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Microscopic structure of nanometer-sized silica particles
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We have studied the structure of nanometer-sized silica particles called fumed silica, which is a synthetic
amorphous silicon dioxide produced by burning silicon tetrachloride in an oxygen-hydrogen flame, using
infrared and Raman spectroscopies and a high-energy x-ray diffraction method. It has been demonstrated that
the structure of fumed silica is not identical to that of the normal bulk silica glass in terms especially of the
distribution of the size of silica rings. Three- and four-membered rings are more frequent in fumed silica than
in the bulk silica glass. It has also been shown that the network structure of fumed silica is more flexible than
that of the bulk one, probably explaining the reason why fumed silica can accommodate a large number of
three- and four-membered rings in the structure.

DOI: 10.1103/PhysRevB.69.155409 PACS number~s!: 61.43.2j, 61.10.2i
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I. INTRODUCTION

Recently, condensed phases with reduced dimensions
size have been shown to exhibit numerous instances in w
one bonding geometry appears to be favored over others
given pressure and/or a temperature.1–3 One of the most in-
triguing examples of this behavior can be seen in carb
based materials, including fullerenes and carbon nanotu
In contrast to the case of crystalline and/or ordered mater
the size dependence of the structure of amorphous mate
has hardly been investigated. This is primarily because
structure of disordered materials is usually not well defin
and the measurements of the size dependence of their s
ture are often a challenging task.

Although a full knowledge of their structure is still lack
ing, amorphous small fine particles have attracted consi
able attention in recent years. In particular, silica-ba
nanophase materials have been the subject of recent st
because of their potential applications in nanoscale sili
optoelectronic devices.4–7 One example of such extreme
small silica particles is fumed silica, which is produced
high temperature~1400–1800 °C! by the hydrolysis of sili-
con tetrachloride vapor in a flame of hydrogen and oxyg
Since fumed silica has very high specific surface are
(;1002;400 m2/g), its surface reactivity and the relate
surface properties have been studied by many researc
during the past decades.8 These properties depend basica
on the quantity and structural environment of its surface
droxyl groups.9,10 However, structural studies on fume
silica itself have been very limited,11–13 and the structura
difference between fumed silica and the bulk silica glass
not been well recognized.

Recently, molecular dynamics~MD! simulations for silica
clusters containing;103 to ;104 atoms have been reporte
to understand the structure and properties of nanometer-s
silica particles.14–16 It has been found that the density dist
bution function for the silica clusters shows a small peak j
below the surface,15,16 suggesting a shell-like structure or
local chemical ordering near the surface. It has also b
0163-1829/2004/69~15!/155409~8!/$22.50 69 1554
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found that such small clusters have much higher inter
pressures, higher diffusion coefficient of the constituent o
gen and silicon atoms, and lower melting temperature
compared with the corresponding bulk materials.15,16The re-
sults of these MD computer simulations strongly suggest
the structure of amorphous silica is altered as a function
the particle size, probably rationalizing a size dependenc
the related properties.

In contrast to the theoretical approaches, structural stu
on nanometer-sized amorphous silica particles such as fu
silica are rather few apart from the studies on their surf
hydroxyl groups as mentioned earlier. However, we have
cently reported that fumed silica exhibits a unique structu
modification under pressure.17,18 That is, a pressure-induce
structural transition, accompanied by densification, occur
lower pressures~2–8 GPa! than would normally be expecte
for bulk silica glass ~over 10 GPa!. This suggests tha
nanometer-sized silica particles have a lower threshold
irreversible compaction than bulk silica glass. This unpr
edented behavior of fumed silica most likely results from t
intrinsic structural characteristics of the material, and a
tailed knowledge of the structure will be useful for a bet
understanding of the properties of the fine-particle oxides
this work, we, therefore, carry out a series of structu
analysis of fumed silica using infrared and Raman sp
troscopies and a high-energy x-ray diffraction method.
then investigate how the structure of fumed silica is modifi
after heat treatment and under pressure.

