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Zeolites are versatile materials renowned for their extra-framework cation exchange capabilities, with

applications spanning diverse fields, including nuclear waste treatment. While detailed experimental

characterization offers valuable insight, density functional theory (DFT) proves particularly adept at

investigating ion exchange in zeolites, owing to its atomic and electronic resolution. However, the

prevalent occurrence of zeolitic ion exchange in aqueous environments poses a challenge to

conventional DFT modeling, traditionally conducted in a vacuum. This study seeks to enhance zeolite

modeling by systematically evaluating predictive differences across varying degrees of aqueous solvent

inclusion. Specifically focusing on monovalent cation exchange in Na-X zeolites, we explore diverse

modeling approaches. These range from simple dehydrated systems (representing bare reference states

in vacuum) to more sophisticated models that incorporate aqueous solvent effects through explicit

water molecules and/or a dielectric medium. Through comparative analysis of DFT and semi-empirical

DFT approaches, along with their validation against experimental results, our findings underscore the

necessity to concurrently consider explicit and implicit solvent effects for accurate prediction of zeolitic

ionic exchange.

1. Introduction

Microporous zeolites are recognized as highly effective adsor-
bent1–3 and catalytic4–7 materials. Their diverse utility can
encompass water softening in detergent formulations,8 various
biological and biomedical uses,9–11 and even nuclear waste
treatment.12–15 With anticipated growth in nuclear power
generation,16 a proven track record in decontaminating radio-
active water,17,18 and the rising significance to safely manage
137Cs, zeolites are currently being considered as a key
solution15,19 to address potential hazards20–23 linked to Cs+

radionuclide contamination.
One primary property of zeolites is their ability to participate

in extra-framework cation exchange processes. These processes
can also markedly impact adsorption behavior and selectivity

depending on the cation species. For example, Pirngruber et al.
demonstrated that the environmentally friendly capture of CO2

was stronger in Cs- and K-Y zeolites compared to Na- or Li-Y.24

Regarding the sequestration of highly toxic iodine species,
computational25 and experimental26 studies have highlighted
the superior adsorption capacity of Cu-FAU and Ag-FAU, while
zeolites with H+ showed inferior performance. Given the intrin-
sically diverse behaviors of zeolites, there has been a concerted
effort within the scientific community to comprehensively
understand the cation distribution within distinct zeolite
extra-frameworks.27–32 Nevertheless, characterizing these sys-
tems can be intricate, especially when solvents are present.

Computational modeling offers explicit resolution of indivi-
dual sites and control in the presence of ions/molecules at each
site. This lends itself well to the study of zeolite exchange/
adsorption. For instance, density functional theory (DFT) methods
have been used to assess the thermodynamics of relative
exchanges at distinct sites.33,34 Moreover, DFT has played a
role in deepening our insights into mechanistic adsorption
behaviors35,36 and interactions between the adsorbent and
zeolite.37,38 However, conventional DFT calculations are typi-
cally conducted under vacuum conditions, whereas numerous
exchange and adsorption processes take place within aqueous
environments. The inclusion of solvent effects in computa-
tional modeling has been primarily confined to techniques
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involving molecular dynamics39–41 or ab initio molecular dyna-
mics,37,41 although certain studies have implemented the use of
semi-empirical potentials.42,43 The optimal DFT approach for
including solvent effects as well as the requisite extent of
explicit solvent modeling, remains an open question.

Frising and Leflaive conducted a comprehensive review
of previous experimental studies on cation distribution in
exchanged samples of X and Y zeolites.29 Fig. 1 depicts the
distribution of Li+, K+, and Rb+ in exchanged X samples at sites
II and III and shows that exchange can take place at both these
sites for these cations. Li+ exhibits a distinct preference for site
II over site III. In the case of K+, empirical data shows more
variability, with a little over half of the reports indicating a
preference for site II. The data for Rb+ was limited, with only
two reports – one favoring site II and the other site III. To our
knowledge, there are no additional reports on Rb+ distribution
in X zeolite. In our study, we demonstrate that by incorporating
high levels of physics and chemistry in the DFT model (via
employment of explicitly hydrated models within a dielectric
medium), these experimental findings can be reproduced.
However, it is essential to note that integrating this additional
physics and chemistry into the modeling approach not only
improves accuracy but also significantly increases the compu-
tational complexity and cost.

