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ABSTRACT: Dinitrogen fixation under ambient conditions remains a challenge in the field of catalytic chemistry due to the
inertness of N,. Nitrogenases and heterogeneous solid catalysts have displayed remarkable performance in the catalytic conversion of
dinitrogen to ammonia. By introduction of molybdenum centers in molecular complexes, one of the most azophilic metals of the
transitional metal series, moderate ammonia yields have been attained. Here, we present a combined multiconfigurational/density
functional theory study that addresses how ligand fields of different strengths affect the binding and activation of dinitrogen on
molybdenum atoms. First, we explored with MRCI computations the diatomic Mo—N and triatomic Mo—N, molecular systems.
Then, we performed a systematic examination on the stabilization effects introduced by external NH; ligands, before we explore
model neutral and charged complexes with different types of ligands (H,O, NH;, and PH;) and their consequences on the N,
binding and activation.

1. INTRODUCTION trichloride complex with a trifluoromethyl group emerged as
the most effective catalyst for ammonia production. Remark-
ably, this catalyst exhibited the capability to produce up to
60,000 equivalents of ammonia.'”” In 2011, Nishibayashi
reported a low-valent Mo—phosphine catalyst for ammonia
synthesis.” One promising approach to ammonia production
utilizes molybdenum as a catalyst in conjunction with
samarium diiodide and either alcohols or water.'” The
molybdenum catalyst enables the production of a significant
quantity of ammonia, with the potential to generate up to 4350
equiv.

Depending on the type of the molecular complex and the
conditions of the reaction, N, can bind to one or two transition
metals through different modes.”'” In the case of one metal
center, end-on or side-on (17'-N,) binding of N, can activate
the triple bond, elongate it, and render it prone to

The catalytic transformation of ammonia from atmospheric
dinitrogen in biological nitrogen fixation has inspired many
studies on N, functionalization." N, functionalization poses a
variety of challenging problems given the strong N=N triple
bond, chemical inertness, and a significant HUMO—-LUMO
energy gap (10.82 eV). Active sites bearing transition metals
have displayed high reactivity toward N, valorization through
the (electro)catalytic conversion to ammonia. Artificial nitro-
gen fixation systems utilizing molecular catalysts bearing
vanadium,” iron,’ molybdenurn,4 ruthenium,” and other
metals’™® have been the subject of extensive experimental
effort and have facilitated the catalytic generation of NH;
under mild environment conditions as opposed to the Haber—
Bosch industrial process.

Over the past 50 years, many dinitrogen metal complexes,
including both mononuclear and binuclear metal active sites,

have been synthesized.”'® In 2003, Yandulov and Schrock Recf’i"e‘l: November 28, 2023
achieved homogeneous catalytic ammonia production using a Revised:  January 31, 2024
well-defined tri(amido)amine Mo(III) complex."' Nishibaya- Accepted:  February 2, 2024

shi et al. examined the application of molybdenum complexes Published: March 6, 2024

containing N-heterocyclic carbene-based PCP-type pincer
ligands. Within this group of complexes, the molybdenum
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functionalization via the formation of N—H bonds. A typical
example is the end-on mechanism adopted by nitrogenases.'*
The mononuclear terminal end-on binding mode is more
common. Typically, the activation entails a 6- and z-donation
from the dinitrogen moiety to the metal and back-bonding
from the metal d orbitals to 6*- and z*-orbitals. The back-
donation to ¢* is thought to be more significant.">~* In the
case of two metal centers, an activated bridging dinitrogen
complex is formed.'”*"** In some cases, the complete cleavage
of the N, has been achieved by the concerted action of two
metal centers.”>* The replacement of the two formed metal—
nitrogen bonds with six N—H bonds follows. Another
perspective is the activation of N, (and other small molecules)
via low-coordinate metal complexes.”**’

Despite the extended experimental work in the literature, the
role of the metallic charge (or oxidation state) and that of the
ligands needs to be understood better for further improvement
of the catalysts. Here, we focus on single molybdenum centers
to provide some initial systematic theoretical investigation.
Different models have recently been developed to elucidate the
activity of terminal monometallic N, complexes as opposed to
bridging bimetallic N, complexes.””**™*" To these ends, we
extend our previous theoretical study of the Mo atoms and
ions (0, £1, +2) + N, reaction in two different directions.
First, we explore the negatively charged single metal centers,
which have recently been found to have superior performance
for other significant chemical processes, such us methane to
methanol transformation.>"** Second, we add ligands in a
systematic manner and, finally, study the effects of various
ligands for saturated complexes. Although many effective
ligands, such as PNP-type pincer ligands and cyclic alkyl amino
carbene-based ligands, have been developed to facilitate N,
activation, the direct effects of peripheral ligands of the metal
site remain relatively unexplored, which are crucial in
determining the extent of N—N activation.” Significant
variations in reactivity can result from even minor variations
in the ligand’s electronic structure and steric geometry. Our
previous and present multiconfigurational studies demonstrate
that a reduced (electron rich) Mo center of the side-on MoN,
complex leads to a greater degree of N, activation,” and it can
actually cleave the N=N bond.

