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Abstract

Chemical vapor deposition (CVD) of trimethylgallium (TMG) has been studied as a method to disperse extraframework Ga in aci
5 and mordenite zeolite. Various samples were extensively characterized by ICP, XPS, NMR, and FTIR. Silylation with tetramethyld
is explored as a method for deactivating the external zeolite surface. The deposition of TMG in silylated ZSM-5 results in a ga
aluminum ratio close to unity, which indicates a homogeneous metal distribution in the micropore space. However, pore blocka
one-dimensional channels of mordenite results in a inhomogeneous distribution and a low Ga loading. Upon exposure to moiste
adsorbed methylgallium species decompose and alkoxy groups are formed. Subsequent oxidation or reduction leads to the comp
of methyl groups. The reductive route is the preferred one resulting in a better dispersion of Ga, since oxidation of the methyl gro
to water formation and hydrolysis of cationic Ga species.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The mechanism for the dehydrogenation of small a
nes, one of the basic steps in their aromatization, o
Ga/HZSM-5 catalyst has received a great deal of atten
during the past decades [1–6]. These materials are pres
used in the Cyclar process developed by British Petrol
and UOP [7]. The main reaction steps of this process
paraffin dehydrogenation followed by oligomerization a
cyclization. Although relevant progress in the understa
ing of dehydrogenation reactions over zeolites containing
has been made in recent years, the role of the gallium sp
is still unclear. Some groups claim that the metal cati
and acid sites play separate roles for alkane activation
cyclization [8–10]. Other authors argue that there is a s
ergistic effect where acid sites stabilize adsorbed alka
and cleave C–H bonds while gallium facilitates the reco
bination of H atoms [1,11–13]. Various preparation meth
have been described by which extraframework gallium
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s

be incorporated into the micropores of HZSM-5: ion e
change in aqueous solution [4,14], impregnation [15], ch
ical vapor deposition (CVD) of GaCl3 [16] and by physica
admixture of Ga2O3 [17] or GaCl3 [5]. It is also possible
to obtain isomorphous substitution of aluminum by galli
in MFI-type zeolites by steam activation [18]. With aqu
ous ion exchange the hydrated Ga cations tend to stay o
external zeolite surface, and subsequent reduction or o
tion of the Ga species is necessary to disperse them int
micropores [6,17]. Sublimation of GaCl3 is a more efficien
method for depositing cationic Ga species directly into
micropores replacing Brønsted acid sites [16,19]. Howe
the subsequent treatment with water necessary to rem
chlorine causes the hydrolysis of Ga atoms and the re
eration of some Brønsted acid sites [16]. As an alterna
route, we here address a completely anhydrous proce
consisting of chemical vapor deposition of trimethylgalliu
(TMG) with subsequent removal of the methyl groups
treatment with H2 or O2. Expectedly, the absence of wa
in our procedure prevents the formation of less-defined
lium (hydr)oxide species. Prior to a report of the cataly
activity, in this contribution we focus on the synthesis p
cedure and a detailed spectroscopic characterization o

http://www.elsevier.com/locate/jcat
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resulting Ga zeolites. Three main aspects will be discus
(i) the chemisorption and stability of TMG on HZSM-5 an
HMOR zeolites, (ii) the effect of oxidation and reductio
treatments on these catalysts, and (iii) the effect of prot
ing silanol groups on the external surface by silylation bef
TMG deposition [20]. This latter aspect is important sin
TMG reacts with both silanol groups [21] and Brønsted a
sites [22], respectively, mainly located on the outer zeo
surface and in the zeolite pores. In catalytic applications,
generally aims to take advantage of the shape-selectiv
fects of the small pore dimensions of zeolites. Preferably
aim is to disperse the Ga species inside the zeolite pore
order to prevent the undesirable reaction with silanol si
we have tested the effect of blocking the silanol group
the external zeolite surface by silylation with tetramethy
isilazane. This compound represents an effective silyla
reagent to modifying the external surface through [23]

(1)

2≡SiOH+ → 2≡SiO– + NH3.

TMG-loaded catalysts were prepared either from s
lated or freshly calcined zeolites. These catalysts were ex
sively characterized by multinuclei NMR, FTIR, ICP-OE
and XPS. Special attention was paid to the developmen
the Ga species after hydrogen or oxygen treatments. In
course of our study, we have found that the adsorbed me
gallium species already reacts with air at ambient conditi
Therefore, we also paid attention to this first step.

