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This work reports the incorporation of ferrocene into a porous silica glass under ambient temperature and atmosphere.
After or during the ferrocene incorporation, the spontaneous formation of ferricinium ions was observed by electron
paramagnetic resonance (EPR), UV-visible, X-ray absorption near-edge structure (XANES), and 5’Fe Mdssbauer
measurements. It was shown that the oxidation of ferrocene molecules to ferricinium ions was promoted by air and
that the Si—O~ groups on the surface of the pores act as counteranions. Pyrolysis of the porous glass/ferricinium
material under argon atmosphere and variable temperature yields different glass/carbon nanocomposites, which
were subsequently treated with an HF solution in order to remove the glassy fraction. The resulting insoluble
carbon materials were characterized by transmission electron microscopy (TEM), Raman, and EPR spectroscopy
and consisted of amorphous carbon when the pyrolysis was carried out at 900 or 1000 °C and of a mixture of
carbon nanotubes and carbonaceous materials at a pyrolysis temperature of 1100 °C. When the pyrolysis was
conducted under air, the incorporated ferricinium forms a-Fe,Os, and the resulting material is a transparent and
highly homogeneous glass/iron oxide nanocomposite.

Introduction porous matrices leads to materials in which the chemical and

The immobilization of ferrocene [iron bis(cyclopentadi- physical properties o_f_both the matrix and the organometallic
enyl)] into several inorganic matrices, such as zeolites, guest are often modified. These novel phenomena related to

layered and porous materials, and oxide surfaces, amondnolecules confined in limited spaces can be attributed to

others, has been motivated by the potential application of possible chemical reactions enabled by the interactions
these materials in fields such as catalysis, sensors, opticaP€tWeen the guest molecules and the pore/layer wall, and/or

devices, eté- It is well-known that loading ferrocene and to the anisotropic physical properties caused by the geometric
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constraints imposed on the guest molecular arrangerients. One of the most commonly used glasses for these
For these reasons, an understanding of the kind of-host applications is the so-called porous Vycor glass, PVG
guest interactions and the spatial orientation of the guest(Corning 7930). This transparent porous material is obtained
molecules in the voids of the host matrix are important by acid leaching of a phase-separated alkaline borosilicate
factors that have gained considerable attention, motivatedglass. The soluble borate phase is dissolved, leaving an open
by possible applications of these systeéms. porous structure of essentially pure silica with interconnecting
The utilization of porous glasses as inorganic matrices for pores with a size distribution between 20 and 200 A and a
the incorporation of organometallic compounds has been pore volume of nearly 28%::23 The pore surface contains
reported by numerous groups, with the purpose of obtaining slightly acidic silanol groups. The structure of this porous
new catalysts and materials for use in optical devi€es. glass can be consolidated upon heating to 120t which
For example, different porphyrines and similar molecules temperature the pores collapse to form a dense, high-silica-
have been incorporated into porous glasses, yielding het-content glasg?33
erogeneous catalysts with better performances than what is In recent years, we have become interested in the synthesis,
observed for the homogeneous catalysis using the neatcharacterization, study of properties, and applications of a
porphyrinest”18 Photo- and thermosensitive organometallic great number of novel porous silica glass-based nanocom-
compounds such as [Fe(GD)[(CH3)sSnl], [M(CO)] (M posites containing different nanomaterials inside the glass
= Cr, Mo, W), [Ca(CO)g], [M2(COo, and [Ms(CO)2], pores, such as the conducting polymers polypyrole and
among others, were impregnated and thermal- or photode-polyaniline?®2° organometallic compound$; 8 oxides!®:3
graded, in attempts at obtaining new vitreous materials thatinsulating polymerg! carborg! and semiochemicafé,among
present significant refraction index variatiol§$% 2 In all others. In this paper we report the incorporation and pyrolysis
these examples, an understanding of the interactions betweenf ferrocene into PVG pores. Our motivation was based on
the guest organometallic molecules and the pore walls of the fact that pyrolysis of ferrocene in argon atmosphere yields
the glassy hosts was pivotal in explaining the observed a very large amount of carbon nanotubes (CRFTY’ We
properties of the final materials. reported very recently a route to iron- and iron oxide-filled
Porous glasses containing pores of nanometric size haveCNT using ferrocene as precurséiThe immobilization of
also been used as host matrices for the in situ formation of ferrocene into the nanometric pores of the porous Vycor glass
nanoentities (nanoparticles, nanowires, nanoclusters, etc.) o{PVG) was carried out aiming at the growth of CNT or
several materials, like metals, semiconductors, oxides, anddifferent structures of carbon inside the pores of PVG after
polymers!®2431 |n these cases, pore sizes limit particle the pyrolysis step, yielding novel silica glass/carbon nano-

growth. The use of a host matrix to obtain these nanoentitiescomposites.

