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Abstract

This dissertation focuses on four research togiel:assembly of colloidal nanoparticles,
surface modifications of the properties of ionigaélf-assembled multilayer films, surface
enhanced Raman spectroscopy of functionalized mahdparticles, and two photon uncaging in
gel. Those techniques are used for developmentwe#lmanofabrication methods for top-down
and bottom-up assembly of nanostructures, by mjfihe properties of nanopatterned

surfaces with photoactive ligands, and other teldgies.

First | describe the development of an improvedhom@tfor nanosphere lithography, a
variation of the convective self-assembly technidues method exhibited high reproducibility
and yielded high quality monolayer crystals by wréwing a meniscus of liquid polystyrene
spheres solution and subsequent evaporation aollrent. The monolayer crystal was used as

an evaporation mask to create surface arrays dfrggoiotriangular particles.

Metal nanoparticles, with sharp features or nargaps, exhibit strong plasmonic
properties. | took advantage of those propertiedtEmpt to create patchy modifications of the
surface functionalization of gold nanotriangulartjgdes treated with photosensitive molecules.
Two molecules denoted, P3-DTC, and LIP3, were asefdinctional molecules attached to the

gold nanoparticles.



After interaction with 356nm UV light, part of tee molecules cleaves off the surface of
the nanoparticles rendering the surface modifigt @inew functional group. The modification
takes place only at the plasmonic hot spots ofgmasoparticles, resulting in a patchy

modification of the properties of the nanoparticles

| built polymer lonically Self-assembled MultilaydSAM) films using a Layer-by-
Layer deposition technique and treated them to ditar surface adhesion properties. Poly
(allylamine hydrochloride) (PAH), and poly (styresidfonate) (PSS) are a very well-studied
system of polyelectrolytes for LbL deposition. ISANns built from those polyelectrolytes are
rich in amine groups to which nanopatrticles, céitsue cultures, ligands can be made to adhere.
In my work | developed a method for selective miodiion of the surface adhesiveness, by
neutralizing the amine groups trough acetylatioth\acetic anhydride. With resolution from a
few microns to a few hundred nanometers, | seleltigassivated some areas of the ISAM film
while others | left unaltered. | tested the effeficthe acetic anhydride passivation by performing
Horse Radish Peroxidase (HRP) test which quantifiesamount of free amines on the surface
of the film. | also demonstrated the patchy modiiien of surface adhesiveness by introducing

gold nanospheres which attached only to the angtieeaareas of the modified ISAM film.

Photoactivatable fluorophordss. compounds and other entities that may transfotm in
a fluorescent form on absorption of a photon caerbployed in multidimetional volume
patterning. | studied the photoactivation of aidas in gelatin matrix. Specifically, | used
Azidocoumarin 151 as a test molecule to undergeghaton activation, and then measured the
resulting photoluminescence. The activation ofAkglocoumarin 151 can be used to create

arbitrary 3D patterns of modified functionality ide the gel. The activated molecules can be



used as sites for further modification of the paitey inside the volume of the gel. Possible

modifications include attaching biomolecules, naartiples, or individual cells.
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CHAPTER 1 Introduction

Fabrication technologies in the field of nanosceeace promising to open new areas of
research with many possibilities in applied scieffealization of their full potential will require
merging top-down and bottom-up fabrication appreaciror instance, accurate spatial
positioning of bottom-up fabricated nanoparticlad aanoassemblies provided by top-down
lithographic methods can be applied in all butgimeplest devices and systems, such as
biosensors or molecule-like nanoparticle assemblesmilar interest in controlling the
positioning of living cells exists for applicatiosach as tissue engineering, biosensors and
cellular studies. Both cells and nanostructuresganerally quite fragile and typically cannot
withstand the processing conditions of most forfngloography. This limitation can be
overcome by patterning the adhesive propertiessofbatrate, so that adsorption of nano- or bio-
structures at desired locations can be the vetytap in the fabrication process. Therefore, the
overall goal of this dissertation was to develog apply methods for modifying the properties

of nanopatterned surfaces.

This dissertation focuses on the development df bai-down and bottom-up techniques
to pattern the surface properties of polymer fiamgl metal nanopatrticles. | have developed a
method for substrate functionalization using Malggr (ISAM) films and the modification of
their surface adhesion properties. The modificatiare made by chemical treatment and can be
used for selective surface fixation of nanoparti@dad nanostructures, cell cultures and tissue
samples. Furthermore, | began development of atey method, based on the plasmonic
properties of metal nanoparticles and resultingatchy modification of the surface

functionalization of the nanoparticles. The surfaalification was achieved by photoactivation



of photosensitive molecules adsorbed on gold natiojes. For this purpose, | used triangular
nanoparticles which exhibit strong plasmonic prtiper The energy of the incident light is
focused and enhanced at the sharp corners of thelgs the photosensitive molecules get
activated and thus the surface functionalizatiothathot spots is altered. The modified areas on

the nanoparticle surface can be then used as adhstes for ligands, or other nanopatrticles.

| developed of a nanosphere lithography methodddoidal crystal growth on a surface.
In particular, | applied a modified version of ttenvective self-assembly metHoénown as
restricted meniscus convective self-assembly athéaretical model to explain the experimental
results was developed. In my research | used péaeos lithography to deposit triangular

nanoparticles on a substrate, and used them fdicappns in Chapter 3 and Chapter 4.

To study the plasmonic properties of gold nanopl@gifor patchy modification of their
surface properties, | fabricated ordered arraysaigular gold nanoparticles on an ISAM film
coated substrate. As described in Chapter 3, tABIfim is rich in amines, has strong adhesive
properties, and holds the gold nanoparticles ingkven under such extreme conditions as
sonication and strong solvent exposure. The natiofesrwere functionalized with
photoactivatable molecules, which undergo transétion with absorption of one UV or two red
photons. Upon photoactivation part of each molewas cleaved away leaving exposed a
suitably selected functional group, thus modifyihg surface chemistry of the nanoparticles.
Since the process of photoactivation employs therpbnic properties of the nanoparticles, the
photomolecules get activated predominantly at thtespots, thus creating patchiness of the
surface functionalization. To quantify the photeation process, | measured the surface
enhanced Raman spectrum of functionalized golddtitar nanopatrticles before and after

photoactivation. | was not able to obtain unequat@esult showing that the photomolecules |



used did undergo photactivation. There could bers¢veasons for that result; the
photomolecules did not functionalize the gold tgalar nanoparticles, or premature photo

activation of the photoactive molecules due tothghg rod effect or chemical catalysis.

ISAM films can be used not only for surface anchgrof metal nanoparticles, but also
for adhesion of other entities. | describe a ldyg#ayer technique, using PAH and PSS, to
deposit an ISAM film on a glass substrate. The IS#M is rich in amine groups that are
positively charged and can be used as anchorstémhanent of other molecules or
functionalized nanoparticles. The adhesivenessof$AM film was patterned by selectively
neutralizing amines in some areas of the film wtabesing other areas intact. Selective
patterning was then demonstrated in two ways, taghing Au nanospheres to the amine active

areas of the film, and by using horse radish pelase as an amine detection test.

Finally, | investigated molecular photoactivatiangel. Using a femtosecond laser,
molecules in small volume of the gel were activalduds process resulted in optical patterning
of the activation sites because the propertiee@ptotoactive molecules were altered after light
absorption. The result of the photoactivation wasrescence patterened in the volume of the
gel, and also chemical modification of the photo@cinolecules. Such chemical modification
can be used to pattern the volume of the gel amal filnctionalize these sites with small
nanopatrticles, for example. Specifically, | hawedgtd the two photon fluorescence on
azidocoumarin 151 in gelatin gel, illuminated wiémtosecond laser light. Two-photon
absorption converted the azidocoumarin into a #soent dye, which easily bound to the gelatin
matrix creating arbitrary three dimensional pateithis process could be used for 3D
patterning of the volume of the gel, and even tottfer functionalization of the activation sites

with other molecules or simple attachment of nanages.



I will now give an outline of each chapter followbd literature review of each topic in

my dissertation.

1.1 Thesis Outline

CHAPTER 1. Introduction

Chapter 1 gives an overview of the four researpicsoin this dissertation: self-assembly
of colloidal nanopatrticles, surface modificatiorighe properties of ionically self-assembled
multilayer films, surface enhanced Raman spectmsob functionalized gold nanoparticles, and

two photon uncaging in gel, as well as a literatergew on each topic.

CHAPTER 2. Restricted Meniscus Convective Self-Assgbly

In this chapter, | present a variation of the cative self-assembly technique, where the
meniscus of a polystyrene nanosphere suspensiestigcted by a straight edge located
approximately 100m above the substrate adjacent to the drying zersd@wn in Fig 1.1. The
movement of the top plate leaves a wet thin filhibd. Evaporation drives particles from the
suspension to the edge of the wet thin film, emagptiontinuous growth of a thin ordered
colloidal crystal. This technique yields high gtyakrystals of roughly twice the growth rate
compared to conventional convective self-assentlditribute that to different rates of diffusion
of vapor from the drying crystals in each casdsd énvestigated the growth rate dependence on
the relative humidity, and found that the crystavgth rate was strongly dependent on the

humidity. A theoretical model explaining well mypmetimental results is offered.



Colloidal crystal

-----------

wet dry

Figl.1 Schematic of restricted meniscus self-asselyb

CHAPTER 3. Amine-rich polyelectrolyte multilayers for patterned surface fixation of
metal nanostructures and proteins

Here, | describe a lithographic method for digepatterning the adhesive properties of
an amine-rich layer-by-layer assembled polymer filime film is useful for surface fixation of
metal nanostructures and proteins. The adhesiven®q the film can be patterned with fairly
harsh methods, using evaporated aluminum maslotegirselected regions of the substrate, and
adhesion passivation on exposed regions with aaehgdride. When the aluminum is removed
with an HCI etch, the protected regions retainrthdhesion, while adsorption of both particles
and proteins is almost completely eliminated inghssivated areas, making it possible to guide
adsorption to the patterned areas. The high degraghesion comes about due to uncoordinated

amine groups that pervade the full thickness ofithe Cycling the pH through acidic



conditions and back causes the amines to be remdarejuvenating the surface, which is the
likely origin of the robustness of the adhesivepamies to processing. pH adjustment also
causes reversible swelling and deswelling of time, fso0 that the vertical position and dielectric

environment of the nanostructure can be dynamiealjysted.

CHAPTER 4. Surface enhanced Raman spectroscopy

In Chapter 4, | describe a method to selectivelgifiydhe surface functionalization on
triangular gold nanoparticles using their plasmgniperties. | used several custom made
photoactivatable molecules and investigated theqa® of photoactivation with UV light using
surface Raman spectroscopy as a diagnostic tdal.not obtain clear evidence of
photoactivation at the nanoparticle hot spots,tduseveral possible reasons, which are briefly

discussed. | discuss future directions for theizatbn of the project.

CHAPTER 5. Two-photon activated two-photon fluorescence and hding of

azidocoumarin in a gelatin matrix

I have studied the nonlinear optical propertieg-azido-4-trifluoromethyl-1,2-
benzopyrone (azidocomarin 151) contained in a et matrix. As ultrafast light pulses are
focused into the gel, onset of two-photon fluoresees observed as two-photon absorption
converts the azidocoumarin 151 into a fluorescgatttat binds to the gelatin. In the process of
photoactivation discrete sites of modified azidovaun 151 molecules are selectively created.
The method allows creating of patterned modificatid the azidocoumarin 151. The rate of
onset scales as the fourth power of the lasersitigras it results from two two-photon

absorption processes. | fit the time dependentleeofiuorescence to a model that incorporates



the competition between coumarin photoactivatiosh gimotobleaching. From this fit, | estimate
an upper bound for the two-photon cross sectioplfiotobleaching of the azidocoumarin 151 to

be about 0.006x 1% cnri's at 720 nm.
1.2 Nano sphere lithography

Colloidal particles have been subject to extensigearch in the fields of optiés’
chemistry and material science. Coatings of coflbparticles, consisting of single or multiple
layers of densely packed nanopatrticles, are ofastdor applications such as antireflection
coating$, photonic crystafs optical filters® 7, sensorg'°, porous membrané& ** surface
enhanced Raman spectroscopy (SERSpbrication of “patchy” nanoparticléd and
nanosphere lithograpHy.Here | focus on spherical colloidal particles whizn easily be
assembled into long range periodic two-dimensianal three-dimensional colloidal arrays-®
2D hexagonal lattices of colloidal spheres havenleeployed as ordered arrays of optical
microlenses in image processihgrhey are also used as physical masks for evaporat
reactive ion etching to fabricate regular arraysadro or nanostructures. Furthermore, 3D
opaline lattices of colloidal spheres have beenoigul as removable templates to generate
highly ordered microporous materials; as diffragteélements to fabricate sensors, filters,
switches, and photonic band gap cryst&l§ A variety of methods have been developed to
fabricate 2D or 3D colloidal arrays including sedimation in a force fiel&’ repulsive
electrostatic interactiorfs; ?*spin drop casting®“° and attractive capillary forcés*>?'In
applications where the goal is to produce thingilrontaining three layers of colloids or less,
and where polycrystalline ordering of the lattisesufficient, convective assembly, also known
as evaporation-induced self-assembf/>? is probably the fastest and most convenient

technique to implement. The method was first dgvetiby Nagayamet al.? %2 *3in which a



liquid suspension of nano or microspheres is spoedol a solid surface. As the liquid from the
suspension slowly evaporates, capillary forces lsiaiive the spheres to form closely packed
2D or 3D ordered structures. As originally concdivthe deposition method required a slow
withdrawal of the substrate from the sphere sotufithis deposition resulted in long deposition

times, and required large volumes of colloidal smsjpong> 3233

Velevet al! proposed a faster method of deposition of monmuiti-layer of colloidal
spheres, by dragging a meniscus of microliter susipa confined between two planes that move
with respect to each other. The rate of withdrasfahe plates must match the rate of ordered
crystal formation. The suspension, however, is ncoreentrated than that used in Nagayama’s
experiments, and therefore the withdrawal speededarger so that crystal deposition is faster.
In my dissertation, | present a variation of conixecself-assembly method, which is a
modification of the method developed by Vethalll refer to this method as restricted
meniscus convective self-assembly. It createsdheesjuality of the deposited crystal as the

conventional self-assembly method, but the speedystal deposition is faster.
1.3 lonically self assembled multilayer films

Ultra-thin organic films are of high interest ireas such as integrated optics, sensors,
and friction reducing coatingd’ A lot of work has been done on surface modificatiy
polymers in an attempt to extend the known veratf polymer bulk materials to ultra-thin
films and coatings. The self-organization of polysieas been exploited for the preparation of
well-defined surfaces and interfaces extendingigeeof the established methods to low molar

mass compound¥®”.



One recent technique for fabricating thin filmauidace functionalization techniques is the
alternating physisorption of oppositely chargedypt#ctrolytes. This deposition technique is

also known as “layer-by- layer” (LbL) method.

The building of an ISAM film is executed as follows negatively charged substrate
such as a glass slide is immersed in a soluti@naattionic polyelectrolyte. The adsorption is
carried out in relatively high concentrations ofygdectrolyte. The adsorbed polymer molecules
shield the surface charge of the substrate by fugrailayer with reversed charge. After rinsing
in pure water, the substrate is immersed in a padyasolution, a monolayer is adsorbed and the
surface again reverses its charge. Alternating irsioes in both polyelectrolyte solutions result

in building a multilayer assembly of both polymers.

