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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 nuniber61.43—j, 61.10—i

I. INTRODUCTION found that such small clusters have much higher internal
pressures, higher diffusion coefficient of the constituent oxy-
Recently, condensed phases with reduced dimensions agén and silicon atoms, and lower melting temperature as
size have been shown to exhibit numerous instances in whickompared with the corresponding bulk materfal&® The re-
one bonding geometry appears to be favored over others atsllts of these MD computer simulations strongly suggest that
given pressure and/or a temperattireOne of the most in-  the structure of amorphous silica is altered as a function of
triguing examples of this behavior can be seen in carbonthe particle size, probably rationalizing a size dependence of
based materials, including fullerenes and carbon nanotubefe related properties.
In contrast to the case of crystalline and/or ordered materials, In contrast to the theoretical approaches, structural studies
the size dependence of the structure of amorphous materig®$ nanometer-sized amorphous silica particles such as fumed
has hardly been investigated. This is primarily because théilica are rather few apart from the studies on their surface
structure of disordered materials is usually not well definedhydroxyl groups as mentioned earlier. However, we have re-
and the measurements of the size dependence of their strugently reported that fumed silica exhibits a unique structural
ture are often a challenging task. modification under pressufé!® That is, a pressure-induced
Although a full knowledge of their structure is still lack- structural transition, accompanied by densification, occurs at
ing, amorphous small fine particles have attracted considefower pressure€2—8 GPathan would normally be expected
able attention in recent years. In particular, silica-basedor bulk silica glass(over 10 GPa This suggests that
nanophase materials have been the subject of recent studi@gnometer-sized silica particles have a lower threshold for
because of their potential applications in nanoscale silicoffreversible compaction than bulk silica glass. This unprec-
0ptoe|ectronic de\/ice‘é‘_7 One examp|e of such extreme|y edented behavior of fumed silica most Ilkely results from the
small silica particles is fumed silica, which is produced atintrinsic structural characteristics of the material, and a de-
high temperaturé1400—1800 °C by the hydrolysis of sili- tailed knowledge of the structure will be useful for a better
con tetrachloride vapor in a flame of hydrogen and oxygenunderstanding of the properties of the fine-particle oxides. In
Since fumed silica has very high specific surface area this work, we, therefore, carry out a series of structural
(~100—~400 nf/g), its surface reactivity and the related analysis of fumed silica using infrared and Raman spec-
surface properties have been studied by many researchéf§scopies and a high-energy x-ray diffraction method. We
during the past decadés'[hese properties depend basica”y then investigate how the structure of fumed silica is modified
on the quantity and structural environment of its surface hyafter heat treatment and under pressure.
droxyl groups*'® However, structural studies on fumed
silica itself have been very limitet;*® and the structural
difference between fumed silica and the bulk silica glass has
not been well recognized. This work was carried out by using a nonporous amor-
Recently, molecular dynami¢®D) simulations for silica phous fumed silicgspecific surface area390+ 40 nt/g;
clusters containing- 10° to ~10* atoms have been reported particle size 7 nm(product specificatior) obtained from
to understand the structure and properties of nanometer-siz&lgma. The sample was heated at different temperatures
silica particles:*~%81t has been found that the density distri- ranging from 900 to 1200 °C fo2 h to remove surface hy-
bution function for the silica clusters shows a small peak justiroxyl groups, including hydrogen bonded and isolated sil-
below the surfacé>!® suggesting a shell-like structure or a anols &Si—OH groups which are not hydrogen bonded to
local chemical ordering near the surface. It has also beeaach otheror molecular water. According to previous dehy-

II. EXPERIMENTAL SECTION
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droxylation studies on fumed silic& ' little or no evidence TABLE |. BET surface areas and apparent morphology of
of hydrogen-bonded silanols or water molecules is seefiimed silica samples heated at different temperatures.
when the dehydroxylation temperature reaches 800 °C; the

residual isolated silanol concentration for the samples heated _Heating BET surface area apparent
at 900 °C is estimated to bel OH/nnf (Ref. 10. Thus, it is temperaturg®C) (m7g) morphology
likely that most of the hydrogen-bonded silanols along with ) fluffy ver
physically adsorbed molecular water are dehydroxylated by as received 398407 fingypowc)jler
this heat treatment although not all the surface OH groups 1000 188 fluffy very
especially in the form of isolated silanols, cannot be removed fine powder
completely. The Brunauer-Emmett-TellET) specific sur- 1100 115 fine powder
face areas of the heat-treated samples were obtained using a 1200 b coarse grains

