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C O N S P E C T U S

A solid understanding of the mechanisms involved in heterogeneously catalyzed reactions is of fundamental interest for
modern chemistry. This information can help to refine modern theories of catalysis and, in a very practical way, can

help researchers to optimize existing industrial processes and develop new ones. To understand the mechanisms of hetero-
geneous catalysis, we need to observe and identify reaction intermediates on a working catalyst. Motivated by this goal,
we have monitored the catalytic events in heterogeneous systems using in situ magic-angle-spinning (MAS) NMR under flow
conditions. In this Account, we describe the reactivity and possible intermediate role of surface alkoxy species in a variety
of zeolite-catalyzed reactions.

First, we isolate the surface alkoxy species on a working zeolite catalyst and then investigate the chemical reactivity with
different probe molecules under reaction conditions. Finally, we investigate reaction mechanisms facilitated by these inter-
mediate surface alkoxy species.

We examined the reactivity of surface methoxy species (SMS) in terms of C-O bond and C-H bond activation. SMS on
acidic zeolite catalysts act as an effective methylating agent when reacted with different probe molecules (including meth-
anol, water, ammonia, alkyl halides, hydrochlorides, aromatics, carbon monoxide, and acetonitrile) through C-O bond acti-
vation. At higher reaction temperatures (ca. 523 K and above), the C-H bond activation of SMS may occur. Under these
conditions, intermediates such as surface-stabilized carbenes or ylides are probably formed. This C-H bond activation is
directly related to the initiation mechanism of the methanol-to-olefin (MTO) process and invites further investigation. Based
on our experimental results, we also discuss the reactivity and the carbenium-ion-like nature of surface alkoxy species and
recent theoretical investigations in this area.

Introduction
Understanding of the mechanisms in heteroge-

neously catalyzed reactions is not only of funda-

mental interest for refinement of theories in

modern chemistry, but also of practical importance

for optimization of existing industrial processes

and development of new ones. The reaction path-

way in heterogeneous catalysis, in principle, goes

through the following stages: (i) adsorption of the

reactant molecules onto the surface of the solid

catalyst at active sites; (ii) activation of the adsorp-

tion complex being formed between the catalyst
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surface and the reactant molecules; (iii) occurrence of possi-

ble reaction intermediates and, subsequently, formation of

reaction products; (iv) desorption of the product molecules

from the catalyst surface and recycle of the active sites. In

order to elucidate more explicitly the mechanisms involved in

heterogeneous catalysis, knowledge of the structures and the

nature of ground, reactant, intermediate (if any), and product

states is an important prerequisite. Moreover, proper descrip-

tion of each maximum of the potential energy along the reac-

tion coordinate between reactants and products, which refers

to the corresponding transition state or activated complex, is

highly desirable.

The starting point to approach the mechanistic issues of

heterogeneous catalysis is, therefore, the structure of the het-

erogeneous catalyst itself and the nature of the active sites

that catalyze the reaction under investigation. Crystalline alu-

minosilicate zeolites1 are important heterogeneous catalysts

and have been widely utilized in petroleum-refining chemis-

try, such as cracking, isomerization, and alkylation processes.

The framework structure of zeolites consists of connected

[SiO4]4- and [AlO4]5- coordination tetrahedra. By sharing of

one oxygen atom between each two tetrahedra, a three-di-

mensional network containing channels, cages, or both is

formed with a certain topology. The well-defined microporous

structure of zeolite crystals dramatically affects the size- and

shape-dependent adsorption and diffusion processes of the

reactants and products in heterogeneous catalysis and greatly

influences the reaction pathways through steric constraints on

reaction intermediates and transition states. In the case of

acidic zeolites, the hydroxyl protons, which act as Brønsted

acid sites, are located on oxygen bridges connecting tetrahe-

drally coordinated silicon and aluminum atoms (Scheme 1).

