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Abstract-The gelation behavior of teb-aethylorthosilane (TEOS) sol in the presence of a silane coupling agent 
vinyltriethoxTsilane (VTES) was investigated experimentally. Specifically, the gel time and gel structure were analyzed 
by the theological multiwave test of Fourier transform mechanical spectroscopy (FTMS) for the mk\~res of TEOS/ 
VTES with various molar ratios at different temperatures. Gelation was accomplished through the sol-gel reactions 
of the silicon alko?dde TEOS in aqueous acidic solution. The results showed that, at elevated temperatures, the gel point 
was scattered and obscured by the noise in low frequencies owing to the enhanced thermal agitations. In this case, the 
statistical method was used to fred the exact gel time. The activation energy of gelation and the gel exponent ranged 
from 25 to 30 kJ/mol and from 0.581 to 0.771, respectively, depending on the TEOS/VTES composition. The fi-actal 
dimension was estimated from the gel exponent and indicated the gel structure and that the TEOS/VTES solutions 
formed a relatively open and coarse gel stmc~re. 
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INTRODUCTION 

Traditionally, synthesis of  the coating materials and their pro- 
cesses has been undertaken by empirical trial and error methods 
clue to the complexity of the flow and gelatic~l betkavioi: Howevm; 
these trial and error methods inevitably lead to high process and 
operation costs [Brinker and Scherer, 1992; Hench and West, 195~); 
Khan et ak 1989; Lee et al., 1999; Eu et al., 201X~]. Clearly, a more 
systematic method is required, especially for the determination of a 
gelafion point, Several studies tkave been carried out to measure the 
gel point [Power and Rodd, 1998; Orcel and Hench, 1998]. A sim- 
ple measurement method by steady shear extrapolation has been 
used to detmnine the gel point of a polynleric gel by deflimlg the 
gel point as the time at which its steady shear viscosity begins to 
diverge [Flory, 1953; Winter and Chambon, 1986; Oh et al., 1999b]. 
However, the detection of the gel point by steady shear test seems 
to be ambiguous and very difficult since it is based on an ex~apo- 
lafion as the shear viscosity diverges to infnfity, as pointed out by 
Winter [1 987]. This method has the following major disadvantages. 
First~ the infinite viscosity can never be measured because of equip- 
ment linfitafions, and thus the gel lime must be obtained by axb-apo- 
lation. Second, shear flow may destroy or delay the network forma- 
tion especially at high shear rates. Finally, the gelation may be con- 
fused with vitrification or phase separaJon as both the processes 
lead to an infinite viscosity [Halley and Mackay, 1996; Oh et al., 
1999a]. 

Meanwhile, the crossover point of the storage and loss moduli 
G'( 0) 1 and G'( 0)1 curves as a fitnction of the frequency 0) is a good 
esfilnate of the gel point of agel b-ansifion malefial [Tarlg and Dynes, 
1982]. However, it is only an estimate, because as the gel network 
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struc~re forms stress relaxation also occurs. Thus, tmless measure- 
ments on the gelling system are made fast enough, the exact gel 
point will be obscured by changes due to the stress relaxation. As 
noted by Winter [1987], the crossover point is only valid for stoichi- 
ometfically balanced systems or those with excess hardener. Ac- 
cording to Winter and Chambon [1986, 1987], a storage and loss 
moduli can be expressed as: 

G" nSc0" 
G' - -  (1) 

tan(n~2) 2F(n)sin(n~2 ) 

in which S is the material strength constant related to the molecular 
fle:dbility, and n is the relaxation exponent (or gel exponent). For 
stoictfionlebically balanced systems, n is 1/2. Howevei; for stoichi- 
ometrically imbalanced gel systems of which n is greater than 1/2, 
the gel point oectrs prior to the mo&tii crossover and detection is 
more difficult. Generally, 

tan8--talgiN/2)=G"/G' (2) 

is measured as a fitnction of time for a given strain at a fixed fre- 
quency. This allows a convenient way to describe the kinetics of 
the gelation process but is obviously insufficient to chal-acterize the 
viscoelastic behavior at every step of gelation process, p~ticularly 
in the vi~fity of the gel point. One of the main limitations of tiffs 
tecl-rdque is related to the experimental time that is needed for the 
viscoelastic characterization of the gelling system over a reason- 
able range of fi-equencies, particularly at low fi-equencies. There- 
fore, a more reliable method is needed in order to provide a de- 
scription of the viscoelastic behavior in the frequency range of in- 
terest within measurement trine scales much shorter than the trine 
required for appreciable change in the stmc~re of the system. One 
possible way is the use of Fourier b-ansfonn mechanical specb-os- 
copy (FI2VlS I developed by HoUy et al. [1 988]. In mid t:Indhonune 
[ 1993] conducted experiments using FTMS to characterize the g ela- 
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tion of zirconium alkoxide based ceramic precursors. In this method 
a multiwave oscillatory strain is applied and the resulting stress is 
measured The gel point is determined by taking several simulta- 