Our investigation aims to contribute to zeolite modeling
by assessing predictive variances across different degrees of
solvation. The objective is to identify optimal DFT methodo-
logies and strategies for treating reference states when model-
ing solvated exchange processes. Focusing on monovalent
cation exchange in Na-X zeolites, we analyze exchange energies
ranging from simple dehydrated systems (bare configurations
in vacuum) to more elaborate models that incorporate aqueous
solvation effects through explicit water molecules and/or a
dielectric medium. Our investigation specifically centers on
sites II and III within Na-X zeolites, chosen as representative
cases due to their heightened propensity for ionic exchange in
comparison to site I and I0.29 Despite the omission of inner-
cage sites, the modeling of exchange energies at sites II and III

can present greater complexity when accounting for solvation
effects due to higher ion density within the super cage. Hence,
our findings are anticipated to possess broader relevance in
understanding implications of diverse modeling approaches in
elucidating exchange phenomena within faujasite and, likely,
other zeolites.

The remainder of this paper is organized as follows. Section 2
outlines our methodology. Section 3 presents our results, includ-
ing both quantitative and qualitative assessments, while Section 4
engages in a discussion regarding the comparative analysis and
effectiveness of different modeling approaches. Section 5 con-
cludes our work with a summary of key findings and implications
for the various exchange models.

2. Computational model
and methodology
2.1. Density functional theory calculations

Plane-wave density functional theory (DFT) calculations were
performed using the Vienna Ab initio Simulation Package
(VASP).44–46 The Kohn–Sham equations were solved self-
consistently until energies reached an accuracy of 10�6 eV.
Atomic positions were fully relaxed until forces were smaller
than 0.02 eV Å�1 per atom. Chemical behaviors were modeled
using the generalized gradient approximation (GGA), Perdew–
Burke–Ernzehof (PBE) exchange correlation functionals47 and
the projector augmented wave (PAW)48,49 method. The inner-
core s and p electrons were also treated as valence states for Li,
Na, K, and Rb atomic species, while standard valence potentials
were used for Al, O, and Si atoms. A plane-wave cutoff energy of
700 eV was used and systems were sampled using a 1 � 1 � 1
Monkhorst–Pack k-point grid.50 The cutoff energy was chosen
as the maximum cutoff for inner-core potentials reached as
high as 650 eV. To describe long-range interactions the DFT-D2
Grimme dispersion correction method was also used.51

2.2. Faujasite structure

Faujasites are made up of face sharing sodalite cages and
d6mr hexagonal prisms that come together to create a crystal
in the Fd %3m symmetry space group (Fig. 2). These cubic cell
structures are commonly available in open databases with
lattice parameters a = b = c = 24.345 Å and chemical formula
Si192O384.52,53 To make computational calculations more fea-
sible, a primitive rhombohedral cell of the Na-X zeolite con-
sisting of 144 atoms25,34 was used, with the chemical formula
Na20Al20Si28O96 (Fig. 2). The cationic distribution explored was
based on previous experimental/computational works.29,54

Single site exchange models were created by replacing
one Na+ ion with a different metal cation at each potential
adsorption site.

2.3. Reference state models (with and without solvent
inclusion)

Fig. 3 illustrates the various reference states used to model the
exchange process. In the simplest form, all reference states

Fig. 1 The atomic fraction of Li+, K+, Rb+ ions observed in site III versus
site II of X zeolites as reported from experimental work reviewed by Frising
and Leflaive.27 Note that atomic fraction should not sum to 1.0 since
cations can also be in other sites (e.g., I or I0) which are not depicted here.
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were dehydrated (labelled D, Fig. 3) such that metal cations
were modeled as a bare ion in a 20 Å� 20 Å� 20 Å vacuum box,
while zeolite models retained their primitive structure (in
vacuum) as described in Section 2.2.

To account for solvation effects, three different approaches
were considered, each with varying levels of physical and
chemical sophistication. The first approach involved reference
states in which atoms/structures were explicitly hydrated
(labelled E, Fig. 3), with the hydrated cluster being modeled
in vacuum. The second approach incorporated an implicit
water environment (labelled I, Fig. 3) in the reference states by
applying a polarizable continuum model (PCM) via VASPsol55–57

and a relative permittivity value of 78.36. Lastly, a hybrid
approach was analyzed, wherein explicitly hydrated reference
states were modeled within implicit water (labelled EI, Fig. 3).
It is noteworthy that this final approach encompasses the
most comprehensive representation of physical and chemical
interactions and, consequently, carries the highest level of
complexity and computational cost.

