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Introduction

Activation and selective transformation of ubiquitous but
inert C�H bonds represent two of the most challenging
issues in modern chemistry.[1] Regarded as the “holy grail”
in organometallic chemistry, C�H bond activation aims to
provide atom-economic strategies in natural product and
drug synthesis.[2,3] C�H bond activation is also directly con-
nected to the possible utilization of light alkanes as feed-

stock compounds in the petroleum and natural gas indus-
tries.[4,5] Even in these industrial applications, catalytic con-
version of methane into more valuable chemicals may, still,
well be the most important and difficult task.[4,6]

Apart from approaches to the indirect conversion of
methane via syngas,[7] numerous attempts have been devoted
in the past decades to direct transformation of methane into
more valuable products.[4,8–16] Recent investigations have im-
plied that co-conversion[17–32] of methane and hydrocarbons/
oxygenates on metal-containing (e.g., Ga, Zn, Mo, In, Ag,
and Pt) zeolite catalysts could be promising processes per-
formed at much lower temperatures under non-oxidative
conditions. Rational development of these co-conversion
processes will certainly benefit from the understanding of
mechanisms involved in both methane activation and further
transformation on the working catalysts. Motivated by this,
pioneering work performed in the research groups of
Baba,[20,33] Kazansky,[34] Ivanova,[35, 36] and Stepanov[29, 30] has
been focusing on the spectroscopic identification of possible
intermediates formed through C�H bond activation. For ex-
ample, Stepanov and co-workers[29,30] observed C1 surface
species, such as zinc methyl, surface formate, and surface
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methoxy species during methane activation on zeolite Zn/H-
BEA. Ivanova and co-workers[35] identified zinc methyl spe-
cies after methane adsorption on Zn/MFI catalyst at ambi-
ent temperature. Accordingly, the reaction pathways for the
formation of these C1 species have been proposed and ex-
tensively discussed[20,29, 30,33–36] in terms of dissociative adsorp-
tion upon C�H bond activation of methane on the bifunc-
tional catalysts.

Possible utilization of methane through co-conversion
processes depends, however, on the chemical nature of ini-
tial intermediates generated during C�H bond activation,
which governs further transformation of methane with di-
verse co-reactants. Therefore, investigations of the reactivity
of possible C1 intermediates formed in methane activation
are of great importance. This issue has recently been tackled
by Stepanov and co-workers.[29,30] They demonstrated for the
first time that surface methoxy species formed by dissocia-
tive adsorption of methane could methylate benzene on zeo-
lite Zn/H-BEA.[29,30] Nevertheless, information on the reac-
tivity of possible C1 intermediates is largely unknown in
methane co-conversion. For example, although zinc methyl
species have been consistently observed as C1 surface spe-
cies in methane activation on zinc-modified zeolites, their
reactivity has never been documented.

Solid-state NMR spectroscopy[37] is a powerful technique
for the characterization of solid catalysts, especially in their
functioning state.[38] We have long been interested in mecha-
nistic investigations of heterogeneously catalyzed reactions
by the use of solid-state NMR spectroscopy techniques.[39]

The in situ stopped-flow magic angle spinning (MAS) NMR
spectroscopy protocols[40–42] have allowed us to understand
the nature of surface methoxy species in a variety of chemi-
cal transformation on acidic zeolite catalysts. In this contri-
bution, similar strategies have been applied to clarify the re-
activity of C1 surface species (i.e., zinc methyl species, sur-
face formate species and surface methoxy species) formed
in methane activation on Zn-modified H-ZSM-5 zeolite (de-
noted as Zn/H-ZSM-5). We first isolated each C1 surface
species on the working catalyst and investigated its reactivi-
ty with different probe molecules (i.e., potential co-reactants
in methane co-conversion) thereafter. Our results indicate
that zinc methyl species, surface formate species and surface
methoxy species possess distinct reactivity. Specifically, the
reactivities of the zinc methyl species on zeolite Zn/H-ZSM-
5 catalyst can be correlated with that of organozinc com-
pounds in organometallic chemistry. We discuss the inter-
conversion among these C1 surface species on the zeolite
Zn/H-ZSM-5 catalyst.

Results and Discussion

Activation of methane on Zn/H-ZSM-5 catalyst at T= 473–
773 K : Figure 1 shows the 13C cross-polarization magic angle
spinning (CP/MAS) NMR spectra recorded after activation
of 13C-enriched methane (13CH4) on zeolite Zn/H-ZSM-5
catalyst at reaction temperatures from 473 to 773 K. The re-

sults are similar to those[29,30] obtained for methane activa-
tion on zeolite Zn/H-BEA. Methane activation on zeolite
Zn/H-ZSM-5 has already started at 473 K, as evidenced by
new signals observed in the 13C CP/MAS NMR spectrum
(Figure 1 a). Apart from the 13CH4 signal at d=�7 ppm, zinc
methyl species (denoted as -Zn-13CH3) appears at d=

�20 ppm[29,30,35, 36] as the dominating signal and a surface me-
thoxy species (denoted as -Zn-O-13CH3) appears at d=

