
1 
 

This document is the Accepted Manuscript of a Published Work that appeared in final form in The Journal of 
Physical Chemistry C, copyright © 2015 American Chemical Society after peer review and technical editing 

by the publisher.  To access the final edited and published work see 
http://pubs.acs.org/articlesonrequest/AOR-9wTPtnHCgq9nd7nTP7Ns  

. 

In Situ GISAXS Investigation of Low-Temperature Aging in Oriented Surfactant-
Mesostructured Titania Thin Films 

Suraj Nagpure†,  Saikat Das†, Ravinder K. Garlapalli†, Joseph Strzalka‡, and Stephen E. 
Rankin†,* 

† University of Kentucky, Chemical & Materials Engineering Department, 177 F.P. Anderson 
Tower, Lexington, KY 40506-0046 USA  
 
‡ X-Ray Science Division, Argonne National Laboratory, Argonne, IL, USA 
 

Abstract 

The mechanism of forming orthogonally oriented hexagonal close packed (o-HCP) 

mesostructures during aging of surfactant-templated titania thin films is elucidated using in situ 

grazing incidence small-angle x-ray scattering (GISAXS) in a controlled-environment chamber.  

To promote orthogonal orientation, glass slides are modified with crosslinked Pluronic P123, to 

provide surfaces chemically neutral towards both blocks of mesophase template P123.  At 4 °C 

and 80% RH, the o-HCP mesophase emerges in thin (~60 nm) films by a direct disorder-to-order 

transition, with no intermediate ordered mesophase.  The Pluronic/titania o-HCP GISAXS 

intensity emerges only after ~10-12 minutes, much slower than previously reported for small-

molecule surfactants.  The Avrami model applied to the data suggests 2D growth with nucleation 

at the start of the process with a half-life of 39.7 minutes for the aging time just after the 

induction period of 7 minutes followed by a period consistent with 1D growth kinetics. 

Surprisingly, films that are thicker (~250 nm) or cast on unmodified slides form o-HCP 

mesophase domains, but by a different mechanism (2D growth with continuous nucleation) with 

faster and less complete orthogonal alignment.  Thus, the o-HCP mesophase is favored not only 



2 
 

by modifying the substrate, but also by aging at 4 °C, which is below the lower consolute 

temperature (LCST) of the poly(propylene oxide) block of P123.  Consistent with this, in situ 

GISAXS shows that films aged at room temperature (above the LCST of the PPO block) have 

randomly oriented HCP mesostructure. 
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Introduction	

The Evaporation Induced Self Assembly (EISA) process1 is a rapid, scalable approach to 

preparing surfactant-templated ordered mesostructured silica films by evaporation of solvents 

during spin2-4 and dip coating.5  Because of the well-defined structure of these engineered 

nanostructured thin films, EISA has been adopted for a wide variety of applications6-10 including 

protective films11-12, low-k dielectrics13-15, sensors16-21, nanomaterial templates22-29 and 

membranes.30-38  Titania is of particular interest for its optical, electronic and chemical 

properties39-48 and by using highly acidic conditions, mesoporous titania films with several pore 

geometries have been synthesized.49-52  However, of all possible structures, films with 

hexagonally close packed pores oriented orthogonal to the film (o-HCP architecture) are 

desirable because they provide an accessible array of nonintersecting channels for rapid transport 

of reactants or charge carriers,53-58 for creating devices with confinement-induced properties,59-63 

and for templating of nanowire arrays.64-68  Related orthogonally oriented TiO2 nanotube arrays 

prepared by anodizing titanium69 have been used to demonstrate some of these advantages,70-75 

but contain relatively large pores (>25 nm diameter) and do not have the processing flexibility 

provided by the EISA method.  TiO2 films with bicontinuous cubic pores also provide accessible, 

nm-scale pores without requiring special alignment procedures,52,76 but interconnected pores are 

not desired for some applications.  Also, with some templates, cubic films form over narrow 

composition ranges77 and are fragile because of their high porosity. 

By analogy with surface chemistry strategies used to orient block copolymer films,78-83 

the Rankin group has reported the synthesis of mesoporous titania thin films with o-HCP 

cylindrical nanopores using EISA with P123 (a triblock copolymer with composition 

HO(CH2CH2O)x(CH2CH(CH3)O)y(CH2CH2O)xH, where on average x = 20 and y = 70) as 
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structure directing agent and titanium(IV) ethoxide as titania precursor.84-85  The hypothesis 

underlying this approach is that orthogonal alignment of the HCP mesophase can be achieved in 

a EISA-derived ceramic film by modifying the substrate surface so that it interacts equally with 

both blocks of the P123 template, making it chemically “neutral” towards the template 

surfactant.  Monte Carlo simulations86-87 have shown that this is the expected outcome for 

mixtures of surfactants and small molecules, and not just for neat block copolymers82.  A related 

epitaxial orientation procedure was demonstrated by Tolbert and coworkers, where HCP film 

was cast onto a cubic template film to induce orthogonal alignment.88  In addition to surface 

modification, the synthesis procedure for o-HCP TiO2 films includes aging after coating in a 

refrigerator at 4 °C under high relative humidity (approx. 94%).  The objectives of using a low 

temperature are to slow titanium precursor condensation and to provide a driving force for 

mesophase formation, similar to the subambient temperatures used by Alberius et al.77  Even 

though this aging procedure has been found to be an essential part of o-HCP TiO2 film 

formation, little is known about the o-HCP mesostructure formation mechanism other than what 

has been inferred by characterization of the films before and after calcination.85 

To understand the mesostructure evolution of thin films during EISA, several groups 

have used a wide range of techniques including grazing incidence small angle x-ray scattering 

(GISAXS), transmission electron microscopy and time resolved Fourier transform infrared 

spectroscopy (FTIR).89-100 Among these techniques, GISAXS is most relevant here because it 

can be conducted in situ, and it provides insight into mesostructure development and 

organization during the formation of self-assembled particles101 and EISA thin films98 . Grosso et 

al. analyzed the mechanisms involved in the formation of 2D-hexagonal templated SiO2 and 

TiO2 mesostructured films during dip coating using Brij-58 as surfactant and found that the self- 
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assembly leads to the formation of organized phase at the final stage of the drying process and 

involves the formation of an intermediate disorganized phase.94 The disorder to order transition 

takes place within 2-3 minutes after the start of coating for TiO2 and SiO2 under the conditions 

studied.  Other reports have shown that for dip-coated thin films, the mesostructure generally 

forms through a disorder-to-order transition which may involve intermediate hybrid mesophases 

that are related to the concentration gradient.90-91,102  Doshi et al. studied the self-assembly of 

surfactant template thin-film silica mesophases synthesized using surfactants 

cetyltrimethylammonium bromide (CTAB) and Brij-56 and found that 2D HCP mesostructure 

(p6mm) forms from a lamellar mesophase through a correlated micellar intermediate.92 Gibaud et 

al. studied EISA of silica mesophases synthesized using surfactant CTAB and found that the 

final structure of the film is strongly influenced by the rate of evaporation which itself governs 

the concentration gradient inside the film.93  While in situ SAXS studies of EISA have provided 

magnificent insights, most have been restricted to the dip-coating process itself and the time span 

on the order of seconds after the coating process. Also, most of the studies have been done for 

mesoporous silica films synthesized with small surfactant molecules (CTAB and Brij 

surfactants) and very few studies have been done for TiO2 films.  Thus, it is not known to what 

extent their findings can be extrapolated to the conditions used to synthesize o-HCP films. 

