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Abstract

Quantum chemical analysis of coordination of nitroxides on the surfaces of alumina, gallia, and silica is performed.
Structural, magnetic resonance and energy characteristics of coordination are calculated. Different cluster models of the
surface acid sites (AS) are tested. The results of ESR experiments are interpreted. The comparison of Lewis acid sites (LAS)
of alumina and gallia surfaces is carried out. Different ways of coordination of nitroxides with two electron-donating groups
are analyzed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Catalytic activity of many oxide systems is caused
by proton and Lewis acid sites (LAS) on their sur-
faces. The structure and properties of surface acid
sites (AS) can be effectively investigated by method of
paramagnetic complexes of probe molecules. Stable
nitroxides are commonly used as convenient and in-
formative probes. These radicals form paramagnetic
surface complexes (PSC) with active AS of oxides.
ESR investigations of such complexes provide valu-
able information about the structure, strength, and
number of catalytically active AS [1–4].

The information content of ESR spectra can be
markedly increased by quantum chemical analysis
of a number of physicochemical parameters of PSC
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[5–8]. Therefore, we have performed quantum chem-
ical calculations of structural, radiospectroscopic,
and energy characteristics of the coordination of
various nitroxides on the surfaces of some oxide
catalysts.

The most frequently used nitroxide is 2,2,6,6-
tetramethylpiperidin-N-oxyl (TEMPO) (1) (see
Fig. 1). The interest in the use of stable nitroxides
of the imidazoline and imidazolidine series (2–5)
recently increased [3,4,9]. These radicals possess two
electron-donating centers (paramagnetic N–O group
and N(3) atom of five-membered imidazoline or imi-
dazolidine ring), which compete for the formation of
PSC on oxide systems. Moreover, these radicals can
coordinate by both electron-donating centers. Analyz-
ing such complexes by quantum chemical methods,
it is possible to obtain more detailed information
about the distribution of catalytically active AS on
the surfaces of oxides.
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Fig. 1. TEMPO and nitroxides of imidazolidine and imidazoline
series.

2. The scheme of cluster quantum chemical
analysis

Proceeding with quantum chemical analysis of the
coordination of nitroxide probes on the surfaces of
oxide catalysts, it is important above all to choose
adequate models of their surface AS. It is readily
effected by handling the widely distributed cluster
approximation [10]. This approach consists in cutting
out of an imperfect crystal, a limited structural frag-
ment (cluster) containing comparatively a small num-
ber of atoms and representing the chemical essence
of an active surface site. In doing so, the artificial free
valences inevitably spring up on the cluster boundary.
Most commonly, these valences are either forcedly
saturated with H atoms (if creating a covalent cluster
model composed of atoms is possible) or annihi-
lated due to elaborating a so-called uncharged cluster
shareholder made up of normal ions and boundary
pseudo-ions [11].

The coordination of nitroxide probes on the sur-
faces of alumina, gallia, and silica falls into a group
of the most-properly studied to date. On the ground
of radiospectroscopy data, the strongest LAS on the
surfaces of alumina or gallia are thought in general to
be truncated tetrahedra, containing three-coordinated
ions Al3+ and Ga3+. The preferred existence of such
LAS on the surfaces of dehydroxylated alumina and
gallia follows also from the observation that the mag-
netic resonance parameters (g-tensors and hyperfine
coupling constants) of the resulting PSC are very close
to those obtained by ESR technique for analogous
complexes of nitroxides with corresponding trichlo-
rides in nonpolar solvents [12]. Therefore, the simplest
covalent cluster models of the LAS under discussion
are saturated with H atoms structural fragments of the

surfaces of alumina and gallia (Al(OH)3 or Ga(OH)3
correspondingly).

It is well known that silanol groups are typical
adsorption centers on the silica surface. Thus, it is
quite reasonable to assume that just these AS on the
SiO2 surface react first of all with nitroxides. This
assumption is supported by the fact that the ESR
parameters for nitroxides coordinated by SiO2 are
close to those for the same radicals forming hydrogen
bonds, involving electron-donating NO groups, with
solvent molecules in vitrified solutions [3,4].

Different clusters were used in the scientific liter-
ature during the quantum chemical investigations of
adsorption on the surface of alumina [13–20]: from
very small ones containing only one Al atom [13,14]
to very large ones containing hundreds of atoms [15].
At the same time, it was shown [5,6] that even the
“minimal” cluster model of surface AS (Al(OH)3)
permits the adequate quantum chemical interpreta-
tion of the whole set of accumulated radiospectro-
scopic and thermochemical data on the coordination
of nitroxide probes on the surface of alumina to be
advanced. In this case, a number of nonempirical
and semi-empirical calculations for model cluster
PSC were carried out in terms of the unrestricted
Hartree–Fock (UHF) approach using the STO-3G,
STO-6G, 3-21G, and 6-31G basis sets, or the MNDO,
AM1, and PM3 valence approximations [21].

