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ABSTRACT 
Wc have studied the different driving Porces behind syneresis in h4"ES/TEOS gels by aging 

them in different H,OEtOH pore fluids. We show using shrinkage, density, contact angle, and N, 

during drying. Competing effecls: oE syneresis (that OCCLII-s during zging) and dqring shrinkage 
rcsulted in the overall linear shrinkage of the organically modified gels to bc constant at -50%. 
liicreasing the hydrophobicity of the gels caused the driving force for syneresis to change from 
primarily condensation reactions to a combination of condensation and solidliquid interfacial 
energy. In addition the condensation driven shinkage was observed to be irreversible, whereas 
the interfacial free energy driven shrinkage was observed to be partially reversible. Nitrogen 
sorption experiments show that xerogels with the same overall extent of shrinkage can have vastly 
different microstructures due to the effects of microphase separation. 

e sorption measurements, the influence of geVsolvent interactions on the microstructural evoiution 4 

INTRODUCTION 
The extent of gel shrinkage during aging and drying from solvents such as water and ethanol is 

determined by: (1) condensation or reesterification reactions that strengthen or weaken the gel 
network, (2) solidniquid interfacial free energy, (3) coarsening mechanisms that reduce the 
solid/liquid interfacial area and iiicrease the network modulus, (4) microphase sepamtion that 
increaszs the average pore size in gefs, and (5) the competition between the capillary pressure 
exerted by the pore fluid that serves to compact the gel and the network modulus that resists 
compaction [ 1,2]. Several applications including gas separation membranes require both small 
pore sizes and high pore volumes. The organic template approach in which ligands are embedded 
in a dense inorganic matrix and selectively renloved to create pores offers tlie ability to tailor pore 
volume independently of pore size [3]. In addition to their role as pore size-directing templates, 
organic ligands introduced as pendant groups (allcyltriallcoxysilanes, RTES) modify the network 
by reducing the functionality and therefore the mechanical stiffness oE the network, and make the 
network more hydrophobic. The hydrophobicity of the gel governs the interactions between the 
gel and the pore fluid during aging and drying, and strongly influences both the tendency for phase 
separation and the magnitude of the drying stress. A better understanding of these issues would 
obviously help in the rational control of xerogel microstructures. _ -  

Aning: 
Syneresis is defined as the spontaneous shrinkage of the gel during aging due to the expulsion 

of solvent from its pores [1,4]. Syneresis is known to occur by different mechanisms in inorganic 
or organic gels. Syneresis in inorganic gels is attributed mainly to continuing condensation 
reactions and coarsening, and the syneresis rate is minimized at isoelectric point of silica where the 
condensation rate is rmfllllllzed [I]. Syneresis driven by condensation reactions is generally 
observed to irreversible. For example, irreversible syneresis was observed in pure TEOS gels to 
increase from about 1% in pure ethanol to about 16% in pure water [4]. Coarsening occurs due to 
differences in the solubility between surfaces having different radii of curvature [l]. During.the 
coarsening process, smaller particles dissolve and precipitate on larger particles or on necks 
between particles that have negative radii, hence, lower solubility. Coarsening does not produce 
shrinkage because the centers of the particle d6,not move toward one another, but reduces the 
interfacial area and increases the strength of the network [ 11. Because of the low solubility of silica I 

under acidic conditions, significant'coarsening is not expected to occur in acid-catalyzed gels. 
Syneresis could also result from the gel network attempting to reduce its huge solid/liquid 

interfacial area. Scherer [1,4] has derived an expression for the linear strain rate that occurs during 
the interfacial free energy driven syneresis. However, the shrinkage rate predicted by the equation 
was too fast, and based on syneresis studies on acid-catalyzed TEOS gels, it was concluded that 
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the structural rearr~gemenG needed to cause this'shrinkage does not -+win' inorganic' gels.' " 
Syneresis driven by interfacial free energies is atleast partially reversible- For example, organic 
gels are known to undergo reversible syneresis { S ]  with changing temperature, ionic strength etc. 
The shrinkage and the microstructural changes that occur during syneresis greatly impact the 
shrinkage and n~crostructural evolution during drying. 

