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Ab initio calculations of MoN, MoP,, MoO5" WN,, WP;, and WG" were performed using quasi-

relativistic effective core potentials and MP2,

B3LYP, CCSD(T) and CASPT2 methodologies. Multiple local

minima were found on the potential energy surfaces of the various spin states of the nitrides and phosphides.
The nitrides all are either above the dissociation limit or only very slightly below it. The phosphides are
energetically below the dissociation limit. The bond angles of the oxoions, as well as the phosphides and
nitrides at some spin states, are nearly tetrahedral. Several minima with narres5{3%ond angles,
representing a side-on bond of a partially dissociatedMNP, molecule to the metal atom, were found as

well. The oxoions and phosphides are believed to have an autonomous, gas-phase existence. The character
of the bonding molecular orbitals has been analyzed.

1. Introduction

The oxide halides and oxo organometallic complexes of
hexavalent molybdenum or tungsten éMMo, W) commonly
occuf—3 as MGX; groups, where X is a halogen or organic
ligand. It is customary in inorganic chemistry to see them as
halides of an M@* group, called molybdenyl or tungstenyl.
Does this group actually exist in free form?

Tatsumi and Hoffmarthhave analyzed, at the extended
Huckel (EHT) level, the reasons for its roughly tetrahedral
O—M—0 bond angle of 102114°. We are not aware of any
ab initio calculations or experimental studies on the free M(VI)-
O§+ groups, M= Mo,W. Earlier calculations do exist for the
entire MoQX; seriess The related gas-phase (j’&pecies
has been observédlt is interesting that the C@ groups in
gas-phase CriP, and in the solid Cr@F, with a fluorine layer
structure have closely similar-@Cr—0O angle$ of 102 degrees.

Further, we wanted to study the isoelectronic neutral mol-
ecules MN and MR, originally in the hope that they would
provide useful, simple models for theskN and M=P bonds
in the nitrides or phosphides of group 6 metals. Recently,
molecular examples of such compounds have been repotted.
Again, EHT calculation®¥ and ab initio work>12 have been
reported for larger molecules but not on the simplified M
MP, systems.

While this work was in progress, the results of Maeiz,
Koster, and Salahdb were published, providing a thorough
nonrelativistic density functional theory (DFT) study of MaN
These results are directly comparable with ours, and such
comparisons will be made where applicable.

To our surprise, the computational results give evidence that
there exist several local minima on the potential energy surfaces
(PES) of the MN and MR. Some have large XM —X angles,
while the angles in the rest are small. Typical values are 96
97° and 45-65°, respectively. The latter exhibit remaining
N—N or P—P bonding. Goldberg et &l. quote only one
experimentally known example of such a side-g; N
complex, to a single metal atom, in {CsH4R")2Zr(N2)R. For
instance, NFeN has an experimentally estimated bond angle of
115@5)°.18 Calculations give 1148 or 401° A brief discus-
sion on side-on Blcomplexing can also be found on p 162 of
ref 20.

Before completion of our work, we became aware of a so-
far unpublished matrix spectroscopic observation of a large-
angle MoN species of unknown spii.

2. Method

Basis Sets and PseudopotentialsMost of the calculations
were performed using the Molcas??3and Gaussian 92
programs. For the Molcas calculations, the Stuttgart quasi-
relativistic pseudopotentials (effective core potentials) and basis
setd*were used for Mo, W, and P. The nonrelativistic Dunning/
Huzinagad® double¢ basis sets were used for N and O. The
latter choice was made so that the same basis set could be used
in both the Molcas and Gaussian calculations. In the Gaussian
94, the small-core Los Alamos (“LANL2DZ") pseudopotentials
and basis seté were employed. Since the corresponding
parametrizations are not available for the second-row elements
(N, O), the Dunning/Huzinagadouble¢ basis is automatically
selected by the Gaussian 94 program for these elements, and

Experimentally, all of the nitrides and phosphides studied are \ye preferred to use the same basis in the Molcas calculations
known in the solid phase (the physical constants can be found, 5 well.

e.g., ref 14, pp 4-77 and 4-109). Very little experimental data
is available about these species in gas phase or matrixesyy) or five d (N, O, P) polarization functions, with the exponents
Foosnaes et &k have studied molybdenundinitrogen com- o q0n from the works of Ehlers etZland Huzinaga et &8
plexes in krypton matrixes. A weakly bound complex was e eynonents are given in Table 1. For the case of MoN
observed, but no detailed geometrical structure could be deduced o pasis set completeness was probed at the MP2 level by
from the .e>.<perimental data. Flow-tube k.inetic stutfiesvealed adding two more sets of f functions to the metal [one diffuse
no reactivity between Mo or Moand N in the gas phase. (oo = 0.3477) and one tighty(= 3.129)], with no appreciable

changes in the results.

