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The bonding character of arylimido molybdate derivatives has been investigated, using density functional
theory (DFT). The natural bond orbital analysis reveals that theeMdriple bond in the arylimido molybdate
derivatives is comprised of@bond and twar-bonds. The energy analysis of 2,6-dimethylaniline disubstituted
molybdate derivatives [MfD;17R;]?>~ (where R= 2,6-dimethylaniline group) has been performed. The results
show that orthogonal [Mi®D;7R,]?~ is more stable than diagonal [M©;7R;]?>". The bonding capability of

the MasO17R fragment with arylimido group R is strong for orthogonal [{g-R;]?>". 2,6-Dimethylaniline
disubstituted hexamolybdate derivative prefers to form an orthogonal derivative. The analysis of geometrical
and electronic properties provides further support. The arylimido effectively modifies the occupied molecular
orbitals and extends its organicelectrons to the polyoxometalate skeleton. The major contributors to the
highest occupied molecular orbital (HOMO) are p orbitals centered on the C atoms and N atomg, and d
orbitals centered on Mo atoms linked with the N atom of the organoimido group. The present investigation

provides important insight into polyanierorganoimido interactions.

1. Introduction alized, and dumbbell hybrid materials by means of a palladium-

Polyoxometalates (POMs) constitute an immense class of catalyzed coupling of a POM cluster with organoimidé? 2223
compounds and exhibit remarkable chemical and physical and they syntheS|z.ed a hlgh-purlty disubstituted prthogonal
properties, which have been applied in a variety of fields, hexamolybdate derivative by reacting[MogOz]*~ with or-
including catalysis, medicine, biology, analytical chemistry, and 9anoimidot?
materials scienck:® Recently, numerous novel POM functional Although POM chemistry is an extremely rich area of
materials have been produced. Among them, the POMs with experimental research, calculations on POMs have been rela-
covalently bonded organic species in their surfaces generate newively scarce. Beard and co-workers have investigated the
multifunctional hybrid materials with fascinating structural, properties of a variety of systems, such as electronic properties,
electrochemical, and photophysical properties, and this hasredox properties, hosguest interactions, and the relative
become a focus of the synthesis chemistry of PGMS. basicities of oxygen sites, using the ab initio Hartr€®ck and

In 1992, Judeinstein reported the first PGIdolymer hybrid the density functional theory (DFT) methét2” Poblet and
material in which Keggin POM cluster was covalently linked co-workers have reported a series of theoretical investigations
to a polystyrene or polymethacrylate backbone throughCsi on the electronic and magnetic properties and relative stabil-
bonds!#Lalot and co-workers subsequently synthesized POM  ity.28-35 Bridgeman and co-workers have reported DFT inves-
polymer cross-linked network§:1” Stein and co-workers tigations that involved the molecular and electronic structures
prepared macroporous silica materials with PE&NE Maatta of isopolyanions and heteropolyaniofs3® Borshch have
and co-workers reported organic polymers bearing polyoxo- investigated the electron delocalization in substituted poly-
metalates pendar®?! The chemistry of POMs has gained great  anjons?®-42 Others have made significant contributions as
interest and led to promising applications. Among many organic well.#3-45 Recently, DFT has been widely used in computational
derivatives of POMs, organoimido derivatives have attracted a chemistry; in particular, it has been used to simulate transition
particular interest. Recently, a large number of imido derivatives metal complexe484” These works have shown that DFT is the

of the hexamolybdate anion have been synthesized continuouslyoptima| choice to investigate complicated transition metal
Peng and co-workers prepared monofunctionalized, bifunction- gystems including POMs.

