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Structural Characterization of the Redox Behavior in
Copper-Exchanged Sodium Zeolite Y by High-Resolution
Powder Neutron Diffraction

A. J. Fowkes," R. M. Ibberson,** and M. J. Rosseinsky™*:$

Inorganic Chemistry Laboratory, Department of Chemistry, University of Oxford,
South Parks Road, Oxford OX1 3QR, U.K., ISIS Facility, CLRC—Rutherford Appleton
Laboratory, Chilton, Didcot, OXON OX11 0QX, U.K., and Department of Chemistry,
University of Liverpool, Liverpool L69 7ZD, U.K.

Received May 21, 2001. Revised Manuscript Received October 22, 2001

The results of structural refinements on high-resolution powder neutron diffraction data
for copper(l1)- and copper(l)-exchanged zeolite Y and for the parent sodium zeolite Y, with
composition Nag,Sii2sAlesO3s4, are presented. Rietveld refinement of ambient-temperature
data shows that the Cu(l) and Cu(ll) cations are located on different sites in the two materials
and that the structures differ considerably from that adopted by NaY. In Cu'Y, with
composition CussNa;,Siiz0Als203s4, the copper cations are located on the 14', 1g', and 11" sites
with occupancies of 0.552(4), 0.145(7), and 0.162(8), respectively, while some sodium, 0.36-
(2), remains on site Il. For Cu'Y, there is a redistribution of the cations on sites 1A', Ig’, I,
and Il to 0.39(2), 0.21(1), 0.24(1), and 0.18(2), respectively. In both zeolites, site | is vacant.
The high-quality diffraction data provide direct evidence of structural changes associated
with the redox behavior of the zeolite, including distortion of the framework and the location

of charge-balancing species.

Introduction

There is considerable current interest in the ion
exchange of copper into zeolites.1~> The focus of studies
in this area is the catalytic activity of the materials, in
particular their ability to remove nitric oxide from
automobile exhaust streams, by the selective binding
and catalytic reduction of NO. In 1978, the first reports
of the catalytic behavior of copper-exchanged zeolite Y
(Cu'Y) for this process were published by Kagawa et
al.5 The copper-exchanged zeolites ZSM-57 and morden-
ite® show yet higher catalytic activity than the Y-type
copper-exchanged zeolite. Turnover frequencies per
copper cation are 28.8 x 103, 0.74 x 103, and 0.17 x
108 for Cu—ZSM-5, copper mordenite, and CuyY, respec-
tively.? High levels of copper exchange produce large
increases in catalytic behavior for a given zeolite.®
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Reduction of Cu''Y in 4% CO in He for 2 h increases
the catalytic activity, indicating the importance of the
Cu oxidation state.® The accurate determination of the
crystal structures of Cu(l)- and Cu(ll)-exchanged zeolite
Y is therefore an important step in understanding the
chemistry of copper-exchanged zeolites, as Si/Al ratios
higher than those found in ZSM-5 permit the accurate
location of extraframework cations in both oxidized and
reduced forms.

Zeolite Y is a synthetic form of the mineral faujasite.
The crystal structure, illustrated in Figure 1, consists
of a sodium aluminosilicate framework with a Si/Al ratio
varying between 1.5 and 3.0. In zeolite Y, the number
of aluminum ions in the unit cell varies according to
the relation between the number of tetrahedral Al
atoms, Naj, and the Si/Al ratio such that

_ 192
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where R = Nsi/Nai. In zeolite Y, Ng is typically in the
range between 76 and 48. The framework structure can
be described as a diamond array of cuboctahedral
aluminosilicate units composed of 24 (Si, Al) atoms and
36 oxygen atoms. Each unit cell consists of 8 large
absorption cages with a 13.7-A free diameter (the
supercages), 8 sodalite units (the main structural units),
and 16 hexagonal prisms. Channels of 7.5-A diameter
form where the supercages meet.

A number of possible sites within the framework are
available for the location of the cations required to
balance the charge on the aluminosilicate framework
(see Figure 1). Site | is located at the center of the
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Figure 1. Schematic diagram of the structure of zeolite Y,
faujasite, showing locations of the cation sites.

hexagonal prism and is octahedrally coordinated to the
framework. Site Il is on the six-membered-ring face of
the sodalite cage on the supercage side and has three
nearest neighbors. Sites I’ and I1" lie on the other sides
of the six-membered rings, opposite sites | and I,
respectively, inside the sodalite cage and are also 3-fold-
coordinate. Site 111 is occupied for some zeolites and is
located at the center of the square faces of the sodalite
unit.

lon exchange is dependent on a number of factors
such as cation size and oxidation state, level of hydra-
tion of the zeolite, and silicon/aluminum ratio of the
framework.1 These factors determine the location of the
cations and also the possible extent and kinetics of
exchange. Sites I, I', and 11 are occupied for the majority
of the alkali-metal- and alkaline-earth-metal-exchanged
NaY samples.’’~13 In Na-exchanged Y with a Si/Al ratio
of 2.43, cations are located at the I, I', and 11 sites, the
latter being fully occupied.* The cation distribution can
be further modified by adsorption of water,’®> and
additional sites, at much greater distances from the
framework because of cation bonding with sorbed water,
can also be occupied. For NaY itself, in the presence of
an equilibrium water pressure, the I' occupancy in-
creases, but neither the site | nor the site 11 populations
reach the level of occupancies of the dehydrated state,
and it is impossible to locate crystallographically all of
the analytically determined cations.16

CuY can be reversibly reduced and reoxidized. A key
issue raised by this property, which is central to the
catalytic activity of Cu-exchanged zeolites, is the charge
balance of the framework.l’=21 The extraframework
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cations balance the negative charge arising as a result
of the substitution of aluminum ions for silicon. If,
during ion exchange, two sodium cations are replaced
with one Cu?* cation, then, upon reduction of the copper
from the divalent to the monovalent state, assuming no
other changes, residual negative charge equal to the
number of copper cations reduced is left on the frame-
work. Two possible explanations for this behavior have
been proposed. The first postulates that, upon reduction
of the cation, oxygen is removed from the framework,
leading to a dealumination of the framework according
to eq 118

2Cu®t + (AlO,),,” + CO— CO, + (AlO).,,  + 2cl(11+)

There is diffraction-based precedent for extraframework
aluminum in other, non-Cu zeolites.?? Neutron powder
diffraction?® shows that dealumination of H-zeolite Y
yields AlO,4 units at the center of the sodalite cage,
although the protons or deuterons expected to be bound
to the framework or the AlO4 unit can not be located
because of their positional disorder. This extraction of
AR from the framework might be expected to lead to
vacancies on the T site, but X-ray powder diffraction
studies on 53% dealuminated (Na, H)Y (84% expected
T-site occupancy)?* indicate that the T-site occupancy
remains at 1. This shows that dealumination occurs by
local recrystallization of the framework by the formation
of new SiO, tetrahedra in regions of the framework
damaged by alumina removal.

