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A radical species characterized by a large g-anisotropy and a clearly resolved hyperfine structure with
95/97Mo and 3'P nuclei is formed, at 77K, by radiolysis of a single crystal of Mo(CO)sPPh;. The
corresponding EPR signals disappear irreversibly with increasing temperature and the angular
dependence of the various coupling constants imply a spin delocalization of ~60% and ~4% on the
molybdenum and the phosphorus atoms, respectively and are, a priori, consistent with the trapping of a
one-electron deficient centre. The ability of DFT to predict the EPR tensors for a 17-electron Mo(" species
is verified by calculating the g-tensor and the various N and >C coupling tensors previously reported
by Hayes for [Mo(CN)sNOJ*~. Calculations at the B3LYP/ZORA/SOMF level of theory show that, in
contrast to Mo(CO)sPHs3, one-electron oxidation of Mo(CO)sPPhs causes an appreciable change in the
geometry of the complex. The g-tensor and the °>/°’Mo and >'P isotropic and anisotropic coupling
constants calculated for [Mo(CO)sPPhs]*" confirm the trapping of this species in the irradiated crystal of
Mo(CO)sPPhs; they also show that the conformational modifications induced by the electron release are

probably hindered by the nearby complexes.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Transition metal complexes with a 17-electron configuration
continue to present considerable interest in both fundamental and
applied chemistry [1-4]. These species are invoked as intermedi-
ates in many syntheses; some of them, for example, have been
proposed as catalysts for olefin metathetical polymerization [5],
while metal-centred radicals derived from carbonyl complexes,
are frequently used for their exceptional substitutional lability
[6-8]. Intense efforts have been devoted to describe the electronic
structure of 17-electron Mo complexes [9-11]. Since these
compounds can often be produced by electrochemical oxidation
of 18-electron species, liquid solution electron paramagnetic
resonance (EPR) spectra have been used to provide information
about their spin delocalization; however, under these conditions
only the isotropic hyperfine constants and the average values of
the g-tensors can be determined. Frozen solution spectra are more
informative; however, when the resonance lines are strongly
dependant upon several tensors, some ambiguity exists, since
different sets of tensors can lead to similar spectra. Most of these
ambiguities disappear if the radical cation can be generated by
direct ionization of single crystal of the 18-electron complex since,

* Corresponding author. Tel.: +4122 702 6552; fax: +4122 702 6103.
E-mail address: michel.geoffroy@chiphy.unige.ch (M. Geoffroy).

0022-3697/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jpcs.2009.02.010

in this type of experiment, the relative orientation of the various
eigenvectors can be determined with precision. Such investiga-
tions remain nevertheless rare and, probably due to their poor
stability, radical cations formed from molybdenum pentacarbonyl
derivatives are not known. This lack of experimental results can, of
course, be overcome by using new methods of quantum chemistry
to describe the electronic structure of such complexes [12,13]. It is
clear, however, that the relevance of these calculations has to be
checked by comparison with a well-established structure.

The purpose of the present study is to show that the rather
unstable radical cation [Mo(CO)sPPhs]*" can be formed and
trapped, at 77K, in a single-crystal matrix and to get insight into
its electronic structure. To this end, we will first show that
calculations using Density Functional Theory (DFT) are able to
predict the EPR tensors, which were determined, many years ago
by Hayes, for the radical anion [Mo(CN)sNOJ3>~ [14]. As far as we
know, this complex constitutes, indeed, the single example of a
17-electron Mo complex whose tensors have been obtained from a
careful single crystal EPR analysis. We will then show that the
g-tensor, as well as the 3'P and %Mo hyperfine tensors
predicted by DFT for [Mo(CO)sPPhs]"" are consistent with those
measured at low temperature with an X-irradiated single crystal
of Mo(CO)sPPh;. Moreover, comparison between the optimized
structures of [Mo(CO)sPPhs]"" and [Mo(CO)sPHs]"" will point out
the role played by the triphenylphosphine ligand in the electronic
structure of the radical cation.


www.sciencedirect.com/science/journal/pcs
www.elsevier.com/locate/jpcs
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2. Experimental

