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Dispersed atomic nickel(0) is formed during the
reaction of the nickel-s-organyl complexes with
silanol groups at temperatures below 373 K.
That nickel is oxidized to Ni(I) by protons of the
silanol groups in a consecutive step. The Ni(I)
portion amounts to about 70% w/w of the Ni
used. Six different Ni(I) species are detected by
electron paramagnetic resonance. They are
stabilized by interaction with the silica surface
and the organic moieties; they act as anchor ions
for the Ni(0) atoms. Ni(0) crystallites stabilized
in this way are about 0.5 nm in diameter after a
treatment at 373 K. The influence of the Ni(I)
ions on the collective, magnetic properties of the
clusters is revealed by calculation of ferro-
magnetic resonance (FMR) spectra using the
independent-grain approach according to
Schlömann and Kotyukov. A strain of about
10 GPa is brought about in the nickel crystallites
by the interaction with Ni(I) ions. # 1998 John
Wiley & Sons, Ltd.
Appl. Organometal. Chem.12, 321–325 (1998)
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INTRODUCTION

To prepare metal particles in a well controlled way,
attempts have been made to deposit them on high-
surface-area supports (1) by decomposition of
metal carbonyls,1 (2) by surface reactions of
organometallic complexes,2,3 (3) by adsorption of
dispersed metal clusters,4,5 (4) by metal vapour
condensation techniques6 and (5) by a two-step
variant of the normal sequence of chemical
operations to produce a metal/support catalyst, i.e.
impregnation (precipitation, ion exchange), oxida-
tion and reduction7.

In this paper we report on the preparation of
highly dispersed Ni clusters on silica formed by
surface reactions of nickel-s-organyl complexes,
and the reaction of Ni(0) with silanol groups
forming Ni(I) ions, which act as anchor atoms for
the Ni crystallites.

EXPERIMENTAL

We used silica gel from Merck (Kieselgel 60, grain
size 0.06–0.2mm) as the support. Silica gel was
treated for 4 h in vacuum at 673 K, cooled to room
temperature and loaded in an argon atmosphere
with a solution of nickel-s-organyl complex in
tetrahydrofuran (THF). For drying and for removal
of the organic moieties the sample was heated in
vacuum, Ar or H2 at 373 K (labelled as Ni 100V, Ni
100Ar or Ni 100H, respectively) and sealed in glass
tubes before electron paramagnetic (EPR) or
ferromagnetic (FMR) resonance and electron
microscopy measurements. The nickel loading is
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about2% w/w. EPRinvestigationswereperformed
at 123K, usinganX-bandspectrometer(ERS220,
ZWG Berlin–Adlershof).

Transmissionelectron microscopy(TEM) was
carried out with a JOEL 100C microscope.The
synthesis of the nickel–s-organyl complex
(Li2[Ni(DPE)2]�4THF; DPE= 2,2'-dianion of the
diphenylether)is reportedin detail in Ref. 8.

RESULTS AND DISCUSSION

Thehydrolysablenickel-s-organylcomplexesreact
with silanolgroupsforming Ni(0) (Eqn [1]2,3,8

Li 2�NiR4� � 2� SiOH! 2� SiOLi�
2HR� Rÿ R� Ni�0� �1�

In the case of Li2[Ni(DPE)2]�4THF (1), the
results of the gas-chromatographic analysis8 [di-
phenyl ether (H2DPE) dibenzofuran(DBF) were
estimatedin boththeexpectedquantitiesandin the

ratio1:1] point to thereactionsrepresentedby Eqns
[2] and[3].

[2]

First of all, the surfacecomplex2 is formed.This
complexdecaysby homolysisof theremainingtwo

Figure 1 Experimental(1) and calculated(2) EPR powder
spectrumof Ni 100V. Curve2 wascalculatedby superposition
of 3 [Ni+ (:SiO) (O2); g1

G = 2.28, DB1 = 4 mT; g2
G = 2.14,

DB2 = 3 mT; g3
G = 2.01,DB3 = 0.5mT] and4 [Ni(0) signal;for

parametersseeTable3].

