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sites on the surface of A0,
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The results of radiospectroscopic investigations of complexes of nitroxides with Lewis acid sites on an alumina surface are
interpreted using quantum-chemical analysis.

The method of paramagnetic complexes of probe molecules is
used successfully to study acidic properties of oxide catalysts
and the structures of surface proton and Lewis acid sites (LAS).
Stable nitroxides are used most frequently as convenient probes
providing a lot of information. When these species are adsorbed
on oxides possessing proton and Lewis acidity, donor—acceptor
surface complexes (SC) are formed; these complexes, like
the initial nitroxides themselves, can be studied by EPR
spectroscopy.®

The information content of EPR spectra can be markedly
increased by quantum-chemical analysis of the radiospectro-
scopic and energy characteristics of the complexes formed.
Therefore, we attempted to analyse the structures and properties
of a number of nitroxide complexes that have been studied
experimentall;?,‘5 namely, the complexes of 2,2,6,6-tetra-
methylpiperidinN-oxyl (TEMPO), 2,2,3,4,5,5-hexamethyl-
3-imidazolidinN-oxyl 1, 2,2,4,5,5-pentamethyl-3-imidazolin-
N-oxyl 2, 2,4,5,5-tetramethyl-2-phenyl-3-imidazolMoxyl 3 ) ) . o i
and 2,4,5 5-tetramethyl-2-octyl-3-imidazobhoxyl 4 with the 19 AS o oo SC of the simplest nitroxide wit
surface LAS of alumina.

analysis of coordination of the more complicated probe

. N; =N, nitroxides listed above.

2 }< 2 }( When TEMPO (Figure 2) is adsorbed on an alumina
N N N surface, two types of LAS giving magnetically non-equivalent
(‘). . SC can be observed. LAS of the first type are usually

identified as tricoordinated At ions. The way of modelling
TEMPO 1 2 X=Me these SC is of primary importance for the calculations of
3 X=Ph structures of this sort.
4 X=CgHyy The TEMPO radical and the two forms of its paramagnetic

SC with the cluster LAS are considered below. The first
Since it has been shown experimentally that the magnetistructural type of SC (I) being modelled corresponds to full
resonance parameters of donor—acceptor complexes of nitroxideptimization of the geometry of both the nitroxide and the
with AICl; in non-polar solvents are similar to those of theirAl(OH); cluster. If we assume that the aluminum-oxygen
complexes with the surface LAS of alumidhe latter were fragment in alumina is a fairly rigid (‘frozen’) structure, we
modelled by the covalent cluster AI(OH)This approach pass to structural type Il. In this case, optimisation is carried
has been widely tested in non-empirical and semi-empiricabut only for the geometry of the coordinated radical, whereas
quantum-chemical calculations of chemisorbed molecular
forms’ z)
In this work, all quantum-chemical calculations were
performed by unrestricted Hartree—Fock (UHF) methods; \ /\
non-empirical calculations were carried out in the STO-3G, ‘g
STO-6G, 3-21G and 6-31G basis sets, while semi-empirical f
calculations were accomplished within the framework of NE
MNDO, AM1 and PM3 approximations. In order to compare 0> /
the efficiencies of these methods, we studied initially Q
the simplest nitroxide MNO (Table 1) and its complex

|
H,NO--Al(OH), (Figure 1, Table 2). Comparison of the ‘/
values presented in Tables 1 and 2 shows that generally, the U‘/A‘\l
MNDO method provides better agreement with the N-O bond » l y
lengths, spin populationsp) of the N and O atoms and o

isotropic hyperfine coupling constants with tH& nucleus
found experimentally for nitroxides than any other method
mentioned above; in addition, this method is much more
economical than other methods, especially, than the non-
empirical UHF/6-31G variant. Therefore, it is the MNDO Figure 2 Cluster paramagnetic SC of TEMPO with the model LA!
method that has been used subsequently for quantum-chemieajo,.
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Table 1 Structural and magnetic-resonance characteristics of NOH  Taple 3 Characteristics of the SC of TEMPO with the model cluster

radical. found by MNDO calculation8.
Method r(O-N)/A  al /G N 0

(O-N) iso p p tComplex (AL-O)A g alJG  pN P ﬁEC/I "
MNDO 1.22 13 0.45 0.60 ype cal mo
AM1 1.22 15 0.51 0.54 TEMPO - 19° 20 0.40 0.59 -
PM3 1.23 10 0.64 0.40 sC | 1.98 18° 22 0.61 0.41 -18.7
STO-3G 1.34 3 0.10 0.93 SC Il 1.86 17° 22 0.60 0.42 -33.8
STO-6G 1.34 3 0.10 0.93
3-21G 1.34 10 0.18 0.87 8SC | in which all geometric parameters have been allowed to re
6-31G 1.30 17 0.24 0.81 11.9 kcal mot! more stable than SC 1.
Exp? 1.23-1.25 15-19 ~0.4 ~0.6

3experimental data (last row) correspond to typical stable nitroiti&4t of radicals is caused by the fact that they incorporate two
should be mentioned that for,NO itself there are no experimental data on €lectron donating centres (the N atom and the N-O group),
the N-O bond length, though the isotropic hyperfine coupling constant fowhich compete in their coordination to the surface LAS. The
the *“N nucleus has been recordeff,= 12 G. preferred coordination to one of these centres is largely due to

the structure of a particular radical and can be established

the fixed cluster has the shape of a regular truncated tetrahedrPerimentally from the EPR spectral pattern and from the

