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ABSTRACT: Structural characterization of humid CO2 adsorbed in Cs−RHO zeolite
was achieved with computationally guided Rietveld refinement, and elucidates the
extraordinary enhancement in CO2 adsorption under wet compared with dry conditions
in this zeolite. Our data encompass Rietveld refinement, IR spectroscopy, and molecular
simulations, and demonstrate a cooperative effect of water (pulling Cs+ cations) and
CO2 (pushing Cs+ cations) in translocating Cs+ cations away from initial positions in
the center of the double eight-membered ring (D8R). This translocation is crucial for
unblocking the small-pore RHO framework for CO2 transport as well as exposing
thermodynamically controlled selective sites that can adsorb CO2 under our humid
conditions. Our data emphasize the essentialness of cooperativity in that neither water
nor CO2 achieve this unblocking on their own at 5% relative humidity and 30 °C. These
results also demonstrate the importance of multidentate interactions between CO2 and
cations through the D8R, as well as framework oxygen atoms of the D8R, as a key motif
in water-resilient CO2 bonding sites in zeolites, along with additional, weaker interactions with other cations in the alpha cage.

■ INTRODUCTION
Despite high volumetric dry CO2 adsorption capacities of
zeolites and their desirable weak interactions with CO2 for
energetically facile adsorption/desorption,1−16 the inevitable
presence of water in postcombustion gas streams results in
strong competitive adsorption, which decreases CO2 adsorp-
tion capacities.17−20 Achieving an understanding of the
structural features in zeolites that endow thermodynamic
water tolerance to CO2 adsorption sites (i.e., leading to sites
that can adsorb humid CO2 under thermodynamic control)
enables an important complementary approach for dealing
with water compared to conventional diffusion-based (i.e.,
kinetic) approaches.21−23 This understanding is essential for
the rational design of zeolites for practical CO2 capture from
postcombustion gas mixtures.18,23,24

Sites that can selectively bond CO2 over water must
overcome the generally ∼7 kcal/mol higher affinity of water to
zeolites, based on electrostatic interactions and dipole
moments that favor water versus CO2.

20 It has been previously
posited that such sites must rely on the higher quadrupolar
moment of CO2 compared with water.25 In elegant previous
work, Lobo et al.26,27 demonstrated two features of CO2
bonding sites in small pore zeolites that could interact with
the quadrupolar moment of CO2 by generating electric field
gradients: (i) 8-membered ring (8MR) oxygen lone pairs
donating electron density to the C atom of CO2 and (ii) alkali
cations acting as a Lewis acid and withdrawing electron density
from the O lone pairs of CO2. This led us to posit that double

8-membered rings (D8R) in zeolites could lead to preferential
sites for CO2 over water. Our recent results with MER, RHO,
and PAU zeolites at different Si/Al ratios support the
generality of this hypothesis,28 while emphasizing that
adsorption is controlled by the coupled interplay of CO2,
water, the zeolite framework, and the identity of exchange
cations.28−30 Yet when comparing dry versus humid CO2
adsorption in Cs−RHO, our results go further. They not
only indicate a selective bonding site for CO2 under humid
conditions, but they also suggest a high degree of cooperativity
between water and CO2, in increasing adsorption of the latter
3.2-fold compared to dry conditions at 30 °C (see Figures S1
and S2, and Table S1, Supporting Information). Such
cooperativity was not observed across other alkali-exchanged
cations in the RHO series.29 Until now, the structural details of
this cooperativity have been unknown. Here, relying on a
combination of molecular simulation, spectroscopy, and a
computationally guided Rietveld refinement of the active site
for humid CO2 adsorption in Cs−RHO, we demonstrate the
molecular basis of water−CO2 cooperativity during humid
CO2 adsorption involving the D8R site. Our results character-
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ize the structural details of a selective bonding site for humid
CO2 adsorption, which informs the design of water resilient
D8R sites observed more generally, in other zeolites (vide
supra). These details have until now been unavailable.28

Some key questions that this manuscript addresses are (i)
how on the molecular length scale do CO2 and water interact
with Cs−RHO so as to account for water enhancing CO2
adsorption in this material? (ii) What is the structural
underpinning of a water-tolerant CO2 bonding site that
endows D8R structures to selectively bond humid CO2 [i.e.,
where water (at 5% RH) does not thermodynamically compete
with CO2 under humid conditions]?
Our manuscript builds on prior in situ powder X-ray

diffraction (PXRD) data, which demonstrate a phase change in
Cs−RHO zeolite upon water and subsequent CO2 adsorption,
at the same relative humidity (RH) of 5% and 1 bar pressure.29

This phase transition involves a change from the distorted
symmetry of the I4̅3m space group in dehydrated Cs−
RHO14,31 to a more symmetric Im3̅m structure after humid
CO2 adsorption, and is similar to ones previously reported by
Wright et al.32 for CO2 adsorption in Cs−RHO (Si/Al = 3.9)
at higher pressures of 4 bar CO2 under dry conditions. We
posited that under our humid CO2 conditions at 5% RH, water

facilitates the translocation of Cs+ cations away from an initial
center of D8R position, toward a distinct single eight-
membered ring (S8R) site, at the entrance of the D8R,
which opens up the aperture.33,34 Our results combine
structural analysis and direct evidence of interactions between
Cs+ cations and CO2 via in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) to demonstrate in
detail, on the molecular level, how CO2 and water, which
usually compete for the same adsorption site and hinder the
ability of each other to adsorb in zeolites,17,18 now take on a
different role in which they cooperate within the D8R of the
Cs−RHO framework to create a water-tolerant CO2
adsorption site, which functions better wet than dry.