neons multiwave frequency sweeps to measure tan8 in the ~ne  scale 
of gelatioi1 Analysis of the resultkg stress wave foml cletemfined 
by FIMS of the multiply superimposed frequencies allows a means 
to describe the fi-equency dependence of the clyi~nic raoduli, G'I o)), 
G"(ol, and tan& The multiwave test has an advantage that a re- 
sponse can be measured instantaneously as a fimction of the fre- 
quency, and fflus the response is not influenced by the tilnescale of 
test as in the ordinary dynamic frequency sweeps. Because tan8 is 
independent of the frequency at the gel poir< the curves pass through 
a single point and unambiguously define the instant at which the 

gel forms. A simultaneous multiwave frequency sweep test is ad- 
vantageous for testing a gel transition raatelial that requires speedy 
testing because its structure may change during the test_ 

In the present work, the gel point of a hybrid coating solution of  
TEOS [(C~H:,O)4Si] oi1(_t VTES [(C,HfO )3Si(CH CH~ )] was deter- 
mined by the dynamic multiwave test of FFMS for various molar 
ratios at different temperatures up to 65 ~ Gelation proceeded by 
the sol-gel reactions in acidic aqueous solutiort The gel point was 
uniquely determined by the multiwave test at room temperature. 
Howevel; at relatively high temperatures, the gel point was scattered 
by low frequency data noise. In this case, the multiwave method in 
conjunction with a statistical treatment was used to predict the gel 
point unambiguously. In additiot~ glassy behavior was observed at 
high frequencies of up to 64 rad/s. The glassy behavior was strong 
comlmred to pure polymeric gels due to the ligidity of the silica net- 
work. 

E X P E R I M E N T A L  

The coating solution was prelmred by mixing TEOS (Aldricl~ 
98% ) and VTES ( Shin Etsu Silicone, 96% ) in ethanol (GR grade, 

Merck) at a given molar ratio. The mkxlure was agitated with amag- 
netic stin-er for 3 minutes to ensure a homogenized state. Thei~ O.(g 
mol of hydrochloric acid IHC1, Jurtsei) to each mol of alko:dde was 
added to the mkxture to induce the sol-gel reaction. The hydrochlo- 
iJc acid was added into &ionized water to control the molalJty of 
acidic water. The molar ratios of ethanol and water to TEOS/VTES 
ra i \~re  were raaintained at I and 2, respectively. After mNing for 
30 minutes, the solution was kept in an incubator at various tem- 
peratures to investigate the temperature effect on the gelation time. 
For convenience, the gelling solutions of the binary mi\~uie of TEOS/ 
VTES were labeled with a prefe~ "TV" next to which the number 
represented the composition of the constituent substances. For exam- 
ple, for the sample labeled as TV37, the molar ratio of TEOS to 
VTES is 3 7 .  I f  necessary, the temperature was specified as 
TV55C65 for wtfich tile gelation proceeded in tile equmlolar solution 
at 65 ~ Otherwise, the gelation occurred at room temperature. 

The theological behavior and the gel point of TEOS/VTES solu- 
tions were measured with ARES rheometer (Rheoraetrics) with no 
modNcatiort The ARES rheometer is of rotational mode that is 
usefifi at relatively low slrains. To measure the gel poii~ the dynamic 
multiwave test was carried out In this method~ an oscillatory small 

strain 7(t)was imposed to the sample: 

7(t) =~zs inco, ( t )  (3) 
a=l 

in which in is the number of the supeiimposed hamlonics, and ? 
and m, denote the amplitude and the frequency of the i-th har- 
raonic, respectively. The fi-equencies of the hamlonics were m~ = 
2c~%~, (n=l, 2, 3 . . . . .  ml with the fimdamental frequency 0 ~ l  rad/ 
s. In Fig. l ,  typical small amplitude oscillatory snains imposed to 
the sample were plowed as a function of rune for case F2 of ra=6 
with 7,=2%, and case F3 of m=7 with g=l%.  Also included for 
comparison is the strain for case F1 of m,=l, 5, ll-i, 25 rad/s with 
g=5%. As noted from Fig. l ,  the maximum snain scaled by g, i.e., 
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Fig. 1. Imposed small  amplitude oscillatory slrain as a function of t ime for three types of tests conducted in this study. 
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?~.,/g was about 3.(18 for case F1. Meanwhile, ?~,G 1.85 arid 4.12 
for cases F2 and F3, respectively The shear stress response "c(t) 
was nleasut-ed and decoupled by FrMS, which leads to tile sepa- 
l-ate responses of individual frequencies. 

