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Abstract A single crystal of zeolite Y, |Na71|[Si121

Al71O384]-FAU, was ion exchanged to generate |(NH4)38

Na33|[Si121Al71O384]-FAU. This was then vacuum dehy-

drated at 673 K, and, without re-exposure to the atmo-

sphere, its structure was determined crystallographically

using synchrotron X-radiation in the cubic space group

Fd�3m at 294 K. It was refined to the final error index

R1 = 0.0532 with 522 reflections for which Fo [ 4r(Fo).

The composition (best integers) is determined to be

|Na33H26(Al5O4)|[Si126Al66O384]-FAU which means full

dehydration, deamination, and dealumination were

achieved. The 33 Na? ions per unit cell were found at two

crystallographically distinct positions: nine at site I (in the

centers of the D6Rs) and 24 at site II (in supercages

opposite S6Rs). The 2.5 sodalite units contained a dimeric

tetrahedral aluminate cation (Al–O = 1.40(8) and 1.60(8)

Å) at its center. Each [Al5O4]7? cation coordinates to

framework oxygen of D6Rs with tetrahedral manner. This

work demonstrates that it is possible to obtain large amount

of dealuminated species within the H-Y zeolite framework

which should enhance the acidity of adjacent sites for

higher catalytic activity.
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Introduction

Zeolites are crystalline microporous materials with tetra-

hedral framework structures enclosing cavities occupied by

cations and (unless fully dehydrated) water molecules, both

of which have enough freedom of movement to permit

cation exchange and reversible dehydration [1]. Zeolites

possess many beneficial characteristics including a high

cation exchange ability, a well-defined molecular structure,

a well-arranged crystalline structure, acidic and thermal

stability, high adsorbability, and shape selectivity. They

have a wide range of applications including adsorption and

catalysis.

In particular, the H?-exchanged form of zeolite is one of

the most important catalysts in the hydrocracking process for

producing valuable petroleum products from heavy oils. In

hydrocracking, Y-type zeolite-based catalysts have many

advantages including high activity, low coke formation, high

resistance against nitrogen compounds, and high regenera-

bility over amorphous SiO2–Al2O3 catalysts [2]. Acid cata-

lysts, furthermore, especially H?-exchanged zeolites Y (H-

Y), are gaining importance in the field of fine chemicals and

intermediates together with ZSM-5 zeolites [3].

H-Y zeolite has both Bronsted and Lewis acid sites. The

former arises readily from the deamination (loss of NH3) of

NH4
? ions in the NH4

?-exchanged zeolite; the latter are

provided by aluminum ions that leave the zeolite frame-

work (dealumination) by steaming at higher temperatures.

The structures of several NH4
?-exchanged A (LTA) and

X (FAU) zeolites have been reported [4–8]. McCusker

et al. studied the structure of fully dehydrated, fully NH4
?-
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exchanged zeolite A [4]. Their single crystal was prepared

by a flow method and evacuation at 298 K, which resulted

in the complete dehydration of NH4-A with no NH4
?

decomposition. Lee et al. reported the structures of NH4
?,

hydrolyzed-Cu2? forms of zeolite A to find the Cu2?

positions [5]. Patalinghug et al. studied a structure of Ni2?-

and NH4
?-exchanged zeolite X, allowed it to react with

HgCl2 vapor at 388 K, and determined the resulting

structure [6]. Zhen et al. prepared anhydrous NH4
?-

exchanged zeolite X, allowed it to react with HgCl2 vapor

at 388 K, and determined the resulting structure [7, 8].

The presence of tetrahedral aluminosilicate species in

zeolites A and Y have been suggested by diffraction

techniques [8, 9]. Pluth et al. studied the single-crystal

structure of Sr2?-exchanged zeolite A and reported the

presence of Al complex (AlO4 species) in the center of the

sodalite unit with tetrahedral arrangement [9]. Parise et al.

determined the structure of zeolite Y treated with NH3/

steam and gaseous SiCl4 by neutron powder diffraction

techniques. They also found a four coordinated Al species

in the center of the sodalite unit [10].