■ EXPERIMENTAL SECTION
Zeolite Synthesis. Experimental details of synthesis of NaCs−

RHO zeolite are available in Supporting Information. Typically, 18-
crown-6, Cs−OH solution (50 wt %) and NaOH were dissolved in
deionized water. Then, sodium aluminate (Na2O·Al2O3·3H2O) was
added to the mixture, and the solution was stirred until it became
clear. Subsequently, colloidal silica (Ludox, AS-40) was added, and
the final solution was aged at room temperature for 24 h. The final gel
composition of the solution was 1.8 Na2O:0.3 Cs2O/Al2O3:10
SiO2:0.5 18-Crown-6:100 H2O. Hydrothermal synthesis was con-

Figure 1. (a) DRIFTS spectra in T−O−T vibration region of Cs−RHO under dry CO2, humid air (5% RH) and humid CO2 (5% RH) at 30 °C.
(b) Molecular structure of Cs−RHO under humid CO2 conditions (5% RH, 30 °C) obtained by computationally guided Rietveld refinement. (c)
The histogram of CsD8R displacement from D8R center in the axial direction. Blue histograms represent Cs−RHO with Im3̅m space group (wet)
and yellow histogram represents Cs−RHO with I4̅3m space group (dry). The numbers of CO2 and water correspond to experiment.
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ducted at 125 °C for 3 days under rotation. The resulting zeolite was
filtered, washed with deionized water and dried at 80 °C. The as-
synthesized zeolite was calcined at 500 °C for 5 h under air flow. The
calcined NaCs−RHO zeolite was ion-exchanged with Cs+ to obtain
Cs−RHO.
Characterizations. Single component CO2 physisorption was

performed on an ASAP2020 instrument (Micromeritics) with pure
CO2 gas (99.999%, Praxair). All isotherms were measured at 30 °C
after vacuum pretreatment at 350 °C for 4 h. Thermogravimetric
analysis (TGA) with a TGA Q5000 (TA Instruments) measured the
weight change accompanying humid CO2 adsorption in Cs−RHO
zeolite (Figure S1). In situ DRIFTS was performed with a Tensor 27
(Bruker) (Figure S1). The sample was loaded in a diffuse reflectance
cell (Praying Mantis), and pretreated at 350 °C under air for
dehydration. Then, the sample was cooled down to 30 °C, and a
background spectrum was acquired. With the spectrum of dehydrated
Cs−RHO as a background, the time-resolved spectra were obtained
during gas adsorption. Experimental details about the quantification of
water and CO2 with combined TGA and DRIFTS are available in
Supporting Information.
DFT and AIMD Simulations. Vienna Ab-initio Simulation

Package (VASP, version 5.4.4) was used for all density functional
theory (DFT) and ab initio molecular dynamics (AIMD) simulations.
We used the RPBE functional with a 400 eV plane wave cutoff. The
AIMD simulations were performed at 303 K using a 1 fs time step
within the NVT ensemble. Five different Cs−RHO structures with
varying Al distributions were used to model the experimental sample.
A total simulation time of at least 20 ps was used. A Nose−́Hoover
thermostat with SMASS = 0) was used, which corresponds to a period
of 40 time steps. All structure manipulations were performed using
the Atomic Simulation Environment (version 3.22.1).
Theory-Guided Rietveld Refinement. DFT was integrated with

Rietveld refinement to improve the accuracy and efficiency of
structural analysis for Cs−RHO. Whole-pattern profile fitting with the
Pawley method was used to obtain the lattice parameters of Cs−RHO
sample (14.99 Å). Initial atomistic structures for Cs−RHO were built
for DFT calculations using these data. Specifically, we used geometry
optimizations with energy change and maximum force thresholds of 1
× 10−6 eV/atom and 0.03 eV/Å, respectively across five ensembles of
Al distributions. These DFT-derived atomistic structures served as a
starting point for further Rietveld refinement (performed with the
TOPAS program) of the Cs−RHO structure containing adsorbed
CO2 and water molecules.