Electron Correlation. Initially, the correlation effects were
treated at the level of second-order Mglié€tesset perturbation
theory (MP2) or using coupled clusters with single and double

All basis sets were augmented with a set of seven f (for Mo,
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‘x Whenever a CASPT2 minimum had been located, single-

point calculations were performed for alternative electronic states

)<. z with the same spin and other spatial symmetries of the wave
function. If any of those yielded a lower energy, optimization

/4 was continued from the geometry obtained, using the new

electronic state.
Most of the geometry optimizations were carried out within
the constraints of,, or C.., symmetry. The numerical Hessians

Figure 1. Coordinate system used in this work. A grbital would
transform as B

TABLE 1: Exponents of Polarization Functions Used in were calculated at the stationary points for the Gaussian 94
This Work calculations to prove that true minima had been reached.
type of Calculations of all the second derivatives for the various minima

element function exponent ref on the CASPT2 PES would have been computationally very

N d 0.864 o8 expensive. There are also no algorithms supplied with Molcas-3

0 d 1.154 28 for automation of this task. Therefore, several PES scans were

P d 0.340 28 performed, and alternate geometries and symmetries were

\')"vo ; éggg g; checked near the minimum geometries. The presented station-

ary points are believed to be local minima on the corresponding

o . . . . potential energy surfaces.
exciations, including trlples.perturbgtlvely [CCSD(T)]. Alter- For several combinations of chemical composition and total
natively, we performed density functional theory (DFT) calcula- gy “the active space used in the CASPT2 calculations was
tions with the B3LYP exchange-correlation functional. All these inadequate for a proper description of the bonding. The so-

calculations are based on a single closed-shell RHF referenceg|ieq intruder states, states not contained in the CAS config-
state. It was found, however, that the nitrides and phosphides,, ation function space, which at certain geometries become
cannot be re_Ilany descrlbed at the smgle-refere_nce level (the degenerate with the CASSF wave functiiead to singularities
Results section contains a more detaﬂgzd analysis). on the PES. In many cases, these can be circumvented by
Therefore, multireference CASP¥2 calculations were g itahly modifying the active space. However, in some cases
performed using Molcas 3. Parallel calculations were performed e only option would be to add further orbitals into the active
with all reasonable values of the total spif):(0, 1, 2, and 3. gpace, thus making the calculation prohibitively expensive. We

The active space was chosen to include at least two orbitals 5154 attempted to use the same active space for all spin values
(highest occupied and lowest unoccupied of &/ 0 RHF of a given compound, to improve the comparability of the

treatment) in each irreducible representation (eight orbitals total). energies. If no other way to avoid the singularities could be
This active space appeared, however, to be inadequate, espeyynd, the energies and geometries were extrapolated manually
cially in dgscnbmg thg hlgh-splp states. Thelbest-ql.Jallty results from calculated points around the singularity and then the
were obtained by using an active space of five or stwo or automatic minimization was allowed to continue.

three_h, three b, gn_d two a qrbn_als Ca symme_try; the Visualization. The final CASPT2 natural orbitals of MagN
coordinate system is illustrated in Flgu_re 1). _IncIuS|on of more \\are normalized and plotted on a grid, and the isosurfaces on
than 13 orbitals would have been desirable in some cases, but,,o grid data were visualized using AVWS.The figures in this

the computational cost of the calculations would have become paper represent the surfaces where the absolute value of the

prohibitive. o _ _ wave function equals 0.08¢) 32, whereay is the Bohr radius.
Geometry Optimizations. In the Gaussian 94 calculations,

they were done with the FletchePowell algorithm with
numerical derivatives. The Gaussian 94 default, Berne algo-
rithm, does not handle pseudopotentials; neither are analytical The optimized geometries are given separately in Tables 2
derivatives available for all systems studied. The sharp potentialand 3 for the single-reference and multireference methods,
energy curve of the N molecule, and its intramolecular respectively. Vibrational frequencies are given at single-
counterpart in some of the systems investigated, called for reference level only, in Table 4. The calculated distances and
modification of the default step sizes for numerical differentia- frequencies are compared with experimental ones for related
tion. Typically/, to ¥/, of the program defaults had to be used systems with M=X bonds in Table 5. The CASPT2 structures
in order to achieve convergence in geometries. are illustrated in Figures 25. The calculated vibrational

