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ABSTRACT 

Quantum chemical and atomistic forcefield based methods have been used to investigate models 
for the substitution of cobalt into aluminophosphate molecular sieves. Atomistic methods based on 
the Mott-Littleton approach were used to develop approximate models for cobalt substituted at the 
aluminium site in the AlPO4-5 structure and from these structures clusters were constructed for 
quantum chemical calculations. The effect of termination with both hydride and hydroxyl groups 
was assessed. Full and constrained geometry optimisation were performed to obtain geometrical 
parameters for the models which were compared to experimental data. Further calculations were 
performed on adducts consisting of the cluster models and small molecules to determine whether 
direct binding to the cobalt centre is possible. The calculations were used to determine the stability 
of models proposed in the literature. 

INTRODUCTION 

The introduction of transition metals into zeolites offers the prospect of combining the known 

proclivities of these elements for heterogeneous catalysis with the shape-selective properties of mi- 

croporous structures. Cobalt-substituted aluminophosphates have been shown to be active catalysts 

in a number of reactions including the homogeneous oxidation of cyclohexane to cyclohexanone [ 11. 

There has been considerable debate regarding the structure and properties of cobalt-substituted 

aluminophosphate catalysts. In particular, the coordination environment, (20-0 bond lengths and 

oxidation state are all thought to have important effects on the catalytic effectiveness of the material. 

This paper uses both atomistic modelling and quantum chemical based methods to probe the local 

structure both of possible framework and extra-framework cobalt sites. In addition the binding 

of small molecules of catalytic interest to the cobalt centre is studied and results compared with 

available experimental data. 

EXPERIMENTAL DATA $.. ~~~~ lt#S ~~T @ 

Thomas and co-workers 12-41 have conducted extensive studies on a number CoAPO structures 

using infra-red, EXAFS and XANES. They studied the catalysts in three states: as-synthesised, after 

calcination and then after reduction. The as-synthesised samples all show a similar environment 

consistent with four neighbouring oxygens at a distance of 1.93A. This distance is very similar to 
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the Co(I1)-0 distance in CoA1204 suggesting that the Co(I1) is in a high spin environment in the 

CoAPO systems. On calcination however, the Co-0 distance changes to differing extents depending 

on the structure. For CoAPO-18, the data is consistent with exclusive conversion to Co(II1) with 

a distorted environment involving three short and one long Co-0 bond. In the case of CoAPO- 

5 (AFI) and CoAPO-36, the bond lengths are longer suggesting incomplete oxidation to Co(II1). 

Thomas and co-workers [3] accounted for the lack of evidence of 0-H stretches in the IR spectra 

by the presence of oxygen vacancies formed during calcination. 

These sites are also candidates for Lewis acidity 

since their coordinations are unsaturated. Upon re- 

duction, Bronsted acid sites are detected by IR sug- 

gesting the formation of Co(I1) sites. Other studies 

have suggested that there is a higher concentration 

of Lewis acid sites in AFI than Bronsted sites. Co- 

APO-18 shows a Co(I1) environment having three 

short (1.90A) and one long (2.0481) Co-0 bonds 

consistent with a Bronsted acid site. They argue 

that the distorted Co(II1) environment they see could 

be an inherent feature of tetrahedrally coordinated 

ESR data on these systems has shown an 80% 

Co(II1). 

Figure 1: T04"- model for basis set studies 

loss in signal intensity during calcination which is interpreted as the formation of Co(III), at least 

in part [SI. More recent work explains this in terms of a distorted Co(II) environment involving an 

interaction with two axially separated oxygen molecules [6]. 

RESULTS AND DISCUSSION 

CHOICE OF BASIS SETS AND MODELS 

Density functional theory was chosen as a basis for these calculations since it has been shown 

to reproduce a wide range of experimental data for transition metal complexes to adequate accuracy 

[8]. In addition, the hybrid functional method B3LYP, was used which has also been shown to be 

superior to standard functionals for a number of properties. [9] The Gaussian94 [ 101 software was 

used for all calculations. 

