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In this paper, the effect of silica chemistry on hydrothermal restructuring of silica/
surfactant composites is investigated. The materials were studied using real time X-ray
diffraction to follow structural changes in pémm hexagonal samples as they were hydro-
thermally treated in buffers ranging from pH 7 to pH 11. Changes in pore shape, repeat
distance, and peak area were found to depend on the treatment conditions. Treatment at
pH 11 caused expansion of the lattice, a small amount of pore shape restructuring, and a
small increase in diffraction peak area. Treatment in a pH 7 hydrothermal solution, by
contrast, resulted in contraction of the lattice, significant pore shape restructuring, and large
increases in diffraction peak areas. These changes were correlated with 2°Si MAS NMR,
which was used to examine changes in framework polymerization, and with liquid *H NMR,
which was used to follow loss of surfactant from the composite. It was found that lattice
expansion is facilitated by low framework polymerization and little or no surfactant loss
while the opposite conditions were necessary for lattice contraction. The maximum amount
of pore restructuring occurred under pH 9 conditions. At this pH, both silica condensation
and silica hydrolysis have appreciable rates, suggesting that both processes are necessary
for optimum restructuring. Finally, correlations between surfactant loss and changes in
overall diffraction intensity indicated that these changes resulted primarily from increased
electron density contrast in the material caused by loss of surfactant from the organic
domains. The conclusions of this work help explain the molecular basis for the modifications
that are commonly observed in X-ray diffraction patterns after hydrothermal treatment of
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periodic silica/surfactant composites.

Introduction

Hydrothermal restructuring is commonly used to
improve the structural characteristics of silica/surfac-
tant composites.!~® Understanding the chemistry behind
these changes is important to optimize the process and
to rationally control the final outcome of the synthesis.
Appropriate hydrothermal treatment can result in more
ordered and better-condensed materials.?3° In some
materials, a hydrothermal phase transformation also
occurs, which may be used to synthesize desired
products.2~47-10 Hydrothermal treatment may be per-
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formed in both pure water and high-pH synthesis
solutions, but different physical changes are reported
in the literature depending on whether water or the very
basic synthesis solution treatment is used.2%11.12 This
observation leads to the obvious conclusion that solution
pH must be an important factor in controlling restruc-
turing. This conclusion is supported by the fact that
silica chemistry has a strong dependence on pH:1314 At
neutral pH, silica condensation is fast while the hy-
drolysis of Si—O—Si bonds is slow. The opposite is true
at high pH.
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An example of practically useful hydrothermal re-
structuring is the dramatic pore expansion that can
occur in some instances. Hexagonal materials heated
under hydrothermal conditions in a high-pH solution
and at high temperature (150 °C) result in well-ordered
large-pore composites.’>1®> This change is apparently
caused by chemistry that results in demethylation of
the quaternary ammonium surfactant to form a tertiary
amine, accompanied by incorporation of a free tetra-
methylammonium ion into the composite.’?16.17 The
tertiary amine then acts as a swelling agent in the
micelles which expands the pores.1819 When this same
pore enlargement is attempted in water instead of a
high-pH solution, only a small increase in pore diameter
is observed for moderate heating times.!* While signifi-
cant pore expansion does occur in water with very long
heating times, the material produced is inhomogeneous.
Thus, high pH appears to be necessary to produce the
optimum combination of swelling agent and framework
flexibility.

It has also been observed that when a variety of
hexagonal inorganic/organic composites are hydro-
thermally heated, the (11)/(20) peak area ratio in-
creases.2320 The (11)/(20) area ratio also has been
observed to increase during the formation of surfactant/
inorganic composites.?1=22 Modeling X-ray diffraction
patterns from different silica structures leads to the
conclusion that this increase in the (11)/(20) ratio is
the result of a morphological change in the frame-
work.20:21.24.25 In one model, the initial, approximately
even peak area ratio indicates cylindrical surfactant
domains surrounded by a shell of inorganic framework
material. These double cylinders are packed on a
hexagonal lattice, leaving voids or low-density regions
at the intersections of the cylinders. As the material is
hydrothermally treated, the voids are filled, and the new
composite consists of more hexagonal surfactant do-
mains in a solid inorganic casing.21?* Other models
similarly postulate a more homogeneous wall density
upon hydrothermal treatment, although the details of
the condensation that produces this final wall density
vary from model to model.2°2> We will refer to this
increase in the (11)/(20) integrated peak area ratio as
“annealing” throughout this work. Our previous work,
and the work of others, has found that annealing
correlates with an increase in the polymerization of the
framework.23 Well-annealed, calcined materials are
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generally quite stable. They can survive treatment in
boiling water>2® and show both high rigidity and
elasticity under extreme isotropic compression.b

From the results summarized above, it can be seen
that pH, and thus silica chemistry, has a strong effect
on structural modification induced by hydrothermal
treatment. In this paper, we will systematically inves-
tigate these changes by hydrothermally treating silica/
surfactant composites using pH-controlled conditions
while observing the material with both in situ and ex
situ techniques. We note that the material used in the
work is a silica/surfactant composite synthesized with
a 20-carbon-alkane-tailed trimethylammonium surfac-
tant. Under some pH controlled conditions these ma-
terials undergo a hexagonal-to-lamellar phase transi-
tion, which we explore in another manuscript.?” However,
the focus of this work will be the structural changes that
occur in the hexagonal phase.23 In this paper, the (11)/
(20) ratio is tracked to understand the role of pH in
annealing. Changes in the (10) peak area and position
are followed to determine how pH alters the order and
density of the material and to track expansion in the
material. Ex situ 2°Si MAS NMR is utilized to follow
pH-induced changes in polymerization in the composite
framework. Finally, 'H NMR, thermogravimetric analy-
sis (TGA), and inductively coupled plasma atomic
analysis (ICP) are used to examine any loss of surfactant
from the composite and to detect any dissolution of the
silica framework. All of these experiments generate a
better picture of the relationship between silica chem-
istry and structural changes that occur in silica/surfac-
tant composites under hydrothermal conditions.