29Si and 2’Al MAS NMR experiments on CuY reduced
with H, and CO?% show that the maximum extent of
dealumination is 35% of that required by the scheme
proposed in ref 18. From this finding, it was deduced
that extraframework oxygen (EFO) must have been
introduced into the zeolite during preparation to allow
the reversible redox behavior, e.g.

2cu""'OH" + CO(g) — 2Cu' + CO,(g) + H,0(g) (2)

The mechanism of introduction of EFO into Cu''Y must
differ from that in zeolites containing oxidizable cat-
ions: EFO can be introduced into Fe''Y without over-
exchange by subsequent oxidation to Fe'''Y,25 but in the
CuY case, the Cu'! cations introduced by ion exchange
need to be reduced, before reoxidation with the intro-
duction of EFO is possible.

The introduction of extraframework oxygen is closely
related to overexchange of divalent Cu?* cations for Na*
in the preparation of Cu-loaded zeolites and to the
ability of the zeolite to act as an oxygen carrier in
catalytic reactions. The Cu(OH)* unit shown in eq 2
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represents a variety of lower-charged cationic species,
such as Cuy(OH),2+,26:27 present in Cu(ll) solutions as
a result of hydrolysis [to form Cu(OH)*] and subsequent
condensation increasingly favored with higher pH.
These species can be introduced into the zeolite by
exchange for Na*. Alternatively, [CUOH]" can be gener-
ated upon dehydration of the zeolite. These processes
lead to the introduction of an excess of Cu cations over
the amount expected for a Cu(l1)/2Na* exchange. Over-
exchange (of up to 600%) is common in ion-exchanged
ZSM-5 samples and has been observed in mordenites:
28 jt is enhanced above pH 6.2° The maintenance of
charge balance in the Cu(ll)-exchanged zeolite is achieved
by the incorporation of extraframework anionic ligands
such as oxide or hydroxide. Overexchange has been
observed in zeolite Y30 exchanged with 0.1 M copper
chloride. IR spectroscopy showed that hydroxyl groups
(assigned to [CUOH]™) are present in the overexchanged
samples. The analytical data indicate that these hy-
droxyl groups originate from the ion-exchange procedure
and not from the dissociation of water molecules. The
catalytic activity of the zeolite to oxidation of CO
increases with the extent of Cu overexchange.® There
is EPR3! and TPD? evidence for EFO in Cu''Y, assigned
without structural evidence to oxygen bridging two Cu-
(I") sites.

The literature on the crystal structure of Cu''y is
restricted, and to our knowledge, no reports exist on the
structure and location of cations in Cu'Y prepared by
reduction of Cu''Y. The room-temperature structures of
hydrated and dehydrated divalent-copper-exchanged
faujasite were determined by Maxwell and de Boer
using single-crystal X-ray diffraction with Cu radiation
on ion-exchanged crystals of natural faujasite (with
potassium ions and subsequently with Cu?"). The Si/Al
ratio was estimated from the unit cell constant as Si/Al
= 2.42, close to the accepted value for natural faujasite
reported by Baur.33 Close to 100% exchange of copper
for potassium was assumed, and overexchange of cations
was not considered. These refinements indicated that
copper is located on the site I' in the hydrated form and
that copper cations are located on the sites I, I', II', 11,
and Il in the dehydrated form (dehydrated at 150 °C
for 20 h at 10=® Torr). However, although credible
overall, some details of the refined structures are less
than compelling, and satisfactory refinement required
exclusion of the (111) reflection. For example, the
refined isotropic temperature factors for some of the
cation sites are especially large (in some cases over 10
A2), and the accompanying site occupancy factors very
small, leading to some doubt as to the precise structure
of the dehydrated zeolite. Gallezot et al.®* had earlier
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used X-ray powder diffraction on the dehydrated copper-
exchanged zeolites CujgNazY and CuizNasH»7Y to
locate copper cations on the | and I' sites and Na on
the 11 site. Marti et al. found copper cations on the Il
and Il sites in the supercage in a number of hydrated
zeolite Y samples with varying sodium/copper ratios.3®
It was deduced that sodium cations occupied site I, as
the occupancy of this site decreased as the copper
content of the samples increased. A recent study of solid-
state-exchanged Cu''Y containing entrained CuCl; finds
that the I, I', and 111" (slightly displaced from I11) sites
are occupied.3¢

This paper describes the determination of the struc-
tures of Cu''Y and Cu'Y from high-resolution powder
neutron diffraction data. A key point of the present
study is the use of diffraction methods to establish the
structure of Cu'Y and to address the issue of T-site
occupancy and the extent of dealumination via the ratio
of the T to extraframework sites. The high-quality
diffraction data enable structural changes associated
with the redox behavior of the zeolite, including distor-
tion of the framework and location of charge-balancing
species as postulated above, to be characterized. Evi-
dence for framework dealumination and significant
rearrangement of the extraframework cations upon
reduction is provided.

Experimental Section

(1) Preparation of NaY. NaY was supplied by Unilever.
The zeolite was first washed with aqueous NaNOj3 solution to
remove cation vacancies and to ensure that all cations are
present as Na', not H".3” After filtration, the substrate was
washed with deionized water to remove NaNO; and then dried
at 373 K in a drying oven. The zeolite was stored over a
saturated solution of NH4CI in a desiccator before it was ion
exchanged. For neutron diffraction measurements, a sample
devoid of water was required, so the sample was vigorously
degassed. The zeolite was placed in alumina boats in a gas
flow tube in a furnace. Oxygen gas was continually flowed over
the sample while it was heated at 1 ° min~! to 373 K. The
temperature was held for 4 h to drive off the water before being
increased at a rate of 1 ° min~! to 673 K, where it was left for
4 h. The sample was cooled to room temperature and trans-
ferred to an M. Braun Labmaster drybox, where it was stored
under helium. The pretreated zeolite was subsequently loaded
into a silica ampule, sealed with a Young's tap, and then
removed to a vacuum line where it was degassed under
vacuum (1075 Torr) in a furnace at 673 K for 4 h. The sample
was cooled to room temperature under vacuum and removed
to the drybox where it was stored.

(2) Preparation of Cu''Y. Ten grams of NaY, previously
washed with NaNOg, was stirred for 48 hin 1 L of 1.0 M CuCl,
(BDH, Analar, 99.9%) in DO (Fluorochem, 99.9% D) solution.
This is analogous to the procedure described by Schoonheydt
et al.?® The zeolite was washed several times with D,O to
remove the excess copper chloride. The solid produced was
blue-green colored.