offers the possibility of forming new nanocomposite mater-
ials, with properties that differ from those of their individual
componentd824-31
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Experimental Section

Chemicals.Acetone (Merck), hexane (Merck), fluoric acid 48%
(w/w) aqueous solution (Erfran), and hydrochloric acid (Merck)
were used as received. Ferrocene (Fluka) was purified by sublima-
tion before use. Water was distilled and Milli-Q deionized before
use. The PVG plates (Corning 7930) were cut into pieces measuring
10 x 10 x 1 mm and treated in order to remove impurities adsorbed
on their pores. The plates were immersadai 2 motL~* HCI
solution for 30 min, washed with deionized water, dried, immersed
in acetone for 30 min, dried, left at 55@ for 72 h, cooled to
room temperature, and stored in a desiccator prior to use.

Impregnation Procedure. Impregnation of PVG with ferrocene
was carried out by placing a PVG plate of known weight in 20 mL
of a saturatech-hexane solution of ferrocene for 2 h, at room
temperature. After this period, the glass plate was removed from
the solution and washed several times withexane to remove
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any ferrocene absorbed on the external surface of the glass platecarbon resulting from the pyrolysis step, were estimated by

The solvent incorporated during the impregnation process was gravimetric measurements.

removed under vacuun® (< 103 Torr). During the incorporation, Characterization of Samples.UV —vis—NIR absorption spectra

the transparent and colorless PVG plate gradually acquires thewere collected directly from the glass plates in a Scinco S-1150

yellow color of the ferrocene solution, and after approximately 30 spectrophotometer, using air as reference, in the-200 nm range.

min the color gradually changes to green, staying dark green atthe Raman spectra were measured in a Renishaw Raman image

end of the process. spectrophotometer, coupled to an optical microscope that focused
A similar incorporation procedure was done under argon the incident radiation in a Zm spot, by use of a 514 nm laser as

atmosphere, by standard Schlenk techniques. In this procedure, thehe excitation source and 20 mW power. Spectra were obtained

same volume of ferrocene solution exactly as described before wasfrom 30 scans, over the 206@00 cnt?! region.

prepared under argon and added to a PVG plate that was pretreated EPR spectra were obtained in ground samples, at room temper-

under vacuum for 6 h and kept under argon. The PVG plate was ature or at 77 K, in quartz tubes. A Bruker ESP 300E spectrometer

maintained in the ferrocene solution for 2 h. As observed during was used, operating at a frequency~d.5 GHz (X-band), with a

the impregnation procedure carried out in air, the PVG plate 100 kHz modulation frequency, 10.145 G modulation amplitude,

becomes yellow after few minutes, but in contrast, it maintained and 2 mW microwave power.

this color until the end of the process. When the process was X-ray diffraction measurements were done in a Shimadzu XD-

finished, the plate was removed from solution, washed several times3A diffractometer using Cu & radiation, with 40 kV and 40 mA,

with hexane (under Ar atmosphere), and dried under vacuum for 2 at 0.02 scan rate (in @). Powder silicon reflections were used for

h. All samples obtained through the incorporation of ferrocene into 20 calibration.

PVG will be generically referred to here as PVG/Fc-atmosphere-  The transmission Mesbauer spectra were obtained in a CMTE

time. For example, the sample PVG/Fc-air-2 h corresponds to the model MA250 spectrometer with &Co/Rh source at room

sample obtained under air and with the PVG plate immersed for 2 temperature. Mssbauer isomer shifts are quoted relativeitbe.

h in the ferrocene solution. Three samples will be more deeply  Transmission electron microscopy (TEM) was done in a JEOL

discussed in this work: PVG/Fc-air-2 h (dark green); PVG/Fc-air- JEM 120 KV instrument. A dispersion of the samples in acetonitrile

20 min (yellow), and PVG/Fc-Ar-2 h (yellow). was prepared and sonicated for 5 min. The dispersion was allowed
Ferricinium ion containing nitrate as counteranion was prepared to set for 10 min, and a drop of this dispersion was added over a
by dissolving 0.1 g of ferrocene in 10 mlf @ 5 motL~* HNO; standard holey copper grid covered by a thin carbon film.