* Author to whom correspondence should be addressed. Phog6: The experimental investigations have shown that organoimido
431-5099108. Fax:+86-431-5684009. E-mail address: zmsu@nenu.edu.cn. is an effective template to synthesize inorgarocganic hybrid
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Figure 1. Calculation models.

materials. Organoimido derivatives can extend their organic approximation (LDA) characterized by the Vosk@/illk —
m-electrons to the POM skeleton, and, in the meantime, the Nusair (VWN! parametrization is adopted for the correlation
synergistic effect between inorganic clusters and organic seg-functional. In addition, gradient corrections of Bétlkand
ments would occur. Although several organoimid®OM Perdevt® nonlocal corrections are used for the exchange and
derivatives have been synthesized, challenges remain. First, whatorrelation functionals, respectively. Tripfebasis sets with
is the nature of the bonding between the polyanion and the added polarization functions were taken to describe the main
organoimido group? Second, why does the 2,6-dimethylaniline group elements (C, N, O, H), whereas for the transition metal
disubstituted hexamolybdate derivative prefer to form an Mo atom, the approximation of a frozen core was used up to
orthogonal structure rather than a diagonal structure? Third, whatthe 3d state. The relativistic effects were taken into account,
is the function of the asymmetry of the central oxygen atom in using the zero-order regular approximation (ZORA).
the derivative? In this work, we attempt to address these The calculation models of [M1¢]2~ (System 1), monosub-
problems, using the DFT method, and further provide useful stituted [MaO1gR]?~ (system 2), and disubstituted [Moy7R5]2
guidelines for the rational design synthesis of this type of derivatives (where R= 2,6-dimethylaniline; the orthogonal
material and their three-dimension networks. Our work is the derivative corresponds to system 3 and the diagonal derivative
first study of the bonding characters and electronic properties corresponds to system 4) are shown in Figure 1. The geometries
on two isomers of disubstituted hexamolybdate derivatives of systems 1 and 2 were optimized un@grandC,, symmetry
[MogO17R.]?~ (where R= 2,6-dimethylaniline group). The  constraints, respectively. The geometry optimizations under the
preferable structures of two isomers have been examined, andespectiveC,, andD2, sSymmetry constraints for systems 3 and
the modified functions of organoimido have been interpreted. 4 were also performed.
The deeper insight into the bonding nature of polyanions with 11,4 ¢t energies of disubstituted hexamolybdate derivatives
organoimido groups has been gained, using natural bond orbltaI[M06017R2]2_ were extracted from single-point BP86 and
(NBO) analysis. B3LYP calculations with the Gaussian98 progrgkito further
ascertain the bonding between the arylimido and the molybdate
cluster, we performed single-point calculation at the B3LYP
The DFT*849 calculations reported in this work were per- level involving the effective core potential (ECP) on the Mo
formed using the ADF2003.01 progra&hThe local density atom, using the Gaussian98 program. In all Gaussian98 calcula-

2. Theoretical Details
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LUMO+1 (1. 887eV) LUMO (1.603eV) HOMO (-0.935eV) HOMO-1 (-0.935eV)
Figure 2. Schematic orbital diagrams of [MO1¢]?~ (system 1).
TABLE 1: Calculated Bond Lengths for [Mo ¢O1g)2~ and interpreted by the orbital distribution of system 2. The isopo-
[Mo6O15R]* lyanion [MasO1g]%2~ has the typical molecular orbital arrange-
Calculated Bond Length (&) ment33 where the occupied orbitals formally delocalizes over
atom pair [MaO1g2 (system 1) [MQOwR]Z (system 2) the oxo ligands, anq the qnoccupled o.rbltals. are symmetry-
adapted d-metal orbitals with some antibonding participation
Mm:ob 1.954 (1.92) 1.972 (1.95) of O p orbitals. Me-O interaction has Mg-O, character.
01— 0O 2.354 (2.32) 2.270 (2.23) . :
M0y—Op 1.728 (1.68) 1.728 (1.69) HOMO, HOMO-1, and HOMO-2 orbitals are triply degenerate
Mo;—N; 1.795 (1.73) orbitals with their t; symmetry. The orbital diagrams and

energies for frontier molecular orbital of [MO19]%~ are given

in Figure 2. Under the constraint @, point group, six Mo
tions, the LANL2DZ basis set associated with the pseudo- atoms are all equivalent. The probabilities of six Mo atoms
potential was used to describe the Mo atom, and the 6-31G(d)accepting electrons are equal in the redox reaction.

basis set was used to describe the C, N, O, and H atoms. The In system 2, the arylimido R effectively changes the orbital
bonding in the arylimido molybdate derivatives was examined property of molybdate (Figure 3). There are two significant

a Experimental values are given in parentheses.

