Inorg. Chem. 2007, 46, 5456—5458

Inorganic: Chemistry

* Communication

Resolving the Aluminum Ordering in Aluminosilicates by a Combined

Experimental/Theoretical Study of

2TAl Electric Field Gradients

Xavier Rocquefelte,* -t Frédéric Clabau, ™ Michael Paris, T Philippe Deniard, ' Thierry Le Mercier, *

Stéphane Jobic, T and Myung-Hwan Whangbo $

Institut des Matdaux Jean Rouxel, UMR 6502 CNR8niversitede Nantes, BP 32229,
44322 Nantes Cedex 3, France, RHODIA, Centre de Recherches diflliber, 52 rue de la
Haie-Coq, 93308 Aubeilliers cedex, France, and Department of Chemistry, North Carolina State

University, Raleigh, North Carolina 27695-8204

Received March 4, 2007

The discrimination between atomic species in light-element
materials is a challenging question. An archetypal example is the
resolution of the Al/Si ordering in aluminosilicates. Only an average
long-range order can be deduced from powder X-ray or neutron
diffraction, while magic-angle-spinning NMR provides an accurate
picture of the short-range order. The long- and short-range orders
thus obtained usually differ, hence raising the question of whether
the difference between local and extended orders is intrinsic or
caused by the difficulty of obtaining an accurate picture of the
long-range order from diffraction techniques. In this communication
we resolve this question for the monoclinic phases of BaAl,Si,Og
and SrAl,Si;Og on the basis of 2’Al NMR measurements and ab
initio simulation of electric field gradient. Although the long- and
short-range orders deduced from our XRD and NMR experiments
differ, they become similar when the XRD atomic positions are
optimized by ab initio electronic structure calculations.

shift of an aluminosilicate is very sensitive to the local
environment, and the short range order can be deduced from
peak assignment based on the empirical knowledge of the
chemical shifts of the Si atoms tetrahedrally surrounded by
4Al, 3Al + 1Si, 2Al+ 2Si, 1Al + 3Si, and 4Si atoms, which
are referred to as @Q4Al), Q*3Al), Q*2Al), Q*1Al), and
Q*(0Al), respectively. Nevertheless, these chemical shift
ranges are not well separated because of the considerable
influence of overall geometric features such as interatomic
distances and angles on chemical shift, so that®®ieNMR
peaks overlap strongly in many complex systénasd an
accurate determination of the Al/Si ordering becomes impos-
sible. Similar chemical shift analyses were carried out using
other nuclei present in aluminosilicates, thatli€) (with
enriched compounds) arfdAl. However, they are quadru-
polar nuclei (i.e., nuclei with nuclear spir= 1) and interact
with the electric field gradients (EFGs) created by the
surrounding charges, so that the induced quadrupolar broad-
ening hinders chemical shift analyses. To obtain an NMR

Numerous frameworks of aluminosilicates have a three- spectrum free of the quadrupolar broadening, triple quantum

dimensional structure based on corner-sharing,Al@ SiQ

MAS (3QMAS) NMR experiments are carried out, for

tetrahedra. The Al/Si ordering in these compounds is a resultinstance. With this approach, Stebbins et al. were able to
of the reduction of strain and electrostatic energy, which is estimate the degree of disorder in natural zeofit&hough
generally achieved by avoiding the formation ofAD—Al used with success to show the violation of the “aluminum
linkages! This observation has been referred to as the avoidance” principle in some crystalline and amorphous
“aluminum avoidance principle”. It is often difficult to  phases;’ this approach to probing the Al/Si ordering is not
determine the Al/Si ordering directly by X-ray or neutron easy to carry out because it requires a combination of
diffraction because the At and St' cations are very similar  different NMR experiments and becadd®-enriched samples

in their scattering power. Only an estimation of the average are expensive and are not always easy to handle. However,
long-range Al/Si order, that is, the relative Al/Si occupancies it is important to recognize that EFGs are complementary
in their TO, tetrahedra (F= Al, Si), can be deduced on the to chemical shifts and are more sensitive to very small
basis of their F-O distanced.* In contrast, thé°Si chemical changes in the atomic arrangements surrounding the qua-
drupolar nuclei beyond the first coordination sphere. Thus,
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Figure 2. Local environment of each Alxetrahedron in the four long-
range ordered structural models of M8l,0Og (M = Ba, Sr).
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Figure 1. Schematic representations of the four different long-range ::“ :: I':.
ordered structures for celsian M&i,Og (M = Ba, Sr). I il
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EFGs can be used to probe the Al/Si ordering, once we know 5] 1{ LR o5 “ '\.‘
how to unambiguously relate EFGs _to specific ato_mic A A R A e naans A AN
arrangements. Over the past decade, it became possible to Spem) Spem
accurately calculate the EF&sand crystal structuré$of © M=Ba @ M=Sr
solids on the basis of ab initio density functional theory ’
(DFT) electronic structure calculations. In the following, we R
examine the EFGs around tHéAl (I = 5/2) nuclei in . f
representative aluminosilicates, that is, the monoclinic phases TALJ) R, ”Aajr"' - B
(i.e., the celsian phases) of Ba8bOg'**2and SrAbSiOg, 1316 WwmE R R0 W 7 & ,’;:,.,.:':' B 2 10 0

by combmmg NMR experiments and DFT elegtronlc SWUC- Figure 3. 29Si and?’Al MAS NMR spectra of celsian BaASi,Og and
ture calculations, and we show that this combined approachsrAl,Si,Os. The decomposed curves for the peaks®, and R are also
is an invaluable tool for probing the Al/Si ordering in  shown. Only the central transition is observedial MAS NMR spectra.

