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Abstract: Application of in situ X-ray absorption near-edge spectroscopy (XANES) at the Al K-edge provides
unique insight into the flexibilty of the aluminum coordinations in zeolites as a function of treatment or
during true reaction conditions. A unique, previously not observed, pre-edge feature is detected in zeolites
H-Mordenite and steamed and unsteamed H-Beta at temperatures above 675 K. Spectra simulations using
the full multiple scattering code Feff8 identify the unique pre-edge feature as three-coordinate aluminum.
The amount of three-fold coordinated aluminum is a function of temperature and pretreatment of a zeolite:
a steamed zeolite Beta contains more three-coordinate aluminum than an unsteamed sample. No clear
differences between zeolites H-Mordenite and H-Beta were observed. Octahedrally coordinated aluminum
forms in zeolites H-Mordenite and H-Beta at room temperature in a stream of wet helium. This octahedrally
coordinated aluminum is unstable at temperatures higher than 395 K, where it quantitatively reverts to the
tetrahedral coordination.

Introduction catalytic species. In Lewis catalyzed reactions, both framework

. . and extraframework aluminum species (EFAI) have been
Zeolites are cagelike porous structures based on a framework

of silicon, oxygen, and aluminum atoms. In the last fifty years, suggested as active sites. As methods that can directly probe

. . . -~ aluminum coordinations are limited, the structure of these sites
zeolites are undisputed as excellent catalysts for a wide variety . .
. S . remains an open question. In many reports, the presence of a
of reactions. In oil refinery, they play a dominant role, and more . . S
X ) ) ) three-coordinate aluminum species is propdstdand held
recently, zeolites are replacing mineral acids as green catalysts.

" . : - . responsible for Lewis activity. However, often the assumptions
New zeolitic structures continue being discovered, showing that - . .
N P . . are based on indirect methods, and in many cases, its presence
the world of zeolites is thriving-® This makes it very surprising

that structure-activity relations are very often lacking, although Ii;%??g(;atx;r:g dgigerjlﬁér'\rﬂnﬁlse Ng‘ﬁ;ﬁj&”iﬁ%ﬁg%;i?ﬂe in
detailed crystal structures are well-knofvAeolites are always prete : o . . .
activated 1o provide optimum activity and selectivity. These zeolites, and its use is widespread. It provides detailed quantita-

P P . y - Y- tive information (if used correctly) with very high resolution
steps or reaction conditions involve perturbation of the frame-

. ) - o 4
work, and dealumination may occur, creating different aluminum using multiple q“a‘;‘t“m magic-angle spinning (MQMALS}'.

. . A disadvantage of’Al MAS NMR is its problematic use in
states and changing the texture of the material.

; . . . nonstandard conditions, due to the quadrupolar nature of the
In many reactions, the aluminum atom in the framework is

) . ) i . . _ . aluminum nucleus. Normally, samples are hydrated in a
associated W|th'act|ve sites, in both Brﬂnsted and Lew!s acid controlled environment to decrease the quadrupolar interactions,
catalyzed reactions. In Brgnsted acid catalyzed reactions, athereby enhancing the aluminum visibilt§y.Moreover, the
proton, which is charge-balancing the negative charge on the

spinning of a sample at high spinning speeds is required for
framework induced by the presence of aluminum, is the major & 9 & 9n Sp 9P g
(7) Ma, D.; Deng, F.; Fu, R.; Han, X.; Bao, X. Phys. Chem. BR001, 105,
1770.

TETH Honggerberg. (8) Freude, D.; Ernst, H.; Wolf, ISolid State Nucl. Magn. Resoh994 3,
*Utrecht University. 271.
(1) Holderich, W. F.; van Bekkum, HStud. Surf. Sci. Catall99], 58, 631. (9) Deng, F.; Du, Y,; Ye, C.; Wang, J.; Ding, T.; Li, K. Phys. Cheml995
(2) Corma, A.; Diaz-Cabanas, M.; Martinez-Triguero, J.; Rey, F.; Rius, J. 99, 15208.

Nature 2002 418 (6897), 514. Corma, A.; Nemeth, L. T.; Renz, M,; (10) Hong, S. B.; Kim, S. J.; Uh, Y. Sl. Am. Chem. S0d.998 118 8102.
Valencia, SNature2001, 412(6845), 423. Corma, A.; Fornes, V.; Pergher,  (11) Collignon, F.; Jacobs, P. A.; Grobet, P.; PonceletJGPhys. Chem. B