It has been demonstrated [5–8] that the semi-
empirical methods are capable of reproducing struc-
tural, magnetic resonance, and energy properties of
the PSC in question no worse, and in some respects
even better, than widely distributed ab initio calcula-
tion procedures. Since these methods require much
less computation time, they are likely to be pre-
ferred for the analysis of complex nitroxide PSC on
oxides, studied by the ESR technique [1,2]. Also,
it has been found [5] by comparison of various
ways of cluster simulation that the best agreement
between the calculated and experimental radiospec-
troscopic and energy quantities of nitroxide PSC on
Al2O3 can be achieved when the geometric parame-
ters found for the oxide by crystallographic methods
are fixed for the model cluster. Taking the forego-
ing into account, it would be reasonable to use a
similar scheme in cluster quantum chemical calcula-
tions of the coordination characteristics of TEMPO
(1), 2,2,3,4,5,5-hexamethyl-3-imidazolidin-N-oxyl
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(2), 2,2,4,5,5-pentamethyl-3-imidazolin-N-oxyl (3),
2,4,5, 5- tetramethyl- 2- phenyl- 3- imidazolin- N- oxyl
(4), 2,4,5,5-tetramethyl-2-octyl-3-imidazolin-N-oxyl
(5) on the surfaces of alumina, gallia, and partially
dehydroxilated silica gel.

Subsequently, the fixed clusters Al(OH)3 and
Ga(OH)3 have the shape of a regular truncated tetra-
hedron in which the length of the intracluster chem-
ical bond Al–O or Ga–O is 1.82 or 1.83 Å (these
are the average values found experimentally [22,23]).
The covalent clusters simulating the surface acid sites
on SiO2 are constructed from regular silicon–oxygen
tetrahedra with an intracluster interatomic distance
r(Si–O) equal to 1.62 Å (X-ray diffraction data). Free
valences on the boundaries of these clusters are satu-
rated with H atoms. The SiO4 tetrahedra have fixed
structural parameters, but the bond angles between
the “coupled” tetrahedra are subjected to variations
as the nitroxide radicals are introduced into the
system.

In this work, with the aim of testing different com-
puting techniques, the comparative quantum chemical
analysis of structure, spin, charge, and energy char-
acteristics of the model coordination of the simplest
representative of nitroxides, the H2NO• radical, to
the oxide cluster AS is firstly carried out. After this,
the experimentally studied paramagnetic complexes
of TEMPO as well as imidazoline and imidazolidine
nitroxides with AS on the surfaces of alumina, gallia,
and silica gel are analyzed. The supplementary rea-
son for reference to the prototype H2NO• lies in that
the previous work [5], concerned with the adsorp-
tion of nitroxide probes on the surface of alumina,
demonstrated that the implication of H2NO• in cluster
quantum chemical calculations proved to be suffi-
cient for the consistent semi-quantitative explanation

Table 1
Structural, magnetic resonance, and energy parameters of the cluster PSC H2NO•· · · Al(OH)3

Parameter MNDO AM1 PM3 6-31G Experimental values

r(O–N) (Å) 1.23 1.24 1.26 1.23 1.23–1.30
θ (◦) 50 67 71 50 –
ϕ (◦) 25 1 4 25 15–30

aN
iso (G) 27 19 13 42 19–22

ρN 0.54 0.61 0.75 0.65 ∼0.6
ρO 0.48 0.43 0.30 0.46 ∼0.4
−�Ec (kcal mol−1) 24.5 21.6 36.3 41.5 30–35

Fig. 2. Nitroxide H2NO• coordinated to the model cluster LAS
Al(OH)3.

of experimentally established regularities, since the
change-over to more complicated, really investigated,
nitroxides had no effect on the drawn qualitative
conclusions.

3. The nitroxide PSC with the model cluster
LAS of alumina

In order to test successively various calculation
procedures, it is quite natural to carry out initially
comparative quantum chemical analysis of the spa-
tial structure and some properties of the cluster PSC
H2NO•· · · Al(OH)3 (see Fig. 2). In Table 1, the proper
characteristics calculated by semi-empirical (MNDO,
AM1, and PM3) and ab initio (6-31G) methods are
compared with those experimentally measured or
estimated for typical stable nitroxides. Table 1 lists
the lengths of the O–N bond, the θ and ϕ, angles
reflecting the bending and the extent of pyramidality
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of the H2NO• radical, the constants of the isotropic
hyperfine coupling (IHFC) with the 14N nucleus, the
total spin populations ρ of the N and O atoms, and
the energies �Ec of the formation of the cluster PSC
H2NO•· · · Al(OH)3.

