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Abstract

The preparation of mesoporous/macroporous silica materials and polarity gradient thin
film are introduced in this thesis. These porous silica materials and gradient materials have the
potential applications as stationary phases for chemical separations, as materials for
combinatorial catalysis and as absorbent/adsorbent layers for use in chemical or biological
sensors. Single molecule spectroscopy is used to probe the chemical interaction between single
dye molecule and porous silica matrix. Bulk fluorescence spectroscopy is used to investigate
the properties of gradient film.

In Chapter one, the applications of single molecule spectroscopic methods to sol-gel
silica materials are reviewed, which covers a subset of the recent literature in this area and
provided salient examples of the new information that can be obtained by single molecule
studies.

In Chapter two, both the sample preparation and experiment setup are covered.

In Chapter three, the preparation of mesoporous silica film is presented. Single molecule
spectroscopy is used to probe the mass transport and molecule-matrix interactions in
mesoporous thin-film systems. Three different dyes of varying size, charge, and hydrophilicity
are used. Silica films with/without surfactant or containing different kind surfactant are studied.
The results provide new information on mass transport through the films, evidence of reversible
surface adsorption, and quantitative information on variations in these phenomena with film
hydration.

In Chapter four, a new model describing how to explore the actual dye concentration in
single molecule experiment with considering the molecule orientation is presented, which is

verified to be correct by both experimental and simulated data.



In Chapter five, the growth process of Methylsilsesquioxane (MSQ) particle is studied by
single molecule spectroscopy, in which, the MSQ particle is treated as “native” dye molecule.

In Chapter six, silica films incorporating polarity gradients are produced by using
“infusion-withdrawal dip-coating” method. The gradient film is characterized by bulk
fluorescence spectroscopy, water contact angle and FTIR.

In Chapter seven, a brief conclusion is drawn and future directions are presented.
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Abstract

The preparation of mesoporous/macroporous silica materials and polarity gradient thin
film are introduced in this thesis. These porous silica materials and gradient materials have the
potential applications as stationary phases for chemical separations, as materials for
combinatorial catalysis and as absorbent/adsorbent layers for use in chemical or biological
sensors. Single molecule spectroscopy is used to probe the chemical interaction between single
dye molecule and porous silica matrix. Bulk fluorescence spectroscopy is used to investigate
the properties of gradient film.

In Chapter one, the applications of single molecule spectroscopic methods to sol-gel
silica materials are reviewed, which covers a subset of the recent literature in this area and
provided salient examples of the new information that can be obtained by single molecule
studies.

In Chapter two, both the sample preparation and experiment setup are covered.

In Chapter three, the preparation of mesoporous silica film is presented. Single molecule
spectroscopy is used to probe the mass transport and molecule-matrix interactions in
mesoporous thin-film systems. Three different dyes of varying size, charge, and hydrophilicity
are used. Silica films with/without surfactant or containing different kind surfactant are studied.
The results provide new information on mass transport through the films, evidence of reversible
surface adsorption, and quantitative information on variations in these phenomena with film

hydration.



In Chapter four, a new model describing how to explore the actual dye concentration in
single molecule experiment with considering the molecule orientation is presented, which is
verified to be correct by both experimental and simulated data.

In Chapter five, the growth process of Methylsilsesquioxane (MSQ) particle is studied by
single molecule spectroscopy, in which, the MSQ particle is treated as “native” dye molecule.

In Chapter six, silica films incorporating polarity gradients are produced by using
“infusion-withdrawal dip-coating” method. The gradient film 1is characterized by bulk
fluorescence spectroscopy, water contact angle and FTIR.

In Chapter seven, a brief conclusion is drawn and future directions are presented.
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1.1 Introduction

Sol-gel-derived materials find numerous applications in a variety of fields, having been
. . 1-3 45 . .68 - 9,10
used in chemical sensors, ~ catalysts,” separations media, = ion-exchange coatings,

. .11 . . . 12,1
nonlinear optics'' and solid state electrochemical devices.'*"

Key advantages of the sol-gel
process are its economy and the relative simplicity of materials preparation and modification.
Typically, silica materials are prepared via acid- or base-catalyzed hydrolysis and condensation

of alkoxysilanes such as tetramethoxysilane (TMOS)'*"

in homogeneous mixtures of alcohol
and water. The mild polymerization conditions (the reaction is often run at room temperature)
make it possible to encapsulate many different reagents (enzymes, receptors, catalysts, dyes,

1-3,16-19
cells etc.) ™

within the silica matrix while retaining these reagents’ desired functional
characteristics after gelation.

Silica materials can also be prepared, in whole or in part, from organoalkoxysilanes,
which can act as network modifiers.””*” The resulting materials have been termed organically
modified silicas (ORMOSILs).** The preparation of ORMOSILs allows for further control over

the physical properties and chemical composition of the final materials.?***>*

Sol-gel-
prepared silica materials can also be modified by reaction with organosilanes, using well-known
post-synthesis procedures.*®

While relatively simple to make, sol-gel materials are microscopically complex and thus
require sophisticated tools to unravel this complexity. To date, many different methods have
been used to follow the hydrolysis and condensation processes in sols prepared from both
alkoxy- and organoalkoxysilanes, and to study the physical and chemical properties of the

resulting gels.'* The vast majority of these can be classified as bulk techniques. They include

NMR.,” X-ray scattering,”® gas adsorption,”’ Raman® and FTIR* spectroscopies,
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electrochemical methods,”®** UV-vis absorption and fluorescence spectroscopies.
Such bulk studies have provided many useful insights into the average chemical and physical
properties of sol-gel materials. However, almost all such materials are heterogeneous, exhibiting
variations on nanometer (and longer) length scales in terms of their acidity, polarity, porosity,
surface charge and other properties. Importantly, such variations may not be random, leading to
certain classes of heterogeneity (i.e. due to phase separation, domain formation, etc.) that may be
masked, overlooked or otherwise misinterpreted when observed by bulk methods alone.

A number of research groups have recently begun to use single molecule spectroscopic
methods as a means to better understand the impacts of nanoscale heterogeneity on the properties
of sol-gel-derived silica materials. Single molecule fluorescence experiments probe many of the
same phenomena probed by bulk methods, while also providing detailed new information about
individual nanoscale environments and materials microheterogeneity.***>~*** In such studies, the
silica materials are investigated by doping them with very low (i.e. nanomolar) concentrations of
fluorescent dyes. The dye molecules are then spatially isolated from each other using sample
scanning, beam scanning, or wide-field optical microscopy methods and their emission
characteristics probed.*’ Since individual molecules and/or individual nanoscale environments
are interrogated one at a time in single molecule experiments, detailed new information on the
variations in materials properties is obtained. By judicious choice of the probe molecule,
materials properties such as surface charge, surface silanol density, matrix polarity and matrix
acidity can be investigated. By recording the translational or rotational motions of charged or
neutral dyes of different sizes, molecular mobility within these materials can also be explored.

This chapter is focused specifically on the use of single molecule fluorescence

microscopy and spectroscopy as means to probe sol-gel-derived silica materials. The purpose is



to provide representative examples of the experiments that have been performed to date and the
important new knowledge that has been gained. Pioneering studies of similar materials prepared
by other methods are not included.**® This chapter begins with a discussion of the sol-gel
process. The majority of the discussion is then devoted to reviewing studies of molecule-matrix
interactions, molecular mobility and other silica materials properties by single molecule methods.

It concludes with a brief discussion of challenges and future directions.

1.2. Materials Synthesis

1.2.1 The Sol-gel Process
Scheme 1.1 depicts a representative view of some of the processes that occur during the

acid-catalyzed hydrolysis and condensation of TMOS.'*"?

Si(OMe)+H0+H HYdrolysis o g3 OMe)s.a(OH)w+ n MeOH

2 Si(OMe)an(OH), SONdensatony oy (OMe)inSi-O-Si(OMe)in(OH)unt + Ha0

Scheme 1.1. Salient processes involved in the acid-catalyzed hydrolysis and condensation of TMOS.

Hydrolysis and condensation of the precursor begins immediately after preparation of the
sol. As hydrolysis and condensation proceed, a rigid silica matrix, the gel, is formed. The final
structure, morphology and porosity of the gel are highly dependent upon the ratio of precursor
silane to water, the nature (acid or base) and concentration of the catalyst, and how the materials
are processed and dried.'*">*" 1In acid-catalyzed processes, the precursors tend to form highly
crosslinked networks of relatively low porosity, while in base-catalyzed preparations, colloidal

particles are produced that subsequently aggregate and react to give xerogels (dried gels) that



have greater interstitial porosity.'* Two-step acid-base procedures have also been developed to

take advantage of the benefits of both methods.*

1.2.2 Organically Modified Silicas (ORMOSIL)
ORMOSILs*#**%" are typically prepared via the cohydrolysis and condensation of the

alkoxysilanes (such as TMOS) with organoalkoxysilanes. In this chapter, the focus is entirely on
these so-called Type II ORMOSILs.> Typical precursors are represented as R’-Si(OR)s, where
R is typically methyl or ethyl and R’ can be virtually any organic group, including methyl, ethyl,
phenyl and acid- or amine-terminated substituents. Use of these precursors allows for control
over the degree of crosslinking in the gel, and the reactivity, polarity, surface charge, acid/base
properties, etc. of the pores found within. A distinct advantage of ORMOSIL methods is that the
organic functional groups are covalently attached to and dispersed throughout the silicate
framework. Covalent attachment of organic substituents to the external and internal (pore)
surfaces can also be accomplished after synthesis by further reaction with species such as
organically modified chlorosilanes.”® ORMOSILs have recently been shown to be useful in the

preparation of superhydrophobic materials,® and as platforms for biomolecule immobilization.'”

3,17

1.2.3 Surfactant Templated Mesoporous Materials

Mesoporous silica materials that contain pores of controlled size and organization can
also be prepared by the sol-gel process by utilizing surfactants as “site-directing agents.””"!
Lamellar, cubic or hexagonal ordering of ~ 2-50 nm sized pores/channels within the resulting gel

can be achieved.”> Pore size and organization are determined by the chemical structure and

concentration of the specific surfactants employed.™



Surfactant-containing mesoporous silica can be used and/or characterized without further
modification, with the surfactant phase providing hydrophobic channels that facilitate transport
of some molecules and strongly adsorb others.”>’ More commonly, they are calcined or
Soxhlet-extracted to remove the surfactant, leading to formation of purely inorganic mesoporous
silica. Removal of the surfactant may lead to pore collapse and an increase in materials
disorder.’> The surfaces of mesoporous silicas can also be further derivatized with organic

. . . . . 28
functional groups in-situ or ex-situ to control pore surface properties.

1.2.4 Silica Monoliths and Thin Films

Sol-gel derived silica materials may be prepared as monoliths (bulk gels) or thin films.
Monoliths are prepared by pouring the sol into a macroscopic vessel. Upon gelation a porous,
solvent-filled gel is produced that is the same size and shape as the vessel. Upon drying, a
xerogel is formed.*” Thin films are commonly prepared on planar substrates by aerosol
methods,”® spin coating,”’dip coating,””® or electrochemical deposition,> and are typically less
than 1 pm thick.*’” Silica thin films are often significantly less porous than corresponding
monoliths because gelation and evaporation in films occur simultaneously in a very short period
of time (seconds).?’ In monolith formation these processes take place over a substantially longer
period (days to weeks).*” The thin film configuration is most often used in sensing applications
because of the short path length for diffusion.*” Although exceptions exist,’' the vast majority of
single molecule studies have been performed on silica films, and such films will be the primary

focus of the discussion below.

1.3. Single Molecule Studies of Sol-gel-derived Materials

Single molecule studies of sol-gel-derived materials provide distinct advantages over

similar bulk investigations in that they allow for materials heterogeneity to be directly probed



and individual chemical events and molecular-scale environments (including rare ones) to be
observed and characterized. Taken together, the range of ongoing bulk and single molecule
studies promises a more complete, in-depth understanding of molecule-matrix interactions, mass

transport phenomena and matrix polarity, acidity and porosity properties of silica materials.

1.3.1 Single Molecule Spectroscopic and Microscopic Methods

Single molecule fluorescence experiments are most commonly performed by sample-
scanning or beam-scanning confocal microscopy or by wide-field imaging methods.****®' To
detect single molecules, the molecules must be spatially isolated from each other, although early
work relied on spectral isolation.®*® To achieve spatial isolation, the samples to be investigated
are doped to very low dye concentrations (i.e., 0.01~1nM). An ultra small detection volume (~1
fL) is then attained by using a high numerical aperture microscope objective for illumination of
the sample and collection of the resulting fluorescence. The combination of low dye
concentration and small detection volume makes it possible to detect the fluorescence from one
molecule at a time. The use of thin silica films also facilitates single molecule detection by
further restricting the volume probed.** Out-of-focus background due to light scattering by the
sample or emission from molecules at different sample depths is virtually eliminated with thin
films. Background reduction in this case can easily exceed that afforded by confocal detection
methods for thicker samples.*’

In a typical single molecule experiment, the individual molecules are first located by
recording a fluorescence image of a portion (a few hundred square micrometers) of the sample.
The single molecules frequently appear in such images as bright round fluorescent spots of

diffraction-limited size and comprising Gaussian intensity profiles. In sample-scanning

experiments, these spots (single molecules) are subsequently positioned one at a time in the



detection volume of the microscope and their time-resolved and/or spectrally-resolved emission
characteristics are recorded. In wide-field experiments, repeated images of the same area are
recorded to follow the motions of the individual molecules in time and space. Both confocal and
wide-field experiments can also be performed with spectral and polarization selectivity to
monitor energy transfer between molecules (i.e. as in fluorescence resonance energy transfer
experiments)®® and orientational motions of the individual molecules, respectively. ®%¢7

Single molecule experiments require selection of appropriate dye molecules. The dye
molecules to be employed must have large excitation cross-sections (~ 3x10™'® cm? or larger) and
high fluorescence quantum yields (~ 20% or larger). They must also be relatively photostable
(i.e. capable of surviving millions of excitation/emission cycles). Finally, to serve as probes of
materials properties, they must exhibit some sensitivity to the property of interest (i.e. pH,
polarity, ionic interactions, pore size, etc.). Figure 1.1 depicts the chemical structures of

representative dyes that have been used in single molecule studies of sol-gel-derived silica

materials to date.
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Figure 1.1. Chemical structures of dye molecules commonly used to probe silica materials.

1.3.2 Noncovalent Molecule-Matrix Interactions

Interactions between dopant molecules and the silica matrix are of relevance to a number
of potential applications, including those in chemical sensing, separations and catalysis.' ™%
Such interactions impede the diffusion of molecules through the matrix, slowing reaction rates
and lengthening sensor response times. Generally, there are four possible types of noncovalent
interactions that can occur between dopants and the silica matrix. These include ionic
interactions, hydrogen bonding, hydrophobic interactions, and physical confinement (i.e. steric

effects).!”

Ionic interactions readily occur between cationic species and anionic sites (i.e.,
deprotonated silanols, Si-O”) on the silica surface, but they may also occur between dopants and
other charged sites in ORMOSILs and surfactant-templated materials. Hydrogen bonding

interactions can also occur between dopants and surface silanol (Si-OH) groups and similar

functional groups in ORMOSILs.>>** Hydrophobic interactions occur between nonpolar surface



sites and nonpolar functional groups on dopant molecules and are of greatest importance in
ORMOSILs and surfactant-containing mesoporous systems. Physical confinement becomes
important when the pore size in a particular sample is similar to the size of the probe molecule.
All of these forms of noncovalent interactions may lead to irreversible or periodic molecular
adsorption or entrapment events or to partitioning of dopants into different sample regions.

A number of bulk spectroscopic methods have been employed to better understand
molecule/matrix interactions in sol-gel materials. Included are electrochemical

17,35,36

methods,FTIR,** fluorescence spectroscopy and anisotropy,”””' and NMR.”*” In many

such studies, molecule/matrix interactions have been invoked to explain certain observations.

For example, in electrochemical studies by the Collinson group,”>”’®"’

they noted that the
apparent diffusion coefficients of redox molecules entrapped in silica or ORMOSIL monoliths
was strongly dependent on the charge and the presence of hydrogen-bonding groups on the probe
molecule. They postulated that specific molecule/matrix interactions influenced molecular
diffusion. However, such interactions could not be directly observed from the electrochemistry
alone. Single molecule methods provide the ability to directly observe such interactions and
distinguish their contributions from those of slow diffusion due to increased local viscosity.

Importantly, single molecule studies are also well suited to characterization of thin films, which

are often technologically more useful, especially in sensing applications.

1.3.2.1. lonic Interactions.

Molecule-matrix interactions that are ionic in nature have been probed at the single
molecule level by monitoring either the rotational or translational mobilities of fluorescent dyes.
For example, the Yip group®®’® has employed several different dye molecules carrying different

charges (neutral, positive, negative) to probe such interactions in acid-catalyzed TEOS-derived

10



silica thin films. In one of their studies,® positively charge rhodamine 6G (R6G, Figure 1.1) and
negatively charge oregon green 514 (ORG, Figure 1.1) were selected as molecular probes. These
molecules were doped into silica films at nanomolar concentrations and the individual molecules
were subsequently located by confocal fluorescence microscopy. The polarization of the
fluorescence emitted by each molecule (specifically its emission dichroism) was then analyzed
and used to assess the degree of rotational mobility exhibited by each molecule. Those that
exhibited a time-invariant nonzero dichroism were classified as being rotationally immobile (i.e.
“fixed”), while those that gave zero dichroism were concluded to be mobile (i.e. “tumbling”).
Finally, those that showed distinguishable time-dependent changes in dichroism were classified
as being of intermediate orientational mobility.

As reported, a 7-fold increase in the population of freely tumbling ORG molecules
(14%), relative to R6G (2%) was found. The fewer tumbling R6G molecules were attributed to
ionic interactions between the cationic dye and the anionic silica surface. The increased
tumbling of anionic ORG was ascribed to repulsive interactions with the matrix. However, the
relatively small populations of tumbling ORG and R6G molecules, and the relatively minor
changes in mobility brought about by exposure of the matrix to water and pH 7 buffer, were
taken as evidence that physical entrapment and hydrogen bonding also play major roles in
governing mobility in this system.

Ionic interactions with the silica framework and entrapped surfactants have also been
explored by monitoring the translational diffusion of single molecules. The Higgins and
Collinson groups have recently used single molecule methods to probe such interactions in
surfactant (cetyltrimethylammonium bromide, CTAB)-containing mesoporous films.”>”” In one

such study, cationic, anionic and neutral dyes were employed to probe molecular mobility under
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both dry and hydrated film conditions.”” Dye diffusion was initially explored by fluorescence
imaging in a sample-scanning confocal microscope. The images obtained provided evidence of
the relative strengths of molecule-matrix interactions in each case. Those that interacted strongly
with the matrix yielded fixed, round fluorescent spots having Gaussian intensity profiles, while
mobile molecules produced fluorescent streaks in the images.

Individual sample regions were subsequently positioned within the focal volume of the
microscope and single-point fluorescence time transients recorded. Observation of constant
fluorescence signals, followed by clear bleaching events were attributed to entrapment of
molecules at fixed sites, due to strong molecule-matrix interactions.”’ In contrast, molecules that
exhibited a high degree of mobility produced transients comprised of repeated fluorescence
bursts, with little or no evidence of bleaching. However, even mobile molecules produced
evidence of reversible molecule-matrix interactions via the occasional appearance of events in
which the signal remained constant (and above background) for time periods too long to be
explained by diffusion.”"*® Such events were ascribed to reversible molecular adsorption, and are
typically masked in bulk studies of molecular mobility.*°

In these studies of CTAB-containing materials, an uncharged dye, Nile Red (NR, Figure
1.1), was observed to be mobile under all conditions, while an anionic dye, a sulfonated perylene
diimide (SPDI, Figure 1.1), was found to be immobile.”” The latter observation was attributed to
strong ionic interactions between the dye and cationic surfactant. Evidence for strong
interactions between the cationic dye 1,1°-dihexadecyl-3,3,3’,3’-tetramethylindocarbocyanine
perchlorate (Dil, Figure 1.1) and an anionic surfactant, sodium dodecyl sulfate (SDS), was also

obtained. In contrast, SPDI and Dil were found to interact less strongly with SDS and CTAB,
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respectively.  These results clearly demonstrate the importance of ionic molecule-matrix

interactions in these films.

1.3.2.2 Hydrogen Bonding.

Hydrogen bond formation between the matrix and dopant molecules is also reflected in
the data described above from the Higgins and Collinson groups.”® Such interactions are best
depicted in the single point fluorescence time transients obtained from mesoporous materials
doped with NR. The silica surface in these materials is expected to be covered with silanol
groups, to which NR can hydrogen bond via its quinonal oxygen.” The appearance of bursts of
constant fluorescence in the transients that were too long to be explained by diffusion alone were
taken as strong evidence of reversible hydrogen bonding of NR to fixed matrix sites. Further
analysis of the time transient data® provided a means to measure the distribution of adsorption

times, as is discussed below.

1.3.2.3 Hydrophobic Effects.
To our knowledge, hydrophobic interactions have not yet been clearly linked to

distinguishable surface adsorption events in single molecule studies of sol-gel systems, perhaps
because of the very weak nature of these interactions. Hydrophobic effects have, however, been
linked to partitioning and solubility-related phenomena in organically modified materials,
leading to enhanced mobility of some dye molecules. For example, the relatively facile diffusion
of NR through “dry” CTAB- and SDS-containing mesoporous silica films observed by the
Higgins and Collinson groups was attributed to partitioning of the dye molecules into
hydrophobic film regions.”’ The surfactants in these materials likely act as a solvent phase that

facilitates NR mobility.
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1.3.2.4 Physical Confinement.

Physical entrapment of molecules within the silica framework has been invoked in a

64 55,57 66,78
1, ™ ™

number of papers to explain the conformational,”” translationa and rotationa immobility
of some dyes. Such explanations are reasonable for many sol-gel-derived films prepared in the
absence of templating agents (i.e. surfactants). In these cases, the native “pores” present in the
films may actually arise from “templating” of the surrounding matrix by the dye itself. Under
these circumstances, the dye molecules may be permanently entrapped in such environments.
Some of the best demonstrations of the role played by physical confinement in governing
molecular mobility come from work by the Briuchle group.’®® In a recent report,”® these
researchers clearly showed that terrylenediimide (TDI, Figure 1.1) molecules found within
CTAB-templated mesoporous materials assumed a well-defined orientation, with their long-axes
aligned parallel to the long axis of the mesopores. Importantly, alignment was maintained in
both dry materials, where the molecules appeared completely immobile, and solvent-loaded
films, in which the molecules diffused primarily along one dimension (through the pores), while
remaining in the aligned state. The dimensions of TDI were noted to be 1.1 nm X 2.5 nm and
the pores 2-3 nm in diameter. It was also noted that the surfactant found within the pores may

further restrict molecular motions, leading to the dramatic orientational confinement effects

observed.

1.3.3 Molecular Mobility

Bulk measurements of the translational and rotational mobility of molecules doped into
sol-gel materials have been made by a variety of techniques, including electrochemical
methods,”®”*"#? fluorescence anisotropy’®’' and NMR.”*” The Collinson group, for example,

has used electrochemical methods to measure the apparent diffusion coefficients, D, of redox
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probes doped into sol-gel monoliths during the gelation, aging, and drying processes.”®”** The
molecules employed were of similar sizes but carried different charges. The magnitude of D in
each case and the rate at which it changed during drying was clearly dependent on the charge of
the redox probe and its size, relative to the silica pore size.””* However, details such as the
heterogeneity in D and the fraction of dopants interacting with the matrix could not be
determined.

Electrochemical methods have also been used to study the behavior of redox molecules
trapped in thin silica films.*** However, it is much harder to measure D in thin films using
electrochemistry because the redox current obtained depends on both D and the concentration of
electroactive species. The research groups of DeArmond and Collinson showed that only a small
fraction of the total concentration of a given redox probe is actually electroactive.**™ Hence,
only rough estimates of D could be obtained. No specifics regarding reversible surface
adsorption or physical confinement could be extracted from the data. Since single molecule
methods frequently provide the means to distinguish between diffusion phenomena and
molecule/matrix interactions (see above), they allow for more accurate measurements of
diffusion coefficients, determination of relative populations of mobile and immobile species, and

assessment of adsorption/desorption dynamics.

1.3.3.1 Methods and Models.

Translational diffusion has been explored at the single molecule level in silica materials
by two different methods: fluorescence correlation spectroscopy (FCS)*® and single molecule
tracking (SMT).*"*® These complementary techniques are now widely employed to probe
molecular mobility under a variety of environmental conditions and for silica materials prepared

by different methods.”>>"%!
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As applied here, FCS involves the recording of single-point fluorescence time transients
using a confocal microscope. Such transients usually incorporate signal fluctuations that may
have a number of origins. In cases where these fluctuations are caused by diffusion of single
molecules into and out of the microscope detection volume, the results can be used to determine
the molecular diffusion coefficient. For this purpose, the time transients obtained are first
autocorrelated to find the distribution of time scales over which the signal fluctuates.*®

The properly normalized autocorrelation function, C(t), is calculated from time transient

data as follows:

o Giit o)

1.1
(i(t))* (D

In Eqn. 1.1, i(t) and i(t+7) represent the fluorescence intensity at times t and t+r, respectively,
while the brackets <> indicate the time-averaged value is taken.

To determine the relevant diffusion coefficient(s) and to distinguish between signal
fluctuations involving molecular diffusion and adsorption/confinement, the autocorrelated data
are subsequently fit to an appropriate model decay function. The choice of the model is made
based upon careful inspection of the time transient data. The appearance of fluorescence bursts
exhibiting constant fluorescence (aside from shot noise) for time periods too long to be explained
by rare diffusive events are usually attributed to the reversible (or irreversible) adsorption of the
dye to the sample surface. In cases where such events are not apparent, it is usually concluded
that observed variations in burst lengths arise from multicomponent diffusion, due primarily to
sample heterogeneity. Single point time transients can be easily recorded with 50-100 psec time
resolution, or they can be recorded on a single photon basis and subsequently binned.*” Such

high time resolution allows for diffusion coefficients to be measured even in bulk solution.
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A variety of models have been used to explain results obtained from silica materials. For
example, Dai and coworkers®’ used a two component diffusional model to fit their
autocorrelation data in single molecule studies of R6G diffusion in a commercial mesoporous
glass. Similarly, Martin et al. utilized this model to fit data obtained from NR molecules
diffusing through ORMOSIL films.”* In contrast, Fu and coworkers®and Ye, et al.”” employed a
model that includes both two-dimensional diffusion and reversible surface adsorption to fit data
obtained from surfactant-containing and calcined mesoporous films.*****® The mathematical

expression of this model is as follows:

Clo)=— 2L A exp(—k) (1.2)

" 1+Dz/s?

Here, D is the diffusion coefficient for the dye, s> defines the excitation area, k is the rate
constant for desorption of adsorbed species and A4 and A, are the amplitudes of the diffusion and
adsorption components, respectively.

Single molecule tracking provides a more direct means for following single molecule
diffusion.*® In SMT, the sample is subjected to wide-field illumination by a laser source. The
illuminated field of view is subsequently collected and imaged onto a charge-coupled device
(CCD) detector, where a “movie” depicting sample emission in time is recorded. The single
molecules in each image appear as diffraction-limited fluorescent spots that may move from
frame to frame.*® The fluorescent spots observed are fit to two-dimensional Gaussian profiles to
precisely determine the molecular position in each frame. Under high signal-to-noise conditions,
the molecular position can readily be determined to better than 10 nm.** The motion of the
individual molecules is then reconstructed by determining the relative positions of each molecule

in many successive frames.
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SMT methods have the distinct advantage that the actual path (or trajectory) taken by a
molecule can be recorded and long-term adsorption or entrapment events directly visualized.
While SMT is a very powerful method in these respects, the results obtained are sometimes
limited by the finite trajectory lengths that can be recorded, due to photobleaching. With
currently available detectors, SMT studies are also limited to relatively slow diffusion, since data
cannot be recorded with the same time resolution as single point time transients.

A common method to determine diffusion coefficients from SMT data is to plot the
mean square displacement (MSD) of each molecule vs. time. According to the Einstein equation
for single-component two-dimensional (2D) diffusion, this plot should exhibit a linear

dependence on time:

MSD = (r?(t)) = 4Dt (1.3)

Here, r(t) is the displacement of the molecule from its initial location at time t, and D is its
diffusion coefficient. The brackets <> indicate that an average is taken over all observed steps
for a given t. Fitting of such data over an appropriate fraction of the total trajectory time (for
which sufficient signal averaging occurs) has been used in a number of papers to determine D
values.*””> However, McCain and Harris®® have pointed out that D can be obtained to higher

accuracy by instead calculating the distribution of r or * per step.

