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The crystal structure of dehydrated NaY zeolite (Na-FAU structure type) with and without adsorbed CO2

has been determined at 4 K and at room temperature (RT) using neutron powder diffraction techniques.
The CO2-containing sample was prepared at 195 K and 0.1 MPa pCO2 (dry ice sublimation conditions).
Neutron diffraction data provides direct evidence that adsorption of CO2 results in significant migration
of the extraframework Na cations in the zeolite structure. At 4 K, 45 of the apparent 76 CO2/cell were
located in two crystallographically independent sites bonding to the Na cations (Na10) in the supercage
site II. While the CO2 molecule in the first site has a linear configuration interacting with Na10 via one
terminal oxygen, the CO2 molecule in the second site appears to have a bent O–C–O configuration
(148.3(3)�), with both oxygen atoms coordinating to two symmetry-related Na10. Using DFT total energy
calculations we found that the Na–CO2 interaction slightly facilitates the bending motion for CO2 by
decreasing the energy cost for the 148.3(3)� bond angle by �0.2 eV/CO2. However, this Na–CO2 interac-
tion is not enough to cause a 32� bond angle distortion in CO2 (the energy cost of �0.66 eV/CO2). We pro-
pose that rotational disorder plays a significant role in the appearance of the bent CO2, while a small
bending is possible. Our studies will help to provide a basis for interpreting CO2 adsorption phenomena
in NaY and related zeolites.

Published by Elsevier Inc.
1. Introduction

The relationship between increasing atmospheric CO2 concen-
tration and global warming is one of the most pressing environ-
mental studies to date. To reduce the atmospheric level of CO2

while minimizing the world economic impact, various carbon mit-
igation strategies are being developed. The implementation of car-
bon capture/sequestration policy in the coming years will need to
be economically as well as environmentally attractive. Because
existing coal-burning power plants are major contributors to CO2

emissions (and it is expected that they will be a major part of en-
ergy production for the foreseeable future), reducing emissions
from these plants is strategically important. Among the several ap-
proaches being considered to reduce emissions are: solvent
absorption [1], adsorption in porous solid materials [2–11], chem-
ical conversion [12], and deep sea deposition [13]. The research
presented here is relevant to the goal of developing the technology
of adsorption in porous solids as a technically feasible, affordable
and energy-efficient solution.
Inc.

: +1 975 5334.
ng-Ng).
Gas storage in porous solids is becoming an increasingly impor-
tant technology with applications in energy-related, environmen-
tal, and biological areas [14]. Porous materials such as zeolites,
polymers and metal-organic frameworks (MOFs) [2–8] offer a wide
variety of compositions and structures that are suitable for adsorp-
tion and storage of various gases, including carbon dioxide. How-
ever, the challenge of developing materials with optimized CO2

adsorption capacity remains, and a complete understanding of
the adsorption mechanisms is still lacking. As a first step in
addressing these issues, we have attempted to determine the de-
tailed structural locations of adsorbed CO2 molecules in an other-
wise well-known zeolite host.

Zeolites are three-dimensional microporous crystalline solids
with well-defined structures that contain aluminum, silicon, and
oxygen in their regular framework. Various techniques to study
the structures of zeolites have been reported, including X-ray dif-
fraction, neutron diffraction [15] and solid state NMR [16]. The
Si/Al atoms (T) are tetrahedrally coordinated with each other
through shared oxygen atoms. Zeolites have cavities or channels
that can host cations, water, or other molecules. Zeolites are prom-
ising materials for selective adsorption and separation of various
absorbates including carbon dioxide. This class of materials pro-
vides an excellent basis for demonstrating how solid-state proper-

http://dx.doi.org/10.1016/j.micromeso.2013.01.024
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ties (such as pore size, pore architecture or chemical composition)
can influence gas adsorption and diffusion processes. Diffusion of
adsorbate molecules in zeolites plays an important role in several
industrial applications related to separation and catalysis. Exam-
ples include: CO2 post-combustion capture by indirect thermal
swing adsorption [17], reduction in cost of CO2 capture from flue
gases [18], selective adsorption [19] and high-temperature adsorp-
tion of CO2 [20], and mitigation of CO2 contamination in oxygen
production [21]. Theoretical treatments of the adsorption of CO2

have been conducted for selected zeolites using the Monte Carlo
simulation technique [22–24].

