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The crystal structure of silicalite (SiO2) with a substantial

amount of structural hydroxyl groups [Si(1ÿx)O(2ÿ4x)(OH)4x,

with 0.08 < x < 0.10] has been re®ned from neutron powder

diffraction data measured using the HRPD instrument at the

ISIS pulsed neutron source. Powder data were collected on the

as-synthesized orthorhombic sample at 298 K, and on the

deuterated monoclinic sample at 100 K. Preferential location

of Si-atom vacancies was found on four out of 12 independent

T sites in the orthorhombic silicalite [Si(6), Si(7), Si(10) and

Si(11)], although the H atoms of the substituting hydroxyl

groups could not be located because of the low statistical site

occupancy on multiple sites. No signi®cant population of D

atoms or of Si vacancies was found in the tetrahedral sites of

the monoclinic sample. The detected long-range order of

adjacent Si atoms in defective orthorhombic [MFI] structures

is compatible with a mechanism of Si vacancy clustering and

with the model of hydroxyl nests assumed in the literature on

the basis of IR spectroscopic evidence. Crystal data:

orthorhombic, Pnma, Z = 8, a = 20.0511 (1), b = 19.8757 (1),

c = 13.36823 (9) AÊ , V = 5327.62 (5) AÊ 3, Dx = 1.798 g cmÿ3, Mr =

721.01; monoclinic, P21/n, Z = 4, a = 19.8352 (2), b =

20.0903 (2), c = 13.3588 (1) AÊ , � = 90.892 (1)�, V =

5322.78 (6) AÊ 3, Dx = 1.799 g cmÿ3, Mr = 1442.02.
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1. Introduction

Silicalite, synthesized ®rst by the Union Carbide group

(Flaningen et al., 1978), is an aluminium-free zeolite,

belonging to the structure type MFI in the IUPAC nomen-

clature (Szostak, 1989; Meier et al., 1996). It shows a three-

dimensional pore system consisting of two intersecting sets of

tubular channels: a linear one parallel to the [010] direction

having openings of 5.4 � 5.6 AÊ , and a sinusoidal one parallel

to the [100] direction with openings of 5.1 � 5.5 AÊ (Kokotailo

et al., 1978; Olson et al., 1981). Both channels are de®ned by

ten-membered rings of SiO4 tetrahedra.

Its discovery has opened the possibility of creating a great

number of new microporous materials. Besides the interest

from a crystallographic and mineralogical point of view (a

recently discovered natural zeolite, mutinaite, has the MFI

topology; Vezzalini et al., 1997), the MFI-type materials have

shown a tremendous impact as new shape-selective industrial

catalysts having tunable acidic strength. In fact, the isomor-

phous substitution of Si by other tetrahedrally coordinated

elements such as BIII (Coudurier et al., 1987), AlIII (ZSM-5;

Kokotailo et al., 1978), TiIV (Ti-silicalite or TS-1; Bordiga,

Coluccia et al., 1994; Taramasso et al., 1983; Scarano et al.,

1993; Tozzola et al., 1998; Zecchina et al., 1996), FeIII (Bordiga

et al., 1996; Geobaldo et al., 1996; Szostak & Thomas, 1986)



and GaIII (Otero AreaÂn et al., 1996; Bayese et al., 1992; Liu &

Klinowski, 1992) in a small amount (1±3 wt%) provides new

materials showing speci®c catalytic properties in oxidation and

hydroxylation reactions related to the coordination state of

the heteroatom. Moreover, when trivalent metals are present

in T sites, the zeolite framework has a net negative charge

which can be balanced by a number of bridged Si(OH)MIII

protons (M = B, Al, Fe, Ga), effectively yielding microporous

solids with Brùnsted acidity. Since the acidic strength of the

OH group depends upon the nature of the trivalent

heteroatom, the choice of MIII critically affects the acidic

strength of the zeolite material (Al > Fe � Ga >> B; Chu &

Chang, 1985).

Silicalite itself exhibits a very low acidic behaviour and it

has a proven selective ability to catalyze reactions occurring

only under very mild conditions, preventing the formation of

undesired side products (such as the coking process). The

nature of the low acidic property of silicalite is attributed to

the presence of internal defects: the lack of one or more

adjacent Si atoms is balanced by the presence of hydroxylated

nano-cavities in the framework, also referred to as hydroxyl

nests (Zecchina, Bordiga, Spoto, Marchese, Petrini, Leofanti

& Padovan, 1992; Zecchina, Bordiga, Spoto, Scarano et al.,

1992; Zecchina, Bordiga, Spoto, Marchese, Petrini, Leofanti,

Padovan & Otero AreaÁn, 1992; Marra et al., 1994), as shown in

Fig. 1. In this respect, silicalites synthesized following the

EniChem patent for TS-1 (Taramasso et al., 1983) in the

absence of TiO2 show a much lower level of Na, Al impurity

species and a higher OH defect density (Marra et al., 1994;

Zecchina, Bordiga, Spoto, Marchese, Petrini, Leofanti &

Padovan, 1992; Zecchina, Bordiga, Spoto, Scarano et al., 1992;

Zecchina, Bordiga, Spoto, Marchese, Petrini, Leofanti,

Padovan & Otero AreaÁn, 1992) than silicalites synthesized

following the original patent (Flaningen et al., 1978). The

absence of impurities and the presence of internal hydroxyl

nests has consequences on the long-range structural order,

since the calcined samples show orthorhombic symmetry if

prepared as described by Zecchina, Bordiga, Spoto, Marchese,

Petrini, Leofanti & Padovan (1992) and monoclinic symmetry

if prepared following the original recipe (Flaningen et al.,

1978). Moreover, the two products show remarkable differ-

ences in the crystal size, the former yielding a high-surface-

area powder with grains in the 220±260 nm range, whereas the

latter has grains in the 2000±3500 nm interval, as determined

by high-resolution transmission electron microscopy

(Zecchina, Bordiga, Spoto, Scarano et al., 1992).

