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Abstract

The manipulation of physical interactions between structural moieties on the molecular scale is a
fundamental hurdle in the realization and operation of nanostructured materials and high surface area
microsystem architectures. These include such nano-interaction-based phenomena as self-assembly, fluid
flow, and interfacial tribology. The proposed research utilizes photosensitive molecular structures to tune
such interactions reversibly. This new material strategy provides optical actuation of nano-interactions
impacting behavior on both the nano- and macroscales and with potential to impact directed nanostructure
formation, microfluidic rheology, and tribological control.
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Executive Summary

Section 1 focuses on the identification and examination of organic structures possessing known
photophysical effects that have a high probability for influencing target interaction processes, e.g.
physical entanglement, hydrophobicity/philicity, local electrostatic charge or pH changes. Their
incorporation into polymeric chemistries will allow their application to inorganic colloids as photo-active
surfactants. Studies were performed by the synthesis of photo-switchable molecules with chemically
binding deposition to silicon wafer substrates. The response of the materials was tested using contact
angle measurements and characterization of the surface energy parameters of the photo-switchable films.
These parameters were used to predict changes in wetting behavior for the surfaces against known solvent
parameters, and allowed for screening of the effect of these films for additional study.

Section 2 describes the synthesis of colloidal particles functionalized with photoreversible organic
moeities which provide photo-control of the state of particle agglomeration. Both azobenzene and
spiropyran derivatives were investigated, in the form of monolayers and grafted polymers. Photo-
switching in the organic moiety demonstrated changes in the colloidal stability of the particles in certain
nonaqueous solvents. A system was chosen for focused study. The functionalized particles developed for
this purpose are coated with polymer layers containing benzospiropyran molecules. These molecules can
be switched from a non-polar closed form (benzospiropyran) to the open, zwitterionic form
(merocyanine) through exposure to ultraviolet (UV) light at 330 nm wavelength. They can be reversibly
switched to the closed form by exposure to heat and/or visible light at 540 nm wavelength. The cycles of
exposure and recovery lead to reversible states of aggregation in the system.

Section 3 presents photo-physical effects between derivatized particles including formation of particle
agglomerates, comparison of sedimentation rates in various solvents, and reversible changes in
suspension viscosity. Polymerically coated layers exhibit greater stability in cycling through aggregation
and dispersion events than monolayer coated particles.

Section 4 describes studies of the aggregation and deposition of the photo-controlled particles on
derivatized substrates. Confocal microscopy was used with one micron particles to determine the affinity
of particles in the switched form to undergo agglomeration, and to test the dynamics of switching to
restructure the aggregate.

Their incorporation into polymeric chemistries will allow their application to inorganic colloids as photo-
active, surfactants to enable the photo-actuated control of interparticle nano-interactions to reduce the
defect content of colloidal crystal arrays (artificial opals). Primary demonstration of successful nano-
interaction control will be provided by zone refining of assembled colloidal crystals. A successful
demonstration will provide proof that colloidal crystal arrays can be used to form complete photonic band
gaps by the elimination of defects which currently prevent band gap development. Extension of these
fundamental findings can also provide optically tuned microfluidic rheology and tribological control
useful in a range of microsystems with an impact in DOE/DP technologies for stockpile safety and
security.
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Section 1

Evaluation of Photoswitchable Organic Structures and Applicability
to Changes in Surface Properties

Introduction

The manipulation of physical interactions between structural moieties on the molecular scale is a
fundamental hurdle in the realization and operation of nanostructured materials and high surface area
microsystem architectures relying on such nano-interaction-based phenomena as self-assembly, fluid
flow, and interfacial tribology. Self-assembly systems using molecular interactions have received
attention recently to construct complex structures or composites®. Colloids and polymers are assembled
using electrostatic methods from surfactants of opposite charge, because these materials form strong ionic
bonds and are stable. Derivatization of colloidal gold and silver using 4-aminothiophenol and 4-
carboxythiophenol created alternating layers of materials, and the use of polymers mitigates the presence
of defects, but cannot eliminate them.? Approaches for control of nanoparticle and colloidal assembly
have used polymer phase separation as well as microcontact printing for templating the deposition of
colloidal materials. Additionally, biomaterials have been examined for use in colloidal systems,
specifically DNA as a stabilizer and specific recognition agent for colloidal assembly. Ferritin has been
used as a templating agent for particle precipitation, and lysine and streptavidin have been used for
templating particle assembly. Nonlinear rheological fluids have been applied to the control of
microfluidic networks®. These nano-interaction control strategies typically involve the tailoring of
material structures either during synthesis or through invasive post-synthesis processing with no
opportunity for real-time, remote modulation of intermolecular and/or interparticle forces.

This research focuses on the reversible photo-control of molecular interactions through the
introduction of photosensitive molecular structures into the material system. The photo-switchable
organic moieties can affect solution properties through surface wetting, ion adsorption, hydrogen
bonding, or charge interaction, and when incorporated in polymeric systems through solubility parameter,
polymer conformation, and chirality. This new material strategy provides optical actuation of nano-
interactions impacting behavior on both the nano- and micro-scales with the potential for impact in
directed nanostructure formation, microfluidic rheology, and tribological control. In this section, the
identification of molecular groups exhibiting photocontrolled response will be detailed and related to the
formation of photosensitive surfactants. Studies performed to investigate the control of surface properties
will also be described.

Photo-switchable Organic Moieties and Their Use as Surfactants

There are a large number of studies focusing on the incorporation of photosensitive compounds
into surfactant molecules, self-assembled monolayers, membranes, liquid-crystalline materials, polymer
matrices and gels, and in directing fluid flow via changes in surface energy
4:5.6.7,8,9.10,11,12,13,14,15,16,17,18,19,20.21.22 Thage materials utilize the property of photochromism which can
be defined as the reversible change in molecular properties induced by specific wavelength(s) of light.
These properties can be thermally reversible or irreversible dependant on the pendant groups around the
photochromic centers, and there can be more than two potential photochromic states. Compounds include
the variations of azobenzene, fulgides, sterically overcrowded stilbenes, spiropyrans, diarylethenes,
salicylideneimines, viologens, and azulenes. The photochromic processes include (cis-trans)
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isomerization, photocyclization, photo-induced electron transfer, and keto-tautomerism?. For the
applications of interest in this work, there are several properties that are desired or must be considered.
These include thermal stability against switching, steric requirements for switching, generation of photo-
physical effects as surfactant monolayers or polymer components, and rapidity of switching response. The
following section considers available work performed on these switching chemistries and their use to
impact surface or polymer properties.

Azobenzene compounds have been extensively studied for their impact on the properties of other
compounds to which they are incorporated. Azobenzene undergoes photochromism through the
conformational change between the benzene rings across a double bond. The trans isomer is generally the
thermally stable conformation, but photo-switching causes the cis-isomer to be expressed and the
adsorption changes from colorless to red. The dipole moment of the molecule changes from 0.5to0 3.1
Debye during this process, and the increase in polarity leads to greater affinity for polar solvents or other
molecular compounds. The transition is thermally reversible with dynamics dependant on the pendant
groups of the photochromic compound, and it is also photo-switched back to the trans-isomer by visible
light. The addition of azobenzene has created photocontrollable surfactants, Langmuir-Blodgett films,

monolayers®, and liquid crystal compounds®. This has led to reversible changes in wetting behavior®,?’,

chiral expression?, adsorbed surface morphology®®,*, and reversible gelation or insolubility
effects®,*,%. The switching behavior is sensitive to the solvent conditions and to the packing and
intermolecule bonding interactions in the photochromic groups. The steric effects on the pendant groups
dictate the ability to switch conformations for azobenzene-urea amphiphiles in Langmuir monolayers
based on hydrogen bonding between the groups®*. Key design considerations for application of
azobenzene include the available volume for the molecule to switch, local bonding interactions, and speed
of response.

Azobenzene has been applied to polymeric systems and shown the ability to affect solution
properties. These properties include solubility®, viscosity*®,*, and conductivity. Polystyrene with
pendant azobenzene groups have dynamics of property changes under a minute, which is too slow for
switching, but adequate for controlling the properties of colloids®. In some instances, the cis-isomer is
described as forming crosslinking groups in gels®. The addition of azobenzene groups in aqueous
systems has affected the hydrogen bonding interactions of thermally sensitive polymers, so that reversible
switching between the soluble and insoluble forms of poly(N-isopropyl acrylamide) can be performed at
room temperature*,**. Polymer phase transitions are used as an amplification method to improve the
efficiency of the polymer response. Polymer phase transitions are accompanied by changes in
conformation, and thereby the property changes. The phase separation process of PNIPAM depends on
the balance of the hydrophobic bonds formed with water and the hydrophobic forces between molecules.
The dynamics of the change require ~30 minutes for completion to be reached, and an induction period
was observed. Based on this published literature, azobenzene derivatives are appropriate for examination
within this study.

Spiropyran (SP) based compounds undergo photo-controlled bond scission from a non-polar ring
to a zwitterion, and as a resulting, the dipole moment of the molecule increases greatly. Positive
spirobenzopyran behavior involves a transition from the closed to open form, whereas negative behavior
involves the reverse process. Spiropyrans and their derivatives undergo photochromism through cleavage
of the C-O bond of the spiropyran ring. The open form becomes a zwitterion and is called the
merocyanine form (MC). The MC form has a strong tendency to associate into aggregates with a stack-
like arrangement. When the dipoles are arranged in a parallel (head-to-head) structure, they are termed J-
aggregates and the adsorption spectra is shifted to the red. The antiparallel association is termed the H-
aggregate and the spectra is shifted to the blue. For certain conditions, switching in a nonpolar solvent can
lead to the formation of submicrometer beads with J-aggregate cores and an amorphous exterior. Under
an electric field, the colloidal beads form threads along the electric lines of force. Aggregate formation
can take place even in a methacrylate polymer and during polymer swelling. Spiropyran compounds are
very sensitive to their detailed chemical structure and environment in their photochemistry. “Positive”
photochromic behavior occurs when the DES only weakly adsorbs visible light, and “negative”
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photochromism in the case of strong adsorption of visible light. UV excitation increases the adsorption of
positive photochromics, and decreases it for negative photochromics.

Spiropyran compounds have also been incorporated into surfactants and studied. Some of the
benefits of spiropyran include no production of free radicals during switching, they exhibit high cycling
lifetime, they show good quantum yield for isomerization, and are biocompatible. They are extremely
sensitive to steric effects (i.e. local environment) and should be dilute to allow for the volume change
during switching; and the environment strongly affects the photochromism. A polar solvent will stabilize
the merocyanine form, so the layer should contain both polar and non-polar regions to maintain
switching. The photo-switching reaction was seen to affect surface pressure in Langmuir films and
indicated that the volume changes in the molecule lead to stress*?. Another study suggested the
aggregation of MC forms causes hysteresis in the switching behavior of the photochromic molecules®. A
mixture of spiropyran organosilanes mixed with organosilanes in order to control the surface environment
created reversible changes in wetting behavior**. A dilute layer of spiropyran was chemisorbed to a flat
silica surface by using non-reactive spacer molecules and allowed the SP switching to be sterically
unimpeded. Photo-switching to the more polar merocyanine form lowered contact angle in water at pH
5.5 by 11-14°. Water in capillary tubes was seen to rise due to the polarity change, but contact angle
hysteresis prevented the water from flowing back down the tube when the light was switched back to
visible from UV. Another study found the MC form associated with the substrate surface and therefore
did not exhibit significant changes in wettability*.

Spiropyran has been incorporated into DNA biomolecules to affect the hybridization of DNA“.
Methyl cellulose has also been derivitized with spiropyran to provide reversible changes in wetting
behavior, but the films cast show fatigue after only twenty cycles of switching irradiation*’. Spiropyran is
also considered as a potential material for holographic gratings*®. Spiropyran compounds are another
likely candidate for application, as their polarity change is greater than that of azobenzene, and the MC
forms have a tendency to assume aggregated states. However, there is more consideration required for
control of the local environment around the molecule to prevent it from becoming exclusively polar
through polar solvent coordination.

Other compounds considered include furyl fulgide and diarylethenes. The photochromism of
fulgides occurs between one of the colorless open forms (E-form) and the photocyclized, colored form
(C-form). A third form (Z-form) can also occur in competition with the E-form, as it is a geometrical
isomer, but it is an energy wasting and system complicating process. The colorization mechanism is the
photochemical 6r-electrocyclization of the hexatriene moiety. The conformation of fulgides at their
ground state influences the quantum yield of photocyclization. Shifts in the electronic wavelengths are
controlled by the electron donating power of substituents. Photochromism intrinsically involves their
chiral nature. Photochromism is achieved in solutions, polymer films, or glass solids, but in crystals only
the surface layers switch. Photochromic phenylthiophene fulgide films were UHV deposited and formed
nanostructures*. Switching is reversible and fairly uniform with times under a microsecond.

Diarylethenes have been used to form photo-controlled ion complexes® and surfaces with
switchable wettability®'. They are also employed as photooptical switches based on changes in refractive
index, where the specific derivatives contain fluoro compounds and exhibit thermal stability®2,

Surface Energy Measurement: Theory and Experimentation

Wettability and surface energy calculations are linked by their typical measurement procedure;
the determination of contact angle. Through the Young equation, the substrate surface energy can be
predicted based on the fluid surface tension and an estimate of the solid-vapor surface energy. The
interpretation of the measurement of contact angle is dependant on the method used to model the surface
energy, and also upon complications based on solubility of the substrate or interactions between the
surface groups and the solvent molecules, as well as the roughness of the surface. In addition, the contact
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angle is divided as to whether the drop edge is advancing across the substrate (6,), or is receeding as the
droplet is pulled back (6;). The difference between these two values is considered the contact angle
hysteresis, and is a measurement of the affinity of the solvent for the substrate.

The measurements have already been used to characterize the potential use of contact angles to
drive fluid flow. The requirement in a switchable surface for moving fluid is that the advancing contact
angle in state A is lower than the receding contact angle of state B>. By using a gradient of the
stimulating agent or field, such conditions can cause fluid flow. Microfluidic applications are perhaps
more complicated, as new theoretical treatment of the liquid interface suggests that the surface energy of
the liquid-solid interface is different than the treatment used for the surface tension”.

Attempts to model the surface energy properties of a surface utilize a number of theoretical
approaches, none of which achieve complete success and are thus situation-dependant. Whereas the
surface tension of liquids is known, there are no accepted definitions of surface energy for solids in the
literature, as no theory models interactions perfectly>. The applicability of each theory can be
appreciated by taking certain guidelines. In Zisman theory, the definition is the surface energy of a solid
equals the surface tension of the highest surface tension liquid (real or imaginary) that will completely
wet the solid with a contact angle of 0. Zisman theory works best for non-polar surfaces (generally
polymers), and fails with even a small polarity to the surface. In Fowkes Theory, the assumption is made
that the surface has a dispersive (van der Waals) component and a polar component to surface energy.
Two contact angle measurements using different solvents are made. Each liquid must be characterized
with dispersive and polar components to surface energy based on testing against a reference surface

(typically teflon).
o5 0B + JoF @:m "

Fowkes equation requires measurement with a polar liquid and a liquid with purely nonpolar components
to surface tension. Typically water and diiodomethane are used as polar-containing and purely nonpolar
liquids. This theory works well for surfaces with some polarity. It is also used for predictions of adhesive
strength, where adhesion is maximized for liquids and surfaces with similar levels of polarity. In van Oss
theory, the solid surface energy is separated into the dispersive (D), acid (+) and base (-) components. The
acid component specifies interactions like dipole-dipole, induced dipole-dipole, and hydrogen bonding
types, and the wetting liquids have a tendency to donate electron density (act acidic). The base component
characterizes interactions where the solvent has the tendency to accept electron density (act basic). Three
test liquids are used, a non-polar, an acid dominated polar liquid, and a base dominated polar liquid. This
theory is best suited for surfaces with significant polar interactions such as inorganics, organometallics,
and surfaces containing ions. However, there is disagreement on a standard solid for characterizing the
parameters of liquids.

NP o? +or o +or yor )= 20 @

The van Oss theory has been applied to the characterization of polymer surfaces as well*°

suggests that the substituents of the polymer backbone are critical for the surface energy and
determination of contact angle. Low surface energy polymers are given by chemistry (CH,> CH3z> CF,>
CF3), amorphous structure, roughness (assessed from contact angle hysteresis), nature of the pendant
chain, length of pendant chain, nature of the linking moiety, and nature of the polymer backbone. Very
large contact angles with polar fluids were found for some fluoropolymer surfaces with rough interfaces.
Fluoro-substituted compounds exhibit markedly lower surface energies than the alkyl analogues, and a
long fluoro-substituted linking group masks the linking moeity and the polymer backbone.
Photo-switchable compounds have been tested for wettability changes using contact angles.
Reversible change was observed in a poly(butyl methacrylate) surface using (2-hydroxyphenyl diphenyl
methanol) photochromic compounds (and they reference azobenzene and spiropyran compounds for
changes as well)*”. Exposure causes the film to become highly hydrophobic. Studies have also been

, which
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performed with thermally switchable polymer films grown from a surface, where contact angle is
switched using temperature®®.

Synthesis of Surface Terminated Photo-Switchable Compounds

Furyl Fulgide

Surface terminated layers of furyl fulgide organic moieties were synthesized for evaluation of
wetting changes resulting from optical switching. These photochromic structures were chosen for
investigation due to the high efficiency of the photoconversion reaction. They are also known to have
wide variability of potential substitution patterns which can be used to alter absorption wavelength and
photoefficiency. Furyl fulgide molecules transform from the polar “E” state to the non-polar “C” state
during the isomerization reaction. The creation of a furyl fulgide surface was performed by synthesis of a
siloxane derivative, followed by the condensation of the siloxane groups to a fused quartz surface.
Derivative groups incorporating methyl (1a) and isopropyl (1b) functionality were synthesized. These
materials demonstrated photochromic behavior in solution and dry form.

Successfully derivatized furyl fulgide 1a to furyl fulgimide 2a via new synthetic protocol, by
which hydrolytically sensitive alkoxysilane group is incorporated into fulgimide molecule via
condensation of primary amine with fulgide’s acid anhydride functionality. Novel fulgimide compound
was completely characterized; confirmed that desired optical properties are maintained in solution.
Successfully prepared furyl fulgide analogue 1b. Pursuing derivatization of 1b to fulgimide 2b analogous
to that defined for compound 1b.

Evaluation of the appended surface compounds are presented in section 1.5.

Scheme 1: Preparation of benzospiropyran surface modifier.
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Benzospiropyran

Attempts to purify benzospiropyran containing sol gel monomers proved difficult. So a method
was devised to attach a precursor of the dye molecule to a quartz surface and then react that with an a-
hydroxybenzaldehyde to generate a surface bound benzospiropyran. In addition to side stepping
purification problems, this method could allow us to generate a wide variety of benzospiropyran
derivatives from the same common surface by simply changing the aldehyde. The surface modifier was
prepared in three steps from 1,3,3-trimethyl-2-methyleneindoline (Scheme 2). The 1,3,3-trimethyl-2-
methyleneindoline was initially nitrated with nitric/sulfuric acids. Then the nitro group was then reduced
with tin dichloride to give the amino functionalized indoline in 79% yield. The surface modifier was
finally prepared by near quantitative reaction of isocyanotopropyltriethoxysilane with the amino indoline.

Scheme 2 Preparation of benzospiropyran surface modifier.
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The surface modifier was polymerized by base catalysis in tetrahydrofuran (Scheme 3). The still soluble
polymer was then spin coated onto previously cleaned quartz slides. The thin film was baked at 120 °C
for 2 h so that the polymer could react with the free silanols on the quartz for permanent attachment. The
surface bound indoline was then reacted 2-hydroxy-4-nitrobenzaldehdye in tetrahydrofuran at 80 °C to
complete the surface modification of quartz with a benzospiropyran dye.