1.3.3.2 Measurement of Diffusion Coefficients.

Hellriegel and coworkers have investigated the diffusion of single streptocyanine
molecules in disordered macro/mesoporous sol-gel glasses.** In these studies, silica materials
with pore sizes of 3 nm (M3) and 22 nm (M22) were prepared. They subsequently used SMT to
follow the molecules as they migrated through these materials. As reported, the streptocyanine

molecules in M22 yielded trajectories like those expected for simple Fickian diffusion over
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distances as large as 5 um, while those in M3 suggested the molecules were entrapped in fixed
locations for significant periods of time. In M3, most of the dyes (80%) were concluded to be
physically entrapped in regions ranging from 50-200 nm in size. Much less entrapment (20% of
the molecules) was observed for M22, as would be expected for a physical (steric) entrapment
mechanism. The results obtained indicate that the average streptocyanine molecule in M22
moves with a diffusion coefficient of 4.7x10™ cm?/s while that in M3 moves more slowly, with
D = 3.5x10"° cm%/s. An ~ 5-fold spread in the diffusion coefficients obtained from different
single molecules in both silicate materials was observed, indicative of the level of sample
heterogeneity.

Single molecule diffusion in surfactant-templated mesoporous materials has been studied

>>>" and by the Briuchle group.’®®” The former employed

by the Higgins and Collinson groups
single point fluorescence time transients and FCS analysis to measure molecular diffusion
coefficients. Both CTAB-containing and calcined thin films (with 770 nm and 400 nm
thicknesses, respectively) were studied. Molecular mobility in these films was investigated
under both dry and hydrated (20-50% relative humidity, RH) conditions. Three different dye
molecules (NR, Dil and SPDI, Figure 1.1) were employed to probe the effects of molecule
matrix interactions, as discussed above.

In the CTAB-containing films, anionic SPDI molecules were found to adsorb at fixed
locations under all conditions, due to strong interactions with the cationic surfactant (see above).

In stark contrast, neutral NR molecules exhibited facile diffusion under all conditions (20-50%

RH), yielding an average D of 2.4 X 10™"° cm”/s in dry (20% RH) films and a slightly larger D of
2.7%X 107" cm?/s in hydrated (50% RH) films. NR mobility was attributed to its partitioning into

the hydrophobic inner regions of the surfactant micelles. Among the three dyes employed, Dil
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was found to be most sensitive to changes in film hydration, with average D values of 0.9 X 10
1013 X107, and 3.0 X 10" cm?/s obtained in films exposed to 30%, 40%, and 50% RH

environments, respectively.
Single molecule diffusion studies also provide information on the relative importance of
diffusion and reversible surface adsorption or physical entrapment in a given system. In the

5357 information on the relative contributions of

studies by the Higgins and Collinson groups
adsorption and diffusive events to observed signal fluctuations was obtained from the relative
amplitudes of these two components in fits of the autocorrelation decays to Eqn. 1.2. Fitting of
these data also provides information on the amount of time the molecules spend adsorbed to the
surface. In these studies, signal fluctuations from diffusing NR molecules were found to
comprise only 43% of the autocorrelation decay amplitude under dry (20% RH) conditions and
58% in hydrated films (50% RH). Similarly, NR molecules were found to spend an average of
25 s in an adsorbed state in dry materials and about half as long under hydrated conditions.
These observations indicate that water facilitates NR diffusion and desorption from the silica
surface.

In calcined films, all three dyes were found to be immobile under dry conditions.
Immobility in these samples was attributed to strong dye-matrix interactions that occur in the

absence of solvent (water). In contrast, all three dyes were found to be mobile in films probed at

50% RH. The average diffusion coefficients were measured to be 4.0 X 10, 3.1x 10", and
2.9 X 10" ¢cm%s, for SPDI, Dil, and NR, respectively. These results show SPDI is the most

mobile of the three, likely because of repulsive interactions between the anionic dye and anionic

silica surface, which may cause its exclusion from the smallest silica pores.
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Dai and coworkers’ used FCS to study three-dimensional diffusion of R6G in
mesoporous glass with a pore size of 13 nm and negligible micropores. Three models describing
single component diffusion, two component diffusion and diffusion coupled with adsorption
were tested in fitting the autocorrelation data. In the correlation curve obtained at a distance of
10 pum into the mesoporous glass, three different models are used to fit the data. The single
component model failed to fit the data properly, while the two-component models proved much
better. Assuming two-component diffusion, the results obtained indicated that 38% of the

molecules moved with D;=6.81X 107 cm?/s and 62% of the time they exhibited D,=4.84 X 10

cm?/s. It was concluded that the slower component may arise from multiple contacts between
the molecules and the pore walls. Fitting with the diffusion/adsorption two-component model

indicated that 80% of the molecules moved freely through the materials with D=4.89 X 107

cm?/s, while the remainder reversibly adsorbed to the silica surface, exhibiting a mean desorption
time of 67 ms. While both two-component models fit the data, it was concluded the latter was
more plausible, due to the possibility for ionic interactions between positively charged R6G and
the negatively charged silica surface.”'

Some of the most dramatic results on single molecule diffusion in mesoporous silica have

266780899394 1y one of their studies, ®this

come from recent SMT studies by the Bréuchle group.
group investigated the mobility of TDI molecules in CTAB-containing silica held under dry air
and under a saturated chloroform atmosphere. The TDI molecules were found to be immobile
under dry conditions and mobile when exposed to chloroform vapor. Most interestingly, the
trajectories obtained conclusively demonstrated that the molecules migrated along one dimension

(1D) within the mesopores (i.e., along the cylindrical channels). The 1D trajectories spanned

distances of several micrometers, and the molecular long axis of each dye molecule was found to
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orient parallel to the channel axis even while the molecules were moving. As noted above, the
physical shape of TDI (1.1 nm X 2.5 nm) and steric interactions with the matrix likely prevented
the molecules from freely rotating in the channels.

As reported, best fits to these data were obtained using a function that accounted for both
1D diffusion and adsorption. Furthermore, their MSD results were not perfectly linear in time,
as would be expected for a random walk, but rather tended towards smaller values at longer
times. The latter observation is good evidence for confined diffusion and was attributed to the
presence of “dead ends” in the channels of these materials. The data show an average D value of
3.9x10™'? cm?/s, and the average molecule spent 18% of its time adsorbed to the silica surface.
These plots also clearly depict the distribution in D and hence, the level of materials
heterogeneity.

In another study by the Brauchle group,’” TDI diffusion in hexagonal, lamellar and mixed
hexagonal/lamellar templated mesoporous films was investigated. ~These materials were
prepared by controlling the amount of a longer-chain surfactant (Brij 56) used in sol preparation.
In pure lamellar films, doughnut-shaped images of TDI emission in SMT images indicated that
the molecules again assumed a constant orientation while moving laterally in two dimensions
through the lamellar phase. In contrast, the results obtained from pure hexagonal films showed
that the TDI molecules were rotating rapidly as they moved in down the mesoporous channels.
In mixed films, both doughnut-shape and Gaussian fluorescence patterns appeared. The results
obtained also showed that the lamellar and hexagonal channels were interconnected, as
evidenced by time dependent changes in the fluorescence patterns obtained from each molecule
and from alternation between 2D and 1D motions during single tracking periods. Other studies

by this same group’® employed both transmission electron microscopy (TEM)” and SMT to
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prove the molecules were moving along the mesopore channels. It was concluded that there
were five structural elements in two-dimensional hexagonal mesoporous films: straight
segments, curved segments, domain boundaries, “disordered” regions and connective channels.

1.3.3.3 Materials Heterogeneity.

- - . . 35,3796
As described in previous bulk studies,” "

silica materials derived from the sol-gel
process are expected to be very inhomogeneous. These inhomogeneities can lead to both spatial
and temporal variations in molecular mobility, among other materials properties. Such
phenomena have been studied at the single molecule level by both FCS and SMT methods.

For example, Harris and coworkers’’ have used total internal reflection fluorescence
methods (TIR-FCS) to probe the diffusion of dye-labeled poly(amidoamine) (PAMAM)
dendrimers in silica films prepared by the Stober process.”® PAMAM dendrimers were selected
as probes due to their monodispersity and spherical structure, ensuring that dispersion observed
in the data arose primarily from silica heterogeneity. The dependence of molecular diffusion on
the size of the dendrimers (three generations were employed) in relation to the size of the pores
was studied. The studies revealed that the large dendrimers were excluded from pores formed
between small (27nm) particles, suggestive of a low number of pore defects. Smaller dendrimers
were found to explore a wider range of pore structures, experiencing a greater level of pore
tortuosity and reflecting the level of heterogeneity in pore size/shape in these materials.

Martin-Brown, et al.”* have also used single molecule methods (primarily FCS) to study
dye diffusion within ORMOSIL films. Commercial NR and a silanized NR derivative (NR-Si,
Figure 1.1)°* were used as probes in this study. ORMOSIL films were prepared from acid-

catalyzed sols containing varying mole ratios of TEOS and isobutyltrimethoxysilane (BTMOS).

Images and single point fluorescence time transients with FCS analysis provided evidence of
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molecule mobility. In 33% BTMOS films, discrete, permanent photobleaching events were
observed, consistent with immobile molecules. In contrast, transients recorded in 90% BTMOS
films provided clear proof of translational diffusion for both dyes. This result was most
surprising for the case of NR-Si, which was expected to covalently attach to the silica matrix.
FCS analysis procedures were applied to the time transients and the resulting

autocorrelations fit to a 2D, two-component diffusion model.”

Both molecules yielded fast and
slow diffusion components. The fast components for NR and NR-Si yielded, on average, D =

1.2X10” cm?/s and 2.9 X 107 cm?/s, respectively, with both slow components 100-fold smaller.

The ~3-fold difference in the diffusion coefficients for NR and NR-Si indicated that the NR-Si
molecules were indeed bound to a component of the silica matrix, but this component was
comprised of liquid-like silica oligomers. It was concluded these were organically-modified
silica oligomers that had phase separated from the inorganic components of the film. Imaging

results” showed these components could be spatially resolved under certain circumstances.

1.3.4 Polarity Properties

An in-depth understanding of the polarity properties of silica materials is required for
many of their applications.”> The polarity of the matrix plays a role in governing partitioning of
molecules into and out of silica materials. It can also impact chemical reactions and charge
transfer processes occurring within the matrix. Bulk fluorescence and absorption spectroscopies

173337 with perhaps the most

have long been used to probe the average polarity of silica materials,
significant scientific questions arising in ORMOSILs.***"%® For example, Brennan, et al.'” have
used 7-azaindole (7AI) and 6-propionyl-2-dimethylaminonaphthalene (PRODAN), both

solvatochromic dyes, to examine ORMOSILs prepared from TEOS and a minority fraction of

methyltriethoxysilane (MTES), propyltrimethoxysilane (PTMOS) or dimethyldimethoxysilane
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(DMDMS). The results showed that internal materials polarity was dominated by the solvent
composition from immediately after gelation until ~ 5-7 days later for MTES and DMDMS
containing films. Afterwards, a point was reached in some of the materials where the polarity
properties of the organic matrix component began to take over. Both blue shifts in the emission
maxima and broadening of the spectra were observed. The latter was attributed to formation of
at least two different classes of environments having distinct polarity properties, while the former
could reflect partitioning of the dyes into regions of high organic content.

While the spectral linewidths obtained from bulk studies are reflective of sample
heterogeneity, they only provide an average view of materials properties and are difficult to
quantitatively interpret in terms of the actual distribution of environments present. Single
molecule methods provide a means to investigate the polarity properties of individual nanometer-
scale environments, thus allowing for the entire inhomogeneous distribution probed by a given
dye to be mapped. Such methods also provide the means to characterize sample heterogeneity
through a number of different statistical parameters: the mean, median, and most common
environments can be determined, as can the width and skewness (if present) of the distribution.
Finally, the populations and properties of rare environments can also be assessed.

The Higgins group has recently described single molecule methods that are useful for
characterizing the polarity properties of organic polymers.'”' These same methods were also
applied to ORMOSIL thin films.”””” In these studies, NR was loaded into the ORMOSILs at
nanomolar concentrations and used to sense materials polarity. NR was selected because it is
one of the most solvent-sensitive fluorescent dyes known.'” Its solvent sensitivity arises from
the large change in dipole moment associated with its lowest-energy electronic transition, which

has been classified as an intramolecular charge-transfer transition.'®'%*
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In these single molecule studies, fluorescence spectra were acquired, curve fit, and
analyzed using a modified form of Marcus theory for charge-transfer transitions.'”""” Of the

range of available polarity models,'**'"

the charge-transfer model was selected because it allows
for the most information to be derived from single-molecule data. Specifically, information on
both the static and dynamic polarity properties of the materials can be obtained. These properties
are reflected in the environment-dependent shift in the transition energy, AAG®, and the
reorganization energy, A, respectively, of the matrix (and solvent) dipoles surrounding each
molecule.'” Polar environments yield larger AAG® values, whereas nonpolar regions give
smaller values. Likewise, more dynamic environments yield relatively larger A values and rigid
environments smaller values. The approximations and assumptions involved in this analysis are
described in the original manuscripts.””*'"!

The ORMOSIL films studied”””*” were derived from binary sol mixtures containing either
3-(triethoxysilyl)propionitrile (CNS) and TEOS or BTMOS and TEOS. Sols having different
compositions (defined by the mole percent of organic precursor in the sol) were prepared, doped
with NR, and spin cast as thin films on glass substrates. Sample-scanning fluorescence
microscopy was then used to locate the individual molecules and to collect their fluorescence
spectra.

Most of the distributions depicted could be classified as bimodal, multimodal or simply
non-Gaussian, providing clear evidence for nonrandom variations in the film properties. The
presence of the associated classes of environments was attributed in part to hydrogen bonding of
some NR molecules to the matrix. However, the results were more generally attributable to
(nonequilibrium) phase separation of organic- and inorganic-rich film domains, as had been

100,110,111

previously proposed from bulk studies. Phase separation could have resulted from
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differences in the hydrolysis and condensation rates of the precursors''%or from the mutual
immiscibility of the precursors. As with all dye-based polarity studies, preferential partitioning
of the dye into certain environments could have biased the observed distributions, as addressed
by Bardo, et al.”’ Nevertheless, these distributions prove that in some cases the “average”
environments reflected in bulk spectroscopic results may not adequately reflect the actual
materials properties.

The inhomogeneous distributions observed also allow for more detailed classification of
the sample environments. For example, it can be concluded that the most common environments
probed were significantly more polar and less dynamic than the average environments. This
observation may indicate that the aforementioned phase separation may only occur in rare
circumstances, leading to the observed tails to lower and higher values of AAG® and A,
respectively. It is also of interest that the static and dynamic polarity properties for BTMOS-
containing films change abruptly at about 50% BTMOS, while the properties of CNS-containing
samples change gradually. The incorporation of liquid-like oligomers in films of high BTMOS
content is the likely cause,”” suggesting the properties of the BTMOS films may be closer to their
equilibrium values than in films of lower organic content, where the properties may be

kinetically controlled.

1.3.5 Matrix Acidity

The hydrogen bonding and ionic molecule-matrix interactions discussed above arise from
the presence of protonated and deprotonated silanol species in the silica materials.'"> These
silanols are weakly acidic and the extent to which they are protonated or deprotonated depends
upon their individual pK,s and on the pH of the environment in which each is found. The pK, of

silanol groups on silica surfaces is known to vary between ~ 4.5 and 9.""*''* Silanol pK,s in

27



silica films will vary with the density of silanol groups present and the organic content of the
environment (e.g. in ORMOSILs or due to solvent).

The acidity properties of the silanols found in/on sol-gel-derived materials have been
studied by several bulk methods, including temperature-programmed desorption (TPD),”*'"
FTIR,**''® Raman® and NMR spectroscopies.’”'"” Though these studies have provided valuable
information on the average acidity of the relevant surface sites, they provide little information on
the level of heterogeneity present. Sample heterogeneity is known to be important in several
applications of sol-gel-derived materials, including in the response of silica-based pH sensors.
Representative bulk work in this area is taken from the Saavedra group, in which sol-gel methods
were used to deposit thin silica films as waveguiding and indicator layers in pH sensing
devices.'"” In this study, it was found that the pH indicator dye responded over an unexpectedly
broad range of pH values. It was concluded that the sensing dye was entrapped in “chemically
inequivalent microenvironments” that caused the dye to respond differently in each.''” In the
same study, hysteresis in the sensor data was attributed to the presence of indicator molecules
that responded slowly to pH changes.

Single molecule methods have the potential to provide valuable new insight into the
origins of such observations. As with all single molecule studies, the initial selection of an
appropriate pH-sensitive fluorescent dye is required. The dye selected should be highly
fluorescent and exhibit clear pH-dependent changes in its emission and/or excitation spectra, but
little or no change in emission yield. It should also have a pK, similar to that of the species to be
probed. C.SNARF-1, which has a pK, of 7.5, is a nearly ideal probe for studying the effects of
silanol site properties and was employed by Fu, et al. in recent studies of silica film acidi‘[y.118 A

slightly different form of this dye was used in earlier single molecule studies of agarose gels.'"”
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The protonated form of C.SNARF-1 emits in a band centered at 580nm, while the deprotonated
form emits near 640nm. The ratio of single molecule emission in these two bands (R=Isgo/Is40)
can be used as a probe of the pH of the local environment surrounding each molecule.

In the studies by Fu, et al., the local acidity properties of films prepared via the acid-
catalyzed hydrolysis and condensation of TEOS were investigated.''® It was concluded the local
environments in “as-prepared” films had an average pH of ~4.8. The range of R values obtained
was consistent with a 1-2 pH unit variation in the local acidity. Variations in the concentration
of residual acid catalyst and in the local silanol pK,s were the likely cause of these pH variations.

The extent to which local film acidity could be altered/controlled by exposure to external
solutions of known pH was also explored. In these studies, the silica films were treated by
immersion in various pH solutions for different lengths of time (1 h and 8 h). Histograms of the
R values obtained are shown in the original paper. Each distribution appears to be Gaussian in
shape and monomodal, as evidenced by the fits appended to each data set. This observation
suggests that variations in the acidity properties are random. Hence, the mean acidity properties
could have been accurately determined by bulk spectroscopic methods. However, such a
conclusion could not have been drawn without first recording these data.

The mean acidity values obtained by fitting the R distributions provide an initial view of
film acidity properties. These data are plotted vs. treatment pH and fit to a Henderson-
Hasselbalch expression as a means to characterize the apparent pH dependent response in each

O As depicted in the original paper, the R values showed the same

series of experiments.'
qualitative trend to smaller values with increasing treatment pH, as observed in bulk solution

phase experiments. However, the trend was much more gradual in the films treated for only 1 h,

and was most similar to bulk solution results for films treated for 8 h, exhibiting a sharp
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transition around the pK, of the dye. Importantly, the R values obtained at high pH in the 1 h
treated films were significantly larger than in the 8 h treated samples, indicating that some
molecules remained protonated even after treatment in high-pH solutions for 1 h. This
observation indicated that some environments were inaccessible on this time scale, a conclusion

121,122 R :
*“7 and which is also reflective of sample

that is consistent with those from bulk studies,
heterogeneity.

The widths of the R distributions provide the best view of heterogeneity in terms of film
acidity properties. The results obtained by Fu and coworkers''® demonstrated that film
heterogeneity (reflected by the 26 values obtained) was strongly dependent on treatment time, as
reflected in the uniformly narrower distributions obtained from films treated for 8 h, relative to
those obtained after only 1 h. These differences were again attributed to kinetic limits to changes
in the local pH, due to entrapment of some molecules in tightly constrained pores within the film.

The distribution widths (25) also provide a means for probing the influence of the surface
silanols on the local pH. As shown in the paper, the distributions obtained after treatment at pH
8 and 9 were the most narrow (near the noise-limited width), whereas those obtained after
treatment at pH 7 were broadest. At pH 7, the average pH is close to the pK, of the dye, where it
is most sensitive to changes in local acidity.'"” The distribution widths at pH < 7 and pH > 9
were therefore concluded to reflect significant heterogeneity in the film acidity properties, likely
resulting from the presence of residual acid and silanol pK, variations. In contrast, the much
narrower distributions observed at pH 8 and 9 indicated the local environments were very
homogeneous in this pH range. Enhanced materials homogeneity was attributed to buffering of

the local pH by the majority surface silanols, which likely have pK, values of 8.5-9.'*!1

1.4. Single Nanoparticle Studies
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A significant limitation of the single molecule experiments described above is the short
lifetime of the dyes employed. Under ambient conditions, such dye molecules usually
photobleach after only a few seconds of continuous illumination,' limiting the number of
spectroscopic measurements that can be made, and the precision of the results obtained. One
possible route to improved measurements would be to instead employ strongly luminescent or

124-12 . . . 12 , .
1 7 or inorganic nanoparticles,'”™ or luminescent organic polymer

scattering meta
nanoparticles.'”’ Nanoparticles that are sensitive to and report on their chemical environment are
now being developed.'*’

Gold nanoparticles have been employed previously as probes of sol-gel-derived silica
materials. For example, Akbarian, et al. have demonstrated the photochemical production and
optimization of gold nanoparticles in a silica matrix for surface enhanced Raman scattering

124

(SERS) experiments. They used their silica-based SERS substrates to detect pyrazine

molecules diffusing into the matrix. Such measurements could also readily be performed at the

1'2127:31 44 obtain information on materials heterogeneity.

single particle leve

The intrinsic light scattering properties of silica nanoparticles can also be used to probe
matrix properties. For example, in bulk studies, Nakanishi et al. have employed scattering
methods to follow the sol-gel process in pore-forming materials'*? prepared by polymerization-

i ; 48,133,134
induced phase separation methods.*"*>"3

The macroporous sol—gel-derived monoliths obtained
are an intriguing class of materials that have attracted considerable attention owing to their
unique structural features and potential applications in catalysis, separations, superhydrophobic
materials, drug delivery, chemical sensors, and 0ptics.53’13 3135

Dong, et al."*® have recently used in situ microscopic methods and confocal correlation

spectroscopy (CCS)"” to follow the formation of thin macroporous monoliths of MTMOS-
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derived materials from before phase separation to well after gelation at the single-pore/single-
nanoparticle level. The acid catalyzed sol-gel process employed led to formation of silica
nanoparticles very early after sol preparation. These nanoparticles were found to efficiently
scatter light in a confocal microscope, providing an intrinsic probe of the sol-gel process and the
growth and aggregation of the individual silica nanoparticles. Confocal images of the evolving
materials allowed for direct observation of phase separation in the sol, forming two distinct
phases, one high in silica polymer/nanoparticle concentration (i.e., regions exhibiting relatively
strong light scattering, the matrix) and one of low silica content (regions exhibiting relatively
weak scattering, the pores). The time evolution in the size, shape, and position of these domains
was followed by optical microscopy, through gelation.

Single point time transients recorded in various regions of interest (i.e. within individual
pores and in the matrix) were recorded and used to follow the silica nanoparticle growth and
aggregation processes. Autocorrelation data obtained were fit to a two-component diffusion
model and used to determine the nanoparticle diffusion coefficients. Prior to phase separation,
all of the data could be fit to a single diffusional component, consistent with a monomodal,
random distribution of MSQ particle sizes. After phase separation, many of the autocorrelation
data showed clear evidence for a bimodal distribution of particles, reflecting the presence of
some small particles having relatively large diffusion coefficients, while the majority of particles

were larger, yielding smaller D values. The details will be presented at Chapter 5.

1.5. Silica Thin Film with Polarity Gradient.

Silica film polarity gradients may provide the means to control environmental polarity,
regulate surface adhesion, drive mass transport, etc. for a range of diverse applications in

separations, sensing and catalysis. As to our knowledge, silica film polarity gradients have not
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yet been reported. We recently developed a method called “infusion-withdrawal dip-coating” to
prepare a sol-gel derived polarity gradients. Bulk fluorescence spectra (Nile Red) were acquired
as a function of position along each gradient. These data provide strong evidence for the
presence of polarity gradients in these films. Water contact angle data acquired along the
gradients provide valuable supporting evidence, depicting a monotonic increase in contact angle
along the gradient direction. FTIR microscopy results demonstrate that the methyl content of the
films increases from top to bottom. In near future, single molecule study will be performed to
investigate the nanoscale characteristics of the gradients. The details on how to prepare and

characterize the gradient will be introduced in Chapter 6.
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1.6. Conclusions and Future Directions

The aim of this part of thesis is to review some of the recent single molecule studies of
sol-gel derived silica materials.  Single molecule methods for probing molecule/matrix
interactions in dye-doped silica materials have been described. Studies of dopant mobility within
silica materials using FCS and SMT methods have also been covered and the relevance of the
results, especially with respect to the quantitative measurement of diffusion coefficients in the
presence of host-guest interactions, have been highlighted. Likewise, recent single molecule
studies of sol-gel matrix polarity and acidity properties have been reviewed. The ability of all
such studies to provide detailed and valuable new information on materials heterogeneity was
demonstrated.

The studies described above, along with other studies not described in this chapter prove
that single molecule methods represent an invaluable set of tools for the study of silica materials.
They have already provided a better understanding of the nanoscale properties of these
technologically useful and fundamentally interested materials and will continue to do so for the
foreseeable future. However, improvements to the methods presently employed are still required
to fully understand silica materials. For example, dyes that better probe a single class of
materials properties, without yielding data perturbed by other effects are required. Likewise, dye
molecules that are more photostable are also required so that more spectroscopic information can
be derived from them at higher signal-to-noise ratios. Luminescent or strongly-scattering

124,126,1 . -
126130 a5suming such particles can

nanoparticles may serve as substitutes for dyes in the future,
be tailored to exhibit sensitivities to specific materials parameters, as can already be achieved

using fluorescent dyes.
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CHAPTER 2 - Experimental Section

2.1 Sample Preparation

2.1.1 Preparation of Mesoporous Silica Thin Film
2.1.1.1 As-synthesized Film

Silica sols were prepared by mixing tetramethoxysilane (TMOS, 0.5ml), water (0.24ml),
absolute ethanol (1.57ml) and HCI (0.10 ml of 0.1 M HCI) in a small vial. The sol was stirred
for 1 h after addition of the above components and was then allowed to sit for an additional 24 h
at room temperature. Cetyltrimethylammonium bromide (CTAB, Aldrich) or sodium dodecyl
sulfate (SDS, Aldrich) was then dissolved in the solution by vigorous stirring for 1 h. The final
molar ratio for the silicate composites was typically 1:5.6:8:0.003:0.2 for
TMOS:H,0:Ethanol:HCl:CTAB and 1:16.8:8:0.003:0.05 for TMOS:H,0O:Ethanol:HCI:SDS. For
the preparation of dye-doped mesoporous films, either a methanolic solution of Nile Red (NR,
Aldrich), a methanolic solution of 1,1°-dihexadecyl-3,3,3°,3’-tetramethylindocarbocyanine
perchlorate (Dil, Invitrogen) or an aqueous solution of homemade N,N’-bis(3-
sulfonatopropyl)perylene-3.,4,9,10-tetracarboxylic diimide (sulfonated perylene diimide, SPDI,
see the preparation below) was added to a portion of the above sol to yield a total dye
concentration of 0.5 nM. Immediately after addition of the dye, = 65 pL of the sol was spin cast
(30s at 6000 RPM) onto a clean glass coverslip (Fisher Premium). These films are transparent
with film thickness of 770+60 nm by profilometry (XP-2 Ambios Technology; Santa Cruz, CA)
in Dr Culbertson’s lab. The films were dried overnight at room temperature in a desiccator in the
dark prior to use. Films studied without further treatment are referred to as “as-synthesized”

films. Small angle X-ray diffraction (XRD) data from the CTAB-containing films indicate they
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incorporate hexagonally-organized mesopores of 35 A periodicity (d-spacing), with the pores
running parallel to the film plane. XRD data from SDS-containing films show they incorporate
lamellar structures of 37 A periodicity (see Chapter 3).

Two different types of as-synthesized films were studied by single molecule methods. Dry
as-synthesized films were maintained in a dry environment (dry air, 20% RH) throughout the
recording of images and time transients. Rehydrated as-synthesized films (i.e. incorporating
water within the mesopores) were stored in a humid environment (humidified air, i.e. 30, 40 or
50% RH) for approximately 12 h prior to use. They were maintained under the same humid

atmosphere throughout data collection. The rehydration setup is shown in Figure 2.1

} Valve
— Dryair

Microscope
stage

Figure 2.1. Rehydration setup.

