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ABSTRACT

Distinction between molecular constitutions of differently made silica gels succeeded only recently. This paper seeks
relationship between the different molecular structures of acid and base set gels and their morphology and pore structure. Gels
were fabricated from both tetraethyl orthosilicate, TEOS, in organic solvent environment and from an economically more
desirable, commercial, aqueous Na-silicate solution. When their gelling was performed in the pores of an organic resin,
Amberlite, further molecular differences were observed, along with associated morphology and porosity differences. We
present here unprecedented atomically resolved TEM pictures that visually prove that the molecular structures of gels deduced
from their 2Si NMR and Raman spectra are real, which could also be demonstrated by computer models. Copyright © 2015

VBRI Press.
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Introduction

Silica gels are widely used adsorbents, fillers, coatings,
catalyst supports, etc. in a variety of technologies [1-4] and
a number of new studies are underway for utilizing these
versatile amorphous materials in optical, electronics,
pharmaceutical and other advanced applications [5-13].
For a specific use most frequently their morphology and
porosity are empirically adjusted to a desired value without
even considering that maybe the adjustment affected their
molecular constitution and this brought about the wanted
physical properties. Except very few theoretical deductions
[3, 14], the molecular structures of different silica gels have
been generally viewed as indistinguishably random mix of
siloxane rings and chains hence have not even been
investigated. Only in the past few years started publications
aSPpear that proved experimentally, mainly by Raman and
#Si NMR studies, that differently made silica gels might
possess distinctly different molecular structures [15-18] and
this correlates with differences in some of their physical
properties [15, 19]. In the present paper we provide new
experimental evidence for distinct molecular constitutions
of hydrated and dehydrated silica gels made at acidic and
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basic conditions and compare their molecular level
differences with their morphology and porosity.

It has long been known that dehydration of a hydrogel
can easily lead to sintering, which results in fractured
structure and/or porosity loss, especially when the removal
of water involves calcination at elevated temperatures.
Therefore, a variety of precautious measures have been
developed for the drying and calcination procedures, which
can assure coherent structure with smooth surface and
enough mechanical strength to maintain high surface area
and pore volume for the ultimate xero- or aerogels [2-4]. A
special, almost one century old route for making such
stable, smooth and highly porous silica gels is their
synthesis in the presence of other materials like carbon
black, CO, or organic polymers, which do not react with
the silica and can be removed from the stabilized gel by
washing, high temperature firing, or other procedures [4,
20, 21].

In the course of the past few years we have
demonstrated that a mesoporous, moderately polar acrylic
ester resin, Amberlite XAD7HP [22], can be an excellent
additive for making 550 °C hardened, porous silica via gels
from tetraethyl orthosilicate, TEOS [15, 19]. The
morphology and porosity of these materials were found to
differ substantially and characteristically when made at
acidic or basic pH values. In this paper we test the effect of
Amberlite XAD7HP on acid and base set gels made from a
commercially more viable aqueous Na-silicate solution and
compare their physical properties with their molecular
structures.  This long suspected connection was first
identified on TEOS based gels using mostly Raman and
#Sj NMR techniques for distinguishing their molecular
assembly [15]. Using unprecedentedly high resolution
transmission electron microscopic, TEM, pictures and
molecular modeling techniques we visually ascertain here
that the spectroscopic structural deductions are indeed
viable.

Table 1. Selected properties of silica gels and their composites with
Amberlite XAD7HP acrylic ester resin made from STAR sodium silicate
solution (names with Na) or TEOS (names with T). Sger = BET surface
area; V, = total pore volume; D1 and D2 = major mesopore diameters
based on N3 sorption data; nm = not measured.
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SBET Vp D1 D2

Sample Description
[m?g"]  [cm%g?] [nm]  [nm]

