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ARTICLE INFO ABSTRACT

Keywords: The ADOR method of synthesizing new zeolites has yielded a range of innovative siliceous materials featuring
ADOR narrow pores, which facilitate relatively strong CO, binding. This combined experimental and computational
Zeolites study investigates the adsorption properties of known ADOR materials (isoreticular zeolites of the UTL family
2::5;51 ndoir(;xi de and zeolites synthesized from UOV, *CTH, IWR, and IWW parent materials), as well as hypothetical ADOR
Ab initio modeling zeolites derived from UOV, IWR, and IWW. The adsorption heat of carbon dioxide on the investigated ADOR
Metropolis Monte Carlo materials was ascertained through i) a series of isotherms measured at 278-318 K and ii) Monte Carlo simula-
Importance sampling tions at 300 K utilizing the DFT/CC technique. Consistently higher heats of CO2 adsorption found in -D4R ma-
terials (double four-membered ring interlayer linker removed from a parent zeolite) indicate stronger dispersion
interactions compared to their -S4R counterparts (single four-membered ring removed). Among ADOR zeolites,
IPC-12 (UOV-D4R) was identified as a zeolite possessing the strongest CO; binding (heat of adsorption at the
zero-coverage limit of 37.3 and 37.9 kJ/mol, as determined by experiment and theory, respectively). This high
adsorption energy can be attributed to a distinct structural pattern featuring an elongated shape, which effec-
tively accommodates CO,. Comparable structural patterns to IPC-12 were also detected in as-yet hypothetical

ADOR products IWR-D4R and IWW-D4R).

1. Introduction

CO; adsorption plays a critical role in various applications, including
the enhancement of biogas and landfill gas quality for superior fuel
production, [1] the elimination from gas streams where technological
limitations exist (cryogenic air separation or NHj synthesis), [2] and the
capture and sequestration of COy from post-combustion streams or
directly from the atmosphere to mitigate CO, emissions [3,4]. Presently
employed CO5 capture methods (e.g., cryogenic separation or chemi-
sorption for cases with lower CO. content) are energy-intensive,
necessitating the exploration of more efficient alternatives [5,6]. In
addition to metal-organic frameworks (MOFs), silica materials modified
with amino groups (either covalently or via impregnation) appear to be
among the most promising candidates [2,7]. These materials not only
exhibit strong CO; binding through chemisorption but also demonstrate
enhanced performance under humid conditions, [2] in stark contrast to
aluminosilicates, where performance diminishes as water competes with
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COs, for the same adsorption sites [3,6,8,9]. However, the NOy poisoning
of the amino-functionalized adsorbents presents a significant challenge
[2].

Siliceous materials offer potential solutions to the aforementioned
challenges. Although their adsorption energies are lower (phys-
isorption) and might not be sufficient for effective separation, [4,10]
weaker interactions facilitate the kinetics of material regeneration or
potential membrane applications, and the hydrophobic nature enables
usage under humid conditions, [11]. Additionally, silicates should
exhibit increased resistance to NOy poisoning and have demonstrated a
favorable balance between adsorption selectivity and capacity, with STT
zeolite as an example [12].

In this study, we focus on novel materials synthesized using the
ADOR (Assembly-Disassembly-Organization-Reassembly) approach
[13]. This top-down synthesis method has been extensively developed
for germanosilicate zeolite frameworks (e.g., UTL, *CTH, UOV, IWW,
IWR) [14-19] composed of hydrolytically unstable Ge-enriched D4R
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units connecting silica layers. The ADOR process results in a diverse
array of materials, depending on how the material layers are inter-
connected (e.g., UTL-D4R and UTL-S4R) and relatively arranged (e.g.,
UTL-D4R and layer-shifted UTL-D4R) [20,21]. It appears that some of
these zeolites cannot be produced through traditional solvothermal
synthesis [21], and most of them possess fairly narrow (<10-ring)
channels, which should enable relatively strong CO2 adsorption. An
experimental investigation of CO, on ADOR materials of the UTL family
conducted by Zukal et al. [22] examined the impact of pore size di-
mensions on adsorption properties (adsorption isotherms and heat of
adsorption). They concluded that the relationship between loading and
adsorption heat more effectively discriminates among related materials
compared to adsorption isotherms and is therefore suitable for material
characterization.