Scheme 3
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Benzospiropyran formation was confirmed by UV-Vis spectrophotometry. As shown in Figure 1, the
coated quartz slide gave absorbance maxima at 325 and 560 nm. These absorbance maximas are
consistent with benzospiropyran dyes.

Benzospiropyran CLSI-131 Thin Film on Silica Slide

Spectrum referenced to silica side.
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Figure 1 UV-Vis absorbance spectra of the benzospiropyran coated slide

Next, the film was irradiated to test its ability to photo switch (Scheme 4). The slide was

irradiated with UV light and allowed to stand in the UV-Vis spectrophotometer to observe the conversion

of the zwitterion to the neutral form. The decay was too weak to be observed by UV-Vis
Scheme 4. Photo switching of benzospiropyran
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Azobenzene

A monofunctionalized azobenzene monomer was prepared from the reaction of
4-hydroxazobenzene with isocyanotopropyltriethoxysilane in 97% yield (Scheme 5).

Scheme 5
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Next the monofuctional azobenzene monomer was polymerized with acid and allowed to stand for 4.5
days (Scheme 6). The solution was then diluted and spun coat onto some previously cleaned quartz
slides. The slightly orange film was annealed at 150 °C for 1.5 h to permanently adhere the film to the
quartz surface. The UV-Vis absorption spectra was taken and shown to be consistent with that of an
azobenzene.
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Scheme 6
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The film was irradiated with 337 nm laser light and then placed in a UV-Vis to monitor the decay of the
of the absorption maximum at 315 nm. The decay is representative of the azobenzene switching from a
trans to cis conformation. The film was allowed to stand over night and UV-Vis spectrophotometry
indicated that molecule had partially reverted back to the lower energy trans conformation.

Monofunctionalized Azobenzene
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Figure 2 UV-Vis absorbance spectra of the azobenzene coated slide.

Wetting and Contact Angle Measurements

Organic synthesis of the photo-controlled groups that affect behavior is a critical component to
the success of this program. We have identified two chemistries that show viability for production of a
number of films and structures for the investigation of photo-controlled response. The three original
candidates included derivates of furyl fulgide, azobenzene and benzospiropyran. Chemical synthesis of
films derivatized for attachment to silica surfaces was successful, and testing proceeded using UV-vis
spectroscopy and contact angle measurement. The contact angle information was fitted using the Fowkes
equation for the dispersive and polar components of surface energy, and the individual molecules were
modeled using a semi-empirical molecular orbital approach.

As can be seen in Table 1, the dispersive component of each surface energy is nearly constant,
and the polar component switches by the light exposure. The direction of the change is predictable from
the calculation of the individual molecules dipole moment, but the magnitude is lower. The fulgimide
structure does not indicate significant changes in surface properties from of exposure, whereas the
spiropyran and azobenzene both exhibit a significant alteration of surface properties. These results show
these groups can cause behavioral changes in systems with low polar character.
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Table 1 Surface energy characterization of photo-switchable groups with molecular orbital calculations of the

molecular dipole moment.

Surface Energy Disperse Polar Component Dipole Moment
Component
Fulgimide Open 34.55 mN/m 25.09 9.46 6.663 D
Fulgimide Closed | 32.39 mN/m 25.08 7.31 5.866 D
Spiropyran 33.55 mN/m 25.07 8.48 4,422 D
Merocyanine 36.69 mN/m 24.89 11.80 9.652 D
Azobenzene —cis | 36.44 mN/m 25.20 11.24 0.841D
Azobenzene - trans | 43.58 mN/m 25.22 21.19 8.842D

Additional Measurements using Van Oss theory were conducted to characterize the behavior of
azobenzene modified films. A monosilanated and disilanated derivative was synthesized and placed on
fused silica slides. The contact angle fluids were water, diiodomethane, and formamide, and their
dispersive, acid and base components were taken from van Oss’ text. Table 2 gives the solution to the
contact angle data for the films before and after exposure to UV radiation.

Table 2 Surface energy parameters for azobenzene films using van Oss theory.

Monosilanated P G G
Unexposed 40.08 0.10 1.23
Exposed 40.44 0.07 7.89
Disilanated

Unexposed 29.1 0.02 7.24
Exposed 29.44 0.95 7.15

The disilanated azobenzene is bound at either group of the molecule, and predictably has very
little surface energy change on UV exposure. The monosilanated azobenzene has a large increase in its
basic character, which is derived by the exposure of the electron orbital pairs in the trans conformation,
and the increase in molecular dipole moment. With these parameters determined, the surface can be

compared with liquids of known van Oss properties, and a change in wetting interaction can be predicted.

Table 3 provides this modeling using fluids characterized by van Oss.

Table 3 Wetting interaction of azobenzene films from van Oss modeling.

Pre-exposure Post-exposure Ay
Cyclohexane -4.69 -7.03 -2.34
Chloroform 2.72 13.51 10.78
Tetrahydrofuran -12.29 -16.31 -4.02
Diiodomethane -2.67 -3.83 -1.16
Water -80.14 -49.41 30.73
Formamide -24.77 -17.46 7.31
Glycerol -43.54 -33.54 10.00
Ethylene Glycol -26.37 -20.52 5.85

A transition from negative to positive interfacial energy is desired for photo-control of wetting
characteristics. As the table shows, these azobenzene films can undergo significant shifts in their

interfacial energy, but the sign of the calculation for any liquid does not change from positive to negative.

This response is required for fluid flow in microchannels for example, and in colloidal aggregation
through wetting attraction.
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Conclusions

In study of these molecular groups, it was found that the dipole moment of the investigated
photo-isomers can create significant changes in polarity, which have the potential to influence the
properties of surfaces and colloids. Furyl fulgide was found to have very little change in dipole moment,
and was terminated as a research subject. Azobenzene and spiropyran moieties were significant in
property changes and have a literature background for influencing the phase behavior of polymers, and
they were chosen for additional work and evaluation after being appended on colloidal particles. The
contact angle data was modeled using Fowkes and van Oss theory, and showed the potential to
characterize the changes in polarity of the prepared films. Comparison of the azobenzene data with
surface tension properties of test liquids showed that surface energy changes can be significant, but a
transition from wetting to non-wetting was not determined. It is likely that a pure wetting interaction
leading to control of colloidal deposition will not be achieved. The route chosen to continue the research

is to utilize the influence of photochromic molecules to influence the phase behavior of grafted polymers.

21



Section 2

Synthesis of Photoswitchable Organic Structures and Applicability
to Photo-control of Colloidal Stability

Introduction

Self-assembly is increasingly being investigated for processes utilizing bottom-up approaches to
forming novel devices. External fields can be used to align colloidal units to provide an anisotropic
material property, or higher resolution than can be achieved using photolithography. Such a system can
also be used to build nanostructured materials sequentially and with defined features to provide desired
property responses. These approaches employ molecular surface groups which can be switched on or off
based on external stimuli. Hydrogen bonding can be overcome through the input of heat both between
molecules™ and in colloids with surface bonded molecular groups®. Uniform coverage of colloids with
surfactants of this type leads to random agglomeration between groups. Self-assembly can produce
intricate structure when the attractive interactions are directional, but to date this has not been achieved at
the colloidal scale®*. There are examples of ordered structures being produced by cycling between
swelled and unswelled states for hydrogel materials under the proper solids content conditions®. It
remains to be seen if this can be achieved with solid colloidal particles.

There are examples in the literature of colloidal materials derivatized with photo-sensitive surface
groups such as spirobenzopyran®®4-%>:%-%7 and azobenzene’® ™. In non-polar solvents, these colloidal
systems exhibit reversible agglomeration/re-dispersion behavior under alternating UV/Vis irradiation.
However, while the aggregation occurs spontaneously post UV irradiation, the re-dispersion following
visible light or thermal treatment requires an input of ultrasonic energy to disperse formed aggregates.
The underlying mechanism behind flocculation appears to be a wetting phenomenon with the particle
surfaces becoming more polar post-UV irradiation and displaying preferential attraction towards each
other. Since particles are uniformly coated with a photo-active surfactant or a monolayer, the aggregates
exhibit random structures. To date, however, it has not been determined whether the aggregation is
diffusion or surface reaction controlled. Despite the lack of precise control in formation of aggregate
structures, these photo-sensitive colloidal materials have several potential applications. They may allow
for the directed deposition of colloidal units in the growth of nanostructures and formation of metastable
or unstable crystalline colloidal assemblies. There are also examples of functional colloids being used as
valve and pump components for microfluidic networks™. Furthermore, it would be interesting to
determine if the repeated aggregation and re-dispersion of photo-sensitive particles can be used to
improve ordering within colloidal crystal assemblies. In order to carry out crystallization of colloidal
particles in concentrated state, however, a better understanding and control over the aggregation
mechanism, volume expansion between the photo-switched states and particle diffusion are required.
While photo-active monolayer surfactants used previously (®>°®®") exhibit a strong surface wettability
change, they do not display an ability to undergo volume changes. Therefore, once aggregated, colloids
bearing these monolayers require the input of ultrasonic energy in addition to the visible irradiation (or
heat treatment) for re-dispersion. Using surface appended polymer networks should overcome this
limitation as a reversible swelling behavior between switched states would aid the re-dispersion process.
In fact, a common thermo-sensitive polymer (poly N-isopropyl acrylamide) has demonstrated such a force
profile response. In its swollen state the polymer layer induced repulsive interactions between colloidal
surfaces, while in the collapsed state attraction was found. This proves that polymer layers can be used to
impart reversible and fully repulsive interactions between colloidal particles. The ability to fabricate such
a reversible system responsive to the light stimuli and characterized by a high fatigue resistance has not
yet been realized.
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The addition of photochromic molecules to polymeric systems often resulted in alteration of the
material properties including viscosity changes, phase transformations, and optical characteristics. While
most of the studies involved fabrication of thin photo-sensitive films for optical data storage
applications,*® photo-responsive polymer solutions were also developed. For example, azobenzene
derivatization of polyamides led to the control of polymer conformational changes through
photochemistry ™. Irie and coworkers studied extensively the solution phase behavior of polymers
containing photochromic molecules®2¢3738324041 1t \was found that effect of photochromic molecules is
amplified near a phase transition. While these investigations were focused on determining polymer
solution properties, there have been only a limited number of publications dealing with photo-sensitive
polymer brushes chemically attached (i.e., grafted) onto flat surfaces™,”,”®,”” "® and even less literature
dealing with such modification of colloidal particles”. It is important to have the photo-sensitive
polymer molecules permanently attached to the surface through covalent bonds as abrasive processing of
colloidal particles is often employed in various applications and during material purification (e.g.,
prolonged ultrasound treatment, solvent changes from polar to non-polar medium and vice versa,
temperature cycling and abrupt pH changes). It should be mentioned here that although photochromic
behavior of polymer brushes has not been extensively researched in the past, there have been some
studies dealing with functional polymer shell-solid core colloids influenced though temperature, pH or
salt concentration changes®, 8 82 83 84 & 8 87 88 ‘Noregver, numerous studies have focused on covalent
attachment and growth of polymer layers from solid surfaces and colloidal particles.

The sections below describe the synthesis of surface-modified photo-sensitive colloidal particles
and their characterization. Planar surfaces were studied to examine contact angle response, cycling
phenomena, and optical properties. Derivatives of each photochromic moiety were syntheisized and are
described for their wetting behavior in sequence. Initial colloidal efforts were directed at monolayer
formation based on the results reported for flat surfaces. Later work concentrated on polymeric shell-
silica core architectures incorporating photo-sensitive molecules.

Photoswitchable coatings containing in-chain azobenzene

Monolayer coatings

An attempt has been made to attach organic molecules containing photoactive azobenzene groups
onto oxidized silicone surfaces. The goal sought after is the ability to predictably and reproducibly graft
these molecules to colloidal silica particles. It is not merely enough, however, to have these photoactive
compounds attached firmly to the surface. The main requirement for these molecular monolayers is to
alter wettability behavior of the underlying substrate upon exposure to UV or visible light. This in turn, is
not a trivial task, as the molecules need to be well ordered in the monolayer and yet possess enough
freedom to undergo the light induced trans-cis isomerization.

Scheme 7
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Several recent studies demonstrate the feasibility of this approach applied to flat silica surfaces
(,39,%0,91 92 93y " The light induced wettability changes quantified by the water contact angle measurements
in the range from 2° to 9° were reported in these investigations. Here, an attempt is made to modify some
of the published protocols in order to allow coating of dispersed colloidal particles with the photoactive

azobenzene derivatives using a relatively simple procedure. Current efforts also concentrate on
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increasing the wettability changes upon UV or visible irradiation beyond the maximum 9° contact angle
change (unless otherwise noted the phase ‘contact angle' refers to the measured water contract angle)
reported in the literature.

Two approaches for fixing azobenzene containing compounds onto the silica surfaces were
investigated: 1) direct reaction of tri-ethoxysilane modified azobenzene molecules with the surface, and 2)
attachment of azobenzene molecules to an amine terminated self-assembled monolayer (SAM). These
two routes are illustrated below:

Scheme 8
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Here, -R denotes azobenzene functionality, while —R; represents an alkyl group. In particular, the
following reaction was carried out according to route 1:
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When the tri-ethoxysilane azobenzene molecules were spin coated onto the surface from THF solution
containing HCI catalyst and the sample was cured in the oven at 130°C for 1.5 hours afterward, the
formed coating demonstrated photoswitchability. Specifically, water advancing contact angle decreased
from 94.5+£2.9° to 79.4+1.4° (15.1° change) upon UV irradiation. However, the procedure was not
reproducible as second and third samples gave a change of only 4° and 6°, respectively. Moreover, the
curing step requires the silica surface to be dried, which would be difficult to carry out with silica
colloids. In order to circumvent the curing step, this reaction was carried out in anhydrous toluene heated
to 70-80°C for 24 hours with the tri-ethoxysilane azobenzene molecules at concentration of 50 mM.
While the compound appeared to graft to the surface as evidenced by the contact angle change before and
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after the reaction (i.e., the advancing contact angle increased from 47.9+1.6° to 69.5+1.3), no
photoactivity was detected.

Due to difficulty in reliably controlling the deposition of tri-ethoxy silane compounds, several
reactions were carried out according to route 2 illustrated in Scheme 8 above. The first step in this
approach is to form an amine-terminated monolayer on the silica surface. While few different methods
were tried to this end (**,%,%), the procedure described by Vogler et al. (°*",*), later by Heise et al. (**,')
and others (***) gave the most reliable results. It involves formation of bromine terminated SAM using
tri-chlorosilane compounds, followed by conversion of the Br head group to azide. Finally, the N3 group
is reduced to an amine with lithium aluminum hydride (LAH) according to the procedure shown below:

Scheme 10
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By modifying the relative concentrations of methyl and bromo terminated tri-chlorosilanes in the initial
reaction mixture it is possible to control the density of amine groups on the surface. This in turn, changes
the surface wettability as illustrated in Table 4 below.

Table 4 Effect of initial reaction mixture composition on the surface wettability of -NH, terminated SAM.

sample initial mixture composition | advancing contact angle” | receding contact angle”
a Cl5Si(CH,)1,Br 100% | 80.5+0.9° 41.2+1.9°
b g:zg:ggnz%g& % |e2z09 715 + 2,50
¢ g:zg:ggﬂg ?CBljs 80616 46.2+3.3°
d g:zg:ggng;gs 27555(:’ 80.6 + 1.1° 47.3 +4.3°

“ The contact angle measurements were performed on freshly formed SAMs. When the samples were left to stand in air,
the measured contact angles decreased due to hydration of amine headgroups by ambient moisture. In the extreme case
of storing the amine SAMs under water for 7 days the advancing contact angles fell to 69.1 + 3.2° and 83.9 + 2.3° for
samples #1 and #2, respectively.

It is important to notice that when Cl;Si(CH;)11CH3 was used to lower the density of amine
groups on the surface, the contact angle changed significantly with reaction mixture composition. The
effect was negligible, however, when a shorter alkyl chain, ClsSi(CH,);CHs, was employed for the same
purpose. Not surprisingly, the groups at the outermost boundary of the SAM control its surface
properties.

Wettability changes quantified by the contact angle measurements also offer an easy way of
monitoring reaction progress. Table 5 below exemplifies this concept applied to the formation of -NH,
terminated SAM from the initial reaction mixture comprised of 25% Cl3Si(CH,),,Br and 75%
Cl3Si(CH2)11CHs. In this particular case, the X-ray photoelectron spectroscopy (XPS) confirmed the
presence of nitrogen on the surface with C/N ratio of 43. Thus, approximately 27% of molecules
comprising the SAM bear —NH, terminal groups.
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Table 5 Wettability changes associated with various reaction steps leading to the formation of —NH,
terminated SAM from the initial reaction mixture comprised of 25% CI;Si(CH,).;Br and 75%
CI3Si(CH,);1CHa.

step # SAM headgroup advancing contact angle” receding contact angle”
1 -Br 102.2 +1.7° 71.8+4.8°
2 -N; 101.2+1.4° 83.5+3.3°
3 -NH;"CI 90.3+2.1° 63.7 + 1.5°
4 -NH, 96.2 +0.9° 715+25°

" The contact angle measurements were performed on freshly formed SAMs.

While very good results were obtained using flat surfaces, attempts to coat silica particles with —
NH, terminated SAM according to Scheme 10 were unsuccessful. Specifically, the LAH reduction of —
N3 groups generated large quantities of aluminum salts resulting in aggregation of the colloidal
suspension. Furthermore, it proved very difficult to separate the silica particles from these weakly
dissociating aluminum compounds. In the end, an alternative route to the formation of -NH, terminated
SAM was designed. It is shown in the Scheme 11.

Scheme 11
e} 0
L step 1 :. T 0. A
Si0, ] + (Et0)sSi(CH,);,HN o+ —— Si0; —0—=Si(CH,);1HN O+
/ / -—O/

step 2 7/1—‘0 step 3 7_/—0

—_— Siozé—o>8i(cH2)11-NH3+ CF;C00 ——— > Si024—0>5i(CH2)11-NH2

CF3COOH Z 0 Et,N Z—O

The reaction progress quantified by contact angle measurements is reported Table 6 for an oxidized
silicone wafer. As can be seen, the final contact angle is the same as for 100% NH, SAM generated using
Scheme 10 (compare sample 1 in Table 4 with step 3 in Table 6). Moreover, exposure to water decreased
the advancing contact angle by approximately the same amount for both samples (i.e., the advancing
contact angle on hydrated surfaces was 69.1 + 3.2° and 73.5 £ 2.0° for the two samples, which is
significantly lower than the 80.5 £ 1.0° measured on dehydrated SAMSs). Finally, the reactivity of NH,
SAMs formed according to either Scheme 10 or Scheme 11 towards acid chloride functionalized
azobenzene compounds was essentially identical as will be shown later. Therefore, because Scheme 11
can be applied to the processing of colloidal particles and due to much shorter preparation time, it is the
preferred method of NH, SAM formation.

In the case of Scheme 11 reactions, it was also found that a different pretreatment of the
substrates did not have a bearing on the final wettability behavior of the formed amine coating. In
particular, the same contact angles were obtained for the SAMs deposited on an oxidized silicone wafer:
1) treated with “pirana’” solution, 2) treated with “pirana’ solution followed by 2 minute soak in 1.0 M
NaOH, 3) treated with “pirana’ solution followed by 1.0 M NaOH and 1.0 M HCI soak for 2 minutes
each, and 4) dried under vacuum at 180°C for 3h, followed by 2 minute sonication in dry toluene.