At this stage, the sample can contain surface defects and
also a large amount of residual water. The level of hydration
of the zeolite strongly influences the siting of the cations. When
water is bound to the copper cations, it often results in
migration of Cu(OH)s*" to the supercages, making cation
location by diffraction methods almost impossible.®® For our
experiments, samples as fully dehydrated as possible were
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required. The sample was pretreated in oxygen, as described
for the NaY sample above, and vigorously degassed under
vacuum at 400 °C by the same procedure as for NaY. The
sample was still blue at this point but somewhat paler (this
is attributed to loss of water). It is possible that some of the
copper has been reduced by this procedure to Cu*, although a
strong EPR signal can still be observed. Petunchi and Hall
observed about 10% reduction of Cu?" to Cu* on evacuation
at the higher temperature of 500 °C.1°

(3) Preparation of Cu'Y. Five grams of the Cu''Y sample,
prepared by ion exchange and pretreated with oxygen at 673
K, was loaded into an 18-mm quartz insert and placed in a
silica gas flow tube. The tube was placed in a furnace,
evacuated, and then heated slowly to 753 K. Carbon monoxide
gas at 1 bar pressure was passed over the zeolite and then
through a paraffin oil bubbler for 2—3 min. The sample was
left for 30 min under static CO pressure, and then once again
CO was passed over the zeolite. After an additional 30 min,
the gas flow tube was evacuated at 1072 Torr and then cooled
to room temperature. The Cu'Y sample obtained was white.
Complete reduction from Cu(l1) to Cu(l) was confirmed by the
absence of a signal in the EPR spectrum.

(4) Chemical Analysis. Chemical analysis was used to
determine the approximate compositions of NaY and Cu'"NaY
in terms of the cations present by Analytische Laboratorien.
A fully hydrated sample of the zeolite was dissolved using HF
in a sealed PTFE vessel at 373 K. The HF was complexed with
boric acid prior to dilution and analysis. For Cu, Si, and Al,
analysis was carried out using the atomic absorption flame
technique, and for Na, flame photometry was used. This
analysis showed the composition of the parent zeolite to be
Nag2H2Si128A1640384°252H,0 and that of the copper-exchanged
zeolite to be CuzzNai,Siiz0Als20384°185H,0. NaY (%) Na, 8.18
calc (8.18 obs); Al, 9.91 (9.90); Si, 20.62 (20.65). CuNaY (%):
Na 1.61 (1.61); Cu, 12.21 (12.25); Al, 9.74 (9.74); Si, 21.3 (21.2).

The analytical data indicate an overexchange of 7 Cu'!
cations per formula unit given the exchange of 50 Na* and 2
H* ions per formula unit, consistent with the data of Schoonhey-
dt et al. for CuY zeolites exchanged under the same condi-
tions.3° EDX data indicated no excess chloride incorporated
into the samples, excluding the possibility of entrained CuCl,
contamination as the source of the analytical copper excess.
Cu oxidation states were not determined directly.

(5) X-ray Powder Diffraction Measurements. The ben-
efit of joint X-ray and neutron refinements in overcoming the
difficulties associated with each in the initial assignment of
cations and the subsequent refinement of their site occupancies
is well-known.3® With this in mind, X-ray data were collected
on a Siemens D5000 diffractometer operating in transmission
mode with a 6° linear-position-sensitive detector. Cu Koy
radiation (40 kV, 30 mA) with a wavelength of 1.54056 A was
used. Zeolite samples were loaded in 0.7-mm capillaries in a
helium drybox and sealed. Data were collected initially for 1
h over the angular range 5—40 ° to confirm the sample purity.
A 2-day dataset was subsequently recorded for multisource
Rietveld refinement together with the neutron data. However,
problems were soon recognized because of radiation damage
to the zeolite samples. A comparison of data collected on the
same capillary of Cu''Y after 1-h and 2-day data collections
revealed marked differences between the diffraction patterns.
The relative intensities of a number of reflections had changed.
The same behavior was observed for Cu'Y: the color of these
samples changed from white to pale blue during irradiation.

(6) Neutron Powder Diffraction Measurements. For
the neutron diffraction experiments, 4-g samples of dehydrated
Cu''Y, Cu'Y, and NaY were loaded under helium in the drybox
into 15-mm-diameter, electron-beam-welded, cylindrical va-
nadium cans, which were then sealed using indium wire.
Diffraction data were collected at 298 K for the copper-
exchanged zeolites and NaY. Experiments were carried out
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on the HRPD (high-resolution powder diffractometer) at ISIS
at the Rutherford Appleton Laboratory. Data were typically
collected for 350 uA (ca. 8—10 h) on each CuY sample over the
d-spacing range 0.83—10.0 A and for 280 xA (ca. 16 h) for NaY
over an extended d-spacing range up to 15 A.

Data from the main backscattering (168°) detector bank of
HRPD plus 90° and low-angle (30°) data were normalized and
refined by the Rietveld method using GSAS software.*® The
relevant coherent neutron scattering lengths are Si, 4.15; Al,
3.45; O, 5.81; Na, 3.63; and Cu, 7.72 fm. A shifted Chebyshev
background function was used for all refinements. The peak
shape was described in terms of one Lorentzian and one
Gaussian function only.

Structure Determination

Data from all three banks on HRPD were refined in
the space group Fd3m. In the final refinement cycles,
the lattice parameter, background, profile parameters,
and atomic temperature factors and positional param-
eters were refined. The copper cation fractional site
occupancies could be refined without constraint in all
cases. The temperature factors for the extraframework
cations were refined as isotropic and were constrained
to be the same for all cations within each refinement.
The silicon and aluminum site fractional occupancies
were fixed at the values determined by the chemical
analysis. Small peaks due to vanadium from the sample
were excluded from the refinements. Table 1 lists the
refined positional parameters with their estimated
standard deviations (esd’s) for the three samples. Table
2 contains the bond lengths and angles for the frame-
work as refined at 298 K. Tables 3 and 4 give refined
cation-related interatomic distances and angles, and
Table 5 shows the refinement statistics.

(1) NaY. The refinement of the NaY starting material
is comparable with the results of Fitch et al.,’* indicat-
ing the absence of dealumination in the initial zeolite.
The refined parameters are given in Table 1. The refined
stoichiometry is Nas1(1)Si12sAlesO3s4, With the unlocated
sodium probably occupying sites in the supercages. The
11, I, and I' sites are all occupied, with the Il site being
100(1)% full. Tables 2 and 6 give the T—0O and Na—O
distances in NaY. The Rietveld fit is given in the
Supporting Information.

(2) Ccu''Y. The structural refinement of the copper-
exchanged zeolites proved complicated, and we report
a detailed description of the characterization of the
structures here. Errors in the model might mask subtle
structural details, and this fact proved to be a problem
in locating the small number of extraframework species
with limited contributions to the intensities of the Bragg
reflections.

