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Abstract

Chemical vapor deposition (CVD) of trimethylgallium (TMG) has been studied as a method to disperse extraframework Ga in acidic ZSM-
5 and mordenite zeolite. Various samples were extensively characterized by ICP, XPS, NMR, and FTIR. Silylation with tetramethyldisilazane
is explored as a method for deactivating the external zeolite surface. The deposition of TMG in silylated ZSM-5 results in a gallium-to-
aluminum ratio close to unity, which indicates a homogeneous metal distribution in the micropore space. However, pore blockage in the
one-dimensional channels of mordenite results in a inhomogeneous distribution and a low Ga loading. Upon exposure to moistened air, th
adsorbed methylgallium species decompose and alkoxy groups are formed. Subsequent oxidation or reduction leads to the complete remo
of methyl groups. The reductive route is the preferred one resulting in a better dispersion of Ga, since oxidation of the methyl groups leads
to water formation and hydrolysis of cationic Ga species.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction be incorporated into the micropores of HZSM-5: ion ex-
change in aqueous solution [4,14], impregnation [15], chem-
The mechanism for the dehydrogenation of small alka- i@l vapor deposition (CVD) of Gag[16] and by physical
nes, one of the basic steps in their aromatization, overadmixture of GaOs [17] or GaCh [5]. It is also possible
Ga/HZSM-5 catalyst has received a great deal of attention {0 0btain isomorphous substitution of aluminum by gallium
during the past decades [1-6]. These materials are presently? MFI-type zeolites by steam activation [18]. With aque-
used in the Cyclar process developed by British Petroleum OUS ion exchange the hydrated Ga cations tend to stay on the
and UOP [7]. The main reaction steps of this process are external zeolite surface, and subsequent reduction or oxida-
paraffin dehydrogenation followed by oligomerization and 1N of the Ga species is necessary to disperse them into the
cyclization. Although relevant progress in the understand- micropores [6'17]', $ubl|m§1t|qn of Ga@b'a more efﬂqent
ing of dehydrogenation reactions over zeolites containing Ga Method for depositing cationic Ga species directly into the

has been made in recent years, the role of the gallium specie§nh'Cr()pgreS replacing anSt‘?c:] acid sites [16,19]. However,
is still unclear. Some groups claim that the metal cations the subsequent treatment with water necessary to remove

and acid sites play separate roles for alkane activation andCth,”ne causes the hydrolys!s OT Ga atoms and the regen-
cyclization [8-10]. Other authors argue that there is a syn- eration of some Brgnsted acid sites [16]. As an alternative

ergistic effect where acid sites stabilize adsorbed aIkaneerUte.' we here adqlress a completg!y anhypl rous proc'edure
and cleave C—H bonds while gallium facilitates the recom- consisting of chemical vapor deposition of trimethylgallium

bination of H atoms [1,11-13]. Various preparation methods (TMG) with .subsequent removal of the methyl groups by
have been described by which extraframework gallium can ftreatment with H or Op. Expectedly, t'he absence O.f water
in our procedure prevents the formation of less-defined gal-
lium (hydr)oxide species. Prior to a report of the catalytic
* Corresponding author. activity, in this contribution we focus on the synthesis pro-
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resulting Ga zeolites. Three main aspects will be discussed:n-hexane. The solution was stirred for 24 h at ambient tem-
(i) the chemisorption and stability of TMG on HZSM-5 and  perature. The mixture was filtrated and washed several times
HMOR zeolites, (ii) the effect of oxidation and reduction with n-hexane. Finally, the silylated materials were dried for
treatments on these catalysts, and (iii) the effect of protect- 24 h at 383 K. The deposition of trimethylgallium on sily-
ing silanol groups on the external surface by silylation before lated zeolite followed the same procedure as outlined above.
TMG deposition [20]. This latter aspect is important since

TMG reacts with both silanol groups [21] and Brgnsted acid 2.2 Pretreatment

sites [22], respectively, mainly located on the outer zeolite
surface anq in the zeolite pores. In catalytic application:_;, ON€  The resulting catalysts were either calcined in 100 ml
generally aims to take advantage of the shape-selective ef-

¢ ; . min of a mixture of 20 vol% @ in nitrogen or reduced
fects of the small pore dimensions of zeolites. Preferably, thein 100 m/min of 20 vol% kb in nitrogen. These treat-

aim is to disperse the Ga species inside the zeolite pores. Nments were performed under the following heating program:
order to prevent the undesirable reaction with silanol sites, 7 K/min to 523 K and 2 h isothermal followed by 7/kain

we have tested the effect of blocking the silanol groups at to 823 K and 4 h isothermal.

the external zeolite surface by silylation with tetramethyld- Catalysts are denoted as [TMG/] ZEO ([Sy], X), where

isilazane. This .colmpound represents an effective silylating TMG optionally indicates TMG deposition, ZEO stands for
reagent to modifying the external surface through [23] ZSM-5 or MOR, Sy indicates optional silylation, and X in-

