
Structural Characterization of Molybdenum-Dinitrogen 
Complex as Key Intermediate toward Ammonia Formation 

by Dispersive XAFS Spectroscopy

Journal: Physical Chemistry Chemical Physics

Manuscript ID CP-COM-12-2019-006761.R4

Article Type: Communication

Date Submitted by the 
Author: 21-Apr-2020

Complete List of Authors: Yamamoto, Akira; Kyoto University, Graduate School of Human and 
Environmental Studies
Arashiba, Kazuya; The University of Tokyo, School of Engineering,
Naniwa, Shimpei; Kyoto University, Graduate School of Human and 
Environmental Studies
Kato, Kazuo; Japan Synchrotron Radiation Research Institute, 
Tanaka, Hiromasa; Daido University, School of Liberal Arts and Sciences
Yoshizawa, Kazunari; Kyushu University, Institute for Materials 
Chemistry and Engineering
Nishibayashi, Yoshiaki; The University of Tokyo, School of Engineering,
Yoshida, Hisao; Kyoto University, Graduate School of Human and 
Environmental Studies

 

Physical Chemistry Chemical Physics



COMMUNICATION

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Structural Characterization of Molybdenum-Dinitrogen Complex 
as Key Species toward Ammonia Formation by Dispersive XAFS 
Spectroscopy
Akira Yamamoto,*a,b Kazuya Arashiba,c Shimpei Naniwa,a Kazuo Kato,d Hiromasa Tanaka,e Kazunari 
Yoshizawa,f Yoshiaki Nishibayashi,*c and Hisao Yoshida*a,b 

Structural characterization of a hardly-isolatable molybdenum-
dinitrogen complex bearing a PNP-type pincer ligand, which is 
assumed to be a key reactive complex in stoichiometric 
transformation of molybdenum triiodide complex [MoI3(PNP)] into 
the corresponding molybdenum nitride complex under an 
atmospheric pressure of dinitrogen, was carried out by dispersive 
XAFS.

In industry, ammonia is produced from dinitrogen and dihydrogen 
via the Haber–Bosch process using a heterogeneous catalyst under 
high temperature and pressure to obtain the sufficient reaction rate 
and conversion.1  In sharp contrast to high temperature and pressure 
reaction conditions in heterogeneous reaction systems, in 2003 
Schrock and Yandulov firstly reported the catalytic ammonia 
formation from dinitrogen with a reductant and a proton source in 
the presence of a catalytic amount of a molybdenum-dinitrogen 
complex bearing a tetradentate ligand under ambient reaction 
conditions, where 8 equiv. of ammonia were formed on the catalyst.2 
Since the first report, some research groups have reported the 
catalytic ammonia formation using transition metal–dinitrogen 
complexes as catalysts under mild reaction conditions to produce 
ammonia and/or hydrazine effectively.3-7 Quite recently, our group 
has reported an extremely high efficient reaction system of direct 
conversion of dinitrogen into ammonia with samarium diiodide as a 

reductant and water as a proton sources in the presence of a catalytic 
amount of molybdenum trichloride complexes bearing pincer ligands, 
where the amount of ammonia formation reached to 4,350 equiv.7m 
based on the catalyst together with the high reaction rate of the 
ammonia formation. In this reaction system, cleavage of the 
nitrogen–nitrogen triple bond (N≡N) of dinitrogen readily proceeds 
under ambient reaction conditions despite its large bond dissociation 
energy of N≡N (945 kJ mol−1). Based on results of DFT calculations on 
the reaction pathway, we proposed dinitrogen-bridged 
dimolybdenum complexes such as [MoI(PNP)]2(µ-N2) (1; PNP = 2,6-
bis(di-tert-butylphosphinomethyl)pyridine) as key reactive 
intermediates for the scission of the bridging dinitrogen ligand in the 
Mo–N≡N–Mo core.7i However, unfortunately, we have not yet 
obtained experimental information on the molecular structure of the 
dinitrogen-bridged dimolybdenum complexes.

There are many well-known techniques to characterize 
molecular structures of reactive intermediates.  Although X-ray 
crystal structure analysis provides direct information on 
molecular structures, isolation of key reactive intermediates as 
single crystals is necessary for the X-ray crystal structure 
analysis.  In contrast, XAFS technique is a powerful tool to reveal 
the chemical state and local geometry of the target element 
even in homogeneous transition metal complexes.8 The 
utilization of XAFS spectroscopy prompted us to investigate 
structural characterization of a hardly-isolatable molybdenum 
complex as a key reactive complex under catalytic reaction 
conditions. 

