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Low field NMR spin-lattice relaxation measurements of pore fluids contained in silica gels are employed as a pore 
structure probe to ascertain the changes that occur in a two-step acid/base-catalyzed silica gel during aging in its mother 
liquor. It has been shown that both a narrowing of pore size distribution and an increase in mean pore size is obtained for a 
gel aged at 303 K over a time period of several weeks. By increasing the aging temperature from 303 to 333 K, the time 
required for this same degree of pore size distribution narrowing is decreased by an order of magnitude. Increasing the gel 
solids content from 15 to 30 wt% SiO 2 results in smaller pore sizes and pore volumes (a factor of ~ 2) but a similar pore 
size narrowing with Comparable kinetics. In contrast, little change in pore structure is observed in a two-step acid-catalyzed 
gel aged in its mother liquor at 303 K for similar time periods. 

1. Introduction 

A majo r  f ea tu re  of  s o l - g e l  p rocess ing  of  ce- 
ramics  and  glasses is the  la rge  deg ree  of  va r i a t ion  
in p o r e  s t ruc tu re  (i.e., m e a n  po re  size, po re  size 
d i s t r ibu t ion ,  sur face  area ,  porosi ty ,  etc.)  tha t  may  
be  ach ieved  dur ing  process ing .  Pore  s t ruc ture  
cont ro l  is of  g rea t  p rac t i ca l  in teres t ,  s ince the  
po re  size and  size d i s t r ibu t ion  p lay  i m p o r t a n t  
roles  in fixing the  h ighes t  evapo ra t i on  ra te  tha t  
can be  ach ieved  wi thou t  c racking  dur ing  drying,  
the  s in ter ing  t e m p e r a t u r e ,  and  such physical  
p r o p e r t i e s  as the  ref rac t ive  index.  By varying pro-  
cess p a r a m e t e r s  such as t e m p e r a t u r e ,  p o r e  sol- 
vent ,  pH,  aging t ime,  etc., changes  in the  p o r e  
s t ruc ture  may  be  rea l ized .  A f t e r  the  gel po in t  the  
s t ruc ture  and  p r o p e r t i e s  of  a gel con t inue  to 
change.  This  p rocess  is ca l led  aging and  the  
changes  are  d e p e n d e n t  on the  env i ronmen t  to 
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which the  gel is exposed.  T h e r e  is an extensive 
l i t e r a tu re  on aging of  si l ica which is rev iewed by 
I le r  [1] and  Br inker  and  Schere r  [2]. However ,  
t he re  is l i t t le  knowledge  of  the  quant i t a t ive  effect  
of  aging condi t ions  on po re  s t ructure ,  especia l ly  
in the  wet  s tate .  T h r e e  p rocesses  can occur  dur-  
ing aging: condensa t ion ,  coa rsen ing  a n d / o r  phase  
t r ans fo rma t ion  [2]. Each  of  these  aging p h e n o m -  
ena  will be  af fec ted  by solvent  type,  aging t ime,  
p H  and  t e m p e r a t u r e .  

A t  the  gel point ,  the  S i - O - S i  ne twork  has  
d e v e l o p e d  suff icient ly to p reven t  flow of  the  sol- 
vent ,  bu t  many  Si a toms  still have - O R  and  - O H  
groups  b o n d e d  to t h e m  and  not  all s i l icate species  
a re  a t t ached  to the  spann ing  cluster .  Dur ing  ag- 
ing, t e rmina l  S i - O R  and  S i - O H  groups  will con- 
t inue  to condense  to form SiOSi  plus e i ther  R O H  
or  H 2 0  by-products .  I f  low mo lecu l a r  weight  
species  a t t ach  to the  mac romolecu l e ,  l i t t le  vol- 
u m e  change  of  the  gel will occur.  I f  t e rmina l  
- O R  and - O H  groups  condense ,  the  gel mat r ix  is 
pu l l ed  in on i tself  and  shr inkage  will occur  resul t -  
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ing in expulsion of pore fluid and an increase in 
the skeletal density of the solid matrix. This phe- 
nomenon is called syneresis and its rate is a 
function of gel stiffness and permeability, and 
hence, pore size [3]. Hench and West [4] state 
that the syneresis rate should increase with solids 
content and temperature,  and that hydrogen 
bonding of organic solvents inhibits condensation, 
thus slowing syneresis. Scherer [5] observed that 
smaller gels shrink faster due to shorter flow 
paths and that the shape of the shrinkage curves 
depended upon the gel's permeability and vis- 
coelastic properties. The total syneresis strain 
was found to be greater at lower temperatures 
although the contraction rate is less [6]. We sug- 
gest that higher temperature promotes condensa- 
tion reactions that stiffen the matrix, thus retard- 
ing gel shrinkage. Vysotskii and co-workers [7,8] 
have shown gel shrinkage as a function of pH to 
be minimized at the isoelectric point, at which 
the condensation rate is minimized. However, the 
pH also causes changes in gel stiffness and per- 
meability so a direct correlation between pH and 
syneresis cannot be drawn. 