One surprising finding for o-HCP TiO2 films is that, while most prior in situ GISAXS 

studies of EISA suggest that the final mesostructure forms during (or within seconds after) dip 

coating, mesophase orientation can be controlled by sandwiching ~250 nm thick films with a 

second chemically neutral slide well after the coating process is complete (on the order of up to 

20 minutes).84,103  However, this type of post-coating modification is not unprecedented; as 

Grosso and coworkers discuss in reviews of the fundamentals of mesostructuring through EISA, 
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a tunable steady state (TSS) occurs in some cases, during which the inorganic framework is still 

flexible and susceptible to modification by changing aging conditions.10,95  The TSS helps to 

explain why the structure of EISA-derived films can be tuned by adjusting variables such as the 

humidity of the vapor,104-106 the sol aging time (which affects the time scale for condensation 

after coating),106-107  the pH of the film,108-110 the presence of solvent vapors,111 and confining the 

coating using materials of different surface energy.84,103,112-114  Generally for silica, this TSS lasts 

from a few seconds at low humidity to 10 minutes at high humidity.115 However, for TiO2 

system, the condensation of titania oligomers has been proposed to be triggered by evaporation 

of HCl.  Because HCl departs very slowly, TSS for some TiO2 sol compositions of more than 1 

hour duration have been observed.95  Because the TSS plays an important role in the formation 

of o-HCP TiO2 films, studying the process in situ will provide novel insights into how to 

engineer and tune EISA films for new applications requiring an active oxide component. 

Here, in situ GISAXS is used to monitor the formation of the o-HCP mesophase in P123 

templated TiO2 films during a relatively long time frame as the films age (which corresponds to 

the TSS).  The objective is to directly test the hypothesis that o-HCP structure develops during 

film formation due to modification of the surface with crosslinked P123.84-85 A possible 

alternative hypothesis is that the o-HCP structure emerges via anisotropic merging of pores in a 

precursor Im3തm phase, which has been observed by other researchers in TiO2 films with 

accessible vertical pores.95,116-117 The measurements will be made using a linear actuator 

enclosed in a controlled-environment chamber to withdraw a coated film and to monitor its 

evolution by GISAXS during aging.  Results will be compared for thin (~60 nm) films on 

modified and unmodified glass surfaces, thicker films, and as a function of aging temperature. 
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The kinetics of the mesostructure evolution will be modeled using the Avrami equation and will 

be compared to relevant o-HCP structures in block copolymer films. 

Experimental	Section	

NoChromix powder (Godax Laboratories, Inc.), concentrated sulfuric acid (95-98%, 

Sigma Aldrich), P123 (poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene 

glycol) with Mn ~ 5800, Sigma-Aldrich), 1,6-diisocyanatohexane (98%, Sigma Aldrich), 

glycerol (99+%, Sigma Aldrich), titanium ethoxide (Technical grade, Sigma Aldrich), HCl (36 

wt%, EMD Chemicals), ethanol (200 Proof, Decon Laboratories) and acetone (Fisher Scientific) 

were all used as received.       

The sol required for titania film synthesis was prepared based on the procedures of 

Koganti et al.84  Prior to depositing any material, borosilicate glass slides (1 in × 2 in) were 

cleaned with a NoChromix glass cleaning solution in sulfuric acid prepared according to the 

manufacturer’s instructions.  To modify slides with crosslinked P123 (when this was done), 

cleaned glass slides were dip coated using an acetone-based solution containing equimolar 

amounts (0.415 mM) of Pluronic surfactant P123 and 1,6-diisocyanatohexane.  To this solution, 

a single drop of glycerol was added to serve as a cross-linker so that the films would be stable. 

The slides with modifying coating were aged at 120 °C overnight to drive the cross-linking 

reaction to completion. The thickness of cross-linked P123 as measured using profilometry was 

~30 nm with surface roughness of 4-5 nm. This cross-linked P123 layer is expected to be 

removed completely after calcination at 400 °C as shown previously.85 Titania sols were 

prepared by adding 2.1 g of titanium ethoxide to 1.53 g concentrated HCl, stirring for 10 min and 

adding 0.65 g of P123 dissolved in variable amount of ethanol.  32 g of ethanol was used for thin 

films and 6 g for thick films.   
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In situ aging GISAXS experiments were done at the Advanced Photon Source (APS) at 

Argonne  National Labs on beamline 8-ID-E  using an x-ray beam 100 μm (H) x 50 μm (V)  with 

wavelength of 1.6868 Å.118  The APS operated in top-up mode, i.e. at constant storage ring 

current, during the measurements. Fig. 1 shows the chamber and scattering geometry for in situ 

GISAXS experiment. Samples for in situ dip coating were prepared within a sealed chamber 

with inner dimensions 5 × 5 × 6.5 in3 with aluminum side walls and copper lid and base plate.  