A fundamental understanding of the ligand—metal environ-
ment that can bind and activate dinitrogen with the precise
affinity while also displaying the necessary selectivity, reactivity,
and stability is a difficult task in chemistry.** For this reason,
we present a comprehensive study that connects bare metal
Mo—N, molecular species to ligated complexes with terminal
end-on (17'-N,) and side-on (7*-N,) binding modes. A detailed
molecular orbital analysis was performed for the elucidation of
ligand field effects on the ground and redox states of pseudo-
octahedral [MoN,L;]* molecular model complexes (x = 0, +1,
+2) where L corresponds to ligands of variable strength that
are considered in this study.

2. METHODS

The state-specific and state-average complete active space self-
consistent field (CASSCF)***® method was applied in the
study of the diaotmic MoN. Dynamic correlation was
introduced subsequently by means of multireference config-
uration interaction (MRCI)*”** or second-order perturbation
theory (CASPT2).” The selected active state is given as
CAS(n, m), where n is the number of electrons and m the
number of active orbitals. The active space for the diatomic
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MoN species includes nine electrons in nine orbitals or
CAS(9,9). Specifically, at a long Mo—N distance, these 9
orbitals are the 4d and Ss atomic orbitals of Mo and the 2p
atomic orbitals of N. The 2s orbitals of N remain doubly
occupied at the CASSCF level. All valence electrons (11
electrons, including the 2s of N) are correlated with the MRCI
and CASPT2 levels of theory. Exploratory calculations and
potential energy curves (PECs) were completed for states with
doublet, quartet, and sextet spin multiplicity using triple-{
(TZ) basis sets (aug-cc-pVTZ** for N and cc-pVTZ-PP*
for Mo). The latter is combined with a Stuttgart relativistic
effective core pseudopotential. The C,, point group symmetry
elements are exploited for all calculations. Spectroscopic
constants were calculated by solving the rovibrational
Schrodinger equation with our in-house code (Rovib) using
refined PECs at the quintuple-{ (5Z = aug-cc-pVSZ for N and
cc-pVSZ-PP for Mo) basis set. All calculations were carried out
with MOLPRO2015 and MOLPRO2021.** A detailed analysis
of the electronic states of MoN computed by MRCI is
included in the Supporting Information Section S1.*

The analysis of the triatomic MoN, began with geometry
optimization (MN15/def2-TZVP) across three different spin
states (singlet, triplet, and quintet). Optimizations returned all
real frequencies. The lowest energy equilibrium geometry
(triplet) is used in the multireference calculations to find the
equilibrium wave function and to construct the reported PECs.
For the multireference calculations, the active space is
composed by 12 orbitals, the 2p orbitals of each nitrogen,
the 4d and Ss orbitals of molybdenum, which results to a
CAS(12,12). The MRCI calculations were performed with C,
symmetry with the cc-pVDZ-pp basis set for Mo and cc-pVDZ
on the N atom. Density functional theory (DFT) and MRCI
calculations were carried with Gaussian®> and MOLPRO,
respectively.

Regarding the [MoN,L;]* molecular model complexes (x =
0, +1, +2), we performed a DFT screening of the ligand field
effects™* on the ground and redox states of the side- and end-
on modes of MoN2. All DFT calculations were performed with
the ORCA quantum chemistry software package version
5.0.0.%°." For examination of the ligand field effects on the
Mo center, we considered three different molecular ligands.
The first is H,O, which is representative of a weak ligand field,
NH; (moderate strength), and PH; (relatively stronger ligand
field). Unrestricted geometry optimizations were performed
using the def2-TZVPP basis set,® the def2-ECP core potential
for molybdenum, the auxiliary basis def2/J,"’ and the B3LYP
density functional,**’ together with the atom-pairwise
dispersion correction based on tight binding partial charges
(D4) was used.’”" A DefGrid2 and conductor solver model
(CPCM) using acetonitrile solvent was applied>” in order to
simulate experimental conditions. To ensure true energy
minima, frequency calculations were performed.