It can be seen from the data of Table 1 that the
O–N bond lengths calculated by semi-empirical and
nonempirical methods are very similar and close to
the reliable reported values (r(O–N) = 1.2–1.3 Å) for
most of the nitroxides [24]. The ϕ angle (between
the H–N–H plane and the axis of the O–N bond)
differs significantly from zero only within the scope
of MNDO and UHF/6-31G approaches, whereas the
AM1 and PM3 methods predict this parameter to
be very close to zero which is in contrast with the
experimental estimates [25] listed in Table 1.

Since the experimental IHFC constants aN
iso for the

PSC of nitroxides on the alumina surface are normally
19–22 G [1], the values obtained by semi-empirical
methods are much more reasonable than that signif-
icantly overestimated by the UHF/6-31G procedure.
According to all computing schemes, the total spin
population of the N atom (ρN) in the PSC is some-
what higher than that of the O atom (ρO). It is in
agreement with the ρN:ρO ratio estimated empiri-
cally, i.e. ∼0.6:0.4 [25]. It is worth noting that a
similar experimental ratio of the total spin popula-
tions ρN and ρO of the N and O atoms in free radicals
is inverted (ρN:ρO ≈ 0.4:0.6) [25]. This inversion,
which is typical for any nitroxide coordinated through
the O atom, seems to be properly reproduced only
by the MNDO and AM1 procedures, whereas the
UHF/6-31G approach results in the ratio ∼0.2:0.8
that is far from to be reasonable. Nevertheless, it is
worth noting that in accordance with the experimen-
tal data [2], all the above quantum chemical methods
predict the growth of the total spin population of the
N atom upon coordination.

A valuable characteristic of the coordination is the
energy of complex formation (�Ec). As is seen from
Table 1, the magnitude of this energy obtained by the
PM3 method seems to be considerably closer to the
experimental data than the rest. It is not surprising,
since the PM3 semi-empirical parameterization is
above all focused on reproducing the heats of forma-
tion of various chemical compounds not infrequently
with the detriment to other their properties. The
MNDO and AM1 methods underestimate the energy

of complex formation and the UHF/6-31G scheme
overestimate this energy. Nevertheless, the values
obtained by all the computing methods undoubtedly
point to the chemisorption nature of the coordination
of nitroxides to the LAS on the Al2O3 surface.

Thus, the results presented in Table 1 indicate the
semi-empirical approaches to be on the whole not
less advantageous than the nonempirical UHF/6-31G
method. Taking into consideration this fact and much
less computer time required, it is reasonable to analyze
the structural, radiospectroscopic, and energy char-
acteristics of the coordination of more complicated
nitroxide probes to the surface LAS of alumina within
the framework of semi-empirical schemes. Preference
is to be given to the MNDO approximation in so far as
it has been most widely evaluated [26–30] in quantum
chemical calculations of thermodynamic, structural,
and magnetic resonance properties of organic and
inorganic free radical systems.

Another question to be considered is how the cal-
culated characteristics depend on the size of cluster.
To test the stability of the results to the size of cluster
and just the use of small clusters, the calculations of
H2NO• coordinated to the large clusters representing
the surface of alumina are performed. To avoid the
problems with saturation of the cluster by hydrogen
atoms, two uncharged surface clusters Al16O24 and
A122O33 representing LAS were cut out. The results
of the calculations of their complexes with H2NO•
by MNDO method are presented in Table 2. The
comparison of data of Tables 1 and 2 shows that the
increase of the cluster size slightly affects on the char-
acteristics of the adsorption of H2NO•. It is worth
noting that the calculations with large clusters predict
the values of the IHFC constant aN

iso and the energy

Table 2
Structural, magnetic resonance, and energy parameters of the model
PSC of the clusters Al16O24 and Al22O33 with H2NO•

Cluster Al16O24 Al22O33

r(O–N) (Å) 1.23 1.23
θ (◦) 48 47
ϕ (◦) 23 23

aN
iso (G) 25 24

ρN 0.53 0.52
ρO 0.49 0.49
−�Ec (kcal mol−1) 25.8 26.1
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of complex formation closer to the experimental ones
than the calculations with small clusters. At the same
time, all the differences in the calculated properties
caused by changes of the cluster size are less than
the differences between different calculation schemes
(see Table 1). Therefore, the use of small clusters
seems to be validated.

3.1. The model PSC of TEMPO and nitroxides
of imidazoline and imidazolidine series

When TEMPO (1) is adsorbed on alumina surface,
two types of LAS are manifested yielding magneti-
cally nonequivalent PSC. It is conventional [1,2,12,31]
to identify the first type of LAS as three-coordinated
Al3+ ions. The magnetic resonance parameters of the
resulting PSC depend markedly on the conditions of
training of the alumina samples. The constant of IHFC
with the 14N nucleus is usually close to 20 G.

