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Our goal is to develop a theoretical methodology for the analysi$dfIMR spectra in vanadium phosphorus

oxide (VPO) systems important in heterogeneous catalysis. Within the framework of density functional theory,
we investigate the shielding of the phosphorus nucleus in a series of related compounds. The importance of
the basis set is pointed out by looking at the influence of polarization functions on the chemical shift of
phosphorus in BPO,. Using the B3LYP functional, very good agreement with the experimental isotropic
shielding is reached for the binuclear species [{MBIPQy)(2,2-bipy).] constructed from two edge-sharing
dioxovanadium(V) octahedra. As a prime motivation, a parent vanadium(V) model of pyrophosphate catalyst
is finally studied to compar&P numerical calculations with experiment. Satisfactory shielding constants are
obtained, making phosphorus a probe to investigate the transition metal environment.

1. Introduction of edge-sharing octahedra linked together by pyrophosphate

) : P,O7*~ units!! Along the [100] direction, YOg units are
_Catalysts based on "ana!d'”m pho;phorus oxu_jes (VPO.) ar€onnected through*0O—V=0 bonds in a distorted octahedral
widely used for the industrial production of maleic anhydride

from n-butanel2 Vanadyl pyrophosphate, (V@B,0r, is the environment. We have shown that a minimal model describing
. ) IS valence states is given by two dimers along this direction. The
main component of the active catalyst. However, it is widely stability of the corresponding four-nuclear vanadium cluster has
accepted that other phases of VP@e also involved in the been télalculated a a?nst st?uctural distortions appearing when
catalytic reaction. Possible mechanisms of transformation be- 9 pp g

i0 \PH/\/4+ istrihtion in thie mised-
tween different phases during the reaction were proposed, butthe ratio VP*/V4+ changes. Electron redistribution in this mixed

the exact nature of the catalytic active site has not been under-valence cluster turned out to be a driving force in the insertion
mechanism of oxygen from the lattice vanady=® group.

stood so far. It is quite natural that a large range of experimental . : i g
d g g p However, this model did not contain explicitly any P atom and

methods (X-ray diffraction, EPR, IR-Raman spectroscopy, d b q dv th h loxi
electrical conductivity, electron microscopy, etc.) has been used €°uld not be used to study the NMR spectra. The complexity

to analyze these systems. An important place in the experimentalf”md richness of structural and electronic information contaiped
studies of VPO is occupied by NMR &P and5lV nuclei4-8 in VPO NMR spectra ask for the development of new theoretical
VPO phases that do not contain paramagnefic igns can be ~ Methodologies.
characterized by conventional magic angle spinning NMR  Ab initio calculations of NMR chemical shifts have been
spectroscopy, whereas in the presence of paramagnetic centerextensively developed for the past few years. Several reviews
informative spectra can be obtained by the spin echo mappingon this topic are available in the recent literatt#&3The ability
technique. to predict chemical shifts has undoubtedly strengthened the
The main findings for the different VPO systems obtained richness of this powerful spectroscopic technigue. In that sense,
by NMR can be summarized as follows. Three different groups different approaches were used to accurately estimate the
of signals can be identified around 0, 2300, and 4600 ppm, shielding tensor and compare its isotropic part to experimental
referred to as belonging to%, V4+, and \A* phases, respec- liquid NMR data. Excellent agreement with experimef0(1
tively. Within each group signals are spread over quite a large ppm) for very small molecules with large basis sets was
range, and in some cases an important temperature dependenagbserved for proton shielding:!®> Pioneered calculations on
is observed. The peaks positions depend on the local environ-phosphorus in P® and in phosphine oxides were performed
ment of phosphorus by vanadium atoms, and especially on theat Hartree-Fock and Mgller-Plesset (MP2) theory levels with
local V5T/V4+ distribution, which in turn controls the maleic  useful accuracy’ However, since long-distance electron cor-

anhydride productiof? relation effects should be explicitly taken into account, these
Recently, we analyzed a cluster mddélof (VO),P.0; in methods may not be well-adapted for larger systems. The use
order to clarify the role of mixed-valence state5{\V-V4") of large basis set is impractical to carry out elaborate calcula-