II. EXPERIMENTAL SECTION

This work was carried out by using a nonporous am
phous fumed silica@specific surface area5390640 m2/g;
particle size 7 nm~product specification!# obtained from
Sigma. The sample was heated at different temperat
ranging from 900 to 1200 °C for 2 h to remove surface hy-
droxyl groups, including hydrogen bonded and isolated
anols (wSiuOH groups which are not hydrogen bonded
each other! or molecular water. According to previous deh
©2004 The American Physical Society09-1
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UCHINO et al. PHYSICAL REVIEW B 69, 155409 ~2004!
droxylation studies on fumed silica,10,19 little or no evidence
of hydrogen-bonded silanols or water molecules is s
when the dehydroxylation temperature reaches 800 °C;
residual isolated silanol concentration for the samples he
at 900 °C is estimated to be;1 OH/nm2 ~Ref. 10!. Thus, it is
likely that most of the hydrogen-bonded silanols along w
physically adsorbed molecular water are dehydroxylated
this heat treatment although not all the surface OH gro
especially in the form of isolated silanols, cannot be remo
completely. The Brunauer-Emmett-Teller~BET! specific sur-
face areas of the heat-treated samples were obtained us
conventional volumetric adsorption apparatus with nitrog
adsorption. Changes in the particle morphology with te
perature were also characterized by field emission scan
electron microscopy~FESEM! with a JEOL JSM-6700F mi-
croscope operating at 1.5 kV.

Fourier transform infrared~FTIR! spectra of the fumed
silica samples were recorded with a Perkin-Elmer Spect
1000 spectrometer. A conventional KBr disc technique w
employed to measure the FTIR spectra in the frequency
gion associated with the SiuOuSi stretching and bending
vibrations, ranging from 400 to 1600 cm21. We also mea-
sured an overtone of the SiuOuSi stretching vibration,
which is located at;2260 cm21 and has been shown to b
related to the fictive temperature of silica glass.20 The fictive
temperature of a glass is defined21 as ‘‘the temperature a
which the glass would find itself in equilibrium if sudden
brought to that temperature from its given state.’’ It has a
been demonstrated that the glass network undergoes s
changes as function of the fictive temperature.22 It is hence
interesting to obtain the fictive temperature of the pres
samples to get a better knowledge of their microscopic st
ture. Since the intensity of such an overtone mode is ra
weak, the heat-treated fumed silicas were pressed into pe
with ;1 mm thickness, and the FTIR absorption spec
were measured in transmission mode.

Raman spectra were obtained on a Perkin-Elmer Sys
2000R NIR Fourier-transform Raman~FT-Raman! spectrom-
eter. The laser used in the FT-Raman spectromete
Nd:YAG ~an yttrium aluminum garnet crystal doped wi
triply ionized neodymium!, emitting laser radiation at 106
nm. We also tried to obtain Raman spectra with a conv
tional dispersive Raman spectrometer where spectra are
lected using an excitation wavelength in the visible ran
However, Raman measurements using visible laser radia
caused strong florescence and/or scattering resulting p
ably from unknown surface defects of fumed silica. Th
problem was virtually eliminated using FT-Raman spectr
copy that employs a near-infrared~1064 nm! laser for exci-
tation.

We should also note that on removal of the hydrox
groups at 900–1200 °C, the fumed silica surface would
longer physically absorb water and would not
rehydrated.23 This indicates that the present heat-trea
samples are quite stable even in ambient condition. Ind
we have confirmed that the infrared and Raman spectra
served for the present heat-treated samples are basicall
changed after exposure to ambient condition for two mon

The structure of fumed silica was also investigated
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using high-energy x-ray rays supplied by synchrotron rad
tion. Since the energy of the incident photons used in
experiments is quite high~61.6 keV!, the resulting photo-
electrical absorption is significantly decreased.24 High-
energy x-ray diffraction has additional further advantag
e.g., the wide accessibleQ range, the small scattering angle
and the diminishing correlation terms.24 These specific char
acteristics of high-energy x-ray measurements enable u
obtain the sufficiently high resolution in the real-space c
relation functions, which can be comparable to those
tained from a typical neutron diffraction experiment. Th
high-energy x-ray diffraction experiments of the fumed sili
samples were performed in transmission geometry using
bending magnet beamline BL04B2~Ref. 25! at SPring-8,
Hyogo, Japan, with a horizontal two-axis diffractometer.26 In
this work, x-ray diffraction data were measured up toQmax
525 Å21 @Q5(4p/l)sinu# for the dehydroxylated fumed
silica samples as well as normal bulk silica glass.