■ RESULTS AND DISCUSSION
In situ DRIFTS data under dry CO2 and humid CO2 (i.e., 5%
RH) conditions in Figure 1a show changes to IR bands in the
range of 1200−850 cm−1, which represent zeolite-framework
T−O−T vibrations (T = Si or Al).35−37 This spectral region
includes a characteristic band at 1050−900 cm−1, which has
been previously assigned to perturbations of framework
vibrations by the cation and is sensitively affected by changes
in the Cs+-framework interaction (Cs+−Oz,D8R, Oz,D8R =
framework oxygens belonging to the D8R).38 As such, this
vibrational band reports on translocation of the cation away
from the center of the D8R.30 Data in Figure 1a demonstrate
what is nearly a flat baseline in the IR subtraction spectrum of
Figure 1a under these conditions, showing essentially no
change in this spectral window upon dry CO2 adsorption in
Cs−RHO. We conclude that the location of the Cs+ cation
remains largely unperturbed from its known position in
dehydrated Cs−RHO, in the center of the D8R.7,29,32 This
observation is consistent with the previously reported lack of
change of the I4̅3m space-group symmetry by in situ PXRD for
Cs−RHO under 1 bar of dry CO2, as this symmetry is known
to represent a distorted D8R that maximizes strong cumulative

cation-zeolite framework interactions, with the Cs+ cation
localized in its center.32

These experimental observations are supported by electronic
structure calculations relying on density functional theory
(DFT). Note that as all the available D8R sites (i.e., 6 D8Rs
per unit cell) are occupied by Cs+ cations, the remaining 4 Cs+
cations occupy the S6R sites in Cs−RHO. Our electronic
structure calculations demonstrate that a Cs+ cation is bound
0.49 eV stronger within the center of the D8R site in I4̅3m
symmetry relative to the analogous site in Im3̅m (see Figure
S3, Supporting Information).39,40 Taken together, our
experimental and simulation data are consistent with previous
reports,32 and localize Cs+ cations in the center of the D8R of
Cs−RHO after CO2 adsorption under dry conditions.
When conducting humid CO2 adsorption at 5% RH

(preceded by water saturation at 5% RH), DRIFTS data in
Figure 1a demonstrate the appearance of a strong negative
band at 977 cm−1, which was not observed under dry CO2
conditions above. This negative band in the IR subtraction
spectrum arises from the loss of molecular interactions
involving the T−O−T framework region, as a result of cation
translocation.30 We surmise that the Cs+−Oz,D8R interaction is
weakened as a result of the Cs+ cation translocation away from
its initial position at the center of the D8R, where it is strongly
bound to the framework. We observed the same result
regardless of whether water and humid CO2 were adsorbed
sequentially versus when they were adsorbed simultaneously,
showing path independence, a crucial trait of a system under
equilibrium control (see Figure S4, Supporting Information).
While such a weakened Cs+−framework interaction is
consistent with our previously reported phase transition
accompanying humid CO2 adsorption, from a distorted I4̅3m
to a more symmetric Im3̅m via in situ PXRD as explained
above,29 what has remained unclear is the structural basis for
CO2−water cooperativity at the humid CO2 adsorption site,
involving the translocated Cs+ cation. This question is all the
more crucial given the competing role that water and CO2
conventionally have in humid CO2 adsorption, in which water
decimates CO2 adsorption capacities in zeolites. The
alternative take that our data brings out is that these two
competing species can work together towards the common
benefit of humid CO2 adsorption.
Data from computationally guided Rietveld refinement

analysis41−43 provide the answer to this crucial question.
This approach analyzes prior in situ PXRD data under humid
CO2 (5% RH) conditions at 303 K.29 First, we used
conventional Rietveld analysis to obtain approximate atomic
positions and occupancies of Cs−RHO for all non-hydrogen
atoms. Subsequently, these insights led to an ensemble of five
Cs−RHO models (Si38Al10O96Cs10−6CO2−15H2O) with
varying aluminum positions (Si/Al = 3.8), which were used
to perform a series of ab initio molecular dynamics (AIMD)
simulations (at 303 K for a duration of 20 ps using the RPBE-
D3(BJ) functional and VASP software).44−46 These AIMD
trajectories were analyzed to estimate the occupancies of the
high symmetry sites for the Cs+ cations (e.g., D8R, S8R, S6R,
and S4R) as well as to obtain the time-averaged positions of
the CO2 and water molecules within the zeolite. These
occupancy and position data served as inputs for the next
iteration of the Rietveld refinement,42,43 and the resulting
model from the second refinement was then used for DFT-
based energy minimizations and further downstream geometric
analyses. A key advantage of our iterative DFT-based approach
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is the ability to resolve the positions of highly mobile species,
such as water confined within the zeolite pores, which are
typically challenging to deconvolute with conventional
Rietveld analysis (see Figure S5, Supporting Information).
The results of our computationally guided Rietveld refine-

ment described above are summarized in Table S2. Referring
to the structure shown in Figure 1b, in addition to the Si, Al,
Oz, OHd2O, CCOd2

and OCOd2
, we follow two positions of Cs+

cations (denoted as CsS8R and CsS6R in Table S2 and
corresponding to Cs+ in single 8-ring and 6-ring positions,
respectively.) Three key observations from these data enable us
to develop a physical picture for this complex system. The first
important insight is the similarity between the occupancies and
fractional positions of CCOd2