Even though the knowledge of the three-dimensional

structures of zeolites is quite important to understand their

catalytic properties—which are sensitive to the nature of

the cations, their number, and the distribution in the

framework cavities—there have been few reports about the

accurate crystallographic observation of the dealuminated

species within the H-Y zeolite, mainly because H-Y zeolite

is extremely active and unstable at elevated temperatures.

Recently, we reported a detailed structural study of the

deamination and dealumination processes [11]. We inves-

tigated the dehydration, deamination, and dealumination

processes in NH4
?-exchanged zeolite Y without steaming

as a function of evacuation temperature and reported the

positions of the NH4
? and nonframework Al3? ions.

This work aims to investigate the three-dimensional

structure of the progressively deaminated zeolite Y dehy-

drated at 673 K by the single-crystal X-ray diffraction

method at ambient temperature. It is expected that there

would be more the dealuminated species formed within

zeolite Y. These species, their positions, and their struc-

tures were studied crystallographically.

Experimental section

Synthesis of large single crystals of zeolite Y (FAU)

Large colorless single crystals of sodium zeolite Y, stoichi-

ometry |Na71|[Si121Al71O384]-FAU, were synthesized from

gels of composition 3.58SiO2:2.08NaAlO2:7.59NaOH:455

H2O:5.06TEA:1.23TCl [11–13]. A starting gel was prepared

from fumed silica (99.8%, Sigma), sodium aluminate

(technical, Wako), sodium hydroxide (96%, Wako), trieth-

anolamine (TEA, 99? %, Acros), bis(2-hydroxyethyl)

dimethylammonium chloride (TCl, 99%, Acros), and dis-

tilled water. Further details are available [11].

Ion-exchange of zeolite Y (FAU)

In contrast to our earlier work, where complete K?-

exchange was carried out to maximize NH4
?-exchange of

Na-Y [11], in this study K?-exchange was not carried out

initially in order to maximize the amount of dealuminated

species in the framework of zeolite Y without decreasing

crystallinity.

Crystals of hydrated |(NH4)71|[Si121Al71O384]-FAU (or

(NH4)71-Y) were prepared by static ion-exchange of

|Na71|[Si121Al71O384]-FAU (or Na71-Y) with aqueous

0.1 M NH4C2H3O2, pH = 6.9 (Aldrich 99.999%) [11].

A 0.02 g of hydrated sodium zeolite Y was mixed with

15 mL of 0.1 M NH4C2H3O2 in a 15-mL conical tube and

then stirred on an orbital shaker (NB-101 M, N-Biotek) for

4 h at room temperature. The NH4
? ion-exchange proce-

dure was repeated five times with the fresh NH4C2H3O2

solution. The product was then filtered and oven-dried at

323 K for one day. The crystals were found transparent.

Two of these, clear and colorless octahedrons, about 200

lm in cross-section, hydrated NH4
?-exchanged zeolite Y

crystals were placed in fine Pyrex capillaries and dehy-

drated at 673 K and 1.3 9 10-4 Pa for 2 days. While these

conditions were maintained, the hot contiguous down-

stream lengths of the vacuum system, including a

sequential 17-cm U-tube of zeolite 5A beads fully activated

in situ, were cooled to ambient temperature to prevent the

movement of water molecules from more distant parts of

the vacuum system to the crystal. Still under vacuum in

their capillaries, the crystals were then allowed to cool and

were sealed in their capillaries and removed from the

vacuum line by torch. Microscopic examination showed

that the resulting single crystals, still under vacuum in their

capillaries, were pale yellows.