aluminosilicates. valence surT calculations for the XRD structure of celsian
The crystal structure of celsian BaSI,0s and SrApSi,Os SrAl;Si;Os show that the oxidation states of the four
is schematically depicted in Figure 1la, where there are four tetrahedral sites (1, 2, 3, 4) are 3.53, 3.54, 3.58, 3.68,
different tetrahedral sites in which to distribute two Al and respectively, which suggests that thé*ions are randomly
two Si atoms. If we consider only the ordered Al/Si distributed.
arrangements, there are six possibilities. Given the transla- The 2°Si and?’Al MAS NMR spectra of celsian BaAd
tional symmetry, four of these are unique and are denotedSi:Os and SrAbSiLOs are presented in Figure 3. TR&Si
as Al[1,2], Al[1,3], Al[2,3], and Al[3,4] (Figure 1b). Here,  spectra consist of two slightly overlapping peaks éRd
the notation Al[,j] means that the At ions occupy the sites  Rz), which are decomposed into two pseudo-Voigt functions
i andj and the Si* ions occupy the remaining two sites. As  With equal integrated intensities and cover almost the total
depicted in Figure 2, the Al atoms of the Al[2,3] structure intensity of the spectrum. Similarly, the spectral decomposi-
have only the @4Si) environments, those of the Al[1,2] tion of the?’Al MAS spectra required only two nonequivalent
and Al[3,4] structures only the 4BSi) environments, and  and equally occupied Al sites leading to the linesRd
those of the Al[1,3] structures only the/@Si) environments. ~ Re. Table 1 summarizes the isotropic chemical shifig),
Thus, the aluminum avoidance principle is satisfied only for the quadrupolar coupling constantsgjCthe asymmetry
the Al[2,3] structure. Powder XRD measurements do not parametersi),*® and the extracted peak areas. The validity
provide accurate oxygen atom positions, hence leading to a0f these decompositions is supported by & 3QMAS
poor description of the oxygen position, affecting the SPectra shown in Figure S1. For both compounds, only two

estimation of the long-range order. For example, bond distinct isotropic chemical shiftg in th&Si and?’Al NMR_
spectra are extracted {RR,), which correspond to the Si
i i ited9.20 -+
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Table 1. Parameters Associated with tFSi and2’Al NMR Spectra of
Celsian BaAlSi,Og and SrA}bSi,Og?

BaA|QSi208 SrAlzsizog
Ry R> Ry R>
298] MAS diso (PPM) —84.8 —86.4 —837 —853
peak area (%) 47(2) 48(2) 51(2) 49(2)
2IAl MAS diso (PPM) 65.4 62.6 66.9 64.4
peak area (%) 50(2) 49(2) 52(2) 47(2)
Co (MH2) 4.0 5.0 3.9 6.4
n 0.62 0.92 0.83 0.78
Pg (MHz) 4. 5.7 4.3 7.00
21A1 3QMAS  diso (PpM) 65.7 62.9 66 63
Co (MHz) 3.8 4.9
n 0.6° 0.9
Po (MHz) 4.0 5.5 4.9 7.2

aCQ = eszQ/h, n = (Vxx - Vyy)/sz, and PQ = CQ(l + 7]2/3)1/2. Vxx,
Vvy, andVzz are the components of the electric field gradient expressed in
its principal axis system withVzz| = [Vxx| = |Vyy, andQ is the electric
quadrupole moment, which is 146.6 mb féAl. Q = 0 for 2°Si because of
its nuclear spi = 1/2.° Calculated usin@q andy values deduced from
the spectral decompositioADeduced from the spectral decomposition of
the 2D 3QMAS spectrd Deduced from the direct reading of the 2D
3QMAS spectra® The remaining peak area corresponds tdife, when
present.

