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Abstract: Fe(CO)s physisorbs onto Corning’s code 7930 porous Vycor glass (PVG) and dried (<200 °C),
base-catalyzed (NH3) tetramethoxysilane/methanol/water xerogels. Although chemically and structurally
similar matrices, 488-nm photolysis of the physisorbed complex yields ca. equal amounts of Fe® and Fe,O3
in PVG, but only Fe,O3 in the xerogel. Mossbauer, EXAFS, and XANES results give no indication the
photoproducts bind to either silica matrix, and consolidation of the PVG matrix leads to Fe®—Fe,0;
nanoparticle formation with little change in the Fe%Fe(lll) ratio. PVG serves as a template defining the
particle diameter and interparticle spacing, whereas consolidation of the xerogel does not result in
nanoparticle formation. Instead, ca. 20% of the octahedrally coordinated Fe(lll) converts to tetrahedral
coordination during consolidation. The photoproducts within these porous silica matrices reflect a competition
between aggregation and oxidation, where the extent and most likely the rate of aggregation are functions
of the correlation lengths of these amorphous matrices. With a correlation length of 22 & 1 nm, aggregation
exceeds oxidation in PVG and limits oxidation to the outer periphery, thereby creating particles whose
Fe%Fe(lll) ratio is unaffected by air or water released during consolidation of the silica matrix. The correlation
length of the xerogel, =1 nm, limits aggregation of the primary photoproduct and favors smaller particles.
As a result, the primary photoproducts in the xerogel do not achieve sufficient size to limit oxidation to the
outer periphery of the particle, and the primary photoproduct oxidizes, forming only Fe,Os. Desorption of
decomposition products derived from the xerogel precursors creates a dynamic surface that limits
nanoparticle growth during annealing. Desorption also disrupts the growing silicate matrix, creating sites

that facilitate the change from octahedrally to tetrahedrally coordinated Fe(lll) in the xerogel.

Introduction

With properties differing from those of their molecular and
bulk forms, considerable research effort focuses on the synthesis
and properties of nanosized materials. Accessing the nanometer
domain usually requires an external reagent or medium that
controls, or in some manner limits, particle growth.' Mixtures
of tri-n-octylphosphine oxide (TOPO) and tri-n-octylphosphine
(TOP), for example, produce a narrow size distribution of
monodispersed, crystalline II—IV quantum dots from organo-
metallic precursors.*> Identification and characterization of the
role of hexylphosphonic acid, HPA, an impurity in TOPO,
broadened the number of reagents capable of serving as
precursors and the number of solvents that yield not only a
narrow size distribution of crystalline CdSe quantum dots, but
shapes with differing aspect ratios.* ¢

In addition to surfactants, colloids,” metal and metal oxide
surfaces,® sol—gels,” carbon nanotubes,'* DNA,'' SiO, films,'?
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silica areo- and xerogels,'? and porous silica glasses'* also serve
as scaffolds that limit particle growth and yield narrow distribu-
tions of nanometer diameter particles. In most cases, however,
the mechanisms by which these media influence particle growth
and/or limit aggregation are not known. The narrow distributions
of particle sizes achieved in sol—gels, xerogels, and porous
glasses are particularly surprising since these are amorphous
materials characterized by little structural order.'> These materi-
als vary from sample to sample and possess structural variations
within the same sample. Furthermore, the structural variations
are thought to produce variations in the distributions of surface
silanol functionalities from one position to another within the
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same sample and from sample to sample,'® yet these amorphous
materials yield narrow distributions of particle sizes comparable
to those obtained in other media.'*

Our interest in particle growth and size in amorphous silicas
stems from the photocatalytic and optical applications of metal
and/or metal oxide particles generated in these matrices. With
a catalyst derived from an organometallic precursor, particularly
monometallic precursors adsorbed onto a support, a reoccurring
question is whether aggregation or size is required for catalytic
activity. In the photocatalyzed conversion of CO, to CHy,
formally an eight-electron process, by tungsten oxides adsorbed
onto porous Vycor glass, for example, shifts in the electronic
spectrum suggest aggregation, yet the catalytic reaction occurs
prior to these spectral changes, and the spectral changes are
not accompanied by measurable changes in photocatalytic
efficiency.'® In optical applications, photodeposition of nanom-
eter diameter metal and/or metal oxide particles in porous silicas
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followed by thermal consolidation to a nonporous glass produces
refractive index patterns that guide, focus, and diffract light.'”
However, the factors that control the optical performance of
the structures are not well understood. Parameters dependent
on pattern resolution, such as light dispersion, improve as a result
of the 30—40% reduction in sample volume that accompanies
matrix consolidation.'® Structures created by the photodeposition
of transition metals and their oxides, however, often lose
transparency and transmissivity as a result of matrix consolida-
tion. The electronic absorptions shift to longer wavelength with
no measurable change in dopant composition. Originally at-
tributed to increases in particle size, subsequent experiments
show that, while size influences the spectroscopy, other as yet
unidentified factors must also play a significant role."’

To gain insights into how porous silica matrices influence
photodeposited transition-metal and metal oxide nanoparticles,
one avenue of investigation in this laboratory focuses on
identifying structural and/or chemical factors of nanoporous,
amorphous silica matrices that influence the chemistry, aggrega-
tion, size, and distribution of metal—metal oxide nanoparticles
within the matrices. Ascertaining the role of an amophorous
matrix, however, is challenging since, by its very nature, an
amorphous matrix possesses no structural order. In reality, an
amorphous matrix is characterized by differing length scales
of structural and chemical order which, as noted, varies within
the same sample and from sample to sample. The approach that
has evolved in this laboratory centers on comparisons of the
chemistry and aggregation of a probe molecule in Corning’s
code 7930 porous Vycor glass (PVG)'® and dried (<200 °C),
base-catalyzed (NHj3) tetramethoxysilane/methanol/water (TMOS/
MeOH/H,0) xerogels.'”

PVG and dried (<200 °C) TMOS/MeOH/H,0 xerogels are
nodular materials with a randomly dispersed pore structure
throughout both matrices.'” Interior and exterior surfaces of both
materials possess individual and associated or hydrogen-bonded
silanol groups dispersed on the silica surface, and thermal
consolidation of both materials yields consolidated, nonporous
Si0; glasses.'>'” Although chemically and structurally similar,
these are fundamentally different materials. Heated above its
sintering temperature, 1105 4+ 18 °C,!#>15 PVG is an acid-
leached, porous glass,'> whereas the dried (<200 °C) TMOS/
MeOH/H,O xerogel is a partially polymerized silica.'” The
experiments described here exploit these similarities and dif-
ferences to explore the role of these amorphous matrices in the
chemistry of the photoproducts derived from Fe(CO)s and their
aggregation within the matrices.