57 ppm.[29,30] After methane activation at 523 K, surface for-
mate species (denoted as -Zn-OO13CH) at d=173 ppm[29, 30]

and acetaldehyde (13CH3
13CHO) at d=31 ppm[29,30] become

evident (Figure 1 b). The signal intensity of the surface for-
mate species at d=173 ppm exceeds that of the surface me-
thoxy species at d= 57 ppm after methane activation at
573 K (Figure 1 c) and both signals become invisible upon
methane activation at higher temperatures (Figure 1 d and
e). Upon methane activation from 573 to 773 K (Figure 1 c–
e), small amounts of acetic acid (13CH3

13COOH) and surface
carbonate species[43,44] were also observed at d=

22 ppm[29,30, 45,46] and d=163 ppm,[47] respectively.
The C1 surface species initially formed during methane ac-

tivation on zeolite Zn/H-ZSM-5 at T�573 K (Figure 1 a–c)
are, therefore, zinc methyl species (13C chemical shift of d=

�20 ppm), surface formate species (d= 173 ppm) and sur-
face methoxy species (d=57 ppm). These species may be in-
volved in further transformation at higher reaction tempera-
tures, as implied in the 13C CP/MAS NMR spectra shown in
Figure 1 d and e. Possible pathways for the formation of
these surface species on zeolite Zn/H-BEA have been sug-
gested.[29,30] However, investigation of their reactivity, which
may offer crucial information for further conversion of

Figure 1. 13C CP/MAS NMR spectra recorded after 13CH4 activation on
Zn/H-ZSM-5 catalyst for 20 min at T=a) 473, b) 523, c)573, d) 673, and
e) 773 K. The C1 surface species initially formed on the catalyst are zinc
methyl species (at d=�20 ppm), surface formate species (at d=

173 ppm) and surface methoxy species (at d= 57 ppm), respectively. Each
spectrum was recorded with a spinning rate of 10.0 kHz.
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methane on metal-containing zeolite catalysts, has not yet
been achieved. Applying strategies similar to those for
studying the reactivity of the surface methoxy species on
acidic zeolites,[40–42] we isolated the above-mentioned species
on the working catalysts and investigated their reactivity
with different probe molecules. Typical results are presented
in the following sections.

Reactivity of zinc methyl species on Zn/H-ZSM-5 catalyst :
As shown in Figure 1 a, the dominating signal occurring
upon methane activation at 473 K on Zn/H-ZSM-5 catalyst
is that of zinc methyl species at �20 ppm. By evacuation of
unreacted methane after methane activation at a slightly
lower temperature (T= 453 K), we were able to isolate the
zinc methyl species on the Zn/H-ZSM-5 catalyst (see the
Experimental Section for details). Figure 2 a shows the
13C high-power proton decoupling (HPDEC) MAS NMR
spectrum recorded after this procedure and the exclusive
signal at �20 ppm indicates the successful isolation of the

zinc methyl species on the Zn/H-ZSM-5 catalyst. The corre-
sponding 13C CP/MAS NMR spectrum (not shown) is
almost identical to Figure 2 a, in which the signals for meth-
ane, surface methoxy or other species are absent. With the
use of different probe molecules, the reactivity of the zinc
methyl species on Zn/H-ZSM-5 catalyst was, therefore, in-
vestigated by solid-state 13C MAS NMR spectroscopy. Typi-
cal results are summarized in Scheme 1, which indicates that
the chemical nature of the zinc methyl species on the Zn/H-
ZSM-5 catalyst is similar to that of organozinc com-
pounds[48–50] in organometallic chemistry.

Upon further heating of the zinc methyl species on Zn/H-
ZSM-5 at 453 K for 20 min, a new signal due to 13CH4 ap-
pears at d=�7 ppm in the 13C HPDEC MAS NMR spec-
trum, accompanied by a decrease of the signal of the zinc
methyl species at d=�20 ppm (Figure 2 b). It has been pro-
posed that the formation of the zinc methyl species origi-
nates from activation of methane on Zn2+ cations[35,36] or
small ZnO[30] clusters. Our result indicates that the zinc
methyl species could be protonated back to methane and,
therefore, the conversion of methane to the zinc methyl spe-
cies is a reversible process on the Zn/H-ZSM-5 catalyst
(Scheme 1 a). As evidenced in Figure 2 c–e, the conversion
of the zinc methyl species back to methane on the Zn/H-
ZSM-5 catalyst also occurs in the presence of other proton
donors, such as water, methanol, and hydrochloride. The
signal at d=�7 ppm indicates the reoccurrence of methane
on Zn/H-ZSM-5 catalyst when the zinc methyl species
reacts with water at room temperature (Figure 2 c), with
methanol at 323 K (Figure 2 d), or with hydrochloride at
room temperature (Figure 2 e). Methane was also reformed
upon the reaction of the zinc methyl species and methanol
at room temperature (not shown).