The LbL technigue has the advantage that the ekdetic attraction between opposite
charges is the driving force for the multilayerlguip.**°In contrast to chemisorption
technique$® that require a reaction yield of 100% in ordemtaintain constant surface density
after each deposition step, no covalent bonds teebd formed. Furthermore, an advantage over
the classic Langmuir-Blodgett technidftfés that the adsorption processes are independent o
the substrate size and topology. Because the nattdine film formation is ionic bonding, LbL

built films are also referred to as lonically Sadisembled Multilayer (ISAM) films.

Poly (allylamine hydrochloride) (PAH), and polyyfsne sulfonate) (PSS) are two very
well studied LbL polyelectrolyte®. | successfully deposited ISAM films as thin asidayer,
by using PAH/PSS as LbL polyelectrolytes. 1 bi-lageformed by deposition of 1PAH layer
and 1 PSS layer. Furthermore, the thickness ofSA& film is linear with the number of bi-

layers and can be controlled by adjusting the istiength of the solution from which the



polymers are adsorbed. For PSS, Lepal®® found that varying concentrations of NaCl salt
added to the polyelectrolyte solution affects thiekness of each anionic/cationic bi-layer. As
shown by Rubneet al** **PAH/PSS ISAM films can also undergo a discontiraeolume-
phase transitions. ISAM films fabricated with baipping solutions at pH=8-9.5 undergo
discontinuous swelling when exposed to low pH sofytand a subsequent shrinking when
exposed to a solution of high pH. It was also fothrat after drying from the swollen state the
film retains “memory” of its previous swelling sta&nd returns to this specific level after
immersing in DI water. This unique swelling betaanis associated with a pH driven degree of
ionization of the weak polyelectrolyte PAH. In tfiilsn up to five times more PAH than PSS is
used to form a layer in each PAH/PSS bi-layer. &ktea PAH leads to excess number of amines
present in the ISAM film. Amines are very commondtional group used for surface fixation of
nanoparticles, nanoassembit&s? and cellular studie¥, both because of their positive charge
and their ability for chemical coupling. The teaiune for LbL deposition was developed by
Lvov et al® He investigated the mechanism of LbL as well asdipendence of the thickness

of the polymer layers on the ionic strength of ploéyelectrolyte solutions.

In my dissertation, | show that | was able to pattbe surface adhesiveness of
(PAH/PSS) ISAM films to selectively create areathvective sdhesiveness and areas with no
sdhesiveness. This is done by acetylation withi@eahydride. The areas of the film which
were not treated with acetic anhydride have acmees and thus can be used for fixating
molecules and nanoparticles to the film. In corttlas areas that have been treated with acetic

anhydride do not have active amines and thus dradiesive.



1.4 Surface Enhanced Raman Spectroscopy

A few decades ago it was discovered that Ramatesicaf intensity of pyridine on
electrochemically roughened Ag was enhanced bytarfaf (~16).>% *3*This discovery led to
the emergence of Surface-Enhanced Raman Spectyo&8BRS).SERS has very attractive
advantages for the development of selective ansitsenanalytical procedure$he technique
combines the advantages of positive identificaiba molecule in situvell established
instrumentation, and little or no sample preparatidth very high levels of sensitivity.

Raman spectroscopy probes the unique vibratiogabsire of molecules, but it suffers
from poor sensitivity due to the inherent weakrefsthe scattering process. The weakness of the
Raman effect makes detecting the signal from a tageo of adsorbed molecules on a surface
difficult. Raman cross-sections are small (310 10°°cn moleculé®) in comparison to typical
molecular optical absorption cross-sections (1010 cnf moleculé?). Therefore for 18
incident photons, only one will be Raman scattekemivever, it was observ&d® that there
was strong enhancement from pyridine on electroatedty roughened Ag, this was an
indication of an extra contribution from a surfaftect. In the picture of Raman scattering, the
incident EM field induces a dipole moment in thelecale which in turn radiates light at its
oscillation frequencies. The induced dipole monigsat product of the molecular polarizability
and the applied electric field. It follows that thehancement of Raman intensity would arise
from an increase of one of these factors. The fa@tiecting the Raman scattering due to their
nature are referred to as chemical and electrontiagne

The electromagnetic mechanism of SERS stems fremltility to excite localized
surface plasmon resonances (LSPR) in metal namtstes. The incident electromagnetic field

couples to the collective oscillations of the cortthn electrons across the surface of metal



nanoparticles or nanostructures. The resonantagiaei results in strong enhancement of
absorption and scattering of the electromagnetid fiThe spectral positions of LSPR can be
tuned by changing the composition, size, and nadtefithe nanoparticles, because these factors

affect their absorption and scattering properties.

Figure 1.2 Finite element simulation of the enhaneeent g on the top surface of a triangular prism with side
length of 200 nm. Light is incident normal to the iigure and polarized vertically.

When excited on resonance, the nanopatrticles’ glasmodes concentrate the incident light into
localized areas on the surface of the particleswknas “hot spots”. The hot spots are primarily
located around sharp corners or nanoscale gapeé&etmanoparticles, as shown in Fig.1.2. A
near field enhancement factor can be defined ag{Eqca/Eq)®, where E is the intensity of the
incident light. The g factor can reach values of-10/ times®* ** *°As | mentioned earlier,
Raman scattering is a weak effect with low crosgige for surface bound molecules. If the
molecules are placed in the vicinity of the hottspaf metal nanoparticles or nanorough metal
surface, the excited plasmon resonances leadaigsscattering from those molecules.

When a molecule, adsorbed on the surface of a metabparticle, is irradiated with
light, an oscillating dipole in the molecule is @&ed which is enhanced by the metal substrate. In

addition to enhancement of the incident field, emdesnent of the emitted light from the induced



dipole is also possible. To a first order approxiora the overall enhancement factor from both
incident and scattered fields can be described s 4f|g [, whereg is the enhancement
factor at the scattering frequency. For single make detection, enhancement of up td*1tas
been observed on nanoparticle clusters or frattattsires:® >’ making single molecule Raman
detection possible. Therefore, in SERS the exoitatind scattering wavelength can be in
resonance with the LSPRs, thus the enhancemenr fdigé to the plasmon resonance can scale
with up to the fourth power of the local electromatic fields.

So far | focused on the EM nature of the Ramartextagd), as it is the dominant
mechanism, but a part of the enhancement is duad is known as a chemical enhancement.
Chemical enhancement arises from direct interadiesimeen the adsorbed molecule and the
metal surface, resulting in an increase in the Reenass-sectior> *® Chemisorption, or bond
formation between the molecule and the surfacéupes the electronic structure and therefore
the optical properties of the molecule compareitstanbound state. Another way in which the
Raman cross-section may be affected by electrdfects is through charge transfer between the
adsorbed molecule and the surfat&:If the absorbance maximum of an adsorbed molésule
altered such that it is closer to the laser exomafrequency, the Raman cross-section of the
molecule is increased. Thus, the chemical mechaoc&énbe understood as a type of resonant

Raman Effect.



1.5 Two photon activation

The term “optical highlighter” describes moleculleat are initially non fluorescent, but
become fluorescent after photo-activation with figllolecule photoactivation is used for a
relatively new method of imaging referred to asesupsolution imaging. Super resolution
imaging can obtain signal from spatial distributafrfluorescent molecules on length scales
shorter than the classical diffraction limit. Irefe methods image is constructed from high-
accuracy localization of individual fluorescent malles that are switched on and off using light
of different wavelengths. The imaging process cxiasif imaging cycles during each of which
only a fraction of the fluorophores in the fieldwvaéw are activated such that each of the active
fluorophores is optically resolvable from the r&8tis allows the position of those fluorophores
to be determined with high accuracy. Repeating phocess for multiple cycles, each causing
different subset of fluorophores to be turned diows the position of many fluorophores to be
determined and thus an overall image to be reagectsti. In addition to such techniques known
as PALM®? FPALM,*® and STORM* two-photon activation offers an alternative to fgho
bleaching approaches in the study of protein kisetjene expression, and cellular dynamics.
Photoactivation occurs with absorption of an UV foimo or absorption of two photons, each
carrying half the required energy for photoactiwatiThe two photon photoactivation is a
nonlinear process with efficiency scaling with tight intensity. This means that the activation
process will be only limited to the volume locatizaround the light beam. With two photon
activation 3D superresolution microscopy can beeain bulk. The two photon process as it
requires low energy wavelengths, is less damagirtigsue samples and allows for deeper

imaging.



Other than imaging, two-photon activation can bedu®r micro-fabrication, which is
why it is of interest to my thesis. Two-photon polrization® ®®for example, is carried in
photosensitive gel by focusing and scanning witsar. The photoactivatable molecules in the
path of the beam will transform and crosslink iB@apattern inside the gel. Arylazides are an
example of a class of photoactivatable compoumdsy dissertation, | study the photoinduced
polymerization of Coumarin 151 in gelatin gel. bele Coumarin 151 because it easily forms
bonds with the gelatin gel matrix to create fluoesg pattern, and is less studied than Coumarin
120, but also because the chemical structure resishé absorption band facilitating the overlap

with the wavelength of our laser.



CHAPTER 2 Restricted Meniscus Convective Self-
Assembly

2.1 Introduction

In one standard version of this technique, illustlan Fig. 2.1(a), a plate is placed at an
acute angle immediately above the substrate, @nabd volume of nanoparticle suspension is
placed in the corner formed by the plate and satestiThe plate is then withdrawn at a velocity
vy, dragging the suspension and a thin wetting filtached to the suspension with it.
Evaporation from the film induces a flow of solvent toward its edge. Particles are pulled
along with the flow, which drives the growth oftart colloidal crystal with one or more layers.
Uniform films can be deposited on multiple squagatoneters in a few minutes with this

technique.

In our version of the technique, illustrated in.Bid(b), the meniscus of the solvent is
restricted by placing a straight-edge above thetsate just before the drying zone of the film.
This can be accomplished simply by running thepsgist described in reverse so that the upper
contact line of the fluid meniscus from which tlilenfgrows is attached along the bottom edge
of the angled plate. | will call this growth modes®ricted Meniscus Convective Self-Assembly
(RMCSA) to distinguish it from the conventional éguration, where the upper contact line is
free to attach anywhere along the flat side ofptla¢e. Since both modes can be accommodated
with the same apparatus run in opposite directibwdl] use negative withdrawal speedg)to

denote RMCSA and positive for conventional CSA.
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conventional convective self-assembly. The colloidarystal forms from a meniscus where the upper
contact line is free to move along the flat surfacef the angled plate. | denote this with positive
withdrawal velocities v,.

restricted meniscus convective self-assembly. Thelidal crystal grows from a meniscus where the
upper contact line is fixed at the lowest corner othe angled plate. | denote this mode with negative
withdrawal velocities. This mode grows crystals atoughly twice the rate of the conventional approach
the drying zone of the colloidal crystal. A wettingfilm from the suspension extends into the crystadrom

x = 0to x = |. Water evaporates from the film at the ratej(x), which in steady state is replaced by a flow
J,, from the suspension, pulling nanospheres toward thedge of the crystal, causing it to grow.

(d) The far edge of the wetting film, which marks he boundary between the wet and dry portions of the

colloidal crystal, is likely fairly abrupt, as illu strated by the figure. The boundary may move in disrete
steps as it gets depinned from the last wet row ofinospheres in a step-wise fashion. Some fluid mbag
left behind on the nominally dry side of the bounday. If either the conditions required to initiate a
depinning event or the amount of fluid left behindafter depinning depend on the withdrawal velocityv,,
this could change the scaling of the drying rate fim the results expressed by Egs. 8 and 9.



2.2 Experimental

Au pellets (99.999% pure) and Ni pellets (99.98%epwere obtained from Kurt J.
Lesker (Clairton, PA). Surfactant free white cand@golystyrene latex nanosphere suspension
(784nm diameter, 4.2 % wi/v) was purchased fromtlagen (Carlsbad, CA). Unless otherwise
noted, the nanopatrticles were concentrated byitegeation to 21% w/v prior to use. Plain

precleaned glass slides and all chemicals wereéhpaed from Fisher (Pittsburgh, PA).

Following Prevo and VeleY; the particle suspension was deposited betweesuthstrate
and a metal plate mounted at a 22aBgle above the horizontal. The plate was mounieal
vertical positioning stage (Thorlabs p/n PT1A) lsattthe spacing between plate and substrate
could be controlled withm precision. To ensure that the bottom edge opthate was parallel to
the substrate, a goniometer stage (Thorlabs p/ni8Nwas also incorporated in the setup so

that the horizontal alignment of the plate acrbgssubstrate could be adjusted.

The substrates consisted of standard precleane frikcroscope slide (Fisher
Scientific) which were first cleaned by the RCA gess”’, i.e.immersion in a 1:4:20 solution of
NH4OH : H,0O; : H,O at 80+£5°C for 15 min, followed by a 1:1:5 solution of HCH3O, : H,O
at 80+£5°C for an additional 15 min. These mixtures are lyiglrrosive and the appropriate
protective equipment must be worn while handlirgnth Between and after the immersion steps,
the slides were rinsed with copious amounts of Biewand then stored in DI water until used.
Two metal contact strips, approximately 2-3 mm widere fabricated along both long edges of
each substrate. This was done by covering the rcefhtke side with a 20 mm wide strip of
aluminum foil, followed by e-beam vacuum deposit@rb0 A Ni and 1000 A Au. Water

contact angle measurements indicated that the eatdqo process rendered the surfaces less



hydrophilic than right after RCA cleaning. For theason, the evaporated samples were briefly
ultrasonicated in a 1:1:6 - NBH: H,O,: H,O solution and then in a 1:1:5 - HCI>®%: H,O

solution, which restored the original hydrophilcio the surface.

Just prior the use, each substrate was blow drigddsy nitrogen and mounted
horizontally on a computer controlled motion stéfleorlabs p/n Z625B) just below the angled
plate. The orientation of the plate was adjusteti thie goniometer stage so that lowering the
plate to bring it in contact with the substrate Wocause the plate to make simultaneous electric
contact with the two contact strips on the substrahe plate was then withdrawn to between 10

m and 200 m from the substrate and kept at that distanceugirout the deposition.

The entire setup was kept inside an airtight enckDishes filled with either warm
water or CaS@desiccant were placed inside the enclosure foteviea time was required to
adjust the relative humidity to the desired valllee temperature in the laboratory was
maintained at 21+1C. A few | of concentrated nanoparticle suspension was plesed
between plate and substrate, at which point thetesatle was displaced either in the forward

direction (Fig 2.1(a)) for conventional CSA, or theckward direction (Fig 2,1(b)) for RMCSA.

2.3 Theory

As explained by Dimitrov and Nagayarffaconvective self-assembly occurs due to
evaporation from a wetting film that extends irtte tolloidal crystal from the three-phase
contact line between the suspension and the fika.F3g. 2.1(c). | denote the total evaporative
flow per unit width across the length of the filmJa. In steady state, the evaporated water is

replaced by a flow of water from the suspension. This flux carries a partizienber



flow along with it, which gets deposited at the leadidge of the colloidal crystal. If

the withdrawal speed is chosen appropriately, Boumifilm with crystalline order is formed.

For example, a hexagonal closepacked monolayersfdrm — , Whered is

the diameter of the nanoparticles. In general, thenhave that , Where isa

unitless constant of proportionality that depenadshe structure of the colloidal crystal andis
the thickness of the wetting film at the growinggef the crystal. The flodug is driven by the

gradient of the pressure inside the wetting film, which can written as

I (1)

where is the disjoining pressure between the air-licand liquid-solid interfaces in the
wetting film, and!. is the capillary pressure due to the menisci falimetween the
nanoparticles submerged in the film. Bottand!. depend on the average local thickness
of the wetting film, wherex denotes the distance to the three-phase comactAt # , the

pressure must equal the pressure in the nanojgsstispension

# 1 1 2)

whereP. is the capillary pressure due to the meniscusdmivithe angled plate and the substrate,

andPy is the hydrostatic pressure at the level of thestate.