Fe(CO)s physisorbs into both matrices without a change or
significant distortion of its primary coordination shell.'*> A 488-
nm photolysis of the adsorbed complex, designated
Fe(CO)s(ads), in air leads to rapid decarbonylation, producing
ca. equal amounts of elemental iron, Fe’, and Fe,Os in PVG,"
but only Fe,0; in the dried xerogel.?® Water is ubiquitous in
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these matrices, and the difference in the photoproducts formed
was originally attributed to differences in the water contents of
the two matrices.”° However, data presented here show that the
total amount of water evolved during consolidation of both
matrices exceeds the amount of Fe(CO)s initially adsorbed, and
more extensive drying fails to change the photoproduct distribu-
tion. Consolidation of the PVG matrix increases the Fe®—Fe,0;
particle diameter to 10 £ 1 nm with a <12% change in the
Fe/Fe(Ill) ratio, while consolidation of the xerogel under
equivalent conditions does not result in particle growth. Instead,
ca. 20% of the iron initially present as octahedrally coordinated
Fe(II) changes to tetrahedrally coordinated Fe(III). Water is
most likely the oxidant, but water content is not the sole
determinant of photoproduct chemistry. Rather, differences in
the photoproducts in the two matrices reflect a competition
between aggregation and oxidation. Differences in the rates and
extents of aggregation within the two matrices are consequences
of fundamental, short-range, structural differences not evident
in the topologies of silica surfaces. Both amorphous matrices
consolidate to nonporous silica glasses, but the dynamics of
consolidation of the two matrices differentiate not only surface
diffusion and ultimately particle size, but the chemistry of the
adsorbates on these silica surfaces.

Experimental Section

Materials. Fe(CO)s (Aldrich) was used without further purifica-
tion since the electronic and IR spectra of the vapor were in
excellent agreement with published spectra.?’ Tetramethylortho-
silicate, TMOS (Aldrich) and methanol (Aldrich) were used as
received. Xerogels were prepared by previously described proce-
dures with gelation catalyzed by the addition of two drops of 1073
M NH;.2%?%23 After addition of NHs, the sols were poured into
glass or stainless steel containers or Teflon molds to create xerogels
of the desired size and shape. The containers and molds were
covered with a polyethylene film to minimize evaporation and
allowed to gel at room temperature. After 48 h, the polyethylene
film was punctured with a pin to enhance alcohol and water
evaporation. An additional hole was punched in the polyethylene
each day for the next two to four weeks. The resulting xerogels,
which were generally cast in the form of 12 x 25 mm? rectangles
with a thickness of 0.5—1.0 mm, were then placed in a vacuum
desiccator and dried for 24 h under reduced pressure (p < 1072
Torr) at room temperature. After being dried under reduced pressure,
the samples were placed in a programmable furnace (Thermolyne
model F46128CM-75), heated to 200 °C at a rate of 0.5 °C/min,
maintained at 200 °C for at least 24 h, and then cooled to room
temperature at a rate of 2 °C/min. The cooled xerogels were stored
in a vacuum desiccator at room temperature under reduced pressure.

Polished 25 mm x 25 mm x 2 mm thick pieces of Corning’s
code 7930 porous Vycor glass were continuously extracted with
distilled water for at least 24 h and then dried at room temperature
under vacuum (p < 1072 Torr). The dried samples were calcined
at 550 °C for at least 24 h and stored at 550 °C until needed. At
that point, the sample was removed from the oven, placed in a
vacuum desiccator, and allowed to cool to room temperature.

Impregnation Procedures. Fe(CO)s impregnation of the dried
xerogels and PVG samples was by previously described vapor
deposition techniques.?' The number of moles of complex adsorbed

(21) Gafney, H. D.; Darsillo, M. S.; Paquette, M. J. Am. Chem. Soc. 1987,
109, 3275.

(22) Dong, J. Fabrication and Characterization of Porous Glass Derived
Optical Materials and Devices. Ph.D. Thesis, City University of New
York, 1997; pp 43—44.

(23) Zarsycky, J. In Ultrastructure Processing of Ceramics, Glasses, and
Composites; Hench, L. L., Ulrich, D. R., Eds.; Wiley: New York, 1984;
p 43.
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per gram of the xerogel was determined by comparing the
absorbance of the doped sample at 350 nm to a previously
determined calibration plot developed for PVG.?! On the basis of
this method, the samples examined in these experiments contain
either 107® or 10™* mol of Fe(CO)s/g of PVG or the xerogel.
Differences in the xerogel thickness and the flatness of the xerogel
samples relative to each other and to the PVG samples, however,
introduce an uncertainty in the calculated loading of the xerogel
samples. As a result, the reported loadings of the xerogel samples
are more useful in a relative, rather than absolute, sense.

Photolysis Procedures. The impregnated samples were irradiated
in air with 488-nm light from a Coherent Innova Ar" laser. The
laser beam was expanded to completely expose the front surface
of the sample, and the average incident intensity, typically 1.1 x
107 einstein/(s cm?), was measured with a Coherent model 210
power meter.

Physical Measurements. UV —vis spectra were recorded on an
Aviv model 14S spectrophotometer relative to that of untreated PVG
or xerogel. Room and low-temperature (20 K) Mossbauer spectra
were recorded with a previously described spectrometer equipped
with a 10 mC *'Fe source (*’Co/Rh).>° The spectrometer was
calibrated with a 25 yum thick o-Fe standard (Amersham, >99%),
and all data were fit with Lorenzian functions using the y? test to
determine the quality of the fit. Fluorescent iron EXAFS and
XANES spectra were recorded on the X-10C beamline of the
National Synchrotron Light Source at Brookhaven National Labora-
tory. Absorption edges were normalized by fitting polynomials to
the pre-edge region, extrapolating the fit over the entire EXAFS
range, and subtracting it point by point from the data. Corrections
for background absorption were by a previously described proce-
dure.®*

Scanning electron micrographs were recorded on a Hitachi model
S570 scanning electron microscope, while transmission electron
micrographs were recorded on a Jeol 100CX transmission electron
microscope operating in the bright-field mode with an electron beam
energy of 100 keV. All samples were dried extensively, coated with
gold, and examined according to previously described procedures.?’
The surface morphology of the samples was examined with a Digital
Instruments Nanoprobe Illa atomic force microscope. Pieces (0.5
mm x 0.5 mm) of PVG or the dried xerogel were mounted onto
metal disks and imaged in the tapping mode with the cantilever
oscillating at or near the resonance frequency with an amplitude
typically ranging from 20 to 100 nm. Horizontal and vertical
deviations were calibrated with a metal grid standard. The surface
roughness, the deviation from a hypothetical plane defined by the
median of the cantilever tip oscillation, was calculated with the
supplied software.

