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Abstract

Analysis of the inelastic neutron scattering (INS) spectrum of dihydrogen adsorbed at the cobalt site of a cobalt alu-
minophosphate (CoAIPO) catalyst shows that weakly bound dihydrogen is constrained to rotate with the molecular axis
aligned with the electric field in the cavity and a more strongly bound species in a plane parallel to the surface. Hydrogen
adsorbed on the At sites behaves as a slightly hindered three-dimensional rotor. © 2001 Elsevier Science B.V. All rights

reserved.
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1. Introduction

As part of a continuing study [1,2] of the binding
and activation of dihydrogen at catalytic centres and
hydrogen atom spillover, we report the interaction of
H> with the cobalt site of cobalt aluminophosphate
(CoAIPO-18) [3-7]. Cobalt containing microporous
materials are important selective oxidation catalysts
in, for example, liquid-phase oxidation of alkenes
with dioxygen [8,9] and selective oxidation of cy-
clohexane to cyclohexanone [10]. The synthesis of

the template is effected by calcination in oxygen; the
cobalt(ll) is oxidised to cobalt(lll) [12]. The cata-
lyst is subsequently reduced in hydrogen to generate
Bronsted acid sites. The interaction of the hydrogen
molecule with the Co(lll) centre is therefore, crucial.
The CoAIPO provided the opportunity to study the
binding and activation of the Hmolecule at a well
defined site. Here we report a study of the interaction
of the H, molecule with the Co(lll) site, experimen-
tally with inelastic neutron scattering (INS) on the
TOSCA spectrometer at the Rutherford Appleton

the CoAIPO-18 catalyst is accomplished by standard Laboratory, and theoretically with density functional

hydrothermal sol—gel techniques [11]. Removal of
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theory calculations (DFT) and perturbation theory.
The INS spectrum (energy loss vibrational spectrum)
of the bound H molecule enables us to observe and
assign the K rotational transitions and to model the

H» interactions.
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2. Inelastic neutron scattering spectra within the internal space of the CoAIPO-18. We used
perturbation theory calculations to fit the INS spectrum
In an INS experiment we observe a spectrum of by a constraining potential and DFT to study at the
scattered neutron intensity versus energy transfer be-atomistic level the interaction of thezHnolecule with
tween the incident neutrons and the scattering nucleus.components of the catalyst.
The neutron experiences energy transfer (1) and mo-
mentum transfer (2) 3.1. Perturbation calculations

h

hw = (Ef — Ej) = %(kf2 ) 1) As the out-of-plane forces securing the kb the
surface increase in strength the molecule becomes

hQ = hks — ki) @) more constrained. Ultimately these rotational states

whereE, k andmare the energy, wave vector and mass will, themselves, become hindered [17]. The total en-

of the neutron, respectively; i and f refer to the initial €rgy of the system can be expanded as

and final states of the neutron. The neutron spectrum 2

is characterised by the range ofand Q over wr?ich V(z0.9) = Vot Kz = 20"+ V(6. 9)

measurements are made [13-15]. whereK is the spring constant, — zo is the vertical
The total neutron Scattering cross-section is the sum disp|acement of the molecule form its minimum en-
of an incoherent and a coherent contribution: ergy position in the harmonic approximation. Within
o Ep\ Y2 this approximation, the Schrodinger equation remains
=(— [aiZnCSinc(Q, ) separable into translational and orientational terms. If
ds2 de Ei . . . .
) we just consider the orientational terms, a general ex-
+agopScon(Q, ®)] 3) pression for a potential that governs the rotation of the

whereaiis the scattering length ag{(Q, ) is the dy- molecule is, in spherical polar coordinates [18]