The detailed crystal structural and chemical role of OH

groups in silicalite is still debated, although it is known that

their presence dramatically improves the framework interac-

tion with guest molecules and increases the absorption capa-

city. The interest of defective silicalites in catalysis is due to the

presence of internal silanol groups. Models for the location

and clustering of the hydroxyl groups in silicalite have been

proposed on the basis of spectroscopic (IR) and volumetric

observations complemented by molecular dynamics simula-

tions (Zecchina, Bordiga, Spoto, Marchese, Petrini, Leofanti

& Padovan, 1992; Zecchina, Bordiga, Spoto, Scarano et al.,

1992; Zecchina, Bordiga, Spoto, Marchese, Petrini, Leofanti,

Padovan & Otero AreaÁn, 1992; Bordiga, Ricchiardi et al.,

1994; Marra et al., 1994). These studies have provided

evidence that the presence of isolated Si vacancies alone is not

able to explain the increased adsorption capabilities of this

silicalite and the lack of two or more adjacent T sites must be

assumed. The IR experimental evidence indicates that internal

OH have a slightly higher acidity compared with external

silanols and that a considerable fraction of protons are

involved in weak hydrogen bonds, resulting in the formation

of hydroxyl nests.

In the present study the long-range ordering of such

internal defects is investigated to check whether the Si atom

vacancies occur randomly over the crystallographically inde-

pendent tetrahedral sites of the MFI framework, or whether

there are preferential defective tetrahedral sites. The issue has

implications in the structural interpretation of the nature of

the low-strength acidic sites in these important catalyst

materials, especially because metal-substituted silicalites also

show a certain degree of MOH defects (M = Al, Ti, Fe, Ga), as

observed on ZSM-5 (Vedrine et al., 1979; Dessau et al., 1987;

Hunger et al., 1987; Zecchina, Bordiga, Spoto, Marchese,

Petrini, Leofanti, Padovan & Otero AreaÁn, 1992), on TS-1

(Zecchina et al., 1991; Lamberti et al., 1998; Bolis et al.,

1999a,b; Le Noc et al., 1996), on Fe-silicalite (Geobaldo et al.,

1996) and Ga-silicalite (Bayese et al., 1992; Liu & Klinowski,

1992). In the cited works the presence of a signi®cant amount
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Figure 1
Top: view of a defect-free MFI framework along the [010] direction. The
T 6, T 7, T 10 and T 11 positions are shown as black circles. Bottom:
enlargement of the circled area of (a) where six adjacent T 7, T 10 and
T 11 sites have been omitted, showing one of the theoretical con®gura-
tions of vacancy nests. The black spheres are the O atoms corresponding
to the 12 OH groups of the hydroxyl nest.
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of T-atom vacancies and the related presence of internal TOH

hydroxyls (T = Si, Al, Ti, Fe, Ga) has been experimentally

proven by IR, NMR, microcalorimetry and EXAFS.

From the crystallographic point of view all synthetic MFI

zeolites show a polymorphic orthorhombic-to-monoclinic

phase transition. The transition temperature and mechanism is

closely related to the composition and defect density of the

tetrahedral framework, besides of course the nature and

amount of the molecules absorbed in the zeolitic channels. At

room temperature the as-synthesized samples of hydrogen-

free ZSM-5 and TS-1 are orthorhombic Pnma, whereas

hydrogen-containing ZSM-5 (Van Koningsveld et al., 1990)

and TS-1 with very low Ti content (Millini et al., 1992, 1999;

Lamberti et al., 1999) are monoclinic P21/n. The pure silicalite

end-member at room temperature is monoclinic P21/n

and reversibly transforms to orthorhombic at high

temperature. The orthorhombic form can also

be stabilized by insertion of an adequate

amount of structural defects (Marra et al.,

1994) or by absorption of various molecules in

the channels (benzene, paraxylene etc.). The

defect-stabilized orthorhombic polymorph

readily re-transforms to monoclinic upon water

treatment.

In the present study we synthesized a sample

of orthorhombic silicalite Si(1ÿx)O(2ÿ4x)(OH)4x

with a high content of structural hydroxyls

(0.08 < x < 0.10) and re®ned the structure by

neutron powder diffraction data in order to

gain evidence for the possible segregation of

the defects in some of the 12 crystal-

lographically independent tetrahedral sites.

Since H in the naturally occurring isotopic

proportions has a large incoherent scattering,

and diffraction data of hydrogen-containing

samples contain a substantial level of non-

Bragg scattering contributing to the experi-

mental background, the defect-loaded silicalite

sample was also deuterated in order to improve

the diffraction signal. As discussed, the sample

treatment with D2O invariably induces the

orthorhombic-to-monoclinic transition, and the

amount of OD defects present in the structure

after complete deuteration is unknown. Two

samples were therefore used for data collec-

tion: one orthorhombic as-synthesized sample

(ORTHO) and one monoclinic sample which

underwent complete deuteration (MONO).

