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Abstract 

Zeolite Rho samples, shallow-bed calcined in steam at 
773 K, were studied by time-of-flight neutron powder 
diffraction, IR and NMR spectroscopy, and methanol 
sorption measurements. The chemical composition of 
the bulk starting material was (NH4)lo.6Cso.7Alll. 3- 
5i36.7096.43H20. After calcination at 773 K, deutera- 
tion and dehydration the chemical composition of the 
dealuminated framework with its exchangeable cations 
was Ds.3Cso.7A165i42096. After partial rehydration the 
approximate chemical composition was D5.aCs0.7A1.6- 
Si42096.30D20 , Mr= 3582.26, centrosymmetric space 
group Im3m, a = 15.0387 (5)/~, V = 3401.2 A 3, D x 
= 1.748 g cm -3, R,,.p = 5.1%. At room temperature the 
dehydrated zeolite (M, = 2981.37) is noncentrosym- 
metric (space group I43m) with a =  14.8803 (4),~, 
V =  3294.8 ./k 3, D x = 1.502 gcm -3, Rwp = 4.7%. At 
623K it is centrosymmetric (Im3m) with a =  
15.0620 (3) ,/k, V =  3417.0/~3, D x = 1.448 g cm -3, 
Rwp = 3.7%. The structure analysis based on neutron 
powder diffraction data reveals in all three cases the 
presence of a bridging hydroxyl group, with O - D  
distances ranging from 0.96 to 1.01 A, and approxi- 
mate planarity of the two adjoining T (=Si,AI) sites, the 
bridging O atom and the D atom. Ammonia desorp- 
tion studies show the OH group in H-Rho to be weakly 
acidic; thus, this represents the first known example of a 
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weakly acidic, bridging hydroxyl group in a zeolite. 
Near the single six-membered ring of the alumino- 
silicate framework an A1-O group has been located, 
in which the nonframework AI atom is in a very 
distorted tetrahedral coordination. The overall charge 
of the species must be neutral, because charge balance 
is obtained by D atoms attached to the bridging 
framework O atoms. The A1-O group is either A10 + 
charge-balanced by an equal number of AIO~ moieties 
or is part of a neutral A120 3 group. 

Introduction 

When the NH4 + form of a silica-rich zeolite is calcined 
at temperatures between about 700 and 1000K, a highly 
acidic hydrogen form of the zeolite is usually obtained. 
At the same time, the tetrahedral aluminosilicate 
framework TO 2 of the zeolite, where T is (Si,AI), is 
partly dealuminated (Kerr, 1973). The resultant H- 
zeolites have increased catalytic activity (Flockhart, 
Megarry & Pink, 1973), perhaps related to non- 
framework aluminium (NFA). On the basis of quantum 
chemical studies the H atoms are assumed to reside in 
hydroxyl groups, either bridging between AI and Si, or 
in terminal hydroxyl groups in defect positions of the 
framework (Mortier, Sauer, Lercher & Noller, 1984; 
Geerlings, Tariel, Botrel, Lissillour & Mortier, 1984). 
Direct experimental diffraction evidence for the location 
of the H atoms is tentative. Neither Jir~k, Vratislav & 
Bos/tcek (1980) nor Cheetham, Eddy & Thomas (1984) 
in their studies of H-containing zeolite Y could establish 
the positions of the H atoms beyond reasonable doubt. 

© 1988 International Union of Crystallography 
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The NFA has been reported to reside in the sodalite 
cages of zeolite A (Pluth & Smith, 1982) and in both 
the supercages and sodalite cages of zeolite Y (Maher, 
Hunter & Scherzer, 1971; Parise, Corbin, Abrams & 
Cox, 1984; Shannon, Gardner, Staley, Bergeret, Gal- 
lezot & Auroux, 1985, and references therein). 

We have been especially interested in zeolite de- 
hydroxylation and dealumination processes with the 
specific goals of finding the D atoms of the framework 
hydroxyl groups and the nonframework AI species by 
using neutron diffraction methods, magic-angle- 
spinning nuclear magnetic resonance (MAS NMR) 
spectroscopy and infrared spectroscopy. Upon cal- 
cination zeolites NH4-Rho and NH4-ZK-5 undergo 
deammoniation, some dehydroxylation and partial 
extraction of aluminium from the (Si,A1)O2 framework. 
The first two papers in this series (Fischer, Baur, 
Shannon, Staley, Vega, Abrams & Prince, 1986a,b) 
dealt with deep-bed-calcined Rho and ZK-5 which 
suffered extensive dealumination. The crystal structure 
refinements of the deep-bed samples gave an indication 
of the presence of randomly distributed, nonframe- 
work, condensed aluminium oxide or hydroxide species. 
The third paper (Baur, Fischer, Shannon, Staley, Vega, 
Abrams, Corbin & Jorgensen, 1987)described D-Rho 
calcined under dry shallow-bed conditions where 
relatively little framework dealumination occurred. 
Although bridging hydroxyl groups with a stretching 
frequency of 3610cm -l were found, the two to four 
NFA atoms found by NMR measurements were not 
located. 

Shallow-bed calcination of H-Rho under 81.5 kPa 
H20 results in removal of ~50% of the framework A1 
and the formation of hydroxyl groups with a stretching 
frequency of 3640 cm -~, suggesting the generation of a 
homogeneous population of framework hydroxyls dif- 
ferent from those of dry, shallow-bed-calcined H-Rho. 
Ammonia desorption further shows that the acidity of 
the 3640 cm -1 hydroxyls is substantially lower than 
that of the 3610 cm -~ species. H-Rho samples with a 
sharp 3640 cm-'  band thus afford an opportunity to 
identify the NFA structure since such A1 may be 
expected to exist in a relatively homogeneous 
population of sites in these samples. Results on the 
centrosymmetric, high-temperature form of D-Rho- 
SS773 (D5.3CS0.TA16Si4:zO96) have been reported pre- 
viously (Fischer, Baur, Shannon & Staley, 1987). D 
atoms attached to O in bridging framework positions 
could be located and successfully refined. A non- 
framework aluminium oxygen group was found close to 
the six-membered rings of (Si,A1)O 4 tetrahedra in the a 
cage. This paper contains the full information and 
interpretation of the physicochemical properties of the 
sample, as well as further data on the zeolite in its 
noncentrosymmetric and its hydrated form. Sample 
designations are explained in Fischer et aL (1986a). 
They include both the calcination temperature and the 

data-collection temperature in K, separated by a slash. 
SS refers to shallow-bed calcination in steam. 

Experimental 
Na,Cs-Rho was prepared according to the method 
described by Robson, Shoemaker, Ogilvie & Manor 
(1973) and Fischer et al. (1986a). The initial gel was 
allowed to stand for 5 days at room temperature and 
heated at 373 K for 6 days. The product was exchanged 
four times in 10% NH4NO 3 solution to yield (NH4)10.6- 
Na0.02Cso.v0Alll.3Si36.7096 as determined by wet 
chemical analysis (Si/AI=3.2).  Scanning electron 
micrographs showed dodecahedral crystals of zeolite 
Rho, ~0.5 lam in diameter, and of spherical chabazite 
aggregates (.,.10 vol.%) of similar size. H-Rho-SS773 
was prepared by heating NH4-Rho to 773 K for 1 h 
under rapidly flowing N 2 (1000 c m  3 min -1) to produce 
H-Rho and then maintaining the sample at 773 K for 
4 h under 1000 cm 3 min -~ N 2 equilibrated to provide 
81.5 kPa H20. X-ray diffraction patterns showed that 
the chabazite impurity phase had been rendered 
amorphous during the initial conversion to H-Rho. A 
mid-infrared spectrum showed a T - O  stretching 
frequency of 1070cm -l, which when compared to 
1060cm -1 for H-Rho-S873 indicated considerable 
framework dealumination. 

The samples were dehydrated overnight at 633 K, 
subsequently deuterium exchanged in seven cycles of 
exposure to D20 at 553 K for about 15 min and 
dehydrated at 633 K for about 30 min. The exchange 
was completed by two final cycles of approximately 1 h 
each at room temperature to give Ds.3Cs0.TA16Si42096 
(D-Rho-SS773) with 45 Al atoms outside of the 
framework. An infrared scan of the dehydrated sample 
showed no water remaining and no protons were 
detected by ~H NMR. Part of the sample which was 
deuterated in a similar way was exposed to an amount 
of D20 calculated to give 30 molecules of D20 per unit 
cell. Dehydrated and hydrated samples were loaded 
into vanadium cans for the neutron diffraction experi- 
ments and sealed with an indium o-ring in a dry 
nitrogen atmosphere. The o-ring melted at 430 K and 
exposed the sample to the vacuum of the sample 
chamber. It is unlikely that at 623 K the sample could 
have adsorbed any molecules in the vacuum chamber. 
Sorption measurements were carried out as described in 
Fischer et al. (1986a,b). 