agueous solution. The green solution obtained was maintained under The X-ray absorption spectroscopy (XAS) experiments were
stirring for 1 h and subsequently treated under vacuum until the performed on the XAS beam line of the LabdminoNacional de
solvent was completely removed. The incorporation of ferricinium |uyz Sncrotron (LNLS, Brazil). Extended X-ray absorption fine
ions into PVG was done by adding a PVG plate to the ferricinium structure (EXAFS) and X-ray absorption near-edge structure
agueous solution fa h (in air), followed by washing severaltimes  (XANES) spectra were collected at the iron K-edge (7112 eV) by
with water and drying under vacuum for 4 h. The PVG plates were yse of a Si (111) monochromator calibrated in the K edge of
green after this step and will be referred here as PVG/Fc metallic iron. Solid ferrocene, metallic iron, angFe,O; were used
Pyrolysis. In order to perform pyrolysis of the impregnated as reference compounds. The experimental XANES spectra were
samples (PVG/Fc-air-2 h and PVG/Fc-Ar-2 h), a quartz tube (36 collected with a resolution around of around 0.3 eV, background-
mm diameter and 750 mm length) was placed in a tubular furnace corrected by use of a Victoreen fit, and normalized with the program
and argon (99.8% purity) was passed through the tube. The WINXAS. The EXAFS spectra were analyzed and fitted by use of
impregnated PVG plates were placed inside the quartz tube in thethe WINXAS code.
central region of the furnace. The flow rate of the argon was  The sequence of impregnation, pyrolysis, HF treatment of the
controlled at 260 mkmin~%. The system was maintained at room samples, and the main experimental evidence obtained from this
temperature and under the argon flow for 10 min, and subsequentlywork is represented in Figure 1. The details of each step will be
the temperature was raised to the target value at a heating rate Obresented in the text.
5 °C-min~%. The system was kept at the final temperature (900,
1000, or 1100C) for 3 h, and subsequently turned off and cooled Results and Discussion
to room temperature at an approximate rate of@&min—1. The . . -
samples were removed and stored in a desiccator. The samples Incorporation of Ferrocene |r.1t0. Porous Sllfca Glass
obtained through pyrolysis of sample PVG/Fc-air-2 h at 900, 1000, WWhen the porous glass plate is introduced into ferrocene
and 1100°C will be refereed here as PVG/C-900, PVG/C-1000, Solution, diffusion of the ferrocene to the interior of the glass
and PVG/C-1100, respectively. pores occurs through a capillarity process, as reported
The heat treatment of the PVG/Fc-air-2 h sample in air was done previously for the incorporation of different neutral molecules
by exactly the same procedure, but with an air flow of 260-mL  in PVG 3940 The adsorbed material on the external surface
min~L. The resulting sample will be referred as PVG/oxide. of the glass plate was removed through several washing steps,
The materials resulting from pyrolysis in argon atmosphere and the co-impregnated solvent was eliminated trough the
(samples PVG/C-900, PVG/C-1000, and PVG/C-1100) were stirred tregtment of the material under low pressure. The amount
in a 48 wt % aqueous HF solution for 2 dagsaution: HF is very  of ferrocene impregnated into a PVG plate can be varied
dangerous and all manipulation should be done while wearing ., ling the concentration of the ferrocene solution, the
gloves and under a fume hopdrhe resulting insoluble materials temperature at which the impregnation is carried out, and

were retrieved by centrifugation and washed exhaustively with . . . L .
deionized water. The material resulting from the HF treatment of the time for which the PVG plate is maintained immersed

Samples PVG/C-900, PVG/C-1000, and PVG/C-]..10|O will be (39) Straley, C.; Matteson, A.; Feng, S.; Schwartz, L. M.; Kenyon, W. E.;
designated as C-900, C-1000, and C-1100, respectively. Banavar, J. RAppl. Phys. Lett1987, 51, 1146-1148.
The amount of ferrocene incorporated, as well as the yield of (40) Okubo, T.; Inoue, HJ. Chem. Eng. Jpri987 20, 590-597.
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Figure 1. Schematic summary of the routes to different silica/carbon and silica/iron oxide nhanocomposite materials described in this work, based on the
impregnation and pyrolysis of ferrocene into porous glasses. For details, see text.

on the ferrocene solution. In the conditions used to prepare
the sample PVG/Fc-air-2 h, the amount of impregnated
ferrocene was approximately 18102 g of ferrocene/g of
PVG (9.63x 106 mol of ferrocene/g of PVG). This amount
increased to 6.05% 102 g of ferrocene/g of PVG (3.24&

104 mol of ferrocene/g of PVG) when the impregnation
process was conducted for 72 h at room temperature.