conventional volumetric adsorption apparatus with nitrogen
adsorption. Changes in the particle morphology with tem-Product specification.
perature were also characterized by field emission scanningelow the detection limit~1 n?/g).
electron microscopyFESEM with a JEOL JSM-6700F mi-
croscope operating at 1.5 kV. using high-energy x-ray rays supplied by synchrotron radia-
Fourier transform infraredFTIR) spectra of the fumed tion. Since the energy of the incident photons used in the
silica samples were recorded with a Perkin-Elmer SpectrungXperiments is quite hig61.6 ke, the resulting photo-
1000 spectrometer. A conventional KBr disc technique waglectrical absorption is significantly decreasédHigh-
employed to measure the FTIR spectra in the frequency reénergy x-ray diffraction has additional further advantages,
gion associated with the SiO—S;i stretching and bending €.9-, the wide accessib(@ range, the small scattering angles
VibrationS, ranging from 400 to 1600 ern We also mea- and the dlmlnlShlng correlation terrﬁ%These SpeCifiC char-
sured an overtone of the -SiO—Si stretching vibration, —acteristics of high-energy Xx-ray measurements enable us to
which is located at~2260 cni! and has been shown to be obtain the sufficiently high resolution in the real-space cor-
related to the fictive temperature of silica gld43he fictive ~ relation functions, which can be comparable to those ob-
temperature of a g|ass is def"%édis “the tempera‘[ure at tained from a typ|Ca| neutron diffraction eXperiment. The
which the glass would find itself in equilibrium if suddenly high-energy x-ray diffraction experiments of the fumed silica
brought to that temperature from its given state.” It has alscsamples were performed in transmission geometry using the
been demonstrated that the glass network undergoes steR€nding magnet beamline BLO4BRef. 25 at SPring-8,
changes as function of the fictive temperaf¥frét. is hence ~ Hyogo, Japan, with a horizontal two-axis diffractoméfein
interesting to obtain the fictive temperature of the presenthis work, x-ray diffraction data were measured upQRiax
samples to get a better knowledge of their microscopic struc=25 A™* [Q=(4m/\)sin ] for the dehydroxylated fumed
ture. Since the intensity of such an overtone mode is rathetilica samples as well as normal bulk silica glass.
weak, the heat-treated fumed silicas were pressed into pellets The above measurements were all performed at ambient
with ~1 mm thickness, and the FTIR absorption spectraPressure. To investigate possible structural changes of fumed
were measured in transmission mode. silica under pressure, we further measunedsitu infrared
Raman spectra were obtained on a Perkin-Elmer Syste@bsorption spectra up toe6 GPa with a diamond anvil cell.
2000R NIR Fourier-transform Ram#RT-Raman spectrom-  KBr powders were used as both an infrared window and a
eter. The laser used in the FT-Raman spectrometer jigressure medium. The sample was confined in a small cham-
Nd:YAG (an yttrium aluminum garnet crystal doped with ber, which was made by drilling a ho{@00 um in diametey
triply ionized neodymiunn emitting laser radiation at 1064 On a metal gaskefl80 um in thicknesg in such a way that
nm. We also tried to obtain Raman spectra with a conventhe silica fine particles were put on the top of the KBr pow-
tional dispersive Raman spectrometer where spectra are cdiers, forming two layers consisting of fumed silica and KBr.
lected using an excitation wavelength in the visible rangeThe sample was then compressed between the diamond an-
However, Raman measurements using visible laser radiatiovils With 300-um culets together with ruby balls dispersed in
caused strong florescence and/or scattering resulting prob2€ sample powders as pressure indicator. The pressure was
ably from unknown surface defects of fumed silica. Thisdetermined by the Ruby fluorescence methodror the
problem was virtually eliminated using FT-Raman spectrosPresentin situ infrared absorption measurements, we em-
copy that employs a near-infrar¢tlo64 nm laser for exci- ployed the fumed silica sample preheated at 1000 °C for 2 h.
tation.
We should also note that on removal of the hydroxyl . RESULTS
groups at 900—1200 °C, the fumed silica surface would no _ i .
longer physically absorb water and would not be A. Changes in the particle morphology with temperature
rehydrated® This indicates that the present heat-treated Table | shows the BET specific surface aré8sof the
samples are quite stable even in ambient condition. Indeed@s-received and heat-treated fumed silicas. We see that the
we have confirmed that the infrared and Raman spectra ofsurface area changes fromt00 to~190(~120) m?g when
served for the present heat-treated samples are basically utire samples is heated at 100DL00 °C. This decrease in
changed after exposure to ambient condition for two monthssurface area most likely results from sintering since it has
The structure of fumed silica was also investigated bybeen proposed that for fumed silicas the onset temperature of
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FIG. 1. FESEM images of fumed silica after heat treatment at 1200 °C
(a) 900, (b) 1000, (c) 1100, and(d) 1200 °C for 2 h. bulk silica
| | glass
sintering is~850 °C regardless of particle characteristics or 1600 1200 800 400
heating time<® If we assume that each fumed silica particle wavenumber (cm'1)
is ideally spherical, we can estimate average diamefeof
primary particles using a relationshig=6.0x 103/(p5) FIG. 2. Fourier transform infrare@FTIR) absorption spectra of