We propose that the high reactivity of the zinc methyl
species in the presence of proton donors on zeolite Zn/H-
ZSM-5 (Scheme 1 a–d) can be understood on the basis of
the similar chemistry of organozinc compounds.[48–50] For ex-
ample, Coates[51] et al. showed that organometallic reagents
are readily converted into hydrocarbons in the presence of
water. Bruce[52] et al. , Noltes and Boersma,[53] and Coates
and Ridley[54] demonstrated that organozinc compounds can
be transformed into organozinc alkoxide RZnOR’ and hy-
drocarbons by alcoholysis. Furthermore, DFT calculations
performed by Lambert[55,56] et al. have shed light on the
mechanistic understanding of the reactions between methyl
metal species (M�CH3) and hydrogen donors, such as, NH3,
H2O, HF, and cyclopentadiene (CpH).

The organozinc nature of zinc methyl species on the Zn/
H-ZSM-5 catalyst has further been clarified in the reactions
with oxygen and carbon dioxide. The 13C CP/MAS NMR
spectrum shown in Figure 2 f provides experimental evi-
dence for the reaction of the zinc methyl species with
oxygen at 523 K on zeolite Zn/H-ZSM-5. Together with the
consumption of the zinc methyl species, the surface formate
species (at d= 173 ppm), surface methoxy species (at d=

57 ppm), and methanol (13CH3OH, at d=54 ppm) are
formed accordingly. In analogy to the classic carbanion reac-

Figure 2. Reactivity of zinc methyl species (-Zn-13CH3, at d =�20 ppm)
on Zn/H-ZSM-5 catalyst evidenced by 13C HPDEC MAS NMR (a–e)
and CP/MAS NMR (f and g) spectra: a) isolation of zinc methyl species
(at d =�20 ppm) by evacuation of unreacted 13CH4 after methane activa-
tion at 453 K; b) conversion of zinc methyl species to 13CH4 (�7 ppm)
upon further heating at 453 K for 20 min; c) reaction with water at room
temperature; d) reaction with CH3OH (45 mbar) at 323 K overnight;
e) reaction with hydrochloride (32 mbar) at 298 K; f) reaction with
oxygen (18 mbar) at 523 K for 20 min; g) reaction with 13CO2 (1 mbar) at
573 K for 20 min. Each spectrum was recorded with a spinning rate of
10.0 kHz. The reactivity of zinc methyl species on the Zn/H-ZSM-5 cata-
lyst is summarized in Scheme 1.
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tions in organometallic chemistry, zinc methyl species may
be reacting with oxygen to form methyl peroxy species
first[57–59] (Scheme 1 e). The methyl peroxy species are fur-
ther decomposed to carbon monoxide and methanol.[60] Sur-
face formate species can, therefore, be generated from
carbon monoxide (see below). The formation of surface me-
thoxy species should be due either to the reaction of methyl
peroxy species with zinc methyl species[52,53] or to the dehy-
dration of methanol (Scheme 1 e). This mechanistic proposal
is also supported by the previous investigation of Han[61, 62]

et al. , who observed the formation of carbon monoxide and
methanol in the direct partial oxidation (DPO) of methane
on Zn-modified ZSM-5 catalysts.

The most interesting result comes from the reaction of
zinc methyl species with carbon dioxide at 573 K on zeolite
Zn/H-ZSM-5, which is shown in Figure 2 g. The formation of
acetic acid is evidenced by the signals occurring at d=

186 ppm (carbonyl group) and d= 22 ppm (methyl
group).[29,30,45, 46] As depicted in Scheme 1 f, this observation
can also be understood in analogy to the reaction of organo-
zinc compounds with carbon dioxide.[63] Carbonate species
(at d=163 ppm) are also formed due to the transformation
of carbon dioxide alone on the working catalyst, which has
been verified by adsorption of 13C-enriched carbon dioxide
on zeolite Zn/H-ZSM-5 (Table S2 in the Supporting Infor-
mation). It has been proposed that an equilibrium exists be-
tween surface formate species (at d=173 ppm) and carbon-
ate species (at d= 163 ppm) on a Cu/ZnO/Al2O3 catalyst.[64]

Reactivity of surface formate species on the Zn/H-ZSM-5
catalyst : By evacuation of volatile products, we were able to
isolate surface formate species (-Zn-OO13CH) on the Zn/H-

ZSM-5 catalyst after the reaction of 13C-enriched carbon
monoxide at 573 K (see the Experimental Section for details
and Figure S8 in the Supporting Information). Figure 3 a
shows the 13C CP/MAS NMR spectrum recorded thereafter
and the exclusive signal at d=173 ppm[29, 30] indicates the
successful isolation of surface formate species on the Zn/H-
ZSM-5 catalyst. The analyses of 13C chemical shift parame-
ters of the signal at d=173 ppm also confirmed the assign-
ment as a surface formate species (Table S1 in the Support-
ing Information). With the use of different probe molecules,
the reactivity of the surface formate species on the Zn/H-
ZSM-5 catalyst was further investigated by solid-state
13C MAS NMR spectroscopy and the results are summarized
in Scheme 2.

