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ABSTRACT

TUNABLE PHOTONIC MULTILAYERS FROM STIMULUS-RESPONSIVE,
PHOTO-CROSSLINKABLE POLYMERS

MAY 2015
MARIA C. CHIAPPELLI, B.S., FORDHAM UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
PH.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Ryan C. Hayward

This dissertation describes the synthesis of photo-crosslinkable copolymers and
their utilization for the fabrication and testing of tunable and responsive one-dimensional
(1D) photonic multilayers. Photonic multilayers exhibit structural color due to the
interference of incident light at layer interfaces, providing a convenient route towards
optically responsive materials that do not rely on potentially light- or oxygen-sensitive
chromophore-containing pigments and dyes. A fabrication technique based on sequential
spin-coating and crosslinking of photo-crosslinkable polymers is used to assemble
tunable and responsive photonic multilayers.

Chapter One introduces the fundamental underlying principles of 1D photonic
structures and explores their importance in a variety of areas, including sensors,
responsive films, as well as the necessity of their optimization through routes such as the
incorporation of nanocomposites for enhanced refractive index. This chapter also details
the experimental approach used here for fabricating tunable and responsive 1D photonic
multilayers utilizing sequential spin-coating and crosslinking of photo-crosslinkable

polymers. Chapter Two describes the use of these multilayer photonic films as

viii



thermochromic materials using poly(N-isopropylacrylamide) (PNIPAM) as the low-
refractive index, stimulus responsive layers and poly(p-methyl styrene) (PpMS) as the
high-refractive index, hydrophobic layers. Temperature is utilized as an analyte to
validate this platform as a feasible and flexible approach for the fabrication of a variety of
tunable and responsive structures. Building upon the knowledge developed in Chapters 1
and 2, this photonic sensing platform is next expanded to detect additional analytes and
further optimize sensor performance by improving reflectance efficiency, response and
exploring various multilayer geometries and arrays. Chapter 3 describes the utilization of
polymeric photonic multilayers for colorimetric sensing of ionizing radiation. Chapter 4
explores a method of enhancing the reflectance efficiency of multilayers through the
incorporation of high refractive index zirconia nanoparticles. The utilization of
nanoparticles also enables the fabrication of all-gel multilayers for flexible, potentially
mechanochromatic, photonic materials by eliminating the necessity of the high refractive
index, but brittle, PpMS. Chapter 5 explores in detail the kinetic response of photonic
multilayers with a variety of responsive polymer materials during the swelling and de-
swelling phases. Chapter 6 details how this approach can be expanded to create new
multilayer geometries, including Bragg filters, as well as multifunctional sensors and
arrays on a single substrate. Chapter 7 introduces preliminary work studying the
electrochromic response of photonic multilayers. Applied voltage triggers the reversible
de-swelling of the responsive layers and subsequently a blue-shift in the wavelength of
reflected light. Finally, Chapter 8 provides a summary of this dissertation and proposes

future directions for photonic polymer multilayers.
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CHAPTER 1
INTRODUCTION
1.1 Photonic crystals and responsive materials

1.1.1 Overview of 1-dimensional photonic structures

Photonic materials, which consist of two different dielectric materials arranged
periodically in one or more dimensions, offer many opportunities for controlling the
propagation of light.'The simplest case of a photonic structure is that of a Bragg mirror,
where alternating layers of high and low-refractive index materials are arranged in a
periodic one-dimensional (1D) stack. Light in a certain wavelength range is reflected by
constructive interference at each interface, with maximum reflectance when the optical
thickness of each layer is one quarter of the wavelength of light, as in a quarter-wave film
stack, according to the following':

Ao

nhdh = nldl = Z 1.1

The intensity of the Bragg peak reflected from this period stack can be increased by
increasing the number of layers in the stack or by increasing the refractive index contrast
between layers.

An area of particular interest is the use of photonic crystals for responsive
materials.*® Such devices are typically designed such that the analyte alters the domain
spacing and/or refractive index of one component of the photonic material, thereby
shifting the wavelength and intensity of reflected or diffracted light. A reliance on purely
structural color provides photonic materials with a unique advantage over many existing
colorimetric detection techniques which rely on light- or oxygen-sensitive chromophores

1
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Figure 1.1 1-D photonic multilayer (left) with alternating layers of high (red)

and low (blue) refractive indices reflect a characteristic wavelength of light, or

Bragg peak, (right).