The above measurements were all performed at amb
pressure. To investigate possible structural changes of fu
silica under pressure, we further measuredin situ infrared
absorption spectra up to;6 GPa with a diamond anvil cell
KBr powders were used as both an infrared window an
pressure medium. The sample was confined in a small ch
ber, which was made by drilling a hole~100mm in diameter!
on a metal gasket~180 mm in thickness!, in such a way that
the silica fine particles were put on the top of the KBr po
ders, forming two layers consisting of fumed silica and KB
The sample was then compressed between the diamond
vils with 300-mm culets together with ruby balls dispersed
the sample powders as pressure indicator. The pressure
determined by the Ruby fluorescence method.27 For the
presentin situ infrared absorption measurements, we e
ployed the fumed silica sample preheated at 1000 °C for

III. RESULTS

A. Changes in the particle morphology with temperature

Table I shows the BET specific surface areas~S! of the
as-received and heat-treated fumed silicas. We see tha
surface area changes from;400 to;190~;120! m2/g when
the samples is heated at 1000~1100! °C. This decrease in
surface area most likely results from sintering since it h
been proposed that for fumed silicas the onset temperatu

TABLE I. BET surface areas and apparent morphology
fumed silica samples heated at different temperatures.

Heating
temperature~°C!

BET surface area
~m2/g!

apparent
morphology

as received 390640a fluffy very
fine powder

1000 188
fluffy very
fine powder

1100 115 fine powder
1200 b coarse grains

aProduct specification.
bBelow the detection limit~;1 m2/g!.
9-2



o
le

d

n

a
n
re
t

le
a

th
in
o
e

a

a-
a

et
ag

ca
n
In
e

nd

in

p
in

ent
ed

ed
tral

ilica
the

this
cor-
he

is

re
c-
een

er-
t-
the
en-

to
the

ed

in-
that

d at

t a

f
An

MICROSCOPIC STRUCTURE OF NANOMETER-SIZED . . . PHYSICAL REVIEW B69, 155409 ~2004!
sintering is;850 °C regardless of particle characteristics
heating times.28 If we assume that each fumed silica partic
is ideally spherical, we can estimate average diameter~d! of
primary particles using a relationshipd56.03103/(rS)
wherer is the specific density of primary particles of fume
silica ~2.2 g/cm3!, S in m2/g, andd in nm. According to this
relationship,d is estimated to be 13 and 24 nm at 1000 a
1100 °C, respectively. Considering thatd of the as received
sample is 7 nm, we suggest that two or three particles
proach one another and induce sintering or consolidatio
form slightly larger primary particles in the temperatu
range 1000–1100 °C. FESEM observations also reveal
development of particle size with temperature~see Fig. 1!.
We should note, however, that the fumed silica samp
heated at 1100 °C still retain the morphology of the origin
nanometer-sized silica particles. It is probable that
present sintering process does not occur by melting s
melting of silica would require temperatures in excess
2000 °C, implying that the present consolidation is induc
by viscous sintering.

We have found thatSdecreases to the detection limit~;1
m2/g! of the present volumetric adsorption apparatus
1200 °C, which is near the glass transition temperature
silica glass.29 This indicates that fine primary particles co
lesce into bulklike silica at 1200 °C. Indeed, the sintered m
terial heated at 1200 °C was not aggregates of nanom
sized fine powders, as elucidated by the FESEM im
shown in Fig. 1~d!, but a collection of relatively large~;0.5
mm! grains.

B. Infrared absorption spectra

Figure 2 shows FTIR spectra of heat-treated fumed sili
as a function of the temperature of dehydroxylation alo
with an FTIR absorption spectrum of bulk silica glass.
agreement with the previous experiments, the infrared sp
trum of bulk silica glass exhibits three main absorption ba
at ;1100, ;800, and;480 cm21, which are assigned to
asymmetric stretching, symmetric stretching and bend
motions of the SiuOuSi bonds, respectively.30,31The FTIR
spectrum of fumed silica heated at 1200 °C is almost com
rable to that of the bulk silica glass. This indicates that s

FIG. 1. FESEM images of fumed silica after heat treatmen
~a! 900, ~b! 1000,~c! 1100, and~d! 1200 °C for 2 h.
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tering is almost completed at 1200 °C to form coalesc
bulklike materials, in accordance with the results mention
in Sec. III A.