Initial refinements used the model of Maxwell and
de Boer3® for dehydrated divalent-copper-exchanged
faujasite. This sample differs in its preparation and
stoichiometry from the Cu"'Y material in this study. The
fit was poor (y?> = 7.679) and attempts to refine the
cation positions resulted in divergence of the refinement.
The sodium and framework positions from the model
refined for NaY were therefore used as a starting point.
The positions of framework atoms were refined initially.
The fit was poor at this stage, indicating the extent of
the contribution of the copper cations to the diffraction

(40) Larsen, A.; Von Dreele, R. B. The General Structure Analysis
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Table 1. Refined Positional Parameters with Estimated
Standard Deviations for NaY, Cu''Y, and Cu'Y at 298 K&

NaY Cu''y Cu'y

Si/Al  x 0.03571(11) 0.03635(11) 0.0365(1)
y 0.30458(9) 0.30270(10) 0.3036(1)
z 0.12499(10) 0.12459(10) 0.1244(1)
U 0.017* 0.028* 0.014*
o(1) x 0 0 0
y=-z —0.10637(8) —0.10353(13) —0.1045(1)
U 0.025* 0.052* 0.038*
0(2) X=1z 0.00268(7) 0.00197(10) 0.0023(1)
y —0.14213(10) —0.14144(16) —0.1432(1)
U 0.026* 0.088* 0.040*
0O(3) X=1z 0.07317(8) 0.07356(9) 0.0752(1)
y —0.03358(11) —0.02789(13) —0.0305(2)
U 0.031* 0.067* 0.041*
0(4) X=1z 0.07200(10) 0.07342(10) 0.0728(1)
y 0.31746(12) 0.32050(15) 0.3227(1)
U 0.034* 0.061* 0.039*
0(20) x - 0.1462(18) 0.1388(4)
EFO y=z - 0.1116(10) 0.1388(4)
frac - 0.047(1) 0.145(5)
P - 4.51(9) 4.6(2)
U - 0.073(4) 0.072(5)
D(21) x - 0.1462(18) 0.1388(4)
y=z - 0.1116(10) 0.1388(4)
frac - 0.047(1) 0.145(5)
P — 4.51(9) 4.6(2)
U - 0.073(4) 0.072(5)
| X=y=12 0 - -
cation Na - -
frac 0.631(18) - -
P 10.10(30) - -
N X=y=12 0.0540(4) 0.05015(20) 0.0549(8)
cation Na Cu Cu
frac 0.285(13) 0.552(4) 0.39(2)
P 9.12(42) 17.6(4) 12.7(5)
Ig' X=y=12 - 0.0752(7) 0.077(1)
cation - Cu Cu
frac - 0.145(7) 0.21(1)
P - 4.6(2) 6.6(5)
11 X=y=1z 0.2340(1) 0.2465(5) 0.247(1)
cation Na Na Na
frac 1.002(14) 0.357(18) 0.18(2)
P 32.06(45) 11.4(6) 5.8(7)
1’ X=y=1z 0.2116(5) 0.2072(5)
cation Cu Cu
frac 0.162(8) 0.24(1)
P 5.2(2) 7.8(3)
Algfy X=y=12z 0.037(2)
cation Al
frac 0.24(4)
P 7(1)
a(A) 24.79350(7) 24.53029(9) 24.5896(1)

a The Si/Al ratio was fixed at 2 in all refinements. Anisotropic
temperature factors are indicated by an asterisk (*) and are
tabulated in the Supporting Information. The refined extraframe-
work cation temperature factors were 0.044(3), 0.073(4), and
0.072(5) A2 for NaY, Cu''Y, and Cu'Y, respectively. P indicates
the number of cations or anions per formula unit. Temperature
factors for O(20) and D(21) were constrained to be the same

pattern (y2 = 7.92) compared to the Le Bail extraction*!
(x? = 1.335). To locate the copper cation sites, difference
Fourier maps were then calculated. Two strong peaks
were found initially, and copper cations were inserted
at these x x x positions (x = 0.0508, 1,', and x = 0.212,

(41) LeBail, A.; Duroy, H.; Fourquet, J. L. Mater. Res. Bull. 1988,
23, 447.
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Table 2. Bond Lengths (A) and Angles (°) for the Zeolite
Frameworks in NaY, Cu'lY, and Cu'Y from Rietveld
Refinements on Data Collected at 298 K

bond/angle Nay Cully cu'y
T-0(1) 1.627(3) 1.624(3) 1.625(4)
T-0(2) 1.656(3) 1.608(3) 1.641(4)
T-0(3) 1.669(3) 1.679(2) 1.661(3)
T-0(4) 1.624(3) 1.610(3) 1.620(3)
mean 1.644(2) 1.63(3) 1.63(1)
T-0(1)-T 138.1(2) 143.9(3) 142.8(3)
T-0(2)-T 145.9(2) 147.6(3) 145.7(3)
T-0(3)-T 139.5(3) 133.8(3) 137.4(3)
T-0(4)-T 149.2(4) 143.8(3) 141.0(4)
mean 143.1(3) 142(5) 141(3)
0(2)-T-0(3)  106.0(2) 102.8(2) 105.4(3)
0(2)-T-0(1) 111.1(2) 110.7(2) 110.7(3)
0(2)-T-0(4)  105.3(2) 110.4(4) 109.7(3)
0(3)-T-0(1)  109.3(2) 109.0(2) 110.0(3)
0(1)-T-0(4)  112.1(2) 112.4(1) 111.6(3)
0(3)-T-0(4) 112.1(2) 111.1(3) 109.3(3)
mean 109.3(2) 109(3) 109(2)

Table 3. Bond Lengths (A) around the Extraframework
Cations in Cu''Y and Cu'Y

bond cu''y (A) cu'y (A)
Cu(la)—0(3) x3 2.079(4) 2.22(1)
cu(lg)—0(3) x3 2.53(2) 2.64(3)
Cu(lg’)—0(20) x1 1.92(4) 1.93(4)
0(20)—D(21) x1 1.09(2) 0.96(3)
cu(11N—0(2) x3 2.219(3) 2.222(5)
Na(l1)—0(2) x3 2.58(1) 2.56(3)
Ales—0(3) x3 — 2.126(5)
Alerw—Cu(lg') x1 - 1.69(1)

Table 4. Bond Angles (°) around the Extraframework
Cations in Cu''Y and Cu'Y

angle cully (°) Cu'Y (°)
0(3)—Cu(1x)—0(3) %3 115.6(2) 112.0(8)
0(3)—Cu(lg")—0(3) x3 88.2(8) 88(1)
0(3)—Cu(lg')—0(20) x1 118.9(1) 117.1(6)
0(3)—Cu(lg)—0(20) x1 145.0(1) 143.3(1)
0(3)—Cu(lg’)—0(20) x1 112.6(1) 117.1(6)
Cu(lg)—0(2)—-D21 x2 134.9(3) 133.5(4)
0(2)—Cu(11'—0(2) x3 119.5(1) 117.28(35)
0(2)—Na(Il)—0(2) x3 95.8(6) 91.1(19)
0(3)—Alew—0(3) x3 - 119.7(2)

Table 5. Refinement Statistics for All Rietveld
Refinements?