These hydroxyl protons are well accepted as catalytic active

sites in acidic zeolites. Characterization of the Brønsted acid-

ity of zeolites includes at least the identification of the

strength, density, and accessibility of these hydroxyl protons,

which is essential to understand their nature and reactivity in

zeolite-catalyzed reactions. This topic has stimulated inten-

sive research carried out both experimentally and theoreti-

cally. For detailed discussion, the reader is referred to excellent

reviews previously published.2–4 Lewis acid sites may also

exist in zeolites as extraframework aluminum species or

framework defects. Their nature and role in catalysis is still a

matter of discussion, the topic of which is, however, beyond

the scope of this Account.

One of the key steps to understand the mechanisms of het-

erogeneous catalysis is, of course, the observation and iden-

tification of reaction intermediates being formed on a working

catalyst. Motivated by this, many in situ spectroscopic meth-

ods have been developed in the past decades to monitor the

catalytic events in heterogeneous systems under real reac-

tion conditions.5–7 Since 1995, for example, an in situ magic-

angle-spinning (MAS) NMR technique under continuous-flow

(CF) conditions8 has been applied for direct NMR investiga-

tions of the formation and transformation of reaction interme-

diates in zeolite-catalyzed reactions under steady-state

conditions. On the basis of the in situ CF MAS NMR spectros-

copy, a stopped-flow (SF) protocol9 was further introduced to

distinguish reactive intermediates from spectator species,

which allows a safer identification of the reaction mechanisms

involved. Recently, the in situ MAS NMR technique under flow

conditions was directly coupled with UV/vis spectroscopy.10

The high sensitivity gained by UV/vis spectroscopy facilitates

the in situ observation of aromatic compounds and unsatur-

ated carbenium ions formed in zeolite-catalyzed reactions. The

above-mentioned NMR techniques, which we developed,

prove successful in observation and identification of possible

intermediates in several important zeolite-catalyzed reactions.

Experimental details of these techniques and interpretation of

the resulting spectra have been the subjects of review

papers11,12 and, therefore, will not be duplicated herein. In this

Account, we will only focus on the mechanistic information of

heterogeneous systems obtained by these techniques. More

specifically, our recent results on the reactivity and possible

intermediate role of surface alkoxy species in a variety of zeo-

lite-catalyzed reactions will be summarized and discussed.

In addition to observation and identification of reaction

intermediates, description of the transition states that con-

nect reactants, intermediates, and products is the main task for

mechanism elucidation. In comparison with direct detection of

reaction intermediates in heterogeneous catalysis, however,

the only measurable property of the transition states is their

energies relative to reactant or product states, the values of

which may sometimes be derived from kinetics study or from

product distribution analysis. Many experimental techniques

applied in mechanistic investigations of solution systems, for

example, isotopic labeling, trapping, and stereochemical anal-

ysis, may also give additional hints on the structure and

nature of the transition states in heterogeneous catalysis. On

the other hand, quantum chemistry is of great power to pre-

dict the structure, nature, and relative stability of the transi-

SCHEME 1. Schematic Representation of Zeolite Brønsted Acid Sites
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tion states involved in zeolite-catalyzed reactions.1,2,13 On the

basis of our experimental results and recent theoretical inves-

tigations on the carbenium-ion-like transition states in zeolite-

catalyzed reactions, the reactivity of surface alkoxy species

(>C1 species) will be discussed in comparison with that of sur-

face methoxy species (SMS) in this Account.

Although, as mentioned above, many basic principles in

physical organic chemistry for solution systems are applica-

ble for elucidating the mechanisms in heterogeneous cataly-

sis, one must be always aware of the unique nature of

heterogeneous systems under investigation. For example, it

has been well established that carbenium ions are key inter-

mediates involved in a variety of acid-catalyzed reactions in

solution. However, simple carbenium ions have never been

identified as long-lived intermediates on acidic zeolite cata-

lysts. Instead, covalent alkoxy species are experimentally

observed as stable surface species upon dehydration of alco-

hols or adsorption of olefins on acidic zeolites (Scheme 2). The

stability and the formation mechanism of surface alkoxy spe-

cies on zeolite Brønsted acid sites have been intensively inves-

tigated by quantum chemical calculations. It was also

suggested that surface alkoxy species that possess carbenium-

ion-like nature may act as catalytic intermediates in zeolite

chemistry.2,3,14 However, convincing experimental evidence

for this hypothesis can hardly be obtained due to the occur-

rence of rapid secondary reactions on zeolite catalysts, which

severely hinders the observation of primary intermediates and

complicates the interpretation of spectroscopic results. We

approached this issue by isolating the surface alkoxy species

on a working zeolite catalyst first and investigating their chem-

ical reactivity with different probe molecules under reaction

conditions thereafter (Figure 1). This strategy allows us to

investigate the intermediate role of surface alkoxy species in

certain zeolite-catalyzed reactions in which the correspond-

ing alcohols (or olefins) are reacted with the probe molecules.