X-ray diffraction work

X-ray diffraction data of the resulting single-crystals

were collected at 294(1) K on an ADSC Quantum210

detector at the Beamline 4A MXW of Pohang Light

Source in Korea. Crystal evaluation and data collection

were carried out using 0.76999 Å-wavelength radiation

with a detector-to-crystal distance of 6.0 cm. Preliminary

cell constants and an orientation matrix were determined

from 36 sets of frames collected at scan intervals of 5�

with an exposure time of 1 s per frame. We obtained the

basic scale file from program HKL2000 [14]. The

reflections were successfully indexed by the automated
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indexing routine of the DENZO program [14]. A total of

165,832 and 169,506 reflections for the each crystal were

obtained by collecting 72 sets of frames with 5� scans

with an exposure time of one second per frame. These

highly redundant data sets were corrected for Lorentz

and polarization effects, and (negligible) corrections for

crystal decay were also applied. The space group Fd�3m

was determined by the program XPREP [15]. A sum-

mary of the experimental and crystallographic data is

presented in Table 1.

Structure determination

Full-matrix least-squares refinement (SHELXL97) [16]

was carried out on Fo
2 using all data. Refinement was ini-

tiated with the atomic parameters of the framework atoms

[(Si, Al), O(1), O(2), O(3), and O(4)] in dehydrated

|K71|[Si121Al71O384]-FAU [17]. The initial refinement

using anisotropic thermal parameters for all positions

converged to the error indices (defined in Table 1 footnote

a) R1/R2 = 0.211/0.653.

Table 2 presents the steps of structure determinations

and refinements as new atomic positions were found on

successive difference Fourier electron-density functions.

The final cycles of refinement, carried out with the

anisotropic temperature factors for all atoms and with the

final weighting-scheme parameters, converged to R1/

R2 = 0.053/0.203. The largest peaks appeared on the final

difference Fourier function was not included in the final

model because they were too far from framework oxygen

atoms to be a cation and they were featureless.

All shifts in the final cycles of refinements were less

than 0.1% of their corresponding estimated standard

deviations. The final structural parameters are given in

Table 3. Selected interatomic distances and angles are

given in Table 4.

Fixed weights were used initially; the final weights were

assigned using the formula w = 1/[r2(Fo
2) ? (aP)2 ? bP]

where P = [Max(Fo
2, 0) ? 2 Fc

2]/3, with a/b = 0.083/134.6

as refined parameters (see Table 1). Atomic scattering

factors for N0, Na?, O-, and (Si, Al)1.82? were used [18,

19]. The function describing (Si, Al)1.82? is the weighted

mean of the Si4?, Si0, Al3?, and Al0 functions assuming

half formal charges. All scattering factors were modified to

account for anomalous dispersion [20, 21]. The structure

was determined again, using a second crystal prepared

similar to the first. The second determination was carried

out to check reproducibility; only the result for the first

crystal is presented in this report (Tables show the data for

Table 1 Summary of

experimental and

crystallographic data

a R1 = R|Fo–|Fc||/RFo and

R2 = [Rw(Fo
2-Fc

2)2/Rw(Fo
2)2]1/

2, R1 and R2 are calculated using

only the 695 reflections for

which Fo [ 4r(Fo)
b R1 and R2 are calculated using

all unique reflections measured
c Goodness-of-fit = (Rw(Fo

2-

Fc
2)2/(m-s))1/2, where m and s

are the number of unique

reflections and variables,

respectively

First crystal Second crystal

Crystal cross-section (mm) 0.18 0.19

Ion exchange T (K) 294(2) 294(2)

Ion exchange for NH4
? (day, mL) 2, 50 2, 50

Dehydration T (K) 673 673

Crystal color Pale yellow Pale yellow

Data collection T (K) 294(1) 294(1)

Space group, Z Fd�3m, 1 Fd�3m, 1

X-ray source Pohang light source,

Beamline 4A MXW

(PLS, 4A MXW BL)

Wavelength (Å) 0.76999 0.76999

Unit cell constant, a (Å) 24.821(3) 24.819(3)

2h range in data collection (�) 59.97 59.97

No. of unique reflections, m 932 897

No. of reflections with Fo [ 4r(Fo) 522 516

No. of variables, s 45 45

Data/parameter ratio, m/s 20.7 19.9

Weighting parameters, a/b 0.083/134.6 0.103/145.1

Final error indices

R1/R2 (Fo [ 4r(Fo))a 0.0532/0.2033 0.0556/0.2251

R1/R2 (all intensities)b 0.0975//0.2089 0.0987/0.2197

Goodness-of-fitc 1.064 1.042
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both). There were no significant differences between the

first and second crystal structure.