3. RESULTS

3.1. MoN, and (NH;),MoN, (n = 1, 2, 3). Here, we
discuss the activation of N, with either a single metal atom or
low-coordinate ammonia molybdenum complexes. Molybde-
num-amine complexes were used for the activation of N,. In
addition to the linear NMoN and Mo—N, side-on or end-on
geometries examined in our previous work,” here we report
the bent NMoN structure, where the N—N bond is cleaved
focusing on the electronic structure transformations. We
initially optimized the geometry for three spin multiplicities

https://doi.org/10.1021/acs.jpca.3c07801
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with DFT. The singlet and triplet states adopt a symmetric
structure with Mo—N bond lengths of 1.651 and 1.678 A
respectively. Their corresponding N—Mo—N angles are 104.4
and 97.1°. The triplet state is predicted as the ground state,
with the singlet being just 0.044 eV higher. The optimized
structure of the quintet state has two different bond lengths
(1.618 and 1.954 A) and an angle of 113.2° and is
energetically separated by 2.3 eV.

Using these equilibrium geometries, we then performed
MRCI calculations to monitor the electronic structure of the
low-lying electronic states and how these are connected to the
electronic states of MoN. To this end, we constructed the
potential energy profiles along the NMo—N dissociation
channel. The initial wave functions were obtained for a
geometry with Mo—N bond lengths of 1.67 and 1.69 A and an
angle of 100° to impose the C, symmetry constraints followed
along the chosen dissociation process. The active orbitals of

4a'

Figure 1. Active molecular orbitals of MoN,.

the reference CASSCF calculation are listed in Figure 1. The
'A’, 3A’, and °A’ states originating from the ground state
fragments MoN(*Z™) + N(*S) plus one more 'A’ are state-
averaged in this calculation. The inclusion of the latter state is
important, as demonstrated below, while the remaining N

state coming from the same channel was excluded as it is of
dissociative nature (no chemical bond between MoN and N).

The 1a’ and 3a’ orbitals correspond to the ¢ Mo—N bonds,
while 7a’ and 8a’ are the relative antibonding orbitals. The 1a”,
2a”, 3a”, and 4a” orbitals are the off-plane Mo—N 7 bonding
and antibonding orbitals, whereas 2a’, 4a’, and 6a’ pertain to
the three combinations of the one in-plane 2p, orbital from
each nitrogen terminus and one 4d (4d,”) of molybdenum.
The Sa’ is the highly localized Ss of Mo polarized away from
the two Mo—N bonds.

The dominant configurations are given in Table 1. At the
CASSCF and MRCI levels, the ground state X'A is an open-
shell singlet followed closely by its sibling triplet state (see
Figures 2 and $). In these two states, we can assign two
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Figure 2. CASSCF potential energy curves of MoN, as a function of
the NMo—N distance Ryyo—n-

6(MoN) bonds (1a’* 3a%), two off-plane 7(MoN) bonds
(1a”* 2a”%), and one in-plane 7(MoN) bond (2a’%). The two
unpaired electrons occupy the polarized 5s(Mo) (5a’') and the
in-plane 4a’ orbital, which pertain to localized 2p(N) orbitals
perpendicular to the Mo—N bonds.

The excited singlet state 'A’ is a closed-shell singlet, where
the polarized Ss(Mo) electron migrates to the 4a’ orbital. Our
DEFT calculations converged to this singlet state, and therefore,
they predicted a triplet ground state. In both DFT and MRCI
calculations, the quintet state comes from the triplet state by
promoting an electron from 2a” to 3a” [#(MoN) —
7*(MoN)].

The formation of MoN, from MoN + N provides a clearer
picture of its chemical bonding. The relative PECs are listed in
Figure 2. The ground state of MoN (*Z£7) has a triple bond
(Oton Miton; see Supporting Information for more details on
the electronic structure) and three unpaired electrons localized
on the Mo in two Sy, ~ 4dy, and 6y, ~ Ssyy, (see Supporting

Table 1. Dominant Electronic Configurations for the Low-Lying States of MoN, (See Figure 1 for Orbitals)

state coeff. 1a’ 2a’ 3a’ 4a’
XA 0.61 2 2 2 a
—0.61 2 2 2 p
A 0.88 2 2 2 a
A/ 0.84 2 2 2 2
SA 0.85 2 2 2 a

R © {8 {8 ™
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Figure 3. Selected combinations between the 2p orbitals of a N atom
approaching MoN and the MoN molecular orbitals. The red colored
numbers indicate the number of electrons populating each orbital
(more details are provided in the Supporting Information, Section

S1).