In the Molcas calculations, where derivatives of the CASPT2 frequencies could be useful in identifying these species in gas-
energy are not available, the geometries were optimized usingphase or matrix experiments, even though they correspond to
a simple nongradient algorithm developed for this project. The the closed-shell treatment of the systems.
algorithm makes trial calculations around a starting point along  Correlation effects appear to be very important in treating
the coordinate axes and then changes the geometry along théhese systems. Initially, attempts were made to use single-
coordinate that leads to biggest decrease in energy. The stepeference methods [MP2, B3LYP, CCSD(T)]. The lack of
size (both for probing and stepping) is adjustable, but it will consistency for some of the geometries, however, prompted a
not drop below a predetermined minimum until trials in all further investigation on the nature of the bonding in these
directions lead to energy increase. At this point, the step size molecules. It appears that both static and dynamic correlation
is divided by 10, and the procedure repeated. Convergence iseffects need to be taken into account for a proper description
achieved when the step size falls below a given threshold, 0.0010f the systems.
bohr in the current calculations. Also, the single-reference Gaussian 94 calculations always

For each state, several starting geometries (wide-angle andconverged to the totally symmetrié; electronic state, while
small-angle, as well as linear) were considered. In most cases/Jater CASPT2 calculations revealed that several of these systems
the different initial bond angles lead to the same minimum, but possess the Bsymmetry in the singlet state. This may explain
sometimes there are several local minima. In such cases, thesome of the differences between the single-reference and
lowest energy minimum for each symmetry is reported. multireference results.

3. Results
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TABLE 2: Optimized Geometries from Single-Reference
Calculations (in picometers and degrees8)

system &+1 method M-X(pm) X—X(pm) X-—-M-—X (deg)
MoN; 1 HF 210.2 113.6 31.4
1 MP2 175.5 164.0 55.7
1 MP2 174.0 164.5 56.4
1 B3LYP 166.0 264.0 104.5
1 CCSD(T) 168.4 266.1 104.4
WN_ 1 MP2 176.0 168.4 57.2
1 B3LYP 174.9 149.3 50.5
1 CCSD(TY 174.9 156.5 53.2
1 CCSD(T) 170.7 270.3 104.7
MoP; 1 MP2 209.9 330.2 103.7
1 B3LYP 214.2 340.8 105.4
1 CCSD(T) 221.0 228.4 62.2
WP, 1 HF 212.9 338.9 105.5
1 MP2 217.4 343.7 104.4
1 B3LYP 218.4 231.1 63.9
1 CCSD(T) 219.6 236.2 65.1
MoO2* 1 MP2 163.1 251.0 100.6
1 B3LYP 161.8 249.7 101.0
1 CCsSD(T) 163.5 252.1 100.9
woz* 1 MP2 165.7 256.2 101.3
1 B3LYP 163.6 253.4 101.5
1 CCSD(T) 164.9 255.1 101.4

a ANL2DZ pseudopotential and basis sets except where nétad.
state in all cased.Stuttgart basis and ECPTwo minima were found,
the narrow-angle one lying 2.3 kcal/mol lower.

One of the indicators of the quality of description of the
systems at the CCSD level of theory is the Lee and Taylor
diagnostié3

[1ty]]
T, = W 1)

elec

wherel|ty]| is the Euclidean norm of the vector @famplitudes,
and Ngiec is the number of correlated electrons. The
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Figure 2. CASPT2 optimized geometries of MgNAIl bent species
have B, and the unmarked linear species h&Vspatial symmetry of
the electronic wave function.

coefficients of singly excited configurations in configuration
interaction theory.