“ H,S0,: H,0, solution mixed in the ratio 4:1 by volume.
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Table 6 Wettability changes associated with various reaction steps leading to the formation of 100% —NH,
terminated SAM according to Scheme 11.

step # SAM head group  |advancing contact angle” receding contact angle”
1 -t-butyl 84.6 + 0.9° 64.6 +1.7°
2 -NH;'CF;,COO™ |63.2 +1.4° 29.5+4.1°
3 -NH, 80.6 +1.0° 42.2 £2.8°

" The contact angle measurements were performed on freshly formed SAMs. When -NH, SAM was
exposed to water for 1 hour, the advancing contact angle decreased to 73.5 + 2.0°.

Successful attachment of an azobenzene containing compound to NH, derivatized silica surface
was achieved following a modified protocol of Siewierski et al.() depicted in Scheme 12. Instead of
carrying out the reaction in benzene and utilizing dry pyridine as a proton scavenger (the original
procedure), the coupling was performed in dry toluene containing DMAP (4-dimethyl aminopyridine).
This latter procedure not only avoided highly air-sensitive pyridine, but yielded more reproducible results.

Scheme 12

7‘ 0
/) . 0 N
Si0, 4-(CH,);3NH, + CI7 ~O-(H,C)y1p

/

N—Q\/\/\

l compound A

7 i
SiO?—(CHszHJLO-(Hzc)n-O—@-N=N—©\/\/\ + HCl

/

The contact angle measurements before and after coupling compound A to various NH,
containing SAMs according to Scheme 12 are presented in Table 7. Clearly, there is a significant
increase in the advancing contact angle upon attachment of the azobenzene molecules. Moreover, the
formed monolayers exhibit wettability changes upon exposure to the alternating UV and visible
irradiation as demonstrated by the advancing contact angle measurements. (It was found that receding
contact angle changes upon UV irradiation were erratic and typically within the measurement error.)

The largest decrease in measured contact angle upon UV irradiation occurred with azobenzene
molecules grafted onto 100% NH, SAMs (i.e., average of 8.4° based on 6 different samples with the
measurement carried out on 10 different spots per sample). This change corresponds very well with

AB,, =9 reported by Siewierski et al. () for the same system. It should be noted here that almost
identical AB,,, switches were recorded for azobenzene molecules coupled to 100% NH, SAMs prepared

by either Scheme 10 or 11 (i.e., AB,, =8.7° for SAM prepared by Scheme 10 and A6, =8.0° for
SAM prepared by Scheme 11). This further justifies the use of Scheme 11 in preparing high quality
amine monolayers on silica surfaces.

As can be seen from the data presented in Table 7, much better results with respect to the UV
light induced wettability changes were obtained when Cy, alkane chains were used instead of Cgq
hydrocarbons in the mixed NH,/ CHz; SAM formulations. This is most likely due to the lower degree
of order and more flexibility enjoyed by molecules in the SAM formed from Cl;Si(CH,)sCHa.

Furthermore, the fact that AB,,,, values are lower for azobenzene molecules grafted onto the mixed
NH,/CHs; SAMs compared with the 100% -NH, terminated surfaces stresses the requirement for tightly
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packed and well-ordered azobenzene monolayers, if good photo-activated wettability changes are to be
expected.

Table 7 Contact angle measurements on various —-NH, SAMs reacted with azobenzene compound A
according to Scheme 12. Changes in the contact angle upon UV and visible light exposure following the

coupling are also reported.
smpl. | initial SAM Osam O ® G © Bis° Ay ©
a 100% -NH, (via Scheme 4)" | 77.4+0.9° | 904+0.9° |81.0+0.7° | 89.7+1.0° | 8.7°
b 100% -NH, (via Scheme 5)¢ | 79.5+1.9° | 91.0+1.3° | 82.1+0.9° |90.1+1.6° | 8.0°
C 25%/75% -NH,/ -Cy, " 85.9+09° | 927+1.2° [855+0.9° | 91.8+0.9° | 6.3°
d 25%/75% -NH,/ -Cs' 80.6+16° |844+05° |819+0.5° J 2.5°
e 75%/25% -NH,/ -Cg 819+14° |86.4+1.0° |822+12° |86.1+1.2° |3.9°

A Advancing contact angle on the initial -NH, SAM before reaction. Because samples were stored in air for up 2 days
prior to the measurement, contact angles may be lower than values reported in Table 1 due to the hydration of surface amino
groups.

B Advancing contact angle on the surface after the reaction with the azobenzene compound.

¢ Advancing contact angle on the surface after the reaction and exposure to UV light (20 minute irradiation with 200W Hg lamp
equipped with 300-400 nm band pass filter).

P Advancing contact angle on the surface after the reaction, exposure to UV light and 24 hours under ambient laboratory conditions

(samples exposed to laboratory light). It was found that receding contact angle changes upon UV irradiation were erratic and

typically within measurement error (i.e., within 2-3°).

Advancing contact angle change upon UV light exposure.

SAM formed from Cl3Si(CH,),,Br according to Scheme 10.

SAM formed from (EtO);Si(CH,);;NHCOOt-But according to Scheme 11.

SAM formed using 25% Cl3Si(CH,);,Br and 75% Cl;3Si(CH,);;CHj5 according to Scheme 10.

SAM formed using 25% ClI3Si(CH,),;Br and 75% Cl3Si(CH;)gCHj3 according to Scheme 10.

Sample was damaged prior to the measurement.

SAM formed using 75% CI3Si(CH,),:Br and 25% Cl3Si(CH,)gCHj3 according to Scheme 10.

X @ - T o mm

Another interesting aspect of these azobenzene monolayers is the reversibility of the photo-
induced ‘trans-cis’ isomerization (see Scheme 7), which translates into reversible wettability changes.
Figure 3 below demonstrates this effect for the SAM prepared via Scheme 12 subjected to 5 cycles of
alternating UV and visible irradiation. The wettability changes were followed with contact angle
measurements and indicate good reproducibility.
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Figure 3 Light-induced advancing water contact angle change on azobenzene derivatized 100% -NH, SAM
(the 100% -NH, SAM was prepared according to Scheme 11, with the azobenzene monolayer coupled via
Scheme 12). The UV irradiation was accomplished using 200W Hg lamp equipped with 300-400 nm band
pass filter and was carried out for 20-30 minutes. Following the UV treatment, the surface (stored in N,) was

allowed to equilib

rate under N, atmosphere exposed to ambient light for 24 hours.

It was a goal of subsequent experiments to increase A8, for photo-active monolayers beyond the 8.4°

already attained. To this end, a fluorinated derivative of compound A has been synthesized and coupled
to the silica surface. The specific reaction between this new fluorinated azo-benzene derivative
(compound B) and NH, terminated silica surface is depicted in Scheme 13 below, while Table 8
summarized the obtained results.

Si0, 4

N

(5

o
N
|

N

Scheme 13
; 1 0O
)L F2 F2
—(CH2)11NH, + CI O-(H2C)11-O—©—N=N—©—O\/\/\KI;
Fo F
l compound B
o]
A F2 R
—(CHg)1;NH O-(HZC)11-0—©—N=N—©—OMF
F2 F H
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Table 8 Contact angle measurements on 100% —-NH, SAMs (formed via Scheme 11) reacted with azobenzene
compounds A and B according to Schemes 12 and 13, respectively. Also reported in the table is a result for a
mixed monolayer formed from a 1:1 mixture of compounds A and B.

smpl. | reaction mixture composition | 4, * Buis® AByy ©
a 100% compound A 82.1+0.9° | 90.1+1.6° | 8.9°
b 100% compound B 83.0+0.6° |881+12° |5.1°
c 1:1 compound A:B 80.6+1.2° | 86.2+0.8° | 5.6°

A Advancing contact angle on the surface after the reaction and exposure to UV light (20 minute irradiation with 200W Hg lamp
equipped with 300-400 nm band pass filter).

B Advancing contact angle on the surface after the reaction, exposure to UV light and 24 hours under ambient laboratory conditions
(samples exposed to laboratory light). It was found that receding contact angle changes upon UV irradiation were erratic and
typically within measurement error (i.e., within 2-3°).

¢ Advancing contact angle change upon UV light exposure.

As can be seen from Table 8, incorporating fluorinated terminal groups into the azobenzene monolayer
actually decreased the contact angle change upon UV irradiation. This could be caused by a worse
packing of bulkier molecules and a less ordered SAM.

In a slightly different set of experiments a di-azo dye (compound C in Scheme 14) has been
employed. With two azobenzene groups per molecule, the UV induced conformational change in a

monolayer should cause greater disordering leading to a greater AO,,,, values. Unfortunately, coupling

reactions using activated ester, acid, and acid chloride derivatives of compound C under various reaction
conditions did not provide any evidence of attachment to the aminated silica surfaces. The contact angle
of 100% NH, SAM was essentially the same before and after the reaction and the allegedly formed
azobenzene monolayers did not exhibit wettability changes upon exposure to alternating UV and visible
light.

Scheme 14
7/ 0
7/ g
SI02 - (CHuNH; + om-@—o 0-(H,C)g-O N=N—©—N=N—©
l compound C
% X
Si0, 4-(CHy)1;NH -(H,C)g- @N=N =
b (CH1NH ™ 0~(H;C)g-0 L)N=N) + o p-oH

Next, an attempt to synthesize a monolayer comprised of cyclic azobenzene molecules on NH,
SAMs has been made (see Scheme 15). When in the ‘trans’ conformation, the azobenzene group should
lie down flat resulting in highly hydrophobic surface. After UV irradiation with the azobenzene group in
‘cis’ conformation the molecule would ‘stand up’ exposing more polar nitrogen atoms to yield a more

hydrophobic surface and possibly A0, > 9°.
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Scheme 15
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While contact angle changes indicated successful step 1 (i.e., attachment of nitrobenzene precursors to the
surface amino groups), the LAH reduction in step 2 did not yield anticipated result (i.e., there was no
contact angle change after the reaction and surface did not alter its wettability upon UV/Vis light
irradiation).

It should be commented here that while azobenzene monolayers are fairly stable, they may slowly
undergo oxidation reactions in air and storage in dry N, is recommended. Caution should also be
exercised when cleaning these delicate coatings. Soaking in triethylamine (EtzN) for any period of time

lowered the measured contact angles irreversibly (typically by ~ 4°-6°) and diminished A@,,,. Sonicating

the azobenzene SAMs in various solvents (e.g., toluene, methanol, ethanol) also irreversibly lowered the
contact angle, although to a smaller degree than EtzN treatment (typically by ~ 2°-5°). Similarly, using a
Q-tip soaked with CH,ClI, to clean off dust or other particulate from the azobenzene film surface was
found to occasionally lower the contact angle (typically by ~ 2°). Therefore, the recommended cleaning
method is to rinse the sample with solvent (e.g., toluene, CH,CI,) followed by drying in a stream of dry
and filtered N,. Note that due to abovementioned concerns (especially the fact that sonication lowers

AB,, ) it may prove difficult to apply these azobenzene coatings to colloidal particles.

Azobenzene Polymeric coatings

Finally, attempts have been made to graft polymer chains containing in-chain azobenzene groups
onto NH, derivatized silica surfaces according to Scheme 16. The idea was to reversibly alternate the
thickness of these polymer films using UV and visible light. While NMR data indicated polymer
formation in the bulk, attachment of these polymer molecules onto silica substrates proved to be
unsuccessful. Similarly, polymerizations with a more reactive di-acid chloride linker (Scheme 17) did not
produce grafted polymers. A possible reason for failed attachment of the azobenzene polymer to the
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surface-bound NH; monolayers could be the very poor polymer solubility (i.e., solubility in THF, DMF,
toluene, and CH,CI, was marginal). Due to the n-stacking of adjacent azobenzene groups, the formed
polymer may exhibit liquid-crystalline properties and its poor solubility even in typically good polymer
solvents could be expected. To overcome this problem, a synthesis of a less symmetric and more
sterically hindered azobenzene monomer was attempted (monomers 1 & 2 in Scheme 18). However, after
initial trials synthesized these monomers in yields lower than 10%, the route was abandoned.

Scheme 16
1) Monomer preparation

LAH
2 HO\/\/\Q—NOZ - HO\/\/\Q—N=N—©/\/\/OH
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Scheme 17

2b) Polymerization
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Synthesis and Response of Reversible Photo-dispersable Colloidal Particles based on the
Azobenzene system

Monolayer coatings

Following a successful azobenzene monolayer deposition on flat silica substrates, colloidal silica
particles (Fuso Chemical's SPO3B type silica characterized by 284 nm diameter monodisperse spherical
particles) were functionalized with 100% NH, SAM according to Scheme 11 and afterwards reacted with
azobenzene compound A (Scheme 12). After the reaction and extensive washing with CH,ClI, via
centerfugation/decantation (7 cycles) the particles appeared yellow and well dispersed. The UV-Vis
absorbance spectra of these azobenzene modified silica particles confirmed successful attachment of
compound A as shown in Figure 4.
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Figure 4 UV-Vis absorbance spectra of amine functionalized 284 nm silica particles with azobenzene
monolayer before and after UV irradiation in CH,Cl, (The UV irradiation was accomplished using 500W
Xe/Hg lamp equipped with 300-400 nm band pass filter and was carried out for 40 minutes.)

Just as in the case of azobenzene films spin coated onto the silica surface (compare Figure 2), the
adsorption maximum at A ~ 350 nm decreased markedly, while simultaneously the maximum at
A ~ 440 nm increased upon UV irradiation as a result of the 'trans' to 'cis' isomerization.

When these azobenzene modified particles were dispersed in non-polar solvents such as
cyclohexane or toluene, aggregation and sedimentation ensued. However, subsequent UV irradiation
aimed at increasing the surface polarity by 'trans' to 'cis' isomerization accelerated this process (Figure 5).
The UV enhanced aggregation was reversible after visible light irradiation and subsequent sonication to
disperse the flocculated dispersion. Following this procedure the particles aggregated with the rate
similar to that before UV treatment. Similar results have been reported by Ueda et. al. (68) in the case of
silica particles bearing adsorbed calix[4] resorcinarene molecules with azobenzene groups. They
suggested that the UV enhanced aggregation was caused by attractive interparticle forces due to less
favorable interaction between particle surfaces and the non-polar solvent molecules.
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Figure 5 Aggregation/sedimentation behavior of 927 nm diameter silica particles modified with azobenzene
monolayer (Compound A in Scheme 12) and dispersed in a) cyclohaxane, or b) toluene. The vial on the left
has been irradiated with visible light (> 450 nm) for 15 min. prior to the measurement. Similarly, the vial on
the right has been treated with UV light (365 nm) for the same amount of time.

Attempts have been made to create a border-line solvent mixture in which the particles would
aggregate only upon UV irradiation. While only a few systems were investigated (i.e., CCl4/dodecane,
CCl4/cyclohexane, octane/butanol) at various solvent ratios, in all cases the particles either aggregated to
some extent without UV exposure or remained dispersed regardless of UV or Vis irradiation. This result
suggests that for the solvent systems investigated, the polarity change due to 'trans' to 'cis' isomerism
within an azobenzene monolayer is not sufficient to cause aggregation of an otherwise stable dispersion.

2.2.2 Polymeric coatings

After unsuccessful condensation polymerization reactions aimed at growing azobenzene
polymers from flat silica surfaces (section 1.6), another approach was adopted for silica colloids. In this
case, acyclic diene metathesis polymerization (ADMET) was carried out using Grubbs' catalyst (Scheme
19). The NMR data indicated polymer formation in the bulk as well as on the colloids. However, there
was also a significant amount of monomer physisorbed to the particle surfaces even after extensive
washing with THF, CHCI;, and toluene (e.g., typically 4 sedimentation/decantation cycles in each
solvent). Subsequent treatment with trifluoroacetic acid (TFA) and triethylamine (EtsN) followed by 4
more CHCI; washes helped to remove the attached monomer. While the NMR spectra indicated presence
of the surface-bound polymer, TEM micrographs indicated very thin (thickness, h = 7.6+0.8 nm), non-
uniform coatings (Figure 8). Moreover, the azobenzene-polymer coated particles were highly aggregated
in all solvents used for their dispersion (i.e., THF, toluene, CH,Cl, and CHCIs) suggesting either particle-
particle cross-linking or unfavorable solvent-polymer interactions.

Under ambient laboratory conditions (i.e., under visible light illumination) and within non-polar
solvents, the azobenzene chromophores are expected to be in their ‘trans' conformation. The UV
irradiation causing 'trans' to 'cis' isomerization would then increase polarity of colloidal particle surfaces
causing aggregation. But because the polymeric azobenzene shell-silica core particles developed here
remain aggregated in non-polar solvents, the photo-induced aggregation was not achievable in this case.
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Scheme 19
1) Initiator attachement to —-NH, SAM
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Figure 6 TEM micrographs of 284 nm silica core particles modified with azobenzene polymer shell according
to Scheme 19. The polymer coating is relatively thin at 7.6+0.8 nm.

36



Photoswitchable surface coatings containing spirobenzopyran chromophores
Monolayer coatings

Analogous to the case of azobenzene monolayers described above, the grafting of
spirobenzopyran (SP) chromophores onto the silica surfaces was also performed. Recent literature on the
subject suggests that water contact angle on smooth SP-coated substrates can be reversibly modulated by
as much as 11-15° by successive UV and visible light irradiation (,"%2,'%®).  In the case of rough, super-
hydrophobic surfaces, the effect is further amplified and light-induced contact angle changes up to 23°
have been observed (103). This wettability change results from SP molecule isomerization from a

relatively non-polar ‘closed' form to a significantly more polar, 'open’, merocyanine (MC) form:

Scheme 20
SP ‘closed’ form MC 'open’ form
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The R; and R, groups are typically alkyl chains containing 3-18 carbon atoms.

In addition to the significant wettability change, other physical properties of SP films have been
reversibly modulated thorough the SP to MC isomerization. For example, Polymeropoulos and Mobius
observed a 2-3 fold increase in the area per SP molecule at an air-water interface upon its conversion into
MC form (***). Similarly, Hyashida et al. reported reversible thickness change for evaporated SP films
comprised of model SP compounds shown in Scheme 21 below (*%°,*%).

Scheme 21

SP-n,n=1,6,7,8,12,18

The authors observed the largest thickness change (from 2um to 6um upon UV irradiation) for SP-7,
while no film swelling was found with SP-1, SP-12, and SP-18 compounds. This was explained as SP-7
molecule having an ideal geometry allowing a relatively unhindered SP-MC isomerization (i.e., shorter
alkyl spacers hinder the ring-opening reaction), while at the same time transmitting enough stress to cause
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a micro-deformation. The longer alkyl spacers absorb most of the generated stress. Structure changes in
Langmuir and Langmuir-Blodgett films containing spirobenzopyran molecules (,'%7,1%8 1% 110 11y ere

also attributed to the SP-MC isomerization and the subsequent J-aggregate” formation (*'2,**%). In the

case of SP surfactants, their surface activity and self-assembly could be controlled reversibly (*4,%°).
Finally, reversible control of electrochemical processes (**°) and photoconduction (**") and electrical
double layer force (*'*) were achieved in SP monolayer assemblies.

In order to graft SP molecules onto SiO; surface, the following coupling reaction between a
spyrobenzopyran carboxylic acid derivative (SP acid) and an amine terminated alkyl SAM was carried

out according to the procedure reported in ref. 44 (see Scheme 22 below).

