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INTRODUCTION

In X�ray photoelectron spectroscopy (XPS), infor�
mation about a substance can be derived from the struc�
ture of the core�level spectra of its constituent elements
[1] and the spectra of electrons in the inner and outer
valence molecular orbitals (VMOs) [2]. Attention is
then paid not only to chemical shifts and peak heights
but also to fine�structure characteristics.

In this study, XPS is used to study the organo�inor�
ganic composite MoCl2C30H30, a product of the reac�
tion between MoCl5 and C2H2, having the form of met�
alorganic molybdenum nanoclusters capable of cata�
lyzing linear acetylene oligomerization in a polyace�
tylene matrix [3].

The objective of this work was to identify the oxida�
tion state of the central ion in the catalytically active
complex and to determine the relative concentrations of
elements on the surface of the material.

EXPERIMENTAL

The starting chemicals used were MoСl5 solutions in
benzene and toluene, through which dry purified acet�
ylene was bubbled. During the acetylene bubbling, the
solution was slightly heated and changed color from
dark greenish brown to black. The reaction was accom�
panied by HCl evolution. After the HCl release
stopped, the gas was bubbled for an additional 2–3 h.

The resultant black gel�like precipitate was filtered
off in an inert atmosphere, washed with a dry solvent,
and dried in vacuum. After the filtration, the solution
had the form of a pure solvent; that is, the forming
molybdenum compounds and the acetylene oligomer�
ization products were completely coprecipitated. The
substances thus prepared had the form of fine powders
unstable in air or black films insoluble in water and non�
polar organic solvents but partially soluble in dimethyl�
sulfoxide and СHCl3 on heating. The composition of
the products slightly depended on the reaction condi�
tions (Table 1), but the Cl : Mo atomic ratio was always
close to 2, and the H : C ratio was close to unity. The
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Table 1. Chemical analysis of MoCl2C30H30

Solvent
Atomic percent

Formula
C H Cl Mо 

Benzene 65.94 5.38 11.70 16.98 MoCl1.86C31.02H30.10

Toluene 66.23 5.24 11.87 16.66 MoCl1.93C31.75H29.88
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substances were stable in an inert atmosphere and high
vacuum (1.3 × 10–5 Pa) up to 350°C.

XPS spectra of MoCl2C30H30 were measured on a
VG Scientific ESCALAB MK II electrostatic spec�
trometer at room temperature in a vacuum of 1.3 ×
10–7 Pa using radiation from an Al K

α1,2 X�ray source
(1486.6 eV). The spectrometer resolution was 1.2 eV. As
the binding�energy�scale reference, we used the C 1s
level (285.0 eV) arising from hydrocarbons on a Au plate
(Table 2). The uncertainties in the binding energies Eb
and peak widths Гobtained were 0.1 eV. Relative inten�
sities were measured to an accuracy of 10%. The
FWHM was determined relative to that of the C 1s peak
of hydrocarbons on gold: Г(С 1s) = 1.3 eV.

Fine�particle samples (sample 1, synthesized in
benzene, and samples 2–5, synthesized in toluene
(Table 1)) were applied in the form of thick layers to a
conductive two�side adhesive tape (samples 2–5) or
pressed into indium on a titanium substrate (sample 1).

The sample surface was Ar+�ion�milled at a gun cur�
rent of 5 µA (j = 1 µA/cm2) and voltage of 3 kV. The sur�
face of Mo foil (sample 6) was cleaned mechanically,

and then we measured its XPS spectrum, etched the
foil, and again measured its spectrum.

The binding energy scale was calibrated for each
individual peak. To this end, the C 1s spectrum was
recorded before and after obtaining each peak, which
reduced the uncertainty in binding energies to 0.1 eV.

In quantitative elemental and ionic analyses, we
used the relation

ni/nj = (Si/Sj)(kj/ki), 

where ni/nj is the relative concentration of the atoms of
interest, Si/Sj is the relative intensity of the core�level
peaks of these atoms, and kj/ki is the experimentally
determined relative sensitivity factor (we used kj/ki =
1.00 (C 1s), 2.64 (O 1s), 0.10 (O 2s), 2.92 (Cl 2p), and
11.00 (Mo 3d) [4]).

RESULTS AND DISCUSSION

Survey spectra (0–1250 eV) of the composite
showed lines of its constituent elements and oxygen
(Table 1, Fig. 1).