Mo(CO)sPPh; was synthesized following an already published
procedure [15]. The crystal structure (triclinic) has been reported.
[16]. As previously explained, the crystal was glued on a small
brass cube with Y//c* and a*//—-X (the crystallographic axes
correspond to the reduced cell) [17]; then it was immersed in
liquid nitrogen and exposed at 77K for 2h to the radiation
of a X-rays tube (PW Phillips tube, tungsten anticathode, 30kV,
30mA). Any increase in the temperature of the sample was
carefully avoided, the crystal was transferred to a finger dewar,
and positioned in the EPR cavity of a Bruker 300 spectrometer
(X-band). The angular variation of the EPR signals was measured
in steps of 10° in the three reference planes. The g and hyperfine
tensors were determined using a second-order perturbation
treatment and the results were optimized with a least-squares
minimization program [18].

) L L] L ) L

310 320 330
Magnetic field (mT)

Fig. 1. EPR spectrum recorded at 77K with a single crystal of Mo(CO)sPPhs
irradiated at 77K.

Table 1
EPR tensors for species E trapped at 77K in a single crystal of Mo(CO)sPPhs.

3. Results
3.1. EPR results

Immediately after X-irradiation in liquid nitrogen, a single
crystal of Mo(CO)sPPhs exhibits, at 77 K, anisotropic EPR signals in
the 310-350mT range (microwave frequency = 9565.1 MHz). An
example of spectrum is shown in Fig. 1 (magnetic field oriented in
the YZ plane, 10° from the Z-axis). The relative intensities of the
signals as well as their angular variations clearly indicate that
they are due to a molybdenum centred radical species (®*Mo:
I=5/2, g, = —0.3656, natural abundance: 15.9%, ®’Mo: [ =5/2,
gn = —0.3734, natural abundance: 9.6%). An additional coupling
with a spin 1 nucleus, attributed to 31p, is also observed. The
intensity of these signals irreversibly decreases when temperature
increases; these lines are no more detected above 180K.

Analysis of the angular dependence of the signals in the three
reference planes (see Electronic Annex 1 in the online version of
this article) leads to the g and coupling tensors reported in Table 1.
Decomposition of the hyperfine tensors (T) into isotropic (Ajso)
and anisotropic (Taniso) COMponents is also given in this table. This
decomposition was performed by assuming the signs given in
parentheses for the principal values. The 3!'P-A;, value is
considerably smaller than the atomic constant associated to a
phosphorus s electron (A%, = 13,300MHz [19] and indicates
an almost negligible phosphorus s-spin density (ps = 0.005).
Comparing the 7.« values with the atomic coupling constants
(86 MHz for a Mo d-orbital, 733 MHz for a P p-orbital [19]) leads to
a rough estimation of the spin densities: ~60% on molybdenum
and 4% on phosphorus.

3.2. DFT calculations

3.2.1. General

The various structures have been optimized with no symmetry
constraint, except for [Mo(CN)sNOJ]*>~ (C4 symmetry), using the
Gaussian 03 set of programs [20] and the B3LYP functional [21].
The basis set developed by Stevens et al. [22] and which uses
relativistic compact effective potentials was employed for mo-
lybdenum, while the standard 6-31+G* basis set was used for the
other atoms. Minima were characterized with harmonic frequency
calculations (no imaginary frequencies). The EPR properties have
been calculated with ORCA [23], a suite of programs, which has
been recently used with success for the prediction of g and
hyperfine tensors [12,24]. These tensors have been calculated at

Principal values® Eigenvectors

Coupling constants (MHz)

[x ly [z Aiso Taniso
g-tensor 1.961 —0.8827 —0.4020 —0.2429
2.080 0.3907 —0.9155 0.0953
2.116 0.2608 0.0107 —0.9653
95197Mo coupling (MHz) (+)30 0.8440 —0.5330 —0.0650 Ajso = +66 71 =-36
(+)52 —0.3270 -0.6060 0.7250 T, =-14
(+)116 0.4260 0.5900 0.6860 73 = +50
coupling z + —0. —0. ! iso = 7y = —18.
31p li MHz) )54 0.4791 0.0406 0.8768 A 72 18.5
(+)60 0.5729 0.7423 0.3474 T, =—12.5
(+)103 —0.6649 0.6688 —0.3323 73 = +31

