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particles, 1t 1s necessary either to ma1ntain flame temperatures lov enough
to eontinuoua1y generate reaetive monomer or to use a continuous feed
reaetor. ln either situatlon, sma1l molecules are alvays available. So
10ng as 5mall molecules are present, the system viII remain in the monomer-
cluster grovth regíme producing large uniformly dense colloidal particles
vith mínimal aggregation.
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ABSTRACT

SiO microspheres have been prepared from TKOS/Methanol/vater sols
in basic2cond1t10n (pH " 12) by the Stober method and studied by TEM
static and dynamic light scattering techniques in order to determine the
mean size R, size distribution, hydrodynamic radius Ra, radius of gyration
Rc and translational diffusion coefficient Dt ; the ratio RH/Rc vas fo~nd
le~s than 0.55 and the aggregates have a fractal geometry v1th
df - 2.3 + 0,05. The results are coarpared to previous work on eolloidal
siliea aggregates prepared by other techniques and discussed.

lNTRODUCTlON

ln recent years the concept of fractal geometry has become important
and has proved successfu~ for the description of Don equilibrium aggrega-
tion in colloidal and macro molecular systems. Static and dynamic light
scattering, X-ray and neutron scattering, electron microscopy as veU as
cOlDputer simulation are among the best and IDOSt used techniques for pro-
bing these fractal structures.

ln the scattering experimenta several quantities can be determin~d
to characterize the physical properties of the clusters : the hydrodynam1c
radius RH is obtained from.the íni~ial.slope of th~ correlati~n functioD
(first cumulant) measured 1n dynam1c l1ght scatter1ng (DLS) and alIovs
to determine the diffusion coefficients of the non-interacting partic1es;
the radius of gyration of the primary particIes and of the c1usters Rc as
vell as the surfac~ and mass fractal dimensions of the aggregates can be
extracted from the static structure factor measured in light, X-ray or
neutron scattering experiments.

Smau silica partic1es are co_rcialy produced under trade n~s as
Cab-O-Sil (Cabot Corporatioa} vr LU!!C'" (Dupant) and have been extennvely

-'--stUd"ie'«(·io ....LilE- last. J~'" yt:Q::: ~. ,;~ Lh ~hi.i papel" we preseDt original re-
sults of transm!ssion electron microscopy, static and dynaaic light scatt~
ring of a1most ~nodisperse spherical Si02 aggregates pr~pared by a sol-
gel process using a technique originally deveIoped by Stober [9] .

PREPARATION ANO CHARACTERlZATION
SoIs have been prepared at roce temperature by first m1x1ng 65ml of

methanol in 34.4ml bidisti11ed vater and adding then 22ml NH40H and 3ml
of tetramethoxysilante TMOS (Flukal. Such sols have a pH of 12.3. The
grovth af the Si02 partic1es up to a certain size is extreme1y fast. and
aggregation process cannat be follo.ed by one or the othe~ ~xper1me~tal
technique. Figure 1 is a typical result, af the shape ~nd sue d1stnbut1on.
of the partie1es observeQ by T~ansm1ss10n E1ectron,M1croscopy.Tbe, ~ucles
appear practically spherlcal .,th a waderate polydlsperslty but ~1thout
aggregation; their mean d i amet e r ca l cu Lar.ed v i t h :'0 pa r t ic l.es is R=150~30nm.

MliL RH. see. Symp. Proc. VoI. 121. e 1918 Mliterial. Re •• erch s,oa..ty
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Quasielastic ligbt acattering experimenta using a 5o.Y. A -4965 A Ar
laser (Spectra Pbyaics 170) and a 48 cbannela Kalvern K7023 autocorrelator
confirm theae resulta. Fig.2 abovs a fit of a typical correlatioD speetrua
talten at a -300 using 1 anel2 e~lants (ratio of the eu.alanu K2/K12-o.It6)
The eumulants analyais sbovs tbat tbe ••an deeay rate or Rayleigb linevidtb
r as vell as tbe ratio of tbe firat tvo cumulants Ire independent of tbe
scattering veetor q in the range 0.3.l04<q <3.10~em-l(figure 3). AiJ dia-
cusaed belov tbe syst•• can be perfectly deacribed aa a dilute aolutioD of
almost monodisperae but optically iaotropic and rigid apberical particlea;
tbe first cuaulant contains only eontribution froa tbe translational de!r~e
of freedom r -Dtq2. l!!!.ereDt is tbe traDsl..!üonal diffuaion coefficient.
its mean value being Dt = 1.6 10-8 cal/s, ut in t~rD ia related to a bydro-
dynaaic raiiua1\1via tbe EinsteinStdcesrelation Dt - IlB,T/611T1RR wbere \(B is
tbe Boltzmann constant, T tbe temperature and n tbe solvent viacosity. Tbe
value obtained for RH for tbe data of Figure 3 ia 140 ~ 100m.

