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A reaction of molybdenum nitride with hydrogen peroxide
was characterized by elemental analysis, 14N NMR, IR, XPS,
TOF mass, and TG/DTA spectroscopy and acid/base, ammonia,
and peroxo titration with NaOH, indophenol, and KMnO4
reagents, respectively. It was found that nitrate and ammonium
ions as well as peroxoisopolymolybdates were produced by the
reaction.

Inorganic metal nitrides have attracted much attention in the
fields of material science, 1-3 catalysis,G"12 and so on, owing to
their high stability to thermal and mechanical treatments and
specific surface reactivity. So the investigation of the reactivity
is interesting for the better understanding and precise control.
However, almost nothing is known of the reactivity of inorganic
metal nitrides having atomic nitrogen at interstitial position
except that some nitrides are chemically quite inert or those:do
react tend to decompose and hydrolyze to give dinitrogen and
ammonia, respectively. Nothing is known of the formation of
nitrate ion.1-3:13 In addition, the mineralization of organic
nitrogen to ammonium ion and its subsequent oxidation to nitrate
ion are the major bottlenecks restricting supply of the nutrient to
plants. 14,15 1n industry, the oxidation of ammonia to nitric acid
needs three steps and the first step (oxidation of ammonia to
nitrogen monoxide) is carried out above 800 °C.16 Therefore,
the formation of nitrate ion is also interesting on the standpoint
of oxidation catalysis.

On the other hand, to date the reactivity of organometallic
compounds of Mo with dinitrogen ligands have extensively been
studied and ammonia, hydrazine, and dinitrogen have been
identified as products.!7-21  However, almost nothing is
known of formation of nitrate ion even for the reaction of these
organometallic compounds.

In this report, we focused on the reactivity of inorganic
nitride of molybdenum and found the novel reaction of inorganic
molybdenum nitride with hydrogen peroxide to form nitrate and
ammonium ions.

Nitride of Mo (High Purity Chemicals), 30% aqueous
hydrogen peroxide (Junsei Chemical), 0.01 M aqueous NaOH,
and 0.002 M aqueous KMnO4 (Wako Pure Chemicals) were
commercially obtained and used without further purification. It
was confirmed that the structure of molybdenum nitride was
cubic MopN (with a trace amount of Mo metal) and that the
atomic ratio of N/Mo was 0.50 and well agreed with the
stoichiometric ratio of MojN. The content of hydrogen in
molybdenum nitride was < 0.04%. These facts suggest that the
content of ammonia in starting molybdenum nitride is very low.
The molybdenum nitride was not dissolved with nitric acid but
aqua regia in consistent with a literature. 13

The reaction of molybdenum nitride with hydrogen peroxide
was carried out as follows: Finely powdered solid molybdenum
nitride (200 mesh; 2 g for molybdenum nitride (0.019 molar

Table 1. Data of elemental analysis, N NMR, and titration

Element? / wt% Ratjo of Amount® wt%
+ Lp  —
M N H NH;"/ NOj NH; 022_
52 1.6 2.1 1.2 0.93 18.4

2 Elemental analysis. b Integrated "N NMR signal intensity
ratios. © Measured by titration with NaOH, indophenol, and
KMnOy, reagents, respectively.

atomic Mo)) was added to an aqueous solution of hydrogen
peroxide (15%). The solution was kept at room temperature for
24 h (final pH = 2.0). Then the solution was filtered to remove
unreacted molybdenum nitride and Pt net was put into the
solution to decompose excess hydrogen peroxide. The resulting
solution was evaporated to dryness at 3312 °C. Finally the solid
was dried in vacuo at room temperature for 12 h. Hereafter, the
resulting solid obtained from molybdenum nitride is abbreviated
by (I). The yield of (I) was ca. 89% on Mo-basis.

Infrared spectra were measured as KClI pellets with a Perkin-
Elmer Paragon1000 PC spectrometer. The 14N NMR spectra of
samples (solvent, Dy0O; 27 °C) were recorded on JEOL-GX 270
FT spectrometer using liquid ammonia as a reference. X-ray
photoelectron spectra were recorded for self-supporting discs
with a JEOL JPS-90SX spectrometer using an Mg-Ko. source
(1253.6 eV). The binding energies were corrected by using the
value of 285.0 eV for the Cls peak resulting from carbon
contamination.