2. Experimental

The silicalite sample was synthesized starting

from SiO2 sol using TPAOH as a templating

agent as described by Zecchina, Bordiga,

Spoto, Marchese, Petrini, Leofanti & Padovan

(1992), i.e. following the EniChem patent for

TS-1 (Taramasso et al., 1983) with no addition

Table 1
Data collection and Rietveld re®nement parameters.

ORTHO MONO

Accumulation time (h) 24 24
T (K) 298 100
TOF range (ms) ± 168� bank 48±130 48±130
TOF range (ms) ± 90� bank 48±135 48±135
a (AÊ ) 20.0511 (1) 19.8352 (2)
b (AÊ ) 19.8757 (1) 20.0903 (2)
c (AÊ ) 13.36823 (9) 13.3588 (1)
� ��� 90.892 (1)
Space group Pnma P21=n
wRp 0.0333 0.0247
Rp 0.0310 0.0293
�2 3.08 1.95
Total no. of experimental points 19 301 20 483

Figure 2
Final observed (crosses), calculated (solid upper line) and difference (solid lower line)
powder diffraction patterns for orthorhombic silicalite (ORTHO sample). (a) Data from
the HRPD detector bank at 168�. (b) Data from the HRPD detector bank at 90�.



of TiO2. The sample was then calcined at 823 K for organic

template removal and sealed in a glass vial to avoid water

sorption from the atmosphere: this procedure ensures that no

molecules are present in the zeolitic channels. The as-calcined

silicalite (hereafter labelled as the ORTHO sample) showed

orthorhombic symmetry, in agreement with previous results

(Zecchina, Bordiga, Spoto, Scarano et al., 1992; Marra et al.,

1994). The defect density in the sample was evaluated by

chemical analysis and volumetric measurements. Part of the

ORTHO sample was repeatedly soaked in D2O at 423 K for H

! D exchange. After this treatment the deuterated silicalite

(hereafter indicated as the MONO sample) has undergone the

orthorhombic monoclinic transition. The deuteration process

was followed by a shift of the IR absorption peaks char-

acteristic of the OH (DH) stretching modes. The fully deut-

erated MONO sample was then dehydrated in a vacuum at

773 K and then sealed in a glass vial. The vial was kept in

deuterated water until the time of the experiment to avoid re-

hydrogenation of the sample, and data were collected at 100 K

in order to minimize atomic thermal vibrations and increase

the chances of locating the D atoms. The data of the ORTHO

sample were collected at room temperature because the

addition of the instrumental background from the cryostat to

the intrinsic background of the hydrogen-rich sample made

the signal-to-noise ratio in the powder diffraction patterns

insuf®cient for a successful structure analysis.

For each sample approximately 3 cm3 of silicalite was

loaded into the glass sample holder. Data were collected on

the HRPD instrument at ISIS (Didcot, UK) for 24 h in order

to obtain high-quality statistics. Two ZnS scintillator banks at

168� and 90� with respect to the incident beam were used. The

HRPD instrument is well suited for investigation of complex

low-symmetry materials, since at back-

scattering it offers a very high resolution

(�d/d ' 4±5 � 10ÿ4), almost constant through

the diffraction pattern. The data from the 90�

bank were used in the time-of-¯ight range 48±

135 ms (corresponding to the range 1.38±

3.90 AÊ in d-space) and those from the 168�

bank in the time-of-¯ight range 48±130 ms

(0.99±2.70 AÊ in d-space). The two indepen-

dently measured powder patterns for each

sample were simultaneously used in the struc-

tural Rietveld re®nement.

Detector calibration, source-to-sample

distance and starting peak pro®le parameters

were obtained by careful re®nement of the

powder diffraction data of reference BaF2

collected under the same experimental condi-

tions. The Rietveld analysis was performed

using the GSAS program package (Larson &

Von Dreele, 1998). The peak pro®les were

modelled by a convolution of a double-expo-

nential and a switch function (Ikeda &

Carpenter, 1985) with a pseudo-Voigt function;

the Lorentzian breadth of the peak FWHM is

parametrized as 
 = 
0 + 
1dhkl + 
2dhkl
2 and

the Gaussian breadth as � = �0 + �1dhkl
2 +

�2dhkl
4. Given the large number of structural

parameters, the re®nement was started by

imposing severe constraints on the TÐO bond

distances. The weights of the constraints were

progressively released at convergence.

Furthermore, the isotropic atomic displace-

ment parameters (a.d.p.s) of all Si and O sites

were constrained to be equal, thus limiting the

number of re®ned a.d.p.s to two. The instru-

mental background was modelled by a

Chebyschev polynomial with six re®nable

coef®cients. In the ®nal cycles all atomic coor-

dinates, two isotropic a.d.p.s, one scale factor

and two peak pro®le coef®cients (�1 and 
2)

for each histogram, the cell parameters, and six
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Figure 3
Final observed (crosses), calculated (solid upper line) and difference (solid lower line)
powder diffraction patterns for monoclinic silicalite (MONO sample). (a) Data from the
HRPD detector bank at 168�. (b) Data from the HRPD detector bank at 90�.
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coef®cients of the background modelling function were

simultaneously re®ned. Detailed strategies of the re®nement

of site occupancy factors are discussed below.