Nay Ccu'y cu'y
no. of variables 48 69 63
no. of observables (168°) 3272 3232 3232
Rwp (168°) 0.0365 0.0217 0.0171
Rp (168°) 0.0317 0.0191 0.0148
R« (168°) 0.0275 0.0433 0.0360
%2 (all histograms) 1.91 1.64 1.45

a Agreement indices are quoted for the highest-resolution back-
scattering data refined for all three samples. For Cu'Y and Cu''y,
data from the 90° and low-angle banks were also refined and
included in the y? values quoted in the table.

1), improving the fit significantly (y? = 4.199). A second
Fourier map revealed another x x x site, x = 0.0761 (Ig'),
with further improvements in the fit (3> = 3.63). The
two distinct site I' cations, A and B, can be resolved in
the observed Fourier map (see Supporting Information).
Scattering density was also observed on the Il site. No
cations could be refined at sites I, U, I1I, 1V and V.

The Iz’ and Il sites are approximately 2.4 A away
from the framework and could therefore be occupied by
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Table 6. Sodium—Oxygen Bond Lengths for NaY at 298 K

NaY (A)
Na(1)—-O(3) x6 2.689(3)
Na(ln')—0(2) x3 2.941(4)
Na(ln')—0(3) x3 2.246(7)
Na(11)—0(2) x3 2.380(4)
Na(l1)—0(4) %3 2.865(3)

either sodium or a copper cation also bound to another
species. This type of multiple site occupancy issue is
common in ion-exchanged zeolites and can be resolved
by using the analyzed composition together with X-ray
diffraction data;*? it is, however, important to note that
the copper-exchanged zeolites here are particularly
sensitive to radiation damage, as shown by the refine-
ments in Figure 2. Rietveld analysis of X-ray data
recorded for 1 h fit well to the cation distribution derived
from neutron diffraction (2 = 1.05, Figure 2a), whereas
data collected after 19 h revealed pronounced changes
in the intensities of several reflections and no longer
matched the neutron-derived model (2 = 11.5, Figure
2b). Significantly, satisfactory refinement of the 19-h
dataset (Figure 2c) required occupancy of the Il site
found in Maxwell and de Boer’s study and depopulation
of the 14’ site (Table 7). This indicates that the Cu
cations rearrange significantly upon exposure to X-rays
at room temperature and limits the significance that
can be attributed to site occupancy information derived
even from the 1-h X-ray dataset. EPR spectroscopy (see
Supporting Information) confirms the effect of radiation
damage, with the EPR-silent pre-irradiated Cu(l) sample
becoming EPR-active (g = 2.007) upon exposure to
X-rays for 19 h.

Refinement of the Cu''Y 1-h X-ray data set together
with the neutron data indicated that the Il site is
occupied by sodium and the Ig' site solely by copper. The
Ig' site is generally occupied by transition metals only
when coordinated to extraframework ligands, and in-
spection of the difference Fourier maps at this stage
revealed a site near the center of the sodalite cage that
refined to be 2 A away from the Ig' site. The scattering
density on this site was too high to arise purely from
oxygen (this requires more than one O per Ig' copper
cation), but assuming that this O(20) site is actually
positionally disordered O and D from an OD~ unit, there
are 4.6(2) Ig' cations and 4.5(1) OD~ bound to them, with
chemically sensible distances and angles given in Tables
3 and 4, as discussed later.

Refinement of the positions and occupancies of the
extraframework species proceeded smoothly, with all of
these species restrained to have the same isotropic
displacement parameter. At this stage of the refinement,
difference Fourier maps were featureless, and close
attention was paid to the aluminosilicate framework.
Refinement with anisotropic temperature factors (y% =
1.6) for all framework atoms proved to be clearly
superior to an isotropic description (y? = 2.3), particu-
larly for the short-d-spacing backscattering histogram
(RF? decreased from 9.4 to 5.5% when an anisotropic
description was used).

The magnitudes of the displacement ellipsoids for
three of the four oxide anions are similar (~0.06 A2?),

(42) Wilkinson, A. P.; Cheetham, A. K.; Tang, S. C.; Reppart, W. J.
J. Chem. Soc., Chem. Commun. 1992, 1485—1487.
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Figure 2. Rietveld refinement fit to Cu Ka powder X-ray data
on Cu'Y collected over (a) 1 h (before X-ray damage) and (b)
48 h (after X-ray damage) using the cation distribution derived
from neutron diffraction data in both cases. (c) Rietveld fit to
the 48h data with the cation distribution given in Table 7.

but the Uequiv vValue of 0.082(1) A2 and unusual shape
of the ellipsoid indicated that O(2) was behaving in a
manner difficult to describe by rigid rotation of the SiO,4
tetrahedra (Figure 3a). The ellipsoid appeared to be
elongated in the direction of the Cu(la') cation, and
resolution of the ellipsoid into components parallel and
perpendicular to the O(2)—Cu(la') direction revealed an
rms displacement of 0.42 A along this direction [Cu-
(1A)—0(2) = 2.878(4) A]. The 14’ site is located above
the centroid of a puckered hexagon of O(3) and O(2)
anions, the former providing the three short Cu(la’)—
O(3) distances of 2.079(4) A that form the primary
coordination sphere for this cation. The displacement
ellipsoid of O(2) (Figure 4a) suggests that this anion is
displaced from its mean position preferentially toward
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Table 7. Irradiation Damage to Cu''Y as Illustrated from
Cation Locations Refined from Powder X-ray Data after
a Short Period of Irradiation (1 h) and after Long
Irradiation (19 h)

irradiation time 1h 19h
Cu (1) X=y=z 0.0495(21) 0.0524(6)
frac 0.480(6) 0.305(9)
P 15.4(2) 9.8(3)
cu(lg) X=y=1z 0.09000(53) 0.0849(8)
frac 0.167(4) 0.238(9)
P 5.3(1) 7.6(3)
cu(Il) X=y=1z 0.2116(10) 0.1700(13)
frac 0.137(6) 0.137(5)
P 4.4(2) 4.4(1)
Na(ll) X=y=1z 0.2352(8) 0.2299(7) (Cu)
frac 0.376(19) 0.150(5)
P 12.0(6) 4.8(1)
cu(l X - 0.0318(17)
y - 0.3870(23)
z — 0.0748(15)
frac 0.033(2)
P - 6.3(2)