It should be noted, however, that FTIR spectra of fum
silica samples heated below 1100 °C have different spec
features than the one heated at 1200 °C or that of bulk s
glass. One of the striking differences can be seen in
SiuOuSi asymmetric stretching band at;1100 cm21; in
the FTIR spectra of fumed silica heated at 900–1100 °C
band has rather a narrow feature as compared with the
responding band of bulk silica glass. In addition, t
SiuOuSi symmetric stretching band at;800 cm21 ob-
served for fumed silica samples heated at 900–1100 °C
located slightly at higher frequencies~808 cm21! than that of
the bulk~800 cm21!. These results suggest that the structu
of dehydroxylated fumed silica is not identical to the stru
ture of bulk silica glass; that is, the size dependence is s
in the structure of silica glass.

Figure 3 shows the infrared absorption spectra of an ov
tone mode of the SiuOuSi stretching band for the hea
treated fumed silica samples. We see from Fig. 3 that
peak position of this overtone mode shifts to higher frequ
cies with increasing heat-treated temperature. According
the empirical relationship between the peak position of
overtone moden and the fictive temperatureTf of silica
glass20

n52228.641~43809.21/Tf ! ~1!

we estimated the fictive temperature of the present fum
silica samples~see Table II!. We see from Table II that the
fictive temperature of the fumed silica decreases with
creasing heating temperature. We should note, however,
the values of fictive temperature for the samples heate

t

FIG. 2. Fourier transform infrared~FTIR! absorption spectra o
fumed silica after heat treatment between 900 and 1200 °C.
additional weak shoulder at;980 cm21 is attributed to the bending
vibration of residual SiuOH groups~Ref. 46!. FTIR spectrum of
normal bulk silica glass is also shown.
9-3
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UCHINO et al. PHYSICAL REVIEW B 69, 155409 ~2004!
900–1100 and 1200 °C are rather high and low, respectiv
This is probably because the linear relationship between
and 1/Tf shown in Eq.~1! can be applied only to the fre
quency range from;2255 to;2263 cm21 ~Ref. 32!; that is,
the fictive temperature estimated for the present samples
not be quantitatively correct. A detailed structural analysis
fumed silica accompanied by the changes in the fictive te
peratures will be given in a later section.

In situ infrared absorption spectra of fumed silica me
sured with the diamond anvil cell under high pressure
shown in Fig. 4~a!. We see from Fig. 4~a! that the main
SiuOuSi asymmetric stretching band becomes broad es
cially on the lower-frequency side of the band with increa
ing pressure. Thus, it is likely that fumed silica can acco
modate applied pressure by changing the SiuOuSi
bonding configurations, suggesting a highly deformable
ture of the SiuOuSi linkages in the nanometer-sized silic
particles. We also measuredin situ infrared spectra of a nor
mal bulk silica glass under the same condition as that
ployed for fumed silica@see Fig. 4~b!#. However, such a
broadening of the main SiuOuSi stretching band as see
in the spectra of fumed silica was not observed, but the sp
tral feature was basically unchanged up to;6 GPa. These
results suggest that the random network of bulk silica
more rigid than that of fumed silica against applied pressu

FIG. 3. Fourier transform infrared absorption spectra arou
2260 cm21 in the heat-treated silica samples. The peak origina
from an overtone of the SiuOuSi stretching vibration at;1100
cm21.

TABLE II. Estimation of fictive temperature from the peak p
sition of the infrared absorption band at;2260 cm21 for heat-
treated fumed silica samples. Equation~1! was used to estimate th
fictive temperature.

heating temperature
~°C!

peak position
~cm21!

fictive temperature
~K!

900 2238.0 4680
1000 2247.5 2323
1100 2255.0 1661
1200 2269.0 1085
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In other words, the structure of fumed silica will be rath
flexible, allowing deformations of the SiuOuSi bonding
configurations under high pressure.