(coordinates are [0.5, 0.5, 0.8690])
and the CsS8R cation (coordinates are [0.5, 0.5, 0.8465]).
Based on the crystal symmetry, this suggests that both of these
atoms overlap and occupy the same S8R site that is located at
the two entrances of the D8R (i.e., 12 S8R sites/unit cell).
Second, we note that the number of CO2 in the framework
(i.e., 6 molecules per unit cell), the number of CsS8R cations (6
cations per unit cell), and number of S8R sites (i.e., 12 per unit
cell with an occupancy of 0.5) are all identical in our study.
Together, our refinement suggests that all D8Rs of Cs−RHO
under 1 bar CO2 and 5% RH consist of one CO2 molecule and
one Cs+ cation, which are located at S8R sites. As illustrated in
Figure 1b, we conclude that the overlapping fractional
positions and identical occupancies of CCOd2

and CsS8R are
due to the fact that these atoms straddle the D8R, both of
which are located at the S8R site.
From the positions of the OH2O, we surmise that both the

CsS8R and CsS6R cations mediate the hydrogen bonded water-
cluster network within the alpha cage (2 alpha-cages per unit
cell).47,48 We observe that water solvates the Cs+ cations,
which weakens the Cs+−Oz.D8R interaction, and “pulls” the
cations to the S8R sites from the D8R center where they
initially resided in the I4̅3m space group without CO2 and
water present. These water molecules also interact with the
hydrogen bonded water network in the alpha cage (green
region in Figure 1b). Simultaneously, the interaction with CO2
from the adjoining alpha cage “pushes” these Cs+ cations
(Cs+D8R−OCOd2

distance: 3.2 Å) from their original center of
D8R locations to the S8R site, further weakening the Cs+−
Oz.D8R interactions that are characteristic of the I4̅3m space
group. Specifically, as the Cs+ cation (solvated by both water
and CO2) no longer interacts strongly with Oz,D8R atoms, the
distorted D8R relaxes to a more symmetric structure that is
characteristic of the phase change from I4̅3m to Im3̅m space
group alluded to above. Furthermore, Cs+ cations in the S6R
also interact with CO2 located in S8R sites (denoted by the
blue region in Figure 1b), but with a weaker interaction
compared to the aforementioned CsD8R+−OCOd2

interaction.
Taken together, the molecular-level structure above demon-
strates a cooperative “push−pull” mechanism involving both
CO2 (pushing Cs+ cations) and water (pulling Cs+ cations)
facilitating the translocation of Cs+ cations out of the D8R to
the S8R. This mechanism highlights the complex yet
cooperative interplay between CO2, water, and Cs+ cations
in both S8R and S6R sites, leading to CO2 to be “trapped in
door” at the S8R window.
In addition to the interaction with two different Cs+ cations

described above, CO2 also interacts with surrounding Oz,S8R of

the framework, with CCOd2
−Oz,S8R distances spanning 3.0−4.4 Å

(see Figure S6, Supporting Information). Several of the Oz,S8R
can be seen to be close and pointing in toward the CCOd2

in
Figure 1b. Our observed range of CCOd2

−Oz,S8R distances is
similar to the one previously characterized for CO2 adsorption
in CHA by Lobo et al.26,27 This CCOd2

−Oz,S8R is important
because it represents oxygen lone-pair donation to adsorbed
CO2, in contrast to the oxygen lone-pair withdrawal by virtue
of adsorbed CO2 interacting with the Lewis acidic Cs+ cation.
Lobo et al. have previously pointed out that similar interactions
between dry CO2 and CHA are together responsible for
generating a strong electric field gradient that engages with the
quadrupolar moment of CO2.

26 We surmise that such a
“trapped-in-the-door” site can be selective for CO2 over dipolar
water given water’s smaller quadrupolar moment.25

We now show that the creation of these sites requires both
water and CO2 to be present. Specifically, we used AIMD
simulations to investigate three adsorption scenarios: (1) 6
CO2 and 15 H2O in Cs−RHO (corresponding to humid CO2
(5% RH) conditions, Im3̅m topology), (2) 15 H2O in Cs−
RHO (corresponding to humid (5% RH) water-only
conditions, Im3̅m topology), and (3) 2 CO2 (corresponding
to dry CO2-only conditions, I4̅3m topology). This comparison
systematically investigates CO2−water cooperativity in facili-
tating humid CO2 adsorption in Cs−RHO. The trajectories
from these simulations were characterized by the vector
distance of the Cs+ cation relative to the center of the D8R.
The distance vectors are projected as two components, i.e.,
axial direction (perpendicular to the D8R plane) and radial
direction that is orthogonal to the axial component. Here, we
focus our discussion on the axial direction as a parameter that
differentiates the three scenarios above.13