 SiH(CHs), /CH3 dicates either oxidative (O), reductive (R) treatment or hy-

2=SiOH+ HN N — 2=Si0O-Si —H + NHa. drated with deoxygenated water (W). The latter treatment
SiH(CHs). CH; was obtained by exposing the fresh catalyst to a flow of
(1) deoxygenated water for 5 h. The deoxygenated water was

produced after boiling distillate water for 1 h and flowing

TMG-loaded catalysts were prepared either from sily- . ) . :
lated or freshly calcined zeolites. These catalysts were exten-100 mi/min of N for 24 h. This treatment was applied prior

sively characterized by multinuclei NMR, FTIR, ICP-OES, t(; TI\(/J;Gand H ’\IIQAR inalymls o tsrt]udy thi decompof?ltltt)nf
and XPS. Special attention was paid to the development of© on zeoltes. 10 analyze the simullaneous €etiect o
the Ga species after hydrogen or oxygen treatments. In the?XY9en and water, the fresh catalysts were simply exposed
course of our study, we have found that the adsorbed methyl—to moistened air for 24 h.
gallium species already reacts with air at ambient conditions.

Therefore, we also paid attention to this first step. 2.3. Characterization

Magic-angle-spinning (MAS) NMR spectra were record-

2. Experimental ed on a Bruker DMX500 spectrometer operating at 500.13
MHz for *H, 152.5 MHz for "'Ga, and 125.76 MHz for

2.1. Catalysts synthesis 13C nuclei. For’'\Ga MAS NMR, ~ 10 mg hydrated zeo-
lite was packed into a 2.5-mm sample holder and rotated

2.1.1. Chemical vapor deposition of TMG at a rate of 30 kHz. To better characterize the brG4@a

HZSM-5 and HMOR were obtained by calcination of resonances, whole Hahn echoes were recorded using a rotor-
the parent zeolites N\ZSM-5 (Akzo Nobel, SiAl = 19.4) synchronized 90:—180 pulse sequence with a*9fulse of
and NHyMOR (Akzo Nobel, SfAl = 10). Gg HZSM-5 and 0.7 us, a delay of 32.3 ps. Typically between 4000 and
Ga/HMOR were prepared by chemical vapor deposition of 25,000 scans were accumulated with a time resolution of
trimethylgallium (Strem Chemicals, purity 99%) on these 0.5 ps (1-MHz spectral width) and an interscan delay of 3 s.
acidic zeolites. The amount of 3.5 g of previously dried No spectral-intensity change was observed for a shorter in-
acidic zeolite was loaded in a reactor with an excess amountterscan delay of 1 s. Solid GaN@as used for external shift
of TMG (1 ml) in an argon-flushed glovebox at room tem- calibration, and GgO3 to optimize the pulse sequence. For
perature. After 24 h, the resulting material was maintained *H and*3C NMR experiments, we used 4-mm sample hold-
under vacuum for 2 h to remove unreacted TMG and gaseousers and a rotation rate of 8 kHz. Except when studying the ef-
reaction products, mainly methane [24]. The catalysts were fect of air, the samples were packed under argon atmosphere

kept in Ar atmosphere prior to further use. to prevent hydrationtH NMR spectra were recorded using
single-pulse excitation with a 84ulse of 3 pus. The num-
2.1.2. Slylation ber of scans was 16 and the interscan delay was 3 s. Ethanol

The silanol groups in HZSM-5 and HMOR were silylated with its proton signals at 5.0, 3.5, and 1.0 ppm was used as
employing the procedure of Anwander and co-workers [23]. an external referenc&C NMR spectra were obtained using
The silylated zeolites were obtained as follows: 3 g of either'H-13C varied-amplitude cross-polarization (VACP)
tetramethyldisilazane was diluted in 30 ml:ohexane and  with a contact time of 1 ms, or a rotor-synchronized 86—
added to a 120 ml suspension of 3 g of dried zeolite in 180 pulse sequence with a 5 us°9fulse and a delay
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of 117.5 ps. In both cases, 2048 scans were typically accu-Table 1
mulated with an interscan delay of 5 s. No signal-intensity Gallium content, GaAl molar ratio (ICP), and G£Si molar ratio (XPS)

change was observed at a shorter interscan delay of 2 s. Thesample wt% Ga GaAl Ga/Si
38.56 ppm signal of adamantane was used for external cal-rmg,zsm-5 6.8 15
ibration. Two-dimensional (2D¥H-13C NMR correlation ~ TMG/ZSM-5(0) 6.4 15
experiments to improve the identification of hydrocarbon TMG/ZSM-5(R) 6.3 15
species were carried out with a varied-amplitude version of mg%gg(m g'j 8'1 g'i‘;
the wideline-separated (WISE) pulse sequence with a CON-1G/MOR(R) 31 04 0.04
tact time of 1 ms [25]. The number of scans was 128, the tmG /zsm-5(sy) 50 11
number of experiments 200, and the interscan delay 5s.  TMG/MOR(Sy) 2.3 0.3 0.17