In this work, we have explored CO, binding motifs in diverse ADOR
materials beyond the UTL family and compared them to those reported
by Martin et al. [23]. Our motivation was to identify ADOR structures
with adsorption heats suitable for CO, utilization. We present a
screening study that sets itself apart from previous studies on hypo-
thetical zeolite databases by providing experimentally verifiable results.
The search for promising structural motifs was performed computa-
tionally at the ab initio level of theory (DFT/CC) for both existing and
not yet synthesized ADOR zeolites. The IPC-12 zeolite was found to have
anomalously strong CO adsorption (for a pure silica material) of 37.9
kJ/mol. This finding was subsequently confirmed by the experiment
(37.3 kJ/mol). The paper is organized as follows: i) details of the
experimental setup and computational methods used in this study are
given in the Methods section, ii) a brief summary of experimental results
(adsorption isotherms and isosteric heats for UTL- and UOV-family
ADOR zeolites), iii) a discussion of the adsorption heat-framework
density relationship, iv) the interplay between exchange-repulsion and
dispersion interactions of CO5 with investigated zeolite frameworks, and
v) a detailed discussion of binding motifs leading to strong CO
adsorption are provided in the Results and discussion section.

2. Methods
2.1. Experimental

The experimental study was conducted on isoreticular zeolites of the
UTL family - UTL, IPC-2 (OKO zeolite type), IPC-4 (PCR zeolite type),
IPC-9, and IPC-10, supplemented with IPC-12 zeolite (derived from UOV
zeolite), in which an unusually high value of adsorption heat was pre-
dicted by a theory conducted in this study (vide infra). Zeolites were
synthesized according to the methods reported in the literature [14,20,
21,24-26]. A detailed description of individual syntheses is provided in
the Supplementary Information (SI). Final materials were thoroughly
characterized using a set of experimental techniques (SEM/EDX, TEM,
Ar adsorption/desorption isotherm measurements, and powder XRD) to
verify the structure of the studied materials (details can be found in the
SI).

Adsorption isotherms of carbon dioxide in the temperature range
from 278 to 318 K were recorded using an ASAP 2020 (Micromeritics,
USA) static volumetric apparatus. A thermostat utilizing thermoelectric
cooling based on the Peltier principle (Iso-Therm 01 filled with iso-
propanol as a thermal conducting/exchange medium, e-Lab services,
Czech Republic) was employed to control the sample temperature. The
instrument maintains the sample temperature with an accuracy of +
0.01 K (measured by a platinum resistance thermometer). Before mea-
surement, all samples (weighting approx. 100 mg, scale accuracy of
0.01 mg) were outgassed at a rate of 1 mmHg/s by a turbomolecular
pump to achieve a vacuum (< 10~> mmHg), using a heating program
that allowed for the slow removal of pre-adsorbed molecules. The
temperature increased with a heating rate of 0.5 K/min from room
temperature to 523 K, with an isothermal plateau at 383 K for 30 min
and maintaining the final temperature (523 K) for 8 h. The CO,
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adsorption isotherms were measured in a pressure range of 1-800
mmHg with an equilibration time of 20 s (i.e. if the pressure change in a
20 s time period was less than 0.01 rel. %, the system was considered to
be equilibrated). Isosteric heat was calculated from a series of adsorp-
tion isotherms measured at various temperatures ranging from 278 to
318 K. From the measured data, the CO5 equilibrium pressures corre-
sponding to the given adsorbed quantity at individual temperatures
were determined through numerical polynomial interpolation. The
isosteric heats (gs) were then calculated by plotting In p against 1/T
from the slope of the linear fit according to the following equation:

