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The widespread contamination of water by per- and polyfluoroalkyl substances (PFAS) demands
the development of efficient and selective removal strategies. In this study, we use computational meth-
ods to investigate the potential of a covalently bonded "cage-of-cages"” molecular architecture for PFAS
sequestration, employing density functional theory (DFT), molecular dynamics (MD), nudged elastic
band (NEB) calculations, and noncovalent interaction (NCI) analyses. DFT calculations show stronger
binding of perfluorooctanesulfonic acid (PFOS) (-33.07 kcal/mol) relative to perfluorooctanoic acid
(PFOA) (—24.63 kcal/mol), primarily driven by van der Waals and electrostatic interactions within the
confined cage interior. MD simulations confirm the stable confinement of both PFAS molecules inwater,
while NEB calculations reveal a higher relative desorption energy barrier for PFOS (109.18 kcal/mol)
compared with PFOA (99.84 kcal/mol), implying stronger retention of PFOS within the cage cavity. Col-
lectively, these findings demonstrate that hierarchical molecular cages served as promising supramolecu-
lar platforms for PFAS sequestration, offering a mechanistic computational basis for future experimental
validation and rational adsorbent design.

Keywords: molecular cage; polyfluoroalkyl substances (PFAS) adsorption, density functional theory (DFT);
nudged elastic band (NEB); quantum theory of atoms in molecules (QTAIM)

KOMIIJYTEPCKH COI'VIEAYBAIbA 3A EHKAIICYJIALIMJATA HA PFOSH PFOA
BO KOBAJIEHTHA ,,KA®E3-O-KA®E3U“ APXUTEKTYPA

[npokopacnpoCTpaHETOTO 3araiyBambe Ha BOJAATa CO Mep- U MOJH(IyOPOATKWIHN CYIICTAHIM
(PFAS) 6apa pa3Boj Ha e(pukacHM M CEJIEKTHUBHU CTPATETHK 32 HUBHO OTCTpaHyBame. Bo oBaa cTynuja ce
KOPHCTEHH KOMIT)YTEPCKH METOJIU 32 Jla C€ UCTINTA TIOTCHIMjAJIOT HA KOBAJICHTHO MOBP3aHa MOJICKYJIapHa
apxuTeKTypa ,kades-oa-kadesu” 3a maBojyBame Ha PFAS, npuMenyBajku Teopuja Ha QYHKIMOHAIOT Ha
esektpoHckata ryctuna (DFT), Monekyncka quHamuka (MD), mpecMeTKr co METOIOT METOT Ha eJ1ac THIHa
nerra (NEB) n anamm3u Ha HexoBanentHu mHTepakimm (NCI). DFT npecMmeTkure moka)yBaar IOCHITHO
Bp3yBame Ha nepiyopookrancyindoncka kucemuHa (PFOS) (33,07 kcal/mol) Bo cmopenba co
niepdiryopookrancka kucesmHa (PFOA) (—24,63 kcal/mol), rmaBHO NOTTHKHATO O BaHIEPBAaJICOBCKU U
€JIEKTPOCTATCKU MHTEPAKIMK BO OTPaHAYeHATa BHATPEIIHOCT Ha Kae3oT. MD cumynanmure noTBpayBaar
cTabwiHo 3anpKyBame Ha ABeTe PFAS Monexynu Bo Boa, nogexa NEB npecmerkure oTKprBaaT 1o BHCOKa
penaTuBHA eHepreTcka 0apuepa 3a gecoprmmja kaj PFOS (109,18 kcal/mol) Bo ciopenda co PFOA (99,84
kcal/mol), mito ykaxxyBa Ha nmocuiHo 3anpkyBame Ha PFOS Bo mrymmnara Ha kage3oT. CeBKyIHO, OBUE
pe3ysiTaTd TMOKaKyBaaT JeKa XHePapXUCKUTE MOJICKYJIapHd Kae3d NpeTcTaByBaaT BETYBAYKH
cymnpaMoJieKyaapHH ratdopmu 3a u3/iBojyBame Ha PFAS, Hyiejku MeXaHUC THUKa KOMIT) yTepcKa O CHOBA 3a
WTHU €KCTICPUMEHTAITHU BATMIALMN U PALMOHAJICH JIM3ajH Ha aJICOPOCHTH.

Kayunu 360opoBu: MonekymapeH kades; aacopmmja Ha nonudayopoankiwiau cynctanim (PFAS);
Teoprja Ha ¢GyHKIHOoHAT Ha ryctrHa (DFT); MeTon Ha enmactiyHa sienra (NEB);
KBaHTHa Teopuja Ha atoMu Bo Mostekynu (QTAIM)
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1. INTRODUCTION

Molecular cages constitute an innovative
class of materials possessing the remarkable ability
to encapsulate guest molecules within their well-
defined, hollow structures.! Constructed through
approaches such as dynamic covalent chemistry,
these systems enable the modular assembly of di-
verse architectures designed for specific function-
alities.2 The primary types of molecular cages in-
clude purely organic cages, metal-organic cages
(MOCs), and hydrogen-bonded cages, each dis-
playing unique structural features. Their intrinsic
porosities and tunable cavities render these cages
valuable in applications spanning catalysis, molec-
ular recognition, separation technologies, and drug
delivery.34

A key advantage of molecular cages is their
structural flexibility, which enables cooperative
diffusion and efficient guest encapsulation.> Func-
tioning as molecular flasks, they create confined
environments for chemical reactions and shield
sensitive molecules from external conditions.® Re-
cent advances have incorporated photochromic and
luminescent functionalities, extending their appli-
cations into optoelectronics and materials sci-
ence.”® Additionally, hybrid systems combining
cages with porous organic frameworks (POFs) or
metal nanoparticles (MNPs) have exhibited en-
hanced stability and functionality, thereby expand-
ing their utility in catalysis, gas separation,* and
advanced materials synthesis.3

Beyond these applications,® molecular cages
have emerged as promising candidates for envi-
ronmental remediation, particularly for the removal
of per- and polyfluoroalkyl substances (PFAS).
PFAS constitute persistent synthetic contaminants
associated with hormonal disruption, cancer, and
long-term ecological harm.1® Due to their excep-
tional stability, resulting from strong C—F bonds,
conventional treatment methods prove ineffective.
The tunable porosity and selective binding proper-
ties of molecular cages render them well-suited for
PFAS capture, primarily through electrostatic in-
teractions with the anionic head groups of these
pollutants.1? Recent work has shown that adaptive
organic cages and metallacages effectively capture
perfluorinated acids from aqueous solutions,
demonstrating the strong potential of these systems
for water purification.’! For example, a porous
adaptive metallacage displayed exceptional adsorp-
tion efficiency for perfluorinated carboxylic acids
(PFCAs) in simulated water contamination scenar-
ios. These findings underscore the potential of mo-
lecular cages as advanced adsorbents by utilizing

their structural features for enhanced capture per-
formance.