wherep is the specific density of primary particles of fumed fumed silica after heat treatment between 900 and 1200 °C. An
silica (2.2 g/cr‘r?), Sin m2/g, andd in nm. According to this additional weak shoulder at980 cnm ! is attributed to the bending
relationship,d is estimated to be 13 and 24 nm at 1000 angviPration of residual Si-OH groups(Ref. 46. FTIR spectrum of
1100 °C, respectively. Considering thaof the as received normal bulk silica glass is also shown.

sample is 7 nm, we suggest that two or three particles ap-

proach one another and induce sintering or consolidation t£7iNg is almost completed at 1200°C to form coalescent
form slightly larger primary particles in the temperature bulklike materials, in accordance with the results mentioned

range 1000—1100 °C. FESEM observations also reveal th&' Sec. ll1A.
development of particle size with temperatusee Fig. 1 It should be noted, however, that FTIR spectra of fumed

We should note. however. that the fumed silica sample§"ica samples heated below 1100 °C have different spectral
heated at 1100 °C still retain the morphology of the Origma|features than the one heated at 1200 °C or that of bulk silica

nanometer-sized silica particles. It is probable that thed!ass. One of the striking differences can be seen in the

present sintering process does not occur by melting sincer—9—Si asymmetric stretching band &t1100 cm = L” _
melting of silica would require temperatures in excess of"€ FTIR spectra of fumed silica heated at 900-1100°C this

2000 °C, implying that the present consolidation is induced?@nd has rather a narrow feature as compared with the cor-

by viscous sintering. re_spondln_g band o_f bulk s_|I|ca glass. In add_ltllon, the
We have found thaB decreases to the detection lifitl ~ SF—O—Si symmetric stretching band at800 cm Ob'o _

m?/g) of the present volumetric adsorption apparatus gferved for fumed silica samples heated at 900-1100°C is

1200 °C, which is near the glass transition temperature ofecated slightly at higher frequenci€s08 cm ) than that of

silica glas<® This indicates that fine primary particles coa- the bulk(800 cm Y. These results suggest that the structure
lesce into bulklike silica at 1200 °C. Indeed, the sintered ma®f dehydroxylated fumed silica is not identical to the struc-
terial heated at 1200°C was not aggregates of nanometeidre of bulk silica glass; that is, the size dependence is seen

sized fine powders, as elucidated by the FESEM imagd’ the structure of silica glass. ,
shown in Fig. 1d), but a collection of relatively large~0.5 Figure 3 shows the infrared absorption spectra of an over-
mm) grains. tone mode of the Si-O—Si stretching band for the heat-

treated fumed silica samples. We see from Fig. 3 that the
peak position of this overtone mode shifts to higher frequen-
B. Infrared absorption spectra cies with increasing heat-treated temperature. According to

. .. _the empirical relationship between the peak position of the
Figure 2 shows FTIR spectra of heat-treated fumed S'I'Catcjvertone modev and the fictive temperaturg; of silica
as a function of the temperature of dehydroxylation alongglas§°

with an FTIR absorption spectrum of bulk silica glass. In

agreement WI"[h the previous 'experlment's, the mfrqred spec- v=2228.64 (43809.21T;) 1)

trum of bulk silica glass exhibits three main absorption bands

at ~1100, ~800, and~480 cni'l, which are assigned to we estimated the fictive temperature of the present fumed
asymmetric stretching, symmetric stretching and bendingilica sampleqgsee Table IJ. We see from Table Il that the
motions of the Si-O—Si bonds, respectivef)*1 The FTIR  fictive temperature of the fumed silica decreases with in-
spectrum of fumed silica heated at 1200 °C is almost compeacreasing heating temperature. We should note, however, that
rable to that of the bulk silica glass. This indicates that sinthe values of fictive temperature for the samples heated at