Rz 27Al peak, at 14.2 ppm in both the celsian Ba®ikOs
and SrA}Si;Os samples, is assigned unambiguously t&Al
ions in octahedral sites.These two additional silicon and

Table 2. Comparison of the Quadrupolar Coupling Consta@tg(in
MHz), and the Asymmetry Parameterg,of the Al Sites in Celsian
BaAl,Si,Og and SrAbSiOg with the Calculated Values for Their XRD
and Optimized Crystal Structures

BaAl,Si,Og SrAl;Si;,Og
R1 R, R1 R2
Co Co U Co U Co n
NMR 40 0.62 5.0 0.92 3.9 0.83 6.4 0.78
XRD —3.70 0.48 -—13.28 0.08 —14.68 0.23 —8.41 0.64
(A12) (AI3) (AI3) (A12)
Al[2,3] 4.08 0.69 507 0.77 —-3.96 0.98 6.97 0.59
(AI2) (AI3) (AI3) (A12)
Al[1,3] 13.86 0.09 13.65 0.29 13.63 0.07 14.30 0.27
(AI3) (A1) (AI3) (Al1)
Al[l1,2] —4.89 0.74 —-489 0.74 5.66 0.91 566 0.91
Al[3,4] —2.73 054 —-2.73 0.54 263 091 263 091

It should be noted that the Al[2,3] and Al[1,3] structures
have two nonequivalent Al sites (space group (SQR/c),
while the Al[1,2] and Al[3,4] structures have only one (SG
= C2/mwith thec parameter divided by 2) (Figure 1). Since
our 2’Al NMR study shows two nonequivalent Al sites, the
Al[1,2] and Al[3,4] structures are inconsistent with experi-
ment, but the Al[2,3] and Al[1,3] structures are not. Table 2
reveals that only th€g values of the Al[2,3] ordering are
in very good agreement with the experimenty values.
Therefore, in terms of both the total energies &adralues,

aluminum environments may belong to a very small amount celsian BaAISi,Og and SrAbSi,Og are predicted to have the

of an amorphous impurity phase, not detected by XRD.
In essence, th&Si and?’Al spectra indicate that over the
four available sites, two are fully occupied by*Sions and
the other two by Al" ions, obeying the aluminum avoidance
principle. In addition, the narrowness of the &d R 2°Si

Al[2,3] structure.

Note that the crystal structures of celsian Bg¥{Os and
SrAlLSi,Og determined from powder XRD are substantially
less stable than the corresponding optimized Al[2,3] struc-
tures (Table S1) and provide a very poor description of the

lines indicates a high degree of crystallinity of the prepared Cq values. Bond valence sum calculations using the opti-

sample. The present data agree with @i spectrum of
celsian SrAISi,Og by Phillips et al® and with the?7Al
spectrum of celsian Bas$i,0Og by Clayden et al! However,

mized Al[2,3] structure of celsian Sré8$i,Os show that the
oxidation states of the four tetrahedral sites (1, 2, 3, 4) are
3.94, 3.08, 3.09, 3.93, respectively, as expected for the Al-

Clayden et al. misinterpreted their data by using a single [2,3] structure. Similar results are obtained for Bg8{Os.

Gaussian line shape to simulate the two overlapgiid
peaks.
As already mentioned, in relating the EFGs of fial

This makes us doubt the conclusion of previous powder XRD
studies showing partial disorder in aluminosilicates.
In the probing of the Al/Si ordering in an aluminosilicate

nuclei to their atomic arrangements, it is necessary to on the basis of the EFGs on the Al sites based’AhNMR

calculate the EFGs on the basis of the crystal structures thatexperiments and first principles DFT calculations, it is
are fully optimized by first principles DFT electronic necessary to carry out full geometry optimization of its
structure calculations. We optimized both the unit cell structure. As illustrated in the present study on aluminosili-
parameters and the atom positions of celsian B3iXDg and cates and the previous study on borocarbidet, is
SrAl,Si,Og for each of the four ordered Al/Si arrangements anticipated that this combined experimental/theoretical ap-
shown in Figure 1b. As summarized in Tables S1 and S2 of proach can resolve many previously intractable gquestions
the Supporting Information, the optimized volume of the Al- concerning the local and long range ordering in a wide
[2,3] structure is very close to that of the XRD structure, variety of light-element materials.
and the Al[2,3] structure is the most stable ordered structure.
In agreement with the aluminum avoidance principle, the
stability decreases in the same order as does the number o
Al—0O—Al linkages () per aluminum, that is, Al[2,3] =
0) > Al[1,2] (L = 1)~ Al[3,4] (L =1)> AI[1,3] (L = 3).
The quadrupolar coupling constanG,, and the asym-
metry parameters;, of the Al sites were calculated for the
XRD and for the four optimized ordered crystal structures  Supporting Information Available:  Experimental details,
of celsian BaA#Si,Os and SrAbSi,Os using DFT calcula- Figure S_l, and Tables S1 and S2. This material is available free of
tions. Table 2 compares the calcula@glandy values with ~ Charge via the Internet at http://pubs.acs.org.
the experimental values obtained from (&l NMR study.

Acknowledgment. The authors thank Rhodia Electronics

Catalysis for its financial support (Grant 9504213.00) and
he CCIPL (Nantes) computing center for computational
facilities. M.-H.W thanks the support by the Office of Basic
Energy Sciences, Division of Materials Sciences, U.S.
Department of Energy, under Grant DE-FG02-86ER45259.

1C7004166
5458 Inorganic Chemistry, Vol. 46, No. 14, 2007