S. B.; Maesen, T. L. M.; Buglass, J. Glature 1998 396 (6709), 353. 2001, 105, 6812.
(3) Bu, X. H.; Feng, P. Y.; Stucky, G. C5ciencel997 278 (5346), 2080. (12) Zecchina, A.; Bordiga, S.; Spoto, G.; Scarano, D.; Petrini, G.; Leofanti,
(4) Kuznicki, S. M.; Bell, V. A.; Nair, S.; Hillhouse, H. W.; Jacubinas, R. M.; G.; Padovan, M.; Arean, C. . Chem. Soc., Faraday Trank992 88,
Braunbarth, C. M.; Toby, B. H.; Tsapatsis, Mature 2001, 412 (6848), 2959.
720. (13) Frydman, L.; Harwood, J. S. Am. Chem. Sod.995 117, 5367.
(5) Davis, M. E.Nature 2002 417 (6891), 813. (14) Medek, A.; Harwood, J. S.; Frydman, I. Am. Chem. Sod.995 117,
(6) Baerlocher, Ch.; Meier, W. M.; Olson, D. tAtlas of Zeolite Framework 12779.
Types Fifth Revised Edition; Elsevier: Amsterdam, 2001. (15) Kentgens, A. P. MGeodermal997, 80, 271.
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obtaining quantitative and high-resolution spectra, limiting the a normal 27Al MAS NMR experiment is mimicked in the
possibilities of measuring a sample at reaction temperatures inILEXAFS setup. The changes in the aluminum coordination in
the presence of reactants. Moreover, at a high temperature duringeolites Mordenite and Beta were studied as a function of
dehydration, the quadrupolar interactions become increasinglytemperature and the presence of water in the gas phase. In
higher, generally leading to increasing loss of resolution or even addition, the influence of steaming on the changing aluminum
of the complete signal in the spectfd’ Thus, although coordinations has been followed. At specific treatment condi-
guantitative reports on dried zeolitic samples exist, performing tions, a three-fold coordinated Al species is detected.
27Al MAS NMR experiments at nonstandard conditions is a
difficult task1”18 Clearly, there is a need for a method to
determine the aluminum coordination at nonstandard conditions.  xAS Measurements. Al K-edge XAS measurements have been
Therefore, we turned to X-ray absorption spectroscopy (XAS). performed at the SRS, Daresbury (UK), Station 3.4. The synchrotron
XAS is an element-specific technique that provides detailed was operating at 2.0 GeV with an average current of 120 mA. A double
information about the local structure of the element under crystal scanning monochromator mounted withey@ystals was used.
investigationt® The near-edge spectra of aluminum oxidic Measurements were performed in the ILEXAFS sé?ﬁ‘ithat enables
compounds with a different first coordination sphere show treatment of the §an_1ple during measurement. Two dn‘fe‘rent setups have
distinct characteristic®-26 Characteristic features for four-, been used. The in situ cell consists of a small sphere with two openings

fi dsi dinated alumi h b d ibed d'[hat are sealed with thin X-ray transparent duracoated beryllium
IVE-, and Six-coordinated aluminum have been described, and,inqows. The entrance window isd thick with an oval shape (12

theoretical insight into the origin of these features has been given, g mnp) and it is supported on a grid; the exit window (i
using full multiple scattering calculatio?$2® thickness, diameter of 23 mm) is integrated with the fluorescence
An in situ low-energy X-ray absorption fine structure detector, which is a continuously flushed gas proportional counter
(ILEXAFS) setup has been developg@éfor the determination (GPC). These fragile windows limit the maximum temperature, but a
of the coordination of aluminum in zeolites. Using this setup, continuous gas flow can be maintained. Omitting the windows and using
the aluminum coordinations can be determined at a temperature® GPC with its own protective window enables measurements at
up to 475 K in the presence of water and up to 1000 K in a temperaturgs up to 1000 K in a vacuum. Samples are pressgd mtg a
vacuum. Although the resolution in an XAFS experiment may self-supporthg wafer and posmongd on the sample holder. The intensity
. . . L . of the incoming photon beaniyf is measured by the total electron
.not be as high a§ aCh'evable, In-an Optlm,'ZEd NMR gxpgrlment, yield signal of a fine copper or gold mesh. The X-ray energy is
it enablgs the d'.r?Ct detect'lon of alu'mlnum goordlnatlons at calibrated using an aluminum foil, setting the energy at the first
nonambient conditions. Previous experiments with the ILEXAFS  maximum of the first derivative to 1560 eV.
setup have shown that, in acidic zeolites, a transformation of  samples and TreatmentsMacrocrystalline zeolite Beta (42 um)
tetrahedrally coordinated aluminum to the octahedral coordina- was prepared according to Kunkeler efAlhe as-synthesized Beta
tion occurs at room temperature in the presence of watdso was thoroughly washed, ion exchanged, carefully calcined, and ion
observed in HY zeolite by2’Al MAS NMR.32 The XANES exchanged to obtain NfBeta, as previously outlined.Heating in
measurements show that the octahedral coordination is unstablglry nitrogen at 725 K produced H-beta. The Si/Al ratio of this sample

at temperatures above 400 K’ Where |t reverts back to the was 11.6. Zeolite H-BetaSt was obtained by Steaming Zeo”t&- NH
tetrahedral coordination Beta in 39 mbar water partial pressure for 3 days at temperature 825

K as previously reportetf.

Zeolite Mordenite Na-LZM-5 (obtained via BP Amoco, Si/Al7)
was ion exchanged to obtain MM ordenite. Calcination in air at 725
K produced H-Mordenite. Both zeolites were checked with XRB|

Experimental Section

In this study, the temperature range is extended to a higher
temperature (975 K). First, the hydrated state of the sample in

(16) Seiler, M.; Wang, W.; Hunger, Ml. Phys. Chem. R001, 105 8143.

(17) Montouillout, V.; Aiello, S. V.; Fayon, F.; Fernandez Stud. Surf. Sci. MAS NMR, and N physisorption anq ShOWed high crystallinity and
Catal. 2002 142, 383. 100% tetrahedally coordinated aluminum in the ANBrms.