2.1.1.2 Calcined Film

Surfactant-free mesoporous silica films were obtained using a similar procedure
described above, followed by calcination of the films in a furnace (1500 Barnstead/Thermolyne).
In this process, the films were first heated at 160 °C for 90 min. The temperature was then

slowly increased (1 °C/min) to 350 °C, where it was held for 5 h. Figure 2.2 shows this
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calcination process. The calcined films were subsequently treated in an air plasma (Harrick
Plasma) for 2-3 min to remove residual luminescent impurities that otherwise yielded significant
background in the single molecule experiments. The calcined, plasma treated films were then
reloaded with dye by soaking them in 2 nM methanolic solutions of Nile Red for 1 h, followed
by rinsing with ethanol to remove loosely bound dye. These films were also dried in a desiccator
overnight before use. The resultant films were referred to as “calcined” films. It should be noted
that the calcined film for SDS-contented silica film collapsed completely under calcination and
did not show any structure periodicity. Therefore, we focused on the calcined CTAB-contented
film, which was 400+£30 nm thick and the mesopores have collapsed and disordered somewhat,

exhibiting 24 A periodicity (see Chapter 3).
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Figure 2.2. Calcination process in the preparation of calcined MCM film.

Similar to the as-synthesized films, two different types of calcined-reloaded samples were
studied by single molecule methods. Dry calcined films were maintained in a dry environment
(dry air, 20% RH) throughout the recording of images and time transients. Rehydrated calcined

films (i.e. incorporating water within the mesopores) were stored in a humid environment
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(humidified air, 50% RH) for approximately 12 h prior to use. They were maintained under the
same humid atmosphere throughout data collection.
Both dry and rehydrated as-synthesized and calcined films were used in Chapter 3 and

Chapter 4.

2.1.1.3 Synthesis of SPDI
The fluorescent dye, SPDI, was prepared by Corey Weitzel, using the following procedure.

To 140 mL pyridine in a 250 mL round bottom flask was added 220 mg perylene 3.,4,9,10-
tetracarboxylic dianhydride, 162 mg zinc acetate and 234 mg 3-aminopropane sulfonic acid,
yielding a molar ratio of 1:1:3 for perylene dianhydride, zinc acetate, and aminopropane sulfonic
acid. The reaction mixture was refluxed under nitrogen for 7 days. The solid product was then
collected by vacuum filtration and rinsed with 3:1 (by volume) ethyl acetate/hexane. The crude
solid was dried in a vacuum oven at 80°C for 8 h. The product was purified by first dissolving it
in slightly basic water and removing the insoluble solids by centrifugation. The product was
then precipitated from solution by pouring it into an equivalent volume of 2 M HCI, followed by
cooling in an ice bath for 1 h. The final product was collected by centrifugation, with the dark
red solid being transferred to a fritted filter and rinsed with cold 1:1 (by volume)
isopropanol/ether. Finally, the purified solid was dried in a vacuum oven for 12 h at 80°C.
Ethanol solutions of the final product were strongly fluorescent and yielded absorption and

emission spectra peaked at 525 nm and 565 nm, respectively.

2.1.2 Preparation of MSQ Films

2.1.2.1 Bulk MSQ Samples
All chemicals employed, including methyltrimethoxysilane (MTMOS, >98%), nitric acid

(HNO3), water (HPLC grade) and methanol (MeOH, HPLC grade) were obtained from Aldrich
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and were used as received. Bulk samples were prepared as below. 0.50 mL of MTMOS and 0.14
mL of MeOH were first mixed in a small vial (O.D. X H: 12 X 35mm). After 5 min, 0.13 mL of
IM HNOs; was quickly added. The mixture was then vigorously agitated for 1 min at room
temperature. The reaction was really fast and gave off a lot of heat, as evidenced by the glass vial

becoming really hot to the touch. The final mole ratios of Si:H,O:MeOH were 1:2:1.

2.1.2.2 MSQ Films

Preparation of MSQ films was performed 20 min after preparation of the sol as described
in the bulk MSQ samples section. In this procedure, a 1.5 pL aliquot of the sol was dropped onto
the center of a microscope cover slide. These cover slides had been cleaned by vacuum plasma
before use. The slide was then quickly covered with a second cover glass to spread the sol and to
prevent its evaporation. The sol in between the two cover glasses is readily visible since its color
had changed slightly from colorless to a little dark. The sample was discarded if there were air
bubbles confined between these two slides. The films obtained were determined to be 2-5 um

thick by optical microscopy (see Chapter 5).

2.1.3 Preparation of Silica Thin Film with Polarity Gradients

Glass coverslips (Fisher Premium) and silicon wafers (Silicon Inc.) were both employed as
substrates.  Prior to use, all substrates were first cleaned in fresh Piranha solution (Caution,
Piranha solutions are extremely dangerous); they were subsequently cleaned a second time in an

air plasma. This two-step process ensured rigorous removal of all organic contaminants.

2.1.3.1 TMOS-coated Sublayer

The clean substrates were subsequently coated with a sol-gel-derived silica “sublayer” to
aid in adhesion of the gradient materials. Tetramethoxysilane (99%, TMOS, Fisher) was used as

the silica precursor. Sols were prepared in a 1:11.5:5.1:0.006 (TMOS:H,0:Ethanol:HCI) mole
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ratio and were allowed to age for one day, prior to use. Sublayers were produced by spin-
coating the sol onto the substrate (100 pL, 30 s at 6000 rpm). The resulting sublayer was
uniform and had a thickness of ~180 nm, as determined by both profilometry and ellipsometry.

All sublayer-coated substrates were dried in a dessicator for one day, prior to further use.

2.1.3.2 Bulk Spin-cast Films
TMOS bulk spin-cast films were prepared by spin casting a TMOS sol prepared in a

1:80:5.3:0.095 (TMOS:Ethanol:H,O:NH4OH) mole ratio and subsequently aged for 6 h onto a
cover glass. MTMOS bulk spin-cast films were obtained by spin casting a MTMOS sol prepared
ina 1:10:4:0.072 (MTMOS:Ethanol:H,O:NH4OH) mole ratio and subsequently aged for 6 h onto

a cover glass.

2.1.3.3 Spin-cast Films on TMOS-coated Sublayer

Silica films having uniform composition and polarity properties were also prepared and were
used to verifying the interpretations of data obtained from the gradients. For this purpose,
TMOS (TMOS:H,0:Ethanol:NH4OH=1:80:5.3:0.095) and MTMOS
(MTMOS:Ethanol:H,O:NH4OH =1:10:4:0.072) sols were prepared as described above and aged
for 6 h. Sols containing different molar fractions of TMOS and MTMOS were then obtained by
mixing appropriate amounts of each of these sols. Mixed sols containing 0%, 20%, 40%, 60%,
80% and 100% MTMOS (relative to total silica content) were prepared and vigorously mixed for
20 min. These sol mixtures were then spin cast onto both clean and sublayer-coated substrates.

All such films were dried in a dessicator at room temperature for 2 days prior to use.

2.1.3.4 Gradient Film

Production of silica film polarity gradients employed time-varying mixtures of two

different sols. The first was a TMOS sol prepared in a 1:80:5.3:0.095
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(TMOS:Ethanol:H,O:NH4OH) molar ratio and subsequently aged for 6 h. The second was any
one of three different sols prepared using methyltrimethoxysilane (97%, MTMOS, Fisher).
These latter sols were prepared using different volumes of ethanol to dilute the sol. Sols were
prepared in 1:10:4:0.072, 1:20:8:0.072 and 1:40:13:0.072 (MTMOS:Ethanol:H,O:NH4OH)
molar ratios. These sols are designated throughout Chapter 6 as 1:10, 1:20, and 1:40 MTMOS

sols. Table 2.1 shows the recipes for all the sols.

TMOS/ Aging time
Component (mL) EtOH 0.1M HCl 1.0M NH,OH H,O
MTMOS (hr)
TMOS (sublayer) 0.8 1.6 0.32 N/A 0.8 24
TMOS 0.28 9.0 N/A 0.18 0.18 6
MTMOS (1:10) 2.0 7.0 N/A 1.0 1.0 6
MTMOS (1:20) 1.05 8.0 N/A 0.5 1.0 6
MTMOS (1:40) 0.6 9.0 N/A 0.29 1.0 6

Table 2.1. Recipes for different TMOS and MTMOS sols

Gradient films were deposited on the sublayer-coated substrates in a custom built glass
reservoir designed to simultaneously minimize sol volume, decrease sol evaporation and allow
for stirring to homogenize the sol mixture. A diagram of the apparatus and a photograph of the
reservoir are shown in Figure 2.3. The glass reservoir includes a rectangular upper region having
dimensions of 3.5cm x 0.5cm x 3.0cm (L x W x H) that was designed to admit one inch
substrates. The lower portion of the reservoir was comprised of a small cylindrical vial (D=1cm,
H=1cm) that facilitated stirring of the sol mixture. Two small glass tubes were installed at fixed

locations inside the reservoir for infusion and withdrawal of the sols. All depositions were
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performed with the reservoir mounted atop a pneumatic vibration isolation table, with the

reservoir housed in a closed Plexiglas box.

Substrate
MTMOS j \
Waste
Y ‘ [~ j —
TMOS "
Infusion S o 4 Withdrawal
Stir Bar

Figure 2.3. Diagram of “infusion-withdrawal” dip-coating method used to prepare silica film
gradients (left) and photograph of the apparatus (right). Synchronized syringe pumps are used to
1) infuse an MTMOS sol into the TMOS-filled deposition reservoir and 2) withdraw the
resulting mixed sol from the reservoir. The withdrawal rate is set faster than infusion so that the
sol slowly recedes down the face of the substrate.

Deposition of silica film polarity gradients was accomplished as follows. A sublayer-
coated substrate was first suspended in the middle of the reservoir. The initial TMOS sol (see
above) was transferred into the reservoir, submersing all but the top 1-2 mm of the substrate.
The MTMOS sol (see above) selected for a given deposition was then loaded into a syringe and
mounted in a syringe pump (NE-1000, New Era Pump Systems, Inc.). The syringe was attached
to the reservoir via flexible plastic tubing. Gradient deposition proceeded by slowly infusing the
MTMOS sol into the reservoir. The mixed sol contained in the reservoir was simultaneously
withdrawn using a second, synchronized syringe pump also attached to the reservoir through
flexible plastic tubing. The infusion pump was set to deliver MTMOS sol at a rate of 10.0 mL/h,

while the other was set to withdraw 14.2 mL/h of mixed sol. The sol within the reservoir was
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carefully stirred at a constant rate, using a magnetic stir bar throughout this process. Prior to the
start of deposition, it was verified that sol stirring produced no detectable movement of the sol
surface. The difference in infusion and withdrawal rates led to a steady decrease in the height (~
0.3 mm/min) of the sol in the reservoir, with an overall change of ~ 1.8 cm. The entire
“infusion-withdrawal dip-coating” process lasted for ~ 1 h.  After deposition, residual sol
clinging to the bottom of the substrate was gently removed using a Kimwipe. The final gradient
films were dried in a dessicator for 2 days.

Preparation of dye-doped silica gradients was performed only on glass coverslips and
proceeded exactly as described above, except that both sols incorporated Nile Red (NR) at ~ 1
UM concentration. In some cases, gradients were simultaneously prepared on two coverslips,
using the same sol mixture. In this case, the two substrates were assembled back-to-back with a
thin film of glycerin between them. The thin layer of glycerin prevented silica deposition on the
backside of the substrates. Without the glycerin layer, inadvertent coating of the substrate
backside was found to interfere with the determination of polarity properties from the Nile Red

emission.

2.2 Instrumentation

2.2.1 Single Molecule Setup

All single-molecule studies were conducted on a sample scanning confocal microscope,
Figure 2.4. Briefly, this system is built on an inverted epi-illumination microscope (Nikon TE-
200). Light from either a green helium-neon laser (543.5 nm, used for NR and Dil) or from an
argon ion laser (514 nm, used for SPDI) was reflected from an appropriate dichroic beamsplitter
into the back aperture of an oil immersion objective (Nikon Plan Fluor, 1.3 numerical aperture,

100X magnification). This objective was used both for illuminating the sample, yielding a
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nearly diffraction limited focus of ~ 300 nm 1/¢* radius, and for collecting the resulting single
molecule fluorescence. The incident laser power was always maintained in the 200-400 nW
range (estimated from measurements made external to the microscope). An electronic shutter
was used to control illumination of the sample. Fluorescence collected from the sample was
isolated from the excitation light by passage back through the dichroic beamsplitter, an
appropriate holographic notch filter, and a bandpass filter. A single-photon-counting avalanche
photodiode was used as the detector.

In this paragraph, I will go through the detailed description of several important components
in a confocal microscope. The first is the microscope objective, which is the most important part
of the microscope. The objective is used for focusing of the incident laser beam onto the sample.
The numerical aperture (NA) of an objective is a measure of its light focusing/gathering power,
and is defined as: NA = nsinf. Here, n represents the refractive index of the medium between
sample and lens and 0 is half the angle subtended by the lens at its focus. Since the objective is
used for both sample illumination and signal collection, the quality of the confocal setup is often
determined by the quality of the objective used. In my setup, a 100X oil immersion objective
(Nikon Plan Fluor) with an NA of 1.3 was used. The second component is a dichroic mirror,
which is used to reflect short wavelength light and let longer wavelengths pass. It helps to
eliminate residual excitation light (laser) and allows the collection and excitation processes to be
accomplished through the same objective. A fixed angle is usually employed for the placement
of the mirror to obtain the optimal reflective and transmissive properties. The third one is the
scanning stage, which has two types, sample scanning and laser scanning. A piezo-electric
sample scanning stage (Queensgate) was used in my setup, which had a position accuracy of

~3nm in X and Y directions. The maxima position (X and Y) range is from -40 um to +40 pm.
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The fourth one is the detector. Generally, there are three single molecule detectors, Charged
Coupled Device (CCD), Avalanche Photo Diode (APD) and Photo Multiplier Tube (PMT). The
former two (CCD and APD) were used in my setup. The CCD (Roper Scientific) was used for
the collection of single molecule emission spectra, while the APD (EG&G) was employed during
acquisition of fluorescence images and single point time transients. The fifth one is the pinhole.
The pinhole is an important component which is used to minimize the detection volume and to
increase the signal-noise-ratio (SNR) by blocking the out-of-focus signal from the sample.
Usually, it has a diameter of 10 to 100 um and in practice, this size should be set as close as
possible to the full width at half maximum (FWHM) of the Airy diffraction pattern generated by
the lens at the pinhole’s position. In the single molecule experiments in this thesis, the pinhole
was not applied and the obtained image and time transient without a pinhole has high enough
SNR because most the samples were very thin (several hundreds nm) and the APD was
sufficiently small (170 um). As a result, the difficult pinhole alignment process can be skipped
and lots of time was saved. The last important component addressed is the excitation source, a
laser, which is used to excite the fluorescent dye molecule. The selection of the laser depends on
the fluorescent dye to be employed so that high excitation and emission efficiency can be
achieved. In this thesis, two different lasers have been used: a green helium-neon laser (543.5
nm) was used for NR and Dil (see Chapter 3) and an argon ion laser (514 nm) was employed to

excite SPDI (see Chapter 3).
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Figure 2.4. Sample scanning confocal microscopy. Optics components include lens, flipper
mirror, notch filter, bandpass filter, longpass filter.

The alignment of the microscope and detector was verified prior to every experiment.
Carboxylate-modified microspheres (0.5um, red fluorescent, 580nm/605nm) were used to do the
alignment for the helium-neon laser (543.5nm), while different carboxylate-modified
microspheres (0.2um, orange fluorescent, 540nm/560nm) were employed for the alignment for
the argon ion laser (514 nm).

A typical experiment proceeds as follows. Fluorescence images were acquired by raster
scanning the sample above the focused laser spot, using a “closed-loop” piezo-electric stage. The
fluorescence signal was integrated for 40 ms per pixel in 100x100 pixel images. The duration for
a typical fluorescence image was ~7 min. Single-point fluorescence time transients were
obtained by positioning selected sample regions in the laser focus and recording the spectrally
integrated fluorescence in time. Individual transients were recorded for up to 3 h, with a typical
dwell time of 80 ms. he obtained images were loaded into the Image] program

(http://rsbweb.nih.gov/ij/) to do further analysis. While the acquired time transient was reloaded
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with Igor Pro using a macro to get detained information. Out-of-focus images and time transients

were abandoned.

2.2.2 Bulk Fluorescence Spectrum Setup

Fluorescence spectra were obtained from NR-doped gradients and spin-coated films using a
home-built fluorescence microscope (see Figure 2.5). Light (~1 uW) from a green HeNe laser
(543.5 nm) was used to excite fluorescence in the samples. This light was focused into the back
aperture of a 50X (NA=0.55) air objective, producing a 20 um diameter spot in the sample. The
same objective was used to collect the sample fluorescence and direct it through a 543 nm
holographic notch filter (Kaiser Optical) and into a 0.15 m spectrograph (Acton Research). A
liquid-N,-cooled CCD (Princeton Instruments) was used to record the spectra. ~1L liquid N, was
added to the cooler. Spectra were acquired after the temperature had stabilized at -80 °C. They

were taken every 1(+0.2) mm along the gradient, using a 30 s integration time.
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Figure 2.5. Fluorescence microscope to take NR spectrum. A cylindrical lens is employed to
obtain a large focus area. A 50X air objective was used to minimize the sample contamination by

oil in an oil immersion objective.

47



CHAPTER 3 - Probing Chemical Interactions at the Single

Molecule Level in Mesoporous Silica Thin Films

Two papers have been published based on the research work mentioned in this chapter with the

following two citations:
Yi Fu, Fangmao Ye, William G. Sanders, Maryanne M. Collinson* and Daniel A. Higgins*
"Single Molecule Spectroscopy Studies of Diffusion in Mesoporous Silica Thin Films", J. Phys.

Chem. B, 2006, 110, 9164.

Fangmao Ye, Daniel A. Higgins* and Maryanne M. Collinson* "Probing Chemical Interactions
at the Single Molecule Level in Mesoporous Silica Thin Films ", J. Phys. Chem. C, 2007, 111,

6772.

In this work, Dr. Yi Fu performed most of the single molecule experiments for Nile Red under
dry (20RH) conditions. Mr. Corey R. Weitzel helped to synthesize SPDI, which was used as a

negatively charged dye in single molecule study.
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3.1 Introduction

Mesoporous silica materials prepared by templating silica sols with surfactant assemblies
have attracted considerable interest since their discovery more than a decade ago.””' Although
once limited to powders and monoliths, the preparation of mesoporous thin films incorporating
hexagonal, lamellar, and/or cubic mesophases by either dip coating or spin coating a templated
sol onto a suitable substrate is now routine.”*’*!''"3¥1%> Mesoporous silica films have many
advantages over more thoroughly studied “disordered” sol-gel-derived films.*” These include
long-range order, tunable pore size, and narrow pore size distributions. Their surfaces can also

146-148

be easily modified with specific functional groups and they can be loaded with analytical

70,140,141,149-151

reagents (i.e., dyes) via post-synthesis or in-situ procedures.

Dye-doped mesoporous materials have numerous applications in the areas of pH

153-1 - .
53155 and waveguide assemblies.'” Of utmost

sensing,151 photochromism,152 solid-state lasers,
importance to these applications are the mobility of the entrapped dye, its location, and the
frequency and strength of its interactions with the pore surfaces, all of which play a profound
role in governing ultimate device performance characteristics. Bulk fluorescence spectroscopy
has long been used to obtain an average picture of these and other relevant materials properties.®’
For example, the formation of mesoporous thin films during dip coating has been probed by
fluorescence methods.”'*""'*® Fluorescence spectroscopy has also been used to characterize the

location, accessibility, and interactions of entrapped dyes."””!*®

Unfortunately, the underlying
single particle motions and rare events associated with the detailed mechanism(s) of mass
transport and molecule-matrix interactions are masked in such bulk experiments.

Proper function of these mesoporous films in their technological applications requires

that analytes, reagents and/or products freely migrate into and out of the materials on a
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reasonable time scale. The rate at which a given molecule moves through these materials is
impacted by the size of the molecule, its charge, the size and configuration of the mesopores, the
presence/absence of surfactant, the chemical properties of the pore surfaces and the solvent
content of the film.**>>7¢778L82139160 15 61tantly, molecular mobility can also be severely
altered by adsorption to reactive sites on the silica surface and by binding of the molecule to the
surfactant (when present).*>>>*!* In some instances (i.e. separations and catalysis) brief,
reversible adsorption events, coupled with efficient mass transport may be desirable. In others,
surface adsorption events may be detrimental to device function, leading to the slow response of
some sensors'®' and well-known peak tailing in chromatographic applications.* Molecules may
even become irreversibly adsorbed within the materials, leading to slow “poisoning” of the
matrix. A complete understanding of the origins of these and other effects is required if the
functional properties of these materials are to be fully optimized. As a result, considerable effort
has been directed towards a fundamental understanding of the partitioning of molecules, their
mobilities, and the extent of interactions with the surfactant (if present) and the silica

surface.35’55’61’75’90’92’97’98’140’157’158’160’162

41
383941 are used to

In this chapter, single molecule fluorescence imaging and spectroscopy
study the mass transport and matrix interactions of dye molecule trapped in mesoporous silica
thin films of predominately hexagonal order. Dye mobility, dye binding and surface adsorption
phenomena in dry and hydrated surfactant-containing and surfactant-free mesoporous silica films
are investigated using single molecule spectroscopic methods. Three different dyes are employed
to probe a range of relevant materials properties. Nile Red (NR), a neutral, hydrophobic dye

provides information on hydrogen bonding interactions and hydrophobic effects in the films.

Dil, a cationic dye incorporating long alkane tails, serves as a probe of ionic interactions with the
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silica pore surfaces and charged surfactant head groups. Finally, a sulfonated perylene diimide
(SPDI) is used as a complementary negatively charged probe of ionic interactions. Quantitative
data on the rate of dye molecule diffusion, the extent of surface adsorption and surfactant binding
and the duration of reversible surface adsorption events under a range of different conditions are

presented. FCS methods®® have previously allowed for the characterization of single molecule

44,163,164 44,61,164

Brownian motion and rare strong adsorption events in related materials. FCS
methods and single particle tracking'® have also been applied to the study of such phenomena in
commercial and monolithic ordered mesoporous materials by the Dai group® and by Brauchle
and coworkers.'® Related studies of disordered mesoporous films have been reported by the
Harris group.”’ While much was learned in these earlier studies, they dealt with fundamentally
different materials (some were monoliths) that were prepared by different methods. It is
particularly noteworthy that monoliths and thin film mesoporous materials are expected to have
different properties in part because of differences in the rates at which hydrolysis, condensation,
and solvent evaporation occur. This work deals specifically with materials that have not
previously been studied by single molecule methods: surfactant-containing and calcined
mesoporous thin films of hexagonal order. The results show there is clear temporal heterogeneity
in the mobilities of dye molecules found within these films. Frequent, reversible adsorption of
the dye to the surfactant-silica interface is noted in both surfactant containing materials and those
that have been calcined, reloaded with dye, and rehydrated by exposure to humid environments.

What’s more, as expected, different behaviors (diffusion rate, adsorption rate, sensitivity to the

hydration degree, etc.) for three different dyes are observed.
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3.2 Experimental Section

3.2.1 Sample Preparation.

Samples were prepared as follows. Silica sols were prepared by mixing
tetramethoxysilane (99%, TMOS, Aldrich), deionized water, absolute ethanol and HCI in a small
vial. The sol was stirred for 1 h after the addition of the above components and was then allowed
to sit for an additional 24 h at room temperature. Cetyltrimethylammonium bromide (CTAB,
Aldrich) or sodium dodecyl sulfate (SDS, Aldrich) was then dissolved in the solution by
vigorous stirring for 1 h. The final molar ratios of the components in these sols were typically
1:5.6:8:0.003:0.2  for TMOS:H,O:Ethanol:HCI:CTAB  and  1:16.8:8:0.003:0.05  for
TMOS:H,O:Ethanol:HCI:SDS. For the preparation of dye-doped mesoporous films, either a
methanolic solution of Nile Red (NR, Aldrich), a methanolic solution of 1,1°-dihexadecyl-
3,3,3°,3’-tetramethylindocarbocyanine perchlorate (Dil, Invitrogen) or an aqueous solution of
N,N’-bis(3-sulfonatopropyl)perylene-3,4,9,10-tetracarboxylic  diimide (sulfonated perylene
diimide, SPDI) was added to a portion of the above sol to yield a total dye concentration of 0.5
nM. Approximately 65 pL of the sol was then spin cast (30s at 6000 RPM) onto a clean glass
coverslip (Fisher Premium) immediately after addition of the dye. The films were subsequently
dried overnight at room temperature in a desiccator before use. The thickness of these films was
determined by profilometry (Ambios Technology; Santa Cruz, CA) to be 77060 nm. Small
angle X-ray diffraction (XRD) data from the CTAB-containing films indicate they incorporate
hexagonally-organized mesopores of 35 A periodicity (d-spacing), with the pores running
parallel to the film plane. XRD data from SDS-containing films show they incorporate lamellar
structures of 37 A periodicity. Films studied without further treatment are referred to as “as-

synthesized” films throughout this chapter.
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Surfactant-free mesoporous silica films were obtained by calcining the as-synthesized
(CTAB containing) films in a furnace. In this process, the films were first heated at 160°C for 90
min. The temperature was then increased to 350°C at a rate of 1°C/min, where it was held for 5
h. After cooling to room temperature, the films were treated in an air plasma (Harrick Plasma)
for 2-3 min to remove residual luminescent impurities that otherwise yielded significant
background in the single molecule experiments. The calcined, plasma treated films were then
reloaded with dye by soaking them in 1 nM dye solution for 1 h, followed by rinsing with
ethanol to remove loosely bound dye. These films were also dried in a desiccator overnight
before use. The final thickness of the calcined films was measured to be 400+30 nm. XRD data
from these films are also consistent with hexagonal mesopores. However, the mesopores in the
calcined films have collapsed and disordered somewhat, exhibiting 24 A periodicity.”

Both dry and rehydrated as-synthesized and calcined samples were studied. Dry as-
synthesized and calcined-reloaded films were maintained in a dry environment (i.e. under dry air
at 20% relative humidity (RH)) throughout the recording of images and time transients, as
described below. Rehydrated as-synthesized and calcined films were stored at a controlled
humidity (i.e. 30, 40 or 50% RH) for = 12 h prior to use. They were maintained under these same

humidity conditions throughout data collection.

3.2.2 Instrumentation.
All single-molecule studies were conducted on a sample scanning confocal microscope

79 and was shown in Figure 2.4 in Chapter 2. Briefly, this

that had been described previously
system is built on an inverted epi-illumination microscope (Nikon TE-200). Light from either a

green helium-neon laser (543.5 nm, used for NR and Dil) or from an argon ion laser (514 nm,

used for SPDI) was reflected from an appropriate dichroic beamsplitter into the back aperture of
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an oil immersion objective (Nikon Plan Fluor, 1.3 numerical aperture, 100X magnification).
This objective was used both for illuminating the sample, yielding a nearly diffraction limited
focus of = 300 nm 1/¢” radius, and for collecting the resulting single molecule fluorescence. The
incident laser power was always maintained in the 200-400 nW range (estimated from
measurements made external to the microscope). An electronic shutter was used to control
illumination of the sample. Fluorescence collected from the sample was isolated from the
excitation light by passage back through the dichroic beamsplitter, an appropriate holographic
notch filter, and a bandpass filter. A single-photon-counting avalanche photodiode was used as
the detector.

Fluorescence images were acquired by raster scanning the sample above the focused laser
spot, using a “closed-loop” piezo-electric stage. The fluorescence signal was integrated for 40
ms per pixel in the 100x100 pixel images. Single-point fluorescence time transients were
obtained by positioning selected sample regions in the laser focus and recording the spectrally
integrated fluorescence in time. Individual transients were recorded for up to 3 h, with a typical
dwell time of 80 ms. All single molecule experiments were performed under controlled

humidity conditions at 20, 30, 40 and 50% RH as noted above.

3.2.3 Simulations.

Simulated time transients* and fluorescence images were employed to help interpret the
experimental time transients and images.”” In these studies, simulated data were numerically
generated for perfectly homogeneous samples. Molecules were positioned randomly in a 30 X
30 pm’ region with an areal density near 0.5 molecules/um”. The exact parameters used in each
simulation are defined in the individual instances where such data are used (see below). The

number of molecules present in the region was kept constant by having molecules that diffuse
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out of one edge of the region “wrap around” to reenter on the opposite side. During each time
slice, At, each molecule was displaced from its previous position by a step of random size. The
step size probability distribution was a Gaussian with a mean-square width of 2DAt in each of
the two dimensions simulated (in the sample plane). All molecules were assigned the same D
value. This value was varied somewhat, as defined below, but was nominally held near 2x1071°
cm?/s, consistent with experimental results. The Gaussian excitation spot was positioned at the
center of the 30 X 30 pm? region and had a variance, s>, of 2.3x10'° cm®. The maximum signal
from each single molecule was set to 200 counts per data point. Signal variations due to
rotational motions were not included in the simulations. A background signal equivalent to 20%
of the signal was added to each transient. Random variations were also added to the signal and
background counts to simulate the effects of shot noise. Time transients obtained in this manner

were then treated identically to the experimental data.