Calculations of Li+ exchange in implicit water led to signi-
ficant Li+ ion mobility within the dielectric medium. We attribute
this to the small size of Li+; indeed, earlier work on systems
involving Li+ suggested lowering the explicit cut-off charge density
parameter, Zc.

58,59 However, the choice of Zc results in substantial
variations in the final optimization results. Consequently, a com-
prehensive investigation of VASPsol application to Li+ systems is
warranted but falls beyond the scope of this study. Therefore, we
proceed to focus only on K+ and Rb+ exchange. However, since
preliminary calculations on Li+ exchange were conducted, for
completeness, the results are detailed in the ESI.†

Explicitly solvated ions were hydrated by n water molecules,
where n was assigned from experimental characterization.
Specifically, for Na+ and K+, n = 4 waters60,61 while for the
much larger Rb+, n = 8 waters.62 In the case of zeolite models,
ions in the outer cage (i.e., super cage) were hydrated by 2–3
waters, depending on their spatial orientation and involvement
in cation exchange. The ramifications of varying hydration
numbers within zeolite sites are discussed in Section 3.

Fig. 2 Supercell of bare X model used (left) and 2D schematic of the faujasite framework (right) with unique exchange sites shown. The sodalite and
d6mr building units are highlighted in yellow and blue, respectively. Green regions on the left depict both sodalite and d6mr from the perspective shown.
O atoms are shown in red, H atoms in pink, Al in blue, Si in cyan.

Fig. 3 Depiction of various reference states used to model the exchange process. Only ion reference states are shown for clarity and labels shown are to
help denote the type of reference state.
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2.4. DFT approach for modeling exchange energies

The exchange process with and without explicit water can be
respectively represented as,

Na20X + M+ - MNa19X + Na+ (i)

Na20X�wH2O + M(H2O)n
+ - MNa19X�wH2O + Na(H2O)4

+

+ (n � 4)H2O (ii)

where M+ is the cation species K+ or Rb+ and w is the number of
water present in zeolite models. Recall that n is the number of
waters hydrating K+ or Rb+ in their respective reference state.
Based on these processes, the exchange energies at each site
can be determined by taking the sum of total energies of the
products minus the sum of total energies of the reactants,

Eexch,DFT = ENa+,O + EMNa19X,O � EM+,O � ENa20X,O

(1)

where ENa+ is the energy of Na+ ion, EMNa19X is the energy of the
exchanged zeolite, EM+ is the energy of K+/Rb+ ion, ENa20X is the
energy of Na-X, and O is either D, I, E, or EI (from Fig. 3)
denoting the reference state being modeled.

2.5. Semi-empirical approach for modeling exchange energies

The ion exchange energy can also be calculated by a process in
which the ion reference state is represented as its respective
chemical potential.42,43,63 Based on processes (i) and (ii) the
exchange energy in vacuum can be defined as,

Eexch;cp ¼ m0Naþ ;ðDÞ þ EMNa19X;O � m0Mþ ;ðDÞ � EMNa20X;O (2)

where mNa+,(D)
0 is the DFT calculated total energy of bare Na+ ion in

vacuum and mM+,(D)
0 is the DFT calculated total energy of a bare

K+/Rb+ ion in vacuum. For systems in water, the chemical
potential for ions in eqn (2) is replaced with the solution ion
chemical potential, mA,(aq)

0, as proposed by Persson et al.,63

m0
A,(aq) = m0,exp

A(aq) + [Dh0,DFT
(s) � Dh(0,exp)

s ] (3a)

m0
A,(aq) = m0,exp

A(aq) + Dm0,DFT�exp
(s) (3b)

where m0,exp
A(aq) is the experimentally calculated standard chemical

potential for a respective aqueous ion,64 Dm0,DFT�exp
(s) is a correc-

tion term based on formation enthalpies, Dh0,DFT
(s) is the for-

mation energy calculated for Na-, K-, and Rb-chlorides from
DFT, and Dh(0,exp)

s is the experimental formation enthalpies
taken from Gunn.65 The calculated chemical potentials for ions
in vacuum and in water are provided in Table S2 in the ESI.† It
is noteworthy that in this case, only the reference states of the
zeolites are being modeled directly from DFT.