One particular zeolite, NaY (structure type FAU) [14,17–18,21–
22,25–27], was chosen for the present study. Previous studies
involving NaY include enhancement of the CO2 retention capacity
by Na- and Cs-treatments [27]. Molecular dynamics simulations
using quasi-elastic neutron scattering experiments have also been
carried out concerning CO2 adsorption in NaY [28]. Although there
are a number of studies concerning adsorption isotherms for CO2

in NaY and theoretical prediction about the locations of the ad-
sorbed CO2, little experimental diffraction data is available con-
cerning the location of the CO2 molecules in the channels. The
primary goals of this study are to determine the location of CO2

molecules in the NaY-zeolite channels, the geometry of these
molecules and the nature of their interactions with the zeolite
framework and extraframework cations. In this paper, the struc-
tures of the dehydrated starting material (Na-FAU), and a sample
with adsorbed CO2 (CO2-FAU) were studied at 4 K and at RT using
the neutron diffraction technique. Modeling was also carried out
to asset the geometry of the CO2 molecules after they are ad-
sorbed inside the zeolite.
2. Experimental1

2.1. Sample preparation

A 9.56 g sample of commercial sieve CBV-100 (zeolite NaY) was
dried overnight in a tube furnace at 623 K in flowing nitrogen. The
weight loss was 22.3%, corresponding to a composition of
Na56Al56Si136O384(H2O)203.

A 6.953 g portion of the dried sieve was placed in a plastic jar
with 2 cylindrical pieces of dry ice (12.7 mm diameter and
25.4 mm long), loosely capped. The sample was allowed to equil-
ibrate for 8 h at 1 atmosphere (0.1 MPa) at the dry ice sublima-
tion temperature (195 K). The weight gain was 1.823 g,
corresponding to Na56Al56Si136O384 (CO2)76 (or a gain of 76 CO2)
if it is assumed that only CO2 was adsorbed. Both the dehydrated
(NaY) and CO2-containing samples (NaY–CO2) were placed inside
a nitrogen-purged dry box, packed into 6 mm diameter vanadium
cans, and sealed using indium gaskets, for the neutron diffraction
studies.
2.2. Volumetric CO2 sorption experiments

CO2 sorption measurements were carried out at RT (298 K) in a
computer controlled custom built Sieverts equipment previously
described in detail [29], with an estimated reproducibility within
0.5% and isotherm data error bar of less than 2% compared to other
commercial instruments [29]. Sample degassing, prior to CO2 sorp-
tion experiment, was done at 623 K under vacuum for 20 h first,
1 The purpose of identifying the equipment in this article is to specify the
experimental procedure. Such identification does not imply recommendation or
endorsement by the National Institute of Standards and Technology.
cool to room temperature and exposed to CO2 up to about 1
atmosphere.
2.3. Neutron diffraction studies

Neutron diffraction studies were performed on the dehy-
drated NaY and the dehydrated sample with CO2 (NaY–CO2).
The neutron diffraction experiments were carried out using 8 g
of powder for each sample. Neutron diffraction data were col-
lected with the 32 detector BT-1 diffractometer at the NIST Cen-
ter for Neutron Research using a Cu(311) monochromator
(k = 1.5396(1) Å). Measurements were made under ambient con-
ditions and at 4 K.

The structural refinements were performed using the GSAS soft-
ware suite [30–31]. The framework structure of the NaY zeolite
from literature [32] was employed as the initial model for refine-
ments: NaY without CO2 and with the incorporation of CO2 under
both ambient conditions and at 4 K. The neutron scattering lengths
of the elements Na/Si/Al/C/O are 0.363/0.415/0.344/0.665/
0.581 � 10�12 cm, respectively.

For dehydrated NaY, Rietveld refinement was begun with the
(fixed) framework structure [32], and a difference Fourier map
was calculated. The map indicated significant scattering densities
at reasonable Na cation sites I, I0, and II, and these were added to
the model as Na. No restraints were applied to bond distances or
angles during the refinements. The refinement included atomic
coordinates (Si and Al constrained), the lattice parameter, profile
#2 coefficients U, V, W, Y, and asym, as well as a 12-term shifted
Chebyshev background function [30–31]. A common U was refined
for the framework oxygen atoms, and another common displace-
ment parameter for the Na cations.

For NaY–CO2, Rietveld refinement was initiated using the dehy-
drated NaY structure, and a difference Fourier map was calculated.
Significant ‘‘blobs’’ of scattering density were added to the model
as carbon atoms one at a time (with refining coordinates and occu-
pancy but fixed U) until the difference Fourier map was judged to
be acceptably flat. Extensive visualization and study of the extra-
framework atoms led to a chemically-reasonable and self-consis-
tent identification of the adsorbed CO2 molecules. A similar
process was first applied to the RT diffraction pattern and then to
the 4 K data sets. While in both cases a chemically-reasonable
model was obtained, the RT data set ultimately did not yield resid-
uals as good as the structure at 4 K.