¢ Estimated precision on g-values: +0.001, on hyperfine values: +5MHz.
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the optimized geometry using the IGLO-III basis set [25] for the
carbon and nitrogen atoms in [Mo(CN)sNOJ?>~ and for phosphorus
in the phosphine containing radical cations; the triple-zeta plus
polarization (TZP) basis of Ahlrichs was used for other atoms
[26,27] (for Mo: 19s14p9d contracted to 8s6p5d, for H: 5s
contracted to 5s, for C and for O: 11s6pld contracted to
11s6p1d). All basis sets were decontracted. It is well known that
for systems containing heavy atoms, a precise calculation of the
spin-orbit coupling (SOC) is required to accurately predict the g
and hyperfine tensors [28]. For large molecules, however, the
treatment of the two-electron part of the SOC is very expensive
and several approaches have been proposed to evaluate this
interaction. The spin-orbit mean-field (SOMF) treatment, devel-
oped by Hess et al. [29], and used for many applications [12,30,31]
has recently been implemented in the ORCA program [32] and
was used for the present calculations. As demonstrated by van
Lenthe et al. scalar relativistic corrections have to be taken into
account when calculating EPR properties [33], specially when
transition metal are involved. These corrections can be made by
applying the zero-order regular approximation (ZORA) [34,35];
they have also been recently implemented in ORCA [12]. In the
present study, calculations of the g and hyperfine tensors have
been performed without ZORA (set 1), and with ZORA (set 2) at
the optimized geometry.

3.2.2. [Mo(CN)sNOJ?~

The geometry parameters of [Mo(CN)sNO]>~ has been opti-
mized and is shown in Fig. 2a (see also Electronic Annex 2 in the
online version). The corresponding singly occupied molecular
orbital (SOMO) is represented in Fig. 2b.

The two sets of calculated EPR tensors together with the
experimental data obtained by Hayes [14] from a single-crystal
EPR analysis are reported in Table 2.

Apart from a slight increase in the HPH angles, ionization
of Mo(CO)sPHs hardly changes the angular properties of this
complex (see Electronic Annex 3 in the online version). The
optimized geometries of the neutral and cationic forms are close
to C;, for both species the Mo-P bond direction is perpendicular to
the plane containing the atoms Mo, C1, C2, C3, C4. Formation of
the cation causes elongations of the Mo-C (d = 0.08 A for Cay,
0.04A for Ceq) and Mo-P (5 =0.05A) bonds. The optimized
geometry of [Mo(CO)sPH3]*" is shown in Fig. 3a and the
corresponding SOMO in Fig. 3b. The calculated EPR tensors are
given in Table 3.

a
o
N
N6
N5 C1 Mo [ 3 N8

'3é @

Fig. 2. DFT structure of [Mo(CN)sNOJ*>~: (a) optimized geometry and (b) three-
dimensional representation of the SOMO (isovalue 0.05 a.u.).

Table 2
Experimental and DFT predicted EPR tensors for [Mo(CN)sNO]3>~.

Tensor Experimental® DFT (set 1)° DFT (set 2)°
eigenvalue
(orientation)
G
g1 1.9736(//Mo-NO) 1.9652 1.9647
o 2.0168 2.0109 2.0100
g3 2.0168 2.0109 2.0100
95197Mo-T (MHz)
Aiso 105.3 83 126
Tanisol —28.9 -25 24
Taniso2 —28.9 -25 24
Taniso3 57.8(//Mo-NO) 50 48
N-T (NO) (MHz)
Aiso -8.8 -13 -13
Tanisol —-2.5 —6 -6
Taniso2 -25 -6 -6
Taniso3 4.99(//Mo-NO) 12 12
N-T (CN)eq (MHz)
Aiso 1.54 1 1
Tanisol —2.54(//Mo-NO) -2 =2
Taniso3 —2.54 -3 -3
Taniso3 5.08(lM0—(CN)Eq) 5 5
13C-T (CN)eq (MHz)
Aiso 33 -31 -33

2 Values reported in Ref. [14] for [Mo(CN)sNO]*>~ trapped in a single crystal of
K3Co(CN)g.
" Without ZORA.

¢ With ZORA.