Scheme 22
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The coupling was accomplished using 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide (EDC) in
ethanolic solution of SP acid having n = 10. Moreover, two types of aminated surfaces were used in the
reaction: (1) substrates derivatized solely with an aminopropyltriethoxysilane (ATES), and (2) substrates
treated first with a tert-butylchlorodiphenylsilane (TBDS) and then with ATES. In both cases the SP acid
was grafted successfully as evidenced by a pronounced difference in the water contact angle before and
after the reaction (see Table 9). However, the wettability of these SP monolayers changed only slightly
upon successive UV and visible light irradiation. This is in marked contrast to the data of Rosario et al. ()
and Koide et al. () for analogous monolayers having the SP moiety linked to the surface by a shorter alkyl
chain (i.e., n = 3 in Scheme 22). Specifically, Rosario et al. report AB,,, " as large as 14° for SP coatings
deposited onto silica surfaces treated first with TBDS and then ATES. For surfaces derivatized using
only ATES, the same authors report AB,,, =7°, while reference 102 lists AO = 15°. (Koide et al. did not

specify whether this value refers to the advancing, receding or static contact angle measurement.)
It should be mentioned here that AB,,, diminished after the first cycle of alternating visible/UV

light irradiation (see Table 9). This was also the case with the data presented in reference 44 and suggests
photo-bleaching, roughening, or another dynamic process within the monolayer.

“ J-aggregates (Scheibe aggregates) are characterized by a very narrow red-shifted absorption band and a narrow
fluorescence band with a small Stokes shift due to the formation of a delocalized excitonic state among the
densely packed molecules (113). These aggregates have been reported for many merocyanine dyes and their

formation is usually critically dependent on the structure and orientation of the merocyanine molecules within the
layer (112).

" AO gy Fepresents the change in an advancing water contact angle upon successive UV and visible light
irradiation.
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Table 9 Contact angle measurements on various -NH, SAMs reacted with SP acid according to Scheme 1.7-3.
Changes in the contact angle upon UV and visible light exposure following the coupling are also reported.

smpl. | monolayer” treatment® | SPacid® | @ P Grec © Ay Abkee ©
la ATES — — 546+24° | 322+21° | — —
1b ATES+SP Vis n=10 86.6+1.7° | 456 £36° | 36
1c ATES+SP uv n=10 85.9+15° [420+28° | '
2a TBDS — — 935+1.3° [361+1.2° [ — —
2b TBDS+ATES — — 549+23° | 311+15° | — —
2c TBDS+ATES+SP Vis n=10 88.0£17° | 49.3£24° | o 8.3
2d TBDS+ATES+SP uv n=10 843+1.7° | 41.0+200 |~ '
2e TBDS+ATES+SP Vis (2) n=10 88.3+15° | 49.7+120 | . 57
2f TBDS+ATES+SP UV (2) n=10 86.8+1.6° | 440+35° | '
3a” | ATES+SP Vis n=3 77+£3° —

3b" | ATES+SP uv n=3 70 £3° — ! _
3c" | ATES+SP Vis (2) n=3 75 + 6° —

3d" | ATES+SP uv (2) n=3 71+ 6° — 4 _
4a" | TBDS+ATES+SP Vis n=3 74+ 3° —

4b" | TBDS+ATES+SP uv =3 60 + 3° — 14 _
4ct | TBDS+ATES+SP Vis (2) =3 71430 — 1

4d" | TBDS+ATES+SP uv (2) n=3 59 + 7° — _

A Silica surface derivatized with aminopropyltriethoxysilane (ATES), tert-butylchlorodiphenylsilane (TBDS), SP acid, or
combination of these reagents. For example, TBDS+ATES+SP' represents a surface treated first with TBDS, then with ATES,
and finally reacted with SP acid according to Scheme 22.

B Denotes either visible (Vis) or UV light irradiation prior to and during the measurement.

€ Specific SP acid molecule employed in the monolayer formation according to Scheme 22.

P-E The measured advancing and receding water contact angle.

F.C Changes in Gagy and ke following the change in surface treatment from visible to UV irradiation.

H Data from Rosario et al. (44), Figure 5.

In summary, for SP molecules suitably distributed within a monolayer and with proper choice of
an alkyl linker joining the SP chromophore to the underlying surface, large wettability changes may be
expected in response to the light stimulus. The reported AO values (***%) are higher than for the
azobenzene monolayers discussed earlier. However, the SP films exhibit noticeable degradation of
photo-response even after a single Vis/UV cycle; effect which is absent in the case of azobenzene
coatings (i.e., compare data in Table 9 with Figure 3).

Polymeric coatings

Further research was directed at polymeric matrices in an attempt to increase the density of SP
chromophores on a surface and hoping to overcome the degradation of photo-responsiveness observed
with the monolayer coatings. The major aim was to controllably grow surface grafted polymeric films
incorporating chemically bound SP molecules.

While a fairly comprehensive literature can be found on SP homopolymer and SP co-polymer
coatings, only a handful of studies describe chemically grafted SP polymer films ("*""®). Meanwhile,
most of these citations describe synthesis and behavior of SP homopolymers and co-polymers in solution
(119’1201121 122’123,124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140) Wlthln LangmUIr and
Langmuir-Blodgett films (, 141 142 143) in the bulk (144 145 146,147 148 149) in liquid crystalline phases

(150'151’152’153 154 155) in membranes (156 157 158) within thin films (48 129, 144 159 160 161'162 163,164'165 166) and

as a composite of organic/inorganic gels, sols and resins (*¢7,68 169 170, In addition, free SP molecules

(i.e., not chemically attached to the polymeric backbone) have been widely used as dopants in polymeric

fllmS (171 172 173 174’175 176 177 178’179 180 181) membranes (182 183 184 185,186 187 188) I|qU|d Crysta“lne phases
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(**%), in the bulk polymer matrix (19,19 192 193 194 195 196 197 198 199 200) ‘in | angmuir and Langmuir-

Blodgett films (,%*,%%2,2%%), onto fibers (204) colloids (205) and as a composite of organic/inorganic gels,
sols and resins (%, 207 208 ,29). Finally, a good overview of SP-based polymeric materials can be found in
several reviews treatmg photochromic/photoresponsive polymers (*>104718:1922.210 211y

The grafting of SP homo- and co-polymer onto silica surfaces was carried out utilizing the
approach similar to that reported by Park et al. (). In the first step, a spyrobenzopyran-substituted methyl
methacrylate monomer (SPMMA) was synthesized according to Scheme 23. A modified procedure of
Raymo and Giordani (**?) has been adopted in forming the SP-alcohol (Steps 1 & 2 in Scheme 23), while
Mitsunobu-type reaction (*2,%4 2*) was used to couple methacrylic acid with the alcohol functionality
(Step 3 in Scheme 23). In this way, the coupling reaction was performed under relatively mild conditions.
(References "*"821° describe the synthesis of SPMMA carried out with methacryloyl chloride in the
presence of pyridine.)

Scheme 23
CH3CN
1) — + BI‘\/\OH @ 8 SP-Br salt
N Reflux, Ar, 18h ©
HO
EtOH \/
& OH _; O o SP alcohol
= N@ Br® Reflux, Ar, 3h N O 0 NO,
OH Oé
\  / o o OH THE O -
DEAD, PPh
) <\NN + 1 3 N O 0 NO, sPMMA
O 25C, Ar, 24h §
* bg
NO,

Next, silica surfaces were modified with an initiator (Step 1 in Scheme 24) according to the protocol of
Matyjaszewski et al. (**"). Finally, a controlled growth of SPMMA homopolymers and SPMMA-co-
methyl methacrylate (MMA) random copolymers was performed using atom transfer radical
polymerization (ATRP) as described in ref. 217 (Step 2 in Scheme 24).
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Scheme 24
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In the Scheme 1.7-5, PMDETA = N,N,N',N",N"-pentamethyldiethylenetriamine, Me,cyclam =
1,4,8,11-tetraaza-1,4,8,11-tetramethylcyclotetradecane , MesTREN = tris[2-(dimethylamino)
ethyl]amine, THF = tetrahydrofuran, and DMF = N,N-dimethylformamide. Indices i and j represent the
relative number of MMA and SPMMA monomers, while index n stands for the degree of polymerization.
To within the experimental error, the ratio i/j was found to mirror composition of the initial reaction
mixture.

It should be mentioned here that the use of metal-catalyzed 'living' radical polymerization such as
the ATRP process (for excellent reviews on the topic see refs. 218 219 220 221 222,223y s nreferred to the more
conventional 2,2'-azobisisobutyronitrile (AIBN) catalyzed reactions employed for example by Park et al.
(). This is because a better control over the reaction progress and the polymer layer thickness can be
realized in the former case. Moreover, ATRP is a "grafting-from" polymerization technique performed

under mild conditions (i.e., temperatures often < 100°C), applicable to a wide range of vinyl monomers
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(e.g., styrenes, methyl methacrylates, acrylates, vinylpyridines, acrylonitriles, acrylamides) and
preserving end-functionalization (i.e., allowing for block co-polymerization). There are also a few more
control variables available, such as the choice of metal catalyst (e.g., Cu, Ni, Rh, Re, Pt, etc.),
coordinating ligand (e.g., PMDETA, MesTREN, Me,cyclam, etc.), type of initiator (e.g., haloalkanes,
allyl halides, haloesters, sulfonyl halides, etc.), and the presence/absence of inhibitor (e.g., CuCl,, CuBry,
etc.) allowing for the better optimization of reaction conditions during the 'living' polymerization process.

A typical ATRP polymerization reaction starts with a homolytic cleavage of a surface-bound
initiator molecule (e.g., benzyl chloride, sulfonyl chloride, ethyl 2-bromopropionate, azo-type
compounds, etc.218) and a subsequent chain growth from the activated initiator radical (see Scheme 25
for an example of PMMA polymerization from (2-bromo-2-methyl)priopionyloxy type initiator using
CuBr catalyst). During an early stage of monomer addition the growing radical is deactivated by a
halogen atom abstraction from a catalytic transition-metal complex undergoing reversible reduction. This
‘dormant’ chain end can then be re-activated by the same transition metal-complex undergoing reversible
oxidation and further chain growth proceeds until another deactivation event. Because reversible
deactivation is fast compared to the monomer addition (i.e., chain growth) all polymer chains are
expected to grow with the same rate, which results in a narrow polydispersity of the final polymer layer
(i.e., My/M;<1.1). The key factors for successful ATRP reactions are the low concentration of the radical
intermediates (i.e., active chains) at a given time and their fast but reversible transformation into the
dormant species before undergoing successive addition of monomers. If the former condition is not met,
chain termination occurs resulting in low conversions and thin polymer layers. If on the other hand,
monomer addition is faster than transformation into the dormant species, the polymers exhibit high
polydispersity and uncontrolled reaction ensues. Maintaining a proper equilibrium between dormant and
active polymer chains requires a careful choice of the initiator, solvent and especially the transition-metal
complex employed at suitable concentrations. Typically, these variables need to be investigated for each
system before successful ATRP reaction can be achieved. In the case of surface initiated polymerization
(e.g., reaction from plain silicone wafers, colloidal particles, micron-sized beads) supplying a sufficient
amount of deactivating species (e.g., Cu(l1)Br, in Scheme 24) becomes of paramount importance to
provide reversible deactivation of chains during propagation (?**,°*®). Specifically, the concentration of
Cu(l1) in the range 10 mol/L is needed for a well controlled process (,%*°). Because amount of
spontaneously generated deactivating specie formed by homolytic cleavage of the surface-bound initiator
is typically much lower than this, two approaches were developed to correct the problem. In the first, the
'sacrificial' initiator was added to the solution (?*’,%*®). The activation of these 'free' initiator molecules
and the subsequent termination reactions of growing polymer chains formed a sufficient amount of the
deactivator. One issue with this approach is that extensive cleaning of the surface-bound polymer brushes
is required in order to remove the free polymer. The second approach relied on direct addition of the
deactivating specie (e.g., Cu(ll)Br,) to the reaction mixture (). Finally, it should be mentioned that true
ATRP processes yield linear chain growth rates based on time and monomer conversion. Non-linear
growth indicates the presence of termination reactions (retarded chain growth), or cross-linking (in the
case of growth enhancement).

In the case of SPMMA-co-MMA films with 20% SP content, it was possible to grow polymer
layers up to 50 nm thick using the ATRP polymerization method described in Schemes 24 and 25. With
SPMMA homopolymer coatings, however, 10 nm films were obtained. A detailed study of varying
reaction conditions (e.g., different initiator SAMs, halogens, ligands, and solvents) to affect the polymer
layer thickness was carried out with silica colloids in the place of silica coverslips/wafers, detailed later in
this report. Similarly, spectroscopic analyses and aggregation/re-dispersion studies are also presented.
Here, changes in the surface wettability after the polymerization reaction and upon subsequent exposure
of the polymeric coatings to UV irradiation were examined. The results are illustrated in Figures 7 and 8
for the SPMMA and SPMMA-co-MAA (20% SP content) films, respectively, while Table 10 provides a
concise summary.
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Scheme 25
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Table 10 Contact angle measurements for SPMMA homopolymer and SPMMA-co-MMA copolymer (20%

SP content) films on silica surfaces modified with (2-bromo-2-methyl)priopionyloxy initiator SAMs according
Changes in the contact angle upon UV light exposure are also reported.

to Scheme 24.

smpl. | coating” treatment® | Gy, Ghec °

1 initiator SAM — 940+1.1° 63.8 + 3.2°
2a SPMMA — 85.4 +2.2° 58.8 £ 6.1°
2b SPMMA uv 83.3+1.7° 442 +4.2°
2¢C SPMMA 60°C, 24h 919+58.8° |58.8+1.6°
3a SPMMA-co-MAA/20% SP — 782+1.3° 56.7 £2.8°
3b SPMMA-co-MAA/20% SP uv 76.2 £1.3° 446 £1.9°
3c SPMMA-co-MAA/20% SP 60°C, 24h 79.7+£1.3° 55.8 £3.1°

A Silica surface derivatized with (11-(2-bromo-2-methyl)priopionyloxy)undecyl-trichlorosilane (initiator SAM), initiator SAM +

SPMMA homopolymer (SPMMA), or initiator SAM + SPMMA-co-MAA copolymer containing 20% SP molecules

(SPMMA-co-MAA/20% SP).
B Denotes either UV light irradiation or storage in the 60°C oven for 24h prior to the measurement.

€D The measured advancing and receding water contact angle. In the case of SPMMA film, data from two different surfaces
with 9 measurements/sample was averaged. For the SPMMA-co-MAA/20% SP coating, results reported here represent an

average of 7 samples with 9 measurements/sample. Only data for the first cycle of UV irradiation and the subsequent thermal
treatment are given.
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Figure 7 Light-induced water contact angle change for SPMMA polymeric film on a silica surface (see

surface treatment

Scheme 24). The UV irradiation was carried out for 5-10 minutes using a hand held UV lamp operating at A
=366 nm. Following UV treatment, the surface was allowed to equilibrate at 60°C for 24 hours (abbreviated

'A" in the figure). Data reported here represents an average over 2 substrates with 9 measurements per

substrate.
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As can be seen, the advancing water contact angle does not change significantly with the surface
treatment (i.e., AB,,, = 16°). In contrast, AO, values as large as 22° were recorded for the SPMMA

coating, although the film responsiveness deteriorated significantly after 3 UV/A cycles (Figure 7).
Similarly, SPMMA-co-MAA (20% SP content) coating gave AOg,. = 9.4+1.5° (averaged over 6 UV/A

cycles), while its responsiveness to the light stimuli was not compromised even after 6 UV
irradiation/thermal recovery cycles (Figure 8). It should be pointed out that following UV treatment, the
samples could be returned to their original state by either visible light irradiation or storage in the dark at
ambient temperature. However, the MC ring closure reaction (see Scheme 20) and possible J-aggregate
conversion under those conditions proved to be relatively slow (typically 24-60 hours). Meanwhile only
12-24 hours were required for this recovery process at 60°C.

85
75 %
%'; ~—& gdvancing contact angle
& 65 —e— receding contact angle
S
&
IS
Q
[S]
i
g s
45 -
.- LUV A UV A UV A UV A U/ A UV .
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Figure 8 Light-induced water contact angle change for SPMMA-co-MAA (20% SP content) polymeric film
on a silica surface (see Scheme 24). The UV irradiation was carried out for 5-10 minutes using a hand held
UV lamp operating at A = 366 nm. Following UV treatment, the surface was allowed to equilibrate at 60°C
for 24 hours (abbreviated A’ in the figure). Data reported here represents an average over 6 substrates with
9 measurements per substrate.

For comparison, Negishi et al. reported contact angle change of 10.5° (i.e., from 90° to 79.5° upon
UV irradiation) in the case SPMMA homopolymer coating (***%*). Likewise, Higuchi et al. () observed
AB=11+1° with SPMMA-co-MMA copolymer films (i.e., 66° before and 55° after UV exposure). In
another study, Hayashida et al. () found AB= 0 - 25° depending on the type of SP molecule doped into
PMMA film. When a SP-n compound containing a very short alkyl chain (i.e., n = 1 in Scheme 21) was
used, the contact angle did not change upon the UV treatment. Moderate to large A were observed,
however, with intermediate and long alkyl chains. Specifically, PMMA films with 27 mol% of SP-7 gave
AB=10°, while 25 mol% of SP-12 and 22 mol% of SP-18 resulted in AQ=21° and 24°, respectively.
Furthermore, A values increased monotonically with SP molecule content in the PMMA matrix. It was
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also discovered that significant film wettability changes upon UV light exposure occurred only with films
containing at least 5 mol% of SP chromophores and only when microcrystals formed within these
coatings.

In summary, the SPMMA homopolymer and SPMMA-co-MMA brushes grown from silica
surfaces utilizing a robust and controllable ATRP process were found to display reversible wettability
changes upon UV light exposure. Compared to the same process in solution, the MC to SP conversion
within dry films was extremely retarded (i.e, it was necessary to incubate the surfaces at 60°C for
reasonable reaction rates.) Finally, while SPMMA-co-MMA film exhibited reversible wettability
changes even after 6 UV/thermal treatment cycles, the SPMMA homopolymer coating showed signs of
fatigue after just 2-3 cycles. The loss of responsiveness in this latter case could be caused by MC
isomerization into optically inactive species trapped within the rigid polymer matrix, J-aggregation of MC
units, or other photo-bleaching processes affecting to proximal chromophores.

Experimental

Scheme 23:

General: Alkylation of 2,3,3-trimethyl-3-H-indole with 2-bromoethanol afforded SP-Br salt. Reaction of
SP-Br salt with 2-hydroxy-5-nitrobenzaldehyde in the ethanolic KOH gave the spirobenzopyran alcohol
derivative (SP alcohol). Treatment of SP alcohol with methacrylic acid in the presence of diethyl
azodicarboxylate and triphenylphosphine resulted in the spiropyran methyl methacrylate monomer
(SPMMA).

1'-(2-hydroxyethyl)-3',3'-dimethyl-6-nitrospiro(2H-1-benzopyran-2,2'-indoline) (SP alcohol): A solution
of 2,3,3-trimethyl-3-H-indole (31.9g, 200mmol) and 2-bromoethanol (31.2g, 250mmol) in acetonitrile
(160mL) was refluxed under Ar for 18h. After cooling down, the solvent was removed under reduced
pressure. Next, 2-hydroxy-5-nitrobenzaldehyde (35.4g, 212mmol) was added to the residue along with
ethanol (250mL) and the mixture was stirred until the solids dissolved. Ethanolic solution of KOH
(12.4g, 215mmol in 100mL of ethanol) was then added and the mixture was refluxed under Ar for 3h.
After cooling to room temperature, the crystalline solid was filtered and washed with cold ethanol
(50mL). Purification using a silica gel column afforded 49.3g (140mmol) of purple crystalline solid in
70% yield.