Table 1 reports the details of the data collection and Riet-

veld re®nements.1 Figs. 2 and 3 show the observed, calculated

and difference powder diffraction spectra for the ®nal

re®nements of the ORTHO and MONO silicalite samples,

respectively. Primary powder diffraction data have been

deposited at the International Centre for Diffraction Data

(ICDD), 12 Campus Boulevard, Newton Square, PA 19073±

3273, USA. Final position and isotropic

thermal parameters of the ORTHO

and MONO structures are reported in

Tables 2 and 3, together with the mean

tetrahedral distances and TÐOÐT

angles. The full list of interatomic

distances and angles is available from

the authors upon request.

3. Refinement of the T site
occupancies and discussion

The strategy of the structure re®ne-

ment focused on the detection of

possible T centres showing an Si

occupancy signi®cantly smaller than

unity, which of course is related to the

insertion of neighbouring H (or D)

atoms of the adjacent hydroxyls

formed upon silicon elimination. It is

evident that high-resolution neutron

diffraction is the technique of choice to

investigate such a problem, both

because of its ability to detect protons

(deuterons in particular) and because

of the low achievable d-spacing value.

The structural models of orthor-

hombic and monoclinic silicalite

present in the literature (Van

Koningsveld et al., 1987, 1990) were

used as starting models for the Riet-

veld re®nement. The results of the

idealized model with full occupancy of

all tetrahedral sites are reported in

Tables 2 and 3. The residual difference

Fourier maps were carefully inspected

for positive (MONO sample) or nega-

tive (ORTHO sample) peaks within

the tetrahedra or close to the frame-

work O atoms. For both samples no

signi®cant peak was detected above the

map background noise or distinguish-

able from the ripples due to the

isotropic displacement approximation employed to model the

framework atoms. Some residual small peaks of dif®cult

interpretation, at distances of �1.0 AÊ from O atoms, were

tentatively interpreted as H or D atoms and inserted into the

re®nement using ®xed atomic coordinates (derived from the

difference Fourier maps) and isotropic a.d.p.s. The re®nement

of the site occupancy factors (SOFs) of such positions

invariably resulted in negative occupancy, disproving the

presence of localized hydroxyl groups.

At convergence the SOFs of the T sites were re®ned in both

structures to check for ordered Si vacancies. Three different

re®nement strategies were tested in an attempt to critically

compare the results obtained under different assumptions.

Since parameter correlation in such a complex re®nement is

Table 2
Re®ned atomic coordinates of orthorhombic H silicalite (ORTHO sample).

Ueq � �1=3��i�jU
ijaiajai:aj:

The ®nal re®nement was performed with full occupancy on all Si and O atoms (see text for details). The
average SiÐO tetrahedral distances (AÊ ) are reported for the T sites, and the SiÐOÐSi angles (�) are
reported for the O sites.

x y z
Mean SiÐO
distance Ueq

Si(1) 0.4245 (3) 0.0601 (3) ÿ0.3315 (4) 1.600 (2) 0.0256 (4)
Si(2) 0.3083 (3) ÿ0.0281 (2) ÿ0.1860 (4) 1.601 (2) 0.0256 (4)
Si(3) 0.2779 (3) 0.0612 (3) 0.0341 (4) 1.603 (2) 0.0256 (4)
Si(4) 0.1182 (3) 0.0628 (3) 0.0283 (4) 1.600 (2) 0.0256 (4)
Si(5) 0.0749 (3) 0.0289 (3) ÿ0.1874 (5) 1.601 (2) 0.0256 (4)
Si(6) 0.1888 (3) ÿ0.0607 (3) ÿ0.3272 (4) 1.600 (2) 0.0256 (4)
Si(7) 0.4249 (3) ÿ0.1723 (2) ÿ0.3265 (4) 1.602 (2) 0.0256 (4)
Si(8) 0.3087 (3) ÿ0.1321 (3) ÿ0.1842 (4) 1.599 (2) 0.0256 (4)
Si(9) 0.2721 (3) ÿ0.1754 (2) 0.0335 (4) 1.603 (2) 0.0256 (4)
Si(10) 0.1199 (3) ÿ0.1738 (2) 0.0320 (4) 1.602 (2) 0.0256 (4)
Si(11) 0.0723 (3) ÿ0.1292 (3) ÿ0.1809 (5) 1.601 (2) 0.0256 (4)
Si(12) 0.1858 (3) ÿ0.1732 (2) ÿ0.3233 (4) 1.600 (2) 0.0256 (4)