Information, Section S1). The 6y, and my,y orbitals are
polarized toward the N terminus signaling an ionic Mo**N*~
character. The second incoming N atom has three unpaired
electrons (2py;), which can in principle form a triple bond with
Mo. Symmetry constraints allow the formation of only two
bonds with the two remaining electrons, 2py and Ssy,, giving
rise to the lowest energy open-shell singlet and triplet states.
The specific orbital combinations are depicted in Figure 3. The
two formed bonds correspond to the 2a” and 3a’ bonds
(specifically, the two 6y, bonds are combined to give 1a” and
3a’; see Figure 1). The two unpaired electrons are well
localized on Mo (5a’) and N atoms (4a’). Overall, the
chemical bonding in the first two states can be succinctly
assigned as N=Mo"=N"* < N°*="Mo=N or by considering
the ionic character of the system N3"Mo***N**~ «
N**"Mo**N°*~.
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Figure S. MRCI potential energy curves of MoN, around equilibrium
as a function of the NMo—N distance Ryyo—_n-

As stated earlier, the excited 'A’ state is a closed shell state
and can be produced from the ground state X'A’ by promoting
the Mo unpaired electron to the nitrogen termini (Sa’ — 4a’).
Therefore, the bonding in this state is more ionic and can be
seen as N°>"Mo®"N*". The PEC of this state is steeper and, at
long distances, goes to MoN* + N™. Finally, the excitation
energy of this state drops significantly when dynamic electron
correlation is included. The MRCI PECs of Figure S are
indicative, where the singlet excited state is only 0.2 eV higher
than the ground singlet state (was 0.67 eV at CASSCF; see
Figure 2), and the two PECs actually form an avoided crossing
at 1.65 A. The energy difference between the triplet state and
this closed-shell singlet at MRCI is 0.13 eV (which was 0.58 eV
at CASSCF).

We turn now our attention to the different conformations of
the MoN, triatomic molecule and their relative energies for
both the neutral and the anionic species. The left side of Figure
4 shows the relative energies for three different species of
[Mo,2N] composition, the Mo + N, fragments, the end-on and
side-on Mo(N,) isomers, and the bent NMoN molecule. The
energies of the end-on species are shown with dashed
horizontal lines, and they are higher in energy than the side-
on. The NMoN species, where N, is cleaved, is higher in
energy than both Mo(N,) and Mo + N, for all spin states. The
addition of an electron to the system changes the energetics
thoroughly, and now, the bent NMoN~ species is lower in
energy than any other structure. This result indicates that

704
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Figure 4. Relative energies of the side-on and end-on (dashed lines) Mo(N,)®~ and bent NMoN®" species with respect to Mo%~ + N, for various

spin states, as computed with the MN1S density functional.
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electron rich metal centers facilitate the activation of
dinitrogen and can lead to a new class of reactive molecular
structures (electron rich monometallic low-coordinate com-
plexes) for the activation of N,. This also indicates that single
metal atom catalysts (metals supported on a surface) will
demonstrate higher performance in electrocatalytic pro-
cesses.”

The higher formal charge of Mo in the closed-shell singlet
state [Mo(VI) vs Mo(V) for the other two states] suggests that
coordination with NH3 ligands will stabilize this spin state
over the intermediate or high spin states. To corroborate this
thought, we optimized the geometries of the (NH,),MoN,
complexes with n = 1, 2, and 3. We considered the closed-shell
singlet and the triplet states at the MN1S level of theory with
the cc-pVDZ-PP basis set on Mo and aug-cc-pVDZ basis on N
and H. Our attempts to add a fourth ammonia ligand in the
first coordination sphere of Mo resulted in a
MoN,(NH,); + NH; structure, where the fourth ammonia
resides in the second coordination sphere. All structures and
frequencies are reported in the Supporting Information,
Section S3. The closed-shell singlet—triplet energy gap AE as
a function of n is plotted in Figure 6. Positive/negative AE

0.0
0.2 S
0.4

064 o

AE (eV)

-0.8 1

-1.0 1

-1.2 T T T T
ONH, 1INH, 2NH, 3NH,

Figure 6. Energy difference AE between the closed-shell singlet and
the triplet states of MoN, ligated with no, one, two, and three

ammonia molecules at MN135.

indicates that the closed-shell singlet is higher/lower in energy.
Indeed, the addition of ammonia ligands stabilizes the singlet
state considerably. AE is 0.044 eV for n = 0 and turns negative
with just one ammonia ligand (—0.34 eV). AE increases (in
absolute value) to —1.07 eV for n = 2 and changes only slightly
to —1.15 eV for n = 3. In conclusion, ammonia stabilizes the
complex with both terminal metal nitridos, which has a larger
oxidation state on the metal. Below, we consider the effect of
more ligands and the oxidation state of Mo by changing the
overall charge of the complex in the N, activation process.
3.2. Ligand Field Effects. The study presented herein
investigates the influence of the ligand field on a pseudo-
octahedral molybdenum coordination complex, with specific
focus on the presence of a dinitrogen ligand in either an axial
terminal end-on or side-on configuration. For each complex, a
range of distinct spin states were taken into consideration
along with a variety of ligands of various strengths such as
H,0, NH;, and PHj, ranging from weak (H,O) to moderate
(NH;) and ultimately to strong ligands (PH;). The selection
of a ligand environment plays a crucial role in determining the
properties and reactivity of metal complexes and the relative
binding strength or affinity of a ligand toward a central metal
ion. The influence of the ligand field effects on the metal center

