reduction in the electrostatic
interactions results in lower binding affinities compared to
cage 1. Additionally, steric hindrance from larger substituents
can interfere with optimal hydrogen bonding, weakening the
binding. Increased flexibility reduces binding energy due to a
higher reorganization energy penalty (Table S3, ESI†). Larger
cavity sizes lead to fewer hydrogen bonds with chloride, dimin-
ishing binding strength. Finally, altering the electronic proper-
ties of the cage slightly decreases chloride affinity by weakening
electrostatic interactions. These insights emphasize how stra-
tegic manipulation of these factors can effectively fine-tune
chloride binding properties, offering a framework for designing
cage receptors with customizable anion affinities.

Conclusions

This study highlights the potential of molecular cages in the
form of triazolo-based receptors for selective anion binding.
Through a comprehensive computational investigation, we have
demonstrated that the parent triazolo-cage receptor exhibits a
strong preference for binding small, spherical anions such as

fluoride and chloride, driven primarily by electrostatic interac-
tions. Our findings indicate that the receptor’s binding cavity is
capable of some structural adaptation to accommodate smaller
anions, while its cavity size enhances selectivity toward chloride
and bromide. The use of computer-aided design offers a pathway
to achieve tunable anion affinities, particularly for chloride, by
fine-tuning structural elements and electronic properties. These
results showcase the effectiveness of computational techniques
in guiding receptor design and reducing experimental trial and
error. Overall, this work provides a strategic framework for the
rational design of molecular cages with tailored anion-binding
capabilities.

Data availability

The ESI,† provided with the manuscript includes the coordi-
nates of all the structures investigated in the manuscript. This
will allow the results to be reproduced using standard quantum
chemical computer programs such as Gaussian 16, Q-Chem or
ORCA. In addition, the dependence of the calculated receptor
binding affinities of the different anions on the dielectric
constants of the solvents is also shown.
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