Unless otherwise noted, the base plate was in thermal contact with a circulating chiller 

maintained at 4 °C. Helium gas bubbled through saturated potassium sulfate solution into the 

chamber to maintain constant relative humidity.  A digital hygrometer (VWR model 35519-050) 

with probe inserted in the lid monitored the relative humidity inside the chamber, typically RH > 

80%.   The sol prepared as explained above was contained in a plastic container, (the lid of a 50 

mL Falcon tube) approximately 10 mm deep, resting on a copper block in thermal contact with a 

thermoelectric element so that its temperature could be changed independently.   A small 

translation stage raised a glass slide out of the solution at about 15 mm/min.  X-rays entered the 

chamber through a mica window and were incident on the sample several mm above the surface 

of the solution. Scattered x-rays exited the chamber through a Kapton window.   Unlike the usual 

scattering geometry for GISAXS at Beamline 8-ID-E, the vertical sample meant the scattering 

plane was horizontal with the phi-circle of the diffractometer controlling the incident angle.   A 

small piece of tungsten, 1 × 2 × 15 mm3 attached horizontally to the end of the GISAXS 

beamstop served as the beamstop for the in situ dip coating GISAXS measurements. The 

distance from the sample to the detector (Pilatus 1M, Dectris) was 1474 mm.  The analysis of the 

GISAXS data was done using the GIXSGUI package for Matlab.119  Consideration of the 



9 
 

scattering geometry shows that corrections for the instrumental resolution are negligible 

compared to the experimentally observed peak widths described below.120 

To understand the effect of aging temperature on mesostructure development and orientation, 

scanning electron microscopy (SEM) was performed using a Hitachi S-4300 at 3 kV. The films 

after in situ GISAXS were calcined in a muffle furnace (Vulcan 3-550) at 400° C for 10 minutes 

after heating at a ramp rate of 25° C/min followed by rapid cooling. SEM samples were prepared 

by cutting the glass slide to the desired shape using a glass cutter and then mounting exactly at 

the center of an SEM stub coated with carbon tape. The edges of the sample were coated with 

colloidal graphite (isopropanol base) to increase conductivity by keeping the top surface in 

electrical contact with the lower surface.  SEM samples were aged at 120o C overnight (~12 h). 

Results	and	Discussion	

The thickness of the thin titania films in this study (prepared using 32 g of ethanol) was 

determined by ellipsometry to be ~60 nm after aging, which has previously been found to be thin 

enough to give orthogonally oriented pores without sandwiching the films with a second neutral 

surface.84,103  In situ GISAXS patterns were recorded for this sample in intervals of 1 minute 

from the start of the aging process until 30 minutes of aging time at one spot on the film, located 

13.5 mm above the bottom of the coated section.  The sampling geometry of the sampling is 

shown schematically in Figure 1 and described in more detail in the Experimental Section.  

After this period, patterns were collected with the beam at this spot and four additional spots to 

determine spot-to-spot variability and to test for beam damage, at 45 min, 60 min and 75 min of 

aging. Figure 2 shows selected 2D GISAXS patterns at representative times during the evolution 

of the mesostructure for a thin titania film on modified substrate during aging at 4 °C.  Generally 

the presence of the o-HCP cylindrical mesophase is indicated by two intense rods parallel to the 
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scattered beam, located on both sides of the beam stop.  These rods can be indexed to the (100) 

plane of the HCP structure and their rod shape can be attributed to the finite cylindrical shape of 

the micelles (Kiessig fringes are most likely not observed because of a distribution of rod lengths 

and orientations).85 The GISAXS patterns show that in the first 10 minutes of aging (Fig. 2a), 

there is no indication of mesostructure development as we do not see any spots or rods in the 

pattern.  After 15 minutes (Fig. 2b), faint spots can be seen on both sides of the beam stop due to 

diffraction in the plane of the film, which indicates that mesostructure started developing even 

though it is still not well defined. After 20 minutes of aging (Fig. 2c), clear vertical rods are 

visible on both sides of the beam stop indicating that the orthogonally oriented cylindrical 

micelles started developing. The intensity of the vertical rods further increases for longer aging 

times (for example, the pattern at 75 min, Fig. 2d).   

While only selected time points are shown in Fig. 2, no distinct out-of-plane diffraction 

spots (which indicate parallel alignment of micelles or a mesophase with 3D symmetry) are 

visible at any other time points.  Other studies that showed the formation of vertically oriented 

cylindrical channels by transformation of a cubic phase and merging of the pores normal to the 

film also showed diffraction spots consistent with the cubic phase prior to thermal 

treatment.52,116-117  The absence of out-of-plane diffraction spots is consistent with the hypothesis 

underlying the work of Koganti et al.84 that vertical channels simply form due to reorientation of 

the HCP phase in response to the modification of the surface of the substrate with a chemically 

neutral crosslinked P123 layer.  The o-HCP structure is the first ordered mesophase formed, and 

it emerges slowly by a disorder-order transition consistent with the TSS proposed for highly 

acidic TiO2 sols.10,95  The slow mesophase formation and long TSS may also be accentuated by 

the use of P123 as a template.121 
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Many more GISAXS patterns were collected than those shown in Fig. 2, but it is not easy 

to discern the quantitative variation in the intensity of the (100) rods by direct inspection of the 

2D patterns. Therefore, linecuts were generated by integrating the 2D patterns for qz values 

covering the Yoneda band from 0.025 to 0.03 Å-1. Figure SI1a (Supporting Information) shows 

a representative 2D GISAXS pattern along with the region of integration for the linecut shown 

using vertical lines. The resulting linecut is shown in Figure SI1b on a semilog scale.  The high 

intensity peaks at qy = ±0.0425 Å-1 are the orthogonally oriented (100) diffraction peaks.  Note 

that the beamstop was asymmetrically positioned to optimize the view at low qy values on the 

positive side of the beamstop (a gap in the CCD array was positioned to the left of the 

beamstop). 

Figure 3 shows a waterfall plot illustrating the evolution of the 1D linecut patterns on a 

log-log scale for a thin titania film on modified substrate during aging at 4 °C and ~80% RH. 

The Yoneda band includes a shoulder at low qy values whose intensity increases for the first 10 

minutes and then reaches a plateau with very little change afterwards, either in amplitude (see 

Supporting Information Figure SI2a) or position (Figure SI2b). The growth of this shoulder 

shows that there is no indication of beam damage to the sample prior to mesostructure 

development. For the first few minutes of aging, the intensity of the (100) diffraction peak is 

very low, indicating that the development of an ordered mesostructure has not begun.  After an 

induction period on the order of several minutes, (100) diffraction peaks appear symmetrically 

and grow in intensity until 25 minutes of aging.  However, after 25 min, the intensity of the peak 

decreases until the end of the 30 min initial kinetic period (see below). Throughout the kinetic 

measurement, the shape of the diffraction pattern and the position of (100) diffraction peak does 

not change significantly, indicating growth of a mesophase with constant structure. A similar 
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disorder-to-order transition was reported during the formation of vertically oriented cylindrical 

block copolymer mesophases during solvent annealing122 and thermal treatment,123 although 

detailed kinetics were not reported.  To quantify the kinetics in the present case, the integrated 

intensity of the (100) peak in the linecuts (after baseline correction) was used as a measure of the 

extent of development of the o-HCP phase with respect to time during aging.   

Figure 4a shows the evolution of o-HCP ordering in a thin film on modified substrate 

during aging at 4 °C.  The measured integrated intensity at a fixed position (13.5 mm above the 

bottom of the slide) is shown with filled circles starting from 1 minute to 75 minutes of aging. 