Characteristics of the structure

Framework structure

The framework structure of faujasite is characterized by the

double 6-ring (D6R, hexagonal prism), the sodalite cavity

(a cubooctahedron), and the supercage (see Fig. 1). Each

unit cell has eight supercages, eight sodalite cavities, 16

double 6-rings (D6Rs), 16 12-rings, and 32 single 6-rings

(S6Rs).

The exchangeable cations, which balance the negative

charge of the faujasite framework, usually occupy some or

all of the sites shown with Roman numerals in Fig. 1. The

maximum occupancies at the cation sites I, I0, II, II0, III,

and III0 in faujasite are 16, 32, 32, 32, 48, and (in Fd �3m)

192, respectively. Further description is available [23–25].

Framework and Na? ions

In this structure, 33 Na? ions were found at two equipoints.

The 9 Na? ions per unit cell are on 3-fold axes in the D6Rs,

at site I. At site II, 24 Na? ions were found. The total

number of Na? ions found per unit cell, 33, differs sig-

nificantly from 71, the number required to balance the

negative charge of the zeolite framework. It is possible that

deamination was complete and 38 H? ions remained within

the zeolite, as has been proposed for the structures of

|(NH4)59H5Na5K2(H2O)3|[Si121Al71O384]-FAU, |(NH4)31H33

Na5K2|[Si121Al71O384]-FAU, |(NH4)2H62Na5K2|[Si121Al71

O384]-FAU, |H61Na5K2(Al2O)0.5|[Si122Al70O384]-FAU, |H53Na5

K2(Al2O)2|[Si124Al68O384]-FAU, and |H51Na5K2(Al2O)2.5|

[Si124Al68O384]-FAU [11].

The 9 Na? ions at Na(I) lie at site I, at the center of a

D6R (see Fig. 2). Each Na? ion at Na(I) coordinates to the

six O(3) oxygen atoms of the D6R at a distance of 2.554(6)

Å, which is a little longer than the sum of the conventional

ionic radii [26] of Na? and O2-, 0.97 ? 1.32 (respec-

tively) = 2.29 Å, as seen in earlier works [12, 27].

About 24 Na? ions are located at site-II positions

opposite S6Rs in the supercages (see Figs. 3 and 4). Each

of these ions lies inside the supercage, 0.63 Å, from the

(111) plane of three O(2) framework oxygens of the S6R to

which it is bound (see Table 5). The Na? ions are 2.314(6)

Å from their nearest neighbors, the O(2) framework oxy-

gens (see Table 4), in close agreement with the sum of the

Na? and O2- radii [26], 2.29 Å. The O(2)–Na(II)–O(2)

angle is 112.89(22)o (see Table 4).

Dealuminated aluminum in the zeolite framework

Following evacuation at 673 K, no NH4
? ions remained

and a more progressive dealumination of the zeolite

framework was observed, compared to our earlier work

[11]. With Al3? ions at site I0, U (at the center of the

sodalite unit), and oxide ions at site I0, 2.5 tetrahedral

(Al5O4)7? cations were present per unit cell (see Figs. 3

and 5). Al3? in a 6-ring would be expected to distort that

ring appreciably, pulling three framework oxygens close,

as was observed in our earlier work [11].