2042

is discussed, offering valuable insights of the electronic
structure, bonding properties, and reactivity of these molecular
systems, and even the possibility for chemical transformations.
An explicit solvation model was applied in our calculations
using acetonitrile, a medium-polar solvent commonly used in
heterogeneous catalysis.'”>> A short discussion on the solvent
effect is given in Supporting Information, Section S4.

The following analysis only encompasses systems that
maintain a six-coordinate environment upon optimization
with B3LYP-D4/def2-TZVPP. Our discussion begins by
examining the molecular systems with a weak field ligand
(H,0) and dinitrogen, and we differentiate the various
complexes by considering how dinitrogen binds to the
molybdenum center. The molecular orbitals of the reduced
states of [MoN,(H,0);]" (n = 1+, 2+) are shown in Figure 7
(end-on mode) and Figure 8 (side-on mode), which
qualitatively display the distribution of electrons and the
splitting of the d orbitals. The doublet (1+) complex bearing
the end-on mode of dinitrogen exhibits an electronic

configuration of (6)4(77:)4(dxy)1(77:*)0(0*)0. The side-on
mode of dinitrogen introduces symmetry restrictions, which
are visually represented by the electronic configuration
(0)* (1)2(d,,)2(d,)! (2 (0"

The most stable end-on [MoN,(H,0),]** complex with a
2+ charge has a triplet ground spin state with a
(o)* (ﬂ)3(dxy)l(ﬂ:*)o (™) configuration. The extra electron
that is lost from the 1+ complex can be removed either from
the nonbonding d,, orbital, leading to a singlet ground spin
state, or from one of the bonding 7 orbitals, which leads to a
triplet ground spin state. We found that these two states are
close in energy (0.13 eV; see Supporting Information, Section
SS), favoring the triplet spin state. The 4d orbitals of
molybdenum are close in energy in the presence of a weak
ligand field generated by the five H,O ligands, and thus, the
triplet spin state is more stable due to exchange interactions
between the two unpaired electrons. The triplet (2+) ground
state bearing the side-on mode of N, displays a
(0)*(n)* (dxy)l(dyz)l(ir)o (6)° electronic configuration. A high-
er degree of activation is observed in the N, side-on complexes.
Specifically, the bond distances for the side-on Mo(I) and
Mo(II) complexes are 1.220 and 1.155 A, respectively. These
values contrast with the bond distances of 1.160 and 1.117 A
observed in the end-on dinitrogen complexes. Steric effects
may be more pronounced when bulkier equatorial ligands are
present. Therefore, the terminal end-on mode of N, opens up
broader avenues of reactivity, as it has been demonstrated in a
variety of molecular Mo catalysts.”” This mode enables the
existence of additional catalytic binding pathways, such as
facilitating protonation of the terminal nitrogen atom,
particularly after N, activation.

In relation to cationic states, the Mo(Il) species
demonstrates its greatest stability when it adopts the end-on
N, configuration. This is consistent for all systems presented in
Tables 2 and 3. For example, for the [MONZ(H20)5]2+ case,
the coordination of N, to pseudo square pyramidal bare
complex is AE_ 4 = —0.89 eV, while the corresponding value
for the side-on conformer is —0.62 eV. The calculations of
binding energy were conducted using the stable pseudo square
pyramidal bare complex as the reference geometry. However,
among the species with a 1+ charge, none of the stable spin
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Figure 7. Molecular orbital diagrams (B3LYP-D4/def2-TZVPP) corresponding to pseudo-octahedral molecular complexes of the end-on
[MoN,(H,0);]* where x = +1, +2 denotes the charge. Orbitals with different occupation numbers across the molecular series examined in this
work are shown in red color.
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[MoN;(H,0)5]'*  [MoN,(H,0)5]%*

Figure 8. Molecular orbital diagrams (B3LYP-D4/def2-TZVPP) corresponding to pseudo-octahedral molecular complexes of the side-on
[MoN,(NH,);]*, where x = +1, +2 denotes the charge. Orbitals with different occupation numbers across the molecular series examined in this
work are shown in red color.