1'-(2-methacryloxyethyl)-3',3'-dimethyl-6-nitrospiro(2H-1-benzopyran-2,2'-indoline) (SPMMA): A
solution of SP alcohol (15.0g, 42.6mmol) and triphenylphosphine (20.1g, 76.7mmol) in tetrahydrofuran
(640mL) was cooled to 0°C under Ar. Diethylazodicarboxylate (13.2g, 75.8mmol) was then added and
the mixture stirred for 10min. Following the addition of methacrylic acid (6.6g, 75.8mmol) and after
removal of cooling, the solution was stirred for 24h at room temperature. The solvent was dried using a
rotary evaporator and the product passed through the silica gel column to remove oxyphosphonium salts.
The crude product (21.9g) was re-crystalized from hexanes to give 14.8g (35.1mmol) of pale green
crystals in 82.5% vyield.

Scheme 24:

General: Haloester initiators with trichlorosilane functionality were synthesized according to ref. 217.
These were then reacted with silica substrates to give chemisorbed self-assembled monolayers. The atom
transfer radical polymerization of SPMMA and methyl methacrylate from these modified surfaces in the
presence of CuCl or CuBr catalyst, CuCl, or CuBr; inhibitor and a suitable ligand was then carried out in
a given solvent.

undecen-1-yl 2-bromo-2-methylpropionate and (11-(2-bromo-2-methyl)priopionyloxy)undecyl-
trichlorosilane: procedure in ref. 217 was followed.
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undecen-1-yl 2-chloropropionate: To the solution of 10-undecen-1-ol (17.0g, 200mmol) and pyridine
(8.4g, 106mmol) in THF (125mL) under Ar was added dropwise 2-chloropriopionyl chloride (12.7g,
100mmol). The mixture was stirred under Ar for 24h at ambient temperature. The solvent was dried
using a rotary evaporator and the product dissolved in hexanes (300mL). Following two washes with 2M
HCI and then two more with H,O the organic layer was dried over NaSO, and filtered. Removal of the
solvent under reduced pressure gave 25.1g (96.4mmol) of yellowish oil in 96.4% yield.

(11-(2-chloro)priopionyloxy)undecyl-trichlorosilane: To neat undecen-1-yl 2-chloropropionate (24.6g,
95mmol) added trichlorosilane (33.5g, 247mmol) and H,PtClg catalyst (110mg) previously dissolved in
ethanol (2mL) and ethyl acetate (2mL) solution. The mixture was stirred at room temperature under Ar
for 18h. After adding hexanes (25mL) the product was dried over NaSQO, and filtered through a plug of
silica gel to remove the catalyst. Following the removal of solvent under reduced pressure the product
was purified by vacuum distillation (100-110°C at 4.5x10? mm Hg).

Initiator SAMs on silica substrates: Either fused silica coverslips (2.5cm x 2.5¢cm squares) or silicon
(100) wafers (also cut into 2.5cm x 2.5cm squares) were cleaned in a hot pirana solution (70 parts H,SO4
to 30 parts H,O, by volume) for 3h, followed by UV/O; treatment for 20min. The substrates were then
moved to a drybox and submerged into a solution of 1mL of the trichlorosilane (either (11-(2-bromo-2-
methyl)priopionyloxy)undecyl-trichlorosilane or (11-(2-chloro)priopionyloxy)undecyl-trichlorosilane was
used depending on the desired SAM functionality) in 140mL of dry toluene. The samples were soaked in
this solution for 18h at room temperature before 10min ultrasound cleaning in dry toluene, dry THF, and
flna“y CH2C|2

Polymerization: The reactions were carried out in an O, free glovebox under anhydrous conditions.
Typically, 5-10 silica substrates containing either (2-bromo-2-methyl)priopionyloxy or (2-
chloro)priopionyloxy initiator SAM were mounted into a custsom design teflon holder. These samples
were then immersed into a monomer/catalyst/solvent mixture kept in a glass jar (for typical mixture
composition see the two examples described below). After sealing tightly with a screw-top lid, the
container was placed in a thermostated oil bath kept at 65°C and the reaction was allowed to proceed for
6-24h. Upon removal from the solution, samples were immediately transferred into anhydrous THF and
cleaned under ultrasound for 15min. This cleaning procedure was repeated in dry toluene and then again
in CH,Cl,. When not in use, the samples were kept under anhydrous toluene in a drybox.

SPMMA homopolymer films: Glass jar was filled with SPMMA (3.42g, 8.12mmol) and THF (3.5mL) and
the contents stirred until solids dissolved (0.5-1h). A catalyst solution containing CuBr (26mg,
0.18mmol), CuBr; (1.2mg, 0.0055mmol), PMDETA (0.14mL, 0.68mmol), and THF (0.1mL) was then
added. After stirring for 1-2min, the holder containing 2 silica substrates modified with the initiator SAM
was submerged in this mixture.

SPMMA-co-MMA random copolymer films containing 20% SP: Contents of the glass jar filled with
SPMMA (16.0g, 38.0mmol), MMA (15.2g, 152mmol), and THF (4mL) were stirred until SPMMA
monomer dissolved completely. To this a catalyst solution comprised of CuBr (163mg, 0.73mmol) and
CuCl, (4.86mg, 0.035mmol) dissolved in PMDETA (0.90mL, 4.31mmol) and THF (0.37mL) was added
and the mixture stirred for 1-2min. Following the removal of stirring, the holder containing 7 silica
substrates modified with the initiator SAM was immersed in this polymerization mixture.

47



Synthesis and Response of Reversible Photo-dispersable Colloidal Particles based on the
Spirobenzopyran System

Monolayer coatings

Few successful attempts to deposit SP chromophores onto colloidal particle surfaces were
described in the past (**®+%5%%87y " Most recently, Taguchi et al. incorporated SP dye into vesicles
encapsulating iron oxide cores to create a novel photoresponsive magnetic system (). The authors
observed photo-induced vesicle aggregation even without any supporting media such as solvents or
polymer matrices. As a result, the magnetization value of the vesicle cast films was increased by UV
light irradiation in the solid state and at room temperature. Sugiyama et al. introduced a spirooxazine
moiety onto the surface of poly(methyl methacrylate) microspheres and reported a photoresponsive
adsorption of bovine serum albumin (BSA) onto these modified particles (). Finally, in a series of
publications, Ichimura et al. demonstrated photocontrolled aggregation of colloidal silica modified with
chemisorbed SP monolayers (°>°®®"). In their initial study (), the authors coupled a spirobenzopyran
carboxylic acid derivative bearing decamethylene spacer to an amine monolayer fixed on 150 nm
diameter silica particles (see Scheme 22 for an analogous coupling reaction). The density of grafted SP
chromophores was estimated at 1.6 nm?/molecule and the particles exhibited normal photochromism in
cyclohexane, carbon tetrachloride (CCly), chloroform (CHCIs), and ethylene glycol. Meanwhile,
untethered SP molecules have shown reverse photochromism in ethylene glycol (i.e., MC was the stable
form in the dark and could be bleached with UV irradiation) and normal behavior in the other three
solvents. Moreover, free SP molecules in cyclohexane and CCl, displayed two peaks in their UV/Vis
spectra with the peak at longer wavelength assigned to SP,MC molecular aggregates. In the case of SP
modified colloids, on the other hand, only one peak was found suggesting no intimate molecular
interaction for the MC units. Particle dispersions in CCl, were stable in the dark, but flocculated upon
UV exposure. Furthermore, the blue/violet colored sediment had porous structure suggesting loose
aggregate formation. This photocontrolled aggregation behavior was observed only in CCl, (the particles
flocculated in cyclohexane and stayed well dispersed in chloroform regardless of the treatment) and is due
to an increase in surface polarity of the colloids following the UV triggered SP to MC conversion.

Mechanistically, the change in surface polarity causes abrupt reduction of the interaction between
less polar SP units and non-polar solvent molecules giving rise to an attractive force between the colloids.
Thus, the ionic interaction of MC moieties on the surface brings about flocculation and sedimentation ().
This explanation was confirmed when lecithin (i.e., naturally occurring amphiphilic compound with
zwitterionic character) added to the UV irradiated particles in CCl, prevented flocculation. In a later
study, Ichimura et al. () examined the effect of elongating the methylene spacer linking the SP
chromophore to the silica surface (i.e., increasing n in Scheme 22 from 2 to 10). They noted an increase
in the thermal decoloration rate for particles modified with SP-10 vs. those containing SP-2, due to the
larger mobility enjoyed by SP chromophores in the former case. Moreover, dispersion of SP modified
colloids in polar solvents such as ethylene glycol yielded single first-order decay of photoformed MC
because of efficient solvation assuring a homogenous microenvironment on the particle surface. On the
contrary, the non-polar solvents (e.g., cyclohexane, CCl,) were found to force the MC moiety to distribute
into a heterogenous microenvironment with variant polarity bringing about the bimodal first-order
kinetics of the MC thermal decoloration process.

Here, the attachment of SP carboxylic acid derivative (i.e., n = 10 in Scheme 22) to the surface of
aminated silica colloids was performed following the protocol described in the literature (**%). As
evidenced by a color change of the particulate suspension upon UV irradiation (i.e., the color changed
from pale yellow to blue/purple), the coupling reaction was successful. However, contrary to the results
of Ichimura et al. () the SP modified 284 nm diameter particles did not display photocontrolled
aggregation behavior in pure CCl,4 solvent (i.e., dispersions were equally flocculated before and after A =
366 nm light exposure ). Instead, UV induced aggregation was observed in a mixed solvent system
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containing CCl, and CHCl; in a 1:6 volumetric ratio. In CHCI;, only a slight flocculation of the
otherwise stable dispersion was observed following UV irradiation, while in CH,Cl, the suspension
remained stable regardless of the treatment. Since the photo-controlled flocculation process took place in
a slightly more polar medium than for the analogous system investigated by Ichimura et al. (), the SP
monolayers prepared here are characterized by larger polarity. This could be due to a higher density of
unreacted amine groups or simply greater water content on the silica surfaces.

While particle aggregates precipitated by UV exposure in CCI,/CHCI; (6:1 by volume)
dispersions could be readily redispersed by a subsequent visible light irradiation (A = 520 nm) and
ultrasonication, a significant loss of responsiveness was observed even after 2 flocculation/redispersion
cycles (i.e., flocs quickly reformed even post visible light and ultrasound treatment). Several factors
could contribute to this: MC isomerization into optically inactive species, molecular rearrangement on the
surface exposing more polar amine groups to the solvent, or monolayer degradation.

Polymer coatings

Following a successful ATRP polymerization of SPMMA and SP-co-MMA brushes from flat
silica surfaces, the same approach was adopted for silica colloids. This was done to increase the density
of SP chromophores on a surface and overcome the degradation of photo-responsiveness observed with
the monolayer coatings. Furthermore, reversible, light induced swelling was observed with these types of
polymeric brushes in certain solvents. Specifically, Imanishi et al. reported reversible, photo-controlled
permeability change of a glass membrane filter (nominal pore size = 5 um) modified with SP-co-MMA
films (). In toluene, the solvent permeation rate was increased by approx. 6% upon UV irradiation
indicating a decrease in the polymer brush thickness from 45 nm to 15 nm. The original permeability was
recovered post visible light treatment. In DMF, on the other hand, no change in solvent permeation rate
was found following UV exposure with the polymer layer thickness remaining constant at 55 nm. Earlier,
Imanishi et al. observed a similar behavior for SPMMA-co-AM (AM represents acrylamide) grafted onto
PTFE membrane (). The permeation of H,O/methanol (1:9 by volume) solvent mixture could be
reversibly increased by approx. 20% by exposing the membrane to UV light. Thus, compared to the SP
photo-responsive monolayers the appended polymer networks add the benefit of reversible swelling
behavior between switched states. This volume expansion functionality might aid the re-dispersion
process of flocculated photo-responsive colloids.

The grafting/growing of polymer brushes containing SP chromophores from colloidal particles
has not been attempted before, while only a limited number of studies dealt with SP molecules
chemisorbed onto polymeric particles (). Furthermore, only a handful of reports describe grafting of SP
copolymers from solid surfaces ("">"®""®). Extensive literature can be found on SP homo- and co-
polymers however (see polymeric coatings system above), while several recent investigations describe
polymer brushes grown from nano- and micron- sized particles using the ATRP method
(221 23012311232,233'234 235 236 237 238 239 2401 241 242 243) Based on the data presented in these StUdleS a robust
ATRP method for growmg weII deflned SPM MA homopolymer and SPMMA-co-MMA copolymer
brushes from silica colloids has been designed. Particularly, the same procedure applied to flat silica
substrates was followed (i.e., Scheme 24) yielding uniform, spherical polymer layers up to 80 nm thick.
Some examples of these core-shell composite particles are illustrated in Figure 9.

In the course of manufacturing the silica-graft-(SPMMA-co-MMA) colloids, polymerization
conditions have been adjusted from batch to batch in order to produce particles with the thickest layers.
These efforts are summarized in Table 11.

49



0.20 pm

0.20 pm

b c

Figure 9 TEM micrographs of silica core particles modified with grafted SPMMA-co-MMA shells according
to Scheme 24. (a) 283 nm silica colloids with 19.445.5 nm thick SPMMA-co-MMA (10% SP content) shells
from batch PC3-25; (b) 927 nm silica colloids with 21.24+2.7 nm thick SPMMA-co-MMA (15% SP content)

shells from batch PC3-144; (b) 927 nm silica colloid with 76.31£4.8 nm thick SPMMA-co-MMA (20% SP
content) shell from batch PC5-153.
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Table 11 The effect of different reaction conditions on SPMMA-co-MMA brush thickness, h. The
polymerization from 284 nm and 927 nm diameter silica colloids were carried out according to Scheme 24.

batch [ init.® [ SP% ° [ solvent® | ligand ° | Tligand] & ] [mono]™ | X | [Cux]® [Y JICuY,]" [ h(m)
effect of SPMMA content _ )

3-25 Br 10 | THF PMDETA 1.6x107 4.2 Br 8.2x10° | = 19.4+55
3-144 Br 15 | THF | PMDETA 7.4x107 35 Br 3.7x107? | — 212+2.7
4-81a Br 20 THF PMDETA 2.7x10% 34 Br 1.5x10 N 262+1.2
effect of adding CuY, inhibitor

4-81a Br 20 THF PMDETA | 2.7x10% 34 Br 1.5x10 N 262+12
4-81b Br 20 THF PMDETA 2.7x10% 34 Br 1.5x10 Br | 4.0x10™ 255+1.2
3-144 Br 15 THF PMDETA 7.4x10% 35 Br 3.7x107 | — 212+2.7
3-145 Br 15 THF PMDETA 7.4x10% 35 Br 3.7x107? Br | 4.9x10™ 226+2.1
effect of adding free initiator, ethyl-2-bromoisobutyrate

4-81a Br 20 THF PMDETA 2.7x107 34 Br 1.5x107? — | — 262+12
4-81¢' | Br 20 THF PMDETA 2.7x107 34 Br 1.5x107? [ 29.4+43
effect of initiator surface coverage _ ]

4-56° | Br 20 | anisole | PMDETA | 1.1x107 2.1 Br 1.1x10” — = 13318
4-277 Br 20 anisole PMDETA 1.1x107 2.2 Br 1.1x10 — | — 16.6+1.7
effect of solvent

4-27 Br 20 | anisole PMDETA 1.1x10% 2.2 Br 1.1x10 = 166+ 1.7
3-79 Br 20 THF PMDETA 2.1x10% 2.6 Br 1.1x10 R 25.8+ 3.0
effect of adding H,O

4-81a Br 20 THF PMDETA | 2.7x10% 34 Br 1.5x10 N 262+12
4-81d* | Br 20 THF PMDETA 2.7x10% 34 Br 1.5x10% — | — 10.8+ 4.6
effect of ligand concentration )

5-137¢ | CI 20 THF PMDETA 7.8x107 3.8 Br 2.1x10 Cl | 6.3x10* 75.8+2.6
5-145a | Cl 20 THF PMDETA 3.2x10° 3.8 Br 2.1x10 Cl | 6.3x10* 795+2.6
effect of different ligands _ ]

5-145a | ClI 20 THF PMDETA 3.2x107 38 Br 2.1x107 Cl | 6.3x10* 795+2.6
5-145b | CI 20 | THF Me,cyclam | 3.2x107 38 Br 2.1x10° Cl | 6.3x10™ 73.8 6.0
5-145¢ | Cl 20 | THF | MesTREN 3.2x107 3.8 Br 2.1x10 Cl | 6.3x10* 327+17
effect of different inititators and halogens in catalytic system

4-98 Br 20 | THF PMDETA | 8.6x10” 3.8 Br 1.6x10” Br | 4.9x10* | 249%26
5-137d | Br 20 | THF | PMDETA 7.8x107 38 cl 2.1x10% Cl | 6.3x10* 342+33
5-137b | CI 20 THF PMDETA 7.8x107 38 cl 2.1x10% Br | 6.3x10™ 50.3+1.7
5-55 cl 20 THF PMDETA 7.8x10% 3.8 Br 2.1x10% Br | 6.3x10™ 55.5+2.3
5-137a | Cl 20 THF PMDETA 7.8x107 3.8 cl 2.1x10% Cl | 6.3x10* 57.8+1.3
5-137¢ | CI 20 THF PMDETA 7.8x10? 3.8 Br 2.1x107? Cl | 6.3x10* 75.8 £ 2.6

A Type of initiator monolayer chemisorbed onto the colloidal silica surface: "Br" stands for (11-(2-bromo-2-methyl)
priopionyloxy)undecyl-trichlorosilane, while "CI" denotes (11-(2-chloro)priopionyloxy)undecyl-trichlorosilane.
B Content of SPMMA in SPMMA-co-MMA polymer brush expressed as molar fraction.

€ Solvent used during the polymerization reaction. THF = tetrahydrofuran, DMF = N,N-dimethylformamide

P Type of ligand utilized. See Scheme 1.7-5 for explanation of PMDETA, Me,cyclam, MesTREN abbreviations.

E Total monomer concentration, [SPMMA] + [MMA] expressed in mol/l.

F Ligand concentration expressed in mol/l.

& CuBr (X = Br) or CuCl (X = Cl) catalyst concentration expressed in mol/I.

H CuBr, (Y = Br) or CuCl, (Y = CI) inhibitor concentration expressed in mol/l.

' Free, initiator, ethyl-2-bromoisobutyrate was added such that [free initiator] = 2.3x10° mol/l.

7 In the case of batch 4-56, the initiator SAM was comprised of 80% decyltrichlorosilane and 20% (11-(2-bromo-2-methyl)
priopionyloxy)undecyl-trichlorosilane, while batch 4-27 contained 100% of the latter.

K Added 3.1x10° mol/l of water to the polymerization solution.
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Although polymer shells with 10%, 15%, 25% and 100% SP content were also prepared, most of
the work was aimed at optimizing the synthesis of SPMMA-co-MMA (20% SP content) brushes. This
was motivated by the work of Irie et al. (), who reported the largest viscosity change for benzene
solutions of SPMMA-co-MMA copolymers characterized by 11-27% SP content. Thus, the biggest
photo-controlled response can be expected of polymer brushes with approx. 19% SPMMA mol fraction.

As can be seen from Table 11 (entries 1-3), increasing the SP content in the brush yielded thicker
layers. There is, however, a practical limit to this approach associated with the limited solubility of
SPMMA. For example, monomer concentration of only 0.98 mol/l was achievable in the case of
SPMMA homopolymer (i.e., 100% SP content) THF solution resulting in coating 10.1 + 1.4 nm thick. It
should be mentioned here that composition of polymer brushes (i.e., SPMMA/MMA ratio) mirrored the
composition of polymerization solutions according to the NMR analysis. The same result was reported
by Park et al. in the case of free SPMMA-co-MMA polymers ().