namic structure f_actqr. For most elements appreciable V0, $) = sin? 0[a + b cog2¢)] (1)
coherent scattering is usually present, but for hydro-
gen it is the incoherent scattering that dominates and wheref is the polar angle (the angle between the H-H
since the scattering cross-section for hydrogen (80 b) bond and the surface norma#),the azimuthal angle
is much greater than for other element$([), the hy- (between the horizontal axis and the projection of the
drogen scattering dominates any INS spectrum. At low radius vector on the horizontal planajandb give the
temperatures 4 /ds2 de is proportional to the den-  relative weight of the hindrance in both angles. When
sity of statesg(w), and the incoherent spectrum can b ~ 0 anda < 0 the molecule is, at equilibrium,
therefore, be used as a direct measure of the densityoriented parallel to the surface. In the extreme case for
of states [13,15]. large negative values d&f the molecule is effectively
INS measurements on the compound CoAIPO-18 constrained to rotate in a plane parallel to the surface;
(15.7g in a standard stainless steel INS cell) were we call this a two-dimensional rotor (2D rotor). If on
made on the TOSCA instrument at the ISIS Facili- the other hand the valuestohave large positive values
ty at the Rutherford Appleton Laboratory [16]. The the molecule is constrained to remain perpendicular to
CoAIPO-18 was heated in oxygen at 773 K (to ensure the surface and we call it a one-dimensional case (1D).
complete conversion of Co to Co(lll), dehydrationand  The orientational component of the Schodinger
removal of the template) and dosed in situ with hydro- equation was solved treating the orientational poten-
gen at 20K to a concentration of ca. 1 der cavity. tial as a perturbation. The Schodinger equation was
solved perturbatively by expansion of the potential
in the wavefunctions of the unperturbed kholecule
3. Computational methods (the spherical harmonics). The resultant matrix was di-
agonalised numerically to determine the energy states
Our aim was to compute the rotational modes of of the perturbed rotor. We used 64 levels in order to
the sorbed KW molecule constrained by interactions have an error of 1PB in the calculated energies.
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3.2. Density functional theory calculations 4. Results and discussion

The Co(lll) centre was modelled as a distorted 4.1. Rotational transitions of the Hnolecule
tetrahedral Co(OHOH, neutral cluster [19] with
the Amsterdam density functional (ADF) program Since hydrogen nuclei are fermions, because of the
[20,21] with the generalised gradients approxima- Pauli principle, the total wavefunction (nuclear and
tion, the exchange correlation corrections of Perdew rotational) has to be antisymmetric. The ground state,
and Wang [22], spin unrestricted calculations and parahydrogenp-Hz), combines an antisymmetric nu-
double ¢+ polarisation basis set including relativis- clear spin wavefunction (spin paired,) and a sym-
tic corrections [23]. The cobalt(lll) was high spin metric rotational wavefunction. Therefore, the allowed
(four unpaired electrons). The structure was fully rotational states of parahydrogen are those with even
relaxed, starting with a fully symmetric tetrahedral J (the rotational quantum number) including= 0.
arrangement of the Co—O bonds. The optimised clus- Conversely the first rotational staté, = 1, ortho-
ter geometry was fixed and a hydrogen molecule was hydrogen ¢-H»), combines a symmetric nuclear spin
added. The total energy of the system was calculated wavefunction (spin parallei4), and an antisymmetric
as a function of distance between the Eentre of rotational wavefunction; only odd states are permit-
mass and the cobalt centre for different orientations of ted. Conversion op-Hz to o-H; requires a spin flip
the molecule relative to the surface normal. The H—H mechanism.
bond distance was allowed to relax to its optimal dis-  Pure rotational transitions of symmetrical diatomic
tance at every simulation step. The main objective of molecules like dihydrogen are forbidden in IR spec-
the calculations is to rationalise the adsorption site on troscopy by the dipole selection rule but are readily
the Co centre, i.e. to determine whether the adsorbedobserved by INS spectroscopy where dipole selec-
H» tends to lie parallel to the surface or perpendicular tion rules do not apply. Thus fqr-Hz, from J = 0
to it. the ground state, transitions within its manifold are