As is known [2], owing to specific features of their
structures and broad opportunities for varying the
substituents, nitroxides 2–5 of the imidazoline and
imidazolidine series (Fig. 1) are more sensitive than
TEMPO to the characteristic structure of the oxide
surface. These radicals are used successfully to study
experimentally at the molecular level, the structures
of adsorption complexes formed on oxide catalysts
and to establish the structures of the surface AS, as
well as the orientation and mobility of coordinated
paramagnetic species [2]. The experimental constants
of IHFC with 14N nucleus in these radicals are smaller
(∼15 G) [9] than that for TEMPO (∼20 G).

Fig. 3. Imidazolidine and imidazoline nitroxides coordinated via the O and N(3) atoms to the model cluster LAS Al(OH)3.

Special interest in the radiospectroscopic studies
of this type of radicals is caused by the fact that
they incorporate two (see Fig. 1) electron-donating
centers (the N(3) and O atoms) which compete in
their coordination to the surface LAS (see Fig. 3).
The preferred coordination by one of these centers
is largely due to the structure of a particular radical,
and can be established experimentally from the ESR
spectral pattern and from the magnitude of the IHFC
constant of the 14N(1) nucleus in the resulting PSC.
For example, radical 2 is coordinated exclusively via
the O atom, whereas radical 3 is bound via the N(3)
atom. In the case of radicals 4 and 5, a superposition
of the ESR spectra is observed, indicating the binding
of these radicals with LAS via both the O and N(3)
atoms. Nitroxide 1 has only one electron-donating
center and is coordinated to LAS merely via the O
atom of the paramagnetic N–O group.

Taking into account the experimental data described
above, we analyze two structural types of complexes
(see Fig. 3) reflecting the opportunities of coordina-
tion via both the O and N(3) atoms. The calculated
characteristics of the above PSC formed by radicals
1–5 and the model cluster LAS Al(OH)3 are set out in
Table 3. It is worth noting that our quantum chemical
calculations, like radiospectroscopic studies [1], give
evidence of the absence of the coordination through
the N(3) atom in the case of imidazolidine nitroxide 2
(no matching stationary point is found on the poten-
tial energy surface). Conversely, imidazoline radicals
3–5 (see Fig. 3d) form relatively stable PSC with the
cluster LAS Al(OH)3.



258 A.M. Tokmachev et al. / Journal of Molecular Catalysis A: Chemical 172 (2001) 253–264

Table 3
Structural, magnetic resonance, electrostatic, and energy parameters of the cluster PSC formed by radicals 1–5 with the model cluster LAS
Al(OH)3

a

Parameter 1 2 3 4 5

O O O N O N O N

r(Al· · · Y) (Å) 1.86 1.86 1.86 1.97 1.86 1.97 1.86 1.98
r(O–N) (Å) 1.23 1.23 1.23 1.22 1.22 1.22 1.23 1.22
ϕ (◦) 17 15 13 17 13 18 15 12

aN
iso (G) 22 21 22 19 22 19 21 19

ρN 0.60 0.62 0.61 0.37 0.61 0.39 0.62 0.38
ρO 0.42 0.40 0.42 0.61 0.44 0.61 0.40 0.61
QAl 0.95 0.94 0.93 0.87 0.93 0.87 0.93 0.87
−�Ec (kcal mol−1) 33.8 29.5 29.4 32.2 29.8 29.2 30.5 29.4

a Radicals 1 and 2: coordination through the O atom; radicals 3–5: coordination through the O and N atoms; MNDO method.

Comparison of the data listed in Table 3 demon-
strates that the length of the donor–acceptor bond
Al· · · Y (Y = O, N(3)) depends strongly on the pat-
tern of coordination. As the length of the Al· · · N bond
is greater than the length of the Al· · · O bond, then for
the coordination via the N(3) atom, the effect of the
cluster LAS on the electronic structure and the spin
properties of the radical subsystems in the correspond-
ing PSC should be much weaker. For the coordination
via the O atom, the O–N bond is somewhat longer than
in the case of the coordination via the N(3) atom. It is
interesting to note that the MNDO method predicted
the angle in all these PSC to be far smaller than that in
the H2NO•· · · Al(OH)3 prototype (cf. Tables 1 and 3).

Owing to the substitution of H2NO• by real nitrox-
ides 1–5, the IHFC constant of the 14N(1) nucleus
(aN

iso ≈ 22 G) in the cluster PSC with the coordination
via the O atom is in good agreement with experimen-
tal data (see Table 1). The analogous constant in the
case of coordination via the N(3) atom is smaller and
very close to those peculiar to free nitroxides. This is
not surprising inasmuch as the nitroxyl group carrying
the unpaired electron is far removed from the site of
coordination. For the same reason, the ratio of the total
spin populations for these PSC, (ρN:ρO ∼= 0.4:0.6) is
also bound to be characteristic of free nitroxides; this
is clearly confirmed by the data of ESR spectroscopy
[25]. As could be expected, the positive charge on the
Al atom (QAl) is noticeably smaller when radicals 3–5
are coordinated via the N(3) atom rather than when
coordinated via the O atom.