Previously, we found that the reaction of [MoI3(PNP)] (2) 
with 3 equiv. of decamethylcobaltocene (CoCp*2, Cp* = η5-
C5Me5) as a reductant under an atmospheric pressure of 
nitrogen gas (N2) at room temperature gave the corresponding 
nitride complex [Mo(≡N)I(PNP)] (3).7i  In this reaction system, 
the formation of 3 is assumed to proceed via scission of the 
bridging dinitrogen in 1 as a key reactive intermediate (Scheme 
1).7i  Herein, we attempt to observe such an reactive Mo 
complex at low-temperature under an atmospheric pressure of 
N2 by dispersive XAFS (DXAFS) spectroscopy.
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Mo K-edge DXAFS spectra were measured at BL28B2 of 
SPring-8, (Hyogo, Japan). The temperature of the reactor was 
kept at 198 K using a cooling bath (dry-ice ethanol) as shown in 
Scheme 1. The XAFS data was analysed using the Athena and 
Artemis programs with the theoretical standards calculated 
using FEFF.9 Detailed experimental procedures are shown in the 
Supplemental Information.

Scheme 1. A simplified proposed reaction mechanism of catalytic ammonia synthesis 
from dinitrogen by Mo complex at room temperature,7i and a schematic illustration of 
the experimental set-up in this study.

First, we started DXAFS measurements in the reduction 
process of 2 with 2 equiv. of CoCp*2 in tetrahydrofuran (THF) at 
room temperature (i.e., without cooling) under an atmospheric 
pressure of N2. As expected, 2 was rapidly converted into 3 
within 10 min based on the change of XANES spectra.  However, 
unfortunately, during the reduction process, a spectrum of any 
transient Mo complex was not observed at all. Next, we 
performed reduction of 2 at 198 K under an atmospheric 
pressure of N2 using a cooling bath of dry-ice ethanol.  
Reduction process of 2 (20 µmol) in THF was monitored by the 
DXAFS measurement.  Time profile of the XANES spectra after 
addition of CoCp*2 (2.0 equiv. based on 2; 40 µmol) as a one-
electron reductant is shown in Fig. 1(a).  The spectrum changed 
immediately after the addition of CoCp*2, and no further 
change was observed during 22 min (see Fig. S1 in ESI for the 
detailed comparison). The normalized peak intensity at 20012 
eV was also plotted with the reaction time (Fig. 1(b)), and did 
not change markedly at 198 K for 22 min.  This result indicates 
that formed Mo species (referred to as A) is stable at this 
temperature. To check the stability of A, the DXAFS 
measurement was done again after removing the cooling bath 
up to room temperature and stirring at room temperature for 
further 4 min (after 60 min from the addition of CoCp*2). This 
operation largely changed the spectrum to the red one in Fig. 

1(a), and the shape of the reaction mixture was quite similar to 
that of 3 as shown in Fig. S1.  Thus, the Mo species A observed 
at 198 K would be rapidly converted into 3 at room 
temperature.

Fig. 1 (a): In situ XANES spectra of reduction process of 2 in THF before (blue) and after 
(light blue to pink) addition of CoCp*2 at 198 K, and after 60 min at 298 K (red). The detail 
comparison was shown in Fig. S1. (b): A time profile of normalized intensity at 20012 eV.

To obtain information on the coordination structure of A, we 
performed the XANES simulation using the FDMNES program10 
from the structure model of crystallographic data or optimized 
structure by DFT calculations (ESI).  Before the comparison, we 
checked the effect of temperature on the XANES shape using 2 
in THF (Fig. S2), and confirmed that the shape did not change at 
room temperature and 198 K.  Then, to guarantee the validity 
of the simulation in our Mo samples, we performed the 
simulation using Mo foil, 2, and 3.  In the Mo foil, the 
experimental XANES spectrum was successfully reproduced 
with the characteristic features (Fig. S3) although not an exact 
match. For the simulation of A, two dimolybdenum complexes 
with one I− ion in a Mo centre were used with or without 
terminal N2 ligands (Fig. 2(b), 1 and [MoI(N2)(PNP)]2(μ-N2) (4)).11  
Without the terminal N2 ligands (1), a clear pre-edge peak was 
observed in the simulation; on the other hands, the peak was 
not observed with the terminal N2 ligands (4). The pre-edge 
peak is assigned to the 1s–4d transition in the Mo K-edge XANES 
spectra,12 and the intensity was affected by the local symmetry 
of the molybdenum atom. Typically, octahedral (i.e., six 
coordination) complex with high symmetry shows low (or no) 
pre-edge peak, and the peak intensity increases with increasing 
the degree of distortion of the structure into pyramidal (i.e., five 
coordination).13 Thus, the simulation results indicate that the 
pre-edge feature provides the information of the local structure 
of the Mo complex.  The experimental spectra of A did not show 
the pre-edge feature (Fig. 2(a)), which suggesting that A has six-
coordination structure with a high symmetry. Besides, we 
performed the XANES simulation of the mononuclear six-
coordination Mo complex ([MoI(N2)2(PNP)], 5), which show the 
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similar spectral feature with that of 4. Based on these results, 
the most likely candidate for A would be 4 or 5 with a six-
coordination structure, which can be converted to 1 by 
elimination of N2 to according to eq. 1.
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Fig. 2 (a) Comparison between experimental XANES spectra (left) and simulated XANES 
spectra by FDMNES (right). The reference spectra were obtained at room temperature 
using THF as a solvent. (b) Structures of 1, 4, and 5 used in the simulation.