During the refinement, the first CO2 molecule, O12–C11–O13,
was described as a rigid body with linear configuration. The
residuals of refinements were not very sensitive to the position
of this molecule. The O12–C11–O13 molecule was constrained
to lie on a mirror plane (its true disorder may be more exten-
sive). Although other interpretations of the scattering density in
the supercage may be possible, this model yields the lowest
residuals, and is chemically reasonable. The second CO2 molecule,
O16–C15–O16, was initially refined as a rigid body, but consider-
ably better residuals were obtained by allowing the molecule to
bend, using a combination of bonded (C@O, 1.18(1) Å) and non-
bonded distance (O. . ..O = 2.36(2) Å) restraints. Restraints were
also applied to the T–O distances (1.63(2) Å), the O–T–O (T@Si/
Al) angles (109(3)�), as well as the Na10–O12 distance
(2.21(5) Å). A 3-term diffuse scattering function to describe an
amorphous component was included in addition to the cosine
Fourier series function.

After including the two CO2 molecules in the model, additional
electron density was found at the center of the sodalite cage, which
was assigned as the oxygen of a water molecule (O19). Presumably
a small amount of water was adsorbed by the zeolite during the ex-
change process. For the 4 K data set, an additional partially-occu-
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pied cation site (II0) in the sodalite cage was also included in the
refinement as Na20.

3. Computational methods

Structural and total energy calculations were performed using
the Vienna ab initio Simulation Package (VASP) [33] code based
on self-consistent density functional theory (DFT). We used projec-
tor-augmented wave pseudopotentials [34–35] in conjunction
with a plane wave expansion of the wave functions with a
300 eV cutoff energy. The spin-dependent generalized gradient
approximation (GGA) with PBEsol (Perdew-Burke-Ernzerhof re-
vised for solids) parameterization [36] was used to approximate
the exchange and correlation functional. A 2x2x2 Monkhorst-Pack
grid was applied to sample the Brillouin zone. Atomic positions
and lattice vectors were fully relaxed. Force convergence was
0.01 eV/Å and energy 10 meV/unit cell.

4. Results and discussion

Before discussing in detail the structure of NaY with the pres-
ence of CO2 molecules, it is important to first discuss the general
structure of NaY. The NaY structure belongs to the well known
faujasite crystal structure type (International Zeolite Association
structure type FAU) [37]. Faujasite crystallizes in the cubic space
group Fd3m, with a lattice constant ranging from 24.2 Å to 25.1 Å
depending on the framework Al/Si concentration, types and con-
centration of the cations, and state of hydration [32]. The zeolite
NaY can be visualized as being formed from 24-tetrahedra cuboc-
tahedral units (sodalite cages), joined through hexagonal prisms
Fig. 1. The schematic diagram of the faujasite structure, illustrating the standard nomen
(double 6-rings). There are a total of 192 tetrahedral Si/Al sites
per unit cell. The structure of NaY can be viewed as the diamond
structure, with the sodalite playing the role of carbon atoms, and
the hexagonal prisms the role of C–C bonds. The pore structure is
characterized by supercages approximately 12 Å in diameter, cav-
ities which are linked through 12-ring windows about 8 Å in
diameter.

Fig. 1 is the schematic diagram of the faujasite structure, illus-
trating the standard nomenclature for the framework atoms and
the extraframework Na cation sites [38–40]. Na cations are com-
monly found in both the supercages and the sodalite cages. Several
extraframework sites are commonly populated in cation-ex-
changed faujasites [38–40]. Several of these sites that were found
to be occupied by Na in this study are listed below:

� I in the center of the hexagonal prism (double 6-rings).
� I0 in the sodalite cage, adjacent to a 6-ring shared by the sodalite

cage and a double 6 ring.
� II in the supercage, adjacent to an unshared hexagonal face.
� II0 in the sodalite cage, adjacent to an unshared hexagonal face.
� II⁄ in the supercage, toward the center from site II.
� U in the center of the sodalite cage.

The refinement results, including the final neutron refinement
residuals, Rwp, Rp, goodness of fit (v2), R(F) and R(F)2 are listed in
Table 1. Figs. 2a–c give the Rietveld refinement plots for NaY,
NaY–CO2 at 4 K and NaY–CO2 at RT, respectively. In these dia-
grams, the upper graph shows the fit between the experimental
and calculated patterns while the lower graph shows the difference
between these two patterns. Table 2 gives the lattice parameters,
clature for the framework atoms and the extraframework Na cation sites [38–40].



Table 1
Refinement Residuals for dehydrated NaY, NaY–CO2 at ambient and 4 K.

State Dehydrated NaY–CO2 NaY–CO2

Temperature Ambient Ambient 4 K

Rwp 0.0567 0.0495 0.0428
Rp 0.0473 0.0397 0.0354
v2 1.055 1.203 1.812
R(F) 0.0381 0.0461 0.0450
R(F)2 0.0491 0.0509 0.0690
DF, + 0.024 0.034 0.040
DF, � �0.035 �0.032 �0.039
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atomic coordinates, and isotropic displacement factors. Table 3
provides the cation-oxygen bond distances.