The trend in these detailed data is consistent with the qualitative description of Fig. 2.   The 

intensity initially is close to zero, and increases little for the first 7 minutes of aging.  The 

mesophase transformation then accelerates in accordance with a disorder-order transition, with a 

maximum rate of intensity increase at about 16 minutes, and continued slow mesostructure 

development up to 25 minutes.  The intensity then decreases somewhat for the remainder of the 

period of frequent GISAXS scanning.  This most likely is a result of accumulated radiation 

damage due to frequent exposure of the same spot on the sample to the high intensity x-ray 

beam. Note that this is the first and only indication of beam damage during sampling and 

suggests only mild deformation of the long-range order of an assembling mesostructure since 

P123 mesophases in water melt at temperatures ranging from 45 to 85 °C.124 We attribute this 

accumulated radiation damage to the kinetics / thermal effect described previously by Malfatti et 

al.125 during mesophase transitions.  Consistent with this explanation, the intensity increases 

again at later times, when the frequency of scanning decreases. This shows that the damage is 

reversible, although the extent of reversibility is limited by ongoing polycondensation of titania. 
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The increase in intensity is accompanied by a decrease in the width of the peak consistent with 

continuous mesophase nucleation and growth (see below).    

Varying the vertical positon of the sample allowed us to measure fresh parts of the 

sample that were not exposed to the x-ray beam during the earlier time series (at z = 13, 13.3, 14 

and 14.2 mm, as compared to z = 13.5 mm for the initial time series.   Note that the vertical size 

of the beam was 0.05 mm).    The patterns obtained were qualitatively the same, only differing in 

the intensity of the features, indicating that the material curing away from the beam evolves to 

the same structure as the part of the sample where the evolution was observed with the series of 

x-ray exposures at short times.   Performing similar integrations and plotting the intensities 

shows that the intensity can be smoothly interpolated between the initial part of the time-resolved 

series at small t (t< 25 minutes) and the intensity from fresh regions of the sample at later times 

(open symbols in Figure 4a).  From this study, it appears that 45 minutes is the minimum aging 

time to develop the o-HCP mesostructure close to its full extent at 4 °C.    

To understand the role of surface modification in the development of the o-HCP 

mesostructure, a GISAXS study was conducted during aging at 4 °C for a thin titania film on 

unmodified substrate. According to the hypothesized effect of the substrate surface chemistry, 

this would have been expected to give out of plane diffraction consistent with the HCP 

mesophase oriented parallel to the glass slide.  Instead, the same type of pattern developed as in 

Fig. 2, corresponding to an o-HCP mesophase.  This surprising result indicates that the 

orthogonal orientation is promoted not only by the surface modification, but also by the 

temperature and humidity of the system during aging.  Unlike prior studies in which the films 

were coated at room temperature and then transferred to a refrigerator for aging,84-85 here the 

films were coated and aged at the same low temperature.  This is significant because of the 
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temperature-dependent behavior of P123.  A comprehensive study of Pluronic surfactants 

(triblock copolymers of poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) 

(EOxPOyEOx) in water by Wanka et al.124 showed that significant thermotropic behavior occurs 

in Pluronics because of changes in the solubility of the poly(propylene oxide) (PPO) blocks.  In a 

temperature range from 15-20 °C, P123/water mixtures were reported to transition from ordered 

mesophase (at high temperature) to isotropic mixtures and from micelles to dissolved monomers 

(depending on the concentration).124  Thus, at 4 °C, the contrast in hydrophilicity between PPO 

and poly(ethylene oxide) (PEO) is reduced and the polymer may find hydrophilic surfaces to be 

"neutral".  However, the titanate species mixed with the PEO blocks still provide sufficient 

driving force for mesophase formation by increasing the Flory-Huggins interaction parameter of 

the system leading to microphase separation,126 as a result of which orthogonal alignment of the 

cylindrical micelles occurred on an unmodified substrate also.  The high relative humidity during 

aging may also contribute to the orthogonal alignment; a recent self-consistent field study by 

Fredrickson and coworkers showed that orthogonal cylinders are favored by slow evaporation 

and weak block segregation when a good solvent for both blocks is used.127  This contradicts the 

trend in many solvent-annealed block copolymer hexagonal films, but the solvent used for 

annealing usually has a strong preference for one block.128  Here, both volatile species (ethanol 

and water) are good solvents for PEO and PPO at 4 °C, so slow evaporation due to the low 

temperature and high RH are expected to favor the o-HCP phase. 

Figure 4b shows the evolution of the intensity of the (100) peak on unmodified substrate 

during aging at 4 °C at 13.5 mm above the bottom of the slide, along with the average intensity 

curve with the error bars as standard deviation.  The same procedure was followed as for the film 

on modified substrate for measurement and analysis. In the beginning, the mesostructure 
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development takes place more rapidly as compared to the film on modified glass. However, the 

values for average maximum intensity at steady state are lower than those observed for the 

modified substrate. The maximum average intensity for unmodified substrate is 0.34± 0.066 

which is half as compared to the average maximum intensity of 0.68± 0.073 for the film on a 

modified substrate. This large difference in intensity indicates that even though vertical 

alignment of cylindrical micelles occurs for unmodified substrate after aging at 4 °C, it is only 

partial; a larger amount of material with well-ordered o-HCP domains is found with glass 

modification. 

Because a contrast in orientability has been found in the past between thin films (<100 

nm) and thicker films, thick films (thickness ~ 250 nm) were also studied by GISAXS by 

preparing films with less ethanol (6 g).  According to Koganti et al.,84 for thick films, complete 

orthogonal HCP orientation is best achieved by sandwiching the films between two modified 

surfaces.  This sandwiching is thought to be necessary because the orthogonal orientation from 

one modified surface does not propagate across the entire film.  Thin films are advantageous 

because they do not need to be sandwiched between two modified surfaces in order to fully 

orient the HCP phase orthogonal to the substrate.  Figures 4c and d shows the evolution of the 

(100) Bragg rod of thick films on modified and unmodified substrates, respectively, during aging 

at 4 °C at a fixed position (13.5 mm above the bottom of the coating) along with the average 

intensity at four other positions at later times where error bars represent standard deviations 

among those four points.  For thick films, orthogonal domains were observed even without 

sandwiching them between two modified surfaces (sandwiched films were not studied here due 

to difficulty focusing the beam on a sandwiched film).  However, the average maximum intensity 

observed was significantly lower than for the thin film on modified substrate, which indicates 
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that the degree of o-HCP mesophase formation is less.  While this is surprising (again) relative to 

prior observations of the effects of film thickness,84-85 coating and aging the films at 4 °C from 

the outset may have favored the o-HCP structure due to weak segregation between PPO and PEO 

and slow evaporation of ethanol and water.127 

Evolution of the sample structure is also evident in the changing width of the diffraction 

peak. Figure 5 shows the full width at half maximum (FWHM) of the (100) peak for different 

titania films at 13.5 mm above the bottom of the coating or at a set of four other points 