by NBO. contributions to the HOMO: the first is the delocalizedond
_ _ coming from the C atoms of arylimido, and the second is the
3. Results and Discussion d—p z-bond from the ¢ orbital on the Mo atom, which links

the N atom and jporbital on nitrogen. The HOMO shows

3.1.1. Geometry and ChargeThe bonding characters of significant delocali;ed chargcter. Thebonding interactiqn
organoimido-substituted POMs have attracted much attention PEtween the organic delocalizeeelectrons and the polyanion
from both experimental and theoretical chemistry fields. With Cluster d electron results in excellent synergistic effect, which
monosubstituted [MgD1sR]?~ as an example, the nature of the 1€2ds to stable inorganimrganic hybrid compounds.

bonding was analyzed. It is well-known that the O atoms in  The Ni—C; distance is 1.362 A in system 2; however, in the
the Lindqvist isopolyanions and their derivatives can be divided free 2,6-dimethylaniline group, the;NC; distance is 1.290 A.
into three Categories: terminal OxygentX’OJridging oxygen The stable derivative is obtained when the Mo atom bonds to
(Op), and central oxygen (Qatoms. POMs that contain metal ~ the N atom, and the NC bond in the organoimido is
oxygen octahedra with only one unshared O atom have beensimultaneously weakened. The highest occupied orbital of the
classified as Type | by Popé57 The inherent property of these Mo atom is the ¢ orbital, and the N porbital of the HOMO
POMs is that their bonding nature would be affected by adding iS on the Mo-N plane. The large overlap results in strong
one or several electrons with only little changes in structure. bonding between them. This point will be discussed more
The optimized partial geometrical parameters are listed in Table specifically in the next section. The HOMO and HOMO-1 of
1, which also includes experimental data taken from the System 2 have the same symmetry, but the energy and electronic
compilations of Tytko et af® and Peng et @B Clearly, the distribution of both orbitals are different, with energies of
important structural parameters are well-reproduced in the —0.642 and-0.919 eV, respectively. The HOMO-1 energy of
theoretical calculations. system 2 is more similar to the HOMO energy of [Mag2~

The symmetry of [M@OsR]?" is reduced fromOy to Cyy (—0.935 eV). The pand p orbitals centering on the bridging
when the organoimido is introduced into [®g2". The bond O atoms are the major contributors to both orbitals. It indicates
lengths of Me-O; do not change significantly, but those of thatthe arylimido moiety of system 2 appears first in the HOMO
Mo;—0y, and Mg—0O do: Mo,—0Oy was lengthened and Me and determines the energy level of the derivative. The HOMO
O, was shortened. The central oxygen atom)(® closer to  in the [MosO19]?~ corresponds to the HOMO-1 in the
the imido-bearing Mo atom. These remarkable structural [MosO1sR]?". The difference between the energy of the LUMO
characters reflect the charge density. Using the charge analysigind LUMO+1 in system 2 is subtle. Both orbitals are very
of Poblet® we calculated the charge transfer of Mo atoms. Similar to that of [M@O1¢]?", of which the main compositions
Mulliken population analysis shows that the net charge oa Mo are Mo d-orbitals with the participation of O p-orbitals.
is +2.2585, which means that the Mo atom has transferred 3.1.3. Natural Bond Orbital (NBO) Analysihe Mc=N
37.6% of its valence electrons to the N atom and its adjacent Otriple bond in the arylimido hexamolybdate derivative has been
atoms. This result confirms the significant covalent character demonstrated as its short bond length, and an almost-linear Mo
of molybdenum-nitrogen interactiofi! The bonding character N—C bond angle was observed in the experiniédt. To
will be discussed more specifically below. interpret the arylimide-[MogO14]%~ interaction, NBO analysis

3.1.2. Electronic Properties of Monosubstituted Arylimido is summarized in Table 2, using system 2 as an example. There
Derivatives The bonding character of arylimidd®OMs is are a Mo-N o bond (comprised of alg%%'d*%4 Mo orbital and