Drvino, 
Syneresis is a self-limiting process. It slows down due to the decreasing network permeability 

and the stiffness of the gels which increases with shrinkage as a power law (11: 

where KO and K, are the initial and instantaneous bulk modulus of the gel, Vo is the shrunken 
volume, and m =3.0-3.5. To further densify the gel it is necessary to remove the pore fluid by 
drying. During the initial stages of drying, capillary tension develops in the pore fluid. The gel 
network, in response, shrinks to support this tension. Drying shrinkage stops when the increasing 
gel stiffness balances this tension. This balancing point is referred to as the critical point because it 
establishes the final (dried) pore volume and pore size. The strain at the critical point, E, is given 
by 111: 

where @s is the volume fraction of solids and P, is the maximum capillary stress at the critical point. 
During drying, if gelation precedes drying and K, is low (as in organically modified gels), the 
network may collapse sufficiently creating pores that are too small to empty at the relevant P/Po, so 
P, is given by a form of the Kelvin-Laplace equatibn, 

where, R is the ideal gas constant, 7% the temperature, V, is the molar volume of the pore fluid, 
and Po is the saturation pressure. of the pore fluid. Because & increases due to both syneresis and 
drying shrinkage, the extent of drying strain (eq. 2) will vary approximately inversely with the 
extent of syneresis shrinkage: 

For organically modified systems in general, the RTEXEOS ratio has several effects on 
'syneresis: (1) organic ligands reduce the conneciivib of the network and thus its initial modulus 
KO, (2) introduction of organic ligands causes the gel network to become progressively 
hydrophobic, and (3) organic ligands inhibit condensation reactions due to steric and solvation 
effects. The pore fluid water concentration has two related effects: (1) water is generally observed 
to promote condensation reactions, and (2) &reased water concentration causes the solvent to 
become more polar reducing the solvent quality for hydrophobic polymers. 

In this paper we report on the different driving forces behind syneresis in MTEsmOS gels 
aged in different &O/EtOH pore fluids, and show using shrinkage, density, contact angle, and N, 
sorption measurements, the influence of .-geI/solvent interactions on the microstruCturd evolution 
during drying. 

EXPERIMENTAL PROCEDURE 

JC,, = KO (VdV)"' (1) 

E =  { ( 1 - 4 J q  p, (2) 

. P, = (R TN,) ln(P/P,) (3) 
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, _  Sol and Bulk Gel Preparation , I '  

Sols were prepared by co-polymerization. of methyltriethoxydane (MTES) and TEOS using a 
two-step acid-catalyzed procedure, referied to ai the A2 process 1:3]. The MTJWI'EOS mole ratio: 
was varied by introducing MTES as a percentage of total silicon in the sol. Xerogel (dry gel) bulk 
samples for shrinkage measurements were cast in cylindrical molds (length 90 mm, diameter 5 
mm), sealed, gelled at 50°C and aged for 24-48 hr. The gel rods were .then inserted into 22 mm x*; 
175 mm glass tubes for'pore fluid exchange and drying. The original pore fluid was repla& by - 
immersing gels in KOEtOH mixtures:in a series of six- steps. Seven pore fluid compositions., 
between 0 and 100 vol% &O/EtOH were investigated.. The change in length of the gels was 
measured during syneresis and drying at 50°C. The gel rods were subsequently dried in, ,air.-$; 
150°C for 8 hr'with a heating and cooling rate of O.~loC/c/min prior to m e r  characterization; . -I .  % 

;; :, ;' ,;,p -,"!r;; 
Samples;for.bulk density jmeas*ements ,were 'prepsired by. p&s&ng: 15520 ?apl c y ~ d + a l i g e l f ~  

ro& to a smooth finish using'a.Carbimet?. 600 Grit,Silicon . .  Carbide grinding pap& (Buehler, wei., 

. I  - 
I . .  .. . I  . .  . -1-1 - -  

Bulk and Skeleal'DensiG Measurements:l ,, ~ ~ ,; , : 1 (I.. ,'* 
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Bluff, IL). The wkight of the gel rods measured at 150°C was used in the bulk density calcdation 
to avoid errors due to water condensation in the pores. The length and diameter of the samples 
were measured using a MAX-CAL digital vernier caliper (Cole-Parmer, Vernon Hills, L) with an 
accuracy of a.03 m. An average of three to four measurements was used to calculate the bulk 
densities. Gel samples for skeletal density measurements were prepared by grinding the gel rods 
into fine powder using a mortar and pestie. An Accupyc 1330 Helium Pyconometer 
(Micromeritics, Norcross, GA) was used to measure skeletal densities after outgassing at 150°C 
for 12 hr. in ambient air. An equilibration rate of 0.01 psig/min was used for the density 
measurements. An average of 10 measurements with a standard deviation of k0.005 g/cc was 
used to calculate the skeletal densities. 