It is also apparent from the data presented above that addition of CuBr, inhibitor and free initiator
along with a marked increase in the ligand concentration in excess of what is required to complex the Cu
catalyst have marginal effect on the brush thickness. Meanwhile, the change of solvent, complexing
ligand, type of initiator and its coverage, use of different halogen atoms, and addition of water all affect
the polymer coating thickness significantly. Specifically, the addition of polar H,O (entries 15-16 in
Table 9) facilitates the ring-opening isomerization of SP molecules simultaneously stabilizing the MC
form. As a result, larger MC molecules are incorporated less efficiently into the growing polymer chain,
while their more polar nature may lead to undesired termination reactions and a loss of catalytic activity.
Thus, much thinner polymer brushes are obtained in the presence of water. The use of anisole, a slightly
less polar solvent (i.e., €anisole = 4.3 VS. £ = 7.4, Where ¢ stands for dielectric constant) also resulted in
diminished polymer layers (entries 12-13 in Table 11). Similarly, h was reduced upon decreasing initiator
surface coverage (entries 10-11 in Table 11). This is due to a smaller number of active chains, so that
their overall termination occurs sooner. Moreover, almost twofold increase in the polymer layer thickness
was observed when (2-chloro)priopionyloxy type initiator was used instead of the (2-bromo-2-
methyl)priopionyloxy monolayer (see entries 21-26 in Table 11). Such a drastic change can be attributed
to a slower activation of the chlorine based initiator yielding low amounts of the radical intermediates.
With a smaller concentration of activated species (i.e., initiator radicals and active chain ends) the chain
termination reactions are less likely to occur and layer growth proceeds to a larger extent. From Table 11,
it is also clear that for thickest polymer brushes it is best to use a mixed catalyst/inhibitor system,
CuBTr/CuCl, (see entries 21-26), along with PMDETA as the complexing ligand (entries 18-20). In
summary, optimization of reaction conditions allowed for the growth of SPMMA-co-MMA brushes up to
80 nm thick.

The Kinetics of the polymerization reaction are summarized in Figure 10 for the case of SPMMA-
co-MMA (20% SP content) brushes grown from (2-bromo-2-methyl)priopionyloxy type initiator SAM
using CuBr/PMDETA catalyst complex and free initiator (i.e., ethyl-2-bromoisobutyrate) dissolved in
THF. While generally the reactions were performed at 60-65°C (this is true of all the data presented in
Table 11), in this case, the reaction was carried out at 25°C to aid the sampling process. The specific
polymerization conditions are summarized in Figure 10 caption.
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Figure 10 Thickness of SPMMA-co-MMA (20% SP content) brush measured by TEM vs. reaction time. The
polymer layers were grown from 927 nm diameter silica colloids modified with (11-(2-bromo-2-methyl)
priopionyloxy)undecyl-trichlorosilane. Reaction conditions were as follows: [monomer] = 3.8, [CuBr] =
2.3x10% [PMDETA] = 8.6x107, [ethyl-2-bromoisobutyrate] = 2.3x107 (all concentrations expressed in mol/l),
solvent = THF, reaction temp. = 25°C. Vertical error bars in the figure represent standard deviation from 25
measurements on different particles. The dashed line through the data is a fit to the model of Kim et al. (***).

While true ATRP processes yield linear chain elongation rates, the data above corresponds to retarded and
non-linear layer growth indicating the presence of termination reactions. To account for the loss of
growing chains during surface-initiated polymerization Kim et al. employed the following simple model
(244):

% =k, [A] 3)
% =k, [A] @)
h= (kz/kl)ln(l+ kl[A]Ot) ()

where [A] and [A]O represent concentration of active chains in both dormant and radical states at any
given time t and the initial concentration of active initiator functionalities, respectively. In the first
equation it is assumed that the loss of active chains is second order in surface concentration (i.e., chain
termination by recombination) with a rate constant k;. Meanwhile, ATRP process implies a linear layer
thickness growth with respect to the number of active chains, hence Eq. 4. The Eq. 5 follows from
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integration of Eq. 3, substitution of the resultant expression for [A] into Eq. 4 and integrating again. As
can be seen from Figure 10, this model fits data very well with parameters k, /K, = 3.27+0.24, k, [A]0 =

2.21+0.63 and Chi squared statistic equal to 0.379.

Photochromism

UV/Vis spectroscopy was used to characterize photochromic behavior of the silica-polymer composite

particles dispersed in different solvents.
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Figure 11 UV/Vis absorption spectra for 0.035% v/v (0.079% wt/wt) dispersions of 927 nm silica core
particles with 24.9 nm thick SPMMA-co-MMA shells in (a) THF, and (b) toluene following UV irradiation.
For the specific conditions employed in the surface initiated polymerization see entry 21 (i.e., batch 4-98) in
Table 9. While THF suspensions were well dispersed, in toluene the particles aggregated following UV

treatment. A cell with the optical length of 1 cm was used.
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Figure 11 illustrates spectra for 927 nm silica core particles with 24.9 nm thick SPMMA-co-
MMA shells dispersed in THF and toluene. It should be mentioned that while colloids dispersed well in
THF, aggregation was observed in toluene following UV light exposure. Because of this fact, the toluene
data cannot be treated quantitatively to estimate, for example, a concentration of SP chromophores on
particle surface. Nonetheless features such as peak positions and MC to SP conversion kinetics following
the UV treatment (i.e., the rate of peak absorption decrease) can be deduced accurately.

Examination of Figure 11 yields valuable information as to the microenvironment of SP
chromophores in the polymer matrix. Thus, UV irradiation of polymer brushes in THF generated A at
589 nm with a small shoulder at A, = 550 nm, while the half-width of this absorption band was A\, =
100 nm. In the case of toluene solvent, An.x Was blue shifted to 582 nm and a more pronounced shoulder
was observed at Aggr = 545 nm. Moreover, ALy, = 110 nm and a slower MC to SP thermal relaxation
(i.e., rate of absorption fading at Anax) Were recorded in toluene. In both solvents, however, the MC to SP
conversion process was non-linear. Similar results were observed with free polyphosphazene polymers
containing spiropyran units dissolved into THF and THF/toluene mixtures (). The main peak around A =
580-590 nm can be ascribed to the open merocyanines in the trans form about the double bond
(119121122123) \while the shoulder at .. = 540-560 nm is most likely due to the formation of SP-MC dimers
or MC, molecular aggregates (*2**#*1%1). Interestingly, formation of higher order molecular aggregates of
the type (SP-MC), (n > 1) and SP,,-MC, (m + n > 2) associated with the absorption in A = 600-640 nm
range (****#*°1) was not observed here. The fact that upon changing solvents from THF to toluene A
was blue shifted, AL/, increased, and MC — SP thermal relaxation rate decreased indicate that MC
moieties are in a more polar microenvironment when the polymer brush is solvated by the less polar
toluene solvent (*). Albeit counterintuitive, this observation helps to expose the mechanism associated
with light induced conformational changes of the SPMMA-co-MMA copolymers. Particularly,
poly(methyl methacrylate) ester side groups compete with the solvent molecules for solvation of the
photogenerated polar merocyanines (***%). In the case of polar solvents such as THF, the MC moieties
are well stabilized by the solvent molecules and no conformational changes occur. Meanwhile, in non-
polar solvents such as toluene the MC zwitterions are better stabilized by ester side groups of PMMA
chain precipitating a conformational change. This concept is schematically illustrated in Scheme 27.

Scheme 27
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In the past, the photoinduced conformational transformations of SP copolymers have been used to control
volume changes in thin films ("*'®), polymer solubility (*?*2312>126127.128) "and solution viscosity
(119:129.130.13L152.248) " Hera this process has been employed to photocontrol dispersibility of colloidal
particles.
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Conclusions

A comprehensive synthetic investigation aimed at the covalent attachment of azobenzene and
spirobenzopyran chromophores onto colloidal silica surfaces has been performed. Successful formation
of monolayer coatings allowed photo-actuation of surface wettability. However, derivatization of nano-
and micro-particles with such photoactive monolayers did not yield robust, photo-responsive colloidal
systems. In the case of azobenzene, there was no response to the light stimulus, while the responsiveness
of spirobenzopyran modified colloids was erratic and rapidly degraded with successive UV/Vis
irradiation cycles. In an attempt to resolve these issues, azobenzene and spirobenzopyran molecules were
chemically incorporated into polymeric matrices grafted from the colloidal silica surfaces. The polymeric
brushes modified with azobenzene were thin (h < 10 nm), irregular, and very difficult to separate from
physisorbed polymer also formed in polymerization solution. Moreover, the azobenzene-polymer coated
particles were highly aggregated in a variety of solvents used for their dispersion. The spirobenzopyran
homopolymer and copolymer brushes were successfully prepared via an atom transfer radical
polymerization from flat silica surfaces and initiator-modified colloidal particles. Both, the
poly(spirobenzopyran methyl methacrylate) and the spirobenzopyran methyl methacrylate-co-methyl
methacrylate copolymer coatings were homogenous and well cleaned from the residual catalyst or free
polymer by Soxhlet extraction or simple solvent washing. Furthermore, SPMMA and SP-co-MMA
modified colloids exhibited excellent dispersibility in good PMMA polymer solvents such as THF and
anisole. Optimization of ATRP reaction conditions yielded polymer brushes up to 80 nm thick, while the
photochromic behavior of SP molecules was similar to that reported in the case of free polymers.
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Section 3

Photophysical Effects between Spirobenzopyran-Methylmethacrylate
Functionalized Colloidal Particles

Introduction

In the prior section, the synthesis of photo-controlled colloidal particles was detailed. The system
providing the best ease of use and study was the 20% spirobenzopyran methyl methacrylate — 80%
methylmethacrylate (SPMMA-co-MMA, 20% SP) copolymer system, with polymers grown by an atom
transfer radical polymerization process (ATRP) on silica particles functionalized with grafted initiators.
These particles in toluene show reversible states of colloidal stability. This section provides the
observations taken to characterize the resulting photo-physical phenomena between the colloids in the
two photo-controlled molecular states. These studies include visual observations, sedimentation studies
performed using turbidity measurements as a function of time, and observation of rheological response
during switching through viscosity changes in a concentrated suspension of particles.

Experimental

Silica colloids were derivatized with spiropyran doped polymer layers of MMA according to the
procedures described in Section 2. Both 284 nm and 927 nm particles were derivatized in this way. Visual
observations of aggregation were taken using a laboratory UV lamp source, in the long wave mode.
Particle suspensions were manually agitated and dried on glass substrates for scanning electron
microscopy examination of the particle structure before and after exposure to UV light sources.

Sedimentation was followed using a Hach turbidimeter as a function of time. Parameters varied in
the test included solvent (toluene, benzene and o0-xylene) and exposure to UV light.

Viscosity measurements were performed using a Thermo Haake RS300 rheometer, and a custom
stage designed to allow for exposure of the bottom plate to optically controlled wavelengths of light.
Specifically, the parallel spindle and plate components (plate diameter = 35 mm and a gap width of 0.02
mm) were used for the measurements. The lower plate was a fused silica plate mounted to a stage over a
45 degree optical mirror. The mirror was used to direct light from a 200 W Hg lamp (Oriel) with
appropriately chosen filters (i.e., A = 365+10 nm bandpass filter for the UV irradiation and A > 475 nm
cutoff filter for the visible light exposure) to control the exposure wavelengths. The flat plate spindle was
used because it was found that the sample of particles in toluene were not homogeneously switched using
a 1° cone (with a gap spacing of 0.052 mm). The flat plate was tested at numerous gap spacings from 52
to 20 microns in order to insure that the particles were not attenuating the light over the sample length.
This was observed visually after separation of the plates. Drying was a particular problem in the toluene
system. Various configurations of bonding a teflon solvent trap were attempted until a measurement was
achieved in which viscosity was unchanged with time.

Results and Discussion

Photocontrol of colloidal stability

Light driven conformational and polarity changes in SPMMA-co-MMA copolymer brushes
grafted onto silica core particles have been utilized to influence the aggregation and sedimentation
behavior of colloids dispersed in non-polar solvents. Figure 12 illustrates such phase transition following
UV irradiation of 927 nm silica core particles modified with 24.9 nm thick SPMMA-co-MMA shells
dispersed in toluene. Complementary SEM pictures of the dried particles treated with visible and UV
light are shown in Figure 13.
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Figure 12 Aggregation/sedimentation behavior of 927 nm silica core particles modified with 24.9 nm thick
SPMMA-co-MMA (20% SP content) shells and dispersed in toluene. For the specific conditions employed in
the surface initiated polymerization see entry 21 in Table 11. The vial on the left has been irradiated with
visible light (> 450 nm) for 10 min. prior to the measurement. Similarly, the vial on the right has been treated
with UV light (365 nm) for the same amount of time. Both vials have been mixed for 10-15 sec. and
sedimentation time was measured following this treatment.

Figure 13 SEM micrographs of 284 nm silica core particles modified with 26.2 nm thick SPMMA-co-MMA
(20% SP content) shells after dispersion in toluene and (a) visible light irradiation, or (b) UV light exposure.
For the specific conditions employed in the surface initiated polymerization see entry 8 in Table 11, while for
the treatment of toluene dispersions see Figure 12 caption. The samples were withdrawn 5 min. after light
irradiation and immediately dried on graphite support. Inserts in the figures show close-ups of the dried
films.

As can be seen from Figure 12, colloidal particles modified with SPMMA-co-MMA brushes and
dispersed in toluene aggregate and sediment following UV light exposure. Stable dispersions were
recovered following irradiation with visible light (A > 450 nm) and short sonication (< 1 min), although
vigorous shaking was sufficient at times. Instead of visible light treatment, heating a sample (15-30 min.
at 60°C) or leaving it in darkness for more than 3 hours followed by gentle sonication or vigorous shaking
also produced stable suspensions. This photocontrolled aggregation behavior was observed in benzene
and o-xylene as well. The particles flocculated slower and to a lesser degree in benzene, while o-xylene
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dispersions were unstable even before the UV light treatment. In this both cases, however, a notable
enhancement of sedimentation rate was recorded.

The SEM photomicrographs in Figure 13 show obvious differences in the dried particle structure.
In the colloidally stable case (no UV exposure), the particles have sedimented into monolayers in which a
low degree of hexagonal close packing can be seen, with a significant number of flaws, and higher layers
do not appear structured. Some studies of opal formation show that a drying front moving across a
substrate can sweep particles into ordered networks, and this phenomenon may be causing the modest
hexagonal packing visible in these SEM pictures. In contrast, particles exposed to UV light have a
distribution of low agglomerate number particles or singlets, and large, unstructured particle aggregates.
The large aggregates will undoubtedly sediment rapidly as visually observed, but it is also clear that the
singlets were present in solution and were not incorporated into the aggregates. This suggests that the
mechanism of particle aggregation may be more complex than a simple non-wetting condition in the
photo-modulated co-polymer layer.

The most likely explaination for the UV induced flocculation is a significant polarity increase of
the colloidal particle surfaces in contact with the border-line solvent. Specifically, decrease of the
polymer-solvent interactions by generation of polar pendant groups markedly reduced the solubility of
polymer brushes in non-polar medium causing the observed aggregation (). It should be mentioned that
while MC-SP and MC-MC molecular coupling reactions accompany SP to MC isomerization (Section 2),
it is unlikely that these very weak associations could bring about the phase transition. The presence of the
singlet particles in the UV switched samples may relate to the kinetics of aggregation and diffusion of
particles to growing nuclei. As the singlets appear stable, there may be either a kinetic window for
aggregation between particles (as SP units are photo-switched), or the particles may adhere to the
substrate and are therefore not pulled into the aggregates during sample preparation. Additional studies of
sedimentation structure are presented in Section 4.

Sedimentation of particles in solvent series and in each photo-switched state

A series of sedimentation experiments was conducted to examine the role of the solvent polarity
in controlling the transition from a colloidally stable to unstable state based on photo-switching of the
spirobenzopyran moieties. In addition to toluene, the particles were dispersed into p-xylene, o-xylene,
cyclohexane, benzene, anisole and THF. Rapid flocculation was observed in p-xylene and cyclohexane
under both visible and UV light. On the contrary, anisole suspensions remained stable regardless of the
treatment. In THF, toluene, benzene and o-xylene, UV irradiation enhanced colloidal aggregation and
sedimentation rates. This behavior is illustrated in Figure 14 with the absorbance of 0.5% v/v colloidal
dispersions plotted against time. The 927 nm silica core particles with 24.9 nm thick SPMMA-co-MMA
(20% SP content) copolymer shells were used in these experiments. Prior to each measurement,
dispersions were sonicated for 2 min and then additionally mixed by hand for 2 min following 15 min
exposure to UV or visible light. The absorbance was recorded at a distance of 32 mm from the bottom of
a 75 mm tall cylindrical cell (cell volume = 30 ml) using a Hach 2100AN turbidimeter equipped with a A
> 740 nm optical cutoff filter. The beam diameter was 6 mm. Samples were carefully removed from and
replaced into the cell compartment every 15-20 min to be treated with UV or visible irradiation for a
period of 1 min. Special care was taken to conduct all measurements in the same fashion. As can be seen
from the Figure 14, a modest sedimentation rate enhancement was observed in the case of THF and o-
xylene dispersions (i.e., sedimentation was ~1.1x faster in THF and ~6x faster in o-xylene). However,
while the particles remained well stabilized in more polar THF, they were strongly aggregated in non-
polar o-xylene. The strongest photo-activated flocculation response was recorded in toluene and benzene,
although sedimentation rate post UV exposure increased more in the former case (i.e., sedimentation was
~16x faster in benzene and ~335x faster in 0-xylene). This data reinforces the explanation given in the
previous section that the UV induced flocculation is caused by a significant polarity increase of the
colloidal particle surfaces in contact with the border-line solvent.
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Figure 14 Sedimentation behavior of 927 nm silica core particles modified with 24.9 nm thick SPMMA-co-
MMA (20% SP content) shells and dispersed in (a) THF, (b) benzene, (c) toluene, and (d) o-xylene. Prior to
each measurement, 0.5% v/v dispersions were sonicated for 2 min and then additionally mixed by hand for 2
min following 15 min exposure to UV or visible light. The absorbance was recorded at a distance of 32 mm
from the bottom of a 75 mm tall cylindrical cell (cell volume = 30 ml) using a Hatch 2100AN turbidimeter
equipped with a A > 740 nm optical cutoff filter. The beam diameter was 6mm. Samples were carefully
removed from and replaced into the cell compartment every 15-20 min to be treated with UV or visible
irradiation for a period of 1 min.

Photocontrolled rheological behavior

The modification of particle-particle interactions in concentrated dispersion can dramatically alter its
rheological properties. Here, the reversible photocontrol of particle attractions (i.e., attractive interactions
are ‘turned on’ upon UV light exposure and ‘turned off” following visible light irradiation, or thermal
relaxation) translates into a reversible viscosity change of the colloids modified with SP-co-MMA
polymer brushes and dispersed into non-polar medium. Figure 14 illustrates such a control for 927 nm
core silica particles with 24.9 nm thick SP-co-MMA (20% SP content) shells dispersed in toluene at a
concentration of approx. 30% v/v. The experimental details are given in the figure caption.
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Figure 15 Photocontrol of suspension viscosity for 927 nm silica core particles modified with 24.9 nm thick
SPMMA-co-MMA (20% SP content) shells dispersed in toluene at #30% v/v. For the specific conditions
employed in the surface initiated polymerization see entry 21 in Table 11. The viscosity vs. time measurement
was performed on a RheoStress 300 instrument (Thermo Haake) with a parallel plate geometry (plate
diameter = 35 mm) and a gap width of 0.02 mm. The applied shear rate was y = 1200 s, The UV and visible
light irradiation of the sample were carried out through the bottom, immaobile plate using a custom-made
attachment also equipped with a solvent trap. A 200 W Hg lamp (Oriel) was utilized for sample irradiation

with appropriately chosen filters (i.e., A = 36510 nm bandpass filter for the UV irradiation and A > 475 nm
cutoff filter for the visible light exposure).