S-1 Rinsed, dry XAD7HP support 486 0670 38 88

Na-1 Sample S-1 saturated with STAR solution 74 0.007 nm nm

Na-2 Sample Na-1 calcined at 560 ° C 36 0003 nm nm

Na-3A Sample Na-1gelled at pH ~ 1; washed; dried at 80° C 510 0.36 39

Na-4A Sample Na-3A calcined at 560 ° C 575 1.05 - 40

Na-3B Sample Na-1 gelled at pH ~ 7.4; washed; dried at 80 ° C 489 0.46 38

Na-4B Sample Na-3B calcined at 560 ° C nm nm nm nm

S-2 Rinsed, dry XAD7HP support 498 0.68 38 88

T-1A Sample S-2 saturated with TEOS; gelled in HCI; washed; 393 0.45 38
driedat80°C

T-2A Sample T-1A calcined at560° C 1185 117 38

T-1B Sample S-2 saturated with TEOS; gelled in NH,OH; washed; 414 054 - 88
driedat80°C

T-2B Sample T-1B calcined at560° C 169 1.15 20 172
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Experimental
Materials and synthesis procedures

For a quick reference for differences between gels prepared
and tested, please see Table 1. Composite materials were
prepared by saturating spherical, porous, thoroughly water
rinsed Amberlite XAD7HP beads from ROHM & HAAS
(now Dow Chemical Co.) with 2.7 mol SiO,/L or 0.5 mol
SiO,/L aqueous, Na/Si ~ 0.76 ratio sodium silicate solution
diluted from the commercial STAR® product of PQ
Corporation or with 98% pure tetraethoxysilane, TEOS,
from Sigma-Aldrich.

The saturated beads were submerged into pH ~ 1 HCI
(Na-silicate, TEQS) or pH ~ 11 NH,OH (TEQOS) solutions
and kept their overnight. To get base set gel, beads were
submerged into so much water that brought the equilibrated
overall pH to 7.4 and let it gelling overnight. The gelled
composite materials were washed with ion-free water until
reaching pH ~ 7 and dried at 80 °C. A part of these dry
composite materials was calcined at 560 °C to burn out
their organic substance. Further details of preparation have
been described elsewhere [15].

Instruments and characterization

Scanning Electron Microscopic (SEM) tests were carried
out on a FEI Quanta TM 3D FEG microscope operating at
5.0 and 30.0 kV.

Transmission electron microscopy (TEM) tests were
carried out on a FEI Titan3™ G2 60-300 operating in high
resolution imaging mode at 300.0 kV

Dispersive Raman spectra were measured on a 532 nm
RXM spectrometer from Kaiser (~ 180 mW laser power on
the sample) using fiber optic connected stainless steel
sampling probe capped with sapphire window. Typical
sample exposures were about 3 seconds with 30 repetitions.
Spectra were baseline corrected, smoothed, and normalized
to their most intense bands. With the Q" connectivity and
siloxane ring assignments we followed their averaged
values according to reference [23]. In the 700-1300 cm™
symmetric and asymmetric Si-O stretching vibration range,
which is associated with the Q" connectivities of the
tetrahedral [SiO,4] building blocks of silicates, we employed
multiplication factors to compensate for the increasing
sensitivity in Q* << Q' direction [15]. Therefore the
relative intensity of peaks in this region versus those in the
< 700 cm™ deformation vibration region is arbitrary.

Porosity measurements were carried out on an ASAP
2405 (Micromeritics, Norcros, GA) volumetric sorption
analyzer, using ultrahigh purity N, as adsorbate and
operating at p/po ~ 10 to 1 relative pressures. The specific
surface area was determined by the BET equation [24] and
the mesopore size distribution by the BJH method [25].
Further experimental details have been described elsewhere
[15, 19, 23].

Pore sizes were also measured by positron annihilation
lifetime spectroscopy, PALS, using a combined fast-fast
(start signal branch) and fast-slow (stop signal branch)
delayed coincidence spectrometer [26] equipped with
scintillation annihilation-radiation detectors with BaF,
windows. For measurement, a 80 kBq *’Na positron source
in a Kapton envelope was placed into the middle of an
approximately 4 mm thick layer of the powdered porous
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sample and the whole system was evacuated to 1 x 10° Pa
to remove sorbate molecules from the surface and minimize
ortho-para positronium conversion on the paramagnetic
oxygen molecules. 1.36 x 10° counts per hour coincidence
counting rate and about 2.5 x 10" overall counts were used
for each measurement. For further details about PALS see
references [15, 19].

