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Abstract

Molecularly doped silica xerogels are prepared by adding either main-group or transition metal organometallic compounds
containing bifunctional ligands to conventional sol—gel formulations. These bifunctional ligands contain distal (alkoxy or
hydroxy)silyl groups, so that the dopant molecules become covalently incorporated into the silica xerogel matrix as it is being
formed. Subsequent thermal treatment under reducing or oxidizing-then-reducing conditions leads to the decomposition of
molecular precursor and to the formation of a nanoparticulate material with precise stoichiometry highly dispersed throughout the

xerogel matrix. © 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Nanocomposite materials consisting of particles with
diameters less than 100 nm of a guest substance dis-
persed throughout a host matrix are a topic of intense
current interest for potential applications as chemical
catalysts and as photonic or magnetic materials [1]. A
challenge in preparing nanocomposites is the ability to
control the elemental composition and stoichiometry of
the nanocluster phase.

In this overview, organometallic complexes of transi-
tion or main group metals are used as single-source
molecular precursors to form nanoclusters of metal,
intermetallic, metal carbide, metal phosphide or ele-
mental germanium compositions dispersed throughout
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a silica xerogel matrix. These molecular precursors
contain bifunctional substituents or ligands that bond
covalently to core atoms within the molecular precursor
and also contain a distal (alkoxy or hydroxy)silyl func-
tional group. Addition of these molecular precursors to
conventional silica sol—gel formulations gives, through
hydrolysis and subsequent heterocondensation reac-
tions, silica xerogels covalently doped with these pre-
cursor molecules. Thermal treatment of these
molecularly doped xerogels under appropriate condi-
tions affords nanocomposite products. Using this strat-
egy, nanocomposites containing crystalline nanoclusters
of Os, PtSn, Co,C, Fe,P, Co,P, Ni,P or Ge have been
prepared and characterized. Control of the nanopartic-
ulate composition through the proper choice of precur-
sor molecule provides a ‘molecules-to-nanocomposite’
synthetic strategy for preparing nanocomposite
materials.
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Scheme 1. Synthetic strategy for the preparation of silica xerogel nanocomposites.

2. Experimental
2.1. Synthetic methods

Although detailed procedures for syntheses discussed
in this overview will be reported in more specialized
journals, the experimental procedures followed in the
preparation of the Co;C/silica xerogel and Ge/silica
xerogel nanocomposites are both exemplary and avail-
able [2,3]. The overall synthetic strategy is shown in
Scheme 1. An organometallic complex, 1, is prepared
containing a bifunctional ligand or substituent which
bears an (alkoxy or hydroxy)silyl functional group.
Addition of 1 to a conventional sol-gel synthesis of
silica xerogel (using tetramethylorthosilicate (TMOS),
water, methanol and/or DMF or THF as cosolvents
and an acid or base catalyst) gives a silica xerogel in
which the dopant molecule is covalently attached to the
xerogel matrix. Thermal treatment of this doped xe-
rogel under appropriate conditions affords a silica xe-
rogel containing a specific nanoparticulate guest
substance.

Bifunctional reagents used in this study include the
commercially available thiol, HS(CH,);Si(OMe); and
the phosphines, PPh,CH,CH,Si(OMe), or
PPh,CH,CH,Si(OEt);, which were prepared according
to literature procedures [4]. The molecular precursors,
1, were prepared using published procedures or proce-
dures reported for the preparation of analogous thio-
late or phosphine complexes as indicated below.

Conventional sol-gel formulations were used in the
syntheses of all molecularly doped silica xerogels [5].
Xerogels were formed at room temperature using
aqueous HNO; or HCI as acidic catalysts or aqueous
ammonia as a basic catalyst. Reaction stoichiometries
for the molar ratio of total Si to molecular dopant
complex are specified below but can be widely varied.
Product xerogels were washed several times with alco-
hol prior to air or vacuum drying.

Conversion of the molecularly doped xerogels to
nanocomposite materials was accomplished by placing
the powdered xerogel into an alumina boat. Such sam-
ples were then introduced into a quartz tube placed
inside of a tube furnace. The atmosphere within the
tube was controlled by gaseous flow (150 ml min —!) of

the appropriate gas. Temperatures were measured using
an internal thermocouple. Specific preparative and ther-
mal conditions are described below.