z(t) = ~ ( &  sina),t +B,cosco, t). (4) 
~=1 

Then, tile loss tangent of a frequency o), is given by 

tanS(co,)=A~. (5) 

hi additiox~, the gelation time and phase behaviox were detemlmed 
by visual observatioi~ Tile gelatioxl tmle was detellnined by a sml- 
pie visual observation while tile test tube was gently reverted up- 
side d o ~ .  The thne when the sample stopped flowing was deter- 
mined as tile gelation point 

R E S U L T S  A N D  D I S C U S S I O N  

In the present study, the sample was tested in the linear viscoelas- 
tic response regime. In Fig. Z tile complex viscosity was plotted as 
a function of the strain at different reaction times. As shown in Fig. 
2, the linearity was preserved in the entire s ~ i n  regime before the 
gel point However, after tile gel point, tile lineaity was not valid 
when tile swam exceeded 1 (X)%. To ensure tile lineality, all experi- 
merls were carried out below 7=10%. Also noted was that initia~y 
tile coxnplex viscosity was increased gradually with tinle clue to tile 
continuous grovcth ofpolysilicate species. This is analogous to almr- 
ticle suspension of which tile suspensioxl viscosity mcre&ses smooti1- 
ly with tile paltide loading m tile dilute or semi-dilute regime. As 
the condensation reactions proceeded, the polysilicate species grew 
m size and the particle-particle intePacticwts becanle pronounced. 
As tmle approached the gel point, tile coxnplex viscosity increased 
rapidly and the nonlinear fea/ure was observed at high strains. 

As mentioned earlier, the exact gelation tinle Call be detemlmed 
from the multiwave method in which the decoupled loss tangent 
for each constituent harmonic is plotted as a functioxl of Nile. Tile 
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Fig. 2. Complex viscosity of sample TV37C25  as a function of the 
strain at o)=10 rad/s for various reaction times. 
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result was reproduced m Fig. 3 fox- sample TV37C25. If  tile pro- 
posed method wox-ks out. tile loss tangenLs fox- all fi-equencies are 
identical at the gel poinL which is solely a material property. In- 
deed, the loss tangent tan~ vs. lime curves for various fi-equencies 
determine uniquely tile gel point since tile loss talgent is indepen- 
dent of file frequency at the gel poir~. In Fig. 3, the measured gela- 
tioxl time was 3,316 mitt However, tile real gelatioxl tmle was 7,756 
rain because the sample was aged for 4,440 rain before the rheo- 
logical test 

A number of priox- studies have suggested that tile gel point oc- 
cuts at the crossover point of the loss and storage mo~lli [Tung et 
al., 1982]. To coxff'mn their suggestioll, tile loss and storage moduli 
of sample TV37C25 were plotted as a functioxl oftmle fox- two dif- 
ferent frequencies c0 1 and 32 vad/s in Fig. 4. As expected, tile loss 
and storage moduli increased with tinle, lVloreovel; the storage nlod- 
tflus grew more capidly and crossed over the loss too&flus as the 
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gelation started at a ce~ah time. It cm be easily seen, however, that 
the crossover point was dependent upon the $-equency and occmred 
earlier at lower frequencies [Argen and Rosenholm, 1998]. Specif- 
ically, the crossover points were 3,336 rain md 3,384 rain for o>=1 
and 32, respectively. Although close to the gel point, the crossover 
point is not identical with the real gelation time. This is because the 
gelation point is strictly amaterial prope~y and cannot depend on 
the fiequency of the small amplitude dynamic rheological test. It is 
noteworthy that at the gel point, the loss tangent is greater thau unity. 
This indicates that the crossover point of  C_] and G" occurs prior to 
the real gel point. The increase in the loss and storage moduli be- 
yond the gel point observed in Fig. 4 implies that the gel structure 
is solidified as suggested by Hodgson and Amis [1991]. Since the 
crossover point approaches the real gel point as the fi'equency de- 
creases, the gel point can be predicted fi'om the gel point in the limit 
o f o ~ 0 .  To de this, the erossover point of sample TV37C25 was 
plotted as a function of  the tiequency in Fig. 5. As noted` the cross- 
over point approached asymptotically the gd  point estimated fi~m 
the multk~ave mOhod Therefore, the extrapolation of the cross- 
over point in the limit o f o ~ 0  provided successfully the gd point. 