Results

Corning’s code 7930 PVG derives from a 96% SiO,, 3%
B,03, and 1% Na,O and Al,O3 melt. The borate phase separates
on cooling, and acid leaching of that phase yields a transparent
(50% T at 259 nm vs air), porous glass composed of 3—5 um
diameter silica nodules with the spaces between the nodules
defining an interconnected porosity randomly dispersed through-
out the material.>® Higher resolution measurements reveal the
3—5 um diameter nodules are themselves aggregates of smaller,

(24) Gafney, H. D.; Mendoza, E. A.; Wolkow, E.; Sunil, D.; Rafailovich,
M.; Sokolov, J.; Long, G.; Jemian, P. Appl. Phys. Lett. 1990, 57 (3),
209.
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R. J.; Halada, G.; Huang, D. M. J. Non-Cryst. Solids 2003, 319, 154—
162.
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91 (1-3), 305-311. (b) Levitz, P.; Ehret, G.; Sinha, S. K.; Drake,
J. M. J. Chem. Phys. 1991, 95 (8), 6151-61. (c) Wiltzius, P.; Bates,
F. S.; Dierker, S. B.; Wignall, G. D. Phys. Rev. A 1987, 36 (6), 2991—
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6 (3), 323-6.
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Figure 1. AFM images of the surfaces of (a) PVG and (b) dried TMOS/MeOH/H,0 xerogel. The z axes in both images are 50 nm/division.

300—600 nm diameter SiO, nodules with the surfaces of these
nodules covered by sharp stalagmite-like features (Figure 1a).
The peaks along the edges of eight different PVG samples yield
an average height of 40 & 20 nm with an average width of 40
=+ 20 nm. The surface is characterized by an irregularity, i.e., a
deviation from a hypothetical flat plane, of +440 nm. N,
adsorption—desorption measurements yield an isotherm similar
to that previously reported (IUPAC classification type H2) with
relatively little adsorption at low pressure followed by a sharp
increase in N, adsorption at higher pressure.?’” Considerable
hysteresis occurs between adsorption and desorption at higher
pressures. The surface area calculated from the N, adsorption
isotherm, 184 £ 10 m?%g of PVG, is within experimental error
of previous measurements, while desorption isotherms yield a
narrow range of pore diameters, 10 £ 1 nm, which are within
experimental error of reported pore diameters.”®
Base-catalyzed (NH;) gelation of a TMOS/MeOH/H,0 solu-
tion at room temperature followed by slow drying at room
temperature under reduced pressure and then at 200 °C produces
a transparent (50% T at 390 nm vs air), porous, glasslike
material. AFM imaging reveals a structural motif similar to that
of PVG with 5—8 um diameter silica nodules and the interven-
ing spaces defining a porosity randomly distributed throughout
the material. As in PVG, higher resolution measurements show
the 5—8 um diameter nodules are aggregates of 70—200 nm
diameter SiO, nodules. At these levels of resolution, the only
apparent difference between PVG and the dried xerogel is the
nodules visible in PVG appear more spherical whereas those
in the xerogel are more irregular in shape. Stalagmite-like
features are also present on the surfaces of the smaller nodules
in the xerogel (Figure 1b), but the number and size are smaller
than those on PVG. The features evident along the edges of
the images of four different xerogel samples range from 5 to
20 nm wide and from 10 to 20 nm high. The xerogel surfaces
are characterized by an irregularity of 2286 nm. The shape of
the N, adsorption—desorption isotherms obtained with the
xerogels is similar to that previously reported (IUPAC clas-
sification type H1) for xerogels prepared in a similar manner.*’
These differ from those obtained with PVG with relatively little
hystersis between adsorption and desorption and the largest
amount of N, adsorbed at relatively low pressure. The surface

(27) Reference 22, pp 74 and 85.
(28) Thommes, M.; Smarsly, B.; Groenewolt, M.; Ravikovitch, P. L;
Neimark, A. V. Langmuir 2006, 22 (2), 756-764.

area calculated from the adsorption isotherm is 508 & 18 m?%g,
which is slightly smaller than previous determinations, while
the desorption isotherm yields a range of pore diameters ranging
from 0.5 nm to 1—2 um.

Water is ubiquitous in both materials, and its desorption
occurs over a wide temperature range. The first significant
weight losses in the 80—150 °C range are followed by a
continued decline in sample weight, although at a reduced rate.
A marked increased in weight loss occurs at ca. 500 °C in the
xerogel and 600 °C in PVG. Diffuse reflectance FTIR (DRIFT)
confirms that the initial weight losses are due to the desorption
of physisorbed water from PVG, and physisorbed water and
methanol from the xerogels. The losses at the higher temperature
reflect the loss of water derived from the silanol condensation
to form a consolidated glass.

In PVG dried at 500 °C for 24 h, the free silanols exhibit a
sharp band at 3755 cm™! with a distinct, lower intensity shoulder
at 3650 cm™! assigned to the associated or hydrogen-bonded
silanols.'**2122 TMOS/MeOH/H,0 xerogels dried at 200 °C
exhibit a free silanol band at 3744 cm™' with the associated
silanols appearing as a shoulder at 3650 cm ™! along with bands
at 2959 and 2852 cm™! due to OCHj; functionalities within the
xerogel.'*"2%22 Normalizing both spectra to the intensity of the
free silanol band and subtracting one from the other shows that
the relative intensities of the 3650 cm™! band are similar,
suggesting that the ratio of free to associated silanols is not
that different in the two matrices. The xerogel, however, exhibits
a slightly stronger, broad absorption centered at 3450 ¢cm™!,
implying that the xerogel possesses a higher content of
chemisorbed water.?°

Thermomechanical analyses (TMA) reveal slight contractions
accompany the loss of physisorbed water from both matrices
at 100 °C, but the contractions are not sufficient to change the
surface area of either matrix. The surface area of PVG changes
little up to 600 °C and then declines smoothly with the steepest
decline in the 900—1000 °C region (Figure 2). Above 600 °C,
the individual silica nodules broaden and meld together with
an accompanying decline in the silanol bands at 3755 and 3650
cm™!. The surface area of the xerogel, 508 & 18 m*/g at room
temperature, changes little up to 300 °C, but then begins to
oscillate, showing both increases and decreases in surface area
in the 300—500 °C range followed by a decline in the 500—800
°C range (Figure 2). Each of four xerogel samples examined
exhibit oscillations in surface area in the 300—500 °C range
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Figure 2. Surface area of PVG and dried TMOS/MeOH/H,O xerogel as
a function of temperature.
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Figure 3. Crater (arrow) formed by the desorption of gaseous decomposi-
tion products during heating of TMOS/MeOH/H,0O xerogel.