Tailored design plays a pivotal role in opti-
mizing interactions between molecular cages and
PFAS. Positively charged sites within cage struc-
tures strengthen electrostatic attraction to the ani-
onic head groups of PFAS, thereby significantly
improving adsorption efficiency.12 This effect is
particularly crucial because the charge distribution
of PFAS molecules critically influences their re-
moval efficacy. Electrostatic interactions between
the charged cage sites and the negatively charged
PFAS head groups facilitate effective capture
mechanisms.13

The size and shape of molecular cages can
be tailored to enhance selective PFAS recognition
via cavity matching, electrostatic attraction, hydro-
phobic confinement, and dispersion-rich contacts.14
Studies have demonstrated that molecular cages
and related supramolecular adsorbents> effectively
capture diverse PFAS-based species, ranging from
long-chain perfluorinated acids to emerging con-
taminants like GenX.13 Nevertheless, while these
results demonstrate the promise of cage-based
PFAS capture, key challenges persist, including
practical scalability, regeneration, and performance
in complex water matrices, all of which require
further investigation.10.16

Current PFAS-based adsorbents encompass
carbon-based materials, ion-exchange resins, pol-
ymeric  sorbents, cyclodextrin-based networks,
metal-organic frameworks (MOFs), and molecular
cages.101617 Carbon-based adsorbents see wide-
spread use due to their availability, high surface
area, and hydrophobic adsorption capacity, but
their selectivity often declines in complex water
matrices containing natural organic matter and
competing contaminants.1%17 |on-exchange and
polymeric adsorbents offer stronger electrostatic
interactions with anionic PFAS head groups, yet
regeneration, fouling, and variable uptake across
structurally diverse PFAS present significant limi-
tations.1316.17 Cyclodextrin-based polymers feature
defined hydrophobic cavities and they leverage
cooperative hydrophobic and electrostatic interac-
tions.2021 MOFs exhibit tunable porosity, high sur-
face area, and adjustable metal nodes or organic
linkers; however, their long-term water stability
and scalability vary substantially with framework
structure.1819 In contrast, molecular cages possess
discrete and well-defined internal cavities that ena-
ble design for size/shape complementarity, electro-
static recognition, hydrophobic confinement, and
dispersion-rich host—guest contacts.211.15.23
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Despite these advances, most reported stud-
ies either focus on experimental adsorption per-
formance or on specific host—guest binding mod-
els. Comprehensive multiscale computational de-
scriptions of PFOS and PFOA confinement within
hierarchical covalent cage architectures are still
lacking. Specifically, the interplay of cage free
volume, size compatibility, dispersion interactions,
polar head-group contacts, dynamic aqueous stabil-
ity, and desorption resistance has yet to be fully

elucidated for covalently bonded cage-of-cages
systems. Bridging this gap could yield molecular-
level insights that inform rational design of next-
generation supramolecular adsorbents for PFAS
sequestration.

Here, we computationally investigate the in-
teraction of two representative and widely studied
PFAS-based compounds,?2 namely PFOS and
PFOA, within the cavity of a covalently bonded
cage-of-cages molecular architecture?® (Scheme 1).
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Scheme 1. Schematic of the covalently bonded cage-of-cages architecture (left) and the two representative per- and polyfluoroalkyl
substances (PFAS) examined in this study: perfluorooctanesulfonic acid (PFOS, upper right) and perfluorooctanoic acid (PFOA,
lower right). Key functional groups are color-coded: red (sulfonic) and blue (carboxylic).

By combining volumetric analysis, DFT in-
teraction energies, Reduced Density Gradient
(RDG)/non-covalent interaction (NCI) visualiza-
tion, QTAIM analysis, MD simulations, NEB cal-
culations, and Hirshfeld surface/energy framework
analysis, this study offers a molecular-level under-
standing of how structural confinement and non-
covalent interactions control PFAS retention with-
in the cage cavity. In this initial investigation, we
employed the crystal structure of the molecular
cage, available from the Cambridge Crystallo-
graphic Data Centre (CCDC deposition number
2303319).24

2. COMPUTATIONAL METHODOLOGY
2.1. Volume determination

To ensure accurate and reliable results, we
analyzed the molecular cage's structural and volu-
metric properties using a combination of computa-
tional tools. The cage's initial structure, retrieved
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from the Cambridge Crystallographic Data Centre
(CCDC deposition number 2303319), underwent
optimization first with MOPAC to obtain an ener-
getically minimized geometry, followed by density
functional theory (DFT) calculations (as detailed in
the Methodology section).

The optimized structure underwent analysis
using MoloVol® (version 1.1.1) to calculate key
volumetric parameters, including van der Waals
volume, probe-occupied volume, probe-accessible
volume, and free volume. MoloVol implemented a
grid-based approach with a two-probe system
(small probe radius: 1.2 A; large probe radius: 20
A) to evaluate molecular accessibility and locate
cavities within the cage. A grid resolution of 0.2 A
was specified, and atom-specific radii were as-
signed as follows: O (1.5 A), H (1.2 A), N (1.66
A), F (1.46 A), and C (1.77 A). The analysis de-
termined a free volume of 1469.45 A3 (Fig. 1), cor-
responding to the space available for guest mole-
cule encapsulation.
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V=1469.45 A3

Fig. 1. Optimized structure of the covalently bonded cage-of-cages molecular architecture and its calculated internal
cavity/free volume using MoloVol analysis. The volume assessment enabled evaluation of whether
the molecular cage could geometrically accommodate PFOS and PFOA as guest molecules.