After further heating of the surface formate species on
the Zn/H-ZSM-5 catalyst at 573 K for 20 min, the
13C HPDEC MAS NMR spectrum (Figure 3 b) indicates the
decomposition of the surface formate species to carbon di-
oxide (at d= 126 ppm[29,30]) and carbonate species (at d=

163 ppm[47]). This result may be understood as the formation
of carbon dioxide and hydrogen, possibly mediated by the
decomposition of formic acid (HCOOH) (Scheme 2 a). Car-
bonate species are, therefore, formed from carbon dioxide,
which has been confirmed by the control experiment on
carbon dioxide on the Zn/H-ZSM-5 catalyst at 523 K
(Table S2 in Supporting Information). Previous investiga-
tions of zinc oxide surfaces[43,65–67] also suggested that car-
bonate species could be formed by the reaction of carbon
dioxide on defects. Moreover, Teichner and co-workers have
identified the decomposition of surface formate species to
carbon dioxide and hydrogen, and the formation of carbon-
ate species on the surface of ZnO/ZrO2 catalyst.[68]

Scheme 1. The reactivity of zinc methyl species (-Zn-CH3) on Zn/H-ZSM-5 catalyst. [a] Species that were not experimentally observed by 13C MAS NMR
spectroscopy.
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As shown in Figure 3 c, the reaction of surface formate
species with water on Zn/H-ZSM-5 catalyst at room temper-
ature results in the formation of a small amount of carbon
dioxide. Higher reaction temperatures increase the yield of

carbon dioxide (not shown). Teichner and co-workers also
observed the decomposition of formate species into carbon
dioxide and hydrogen on ZnO catalyst in the presence of
water.[68] These findings suggest that carbon monoxide can
be oxidized to carbon dioxide on Zn/H-ZSM-5 catalyst,[69] in
which formate species may act as the key intermediates
(Scheme 2 b).

Figure 3 d shows the 13C HPDEC MAS NMR spectrum
recorded after the reaction of surface formate species with
hydrochloride at room temperature. Carbon dioxide was ob-
served as the main product. New species are also formed as
a shoulder peak at about d=169 ppm, which is assigned to
bicarbonate.[47] As depicted in Scheme 2 c, this reaction may
also be understood as the formation of formic acid, which
can be further transformed to carbonate and bicarbonate
species.

Upon reaction of surface formate species and ammonia
on the Zn/H-ZSM-5 catalyst at 473 K, new signal appears at
165 ppm in the recorded 13C CP/MAS NMR spectrum (Fig-
ure 3 e). This signal is tentatively assigned to formimidate
species. The same species were also formed on Zn/H-ZSM-5
catalyst when the reaction was carried out at 523 K (not
shown). The formation of surface formimidate species may,
therefore, be explained according to the formation of a
Schiff base from aldehydes and amines (Scheme 2 d). An al-
ternative assignment of the signal at 165 ppm assumes that
it is formamide, which originates from the attack of ammo-
nia to the C�O bond of the surface formate species.

As shown in Figure 3 f, reduction of surface formate spe-
cies on Zn/H-ZSM-5 catalyst by hydrogen at 573 K gives
products of surface methoxy species (at d= 57 ppm), carbon-
ate species (at d=163 ppm), and methanol (at d=54 ppm),
respectively. Similar results were also obtained on a zinc-
containing catalyst[70] and other solid catalysts.[66,71–73] The

formation of surface methoxy
species can be explained by the
reduction of surface formate
species with hydrogen
(Scheme 2 e). Carbonate species
may come from surface formate
species (see above), while the
formation of methanol could
come from surface methoxy
species. Reduction of surface
formate species on Zn/H-ZSM-
5 catalyst by hydrogen at 773 K
gives methane as additional
product (not shown).

Reactivity of surface methoxy
species on ZnO catalyst : Isola-
tion of the surface methoxy
species on zeolite Zn/H-ZSM-5

is not possible through methane activation due to the co-ex-
istence of zinc methyl species in large quantities (see
above). Adsorption of methanol on zeolite Zn/H-ZSM-5 re-
sulted in the formation of dimethyl ether, surface methoxy

Figure 3. Reactivity of surface formate species (denoted as -Zn-OO13CH)
on the Zn/H-ZSM-5 catalyst evidenced by the 13C CP/MAS NMR (a, e–
f) and HPDEC MAS NMR (b–d) spectra: a) isolation of -Zn-OO13CH
species (at d=173 ppm) by evacuation after 13CO activation on Zn/H-
ZSM-5 catalyst at 573 K for 20 min; b) conversion of -Zn-OO13CH spe-
cies (at d=173 ppm) to carbonate species (at d =163 ppm) and carbon
dioxide (at d= 126 ppm) upon further heating at 573 K for 20 min; c) re-
action with water at room temperature; d) reaction with hydrochloride
(75 mbar) at room temperature; e) reaction with ammonia (129 mbar) at
473 K for 20 min; and f) reduction of surface formate species by hydro-
gen (28 mbar) at 573 K for 20 min. Each spectrum was recorded with a
spinning rate of 10.0 kHz. The reactivity of surface formate species on
the Zn/H-ZSM-5 catalyst is summarized in Scheme 2.

