
Tetraosmium carbonyl clusters containing �-NH2 amido ligands:
syntheses, crystal structures and reactivities

Yat Li and Wing-Tak Wong*
Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong,
P. R. China. E-mail: wtwong@hkucc.hku.hk

Received 27th August 2002, Accepted 22nd November 2002
First published as an Advance Article on the web 23rd December 2002

Treatment of [Os4(µ-H)4(CO)12] with O-tert-butylhydroxylamine hydrochloride (tBuONH2�HCl) afforded two amino
ligand containing osmium clusters [Os4(µ-H)4(CO)11(η

1-NH2O
tBu)] (1) and [Os4(µ-H)4(CO)11{(µ-H)3Os(CO)2(η

1-
NH2O

tBu)2Cl}] (2) in moderate yields. For the same reaction, in the presence of one equivalent of [Os3(CO)12], the
novel heptaosmium carbonyl cluster [{Os4(µ-H)2(CO)11(µ-NH2)}{Os3(µ-H)(CO)11}] (3) was isolated together with 1
and 2. This heptaosmium cluster 3 displays an uncommon metal skeleton, where the tetraosmium tetrahedron and
the triosmium triangle are connected by a metal–metal bond. Upon the addition of hydrobromic acid (HBr) to a
solution of 1, a pair of geometric isomers, unsupported butterfly [Os4(µ-H)4(CO)11(µ-NH2)Br] (4a) and supported
butterfly [Os4(µ-H)4(CO)11(µ-NH2)Br] (4b) clusters were formed. They are the first examples of µ-NH2 amido
tetraosmium carbonyl clusters, which serve as good models for the adsorbed nitrogen atoms on a stepped metal
surface. Refluxing of 4a in toluene for several hours, afforded a new triosmium µ-NH2 amido cluster [Os3(µ-H)2-
(CO)9(µ-NH2)Br] (5). Addition of an excess of triphenylcarbenium tetrafluoroborate [Ph3C][BF4] to a solution of 4a
in dichloromethane gave another tetrahedral µ-NH2 amido tetraosmium cluster [Os4(µ-H)2(CO)11(µ-NH2)Br] (6) in
moderate yield upon elimination of two hydrides.

Introduction
The chemistry of late transition metal carbonyl clusters poss-
essing amino 1 and amido 2 ligands has been extensively investi-
gated in the last decade. Much of the interest stems from the
comparison of their reactivity to that of nitrogen atoms bound
to metal surfaces. The formation and cleavage of N–H bonds
on metal surfaces is believed to be an integral part of several
important heterogeneously catalyzed reactions such as the
Haber process 3 and the oxidation of ammonia.4 The bonding
relationship between coordinated transition metal clusters and
surface-absorbed NHx moieties is illustrated in Scheme 1.5–8

However, to our knowledge, only very few examples of
µ-NH2 amido containing transition metal clusters are well
characterized, these include [M3(µ-H)(CO)10(µ-NH2)] (M = Os,6

Ru 9), [Os3(µ-H)(CO)9(µ-NH2)(PPh3)]
10 and [Ru3(CO)10(µ-NH2)-

(µ3-Hg){Mo(η5-C5H5)(CO)3}].11 Most examples are trinuclear
systems, which model a flat metal surface. Recently, we have
prepared and fully characterized the first examples of tetra-
osmium carbonyl clusters containing µ-NH2 amido ligands. The
µ-NH2 amido containing supported butterfly tetraosmium
cluster [Os4(µ-H)4(CO)11(µ-NH2)Br] 4a serves as a good model

for adsorbed nitrogen atoms on a stepped metal surface. The
transformation of amino clusters to amido clusters is
demonstrated.

Experimental

General

All reactions and manipulations were carried out under argon
using standard Schlenk techniques, except for the chromato-
graphic separations. Solvents were purified by standard pro-
cedures and distilled prior to use.12 Reactions were monitored
by analytical thin-layer chromatography (Merck Kieselgel 60
F254) and the products were separated by thin-layer chromato-
graphy on plates coated with silica (Merck Kieselgel 60 F254).
All chemicals, unless otherwise stated, were purchased com-
mercially and used as received. [Os4(µ-H)4(CO)12]

13 was prepared
by the literature methods.

