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Interplay of formation kinetics for highly oriented and
mesostructured silicate-surfactant films at the air-
water interfacet

Ying-Huang Lai,** Siang-Wei Cheng,? Shiaw-Woei Chen,” Je-Wei Chang,® Chun-
Jen Su,? An-Chung Su, Hwo-Shuenn Sheu,?* Chung-Yuan Mou® and U-Ser Jeng*

Kinetic details of mesostructured silicate—surfactant films formed at the air-water interface of acidic
solutions of cetyltrimethylammoium bromide and tetraethyl orthosilicate were systematically studied.
Time-resolved grazing-incident small-angle X-ray scattering was adopted to capture the formation kinetics
of the free-standing films comprising mesostructured silicate channel domains highly oriented to the air—
water interface. Evolutions of the ordered domain size and phase volume are interpreted on the basis of
the Avrami analysis, from which intermediate phases and corresponding phase transitions (as modulated
by temperature, pH level, and/or composition) during film formation were quantitatively identified.
Extracted kinetic parameters, complemented with the rate constant of silicate hydrolysis obtained via
Raman spectroscopy, revealed details of the dynamic interplay between silicate polymerization and
inorganic-organic self-assembling. Effects of the air-water interface on the formation of the silicate-
surfactant films were illustrated in terms of the highly oriented mesostructure, the greatly enhanced
kinetics characterized by sporadic nucleation and diffusion-controlled growth, and the reduced activation
energy for silicate polymerization, in sharp contrast to solutions without the air-water interface. A
schematic diagram of the free energy vs. surfactant headgroup area is constructed to correlate the
observed kinetics pathways for mesostructure formation during film fabrication at the air-water interface.
Advantages of the interface coupling with either air-water or solution-substrate on film formation are
discussed.

formation of inorganic-organic films at the air-water interface
is based mostly on after-the-fact observations."*® The under-

Surfactant-templated silica films synthesized at the air-water
interface were first demonstrated by Yang et al.' These films
exhibited features of highly oriented domains of nanochan-
neled silica, good film flexibility, and small film roughness
originated from the gravity-leveled air-water interface." Thus
synthesized free-standing films are readily transferable to
designated substrates for various applications."™ Recent
developments include the syntheses of metal-copolymer
films* and bridged amine-functionalized films> via this route.
However, the current mechanistic understanding on the
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standing of the film growth mechanism and kinetics for better
strategic controls of mesostructured film formation was
especially emphasized by Jung et al.’” Kinetic information is
also desired to better understand the very recent syntheses of
mesoporous silica films with vertical channels on the
substrate.®™"°

The general formation mechanism of mesostructured
proposed
sometime ago,"’ which involves the parallel or sequential
processes of (i) formation of silicate-surfactant interfaces, (i)
self-assembly of lyotropic phases, (iii) formation of a poly-
silicate structure, and (iv) phase separation of the organic-
inorganic self-assemblies from the bulk solution.'* A con-
siderable amount of experimental observations on mesostruc-
tured silicate-surfactant films were qualitatively attributed to
various combinations of these processes;l_15 nevertheless,
concomitant processes require structural formation kinetics to
better assess the interplay and individual influence on the
intermediate structures or kinetic pathways of the film
formation.'*”

inorganic-surfactant assemblies was, however,
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In situ neutron or X-ray reflection observations from the air-
water interface during the formation of mesostructured
silicate films were first made by Holt et al.’® Grazing incidence
X-ray diffraction was subsequently adopted to reveal details of
the formation of three dimensionally (3D) structured thin
films at the air-water interface.® In probing such free-floating
films at the horizontal air-water interface with thickness in the
nanometer scale, the X-ray or neutron beam must be properly
bent to a shallow incident angle for an increased sampling
volume and improved sensitivity,'® which requires stringent
instrumental measurements and control of the sample
environment (e.g. water evaporation or environmental vibra-
tion). Based on in situ observations of a lamellar phase and 2D-
ordered arrays of silicate-surfactant cylinders at the air-water
interface, together with the correlated micelle structures
revealed via small-angle X-ray and neutron scattering (SAXS
and SANS), Edler et al. were able to propose a hybrid growth
mechanism of micelle layering and liquid-liquid phase
separation of pre-organized arrays.>'®'” In particular, low
humidity was found to accelerate dramatically silicate-
surfactant film formation."® Controlling the solvent evapora-
tion of a silicate-surfactant solution was keenly developed into
evaporation-induced (or accelerated) self-assembly (EISA) on
solid substrates.'>"* As EISA films are formed under far-from-
equilibrium conditions, the formation mechanism leans even
more sensitively on the dynamic interplay of the several
interacting kinetics mentioned previously during film forma-
tion.”'*'>'7 In such a fast-evaporation process, all kinetics
associated explicitly and implicitly with the solute concentra-
tions are enhanced with different emphases along the
evaporation-induced density gradient across the film depth.
Consequently, kinetically trapped intermediates and stable
phases often coexist.®'*?>?
qualitative understanding of the film formation process and
morphology diagram was established for EISA films.">"
However, for either EISA or free-standing films, quantitative
kinetic aspects in the film formation are seldom addressed.
These include kinetic parameters in the self-assembly of
organic-inorganic interfaces and in the silicate polymeriza-
tion, which are convenient keys to the precise control and
understanding of the kinetic paths in the formation of
inorganic-surfactant films."'**>

In this study, we investigate the formation kinetics of
mesostructured silicate-surfactant films isothermally formed
at the air-water interface, from an acidic solution containing
cetyltrimethylammoium bromide (CTAB) and tetraethyl ortho-
silicate (TEOS). We adopt an instrument capable of conducting
grazing-incidence small-angle X-ray scattering (GISAXS) from
the air-water interface,"®*>** with improved sensitivity for
films of only a few nanometers thickness. This allows us to
trace the film development at the air-water interface from the
initial silicate-surfactant monolayers to the final 3D mesos-
tructured freestanding film. The structural evolution observed
via time-resolved GISAXS is characterized by the Avrami
analysis for film formation kinetics.'*'>**> With systematic
changes in temperature, acidic level, and/or CTAB/TEOS ratio,