2.2. Characterization methods

The nanocomposite materials were characterized us-
ing a Philips CM20T transmission electron microscope
operating at 200 kV. Samples for TEM were prepared
by dispersing a powdered sample of nanocomposite
onto a 3-mm diameter copper grid covered with amor-
phous carbon as a substrate. These samples were ana-
lyzed with standard bright-field (BF) imaging for
particle size distribution, selected area diffraction
(SAD) for their crystal structures, and X-ray energy
dispersive spectroscopy (EDS) for semi-quantitative
chemical composition. Interpretation of polycrystalline
SAD ring patterns was unambiguous for simple cubic
crystal structures. However, for less symmetrical struc-
tures, single-crystal electron diffraction patterns were
also employed to deduce the crystal structures in the
nanocomposite materials.

X-ray diffraction (XRD) scans were obtained using a
Philips PW1800 #/20 automated powder diffractometer
equipped with a Cu target and a post-sample
monochromator. Samples for XRD were prepared by
placing a uniform layer of powdered nanocomposite
onto double-sided tape affixed to the sample holder.
The sample area was greater than the ca. 1 x 1 cm area
irradiated by the X-ray beam. Considerable caution
was used to keep the top of the sample surface flat and
coplanar with the diffractometer rotation axis. Prior to
peak width measurement, each diffraction peak was
corrected for background scattering and was stripped
of the Ka, portion of the diffracted intensity. In suit-
able samples, the full width at half maximum (FWHM)
was measured for each peak. Crystallite size, L, was
calculated from Scherrer’s equation, L = K1/f cos 0,
for peak broadening from size effects only (where f is
the peak FWHM measured in radians on the 26 scale,
A is the wavelength of X-rays used, 6 is the Bragg
angle for the measured /ikl peak, and K is a constant
equal to 1.00 for L taken as the volume-averaged
crystallite dimension perpendicular to the Akl diffrac-
tion plane) [6].
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3. Results and discussion While reported preparations of Os nanocomposites
are lacking, possibly owing to formation of the very
3.1. A metal/silica xerogel nanocomposite volatile intermediate, OsO,, Psaro and coworkers ob-
served that Os,;(CO),, supported on a silica surface
Reaction of [(%-p-cymene)OsCl,], with the appro- decomposes under hydrogen at 573 K to give Os parti-
priate bifunctional phosphine gives the orange cles [8]. By using complex 2 as a single-sou.rce precursor
mononuclear complex 2 [7]. Covalent incorporation and a reducing thermal treatment, formation of a bulk
of 2 into a silica xerogel occurs readily to give Os/silica xerogel nanocomposite is achieved.
an orange xerogel (Eq. (1)). Subsequent thermal treat-
ment under reducing conditions affords a black 3.2. A binary intermetallic/silica xerogel nanocomposite
nanocomposite containing nanocrystals of osmium
metal. The yellow Pt—Sn heterodinuclear organometallic
Ols\ TMOS, H,O/THF SiO; xerogel
a—,
a’ ~PPh, H* catal III' .
Si/Os = 50/1 {[SiCH,CH,Ph,P1Os(n°cymene)Cl, }
(MeQ);Si
M
2 A | H,(900C, 0.5h)

SiO, xerogel - x Os

Transmission electron microscopy (TEM) images of complex 3 is obtained by reaction of cis-
this nanocomposite reveal nearly spheroidal osmium Pt(PPh,),(Ph)(SnPh,Cl) and the bifunctional thiol,