The Al3? ions at Al(I0) are at site I0, on the 3-fold axis in

the sodalite unit opposite D6Rs (see Fig. 3). This is 32-fold

position, but it is occupied by only 10 Al3? ions. Each Al3?

ions at site Al(I0) lies inside the sodalite cavity 0.88 Å from

the plane of the O(3) framework oxygens of the D6R which

it is bound (see Table 5). Al3? ions at Al(I0) are opposite of

6-ring of some D6Rs. This appears to be the second time

that Al3? has been found crystallographically at a con-

ventional ionic site in a zeolite since it was found in our

earlier work [11]. It is not an isolated 3-coordinate cation; a

bridging oxide ion at the 32-fold axis of Al3? ions at sites

Table 2 Initial steps of structure refinementa

Step Occupancyb at

Na(I) Na(II) Al(I0) Al(U) O(5) R1 R2

First crystal

1c 0.2109 0.6534

2 23.9(13) 0.1466 0.5300

3 8.7(6) 21.3(8) 0.0925 0.3326

4 8.6(5) 23.3(7) 9.5(8) 0.0765 0.2837

5 8.8(4) 24.4(6) 12.0(8) 5.1(9) 0.0716 0.2487

6 9.3(4) 24.8(6) 11.3(9) 2.0(8) 8.8(26) 0.0700 0.2464

7 9.0(4) 24.2(5) 11.2(7) 2.9(10) 6.2(23) 0.0527 0.2023

8 9.0 24.0 11.2(7) 2.9(9) 5.9(22) 0.0528 0.2019

9 9.0 24.0 10.1(5) 2.5(1) 10.1(5) 0.0532 0.2056

10 9.0 24.0 10.0 2.5 10.0 0.0532 0.2033

Second crystal

1c 0.2081 0.6511

2 25.3(13) 0.1430 0.5236

3 8.6(6) 20.6(9) 0.0997 0.4457

4 7.9(5) 22.8(7) 9.5(8) 0.0794 0.2880

5 8.2(5) 24.0(7) 12.0(8) 5.2(9) 0.0744 0.2634

6 8.9(5) 24.7(7) 11.5(8) 1.8(7) 10.4(27) 0.0723 0.2567

7 9.0 24.2(6) 11.5(7) 1.9(8) 8.9(24) 0.0608 0.2354

8 9.0 24.0 11.3(7) 2.2(9) 8.2(24) 0.0557 0.2250

9 9.0 24.0 10.5(5) 2.6(1) 10.5(5) 0.0556 0.2254

10 9.0 24.0 10.0 2.5 10.0 0.0532 0.2033

a Isotropic temperature factors were used for all Na? positions except

for the last step
b The occupancy is given as the number of Na? ions per unit cell
c Only the atoms of zeolite framework were included in the initial

structure model
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I0 and U allows each Al3? ion to be 4-coordinate (see

Fig. 5). These Lewis acid sites should be very stable

because the tetrahedral (Al5O4)7? group is protected in a

robust setting, the sodalite cage. The Al(I0)–O(3) distance

is 2.258(12) Å. This is longer than 1.55 Å, the mean Al–O

bond length found in zeolites, because the 6-ring is

resisting extreme distortion as seen in our earlier work [11].

The O(3)–Al(I0)–O(3) bond angle is 105.6(7)�.

Ten oxide ions at O(5) lie at site I0 and are recessed 2.29

Å into the sodalite cage from the plane of the O(3)

framework oxygens of the D6R which it is bound (see

Table 5). The oxide ion is associated with Al3? ion at

Al(I0). The Al(I0)-O(5) distance, 1.40(8) Å, is appropriately

shorter than 1.65 Å, the mean Al–O bond length found in

zeolites. The O(3)–Al(I0)–O(5) bond angle is 113.1(6)� (see

Table 4).

The 2.5 Al3? ions occupy site U, at the center of the

sodalite unit. The Al(U)–O(5) distance, 1.60(8) Å, agrees

well with the mean Al-O bond length found in zeolites. The

Al(I0)–O(5)–Al(U) and O(5)–Al(U)–O(5) bond angles are

180� (by symmetry) and 109.47(1)� (see Table 4).