and thus may often require stringent storage and containment conditions and have a
limited shelf-life. Pioneering work in photonic sensing utilized three-dimensional (3D)
structures, periodic in three directions, and is of great significance to the field. In
comparison to their 3D counterparts, 1D photonic crystals, the focus of this work, offer
several advantages as responsive materials, including simplicity of fabrication, reduced
directional sensitivity in their optical properties and the necessity to undergo dimensional
changes in only one direction.
1.1.2 Approaches in literature

Asher and co-workers pioneered the concept of 3D photonic sensors based on
diffraction from an ordered crystalline colloidal array embedded within analyte-
responsive hydrogel matrices.” > The hydrogel matrix, functionalized with a responsive
moiety, swells or de-swells in the presence of an external stimulus, causing the domain
spacing of the colloidal array to expand or contract and thus the wavelength of diffracted
light is red-shifted or blue-shifted, respectively. This concept has since been used to

detect a range of stimuli including pH, ionic strength, temperature and specific biological
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Figure 1.2 Design of 3-D responsive photonic gels by Asher and co-workers which

rely on analyte-induced changes in d-spacing of a crystalline colloidal array in a
gel matrix (a) to shift the wavelength of reflected light (b). Figure reproduced and

modified with permission from Ref. 9, 13.

or chemical targets, with the general approach and example of pH sensitivity illustrated in
Figure 1.2.

As discussed previously, 1D photonic crystals offer several advantages as sensors
over the 3D case but to date have been explored to a lesser extent. Progress thus far can
be classified into two main approaches; self-assembly of block copolymers and
sequential layer deposition. Thomas and co-workers, have utilized the self-assembly of
hydrophobic block-hydrophilic polyelectrolyte block copolymers into lamellar stacks
with appropriate periodicities to reflect visible light, providing sensors for stimuli
including humidity, salt, temperature and strain. '*'"* The refractive index contrast is not
sufficient to be visible in the dry state, however color becomes apparent upon the analyte-
induced swelling, and subsequent decrease of the effective refractive index, of the
hydrophilic block. While the use of a self-assembling block copolymer is attractive, the

flexibility of this approach is limited by the need to synthesize a modest-to-high
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Figure 1.3 1-D responsive photonic structures by Thomas and co-workers rely on
the self-assembly of (a) a hydrophobic-block-hydrophilic polyelectrolyte block
copolymer to access b) the full range of the visible spectrum. Figure reproduced

and modified with permission from Ref. 14, 19.

molecular weight block copolymer with appropriate stimuli-responsiveness for each
sensor design. In addition, the covalent linkage between blocks makes it impossible to
independently control the material properties or thickness of a single layer or selective
number of layers.

A number of methods based on sequential layer deposition to yield 1D photonic
structures have been previously described. **' For example, Ozin and co-workers®
and Miguez and co-workers®’* have independently developed platforms based on spin-
casting of nanoparticles to fabricate 1D photonic sensors. The use of metal oxide
nanoparticles can provide enhanced refractive index contrast and subsequently 1D

photonic structures with high reflectance intensity. However, in contrast to polymer

multilayers, nanoparticle based approaches rely on changes in refractive index due to the



infiltration of an analyte into a porous layer network, rather than swelling of one of the

layers, thus providing only modest shifts in the wavelength of peak reflection.

Figure 1.4 Figure shows (left) sequential deposition of nanoparticles by Miguez and
co-workers used to fabricate 1-D photonic multilayers with (b) reflectance peaks
responsive to solvent analytes. Figure reproduced and modified with permission
from Ref. 27.

The approach detailed in this thesis involves photo-crosslinking utilizing
benzophenone, discussed in more detail in the following section, to fabricate tunable and
responsive photonic multilayers from sequentially spin-cast polymer films. This work
serves to develop responsive photonic structures which possess both the high reflectance
efficiency afforded by metal oxide particles and the dynamic breadth of accessible
wavelengths afforded by a block-copolymer approach. We note that Riithe and co-workers
have previously demonstrated a closely related approach to fabricate tunable Bragg
mirrors and filters from polymer multilayers, though their work did not focus on

. 21
responsive structures or sensor development.



1.2 Experimental approach
1.2.1 1-D responsive photonic crystal fabrication

This work utilizes a facile approach to fabricating photonic multilayer sensors,
whereby alternating layers of high- and low-refractive index photo-crosslinkable

polymers are sequentially spin-cast, crosslinked and developed in a marginal solvent. The
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Scheme 1.6 Multilayer fabrication based on sequential spin-coating, crosslinking

and developing of alternating layers of high and low refractive index polymers.

low refractive index layer is stimulus-responsive and will swell (or de-swell) in the
presence of an analyte, altering the domain spacing of the multilayer and thus shifting the
wavelength of reflected light. The preparation of multilayers is a robust technique and
broadly applicable to a library of photo-crosslinkable polymers with sensitivities to a
range of analytes. Appropriate layer thicknesses for each polymer, easily tuned from tens
to hundreds of nanometers by varying the concentration of copolymer in solution and
spin speed, are chosen to achieve a Bragg reflectance peak (Amax) Within the visible range

for light incident normal to the surface, according to:

}\rmax = 2(nhighdhigh + nlowdlow) 1.2



where nnigh, dhigh and niow , diow are the refractive indices and thicknesses of the high-
refractive index, non-swellable layer and low-refractive index, stimulus-responsive
layers, respectively.