In this Account, accordingly, we will present our research

results in the following sequence: (i) in situ observation and

isolation of surface alkoxy species on acidic zeolite catalysts;

(ii) possible intermediate role of surface alkoxy species evi-

denced by the reactions of surface alkoxy species (mainly,

SMS 1) with probe molecules; (iii) discussion on mechanism

issues in zeolite-catalyzed reactions involving surface alkoxy

species as possible reaction intermediates.

In Situ MAS NMR Observation and Isolation
of Surface Alkoxy Species on Acidic Zeolite
Catalysts
In 2000, we confirmed by in situ MAS NMR spectroscopy the

existence of SMS during methanol conversion under CF con-

ditions on solid acid catalysts such as zeolites H-Y, H-ZSM-5,

and zeotype catalyst, silicoaluminophosphate H-SAPO-34 (step

1 in Figure 1).15 In agreement with previous NMR studies

under batch conditions, the 13C chemical shift for SMS that we

observed is ca. 56.2 ppm on H-Y, 59.4 ppm on H-ZSM-5, and

56.6 ppm on H-SAPO-34. In Scheme 2 is shown the forma-

tion of SMS upon dehydration of methanol on acidic zeolite

catalysts. As indicated in spectrum 1b in Figure 1, however,

dimethyl ether (DME, 13C chemical shifts of 63.5 and 60.5

ppm) is also formed as the reaction product during the con-

version of methanol (13C chemical shift of 50.0 ppm) at reac-

tion temperature of ca. 473 K. It, therefore, comes to the

question concerning the reactivity of SMS: are SMS the reac-

tion intermediates for the formation of dimethyl ether from

methanol, or they are only spectator species on the working

catalyst? This issue may be tackled15 by isolation of SMS on

the working catalyst with a SF protocol (step 2 in Figure 1), fol-

lowed by further investigation on the reaction of SMS with

methanol as probe molecules (similar to step 3 in Figure 1).

The SF protocol realizes a purge of the working catalyst with

dry nitrogen at elevated temperatures, which progressively

removes DME, water, and the surplus of methanol.16 With the

use of SF protocol, SMS are selectively retained on the work-

ing catalyst, which give the dominating signal at 56.2 ppm

together with spinning sidebands (denoted by asterisks) in

spectrum 2c in Figure 1. Following a similar procedure, we

successfully isolated surface ethoxy species (SES) upon dehy-

dration of ethanol on acidic zeolite H-Y.17

It is worth noting that surface alkoxy species are not easy

to detect by solid-state NMR spectroscopy. In the case of ole-

SCHEME 2. Formation of Surface Alkoxy Species upon Dehydration
of Alcohols or Adsorption of Olefins on Zeolite Brønsted Acid Sites
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fin adsorption on acidic zeolites, fast oligomerization of ole-

fins takes place even at ambient temperature, which may

mask the initial formation of surface alkoxy species. In the

case of alcohol dehydration, on the other hand, removal of

water from the working catalyst is crucial because hydration

of surface alkoxy species back to the corresponding alcohol is

ready to occur (vide infra). Most solid-state NMR investigations

are, however, performed under batch conditions in fused glass

ampoules or in gastight rotors, where removal of water and

isolation of surface alkoxy species can hardly be achieved.

Additionally, once being formed, surface alkoxy species may

participate in further reactions with other reactants coexist-

ing in the heterogeneous systems. The in situ SF protocol we

applied not only facilitates the detection of surface alkoxy spe-

cies by removal of water (step 2 in Figure 1) but also makes

it possible to further investigate the reactivity of surface alkoxy

species with different probe molecules (step 3 in Figure 1).