In this case, the suspension viscosity () could be reversibly modulated by approx. 50% (i.e., on
average the viscosity increased from 0.011 Pa*s to 0.017 Pa*s upon the UV treatment) through successive
sample irradiation with UV and visible light. As can be seen from the figure, the first cycle of UV/Vis
treatment yields slightly larger viscosity change than later cycles. This was true of most samples
investigated and might indicate that the initial network structure formed under equilibrium conditions
differs from the one formed during shearing and visible light exposure. In the following 3-6 cycles, the
observed viscosity changes (An) were approximately constant and n typically returned to its baseline
value. At longer times, however, sample fatigue became apparent with n steadily increasing after each
successive UV/Vis cycle. This could be attributed to drying effects, particle sedimentation or formation
of strongly bound aggregates, which could not be broken at the employed shear rates. Moreover, it was
found that cycling time could be reduced significantly by using a stronger light source (e.g., 500 W
Xe(Hg) lamp), reducing the plate-plate gap width, or decreasing particle concentration in the suspension.
These observations suggest that the rate controlling step for viscosity modulation in the present system is
the penetration of light through opague colloidal dispersion.

The reversible viscosity changes observed here differ mechanistically from the
analogous phenomenon reported for the SP-co-MMA copolymer solutions (*19123:130131132.248y |y the
former case, the particle-particle attractions drive the colloidal phase transition and ultimately cause the
viscosity to increase upon UV irradiation. In the case of polymer solutions, the viscosity is reduced
following UV treatment due to the polymer chain conformational change (i.e., shrinkage).
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Conclusions

A silica colloidal system demonstrates reversible photo-controlled agglomeration in toluene,
through the grafting of spirobenzopyran methylmethacrylate polymer layers. The photo-induced
aggregation is reversible, with the requirement of agitation to redisperse the colloids after aggregation. A
large number of cycles can be used with reproducable results in this system. The system demonstrates
interesting agglomeration behavior with high sensitivity to solvent polarity. Particle systems have photo-
sensitive rheological responses, which are limited by the opacity and optical attenuation of the particle
system. The rheological response of the suspension is related to the aggregation events between colloidal
particles, and is opposite to the response of a polymeric solution. The material system presented here
shows photo-physical effects with the potential to provide remote patterning of particles, directed
deposition of particles in micro-fluidic networks, and the development of non-close packed particle
architectures (leading to unique optical phenomena).
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Section 4

Aggregation and Structure of Photo-Controlled Colloidal Particles

Abstract

Silica particles were derivatized using atom transfer radical polymerization to synthesize surface
layers of poly(methyl methacrylate containing 20% spirobenzopyran). The aggregation and sedimentation
behavior of the polymer-modified silica particles in toluene were studied using confocal microscopy.
Additional studies were performed with these particles in a flow cell configuration. The behavior of the
particles under visible light and after exposure to UV light was examined. The UV stimulation causes the
particles to aggregate in toluene, and the structure of the sedimented layers of the aggregates was
characterized. Patterning of a sedimented layer was possible using sequential exposures of UV and visible
light. Reversible aggregation and dispersion was not observed. The UV exposed particles require the
input of additional energy to become disperse, and reversible “melting” of an aggregate was not possible
in this system. Preferential adhesion was observed between patterned vs. unexposed substrate areas in the
flow cell configuration with a specificity factor up to 10.8.

Introduction

Self-assembled colloidal systems are of commercial interest for the potential fabrication of low
cost photonic lattices. Photonic crystals possess the ability to forbid photon transport for certain bands of
frequencies regardless of polarization and propagation direction. This, in turn, leads to the potential for a
complete photonic band gap. Due to this property, photonic crystals are desired for many applications.
For example, silicon is being used as the dielectric material in the optical-communications industry.

More specifically, these crystals are being used to transfer information faster and more efficiently through
optic fibers at different optical wavelengths, a method known as dense wavelength division multiplexing
(DWDM). Photonic crystals are also being used to make narrow-line width lasers that are also used in
optical-communication devices.

There are two primary classes of colloidal structures which that are ordered in nature, and they
are distinguished by their formation mechanism. The first class is termed a colloidal crystal array (CCA),
and is formed from particles having strong electrostatic repulsion in extensively deionized water®’. These
particles assume an ordered structure separated by relatively large interparticle separations, and the
structure is fixed by the reaction of an organic monomer to form a gel (example: polyacrylamide). These
materials can be deformed using mechanical stress and have shown control over the bandgap wavelength
based on the deformation*. The second class is termed a photonic lattice (PL) and is formed by a dilute
suspension of monodisperse colloids which crystallize during the concentration of the particles. The
modes of concentrating particles include sedimentation, centrifugation, electrostatics, capillary action at a
drying interface, and forced filtration. Ultrasonic vibration is also employed to assist the crystallization
process in some cases. In either route, the primary obstacle to formation of high quality materials is the
uncontrolled presence of defects. These defects affect the photonic structure, and control over the
placement, quantity, and orientation of defects is a significant achievement in formation of device quality
photonic materials. Methods to control the formation of colloidal crystal arrays require a transition in the
volume fraction of particles within a kinetic processing window. Rapid coagulation/concentration of
particles leads to an amorphous structure, and extremely slow coagulation promotes multiple crystal
nucleation events and a high defect density.

In this study, particles have been derivatized with polymers containing photo-switchable organic
moieties which create a large change in dipole moment. Exposure to UV light causes the particles to
aggregate rapidly in toluene and sediment quickly. These particles are monodisperse and have the
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potential to form ordered structures. By study of the aggregation of these particles and their sedimentation
structure, the potential for formation of photonic lattices which can undergo the formation of controlled
defects or removal of these imperfections via “zone refining” can be tested.

Background

This section is being included to provide an understanding of the formation of ordered colloidal
networks that produce an optical response. Colloidal crystals are used to achieve either two or three-
dimensional lattices out of a variety of materials, which is attractive to researchers. There are three main
types of particles that are found in colloidal crystals: organic particles (i.e. polystyrene latex
microspheres, emulsion droplets), inorganics (i.e. TiO,, SiO,, metals), and biomolecules (i.e. proteins,
protein-lipid complexes, DNA). Different particles are used depending on the application of the colloidal
and photonic crystal. An important property for successful crystallization is monodispersity of the
colloids. Their size distribution must vary by less than 5%, and the particles must be spherical and stable
to aggregation at close approach. Colloidal crystal systems also assume nearly the most
thermodynamically stable form possible; the FCC lattice. However, stacking faults are a common
problem that can lead to random close packed structures or hexagonally close packed structures. There are
very few examples of other crystal structures that have been formed, but using separate populations of
particle sizes allows for the AB, and ABg3 structures to be formed.

The crystallization process is thermodynamic in nature, and in these particle systems it is
dominated by entropy. Phase diagrams for particle systems have been calculated based on the interaction
between two spheres, such as a hard sphere system (no interaction beyond hard wall repulsion) and short
range attraction (van der Waals association). In hard sphere systems, particle interactions are similar to
phases of materials. Below 0.494 volume fraction, the system behavior is gas-like, at 0.545 volume
fraction there is a solid transition, and the glass transition occurs at 0.58 to 0.60 volume fraction®?®. In the
regime between the gas and solid states, there is a region of two phase coexistence. Rapid increase in
volume fraction of particles leads to the glassy phase. In systems with short-range attraction, the glass
transition is always near the fluid-two phase boundary and slightly above it>*°. For short range attraction,
the crystal region can produce a “repulsive” crystal (where separation distance is larger than the
attraction), and an “attractive” crystal (in the attractive well), as well as glass phase. In order to form
crystals, the system must operate within the 2-phase low-density fluid-crystal coexistence regime, but
below the glass curve (i.e. lower particle concentration). By nucleating to the left of the glass curve, it is
possible to enter the crystalline region non-adiabatically and avoid glass formation. It is necessary to
exclude the 2-phase region, as the formed crystals will not be of high quality. This leaves only the region
to the right of the glass curve, to the bottom by phase separation, and to the top by the gas-side of the gas-
crystal phase-coexistence as the likely region for forming good crystals. This suggests that for a fixed
short range of interaction, there is a “practical crystallization region” in the temperature-density plane,
and there is a limited regime of interaction ranges where the slot is accessible experimentally. This is
given as regime | in Figure 6 of reference 161. The exact range of the attraction is relative to the particle
diameter, and the parameter given (b=30) does not seem to be directly explained, but it is short-ranged.
The screening parameter relates to an exponential function (-b), and is in units of reciprocal of the hard-
core diameter.

For the behavior of the crystallizing system, the ratio of the attractive to the repulsive range is
described as the important parameter®®*. For a large ratio, typical behavior of a van der Waals fluid is
obtained. When the range of the attraction narrows, the glass transition at 0.48 becomes temperature
dependent and moves to lower density. A separate and distinct glass driven by short range attraction is
formed and can exist in metastable equilibrium with the repulsive glass. Particles in the short-range
attractive fluid benefit only while they are in each other’s attractive well.

The process of nucleating a (single) crystal region and growing an ordered colloidal film is a
difficult process based on kinetic constraints of controlling the phase space of increasing particle
concentration. Operationally, there are additional concerns with surface defects, solvent-substrate wetting,
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evaporation rates, and the kinetics of nucleation and growth. Observation of the nucleation and growth of
colloidal crystals on substrates have been performed using confocal microscopy??. Laser scanning
confocal microscopy used to observe direct imaging of nucleation and growth of crystalline regions.
Nuclei were rough surfaced and the same structure as the solid phase. The surface tension of the critical
nuclei was determined to be y ~0.027kgT/a and agrees with density functional theory and hard sphere
systems. The nucleus was modeled as an ellipsoid rather than as a sphere. Nucleation is favored near a
wall due to attractive interactions between the spheres and the wall and image charges in the surface®®,
This helps explain the formation of higher particle concentrations near the wall and 2D hexagonal layers
before 3D crystals are formed.

Routes for forming colloidal crystal arrays and examples

There are several approaches for creating a slowly increasing concentration of particles so that
crystallization will nucleate and grow to form a near single crystal photonic lattice. The longest known
process utilizes sedimentation of a dilute particle suspension to concentrate the particles. The process can
take extremely long times (months) depending on the particle size and density mismatch with the solvent.
Weak centrifugation can be employed in some cases, but the films are generally not well controlled, and
can be polycrystalline. There is another example using electrophoresis with conductive substrates, and it
requires particles with significant electrostatic charge®*. Nanoparticles are claimed to be infiltrated using
the same procedure. A patterned conductive electrode under UV light creates a current and field gradient
and sweeps particles into exposed areas?*>. Domain sizes are 10-20 microns in this method, which
prevents long range application.

A more common technique in evaluation uses convective evaporation to initiate and grow
colloidal photonic lattices®°?*"%%2° A particle suspension is allowed to evaporate with a highly wetting
slide vertically immersed in the suspension. As the evaporation rate is more rapid in the thin meniscus,
convection currents provide a flux of particles into the rapid evaporation zone. These particles can
crystallize due to the capillary forces in partially immersed spheres and create films based on the
evaporation rate and the particle concentration. The time for evaporation must be slow, causing the
process to take several days. Particle stability is again a critical factor, as adhered particles behind the
drying front lead to poor meniscus properties and optical flaws257. A method using horizontal samples
and applied ultrasonic power to increase uniformity has also been demonstrated, but has not found
widespread use due to problems with wetting behavior®®.

Another popular technique utilizes forced filtration?®", in which the substrate and cover plates are
separated by a spacer membrane, and microchannels are etched in the spacer to allow for solvent to be
filtered but trapping the particles. Application of ultrasonic vibration is also used to promote
crystallization. It is relatively fast, has good control over the number of layers, and works for numerous
aqueous suspensions. Similar approaches utilize microchannels and either electrocapillarity or
evaporative convection of the solvent to order particles in the microchannels???%%. These methods have
the advantage that the width of the channel can assist in forming a more perfect array of particles, and
thereby improve optical characteristics.

A route that is less investigated applies the phase transition of polymers to the control over
volume fraction of the particle phase?®*. This approach is similar to that of electrostatically stabilized
colloids, in that the particles are not in direct contact. In this case, poly(N-isopropyl acrylamide)
microgels are used to act as surface responsive polymers based on thermal transitions in conformation and
effective size. The polymeric phase acts to slow crystallization growth kinetics for the electrostatically
stabilized silica spheres.

As discussed, crystalline perfection is critical to evaluate for optical properties. Image analysis
can be applied to calculate scattering functions and perfection for these lattices, but may be time
consuming®®. A significant requirement for forming devices using colloidal photonic lattices is
incorporation of high index of refraction materials such as nanoparticle titania or active materials like
organic dyes. There are examples of forming photonic lattices using mixtures of templating particles and
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nanoparticles?®®?’. Crystallization is very slow, and defects such as grain boundaries are more prevalent.
Active materials containing polymeric dye modified polymers have been evaluated in photonic lattice
systems. The photonic structure has proven capable of creating a strong emission directionality preference
in transmission, and may prove applicable to LED applications. Overlap of the dye emission band and the
stop band of the PL affects the emission as (1) PL intensity is suppressed at the stop band (2) the PL
spectrum acquires an angular anisotropy in agreement with angular dispersion of the stop band of the PL
(3) the emission excited through the back surface has a frequency-dependant directionality resulting from
interference conditions for radiation at different frequencies (4) the ASE band appears at the stop band
edge, likely from electronic and photonic interplay of stop-band structures.

All these routes contain a common purpose of increasing particle concentration is a controlled
manner to nucleate a crystalline region followed by growth processes. As the initial materials are
constrained by requirements of sphericity, monodispersity in size, and colloidal stability, they are
typically used as templates for the infiltration of high index of refraction materials in the form of
nanoparticles, sol-gel precursors, or electrodeposited materials. If the materials have active photonic
properties such as fluoroescence, the photonic lattice does affect optical properties through optical
interferrence behavior. Of all the routes applied to control of these properties, none are externally directed
and allow for real-time control or patterning. The development of such a system will provide a significant
advance to the technology for forming colloidal photonic lattices.

Experimental

Synthesis of polymerically derivatized photo-sensitive particles has been detailed previously. In
these studies, silica particles of 284 nm and 927 nm diameters have been derivatized with poly(methyl
methacrylate) polymer containing 20 mol % spirobenzopyran units. The polymer layers were grown using
ATRP synthesis, and the details have been given previously. The layer thicknesses of the polymer coating
are 5% of the radius for the 1 micron particles, and 21.4% of the radius for the 284 nm particles. These
particles have demonstrated reversible aggregation in toluene after successive UV/visible light treatment.

Sedimentation of the particles was studied using confocal microscopy at UIUC. It should be
noted here that due to the very weak fluorescence signal of the SP/MMA particles, the confocal
microscopy imaging was performed in reflectance mode. Therefore, the number of particle layers that
could be imaged reliably was limited to approximately 10-15 for the 927 nm colloids. Moreover,
extracting quantitative information such as particle center of mass from the obtained images was not
possible due to strong scattering signal from the neighboring particle layers. Finally, 284 nm particles
could not be resolved adequately and most of the experiments were carried out with larger, 927 nm
spheres. Tests were performed using these particles without UV exposure and following UV exposure.

Routes for forming colloidal crystal arrays were attempted in non-agueous solvents, including
tetrahydrofuran (THF), toluene, and anisole. The sedimentation, forced filtration, and dip coating routes
were attempted. Prior to forced filtration cell assembly, the Mylar spacers (12 micron thick) were dipped
in 0.01 vol.% THF dispersion of 927 nm or 284 nm SP/MMA modified colloids. The cells were
assembled with the Mylar spacer still wet from the coating suspension. Similar results were obtained,
however, when the spacers were coated with other silica particles (as long as these were smaller than the
particles being crystallized) or not coated at all. After assembly, solvent was pushed though each cell
edge sequentially until all of the trapped air bubbles were washed away. Dispersions introduced into the
cells after this procedure were typically 0.25 vol.% (in this case, the tube holding colloids needs to be at
least 6 cm in height and 0.5 cm diameter in order to supply enough particles to fill the cell completely),
although 1 vol.% dispersions gave similar results. While 1 micron colloids filled the cell completely in
approx. 1 day, the 284 nm particles clogged the cell after approx. the same time preventing its complete
filling.
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Patterning was examined using the confocal microscope and a UV beam on polymer coated
surfaces and particle sediments. Particle adsorption during sedimentation was studied on these patterned
surfaces.

Results

Xia Cell Experiments, Particle Monolayers and Sediment Structure

Attempts to create crystals out of SP/MMA coated silica particles suspended in tetrahydrofuran
(THF), toluene or anisole were mostly unsuccessful. Both sedimentation and Xia cell methods yielded
random-closed packed structures with either 284 nm or 927 nm diameter particles. Representative
confocal microscopy pictures of the formed structures are shown in Figures 16 and 17.

: : oSS L S LAl "’
Figure 16 2" layer in the sediment formed by 927 Figure 17 cross-section through Xia cell made
nm SP/MMA particles. with 284 SP/MMA particles.

Only in one case (out of 20 attempts), did forced filtration yield opalescent regions within a cell formed
from 1 micron colloids. Because a thick microscope glass slide was used for a substrate, however,
analysis using confocal microscopy was not possible.

Dip coating of clean glass slides and octadecyltrichlorosilane (OTS) treated slides from SP/MMA
particulate suspensions yielded sub-monolayer crystalline domains as shown in Figure 18. Obtaining an
ordered area with at least 2-3 layers colloids was very difficult when using THF, toluene, or anisole as
solvents.

Structure of sediment from 927 nm SP/MMA particle suspension in toluene was examined before
and after UV irradiation. It was found that without UV treatment, sediments were dense and random
close-packed. Upon UV irradiation, however, the sediments were comprised of loosely packed
aggregates. Series of images in Figure 18 show cross-sections at various sediment heights (z) after 1 hour
sedimentation time for 0.3 vol.% suspension with (right column) and without (left column) UV treatment.
Figure 20 illustrates the reconstructed 3-D sediment structure (top images) as well as cross-section in the
x-z plane (bottom images) for the data shown in Figure 18.
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Figure 18 OTS treated glass slide after dip coating from suspension of 927 nm SP/MMA particles in THF at a
concentration of 1 vol. %. The picture on the right is a higher magnification of the picture on the left.
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Figure 19 Cross-sections of sediment at various heights (z) for 0.3 vol.% suspension of 927 nm SP/MMA
colloids in toluene after 1 hour sedimentation time. Left column - sample not exposed to UV irradiation.
Right column — sample after 5 min UV irradiation.
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Figure 20 Reconstruction of 3-D sediment structure (top images) and x-z cross sections (bottom images) for
0.3 vol.% suspension of 927 nm SP/MMA colloids in toluene after 1 hour sedimentation time. Left column -
sample not exposed to UV irradiation. Right column —sample after 5 min UV irradiation.
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Pattern creation with UV beam in the SP/MMA particle structures

Due to the high two-photon cross-section of the spyrobenzopyran (SP) molecule, it was possible
to direct switching of these molecules to and from the merocyanine (ME) form by using UV (A = 353 nm)
and visible (A = 540 nm) irradiation. In this way, 3-D patterns of SP or ME species could be written into
the SP/MMA structures. Series of images below shows a cross-section through a Xia cell made with 284
nm SP/MMA particles before UV irradiation (Figure 21a), after writing a box with UV beam (Figure 21b)
and finally, after writing another, smaller box with visible light (Figure 21c¢). The observed contrast in the
image between UV irradiated and untreated/visible irradiated regions comes from the difference in
refractive index between the SP and ME forms.