It is of special interest to carry out comparative
quantum chemical analysis of the energy character-
istics of the coordination of nitroxides 1–5 to the

model cluster LAS. As is seen from Table 3, the
calculated energies −�Ec of complex formation are
all close to 30 kcal mol−1, which is in relatively good
agreement with the values found experimentally for
the chemisorption of some nitroxides on oxide cat-
alysts [12]. At the same time, the results of these
calculations can be used for the estimation of the
predominant ways of coordination of radicals 2–5.

Actually, as was emphasized above, our calcula-
tions in conformity with the experimental data [1,2]
have shown that imidazolidine radical 2 is prone to
coordination only via the O atom. The difference
(∼3 kcal mol−1) between the energies of formation of
the two types of PSC, found by calculations, serves
as a convincing reason for the preferred coordination
of radical 3 via the N(3) atom, because according
to the Boltzmann distribution, the populations of the
above configuration states can differ by more than two
orders of magnitude at the standard temperature. The
conclusions drawn from the quantum chemical anal-
ysis for nitroxides 4 and 5 are not so unambiguous,
since the calculated energies of their donor–acceptor
binding to the model cluster LAS via the O and N(3)
atoms are quite close to each other, apparently due to
steric effects that accompany the complex formation.
In this case, a superposition of their ESR spectra is
to be expected.

4. The nitroxide PSC with the model cluster
LAS Ga(OH)3

Gallium is the closest analog of aluminum. Rela-
ted gallium and aluminum compounds are structurally
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similar and have resembling physicochemical prop-
erties. Complexes of nitroxide probes with gallium
halides and coordinatively unsaturated Ga3+ ions on
the surface of gallia have been studied in some detail
by ESR method [12].

In spite of the similarity of physicochemical prop-
erties of related gallium and aluminum coordination
compounds, their structural and electronic characteris-
tics can differ appreciably. Changes in geometric and
electronic structures of a nitroxide probe caused by the
substitution of Al3+ by Ga3+ in the surface LAS can
be readily simulated through the use of cluster ver-
sions of quantum chemical computing schemes. For
the purpose of evaluating the semi-empirical PM3 ap-
proach, we firstly concern ourselves with the model
coordination of the simplest nitroxide, H2NO•, to the
cluster LAS Ga(OH)3. The PM3 method is chosen
for the reason that it is the only one among modern
semi-empirical approximations to have included the
parameterization for gallium compounds.

Table 4 lists the results of quantum chemical cal-
culations of the model PSC H2NO•· · · Ga(OH)3,
obtained in the UHF approximation using the
semi-empirical PM3 approach and ab initio comput-
ing scheme in the 6-31G basis set. As can be seen
from Table 4 the length of the Ga· · · O coordination
bond r(Ga· · · O), calculated by the UHF/PM3 method
is merely slightly less than that evaluated in the
UHF/6-31G approximation. Close r(O–N) distances
in the PSC H2NO•· · · Ga(OH)3 are also obtained by
both calculation procedures. Despite the difference in
the θ angles (see Fig. 2) in the semi-empirical and
nonempirical structures of this PSC, their obvious

Table 4
Structural, magnetic resonance, and energy parameters of the clus-
ter PSC formed by H2NO• and TEMPO radicals with the model
cluster LAS Ga(OH)3

Parameter H2NO•· · · Ga(OH)3 TEMPO•· · · Ga(OH)3

PM3 6-31G PM3

r(Ga· · · O) (Å) 1.82 1.85 1.81
r(O–N) (Å) 1.26 1.25 1.27
θ (◦) 72 52 69

aN
iso (G) 12 18 13

ρN 0.77 0.64 0.71
ρO 0.26 0.45 0.25
−�Ec (kcal mol−1) 59.2 62.3 76.4

similarity, i.e. rather strong bending, should be pointed
out. Much the same semi-quantitative agreement is
observed for the IHFC constant aN

iso and ρN:ρO ratio
(cf. columns 2 and 3 in Table 4).

No experimental data on the chemisorption ener-
gies of nitroxides on the surface of gallia are available
until recently. As was previously mentioned, the PM3
semi-empirical parameterization was chiefly intended
for describing quantitatively the heats of formation of
various chemical compounds. Thus, the energies of the
complex formation �Ec calculated within the scope
of this approach seem to be realistic.

To see this, one can compare (Table 4) the |�Ec|
value estimated by the PM3 method (∼59 kcal mol−1)
with that calculated using the UHF/6-31G scheme
(∼62 kcal mol−1). Closeness of these values verifies
that the PM3 approach is applicable for obtaining
quantitative estimates of the energy characteristics
of gallium-containing systems. On the whole, the
comparison of all above tabulated data obtained by
the UHF/PM3 and UHF/6-31G quantum chemical
computing procedures demonstrates their equivalence
in reproducing the numerical values of physico-
chemical quantities that have not been determined
experimentally.

