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Table 1. Summary of experimental and crystallographic data.

Crystal 1 Crystal 2

Crystal cross-section (mm) 0.28 0.28
Ion exchange T (K) 348 353
Ion exchange for K+ (day, mL) 10, 150 20, 300
Ion exchange for NH4

+ (day, mL) 15, 225 15, 225
Dehydration T (K) 473 573
Crystal color pale yellow pale yellow
Data collection T (K) 294(1) 294(1)
Space group Fd3 m Fd3 m

X-ray source Pohang Light Source, 
Beamline 4A MXW

Wavelength (Å) 0.76999 0.76999
Unit cell constant, a (Å) 24.8610(29) 24.7960(29)
2 θ range in data collection (deg) 60.55 60.70
Total reflections harvested 89,784 126,418
No. of unique reflections, m 908 756
No. of reflections with Fo > 4σ(Fo) 784 461
No. of variables, s 39 38
Data/parameter ratio, m/s 23.3 19.9
Weighting parameters, a/b 0.075/81.1 0.090/143.4
Initial error indices

R1/wR2 (Fo > 4σ(Fo))a 0.050/0.161 0.064/0.236
Final error indices

R1/wR2 (Fo > 4σ(Fo))a 0.048/0.158 0.059/0.229
R1/wR2 (all intensities)b 0.054/0.176 0.094/0.366

Goodness-of-fitc 1.19 1.08
aR1 = Σ|Fo-|Fc||/ΣFo and wR2 = [Σw(Fo

2-Fc
2)2/Σw(Fo

2)2]1/2; R1 and wR2 are 
calculated using only the 784 and 461 reflections for which Fo > 4σ(Fo).
bR1 and wR2 are calculated using all unique reflections measured. cGood-
ness-of-fit = (Σw(Fo

2-Fc
2)2/(m-s))1/2, where m and s are the number of unique

reflections and variables, respectively.

Zeolite Y has a wide range of industrial applications as an ion 
exchanger, a sorption agent, a molecular sieve, and a catalyst due 
primarily to its excellent structural stability, large and accessible 
pore volume, high activity, high resistance to nitrogen compo-
unds, and high regenerability.1 In particular, proton-exchanged 
zeolite Y (H-Y) is the most widely used zeolite in heterogene-
ously catalyzed reactions, including large-scale applications in 
the petrochemical industry. These Bronsted acids donate protons 
to molecules in the zeolite cages.2-3 The market for H-Y cu-
rrently exceeds 2 × 109 US$ per year.4 H-Y is prepared by NH4

+ 
ion exchange and subsequent heating to temperatures at which 
NH3 is completely removed and some dehydroxylation (loss of 
some H+ ions and framework oxygen atoms as H2O) takes place. 
To understand the catalytic behavior of H-Y, it is required to 
know its 3-dimensional structure. However, it has been impossi-
ble to do it because of the difficulties to synthesis of large single 
crystals of zeolite Y and keep crystallinity of zeolite framework 
after full deamination of highly NH4

+ exchanged zeolites.
For the experiments, we synthesized colorless single crystals 

of sodium zeolite Y, stoichiometry Na75Si117Al75O384, with dia-
meters up to 0.30 mm from a gel prepared using fumed silica 
(99.8%, Sigma), sodium aluminate (technical, Wako), sodium 
hydroxide (96%, Wako), triethanolamine (TEA, 99 + %, Acros), 
bis(2-hydroxyethyl)dimethylammonium chloride (TCl, 99%, 
Acros), and distilled water (resistivity > 18.4 MΩ-cm). Its com-
position was 3.58SiO2 : 2.08NaAlO2 : 7.59NaOH : 455H2O : 
5.06TEA : 2.23TCl. Microscopic examination showed that the 
single crystals were transparent, colorless, and octahedral fauja-
site-type single crystals. The Si/Al ratio, 1.56, was determined 
by SEM-EDX and crystallographic method.5