Scheme 2. The reactivity of the surface formate species (-Zn-OOCH) on Zn/H-ZSM-5 catalyst. a) Species that
were not experimentally observed by 13C MAS NMR spectroscopy.
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species, and other surface species, which are hard to isolate
from each other. By evacuation of the volatile species after
methanol conversion (see the Experimental Section for de-
tails), we prepared the surface methoxy species on ZnO cat-
alyst[47] as a model system to study the reactivity of the sur-
face methoxy species on Zn/H-ZSM-5 catalyst. The domi-
nating signal at d= 54 ppm with spinning sidebands in Fig-
ure 4 a is attributed to surface methoxy species isolated on

the ZnO catalyst.[47] With the
use of different probe mole-
cules, the reactivity of the sur-
face methoxy species on the
ZnO catalyst was further inves-
tigated by solid-state 13C MAS
NMR spectroscopy and the re-
sults are summarized in
Scheme 3.

In analogy to those observed
for surface methoxy species on
acidic zeolites,[41] the reaction of
surface methoxy species (d=

54 ppm) with water on ZnO at
room temperature gives metha-

nol (d=49 ppm[47]) as the product (Figure 4 b and
Scheme 3 a). As shown in Figure 4 c, the formation of metha-
nol was also observed upon the reaction of surface methoxy
species with hydrochloride on ZnO at room temperature
(Figure 4 c and Scheme 3 b).

Figure 4 d shows the 13C HPDEC MAS NMR spectrum
recorded upon the reaction of surface methoxy species and
ammonia on ZnO at room temperature. The signal at d=

47 ppm can be attributed to the formation of trimethyla-
mine, (CH3)3N (Scheme 3 c). This assignment was further
verified by loading of trimethylamine onto the ZnO catalyst
(not shown). The formation of trimethylamine on ZnO
(Scheme 3 c) may also be rationalized as the result of the re-
action of surface methoxy species and ammonia on acidic
zeolites.[42]

Upon heating of the surface methoxy species on ZnO at
353 K for 60 min, acetic acid[29,30,45, 46] was formed, evidenced
by the signals at d=180 and d=21 ppm in the 13C CP/MAS
NMR spectrum (Figure 4 e). A weak signal also appears at
d= 170 ppm, which is assigned to the surface formate spe-
cies.[29,30] The assignment of the surface formate species was
verified by heating of 13CO on the ZnO catalyst (not
shown). These findings imply that the surface methoxy spe-
cies may be oxidized to carbon monoxide, which can further
produce the surface formate species (see above) or follow
the Koch-type reaction[42,74] to form acetic acid (Scheme 3 d).

Nature and interconversion of the C1 surface species in
methane activation on the zeolite Zn/H-ZSM-5 catalyst :
Zinc methyl species (-Zn-13CH3), surface formate species
(-Zn-OO13CH), and surface methoxy species (-Zn-O-13CH3)
are preliminary species observed during methane activation
on zeolite Zn/H-ZSM-5 catalysts. Information on the chemi-
cal nature of these C1 surface species will shed light on the
design of co-reactants for further conversion of methane.
Applying the strategies[40–42] for investigating the reactivity
of surface methoxy species on acidic zeolites, we prepared
these C1 species separately by adsorption of 13C-enriched
methane, carbon monoxide, or methanol onto zinc-contain-
ing catalysts. Successful isolation of each intermediate on

Figure 4. Reactivity of surface methoxy species on ZnO catalysts evi-
denced by the 13C CP/MAS NMR (a and e) and HPDEC MAS NMR (b–
d) spectra: a) isolation of surface methoxy species (at d=54 ppm) by
evacuation after methanol conversion on ZnO; b) reaction with water at
room temperature; c) reaction with 68 mbar of hydrochloride at room
temperature; d) reaction with 46 mbar of ammonia at room temperature;
e) further transformation of surface methoxy species on ZnO upon heat-
ing at 353 K for 60 min. Asterisks denote spinning sidebands. The spec-
trum (a) was recorded with a spinning rate of 2.5 kHz and the others
were recorded with that of 10.0 kHz. Surface methoxy species on a ZnO
catalyst was applied as a model system for studying the reactivity of sur-
face methoxy species on the zeolite Zn/H-ZSM-5. The reactivity of sur-
face methoxy species on Zn-containing zeolites is summarized in
Scheme 3.

Scheme 3. The reactivity of methoxy species (-Zn-O-CH3) on ZnO catalyst. a) Species that were not experi-
mentally observed by 13C MAS NMR spectroscopy.
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the working catalyst allows us to further investigate their re-
activity with different probe molecules by using solid-state
NMR spectroscopy.

Being highly reactive due to the polarized carbon�metal
(Cd��Md+) bonds, organolithium, organomagnesium
(Grignard), and organozinc compounds have been exten-
sively used as very important organometallic reagents in or-
ganic synthesis.[48–50] For example, cross-coupling reactions of
organozinc compounds with a variety of electrophiles offer
novel strategies for chemo-, regio-, and stereoselective C�C
bond formation.[75] More importantly, the formation and fur-
ther transformation of organometallic species through C�H
bond activation are often crucial steps for atom-economic
approaches in natural product and drug synthesis.[2,3] On the
other hand, as promising processes for methane utilization,
co-conversion of methane with other reactants on metal-
containing zeolite catalysts also involves C�H bond activa-
tion of methane and further transformation of C1 intermedi-
ate species. In this contribution, the reactivity of possible C1

intermediates formed through C�H bond activation of
methane has been investigated and, specifically, the similari-
ty of the reactivity of these surface species to that of organo-
zinc compounds has been highlighted.