with no apparent pattern to the oscillations. Differential scanning
calorimetry (DSC) reveals two exothermic processes in this
temperature range. One occurs at 380 °C and is accompanied
by a decline in the intensity of the Si—OCHj; bands at 2959
and 2852 cm™! and the appearance of a slight gray or gray-
black color in the xerogel. The other occurs at 440 °C and is
accompanied by a loss of the gray or gray-black color. AFM
imaging of xerogels shows that these exothermic processes lead
to the formation of many sharp-edged craters (Figure 3) on the
xerogel surface. Beyond this chaotic domain, which is not
present in the consolidation of PVG (Figure 2), the consolidation
of the xerogel parallels that of PVG, but at slightly lower
temperatures. Like those of PVG, SEM images of xerogels
heated to 600 °C show the silica nodules broadening and
melding together with a corresponding decline in the intensity
of the 3744 cm™! silanol band. The glass transition temperature
of PVG, determined by extrapolating onsets,*’ 848 & 20 °C,*
is similar to that reported by Scholz, 910 °C.** Subtracting two
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DTA scans on the same PVG sample reveals an exothermic
process at 1105 £+ 18 °C that is attributed to the release of
surface energy due to viscous sintering. An exothermic process
at 1120 °C is also attributed to the viscous sintering of the SiO,
glass derived from the consolidated xerogel.

Fe(CO)s physisorbs onto PVG without degradation,>" whereas
adsorption of 107* mol of Fe(CO)s/g onto a freshly prepared
TMOS/MeOH/H,0 xerogel results in immediate decomposition
of 298% of the complex within the time of adsorption. Drying
the xerogel at 35 °C under reduced pressure, <1072 Torr, and
then at 85 °C for at least 24 h prior to adsorption reduces the
amount of decomposition occurring. Mossbauer spectra of
Fe(CO)s adsorbed onto the dried xerogel exhibit a doublet with
an isomer shift of —0.087 mm/s and a quadrupole splitting of
2.57 mm/s, which are within experimental error of those of
Fe(CO)s physisorbed onto PVG and neat Fe(CO)s.° The
absence of detectable decomposition products in the dried
xerogel indicates that drying the xerogel prior to adsorption
reduces Fe(CO)s decomposition to <10% of the adsorbed
complex.

A 488-nm photolysis of the complex on the dried silica
supports leads to rapid CO evolution. With the same excitation
intensity, the rates of Fe(CO)s decomposition on the xerogel
are within experimental error of those on PVG, implying the
quantum efficiency of decomposition on the xerogel is equiva-
lent to that on PVG, ®g.. = 0.96 + 0.05.>' However, XANES,
EXAFS, and Mossbauer spectra of photoproducts formed in the
xerogel differ from those in PVG. In PVG, Mossbauer doublets
at 0.13 £ 0.01 mm/s with a quadrupole splitting of 0.57 £ 0.01
mm/s and at 0.52 £+ 0.05 mm/s with a quadrupole splitting of
0.64 £ 0.06 mm/s indicate octahedrally coordinated Fe3* and
elemental iron, Fe?.>! EXAFS and XANES confirm both forms
of iron in the samples, and the relative intensities of the
Mossbauer spectra yield 42 £ 12% as the Fe% Fe(III) ratio in
the PVG samples examined. Mossbauer spectra of the photo-
product generated in the xerogel (Figure 4a), however, consist
of a single doublet with an isomer shift of 0.40 £ 0.01 mm/s
and a quadrupole splitting of 0.95 £ 0.01 mm/s. Although not
identical to those found in PVG, in both matrices, the isomer
shifts and quadrupole splittings fall within the range of values
reported for octahedrally coordinated Fe(III).'****! The major
difference is the absence of any evidence of elemental iron
formation in the xerogel. In fact, no set of experimental
conditions examined to date leads to elemental iron in the
xerogel. Varying the initial Fe(CO)s loading from 1076 to 10~
mol/g, carrying out the photolysis in the presence and absence
of air, changing the excitation wavelength from 488 to 350 nm,
or more extensive drying of the xerogel (one month at 200 °C)
prior to Fe(CO)s impregnation fails to produce elemental iron
in the xerogel.

EXAFS and XANES spectra of TMOS/MeOH/H,O xerogel
samples impregnated with 10™* mol/g Fe(CO)s and photolyzed
with 488-nm light in air (Figure 5) corroborate the Mossbauer
spectra. Normalized to the intensity of the first oscillation of
the EXAFS absorption at 7150 eV, which is proportional to
the total iron content, the intensity of the XANES pre-edge
feature at 7113 eV (Figure 5) is equivalent to the normalized

(29) Takamori, T.; Tomozawa, M. J. Am. Ceram. Soc. 1978, 61 (11—12),
509.

(30) Scholze, H. Glass: Nature, Structure and Propertries; Springer-Verlag:
New York, 1991; p 192.

(31) (a) Gafney, H. D.; Sunil, D.; Rafailovich, M.; Sokolov, J. Inorg. Chem.
1993, 32, 4489.
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Figure 5. XANES spectra of the photoproduct in xerogel after photolysis
(---), after heating to 650 °C (- - -), and after consolidation of the xerogel
at 1200 °C (—).

intensity of an Fe,O; standard, indicating that >99.9% of the
iron present in the xerogel after photolysis is octahedrally
coordinated Fe*". In contrast to the behavior in PVG, where
consolidation occurs with a <12% change in the FeFe’" ratio,
consolidating the xerogel at 1200 °C broadens the Mossbauer
absorption and resolution of the absorption yields two doublets
(Figure 4b). One exhibits an isomer shift of 0.40 & 0.01 mm/s
and a quadrupole splitting of 0.95 + 0.01 mm/s, while the other
exhibits an isomer shift of 0.23 £ 0.01 mm/s with a quadrupole
splitting of 2.0 4+ 0.01 mm/s. The XANES absorption shifts to
7114.5 eV and increases in intensity (Figure 5). Normalized to
the intensity of the first EXAFS absorption of the consolidated
sample, consolidation of the xerogel more than triples the
intensity of the pre-edge feature at 7114.5 eV (Figure 5).
Consolidation of the xerogel creates two forms of iron, and the
relative intensities of the Mossbauer doublets indicate the two
forms of iron are in a ratio of ca. 4/1 in the consolidated xerogel.
The ratio of the two forms of iron is independent of the initial
Fe(CO)s loading, 1075 to 10™* mol of Fe(CO)s/g of the xerogel.