To prepare NH4
+-exchanged zeolite Y (NH4

+-Y), complete 
K+-exchange was done first, to be followed by NH4

+-exchange 
of K+-exchanged zeolite Y (K-Y) because the complete NH4

+- 
exchange of |Na75|[Si117Al75O384]-FAU (Na-Y) is difficult to 
achieve. Crystals of hydrated K-Y were prepared by static 
ion-exchange of Na-Y with aqueous 0.05 M KNO3 (Aldrich, 
99.999%, 10.2 ppm Na, 0.6 ppm B, 0.2 ppm Ca), pH = 5.9. 
This was done by mixing 20 mg of hydrated Na-Y with 15 mL 
of 0.05 M KNO3, 6-fold excess. The mixture was then stirred 
on an orbital shaker for 2 h at 348 K. This was repeated 10 and 20 
times with fresh KNO3 solution for crystals 1 and 2, respectively. 
The product was then filtered.

To prepare NH4
+-Y from K-Y, these crystals were treated with 

15 mL of 0.1 M NH4C2H3O2 (Aldrich, 99.999% NH4C2H3O2, 

4.4 ppm Na, 0.7 ppm Li, 0.2 ppm Zn, 0.1 ppm Mg), a 15-fold 
excess, pH = 6.9. The mixture was then stirred on an orbital 
shaker for 2 h at 348 K and 353 K for crystals 1 and 2, respecti-
vely. This was repeated 15 times with fresh NH4C2H3O2 solution. 
The product was oven-dried at 323 K for 1 day (see Table 1).

Fully dehydrated and highly proton-exchanged zeolites Y 
(|H74Na1|[Si117Al75O384]-FAU (crystal 1) and |H73Na2|[Si117Al75 

O384]-FAU (crystal 2)) were prepared by deamination of NH4-Y 
under dynamic vacuum to 473 and 573 K, respectively, and both 
at 1 × 10‒6 Torr for 48 hours.

Because the zeolite framework is not involved, the deami-
nation reaction is straightforward (see below).
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Table 2. Positional, thermal, and occupancy parameters.a

atom Wyckoff 
position

Cation 
site x y z bU11 U22 U33 U23 U13 U12

cOccupancy

initial varied fixed

Crystal 1
Si,Al 192(i) -532(1) 1252(1) 363(1) 321(5) 280(5) 268(4) -49(3) 9(3) -40(3) 192
O(1) 96(h) -1061(1) 0 1061(1) 501(12) 511(19) 501(12) -128(10) -106(15) -128(10) 96
O(2) 96(g) -31(1) -31(1) 1436(1) 469(11) 469(11) 399(17) -45(10) -45(10) 165(14) 96
O(3) 96(g) -323(2) 721(1) 721(1) 654(23) 425(11) 425(11) 69(14) 37(11) 37(11) 96
O(4) 96(g) 751(1) 751(1) 3211(1) 393(10) 393(10) 408(16) -37(9) -37(9) 128(12) 96

Na(I’) 32(e) I’ 509(20) 509(20) 509(20) 303(243) 303(243) 303(243) 223(206) 223(206) 223(206) 1.2(3) 1
Crystal 2

Na(I’) 32(e) I’ 527(13) 527(13) 527(13) 446(246) 446(246) 446(246) -123(150) -123(150) -123(150) 2.2(5) 2
aPositional parameters × 104 and thermal parameters × 104 are given. Numbers in parentheses are the estimated standard deviations in the units of the least 
significant figure given for the corresponding parameter. bThe anisotropic temperature factor is exp [-2π2a-2(U11h2 + U22k2 + U33l2 + 2U23kl + 2U13hl + 2U12hk)]. 
cOccupancy factors are given as the number of atoms or ions per unit cell.