Table 2. Binding energies (Eb) and full width at half maximum (Γ) of lines for MoCl2C30H30 samples

Sample 
no. Synthesis conditions

Eb, eV (Γ, eV)

Outer VMOs Mo 3d5/2 Cl 2p3/2 O 1s C 1s*

1 Synthesis in benzene 5.5(3.0) 232.4 (1.6) 198.1 532.0 (3.1) 284.0

12.2 199.7 (1.5) 285.4

17.9 286.5

24.8 288.0 (1.3)

2 Synthesis in toluene (assay 1) 5.5 (2.8) 232.3 (2.0) 198.2 531.4 284.0

12.3 199.7 (1.5) 532.7 285.4

18.1 534.5 (2.1) 286.4

– 287.7 (1.3)

3 Synthesis in toluene (assay 1), 16.4 (~10) 228.5 (1.3) 198.0 532.0 (2.7) 284.0 (1.3)

etching with Ar+ for 5 min 199.5 (1.6)

4 Synthesis in toluene (assay 2) 6.1 (3.4) 232.5 (1.9) 198.1 532.0 (3.1) 284.0

12.2 199.6 (1.6) 285.3

17.9 286.4

287.5 (1.3)

5 Synthesis in toluene (assay 2), 12.7 228.5 198.0 531.9 (2.4) 284.0 (1.3)

etching with Ar+ for 1 min 17.7 232.4 (1.4) 199.5(1.5)

6 Mo foil 1.7 (4.3) 227.8(1.2)

MoO2 on Mo 229.4(1.2)

7 Mo [4] 228.0

8 MoO2 [1] 229.9 531.3

9 MoO3 [1] 233.2 531.8

10 MoOCl3(Ph3P)2 [1] 232.5 198.3

* 284.0 eV is referred to graphite.
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At binding energies from 0 to ~13 eV, we observed
lines of outer VMOs, derived mainly from neighboring
atoms. The range from ~13 to ~50 eV corresponds in
larger measure to inner VMOs, and binding energies
above 50 eV correspond to core levels [5].

Figure 2 shows the low�energy spectrum (0–50 eV).
The 5.5�eV band corresponds to the outer VMOs
derived from the Mo 5d, Mo 5s, Cl 3p, C 2p, and O 2p
levels. The lines in the range 13 to 50 eV are due to the
C 2s, Cl 3s, O 2s, and Mo 4p inner levels of the VMOs
(Fig. 2a, Table 2).

In the spectra taken before etching (samples 1 and
2), the C 2s level of the inner VMOs was observed at ~18
(higher energy component C 2σg) and ~12 eV (lower
energy component С 2σu (samples 1 and 2). After etch�
ing (sample 3), the structure was broader, and a broad
band (Г ~ 10 eV) was present at 16.4 eV (Fig. 2b,
Table 2). Also present in this region were the Ar 3s and
Ar 3p lines of adsorbed atoms (Fig. 2b). Since the photo
effect cross section for the C 2s level is a factor of
31.8 larger than that for the C 2p level [6], the XPS spec�
trum of the valence region is due to the C 2s level.

To determine the structure of the organic compo�
nent of the composite, consider in greater detail the

structure of the C 2σg and  lines using the energy
level diagram of the C2 molecule (Fig. 3). The valence
region is due to the outer electrons of the VMOs, which
have a С 2р character, and the band bottom is formed by
the outer electrons of the VMOs, which predominantly
have a C 2s character. An estimate by the total energy
separation method [7] indicates that the contributions
of the inner VMOs to the covalent bonding energy rela�
tive to the corresponding contributions of all the MOs

of the C2 molecule and  and  clusters at the equi�
librium bond lengths are 57, 58, and 58%, respectively.
When carbon atoms approach one another, they form a
system of MOs. At large bond lengths ( ) (see

Fig. 3), the electrons of the  inner VMOs loosen
the bond slightly more than the C2σg electrons
strengthen it (Fig. 3a) [7]. As the atoms approach one
another further, the C 3σg outer VMOs and C 2σg inner
VMOs partially lose their bonding and antibonding
character, whereas the bonding character of the C 2σg

inner VMOs becomes more pronounced (Fig. 3b). As a

result, the C 2σg and  electrons of the inner
VMOs may make an overall positive contribution to the
bonding energy of the C2 molecule. Indeed, calculation
results (CNDO/2) indicate that, with decreasing RC–C

bond length, the MO energies vary exactly this way
(Fig. 4). An inversion of the C 3σg and С 1πu levels of
the outer VMOs occurs when RC–C decreases to

~0.17 nm for C2 and to ~0.14 for the  and  clus�

ters. The energy difference ΔE( –С2σg) at the
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bond lengths in C2 (0.1242 nm),  (0.1263 nm), and

 (0.1284 nm) is 18.2, 16.8, and 15.4 eV, respectively.