2. Experimental

2.1. Catalysts synthesis

2.1.1. Chemical vapor deposition of TMG
HZSM-5 and HMOR were obtained by calcination

the parent zeolites NH4ZSM-5 (Akzo Nobel, Si/Al = 19.4)
and NH4MOR (Akzo Nobel, Si/Al = 10). Ga/HZSM-5 and
Ga/HMOR were prepared by chemical vapor deposition
trimethylgallium (Strem Chemicals, purity> 99%) on these
acidic zeolites. The amount of 3.5 g of previously dr
acidic zeolite was loaded in a reactor with an excess am
of TMG (1 ml) in an argon-flushed glovebox at room te
perature. After 24 h, the resulting material was maintai
under vacuum for 2 h to remove unreacted TMG and gas
reaction products, mainly methane [24]. The catalysts w
kept in Ar atmosphere prior to further use.

2.1.2. Silylation
The silanol groups in HZSM-5 and HMOR were silylat

employing the procedure of Anwander and co-workers [2
The silylated zeolites were obtained as follows: 3 g
tetramethyldisilazane was diluted in 30 ml ofn-hexane and
added to a 120 ml suspension of 3 g of dried zeolite
:

-

-

t

n-hexane. The solution was stirred for 24 h at ambient t
perature. The mixture was filtrated and washed several t
with n-hexane. Finally, the silylated materials were dried
24 h at 383 K. The deposition of trimethylgallium on sil
lated zeolite followed the same procedure as outlined ab

2.2. Pretreatment

The resulting catalysts were either calcined in 100 m/

min of a mixture of 20 vol% O2 in nitrogen or reduced
in 100 ml/min of 20 vol% H2 in nitrogen. These treat
ments were performed under the following heating progr
7 K/min to 523 K and 2 h isothermal followed by 7 K/min
to 823 K and 4 h isothermal.

Catalysts are denoted as [TMG/] ZEO ([Sy], X), whe
TMG optionally indicates TMG deposition, ZEO stands
ZSM-5 or MOR, Sy indicates optional silylation, and X i
dicates either oxidative (O), reductive (R) treatment or
drated with deoxygenated water (W). The latter treatm
was obtained by exposing the fresh catalyst to a flow
deoxygenated water for 5 h. The deoxygenated water
produced after boiling distillate water for 1 h and flowi
100 ml/min of N2 for 24 h. This treatment was applied pri
to 13C and1H NMR analysis to study the decompositio
of TMG on zeolites. To analyze the simultaneous effec
oxygen and water, the fresh catalysts were simply expo
to moistened air for 24 h.

2.3. Characterization

Magic-angle-spinning (MAS) NMR spectra were reco
ed on a Bruker DMX500 spectrometer operating at 500
MHz for 1H, 152.5 MHz for 71Ga, and 125.76 MHz fo
13C nuclei. For71Ga MAS NMR, ∼ 10 mg hydrated zeo
lite was packed into a 2.5-mm sample holder and rota
at a rate of 30 kHz. To better characterize the broad71Ga
resonances, whole Hahn echoes were recorded using a
synchronized 90–τ–180 pulse sequence with a 90◦ pulse of
0.7 µs, a delayτ of 32.3 µs. Typically between 4000 an
25,000 scans were accumulated with a time resolutio
0.5 µs (1-MHz spectral width) and an interscan delay of
No spectral-intensity change was observed for a shorte
terscan delay of 1 s. Solid GaNO3 was used for external shi
calibration, and Ga2O3 to optimize the pulse sequence. F
1H and13C NMR experiments, we used 4-mm sample ho
ers and a rotation rate of 8 kHz. Except when studying the
fect of air, the samples were packed under argon atmosp
to prevent hydration.1H NMR spectra were recorded usin
single-pulse excitation with a 54◦ pulse of 3 µs. The num
ber of scans was 16 and the interscan delay was 3 s. Eth
with its proton signals at 5.0, 3.5, and 1.0 ppm was use
an external reference.13C NMR spectra were obtained usin
either 1H–13C varied-amplitude cross-polarization (VAC
with a contact time of 1 ms, or a rotor-synchronized 90–τ–
180–τ pulse sequence with a 5 µs 90◦ pulse and a delayτ
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of 117.5 µs. In both cases, 2048 scans were typically a
mulated with an interscan delay of 5 s. No signal-inten
change was observed at a shorter interscan delay of 2 s
38.56 ppm signal of adamantane was used for externa
ibration. Two-dimensional (2D)1H–13C NMR correlation
experiments to improve the identification of hydrocarb
species were carried out with a varied-amplitude versio
the wideline-separated (WISE) pulse sequence with a
tact time of 1 ms [25]. The number of scans was 128,
number of experiments 200, and the interscan delay 5 s

FTIR spectra were obtained in a Bruker IFS113V FT
sorbance spectrometer with spectral recorded between
and 400 cm−1. In a typical experiment, the samples we
evacuated at room temperature for 2 h. The catalysts
calcinated at 773 K or reduced at 673 K in situ for 60 m
All the IR spectra were recorded at room temperature.