FTIR spectra were obtained in a Bruker IFS113V FT ab-

sorbance spectrometer with spectral recorded between 1000 .
and 400 cm?. In a typical experiment, the samples were Silylated zeolites, TMGZSM-5(Sy) and TMGMOR(Sy),

evacuated at room temperature for 2 h. The catalysts wereCOntain approximately 30% less gallium than materials pre-

calcinated at 773 K or reduced at 673 K in situ for 60 min. Pared with nonsilylated zeolites. This observation indicates

All the IR spectra were recorded at room temperature. that silylation of zeolites decreases the number of sites where
The XPS measurements were done with a VG Escalab TMG can adsorb. The Gl ratio of TMG/ZSM-5(Sy) is

MKII spectrometer, equipped with a dual Allg-K,, X-ray close to unity.

source. Spectra were obtained using the aluminum anode

(Al-K , = 14866 eV) operating at 480 W and constant pass 3-2. XPSresultsand migration of Ga

energy of 20 eV with a background pressure ok 20°

mbar. Table 1 shows the G&i ratios obtained by XPS. It is

The contents of Ga and Al were determined by induc- important to note that these values give an indication of
tive|y Coup]ed p|asma optica| emission spectrometry (|CP_ the GaSI ratio at the outer surface of zeolites due to the
OES) technique, using a Spectro Cff68 spectrometer. limited mean free electron path-(5 nm). Clearly, the sur-

All theoretical calculations have been performed with face region of TMGMOR is enriched in Ga (G&i = 0.34)
Gaussian98 [26]. We used the hybrid DFT B3LYP method compared to the cases where TWIMBOR has been oxidized
[27-29]. In the case of zeolite systems, this method has beerPr reduced. The decrease of the/Saratio measured by
shown to give results as good as or better than MP2 calcu-XPS after reduction or oxidation of catalysts indicates the
lations [30,31]. The basis set 6-3¥tchas been used for ~migration of Ga present on the outer surface and its redistri-
all atoms. The zeolite crystal is modeled by a small mole- bution through the mordenite micropores. Adbul Hamid and
cular fragment that aims to describe the sites of interest, Co-workers [32] observed similar behavior for a/BZSM-
viz. zeolite hydroxyl groups and acidic Brgnsted site. Two S catalyst prepared by ion exchange with Ga-nitrate. Here,
zeolite cluster models have been used. First, an 18 atom clusWe stress that the amount of Ga observed by XPS consti-
ter (Si(OH)(OSiH)3) was employed to represent a silanol tutes only a very small fraction of the total Ga present in the
group Si—OH. Second, a Bransted site model cluster wascatalyst.
made up by 22 atoms (AI(OS#E(OHSIiHz)) to represent a
Al-O(H)-Si site. Geometry optimization calculations have 3.3. 3C CPMASNMR spectroscopy
been carried out to obtain a local minimum for reactants,
adsorption complexes, and products. The frequencies were The chemisorption of TMG on both zeolites and its suc-
computed using analytical second derivatives for a temper- cessive decomposition in contact with oxygen and water was
ature of 298 K. Zero-point energy (ZPE) corrections have analyzed by one- and two-dimensiof3C and'H NMR.
been calculated for all optimized structures. Fig. 1 shows thé3C NMR spectra of TMG chemisorbed

on silylated and nonsilylated HZSM-5. As-prepared TMG
ZSM-5 before exposure to air or water presents a btéad

3. Results NMR signal at—7 ppm (Fig. 1a), which is assigned to Ga—
CHs [33]. To obtain information about the stability of TMG
3.1. Catalyst composition dispersed in the ZSM-5 matrix, the as-prepared TMGEM-

5 was exposed to an argon flow containing oxygen (Fig. 1b),
The gallium loadings on the various samples are listed or deoxygenated water vapor (Fig. 1¢) at room temperature.
in Table 1. TMG'ZSM-5 has a higher gallium content than The resulting NMR spectra closely resemble those of the
TMG/MOR although the SiAl ratio of HZSM-5 is approx- asprepared material. After exposure of TWEKBM-5 and
imately two times higher than that of HMOR. From ICP TMG/ZSM-5(Sy) to moistened air, however, two new sig-
analyzes after oxidative and reductive treatments, it follows nals appear at 60 and 18 ppm (Figs. 1d and e). The signal
that these treatments do not lead to a significant reductionat 60 ppm is assigned t#CH3z-O and/or CH-13CH,-0,
of the Ga content of the samples. Samples prepared withprobably connected to Ga. However, th& NMR shift
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. . Fig. 2. 1H NMR spectra of as-prepared TMESM-5 (a), TMG/ZSM-5
Fig. 1. 13C NMR spectra of TMGZSM-5 after synthesized (a), exposed (b), and TMG/ZSM-5(Sy) (c) exposed to moistened air.
to Oy (b), deoxygenated $O (c), exposed to moistened air (d), and '

TMG/ZSM-5(Sy) exposed to moistened air. The second and third spec-

tra have been recorded with VACP, the other three with a Hahn—echo pulse 1D
sequence.