The Al centre was modelled as an Aj@trahedron controlled by the coherent cross section of hydrogen,
in the same way as the Co site, using the same level1.8b (1b= 10-22m?). However, transitions td =
of theory and starting with a symmetric tetrahedral odd states involve a spin exchange with the neutron
arrangement. and are controlled by the incoherent cross section,

S(Q,» )/Neutron Counts

" 1 " " | '
0 1 2 3 40
Energy loss/B Energy loss/B

Fig. 1. Inelastic neutron scattering spectrum ofiRl COAIPO-18 showing the rotational modes. The peaks are deconvoluted as Lorentzians.
(a) Before desorption and (b) after desorption of weakly bouad H
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Table 1
Assignment of the rotational modes in the INS spectrum gfiHCoAIPO-18
Peak positiorB Relative area Widtlg Transition Assignment
0.98 0.125 0.05 |0, 0) — |1, 0) 1D rotor
1.62 1.000 0.13 10,0) — |1,1) 2D rotor Al site
1.82 0.896 0.17 10,0) — |1, —1)
2.26 0.055 0.03 [0,0) — |1,0)
241 0.584 0.25 10,0y — |1,0)
2.80 0.116 0.06 10,0) — |1,1) 1D rotor
12
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Fig. 2. Rotational states of constrained:Henergy in units of the rotational constatvs. the perturbation parametarof Fig. 1 with
b = 0.2B. Vertical arrows locate peaks in the INS spectrum.

79.7b. This is the reason why there is a very sig- In this region we observe sharp rotational transi-

nificant intensity for the/ = 0 — 1 feature in the

spectra.

The INS spectra (0-350cm) before and after
hydrogen desorption are shown in Fig. 1(a) and (b). hydrogen.

Table 2

tions of the B molecule and a broad recoil tail. The

peaks have been fitted as Lorentzians. We refer first

to the spectra of solid dihydrogen and physisorbed

Assignment of the rotational modes remaining in the INS spectrum ,fnHCoAIPO-18 after desorption of weakly bound (1D rotor)

dihydrogen at 30K

Peak positior Relative area Widtt Transition Assignment
1.04 0.085 0.09 10,0) — |1, 1) 2D rotor Co Site
1.24 0.044 0.10 10,0) — |1, —1)

1.60 0.970 0.13 [0,0) — |1, 1) 2D rotor Al Site
1.81 1.000 0.23 10,0) — |1, —0)

2.36 0.370 0.28 10,0) — |1, 0)

3.07 0.038 0.04 10,0) — |1, 0) 2D rotor Co Site




A.J. Ramirez-Cuesta et al./Journal of Molecular Catalysis A: Chemical 167 (2001) 217-224 221

0.10 ——
0.05p

% L

o 0.00

(8]

C p

()

3 -0.05F

5 3

& -0.10 i ;

> H,-Co interaction

(]

5 i —m— Parallel
-0.15p —e— Perpendicular
'O 20 2 1 2 4 2 1 2 ] Y [ a 'l

o 1 2 3 4 5 6

H,-Co distance/A

Fig. 3. The potential energy difference as a function of the®b distance as the hydrogen molecule approaches the CgQbhl)cluster
with the H-H bond, respectively, parallel and perpendicular to the surface. The energy reference is at a Co—H distance of 6 A.

4.2. The H molecule as an unconstrained linear linear rotor in three-dimensional space (3D rotor)
rotor

E;=J(J+DB
Dihydrogen is an almost free rotor in the solid state For dihydrogen adsorbed on graphite, the rotational
and in the ground state has a fully spherical distribution states are slightly hindered but they can still be rep-
[24]. Molecules rotate freely with almost the same resented as perturbed three-dimensional rotor states
value for the rotational constant as in the gas phase [25—28]. The rotational ground state is nearly pure
B = 59.6 cmi L. The energy level scheme is that of a 0. The lowest band of excited states, nomindlly 1,

0.10 v ) v \l M L} v L) v ] v )