Contents of nitrogen and hydrogen were determined using a
gas chromatographic CHN analyzer (Yanagimoto MT-3). The
content of metal was determined with a ICP spectrometer
(Shimadzu ICPS 2000). It was confirmed that the content of
Mo in (I) was 52 wt% and in good agreement with 52 wt%
obtained from the weight of MoO3 formed by heating (I) up to
500 °C in air. The formation of MoOs was confirmed by XRD.
Numbers of ammonia, peroxo group 022‘, and proton were
quantitatively analyzed by using indophenol,22 KMnOy, and
aqueous NaOH reagents, respectively.

Table 1 summarizes the data of elemental analysis and
titration of NH3 and Op2-. The elemental analysis found: N,
1.6;H, 2.1; Mo, 52.0 (wt%). This fact shows that nitrogen is
included in (I). The NH3 content measured by an indophenol
reagent was 0.92 wt%. The N/Mo atomic ratio of (I) was 0.21
and decreased from 0.5 of starting molybdenum nitride. The
formation of dinitrogen, of which the amount approximately
corresponded to the difference, was observed by gc analysis.

Next, the state of nitrogen was investigated. Figures 1a and
1b show 14N NMR spectra of samples prepared by the reaction
of nitride of Mo and NH4NO3, respectively. NH4NO3 showed
two peaks at 20.7 and 377.0 ppm with an intensity ratio of 1.0 :
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Figure 1. 14N NMR spectra of (I) and ammonium nitrate.
(a) (I) and (b) ammonium nitrate.

1.0, which are assignable to NH4+ and NO3-, respectively.23
The spectrum of (I) (Figure la) showed two broad peaks at
20.8 (Av1/2, ca.100 Hz) and 377.5 (35 Hz) ppm with. an
intensity ratio of 1.2 : 1, respectively. No signals due to N9Hy
and NOy~ were seen. In addition, the amount of NH3 (0.76
wt% as N) obtained by the titration by using indophenol
approximately agreed with that (0.87 wt% as N) calculated by
{the content of N in (D} x {INH4* / INH4' + INO3D}
where INF4t and INO3™ express the integrated 14N signal
intensities of NH4% and NO3-, respectively. The agreement
shows that the two peaks at 20.8 and 377.5 ppm include almost
whole nitrogen atoms in (I).

The amounts of ammonia as well as the data of elemental
analysis and NMR data of INH,4* / INO3~ are shown in Table
1. The amounts of ammonia obtained by the titration are in
close agreement with those calculated based on data of elemental
analysis and NMR in the same way as those described above.
The present results show that ammonium and nitrate ions are
formed by the reactions of nitride of Mo with hydrogen
peroxide. It was confirmed for (I) that IR and XPS results were
consistent with NMR data: In the range of 1300 - 1600 el
the IR spectrum showed a 1402-cm~! band and a 1324-cm1
shoulder, which are assigned to 8(NHz+) and v(NO3°),
respectively.24’25 X.p. spectrum of (I) in N1s region showed
signals at 402.2 eV and 406.3 eV assigned to NH4% and NO3-,
respectively.26 Thus, the elemental analysis, NHa3 titration, and
IR and NMR spectroscopy show the formation of NO3~ and
NH4t ions by the reaction of molybdenum nitride with
hydrogen peroxide. The oxidation and reduction of nitrogen in
molybdenum nitride is in contrast with the oxidation of carbon
in tungsten carbide to form oxalate ion and carbon oxides.27

Next, the chemical formula of peroxoisopolymolybdate was
investigated and that of the main species was estimated to be
Hg(NH4)MogOr(02)g(NO3)(H2O)3 on the basis of
following data. The H¥/(I) ratio determined by a acid/base
titration was 8. The number of water in (I) was determined to
be 3.0 by TGA analysis. The positive TOF mass spectrum of
() in the range of m/e 1000 - 5000 gave the most intense peak at
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148645, which may correspond to
{Ho(NH4)MogOp0(02)g(NO3)(H20)3} . Subsequent loss of
MoO3 fragment is the other dominant feature and resulted in the
peak at 1342. The formation of peroxooctamolybdate ion was
also reported by Trysberg and Stomberg.28 The large Av1/2 in
Figure 1a and the fact that no signals due to NH4NO3 were
observed by XRD suggest an interaction of NH4% and NOz-
ions with peroxoisopolymolybdate anion formed.  X.p.
spectrum of (I) in Mo3d region consist of an Mo3d3/2 and
Mo3d5/2 doublet, 236.4 and 232.8 eV, respectively, in
agreement with those reported for Mob+.