The XPS measurements were done with a VG Esc
MKII spectrometer, equipped with a dual Al/Mg-Kα X-ray
source. Spectra were obtained using the aluminum a
(Al-K α = 1486.6 eV) operating at 480 W and constant p
energy of 20 eV with a background pressure of 2× 10−9

mbar.
The contents of Ga and Al were determined by ind

tively coupled plasma optical emission spectrometry (IC
OES) technique, using a Spectro CirosCCD spectrometer.

All theoretical calculations have been performed w
Gaussian98 [26]. We used the hybrid DFT B3LYP meth
[27–29]. In the case of zeolite systems, this method has
shown to give results as good as or better than MP2 ca
lations [30,31]. The basis set 6-311g∗∗ has been used fo
all atoms. The zeolite crystal is modeled by a small mo
cular fragment that aims to describe the sites of inter
viz. zeolite hydroxyl groups and acidic Brønsted site. T
zeolite cluster models have been used. First, an 18 atom
ter (Si(OH)(OSiH3)3) was employed to represent a silan
group Si–OH. Second, a Brønsted site model cluster
made up by 22 atoms (Al(OSiH3)3(OHSiH3)) to represent a
Al–O(H)–Si site. Geometry optimization calculations ha
been carried out to obtain a local minimum for reacta
adsorption complexes, and products. The frequencies
computed using analytical second derivatives for a tem
ature of 298 K. Zero-point energy (ZPE) corrections h
been calculated for all optimized structures.

3. Results

3.1. Catalyst composition

The gallium loadings on the various samples are lis
in Table 1. TMG/ZSM-5 has a higher gallium content th
TMG/MOR although the Si/Al ratio of HZSM-5 is approx-
imately two times higher than that of HMOR. From IC
analyzes after oxidative and reductive treatments, it foll
that these treatments do not lead to a significant reduc
of the Ga content of the samples. Samples prepared
e
-

0

-

Table 1
Gallium content, Ga/Al molar ratio (ICP), and Ga/Si molar ratio (XPS)

Sample wt% Ga Ga/Al Ga/Si

TMG/ZSM-5 6.8 1.5
TMG/ZSM-5(O) 6.4 1.5
TMG/ZSM-5(R) 6.3 1.5
TMG/MOR 3.4 0.4 0.34
TMG/MOR(O) 3.4 0.4 0.17
TMG/MOR(R) 3.1 0.4 0.04
TMG/ZSM-5(Sy) 5.0 1.1
TMG/MOR(Sy) 2.3 0.3 0.17

silylated zeolites, TMG/ZSM-5(Sy) and TMG/MOR(Sy),
contain approximately 30% less gallium than materials
pared with nonsilylated zeolites. This observation indica
that silylation of zeolites decreases the number of sites w
TMG can adsorb. The Ga/Al ratio of TMG/ZSM-5(Sy) is
close to unity.

3.2. XPS results and migration of Ga

Table 1 shows the Ga/Si ratios obtained by XPS. It i
important to note that these values give an indication
the Ga/Si ratio at the outer surface of zeolites due to
limited mean free electron path (∼ 5 nm). Clearly, the sur
face region of TMG/MOR is enriched in Ga (Ga/Si= 0.34)
compared to the cases where TMG/MOR has been oxidize
or reduced. The decrease of the Ga/Si ratio measured b
XPS after reduction or oxidation of catalysts indicates
migration of Ga present on the outer surface and its red
bution through the mordenite micropores. Adbul Hamid a
co-workers [32] observed similar behavior for a Ga/HZSM-
5 catalyst prepared by ion exchange with Ga–nitrate. H
we stress that the amount of Ga observed by XPS co
tutes only a very small fraction of the total Ga present in
catalyst.

3.3. 13C CPMAS NMR spectroscopy

The chemisorption of TMG on both zeolites and its s
cessive decomposition in contact with oxygen and water
analyzed by one- and two-dimensional13C and1H NMR.

Fig. 1 shows the13C NMR spectra of TMG chemisorbe
on silylated and nonsilylated HZSM-5. As-prepared TM/
ZSM-5 before exposure to air or water presents a broad13C
NMR signal at−7 ppm (Fig. 1a), which is assigned to G
CH3 [33]. To obtain information about the stability of TM
dispersed in the ZSM-5 matrix, the as-prepared TMG/ZSM-
5 was exposed to an argon flow containing oxygen (Fig.
or deoxygenated water vapor (Fig. 1c) at room tempera
The resulting NMR spectra closely resemble those of
asprepared material. After exposure of TMG/ZSM-5 and
TMG/ZSM-5(Sy) to moistened air, however, two new s
nals appear at 60 and 18 ppm (Figs. 1d and e). The s
at 60 ppm is assigned to13CH3–O and/or CH3–13CH2–O,
probably connected to Ga. However, the13C NMR shift
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Fig. 1. 13C NMR spectra of TMG/ZSM-5 after synthesized (a), expose
to O2 (b), deoxygenated H2O (c), exposed to moistened air (d), a
TMG/ZSM-5(Sy) exposed to moistened air. The second and third s
tra have been recorded with VACP, the other three with a Hahn–echo
sequence.

alone does not exclude a possible linkage of alkoxy gro
to Si or Al. The signal at 18 ppm is assigned to a met
group connected to another C atom [34–36]. The silyla
TMG/ZSM-5(Sy) catalyst presents additional signals
tween 1 and−2 ppm (Fig. 1d). These are methyl signa
which probably arise from the trimethylsiloxy species g
erated in the silylation of the silanol groups [23]. The lin
shape suggests a bimodal distribution of structures or e
ronments.