alone does not exclude a possible linkage of alkoxy groups

to Si or Al. The signal at 18 ppm is assigned to a methyl P F

group connected to another C atom [34-36]. The silylated CH:- -4

TMG/ZSM-5(Sy) catalyst presents additional signals be- B C

tween 1 and-2 ppm (Fig. 1d). These are methyl signals, @ 0

which probably arise from the trimethylsiloxy species gen- @ CH,;-CH,-0

erated in the silylation of the silanol groups [23]. The line- CH,0

shape suggests a bimodal distribution of structures or envi- CHa-

ronments. e S
1 80 40 0 -40

3.4. “H NMR spectroscopy BC shift (ppm)

' EEN
'H shift (ppm)

T
e e}

'H NMR experiments confirm the formation of methoxy Fig. 3. 2DTH-13C NMR spectra of TMGZSM-5 exposed to moistened air.
and ethoxy groups after exposure to moistened air. The spec-rojections on théH and13C axes are marked as “P." For comparison the
tra of fresh TMG ZSM-5 (Fig. 2a) consists of a single broad corresponding one-dimensional spectra (Figs. 1d and 2b) have been added.
signal at 0.1 ppm assigned to Ga—NVhen the catalyst
was exposed to moistened air, a new signal at 1.2 ppm ap-sional 'H-13C NMR spectra. The experiment is selective
pears, which belongs to methyl groups bonded to C atoms,for 13C nuclei with protons in their direct surroundings
like in an ethoxy groups. Both G340 and —CH-O groups (< 1 nm). By correlating théH and13C shifts, the chem-
give rise to overlapping signal at 3.7 ppm. The signal at ical structure of the hydrocarbon species can be identified
4.6 ppm is due to water adsorbed on HZSM-5 [37]. more specifically. Fig. 3 shows the 2IBI-13C NMR spec-

The spectra obtained for TM@SM-5(Sy) exposed to  tra of the nonsilylated TMG&ZSM-5 catalyst after exposure
moistened air (Fig. 2¢) show a relatively intensive signal at to moistened air. For comparison, the spectral projections
3.7 ppm as compared to that in Fig. 2b, indicating an en- on the'H and'3C axis are indicated, as well as the corre-
hanced methoxy: ethoxy ratio for silylated catalysts. The sponding one-dimensional spectra. The spectrum confirms
signal at—0.02 ppm is assigned to methyl groups from the the formation of methoxy and ethoxy species and the pres-
silylating reagent. The C§Si—O signal probably overlaps  ence of methyl groups that remain bonded to Ga or Si atoms
with the Ga—CH signal at 0.1 ppm. A new peak at 6.9 ppm in silylated zeolites. Note that the 4.6 ppm proton signal is
is assigned to N~ produced during the silylation of zeolite  absent in the 2D spectrum, as expected for a water signal.
that remains adsorbed after chemisorption of TMG [38].

3.6. "'Ga MAS NMR spectroscopy
3.5. Two-dimensional H-13C correlation NMR
Fig. 4a shows thé'Ga MAS NMR spectra of the gal-
1H and!3C NMR signals, which overlap in one-dimen-  lium(ll)chloride used as model compound. In the solid gal-
sional spectra, are generally better resolved in two-dimen- lium dichloride Ga [Ga3t Cl,], the G& is at the center of
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in Fig. 5. Three bands due to OH stretching vibrations
were identified for the parent HZSM-5 zeolite (Fig. 5a).
These bands are assigned as follows: 3612%cfar Bren-

sted acid sites, 3664 cmh for extralattice AIOH ions, and
3744 cmv! for terminal silanol groups [43]. The extraframe-
work Al ions are already present in the as-received mate-
rial and arise from the synthesis procedure. The signal of
Bragnsted acid sites is hardly distinguishable for as-prepared
TMG/ZSM-5 (Fig. 5b). A new broad band appears, indicat-
ing the presence of water adsorbed during sample prepara-
tion for IR measurement. Nonetheless, the signal of silanol
sites is not present anymore. Signals at 2924 and 2981 cm
belong to the asymmetric C—H stretching of methyl groups
or methane adsorbed on ZSM-5 [44—46]. These bands dis-
appear after oxidation or reduction of the TMZBM-5 cat-

alyst (Figs. 5c¢—d), indicating the complete decomposition

of those groups. Whereas in TMGSM-5(R) no bridg-
Fig. 4. 30-kHz magic-angle spinnindlGa MAS NMR spectrum of NG hydroxyl groups are observed, an oxidative treatment
GaCly (a), TMG/ZSM-5 as-prepared (b), reduced (c), and oxidized (d), (TMG/ZSM-5(0)) results in a small number of Brgnsted
TMG/MOR reduced (e) and oxidized (f). protons. The band at 3664 cthin the parent sample cor-