3.3 Result and Discussion
3.3.1 X-ray Diffraction.

Figure 3.1 shows typical XRD patterns obtained from the mesoporous films before and
after calcination. The XRD pattern of the as-synthesized (i.e. surfactant-containing) silica film is
most consistent with a hexagonal structure, having characteristic (100) and (200) peaks at 20 =
2.59° and 4.96°, respectively. These results yield a d-spacing of ~35+0.5 A. The absence of the
(110) diffraction peak (expected at 20 = 4.41%) indicates that the channels run parallel to the
substrate surface. Two smaller peaks observed in the 20 = 2-4° region likely indicate the films
also incorporate some features of 3D hexagonal or cubic symmetries. XRD data obtained after

removal of the CTAB by calcination (i.e. in the dry films) exhibit a less intense, broad, single
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peak at 20 = 3.70°, corresponding to a d-spacing of 23.9 A (see Figure 3.1). These results reflect
a 30% contraction and possible disordering of the mesoporous structure during calcination.
Little or no change in the film structure is observed upon rehydration at 50% RH (data not
shown). Neither addition of Nile Red to the sol, nor its addition to the calcined films cause

observable changes in any of these structures.
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Figure 3.1. Small angle X-ray diffraction data for the as-synthesized (—) and dry calcined (----
-) mesoporous silica thin films. The intensity of the broad peak from the calcined sample has

been increased 15-fold. The inset depicts the (200) peak from the as-synthesized sample.
3.3.2. FTIR spectrum.

FTIR spectra of as-synthesized (surfactant-containing) mesoporous silica films and
rehydrated and dry calcined mesoporous films are shown in Figure 3.2. These spectra were
recorded for films deposited on silicon substrates. The broad absorption peaks around 3265 cm’
(strong) and 1630 cm™ (weak) for the as-synthesized film indicate there is some water entrapped

in the surfactant-filled mesopores.
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Figure 3.2. FTIR spectra obtained from as-synthesized (lower spectrum), rehydrated (middle)
and dry calcined (upper spectrum) mesoporous silica films deposited on silicon substrates. The
baselines on all spectra have been flattened and offset in the cases of the as-synthesized and dry

calcined films.
3.3.2 General Properties of NR, Dil and SPDI.

Figure 3.3 shows the chemical structures of the three dyes used in these studies. Both
NR7#10L16 and Dil'*1® have been used in numerous single molecule studies to date. While
SPDI has not been used previously in such investigations, closely-related perylene diimides
have.'”"? The bulk absorption and emission maxima (all in ethanol solution) are located at 550
nm and 625 nm for NR, 545 nm and 585 nm for Dil, and 525 nm and 565 nm for SPDI,
respectively. Because the SPDI absorption and emission maxima occur to the blue of those for

Dil and NR, two different lasers were used for excitation of the three dyes.
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Figure 3.3. Chemical structures for NR, Dil and SPDI.

NR, Dil and SPDI were selected for use specifically because they are expected to have
different interactions with the silicate matrix, residual solvent and/or the surfactant. NR is an
uncharged molecule; Dil has one positive charge and two eighteen-carbon alkane tails; and SPDI
can have up to two negative charges, depending on the pH. NR is expected to be the most
hydrophobic of the three and should exhibit the best solubility in the organic regions of the
micelles within as-synthesized silica films. Its only interactions with the silica matrix are
expected to occur via hydrogen bonding to its quinonal oxygen.” Because of its surfactant-like
nature, Dil should also be positioned within the surfactant phase of the as-synthesized materials.
However, its cationic headgroup should be located in the ionic outer regions of the micelles. It is
also expected to exhibit strong ionic interactions with the negatively-charged silica surface.
Finally, the anionic SPDI molecules are also expected to position themselves near the ionic outer
regions of the surfactant micelles. The SPDI molecules are expected to show the weakest

interactions with the silica matrix.
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All three dyes possess “rigid” chromophores of approximately the same shape and size,
having oblong structures with long dimensions of 12-14 A. The only significant difference in
molecular size arises from the presence of bulky alkane groups on Dil. The largest dimensions
of all three molecules fall in the 13-22 A range, with overall size increasing in the order NR <
SPDI < Dil. Because these size variations are small and occur predominantly along a single
molecular dimension, they are not expected to play a dominant role in determining molecular

mobility.

3.3.3 Imaging and Image Autocorrelation.
3.3.3.1 Image.

Typical 10 X 10 pm? fluorescence images recorded for an as-synthesized mesoporous
film doped with Nile Red and a dry calcined film reloaded with Nile Red are shown in Figures
3.4A,B. An image obtained from an undoped, calcined dry film is also shown for comparison
(Figure 3.4C), as is a simulated image (Figure 3.4D). Images like those shown in Figures 3.4A,B
are most frequently used to locate single molecules and specific sample regions for further
analysis. However, they also give initial, qualitative information on the molecular scale
properties of the films. Images obtained from the as-synthesized films incorporate a few bright
round fluorescent spots of diffraction-limited size, but are dominated by the many “streaks” that
appear. These image streaks are reflective of line-by-line variations in the single molecule
emission. Images recorded for rehydrated calcined films imaged at 50% RH were virtually
indistinguishable from those of the as-synthesized films and were also dominated by “streaks”.
In contrast, the dry (imaged at 20% RH) calcined films show predominantly round fluorescent
spots (having Gaussian intensity profiles), with relatively few fluctuations occurring on a time

scale similar to the image pixel time. Bulk FTIR spectra of these films show that the as-
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synthesized films contain the most water, followed by the rehydrated calcined films, while the

dry calcined films incorporate little or none.

Figure 3.4. Fluorescence images of 10 x 10 pm? sample regions recorded for (A) as-synthesized
mesoporous silica containing Nile Red at sub-nanomolar concentrations, (B) a dry calcined
mesoporous film (imaged at 20% RH) also containing Nile Red in low concentrations, and (C) a
blank image recorded for a calcined film, absent Nile Red. (D) Simulated image obtained
assuming an areal molecular density of 0.5 molecules/um®, with each molecule having a
diffusion coefficient of 2x10™"° cm?/s.

The bright round image spots in the dry calcined films are attributable to fluorescence

from single molecules entrapped at fixed positions, whereas the streaks arise from temporal

79,92,99

variations in the single molecule excitation and/or emission rates. These temporal

'3 triplet

variations could result from translational and rotational diffusion,®® spectral diffusion,
blinking,'”* and/or variations in the quantum yield due to the formation of a nonfluorescent
twisted internal charge transfer (TICT) state. The TICT state in Nile Red forms most readily in
polar media.””*”!"

The relative numbers of “spots” and “streaks” observed in a given image have been

shown previously to depend on the presence of residual solvents and the exact procedures used
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in film drying.””*>'#*!7 It has also been shown that certain dye-doped organically-modified
silicate films exhibit significant image streaking due to rapid molecular diffusion through fluid-
filled environments found within these films.”>”” It was concluded that the fluid-filled domains
were comprised of liquid-like organosilicate oligomers.

The hydrated surfactant assemblies of the as-synthesized films and the “water-filled”
pores of the rehydrated calcined samples are believed to behave as the “fluid-filled” domains,
facilitating translational (and rotational) diffusion. Comparison of the experimental and
simulated fluorescence images shown in Figures 3.4A and 3.4D reveals that they are
qualitatively similar, indicating translational diffusion could indeed be the root cause of the
image streaks. The simulated image shown was obtained as described above, assuming a
molecular density of 0.5 molecules/um®, with each molecule having a diffusion coefficient of
2x10™"° em?/s. The pixel time and simulated “scan rate” were identical to those used in the
recording of the experimental data.

It is noteworthy that some streaks appear even in images of the dry calcined samples, and
that some round spots are found in images otherwise dominated by streaks. In the dry calcined
samples, many such fluorescence fluctuations can be attributed primarily to triplet blinking'*and
possible quantum yield fluctuations due to intermittent formation of the TICT state.”**'”> The
round spots observed in the as-synthesized films are due to molecules entrapped at fixed
locations on the imaging time scale. Such spots do not appear in the simulated images (Figure
3.4D), suggestive of either substantial heterogeneity in the diffusion coefficient for different film
regions, or momentary adsorption of the diffusing species to the silica surface. Distinction
between these two mechanisms can only be made by the recording and analysis of time

transients, as described below.
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3.3.3.2 Image Autocorrelation.

Quantitative information on the molecule-matrix interactions occurring in dye-doped
mesoporous silica films is obtained by fluorescence correlation spectroscopy (FCS)
methods.**”> Accurate results in FCS studies can only be obtained when detailed knowledge of
the excitation spot size in the sample is available. Such information is obtained in the present
studies by recording and autocorrelating fluorescence images of dye-doped mesoporous films

incorporating immobile single molecules.'™
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Figure 3.5. A) Fluorescence image of a calcined mesoporous silica film reloaded with Dil and
recorded under dry (20% RH) conditions. B) Fluorescence image of a similar Dil-doped film
imaged at 50% RH. Both images are of 10x10 pm?® regions. C) Autocorrelations along the
horizontal (circles) and vertical (triangles) directions for the image shown in A). Fits to Eqn. 3.2

are depicted by the solid lines.
Images of dry (20% RH) calcined films doped to nanomolar levels with any of the three

dyes are observed to incorporate bright round fluorescent spots, consistent with excitation and
emission of single molecules entrapped at fixed positions. Figure 3.5A shows a representative

fluorescence image of a Dil-doped dry calcined film. Proof that the molecules are entrapped at
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fixed locations on the experimental time scale is reflected in the autocorrelation functions
obtained from such images.

Autocorrelations of the images were calculated as follows:'”°

c(e S+ D) 3.0)

(i)”
Here, i(X) represents an intensity trace taken along the horizontal (X) or vertical (y) image
directions. The brackets indicate that the average over all points in each trace is taken. Figure
3.5C depicts the average autocorrelation functions obtained in the x and y directions® for the
image shown in Figure 3.5A. The data density in the y direction is half that in the x direction for
experimental reasons (i.e. bidirectional scanning was employed).”*
Images of samples incorporating fixed molecules yield autocorrelation functions that are

readily fit to the following Gaussian expression:

g 2
C(§) = Aexp {?sj +B (3.2)

In Eqn. 3.2, s represents a measure of the excitation spot size (i.e. the beam variance),* and A
and B are constants. Images of dry calcined films doped with Dil and acquired using 543.5 nm

excitation yielded a mean beam variance of 2.6(x0.2)x10"° cm?.

Similarly, image
autocorrelation data derived from dry calcined films doped with SPDI and imaged using 514.5
nm excitation could also be fit to Eqn. 3.2 and yielded a similar mean beam variance of
2.7(20.2)x10™"° cm?®. Because these two beam variances are the same within experimental error,

all subsequent autocorrelation functions (both temporal and spatial) were analyzed using s> =

2.6x1071° cm?,
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In contrast to the dry calcined films described above, images recorded for rehydrated as-
synthesized and calcined films frequently exhibit obvious line-by-line variations in single
molecule emission. Figure 3.5B shows a representative image of a rehydrated (50% RH) Dil-
doped calcined sample, depicting such behavior. Previous studies have shown that Brownian
motion of the molecules is an important contributor to the “streaky” appearance of these
images.”*>”” Image autocorrelations can provide information on the relative contributions of
fixed and mobile molecules to the image contrast. However, because these data incorporate both
temporal and spatial information, and because the data density is limited, accurate information
on molecular mobility cannot readily be obtained from this analysis. Therefore, image

autocorrelation procedures were used almost exclusively for determining the beam focus size.

3.3.4 Fluorescence Time Transients and Autocorrelations.
3.3.4.1 Fluorescence Time Transients.

FCS data obtained from single point time transients provides the most accurate means
for exploring diffusion and molecule-matrix interactions in the mesoporous silica

44,45,55,61,160,164
films.

Time transients obtained from the different samples studied exhibit distinctly
different behaviors that are consistent with a variable level of molecular mobility. Figure 3.6A
shows a representative time transient obtained from a rehydrated (50% RH) Dil-doped as-
synthesized film, which is similar to those time transiets recorded from NR doped as-synthesized
(dry and rehydrated) and Dil-doped as synthesized (30RH, 40RH and 50RH) and SPDI doped
rehydrated calcined film. The transient exhibits short bursts of fluorescence separated by periods
over which only background counts are observed. These bursts continue to occur even over

extremely long times (hours), indicating that they arise from the translational diffusion of

different single molecules into and out of the detection volume of the microscope. This behavior
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stands in stark contrast to that depicted in Figure 3.6B, which shows a representative time
transient obtained from a dry (20% RH) as-synthesized Dil-doped sample, which is similar to
those time transiets recorded from NR doped calcined(dry) and Dil-doped as synthesized (20RH)
and SPDI doped as-synthesized (dry and rehydrated) and SPDI calcined film (dry). Here, a
constant level of emission (aside from shot-noise fluctuations) is observed for a brief period of
time, after which the signal abruptly and permanently drops to background. This latter behavior
is consistent with detection of a single, immobile dye molecule.

Upon closer inspection of transients like the one shown in Figure 3.6A, it is clear that
they often depict a mixture of behaviors. For example, Figure 3.6C shows an expanded region of
the transient given in Figure 3.6A, depicting a fluorescence burst that is too long to be attributed
to translational diffusion of a molecule through the excitation volume. The event shown has a
duration of = 26 s, while the average burst length due to diffusing molecules in this transient is
0.7 s. Furthermore, the fluorescence signal observed during this event is relatively constant,
aside from shot noise fluctuations. As has been discussed for surfactant-containing samples”'®’
these events can be attributed to strong, reversible surface adsorption of the dye molecules.

Similar events are observed for all three dyes in different samples studied under certain

conditions (see below).
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Figure 3.6. A) Representative fluorescence time transient recorded for Dil in a rehydrated (50%
RH) as-synthesized mesoporous silica film. B) Fluorescence transient recorded for a fixed Dil
molecule in a dry (20% RH) as-synthesized film, C) Expanded region from A depicting a long

burst event. The expanded region in A is marked by an asterisk. D) Autocorrelation of the time
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transient shown in A (symbols) and its fit to Eqn. 3.4 (solid line).
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3.3.4.2 Autocorrelation.

Characterization of molecular diffusion and surface adsorption phenomena in the present
studies was accomplished by recording numerous single-point fluorescence time transients for
the full range of samples studied. Autocorrelation of the transients obtained in the presence of
mobile molecules provides quantitative data on the rate of single molecule diffusion and the
duration of reversible adsorption events. It also provides a measure of the relative contributions
of diffusion and reversible adsorption to the fluorescence fluctuations observed.

Single point autocorrelation functions, C(t) were calculated as follows:

C(o) = O+ D) (3.3)

<N\ 2

(i®)
In Eqgn. 3.3, i(t) represents the fluorescence time transient. Time transients analyzed here were
all recorded with 80 ms resolution. The autocorrelated data were subsequently fit to a model
decay function selected for its inclusion of both two-dimensional diffusion (within the film

plane) and reversible surface adsorption, as defined in Eqn. 3.4:%%¢!

C(t) = LZ + A, exp(-tk) (3.4)
1+Dz/s

Here, D is the diffusion coefficient for the dye, s is the beam variance (determined above), k is
the rate constant for desorption of adsorbed species and Ay and A, are the amplitudes of the
diffusion and adsorption components of the decay, respectively. In the data presented below, the
relative contributions of diffusion and adsorption to the time transients are employed. The

relative Ag4 and A, values were obtained by normalizing each to the total amplitude of the decay:

Ag(relative) = —2d__ (3.5)
Ad + Aa
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Figure 3.6D presents the autocorrelation function obtained from the time transient shown in

Figure 3.6A. Also shown in Figure 3.3D is the curve fit obtained using Eqn. 3.4. This particular

fit yields a diffusion coefficient of 3.7><10-locm2/s, a desorption rate constant (k) of 0.080 s and
a relative A4 of 0.70. This same procedure was used to analyze several hundred time transients
obtained from the full range of samples studied herein. The results are described below in
separate sections for the as-synthesized and calcined samples.

As a caveat to the model in Eqn. 3.4, it should be noted that several different phenomena,

166,170.175 an also lead to similar

including triplet blinking'’* and other fluorescence fluctuations
autocorrelation decays. However, no evidence of triplet blinking was observed in transients
recorded with 80 ms resolution. Likewise, time transients recorded as a function of incident
power showed no detectable power dependence, indicating the majority of fluctuations observed
were not due to photoinduced phenomena. Therefore, it is concluded that molecular mobility is
the dominant cause of the observed fluorescence fluctuations.

As expected, the Dil, NR and SPDI dyes all show dramatically different time dependent
behaviors in the as-synthesized and calcined samples. The behavior observed in each case also
exhibits a marked dependence on the level of film hydration, as determined by the ambient RH.
Table 3.1 presents Ay, D, and k values obtained from the majority of samples studied. Since the
entire inhomogeneous distribution is obtained in single molecule studies, Table 3.1 reports both
the average (bulk like) and the most common values obtained. Results from CTAB-containing

films will be discussed first, followed by those obtained from SDS-containing films. Those of

the calcined films are presented last.
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Mean or D Aq4 . 4
Dye Sample RH . 5 k(s") No.?
Peak? | (x10" em¥s) | (relative)?
20 NA Y
Mean 9+2% 0.374£0.05 | 0.06+0.02
30 65
Peak 22+0.1 | 0.32£0.01 | 0.01440.002
As
Mean 132 0.44+0.05 0.07%0.02
synthesized 40 74
Peak 84403 | 037£0.01 | 0.045£0.009
Dil
Mean 30£8 0.5110.04 0.10+0.03
50 79
Peak 144403 | 0.50+0.01 | 0.044=x0.001
20 NA
Calcined Mean 31%5 0.561+0.04 | 0.052+0.009
50 77
Peak 2434+0.6 | 0.55+0.01 | 0.040%0.001
As 20
NA
synthesized 50
SPDI 20 NA
Calcined Mean 4014 0.5810.04 0.08+0.01
50 83
Peak 32.8+0.3 | 0.59£0.01 | 0.056£0.001
Mean 2448 0.43£0.04 0.04+0.01 79
As 20
. peak 10.3+0.1 | 0.354+0.01 | 0.037+0.002 79
synthesized
NR 50 Mean 27+9 0.58+0.07 0.07%0.02 20
20 NA
Calcined Mean 29+5 0.5340.03 | 0.048+0.008
50 72
Peak 21.0+0.3 | 0.51+0.01 | 0.031x0.001
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Table 3.1. Mean and peak diffusion coefficients, Ag(relative) and desorption rate constant (k) for
the three dyes under different RH (20, 30, 40 or 50 RH) and in different films (as-synthesized or
calcined).

Ypeak value from Gaussian fitting, “Aq(relative)=A4/(AqtA,), “error bars indicate 95%
confidence interval, *number of time transients, ”NA indicates the molecules photobleach or

diffusion is too slow to detect.

3.5 As-synthesized CTAB-Containing Mesoporous Silica Films.

Transients obtained from SPDI molecules in CTAB-containing films almost exclusively
end in discrete, irreversible photobleaching events (i.e. similar to that shown in Figure 3.6B),
indicating the molecules are adsorbed at fixed locations in these films. Importantly, this
behavior is observed under all conditions investigated (i.e. 20-50% RH). In this case, there are
obviously strong interactions between the dye and the film that occur even when the film is
hydrated. It is known that charged, water-soluble perylene diimides form strong, water-insoluble
ionic complexes with oppositely-charged surfactants.'””'”® These strong ionic interactions are the
likely cause of SPDI immobility in the CTAB-containing materials. It is concluded the SPDI
molecules are located at the silica/surfactant interface, near the charged surfactant head groups.
While the nonpolar conjugated ring structure of SPDI suggests it should be soluble in the interior
of the micelles, the molecules would remain mobile under such circumstances (see NR data
below). Since virtually all SPDI molecules appear to be adsorbed at fixed sites in these
materials, such hydrophobic effects are clearly less important. While SPDI could form hydrogen
bonds to the silica surface via its imide oxygens, such effects are concluded to be negligible,

because of the immobility of these molecules even in hydrated films.
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Figure 3.7. Histograms showing the distributions of measured D values (A), k values (B), and
amplitudes (C) of the diffusional component of the autocorrelation decays relative to total decay
amplitude for as-synthesized samples.

In contrast to SPDI, NR shows different results. Figure 3.7 depicts histograms of the
diffusion coefficients and desorption rate constants obtained by fitting all 79 autocorrelations
(see table 3.1). From these data, an average D of 2.4(x0.8)x10™'% cm?/s (error bars indicate the
95% confidence interval) is obtained for Nile Red in the as-synthesized mesoporous films.
Fitting of the histogram in Figure 3.7A to a Gaussian function yields a value for the most

common D of 1.1x10™"° cm?/s. Likewise, average and most common values for k are determined
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to be 0.040 s'and 0.037 s™', respectively, consistent with a characteristic mean desorption time of
25(+9) s. Similarly, an average D of 2.6(+1.0)x10"° cm?/s and a mean desorption time of
40(%10) s are obtained from the rehydrated calcined samples. Note that the mean desorption
times reflect the average length of time the molecules spend adsorbed to the silica surface, while
the simulated time transients yielded only very few rare diffusive events of this same length.

The widths of the D and k distributions shown in Figure 3.7 are believed to be due almost
entirely to errors associated with fitting the autocorrelation data.”” They do not appear to reflect
a significant level of heterogeneity in either diffusional or adsorption/desorption processes. This
conclusion is consistent with sample heterogeneity occurring over length scales much smaller
than the diffraction limited focus of the microscope.

Figure 3.7 also depicts a histogram showing the apparent relative contributions of
diffusion and adsorption to the autocorrelation decays (see Eqn. 3.5) for the as-synthesized
samples. An average relative Ay of 0.43(£0.04) is obtained for the as-synthesized films, along
with an average relative A, of 0.57(+0.04). For the rehydrated calcined samples, similar results
are obtained with Ay = 0.6(£0.1) and A, = 0.4(£0.1). These results indicate that a significant
fraction of each autocorrelation decay arises from reversible adsorption events in both the as-
synthesized and rehydrated calcined samples. However, the frequency of adsorption is clearly
different, with the A4 (and A,) values differing at better than the 95% confidence level between
the two samples.

Furthermore, NR mobility is only modestly dependent on the level of film hydration,
exhibiting an average D of 27x10™"" cm?/s in hydrated (50% RH) films. While this value differs
modestly from that observed in the dry films, the change in D over the range of samples studied

is relatively small compared to that observed for Dil (see below).
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The mobility of NR likely results from its hydrophobic nature, which makes it soluble in
the nonpolar regions of the CTAB micelles. Unlike SPDI, however, NR is uncharged, and
therefore has no ionic interactions with the surfactant headgroups. As a result, NR spends much
of its time moving through the fluid, nonpolar regions of the micelles. Water incorporated in the
films even under dry conditions may also play a role in NR mobility. As shown in Figure 3.2,
FTIR spectra recorded for dry (20% RH) as-synthesized films cast on silicon substrates exhibit a
relatively strong, broad absorption at 3265 c¢m™, consistent with the presence of bulk water in
these films. However, the weak dependence of NR mobility on the ambient RH suggests the
surfactant phase itself plays a dominant role in facilitating dye molecule motions.

While the NR molecules are highly mobile in these films, their time transients also
exhibit clear evidence of frequent, reversible surface adsorption. Long fluorescence bursts
exhibiting stable emission are observed (similar to that shown in Figure 3.6C). It is concluded
the molecules occasionally approach the silica surface, where they form hydrogen bonds with
surface silanols. The average time each molecule spends adsorbed (1/k) to the surface under dry
conditions (20% RH) was found to be 25 s. The average duration of the adsorption events was
also found to depend on the level of film hydration, yielding a value of 14 s in hydrated films
(50% RH). Likewise, the diffusive component of the autocorrelation decay makes a dominant
contribution at high RH (A4 = 0.58) while the absorptive component dominates at low RH (A4 =
0.43). Such behavior is expected since water molecules will effectively compete with NR for the
hydrogen bonding sites on the silica surface in the hydrated thin films. The length of time each
NR molecule spends adsorbed to the surface is thus reduced.

Among the three dyes employed, Dil is the most sensitive to changes in film hydration.

Dil molecules in the dry (20% RH) as-synthesized samples appear to be adsorbed at fixed
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locations and do not move on the experimental time scale. This result contrasts with that of NR,
for which the molecules were observed to be relatively mobile under these same conditions. The

Dil molecules then become significantly more mobile as the ambient RH is increased. Figure
A2
3.8 depicts histograms of the D values obtained. The average D is measured to be 910 cm /s,

A1 2 a2
13x10 cm /s and 30x10 cm /s, in films hydrated at 30, 40 and 50% RH, respectively. The

most common values, reflecting the peak of each inhomogeneous distribution are measured to be

2.2><10_”cm2/s, 8.4x% lO_Hcmz/s, and 14.4x 10_”cm2/s under these same conditions.

The immobility of Dil at 20% RH indicates that the molecules are strongly adsorbed to
the silica surface under these circumstances. Were it found entirely within the nonpolar regions
of the surfactant micelles, it would be expected to be mobile even in the dry films, as was
observed for NR. The much stronger “permanent” adsorption of Dil under dry conditions
suggests adsorption involves strong ionic interactions of the cationic dye with the anionic silica
surface. Silica surfaces are known to have pI ~ 2,'"* suggesting the surfaces in these mesoporous
materials are negatively charged, even under the low pH conditions (pH = 3.8) used in their
preparation. Dramatically enhanced Dil mobility under hydrated conditions then results from

solvation of the ionic dye and surface species.
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Figure 3.8. Histograms showing the distribution of measured D values for Dil-doped as-
synthesized mesoporous silica films characterized at 50% RH, 40% RH and 30% RH. The solid

lines depict the Gaussian fits to each histogram used to determine the peak of the distribution.
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Figure 3.9. Histograms showing the distribution of measured Ag(relative) values for Dil-doped
as-synthesized mesoporous silica films characterized at 50% RH, 40% RH and 30% RH. The
solid lines depict the Gaussian fits to each histogram used to determine the peak of the

distribution.
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Figure 3.10. Histograms showing the distribution of measured k values for Dil-doped as-
synthesized mesoporous silica films characterized at 50% RH, 40% RH and 30% RH. The solid

lines depict the Gaussian fits to each histogram used to determine the peak of the distribution.
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The differences between average and most common D values reported above result from
“tailing” of the distributions to higher D values (see especially Figure 3.8, 30% RH), which
biases the average results. The observation of these higher D values reflects sample
inhomogeneity. Differences in film properties may depend on depth, with more open pores near
the film surface allowing for most rapid diffusion. They may also reflect variations in the water
content of individual pores throughout the films. Unfortunately it is not possible to determine
the exact origins of this heterogeneity at present.

Dil also exhibits evidence of both diffusion and reversible surface adsorption (i.e. as in
Figure 3.7C) in the time transients obtained from as-synthesized films. This behavior is strongly
dependent on film hydration. As might be expected, the relative contributions of diffusing
species increases as the humidity is increased. Figure 3.9 plots histograms of the values
obtained. Average A4 values of 0.37, 0.44 and 0.51 were determined from these data for 30, 40
and 50% RH, respectively. Similarly, the average duration of Dil adsorption events become
shorter with increasing hydration. Figure 3.10 plots histograms of the average k values obtained,
yielding average adsorption times (1/k) of 17 s, 14 s, and 10 s at 30, 40 and 50% RH,
respectively. The most common values for these parameters are again observed to be different
from the mean values due to sample heterogeneity. The results are consistent with increasing
solvation of the dye molecules and dissociation of ionic molecule-matrix complexes under high
humidity conditions.

It is unlikely that differences in the sizes of the dye molecules employed play a
significant role in governing the above behavior. XRD data indicate the average pore diameter in
these materials is = 35-37 A. All three molecules are smaller than the average pore size and

therefore are expected to readily enter most pores. Furthermore, it has also been shown that
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interfacial interactions are more important than pore size in determining molecular mobility in

monolithic mesoporous materials.”’

3.6 As-synthesized SDS-Containing Mesoporous Silica Films.

To confirm the importance of ionic interactions between the dyes, surfactant and the
silica surface, as synthesized films containing SDS were also prepared and implemented in FCS
studies of NR, Dil and SPDI mobility. SDS is an anionic surfactant and gives rise to films of
lamellar structure, as deduced by small angle X-ray scattering.'*!