Reactivity of SMS on Acidic Zeolite
Catalysts: C-O Bond Activation
The intermediate role of SMS in zeolite catalysis has been a mat-

ter of debate, largely due to the lack of experimental evidence

for identifying both the formation and further transformation of

SMS in the same reaction. By in situ SF MAS NMR spectroscopy,

we are able to study the chemical transformation of SMS with dif-

ferent reactants (probe molecules) under reaction conditions (step

3 in Figure 1) after the isolation of SMS formed on a working cat-

alyst. The reactivity of SMS revealed by our research may be bet-

ter described in terms of C-O bond and C-H bond activation,

respectively. In this section, the results of C-O bond activation of

SMS are summarized.

Reaction of SMS and Methanol. DME 2 was observed as

the reaction product of SMS and methanol at 433 K on zeolite

H-Y (Scheme 3).15 Note that non-13C-enriched methanol was

chosen to react with 13C-enriched SMS, which facilitates the inter-

pretation of the NMR spectra. The result indicates that SMS may

play an intermediate role in the formation of DME by conver-

sion of methanol on acidic zeolite catalysts. However, the direct

formation of DME from two methanol molecules on Brønsted

acid sites18,19 cannot be excluded as a competition pathway.

Reaction of SMS and Water. SMS react with water at

ambient temperature, leading to the formation of methanol 3
on zeolites H-Y and H-ZSM-5 and silicoaluminophosphate

H-SAPO-34 (Scheme 4).20

Reaction of SMS and Ammonia. SMS react readily with

ammonia on zeolite H-Y and silicoaluminophosphate

FIGURE 1. Protocol of the in situ continuous-flow (CF) and stopped-flow (SF) MAS NMR experiments applied to investigate the reactivity of
surface methoxy species (SMS) on acid zeolite catalysts: (1) recording of 13C MAS NMR spectra under CF conditions at elevated reaction
temperatures during conversion of methanol (13C-enriched methanol is used to facilitate the 13C NMR detection), which indicates the
formation of SMS (13C chemical shift of 56.2 ppm) on acid zeolite catalysts; (2) recording of 13C MAS NMR spectra under SF conditions during
purging the catalyst with dry carrier gas (N2) only, which achieves the isolation of SMS from water, dimethyl ether (DME, 13C chemical shifts
of 63.5 and 60.5 ppm), and methanol (13C chemical shift of 50.0 ppm); (3) recording of 13C MAS NMR spectra during the reaction of SMS
with additional probe molecules (in most case, 13C-nonenriched reagents are used to only trace the transformation of 13C-enriched SMS),
which reveals the reactivity and possible intermediate role of SMS. This step can be performed under either flow conditions or batch
conditions. The 13C chemical shifts are all in the unit of ppm. Asterisks denote the spinning sidebands. Zeolite H-Y was used as the solid acid
catalyst and ammonia as probe molecules in the figure.

SCHEME 3
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H-SAPO-34 at ambient temperature, by which methylamines

and the corresponding methylammonium cations are formed

(Scheme 5).21 The selectivity toward monomethylamine 4,

dimethylamine 5, and trimethylamine 6 largely depends on

the concentration of ammonia and the reaction temperature.22

Reaction of SMS and Alkyl Halides. The reaction of SMS

and ethyl iodide indicates the transformation of SMS to sur-

face ethoxy species (SES) on zeolite H-Y and silicoalumino-

phosphate H-SAPO-34. SMS also react with other alkyl halides,

such as methyl iodide, isopropyl iodide, and ethyl bromide, by

which the corresponding alkoxy species 7 are expected to

form (Scheme 6).21

Reaction of SMS and Hydrochloride. Scheme 7

describes the reaction of SMS and hydrochloride on zeolite

H-Y, by which methyl chloride 8 is formed together with the

recovery of zeolite Brønsted acidity.21

Reaction of SMS and Aromatic Compounds. Xylenes 9
and ethylbenzene 10 are formed as main products in the

reaction of SMS with toluene on zeolite H-Y (Scheme 8).20

Koch-Type Carbonylation Reaction. The classic Koch car-

bonylation reaction of olefins and carbon monoxide involves car-

benium ions as reaction intermediates in superacidic solutions.