Infrared experiments were performed with a Nicolet 
3600 FTIR spectrometer. The samples were kept in air 
for a long period before the infrared experiments were 
carried out so that all deuterium was removed by 
exchange with atmospheric water vapor. Sample pellets 
(10mg) of 1.0cm diameter were mounted in the 
spectrometer in an all-metal vacuum system having a 
base pressure <1-3 x 10 -6 Pa. The samples were 
contained, inside the vacuum system, in a quartz oven 
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Table 1. Experimental conditions, crystallographic data 
and definitions used in data refinement 

Standard deviations are given in parentheses. The approximate 
chemical composition of the samples is Ds.3Cs0.TA16Si42096 
for D-Rho-SS773/RT and D-Rho-SS773/623, and 
Ds.3Cs0.TAI6Si42096.30D20 for D-Rho/W-SS773/RT (this excludes 
the nonframework aluminium species). 

D-Rho- D-Rho- D-Rho/W- 
SS773/RT SS773/623 SS773/RT 

Neutron flight path (m) 15.5 15.5 15.5 
Detector position (°) _+ 90 +_ 90 _+ 90 
Sample container Vanadium can of ~ 11,3 mm diameter 
Interval between consecutive 

profile points (~ts) 7 7 7 
Space group 143m Irn3m lrn3rn 
Formula weight (dalton) 2981.37 2981.37 3582.26 
D~ (g cm -~) 1.502 1,448 1.748 
V (,~3) 3294.8 3417.0 3401.2 
Data collection temp. (K) RT 623 RT 
Calcination temp. (K) 773 773 773 
Cell constants, a (/~,) 14.8803 (4) 15.0620 (3) 15-0387 (5) 
Range ofd values (A) 0.96-5.37 0.95-5-37 1.00-5.37 
(d /o)m~ 0.22 0.08 0.11 
No. of observations 2734 2256 266 I 
No. of reflections 243 251 217 
No. of variable profile 

parameters 7 8 8 
No. of variable structure 

parameters* 26 22 14 
R,,.p(%) 4.7 3.7 5.1 
R e (%) 2.3 1.9 1-6 
R~ (%) 8.5 9.4 13.3 
Rp (%) 3.1 2.4 2.9 
Definitionst R,.p [~ tw iO ,o i -  I , • v" 2 Jn = /C.~i)/~w~.~,o~ I 

R,, = I (N-P) /~ '~  wi.t,~]"2 

R t = Y t l  lot - 1/Cletl / Ztlot 
R o =  X i l y o t -  l /C ) '~ t l / 3  ~yo~ 
w = l / y  o 

* Including scale factor. 

t Rwp = weighted residual including profile intensities; Rp = unweighted 
profile residual; R e = statistically expected residual; Rt = residual including 
integrated intensities; N =  No. of statistically independent observations; 

P =  No. of  variable least-squares parameters; Yo,Yc = - o b s e r v e d  and cal- 
culated profile intensities; Io , I  c - -observed and calculated integrated inten- 
sities; C -- scale factor. Residuals and refinement are based on data points in 
the profile which have an intensity greater than 0.01 of the corresponding 
maximum peak intensity. 

The time-of-flight neutron diffraction data were 
collected on the Special Environment Powder 
Diffractometer at the Intense Pulsed Neutron Source of 
Argonne National Laboratory (Jorgensen & Faber, 
1983). Experimental conditions, crystallographic data 
and basic equations and definitions are given in Table 1. 
The structure refinements were performed with a local 
version (Rotella, 1982) of Rietveld's (1969) program 
adapted to the time-of-flight method by Von Dreele, 
Jorgensen & Windsor (1982). The coherent neutron 
scattering lengths used in the refinements are b(Si) 
= 4.1491, b(nl) = 3.449, b(O) = 5.803, b(D) = 6.67 
and b(Cs)= 5.42fm (Koester, 1977). The scattering 
length of the Si and A1 atoms occupying statistically the 
tetrahedral site T was calculated by linear interpolation 
according to the St/A1 ratio determined by MAS NMR 
spectroscopy. 

Interatomic distances and angles were calculated 
with the program SADIAN86 (Baur, Wenninger & 
Roy, 1986), the crystal structure illustrations were 
drawn with the plot program STRUPL084 (Fischer, 
1985). 

Results 

Sorption 

Methanol sorption was 21 .3g/100g sample for 
D-Rho-SS773. Methanol sorption results for Rho 
samples under various conditions have shown an upper 
limit of ~24.0 g/100 g sample. This limit is presumably 
obtained for the fully accessible Rho structure. The 
methanol sorption results for D-Rho-SS773 thus 
indicate a structure in which the pores are ~89% 
accessible. 

capable of heating the sample to 973 K. The ammonia 
desorption experiments were performed by dosing the 
samples, previously heated under vacuum at 723 K, 
with 133.3 Pa ammonia at constant pressure at 323 K 
and then heating for 10 min at 323 to 723 K in steps of 
50 K. Spectra were taken at 323 K following each 
heating step. 

The solid-state NMR experiments were performed 
with a Bruker CXP-300 spectrometer. After completion 
of the diffraction experiments the deuterated samples 
were protonated by several cycles of exposure to H20 
vapors and evacuation at 623 K. The resulting hydro- 
gen contents were determined by proton spin counting 
and the proton magic-angle-spinning (MAS) spectra 
were also obtained under anhydrous conditions. Prior 
to the 298i and quantitative 27A1 MAS measurements 
the samples were rehydrated over a saturated ammon- 
ium chloride solution. All NMR measurements were 
performed at room temperature. Further experimental 
details are as previously reported (Fischer et al., 1986a; 
Vega & Luz, 1987). 

Infrared spectroscopy 

Infrared studies were carried out on H-Rho-SS773 
and, for comparison, an NH4-Rho similar to that used 
to prepare D-Rho-SS773. All samples were heated 
under vacuum in the infrared spectrometer at 723 K. In 
the case of the NH4-Rho precursor, these mild 
calcination conditions give a relatively pure H-Rho. 
H-Rho-SS773 was free of ammonia as indicated by the 
absence of the NH-bending feature at 1450 cm -~. A 
spectrum of the hydroxyl-stretching features of H- 
Rho-SS773 is shown in Fig. 1. The area under the 
features from 3500 to 3700 cm -~ gives an approximate 
measurement of the internal hydroxyl content of the 
sample. The hydroxyl content of H-Rho-SS773 is 
reduced, compared to the vacuum-calcined precursor, 
to about 50%. The position of the hydroxyl feature is 
also altered. In the vacuum-calcined precursor the main 
feature is at 3610 cm-~; in H-Rho-SS773 it appears at 
3640cm -t (Fig. 1). Ammonia chemisorbed by H- 
Rho-SS773 at 373 K is only about 50% of that 
chemisorbed by H-Rho-S773, and is substantially 
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desorbed on heating at 423K for H-Rho-SS773 
compared to 623 K for H-Rho-S773. 

Nuclear magnetic resonance spectroscopy 

The quantitative proton NMR measurements gave a 
hydrogen concentration of 7 + 1 atoms per unit cell. 
Quantitative information on the state of the aluminium 
was obtained from the 298i and 27A1 MAS NMR 
measurements on the rehydrated sample, the spectra of 
which are shown in Fig. 2 together with the proton 
MAS spectrum of the anhydrous sample. The 29Si 
lineshape consists of three peaks at -99 ,  - 1 0 4  and 
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0 .2  
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Fig. 1. Hydroxyl-stretching region of the infrared spectra of 
H-Rho-SS773. 
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Fig. 2. Magic-angle-spinning NMR spectra of D-Rho-SS773. (a) 
Proton spectra of the protonated, anhydrous sample; (b) the 
expanded centerband region and the full spectral width showing 
the sideband pattern. The spinning rate was 3 kHz. The spectra 
were obtained with single 90 ° radio-frequency pulses. (c) 295i 
spectrum. (d) 27A1 spectrum of the rehydrated sample, obtained 
with single 15 o pulses. 

- 1 1 0  p.p.m., corresponding to Si atoms linked to 2, 1 
and 0 Al atoms, respectively. From the relative peak 
intensities (8:41:51) we derived a framework Si:A1 
ratio of 7.0 (Klinowski, 1984), a clear indication of 
extensive dealumination. 