4.1. The model PSC of TEMPO (1)

The results of calculations of the PSC TEMPO•· · ·
Ga(OH)3 are listed in Table 4 (column 4). Most of
the qualitative regularities evaluated for the simplest
nitroxide PSC, H2NO•· · · Ga(OH)3, seems to be also
valid in this case. At the same time, certain differences
manifest themselves.

As is readily seen from comparison of the �Ec val-
ues in Tables 1, 3 and 4, the PSC TEMPO•· · · Ga(OH)3
and H2NO•· · · Ga(OH)3 are much more stable than
their analogs TEMPO•· · · Al(OH)3 and H2NO•· · ·
Al(OH)3. With the exception of the energy of com-
plex formation (�Ec), the Ga–O coordination bond
length and other structural and magnetic resonance
parameters of the nitroxide PSC with the model
LAS Ga(OH)3 are almost insensitive to the sub-
stitution of TEMPO by H2NO•. It is important to
note that the PSC TEMPO•· · · Ga(OH)3 is bent
stronger than its analog TEMPO•· · · Al(OH)3. The
high energy of complex formation (∼75 kcal mol−1)
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gives an unambiguous evidence for the chemisorp-
tion character of the donor–acceptor interaction
between the TEMPO radical and the Ga(OH)3
cluster LAS.

Usually, a particular interest is given to comparing
the acidity of various surface LAS. With this aim in
view, one may take advantage of both the charge QM

on the metal atom and the energy εv of the lowest un-
occupied molecular orbital (LUMO) of a model cluster
as a quantum chemical index of acidity. These quan-
tities calculated within the scope of the PM3 scheme
for the Ga(OH)3 and Al(OH)3 model cluster LAS are
indicative of the gallium-containing LAS to be more
acid than the aluminum-containing analog, as far as
QGa > QAl and εGa

v < εAl
v (1.22 versus 0.89 and

−2.5 versus −1.6 eV, respectively).
It is worth noting that all the above conclusions

drawn from the quantum chemical analysis performed
are in agreement with the previous deductions based
on the generally accepted interpretation of experi-
mental data including radiospectroscopic results [12].
There is no doubt that consideration of more com-
plicated cluster models of the LAS structures on the
oxide surface could exert some influence on the char-
acteristics of their coordination binding with nitroxide
probes, as found by semi-quantitative calculations.
However, it should be emphasized that using a rela-
tively simple model of the cluster LAS, we succeeded
in elucidating the experimentally revealed regularities
of the coordination of nitroxide probes to the surface
LAS of gallia and alumina as well as in argumentative
estimation of the heat of such a chemisorption pro-
cess, remaining so far undetermined experimentally
in the case of gallia.

5. The nitroxide PSC on the silica surface

The whole set of experimental data [3,4] indi-
cates that the surface of silica gel, even when it is
dehydroxylated under severe conditions, contains
closely located “paired” silanol groups. It has been
assumed [32] that geminal OH groups can act as
the adsorption AS. In this section, we shall concern
ourselves with a simple cluster model of this type of
OH groups as well as with more complicated cluster
structures.

5.1. The model PSC of imidazoline nitroxides

ESR spectra provide valuable information about
the mechanism of coordination of nitroxides of the
imidazoline series to the surface AS of silica with var-
ious degrees of dehydroxylation [3,4]. In particular,
the rotational mobility of radicals 3 and 4 (containing
two electron-donating sites), measured experimen-
tally under similar conditions on silica [3], is substan-
tially lower than that of radical 1 containing only one
electron-donating group. Based on these experimental
data, it was concluded [3] that two-center adsorption
of imidazoline radicals on silica was observed. This
conclusion has been confirmed by the results of elec-
tron spin echo studies [33] of the orientational motion
of nitroxides coordinated to a surface.

When the temperature rises, the rotational mobility
of radicals 3 and 4 increases, and the shapes of the
transformed ESR spectra as well as correlation times
τ c point to the fact that the two-center coordination
on the surface AS of silica gel is converted into
one-center coordination. This process is reversible.
The standard enthalpies of the transition (�H 0 ≈
7–9 kcal mol−1) are fairly close to the heats of for-
mation of hydrogen bonds between the silica AS and
typical electron-donating molecules, while the en-
tropy increments �S0 are ∼20 cal mol−1 K−1, giving
evidence for a pronounced change in the number of
degrees of freedom in the course of the coordination
transformation [3].

Based on the analysis of the ESR spectral patterns
and the magnitudes of anisotropic hyperfine coupling
(AHFC) constants in imidazoline radicals, it was
concluded [3] that the hydrogen bonds between the
O atoms of the radical ON groups and the H atoms
of the silica surface AS cleave when the temperature
rises. It is worth noting that the presence of a large
volume substituent in the imidazoline ring (radicals 3
and 4) has virtually no effect on the characteristics of
coordination.