Transient existence of unstable acylium cation 11 in the reac-

tion of SMS and carbon monoxide on zeolite H-Y was evidenced

by our trapping experiments with water and ammonia, in which

acetic acid 12 and acetamide 13 are formed, respectively

(Scheme 9).21

Ritter-Type Reaction. SMS react with acetonitrile on zeo-

lite H-Y to produce the N-alkylnitrilium cation 14, which can

be further hydrolyzed to form N-methyl acetamide 15 as the

final product (Scheme 10). The mechanism was rationalized in

accordance with the classic Ritter reaction in solution media.21

As summarized above, SMS act as effective methylating

agents when reacting with different probe molecules through

C-O bond activation on acidic zeolite catalysts. Other evi-

dence concerning C-O bond activation includes the reactions

of SMS with aniline to form N-methylanilinium cations,23,24

with benzene to form alkyl-substituted aromatics,25–28 and

with ethene or propene to start oligomerization of olefins.25,29

Therefore, SMS may play an important intermediate role in a

variety of zeolite-catalyzed reactions: methylation of amines,

olefins, aromatics, carbon monoxide, acetonitrile, and so on.

C-H Bond Activation of SMS on Acidic
Zeolite Catalysts: Debates on the Initiation
Mechanism of the Methanol-to-Olefin
(MTO) Process
In the absence of other reactants, however, isolated SMS on

acidic zeolite catalysts show a high thermal stability at tem-

peratures below 473 K.16 When the reaction temperatures are

further increased to ca. 523 K and above, SMS are decom-

SCHEME 4

SCHEME 5

SCHEME 6

SCHEME 7

SCHEME 8
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posed on zeolites H-Y and H-ZSM-5, and silicoaluminophos-

phate H-SAPO-34, leading to the formation of hydrocarbons

17, such as propane, isobutane, and aromatics (Scheme

11).20,30 In addition to the weakening of C-O bond, the C-H

bond activation of SMS may be assisted by the adjacent basic

oxygen atoms of the zeolite framework at high temperatures.

As a result, surface-stabilized intermediates 16 with carbene

or ylide nature are likely formed. Indirect evidence for the

existence of transient carbene-like species was obtained by

trapping experiments with cyclohexane.20 The formation of

methylcyclohexane 18 implies the typical insertion reaction of

carbene into the sp3 C-H bond of cyclohexane. Oxidation of

SMS to carbon monoxide and carbon dioxide might be looked

upon as additional evidence for the carbene mechanism.21

Although it has been well accepted that the methanol-to-

olefin (MTO) process is dominated by a “hydrocarbon pool”

mechanism under steady-state conditions, the first C-C bond

formation in the induction period is still a matter of debate,

which is directly related to the issue of C-H bond activation

of SMS.31–42 Experimental evidence from IR and NMR inves-

tigations indicates that C-H bond cleavage of SMS is respon-

sible for the formation of first hydrocarbons in the MTO

process (see, for example, research papers cited in refs 20 and

21). It has also been proposed31,32 that SMS may act as pre-

cursors of surface-stabilized carbene or ylide, though the

detailed mechanism for the first C-C bond formation from

SMS is still a matter of research. Theoretical investigation

showed that surface-stabilized carbene could be produced by

deprotonation of SMS on acidic zeolites with an activation bar-

rier of 215-232 kJ mol-1.35 A higher value of 242 kJ mol-1

for this step was recently reported, which, however, energet-

ically disfavors the mechanism for the C-H bond activation of

SMS.36

An experimental argument against the C-H bond activa-

tion of SMS was also raised in 2002.37 The initiation of the

MTO process was explained by a few ppm of organic impuri-

ties instead of any direct route from pure methanol and

DME.37 The conclusion is based on GC analyses of the prod-

uct streams after a series of pulses of fractionally distilled

methanol onto the solid acid catalysts. The experimental data

reasonably indicate that the yield of volatile products

increases with the growth of the “hydrocarbon pool” on the

working catalyst, which offers further evidence for the “hydro-

carbon pool” mechanism. However, these results may not nec-

SCHEME 9

SCHEME 10

SCHEME 11
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essarily prove that organic impurities would create the primary