Figure 2 Experimental(1) and calculated(2) EPR powder
spectrumof Ni 100Ar. Curve (2) was calculatedby super-
positionof 3 [Ni� (: SiOÿ)(DPE)Li2; gk

C = 2.41,DBk = 4 mT;
g?

C = 1.95, DB? = 5 mT], 4 [Ni� (: SiOÿ)2 (DPE)Li2;
gk

E = 2.22,DBk = 11mT; g?
E = 1.97,DB? = 7 mT] and 5 [an

Ni(0) signal;for parametersseeTable3].
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Ni–C bonds,forming DBF and dispersedatomic
nickel.

�3�

ElectronParamagneticresonance(EPR) measure-
mentsof the Ni 100 samplesyield the spectra1 in
Figs 1–3. Inspectionof thesespectrarevealedthat
theyconsistof bothparamagneticNi(I) andsuper-
paramagneticNi(0) signals.Thisresultpointsto the
greatercomplexityof thesurfacereactions,andwe
haveto takeinto considerationtheNi(I) formation
reactionstoo.

There are severalpaths to generationof Ni(I)
speciesin thesystemunderinvestigation:

(1) thenickel complex(Li 2[Ni(DPE)2]�4 THF) can
reactwith oneor threesilanol groupsforming
Ni(I) accordingto Eqns[4] and[5]:

Li 2�Ni(DPE)2�� � SiOH!� SiOLi�
Li [Ni(DPE)]� HDPE� �4�

4

Li2�Ni(DPE)2� � 3� SiOH! 2� SiOLi�
H2DPE� � SiONi� HDPE� �5�

5

AccordinglyradicalsandNi(I) species(4 and
5) shouldbe generatedto the sameextent.
However, from inspection of both the
experimental spectra and the calculated
spectra9 (seeFigs 1–3) it follows that in the
Ni 100 samples the quantity of organic
radicalscanbeneglected.

(2) Another possible explanationfor the high
Ni(I) content is the re-oxidation of the
dispersedatomic Ni(0) by protons of the
silanol groups(Eqn [6]).

Ni�0�� � SiOH!� SiONi� H� �6�
Reaction[6] wasobservedon NiPd-contain-
ing zeolites at 773K.10 It is well known,
however,that in the caseof silver atomsin
aqueoussolutions11 the analogousreaction
takes place at room temperature.So we
supposethat the majority of the Ni(I) is
formed by reaction [6]. The hydrogen
radicalsarenot stable;they recombinewith
eachotheror with theHDPEradicals.

The Ni(I) species5 (speciesA in Table1) have
somevacanciesin their coordinationsphere.These
vacanciesarefilled by interactions(1) with organic
moieties12–17 e.g. solventmolecules(speciesB in
Table1) or ligandmolecules(speciesC in Table1),
(2) with bothfurthersilanolgroups,analogouslyto
Cu(II),18,19andfurtherorganicmoieties(speciesD
and E in Table 1), (3) with each other, pair
formation resulting in a signal at half-field20

(speciesF in Table1), (4) with moleculescaptured
from theatmosphere12,21(speciesG in Table1) and
(5) with Ni(0) atoms,giving a signalattributableto
paramagneticor superparamagneticNi clusters(see
spectra4,5and6,7 in Fig. 1, 2 and3 respectively).

All interactions(1)-(5) occur in parallel under
our experimentalconditions.From this it follows

Figure 3 Experimental(1) and calculated(2) EPR powder
spectrumof Ni 100H. Curve 2 was calculatedfrom 3 [Ni�

(:SiOÿ)(THF)x; gk
B = 2.36, DBk = 2 mT; g?

B = 2.02,
DB? = 4 mT], 4 [Ni� (:SiOÿ)x; gk

A = 2.71, DBk = 4 mT;
g?