(averaged).  The error bars represent the standard deviation of the FWHM of the four points 

excluding the measurement at 13.5 mm. The FWHM for the thin titania film on modified 

substrate (Fig. 5a) changes continuously during the aging process, as does the size of ordered 

domains.120  Scherer grain-size analysis can estimate the average number of layers contributing 

to the diffraction peak, N=qhkl/Δqhkl.120  When the peak first appears, N < 2, then increases to N~ 

8 as FWHM decreases over the first 25 minutes of aging.  The narrowing of the peak 

corresponds to the increase in intensity in Fig. 4a, suggesting that both nucleation and growth of 

ordered domains occurs during the first 25 minutes of aging.  After 25 minutes, the FWHM 

begins increasing as the (100) intensity decreases.  Correspondingly, N decreases, probably due 

to radiation damage, and then returns to N~8 when the scanning frequency decreases. All of the 

other titania films follow the same trends as in Fig. 4 (Figs. 5b-d). The average FWHM values 

for the films was estimated using four spots not subject to high-frequency sampling and are 

shown in Fig. 5 by unfilled diamonds.  The mean FWHM is generally smaller for the thin titania 

film on modified substrate relative to unmodified and thicker substrates, although the only 

statistically significant difference is between the thin film on modified substrate and the thick 

film on unmodified substrate. 
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Further quantitative insight into the kinetics of mesostructure development was gained by 

fitting the (100) peak intensity vs. time data to the Kolmogorov-Johnson-Mehl-Avrami (KJMA) 

model, more simply known as the Avrami equation.129-132  The Avrami equation is used to 

understand the kinetics of phase transformation when nucleation and growth give rise to a 

sigmoidal curve.  The kinetic curves shown in Fig. 4 for all films during aging at 4 °C have a 

sigmoidal form, so the KJMA equation was applied. The simplest form of the Avrami equation is 

݂ሺݐሻ ൌ 1 െ expሺെ݇ݐ௡ሻ																																																											ሺ1ሻ 

where f(t) is fraction of transformation that has happened at time t, k is the rate coefficient and n 

is the Avrami index.  This form of the Avrami equation was derived assuming that (a) nucleation 

occurs randomly and homogeneously over the entire untransformed portion of the material, (b) 

the growth rate does not depend on the extent of transformation, and (c) growth occurs at the 

same rate in all directions consistent with the dimensionality implied by the Avrami index.133 

The Avrami equation in linearized form is rewritten as: 

݈݊ ൤݈݊ ൬
1

1 െ ݂ሺݐሻ
൰൨ ൌ ln	ሺ݇ሻ ൅ ݈݊݊ሺݐሻ																																									ሺ2ሻ 

Eq. 2 allows us to determine constants n and k from by linear regression from a plot of 

ln[ln(1/(1-f(t))] vs. ln(t).  If the transformation follows the Avrami equation, the data on this plot 

should follow a single straight line for a given set of conditions.  In our case, the value of f(t) has 

been calculated by dividing the actual intensity of the (100) diffraction by the maximum average 

intensity observed.  For example, the average maximum intensity for a thin titania film on 

modified substrate (Fig. 4a) was approximately 0.68 using the value obtained at large time from 

freshly exposed regions of the sample in order to remove the effects of radiation damage late in 

the kinetics of transformation. The intensity of the diffraction peak depends on the electron 
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density contrast between the titania walls and the mesophase, which may be influenced by the 

degree of polycondensation of the mesophase. However, the polycondensation rate of the 

inorganic matrix is not expected to be significantly affected by film thickness or surface 

modification. Therefore, any effects of polycondensation on the Avrami parameters should be 

consistent between samples at a given temperature. 

Figure 6 shows the Avrami equation fit for the evolution of each of the titania films 

during aging at 4 °C.  For each sample, a straight line was observed for the filled symbols, 

indicating that the Avrami equation could be applied over this range of times.  However, the 

unfilled data points did not follow the Avrami equation.  The early data (before ~7 minutes for 

the thin film on modified substrate during aging at 4 °C) represent an induction period during 

which formation of the micelles is likely to be occurring134 (indicated by the increase in scattered 

intensity at low angles,135 Fig. SI2(a)) but not giving rise to noticeable diffraction.  Once 

sufficient radiation damage accumulated in the samples (e.g. after 25 min for thin film on 

modified substrate), a net decrease in f(t) was observed and the Avrami equation was no longer 

applied.  

Table 1 summarizes the Avrami equation parameters found for each of the titania films. 

The induction time is highest for the thin film on modified substrate (7 min) as compared to all 

other films (3 min), which indicates relatively slow mesostructure growth in this sample. This 

can also be seen from Fig. 4 where the thin film on modified substrate has a longer low-intensity 

initial period. We can clearly see from figure 6a that for thin film on modified substrate, there are 

two distinct linear regions over which the Avrami equation can be applied. The first is for aging 

times between 8 to 14 minutes and the other one from 16 to 25 minutes. The value of n in the 

Avrami equation reflects the nature of transformation and is associated with the mechanism of 
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crystal growth. An Avrami index of 3 is usually interpreted as three-dimensional growth of 

nuclei formed instantaneously or two-dimensional growth with a constant nucleation rate, 

whereas an Avrami index of 2 is interpreted as two-dimensional growth with nucleation at the 

start of the process.136-137 The value of n in Table 1 is  approximately 2 (within the estimated 

uncertainty) for the titania thin film on modified substrate until 14 minutes of aging which is 

interpreted as two-dimensional growth with nucleation at the start of the process. An Avrami 

index of value 1 might indicate one dimensional growth for later (16-25 min) aging times for 

titania thin film on modified substrate. The value of the Avrami index for the thin film on 

unmodified substrate is calculated to be 3, which indicates two-dimensional growth with a 

constant nucleation rate since the films are confined in one dimension and the o-HCP phase 

would be expected to grow laterally in the plane of the films. Thus there is a clear difference in 

mesostructure growth mechanism for thin films on modified and unmodified substrate. This may 

be because a better oriented mesophase on modified substrate requires nucleation during the 

transformation process, whereas less oriented mesophase for thin film on unmodified substrate 

grows throughout the film from randomly oriented nuclei present at the end of the micelle 

formation process. The values of the Avrami index for thicker films are estimated to be 3, 

indicating two-dimensional growth with constant nucleation rate. The rate constant k for 

different films can be calculated from the y-intercept of the Avrami fit.  Direct comparison of 

rate constants might be misleading, as they have different units. However, the kinetics of 

different films can be compared by calculating the half-life (t1/2) for different films.  In this case 

t1/2 will be defined as the time required for the mesostructured development to evolve to half of 

its final value (f(t) = 0.5 at t1/2). Half-life can be calculated from Eq. 2 as: 

	ଵ/ଶݐ ൌ 	 ൬
݈݊2
݇
൰
ଵ/௡

																																																						ሺ3ሻ 



20 
 

Table 1 summarizes half-lives for different titania films. For thin titania film on modified 

substrate, the half-life (39.7 min for parameters found during aging between 8 to 14 min and 24.7 

min for aging between 16 to 25 min) is higher than for the thin film on unmodified substrate, 

which further indicates that the transformation is slower for the thin film on modified substrate.  