Surface maps generated during the analysis
were visualized using ChimeraX,% allowing for
detailed examination of van der Waals surfaces,
molecular surfaces, and cavity distributions. This
comprehensive approach provided precise charac-
terization of the molecular cage's structural proper-
ties, demonstrating its potential suitability for
PFAS-based encapsulation studies.

Single-probe calculations (probe radius: 1.2
A) were performed to calculate the molecular vol-
umes of PFOS and PFOA, which were found to be
296.968 A3 and 250.248 A3, respectively. Based on
the cage's cavity volume, combined with shape
compatibility, noncovalent interactions (hydrogen
bonding, van der Waals forces, and electrostatic
effects), and host flexibility that enabled cavity
adaptation to guest dimensions, the analysis con-
firmed that the cage could effectively accommo-
date these PFAS-based molecules.

2.2. Density functional theory (DFT)

All guantum chemical calculations were per-
formed using the ORCA 6.0 software package.2’-2°

Conformer Search and Starting Geometries
— Prior to DFT optimization, a conformational
search was conducted for the molecular cage,
PFOS, and PFOA to obtain reliable starting ge-
ometries. The search utilized the GFN2-xTB Ham-
iltonian in XTB (version 6.4.0) with the global op-
timization algorithm (GOAT) for molecules and
clusters of atoms, systematically explored torsional
degrees of freedom and generated approximately
500 conformers per molecule. Conformers within 5
kcal/mol of the global minimum were selected, and
the lowest-energy  structures underwent re-

optimization at the ©B97M-D4/def2-SVP level
with the conductor-like polarizable continuum
model (CPCM) solvation (water). Guest—host
complexes were subsequently constructed using
the XTB DOCKER module, which sampled both
interior and exterior orientations, and all resulting
structures were refined at the DFT level prior to
subsequent analyses.

Geometry optimizations were performed us-
ing the wB97M-D4 functional,® a state-of-the-art
range-separated hybrid functional optimized for
accurate modeling of systems governed by non-
covalent interactions.3! The def2-SVP basis set3?
was used for all atoms, achieving an optimal bal-
ance between computational efficiency and accu-
racy. This double-{ basis set proved particularly
effective for organic molecules and medium-sized
systems, delivering reliable predictions while
maintaining reasonable computational costs.

To incorporate solvation effects, the CPCM
was implemented with waster as the solvent.3334 This
approach models solute—solvent interactions by rep-
resenting the solvent as a continuous dielectric medi-
um. The CPCM improved the accuracy of computed
structural and energetic properties by accounting for
the stabilizing effects of the aqueous environment.

All structural optimizations were conducted
in the solvated phase, with strict convergence crite-
ria for energy, gradient, and displacement applied.
Unless noted otherwise, tight convergence settings
were employed to guarantee precision. Calcula-
tions were accelerated through parallelization, with
128 processors utilized.3> This computational pro-
tocol, combining the wB97M-D4 functional, def2-
SVP basis set, and CPCM solvation model, estab-
lished a robust framework for investigating molec-
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ular interactions, vyielding reliable predictions of
structural and energetic properties under realistic
conditions. Reduced density gradient (RDG) and
non-covalent interaction (NCI) analyses were car-
ried out using the Multiwfn3637 and visual molecu-
lar dynamics (VMD) software packages.38

2.3. Nudged elastic band (NEB) calculations

The transition states (TS) for the studied re-
actions were located and characterized using the
DMol module in Materials Studio. The calcula-
tions implemented the linear synchronous trans-
it/quadratic synchronous transit (LST/QST) meth-
od with parameters specifically optimized for accu-
racy and efficiency.3® A maximum of 20 conjugate
gradient steps and two QST cycles were employed,
with a gradient tolerance set at 0.020 A,

Stringent self-consistent field (SCF) conver-
gence criteria were applied, including a density con-
vergence of 1.0 x 10-5Ha, charge mixing of 0.2, spin
mixing of 0.5, and a direct inversion of the iterative
subspace (DIIS) Pulay scheme over six iterations,
permitting up to 9,999 total SCF cycles. Electronic
structure calculations utilized an unrestricted spin
polarization approach with a neutral charge. The
double numerical basis set with d-functions (DND)
was chosen, along with the Minnesota 11-L (M11L)
exchange-correlation functional. A global cutoff of
3.6 A was set for all calculations. The computational
results yielded energy profiles, optimized TS geome-
tries, and vibrational frequency analyses to verify the
nature of the transition states.

Nudged elastic band (NEB) calculations
were conducted to map the desorption pathways of
PFOS and PFOA from the cage cavity and to de-
termine relative desorption barriers along the se-
lected reaction coordinate. All NEB pathway cal-
culations were performed in Materials Studio using
the DMolF module at the M11-L/DND level of
theory. This hybrid computational approach was
selected because the ®B97M-D4/def2-SVP/CPCM
protocol employed for ORCA geometry optimiza-
tions and interaction-energy calculations was not
directly compatible with NEB pathway calcula-
tions within Materials Studio.

To maintain consistency between the two
computational stages, the starting host—guest ge-
ometries for NEB calculations were derived from
the ©B97M-D4/def2-SVP-optimized  structures.
Thus, the NEB calculations served primarily to
assess the relative desorption resistance of PFOS
and PFOA rather than to predict absolute experi-
mental desorption energies. While the use of dif-
ferent computational levels may influence the
quantitative magnitude of the barriers, the qualita-
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tive PFOS > PFOA retention trend remained con-
sistent with the DFT interaction energies and non-
covalent interaction analyses.

2.4. Molecular dynamics (MD) simulations

Molecular dynamic simulations were con-
ducted using the Forcite module in Materials Stu-
dio (version 2020) with the COMPASSIII force
field*© and force-field-assigned charges. The cage-
PFAS complexes were placed in an explicit cubic
water box, and initial velocities were randomly
assigned. All simulations were performed in the
canonical (NVT) ensemble at 298 K, with tempera-
ture regulated by a Berendsen thermostat (decay
constant: 0.1 ps). Newton's equations of motion
were integrated using a 1.0 fs timestep, and each
trajectory was extended for 5.0 ns, (5,000,000 sim-
ulation steps). This 5.0 ns simulation duration was
chosen to enable an initial short-timescale host—
guest stability and confinement in explicit water
while ensuring computational feasibility for the
large solvated cage—PFAS-based systems.