Infrared spectra were recorded on a Bio-Rad FTS-135 IR
spectrometer, using 0.5 mm calcium fluoride solution cells, 1H
NMR spectra on a Bruker DPX300 spectrometer using CD2Cl2

and referenced to SiMe4 (δ 0). Variable-temperature 1H NMR
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spectra were obtained on a Bruker DPX500 spectrometer.
Positive ionization fast atom bombardment (FAB) mass spectra
were recorded on a Finnigan MAT 95 mass spectrometer, using
m-nitrobenzyl alcohol as matrix solvent. Microanalyses were
performed by Butterworth Laboratories, UK.

Syntheses

Reaction of [Os4(�-H)4(CO)12] with O-tert-butylhydroxyl-
amine hydrochloride (tBuONH2�HCl). The complex [Os4(µ-H)4-
(CO)12] (110 mg, 0.1 mmol) was dissolved in dichloromethane
(30 cm3) and mixed with one equivalent of O-tert-butylhydroxyl-
amine hydrochloride at 0 �C. One equivalent of trimethylamine-
N-oxide was then added dropwise to the solution mixture.
Upon stirring for 1 h, the solution turned dark yellow. The
solvent was removed under reduced pressure. Chromatography
of the residue on preparative TLC plates eluting with n-hexane–
dichloromethane (1 : 1, v/v) afforded the complexes [Os4(µ-H)4-
(CO)11{η1-NH2O

tBu}] 1 (40 mg, 34%) and [Os4(µ-H)4(CO)11-
{(µ-H)3Os(CO)2(η

1-NH2O
tBu)2Cl}] 2 (9 mg, 6%).

[{Os4(�-H)2(CO)11(�-NH2)}{Os3(�-H)(CO)11}] (3). The com-
plexes [Os4(µ-H)4(CO)12] (110 mg, 0.1 mmol) and [Os3(CO)12]
(91 mg, 0.1 mmol) were dissolved in dichloromethane (30 cm3)
and the mixture stirred with one equivalent of O-tert-butyl-
hydroxylamine hydrochloride at 0 �C. One equivalent of tri-
methylamine N-oxide was added slowly. After 1 h, the yellow
solution turned orange. The solvent was removed under
reduced pressure and the residue chromatographed on TLC
plates using n-hexane–dichloromethane (1 : 1, v/v) as eluent.
The first brown band was found to be [{Os4(µ-H)2(CO)11-
(µ-NH2)}{Os3(µ-H)(CO)11}] 3 (26 mg, 13%). Complexes 1 and 2
were also isolated in 23 and 4% yield, respectively.

Reaction of 1 with hydrobromic acid (HBr). A solution of 1
(23 mg, 0.02 mmol) in dichloromethane (30 cm3) was stirred
with three drops of hydrobromic acid (33% HBr). The solution
was allowed to stir for 30 min and the solvent was then dried
in vacuo. The dark yellow residue was subjected to TLC separ-
ation with n-hexane–dichloromethane (1 : 1, v/v) as eluent. Two
consecutive yellow bands were characterized as [Os4(µ-H)4-
(CO)11(µ-NH2)Br] 4a (16 mg, 68%) and [Os4(µ-H)4(CO)11-
(µ-NH2)Br] 4b (3 mg, 13%).

Thermolysis of 4a. A solution of 4a (23 mg, 0.02 mmol) in
toluene (30 cm3) was refluxed under argon atmosphere for 24 h.
The solution gradually changed from yellow to pale yellow.
After cooling, the solvent was evaporated in vacuo. Chromato-
graphy of the residue on silica eluting with n-hexane–dichloro-
methane (1 : 1, v/v) afforded the complex [Os3(µ-H)2(CO)9-
(µ-NH2)Br] 5 (5 mg, 27%).

Reaction of 4a towards triphenylcarbenium tetrafluoroborate
[Ph3C][BF4]. A solution of 4a (23 mg, 0.02 mmol) in dichloro-
methane (30 cm3) was stirred with excess triphenylcarbenium
tetrafluoroborate [Ph3C][BF4] under an argon atmosphere. The
initial yellow solution changed to green upon stirring for 5 h.
After reducing the solvent volume, the residue was separated by
preparative TLC on silica, with an eluent of n-hexane–dichloro-
methane (1 : 1, v/v). The intense green band was isolated as
[Os4(µ-H)2(CO)11(µ-NH2)Br] 6 (7 mg, 30%).