Such a structure, 7? cationic tetrahedral in a sodalite

cage, had only been observed before in zeolite A and X; it

was (In5)7? [28–31]. The smallest organic molecules

should be able to reach the Al3? Lewis acid site in the

sodalite unit. Accordingly, these sites may be catalytically

very active for reactions in petrochemical processes.

Discussion

NH4
?-exchanged zeolite Y single crystals were evacuated

at 673 K, and its structure was determined by X-ray dif-

fraction methods. At this temperature, we observed full

dehydration, full deamination, and dealumination. The

structure of crystal dehydrated at 673 K could be deter-

mined crystallographically without the loss of crystallinity

in this work, an advancement from our earlier work [11].

The presence of three-coordinate aluminum in faujasite-

type zeolites was suggested by Larson et al. [32], Uytte-

rhoeven et al. [33], and Kuhl et al. [34, 35]. Uytterhoeven

et al. especially pointed out the formation of a structure

Table 3 Positional, thermal, and occupancy parametersa

Atom Wyckoff

position

Cation

site

x y z bU11 U22 U33 U23 U13 U12
cOccupancy

Initial Varied Fixed

First crystal

Si, Al 192(i) –535(1) 1238(1) 359(1) 584(10) 529(10) 529(10) –43(7) 7(6) –33(8) 192

O(1) 96(h) –1080(2) 0 1080(2) 677(23) 682(35) 677(23) –81(18) –89(27) –81(18) 96

O(2) 96(g) –35(2) –35(2) 1436(2) 626(21) 626(21) 613(33) –29(18) –29(18) 77(27) 96

O(3) 96(g) –338(3) 687(2) 687(2) 805(41) 672(23) 672(23) 69(29) 71(22) 71(22) 96

O(4) 96(g) –672(2) 760(2) 1740(2) 706(36) 666(23) 666(23) –169(27) 17(21) –17(21) 96

Na(I) 16(c) I 0 0 0 489(28) 489(28) 489(28) 83(33) 83(33) 83(33) 9.0(4) 9

Na(II) 32(e) II 2315(2) 2315(2) 2315(2) 683(21) 683(21) 683(21) 140(25) 140(25) 140(25) 24.2(5) 24

Al(I0) 32(e) I0 552(6) 552(6) 552(6) 1185(69) 10.1(5) 10

Al(U) 8(a) U 1250 1250 1250 2069(320) 2.5(1) 2.5

O(5) 96(g) I0 878(20) 878(20) 878(20) 2450(389) 10.1(5) 10

Second crystal

Si, Al 192(i) –535(1) 1238(1) 359(1) 591(10) 535(10) 537(10) –49(8) 8(7) –30(8) 192

O(1) 96(h) –1079(2) 0 1079(2) 707(24) 689(36) 707(24) –76(18) –98(29) –76(18) 96

O(2) 96(g) –34(2) –34(2) 1438(2) 622(21) 622(21) 611(34) –25(18) –25(18) 75(27) 96

O(3) 96(g) –334(3) 688(2) 688(2) 853(44) 664(23) 664(23) 64(30) 63(23) 63(23) 96

O(4) 96(g) –673(2) 759(2) 1741(2) 704(37) 673(24) 673(24) –201(29) 25(22) –25(22) 96

Na(I) 16(c) I 0 0 0 532(31) 532(31) 532(31) 81(36) 81(36) 81(36) 8.9(5) 9

Na(II) 32(e) II 2318(2) 2318(2) 2318(2) 689(21) 689(21) 689(21) 146(26) 146(26) 146(26) 24.2(6) 24