As described in the Experimental Section, during the
incorporation of ferrocene carried out in air, the PVG plate
becomes green after 30 min. This effect occurs with no (b)
changes to the color of the ferrocene solution in which the
PVG plate is dipped. The absorption spectra of the ferrocene
solution are almost the same (except for a decrease in the
absorbance intensity, due the reduction in the concentration (a)
of the ferrocene solution during the impregnation step) before 200 400 600 800
and after the impregnation process, indicating that no Wavelength (nm)
ferrocene degradation occurred (as expected, because it i§igure 2. UV—Vis absorption spectra: (a) neat PVG; (b) hexane ferrocene
well-known that ferrocene, both solid or in solution, is highly ig'rﬂg?: 'P(\%;Stff‘ ple PVG/Fe-air-20 min; (d) sample PVG/Fe-air-2 h; (e)
stable in air). . ferrocene incorporation was successfully done without

The green color observable on the PVG/Fc-air-2 h sample gistortion or destruction of the molecular structure of this
is characterized by a band at 615 nm on the absorption compound.
spectrum, as can be seen in Figure 2. Figure 2a shows the The spectrum of the PVG/Fc-air-2 h (therefore the green
UV —vis spectrum of one plate of neat PVG. As we can see, pyG/Fc) is presented in Figure 2d. The remarkable band at
the PVG is almost transparent in the visible region. The g15 nm observable in this spectrum is characteristic of the
ferrocene solution used in the impregnation process has thégricinium cation [Fe(GHs),]*, obtained from the oxidation
UV —vis spectrum shown in Figure 2b, which is characteristic ¢ the ferrocené“2 The occurrence of this band could
of the reported spectrum for ferroceftfeone band at 435 jpgjcate that the green color of PVG/Fc-air-2 h sample is
nm, one band at 320 nm, and one band at 261 nm. Figureqye to an oxidation of the impregnated ferrocene inside the
2c shows the absorption spectrum of a PVG/Fc-air-20 min pyG pores. In order to verify this hypothesis, we prepared
sample. Note that the green color was not formed yet in this 4 ferricinjum cation as described in the Experimental Section
sample, due to the reduced time in which the PVG plate gng conducted the impregnation of this cation into the PVG.
was maintained dipped in the ferrocene solution. As previ- The spectrum of this PVG/Fanaterial is presented in Figure
ously reported for other PVG-incorporated organometallic 2e, and it is very similar to the spectrum of Figure 2d. The
compounds?*® the UV—vis absorption spectra of the oyiqation of ferrocene inside the pores of PVG was

ferrocene in solution and inside the PVG pores (PVG/Fc- confirmed by other characterization techniques and will be
air-20 min sample) are very similar, showing that the yiscussed later.

(e

¢

(d)

Absorbance

—
(2)
~—

(41) Sohn, Y. S.; Hendrickson, D. N.; Gray, H. B.Am. Chem. Sod971, (42) Aoi, N.; Matsubayashi, G. E.; Tanaka, Holyhedron1987, 6, 943—
93, 3603-3612. 946.
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Figure 4. EPR spectrum of the PVG/Fc-air-2 h sample recorded at 77 K.

1000

A very interesting effect observable on the PVG/Fc-air-
20 min sample is that the evolution of the green color also
occurs if the sample is maintained out of the ferrocene
solution. This means that after performing all the procedures
(incorporation, washing, and drying at low pressure) to
prepare a PVG/Fc-air-20 min sample, it gradually changes
its color to green. This process was followed by YV¥is

spectroscopy, as shown in Figure 3. In order to collect these

spectra, the PVG/Fc-air-20 min sample was placed in the

sample compartment of the spectrophotometer and was not,

changed for 40 h. Spectra were collected at different times,
as illustrated in Figure 3. Zero time was defined as the time

at which the sample was positioned in the spectrophotometer
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Figure 5. 57Fe Mdssbauer spectrum of the PVG/Fc-air-2 h sample.

