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Organornetallic route to dimolybdenum 
carbide via a low-temperature pyrolysis 
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Pyrolytic transformation of the complex Cp2Mo2(CO)4(dmad) (Cp = cyclopentadienyl, 
dmad = dimethylacetylenedicarboxylate) under hydrogen at 550 ~ gives, after a passivation 
step, Mo2C with an excess of carbon and oxygen. These impurities can be withdrawn with an 
appropriate reductive post-treatment. Based on thermogravimetric analyses and pyrolysis mass 
spectroscopy performed on the precursor, a preliminary decomposition scheme has been 
proposed. 

1. In troduct ion  
Growing attention is focused on advanced ceramic 
materials such as carbides because of possible multiple 
applications due to their intrinsic properties such as 
hardness, corrosion resistance and thermal stabilities. 
One potential way to prepare these materials consists 
of the pyrolysis of designed organometallic precursors. 
Thus, faced with the common industrial processes for 
the production of transition metal carbides, which are 
expensive in terms of equipment and energy due to the 
lengthy time and high temperatures of carburization, 
organometallic chemistry appears to be a new and 
flexible method for obtaining these materials. General 
design criteria for the synthesis of material precursors 
have been set out by Laine and Hirschon [1]. The 
premetallics must be non-volatile, tractable com- 
pounds containing multiple metal carbon bonds to 
enhance the formation of metal carbides upon pyrol- 
ysis. Based on X-ray and Auger spectroscopy studies, 
Laine and Hirschon have shown that the alkyne 
complex Cp2W2(CO)4(dmad), where Cp = cyclopen- 
tadienyl and dmad = dimethylacetylenedicarboxyl- 
ate, can lead to WzC at 750~ by pyrolysis under 
appropriate conditions [2]. In accordance with these 
results, we report here the pyrolysis under hydrogen of 
the molybdenum complex CpzMoz(CO)4(dmad ) at 
550 ~ to give MozC. 

2. Exper imenta l  p r o c e d u r e  
2.1. S y n t h e s i s  
The preparation of the organometallic complex was 
carried out under a dry and oxygen-free nitrogen 
atmosphere using Schlenk tubes. Solvents were dis- 

tilled by standard techniques and thoroughly deoxy- 
genated before use. 

Mo(CO)6 and H3CO2C C - C - C O 2 C H  3 were pur- 
chased from Aldrich and used without further puri- 
fication. {CpMo(CO)2}2 was synthesized by the usual 
route given in the literature [3]. 

2. 1.1. Cp2Mo2(CO)4(dmad ) 
This was prepared as previously described by Bailey 
et al. [4]. To a stirred solution of {CpMo(CO)2}2 
(0.3 g = 6.90mmol) in toluene, 2ml, 16mmol dimeth- 
ylacetylenedicarboxylate was added at room temper- 
ature via a syringe. After 6 h reaction, the solvent was 
removed by vacuum and the residue was pumped 
overnight to remove excess alkyne. Red needles were 
obtained after recrystallization (yield = 40%). 

Data for the molybdenum complex are as follows: 

Anal. calc. for Mo2C2oH16Os: C 41.69; H 2.80; 
Mo 33.3. 
Found: C 42.4; H 2.83; Mo 33.2 
Infrared (KBr, cm -1) 2005 w, 1975 s, 1965 m, 1940 s, 
1920 s, 1860 m, 1680 s. 

2. 1.2. Mo2C 
The pyrolysis was performed by placing the red crys- 
tals of Cp2Mo2(CO)4 (dread) in a stainless steel boat. 
This was introduced into a quartz flow reactor which 
fitted into a vertical furnace. The temperature was 
regulated at 1 ~ in a range of 15 cm. Prior to the heat 
treatment, the sample was flushed with nitrogen for 
30 min (flow rate 3 1 h -  1). After the passage of hydro- 
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gen (flow rate 61h -1) through the apparatus 
{100oCh - 1 (550 ~ 2 h)}, the sample was allowed to 
cool to room temperature. After 30 min purging with 
nitrogen, the powder was submitted to a passivation 
step at room temperature under a flowing mixture of 
1% oxygen in nitrogen. 

Nitrogen U, hydrogen U and air B were provided 
by Air Liquide. The hydrogen was further purified by 
interposing successively a palladium diffusion process, 
silica gel and molecular sieve 13 X between the cylin- 
der and the quartz inlet tube. 