3.4. 1H NMR spectroscopy

1H NMR experiments confirm the formation of metho
and ethoxy groups after exposure to moistened air. The s
tra of fresh TMG/ZSM-5 (Fig. 2a) consists of a single broa
signal at 0.1 ppm assigned to Ga–CH3. When the catalys
was exposed to moistened air, a new signal at 1.2 ppm
pears, which belongs to methyl groups bonded to C ato
like in an ethoxy groups. Both CH3–O and –CH2–O groups
give rise to overlapping signal at 3.7 ppm. The signa
4.6 ppm is due to water adsorbed on HZSM-5 [37].

The spectra obtained for TMG/ZSM-5(Sy) exposed to
moistened air (Fig. 2c) show a relatively intensive signa
3.7 ppm as compared to that in Fig. 2b, indicating an
hanced methoxy: ethoxy ratio for silylated catalysts. T
signal at−0.02 ppm is assigned to methyl groups from t
silylating reagent. The CH3–Si–O signal probably overlap
with the Ga–CH3 signal at 0.1 ppm. A new peak at 6.9 pp
is assigned to NH4+ produced during the silylation of zeolit
that remains adsorbed after chemisorption of TMG [38].

3.5. Two-dimensional 1H–13C correlation NMR

1H and13C NMR signals, which overlap in one-dime
sional spectra, are generally better resolved in two-dim
-

Fig. 2. 1H NMR spectra of as-prepared TMG/ZSM-5 (a), TMG/ZSM-5
(b), and TMG/ZSM-5(Sy) (c) exposed to moistened air.

Fig. 3. 2D1H–13C NMR spectra of TMG/ZSM-5 exposed to moistened a
Projections on the1H and13C axes are marked as “P.” For comparison
corresponding one-dimensional spectra (Figs. 1d and 2b) have been a

sional 1H–13C NMR spectra. The experiment is select
for 13C nuclei with protons in their direct surroundin
(< 1 nm). By correlating the1H and13C shifts, the chem
ical structure of the hydrocarbon species can be ident
more specifically. Fig. 3 shows the 2D1H–13C NMR spec-
tra of the nonsilylated TMG/ZSM-5 catalyst after exposur
to moistened air. For comparison, the spectral project
on the1H and13C axis are indicated, as well as the cor
sponding one-dimensional spectra. The spectrum confi
the formation of methoxy and ethoxy species and the p
ence of methyl groups that remain bonded to Ga or Si at
in silylated zeolites. Note that the 4.6 ppm proton signa
absent in the 2D spectrum, as expected for a water sign

3.6. 71Ga MAS NMR spectroscopy

Fig. 4a shows the71Ga MAS NMR spectra of the ga
lium(II)chloride used as model compound. In the solid g
lium dichloride Ga+[Ga3+Cl4], the Ga3+ is at the center o
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Fig. 4. 30-kHz magic-angle spinning71Ga MAS NMR spectrum of
Ga2Cl4 (a), TMG/ZSM-5 as-prepared (b), reduced (c), and oxidized
TMG/MOR reduced (e) and oxidized (f).

a GaCl4 tetrahedron, in which the bonds have considera
covalent character. Ga+ forms longer and more ionic bond
with chlorine [39]. We ascribe the71Ga MAS NMR sig-
nals at 209 and−608 ppm to Ga3+ and Ga+, respectively.
The 71Ga MAS NMR signals of as-prepared TMG/MOR
and TMG/ZSM-5 catalysts were not visible, probably b
cause of the low coordination symmetry around Ga
results in a huge quadrupolar line broadening (Fig.
This is in line with an earlier study by Bayense and
workers [18], who assumed that part of the gallium in d
luminated TMG/ZSM-5 catalyst is undetectable by NMR
Hydration of the zeolites to reduce the internal electric-fi
gradients and obtain a narrower71Ga signal was unsucces
ful.