In order to determine a suitable basis set for aluminium, phosphorus and oxygen, clusters con- 

sisting of a single T atom terminated with hydroxyl groups were considered, i.e. T(OH)4n- where T 

is A1 or P, and n is 1 or -1 respectively as shown in Figure 1. In each case, full geometry optimisa- 

tions were performed. The size of this cluster is insufficient to represent the pore structure and also 

allows unrealistic intra-molecular hydrogen bonding to occur which can distort the geometry, but a 

comparison of the same cluster with varying basis sets gives useful data to determine the optimal 

basis functions. 

The following basis sets were considered : (i) LANLlDZ pseudopotential on T, 6-31G on 0 



and H; (ii) 6-3 1G on all atoms; and (iii) 6-3 1G* on T, 6-3 1G on 0 and H; where T is A1 or P [ 101. 

In the case of the aluminium series of calculations, very little dependence of the geometry on 

basis set was found. The average A1-0 bond length was found to be 1.80A whereas the O-Al- 

0 bond angle ranged from 105 to 117". A different trend was observed for phosphorus as the 

tetrahedral atom. When a pseudopotential was used on phosphorus, the optimised P-0 distance 

was 1.65A. A similar value was obtained with the 6-31G basis set. However, this bond length is 

reduced to lS7A when a 6-31G* basis set is used on phosphorus. To investigate this further, the 

6-31G** and 6-31G+* basis sets were used; they both led to P-0 bond length of 1.57A. It would 

appear that d-functions on phosphorus are necessary to achieve convergence in geometry as was 

observed by another recent study [ 1 11. 

FULL GEOMETRY OPTIMISATION 

The first set of calculations performed were 

based on a cluster of arbitrary geometry but the 

same connectivity as in an aluminophosphate struc- 

ture with cobalt substituted at an aluminium site. 

The clusters are arbitrary in that they consist of a 

central cobalt atom surrounded by a single coordi- 

nation sphere of the next nearest tetrahedral atoms 

terminated with either hydride or hydroxyl groups 

(Figure 2) .  

Since full geometry optimisation is performed, 

no attempt is made to represent the constraints that 

would be imposed by the aluminophosphate pore 

structure on the local environment about cobalt. The 

purpose of this set of calculations is to investigate Figure 2: Co(OPH3)qn+ cluster 

the effect of varying the composition of the model (such as model size and termination) on the 

geometry around the cobalt atom. 

In the case of cobalt(I1) which is a d7 species, two choices of spin state can be considered. For 

the ideal tetrahedral geometry, the ground state would be 4A2, whereas any slight distortions could 

remove the degeneracy of the t2 levels giving a doublet state. For cobalt(II1) a similar argument 

leads to the consideration of both the triplet and quintet states. An UV study shows some evidence 

to support the ground state for Co(II1) to be 5E which is in agreement with our calculation. [5] 

An additional complication is that if Co(I1) substitutes for aluminium in an aluminophosphate 

structure, charge compensation must either occur in the form of the incorporation of a bridging 

hydroxyl (henceforth called the Co(I1)-H model, see Figure 3)) or by the formation of an oxygen 

defect. Since Thomas and co-workers suggest that both species may contribute based on their EX- 

AFS measurements [3], both the Co(I1) and Co(I1)-H models were considered here. The geometry 

of the Co(I1)-H model was optimised at the spin state which is found to be most stable for the Co(I1) 

cluster. The results of these calculations are shown in Table 1 (the energy is quoted relative to the 



most stable structure). 

model spin state energy (kJmo1-I) r(Co-0) (A) 
Co(I1) H-terminated doublet +115.2 1.94 1.94 1.93 1.91 
Co(I1) H-terminated quartet - 1.94 1.94 1.93 1.94 

Co(I1)-H H-terminated quartet - 1.98 1.87 1.88 2.27 

Co(1II) H-terminated singlet +942.5 1.80 1.87 1.79 1.85 
Co(1II) H-terminated triplet +895.6 1.85 1.84 1.85 1.83 
Co(II1) H-terminated quintet - 1.84 1.84 1.84 1.85 

Table 1 : Spin state studies on small unconstrained cobalt cluster model 

It can be seen for both models that the high-spin 

complex is predicted to be the most stable. 