The atomic valences, Vb (obtained from bond valence sum (BVS)
values), for the Na ions were calculated using the Brown–Altermatt
Fig. 2a. Rietveld refinement plots for dehydrated NaY at RT. In these diagrams, the upp
lower graph shows the difference between these two patterns.

Fig. 2b. Rietveld refinement plots for dehydrated NaY in the presence of CO2 at 4 K. In the
patterns while the lower graph shows the difference between these two patterns.
empirical expression [41,42], and the results are also listed in
Table 3. The Vb of an atom i is defined as the sum of the bond va-
lences vij of all the bonds from atoms i to atoms j. The most com-
monly adopted empirical expression for the bond valence vij as a
function of the interatomic distance dij is vij = exp[(R0–dij)/B]. The
parameter, B, is commonly taken to be a ‘‘universal’’ constant equal
to 0.37 Å. The value of the reference distance R0 for Na–O is 1.80
[41,42]. One can in general consider the BVS as an indication for
the strain state of the cations in a cage. A value that is larger than
the ideal valence is considered to indicate compressive strain or
overbonding, or the cage in which the cation resides is too small.
On the other hand, a value smaller than the ideal value suggests
tensile strain or coordinative unsaturation, or the cage is too large.

Results of the sorption experiments are shown in Fig. 3. The
sorption curve illustrates the characteristics of a Type I isotherm.
There is an increase of CO2 adsorption at low equilibrium pressures
and approach a plateau at 6.45 mmol/g. From this curve, our
er graph shows the fit between the experimental and calculated patterns while the

se diagrams, the upper graph shows the fit between the experimental and calculated



Fig. 2c. Rietveld refinement plots for dehydrated NaY in the presence of CO2 at RT, respectively. In these diagrams, the upper graph shows the fit between the experimental
and calculated patterns while the lower graph shows the difference between these two patterns.
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sample is estimated to have a CO2 content of about 6.0 mmol/g,
corresponding to a weight gain of 76 CO2.

In the following the structure description for NaY–CO2 at 4 K
will be described in detail. The structure of NaY–CO2 at RT will
be briefly compared to that at 4 K towards the end.
4.1. Structure of dehydrated NaY at RT

The structural literature on dehydrated NaY is extensive
[32,40,43–48]. Cation locations in this material have been deter-
mined and reported at temperatures from 373 K to 996 K. Sites I,
I0, and II are at all times occupied by Na. Occasionally traces of
Na have been observed at sites II0 and U as well. For example,
one specific literature study of the structure of dehydrated NaY
at 20 K found 16 Na/cell at site I, 10 Na/cell at site II0, and 23 Na/cell
at site II. Cation site populations are known to be influenced by the
details of the drying process.

The composition of the dehydrated NaY used in this study was
determined to be Na56Al56Si138O384. The weight loss on drying at
623 K corresponds to a typical water content of 203 H2O/cell. The
atomic coordinates of dehydrated NaY is given in Table 2. At RT,
Na only occupies the I, II, and I’ positions, but sites II0 and U were
empty. All these sites lie on the 3-fold axis (xxx) on the body diag-
onal of the unit cell. Under ambient condition, 51 Na cations
among a total of 56 were located. Cation positions I and I0 are too
close to each other (about 2.6 Å) for both sites to be simultaneously
occupied by Na. The sum of the (unconstrained) occupancy of these
two sites was, however, found to be close to unity. Therefore the
structure result represents a normal dehydrated NaY. As shown be-
low, this framework will be used to compare with the NaY-CO2

structure with adsorbed CO2. Cation–cation repulsions play an
important role as determining cation distribution. Not all Na can
be accounted for by the occupation of these sites. The remaining
Na is presumably disordered over sites in the supercage.

There are three crystallographically independent Na ions in the
structure. Na7 (II), Na8 (I) and Na9 (I0) are found to be in the super-
cage, in the hexagonal prism and in the sodalite cage, respectively.
The atomic valences of these cations (Table 3) indicated that they
are coordinated to the framework oxygen atoms. The BVS value
for Na8 is relatively small (0.56) as compared to the values of
0.82 and 0.94 for those for Na7 and Na9, indicating higher degree
of tensile stress or underbonding.

4.2. Structure of dehydrated NaY with the adsorption of CO2

(NaY–CO2)
4.2.1. Structure at 4 K
The 4 K structure represents a snapshot of the ‘frozen’ CO2 cap-

ture in the cages of dehydrated NaY under 0.1 MPa at the dry ice
sublimation temperature. The framework structure of NaY was
found to be essentially the same as that of the dehydrated NaY.
The only difference is that some Na cations have been displaced
as a result of interactions with CO2. The binding arrangement that
we have chosen to model the nuclear density accounts for the ma-
jor peaks in the Fourier maps and generates chemically reasonable
binding environments for the CO2 molecules.