Consolidation of the photolyzed PVG samples does not lead
to the changes evident during consolidation of the xerogel
samples. EXAFS and XANES results show little change, and
Mossbauer intensities show that consolidation occurs with a
<12% change in the Fe"/Fe*" ratio.'*?**! However, consolida-
tion of the PVG samples leads to photoproduct aggregation. In
PVG, the particle size increases from <1 nm in diameter after

photolysis to 3—4 nm in diameter in samples heated to 650 °C
and 10 & 1 nm in diameter in glasses consolidated at 1200 °C.*
TEM analyses of the xerogel samples, on the other hand, fail
to reveal any particles in xerogels after photolysis or in
photolyzed samples heated to 650 °C and consolidated to a
nonporous glass at 1200 °C. Regardless of the initial Fe(CO)s
loading, the resolution of the TEM, =0.8 nm, implies that the
photoproducts in the xerogel exist as either individual molecular
species or aggregates <1 nm in diameter and remain <1 nm
during consolidation and in the SiO, glass obtained by con-
solidation of the xerogel.

Discussion

PVG and base-catalyzed, dried TMOS/MeOH/H,0 xerogels
are obtained by different processes and heated to different
temperatures, but are structurally similar and possess chemically
similar surface functionalities.'**'>!” Free and associated surface
silanol groups populate both surfaces, and spectral subtraction
suggests that the relative ratios of free to associated silanols
are not that different in the two materials. A slightly broad
absorbance at 3450 cm™! in the xerogel indicates that, although
dried under similar conditions, the xerogel contains slightly more
chemisorbed water.

Both matrices are composed of 3—8 um diameter silica
nodules, which are themselves made up of smaller nodules
ranging from 70 to 200 nm in diameter in the xerogel and from
100 to 600 nm in diameter in the PVG."'*" Porosity derives from
the space between the silicanodules, and N, adsorption—desorption
yields an average pore diameter of 10 £ 1 nm for PVG, which
agrees with a distribution of pore diameters with the majority
in the 7 £ 2 nm diameter range.'*>*® Both values suggest the
smaller 70—200 nm aggregates, rather than the larger micrometer-
sized aggregates, define the porosity in PVG as measured by
N, adsorption—desorption. The TMOS/CH3;0H/H,0 xerogel is
also nodular, but correlations between its porosity and structure
are less apparent. The shape of the N, adsorption isotherm differs
from that of PVG,?>® and the aggregates making up the xerogel,
in general, are more irregular in shape than those in PVG. The
sensitivity of calculated pore diameters to the structural details
of the surrounding silica matrix® may account, in part, for the
ranges of porosity, 0.5 nm to 1—2 um, calculated from the N,
adsorption—desorption isotherms in these TMOS/MeOH/H,O
xerogels. 4"

The nodular composition of both materials creates the
irregularity of their outermost surfaces, =286 nm for the xerogel
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and +440 nm for PVG. The magnitude of the numbers suggests
the irregularity measured by AFM is a composite of a number
of different structural features. Neither material, however,
exhibits a periodicity in its surface oscillations suggestive of a
long-range, >5 um, structural order. Both are indeed amorphous,
porous materials characterized by a short-range order, implying
their influence on an adsorbate, its chemistry, and its aggregation
within the matrices arises from differences on length scales less
than that evident in the topology of the two surfaces.

The striking structural difference is the topology of the
individual SiO, nodules. The surfaces of the 100—600 nm
diameter nodules in PVG are highly structured (Figure 1a) with
40 £+ 20 nm high and 40 £ 20 nm wide “stalagmite-like”
features. The uncertainty is large, but the dimensions of these
features are within experimental error of the correlation length
of PVG. Small-angle X-ray (SAXS) and neutron (SANS)
scattering yields 22 4 1 and 24 £ 1 nm, respectively, as the
correlation length of PVG.?*?? As the average length of uniform
density, the correlation length indicates these stalagmite-like
surface features (Figure la) are the smallest integral-structural
units in PVG. Similar stalagmite-like features are also present
on the surfaces of the 70—200 nm diameter SiO, nodules of
the xerogel (Figure 1b), although the number present and their
size are smaller than those found on PVG. The stalagmite-like
features on the four xerogel samples examined (Figure 1b) range
from 5 to 20 nm wide and from 10 to 20 nm high, with the
majority falling in the range of 15 + 5 nm wide and 15 £ 5
nm high. The correlation length of these specific xerogels has
not been measured, but those reported for xerogels prepared in
a similar manner are significantly smaller than the dimensions
of the stalagmite-like features.>® Woignier, Phalippou, and
Vacher, for example, report the one-step base-catalyzed (5 x
1072 N NH4OH) hydrolysis of TMOS followed by high-
temperature solvent extraction yields smooth uniform particles
that assemble into larger fractal networks.*** Porod plots of the
neutron scattering from the resulting xerogel yield a correlation
length of <1.2 nm.*** Schaefer and Keefer prepared low-density,
porous silicates by a one-step, base-catalyzed hydrolysis of
fractally rough silicate precursors. The correlation lengths of
these xerogels, 0.1—1.0 nm, suggest a bulk material composed
of aggregates of smaller, uniform particles <1.0 nm in
diameter.*** ¢ The data are limited, subject to a large uncertainty
in the sizes of the structural features, and subject to structural
variations arising from subtle differences in the preparative and
drying procedures.'”” Nevertheless, the available correlation
lengths, <1.0 nm, are significantly less than any of the structural
features evident in the AFM images (Figure 1b). Unlike those
on PVG, the stalagmite-like features on the xerogel surfaces
are not integral units, but are themselves composites of smaller
structural units. More important, these silica surfaces differ in
the average length of structural uniformity or, conversely, the
average distance between structural discontinuities. The differ-
ences in the photoproducts derived from Fe(CO)s and the
subsequent formation of photoproduct nanoparticles in these

(32) Wiltzius, P.; Bates, F. S.; Dierker, S. B.; Wignall, G. D. Phys. Rev. A
1987, 36 (6), 2991-4.

(33) (a) Woignier, T.; Phalippou, J.; Vacger, R. In Better Ceramics Through
Chemistry II; Brinker, C. J., Clark, D. E., Ulrich, D. R., Eds.; Materials
Research Society: Warrendale, PA, 1986; p 57. (b) Himmel, B.;
Gerber, T.; Buerger, H. J. Non-Cryst. Solids 1987, 91 (1), 122-36.
(c) Brinker, C. J.; Keefer, K. D.; Schaefer, D. W.; Assink, R. A.; Kay,
B. D.; Ashley, C. S. J. Non-Crystal. Solids 1984, 63 (1—2)), 45-59.
(d) Schaefer, D. W.; Keefer, K. D.; Brinker, C. J. Polym. Prepr. (Am.
Chem. Soc., Div. Polym. Chem.) 1983, 24 (2), 239-40.
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amorphous matrices are attributed to differences in their
correlation lengths.