dlnp _ 4a

F) =% @

2.2. Computational details

In this work, we considered the ADOR zeolites derived from UTL,
U0V, *CTH, IWR, and IWW parent materials (see Table 1) [27].
Whereas the parent zeolite has layers interconnected by
double-four-ring (D4R) units, the ADOR products have the layers
interconnected by single-four-ring (S4R) units (i.e., one S4R unit
removed with respect to the parent material, therefore denoted as -S4R)
or directly through oxygen linkers (i.e., whole D4R unit removed,
therefore denoted as -D4R) [28,29]. A relative shift of the layers in the
parallel plane direction was not considered, with the exception of IPC-9
and IPC-10, the only two displaced zeolites already synthesized [21].
The partially disordered (denoted -DIS) structures of IPC-6 (*PCS) and
IPC-7 were also included [30]. Atlas of all investigated structures is
provided in SI. The zeolite structures were fully optimized (cell + ions,
symmetry preserved) in VASP [31]. The PBE-D2 functional was used for
optimizations, and the kinetic energy cutoff for the plane-wave basis set
(ENCUT) was set to 600 eV.

The ab initio force field (AIFF) was parametrized to reproduce the
DFT/CC [32] interaction energy between the investigated molecule
(COy) and the zeolite framework. The AIFF development followed the
procedure as suggested in Ref. [33] (see Supplementary Information for

Table 1
Overview of the investigated systems.

Parent Type  Material Channel system
material
UTL
-S4R  IPC-2 (OKO) 12MR x
10MR
IPC-10 12MR x 9MR
IPC-10 (monolayer) 12MR x 9MR
-D4R  IPC-4 (PCR) 10MR x 8MR
IPC-9 10MR x 7MR
-DIS IPC-6 (*PCS) 12MR x 10MR x 8MR"
10MR
IPC-7 14MR x 12MR x
12MR 10MR*
uov
-S4R 12MR + 8MR x 8MR x SMR
-D4R  IPC-12 12MR + 8MR
*CTH
-S4R  IPC-16 12MR x 8MR
IPC-16 (alt. 12MR x 8MR
topology)
-D4R IPC-15 10MR
IWR
-S4R IPC-17 12MR x 8MR x 8MR
-D4R 12MR x 8MR
ww
-S4R  IPC-18 12MR + 8MR x 8MR x 8MR
-D4R 12MR + 8MR

# The partially disordered materials IPC-6 and IPC-7 contain two isolated pore
systems separated by material layer.
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details). The AIFF was compared against recently proposed force fields
in the literature, which will be denoted as CFF [34-37] and CCFF [38].

The Metropolis Monte Carlo (MC) simulations at 300 K were per-
formed using our internal code. Rigid adsorbent and adsorbate struc-
tures were used. The maximal displacement step of the molecule was set
to 10 A to overcome large barriers between adjacent compartments.
That leads to a low acceptance probability between 2 % and 13 %
depending on the studied system. The number of trial steps until
convergence was reached varied between 1 500 000 and 6 000 000
steps. The heat of adsorption in the zero-coverage limit was calculated
using Eq. 2, where (Uag),p is the averaged internal energy of a super-
system (zeolite + adsorbate), U and Up is the internal energy of zeolite
and adsorbate, respectively, k is the Boltzmann constant and T is the
temperature of simulation [39].

—q=AU—KT = (Upg),p — Us — Uy — kT 2

The adsorption heat of CO, was recalculated at the DFT/CC (and also
PBE-D2) level using the importance sampling, [40] where part of the

weighting (factor e%") was done implicitly by MC as defined in following
equation:

(svecti) o

< _AU Al~>
e wm

where AU stands for the interaction energy at DFT level, AU stands for
the interaction energy at the AIFF level, which was used for the structure
generation, and the indicate averaging over the MC-sampled structures.
For each system, 5 000 uniformly-distributed structures from AIFF tra-
jectory were selected for the calculation of DFT/CC energy (10 000 in
the case of IPC-12).