X-Ray crystallography

Single crystals were grown from their appropriate solvent sys-
tems under favorable conditions. Intensity data were collected
at ambient temperature using a Bruker SMART CCD 1000
diffractometer with graphite monochromated Mo-Kα radiation
using ω scan type. Details of the intensity data collection and
crystal data are given in Table 1, while the selected bond param-
eters are shown in Table 2. The data were corrected for Lorentz
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Table 2 Selected bond distances (Å) and angles (�) for 1–6

 1 2 3 4a 4b 5 6

Os(1)–Os(2) 2.803(2) 2.962(2) 2.797(1) 2.8109(8) 2.828(1) 2.8310(6) 2.955(2)
Os(1)–Os(3) 2.943(2) 2.960(2) 2.966(1) 2.8728(7) 3.049(1) 3.0424(6) 2.756(2)
Os(1)–Os(4) 2.951(2) 2.769(2) 2.902(1)  3.070(1)  2.925(2)
Os(2)–Os(3) 2.816(2) 2.822(2) 2.957(1) 2.9407(7) 2.981(1) 2.8198(7) 2.982(2)
Os(2)–Os(4) 2.988(2) 2.963(2) 2.730(1) 2.9942(7) 3.037(1)  2.788(2)
Os(3)–Os(4) 2.999(2) 2.976(2) 2.787(1) 3.1141(7)   2.730(2)
Os(5)–Os(6)   2.853(1)     
Os(5)–Os(7)   3.049(1)     
Os(6)–Os(7)   2.917(1)     
Os(2)–Os(5)   2.872(1)     
Os(4)–Os(5)  3.29      
Os(5)–Cl(1)  2.407(7)      
Os(1)–Br(1)      2.600(1)  
Os(3)–Br(1)     2.544(3)  2.558(3)
Os(4)–Br(1)    2.555(2)    
Os(3)–N(1)     2.15(2) 2.08(1) 2.00(2)
Os(4)–N(1) 2.15(2)    2.13(2)   
Os(5)–N(1)  2.09(3)      
Os(5)–N(2)  2.19(3)      
Os(1)–N(1)   2.15(2) 2.14(1)   2.21(2)
Os(2)–N(1)   2.06(2) 2.07(1)  2.09(1)  
N(1)–O(12) 1.40(3)       
N(1)–O(14)  1.41(3)      
N(2)–O(15)  1.44(3)      
        
Os(2)–Os(5)–Os(6)   165.66(4)     
Os(2)–Os(5)–Os(7)   110.87(4)     
Os(1)–N(1)–Os(2)   83.3(6) 83.9(4)    
Os(1)–N(1)–Os(3)       81.7(8)
Os(3)–N(1)–Os(4)     112.3(9)   
Os(2)–N(1)–Os(3)      85.0(4)  
Os(4)–N(1)–O(12) 109(1)       
Os(5)–N(1)–O(14)  110(1)      
Os(5)–N(2)–O(15)  111(2)      
N(1)–Os(5)–N(2)  89(1)      

and polarization effects. The structures were solved by direct
methods (SIR92 14 or SHELXS86 15), and expanded using
Fourier techniques (DIRDIF94).16 Non-hydrogen atoms were
refined anisotropically whenever possible, while the rest were
refined isotropically. Hydrogen atoms were included but not
refined. All calculations were performed using the teXsan 17

crystallographic software package of the Molecular Structure
Corporation.

CCDC reference numbers 192358–192364.
See http://www.rsc.org/suppdata/dt/b2/b208321c/ for crystal-

lographic data in CIF or other electronic format.

Results and discussion
The preparations of 1–6 is summarized in Scheme 2. These
compounds have been fully characterized by elemental analy-
ses, infrared, 1H NMR and mass spectroscopic methods. The
spectroscopic data are tabulated in Table 3. In addition, their
solid-state structures have been established by single crystal
X-ray diffraction analyses.