The calculated geometrical information can use- 

fully be compared with distances in other cobalt 

condensed phase systems and with EXAFS data 

from Thomas and co-workers as shown in Table 

2 [3]. It can be seen that there is good agreement 

with the values as measured from EXAFS in both 

cases. The values for the Co(I1)-0 bond length 

are also similar to those found in Co(I1) in mixed 

cobalt oxide spinel. The agreement with the only 

other example of tetrahedral Co(II1) in the literature 

(tungstate) is less satisfactory although the crystal 

structure is somewhat ill-determined [12]. It can be Figure 3: CO(II)H(OPH~)~~+ cluster 

noted that when a bridging hydroxyl group is introduced into the Co(I1) model, the Co-0 bond to 

which the proton is bound significantly increases. This is consistent with proposed in Brmsted acid 

models for aluminosilicates and also agrees with the model proposed on EXAFS data [3]. 

s tmcture r(Co-0) (A) ref 
Co(I1) in COO (Oh) 2.13 ~ 3 1  

Co(I1) in C03O4 (Td) 1.93 ~141  
EXAFS : CoAPO- 18 reduced 1.90 131 

Co(II1) in C0304 (Oh) 1.92 [141 
Co(1II) in tungstate (Td) 1.88 c121 

EXAFS : CoAPO-18 calcined 1.83 f3 1 

Table 2: Co-0 bond lengths from literature 

In order to gauge whether the cobalt local geometry is sensitive to cluster size, a larger cluster 

was constructed which is truncated at the second coordination of nearest neighbour tetrahedral 

atoms. This cluster is shown in Figure 4. On minimisation however, this cluster gives an average 

Co(I1)-0 bond length of 2.08& which is considerably different from the smaller cluster. There are 

a number of possible reasons for this. Firstly, the charge on the cluster is quite high (-9) which 



can affect geometrical parameters considerably. Also, the cluster may now be large enough for the 

structure of the surrounding aluminophosphate to become a dominant factor and constraints may 

need to be used. The second issue is addressed in the next section. 

PARTIAL GEOMETRY OPTIMISATION 

In order to impose some representation of the 

geometrical constraints imposed on the cobalt sub- 

stitution site by the zeolite structure we decided to 

perform a number of calculations with the outer cap- 

ping atoms of the cluster fixed. The difficulty with 

doing this is deciding where to fix the atoms since 

the lack of crystallographic information on the struc- 

ture of CoAPOs is one motivation for doing the cal- 

culations. However, in order to generate approxi- 

mate starting models for the clusters, atomistic Mott 

Littleton calculations were performed [ 151. The 

GULP [16] software was used for all calculations. 

.ar-d4 

Lewis and co-workers [ 171 have previously fitted 

some approximate parameters for Co(I1) in COO. In 
Figure 4: CO(II)H(OPH~)~~+ cluster 

their work several sets of parameters were generated both for rigid ion and shell models. Although 

it would be preferable to use the shell model parameters, the oxygen shell model parameters with 

which they were fit are not compatible with more recent models derived for aluminophosphates and 

therefore cannot be used here [18]. Consequently we used the rigid ion model parameters were 

therefore used. The Huggins-Meyer relation [ 171 was used to obtain approximate parameters for 

tetrahedral Co(I1). Co(II1) parameters were obtained by empirical fitting to the structure of C0203. 

Parameters for the Co(I1)-H model were derived using the method detailed by Schroder and co- 

workers [ 191. The recent structure of APo4-5 due to Mora and co-workers [20] was used as a 

basis for the models with cobalt substituting at the Al( 1) crystallographic site. The radius of the 

two regions was varied from 5.0 to 15.0A and convergence was observed for the minimised Co-0 

bond length with radius at 13A. This corresponds to approximately 700 atoms in the inner region. 

Using the geometries obtained from these calculations, clusters were constructed which were 

used in constrained geometry optimisation quantum chemical calculations. The results for these 

calculations are shown in Table 3. 

model termination shells r(Co-0) (A) 
Co(I1) -H 1 1.95 1.95 1.91 1.94 
Co(I1) -OH 1 1.91 1.94 1.89 1.93 
Co(II1) -H 1 1.80 1.80 1.82 1.84 
CO(II1) -OH 1 1.87 1.87 1.87 1.91 

Table 3: Results of geometry optimisations for constrained clusters 
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INTERACTIONS OF SMALL MOLECULES WITH COBALT 