3. Results
3.1. Hydration number benchmark for explicitly solvated
zeolite models

Henceforth, sites facilitating ion exchange will be referred to as
‘‘active sites’’, while locations devoid of exchange will be
referred to as ‘‘non-active sites’’. In the context of generating
explicitly solvated zeolite models, a crucial aspect involves
determining the hydration numbers (HNs) of active and non-
active sites. To address this, we conducted a series of bench-
marks, using K+ exchange as a test case.

For active sites, a simplified faujasite model was used with a
Si/Al ratio of 47, ensuring the presence of only one active site
throughout the model. In this specific instance, the faujasite
model has a chemical formula, Na1A11Si47O96. Calculations
were conducted to examine exchanges occurring at site II and
site III by selectively substituting Si with Al in the zeolite
structure at these respective sites. Fig. 4 presents the exchange
energy relative to the active site hydration number (AHN) of the
ion. Our analysis reveals that convergence is not achieved until
AHN reaches 2, a conclusion drawn from assessments con-
ducted in both vacuum and implicit solvation conditions.

In the context of non-active sites in NaX zeolite, explicit
hydration is imperative to inhibit the dehydration of the active
sites. In this study, our focus is on site II and site III exchange
within the super cage. Therefore, explicit hydration was
not incorporated within the inner cage of the faujasite model.
As a test case, K+ exchange was performed in NaX zeolite, as

Fig. 4 K+ exchange energy relative to active site hydration number (left) and calculated K+ exchange energy at sites II and site III with zeolite models
containing non-active site hydration numbers (NAHN) 1 and 2 (right) in vacuum and implicit water.
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outlined in Section 2.2. These calculations used zeolite models
with non-active site hydration numbers (NAHN) set to either 1
or 2, alongside AHN of 3. The results for K+ exchange at sites II
and III in these models are also depicted in Fig. 4. As expected,
minimal differences were observed between systems with
NAHN values of 1 and 2 when calculations were done in vacuum.
However, in implicit water, discrepancies were observed, espe-
cially in the case of site III K+ exchange.

Based on the findings presented in Fig. 4, we adopted
explicitly solvated zeolite models characterized by an AHN of
3 and NAHN of 2 for the remainder of this study. Two Na-X
structures were generated: one where the active site is at site II
and the other where the active site is at site III. To obtain the
energy associated with ion exchange exclusively, active site Na+

ion was replaced with K+/Rb+ and a selective dynamic relaxation
approach was used; this method involved immobilizing water
molecules at non-active sites during the relaxation process,
ensuring consistency between Na-X and K+/Rb+ exchanged Na-X
zeolites. In particular, only the active sites were allowed to relax
in K+/Rb+ exchanged zeolites. Additional details on the process
for generating hydrated zeolite models are given in the ESI.†

3.2. Thermodynamic estimation of exchange energies using
various DFT modeling approaches

To evaluate the quantitative accuracy of various DFT modeling
approaches, the exchange energies for K+ and Rb+ exchange in
Na-X were computed using each method described in Fig. 3.
Additionally, for comprehensive coverage, the exchange ener-
gies derived from unconventional method combinations
(e.g., bare ion with hydrated zeolite, hydrated ion with bare
zeolite, etc.) were also obtained, although these are not recom-
mended. Detailed results from these unconventional approaches
are available in the ESI.†

Fig. 5 presents the predicted exchange energies for K+, and
Rb+ ions. Given the superior physical underpinning of the
hybrid EI method, which considers both explicit and implicit
water, we consider its results as the most reliable. The explicit
inclusion of water molecules captures the intricate interactions
between water, the zeolite framework, and exchanged ions.