The paragraph below summarizes data from Figure 1c.
These data show that a significant fraction of the Cs+ cations
translocate approximately 2.0−3.0 Å out of the D8R center to
S8R sites when both water (15 molecules) and CO2 (6
molecules) are present. In the absence of CO2, when only 15
molecules of water are present (i.e., no CO2 coadsorption;
middle panel), we observe that the Cs+ cations largely occupy
the center of the D8R�a negligible occupancy of S8R sites is
observed. However, a wider distribution of the axial displace-
ments is observed for this water-only case (i.e., 15 H2O) when
compared to the dry case of 2 CO2 molecules adsorbed within
the I4̅3m topology (Figure 1c, bottom panel). The CsD8R
cation is much more localized at the D8R center in the latter
case. These results provide further evidence that the hydrogen
bonding network from water partially pulls the Cs+ out of the
D8R center, a phenomenon that is synergistic with CO2
coadsorption because it creates the necessary unsaturation
within the Cs+ coordination sphere that ultimately allows for
humid CO2 bonding, something impossible under dry
conditions, when Cs+ (in the middle of the D8R) is
coordinated tightly by the zeolite framework. For complete-
ness, an analogous analysis of 6 CO2 molecules adsorbed in the
Im3̅m and I4̅3m topology is shown in Figure S7, and the higher
amount of dry CO2 does not displace Cs+ from its preferential
D8R positions. We cannot rule out that the small contribution
of D8R occupancy observed under humid CO2 conditions in
Figure 1c is due to the limited time scale (20 ps) that is
accessible with AIMD. Although the accuracy of our
simulations could be improved by using smaller timesteps or
by exploring longer simulation times, these studies will require
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the development of appropriate machine learning poten-
tials49−51 and are thus beyond the scope of the current study.
From in situ DRIFTS experiments, when water (5% RH)

alone adsorbs in Cs−RHO corresponding to case (2) above,
without CO2, we observe only a weak broad band in the IR
range of 1000−950 cm−1 (Figure 1a, blue trace). This result is
qualitatively different from the one observed under humid (5%
RH) CO2 conditions above (Figure 1a, red). Additionally,
while only pure single phases are observed under dehydrated
conditions in dry air (i.e., I4̅3m) and humid CO2 (i.e., Im3̅m)
in our previous in situ PXRD data,29 a complex mixture of
phases consisting of both I4̅3m and Im3̅m symmetries was
observed for the water-only case. Thus, we surmise that both
DRIFTS and our refinement results support the AIMD

simulations above, which show that the adsorption of water
alone does not cause a complete migration of Cs+ cations out
of the center of D8R to a S8R position�and that such an
outcome also cannot be achieved with CO2 alone. In summary,
our combined AIMD simulations and DRIFTS data unequiv-
ocally demonstrate that the critical translocation of Cs+ cations
from the center of D8R sites to S8R sites in Cs−RHO at 1 bar
requires the cooperative action of both CO2 and water (5%
RH).
We performed two sets of calculations to further illustrate

the cooperativity between water and CO2 on Cs+ cation
translocation, in which the strong interactions between CsD8R−
Oz,D8R (under dry CO2, 1 bar) are replaced by CsS8R−CO2 and
CsS8R−water interactions. As a first step, we begin with the

Figure 2. AIMD simulation results of (a) Cs−RHO under humid CO2 (RH 5%, 30 °C) and (b) Cs−RHO after removing water from the case in
(a). (c) and (d) 2D histogram of the Csd8r−OH2O and Csd8r−D8R center distances obtained from the simulations in (a) and (b), respectively.
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refined Cs−RHO structure (Im3̅m space group) and perform a
full relaxation using ISIF = 3 in VASP with and without the
water molecules present for comparison (Figure 2). For the
case that includes the hydrogen-bonded water network, the
Cs+ cations remain in the S8R site, and the D8R remains
undistorted as expected for the Im3̅m space group (Figure 2a).
However, when the hydrogen bonded water network is
removed as shown in Figure 2b, we observe a transition
from an initially symmetric D8R site for Cs+ cations, which is
characteristic of the Im3̅m topology, to one that is distorted as
in the I4̅3m space group. Concomitantly, in Figure 2b, the Cs+

cations are “pulled-back” to the center of the D8R site. This
results in desorption of the CO2 molecule, and demonstrates
that the hydrogen bonded network (which is mediated by both
CsS8R and CsS6R cations) along with the presence of CO2 are
essential for Cs+ translocation from the D8R site to the S8R
site. In summary, this rearrangement weakens the interactions
of the Oz,D8R with the Cs+ cation, causing relaxation of the D8R
to the undistorted state, and ultimately leading to the
experimentally observed phase change from I4̅3m (dry
conditions) to the Im3̅m space group, when both water (5%
RH) and CO2 are present.