A typical result of static ligbt scattering experiment measured vitb
tbe saae instrument is presented in figure 4. Tbe data are fitted uaing a
Fisber-Burfora type approximant [8J.Fig.l - Typical TEM Microgra-

pby of Si02 particlea.
R-ISO ~ 300m

S(q-O)
S(q) - ------,----,.

(1 + ~ RC2) df/2
3df

vbere df ia tbe masa fractal dimension of tbe Si02 particles. Tbe data
analysis of tbis figure give df - 2,26 ~ 0,05 and Rc - 285 ~ 10om,aboving
that tbe aggregates are indeed mass fractals.

DISCUSSION
According to Kartin and Leyvraz [10] the Rayleigb linevidtb obtained

from tbe DLS first cuaulant analysis is given by r aDtq2b(qR) vbere b (qR)a
1 for qR« I (insensitivity of the linevidth to interna 1 degrees of freedom)
and b(qR) ~ (qR)w for qR » 1 vitb w-O for rigid bodies, W~d-2 for fle-
xible particles vitb strong bydrodynamic interaction and W-df for fle-
xible particles vitb veak bydrodynaaic interaction. Mareover. talting in
account a polydiapersi~y in pover lav fOrlaN(M)- M-1: g(M/Mz), tbey sboved
tbat fO~_21: <3, r - q Dz F(qRz) wbere F(qRz) ~ 1 for qRz « 1 and F(qRz)
_ (qRz) and consequently r ~ qa for qRz »1. Our data abova tbat
r _ q2 for.ali values of qRz up to 6 confirming tbat our particles are
rigid bodies and tbat w-o . For masa fractal an upper limit of tbe poly-
dispersity exponent 1: can tben be estimated aa 1:- I + w/df - I for no by -
drc!!ync.micinteraetion and t - 2-(d-2-w )/df - 1,56 for strong bydrodyna -
mie i,t~,·.;:.'.,:,·1·n•. This· indicates .tbat our experimental value of the Rauss
dorf dimenaion \df - 2,26, calculated from tbe static structure factor ia
correet since already for 1:< 2, tbe static structure factor for mass
fractals scales 'aa (qRz)-df • Tbe surface fractal dimension ds of our par-
tieles may be obtained at large q by small angle x-raí scattering (measu -
remants are undervay). According to Martin et aI [10 the statie structure
factor shobld scale as 2d - ds for O < t < 1 + ds/d • Tbe lovest superior
limit of 1: viII be obtained for ds - 2 (smootb partieles) and its value
1.66 is already larger tban tbe maximum experimental value 1:. 1.56 aa cal-
culated above. Polydispersity is therefore irrelevant in our case. Tbe de-
termination of the exponent 1: of tbese sol-gel aggregates is not posaible
but an upper limit ean be given 1: ~ 1,56.

Another interesting result is the value found for tbe ratio RH/Rc. For
siliea particles this ratio bas been only determined during tbe aggregatien
of LUDOX Par.tides [7] and found equal to 0,72, a val~e elose. to tbe value
O~'3:~cU ~cr lioear flexible random-valk chain polymer 10 solutlon RH/Rc •
0,79 but in disagreemeot with other aggregatioo models sueh as tbe ~tion-

o --·.2- .•,,;' 4

time (ms)
5

Fig.2 - Fit of a typi-
cal dynamie ligbt scatt~-
ring correlation spec-
trum taken at a-30· using
1 and 2 cumulants.
The values of RH:140~lOr.m
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tbe ,cattering vector
~.41!+ sen e 12.
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lilllitedauregation Ry/1lc - 0,97 [U]. Pusey et al [111 ,boved hovever
that thl!values determined experi_ntaly are in fact average radius ( RH>aad
(1(;2) 1/2 and reflect different _nts Df the cluster 81111I diatribution.
Tbey define consequently (a.t) / (Ré) 1/2 • Y RH/RG· Y 8 vIIerey is a
correcting factor strongly dependent Df the fora Df tbe cut-off function Df
tbe pover-lav diatribution, tbe polydiapersity exponent T and the uaa
fractal dimension df.