; ; ; N ; -magnitude of the hyperfine coupling constants of tfg
|1nlgv;h)|3\ch(ittheislert]r?(teh g{/é?aeggltrsgllﬂztefroﬁ Lgozh%rg{gﬂlnﬁ?gdd Snucleus in the SC formed. Thus the raditat coordinated

; ; ; exclusively through the O atom, whereas the radiéalbound

i)ﬁgj;{m@)ntdl? from the shift of the fluorescence lines of via the I{atomg In the case of the radicaisand 4, a |

The results of the calculations (Table 3) indicate that the¢UPErPosition of the EPR spectra is observed indicating their
geometry of the paramagnetic SC is sensitive to the type &nding with LASviaboth the N and O atoris. .
cluster model used. The maximum variations are observed in, I VIEW Of the results of the analysis for TEMPO, it would be
the length of the AtO donor—acceptor bond. At the same time,©f intérest to compare the energies of various types of
as has been shown in a previous sfudje role of the coordination of the radicalt—4. As in the case of TEMPO,
proximity of the N atom to the pyramidal shape (thangle) adsorption energies close to those found experimentally have

can be neglected as the first approximation in the modelling J€€N obtained in the calculations with a fixed cluster geometry.
the coordination. herefore, in elucidating the preferred method of coordination

Both structural types of the model paramagnetic SC ar@f the radicals—4, it is reasonable to consider the data of these
characterised by an inversed ratio of the total spin populatiorféiculations (Table 4). . L
(p°:pN = 0.4:0.6) with respect to that typical of free TEMPO Our calculations have shown, in conformity with the
radicals ’()c').[')N'._:O 6:0.4). An increase in the spin density of experimental dat&? that the imidazolidine radicals are prone to
the nitrogen atom following coordination of TEMPO to the Coordinate by the O atom. The difference, equal to ~3 keafmol
surface LAS is in agreement with experimental data. between the energies of formation of the two types of

The energy of complex formatioAE,) makes it possible to paramagnetic SC found by calculations is strong evidence for
distinguish between the two structural types of the model SC Jfi© Preferred coordination of the radi@aihrough the N atom,
TEMPO, because, on the one hand, it has been measur ?cause, according to the Boltzman distribution, the populations
experimentally and, on the other hand, it is fairly sensitive td (}he abc;ve confl'gtju(;atlontst?htes n:ay ddlffder Py moretthan t_l_V‘;]o
the structure of the cluster LAS. Despite the fact that in bottf" erls 0 rgagnllfj e t?] e ts an ﬁr . elmperla qref. the
cases this quantity attests to the fact that TEMPO interacts witf?'c'uSIons drawn irom the quantum-chemical analysis for the
the LAS on ALO, by a purely chemisorption mechanism nitroxides3 and4 are not so unambiguous, since the calculated
(Table 3), only ins the case of SC Il containing a ‘frozen’ energies of their donor—acceptor binding to the model cluster
cluster is its magnitude in good agreement with the experimentaf™> Via the nitrogen and oxygen atoms are very close to each
results (32—35 kcal mof). other, apparently, due to steric effects that accompany the

It is known thaf owing to specific features of their COMPlex formation. .
structures and the broad opportunities for varying the All the structural conclusions from the cluster quantum-
substituents, nitroxides4 of the imidazoline and imidazolidine Cchemical analysis performed are in agreement with the previous
series are more sensitive to the structure of the oxide surfag@nelusions based on the generally accepted mtzrpretatlon of
than TEMPO. Using these radicals, the structures of thgXperimental data including radiospectroscopic resultsere
adsorption complexes formed on oxide catalysts and thls no doubt that consideration of more complicated cluster
structures of the surface active sites have been studidgodels of the surface active sites of alumina could exert a
successfully experimentally at the molecular level, and th ubstantial influence on the characteristics of their coordination

orientation and mobility of coordinated paramagnetic specie@Nding with nitroxide probes found by semi-quantitative
have been establishé&‘y calculations. However, the results of our quantum-chemical

Special interest in the radiospectroscopic studies of this typgiculations  (Tables 1-4) indicate that general qualitative

Table 2 Structural and magnetic-resonance characteristics of theregUIarItIeS can be successiully elucidated even using a

H,NO---Al(OH), cluster paramagnetic SC. felatively simple model of the cluster LAS.

Method  r(O-N)/A ¢ al /G alJG  pN p° We are very grateful to the Russian Foundation for Basic
MNDO 1.3 >8° 5 8 048 052 Research for the financial support (grant no. 95-03-08196a).
AM1 1.24 20° -2 25 0.61 043

PM3 1.27 0° -2 13 0.75 0.30 Table 4 Energies of coordinationAE,/kcal mol) of the radicalsl—4
STO-3G  1.39 57° -7 3 0.02 0.98 with model cluster LAS found by MNDO calculations.

STO-6G  1.37 66° -8 4 0.04  0.96 - —— ——

3-21G 1.31 12° -7 27 0.46 0.64 Radical Coordinatiorvia N Coordinatiorvia O

6-31G  1.27 3° -8 34 051  0.59 1 - 295

Exp? 1.23-1.25 15°-30° ~-11 19-22 ~06 ~0.4 2 322 204

aExperimental data (last d to the majority of nitroxides> -29.2 -29.8

StJ(dplgngsen al data (as I’OW) correspon (0] € majority or nitroxi es4 294 305
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