Experimental Section

The synthesis of the silica/surfactant composites used in this
work has been described previously.® Samples were made with
two concentrations of base; low synthesis base concentration
(0.150 M) samples are referred to as “more initially inter-
bonded samples”, while samples made with higher base
concentrations (0.235 M) are referred to as “less initially
interbonded samples”.32¢ Control of pH during hydrothermal
treatment was achieved using a 0.250 M boric acid/borate
buffer. pH 7, 8, 9, 10, and 11 buffers were 0.250 M in H3BO3;
and 0, 0.042, 0.111, 0.200, and 0.243 M in tetraethylammo-
nium hydroxide, respectively. We note that the pH 7 solution
is not a true buffer until some base is released by condensation
of the silica framework. In addition, the buffer pH will decrease
slightly when heated because of the temperature dependence
of the boric acid K..2° Boric acid was chosen because the
electron-deficient nature of the borate anion appeared to
minimize undesirable chemistry between the anion and the
quaternary ammonium surfactant. Less initially interbonded
samples treated at a specific pH will be called pH X samples
(where X is the treatment pH), while more initially inter-
bonded samples treated at a specific pH will be called pH Xc
samples (X is the pH, and c is for condensed). For example, a
pH 9 treated composite made with 0.235 M NaOH will be
called a “pH 9” sample, while a pH 9 treated composite made
with 0.150 M NaOH will be called a “pH 9¢” sample. Both more
and less initially interbonded samples were heated at all five
pH values.
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Structural changes were followed using real time X-ray
powder diffraction. Data were collected by heating a slurry of
the composite and buffer under a liner temperature ramp. In
situ low-angle scattering was collected using 9 keV synchrotron
radiation (Stanford Synchroton Radiation Laboratory (SSRL))
and an X-ray CCD camera to time slice the diffraction during
heating. The details of the diffraction and heating setup have
been presented elsewhere.3830 Multiple ramp rates were used
to examine Kinetic effects on annealing. Peaks were fit to Voigt
functions to find peak areas and positions.

Composites were characterized by 2°Si MAS NMR using a
Bruker Avance 300 spectrometer with a standard one-pulse
acquisition and a 240 s recycle delay.® Samples used for NMR
spectroscopy were used as-synthesized or were hydrothermally
treated in sealed ampules in a temperature-ramped oil bath.3
At various temperatures, samples were removed from the bath,
rapidly quenched to room temperature, and filtered for NMR
analysis as dry powders.

The amount of surfactant expelled from the composite
during heating was analyzed using *H NMR on a Bruker ARX
500 spectrometer with a 4 us z/6 pulse and a 300 s recycle
delay (due to the presence of micelles in the solution). A solvent
suppression routine was used in the pulse program to suppress
the water peak. Samples were made by collecting the super-
natant from the oil bath heating experiments and mixing these
solutions with a standard. For high surfactant concentration
samples, deuterated methanol was also added to help break
up micelles. The standard was trimethylsilylpropionic acid
(2,2,3,3-deuterated) in D;O. Surfactant concentrations were
determined by comparing the triplet from the —CHs; at the end
of the surfactant alkane tail (~0.8 ppm) with the single
standard peak (~[J0.1 ppm).

ICP analysis for dissolved silica was performed using a
Thermo Jarrell Ash Corp. Iris 100. A 1000 ppm Si standard
(Aldrich) was used to make calibration standards. TGA experi-
ments utilized a Perkin-Elmer TGA 7 calibrated with alumel,
nickel, and perkalloy standards. Samples were heated under
nitrogen at a rate of 10 °C/min.