The lateral fluid flow in the wetting film decreases with increasingnd is related to the

local evaporation flu%y by
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where- is the length of the wetting film in thedirection. Elaborating on Dimitrov and
Nagayama’s model, | note that since we are dealitfylow Reynolds number flow through a

porous medium, Darcy’s law is valid, and we cartevri
0 4)

where/ is the permeability of the colloidal crystal teetivetting film, and is the dynamic
viscosity of the fluid. The term accounts for the global motion of the ligeigpension

relative to the colloidal crystal.

To proceed, some assumptions about the relatioh&tvpeen the pressure and the
film thickness need to be made. This is a complex problem bettomdcope of this
dissertation, so | restricted myself to examinivg timiting cases which | will denote as the

pressure drive@ndpressure independelimits, respectively.

In the pressure driven limit, is completely determined by and explicit dependencies
on other parameters can be neglected, so that ( ). This means that the thinning of the
wetting film as | move into the film from the thrpdase contact line occurs only in response to
the increasingly negativerequired to maintain a non-zero liquid flow thrbuge crystal. The
length- of the wetting film is then strongly dependent on, and for the static case, where

1 #, - goes to infinity. In the pressure driven limit, wen rewrite Eq. 4 to obtain:
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subject to the boundary conditions tha# and - # . Solving this equation yields
, Which determines all other relevant quantities.rdentioned, doing so explicitly is beyond
our current scope, but | can still extract theisgabehavior of the solution by writing Eq. 5 in

dimensionless form. To do this, we make the suligiits

- 25
4653

% %476 3 ©)

8 —9:; <4= 63

where%s the evaporation rate from a free liquid surfand> is chosen so that6 is
dimensionless and approximat@y#3@;Eq. 5 and its boundary conditions can then b#ewri

as

AP—B=—6 ' 75. 6' 751
/7= 5 C (7)

6# cd 6 #

The quantity in the curly brackets is fixed by thmundary conditions, and therefore embodies
the scaling of the equation. Noting that F %-and that% F @ . GH, whereGH is the

ambient relative humidity, we find that

F I>¢€. GHI (pressure driven limit) (8)



In the pressure independent limit, has negligeable effect on , and the form of
can be found by energy minimization in the stafise. The variations in  that are
required to sustain a flow through the film is ¢esbby small changes in the configuration of the
surface of the wetting film that do not appreciaatfect .- is now a constant that is
independent of , and therefore largely independent of the evaporatite and the withdrawal

velocity. | can therefore write that

F €. GH I (pressure independent limit)  (9)

So far, | have assumed that the wetting film heighéaries only slowly with . This is
probably not true at the far edge of the film (wher-  # ). More likely, the situation is closer
to the sketch in Fig 2.1(d), where the wetting fdomtact edge is pinned at a specific row of
nanopatrticles, and rapidly changes from a finite value to 0. Movemefithe contact line to the
left is impeded by the energy barrier associatet dewetting the last line of nanospheres and
moving the surrounding fluid one particle diametethe left. This occurs when the thickness of
the wetting film reaches a critical valugy, . In terms of my model this corresponds to repigcin

the boundary condition at - with - jkL - At low withdrawal velocities, | expect,

to be constant and independent of As a result, the scaling of remains as announced in

Eq. 8 and 9, even though | have needed to slightlglify our model.

Another complication would occur if some amountloid were left behind on the
uncovered spheres during depinning, so that M #. If this quantity is constant | have that
- F ,and Eqg. 8 and 9 still express the correct scabngif it varies with withdrawal

speed, the scaling will be affected.



Before | present the experimental results, | wdbanote that in addition to parameters
such as withdrawal speed, humidity, surface tensiod substrate wettability, | was also able to
modify the pressure# in the particle suspension by simply changingublemeN of the
suspension placed between the angled plate arsibistrate. If we neglett as well as the
small effect the restricted meniscus hadNpmwe get that

P
I =¢05C (6:6" (10)

simply by geometrically relating the volume trappedler the plate to the radius of the free
meniscus and to the contact angles, and then agpliye Young-Laplace equation. Helrejs

the width of the substrate,is the surface tension, and

., € <R 6 6 <R <R6.6
SU (11)
SU 6 6.

is a geometric factor that depends on the andletween the angled plate and the substrate, and
on the upperq’) and lower 6) meniscus contact angles (see Fig. 2.1). For rupse

Q 3636 Q 22EWX3 @@X3WEZW

2.4 Results and Discussion

The results from a number of RMCSA and conventi@fh experiments all carried out

with the same nanoparticles but at varyig@nd relative humidity are shown in Fig. 2.2. For

each value of the humidity, there is a criticalhalitawal speed  above which only

submonolayer colloidal films form, but below whittte films will consist of one or more



closepacked monolayers. For uniform monolayer filfree of inclusions of thicker or thinner

films,  must lie within a few % of . Similar critical withdrawal speeds exist for twand

three-monolayer film$, but this region of phase space was not explaredyi work. Fig. 2.3
shows micrographs of several films fabricated withvalues near . If  is appreciably

larger than  small submonolayer patches are included in theeglacked monolayer film, but

if  is too small, bands of bilayer film appear.

From the data in Fig. 2, | made several observafitirst, RMCSA is about twice as fast
as conventional CSA for fabrication of single mayar close packed colloidal films. Second,
both CSA and RMCSA growth rates depend fairly gghpion ambient humidity, displaying
linear scaling in@ . GH consistent with the pressure independent limits That variance with
the work by Prevo and Velév** who reported only weak dependence of the grovithaa

humidity. It is possible that they were workings#o to the pressure driven limit, which would

lead to a fairly weak dependence of on humidity for RH below 50%.



100 - ® RMCSA
. Vv conv CSA
» 80- o
e .
8 60 .
o) - '
% ."._. "..
—= 40- v ..
©
2 V...
© V.. -
£ 201 VL
=
0 1 ' 1 ' 1 ' I M I N I

30 40 50 60 70 80 90 100
Relative humidity (%)

Figure 2.2 Plot ofv.?, the withdrawal speed for generating uniform clospacked monolayer crystals with
CSA as a function of relative humidity for conventonal CSA and RMCSA. The dotted lines are approximis
fits of the data to Eq. 9.
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Fig 2.3 Micrographs of colloidal crystal films fabricated with withdrawal speeds nean.” The closepacked
monolayer regions appear as iridescent purple, bikger regions are white, while submonolayer regionsra
dark. Deviating more than a few percent from the igal withdrawal speed leads to submonolayer or bilar

inclusions into the crystalline film



The notion that | was operating close to the presgwependent limit is also supported

by the data shown in Fig. 2.4(a). Here, was measured as a function of relative humidity fo
three suspensions with varying amount of the stafdcTriton X-100 added. The surfactant
improved the wetting properties of the suspengimeing it easier to fabricate uniform colloidal
crystals over multiple square centimetérduithout the surfactant, the high surface tensibn o
the wetting film has a tendency to break it up stigpes as the assembly proceeds, as is shown
in Fig. 2.5. Adding surfactant also made the salstcleaning process much less critical for
crystal growth. Parenthetically, it is worth memiiog that the Triton-X surfactant slowly softens
the polystyrene nanospheres, so a suspension sheuised within a few days of the addition of
the surfactant, or the spheres may deform into dxa (Fig 2.4) during the convective self-
assembly. The image also illustrates the factttietapillary forces among the spheres are quite
strong during the crystal formation.l measuredsindace tension of the suspensions using the
pendant drop method, and found 65.2 mN/m, 31.7 m&lch31.0 mN/m for the 0 mM, 1 mM

and 10 mM Triton X-100 suspensions respectivelyictvis consistent with values in the
literature®® Fig. 2.5(a) shows that the addition of the sugfathas only a slight effect on

even though it strongly effects the surface tensidms indicates that  and therefore are

largely unaffected by capillary forces.



Figure. 2.4 SEM image of polystyrene spheres defored while assembling in a monolayer crystal after
prolonged exposure to Triton X-100
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Figure 2.5. Plots ofv.™ versus relative humidity for RMCSA using (a) nanoprticle suspensions with
additives designed to lower capillary pressure (Tton-X 100) and the electrostatic portion of the diining
pressure (NacCl). (b) substrates with different degges of wettability. Substrate A has an Flwater contact
angle, while substrate B has a 29wvater contact angle.



Figure 2.6. Photographs of colloidal crystals (a)fchigh quality, (b) containing bare stripes. The adition of a
surfactant such as Triton-X 100 to the suspensioreduces the probability of stripes appearing. The hizontal
white stripes are places where the withdrawal wast@pped for a few seconds in order to create a recogable
boundary between regions grown with different withdawal speeds.



Since Triton X-100 is a nonionic surfactant, ih clear that its presence changes the
disjoining pressure much. It is also conceivable that the flow throtigé wetting film is

predominantly driven by variations inand that. plays only a minor role. For this reason, |

also measured vsGH for a suspension containing 5 mM of NaCl. The stitingly reduces
the electrostatic component of ®® which is likely to dominate at the length scalesttare

relevant in the colloidal crystal. The only visild#ect of the salt on the crystal formation is to
reduce the size of the submonolayer patches whes larger than , but as can be seen in

Fig 2.5(a), it has no measurable effect on theevalu itself.

It is clear that the parameters that determine have only minor influences on , as

one would expect if operating in the pressure iedeent limit. By contrast, changing the

wettability of the substrate has a strong impaigt. Z£5(b) plots measurements of vsGHon

two glass substrates with different surface pramaraSubstrate A was subjected to the standard
cleaning procedure described above, renderingtie ¢nydrophilic (12 water contact angle). For
substrate B, the cleaning steps after contact eatipn were omitted, which resulted in a less
hydrophilic surface (29water contact angle). This corresponds to a 12%e&se in the surface

free energy of wetting, much smaller than the ckangurface tension due to the addition of

surfactant, but nonetheless resulting in a redngtio  on the order of 40%.

I will now attempt to explain the difference infsaksembly speed between conventional
CSA and RMCSA. | first note that the details of fleev depend only on what happens in the
wetting film and its immediate vicinity. | would eéhefore expect that the dynamics of the film
growth is largely independent of the distahtbetween the angled plate and the substrate. This

was indeed observed experimentally, as is shovagin2.7(a). Similarly, the film pressure



can, as | have already noted, be shifted by charth@volume of the particle suspension
placed between the angled plate and the subditradged between 2 ml and 30 ml, which,
using Eqgs 10 and 11 and 65.2 mN/m, corresponds to  values between RPi#and 0.40

kPa. is negligibly small in this regime. As candeen in Fig. 2.7(b}his had no impact on
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Figure 2.7. Plots ofv.™ versus (a) the height  of the angled plate abovke substrate and (b) the capillary
pressure in the suspension as controlled by the wwhe of liquid.

These results show that the difference in growtisretween CSA and RMCSA cannot be due
to any difference in  between the growth modesiffstance due to different advancing and
receding contact angles changing the radius ofitinestricted meniscus). Nor is it likely due to
any constriction in the flow inside the suspengiansed by the presence of the angled plate.
With the factors excluded, the only remaining erpléon for my observations is a difference in
evaporation rate  between the two cases. Ever ifalative humidity far from the film is the
same in both modes, the shapes of the spaces thwhigh the evaporated water must diffuse
after it leaves the wetting film are quite diffete8ince the RMCSA configuration is more open

toward the environment, the humidity at the wetfifrg surface is likely to be closer to the



humidity far away from the film than in the casecohventional CSA. The evaporation réges
therefore higher for RMCSA, and as | have alreadgl®dished, this means that the colloidal film

growth rate also must be higher for RMCSA.

2.5 Practical RMCSA

Producing good results with RMCSA requires follog/several basic procedures. All
substrates that are used for the deposition nelbd RCA cleaned. This is very important
especially when the substrate is first functioredizwith ISAM film for example. The restricting
plane, which defines the upper confinement linetfi@ernanosphere suspension, is a microscope
glass slide that has to be cleaned well beforeyedeposition. Thorough rinse with DI water and
consequent blow dry are very important for propgwasition, and the glass slide can’t have any
chips on the edge that will affect the depositioocpss and lead to lower quality crystal. The
distance between the upper restrictive plane amdubstrate should be roughly 1.5 times the
diameter of the polystyrene spheres used for tpesigon. The nanosphere suspension changes
its concentration with time due to evaporationttsolife of a freshly made 20% suspension is

approximately two weeks.

2.6 Conclusion

| have compared the crystal growth rates of twéed#nt forms of convective self-
assembly, which differ only in the attachment @ tipper contact line of the meniscus from
which the crystal is grown. Contrary to expectagidrfind that the growth rates of the two

modes differ by as much as a factor of two. Afterleding other explanations, | attribute this to



different evaporation rates from the wetting filmghe two cases, which in turn is due to the

difference in shape between the spaces throughhwiaisor must diffuse away from the films.

I have also examined colloidal crystal formatioradsnction of ambient relative
humidity for nanoparticle suspension with differamount of surfactant and salt added. To my
knowledge, this is the first time such a study b@sn undertaken. My results indicate that the
profile and length of the wetting film permeatigetgrowing crystal is largely independent of
the pressure inside the film and thereby also odipaters such as ambient humidity, surface
tension and suspension ionic strength. The sizeygedof nanoparticles used as well as the
wettability of the substrate are however quite ingat. As a results of this behavior, the growth
speed of a closepacked monolayer colloidal crgstales approximately & . GHwhereGH is

the ambient relative humidity.

My result underscores the complexity of the physicsonvective self-assembly, and
how phenomena on multiple length scale must beideresd in order to properly describe it. The
simple model | have presented here partially ergléhhe humidity dependence of the growth
rates, but more detailed studies, both experimemaitheoretical, are needed if a more complete

understanding is to emerge.



CHAPTER 3 Amine-rich polyelectrolyte multilayersfo
patterned surface fixation of metal nanostructaraes
proteins

3.1 Introduction

Full realization of all the promises of nanotectuyyl will require merging top-down and
bottom-up fabrication technologies. For instanceusaate spatial positioning of bottom-up
fabricated nanoparticles and nanoassemblies prdvagéop-down lithographic methods will
become necessary in all but the simplest devicesgstems. A similar interest in controlling
the positioning of living cells exists for appligais such as tissue engineering, biosensors and
cellular studies. Both cells and nanostructureggaresrally quite fragile and typically cannot
withstand the processing conditions of most forfnigttography. This limitation can be
overcome by instead patterning the adhesive priegest a substrate, so that adsorption of nano-

or bio-structures at desired locations can be #émg last step in the fabrication process.

As the adhesive properties of a surface are themseguite sensitive, creating patterns of
adhesion is a non-trivial task. One method to agdsim this is to use standard lithographic
processing to prepattern the surface with matesiatf as gold that can be thoroughly cleaned
and functionalized orthogonally from a glass aceit substrate to selectively bind desired
structures. Lift-off of layer-by-layer (Lbl'§ or spun-off* films are other ways to achieve the
same goal. Soft lithography techniques such asogintact printind?® “*dip-pen

nanolithography or microfluidic patterning are quite popular. Other techniques to create



surface patterns of particles or cells includetedestatic patternind® dielectrophoresi§’” ®and

even patterning with magnetic fields.

In this chapter, | show that the adhesive propedigonic self-assembled multilayer
(ISAM) films that are rich in amine groups are suéintly robust that they can be patterned by a
much harsher technique; by using an evaporatedl meisk to protect the surface from
chemical passivation with acetic anhydride, folloviy removal of the mask by wet-etching. To
my knowledge, this is the first time adhesion paiteg has been demonstrated with this
approach. The robustness stems from the fact thst of the amine groups in the film are coiled
up into hydrophobic regions, buried in the bulklee film, or both. As described below, the
amines can be rearranged by modulating the filmvpiich makes it possible to at least partially
rejuvenate the film, removing damage and fouling imay that is not available, for example, in

a silane monolayer.