To interpret the ESR spectra of imidazoline PSC
on the silica surface, we analyzed the one-center (via
the O or N(3) atom) coordination to the model clus-
ter AS Si(OH)4 (see Fig. 4), and the imagined PSC
formed upon binding of both electron-donating atoms
(O and N(3)) to a “pair” of AS represented by geminal
(Fig. 4), vicinal, and “tetrahedron-separated” silanol
groups (see Fig. 5). The results of MNDO calculations
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Fig. 4. Imidazoline nitroxides coordinated via the O and N(3)
atoms to the model cluster AS Si(OH)4.

of the characteristics of one-center coordination for
radicals 3 and 4 are summarized in Table 5. It can be
readily seen from Table 5 that the representative geo-
metric parameters of nitroxides such as the O–N bond
length and the ϕ angle (between the C(2)–N(3)–C(5)
plane and the N(1)–O axis; cf. Fig. 1) do not depend
significantly on the coordination type, even though the
hydrogen bond H· · · N is considerably longer than the
H· · · O bond.

Our calculations, in agreement with the experimen-
tal results [3,4], lead to the increased IHFR constants
aN

iso for the cluster PSC in which radicals 3 and 4 are
coordinated through the O atom. The calculations re-
produce qualitatively correct the increase in the spin
population ρN on the N atom, detected experimen-
tally upon this type of coordination. As is seen from
Table 5, this increase is so strong that it results in
an inverted ρN:ρO ratio in contrast with the ratio ob-
tained for one-center coordination via the N(3) atom.
In the second instance, all the structural and magnetic
resonance characteristics of the NO group in the PSC

Fig. 5. Two-center coordination of imidazoline nitroxides to the model cluster AS Si3O10H8.

Table 5
Structural, magnetic resonance, and energy parameters of the clus-
ter PSC formed by radicals 3 and 4 with the model cluster AS
Si(OH)4

a

Parameter 3 4

O N O N

r(H· · · Y) (Å) 1.79 1.92 1.83 1.95
r(O–N) (Å) 1.22 1.22 1.22 1.22
θ (◦) 19 – 22 –
ϕ (◦) 11 16 12 16

aN
iso (G) 22 19 22 20

ρN 0.57 0.41 0.56 0.41
ρO 0.44 0.58 0.46 0.59
−�Ec (kcal mol−1) 9.1 16.1 8.9 15.9

a Coordination through the O and N atoms; MNDO method.

are practically identical to those for free radicals 3
and 4. It is due to the relative insensitivity of the NO
group to the coordination by the remote N(3) atom.

It is worth noting that the hydrogen bonds for
both types of the PSC are linear (γ = 180◦). The
calculated energies of complex formation �Ec point
to the considerably higher (by ∼7 kcal mol−1) sta-
bility of one-center adsorption forms in which im-
idazoline radicals are coordinated via their second
electron-donating position rather than via the NO
group. This is also unambiguously indicated by the
temperature dependencies [3] of line shapes in the
corresponding ESR spectra and of AHFC constants.

In a quantum chemical analysis of the experimen-
tally studied [3,4] two-center coordination of radicals
3 and 4 on the surface of partially dehydroxylated
silica gel, we have used the above-mentioned three
model cluster structures containing geminal, vicinal,
and “tetrahedron-separated” OH groups. The starting
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geometry to be subjected to the optimization specified
above for each PSC studied corresponded to the pres-
ence of two typical hydrogen bonds N–O· · · H–O–Si
and N· · · H–O–Si with lengths of ∼1.8 and 1.9 Å,
respectively.

As our MNDO calculations show, such two-center
coordination of imidazoline radicals 3 and 4 to the
geminal silanol groups is energy unfavored, which
can be explained exclusively by geometric reasons.
Analogous calculations performed by us in the case
of vicinal silanol groups (see Fig. 5a) also rule out the
possibility of two-center coordination of imidazoline
radicals, since their assumed two-point adsorption
forms convert in the course of full geometry optimiza-
tion into a single-point one (γ = 180◦) with bonding
via the N(3) atom. Moreover, when the lengths of
both hydrogen bonds in these PSC were not varied
and their magnitudes were taken as equal to those
given in Table 5, such “forced” two-center coordina-
tion of nitroxides 3 and 4 at the vicinal silanol groups
was energy unfavorable by more than 10 kcal mol−1

because of artificially induced structural strains aris-
ing due to the requirement of partial optimization of
radical geometry.