—q=

3. Results and discussion

All investigated zeolites underwent comprehensive characterization
using XRD, Ar physisorption, and SEM imaging combined with EDX
analysis. For conciseness, we merely note that all materials exhibit
characteristics consistent with their intended structures. An in-depth
description of the characterization results, including experimental
measurement details, can be found in SI.
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The CO, isotherms measured on the investigated materials, irre-
spective of the temperature at which they were measured, exhibit the
characteristic nonlinear, concave shape. As an example, Fig. 1 displays
CO4, isotherms at 298 K. The steepness of the isotherms notably varies
with the zeolite framework and equilibrium pressure. The steepness of
the isotherms at low pressures (see Fig. S5) increases as pore size de-
creases (Fig. S3) due to the larger dispersion stabilization of CO; inside
the narrow pores. In contrast, at higher pressures, the available space in
the pores dictates the amount adsorbed, resulting in saturation limits
following the order of the micropore volumes. Consequently, the overall
progress of the isotherms represents the combined influence of both
parameters, as clearly observed in the UOV and IPC-12 pair (Fig. S2B),
where both isotherms intersect at approximately 350 mmHg (p/po ~
0.4).

The temperature dependence of adsorption equilibrium (indicated
by a series of isotherms measured at various temperatures) enables the
determination of the so-called isosteric heats using the Clausius-
Clapeyron expression (Eq. 1) for adsorption equilibrium. The isosteric
heats of CO, adsorption for all studied materials are presented in Fig. 2.
The dependencies are relatively flat, and the isosteric heat exhibits
minimal variation with the amount adsorbed within the measured
range. Since the examined zeolites are germanosilicates or nearly pure
siliceous zeolites without extra-framework cations, CO interaction with
zeolites is primarily driven by dispersive interactions. As the channel
wall comprises a consistent silicate structure for all ADOR zeolites
derived from the same parent (i.e., UTL for IPC-2, IPC-4, IPC-9, and IPC-
10, and UOV for IPC-12), the adsorption heat primarily depends on the
confined pore space. As illustrated in Fig. 2, the CO4 adsorption heat for
UOV is lower than that for IPC-12 (i.e., UOV-D4R), while UTL has the
lowest heat, followed by IPC-2 (UTL-S4R), IPC-10 (layer-shifted UTL-
S4R), IPC-4 (UTL-D4R), and ultimately IPC-9 (layer-shifted UTL-D4R). It
is noteworthy that layer-shifted analogues exhibit higher adsorption
heats than structures formed solely by layer condensation after the
removal of S4R or D4R (see below). Consequently, IPC-10 zeolite has a
higher CO, adsorption heat than IPC-2 (both belonging to the UTL-S4R
group), and IPC-9 has a higher CO3 adsorption heat than IPC-4 (both
UTL-D4R). Since the isosteric method is less accurate at very low pres-
sures and extrapolation beyond the range of measured values is un-
suitable and potentially misleading, the zero coverage limit of
adsorption heats was determined from the temperature dependence of
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Fig. 1. Adsorption isotherms of carbon dioxide on (A): parent UTL and UTL-derived IPC zeolites; (B) UOV and UOV-derived IPC-12 zeolite at 298 K.
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Fig. 2. Isosteric heats of adsorption of carbon dioxide on ADOR zeolites.

Henry’s constants (linear fit of isotherms at low pressures). The data,
depicted in Fig. 2 as horizontal lines positioned on the y-axis at the limit
of the isosteric heat value, along with their theoretical counterparts, are
concisely summarized in Table 2.

3.1. The relationship between the heat of adsorption and framework
density

The calculated heats of adsorption for all investigated ADOR mate-
rials are given in Fig. 3 and Tables S2-4. In materials derived from the
same parent zeolite (Table 1), the heat of adsorption is consistently
higher in -D4R materials compared to their -S4R counterparts. This can
be attributed to the smaller interlayer distances (narrower pores) and
typically higher framework density in -D4R zeolites, leading to stronger
dispersion interactions. However, smaller interlayer separation in -D4R
materials does not always guarantee a higher framework density. In fact,
IWW- and IWR-based -D4R zeolites exhibit lower framework densities
than their -S4R analogs (see Fig. 3). This phenomenon stems from the
low framework density of the constituent layers in these materials due to
the presence of large channels running through them (IWW, IWR, and
UOV) and the impact of S4R interlayer pillars that increase the frame-
work density in -S4R zeolites with low-density layers. The higher
adsorption heat in IWW-D4R and IWR-D4R (over corresponding -S4R
zeolites) is a result of different topologies of -D4R and -S4R materials.
The isosteric heat in the main channel (compartment 1) follows the
trend of framework densities, i.e. -S4R zeolites with higher framework
density show higher adsorption heat (cf. Table S2). The averaged isos-
teric heat in -D4R materials is significantly increased due to contribu-
tions from adsorption pockets (compartment 2) depicted in Fig. S6.
These pockets, exhibiting strong CO; interaction, are not present in the
-S4R structures, which distinguishes -D4R and -S4R materials with the
same parent zeolite and comparable framework density. Consequently,
the IWW-, IWR-based materials defy the general rule that adsorption
heat increases with framework density.