The absence of elemental iron as a photoproduct in the dried
TMOS/MeOH/H,0 xerogels differentiates the photochemistry
of Fe(CO)s in the xerogel from that on PVG. Originally
attributed to the larger amount of water in the xerogel,? its
presence in one matrix and not the other, even though the
amounts of water evolved from both matrices exceed the amount
of Fe(CO)s adsorbed, and its lack of formation in xerogels dried
at 200 °C for at least one month indicate that water content is
not the sole determinant of photoproduct chemistry. The
intensity of the XANES pre-edge feature establishes that the
absence of Fe’ in the xerogel is not simply a question of
detection sensitivity. Normalized to the intensity of the first
EXAFS absorption, the XANES intensity is within experimental
error of that from an Fe,O; standard, indicating that >99.9%
of the iron photoproduct in the xerogel is octahedrally coordi-
nated Fe(III). The absence of Fe® in the xerogel must arise from
either differences in the primary photoprocesses of the
Fe(CO)s(ads) in the two matrices or differences in the chem-
istries of the primary photoproducts in the two matrices. The
similarities of the absorption and DRIFT spectra of the adsorbed
complex and the quantum efficiencies of the reaction suggest
the difference is not due to differences in the primary photo-
processes.”' Rather, the different product distributions arise from
different chemistries of the primary photoproduct, an iron atom
or a highly decarbonylated elemental iron species, in the two
silica matrices.?’

The Mossbauer absorption from the xerogel samples, a
doublet with an isomer shift of 0.40 £ 0.01 mm/s and a
quadrupole splitting of 0.95 = 0.01 mm/s (Figure 4a), is not
identical to that of the oxide formed in PVG, an isomer shift of
0.52 £ 0.05 mm/s with a quadrupole splitting of 0.64 4+ 0.06
mm/s.'>3! However, the isomer shifts are similar and both fall
within the range reported for octahedrally coordinated Fe*".**
The oscillations of the main EXAFS absorption are consistent
with the Mossbauer data, yielding a central Fe(IIl) surrounded
by 5.9 £+ 1.0 oxygens at a distance of 1.8 £ 0.18 A. The
coordination number and the Fe—O bond length are within
experimental error of the numbers, 5.9 £ 1.0 and 1.5 £ 0.15
A, obtained for the oxide photoproduct formed in PVG, which
is assigned to Fe,05.'"! The Fe—O bond lengths of the oxides
in both matrices are smaller than the Fe—O distances of ca. 2.0
A in bulk iron oxides and closer to those in Fe,Si0, formed in
Si0, glasses.?® In the absence of any indication of binding to
either silica matrix (vide infra), the shorter bond lengths of these
=<1 nm diameter particles are attributed to distortions imposed
by the surrounding silica matrix.

Incorporating Si into the first shell of the atoms surrounding
a central iron in either matrix significantly degrades the fit,
implying that Fe(Ill) does not form an Fe—Si bond in either
matrix. More recent EXAFS spectra of the iron present in PVG
yield similar results regarding the second shell of atoms about
the central iron. At least in PVG, the EXAFS oscillations
indicate the photochemically generated iron does not form
Fe—Si or Fe—O—Si bonds, implying the particle does not
formally bond to the PVG surface. The scattering intensities
are not sufficient to identify the atoms present in the second

(34) (a) Reis, S. T.; Mogus-Milankovic, A.; Licina, V.; Yang, J. B.;
Karabulut, M.; Day, D. E.; Brow, R. K. J. Non-Cryst. Solids 2007,
353 (2), 151-158. (b) Frischat, G. H.; Tomandl, G. Glastech. Ber.
1969, 42 (5), 182-5. (c) Myson, B. O. J. Non Cryst. Solids 1987,
95—96, 247. Dyar, M. D. Am. Mineral. 1985, 70, 304.
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shell of atoms about iron in the TMOS/MeOH/H,0O xerogels.
Nonetheless, the structural and chemical similarities of the PVG
and xerogel surfaces, the equivalence of the Fe—O bond lengths
in both matrices, and the similarities of the Mossbauer spectra
of the iron oxides in both matrices point to equivalent species
in both matrices and an absence of chemical bonding to either
matrix. This lack of bonding to the surface and the insensitivity
of the Fe/Fe(11l) ratio to air, adsorbed water, and even the water
evolved at the elevated temperatures required for consolidation
(1200 °C), which on a mole basis exceeds the number of moles
of Fe(CO)s initially present in the PVG samples, also suggest
the photoproducts are not individual species, but small ag-
gregates. Taken collectively with the differences in particle
growth in the two matrices (vide infra), the data suggest the
chemistry of the primary photoproduct, and ultimately the
photoproducts observed, is dictated by the relative rates of
aggregation and oxidation in the two matrices. Provided the rate
of aggregation exceeds the rate of oxidation, aggregation occurs
and oxidation is limited to the outermost Fe atoms of the
aggregates. Linderoth, Morup, and Bentzon, for example, report
that 5 nm diameter iron particles generated in air react
immediately to form a 1—2 nm thick oxide coating which
curtails further oxidation of the elemental iron core.*® The
photoproducts initially detected in PVG are <1 nm in diameter.
Nonetheless, they appear to be sufficient to curtail further
oxidation of the elemental iron core of the particle, since the
Fe’/Fe(Ill) ratio changes by <12% on standing in air, during
subsequent particle growth at higher temperatures, or during
consolidation of the PVG at 1200 °C. The absence of Fe’
oxidation during consolidation is particularly intriguing since
the amount of water evolved, on a mole basis, is 27—29 times
the amount of Fe(CO)s originally adsorbed onto the PVG
samples.

The absence of Fe’ in the xerogel is attributed to less
extensive aggregation, which is somewhat surprising since the
xerogel surface is smoother (Figure 1b) than that of PVG (Figure
la). However, the correlation length, <1 nm in the xerogel,*
as opposed to 23 + 1 nm in PVG,?*** defines the average length
of uniform density or, conversely, the average spacing between
discontinuities in the structures of these amorphous silicas. A
spacing of Fe’—Fe,O; particles in consolidated PVG equivalent
to its correlation length, 22 £ 1 nm, suggests these structural
discontinuities are the sites at which aggregation of the
decarbonylated iron photoproduct initiates. Fe(CO)s diffusion
during photolysis increases the amount of iron in the outermost
volumes of PVG by ca. 30%, which corresponds to ca. 1
Fe(CO)s molecule/nm?. In the absence of any indication of
bonding to the silica surface, the photoproducts are assumed to
be free to move a distance defined by the uniformity of the
surface, or its correlation length. Assuming only the photoprod-
ucts generated within a circular area defined by a radius equal
to half the correlation length are capable of aggregating, a
surface coverage of 1 Fe(CO)s/nm? and a PVG correlation length
of 22 £ 1 nm places 432 Fe photoproducts within an aggregation
distance in PVG, whereas <1 Fe photoproduct lies within the
correlation length of the xerogel, <1 nm. Assuming similar
levels of aggregation must be achieved in both matrices to
prevent complete oxidation since both matrices possess similar
hydroxylated surfaces with only slightly more chemisorbed
water in the xerogel, the shorter correlation length of the xerogel,

(35) (a) Linderoth, S.; Moerup, S.; Bentzon, M. D. J. Mater. Sci. 1995, 30
(12), 3142-8. (b) Linderoth, S.; Bentzon, M. D.; Moerup, S. Nucl.
Instrum. Methods Phys. Res., B 1993, B76 (1—4), 173-4.