The half-lives for thick films on both modified and unmodified substrates are also comparable to 

the value for thin films on unmodified substrates. However, the maximum average intensity is 

highest for the thin film on modified substrate (  ̴0.68 ± 0.073), which indicates that even though 

the evolution of orthogonal orientation is slower for thin film on modified substrate, it is the 

most complete and well-defined for these films.  In fact, hindered diffusion of micelles (or 

surfactants) in a well-oriented thin film is most likely responsible for the relatively slow kinetics 

of mesostructure development for the thin film on modified substrate.  Films which are not as 

well oriented show faster evolution of the phase, whether the cause is the thickness of the film or 

the surface chemistry.136-137 

To verify the hypothesis that orthogonal orientation is favored (even in thin films on 

unmodified substrates or thick films) by aging at 4 °C due to weak segregation between PEO and 

PPO and slow solvent evaporation, GISAXS studies were also performed at room temperature 

(23 °C).  The relative humidity in the aging chamber was in the range of 90-95% during these 

measurements.  Figure 7 shows selected 2D GISAXS patterns showing how the mesostructure 

of thin titania film on modified substrates evolves during aging at 23 °C.  Here, no evidence of 

correlated scattering is observed during the first 5 min of aging (Fig. 7a).  After 8 min of aging 

(Fig. 7b), a diffuse ring pattern appears surrounding the beam stop and scattered beam.  The 

intensity of the diffuse ring further increases and it becomes more distinct with increasing aging 

time (Fig. 7c/d).  However, unlike all of the patterns collected at 4 °C, no rods suggesting in-
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plane diffraction were observed at any point in the aging process.  Instead, the diffuse ring 

indicates that randomly oriented HCP domains form in the films, with no preferred orientation. 

 To confirm and to better understand the effects of aging temperature on mesostructure 

orientation, ex situ SEM characterization was done.  The samples used for in situ GISAXS were 

calcined at 400 °C for 10 minutes after heating at a rate of 25 °C/min.  Figures 8a and 8c show 

representative SEM images for P123-templated titania thin films aged on modified substrates 

aged at 4 °C and 23 °C, respectively.  For the film aging at 4 °C (Fig. 8a), a very well-ordered, 

accessible porous structure was observed everywhere indicating vertical alignment of the 

cylindrical micelles, which is consistent with the corresponding 2D GISAXS pattern collected 

after 30 minutes of aging  (Fig. 8b), which shows (100) diffraction peak on either sides of the 

beam stop.  When a film of the same composition deposited onto the same type of modified slide 

was aged at 23 °C (Fig. 8c), randomly oriented parallel stripes were observed everywhere at the 

top surface of the film, indicating that the cylindrical micelles were arranged parallel to the 

substrate but with no preferred in-plane orientation. To verify that the difference is not caused by 

a change in adhesion of the titania film due to removal of the organic layer during calcination, a 

low magnification plan view SEM image (Supporting Information Figure SI3) shows no cracks 

or defects in the film on modified substrate.  Also, x-cut adhesion (ASTM standard D3359) 

ratings of 4A (out of 5) were measured for films with and without the crosslinked P123 layer, 

revealing no difference in adhesion.  From the 2D GISAXS pattern collected after 30 min of 

aging (Fig. 8d), it is clear that the overall mesostructure during aging at 23 °C has random 

orientation throughout the film, but with some degree of parallel orientation near the film surface 

(Fig. 8c).   This suggests that there may be a gradient in the mean orientation of the micelle 

domains, with domains near the surface aligned parallel to the substrate, domains near the thin 
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film/substrate interface oriented orthogonal to the substrate, and domains in the interior of the 

thin film randomly oriented, combining so that overall a powder diffraction ring is obtained due 

to the range of orientations of the HCP domains.  

In order to test this hypothesis, SEM images were collected of the base of the films (at the 

film / substrate interface). To do this, one side of a glass slide was covered with masking tape 

after cleaning. Both sides were coated with the crosslinking P123 solution and cured, and then 

both sides were coated with titania sol and aged for 2 h in the refrigerator (4 °C) or at room 

temperature (23 °C). Before calcining as usual, the tape from one side was peeled off and 

remounted upside down on another glass slide. The tape was completely removed during 

calcination, thus allowing the underside of the coating to be visualized. The plan view SEM 

images (Figure SI4) show that for the film aging at 23 °C (Fig. SI4a), the mesostructure at the 

underside of the film consists of poorly ordered accessible pores consistent with local orthogonal 

orientation.  In contrast, the film aged at 4 °C (Fig. SI4b) exhibits ordered, accessible mesopores 

indicating orthogonal orientation throughout the film. This additional SEM characterization is 

consistent with random average orientation of the HCP mesophase throughout films aged at 23 

°C, but domains predominantly parallel to the film/vapor interface and orthogonal to the 

film/substrate interface.  This type of mixed orientation has been predicted in mesoscopic 

simulations of surfactants confined between flat surfaces with significantly dissimilar 

interactions with the mesophase components.138 

As suggested above, the reason for the difference in orthogonally oriented domains for 

films aged at 4 °C and 23 °C might have to do with the temperature dependence of hydrophobic 

behavior of the PPO block of the surfactant P123.  Since Wanka et al.124 showed that significant 

thermotropic behavior occurs in Pluronics because of changes in the hydrophilicity of the PPO 
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blocks at around 15-20 °C, for films aged at 4 °C, the "contrast" between hydrophobic PPO and 

hydrophilic PEO is expected to be small and the polymer may find hydrophilic surfaces to be 

"neutral".  This would be expected to promote orthogonal alignment of the mesophase during 

low temperature aging.  On the other hand, at 23 °C, PPO becomes hydrophobic and the usual 

contrast mechanisms return.  A study of Pluronic F127 [EO106PO70EO106] in water by FTIR 

agrees with the conclusion that there is a hydrophilic/hydrophobic transition of PPO somewhere 

near 20 °C139.  