Results and Discussion

Changes in Local Bonding. Composites were heated
in buffered hydrothermal solutions to investigate the
connection between pH-controlled silica chemistry and
nanoscale restructuring of the silica/surfactant compos-
ite materials. To do this, we first need to establish the
type and extent of local silica chemistry that occurs at
each pH. To this end, 2°Si MAS NMR spectra were
collected on less initially interbonded samples heated
under a linear temperature ramp (1.42 °C/min) in an
oil bath and then quenched. Figure 1 shows a sample
of 2°Si NMR spectra obtained on samples heated under
different pH conditions to 100 °C. All treated samples
were more polymerized than the unheated material, as
shown by the Q%Q3 peak area ratio. Q* indicates a Si
bonded to four other Si atoms through oxygen bridges
and represents a fully condensed silica structure. The
Q3 peak indicates three Si—O—Si bonds and one ter-
minal Si—O~ or Si—OH. For these materials, Q3 Si
represents either a defect or part of the very large
interfacial area always present in these composites. A
sample is the most polymerized when it has the largest
Q*/Q? integrated area ratio. Treatment in a pH 11 buffer
caused the smallest increase in the Q*Q?® integrated
area ratio, while treatment in a pH 7 buffer resulted in
the largest increase. There was a monotonically de-
creasing trend in the Q#/Q2 ratio with increasing pH.
Numerical values are shown in Figure 2 for the data
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Figure 1. NMR spectra of less initially interbonded samples
quenched after heating at different pH values to 100 °C using
a ramp rate of 1.42 °C/min. The treatment pH is indicated on
the graph. A sample is most polymerized when it has the
largest Q%/Q?® integrated area ratio. The amount of condensa-
tion in the silica framework is observed to follow the trends of
silica chemistry. At pH 7, silica shows fast condensation, which
results in the most interbonded framework. At pH 11, con-
densation is slow and little composite polymerization occurs
upon hydrothermal treatment.
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Figure 2. Changes in framework polymerization with tem-
perature for less initially interbonded samples quenched after
heating at different pH values using a ramp rate of 1.42 °C/
min. The legend shows the treatment pH. Q* indicates a Si
bonded to four other Si atoms through O bridges, while the
Q3 peak indicates three Si—O—Si bonds and one terminal Si—
O~ or Si—OH bond. pH 7 treatment results in the most
polymerized framework, while pH 11 treatment results in the
least interbonded structure. Intermediate pH values show the
expected fan of Q¥Q?8 ratios.

shown in Figure 1 and for data taken at many other
temperatures. At all temperatures, treatment in a pH
7 buffer yielded the most condensed samples while pH
11 treatment yielded the least condensed materials. All
samples, however, showed net condensation evidenced
by an increasing Q*/Q?3 ratio with increasing tempera-
ture.

The results on the composite framework can be
compared with what is known about silica chemistry.
Silica chemistry changes drastically over the pH range
used in this experiment.’® Condensation is fast at pH
7, but by pH 11, it has slowed drastically. Hydrolysis of
Si—0-—Si bonds has an opposite trend. At neutral pH,
the hydrolysis rate is almost negligible, but at pH 12,
silica dissolves rapidly.1® Overall, the observed trend of
monotonically increasing condensation with decreasing
pH is consistent with the expected behavior.
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Figure 3. Fraction of surfactant released into solution from
less initially interbonded composites as a function of pH and
temperature. The legend on the graph indicates treatment pH.
Samples were hydrothermally heated at 1.42 °C/min to the
desired temperature, quenched, and filtered, and then the
supernatant was analyzed for dissolved surfactant using *H
NMR. Data are presented as the percentage of the total
composite surfactant found in solution. Silica condensation
leads to the largest surfactant loss at pH 7. Less surfactant is
lost at pH 9, and the smallest losses result from pH 11
treatment. No surfactant was found above 50 °C for pH 11
treatments, probably due to some surfactant degradation at
higher temperatures.

Changes in Composite Composition. Surfactant
packing is believed to dominate the observed structures
of silica/surfactant composites. Any surfactant that is
lost into the hydrothermal solution may thus affect
subsequent hydrothermal restructuring. The dramatic
increase in silica condensation at low pH shown in
Figure 2 provides a route for this loss. When a surface
Si—O~ species that is electrostatically bound to a
surfactant condenses with another Q2 species to form
two Q* species, an OH~ ion can be liberated. If this
hydroxide ion diffuses away, the surfactant that was
bound to the Q3 site is also freed and can be expelled
into solution. 'H NMR was performed on the super-
natant from ex-situ hydrothermal heating experiments
(in the oil bath) to measure the amount of surfactant
in solution. Figure 3 shows that, for a less initially
interbonded sample, pH 7 treatment resulted in the
largest amount of expelled surfactant. Treatment at pH
9 resulted in less surfactant lost. Treatment at pH 11
resulted in even less surfactant loss, and at 80 °C and
higher, no surfactant was found in solution. The dis-
appearance of surfactant above 50 °C was probably due
to Hoffman elimination, which resulted in the de-
methylation of the quaternary ammonium surfactant
to form a tertiary amine and an alkene in strongly basic
environments.12:16.17

The trend of increasing surfactant loss with decreas-
ing treatment pH was confirmed by TGA experiments
on the composites recovered after hydrothermal heating.
In these experiments, high-temperature weight loss was
used to determine the amount of organic matter re-
maining in the composite. Samples treated at pH 7, 9,
and 11 by ramping the temperature to 80 °C at a rate
of 1.42 °C/min showed 16.4 + 1.5%, 11.1 4+ 1.5%, and O
+ 1.5% surfactant loss by 450 °C, respectively. These
numbers are somewhat lower than those obtained from
1H NMR on the solution supernatants probably because
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Table 1. Silica Dissolution

supernatant % framework
pH ppm Si dissolved
7 0+ 50 0+05
9 0+ 50 0+05
11 850 + 50 43+05

Table 2. Annealing pH 9 and 11

heating rate pH 11 maximum pH 9 maximum

(°C/min) (11)/(20) area ratio (11)/(20) area ratio
2.2 14 3.0
4.4 15 2.9
8.8 1.6 2.8

rapid ramp rates and an inert gas environment in the
TGA prevented complete combustion of the surfactant.