The lithographic process is illustrated in Fig..3st, an amine-rich ISAM film is
deposited on the charged substrate (Fig. 3.1(a)gldminum mask is patterned on the film (Fig.
3.1(b)). Here, | use an array of nanostructuregdated with nanosphere lithograptyone of
the easiest ways to create nanoscale patterniagsarface. The nanospheres that served as an
evaporation mask for the metal deposition are tiferal off with adhesive tape, and the adhesive
properties of the exposed film are passivated byensing the substrate in acetic anhydride,
which acetylates the free amine groups in the fibwers the surface energy and reduces the
number of sites available for hydrogen bondingrehg reducing surface adhesion in those areas
not covered by metal (Fig. 3.1(c)). Finally, thetatenask is etched away, and other structures,

proteins or compounds can be adsorbed onto thératéhgFig.3.1(d)). A very high contrast is



seen between unmodified areas (where particlesadh®ngly) and passivated areas (where

virtually no particle adhesion is observed).

(a) amine-rich ISAM film

‘.
-

!

(b) NSL [pask (30 nm Al)

(d)

000 000

Figure 3.1 (Al) mask is deposited on the ISAM filnwith nanosphere lithography. (¢) The adhesion to th
surface is passivated with acetic anhydride. The nsk remains securely attached. (d) The mask is remed
with wet-etching, and nanostructures can be prefergially adhered to the exposed areas



This type of adhesion layer is particularly usefuplasmonic applications as it does not degrade
the plasmonic properties of surface-bound metattires. An example of such applications
includes colloidal gold plasmonic sens8t83which can be used to detect the presence of an
analyte that shifts the plasmon resonance of thejgs when it binds to them. Another example
is surface enhanced Raman spectroscopy (SERS)hich makes it possible to measure the
Raman spectrum of minute quantities of a mole@uen as small as a single moleci§i&’

Both these techniques rely on strong plasmon res@sawhich means that conventional gold
and silver on adhesion layers, made from metals aacCr, Ni or Ti are not useful, as they tend
to strongly degrade the plasmon resonafit&3As ISAM films are entirely dielectric, they do

not share this disadvantage.

Another advantage of my approach is that it makéisatigning adhesion lithography
possible. Specifically, one can adsorb one typeaobpatrticle on the surface and then passivate
the adhesion to the film, taking the process thaoilng stage shown in Fig. 3.1(c). The particles
will remain securely attached, since the film belbvm is masked from the passivation.
However, particles and compounds introduced latknat bind to the passivated areas of the
surface, which makes it possible to modify and @dithe bound nanostructuf@svithout having

to take additional precautions to avoid non-spedifinding elsewhere on the surface.

ISAM films are a form of LbL films made by alterest applying positively and
negatively charged polyelectrolytes to a surfades particular type of ISAM film of interest to
me has a large surplus of amine groups, the aW#yadf which on the surface can be controlled
by pH. These films were pioneered by Rubeteal,** ** **and can be made from a variety of
polymers; | use the polycation poly(allylamine hychloride) (PAH) and the polyanion

poly(styrene sulfonate) (PSS). An ISAM film canrbhade from these polymers by immersing a



negatively charged substrate in a solution of PAKich assembles into a thin layer on the
surface while reversing the surface charge. Aftesimg to remove excess polymer, the substrate
is immersed in a solution of PSS, which assembés the PAH, restoring the negative surface
charge. This process can be repeated as manydsme=eded, building up films of arbitrary
thickness on the surface. If the assembly is peréorat pH values above 8, the amine groups in
the PAH will only be partially protonated, increagithe amount of PAH adsorbed on the
substrate in each step. This results in a film &ithrge excess of amines, where most amine
groups are free rather than coordinated with sali®igroups, as is the case for films assembled
at neutral pH. The uncoordinated amines make hmesfirongly adhesive to a wide variety of
materials and molecules, including gold nanopasieind small proteins, which | have used here
to evaluate the adhesive properties of the filrrs #lso easy to couple a variety of organic

molecules and peptides to the amiffesy the surface properties of the film are easibylified.

Amine-rich ISAM films have the remarkable propettiat they can undergo dramatic
reversible swelling and deswelling as a functiopidf** ** Lowering ambient pH to ~ 3 causes
the film to swell, gaining up to several hundredceat in thickness. The film can be returned to
its original thickness, if the pH is raised as haghl0. This hysteresis is due to coiling of amine
groups into tightly packed hydrophobic domainsightpH. The K, of the amines in this state
is quite low (~4)** so that strongly acidic conditions are requiregrmonate the amines. In the
resulting swelled film, thek, of the amines is close to its value in solutio8(8), so
deprotonation requires the pH to be raised abagestiue. The hysteresis makes it possible to
regulate the quantity of amines available at thiéasa near neutral pH, and should therefore
make it possible to adjust the degree of adhesidhe film. However, | find that adhesion is

quite strong even when adsorbing onto a deswaliadthus this possibility is not investigated



further here. Perhaps more interestingly, the tytiihi adjust film thickness means | can adjust
the effective index of refraction seen by the p#et as well as the separation between the
nanostructure and the substrate, which provideayatavtune plasmon resonances after surface

fixation.
3.2 Materials and Methods

Pre-cleaned glass slides, acetic anhydride, sobidroxide, and hydrochloric acid were
purchased from Fisher Scientific. Poly (allylammgrochloride) (PAH) M, = 15,000, and Poly
(sodium 4-styrene-sulfonate) (PSS)y;™ 1,000,000, sodium citrate, gold (II) chloride
trinydrate, and other chemicals were obtained f&gma Aldrich. EZ-Link NHS-(PEG)biotin,
high sensitivity NeutrAvidin-HRP, 1-Step Slow TMB §olution of 3,3’,5,5'-
tetramethylbenzidine with #D,), Blocker BSA in PBS(10X), and StartingBlock (PEBpcking
Buffer were obtained from Thermo Scientific. GoldBBlItraStick APTES terminated slides
were purchased from Electron Microscopy Sciencef29®% gold and 99.99% Aluminum for
evaporation were purchased from International AdedrMaterials and Kurt J. Lesker,
respectively. The ISAM films were deposited on di&d pre-cleaned 1”x 3” microscope slides,
which were first cleaned by the RCA proc&Sise. immersion in a 1:4:20 solution of
NH4OH:H,0,:H,0 at 80£5°C for 15 min, followed by a 1:1:5 solution of HCLE,:H,0 at 80

+ 5°C for an additional 15 min. Between and after the grsion steps, the slides were rinsed

with copious amounts of DI water and then storeDlimvater until used.

3.2.1 ISAM deposition and passivation

ISAM films were deposited on the RCA cleaned sliddse deposition was done by

consecutively dipping each slide in aqueous saigtiaf PAH (adjusted with NaOH to pH 9.45)



and PSS (pH 9.45) for 45s. The concentration optiigelectrolyte solutions were 10 mM on a
monomer basis. The slides were rinsed in DI watkrg.45) between insertion in each
polyelectrolyte solution. The pH of the solutiomlainse water were adjusted and monitored to
not deviate within more than £0.02 pH units duriing deposition process. Between 1 and 10
bilayers of PAH/PSS were deposited and cappedamital layer of PAH. Such a film
containingn bilayers plus a PAH layer will be denoted (PSS/RAPAH. The glass slides
coated with ISAM films were then soaked for 10 mmrD| water adjusted with HCI to pH 3.25
followed immediately by a 20 min soak in DI watejusted with NaOH to pH 10.25. Finally,
the substrates were rinsed with DI water (pH ~&rg) used immediately.Surface amines were
passivated by acetylation with acetic anhydrides $tibstrates were first dried in a convection
oven at 115C, and then immersed in neat acetic anhydride (9A¢ros Organic) for 20

minutes, and finally rinsed thoroughly with DI wate
3.2.2 Nanosphere lithography

A close-packed monolayer of polystyrene nanospheeassformed on the substrates from
their suspension using convective self-assemblg.détails of my method have been described
elsewheré? and largely follow the processes of Dimitrov anagdyam& and Prevo and
Velev! Briefly, it involves placing a suspension of napiosres at the inside corner of the space
formed by the substrate surface and an angled lsf@ended just above it. As the substrate is
withdrawn from below the plate at the correct spe@eahonolayer colloidal crystal of close-
packed polystyrene spheres forms at the recedincoline between the suspension droplet
and the substrate. In most cases, | used posittelgged amidine functionalized spheres, as the
substrate surfaces were positively charged, antetmique requires that substrate and spheres

have the same charge so that premature bindirdgetsurface does not occur. 40 nm of gold or



30 nm of aluminum was then deposited onto the slid#ng electron beam evaporation. Most of
the metal is blocked by the spheres, reachingutface only through the triangular-shaped gaps
between the spheres, after which the spheres wereved with adhesive tape, leaving behind

an array of triangular particles.
3.2.3 Gold nanosphere synthesis and adsorption

Negatively charged, citrate-terminated gold nantiglas were synthesized with the
Turkevitch method? This is the oldest and simplest method for makjalgl nanoparticles, and
yields spheroidal particles with a fairly uniformzes distribution. Briefly, 15 mg of HAuGl
BH,0 was dissolved in 150 ml of DI water and brough tvigorous boil. 2.25 ml of a 10
mg/ml aqueous solution of sodium tricitrate wasithdded as quickly as possible. The reaction
was allowed to proceed for at least 5 minutes,thadesulting nanoparticle suspension was
removed from the heat. After synthesis, the pasielere cleaned three times with
centrifugation and resuspension in DI water, whiegulted in a-potential of approximately -40
mV at a pH of about 5. The average diameter ilgrdetermined by the ratio of citrate to gold

salt. In my case, the average nanoparticle dianetgproximated 25 nm.

The negative charge of the gold nanospheres sloaukse them to adhere strongly to the
positively-charged ISAM surfaces, so surface alismmwf these particles was used as a simple
test of the adhesive properties of the ISAM filmsl @ther substrates. This was done by simply
immersing substrates in the nanosphere suspermi@hiours, after which the substrate was

thoroughly rinsed with water and dried before inmggivith scanning electron microscopy.



3.2.4 Surface biotinylation and protein adsorptiorassay

In addition to adhesion of gold nanoparticles sbatarried out preliminary tests of the
ISAM films’ functionalization and protein bindindharacteristics. Those assays are described
schematically in Fig 3.2. Biotinylation was firsrced out by coupling the crosslinker NHS-
(PEG)-biotin to the surface, which only works in locatsowhere free amines are availahlke,
not in passivated areas of the film (Fig. 3.2(B)Lonjugate of the proteins NeutrAvidin (NA)
and horseradish peroxidase (HRP) was then intratddes NA binds with great specificity to
the biotin linkers (Fig 3.2(c)), and may also bim@hspecifically to the film in the absence of any
biotin. The amount of HRP on the film was quantfley allowing it to interact with
tetramethylbenzidine (TMB) in the presence of hyggnm peroxide (purchased as a premixed
“Slow-TMB” solution), which causes the TMB to betalgtically converted to a colored form

(cTMB) which stays in solution and can be deteet@t absorption spectroscopy.

In detail, the procedure was performed as follol¥ge substrate, a microscope slide
coated with the film under test, was inserted attemountable multiwell microarray from
Arraylt Corporation. Two mg of NHS-(PEg&biotin was dissolved in 1.7 mL of dry DMF and
added to the appropriate wells of the microarrélye reaction was allowed to proceed for 1
hour, and the substrate was then removed from tbeanray cassette and freely rinsed with
DMF. The substrate was placed in a beaker filletd @WMF and stirred for 15 minutes, after
which the DMF was replaced and stirred for an aolatl 15 minutes. Finally, the substrate was

rinsed with ethanol followed by deionized water.
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D NHS-PEG,-biotin

TMB

tetramethylbenzidine
Neutravidin-HRP

Figure 3.2 Schematic of the protein adsorption aay. (a) An amine rich ISAM film (which may or may not

be patterned) or other substrate with exposed amingroups is first fabricated. (b) The cross-linker NHS-
PEG;,-biotin is exposed to the surface, binding to thevailable amine groups. (c) The surface is exposed the
neutravidin-HRP protein conjugate. The quantity of protein bound to the surface can be determined by
monitoring the transformation of colorless TMB into a colored version (cCTMB) by enzymatic action by th
HRP in the presence of HO,. Protein adsorbed directly on the film will give asimilar signal, so the amount of
non-specific binding can also be estimated with thiassay.

The substrate was coated with StartingBlock, anetary protein solution intended to suppress

non-specific protein binding, and allowed to dryambient conditions for 30 minutes. Next, the



substrate was inserted into the Array-It cassettere additional StartingBlock was added and
removed from the microwells two times. A proteiixtare containing 13.6g NA-HRP, 150

L 10% BSA in PBS, and 1.35 mL PBS was prepared,1&@d | was added to each well and
allowed to interact for 1 hour. To completely rara@xcess NeutrAvidin, the substrate was
removed from the cassette and rinsed with PBSs Whs followed by a second PBS rinse
(containing 0.05% Tween-20) that was carried owrindentical manner as the DMF rinse
described above. As a final step to minimize npeesfic binding of protein, the substrate was
left in a 1 M NaCl solution overnight at°®€. The substrate was then thoroughly rinsed with
PBS and dried with dry Ngas. Next, 100L of Slow-TMB substrate was added to each
microwell, and allowed to interact. The ensuing”RH{RMB reaction was quenched by adding
100 L of 1 M sulfuric acid (HSQy) to each well after 10 minutes had passed. 176f this
solution was then mixed with the same quantity bivater. The optical absorbance at 452 nm

was measured and used as an indication of the &rnbtRRP present in each well.

3.3 Results and Discussion

3.3.1 Nanosphere lithography on ISAM and APTES sultsates

Nanosphere lithography (NSt%)is one of the simplest ways to fabricate nanosires
on a surface. It results in arrays of triangularoparticles over large areas, as much as several
cnt. The particles have very sharp corners, which mé#kem particularly suitable for
plasmonic applications such as surface enhancegiRapectroscop’. The quality of the NSL
is highly dependent on surface properties, andrcéact only be performed if there is no

significant adhesion between the surface and thestyoene nanospheres as they assemble into a



colloidal crystal. To minimize the surface adhegiomse positively charged amidine-terminated

nanospheres, and ensure that the ISAM film issiml@swelled state.

Fig. 3.3(a-d) show optical micrographs of polysheeolloidal crystals assembled with
convective self-assembly on amine-rich ISAM filnfssarying thickness. Each white disk
corresponds to a nanosphere, and defects appdarkaspots and lines. For comparison
purposes, | also deposited colloidal crystals oABMES substrate (Fig 3.3(e)) and directly on
glass (Fig 3.3(f)). Since glass is negatively chdrimn neutral agueous solutions, negatively
charged carboxyl-terminated nanospheres were ustbéi case. All crystals were fabricated on
the same day, and at the same ambient temperatteuanidity. The crystal defect density can
therefore serve as a rough indicator of the prapeakthe surface to bind the polystyrene

nanoparticles during the deposition process.