! | )
> 0.05p -
L
3 ' '
c 0.00 i
a -0.05p \ -
> b -\ !
g 0.10bk l“.f H,-Al interaction o
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-0.20 et e )
1 3 4 5 6

H,-Al distance/A

Fig. 4. Mulliken charges on the Co and H atoms as thentblecule approaches the Co centre.
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Fig. 5. The potential energy difference as a function of the-A distance as the hydrogen molecule approaches the A&l@ster with
the H-H bond, respectively, parallel and perpendicular to the surface. The energy reference is at a Al-H distance of 6 A.

are separated from the ground state by an averagethe 1D rotor. There are new peaks that become evident

energy of BJand are split by about 20.2-21.8th as we desorb these very weakly adsorbed species; the

In our previously reported INS spectrum oflén a new peaks appear at 1.04, 1.24 and B.@b Table 2

Ru/C catalyst the lowest energy transition was seen we show the peaks that remain and the assignments.

as a sharp strong band at 120cmB = 60cnT?t

[1]. This was theJ (0-1) rotational transitionpt to 4.4, Modelling the H interaction with the cobalt

0-Hy, allowed in INS although strongly forbidden in  centre

photon spectroscopy) [29]. It is striking however, that

in the spectrum of blladsorbed on CoAIPO (Fig. 1(a)) From the DFT calculations we found that dihydro-

the lowest energy band is at 58.4Th generally a gen is hindered to rotate in a plane (2D rotor) when

featureless region of the spectrum. Clearly we cannot adsorbed on the Co centre; we estimate the values of

treat all our sorbed flas an unconstrained 3D rotor.  the constanta ~ 17B andb ~ 0.4B. If we fit the
observed values to the calculations from perturbation

4.3. The H molecule as a constrained linear rotor theory, we found that the values that give the proper
energy transitions to compare with experiment are:

In Table 1 we present the effect of the perturbation a ~ 21B andb ~ 0.2B. The result is quite consistent

in the energy transitions from the ground level. We with the observed spectra.

highlight the transitions that appear in the spectrum In Fig. 3 we show the potential energy difference

shown in Fig. 1(a), the assignment of the transitions as a function of the BCo distance as the hydro-

responsible for these peaks for this spectrum is showngen molecule approaches the Co(@Blj, cluster

in Table 1. In Figs. 1 and 2(b) we show the spectrum with the H-H bond, respectively, parallel and perpen-

of dihydrogen on CoAIPO after desorption of the very dicular to the surface. The energy reference is at a

weakly adsorbed species (they desorb at 30 K) and we Co—H distance of 6 A. At the energy minimum the

can observe the disappearance of the peaks assigned tél—H molecule is parallel with the surface at an equi-
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librium distance of 2.375A; Co-H is 2.406A. The
H-H distance is 2% longer than that calculated for the
molecule at 6 A from the Co centre. From a Mulliken
charge calculation, at the equilibrium distance we find
a 0.% transfer of charge from the Hto the CS+,
Fig. 4. Clearly the interaction of theHnolecule with
the CoAIPO weakens the H—H bond.

4.5. Modelling the H interaction with the
aluminium centre

The final configuration of the cluster was not dis-
torted. From the study of the energy of the system as
a function of the H-Al distance, we found that the H
molecule adsorbs more weakly to the Al site (Fig. 5).

5. Conclusions
From our INS spectra and calculations on a model

structure we conclude that the;hholecule interacts
with CoAIPO through the Co(lll) centre. Both H atoms

are involved and the molecule acts as a single axis ro-

tor. The combination of experiment, theory and simu-

lation proved to be very successful, the experimental
results can be analysed in more detail with the help of
calculations, in particular, DFT calculations pointed to

the region of the spectra to look for evidence of the

adsorption of di-hydrogen.

The adsorption of dihydrogen on Co and it be-
haviour as a 2D rotor is related with the catalytic
activity of the Co centre in this material: there is a
weakening of the H-H bond in the molecule at the
Co centre and it is a precursor te ldissociation.
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