A description is considered to be good at the CCSD level if
T, < 0.02. Slightly larger values are permissible when the
triples correction is taken into account. For our systefass
0.035-0.038 for the oxoions and WANT; ~ 0.1 for the
phosphides, andl; = 0.3 for MoN, at the narrow-angle
geometries. This indicates that that the descriptions of MoN
MoP, and WR are not necessarily reliable at the CCSD(T) level
and very likely not at the level of any computationally feasible
single-reference method.

Therefore, all the systems were investigated further with the

amplitudes in coupled-cluster theory are closely related to the CASPT2 method, using the Molcas 3 program package and

TABLE 3: Optimized Geometries from CASPT2 Calculations (in pm and deg) and Energies Relative to Isolated Metal Atom

and N; or P, (kcal/mol)?

M—X X=X X—M—-X

system 3+1 state (pm) (pm) (deg) energy dominant configuration
MoN, 1 1A 175.7 148.2 49.9 +53.1 (5a)%(6ay)?(1ap)?(2by)3(4h,)?(5h,)?

1 1B, 171.7 256.2 96.6 +22.6 (5a)2(6ay)%(7a) (1ay)2(2by)2(4by)2(5hy)*

3 3B, 170.1 254.9 96.7 +20.0 (5a)%(6ay)3(7a) (1a)X(2by)3(4hn)3(5hy)*

3 [T 186.3 117.2 linedr +44.9 (1)4(80)1(90)*(37)%(47)*(5m)?(6r) 1 (15)*

5 B, 208.2 122.1 34.1 +16.3 (5a)%(6ay)3(7a) (8a) (1) (2 4(3by) (4hy)?

5 ST 191.6 117.9 linear +21.2 (1)4(80)1(90)*(37)%(47)*(5m)?(6)(10)*

7 > 343.3 113.2 linear —4.9 (70)3(80)%(90)1(100)1(37)%(4m)?(5) (67) 1 (15)*
WN; 1 A 176.2 157.7 53.2 +25.1 (5a)4(6a)X(7a)X(1a)4(2b)2(4by)?

1 1B, 174.6 260.2 96.4 —5.7 (5a)3(6a)4(7ay) (1ap)?3(2by)3(4h,)2(5h,)t

1 11 184.8 118.0 linear +41.1 (1)4(80)2(3)(4r)?(5)?(6rr)?

3 3B, 173.8 261.1 97.4 -35 (5a)%(6a)X(7a)*(8ay) (1) (2b1)?(3by) 1 (4hy)?

5 D)) 196.5 115.3 linear +10.0 (1)4(80)?(90)*(37)(47)*(5m) (6)(15)*
MoP; 1 1A 218.0 351.3 107.4 -1.6 (5a)%(6a)*(1a)?(2b)%(4hy)?(5hy)?

1 1B, 220.4 330.6 97.2 —-30.0 (5a)%(6ay)3(7a) (1a)X(2by)?(4h,)3(5hp)*

3 SA; 229.4 228.0 60.1 —-27.1 (52)%(6ay)%(7a) (8a) Y (1ap)?(2by)(4ky,)?

3 3B, 219.0 326.7 96.5 —25.7 (5a)%(6ay)3(7a) (1a)X(2by)3(4hn)3(5hy)*

5 B, 242.8 209.6 51.1 —-35.1 (5a)%(6ay)?(7a) (8a) (1a)X(2b)3(3by) (4h,)?

7 B 262.7 208.7 46.8 —5.1 (5a)*(6a)*(7a)(8a) (1) (2by)*(3by) (41,) (5bz)*
WP, 1 1A, 220.5 235.8 64.7 —-36.7 (58)%(6a)?(7a)(1a)X(2bn) 3 (4hy)?

1 1B, 217.1 283.0 92.8 —49.6 (5a)%(6ay)3(7a) (1a)X(2by)3(4hn)3(5y)*

3 3B, 222.6 235.6 63.9 —-35.7 (52)%(6a)%(7a) (1a)(2br)2(3by) Y (4hy,)?