A = 2.07, DB? = 6 mT], 5 [Ni� (:SiOÿ)y (THF)x;
gk

D = 2.46,DBk = 6 mT; g?
D = 2.08,DB? = 6 mT], 6 [Ni(0);

for parametersseeTable3] and7 [a paramagneticNi(0) signal;
g = 2.22,DBpp = 20mT].
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that the bestfit of the experimentalspectrain the
region2.74� g� 1.95is obtainedby superposition
of severalNi(I) signals.Only in the caseof the
sampleNi 100V is one Ni(I) speciessufficient to
achievea goodfit.

The presenceof a larger amount of Ni(I) is
manifestedby the small particle size of the Ni(0)
species(seebelow), the high thermal stability of
their dispersity(seeTable2) andtheeffectof Ni(I)
on them, resulting from the spectrum calcula-
tion.22–25 The collective magnetic components
appearif thecalculatedNi(I) signalsaresubtracted
from the experimentalspectra[see the signalsof
Ni(0) in Figs 1–3]. The signalsof the collective
magneticNi(0) componentsarenearlyisotropicata
measurementtemperatureof 123K. This low
anisotropyagreeswith the parametersetsusedto
calculatethespectra(Table3).

Thusthe valueof the magnetocrystallineaniso-
tropy(K0 = 0.0001at123K, Table3) deducedfrom
thespectracalculationcorrespondsto aparticlesize
smallerthan0.5nm,26 in agreementwith theresults

of the TEM investigations.Ks1 and Ks1 are the
isotropicandtheanisotropicparts,respectively,of
the magnetoelasticinteraction,s is an isotropic24

strain or stress(s> 0 or s< 0). To estimatea
roughmeasureof the resultingstrain we usedthe
isotropic part (Ks1) of the magnetoelasticinterac-
tion (seeTable3). Theactualvalueof s calculated
from Ks1 is determinedby the sumof threemain
factors of influence: (1) the differences in the
thermal expansionof nickel and SiO2 cause a
strain,25,27(2) thesurfacetensionof smallparticles
is dependenton particlesizeandresultsin stress,28

and(3) thepresenceof unreducedcations(Ni�) in
nickel crystallitescausesa tension.29 Both of the
factors(1) and(2) areabout5� 108 andÿ1010 Pa,
respectively,and constant in our samples.The
influenceof the anchoratoms(Ni� ions) and the
atmosphereresults from the subtractionof these
two valuesfrom s estimatedfrom Ks1. Thus the
following sequenceof s wasobtained:Ni 100Ar,
about 9.54� 109 Pa; Ni 100V, about 9.49�
109 Pa; and Ni 100H, about 9.3� 109 Pa. The
positive sign shows the dominant influence of
unreducedNi(I) in our samples.The positively
chargedNi(I) ions withdraw electrondensityfrom
the nickel atoms in the particle. This results in
incompletelyscreenednickel atoms,which try to
increasetheir equilibrium distanceand causea
tensile stresswithin the particles.29 The s values
given aboverevealthat differencesin the pretreat-
ment (Ar, H2 andV, respectively) influence the
resulting strain to a minor degree.Taking into

Table 1 Componentsof theg tensorsfor supportedNi� species

Speciesa Code g3/gk g2 g1/g
? References

Ni�(: SiO-)x A 2.71 2.07 12–14
Ni� (: SiOÿ)(THF)x B 2.46 2.08 This work
Ni� (: SiOÿ)(DPE)Li2 C 2.41 1.95 This work
Ni� (: SiOÿ)y(THF)x D 2.36 2.02 This work
Ni� (: SiOÿ)2(DPE)Li2 E 2.22 1.97 This work
(: SiOÿNi�)2 F — 4.3 20
Ni� (: SiO)(O2) G 2.28 2.14 2.01 12, 21

a (x� 1; y� 2.