Coarsening or Ostwald ripening is discussed in 
detail by Iler [1]. In general convex surfaces are 
more soluble than concave surfaces and dissolved 
material will tend to be removed from convex 
surfaces and precipitate into regions of negative 
curvature. This effect should enhance neck for- 
mation between particles and fill small pores thus  
increasing the average pore size, decreasing spe- 
cific surface area and increasing matrix strength. 
Coarsening is favored by conditions of pH and 
temperature for which the dissolution rate and 
solubility are high. 

Phase transformation may occur due to a phase 
separation in which polymer clusters form sur- 
rounded by regions of free fluid. This process, 
called 'microsyneresis', occurs when the polymer 
has a greater affinity for itself than the pore fluid. 
Microsyneresis was noted by Quinson and co- 
workers [9] as the cause of large changes in pore 
size in titania wet gels when  placed in different 
solvents even though the macroscopic gel dimen- 
sion did not change. Phase separation of unre- 
acted or partially reacted silicon alkoxides has 
been suggested and observed for a two-step 

acid-base-catalyzed process. It caused the gel to 
turn white and opaque when placed in water 
[10,11]. Other phase transformations may occur 
involving crystallization [2] but these are not rele- 
vant for the alkoxide-derived silica gels to be 
studied in this work. 

Usually, the effect of processing parameters on 
wet gel structure and on structural changes dur- 
ing aging and drying is inferred from the pore 
structure of the final dried gel. However, recent 
advances in non-intrusive NMR-based pore struc- 
ture analysis techniques allow the continuous 
measurement of wet gel pore structure parame- 
ters during aging and drying. The ability to moni- 
tor pore structure changes throughout aging and 
drying of sol-gels is complicated since fluids and 
impurities are contained within the structure. 
Traditional pore structure analysis methods such 
as gas sorption and mercury porosimetry must be 
conducted on dried samples. Typically, structural 
changes occurring during aging and drying have 
been inferred from information obtained on dried 
gels. The few studies that have monitored pore 
structure evolution during sol-gel aging and dry- 
ing are based on small-angle scattering (SAXS, 
SANS), thermoporometry, magnetic resonance 
imaging (MRI), a n d / o r  low-field N MR spin- 
lattice relaxation. 

Scattering has primarily provided information 
on size and structure of polymeric or particulate 
species prior to gelation a n d ' t h e  structure of 
dried gels [2]. The use o f  scattering for in situ 
pore structure analysis suffers from limited length 
scales, contrast problems, the relation of scatter- 
ing results to pore size, multiple scattering and 
errors resulting from desmearing. However ,  the 
approach is quick, allows extraction of all length 
scales at once, and accesses closed porosity. 

Thermoporometry provides pore size informa- 
tion from comparison of melting and solidifica- 
tion thermograms [12]. This technique requires 
that the sample temperature be slowly varied and 
relates the change in pore fluid freezing point to 
pore size for pores in the range of 1 to ~ 100 nm. 
However, special care must be taken to ensure 
that the pore fluid is pure and this may signifi- 
cantly change the physical and chemical structure 
of the gel before analysis as well as limit the types 
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of pore fluid which may be used. Questions also 
exist regarding the effect of solidification and 
melting on gel structure. Quinson and co-workers 
successfully applied thermoporometry  to obtain 
pore structure information for titania [9] and 
silica gels [13]. 