Results and discussion
Sodium silicate based gels

Similar to our previously reported swelling effect of TEOS
[15, 19], the Amberlite beads got substantially swollen
upon saturating them with Na-silicate solutions. This is
visible in Fig. 1, which also illustrates that the originally
white S-1 Amberlite particles became glassy upon filling
them up with the silicate solution (Na-1). The pore size
distributions in Fig. 2 attest that the resin pores indeed got
saturated in sample Na-1. This material was dried at 80 °C,
which usually leads to polymerization of the silicate. This
dry composite was then calcined at 560 °C to burn out the
organic component as we have done on many other
occasions [15, 19]. One can see in Fig. 1 that this Na-2
denoted product consisted of mostly black, deformed and
somewhat sintered glassy beads instead of the commonly
obtained porous, white silica gel beads when gelling was
made from TEOS. Fig. 2 confirms that Na-2 is indeed a
non-porous glassy material.

Fig. 1. SEM pictures of the clean, porous Amberlite beads (S-1); the
same beads after saturating them with Na/Si ~ 0.76 ratio, 2.7 M Na-
silicate solution (Na-1); after calcining the Na-1 composite at 560 °C it
became Na-2; after Na-1 was treated with HCI, washed with deionized
water, and calcined at 560 °C, the Na-4A acid set gel was obtained; after
Na-1 was gelled at pH ~7.4, washed with deionized water, and calcined at
560 °C it became Na-4B base set gel.

It is reasonable to speculate that glassification took
place before the decomposed polymer remnants could leave
the silica pores either by evaporation or as gaseous
products from combustion. Hence pyrolized carboneous
residue is left in these beads. Alkaline silicates have been
applied as fire retardants on porous combustibles for over a
century [4, 27] and the negative effect of alkaline ions on
the gel structures have also long been known [3, 4].
However, the glass transition temperatures associated with
these phenomena usually exceed 650-700 °C [3, 28, 29]
while we observed Amberlite decomposition beginning at
temperatures as low as 250 °C [15]. Thus the black glassy
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appearance of Na-2 is a bit surprising. For silicates with
approximately Na/Si ~ 0.76 ratio, around 400-450 °C glass
transition temperature (beginning of softening) has been
reported [30, 31]. It appears that this leads to pore closing
before ignition of the non-volatile organic residues.
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Fig. 2. Ny sorption isotherms (a) and the computed mesopore distribution
curves (b) of Amberlite/Na silicate composites after various treatments
(see Table 1).

In our next experiment the Na-1 silicate/resin composite
was exposed to HCI to obtain the acid set Na-3A gel
composite and it was thoroughly washed with deionized
water to minimize its sodium content. In another test the
Na-1 silicate/resin composite was submerged into water,
equilibrated to pH ~ 7.4, and kept so overnight for gelling.
This Na-3B base set gel was then also washed Na-free with
deionized water before calcination.

The matching porosity data in Fig. 2 and Table 1
indicate that both in Na-3A and Na-3B the gel fills only the
larger resin pores, but itself has no measurable mesopores
unless they exactly coincide with the average smaller pore
size of Amberlite. The shape of their isotherms (pore
saturation at p/p, < 0.1) suggests that both materials are
rather microporous. Despite this similarity in porosity, the
560 °C calcined products of these two acid and base set
composite materials are quite different from each other,
which is obvious from the SEM pictures in Fig. 1. It is
likely that the water treatment of Na-3B washed out a
substantial part of silicate and this resulted in the brittle
silica structure of Na-4B. We have not tested the porosity
of this material. Considering the partial pore filling of Na-
3A, the smooth spherical shape of Na-4A gel is remarkable
(Fig. 1). According to Fig. 2, this acid set gel has mainly
macropores in addition to its preserved micropores.