nanoclusters having an average diameter of 2.1 nm and HS(CH,),Si(OMe),, via nucleophilic displacement of
a monomodal particle-size distribution with particle halide [9]. Covalent incorporation of 3 into a silica
diameters ranging from 1 to 7 nm. An XRD scan (Fig. xerogel gives, after thermal treatment in a reducing
1) shows one broad peak having the correct 20 value atmosphere, a nanocomposite containing crystalline nan-
for the 101 peak expected of crystalline osmium. The oclusters of the known hexagonal intermetallic com-
average Os particle size calculated from the width of pound, PtSn (niggliite), as the only observed phase (Eq.
this XRD peak using Scherrer’s equation is 5.5 nm. A (2)). As formed, these PtSn nanoclusters have a monomo-
selected area diffraction pattern of this nanocomposite dal particle size distribution with particle diameters
can be successfully indexed as metallic osmium. EDS ranging from 2 to 14 nm and an average size of 6 nm
spectra reveal the presence of Si and Os with no (by XRD). Prolonged thermal treatment leads to the
emissions for chlorine or phosphorus being detected. formation of particles having an average size of 12 nm
Thermal degradation of the molecular precursor 2 un- (by XRD). EDS spectra reveal the presence of Si, Pt, and
der solely reducing conditions to form Os nanoclusters Sn with no phosphorus being detected. Electron diffrac-
is complete at least at the detection level of EDS (ca. tion ring patterns show five rings that have d-spacings
0.2-1.0 wt.%). consistent with those known for PtSn (niggliite).
S(CH,);Si(OMe);
\
Ph;R SnPh, Si0, xerogel
N4 TMOS, H,O/THF
Pt —
Ph P/ \Ph H+ catal. {{Si(CH,);SPh,SnPt(Ph)(PPh;),}
3 Si/Pt=30/1
@
3

AN | H,(700C, 2 h)

SiO, xerogel - x PtSn (niggliite)
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Fig. 1. XRD scans of silica xerogel nanocomposites containing nanoclusters of (A) Os, (B) PtSn or (C) Co;C, along with XRD scans of the

corresponding pure substances recorded with CuKe radiation.

Selective formation of crystalline nanoparticulate
PtSn is confirmed by an XRD scan of this PtSn
nanocomposite (Fig. 1). Although five different Pt/Sn
compositions (Pt;Sn, PtSn, Pt,Sn;, PtSn, and PtSn,) are
present in the Pt/Sn phase diagram, only nanoclusters
of PtSn are formed from 3 [10]. Successful formation of
PtSn nanoparticles from a Pt—Sn 1:1 molecular precur-
sor demonstrates synthetic control of the eclemental

composition and stoichiometry of a nanocluster mate-
rial through proper choice of the core structure of a
molecular precursor. Nanoparticulate Pt—Sn inter-
metallic compounds have been studied extensively be-
cause of their importance as hydrocarbon reforming
catalysts. The preparation of a single Pt—Sn composi-
tion has rarely been achieved using other synthetic
methods [11].
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3.3. A binary metal carbidesilica xerogel
nanocomposite

Incorporation of the known purple tricobalt carbido
cluster, 4, [12] into a silica xerogel matrix gives a purple
xerogel product (Eq. (3)) [2]. The intensity of the purple
color deepens with increasing loading levels of complex
4. As expected, FTIR spectra of the molecularly doped
xerogel show characteristic terminal C-O stretching
bands near 2065 cm~!. In a control reaction, the
purple methylidyne cluster, (13-HC)Co5(CO),, also ap-
pears to incorporate into the silica xerogel; however,
normal washing of this purple xerogel product leads to
complete extraction of the purple precursor. These ob-
servations are consistent with the covalent incorpora-
tion of 4 in the xerogel matrix. Hydrolysis products
from the TMOS sol-gel conversion presumably un-
dergo heterocondensation with the trihydroxysilyl sub-
stituent of complex 4 [2].

An XRD scan of the Co;C/silica xerogel nanocom-
posite along with the standard XRD scan of or-
thorhombic Co,C are shown in Fig. 1. A broad peak
centered at ca. 25° in 20 arises from amorphous scatter-
ing from the silica xerogel host matrix. The most in-
tense peak centered at ca. 45° in 26 is assigned to
several overlapping peaks expected for -crystalline
Co,4C. The presence of crystalline Co,0, is indicated by
the relatively weak peak centered at ca. 37° in 20. The
low overall intensity of XRD peaks assigned to crys-
talline Co;C results from the relatively low doping level
of this material and from the low symmetry of this
crystalline lattice. The presence of cobalt metal or other
cobalt carbide structures is not observed. The origin of
the Co;0, material is unknown, although oxidation of
cobalt could occur during the sol-gel synthesis of the
nanocomposite material or during its subsequent han-
dling prior to analysis by TEM or XRD.