Al(I0) 32(e) I0 551(6) 551(6) 551(6) 1074(62) 10.5(5) 10

Al(U) 8(a) U 1250 1250 1250 2067(330) 2.6(1) 2.5

O(5) 96(g) I0 878(19) 878(19) 878(19) 2266(360) 10.5(5) 10

a Positional parameters 9 104 and thermal parameters 9 104 are given. Numbers in parentheses are the estimated standard deviations in the units

of the least significant figure given for the corresponding parameter
b The anisotropic temperature factor is exp[-2p2a-2(U11h2 ? U22k2 ? U33l2 ? 2U23kl ? 2U13hl ? 2U12hk)]
c Occupancy factors are given as the number of atoms or ions per unit cell
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with planar three-coordinate aluminum by reporting the

absence of an IR band at about 2,900 cm-1 indicated that

the pyramidal three-coordinate Bronsted acid form was not

present in substantial quantity. Indeed non-framework Al3?

at site I0, in this work, coordinates in a nearly trigonal

planar manner to three framework oxygens. However it

also coordinates axially to one non-framework oxide ion.

This oxide ion, O(5) at site I0, bridges linearly between

pairs of Al3? ions at site I0 and U to give Al3?-O2--Al3?

groups on the 3-fold axes in some of the sodalite cage.

Deng et al. [36], Ciraolo et al. [37, 38], Seff et al. [39],

and Prins et al. [40] found a tetrahedral extra-framework

aluminum in faujasite-type zeolites. Deng et al., investi-

gated aluminum species in three dealuminated zeolites

(ultrastable HY, HZSM-5 (MFI), and mordenite (MOR))

using the 1H/27Al TRAPDOR method in combination with
27Al MAS NMR [36]. They suggested that the 6.8 ppm

signal in the 1H MAS spectra and the 54 ppm signal in the

27Al MAS spectra of the HY and mordenite zeolites were

due to four-coordinate Al3?. The monomeric tetrahedral

aluminate ion, AlO4
5-, had been found in the powder and

single-crystal X-ray diffraction work of Ciraolo et al. [37,

38] and Seff et al. [39], respectively, on Zn2?-exchanged

FAU-type zeolites. Prins et al. [40] assigned the signals at

0, 30, and 53 ppm in the 27Al NMR spectrum of HZSM-5

Table 4 Selected interatomic distances (Å) and angles (�)a

First crystal Second crystal

(Si,Al)–O(1) 1.6654(28) 1.6664(30)

(Si,Al)–O(2) 1.6551(22) 1.6566(23)

(Si,Al)–O(3) 1.6651(26) 1.6660(28)

(Si,Al)–O(4) 1.6312(19) 1.6319(20)

Mean (Si,Al) 1.6542(24) 1.6552(25)

Na(I)–O(3) 2.554(6) 2.553(6)

Na(II)–O(2) 2.314(6) 2.310(6)

Al(I0)–O(3) 2.258(12) 2.250(11)

Al(I0)–O(5) 1.40(8) 1.40(8)

Al(U)–O(5) 1.60(8) 1.60(8)

O(1)–(Si,Al)–O(2) 111.31(21) 111.41(22)

O(1)–(Si,Al)–O(3) 107.85(26) 108.09(27)

O(1)–(Si,Al)–O(4) 109.71(27) 109.55(28)

O(2)–(Si,Al)–O(3) 108.17(26) 108.10(27)

O(2)–(Si,Al)–O(4) 106.83(26) 106.64(27)

O(3)–(Si,Al)–O(4) 112.99(29) 113.08(30)

(Si,Al)–O(1)–(Si,Al) 132.0(4) 132.0(4)

(Si,Al)–O(2)–(Si,Al) 142.9(4) 142.5(4)

(Si,Al)–O(3)–(Si,Al) 135.8(4) 135.5(4)

(Si,Al)–O(4)–(Si,Al) 152.7(4) 152.4(4)

O(3)–Na(I)–O(3) 89.58(21), 90.42(21) 89.30(23), 90.70(23)

O(2)–Na(II)–O(2) 112.89(22) 112.62(23)

O(3)–Al(I0)–O(3) 105.6(7) 105.8(7)

O(3)–Al(I0)–O(5) 113.1(6) 113.0(6)

O(5)–Al(U)–O(5) 109.47(1) 109.47(1)

Al(I0)–O(5)–Al(U)b 180 180

a The numbers in parentheses are the estimated standard deviations in

the units of the least significant digit given for the corresponding

parameter
b Eactly 180� by symmetry

Fig. 1 Stylized drawing of the framework structure of zeolite Y.