155409-3



UCHINO et al. PHYSICAL REVIEW B 69, 155409 (2004

T T T T I T I I T
_ (a)
2
c
> //\ 1200 °C
o
s 1100 °C N
Py = 5.5 GPa
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5 900 °C g '
% § 3.2GPa
3 2.4 GPa
[<3
1 1 1 1 2
2300 2280 2260 2240 2220 2200 ® 18 GPa
wavenumber (cm-1) 11 GPa
FIG. 3. Fourier transform infrared absorption spectra around 0.3 GPa
2260 cm ! in the heat-treated silica samples. The peak originates
from an overtone of the SiO—Si stretching vibration at-1100 L 1 L L 1
em L 1600 1400 1200 1000 800 600
wavenumber (cm-')
900—1100 and 1200 °C are rather high and low, respectively.
This is probably because the linear relationship between : ! ! ' '
and 1T; shown in Eq.(1) can be applied only to the fre- (b)
quency range from-2255 to~2263 cm ! (Ref. 32; that is,
the fictive temperature estimated for the present samples may
not be quantitatively correct. A detailed structural analysis of N
fumed silica accompanied by the changes in the fictive tem- ¢ 6.3GPa
peratures will be given in a later section. 8 5.3 GPa
In situ infrared absorption spectra of fumed silica mea- s
sured with the diamond anvil cell under high pressure are g 4.1GPa
shown in Fig. 4a). We see from Fig. @) that the main s 3.3GPa
Si—O—Si asymmetric stretching band becomes broad espe- 'g 2.5 GPa
cially on the lower-frequency side of the band with increas- 2
ing pressure. Thus, it is likely that fumed silica can accom- ~ ® 1.8 GPa
modate applied pressure by changing the—&—Si 1.3 GPa
bonding configurations, suggesting a highly deformable na-
ture of the Si—O—Si linkages in the nanometer-sized silica 0.1GPa

particles. We also measur@usitu infrared spectra of a nor- 600 140 1200 1000 8006
mal bulk silica glass under the same condition as that em- p
ployed for fumed silicalsee Fig. 4b)]. However, such a wavenumber (cm-)
broadening of the main SiO—Si stretching band as seen g\ 4. n situ Fourier transform infrared absorption spectra of
in the spectra of fum(_ad silica was not observed, but the spegz) compressed fumed silica arit) compressed bulk silica glass
tral feature was basically unchanged up~t6 GPa. These nder pressure. The effect of multiple reflections within the sample
results suggest that the random network of bulk silica iSs seen as interference-fringe in each spectrum. The frequency re-
more rigid than that of fumed silica against applied pressuregion below~600 cni * was not recorded because of the limitation
of the MCT detector.

TABLE Il. Estimation of fictive temperature from the peak po- B )
sition of the infrared absorption band at2260 cmi® for heat- [N other words, the structure of fumed silica will be rather
treated fumed silica samples. Equatidh was used to estimate the flexible, allowing deformations of the SiO—Si bonding

(o]

0

fictive temperature. configurations under high pressure.
heating temperature  peak position fictive temperature C. Raman spectra

°C cmt K .
) ( ) ®) FT-Raman spectra of heat-treated fumed silicas along
900 2238.0 4680 with bulk silica glass are shown in Fig. 5. Raman spectra of
1000 2247.5 2323 bulk silica glass have been investigated by a number of
1100 2255.0 1661 researcher®~%® It has been found that Raman spectra of
1200 2269.0 1085 silica glass have two sharp bands at 495 and 606'caiong

with a dominant broad ban@50 cm %) associated with the
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T I T T T I 3.0
250
20k
2 s 15l 1000 °C
5 & 1100°C
g o 1200 °C
s 900 E 1.0 bulk silica glass
Z 1000 °C
@ 0.5
g
£ 1100 °C
0'0_|...I....I....I....I....
1200 OC 4] 5 10 15 20 25
QAT
bulk silica
. L . 1 . L glass FIG. 6. The x-ray structure factoS(Q) of normal bulk silica
200 400 600 800 glass and heat-treated fumed silica. Successive curves are displaced
wavenumber (cm'1) Upwal’d by 1 fOI‘ Cla”ty