3 3B, 219.3 322.7 94.7 —46.8 (5a)%(6ay)3(7a) (1a)X(2by)3(4h,)3(5y)*

5 5B, 228.6 382.9 113.8 -19.4 (5a)2(6a)%(7a) (1ay)2(2by) (3by) (4by)2(5hy)t
MoOZ* 1 Ay 164.6 255.3 101.7 (a5 (6a1)%(1a)*(2by)(4h2)%(5h)?
WO2" 1 1A, 166.9 258.1 101.4 (3F(6a)3(1a)3(2by)3(4n)%(5bp)?

a Stuttgart pseudopotentials and basis sethe use of pseudopotentials for phosphorus atoms and all-electron basis sets for nitrogen and oxygen
atoms actually introduces different labels for analogous valence orbitals. For consistent identification, we started the orbital ¢@unat 21 2ar
MP;, species® Geometries marked as “linear” correspond to end-on alignment ad\Ward Mo or W.
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TABLE 4: Vibrational Frequencies (in cm 1) for A; AE, keal/mol
States 185 pm118 pm
system method vi(ay) va(a) va(by) 40 Q --0—9®
MoN; HF 2126 304 464
MP2 1014 843 939
MP2 994 845 990 30
B3LYP 1090 482 930 At
CCSD(T) 1025 461 896 () @ 158 pm
WN; MP2 1083 949 964
B3LYP 1094 231 912 20
CCSD(TY 1040 246 898
CCsD(TY 1025 431 970 197 pen1$ pm
MoP; MP2 708 269 884
B3LYP 544 213 533 10 (0 e
CCSD(T) 516 310 440
WP, HF 591 199 536 112 pm
MP2 590 203 640 1] I o S P S——
B3LYP 555 193 474 s D z
CCSD(T) 510 233 466 .
|\/|oo§’r MP2 1673 497 2046
B3LYP 1121 468 1062
CCSsD(T) 1027 453 946 2S+1=1  28+1=3  2S+1=5
woz MP2 1230 443 1468 Figure 3. CASPT2 optimized geometries of WNUnmarked bent
B3LYP 1133 445 1078 species have Band unmarked linear species hd¥espatial symmetry
CCSD(T) 1074 433 1022 of the electronic wave function.
2 LANL2DZ pseudopotential and basis were used unless otherwise
noted. The isotope¥N and Mo were assumed. The values that we 0 AE, keal/mol
trust most for each particular species are printed in HBoBtuttgart 1
basis and ECP.N—W—N angle= 53.2. ¢ N—W—N angle= 104.7. .
Ay S 196 pm
¥ 1%p
of : Qe -0
TABLE 5: Comparison of the Present CASPT2 Bond 1074
Lengths (R) and CCSD(T) Stretching Vibrational ® 209 pm
Frequencies ¢) with Those in =M=E Mononitrides and 10
Phosphides R in pm, v in cm™1)
bond species property  thiswdrk exptl ref ot
W=UN  1A; WN; v 1025 1018 34 -20
Mo=P 1B, MoP;, R 220.4 211.9 8
Mo=P 1A; MoP;, v 516 521 34
W=P  !B,WP, R 217.1 2162 9 301 oz 28 pm
W=P A, WP, v 510 516 34 o
) A (] q 210 pm
aTables 3 and 4% In [(MesSiINCH,CH,)sN]JW=N. ¢In Mo(P)(N- 1
RAMz. 41n [(MesSINCH,CH;)sNIMo=P. ¢In [(MesSINCH,CH,)sN]- -40
W=P.

2S+1=1 2S8+1=3  2S+1=5 2S+1=7

considering all realistic total spin values (0, 1, 2, and 3). The Figure 4. CASPT2 optimized geometries of MaPAIl unmarked
obtained results are presented in the following subsections. species have Bspatial symmetry of the electronic wave function. The

MoN,. Our CASPT?2 results for this species are similar to energy difference between the two triplet states is exaggerated.
those obtained by Mdrnez et al® using nonrelativistic DFT mol in this work, 6-11 kcal/mol in ref 13). We found the
methodology. There are, however, some differences, which will singlet to possess Bymmetry, while Martinez et al. list it as
be pointed out below. We also acknowledge the adoption of A;. (In our calculations, the molecule was in tN& plane,
their style of graphical presentation in our Figuress2 with z-axis being the axis of rotation (Figure 1), and the off-