Fig. 3. DFT structure of [Mo(CO)sPHs]*": (a) optimized geometry and (b) three-
dimensional representation of the SOMO (isovalue 0.05 a.u.).

3.2.4. [Mo(CO)sPPhs]™

Optimized geometries of Mo(CO)sPPhs and [Mo(CO)sPPhs]*
show that ionization of the neutral complex provokes appreciable
geometrical changes (see Electronic Annex 4 in the online
version). Although the Mo(CO)s moiety is a regular square base
pyramid in both the neutral and cationic species, a 12° tilt of the
Mo-P bond in the bisector of the C1MoC2 angle accompanies the
oxidation process and the C,xMoP angle decreases from 178.1° to
165.1° In the resulting structure of the cation, the pyramidality of
the PhsP ligand has decreased (XCPC increases from 309° to 319°)
and one of the Mo-P-phenyl bond angles (thereafter ring A) is
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Table 3
DFT predicted g-tensors and hyperfine couplings (MHz) for [Mo(CO)sPH3]" .
Tensor DFT (set 1) DFT (set 2)°
g
&1 1.9971 1.9971
2 2.2576 2.2447
2 2.2961 2.2816
95/97Mo-T
Aiso 54 82
Tanisol -33 —31
Taniso2 -10 -9
Taniso3 43 40
31p_T
Aiso —66 -72
Tanisol 3 4
Taniso2 1 1
Taniso3 —4 -5

2 Without ZORA.
> With ZORA.

@

’A‘\ \
= - !
3

Fig. 4. Optimized geometries (a) of Mo(CO)sPPhs and (b) of [Mo(CO)sPPhs]*".

Table 4
DFT predicted g-tensors and hyperfine couplings (MHz) for [Mo(CO)sPPhs]" .
Tensor DFT (set 1) DFT (set 2)°
g
g 1.9931 1.9930
2 2.0733 2.0752
g3 2.1226 2.1240
95/97Mo-T
Aiso 32 51
Taniso1 —28 —28
Taniso2 -10 -10
Taniso3 39 38
31P_T
Aiso 80 64
Tanisol -23 —-20
Taniso2 -20 -16
Taniso3 43 36

2 Without ZORA.
> With ZORA.

particularly small (Mo-P-C5 =100°, while Mo-P-C6 and
Mo-P-C7 are equal to 117° and 119°, respectively). Moreover,
the formation of the cation causes a small shortening of the Mo-P
and P-C bonds. The optimized geometries for the neutral and
oxidized complexes are visualized in Fig. 4a and b.