The formation of 1 is simply a substitution reaction,
replacing a carbonyl ligand with the amino ligand, while the
isolation of pentaosmium cluster 2 is rather unexpected. Two
metal fragments, [Os(tBuONH2)2(CO)2Cl] and [Os4(µ-H)4-
(CO)11], are connected by three bridging hydrides, which
suggests that the mononuclear osmium fragment probably
arises from the decomposition of the robust parent cluster
[Os4(µ-H)4(CO)12].

A broad hydride signal was observed in the 1H NMR
spectrum of 1 at room temperature and variable-temperature
1H NMR studies were conducted for 1 from 298 to 233 K. Two
sets of four sharp singlet peaks are resolved at 233 K which
correspond to two isomers, namely 1a and 1b, in the solution of
1 probably arising from the different disposition of hydrides.18

The solid-state structure of 1 is depicted in Fig. 1. A distorted
tetrahedral osmium metal core is observed in 1, with the Os–Os
bond distances within the range 2.803(2)–2.999(2) Å, which is
similar to the values observed in other tetraosmium systems.18

The amine ligand is terminally coordinated to the Os(4) metal
centre through the nitrogen N(1), with an Os(4)–N(1) dative
bond distance [2.15(2) Å] slightly shorter than the correspond-
ing Os–N distance [2.22(3) Å] observed in [Os4(µ-H)4(CO)11-
(η1-NH2Ph)].19

The molecular structure of 2 is shown in Fig. 2. The metal
framework of 2 consists of five osmium atoms. Four of them
form a distorted tetrahedron while the fifth osmium is bonded
to the tetrahedron by three bridging hydrides; the
Os(5) � � � Os(4) bond distance (3.29 Å) is too long to be
considered as a metal–metal bond, which is supported by the
1H NMR study. This supported osmium moiety is rather robust
as evidenced from mass spectrometry. The fragmentation of the
mononuclear fragment [Os(CO)2(

tBuONH2)2Cl] is far less facile
relative to dissociation of tBuONH2 or CO ligands.

The Os(5)–N(1) and Os(5)–N(2) bond distances [2.09(3) and
2.19(3) Å] are comparable to the corresponding values observed
in 1. The latter Os–N bond in 2 is slightly longer than the
former, probably because of the stronger influence of the CO
ligand. The chloride ligand, probably originating from the
starting material [tBuONH2�HCl], is bonded terminally to
Os(5) with a bond length of 2.407(7) Å. A 78 cluster-valence
electron count is observed for 2.

Recently, Lee and Wong reported that two µ4-NH containing
clusters, [Ru6(µ-H)(CO)16(µ-CO)2(µ4-NH)(µ-OCH3)] and
[Ru5(µ-H)3(CO)13(µ4-NH)(µ3-OCH3)], which were obtained
from the hydrogenation of [Ru3(CO)9(µ3-CO)(µ3-NOCH3)] in
the presence of [Ru3(CO)12].

20 It was suggested that metal
cluster expansion together with nitrogen functionality trans-
formation is possible. An equimolar amount of clusters [Os4-
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Scheme 2

(µ-H)4(CO)12] and [Os3(CO)12] were stirred with an excess of
O-tert-butylhydroxylamine hydrochloride in dichloromethane
at ambient temperature. A new brown cluster [Os4(µ-H)2-
(CO)11(µ-NH2){Os3(µ-H)(CO)11}] 3 was isolated in moderate

Fig. 1 The molecular structure of [Os4(µ-H)4(CO)11(η
1-NH2O

tBu)] 1
with the atom numbering scheme.

yield together with 1 and 2. To our knowledge, this is the first
example of a µ-NH2 amido ligand containing heptaosmium
cluster.