appearing under reaction. The layered structure is made of pairgions. Nonetheless, density functional theory (DFT) has emerged
as an alternative approach to tackle systems of bigger size in a
* Author to whom correspondence should be addressed. E-mail: computationally inexpensive wa§.23 Performances compa-
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Therique. and motivated the use of DFT methodology to push back the
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calculations ofP chemical shifts were performed by the DFT 13
methods for some simple molecufégS Although of greatest ~
interest in defining local environment, calculations for phos-

phorus nucleus shifts have been extended only once to systems 0.02

containing transition metaf8.The presence and the nature of
any metallic site can be identified from the interpretation of
3P NMR spectra.

0.01

The calculations of'P chemical shifts in VPO or their models OO01T e nction d
are limited by two important constraints. First, these are not 0.0 2 functions
molecular but extended solid-state systems. Calculations on d
model clusters definitely introduce an error, which is difficult 3 functions

to estimate. Second, % is a paramagnetic ion (electronic  Figure 1. Chemical shielding of phosphorus irsP, as a function
configuration d), and in Vanady| pyrophosphate these ions are of the nature and the number of polarization functions. The relative
linked by exchange interactions, the scheme of which is still changes with respect to the reference calculation with the 6-311G basis
under discussion in the physical literatdfelhe conventional are shown.

DFT methods have been mainly used (until now) for diamag- TABLE 1: Range of Shieldings of Phosphorus in Phosphoric
netic systems. It is well-known that the main contribution in  Acid

NMR chemical shift is given by the hyperfine interactih. basis set description shielding (ppm)
Theoretical studies of NMR in magnetic exchange-coupled

. ; 6-31G doubles 366
systems need not only quantum-chemical calculations of one- 6-311G tripleg 295
center hyperfine interactions but also consideration of the D95 doubleg 356
magnetic structure, which can be done on the basis of cc-pvDZ doubleg 393
phenomenological Heisenber®irac—Van Vleck Hamiltonian. cc-PVTZ triple€ 313
This strategy was adopted for biological-F® clusters? ce-PVQZ quadruplé; 333

Under these conditions, it is difficult to hope that quantum- critical role of the basis set. The selection of a basis set will be
chemical calculations can reproduce the chemical shifts of VPO considered in the next paragraph where phosphoric acid is
with high precision. However, our goal, at least for this moment, studied.
is different. We would like to set up a method that could be
used as a qualitative base to extract structural information from 3. Calculations of Phosphorus-Containing Molecular
VPO NMR spectra. This method must be of comparable Systems
precision for simple molecules used as referencé$HMMR (a) Phosphoric Acid: A Reference Calculation.The 3P
spectroscopy and more complicated clusters containing several\Rr experimental reference is phosphoric acid 80% in water.
vanadium atoms. Thus, we decided to concentrate on smallThe ahsolute chemical shielding value has been reported in the
molecules containing phosphorus fragments of the system,jiterature and given as 328 ppthThe authors showed that
namely, HPQ and HiP,0;. Special care was taken with respect  accurate shieldings could be obtained if correlation and rovi-
to the basis set and the role of polarization functions. The prational corrections were included. Our goal was not to
evaluation of the isotropic shielding constant in phosphoric acid yeproduce such a level of accuracy but rather to select a reliable
was required since resonance®# in HsPQy is the reference  enough basis set to perform all our calculations within the very
standard fo?'P NMR. We then assessed our calculations on a ggme approach. Since much larger systems were to be inves-
binuclear vanadium complex containing the HP@roup asa  tigated, we explored the possibility of getting satisfactory results
bridge3° This structure is very similar to the one found in VPO. with a modest amount of time. The comparison of density

Finally, the four-center model previously construét€was  functional methods has been reported elsewhere and revealed
expanded in order to include phosphorus bridges. NMR calcula-that the GIAO/B3LYP procedure probably represents the best
tions were performed on the diamagnetic %4{tbur V(V)) compromise?®3” Another motivation for the calculations of

electronic configuration. In the following, we provide details phosphoric acid is that it contains the P@trahedral fragment,
of the calculations we used along this approach to get a clearerwhich is found in all VPO phases.

understanding of the chemical shift variation in vanadium  The molecule geometry was optimized un@ag-symmetry

phosphorus oxide models. constraint and standard 6-311G basis set. More extended bases
do not lead to any meaningful geometrical changes. Table 1
2. Methodology summarizes the shielding constant values obtained from a

selection of basis sets implemented in the Gaussian program.