Figure 3. (a,b) 2D histogram of the CsS8r−OCOd2
and CsS6r−OCOd2

distances obtained from the AIMD simulations of Cs−RHO under humid CO2

(5% RH, 30 °C) and dry CO2 conditions. (c,d) Bar graphs relating the number of CO2 to the number of Cs+ cations interacting with CO2, under
humid CO2 (5% RH, 30 °C) and dry CO2 conditions. Parentheses in the legend refer to fractional distribution (e,f) Molecular picture of
multidentate Cs+−CO2 interaction under humid CO2 (5% RH, 30 °C) and dry CO2 conditions, respectively.
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Using the aforementioned AIMD trajectories, we have also
investigated the effect of CO2 adsorption on the hydrogen
bond network within the alpha cage. First, as shown in Figure
2c,d, we note that water molecules are mostly located >3 Å
away from the D8Rcenter, indicating that the D8R is not a
preferred site for water adsorption in the presence of humid
CO2 (5% RH). Second, on addition of CO2, we see the
formation of a new peak during water and CO2 coadsorption in
Figure 2c, which is absent for the case of a humid (5% RH)
atmosphere without CO2 in Figure 2d. This region
corresponds to water molecules that bond to CsS8R cations,
which have been displaced from their D8R sites. This
translocation, as discussed above, is facilitated by CO2
localization at the entrance to the D8R and explains the
experimentally observed increase in CO2 adsorption in the
presence of water. This phenomenon of the D8R providing a
selective site for humid CO2 adsorption is also observed in our
recent report involving K-RHO as well as K-MER and K-PAU,
where CO2 adsorption desorbs water from the D8R.28,30

During our investigation into CO2 trapped in the door of
Cs−RHO under wet conditions, a fundamental question
surfaces�does the structural configuration ensuring CO2
stability within the D8R sites endure consistently? To address
this question comprehensively, we conducted an in-depth
geometric analysis employing AIMD trajectories. Notably, our
study encompasses an exploration of the interactions with Cs+
cations adjacent to S6R sites, and uncovers the importance of
dual and, in general, multiple cation interactions.52−57 From
this perspective, CO2 acts as a bridge between CsS8R and CsS6R

cations within the alpha cage, introducing a dynamic element
to the trapping mechanism. Within the Cs−RHO structure, 10
Cs+ cations are strategically distributed, with 6 positioned at
CsS8R and the remaining 4 at CsS6R sites. This distribution
pattern, coupled with the presence of 8 S6R windows per alpha
cage, suggests a structural limitation, indicating that not all
CO2 molecules can simultaneously bind to both CsS6R and
CsS8R. The simulation results thus bring forth a more nuanced
understanding: the stability of CO2 “trapped in the door”
hinges on its proximity to both CsS8R and CsS6R, while Cs+
retains its fixed position at S8R locations.
To unravel the frequency and nature of CO2 interactions

with CsS8R and CsS6R within wet Cs−RHO, we meticulously
constructed 2D histograms of the AIMD trajectories, by
examining the distances between CsS8R−OCOd2

and CsS6R−OCOd2

for water and CO2 coadsorption (Im3̅m topology, Figure 3a)
and dry CO2 (I4̅3m symmetry, Figure 3b). In the histograms,
we use a distance of 3.7 Å as the threshold for defining a Cs+−
OCOd2

interaction, which encompasses the range of exper-
imentally measured Cs+−OCOd2

distances in previous zeolite
studies and experimental X-ray diffraction measurements.58

First, we observe that the interaction of humid CO2 is stronger
with CsS8R, as evidenced by shorter CsS8R−OCOd2

average
distances (i.e., 3.2 Å) than those with CsS6R (i.e., 3.8 Å). These
results paint a dynamic picture, revealing that in nearly 72% of
instances (Figure 3c), humid CO2 engages with either CsS6R,
CsS8R, or both, thereby corroborating the persistence of the
“trapped in the door” phenomenon. Figure 3e shows an

Figure 4. DRIFT spectra of CO2 adsorbed in Cs−RHO (a) under humid (5% RH) and dry CO2 conditions at 30 °C followed by (b) respective
desorption under humid air (5% RH) and dry air. (c) Histogram of the distribution of CsS8r−OCOd2

distances obtained from the AIMD simulations
of the Cs−RHO under (upper panel, blue) humid CO2 (5% RH, 30 °C) and (lower panel, yellow) dry CO2 conditions. The amount of CO2 and
water in the simulations correspond to experimental results.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c02496
Chem. Mater. 2024, 36, 11947−11957

11953

https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02496?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02496?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02496?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02496?fig=fig4&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


extreme case of tridentate interactions involving humid CO2
interacting with three different Cs+ cations (see Supporting
Information, Movie S1). Additionally, as shown in Movie S2,
under wet conditions, we sometimes observe a CO2 molecule
desorbing and transitioning into the alpha cage. When this
occurs, we observe the CsS8R, now devoid of CO2,
simultaneously reverting from its S8R site to the D8R site,
prompting the closure of the open door. This dynamic process
highlights the weak nature of the interactions (which are
desirable for CO2 storage and release) and the intricate
interplay between CO2 and Cs+ cations at different sites.
Conversely, our comparative analysis for dry Cs−RHO (2