responds to extralattice AIOH species. In TVEBM-5(0),
a GaCl}, tetrahedron, in which the bonds have considerable a more dominant band at 3672 this observed that most
covalent character. Gaforms longer and more ionic bonds probably corresponds to extralattice GaOH groups. These
with chlorine [39]. We ascribe thé!Ga MAS NMR sig- OH groups could derive from water produced during ox-
nals at 209 and-608 ppm to G&" and G4, respectively. idation of the alkyl groups. Furthermore, this water may
The "*Ga MAS NMR signals of as-prepared TMBOR induce a small amount of dealumination of the zeolite struc-
and TMG/ZSM-5 catalysts were not visible, probably be- ture as was readily observed fréifAl NMR measurements
cause of the low coordination symmetry around Ga that (not shown here). Water production also explains the small
results in a huge quadrupolar line broadening (Fig. 4b). amount of Brgnsted protons regenerated due to hydrolysis
This is in line with an earlier study by Bayense and co- of charge-compensating Ga cations. However, we surmise
workers [18], who assumed that part of the gallium in dea- that most of the negative zeolite charge is compensated by
luminated TMG/ZSM-5 catalyst is undetectable by NMR. Ga-containing cationic species.
Hydration of the zeolites to reduce the internal electric-field In Fig. 6, the FTIR results of the silylated samples
gradients and obtain a narrowéfza signal was unsuccess- are collected. Figs. 6b and ¢ show the spectra of sily-
ful. lated HZSM-5 after oxidation and reduction, ZSM-5(Sy,O)

The H- or Op-treated, and then air-exposed TVEZBM- and ZSM-5(Sy,R). Comparing these two spectra with the

5 and TMG/MOR catalysts have a visible, although ex- parent HZSM-5 (Fig. 6a), we observe that the signal of
tremely broad’'Ga signal. Even with the ultrafast sample- silanol groups at 3743 cni is strongly decreased. The
rotation rate of 30-kHz applied in our experiments, we are

unable to obtain well-resolved sideband patterns. The line- Bronsted . 1
shape suggests a bimodal distribution of Ga species with 02 3002 3744
shift values centered around 0 and 140 ppm. These two val- 3664 L

ues are typical of trivalent Ga with octahedral and tetra-
hedral oxygen coordination, respectively [40-42]. Note that
the samples after Hor O, treatment were exposed to moist-

a) HZSM-5

Absorbance /a.u

ened air to narrow thé!Ga MAS NMR signal, thus lead- b) TMG/ZSM-5 3672
ing to the partial decomposition of TMG. TM&SM-5(0) il
and TMG/ZSM-5(H) show similar'’Ga MAS NMR spec- o) TMG/ZSM-5(0) 13666 4|

tra (Figs. 4c—d). In contrast, in TMBIOR(H) (Fig. 4e)
the signal at 140 ppm is relatively enhanced compared to
TMG/MOR(O) (Fig. 4f).

d) TMG/ZSM-5

3000 3200 3400 3600 3800

3.7. FTIRstudies r
Wavenumber cm

The IR spectra of freshly calcined HZSM-5 and TMG  Fig. 5. FTIR spectra of HZSM-5 (a), TM&SM-5 exposed to moistened
ZSM-5 after oxidative and reductive treatment are displayed air (b), after oxidation in situ (c) and after reduction in situ (d).
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3612

Table 2
Computed thermodynamic data (energies ifinkdl) of the reaction be-
tween TMG and zeolite hydroxyl groups
g Silanol group (2) Brgnsted acid site (3)
g |D)ZSMEr0) AHZ8K ~1218 —2034
=[5 7SM-5(Sy.R AG298K -1025 —2039
© 0K _ —
< d) TMG/ZSM-5(Sy,0 AHy 122 209
¢) TMG/ZSM-5(Sy,R —
Q. 5 \C 0
T T T T \ i
3400 3500 3600 3700 3800 3900 C ﬁi\‘ ‘1
Wavenumber cm™ Q ‘_J) ‘:/' Ga b
Fig. 6. FTIR spectra of HZSM-5 (a); silylated HZSM-5 after oxidation (b), Nyt ,4,,‘:"'/ \‘1“.\ i
and after reduction (c); TMG chemisorbed on silylated HZSM-5 after oxi- Q‘*g 0 0\‘ n) Iy
dation (d) and after reduction (e). Si “-‘.\\ /ef-'f::::@'—" i
d 4 " si
: & I
peak corresponding to Bransted acid sites (3612%nis 7 \o Q
not significantly altered, indicating that the silylating agent i 9/ o
has selectively reacted with silanol groups. The spectra of S S { : &;—J
TMG/ZSM-5(Sy,0) and TM@ZSM-5(Sy,R) show a drastic sl¢‘~) I si
decrease of this signal after chemisorption of TMG (Figs. 6d I
(o] @)

and e). Similar to the nonsylilated samples, it is observed that

the signal CorreSpondmg to Brgnsted acid sites COmpletelyFig. 7. Schematic representation of trimethylgallium chemisorbed on Brgn-
disappears after reduction. sted acid sites.

3.8. Theoretical modeling

Theoretical calculations were performed to estimate the
energy of the reaction of trimethylgallium or tetramethyldis-
ilazane with the silanol groups or Brgnsted acid sites. The
adsorption of Ga(Ch)s on acid zeolites may lead to the
formation of methane and chemisorbed GaggGH cations
according to

Silanol site:

=Si-OH+ Ga(CHs)3 — =Si-O-Ga(CH)2+ CHs;  (2) G

Brensted site:

=Al-O(H)-Si= + Ga(CHs)3
— =Al-O(Ga(CHs)2)-Si= + CHa. 3)

Fig. 8. Schematic representation of trimethylgallium chemisorbed on sila-
nol sites.