The relationship between adsorption heat and framework density
reflects the local environment of adsorption sites (wall thickness,
channel diameter) [41]. In the case of UOV-zeolites, both -D4R and -S4R
structures exhibit two compartments; however, the spatial location of
compartment 2 varies (cf. Table S2 and Fig. S6). The main difference is

Table 2
Experimental and calculated isosteric heats (in kJ/mol) of selected ADOR zeo-
lites at zero coverages.

Parent zeolite material Qs (exp.) Qs (theor.)
UTL IPC-2 26.1 22.8
IPC-4 28.2 29.8
IPC-9 32.8 29.4
IPC-10 27.7 26.5
uov IPC-12 37.3 37.9
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Fig. 3. Relationship between adsorption heat and framework density for car-
bon dioxide in ADOR zeolites derived from various parent materials. The
investigated -D4R materials (solid square), synthesized from specific parent
zeolites, generally exhibit higher framework density and adsorption heat than
their -S4R counterparts (half-solid square), with the exception in framework
density for IWR (gray) and IWW (yellow) materials.

that in IPC-12, the CO2 molecule predominantly occupies compartment
2 (population of 0.9 vs. 0.1 in the main channel) with anomalously high
adsorption heat of 39.8 kJ/mol. As a result, the isosteric heat of IPC-12 is
clearly an outlier in the q/FD plot (Fig. 3). Although the data in Fig. 3
generally appear to adhere to the linear dependence between isosteric
heat and framework density, the observed significant deviations in
IWW-, IWR-, and UOV- zeolites emphasize the importance of adsorption
site geometry.

3.2. The intricacies of dispersion interactions: partially-disordered and
layer-shifted ADOR structures

The primary driving force for CO, adsorption in pure silica zeolites is
the dispersion interaction. There is a competition between exchange
repulsion (PBE) and dispersion attraction (coupled-cluster correction to
the PBE interaction energy). While the dispersion contribution encour-
ages the CO, molecule to occupy more confined spaces where its dis-
tance from the channel wall is optimal, exchange repulsion favors
adsorption in more open spaces (channel intersections, larger pores).
Since the magnitude of the coupled-cluster correction (CC) typically
exceeds the PBE interaction energy without CC correction, dispersion
stabilization dominates, and the most stable adsorption sites are
generally found inside channels and small cavities. However, there are
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exceptions, such as the most stable CO, adsorption site in IPC-10, which
is not inside the 9MR channel but rather at its entrance window (see
Figs. S7 and S8). This preferential binding at the entrance window likely
results from electrostatic stabilization, as evidenced by the relatively
strong PBE interaction energy of —6 kJ/mol. The strongest binding sites
in PCR were identified in its 10-ring channel rather than the narrower 8-
ring, which is the reason for comparable adsorption heats in these
compartments (see Tables S2 and Fig. S9). In IPC-6, which has two
distinct 2D channel systems (OKO- and PCR-like channels), the most
stable CO5 adsorption sites are located in the 10-ring channels of both
OKO- and PCR-like sections (see Fig. S10). However, the overall heat of
adsorption in the OKO-like pore system (12 x10) is significantly lower
than in the PCR-like section (10 x 8) due to the reduced dispersion
contribution from the 12-ring channel. The situation in IPC-7 is quite
similar, with the UTL-like pore system offering relatively strong binding
sites between adjacent interlayer pillars in the 12-ring channel.