The results presented in Figures 2 and 3 suggest that
condensation-induced surfactant loss may be an impor-
tant component of hydrothermal restructuring. A ques-
tion that needs to be answered is whether the surfactant
in solution results entirely from condensation-driven
surfactant expulsion, or if, instead, some of it results
from dissolution of small fractions of the entire com-
posite. To address this question, ICP was also performed
on the supernatant from the oil bath based hydrother-
mal heating experiments to analyze for dissolved silica.
Table 1 shows that very little silica was dissolved and
released into the hydrothermal solution regardless of
treatment pH. In agreement with the basic predictions
of silica chemistry, however, high pH did cause the most
silica dissolution.

The trends in Table 1 are in agreement with equilib-
rium silica solubility at high pH.23 In fact, if composite
dissolution at pH 11 is taken into account (Table 1), the
average number of Si—O—Si linkages decrease slightly
upon hydrothermal treatment (including both Q3 and
Q* silica in the framework (Figure 2) and a small
amount of presumably Q© silica in solution). At pH
values other than 11, the ICP data in Table 1 show
essentially no silica in solution. Thus, all treatments
used allowed the composites to rearrange with only
minimal dissolution.

If the solution-phase silica in Table 1 results from
complete dissolution of small amounts of composite,
some surfactant would be released as well. A compari-
son of the total amount of dissolved silica (Table 2) and
the 50 °C surfactant concentration for pH 11 indicates
that these values are, within error, equal to the silica/
surfactant ratio of the composite as a whole. Thus,
surfactant loss at high pH likely results from complete
dissolution of a tiny part of the bulk composite. At lower
pH values, however, this surfactant loss cannot be
explained by composite dissolution and must result from
condensation-driven surfactant expulsion.

As a check on the type of chemistry occurring in
solution during hydrothermal heating, the pH of the
supernatant from samples hydrothermally treated in an
oil bath was also measured for less initially interbonded
samples (Figure 4). As discussed earlier, the pH 7 buffer
was not a true buffer at the start, but rather a 0.250 M
H3BO3 solution. During hydrothermal treatment, hy-
droxide was released due to condensation of the silica
framework. This hydroxide reacted with the boric acid
to produce a buffer at the very low pH end of the buffer
region. As a result of silica condensation, pH 7 buffered
solutions show a slow increase in pH. Solutions buffered
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Figure 4. Change in hydrothermal solution pH with tem-
perature for less initially interbonded samples heated at
different pH values at 1.42 °C/min and then quenched. The
nominal buffer pH is indicated on the graph. All pH values
were measured at room temperature after heating to the
indicated temperature and then cooling. While pH 8-10
buffers hold their pH well, pH 7 and 11 solutions show some
changes. Treatment at pH 7 results in an increase in pH due
to silica condensation, while pH 11 treatment results in a small
pH drop from consumption of hydroxides during hydrolysis of
silica bonds.

between pH 8 and pH 10 hold their pH well, but pH 11
solutions displayed a slight drop in pH with progressive
hydrothermal treatment, probably due to consumption
of hydroxide from solution during hydrolysis of silica
bonds.

Changes in Nanoscale Repeat Distance. The
silica chemistry and surfactant loss described above
result in a range of changes in structure and diffraction
patterns of these composites. The simplest of these
changes is an alteration of the periodic repeat distance,
which would lead to larger or smaller pores in the
calcined silicas derived from these composites. Low-
angle X-ray diffraction data were used to observe both
expansion and contraction in the materials. Figure 5
shows the lattice constant, a (calculated from the
diffraction peak positions), as less initially interbonded
composites were heated at 4.4 °C/min under different
pH conditions. Samples were tracked until they began
to undergo a phase transition.

The lattice constant should be affected by silica
polymerization, surfactant loss, and surfactant thermal
expansion. Silica polymerization leads to a loss of
surfactant, which reduces the surfactant volume in the
pore. Silica condensation during synthesis of silica/
surfactant composites has also been shown to cause
reduced lattice spacings, presumably through densifi-
cation of the silica walls rather than surfactant loss.31-33
Both mechanisms may be important here. Volume
expansion caused by thermal motion of the surfactant
alkane tails, by contrast, provides an expansive force
in the material. These ideas together explain the
changes in lattice parameter presented in Figure 5. Up
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Figure 5. Hexagonal lattice constant versus temperature for
less initially interbonded samples heated at 4.40 °C/min in
buffered hydrothermal solutions. The legend on the graph
shows the buffer pH. High pH samples undergo expansion due
to surfactant thermal motion and possibly some decomposition
of the surfactant into swelling agents. Composites treated at
neutral pH initially contract due to surfactant loss and
framework condensation. This is followed by an increase in
lattice spacing at higher temperatures caused by surfactant
thermal motion and possibly decomposition of the surfactant.

to 120 °C, pH 7 treatment causes a reduced lattice
constant. Significant surfactant loss (Figure 3) and silica
polymerization (Figure 2) occur up to 120 °C and cause
shrinking of the pores. Above 120 °C in a pH 7 buffer,
surfactant loss stops (Figure 3), and the lattice constant
is observed to increase. Thermal motion of the surfac-
tant tails can apparently dominate structural changes
in the composites once surfactant loss has stopped. In
addition, some surfactant may decompose into tertiary
amines above 150 °C, which are reported to act as
swelling agents that further expand the pores.1216.17

By contrast, pH 10 and 11 data show only expansive
effects. Little surfactant is lost, and so thermal disor-
dering of the surfactant tails dominates, at even lower
temperatures.® The low Q%Q?3 ratios found in pH 10 and
11 composites may further facilitate this expansion on
kinetic grounds. In addition, the high pH may help the
small amount of surfactant that is expelled into solution
decompose into tertiary amines that could again act as
swelling agents.1216.17 Finally, it has been suggested
that, during high-pH hydrothermal treatments, water
enters the palisades region between the surfactant
headgroups and swells the organic domains.3* Thus, a
combination of effects probably leads to the pore size
expansion seen in Figure 5 for pH 10 and 11 treated
samples.

