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The molecular structure of molybdenum tetrafluoride oxide was determined to be square-pyramidal by a
sector-microphotometer method of gas electron diffraction. The following molecular parameters were obtained
by a least-squares method: 74(Mo—F)=1.836+0.003 A, 7,(Mo—0O)=1.650-0.007 A, and r,(F---F(s)) =2.5224
0.005 A. The molecular structure is similar to those of WCI,O and MoCl,O, but significantly different from those

of XeF,O and IF;.
atom were in disagreement with the observed ones.

The molecular structures of WCLO,) MoCl,0,?
XeF,0,34 IF;,4% BrF;,% and CIF;% were reported to be
square-pyramidal in gas phases, but the oxygen-metal-
chlorine angles in WCI,O and MoCl,O differ signifi-
cantly from the corresponding angles in the other com-
pounds. Although the MoF,O molecule in the solid
state is octahedral in consequence of bridging through
fluorine atoms,® the molecule in the gas phase is
monomeric with C,, symmetry as predicted from spec-
troscopic studies.®~8) The present study was under-
taken in order to determine the structure of gaseous
MoF,O by means of gas electron diffraction. It is
interesting to compare the molecular structure of
MoF,O with those of MoCl,O and other square-
pyramidal molecules. Seip and Seip noted from the
electron diffraction analysis of MoF» that the ob-
served cut-off point for Mo-F pair disagrees with the
theoretical value. This problem was also checked in
the present study.

Experimental

The chlorine atoms in molybdenum tetrachloride oxide
which was prepared by the method described beforel® were
substituted with fluorine atoms by the reaction with anhy-
drous hydrogen fluoride.! The sample was purified by
repeated sublimations in vacuo. It was vaporized at 70—
80 °C, and electron-diffraction photographs were taken with
an ri-sector at the camera distance of 144 mm. The ac-
celerating voltage was 40 kV, the exposure time 30 s, and the
electron-beam current 0.8 pA. The pressure of the diffrac-
tion chamber was below 3 X 10-% Torr during a photographic
exposure. The electron wavelength was calibrated by gold
powder patterns. The lattice constant of gold was cali-
brated by means of X-ray diffraction, and checked by electron
diffraction studies of thallium chloride!® and carbon disul-
fide.!® Photographs were recorded on Fuji process hard
plates, and the photographic densities of four plates were
measured with a digital microphotometer at intervals of
0.4 mm. The intensities of each plate were used independ-
ently for the structure analysis. The electron diffraction
unit and digital microphotometer used in the present study
were described elsewhere.!9)

Analysis

Intensities were leveled by the theoretical background
which was calculated by using the elastic scattering
factors of Kimura et al.'® and the inelastic scattering
factors of Cromer and Mann.!'®) The leveled intensities

The molecular intensities calculated using the TFD or RHFS phase angle for molybdenum

were obtained in a range s=5.3—32.0 A-1 at intervals
As=n/10.

The radial distribution curve is shown in Fig. 1.
The N,, functions which fit g, 17 in a whole range of
scattering angle were as follows;

Nyo-r = 1.097 + 0.104 exp (—0.0034 s2)
Nio—o = 1.118 + 0.153 exp (—0.0089 s2)
Ny = 1.355 + 0.713 exp (—0.0057 s2)
Ny..o = 1.380 + 0.814 exp (—0.0072 s%)

The radial distribution curve suggests that the molec-
ular structure of MoF,O is square-pyramidal.

The index of resolution, r(Mo-F), r(Mo-O), r(F---
F(s)), and five root-mean-square amplitudes /(Mo-F),
{(Mo-0O), {(F--F(s)), I{(F---F(l)), and {(F--O) were
determined by the least-squares calculations181%) with
the assumption of C,, symmetry. Asymmetry param-
eters for bonded distances were estimated by a
diatomic molecule approximation®) to be 1.2x10-8
and 0.6x10-¢ A3 for Mo-F and Mo-O, respectively.
The parameter, a, in the Morse function was assumed
to be 2.0 A-1. The asymmetry parameters for non-
bonded distances were ignored.