/OH
e TMOS, H,O/DMF 5i0, xerogel
_—
(OC)3C0<(|:7Co(c0)3 NH, catal. III‘
(C?)) Si/Co=4/1 {[SiCCo4(CO)g}
3
3

4

A} H,(500C, 2h)

SiO, xerogel - x CosC

When the purple silica xerogel doped with 4 is heated
in a hydrogen atmosphere, a black xerogel powder is
obtained. Upon exposure to air, the black powder
slowly turns gray indicating possible air oxidation of a
component phase. An FTIR spectrum of this black
product reveals the expected absence of carbonyl ligand
C-0O stretching bands. TEM micrographs reveal nearly
spheroidal particles of a guest phase dispersed through-
out the xerogel. A monomodal particle-size distribution
is observed with particle diameters ranging from 10 to
46 nm and an average particle diameter of 25 nm. An
EDS scan reveals X-ray emissions confirming the pres-
ence of silicon and cobalt. EDS scans of selected on-
particle and off-particle areas confirms the
concentration of cobalt within the particulate features.

Electron diffraction from this nanocomposite gives a
complex SAD ring pattern consistent with the known
diffraction pattern for orthorhombic Co,C. Interplanar
spacings calculated from a single-crystal spot pattern
are also consistent with the known unit cell of Co;C
crystal. These electron diffraction data strongly support
the presence of Co;C as the principal crystalline mate-
rial within the nanocomposite.

The formation of Co,C nanoclusters is particularly
noteworthy given that several cobalt carbide phases are
known. Furthermore, the elemental composition of this
cobalt carbide phase is precisely that of the core struc-
ture of complex 4, thereby providing another example
of synthetic control of nanocluster composition
through proper choice of molecular precursor.

3.4. Binary metal phosphide silica xerogel
nanocomposites

Transition metal phosphine complexes can serve
as single-source molecular precursors to metal phos-
phide/silica xerogel nanocomposites as shown in Egs.
(4)-(6). The molecular precursors, Fe(CO),[PPh,
CH,CH,Si(OMe),], 5, Co,(CO)¢[PPh,CH,CH,Si
(OEt);],, 6, and Ni[PPh,CH,CH,Si(OEt);],, 7, are syn-
thesized using published procedures or those reported
for the preparation of analogous complexes [13-17],
and the presence of bifunctional phosphine ligands
leads to the direct covalent incorporation of these com-
plexes into a silica xerogel matrix. Conversion of these
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molecularly doped xerogels to nanocomposites is ac-
complished by thermal treatment under the reducing
conditions shown.

TMOS, H,O/DMF

. MeOH
(OC),Fe[PPhy(CH,),Si(OMe);] ———— ||
NH3 catal.
S Si/Fe = 10/1

111, 201, and 210 XRD peaks of barringerite (Fig. 3).
Measurement of the full width at half maximum of

Si0, xerogel

{[Si(CH,),Ph,P]Fe(CO)4}

@

AN j H,(900C, 0.5h)

SiO, xerogel - x Fe,P (barringerite)

TMOS, H,O/DMF

(OC)¢Coy[ PPhy(CH,),Si(OEt)s], ———>N I
3 .

6 Si/Co=15/1

A 1 H, (800 C, 2h)

SiO, xerogel

{[Si(CH,),Ph,P],Cox(CO)s}

&)

Si0, xerogel - x Co,P

TMOS, H,O/DMF
MeOH

Si0, xerogel

Ni[PPhy(CHp,Si(OED);ly ———— + ||
NH3 catal. . .
7 Si/Ni = 101 {[Si(CH,),Ph,P],Ni}

©

AN | H,(750C, 3h)

SiO, xerogel - x Ni,P

TEM micrographs of these metal phosphide/silica
xerogel nanocomposites reveal nearly spheroidal parti-
cles for the Co,P and Ni,P nanoclusters. However, the
Fe,P (hexagonal barringerite) nanoclusters show sharp
edges and corners with some particles oriented properly
to give a hexagonal projection (Fig. 2). Fe,P particle
diameters range in value from 2 to 8 nm with an
average value of 4.7 nm.