The colloidal crystal quality is unquestionably thighest on the glass substrate. Only a
few vacancies are seen and the vast majority @otiefire line defects that occur due to
imperfections in the sphere packing. On the anmenaihated surfaces there are numerous
vacancies, indicating a much greater propensitytfemparticles to stick to the surface. In spite of
this, the quality of the crystal is sufficient fiary purposes, as metal deposition onto the crystals
will result in a majority of triangular particles all cases. In the ISAM films, the defect density
increases with increasing film thickness, likelyedo greater roughness in the thicker films. The
defect density seen in the 2-bilayer sample is mbugquivalent to what is seen in the APTES

sample. However, the APTES sample suffers frontlka dé uniformity, which means that a



Figure 3.3 Micrographs of dalidal crystals of polystyrene nanospheres deposidevith
nanosphere lithography, illustrating the dependencef colloidal crystal domain size on the
substrate. The spheres are visible as small whitésts arranged in a hexagonal close-packed
pattern. Defects and missing spheres in the collaticrystal show up as dark lines and spots. (a)
PAH/PSS/PAH film deposited at pH 9.5. (b) (PAH/PSSPAH film. (c) (PAH/PSS)/PAH film.

(d) (PAH/PSS)yPAH film. (e) APTES-terminated substrate. (f) Unaarned glass. Positively
charged amidine-terminated spheres were used in sgies (a-€), and negatively charged
carboxyl- terminated spheres were used in sample)(fBoth types of particles were 450 nm in
diameter.



monolayer colloidal crystal only forms over somaction of the surface, while it is

straightforward to deposit such a layer over thigre@hSAM film substrate.
3.3.2 Adhesion patterning with a metallic mask

When gold nanotriangles are deposited directlylaasgwith NSL, the adhesion is
insufficient to keep them in place even when exgdeea fairly mild disturbance. For instance,
adsorbing a monolayer of dodecanethiol onto thegbes will lift them off the surface, as is
seen in Fig. 3.4(a). If the substrate is coatetl ait amine-rich ISAM film before the NSL, the
particles are fixed in place, and will not lift after thiol treatment or brief ultrasonication. At
this point, the surface between the nanopartieesams highly adhesive, and readily adsorbs
gold nanospheres, as is shown in Fig. 3.4(b). Heweiie adsorption of gold spheres can be
prevented by first passivating the surface withtia@nhydride. The areas of the film already
covered by triangular particles is not affectedtog, so the triangular particles remain strongly
attached to the film, even though the acetic antigdnas almost completely suppressed
adsorption of gold nanospheres onto the areas batthe particles, as can be seen in Fig 3.4(c).
Uncoordinated amine groups extend throughout théhigkness of the ISAM films, and they
are rearranged in each swell/deswell cycle, prodpainew surface configuration each tithe.
This lends a great deal of robustness to the adhesoperties of the films, which are left
unchanged even by significant processing. As dtresis possible to pattern the surface
adhesion with relatively simple means. | first dgifed triangular aluminum nanoparticles on an
amine-rich ISAM film using nanosphere lithograpfifie surface was then passivated with
acetic anhydride, and rinsed thoroughly. The aluminvas etched away by immersing the

substrate in a 1 mM (pH 3.0), 48 solution of HCI for 45 min, and then exposingpipH 10.25



Figure 3.4 SEM micrographs of gold nanotriangles deosited with nanosphere lithography on
different substrates; (a) directly on glass, showig poor adhesion after deposition of
dodecanethiol; (b) on an amine-rich PSS/PAH film, vth gold nanospheres adsorbed in a second
step; and (c) on an ISAM film which was then treatd with acetic anhydride and onto which gold

nanospheres were then adsorbed.



for 20 minutes. Combined with the etch step, thkes the film through a swell/deswell cycle,
rejuvenating the surface. The substrate was therensed in a suspension of gold nanospheres
for 3 hours. Figs.3.5 (a-c) show electronic micegdrs of gold nanospheres adsorbed on
substrates at different pH. While all three sulteraeadily adsorb the nanoparticles on the
amine active areas of the surface, it is easy semfe that the density of the nanospehre
coverage varies with pH of the ISAM film. For the7.5 ISAM film substrate, patches of no
coverage within the amine rich area were obserVbed.pH= 8.5 ISAM film follows similar

trend, only the uncovered areas within the amicle regions were smaller and less pronounced.
Finally the pH= 9.5 ISAM film substrate shows vemyjiform nanosphere coverage. The amount
of uncoordinated amines in the ISAM film at lowét palues (7.5, 8.5) is less than that in
pH=9.5 ISAM film. This leads to inhomogeneous dizition of those amines trough out the
film, and therefore nonuniform coverage of the acefwith nanospheres. This result is a
manifestation of the fact that the amines in th&NiSfilm reshuffle during swell and deswell
cycles to expose fresh amines on the surface dflthelSAM film deposited at pH lower than 9

does not have enough amines to provide unifornasarflensity after each swell/deswell cycle.



pH=7.5

pH=8.5

pH=9.5

Figure 3.5 SEM micrographs of gold nanosheres adsoed on ISAM film deposited at different pH
conditions. a) Gold nanospheres adsorbed on a sulete coated with pH=7.5 ISAM film b) gold nanosphees
adsorbed on a substrate coated with pH=8.5 ISAM fih c) gold nanospheres adsorbed on a substrate coated

with pH=9.5 ISAM film .



Figure 3.6 SEM images of PAH/PSS ISAM film under vdous pH conditions. a) no pH change. b) The film
was swelled at pH=3.5. c) The film was swelled/deslled at pH=3.5/10.25. d) The film was subjected @
swell/deswell cycle three times.

Fig 3.6 (a-d) demonstrates the effect of aminevemation on the surface of the ISAM
film with cycling of the pH conditions. The ISAMIfh was made from 10 bilayers of PAH/PSS,
which rendered the surface charge negative. Ihitiak substrate was not subjected to any

change of pH (Fig 3.6 (a)), but it was soaked ild g@naosphere suspension. The nanospheres



have the same charge as the surface of the filnasmadresult few spheres attach to it due to
nonspecific binding. The second substrate (FigI3)pwas swelled at pH=3.5 and then soaked
in the Au nanosphere suspension. As a result cdutiee protonation there were available
amines for the nanospheres to attach as seen andlge. The third substrate was swelled and
then deswelled , before being soaked in Au nanasmhespention. As a result the surface of the
film is covered with nanospheres. Finally the kdbstrate was swelled and deswelled 3 times
before being soaked in Au nanosphere solutionthddle substrates that underwent any change
of pH conditions adsorbed the gold nanospheregheutsubstrate that was not subjected to pH
change. This result clearly indicates the rejuvenadf amines in the ISAM film upon pH

cycling.

Furthermore, this patterning technique can be tsetbdify the surface stickiness on a
much smaller scale. | deposited triangular alumimamoparticles on an amine-rich ISAM film
using nanosphere lithography. Then following thesle preparation procedure described

above, | adsorbed gold nanospheres on the pattsuntate.

Electron micrographs of the substrate before atet #fis treatment are shown in Fig.
3.6, where nanospheres adsorb densely on the s{Far3.6(b)) that was protected by the
triangular particles, with very little adsorptionto areas that have seen direct exposure to acetic

anhydride. The spatial resolution of this procesgamonstrably better than 200 nm.



Figure 3.7 (a) Micrograph of an ISAM film with Al n anoparticles applied using nanosphere
lithography. (b) The same film after passivation wih acetic anhydride, wet etch removal of Al
particles and adsorption of gold nanoparticles. Thecale baris 1 m.

The process just described allows patterning tihesideness of the surface into arbitrary or
arranged patterns, after which particles, proteirsmall molecules are adsorbed onto the

surface as desired. Since this is the last steppnstraints are placed on the adsorbate other than
the ability to bind to the surface of the film, goakrticles and molecules that are incompatible

with the lithographic process can thus be depositedsimple manner.



3.3.3 Protein binding and functionalization — compeson between ISAM and

APTES substrates

The binding of proteins and small molecules toghace is of critical interest in
nanoassembly. Avidin and its isoforms streptavahd neutravidin are of particular interest
since their highly specific affinity for biotin mak them well suited for the role of linkers in
nanoassembly. Protein adhesion is also a key ingnany life science fields, creating additional
impetus to study this issue. Here, | present thelte of adsorbing a conjugate of neutravidin
(NA) and horseradish peroxidase (HRP) onto unpateamine-rich ISAM films. It is known
that enzymes often retain much of their activitgrewhen embedded within an ISAM filth *°
so the detected HRP activity is likely a good iadloc of the amount of protein adsorbed onto the
film. Moreover, the isoelectric point of NA is 6 &hile more than 70% of the HRP in my
protein conjugate is isoenzyme C, with pl = 8.8isTheans that NA has a net negative charge in
the pH 7.4 PBS buffer where the adsorption wasoperéd, while most of the HRP has a net
positive charge. It is therefore likely that the MAd of the NA-HRP adsorbs preferentially onto
the positively charged film, leaving the HRP oreshfor maximum activity. In addition, | tested
the ability to effectively biotinylate the films Bxposing them to a NHS-PE®Giotin
crosslinker prior to introduction of the NA-HRP gogate. The NHS group will bind to free
amines in the film and the resulting biotinylatisimould significantly enhance binding of NA-
HRP. Fig. 3.7(a) plots the measured HRP activitf5iAM films where the surface was
passivated in different ways, including by expodoracetic anhydride. After passivation, the
films were biotinylated as described in the presgisaction, and then exposed to NA-HRP. The
height of each bar in the figure corresponds tateasured HRP activity in the sample, and in

my



Figure 3.8 Peroxidase activity from NeutrAvidin-HRP conjugate as measured with reaction with
TMB. (a) RP signal from films that have been adhesin-passivated in various ways. The dark
bars indicate films that were exposed to a biotinantaining crosslinker prior to the protein
conjugate. (b) HRP signal from ISAM coated and APTES terminated substrates where
NeutrAvidin-HRP was absorbed without any prior biotinylation, with and without passivation
with acetic anhydride.

process, this signal is proportional to HRP cornegioin at least up to values of about 0.3, after
which saturation begins to set in. The leftmost baos in Fig. 3.8(a) are control measurements
and correspond to unpassivated ISAM films, with afttiout biotinylation. A significant HRP
signal is present even without biotinylation, irating that there is significant non-specific
binding of the protein to the film. However, exposto the biotin crosslinker at least doubles the

HRP signal, demonstrating that the ISAM film cansbecessfully biotinylated.



| attempted to suppress the binding in several wagsric acid was coupled to the film
with 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimid&DC), creating covalent bonds between
the acid and free amine groups in the film. Tha fitas exposed to two different perfluorinated
surfactants, which are standard anti-adhesion ag&fihese methods did suppress binding to
some degree, but satisfactory results were onlgiodd by treating the film with neat acetic
anhydride for at least 20 minutes. The very smghia after this treatment indicates successful
suppression of NHS coupling to amine groups irfithe as well as suppression of non-specific

binding of both the protein and the crosslinker ecale.

A standard way to immobilize metal nanostructuset®iadsorb them onto a monolayer
of thiol- or amine-terminated silanes such as apriopyltriethoxysilane (APTES) or
mercaptopropyltrimethoxysilane (MPTM3)®that is applied to a glass or silicon substrate.
APTES functionalized surfaces are also used heavityany life science applications, and it is
therefore of interest to compare the adhesion pti@geof the amine-rich ISAM films to
substrates functionalized with APTES. Fig. 3.9 camep adsorption of gold nanospheres on a
10-bilayer ISAM film with an APTES substrate. Aspexted, the particles adsorb readily on

both substrates (Fig 3.9(a,c)). When the surfacepassivated with acetic anhydride, this



Figure 3.9 SEM micrographs of citrate terminated géd nanospheres adsorbed onto various
substrates. (a) Untreated amine-rich PSS/PAH ISAMilims (10 bilayers). (b) Acetic anhydride
passivated ISAM film. (c) Untreated APTES-terminatel substrate. (d) Acetic anhydride treated
APTES substrate.

suppresses particle adsorption completely onlhenlEAM film (Fig. 3.9(b)), while on the
APTES substrate passivation is successful in sopasdut ineffective in others. No
ultrasonication was performed before any of thegesan Fig. 3.9 were taken, but brief (~ 30 s)
sonication had no discernible effect on the quytitgold particles present on the film. Fig.
3.8(b) compares the non-specific binding of NA-HRFPSAM films to that in APTES
substrates. Only the untreated ISAM film shows sigpificant non-specific protein binding in
my assay, while HRP activity in the acetic anhydrickated ISAM film and in the APTES film,

whether treated with anhydride or not, are all \@nall, deviating from zero by less than the



experimental uncertainty. The negative value inritjet-most bar reflects drift in the

spectrometer during the measurement.
3.3.4 Effects of pH

The dynamic nature of the conformation of the ISAlhs, crucial to the adhesion
patterning described in this dissertation, is tHated by the quartz crystal microbalance (QCM)
measurements shown in Fig 3.10. The QCM is capabieeasuring changes in areal mass
density of a film with precision in the ng/émange. In each of the studies cases, the pH was
allowed to equilibrate at a starting pH of 3.25eT#H was then changed to 7.0, 10.25, 7.0, and
finally back to 3.25. This cycles the film throug full swell/deswell cycle. Figs. 3.10(a) and
3.10(b) both plot the results from as-prepared amich (PAH/PSS)/PAH films, with the
distinction that in Fig. 3.10(a), the films weregesed to DI water where the pH had been
adjusted by minimal addition of HCI| or NaOH, whes@a Fig 3.10(b), the films were exposed to
buffered solutions (standard 10 mM solutions afaté buffer, phosphate buffered saline, and
carbonate buffer for pH 3.25, 7.0 and 10.25 re$pay). In both cases, the expected swelling
(deswelling) is observed at low (high) pH as a ¢jeaim the areal density of the film. The
expected hysteresis is observed at pH 7, but theetesis is smaller if the film is exposed to
buffers rather than pH adjusted DI water. This sstgthat the degree of swelling in the film
and thereby the degree of amine protonation andsigness can be tuned continuously by both

the pH history and the ionic strength of the soluiin which it is immersed.



Figure 3.10 Areal mass density changes in 10-bilayeSS/PAH films assembled at pH 9.45 as a
function pH as measured by quartz crystal microbalace. (a) Unmodified ISAM film, minimal
ionic strength in the immersions. (b) Unmodified 13\M film, 10 mM buffer solutions. (c) Acetic
anhydride passivated ISAM film, high ionic strength(10 mM buffers). The unmodified film
shows the expected hysteresis versus pH, while thassivated film displays irreversible swelling
at high pH values.

The effect of the same sequence of pH values @ctatic anhydride treated ISAM film is
plotted in Fig. 3.10(c). In this case, low pH vaw® not affect the film appreciably, but
exposure to high pH causes the film to swell. &ljkexplanation for this is that only a small

number of unreacted amines remain in the film,\&hdn a large fraction of these are

deprotonated, much of the electrostatic attradtian holds the film together is removed,



allowing water to infiltrate it. Some of this watemains in the film when the pH is returned to

neutral or lower pH, so the swelling is partialiseversible.

3.4 Conclusion

I have shown that amine-rich PSS/PAH ISAM films aneexcellent choice for surface
adhesion of metal nanostructures and at least pooteins. These films are at least as good as
the more commonly used APTES terminated surfasplalfing higher surface uniformity and,
in at least some cases, better adhesion. Fabnaattithe films is straightforward, and does not
involve any toxic chemicals, and a film with highlpiform properties is obtained without

extreme efforts.

Nanosphere lithography, relying on convective ssembly of polystyrene nanospheres
to form a template for metal evaporation, can fgdmk performed on the ISAM films. This
results in a large number of triangular nanopasiceven if the colloidal crystal template has a
significantly higher defect density compared to tikaeen in convective self-assembly on plain

glass.