The quantitative 27A1 measurement showed that only 
1.3 atoms per unit cell contributed to the Z?A1 MAS 
lineshape shown in Fig. 2. Of these, about 0.8 
contribute to the tetrahedral A1 peak at 59 p.p.m, and 
0.5 to the octahedral peak. On the other hand, almost 
90% of the A1 sites are not directly detected in the MAS 
spectrum, indicating that their site symmetry deviates 
substantially from tetrahedral or octahedral symmetry, 
even in the hydrated state. In this respect the present 
Rho sample differs from the vacuum-calcined (Vega & 
Luz, 1987) and shallow-bed-calcined forms of H-Rho 
(Baur et al., 1987), where essentially all the A1 sites are 
in symmetric sites. 

The most significant NMR result is the chemical shift 
of the protons. In the top trace of Fig. 2 we see a small 
peak at a somewhat higher field. The second trace, 
representing a wider spectral range of the proton MAS 
spectrum, shows that only the dominant center peak is 
accompanied by spinning sidebands. From the sideband 
positions we find by interpolation that the main center 
peak resonates at 2.1 p.p.m. As usual, we assign the 
signal at 1.2 p.p.m, to terminal hydroxyl groups. They 
correspond to about 3% of the total proton count and 
probably come from the amorphitized chabazite or 
from terminal OH groups formed at defects in the 
slightly dealuminated H-Rho. From the NMR data 
alone we cannot identify the nature of the 2.1 p.p.m. H 
atoms, as we have no precedent for such a chemical 
shift of the dominant peak in an H-zeolite spectrum. In 
accordance with the infrared data, it appears to result 
from a single uniform H species. One notices that the 
sidebands are stronger than those usually observed for 
bridging hydroxyl groups in zeolites (Vega & Luz, 
1987; Baur et al., 1987). We also found that the 
nonspinning proton spectrum is 8.1 kHz, i.e. 15% 
wider than the corresponding spectrum of shallow- 
bed-calcined Rho. These observations suggest that the 
lH-ETAI dipolar interaction is stronger than in the 
bridging OH group of shallow-bed-calcined Rho, 
presumably because the A1-H distance is shorter. Since 
the dipolar broadening is proportional to the cube of the 
A1-H distance, we may estimate that this distance is 
5% shorter in the hydrothermally treated form of 
H-Rho. However, other interpretations, such as dif- 
ferences in proton mobility or IH-1H homonuclear 
interactions, could be considered as possible sources for 
the differences in sideband intensities. 

Rietveld analys& and structure refinement 

Data for dehydrated Rho were collected at room 
temperature (D-Rho-SS773/RT) and at 623 K (D- 
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Rho-SS773/623), while the hydrated sample (D-Rho/ 
W-SS773/RT) was examined at room temperature 
only. Irregularly increased background, apparently 
resulting from the amorphitized chabazite, was cor- 
rected by the polynomial fitting method as described 
by Baur & Fischer (1986). 

The refinement of the crystal structure including only 
framework atoms showed it to be noncentrosymmetric 
at room temperature and centrosymmetric at 623 K. 
Subsequent Fourier and difference Fourier syntheses 
did not give any evidence for possible nonframework 
positions. The strongest peak in the difference map of 
the high-temperature form was in 0,0,0 as shown in Fig. 
3(a). The occupancy of an atom in this position, to 
which the scattering length of aluminium had been 
assigned, was refined to about one atom per unit cell. 
This position has zero coordination to the framework 
atoms and is therefore unlikely for any nonframework 

The grid-search method (Baur & Fischer, 1986) 
immediately revealed the deuterium position in the 
centrosymmetric structure (Fischer et al., 1987). For 
each of the positions of a grid with a step size of 0.3 ,& 
the occupancy of a dummy atom was refined in the 
asymmetric unit and the results plotted in layers of the 
unit cell. A plot of the xy layer corresponding to a layer 
of the difference map is given in Fig. 3(b). It can clearly 
be seen that there is no evidence for scattering around 
0,0,0. However, eight symmetrically related peaks 
occur in an xyO position with approximate coordinates 
of x = 0.40 and y = 0.14 at a distance of about 1.2 A 
from framework atom O(1). It was therefore assigned 
to deuterium. The final refinement of the positional 
coordinates yielded an interatomic distance O(1) -D of 
0.96 (2)A thus confirming this assignment. Similar 
results were obtained for D-Rho-SS773/RT and D- 
Rho/W-SS773/RT. The occupancy factors of the D 
positions in the three refined structures range from 
seven to twelve D atoms per unit cell. The value of 
twelve D atoms per unit cell, which is too high, is for 
the hydrated sample (D-Rho/W-SS773/RT) where no 
nonframework positions other than deuterium could be 
refined. Only six D atoms are needed to balance the 
charge on the framework, since according to the NMR 
analysis six of the 48 tetrahedral framework atoms per 
unit cell are occupied by aluminium. Also the IH NMR 
shows only seven H atoms per unit cell in an H-Rho 
with identical composition. 

The search map showed six more peaks, four of them 
close to the center of the single six-membered ring (6R) 
and two close to the center of the double eight- 
membered ring (D8R). We interpreted these peaks on 
the basis of the following assumptions: 

(a) each of these positions is occupied by only one 
atom species, that is either oxygen or aluminium, 

(b) each of the nonframework atoms is bonded to the 
framework by a strong, short bond, not by a long 
hydrogen bond; 

• ~ "! ~. _Jr "'~ ~ 0,6 

(a) 

o ~ o, 0" *~ ~' ~ " . X _ _ ' /  . . . . .  ~a . . . . .  i "° 0.,2 
• . . . . _ t _  " " ~ - J  . . . . . .  ~ " ~ " r [ 
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Fig. 3. (a) An xy layer of a difference Fourier map of D- 
Rho-SS773/623 for z = 0. Heights are in arbitrary units. (b) The 
corresponding xy layer in the grid-search map. Heights refer to 
occupancy factors of a dummy atom. Peaks in the two maps 
usually do not coincide. Peaks found in the grid search have a 
high probability of remaining stable in subsequent Rietveld 
refinements. (c) The highest peak in the grid-search map assigned 
to deuterium. Each line corresponds to 2.0 D atoms per unit cell. 
The zero line is dot-dashed. Framework T sites and oxygen 
positions are indicated. These sites were held fixed in the 
grid-search procedure. The T - O D - T  configuration represents 
an almost ideal planar geometry. 
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(c) the lengths of these bonds must be within a few 
e.s.d.'s of the bond lengths estimated from the sum of 
their effective ionic radii (Shannon, 1976); 

(d) the overall formal charge of the nonframework 
species must be zero, because charge balance is already 
attained by the deuterium ions; 

(e) the nonframework species cannot contain OD 
groups, because 1H NMR of an H-Rho similar to the 
D-Rho described here shows that there are no more H 
atoms in D-Rho than already located in the D sites. 

On the basis of these criteria only two of the peaks 
close to the six-membered ring were acceptable and 
remained stable in the refinements. One position refined 
to a distance of 1.92 (5) A to 0(2) and was assigned to 
aluminium [Al(nf)]. Another position was assigned to a 
nonframework O atom [O(nf)] at a distance of 
1.61 (5) A from Al(nf). 

The occupancies of the nonframework aluminium 
and oxygen are higher than for caesium (five to eight 
atoms per unit cell), but still small enough to be 
tentative in terms of their actual values. This is 
especially true because occupancy factors and thermal 
parameters for these positions are strongly correlated, 
presumably because the background problems did not 
allow us to extend the refinement to even smaller d 
values. However, the occupancies are within the limits 
given by the symmetry restrictions of the space groups. 
Owing to the proximity of the nonframework species to 
the threefold axes only one third of the atoms in 
position 24(g) in I2~3m can be occupied in any given 
single six-membered ring. The refinement yielded 
8.0 (5) atoms per unit cell which is in perfect agreement 
with these restrictions. The temperature factors were 
held constant at 5 A 2. It is reasonable in the case of 
zeolites to agsume that the temperature factors of the 
nonframework positions are larger than those of atoms 
in the framework (those varied from 0.5 to 3.0 A2). In 
the only case where the temperature factor of a 
nonframework atom could be refined simultaneously 
with its occupancy (the D atom in D-Rho/W-SS773/ 
RT) it yielded a value of 5.1 (9) A 2. In order to test the 
sensitivity of the choice of B on the occupancy factor in 
cases where B had to be held constant, we varied the 
temperature factor of one nonframework atom sys- 
tematically from 1 to 10 A 2. The simultaneously refined 
occupancy was twice as high for B = 10 A 2 as for 
B = 1 A 2. With each increase of 1 A 2 the occupancy 
factor was raised by about 8%. Both the positional 
coordinates and the occupancy factors of the non- 
framework positions are heavily affected by the 
presence or absence of other atoms in the refinement. 
This is similar to what was observed for the inter- 
atomic distances T -O ,  except the effects are more 
pronounced. There are about 0.7 Cs atoms in the unit 
cell according to the chemical analysis. A refinement of 
a Cs atom in Wyckoff site 12(e) converged to 
x = 0.452 (4) with 1.7 atoms per unit cell. This site has 

Table 2. R~ and R,,,p values, number of negative 
temperature factors and mean (Si,A1)-O distances (A) 
(with the mean e.s.d.'s of the individual (Si,A1)-O 

distances) at three different stages of the refinement 

Cut-offs at low values, profile parameters and cell constants are 
identical at each of the three stages of refinement reported here. 
Therefore, the differences in R values reflect only the improvements 
owing to the polynomial fitting of the background and the inclusion 
of the nonframework atoms. 