With such in situ studies, a
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we elucidate the collaboration and competition of the self-
assembly of the inorganic-surfactant interfaces and silicate
polymerization. Complementarily, the hydrolysis kinetics of
the silicate source are revealed using in situ Raman spectro-
scopy. Kinetics parameters are shown to be particularly helpful
in the differentiation of mixing phases from phase transitions;
and the activation energy for silica polymerization is deter-
mined via the temperature dependence of the rate constants.>
Three different film formation routes are identified, involving
nematic (N) or lamellar (L) intermediates prior to the final 2D
hexagonal (H) order, illustrating the interplay between
silicate-organic self-assembly and silicate polymerization.
For comparison, the kinetics for forming silicate-CTAB arrays
in similar sample solutions without the air-water interface are
also examined using SAXS. The pivoting role of the air-water
interface on film formation is manifested in the highly
orientated mesostructured domains, the drastically enhanced
film formation rate, and the significantly lowered activation
energy of silicate polymerization. To rationalize the observed
kinetics of the structural ordering at the air-water interface, a
schematic diagram of the free energy landscape vs. surfactant
headgroup area is constructed, with the inclusion of an
interface-film coupling.

Materials and methods

A series of sample solutions were prepared on the basis of a
reference composition in the molar ratios of H,O/HCI/CTAB/
TEOS = 100/2/0.11/0.16. At this composition, the CTAB/Si
molar ratio is ca. 0.69, for which 2D hexagonal (H) packing of
cylindrical micelles is thermodynamically favored.>”> Sample
solutions were respectively filled into a Teflon trough, 80 x 80
mm? in area and 0.7 mm in depth. The trough was further
enclosed in an air-tight Al chamber for minimized water
evaporation during isothermal annealing (temperature fluc-
tuations within 0.1 °C) under approximately saturated humid-
ity.

GISAXS from the air-water interface and transmission SAXS
were conducted with the BL23A SWAXS instrument of the
National Synchrotron Radiation Research Center.'® With a 10
keV (wavelength /. = 1.24 A) beam of 0.15 mm diameter and
0.15° incidence angle (slightly above the critical total reflection
angle of ~0.12° for water), the beam could have a reasonable
penetration ca. 1 um in thickness for CTAB-templated silicate
With a sample-to-detector distance of 1.37 m
(vacuumed) and a 2D gas detector (200 x 200 mm?; a linear-
proportional counter of Gabriel type),'®” GISAXS patterns were
collected at 1 or 2 frames min~'. Water evaporation was found
to cause a lowered (0.2 pm min~") specimen position during
measurements; this was compensated by periodic readjust-
ments of the specimen position. With 14 keV X-rays and a
sample-to-detector distance of 2.3 m, the transmission-type of
SAXS was conducted for similar sample solutions sealed in a
sample cell without the air-water interface; thin Kapton
windows were used for the cell with a 5 mm X-ray path-length.

films.
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SAXS data were collected using a MAR165 CCD area detector at
1 frame per min; SAXS profiles I(q) were circularly averaged
from the 2D patterns as a function of g = 4n/”'sinf (with
scattering angle 20) and corrected rigorously following
standard procedures.'®” Time-resolved Raman spectra were
recorded for similar sample solutions as those used in X-ray
scattering using a Raman spectrometer of the Dimension-
Series of Lambda Solutions Incorporation, equipped with a 30
mW laser (632.8 nm in wavelength).

Avrami analysis of GISAXS data

Formation kinetics of an ordered phase after induction time ¢,
are characterized by the evolution of the ordered phase volume
(normalized by the maximum),

At) =1 — exp[—K(t — &)"] 1)

where Avrami parameters K and n are related to the nucleation
type and the growth mechanism.”*° In our case, «(f) is
obtained from the integrated intensity I(¢) (normalized by its
maximum) for a specific time-resolved GISAXS reflection of the
silicate-CTAB film. In the Sharp-Hancock (SH) presentation®’

In[ln(1 — o) ']=nln(t — ) +In K (2)
where K and n can be conveniently extracted from the liner
relationship of In[In(1 — «)™] vs. In(¢t — £,).>*>°

Kinetics of TEOS Hydrolysis.

Analysis of Raman spectra followed that given by Baccile
et al.™* An overall hydrolysis rate constant k; was used to
characterize the reaction

—Si-OEt+H,0 — 5 =Si-OH + EtOH (3)

with the corresponding rate expressed as
d[Si-OEt]/dt = —ky [Si-OEt] [H,O] (4)
For an approximately constant water concentration [H,O]

(~55.6 M) throughout the reaction, the integration of eqn (4)
leads to

[Si-OEt], = [Si-OEt], exp(—ku[H,0],) (5)

With the conservation relation [Si-OEt], = 4[TEOS], —
[EtOH];, eqn (5) may be converted to

In {1 — [EtOH]/[EtOH ]| max} = —ka (¢ — &) (6)

where the apparent rate constant k, can be extracted by
plotting In{1 — [EtOH]/[EtOH]max} Vs. ¢ ty, with the
hydrolysis rate constant ky = ks/[H,O]. The time-dependent
[EtOH],, normalized by its maximum [EtOH],.x, was deter-
mined from the integrated intensity of the characteristic C-C~
O deformation band of EtOH at 885 cm '
measured Raman spectra.'**°

in the in situ
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Fig. 1 Representative GISAXS patterns collected at 35 °C during the formation
of a silicate-CTAB film at the air-water interface: (a) the beginning (t = 0) with a
featureless image, (b) the emergence of a rod-like scattering (indicated by the
arrows) at t ~ 1300 s, (c) quickly sharpened reflection spots at t ~ 1500 s, and
(d) the fine reflections for the matured film of 2D hexagonal packing.