the PVG/Fc-air-20 min sample (data not shown). The
spectrum presented in Figure 4 shows clearly a set of typical
Fe** signals ag = 9.0 and 4.3 (corresponding to Fdons

in high-spin and rhombic sites) argd= 2.0 (due to F&
ions in a cubic structure). Thesg values indicate the
occurrence of Fg in dilute domains (with no Fe—Fe*"
interactions) in two different chemical environments and are
comparable to the reported values for ferricinium ions formed
by the oxidation of ferrocene molecules adsorbed in MCM-
41 framework!® The EPR data shown in Figure 4 confirm
definitely that the ferrocene molecules are oxidized after their
incorporation into PVG pores.

5’Fe Mtssbauer spectroscopy was employed to determine
the chemical state of iron atoms in the PVG/Fc-air-2 h
sample. As shown in Figure 5, the ¥&bauer spectrum at
room temperature is characterized by a broad asymmetric
peak corresponding to Feions in two nonequivalent sites.
Our Mossbauer results indicate clearly that the iron atoms
are completely oxidized to ferricinium ions. The presence
of ferrocene (typically a doublet with isomer shift0.40
mms ! and quadrupole splitting2.40 mms ™%, correspond-
ing to resonance lines around 1.6 an@.8 mms 1)*34is
ruled out.

Figure 6 shows the pre-edge region of the XANES
spectrum of a PVG/Fc-air-2 h sample (Figure 6b), collected
at iron K-edge. The XANES spectra of ferrocene (Figure
6a),0-Fe0; (Figure 6¢), and metallic iron (Figure 6d), used
s standards, are also shown. As we can see, there are no
strong differences between the ferrocene and PVG/Fc-air-2
h spectra. All the peaks labeled A, B, C, and D are
characteristic of the ferroceriePre-edge peak A corresponds

and the first spectrum was collected. As we can see, they, 5 forhidden Fe 1s- 3d transition® The position of this

spectrum at zero time is typical of the ferrocene, with no
band at 615 nm. However, as time elapsed, the band at 61
nm appeared and its intensity grew considerably (and
consequently the green color). This is an important result
because it shows us that the process involved in the yellow

green conversion is caused by some kind of interaction

re-edge peak is sensitive to the iron valeffcEhe energy

f this peak for the PVG/Fc-air-2 h sample (Figure 6b) is
the same as for the-FeO; standard sample (Figure 6c¢)
and is shifted 2 eV to higher energy when compared with
the spectrum of pure ferrocene (Figure 6a), indicating the
increase of the formal oxidation state of the iron in the PVG/

between the incor_porated ferrocene and the surface of thch-air-Z h sample. Again, these results are compatible with
glass pores, and is not related to the contact between the

PVG and the ferrocene solution but only to the ferrocene
molecules that were incorporated into PVG. This consider-
ation also will be discussed later.

Figure 4 shows the EPR spectrum of the PVG/Fc-air-2 h

sample recorded at 77 K. As expected, no EPR signals Were g
observed in the neat ferrocene or neat PVG, as well as in
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Incorporation of Ferrocene into Porous Silica Glass

looks like improbable at first (since, as we said before,
ferrocene is very stable in air), it is necessary to remember
that the surface of the PVG pores is formed by a high
concentration of acid silanol groups, and it is known that
ferrocene is oxidized by air in the presence of acids. To verify
the influence of the air on the oxidation of impregnated
ferrocene, we carried out an immobilization process under
argon atmosphere. As we expected, the green color was not

\/—(a‘) formed after 50 h of impregnation. The sample had an
intensely yellow color and the UWvis spectrum (not shown)
— present only the ferrocene bands, confirming that the oxygen,

Normalized Absorption (a.u.)

in the presence of the silanol groups from the PVG surface,
is responsible for the ferrocene oxidation inside the PVG

—A isl C D . pores. The net oxidation reaction should be represented as
7,100 7,125 7,150 7,175 7,200 follows:
Energy (KeV)

Figure 6. Iron K-edge X-ray absorption spectra: (a) neat ferrocene; (b) 2 =Si—O—H + 2Fe(GHy), + 102 —
sample PVG/Fc-air-2 h; (a}-FeOs; (d) iron foil. 2