N M R  spin-lat t ice relaxation measurements  
have also been employed as a tool for analyzing 
the pore structure of wet solids [14,15]. This 
technique is well suited for in situ studies of gels 
as it is a non-intrusive probe of the pore fluid. 
Pore size and surface area information may be 
obtained by surface enhanced spin-lat t ice relax- 
ation measurements  of pore fluid. Fluid in the 
close proximity of a pore surface ( < 0.5 nm) will 
undergo both spin-lat t ice relaxation (T 1) and 
spin-spin  relaxation (T 2) at a greater  rate than 
the bulk fluid. When diffusion between this sur- 
face-affected phase and the bulk pore  fluid is fast 
compared to relaxation, one observes a weighted 
relaxation time for the pore fluid which is a 
function of the pore volume to surface area ratio. 
Glaves and co-workers [16] have used this tech- 
nique to monitor  pore structure evolution during 
aging and drying of two two-step acid-base-cata-  
lyzed silica gel samples aged in either ethanol or 
e t h a n o l / K O H  solutions. They found that gel sur- 
face area remained essentially constant during 
drying until the last several percent of solvent loss 
when presumably high capillary pressure lead to 
a dramatic surface area decrease. The magnitude 
of this surface area decrease was a strong func- 
tion of pore fluid pH. Recently, Ewing and co- 
workers [17] have combined M R I  and spin-lat t ice 
relaxation measurements  to obtain the spatial 
distribution of porosity and the spatially averaged 
pore size distribution in a single silica gel 
throughout the drying process. 

Although the general effects of time and tem- 
perature  on aging reactions such as polymeriza- 
t i o n /  condensation are known, how these param- 
eters relate to pore  structure have not been well 
studied. In this work, we study the effect of 
temporal  and thermal aging on the pore  structure 
of silica gels and the resulting dried gels (xero- 
gels). In subsequent work, we will describe the 
effects of pore fluid composition, pH and surface 
tension on pore structure. 

2. Experimental procedure 

Two sets of silica gels were prepared  via a 
two-step procedure employing base catalysis for 
the second step. Complete details of the gel syn- 
thesis are described by Brinker et al. [18] for the 
first set and the other by a slightly modified 
process to increase the solids content of the sol. 
For both sets, the first step consisted of combin- 
ing tetraethylorthosilicate (TEOS), ethanol, water 
and HCI (molar ratios 1 : 3 : 1 : 0.0007) and heating 
under constant reflux at ~ 333 K for 1.5 h. For 
more concentrated gels, solvent was evaporated 
in a rotovac to double the solids content (from 15 
to 30 wt% SiO2, on a final wet gel basis). The 
mixtures were then gelled by addition of i part  by 
volume 0.05M N H a O H  to 10 parts of the stock 
solution. Two samples of each gel were obtained, 
and one of each solids content was aged at 303 K 
and one of each at 333 K (providing 4 samples in 
all). These gels are denoted as 15 and 30 wt% B2. 
Samples aged at 333 K were quenched to 303 K 
for N M R  analysis and returned to 333 K immedi- 
ately after experimentation was completed. For 
comparison, a similar two-step acid-catalyzed sil- 
ica gel (denoted as A2) was prepared  by gelling 
the same TEOS stock solution as used above with 
1M HC1 (0.16 part  by volume 1M HC1 to 1 part  
stock solution) at ~323  K for 48 h and then 
aging at 303 K. 

Prior to gelation, spin-lat t ice relaxation cre- 
ated by growth of polysiloxanes was monitored in 
the 15 wt% sample by equilibrating the precursor 
sol at 303 K and dispensing it in a 5 mm glass 
N M R  tube. Gelation is a slightly exothermic pro- 
cess and T 1 is sensitive to temperature.  However, 
the measured tempera ture  rise during gelation 
was found to be insignificant ( < 0.1 K). 