Since longer simulations would offer more
extensive conformational sampling, the MD results
were interpreted as evidence of short-timescale
dynamic stability rather than exhaustive long-
timescale adsorption behavior. Long-range electro-
static interactions were calculated using an atom-
based summation with cubic spline truncation
(cutoff distance: 15.5 A; spline width: 1.0 A; buff-
er width: 0.5 A). The same cutoff scheme was ap-
plied to van der Waals interactions. Throughout
each trajectory, structural stability and PFAS-based
confinement within the cage were assessed by
monitoring total energy, potential energy, Kinetic
energy distribution, and radius of gyration (Rg).

The computational workflow employed mul-
tiple theoretical models, each chosen for its specif-
ic application. The ®B97M-D4/def2-SVP/CPCM
level was selected to characterize optimized host—
guest structures and interaction energies, while the
DMolP/M11-L/DND approach was applied to NEB
pathway calculations. Additionally, the COM-
PASSIII force field was utilized to evaluate dy-
namic stability in explicit water. This multilevel
approach enabled the acquisition of complemen-
tary information at a computationally feasible cost
for the large supramolecular system.

However, absolute values derived from dif-
ferent levels of theory should not be directly com-
pared without appropriate caution. Consequently,
the primary conclusions were drawn from con-
sistent qualitative trends across methods, notably
the stronger binding, higher relative desorption
resistance, and more stable agueous confinement
observed for PFOS relative to PFOA.
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3. RESULTS
2.5. Density functional theory (DFT)

Accurate determination of interaction ener-
gies in supramolecular host—guest systems proved
essential for elucidating their binding affinities and

stability. In this study (Fig. 2), the interaction en-
ergies of PFOS and PFOA within the molecular
cage were computed both with and without disper-
sion energy contributions. The findings demon-
strated a significant influence of dispersion forces
on the overall interaction energies.
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Fig. 2. DFT-calculated interaction energies between the molecular cage and the encapsulated PFOS/PFOA molecules,
determined with and without D4 dispersion correction. This comparison revealed the predominant role of London
dispersion interactions in stabilizing host—guest complexes, demonstrating stronger overall binding for PFOS relative to PFOA.

When dispersion corrections were applied,
the interaction energy of the molecular cage with
PFOS measured —-33.07 kcal/mol, whereas for
PFOA, it measured —24.63 kcal/mol. However,
excluding dispersion effects resulted in a substan-
tial reduction of interaction energies to -10.88
kcal/mol and —8.04 kcal/mol for PFOS and PFOA,
respectively.

For PFOS, van der Waals interactions con-
tributed 67.10% to the total interaction energy
within the molecular cage, indicating their domi-
nant role in system stabilization. Conversely, for
PFOA, van der Waals interactions comprised only
32.63% of the total interaction energy, indicating a
more significant contribution from other intermo-
lecular forces, particularly electrostatic interac-
tions. This display underscored the distinct interac-
tion profiles of PFOS and PFOA within the molec-
ular cage, likely attributable to differences in mo-
lecular structure, polarity, or spatial accommoda-
tion within the cage environment.

This pronounced energy shift highlighted the
critical need to account for dispersion interactions
in density functional theory (DFT) calculations.*!
The use of a dispersion-corrected functional or the
incorporation of dispersion correction in DFT
proved essential for accurately modeling these in-
teractions, as many standard functionals do not
inherently  include long-range dispersion ef-
fects.41.42

These findings underscored the critical need
for dispersion-inclusive computational methods,
including DFT-D4, when investigating weak inter-
actions in supramolecular chemistry. Omission of
dispersion corrections risks producing misleading
conclusions about molecular interactions, especial-
ly in systems where noncovalent forces govern
complex stability. Additionally, to further elucidate
the interaction mechanisms, the DFT-derived pa-
rameters were calculated, and a correlation matrix
plot of the computed values was generated (Fig. 3)
for comprehensive analysis.
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Fig. 3. a. Noncovalent interaction (NCI) isosurface maps and b. Reduced density gradient (RDG) scatter plots for PFOS and PFOA
encapsulated within the cage-of-cages cavity. The RDG/NCI analysis was performed to visualize weak host—guest interactions.
Blue regions indicate strongly attractive interactions, green regions represent van der Waals contacts, and red regions correspond to
steric repulsion. The extensive green isosurfaces demonstrate that dispersion-dominated contacts between the fluorinated
PFAS-based chains and the cage interior constituted stabilization contributors.

Reduced density gradient/noncovalent interac-
tion (RDG/NCI) analysis*® was performed to visual-
ize and classify the noncovalent host—guest interac-
tions responsible for PFOS and PFOA stabilization
within the cage cavity. In the RDG scatter plots, neg-
ative values of sign(A2)p corresponded to attractive
interactions, near-zero regions were associated pri-
marily with van der Waals contacts, and positive val-
ues indicated steric repulsion. The corresponding
NClI isosurfaces revealed that both PFAS-based mol-
ecules were stabilized predominantly by extensive
green regions, demonstrating dispersion-dominated
contacts between the fluorinated chains and the cage
interior, along with additional localized attractive
interactions involving the polar head groups.

The correlation analysis between interaction
energy and various DFT-derived parameters5:46
(Fig. 4) offered insights into how electronic and in-
termolecular forces affected the stability of PFAS-
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based molecules within molecular cages. Among
the observed trends, dispersion energy exhibited the
strongest positive correlation with interaction ener-
gy (r =0.90). This correlation demonstrated that van
der Waals forces played a dominant role in stabiliz-
ing these complexes, making significant contribu-
tions to their overall binding energy. Thus, disper-
sion interactions emerged as the primary driving
force behind the interactions between the molecular
cage and PFAS-based molecules.