Simultaneously, the implicit incorporation of a dielectric med-
ium, based on water, ensures a more encompassing model of
electrostatic interactions between the zeolite, cations, and
water solvent when immersed in an aqueous environment.
This representation is expected to provide a more comprehen-
sive understanding of zeolite ion exchange. Consequently, we
designate the EI method as the benchmark for comparative
analysis within our study of zeolite ion exchange phenomena.
The EI method reveals that both sites II and III demonstrate
favorable exchanges for K+ and Rb+. In contrast, the D and I
method yields unfavorable exchange for these cations at both
sites. The E method suggests that only Rb+ is conducive to
exchange in sites II and III and aligns with the EI method solely
in predicting favorable exchange for Rb+. Notably, none of the
other methods replicate the same outcomes as the EI method
for K+ ion. It is important to note that even though the E
method for Rb+ is in qualitative agreement with the EI method,
it is not in quantitative agreement.

3.3. Qualitative prediction of site II versus III exchange using
various DFT modeling approaches

The nature of the predictions on relative site exchange can be
evaluated by examining the differences in exchange energies
between site II and III. For example,

DEexch = Eexch,II � Eexch,III (4)

where Eexch,II is the exchange energy at site II and Eexch,III is the
exchange energy at site III. Fig. 6 illustrates the energy differ-
ences (DEexch) for systems modeled using the four methods
shown in Fig. 3. For detailed results from the unconventional
combination of methods, please refer to the ESI.†

The hybrid EI method indicates that K+ and Rb+ exchange
show a slight preference for site II and III, respectively,
although the difference is not substantial. The D method
suggests significant favorability in site III for K+ and Rb+. Using
the E method results in similar trends for K+, but Rb+ is now
more favorable in site II. Conversely, the I method predicts little
favorability towards site II or site III across both cations.

Fig. 5 Site II (left) and site III (right) exchange energies predicted from DFT calculations using various reference states to model the exchange process.
Labels and images describe the type of reference state used for both zeolite and ions as described in Fig. 3.
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3.4. Predictions from semi-empirical DFT calculations

The exchange energies for sites II and III (Fig. 7) and their
energy differences were also calculated using semi-empirical
calculations (Section 2.5). For methodological consistency,
exchange energies were computed using zeolite reference states
in both vacuum (D and E) and implicit water (I and EI). This
involved employing chemical potentials of the ions in vacuum

m0Mþ ;ðDÞ
� �

and aqueous solution (m0
A,(aq)), respectively, as defined

by eqn (2). Most modeling methods for zeolites reference states
yielded unfavorable exchange for K+ and Rb+. However, favorable
exchanges at sites II and III were observed for both ions when the
EI method was employed. Exchange energy differences obtained
from semi-empirical calculations were nearly identical to that of
DFT results. To avoid redundancy, semi-empirical energetic dif-
ferences are reported in Fig. S5 in the ESI.†

4. Discussion
4.1. Impact of water solvation on ion and zeolite reference
states

To understand the influence of aqueous solvation on reference
states, the relative bond distances between the active site
cation, zeolite framework, and water molecules, as applicable,
were evaluated. Consistency between our comparative analyses
was also ensured by tracking only the minimum bond distance
between the cation (M+), zeolite oxygen (Oz), and water oxygen
(Ow). Fig. 8 illustrates that aqueous solvation effects have
minimal impact on M+–Oz coordination (o0.3 Å). Additionally,
comparisons between the M+–Ow in zeolite reference states used
in E and EI methods indicated negligible impact between cation
and water oxygen from the inclusion of a PCM solvent model. This
observation further extends to M+–Ow distances in ion reference
states (Fig. S11 in ESI†) where changes were also o0.3 Å. Zeolite
synthesis typically involves calcination and/or drying treatments
post-zeolitic ion exchange in water.66–68 Our findings (Fig. 8 and
Fig. S11, ESI†) indicate minimal differences of M+ position under
hydrated versus dry conditions. Notably, our analysis primarily
focuses on thermodynamic considerations and does not extend to
kinetic-driven positional changes. Alternative modeling methods
like AIMD may offer additional insight in this regard, but they are
beyond the scope of this study.

To elucidate the variations in Eexch,DFT predictions across
different methods (Fig. 5), a thorough examination of the total
energies used in eqn (1) was conducted. Two distinct solvation
effects were investigated: (1) the impact of explicit water inclu-
sion, as observed in the comparison of D to E, and I to EI
methods and (2) the impact of implicit water inclusion, evident
in the comparison of D to I and E to EI methods. Notably, the
comparative analyses yielded consistent results for K+ and Rb+.
Therefore, to avoid redundancy, only analysis related to K+

reference states will be discussed, though, its implications
extend to Rb+ exchange. For results on Rb+ exchange reference
states please refer to Fig. S9 in the ESI.†

Fig. 6 Energy differences between site II and site III ion exchange in Na-X
predicted from DFT calculations using various reference states to model
the exchange process. Labels and images describe the type of reference
state used for zeolite and ions as described in Fig. 3.