Results

Film formation at the air-water interface

Fig. 1 shows representative 2D GISAXS patterns collected at 35
°C during the formation of a silicate-CTAB film at the air-
water interface (¢f movie “Route-A” in Supporting
Information, ESIf). The GISAXS patterns collected in the
induction period (up to t =~ 1200 s) were featureless
(Fig. 1a). At ¢ &~ 1300 s, a pair of faint streaks (Fig. 1b)
emerged at ¢, = +0.123 A™', indicating the formation of
micellar monolayers®**! with a mean in-plane spacing of 5.1
nm. The streaks quickly shrank in the depth direction and
developed into fine spots with |g| = 0.141 A™* (Fig. 1c) for a
characteristic 2D hexagonal (H) packing with lattice parameter
a =2n/|q| = 4.46 nm. Fig. 1d shows the GISAXS pattern beyond
t &~ 10 000 s, where the reflection spots are fully indexed
according to the H lattice, indicating extensively developed
domains of close-packed silicate-surfactant channels oriented
parallel to the air-water interface. The matured film was
further scanned by GISAXS with the film laterally translated by
+20 mm or in-plane rotated by +10° with respect to the beam
incidence (note that the sample dimension along the X-ray
beam 80 mm was fully illuminated by the grazing incident
X-ray beam); these resulted in similar GISAXS patterns,
confirming the large-scale development of a mesostructured
silicate-CTAB film comprising domains of hexagonally packed
silicate-surfactant cylinders lying parallel to the air-water
interface, although these domains are random in the in-plane
orientation (¢f. TEM images in Fig. S1, ESIf).

For a more detailed analysis, Fig. 2a gives the first few out-
of-plane GISAXS profiles extracted along the streaking direc-
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(dashed curve). All the profiles are background-subtracted with the featureless scattering profile at t = 0.

tion at g, = 0.123 A™* after the induction period. For the first
non-trivial profile (at ¢ = 1260 s), the data can be fitted with a
model of core-shell ellipsoid form factor, with semi-major and
semi-minor axes of 3.3 nm and 1.8 nm, respectively, together
with a shell thickness 0.25 nm for the silica-surfactant head-
groups, consistent with the core-shell micellar structure
obtained using SAXS for the same solution (c¢f. Fig. S2, ESI{)
or the size and shape determined via SANS in an earlier
study'”? of silicate-CTAB micelles. Subsequently, a halo
centered at ¢, = 0.067 A~! appeared, sharpened, and shifted
slightly to ¢, = 0.070 A™?, indicating the development of order
along g, from the surface monolayers into the bulk solution.
The depth of vertical ordering, estimated from the peak width
using the Scherrer equation, successively increased from 6.5
nm (1 to 2 layers) at 1320 s, to 18 nm (~4 layers) at 1380 s, to
53 nm (11 to 12 layers) at 1440 s, and to 62 nm (~ 14 layers) at
1500 s, considering the layer spacing of ca. 4.5 nm in the H
phase. Correspondingly shown in Fig. 2b are the first few in-
plane GISAXS profiles extracted at g, ~ 0.07 A™' and
perpendicular to the rod-like scattering (¢f. Fig. 1c). In-plane
correlation lengths (as estimated from the peak width)
increased concomitantly with the thickening of the surface
layer, from 50 nm (1320 s), 90 nm (1380 s), 115 nm (1440 s), to
135 nm (1500 s). These results suggest that the in-plane
structured monolayers of micelles deployed at the air-water
interface serve as nucleation sites for the vertical growth of H
domains.

Film formation Kkinetics

Shown in Fig. 3a are the evolutions of the integrated peak
intensity «(f) (normalized by the maximum) for the (10)y,
(20)y, (11)y, and (02)y reflections extracted from the corre-
sponding GISAXS patterns (c¢f. Fig. 1d). The H domain size D,
extracted from the width of the (10) peak using the Scherrer
equation, was found to increase with time according to D oc
t>>* (Fig. 3b) before saturation. As summarized in Table 1, the
evolution of «(¢) for all four representative reflections of the H

This journal is © The Royal Society of Chemistry 2013

phase can be fitted with the Avrami exponent n = 1.5 (+0.1),
whereas values of the rate constant K generally increase with
increasing temperature. The extracted Avrami exponent n = ny
+ ngd consists of contributions from the primary nucleation ny
and growth ngd.”® For the former, ny = 0 corresponds to
instantaneous nucleation and ny = 1 to sporadic nucleation;
for the later, the Euclidean dimension d is between 1 and 3
and the growth type ng = 0, 0.5 or 1 is for zero, diffusion-
controlled, or phase boundary-controlled growth.>*>° As our
domain size measurements are specific in direction, effectively
d = 1. Results shown in Fig. 3b suggest diffusion-controlled
growth as D oc *°, hence ng = 0.5 along both ¢, and ¢,; this
leaves ny = 1.0 for the sporadic nucleation of H domains.
Formation of the silicate-surfactant film after the induction
may hence be described by sporadic nucleation and diffusion-
controlled growth.

We also conducted GISAXS for the silicate-CTAB films
isothermally formed at the higher temperatures of 45 and 55
°C. A similar film formation process and development of
highly ordered H domains could be observed. Moreover, a
consistent value of the Avrami exponent (n = 1.5 + 0.1) could
be extracted, suggesting a common growth mechanism. The
deduced rate constants increased with film formation tem-
perature (cf. Table 1). On the basis of the Arrhenius law," a
common value of activation energy E, = 48 + 3 k] mol™ " can
be extracted from the temperature dependent K values
obtained (¢f Fig. 4), and assigned to the formation of
H-mesostructured silicate-CTAB films at the air-water inter-
face.