4.2.1.1. CO2 in the supercage. Fig. 4 gives the structure of NaY–CO2

at 4 K. The framework consists of corner-sharing TO4 tetrahedra
and the extraframework Na cations. There appears to be two differ-
ent types of CO2 molecules, with bent and linear configurations. In
the linear CO2 molecule, O12–C11–O13, the terminal O12 is coor-
dinated to Na10, with the Na. . .O12–C11 angle of 135(2)�. As the
coordination distance between them is relatively short
(2.20(2) Å), there appears to be a relatively strong between the lin-
ear CO2 molecule and Na10.

The bent CO2 molecules O16–C15–O16 (148.3(3)�) were found
to have a close distance from O16 to Na10 (on a 3-fold axis) of
2.836 (11) Å. As the CO2 molecule is bent, we also investigated
the possible carbonate formation as a result of the adsorption. As
described by Bonenfant et al. [49], the formation of a stable mono-
dentate carbonate species is possible via a three-step process. This
will lead to the rupture of the Al–O bond and the oxygen will then
be available to bond to C of the CO2 group to form the carbonate.
Adsorption of CO2 in zeolites has been reported to be a result of
dominant adsorption via interaction of the quadrupole moment
of CO2 and polar surface sites [50,51]. For example, Angell et al.
[50] studied the behavior of CO2 adsorbed on zeolites containing
alkaline-earth cations and showed that the shift of the asymmetric
stretching band can be correlated with the electrostatic field



Table 2
Crystal Structure (cell parameters, atomic coordinates, and displacement parameters
of NaY (space group Fd3m (No. 227, origin choice # 2)).

Dehydrated With CO2 With CO2

Temperature Ambient Ambient 4 K

a, Å 24.7862 (2) 24.7342(2) 24.7288(2)
Si1/Al2, x –0.0362(2) –0.03565(14) –0.03629(14)
y –0.1239(2) –0.12396(13) –0.12382(12)
z 0.0545(2) 0.05407(12) 0.05420(11)
frac 0.71/0.29 0.71/0.29 0.71/0.29
Uiso, Å2 0.0104(8) 0.0097(8) 0.0055(5)

O3, x 0 0 0
y –0.1069(1) –0.10758(13) –0.10686(12)
Z –0.1068(1) 0.10747(13) 0.10675(12)
Uiso (Å2) 0.0284(5) 0.0272(5) 0.0152(4)

O4, x 0.0029(1) 0.00321(12) 0.00287(10)
y –0.1423(2) –0.14328(18) –0.14348(17)
z 0.0029(1) 0.00321(12) 0.00287(10)

O5, x –0.0724(1) –0.07140(13) –0.07255(11)
y –0.0724(1) –0.07140(13) –0.07255(11)
z 0.0341(2) 0.03322(17) 0.03215(15)

O6, x –0.0727(2) –0.07419(15) –0.07375(14)
y –0.1774(2) –0.17591(15) –0.17365(14)
z 0.0674(2) 0.06792(18) 0.06860(16)

Na7 (II), x,x,x 0.2336(4) 0.23721(30) 0.23762(27)
Frac 0.85(3) 0.79(2) 0.77(2)
Uiso, Å2 0.048(5) 0.0176(33) 0.0095(24)
Na/cell 27 25 25

Na8, (I), 0,0,0
frac 0.60(3) 0.52(3) 0.25(3)
Na/cell 10 8 4

Na9 (I’), x,x,x 0.0545(7) 0.0618(13) 0.06421(52)
frac 0.45(3) 0.17(2) 0.36(2)
Na/cell 14 5 11

Na10 (II⁄), x,x,x 0.2827(11) 0.28598(77)
frac 0.22(2) 0.23(2)
Na/cell 7 7

Na20 (II’), x,x,x – 0.21069(84)
frac 0.24(2)
Na/cell 8

O19, 1/8,1/8,1/8
frac 1.08(7) 1

C11, x 0.3987(23) 0.3987(7)
y 0.2541(13) 0.2444(6)
z 0.2541(13) 0.2444(6)
Frac 0.217(9) 0.200(7)
Uiso, Å2 0.504(22) 0.145(6)
O12, x 0.3719(42) 0.3728(10)
y 0.2820(29) 0.2728(9)
z 0.2820(29) 0.2728(9)
O13, x 0.4256(27) 0.4245(12)
y 0.2262(29) 0.2161(11)
z 0.2262(29) 0.2161(11)

C15, x 0.2074(23) 0.1895(9)
y 3/8 3/8
z 3/8 3/8
Frac 0.49(2) 0.546(11)
Uiso, Å2 0.504(22) 0.145(6)
O16, x 0.2128(20) 0.2028(7)
y 0.4086(2) 0.4082(2)
z 0.4086(2) 0.4082(2)

Table 3
Cation–Oxygen Bond Distances (Å) in dehydrated NaY, NaY–CO2 at ambient and 4 K.