N M R  measurements  were performed at a pro- 
ton Lamor  frequency of 20 MHz using a Spin-lock 
CPS-2 pulse NMR. Data  acquisition of the free 
induction decay (FID) was accomplished via a 
Hitachi 6431 oscilloscope interfaced with an IBM 
CS-9000 computer.  Spin-lat t ice relaxation mea- 
surements were conducted using a 180°- r -90  ° 
pulse sequence. The delay between pulses, z, was 
varied non-uniformly from 100 ~zs to 9 s to obtain 
approximately 30 M(z)  points. The distribution 
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Fig. 1. Schematic diagram of pore fluid during an NMR 
experiment. 

of relaxation times was calculated from M(~-) 
using the method of regularization described by 
Gallegos and Smith [19]. To relate T t to pore 
size, the 'two-fraction fast-exchange' model [20] 
was employed (see fig. 1). This assumes that 
diffusion between fluid in the dose proximity of 
the surface to bulk fluid is fast as compared to 
relaxation. From the two-fraction, fast exchange 
model, the measured T 1 is related to the pore 
size by [14] 

1 1 /3 
- - -  + , ( 1 )  

T t T l b  rp  

where the pore size, rp,  is the pore hydraulic 
radius (2000 Vp/SA) in nanometers, Vp is the 
specific pore volume (cm3/g), SA is the specific 
surface area (m2/g), fi is the NMR surface inter- 
action parameter  (nm/s) ,  and Tlb is the spin -~ 
lattice relaxation time of the bulk fluid. When the 
pore volume is large compared to the surface 
area (i.e., for pores larger than 3-5  nm), the 
volume of the surface-affected phase is small and 
the pore volume to surface area ratio is obtained 
directly from eq. (1). For smaller pores, assump- 
tions concerning pore geometry and the thickness 
of the surface-affected phase are required [21]. 
The thickness of this surface-affected phase is 
typically 0.3 _+ 0.1 nm. The value of fi was found 
by performing relaxation experiments on partially 
saturated samples [21]. Previously, we have found 
that both ethanol and water have very similar fi 
and Tlb values at these low magnetic fields and 
no special precautions were deemed necessary 
despite the fact that the mother  liquor is a mix- 
ture of ethanol and water (9 /1  volume ratio [22]). 

In addition to pore size distributions, the spe- 
cific surface area of wet materials may be ex- 
tracted from the average spin-lattice relaxation 
time [23]. The difference between the inverse 
average relaxation time and the inverse relaxation 
time of bulk fluid is inversely proportional to 
surface area multiplied by the solid mass to fluid 
volume ratio: 

1 1 flSAM~ 

rlavg Tlb 2000 ' (2) 

where M v is the ratio of solid mass to pore fluid 
volume (g/cm3). 

3 .  R e s u l t s  

As TEOS polymerizes, it is unclear at what 
point the polymer becomes a 'surface' (from an 
NMR viewpoint). Relaxation measurements for 
TEOS monomer in ethanol and of the precursor 
sol after the hydrolysis step indicate no surface 
area. Surface area versus reaction time of the 
condensation step for duplicate B2 growth exper- 
iments are presented in fig. 2. Care must be 
taken in interpreting these results, since two vari- 
ables (i.e., the fraction of silicon species which 
appear as a surface and the specific surface area 
of those species) are changing with time. Upon 
introduction of the base catalyst the solids con- 
tent (which is required for determining surface 
area) will increase approaching the final value of 
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Fig. 2. Var ia t ion  of surface  area  versus  t ime  af ter  add i t ion  of 
base  for a two-s tep ac id -ba se - ca t a lyzed  process.  The  gel  t ime  