The various EPR tensors calculated for [Mo(CO)sPPhs]*" are
given in Table 4

4. Discussion

Our first objective is to verify that DFT calculations are able to
predict the EPR tensors of a Mo(I) complex trapped in a crystal
matrix. As reported by Hayes [14], one-electron oxidation of the
Heide-Hofman cyanide leads to [Mo(CN)sNOJ?>~, which could be
incorporated in single crystals of K3Co(CN)s. Remarkably, this
author could determine not only the g and Mo coupling tensors
for this radical anion but he could also measure hyperfine
interactions with the ligands: “N coupling tensors for NO and
for the CN groups located in equatorial positions, as well as the 3C
isotropic coupling constant for these latter groups. As shown in
Table 2, DFT calculations reproduce the main properties of the
experimental g-tensor: axial symmetry, with g,~1.97 aligned
along the Mo-NO bond direction, and g, ~2.01. The anisotropic
95Mo coupling constants are also quite consistent with the EPR
measurements and confirm that the parallel component, close to
50MHz, is aligned along g;. The predicted isotropic coupling
constant (83 MHz), slightly smaller than the experimental value
(105 MHz) when the relativistic effects are not included in the
calculations, becomes slightly larger than Ajso, experimentat When
ZORA is used (126 MHz). Taking into account the line-width of the
EPR signals and the small dependence of the EPR parameters upon
the host matrix (the g-values measured in a crystal of KBr are
slightly different: g; =1.969, g, = 2.021, g3 = 2.021), the accord
between experimental and DFT results for g and the ®*Mo
couplings can be considered as very satisfactory. As shown in
Fig. 2b, these g and °°Mo properties reflect the large contribution
of the d,, molybdenum atomic orbital to the SOMO. It is
worthwhile mentioning the good accord between the experi-
mental and calculated couplings with the ligands. For the NO
group, the EPR and DFT values indicate a Fermi contact interaction
close to —10MHz and an anisotropic coupling component
N-7.x (NO) oriented parallel to the g, direction. The small
difference in the *N-T values probably reflects some uncertainty
in the experimental values since the corresponding hyperfine
splittings could be measured for only two orientations of the
crystal [14]. For the CN groups in equatorial position, experi-
mental and calculated N isotropic couplings are very small
(~2MHz) and the "N-tm.x (CN)eq eigenvectors are aligned
perpendicular to the Mo-CN bond directions. As shown by the
SOMO (Fig. 2b), such an alignment results from the overlap
between the Mo dy,-orbital and the corresponding nitrogen
p-orbital (e.g. p, for N8). Finally, the calculated isotropic *C
coupling constants with the (CN)eq groups perfectly agree with
the measured value although the positive sign previously
proposed for these couplings appears to be negative. Clearly, the
good agreement between experimental and calculated parameters
obtained for [Mo(CN)sNOJ3~ shows that DFT calculations safely
predict the structure of hexa-coordinated Mo(I) complexes; we
will now use the DFT calculations on [Mo(CO)sPPhs]" (Table 4) to
identify the above-mentioned signals E (Table 1).

Comparison between the two sets of values (Tables 1 and 4)
reveals a good accordance between experimental and calculated
hyperfine constants with Mo and 3!P nuclei. Taking the effect of
the line-width on the experimental precision into account, this
agreement can be considered as very satisfactory for both the
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Table 5
Orientations of the EPR eigenvectors in [Mo(CO)sPPhs]*".

Angles (degrees) EPR measurement® DFT calculations®

(MO—P, gmin) 87 87
(M0=P, MO—Trmay) 74 88
(Mo-P. 2"P-7nax) 23 10
(°*1*"MO-Tmaxs >'P~Tmax) 83 88
(gmin- 95/971\/[0_":max) 38 49
(&min, 31pf":max) 66 88

2 Mo-P direction determined for Mo(CO)sPPhs (crystallographic direction),
eigenvectors obtained from the EPR analysis.

> Mo-P direction and eigenvectors determined for the optimized geometry of
[Mo(CO)sPPh3]*".

isotropic (Ajso) and the anisotropic (Taniso) cOupling constants. The
experimental as well as the calculated g-tensors are characterized
by an eigenvalue g, inferior to the free electron values and by
two “pseudo-perpendicular” components around 2.1. The experi-
mental g, value is smaller than the calculated value but is not in
conflict with the attribution of signals E to the [Mo(CO)sPPhs]*
species.

In [Mo(CO)sPH3]" the square base bipyramid structure of the
complex is retained; the three eigenvectors gintermediates
9597MO-Tmax and 3'P-Taniso1 are aligned in the equatorial plane
along the bisector of C2MoC3. The pseudo parallel component,
Zmin, lies in the bisector plane of C3MoC4, and makes an angle of
12.8° with the equatorial plane. When PHj3 is replaced by PPhs, the
Zmin €igenvector makes an angle of 71° with the C1-C4 direction
and lies close to the plane containing the C1, C2, C3 and C4 atoms.
The normal to this plane makes a small angle with the 3P T ax
eigenvector (7°), and is perpendicular to the Mo 7,.x-direction
(86°).