hydrocarbon pool on the working catalyst; neither may they

prove that trace impurities would govern the duration of the

kinetic induction period in the MTO process: in comparison

with trace impurities on the working catalyst, SMS indisput-

ably coexist in large quantities, which proved to be further

converted to hydrocarbons by different research groups (vide
supra). Our investigation by the combined 13C MAS NMR-UV/

vis spectroscopy further indicates that traces of organic impu-

rities (from 30 to 1000 ppm) present in the methanol do not

affect the formation of primary hydrocarbons from SMS.30

In contradiction to a number of previous investigations, it

was recently reported38 that the C-H bonds of SMS are not

broken at temperatures between 573 and 623 K on silicoa-

luminophosphate H-SAPO-34 evidenced by H/D exchange

studies. Once formed from the decomposition of SMS via C-H

bond activation, 16 would undergo secondary reactions to

form hydrocarbons (Scheme 11). As a result, the reverse reac-

tion from 16 to form SMS should be disfavored. Therefore, it

is very reasonable to have only observed the absence of H/D

exchange38 between the residual CH3-SAPO-34 and CD3-

SAPO-34 on the catalyst. However, C-H bond activation of

SMS may not be excluded because the yields and the H/D dis-

tribution of olefin products from SMS were not analyzed.38

The discrepancy in experimental results concerning the C-H

bond activation of SMS may also arise from different meth-

ods, catalysts, and experimental conditions being used.39,40

For example, IR and NMR results, which favor the C-H bond

activation of SMS, were obtained from the working catalysts,

while GC and GC/MS analyses, which disfavor the C-H bond

activation, came from the volatile products. No C-H bond acti-

vation of SMS was observed on zeolite H-ZSM-22,41,42 which

may be responsible for the failure of zeolite H-ZSM-22 to con-

vert methanol into olefins under normal MTO conditions.

Discussion on the Reactivity of Surface
Alkoxy Species on Acidic Zeolite Catalysts
In contrast to the case in homogeneous systems, solvation

effects are largely absent on zeolite catalysts and simple car-

benium ions are, therefore, less stabilized by zeolite frame-

work.2 Indeed, simple carbenium ions have never been

experimentally observed as stable intermediates in acid-cat-

alyzed reactions performed on acidic zeolites so far. They may

exist as highly activated and short-lived transition states and,

therefore, only represent saddle points on the potential energy

surface. On the other hand, covalent alkoxy species are con-

sistently identified as persistent species upon the adsorption

of olefins or dehydration of alcohols on acidic zeolites. The rel-

ative stability of surface alkoxy species and the activation

energies for their formation via carbenium-ion-like transition

states can be deduced from theoretical investigations of ole-

fin adsorption on acidic zeolites. As depicted in Figure 2, the

activation of olefins on acidic zeolites starts with the forma-

tion of π-complex (2A for ethene, 3A for propene and 4A for

isobutene), and through a carbenium-ion-like transition state

(2B, 3B, and 4B), the corresponding surface alkoxy species

(σ-complex, 2C, 3C, and 4C) are formed. The relative stabil-

ity of surface alkoxy species follows the order ethoxy 2C >

isopropoxy 3C > tert-butoxy 4C, while the energy levels of

carbenium-ion-like transition states follow the order 2B > 3B

> 4B.43 Moreover, the energy differences among π-complex

of isobutene 4A, tert-butyl cation 4B, and tert-butoxy species

4C are quite small.44–46 SMS 1C can be further added in Fig-

ure 2 as the most stable alkoxy species and, accordingly,

methyl cations 1B as the most highly activated transition state.

The C-O bond reactivity of surface alkoxy species with

different probe molecules can be, therefore, discussed by

analyzing the energy differences from C to B in Figure 2.