(18) ;(gg{gfgas,;gzz. M.; luga, D.; Kalwei, M. Koller, H. Am. Chem. Soc. The Al K-edge XANES measurements were performed in two

(19) Koningsberger,' D. C., Prins, R., EdX:ray Absorption: Principles, temperature regimes, low and high temperature. A stream of helium
Applications, Techniques of EXAFS, SEXAFS and XANBEn Wiley: saturated with water at room temperature flowed over the samples

New York, 1988. . . .
(20) lidefonse, Ph.; Kirkpatrick, R. J.: Montez, B.; Cala, G.: Flank, A. M.; during measurement in the low-temperature regime. Al K-edge XANES

Lagarde, PClays Clay Miner.1994 42, 276. measurements were performed at regular temperature intervals to a

(1) gﬁ;f%‘#é’ﬁg’g‘a ?6333215%'3' H. Ramaker, D. E.; Koningsberger, 0. C. mayimum of 475 K. The high-temperature measurements were
(22) Waychunas, G. A.; Brown, G. E., EXAFS and Near Edge Structures ~ performed in a vacuumP( < 10* mbar). Al K-edge XANES

lll; Hodgts, K. A., Hedman, B., Penner-Hahn, J. E., Eds.; Springer  measurements were performed at regular temperature intervals to a
Verlag: Berlin, 1984; p 336. P 9 P

(23) Li, D.; Bancroft, G. M.; Fleet, M. E.; Feng, X. H.; Pan, Xm. Mineral. maximum of 975 K.

1995 80, 432. _ ) Feff8 Calculations. Interpretation of the XANES spectra is per-
) e On ™y . \Wayehunas, G. A.; Brown, G. £, JrNon-Cryst. Solids o med using the ab initio self-consistent field full multiple scattering
(25) Froba, M.; Tiemann, MChem. Mater1998 10, 3475. code, Feff§>% The output of a calculation includes the X-ray

(26) AK?‘tﬂ'a \t(tgrisﬁm;ﬁ;;SKéhMgﬁuém% nghrg‘g]i‘dg' Ig;z\goshida, H.; Satsuma, apsorption spectrum and the density of states. Full multiple scattering

(27) van Bokhoven, J. A.; Nabi, T.; Ramaker, D. E.; Koningsberger, DI.C. calculations reproduce Al K-edge XANES spectra very accuratéfy.
Phys.: Condens. Matte2001, 13, 10247. In these papers, the spectra of compounds with four- and six-coordinated

(28) Cabaret, D.; Sainctavit, Ph.; lidefonse, Ph.; Flank, AJMPhys.: Condens.
Matter 1996 8, 3691.

(29) van der Eerden, A. M. J.; van Bokhoven, J. A.; Smith, A. D.; Koningsberger, (33) Kunkeler, P. J.; Moeskops, D.; van Bekkum Nticroporous Mater1997,
D. C. Rev. Sci. Instrum200Q 71, 3260. 11, 313.

(30) van Bokhoven, J. A.; van der Eerden, A. M. J.; Smith, A. D.; Koningsberger, (34) van Bokhoven, J. A.; Kunkeler, P. J.; van Bekkum, H.; Koningsberger, D.

D. C. J. Synchrotron Radiatl999 6, 201. C. J. Catal 2002 211, 540.

(31) van Bokhoven, J. A.; van der Eerden, A. M. J.; Koningsberger, [3t@. (35) Ankudinov, A. L.; Ravel, B.; Rehr, J. J.; Conradson, SPBys. Re. 1998
Surf. Sci. Catal2002 142, 1885. B58 7565.

(32) Wouters, B. H.; Chen, T.-H.; Grobet, P.JJ. Am. Chem. S0d.998 120, (36) Mustre de Leon, J.; Rehr, J. J.; Zabinski, S. I.; Albers, RPIs. Re.
114109. 1991 B44, 4146.
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Table 1. Local Structure of Aluminum in HAISi»gO7g Clusters Table 2. Characteristic Features in Al K-Edge XANES of Different
Used in the Full Multiple Scattering Calculations Aluminum Coordinations
Al coordination structure edge split characteristic
. tetrahedral as in zeolite Y position  whiteline  whiteline peaks?
I1. trigonal one oxygen boridengthened to 2.2 A coordination (ev)  intensity  (eV) V) pre-edge
three oxygens unchanged tetrahedral 1566 low yes 20and 70 no
1. trigonal one oxygen neighbor removed (distorted) octahedral 1568 high 4 50 small
three oxygens unchanged square plandr medium no large
IV. trigonal one oxygen neighbor removed

planar trigonal, AFO = 1.75 A

aThe oxygen atom containing the hydrogen atérihe hydrogen atom
is also removed.

3 T T
c Octahedral Al
Ke]
=S
2F I\ .
o h
< |
§ , * Tetrah‘eflral Al
= N \ [
g 1k ! <.”7 -
S !
Z |
O 2 / 1 1
1560 1570 1580 1590
Energy (eV)

Figure 1. Typical Al K-edge XANES spectra for aluminum in tetrahedral
(as in NH-Beta zeolite, dashed line) and octahedral coordination (as in
corundum, crystalline ADs, solid line).

aluminum with known crystallographic structures have been replicated
with great detail.

It is known that multiple scattering within a radius of 15 A affects
the shape of the spect?a28 A cluster (HAISpsOrg) of about 20 A in
diameter was taken from the crystallographic structure of zeolite Y.
This size is sulfficient to reproduce the characteristic features present
in the spectrum of a tetrahedrally coordinated aluminum atom in a
zeolite. The aluminum atom is positioned in the center of the cluster.