The pH treatments between pH 7 and pH 10 show a
mixture of the trends seen in the high- and neutral-pH
runs. Treatment at pH 9 shows initial expansion fol-
lowed by a contraction at 100 °C. Less surfactant is lost
at pH 9 compared to pH 7, allowing thermal disorder
to create a greater expansive force. The small contrac-
tion above 100 °C may be understood in terms of silica
polymerization; there is a large jump in the Q¥Q8 ratio
from 100 to 143 °C (Figure 2) which could shrink the
lattice slightly. Changes in the lattice constant of
composites heated in a pH 8 solution can be explained
in a similar manner. Treatment at pH 8 causes much

(34) Khushalani, D.; Kuperman, A.; Ozin, G. A.; Tanaka, K.; Garces,
J.; Olken, M. M.; Coombs, N. Adv. Mater. 1995, 7, 842.
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less polymerization and presumably less surfactant loss
than pH 7 treatment (Figure 2). As it turns out, for this
sample, surfactant thermal disordering and surfactant
losses almost cancel out, creating a nearly invariant
lattice constant with increasing temperature. At higher
temperatures, thermal motion of the surfactant and/or
surfactant degradation again dominates, producing a
very large lattice expansion like that seen in pH 7
samples at high temperatures.

We note that the same general results are seen
regardless of the heating ramp rate. For example, the
same spread in lattice constants below 130 °C is seen
when a less initially interbonded sample is heated at
2.2 °C/min, compared to the 4.4 °C/min data show in
Figure 5. With the slower ramp, however, more time
exists for surfactant to decompose at pH 7 and 8, and
so a slightly larger high-temperature lattice constant
is observed. For example, a pH 7 sample heated at 4.4
°C/min has a lattice constant of 54.1 A at 188 °C, while
a pH 7 composite heated at 2.2 °C/min has a lattice
constant of 54.9 A at that same temperature.

Changes in Pore Geometry. While changes in peak
position (and thus periodic repeat distance) are the
easiest to quantify, other changes in nanoscale structure
also occur under hydrothermal conditions. Examples of
structural changes that affect the composite diffraction
pattern are shown in Figure 6 (top). The diffraction
patterns shown were taken on a less initially inter-
bonded sample heated in a pH 9 buffer. The relative
intensity of the (11) and (20) diffraction peaks changes,
the overall peak areas increase, and, as discussed above,
the peak positions shift. Our goal is now to understand
these other structural changes.

The increase in the (11)/(20) peak area ratio can be
understood in terms of a transformation from inhomo-
geneous silica walls with voids or low-density regions
to a hexagonal network with a higher, homogeneous
wall density.20-21.2425 Figure 6 (bottom) shows the change
in peak area ratio with temperature for less initially
interbonded composites heated at 4.40 °C/min. All of the
ratios are fairly constant and close to 1 at low temper-
atures, but then veer linearly upward around 70 °C. The
main difference between the various pH values in
Figure 6 (bottom) is that composites heated under high-
pH conditions stop annealing at a relatively low tem-
perature and thus show less total change compared to
those heated at more moderate pH values. The (11)/(20)
area ratio of pH 11 composites levels off first (~90 °C)
at a value of ~1.5. Composites heated at pH 10 level
off at ~95 °C with a higher (11)/(20) ratio of about 2,
while pH 7—9 materials anneal even more. The greatest
extent of annealing, with a (11)/(20) ratio equal to 2.9,
is found under pH 9 conditions at ~120 °C. The
maximum (11)/(20) values for pH 7 and 8 materials are
lower than those for pH 9, but higher than those for
pH 10. We note that while the exact (11)/(20) ratio is
slightly affected by the ramp rate, the trends discussed
above are general and are observed at all thermal ramp
rates (see Table 2). As a result, it appears reasonable
to make comparisons between the slower heating oil
bath heating experiments, which give information about
changes in atomic scale bonding, and the slightly faster
ramp XRD experiments, which tell us about the nano-
scale periodicity in these materials.
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Figure 6. (Top) XRD patterns of a less initially interbonded
composite at room temperature and after heating to 120 °C at
4.40 °C/min in a pH 9 buffer. The legend is on the graph, and
peak indexing is indicated. (Bottom) The effect of pH on the
(11)/(20) peak area ratio for less initially interbonded compos-
ites illustrates the dependence of annealing on silica chemistry.
The legend is on the graph, and all samples were heated at
4.40 °C/min. At pH 11, conditions where silica condensation
is not favored, the material anneals the least. Condensation
is more favorable at pH 10, and more annealing is observed.
Treatment at pH 7—9, conditions that strongly favor silica
polymerization, results in the most change. The most annealed
material, however, results when both condensation and some
hydrolysis can occur at pH 9.