At the first stage of analysis a large difference between
the observed and theoretical molecular intensities was
found in the range s=22—32 A-1, as shown in Fig. 2.
The cut-off point for Mo-F pair is observed at s=23.2
+0.6 A-1, but the theoretical value is s=27.0 A-1,

Mo-F
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Fig. 1. Experimental radial distribution, f(r), and the
difference between the experimental and theoretical
ones, Af(r). A damping function of exp(—0.0020 s?)
was used.
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Fig. 2. The observed minus theoretical molecular

intensities. The observed values were an average of
intensities from four plates, and the theoretical ones
in (A), (B), and (C) curves were calculated by
using parameters of (A), (B), and (C) in Table 1,
respectively. The broken curves show the limits of
error in the sM(s).
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Fig. 3. Observed and theoretical molecular intensities.

Typical observed values are shown in dots, and the
best-fit theoretical ones are shown in the solid curve.
The lower solid and broken curves represent the
residuals and the limits of error, respectively, in the

sM(s).

The phase angles, 7, obtained from the Thomas-Fermi-
Dirac (TFD) and Hartree-Fock (HF) potentials!® were
used for molybdenum and fluorine atoms, respectively.
The phase angle from the relativistic Hartree-Fock-
Slater (RHFS) potential?!) was also used for molybde-
num atom, and the theoretical cut-off point is s=
26.1 A-1, The disagreement between the observed and
theoretical molecular intensities may be due to the
uncertainty in molybdenum phase angle, 7y, used in
the anlysis. The theoretical cut-off point for Pd-F
pair calculated using the TFD phase angle for pal-
ladium atom is s=23.7 A-1, in agreement with the
observed value for the Mo-F pair. Since the absolute
value of atomic scattering factor, [ f|, for molybdenum
atom had a negligible effect on molecular parameters,
the analysis using | fy,| and 754 for molybdenum atom
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TaBLE 1. RESULTS OF LEAST-SQUARES ANALYSES (IN A)

(A)® (B)» (OK
1¢(Mo-F) 1.838 (2) 1.836 (1)  1.836 (1)
75(Mo-0) 1.654 (7) 1.649 (6)  1.650 (5)
rg(F--F(s))  2.524 (4)  2.519 (4)  2.522 (3)
[(Mo-F) 0.059 (3)  0.057 (3)  0.046 (3)
(Mo-0) 0.045(21)  0.040(16)  0.034(10)
I(F---F(s)) 0.098 (8)  0.100 (7)  0.098 (5)
I(F---F(1)) 0.084(14)  0.086(12)  0.084 (9)
I(F-..O) 0.101(10)  0.104 (8)  0.101 (7)
R 0.978(36)  1.019(43)  0.979(38)

Estimated random errors (2.50) are shown in paren-
theses (X 10%). a) The index of resolution, R, is
dimensionless. b) (A), (B), and (C) are the results
of analyses using TFD fy,, RHFS fy,, and TFD
|fio] and ppg, respectively, for molybdenum atom.

TaABLE 2. DISTANCES AND MEAN AMPLITUDES (IN A)

Te l

Mo-F 1.836+0.003 0.046+0.013
Mo-O 1.650+0.007 0.03440.015
F--.F(s) 2.522-+0.005 0.098+-0.005
F--.FQ) 3.563+0.008 0.084+0.009
F...O 2.7524-0.009 0.101+0.008
/. OMoF 103.8+0.6°

£ FMoF 86.7+0.3°

was carried out, and the calculated intensities gave the
best fit to the observed ones. The results of least-
squares analyses, where the TFD and RHFS phase
angles of molybdenum and the TFD phase angle of
palladium were used, are listed in Table 1.

The final results of the analysis are given in Table 2,
where parameter values were obtained from the analysis
using palladium phase angle for molybdenum atom.
Random errors were given by 2.5 times the larger of
g, and 0,1%22) The uncertainty in phase angle for
molybdenum atom was taken into account as systematic
errors in bond distances and amplitudes. The error
in lattice constant of a reference material (0.069%,)
and the errors in measurements of diffraction patterns
of the reference (0.099,) and of the camera distance
(0.049,) were also taken into account as systematic
errors in bond distances. The correlation matrix?®) is
given in Table 3, and the best-fit theoretical inten-
sity curve is shown in Fig. 3.2 The least-squares
calculations were carried out by use of a FACOM
230-60 computer at the Nagoya University Comput-
ing Center.