As revealed by the 13C MAS NMR investigations, zinc
methyl species possess similar reactivity as that of organo-
zinc compounds.[48–50] For example, zinc methyl species on
zeolite Zn/H-ZSM-5 readily react with hydrogen donors to
produce methane (Scheme 1 a–d). The reactions of dimeth-
yl- or diethylzinc with various compounds containing reac-
tive hydrogen were investigated by Coates et al. ,[54] and fol-
lowed by other groups.[52,53,55, 56,76] Typical results obtained
for the reactivity of organozinc compounds in organometal-
lic chemistry are summarized in Scheme 4, in which the for-
mation of hydrocarbons (R�H, such as methane) upon the
reaction with water or alcohol was highlighted (Scheme 4 a
and b). In our study, the reaction of zinc methyl species and

oxygen on zeolite Zn/H-ZSM-5 produces surface formate
species, surface methoxy species, and methanol, which may
be mediated by the formation of a methyl peroxy species
(Scheme 1 e). As revealed by Abraham[57] and Knochel and
co-workers,[58] oxidation of diethyl- and di-n-butylzinc gave
alkyl peroxy species as the initial products, which could fur-
ther react with excess of organometallic compounds to pro-
duce alcohols (Scheme 4 c). Most interestingly, we found
that the reaction of zinc methyl species and carbon dioxide
on zeolite Zn/H-ZSM-5 produces acetic acid (Scheme 1 f).
A similar result was found by Inoue and Yokoo[63] for the
reaction of diethylzinc and carbon dioxide (Scheme 4 d).

As revealed in this contribution, surface formate species
could be prepared by the reaction of 13C-enriched carbon
monoxide on zeolite Zn/H-ZSM-5 catalyst at 573 K. Further
evacuation of other volatile products would retain the sur-
face formate species as the sole species on the working cata-
lyst, which makes further investigation of their reactivity
feasible. In the case of surface formate species on zeolite
Zn/H-ZSM-5 catalyst, the carbonyl groups can be easily re-
duced, by hydrogen, to surface methoxy species (Scheme 2)
and further to methane. Schild et al. also observed that the
formation of methane was correlated with the disappearance
of formate species on zirconia-supported catalysts.[44] In
analogy to formic acid, surface formate species on zeolite
Zn/H-ZSM-5 are readily decomposed to carbon dioxide
(Scheme 2). Our strategy for investigating the reactivity of
surface formate species in methane activation may also be
applicable to other catalytic processes (such as methanol
synthesis[68,70, 77] and the water-gas shift reaction[78]), in which
surface formate species may act as the reactive intermedi-
ates.

It has well been demonstrated that an impregnated Zn/H-
ZSM-5 catalyst contains sub-nanometric and macrocrystal-
line ZnO clusters.[79,80] For this reason, we use ZnO as the
model catalyst for the zeolite Zn/H-ZSM-5 to prepare and
isolate surface methoxy species. Surface methoxy species on
zeolite Zn/H-ZSM-5 may possess comparable reactivity to
the surface methoxy species[42] on acidic zeolites (Scheme 3).
However, a discrepancy in reactivity for these two species
exists in their reactions upon heating. Decomposition of sur-
face methoxy species to hydrocarbons has consistently been
observed on acidic zeolites H-Y, H-ZSM-5, and H-SAPO-
34.[41] On the other hand, surface methoxy species on zinc-
containing zeolites are readily oxidized to surface formate
species as suggested by Stepanov and co-workers,[29,30] which
was also confirmed in this contribution (Scheme 3 d). The
13C chemical shift of the surface methoxy species on the
ZnO catalyst is about 54 ppm, which is 3 ppm less than that
of surface methoxy species on Zn/H-ZSM-5 catalyst. This
implies that the surface methoxy species on the zeolite Zn/
H-ZSM-5 may be formed in the vicinity of both zinc and
acidic sites.

The present solid-state NMR spectroscopy investigation
also reveals the interconversion among the above-men-
tioned C1 surface species, which is depicted in Scheme 5. For
example, a chemical equilibrium exists between methane

Scheme 4. The reactivity of organozinc compounds in organometallic
chemistry with a) water,[53, 78] b) alcohol,[54–56] c) oxygen,[59, 60] and
d) carbon dioxide.[65]
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and zinc methyl species on zeolite Zn/H-ZSM-5 at about
453 K (Figure 2 a and b). Moreover, surface methoxy species
formed during methane activation can be further oxidized
to surface formate species (Figure 4 e). On the other hand,
surface formate species are easily reduced by hydrogen to
surface methoxy species (Figure 3 f) and further to methane
on zeolite Zn/H-ZSM-5. Additionally, zinc methyl species
could react with methanol to produce methane and surface
methoxy species (Figure 2 d).