These data are in qualitative agreement with more
rigorous calculations of the electronic structure of
graphite [8] and with data derived from orbital forces
[9], but they are larger in magnitude because the
CNDO/2 method is only approximate.

It is of interest to compare these results with the
valence electron spectrum of carbyne (Fig. 5) [10], con�
taining –HС=C=СH– or –С≡С–С≡С– linkages
[11]. Indeed, the electronic spectrum of carbyne has
two well�defined peaks attributable to the C2σg and

 electrons of the inner VMOs (Figs. 4, 5). More�
over, the considerable broadening of the C2σg line of the

inner VMOs in comparison with the  line con�
firms that the C2σg electrons bond to a greater extent

than the electrons loosen (Figs. 3, 4). This fact
agrees with the XPS data for the linear molecules of sat�
urated hydrocarbons [12], but the calculated energy dif�

C2
−

C2
2
−

uС2 *σ

uС2 *σ

uС2 *σ

ference ΔE( –C2σg) = 18.2 eV for the C2 mole�
cule far exceeds the corresponding value for carbyne
(Fig. 5) [10].

Even though the model under consideration is sim�
plified, its results provide a qualitative understanding
of the fine structure of the measured valence electron
XPS spectrum of the composite in the carbon region
(Figs. 2a, 3) and leads us to conclude that the
hydrocarbon matrix contains linear carbyne linkages,
–HС=С=СH– or –С≡С–.

Before etching, the Mo4ps/2 line was observed at
39.9 eV. Etching sharply reduced its intensity and gave
rise to an extra line at 36.0 eV (Fig. 2, Table 2), which
can be interpreted as evidence that the material con�
tains molybdenum atoms in lower oxidation states, and
correlates with the change in Mo3d5/2 binding energy
(Table 2).

The broad O 2s line (at ~24 eV) was weak because of
the low oxygen content compared to carbon. The weak
Cl 3s line should be located at 17.4 eV and may overlap
with the higher energy component C2σg of the outer
VMOs.

The XPS spectra showed strong C 1s, O 1s, Cl 2p,
and Mo 3d core level lines (Table 2), which are com�
monly used to assess the oxidation state of the element
and to carry out quantitative elemental and ionic analy�
ses [1, 4, 5]. The C 1s spectrum showed a strong line
overlapping with a number of weaker lines on the high�
energy side, which reflects the presence of chemically
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inequivalent carbon atoms (Fig. 6a, Table 2). The stron�
gest line at 284.0 eV is attributable to the CH groups of
the polyacetylene matrix; the lines at 285.4 and
286.4 eV, to the carbon atoms in the terminal groups
=СН2 or =CHCl; and the states at 287.7 and 289.1 eV,
to carbons coordinated to oxygens (Fig. 6a, Table 2).

The O 1s spectrum (Fig. 6b) had the form of a
broadened line at ~532 eV, indicating the presence of
oxygen ions in various chemical states. Because the
shape of the line had no clear maxima, the uncertainty
in decomposing it into components was rather high, so
only the spectrum of sample 2 was decomposed
(Fig. 6b; Table 2). The O 1s binding energies obtained
(531.4, 532.7, and 534.5 eV) were used to estimate the
bond lengths of the oxygen atoms as [13]

RM–O (nm) = 2.27 (Eb – 519.4)–1. (1)

The RM–O values obtained, 0.189, 0.171, and 0.150 nm,
are likely to correspond to Mo–O–Mo, Mo=O, and
C–OH bonds, respectively.

Etching markedly reduced the intensity of the O 1s
line, by a factor of 3–4. The Cl 2p line—usually a
poorly resolved doublet due to spin–orbit coupling with
ΔEsl = 2.0 eV—had a more complex shape (Fig. 7),
consisting of two overlapping doublets (Fig. 7) at 198.2
and 199.7 eV (sample 2, Table 2). This may be due to the
presence of two inequivalent chlorine atoms bonded,
e.g., to Mo atoms (by terminal and bridge bonds) or
carbon atoms. These two states of chlorine atoms per�
sisted after argon ion milling of the surface.