State Dehydrated NaY NaY–CO2 NaY–CO2

Temperature Ambient Ambient 4 K

Na7–O4 � 3 2.361(7) 2.390(6) 2.388(6)
Na7–O6 � 3 2.869(6) 2.931(6) 2.934(5)
BVS(II) 0.82 0.75 0.75
Na8–O5 � 6 2.674(5) 2.629(5) 2.659(4)
BVS(I) 0.56 0.64 0.59
Na9–O3 � 3 2.963(6) 3.039(14) 3.057(7)
Na9–O5 � 3 2.284(11) 2.375(26) 2.401(11)
Na9–O19 – 2.71(6) 2.604(22)
BVS(I’) 0.94 0.82 0.80
Na10–O12 � 3 2.21(11) 2.20(2)
Na10–O16 � 3 2.682(31) 2.836(11)
BVS 1.27 1.21
Na20–O4 � 3 – 2.222(5)
Na20–O6 � 3 2.927(8)
BVS 1.10

Fig. 3. The CO2 sorption isotherm of NaY at 298 K showing the Type I isotherm
feature. The filled diamonds correspond to adsorption curve and the empty
diamonds correspond to the desorption curve. An increase of CO2 adsorption at low
equilibrium pressures which approaches a plateau at 6.45 mmol/g is shown.
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strength due to the cations. Ward and Habgood [51] found stretch-
ing bands that were ascribed to CO2 chemisorbed on surface oxy-
gen to give a bent carbonate-like structure. In our case, judging
from the atomic distances of C15 to O3, O4, O5, and O6, the forma-
tion of the C–O bond with framework oxygen from the Al–O group
did not occur. None of these distances can be considered as a C–O
bond as they are all greater than 3 Å. Furthermore, the Na10–O16–
C15 bond angle was found to be rather large, at 149.3(10)�. These
observations indicate that neither the unidentate carbonate nor
bidendate carbonate formed [50] as a result of the interaction.

The presence of the bent CO2 groups could be a result of two
possibilities. In the first, the weak interaction of oxygen atoms at
both ends of the CO2 molecule with Na10 leads to a bridging
Na–O16–C15–O16–Na unit, instead of carbonate groups with
expected O–C–O angle of approximately 120�. It is possible that
formation of this type of extended coordination will eventually
prevent the further diffusion of CO2 into the supercage. Another
possible explanation of the bent CO2 molecule is disorder. The
bending appearance could be due to two linear rotationally disor-
dered CO2 molecules (both with partial occupancy). The adsorbed
CO2 molecule is attached to Na through one of is oxygen atoms
while the rest of the molecule is free to rotate, resulting in a circu-
lar trajectory for the second oxygen atom (Fig. 5). Because of the
rotational disorder, the nuclear density of the second oxygen atom
is too low to locate. The difference Fourier map is essentially flat in
the pertinent regions. The ‘overlap’ with another disorder CO2 (also
with partial occupancy) unit generated by mm site symmetry will
give rise to an average structure of a bent molecule. Yildirim and
co-workers [52] also observed bent CO2 molecules in the MOF 74
system due to rotational disorder.

Results of DFT total energy calculations suggested that the van
der Waals interaction did not play a crucial role in the interaction
of Na10 and CO2, which was dominated by the electrostatic inter-
action. The potential energy curve was estimated as a function of



Fig. 4. Structure of NaY-CO2 at 4 K. The framework consists of corner-sharing TO4 tetrahedra and the extraframework Na cations. Two different configurations of CO2

molecules (linear and bent) are found inside the supercage.

Fig. 5. Schematic representation of the rotational disorder of two CO2 molecules
(along the Na–O axis) resulting in a circular trajectory for the second O atom.

Fig. 6. Energy cost of the O–C–O bending motion for a free CO2 molecule, estimated
by DFT calculations.
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O–C–O bond angle for a free CO2 molecule. In Fig. 6, the 32� bond
angle distortion in free CO2 costs a significant energy of �0.66 eV/
CO2. We placed the CO2 molecule with the bond angle of 148.3� in
the crystal structure of dehydrated NaY with cell parameters and
atomic coordinates derived from experiments (Table 2). Cell and
atomic positions were fully relaxed, except CO2 molecules with
the fixed O–C–O angles of 148�, followed by a high-precision total
energy calculation. The interaction of Na10 and CO2 can facilitate
the bending motion for CO2 by decreasing the energy cost for the
148.3� angle by �0.2 eV/CO2, which is not sufficient to cause the
32� bond angle distortion. Therefore, it is still possible that the
CO2 adopts a small bent configuration (Fig. 6), but rotational disor-
der appears to play an important role leading to the observed large
bending angle.
4.2.1.2. Migration of extraframework Na cations. Adsorption of CO2