=<1 nm, favors the formation of a larger number of smaller
particles, none of which achieve sufficient aggregation to prevent
complete oxidation. The longer correlation length of PVG, on the
other hand, favors a more extensive, perhaps more rapid, aggrega-
tion and a particle size sufficient to prevent complete iron oxidation.
Assuming spherical particles consisting of an Fe® core surrounded
by a-Fe,0; cladding with equal numbers of iron atoms in the core
and cladding since the Mossbauer intensities correspond to 42 +
12% Fe®,'*3! the densities of the bulk materials indicate a spherical
particle containing 432 atoms distributed among the core and
cladding has a diameter of ca. 3.0 nm."*" Since 3—4 nm diameter
Fe’—Fe,0; particles are detectable in PVG,* the absence of
particles > 1 nm in diameter after photolysis suggests that the actual
aggregation that occurs in PVG at room temperature is less.
Nonetheless, it is sufficient to limit oxidation to the outer periphery
of the aggregate, thereby leading to a core—shell nanoparticle. More
recent, detailed analyses of the TEM images of the 3—4 nm
diameter particles formed in PVG heated to 650 °C are indeed
consistent with the formation of core—shell nanoparticles.*” The
data suggest that these iron photoproducts do not bond to either
silica matrix. Even if bonding occurs at the discontinuities in the
matrix, however, the result is the same; the correlation length of
these silica matrices, as opposed to the topology of their surfaces
(Figure 1), or their water content, determines the chemistry of the
iron photoproducts generated in these amorphous silica matrices
and, in turn, the structure of the nanoparticles formed. Shorter
correlation lengths curtail aggregation, thereby favoring complete
photoproduct oxidation, whereas a longer correlation length favors
aggregation, thereby limiting oxidation to the outer periphery and
formation of a core—shell nanoparticle with the reduced and
oxidized metal distributed between the core and cladding, respec-
tively. Particle growth in the two matrices provides further evidence
of fundamental differences in photoproduct diffusion and aggregation.

Fe(CO)s diffusion during photolysis dramatically increases
the amount of iron in the outermost volumes of PVG, but
photolysis per se fails to lead to aggregation and particle
growth.?” Particles < 1 nm in diameter imply diffusion of the
iron photoproducts is limited at room temperature. Particle
growth occurs only in PVG and only during subsequent heating,
with the Fe’—Fe,0; particle diameter increasing from <1 nm
after photolysis to 3—4 nm in samples heated to 650 °C and 10
4+ 1 nm in samples consolidated at 1200 °C. The particle
diameter in consolidated PVG is within experimental error of
the initial pore diameter, 9 £ 2 nm,"***® and the average
interparticle spacing, 22 4 1 nm, is within experimental error
of its correlation length.?**? The correspondence between
particle diameter and interparticle spacing and the structural
characteristics of the porous glass implies the porous glass acts
as a template for particle growth. Therefore, particle growth
must occur prior to contraction and collapse of the pore structure,
which begins around 600 °C (Figure 2). Otherwise, consolidation
of the matrix, which reduces the sample volume by 30—35%,4>18
is expected to produce ranges of particle diameters and
interparticle spacings. As noted above, the photoproduct in PVG
appears to be a <1 nm diameter aggregate composed of an Fe’
core surrounded by Fe,Os. The insensitivity of the Fe%Fe(III)
ratio to air and water evolved during subsequent heating and
consolidation implies particle growth occurs with minimal
disruption of the Fe,05 cladding surrounding the Fe® core. As

(36) Reference 17, Chapter 9.

(37) Armasinghe, D. A. Microstructural Environments and Redox States
of Iron in Random and Ordered Porous Silica Matrices. Ph.D. Thesis,
City University of New York, 2008.
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the temperature increases, the smaller Fe’—Fe,0; aggregates
formed after photolysis diffuse across the silica surface and
collect within the pores of PVG. A first approximation of the
diffusion distance then is the average distance between the pores.
The PVG samples used in these experiments are 25 mm x 25
mm x 2 mm, and consolidation reduces their volume by
30—35%, or an average of 4.1 x 1077 m>. Taking the reduction
in volume on consolidation as the total pore volume within the
sample, and 5 nm as the average pore radius,'®*® there are ca.
8.5 x 10! pores in the sample. Assuming these are randomly
distributed throughout the 1.3 x 107® m* volume of the sample,
the average volume between the pores is (1.3 x 107 m?)/(8.5
x 10'7) or 1.5 x 1072* m®. The average distance between the
pores depends on the shape of this volume and ranges from 1
nm if spherical to 11 nm if cubic. The calculation is an
approximation, but it yields distances on the order of the
correlation length of the glass and the average spacing between
the Fe’—Fe,05 particles in the consolidated glass, 22 + 1 nm,
suggesting that the average diffusion length necessary for
particle growth within the PVG matrix is indeed on the order
of the correlation length of the glass.

While the particle size increases in PVG, equivalent growth
does not occur during consolidation of the xerogel samples.
TEM fails to detect particles after photolysis or after consolida-
tion of the xerogel at 1200 °C, implying the photoproduct
remains <1 nm in diameter after photolysis and in the
consolidated xerogel. With both matrices consolidated at 1200
°C, attributing the differences in particle growth in these matrices
to differences in the bonding to the surfaces seems unlikely. In
fact, barrier(s) to particle growth exist in both matrices since
aggregation and particle growth in PVG occur only during
subsequent heating.>> With PVG serving as a template, particle
growth must occur prior to collapse of the pore structure (Figure
2), or at <600 °C. With similar oxides (the outer surface of the
elemental iron in PVG is coated with an oxide) dispersed on
chemically similar silica surfaces, attributing the differences in
particle growth to different activation barriers arising from
different bonds to the silica surface seems unlikely. It is also
unlikely to attribute differences in particle size to the surface
morphology or topology since the particle size increases on the
more structured PVG surface, but not on the smoother xerogel
surface (Figure 1).