Various approaches for the calculations of chemical shifts According to our criteria, 6-311G turned out to be a satisfactory
have been used to solve the crucial gauge origin proBléfh.  candidate. The corresponding shielding vaii@-311G)= 295
A survey of these developments is out of the scope of this paper.ppm was chosen as an arbitrary reference calculation. One can
We rather focused on one specific method, namely, the GIAO then include very conveniently additional polarization and
procedure (Gauge Including Atomic Orbitals), as it already has diffusion functions. As seen in Figure 1, the nature and the
a strong history of succed3* We used the DFT/GIAO ap-  number of polarization functions play a dominant role in the
proach as implemented in the Gaussian 94 prodgfavie re- calculation of chemical shielding constants. The geometry we
stricted ourselves to one single hybrid functional, namely, determined with the 6-311G basis set was maintained in all these
B3LYP, which proved its efficiency in structure optimization calculations. Thus, any variation in Figure 1 can be attributed
and NMR chemical shift calculations. All molecular systems to the size and the nature of the basis set. Let us clarify this
studied in this paper were completely or partly optimized. As important issue.
NMR calculations for elements such as phosphorus have The picture we shall use is a one-electron excitation scRéffe.
received limited consideration, we paid special attention to the First, let us briefly recall the theory of magnetic shielding to
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get a clearer understanding of the changes we observedThis result has a clear physical meaning. Additional orbitals
Expression of the magnetic shielding of nuclei in molecules create depletion of electronic density close to the nucleus. Thus,
was first developed by N. F. RamstThe electror-nucleus the hyperfine coupling is reduced by artificial electron density
coupling in diamagnetic substances gives rise to energy withdrawing. One should expect the very same trend for the
modifications calculated by perturbation theory. Energy terms paramagnetic component that is proportional to the expectation
bilinear in the external field and the nucleus magnetic moment value of 1f3. However, the smaller the potential range, the
provide the contributions to the chemical shift tensor. The latter greater the changes in the electronic density in the vicinity of
splits in two parts: the diamagnetic terBy associated with the nucleus. Therefore, the polarization functipreduces to a
the rotation of the ground-state clo{@.Cand the paramagnetic  larger extent the contribution of the paramagnetic shielding
oneXj, resulting from the mixing of the ground state with excited constant than the contribution of the diamagnetic one. As a
stategnill The symbols we introduce here were defined in the result, the shielding constant is enhanced and {G — o(6-
original paper in whichi refers to the orientation of the molecule 311G} /{0(6-311G} > 0 as seen in Figure 1 (first series).
and|n[to the other degrees of freedom, namely, electronic and Even though the general behavior is the one expected from
vibrational states. Following Abragam, the diamagnetic and this elementary analysis, we felt that if one could clarify the
paramagnetic tensors are decomposed into tracelesspfs contribution of polarization functions into electron circulation,
3’ pdand scalar onesy, 0.3 For our purposes, we concentrate  a clearer control of the basis set size might result. Let us first
on the scalar parts, independent of the indeand written as point out the parity of the orbital momentum operaltorf IT
stands for the parity operattrthen theX component x satisfies

2
€ 1
04= 4{3m p @‘ Zr_ O[H @) O =1Yp, - zP)II =
K
(=YI)(—1IP,) — (=ZII)(—TIPy) = Ly (8)
25 1 3
o= [(D|L|n|Z|k/rk|0 2 where we used the fact that position and momentum are odd
3 =B~ B operators. As expected, the orbital momentum operator is even.