Further insertion of one silicon and oxygen tetrahe-
dron between the vicinal silanol groups substantially
increases the distance between these surface AS. The
calculated parameters of PSC formed by radicals 3
and 4 with such model cluster AS (see Fig. 5b) are
listed in Table 6. It is easy to see that both hydrogen

Table 6
Structural, magnetic resonance, and energy parameters of the clus-
ter PSC formed by radicals 3 and 4 with two AS of the model
cluster Si3O10H8

a

Parameter 3 4

r(H· · · O) (Å) 1.82 1.86
r(H· · · N) (Å) 1.93 1.96
r(O–N) (Å) 1.22 1.22
θ (◦) 58 60
γ (◦) 179 178
γ ′ (◦) 176 178
ϕ (◦) 12 14

aN
iso (G) 22 22

ρN 0.54 0.55
ρO 0.46 0.44
−�Ec (kcal mol−1) 24.3 23.7

a MNDO method.

bonds, H· · · O and H· · · N(3), in the two-center PSC
(Table 6) are somewhat longer than those in the cor-
responding one-center PSC (Table 5) and are slightly
nonlinear (γ and γ ′ differ from 180◦). This finding
shows that there are small structural strains in such an
adsorption form.

From comparison of Tables 5 and 6, it is obvious
that the IHFC constants aN

iso and the spin populations
ρN and ρO of the N(1) and O atoms in the two-center
PSC are much the same as those in the one-center PSC
with binding via the O atom (Table 5). The differences
in the �Ec values are an indication of the preference
of the simultaneous coordination of radicals 3 and 4
by both their electron-donating sites rather than via a
single N(3) atom. This difference is ∼8 kcal mol−1 and
is in good agreement with the experimental data [3].
The insensitivity of the calculated radiospectroscopic
and energy characteristics of PSC to the presence of
a fairly voluminous phenyl group in the imidazoline
ring also has experimental confirmation [3].

It is worth noting that the results obtained upon
extension of the cluster model Si3O10H8 by adding
one more silicon and oxygen tetrahedron followed
by analogous calculations with partial geometry
optimization (viz. the Si–O–Si angles between the
“coupled” tetrahedra; see above) were practically
identical to the results presented in Table 6.

6. Conclusions

Stable nitroxides frequently prove to be practi-
cally convenient and highly informative probes in
inquiring into the nature of the surface AS on the
oxide catalysts and carriers. Thanks to the extremely
high sensitivity of the spin-Hamiltonian parameters
to various coordination factors, the ESR spectra of
coordinated nitroxides can be used successfully to
solve structural–chemical problems concerned with
the reliable identification of the donor–acceptor PSC,
which is needed for advancing the deep insight into
the elementary stages of acid–base processes with
the participation of reactive AS. However, reliable in-
terpretation of radiospectroscopic information about
structural and other physicochemical properties of the
resulting PSC usually involves the performance of
rather complicated quantum chemical calculations of
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magnetic resonance parameters by adequate ab initio
or semi-empirical methods.

The results of the cluster quantum chemical calcu-
lations of structural, magnetic resonance, and energy
quantities indicate that semi-empirical approaches of
the MNDO type can reproduce the whole set of these
properties characterizing the coordination of nitrox-
ides even more adequately than widely distributed ab
initio methods. Within the scope of the cluster ap-
proach under examination, some exceptional features
of the ESR spectra of imidazolidine and imidazoline
nitroxides coordinated to alumina surface can be con-
vincingly interpreted. A noncontradictory treatment of
these features resolves itself into that through the en-
ergy effects, for example radical 2 is coordinated to the
surface LAS exclusively via its O atom and radical 3
is bound predominantly via the N atom, whereas in the
case of radicals 4 and 5, the ESR spectrum represents
the competition between the two electron-donating
centers for coordination to the LAS.

It is important to note that the results of our quan-
tum chemical calculations indicate the majority of
general qualitative regularities to be successfully elu-
cidated even using a relatively simple cluster model
for the surface LAS. Furthermore, such a model has
made it possible to draw the conclusion that the LAS
on the surface of gallia are more acid than those
on the alumina surface. Complex formation of the
paramagnetic nitroxide probes with the diamagnetic
surface LAS containing three-coordinated gallium
or aluminum ions is a chemisorption process, the
donor–acceptor complexes formed on Ga2O3 being
much more stable than their analogs on Al2O3.

The results of quantum chemical analysis per-
formed reveal that nitroxides of the imidazoline series
are capable to form both one-center and two-center
PSC with the different AS of partially dehydroxylated
silica gel. To judge by the calculated complex forma-
tion energies �Ec, these radicals explicitly prefer in
the case of single-point adsorption to be coordinated
to such AS via the N(3) atom of the five-membered
ring rather than via the nitroxyl group, whereas for
similar imidazoline PSC formed with the surface LAS
on Al2O3, the difference in energies of complex for-
mation �Ec is not so pronounced. Lastly, we would
like to stress that the “optimal” Si3O10H8 cluster al-
lows an adequate quantum chemical interpretation of
the whole range of accumulated radiospectroscopic

and thermochemical data on the adsorption of para-
magnetic imidazoline derivatives on the surface of
silica to be proposed. Simpler cluster constructions
containing only vicinal or, especially, geminal silanol
groups are unsuitable for this purpose, because the
two-center coordination of imidazoline radicals to the
groups indicated proves to be energy inconsistent due
to pronounced structural strains.
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