Sample  Sta tus  R s 
D-Rho- Standard background 15.3 
SS773/RT correction, 

framework atoms 
refined 

Polynomial fitting of 
background, 
framework refined 

Same as above, 
nonframework 
atoms refined 

D-Rho- 
SS773/623 

No. of  
negat ive 

R~.p temp.  fac tors  (S i ,A1) -O 
7.4 4 of 4 1.642 (9) 

9-4 5.4 0 1.637 (8) 

8.5 4.7 0 1.632(7) 

Standard background 23.3 8.7 I of 3 1-635 (7) 
correction, 
framework atoms 
refined 

Polynomial fitting of 11.6 4-6 0 1.632 (8) 
background, 
framework refined 

Same as above, 9.4 3.7 0 1.625 (5) 
nonframework 
atoms refined 

D-Rho/W- Standard background 26.0 7.6 2 of 3 1.640 (7) 
SS773/RT correction, 

framework atoms 
refined 

Polynomial fitting of 17.0 5.6 0 1,626 (8) 
background, 
framework refined 

Same as above, 13.3 5. I 0 1.624 (6) 
nonframework 
atoms refined 

been found to be occupied by Cs in previous refine- 
ments of zeolite Rho. 

The grid-search method was also applied to the 
low-temperature form and yielded positions similar to 
the high-temperature form, except that the Cs-atom 
position was not stable in the refinements. In the 
hydrated form only the deuterium position could be 
identified. There was no indication of the presence of 
any well resolved D20 molecules or for any non- 
framework aluminium species. 

The significant improvement of the results obtained 
by polynomial fitting of the background and by 
inclusion of the nonframework positions in the refine- 
ments is shown in Table 2. Before the background 
correction seven out of ten framework atoms had 
negative isotropic temperature factors, after the correc- 
tion the temperature factors had normal values. In 
D-Rho-SS773/623 and in D-Rho/W-SS773/RT the 
isotropic temperature factors and the occupancy 
factors of the D atoms could be varied simultaneously 
and the O(1)--D distances refined to the values 
expected for an O - H  distance. The refined atomic 
parameters are listed in Table 3, a selection of 
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Table 3. Positional parameters in fractional coordinates, isotropic temperature factors ( / ~ 2 ) ,  site symmetry, 

(a) D - R h o - S S 7 7 3 / R T  
Si/AI(T) 0.2640 (4) 
O(l)  0.0201 (2) 
0(2) 0.1971 (3) 
0(3) 0-1416 (2) 
D 0.029 (2) 
Al(nf) 0.267 (2) 
O(n f') 0.328 (2) 

(b) D-Rho-SS773 /623  
Si/AI(T) ;~ 
o(1) 0 
0(2) 0.1667 (2) 
D 0 
Cs 0.452 (4) 
Al(n£) 0-208 (2) 
O(nf) 0.303 (1) 

(e) D - R h o / W - S S 7 7 3 / R T  
Si/AI(T) ~. 
O(l) 0 
0(2) 0.1681 (2) 
D 0 

Wyckoff positions and occupancies 
Site Wyckoff  No. of  atoms 

y z B symmetry* position* in unit cell 

0.1170(4) 0.4117(4) 1.5(1) I 48(h) 42/6"t" 
0.2139 (3) 0.3873 (3) 0.9 (1) 1 48 (h) 48 
x 0.3856 (5) 1.5 (1) . .m 24 (g) 24 
x 0.6257 (3) 0.8 (1) ..m 24 (g) 24 
0.147 (3) 0.393 (2) 5.0~t 1 48 (h) 6.9 (5) ' 
x 0.313 (3) 5.0:~ ..m 24 (g) 8.0 (5) 
x 0.388 (3) 5.0:~ ..m 24 (g) 4.6 (3) 

0.1029 (2) ~-y 1.0 (1) ..2 48 (i) 42/6t  
0.2173 (3) 0.3841 (2) 2.5 (1) m..  48 (]) 48 
x 0.3760 (2) 2.9 (1) . .m 48 (k) 48 
0.381 (1) 0.154 (1) 3.8 (7) m.. 48 (/') 8.4 (5) 
0 0 5.0:1: 4m.m 12 (e) 1.7 (2) 
x 0.263 (4) 5.0:1: . .m 48 (k) 5.5 (4) ' 
x 0.375 (2) 5-0~ ..m 48 (k) 4.9 (3) 

0.1026 (3) {r--y 0.5 (1) ..2 
0.2182 (4) 0.3838 (3) 1-2 (I) m.. 
x 0-3728 (3) 3.0 (1) . .m 
0.397 (1) 0.154 (2) 5.1 (9) m.. 

* After International Tables for Crystallography (1983). 
1" Si /AI  ratio from M A S  N M R .  
~: Held constant in refinement. 

48 (i) 42/6"1" 
48 (/1 48 
48 (k) 48 
48 (j) 12.0 (9) 

interatomic distances is given in Table 4. Observed and 
calculated powder patterns are shown in Figs. 4 and 5.* 

Discussion 

Phase transition 

Parise, Gier, Corbin & Cox (1984) predicted that 
zeolites Rho with unit-cell constants greater than 
14.95 A should crystallize in the centrosymmetric 
space group lm3m, while those with smaller cell 
constants should be noncentrosymmetric in space 
group fft3m. The change in cell constants and sym- 
metry was observed to occur when zeolite Rho was 
undergoing drastic changes in chemical composition 
upon hydration/dehydration (McCusker & Baerlocher, 
1984; Parise, Gier et al., 1984) or upon variation in 
calcination temperature (McCusker, 1984; Fischer et 
al., 1986a). Increasing calcination temperatures result 
in increasing Si/AI ratios. In our case the sample was 
already dehydrated and it had been calcined previously. 
The change from noncentrosymmetric to centrosym- 
metric occurred when we heated the sample from room 
temperature to 623 K in the vanadium can in the 
diffractometer. During diffraction data collection we 
did not realize that a phase transition had taken place 
and therefore we did not check for reversibility. 

* Lists of numerical values corresponding to the data in Figs. 4 
and 5, and observed and calculated intensities for D-Rho/W- 
SS773/RT have been deposited with the British Library Document 
Supply Centre as Supplementary Publication No. SUP 44920 (44 
pp.). Copies may be obtained through The Executive Secretary, 
International Union of Crystallography, 5 Abbey Square, Chester 
CH 1 2HU, England. 

Table 4. Selected interatomic distances (A) and angles 
(o) 

(a) D - R h o - S S 7 7 3 / R T  
Si/AI-O(2) 1.601 (8) O(1)-O(1) 2.638 (6) 105.6 (4) 
Si/A1-O(3) 1.618 (7) O(1)-O(3) 2.643 (5) 108.0 (4) 
S i /AI-O(I )  1.647 (7) O(1)-O(2) 2.646 (5) 108.3 (4) 
Si/AI-O(1) 1.663 (7) 0 (2 ) -0 (3 )  2.656 (5) 111.2 (4) 
Mean 1.632 (7) O(1)-O(3) 2.698 (5) 110.6 (4) 
Estimated mean 1.623 (see text) O(1)-O(2) 2.709 (6) 113.0 (5) 

Al(nf')-O(nf) 1.70 (5) O(nf)-Al(nf)-O(2) ~ 103 (3) 
At(n0-O(2) 1.83 (4) O(n0-At (n0-O(3)  89 (I) (x 2) 
Al(nf')-O(3) 2.59 (3) (x2) O(2)-Al(nf)-O(3) 72 (1) (x2) 
Al(nf')-Si/Al 2.67 (4) ( x 2) O(3)-AI (nf')-O(3) 141 ( 1 ) 
Al(ni0-O(2) 2.68 (4) (x2) Si /AI-O(2)-Si /AI 150. I (6) 
O(nf)-O(2) 2.75 (3) Si /AI-O(3)-Si /AI 147-6 (4) 
O(nO-O(3) 3.08 (3) (x2) S i /AI-O(I ) -S i /AI  140.2 (4) 

S i / A I - O ( I ) - D  109.2 (17) 
S i / A I - O ( I ) - D  108.1 (17) 