In the ground stat¢0l) the second highest occupied molecular
orbital (SHOMO) has main 3p-phosphorus character. In the
presence of a polarization functigm, the ground state {00
(see notation in eq 5) and the lowest unoccupied molecular
orbital (LUMO) has main contribution og;. From Slater’s
rules, nonzero matrix elemen|zklk/ri’|0|] which are likely
(1) @,1) to 'corytribute most to the pargmagnetic part (3)f the ghemical
02 o) @10, 3) shlelgmg tensor, are proportional _tmp|zklk/rk|;_aD Since
>di/ry is an even operator, the matrix element is zero unless
out of which a reference shielding value = o4 + o, is the two orbitals 3p ang have identical parity. The conclusion
calculated. we have just drawn out of the one-electron<3yy, excitation

If one increases the size of the basis set by including someS very.similar to Laportg’s ruIe._ Thys, one should expect a Ie}rger
polarization functiory, the net effect is the mixing of; into reduction of the chemical shielding whenever odd functions
@1andg,. One should remember that a set df21) functions are included. As seen in Figure & js smallest for f-typel(=

with (—1)' parity is actually added can be associated to either 3) Polarization functions. _
the a or 8 spin part. Thus, we may write the new canonical The strong reduction of shielding witlrcharacter of polariza-

As seen in egs 1 and 2, the contribution of additional functions
may be significant in the calculation of the tensor parameters.
A clearer and not restrictive picture will arise from a two-
electron system. Let us defigg and ¢, as the canonical spin
orbitals. The ground-state wave function takes the usual form

0=

functions as tion orbitals (d and g) is to be interpreted from the competition
between the diamagnetic and paramagnetic contributions. As
19,0= N{ 1o, 0+ oy |33 and [¢,0= N{ |, H a,ly, 3 mentioned beforef > 0 along the first series. However, the
() most significant change in the paramagnetic shielding when one
modifies the nature of the polarization functigries in the 3p
and the perturbated ground state as < x excitation term. Since the latter is zeioig even,| = 2

. and 4), shielding variations arise from perturbation of the
|0C= 3,3, = NyNL{|0TH oLl @y — o4l@0l}  (5) diamagnetic part. The higher the orbital numibethe more
diffuse the orbital. Therefore, the electron density in the vicinity
N; andN; are normalizing factors. Using Slater’s rules for the of the resonant nucleus is reduced, and the diamagnetic shielding
calculation of matrix elements, the scalar part of the diamagnetic decreases. As seen in Figure&lis reduced wheny, evolves

tensor (see eq 1) becomes from d to g-type.
. ) 2 ) 2 @ As soon as another set of polarization functighs added,
09 = (N\N)H 0g + loy[og” + 0,04},  where the shielding decreases as a consequence of two dominant

_ & 1 contributions. The paramagnetic part is hardly changed since
af,') - i%l‘ Z_ @i%ﬂ(G) 3p <y, excitations are forbidden fdr= 2. On the other hand,
3md& e the diamagnetic shielding decreases from electronic density
depletion, and a global decrease results. The trend is the one
The number of nodes in the polarization functigris greater ~ observed in Figure 1 and is very sensitive to the nature of the
than ing; andg,. Thus its contribution close to the nucleus is  polarization function. As a matter of fact, low-lying polarization
reduced, andy > ag>. SinceN?(1 + |aj|?) = 1, from eq 6, we orbitals (i.e., d orbitals) have a greater tendency to mix into the
get the following inequality ground state than the higher in energy do (i.e., f and g orbitals).
. An examination of Figure 1 reveals the modest contribution of
04 = 0y (7) a second set of f or g orbitals.
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HO /o) TABLE 2: Shielding Tensor Elements of the
\P// [(VO2)2(HPOL)(2,2-bipy),] Molecule
/ \O Oop Ao n
(|) | 0 9.7 0.8¢% 318
WOu,, 17 10 0.02 100
V. "“V—/N