Time transients obtained from NR-doped samples again show that the molecules move
freely in both dry (20% RH) and hydrated (50% RH) films, yielding average D values of 23.4 x
10" em?/s and 27.6 x 10" cm*/s, respectively. The similarities in NR mobility for CTAB and
SDS-containing materials provide strong support for the conclusion that hydrogen bonding
interactions with the silica matrix and hydrophobic interactions with the micelles are most
important in governing its mobility.

Unlike in the CTAB-containing films, SPDI is mobile in the SDS-containing films. Its
mobility is strongly dependent on the level of film hydration, yielding average D values of 6 x
10" ¢cm?s and 43 x 10! cm?/s in dry (20% RH) and hydrated (50% RH) films, respectively.
The dramatically enhanced mobility of SPDI in the SDS-containing films provides support for
the conclusion that its immobility in the CTAB-containing materials results from strong ionic
interactions with the surfactant. No such interactions occur between SPDI and SDS, both of
which are anionic. These results are consistent with the interpretations of previous bulk studies
in which similarly-charged dyes and surfactant species were concluded to repel each other."®

Dil is only observed to be mobile in the most highly hydrated SDS-containing films (i.e.,

at 50% RH). A D value of 30.2 x 10! cm?/s is obtained under these conditions. In contrast, Dil
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was observed to be mobile under relatively low humidities (30% RH) in CTAB-containing films.
The reduced mobility of Dil in the SDS films is likely due to relatively strong interactions
between the anionic SDS head groups and the cationic Dil molecules. In highly hydrated films,
these ionic interactions are disrupted by solvation and the molecules become mobile. These
results also suggest that the ionic interactions between Dil and SDS are not as strong as those
between SPDI and CTAB. This difference may be due to delocalization of the positive charge

on Dil (see Figure 3.3) and the presence of two, localized negative charges on SPDI.

3.7 Calcined Mesoporous Silica Films.

Characterization of calcined films provides a means to further explore the mechanisms
for dye diffusion and surface adsorption in surfactant-free mesoporous silica films. All studies
on calcined films described here were conducted using samples prepared from CTAB-templated
sols. When calcined, the structure of CTAB-containing films contracts by 30% and becomes
more disordered, but otherwise maintains its hexagonal structure.'”” The average pore size in
these materials was found to be 24 A, from XRD data. Due to film disorder, pores as large as 30
A were also found to be present. As in the as-synthesized materials, all three dyes are small
enough to enter these pores. In contrast to the CTAB-containing materials, the lamellar SDS-

34141 and therefore could not be used.

containing films collapsed upon calcination,

Aside from the change in pore size and order mentioned above, calcination also has a
direct impact on film composition. Not only is the surfactant removed from the mesopores, but
calcination also yields markedly drier films. Furthermore, the number of surface silanol groups
is also reduced and the number of Si-O-Si bonds is increased. Nevertheless, the presence of

residual surface silanols and trace amounts of water is reflected by the presence of small

absorption peaks observed at 3743 cm™ (sharp, free Si-OH) and 3598 cm™ (broad, hydrogen-
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bonded Si-OH) in FTIR spectra of calcined films prepared on silicon substrates.”>'*® The broad,
relatively strong absorption of bulk water (3265 cm™) seen in the as-synthesized samples is no
longer present. As will be shown below, the water remaining in the calcined films is too little to
facilitate molecular diffusion, while the residual surface silanols are still sufficient to impact
molecular mobility and surface adsorption in hydrated calcined films.

All three dyes are observed to be immobile (i.e. they exhibit clear, irreversible
photobleaching events) in dry (20% RH) calcined films. Immobility in these samples likely
arises from strong dye-matrix interactions that occur in the absence of solvent (water). This
observation also demonstrates the importance of the hydrated surfactant micelles in facilitating
molecular mobility in the as-synthesized samples.

For the rehydrated (50% RH) calcined samples, all three dyes are found to be mobile.

Figure 3.11 depicts a bar-graph showing the average D, A4, and adsorption time (1/k) values
ar2 a1 2
obtained. For SPDI, Dil and NR, average diffusion coefficients of 40x10 cm /s, 31x10 cm /s

and 29><10_“cm2/s, respectively, were obtained. The mean A4 values measured for these three
dyes were 0.58, 0.56 and 0.53, while their mean adsorption times (1/k) were 13 s, 19 sand 21 s,
respectively. Heterogeneity similar to that observed in the as-synthesized films is also observed
here, as reflected by the differences between the mean and most common values of these
parameters. Overall, the results show that the SPDI molecules are the most mobile of the three
and spend the least time adsorbed to the silica surface. Dil and NR exhibit smaller (and similar)

diffusion coefficients and spend relatively more time adsorbed to the silica surface.
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Figure 3.11. The measured mean Aq(relative) (top), D (middle) and 1/k (mean adsorption time)
(bottom) values for the three different dyes in rehydrated (50% RH) calcined mesoporous silica
films. Error bars show the 95% confidence interval on each parameter.

The “water-filled” pores of the hydrated calcined films clearly provide the fluid
environment necessary for translational diffusion of the dye molecules. The variations in the
diffusion coefficients for the three dyes may reflect subtle differences in their mobilities, due to
differences in their structures and hence their abilities to fit within pores of somewhat variable
geometry (as reflected by film disordering upon calcination). However, the D values obtained
(Figure 3.11) do not follow a clear size-dependent trend. SPDI is most mobile, while NR is least
mobile. While molecular size may play some role in governing molecular mobility, it is clearly
not the dominant factor and other mechanisms must be considered.

It is also likely that ionic interactions play a significant role, especially in the differences

observed between SPDI and the other two dyes. Anionic SPDI will tend to avoid the negatively
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charged silica surface, spending the majority of its time in central pore regions. Because of its
negative charge, SPDI may even be excluded from the smallest pores found in these films.'®' It
may therefore be concluded that SPDI probes film environments that are different (and perhaps
more like bulk solvent phases) than are probed by Dil and NR. These latter two dyes are
expected to spend more time near the pore surfaces and diffusing through smaller pores, leading
to lower overall D values. The importance of surface interactions in these results is also
supported by the Ayq and k values obtained from the three dyes. NR and Dil spend the longest
time (on average) adsorbed to the silica surface, and also most frequently exhibit reversible
adsorption events.

Comparisons of the results obtained in as-synthesized films to those from calcined films
may also be drawn from the data presented herein. While these comparisons are made difficult
by the dramatic sample-dependent differences in composition, solvent content and pore size,
some of the observed behaviors are interesting and worth noting. For both Dil-and NR-doped
samples, surface adsorption times were observed to be significantly longer in the hydrated
calcined films than in the as-synthesized films. Similarly, dye diffusion was also slightly faster
in the calcined films. While the exact origins of these observations are unknown, they may
reflect interactions of the dye molecules with the surfactant phase in the as-synthesized materials.
The surfactant phase likely provides a solvating medium, preventing long-term surface
adsorption while also providing a (more viscous) medium through which the molecules can
diffuse. Once the surfactant has been removed, the molecules spend more time adsorbed to the
surface and diffuse more rapidly through the less viscous medium of water-filled (albeit smaller)
pores. Figure 3.12 shows a model for diffusion and adsorption of Nile Red within the as-

synthesized and rehydrated calcined films.
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“ = Nile Red 3% = Silanol

Figure 3.12. Model for diffusion and adsorption of Nile Red within the as-synthesized (top) and
rehydrated calcined (bottom) films. The dye moves relatively freely through the surfactant-filled
and/or hydrated pores, periodically encountering surface silanols (stars) on the silica pore

surfaces to which it can hydrogen bond, leading to reversible adsorption events.
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3.8 Conclusions

Single molecule imaging and fluorescence correlation spectroscopy have been employed
to probe single molecule diffusion and surface adsorption in as-synthesized (i.e. surfactant-
containing) mesoporous silica thin films and in calcined, plasma-treated mesoporous films. Both
dry and rehydrated as-synthesized and calcined samples were investigated. The results of these
studies provide valuable information on the rates of mass transport and surface adsorption events
of most relevance to applications of these and other mesoporous materials in chemical
separations, sensing and optical device applications. Important new information on mass
transport and molecule-matrix interactions in mesoporous thin-film systems has been obtained
using single molecule spectroscopic methods. Three different dyes of varying size, charge, and
hydrophilicity were used. Neutral NR molecules were found to be highly mobile in surfactant-
containing films, regardless of the level of film hydration (as controlled by the ambient RH),
while also showing strong evidence for reversible adsorption to the silica surface. It was
concluded NR spends much of its time diffusing through the nonpolar, hydrated regions of the
surfactant micelles, but also comes in periodic contact with the silica surface, to which it can
reversibly bind. In contrast, anionic SPDI molecules were found to be immobile under all
conditions studied in CTAB-containing films, due to extremely strong ionic interactions between
SPDI and the oppositely charged surfactant. Finally, cationic Dil molecules were found to
exhibit dramatic humidity-dependent mobilities and also showed evidence for reversible surface
adsorption. Dil was concluded to be incorporated in the surfactant micelles and to form strong
ionic bonds with the negatively charged silica surface. Studies performed in SDS-containing
films provided further support for these conclusions. Overall, results from the surfactant-

containing films are consistent with those of previous studies in which molecule-matrix
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. . . 140.157.1 . . .
interactions were probed by bulk-spectroscopic means.'**"*!>® Unlike these previous studies,
however, the present results also provide relevant new information on mass transport through the
films, evidence of reversible surface adsorption, and quantitative information on variations in

these phenomena with film hydration.
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CHAPTER 4 - Molecular Orientation and its Influence on
Autocorrelation Amplitudes in Single Molecule Imaging

Experiments

This chapter has been published in Analytical Chemistry:
Fangmao Ye, Maryanne M. Collinson* and Daniel A. Higgins* "Molecular Orientation and its

Influence on Autocorrelation Amplitudes in Single Molecule Imaging Experiments", Anal.

Chem. 2007, 79, 6465.
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4.1 Introduction
Autocorrelation functions derived from temporally or spatially fluctuating fluorescence

40,86

signals are now widely applied in studies of biomolecule dynamics,'”'**'*> Brownian

44,45,55,57,61,92,160,164,175,186 44,45,55,57,61,164

motion, reversible surface adsorption, molecular

187-189 169,175,190,191 - - :
1% and other phenomena.'®'>""*"*! The autocorrelation data obtained provides

reorientation,
valuable information on the characteristic time scales or distances over which the signal
fluctuations occur. Such information is derived from the “rate” at which the autocorrelation
function decays. Importantly, the concentration of a species of interest can also be obtained from
the amplitude of autocorrelation decay data. In early work, Koppel'” and Elson and Magde™
showed that under background-free conditions, the amplitude of the autocorrelation function
scales as the inverse of the average concentration of objects in the detection volume. A more

complicated concentration dependence arises in the presence of background.'” Autocorrelation

methods have since been widely employed for determining concentrations (or relative

192,193 176,194

concentrations) of protein aggregates, cell receptors and cytosolic proteins,'”” and

5

fluorescent microspheres.'”> The concentration dependence of autocorrelation amplitudes

196,19 164 : .
"7 hear surfaces,'® and in thin

obtained in single molecule studies of diffusion in solution,
films>>="*"*? has also been discussed.

Implicit in much of the previous work referenced above is the assumption that the
individual objects being detected exhibit no polarization dependence in either their excitation or
emission processes. Entirely different results are obtained when the objects absorb or emit
polarized light. The former assumption is valid when the objects being detected are stained at

195,198

relatively high concentrations (i.e., as in the case of fluorescent spheres ) so that the dye

molecules themselves do not individually contribute to the signal fluctuations. It is also valid in
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solution-phase single molecule studies of free diffusion in which the molecules rapidly and
randomly reorient on the relevant experimental time scale (i.e., the signal averaging time).
Situations in which this assumption is not valid include solution-phase experiments like those

? in which the molecules being probed reorient relatively

described by Aragon and Pecora,"”
slowly. In this case, the polarization sensitivity of the optical system must be taken into account
to properly relate the autocorrelation amplitude to the concentration of diffusing species.

Several single molecule studies reported in the recent literature provide additional
examples of situations in which the polarization sensitivity of the optical system must be
accounted for when interpreting autocorrelation decay amplitudes. Included are all single
molecule imaging studies in which the single molecules being detected are adsorbed or
entrapped in or on thin-film materials in fixed orientations.””"**'*” Additional examples include

92,199

studies of single molecule diffusion in organically modified silica films, single molecule

55,57,61,66,90,160 .
and studies of

diffusion and surface interactions in mesoporous silica materials,
solution-phase diffusion coupled with reversible molecular adsorption at chemically-modified
silica surfaces.”*'**® In many of these latter reports, the single molecules exhibit either
permanent or reversible molecular adsorption in (or on) the materials of interest. Hence, the
molecules are expected to remain in fixed orientations for relatively long periods of time. It
should be noted that use of unpolarized or circularly polarized light for excitation and detection
purposes does not yield the result expected for rapidly reorienting molecules. The optical
systems (i.e. microscopes) used in all such studies exhibit sufficient polarization sensitivity to
yield altogether different results.

In this chapter, the full concentration dependence of the autocorrelation amplitude in the

presence of orientationally-fixed single molecules is presented. Derivation of the proper
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expression, taking into account both polarization-dependent excitation and emission phenomena,
relies on a combination of concepts from several previously published models.®®-!'7-1%-201-202
Both simulated and experimental data are then used to conclusively demonstrate the applicability
of this model in the analysis of single molecule image autocorrelation data. The experimental
data employed in this analysis was obtained from dry dye-doped mesoporous silica films.”> To
help demonstrate the importance of orientation phenomena in determining autocorrelation
amplitudes, the single molecule imaging results are also compared to simulated and experimental
results from rapidly diffusing and reorienting molecules. Data obtained from hydrated
mesoporous silica thin films are used to demonstrate the lack of orientation sensitivity in this

> for which the well-known'” dependence on concentration and background alone is

case,’
recovered. The conclusions drawn are of relevance to any correlation spectroscopy experiments

in which there is potential for orientation/polarization sensitivity (e.g., temporal or spatial, single

molecule or otherwise).

4.2 Experimental Section

4.2.1 Sample Preparation.

Calcined mesoporous silica films were prepared as described previously.” Briefly, silica
sols were obtained by mixing tetramethoxysilane (TMOS), water, absolute ethanol and HCl in a
small vial and stirring for 1 h. After 24 h, the sol was doped with cetyltrimethylammonium
bromide (CTAB) and stirred for 1 h. The final molar ratio for the composite was typically
1:5.6:8:0.003:0.2 (TMOS:H,0:Ethanol:HCl:CTAB). A small aliquot (65 pL) of the sol was
then spin cast (30s at 6000 RPM) onto a clean glass coverslip (Fisher Premium). The film was
subsequently dried overnight at room temperature in a desiccator and calcined in a furnace.

During calcination, the films were first heated at 160°C for 90 min. The temperature was then
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increased to 350°C at a rate of 1°C/min and was held there for 5 h. After calcination, the films
were treated for 2-3 min in an air plasma to remove residual luminescent impurities. Small angle
X-ray scattering results show the mesopores in these films take on a collapsed, hexagonal
organization of modest order.”” Film thickness was determined to be ~400+30 nm, by
profilometry.

All fluorescence images and time transients were recorded using films that had been
loaded with Dil (1,1’-dihexadecyl-3,3,3’,3’-tetramethylindocarbocyanine  perchlorate,
Invitrogen) after calcination and plasma treatment. Loading was achieved by soaking the
calcined/plasma treated slides in a dilute methanolic solution of Dil for 1 h. A series of dye
concentrations was employed to obtain films incorporating different amounts of dye. The
specific dye concentrations used in individual experiments are defined below. After loading of
the films, excess dye was removed by rinsing with ethanol. The dye-loaded films were
subsequently dried in a desiccator overnight before use.

Both “dry” and “hydrated” samples were employed. Films classified as “dry” were
maintained in dry air (20% relative humidity, RH) during storage and imaging. “Hydrated” films
were stored at 50% RH for = 12 h prior to use, and were studied under these same conditions.
As we have shown in the Chapter 3, high RH conditions result in hydration of the film and a

dramatic increase in dye mobility.

4.2.2 Instrumentation.

All studies were conducted on a sample scanning confocal microscope shown in Figure
2.4 in Chapter 2. Briefly, this system is built upon an inverted epi-illumination microscope. A
“closed-loop” X,Y stage was employed for sample positioning and imaging. Light from a green

helium-neon laser (543.5 nm) was used to excite Dil in all experiments. Prior to incidence on
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the sample, the laser light was first passed through appropriate bandpass filters and polarization
optics. Linearly polarized laser light thus produced was subsequently reflected from a dichroic
beamsplitter into the back aperture of an oil immersion objective (1.3 numerical aperture, NA).
This objective was used both for focusing the excitation light into the sample and for collecting
the resulting sample fluorescence. A nearly diffraction limited focus of ~ 300 nm 1/e* radius
was produced in the sample. The incident power at the sample was estimated to be less than 200
nW in all experiments. Fluorescence collected from the sample was isolated from residual
excitation light by passage back through the dichroic beamsplitter, a holographic notch filter, and
a bandpass filter. A single photon counting avalanche photodiode was used as the detector.
Total (i.e. unpolarized) fluorescence was detected. Pulses from the detector were counted using
a National Instruments counter-timer card (PCI-6602).

Fluorescence images of dry samples were acquired by raster scanning the sample above
the focused laser spot. The fluorescence signal was integrated for 40 ms at each pixel in the
100x100 pixel images. Single-point fluorescence time transients were obtained from hydrated
samples by positioning selected sample regions in the laser focus and recording the spectrally
integrated fluorescence in time. Individual transients were up to 3 h in length, with a dwell time

of 80 ms.

4.3 Results and Discussion

4.3.1 Description of the Model.
The derivation of the autocorrelation function for polarization-independent excitation and

86,179
’ The dependence on several

emission of single particles has been reported previously.
parameters, including concentration, is demonstrated in these derivations, for conditions under

which either the fluorescence signal®® or background'” dominate. Likewise, the autocorrelation
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function expected for polarization-dependent excitation and emission of molecules exhibiting
rotational and translational diffusion in solution has been reported.'” Here, a modified
derivation, demonstrating the dependence on molecular orientation, experimental configuration
and concentration for orientationally-fixed molecules in single molecule imaging experiments is
given. This model is also applicable to interpretation of temporal single molecule
autocorrelation data in situations where the molecules repeatedly and reversibly adsorb to
materials surfaces®*~>°"29%2% iy fixed orientations.

Here, the sample fluorescence in the image plane is defined as i(x,y). Fluorescence
images recorded at sufficiently low concentrations exhibit signal fluctuations due to Poisson-

distributed variations in the number of molecules present in the detection volume. The relative

mean square fluctuations observed in such images are given by:

(602) (G-t
(i) (iGcy)”

(4.1)

where, the brackets (< >) indicate that the average over the entire image is taken.

The value obtained from Eqn. 4.1 yields the amplitude of the autocorrelation decay
required for concentration determinations.*® However, its value incorporates significant

contributions from uncorrelated fluctuations (i.e. Poisson distributed shot noise and unresolved

174

dynamics, such as might arise from triplet blinking ™). The shot noise contributions to Eqn. 4.1

1

may often be removed by subtracting 1/ <i(x,y)> from its value.””! Unfortunately, fluctuations

due to other processes cannot readily be subtracted. Therefore, the autocorrelation amplitude is

best obtained from the full autocorrelation function, G(&,y):
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(4.2)

where G(&,y) describes the relative mean square fluctuations as a function of position &,y in the
image. Note that Eqn. 4.2 reduces to Eqn. 4.1 when &,y = 0. By curve fitting the experimentally
determined G(&,y) (for &,y > 0) to an appropriate expression, a good estimate of the
autocorrelation amplitude, G(0,0), can be obtained. G(0,0) can then be related to the average
concentration of a single analyte species present in the detection volume.®*!”

The dependence of the numerator and denominator in Eqns. 4.1 and 4.2 on concentration,

molecular orientation and excitation/detection parameters are given in the following sections.

Average Signal (i(x,y)). The signal from the detection volume, for molecules in fixed

orientations defined by the usual angles ¢,0 in spherical polar coordinates is given as:

i(9,0) = PK(6,0)VC(6,0)+ PVB (4.3)

The x,y coordinates have been suppressed in Eqn. 4.3 to simplify the expression. Here, P is the
incident power in photons/sec, V is the detection volume, K(¢,0) describes the orientation-
dependent (and position dependent) excitation and detection efficiency, C(¢,0) describes the
number density (or concentration) of molecules at a particular orientation, and B is the
background per unit volume. The latter may arise from elastic and/or inelastic scattering from
the sample matrix.*’

The orientation dependence of K results from the interaction of the polarized incident
optical fields with the (fixed) transition dipoles of the molecules. Contributions to this term also
arise from the emission-angle-dependent and polarization-dependent collection efficiency of the

201,202

high NA objective most often used in single molecule experiments. Lastly, the position
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dependence of K arises from the Gaussian intensity profile of the focused incident light. For
single molecule detection with linearly-polarized incident light and unpolarized emission

detection, K(¢,0) may be written as:
~ 2
K(.0) =K'[2(9.0) Eine| FexcFuer (¢.6) (4.4)

In Eqn. 4.4, K’ represents the peak orientation- and position-independent excitation and
detection efficiency, 1(¢,0) the molecular transition dipole, ﬁinc the incident optical field, Fex
the position-dependent excitation efficiency in the microscope, and Fg.(¢$,0) the orientation
dependent detection efficiency. The dependence of these variables on various experimental
parameters is outlined below. Specifically, K’ includes terms like the excitation cross-section
of the molecule, the quantum efficiency of emission and detection, etc. Fe is readily replaced
by its average value, which for a Gaussian intensity profile in the microscope focus is simply
half its peak value (i.e, Fexc = 0.5).

The second term in Eqn. 4.4 (incorporating (1(¢,0) and ﬂinc) describes part of the

orientation dependence of K. Here, (¢,0) and ﬂinc, both of unit magnitude, are defined as:

sinBcos¢
2(¢,0) =| sinBsin¢ |, B, . =| 0 (4.5a,b)
cos0O 0

The nonzero z-component (along the optical axis) of the incident field has been neglected (Eqn.
4.5b) as it is typically small compared to the lateral field components.”*
The orientation dependent detection efficiency in Eqn. 4.4 is given by Fu.(9,0) and

results from variations in the efficiency at which light is collected by the high NA objective, for a
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given transition dipole orientation. Employing the results of Axelrod®®' and Ha, et al.**”

Faet(9,0) is given by:

Fuer (0,0) =1+ (i{ﬁ - 1j<:<>s2 0 (4.6)
1

for which K; and K3 are defined by the angular range, 0., over which the objective collects
light:
Kl = %2 (5 — 3C0S90bj - COS2 eobj — COS3 eobj)

3 (4.7a,b)
K3 = %; (2 — 3050,y + cos eobj)

For the 1.3 NA objective used in these studies (with immersion oil having n=1.52), O, = 58.8°,
K; = 0.285 and K3 = 0.0731. Inserting these parameters into Eqn. 4.6 yields Fuc(0,9) = 1-
0.5c0s°0.

Lastly, for implementation of Eqn. 4.3, the proper form for C(¢,0) must be determined.
The molecular orientation distribution in the film must be taken into account in defining C(¢,0),
yielding:

C(,0) = Cf(¢,0)sind (4.8)

Here, C is the mean number density of molecules in the film as has been used in previous
derivations.*™!”"'> For the purposes of the present experiments, it is assumed that the molecules

take on random orientations (i.e., f(¢,0) = 1) in the film. As a result C(¢,0) = Csin®.

Inserting the above expressions into Eqn. 4.3 yields the total orientation-dependent signal

plus background:

i(9,0) = %PK'VGCOSz (1)(1 —0.5cos> 9)§in3 6+ PVB 4.9)
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Taking the average signal from all molecules over all possible orientations in an image yields:

PK'VC (2=
CO

(i(x,y)) = 2 9dg [ Q —0.5c0s2 G)Sin3 6d6+PVB (4.10)

Under the present experimental conditions, Eqn. 4.10 becomes <i(x,y)> =0.15PK'VC + PVB.

Signal Fluctuations (6i(x,y))2. The signal fluctuations are defined in a manner similar to

the average signal (Eqn. 4.3), with the important exception that there is no contribution from

background counts. Here, the squared signal fluctuations are given by:

(5i(9,0))” =P?K>($,0)VC(9,6) (4.11)

Since the number of molecules in the detection volume is Poisson distributed, the squared signal
fluctuations scale linearly with the number density of molecules. Using the same definitions of
parameters given above, the mean square fluctuations obtained by averaging over all molecules

and orientations is given by:

(PK') VC [ 27cost gao [ (1-0.5c05%0) sinoxo (4.12)

<(6i(x,y)) >

which becomes <(6i(x, y))2> = 0.043(PK’)2 VC under the present conditions.

Autocorrelation Amplitude G(0,0). By combining Eqns. 4.10, 4.12 and 4.1 or 4.2, the
autocorrelation amplitude expected as a function of number density for single molecules found in
fixed, but random, orientations is then given by:

0.043(K')*C

G0.0)= 22 “n.n2
V@.023(K') C2+030K'CB+B )

(4.13)

In the presence of a nonzero background, the autocorrelation amplitude does not exhibit a

179

simple dependence on analyte concentration. Rather, the amplitude initially rises, passes
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through a maximum and then falls with increasing concentration. The general form of this
expression is similar to that given originally by Koppel.'”” However, the amplitude predicted at a
given concentration differs because of the orientation-dependent phenomena mentioned above.
The maximum in a plot of amplitude vs. number density occurs at C,,,, = B/(0.15K”) and the
maximum autocorrelation amplitude at C,,, for fixed molecules is predicted to be:

0.29K'
GOOmax =" vg

(4.14)

Eqns. 4.13, 4.14 demonstrate that when the molecules being detected are found in fixed
orientations, the signal fluctuations observed are expected to be greater than those from samples
exhibiting polarization-independent excitation and emission. Under the latter condition, the
orientation-dependent factor in the numerator of Eqn. 4.13 (defining the signal fluctuations)
changes from 0.043 to 0.023. The autocorrelation amplitude in the case of orientationally-fixed
molecules is thus 0.043/0.023 = 1.9 times larger (at all concentrations) than for rapidly
reorienting molecules, using parameters common for single molecule experiments (defined
above.)

Autocorrelation data taken from both simulated and experimental images and time
transients are used below to verify the concentration dependence in Eqn. 4.13 and to demonstrate
the differences in autocorrelation data obtained from fixed and rapidly reorienting single

molecules.

4.3.2 Simulated Images.

Simulated images were generated by modeling the sample as a 30 X 30 pm’® two-
dimensional (2D) region. Single molecules were positioned at random sites within the region

and were held at these locations throughout the simulations. The number of molecules in the
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entire 30 X 30 um? region was varied from 10 to 40000 (C = 0.011 to 44 um™) for the full range
of simulations performed. The orientations of the individual molecules were also determined at
the start of each simulation and were held fixed throughout. The molecules were assigned a
random orientation in the plane of the sample (i.e. in ¢). The out-of-plane orientation 0 for each
was determined by assuming a random distribution in sin®.

In generating the simulated images, a Gaussian excitation profile was “scanned” across
the central 10 X 10 pm? region to mimic the recording of actual image data. The Gaussian

profile had a variance (s%) of 2.6x10™"° cm?

as determined from experimental images (see
below).”” The incident light was taken to be linearly polarized along ¢ = 0°. The peak signal
from each molecule (PK’) was assigned a value of 200 counts, while the background count rate
(PVB) was set to 20 counts. Gaussian noise having a variance equal to the total counts at each
pixel was added to simulate shot noise.

Figure 4.1A shows a representative example of the simulated images obtained. This
image was obtained at a number density of 1.1 molecules/um®. Four such images were
generated at each concentration defined above and used in the following analysis. All simulated

images were autocorrelated using Eqn. 4.2. The autocorrelations were then fit to a Gaussian

function, excluding G(0) from the fit:**

2
G(p)=A, epozﬁsj ] (4.15)

Here, A, represents the amplitude of the decay and provides an estimate of G(0), while p is the
radial dimension in a 2D image autocorrelation. The Gaussian function describes the
autocorrelation decay expected from the excitation of fixed single molecules by a Gaussian

incident beam. An additional component might have been included in Eqn. 4.15 to account for
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triplet blinking, photobleaching or other fluctuations.”” Since the image simulations did not
include such phenomena and the experimental image data (see below) did not show significant
contributions from these sources, all image autocorrelation data could all be fit well with Eqn.
4.15 alone. Note that only the ten points on either side of the central point (p = 0) were used to
fit the data. Figure 4.1B shows the resulting radial component of the image autocorrelation

obtained along the horizontal direction in Figure 4.1A, along with its fit to Eqn. 4.15.