FIG. 5. Fourier transform Ram&fT-Raman spectra of fumed  range below~0.5 Al An abrupt increase seen 8(Q) of
silica after heat treatments between 900 and 1200 °C. FT-Ramafeat-treated fumed silicas probably results from the struc-
spectrum of normal bulk silica glass is also shown. tural fluctuation or the aggregated structure formed from the

nanometer-sized primary particlEsTo get the information
bending motions of oxygen atoms in the random networkin real space, we calculate total correlation functiong;),
These two sharp bands at 495 and 606 tare referred to (see Fig. 7 from the weighted interference functions
asD, andD,, respectively, and are attributed to symmetric
oxygen ring breathing vibrations of regular four-membered 8 =
(D) and three-membered() silica rings®® 8 As shown (a){‘ ke

in Fig. 5, theD, andD, bands can be seen in the FT-Raman —— bulk siica glass
spectra of the heat-treated fumed silica samples as well. It is
clear that the intensities of tHe, and D, bands are rather
high for the sample heated at 900 °C and tend to decrease
with increasing temperature. When the temperature reaches
1200 °C, the FT-Raman spectrum of the heat-treated fumed
silica becomes closely analogous to that of bulk silica glass, 2
in agreement with the measurements of surface areas,

FESEM, and infrared spectra mentioned earlier. It is hence 0"-
quite likely that the concentrations of tig - andD ,-related ’
structural units, or four-membered and three-membered
silica rings, respectively, are dependent on the size of the
primary particles. That is, in nanometer-sized silica particles
the population of small-membered rings is larger than the
one in the bulk. These “regular” rings are transformed into 5 (B) [ 19905
larger “disordered” rings with increasing temperature, lead- 22 ok stoa glass
ing to the atomic configurations similar to those in the bulk
structure.

Previous Raman studies of silica glass ver3igshave
demonstrated that the intensities of tBbg and D, bands
decreases with decreasiilg.?* This result is also in quali-
tatively agreement with the temperature dependencg&;of
obtained from FTIR measurements shown in Table II.