the 14" site to provide secondary coordination to this
cation, which is otherwise heavily underbonded. This
can be interpreted as either a low-energy vibrational
mode or a disordered static displacement. In refine-
ments designed to test the latter possibility, it proved
possible to refine O(2) at (0.0020, —0.1414, 0.0020) with
a split-site model in which 32.8(9)% of the anions occupy
an O(2") position at (0.1254, 0.0093, 0.0093) that is 2.33-
(2) A from Cu(la"), giving an O(2')/Cu(lA’) ratio of 1.79-
(2):1, consistent with the interpretation of the unusual
0O(2) displacement parameter ellipsoid as arising from
secondary bonding to the IA' copper cation. This dis-
placement produces severe distortion of the tetrahedral
angles expected at Si in oxides, with O(2")—T—0 angles
of between 83.6(6)° and 127.2(3)°. The mean O—Si—0O
angle is 109(5)° in the TO,4 units containing O(2').
Although these angles are highly unusual, the resulting
refinement is stable and significantly improved over the
anisotropic refinement, with y2 = 1.53. A more chemi-
cally appealing model can be refined by making the O(2)
displaced oxide part of a rigidly rotated TO, tetrahe-
dron. This model converges to a similar level of agree-
ment as the anisotropic unsplit framework refinement
(x> = 1.64), but because it involves rigid rotation of a
fraction of all of the framework oxide anions, it does not

01

04

03
02

(a)

Fowkes et al.

address the unique nature of O(2) apparent from the
ellipsoids. More seriously, as this rigid rotation involves
displacement of O(3) away from 14" as O(2) approaches
it, the primary In'—0(3) coordination is thereby weak-
ened. The model tabulated and discussed is therefore
the anisotropic unsplit framework model. This model
retains chemically sensible T—O—T angles and involves
interpretation of the unusual displacement ellipsoid for
O(2) as arising from displacements toward Cu(la')
driven by the need to increase the bonding for this cation
with only three oxide anions in its first coordination
sphere.

No further features in the difference Fourier maps
could be included in the refinement and refined as
chemically sensible atomic positions. Attempts to move
copper cations away from the 3-fold axis to more general
positions were also unsuccessful. The final refined
stoichiometry, CU27,5(1)(OD)4,5(1)N811,4(2)Si128A|6403g4, is
consistent with the copper cation overexchange indi-
cated by chemical analysis. The copper cation deficit of
5.5 cations per formula unit, compared to the chemical
analysis, can be accounted for by unlocated [CuOD]*
groups, possibly in the supercages. Figure 5 shows the
observed, calculated, and difference profile plots for all
three banks of data collected at 298 K for Cu''y.

(8) Cu'Y. The model refined for Cu''Y was used as
the starting point for analysis of the Cu'Y data. The
framework positions were refined, initially with isotro-
pic displacement parameters, and then the cation posi-
tions and their occupancies were refined with the
displacement factors fixed and equal to each other.
Important differences with respect to the Cu(l1) model
were apparent in the cation site positions and occupan-
cies, and the unusual framework displacements arising
from the O(2) cation were absent. Inspection of the raw
data shows a linearly increasing background consistent
with the presence of a small amount of adventitious
H,O. Inspection of the difference Fourier map at this
stage indicated that there was extra scattering density
at the (0.02, 0.02, 0.02) position near the I' site opposite
the double six-ring entrance in the sodalite cage (see
Supporting Information) that is not visible in the
difference map from the Cu(ll) refinement. This is
assigned to extraframework AI3* produced by the dealu-

(b)

Figure 3. Anisotropic displacement parameters of the TO,4 unit in (a) Cu''Y and (b) Cu'Y.
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Figure 4. (a) The local displacement of O(2) toward the underbonded Cu(lA’) cation in Cu''Y is shown by the elongation of the
0(2) displacement ellipsoid. (b) As in a, showing the split-site model for O(2) in which the O(2") site represents static displacement
of the anion toward the Cu(l.") cation. Note that, for reasons of clarity, only one Cu atom position is shown in the sodalite cage.

mination (eq 1) invoked to maintain charge balance, and
refinement gave 7(1) extraframework AI®T cations oc-
cupying this site per unit cell. This site was found to be
occupied by aluminum cations after calcination-induced
dealumination of LaNaY and CeNaY faujasites.??2 A
careful search of the difference map failed to reveal any
ordered species bound to the extraframework alumi-
num. The (Yg,s,Ys) location for the AIO;~ unit in
dealuminated HY found by Parise et al.® by neutron
diffraction was unoccupied in this case.

The extraframework oxygen O(20) site found in the
Cu''Y case refined to have zero occupancy in Cu'Y, but
the difference map revealed excess scattering density
near the center of the sodalite cage, and refinement was
consistent with 4.6(1) OD units displaced along 11101
away from the cage center, 0.35 A from the EFO site in
Cu"'Y. Despite indications of H contamination from the
shape of the background, a search of the negative
contours in the difference Fourier map did not reveal
any sites that permitted refinement of H. It was
therefore assumed that adventitous H,O was coordi-
nated to cations in the supercage and too positionally
or orientationally disordered to contribute to Bragg
scattering.

Charge-balance considerations suggest that about 12
protons/deuterons per unit cell should be present in the
Cu'Y structure and should most likely be attached to
framework oxygen atoms, although if located on a
general position, they would only have a fractional
occupancy of 0.13 and would thus be difficult to detect.
The framework oxide anion temperature factors were
refined as isotropic. Deuterons were included in the
model at positions as refined by Jirak et al. for HY
zeolite.*® These atoms were heavily constrained to be
1.000(1) A from the framework oxygen and 2.160(1) A
from the silicon sites. Four deuterons per formula unit

(43) Jirak, Z.; Vratislav, S.; Bosacek, V. Phys. Chem. Solids 1980,
41, 1089—1095.

could be refined as attached to O(4) under these
constraints, but they did not significantly improve the
fit, leading to the conclusion that, as in dealuminated
HY, there is no crystallographic evidence for ordered
protons or deuterons.

As diffraction site occupancies reflect the mean oc-
cupancy in an average unit cell, the observation of
dealumination implies change to the framework com-
position, as previous work?* indicates T-site occupancy
remains at 100% as a result of a recrystallization
mechanism. On this basis the loss of 7.5 AI¥* ions from
the T sites gives a new framework composition of
Si133Al590384°°, giving a refined composition of Cu7q)-
(OD)4,6(2)Na5,8(3)8i133AI590384. In addition to the Cu cation
deficit observed for Cu''Y, 5.2 sodium cations were not
located, possibly bound to adventitious H,O in the
supercage. This difference in H,O content means that
the changes in cation site occupancy cannot be unam-
biguously attributed to reduction to Cu(l) alone. In the
final refinement cycles, all Si/Al and O atoms were
refined as anisotropic. This reduced y? from 1.65 to 1.45,
a much less significant improvement than in the Cu-
() case. The refinements were not sensitive to the
change in Si/Al ratio due to dealumination because of
the similar scattering lengths of Si and Al. The refine-
ments are more sensitive to the total T-site occupancy,
which refines to 104(1)% and was fixed to 100% in the
final refinements, consistent with the recrystallization
mechanism. The introduction of seven aluminum T-site
vacancies per formula unit to match the level of located
extraframework aluminum prevents the refinement of
physically acceptable displacement parameters. Refined
parameters are given in Table 1, and the observed,
calculated, and difference profile plots are shown in
Figure 6.