The structure of a three-coordinate aluminum is unknown. Therefore,
the structure of three-coordinate aluminum is mimicked by distorting

a|ndicative of Al-O bond length® Nitrogen coordinates to aluminum.

that exact aluminum coordinations can be determined in samples
with mixed aluminum coordinatiord:34 In Table 2, the
characteristics of other coordinations are given as well. In
general, the edge position (taken as the maximum in the first
derivative) varies with coordination number, being the highest
for octahedral aluminum and the lowest for tetrahedral alumi-
num. For a spectrum of a tetrahedrally coordinated aluminum,
a broad peak at about 20 eV above the absorption edge is visible.
This peak is characteristic for an alumingimxygen bond length

of around 1.651.75 A, which is typical for a tetrahedral
aluminum. This broad band originates from the multiple
scattering in the first aluminum oxide coordination sphere in
tetrahedral geometry.

Spectra of octahedrally coordinated aluminum show a high
intensity of the edge peak, which consists of a doublet separated
by 4 eV (Figure 1). A different octahedral coordination sphere
gives a different relative intensity of these two peaks.

The spectrum of a square-planar-coordinated aluminum (like
chloroaluminum phthalocyani#® shows a sharp intense pre-
edge. This is caused by a transition into the nonbondjrigpe
oribitals. A square-planar aluminum coordination, however, is
not common in aluminum oxide and silicemluminum oxide
materials and is therefore very unlikely in silicalumina
framework structures. The high flexibility of a zeolitic frame-
work arises from the flexibility of the FO—T angles in silica-
alumina frameworks, which are much more flexible than the
O—T-0 angles in the rather rigid tetrahedfe?®

Aluminum K-Edge XANES at Low Temperature. Figure
2 shows the Al K-edge XANES spectra of H-Mordenite in a

the tetrahedrally coordinated aluminum in the HA¥Sks cluster in wet helium stream measured at room temperature (squares) and
several ways and observing the changes in the spectral featuresat 395 K (solid line). The squares represent the measured points,
calculated with Feff8. Table 1 provides the local structures of the three- showing the good signal-to-noise ratio in the spectra. The sample
fold coord_inated alumim_Jm, embedded in the HA{Ss cluster, that measured at 395 K shows the characteristic features of
are used in the calculations. _ _ tetrahedrally coordinated aluminum. The spectrum measured at
The mqu parameters are among others the atomlc coordmatgs ofroom temperature shows a higher intensity at 157875 eV,
the atoms in the cluster and the choice of potential. The Hedin . . .
Lundqvist potential is used in this study. Multiple scattering paths with which has previously been a_SSIQned to Fhe presence O.f a small
a maximum of eight legs are calculated in the self-consistent field, full @mount of octahedrally coordinated alumintid! A normaliza-
multiple scattering calculations. tion method’ gives an estimate of the amount of octahedrally
coordinated aluminum in the spectrum, here about 10%. Heating
Results this sample to 395 K removes the higher intensity from the
Figure 1 shows typical Al K-edge XAFS spectra for a SPectra, indicative of a transformation of octahedral to tetrahedral
tetrahedrally and octahedrally coordinated aluminum atom, &uminum. Previously, we have shown the presence of octahe-
respectively. The spectrum of a tetrahedral aluminum oxide is drally coordinated aluminum in zeolites H-Y and H-Bétd;
that of an NH-Beta zeolite that has according Al MAS measured at room temperature in wet conditions. The environ-
NMR only framework tetrahedral aluminum. The spectrum of Ment of the sample during measurement are similar to those of
corundum (crystalline ADs) is given as an example of an @ standarc’Al MAS NMR measurement, and the results of
octahedral aluminum. The octahedral aluminum is distorted, and
the aluminum has two different AlO bond distances. Obvious a ‘ .
differences in the spectra are visible, of which the most (38) gﬁ‘e’ﬁr?_‘sh'z}’ﬁeﬁgl_fgeég'”lgfrigﬁ_ L.; McMillan, P.; Gibbs, G. Phys. Re.
important ones are listed in Table 2. Previously, we have shown (39) Kubicki, J. D.; Sykes, DPhys. Re. Chem. Mineral 1993 19, 381.

(37) Dodelet, J. P.; Tourillon, G.; Gastonguay, Lt€®.; Guay, D.; Ladouceur,
M.; Flank, A. M.; Lagarde, DJ. Phys. Chem1992 96, 7202.
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Figure 2. Al K-edge XANES spectra of zeolite H-Mordenite taken at room 25
temperaturel) and at 395 K{—). The spectra are taken in a flow of wet . ! Y ' Y !
helium. The difference in the spectra is due to the presence of a small amount g I
of octahedrally coordinated aluminum in the spectrum taken at room = 20F
temperature. g‘ |
[}
both measurement methods were fully comparable. The octa- 2 151
hedral to tetrahedral transformation as a function of temperature o 10 [
is also observed for zeolites H-Beta and H™Mt a small water N i
partial pressure, a transformation of the octahedral aluminum g 05 [
in these zeolites to the tetrahedral coordination occurs at § ™ i 7
temperatures above 395 K. At room temperature, the reverse Z 00k 2"
transformation takes place. ’