In the absence of other co-reactants, zinc methyl species
could only be converted back to methane on zeolite Zn/H-
ZSM-5 without further transformation (Figure 2 b). This ob-
servation is in accordance with previous reports on Zn/H-
ZSM-5,[26] Mo-Zn/H-ZSM-5,[27] Cu-Zn/H-ZSM-5,[28] Zn2+/
MFI,[36] and Zn/H-BEA[29,30] catalysts. Moreover, surface
methoxy species on zeolite Zn/H-ZSM-5 would be oxidized
to surface formate species (Figure 1 b and Figure 4 e), where-
as the destiny of the surface formate species is to produce
carbon dioxide (Figure 3 b). All of these results re-empha-
size the crucial existence of co-reactants for further conver-
sion of methane to useful chemicals, which might be realized
by certain reactions between the co-reactants and C1 surface
species. The zinc methyl species was identified as the most
abundant surface species in methane activation on the Zn/
H-ZSM-5 catalyst. The reactivity of the zinc methyl species
on the working catalyst has been investigated in this contri-
bution and, further correlated with that of organozinc com-
pounds in organometallic chemistry.[48–50] This information
may, therefore, shed new light on the understanding and fur-
ther development of methane co-conversion process on
zinc-containing zeolites.

Conclusion

As has been seen for zeolite Zn/H-BEA,[29,30] zinc methyl
species, surface formate species, and surface methoxy spe-
cies were identified by us as initial C1 surface species
formed in methane activation on zeolite Zn/H-ZSM-5 cata-
lyst. Applying similar strategies[40–42] for investigating the re-
activity of surface methoxy species on acidic zeolites, we iso-
lated these C1 species and further investigated their reactivi-
ty by the use of different probe molecules. Our solid-state
13C MAS NMR results indicate that zinc methyl species, sur-
face formate species, and surface methoxy species formed
by C�H bond activation of methane possess distinct reactivi-
ty in further transformations. For example, zinc methyl spe-
cies show a reactivity similar to organozinc compounds in

organometallic chemistry[48–50] ; surface formate species are
formed from carbon monoxide and decomposed to carbon
dioxide and hydrogen; and the reactivity of surface methoxy
species is correlated with those of surface methoxy species
on acidic zeolites.

In the absence of co-reactants, the destiny of zinc methyl
species on zeolite Zn/H-ZSM-5 is to reform methane,
whereas that of surface formate species or surface methoxy
species is to produce carbon dioxide. Our investigation of
the reactivity of C1 surface species may, therefore, offer new
information on further conversion of methane with co-reac-
tants catalyzed by metal-modified zeolites. The distinct reac-
tivity of C1 species provides the possibility of selecting the
co-reactants for methane co-conversion. For example, reac-
tions of methane with either carbon monoxide or carbon di-
oxide give rise to acetic acid through different pathways:
carbon monoxide reacts with surface methoxy species
(Scheme 3 d), and carbon dioxide reacts with zinc methyl
species (Scheme 1 f). More strikingly, the reaction of meth-
ane and carbon dioxide on zeolite Zn/H-ZSM-5 may be one
way of converting greenhouse gases to useful chemicals.

Experimental Section

Materials and sample preparation : As-synthesized zeolite Na-ZSM-5 (nSi/
nAl =15) was purchased from the Catalyst Plant of Nankai University,
Tianjin, (P.R. China). 13C-enriched methane (13C-enrichment of 99%)
and carbon monoxide (13C-enrichment of 99%) were purchased from
Spectra Gases. 13C-enriched methanol (13C-enrichment of 99 %) and
carbon dioxide (13C-enrichment of 99%) were purchased from Cam-
bridge Isotopes. All liquid reagents were degassed by three “freeze-
pump-thaw” cycles before use and all gas reagents were used as received.

Zeolite H-ZSM-5 : As-synthesized zeolite Na-ZSM-5 was calcined at
823 K in a muffle furnace for 6 h to remove the organic template. After
calcination, a four-fold ion-exchange of zeolite Na-ZSM-5 to zeolite
NH4-ZSM-5 was conducted at 353 K in a 1.0m aqueous solution of
NH4NO3. The zeolite NH4-ZSM-5 was then thoroughly washed in deion-
ized water and dried at 353 K overnight. The residual Na content in zeo-
lite NH4-ZSM-5 was 0.018 wt % determined by atomic absorption analy-
sis (AAS). Zeolite NH4-ZSM-5 was then subjected to additional calcina-
tion at 823 K for 6 h in a muffle furnace leading to zeolite H-ZSM-5. The
as-synthesized and template-free Na-ZSM-5 zeolites were characterized
by XRD, and the acidic zeolite H-ZSM-5 obtained from zeolite NH4-
ZSM-5 upon further activation in vacuum was characterized by multinu-
clear (1H, 27Al, and 29Si) solid-state NMR spectroscopy (Supporting Infor-
mation).