To obtain the structural information of A, we analysed the 
EXAFS spectra obtained simultaneously at the experiment in 
Fig. 1.  The Fourier-transformed EXAFS spectra after the 
addition of CoCp*2 (2.0 equiv.) into Mo complex 2 in THF is 
shown in Fig. 3(a).  The addiction of CoCp*2 immediately 
decreased the band intensity of Mo–I scattering around 2.58 
Å,14 and the spectra become stable up to 22 min (Fig. 3(b)), 
which was the same trend as the XANES data.  The decrease of 
the band of Mo–I scattering indicates the I– ions are removed 
from the Mo centre by the reduction process of 2. The Mo–I 
band intensity after addition of CoCp*2 was lower than that of 
a newly prepared Mo(II) complex [MoI2(PNP)] (6) (green line) 
and similar to 3 (red line) (ESI) as shown in Fig. 3(b), which 
suggests that one I– ion was coordinated to the Mo centre.  On 
the other hand, the other band intensities at 1.5 and 2.0 Å did 
not change markedly.  By the curve-fitting analysis using three 
shells of Mo–I, –P, and –N, the spectrum of A was successfully 
reproduced with the R factor of 1.4% (Fig. 3(c), Table 1), which 
also supports the proposed structure of 4 or 5. Although, the 
scattering band of Mo–Mo in the Mo–(N≡N)–Mo core was not 
confirmed in this condition unfortunately,15 the EXAFS analysis 
supports the existence of one Mo–I bond in A by the 
stoichiometric reduction of 2. 

In summary, a DXAFS spectroscopy was used for the 
structural characterization of a Mo complex as a key reactive 
species in the stoichiometric reduction process of [MoI3(PNP)] 

(2) complex with CoCp*2, and an unstable Mo complex (A) was 
successfully observed at low temperature of 198 K. The EXAFS 
data clearly revealed that a part of the iodide ligands of 2 were 
removed from the Mo center and a structure coordinated with 
one iodide ligand was proposed based on the curve fitting 
analysis. Besides, XANES simulation suggested the six-
coordination structure in the Mo center. From these insights, 
we proposed that 4 or 5 is formed under the reduction process 
of 2 at 198 K. 4 or 5 would be converted to 3 via 1 in the nitrogen 
atmosphere according to eq. 1.The observed complex of 4 or 5 
that dinitrogen-bridged dimolybdenum complex 1 plays an 
important role as a key reactive intermediate for the scission of 
the bridging dinitrogen ligand in the Mo–N≡N–Mo core.7i 
Although further investigation is necessary to reveal the 
dinitrogen-bridged dimolybdenum structure, the insight 
obtained in this work leads to development in the discussion of 
the cleavage of the stable N≡N bond in dinitrogen by the Mo 
complexes. Besides, we believe that our investigation 
demonstrates the effectiveness of the methodology using 
DXAFS and simulation method for the characterization of the 
unstable key complex in the catalytic reaction. 

Fig. 3 (a) In situ Fourier-transformed EXAFS spectra before and after addition of CoCp*2 
at 198 K. (b) Time-profile of the peak intensity at 2.58 Å. Dashed lines show the intensity 
at 2.58 Å in the reference samples. (c) The curve-fitting result of A (spectrum after 1 min 
from the addition of CoCp*2). The light green line shows the fitting window. Analysis 
condition: k weight: 2, k range: 3.0–10.9 Å–1, r range: 1.2–3.1 Å.
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Table 1. Curve-fitting result of the spectrum of A [a]

Shell C.N. [b] r [c] / Å σ2 [d] ΔE [e] R [f] (%)

Mo–N 3 [g] 2.00 0.0105   -9.5

Mo–P 2 [g] 2.49 0.0011    6.8

Mo–I 1 [g] 2.74 0.0081 -13.8

1.4

[a] Athena and Arthemis software were used for the analysis. Analysis 
condition: k weight: 2, k range: 3.0–10.9 Å–1, r range: 1.2–3.1 Å. [b] 
Coordination number. [c] Bond distance. [d] Debye–Waller factor. [e] Edge 
shift. [f] R factor. [g] These values were fixed in the curve-fitting analysis.
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Dispersive XAFS (DXAFS) was used for the structural characterization of a hardly-isolatable molybdenum-
dinitrogen complex bearing a PNP-type pincer ligand.
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