Before etching, the Mo 3d line in the spectrum of
the composite had the form of a characteristic doublet
with a spin–orbit splitting ΔEsl = 3.0 eV (Fig. 8a). The
binding energy Eb (Mo 3d5/2) = 232.5 eV (sample 4,
Table 2) corresponded to molybdenum in the oxidation
state 5+ (Table 2), which pointed to the oxidation of the
surface of the composite by atmospheric oxygen and
moisture during sample preparation. Surface etching
for 1 min (sample 5) markedly reduced the intensity of
this line and gave rise to a strong line at 228.5 eV, attrib�
utable to Mo (2+ or 3+) in the unoxidized composite
cluster, and to a line at 241.5 eV, due to adsorbed argon
(Ar 2p3/2). In sample 3, the argon content on the surface
of the composite exceeded the molybdenum content by
a factor of 2.8. Since no argon was detected on the sur�
face of the molybdenum platelet after etching, we
believe that argon was adsorbed because of the small
particle size or chemisorbed by the hydrocarbon matrix.

Etching for 5 min removed the oxidized layer, and
only the 228.5�eV line was observed (sample 3, Table 2).
The Eb(Mo 3d5/2) is 229.9 eV in МоO2, 233.2 eV in
МоО3, and 228.0 eV in Mo (Table 2). The Eb(Mo 3d5/2)
in the composite (228.5 eV) slightly exceeds that in Mo
but is substantially lower than that in МоO2. It is
therefore reasonable to assume that the molybdenum
in the cluster of the composite is in the oxidation
states 2+ and 3+.

Quantitative elemental and ionic analyses were car�
ried out using the intensities of the lines and the sensi�

0102030

Inner VMOs

Outer VMOs

Binding energy, eV

4.9
C 2σu

In
te

n
si

ty

Fig. 5. Valence electron XPS spectrum of carbyne [10].

275280285290295300

In
te

n
si

ty

Binding energy, eV

C

S1

S2
S3S4

S5

525530535540545550

In
te

n
si

ty

Binding energy, eV

O 2s

S1

S2

S3

532.8

(b)

(а)

Fig. 6. XPS spectrum of sample 2: (a) C 1s region, (b) O 1s
region.

1s

C 2σg



INORGANIC MATERIALS  Vol. 47  No. 4  2011

X�RAY PHOTOELECTRON STUDY OF THE MoCl2C30H30 COMPOSITE 447

tivity factors relative to molybdenum [4]. As a result, the
following formula was obtained:

MoCl0.83 + 1.27C49.53 + 13.62 + 6.68+4.00O8.27 (sample 1),

that is, there are about two chlorine atoms and more
than eight oxygens per molybdenum atom on the sur�
face of the sample. The number of carbon atoms is
overestimated because carbon was present in the adhe�
sive tape.

CONCLUSIONS

We have measured the electron binding energy of
molybdenum in the nanocluster of the MoCl2С30H30
composite: Eb(Mo 3d5/2) = 228.5 eV. Comparison of
this value with literature data leads us to assume that the
oxidation state of the molybdenum in the nanocluster is

2+ or 3+, which slightly exceeds that in metallic molyb�
denum (Eb(Mo 3d5/2) = 227.8 eV) and is substantially
lower than that in molybdenum dioxide (Eb(Mo 3d5/2) =
229.9 eV).

Because of its small particle size, the composite
actively reacts with atmospheric oxygen and moisture.
As a result, the molybdenum ions of the nanoclusters of
lower chlorides oxidize to molybdenum(V) or molyb�
denum(VI) oxides/oxychlorides during the sample
preparation process.

The study of the structure of the spectrum of the С 2s
electrons of the inner VMOs of the composite and cal�

culation of the structure of the C 2σg and  spectra
using the energy level diagram of the C2 molecule suggest
that the polyacetylene hydrocarbon matrix contains lin�
ear carbyne linkages: –HС=С=СH– or –С≡С–.
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We detected capture and stabilization of argon ions
in the surface layer of the composite, which may be due
to adsorption because of the small particle size of the
composite or chemisorption on the surface of the poly�
acetylene matrix.

The composite is stable in high vacuum and does not
experience charging when exposed to X�rays, which
indicates that it has weak dielectric properties.
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