states exhibited this particular geometry since the square ally. This observation suggests that Mo tends to favor a
pyramidal geometry was distorted. As a result, the binding complete coordination sphere in the presence of water
energy for such cases could not be determined computation- molecules.'’ Additionally, the presence of axial dinitrogen
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Table 2. N, Coordination Energies (AE,,.4), IPs, EAs (in
eV), and Key Interatomic Distances (in A) of the Bound

Ligated Pseudo-Octahedral Molecular Complexes with the
N, End-On Mode Computed with B3LYP-D4/def2-TZVPP

complex Ruon Ryoon 2S+1 AE.,,, IP*  EAY
[MoN,(H,0),]"* 1.160  1.868 2
[MoN,(H,0)s]** 1117 1981 3 —0.89 747
[MoN,(NH,);] 1210  1.826 1 -2.20
[MoN,(NH,);]"*  1.173  1.865 2 -270  1.02
[MoN,(NH;)s]** 1126 1956 3 —121 394
[MoN,(NH,)]'™ 1181  1.858 2 -2.32 —0.69
[MoN,(NH;)s]*~ 1217  1.823 1 —2.56 -123
[MoN,(PH,);] 1124 2.002 1 —147
[MoN,(PH,)]"* 1112 2.046 2 -1.16  3.90
[MoN,(PH,),]* 1102 2102 3 —093 861
[MoN,(PH,),]"~ 1173 2222 2 —-0.26 —1.00

“IP values with respect to the neutral complexes, except for the water
complex, which are computed with respect to [MoN,(H,0);]"*. YEA
values with respect to the neutral complexes. “‘No AE_,4 was
computed since geometry optimization of the bare [MoN,(H,0),]"*
resulted in an uncoordinated H,O ligand.

Table 3. N, Coordination Energies (AE_,.4), Ips, Eas (in
eV), and Key Interatomic Distances (in A) of the Bound
Ligated Pseudo-Octahedral Molecular Complexes with the
N, Side-on Mode Computed with B3LYP-D4/def2-TZVPP

complex Ruen Ryoon 2S+1 AE.,,, IP*  EAY
[MoN,(H,0),]** 1220 2.004 2 -
[MoN,(H,0),]** 1155  2.149 3 —0.62 540
[MoN,(NH,);] 1232 2014 3 —-1.65
[MoN,(NH,)s]'* 1229 2012 2 -237  0.80
[MoN,(NH,)]* 1162 2.157 3 -1.02  3.57
[MoN,(NH,)]'™ 1235  2.016 2 —1.90 —0.82
[MoN,(NH,);]* 1236  2.017 3 -1.92 —1.14
[MoN,(PH,);] 1137 2312 1 —-0.75
[MoN,(PH,),]** 1.148 2217 2 —0.69  3.64
[MoN,(PH,),]* 1125 2.335 3 —0.37 846

“IP values with respect to the neutral complexes, except for the water
complex, which are computed with respect to [MoN,(H,0)s]'*. YEA
values with respect to the neutral complexes. “No AE_.4 was
computed since geometry optimization of the bare [MoN,(H,0)]"*
resulted in an uncoordinated H,O ligand.

helps stabilize the complex. The greater stability of the Mo(II)
complexes with an end-on configuration compared with the
Mo(II) side-on complexes is further supported by the observed
second ionization potentials (IPs). The IP values listed in
Tables 2 and 3 indicate that the Mo complexes with an end-on
configuration have a higher IP (7.47 eV) compared to the side-
on analogue (5.40 eV). From Figures 7 and 8, we find that for
the side-on conformer, the second electron is lost from the
nonbonding 4dxy orbital. On the contrary, for the end-on case,
the electron is removed from a z orbital of N,, which
destabilizes its electronic structure, and thus, it leads to a
significantly higher IP. Similarly, we should also note that the
first ionization energies have not been computed due to the
instability of the neutral complex.

3.3. Ammonia and Phosphine Ligated Dinitrogen
Complexes. Next, we focus on the [MoN,(NH,);]* (x = 0,
+1, +2) dinitrogen complexes. The molecular orbital diagrams
of all molecular species with a five-amine ligand sphere, as
obtained by DFT computations, are given in Figure 9. These
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configurations were further validated by higher-level multi-
configurational CASSCF calculations (Supporting Information,
Section S7). The neutral end-on N, complex has a singlet
ground spin state with a (o) (7[)4(dxy)2(ﬂ*)0(0*)0 electronic
configuration. Similarly to the water-ligated systems, the
degeneracy of the & orbitals is broken in the side-on complex.
The 7-type orbitals between Mo and N, are formed from the
4d,. orbital and the 7* orbitals of dinitrogen, while the 4d,, has
less participation to the bonding with N,.