Since annealing, as we have defined it, is a transfor-
mation from silica walls with some low-density regions
to more homogeneous, dense walls, silica condensation
must be coupled to annealing. A detailed understanding
of the relationship between these structural changes
and silica condensation may be obtained by comparing
the data in Figures 2 and 6 (bottom). pH dependent
trends in condensation shown in Figure 2 are related
to, but not identical to, trends in annealing shown in
Figure 6 (bottom). The most striking difference is that
condensation begins immediately upon heating while
there is a temperature range where no annealing occurs.
The most straightforward correlation is that, under
conditions where little condensation occurs, less an-
nealing also occurs (pH 10 and 11) and, under conditions
where significant condensation occurs (pH 7-9), the
most annealing is also observed. A monotonic trend of
increasing extent of annealing with lower pH is not,
however, observed; pH 9 treated samples anneal more
than pH 7 or 8 treated samples. This can be explained
by postulating that the morphological change that we
describe as annealing requires some hydrolysis to occur
optimally. If only condensation occurs, strain will build
into the framework and eventually further distortion



Structural Changes in Silica/Surfactant Composites

3
B
0o
s+ pHYc .
% = aghatt ata
o aky
o o a
< a N
ke
2 24 e “a
& A
a I:ID A
Y
% o “‘A"“
). @ aaa
9 b e A, A, 44 nn‘_ﬁﬁHA‘
=~ b o
=
1 1 j__rﬂ:\:PIu

30 50 70 90 110 130 150
Temperature (°C)

Figure 7. The (11)/(20) peak area ratio versus temperature
is shown for composites that are initially more (pH 9c) and
less (pH 9) interbonded. Both samples were heated at 4.40 °C/
min and treated in a pH 9 buffer. The more initially inter-
bonded sample, pH 9c, starts more annealed, but shows less
change and requires higher temperatures to reach the maxi-
mum extent of annealing. The more flexible framework in the
pH 9 sample allows for greater rearrangement.

of the lattice will become impossible. With some hy-
drolysis possible, however, high-energy strained bonds
can be broken, and the more flexible lattice will be able
to maximally reorganize.

Small changes in annealing caused by room-temper-
ature chemistry can also be seen in Figure 6 (bottom)
at 30 °C. All of the experimental runs were performed
on the same original sample. However, it can be seen
that, as a result of exposure to the hydrothermal liquid,
the pH 11 treated sample starts out the least annealed
((11)/(20) = 1.01 + 0.02) while the pH 7 ((11)/(20) = 1.10
+ 0.04) and pH 8 ((11)/(20) = 1.11 + 0.02) treated
samples start slightly more annealed. All errors are 95%
confidence intervals. Compared to shifts in (11)/(20)
peak area ratios observed at higher temperature, these
changes are minor; however, they are statistically
significant and reinforce the idea that both silica
condensation and small structural changes occur even
at low temperature.

In addition to comparing the effect of treatment pH,
we can investigate the effect of initial polymerization
on the restructuring of the framework. Figure 7 shows
the results of heating more and less initially interbonded
samples at pH 9. The pH 9c sample starts out more
annealed (with a higher (11)/(20) peak area ratio), but
does not show as much change as the pH 9 sample. In
the end, the pH 9c sample ends up slightly less annealed
than the pH 9 sample. Higher temperatures, however,
are required to reach the maximum extent of annealing
in the pH 9c sample. Even at these higher temperatures
(where hydrolysis is faster!®), there appears to be
insufficient hydrolysis to optimally restructure the
framework, emphasizing the importance of hydrolysis
in annealing. The same trend is found at all pH values
with higher temperatures required to reach maximum
annealing in more initially interbonded samples. For
example, in a pH 7 buffer where almost no hydrolysis
occurs, the less initially interbonded pH 7 composite
anneals ~20 °C lower than the pH 7c material. There
is also a greater difference in the extent of annealing
(pH 7 maximum 2.5, pH 7c maximum 1.9), reinforcing
the importance of some hydrolysis in annealing.
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Figure 8. Annealing onset point versus heating ramp rate
for less initially interbonded samples treated at different pH
values. The legend on the graph shows the treatment pH. All
data are shown as the temperature difference between the
annealing onset temperature at the fastest ramp rate and the
annealing onset temperature at slower ramp rates. pH 7 and
8 treatments show the largest change in annealing onset
temperature with heating rate, indicating lower activation
barriers to annealing under low-pH conditions where silica
condensation is favored.

Beyond examining the extent of annealing, we can
also chart the temperature where the (11)/(20) peak area
ratios start to rise. The temperature at which annealing
begins is found by fitting a line to the minimally sloped
data before the ratio increases and another line to the
increasing data after the (11)/(20) peak area ratio begins
to rise. We define the intersection of these two lines as
the onset temperature. Figure 8 shows the effect of the
heating rate on the annealing onset for less initially
interbonded composites. To make the data easier to
follow, all data are charted as the change in onset
temperatures relative to the temperature determined
for the fastest ramp rate. We have shown in earlier work
that when composites are heated in water, the anneal-
ing onset temperature will drop with slowing ramp rate,
indicating a kinetically limited process.® As a result, by
examining the annealing onset temperatures at differ-
ent ramp rates, we can explore the kinetics of the
annealing process.