A)

Position (pm)

Figure 4.1. A) Simulated image for a number density of 1.1 molecules/um”. B) Autocorrelation
along the horizontal direction (open circles) for the image shown in A) and its fit (solid line) to
Eqn. 4.15. C) Experimental image (10 X 10 pm?®) for 0.9 nM Dil in a dry calcined silica film.
D) Autocorrelation along the horizontal direction (open circles) for the image shown in C) and

its fit (solid line) to Eqn. 4.15.
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Figure 4.2 depicts the autocorrelation amplitude obtained for several simulated images
having number densities from C = 0.011 to 44 pm™. The concentration dependence predicted
by Eqn. 4.13 is depicted in these data. The fit shown yielded V = 0.33+£0.01 pm?, B/K’ =
0.31£0.02 pm™ and G(0)max = 0.70, consistent with the simulation parameters employed. Input
parameters in these simulations include V = 4ns® = 0.33 um?®, PB = 61 um™ and PK’ = 200

(hence, B/K’ = 0.31 um™).

G(0)

Molcculcs;’pmz

Figure 4.2. Concentration dependent autocorrelation amplitude derived from a series of
simulated images (filled squares) at the number densities shown. The solid line shows a fit of
these data to Eqn. 4.13. Error bars depict the standard deviation of four replicate simulations at

each concentration.
4.3.3 Simulated Transients.

Simulated time transients were employed to demonstrate the differences between
autocorrelation data obtained from orientationally-fixed molecules and those that are rapidly
reorienting. These time transients were obtained in a manner similar to the simulated images,
using a 30 X 30 um” region. Simulations were again performed for a range of number densities
(C =0.011 to 44 pm™). The single molecules were initially assigned random positions, but were
then allowed to move freely throughout the region by taking steps of random size in the sample

plane during each simulation time step. The mean square displacement in each direction was
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taken as 2Dt, where D is the diffusion coefficient and t is the time step employed. Here, D =
4x10™"° cm?s and t = 0.08 s were used to mimic the parameters of real experiments (see
below).”” The orientation of each molecule was assumed to be randomized on the 0.08 s time
scale, making the maximum signal (neglecting shot noise) from each molecule 0.3K’P = 60
counts.

The individual time transients obtained were autocorrelated using the 1D analog to Eqn.

4.2 and were fit to the following expression:

G(1) :iﬁ A, exp(—1k) (4.16)
1+Dz/s

Only the first 5% (at most) of each autocorrelation was fit, due to the limited signal-to-noise at

185,204

longer times. The first term in Eqn. 4.16 describes the contributions of diffusing species to

the autocorrelation decay, while the second describes contributions from a variety of other

5

sources, including spectral diffusion, quantum yield variations,'” and reversible molecular

adsorption. 2%

While such phenomena were not included in the simulations, this second term
was included because evidence of these phenomena was found in the experimental data
described below.”” For all simulated data, A, was set to zero.

Figures 4.3A,B show a representative simulated time transient, its autocorrelation and the
fit to Eqn. 4.16. Four transients were generated, autocorrelated and fit in this same manner for
each concentration in the range specified above. Figure 4.4 plots the mean amplitude (Aq =
G(0)) of the autocorrelation decay at each concentration. The data in Figure 4.4 were fit to the
analog of Eqn. 4.13 for freely rotating molecules (i.e. 0.043 in numerator replaced with 0.023).
As expected, the amplitude of the time transient autocorrelation data is smaller by a factor of =

1.9 compared to that obtained from simulated images of molecules at fixed orientations. The fit

shown yielded V = 0.3240.01 um® and B/k = 0.31+£0.02 pm™. Again, the parameters obtained
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from the fit of the simulated time transient data are virtually identical to those input into the

simulations (see above).
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Figure 4.3. A) Simulated time transient for a molecular density of 0.67 molecules/um®. B)

Autocorrelation (symbols) and fit (solid line) to Eqn. 4.16 for the simulated time transient shown

in A). C) Time transient for 1.6 nM Dil in a calcined silica film probed at 50% RH. D)

Autocorrelation (symbols) and fit (solid line) for the experimental time transient shown in C).
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G(0)

Molcculcs;’pmz

Figure 4.4. Concentration dependent autocorrelation amplitude derived from simulated time
transients (filled squares) at the number densities shown. The solid line shows a fit of these data
to the free-rotation analog of Eqn. 4.13. Error bars (barely visible) depict the standard deviation
from four replicate simulations at each concentration. The data are plotted on the same y-scale

as Figure 4.2.
4.3.4 Experimental Images.

Autocorrelation data derived from experimental images and time transients provide
practical confirmation of the above predictions. Here, images of dry calcined mesoporous silica
samples containing low (nanomolar) concentrations of Dil were used to obtain the necessary
experimental image data. As we have shown in the Chapter 3, the vast majority of Dil molecules
found within mesoporous silica films studied under dry conditions (i.e. 20% relative humidity)
are immobile. Permanent (or long-term) adsorption of the molecules in fixed positions is
verified by repeatedly imaging the same area while monitoring the positions of the fluorescent
spots observed. Verification that the molecules are adsorbed in fixed orientations is obtained by
recording time transients for the individual spots under polarized excitation conditions.
Molecules that yield invariant emission (aside from shot noise) are concluded to be

orientationally-immobile. Adsorption of the molecules at fixed positions and orientations results
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from strong ionic interactions between the positively charged Dil and negatively charged silica
surface.”’

Solution Concentration (nM)
0.1 | 10 100

0.6 T T T T

G(0)

L S Sl e e MNP R Y
1 10 100
]\/lolcculcs;’,mn3

Figure 4.5. Concentration dependent autocorrelation amplitude derived from a series of
experimental images (filled squares). The solid line shows a fit of these data to Eqn. 4.13. The
concentrations on the upper x-axis represent the solution concentrations used to load the films
with dye. The number densities shown along the lower x-axis were determined by fitting the
data, assuming a detection volume of 0.16 um’. Error bars depict the standard deviation from
three replicate measurements at each concentration.

Figures 4.1C,D show a representative fluorescence image for dry Dil-doped calcined
silica films, its autocorrelation along the horizontal direction and its fit to Eqn. 4.15. Again, only
a Gaussian model for the autocorrelation decay was employed. Figure 4.5 shows the
autocorrelation amplitude obtained from a series of images recorded at different dye
concentrations. Three replicate images were recorded at each concentration. The dye
concentration in each of the methanolic solutions used to load the films is shown along the upper
x-axis in Figure 4.5. Dil concentrations employed were 0.1, 0.4, 0.9, 1.0, 1.6, 3.0, 6.0, 10, 20
and 100 nM. While it is difficult to know the actual number density of dye molecules present in
the films from the solution concentration alone, such information can be obtained from the

autocorrelation data. To make this determination, the detection volume of the microscope must
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be known. This information is available from the average widths of image autocorrelations
obtained at low concentrations’” and from the known thickness of the samples. A value of 47s’
= 0.4+£0.1 pm’ is obtained in this case. Using the measured film thickness of ~ 0.4 pm, the
detection volume, V, is found to be 0.16 pm’. Assuming the dye concentration in the film scales
linearly with the concentration of molecules in the loading solution, a good estimate of the
concentration in each film can be determined by fitting the data in Figure 4.5 to Eqn. 4.13, using
an adjustable number density.

The number density shown in Figure 4.5 along the lower x-axis depicts the values
obtained by the above procedure. The results show that B/K’ = 1.03+0.05 um™ and that the
concentration of image spots is approximately 3-fold greater than expected from the solution
concentration alone. An increase in dye concentration in the film (relative to the original
solution) might result from strong interactions between the cationic dye and anionic sites on the

silica surface.

4.3.5 Experimental Transients.

As predicted, different results are obtained for samples that contain a predominance of
freely mobile molecules. Dil doped calcined mesoporous silica films exposed to high relative
humidity (50% RH) environments were used in these experiments. Previous studies from our
group have shown that the majority of Dil molecules exhibit relatively rapid translational and
rotational diffusion under such conditions, yielding average translational diffusion coefficients of
D=3.1 (£0.5)x 10" cm?/5.®" Three time transients were obtained at each concentration, using a
bin time of 0.08s. These time transients were autocorrelated and fit to Eqn. 4.16.
Representative data and its autocorrelation are shown in Figure 4.3C,D. Again, only the first =

5% (at most) of each autocorrelation was fit. The first point in each was also excluded from the

106



fit. Figure 4.6 plots the total autocorrelation decay amplitude (AgtA, from Eqn. 4.16 provides
the estimate of G(0)) as a function of Dil concentration (upper x-axis) in the methanolic solution
used to load the films. As in Figure 4.5, the lower x-axis depicts the number density obtained by
fitting the data using V = 0.16 um’. Fitting of these data to the free-rotation analog of Eqn. 4.13
yielded B/K’ = 1.16+0.04 um™, with V = 0.16 pm’. The similar value obtained for B/K’ from
the experimental imaging and time transient autocorrelations is expected. This ratio is
insensitive to the orientational mobility of the molecules. The concentration of molecules
determined by fitting the data (lower x-axis in Figure 4.6) is again greater than in the solutions
used to prepare them. In this case, the concentration appears to be a factor of seven greater. The
difference in apparent concentrations determined by fitting the image and time transient
autocorrelation results (showing three-fold and seven-fold concentration increases, respectively)
result in part from significant uncertainties in estimating the detection volume in each case. The
large error bars in the time transient data (see below) also contribute to uncertainties in the
concentration.

Of most significance to the present work are the relative autocorrelation amplitudes
obtained from the image and time transient data. As predicted, the amplitudes of the
autocorrelation data obtained from the time transients are all smaller than those from the image
data. The peak amplitudes of the fits shown in Figures 4.5 and 6 are 0.44 and 0.20, respectively,
yielding an amplitude ratio for orientationally fixed vs. reorienting molecules of = 2.2, close to
the value of 1.9 predicted above. It should be noted that the amplitude results do not depend
upon assumptions of the detection volume and therefore are expected to yield consistent results
in situations where the only difference between samples is in the orientational mobility of the

molecules.
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Figure 4.6. Concentration dependent autocorrelation amplitude derived from a series of
experimental time transients (filled squares). The solid line shows a fit of these data to the free-
rotation analog of Eqn. 4.13. The concentrations on the upper x-axis represent the solution
concentrations used to load the films with dye. The number densities shown along the lower x-
axis were determined by fitting the data, assuming a detection volume of 0.16 um®. Error bars
depict the standard deviation from three replicate measurements at each concentration. The data
are plotted on the same y-scale as Figure 4.5.

As a final point, it should be noted that the error bars shown in the experimental time
transient data are significantly larger than expected from the simulation results (compare Figures
4.4 and 4.6). The error bars in the image autocorrelation data are also expected to be larger than
those of the time transient data (compare Figures 4.2, 4.4-6). Measurement errors are expected
to scale as the inverse square root of the number of signal fluctuations observed in each image or
time transient.””>?"® The number of such fluctuations is directly proportional to the number of
data points in each data set. From this argument alone, the time transient data should yield error
bars that are significantly smaller, as observed in the simulation data (Figures 4.2 and 4.4). The
fact that the error bars are much larger in the experimental time transient data proves that other
factors contribute. Possible sources of increased errors include: 1) difficulties in maintaining the

microscope focus over the long time periods used in recording the transients, 2) local variations
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in film thickness (> 15%) and hence, detection volume and 3) sub-micrometer variations in

sample porosity,®” which might lead to variations in the apparent local concentration.
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Figure 4.7. Time transient obtained at 1.6 nM concentration. The insets show expanded regions
of the transient depicting two long adsorption events. This transient was excluded from the data
set used to construct Figure 4.6 because of the appearance of these obvious adsorption events.

One other important factor that contributes to the large error bars in Figure 4.6 is the
occasional appearance of adsorption events in the time transient data. Figure 4.7 depicts a
representative example of this phenomenon with two clear adsorption events highlighted as
insets. Such events are typified by observation of an approximately constant level of
fluorescence that extends for a period of time substantially longer than most diffusive events.*"
435557200 Assuming these molecules are adsorbed in fixed orientations, such events should
contribute on average twice as strongly to the autocorrelation decay amplitude as events due to
rapidly reorienting molecules. The appearance of very few such events may have an even larger
impact on the autocorrelation amplitude. The transient shown in Figure 4.7 was excluded from

the data set used to construct Figure 4.6 for this reason.
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4.4 Conclusions

A model describing the full concentration dependent amplitude of fluorescence
autocorrelation data for samples comprised of single molecules entrapped in fixed but random
orientations and exhibiting polarization dependent excitation and emission has been presented.
The model has been verified using both simulated and experimental single molecule data. Its
differences with previously published models, which assume polarization-independent excitation
or emission processes, have been explored. The results prove that the exact nature of molecular
orientation (fixed or rapidly reorienting) must be accounted for when determining concentrations
(or relative concentrations) from single molecule autocorrelation data. All other parameters
being equal, it may be concluded that fixed molecules contribute approximately twice as strongly
to the autocorrelation decay as do rapidly reorienting molecules.

The orientation-dependence of autocorrelation amplitudes described here is relevant to
concentration determinations in any system comprised of small objects (i.e. single molecules,
nanoparticles, etc.) that exhibit polarization-dependent excitation or emission processes and
which may be found in fixed orientations on relevant experimental time scales. Although this
dependence was demonstrated using single molecule imaging results alone, it is also of
importance to the interpretation of autocorrelation data from studies of reversible single molecule

55,57

adsorption in/on thin films or surfaces, such as have been reported by our group and by

OthCl‘S.43_45’164’200
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CHAPTER 5 - Following the Growth Process in Macroporous
Methylsilsesquioxane Films at the Single Macropore Level by

Confocal Correlation Spectroscopy

This chapter has been published in Chemistry of Materials:

Hanjiang Dong, Fangmao Ye, Daniel A. Higgins* and Maryanne M. Collinson* "Following the
Growth Process in Macroporous Methylsilsesquioxane Films at the Single Pore Level by
Confocal Correlation Spectroscopy", Chem. Mater., 2007, 19, 6528.

In this work, Dr Hanjiang Dong developed the sol recipe and prepared the monoliths, while I

trained him on microscope operation and helped collect the light scattering data.
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5.1 Introduction

Macroporous sol-gel derived monoliths and films represent an intriguing class of
materials that have attracted considerable attention recently owing to their unique structural
features and potential applications as catalyst supports, stationary phases for chemical
separations, superhydrophobic materials, and as materials for drug delivery, chemical sensors

53,133,135,209-211

and optics. One common method for preparing these materials is by

polymerization-induced phase separation (i.e., spinodal decomposition) in silicon-alkoxide-

212

derived sols. Methyltrimethoxysilane (MTMOS) represents an important example of the

silicon-alkoxide precursors that have been employed in recent synthetic studies.®!?®20%2!3
Hydrolysis and condensation of MTMOS in acidic water-methanol mixtures leads to formation
of relatively nonpolar methylsilsesquioxane (MSQ) oligomers and polymers. Under appropriate
conditions, MTMOS-derived MSQ polymers can spontaneously phase separate from the water-
methanol solution, forming a two-phase system. Importantly, phase separation can occur
without the use of additives (i.e. organic polymers).?'* Subsequent gelation converts the phase-
separated sol to a rigid, porous matrix. Pore size and overall materials morphology can easily be
controlled by simply varying the time between phase separation and gelation.”’* These same
MSQ-based materials, prepared under slightly different conditions can also yield homogeneous
sols, precipitates, or resins.***"* The diversity of materials that can be obtained results in part
from the complexity of the phase separation and sol-gel transition processes.

A variety of methods such as NMR, XRD, light scattering, SAXS, confocal microscopy,
electron microscopy, and porosimetry have been used previously to follow the sol-gel process in

pore-forming and related systems and to probe the chemical and physical properties of the

resulting materials. Unfortunately, few of these (e.g., NMR, light scattering, SAXS, confocal

112



microscopy) are capable of following real time changes during the sol-gel transition. The others
(e.g., XRD, electron microscopy, porosimetry) can only be used to probe dried

53:132133.136.212:221 - MR, while invaluable as a means to determine the molecular

materials.
species present, has not yet been used to probe the sol-gel process in phase-separated systems,
likely because of sample inhomogeneity. Although laser scanning confocal microscopy has been
used to image the static three-dimensional structures within macroporous sol-gel materials,'***'®
only aged wet gels and dried gels have been investigated. While conventional bulk light
scattering methods have provided a wealth of information on the time evolution of such

- 1132212
materials, 32,

these methods primarily probe regions of high polymer concentration (the
matrix, after phase separation and gelation have occurred). Importantly, the sol-gel dynamics in
regions of low polymer content (the macropores) have not been previously directly probed by
these or any other methods. As the silica, catalyst and solvent concentrations differ spatially
within all these materials, a full understanding of their formation and aging can only be obtained
by probing the dynamics in a spatially resolved manner.

In this chapter, an in-situ microscopic technique, confocal correlation spectroscopy
(CCS),"" is used to follow the polymerization of MTMOS films from before phase separation to
well after gelation. Implementation of optical microscopic methods allows for the different
phases (i.e. pores and matrix) to be distinguished from each other and separately probed with
sub-micrometer-scale spatial resolution in real time. Light scattering by the individual MSQ
“nanoparticles” that appear in the sol (before phase separation) or within the pores (after phase
separation) is used as a means to follow the time evolution of these materials. Conceptually,
55,136

CCS is similar to fluorescence correlation spectroscopy,® commonly used by our groups

and others to study sol-gel derived materials.®"**'®" However, because no dyes are employed in
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the present studies, the structural evolution of the individual sol-gel derived particles that
ultimately come together to form the matrix may be probed without concern for the effects of

dye partitioning and dye-matrix interactions.

5.2 Experimental Section

5.2.1 Sample Preparation.

All chemicals employed, including methyltrimethoxysilane (MTMOS, >98%), nitric acid
(HNOs), water (HPLC grade) and methanol (MeOH, HPLC grade) were obtained from Aldrich
and were used as received. Bulk samples were prepared using a procedure modified from the
literature.”** Briefly, 0.50 mL of MTMOS and 0.14 mL of MeOH were first mixed in a small
vial. After 5 min, 0.13 mL of IM HNO; was quickly added. The mixture was then vigorously
agitated for 1 min at room temperature. The final mole ratios of Si:H,O:MeOH were 1:2:1.

Preparation of MSQ films for use in the CCS studies was performed 20 min after
preparation of the sol. In this procedure, a 1.5 uL aliquot of the sol was dropped onto the center
of a microscope cover slide. The slide was then quickly covered with a second cover glass to
spread the sol and to prevent its evaporation. The films obtained were determined to be 2-5 pm

thick by optical microscopy (see below).

5.2.2 Optical Microscopy.

Samples prepared by the above procedure were immediately transferred to a sample
scanning confocal microscope for imaging and for the recording of time transients. All
experiments were performed under ambient lab conditions, with the top cover slide in place. The
microscope employed was shown in Figure 2.4 in Chapter 2. Briefly, it is comprised of an
inverted light microscope, upon which is mounted a closed-loop piezo-electric X,Y scanning

stage. In the present experiments, the microscope was used in the epi-illumination mode to
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selectively collect and detect 543.5 nm laser light scattered by the sample matrix and by MSQ
particles within the film and pores. Incident light (< 3 pW) was delivered to the sample using a
high numerical aperture (NA = 1.3) oil-immersion objective. A dichroic mirror (Chroma
Technologies 565DCLP) was used to direct the laser light into the back aperture of this
objective. The same objective was used to collect light scattered by the sample. Light collected
from the sample subsequently passed through the dichroic mirror and into the detection path.
The dichroic mirror served to reduce the intensity of the scattered light into the linear range of
the single-photon-counting avalanche photodiode detector.'”” Pulses from the detector were

counted using a National Instruments counter-timer card (PCI-6602).

5.2.3 Other Characterization Methods.

SEM images were obtained using a Hitachi S-3500N SEM with an acceleration voltage
of 20 KV. The surfaces of the samples were coated with ~ 50 A of gold before imaging by SEM.
Optical density data from the bulk sols were obtained at a wavelength of 543.5 nm, using a HP
8453 diode array spectrometer. Film thickness was obtained using the optical microscope
described above. For this purpose, the incident laser light was alternately focused on the
glass/sol interfaces of the upper and lower cover glasses. The distance between these two foci
was read from the calibrated scale on the microscope focal knob and was recorded as the film

thickness.

5.3 Results and Discussion

5.3.1 Imaging of Macroporous MSQ Films.

A variety of different materials, including homogeneous and phase separated sols and
gels can be prepared when MTMOS is hydrolyzed and condensed.”® The type of material

formed depends on the Si:water ratio, the catalyst, the pH of the sol, and whether a one-step or
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two-step polymerization procedure is employed.*®*'* In contrast to what was believed a decade
ago, it has recently been shown that gels can be formed from MTMOS sols when the pH is very
low.*'> In the present work, the Si:water ratio was 1:2, just above the stoichiometric
requirement, and the sols were highly acidic (pH ~ 1). Under these conditions, both phase
separation and gel formation occur.

Optical images of the films prepared as described above provide a detailed view of MSQ
film evolution from before phase separation to well after gelation. Figure 5.1 shows
representative examples of the images obtained. The signal at each pixel in these 100 X 100
pixel images was integrated for 40 ms. Spectra of the light collected proved that elastic scattering
by the sample was the dominant source of signal and optical contrast in all such images. Also
shown in Figure 5.1 is the time dependent optical density of the bulk sol from which this film
was prepared. These latter data were recorded from just after sol preparation until just after
phase separation.

At early times (i.e. for a period of more than 5 h), no distinct features are observed in the
optical images. However, all such images yield signals larger than the dark background of the
microscope. As noted above, these signals arise from light scattering by the sol. Here, light
scattering is specifically attributed to scattering by MSQ “nanoparticles”. The presence of these
nanoparticles is supported by the gradual increase in optical density observed for the bulk sol
(see Figure 5.1) at early times. SEM data obtained from gelled films (see below) provide further
evidence of their existence. The formation of such particles is also well-known from previous
SAXS studies of similar materials.”>> However, the nanoparticles formed at early times are not

likely to be true solid particles of well-defined shape. Rather, they likely consist of weakly

116



Optical Density

1
300 400

1
200
Time (min)

1
0 100

Figure 5.1. Optical images (top, 10 X 10 pm?) of an MSQ film as a function of time after sol
preparation. Prior to phase separation (< 340 min) the film uniformly scatters light. At 340 min,
the sol undergoes a spinodal decomposition and a two-phase system appears. The bright regions
are the matrix (high silica concentration), the dark regions the pores (low silica concentration).
The two phases continue to evolve (i.e. they remain mobile) until sometime after the gel
transition in the film (> 410 min). Beyond 735 min, the film structure is observed to be stable,
although the optical contrast between matrix and pores continues to improve. Optical density
(bottom) at 543 nm as a function of time obtained from the associated bulk gel. These data show
that phase separation occurs at approximately the same time in the bulk gel and the film.

Gelation occurs in the bulk gel at 405 min.
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cross-linked (i.e. low density) MSQ oligomers having optical properties that differ only modestly
from the solvent (i.e. methanol).

Phase separation (i.e. spinodal decomposition) is observed to occur in this film just prior
to 5 h 40 min (340 min), as evidenced by formation of a two-phase system at this point (see
Figure 5.1). The two phases consist of regions high in MSQ polymer concentration (bright
regions exhibiting relatively strong light scattering) and those that are low in MSQ concentration
(dark regions exhibiting relatively weak scattering). It should be noted that the time at which
phase separation occurs is defined here as the first appearance of a two-phase system in the
optical microscope. In previous reports, phase separation has often been defined as the time at
which the sol just begins to turn turbid.**> Here, the plot of optical density vs time for the bulk
sol (Figure 5.1) provides this information. In this plot, the optical density is observed to
gradually increase for more than the first 5 h. It then abruptly rises at 5 h 50 min (350 min), a
time that is consistent with the phase separation time deduced from the optical images. These
data suggest that there is little difference in the hydrolysis and condensation processes of the
bulk sols and films studied here. Similarities between these samples are not surprising since the
micron thick films are really “thin monoliths” that are also kept covered (like the bulk samples)
to minimize evaporation.

After phase separation but prior to gelation, the regions of high and low MSQ
concentration continue to evolve in size, shape and position, as evidenced by the images shown
in Figure 5.1. The time between phase separation and gelation is one of the most important
factors governing the final morphology of these macroporous materials.”'* At the gelation point,

the regions of high MSQ concentration rapidly form a rigid, permanent structure: the “matrix”.
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The regions of low MSQ concentration become the “pores” of the matrix and are filled primarily
with liquid solvent at this point.

The time at which gelation occurs can also be deduced from the images shown in Figure
5.1. In this particular sample, the size and shape of the individual regions show little change
after 6 h 50 min (compare images recorded at 410, 735, 1219, and 2080 min). Therefore, this is
concluded to be the approximate time of film gelation. The film gelation time closely
corresponds to the 6 h 45 min (405 min) gelation time observed in the bulk sample. Gelation
was detected in the bulk sample by observation of a dramatic change in sol viscosity.

The optical images obtained after gelation indicate the films are comprised of pores
having 1-2 pum cross-sectional dimensions. Because they are interconnected, the pores often
appear as “channels” with lengths in excess of 10 um. The pores are separated from each other
by regions of solid MSQ matrix that, on average, are similar in size to the pores. Convolution of
physical matrix structures with the ~ 300 nm 1/e” radius of the Gaussian laser profile used to
image the samples causes some broadening of the image features.

As a final observation from the optical images (Figure 5.1), it should be noted that while
the pore and matrix structures become fixed at the time of gelation, the optical contrast between
these regions continues to increase for many hours. This observation is consistent with the
continued evolution of the chemical and physical properties of these regions. Specifically,
increased light scattering from the matrix reflects its continued densification and a corresponding
increase in its refractive index (relative to that of the solvent-filled pores). Likewise, a steady
reduction in overall light scattering observed from the pores reflects time-dependent changes in
the number of MSQ nanoparticles present. Light scattering from the pores is primarily

manifested as bright horizontal “streaks™ in the optical images (see Figure 5.1). These results
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indicate light scattering from the pores is dominated by “random” passage of mobile MSQ
nanoparticles through the focal volume of the microscope. It is noteworthy that the brightness of
these steaks increases in time, consistent with continued growth and densification of the

nanoparticles long after gelation has occurred.

Figure 5.2. A) and B) Low and high magnification SEM images of the MSQ film used in the
optical studies. The covering glass slide was removed well after gelation and aging (> 35h) to
obtain these images. The pores (depressions), matrix (surrounding raised ridges) and small
particles are clearly visible. Particles having a broad distribution of sizes are found within the
pores. The largest particles observed in this region are ~ 200 nm in diameter. Particles of
smaller average size are observed on the matrix. A) Scale bar: 50 pm. B) Scale bar =2 um.

Higher resolution images of the MSQ films were obtained by SEM. Figure 5.2 shows
representative examples. These images provide further support for the above conclusions
pertaining to film morphology and composition. Both images were obtained from the film

shown in Figure 5.1, although the areas imaged are different. SEM images provide a good
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picture of the final structure of dried macroporous MSQ materials, but they provide no
information on the time evolution of the film structure. The features observed are also
potentially altered from their original state during the drying process. However, the optical and
SEM images provide a consistent view of the matrix and pores. The SEM image shown in
Figure 5.2A depicts round and oblong interconnected pores. The smallest pores observed at this
magnification are 1-2 um in size, while larger pores having widths on the order of 5-10 pm and
lengths of more than 50 pm are also frequently observed. Figure 5.2B shows a highly magnified
SEM image of a single dried pore of relatively large (~ 5 um) diameter. Clearly apparent in this
image are a large number of MSQ particles on the matrix surfaces (raised outer regions in the
image) and within the pore. Such images prove that the MSQ nanoparticles described above
exist within these films. The particles found on the matrix surface are all very small, having
diameters of ~ 50 nm or less. In contrast, the particles found within the pore exhibit a broad

distribution of sizes with the largest having ~200 nm diameters.

5.3.2 Single Point CCS Studies of MSQ Film Evolution.

While the optical images discussed above provide an initial view of overall MSQ film
properties, as well as the phase separation, gelation and aging processes, detailed investigations
of these materials in general and the properties of their solvent-filled pores in particular require
implementation of altogether different methods. Here, confocal correlation spectroscopy
(CCS)"*provides valuable new data on the time evolution of the film properties in a spatially
resolved fashion, by following time dependent changes in the mobilities of MSQ nanoparticles

133,218

found within the films. Previous studies have on only reported on the static properties and

bulk dynamics of related materials.'***'2
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CCS involves the recording of time dependent optical signals (i.e. time transients) from
selected locations in the sample. As particles of sufficient size and appropriate optical properties
migrate through the microscope focal volume, they produce “bursts” of scattered light.
Autocorrelation of the time transients obtained provides the average time spent by the particles in
the detection volume. The results yield information on the average size of the particles and/or
the viscosity of the film region being probed. In the present studies, light scattering arises
specifically from passage of MSQ nanoparticles through the detection volume. Interference
from other regions of the film (i.e. static scattering by the matrix in gelled MSQ films) is
virtually eliminated by the confocal nature of the method.