On-particle EDS spectra indicate a Fe:P ratio of
1.98:1 which is consistent with the formula, Fe,P. Se-
lected area diffraction ring patterns obtained from this
nanocomposite reveal seven rings having d-spacings
which match well with those reported for Fe,P. A spot
pattern obtained by electron diffraction from one
nanocrystal of Fe,P can be indexed using the cell
parameters of barringerite. An XRD scan of this
nanocomposite shows peaks that match well in 20
values and in relative intensities with the corresponding

each of these three peaks and application of Scherrer’s
equation gives a volume-averaged mean particle diame-
ter of 10 nm. This nanocomposite apparently contains a
small fraction of Fe,P particles having diameters signifi-
cantly larger than 4.7 nm.

Co,P nanoclusters have particle diameters ranging in
value from 2.5 to 10 nm with an average particle
diameter of 5 nm. EDS spectra indicate the presence of
both Co and P, and d-spacings derived from the ob-
served selected area electron diffraction ring patterns
(six rings) for this nanocomposite are consistent with
the known orthorhombic Co,P crystalline phase. On-
particle EDS spectra indicate a Co:P ratio of 2.09:1
which is consistent with the formula, Co,P. An XRD
scan of this nanocomposite confirms the presence of
crystalline Co,P with no other crystalline phases being
evident (Fig. 3).
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15 nm

Fig. 2. TEM image of a silica xerogel nanocomposite containing
hexagonal nanocrystals of Fe,P (barringerite).

Ni,P particle diameters range in value from 0.7 to 3.7
nm with an average particle diameter of 2.6 nm. EDS
spectra obtained from the Ni,P nanocomposite confirm
the presence of both Ni and P in this product xerogel.
Selected area diffraction ring patterns obtained from
this nanocomposite reveal five rings have d-spacings
which match well with those reported for standard
samples of hexagonal Ni,P. An XRD scan shows peaks
that match well in 260 values and in relative intensities
with the corresponding 111, 201, and 120 XRD peaks
of Ni,P (Fig. 3). Measurement of the full width at half
maximum of each of these three peaks and application
of Scherrer’s equation gives a volume-averaged mean
particle diameter of ca. 9 nm. This nanocomposite
apparently contains a small fraction of Ni,P particles
having diameters significantly larger than 2.6 nm.

Complexes 5-7 clearly act as single-source molecular
precursors for the formation of silica xerogel com-
posites containing crystalline nanoparticles of the
known metal phosphides, Fe,P, Co,P or Ni,P, respec-
tively. In contrast to the syntheses described in Egs.
(1)-(3), the M:P core stoichiometries of these molecular
precursors do not control the M:P stoichiometry of the
resulting nanoparticulate material. However, in each
case selective formation of only one crystalline metal
phosphide composition is observed. As listed in Table
1, seven different crystalline forms or stoichiometric
compositions are known for iron phosphides. In addi-
tion, five different cobalt phosphide compositions and

40 50 60 20
I WW
C
m T T T T L] LR
1
’ ‘ Ni P
'y I I I |l. . .
30 40 50 60 70 20

Fig. 3. XRD scans of silica xerogel nanocomposites containing nan-
oclusters of (A) Fe,P, (B) Co,P or (C) Ni,P, along with XRD scans
of the corresponding pure substances recorded with CuKe radiation.

ten different nickel phosphide compositions are also
known. Under the thermal conditions employed, a
unique metal phosphide composition is formed for each
metal. This composition is the congruently melting
phase having the highest phosphorus/metal ratio. We
speculate that a type of hydrodephosphination reaction
occurs during thermal treatment to remove phosphorus
from the incipient metal core composition until the M:P
composition of the observed congruently melting phase
is reached. Further study is required to further substan-
tiate the generality of this trend.
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3.5. A germanium/silica xerogel nanocomposite

Reaction of Me;GeBr and the bifunctional thiol,
HS(CH,),Si(OMe);, in the presence of triethylamine
gives excellent yields of the organogermanium com-
pound 9 [3]. Incorporation of 9 into a silica xerogel
occurs readily, and thermal treatment under successive
oxidizing and reducing conditions gives a silica xerogel
containing crystalline nanoclusters of Ge (Eq. (7)) [3].