Since CoAPOs are known to be active catalysts for many processes, calculations were perfomed 

which investigate their behaviour towards small molecules. The focus was on two small molecules: 

molecular oxygen and acetonitrile. Several transition metal substituted molecular sieves are able to 

perform partial oxidations using hydrogen peroxide, including notably TS-1. [ 11 However, cobalt 

substituted systems are known to be able to effect oxidations in the liquid phase using molecular 

oxygen directly [l], so the possibility of direct activation of the molecular oxygen by the cobalt 

centre was investigated. In addition, Kurshev and co-workers [6] have proposed a curious complex 

involving the coordination of two molecules of oxygen directly to cobalt to account for their ESR 

observations. 

Many cobalt coordination complexes are known to bind oxygen directly forming 1: 1 adducts. 

Notably cobalt Schiff's bases complexes have been extensively studied due to their relative 

simplicity and their analogous structures to biological systems. To benchmark our calcula- 

tions, we geometry optimised the structure of ethylene-bis-(salicylideneiminato)cobalt(II)-dioxygen 
(Co( salen) (pyr)02, Figure 5). 

We carried out extensive basis set studies 

to determine the correct basis functions and 

level of theory required to reproduce experi- 

mental geometry and binding energies. Some 

of the results are shown in Table 4. It is 

found that there is good agreement with exper- 

imental data using the B3LYP functional and 

the following basis sets : 02(6-31G*), O(6- 

31G), N(6-31G), Co(6-31lG) and H(6-31G). 

The use of an all-electron basis set on cobalt 

and a extra polarisation function on the molec- 

ular oxygen atoms were essential to obtain an 

non-zero binding energy. 

Figure 5: Ethylene-bis-(salen)cobalt(II)-pyridine- 
dioxygen adduct 

r(Co-02) r(0-0) r(Co-N(pyr)) L(Co-0-0) binding energy (kJmol-') 
experiment [21,22] 1.86 1.26 2.02 126 51.8 

theory 1.91 1.28 2.08 119 29.7 

Table 4: Comparison of experimental and calculated properties for Co(salen) adduct 

From an analysis of the converged wavefunction, it can be determined that the source of the 

oxygen binding energy is due to partial electron transfer from the cobalt d-orbitals into the T* 

orbitals of oxygen. This process is sensitive to the electron density on the cobalt atom and any 

substituent on the salen backbone that increases this electron density is also found to increase the 

oxygen binding energy. 

To investigate oxygen binding in CoAPO framework structures we performed calculations 



. geometry-optimised structures for the framework cobalt models with molecular oxygen. How- 

ever, in all cases the oxygen was found to be unbound, and therefore no evidence for the oxygen 

adduct in these calculations was found. 

Recent work by Thomas and co-workers [4] used acetonitrile, a common probe for both 

Brgnsted and Lewis acidity in zeolites to investigate a number of CoAPOs. In particular, EX- 

AFS measurements were carried out on the samples and models proposed based on the fitting of 

the experimental data. One of the models suggested was with a single acetonitrile molecule interact- 

ing with a Co(I1)-H species. A calculation was performed using the geometry optimised structures 

for the Co(I1)-H cluster model with acetonitrile interacting with the cobalt centre. The results are 

shown graphically in Figure 6. The starting model already has a lengthened Co-0 bond to the 

starting configuration geometry optimized configuration 

Figure 6. Geometry optimisation of Co(I1)-H framework model with acetonitrile 

hydroxyl oxygen. On binding of acetonitrile, this bond is broken and the hydroxyl proton forms a 

hydrogen bond to a nearby oxygen. This is in good agreement with the model proposed from the 

EXAFS data. 

CONCLUSION 

This paper has shown that it is now feasible to investigate the properties and structures of cobalt 

substituted aluminophosphates computationally. With a detailed analysis of basis sets it is possible 

to reproduce experimental data on analogous cobalt containing system with regards to the binding 

of small molecules and make predictions of their behaviour towards cobalt substituted in a zeolite. 

No evidence is found to support the dramatic asymmetry in Co-0 bond lengths about Co(1II) in a 

tetrahedral environment, although some deviations are predicted. 

Work is in progress to extend these models to investigate possible catalytic reaction schemes 

and compare theoretical energy barriers with experiment. 
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