3.1. Bonding Character between Arylimido and [Ma;O14]2".
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LUMO+1 (1.613eV) LUMO (1.606 eV)
HOMO (-0.642¢V) HOMO-1(-0.919V)
Figure 3. Schematic orbital diagrams of [MO1sR]?>~ (system 2).
TABLE 2: Occupancy, Orbital Hybridization (Orbital Coefficients), and Orbital Type of System 2
natural orbital occupancy orbital hybridization (orbital coefficients) orbital type
Mo—N 1.9772 0.4899p%%1d*64(Mo) + 0.8718 4p°85(N) o
Mo—N 1.8594 0.5619 d (Mo} 0.8272 p (N) g
Mo—N 1.8403 0.5594 d(Moy- 0.8289 p (N) I
N-C 1.9874 0.7670'p'18(N) + 0.6416 $p>51(C) o

a 9p°8 N orbital) and two Me-N z-bonds (comprised,

TABLE 3: Mo ¢017R—R Interaction Energy (AE) of Systems

respectively, of a pure Mo d-orbital and a pure N p-orbital in 3 and 4

system 2. Thus, the interaction of Mand N shows triple-

bond character. The corresponding orbital has significant
contributions from both Mpand N, atoms. Because the electron
occupancies of MeN are similar to 2.0, it clearly shows that
the arylimido is strongly bonded to the molybdate. This strong
interaction can be utilized to construct covalently POM net-
works. In addition, N—C; linkage is ao bond comprised of a
s'pl18N orbital and a ¥p?51 C orbital, so it indicates dominant

N—C single-bond character.

The interaction between the arylimido and the polyanion

cluster was similar to that of the Dewa€hatt-Duncanson

model®>® The dominant bonding interactions of arylimido and

molybdate arise from arylimide> molybdenunms donation and

molybdenum— arylimido sz back-donation. The most important
orbital interactions should be donation from the occupied orbital
of arylimido into the empty g orbital of molybdenum, and
back-donation from the,gdand d, orbitals of molybdenum to

the empty N p-orbital of arylimido (Figure 4).

Cg?._@_ 88__ —

Mo

Figure 4. Schematic representation of the synergistic—N Mo
o-donation and N— Mo z-back-donation.

3.2. Preference of Disubstituted [M@O17R5]2~ to Form an
Orthogonal Derivative. 3.2.1. Energy Analysis It is

Value
parameter [MgO17R;]%~ (system 3)  [M@O17Rz]%~ (system 4)
Er (eV) —65726.1697 —65711.9049
Emos0ur] (V) —55791.1741 —55790.9545
Er (eV) —9888.4987 —9880.1194
AE (eV) 46.4969 40.8310

increase the steric repulsion in organic substituted reactions.
Contrary to this expectation, high-purity orthogonal disubstituted
[MogO17R;]2~ has been synthesized from the reaction of
[a-MogO2¢*~ with 2,6- dimethylaniline (Rk).23 Why? The total
energies of two systems at the BP86 and B3LYP levels favor
the orthogonal structure over the diagonal structure-ib¥.2648
and—14.7034 eV, respectively. The orthogonal structure is more
stable than the diagonal structure.

To investigate the influence of the arylimido R group on the
stability of the disubstituted [Mg;7R2]%~, the interaction
energies between the arylimido group R and the {®OleR]
fragment of systems 3 and 4 were analyzed using the Gaussian98
program, and the results are shown in Table 3. In the calculation,
the arylimido group (R) is considered to be dianionic and the
spin multiplicity of R is 1. The [M@O;7/R] fragment is neutral,
in that the spin multiplicity is 1. The Mf@®;7R—R interaction
energy in system 3 is larger than that of system 4. It indicates
that the bonding capability of the MO;7R fragment with the
arylimido group R is stronger in system 3 and shows that system
3 should be more stable. The thermodynamic stability of

very common that the orthogonal structure is available to the orthogonal disubstituted structure is an important factor,



DFT Study of Molybdate Derivatives J. Phys. Chem. B, Vol. 108, No. 45, 20047341

LUMO+1 LUMO

HOMO-1

LUMO+1 LUMO

HOMO HOMO-1
Figure 5. Schematic orbital diagrams of [MO17Rz]%".