Interplay from silicate polymerization

Given in Fig. 5 are the representative GISAXS patterns (cf:
movie “Route B”, ESIf) of the silicate-CTAB film formed at 25
°C with the same solution composition. These GISAXS patterns
exhibited a similar induction stage (f{, =~ 1200 s) with
featureless GISAXS patterns (¢f Fig. 5a), followed by the
anticipated appearance (Fig. 5b) of characteristic reflections of

RSC Adv., 2013, 3,3270-3283 | 3273
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Fig. 3 (a) Evolution of «(t) profiles extracted from the characteristic H reflections (as indicated) of the corresponding GISAXS patterns measured for the silicate-CTAB
film at 35 °C (cf. Fig. 1). (b) Evolution of the H domain size extracted from the profile width of (10) reflection; the size growth is fitted (dashed curve) with D oc t %% (c)
Sharp—Hancock presentation for the «(t) profiles shown in (a) are fitted (dashed lines) with a common n = 1.5.

the L phase. The first peak (located at g, = 0.141 A™Y, ¢f
Fig. 5b) corresponded to a layer spacing of D = 4.46 nm; the
characteristic (10) reflection of the H phase appeared much
later (Fig. 5¢) located at g, = 0.1228 A ' and ¢, = 0.069 A" ™.
With |g| = 0.141 A", the H phase has an identical layer
spacing as that for the L domains; the H lattice parameter a =
(2/y3) D = 5.15 nm coincides with that observed at higher

Table 1 Avrami rate constant K (in units of 107> s~ '-°) obtained for a common
value of the Avrami exponent n = 1.5 (+0.1) as fitted from the representative
reflections of the H phase of the silicate—-CTAB nanostructure formed at the air—
water interface at 25, 35, 45, or 55 °C. Note that for the 25 °C case, the values
are extracted before the lamellar-to-hexagonal phase transition detailed in the
text

K(107° s7'%) K(10)y K(20)y K(11)y K(02)y
25 °C 3.06 1.00 1.49 —

35 °C 6.32 1.68 2.54 1.59
45 °C 10.6 6.00 5.32 5.81
55 °C 18.7 8.00 6.57 7.98

3274 | RSC Adv., 2013, 3, 3270-3283

temperatures. At the late stage of film formation, the GISAXS
image (Fig. 5d) exhibits the H phase reflections juxtaposed
with much more prominent meridian reflections than the off-
meridian ones, suggesting that a substantial amount of the L
domains were kinetically trapped and unable to transform to
the thermodynamically stable H phase (as also observed
previously®®) under the critically suppressed silicate polymer-
ization kinetics at 25 °C.

The coexistence of L and H phases and transition between
the two are further clarified via the resolution of the respective
kinetic features. Shown in Fig. 6a are the evolutions of the
integrated peak intensity of the representative reflections of
the lamellar phase starting at ¢, & 1260 s and that of the H
phase starting at ¢, & 2500 s. In particular, intensities of the
(10)y and (20)y reflections showed concomitant enhance-
ments at a particular time ¢3 4500 s (Fig. 6a); this was
accompanied by intensity saturation of the meridian reflec-
tions. Since the (1), and (01) reflections are overlapping (due
to the common layer spacing), the constant intensity (for
conservation of ordered phase volume) of the meridian

~
~
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reflection together with the enhanced growth of the H
reflections suggest a quantitative conversion of L to H
domains, i.e. after the transition time ¢; the further develop-
ment of H domains is predominantly due to the transforma-
tion from existing L domains. Fig. 6b shows the initial growth
behavior of D oc t° for both L and H domains as calculated
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Fig. 5 Representative GISAXS patterns collected from the air-water interface

during the formation of a silicate-CTAB film at 25 °C: (a) under incubation at t =
1200 s, (b) lamellar reflections at t = 1380 s, (c) weak (10)y reflection at t = 2820

s, and (d) coexisting L and H reflections at t = 8340 s, near the end of film
formation.
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from the peak width. Consistent with the suggested stages in
the formation of H domains, the L domain size stopped
growing upon emergence of the H domains at ¢,, whereas the
H domain size reached a maximum at ¢; and subsequently
decreased. This is consistent with the proposed L-to-H
transformation starting at ¢;: as L domains were comparatively
small in size, the size of the H domains freshly converted from
the pre-existing L domains should be comparable to D;, & 110
nm, smaller than that (Dy &~ 190 nm) of H domains at ¢;. The
final size of Dy ~ 150 nm suggests that nearly half of the final
H domains were transformed from the L phase.

For the H phase before the L-to-H transition, the Avrami
exponent n & 1.5 extracted from the (10) reflection (Fig. 7) is
consistent with that obtained at higher temperatures.
Moreover, the extracted rate constant K = 3.06 x 10 > s '
(¢f Table 1) agrees well with the value calculated from the
activation energy obtained for the H domains at higher
temperatures (c¢f Fig. 11d below). These, together with the
similar growth behavior (Fig. 6b), suggest that the growth of
the H domains at 25 °C in the early stage is concomitant with
(but independent of) the growth of the L domains. Upon
launching of the L-to-H transition at ¢;, the growth mechanism
of the H domains changed from n = 1.5 to n = 4 (Fig. 7),
suggestive of a change in the transformation mechanism,>®>°
consistent with the proposed L-to-H transformation on the
basis of decreasing H domain size beyond ¢; in Fig. 6b.

We have also done a similar Avrami analysis with the (1);,
reflection. Results indicate that the L domains initially grew
with n = 2.5 and K = 2.63 x 10~ ° s > (Fig. 7). As the L
lamellae are well oriented to the air-water interface and the
size grows according to D oc t*° (Fig. 6b) for 1D diffusion-
controlled growth, we have ng = 0.5 and hence ny = 2.0 for a
constantly accelerated nucleation rate, in contrast to ny = 1 of
the H phase for a fixed rate of sporadic nucleation. The
constantly accelerated nucleation rate is rarely observed in
phase transformation via pure physical processes; it is hence
likely related to the condensation of silicates at the micellar
outer surface, forming a shell of lower hydrophilicity and
rendering the micelles more readily driven to the air-water
interface (this should occur before Si-polymerization, allowing
the silicate-surfactant micelles to reorganize into lyotropic-
based lamellae of no observable in-plane ordering along the
air-water interface). After the emergence of H domains at ¢,,
the formation kinetics of the L domains were slightly reduced
ton=2.1with K=2.96 x 10~ ®s~ ' (Fig. 7); this may probably
be attributed to complications arising from the spatial
competition between L and H domains for nucleation or
growth.