Contact Angle Measurements 
A VCA-2000 (AST, Bellerica, MA) sessile drop system with a video monitor and a tilting 

sample stage was used for contact ang!e measurements. The measurements were made on 
corresponding thin films prepared with identical compositions and dried at 150°C for 0.5 hr. 
Advancing contact angles were measured by adding liquids with a syringe. The image of the liquid 
drop was captured within 2 sec to avoid errors due to its reaction with the film surface. The 
measurements were performed in a closed environment that was shielded from dust and saturated 
with the solvent used to make the measurements. An average of six readings with an error of 13" 
was used to calculate the contact angles. The polar (-yJ and dispersive (-yJ components of the 
interfacial free energies were calculated using the Owens-Wendt geometric mean method [6].  
Contact angles of deionized water and 200 proof e'thanol were used in the calculations. 

Microstructural Characterization 
An ASAP 2000 (Micromeritics, Norcross, GA) instrument was used to measure N, sorption 

b t 1 m - m  of the bulk xerogels after outgassing at 150°C for 12 hr. at 0.01 torr. The apparent 
surface area (m2/ ) was calculated from the BET equation [7] using N, molecular cross sectional 
area = 0.162 nm and the linear region between 0.05 < PIP, < 0.20 that gave a least square 
correlation coefficient R2 > 0.9999 for at least 4 adsorption points. The pore volume (cm3/g) was 
calculated from the high PP, portion of the isotherm where the volume of N, adsorbed was 
constant. 
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RESULTS AM9 DESCUSSIONS 
Shrinkage results presented in Fig. l(a) for hrlTEsKEOS gels as a function of increasing 

MTES and water concentration demonstrate the interplay of MTESITEOS ratio and pore fluid water 
concentration on syneresis. At constant MTEWIEOS ratios, aIl the gels exhibited progressively 
higher syneresis with increasing pore fluid water concentration. For example, synsresis of the 55 
mol% MTESA'EOS gels increased from about -1.5% in pure ethanol to about 25% in pure water. 
Increasing the MTESI'IEOS ratio from 0 to 55 mol% caused the shrinkage to increase in pure water 
from 22% to 29%, while in pure ethanol it caused -1.5% expansion. About 16% of syneresis was 
reversible for the 55 mol% MTES/TEOS gels aged in water. 

The linear shrinkage of MTES/TEOS gels during drying is shown in Fig. l(b) as a function of 
MTEsmOS ratio and pore fluid water concentration. The linear shrinkage.of the gels during 
drying exhibited m' opposite trend compared to syneresis, consistent with the physical and 
chemical changes that occurced during syneresis. For example, shrinkage of the 55 mol% 
NTEs/TEOS gels decreased from -50% when dried from pure ethanol to -20% when dried from 
pure water. However the overall shrinkage of the gels (including syneresis and drying) remained 
constant at -50% (see Fig. l(c)). 
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Fig. 1 Syneresis shrinkage (a), drying 
shrinkage (b), and overall shrinkage (c) of 
MTEWIECS gels as a function of 
MTEsflcEOS mole ratio and pore fluid 
composition, q 0 E t O H  (~01%). 
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Bulkdensities of MTEsmOS gels as a 

function of pore fluid water concentration 
are shown in Fig. 2. The bulk densities of 
all the gels ranged from 0.9 to 1.1 g/cc 
showing very little variation with vol% 
water in the pore fluid from which they were 
dried. The bulk density of 40 and 55 mol% 
MTFS/TEOS gels decreased somewhat with 
increasing pore fluid water concentration 
foilowing the trend in overall shrinkage of 
these gels. Skeletal densities of. 
MIES/TEOS xerogels as a function of uore 