leading to the synthesis of high-purity orthogonal disubstituted and Mg—O, becomes shorter, because of the interaction
[MogO17R;]?". The theoretical results agree very well with the between the Mpand Q atoms. The Mg—Q, distance is 2.365
experimental resufg A, which is similar to that in [M@0O10]2~. Among the Mo-O;
3.2.2. Influence of the Central OxygenJQOn [MogO19]%", bond lengths of [MgO1gR]?~, the largest one is Me-O; (2.382
the distances of all MeO. bonds are all equivalent and the A). In [MogO1gR]?", the distances of MeQ are not equivalent,
central oxygen atom (§inside the hexamolybdate cage bonds at the same time, Mo atoms and O atoms formed an ellipsoid.
to each Mo atom, keeping t@, symmetry of [M@O1g]2. The The fact that the second arylimido is introduced into /Mo
polyhedron formed by the Mo atoms and the @&om have Mo, sites has maximal probability. It undergoes a lower energy
obvious asymmetry in the organoimido derivative; however, process. If the second arylimido was introduced into the; Mo
how does the @atom affect the structure of [M®;7R;]%~? atom site, the @atom would be closer to the M@toms. The
To answer this question, the properties of monosubstituted bonding stability of Mg—0O,, Mos,—0,, and Ma—0, would
[MoeO1gR]% are first discussed. The distances between the O be affected and is unfavorable to the stability of the disubstituted
atom and the Mo atoms are altered by introducing the orga- derivative.
noimido group R. In system 2, the distance of M@, is 2.270 The Mo—0O; distances in system 3 are different from those
A the Q. atom is drawn closer to the imido-bearing Mo atom of [MogO1gR]?". In system 3, both of the distances (MO,
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TABLE 4: Fragment Analysis (AEo, AEg, AEp, and AEg)
for [Mo ¢017R;]%~ Derivatives

Value
parameter  [MgO17Rz]> (system 3)  [M@O17Rz]? (system 4)
AEo (eV) —13.3671 —13.2306
AEg (V) —31.7860 —31.5219
AEp (eV) 24.9867 24.6643
AEg (eV) —20.1664 —20.0882

and Mg—0,) are 2.237 A, and the Mg-O, distance is 2.377
A. The largest bond distance, for MeQg, is 2.449 A, which
is longer than that in system 2. It can be seen that that@m

is closer to the imido-bearing Mo atoms in the organoimido

derivatives. The @atom has an important function that stabilizes

Yan et al.

——1.834 1824

1506

—— 1.591 ——
1.580 LUMO

LUMO™1.563

HOMO -0.679 -0.671 HOMO
-0.690 0714 ——
——-0.956 -0.939 —
system 3 system 4

Figure 6. Energy levels (given in eV) of the frontier molecular orbitals

the organoimido derivative cluster. The reasonable conclusion (FMOs) of [MosO17Rz]?".

is that the third organoimido group is bonded todyiinus, the
trisubstituted derivative may be obtained.
3.2.3. Fragment Analysi$n the ADF program, the bonding

(1) The energy level of the highest occupied molecular orbital
(HOMO) and HOMO-1 in system 3 are almost degenerate. At

energy Es) analysis can effectively described as the fragment the same time, the major contributors to HOMO and HOMO-1

relative effect on bonding stability. According to the transition-

state method of Ziegler and Raffkthe molecular bonding

energy Eg) can be decomposed as
Eg=Ec+ E-+ Eq Q)

where Eg, Ep. and Eq are the electrostatic interaction, Pauli

are the p-orbitals centered at the C atoms and N atogs, d
orbitals centered at the Mo atoms, and p-orbitals centered at
the O atoms which are close to two organoimido groups.
Furthermore, for the FMO, the—tb w-bonding is formed by
the symmetry-adaptedygorbitals on the Mo atoms and p-
orbitals on the N atoms.

(2) The lowest unoccupied molecular orbital (LUMO) and

repulsion, and orbital mixing term, respectively. Descriptions LUMO++1 in system 3 concentrate on the POM cluster coming
of the physical meaning of these properties have been given byfrom both Mo atoms and O atoms.