Fig. 7 Site II (left) and site III (right) exchange energies predicted from semi-empirical calculations using various zeolite reference states. Labels denote
the specific reference state employed (Fig. 3) and the images denote that only zeolite reference states were modeled with DFT.
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In the comparisons of D to I and E to EI, a decreasing trend
in Eexch,DFT was observed with the explicit inclusion of water.
Examination of the change in total energy observed by each
reference state (Fig. 9) reveals that the decrease between D to E
can be attributed to the ion reference states, while the decrease
between I to EI is influenced by both the ion and zeolite

reference states. In the context of employing an implicit water
bath to reference states without explicit water, comparing D to
I shows an increase in Eexch,DFT. Interestingly, the origin of this
increase is contingent on the modeled exchange site.
As depicted in Fig. 9, the rise in Eexch,DFT for site II is attributed
to the ion reference states, while the increase in Eexch,DFT for

Fig. 8 Minimum cation-to-oxygen bond distances between the cation-zeolite oxygen (M–Oz) and cation-water oxygen (M–Ow) in zeolite site II (left)
and site III (right) reference states. Labels denote the specific reference state employed (Fig. 3) and the images denote that only zeolite reference states
are being analyzed.

Fig. 9 Change in total energies of reference states when comparing different modeling approaches used for calculating the exchange energy of K+ with
Na-X in site II (left) and site III (right). Closed symbols denote total energies of reactants while open symbols denote total energies of products in the
exchange process.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 3
:0

4:
41

 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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp00467a


14568 |  Phys. Chem. Chem. Phys., 2024, 26, 14561–14572 This journal is © the Owner Societies 2024

site III results from contributions of both ion and zeolite
reference states. Comparing E to EI results, where an implicit
water bath is applied to reference states already containing
explicit water, the decrease in Eexch,DFT is primarily associated
with the zeolite reference state (Fig. 9). These analyses show
that the origin of the trends observed for Eexch,DFT across
different methods are inconsistent and depend on the context
in which solvation effects are included.

4.2. DFT versus semi-empirical modeling on cation exchange

Comparing Fig. 5 and 7, we observe consistent results between
pure DFT and semi-empirical calculations. Specifically, the
hybrid EI method predicts favorable K+ and Rb+ exchange at
sites II and III, while the D and I methods indicate unfavorable
exchange for both ions. The only discrepancy pertains to Rb+

exchange predicted by the E method. Semi-empirical calcula-
tions suggest unfavorable Rb+ exchange at sites II and III,
whereas DFT predicts slight favorability at these sites. Fig. 10
systematically evaluates the similarity/differences between DFT
and semi-empirical predictions for preferential site exchange
by depicting a parity plot of DEexch,DFT (Fig. 6) versus DEexch,cp

(Fig. S5, ESI†). In this context, all methods exhibit alignment.
Given that DFT and semi-empirical predictions largely agree

and draw from the same energetic data for zeolite reference
states, the effectiveness of DFT in handling ion reference states
is evident. It is important to note that there are no significant
computational cost differences between semi-empirical and
DFT calculations. Both approaches require computationally
modeling zeolite reference states, which is the most resource-
intensive component in predicting exchange energies. The
purely DFT approach does have the advantage of not necessi-
tating experimental input, and thus can be used for systems in
which the experimental data required for the semi-empirical
approach is not available or not of sufficient accuracy.

4.3. Computational predictions versus experimental results

Ultimately, the relative validity of DFT and semi-empirical
calculations necessitates comparison against experimental

data. Concerning aqueous ion exchange, the DFT and semi-
empirical approaches are equally able to match experiment.
Fig. 1 provides experimental evidence that ion exchange in sites
II and III are favorable for both K+ and Rb+. Our analysis reveals
that agreement between experimental and computational pre-
dictions is attained under specific conditions. For K+ exchange,
alignment between DFT/semi-empirical and experimental
results is exclusively observed when employing the EI method.
In contrast, for Rb+ exchange, agreement is found when using
the E and EI methods for DFT, but only with the EI method for
semi-empirical calculations. Notably, the energetic values from
the DFT E method are markedly close to 0 eV.