(b) D-Rho-SS773 /623  

Sum of angles around O(1) 357.5 

Si/AI-O(2) 1-612 (4) (x2) O(1)-O(2) 2.627 (3) 107.9 (1) (x2) 
S i /AI-O(I )  1.638 (5) (x2) O(1)-O(1) 2.658 (4) 108.5 (3) 
Mean 1.625 (4) 0 (2 ) -0 (2 )  2.669 (4) II 1.8 (2) 
Estimated mean 1.622 (see text) O(1)-O(2) 2.670 (4) 110.5 (2) (× 2) 

Al(nf)-O(nf) 1.61 (5) O(nf')-Al(nt)-O(2) 105 (2) 
Al(nf)--O(2) 1.92 (6) O(nf)-Al(nf)-O(2) 143 (2) 
Al(nf)-O(2) 2.51 (4) (x 2) O(nf)-Al(n0-O(2)  87 (2) 
AI(nI)-Si/AI 2.64 (5) (x2) O(2)-Al(nf)-O(2) 73 (I) (×2) 
Al(nf)-O(2) 2.98 (4) (x 2) O(2)-Al(nf)-O(2) 126 (2) 
O(nt~-O(2) 2.81 (2) (x2) Si /AI-O(2)-Si /AI 152.8 (3) 
O(n£)-O(2) 2.90 (2) Si/AI-O(1)-Si/A1 142.2 (3) 
C s - O ( l )  3-43 (2) (x4) S i / A I - O ( I ) - D  107.8 (2) (x2) 
Cs-O(2)  3.73 (2) (x4) 
Cs-O(1)  4. I0 (4) (x 4) Sum of angles around O( 1 ) 357.8 

(c) D - R h o / W - S S 7 7 3 / R T  
Si/AI-O(2) 1.620 (5) (x2) O(1)-O(2) 2.643 (4) 108.9 (2) (×2) 
S i /AI-O(I )  1.628 (7) (x2) O(1)-O(1) 2.650 (5) 108-9 (3) 
Mean 1.624 (6) 0 (2 ) -0 (2 )  2.612 (4) 107.5 (3) 
Estimated mean 1.622 (see text) O(1)-O(2) 2.682 (5) 111.3 (3) (x2) 

Si /AI-O(2)-Si /AI 150-8 (4) 
Si /AI-O( I)-Si(AI 142.7 (4) 
Si /AI-O( I ) - D  105.2 (4) ( × 2) 

Sum of angles around O(1) 353.1 
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Whatever chemical change took place during heating to 
623 K must have been minor compared to the changes 
upon calcination to 773 K or upon hydration. 

The increase in the cell constant from the non- 
centrosymmetric D-Rho-SS773/RT (14.880/k) to the 
centrosymmetric phase at 623 K (15.062/k) is 0.18 A 
or 1.2%. This gives an indication how flexible the 
framework of this zeolite is. The increase is mostly due 
to the opening up by about 4 ° of the T - O ( 2 ) - T  angle 
in D-Rho-SS773/623 as compared with D-Rho-SS773/ 
RT (Table 4). Interestingly, the addition of water to 
D-Rho-SS773 gave a cell constant 0.02 A smaller than 
in D-Rho-SS773/623 but it stayed centrosymmetric 
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Fig. 4. Observed (crosses) and calculated (line) profile for 
D-Rho-SS773/RT after background subtraction, with difference 
plot underneath, showing the deviations between observed and 
calculated intensities. Tickmarks at the bottom line of the profile 
indicate peak positions. Only the most crowded part of the profile 
is shown. Twelve more peaks at d > 2.6 A are omitted from the 
plot (but were included in the refinement). The profile is drawn 
after background correction, thus the figure does not show the 
contribution of the background. 

q 
g 

o. 
o 
O 
c o  

(/3 p - q  
z g  
~ e q  
O n 
C) o 

t D  

inl! | :~!l l l : j l i l l l l l l l l l l l l l l l l l l l l l l  ii1!1 I l h l l ~ l l  I I I  ! , '  ' , . : :, ! I ': ' I I I 

. . . .  i . . . .  i . . . .  i . . . .  ~ . . . .  i . . . .  r . . . .  i . . . .  

0 . 9 5 1  1 . 1 5 6  1 . 5 6 1  1 . 5 6 6  1 . 7 7 1  1 . 9 7 6  2 . 1 8 1  2 . 3 8 6  2 . 5 9 1  

d SPACING (~) 

Fig.  5. O b s e r v e d  (c rosses )  a n d  c a l c u l a t e d  ( l ine)  prof i le  for  
D - R h o - S S 7 7 3 / 6 2 3 .  F o r  e x p l a n a t i o n s  see Fig.  4. 

Table 5. Summary of results from physical and 
chemical characterization of D-Rho-SS773 and the 

precursor NH4-Rho 

Quanti ty  Method NH4-Rho D-Rho-SS773 
Al(fr) (per unit cell) 29Si NMR 12 6 u 

:~AI NMR 12 n 0.8 ° 
A l ( n f )  ( p e r  u n i t  c e l l )  2 ~ S i  N M R  - -  6 ~ 

:TA1 NMR - -  0-5 ~ 
Neutron diffraction - -  6.8 (5) 

H" (per unit cell) tH NMR 45 7 
MeOH capacity (relative) Sorption 100% 89% 

Notes: (a) Samples rehydrated over saturated ammonium chloride solution. 
(b) The difference between zgsi N M R  results before and after calcination. (c) 
In protonated, dehydrated samples. (d) The estimated error is 10%. 
Chemical  analysis indicates ~ 11 A1 atoms per unit cell. 

while T - O ( 2 ) - T  was reduced by 2 ° relative to the 
dehydrated form. 

Sorption, infrared and NMR spectroscopy 

The sorption, infrared spectroscopy and nuclear 
magnetic resonance spectroscopy results provide a 
chemical characterization of the samples which is useful 
in understanding the structural results. 

Shallow-bed calcination in the presence of steam 
results in extensive dealumination of the zeolite 
framework. Many of the 11 A1 atoms per unit cell 
originally in the framework of these zeolites are not 
observed by 29Si or 27A1 NMR in hydrated D-Rho after 
calcination (Table 5). The Al per unit cell value from 
the 295i NMR results (Table 5) shows that only about 
55% of the AI atoms remain associated with framework 
Si atoms in D-Rho/W-SS773. The A1 per unit cell value 
from ZTAl NMR is even lower, 7% for D-Rho-SS773. 
Most of the remaining A1 atoms in hydrated D-Rho are 
in sites where the local symmetry is so greatly distorted 
that the 27A1 peaks are broadened to the point that they 
are not observable. The magnitude of the electric 
quadrupolar interaction constant increases with the 
geometric deviation from tetrahedral symmetry, caus- 
ing this effect (Ghose & Tsang, 1973). 

The NMR results clearly indicate an extensive 
dealumination of the framework. They do not give 
direct information on the dealumination process, but 
the following models have been considered: 

(a) The vacancies created at the dealuminated T sites 
are filled by Si atoms that have migrated from other 
regions of the zeolite. The total number of T sites is then 
48 and an Si:A1 ratio of seven corresponds to six 
framework A1 atoms per unit cell. 

(b) The aluminosilicate framework could also be 
restored by a rearrangement of S i - O - S i  linkages, 
without long-range migration of atomic species. In that 
case the number of Si atoms per unit cell remains equal 
to that before the hydrothermal treatment, and the 
number of A1 atoms contained in the framework is 
36/7 ~ 5 per unit cell. 

(c) Some of the nonframework A1 species are still 
connected with one or two oxygen bridges to Si atoms 
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in the framework. In this case the Si : AI ratio cannot be 
derived rigorously from the 295i peak intensities, as was 
discussed in our paper on ZK-5 (Fischer et al., 1986b). 

We believe that the remarkably high degree of 
resolution in the 295i spectrum supports the model of a 
restored Rho crystal structure with full site occupancy. 
A rearranged topology would have introduced a highly 
distorted crystal structure with a wide distribution of 
T - O - T  angles which would be detected as wide 
distributions in the 29Si chemical shifts. In addition, the 
success of the diffraction data refinement shows that we 
are dealing with a reasonably well crystallized zeolite 
sample. This supports model (a) where the vacancies 
are replaced by migrated silicon. 

The location of the AI atoms after calcination can be 
partially inferred from the 29Si and 27A1 NMR results 
(Table 5): 

(a) The A1 atoms observed by 2VA1 NMR are still in 
high-symmetry framework sites. 

(b) The AI atoms observed by 29Si NMR as attached 
to Si atoms (by oxygen bridges) but not observed by 
27A1 NMR (~5 AI atoms per unit cell) are either in 
framework sites of distorted symmetry or are outside 
the framework but still attached to framework Si atoms. 