In previous studies,” " the formation of the L phase and its
transformation to H phase were interpreted mainly by changes
in the packing parameter g = vy/ayl (governed by the aliphatic
chain length [, the head group area a,, and the hydrophobic
volume v,) of the surfactant of the weakly associated S'X I' of
the surfactant-counterion-silica interface. With the largely
neutralized inorganic-organic interface and hence a decrease
in a, from that of pure surfactant micelles, g may expectedly
increase to a value greater than 1/2 for the L phase with planar
interfaces. After the start of silicate polymerization, the
increased charge repulsion at the inorganic-organic interface

3,11

RSC Adv., 2013, 3, 3270-3283 | 3275



104 4 . . . e
E m (1) +(01), 25 OC (a) :
1 o @, +(02), [
103 3 ° (10), E
3 o (20),
107 3
Ol
5 4
10" 3
3 &
14 =
10° 4 ¢ L]
e
. ] -0<><>°<>0
1000 2000 5000 10000

t(s)

300 ] 1 1 A S 1 Il 1 1 1 r
] o () 25°C (b) £
. , r
1 = (10 C
250 3 ! 0.51 / -
—~ ] d / C
E 20 :
N’ . L
Q . r
X507 I
Z . N
(=) - t ~
‘S 100 ] ’ C
g ] ;
o 4 L
) 50 4 I/ C
1 # :
0 }-o2 i
1000 5000 10000

t(s)

Fig. 6 (a) Evolution of the integrated peak intensity a(t) for the (1), (2)., (10)y, and (20)y reflections of silicate-CTAB assemblies formed at the air-water interface at
25 °C. Due to detector saturation, the strong (1), peak in the later stage could not be traced. The arrows indicate the onset of L formation at t; ~ 1260 s, the

emergence of the H phase at t, ~ 2700 s, and the L-to-H transition at t3 ~ 4500 s. Dashed lines highlight the enhanced developments of (10), and (20)y peaks after
t5. (b) Evolution of the L and H domain sizes extracted from (1), and (10)y reflections are respectively fitted (dashed curve) with D oc t°>. Note that the size growth

reaches plateau/maximum at t, for L and t3 for H domains, respectively.

leads to an increased a, for a smaller g value (between 1/2 and
1/3), favoring the higher curvature of the cylindrical micelles
and hence the L-to-H transformation. To summarize, our
kinetic results reveal a sequence of stages during film
formation: nucleation-dominated and diffusion-controlled L
phase formation, suppressed growth (and nucleation) of L
domains upon emergence and competitive development of H
domains, followed by a quantitative L-to-H transformation.
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Fig. 7 Sharp—Hancock presentation of the a(t) profiles extracted from the (1),
and (10)y reflections of the silicate-CTAB film formed at 25 °C (cf. Fig. 6). The
profiles are fitted (dashed lines) with the n values indicated. The thick arrows
indicate the concomitant onsets of H domain formation and growth transition
of L domains at t, ~ 2500 s, as well as the L-to-H transition at t; ~ 4500 s.
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Acidity effects

It has been previously suggested” that a weakened association
between surfactants and silicate in the acidic environment
could facilitate the self-assembly of the inorganic-organic
interfaces for lyotropic phases. It is also well-known that the
acidic level may strongly affect the hydrolysis rate of the
silicate source.>'*** By changing the solution acidity, here we
illustrate quantitatively the relative rate changes of both the
self-assembly of the inorganic-organic interfaces and the silica
polymerization on the modulation of formation pathways.

Upon a decrease in the HCI concentration, Cygj, from 1.1 to
0.275 M (by a factor of 4), the induction time for the formation
of silicate-CTAB self-assemblies at the air-water interface at 25
°C was dramatically prolonged, such that we had to increase
the TEOS concentration by a factor of four to bring the film
formation process back to the practical time scale for GISAXS
measurements. Without changing the acidic level, a four-fold
increase of TEOS concentration alone was found to result in
the earlier appearance of the L reflections (ca. 60 s vs. 1200 s),
followed by H reflections (Fig. S3, ESIf and Tables 1 and 2)
prior to the L-to-H transformation. Nevertheless, the effect of
the acidity reduction could override that of the enhanced TEOS
concentration, leading to an extremely long induction time for
the emergence of silicate-CTAB arrays at the air-water inter-
face. As a result, a characteristically different route with an N
intermediate (instead of the L phase) was observed.

Shown in Fig. 8 are the representative GISAXS patterns for
the N-to-H route (with details illustrated in the movie “Route-
C”, ESIf). After a long induction time of ¢, ~ 24 600 s, the first
non-trivial GISAXS pattern (Fig. 8a) exhibited a weak broad
ring centered at ¢ = 0.137 A~ revealing the formation of a
nematic order by silicate-CTAB arrays of random domain
orientation. The characteristic spacing of 4.59 nm extracted
from the power ring position is slightly larger than the layer
spacing 4.42 nm observed previously. After the appearance of

This journal is © The Royal Society of Chemistry 2013
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long induction time, (b) appearance of weak streaks at t = 25 260 s, ()
prominent (10)y reflections at t = 25 860 s, and (d) H pattern at t = 29 460 s.

the nematic domains, the evolution of the GISAXS patterns
followed that observed at higher temperatures for the H phase
(¢f Fig. 1), including the rod-like scattering at ¢ ~ 25 000 s
(Fig. 8b) and the gradually developed reflections for highly
oriented and ordered H domains (Fig. 8c). The final GISAXS
pattern (Fig. 8d) resembles that obtained at higher tempera-
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reflection of the silicate-CTAB film formed at 25 °C (cf. Fig. 6) with Cy/4 and
4Cy. The profiles are fitted (dashed lines) with n ~ 1.5. Inset shows the
corresponding domain size growth extracted from the (10)y peak width, which
is fitted (dashed curve) with a power-law growth of t°°2 as indicated.
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Table 2 Avrami exponent n and rate constant K, along with the H domain
emergence (induction) time ty, obtained for the (10)y and (11)4 reflections of
silicate—CTAB films formed at the air-water interface from solutions of different
acidic levels, Cyq (1.1 M) vs. Cyai/4 (0.275 M), but a common TEOS
concentration of 4Cy

(10)u (1)
4 Cp 25 °C n K(107°s™") n K (107%™
Cuai (tu = 200 s) 1.50 14.8 1.53  7.03
Cuail4 (tu ~ 24 600s)  1.50 1.67 152 0.79

tures (¢f Fig. 1) of dominated H domains, implying the
complete conversion of the N phase into H domains.