results in a migration and rearrangement of the extraframework
Na cations and a complex network of interactions between the ad-
sorbed CO2 molecules and Na cations in the supercages (Fig. 7). At
4 K, nearly all of the Na cations were located. The Na II (Na7) site is
mostly occupied (about 80%). A comparison of the current struc-
ture to the structure of dehydrated NaY shows that as a result of
interaction with adsorbate CO2 molecules (Table 1 and Fig. 4),
movement of about 20% of Na7 (II) by 2.07 Å into site II⁄ (becoming
Na10) of the supercage was observed. This movement opens space,
and apparently site II0 inside the sodalite cage is also occupied by a
Na ion when the coordinated Na is presented at the II⁄ site. In sum-
mary, Na10 is coordinated to three O12 atoms and three O16
atoms of the CO2 molecules (all with partial occupancy). In Fig 4,



Fig. 7. Adsorption of CO2 results in a migration and rearrangement of the extraframework Na cations. A portion of the Na7 (II) is migrated into site II⁄ (Na10) of the supercage
was observed. This movement opens space, and apparently site II0 inside the sodalite cage is also occupied by a Na when the coordinated Na is present at the II⁄ site.
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a few representative CO2 groups that involve Na10. . .O16 as well as
Na10. . .O12 are shown.

In addition to the presence of Na10 in the supercage, a further
partially-occupied cation site (II0) was also included as Na20. This
II0 site, as described earlier, lies in the sodalite cage, adjacent to
an unshared hexagonal face. Na20 is associated with O(4) with a
distance of 2.222(5) Å and O(6) with a distance of 2.927(8) Å,
respectively. As a result of the interactions between various Na cat-
ions and CO2, the distances between Na7–O (II-supercage) and
Na9–O (I0-sodalite cage) are longer than the corresponding dis-
tance in NaY without CO2, while the distance between Na8–O5
(I- center of the hexagonal prism) is shorter.

The migration of extraframework cations during adsorption
and desorption process of zeolites has been studied by Beauvais
et al. [53] and Pichon et al. [54] with water molecules. They ob-
served water migrate to a variety of sites. Plant et al. [55–57]
modeled the diffusion of CO2 in the Faujasite systems using
molecular dynamics simulations which were directly compared
to their quasielastic neutron scattering measurements [55,56].
They were able to determine the cation motion upon adsorption
of CO2 from their spectroscopic and modeling studies. They
found that at low and intermediate loading of CO2, the Na II
cations can migrate towards the center of the supercage. Our
diffraction data provides direct evidence of this type of cation
migration.
4.2.1.3. Presence of water molecules in NaY–CO2. In addition to the
presence of the CO2 molecules in the model, in the center of the
sodalite cage density attributed to the oxygen (O19) of a water
molecule was also observed. Water molecules were not located
in the supercage. O19 was found to associate with Na9 (I0) which
also lies in the sodalite cage and is adjacent to a 6-ring shared by
the sodalite cage and a hexagonal prism.
Apparently there is selectivity for the gas molecule concerning
which cage to enter during the adsorption process of NaY. The
principal factors influencing carbon dioxide adsorption on zeolites
have been summarized by Bonenfant et al [49]. These factors in-
clude structural characteristics of the host (basicity, polarizing
power, distribution, size and number of exchangeable cations,
influence of the Si/Al ratio, influence of the size of pores), as well
as influence of adsorbate characteristics (polarity, molecular
dimensions, carbonate formation, presence of water, prevailing
pressure and temperature). The pore size of zeolite is another fac-
tor that influences the capacity and rate of CO2/gas adsorption. Be-
cause the H2O molecule is smaller than CO2, it is expected to
primarily occupy the relatively smaller sodalite cage.

4.2.1.4. Atomic valence of extraframework Na cations (Vb). The Vb val-
ues for the five crystallographically independent Na ions in the
structure are shown in Table 3. In addition to Na7 in the supercage,
Na8 in the hexagonal prism and Na9 in the sodalite cage, Na10 is
found in the supercage with a 0.23 occupancy and Na20 is in the
solidate cage with a 0.24 occupancy. Similar to the dehydrated
NaY, while the Vb values for Na7, Na8 and Na9 are all smaller than
the ideal value of ‘1’, the value for Na8 is particularly small (0.59 as
compared to the values of 0.75 and 0.80 for those associated with
Na7 and Na9), indicating higher degree of underbonding or weak
bonding. On the other hand, the bonding environment for Na10
and Na20 is rather different as their Vb values are greater than
1.0, indicating somewhat compressive stress or overbonding.