The H2- or O2-treated, and then air-exposed TMG/ZSM-
5 and TMG/MOR catalysts have a visible, although e
tremely broad71Ga signal. Even with the ultrafast samp
rotation rate of 30-kHz applied in our experiments, we
unable to obtain well-resolved sideband patterns. The
shape suggests a bimodal distribution of Ga species
shift values centered around 0 and 140 ppm. These two
ues are typical of trivalent Ga3+ with octahedral and tetra
hedral oxygen coordination, respectively [40–42]. Note
the samples after H2 or O2 treatment were exposed to moi
ened air to narrow the71Ga MAS NMR signal, thus lead
ing to the partial decomposition of TMG. TMG/ZSM-5(O)
and TMG/ZSM-5(H) show similar71Ga MAS NMR spec-
tra (Figs. 4c–d). In contrast, in TMG/MOR(H) (Fig. 4e)
the signal at 140 ppm is relatively enhanced compare
TMG/MOR(O) (Fig. 4f).

3.7. FTIR studies

The IR spectra of freshly calcined HZSM-5 and TMG/

ZSM-5 after oxidative and reductive treatment are displa
in Fig. 5. Three bands due to OH stretching vibratio
were identified for the parent HZSM-5 zeolite (Fig. 5
These bands are assigned as follows: 3612 cm−1 for Brøn-
sted acid sites, 3664 cm−1 for extralattice AlOH ions, and
3744 cm−1 for terminal silanol groups [43]. The extrafram
work Al ions are already present in the as-received m
rial and arise from the synthesis procedure. The signa
Brønsted acid sites is hardly distinguishable for as-prep
TMG/ZSM-5 (Fig. 5b). A new broad band appears, indic
ing the presence of water adsorbed during sample pre
tion for IR measurement. Nonetheless, the signal of sila
sites is not present anymore. Signals at 2924 and 2981 c−1

belong to the asymmetric C–H stretching of methyl gro
or methane adsorbed on ZSM-5 [44–46]. These bands
appear after oxidation or reduction of the TMG/ZSM-5 cat-
alyst (Figs. 5c–d), indicating the complete decomposi
of those groups. Whereas in TMG/ZSM-5(R) no bridg-
ing hydroxyl groups are observed, an oxidative treatm
(TMG/ZSM-5(O)) results in a small number of Brønst
protons. The band at 3664 cm−1 in the parent sample co
responds to extralattice AlOH species. In TMG/ZSM-5(O),
a more dominant band at 3672 cm−1 is observed that mos
probably corresponds to extralattice GaOH groups. Th
OH groups could derive from water produced during
idation of the alkyl groups. Furthermore, this water m
induce a small amount of dealumination of the zeolite st
ture as was readily observed from27Al NMR measurement
(not shown here). Water production also explains the s
amount of Brønsted protons regenerated due to hydro
of charge-compensating Ga cations. However, we sur
that most of the negative zeolite charge is compensate
Ga-containing cationic species.

In Fig. 6, the FTIR results of the silylated samp
are collected. Figs. 6b and c show the spectra of s
lated HZSM-5 after oxidation and reduction, ZSM-5(Sy,
and ZSM-5(Sy,R). Comparing these two spectra with
parent HZSM-5 (Fig. 6a), we observe that the signa
silanol groups at 3743 cm−1 is strongly decreased. Th

Fig. 5. FTIR spectra of HZSM-5 (a), TMG/ZSM-5 exposed to moistene
air (b), after oxidation in situ (c) and after reduction in situ (d).
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Fig. 6. FTIR spectra of HZSM-5 (a); silylated HZSM-5 after oxidation (
and after reduction (c); TMG chemisorbed on silylated HZSM-5 after o
dation (d) and after reduction (e).

peak corresponding to Brønsted acid sites (3612 cm−1) is
not significantly altered, indicating that the silylating age
has selectively reacted with silanol groups. The spectr
TMG/ZSM-5(Sy,O) and TMG/ZSM-5(Sy,R) show a drasti
decrease of this signal after chemisorption of TMG (Figs
and e). Similar to the nonsylilated samples, it is observed
the signal corresponding to Brønsted acid sites comple
disappears after reduction.

3.8. Theoretical modeling

Theoretical calculations were performed to estimate
energy of the reaction of trimethylgallium or tetramethyld
ilazane with the silanol groups or Brønsted acid sites.
adsorption of Ga(CH3)3 on acid zeolites may lead to th
formation of methane and chemisorbed Ga(CH3)2

+ cations
according to

Silanol site:

(2)≡Si–OH+ Ga(CH3)3 → ≡Si–O–Ga(CH3)2 + CH4;
Brønsted site:

≡Al–O(H)–Si≡ + Ga(CH3)3

(3)→ ≡Al–O(Ga(CH3)2)–Si≡ + CH4.