In conclusion, the present results show the novel formation of
nitrate and ammonium ions by the reaction of metal nitrides with
hydrogen peroxide.

We gratefully acknowledge Prof. Y. Mizobe (The University
of Tokyo) for the detailed information of the titration of
ammonia. This work was supported by Grant-in-Aid for
Scientific Research in Priority Areas (No. 260) from The
Ministry of Education, Science, Sports and Culture of Japan.

References

1 L. F. Toth, Transition Metal Carbides and Nitrides, Academic (1971).

2 A. E. Michale (General editor), Borides, Carbides, and Nitrides, American
Ceramic Society (1994).

3 R. Freer, The Physics and Chemistry of Carbides, Nitrides, and Borides,
Kluwer Academic Press (1990).

4 M. J. Kim, D. M. Brown, and W. Katz, J. Electrochem.Soc., 130, 1199
(1983).

5 T. Nakajima, K. Watanabe, and N. Watanabe, J. Electrochem.Soc., 134,
3175 (1987).

6 H. Topsge, B. S. Clausen, and F. E. Massoth, Catalysis, Springer
(1996), vol. 11, p. 109.

7 M. Nagai and S. Omi, Sekiyu Gakkaishi, 38, 363 (1995).

8 S. T. Oyama, Catal. Today , 15, 179 (1992).

9 L. Volpe and M. Boudart, J. Phys. Chem., 90, 4878 (1986).

10 S. Ramanathan and S. T. Oyama, J. Phys. Chem., 99, 16365 (1995).
11 H. J. Lee, J.-G. Choi, C. W. Colling, M. S. Mudholkar, and L. T.

Thompson, Appl. Surf. Sci., 89, 121 (1995).

12 Y. Zhang, Z. Wei, W. Yan,P. Ying, C. Ji, X. Li, Z. Zhou, X. Sun, and
Q. Xin, Catal. Today, 30, 135 (1996).

13 T. Y. Kosolapovaya (General editor), Handbook of Properties of
Compounds with High Melting Points, Nisso Tsushinsha (1994), vol. 1,
p. 621.

14 R.R. Northup,Z. Yu, R. A. Dahlgren, andK. A. Vogt, Nature, 377, 227
(1995).

15 F. S. Chapin III, Nature, 377, 199 (1995).

16 W. Biichner, R. Schliebs, G. Winter, and K. H. Biichel, Industrielle
Anorganische Chemie, VCH Verlag, (1986).

17 M. Hidai and Y. Mizobe, Chem. Rev., 95, 1115 (1995).

18 J. Chatt, J. R. Dilworth, and R. L. Richards, Chem. Rev., 78, 589
(1978).

19 D. Sellmann and B. Seubert, Angew. Chem., Int. Ed Engl., 31, 205
(1992).

20 D. Selimann, B. Seubert, M. Moll, andF. Knoch, Angew. Chem., Int. Ed.
Engl., 27, 1164 (1988).

21 T. Adachi, D. L. Hughes, S. K. Ibrahim, S. Okamoto, C. J. Pickett, N.
Yabanouchi, and T. Yoshida, J. Chem. Soc., Chem. Commun., 1995,
1081.

22 T. Takahashi, Y. Mizobe, M. Sato, Y. Uchida, and M. Hidai, J. Am.
Chem. Soc., 102, 7461 (1980).

23 G. C. Levy and R. L. Lichter, Nitrogen-15 Nuclear Magentic Resonance
Spectroscopy, Yohn Wiley & Sons (1979).

24 K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination
Compounds, Wiley Interscience, 3rd ed (1978).

25 C. C. Addison and D. Sutton, Adv. Inorg. Chem., 8, 195 (1967).

26 D. Briggs and M. P. Seah, Practical Surface Analysis by Auger and X-ray
Photoelectron Spectroscopy, John Wiley & Sons (1983).

27 H. Nakajima, N. Mizuno, and T. Kudo, unpublished results; T. Kudo, Y.
Sasaki, M. Hashimoto, H. Ichida, and K. Mastumoto, Inorg. Chim. Acta,
133, 201 (1987).

28 L. Trysberg and R. Stomberg, Acta Chimica ScandinaviaA, 35, 823
1981).