2.2. Physical  m e a s u r e m e n t s  
Elemental analyses were performed by the Service 
Central de Microanalyse du CNRS, Vernaison, 
France. Infrared spectra were run using a Perkin- 
Elmer 1430 spectrophotometer and KBr pellets. 

X-ray diffraction (XRD) patterns of the samples 
were obtained using a Philips PW1008 apparatus 
(CuK~ radiation = 0.154 178nm, nickel filter). X-ray 
photoelectron spectroscopy (XPS) measurements 
were carried out with an AEI ES 200B spectro- 
photometer equipped with an aluminium anode 
(hv = 1486.6eV, 300W). Cls  arising from in situ con- 
tamination (BE = 285 ___ 0.2 eV) [5] was used as ref- 
erence for the calculation of binding energies (BE). 

The thermogravimetric analyses (TGA) were per- 
formed with a Sartorius vacuum microbalance instru- 
ment in a hydrogen-flowing atmosphere (flow rate 
31h-1). The heating rate was 100~ -1 and the 
sample weights in the range 9 10 mg. 

The pyrolysis-mass spectroscopy analyses were 
performed using a Balzers QMG 420-3 quadrupole 
mass spectrometer. Data collection and control of the 
instrument were conducted by an IBM compatible 
computer equipped with the Quadstar 420 v3.03 (Bal- 
zers) software. The temperature was automatically 
regulated by means of a control unit (Eurotherm type 
818) coupled with a chromel-alumel thermocouple 
junction. Measurement of the temperature was given 
by a Eurotherm type 842 indicator. The gases used 
were argon (UCAR purity 5.0), hydrogen (UCAR 
purity "certified standard" 9.93% hydrogen in argon), 
oxygen (BOC purity "Alpha Standard", 10% oxygen 
in argon). The passivated sample (20 rag) of Mo2C was 
placed in a mixed quartz reactor. After purging with 
argon until the total disappearance of the mass signal 
peaked at m = 32 assigned to oxygen, the pyrolysis 
was conducted in a flowing hydrogen-argon mixture 
(10/90, flow rate 6 cm 3 min -1) at atmospheric pres- 
sure up to 800 ~ (6 ~ min-  t). 

The pyroprobe was interfaced to the mass spec- 
trometer via a stainless steel line using a jet separator 
to remove most of the carrier gas. The ionization was 
accomplished by electron impact at an energy of 
70eV. After passivation (room temperature, oxygen 
2% in argon, 30 rain) the sample was then submitted 
to a hydrogen treatment (hydrogen 10% in argon, rate 
6cm 3 min-1). In each case, the gaseous products 
formed were continuously analysed by mass spectro- 
scopy. 
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The pyrolysis of the organometallic complex con- 
sisted first in the determination of the principal mass 
peaks, here in the range 0-100, implicated in the 
decomposition process. On purpose, 10.1 mg of the 
precursor were flushed with hydrogen (10% hydrogen 
in argon, rate 6 cm 3 rain- 1) to 550 ~ (10 ~ rain- 1). 
The mass spectra were obtained in the scan analogue 
mode. The total time for a run was 30 s. Secondly, the 
experiment was repeated with a lower temperature 
ramp (3 ~ min -1) which allowed us to record the 
selected masses, i.e. 2-12-15-18 28-31-32-40-41- 
42~43-55-66-91 versus time and temperature. This 
gave details regarding the temperature profiles at 
which the various pyrolysates were released. 

3. Results 
In order to work well below the usual temperatures 
needed to form Mo2C in the metallurgical industry 
which are higher than 1200 ~ a programmed ther- 
moreduction of dmad was carried out using the gravi- 
metric method. As shown in Fig. 1, the differential 
curve exhibits five peaks above 100 ~ corresponding 
to the successive removals of the different ligands 
linked to the molybdenum atoms. At 476~ the 
decomposition is complete. By considering the global 
weight loss, e.g. neglecting the weight loss before 50 ~ 
probably due to the elimination of solvents of re- 
crystallization, we found the formula Mo2C (within a 
margin of error of _+ 2%). Owing to these results, 
samples of dmad were pyrolysed at 550 ~ in flowing 
hydrogen for 2 h. After a passivation step (1% Oxygen 
in nitrogen) a grey powder of Mo2C was obtained. 
Based on the metal, the yield of the reaction is 

90%. 
The infrared spectrum of the sample after reaction 

under hydrogen and passivation (Fig. 2) exhibits none 
of the carbonyl valence vibration bands characteristic 
of the precursor. Noteworthy are very small peaks at 
2140 and 2155 cm- 1 which can tentatively be assigned 
to some strong carbonyl valence vibration bands. 