Aluminum K-Edge XANES at High Temperature. Figure 1560 1562 1564 1566 1568
3a shows the Al K-edge XANES spectra of zeolite H-Mordenite Energy (eV)
measured in a vacuum at room temperature (circles) and at 975 25 . . : i .
K (triangles). The tetrahedral aluminum features are dominantly c I
visible in both spectra. The higher intensity at 152675 eV 200
is characteristic of the presence of octahedrally coordinated Al g- |
in the sample measured at room temperature. A small pre-edge @ 1 5
feature is visible (marked by an arrow) in the spectrum of the < |
sample measured at 975 K. In Figure 3b, the energy range near g 1.0
the absorption edge is enlarged and a spectrum measured at % L
675 K (squares) is compared to those measured at room g 5
temperature (circles) and at 975 K (triangles). The low-energy S I
feature appears at temperatures around 675 K, gradually = 0.0
increasing with temperature. Figure 3c compares the spectra . L L . 1 N
taken at 975 K (triangles) with that taken after cooling to room 1560 1562 1564 1566 1568

temperature in a vacuum (squares) and after the addition of a Energy (eV)
small partial pressure of water to the sample (circles). The Figure 3. (a) Al K-edge XANES spectra of zeolite H-Mordenite taken at

intensity of the low-energy feature decreases after cooling, but ©0m temperatured) and at 975 K'g). The spectra are taken in a vacuum.
The pre-edge feature, assigned to three-coordinate aluminum, is marked

itis slightly more inFense than in the s_p_ectrum measured at _675with an arrow. (b) Al K-edge XANES spectra of zeolite H-Mordenite taken
K. It completely vanishes after the addition of water. Meanwhile, at room temperatured)), at 675 K (), and at 975 K ¢). The spectra are
the characteristic features of an octahedrally coordinated taken inavacuum. Different quantities of three-fold coordinated aluminum
: S are discernible in the spectra. (c) Al K-edge XANES spectra of zeolite
aluminum appe{ir (”‘?t shp\{vn), Conflrmlhg the pres,e,mce of H-Mordenite taken in a vacuum at 975 K’)Y and at room temperature
octahedral aluminum in acidic Mordenite in wet conditions at after the heat treatmerimj and in a flow of wet helium at room temperature
room temperature. ©).
Figure 4a shows the spectra of WHeta measured at room
temperature (circles) and at 975 K (triangles), compared to the exposing the heated samples to air. The presence of traces of

spectrum of BetaSt measured at 975 K (squares). Differences .
; . ) water in the gas phase causes also the appearance of the features
in the spectra are visible in the range 152675 eV, where gasp bp

. ; characteristic of octahedrally coordinated alumintim.
the steamed sample shows enhanced intensity. Clearly, octa- y

hedrally coordinated aluminum is present at 975 K in the  Full Multiple Scattering Calculations. Figure 5 shows the
steamed sample. In Figure 4b, the edge region is enlarged, andheoretical XANES spectra (calculated with Feff8) of the clusters
the low-energy feature is visible for both samples measured atas listed in Table 1. The spectrum of the tetrahedrally
975 K, though the intensity is larger in the case of the steamed coordinated aluminum (solid line) shows the characteristic
zeolite Beta. Clearly, the intensity of the low-energy feature features as mentioned in Table 2. A sharp edge with a shoulder
varies with treatment to the zeolite prior to the measurement. at 1573 eV and a broad peak at about 1585 eV can be observed.
The low-energy feature disappears from the spectra after Lengthening the bond length of one of the oxygen neighbors

7438 J. AM. CHEM. SOC. = VOL. 125, NO. 24, 2003
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Figure 4. (a) Al K-edge XANES spectra of zeolite NFBeta taken in a
vacuum at room temperatur®©) and at 975 K ¥). The squaresy)

represent the spectrum of ex situ steamed zeolite Beta taken at 975 K. All
spectra are taken in a vacuum. (b) Enlargement of the near-edge region of

the spectra in part a.

Normalized Absorption

A 1 A 1 A
1560 1570 1580 1590
Energy (eV)
Figure 5. Theoretical Al K-edge XANES spectra of aluminum in a
tetrahedral coordination (I in Table 1, solid line), in a trigonal coordination
(Il'in Table 1, dashed line), in a trigonal coordination (Ill in Table 1, dashed
dotted line), and in a planar trigonal coordination (IV in Table 1, dotted
line).

and distortion of the remaining three oxygen atoms to a planar
trigonal coordination, the spectrum changes dramatically (dotted
line). The large pre-edge feature is still visible; however, the
broad component at about 1585 eV has completely disappeared,
because tetrahedral geometry is no longer present. The DOS of
all these spectra indicate that the origin of the pre-edge feature
is the presence of a mixed nonbonding s,p,d orbital, which is
empty due to the unsaturated nature of the aluminum coordina-
tion. The presence of the pre-edge feature, indicative of a
nonbonding (Al)p-orbital, evidences three-fold coordination of
the aluminum atom in the structures (ll, Ill, and 1V) presented
in Table 1. In structure II, the bond to the oxygen atom with
the extremely long aluminum oxygen bond length of 2.2 A is
being broken. A Feff8 calculation on a structure with a distorted
tetrahedral coordination in dried acidic zeolffeshowed no
evidence of this pre-edge structure. In this tetrahedral aluminum,
three short A+O bond lengths of 1.68 A and one long bond
length of 1.83 A are suggested based on quantum chemical
calculations. This is confirmed by experimental Al K-edge
XANES spectra on acidic zeolites in a completely dry environ-
ment that do not show a pre-edge feattiréndicating a
persisting tetrahedral coordination in acidic zeolitic samples.
Reported spectra of compounds containing aluminum in various
tetrahedral coordinations do not showthe pre-edge fegtie?"-28
indicating that the pre-edge feature is commonly not observed.

The energy position of the pre-edge feature in the calculated
spectra (Figure 5) is lower than that in the experimental spectra.
A manual shift of the Fermi-level greatly improves the agree-
ment between the theoretical and experimental spectra (spectra
not shown).