The following results may be derived: (i) According to the

Hammond postulate, surface tert-butoxy species would pos-

sess more carbenium-ion-like nature than other alkoxy spe-

cies presented in Figure 2. In contrast, the covalent-bond

nature should be profound in the case of SMS. (ii) The

nucleophilic substitution reaction with SMS is more SN2-

mechanism oriented, in which both nucleophile (probe mol-

ecules) and SMS simultaneously take part in the transition

state. The involvement of probe molecules in the transi-

tion state will, more or less, decrease the activation energy

in comparison with the energy difference between 1C and

1B in Figure 2. This explains that the reactions of SMS with

probe molecules having high nucleophility (water, ammo-

nia, or methylamines) take place at room temperature,

while for those with low nucleophility (hydrochloride, car-

bon monoxide, or acetonitrile), higher reaction tempera-

tures are required. (iii) The SN1-mechanism may dominate

the nucleophilic substitution reactions of the bulky tert-bu-

toxy species on acidic zeolites. In this case, the presence of

probe molecules does not contribute significantly in the

rate-determining step in which the transition state largely

resembles the corresponding carbenium ions, and there-

fore, the activation energy in this step should be close to

the energy difference between 4C and 4B shown in Fig-

ure 2.

Reactivity of Surface Alkoxy on Acidic Zeolites Wang and Hunger
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Conclusions and Perspectives
Elucidation of the reaction mechanisms in heterogeneous

catalysis is a complicated issue. Direct observation of reac-

tion intermediates and detailed investigation of their reactiv-

ity on the working catalysts offer important mechanistic

information, which may be realized by in situ spectroscopic

methods. The reaction intermediates involved in heteroge-

neous catalysis can vary in nature from highly reactive spe-

cies to relatively stable ones. The in situ spectroscopic method

being applied could only detect possible intermediates that

possess long enough lifetime. It is also feasible to further iso-

late the long-lived intermediates formed in some heteroge-

neously catalyzed systems and investigate their nature and

chemical reactivity thereafter. This strategy has been exploited

in our investigations of the SMS reactivity by in situ SF MAS

NMR spectroscopy. Through this approach, the possible inter-

mediate role of SMS in a variety of zeolite-catalyzed reactions

has been revealed. The reactivity of SMS can be discussed in

terms of C-O bond and C-H bond activation, respectively.

SMS on acidic zeolite catalysts act as an effective methylat-

ing agent in the reactions with different probe molecules

through C-O bond activation. At higher reaction tempera-

tures, C-H bond activation of SMS may further occur, by

which intermediates with surface-stabilized carbene or ylide

FIGURE 2. Energy profiles for the formation of surface alkoxy species (A f B f C) on acidic zeolite catalysts, adapted from ref 21.
Discussion on the reactivity of surface alkoxy species with additional probe molecules is based on the reverse route (C f B).
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nature are likely formed. The latter issue is directly related to

the mechanistic elucidation of the MTO process and invites

further investigations.

In order to properly understand the reaction mechanisms

in heterogeneous catalysis, one needs to know the nature of

the transition states that connect reactants, intermediates, and

products. Ingenious experiments should be designed to obtain

the rate constants of the elementary reaction steps in the cat-

alytic cycle. Isotopic labeling, trapping, and stereochemical

analysis may offer additional information on the structure and

nature of the transition states in heterogeneous catalysis. On

the other hand, quantum chemistry2 can be very useful to

address these issues. The reactivity and the carbenium-ion-

like nature of surface alkoxy intermediates (>C1 species) on

acidic zeolite catalysts are briefly discussed in this Account in

combination with recent theoretical investigations. Further

experimental efforts are expected to obtain detailed informa-

tion on the reactivity of these surface alkoxy species (>C1 spe-

cies). In addition to 13C MAS NMR, 15N MAS NMR47 may also

be utilized for mechanistic investigations on some zeolite-cat-

alyzed reactions. The combination of several in situ spectro-

scopic methods can provide complementary information

about the working catalysts. Structure-reactivity relationship

in heterogeneous systems48 is an important issue for mech-

anism elucidation. The adsorption and diffusion effects should

be also taken into account to correlate with the overall cata-

lytic performance on acidic zeolite catalysts.
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