(c) AI atoms not observed by 299i NMR but 
determined by the chemical analysis consequently must 
be either further removed from the framework or 
completely disconnected from it. They may be attached 
via bridging O atoms to the A1 atoms outside the 
framework (but attached through bridging O atoms to 
framework Si atoms) or they may be present as a 
second phase. 

The positions of the hydroxyl peaks in the infrared 
spectra (Fig. 1) and the proton NMR spectra (Fig. 2) 
are different from the peaks observed for the vacuum- 
calcined and shallow-bed dry-calcined precursor 
material. These precursor materials have strong single 
peaks at 3610 cm -~ in the infrared as noted previously 
(Jacobs & Mortier, 1982) and at 4.0 p.p.m, in the ~H 
NMR. This 4.0 p.p.m. ~H NMR peak has been 
identified with acidic bridging hydroxyls (Freude, 
Fr6hlich, Pfeifer & Scheler, 1983; Freude, Fr6hlich, 
Hunger, Pfeifer & Scheler, 1983). In H-Rho-SS773 the 
hydroxyl peak located at 3640 cm -~ is associated with 
a weakly acidic bridging hydroxyl and with the ~H 
NMR peak at 2.1 p.p.m. As far as we are aware, this is 
the first reported instance of a weakly acidic bridging 
hydroxyl group (Mortier et al., 1984). 

Calcination decreased the methanol sorption 
capacity of D-Rho-SS773 only slightly to 89% of that 
expected for H-Rho. A reduction of the sorption 
capacity by 5-10% is believed to result from the 
amorphitization of the chabazite impurity. Any further 
reduction is likely to be due to a partial destruction of 
the Rho phase or to a partial blocking of the zeolitic 
channels by the aluminium removed from the 
framework. In the latter case it is not apparent that 

simple displacement of aluminium atoms from their 
framework positions would result in a net decrease in 
volume. 

Framework  

Previous refinements of zeolites Rho and ZK-5 
(Fischer et al., 1986a,b) have shown an excellent 
agreement of the observed mean bond lengths T - O  
[where T stands for (Si,AI)] with expected values 
estimated from empirical equations for the S i -O bond 
length and from the AI content as obtained from MAS 
NMR. The same is true here (see Table 4). For the 
mean S i -O  bond length we use an empirical equation 
[equation (8) from Baur (1978)1: 

(Si-O)mea n = (1.554 + 0"034NSECM 

+ 0.0045CNM)/~,, 

where NSECM is the mean value per tetrahedron of the 
negative secant of the angle S i - O - S i  or S i -O-A1,  and 
CNM is the mean coordination number of all O atoms 
in the tetrahedron. Taking a value of 2 for CNM and 
using the (Si,AI)-O-(Si,AI) angles from Table 4 and 
an AI content of six AI atoms per unit cell we estimate 
values of about 1.622 ,& for T - O  (Table 4). In this it is 
assumed that the mean A1-O bond length for a 
tetrahedron in which all O atoms are shared with 
neighbouring A104 or SiO 4 tetrahedra is 1.746 A (Baur 
& Ohta, 1982). The largest difference between ob- 
served and estimated mean T - O  bond lengths is only 
slightly larger than one e.s.d, of an observed mean T - O  
distance. Inasmuch as we can view, to a first approxi- 
mation, the values of T - O  in the three refinements as 
independent measurements of the same quantity, we 
really should compare the grand mean value of T - O  of 
1.627 A with the estimated value of 1.622 A. Consider- 
ing the probable errors in the observed and estimated 
T - O  values the agreement is good. 

Of special interest is the systematic variation of the 
mean observed T - O  distances as a function of the 
status of the refinement. Before the background 
correction the mean T - O  distances were on average 
0-007 A longer when compared with the same values 
obtained in the refinement after the background was 
properly taken care of (Table 2). Upon addition of the 
nonframework atoms to the model [D, Al(nf), O(nf) 
and/or Cs] the mean observed T - O  distances were 
reduced on average by another 0.005 A. Since this 
occurred in all three refinements it must be a real effect. 
This shows the dependence of the framework geometry 
on the nonframework atoms. As long as a model is still 
incomplete the refined partial structure might not reflect 
the real geometry. Unfortunately it is difficult to 
determine whether or not the model is complete. 

We could not find in our structure analyses any 
evidence for the partial destruction of the framework 
upon dealumination as reported by Mortier (1983) for a 
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Table 6. Geometries (A, °) of  bridging OH groups attached to Si and AI atoms 

T stands for  (Si,AI); ~ is the sum o f  the T - O - - T  and T - O - H  (or T - O - D )  angles a round  the br idging O atoms.  The  average  values are 
taken only over the more precise values from the three zeolite Rho refinements. 

H~2NaCaAI55SimO384 (H-Y) 

La-Y 
D-Rho-SS773/RT 

D-Rho-SS773/623 
D-Rho/W-SS773/RT 
Average 
Quantum chemical esumate 

O - D  T - O  T - O - D  T - O - T  T - D  3- Ref. 
0.7 (3) 1.60 (5) 106 (20) 147 (3) 1.9 (3) 359 a 
0.98(15) 1.64(5) 112(4) 130(3) 2.20(12) 354 a 
1.2 Not given b 
1.008 (37) 1.663 (7) 108.1 (17) 140.2 (4) 2.20 (3) 357.5 This work 

1.647 (7) 109.2 (17) 2.20 (3) 
0.955 (21) 1.638 (5) 107.8 (2) 142.2 (3) 2-13 (3) 357.8 This work 
0.986 (23) 1.628 (7) 105.2 (4) 142.7 (4) 2. I 1 (2) 353.1 This work 
0.98 1.644 107.6 141.7 2.16 356.1 
0.96 1.68 (1) 111.5 (20) 139.1 2.22 359.9 c 

References: (a) Jir/tk et al. (1980). (b) Cheetham et aL (1984). H was located in a difference Fourier map, but not 
refined. Neither coordinates nor chemical composition are given. (c) Mortier et al. (1984). 

dehydrated sodium/ammonium-exchanged stilbite. The 
grid search showed some very weak peaks close to 0(2)  
at distances of about 0.4 to 0.6 A. This might indicate 
irregularities around O(2), but the distances are too 
short for interpretation as inverted tetrahedra 
analogous to those found by Mortier (1983) in stilbite. 

Hydroxyl  groups 

Although the hydroxyl group bridges two T atoms, 
we cannot state from the diffraction evidence whether 
the two T are (AI,A1), (AI,Si), or (Si,Si). Hydroxyl 
groups bridging Si and A1 atoms are assumed to occur 
in zeolites and are probably present in H-Rho-SS773. 
An OH group bridging two AI is contrary to 
Loewenstein's rule (Loewenstein, 1954) but that rule 
was formulated for compounds without OH groups. 
The sum of the bond strengths (Po) at the O atom of an 
OH group would be 2-33 valence units (v.u.) when 
bonded to two tetrahedrally coordinated AI atoms, 2.58 
v.u. when bonded to one AI and one Si neighbor and 
finally 2.83 v.u. when coordinated to two Si atoms 
(Baur, 1970). Bond-strength sums higher than that have 
been observed even in stable structures (Baur, 1970); 
however, the smaller the deviation from 2 (correspond- 
ing to the formal charge of the O atom) the more likely 
such an arrangement is. An OH group bridging 2 AI has 
been observed in A1PO4-21 (Parise & Day, 1985), but 
the A1 atoms are five-coordinated in this case, with 
Po -- 2.03 v.u. for the bridging O atom. However, such 
bond-strength considerations do not prove the existence 
of an A1-OH--A1 bridge. 

The results of the structure refinement of D-Rho- 
SS773/RT and D-Rho/W-SS773/RT confirmed what 
has been found in D-Rho-SS773/623 (Fischer et al., 
1987). The hydroxyl groups exhibit an almost planar 
geometry together with the T atoms; the sum of the 
angles around the bridging oxygen is close to 360 ° 
(Table 6). The T - D  distances range from 2.11 to 
2.20 A. This might seem to be very short, but given an 
O--D distance of 0.98 ]~, the distance T--D cannot be 
any longer. The T - D  distance is determined by the 
value of the angle T--O--T. If hydroxyl groups bridged 

the two T atoms making an angle T - O - T  larger than 
the 142 ° observed here, the T - D  distance would be 
even shorter. The mean values for O - D ,  T - O - D  and 
T - D  observed in Rho are very close to the estimate 
provided by Mortier et al. (1984) on the basis of 
quantum chemical calculations (Table 6). That estimate 
was made for a hydroxyl group bridging between A1 
and Si. Therefore, our observed values are not strictly 
comparable with that estimate, since what we have 
observed is the random superposition of S i - O - S i  
bridges with assumed S i -OH-A1  or A1-OH-A1 and 
S i - O - A I  bridges. Our crystal structure refinement 
yielded positions for the centroids of the superposition 
of these various atoms and therefore the mean T - O  
distance observed by us is much shorter than the value 
given by Mortier et al. (1984) in their estimate for the 
S i -O bond. The position of the D atoms of the bridging 
hydroxyl groups found here corresponds to what we 
would find if we calculated it on the basis of 
electrostatic energy minima (Baur, 1965, 1972). 