6

Tn

D. X-ray diffraction measurements 3.0 35 4.0

The total Faber-Ziman structure facttf$S(Q), for the
bulk silica glass and the heat-treated fumed silica samples FiG. 7. (a) Total correlation function3 (r) of normal bulk silica
are shown in Fig. 6. As far as t1#{Q) data are concerned, glass and heat-treated fumed sili¢el Expand plot ofT(r) in the
we do not see any noticeable difference between the heattistance region from 2.8 to 4.2 A. The curve shown in the bottom is
treated fumed silica and the bulk silica glass except foQhe obtained by subtracting(r) at 1000 °C from the one at 1200 °C.
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Q[S(Q)—1] by Fourier transformation up toQ., Pasically different from that of the bulk. As mentioned pre-
=25 A1 viously, the~1100-cm * band of the fumed silica heated at
900-1100°C is rather narrow as compared with the corre-
2 (Qmax sponding band of the bulk orieee Fig. 2 The~1100-cm*
T(r)=4mpr+— f M(Q)Q[S(Q)—1]sin(Qr)dQ, band of the bulk has a shoulder-a000 cm * on the lower
Qmin 2 frequency side of the band, extending to the higher-
frequency tail of the~800-cm ! band. In the FTIR spectra
where p is the total number density ardd(Q) is a Lorch  of the unconsolidated fumed silica, however, we do not rec-
modification functiofi® to reduce termination effects arising ognize such a shoulder at1000 cm?, and the infrared
from the finite upper limit ofQ. As in the case of th&(Q)  absorption is virtually missing in the frequency region from
data, theT(r) functions of the heat-treated fumed silicas 880 to 990 cm®. This indicates that not only at the surface
appear to be similar to that of the bulk silica glass. Howeverput also in the interior of fumed silica, the distribution of the
when we have a close look at the distance region especiall§i—O—Si bonding environments or, strictly speaking, the
from 2.5 to 4 A, there exist slight but appreciable differenceddistribution of the force constants and the reduced masses
among the preserf(r) functions. That is, the first-neighbor associated with the SiO—Si asymmetric stretching vibra-
O—O0O (~2.6 A) and Si—Si (~3.1 A) peaks inT(r) of the tions at~1100 cm %, is different from that of the bulk silica
fumed silicas heated at 1000 or 1100 °C are higher than thoggass.
of the corresponding peaks observed for the one heated at According to the FT-Raman spectra shown in Fig. 5, such
1200°C. On the other hand, tigr) function of the heat- a structural difference between fumed and bulk silicas may
treated fumed silica at 1200 °C is virtually identical to that of arise from a difference in the distribution of the size of the
the bulk silica glass, in harmony with the other experimentsTings” in the network. The intensities of th®, and D,
such as specific surface areas and vibrational spectroscopigaks in the FT-Raman spectra of unconsolidated fumed
Considering that these peaks arise from the intratetrahedrallica are higher than those of the consolidated fumed silica
(0—O0) and intertetrahedral (SiSi) interactions of the or the bulk silica, implying that regular three- and four-
SiO, units in the silica network, we suggest that, in smallmembered rings are more abundant in silica fine particles
silica particles, the SiQtetrahedral units along with their than in the bulk.
first-neighbor connectivity has a peculiar structural feature The signature of the three- and four-membered rings in
that is basically different from the one in the bulk. It is hencefumed silica can be found in the present x-ray diffraction
quite likely that as the size of primary particles grows duringdata as well. In the three- and four-membered rings, the
sintering, the structure and connectivity of the constituensecond-neighbor Si-O separations give rise to characteristic
Si0, tetrahedra will be altered, leading to such a randonflistances at-3.2 and~3.8 A, respectively, because of their
network structure as seen in the bulk phase. regular geometries, as seen in the results of ab initio molecu-
lar orbital calculations using a silica-based cluster of atoms
(see Fig. 8 Indeed,T(r) of the fumed silica samples heated
at 1000 and 1100 °C have additional features in the corre-
Thus, we have shown that the structure of fumed silica issponding distance regions as compared With) of the bulk
different from that of the bulk silica glass in terms of infrared silica glass. This can be highlighted when we take a differ-
and Raman spectra and x-ray diffraction data. It is natural t@nce betweeii (r)s of the heat-treated fumed silica samples
assume that this difference stems form the surface structufeeated at 1000 and 1200 {€ee Fig. ™)]. It is clear from
of each primary particle of fumed silica. According to previ- Fig. 7(b) that there exist two peaks at3.2 and~3.8 A in
ous MD simulations?® nanometer-sized silica clusters can the difference total correlation function, corresponding to the
be represented by a shell like structure. That is, the structurgecond-neighbor Si O separations peculiar to the three- and
and density of the cluster surface are substantially differenfour-membered rings, respectively.
from those of the interior of the cluster, and the “surface The present experimental results further demonstrate that
shell” has the same thickness and width regardless of sizéhe population of then-membered ringsn(= 3,4) becomes
The width of the surface is estimated to b€ A, which  lower with increasing temperature; the structure of the
corresponds to the distance of one or twe-%) bonds. It sample heated at 1200 °C is almost equivalent to the bulk.
has also been suggested that the interior of the cluster iBhe observed phenomena can be interpreted as follows. The
structurally equivalent to the bufk. existence of the small-membered rings in the bulk will im-
However, the present infrared measurements of fumeg@ose additional structural constraints on the atomic configu-
silica are not totally consistent with the results of these MDrations around the rings because of their regular or rigid ge-
simulations on silica clusters. If the structure of the interiorometries. It is hence reasonable to assume that such small
of silica fine particles is equivalent to the bulk and the struc-n-membered ringsn(= 3,4) cannot exist as is during the sin-
tural difference can only be seen at the surface, the resultintgring process. That is, in the event of consolidation, these
infrared spectra of the particles will have a spectral featurgegular small-membered rings will be reorganized into larger
similar to the bulk, and a possible additional feature relevanbnes to form the bulk phase, otherwise the rigidity of small-
to the surface will be superimposed on the spectrum. In conrmembered rings will cause unfavorable strain energies in the
trast to the expectation, the FTIR spectra of the unconsolirandom SiQ network.
dated fumed silica samples have a spectral feature that is Finally, we give a brief explanation as to why fumed silica