Table 2 shows the computed thermochemical data of
these reactions. Chemisorption on Bransted sites is thermo-  Silylation of the parent zeolite with NH(SiH(Gb)2 in-
dynamically more favorable than on silanol sites. Geometric volves a double protonation of the nitrogen atoms. The zeo-
optimization analysis indicated that the most stable structurelite protons are replaced by —SiH(GH groups and NHis
is the one where Ga(CGhbt is tetrahedrally coordinated to  released. The silylation of silanol and Brgnsted sites proba-
two framework oxygen atoms (Fig. 7). The reaction of TMG bly proceeds in two steps, on silanol sites as
and terminal silanol sites results in interaction with an oxy-
gen atom which is less favorable (Fig. 8). In general, one =Si—OH+ NH(SiH(Chg)2)2
should also consider the possibility of TMG reacting with  _, =Sj—O-SiH(CH)2 + NH2(SiH(CHg)2), (4a)
two neighboring hydroxyl groups giving monomethylgal-
lium. The probability for the occurrence of two aluminum- . .
containing oxygen tetrahedral in mordenite/(i = 10) is =Si-OH+ NH2(SiH(CH)2)
significantly higher than in ZSM-5 (&Al = 19.4). — =Si—O-SiH(CH)2 + NH3, (4b)
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Table 3
Computed thermodynamic data (energies ifinkdl) of the reaction be-
tween NH(SIH(CH)2)2, NH,SiH(CHgz)2 and zeolite hydroxyl groups

Silanol group Brgnsted acid site
(4a) (4b) (5a) (5b)
AHPBK —605 -59.8 —-429 —421
AGEBK —-56.1 —545 -314 —-299
AHOK -58 —-62 —41 —45
and on Brgnsted sites as
=Al-O(H)-Si= + NH(SiH(CHs)2)2
— =Al-O(SiH(CHg)2)-Si= + NH2(SiH(CHs)2), (5a)
=Al-0O(H)-Si= + NH2(SiH(CHs)>)
— =Al-O(SiH(CHs)2)-Sk= + NHa. (5b)

M. Garcia-Sanchez et al. / Journal of Catalysis 219 (2003) 352-361

from the zeolite framework structure. These Ga ions exhibit
a low coordination symmetry giving rise to a huge quadrupo-
lar splitting and a broad'Ga MAS NMR signal (Fig. 4b).
Theoretical calculations indicate that chemisorption of
TMG on Brgnsted sites is thermodynamically more favor-
able than on silanol sites (Table 2). Nevertheless, FTIR re-
sults clearly pointed out that TMG reacts with both silanol
and Brgnsted acid sites (Figs. 5a and b). This is due to the
excess of TMG and the more accessible positions of the
silanol groups, which are mainly located on the external sur-
face of the zeolite crystallites. The most stable structure is
the one where Ga(Chl* is chemisorbed on a Brgnsted
site and coordinates to two oxygen neighbors of aluminum.
Similar coordination was proposed by Gonzales and co-
workers [47] for GAZSM-5 catalysts treated with4dThe
divalent monomethyl Ga species, Ga(§#-, prefers to si-
multaneously interact with two Brgnsted sites, if these are
sufficiently close together. This is more probable in the low-

The thermodynamic data indicate that the silylated silanol silica mordenite sample. When Ga(g)slis chemisorbed on
groups are more stable than the silylated Brgnsted acid sitegerminal silanol sites, Ga is connected to only one oxygen

(Table 3). Thus, from a thermodynamic point of view, there
is a preference for silylation of the silanol groups.

4. Discussion

4.1. Chemical vapor deposition of trimethylgallium

Comparing TMGZSM-5 and TMGMOR we observe

(Fig. 8).

Optimal GgZSM5 catalysts for aromatization of alkanes
are prepared by reduction with,Ho disperse the gallium
species. Chemisorption of TMG is selective to Brgnsted acid
sites resulting in a high dispersion of Ga species before re-
ductive treatment.

4.2. Sability of chemisorbed TMG

that the mordenite-based samples have a considerably lower Trialkylgallium compounds are unstable upon contact

Ga content (Table 1). The average/@ératio for the ZSM-
5-based catalysts is higher than unity, indicating that TMG

with water resulting in the hydrolysis of the alkane group
and metal hydroxide. The reaction of trialkylgallium com-

reacts with both Brgnsted acid sites and silanol groups. In pounds and oxygen yields alkoxide compounds via alkylper-