The XRD pattern is rather ill-defined and suggests 
the formation of amorphous or microcrystalline pro- 
ducts. It must be pointed out that the reductive treat- 
ments are not without effect upon the bulk of the 
material. X-ray studies carried out on samples sub- 
mitted to a hydrogen flow (3 1 h -  1) at different temper- 
atures (600, 800, 900~ for 15 h showed that the 
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Figure 2 Evolution of the carbonyl bands in infrared spectroscopy. 
(a) Infrared spectrum of the organometallic precursor 
Cp2Moz(CO)4(dmad). (b) Infrared spectrum of the molybdenum 
carbide after synthesis. 

different bands become progressively refined and well 
resolved after passivation, indicating an increase in the 
size of the crystallites as temperature rises. Direct 
comparison with the XRD pattern of a reference 
sample of MozC with a low surface area proves the 
formation of a rather pure bulk hexagonal close 
packed MozC at 800 ~ (cf. Table I). The presence of 
molybdenum metal after a treatment in hydrogen at 
900 ~ should be noted in addition to the detection of 
molybdenum carbide. 

The surface composition of the samples was ana- 
lysed by X-ray photoelectron spectroscopy (XPS). The 
Cls signal (Fig. 3a) centred around 285 eV appears to 
be rather large with a half signal width of 2.62eV, 

which is much higher than the usual value of 1.6 eV 
[6]. This signal is asymmetrical, indicating the pres- 
ence of different carbons. The main peak centred at 
285eV is ascribed to the presence of a substantial 
amount of polluting carbon or "free carbon". The 
peak at a lower binding energy is characteristic of the 
presence of carbidic carbon at about 283.4 eV, and the 
shoulders at higher BE are mainly due to oxidized 
carbon contamination. 

XPS results indicate that the Mo3ds/2 (Fig. 4) peaks 
at 228.7 eV, which agrees with a MozC phase [7], the 
carbidic contribution being around 50% as indicated 
by Equation 1. Quantitative determination of the 
average composition of the layer analysed by XPS was 
carried out using the formula proposed by Ward 
et al. [8] 

nx/nv  = Ix / Iy (cyy /Ox)(Ey/Ex)  17 (1) 

where nx/ny  is the atomic ratio between the elements 
X and Y, Ix and Iy are the photopeak areas, cy x and 
cyy are the cross-sections, E is the kinetic energy 
corresponding to the level under consideration. 
Quantification of the carbon species is obtained by 
deconvoluting the Cls  spectra using peak parameters 
measured by separately analysing the Cls  spectra of 
Mo2C and polluting carbon on rather pure samples. 
Subtraction of these two components from the total 
Cls  XPS area allowed us to determine the oxidized 
carbon, Cox, contribution. The absolute error inherent 
in such determinations can be considerable, although 
the relative error among all the samples is expected to 
be low, provided all decompositions are made with 
constant parameters. The results are reported in Table 
II. They show the contamination of the samples with 
free carbon and oxygen which arises during the passiv- 
ation step and/or the decomposition process. 

Although the O ls line centred at 533.2 eV is rather 
symmetrical (half peak width = 3.1 eV), its origin is 
not clear. The high Ols  energies indicate very low 
electron densities on the oxygen atoms. Such values 
have been reported in the literature for O ls BE in 
poly(methyl methacrylate) at 532.4 and 534 eV [6] and 
can suggest the formation of similar polymers inside 
the XPS layer. The chemical analysis (Mo 90.41, 
C 8.14, O 1.44) gives an empirical formula Mo2C1.40o. 2 
and confirms the existence of Mo2C together with an 
excess of carbon and oxygen. Based on the values of 
the XPS and chemical formula we conclude that the 
carbon and oxygen are mainly at the surface of the 
carbide. 