Cluster 3 consists of a tetraosmium tetrahedron [Os(1),
Os(2), Os(3), Os(4)] and a triosmium triangle [Os(5), Os(6),
Os(7)], having an Os(2)–Os(5) bond distance of 2.872(1) Å (Fig.
3). The Os(2), Os(5) and Os(6) metal centers [Os(2)–Os(5)–
Os(6), 165.66(4)�] are arranged almost in a linear manner. The
amido ligand asymmetrically bridges the Os(1) and Os(2) metal
centres with a bite angle of 83.3(6)� and the Os(1)–N(1) and
Os(2)–N(1) bond distances are 2.15(2) and 2.06(2) Å, respect-
ively. The ligand bridged Os(1)–Os(2) bond [2.797(1) Å] is
relatively short. The dihedral angle between the Os(1)–Os(2)–

Fig. 2 The molecular structure of [Os4(µ-H)4(CO)11{(µ-H)3Os(CO)2-
(η1-NH2O

tBu)2Cl}] 2 with the atom numbering scheme.
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Os(3) and Os(1)–Os(2)–N(1) planes is 109.50�. The character-
istic 106 cluster-valence electron count is observed for 3 when
the bridging amido ligand is regarded as a three-electron donor.
The mechanism of the formation of 3 is not clear. However, no
clusters arising from the coupling of two triosmium units were
isolated from the reaction mixture. It is believed that the
tBuONH2 ligand first attacks the tetraosmium cluster to give
some intermediates that further react with triosmium cluster to
give 3. However, we do not observe the formation of 3 from the
reaction of 1 and [Os3(CO)12].

Cluster 1 is believed to be a good precursor for amido (µ-NH2)
or nitrene (µ3-NH/µ4-NH) containing metal clusters. The good
leaving group tert-butylhydroxy (tBuO) is supposed to be
eliminated easily upon protonation, and the remaining amino
ligand will coordinate to the metal core effectively. A few drops
of hydrobromic acid were added to a solution of 1 in dichloro-
methane at room temperature. The isomeric clusters [Os4-
(µ-H)4(CO)11(µ-NH2)Br] 4a and [Os4(µ-H)4(CO)11(µ-NH2)Br]
4b were isolated in high and moderate yields, respectively.
(Scheme 3) The formation of 4a seems to be more favourable in
dichloromethane solution at ambient temperature according to
the reaction yield obtained. The polarities of these isomers are
significantly different according to their Rf values on chromato-

Fig. 3 The molecular structure of [{Os4(µ-H)2(CO)11(µ-NH2)}{Os3-
(µ-H)(CO)11}] 3 with the atom numbering scheme.

graphic separation; relatively non-polar cluster 4a is more
soluble in common organic solvents.

The mass spectra of 4a and 4b show different fragmentation
patterns. The parent ion envelope of 4a observed at m/z = 1169
agrees with the molecular formula, while a molecular ion peak
was not observed in the mass spectrum of 4b, probably due to
facile fragmentation of Br ligand in the ionization process. In
addition, the 1H NMR spectrum of 4a reveals that two amido
proton signals are located at δ 3.06 and 2.59, which are compar-
able to the values observed in 3. However, the amido proton 1H
NMR signals of 4b are significantly shielded to δ 0.19 and
�0.20, and seems to be very electron rich. The differences in the
fragmentation pattern and the 1H NMR chemical shift of the
amido proton signals of 4a and 4b are believed correlate with
their structural geometry.

The molecular structures of 4a and 4b are depicted in Figs. 4
and 5, respectively. The architecture of 4a consists of a butterfly

arrangement of four osmium atoms, which is derived from the
parent tetrahedron geometry by opening up one metal–metal
bond. This is the common configuration observed for 62-elec-
tron clusters and is in agreement with the theories of cluster
bonding.21 This is one of very few examples of 62-electron
butterfly clusters with no supporting ligand between wingtip
osmium metals.22 The dihedral angle between two wings of the

Fig. 4 The molecular structure of [Os4(µ-H)4(CO)11(µ-NH2)Br] 4a
with the atom numbering scheme.

Scheme 3
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Scheme 4

butterfly, Os(1)–Os(2)–Os(3) and Os(2)–Os(3)–Os(4), is
122.08�, which is significantly larger than the angle of 112.2(1)�
observed in another unbridged [Os4H3(CO)12(NCMe)2]