Avrami analysis of the (10)y and (11)y reflections for the
formation of the H phase upon change of the acidic level
(Fig. 9) led to the Avrami exponent n & 1.5 (Table 2). In spite of
a drastically prolonged induction, diffusion-controlled growth
(¢f. Fig. 3b and 6b) of the H domain size D oc t*°? is retained
(inset of Fig. 9). Nevertheless, values of the rate constant K are
substantially decreased with a decreasing HCl concentration
(Table 2), in clear contrast to the enhancement in K with a
solely increased TEOS concentration at 25 °C (cf: Tables 1 and
2). It is then attempting to compensate the suppressed rate of
silica polymerization due to the decreased acidic level by
increasing the TEOS concentration to recover the L-to-H route
which, however, was never observed. Considering the strongly
extended induction time, it is most likely that the diversion
from the L route to the N-to-H route is the weakened tendency
toward self-assembly of the inorganic-organic interfaces upon
a decreased acidic level and hence slower segregation to the
air-water interface for film formation. To support this
interpretation, Raman spectroscopy and SAXS evidences for
self-assembly of the inorganic-organic interfaces in the bulk
solution are presented below.

Hydrolysis of TEOS vs. condensation of silicates

Representatively shown in Fig. 10a are the time-resolved
Raman spectra obtained during film formation at 25 °C. The
observed marked growth of bands at ca. 885, 1055, and 1095
cm™ ' may be assigned respectively to the C-C-O deformation,
symmetric and asymmetric C-O stretch modes of EtOH from
the hydrolysis of TEOS." Neglecting kinetic complications
from the multiple EtOH releasing process, the overall TEOS
hydrolysis rate may be represented by the integrated intensity
ag(t) of the 885 cm ™" band (normalized by its maximum) as
shown in Fig. 10b for cases of successively decreased HCI
concentrations from Cyc to Cyc/4. Plots of In[1 — og(8)] vs.
time (¢f. eqn (6)) in Fig. 10c reveal decreasing values of the
hydrolysis rate constant from k, = 0.0024 to 0.0012 s~ with a
decreasing HCl concentration from Cyc to Cyci/4, which
correspond to kg = 0.15 to 0.065 M~ " h™ " based on a constant
water concentration of 55.6 M. In contrast, the k, values were
found to be insensitive to changes in the TEOS concentration
(Fig. 10d).

The results of the Raman spectroscopy indicate that the rate
of hydrolysis is indeed modestly suppressed by the decrease in
acidic levels. However, whether the modest decrease in k, by a

RSC Adv., 2013, 3, 3270-3283 | 3277



5000

V885 1095

(a)
10551

1156s
4000 A

S

WMMWWWWMWMM
2000 - 436 s
316s

T T T T T

Intensity

400 600 800 1000 1200
Raman shift (cm™)
1(C) @ 1C;51Cy; k=00024s" L
L 12 Cyey 1k, =0.0018 5™
y o 1 CT; 1/4 Gy 5k, =0.00125"
~ JaN\ N i
ESM o —«‘}I % L
[ i X o b -
— 4 =
E/ } \ [ ] Q\Q i
= \\ & }
1 G ¢ ; Ngg T
-2 — \ +
. \ \‘ -
[T T T T [T T T T [ T T T T Tt T T T TTT]
0 500 1000 1500 2000 2500
t-1,(s)

2.0 I O T A A
1(b) 4 1Gyq
: ol 142 G
o e 1/4Cy,

T T [ T T T T

LI

0 500 1000 1500 2000 2500 3000
t-t,(8)
IlII||lIlIIIIIlIII|IIII|
4(d) a 12 CT;1/4CHc. k,=0.0012s5" F
L] o $1/4 Cyey, ky =0.00125" |

] o 2 C ; 1/4 Cyey ky =0.0014 5™

5
f
/

/ .-01
= oI
Py
w"

2

L
——
—>—
—p—
/
T

|||||||||||||||||||||||||||||||

500 1000 1500 2000 2500 3000 3500

t-1,(8)

Fig. 10 (a) Time-resolved Raman spectra measured at 25 °C for solutions of systematically varied acidic levels from Cy¢ (representatively shown), Cuyci/2, and Cyci/4,
and the reference CTAB and TEOS (Cy) concentrations. The arrows mark the characteristic bands for the stretch modes of EtOH. (b) Evolution of the integrated

intensity ag(t) of the 885 cm™" band and (c) corresponding fitting (dashed lines, with clearly decreasing k values) to eqn (6). (d) Similarly fitted In[1 — 2(t)] deduced
from the Raman spectra for solutions of systematically varied TEOS concentrations from 2Cy, Cy, to Ci/2, where kp values (as indicated) are insensitive to the TEOS

levels.

factor of two (Fig. 10c) was responsible for the lengthening of
induction time by two orders-of-magnitude (Table 2) and the
formation of the N (rather than L) intermediate, needs to be
further clarified. It has been pointed out by Hench and West*°
that a decreased rate of condensation relative to that of
hydrolysis may alter the silica gelation behavior from reaction-
limited aggregation of compact structures to diffusion-limited
aggregation of fractal-like loose structures. This suggests that
diverting the L route to the N route observed with the modestly
decreased acidic level may probably be related to a much more
sensitively suppressed rate of silicate condensation for
inorganic-organic interfaces. Indeed, previous experimental

3278 | RSC Adv., 2013, 3, 3270-3283

evidence®® has demonstrated that delayed interface neutraliza-
tion allows silicate species to slowly grow and assemble with
cationic surfactants, leading to a hierarchy of morphological
features such as tubules-within-tubules;? NMR data also
revealed an intimate correlation between the gelation struc-
ture (or degree of polymerization) and the silanol concentra-
tion slowly built up at the inorganic and organic interfaces.*’

The rates of hydrolysis can be followed by in situ Raman
spectroscopy; however, revealing the rate change in the
silicate-surfactant condensation (inorganic-organic interface
neutralization) requires in situ SAXS measurements in parallel
to the study with Raman spectroscopy. Results (cf. Fig. S4, ESIY)