In order to obtain a surface as clean as possible, 
post-treatments under hydrogen were performed at 
different temperatures and followed by XPS studies. 
The successive reductions were carried out in a reactor 
attached to the spectrophotometer via a dry-nitrogen- 
purged glove box. Figs 3 and 4 show the evolution of 
the Cls  and of the Mo3d spectra of MozC after the 
passivation treatment, and after successive reductions 
in hydrogen for 15 h at 250 ~ for 4 h at 500 ~ and 
for 4 h at 600 ~ The efficiency of the cleaning was 
quantified by considering the modifications of the 
XPS surface areas (Table II). It clearly shows that 
oxygen is progressively removed from the surface 
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TABLE I X-ray data for M02C carbide 

20 (deg) doxp (nm) I / I  o d,h (nm) 1/1o h k I 

34.5 2.5974 m 2.60 20 1 00 
38.0 2.3658 m 2.37 30 002 
39.5 2.2794 S 2.28 100 1 0 1 
52.12 1.7530 m 1.750 16 1 02 
61.5 1.50o4 m 1.503 12 1 1 0 
6"9.5 1.3513 m 1.349 18 1 0 3 

(c) 
291 289 287 285 283 281 

(o) Binding energy (eV) 

I 

291 289 287 285 283 281 
Binding energy (eV) 

> .  

c 

_..____..r__/-- 
291 289 287 285 285 281 

(b) Binding energy (eV) (d) 
291 289 287 285 283 

Binding energy (eV) 

I 

281 

Figure 3 C 1 s XPS spectra of the molybdenum carbide: (a) RT after passivation; (b) after hydrogen post-treatment (HPT) 250 ~ 15 h; (c) HPT 

500 ~ 4 h; (d) HPT 600 ~ 4 h, 

because the O/Mo atomic ratio decreased from 3.2 to 
2.6 between room temperature and 600 ~ At 500 ~ 
after hydrogen post-treatment (HPT), the Mo3d spec- 
trum showed a well-resolved doublet spaced 3. leV 
apart which characterizes a molybdenum free of 
oxides. On the other hand, carbon removal began to 
be detected at higher temperature (500~ the Cox 
component being more easily removed than the free 
carbon. Unexpectedly, no further improvement was 
noticeable at a temperature of 600~ This could 
reduce the obtention at this temperature of a reactive 
surface which could react more easily with adventi- 
tious contaminants in the glove box during the trans- 
fer of the sample to the XPS apparatus. 

Additional information is provided by slow 
pyrolysis-mass spectroscopy (PMS). Fig. 5 shows the 
temperature-programmed pyrolysis-mass curves 
under hydrogen of the molybdenum carbide Mo2C, 
obtained after the passivation step. The relative ion 
current versus temperature diagrams include only the 
masses characteristic of the gases which usually evolve 

2 4 5 2  

during such experiments i.e. CH4, CO, C O  2 and H 2 0  

(see Table III). Below 470~ no reaction was ob- 
served. The formation of CO and CH 4 begins at 473 
and 553 ~ respectively, and reaches a maximum at 
673 and 730 ~ After 40 rain at 790 ~ removal of CO 
and C H  4 still continues. Considering that the carbon 
evolves in the form of CO and CH4, and oxygen as 
CO, the carbon and oxygen contents which disappear 
during the reaction can be estimated in terms of 
molecules from the equation 

nx  = I x d ( N / f x ) R T  (2) 

where n x is the number Of molecules of the gas X, I x 
(A min-1) is the surface area, d (cm 3 rain-1) the flow 
rate, and fx (A tor r -  1) the sensibility factor of gas X. 
This parameter is readily obtained by calibration 
against the sensibility factor of the gas vector (i.e. 
argon). R is the gas constant, T the temperature of the 
experiment (here T = 298 K) and N the Avogadro 
constant. Given the initial mass of molybdenum 
carbide, we obtain the formula M o 2 C 1 . 2 O o . o 7 .  This 



T A B L E I I Surface composition of the molybdenum carbide from XPS measurements 

Samples Mo(%) Mo(%) Ct/Mo O/Mo C~/C~ 
carbidic oxide 

Co~/C, Cf/C~ 

A" 51 49 2.0 3.2 0.15 0.34 
B b 64 36 2.0 2.9 0.16 0.30 
C c 100 0 1.7 2.6 0.21 0.22 
D a 100 0 1.7 2.6 0.23 0.17 