0 o i n o I % l ~ m o s  
a 10 mol% hITES/TEOS 
8 25 mol% MTES/TEOS 

v 55 mol% MTE9TEOS 
A 40.mol% m m O S  30 "I 

0 25: 
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fluid water concentration are plotted in Fig. 3. The skeletal density of O-mol% M3'ES/TEO$ gels 
increased from 1.7 g/cc to 2.185 g/cc as the water concentration in the pore fluid increased from 0 
to 100 ~01%. However, as the MTES content increased the variation (increase) in skeletal density 
with vol% water progressively decreased until at 55 mol% M?ES/I'EOS there was almost no 
variation in skeletal density. These results imply that with increasing MTESKEOS ratios the 
driving force behind syneresis changes from condensation reactions which should result in an 
increase in skeletal density to a combination of condensation and interfacial free energies. This is 
consistent with the observation that with increasing MTEslI'EOS mole ratios the syneresis 
shrinkage in 100% water became progressively more reversible. 

Advancing contact angles for various EtOWwater mixtures a& plotted in Fig. 3, as a function 
of m / l Z O S  mole ratios. As seen in Fig. 3 all the films exhibited a zero advancing contact 
angle for pure ethanol. The contact angles for the films increased .with increasing l&O/EtOH ratios 
with the 55 mol% M3'ESREiOS showing the highest water contact angles (-80'). y, was very 
similar for all the samples at about 10 dynes/cm whereas yp decreased from about 49 dynes/cm for 
the 0 mol% MTES films to about 20 dyne/cm for the 55 mol% M'IW frlm. The decrease in yp with 



increasing hf&S content is consistent with shrinkage and contact angle 
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Fig. 2 Bulk density (a), and skeletal density (b) of MTES/TEOS gels as a function 
of pore fluid water concentration. The line is a visual guide. 
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measurements which show the 
xerogeIs bzcoming increasingly 
hydrophobic. The tot& 
interfacial free energy of about 
30 dyneslcm calculated for the 
55 mol% I ! l E S  film is higher 
compared to a closed packed 
surface of methyl groups (21 
dyneskm 183) indicating the 
presence of low levels of silanol 
groups in these films. 

of The effect 
polymer/solvent -interactions on 
xerogel microstructures is 
dramatically illustrated by the N, 

1 . w . I  . . . .  A , , , ,  I . - ,  sorption isotherms shown & 
2 O U  30 YO 50” 60 Fig. 4 for 55 mol% 

MTEWIEOS gels dried from 
EtOH, 50 vol% KOEtOH and 
~ ~ 0 .  b p i t e  the fact that these 
gels exhibited about the same 
overall extent of drying 
shrinkage (Fig. l(c)) they have 

considerably different microstructures. The isotherm of the gel dried from pure ethanol is ofType 
I, characteristic of microporous materids. In addition, for a 5 sec equilibration interval, the 
adsorption and desorption branch of the isothenn did not converge due to the slow kinetics of 
adsorption and desorption in the very small pores [9]. On increasing the pore fluid water 
concentration from 0 to 50 to 100. vol%, the isotherms change from Type I to Type IV that is 
characteristic of mesoporous materials, showing a net increase in the average pore size of the gels. 
The increase in average pore size is consistent with microphase separation similar to that illustrated 
in reference [ 1 J. 

MTESEEOS (mole%) 
Fig. 3 Advancing contact angles of MTESlTEOS 
films as a function of MTES/TEOS mole ratio. 
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Syneresis in organic- 
inorganic gels results from 5 400 both condensation and 

v) geVsolvent interactions and 
is sensitive to the 
organichorganic ratio and 
the pore fluid composition. 2. 300 

The overall extent of 
shrinkage of MTESREOS 

e 250 
E 

gels dried from H,O/EtOH 
compositions wasconstant 
at -50%. FVith increasing r: 5 150 

2 100 hydrophobicity the driving 
0 0.2 0.4 0.6 0.8 1 force for syneresis 

Fig. 4 Nitrogen sorption isotherms of 55 mol% condensation to a 

condensation and 
interfacial free energies. 

For the same overall extent of shrinkage, the increase in average pore size with increasing pore 
fluid water concentration was attributed to microphwe separation. 
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