Except for the weakly bound septetS2+t1 = 7) linear plane p orbital transforming as B The study of Mafnez et
complex, all the minima on the PES of MgNe above the al. is using an alternative coordinate system, and their B
dissociation limit. The B quintet (5 +1 = 5) complex is a symmetry corresponds to oup.BThe experiments by Andrews
narrow-angled triangle, which essentially represents a side-onet al?! probably saw MoM in the singlet or triplet B state.
chemical bond to a partially dissociated iolecule. The DFT The vibrational frequencies of singfét; MoN, were calculated
calculations of Marnez et al. suggest that this structure might at the CCSD(T) level and are available in Table 4.
even be lower in energy than the isolated Mo andwhile we WN,. Since Molcas 3 is not able to take into account spin
find it to be 16 kcal/mol above the dissociation limit. Their orbit splitting, and the 5D ground state of the tungsten atom is
comments about the current DFT functionals overbinding split into five levels as far as 6219 crhapart, it was not
weakly bound systems may thus be justified. They also list a possible to directly calculate the energy of #ig ground state
bound linear quintet complex, which we failed to find. Instead, of W atom with the means at our disposal without referring to
we find a septet linear system with similar energy, and with a experimental data. On the other hand, t8dirst excited state
very long N—Mo distance (343 pm), as well as a quintet linear can be calculated easily at the CASPT2 level. Therefore we
system with an energy higher than that of the triangular quintet. estimated the energy of tf®, ground state of W from the
We suggest that either of these quintet or septet complexes couldtalculated energy 65 W and the experimental transition energy
have been observed in the experiments of Foosnaes'®t al.  (2951.29 cm1)37 between these two states. As a result, the

The singlet and triplet Bcomplexes are relatively high in  comparison of the energies with the dissociation limit is partially
energy with relation to the dissociation limit. (222 kcal/ empirical.
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AE, kcal/mol 196 pm
0 R @
5D >
-10
220 113.8°
-30 B,
A
® (] @ 236 pm
40 236 pm
94.7°
-50 7.8

2S+1=1  2S8+41=3  25+1=5

Figure 5. CASPT2 optimized geometries of WPAIl unmarked
species have Bspatial symmetry of the electronic wave function.

There appear to be no stable septet structures of.\WiMe
did find a linear quintet complex at10 kcal/mol from our
estimated dissociation limit. Similar to MeNwve found singlet
and triplet B wide-angle minima. In this case, they are®
kcal/mol below the dissociation limit and about 15 kcal/mol
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TABLE 6: Comparison of the Present CASPT2 M—O Bond
Lengths (R), O—M—0O Angles @), and CCSD(T) Vibrational
Frequencies ¢) with Those in Gaseous and Solid Oxide
Halides of Molybdenum and Tungsten

species  property this wotk exptl compound exptl value ref
1A; MoO2" R 164.6 pm MoQCl, (gas) 168.6 35
1A, MoO%™ 6 101.7 MoO.Cl, (gas) 106.3 35
A1 MoO;" vi(a) 1027 cnm' MoO.Cl; (gas) 996 cm' 35
1A; MoO5" v2(a)  453cm*  MoOCl;(gas) 338cm' 35
1A; MoO;" va(b) 946 cnmt  MoOCl(gas) 970cm* 35
A, WOE R 166.9 pm WGQCI; (solid) 166.4 prA 36
AL WO5" 101.2 WO,Cl, (solid) 101.9 36

aTable 3.P Average of 170.2 and 162.9 pm, the two short bonds in
the polymeric WG" structure.

the estimated dissociation limit, we have little doubt that) WP
could be observed experimentally in the gas phase as well as
in matrixes. The bond lengths and stretching frequencies are,
again, very similar to experimental ones o&#R triple bonds.
MoO5" and WO3". In contrast to their isoelectronic neutral
counterparts, these ions behave very well already in the single-
reference calculations. All methods we used predict them to
have bond angles of about 101Both species ar¥A; singlets,
with other spin states and symmetries lying over 50 kcal/mol
higher. The calculated bond lengths, bond angles, and frequen-
cies compare favorably with experimental values in gas-phase
MoO.Cl,, as well as solid WECI, (Table 6). One should still

below the weakly bound quintet complex. A narrow-angle and keep in mind, though, that the energetic casH] of making

a linear singlet geometry were found as well, but these are
situated 25-40 kcal/mol above the quintet systems and therefore

have little interest.

We suggest that the singlet and/or triplet systems could be
experimentally produced in rare-gas matrixes, and possibly even

in the gas phase. CCSD(T) vibrational frequencie®afWN,
are presented in Table 4. Comparison of the-M/stretching

frequency in the wide-angle singlet with the experimental one

in [(Me3 SINCH, CH,)s NJW=N (Table 5) appears to indicate
that the bonding in Whlis similar to that in the large complex.