This fabrication approach provides great flexibility over the wavelength range and
sensitivity of the resulting sensors. The work described in Chapter 2 utilizes
thermochromic multilayers to validate this approach as a straight-forward and robust
method of making reversible and responsive polymer multilayers, and focuses
specifically on the design of multilayers that cover the full visible spectrum for
colorimetric read-out. This fabrication technique also allows the low index, stimuli
responsive layer, to be easily interchanged or possibly combined to change the nature of
the sensor simply by selecting from a library of previously synthesized copolymers.

In addition, as the only requirement is that the monomer can be readily
Rz
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Scheme 1.7 Synthetic route for copolymerization of BP by conventional free-

radical polymerization.
copolymerized by conventional free-radical polymerization with 1 to 10 mol% photo-
crosslinker, acrylamidobenzophenone (BP), this technique can be applied to a broad
range of materials even beyond the scope of the work presented herein. Subsequent

chapters of this thesis explore the responsivity and tunability of photonic multilayers with



independent variations in thickness, chemistry and material properties of the high and
low index layers.
1.2.2 Photochemistry of benzophenone

Covalently incorporating a photo-active moiety into a polymer is a useful means
toward efficient formation of networks in a straight-forward manner via irradiation with
light. The copolymers presented in this thesis all contain benzophenone for photo-

crosslinking.
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Scheme 1.8 Reaction scheme of photo—excnatlon of benzophenone followed by H-

OH R OH

abstraction and subsequent radical recombination.

Benzophenone is a widely utilized, versatile photoactive molecule. Upon excitation with
250 — 365 nm UV light, benzophenone becomes a diradical after undergoing a transition
to an n-r* triplet.*’ This triplet is reactive and will abstract an aliphatic hydrogen from a
neighboring molecule.”® Rates of hydrogen abstraction are highly dependent upon the
chemical environment, including monomer and solvent chemistry, sterics, and

1,32
temperature.’'

In the event of polymer photo-crosslinking, the focus of this work,
benzophenone abstracts a hydrogen from a nearby polymer chain and a crosslink is

formed upon radical recombination, as depicted in Schematic 1.3.%



Many studies have used benzophenone as a dopant for facilitating photo-initation
as well as photo-crosslinking, particularly in the field of polymers.** While small
molecule doping is experimentally simple, the drawback of this method is the risk of
phase separation and migration of benzophenone. In the case of photo-crosslinking
polymer materials, the disadvantages of doping could result in inhomogenously and
incompletely crosslinked samples. In addition, for poly(methyl methacrylate), in
comparison to an equivalently small molecule doped system, covalently incorporated
benzophenone was shown to have significantly higher crosslinking efficiencies due to the
presence of more crosslinking routes, most significantly the recombination of aliphatic-
and AAmBP-centered radicals.”® A solution to the issues of doping is the covalent
incorporation of benzophenone directly on the polymer chain, creating a one-component

system and thereby eliminating the risk of small molecule migration and phase

NH2
/\NH/\

O DCIVI

Schematic 1.9 Synthesis of acrylamldobenzophenone from acryloyl chloride and 4-

aminobenzophenone.

separation, and providing alternate means of crosslink formation, thus boosting
efficiency.’® All photo-crosslinkable polymers discussed in this thesis contain the
crosslinking monomer acrylamidobenzophone, synthesized according to a previously
reported literature procedure via reaction of acryloyl chloride and 4-amino

benzophenone.’” The benzophenone chemistry was chosen due to the good efficiency and

control of crosslinking for the systems studied here.*”>**’
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CHAPTER 2
THERMOCHROMIC PHOTONIC MULTILAYERS