The bond lengths T-O(1)  are consistently longer 
than the T-O(2)  bond lengths. This is in keeping with 
the assumption that the OD groups are concentrated in 
the O(1) position. However, a quantitative estimate of 
the bond-length difference between T-O(1)  and T -  
0(2), based on bond-strength considerations (Baur, 
1970) shows that T-O(1)  should be at most only 
0.01 A longer than T-O(2).  This is mainly because 
only 12 of the 96 T-O(1)  bonds per unit cell can be 
T - O D  bonds (given six AI atoms per unit cell). Since 
T-O(1)  exceeds T-O(2)  by 0.046 A in D-Rho-SS773/ 
RT and by 0.026 A in D-Rho-SS773/623 we must 
suspect that other nonframework species bond to O(1) 
as well. Only in the hydrated form (D-Rho/W-SS773/ 
RT) is T-O(1)  minus T-O(2)  (0.008 A) of the right 
magnitude. The AIO species are separated from the 
framework by the water molecules and the bond lengths 
within the framework are influenced only by the OD 
groups. 

It is very unlikely that what we see as a bridging OD 
group is in fact a statistical overlap of terminal OD 
groups. If this were the case the T-O(1)  distance would 
have to be shorter than the T-O(2)  distance, but the 
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opposite is true. Also we would then expect the 
temperature factor of atom O(1) to be large. In fact in 
the two centrosymmetric structures (D-Rho/W-SS773/ 
RT and D-Rho-SS773/623) the temperature factors of 
O(1) are smaller than those of 0(2).  Similarly, in the 
noncentrosymmetric structure (D-Rho-SS773/RT) 
0(2)  has a large value of B 11.5 (1) A21, while O(1) and 
0(3)  have values of 0.9 (1) and 0.8 (1) A 2 respectively. 

There are many experimental data for terminal 
hydroxyl groups in silicates (Table 7), but none of them 
are zeolites. Sixteen single-crystal structure deter- 
minations of silicates, three of them by neutron 
diffraction, have established the geometry of the 
arrangement well. Interestingly enough, the mean 
values for all the structure determinations by X-rays are 
close to the mean values from the neutron diffraction 
refinements. The grand mean experimental values agree 
well with the quantum chemical estimate of Mortier et 
al. (1984). Only the estimated value for the S i -O 
distance is a little too short. However, the prediction 
that the S i - O - H  angle should be larger for terminal 
hydroxyls than for bridging hydroxyls is borne out. 
These experimental data for the geometry of terminal 
hydroxyl groups will become useful for comparative 
purposes if a zeolite structure displaying terminal 
hydroxyl groups is determined. 

Caesium atoms 

Caesium placed on 0.455,0,0 in D-Rho-SS773/623 
was refined to an occupancy approximately twice as 
large as the Cs content determined in the wet chemical 
analysis. Inasmuch as the temperature factor of this 
position was held constant in the refinement there is an 
unknown systematic error in the occupancy factor. 

Table 7. Geometries (A, °) of  terminal OH groups 
attached to Si atoms 

When no e.s.d, is stated the H-atom parameters were not varied in 
the least-squares refinement. In the averaging of the S i - O  distances 
all values were given unit weight. In the averaging of values 
involving H (or D) all neutron diffraction results (N) were given the 
same weight as all the X-ray diffraction results (X). 

O - H  
BaSi20~(OH)v2H20 1.05 

1.05 
Na2H2SiO4.5H20 0.952 (13) 

0.933 (I I) 
Na3HSiO4.5H20 1.07 (5) 
NaCaHSiO** 1-00 
Na2AISi~OsOH 0.97 (4) 
Ca~H2Si2Os.2H?O 1.19 
Na2H2SiO~.7H20 0.66 (8) 

0.92 (9) 
Ca~Si3Os(OH) 2 0.75 (5) 

0.99 (3) 
NaCa~Si3OsOH 1.06 (3) 
Mn4AsSijO~2OH 0.99 
N%HSiO4.2H~O 0-97 (3) 
NajHSiO4.2H20(HT) 0-88 
CaMn4(Si~Oj4OH)- 0.88 

OH.H20 

S i - O  S i - O - H  
-625 (7) 12 
-643 (7) 16 
• 701 (7) 18.6 (9) 
• 675 (6) 22.0 (9) 
• 677 (3) 25 (3) 
• 689 (22) II 
• 627 (2) 14 (3) 
• 674 (2) 105 
-686 (5) 114 (8) 
• 642 (5) 114 (7) 
• 648(1) 111(3) 
• 670 (2) I I I  (2) 
- 6 2 6 ( I )  I ] 2 ( 2 )  
• 650 (6 )  121 
• 703 (2 )  1 1 2 ( I )  
-685 (3) 122 
• 624 (2) 116 

Si-H Method Ref. 
2.24 X a 
2.31 X a 
2.313(11) N b 
2.3O9 (I 1) N b 
2.44 (5) X c 
2.26 X d 
2.21 (4) X e 
2.30 X f 
2.05 (8) X g 
2.18 (4) X g 
2.04 (5) X h 
2.23 (4) x /i 
2.25 (4) X i 
2.32 X j 
2.26 (3) X k 
2.27 X l 
2.14 X m 

Mn6VSi~O~sOH 0.98 1.669 
Na2D2SiO4.8D20 0.977 (3) 1.672 
NarH2SiO,.4H20 1.000 (2) 1.668 

0.990 (2) 1.656 
Average 0.97 1.663 
Quantum chemical 0.95 1-63 

estimate 

(4) 100 2.08 X n 
(3) 111.9(2) 2.230 (3) N o 
(1) 116-3(2) 2.293(2) N p 
(1) 118.3(1) 2-296(2) N p 

115.8 2-256 
115 (2) q 

References: (a) Coda, Dal Negro & Rossi (1967). (b) Williams & Dent 
Glasser (1971). (c) Smolin, Shepelev & Butikova (1973). (d) Cooksley & 
Taylor (1974). (e) Rossi, Tazzoli & Ungaretti (1974). ( f)  Malik & Jeffery 
(1976). (g) Dent Glasser & Jamieson (1976). (h) Wan, Ghose & Gibbs 
(1977). (i) Tak+uchi & Kudoh (1977). (j) Gramaccioli, Pilati & Liborio 
(1979). (k) Schmid, Huttner & Felsche (1979). ( / )Schmid,  Szolnai, Felsche 
& Huttner  (1981). (m) Ohashi  & Finger (1981). (n) Gramaccioli, Liborio & 
Pilati (1981). (o) Schmid, Felsche & Mclntyre (1984). (p) Schmid, Felsche & 
Mclntyre (1985). (q) Mortier et aL (1984). 

* This crystal structure was refined by Cooksley & Taylor (1974) in space 
group P21. The correct space group is more likely to be centrosymmetric: 
P2~/m (cf. Baur & Til lmanns,  1986). 

Non framework aluminium species 

The first to report the presence of nonframework 
aluminium in a dealuminated zeolite on the basis of 
diffraction data were Maher et al. (1971) in an X-ray 
powder study of dealuminated zeolite Y. Pluth & Smith 
(1982) reported NFA on the basis of a single-crystal 
X-ray study of dehydrated Sr-exchanged zeolite A. 
Parise, Corbin et al. (1984) found NFA in a neutron 
powder diffraction study of a dealuminated zeolite Y. In 
all these cases the nonframework AI atoms were located 
in tetrahedral coordination inside the sodalite cages of 
the zeolite. Shannon et al. (1985) determined NFA in a 
boehmite-like species in the supercages of dehydroxyl- 
ated zeolite H-Y. This was based on radial distributiofi 
studies. Fischer et al. (1986a,b) found some indication 
for M - O - O H  clusters in the a cage of zeolite D-Rho 
and the y cage of zeolite D-ZK5, both calcined under 
deep-bed conditions. Further discussion of potential 
highly condensed aluminium species in zeolites is found 
in Fischer et al. (1986a,b). Nonframework aluminium 
species could be determined in the dehydrated samples 

at room temperature and at 623 K. In the hydrated 
form only deuterium could be detected, which might be 
a result of the fact that the aluminium species are 
amorphitized upon hydration. 