On tbe otber band RH is a parameter calculated frolll tbe Einatein-
Stokes relation and vbicb envolvellaa experilllentalparameter Df difficult
access and IIIOstof tbe ti•• aot knovo vitb precision: tbe IIOlwot viscosityn. A vrong esti_tioa ••y tberefore lead to erroaeoua deteraiaatioa Df
RH / Ilc. Ve also found in our experimenta that tbe meaaured paraaetera R,
Rc and df are not universal; tbeir values may cbange froa ruo to run by
up to 15%. Tbe systematic ,tudy Df tbe influence Df '0Da parametera lIucb
as temperature, sligbt variatioa in tbe starting compoaition, quality Df
tbe starting cOlllponents(especialIy NB40H) agiag of tbe sols etc i.
undervay. Vitb tbe lIIOatrecent aad better controlled sol. for vhich SLS and
DLS bave been performed on tbe liame a•• ples and in sequence vitbin oae
hour ve eacouatered the folloving re,ults.

::j
ri 4.5

Ul
C

..,,
; -

2 3
In [q (em-II/I04]

0.6 2 Test A : Si02 particles prepared as above, dried by solvent evaporation
and vasbed lIeveral tillll!sin vater. SLS and DLS performed vitb
Si02 agglomerates dispersed ia bidistilled vater T s 22°C n H20 =
0.97 cp.
Si02 particles prepared as above aad measured in situo Tbe sol has
then beea diluted in methanol. Solvent used for viscosity aeasu-
reaent: aaount of _tbanoI + vater + NH40H, n • 1.02 cp.

5.5
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Test 11

5.0
RH Rc df Ru / Rg

(IIBI) (DIII)

Test A 228 408 2.34 0.54

Test B 112 349 2.02 0.32
4.0 Tbese prelilllinaryresults sbov that tbe valuea Df RH / Rç are even

lover tban tboae found by IHltzius [71 and not ia agreemant vlth tbeoretical
IIOdels [12,131. Hovever ve tbink that it is too early to malte a clear and
bonest cOlllparisoaànd more vork are aecessary to elucidate thi. interesting
problea.
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f
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STRUCTURAL 1NVEST1GAT10N OF TRE HYDROLYSIS-CONDENSAT10N
PROCESS OF A MOD1FIED TITANIUM ALKOXIDE.

1

1
I

I
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ABSTRACT

Titanium isopropoxide was modified with acetylacetone in
order to get stable photosensitive colloids via an
hydrolysis-condensation processo The vario~s steps of this
process were followed by infrared, lH and I C NMR and X-Ray
absorption (XANES and EXAFS). The latter techniques provided
some interesting structural data (coordination of titanium,
Ti-O and Ti-Ti distances) on the various species, from the
precursor to the colloids. A structural model is proposed for
each one, with a scheme of the different reactions occuring
during the processo

INTRODUCTION
Structural investigation of the hydrolysis-condensation

process of alkoxides is a key problem for better control of
the final products, usually glasses and cerarnics. Most sol-gel
w~rk deals with silica prepared from silicon alkoxides, and
2 Si NMR has provided quite accurate information on the
hydrolysis-condensaI+.on reaf~10ns [1) [2). rn the case of
titanium alkoxides, Ti and Ti NMR spectra are not so easy
to get due to the lfw sen~~t1vity of the nuclei and to
quadrupolar effects. H and L C NMR can provide information
for the first steps of the hydrolysis process, using the OR
groups as a probe. As soon as alI the OR groups are
hydrolyzed, these techniques are no longer useful. X-Ray
absorption experiments, XANES (X-Ray Absorption Near Edge
Structure) and EXAFS (Extended X-Ray Absorption Fine
Structure), at the titanium K-edge can give quite interesting
structural information using the metal11c 10n as a probe [3).
Coordination number and distances from t1tanium ion to
neighboring atoms can be extracted from the experimental
spectra. The experiments can be doneon solutions, colloids,
gels and powders without any special preparation for the
samples. These techniques are thus quite useful to follow the
total hydrolysis-condensation processo

TJ.canlum··íSopr-O}:)CíXide~Tl(OPri) 4 was modified with
acetylaceton'e to get stable photosensitive colloids. The
photoreactiv~y of these colloids will not be discussed in the
present paper, but it is obvious that the photochemical
properties are closely related to the structure of the
colloids. A structural study was undertaken and the various
steps o~ the preparation of the colloids have been followed
using infrared, H NMR and X-Ray absorption spectroscopies.
Structural models for the different species formed during the
process are presented in this paper.
EXPERIMENTAL

The preparation of the modified alkoxide,Ti(Opri)3aCac,·
has alr~dy been described in the literature (4).

".t. Au. Soe. Srmp. Proc. Vo'. 121. '1981 M.I.ri.ls Rn •• rch Soetety
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