Upon electron loss, the NHj-ligated complexes with a
positive 1+ charge exhibit a structural trans-effect since an
electron is lost from the nonbonding 4d,, orbital.>® This effect
causes elongation of the axial Mo—NH; ligand. For example, in
the case of the end-on complex, the Mo distance from the axial
ammonia ligand is R,, = 2.349 A, and the average Mo distance
from the equatorial ammonia ligands is R,y = 2.274 A, while
the Mo—N, ligand is 1.865 A. This effect is not observed in the
2+ charged complexes where the second electron is lost from
the 7 system and the exchange interaction is maximized by the
occupancy of the Mo d,, nonbonding orbital minimizing steric
effects. For this complex, the R, and R, distances are
comparable (2.266 and 2.246 A, respectively, and the Mo—N,
distance is 1.976 A). In the 2+ case, all ammonia ligands have
relatively similar bond distances. The AE_ 4 between the
pseudo square pyramidal complex and the end-on N, mode is
—2.70 eV, whereas the AE_ 4 with the side-on N,
configuration is —2.37 eV (vide infra). The IP of the Mo(I)
complex bearing the end-on N, mode is 1.02 eV, while the
Mo(II) species displays a higher IP of 3.94 eV. Likewise, the
IPs of the side-on [MoNZ(NH3)5]1+ and [MoNZ(NH3)5]2+
complexes are 0.80 and 3.57 €V, respectively (Tables 2 and 3).
This trend is consistent with the behavior observed in the
water complexes, where the complexes with the end-on mode
of dinitrogen exhibit greater stability and reduced susceptibility
to oxidation. The anionic states are characterized by the
presence of a populated Rydberg orbital, which relates to the
solvation of an electron by the ammonia ligands (see Figures
S3 and S4 of the Supporting Information, Section S6). Such
diffuse peripheral electrons have been observed experimentally
for alkali and alkaline earth metal ammonia complexes®’ >’
and have been predicted for transition metal complexes,”’
including [Mo(NH,)]%.°! Complexes featuring the end-on
mode of dinitrogen display a doublet electronic configuration
as (o)! (7[)4(dxy)2(Ryd)1(7I)0(U)o in the 1— species. Con-
versely, in the singlet state 2—, the configuration is
(6)4(77,')4(dxy)Z(Ryd)z(ﬂ')o(G)o. A weaker AE_ 4 is observed
with N, in the anionic cases. Both 2— dinitrogen complexes
demonstrate increased electron affinities (EA). Importantly,
the end-on complex displays a more negative EA, indicating a
preference for the end-on mode. Among these complexes, the
Mo(I) end-on complex achieves the highest stability,
characterized by an activated N, bond length of 1.1727 A.

Before we end our discussion on the complexes with
ammonia ligands, we provide a short note on the two
molecular systems with the strongest AE_.4. For both end-on
and side-on conformations, the monocationic complexes have
the most negative interaction energies with N, (—2.70 and
—2.37 eV, respectively). In addition, both systems have a
relative low IP (about 1 eV) and, in contrast to the anionic
cases, both exhibit a stable electronic structure with bound
electrons. The difference between the two AE_, 4 values shows
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Figure 9. Molecular orbital diagrams of [MoN,(NH,);]* (x = 0, £1, +2) pseudo-octahedral molecular complexes with N, in the (a) end-on and

(b) side-on mode.

a more preferable end-on configuration, which can be
explained from their electron occupation and the energies of
the molecular orbitals. The DFT-computed energies of the key
highest-occupied molecular orbitals are shown in Figure S6 of
the Supporting Information. For the end-on case, the doubly
degenerate 7z, and 7, orbitals formed between the 4d,./,.
atomic orbitals of Mo and the 7* of the dinitrogen molecule
are doubly occupied, and they are characteristic of z-
backbonding between the transition metal and the N,
molecule. For this molecular system, a beta electron hole is
found on the nonbonding 4d,, atomic orbital of the
molybdenum atom. The degeneracy between the two =
orbitals is lifted in the side-on case, where the 7, has a lower
energy, while the 7, is less stable, and has a predominant 4dyz
character, and it is singly occupied. Thus, the presence of three
electrons on the bonding molecular orbitals leads to a lower
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AE .4 for dinitrogen in the side-on case. When we move to
the neutral side-on species, the additional electron is not
bound to the molecular complex since it occupies a Rydberg
orbital, which leads to an even lower interaction energy
(AE g = —1.65 €V). On the contrary, the N, coordination
becomes more favorable for the two anionic complexes since
an additional electron occupies the 4d,, orbital that has a small
but non-negligible 7-bonding character (AE .4 = —1.90 and
—1.92 eV, respectively). Similar arguments hold for the end-on
cases, where all AE_, 4 range between —2.20 and —2.70 eV

except the [MONZ(NH3)5]2+ complex that has lost an electron
from the = bonding orbital (AE g = 1.21 eV).