MoP,. Just like the nitrides, the phosphides have wide-angle

(over 90) structures at lower spins (singlets and triplets). MoP

a doubly ionized Mo®" out of ’S Mo and3z O, is 18.3 eV,
which means that the system represents a local minimum on
the top of a high “hill” on the potential energy surface. The
analogous value for W§) is 9.8 eV. On the other hand, since
the ions themselves are closed-shell singlets, several spin flips
would be required to reach the dissociation limit. This makes
it reasonable to expect a rather large barrier to dissociation. We
believe that experimental observation of “free” molybdenyl and
tungstenyl groups in the gas phase could be possible.

4. Bonding Analysis

has a clear tendency toward narrow-angle structures at higher The ground states of the Mo and W atoms aré54dand

spins, with near or less than €Bond angles found in triplet,
quintet, and septet states. The almost equilateral trianéflar
triplet configuration is very close in energy to the wide-angle

5d'6<, respectively. The bonding in the present dinitrides can
be understood by considering the interaction of these metal
atoms with the nitrogen 2p shell, leading to a 12-electron

3B, state. The energetic difference between these two is only problem. In the narrow-angle case, such as the lower MoN

1.4 kcal/mol.
In contrast to the nitrides, all minima are located below the

quintet in Figure 2, the nitrogen part is close to gmhblecule.
In the wide-angle case, like the lower Mghinglets and triplets

dissociation limit. The calculated bond lengths and stretching in Figure 2, local M-N multiple bonds offer a better description.

frequencies are similar to the experimental ones in Mo(P)-

(NRAr)3 and [(MgSiNCH, CH,); N]Mo=P, respectively (Table
5). We predict that molecular MgRhould be observable both
in gas-phase and in rare-gas matrixes.

WP,. The calculated minimum geometry of this species is

very highly dependent on the computational procedure, spin-

The molecules containing W or having P and O ligands fall
into these general cases.

The Narrow-Angle Case. The isodensity surfaces for the
lower quintet state of Moplare shown in Figure 6 and the
orbitals are classified in Table 7. The 12 valence electrons
essentially occupy the (DA(6a1)%(2by)%(4by)%(7a1) (8ay) (1ap) -

state, and symmetry involved. CCSD(T) and B3LYP predict a (3by)! (the exact CASPT2 occupation numbers are 1.97, 1.81,

small (64-65°) and MP2 a large (104 singlet bond angle. With

1.78, 1.69, 0.95, 0.93, 0.94, 0.94). As t@g ab;=b,, a°B;

any of the methods, the energetic difference between the “wide” state is obtained. As seen from the figure, the foams the

and “narrow” geometries is relatively small. At the CASPT2

N—N 2po bond, the 6athe N—=N in-plane 2pr bond, and the

level, both the narrow- and wide-angle species are present on2ly the N—N off-plane 2pr bond. The 4p MO involves the
both the singlet and triplet surfaces. This molecule is also the Mo 4d,; and the N in-plane 2pr* MO. It makes Mo-N o

only one that has a Bstate among the stable ones (the narrow-
angle triplet). As an additional surprise, we found a relatively
high-lying, but still bound, quintet structure with the largest bond
angle in any of the systems studied: 1F3.8

Again, the exact energy of the dissociation limit could not
be calculated, but with the systems lying-380 kcal/mol below

bonds and partially breaks the in-planet2@—N bond (Figure
7).

Of the four singly occupied MOs, the 3lis a Mo 4d,,
slightly bonding with the M off-planes. The remaining three
Mo 4d AO's (3, 22 — x?%, and xy for 7a, 8a and 1a,
respectively) contain unpaired electrons, all with parallel spin.
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Figure 6. Chemically important CASPT2 canonical orbitals of quintet
MoN,. The 3h, 7a, 8a, and laare singly occupied; the rest are doubly
occupied.

TABLE 7: Classification of the Chemically Important MOs
of Quintet MoN,

orbital electron count NN bonding N—Mo bonding

S5a 2 +1 (o) none

6ay 2 +1 (72 none

2by +1 (77%) none

4, =1 () +1

Ta none lone electron
8a none lone electron
la none lone electron
3y >0 (7ry) >0

total >1

Figure 7. Combination of the Mo 4d and N in-plane 2pr* orbitals
into the B, MoN, 4by, orbital.

fa) lag ) Tay

Figure 8. Doubly occupied CASPT2 canonical orbitals'éf; MoN;
that are discussed in the text.