x y z
SiÐOÐSi
angle Ueq

O(1) 0.3777 (3) 0.0495 (5) ÿ0.2359 (5) 151.4 (6) 0.0408 (4)
O(2) 0.3060 (5) 0.0631 (4) ÿ0.0782 (4) 147.4 (6) 0.0408 (4)
O(3) 0.1981 (3) 0.0601 (4) 0.0274 (4) 175.4 (5) 0.0408 (4)
O(4) 0.0989 (3) 0.0663 (4) ÿ0.0876 (4) 149.3 (6) 0.0408 (4)
O(5) 0.1161 (3) 0.0616 (5) ÿ0.2776 (5) 141.1 (5) 0.0408 (4)
O(6) 0.2487 (3) 0.0618 (5) ÿ0.2482 (5) 153.8 (7) 0.0408 (4)
O(7) 0.3745 (4) ÿ0.1628 (4) ÿ0.2343 (6) 152.3 (7) 0.0408 (4)
O(8) 0.3077 (5) ÿ0.1545 (3) ÿ0.0694 (4) 154.2 (7) 0.0408 (4)
O(9) 0.1963 (3) ÿ0.1505 (3) 0.0227 (5) 143.8 (4) 0.0408 (4)
O(10) 0.0876 (4) ÿ0.1665 (4) ÿ0.0772 (5) 155.1 (6) 0.0408 (4)
O(11) 0.1152 (3) ÿ0.1546 (4) ÿ0.2746 (6) 150.0 (7) 0.0408 (4)
O(12) 0.2437 (4) ÿ0.1531 (4) ÿ0.2462 (6) 171.2 (8) 0.0408 (4)
O(13) 0.3153 (4) ÿ0.0521 (2) ÿ0.1876 (4) 169.9 (6) 0.0408 (4)
O(14) 0.0840 (3) ÿ0.0501 (3) ÿ0.1678 (5) 158.2 (5) 0.0408 (4)
O(15) 0.4193 (4) 0.1321 (4) ÿ0.3842 (6) 143.5 (6) 0.0408 (4)
O(16) 0.4054 (4) 0.0006 (4) ÿ0.4069 (6) 173.4 (7) 0.0408 (4)
O(17) 0.4014 (4) ÿ0.1346 (4) ÿ0.4264 (6) 143.6 (6) 0.0408 (4)
O(18) 0.1906 (5) 0.1319 (3) ÿ0.3828 (5) 144.5 (7) 0.0408 (4)
O(19) 0.1899 (5) 0.0019 (3) ÿ0.4089 (5) 154.3 (7) 0.0408 (4)
O(20) 0.1959 (6) ÿ0.1323 (3) ÿ0.4251 (4) 141.3 (6) 0.0408 (4)
O(21) ÿ0.0021 (3) 0.0441 (4) ÿ0.2093 (5) 149.5 (6) 0.0408 (4)
O(22) ÿ0.0019 (3) ÿ0.1513 (5) ÿ0.2103 (6) 148.0 (5) 0.0408 (4)
O(23) 0.4287 (7) ÿ1/4 ÿ0.3573 (9) 149.6 (9) 0.0408 (4)
O(24) 0.2025 (6) ÿ1/4 ÿ0.3473 (8) 146.2 (8) 0.0408 (4)
O(25) 0.2881 (6) ÿ1/4 0.0722 (7) 135.3 (8) 0.0408 (4)
O(26) 0.1136 (7) ÿ1/4 0.0696 (9) 142.2 (9) 0.0408 (4)

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: NA0094). Services for accessing these data are described
at the back of the journal.



unavoidable during least-squares mini-

mization because of the large number

of parameters, the adopted procedure

is believed at least to indicate the

presence of heavily biased results. The

adopted strategies were as follows: (a)

simultaneous re®nement of the SOFs of

all T sites, together with one isotropic

atomic displacement parameter for all

T sites; (b) simultaneous re®nement of

the SOFs of all T sites, keeping the

isotropic a.d.p. of the T sites at the

previously re®ned value; (c) re®nement

of the SOF of one T site at a time,

together with one free isotropic a.d.p.

for all T sites.

The results of the re®nements for the

MONO samples clearly indicated

strong parameter correlations during

the re®nements: the resulting SOFs of

the 24 independent T sites were

signi®cantly different depending on the

adopted strategy and the starting

parameter set. The observed data are

considered not suf®cient to support

such a detailed re®nement, and the

re®ned SOFs are to be considered

unreliable.

On the other hand the re®nement of

the T site SOFs using the ORTHO data

consistently converged to similar

results, independently of the assumed

strategy. The SOFs of sites Si(6), Si(7),

Si(10) and Si(11) systematically

converged to values in the range 0.69±

0.78, with mean values around 0.75 (5).

The SOFs of all other tetrahedral sites

re®ned to values in the range 0.88±1.13,

i.e. full occupancy within 3 e.s.d.s. Such

values were consistently obtained

independently of the assumed atomic

displacement parameters (freely re®n-

able or ®xed), of the starting parameter

set and of the re®nement strategy. The

resulting total content of Si atoms in

the ORTHO sample following the

re®nement (i.e. eight fully occupied T

sites and four partially occupied sites at

the 75% level) is 88 Si atoms per cell,

which is surprisingly close to the

expected value from the chemical

analysis (87.36 or 88.32 Si atoms per

cell assuming x = 0.09 or x = 0.08,

respectively).

The re®ned low occupancy factors of

the Si(6), Si(7), Si(10) and Si(11)

tetrahedral sites are considered as
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Table 3
Re®ned atomic coordinates of monoclinic D-silicalite (MONO sample).