This journal is © The Royal Society of Chemistry 2013
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(GISAXS) are also shown and similarly fitted (dotted curve).

revealed sensitive changes in the growth of zero-g intensity I,
with decreasing acidic levels from Cyc to Cyci/4: the growth
period was drastically lengthened to ca. 20 000 s at Cyci/4,
which was comparable to the lengthening in induction time
for the structural development at the air-water interface
observed via GISAXS (¢f. Table 2). Note that I, was mainly
contributed by the size of agglomerated Si-CTAB micelles,***’
driven by the increasingly more neutralized (hence more
hydrophobic) inorganic-organic interfaces upon silicate-CTAB
condensation; therefore, the much prolonged evolution of I(g
— 0) (¢f Fig. S4d, ESIf) caused by the reduction of acidity, is
indicative of a drastically decreased rate of silicate-CTAB
condensation. The combination of the Raman spectroscopy
and SAXS results strongly suggests that the highly asymmetric
acidity effects on the rates of hydrolysis and charge condensa-
tion are responsible for the dramatically changed gelation
behavior of inorganic-organic interfaces, i.e. from the more
compact L to a more loosely arrayed N intermediate before
final conversion to H domains. To lend further support to this

This journal is © The Royal Society of Chemistry 2013

interpretation, we examine below the formation kinetics of
mesostructured silicate-CTAB arrays in bulk solutions.

Formation of silicate-CTAB arrays in bulk solutions

Time-resolved SAXS results for the sealed solutions without an
air-water interface indicate the presence of randomly oriented
silicate-CTAB arrays, followed by the formation of either the
lamellar intermediate (d-spacing = 4.42 nm) at 25 °C (Fig. S5a,
ESIf) or the H domains (@ = 5.08 nm) at 45 °C (Fig. S5b, ESIY).
The corresponding induction time is significantly longer, e.g.
to = 2800 s for the emergence of L domains at 25 °C in solution,
compared to ¢, = 1200 s at the air-water interface. Moreover,
the 2nd-order reflections of either the L or H phase tend to be
much weaker than the primary reflection. With random
domain orientation, the distinction between the L phase
(1:2:3 in peak positions) and the H phase (of 1:3": 2 in
peak positions) relies mainly on the non-overlapping middle
peak. Hence the TEOS concentration was increased to 4Cr and
higher temperatures (40 to 60 °C) were adopted for an

RSC Adv., 2013, 3, 3270-3283 | 3279



enhanced intensity of this relatively weak reflection (cf:
Fig. 11a) and appropriate measurement time range.

Fig. 11b shows the quick saturation (within the first few
non-trivial SAXS profiles) of the domain size calculated from
the width of the (11)y reflection (ie. the 3”¢" peak), in
contrast to observations (¢f. Fig. 3b, 6b, and 9) in the presence
of the air-water interface. Given in Fig. 11c are the Avrami
results for the integrated intensity evolutions of the 3"*q" peak.
Interestingly, the growth behavior is again characterized by an
Avrami exponent of n ~ 1.5; in view of the quickly saturated
domain size, the development of H domains in solution is
attributed mainly to ny = 1.5 for a weakly accelerated
nucleation rate (presumably related to silicate polymerization).
The temperature dependence of the rate constants extracted
(shown in Fig. 11c) corresponds to an activation energy of E, =
149 (+£10) kJ mol™ !, much higher than that (48 kJ) for the H
phase formation at the air-water interface.'> Due to this
stronger temperature dependence, the extrapolated rate for
the formation of the H phase in bulk solution is expected to
exceed that of the interfacial route above 55 °C (Fig. 11d).

It has been shown that the air-water interface'®'® can
facilitate effectively the alignment of inorganic-surfactant
channel domains. The integrated SAXS and GISAXS results
presented here (Fig. 11c) elucidate further the effects of the
air-water interface enhancements of the kinetics aspects and
the greatly reduced E, for silicate polymerization and H
domain formation; we attribute these effects to a coupling of
the inorganic-organic interfaces to the air-water interface. In
bulk solutions, such inorganic-organic interfaces are expected
to fluctuate substantially owing to their vanishingly small
interfacial tension and a small density difference across the
interfaces.>® By coupling to the stiff air-water interface with a
high surface tension (~35 mN m™" for the CTAB occupied air-
water interface),®” the inorganic-surfactant interfaces can be
better stabilized for silicate polymerization. Consequently, the
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growth mechanism changes from auto accelerated nucleation
(ny &~ 1.5) in solution to nucleation-and-growth (ny = 0.5 and
ng =1.0) at the air-water interface.

Coupling to the stiff air-water interface might contribute to
the small surface roughness of a few angstroms reported
previously for the free-standing films."” Scattering intensity
from an ordered structure, especially a stratified one, is well-
known to decay according to I(q) ~ Io(q) exp(—q>¢?),>® where ¢
is the root-mean-squared interface roughness. Thereby,
smaller ¢ for the free-standing films formed at the air-water
interface can be evidenced from the less attenuated 2nd-order
reflection (ca. 20% of the primary reflection intensity, cf
Fig. 1d) for the L or H domains formed at the air-water
interface, compared to the highly decayed 2nd-order reflection
(ca. 5% of the primary peak intensity, ¢f. Fig. 11a and S4). We
note that the coupling effect may apply to films that are
attached and grown from a solution-substrate interface as
well. Previous studies®*® already demonstrated with TEM
images that silicate-surfactant arrays coupled to the mica-
solution interface exhibited fairly small layer undulations,
comparable to that coupled to the air-water interface. To
summarize our observations of the different routes for the
formation of silicate-CTAB films consisting of H domains at
the air-water interface, schematic presentations of the three
kinetic paths are given in Fig. 12.