A strong positive correlation was also found
between interaction energy and lowest unoccupied
molecular orbital (LUMO) energy (r = 0.73), indicat-
ing that molecules with higher LUMO energy tended
to form stronger interactions. This relationship sug-
gested the influence of electron affinity on molecular
stability, since higher LUMO energy corresponds to
greater electron-accepting ability.
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Fig. 4. Descriptor comparison matrix illustrating the qualitative relationship between interaction energy and selected
DFT-derived electronic parameters for PFOS and PFOA within the molecular cage. Since only two representative PFAS molecules
were investigated, the matrix was intended as a qualitative descriptor comparison rather than a statistically robust correlation analysis.

Similarly, the highest occupied molecular
orbital (HOMO)-LUMO gap (r = 0.83), which re-
flects electronic stability, exhibited a strong corre-
lation with interaction energy. This relationship
suggested that molecules with wider HOMO-
LUMO gap tended to form stronger intermolecular
interactions, thereby reinforcing the role of elec-
tronic structure in determining stability. Converse-
ly, HOMO energy showed a moderate correlation
(r = 0.31), indicating that while the donor orbital
energy contributed to interaction energy, its influ-
ence was less pronounced than other factors.

Notably, the dipole moment displayed a weak
negative correlation (r = —0.29), suggesting that high-
er molecular polarity might slightly decrease interac-
tion energy. This observation implied that highly po-
lar molecules interacted differently within the cage
compared with nonpolar molecules, potentially due
to competing electrostatic effects.

Overall, the analysis revealed that dispersion
interactions served as the primary stabilizing force
in these systems, while frontier molecular orbital
properties, particularly LUMO energy and the
HOMO-LUMO gap, also played critical roles. The
weak negative correlation of the dipole moment
with interaction energy further confirmed that elec-
trostatic effects were not the primary drivers of
stability in these molecular interactions.

From a design standpoint, these RDG/NCI
indicated that future PFAS-based-binding cages
should incorporate three key structural features: a
cavity sufficiently large to accommodate long-
chain PFAS-based molecules, dispersion-rich inner
surfaces designed of maximizing contact with
fluorinated chains, and strategically positioned po-
lar or charged sites capable of interacting with sul-
fonate or carboxylate head groups. The stronger
interaction observed for PFOS suggested that in-
creasing fluorinated-chain contact area and opti-
mizing head-group recognition could serve as ef-
fective strategies for enhancing PFAS selectivity
and retention in next-generation molecular cage
adsorbents.

2.6. Nudged elastic band (NEB) calculations

The transition state (TS) calculations (Fig. 5)
for the desorption of perfluorooctanoic acid
(PFOA) and perfluorooctane sulfonic acid (PFOS)
from the molecular cage yielded key insights into
their relative stability, binding strength, and release
mechanisms. Both PFAS-based molecules demon-
strated strong confinement within the cage, as evi-
denced by their high energy barriers, although dif-
ferences in their desorption profiles revealed varia-
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tions in their interactions with the host system. The
computed energy barrier (Ez) for PFOS was 109.18

kcal/mol, while PFOA showed a slightly lower
barrier of 99.84 kcal/mol.

Fig. 5. Representative nudged elastic band (NEB) desorption pathway illustrating the movement of a PFAS-based molecule from the
interior to the exterior of the molecular cage. NEB calculations were performed to determine relative desorption resistance along the
defined pathway.

These findings indicated that PFOS experi-
enced stronger confinement within the molecular
cage, requiring greater energy input for desorption.
The reaction energy (AE) was 14.60 kcal/mol for
PFOS and 12.63 kcal/mol for PFOA, demonstrat-
ing that both molecules were thermodynamically
more stable within the cage than in the free state.
However, the slightly higher reaction energy for
PFOS further confirmed its greater affinity for the
host system relative to PFOA.

Despite following an analogous release mech-
anism, the higher energy barrier of PFOS suggested
stronger host—guest interactions, likely influenced by
its sulfonic (—-SOsH) functional group, which exhibit-
ed stronger electrostatic and hydrogen-bonding inter-
actions compared with the carboxylic (-COOH)
group of PFOA. Moreover, PFOS's larger molecular
size and increased fluorine content may have contrib-
uted to enhanced van der Waals interactions, thereby
stabilizing it within the cage.

The high energy barriers for both PFOA and
PFOS indicated that the molecular cage functioned
as an effective sequestration system, significantly
reducing the likelihood of spontaneous release into
the surrounding environment. However, the lower
energy barrier for PFOA implied that it could be
more readily removed under controlled conditions,
whereas PFOS, with its stronger binding affinity,
might require additional external stimuli, such as
thermal activation or chemical modification, to
facilitate its release.
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To further characterize the confinement and
desorption behavior of these molecules, rotational
time correlation function analysis and electronic
structure evaluations could provide deeper insights
into their dynamics and interaction mechanisms
within the molecular cage.

It is important to note that the calculated de-
sorption barriers were designed to offer relative
insight into the confinement strength of PFOS and
PFOA within the selected cage model. Since the
NEB calculations were conducted using a different
computational framework than the DFT optimiza-
tions and followed an idealized desorption coordi-
nate, the absolute barrier values could not be inter-
preted as direct experimental desorption energies.
Instead, the comparison between PFOS and PFOA
demonstrated that PFOS was more strongly re-
tained under the computational model employed,
in agreement with the stronger interaction energy
obtained from DFT calculations.

2.7. PFAS-based molecules stability inside
molecular cage assets via MD calculations

To assess whether PFAS-based molecules re-
tained adsorptive behavior within a molecular cage
and whether the cage could effectively hostthem in a
dynamic system at room temperature, a simulation
was constructed. This system comprised amolecular
cage encapsulating a PFAS molecule within its cavi-
ty, solvated by 2,000 water molecules (Fig. 6).
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Fig. 6. Molecular dynamics simulation model of the cage—PFAS complex solvated in anexplicit water box containing 2,000 water
molecules. This solvated system was employed to assess the short-timescale dynamic stability and confinement behavior of PFOS
and PFOA within the cage cavity under canonical (NVT) conditions at 298 K.