Fig. 1 also illustrates a slight preference for site II K+

exchange over site III. In this context, only the EI method
within DFT/semi-empirical calculations yield predictions con-
sistent with experimental trends. Due to limited experimental
data, definitive conclusions cannot be drawn for Rb+ exchange.
However, our findings indicate that Rb+ exchange is thermo-
dynamically equally favored at both sites II and III.

Given that the semi-empirical approach relies on experi-
mental data to describe ion reference states, the disparity in
computational modeling and experimental characterization
appears to primarily originate from DFT treatment of zeolite
reference states. The EI method stands out in predicting both
quantitative and qualitative trends that agree with experimental
observations. In contrast, other methods with less sophisti-
cated solvation treatment do not exhibit such consistency.
These findings underscore the necessity of employing a hybrid
explicit-implicit solvation approach alongside contemporary
DFT techniques to effectively model exchange processes in a
solvent environment.

5. Conclusion

The evaluation of pure DFT and semi-empirical DFT methodo-
logies as well as strategies for representing reference states was
conducted. The ion exchange process of K+ in Na-X was chosen
as a representative case due its extensive prior research
history.29 Additionally, we explored Rb+ exchange to provide
novel thermodynamic insights. These exchange processes
were modeled using reference states represented at varying
degrees of aqueous solvation: a bare configuration in
vacuum (D method), an explicitly hydrated system in vacuum
(E method), a bare configuration in implicit water (I method),
and a configuration with both explicit and implicit hydration
(EI method).

Previous research has established that K+ and Rb+ exchange
is favorable at sites II and III in X zeolites.29 Our findings
demonstrate that the EI method is necessary for accurate
thermodynamic predictions of ion exchange in zeolites using
DFT modeling. The other methods examined failed to predict
favorable K+ exchange, with only the E method coinciding with
EI in predicting favorable Rb+ exchange, although the energetic
values were close to 0 eV. K+ distribution in X zeolites is also
slightly dominant in sites II over III,29 indicating a preference

Fig. 10 Parity plot of predicted differences in exchange between sites II
and III using pure DFT and semi-empirical calculations. Note that there are
four data points, each correlating to exchange energy differences using
the D, E, I and EI methods to model zeolite and ion (for pure DFT)
reference states.
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for site II over site III. In this context, the EI method is
consistent with previous experimental findings.

A thorough analysis of active site coordination and total
energy of reference states yielded additional insights into the
influence of aqueous solvation effects. Our examination of
active site coordination revealed minimal changes in bond
distances between the cation, zeolite, and water, as applicable,
across the various methods. Furthermore, the origin of the
differences in predicted exchange energies among methods was
found to be inconsistent, with variations in the most influential
reference states depending on the context in which the solva-
tion effects were incorporated.

Analysis of semi-empirical DFT modeling showed favorable
exchange energies only when zeolite reference states were
represented using the EI method. Comparative analysis
revealed that pure DFT and semi-empirical calculations exhibit
similar quantitative and qualitative performance. Since semi-
empirical DFT modeling relies on experimental data to repre-
sent aqueous ion reference states, the treatment of zeolite
reference states (including its degree of solvation) is believed
to be a significant determinant in accurately modeling
exchange processes within solvent environments. The parity
in performance between pure DFT and semi-empirical DFT
approaches also highlights the equivalency of both methods for
representing ions.

The present study offers a valuable resource for understand-
ing the implications of modeling solvent effects with DFT.
By evaluating various methods and approaches for incorporat-
ing solvent effects, we provide insights into diverse modeling
techniques for ion exchange and established that accurate
predictions necessitate the simultaneous explicit and implicit
modeling of the solvent. These results are imperative for
enhancing our understanding of the utility of DFT predictions
and further advanced our understanding of Rb+ exchange in
Na-X. Given the scarcity of experimental reports on Rb+

exchange in Na-X, we were unable to ascertain the relative
exchange preference between sites II and III based on prior
knowledge. However, our findings using the EI method indicate
that Rb+ exchange exhibits little preference for either site II or
site III.
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