TMG/ZSM-5(Sy) the GaAl ratio is close to unity. This is
interpreted as a selective reaction of TMG with the acidic
protons due to the protection of the silanol groups by silyla-
tion. The lower Ga content of TM@IOR is most likely re-

lated to the one-dimensional pore system of mordenite. In ef-

fect, chemisorption of TMG in the zeolite pores close to the
pore entrances prevents further diffusion of TMG through-

oxo intermediates [48]. In order to obtain information about
the stability of this compound on HZSM-5, as-prepared
TMG/ZSM-5 was exposed to oxidative and reductive at-
mospheres and subsequently characterizetHyy3C, and
2D H-13C NMR. Methoxy and ethoxy groups are formed
when TMG/ZSM-5 and TMG/ ZSM-5(Sy) are exposed to
water and oxygen simultaneoushd and13C NMR spec-

out the micropores. Thus, mordenite-based catalysts havetra indicate the formation of alkoxy groups (Figs. 1d and
an initial outer surface enriched in Ga. The more accessiblee and 2b and c). To unequivocally prove the formation of

structure of ZSM-5 results in a homogeneous distribution of
Ga over all the Brgnsted acid sites.

FTIR spectra show that chemisorption of TMG modi-
fies the hydroxyl bands of ZSM-5 (Figs. 5a and b). Clearly,
the silanol groups (3744 cm) have disappeared. The sig-
nal of the bridging hydroxyl groups is overlapped by the

alkoxy compounds and to avoid the overlapping signals from
water, 2D1H-13C NMR spectra were recorded to selec-
tively detect the protons connected to carbons (Fig. 3). The
resulting three signals are due to methyl groups ing€H
Ga, CH—CH,-0, and overlapping signals of GHO and
—CHy—O species. Moreover, the FTIR bands around 2300—

broad absorption band of water. New bands around 2900-2900 cnt? point to the presence of methyl groups in the

3000 cnt?! indicate the presence of methyl groups [44—-46].
The adsorption of Ga(Clz on HZSM-5 is accompanied
by the formation of methane, Ga(GH™, and Ga(CH)%*
ions [24]. The loss of protons from the Brgnsted and silanol

samples that have been exposed to air (Fig. 5b). However,
no formation of these methoxy and ethoxy species was ob-
served when TMGZSM-5 was separately exposed to either
deoxygenated water or oxygen. In this cadsS€, NMR spec-

sites occurs concomitant with the formation of methane. The tra do not present additional signals next to the broad band

resulting Ga(CH)»t and Ga(CH)?* ions are adsorbed on

assigned to methyl groups connected to Ga (Figs. 1b and c).

the negatively charged oxygen atoms and replace protonsTMG/ZSM-5(Sy) shows a similar stability in air. THEC
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NMR spectra present the same bands assigned to alkoxydecrease in the G&i XPS ratio of mordenite catalyst. Espe-
groups (Fig. 1e). Additional signals a?land—1.7 ppm are cially, reductive treatments appear to be efficient in line with
probably due to methyl groups from the silylating reagent.  earlier observations [14,17,32]. However, the amount of Ga
In brief, the samples are unstable upon contact with deposited is too low to cover all the acid sites.
moistened air at room temperature. Water and oxygen pro- From our extensivé>C and'H NMR studies, we ob-
mote the hydroxylation of adsorbed Ga(gk species and  tain the picture that due to air exposure the Ga species
the subsequent formation of alkoxy groups in silylated and are hydroxylated and alkoxy groups are generated. These
nonsilylated HZSM-5. We assume that alkoxy groups are alkoxy groups are also observed by their IR signals between
connected to Ga atoms. However, we are not able to dis-2900 and 3000 cmt(Fig. 5b) [44,45]. These signals com-
tinguish bylH and13C NMR whether alkoxy groups are pletely disappear after oxidative and reductive treatments,

bonded to the Ga atoms or to the zeolite structure. indicating the complete removal of these groups (Fig. 5¢
and d). Moreover, we find that for TMESM-5(Sy,0) and
4.3. Slylation of zeolites TMG/ZSM-5(0) almost all bridging hydroxyl groups have

disappeared, while they are completely absent in the corre-
sponding reduced samples. We surmise that the difference is
mainly caused by water generated by the oxidation of the re-
maining alkyl groups in the case of oxidative treatment. This
water may lead to the hydrolysis of Ga-containing cationic
species and regeneration of a small part of acid protons. Ad-
ditionally, this may lead to dealumination, although from

Silylation by tetramethyldisilazane is explored as a meth-
od to selectively deactivate silanol groups on the external
surface. FTIR results of silylated HZSM-5 show a substan-
tial decrease of the silanol site signal after oxidation or
reduction, whereas the Brgnsted signal is only slightly de-

creased (Figs. 6a—c). These results indicate that tetramethyl27AI NMR measurements (not shown here) we conclude that

disilazane mainly reacts with silanol acid sites. Most of the its extent is quite low. The generation of protons due to hy-

Bronsted sites thus remain accessible for subsequent reacs ) ? N
tion with TMG. drolysis leads to the formation of neutral Ga-oxo species in