The surface adhesion can be passivated with agtigdride without affecting the
binding of structures already bound to the surfates is particularly useful since it may allow
nanoassembly to be performed on a surface withmduntering unwanted non-specific surface
binding. Arbitrary pattern of adhesiveness candaalily fabricated by taking advantage of this
property, protecting areas where adhesivenessis tetained with an evaporated aluminum

mask that is removable with chemical wet etching

This can be used to direct assembly of nanostrestiar particular areas, which is of great

importance when bottom-up fabricated nanostructaredo be integrated into larger devices or



systems. On the life science side, similar requéngiarise in areas such as tissue engineering,
and the fact that no post-processing is requirtst #ie adhesion step is particularly useful when
working with living cells or other structures tlennot withstand the processing conditions of

standard lithography.

I hypothesize that the ability to pattern the adhersess of these films with a rather harsh
lithographic process arises from the dynamical reatfi their conformation. The adhesion comes
from uncoordinated amine groups which exist akeails or the film, and which mostly are
protected in coiled-up hydrophobic domains. Cyclimg pH reorganizes the film, exposing
virgin amine groups on the surface and removingatgtaused by the metal evaporation and

subsequent etch.



CHAPTER 4 Surface enhanced Raman spectroscopy for
patchy modification of the surface functionalizatiof
metal nanoparticles

4.1 Introduction

The success of nanoscience and technology layssessfully combining top-down and
bottom-up nanofabrication techniques. Lithograplethrods combined with nanoparticle
fabrication and manipulation to build nanoscale plax structures will make it possible to take
full advantage of the optical, mechanical, and doahproperties of the nanopatrticles. For
example bioconjugate techniques realized througluie of photosensitive bifunctional
crosslinkers, and selective two photon functioraion can be used to manufacture nanopatrticle
molecules”® **°Zhang et al'®* showed in a computer simulation that nanopartisi¢ls
patterened discrete interaction sites, can fornopariicle assemblies. Janus partitieare

example of nanoparticle assembly by patchy sunfaaéification.

This chapter discusses the creation of a clasatochg nanoparticles where the surface is
patterned with discrete interaction sites that taat attract complimentary sites on other
particles. The discrete interaction is achievedumgtionalization with photo-sensitive
biofunctional crosslinker molecules, and their specific modification by optical means. On
one end the crosslinker molecule has a bindingmgrathich easily attaches to the nanoparticle
surface. On the other end, the crosslinker hab@gtleavable capping group, which after

photoactivation leaves the molecule, thus expoaibgnding group available to couple with the



appropriate chemistry. | chose to work with amineugs as functional groups to bind

nanoparticles to, because they can anchor metapaaticles, and are easy to further modify.

Our approach for patchy photoactivation is basetherplasmonic properties of metal
nanoparticles. The plasmonic properties of metabparticles were discussed in detail in
Chapter 1. In short incident light of resonant wargth will excite plasmon resonances in metal
nanoparticles. The incident light is concentrated nanometer size regions of very high light
intensity known as “hot spots” located on sharmeos or narrow gaps on the nanoparticle. The
enhancement factor is ~16 which allows to detect signal from molecules adsd on the

surface of the nanoparticles.

Direct manipulation of objects on the size scalaarioparticles in suspension is quite
difficult because they are prone to aggregatioimndgumanipulation, and are difficult to purify
without large loss of particles. On the other handface fixated nanoparticles can’t aggregate
and can be cleaned effectively by simple rinsirfgeréfore, my efforts were focused on patchy
modification of surface fixated gold nanoparticlasd in particular triangular nanoparticles. The
geometry of the nanoparticles is a result of thei€ation method. | used nanosphere
lithography, because it yields large arrays ofipkas, with low polydispersity, for which the
plasmons can be tuned to most wavelengths in giel@iand near IR ranges by changing the
size of the triangular nanoparticles. Additionalthat geometry is known to exhibit large

plasmonic enhancement factdrs

In my work, | used several different moleculesundtionalize the gold nanotrangular
particles. Gold has strong affinity to thiols, thfare the molecules | chose to use for the

functionalization have thiol groups on one end. Bémercaptan (Fig 4.1 (a)) was used as a test



molecule to ensure that the triangular nanopastialere constructed with the size and thickness
necessary to achieve plasmonic resonance cloke wavelength of the laser used for exciting

the surface plasmons. 4-fluorobezodithoic acid B4-&) (Fig 4.1 (b)) was used to as a test

Figure 4.1 Schematic of molecules used to functiolige gold nanoparticlces a)Benzyl mercaptan, b) 4BTA,
c) P3- DTC, d) LIP3

molecule to ascertain the ability of the anchodiitiol group to adsorb and adhere strongly on
the gold surface. For the photoactivation prockssed two different kinds of photoactivatable
molecules Fig 4.1(c,d), namely 4-((((1-(6-nitrobeju[1,3]dioxol-5-

yl)ethoxy)carbonyl)amino)methyl)piperidine-1-carhibibic acid (P3-DTC), and 1-(6-



nitrobenzo[d][1,3]dioxol-5-yl)ethyl (4-(1,2-dithiah-3-yl)butyl)carbamate (LIP3). Each P3-DTC
molecule has dithiocarbamate (DTC) group that baadmpld. This is the strongest bond
available for our purposes because the nitrogem aidhe six-membered ring exchanges an
electron with a gold atom from the surface. Thembr@ck of using P3-DTC is that it oxidizes
and degrades rather quickly to become unusablenaatbout 4 hours after synthesis. LIP3 has a
disulfide group that when in contact with gold kkeaown to two thiols that bond to the gold,
this is a strong bond but not as strong as DTC bdhd weakest bond is the single thiol bond,
which is a feature of Benzyl mercatan. The diselfisloup of LIP3 is much more stable than
DTC, and is less prone to oxidation; LIP3 is stdblemonths because of the properties of its

anchor group. Both LIP3 and P3-DTC have the saméopteavable group.
4.2 Materials and Methods

Pre-cleaned glass slides were purchased from F&shentific. Poly (allylamine
hydrochloride) (PAH) M, = 15,000, and Poly (sodium 4-styrene-sulfonat&SPMy =
1,000,000, and other chemicals were obtained frigm& Aldrich. 99.999% gold for
evaporation was purchased from International Adedridaterials. The ISAM films were
deposited on standard pre-cleaned 1"x 3” microsatigdes, which were first cleaned by the
RCA proces$/ i.e. by immersion in a 1:4:20 solution of NBIH:H,0,:H,0 at 80+5°C for 15
min, followed by a 1:1:5 solution of HCIJ®,:H,O at 80 £ 5C for an additional 15 min.
Between and after the immersion steps, the slidees wnsed with copious amounts of DI water
and then stored in DI water until used. Nanospelhitegraphy was performed with amidine
functionalized, polystyrene spheres 480nm in diamgtirchased from Invitrogen. Photoactive

molecules were synthesized by Brandon Thorpe frosb&ér Santos’s group from the



Chemistry department at Virginia Tech. Precursorgiie syntheses were obtained from Sigma
Aldritch, and Fischer Scientific. Surface enhanBaginan spectroscopy was carried out with

WITEC Alpha-500 raman spectrometer.

4.2.1 ISAM deposition

1 bi-layer of PAH/PSS ISAM films with a top layef IBAH was deposited on the RCA

cleaned slides, following the procedure descrilme@hapter3
4.2.2 Nanosphere lithography

A close-packed monolayer of polystyrene nanosph&assformed, on an ISAM film
coated substrate, following the procedure describ&hapter 2. | used positively charged
amidine functionalized spheres, as the substrafacgas were positively charged, and the
technique requires that substrate and spherestheawsame charge so that premature binding to
the surface does not occur. 55 nm of gold was degosited onto the slides using electron beam
evaporation. Most of the metal is blocked, reachiegsurface only through the triangular-
shaped gaps between the spheres, after which lieeespwere removed with adhesive tape

leaving behind an array of triangular particles.

The lithographic process is illustrated in Fig.4Rrst, an amine-rich ISAM film is
deposited on the charged substrate. Because ratedjihograph’ is one of the easiest ways
to create nanoscale patterning on a surface, | @seidine functionalized polystyrene spheres to
deposit a monocrystal on the film. The nanospheeeged as an evaporation mask for metal

deposition, and are subsequently lifted off witheglve tape.



Figure 4. 2. Schematic of a sample preparation pr@ss. ISAM film is deposited on a glass substrate.
Nanosphere lithography followed by gold evaporatiorand lift off of the polysterene nanospheres leads
deposition of ordered gold nanotriangular structures on the substrate surface.

Fig. 4.3 shows an array of gold nanotriangularipias deposited on the ISAM film
coated substrate surface after the nanosphere m¥@mpomask was lifted off. The triangular
particles are formed by evaporated metal that p@siéed on the substrate surface through the
open areas between the closely packed nanosphéasasaportant that the gold nanotriangular
particles are strongly adhered to the substrafasirbecause when they are exposed to
different solutions containing solvents they casilgacome off the substrate if not firmly
attached to it. The ISAM film used for substratatang is rich in amine groups which provide

numerous adhesion sites for the gold as describ&thapter 3.



Figure 4. 3. SEM image of Au nanotriangular partices deposited trough a monocrystal microsphere mady
metal evaporation.

4.3 Results and discussion

Due to their small size and composition, the tridagnanoparticles experience surface
plasmon resonances when illuminated with light wittvelength that is close to their SPR. The
Raman spectrometer at my disposal uses a monocticdaser with a wavelength of 785nm,

therefore my gold triangular nanoparticles were enadhave plasmonic resonance close to that



wavelength. The absorption wavelength of gold fyidar nanoparticles depends both on the
thickness and the size of the particles. | choses&480nm diameter nanospheres for
evaporation mask, because it allowed me achievedtrect resonance without using too much
gold. Fig. 4.4 shows the absorption spectrum ohbgnld triangular nanoparticles with

absorption maximum at 770 nm.

iBure 4.4 Absorbance of 55nm thick gold nanotriangiar particles.

The substrates with nanotriangular particles wemaeérsed in 2mM solutions of Benzyl
Mercaptan, 4- FBTA, P3-DTC and LIP3, (Fig 4.1(a-dose molecules have affinity to attach
to gold, because they contain one or two thiold, &fter a 24 hour soak and subsequent rinse,
the triangular nanoparticles on the substrate searéae fully functionalized. Benzyl mercaptan
and 4-FBTA are used as test molecules to first dhavthe fabricated arrays of gold triangular
nanopatrticles are indeed suitable for SERS appitsit Those molecules cover the entire
surface of the triangular nanoparticles but on/ahes that are close to the hot spots of the
nanopartielces will contribute to the SERS spectriine functionalized samples were

illuminated with 785 nm laser and SERS spectrumtaksn. Figs. 4.5 (a, b) and 4.6 show



surface enhanced Raman signal of benzyl mercapthd-&BTA functionalized gold triangular
nanoparticles. The spectra in Fig 4.5 a) and Fgiddicate very pronounced Raman peaks that
are identified with the aromatic ring in the benm@rcaptan, and the aromatic ring and the
fluorine in the 4-FBTA. Fig 4.5 b) shows for comigan FTIR spectrum of benzyl mercaptan(
obtained from Sigma- Aldrich), one can see thatesofrthe peaks, especially around 1000
wavenumbers are at similar positions in each spectihe strength of the signal suggests that
the size of the triangular nanoparticles was wedisen to produce LSPRs with wavelength close
to the wavelength of the laser. The data also shibatghe test molecules cover the triangular
nanoparticles well, and that the coverage arouadti spots is dense enough to produce strong
Raman signal. 4-FBTA was specifically designed wvaitichoring dithiol group so that it would
mimic the anchoring group of P3 DTC compound thadd as one of the photoactivatable

molecules.

Figure 4.5 (a)SERS of 2mM benzyl mercaptan adsorbesh 55 nm gold nanotriangular particles. (b) FTIR
spectrum of Benzyl mercaptan,



Figure 4.6 SERS of 2m#MFBTA adsorbed on 55 nm gold nanotriangular parttles.

To characterize the photocleavage efficiency oDHE&, | performed a surface photoactivation
study on a gold substrate. The photocleavage dR3-with respect to 365nm UV light was
closely monitored by reflectance FTIR spectroscdjys method is used to determine the UV
dose needed to complete the photoactivation of PG Bn a gold surface. Schematic of the
photactivation mechanism is shown in Fig4.7 (a)DHFE has two important parts, an anchor
group connected to an six-membered ring an N-Hmgrand a photocelavable cap. A single UV
photon or two red photons with enough energy wiak the bond between the photocleavable
leaving group and the rest of the molecule. IR speaf P3- DTC as a function of UV exposure
with doses from 0 J/chio 2.3 J/crhare shown in Fig.4.8. As a result of the UV irrdidia, a

peak emerges at 1050 ¢mand is associated with a C-N stretch as showRi@rd.7 b). This



vibrational mode indicates that primary amineskamg created after photocleavage. Similarly,
the extinction of peaks, such as the ones locat&d&0 and 1530 cih can aptly represent the
photocleavage of P3- DTC. If | plot the area of éisorption peak(s) as a function of the UV
dose, | can determine the quantity of light needetbver the gold surface with primary amine
groups. The presented data illuminate the factghatocleavage of P3-DTC can be done with
relatively small dose. Thaose is expected to be less for P3-DTC moleculelsaad to the

gold nanotriangles due to surface plasmon enhantemhéhe hotspots.

Figure 4.7 Schematic of (a) the mechanism of phototvation of P3-DTC. (b) C-N stretch of photoactivaed
P3-DTC molecule adsorbed on gold surface after phoactivation with UV light.
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Figure 4.8 Reflectance FTIR spectra of P3 DTC bountb a gold surface as a function of UV exposure 865
nm. Some peaks (at 1260 cfp 1480 cm*and 1520 cni) fade with UV exposure, while one peak (at 1050 ¢th
strengthens considerably. The 1050 cimpeak is associated with a C-N stretch, and its stngthening with UV
exposure signifies cleavage of P3 to reveal a primyaamine.

From the data of the surface study of P3-DTC, @redetermine the dose needed for full
photo activation of all P3-DTC molecules on thedgslirface. The result is shown in Fig 4.9,
where the sample was irradiated with UV light farigus periods of time and FTIR spectrum
was taken. From the photoactivation curve, wasrdeted that the dose for full activation of

P3-DTC is ~1.5 J/cfn



Figure 4. 9 FTIR measurement of activation dose d®D DTC on gold surface. The dose for full photocleage

of P3-DTC is ~1.5J/crf, at 365nm UV light.

Fig 4.10 shows the surface enhanced Raman speofriinm thick gold nanotriangles
functionalized with P3-DTC photoactivatable moleciBefore photoactivation of the molecule,
the SERS spectrum should have peaks present, aftelephotoactivation there will be no peaks
in the spectrum, because the part of the moleeftl®@h the surface is too short to register a
Raman signal. Fig 4.11 presents SERS spectra &fT3#Hluminated with various doses of UV,
the spectra do not show any peak evolution. Theetliat peaks are not evolving in the spectrum,

leads to a few possible scenarios of why the méd¢edoes not show any SERS signal.



Figure 4.10 SERE2mM P3- DTC adsorbed on 55 nm gold triangular naoparticles.

Figure 4.11 SERS of P3-DTC photoactivation with U\dose. Dose is increased and raman spectrum is taken
no change in the signal is observed at any UV expos dose




My first hypothesis why | could not see any peakthe P3-DTC Raman signal was that
the anchoring group is not efficient enough towlkiable adsorption of P3-DTC on or close to
the hot spots without any migration on the surfaiciéhe nanoparticles. To test the anchoring
mechanism, | used a modified version of the moketodt we denote LIP3 (Fig. 4.4 d)). It
differs from P3-DTC in the anchoring group, wherstead of DTC the molecule ends with a
disulfide group. The disulfide transforms into dithwvhen the molecule is in close proximity to
gold, which provides good adhesion to gold althotighbond is weaker than DTC bond. Unlike

DTC, however, LIP3 is less prone to oxidation agdrblysis.