The comparison of the calculated CO, adsorption heats with the re-
sults measured by Zukal et al. [22] is given in Table S5. Agreement
within 1 kJ/mol is achieved for materials with higher framework den-
sity (IPC-6 and IPC-4). For materials with lower framework density
(IPC-7 and IPC-2), the calculated heat of adsorption is lower by
3-4 kJ/mol. A possible reason for this discrepancy is the symmetry and
cell volume of the studied systems, as our model of OKO structure has
the C2/m symmetry, and the cell volume 4.5 % larger than the experi-
mental P-1 structure [20]. Another study reported a C2 symmetry for
OKO [13]. These factors may account for approximately 2 kJ/mol, as
indicated by our test calculations (Table S5). The issue is unlikely to
stem from the AIFF parameterization, as AIFF and DFT/CC values from
importance sampling show good agreement. On the experimental side,
adsorption heat might be increased due to strong CO5 interaction with
structural defects. As a matter of fact, the partially-disordered structure
of IPC-7 has been reported to be quite defective [30].

In addition to the partially disordered materials derived from UTL
(IPC-6 and IPC-7), the layer-shifted analogs of OKO and PCR zeolites
(IPC-10 and IPC-9, respectively) were studied. These structures are often
referred to as "unfeasible" zeolites due to the inability to produce them
through conventional solvothermal synthesis [21,42]. The relative shift
of the layers impacts the zeolite topology, resulting in different channel
sizes (12 x 9-ring in IPC-10 vs. 12 x 10 in OKO, 10 x 7 in IPC-9 vs.
10 x 8 in PCR). For IPC-10, the framework density increased by 1.2
(Si/1000 ;\3) compared to the OKO structure. This change is due to the
reduced interlayer distance (by 0.25 A compared to OKO) and the
decreased layer area (by 4.0 %). This structural alteration is accompa-
nied by an approximately 2 kJ/mol increase in adsorption heat. On the
other hand, the increase in IPC-9 framework density (relative to PCR) is
modest, as the layer deformation (reduced by 3.4 %) is partly offset by
an increase in interlayer distance (by around 0.25 [o\). As a result, the
calculated heat of adsorption in IPC-9 is almost identical to that in PCR;
a slight increase is predicted by AIFF, while the more reliable impor-
tance sampling (DFT/CC, PBE-D2) produces nearly the same CO; heats

Journal of CO2 Utilization 74 (2023) 102548

for IPC-9 and PCR.

3.3. IPC-12: anomalously strong COz adsorption

The strong CO5 binding observed in IPC-12 can be attributed to a
structural motif illustrated in Fig. 4a. In fact, IPC-12 comprises three
topologically distinct motifs of this type, with similar binding potentials
(differences within a few kJ/mol; see Fig. 4b). Among the structures
used for importance sampling, the one with the strongest binding ex-
hibits an interaction energy of —43.8 kJ/mol, where —7.4 kJ/mol
originates from the PBE functional and —36.3 kJ/mol from the CC
correction. The AIFF Coulomb energy for this structure is —16.1 kJ/mol,
suggesting that both dispersion and electrostatics significantly
contribute. Given the substantial difference between PBE (—7.4 kJ/mol)
and FF electrostatics estimate (—16.1 kJ/mol), we deduce that the
structure experiences a strong exchange repulsion compensated by
attractive electrostatic forces. Comparing the IPC-12 binding motif with
the CO3 binding motifs identified by Martin et al., it becomes evident
that the former incorporates three of the preferential CO, binding motifs
discovered during their screening study (see Fig. 2c, d, e in Ref. [23]).

The binding motif for CO, in IPC-12 comprises two 8-ring windows,
which are elongated in one direction and simultaneously narrowed in
the other. This deformation raises the question of whether this structural
feature imposes any limitations on the diffusion of CO5 through these
windows. To address this question, we estimated the barrier on the free
energy surface to be approximately 35 kJ/mol at the force-field level. A
barrier of this magnitude should not prevent the COy molecule from
entering the cage depicted in Fig. 4a [43].