In Figure 8, we observe that the annealing onset
always occurs at a lower temperature when the ramp
rate is decreased and that data collected at pH 7 and 8
show the largest change in annealing onset with ramp
rate. The variation in annealing onset point with ramp
rate is a measure of the reaction rate and is related to
the activation energy for the process.33 Large changes
in annealing onset with ramp rate indicate a low-barrier
process, while small changes in annealing onset with
ramp rate result from a large activation barrier. These
data indicate that annealing under pH 7 or 8 conditions
is a rapid, lower activation barrier process while the
activation barrier associated with annealing at pH 9 or
10 is higher.3> However, we believe numerical activation
energies calculated from these data are not meaningful
because the annealing onset temperatures are deter-
mined by the pH-dependent silica condensation rates,
but are monitored by observing changes in nanometer
scale order. Such a complex kinetic scheme is not well

(35) Ozawa, T. Bull. Chem. Soc. Jpn. 1965, 38, 1881.
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described by the simple equations used for nonisother-
mal Kinetics. Treatment at pH 7 does cause the largest
shift in annealing onset point with ramp rate, a fact that
reinforces the idea that the kinetics of annealing is
facilitated by silica condensation.

Overall, the data presented here indicate that silica
condensation and structural change both occur over a
wide range of temperatures. Some condensation and
minor structural changes can occur near room temper-
ature, while other condensation does not occur until
higher temperatures. Annealing occurs predominantly
at higher temperature. To unite these observations, we
postulate that the majority of polymerization at lower
temperatures occurs along the silica/surfactant interface
rather than within the silica walls. This is reasonable
since there is a high hydroxyl density along the silica/
surfactant interface and thus there should be a fairly
low activation barrier to this type of condensation. This
idea is in agreement with the observed data because
condensation along the walls should not significantly
change the higher order peak area ratio, but should
allow surfactant to be expelled from the composite.
Supporting this idea, Figure 3 shows that surfactant is
expelled into solution at a fairly constant rate below 100
°C in both pH 7 and 9 treated samples. At higher
temperatures, surfactant loss in both the pH 7 and 9
treated samples eventually stops. Since condensation
is still occurring at these higher temperatures (Figure
2), we postulate that most of this condensation occurs
within the silica walls. Therefore, a general trend exists
where condensation occurs mainly along the pore walls
at lower temperatures followed by condensation occur-
ring within the silica walls as the material is able to
overcome the activation barriers for restructuring at
higher temperatures.

These different silica reactivity regions are especially
clearly separated at pH 11. Figure 2 shows small but
measurable increases in silica condensation as compos-
ites are heated at pH 11. Figure 3 indicates that
surfactant is released into solution at 50 °C, but that
no more surfactant is detected above this temperature.
As discussed previously, the disappearance of surfactant
above 50 °C is most likely due to base-catalyzed degra-
dation of the surfactant. If, however, surfactant were
continually released at higher temperatures, enough
should remain to be detected by 'H NMR. That suggests
that any condensation at the silica/surfactant interface
at pH 11 occurs only at low temperature. At higher
temperatures a small amount of annealing is observed
starting at ~70 °C (Figure 6), but at this temperature,
no free surfactant is found in solution (Figure 3). Thus,
all higher temperature condensation probably occurs
within the silica walls.

Changes in X-ray Contrast. While relative peak
intensity changes provide information about the local
geometry around each lattice site, overall changes in
peak area contain information about the long-range
regularity of the pores and about the X-ray contrast in
the material. Significant increases in diffraction peak
intensity following hydrothermal treatment have been
reported in the literature with little explanation.51536
Figure 9 tracks these changes with temperature (2.2 °C/

(36) Elder, K. J.; White, J. W. Chem. Mater. 1997, 9, 1226.
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Figure 9. Hexagonal (10) peak areas versus temperature for
less initially interbonded samples heated at 2.22 °C/min at
different hydrothermal pH values. The legend is on the graph,
and all peak areas were normalized to 1.0 at the beginning of
the run. pH 7 shows the largest increase in (10) peak area,
while comparatively little change is observed at pH 10 or 11.
Increased peak area indicates a greater electron density
contrast in the material and/or a more regular framework.
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Figure 10. Hexagonal (10) peak areas versus temperature
for more (pH 9c) and less (pH 9) initially interbonded samples
heated at 2.22 °C/min in a pH 9 buffer. The legend is shown
on the graph, and both peak areas were normalized to 1.0 at
the beginning of each run. The gain in the (10) peak area for
the less initially interbonded sample (pH 9) is accompanied
by significant surfactant loss, while the more initially inter-
bonded sample loses almost no surfactant and has a much
smaller increase in peak area.

min heating rate) using the (10) peak areas for less
initially interbonded composites. Treatment at pH 7
causes the (10) peak area to increase dramatically; less
change is observed with increasing pH. This same trend
is observed regardless of the ramp rate. Similarly,
Figure 10 compares changes in (10) area for more and
less initially interbonded composites heated at the same
pH (pH 9). A much larger increase is observed for less
initially interbonded composites than for more initially
interbonded materials, a trend that is observed regard-
less of treatment pH. In all cases, materials that
undergo significant condensation show the largest
increases in diffraction peak area.