In the second step, the system was subjected
to molecular dynamics (MD) simulation using the
COMPASSIII force field to evaluate the structural
integrity of the Molecular cage||PFAS system in
solution. The simulation was performed in the ca-
nonical (NVT) ensemble, with a constant tempera-
ture of 298 K maintained by a Berendsen thermo-
stat (decay constant: 0.1 ps). To precisely capture
the system's behavior, Newton's equations of mo-
tion were integrated using a 0.1 fs time step, ensur-
ing high precision in atomic trajectory tracking.
The total simulation duration reached 2,500 ps,

enabling comprehensive assessment of the system's
stability and interactions over time.

The radius of gyration (Rg) distributions of
both PFOA and PFOS within the molecular cage
were analyzed to evaluate their structural stability
and confinement during the simulation. The results
showed that PFOA displayed Rg values ranging
from 2.86 A to 3.56 A, with a dominant probability
density observed in the 3.25-3.45 A range. Like-
wise, PFOS exhibited Rg values between 3.83 A
and 4.37 A, with a peak probability density found
in the 4.17-4.23 A range (Fig. 7).
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Fig. 7. Probability density distributions of the radius of gyration (Ry) for PFOS and PFOA obtained
from molecular dynamics simulations in explicit water.
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The relatively narrow distributions observed
for both molecules indicated that they maintained
structural stability within the molecular cage
throughout the simulation. The absence of signifi-
cant deviations towards lower Rq values (< 2.8 A
for PFOA and < 3.8 A for PFOS) demonstrated
that neither molecule experienced substantial com-
paction nor collapse, which would otherwise have
suggested excessive structural distortion from ex-
ternal forces. Similarly, the lack of persistent high-
er Rg values (> 3.6 A for PFOA and > 4.4 A for
PFOS) confirmed that both molecules remained
encapsulated, without extending or escaping from
the cage environment.

The observed Rg fluctuations represented
minor conformational adjustments, likely resulting
from intermolecular interactions with the cage and
solvent molecules. Nevertheless, these fluctuations
did not correspond to trends associated with mo-
lecular destabilization or cage escape. The con-
finement of both PFOA and PFOS appeared to be
governed by a combination of van der Waals inter-
actions, hydrogen bonding, hydrophobic effects,
and electrostatic forces.

While the MD simulations demonstrated
stable encapsulation of both PFAS molecules in an
aqueous environment, the current simulations did
not explicitly incorporate complex environmental
water matrices, competing ions, natural organic
matter, pH-dependent speciation, or adsorbent re-
generation. Thus, the MD results were interpreted
as evidence of molecular-level confinement stabil-

ity rather than direct proof of practical water-
treatment performance.

2.8. QTAIM analysis of PFOS
and PFOA molecules

The QTAIM analysis (Fig. 8) of the interac-
tions between the molecular cage and the
PFOS/PFOA molecules provided a comprehensive
understanding of the bonding and interaction
mechanisms contributing to their stabilization
within the molecular cage framework. This analy-
sis revealed the interplay of covalent-like bonding,
hydrogen bonds, and van der Waals forces, eluci-
dating the structural integrity and dynamic stability
of these encapsulated systems.

Strong covalent interactions — Covalent in-
teractions were characterized by high electron den-
sity (p > 0.29 a.u. for PFOS and p > 0.25 a.u. for
PFOA) and significantly negative Laplacian (V3p <
-0.39 a.u.). In the PFOS system, bonds such as
C95-0205 (p = 0.2976 a.u., V*p = —0.3950 a.u.)
and C34-0220 (p = 0.3074 a.u., V?p = -0.3801
a.u.) displayed negative total energy densities (H =
-0.4736 a.u., H = -0.4969 a.u.) and high bond de-
grees (B = 2.26, 2.24). For PFOA, similar strong
interactions were observed, such as the C258-
C260 bond (p = 0.2563 a.u., V?p =-0.6547 a.u., H
= -0.2082 a.u., B = 5.66). These bonds constituted
the primary stabilization framework for the mole-
cules and exhibited low ellipticity (¢ < 0.04), indi-
cating uniform and stable bonding.

[ Molecular Cage | | PFOA

[ Molecular Cage | | PFOS

Fig. 8. Quantum theory of atoms in molecules (QTAIM) molecular graphs for PFOA and PFOS encapsulated
within the molecular cage, computed at the ®B97M-D4/def2-SVP level of theory.
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Hydrogen bonding interactions — In the
PFOS molecule, moderate hydrogen bonds con-
tributed to additional stabilization. Notable exam-
ples included N100-H270 (p = 0.0368 a.u., V*p =
0.1059 a.u., H = -0.2940 a.u., B = 1.45) and
H153-0260 (p = 0.0061 a.u., V?p = 0.0263 a.u., H
= -0.0042 a.u., B = 0.78). These bonds, with mod-
erate ellipticity values (¢ = 0.03-0.33), indicated
slight strain but still provided significant stability.
In PFOA, the 0O8-0257 interaction (p = 0.0045
a.u., V?p = 0.0184 a.u., H=0.0008 a.u., B=0.78)
suggested weaker hydrogen bonding but contribut-
ed to the formation of a secondary network of in-
teractions within the cavity.

Weak van der Waals interactions — Both
systems exhibited weak van der Waals forces char-
acterized by low electron density (p < 0.01 a.u.)
and positive Laplacian (V?p > 0 a.u.). For PFOS,
examples included C63-F250 (p = 0.0042 a.u., V*p
= 0.0170 a.u., H = 0.0009 a.u., |VJ/G = 0.72) and
08-F255 (p = 0.0037 a.u., V?p = 0.0211 a.u.,, H =
0.0009 a.u., |VJ/G =0.78). In PFOA, C14-F243 (p
=0.0053 a.u., V?p =0.0221 a.u., H=0.0010 a.u., B
=0.79) provided weak stabilization.

While individually weak, these interactions
collectively played a crucial role in maintaining
overall structural stability.

Significant interactions — A particularly
notable interaction in the PFOS system was the
0259-H270 bond (p = 0.3010 a.u., V?p = -2.1331
a.u., H=-0.5929 a.u., |[V|/G = 10.94), representing
an exceptionally strong hydrogen bond. This inter-
action was characterized by extremely high stabil-
ity, minimal bond strain (¢ = 0.0121), and uni-
formity, emphasizing its critical role in anchoring
the molecule.