Discussion

The refinements of the Cu(ll)- and Cu(l)-containing
zeolite Y reveal subtle distinctions in cation site distri-
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Figure 5. Observed, calculated, and difference powder neutron diffraction profiles for Cu''Y refined from data collected at 298
K on HRPD at (a) backscattering (168°), (b) 90°, and (c) 30°. The observed data are shown as points, the calculated fit is the solid
line, and the difference divided by the esd of each point is shown below. Ticks mark the positions of the Bragg reflections. The
excluded regions correspond to scattering from the vanadium sample can.

)

25 B D 1

T e AT

T

TERINEGR

20

Normalized Neutron Counts

- 1 1 1 1 [ 1 1 1 1 =

Figure 6. Observed, calculated, and difference powder neutron diffraction profiles for Cu'Y refined from data collected at 298 K
on HRPD at backscattering (168°), represented as in Figure 5.

bution (Figure 7) and framework geometry (Figures 3 tion of the Cu(ll) to Cu(l) by CO, the most important
and 4). Given the complex mechanisms previously issue to address arising from the refinements is the
invoked to ensure correct charge balancing upon reduc- matching of framework and extraframework charges:
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Figure 7. Locations of cations in (a) NaY, (b) Cu"Y, and (c) Cu'Y. The shading of the spheres indicates the proportion of each

site from Figure 1 occupied.

the diffraction data need to be considered together with
the bulk analytical data as they are intrinsically insen-
sitive to amorphous or highly disordered regions of the
sample. Overexchange of Cu', resulting from the si-
multaneous introduction of complexed OD, in the ini-
tially prepared Cu'Y and dealumination upon subse-
quent reduction to Cu'Y are the two limiting charge-
compensation mechanisms, and we find evidence for
both of them here.

The analyzed CussNai»Siiz0Als20384 composition of
Cu''Y demonstrates overexchange and requires 16 ex-
traframework negative charges, of which 4.5(1) are
located crystallographically as OD~ in [Cu(OD)]" groups
in the refinement; the remainder can be assigned as
bound to the 5.5 unlocated copper cations per formula
unit. The site occupancies (discussed in detail later) in
Cu''Y give an extraframework charge of 61(2) from the
located cations. The Cu'Y refinement provides clear
evidence for dealumination, with the extraframework
aluminum located at the double six-ring entrance in the
sodalite cage: there is no evidence for any ordered
extraframework species coordinated to this aluminum
site, and consistent with previous crystallographic stud-
ies of dealuminated zeolites, the T-site occupancy
remains complete. The loss of 7(1) AI3* per cell from the
framework requires a new framework composition of
Si133Al590384 in Cu'Y, with a framework charge of 59(2)".
The charge can readily be balanced using the analyzed
Na and Cu content of Cu''Y if the extraframework
aluminum is counted as contributing +3, but despite
the absence of crystallographically located O bound to
the extraframework AI3T, it is more conservative to
assign these units as (AlO)™ for charge-balancing pur-
poses. The extraframework charge then becomes 49(2),
including the 4.5 OD~ groups and the increased number
of Cu(l) and Na' cations per unit cell due to the
framework recrystallization, which is within 3 standard
deviations of the minimum-determined (again at the 3o
level) framework charge. This analysis assumes that
the crystallographically unlocated EFO invoked in the
Cu''Y phase is lost upon reduction to Cu(l). The diffrac-
tion data thus demonstrate that dealumination!® does
occur upon reduction to Cu(l), but not to the extent
required for complete charge balance, which requires
the involvement of extraframework oxygen.2° Dealumi-
nation without reduction in the T-site occupancy re-
quires significant recrystallization of the framework,
and the associated reduction in crystallinity that might
be expected is indeed evident from the high-resolution
diffraction data. The refined values of the Gaussian
sigma 1 and Lorentzian gamma 1 profile peak width

parameters change from 690(39) and 90(1), respectively,
in Cu''Y to 1861(85) and 98(2) to Cu'Y, corresponding
to full widths at half-maximum of 1705.7 and 4145.9
us, respectively.

The site occupancies differ from those determined by
Maxwell and de Boer, and by Seff,3 in the absence of
cations in the I double six-ring or 111 sites. It is unusual
for a divalent-cation-exchanged zeolite to have site |
unoccupied, although this has been unambiguously
demonstrated in ZnNaY by resonant X-ray diffraction.*?
In Cu"Y, it is primarily the I’ site in the sodalite cage
that is occupied by copper cations. There are two distinct
Cu environments at 2.079(4) and 2.53(2) A from three
framework oxide anions. The distances at the former
1" site are close to the expected values for Cu(ll)-0O
distances, although the coordination number of three
(Figure 8a) is low. This has consequences for the local
structure of the framework, as revealed by the displace-
ment parameters of the TO4 unit and discussed later.
The latter, Ig', is displaced further from the framework
by coordination to an OD~ ligand to give a heavily
distorted tetrahedral environment (Tables 3 and 4,
Figure 8b): the 1.92 A 15'—0(20) distance to the
coordinating hydroxide compensates for the increased
distance from the framework oxide anions, and the 1:1
ratio between the Ig' occupancy and the OD~ concentra-
tion confirms that coordination to an extraframework
ligand is the driving force for the displacement.

The significant occupancy [5.2(2) cations per cell] of
the II' site (Figure 8c) in the sodalite cage in Cu"Y is
an unusual feature and contrasts with the findings of
previous work. The 11'=0(3) distance of 2.219(3) A might
indicate binding to unlocated extraframework ligands,
although the extraframework cation—oxide distances to
partly occupied sites are often unphysically long because
of averaging between occupied and unoccupied sites.
The II' coordination might therefore actually be trigonal,
although considerations similar to those outlined for the
14" site above apply.

The Cu''Y sample is only partially exchanged for Na™,
and the remaining sodium is located on site Il in the
supercage, which is the preferred site in NaY itself. The
Na''—0(2) distance of 2.58(1) A is longer than the 2.380-
(4) A found for the fully occupied 11 site in NaY itself as
a result of the averaging effect discussed above.