is ind ica ted  by tg (a and  b are  dup l i ca te  samples) .  
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0.14 g / c m  3. The solids content is assumed to 
equal the final value of 0.14 g / c m  3 to allow 
calculation of in termediate  surface areas. This 
point deserves further discussion since the solids 
content is not the mass per volume of the gel 
spanning cluster but rather, the mass of TEOS 
(on a silica weight basis) which has sufficiently 
polymerized to appear as surface. The effect of 
this assumption is that the specific surface area 
(i.e., the surface area of the solid phase) will be 
overpredicted. However, the results of fig. 2 are 
interesting in the sense that the surface area 
appears in a short time after the base and water 
is added (t/tg < 0.1) and remains essentially con- 
stant throughout the gelation process. Although 
polymerization and condensation reactions occur 
even after the gel point, the molecular weights of 
most condensed silicon species may be sufficient 
to appear as surface and solids in these NMR 
measurements. These surface area values are of 
the same order (800 to 1000 m2/g)  as observed 
for B2 gels aged in ethanol for very long times 
[16] and for B2 xerogels (from nitrogen adsorp- 
tion) [21]. Thus, although significant chemical and 
physical changes continue during gelation and 
aging in mother liquor, they seem to have little 
net effect on surface area. 

For producing monolithic xerogels (or as a 
prelude to aerogel synthesis) an aging step may 
be employed where the gel is aged, often at 
elevated temperature,  in its mother liquor (for B2 
a mixture of ,ethanol ,  water, base and partially 
reacted TEOS) prior to drying. This allows the 
gel matrix to strengthen via syneresis, condensa- 
tion and dissolut ion/reprecipi tat ion [2] so the gel 
can better  withstand the high capillary forces 
associated with the final stages of drying. Scherer 
[22] attributed the increase in modulus of wet B2 
gels to a reduction in porosity and a stiffening of 
the solid matrix. The effect of aging time on the 
wet pore size distribution (PSD) of B2 silica gel 
(15 wt% solids) is illustrated in fig. 3. The gel is 
aged in its mother liquor at 303 K and the NMR 
experiments are performed at the same tempera- 
ture. The time required for the NMR pore size 
analysis is small (5 min) as compared to the aging 
times studied. PSD are presented as dV/d(log r) 
plots so that the integrated area under the plot 
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B2 gel aged in mother liquor at 303 K (lines are linear 
interpolations). 

directly corresponds to the pore volume. Since 
the sample did not exhibit microporosity, integra- 
tion of the curves in fig. 3 indicates that the total 
mesopore volume is approximately constant dur- 
ing aging for the times studied. Optical observa- 
tion of the sample indicated little shrinkage. 

To increase the rates of condensation, synere- 
sis, and coarsening that in combination con- 
tribute to strengthen the gel matrix and hence, 
shorten aging times, gels may be aged at elevated 
temperatures [2]. The effect of increased temper- 
ature on pore size distribution is illustrated in fig. 
4. To perform the NMR measurements, samples 
were quickly cooled from 333 to 303 K, allowed 
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Fig. 4. Pore size distributions as a function of aging time for a 
B2 gel aged in mother liquor at 333 K (lines are linear 

interpolations). 
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to equilibrate before analysis ( ~  30 min) and 
then reheated to 333 K after the PSD analysis. 
The samples were all analyzed at 303 K to mini- 
mize uncertainty resulting from the temperature 
dependence of the NMR a and /3 parameters. 
After only 150 min at 333 K, the mean pore size 
increases by a factor of two over that of the 303 K 
sample aged for 359 h and the PSD narrows 
similarly despite an aging time nearly two orders 
of magnitude shorter. This could be attributed to 
an increase in the rates of monomer hydrolysis, 
condensation, syneresis or coarsening. The reduc- 
tion of smaller pores and increase in mean pore 
size suggests that coarsening is the predominant 
aging process affecting PSD. As aging continues, 
the matrix stiffens [7] and the modulus increases 
[22] hindering further pore structure change, 
causing the 150 and 240 rain samples to appear 
similar. 