IV. DISCUSSION

155409-6



MICROSCOPIC STRUCTURE OF NANOMETER-SIZED. .. PHYSICAL REVIEW@D, 155409 (2004

N\

A

) si

o o /]

© H ‘i / FIG. 8. A cluster of atoms modeling the local

Four-membered ring structure of three-and four-membered rings in the
Three-membered ring / % < 3'7 o e ancre A SiO, network. The surface oxygen atoms in the
i he by A s|4 Si4-06=3 743 cluster are terminated by hydrogen atoms to
Si2-03=3.221 Si5-06=3.793 eliminate the dangling bonds. The geometry of
Si3-01=3.247  Si1 a8 g!g'ngg';;g the cluster was fully optimized at the Hartree-
av. S-0=3.232 / \ 03 °4 // SO Fock level using the 6-31@) basis setRef. 47.
\ Si7-04=3.822

) Si6 ;
Yool LAe 522
%S}H \ } \ /[/ﬂ " i
|J

can accommodate a large number of regular small-memberdalilklike structure will account for a observed decreas&;in
rings as compared with the bulk. As mentioned in the Intro-for the sample heated at 1200 °C.

duction, fumed silica is synthesized with SiCIn the

oxygen/hydrogen flame at 1400—1800 °C. It is quite likely V. CONCLUSIONS

that free isolated SO, clusters are originally formed in the

early stage of the hydrothermal process, leading to highly We have demonstrated that the structure of nanometer-
viscous droplets of amorphous silicon dioxide having thesized particles of fumed silica is not identical to that of the
particle sizes of~10—20 nm?! Previous theoretical calcu- bulk. The FT-Raman spectra of fumed silica indicate that the
lations on small silica clusters have demonstrated that frepopulation of thee- and four-membered rings is higher in
isolated (SiQ),, clusters (5<n<~20) tend to form fumed silica than in the bulk. These small-membered rings in
atomic configurations consisting of small-membered ringdumed silica still survive even after heating the samples up to
such as two-, three-, and/or four-membered ritfgé> In 1100 °C. At 1200 °C, which is near the glass transition tem-
other words, these small-membered rings are energeticallgerature of silica glass, respective primary particles coalesce
favored in such small isolated clusters, forming rather reguinto a large mass of silica grains, leading to the structure
lar symmetric structures. When these isolated clusters a@most identical to the one in the normal bulk silica glass.
fused together to build up nanometer-sized primary particlesThis indicates that these silica fine particles can be sintered at
the original atomic configurations of the clusters will be re-temperatures far below the melting poi#t2000 °Q, and
organized to form a stable random network consisting mostlyiscous sintering plays a vital role in inducing the present
of largern-membered ringsr(=5-7). However, as shown consolidation process, accompanied by the transformation of
in the in situ infrared measurements of fumed silica underthe ring size distribution from smaller to larger ones. It has
high pressurésee Fig. 4, the Si—O—Si network of fumed also been elucidated fronm situ infrared absorption mea-
silica will be more flexible than that of the bulk and, there- surements under high pressure that the-8—Si network
fore, some of the small-membered rings will survive even inof fumed silica is more flexible than that of the bulk. Such a
the nanometer-sized particles. That is, in fumed silica parflexible nature of the Si-O—Si network in nanometer-sized
ticles, the structural constraints derived from the small-particles will give a clue to understand the reason why fumed
membered rings can be, although partly, compensated by ttailica can accommodate a large number of small-membered
atomic rearrangements of the surrounding network, reducingilica rings as compared with the bulk silica glass.

the strain energies of the resultant primary particles. Thus, as
far as the ring structure is concerned, it can be said that
fumed silica has a “memory” of the small isolated clusters
formed originally at very high temperatures, explaining a The synchrotron radiation experiments were performed at
high T for the unconsolidated samples shown in Table Il. Asthe SPring-8 with the approval of the Japan Synchrotron Ra-
the size of the particles increases during the sintering prodiation Research InstitutéProposal No. 2002B0375-ND1-
cess, however, such atomic rearrangements will induce suloyp). We are grateful to Professor N. Yoshida and H. Nakata
sequent strains in the other parts of the network. To reducé&obe University for the measurements of specific surface
these strains, cooperative structural reorganizations wilrea of the samples. We also thank Professor K. Nakanishi
eventually occur throughout the network to form the bulklikeand H. Saito(Kyoto University for carrying out FESEM
structure. These structural reorganizations leading to thexperiments.
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