Table 2 shows the computed thermochemical data
these reactions. Chemisorption on Brønsted sites is the
dynamically more favorable than on silanol sites. Geome
optimization analysis indicated that the most stable struc
is the one where Ga(CH3)2

+ is tetrahedrally coordinated t
two framework oxygen atoms (Fig. 7). The reaction of TM
and terminal silanol sites results in interaction with an o
gen atom which is less favorable (Fig. 8). In general,
should also consider the possibility of TMG reacting w
two neighboring hydroxyl groups giving monomethylg
lium. The probability for the occurrence of two aluminum
containing oxygen tetrahedral in mordenite (Si/Al = 10) is
significantly higher than in ZSM-5 (Si/Al = 19.4).
-

Table 2
Computed thermodynamic data (energies in kJ/mol) of the reaction be-
tween TMG and zeolite hydroxyl groups

Silanol group (2) Brønsted acid site (3)

	H298K
r −121.8 −203.4

	G298K
r −102.5 −203.9

	H0K
r −122 −209

Fig. 7. Schematic representation of trimethylgallium chemisorbed on B
sted acid sites.

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

Silylation of the parent zeolite with NH(SiH(CH3)2)2 in-
volves a double protonation of the nitrogen atoms. The z
lite protons are replaced by –SiH(CH3)2 groups and NH3 is
released. The silylation of silanol and Brønsted sites pro
bly proceeds in two steps, on silanol sites as

≡Si–OH+ NH(SiH(CH3)2)2

(4a)→ ≡Si–O–SiH(CH3)2 + NH2(SiH(CH3)2),

≡Si–OH+ NH2(SiH(CH3)2)

(4b)→ ≡Si–O–SiH(CH3)2 + NH3,
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Table 3
Computed thermodynamic data (energies in kJ/mol) of the reaction be
tween NH(SiH(CH3)2)2, NH2SiH(CH3)2 and zeolite hydroxyl groups

Silanol group Brønsted acid site

(4a) (4b) (5a) (5b)

	H298K
r −60.5 −59.8 −42.9 −42.1

	G298K
r −56.1 −54.5 −31.4 −29.9

	H0K
r −58 −62 −41 −45

and on Brønsted sites as

≡Al–O(H)–Si≡ + NH(SiH(CH3)2)2

(5a)→ ≡Al–O(SiH(CH3)2)–Si≡ + NH2(SiH(CH3)2),

≡Al–O(H)–Si≡ + NH2(SiH(CH3)2)

(5b)→ ≡Al–O(SiH(CH3)2)–Si≡ + NH3.

The thermodynamic data indicate that the silylated sila
groups are more stable than the silylated Brønsted acid
(Table 3). Thus, from a thermodynamic point of view, th
is a preference for silylation of the silanol groups.

4. Discussion

4.1. Chemical vapor deposition of trimethylgallium

Comparing TMG/ZSM-5 and TMG/MOR we observe
that the mordenite-based samples have a considerably
Ga content (Table 1). The average Ga/Al ratio for the ZSM-
5-based catalysts is higher than unity, indicating that T
reacts with both Brønsted acid sites and silanol group
TMG/ZSM-5(Sy) the Ga/Al ratio is close to unity. This is
interpreted as a selective reaction of TMG with the ac
protons due to the protection of the silanol groups by sil
tion. The lower Ga content of TMG/MOR is most likely re-
lated to the one-dimensional pore system of mordenite. I
fect, chemisorption of TMG in the zeolite pores close to
pore entrances prevents further diffusion of TMG throu
out the micropores. Thus, mordenite-based catalysts
an initial outer surface enriched in Ga. The more access
structure of ZSM-5 results in a homogeneous distributio
Ga over all the Brønsted acid sites.

FTIR spectra show that chemisorption of TMG mo
fies the hydroxyl bands of ZSM-5 (Figs. 5a and b). Clea
the silanol groups (3744 cm−1) have disappeared. The si
nal of the bridging hydroxyl groups is overlapped by
broad absorption band of water. New bands around 29
3000 cm−1 indicate the presence of methyl groups [44–4
The adsorption of Ga(CH3)3 on HZSM-5 is accompanie
by the formation of methane, Ga(CH3)2

+, and Ga(CH3)2+
ions [24]. The loss of protons from the Brønsted and sila
sites occurs concomitant with the formation of methane.
resulting Ga(CH3)2

+ and Ga(CH3)2+ ions are adsorbed o
the negatively charged oxygen atoms and replace pro
s

r

from the zeolite framework structure. These Ga ions exh
a low coordination symmetry giving rise to a huge quadru
lar splitting and a broad71Ga MAS NMR signal (Fig. 4b).

Theoretical calculations indicate that chemisorption
TMG on Brønsted sites is thermodynamically more fav
able than on silanol sites (Table 2). Nevertheless, FTIR
sults clearly pointed out that TMG reacts with both sila
and Brønsted acid sites (Figs. 5a and b). This is due to
excess of TMG and the more accessible positions of
silanol groups, which are mainly located on the external
face of the zeolite crystallites. The most stable structur
the one where Ga(CH3)2

+ is chemisorbed on a Brønste
site and coordinates to two oxygen neighbors of alumin
Similar coordination was proposed by Gonzales and
workers [47] for Ga/ZSM-5 catalysts treated with H2. The
divalent monomethyl Ga species, Ga(CH3)

2+, prefers to si-
multaneously interact with two Brønsted sites, if these
sufficiently close together. This is more probable in the lo
silica mordenite sample. When Ga(CH3)3 is chemisorbed on
terminal silanol sites, Ga is connected to only one oxy
(Fig. 8).