Table 2 Nickel particle size estimated by transmission
electronmicroscopy

Sample Size(nm)

Ni 100H < 1
Ni 100V < 1
Ni 100Ar < 1
Ni 300V < 1
Ni 300Ar 2–4

Table 3 Parametersof spectralsimulationsof the collectivemagneticnickel clustersin Figs1–3

Sample g0 W(mT)a K0 Ks1 Ks1 K3 gfb

Ni 100V 2.22 22.83 0.0001 0.0089 0.0012 ÿ0.0100 0.0018
Ni 100Ar 2.22 68.75 0.0001 ÿ0.0296 ÿ0.0042 ÿ0.1196 0.0390
Ni 100H 2.22 60.72 0.0001 0.1479 0.0207 ÿ0.0813 0.0219

a W= half-width of the Lorentzline form function
b gf = goodnessof thefit is given by the approximationerror [(Irel

expÿIrel
cal)2/(nÿ1)]1/2, wheren is the numberof datapoints.
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considerationanuncertaintyof about30MPain the
estimationof s,30 theinfluenceof tracesof oxygen
(seeNi 100V, Fig. 1) andthatof anAr atmosphere
cannotbedistinguishedfrom thestressstateof the
Ni(0) particlesin thepresenceof muchNi(I).

As expectedfrom Eq. [6], the tensileconstraints
of Ni(I) are reducedin the caseof Ni 100 H. The
decrease in the tension, however, is small
(9.5� 109–9.3� 109 = 2� 108 Pa) becauseof a
multitude of Ni(I) alreadyexisting in this sample
(seeFig. 3).

However, the hydrogen atmospherehas an
influence on the magnetization of the nickel
particles too. This circumstancebrings about an
additionalsignalof paramagneticNi(0) (seeFig. 3
spectrum7) comparedwith the samplesNi 100 V
andNi 100Ar. Thepresenceof paramagneticNi(0)
is explainedby the filling of the d-bandhole of
nickel with electrondensityfrom the hydrogens-
electron31 during the adsorption.So the magnetic
properties of the nickel particles change from
ferromagnetic to paramagneticwith increasing
amountsof adsorbedhydrogen.Taking into ac-
counttheexistenceof a particlesizedistributionof
the nickel crystallites, the smallest ones should
behave paramagnetically.For this reason the
paramagneticnickel signal is observed in this
sample.

K3 describestheshapeanisotropyof anellipsoi-
dal single-domainparticle. K3< 0 correspondsto
an oblatespecimen.32 The valuesof K3 (seeTable
3) aretypical for nearlysphericalparticles.
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13. M. Hartmann,A. Pöppl andL. Kevan,J. Phys.Chem.99,

17494(1995).
14. H. Yamada,N. AzumaandL. Kevan,J. Phys.Chem.98,

13017(1994).
15. L. Bonneviot and D. Olivier, J. Chem. Soc., Chem.

Commun.952(1982).
16. A. Barth,R. KirmseandJ.Stach,Z. Chem.24,195(1984).
17. L. Bonneviot,D. Oliver andM. Che,J. Mol. Catal.21,415

(1983).
18. W. Mörke, F. Vogt, K.-P. Wendlandand I. Achkar, Z.

Chem.30, 297(1990).
19. H. Motschi,ColloidsandSurfaces9, 333(1984).
20. K. Nag and A. Chakravorty,Coord. Chem.Rev. 33, 87

(1980).
21. V. B. Kazansky,I. V. Elev and B. N. Shelimov,J. Mol.

Catal. 21, 265(1983).
22. G. Suran,A. Stankoff and F. Hoffmann, Phys.Rev B 8,

1109(1973).
23. V. K. Sharmaand A. J. Baiker, J. Chem.Phys.75, 5596

(1981).
24. Yu. Kotyukov andV. Abrasov,Sov.J. Phys.15, 1 (1972).
25. W. Mörke, T. Bieruta, J. Jarsetz,C. Görsmannand U.
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