Near the center of the each line segment is an oxygen atom. The

different oxygen atoms are indicated by the numbers 1–4. 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

Lowenstein’s rule [ref. 22] would be obeyed. Extraframework cation

positions are labeled with Roman numerals

Fig. 2 Stereoview of the representative double 6-rings (D6Rs). The

zeolite Y framework is drawn with heavy bonds. The coordination of

Na? ions to oxygens of the zeolite framework are indicated by light

bonds. Ellipsoids of 25% probability are shown
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(MFI) to 6-coordinate, highly distorted tetrahedral or 5-

coordinate, and tetrahedral Al3?, respectively.

With increasing evacuation temperature, the unit cell

constants decreased as found in our previous work [11].

The greater decrease in unit cell constants observed in this

work suggests that the framework became richer in Si as Al

was lost (see Fig. 6). To maintain its crystallinity, crystal

reconstruction occurred to keep the T sites filled.

Kuhl et al. [34] studied the structural stability of

Na,NH4-X and found that the faujasite structure is

destroyed upon calcination if more than about 32 protons

are generated per unit cell. Seff et al. [41] observed that

Na,H-X (Si/Al = 1.09) containing between 33 and 56 H?

ions maintained good crystallinity. Their separate experi-

ments show that the product zeolite remains highly crys-

talline at these points. Seff et al. [42] reported that a single

crystal of fully La3?-exchanged zeolite X vacuum dehy-

drated at 400 �C had 92 H? ions per unit cell; this was

possible because a La2O3 continuum (La32O48 per unit cell)

filled all sodalite cavities and D6Rs. They suggested that

the protons all associated with oxygens of the anionic

zeolite framework and were all in the supercages.

This work shows that zeolite Y, with Si/Al = 1.70,

some alkali metal cations, and 26 H? ions per unit cell, at

673 K, could still exhibit good crystallinity. We have

demonstrated that as temperature increases, the unit cell

Fig. 3 Stereoview of the representative sodalite units. See the caption

to Fig. 2 for other details

Fig. 4 Stereoviews of the representative supercage. See the caption

to Fig. 2 for other details

Table 5 Displacements of atoms (Å) from six-ring planesa

Position Site First crystal Second crystal

Displacement Displacement

At O(3)a Na(I) I 1.49 1.49

Al(I’) I0 -0.88 -0.88

Al(U) U -3.89 -3.88

O(5) I0 -2.29 -2.28

At O(2)b Na(II) II 0.63 0.64

a A positive displacement indicates that the ion lies within a D6R. A

negative deviation indicates that the ion lies in a sodalite unit
b The positive displacement indicates that the ion lies in the

supercage

Fig. 5 A (Al5O4)7? ions in the sodalite units. The approximately

tetrahedral coordination about Al3? can be seen. Ellipsoids of 25%

probability are used

Fig. 6 Unit cell constants as a function of evacuation temperature

compared with the data of Ref. [8]
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constants decrease significantly. However, due to the

crystal reconstruction to keep the T-sites filled, good

crystallinity was maintained. Furthermore, we have suc-

cessfully shown the Lewis acid site in the sodalite unit of

zeolite Y, which may be catalytically very active in pet-

rochemical reactions even though we failed to grow single

crystals with lower Al content for diffraction experiments

to better represent the commercial materials such as ul-

trastable zeolite Y (USY). The [Al5O4]7? group found in

this work should enhance the acidity of adjacent sites to

give rise to higher catalytic activity.
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