In another series of experiments we repeated the above
described gelling procedures with a 0.5 M STAR® solution
instead of 2.7 M, to test the potential effect of changing
initial molecular composition [18, 23], on the gel
properties. Fig. 3 illustrates that the overwhelmingly Q2
connected smaller rings in a 3 M STAR® solution transform
into larger rings and also some Q* connected particles upon
dilution coincident with the appearance of a substantial
amount of Q° monomer silica molecules. Interestingly
enough both the microscopic morphology and the porosity
properties of products made from the dilute silicate solution
resembled quite strongly those made from the 2.7 M
starting material. Thus, it seems that the presence of
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Amberlite does not affect our earlier observation that the
starting composition of alkaline silicates has little effect on
the gel structure [18].

—3M STAR solution
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primary colloidal particles that supposedly form at the
beginning of polymerization process [3]. Interestingly, the
plate-like fragmentation of T-2B seems to be rooted on the
plate-like structure of its primary particles. The
unprecedented atomic resolution on the remaining TEM
pictures indicates that the morphological and porosity
differences of these acid and base set gels are paired with
different molecular constitutions just like Raman and *°Si
NMR measurements predicted [15].
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Fig. 3. Effect of dilution on the Raman indicated molecular structures in
the Na/Si ~ 0.76 ratio STAR® Na-silicate solution [18]. For abbreviation
of the rings: 5R = 5 member siloxane ring; D4R = double four siloxane
ring; etc.

On the other hand, the molecular structure of differently
made silica gels might substantially differ even when the
same starting silicate solutions are used [18, 19, 30]. This is
illustrated in Fig. 4 (a), with the Raman spectra of an acid
and a base set gel made from 0.2 M STAR® solution. Note
that we employed here the recently found Raman sensitivity
factors for getting correct intensity ratios for the Si-O
stretching bands associated with the Q" connectivities [23].
It is noteworthy that the base set gel seems to have mostly
Q® and Q7 connected [SiO,] tetrahedra while the acid set
gel has mostly Q*, which is in contrast to most gels tested
earlier [15]. The reason is not clear at this time. Fig. 4(b)
demonstrates that the molecular structures of acid and base
set gels substantially alter when fabricated within the
Amberlite pores (for density reasons we used a slightly
more concentrated, 0.5 M, STAR solution to saturate the
Amberlite pores). It is clear that the earlier described
structure directing effect of this porous resin on gels
fabricated from TEOS [15] (compare Figs. 8 (a) and (b)
also acts in gels made from the alkaline silicates.

TEOS based gels

We reported recently that gels deposited into Amberlite
from TEOS at either acidic or basic conditions maintained
the spherical shape of the resin beads and remained porous
even after burning out the organic substrate at 550 °C [15,
19]. However, the acid set gel resulted in a very smooth
bead surface while the base set gel gave a fragmented
surface structure as the first two SEM pictures in Fig. 5 (a)
(sample T-2A) and Fig. 5 (b) (sample T-2B), respectively
illustrate. The matching N, sorption isotherms in Fig. 6
indicate quite different pore structures for these samples,
which were also confirmed by their pore size distributions
measured by PALS [19]. At the substantially increased
magnification on the third, TEM, pictures in Fig. 5 (a and
b) one can see what we believe to be the agglomerated
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Fig. 4. The Raman spectra of acid and base set gels made from 0.2 M
Na/Si ~ 0.76 ratio STAR® Na-silicate solution (a) show characteristic
structural differences between each other and also compared to acid and
base set gels made from 0.5 M STAR® solution in the structure orienting
pores of the Amberlite resin (b) [18].