Ueq � �1=3��i�jU
ijaiajai:aj:

The ®nal re®nement was performed with full occupancy on all Si and O atoms (see text for details). The
average SiÐO tetrahedral distances (AÊ ) are reported for the T sites, and the SiÐOÐSi angles (�) are
reported for the O sites.

x y z
Mean SiÐO
distance Ueq

Si(1) 0.0622 (4) 0.4223 (4) ÿ0.3282 (6) 1.611 (1) 0.0114 (5)
Si(2) 0.0329 (4) 0.3195 (4) ÿ0.1641 (5) 1.610 (1) 0.0114 (5)
Si(3) 0.0605 (4) 0.2820 (4) 0.0600 (5) 1.609 (1) 0.0114 (5)
Si(4) 0.0628 (4) 0.1253 (4) 0.0358 (7) 1.610 (1) 0.0114 (5)
Si(5) 0.0307 (4) 0.0781 (4) ÿ0.1760 (6) 1.609 (1) 0.0114 (5)
Si(6) 0.0546 (4) 0.2006 (4) ÿ0.3115 (5) 1.610 (1) 0.0114 (5)
Si(7) ÿ0.1737 (4) 0.4250 (4) ÿ0.3190 (6) 1.610 (1) 0.0114 (5)
Si(8) ÿ0.1250 (4) 0.3098 (4) ÿ0.1726 (6) 1.609 (1) 0.0114 (5)
Si(9) ÿ0.1782 (4) 0.2730 (4) 0.0389 (5) 1.610 (1) 0.0114 (5)
Si(10) ÿ0.1777 (4) 0.1193 (5) 0.0334 (6) 1.610 (1) 0.0114 (5)
Si(11) ÿ0.1267 (4) 0.0715 (4) ÿ0.1714 (6) 1.610 (1) 0.0114 (5)
Si(12) ÿ0.1596 (3) 0.1897 (4) ÿ0.3167 (6) 1.610 (1) 0.0114 (5)
Si(13) 0.4458 (4) 0.4303 (4) ÿ0.3369 (6) 1.610 (1) 0.0114 (5)
Si(14) 0.4775 (4) 0.3144 (4) ÿ0.1889 (6) 1.609 (1) 0.0114 (5)
Si(15) 0.4395 (4) 0.2742 (4) 0.0222 (5) 1.609 (1) 0.0114 (5)
Si(16) 0.4358 (4) 0.1202 (4) 0.0417 (6) 1.609 (1) 0.0114 (5)
Si(17) 0.4739 (4) 0.0732 (5) ÿ0.1745 (6) 1.610 (1) 0.0114 (5)
Si(18) 0.4365 (3) 0.1871 (4) ÿ0.3115 (6) 1.609 (1) 0.0114 (5)
Si(19) 0.6710 (4) 0.4237 (4) ÿ0.3098 (6) 1.610 (1) 0.0114 (5)
Si(20) 0.6341 (4) 0.3099 (4) ÿ0.1709 (6) 1.609 (1) 0.0114 (5)
Si(21) 0.6646 (4) 0.2738 (4) 0.0454 (6) 1.610 (1) 0.0114 (5)
Si(22) 0.6685 (4) 0.1203 (4) 0.0347 (6) 1.610 (1) 0.0114 (5)
Si(23) 0.6333 (4) 0.0714 (4) ÿ0.1818 (6) 1.610 (1) 0.0114 (5)
Si(24) 0.6840 (3) 0.1956 (4) ÿ0.2963 (5) 1.610 (1) 0.0114 (5)

x y z
SiÐOÐSi
angle Ueq

O(1) 0.0619 (6) 0.3829 (5) ÿ0.2232 (8) 145.2 (8) 0.0134 (4)
O(2) 0.0636 (5) 0.3100 (7) ÿ0.0528 (5) 152.4 (9) 0.0134 (4)
O(3) 0.0470 (5) 0.2036 (4) 0.0447 (8) 159.0 (8) 0.0134 (4)
O(4) 0.0718 (6) 0.1068 (6) ÿ0.0806 (7) 141.6 (9) 0.0134 (4)
O(5) 0.0444 (6) 0.1260 (5) ÿ0.2700 (8) 148.1 (9) 0.0134 (4)
O(6) 0.0519 (6) 0.2500 (5) ÿ0.2169 (8) 152.8 (9) 0.0134 (4)
O(7) ÿ0.1567 (6) 0.3732 (5) ÿ0.2300 (8) 159.7 (9) 0.0134 (4)
O(8) ÿ0.1703 (5) 0.2947 (6) ÿ0.0763 (6) 151.6 (9) 0.0134 (4)
O(9) ÿ0.1555 (5) 0.1963 (4) 0.0302 (8) 147.2 (8) 0.0134 (4)
O(10) ÿ0.1741 (6) 0.0909 (6) ÿ0.0791 (7) 146.7 (9) 0.0134 (4)
O(11) ÿ0.1511 (6) 0.1184 (5) ÿ0.2627 (7) 152.6 (9) 0.0134 (4)
O(12) ÿ0.1264 (6) 0.2472 (5) ÿ0.2479 (8) 156.8 (9) 0.0134 (4)
O(13) ÿ0.0470 (4) 0.3236 (6) ÿ0.1450 (8) 154.0 (8) 0.0134 (4)
O(14) ÿ0.0479 (4) 0.0859 (6) ÿ0.1505 (9) 152.6 (9) 0.0134 (4)
O(15) 0.1359 (4) 0.4230 (5) ÿ0.3771 (7) 132.0 (8) 0.0134 (4)
O(16) ÿ0.0015 (5) 0.3862 (6) ÿ0.3810 (7) 155.6 (9) 0.0134 (4)
O(17) ÿ0.1352 (5) 0.4090 (6) ÿ0.4215 (7) 139.5 (9) 0.0134 (4)
O(18) 0.1308 (4) 0.2066 (6) ÿ0.3499 (7) 134.6 (8) 0.0134 (4)
O(19) 0.0025 (5) 0.2116 (6) ÿ0.4035 (7) 168.2 (9) 0.0134 (4)
O(20) ÿ0.1256 (4) 0.1944 (7) ÿ0.4251 (7) 140.0 (7) 0.0134 (4)
O(21) 0.0486 (6) 0.0036 (4) ÿ0.2113 (9) 138.4 (9) 0.0134 (4)
O(22) ÿ0.1425 (6) ÿ0.0026 (4) ÿ0.2111 (8) 149.3 (9) 0.0134 (4)
O(23) ÿ0.2526 (4) 0.4293 (6) ÿ0.3478 (8) 146.9 (9) 0.0134 (4)
O(24) ÿ0.2391 (3) 0.2036 (6) ÿ0.3310 (8) 151.6 (8) 0.0134 (4)
O(25) ÿ0.2560 (4) 0.2763 (6) 0.0710 (8) 151.9 (9) 0.0134 (4)
O(26) ÿ0.2541 (4) 0.1160 (7) 0.0721 (8) 142.8 (9) 0.0134 (4)
O(27) 0.4592 (6) 0.3852 (5) ÿ0.2389 (7) 150.2 (9) 0.0134 (4)
O(28) 0.4584 (5) 0.3196 (5) ÿ0.0725 (6) 141.6 (7) 0.0134 (4)
O(29) 0.4292 (5) 0.1957 (4) 0.0025 (8) 149.3 (8) 0.0134 (4)
O(30) 0.4461 (6) 0.0820 (6) ÿ0.0628 (6) 155.1 (9) 0.0134 (4)
O(31) 0.4288 (5) 0.1200 (5) ÿ0.2468 (8) 139.0 (8) 0.0134 (4)
O(32) 0.4405 (6) 0.2513 (5) ÿ0.2394 (9) 154.1 (9) 0.0134 (4)
O(33) 0.6676 (6) 0.3775 (5) ÿ0.2115 (7) 141.6 (8) 0.0134 (4)
O(34) 0.6418 (5) 0.3167 (5) ÿ0.0512 (6) 140.6 (9) 0.0134 (4)
O(35) 0.6441 (5) 0.1967 (4) 0.0315 (7) 146.9 (7) 0.0134 (4)
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possible evidence of long-range ordering of Si vacancies, and