In D-Rho-SS773/623 the Al(nf) atom has as its next 
neighbors O(nf) at 1.61 (5)A and 0(2)  at 1.92 (5)A. 
A very distorted tetrahedral coordination is completed 
by two additional 0(2)  atoms at 2.51 (4)A. There are 
two more 0(2)  neighbors at 2.98 (4)A. If we count 
these as coordinating contacts we get an approximately 
octahedral coordination or alternatively, an AIO ÷ 
group weakly bonded to 0(2)  of the single six- 
membered ring. The surroundings of Al(nf) in D- 
Rho-SS773/RT are similar to those in D-Rho-SS773/ 
623 (Table 4). Here as well, we see essentially only an 
A10 ÷ molecule which is weakly bonded to O atoms of 
the framework. The mean bond lengths Al(nf)-O are 
too long for either an octahedral or a tetrahedral 
environment and the nonframework AI atoms are 
severely underbonded. On the other hand, the Al(nf) 
site is not fully occupied and the coordination poly- 
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hedron of O atoms around it is very distorted. Both 
these effects tend to increase the apparent mean 
cation-anion distance (Shannon, 1976). 

Within experimental error, framework charge 
balance in D-Rho-SS773 is achieved by the D + ions; 
therefore, the NFA species must be neutral. The 
deposition of the n e u t r a l  NFA species A120 3 and 
AI203.xH20 in the secondary pores of thermally 
dealuminated zeolite Y was also assumed by Freude, 
Fr6hlich, Hunger et  al.  (1983) and Gross, Lohse, 
Engelhardt, Richter & Patzelova (1984), respectively. 
The fact that we assigned the positions to AI and O 
does not necessarily contradict the assumptions made 
for the neutrality of the species. The refinement of the 
nonframework atom positions is extremely affected by 
the low occupancies, and it is dependent on the 
symmetry restrictions of the space group; i.e. an offset 
from the mirror plane x x z  would allow the theoretical 
extension of the A10 ÷ to a larger molecule, but the 
refinement did not converge owing to high correlations 
between the positional parameters. Therefore the 
standard deviations of the nonframework atom coordi- 
nates are not significant and we have to accept a 
tolerance of at least 0.5 A for the A1-O positions. 

Neutrality can be achieved in various ways: 
(a) The A10 might be part of a larger, neutral 

molecule, which is invisible to us because the missing 
part is more disordered than the one end which we see 
bonded to the framework. 

(b) The positive charge of the AIO ÷ could be 
compensated by an A10~ ion which could not be 
determined in the structure analysis. 

(c) A10 ÷ and AlOe- are more or less randomly 
distributed and only two average positions could be 
determined. 

Provided that aluminium is present as AI 3+ with a 
total of six atoms per unit cell as given by NMR (Table 
5), the charge balance could be satisfied most simply by 
either neutral A120 3 molecules or by a combination of 
three A10 + with three AlOe-. Such low-condensed AIO 
species have not been observed in the solid state. 
However, the formation of a charged AIO + molecule 
has been proposed for a Cu-Y zeolite (Jacobs & Beyer, 
1979). Geometrical data on isolated AIO molecules can 
be found in studies of gaseous AI20, AIO and A10 2, 
which are known to be the predominant species present 
upon evaporation of AI203 (Bares, Haak & Nibler, 
1985; Sonchik, Andrews & Carlson, 1983). Though the 
vapor species are not directly comparable with the 
nonframework species in zeolites, they are the only 
source of geometrical information on isolated 
aluminium oxygen molecules. 

(a) A1204+: proposed A1-O distances are 1.66/~, 
(Linevsky, White & Mann, 1964), 1.73 A (Ivanov, 
Tolmachev, Ezhov, Spiridonov & Rambidi, 1973; 
Tolmachev & Rambidi, 1973) and 1.87/~ (Woolley, 
1959), with an A1-O-A1 angle of ~ 115 ° 

(b) A10÷: 1.6176ik (Herzberg, 1950), 1.618A 
(Woolley, Lide & Evans, 1959). 

(c) AlOe-: the molecule has been observed by Farber 
& Srivastava (1976), Farber, Srivastava & Uy (1971), 
Srivastava, Uy & Farber (1972), Persson, Frech & 
Cedergren (1977) and Rogowski, English & Fontijn 
(1986), but there are no reported interatomic distances. 
However, the molecule is expected to be linear as stated 
in a review of AIO compounds by Carty (1975). 

(d) A1203: the single molecule is most likely similar to 
A120, but with terminal oxygen at each end. An isolated 
AI20 3 molecule should be V shaped with a bridging O 
atom, O(br), at the apex of the V and the two straight 
sections O(br) -AI-O(ter )  making an angle of 148 ° 
with each other (Gibbs, 1985, personal communi- 
cation). Both the bond A1-O(br) and the distance from 
the AI atom to the terminal O atom, O(ter), should be 
close to 1.6 A. 

Further evidence for the nature of the aluminium 
species in zeolite Rho is needed to decide on the 
configuration actually present in partly dealuminated 
Rho and whether or not the molecular groups found in 
this work are part of a larger molecule. In Fig. 6 we 
show a possible distribution of the nonframework 
atoms consisting of one Cs atom, six D atoms and six 
AI -O  groups over the unit cell. The positions have been 
chosen to give sufficiently long interatomic distances 
(more than 4 A). Except for this criterion the choice is 
arbitrary. 

It is not clear what effect the NFA has on the 
bridging OH but its proximity to the OH group in the 

Fig. 6. Projection of the crystal structure of D-Rho-SS773/623 
parallel to (111) from -0.5 to 1.5 in all crystallographic 
directions in polyhedral representation. The outline of the unit 
cell is indicated. A projection parallel to (I00) is given in Fischer 
et al. (1987). The smallest circles represent D atoms bonded to 
O(1), the medium-sized circles correspond to the Al(nt3 atoms, 
the largest circles to the O atoms, O(nf). Only six of each are 
shown, see text. Four out of six D atoms are hidden by 
tetrahedra. 
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eight-membered ring may be responsible for the 
unusually low acidity of this group. 

Conclusions 

Provided that the irregular background is properly 
treated, neutron powder diffraction of a hydrogenated 
and dealuminated zeolite Rho gives precise information 
on bridging hydroxyl groups, and some indication for 
the presence of nonframework aluminium species 
formed upon dealumination. The results of this work 
regarding the nonframework aluminium species are 
tentative. However, some conclusions emerge clearly. 
The overall charge of the species must be neutral, as 
evidenced by NMR and diffraction results which both 
show all available D ÷ ions attached to the framework. 
Because of the relatively long T-O(1)  distances it has 
to be assumed that the other nonframework atoms are 
also bonded to O(1). These additional atoms could not 
be located in the structure analyses, but might be 
present as part of a bigger molecule blocking the large 
channels through the double eight-membered rings. 
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Abstract 

Two neutron data sets, which had been analyzed 
separately to determine the H-atom positions in H3PO 4 
crystals [Cole (1966). PhD Thesis, Univ. of Washing- 
ton, Pullman, USA], have been re-analyzed in a 
joint refinement, fitting separate scale and extinction 
parameters for each data set, in order to obtain more 
precise positional and vibrational parameters. The new 
refinement gave R(F) -- 0.036 for the combined 743 
data. For the new results, and for six other H3PO 4 
molecules from four other, different crystal structures, 
thermal vibration analyses have been performed, and 
the molecular structures, thermal vibrations and 
hydrogen-bonding effects are compared. The rigid-body 
model is found to be better than the riding model for the 
PO 4 groups. The P - O H  bond lengths are markedly 
affected by hydrogen bonding, but seem to be indepen- 
dent of O = P - O - H  conformation. These effects are 
interpreted in terms of the P - O  partial double-bond 
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character. Crystal data (Cole, 1966): anhydrous 
orthophosphoric acid, H3PO4, M,  = 98.00, room tem- 
perature, P21/c, a = 5 . 7 7 9 ( 9 ) ,  b = 4 . 8 2 6 ( 4 ) ,  c =  
11.606 (40) A, f l =  95.26 (18) ° , V =  322.3 (20) A 3, 
Z = 4 ,  D x = 2 . 0 1 9 m g m m  -3, / ~ = 0 . 1 6 8 7 m m  -~ for 
neutrons with 2 = 1.450 ,/k. 

Introduction 

The general features of the H3PO 4 crystal structure 
were worked out from two-dimensional X-ray data by 
Smith, Brown & Lehr (1955) and, independently, by 
Furberg (1955). The H-atom positions were determined 
from three-dimensional neutron data by Cole (1966) 
[see also Cole & Peterson (1964)]. 

Cole (1966) carried out separate structure refine- 
ments against two neutron data sets measured at 
different wavelengths. One refinement, against 482 data 
with (sin0max)/2 = 0"56 A -I at 2 = 1.450 A, gave R 
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