Instead, differences in particle growth during thermal con-
solidation of these silica matrices are attributed to the changes
the silica matrices undergo during heating and consolidation.
No measurable change in surface area occurs on heating PVG
to 600 °C, at which point the surface area declines smoothly
(Figure 2) as the matrix consolidates to a nonporous glass.
Heating the xerogel, on the other hand, leads to a region between
300 and 500 °C in which the surface area oscillates both
increases and decreases (Figure 2). Each TMOS/MeOH/H,0
xerogel exhibits oscillations in surface area in the 300—500 °C
range, and each exhibits two exothermic processes at 380 and
440 °C. The 380 °C process is due to the decomposition of
Si—OCHj; functionalities in the xerogel, and the appearance of
a light gray coloration suggests some decomposition to elemental
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carbon. The 440 °C process occurs with a loss of the gray
coloration and is due to desorption of the carbonaceous
decomposition products. Although porous, desorption of the
gaseous decomposition products is a violent process in which
some of the desorbing gases actually explode from the con-
solidating silica, forming sharp-edged craters on the xerogel
surfaces (Figure 3). In view of the sensitivity of the surface
area and pore diameter calculated from gas adsorption—desorption
data to the structural details of the adsorbent,?® the oscillations
in surface area are attributed to changes in the silica matrix as
a result of violent desorption of the gaseous decomposition
products. Desorption creates a dynamic surface which in turn
affects diffusion and aggregation. Devoid of organic precursors,
equivalent desorption processes do not occur in PVG (Figure
2). This porous silica consolidates smoothly and, without the
disruptive effects of gaseous byproduct desorption, provides a
surface on which aggregation and particle growth occur.
Assuming diffusion and aggregation initiate at similar temper-
atures in the two matrices since similar iron oxides diffuse on
chemically similar silanol surfaces, and these temperatures,
which must be <600 °C, overlap the 300—500 °C range, the
difference in iron oxide particle growth is attributed to the
disruptive effect of the desorption of the gaseous byproducts
from the xerogels.

Consolidation of PVG leads to particle growth with a <12%
change in the Fe’/Fe(Ill) ratio,”> while consolidation of the
xerogel fails to increase the particle size, but chemically changes
some of the initially present octahedrally coordinated Fe(III).
Resolution of the Mossbauer absorption yields two doublets
(Figure 4b). The doublet with an isomer shift of 0.40 £ 0.01
mm/s and a quadrupole splitting of 0.95 £ 0.01 mm/s is
equivalent to that observed after photolysis, and the values fall
within the ranges reported for Fe,O;. The other exhibits an
isomer shift of 0.23 £ 0.01 mm/s with a quadrupole splitting
of 2.0 = 0.01 mm/s and is consistent with tetrahedrally
coordinated Fe(IIT). EXAFS and XANES corroborate the change
in coordination. The XANES absorption shifts to 7114.5 eV
and, normalized to the intensity of the first EXAFS absorption
of the consolidated sample, more than triples the intensity of
the pre-edge feature at 7114.5 eV (Figure 5). Resolution of the
oscillations on the main EXAFS absorption places 3.9 & 1.0
oxygens at a distance of 1.8 + 0.18 A about the central iron.
The relative intensities of the Mossbauer doublets are in a ratio
of ca. 4/1, indicating that ca. 20% of the initially present
octahedrally coordinated Fe(IIl) converts to tetrahedral coor-
dination on consolidation of the xerogel. The appearance of
tetrahedral Fe(IIl) in the xerogel is also attributed to the
desorption of the gaseous byproducts since there is no evidence
of tetrahedral Fe(Ill) in PVG, and an increase in the intensity
of the XANES spectrum is first evident in samples heated to
650 °C (Figure 5). The explosive-like release of the gaseous
byproducts through the consolidating surface (Figure 3) is
thought to break Si—O bonds in the silica matrix as the gas
escapes. Since there is no evidence of Si in the first shell of
atoms about the tetrahedral iron, desorption is thought to create
a Si vacancy in the xerogel matrix that becomes occupied by
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Fe(II), Scheme 1. Replacing Si with Fe(III), however, creates
a charge—size imbalance. In these SiO, matrices, Si is formally
4+ with a diameter of 0.026 nm, whereas Fe is formally 3+
with a diameter of 0.050 nm. The size imbalance suggests that
Fe(III) is not incorporated into the bulk SiO, matrix, but is
limited to the outer surfaces of the matrix, which may account
for the small fraction, 23 =+ 3%, of iron that converts from O,
to T, coordination. The charge imbalance requires either a
counterion or a structural anomaly, either of which could affect
the spectroscopic properties of the doped glasses. Since the
surfaces of these porous silicas contain HO—Si(O—Si);, a
possible structure that is formally electrically neutral, thereby
satisfying the charge imbalance, is H,O—Fe(O—Si);, where
water coordinates to an Fe(IIl) occupying a silica surface site.

Conclusion

The distribution of Fe? and Fe,O3 photoproducts derived from
the 488-nm photolysis of Fe(CO)s physisorbed onto PVG and
dried TMOS/MeOH/H,0O xerogels reflects a competition be-
tween aggregation and oxidation. Sufficient aggregation occurs
in PVG to limit oxidation to the outer periphery, thereby
producing a core—shell nanoparticle consisting of an Fe® core
surrounded by an Fe,O; cladding, whereas in the xerogel
aggregation is limited and Fe,O; is the sole reaction product.
The differences in the extents of aggregation are a consequence
of the correlation lengths of the two silica matrices as opposed
to the topology of their surfaces. Although the photoproducts

are not bound to the silica surface, thermal energy is required
for particle growth. The longer correlation length of PVG, 22
4 1 nm, favors the formation of a smaller number of larger
Fe’—Fe,0; particles with the glass matrix acting as a template
defining both the particle diameter, 10 & 1 nm, and the
interparticle spacing, 22 £ 1 nm. The shorter correlation length
of the xerogel, <1 nm, favors the formation of a larger number
of smaller particles. Decomposition of the xerogel precursors
creates a dynamic surface that further curtails aggregation,
thereby limiting the particle size to <1 nm in diameter in the
consolidated xerogel. Desorption of the decomposition products
fractures some of the developing silica framework, creating Si
deficiencies populated by iron to form a mixture of octahedrally
coordinated Fe(Ill) in the form of Fe,O; and tetrahedrally
coordinated Fe(IIl) in the form of H,O—Fe(O—Si); on the
xerogel surfaces.

Acknowledgment. Support of this research by the National
Science Foundation (Grants CHE-0514458 and CHE-0079040), the
Air Force Office of Scientific Research, the donors of the Petroleum
Research Fund, administered by the American Chemical Society,
and the City University of New York Center of Advanced
Technology in Photonics, funded by the New York State Science
and Technology Foundation, is gratefully acknowledged. We thank
Corning Inc. for samples of porous Vycor glass.

JA9031874

J. AM. CHEM. SOC. = VOL. 131, NO. 41, 2009 14777