therefore the difference Fourier maps around these sites were

thoroughly checked for possible evidence of H atoms. No

signi®cant peaks were found at a meaningful distance from the

involved framework O atoms. The structure re®nement

therefore indicates that the H atoms of the hydroxyl groups

must be disordered on multiple con®gurations. If we take into

account that the Si! 4OH coupled substitution is involved,

and that the OH groups are distributed on the four tetrahedral

O atom sites, then we have a 25% probability of locating an H

atom in the proximity of each O atom site. Moreover,

assuming that the OH group is positioned within the frame-

work tetrahedron with the H atom slightly displaced from the

tetrahedral OÐO edge (as in the hydrogarnet con®guration;

Lager & Von Dreele, 1996), then each H atom can be statis-

tically disordered on six alternative positions, each site having

a 4.2% occupancy probability. If we assume that the H atoms

can also be located at positions outside the framework tetra-

hedron, then the statistical occupancy is even lower. Such low

occupancy positions are hardly to be detected in the difference

Fourier maps.

The fact that three out of the four observed defective T sites

are adjacent to each other [Si(7)ÐO(35)ÐSi(7), Si(7)Ð

O(34)ÐSi(11), Si(10)ÐO(22)ÐSi(11), Si(10)ÐO(38)Ð

Si(10)] implies that, in principle, vacancy clusters up to six Si

defects are possible [i.e. Si(7)ÐSi(7)ÐSi(11)ÐSi(10)Ð

Si(10)ÐSi(11) loop]. This is in agreement with the model of

hydroxyl nests in silicalite put forward on the basis of spec-

troscopic evidence (Zecchina, Bordiga, Spoto, Marchese,

Petrini, Leofanti & Padovan, 1992; Zecchina, Bordiga, Spoto,

Scarano et al., 1992; Zecchina, Bordiga, Spoto, Marchese,

Petrini, Leofanti, Padovan & Otero AreaÁn, 1992; Bordiga,

Ricchiardi et al., 1994; Marra et al., 1994). Of course, the

presence of clusters of Si vacancies makes the geometrical and

crystal-chemical interpretation of the OH clusters more

complicated, and justi®es the random distribution of H atoms

suggested by the diffraction results. This observation is parti-

cularly relevant since it can explain two independent experi-

mental evidences: (i) the increased adsorption properties of

defective silicalites, not accounted for by isolated T vacancies

(Zecchina, Bordiga, Spoto, Marchese, Petrini, Leofanti &

Padovan, 1992), and (ii) the presence

of an IR absorption band in the

skeleton stretching mode region at

about 900 cmÿ1. This band was

previously ascribed to distorted SiÐ

OÐSi bridges (Zecchina, Bordiga,

Spoto, Scarano et al., 1992) and

successively attributed to a double

oxygen bridge between two adjacent Si

atoms located in the proximity of a

hydroxyl nest, on the basis of a

combined IR and ab initio study

(Pelmenschikov et al., 1993). As a

matter of fact, the elimination of two

adjacent Si(10) atoms makes the

formation of a double oxygen bridge

between two adjacent Si(9) atoms possible, and the elimina-

tion of two adjacent Si(11) atoms makes the formation of

three double links possible, i.e. between two adjacent Si(7)

atoms, two adjacent Si(12) atoms, or two adjacent Si(10)

atoms.