Representative time transients incorporating numerous bursts of scattered photons are
shown in Figures 5.3A and C. Only the first 100 s of each transient is shown to better highlight
the bursts, which are most clearly visible in Figure 5.3C. Figure 5.3B shows a greatly expanded
section of the transient shown in Figure 5.3A for this same purpose. These time transients were
obtained from single points in the film shown in Figure 5.1. In the case of Figures 5.3A,B the
transient shown was obtained from a randomly selected position in the uniformly scattering film
prior to phase separation. These data were obtained 70 min after sol preparation. The transient
shown in Figure 5.3C was obtained by positioning an individual pore within the microscope
focus after phase separation had occurred. This particular transient was obtained 16 h 40 min
(1000 min) after sol preparation. Numerous such transients were recorded from this same
sample over a period of approximately 35 h. The vast majority of transients were recorded with
a time resolution of either 1 ms or 3 ms. In all cases, the transients were obtained from random

positions prior to phase separation and from the pores after phase separation. Transients
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obtained from the matrix regions (not shown) yielded strong, constant (aside from shot noise)
light scattering signals.

After each time transient was recorded, it was subsequently autocorrelated as follows:

_{I0Kt+ )

G(1)
(10)?

1 (5.1

In Eqn. 5.1, I(t) represents the time transient, T is the discrete time base of the
autocorrelation function and the brackets < > indicate the average value over time is taken.
Figures 5.3D,E depict the autocorrelation functions obtained from the time transients shown in
Figures 5.3A,C. As is obvious from Figures 5.3D,E, the average length of time the nanoparticles
spend in the microscope detection volume increases dramatically with time, from ~ 1.1 ms at 70
min to ~ 50 ms at 16 h 40 min.

Quantitative data from these autocorrelation functions was obtained by fitting them to an
approximate expression that models free (unhindered) diffusion of the nanoparticles in three
dimensions. The results provide estimates of both the amplitude and rate of decay for each set of

data. The specific equation employed in fitting the data was:
Ay N A,
€+DIT/SZ)\/1+D1‘C/S§ €+th/sz)jl+Dzr/s§

G(t)= +B (5.2)

Here, A; and A; represent the amplitudes of two distinct diffusional decays, while D; and D,

represent the apparent diffusion coefficients for these two components. The parameter B is a

constant used to properly fit the data, while s* and s% represent the transverse beam variance

(determined elsewhere to be 2.6 X 10" cm?) and the longitudinal beam variance (assumed to be

2s%), respectively, at the microscope focus.
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Figure 5.3. A)-C) Representative time transients and D), E) associated autocorrelation functions
obtained from the film/pores shown in Figure 5.1. A) and D) Data obtained at early times, prior
to phase separation (70 min). B) Expanded region of the transient shown in A) and depicting
signal fluctuations due to light scattering by small, mobile MSQ particles. C) and E) Data
obtained at much later times (1000 min) also depicting scattering by MSQ particles. The longer
autocorrelation decays observed at long times (compare D) and E)) reflect much slower, possibly

hindered diffusion by larger MSQ particles in the pores of the film.
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Prior to phase separation, virtually all of the data obtained could be fit to a single
diffusional component (i.e. A, = 0 in Eqn. 5.2). Such a result is consistent with a monomodal,
random distribution of MSQ particle sizes. After phase separation, many of the autocorrelation
functions showed clear evidence for the presence of a bimodal distribution of particles. As
shown in Figure 5.3E, there is a dominant slow component to the decay and a small component
(barely visible) associated with a faster decay. The latter decay occurs on a time scale very
similar to that of the autocorrelation data obtained prior to phase separation.

The apparent D values obtained as a function of time provide valuable new insights into
the evolution of the MSQ films. Figure 5.4A plots these data. Note that only the D values for
the slow diffusional component are plotted in cases where a bimodal decay was observed. The
fast component was frequently too small to yield results that could be quantitatively interpreted.
In addition, the autocorrelation functions obtained between the phase separation and gelation
times could not be reasonably fit to the above model. This is likely because of strong
fluctuations in the local sample composition that occur during this time frame. These data have
been excluded from Figure 5.4.

Aside from a couple of points at ~11.5 h, where the D values obtained were unexpectedly
low, the results in Figure 5.4 can otherwise be roughly divided into two regions: those obtained
before 10h and those obtained afterwards. Prior to 10 h, the apparent D values fluctuate around
an average of ~ 2x10” cm?/s. This result suggests the MSQ nanoparticles grow rapidly to a
certain size but do not grow further until well after gelation. After 10 h (i.e. ~ 3 h after gelation),
the apparent D values begin to decrease dramatically, suggestive of either a change in pore
viscosity or a resumption of particle growth. This relatively long delay between gelation and the

onset of changes in the apparent diffusion coefficient has been observed in several different
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experiments on different samples prepared and studied under the same (or very similar)

conditions.
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Figure 5.4. A) Diffusion coefficient (slow component) as a function of time for MSQ particles
found in the pores of the film shown in Figure 5.1. B) Amplitude of the slow diffusion
component. These data were obtained by fitting the autocorrelation functions to the equation
described in the text. C) Burst rate as a function of time. The vertical dashed line indicates the
point at which phase separation occurred. The solid line depicts the time at which gelation of the
bulk sample was observed. Data obtained near the phase separation and gelation times was
excluded for the reasons discussed in the text. The last two points in C) are not shown because
these data were recorded using a longer bin time, yielding burst rates that were difficult to
reconcile with the earlier data.

Regardless of the mechanism, it is clear that the average size of the particles detected
remains approximately constant over the first I0h. The average D value obtained may be used to

estimate the average size of these particles. Assuming the particles are spherical in shape (see
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Figure 5.2), the Stokes-Einstein Equation provides an estimate of the particle diameter. Here, d
= kT/(3nnD), where k is the Boltzmann constant, T is absolute temperature (293 K), and 7 is the
viscosity of the liquid comprising the film. If the film behaves approximately like a mixture of
water and methanol prior to phase separation and gelation, a viscosity of 0.8 cP may be assumed.
With an average D = 2 x 107 cm?/s, a particle diameter of ~ 26 nm is obtained. Note that this
particle size corresponds reasonably well to the size of the particles observed on the matrix in
Figure 5.2B.

The data shown in Figure 5.4 suggests particles of this size appear in the film very early,
prior to collection of the first time transient. It is unlikely that the particles all grow rapidly to
this size in the first few minutes. Rather, it is more likely that there exists a (broad) distribution
of particle sizes and that only particles of a minimum size are being detected.

The minimum detectable particle size was estimated here using Mie Scattering Theory.***
In making this estimate, it was assumed that only those particles producing signals equivalent to
twice the background could be detected. The background count rate in these experiments was
estimated to be ~ 3 ms™”. Assuming a detection efficiency in the microscope of ~ 1% and an
incident power of 3 pW, only those particles having backscattering cross-sections of > 2x107'°
cm” would produce detectable bursts. Assuming a refractive index of 1.33 for the sol and 1.4 for
the MSQ particles formed at early times, one obtains a minimum detectable particle diameter of
34 nm from Mie Theory.”** Since conventional Mie Theory assumes illumination by an infinite
plane wave,”* it is expected the minimum detectable particle size may be somewhat smaller in
the microscope. It is therefore concluded that during the initial 10 h of data collection, the MSQ
nanoparticles take on a broad distribution of sizes, with the detectable particles growing to a size

of ~ 30 nm.

127



The amplitude of the autocorrelation data provides strong evidence that smaller particles
continue to grow to a size of ~ 30 nm prior to film gelation. Figure 5.4B plots these amplitudes
(only the slow component is used for bimodal decays) as a function of time. Prior to phase
separation and gelation, the amplitude of the autocorrelation decay increases steadily in time. As
has been shown previously,'”** for background-limited detection of single particles, the
autocorrelation amplitude exhibits a complicated dependence on particle concentration.
However, at the lowest concentrations, the amplitude may be assumed to increase linearly with
concentration. Therefore, these data suggest that while the particles grow no larger than ~ 30 nm
at early times, the number of such particles of this size is continuously increasing. The increase
in autocorrelation amplitude may also reflect densification of the silica particles, producing
particles that have a greater refractive index and more strongly scatter the incident laser light. In
either case, these results point to the continued evolution of the MSQ nanoparticles, namely via
formation of Si-O-Si bonds. The gradual rise in the optical density of the bulk sample (see
Figure 5.1) prior to phase separation is also consistent with this conclusion: either the number of
particles present is increasing or their light scattering efficiency is increasing. Shortly after
phase separation and gelation (at 410 min), the autocorrelation amplitude begins to decrease,
indicative of a time-dependent decrease in the concentration of nanoparticles within the pores.
Note that this behavior contrasts with the time dependent D values obtained in that the D values
remain approximately constant for a long period of time (~ 3 h) after gelation, suggesting little or
no growth of detectable particles is occurring.

Because of the complex dependence of the autocorrelation amplitude on concentration

179,225

changes, the burst rate (i.e. number of bursts per second) observed in each transient was

also calculated from the time transient data and used as a means to observe changes in the
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particle concentration. The observed burst rate is also expected to be proportional to, among
other things, the concentration of detectable particles present, assuming their concentration is
sufficiently low. The burst rate was obtained by first determining the average background count
rate in each transient. All bursts for which the signal exceeded the background fluctuations at
the 99.9% probability level (assuming the background is Poisson distributed) were then counted.
Figure 5.4C plots the results obtained. As with the autocorrelation amplitude data, the burst rate
increases up until phase separation and gelation, consistent with an increase in the concentration
of 30 nm particles during this time. As with the autocorrelation amplitude and in contrast to the
D values, the burst rate data also begins to decrease shortly after gelation of the film, suggestive
of the onset of a monotonic time-dependent decrease in the number of particles present within
the pores. Taken together, the observed changes in the autocorrelation amplitude and the burst

rate provide strong evidence for a decrease in the nanoparticle concentration after gelation.

5.3.3 Interpretation of CCS Results and Proposed Nanoparticle Growth Mechanism.

The nanoparticle growth, phase separation, gelation and aging processes are all very
complicated, involving chemistries that varying substantially in time. The relevant processes
that are believed to occur are described below for the different time periods involved in the

evolution of these materials.

5.3.3.1 Prior to Phase Separation

The initial growth mode likely involves reactions between monomers and small MSQ
oligomers. Unfortunately, this early phase of oligomer growth cannot be followed in the present
studies because the structures formed are too small to be detected. However, these processes

have been investigated previously in related materials by NMR.2'¢-217:219-226
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Under the conditions employed in MSQ synthesis (pH ~ 1 and Si:water ratio 1:2),
hydrolysis of MTMOS is expected to be very rapid.”'”*'***® The hydrolyzed monomeric species
thus produced then condense to form dimers, trimers and other small linear and cyclic

14,113

oligomers. Condensation in these materials may occur between neutral and protonated

silanol groups. As has been suggested previously, the least condensed MSQ species are expected
to incorporate the most basic silanols while the most condensed species are most acidic.'*'"?
Steric effects may also play a significant role,””” with early reactions preferentially occurring
between weakly condensed species. As the monomers are consumed, the growth mechanism
becomes dominated by reactions between larger oligomers (sterically hindered species that may
also incorporate neutral silanols) and smaller oligomers (unhindered species incorporating
protonated silanols). As larger polymers are formed, they become visible in the CCS
experiments. At the same time, the particle growth rate slows dramatically because the
concentration of reactive small species decreases as they are incorporated into larger structures
and because of the reduced reactivity (i.e. decreased basicity and increased steric hindrance) of
the silanols present on relatively large MSQ polymers. Particle growth by interparticle
aggregation is also unlikely at this point because of reduced surface reactivity, increased steric
hindrance and a reduction in the rate of particle diffusion (and hence particle collisions) as the
particles grow. This decline in particle growth rate becomes most noticeable at times close to
phase separation/gelation. In the present experiments, this growth process results in the

production of nanoparticles having a maximum size of ~ 30 nm. Particle size remains

(temporarily) stable after this point.

5.3.3.2 Phase Separation/Gelation
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While particle growth is interrupted for the above reasons, intraparticle condensation
continues to occur. The nanoparticles densify in time and also become less polar. A decrease in
polarity results from the time-dependent decrease in silanol density. At some point in time, a
critical concentration of nonpolar species is reached and phase separation occurs, forming a two-
phase system incorporating regions of high (the “matrix phase”) and low (the “pore phase”)
MSQ concentrations. The least polar, most highly condensed species dominate in the high
concentration regions, while the low concentration regions are comprised primarily of solvent,
but also incorporate the most polar, least condensed nanoparticles.

Aggregation of the least polar MSQ species in the matrix phase and subsequent
condensation of their residual silanol groups leads to gelation of the matrix. In contrast, in the
pore phase, the concentration of nanoparticles is relatively low, interparticle collisions are
infrequent, and the nanoparticles themselves remain predominantly nonreactive towards each
other. The least polar of these particles can still react with and become incorporated in/on the
matrix. This process is reflected by the decrease in particle concentration observed shortly after

matrix gelation in the autocorrelation amplitude and burst rate data shown in Figure 5. 4.

5.3.3.3 After Gelation

In time, the condensation reactions occurring within the pore-phase nanoparticles cause
them to become sufficiently nonpolar that they begin to aggregate and react with each other. A
resumption of particle growth in the individual pores is then observed. In these particular
materials, this process requires approximately three additional hours after phase separation, as
reflected by the delayed onset of the decrease in D shown in Figure 5.4.

As noted above, the decrease in D after 10 h is consistent with either the resumption of

particle growth, or a change in the viscosity of the liquid-filled pores. The latter mechanism is
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discounted based on the observation of two-component diffusion within the pores at these later
times. The fast diffusional components in many of the autocorrelation decays yield apparent D
values similar to those obtained at early times, prior to phase separation. This result suggests
that some smaller particles remain in the pores over very long periods of time. Regardless of the
origins of these small particles, their relatively fast diffusion indicates that the viscosity of the
liquid-filled pores has not changed substantially. It is therefore concluded that the drop in D
observed after 10 h results entirely from particle growth by an aggregation mechanism.

The Stokes-Einstein Equation again provides a means to estimate particle size as
nanoparticle growth resumes. All such estimates assume the viscosity of the liquid filled pores
remains approximately constant. The particles apparently grow from the initial minimum
detectable size of ~ 30 nm to diameters of ~ 300 nm after only 3 h of additional aging (beyond
10 h). Only a few hours later, the D values obtained suggest unrealistically large particles of > 3
um average diameters. The SEM results described above suggest that the particles do not grow
significantly beyond a few hundred nanometers in size. The observed decrease in D is thus
concluded to reflect the onset of strongly hindered nanoparticle diffusion within the MSQ pores.
It is well-known that once the particles grow to sizes larger than ~ 10% of the pore size, the D
values obtained will fall precipitously from those expected for free diffusion.””” As may be
estimated from the optical images shown in Figure 5.1, the pores investigated in these studies are
at most a few micrometers in diameter, indicating hindered diffusion should become important as
the particles grow to diameters of only a few hundred nanometers.

As a final caveat, it should be noted that the SEM images shown in Figure 5.2 provide
support for the above particle growth mechanism. The particles trapped on the matrix are all

observed to be of relatively small size (~ 50 nm or less in diameter). In contrast, those found
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within the pores take on a broad range of sizes from very small to as large as a few hundred
nanometers. As defined in the above mechanism, the particles found on the matrix surfaces were
likely deposited after phase separation and gelation had occurred but prior to the onset of
nanoparticle aggregation. Therefore, they remain smaller in size. In contrast, the particles found
in the matrix had the opportunity to grow further by particle aggregation and are observed to be

larger as a result.

5.4 Conclusions

Optical microscopy was used to directly observe phase separation and gelation in
macroporous MSQ films formed from MTMOS under low pH conditions. When coupled with in
situ single-site confocal correlation spectroscopy and scanning electron microscopy, valuable
information on film morphology and the growth of MSQ nanoparticles in the liquid filled pores
of the MSQ matrix was obtained. It was found that the MSQ nanoparticles grew to a maximum
diameter of ~ 30 nm soon after film preparation and remained in this size range until well after
gelation. Nanoparticle size stabilization was attributed to consumption of reactive MSQ species,
to a condensation-induced decrease in nanoparticle surface reactivity, and to a decrease in the
collision rate of the MSQ particles as they grow. Incorporation of some nanoparticles in/on the
matrix commenced shortly after gelation, as evidenced by a time-dependent decrease in the
number of particles present in the pores. In contrast, the onset of particle-particle reactions
within the individual pores was delayed for approximately three hours after gelation, at which
time a significant time-dependent decrease in the nanoparticle diffusion coefficient was
observed. Nanoparticle growth in this later phase was attributed to particle aggregation after a

further evolution of their properties.
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The ability to probe macroporous sol-gel derived films at the single pore level by optical
microscopic methods will pave the way to a deeper fundamental understanding of the phase
separation, gelation and aging processes in these technologically important materials.
Extensions of these methods will also allow for a better understanding of phenomena such as
hindered diffusion within the macropores and molecule-matrix interactions in chemical or

biomolecule separations.

134



CHAPTER 6 - Preparation and Characterization of Silica Thin

Films Incorporating Polarity Gradients

A manuscript based on this work has been submitted to Chemistry of Materials:
Fangmao Ye, Dong Dong, Maryanne M Collinson* and Daniel A Higgins* “Polarity Gradients
in Silica Thin Films by Infusion-Withdrawal Dip-Coating”, Chem. Mater., 2009 submitted.

In this work, Dr. Dong Dong (Virginia Commonwealth University) performed all FTIR imaging.
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6.1 Introduction

The preparation of films and surfaces incorporating physical and chemical (i.e.
compositional) gradients is a topic of contemporary scientific interest, 28236 ”Functionally
graded” materials,”” incorporating gradients in polarity, porosity, ionic site density, thickness,
molecular weight, etc.”%>*'**%¢ have potential applications as stationary phases for chemical
separations,”?® as materials for combinatorial catalysis™’ and as absorbent/adsorbent layers for

use in chemical or biological sensors.”*® Related surface gradients have been used to regulate

229,239,240

adhesion of cells, to direct the growth of neurons,”” and even to drive the transport of

liquids.*®”

A wide variety of approaches have been used to prepare gradient materials.”"***

. . .20 241 . . .
Representative examples include solution®’ and gas phase®®' surface modification of organic
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polymers; deposition of polymers from prepolymer solutions; solution and vapor phase

238,239 205,244

diffusion and surface modification using alkanethiols and organosilanes; and

236,240 203,235

deposition of polymers and manipulation of surface reactive species by
electrochemical means. Additional examples and further discussion of alternative methods and
materials can be found in recent reviews on soft matter gradients.”****?> The methods described
in these reviews constitute an extensive toolbox for the spatial and temporal control of materials
properties. However, the continued exploration and implementation of alternative materials
chemistries in the preparation of gradients is also required if the true potential of these methods
is to be fully realized. As eloquently stated by Wang, Haasch and Bohn “... the utility of
anisotropic in-plane gradient surfaces scales directly with the range of chemical and physical

properties that can be accessed and manipulated. ...”**°

14,34,79

The sol-gel process represents an important and convenient route to the preparation
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of a virtually unlimited range of materials having a wide range of physicochemical properties.
While simple silica materials can be prepared via the acid-catalyzed hydrolysis and condensation

of tetramethoxysilane (TMOS),14’34,79

more complex organic-inorganic hybrid materials can be
prepared using mixed sols containing one or more organoalkoxysilanes (R -Si(OR)s;, where R
and R’ represent organic groups).”'***’ In this work, we show for the first time how temporal
control over the sol composition can be utilized to prepare thin silica films with functionally
graded properties. The range of gradients that can be prepared by this approach is virtually
unlimited due to the enormous selection of commercially available organoalkoxysilanes.
Furthermore, materials composition and properties can be altered by simply changing the
precursors employed. In spite of its potential utility, the sol-gel process has seldom been
employed in the preparation of gradient materials®*> and much remains to be learned about the
range of materials and properties that can be accessed.

In this chapter, an unique “infusion-withdrawal dip-coating” process for the preparation
of silica films incorporating macroscopic polarity gradients is described. Glass and silicon
substrates were coated with sols of time-varying composition produced by slowly mixing
TMOS- and MTMOS-based sols together. The time-varying sol composition led to a steady

decrease in film polarity along the substrate surface. The gradients thus prepared were

characterized by fluorescence spectroscopy, using Nile Red (NR) as a sensitive probe of film

79,99,101,102 205-208

polarity properties. Water contact angle measurements and FTIR microscopy
were used to obtain valuable supporting evidence of gradient formation. The fluorescence
spectra obtained from NR-doped films exhibited a monotonic, position-dependent blue shift from
the top of the film to the bottom, indicative of a decrease in film polarity from top to bottom.

Likewise, water contact angle measurements showed a monotonic increase in the contact angle
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from top to bottom, while FTIR microscopy showed an increase in methyl content relative to

total silica proceeding down the gradients.

6.2 Experimental section

6.2.1 Sample Preparation

Glass coverslips (Fisher Premium) and silicon wafers (Silicon Inc.) were both employed
as substrates. Prior to use, all substrates were cleaned in fresh Piranha solution (Caution, Piranha
solutions are extremely dangerous and react violently with organic materials); they were
subsequently cleaned a second time in an air plasma. This two-step process ensured rigorous
removal of all organic contaminants.

Adhesion of the precursor alkoxysilanes during gradient deposition was improved by first
coating the substrates with a silica sublayer. Tetramethoxysilane (99%, TMOS, Fisher) sols
were prepared for this purpose in a 1:11.5:5.1:0.006 (TMOS:H,0O:Ethanol:HCI(0.1 M)) mole
ratio and were allowed to age for one day prior to use. The clean substrates were subsequently
spin-coated with these sols and dried in a dessicator for one day. The resulting coatings were
uniform and had thicknesses of ~180 nm, as determined by both profilometry and ellipsometry.

Production of silica film polarity gradients employed a time-varying mixture of two
different sols. The first was a TMOS sol prepared in a 1:80:5.3:0.095
(TMOS:Ethanol:H,O:NH4OH(1 M)) mole ratio and subsequently aged for 6 h. The second was
any of several different sols prepared using methyltrimethoxysilane (97%, MTMOS, Fisher).
Typically, sols were prepared using different volumes of ethanol and constant water
concentration. These sols were prepared in 1:10:4:0.072, 1:20:8:0.072 and 1:40:13:0.072

(MTMOS:Ethanol:H,O:NH4,OH(1 M)) mole ratios and were aged for 6 h. All sols are designated
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throughout this manuscript by their silane to ethanol mole ratios, i.e., as 1:10, 1:20, and 1:40
MTMOS sols.

Gradient films were deposited on the sublayer-coated substrates in a custom built glass
reservoir designed to simultaneously minimize sol volume, decrease sol evaporation and allow
for stirring of the sol mixture. A diagram of the apparatus and a photograph of the reservoir are
shown in Figure 2.3 in Chapter 2. The glass reservoir includes a rectangular upper region having
dimensions of 3.5cm X 0.5cm x 3.0cm (L x W x H) that was designed to admit one inch wide
substrates. The lower portion of the reservoir was comprised of a small cylindrical vial (D=1cm,
H=1cm). Two small glass tubes were installed at fixed locations inside the reservoir for infusion
and withdrawal of the sols. All depositions were performed with the reservoir mounted atop a
pneumatic vibration isolation table, with the reservoir housed in a closed Plexiglas box.

Deposition of silica film polarity gradients was accomplished as follows. A sublayer-
coated substrate was first suspended in the middle of the reservoir. The initial TMOS sol was
then transferred into the reservoir, submersing all but the top 1-2 mm of the substrate. The
MTMOS sol selected for a given deposition was then loaded into a syringe and mounted in a
syringe pump (NE-1000, New Era Pump Systems, Inc.). The syringe was attached to the
reservoir via flexible plastic tubing. Gradient deposition proceeded by slowly infusing the
MTMOS sol into the reservoir. The mixed sol contained in the reservoir was simultaneously
withdrawn using a second, synchronized syringe pump also attached to the reservoir through
flexible plastic tubing. The infusion pump was set to deliver MTMOS sol at a rate of 10.0 mL/h,
while the other was set to withdraw 14.2 mL/h of mixed sol. The sol within the reservoir was
carefully stirred at a constant rate, using a magnetic stir bar throughout this process. Prior to the

start of deposition, it was verified that sol stirring produced no detectable movement of the sol
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surface. The difference in infusion and withdrawal rates led to a steady decrease in the height (~
0.3 mm/min) of the sol in the reservoir. The entire “infusion-withdrawal dip-coating” process
lasted for ~ 1 h, producing an overall change of ~ 1.8 cm in sol height. After deposition,
residual sol clinging to the bottom of the substrate was gently removed using a Kimwipe. The
final gradient films were dried in a dessicator for 2 days.

Preparation of dye-doped silica gradients was performed on sublayer-coated glass
coverslips and proceeded exactly as described above, except that both sols incorporated Nile Red
(NR) at ~ 1 uM concentration. In some cases, gradients were simultaneously prepared on two
coverslips, using the same sol mixture. In this case, the two substrates were assembled back-to-
back with a thin film of glycerin between them. The thin layer of glycerin prevented silica
deposition on the backside of the substrates. Without the glycerin layer, inadvertent coating of
the substrate backside was found to interfere with the determination of polarity properties from
the NR emission.

Nongradient silica films having uniform composition and polarity properties were
prepared to verify the interpretations of data obtained from the gradients. For this purpose,
T™MOS (TMOS:H,0:Ethanol:NH4sOH=1:80:5.3:0.095) and MTMOS
(MTMOS:Ethanol:H,O:NH4OH =1:10:4:0.072) sols were prepared as described above and aged
for 6 h. One- and two-component sols containing different mole fractions of TMOS and
MTMOS were then obtained by mixing appropriate amounts of each of these sols. Sols
containing 0%, 20%, 40%, 60%, 80% and 100% MTMOS (relative to total silica content) were
prepared and vigorously mixed for 20 min. These sol mixtures were then spin cast onto both
clean and sublayer-coated substrates. All such films were dried in a dessicator at room

temperature for 2 days prior to use.
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6.2.2 Characterization

The thickness and roughness of each sample was characterized on a macroscopic scale by
spectroscopic ellipsometry (a-SE, J.A. Woollam) and on a microscopic scale by surface
profilometry (XP-2, Ambios Technology; Santa Cruz, CA). The ellipsometric film thickness
was measured every 1(£0.2) mm along the gradient direction.

Water contact angle measurements were performed on a homebuilt apparatus run by
software written in-house. A Navitar camera was used to record droplet images in time. In these
experiments, 2.5 uL drops of deionized water were deposited at regular intervals on the samples.
Image acquisition was then initiated 3 s after addition of each drop to the sample surface.
Automated routines incorporated into the instrument software were used to analyze the images
obtained and to determine contact angles.

Fluorescence spectra were obtained from NR-doped gradient and nongradient (spin-
coated) films using a home-built fluorescence microscope (see Figure 2.5, Chapter 2). Light (~1
uW) from a green HeNe laser (543.5 nm) was used to excite fluorescence in the samples. This
light was focused into the back aperture of a 50X (0.55 numerical aperture) air objective,
producing a 20 um diameter spot in the sample. The same objective was used to collect the
sample fluorescence and direct it through a holographic notch filter (Kaiser Optical) and into a
0.15 m spectrograph (Acton Research). A liquid-N,-cooled CCD (Princeton Instruments) was
used to record the spectra. Spectra were taken every 1(£0.2) mm along the gradient, using a 30
s integration time.

Transmission-mode FTIR microscopy was performed on a Thermoelectron FTIR
Continuum Microscope coupled to a Nexus 670 spectrometer. Spectroscopic imaging was

accomplished by averaging 300 interferometer scans using a 150X150pm’ aperture. The
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spectral resolution was 8 cm™. IR image data were acquired at 0.15 mm intervals along the
gradients over a maximum distance of ~ 10 mm. The spectrum acquired in each region was
baseline corrected and the areas under the CHz (2950-3000 cm™) and Si-O-Si (1000-1200 cm™)
stretching absorptions were obtained.'* The ratio of the CHj to Si-O-Si peak areas was calculated
and used to assess the methyl content of the films. In the case of the Si-O-Si band, only the area
under the low frequency half of the curve (baseline to peak, i.e., 1000 cm™ to 1080 cm™) was

employed.