2 =Si—O Fe(GHs)," + H,0

By this representation, the SO~ remaining on the surface
of the PVG pores acts as counteranion to stabilize the
ferricinium cation. This fact is supported by infrared
spectroscopy, in which the strong and sharp band at 3740
(b) cm 2, observable in the neat PVG spectrum and attributed
to the O-H stretching from the surface silanol groups,
(a) disappears in the PVG/Fc-air-2 h spectrum, indicating that
the Si-O—H bonding no longer exists after the impregnation
6 8 and oxidation of ferrocene into PVG (spectra not showed).
Pyrolysis of Sample PVG/FcThe PVG/Fc-air-2 h sample
was heat-treated at different temperatures in both air and
argon atmosphere. The samples obtained from the pyrolysis

the previous data and corroborate the ferricinium occurrence©f the PVG/Fc-air-2 h under argon atmosphere (samples
in the PVG/Fc-air-2 h samples. PVG/C) showed a black color typical of carbon formation.

The experimental EXAFS spectra were fitted and Fourier 1 N€ Sample PVG/Fc-Ar-2 h was also pyrolyzed. However,

transformed (Figure 7). The ferrocene and PVG/Fc-air-2 h in contrast to results for the previously mentioned sample,
curves are very similar. Only one prominent peak is found the resulting material was transparent and colorless, similar

in the Fourier transformed curves for theses samples,© the neat PVG. This indicates that the impregnated
attributed to Fe-C scattering path. The best-fit EXAFS data ferrocene was sublimated during the heat treatment, as
of the PVG/Fc-air-2 h sample are the following: iron expected _for “free” ferrocgne. These data suggest that
coordination numbeN = 10.78, Fe-C intramolecular bond ~ ferrocene interacts weakly with the surface of the PVG pores.
lengthR = 2.045 A, and DebyeWaller factoro? = 1.5 x On the other hand, when the ferrocene oxidation took place,
104 A.2 The coordination number of the iron and the- the resulting ferricinium cations interact strongly with the
intramolecular bond length in the PVG/Fc-air-2 h are a little Surface of PVG pores (as outlined by the oxidation reaction
bit different from what is observed for the pure ferrocene represented before), and the heat treatment occurs with small

(N = 10 andR = 2.047 A), as reported for ferricinium  ©" O losses of the impregnated compound by sublimation,
cation?’ resulting in a carbon structure inside the pores of PVG. Due

According to the results presented until now, it is clear to its high thermal stability, PVG remains stable afte.r heat
that after the incorporation process, the ferrocene was freatment at 9001100°C. At these temperatures, the silanol
oxidized to ferricinium inside the PVG pores. However, we groups p;jesr:ant on the pore Wa"S_ are co?r;d_ﬁ?sed to form
did not discuss yet who acts as oxidizing agent in this \Ifjv\e;tg/réan the pore gtructure(;enllatl)r:s iﬁe d ese new
process. Based on the experimental evidence, specifically nanocomposites are dark black and represent new

on the fact that the oxidation process occurs regardless ofpe_lrjﬁtratmg carbon{sﬁcapfyg;lg materllals. ith HE soluti
whether the PVG plate remains dipped in the ferrocene e treatment of the : samples W.'t solution
solution or kept in air, we supposed that the ferrocene dissolves the glassy fraction, resulting in an insoluble carbon

oxidation was done by air. Although this hypothesis should mater_lal. By gravimetric control of the insoluble carbon
resulting from the HF treatment of sample C-900, it was

(47) Chernov, V. A.; Nikitenko, S. G.; Danilenko, A. MNucl. Instrum. possible to estimate the amo_unt of approximately 4X4_8
Methods Phys. Res. 2095 359, 248-249. 104 g of carbon/g of PVG, which represents a carbon yield

FT [w(k)*K]

0 2 4
R(A)
Figure 7. Normalized magnitude Fe K-edge FT-EXAFS spectra of neat
ferrocene (a) and sample PVG/Fc-air-2 h (b).
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A to be a function of the degree of structural disorfe3hifts

( ) to lower frequency, as well as a decrease inlgik; ratio,

are frequently associated with an increase in the degrees of
graphitization of the carbonaceous material.