To quantify the evolution of thin titania film on modified substrate during aging at 23 °C, 

the intensity was integrated along the polar coordinate in the detector plane, φ, for 30° < φ < 40°  

and over the range of total q from 0-0.1 Å-1. Figure 9a shows evolution of the integrated 

intensity of the diffraction peak vs. time for thin titania film on modified substrate during aging 

at 23 °C at 13.5 mm above the bottom of the coating or at a set of four other points (averaged).  

The error bars represent the standard deviation of the intensity of the four points. The intensity 

changes slowly for the first five minutes, and then increases almost linearly until 15 min of 

aging. The average intensity of the spots not exposed to repeated x-ray doses is just slightly 

higher than the intensity at 13.5 mm and the difference is not significant. Figure 9b shows the fit 

of the Avrami equation to the (100) peak intensity data for the thin titania film on modified 

substrate during aging at 23 °C. A good fit was found for the filled data points, but the unfilled 

data points did not follow the Avrami equation. The early data (before ~2 minutes ) represent an 

induction period during which formation of the micelles is likely to be occurring but not giving 

rise to noticeable diffracted intensity.  The rate constant k for thin titania film on modified 

substrate at 23 °C is 0.00388 min-2. The value of Avrami Index n is 2.0 at 23 °C, which is 

interpreted as two-dimensional growth with nucleation at the start of the process.136-137 Thus 
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there is no clear difference in mesostructure growth mechanism for thin films on modified 

substrates at different aging temperatures.  Also, there is no significant difference in the d-

spacing for different aging conditions, suggesting that the primary effects of temperature are to 

change the rate and degree of orientation of the structure. The half-life t1/2 calculated from 

equation 3 for aging at 23 °C comes out to be 13.3 min, which is less than that calculated for thin 

titania film on modified substrate during aging at 4 °C. This result further indicates that 

randomly oriented structure allows faster evolution of the mesophase. 

The observations made here both confirm the hypothesis that o-HCP films are formed 

directly by a disorder-order transition for P123-templated films cast onto P123-modified glass 

slides, and suggest unexpectedly important roles of the environment of the film on the formation 

of the orthogonally aligned phase.  These observations are consistent with modification of the 

film inducing orthogonal alignment at the substrate/film interface.  However, the results also are 

consistent with orthogonal alignment at the vapor/film interface when the films are aged at 4 °C, 

and parallel alignment when the films are aged at 23 °C.  This leads to the strongest orthogonal 

alignment when both factors are combined and the films are thin (thin films on modified 

substrates aged at 4 °C) and random orientation consistent with parallel HCP at the top / 

orthogonal HCP at the bottom when thin films on modified surfaces are aged at 23 °C.  When we 

compare these results to prior results where the films started aging for a few minutes at 23 °C 

before being placed in a 4 °C environment, it seems that some degree of parallel micelle 

alignment may have begun before the films were placed in the refrigerator, which led to a mixed 

orientation for films on plain glass and fully orthogonal alignment for films on modified 

substrates.  The long TSS observed in the present study helps to explain why orthogonal HCP 
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mesostructures could be obtained by aging at 4 °C shortly after film formation, with sandwiching 

of thick films to help reorient random domains that may have started to form initially. 

Conclusions	

The development of mesostructure and orientation during low temperature aging at 4 °C 

under high humidity in surfactant-templated titania films was investigated using in situ GISAXS.  

Modification of glass slides with crosslinked template (Pluronic surfactant P123) was used to 

control surface chemistry to enhance orthogonal orientation of the hexagonal close packed 

(HCP) mesophase.  For a thin (~60 nm) titania film on modified substrate, orthogonally oriented 

HCP cylindrical micelles start developing after a 7 minute induction period and the intensity 

evolution followed Avrami kinetics with an index of 2, most likely indicating a mechanism of 

two dimensional growth of the o-HCP mesophase with  nucleation at the start of the process.  At 

the end of the aging period, intense vertical rods due to scattering in the film were observed on 

both sides of the beam stop, indicating that only the o-HCP phase forms.  Unlike prior GISAXS 

studies based on small molecule surfactant templates,52,116-117 no intermediate phase was 

observed during the development of the o-HCP cylindrical micelles; it formed directly by a 

disorder-order transition.  This observation is consistent with the expected effect of modifying 

the surface to give an interface equally attractive towards the PEO and PPO blocks of the 

template, and therefore to reorient the HCP phase orthogonal to the solid substrate. The half-life 

for o-HCP development in this film after the induction period was about 39.7 min, and led to a 

well-ordered mesostructure within an hour. Although radiation damage interfered with the 

GISAXS intensity observed during repeated sampling of a single spot, the intensity recovered 

when the sampling frequency decreased and was found to be increased in regions of low 

sampling frequency.  
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Similar in situ GISAXS experiments at 4 °C were performed for three additional samples: 

thin films on unmodified slides and thicker films (~250 nm) on both modified and unmodified 

slides. Using plain glass and thicker films were both anticipated to reduce the degree of 

orthogonal orientation of the HCP phase. Surprisingly, only the o-HCP phase was observed in 

the GISAXS patterns of all of these samples.  No evidence for HCP domains oriented parallel to 

the substrate or randomly could be found, although the ultimate intensity of these three samples 

was less than for the thin film on modified substrate (for example, the intensity was about half 

for the thin film on unmodified substrate than for the modified substrate). The finding of only an 

o-HCP GISAXS pattern contradicted prior studies which showed randomly oriented HCP 

patterns for thin films on unmodified substrates84 or thick films without sandwiching with a 

second modified slide.85 This was attributed to the low temperature and high relative humidity 

used from the start of the coating process (in prior studies, films were cast at room temperature 

and moderate RH prior to being transferred to a refrigerated high RH box for aging).  The low 

temperature (4 °C) is below the temperature where PPO blocks have been shown in previous 

studies to exhibit a thermotropic shift from hydrophobic (high temperature) behavior to 

hydrophilic. Also, by analogy with solvent annealing mechanisms of orthogonally orienting HCP 

block copolymer phases,127,133 the high RH may contribute to an orthogonal orientation at the 

film/vapor interface. For all three samples at 4 °C, a similar Avrami coefficient was found (n ~ 

3) indicating two-dimensional growth with constant nucleation rate. Thus there is a clear 

difference in crystal growth mechanism for thin film on modified substrate and other films. Also 

the induction period was reduced to ~3 min with increased rate of the mesostructure evolution. 