Last, we discuss the results for the pseudo-octahedral
complexes of MoN, with phosphines, the stronger of the three
ligands considered in this study. Both the end-on and side-on
modes of dinitrogen in these complexes exhibit qualitative

https://doi.org/10.1021/acs.jpca.3c07801
J. Phys. Chem. A 2024, 128, 2038—2048


https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.3c07801/suppl_file/jp3c07801_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c07801?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c07801?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c07801?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c07801?fig=fig9&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c07801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

molecular orbital diagrams comparable to those in the two
other cases. The neutral species exhibits the strongest AE .4
(—1.47 eV) with the end-on mode of N, unlike the cases
bearing the weak and moderate ligand. The 1+ doublet and 2+
triplet share the same electronic structure description and d-
orbital splitting properties as the water- and ammonia ligated
cases. The IP values for the 1+ and 2+ states were found at
3.90 and 8.61 eV, respectively, exhibiting a consistent behavior
for all complexes with the end-on mode of N,. Similarly, the
complexes with the side-on mode of N, showed IPs of 3.64
and 8.46 eV, respectively. In the anionic 1— doublet ground
state, N, is not bound on the Mo center, as reflected by the
weak E;, of —0.26 eV. The optimized geometry revealed a N—
Mo—N angle of 138.573° that is significantly different from the
side-on conformation. The electronic configuration of this
complex is (o) (ﬂ)4(dxy)2(7r*)l(6)o (6™)° (see Supporting
Information, Section S9 for qualitative molecular orbital
diagrams), and the added electron was found on the N,
antibonding orbital, and not on a Rydberg orbital as in the
case of the anionic complexes with NH; ligands. This is due to
the ability of ammonia ligands to solvate electrons as opgosed
to phosphine which facilitate 7-back bonding instead.”” The
[MoN,(PH,),]'~ complex exhibits low degree of N, activation,
with a bond length of 1.173 A, which is probably not due to
the Mo center but due to the extra electron on the antibonding
7% orbital. Further reduction released N, from the model
complex, and thus, the 2— case has not been further analyzed.
The discussion does not include the anionic species of the side-
on N, complexes since DFT geometry optimizations resulted
to structures with an unbound N, molecule.

Finally, a comparison of the computed AE_,, values
between the three different ligand types considered in this
study (H,O, NH;, and PHj) for the dicationic complexes leads
to an interesting observation. For the weakest ligand (H,0), a
AE .4 = —0.89 eV was obtained from B3LYP-D4/def2-
TZVPP, the stronger ammonia ligand lead to a AE_4 of
—1.21 eV, while the strongest phosphines lead to a decreased
AE_ 4 value of —0.96 eV. Both water and ammonia ligands
coordinate to the Mo center through forward donation. On the
contrary, the stronger phosphine ligands have a significant
amount of z-backdonation since the LUMO of PH; can accept
electrons from the 4d orbitals of Mo, which is reflected on the
lower interaction energy of the complex with N,, when it is
compared to the NH; case.

4. DISCUSSION AND CONCLUSIONS

In this paper, we have examined the Mo—N bond in the
ground and excited electronic MoN and NMoN species (the
N-N bond is cleaved). We showed that the complete
dissociation of the N, bond is possible for anionic
unsaturated/low-coordinate molybdenum monometallic mo-
lecular complexes and that ammonia ligands stabilize the
N*>"Mo®N*" over N>’ Mo***N*>". This is the first time that a
single metal atom is found to cleave the triple N, bond
bypassing the concerted action of two molybdenum centers
reported in the literature™ or larger metallic clusters (see for
example ref 63). Then, we explored saturated hexacoordinated
complexes and the relative stability of side-on and end-on
isomers with three different ligand types (H,0, NH;, and PH;)
and different charges (neutral, anionic, and cationic). All
complexes that yielded a N, molecule bound on the Mo center
were further analyzed and discussed. In particular, we focused
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on the electronic structure, the AE_ .4 between the Mo model
complex and N, as well as the level of the N, activation. From
our analysis, we found that the end-on cationic complex with
NH; ligands has the strongest E;, across the molecules
considered here (—2.70 eV). An interesting observation is that
the extra electrons on the anionic species with ammonia
ligands prefer to occupy Rydberg orbitals rather than
antibonding orbitals between Mo and N,. This result is in
line with the recent literature on weakly bound electrons in the
periphery of metal complexes, which have been shown to have
strong reducing power,”" a topic that will be examined in a
future study.
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