CO2 per unit cell, I4̅3m symmetry) in Figure 3d shows that
one-third of CO2 molecules interact with neither CsD8R nor
CsS6R, while one-fourth of CO2 interacts with two CsS6R (as
shown in Figure 3f). The relative fraction of all of these
outcomes was significantly lower for humid CO2 adsorption in
Cs−RHO in Figure 3c. The analysis further reveals nearly no
instances where dry CO2 interacts with both CsS6R and CsS8R,
as well as a decrease in interactions with CsS8R/D8R solely (54%
and 39% of CO2 molecules in the system for humid and dry
CO2 adsorption, respectively). These results are consistent
with our experimental data in Figure 1a, which show the
absence of a framework perturbation band for the dry CO2
case in Cs−RHO (vide supra), and are further reinforced with
additional IR data in Figure 4a below. The data correlate the
framework perturbation band and motion of the Cs+ cation out
of the D8R, both of which are observed under humid CO2
conditions.
We turn again to DRIFTS to investigate the interactions of

CO2 with the Cs+ cation under dry and humid conditions,
focusing on IR bands in the region of 2500−2200 cm−1, which
are assigned to an asymmetric stretching (ν3) of physisorbed
CO2 and gas phase CO2.

59−62 We note in passing a lack of
observed chemisorbed (carbonate) bands (these possess
multiple vibrational bands in the spectral window of 1600−
1300 cm−1)62−65 under both our dry and humid CO2
conditions (see Figure S8, Supporting Information).
We rely on gas-phase CO2 (i.e., no zeolite in the DRIFTS

cell) as a baseline for acquiring subtraction IR spectra (see
details in Figure S9, Supporting Information) shown in Figure
4a. These data demonstrate an increase in intensity at 2277
cm−1 during CO2 adsorption under both humid (5% RH) and
dry conditions. We assign this to the asymmetric stretch of
physisorbed 13CO2 in Cs−RHO, which is present at a natural
abundance of around 1%. The observed sharp band at 2385
cm−1 is a subtraction artifact resulting from the tail of the high-
intensity 12CO2 asymmetric stretch. The characteristic band at
2426 cm−1 shown for Cs−RHO under humid CO2 (5% RH)
conditions in Figure 4a is assigned to a combination band (ν3
+ νis, νis indicates vibration of Cs+···O in Cs+···O�C�O),59,61

which includes contributions from a Cs+−CO2 interaction as
well as the asymmetric stretch of 12CO2. The observed increase
in the intensity of this band upon humid CO2 adsorption
provides direct evidence for CO2 interacting with Cs+ cation
under humid CO2 conditions in Cs−RHO. Importantly, we
observed no 2426 cm−1 band intensity after dry CO2
adsorption in Figure 4a. We conclude that while some CO2
adsorption occurs in Cs−RHO under dry conditions (see
Figure S2c, Supporting Information), it does not arise due to
strong CO2 interactions (as measured by DRIFTS) with the
Cs+ cation. We emphasize that these strong interactions are
only possible under humid CO2 conditions. Consistent with

equilibrium control, the same Cs+−CO2 interaction is
achieved, regardless of whether water (5% RH) and CO2 are
introduced sequentially or whether they are adsorbed
simultaneously (see Figure S10, Supporting Information).
Even at a lower CO2 concentration corresponding to that in
flue gas (15% CO2 in humid air at 5% RH), we still observe the
presence of a Cs+−CO

d2
interaction during humid CO2

adsorption, as shown in Figure S11. These data clearly
demonstrate that cooperativity between water and CO2 is still
functional even at these more dilute, practical conditions.
Note that we were unable to analyze the IR band

corresponding to 12CO2 asymmetric stretching at 2375−2300
cm−1 because of a large competing absorbance from gas-phase
12CO2 in this spectral window (i.e., the gas-phase CO2
saturates the IR detector and makes its reliable subtraction
impossible). However, we were able to resolve the ν3 of 12CO2
during desorption under carrier (air) gas flow because there is
a lack of interference from gas-phase CO2 under this condition
(Figure 4b). The IR difference spectra obtained during this
desorption consist of bands at 2348 and 2343 cm−1 under dry
and wet conditions, respectively, which we assign to
physisorbed 12CO2. The two slightly different frequencies
imply different environments for adsorbed CO2 depending on
the presence or absence of coadsorbed water. The nearly
identical IR frequency of 2348 cm−1 under dry CO2 conditions
compared with free gas-phase CO2 (i.e., 2349 cm−1)
demonstrates little interaction of CO2 with Cs−RHO zeolite
in the absence of water. In contrast, under humid conditions,
the lower frequency observed for the 12CO2 asymmetric stretch
implies that the C−O bond is weakened under these
conditions, which coincides with the previously reported IR
frequency of CO2 interacting with Cs+ cations in zeolite Cs-
ZSM-5.61 The observed C−O bond weakening may be of
interest for catalytic applications. This result further reinforces
a strong interaction between Cs+ cations and physisorbed CO2
in Cs−RHO uniquely when water is present, under humid
conditions, with these interactions being absent under dry
conditions.
To further support cooperativity of water and CO2 being the