Figure 4.12 BE spectrum of 2mM LIP3 adsorbed on gold nanotrianigs.

Fig. 4.12 shows no significant peaks that can batifled with the molecule at the hot spots of
the nanotriangles. In this case again there aggvgbssibilities for that result, not enough
molecules close to the hot spots, premature phtiwasion due to lightning rod effect or high
curvature catalysis. | will explain those effectanore detail later in the chapt&iven the

result, FTIR and XPS spectrum of the LIP3 photaation on plain gold surface as a function of



time were taken by Dr. John Morris from Chemistgpartment at Virginia Tech. The goal of
the measurements was to determine if there is phbtation of LIP3 on the surface. Also, if
there was photoactivation, what was the chemicalpmsition of the surface before and after
activation. Fig 4.13 shows the photoactivation pescby plotting the change of absorbance with
UV dose, which is an indicator of the photo aciimat When LIP3 is not photoactivated on the
gold surface, the absorbance spectrum containsaeesaks, which can be identified from the
literaturé®. With increasing the UV dose more and more pheable parts of LIP3 will be
removed from the surface, which corresponds toedeser of absorbance. Fig 4.13 also displays a
differential spectrum, which shows the time evalntof the photoactivation, the increase of the
peak size indicates the number of leaving grouffggiing away from the surface. The peak
assignment of the differential spectrum is as fefiopeak 1 is characteristic for carbonyl, peak 2
is characteristic of methylenedioxy groups, peak haracteristic of nitro goups, peak 4 is
characteristic of benzene, and peaks 5 are chasdc®f esters. To confirm that indeed the
photoactive part of LIP 3 is removed from the scefaf the substrate, XPS measurements were

performed parallel to the FTIR measurements.



N/

Figure 4.13 FTIR absorbance spectrum of the evoluiin of photoactivation of LIP3 on plain gold. The
absorbance spectra show negative increase of theaie which corresponds to molecules being separaté@dm
the surface.

The results presented in Fig. 4.14(a-d) show thiat photoactivation there is a change of the
chemical composition on the surface of the sanfptg.4.14 (a) shows that the sulfur content
does not change which is consistent with the thiothe molecule anchoring group being
bonded to the gold, and not affected by the ligipiosure. Fig 4.14 (b) shows approximately
50% decrease of carbon content on the sample susidich is consistent with the photoactive
part of the molecule being cleft off from the sedafter UV exposure. Fig 4.14 (c) shows no
significant change of the nitrogen content on dmage surface, while fig 4.14 (d) shows
decrease in the amount of oxygen present on tli@cgurThis is consistent with part of the

oxygen leaving the surface along with the reshefgghotocleved part of LIP3.



Figure 4.14 XPS spectra of plain gold surface funitinalized with LIP3 before and after UV photactivaion. a)
Sulfur 2p present in the anchoring group of LIP3, ) carbon 1s present in the photocleavable group agell as
the rest of LIP3, ¢) nitrogen 1s present in the amie group left after photoactivation d) oxygen 1s msent in
the photocleavable group as well as surface oxygeantamination.

The amount of change of oxygen content is not sb&rsi with only departure by photocleaving.
Gold surfaces are at least partially oxidized,\wenewvhen LIP3 is fully photoactivated, there
will be excess oxygen on the substrate surfacesiwiBireflected in the small change of oxygen

content before and after activation.

The results from FTIR and XPS measurements indeateral possibilities for the
behavior of LIP3 when adsorbed on the gold nanabest First, it is possible that the molecule
is too bulky due to the photoactive component amekdchot cover the hot spot densely enough to

observe a meaningful Raman spectrum. Another pibsib that the molecule is prematurely



photoactivated. There are at least a few mechanfignpremature photoactivation;

photoactivation due to lightining rod effect, orechical catalysis.

Apart from plasmon enhancement, the Raman effechanifest itself through the so
called “lightning rod effect®. This enhancement mechanism, which is not relatedcitation
of surface resonances, occurs when the molecalésigrbed near high curvature edges of
surface irregularities. The polarization of the ah@ an external electric field produces a strong
local field in the vicinity of such edges whichturn appears as an enhanced Raman scattering
by the molecule experiencing this field. The lighthrod effect is manifested in enhancing very
weak intensity light incident on the triangular pparticles. The enhancement is strong enough
to cause photocleavage of the photoactive patieofriolecule, even with the precautions we

already take to keep the sample in dark or onlys&g to long wavelength light.

The second mechanism could be chemical catalysishws expressed in interaction of
the electron bands of the nanoparticle with tharldymolecule resulting in cleavage of the
moleculé®. Nano-particles of gold lose their metallic natasetheir size decreases, the
transition occurring at a size dependent on thenoted environment but, corresponding to a
hemispherical cluster. The special electronic igpmétion of very small nanoparticles results
from the fact that their physical dimensions araken than the characteristic dimension of the
electron wave function of the bulk material. Thisans that it is possible that electrons from the
atoms of those patrticles interact with the funaiaring molecule and cause chemical reaction

resulting in cleavage of the photo active cap.



4.4 Conclusion

In this study | used arrays of gold triangular naemticles produced with nanosphere
lithography method for surface enhanced Raman sgsectpy. The goal of the study was to
create patchy modification of the nanoparticle acefby functionalizing the surface with
photoactive molecules and using the plasmonic ptigseof the particles for photo activation at
the hot spots thus grating patchy functionalizatlomas not able to clearly show true patchy
modification of the nanoparticle surface. We himlemntified several possible reasons for this,
which include unstable anchoring at the hot spbteetriangular nanoparticles, bulkiness of the
molecule preventing dense population at the hat thus rendering weak Raman response,
premature photoactivation from lightning rod effemtchemical catalysis due to the high surface

curvature at the hot spots of the triangular nartagpes.

Future work aimed to resolve this problem will asgpecially designed test molecule
which will easily show if there is premature phatthgation. Such a molecule, based on LIP3

where adamantine has been added is shown in Fig 4.1

Figure 4.15 Adamantane modified LIP3 molecule to beased for diagnostic of premature photactivation athe
hot spots of gold nanotriangular particles



Adamantane has strong double peak near 80bierits Raman spectrum, so presence or
absence in SERS will show if there is photoactoratis well as if the molecule is anchored on

the hot spot with good coverage.

Chemical catalysis due to high curvature can bédadoby using other types of
nanoparticles such as nanorods. Lightning rod effac be avoided by developing a stricter

procedure for sample handling to eliminate unneargsambient light exposure.



CHAPTER 5 Two-photon activated two-photon
fluorescence and binding of azidocoumarin 151 in a
gelatin matrix

5.1 Introduction

Photoactivatable fluorophorése. compounds and other entities that may transfotman
fluorescent form on absorption of a photon, havaeaghin interest in the last few years due to theg in
optical superresolution microscopies such as PAERKLM and STORM. Photoactivation usually
occurs on absorption of one UV photon, but if igétlintensity is high enough, it can also be teigeyl
by simultaneous absorption of two photons eactyiceyhalf the energy required to excite the molecul
This is a nonlinear process where the efficien@escwith light intensity, which means that it dan
limited almost completely to the volume immediatslyrounding the focus of a converging light beam.

properties of a number of different photoactivaeahlorescent compounds have been investigated.

In this dissertation, | apply the same techniqueréate arbitrary patterns of fluorescence
in a gelatin gel where azidocoumarin 151 has beeorporated. Photoactivation causes the dye
to bind to the protein matrix while simultaneousBcoming fluorescent, creating a static
patternof fluorescence. Most of the other reacpimducts are rapidly removed from the
illuminated spot by diffusion, and therefore playfarther role in the experiment. Visualization
of the fluorescence is also accomplished throughpghoton absorption, which makes it possible
to carry out both photoactivation and fluorescemomitoring locally at any point in the gel. Itis
then possible to immediately visualize the writpatern, without waiting for a development
step. | note that coumarins can be used as phititdns of polymerizatio?’ *'° so this

approach may also be of direct interest to thel fidltwo-photon fabrication.



Figure 5. 1 Some possible reaction pathways for ptaactivation of azidocoumarin 151 1. The fluorescen
product 5 is crosslinked with the gelatin matrix am is responsible for the fluorescent signal we obse.

Figure 5.1 outlines the reaction paths I§Azidocoumarin 151, AzC151). Upon absorption of a
UV photon,1 may expel a nitrogen molecule, forming a highlgateve nitrene. The nitrene

can then undergo ring expansion, incorporatinghitregen atom into a dehydroazepBe

which then can react with nucleophiles to formc¢hesslinked produet. The nitrene can also
react directly with a number of different groupsldarm crosslinked products like The nitrene
may also directly abstract hydrogen or oxygen fthenenvironment, reverting back to the
original coumarin dyé or its nitrosubitituted version'**. The path t® and4 normally
dominates, but it can be suppressed if electrohdrétwing moieties are attached to the aryl
group™*? stabilizing the intermediate nitrene, so thadics5 and6 also likely form in

significant quantities™®. This is fortunate for my purposes, as these camgs are strongly



fluorescent, while3, 4 and7 are not. Therefore, virtually all the fluorescentserved by us
likely originates fronb, since the other molecules either are at best wdalkrescent and/or do

not bind to the gelatin.

I have chosen to work with 7-azido-4-trifluoromdtiiy2-benzopyrone (azidocoumarin
151, AzC151) rather than the better studied AzQhdiety. This is because the additional
fluorine atoms in azidocoumarin 151 redshifts theaaption band, improving the overlap with
the wavelength range of our laser. Additionallyflasrine is an electron withdrawing group,

AzC151 theoretically should produce les88pand therefore yield a more fluorescent product.

5.2 Experimental

In the basic experiment showcased in this dissentatincorporate AzC151 into a gel
made from water, methanol and gelatin, and moitédyehavior as it is activated by a beam of
focused light from a femtosecond light source. Big.schematically shows the optical setup.
Pulses from a Chameleon Ultra Il ultrafast Ti:Safgser are focused in an inverted Zeiss LSM
510 confocal microscope into the sample gel. THesgmntained in an airtight container to
prevent evaporation of the solvent, and opticaéasés provided through a thin glass window at
the bottom of the container. Any resulting fluoresce is collected by the microscope objective,
and separated from the laser light with a beanttepkind an optical long pass filter, before
being detected by a photomultiplier tube. The lasgputs 150 fs long pulses at 80 MHz and can
be tuned to any wavelength between 690 nm and A@80 he power of the laser was measured
before entering the microscope and at the backpatiee microscope objective. These
numbers, along the transmittance of the objectregiged by the manufacturer, were used to

calculate the total optical power delivered to gleé



The AzC 151 was synthesized from its correspondmgnarin fluorescent dye by
following the method of Barradt al.*** Briefly, 100 mg of 7-amino-4-trifluoromethyl-1,2-
benzopyrone (coumarin 151, C151) was dissolvedimllof acetonitrile in a round bottom
flask. The solution was cooled tdé@and 110 | t-butyl nitrite followed by 95 |
azidotrimethoxysilane were added dropwise. Theti@agvas allowed to proceed for two hours
in the dark after which it was dried, resultingapproximately 80 mg of a pinkish powder that

was used without further purification. All chemigavere obtained from Sigma-Aldrich.

Gelatin gels are normally made from aqueous saisfibut since AzC 151 is poorly
soluble in water a 70:30 v/v mixture of water anetinanol was used instead. It is known that a
gelatin sol/gel system that contains alcohol exiphase separation by spinodal decomposition,
but by using a sufficiently high fractions of géfaand water in the gel, this is suppressed as the
critical decomposition temperature is pushed betmwgel point*>. In my case, | dissolved 13
mg of AzC 151 in 45 ml of the solvent mixture, aadttied 7 g of type B gelatin (Sigma-Aldrich).
The mixture was heated to about“4band stirred for 20 minutes, and was then alloteeskt.

The gel was then reheated and sealed inside tightitontainer before measurements were
performed. If this container is kept in the daHe pptical properties of the gel remain stable for

several weeks.



Figure 5.2 Schematic of the experimental setup. 158 wide pulses from a Chameleon Ultra Il Ti:Sapph
ultrafast laser go through an acousto-optical modwtor and an x-y scanner (which permits fast scannim of
the beam inside the sample), and are focused insida azidocoumarin-laced gelatin gel contained in an
airtight capsule using a Zeiss LSM 510 confocal mioscope. Two-photon fluorescence is collected in
reflection mode and filtered out from the laser lignt with a beamsplitter and shortpass optical filterbefore

being detected by a photo multiplier tube.



5.3 Results and Discussion

Fig. 5.3 shows the optical absorptivity spectrazilocoumarin 151 as it is activated by UV

light at 365 nm. (solid lines). The normalized flescence spectrum of the fully activated
azidodoumarin is also shown (dotted line) alondnlie absorptivity and fluorescence spectra of
coumarin 151 (solid and dashed grey lines). Thergtigity measurements were performed on a
70:30 water:methanol solution containing 3@ AzC 151 or C151. 20 g/l of Gelatin B was also
added to the AzC solution to provide a binding swatbs for the activated dye. To avoid phase
separation in the gelatin, the measurements weredaut at a temperature of about@5The
AzC fluorescence spectrum was collected from tineesamM AzC gelatin gel as was used in

the patterning experiments described below. ThelGlisrescence spectrum was obtained from

a 70:30 water:methanol solution containing 1mMhaf dlye.

The UV light causes the peak at 330 nm in Figt& @isappear while a peak at 370 nm
emerges. This peak shows good overlap with therptign peak of C151 in a similar
environment. The overlap is not perfect, nor isahsorptivity as high, which is expected given
that the AzC converts into multiple products onasgre to light. The fluorescence spectrum
from activated AzC is on the other hand almosttigahto the C151 fluorescence spectrum,

consistent with Fig. 5.1.



Figure 5.3. Absorptivity spectra of AzC 151 in an methanolic slution and in the
presence of gelatin (black lines) as they evolve der UV irradiation. The solid lines
represent the initial (0 mJ/cnf UV dose) and final (5000 mJ/crh UV dose) spectra.
Further UV exposure does not change the spectrum ppeciably. The intermediate
does are 200 mJ/c) 400 mJ/cnf and 800 mJ/cm. The absorptivity spectrum of
coumarin 151 is also shown (solid grey line). The early identical normalized
fluorescence spectra of activated AzC151 and Cl15%eaindicated by the dotted black
and dashed grey lines, respectively.

When the ultrafast laser is focused at a pointbhéngel, Azc 151 in the focal spot is
photoactivated. Since | am using light with a wawejth of 720 nm, this occurs exclusively
through two-photon absorption. The gelatin providesierous binding sites for the activated
coumarin, which with high probability binds to thel close to the location where it was
activated. Because inactivated Azc 151 continudiffyses into the focal spot, there is a buildup
of activated coumarin bound to the gel in the spoim Fig. 5.3 it is clear that the absorption
bands of the Azc 151 and its corresponding coundy@noverlap, so the bound coumarin gives

rise to two-photon fluorescence from the same atioit that activated the azide, and the buildup



of bound dye manifests as an onset of fluorescergcis, shown in Fig. 5.4. The fluorescence
initially increases linearly with time, but evenliyassaturates at a constant level as a steady state
is achieved where the rates of binding and phogalblieg of the coumarin derivatives come into

balance.

Since the cross section for two-photon activatibAzC 151 is much smaller than for
two-photon fluorescence from the resulting dyés possible to image the written fluorescence
pattern with the same technique as was used te Wyridnly using a lower laser power and/or
faster scanning. In this mode of operation, thitlig sufficient to produce detectable two-
photon fluorescence, but not intense enough toecsigsificant photoactivation of the AzC 151.
This is illustrated in Fig. 5.5, where the “VT” logvas written by with a laser power of 32 mW
and a pixel dwell time of 250s, but the imaging was done with a laser poweiBainlV and a

13 s pixel dwell time



Figure 5.4 Onset of two-photon fluorescence as 78fn pulsed laser light is focused into the gel, fib the
model described in the text.