C. Raman spectra

FT-Raman spectra of heat-treated fumed silicas al
with bulk silica glass are shown in Fig. 5. Raman spectra
bulk silica glass have been investigated by a number
researchers.33–35 It has been found that Raman spectra
silica glass have two sharp bands at 495 and 606 cm21, along
with a dominant broad band~450 cm21! associated with the

d
s

FIG. 4. In situ Fourier transform infrared absorption spectra
~a! compressed fumed silica and~b! compressed bulk silica glas
under pressure. The effect of multiple reflections within the sam
is seen as interference-fringe in each spectrum. The frequenc
gion below;600 cm21 was not recorded because of the limitatio
of the MCT detector.
9-4
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bending motions of oxygen atoms in the random netwo
These two sharp bands at 495 and 606 cm21 are referred to
asD1 andD2 , respectively, and are attributed to symmet
oxygen ring breathing vibrations of regular four-member
(D1) and three-membered (D2) silica rings.36–38 As shown
in Fig. 5, theD1 andD2 bands can be seen in the FT-Ram
spectra of the heat-treated fumed silica samples as well.
clear that the intensities of theD1 and D2 bands are rathe
high for the sample heated at 900 °C and tend to decre
with increasing temperature. When the temperature rea
1200 °C, the FT-Raman spectrum of the heat-treated fum
silica becomes closely analogous to that of bulk silica gla
in agreement with the measurements of surface ar
FESEM, and infrared spectra mentioned earlier. It is he
quite likely that the concentrations of theD1- andD2-related
structural units, or four-membered and three-membe
silica rings, respectively, are dependent on the size of
primary particles. That is, in nanometer-sized silica partic
the population of small-membered rings is larger than
one in the bulk. These ‘‘regular’’ rings are transformed in
larger ‘‘disordered’’ rings with increasing temperature, lea
ing to the atomic configurations similar to those in the bu
structure.

Previous Raman studies of silica glass versusTf have
demonstrated that the intensities of theD1 and D2 bands
decreases with decreasingTf .22 This result is also in quali-
tatively agreement with the temperature dependence oTf
obtained from FTIR measurements shown in Table II.

D. X-ray diffraction measurements

The total Faber-Ziman structure factors39 S(Q), for the
bulk silica glass and the heat-treated fumed silica sam
are shown in Fig. 6. As far as theS(Q) data are concerned
we do not see any noticeable difference between the h
treated fumed silica and the bulk silica glass except for thQ

FIG. 5. Fourier transform Raman~FT-Raman! spectra of fumed
silica after heat treatments between 900 and 1200 °C. FT-Ra
spectrum of normal bulk silica glass is also shown.
15540
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range below;0.5 Å21. An abrupt increase seen inS(Q) of
heat-treated fumed silicas probably results from the str
tural fluctuation or the aggregated structure formed from
nanometer-sized primary particles.13 To get the information
in real space, we calculate total correlation functions,T(r ),
~see Fig. 7! from the weighted interference function

an

FIG. 6. The x-ray structure factorsS(Q) of normal bulk silica
glass and heat-treated fumed silica. Successive curves are disp
upward by 1 for clarity.

FIG. 7. ~a! Total correlation functionsT(r ) of normal bulk silica
glass and heat-treated fumed silica.~b! Expand plot ofT(r ) in the
distance region from 2.8 to 4.2 Å. The curve shown in the bottom
obtained by subtractingT(r ) at 1000 °C from the one at 1200 °C
9-5
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Q@S(Q)21# by Fourier transformation up toQmax

525 Å21,

T~r !54prr 1
2

p E
Qmin

Qmax
M ~Q!Q@S~Q!21#sin~Qr !dQ,

~2!

wherer is the total number density andM (Q) is a Lorch
modification function40 to reduce termination effects arisin
from the finite upper limit ofQ. As in the case of theS(Q)
data, theT(r ) functions of the heat-treated fumed silic
appear to be similar to that of the bulk silica glass. Howev
when we have a close look at the distance region espec
from 2.5 to 4 Å, there exist slight but appreciable differenc
among the presentT(r ) functions. That is, the first-neighbo
OuO ~;2.6 Å! and SiuSi ~;3.1 Å! peaks inT(r ) of the
fumed silicas heated at 1000 or 1100 °C are higher than th
of the corresponding peaks observed for the one heate
1200 °C. On the other hand, theT(r ) function of the heat-
treated fumed silica at 1200 °C is virtually identical to that
the bulk silica glass, in harmony with the other experime
such as specific surface areas and vibrational spectrosco
Considering that these peaks arise from the intratetrahe
(OuO) and intertetrahedral (SiuSi) interactions of the
SiO4 units in the silica network, we suggest that, in sm
silica particles, the SiO4 tetrahedral units along with thei
first-neighbor connectivity has a peculiar structural feat
that is basically different from the one in the bulk. It is hen
quite likely that as the size of primary particles grows duri
sintering, the structure and connectivity of the constitu
SiO4 tetrahedra will be altered, leading to such a rand
network structure as seen in the bulk phase.