Zinc-modified H-ZSM-5 catalyst (Zn/H-ZSM-5):[81] Zinc-modified zeolite
H-ZSM-5 catalyst (denoted as Zn/H-ZSM-5) was prepared according to
the literature[81] by impregnation of zeolite H-ZSM-5 with Zn ACHTUNGTRENNUNG(NO3)2.
Typically, Zn ACHTUNGTRENNUNG(NO3)2·6H2O (0.292 g) was dissolved in deionized water
(1.21 mL) and the aqueous solution obtained was added into zeolite H-
ZSM-5 (1.00 g) with continuous stirring. The impregnated sample was
dried in a rotary evaporator at 333 K for 0.5 h and treated in a muffle fur-
nace at 673 K for 6 h, followed by further calcination in glass tubes in a
vacuum (<10�2 mbar) for about 34 h (from 298 to 393 K with a heating
rate of 1 Kmin�1; 393 K for 2 h to remove most of the water; then from
393 to 693 K with a heating rate of 0.7 Kmin�1; 693 K for 20 h). The de-
hydrated Zn/H-ZSM-5 catalyst was then subjected to reactant loading or
sealed in situ for further use. AAS, XRD, UV/Vis, and multinuclear (1H,
27Al, and 29Si) solid-state NMR spectroscopy were applied to confirm the
successful preparation of the Zn/H-ZSM-5 catalyst (Supporting Informa-
tion). AAS results reveal that the Zn content in the catalyst is about 6.0–

Scheme 5. Interconversion of C1 surface species in methane activation on
zeolite Zn/H-ZSM-5 catalyst.
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6.2 wt %. The presence of ZnO on the external surfaces of the catalyst
and ZnO cluster in the catalyst pores is shown by bands in the diffuse-re-
flectance spectrum at 370 and 265 nm, respectively.[79] X-ray diffraction,
however, does not indicate the existence of macroscopic arrays of ZnO
after this preparation.[79] All these results are consistent with those re-
ported in the literature.[79, 81]

ZnO catalyst : ZnO (Merck) was calcinated in glass tubes in a vacuum
(<10�2 mbar) for about 28 h (from 298 to 393 K with a heating rate of 1
K min�1; 393 K for 2 h to remove most of the water; then from 393 K to
743 K with a heating rate of 0.6 Kmin�1; 743 K for 15 h). The dehydrated
ZnO catalyst was then subjected to reactant loading or sealed in situ for
further use.

Methane activation on Zn/H-ZSM-5 catalyst : A glass tube (outer diame-
ter of about 6 mm and length of about 180 mm) containing around
130 mg of dehydrated Zn/H-ZSM-5 catalyst was loaded with about
50 mbar (approximately 0.19 mmol) of 13CH4 on a vacuum line and then
flame-fused. After the reaction at a given temperature, the glass tube was
cooled and opened in a glove box; and the catalyst was quickly trans-
ferred into a 4 mm MAS NMR rotor.

Isolation of zinc methyl species on Zn/H-ZSM-5 catalyst : Dehydrated
Zn/H-ZSM-5 catalyst (�130 mg) was loaded with 13CH4 (�50 mbar) and
heated at 323 K overnight for homogeneous adsorption. The sample was
allowed to further react at 453 K for 45 min. Unreacted 13CH4 was then
removed under vacuum for 20 min at room temperature to retain the
zinc methyl species (denoted as -Zn-13CH3@Zn/H-ZSM-5) on the work-
ing catalyst. To explore their reactivity, the isolated zinc methyl species
were subjected to further reactions with different probe molecules (e.g.,
water, methanol, hydrochloride, oxygen, or carbon dioxide) at given tem-
peratures.

Isolation of surface formate species on Zn/H-ZSM-5 catalyst : Dehydrat-
ed Zn/H-ZSM-5 catalyst (�130 mg) was loaded with 13CO (�30 mbar)
and heated at 323 K overnight. The sample was allowed to further react
at 573 K for 20 min. Volatile products were then removed under vacuum
for 20 min at room temperature to retain the surface formate species (de-
noted as -Zn-OO13CH@Zn/H-ZSM-5) on the working catalyst. To ex-
plore the reactivity, the isolated surface formate species were subjected
to further reactions with different probe molecules (e.g., water, hydro-
chloride, ammonia, or hydrogen) at given temperatures.

Isolation of surface methoxy species on ZnO catalyst : 13CH3OH
(�100 mbar) was allowed to react on the activated ZnO catalyst
(�300 mg) at 298 K for 5 min. Unreacted 13CH3OH was then removed
under vacuum for 40 min at room temperature to retain the surface me-
thoxy species (denoted as -Zn-O-13CH3@ZnO) on the working catalyst.
To explore their reactivity, the isolated surface methoxy species were sub-
jected to further reactions with different probe molecules (e.g., water, hy-
drochloride, or ammonia) at given temperatures.

Solid-state 13C MAS NMR experiments : 13C MAS NMR investigations
were performed with a 4 mm Bruker MAS NMR spectroscopy probe on
a Bruker Avance II WB 400 MHz spectrometer at a 13C resonance fre-
quency of 100.6 MHz. 13C high-power proton decoupling (HPDEC) MAS
NMR spectra were recorded after an excitation with a p/2 pulse of 4.0 ms
and with a repetition time of 5 s. 13C cross-polarization (CP) MAS NMR
experiments were performed with a contact time of 3 ms and with a repe-
tition time of 3 s. In these experiments, spectra were obtained with
magic-angle spinning rates of 10.0, 8.0, and 2.5 kHz. All 13C MAS NMR
spectra were referenced to tetramethylsilane (TMS) and the precision of
the 13C chemical shift determinations is no greater than 1.0 ppm.
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