N / |\0/| a Simulated values from the experimental spectfini.Calculated
(0} . values.

ited to the bridging HP§7 fragment, which was assumed to
Figure 2. [(VO2)(HPQy)(2,2-bipy).] molecule: a molecular system  influence most théP NMR signal.
very similar to several VPO systems. Following Chestnut's approach, we decided to describe the
] o ) resonant nucleus environment at a high enough level of
This preliminary approach sheds light on the very subtle accuracy'? Therefore we stuck to the 6-311G(d,p) basis set for
participation of polarization functions. Special care should be o HPQ~ fragment. Conversely, the extension of the basis
taken when a(_jdltlonal functlons_ are artificially included. We -« imited to 6-311G for the rest of the molecule. We assumed
have not detailed the changes in the ground state when self+ a4 the corrections arising from basis set modifications should
consistency is achieved in the calculation. We believe that the po inor with respect to the local character of NMR spectros-
most important contribution arises from the selection rule we copy. In the framework of these approximations, we determined
identified. the chemical shift as well as the shielding tensor parameters,

(b) Diphosphoric Acid: A Comparative Calculation. Fol- namely, the anisotroppo and the asymmetry defined as
lowing the considerations presented above, 6-311G(d,p) was

selected as the basis set in order to minimize the dependence AG = 043 — (0, + 0,712
of our calculations on numerical treatment. Using the isotropic
chemical shielding constant of phosphoric acid as a reference, 5 = (0,, — 0,,)/(033— 0) and &= 1/3(03+ 0,, + 0y,)
we were able to evaluate the isotropic chemical shift. of (10)
any nucleus as
Table 2 summarizes the calculations that were performed
On.po. — Onuc using the geometry optimized under the constraints defined
Onue= 13_4— 9) above. The tensor elements were compared to the values
Ohypo, obtained by computer simulation of the experimental spectfum.
They are given in Table 2 as well. As can be seen, satisfactory
Our motivation was first to look into several phosphorus agreement is reached for the chemical shift. However, the
compounds to assess the numerical approach. In this respectasymmetry is strongly underestimated. The determination of the
diphosphoric acid looked like a very important candidate since principal components of the tensor was reported to be a critical
it contains a bitetrahedral species that takes part in theissue?> However, if one looks carefully at the molecule
constitution of \#* vanadyl pyrophosphate phases. The initial geometry, the experimental structure displays single and double
step was to fully optimize the geometry in which phosphorus P—O distances almost identical (1.55 and 1.51 A, respectively).
atoms turned out to be strictly equivalent. For the optimized The presence of this local quaSi-symmetry results in two
geometry, a-1.5 ppm chemical shift was found, reflecting the very close principal components perpendicular to the symmetry
expected similarity between the electronic environments of axis. Indeed, the anisotropy increased as soon as the relative
phosphorus in PO, and HP,0;. The chemical shift we  P—O distances values were modified on purpose. In fact, the
calculated is also in good agreement with experimental data studied complex crystallizes with one water molecule as %O
for Nay,P,0; and K,P,0; reported in the literature-1.6 and  (HPQy)(2,2-bipy),]-H20. We believe that the presence of this
2.5 ppm, respectivel§? water molecule amplifies the local asymmetry and might be
These results suggested that our calculations were reliableresponsible for such a largko value. It is well-known from
enough to look into the chemical shift of systems including silica studies that protonation is a key factor in the control of
transition metals such as vanadium. As we were concerned withthe tensor asymmetif.Some complementary experiments on
solid-state systems modeling, polynuclear complexes of vana-a dehydrated sample in connection with theoretical calculations
dium were of special interest for us. that may include the water molecule are now under progress.
(c) A Molecular Model: [(VO 2)2(HPQ4)(2,2-bipy)]. Since We were also concerned with the chemical shift dependence
solid-state VPO systems were our principal preoccupation, we on the vanadyl group ¥O distances. Both experimental and
focused on a molecular architecture (see Figure 2) that is verytheoretical studies showed that the oxidation states of vanadium
similar to the building blocks in the different VPO phases. The atoms in VPO are very sensitive to=0 distance$§:1° In the
diamagnetic V(V) molecule has been synthezied by J. Zubieta catalysts, the ¥O bonds are perpendicular to the Pg{0)].
et al3® The structure consists of a binuclear neutral dioxova- plane, whereas in the present molecular system they are
nadium complex. The vanadium sites exhibit highly distorted coplanar. We did not observe any significant (more than 1%)
octahedral geometry defined by three oxo groups, the nitrogenchange in the chemical shift when vanadyl distances were varied.
donors of the chelating bipyridyl ligand and an oxygen donor Conversely, when one modifies the distances between the
of the n2-bridging HPG~ group. The [VOg-O)l5" unit is vanadium and the HP)O bridging group oxygen, the chemical
nearly planar with the planes of bipyridyl ligands at right angles. shift changes by several parts per million. These results suggest
Its configuration can be defined asti-coplanar, whereas in  that the electronic density in both the molecule and the catalyst
VPO it is anti-orthogonal. The HP§5 ligand caps the vana- s directly controlled by one category ofAO distances, namely,
dium oxide rhombus and makes the system an ideal probe tothe ones perpendicular to the 4O)], plane.
investigate’P NMR in VPO. The crystallographic structure of (d) Cluster Model for Vanadyl Pyrophosphate.Following
[(VO2)2(HPOQy)(2,2-bipy),] is known3® Optimization was lim- the type of description we used so far, we finally turned to a
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k-4