4.2.1.5. Stoichiometry of NaY determined at 4 K. At 4 K, the refined
composition of NaY is Na48Al56Si136O384(CO2)45(H2O)8. This for-
mula corresponds to a 17% weight gain, compared to the observed
26% weight gain. Assuming this gain is due to only CO2 adsorption,
this result corresponds to 76 CO2/cell. Our refinement results
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indicate the occupancy of the linear CO2 sites to be about 20%, the
‘‘bent’’ CO2 sites to be of 55% and the absorbed H2O molecule in the
sodalite site to be of 100% (or 8 H2O molecules per unit cell).
Apparently not all of the adsorbed material is localized, as there
is difference between weight loss and the refinement result. It is
probable that more CO2 molecules and water molecules were ad-
sorbed during exposure. Water is known to have a high tendency
to be disordered in broad channels as well. However, due to their
highly disordered structure, they were not located.
4.2.2. Structure of NaY–CO2 at RT
A comparison of the NaY–CO2 structure at RT and at 4 K indi-

cates that in general the structures are similar except for the angle
of O16–C15–O16 of the CO2 molecule (Tables 1 and 2). For exam-
ple, the occupancy values of both crystallographically independent
CO2 sites (0.217(9) (RT) vs 0.200(7) (4 K)) and (0.49(2) (RT) vs
0.546(11) (4 K)) are comparable. The angles of Na10–O16–C15
(146(4)�) and Na10–O12–C11 (125(8)�) are also comparable to
those found in the 4 K data. At RT, the displacement coefficients
are larger for all atoms and fewer Na atoms could be located (also
due to extensive disorder) as compared to the structure deter-
mined at 4 K. For example, instead of 11 Na9 in the supercage, only
8 were located at RT. Na20 which is observed at 4 K in the sodalite
cage, is absent at RT.

Similar to the 4 K structure, the two possible explanations for
the observed bent angle for CO2 are the rotational disorder and a
result of the double bridging to Na10 on both sides of the CO2 mol-
ecule. The 167(7)� bending angle of O16–C15–O16 is substantially
greater than the corresponding 148.3(3)� found in the 4 K struc-
ture. At a first glance from Fig. 6, the 13� bond angle distortion in
free CO2 costs the energy of �0.14 eV/CO2, which can likely be re-
duced via the interaction of Na10 and CO2. However, as the 4 K
structure suggested that rotational disorder appears to play an
important role leading to the observed large bending angle, it is
logical that at room temperature rotational disorder plays an even
bigger role to the observed bent structure.

Our refinement results also indicate that the occupancy for the
absorbed H2O (O19) molecule in the sodalite cage is 100% at RT and
at 4 K (8 H2O molecules per unit cell). This H2O molecule is weakly
bonded to Na9 with a distance of 2.71(6) Å.

At RT, there are only four crystallographically independent Na
ions in the structure. A comparison with the structure of NaY–
CO2 at 4 K indicates that Na20 is not found at RT, but Na10 appears
in the supercage with a comparable 0.22(2) occupancy. The BVS
values (Table 3) for Na7, Na8 and Na9 are similar to those for the
4 K data as well. Na10 exhibits compressive stress or overbonding
situation.
5. Conclusions and future work

The structure of dehydrated NaY is comparable to that obtained
from previously reported diffraction studies. The framework struc-
ture of dehydrated NaY and that of dehydrated NaY with adsorbed
CO2 are quite similar except for the locations of Na cations. The
appreciably different structures of NaY–CO2 at RT and at 4 K are
mostly attributed to the fact that the structure at RT has a higher
degree of disorder for Na ions and CO2. This study also demon-
strates that cation occupancies and positions are different at RT
and at 4 K, therefore cation distribution cannot be assumed, but
must be determined at the temperature of interest. Cation–cation
repulsions play an important role as determining the cation
distribution.

Most of the CO2 molecules as estimated from weight gain of
samples before and after the CO2 adsorption experiments were
located using neutron diffraction experiments. Adsorption of CO2
results in a migration and rearrangement of the extraframework
Na cations and a complex network of interactions between the ad-
sorbed CO2 molecules and Na cations in the supercages. Two differ-
ent configurations of CO2 were located, linear and bent. The linear
CO2 molecule coordinates with 20% of the Na7 site via the oxygen
sites while the seemingly bent molecules that also interact with
Na7 is a consequence of rotational disorder. As a result of these
complex interactions, 20% of Na7 migrated from the unshared hex-
agonal cage to the new Na site (Na10) towards the center of the
supercage. This movement opens space, and apparently site II0 in-
side the sodalite cage is also occupied by a Na ion when the coor-
dinated Na is present at the II⁄ site. As a result, each Na10 is
coordinated to six partially occupied oxygen atoms from CO2 mol-
ecules (three O12 and three O16).

Future work includes structure determination of NaY with CO2

as a function of pCO2 so one can understand the CO2 adsorption
mechanism in more detail. It is also important to study other zeo-
lites with different cage sizes to correlate the effect of cage volume
and the locations of adsorbed CO2.
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