The cation site occupancies in the reduced Cu'Y are
slightly but significantly altered from those in the Cu''Y
starting material, with the same number of Cu cations
located crystallographically in both cases. The occupan-
cies of the Ig' and II' sites within the sodalite cage
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0(2)

Figure 8. Location and bonding of Cu cations in Cu''NaY:
(a) site 14', (b) site Ig', and (c) site II'.

increase, whereas the 14" occupancy decreases to 66%
of its value in Cu''Y. The I’ site is now 2.22(1) A, rather
than 2.079(4) A, from the coordinating framework oxide,
consistent with the larger size of Cu™. The Ig'—0(4)
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distance of 2.64(3) A also increases, although the
number of OD~ ions coordinated to this site remains
unchanged. The increased scattering density at the Ig'
site might therefore also be due to migration of Na*
cations from the Il site (whose occupancy is almost
halved in Cu'Y) to the Ig' site, which might be partially
occupied by Cut ions coordinated to OD™ and partially
by Na'. The O(3)—Cu(lg')—0(20) complex has a dis-
torted tetrahedral geometry similar to that found in
Cu"Y. The II' site is at similar distances from the
framework in both Cu'Y and Cu''Y, which is consistent
with the loss of crystallographically unlocated ex-
traframework ligands bound to this site in Cu''Y upon
reduction to Cu'Y. The Il and II' sites are locally
mutually exclusive, and thus the increased Il' occupancy
within Cu'Y is correlated with a decreased I1 occupancy.
The redistribution of cations between sites upon reduc-
tion might be related to the influence of oxidation state
upon catalytic activity.®

The extraframework aluminum located close to the
framework in the sodalite cage of Cu'Y is a pronounced
difference from Cu''Y. This might be a further reason
for the decreased I' occupancy by Cu in dealuminated
Cu'Y. The Algs,—O(3) distance compares well with that
found in dealuminated calcined LaCeY.?? It is conceiv-
able that some of the enhanced Ig' scattering density is
O at a distance of 1.7 A from Alesw. O(3) has a 0.24 A
rms displacement along the Alesy—O(3) direction, so
there might be significant local relaxation of the frame-
work to shorten this Algs,,—O(3) bond. Reduction of Cu''Y
to Cu'Y produces a 0.24% expansion of the lattice
parameters, reflecting both the larger size of Cu* and
the framework dealumination.

The refinements reveal details of the response of the
aluminosilicate framework to reduction of the Cu?"
cations: the bond lengths, angles, and displacement
parameters all change subtly but significantly. The
mean Si/Al—0 distances are unchanged between Cu'Y
and Cu"'Y within error, but the stronger interaction with
the Cu(ll) ions produces a larger spread of distances in
the Cu''Y case. This is related to the observation that
the T—0(3) bond is the longest in both cases and that
this anion binds to the cation sites that are most highly
occupied and closest to the frameworks (1x'and Ig'). The
intertetrahedral T—O—T bridging angles also show a
larger standard deviation in Cu"Y, with the small
T—0O(3)—T angle being particularly noteable.

The stronger interactions of the Cu?* cations with the
aluminosilicate framework result in the larger displace-
ment ellipsoids observed for the framework oxide anions
in Cu"'Y. This is particularly pronounced for O(2), where
the ellipsoid is strongly elongated along the O(2)—14’
direction toward the three-coordinate cation on the 15’
site (Figure 3a). This displacement is interpreted as a
local static distortion or low-frequency vibrational mode
that reduces the Cu(la")—0(2) distance from 2.878(4) to
2.45 A (Figure 4a). It is possible to identify from
difference Fourier maps and subsequently refine a split
O(2") position modeling this displacement, resulting in
a 2.28 A 1,'—0(2') distance. This does not arise from a
rigid rotation of the TO4 units but represents a local
relaxation (which could be static or dynamic) of the
framework. It reflects the preference of Cu2* for coor-
dination numbers higher than three: this relaxation of
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O(2) produces three secondary coordination contacts
between oxide ions and the Io' copper cation. Cu* is
generally more stable in lower-coordination-number
environments than Cu?*, and therefore, the 3-fold
coordination at the 1A' site does not induce similar
relaxation of the O(2) cation in Cu'Y. The present data
do not permit a chemically sensible refinement of the
static locally displaced structure around the Cu?* sites,
but the more pronounced, and directional, displace-
ments in the Cu?" phase indicate that the need to
increase the copper coordination environment beyond
three has a strong effect on the framework. Copper
cations show a number of different coordination envi-
ronments in various zeolites. Single-crystal X-ray dif-
fraction data on Cu-A has been refined for a number of
different crystals subjected to different heat treat-
ments.* The different crystals show different hydration
levels and cation oxidation states. For example, in a
crystal desolvated at 350 °C, there are five Cu(ll) cations
located in the planes of the six-oxygen rings. These ions
are each coordinated to three framework oxygen atoms
at a distance of 2.11(1) A. One trigonally coordinated
Cu(l) cation is again reported, but this time, it is some
1.27 A into the cavity. In addition there is a Cut—OH~—
Cu™ group located well away from the framework.

In partially dehydrated copper mordenite,! there are
three copper sites, with long Cu—0O bonds of between
2.59 and 2.875 A. The low coordination and high
accessibility of the two cation sites in the partially
dehydrated zeolite are thought to provide a possible
explanation for the high activity of mordenite for the
decomposition of nitrogen oxide. In copper ferrierite,
another zeolite that is active and selective for nitric
oxide decomposition, the copper cations are located on
one site only and have two short bonds to the framework
oxygen atoms of 2.03(3) and 2.21(3) A. In CuY, the Cu?*
cations are all located in the sodalite cage with its
narrow six-ring windows, which might hinder access to
gaseous reagents in potential catalytic deNOjy reactions.
The mobility of these cations in the presence of ligands
should not be neglected however.

The site occupancies derived from analysis of the
powder X-ray data differ markedly depending on the
data collection time, reflecting the dramatic changes in
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X-ray pattern with time in the beam. This radiation
sensitivity is particularly marked for Cu'Y. Radiation
damage of dehydrated MnNaY,* CaY, and LaY*® has
been observed previously and shown to produce cation
redistribution. EPR evidence is consistent with the
formation of superoxide centers. In CuY, it is the (111)
and (200) reflections that change most upon irradiation,
and it might be significant that these data were
excluded from previous X-ray refinements. Refinement
of the radiation-damaged Cu''Y (Table 7) leads to
depopulation of the 14" site, with the cations displaced
from this site occupying the previously unpopulated Il
site.

Conclusion

Neutron powder diffraction has revealed the subtle
changes in cation site occupancy and cation framework
interaction that are associated with reduction of Cu''y
to Cu'Y. The role of both dealumination and extraframe-
work oxygen introduced during ion exchange has been
demonstrated. The larger Cu(l) cation exerts a much
reduced distorting effect on the aluminosilicate frame-
work, whereas the unfavorable three-coordination of Cu-
(Il induces framework relaxation evident from the
atomic displacement parameters.
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