Discussion

Three-Coordinate Aluminum in Zeolites. Zeolites H-
Mordenite and H-Beta (steamed and unsteamed) show the
presence of a unique pre-edge feature in the Al K-edge XANES
spectra when heated to temperatures above 675 K in a vacuum
(Figures 3 and 4). This feature is indicative of the presence of
a nonbonding p orbital and thus of a three-fold coordinated
aluminum oxide species. The assignment is based on full
multiple scattering calculations using the Feff8 code. A deviation
from the tetrahedral geometry forming a three-fold coordinated
aluminum shows a large pre-edge peak in the simulated spectra.
Actual structures that may cause the pre-edge feature are
presented below. The amount of three-coordinate aluminum is
a function of temperature: A significant amount of three-
coordinate aluminum is formed at temperatures higher than 675
K. Increasing the temperature to 975 K increases the amount
of three-coordinate aluminum. This species is stable after cooling
the sample down to room temperature, although the amount
diminishes. A direct comparison of the amount of three-fold

to 2.2 A shows essentially a similar spectrum (long dashed line), co_ordinated aluminum in steamed and unsteamed zeol_ite Beta
except for the appearance of a large pre-edge feature. The broadfigure 4a and b) shows that the steamed sample contains more
peak is shifted a little to higher energy, and the sharp edge with three-coordinate aluminum species at 975 K. The creation of

its small shoulder is still dominantly discernible. The multiple

defect sites during the steaming process likely enhances the

Scattering in the first aluminum oxide coordination Sphere formation of this three-coordinate aluminum. Three-fold coor-
remains largely present in this trigonal coordination. Deleting dinated aluminum is not observed at room temperature without
one oxygen neighbor (dotted dashed line) also indicates the@ny heat treatment.

presence of a large pre-edge feature, further maintaining the
characteristic features of tetrahedrally coordinated aluminum.
However, after the exclusion of one oxygen neighboring atom

(40) Ehresmann, J. O.; Wang, W.; Herreros, B.; Luigi, D. P.; Venkatraman, T.
N.; Song, W. G.; Nicholas, J. B.; Haw, J. ..Am. Chem. So@002, 124,
10868.
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The amount of three-coordinate aluminum is difficult to dehydroxylation of Brgnsted acid protons occurs at temperatures
estimate from the spectra. A comparison of the intensity of the higher than 775 K! In Scheme 2, a bridging hydroxyl group
pre-edge feature in the samples with the intensity in the is dehydroxylized with a nearby SOH group, releasing water.
calculated spectra suggests that the amount is at most 10% ofn Scheme 3, a defect site on the aluminum atom causes the
the total aluminum content. Currently, only the relative amounts irreversible formation of three-fold coordinated aluminum.
in different samples can be estimated as shown previously. The In both Schemes, water is released making the transition
quantification of these species is a subject of further research.irreversible in a vacuum. However, the presence of water at
Structure of 3-Fold Coordinated Aluminum in Zeolites. room temperature may induce the reversible reactions. Although
The mechanisms of dehydroxylation and dealumination in at this moment it can only be determined that the amount of
zeolites are not well understood. Although the exact structure three-fold coordinated aluminum in zeolites is low, this low
of the aluminum species that may cause a pre-edge feature iramount suggests that defect sites play a role during the transition
Al K-edge XANES spectra is therefore difficult to envision, to three-fold coordinated aluminum. This favors Schemes 2 and
several plausible structures are presented. (i) In the absence o8 above Scheme 1 which should cause a higher fraction of
defect sites near the Brgnsted acid site, the weakest aluminumaluminum to change coordination. This can also explain the
oxygen bond may be broken at the very high temperature, higher amount of three-fold coordinated aluminum in steamed
without complete dehydroxylation (Scheme 1). zeolite Beta compared to the nonsteamed zeolite Beta. During
Scheme 1 represents the occurring mechanism according tesynthesis of this zeolite Beta, special care was taken to keep
the first trigonal coordination in Table 1. The weakest aluminum the number of defect sites low, by first performing calcination
oxygen bond that bears the proton is broken, and an extremelyin ammonia at 675 K and, after ion exchange with sodium
long AlI—O distance is present. However, this scheme is chloride, calcination in 1% ozone in oxygen at 400 K, before
expected to be reversible after cooling the sample to room calcination at 675 K# This may explain the similar amount of
temperature, restoring the original AD(H) bond, making the  three-coordinate aluminum in zeolites Beta and Mordenite
transition of the distorted tetrahedral to three-fold coordination (Figures 3 and 4).
reversible. This is in clear contradiction with the spectroscopic  Effect of H,O on the Aluminum Coordination in Zeolites.
observations (Figure 3), which were not completely reversible. Three-coordinate aluminum is not stable in the presence of water
The reaction in Scheme 1 may be directly followed by Or to exposure to air at room temperature (Figure 3c). Traces
dehydroxylation, and in a subsequent step, extraction of of water in the gas phase cause the low-energy feature to
aluminum from the framework may occttThe structure and ~ disappear, showing the (strong) Lewis acid character of this
nature of the extraframework aluminum remains unclear. This Species. Meanwhile, the presence of water creates a fraction of

extraction of framework aluminum is expected to be a function octahedrally coordinated aluminum. The octahedral content
of the aluminum position in the framework. varies between 10 and 25% for different H-zeolites, the highest

(i) A second mechanism that may lead to the formation of @mount found in H-Beta. The formation of octahedral aluminum

three'TOId Coorqlnated aluminum is via dIIjE'Ct de_hydroxylatlon (41) Uytterhoeven, J. B.; Christner, L. G.; Hall, W. K. Phys. Chem1965
at or in the neighborhood of a defect site. It is known that 69, 2117.
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occurs already at room temperatgté2 The presence of this  cases, equally severe heat treatments comparable to those in
octahedrally coordinated species has been well documented fotthis study were given to the samples.