The PFOS and PFOA molecules were stabi-
lized within their respective molecular cages
through a synergistic combination of strong cova-
lent bonds, moderate hydrogen bonds, and weak
van der Waals forces. Key parameters, including
high electron density (p), negative total energy
density (H), and low ellipticity (g), collectively
ensured effective encapsulation of these molecules.
This analysis highlighted the interplay of interac-
tion types, providing a robust framework for the
structural integrity of the PFOS- and PFOA-
molecular cage systems.

2.9. Hirshfeld surface analysis, intermolecular
interaction energies, and energy frameworks

Hirshfeld surface analysis enabled an in-
depth examination of intermolecular interactions
within the crystalline state by focusing on the elec-
tron density at molecular contact points.#”-%0 This
surface, which encloses the molecule, is defined by
regions where the electron density from the mole-
cule of interest equals that of its neighboring mole-
cules. Using Crystal Explorer 21.3 software,
Hirshfeld surfaces for the studied compounds were
generated and analyzed based on parameters in-
cluding de (external distance), di (internal dis-
tance), dnorm (normalized contact distance), shape
index, curvedness, and two-dimensional fingerprint
plots. Figure 9 presents these Hirshfeld surface
maps, displaying the molecule's de, di, dnorm, Shape
index, and curvedness. Furthermore, fingerprint
plots were decomposed to identify specific atom—
atom contacts, facilitating the distinction between
overlapping interaction types.5152 This decomposi-
tion provided valuable insights into the relative
contributions of various intermolecular contacts,
enhancing understanding of the crystal packing
arrangement.

The colored regions on the Hirshfeld surfac-
es in Figure 9 provided valuable insights into di-
verse molecular surface properties. On the dnorm
surface, red regions indicated shorter intercontacts,
blue regions represented longer ones, and white
areas signified contacts close to the van der Waals
radii. Red regions corresponded to negative poten-
tial with electrophilic tendencies, while blue re-
gions denoted positive potential with nucleophilic
characteristics. The shape index, intricately
mapped on the surface, revealed red concave re-
gions indicating stacking interactions and blue
convex regions representing ring atoms. The varied
colors in fragment patches further illustrated dif-
ferent molecular interactions across the surface.

In Figure 10, de and di represented distances
from the Hirshfeld surface to the nearest nuclei
outside and inside the surface, respectively. The
computed volume within the Hirshfeld surface was
5119.88A3, with an area of 2263.96 A2,
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Fig. 9. Hirshfeld surfaces generated using Crystal Explorer 21.3 illustrated molecular interactions: (A) d..m and (B) shape index
surfaces revealed H---H interactions, with red and blue triangles (enclosed in a black ellipse) indicating bonding regions.
Panels (C-F) show d,, d;, and a molecular fragment, providing a detailed view of interaction features.
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Fig. 10. Two-dimensional fingerprint plots, three-dimensional Hirshfeld surfaces, and interaction percentage contributions for the
encapsulated PFAS—cage system, showing that F---H/H---F and O---H/H---O contacts dominate the host—guest interaction pattern.
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The data in Figure 10 provides a breakdown
of intermolecular interactions based on atom pairs,
expressed as a percentage of total surface contacts.
Key observations include:

e Fluorine-related interactions dominated the
overall contacts, contributing 41.3%, with
significant ~ contributions  from  F---F
(26.3%) and F---H (6.3%) interactions,
emphasizing the importance of fluorine in
the crystal packing.

e Hydrogen interactions accounted for
21.1%, primarily from H---F (7.4%) and
H---H (5.1%), reflecting their substantial
presence in the intermolecular contact
network.

e Oxygen interactions comprised 15.4%,
with O---H (4.6%) being the most promi-
nent, demonstrating oxygen's role in hy-
drogen bonding and other polar interac-
tions.

e Nitrogen interactions constituted 11.7%,
with N---H (3.1%) and N---F (4.0%) as the
most significant contributors, highlighting
the role of nitrogen in forming polar con-
tacts.

e Carbon-related interactions were the

smallest, contributing 10.5%, with C-.-F
(1.1%) and C---C (2.8%) interactions being
less significant.

e The total contributions of outside atoms
showed that fluorine (42.1%) and hydro-
gen (20.6%) dominated the intermolecular
contact framework, underscoring their cen-
tral roles in crystal packing stability and
molecular interactions.

Visualization of nearest-neighbor energy
networks enabled understanding of intermolecular
interactions within a molecular crystal. This net-
work is represented using cylinders (Fig. 11),
where the width of each cylinder was proportional
to interaction strength.#® For deeper insight, the
intermolecular interaction energy was decomposed
into four physically meaningful components, each
scaled by a specific factor, representing a refine-
ment from the original formulation:

Etot = KeleEele + KpolEpol + KdisEdis + KrepErep

Energy frameworks provided a powerful and
intuitive method for visualizing supramolecular
arrangements in molecular crystal structures. In
these frameworks, cylinders represented molecular
packing interactions, with their thickness propor-
tional to interaction strength in various directions.
Thicker cylinders indicated stronger interactions,
while a uniform scale factor ensured comparability
across frameworks by adjusting cylinder sizes con-
sistently 4953

g

<

Fig. 11. Energy frameworks visualization for cage-of-cages, showing energy components and total energy interactions.