The binding observed in IPC-12 has also been found in hypothetical
materials IWR-D4R and IWW-D4R. However, even though the sites in
IWR-D4R and IWW-D4R appear quite similar, DFT/CC estimates their
binding energy to be approximately 5 kJ/mol lower. The difference
stems mainly from the interaction part described at the PBE level due to
the fact that dispersion correction is not affected. Also, our force field
calculations suggest that this difference is primarily due to electrostatic
contribution to the total energy. It appears that the binding energy of
this specific adsorption site is highly sensitive to site geometry, most
likely due to dipole(zeolite)-quadrupole(CO3) interactions. In reality,
similar sites can be found in around 10 % of existing zeolites, encom-
passing all double-eight-ring zeolites (MER, MWF, PAU, PWN, RHO,
SBE, TSC, YFI) and various other materials, such as the MOR. The
adsorption sites in these other materials do not possess perfect geometry
to accommodate CO; as effectively as IPC-12; however, the increased
adsorption of CO inside the MOR cavity has been noted in the literature
[44]. Additionally, the remarkable flexibility of the MER zeolite [45]
may potentially enable the tuning of properties for CO, separation. It
can be concluded that even subtle changes in structural features can
greatly affect sorption, making ADOR an ideal approach for the prepa-
ration of sorbents. This is due to the considerable control it provides over
the design of the process itself, which ultimately influences the

Fig. 4. The CO; binding in IPC-12. (a) the binding motif, (b) the lowest interaction energy (negative) and the overall adsorption heat (positive) for a given space in
IPC-12. Data from the 10 000 structures for which the DFT/CC energy is available (color code: Si blue, O red, C brown).
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properties of the final materials.
4. Conclusions

ADOR-synthesized siliceous zeolites derived from UTL, *CTH, UOV,
IWW, and IWR parent zeolites have been investigated for CO, adsorp-
tion properties by means of combined experimental and computational
approach. The ADOR structures were characterized using X-ray
diffraction, argon physisorption, scanning electron microscopy imaging,
and energy-dispersive X-ray analysis. The temperature dependence of
adsorption equilibrium, determined by a series of isotherms measured at
various temperatures, enabled the calculation of isosteric heats using the
Clausius-Clapeyron expression for adsorption equilibrium. Simulta-
neously, a screening study was conducted computationally on both
existing and not-yet-synthesized ADOR structures (refer to the Database
of ADOR zeolite structures provided in the Supplementary Information).
Initially, isosteric heats were assessed through MC simulations at the
empirical AIFF level, followed by corrections using importance sampling
and the DFT/CC method.

Several key conclusions can be drawn from the comprehensive
analysis of COj isosteric heats in investigated ADOR zeolites:

e Dispersion interactions have been recognized as the main driving
force for CO, adsorption in pure silica materials, involving a balance
between exchange repulsion and dispersion attraction. The most
stable adsorption sites are located within channels and small cavities.
However, this simplified view is made more complex by electrostatic
(dipole-quadrupole) interactions within confined spaces.

e Higher heats of CO; adsorption were consistently observed in -D4R
zeolites as opposed to their -S4R counterparts. This can be attributed
to the reduced interlayer distances (more confined pores) and
generally increased framework density in -D4R materials, resulting
in stronger dispersion forces. Nonetheless, a smaller interlayer gap in
-D4R materials does not invariably ensure a higher framework den-
sity; for instance, IWW- and IWR-based -D4R materials display lower
framework densities compared to their -S4R analogs.

e Among ADOR zeolites, IPC-12 (UOV-D4R) was found to exhibit the
strongest CO9 binding, with heat of adsorption at the zero-coverage
limit of 37.3 and 37.9 kJ/mol, as determined by experimental and
theoretical methods, respectively. This enhanced binding can be
ascribed to a unique structural motif characterized by an elongated
shape that efficiently accommodates CO.

Similar structural motifs to IPC-12 were also observed in hypothet-

ical ADOR derivatives (IWR-D4R and IWW-D4R). IPC-15 zeolite,

another narrow-pore ADOR material, exhibits strong adsorption

(33.9 kJ/mol) due to its unique combination of a narrow channel

and elevated framework density, thereby optimizing the dispersion

interaction with CO,.

Our findings show the potential for tuning properties in the ADOR
zeolites for CO; separation applications, which could prove crucial for
addressing climate change and reducing greenhouse gas emissions.
Employing the ADOR technique enables the design of sorbents that can
efficiently capture CO, and subsequently release it in a controllable
manner for utilization as a reactant.
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