As mentioned above, DFT calculations show that ionization
of Mo(CO)sPPh; causes some changes in the geometry of the
complex: a reorientation of the PPhs group occurs and, in the
resulting cation, the phosphorus atom is no more located on
the normal to the original equatorial plane. The tilt angle of the
Mo-P direction remains nevertheless small (~12°), and if our
interpretation is correct the relative orientation of the Mo-P
direction and of the EPR eigenvectors calculated by DFT for
[Mo(CO)sPPhs]" should be rather close to the relative orientation
of the measured eigenvectors and of the Mo-P directions
determined from the crystal structure of Mo(CO)sPPhs. These
angular properties are reported in Table 5. Since for axial tensors,
only the “parallel” directions are accurately determined, the
angular values have been calculated for g, MoO-Tmax and
31P_Tmax. Clearly there is no serious discrepancy between the
DFT and EPR results. An excellent agreement is observed for the
inter-eigenvector angle (°>/*’Mo-Tmax, >'P-Tmax). The accord for
(Zmins >"P-Tmax) and for (Zmin, 2>°’Mo-Tmax) is less satisfactory;
probably the g tensor is particularly sensitive to the structure
constraints caused by the crystal matrix. This effect could also
explain the difference between the experimental and the
calculated values of gmin.

A precise description of the electronic structure of
[Mo(CO)sPPhs]*" can be obtained from the DFT results. As shown
in Fig. 5b, the somewhat complicated shape of the SOMO results
from the tilt of the Mo-P bond: this MO is mainly constituted of a
bonding combination of the Mo-d,, and of the “original” sp" lone
pair of the phosphorus. A contribution of the phenyl ring A is also
clearly visible, it involves a m-orbital, mainly localized on C5, C6
and C7, which, in part, overlaps the phosphorus-molybdenum
bonding region of the molecular orbital. Whereas the highest
occupied molecular orbital (HOMO) of Mo(CO)sPH3 is almost

Fig. 5. (a) Representation of the HOMO for Mo(CO)sPPh; and (b) representation of
the SOMO for [Mo(CO)sPPhs]*" (isovalue: 0.04 a.u.).

identical to the SOMO of its cation (Fig. 3b), the HOMO of
Mo(CO)sPPhs (Fig. 5a), very similar to that of Mo(CO)sPHs, is
clearly different from the SOMO of the radical cation
[Mo(CO)sPPhs]|" (Fig. 5b). This difference is well reflected by
the total spin density on the phosphine ligand, which increases
from —0.01 for [Mo(CO)sPHs]"" to +0.16 for [Mo(CO)sPPhs]™
Moreover, while the one electron-oxidation of Mo(CO)sPH3 causes
an elongation of the Mo-P distance, for Mo(CO)sPPhs this
oxidation leads to a shortening of this bond.

5. Conclusions

The 17-electron radical cation [Mo(CO)sPPhs]" produced from
the exposure of crystalline Mo(CO)sPPhs to ionizing radiation
could be trapped in the crystal lattice at low temperature. As
shown by DFT, in contrast with Mo(CO)sPHs, ionization of
Mo(CO)sPPh; alters the conformation of the complex and shortens
the Mo-P bond. Although some of these modifications are likely
hindered by the neighbour molecules of the crystal lattice, the
hyperfine tensors with both the metal and the phosphorus atoms
very well agree with the DFT predictions. The g.,;; component,
however, seems to be more sensitive to this matrix effect. The
constraints of the matrix have probably far less effect on the
structure of [Mo(CN)sNOJ>~, since in this case the paramagnetic
complex was not generated in situ in the lattice but was directly
incorporated during crystallization.

It is worthwhile mentioning that irradiation of crystals of
Mo(CO)sPPh; leads to the detection of the main species expected
from common mechanisms in radiation chemistry: (1) formation of
the radical cation, which is not stable above 100K, (2) formation of
the radical anion, which results from the capture of a thermalized
electron by a surrounding neutral molecule; this anion could be
detected even after annealing at 300K [36], (3) formation at room
temperature of a radical species due to the homolytic scission of an
organic bond; in this case (CO)sMo-PPh, [17].
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