zeolite H-Beta?%6 but it is also reported for other zeo- Our Al K-edge XANES measurements (for example, on
lites 3132471t is generally assumed that this octahedral species H-Mordenite in Figure 3c) make clear that with techniques (such
is attached to the framework and that partial hydrolysis of the as27A] MAS NMR and XPS), where a sample is hydrated or
framework took place. The coordination is reverted to tetrahedral exposed to air and measured without further treatment, no three-
after an ion exchange with alkali ions or after the absorption of coordinate aluminum associated with the low-energy feature can
a strong base like ammonia and pyridifié® The latter  pe detected. The exposure to air or water directly annihilates
procedure is generally performed at a temperature of-30® the three-fold coordinated aluminum species observed in this
K. Interestingly, it is shown here for zeolite H-Mordenite that  study. More advanced NMR methods are necessary to enable
the octahedrattetrahedral transformation also occurs, at tem- detection of the three-coordinate aluminum at the same condi-
peratures higher than 395 K, even at low water partial pressure.tions employed in this study, although in this type of experiment
This has also been shown for zeolites H-Y and H-Béta, the high resolution of the “normal” spectra is abs€R€Often,
suggesting that the low stability of the octahedral framework in fully dehydrated samples, a total loss of signatial MAS
aluminum with temperature is a general behavior in zeolites. NMR spectra is observed. In any case, without the unambiguous
The transformation of three-coordinate aluminum to a tetrahedral determination of the NMR parameters (notably, the isotropic
coordination and the simultaneous formation of octahedrally chemical shift) of broad peaks #fAl MAS NMR spectra, no
coordinated aluminum (Figure 3c) could be linked processes. conclusive assignment of peaks to three-coordinate aluminum
Partial hydrolysis of the tetrahedral framework aluminum at high can be made. It has been suggested that three-fold coordinated
temperature (Schemes 2 and 3) could create a species that actguminun$®5icauses a “broad hump” fAl MAS NMR spectra

as an acceptor site for water molecules to complete an octahedrajn zeolites USY, ZSM5, Mordenite, and MCM-22. This broad
coordination by formation of ArOH and bridging A-O(H)— hump was observed in both dehydrated and rehydrated samples;
Si species. The partial hydrolysis of the tetrahedral aluminum however, no isotropic chemical shifts were reported, due to the
enables the aluminum atom to adopt the more bulky octahedralinvisibility of this species in multiple quantum NMRor due
coordination in the rigid silicaalumina zeolitic framework. The  to the impossibility of determining the isotropic chemical shift
structure of octahedrally coordinated aluminum that is partially ysing !H/2’Al TRAPDOR NMRS5! These studies claim that
attached to the framework is often suggested to coordinate todehydroxylation had caused the irreversible formation of three-
water and hydroxonium ions; however, it is more likely that coordinate aluminum and that it is still present after rehydration.
water molecules dissociate and form-ADH and A-O"—Si This is in clear contrast to the species observed in our Al K-edge
species’® However, the intensity of the pre-edge feature in spectra. In our steamed zeolite Beta, no three-fold coordinated
H-Mordenite at 975 K is very similar to that of H-Beta measured aluminum is observed when measured at room temperature.
at the same temperature, while the amount of octahedrally Only a heat treatment induces three-coordinate aluminum, for
coordinated aluminum at room temperature is somewhat highersteamed and unsteamed zeolite samples. More8tdrMAS

in H-Beta. As the Si/Al ratios for these zeolites are different, a NMR in combination with multiple quantum NMR on US%53
systematic study of the influence of the Si/Al ratios and the and steamed Betasamples have shown that all aluminum in
number of defect sites on the amount of three- and six- hydrated samples is accounted for in the spectra without the
coordinated aluminum should establish any relationship betweengbservation of three-fold coordinated aluminum. This suggests
these two coordinations. The relation remains an open questionthat, at standard NMR conditions, that is, in a hydrated state,
until the detailed local structures of both the octahedrally and no three-coordinate aluminum is present, at least not the Lewis
the three-fold coordinated aluminum have been elucidated.  acid aluminum site observed in this study.

Reported Claims for Three-Fold Coordinated Aluminum It has been suggested that, in a dehydrated sample H-ZSM5,

in Zeolites. Many reports in the literature have suggested the most of the tetrahedrally coordinated aluminum is converted
presence of three-coordinate aluminum in zeolites. A variety into some kind of intermediate state between three-and four-

of techniques have been used, suchl*@d MAS NMR, 89 coordinated aluminurh Our Al K-edge spectra that are mea-
ESR!?XPS!IR,!24%and so forth, and often, only an indirect  sured at high temperatures (Figures 3 and 4) clearly indicate
indication for three-fold coordinated aluminum is providéd that the aluminum is dominant in the four-coordinated state even

In most cases, these methods were not applied in situ andat temperatures up to 975 K.

samples were not treated or they were pretreated in a different  a series of infrared (IR) studies after the adsorption of probe
L 2 :

manner (for example, hydration in the casé @i MAS NMR) molecules on treated zeolites have shown the presence of a

before data collection at room temperature or lower. In some variety of sorption site&55|R spectra, measured at 77 K, show

a weak feature at about 2230 chafter the adsorption of CO

O B T e 1901, 75 g -0 s Espiau P Fajula, s Bes o zeolites after heating the zeolites in a vacullr (675 K).