0.51 
0.54 
0.57 
0.60 

a After the passivation step. 
b After 4 h under H z at 250 ~ 
~ After 4 h under H z at 500 ~ 
a Ater 4 h under H 2 at 600 ~ 
C t = total carbon, Cc = carbidic carbide, Cox = oxidized carbon, C t = free carbon, O = oxygen. 
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Figure 4 Mo3d spectra of the molybdenum carbide: (a) room 
temperature after passivation; (b) after hydrogen post-treatment 
(HPT) 250 ~ 15 h; (c) HPT 500 ~ 4 h; (d) HPT 600 ~ 4 h. 

clearly shows that  at this temperature  the impurit ies 

can be wi thdrawn to lead to a pure material  over 
several hours  at 790 ~ 

The detailed mechanism of decomposi t ion  of the 
organometal l ic  c o m p o u n d  appears to be rather com- 
plex. The thermogravimetr ic  curve exhibits five 
main  steps which are not  clearly separated. The 
pyrolysis mass spectroscopy curves of dmad  in the 
form of bulk crystals are shown in Figs 6 and 7. These 
relative ion currents versus temperature  diagrams in- 
cluded only species found to be present in the highest 
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Figure5 Slow pyrolysis-mass spectrum of the molybdenum carbide 
under hydrogen-argon flow (10/90) after the passivation step. The 
curves are labelled with the molecular weights of the species being 
monitored. 

TABLE III Molecular weights and most probable structures of 
species found in the mass spectroscopy experiments 

Molecular Compounds 
weights 

14 CH 2 
16 CH4 
18 H20 
28 CO 
44 CO 2 

concentra t ions  (see Table IV). Based on the results 
obta ined from thermogravimetr ic  analyses and PMS, 

Table V indicates, for each step of decomposit ion,  the 
experimental  and theoretical percentages of weight 
loss with respect to the assumed l igand removal. Loss 
of solvent of recrystall ization (i.e. toluene m/z = 92) 
and  CO bonded  to the m o l y b d e n u m  atoms, occurs in 
the first step. Fur ther  degradat ion  appears to be the 

cleavage of the carbomethoxy groups of the alkyne. 
This is directly supported by the formation,  on the one 

hand,  of C H 3 O H  and CO, and on the other hand  of 
CH 4 and CO in accordance with the two decomposi-  
t ion pathways 

1 CO + C H 3 O H  

c o -  1-0 I CH3 + �89 , . , , . , , . ~  C O  2 + C H 4  (3) 

The third peak presumably  consists of the loss of 
another  CO. The last two steps were assumed to arise 
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Figure 6 Slow pyrolysis-mass spectrum of CpzMo2(CO)4(dmad ) 
under hydrogen-argon flow (10/90) after the passivation step. The 
curves are labelled with the molecular weight of the species being 
monitored. 

TAB L E IV Molecular weights and most probable structures of 
species found in the mass spectroscopy experiments 

Molecular Compounds 
weights 

15 cu ;  
28 CO 
31 CH30 
32 CH3OH 
42 CH3-(CH2)2-CH2 
43 CH3-(CH2)2-CH3 
55 Organic fragments 
66 CsH6 
91 CTH ~ 

mainly from the cleavage of the two cyclopentadienyl 
which give little fragmentation. Contrary to expecta- 
tion, the loss of CO exhibits a peak at relatively high 
temperatures around 530 ~ The removal of CH4 as 
the last gas product of the decomposition process is 
notable. 

TAB LE V Steps of decomposition of Cp2Mo2(CO),,(dmad) 

Steps Peak 
temp. (~ 

1 132 
2 196 
3 234 
4 377 

Ligands Theoretical Experimental 
departure weight loss weight loss 

(%) (%) 

5 453 

2 CO 9�9 12.1 
2 CO2CH 3 20.49 19.6 
1 CO 4�9 4.7 
2 CsH s 
1 CO 29.54 29.9 
I C  

In conclusion, we emphasize that decomposition 
of the organometallic species CP2Mo2(CO)4(dmad) 
under hydrogen at low temperatures constitutes a 
valuable approach to molybdenum carbide M o z C .  

The main limitation of the method is the presence of 
hydrocarbon impurities. However, these impurities 
can be minimized and totally removed by a post- 
treatment under hydrogen, as shown by the PMS 
analyses. In order to develop the basic concepts of this 
new and promising field of organometallic research, 
further decompositions of new precursors are in 
progress. 
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