6.3 Results and Discussion

6.3.1 Model for Sol Composition

The “infusion-withdrawal dip-coating” procedure employed in gradient preparation
produces a sol of complex, time-varying composition. Predictions of the sol composition at each
instant in time can be readily obtained from a simple mathematical model of the process. Here,
the rates of change for the TMOS and MTMOS concentrations in the deposition reservoir are

defined by the following two differential equations:

dCrmos® __ Crmos®Fout (1)
dt Vsol(t = 0)_ (F out — Fin)t
dCumrmos® _ Emrmos bFin ~ Cvrmos (OFout 2
dt Vsol(t = O) - (Fout —-F in)t

Here, V(t=0) is the initial sol volume (10 mL) in the deposition reservoir. Cryvos(t) and
Cwmrmos(t) represent the time-dependent concentrations of TMOS and MTMOS in the reservoir,
while Cyrmosp represents the time invariant concentration of MTMOS in the infusion sol.

Finally, Fj, and F,, represent the volume flow rates for the infusion and withdrawal processes.
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Solution of the above two equations yields the following expressions describing Cryos(t) and

Cwmrmos(t):
Fout/(Fout—Fin)
Vol |
( Vso1(t=0)
F F _Fi
Cyvrmos®) = CMmTMOSs.b Fin 1_£ Vo1 (1) J out/(Fout—Fin) N
" Fout Vo1t =0)

where, V(t) represents the instantaneous sol volume in the reservoir (i.e., Vsoi(t=0)-(Fou-Fin)t).
The results of these calculations were subsequently used to determine the time-dependent mole
fraction, Ryrmvos(t) = Cvrmos(t)/(Curmos(t) + Crvos(t)), of MTMOS in the sol. Figure 6.1 plots
these results for different MTMOS sol concentrations (i.e., for 1:10, 1:20 and 1:40 MTMOS sols).
As shown in the figure, different recipes are expected to yield sols of slightly different
compositions, suggesting that gradients having different compositional properties can be

prepared.

6.3.2 Optical Inspection of Films

Optical inspection was employed to judge the overall quality of the gradient films
obtained. Figure 6.2A shows a representative photograph of a gradient on a sublayer-coated
silicon substrate. This particular film was derived from a 1:10 MTMOS sol. It is 1.3 cm wide
and the gradient is 1.8 cm in length. It is most noteworthy that a general trend from dark to light
is observed from top to bottom along the gradient film. Colorful interference lines are also
observed. These run across the film (i.e. perpendicular to the gradient dimension) and appear at
“random” locations along the gradient. Observation of the sol during dip-coating indicated that
the sol surface was free from any vibrations that might cause such lines. Furthermore, films

deposited without stirring also exhibited interference lines, indicating sol motions induced by
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stirring played no role in their appearance. Since gradient deposition was performed on a
pneumatic vibration isolation table and in a closed Plexiglas chamber, it is unlikely that
mechanical vibrations and air currents caused these lines. Extensive additional studies
performed with a conventional dip-coater suggest the appearance of these lines is directly related
to the sol deposition mechanism and therefore cannot be easily eliminated. The deposition
mechanism and the appearance of the interference lines will be discussed further, below. Here, it
is sufficient to note that film thickness variations as small as a few tens of nanometers**® can

result in color changes similar to those observed.
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Figure 6.1. Plots of time-dependent Ryrmos(t) for 1:10 (solid line), 1:20 (dashed line) and 1:40
(dotted line) MTMOS sols.

6.3.3 Film Thickness and Surface Roughness

The thicknesses of the TMOS sublayers and gradient films were determined using
spectroscopic ellipsometry. Film thickness was measured at 1 mm intervals both before and
after gradient deposition in approximately the same locations (i.e. within 0.2 mm) in each case.

Subtraction of the full film thickness from that of the sublayer allowed the gradient layer
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thickness to be obtained. Figure 6.2 shows representative position-dependent thickness data
acquired from a 1:10 MTMOS gradient. Shown are thickness values for the overall film, the
TMOS sublayer and the gradient itself. These data show that the TMOS sublayer is relatively
uniform across the substrate and ~ 180 nm thick. The gradient film, however, shows a clear
decrease in average thickness along the gradient dimension. In this sample, the film thickness is
greatest at the top of the gradient, yielding a value of 190 nm and gradually decreases to 40 nm
thick at the bottom. Gradients prepared from 1:20 and 1:40 MTMOS sols showed the same film
thinning trends (Figure 6.3). These additional data show that more concentrated MTMOS sols
produce films of slightly greater thickness, as expected. Film thinning could be due to
differences in the wettability of the sublayer to the time-varying mixed sol. It could also result
from differences in the degrees of hydrolysis and condensation in the TMOS and MTMOS sols
and/or differences in the rates at which these two precursors attach to the sublayer. Future
investigations will seek to better understand this behavior.

Surface roughness was determined by profilometry. Representative roughness data for a
gradient prepared from a 1:10 MTMOS sol is shown in Figure 6.4 These data depict surface
roughness of ~ 11 nm (root mean square, RMS). The roughness is dominated by features
separated by ~ 6 mm (on average) and running across the film. These features correspond well
with the lines observed in the optical images, indicating the height (i.e. film thickness) variations

observed are the cause of the colorful interference lines.
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Figure 6.2. A) Photograph of gradient silicon wafer sample on a TMOS sublayer, B) position-
dependent thickness for a gradient prepared by “infusion-withdrawal dip-coating” in 1:10
sample. Open triangles, overall film thickness; open circles, thickness of TMOS-coated

substrate; Solid squares, thickness of gradients.
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Figure 6.3. Position-dependent thickness for three gradients prepared by “infusion-withdrawal
dip-coating”. Shown are data from 1:40 (open triangles), 1:20 (open circles) and 1:10 (solid
squares) MTMOS gradients.

The exact origins of the randomly-positioned, but reproducible film thickness variations

and interference lines are unknown at present. However, after extensive experimentation and
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consideration of published literature, it is believed that they result from a combination of the sol

60,247

deposition mechanism described by Brinker and the pinning and release (i.e., stick-slip) of

the sol contact line with the substrate surface.?*®

As described by Brinker, and coworkers®*"’

sol deposition during dip-coating occurs
primarily in the upper regions of the meniscus formed at the sol-substrate-air interface. In this
region, evaporation of solvent (primarily ethanol)®® and capillary flow”* lead to concentration of
the silica precursors and water at the top of the meniscus.”*’ As a result of the high silica and

water concentrations, hydrolysis and condensation, and hence, silica deposition occur most

rapidly in this region. Relatively little silica deposits on the substrate from the bulk of the sol.
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Figure 6.4. Surface roughness of a 1:10 MTMOS gradient prepared by “infusion-withdrawal
dip-coating” and obtained by profilometry.

It is commonly expected that the meniscus recedes down the substrate at a uniform rate.
However, the contact line between the sol and substrate may become briefly pinned at a fixed
location, later releasing and rapidly dropping to a new location where it is again pinned. Such a
“stick-slip” process provides a mechanism for delivery of varying quantities of silica precursor to

the substrate surface during “infusion-withdrawal dip-coating.” “Stick-slip” processes of this
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type have recently been used in contact-line printing experiments for controlled placement and
organization of nanomaterials.”*® It is believed this same process leads to the small variations in
film thickness (i.e. the interference lines) observed in the present silica film gradients. Based on
this model, and after extensive experimentation, we have concluded that ~ 11 nm RMS

roughness on 100 um length scales is the best that can be achieved using dip-coating methods.

6.3.4 Fluorescence Measurements of Film Polarity

The primary objective of the present work is to produce silica films incorporating polarity
gradients. Polarity along the gradient direction in films prepared as described above was probed

by entrapping the solvent-sensitive dye NR in the film.”-*!01%2

NR has been used in the past to
probe the polarity properties of a wide range of liquid and solid environments. It is one of the
most solvent sensitive fluorescent probes, exhibiting a dramatic bathochromic shift (of ~ 100
nm) in its emission spectrum between nonpolar (i.e., hexane) and polar (i.e., water) solvents.'®*
In the present experiments, NR was doped into both gradient and spin cast silica films at ~ 1 uM
concentrations.

NR Emission from Nongradient Films. NR emission spectra were initially recorded for a
series of nongradient TMOS and MTMOS films. These experiments provided valuable
information on the NR emission characteristics for films of different polarities. =~ Emission
spectra were first acquired from single-component, nongradient films that had been spin cast
onto clean coverslips. The fluorescence emission maxima for TMOS and MTMOS derived films
appeared at ~ 650 nm and ~ 605 nm, respectively, reflecting the significant polarity differences
of these films.

A series of one- and two-component, nongradient silica films prepared on sublayer-

coated substrates from sols containing different mole fractions of TMOS and MTMOS were also
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characterized. Films derived from 0%, 20%, 40%, 60%, 80% and 100% MTMOS sols (relative
to total silane) were investigated. In comparison to the above films, the corresponding TMOS
and MTMOS derived films (0% and 100% MTMOS) cast on TMOS sublayers yielded emission
maxima at 643 nm and 615 nm, respectively. Comparison of the MTMOS results obtained with
and without the sublayer indicate that little of the NR penetrated into the TMOS sublayer. It is
therefore concluded that the NR emission spectra primarily reflect the polarity properties of the

silica layer deposited on top of the TMOS sublayer.

Fluorescence
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Wavelength (nm)

Figure 6.5. NR spin coated spectrum with different MTMOS molar fraction (0%, 20%, 60%,

100%). The spectra shown have been smoothed.
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Figure 6.6. A) MTMOS polarity fraction (PF value) as a function of MTMOS mole fraction for
one and two-component nongradient (spin-coated) films. The solid line has been appended to
better depict the trend in the data. B) MTMOS polarity fraction as a function of position for
gradient samples. The top of the gradient corresponds to 0 mm. Shown are data from 1:10 (open
squares), 1:20 (open triangles) and 1:40 (open circles) MTMOS gradients. C) Representative NR
fluorescence spectra (normalized) for a 1:10 MTMOS gradient taken from the top (solid line),
middle (dashed line) and bottom (dotted line) of the gradient.

The emission spectra obtained as a function of MTMOS mole fraction in the spin cast
films provides a clear view of the hypsochromic shift exhibited by NR upon a change from
TMOS-derived films to MTMOS-derived films. Figure 6.5 shows NR fluorescence spectra
obtained from several different films prepared using different mole fractions of MTMOS. In

order to more quantitatively assess the polarity characteristics observed for films prepared using
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different TMOS and MTMOS mole fractions, a “polarity fraction” (PF) was defined. PF was
calculated directly from the NR emission spectra by measuring the average NR fluorescence in
10 nm wide bands centered at 605 nm (reflecting nonpolar environments) and 650 nm (polar
environments) and determining the fraction of the total emission that occurred in the 605 nm
band. Therefore, PF is expected to increase with increasing methyl content of the films. PF
values of 0.25 and 0.60 were obtained for nongradient (spin cast) TMOS and MTMOS films
(without sublayers), respectively.

Figure 6.6A plots the PF values obtained as a function of MTMOS molar fraction in films
spin cast onto TMOS-sublayer-coated substrates. A monotonic and nominally linear increase
from 0.25 to 0.48 is observed in the PF value as the mole fraction of MTMOS in the original sol
increases from 0% to 80%. The large error bar for the 100% MTMOS film is believed to result
from increased film roughness due to decreased sublayer wettability.

NR Emission from Gradient Films. NR spectra recorded from the gradient films clearly
demonstrate the presence of a polarity gradient. The PF values obtained as a function of position
along each of three different gradients are plotted in Figure 6.6B. Representative NR
fluorescence spectra are shown in Figure 6.6C. All show a clear monotonic increase in PF from
the top of the film (0 mm) to the bottom. The PF values obtained from the gradients are
somewhat smaller than those of the spin coated films. For example, the 1:10:4 gradient exhibits
an initial PF of 0.19, while a spin coated 0% MTMOS (100% TMOS) film yields 0.24. At the
other end of the same gradient, a PF of 0.39 is obtained, while spin coated 80% MTMOS film
yields 0.49. These results suggest the gradient films are slightly more polar than the spin coated
films. Differences in these films are likely a result of differences in the sol-gel process in each

case. Condensation and solvent evaporation occur rapidly and simultaneously in the spin coated
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films, while they occur more slowly in the dip-coated samples. In addition, the higher
concentration of water expected in the deposition region (upper part of the meniscus) in dip-
coated films may lead to greater incorporation of water in the final films, making them appear
more polar. Nevertheless, all three gradients show PF values that are similar to those of the spin
coated films, suggesting similar variations in the methyl content of the gradients.

Interestingly, all three gradients show almost identical PF values (within experimental
error) along the gradient dimension. As shown in Figure 6.1, the compositions of the sol
mixtures from which the films were grown are expected to be distinctly different, with higher
MTMOS concentrations leading to greater methyl content at intermediate times. Such
differences in the sol composition would be expected to appear in the final films as well, with
greater methyl content observed in intermediate gradient regions, when relatively high
concentration MTMOS sols are employed. The apparent insensitivity of the gradients to
MTMOS concentration is again attributable to the details of silica deposition. Differences in the
MTMOS sols arise primarily from dilution with ethanol. Since ethanol evaporation occurs
efficiently from the top of the meniscus,® the concentration of silica precursor in the deposition
region is likely more similar than otherwise expected from the composition of the original sol.

As a result, little dependence of the final film properties on sol concentration is observed.

6.3.5 Water Contact Angle

Additional evidence for the formation of silica film gradients was obtained from water
contact angle measurements.””>?*® The incorporation of methyl groups in sol-gel materials
derived from MTMOS makes them much more hydrophobic than those prepared from TMOS.
Water contact angle measurements, therefore, provide valuable information on the extent of

methyl modification and the spatial variations therein expected for gradients.
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Figure 6.7. Contact angle in degrees for A) one- and two-component nongradient (spin coated)
films and B) a 1:40 MTMOS gradient, both on TMOS sublayer-coated substrates. The gradient
data is plotted as a function of position (lower axis) and approximate time during deposition
(upper axis). The solid lines have been added to better depict trends in the data. The error bars
show the standard deviations obtained from multiple measurements performed on each sample.

As in the fluorescence measurements described above, variations in the contact angle
attributable to methyl modification were initially explored for spin coated films prepared from
sols of differing MTMOS and TMOS mole fractions. These results are plotted in Figure 6.7A.
A monotonic increase in water contact angle was observed for films derived from 0% to 80%
MTMOS sols. For pure TMOS, the water contact angle was 36°, while for pure MTMOS, it was
63°. The deviation from the observed trend near 100% MTMOS is attributed to a decrease in

film homogeneity and an associated increase in roughness.
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Water contact angles were measured as a function of position along each of the silica film
gradients. Figure 6.7B plots representative position dependent water contact angle results for a
1:40 gradient. The plot is very similar to that obtained from the spin coated films, exhibiting
similar contact angles at the top of the gradient (37°), and at the bottom (61°), and the same
monotonic trend. Data obtained on 1:10 films were indistinguishable from those obtained from
1:40 films. These results provide strong supporting evidence for the presence of a polarity
gradient resulting from spatial variations in the methyl content of the films. While variations in
surface roughness cause variations in contact angle (see above), such effects were deemed
insignificant in the present gradients, based on the profilometry data and predictions of sol

composition (see Figure 6.1), which never reach 100% MTMOS.
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Figure 6.8. A) Representative FTIR spectra acquired from the bottom (solid line), middle (dotted
line) and top (dashed line) of a gradient sample. As expected, the methyl vibration is strongest
near the bottom of the gradient. B) Ratio of the CH; and Si-O-Si absorption peak areas (see text)
as a function of position (top-middle) for a 1:40 MTMOS gradient. C) Ratio of the CH3 and Si-
OH absorption peak areas as a function of position (top-middle) for a 1:40 MTMOS gradient.
The Si-OH data was obtained by integrating the peak area for the Si-OH vibration found in the
875-1000 cm™ region.
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6.3.6 FTIR Results

Vibrational spectroscopy provides a direct means for detecting the CH3 functional groups
in MTMOS-derived silica films and for determining methyl content, relative to total silica.
Unfortunately, conventional FTIR measurements do not afford the spatial resolution necessary to
monitor film methyl content along gradient materials. Here, an FTIR microscope configured to
operate in transmission was employed to acquire spatially-resolved IR spectroscopic data (~ 150
um spatial resolution) on the gradient samples.

IR spectra of both gradient and nongradient silica films were acquired. All such films
were prepared on silicon substrates. Clean silicon substrates and TMOS-sublayer coated silicon
substrates were both used as blanks in the various experiments. In a typical IR spectrum of an
MTMOS-derived silica film, the CH; groups produced a small, but detectable peak in the 2950-
3000 cm™' range. The Si-O-Si stretch produced a very large peak in the 1000-1200 cm™ range.*
The ratio of these two peak areas (i.e., CH3/Si-O-Si) was used as a measure of the methyl content
of the films along the gradient, relative to total silica. Data obtained from the Si-OH vibration is
also presented in Figure 6.8C and shows the same trend. Figure 6 shows representative position-
dependent data acquired from a 10 mm segment (top-middle) along a 1:40 MTMOS gradient.
The data shown represent the maximum distance over which the instrument could map sample
absorbance without manually repositioning the sample. As shown in the plot, the methyl content
clearly increases as a function of position down the gradient. The functional form of this plot
differs from the NR fluorescence and contact angle data because of the different and complex
sensitivities of these different methods to film composition. For example, the 1000-1200 cm™
region of the spectrum incorporates contributions from both Si-O-Si and Si-O-CHj; vibrations,
making this region sensitive to both the degree of hydrolysis and total silica content. The IR

mapping data also infrequently exhibits some unexpected variations. Some of these variations
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reflect the low signal-to-noise ratio for the CH; peak. Others arise from defects sometimes
observed in the films. These defects are attributed to occasional, inadvertent contamination of
the substrates and/or sublayer-coated substrates prior to gradient deposition. Nevertheless, the
IR mapping data provides strong supporting evidence for the presence of a polarity gradient

produced by a gradient in the methyl content of the film.

6.4 Conclusions

Silica thin films incorporating polarity gradients have been prepared for the first time
using an unique “infusion-withdrawal dip-coating” procedure. The gradient is formed by
immersing a substrate into a sol whose composition is varied as a function of time in a controlled
fashion. Silica films incorporating spatially varying properties are deposited as the sol is
withdrawn down the substrate surface. Results from fluorescence spectroscopy, contact angle
measurements, and FTIR microscopy prove that the films obtained incorporate polarity gradients
derived from increasing concentrations of methyl-modified silica along the length of the film.
While in this work sols of time varying TMOS and MTMOS content were used to form polarity
gradients on glass slides and silicon wafers, it is anticipated that the infusion-withdrawal dip-
coating procedure described herein could be used with nearly any combination of
organoalkoxysilanes to prepare gradients whose composition/functionality gradually changes
across the film. Polarity gradients like those prepared herein have a variety of potential
applications as stationary phases for chemical separations, as solid supports for combinatorial
catalysis and as supports for biological sensors. The continued development of sol-gel methods
for producing silica film gradients will provide new routes to unique thin film materials of

spatially controlled chemical and physical properties. Future studies of these gradients will
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include investigations of the nanoscale characteristics of the gradients through application of

single molecule spectroscopic methods.**’

158



CHAPTER 7 - Conclusions and Future Directions

7.1 Conclusions

In summary, single molecule spectroscopy has been used to probe the interaction between
single dye molecules and the silica matrix in mesoporous materials (Chapter 3). A model to
determine the actual dye concentration in the single molecule experiments has been presented
and verified to be correct by both simulation and experiment results (Chapter 4). Single point
correlation spectroscopy was used to follow the formation of thin macroporous monoliths of
MTMOS-derived materials from before phase separation to well after gelation at the single-
pore/single-nanoparticle level (Chapter 5). Finally, bulk method for preparing silica thin film
polarity gradients was developed (Chapter 6). The following several paragraphs give much more
detailed conclusions from this work.

In Chapter 3, significant new information on mass transport and molecule-matrix
interactions in mesoporous thin-film systems was obtained using single molecule spectroscopic
methods. Three different dyes of varying size, charge, and hydrophilicity were used. Neutral NR
molecules were found to be highly mobile in surfactant-containing films, regardless of the level
of film hydration, while also showing strong evidence for reversible adsorption to the silica
surface. It was concluded NR spends much of its time diffusing through the nonpolar, hydrated
regions of the surfactant micelles, but also comes in periodic contact with the silica surface, to
which it can reversibly bind. In contrast, anionic SPDI molecules were found to be immobile
under all conditions studied in CTAB-containing films, due to extremely strong ionic
interactions between SPDI and the oppositely charged surfactant. In addition, cationic Dil

molecules were found to exhibit dramatic humidity-dependent mobilities and also showed
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evidence for reversible surface adsorption. Dil was concluded to be incorporated in the
surfactant micelles and to form strong ionic bonds with the negatively charged silica surface.
Studies performed in SDS-containing films provided further support for these conclusions.
Overall, results from the surfactant-containing films are consistent with those of previous studies
in which molecule-matrix interactions were probed by bulk-spectroscopic means. Unlike these
previous studies, however, the present results also provide relevant new information on mass
transport through the films, evidence of reversible surface adsorption, and quantitative
information on variations in these phenomena with film hydration.

The above-mentioned single molecule studies have given detailed information on
chemical interactions between single molecules and the silica matrix. However, the actual dye
concentration in the focal volume in these experiments was largely unknown. It’s important to
know the actual dye concentration because the potential applications of those silica materials
(separation media, catalysts and sensors) require a full understanding of how the molecules
partition between different environments. Unfortunately, the classic equation which is used to
determine the number of molecules in the detection volume neglects some important details.
Specifically, it neglects the possibility that orientationally-fixed (i.e. adsorbed) molecules might
be present. As shown in Chapter 4, the molecule orientation must be fully considered in the
determination of concentration. Therefore, a model describing the full concentration dependent
amplitude of fluorescence autocorrelation data for samples comprised of single molecules
entrapped in fixed but random orientations and exhibiting polarization dependent excitation and
emission was presented. The model was verified using both simulated and experimental single
molecule data. It differs from previously published models, which assume polarization-

independent excitation or emission processes. The results proved that the exact nature of
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molecular orientation (fixed or rapidly reorienting) must be accounted for when determining
concentrations (or relative concentrations) from single molecule autocorrelation data. All other
parameters being equal, it may be concluded that fixed molecules contribute approximately twice
as strongly to the autocorrelation decay as do rapidly reorienting molecules. The orientation-
dependence of autocorrelation amplitudes described here is relevant to concentration
determinations in any system comprised of small objects (i.e. single molecules, nanoparticles,
etc.) that exhibit polarization-dependent excitation or emission processes and which may be
found in fixed orientations on relevant experimental time scales. Although this dependence was
demonstrated using single molecule imaging results alone, it is also of importance to the
interpretation of autocorrelation data from studies of reversible single molecule adsorption in/on
thin films or surfaces, such as have been reported by our group and by others.

In a typical single molecule experiment, appropriate dyes (such as, NR, Dil and SPDI)
are employed. However, all such dyes photobleach under long exposure to excitation light. The
use of dyes can be avoided by employing nanoparticles and light scattering phenomena as a
means to probe materials properties. In Chapter 5, the use of native silica nanoparticles to probe
macroporous silica films was described. An optical microscopy was used to directly observe
phase separation and gelation in macroporous MSQ films formed from MTMOS under low pH
conditions. When coupled with in situ single-site confocal correlation spectroscopy and
scanning electron microscopy, valuable information on film morphology and the growth of MSQ
nanoparticles in the liquid filled pores of the MSQ matrix was obtained. It was found that the
MSQ nanoparticles grew to a maximum diameter of ~ 30 nm soon after film preparation and
remained in this size range until well after gelation. Nanoparticle size stabilization was

attributed to consumption of reactive MSQ species, to a condensation-induced decrease in
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nanoparticle surface reactivity, and to a decrease in the collision rate of the MSQ particles as
they grow. Incorporation of some nanoparticles in/on the matrix commenced shortly after
gelation, as evidenced by a time-dependent decrease in the number of particles present in the
pores. In contrast, the onset of particle-particle reactions within the individual pores was delayed
for approximately three hours after gelation, at which time a significant time-dependent decrease
in the nanoparticle diffusion coefficient was observed. Nanoparticle growth in this later phase
was attributed to particle aggregation after a further evolution of their properties. In addition, the
ability to probe macroporous sol-gel derived films at the single pore level by optical microscopic
methods will pave the way to a deeper fundamental understanding of the phase separation,
gelation and aging processes in these technologically important materials. Extensions of these
methods will also allow for a better understanding of phenomena such as hindered diffusion
within the macropores and molecule-matrix interactions in chemical or biomolecule separations.
Finally, silica films incorporating polarity gradients have been produced for the first time
and were described in Chapter 6. These films were prepared using the newly developed method
of “infusion-withdrawal dip-coating”. Fluorescence methods were employed to detect the
presence of the polarity gradients. The NR emission spectrum was recorded as a function of
position along the gradient and compared to results obtained from spin coated sol-gel films
incorporating different mole fractions of methyl-modified silica. A blue shift in NR emission
was observed as a function of position along the gradient dimension. These results provide
strong evidence for the presence of polarity gradients in the films, produced by a gradual
increase in methyl-modified silica content. Water contact angle data was used to obtain
supporting evidence for the presence of the polarity gradients. The results depicted a

monotonically increasing contact angle as a function of position, consistent with increasing
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methyl content towards the bottom of the gradients. FTIR results demonstrated that the
concentration of CHj functional groups, relative to total silica (as measured via the Si-O-Si
absorption band), increases down the film. In all, the NR fluorescence results, water contact
angle data and FTIR microscopy data prove that the films prepared by “infusion-withdrawal dip-
coating” using sols of time varying TMOS and MTMOS content are polarity gradients and are
dominated by polar TMOS-derived silica at the top and by nonpolar MTMOS-derived silica at

the bottom of the gradients.

7.2 Future Directions

Single molecule spectroscopy has been shown to be useful in probing the properties of
silica materials. It has specifically been used to investigate mass transportation within silica
media and chemical interactions between single molecules and the silica matrix. A few
additional experiments might be achieved based on the research described in this thesis.

First, as mentioned in Chapter 3, both CTAB and SDS were added to the silica sol to
prepare silica films with different pore size and structure and pore properties (charge,
hydrophobicity). Such surfactant-templated pores are extremely important for the use of silica
materials in chemical separations, sensors and catalysts, because they are all for mass transport
and provide potential interaction sites. Other surfactants can be used to change the pore
properties (i.e., pore size, pore structure, type of charge, etc ), which includes anionic surfactants
(i.e. perfluorooctanesulfonate), cationic surfactants (i.e. cetylpyridinium chloride ) and nonionic
surfactants (i.e. alkylphenol poly(ethylene oxide)). The resultant dye-doped silica films
containing one of those surfactants will show different mass transport phenomena and different

interactions between dye dopants and matrix. These studies will help to fully understand the
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properties of the surfactant-containing silica materials and to optimize their properties for their
potential applications.

Second, as shown in Chapter 6, silica film gradients have been prepared from TMOS and
MTMOS sol mixtures. Their properties were probed entirely by bulk spectroscopic and physical
methods. Since silica films studied for this thesis have exhibited extensive local heterogeneity,
single molecule studies are then necessary to probe the current gradient by doping a proper dye
(i.e. Nile Red) with extremely low concentration (~0.5nM) into the film. Detailed information of
the nanoscale characteristics (such as, the presence of nanoscale domains) along the gradients
will be provided to better understand and apply the gradient. Since impurities are almost
routinely found in single molecule experiments, absolute care must be taken to avoid
contamination with solvents and the silica precursors might need to be purified by distillation.

In addition, since we have prepared good and uniform silica thin films with polarity
gradients, other gradients might also be achieved by using the same or similar “infusion
withdrawal dip-coating” methods. For example, a porosity gradient may be prepared by
gradually infusing an acid-catalyzed TMOS sol into a base-catalyzed TMOS sol. The resulting
films will likely be useful as stationary phases for separations science. Another polarity gradient
might be achieved by adding an APTEOS sol into an MTMOS sol. Such an amine gradient
surface can be used to develop other gradient materials by subsequent surface reaction. A pH
gradient may also be prepared by applying two different TMOS sols (one base-catalyzed, the
other acid-catalyzed). Such films may be useful in pH sensing. Besides the above mentioned
silica gradients, organic polymer gradients might also be prepared by using “infusion-withdrawal
dip-coating” method. For example, gradient in this case could be prepared by gradually infusing

a poly(styrene) (PSt) solution into a poly(methyl methacrylate) (PMMA) solution to make
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polymer gradient with gradually increasing ratio of PSt/PMMA. Such a gradient would start with

a really soft material (PMMA) and end with hard material (PSt).
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