key factor that causes Cs+ migration away from its D8R
location in Cs−RHO, we performed a geometric analysis to
examine the interaction of CO2 with the Cs+ cations near D8R
sites using AIMD. The distance histograms in Figure 4c for
Cs−RHO correspond to our two experiments: (1) humid CO2
conditions corresponding to 6 CO2 and 15 H2O adsorbed in
Cs−RHO with Im3̅m topology, and (2) dry CO2 conditions
corresponding to 2 adsorbed CO2 molecules in Cs−RHO with
I4̅3m structure. Using established criteria for a Cs+−OCOd2

bond
(i.e., 2.46−3.60 Å), we identified the Cs+ cation and CO2
interacting region in the histogram with Cs+−OCOd2

to be less
than 3.70 Å in Figure 4c. We observed an interaction between
Cs+ cations at S8R positions and CO2 only under humid
conditions. In stark contrast, under dry conditions, we see
nearly no evidence of CO2 interactions with Cs+ near D8R
positions, and instead observe CO2 diffusing more freely in the
alpha cage of Cs−RHO. The lack of water-cluster hydrogen
bonding network prevents Cs+ from being displaced out of the
D8R center, and there are no opportunities for CO2 to be held
at the S8R site forming the “trapped in the door” bonding
motif, as shown in Figure 1b. Since there are no spaces for CO2
to be adsorbed, this rationalizes the observed lower uptake of
CO2 in Cs−RHO under dry versus wet conditions.
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Taken together, our integrated experimental and molecular
simulation-based observations lead us to conclude that
cooperativity between water and CO2 contributes two
characteristic features for facilitating CO2 adsorption under
humid conditions in Cs−RHO, enabling: (i) a Cs+−CO2
interaction and (ii) Cs+ migration out of the middle of the
D8R, which both enhance the capacity of the zeolite for
adsorption of CO2 when under wet rather than dry conditions.
These two characteristics occur in conjunction with each other.
The phenomena are intriguing in that water facilitates CO2
adsorption at the S8R site as well as interaction with the Cs+

cation, instead of the conventional role of water competing
with CO2 for a bonding site in the zeolite.17,18

Building on the demonstrated cooperativity between CO2
and water in translocating Cs+ cations from the middle of the
D8R to a S8R position, we investigate how this translocation
influences the kinetics of CO2 adsorption in Cs−RHO. During
transient desorption of CO2 in a humid air environment, the
intensity of physisorbed 13CO2 bands (which are also
correlated with a 12CO2 band presence�see Figure S12c,
Supporting Information) exhibit a linear correlation with the
Cs+−CO2 band at 2426 cm−1 (see Figure S12d, Supporting
Information). The uniformity represented by this linear
correlation suggests that a majority of the physisorbed CO2
interacts with Cs+ cations, which is consistent with the AIMD
simulation results under humid CO2 conditions in Figure 3c.
Data in Figure 5 demonstrate the adsorption/desorption
kinetics for dry and humid CO2 that are reflected by dynamic
intensity profiles of 13CO2 bands at 2277 cm−1 (for the raw
spectra, see Figure S13, Supporting Information). These data
demonstrate a 15-fold increased rate of CO2 adsorption/
desorption under wet compared to dry conditions. Although
kinetic rather than thermodynamic in nature (in contrast to the
data of Figure 4a), these data show the internal-diffusion effect
of opening the D8R via Cs+ cation translocation to the S8R, as
a consequence of our described cooperative action of water
and CO2 above. Based on these data, we posit that the rate
limiting step for the diffusion under dry conditions involves
translocation of the Cs+ cation away from its position at the
center of the D8R. When the D8R is unblocked by Cs+ in the
presence of water and CO2, it opens up the D8R as a portal to
the alpha cage. We anticipate that these insights into the
critical importance of CO2−water cooperativity for enabling
faster transport kinetics may be transferable to other zeolite

systems, such as Na−RHO, which has been reported to exhibit
extraordinarily slow dry CO2 transport.

66

■ CONCLUSIONS
Our results provide molecular structural characterization of
CO2−water cooperativity during humid CO2 adsorption in the
D8R site of Cs−RHO. This characterization was performed
with multiple techniques: (i) in situ DRIFTS, (ii) Rietveld
refinement of in situ PXRD data, and (iii) ab initio molecular
dynamics (AIMD). More generally, our data structurally
elucidates D8R sites as water-tolerant CO2 bonding sites.
Our data also provide insight into the enhanced kinetics of
CO2 adsorption under wet versus dry conditions.
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