Optimal Ga/ZSM5 catalysts for aromatization of alkan
are prepared by reduction with H2 to disperse the gallium
species. Chemisorption of TMG is selective to Brønsted
sites resulting in a high dispersion of Ga species before
ductive treatment.

4.2. Stability of chemisorbed TMG

Trialkylgallium compounds are unstable upon cont
with water resulting in the hydrolysis of the alkane gro
and metal hydroxide. The reaction of trialkylgallium co
pounds and oxygen yields alkoxide compounds via alkyl
oxo intermediates [48]. In order to obtain information ab
the stability of this compound on HZSM-5, as-prepa
TMG/ZSM-5 was exposed to oxidative and reductive
mospheres and subsequently characterized by1H, 13C, and
2D 1H–13C NMR. Methoxy and ethoxy groups are form
when TMG/ZSM-5 and TMG/ZSM-5(Sy) are exposed t
water and oxygen simultaneously.1H and13C NMR spec-
tra indicate the formation of alkoxy groups (Figs. 1d a
e and 2b and c). To unequivocally prove the formation
alkoxy compounds and to avoid the overlapping signals f
water, 2D 1H–13C NMR spectra were recorded to sele
tively detect the protons connected to carbons (Fig. 3).
resulting three signals are due to methyl groups in C3–
Ga, CH3–CH2–O, and overlapping signals of CH3–O and
–CH2–O species. Moreover, the FTIR bands around 23
2900 cm−1 point to the presence of methyl groups in t
samples that have been exposed to air (Fig. 5b). How
no formation of these methoxy and ethoxy species was
served when TMG/ZSM-5 was separately exposed to eith
deoxygenated water or oxygen. In this case,13C NMR spec-
tra do not present additional signals next to the broad b
assigned to methyl groups connected to Ga (Figs. 1b an
TMG/ZSM-5(Sy) shows a similar stability in air. The13C
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NMR spectra present the same bands assigned to al
groups (Fig. 1e). Additional signals at 1.2 and−1.7 ppm are
probably due to methyl groups from the silylating reagen

In brief, the samples are unstable upon contact w
moistened air at room temperature. Water and oxygen
mote the hydroxylation of adsorbed Ga(CH3)x species and
the subsequent formation of alkoxy groups in silylated
nonsilylated HZSM-5. We assume that alkoxy groups
connected to Ga atoms. However, we are not able to
tinguish by1H and 13C NMR whether alkoxy groups ar
bonded to the Ga atoms or to the zeolite structure.

4.3. Silylation of zeolites

Silylation by tetramethyldisilazane is explored as a me
od to selectively deactivate silanol groups on the exte
surface. FTIR results of silylated HZSM-5 show a subst
tial decrease of the silanol site signal after oxidation
reduction, whereas the Brønsted signal is only slightly
creased (Figs. 6a–c). These results indicate that tetrame
disilazane mainly reacts with silanol acid sites. Most of
Brønsted sites thus remain accessible for subsequent
tion with TMG.

Theoretical calculations predict that the interaction
tetramethyldisilazane with silanol groups is more favora
than that with Brønsted protons (Table 3). In addition,
surmise that the size of the silylating agent, which preve
diffusion into the micropores, is of overriding importanc
The effectiveness of the silylation procedure is underli
by the lower Ga contents of the samples after depositio
TMG (Table 1). Moreover, for silylated ZSM-5 the resultin
Ga/Al ratio is close to unity, indicating the direct depos
tion of one TMG molecule on one Brønsted acid site. T
Ga content of the mordenite-based sample is also lowe
ter silylation, although the overall Ga/Al ratios are much
lower than unity.1H NMR spectra point to the presence
NH4

+ ions produced during the silylation and adsorbed
the zeolite external surface (Fig. 2c) [38].

We conclude that silylation by tetramethyldisilazane is
effective method to deactivate the silanol groups on the
ternal zeolite surface. Subsequent deposition of TMG res
in a homogeneous distribution of Ga in the micropore sp
for ZSM-5. This distribution is less effective for morden
due to diffusive limitations.

4.4. Oxidative and reductive treatments

The activation of the as-prepared Ga-containing zeo
is relevant to catalysis. We have examined the structur
Ga species after oxidative and reductive treatments. Fir
all, we note that there is hardly any loss of Ga during th
treatments (Table 1). The nonideal Ga dispersion in the m
denite case can be alleviated by these oxidative and re
tive treatments leading to the redispersion of Ga through
the micropore space. This redispersion is confirmed by
-

-

-

decrease in the Ga/Si XPS ratio of mordenite catalyst. Esp
cially, reductive treatments appear to be efficient in line w
earlier observations [14,17,32]. However, the amount of
deposited is too low to cover all the acid sites.