The gel point has been considered as apoint at uAfich the viscos- 
ity begins to increase abruptly. In Fig. 6, the complex viscosity of 
TV3 7C25 was plotted as a functian of time for various tiequencies. 
As expected, the detenninatiun of the gel point ~om the complex 
viscosity was ambiguous. It can be notedfi~m Fig. 6 that the com- 
plex viscosity began to increase rapidly near the gel point, but the 
staaing point of the rapid increase was not unique and depended upon 
the fiequency. However, as the fi~tuency became lower, the gel point 
predicted ~om the complex viscosity was closer to the real value 
fi~m the loss modulus. Thus, the complex viscosity exhibited alrend 
consistent with the crossuver point of the storage and loss moduli. 

Rude et al. [1996] proposed a modified multiwave method to 
determine gel point unambiguously by treating the scattered data 
statistically. The stztistical method is needed because the multiwave 
test is inirinsically a superposition of discrete experimental data In 
the statistical method, the gel point can be detmnined without enror 
by taking afirne at vAich log(s/<tanS>) is minimum. Here, <tan~>- 
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Fig. 7. Statistical variable log(s/<tanS>) of sample TV37C25 as a 
funeion of ~ne .  0~=2~-~Pad/s (n= L 2 . . . . .  6). 

and s denote the mean value and standa'd deviation of tan8 respec- 
tively. This is physically reasonable because the loss tangent is a 
material quantity and should be unique independently of the fi,e- 
quency. Therefore~ it is expected that, although the raw data are scat- 
tered, the standard deviation of the loss tangent should be mini- 
mum at the gel point. Indeed. as noted fiom Fig. 7 in which log(s/ 
<tan~>-) of sample TV37C25 was plotted as afimction oft im~ the 
minimum point of  the statistical variable was well coincident with 
the gel point. 

To investigate the tempel~ure effect on the gelation of TEOS/ 
VTES hybrid solutions, the mulfiwave method was applied for the 
samples prepared at 35~ and 45~ i.e., samples TV37C35 and 
TV37C45, respectively. As previously observed, the gel point by 
the simple multiwave test could be uniquely determined at 25 ~ 
In Figs. 8aand  8b, the loss tangents of  samples TV37C35 and 
TV37C45 were plotted as afimcfion of time. The gelation was fa- 
cilitated as the reaction tsmpemmre wa~ elevated beemse of the dif- 
fermce in the hyNolysis md condensation rues of sol-gel reaction. 
As noted, the gel point was scattered and obscure at elevated tern- 
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permtres, by the noise in the low fi'equencies, which was due to the 
problem in beating discrete data The low frequency noise was in- 
duced by the enhanced thermal fluctuations Neveaheless, the gel 
points mum be obtained approximately fi'om Figs. 8a and 8b and 
the resulting gel points of  TV37C35 and TV37C45 were around 
1,540 min and 220 min, respectively. Therefore, at elevated tern- 
permtres, it is essential to use the statistical method. By plotting the 
statistical variable log(s/<tan~ ) as a fimction el-time, the gel points 
were found uniquely as 1,533 min and 216 min at 35 ~ and45 ~ 
respectively. It is no t eu~hy  that the loss tangent is reduced con- 
tinually after the gel stmcttre is fonned, ie., the rate of increase of 
the storage modulus is faster than that of  the loss modulus. This 
implies that the netv, xwking of the gel slructure occurs continually 
beyond the gel point. 

The gel point t~l is related to the activity energy by the follow- 
ing equation [Raghavan,  1997]: 

lnt~=F2RT+constant (6) 

in vdaich t~ is the gelztien time and E is the overall activity energy, 
~ i c h  includes lhe activ'~tion energy in the hydrolysis, condensa- 
tion, and diffusion process. In our preceding study, the ~ehtion time 
was measan~d as afanaion of the composition of VTES/TEOS at 
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various temperatures [Kim et aL 2001]. Although the raw data was 
not rewoduced h~e, the linear relationship (6) between htul and E 
was valid inthe present system. Therefore, Eq. (6) provides agood 
estimation of the activation energy. In Fig. 9, the activity energy 

was illustrated as a function of  the VTES content The actMty en- 
ergy ranged fi~n 25 to 30 kJ/mol for the entire range of  the VTES 
content. When the molar ratio of TEOS/VqW~ was 7 :3  (i.e, for 
sample TV'/3 ~ the activity energy was largest. The m~ximum ac- 
fixation energy of sample TV 73 implied the minimum gelation tim e 
or the formation of  the most dense gd  structure for sample TV73 
[Kiln et al., 2001]. Indeed. as we shall see shortly, the ~c t a l  di- 
mension of sample TV73 is largest, which is indicative of  the for- 
mation of  the most dense gel structure. 