: . . . . the zeolite micropores or at the external zeolite surface. Most
Theoretical calculations predict that the interaction of P

tetramethyldisilazane with silanol groups is more favorable probably, [GaO] ions react with water according to
than that with Bregnsted protons (Table 3). In addition, we [GaQ" + H,0 — GaO(OH)}+ H™. (6)
surmise that the size of the silylating agent, which prevents
diffusion into the micropores, is of overriding importance.
The effectiveness of the silylation procedure is underlined
by the lower Ga contents of the samples after deposition of 2GaO(OH)— Ga03 + H»0. (7

TMG (Table 1). Moreover, for silylated ZSM-5 the resulting The IR spectrum of HZSM-5 contains a band at 3664 &m

Ga/Al ratio is close to unity, indicating the direct deposi- .
; & Y, 9 ¢t dep due to extraframework AIOH species, whereas the spectrum
tion of one TMG molecule on one Brgnsted acid site. The L o .
i . of TMG/ZSM-5 catalyst after oxidation exhibits a more in-
Ga content of the mordenite-based sample is also lower af- L . : .
: : : tensive signal at 3672 cm (Figs. 5a and c). This points to
ter silylation, although the overall GAl ratios are much
o s the presence of hydroxyl groups connected to extraframe-
lower than unityH NMR spectra point to the presence of : . .
g . . . work Ga-oxide species as forwarded in (6). However, the
NH4™ ions produced during the silylation and adsorbed on . o )
relatively low amount of bridging hydroxyl groups after oxi-

thevseohte elzxéer?r?ltsqlrf?ctg (F;Jg'tz? [38]£h ldisil . dation (FTIR) indicates that the amount of neutral Ga-oxide
e conclude that silylation by tetramethyldisilazane is an species should be quite low.

teffectllve r?tethodfto desa cSvate thet jllano!tgrou?_sn\c;lgthe el):- The interpretation of thé'Ga NMR signals after ox-
rernal zeolite surtace. subsequent deposition o resultS;qation and reduction and air exposure is more difficult
in a homogeneous distribution of Ga in the micropore space

L ) . (Fig. 4). Most importantly, we find that Ga is present as
for ZSM.'S' Th|s'd|.str|l'3ut|on Is less effective for mordenite Ga* in two different coordinations. The resonance at 0 ppm
due to diffusive limitations.

is close to the one observed for ¥ain octahedral coor-
o ) dination in 8-Ga0O3 [49]. The broad signal at 140 ppm is
4.4. Oxidative and reductive treatments related to G&" species in a lower than octahedral coordi-
nation symmetry. A resonance around 160 ppm has been
The activation of the as-prepared Ga-containing zeolites detected when Ga is part of the zeolite framework struc-
is relevant to catalysis. We have examined the structure ofture in tetrahedral coordination [18,38,40,41]. In our case,
Ga species after oxidative and reductive treatments. First ofthe resonance at 140 ppm is likely due to tetrahedrally co-
all, we note that there is hardly any loss of Ga during these ordinated G&" species such as Ga(Q#t coordinating to
treatments (Table 1). The nonideal Ga dispersion in the mor-the Brgnsted site. Additionally, a small fraction of Ga may
denite case can be alleviated by these oxidative and reducbe incorporated in the framework since the initial ZSM-5
tive treatments leading to the redispersion of Ga throughoutstructure possibly contains some defect sites. TM&M-
the micropore space. This redispersion is confirmed by the 5(R) and TMGZSM-5(0) show similariGa MAS NMR

The subsequent decomposition of the GaO(OH) species
could result in formation of gallium oxide clusters
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spectra with broad overlapping signals (Figs. 4c and d). In
contrast, TMGMOR(R) shows a more intense signal at

140 ppm (Figs. 4e and f). Although not totally clear, this

might relate to less water adsorption during air exposure
in mordenite leading to a smaller extent of hydrolysis of

charge-compensating species. Although these results clearl
point to the presence of &4, one cannot rule out that &a

may be present under reductive conditions at high tempera-
ture. Previous studies have indeed shown that upon cooling

in H the reduced GEHZSM-5 to room temperature Ghis
oxidized to G&" [13]. Moreover, our samples were exposed
to air prior to NMR measurements. Finally, we note that sim-
ilar results were obtained after oxidation and reduction for
the silylated zeolites. At present, a catalytic study is under-
way to compare hydrocarbon activation of these catalysts to
those prepared by conventional impregnation of Ga—nitrate
or vapor deposition of Gagfollowed by hydrolysis.

5. Conclusions

Chemical vapor deposition of trimethylgallium followed
by H treatment to remove the remaining methyl groups is

an efficient method to disperse Ga in the micropore space of

acid zeolites. Silylation with tetramethyldisilazane is effec-
tive in deactivating the silanol groups on the external zeolite
surface. While deposition of trimethylgallium on silylated
HZSM-5 leads to a homogeneous distribution of the Ga
species with a GAAIl ratio close to unity, the lower dimen-
sionality of the mordenite framework results in pore block-
age during deposition and @Al ratios lower than unity.
The reaction of chemisorbed TMG with moistened air was
studied in more detail. In the presence of bothadd HO,
oxygen inserts into Ga—C bonds resulting in the formation
of methoxy and, quite surpisingly, ethoxy groups. Hydrogen
treatment is the preferable route for removing the remaining
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