� cat-
ion.22e This dihedral angle associated with 4a is within the range
of values observed in a variety of alkyne-capped butterfly struc-
tures (112.7–144.1�).23 The metal–metal bond lengths within the
butterfly core are observed in the range 2.8109(8)–3.1141(7) Å
which are similar to those in other tetraosmium butterfly sys-
tems,24 while the hinge Os(2)–Os(3) bond bridged by a hydride
is uncommon. The hydride bridged Os(3)–Os(4) [3.1141(7) Å] is
exceptionally long, while the doubly bridged Os(1)–Os(2) bond
[2.8109(8) Å] is the shortest metal–metal bond implying that the
shortening effect of the bridging amido ligand is significant.
The NH2 ligand is asymmetrically bridged to the Os(1)–Os(2)
bond with a bite angle of 83.9(4)�, having Os(1)–N(1) and
Os(2)–N(1) bond lengths of 2.14(1) and 2.07(1) Å, respectively.
The dihedral angle between the Os(1)–Os(2)–Os(3) and Os(1)–
Os(2)–N(1) planes is 107.41�. The bromide, from hydrobromic
acid, is terminally bonded to Os(4) with a bond length of
2.555(2) Å.

The molecular structure of 4b has a supported butterfly
tetraosmium metal framework. The amido ligand bridges the
wingtip osmium metals, Os(3) and Os(4), with a bite angle
Os(3)–N(1)–Os(4) of 112.3(9)�. The Os(3)–N(1) and Os(4)–
N(1) bond distances are 2.15(2) and 2.13(2) Å respectively,
which are comparable to the corresponding values observed in
4a. The dihedral angle between the Os(1)–Os(2)–Os(3) and
Os(1)–Os(2)–Os(4) planes is 83.17� which is significantly
smaller than those found in other supported butterfly systems.24

Fig. 5 The molecular structure of [Os4(µ-H)4(CO)11(µ-NH2)Br] 4b
with the atom numbering scheme.

Refluxing of 4a in toluene for several hours afforded a new
pale yellow cluster [Os3(µ-H)2(CO)9(µ-NH2)Br] 5. Cluster 4a
undergoes a thermolytic fragmentation process instead of the
oligomerization reaction observed as in the case of
ruthenium.20 Molecules of 5 consist of an isosceles triangle of
osmium atoms with the shortest Os(2)–Os(3) edge [2.8198(7) Å]
bridged on both sides by an amido (NH2) and hydride ligands
(Fig. 6). The bridging amido ligand and the metal hydride are

located on the opposite sides of the triosmium plane and show
dihedral angles of 101.06 and 124.73� relative to the triosmium
plane.

An excess of triphenylcarbenium tetrafluoroborate was
added to a solution of 4a in dichloromethane in order to
remove the hydrides in the metal core. This suggests that the
amido ligand may undergo ligand transformation to give the
µ3- or µ4-NH nitrene ligand, which acts as a four-electron donor
in the electron deficient tetraosmium metal core. However,
another green amido tetrahedral tetraosmium cluster [Os4-
(µ-H)2(CO)11(µ-NH2)Br] 6, instead of a nitrene cluster, was
isolated in this reaction.

The solid-state structure of 6 is depicted in Fig. 7. Two
hydrides are removed by triphenylcarbenium ion during the
reaction, affording an unstable dication with 60 cluster valence

Fig. 6 The molecular structure of [Os3(µ-H)2(CO)9(µ-NH2)Br] 5 with
the atom numbering scheme.
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electrons. In order to eliminate the electron deficiency, the but-
terfly metal framework changes back to tetrahedral by forming
a metal–metal bond instead of a nitrene cluster. The amido
ligand asymmetrically bridges Os(1)–Os(3), and the dihedral
angle between the Os(1)–N(1)–Os(3) and Os(1)–Os(2)–Os(3)
planes is 71.40�. The bromide ligand is bonded to Os(3), with a
Os(3)–Br(1) bond distance of 2.558(3) Å. The fact that the
bromide and amido ligands are bonded to the same osmium
atom in 6 implies that an intermediate compound with migra-
tion of the amido ligand is presumably involved in the process.
Cluster 4b is not this intermediate compound since it does not
give 6 in reaction with triphenylcarbenium ion (Scheme 4)

Conclusion
The transformation of the amino cluster to µ-NH2 amido clus-
ters has been demonstrated in this work. The first examples of
osmium metal clusters containing µ-NH2 amido ligands were
prepared and fully characterized. They are believed to be
important cluster analogues for the reactivity study of metal
surface bound nitrogen atom towards molecular hydrogen.
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