Figure 3. Four-nuclear vanadium cluster used as a model of VPO
systems. The cluster is diamagnetic with vanadium oxidation stéte

molecular model system for the VPO catalyst. The model we
used was described previously and gave satisfactory interpreta
tions of the importance of electron transfer in (\2)07.°:10
The layered structure of the catalyst was modeled by taking
into account two [\Og] units connected through O bonds
(see Figure 3). Different oxidation states for vanadium atoms

were considered, and we showed that the electron trapping is

directly controlled by the vanadyl*O bond distances. Within
this approach, the valence distribution 3\(electronic con-
figuration d)—1V>* (electronic configurationd is consistent
with the presence of approximately 20% of V(V) in the catalyst.

However, in the present study we focused on one single valence

state, namely, 4%. It should be noted that some proposed
catalytic reaction mechanisms assume the formation of V(V)
phases islets on the (V&0; surface. Structures containing
edge-sharing V@ octahedra are also found in several V(V)
phases, but with different links through P@trahedra. Besides,
let us recall that quantum-chemical calculations of the shielding

tensor have been limited to diamagnetic species thus far. We

Robert et al.

decrease of 0.67eis observed on phosphorus in comparison
with diphosphoric acid, which contains a similar pyrophosphate
group. It is quite natural that this electronic depletion leads to
a significant deshielding of phosphorus nucleus. We found that
this model system was able to reproduce with satisfactory
accuracy the chemical shift values that have been determined
experimentally. This is the first step in the calculation3§?
NMR characteristics of such an important class of solids as
VPO.

3. Conclusion

Using the GIAO method for the determination of chemical
shielding tensor, we were able to investigife solid-state NMR
in a series of phosphorus compounds. The nature of the basis
set, and especially the number of polarization functions, was
shown to be a critical issue. If agreement with experiment is to
be reached, the basis set should be calibrated as an initial step.
However, if one is rather interested in the trend of chemical
shifts, a very standard basis set for phosphorus gives rise to
satisfactory results. The presence of transition metal such as
vanadium V(V) considerably modifies the calculated chemical
shift. Depending on the number of metallic sites, deshielding
values varying from 10 to 60 ppm were calculated. We were
also able to demonstrate the very high sensitivity of vanadium
oxides to bond distances perpendicular to the surface catalyst.
Further efforts should be concentrated on the analysis of more
detailed models for different VPO phases. In the near future,
we intend to complete the description of VPO by taking into
account paramagnetic centers. Studies based on the Heisenberg
Hamiltonian are now in progress in our group.
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