Figure 5.5 Micro-patterned fluorescence created bglow scanning of the target area at high optical peer,
followed by readout by rapid scanning at a lower paver. The latter illumination does not appreciably ativate
the AzC 151, so pattern creation and visualizationan be obtained with the same laser wavelength.



The fluorescence onset in Fig. 5.4 results frominterplay of several effects:
Photoactivation of azidocoumarin; diffusion of fhi@otoactivated product through the gel; its
binding to the gelatin matrix, resulting in a flescent dye; photobleaching of that dye; and
diffusion of azidocoumarin from outside the beameplace the photo converted azide. Since
the intensity of the beam is not uniform, the plastovation takes place at different rates at
different points in the beam, and for the sameaeathe contribution of each point to the signal

is also different.

The full treatment of this problem is beyond theps of this thesis, but we can make a
few simplifying assumptions that will render th@plem manageable. First, the diffusion time

t, across the width of the beam is quite short coegbsw the timescale of photoactivation and

bleaching, at least for low laser powers. We cimate it by[,] —, where2a is the beam

width, andb s the diffusion constant. The beam width is ondiger of 0.5 m, and the
diffusion constant is not likely to be much smattean 1&f cnf/s for small molecule diffusion in
the gel*® [- is therefore no larger than about a millisecondeGithat the fluorescence onset
occurs on timescale from tens of millisecond tcesalseconds, we can treat the diffusion as
instantaneous compared to the timescales of photaion and bleaching. The most important
consequence of this is that we can treat the baakgr concentration of unreacted
azidocoumarirt as essentially constant and equal to its backgreafue throughout the laser

beam spot, as photoactivated AzC is rapidly replakeing the illumination.

Moreover, the high reactivity of the photoactivatedimarin combined with the high
density of binding sites provided by the gel metiwag we can ignore any diffusion after

photoactivation, and assume that the photoactivatia binding occur at the same locations.



The rate of accumulation of fluorescent dye bounthé gel is therefore proportional to the

square of the laser intensity, and the same holésfor the rate of two-photon induced

photobleaching. Under those assumptions, the coratiem<, of fluorescent coumarin dye in
the gel is given by

~9 (fgp>.9;%)Qk m (1)

\e

where> is the background concentration of unreacted AzZC ¢,, andg; are the two-photon
cross sections for photoactivation and photoblegghi is the fraction of activated dye that ends
up binding to the gel, arlg m rk mois the average light intensity distribution insitie

focal spot in units of photonsxéms™. Q & g g, or the ratio of the time-average of the
square of the light intensity to the average ligh¢nsity squared. Two-photon processes scale
with the former quantity, while the latter is easymeasure directly, so it is convenient to
include this scale factor in the calculations. ffer typical fs Ti:sapph lase®is about 18. In

my case, a seflpulse shape with 150 fs FWHM and a repetition 480 MHz givesQclose to

5x10"

If the intensity of the light is low enough, diffios will be efficient enough that we can

assume that is essentially constant throughout the beamspdahadt case, the two-photon

fluorescence intensityy(, ) takes the form

Wye {0 51k mym {g ;>QE|k m:@.€ g Qk m[im (1

whereg; is the cross section for two-photon fluorescemzbtae constanf accounts for the

detection efficiency of the system. Let us appratgrthe point spread function of the optical

system with an ideal Gaussian beam:
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where! is the total power of the beam, and the beam waistisa is related to the depth of

focus2%o. and the wavelength in the g&by

2%0 - 3)

This is a reasonable approximation near the ceftitre beam spot, which is the area that
dominates the two-photon fluorescence signal. Ehgsrticularly true since we are operating
with the confocal aperture wide open, so that gheviant aperture in the system is the back

aperture of the microscope objective, which is ntbea twice the beam diameter.

Physically, Eq. (1) describes an exponential apgrda saturation of two-photon
fluorescence due to competition between fluoressactvation and bleaching. The rate of this
process is proportional p m , and as a result, the saturation occurs firdt@tenter of the
beam, where the intensity is at its maximum. Lagaifurther out see a lower light intensity,
and will therefore reach saturation at a later tifitee net result of this is that the width of the

fluorescent spot made by focusing the pulsed liasethe gel increases over time.



Figure 5.6 Profiles of two-miton fluorescence spots that result from focusindhe laser into the
gel for varying amounts of time. Because fluorescer saturation occurs first at the center of the
beam spot, the width of the spot increases with ineasing exposure to the laser light.



Figure 5.7 a) Two-photon fluorescence profiles resulting fromlluminating the gel at low power
for a long time (3.4 mW, 164 s) and at high powelof a shorter time (38 mW, 1.27 s). Both
illuminations should result in the same amount of Ac 151 activation, but the much less
fluorescence is seen in the high power case dued@mage inflicted on the gel (b) Two-photon
fluorescence profile obtained at low power and shoillumination time in order to minimize
saturation. The solid line is a fit to the autocorelation function of a Gaussian beam profile,
yielding a beam radius of 0.56 m.

This can be seen in the data plotted in Fig.5.6¢ckvivas obtained by illuminating a single

location in the gel for a set amount of time, amehtscanning across the x-y plane while



measuring the two-photon fluorescence. The resfirofile is therefore Zk , orthe
convolution of the concentration of fluorescent @hgeind to the gel with the square of the point
spread function. In Fig. 5.6, the gel was illumethtvith a 40x oil immersion objective at an
optical power of 13 mW. As the illumination timeincreased, the effective width of the
fluorescent spot is gradually increasing, with aked saturation of the fluorescence intensity

seen, particularly at the center of the spot.

Takings m to be Gaussian, Eq. (1) cannot be solved expliditit | can write it as a

power series:

Coy - ok ‘ L' — ey -}
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The integral takes on a simpler form at short amd) times. At short times, photobleaching is

not a factor, and the fluorescence increases Iyeatime, and Eq. (1) can be approximated as

o % }g}- | -
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At long times, the fluorescence saturates, tenthragconstant value
Wy, { ‘QE@nllk mm { Qg ! ©)

In other words, the initial slope of the activaticurve will be proportional tb~, while the
fluorescence signal at saturation is proportionadl t The onset of fluorescence is due to a
combination of two two-photon processes, activatind fluorescence, which explains the
scaling of the initial slope. Saturation of thedflescence is reached at a value that depends on

the ratio of the activation and photobleaching srasctions, and since both of those processes



have the same dependence on optical power, the quantity of apijiactive fluorophores at
saturation is independent of optical power, attlaa&irst approximation. For that reasa\ﬁﬂ is

governed only by a two-photon fluorescence procass,should scale &s.

Figure 5.8 (a) Log plot of the initial slope of theawo-photon fluorescence onset as a
function of incident optical power. The exponent ispproximately four because the
onset results from the combination of two-photon aévation and two-photon
fluorescence, each of which contributes a factor & to the power dependence. The
different marker styles correspond to different setings for the detector gain and
integration time. (b) Log plot of the steady statéwo-photon fluorescence signal at long
times vs. incident optical power. (c) Log plot oflte two-photon fluorescence signal
from a previously photoactivated volume of the gelin contrast to plots (a) and (b), the
beam is scanned rapidly to negate the effect of ptableaching.

As can be seen in Fig. 5.8(a), the initial slop¢éhefobserved two-photon fluorescence obeys
these scaling laws quite well, with an exponert.@B. The deviation from the exact value of 4

can be attributed to the nonlinearity of my optigalver meter and the difficulty of accurately



measuring the initial slope of a curve over sixapsdof magnitude of dynamic range. As for
V\EyZ , it does obey a power law but the observed exgdirém 5.8(b) ) is only 1.34, well below

the predicted value of 2.

To help determine the source of this deviation ftbenmodel, we optically activated
AzC in a volume of the gel, creating a concentratjoof fluorescent dye within the volume.
Two-photon fluorescencey( ) was then measured by rapidly scanning throughrégion
while varying the laser power. Neither photoacimainor photobleaching affee , which is

given by

Qg 5! (7)

As shown in Fig. 5.8(c), the scaling is actually observed in this case, whigans that
the observed fluorescence is indeed due to twogphituorescence, and the deviation from Eq.

(7) is due to some other factor.

Clearly, some process other than two-photon phetaiing is at work suppressing the
fluorescence from the activated azidocoumarineast at longer time scales. This can also be
seen from the fluorescence spot scans shown irbFH¢g). Here, the gel was illuminated at 3.4
mW for 164 s, and 38 mW for 1.27[g.. , the illumination time multiplied by the squaretbé
optical power, is approximately the same in botesalf Eq (2) were accurate at all-time scales,
we would expect the same amount of photoactivatimhphotobleaching to have taken place in
both cases, and the two resulting traces in Ft{abwould be very similar. Instead, only the

fluorescence pattern at low illumination power skdhe expected peak. At high power, a ring



of fluorescence is seen instead, and the peakeigence is much lower than in the low power
case. If the fluorescence quenching were due exelygo a two-photon process we would
expect to see a flattening of the peak at longnihation times as the fluorescence everywhere
approaches the same value. The ring-like shape trerste attributed to a process that scales
faster with optical power than. This could include multi-photon processes as albptically

or thermo-optically induced changes in the gelatatrix.

Once a ring-like structure such as shown in therina Fig. 5.7(a) has been created, it is
permanent. llluminating the same location at lowagb power for a long time still results in a
ring-like fluorescence pattern rather than thelsipgak. | therefore conclude that the additional
two-photon fluorescence quenching seen at high poamd long times is due to damage or
phase change in the gel induced by the high optimakr density. Gelatin solutions have a sol-
gel transition temperature near 289€, and the gelatin-water-alcohol mixture | am usig
metastable at room temperature. It is then quasaeable that intense light can trigger local
phase separation or other changes in the gel lfegpfor a sufficiently amount of time. In spite
of this, the initial slope of the two-photon fluscence onset has the predicted dependence on
optical power over a wide range of powers, whiafigates that at short exposure times, damage

to the gel is not yet significant, and the modelsgnted above is accurate.

To model the degradation, we will make three sifgiplg assumptions: (1) The rate of
degradation depends only on the local light intg®&sim. (2) There is a threshold for
degradation, so that if the light intensity doesexceed some vallg , no degradation takes

place. (3) Wherevey m £ k; , the fluorescence will eventually go to 0. Dengtip

- o a ,wehave, whehf! ;,
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For!+! 5, Eq. (9) is still valid. The 3/2 exponent in thatioal power dependence in Eq. (8) is
not exactly what is observed, but it is close emotegour observations that the difference could

be due to measurement errors, particularly sincé&aan be fit quite well with a function

proportional td 5= when@ 2 yl . Itis also likely that the assumptions we madartove at

Eq. (8) are not entirely valid for our situatiotthaugh they are a good starting point as they lead

to an easily solvable model that is largely coesistvith our observations.

The validity of the model could further be verifibyg fitting the function given by Eq. (4)
to the fluorescence onset curve. As can be seemnfig. 5.4, the fit is quite good, at least for
short times. For longer times, the model deviaigsificantly from the data, as expected (not
shown). Not only does the gel damage start tonsever time, but since the fluorescence from
the center of the beam spot saturates first, tbkigon of the fluorescence at later times depends
on the details of the point spread function fardneay from the focus, where the Gaussian

approximation no longer is particularly good.

With sufficiently good knowledge of the point spddanction, | can use the fit in Fig.
5.4 to measure the two-photon bleaching rate o&thiwated AzC 151. The fit is done with two
free parameters, a constant of proportionality atiche scale. The scale factor in tim i6,

from Eq. (4)



- v
e a— 3 (10)

where all parameters exceptcan be measured directly. The source of the ggeateertainty
is the fourth-power dependence on the beam spotsadore generally, the true point spread
function of the optical system must be well knofvham to be able to accurately determgye
For that reason, | am only provididing a roughreate here, based on my Gaussian

approximation of the beam profile.

a was estimated by using the fluorescence spot sndfig. 5.6. At sufficiently low
power and short illumination time, before fluoresoe saturation sets in, the spot profile will be

proportional to the autocorrelation function of griare of the laser intensity

- « &"8 ——9
K ZK 33 % # ;F|, —1— %3 (11)

which can be solved numerically and fit to the datextracta , which has been done in Fig.

5.8(c). The fit gives us that,, = 0.56 m. With an incident power of 8.3 mW, | found a scal

factor of about 2945 Taking Z to be 5x16, Eq. (10) yields an estimate @f 0.006 G.M. (10

>0 cmi's). Given the likelihood that photobleaching hasablened the fluorescent spot even at the
low power conditions used in Fig. 5.7(b), it isdiik that my estimate foa  is somewhat

large, and the obtained value fpr should be treated as an upper limit. It is woréntioning

that as we use high quality optics, we could exgéfiaction limited behavior, which for our

N.A. 0.6 laser beam would give 0.38 m andg- 0.0015 G.M.



Figure 5.9(left and bottom axes): Open diamonds (w) plot théwo-photon fluorescence cross section () of
C151 dissolved at 1mM concentration in a gelatin §eThe data was obtained by measuring the two-photo
fluorescence intensity as a function of laser wawvahgth, and scaling to agree with data from ref"’, indicated

by stars (H). (top and right axes): The solid liné€#) is the absorption spectrum of coumarin 151. Theao
horizontal scales differ by a factor of two, and tle good agreement between the datasets indicate thmate- and
two-photon absorption occurs into the same electrda state.

In Fig. 5.9, | have plotted the two-photon fluoresce cross section of C151 vs.
wavelength (open diamonds). This was obtained bgsoméng the two-photon fluorescence at
different excitation wavelengths while maintainsamgonstant laser power. The data was then
scaled to match literature values for the two-phatbsorption cross section ( ) in C184 and
taking the quantum vyield of fluorescence () to H&8@*"", from which | can extract

. The linear absorption spectrum for C151 is alsttgd in Fig. 5.9. By choosing the
absorption wavelength range to be precisely halheflaser wavelengths, | get good agreement
between linear and nonlinear spectra, indicatiag bloth one- and two-photon absorption occur

into a single electronic state. From the figure,esémate that 26 G.M. for C151 at 720 nm.



| do not know the abundance of the reaction praduncthe gel after photoactivation of

AzC151, so it is harder to obtagn for 5. Since the absorption of the photoactivated dykpat

a shorter wavelength than for C151, it is howeikaly to have a smalleg; value. From this |
can estimate the quantum yield of photobleacRipg© i— to be in the 18— 10 range,
d

consistent with values obtained for other coumdyies under single photon excitatiotf

5.4 Conclusion

| have studied the onset of two-photon fluoresceém@zidocoumarin 151 contained in a
gelatin matrix and illuminated by focused femtosettaser light. Since the photactivated
intermediary is highly reactive, it binds to thdags matrix close to the location of its creation.
This makes it possible to create arbitrary threretisional patterns of fluorescence, similarly to
the way two-photon exposure of a photoresist cansiee to create arbitrary three-dimensional

geometries.

A model based on a Gaussian approximation of taenlgrofile described the onset of
fluorescence quite well at short time scales, ailed at longer times, likely due to a
combination of damage to the gel and the inadeqagtlye Gaussian approximation when
outlying areas of the beam spot dominate the beha¥ithe two-photon fluorescence at long
times. The success of the model at short times dhidkmssible to extract an estimate for the
two-photon cross section for photobleaching ofdbemarin dye. As the beam waist was known
to insufficient accuracy, the estimate was quitegtg but this could be remedied with better

knowledge of the microscope point spread function.
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