Changes in diffraction peak intensity (Figures 9 and
10) are caused by changes in electron density contrast
and variations in long-range regularity of the material.
Larger periodic differences in electron density result in
more intense scattering peaks.3” In our silica/surfactant
materials, the increased contrast can result from a loss
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Table 3. Silica Condensation and Surfactant Loss at pH 9

synthesis [OH] Q4Q3 Q4Q3 surfactant loss
(M) (25 °C) (100 °C) (%)
0.235 0.84 £0.01 1.41+0.06 348+ 23
0.150 1.01 £0.02 1.34 +0.04 154+15

of surfactant or from an increase in silica wall density.
Indeed, a dramatic increase in peak intensity is seen
when composites are calcined (where the surfactant is
removed and the silica wall density increases).® The
other morphological change that can alter X-ray peak
intensities is a change in the regularity of the periodic
lattice.3” Small variations in the periodic repeat distance
will decrease the diffraction peak intensity. Theoreti-
cally, the peak area will not change; intensity will
simply be shifted to broad, low wings of the peak.?” In
practice, however, broad wings disappear into the
baseline, and the peak area does appear smaller for
more disordered materials. Examining changes in (10)
peak area (Figures 9 and 10) along with silica conden-
sation (Figure 2) and surfactant loss (Figure 3) can help
determine the cause of peak area changes in these
composite materials.

More initially interbonded samples treated at pH 9
show a very small change in (10) peak area with
temperature, while less initially interbonded samples
show a 100% increase in (10) peak area. We will first
look at factors that cause differences in electron density
and then examine changes in regularity. As shown in
Table 3, low and high synthesis pH composites start out
with different Q4/Q8 ratios, but when treated in a pH 9
buffer to 100 °C, they end up with nearly the same
degree of silica condensation. Less initially condensed
samples, therefore, show a slightly greater change in
silica wall density.

A much more dramatic difference, however, is the
amount of surfactant lost from the internal organic
domains. Almost no surfactant is lost from the material
synthesized at low pH, while approximately one-third
of the organic phase is removed from the material
synthesized at higher pH. We thus postulate that
surfactant loss is the dominant factor contributing to
the dramatic increase in (10) peak area for the less
initially interbonded sample shown in Figure 10. We
note that, even though a negligible amount of surfactant
is lost in pH 9c treated samples and very little frame-
work condensation occurs, a small increase in (10) peak
area is still observed. Since improved X-ray contrast
cannot simply explain this rise, this rise in pH 9c
composites may be the real result of reduced lattice
variation. Figures 3 and 9 help confirm this idea.
Treatment of less initially interbonded samples at pH
7 produces the greatest increase in (10) peak area
(Figure 9) and also causes the most surfactant loss (Fig-
ure 3). Treatment of less initially interbonded samples
at pH 9 results in less surfactant loss than that at pH
7 and also a lower increase in (10) peak area. Hydro-
thermal treatment at pH 11 causes very little surfactant
loss and almost no change in (10) peak area. In fact,
the change in (10) area at pH 11 is almost identical to
that observed for the pH 9c sample (Figure 10) and may
also be caused by reduced lattice variation. From the

(37) Kittel, C. Introduction to Solid State Physics; Wiley: New York,
1996; pp 34, 48, and 631—-633.

Chem. Mater., Vol. 13, No. 10, 2001 3579

data presented in Figure 9, however, it can be seen that
surfactant loss has a much greater effect on diffraction
peak areas than reduced lattice variation, and thus it
should not be assumed that hydrothermal treatment
that results in dramatically increased diffraction inten-
sity has also created more ordered materials.

Conclusions

We have shown that pH-driven silica chemistry can
be used to control structural changes in silica/surfactant
composites heated under hydrothermal conditions. The
degree of silica polymerization, which controls surfac-
tant loss and framework flexibility, determines whether
a material expands or contracts. Surfactant loss near
neutral pH results in net contraction. When condensa-
tion-driven surfactant loss is prohibited at high pH,
thermal disorder of the surfactant tails can swell the
pores. Middle-pH conditions (pH 9) create materials
with the most homogeneous walls. Neutral-pH condi-
tions, however, lead to the most polymerized materials.

To optimally reorganize the structure of a material,
it is best to start with a less polymerized framework.
The extent of heating may also be used to control
reshaping of the framework. When a material is heated,
condensation occurs first at the silica/surfactant inter-
face and then in the interstitial voids. Thus, low-
temperature hydrothermal treatment may be used to
eliminate surfactant from the pores without altering the
framework, while hydrothermal treatment at temper-
atures greater than ~70 °C is necessary to restructure
the silica matrix. Finally, dramatic changes in peak
intensity can be observed which do not correlate with
actual structural rearrangements, but rather with surf-
actant loss. Changes in silica condensation or in relative
diffraction peak intensities are better measures of real
atomic- and nanometer-scale structural rearrange-
ments.

We note that the trends observed in this work should
apply not only to hexagonal silica/surfactant composites
synthesized here, but more generally, to a wide range
of self-organized silica-based materials synthesized
under alkaline conditions. It may also be possible to
extend these ideas to non-silica-based composites by
drawing parallels between their framework chemistry
and the silica chemistry presented here. Using these
ideas about the microscopic effects of various treatment
conditions, we hope that the tuning of synthetic and
postsynthetic parameters for optimal hydrothermal
restructuring may become easier. In addition, this work
provides insight into interpreting X-ray diffraction
patterns from hydrothermally treated composites in
terms of fundamental chemical processes.
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