The spectra of C-900 (Figure 8, spectra a) and C-1000
(c) (Figure 8, spectra b) present only the G and D bands, at
1593 and 1353 cnt, respectively, and are typical of
disordered spcarbon material. No significant differences
were observable in these two spectra, indicating similar
(a) disordered structures for the carbonaceous materials formed
at 900 or 1000C. The material formed at 110C, however,
- - - - present different structures, as observable in the Raman
500 1000 1500 2000 250_? 3000 spectrum of sample C-1100 present in Figure 8, spectrum c.
Wavenumber (cm ) This spectrum presents a clear shift of the G and D bands,
when compared with the product formed at lower temper-
(B) R atures (from 1593 and 1353 to 1576 and 1338 %m
13381 ) respectively, as observed in Figure 8B). As described before,
' ; these shifts are associated with an increase in the graphitiza-
tion degree of the material. This interpretation is corroborated
by the appearance of a well-defined band at 2684*com
the spectrum of the carbonaceous material formed at 1100
°C. This second-order Raman mode is an overtone of the D
band and is characteristic of well-graphitized carbon samples,
such as HOPG and single- or multiwalled carbon nanotefbes.

Figure 9 shows the EPR spectra of the materials resulting
: : from the PVG/Fc-air-2 h pyrolysis, before (Figure 9, panel
1200 1400 1600 I) and after (Figure 9, panel Il) the HF treatment. The
Wavenumber (cm™) spectrum of the sample PVG/C-900 (Figure 9, panel |,
Figure 8. (A) Raman spectra of the samples: (a) C-900, (b) C-1000, and Spectrum a) shows the very low-intensity*Fdine atg =
(c) C-1100. (B) Detail of the same spectra presented in panel A. 4.3 corresponding to rhombic #eand a narrow radical line
o ) at g = 1.977, characteristic of unpaired electrons on
of 38.8% (considering 1.& 10°* g of ferrocene previously  gisordered carbon structur&sThe free radical line is over
impregnated for each gram of PVG). It is important to note 5 proad F&" line (g around 2.0) characteristic of high-spin
that the gravimetric control of all these processes is not Eg3+ jons in concentrated domains, showing?FeFe*
trivial, since a significant fraction of weight losses should nteractions. The spectrum of the sample PVG/C-1000
be attributed to the water, resulting from the temperature- (Figure 9, panel |, spectrum b) shows an increase in the
induced condensation of silanol groups present on the SurfaCGIntensity of the F& in concentrated domaing & 2.4) with
of the PVG pores. In this way, the carbon yield of this 3 proad line AH,, = 1200 G) indicating strong Fé—Fe>*
process should be higher than what was presented abovejnteractions, besides the free radical line as described before.
Also, the amount of carbon produced can be increased by sample PVG/C-1100 (Figure 9, panel I, spectrum c) the
an increase in the previous amount of ferrocene incorporatedepR spectrum presents a typical line ofFens in cubic
into PVG, as described before. symmetry ¢ = 2.036 andAH,, around 400 G). The carbon
Figure 8 shows the Raman spectra of samples C-900,free radical line should be observed in the small asymmetry
C-1000, and C-1100 (Figure 8, spectra a, b and c, respec-of this line, as indicated by an arrow in Figure 9, panel I,
tively). Two main Raman modes are observable in all the spectrum c. After the HF treatment, no more*Fsignal
spectra in Figure 8, at about 1590 and 1350 trhe band should be detectable on the spectra of the resulting material
at about 1590 cnt is referred to as the G band and was C-900 and C-1000 (Figure 9, panel Il, spectra a and b,
attributed to the i mode of graphité® The band at about  respectively), which indicates that the iron species resulting
1350 cntis referred to as the D band and was attributed to from the pyrolysis were also solubilized through the HF
a disordered-induced line due to small particle size effect or treatment. The resulting materials are composed only by
lattice distortiort® Figure 8B shows in detail the D and G amorphous carbon, with the typical radical signalgat
bands on the Raman spectra of the samples. The D and GL.997.
bands are present in various’s@arbon materials, and the

frequency, strength, and linewidth of these bands is found (50) Cuesta, A.; Dhamelincourt, P.; Laureyns, J.; Mez+-Alonso, A.;
Tascm, J. M. D.J. Mater. Chem1998 8, 2875-2879.
(51) Sveningsson, M.; Morjan, R.-E.; Nerushev, O. AlcBstram, J.;

Raman Scattering (a.u.)

Raman Scattering (a.u.)