In the narrow-angléA; singlet state of Molthe (5a)%(6a)?-
(2by)%(4by)? part remains occupied with little change in shape
and occupation. The remaining four electrons from a)&a
(7ay)? configuration (Figure 8). The former is a Md@Ny)
bond with respect to the axis. It makes Me-N bonds and
partially breaks the NN off-plane 2pr bond. The 7ais a

Pyykko and Tamm

Bonding combinations

sigma (+) in-plane pi (+) off-pi

Anti-bonding combinations

sigma (-) in-plane pi (-)  off-plane pi (-)
Figure 9. Possible combinations of the valence p orbitals of the
nonmetal atoms.

TABLE 8: Classification of the Chemically Important
MO'’s of Triplet MoN ,

orbital electron N (2p) Mo (4d) comments
5a 2 in-planezr + X2 Mo—N bonding
6a 2 o+ y2—2  Mo—N bonding

la 2 off-planer — xy Mo—N bonding
2by 2 off-planer + xz Mo—N antibonding
ab, 2 in-planer —  yz Mo—N bonding
Ta 1 none X2 “antibonding 5&
5b, 1 o— none lone electron

total 12

Compared with théB; state, in thdA; the N—-N distance is
lengthened (from 122 pm iPB, to 148 pm in!A;), and the
Mo—N distances are shortened (from 208 pniBato 176 pm
in A1, see also Table 3). Comparisons of theseN\distances
with the experimental ones in hydrazine (single-N bond,

145 pn#®), diimide (double N=N bond, 123 pr#f), and N
(triple bond, 110 pr#f) appear to support the conclusion that
we have approximately a double bond in the quintet and a single
bond in the singlet.

Our analysis qualitatively agrees with the DFT one of
Martinez et al® One should bear in mind that land b are
interchanged and that our lowest @bital is not included in
their analysis. As a difference, we would emphasize theé\N
antibonding contribution of the doubly occupied,4drbital
(Figure 7) in the initial quintet minimum of Mo} while their
work mentions the transfer of a single electron to an
unspecified antibonding orbital of M\as the initial step of the
reaction.

The Open-Angle Case. This case can be best understood
by considering the X np AOs in a local coordinate systens(

2 for X =N and O,n = 3 for X = P). There is an in-plane
np-r, off-plane nps, and a nps along the X-M bond. All
three can be coupled to even or odd combinations (denbted
and —, respectively) with respect to thez plane. These six
combinations are shown in Figure 9.

Taking the MoN triplet (2S +1 = 3) as an example, the
approximate CASPT2 electron configuration becomes){sa
(6ay)3(1ap)X(4hp)4(7a) (5hp)!. These orbitals are also shown in
Figure 10 and are characterized in Table 8. The approximate
Mo—N bond order would lie between 1.5 and 2. In the singlet
state, the same natural orbitals remain occupied, but the spins
in the (7a)1(5p)! are antiparallel, yielding &B, state instead
of 382.

In the MoG" and WG, the larger electronegativity of
oxygen (relative to N or P) causes the electrons to shift more

4d2 lone-pair orbital. (Since we have no orbital energies away from the metal atom, populating the; O instead of
available from the CASPT2 calculation, we have numbered the the 7a with two electrons. In this case, we can count Six
orbitals in decreasing order of occupation. The lone pair should, bonding MOs between the three atoms, resulting in two triple

by its occupation, be called 5@ this species, but we retain
the earlier nomenclature for easier discussion.)

bonds between the metal and oxygen. Since the electron density
is now shifted more toward oxygen, placing an unpaired electron
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Figure 10. Chemically important CASPT2 canonical orbitals of triplet
MoN,. The 7a and 5b are singly occupied; the rest are doubly
occupied.
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on a d orbital of the metal would now be energetically
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from the one obtained in this grossly oversimplified model. The
enzyme molybdenum atom is also not free, but bound to the
reaction center by several chemical bonds. Nevertheless, it is
not entirely excluded that the present singlet and triplet ioN
fragments might provide some insight into a potential working
mechanism of nitrogenase.
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