Figure 1. Stylized drawing of the framework structure of zeolite Y. 
Near the center of the each line segment is an oxygen atom. The 
nonequivalent oxygen atoms are indicated by the numbers 1 to 4. 
There is no evidence in this work of any ordering of the silicon and 
aluminum atoms among the tetrahedral positions, although it is 
expected that Loewenstein’s rule (ref. 10) would be obeyed. 
Extraframework cation positions are labeled with Roman numerals.

NH4
+ → H+ + NH3(g)

|Na75|[Si117Al75O384]-FAU + K+ 

→  |K75-xNax|[Si117Al75O384]-FAU

|K75-xNax|[Si117Al75O384]-FAU + NH4
+

→ |(NH4)75-xNax|[Si117Al75O384]-FAU 
→ |H75-xNax|[Si117Al75O384]-FAU

X-ray diffraction data for two single crystals were collected 
at 294(1) K using an ADSC Quantum210 detector at Beamline 
4A MXW at The Pohang Light Source. Crystal evaluation and 
data collection were done using λ = 0.76999 Å radiation with 
a detector-to-crystal distance of 6.0 cm. Preliminary cell cons-
tants and an orientation matrix were determined from 36 sets 
of frames collected at scan intervals of 5o with an exposure 
time of 1 second per frame. The basic scale file was prepared 
using the program HKL2000.6 The reflections were successfully 

indexed by the automated indexing routine of the DENZO pro-
gram.6 The 89,784 and 126,418 reflections (see Table 1) were 
harvested for each crystal by collecting 72 sets of frames with 5o 
scans and an exposure time of 1 second per frame. These highly 
redundant data sets were corrected for Lorentz and polariza-
tion effects; negligible corrections for crystal decay were also 
applied. The space group Fd3̄m was determined by the program 
XPREP.7 A summary of the experimental and crystallographic 
data is presented in Table 1.

Full-matrix least-squares refinement using SHELXL978 was 
done on Fo

2 using all data for each crystal. Each refinement began 
with the atomic parameters of the framework atoms [(Si, Al), 
O(1), O(2), O(3), and O(4)] in dehydrated |Cs45Na30|[Si117Al75 

O384]-FAU.9 Each initial refinement used anisotropic thermal 
parameters and converged to the initial error indices given in 
Table 1.

A Fourier function revealed a peak 0.78 and 0.94 eÅ‒3 in 
height at Na(I’), (0.0508, 0.0508, 0.0508) and (0.0521, 0.0521, 
0.0521) in crystals 1 and 2, respectively; their occupancies re-
fined nicely to 1.2(3) and 2.2(5) Na+ ions per unit cell, respecti-
vely. Anisotropic refinement at all positions converged to R1/ 
wR2 = 0.048/0.158 and 0.059/0.229 for crystals 1 and 2, respec-
tively.

An attempt was made to find the hydrogen atoms (formally 
H+). The four largest peaks on the penultimate Fourier function 
for crystal 1, at (0.0, 0.0, 0.0), (0.2201, 0.2201, 0.2201), (0.2560, 
0.2560, 0.2560), and (0.1599, 0.1599, 0.1599) with heights of 
0.45, 0.36, 0.33, and 0.32 eÅ‒3, respectively, and for crystal 2 
at (0.125, 0.125, 0.125), (0.0333, 0.0333, 0.0333), (0.2803, 
0.2803, 0.2803), and (0.0903, 0.0903, 0.3352) with heights of 
0.45, 0.30, 0.20, and 0.20 eÅ‒3, respectively, were all too far from 
framework oxygen atoms to be H+ ions. Refinement including 
them one at a time at fixed positions in the final model also failed 
to lower R1 and wR2. When allowed to vary, they did not refine 
properly.