IV. DISCUSSION

Thus, we have shown that the structure of fumed silica
different from that of the bulk silica glass in terms of infrare
and Raman spectra and x-ray diffraction data. It is natura
assume that this difference stems form the surface struc
of each primary particle of fumed silica. According to prev
ous MD simulations,15,16 nanometer-sized silica clusters ca
be represented by a shell like structure. That is, the struc
and density of the cluster surface are substantially differ
from those of the interior of the cluster, and the ‘‘surfa
shell’’ has the same thickness and width regardless of s
The width of the surface is estimated to be;2 Å,15,16 which
corresponds to the distance of one or two SiuO bonds. It
has also been suggested that the interior of the cluste
structurally equivalent to the bulk.15

However, the present infrared measurements of fum
silica are not totally consistent with the results of these M
simulations on silica clusters. If the structure of the inter
of silica fine particles is equivalent to the bulk and the str
tural difference can only be seen at the surface, the resu
infrared spectra of the particles will have a spectral feat
similar to the bulk, and a possible additional feature relev
to the surface will be superimposed on the spectrum. In c
trast to the expectation, the FTIR spectra of the uncons
dated fumed silica samples have a spectral feature th
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basically different from that of the bulk. As mentioned pr
viously, the;1100-cm21 band of the fumed silica heated a
900–1100 °C is rather narrow as compared with the co
sponding band of the bulk one~see Fig. 2!. The;1100-cm21

band of the bulk has a shoulder at;1000 cm21 on the lower
frequency side of the band, extending to the high
frequency tail of the;800-cm21 band. In the FTIR spectra
of the unconsolidated fumed silica, however, we do not r
ognize such a shoulder at;1000 cm21, and the infrared
absorption is virtually missing in the frequency region fro
880 to 990 cm21. This indicates that not only at the surfac
but also in the interior of fumed silica, the distribution of th
SiuOuSi bonding environments or, strictly speaking, t
distribution of the force constants and the reduced mas
associated with the SiuOuSi asymmetric stretching vibra
tions at;1100 cm21, is different from that of the bulk silica
glass.

According to the FT-Raman spectra shown in Fig. 5, su
a structural difference between fumed and bulk silicas m
arise from a difference in the distribution of the size of t
‘‘rings’’ in the network. The intensities of theD1 and D2
peaks in the FT-Raman spectra of unconsolidated fum
silica are higher than those of the consolidated fumed si
or the bulk silica, implying that regular three- and fou
membered rings are more abundant in silica fine partic
than in the bulk.

The signature of the three- and four-membered rings
fumed silica can be found in the present x-ray diffracti
data as well. In the three- and four-membered rings,
second-neighbor SiuO separations give rise to characteris
distances at;3.2 and;3.8 Å, respectively, because of the
regular geometries, as seen in the results of ab initio mole
lar orbital calculations using a silica-based cluster of ato
~see Fig. 8!. Indeed,T(r ) of the fumed silica samples heate
at 1000 and 1100 °C have additional features in the co
sponding distance regions as compared withT(r ) of the bulk
silica glass. This can be highlighted when we take a diff
ence betweenT(r )s of the heat-treated fumed silica sampl
heated at 1000 and 1200 °C@see Fig. 7~b!#. It is clear from
Fig. 7~b! that there exist two peaks at;3.2 and;3.8 Å in
the difference total correlation function, corresponding to
second-neighbor SiuO separations peculiar to the three- a
four-membered rings, respectively.