In line with the pore size data in Fig. 6, one can see
many 10 to 30 A size openings on the high resolution TEM
photographs of T-2A which, according to its Raman
spectrum in Fig. 8(b), are formed by loosely agglomerated
siloxane rings and chains.  Presumably this flexible
structure allows the smooth macroscopic appearance of this
gel surface. In contrast, the high resolution TEM of T-2B
indicates that most of its atoms are arranged into compact,
intercalated siloxane rings, which is in line with their small
pore diameters (macropores are not visible on these TEM
pictures) and Raman predicted ring structures as shown in
Fig. 6 and Fig. 8(b), respectively. Understandably this
compact molecular constitution makes this structure rigid,
hence fragile.
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Fig. 5. SEM (at >1 um) and TEM (at <l pm) pictures of acid set (a) T-
2A and base set (b) T-2B silica gels made from TEOS in the presence of
Amberlite. The lower, “ball and stick”, molecular models mimic possible
arrangement of the same number of double 4, 5, and 6 member rings in
the two gels when their rings are connected via less (T-2A) and more (T-
2B) Q* connections in accordance with their magnified, atomically
resolved pictures. The upper, “line”, models are identical with the one
below them, but show more clearly how the different rings are
interconnected.
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Fig. 6. N2 sorption isotherm on the acid set T-2A gel indicates presence of
mainly meso- and micropores while that on the base set T-2B gel
indicates mainly macropores with some micropores. The graphs on the
right side show the matching pore size distributions derived from low-
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temperature N, adsorption/desorption data using BJH calculations (solid
line) and those measured by the PALS method (dotted line) [19].

For making the atomically resolved TEM pictures in
Fig. 5 more perceptible, we illustrate the real single and
double ring structures and the diameters of ring openings in
Fig. 7 assuming an average of 1.7 A Si-O bond lengths.
Also we created a random sequence of the constituting
D4R, D5R, and D6R siloxane rings as the Raman spectra in
Fig. 8 (b) suggest and connected the same number from
these rings according to the different Q*/Q* ratios measured
for the acid set T-2A and base set T-2B gels. These “ball
and stick” models are shown side by side with the TEM
pictures to mimic the resemblance. Above them their line
connected versions are shown to facilitate the visualization
of the interconnection of these siloxane rings.

Fig. 7. Realistic space arrangement of atoms (red = oxygen; yellow =
silicon) in 3 to 6 member siloxane rings and in the matching double rings.
The D opening diameters were calculated to evaluate the opening sizes in
the TEM pictures in Fig. 4.
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Fig. 8. Raman spectra of the non-calcined acid (T-1A) and base set (T-
1B) gels made from TEOS in the Amberlite pores (a) indicate higher
Q%Q* connetivity ratio in the former gel than in the latter one; both
structures are different from the gel structures in Fig. 3 (b) made at similar
conditions but from Na-silicate. The Raman spectra of their calcined pairs
(b) indicate still similar Q%Q* ratios but significantly increased D4R,
D5R, and D6R ring ratios [15].

Conclusion

The morphology and porosity of silica gels prepared from
aqueous solutions of a commercial sodium silicate, STAR®,
within the pores of a porous organic resin, XAD7HP
Amberlite beads, dramatically differ from each other after
burning out the organic substance from their structures.
Their Raman spectra indicate substantial molecular
differences compared to that of gels synthesized without
any porous substrate. Thus one can conclude that the
porous material exerts a structure directing effect, similar to
that observed earlier with TEOS based gels*> made from
non-aqueous solutions. It is also a noteworthy similarity
that both the STAR® and the TEOS based gels gave smooth
bead surfaces when prepared at acidic conditions and rigid,
fragmented surfaces when prepared at basic conditions.
These differences are accompanied by different pore sizes
in the acid and base set gels. From the here presented and
earlier Raman studies combined with 2°Si solid state NMR
results one can deduce that the different physical properties
of gels are paired with molecular differences: the smooth
acid set gels have lose, flexible composition of siloxane
rings and chains having much Q° connected [SiO,]
tetrahedra while the rigid base set gels have a more

Adv. Mater. Lett. 2015, 6(1), 40-46

ADVANCED MATERIALS Letters

compact, dense structure mostly with Q* connected
tetrahedra. The here presented unparalleled atomically
resolved TEM pictures let nicely visualize these structural
deductions.

All in all, we believe that the present studies
convincingly prove that the macroscopic physical
parameters of gels depend on their molecular constitution.
Thus, designed molecular assembly of siloxane rings can be
a chemically controlled route for modifying macroscopic
gel properties and/or fabricating new silica gels with
desirable physical properties.
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