The framework structure of faujasite is characterized by the 
double 6-ring (D6R, hexagonal prism), sodalite cavity (a cubo-
octahedron), and supercage (see Figure 1). Each unit cell has 
8 supercages, 8 sodalite cavities, 16 D6Rs, 16 12-rings, and 32 
S6Rs (single 6-rings). The exchangeable cations, which balance 
the negative charge of the faujasite framework, usually occupy 

△
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Table 3. Selected interatomic distances (Å) and angles (deg)a

Crystal 1 Crystal 2

(Si,Al)-O(1) 1.6633(15) 1.6606(30)
(Si,Al)-O(2) 1.6488(12) 1.6472(26)
(Si,Al)-O(3) 1.6758(15) 1.6802(32)
(Si,Al)-O(4) 1.6296(11) 1.6194(25)
Mean (Si,Al) 1.6544(15) 1.6519(33)
Na(I’)-O(3) 2.199(23) 2.198(18)
O(1)-(Si,Al)-O(2) 110.83(13) 111.22(27)
O(1)-(Si,Al)-O(3) 107.92(15) 108.16(29)
O(1)-(Si,Al)-O(4) 108.81(15) 109.24(30)
O(2)-(Si,Al)-O(3) 107.41(17) 107.01(34)
O(2)-(Si,Al)-O(4) 110.35(15) 109.87(31)
O(3)-(Si,Al)-O(4) 111.51(16) 111.32(32)
(Si,Al)-O(1)-(Si,Al) 138.17(24) 138.56(45)
(Si,Al)-O(2)-(Si,Al) 145.06(21) 144.21(44)
(Si,Al)-O(3)-(Si,Al) 137.87(23) 137.04(46)
(Si,Al)-O(4)-(Si,Al) 145.54(21) 146.11(44)
O(3)-Na(I’)-O(3) 113.1(18) 111.7(12)

aThe numbers in parentheses are the estimated standard deviations in the 
units of the least significant digit given for the corresponding parameter.

Figure 2. Stereoview of representative a double 6-ring (D6Rs), a sodalite cavity, and a supercage for crystal 1. Of the 8 sodalite cavities per unit 
cell, one Na+ ion is occupied. The zeolite Y framework is drawn with heavy bonds. The coordination of the exchangeable cations to oxygens 
of the zeolite framework are indicated by light bonds. Ellipsoids of 25% probability are shown.

Figure 3. Stereoview of representative two double 6-rings (D6Rs), two sodalite cavities, and a supercage for crystal 2. Of the 8 sodalite cavities
per unit cell, two Na+ ions are occupied. See the caption to Fig. 2 for other details.

some or all of the sites shown with Roman numerals in Figure 1. 
The maximum occupancies at the cation sites I, I’, II, II’, and 
III, in faujasite are 16, 32, 32, 32, and 48, respectively. Site III’ 
in faujasite studied using space group Fd3m has a maximum 
occupancy of 96 at Wyckoff positions 96(g) and 96(h) and 192 
at the general Wyckoff position 192(i). Further description is 
available.1

In the sodalite cavity opposite a D6R (see Figures 2 and 3), 
one and two Na+ ions per unit cell have been found at site I’ for 
crystals 1 and 2, respectively (see Table 2). It is in the sodalite 
cavity opposite a D6R (see Figs. 2 and 3). Each Na+ ion is rece-
ssed ca. 0.59 and 0.65 Å into the sodalite cavity from its three 
O(3) oxygen plane where it coordinates at 2.199(23) and 2.198 
(18) Å to those three oxygens for crystals 1 and 2, respectively. 
This is just a little less than the sum of the ionic radii of Na+ 
and O2‒, 0.97 + 1.32 = 2.29 Å.11 The O(3)-Na(I’)-O(3) angles 
are 113.1(18) and 111.7(12)o for crystals 1 and 2, respectively 
(see Table 3). The ca. 74 and 73 hydrogen atoms per unit cell 
for crystals 1 and 2, respectively, could not be located in these 
structures despite our best efforts.

Supporting Information Available. Tables of calculated and 
observed structure factors (19 pages). The supporting materials 
are available via the Internet http://www.kcsnet.or.kr/bkcs.
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