Discussion

The phase angle for molybdenum was not sensit.ve
to the distances of the atomic pairs relating to molybde-
num, but was considerably sensitive to the amplitudes
as shown in Table 1. The Mo-F and Mo-O ampli-
tudes obtained using 7, in place of 7, were in fair
agreement with 0.040 and 0.035 A calculated from the
Mo-F and Mo-O vibrational frequencies,”?%) re-
spectively. The analysis using 7p, gave the smallest



February, 1977]

Molecular Structure of MoF,O

375

TasBLE 3. CORRELATION MATRIX FOR MOLECULAR PARAMETERS OF MoF,0%

r(Mo-F) r(Mo-O) r(F---F(s)) [(Mo-F) [(Mo-O) [(F---F(s)) I(F---F(1)) [(F---O) R
r(Mo-F) 1.0 0.13 0.38 0.05 —0.26 0.04 0.02 0.08 0.13
r(Mo-0) 1.0 0.54 —0.11 —0.07 —0.21 —0.07 —0.12 —0.50
r(F---F(s)) 1.0 —0.16 —0.16 —0.05 —0.06 0.03 —0.36
[(Mo-F) 1.0 0.34 0.24 0.09 0.19 0.65
{(Mo-0) 1.0 0.06 0.01 0.04 0.15
UF-.-F(s)) 1.0 0.06 0.62 0.39
I(F---F(1)) 1.0 0.04 0.15
I(F-.-O) 1.0 0.30
R 1.0

a) The elements are defined as p;;=B;;7Y/(B;;= X B;;/1)V/2.

standard deviations for parameters. The cut-off point
for Mo-F pair, s=23.2 A-1, obtained at the accelerat-
ing voltage of 40 kV in the present study is estimated
to be equivalent to about 22 A-! at 35kV by use of
the formula.?® This value is in good agreement with
22.2+0.4 A-1 from the experiment of MoFg at 35kV.9

The molecular structure of MoF,O is square-pyram-
idal in the gas phase, but in the crystal state® it is
distorted by bridging of fluorine to another molecule
and forms a nearly octahedral arrangement around a
molybdenum atom. The Mo-F and Mo-O distances
in the crystal, 1.81—1.84 and 1.62—1.65 A, respec-
tively, are in agreement with the corresponding dis-
tances in the gas phase. However, the average OMoF
(terminal) angle in the crystal, 100.4°, is a little smaller
than that in the gas phase because of an octahedral
arrangement.

The gaseous MoF,O has the same structure as the
gaseous WCI,OY or MoCl,0,» but it is apparently
distinguished from those of XeF,0%% and IF % with
respect to the XMY angle, where M is a central atom.
The angles of the latter molecules are about 90° or
less, and can be explained by considering the repulsions
between bonding electron pairs and a nonbonding
electron pair of central atoms.2?

There are only small differences between MoF,O
and MoCl,O with respect to Mo—O distance and OMX
angle. However, the Mo-F distance, 1.83620.003 A,
is shorter than the Mo-Cl distance, 2.279:0.003 A,
by about 0.44 A. The force constant for the Mo-O
bond in MoF,O is estimated to be 8.6 mdyn/A from
the frequency of Mo-O stretching vibration in the gas
phase” and is nearly equal to that in MoCl,0O, 8.29
mdyn/A.» The distance and force constant for the
Mo-O bond in gaseous MoF,O give a good fit to the
correlation curve between them,?8) and its bond order
is estimated to be 3. The Mo-F distance in MoF,O
is greater than that in MoF, (1.820+0.003 A%) by
about 19,. The lengthening of the Mo-F distance may
be interpreted as the effect of the Mo—O multiple bond.

The author thanks Professor Shuzo Shibata for his
kind advice and helpful discussions. He is also
indebted to Dr. Shunji Nagase of the Government
Industrial Research Institute for preparation of the
sample. :
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