(48) Tuinstra F.; Koenig J. LJ. Chem. Phys197Q 53, 1126-1130. Campbell, E. E. B.; Rohmund, Rppl. Phys. A2001, 73, 409-418.
(49) Eklund, P. C.; Holden, J. M.; Jishi, R. Zarbon1995 33, 959~ (52) Emmerich, F. G.; Rettori, C.; Luengo, C. 8arbon1991, 29, 305~
972. 311.
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Figure 9. EPR spectra. (1) (a) PVG/C-900, (b) PVG/C-1000, and (c) PVG/C-1100. (Il) (a) C-900, (b) C-1000, and (c) C-1100.

Intensity (a. u.)

Intensity (a.u.)

Figure 10. TEM images of the carbonaceous samples: (A, B) C-906;RCC-1100.
The EPR spectrum of sample C-1100 (Figure 9, panel Il, and many small carbon nanotubes. Figure 10E shows clearly
spectrum c) presents very different behavior, characterizedthe carbon nanotubes and some carbonaceous structures. The

by a strong and broad Fesignal AHp, around 3000 G), detail of Figure 10E presents one multiwalled carbon
which indicates strong Fé—F€e* coupling. Only this F& nanotube that occurs on this sample. Figure 10F present a
signal remained after the HF treatment, which indicates that, high-resolution TEM image of a graphitic structure, in which
in contrast to the other samples, the iron species were notthe distance of 0.334 nm was measured between the crystal
solubilized by the HF treatment. planes. Itis clear in this image that the carbonaceous graphitic
The TEM images of the different carbonaceous samples structure is surrounding one dark particle, related to iron
are presented in Figure 10. The images corroborate the dataspecies. The pictures presented in Figure 1QQE are
obtained from Raman and EPR spectroscopy. As we can seehighly elucidative regarding the persistence of iron com-
the images obtained from sample C-900 (Figure 10A,B), pounds after the HF treatment of the C-1100 sample, as
indicate that this sample is formed by an agglomerate of observed by EPR spectroscopy. It is clear that the iron
small particles of amorphous carbon. The images of samplecompounds are protected by the carbon structures, which
C-1100, however, show the occurrence of short carbon obstruct the HF access.
nanotubes, mixed with some graphitic structures and other Sample PVG/Fc-air-2 h was also heat-treated under air,
kind of carbonaceous material. Figure 10C,D shows dark aiming at ferricinium conversion to iron oxide, resulting in
particles embedded on a mass (probably formed by carbon)a glass/oxide nanoparticles composite (samples PVG/oxide).
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2,0 r(b) of oxide in the final material. This procedure was very
important in order to characterize the iron species resulting
from the heat treatment. Figure 12 shows the Raman
spectrum of a sample resulting from the heat-treatment in
air of a PVG/Fc-air-2 h sample (PVG/oxide, Figure 12b), in
which the impregnation and pyrolysis cycle was repeated

| five times. All the bands presented in this spectrum were

{a) attributed too-Fe0O3,5*%%indicating that this iron oxide was

formed. A spectrum of neat-FeO;s is presented in Figure

400 500 600 700 800 12a for comparison. Note that the line width of the main

Wavelength (nm) Raman bands is larger on the PVG/oxide spectrum than on

Figure 11. UV —vis absorption spectra: (a) neat PVG; (b) sample PVG/ the neat oxide, probably due to the small particle size

oxide. obtained inside the PVG pore structure.
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In conclusion, this work demonstrates a very simple solid-
(b) state route to novel glass/amorphous carbon, glass/carbon
nanotube, and glass/iron oxide materials, based on the
incorporation and pyrolysis of ferrocene into porous glass.
The oxidation of the impregnated ferrocene to ferricinium
cation was considered essential to the formation of the
nanocomposites, due to the strong interaction between the
ferricinium and the surface of the PVG pores that retains
(a) the impregnated compound under high temperatures. A
summary of the different routes to nanocomposite materials
500 1000 1500 2000 produced in this work is presented in Figure 1.
Wavenumber (cm’) It is important to note that several attempts have been made
Figure 12. Raman spectra: (a)-Fe:Os; (b) sample PVG/oxide. to synthesize novel silica/carbon and silica/iron oxide nano-
composites. The routes described here are very simple and
After the heat treatment of PVG/Fc-air-2 h under air at 900 versatile, do not require a complex experimental apparatus,
°C, the resulting product was a very homogeneous andand probably can be extended to other metallocene com-
transparent brown-red color material. The b¥is spectra  pounds. Efforts to examine this possibility are in progress
of both the neat PVG and the product of the pyrolysis of the in our research group.
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