Discussion

Free energy landscapes and kinetic pathways

It has been previously proposed' that the free energy of a
silicate-surfactant system AG comprises (1) AGiner for the
formation of the inorganic-organic interfaces, (2) AG,, for the
organization of the inorganic-organic lyotropic phases, (3)
AGinorg for the interactions between inorganic species (includ-
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Fig. 12 Cartoons for Routes A, B, and C for the formation of silicate—-CTAB films at the air-water interface, depending on the interplay of the formation kinetics and

the coupling of the silicate-surfactant interfaces with the air-water interface.
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ing polymerization and hydrogen bonding), and (4) AGs, for
the chemical potential of the solution phase. Modulating these
relative contributions allows the selection of a particular
kinetic path for mesostructure formation. For film growth
attached to the air-water interface, we further propose an
additional term AGy,, to the free energy

AG = AGinter + AGorg + AGinorg + AGgo1 + AGsyr (7)

to describe the observed coupling between the inorganic-
organic interfaces and the air-water interface. Similar cou-
pling was also proposed in a recent theoretical study.>® The
concept of interface coupling may also be applicable to
mesostructures formed with a solution-substrate interface.
Our results indicate that all terms in eqn (7) are comparable
within the studied composition and temperature ranges of the
silicate-CTAB system, leading to sensitive changes in the
kinetics pathway by marginal changes in temperature,
composition, or acidity. Our results also reveal that a lower
but auto accelerating nucleation rate allows for the formation
of lyotropic L domains as precursors to the thermodynamically
favored H phase (¢f. Fig. 7). Hence, it is the collective effects
integrated over the entire period of structural evolution (rather
than relative rates of cation-anion interface formation, organic
array self-assembling, or silica polymerization at a specific
point of time) that determine the kinetic path to the
thermodynamically stable phase.*

To illustrate the integral effects of a kinetic pathway with
changing rates, a free energy landscape could be helpful. As
suggested in previous studies,' the surfactant headgroup a,
could be used to link all terms of AG in eqn (7). Minimizing
AG with respect to a, leads to an optimized q, for either a
kinetically trapped intermediate phase (local minimum) or a
final thermal equilibrium phase (global minimum); in other
words, a, determines the packing parameter and hence the
silica-surfactant mesostructure. Following this concept, we
provide in Fig. 13 heuristic free energy landscapes that reflect
the observed features of structural evolution. For mesostruc-
ture formation in bulk solution (devoid of coupling to a stiff
interface, i.e. AGg,, = 0 in eqn (7)), we would expect shallower
AG profiles in Fig. 13, leading to lowered rates (kinetics).

Remarks on the EISA films

The different growth pathways outlined in the previous
sections for the formation of silicate-surfactant arrays at the
air-water interface and in solution may have implications on
EISA film formation driven by the fast evaporation of solvent
on a solid substrate. As the solvent quickly evaporates and the
air-solvent interface vanishes, a highly oriented surface layer
would form faster and joint the randomly oriented silicate-
surfactant arrays underneath (in the solution) with slower
kinetics; both deposit together on a bottom layer coupled to
the solution-substrate interface (of enhanced formation
kinetics), resulting in a largely kinetically trapped film
structure with stacked multiphases or intermediates, as
illustrated previously via TEM images and in situ GISAXS."*'*
Consequently, the final structures of the EISA films (especially
the interface-sandwiched zone) are highly sensitive to the

This journal is © The Royal Society of Chemistry 2013
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Fig. 13 Schematic free energy landscapes for the micellar phase (AGy), lamellar
phase (AG), nematic phase (AGy), or 2D hexagonal phase (AGy) of silicate—
CTAB interfaces, projected onto the surfactant headgroup area ao. Note that
ao ' (a measure of surface charge density) is linearly proportional to the packing
parameter g of the inorganic-organic interfaces. Different initial conditions of
the micellar solution (M) are marked respectively by filled symbols (square,
diamond, and circle, respectively) to indicate Routes A, B, and C (dotted paths).
Starting from higher (or lower) temperatures T, (or 7)) and higher (or lower)
solute concentrations Gy, (or C) with AG(T,C,...)u, the free energy evolution
along Route A provides a fast path to an energy minimum. Lowering the initial
free energy (by a decrease in temperature) to the position marked by the
diamond, we have Route B with the lamellar intermediate. A further decrease in
the initial free energy (by a decrease in solute concentration) to the position
marked by the circle brings about Route C with the N intermediate bridging to
the global minimum of AG(T), C,...)u. The free energy landscape AG, has a local
minimum with 1/aq larger than 1/ag, (corresponding to g = '2), whereas AGy
has a minimum with 1/ag situated between 1/ag, and 1/ag; (for g = %). In the
absence of interface coupling (i.e. AGg,, = 0 in egn (7)), the minimum for each
free energy landscape is shifted upwards, giving a shallower profile of slower
kinteics.

initial conditions of the solution and sample enviroment.® In
contrast, the air-water interface selects inorganic-organic
interfaces with high silicate density in the formation of
mesostructured free-standing films, under quasi-2D confine-
ment. As demonstrated in this study, the final film morphol-
ogy always converges to highly-oriented H domains of nearly
the same lattice constant, regardless of the different formation
pathways. This suggests high tolerance in the synthesis
conditions for the formation of homostructured silicate-
surfactant films via the air-water interface path.

Conclusion

Formation kinetics of silica-surfactant mesostructures at the
air-water interface and in the bulk solution of CTAB and TEOS
are revealed via in situ GISAXS, SAXS, and Raman spectroscopy.
Air-water GISAXS is particularly advantageous in resolving the
highly oriented mesostructures of the free-standing films,
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from which the interplay kinetics of self-assembly of the
inorganic-surfactant interfaces and silicate polymerization
can be distinguished. With Avrami analysis, the formation of
H domains at the air-water interface is characterized by
sporadic nucleation and diffusion-controlled growth. The
relative rates of silicate hydrolysis, silicate-surfactant self-
assembly (especially the neutralization process of the inor-
ganic-organic interfaces), and silicate polymerization are
measured and compared. Other than the obvious effect of
excellent alignment of mesostructured domain, the stiff air-
water interface is shown to accelerate film formation with a
greatly decreased activation energy of silicate polymerization
(as compared to that in the bulk solution). The kinetic
information provides strategic outlines for targeting the
fabrication of mesostructured silicate-surfactant films with
large dimensions via the air-water interface, rather than the
traditional bulk process.
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