Furthermore, molecular mechanics simulations (Marra et

al., 1994) have shown that the equilibrium positions of internal

OH groups is critically dependent on the properties of the

assumed nest. Due to the strong interaction between OH

groups via hydrogen bonds, the equilibrium position of each

given H atom is heavily perturbed by the con®guration of the

nearby OH groups substituting a vacant T site. For example,

there is one nest con®guration generated by the simultaneous

vacancy of all six T-site [Fig. 1b; two Si(7), two Si(10) and

two Si(11)], six nest con®gurations based on ®ve T-site

vacancies, and 15 nest con®gurations based on T-site

vacancy couples. Each con®guration shows a speci®c set

of equilibrium positions of the hydroxyl population in the

MFI unit cell. Of course, the random presence of several

among the possible nest con®gurations determines a

spread in the H-atom location, whereas it additively

contributes to the reduction of the Si-atom SOFs. The

case of Si(6) is different as it is isolated from the Si(7),

Si(10), Si(11) site cluster and also from neighbouring

Si(6) sites. It is also worth noting that the molecular

mechanics simulations of several nest con®gurations show

the presence of multiple local minima for the H atom of

an OH group, and that the low potential barriers

between alternative sites might be easily overcome even

at room temperature.

The suggestion inferred from the molecular mechanics

simulations is that the H (or D) atoms in MFI could in prin-

ciple be located from the diffraction analysis only if one

speci®c nest con®guration is energetically favoured, i.e. if

the same T sites are simultaneously missing in all the

defective unit cells. The failure of locating the H (or D)

atoms is a strong indication that several of the possible

nest con®gurations are present simultaneously. The

interpretation is in agreement with the information derived

from IR spectroscopy, since the presence of a broad band

in the 3600±2800 cmÿ1 range indicates a heterogeneous

Table 3 (continued)

x y z
SiÐOÐSi
angle Ueq

O(36) 0.6588 (6) 0.0785 (6) ÿ0.0673 (6) 151.8 (9) 0.0134 (4)
O(37) 0.6726 (6) 0.1212 (5) ÿ0.2551 (8) 149.0 (9) 0.0134 (4)
O(38) 0.6750 (6) 0.2439 (5) ÿ0.2013 (8) 139.2 (9) 0.0134 (4)
O(39) 0.5562 (3) 0.2969 (6) ÿ0.2002 (8) 150.5 (9) 0.0134 (4)
O(40) 0.5536 (4) 0.0868 (6) ÿ0.1830 (9) 158.6 (9) 0.0134 (4)
O(41) 0.3761 (5) 0.4211 (6) ÿ0.3987 (8) 154.7 (9) 0.0134 (4)
O(42) 0.5025 (5) 0.4190 (6) ÿ0.4199 (7) 149.6 (9) 0.0134 (4)
O(43) 0.6317 (5) 0.3909 (6) ÿ0.4040 (8) 150.5 (9) 0.0134 (4)
O(44) 0.3669 (4) 0.1925 (7) ÿ0.3744 (7) 150.1 (9) 0.0134 (4)
O(45) 0.5021 (4) 0.1801 (5) ÿ0.3802 (6) 146.8 (8) 0.0134 (4)
O(46) 0.6346 (5) 0.2119 (6) ÿ0.3899 (7) 151.5 (8) 0.0134 (4)
O(47) 0.4625 (6) ÿ0.0041 (5) ÿ0.2021 (8) 150.3 (9) 0.0134 (4)
O(48) 0.6448 (6) ÿ0.0041 (4) ÿ0.2182 (9) 142.4 (9) 0.0134 (4)



distribution of OH OH distances (Zecchina, Bordiga,

Spoto, Marchese, Petrini, Leofanti & Padovan, 1992;

Zecchina, Bordiga, Spoto, Scarano et al., 1992; Zecchina,

Bordiga, Spoto, Marchese, Petrini, Leofanti, Padovan &

Otero AreaÁn, 1992; Bordiga, Ricchiardi et al., 1994; Marra

et al., 1994).

4. Conclusions

The present work presents the ®rst neutron diffraction study

performed on MFI-type structures. The essential features of

both orthorhombic and monoclinic silicalite frameworks as

described in the literature (Van Koningsveld et al., 1987, 1990)

are con®rmed, including the mild correlation between SiÐO

distances and SiÐOÐSi angles.

Furthermore, the availability of high-resolution neutron

diffraction data allowed testing of the ordered distribution of

Si vacancies in the tetrahedral framework. In monoclinic sili-

calite no evidence was found of long-range order in the Si

vacancies, whereas they are ordered on four tetrahedral sites

[Si(6), Si(7), Si(10) and Si(11)] in orthorhombic silicalite. The

low occupancy of the proton sites precluded location of the

OH groups, which are assumed to be randomly distributed on

the tetrahedral oxygen sites related to the defective Si sites.

The totally random distribution of Si vacancies (and OH

groups) observed in monoclinic deuterated silicalite may be

ascribed to the distribution of defects over a larger number of

framework sites (24 independent tetrahedral atoms), due to a

higher ¯exibility of the structure, but could also be due to the

partial diffusion and randomization of the defects during the

deuteration process.
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