From our extensive13C and 1H NMR studies, we ob-
tain the picture that due to air exposure the Ga spe
are hydroxylated and alkoxy groups are generated. T
alkoxy groups are also observed by their IR signals betw
2900 and 3000 cm−1(Fig. 5b) [44,45]. These signals com
pletely disappear after oxidative and reductive treatme
indicating the complete removal of these groups (Fig.
and d). Moreover, we find that for TMG/ZSM-5(Sy,O) and
TMG/ZSM-5(O) almost all bridging hydroxyl groups hav
disappeared, while they are completely absent in the co
sponding reduced samples. We surmise that the differen
mainly caused by water generated by the oxidation of the
maining alkyl groups in the case of oxidative treatment. T
water may lead to the hydrolysis of Ga-containing catio
species and regeneration of a small part of acid protons.
ditionally, this may lead to dealumination, although fro
27Al NMR measurements (not shown here) we conclude
its extent is quite low. The generation of protons due to
drolysis leads to the formation of neutral Ga-oxo specie
the zeolite micropores or at the external zeolite surface. M
probably, [GaO]+ ions react with water according to

(6)[GaO]+ + H2O→ GaO(OH)+ H+.

The subsequent decomposition of the GaO(OH) spe
could result in formation of gallium oxide clusters

(7)2GaO(OH)→ Ga2O3 + H2O.

The IR spectrum of HZSM-5 contains a band at 3664 c−1

due to extraframework AlOH species, whereas the spec
of TMG/ZSM-5 catalyst after oxidation exhibits a more i
tensive signal at 3672 cm−1 (Figs. 5a and c). This points t
the presence of hydroxyl groups connected to extrafra
work Ga-oxide species as forwarded in (6). However,
relatively low amount of bridging hydroxyl groups after ox
dation (FTIR) indicates that the amount of neutral Ga-ox
species should be quite low.

The interpretation of the71Ga NMR signals after ox
idation and reduction and air exposure is more diffic
(Fig. 4). Most importantly, we find that Ga is present
Ga3+ in two different coordinations. The resonance at 0 p
is close to the one observed for Ga3+ in octahedral coor
dination inβ-Ga2O3 [49]. The broad signal at 140 ppm
related to Ga3+ species in a lower than octahedral coor
nation symmetry. A resonance around 160 ppm has b
detected when Ga is part of the zeolite framework str
ture in tetrahedral coordination [18,38,40,41]. In our ca
the resonance at 140 ppm is likely due to tetrahedrally
ordinated Ga3+ species such as Ga(OH)2

+ coordinating to
the Brønsted site. Additionally, a small fraction of Ga m
be incorporated in the framework since the initial ZSM
structure possibly contains some defect sites. TMG/ZSM-
5(R) and TMG/ZSM-5(O) show similar71Ga MAS NMR
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spectra with broad overlapping signals (Figs. 4c and d
contrast, TMG/MOR(R) shows a more intense signal
140 ppm (Figs. 4e and f). Although not totally clear, t
might relate to less water adsorption during air expos
in mordenite leading to a smaller extent of hydrolysis
charge-compensating species. Although these results cl
point to the presence of Ga3+, one cannot rule out that Ga1+
may be present under reductive conditions at high temp
ture. Previous studies have indeed shown that upon co
in H2 the reduced Ga/HZSM-5 to room temperature Ga1+ is
oxidized to Ga3+ [13]. Moreover, our samples were expos
to air prior to NMR measurements. Finally, we note that s
ilar results were obtained after oxidation and reduction
the silylated zeolites. At present, a catalytic study is un
way to compare hydrocarbon activation of these catalys
those prepared by conventional impregnation of Ga–nit
or vapor deposition of GaCl3 followed by hydrolysis.

5. Conclusions

Chemical vapor deposition of trimethylgallium followe
by H2 treatment to remove the remaining methyl group
an efficient method to disperse Ga in the micropore spac
acid zeolites. Silylation with tetramethyldisilazane is eff
tive in deactivating the silanol groups on the external zeo
surface. While deposition of trimethylgallium on silylat
HZSM-5 leads to a homogeneous distribution of the
species with a Ga/Al ratio close to unity, the lower dimen
sionality of the mordenite framework results in pore blo
age during deposition and Ga/Al ratios lower than unity.
The reaction of chemisorbed TMG with moistened air w
studied in more detail. In the presence of both O2 and H2O,
oxygen inserts into Ga–C bonds resulting in the forma
of methoxy and, quite surpisingly, ethoxy groups. Hydro
treatment is the preferable route for removing the remain
methyl groups, because the usual calcination leads to p
hydrolysis of the Ga cations from the Brønsted sites.
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