The effect of solids content on the wet gel 
PSD during temporal aging is illustrated in fig. 5. 
In general, the narrowing of the PSD with time is 
independent of solids content as both 15 and 30 
wt% exhibit similar broad distributions after 22 h 
at 303 K that narrow after an extended time ( ~  2 
weeks). Hence narrowing is not limited by rear- 
rangement or shrinkage processes that would be 
inhibited by the greater solids concentration in 
the 30 wt% samples. As expected from the mea- 
sured solids content, the area under the curve 
(i.e., the total pore volume) decreases with in- 
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an A2  gel  aged  in m o t h e r  l iquor  at  303 K ( l ines  a re  l i nea r  
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creasing solids content and aging appears to favor 
a smaller mean pore size with increasing solids 
content. 

The two-step acid-base-catalyzed 15 wt% sil- 
ica gel (B2) was selected as our reference mate- 
rial, since this particular silica gel has been stud- 
ied previously by several investigators [2,14,19]. 
At the gel point, B2 contains unhydrolyzed 
monomer, and, since it is prepared at pH ~ 8, the 
rates of condensation, syneresis and coarsening 
are high. For comparison we present in fig. 6, 
PSDs o f  a two-step acid-catalyzed gel prepared 
near the isoelectric point of silica (pH ~ 2) during 
aging at 303 K. Over the time period studied ( ~  1 
week), the pore size distribution was essentially 
constant. 

4. Discuss ion 

By measuring pore structure during aging, we 
have shown that both a narrowing of pore size 
distribution and an increase in mean pore size is 
obtained when a two-step acid-base-catalyzed sil- 
ica gel is aged in its mother liquor. Although 
syneresis is expected for these gels, these samples 
were cast in 5 mm glass NMR tubes and the gel 
appeared to adhere to the walls of the tubes 
which could retard the effects of syneresis. How- 
ever, since syneresis is a function of sample size 
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as well as aging conditions [5], no attempt was 
made to isolate the effects of syneresis and hence, 
coated tubes w e r e  not employed to enable 
syneresis. With increased aging tempera ture /  
time, a higher degree of condensation, and in- 
creased coarsening via dissolution/reprecipita- 
tion will result. This will lead to greater mechani- 
cal strength and a larger mean pore size, thus 
allowing greater drying rates without fracture. 
Our results show that aging at 303 K results in an 
increase in the mean pore size and a narrowing of 
the PSD. Both of these effects will allow faster 
drying rates without cracking since stress and 
stress gradients during drying will be reduced. By 
increasing the aging temperature from 303 to 333 
K, the rate of this pore size narrowing process is 
increased in excess of an order to magnitude. 

The observed factor of two decrease in mean 
pore size with a doubling of the solids content is 
consistent with our finding that the surface area 
is essentially independent of aging time or solids 
content. Since we measure the distribution of 
hydraulic radii (proportional to volume/sur face  
area), one would expect the mean pore size for 
these samples to be inversely proportional to 
pore volume if the surface area is constant. 

In contrast to the B2 gels, little change occurs 
for acid-catalyzed gels when aged at 303 K for 
similar time periods. The lack of change in pore 
structure with aging for the acid-catalyzed gel 
(A2) is presumably a result of several factors: (1) 
there is no monomer available at the gel point; 
(2) the rate of silica dissolution (to produce solu- 
ble silica) is low, causing the coarsening rate to be 
low; (3) since the aging is carried out near the 
IEP of silica, the rates of condensation and 
syneresis are low. These combined factors lead to 
little alteration of the pore morphology during 
aging. 

5. Conclusions 

Using low field NMR relaxation measure- 
ments of pore fluid in a two-step acid-base-cata- 
lyzed silica gel, we have shown that the pore size 
distribution in the wet state is significantly al- 
tered by employing various aging techniques. The 

mean pore size increased and the width of the 
pore size distribution decreased for gels aged at 
303 K over a period of several weeks. By employ- 
ing a higher aging temperature of 333 K, the 
kinetics of this pore structure change were in- 
creased by one to two orders of magnitude be- 
cause of a higher degree of condensation and 
increased coarsening via dissolution/reprecipita- 
tion. However, temporal and thermal aging of a 
two-step acid-acid-catalyzed silica gel had little 
effect on the wet-gel pore structure. 
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