The present experimental results further demonstrate
the population of then-membered rings (n53,4) becomes
lower with increasing temperature; the structure of t
sample heated at 1200 °C is almost equivalent to the b
The observed phenomena can be interpreted as follows.
existence of the small-membered rings in the bulk will im
pose additional structural constraints on the atomic confi
rations around the rings because of their regular or rigid
ometries. It is hence reasonable to assume that such s
n-membered rings (n53,4) cannot exist as is during the sin
tering process. That is, in the event of consolidation, th
regular small-membered rings will be reorganized into lar
ones to form the bulk phase, otherwise the rigidity of sma
membered rings will cause unfavorable strain energies in
random SiO2 network.

Finally, we give a brief explanation as to why fumed silic
9-6



l
he
e
to
of
-

MICROSCOPIC STRUCTURE OF NANOMETER-SIZED . . . PHYSICAL REVIEW B69, 155409 ~2004!
FIG. 8. A cluster of atoms modeling the loca
structure of three-and four-membered rings in t
SiO2 network. The surface oxygen atoms in th
cluster are terminated by hydrogen atoms
eliminate the dangling bonds. The geometry
the cluster was fully optimized at the Hartree
Fock level using the 6-31G~d! basis set~Ref. 47!.
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can accommodate a large number of regular small-memb
rings as compared with the bulk. As mentioned in the Int
duction, fumed silica is synthesized with SiCl4 in the
oxygen/hydrogen flame at 1400–1800 °C. It is quite like
that free isolated SinOm clusters are originally formed in th
early stage of the hydrothermal process, leading to hig
viscous droplets of amorphous silicon dioxide having
particle sizes of;10–;20 nm.41 Previous theoretical calcu
lations on small silica clusters have demonstrated that
isolated (SiO2)n clusters (;5<n<;20) tend to form
atomic configurations consisting of small-membered rin
such as two-, three-, and/or four-membered rings.42–45 In
other words, these small-membered rings are energetic
favored in such small isolated clusters, forming rather re
lar symmetric structures. When these isolated clusters
fused together to build up nanometer-sized primary partic
the original atomic configurations of the clusters will be r
organized to form a stable random network consisting mo
of larger n-membered rings (n55 – 7). However, as shown
in the in situ infrared measurements of fumed silica und
high pressure~see Fig. 4!, the SiuOuSi network of fumed
silica will be more flexible than that of the bulk and, ther
fore, some of the small-membered rings will survive even
the nanometer-sized particles. That is, in fumed silica p
ticles, the structural constraints derived from the sm
membered rings can be, although partly, compensated by
atomic rearrangements of the surrounding network, reduc
the strain energies of the resultant primary particles. Thus
far as the ring structure is concerned, it can be said
fumed silica has a ‘‘memory’’ of the small isolated cluste
formed originally at very high temperatures, explaining
high TF for the unconsolidated samples shown in Table II.
the size of the particles increases during the sintering p
cess, however, such atomic rearrangements will induce
sequent strains in the other parts of the network. To red
these strains, cooperative structural reorganizations
eventually occur throughout the network to form the bulkli
structure. These structural reorganizations leading to
15540
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bulklike structure will account for a observed decrease inTf
for the sample heated at 1200 °C.

V. CONCLUSIONS

We have demonstrated that the structure of nanome
sized particles of fumed silica is not identical to that of t
bulk. The FT-Raman spectra of fumed silica indicate that
population of thee- and four-membered rings is higher
fumed silica than in the bulk. These small-membered ring
fumed silica still survive even after heating the samples up
1100 °C. At 1200 °C, which is near the glass transition te
perature of silica glass, respective primary particles coale
into a large mass of silica grains, leading to the struct
almost identical to the one in the normal bulk silica gla
This indicates that these silica fine particles can be sintere
temperatures far below the melting point~;2000 °C!, and
viscous sintering plays a vital role in inducing the prese
consolidation process, accompanied by the transformatio
the ring size distribution from smaller to larger ones. It h
also been elucidated fromin situ infrared absorption mea
surements under high pressure that the SiuOuSi network
of fumed silica is more flexible than that of the bulk. Such
flexible nature of the SiuOuSi network in nanometer-size
particles will give a clue to understand the reason why fum
silica can accommodate a large number of small-membe
silica rings as compared with the bulk silica glass.
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