Also the half-life for thin film on modified substrate is higher than other three films indicating 
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better orthogonal structure develops slowly.  To confirm the temperature effect, aging a thin film 

sample on a modified substrate at 23 °C was found to lead to randomly oriented HCP channels.   

The results obtained here suggest that the most well-defined orthogonally aligned HCP 

mesophase is obtained by a direct disorder-to-order transition during the transient steady state 

period after the coating has been deposited.  However, the results indicate that aging at low 

temperature (4 °C) at high RH also contributes substantially to orthogonal orientation of the HCP 

phase, and that while the order and orientation may not be as complete, these conditions alone 

can induce partial o-HCP formation for thin films on unmodified slides or thick films.  Thus, a 

temperature below the thermotropic transition temperature of the block copolymer template and 

a high relative humidity are suggested to be essential to forming orthogonally oriented block 

copolymer template films, while modifying the substrate for chemical neutrality towards the 

templating surfactant gives more complete orthogonal orientation across the entirety of the film.  
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Figure 1. Scattering geometry for in situ dip coating GISAXS measurements.   For each 
experiment, a vertically oriented sample slide is raised from a resevoir at a controlled rate.   X-
rays are incident on the sample at an angle αi and specularly reflected at angle αf in the horizontal 
plane, normal to the plane of the sample.   The projection of the scattering angle onto the vertical 
plane is 2θ, and the wave-vector transfer components qz and qy are perpendicular and parallel to 
the sample plane, respectively. 
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Figure 2. 2D GISAXS patterns showing the evolution of mesostructure for thin (~60 nm thick) 
titania film on modified substrate after aging at 4 °C and ~80% RH for a) 10 min b) 15 min c) 20 
min and d) 75 min after coating. 
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Figure 3. Waterfall plot showing the evolution of the mesostructure for thin titania film on 
modified substrate during aging 4 °C for the first 30 minutes. The plots were generated by 
integrating slices from the 2D GISAXS patterns for qz values from 0.025 to 0.03 Å-1. 
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Figure 4. Evolution of the integrated intensities of the (100) peak of the o-HCP structure vs. time 
for (a) thin titania film on modified substrate, (b) thin titania film on unmodified substrate, (c) 
thick titania film on modified substrate, and (d) thick titania film on unmodified substrate during 
aging at 4 °C at 13.5 mm above the bottom of the coating or at a set of four other points 
(averaged).  The error bars represent the standard deviation of the intensity of the four points 
excluding the measurement at 13.5 mm.    
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Figure 5. FWHM (full width at half maximum) for (a) thin titania film on modified substrate, (b) 
thin titania film on unmodified substrate, (c) thick titania film on modified substrate, and (d) 
thick titania film on unmodified substrate at 13.5 mm above the bottom of the coating or at a set 
of four other points (averaged).  The error bars represent the standard deviation of the FWHM of 
the four points excluding the measurement at 13.5 mm.    
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Figure 6. The linearized Avrami equation fit to data for (a) thin titania film on modified 
substrate, (b) thin titania film on unmodified substrate, (c) thick titania film on modified 
substrate, and (d) thick titania film on unmodified substrate during aging at 4 °C.  The filled 
symbols were fit and the open symbols were not, either because they were measured during the 
induction period (for early data) or because they were measured after significant radiation 
damage was observed (for late data). 
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Figure 7. Selected representative 2D GISAXS patterns collected during the aging of a thin P123-
templated titania film on a modified substrate during aging at 23 °C for aging times of (a) 5 min, 
(b) 8 min, (c) 10 min and (d) 15 min. 
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Figure 8. Top view SEM images of thin titania films on modified substrate aged at (a) 4 °C and 
(c) 23 °C after calcination at 400 °C for 10 minutes using a ramp rate of 25 °C/min; and GISAXS 
patterns after 30 minutes of aging at (b) 4 °C or (d) 23° C. 
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Figure 9. (a) Evolution of the integrated intensity of the diffraction peak vs. time for thin titania 
film on modified substrate during aging at 23 °C at a point 13.5 mm above the bottom of the 
coating or at a set of four other points (averaged).  The error bars represent the standard deviation 
of the intensity of the four points excluding the measurement at 13.5 mm. (b) The linearized 
Avrami equation fit to data for thin film on modified substrate during aging at 23 °C.  The filled 
symbols were fit and the open symbols were not, because they were measured during the 
induction period (Induction period = 2 min, Avrami parameters, n = 2.0, k = 0.00388 min-2). 
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Table 1. Parameters found by fitting the Avrami equation to each of the films aged at 4 °C and 
high relative humidity. 

Sample 
Maximum 

Average Intensity 
(A.U.) 

Induction  
Time 
(min) 

n 

 

k 

(min-n) 

 

Half Life  
( min) 

Thin film on modified substrate 0.68± 0.073 7 2.07 ± 0.22 

0.97 ± 0.05 

0.00044 

0.028 

39.7 

24.7 

Thin film on unmodified substrate 0.34± 0.066 3 3.08 ± 0.11 0.00017 14.8 

Thick film on modified substrate 0.32± 0.038 2 3.33 ± 0.32 0.00038 9.5 

Thick film on unmodified substrate 0.40± 0.030 3 3.63 ± 0.30 0.000075 12.3 
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Figure SI1. (a) Representative 2D GISAXS pattern with the region used for linecuts shown by 
vertical white lines, and (b) the corresponding 1D linecut derived by integrating along the qz 
direction from 0.025-0.03 Å-1.  

 

 

 

 

 

 

 



 

 

  

 

Figure SI2. (a) Evolution of the integrated intensities of the shoulder region near the beamstop, 
qy,min <  qy < qy,max, for the thin titania film on modified substrate during aging at 4 °C at 13.5 
mm above the bottom of the slide and (b) position of the maximum in the shoulder (qy,max) as a 
function of aging time 

 

 

 

 

 

 

 

 

 

 



 

 

Figure SI3. Low magnification (350× magnification) SEM image of a thin titania film on 
modified substrate aged at 4 °C after calcination at 400 °C for 10 minutes using a ramp rate of 25 
°C/min.  No cracks or defects can be seen, indicating that the adhesion of the titania film is not 
affected by the removal of the crosslinked P123 layer during calcination. 

 

  



 

 

 

Figure SI4.  Plan view SEM images of thin titania films at the film/substrate interface for films 
cast onto modified substrates, aged at (a) 23 °C and (b) 4 °C and calcined at 400 °C for 10 
minutes using a ramp rate of 25 °C/min.  These images were obtained by placing a piece of 
masking tape onto one side of the glass slide prior to processing and then peeling off the tape, 
flipping it and remounting on a new glass slide.  Removal of the masking tape during calcination 
revealed the structure shown here. 

 