Figure 211 Cross-section through a Xia cell made with 284 nm SP/MMA particles (a) before UV irradiation,

(b) after writing a box with UV beam and (c) after writing another, smaller box with visible light. The sample
was immersed in toluene.
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Similarly, Figure 22 below illustrates the same effect for 927 nm SP/MMA particles dip coated onto an
OTS treated glass substrate.

a b
Figure 222 OTS treated glass slide after dip coating from suspension of 927 nm SP/MMA particles in THF at
a concentration of 1 vol. %. (a) before UV irradiation, and (b) after writing a smaller box with UV beam.
The sample was immersed in toluene.

In summary, it was possible to locally carry out the switching from SP to ME forms and vice
versa by using a laser beam at A = 353 nm and A = 540 nm. However, the expected changes in structure
upon switching were not observed. In other words, while SP/MMA polymer layers are expected to shrink
when exposed to UV irradiation and expand upon treatment with visible light, no evidence of this effect
was found here. This could be due to the rather small polymer coating on the 927 nm colloids (i.e.,
coating thickness = 5% of particle radius). In the case of smaller, 284 nm colloids, although the coating
thickness relative to the particle size was greater (i.e., coating thickness = 21.4% of particle radius), the
resolution limit of the microscope prevented quantitative analysis.

Colloid Adsorption Experiments

Sedimentation of SP/MMA colloids from toluene onto SP/MMA coated surface was performed to
determine whether particles adhere preferentially to non-exposed or UV exposed regions. As shown in
the Figure 23 below, colloids appear to stick to the surface not exposed to the UV irradiation quite
readily. Instead of diffusing over the surface for long periods of time, the particles appear to stick
irreversibly only after short diffusion. In this particular case, a 927 nm SP/MMA colloid stuck to the
surface after approximately 12 seconds.

In the case of UV irradiated surfaces the time frame for particle diffusion and adsorption was
found to be slightly shorter. Figure 24 shows a diffusion and capture event for the same sample as in
Figure 23, but after 5 minute UV irradiation.
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Figure 23 Sedimentation of 927 nm SP/MMA colloids from toluene onto SP/MMA treated surface. This time
series data shows a colloid undergoing Brownian diffusion along a surface for approximately 12 seconds
before irreversibly adsorbing.
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Figure 24 Sedimentation of 927 nm SP/MMA colloids from toluene onto SP/MMA treated surface after UV
irradiation. This time series data shows a colloid undergoing Brownian diffusion along a surface for
approximately 6 seconds before irreversibly adsorbing.

In order to further characterize the attraction between switched photo-chromic substrates and
photo-chromic particles, adhesion tests were performed using an enclosed cell within the confocal
microscope. The 927 nm particle suspensions were sonicated in toluene prior to deposition into the cell.
Particle concentrations were varied during the test in order to monitor adhesion events in a timely manner.
The substrate was cleaned and loaded into the cell, then rinsed with pure toluene. Patterns were written
using the UV laser source. The initial particle concentration injected into the cell was 0.01 vol% (time, t
=0). As few adhesion events were observed, a suspension at 0.03% was added at t =300 s. This solution
was found to have some aggregates, attributed to poor dispersion. A suspension of 0.1% was then added
at approx. t = 720 s, and a significantly larger number of sedimenting colloidal particles was observed. At
the end of experiment (t = 1100 s) the surface was washed with pure toluene to remove the unadhered
particles. Three more washes were performed to remove all of the free colloids still in the cell.

Figure 25 shows the particle adsorption onto UV exposed and unexposed regions determined
from the acquired confocal images. The data is plotted as a ratio of the area covered by adsorbed colloids
to the total available area of the exposed and unexposed regions vs. time. As can be seen from the figure,
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flocculated particle clusters adsorb almost exclusively onto the UV exposed area (i.e., t =300-720 s
period). However, even individual colloids are significantly more likely to absorb onto the UV exposed
area (i.e., t =720 — 1100 s). The increase in number of particles registered with the confocal microscope
is obviously dependant on the experiment duration (i.e., particle fraction). However, the strongly adhering
particles are still retained after extensive rinsing performed at the conclusion of the experiment. In order
to better visualize the kinetics of particle association into the exposed and unexposed regions, the ratio of
adsorbed particles in the exposed to unexposed regions is shown in Figure 26. Specifically, the
selectivity factor defined as the ratio: (area of colloidal particles adsorbed onto the UV exposed region
normalized by the total available area in the exposed region)/(area of colloidal particles adsorbed onto the
unexposed region normalized by the total available area of the unexposed region) is plotted against time.
As can be seen, the addition of the 0.1 vol% suspension began causing particle adhesion over much of the
substrate, including the unexposed region. Following the rinsing procedure that left only the most
strongly adsorbed particles on the surface, the selectivity ratio was calculated to be 3.1. This data
suggests that SP/MMA modified colloids are 3.1 times as likely to adsorb onto the UV exposed surfaces
during a typical sedimentation experiment.

0.6
® area exposed region o °
® area unexposed region ‘..0 LIPS
0.5 + ® °
Q .,‘
o °
© o
‘= ad
© i started
z O frsng o o
8 [}
i 0150 iy Ky
~ 3 4 suspension
8 - after
E * finsing.
n Q o o
'% 0.2 1 [ ] .. o
@© o® -... °
o ..n“d. o° o®
@ o * .o'. e o
0.1 .uuuo. .o"'.
S ad g
o000
00000 .0"'
° coe®®
0.0 - $888sceey. : . . .
400 600 800 1000 1200
time (s)

Figure 235 Comparison of particle adsorption on exposed vs. unexposed photo-controlled films in the
sedimentation cell configuration. y-axis: area of stuck particles in exposed region/total area of exposed region
or area of stuck particles in unexposed region/total area of unexposed region.

75



60 ®
°
)
50 + e
)

« 40 A+
=] esssese
% [}
< o o
E 30 Py suspension
o esee
Q@
3

R - -, e e

the cell
°
10 ~ o °
® .
osee M
oo © o
O T T T T T
400 600 800 1000 1200
time (s)

Figure 246 Preferential adsorption of particles onto the UV exposed areas in the sedimentation cell
configuration. The data represent the ratio: (area of colloidal particles adsorbed onto the UV exposed region
normalized by the total available area in the exposed region)/(area of colloidal particles adsorbed onto the
unexposed region normalized by the total available area of the unexposed region). This ratio defines the

selectivity factor.
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Figure 27 Confocal image of SP/MMA modified surface after colloid deposition and extensive toluene rinsing
in a sedimentation cell. Marked rectangles in the figure denote areas exposed to UV radiation.

It should be mentioned that when a flow cell geometry was employed for similar adsorption
experiment, the selectivity ratio was found to be 10.8. This enhancement was most likely caused by a
better removal of unattached, diffusing colloids from the unexposed regions during the pulsed flow
through the flow cell. Figure 28 shows the adhered particles after the extensive rinsing, along with
adjacent areas of unexposed substrate. Statistics of adhesion for this flow cell experiment are compared in
Table 12.
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Figure 28 Confocal image of preferential adsorption in exposed areas. Boxes are given to indicate the
comparison with unexposed areas and statistics of particle adsorption.
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Table 12 Statistics of particle adsorption on exposed vs. unexposed surfaces for the flow cell experiment. The
selectivity factor for the patterned area is 10.8, defined as the area of particles adsorbed on the pattern region
per unit area / area adsorbed on the unpatterned region per unit area. The % fill is the ratio of the number of
adsorbed particles compared to the area of a hexagonally close packed array of monodisperse spheres.

Description # Adsorbed Area Density % Fill
(#/um’)
ROI 148 0.512 59.2
Top 12 0.042 4.8
Bottom 13 0.045 5.2
°
[<3]
3 Left 9 0.031 3.6
o
g
=) Right 21 0.073 8.4
Unpatterned Mean 13.75 0.048 55
Discussion

The routes tested for creating ordered structures in this particle system exhibited behavior that
inhibited the crystallization process. The dip coating procedure is not well adapted to the formation of
multilayer ordered structures, as the pulling speed can exceed the flux of particles to the drying front.
Additionally, there are concerns with the non-aqueous solvents tested for these particles, as the surface
tension, viscosity, and evaporation rates are not equal and may not promote the kinetics required for
crystallization. However, ordering was seen in isolated monolayer particle assemblies. This process is
likely due to the meniscus attraction between particles immersed in a fluid layer that is thinner than the
particle diameter®®®.

The forced filtration route was also not very successful for creating ordered structures although
success was achieved in one sample. It is possible that the grafted polymer layers affect the restructuring
of particles through increased local viscosity or dampening of the applied acoustic power. There is
additionally a maximum frequency for acoustic adsorption based on particle size. The frequency of these
experiments was not controlled, and there is potential for improved performance if the ultrasonic
vibration is optimized. Finally, it is possible that the surface layers of the grafted polymers are
interdigitated, which would create local adhesion and prevent rearrangement. These series of observations
show that crystallization is possible in these particles, but that the process is unlike that of hard spheres.
The most likely candidates for the deviations are the non-aqueous solvents used and the grafted photo-
switchable polymer layer on the particles.

The sedimentation studies performed with the confocal microscope provide more insight into the
behavior of the particles. Sedimentation of dispersed particles without UV photo-switching creates dense
layers without long-range order. Particles show some diffusion at the surface, but do not appear to exhibit
sufficient stability against aggregation to achieve the lowest energy packing state (crystallinity) before
achieving adhesion. The sediments exhibit glassy structure. The presence of the polymer layers on the
particles may be impacting crystal nucleation and growth kinetics. Polymer coated particles in organic
solvents have demonstrated colloidal crystallization in certain cases, but the formation was partially
related to electrostatic repulsion present between the particles®®. Figure 15 shows approximately uniform
particle separation distances (i.e. short range order) but no long range order. The growth of ordered
structures was greatly lowered by the presence of microgel particles (thought to be weakly adsorbed to the
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silica particle surfaces). The polymeric layer may exhibit interdigitation of surface groups or effectively
an increased local viscosity between neighboring particles.

Upon UV exposure to initiate photo-switching, the aggregate structure becomes significantly
different. The substrate layer shows a distribution of single particles, and on focusing within the sample,
agglomerated particles are visible as open, loosely packed structures. This shows that the UV initiated
aggregation process causes rapid agglomeration with sufficient strength to prevent rearrangement, but that
some particles are not incorporated into the growing particle assemblies. These observations suggest that
a short-range attraction is generated by the photo-switching interaction, and the kinetics of attraction may
also be limited by the photo-isomerization and complex formation within the methylmethacrylate chain.
Particles in near proximity aggregate, yet some particles are too distant to be attracted into aggregates.

The mechanism of aggregation is proposed to relate to the increase in dipole moment in SP units
when they convert to the merocyanine (open) form which is zwitterionic. The ionic form associates with
methacrylate units in the polymer to form a weak complex. For a grafted polymer chain in proximity to a
neighboring SPMMA coated particle, interchain complexes are possible. For isolated particles, intrachain
complexes are the only route possible for lowering free energy. This creates a system in which UV
exposure causes a rapid period of aggregation but exhibits a saturation or termination of attraction. This
hypothesis could support the observations seen here where both aggregates and discrete particles
sediment after photo-switching the surface layers.

Dervatized SP/MMA polymeric surfaces were also examined for patterning by UV exposure.
Adhesion was found to be enhanced in he UV treated regions, although particles also adhered onto the
unexposed areas. The selectivity with which colloids adsorbed onto the UV irradiated areas could be
enhanced by using a flow through geometry instead of the standard quiescent sedimentation cell.

A desired property for “zone refining” of particle arrays is the reversible association and
repulsion of derivatized particles. This would create volume and structural changes in the sedimented
particle layers. This was tested by “writing” with a UV beam and/or visible beam on a sediment layer, as
shown in Figure 20 and on particle monolayers in Figure 21. In each case, the particles show no
propensity for spontaneous restructuring through photo-switching. It does not create a sustained long
range attraction or repulsion based on wetting or hydrophobic forces. It also does not cause swelling or
deswelling in the polymer layer. This prevents local melting of colloidal structure, and requires ultrasonic
power input to redisperse particles in contact.

Thus, in order to direct colloidal deposition with UV light, another solvent and/or polymer system
needs to be investigated. Specifically, with the chromophores in one state (e.g., SP form) the colloidal
interactions need to be repulsive (or attractive), but with the chromophores in the other optical state (e.g.,
ME form) these same interactions need to change to attraction (or repulsion, respectively).

Conclusions

The sedimentation behavior and particle structure in a photo-aggregating system was examined
using confocal microscopy. Crystallization of these monodisperse particles can be forced, but is more
difficult than in hard sphere systems. The aggregates formed by destabilization of the polymer layers
grown from each surface are open rather than dense, and there remain individual particles after the photo-
switching exposure. There was also no long-range attraction between surfaces bearing patterns of exposed
and unexposed area. The proposed mechanism for the aggregation interaction is a short range attraction
based on the formation of complexes between the zwitterionic switched units and the methacrylate units
in the polymer backbone. Aggregation is short range and complete within a finite period. This prevents
the possibility of reversibly melting and crystallizing a particle sediment to form more perfect colloidal
crystals in this system.

80



Appendix A: Photo-controlled Colloidal Crystal Arrays

A milestone in the initial proposal was to create photo-controlled photonic crystals, which would
have the property of reversible tuning of the photonic band gap based on the response of the
photochromic molecules. After the first year of the program, we determined that the response of a fluid-
filled gel photonic crystal array would be diffusion limited in signal response as well as susceptible to
solvent loss in the gel. In addition, the application of photo-control of a photonic lattice in the dry state
requires the existence of a photo-responsive polymer. Searches in the literature for such a material did not
produce many candidates. Most studies were performed on flat surfaces and indicated 2-dimensional
stress leading to island formation, but even these responses required humid atmospheric conditions?’®?*.
These responses are similar to that of Langmuir monolayers on aqueous surfaces, which also suggests that
photochromic content and packing of polymer must be concentrated141. One solid state example found in
our search of an organic photomechanical response was for diarylethene molecular crystal?’. This
required crystallization of the molecule, and we did not pursue the fabrication of this material for
impregnation in a colloidal photonic lattice. Recently, a polymeric example of a polymer with
photomechanical response has been published190. However, the specific strain created by photoswitching
was not reported. It is possible to synthesize the photochromic polymer and melt infiltrate the material in
a colloidal photonic lattice produced by convective evaporation or other means, to attempt the formation
of a polymeric film producing optical shift of the photochromic response. The efficiency of this response
will still relate to the optical properties of the network, and might be improved by incorporating high
index nanoparticles in the polymer film.

The decision was made to focus efforts instead on photo-control of particle interactions to create
more perfect crystals through a zone refining process, or to control the position and orientation of line
defects to create optical pathways. In this section, we detail recent publications that did achieve the
formation of photo-responsive polymerized colloidal crystal arrays (PCCAs) utilizing azobenzene and
spiropyran derivative hydrogels to shift the wavelength of the bandgap®’®. These systems approach the
problem through the formation of a PCCA using highly charged polystyrene colloids in exhaustively
deionized water. The electrostatic repulsion of the spheres causes them to crystalize in a non-contacting
FCC lattice (with defects). The aqueous phase contains monomers for the polymerization of a hydrogel,
generally crosslinked acrylamide or N-isopropy! acrylamide. In this synthesis, the hydrogel matrix
contains epoxide chemistries that are not reacted during the formation of the PCCA. The photochromic
units are added in a second step to bond with the gel phase. Once reacted, the hydrogel can display
photocontrolled solubility responses, and undergo a reversible swelling/deswelling reaction. The
development required the isolation of a unique azobenzene compound which has a high activation barrier
between the trans and cis isomers, and it is also water soluble. Other azobenzene compounds have not
demonstrated good stability in polar solvents, and tend to assume the cis isomer. The spiropyran
compound was derivatized with maleimide, and required the second stage reaction in DMSO.

The response of such a network is limited by the diffusion of solvent in the material, so that a
rapid switching reaction is inhibited. For macroscopic gels the times for switching are in the seconds to
minutes range, but over smaller areas of ~200 um, hydrogels can swell in the usecond range.
Additionally, the peak shift in the photonic bandgap is only 15 nm for the azobenzene system and 10-11
nm for the spiropyran system, and can not be modulated between the two states*™*. The polymeric
materials used also do not have high refractive index contrast, and the photonic bandgap is weak and
narrow as a result. The photo-recovery time for the spiropyran system was 35 hours in the dark, and they
did not show stability at tests above 25 °C. These publications suggest use of these materials as novel
recordable and readable memory devices.

Finally, there is a report of a photonic crystal impregnated with photochromic organic moeities
displaying unique optical response?”?"®, A polymeric photonic crystal was formed by impressing an opal
with coumarin 6 dye containing polymer. A spectral redistribution of the luminescence was observed
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from the opal structure. Under increasing optical pumping power, a band of amplified spontaneous
emission was observed at the stop-band edge. The dye was not chemically bound to the polymer, and a
photoinitiator was also impregnated. The fluorescence was not quenched by using the dye in a diluted
state. These films show a strong emission directionality dependance from the back side (transmittance) of
the stimulating radiation, but very little emission dependance from the front side (reflection). This
suggests that laying a PL over an LED stimulator leads to some directional emission from the back side.
Thicker crystals lead to higher factors of directionality dependance. Raising refractive index contrast is
still important to obtain a full band gap.

Overlap of the dye emission band and the stop band of the PL affects the emission as (1) PL
intensity is suppressed at the stop band, (2) the PL spectrum acquires an angular anisotropy in agreement
with angular dispersion of the stop band of the PL, (3) the emission excited through the back surface has a
frequency-dependant directionality resulting from interference conditions for radiation at different
frequencies, and (4) the ASE band appears at the stop band edge, likely from electronic and photonic
interplay of stop-band structures. A second study also details features of luminescence in PL structures

similar to the prior reference®’’.

Appendix B: Photo-switchable Application to Microfluidic Devices

Micrometer scale fluid pumps and valves are formed in customized channels using colloidal particulates
as flow directing components71. Optical trapping is used to manipulate either individual colloids,
“dumbbells”, or photo-polymerized colloidal assemblies to form rotating, oscillating, or switchable
geometries to elegantly control flow. The colloids form the micro-components and eliminate the need for
difficult fabrication methods to create cantilevers and actuators. However, an optical trapping system and
laser are required, but the authors suggest that other routes for control of particle motion such as
electrophoresis or magnetic fields could also be used. The following figure illustrates the motions utilized
in the colloidal microfluidic control devices.

82



o oo
-

Two-Lobe Gear Pump “Serpentine” Pump

N

Passive Colloidal Valve

A. Terray, J. Oakey, and D.W.M. Marr, Science 296 (2002)
1841-1844.

Electrowetting has also demonstrated control of fluid flow through the conformation adjustment of
molecules by an applied electric field*”®. Microfluidic components can also be derivatized with photo-
switchable groups to control fluid flow. An azobenzene derivative based on calix[4]resorcinarenes has
shown the capability to control the motion of some non-aqueous liquids through contact angle differences
based on photo-switching53,912"*". Also, photo-modulated control of contact angle has demonstrated the
ability to separate water and air or immiscible fluids in microchannels. Fluid approaching a Y junction
can be separated by UV controlled hydrophilicity of one channel and visible light hydrophobicity of the
other channel. Water flows down the hydrophilic channel and air or hydrocarbon down the hydrophobic
channel with no moving parts. However, switching the hydrophobicity takes several hundred seconds, and
must be improved for future application.
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