(43) Jia, C.; Massiani; Barthomeuf, D. Chem. Soc., Faraday Tran$993 This feature has been ascribed to the presence of highly
89, 3659.
(44) Beck, L.; Haw, J. FJ. Phys. Chem1995 99, 1075.
(45) de Meorval, L. C.; Buckermann, W.; Figueras, F.; FajulaJA?hys. Chem (50) Ma, D.; Han, X.; Xie, S.; Bao, X.; Hu, H.; Au-Yeung, S. C. EBhem—
1996 100, 465. Eur. J.2002 8, 162.
(46) Kirisci, I.; Flego, C.; Pazzuconi, G.; Parker, W. O., Jr.; Millini, R.; Perego, (51) Deng, F.; Yue, Y.; Ye, CSolid State Magn. Resof998 10, 151.
C.; Bellussi, G.J. Phys. Cheml1994 98, 4627. (52) Van Bokhoven, J. A,; Roest, A. L.; Nachtegaal, G. H.; Kentgens, A. P.
(47) Woolery, G. L.; Huehl, G. H.; Timken, H. C.; Chester, A. W.; Vartuli, J. M.; Koningsberger, D. CJ. Phys. Chem. B200Q 104, 6743.
C. Zeolites1997, 19, 288. (53) Fyfe, C. A.; Bretherton, J. L.; Lam, L. YChem. Commur200Q 17, 1575.
(48) van Bokhoven, J. A.; Koningsberger, D. C.; Kunkeler, P. J.; van Bekkum, (54) Zecchina, AStud. Surf. Sci. CataR002 142 3 and references herein.
H.; Kentgens, A. P. MJ. Am. Chem. So@00Q 122, 12842. (55) Kustov, L. M.; Kazansky, V. B.; Beran, S.; Kubelkova, L.; JiruJPPhys.
(49) Omegna, A.; van Bokhoven, J. A;; Prins, R., in preparation. Chem.1987, 91, 5247.
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unsaturated cationic aluminuthand it is suggested to be three- aluminum coordination during reaction conditions of a variety
fold coordinated* The high wavenumber observed in the IR of reactions can be assessed. In principle, sadias and soligt
spectra is ascribed to the strong Lewis acid character of theliquid conditions can be handled during an Al K-edge XAS
adsorption site. The amount of this feature is a function of zeolite experiment. The present study clearly shows that the aluminum
and the pretreatment of the zeolte’8 This behavior is in full coordination in zeolites is a strong function of the exact
agreement with our in situ Al K-edge XANES measurements measuring condition such as temperature and the presence of
showing a clear dependence of the three-coordinate aluminumwater.

species as function of treatment (Figure 4). The suggestion of conclusions

three-coordinate aluminum based on the indirect detection with 5| K-edge XANES is very suitable for the detection of

IR spectroscopy at 77 K after the adsorption of CO as a probe 4yminum coordinations in zeolites at nonambient conditions.
molecule is confirmed by the direct detection of this species The results show an extreme sensitivity of the aluminum
with in situ Al K-edge XANES. A very high frequency (VHF)  coordination on the exact conditions of measurement. At
band at about 3782 chobserved by IR spectroscopy in mildly  temperatures above 675 K, a small part of tetrahedral coordi-
dealuminated or at high-temperature calcined zeolite samplespated aluminum in H-Zeolite transforms into a three-coordinate
has been assigned to a hydroxyl group attached to three-gpecies, identified by a small pre-edge feature in the Al K-edge
coordinate aluminum attached to the framewtr&.correlation XANES spectra. This species is stable after cooling to room
of its intensity with that of a +O—T vibration band at 885  temperature, and the amount is a function of zeolite and the
cm-* and the Lewis acid behavior of this site have also been steaming treatment of the zeolite. Exposure to water or air at
reportec?”>® The proposed structure is a three-coordinate room temperature results in the removal of this species; at the
aluminum attached to two ©Si species, and a hydroxyl group  same time, octahedrally coordinated aluminum is formed. No
completes the tricoordination. This structure can be formed after three-fold coordinated aluminum is detected in steamed zeolite
the first dehydroxylation step of the species in Scheme 1. Beta that is measured at room temperature after exposure to
However, no agreement on the assignment of this VHF band is gjr.

present in the literature, and moreover, the adsorption of water |n acidic zeolites, a transformation of part of the tetrahedral
diminished its intensity significantly but not completéfy.  aluminum atoms to an octahedral coordination occurs at room
Further research must be performed before a definite correlationtemperature after the admission of a small water partial pressure.
between the observations from different spectroscopic methodsThis framework connected octahedral aluminum is unstable at
can be made. temperatures higher than 395 K, where it adopts a tetrahedral

In situ Al K-edge XANES opens up possibilities of measuring coordination.

the aluminum coordinations at a variety of pretreatment condi-  Acknowledgment. Dr. A. D. Smith is gratefully acknowl-
tions and temperatures. Moreover, the determination of the edged for his help during the measurements. The SRS in
Daresbury (UK) is acknowledged for providing the beamtime

Eg% \Sllzrggxlt JA:_F’Té;]fifg;tm{\ﬂét';hr/lziCEpg@g\ll\gﬁéer1J99§ ;thl-Chem 2000 under allocation numbers 38108 and 37410. J.A.vB would like
104, 286. e Yoo S EIYS ' to thank the Niels Stensen Stichting for their support.

(58) Bortnovsky, O.; Sobd Z.; Wichterlova B.; Bastl, Z.J. Catal.2002 210,
171. JA0292905

7442 J. AM. CHEM. SOC. = VOL. 125, NO. 24, 2003