To maintain visual clarity, weaker interac-
tions below a defined energy threshold were ex-
cluded, preventing overcrowding in the representa-
tion. The absence of cylinders in a particular direc-
tion did not indicate a complete lack of stabilizing

interactions but rather reflected a strategic focus on
the most significant contributors. This approach
emphasized prominent interactions, facilitating
clearer and more insightful analysis of the molecu-
lar crystal's structural features. 23
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Separate frameworks for electrostatic and
dispersion components further refined the analysis,
providing valuable insights into the distinct charac-
teristics and contributions of these forces. This
method not only enhanced understanding of the

spective on the interplay of forces stabilizing the
lattice.5153 The interaction energies between the
synthesized molecule and its symmetry-related
counterparts, calculated wusing the B3LYP/6-
31G(d,p) method, are summarized in Table 1.

crystal's topology but also offered a nuanced per-

Table 1

Interaction energies (kJ/mol) and centroid-to-centroid distances (R, A) between the molecular cage and its

symmetry-related counterparts, computed at the B3LYP/6-31G(d,p) level. The energies were decomposed

into electrostatic (Eele), polarization (Epor), dispersion (Edis), repulsion (Erep), and total (Etwt) contributions.
Positive electrostatic values indicated repulsive interactions

N Sggzgfgry R Eye Epol = Erp =

2 xy+l2, z 2194 2310 650  -57.90 0.00 79.70
2 XY, Z 16.29 23.30 1290 13910 000  —106.00
2 XY, Z 16.58 20.80 11020 12660 0.00 ~95.80
2 xy+l2, -z 2364 0.20 100 -40.70 0.00 -36.00
2 xy+l2, -z 2283 3.10 490 -46.90 0.00 ~41.20
2 X, Y, 2 22.47 16.90 260 7110 0.00 46,00

These interactions were characterized by
their centroid-to-centroid distances (R, A) and de-
composed into electrostatic (Eee), polarization
(Epar), dispersion (Edis), repulsion (Erep), and total
energy (Ett) components. Among the interactions,
the pair with R = 16.29 A showed the strongest
interaction energy (Ett = —106 kJ/mol), driven pre-
dominantly by the dispersion term (Edis = —139.1
kJ/mol), along with a smaller electrostatic contri-
bution (Eele = 23.3 kJ/mol). A comparable interac-
tion was observed at R = 16.58 A, where Eiot = —
95.8 kJ/mol, again dominated by dispersion (Edis =
—126.6 kJ/mol).

Weaker interactions occurred at longer cen-
troid distances. For instance, the interaction at R =
23.64 A had a total energy of Ewt = —36 kd/mol,
primarily due to dispersion (Edis = —40.7 kJ/mol).
Similarly, the interaction at R = 22.83 A exhibited
Etot = —41.2 kJ/mol, with dispersion (Edis = —46.9
kJ/mol) as the most significant component. The
interaction at R = 21.94 A also followed this trend,
with Ett = —79.7 kJ/mol, dominated by Edis = -57.9
kJ/mol. The interaction at R = 22.47 A showed a
total energy of Etwt = —46 kJ/mol, primarily due to
Edis = -71.1 kJ/mol.
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These results highlighted the central role of
dispersion interactions in stabilizing the molecular
crystal, with electrostatic contributions serving as
secondary but notable factors in certain interac-
tions. The variation in R and energy components
reflected the nuanced interplay of forces governing
molecular packing within the crystal lattice.

3. CONCLUSIONS

This study provided a multiscale computa-
tional investigation of PFOS and PFOA encapsula-
tion within a covalently bonded hierarchical cage-
of-cages molecular architecture. By combining
volumetric analysis, DFT calculations, RDG/NCI
visualization, QTAIM analysis, NEB calculations,
molecular dynamics simulations, and Hirshfeld
surface/energy framework analysis, the work elu-
cidated molecular-level insights into the structural,
energetic, and dynamic factors governing PFAS
confinement within the cage cavity.

Volumetric analysis confirmed that the in-
ternal free volume of the cage, calculated at
1469.45 A3, was sufficiently large to accommo-
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date both PFOS and PFOA, whose molecular vol-
umes were estimated as 296.968 A3 and 250.248
A3, respectively. This favorable size compatibility
supported the host—guest encapsulation. DFT cal-
culations demonstrated that both PFAS molecules
interacted favorably with the cage, with PFOS
exhibiting stronger interaction energy (-33.07
kcal/mol) than PFOA (-24.63 kcal/mol). Compar-
ison between dispersion-corrected and non-
dispersion calculations indicated that London dis-
persion forces provided a major stabilizing con-
tribution in both complexes, emphasizing the im-
portance of extended perfluoroalkyl chain con-
tacts with the cage interior.

RDG/NCI and QTAIM analyses further
supported the predominantly noncovalent nature of
PFOS and PFOA stabilization within the cage. The
host—guest interaction pattern was governed by a
cooperative network of weak-to-moderate attrac-
tive contacts, including van der Waals interactions,
electrostatic contributions, and localized hydrogen-
bonding-type interactions involving the polar head
groups. The stronger retention of PFOS was at-
tributable to its larger perfluoroalkyl chain, greater
dispersion contact area, and the stronger interac-
tion capacity of the sulfonate group compared with
that of the carboxylic group of PFOA.

NEB calculations demonstrated higher rela-
tive desorption resistance for PFOS (109.18
kcal/mol) than for PFOA (99.84 kcal/mol), which
was consistent with the stronger DFT -calculated
interaction energy and more extensive noncovalent
contact network observed for PFOS. These barriers
were to be interpreted primarily as relative indica-
tors of confinement strength along the selected
computational pathway rather than as direct exper-
imental desorption energies. Molecular dynamics
simulations in explicit water further indicated that
both PFOS and PFOA remained confined within
the cage at 298 K over the simulated timescale,
with radius-of-gyration distributions showing lim-
ited conformational fluctuations and no evidence
of collapse or escape. Hirshfeld surface and energy
framework analyses additionally confirmed the
dispersion-rich character of the cage scaffold and
the importance of noncovalent interactions in stabi-
lizing the supramolecular architecture.

The present work demonstrated theoretical
and molecular-level evidence that the covalent
cage-of-cages scaffold offered a confined, disper-
sion-rich, and geometrically suitable environment
for PFOS and PFOA encapsulation, with PFOS
showing stronger calculated binding and greater
relative retention than PFOA. However, these find-
ings were to be regarded as computational predic-

tions rather than direct proof of practical water-
treatment performance. Experimental adsorption
measurements, regeneration and release studies,
competitive adsorption tests in the presence of co-
contaminants, explicit evaluation of pH and coun-
terion effects, and validation in realistic water ma-
trices will be required to assess the practical ap-
plicability of hierarchical molecular cages as selec-
tive PFAS remediation materials.
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