Landrum, Goldberg, and Hoffmarthand by Bickelhaupt and
Baerends$? Eg is an electrostatic term whose contribution is
primarily dominated by the nucleu®lectron attractions. The

(3) In FMO, the arylimido can modify the occupied molecular
orbital and extend its organic-electron to the POM skeleton.
(4) The same electron distribution behavior occurs in sys-

Pauli repulsiof? acts as the destabilizing effect, which is caused tem 4.

by the larger energy shift of antibonding orbitals to bonding

orbitals.Eq results from the mixing of occupied and unoccupied
orbitals. ThereforeEg andEo show stabilizing effectssg is a

The important function of the central oxygen atom)(fonds
with six Mo atoms is to stabilize [MgD:¢]2~ and its derivatives.
In systems 3 and 4, the.&tom occupies the deep orbitals;

total molecular bonding energy, relative to the sum of the single thus, it helps to stabilize both systems. Theafbm in system
atoms. A fragment approach to the molecular structures of the 3 has sphybridization and orients the bridging O atoms, which
polyanions can provide further insight into the bonding stabil- eads to strong interaction between thea@m and the neigh-

ity.3° For comparison with the influence of the central&om
in disubstituted [M@O17R;]%~, the following decomposition
scheme was used:

[MoeoleRz]o + [Oc]27 — [MogO,-R;] - (2

boring bridge O atoms. At the same time, the favorable elec-
trommunication occurs in system 3. The &om in system 4

has no hybridization and points outward along the axial orien-
tation. It is disadvantageous to produce strong interaction be-
tween the @atom and the neighboring bridge O atoms, because
of the steric distance. This is also a factor to make system 3

The bonding energy relative to the fragments described by eqmore stable.

2 is given by

AEy= AEg+ AE,+ AE, ®3)

4. Summary and Conclusions

Herein, we have reported, for the first time, to use density
functional theory (DFT) calculations to interpret the bonding

The results are shown in Table 4. It can be observed that thecparacter, favorable orthogonal [M®7R:]2-, and electronic

interaction between [MgD16R,] and the Q atom in system 3
generates a stronger contribution than that of systervEy
and AEg have an important contribution. Comparison with
system 4 shows that the stronger interaction of §®h@R,] and

properties of arylimido derivatives. The computational results
are in good agreement with the experimental results and provide
rational interpretation to several problems that could not be
resolved by the experiments. Several important conclusions are

the Q atom in system 3 leads to stronger overall bonding, and given as follows:

the bonding between the.@tom and the Mo atoms makes a
significant contribution to the stability of the orthogonal
[MogO17R2]?™ cluster.

3.2.4. Electronic Properties of Disubstituted Arylimido

(1) The close interaction of the organoimido delocalized
sr-electron with the d-electrons of the molybdate polyanion leads
to stronger synergistic effects. Consequently, the stable organic
inorganic hybrid compounds are obtained with determining

Derivative. When the organoimido group locates at the different structures. Natural bond orbital (NBO) analysis was performed

sites of [M@O14)?", the stability of the compound is affected

to investigate further the bonding character of an arylimido

and the electronic property of the derivative may be altered as derivative. The strong MaN triple bond can be formed through
well. The frontier molecular orbital (FMO) schemes of systems the N— Mo ¢-donation and N— Mo s-back-donation in the
3 and 4 are depicted in Figure 5, and their energy levels of formation of the arylimido derivative.

FMOs are shown in Figure 6. The following conclusions can

be given:

(2) The energy analysis showed that system 3 is more stable
than system 4. The bonding capability of the {@e;R fragment
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with the arylimido group R in orthogonal [M@®:7Rz]%" is
stronger than that of diagonal [MO17R]%~. According to the
distance between the central oxygen aton) (&d the Mo
atoms, it is confirmed that the favorable orthogonal §gR;]%~

is formed when a second organoimido group R is introduced
into [M06018R]2*_

(3) Compared to [MgD1g]?", the arylimido effectively
changed the properties of the occupied molecular orbital of the
[MogO1gR]%~ and [MasO17Rz]%~ derivatives. In the highest
occupied molecular orbital (HOMO), the-gh z-bond is formed
between the symmetry-adapteg-like orbital of the Mo atom
with the p-orbital of the N atom of the derivative. The organic
m-electrons extend their conjugation to the polyanion cluster.
The lowest unoccupied molecular orbital (LUMO) of arylimido
derivatives is similar to that of [Mg1q]2".

(4) The central oxygen atom (Dis closer to the imido-
bearing Mo atom in the organoimido derivatives. Theafm
is responsible for stabilizing the cluster.
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