TMOS, H,O/DMF

scattering from the silica xerogel matrix. Three peaks
matching the 20 values and relative intensities of those
expected for the 111, 220 and 311 planes of crystalline
Ge are the only other peaks observed. Crystallite sizes
calculated from Scherrer’s equation using the widths of
these peaks give an average Ge nanocrystallite size of
6.8 nm. The close agreement in average particle size
determined by TEM and XRD indicates that very few

SiO, xerogel
MeOH 2
Me;GeS(CH,);Si(OMe); <0 I
0 H” catal. {Si(CH,);SGeMe,}
Si/Ge = 10/1
)
air (600 C,0.5h)
PAN 600C, 1h

SiO, xerogel - x Ge

TEM micrographs reveal the presence of highly crys-
talline spheroidal Ge nanoclusters having diameters in
the range 2.5-14.5 nm with an average diameter of 6.7
nm. The high crystallinity of the Ge particulates is
evident in the HRTEM image shown in Fig. 4. Two
sets of 111 lattice fringes are observed extending across
the entire diameter of the nanocluster. The background
of the micrograph depicts the amorphous silica xerogel
matrix.

Electron diffraction SAD patterns obtained from this
nanocomposite reveal three prominent rings assignable
to the 111, 220, and 311 planes of crystalline germa-
nium. SAD patterns obtained from nanocomposites
prepared from more heavily doped xerogels reveal up
to six rings consistent with crystalline Ge.

An X-ray diffraction (XRD) scan of this Ge/silica
xerogel nanocomposite is shown in Fig. 5. The broad
peak centered near 22° in 26 is assigned to amorphous

Table 1
Known compositions and unit cell symmetries for iron-, cobalt-, or
nickel phosphides

Iron Phosphides Cobalt Phosphides Nickel Phosphides

Co,P, orthorhom-  Ni,;P, tetragonal
bic

Fe,P, hexagonal CoP, orthorhombic Nij, ssP, hexagonal
FeP, orthorhombic CoP,, monoclinic ~ NisP,, hexagonal

Fe,P, tetragonal

FeP,, orthorhom-  CoP5, cubic Ni,,Ps, tetragonal
bic
FeP,, monoclinic ~ CoP,, cubic Ni,P5, cubic

FeP,, orthorhom-
bic
y-FeP,, monoclinic

Ni,P, hexagonal

NisP,, hexagonal

NiP, orthorhombic
NiP,, monoclinic/cubic
NiP5, cubic

H, { 900C, 0.5h

crystalline Ge nanoclusters have diameters significantly
larger than 145 A.

A micro-Raman spectrum of this nanocomposite is
shown in Fig. 6. The sharp signal observed at 301 cm ~!
corresponds to the phonon frequency of microcrys-
talline Ge. The width of this peak is consistent with Ge
microcrystals having diameters of ca. 6.0 nm [18], and a

Fig. 4. High-resolution TEM image of a Ge nanocrystal in a Ge/silica
xerogel nanocomposite.
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Fig. 5. XRD scan of a silica xerogel nanocomposite containing nanoclusters of Ge recorded with CuKo radiation.

small amount of non-crystalline Ge is evident by the
slight trailing of the Ge phonon band to lower
frequency.

4. Conclusions

Organometallic complexes can be used as single-
source precursors for the preparation of a variety of
bulk silica xerogel nanocomposites. Osmium nanoclus-
ters are formed directly from thermal degradation of a
low-valent precursor under reducing conditions, thus
obviating the need for oxidative degradation of the
precursor affording volatile metal-oxide intermediates.
Crystalline nanoparticulates of the binary substances
PtSn and Co;C can be prepared with stoichiometric
precision using molecular precursors having molecular
cores of these exact compositions. Nanoparticulate
metal phosphide substances are formed as single phases

301

2 ! 1 f L h

185 210 235 260 285 310 335 360 385
‘Wavenumber

Fig. 6. Micro-Raman spectrum of a Ge/silica xerogel nanocomposite
showing the phonon band of the Ge nanoclusters.

from metal phosphine molecular precursors by loss of
phosphorus from the incipient molecular cores. An
organogermanium compound serves as a single-source
precursor to crystalline germanium nanoclusters. The
successful preparation of these silica xerogel nanocom-
posites represents another application of organometallic
chemistry to materials science and a beginning in the
development of new synthetic strategies for controlling
the chemical composition of nanoparticulate materials.
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