A number of resea-ches have been conducted to relate the gel ex- 
ponent n to the gel structure [Agren and Rosenholm, 1998: Cham- 
bon and Winter, 1987: Durand et at, 1987: Mours and Winter, 19%: 
Muthkannar, 1989: Raghavan et al., 1996]. The gel exponent is sim- 
ply calculated fix~a the gel point by (2) as n=28rt since we have 
found the loss modulus tan8 fi'om the multiwave method. In Table 
1, the gel exponent predicted fix~a the multiwave method is listed 
for various molar ratios of  TEOS/VTES. As shown in Table 1, the 
gel exponent ranged fixma 0.561 to 0.771 and displayed alocal min- 
imum when the molar ratio of TEOSArrES was around 7 : 3. The 
gel exponent predicted ~ the multkvave method was very close 
to 0.67 of the percolation theory [Statffer, 1985]. According to the 
percolation theory, the fractal dimension c~ and the gel exponerl 
are related by 

d n -  (7) 
dj+2" 

Table 1. Predicted gel exponents and fractal dimensions 

Sample n Df [Eq. (7)] Df[Eq. (8)] 

TEOS 0.5 81 3.16 1.90 
TV73 0.561 3.34 1.92 
T V 5 5  0.654 2.59 1.80 
"IW37 0.733 2.09 1.69 
VIES 0.771 1.89 1.64 
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in which d is the physical dimension of the gel s~ucture, i.e., d=3 
for a 3-D structure. Meanwhile, Mutiakqmnaz- [1989] developed the 
relationship between the fi-actal dimension and the gel exponent as 

n =d(d+2 -2dr) (8) 
2(d+2 dy) 

by consideiing the excluded vohane effects m the course of cross- 
linldng. For a rigid spherical aggregation with no void fi-action the 
fractal dimension would be @3. However, for the real gels, the 
fi-actal dimension shotdd be less fftan 3. In Table 1, the fi-actal dimen- 
sions calculated from 171 and (81 were included Since @ 3  the fi-actal 
dimension predicted from 181 reflects the gel s~uc~are more realis- 
tically than the percolation theory. The predicted fi-actal dimension 
from 181 is inthe range of 1.64-1.92, which is relatively small. Con- 
sequently, tim small value of d~-is indicative of the fommtion of a 
relatively open and cmrse gel slructure. This is because the cluster- 
cluster growth mechanism is prevalent in acid conditiort It is also 
worth poinlmg out that the fi-actal dimension becomes largest when 
the molar ratio of TEOS/VTES is 7 : 3. As we discussed previously, 
at ff~ particul~- compositien, the activation energy is ma,--amum 01- 
the gd  exponent is minimtrn. Therefore, the gel smlc~are of TV73 
is most densely formed. 

SUMMARY 

The gelation point and gel structure of the hyblid solutions of 
TEOS/VTES were considered by examining the dynamic rheolog- 
ical behavior. The multiwave small sb-ain oscillations cletemfined 
the gd  point ~ b i g u o u s l y  at room temperature. However, at ele- 
vated temperatures, the low frequency noise caused by thermal flue- 
~ations led to the scattered gel point mid a statistical approach was 
needed. As expected, the multiwave method in conjunction with 
the statistical treatment showed that the gel point was reduced sig- 
nificantly with temperature. The gel exponent and activation energy 
were calculated from the multiwave theological data for various 
molar ratios of TEOS/VTES. The result showed that the activation 
energy e:d-libited its maximum when the molar 1-atio was around 
7 : 3. At this composition, the solution formed the most dense gel 
structta-e. This was consistent with the fi-actal dimension that was 
related to the gel exponent predicted from the multiwave method. 
The fi-~tal dimension showed that ti~e gels formed in TEOS/VTES 
solutions had relatively open and cmrse structure. The general fea- 
~are of the gelation behavior examined by the theological responses 
was in qualitative agreement with ti~e visual observations, although 
the gel point in the multiwave method was a line shorter than that 
of the visual observatiort This was due to the inevitable evapora- 
tion during the multiwave test. 
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