2.1 Introduction and design

To validate the platform previously described in Chapter 1 as an efficient and
robust means to fabricating 1-d photonic sensors, poly(N-isopropylacrylamide)
(PNIPAM) (n~1.5), a well-characterized thermally-responsive polymer, was chosen as a
water- swellable, stimulus-responsive component of a thermochromic material."? In its
crosslinked form, PNIPAM is a hydrogel which will de-swell due to a volume phase
transition above a lower critical solution temperature. In this sensor, as well as in all
subsequent multilayers, unless otherwise noted, a random copolymer of poly(p-methyl
styrene) (PpMS) (n~1.6) and acrylamidobenzophenone photo-crosslinker was chosen as
the high-refractive index, non-swellable layer rather than polystyrene due to the much
more efficient crosslinking of the former material by benzophenone upon irradiation with
365 nm light.** Acrylic acid (AAc) was also incorporated into the NIPAM-based random
copolymer to enhance swelling. Appropriate layer thicknesses for each polymer, easily
tuned from tens to hundreds of nanometers by varying the concentration of copolymer in
solution and spin speed, are chosen to achieve a Bragg reflectance peak (Amax) Within the

visible range for light incident normal to the surface, according to Equation 1.2.

X r s g n m p
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Figure 2.1 Structures of polymers used in thermochromic photonic multilayers.
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To validate the proposed fabrication approach, PNIPAM-based thermochromic
multilayers were created which cover the full visible spectrum upon changing from ~ 20
to 50 °C in water.” While the use of a large number of layers increases the amount of
reflected light and also narrows the width of the reflectance peak, it also requires a longer
fabrication process.’ For the polymers used here, color is observable even for 5 layer
stacks. Sensors with 11 layers were found to show a clearly visible violet-blue color

(Amax = 410 nm) even in the dry state, for respective PpMS and PNIPAM layer

thicknesses of 90 and 40 nm.
2.2 Experimental methods

Multilayers were fabricated on glass substrates and films for the calibration of
thickness with solution concentration were cast onto silicon wafers. Polymer solutions
were sonicated for 5 min and passed through a 0.2 um PTFE syringe filter prior to spin-
coating at 2000 rpm for 50 s. After crosslinking, films were developed in a marginal
solvent mixture to remove uncrosslinked polymer. Polymer films were dried for 10 min
after each spin-coating and developing cycle to completely evaporate solvent. Films were
crosslinked using a 365 nm UV light source (typical dose = 6 J/cm?). Reflectance of light
normal to the substrate surface is monitored across the visible range using a microscope-
integrated fiber-optics reflectance probe. Unless otherwise noted, this procedure was also
followed for the preparation of multilayers subsequent chapters.
2.2.1 Materials

AIBN was obtained from Aldrich and re-crystallized from methanol prior to use.
The inhibitor was removed from dg-styrene (Aldrich) and p-methylstyrene (Acros

Organics) by passing through a column of basic alumina. NIPAM and acrylic acid (AAc)
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were purchased from Aldrich and used as received. Acrylamidobenzophenone (BP)
monomer was synthesized using a previously reported procedure via reaction of 4-
aminobenzophenone with acryloyl chloride in dichloromethane and triethylamine. For d-
SIMS analysis, 5 mol% of dg-styrene was incorporated along with pMS and AAmBP.
2.2.2 Polymer and monomer synthesis

In order to covalently attach benzophenone to the polymer chain, it must be
functionalized such that copolymerization with free-radical techniques is possible. An
acrylamide- functionalized benzophenone is used in all copolymers within this work.
Acrylamidobenzophenone (BP) monomer was synthesized using a previously reported
procedure via reaction of 4-aminobenzophenone with acryloyl chloride in
dichloromethane and triethylamine (Figure 5).” The organic fraction was purified by
extractions with 1M HCI, NaHCOj; and water. Product was dried under vacuum, yielding
an orange solid. For d-SIMS analysis, discussed further in 2.4.1, 5 mol% of ds-styrene
was incorporated along with pMS and AAmBP.

Polymers were synthesized by free-radical polymerization at 80 °C in 1,4-dioxane
for 15 hours following three freeze-pump-thaw cycles and a nitrogen purge using AIBN
as initiator. Polymers were purified by precipitation into stirring diethyl ether (for
PNIPAM) or methanol (for PpMS), washed by filtration and dried in a vacuum oven
overnight. Solvent, monomer and initiator concentrations were chosen as follows: pMS
(3 mL), AAmBP (0.451 g) and AIBN (0.015 g) in 30 mL of 1,4-dioxane, resulting in a
copolymer containing 10 mol% AAmBP; NIPAM (1.503 g), AAc (0.049 mL), AAmBP
(0.036 g) and AIBN (0.0046g) in 15 mL 1,4-dioxane, resulting in a copolymer with 5

mol% AAc and 1 mol% AAmBP. For comparison of swelling in water versus ethanol,
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PNIPAM with a lower degree of swelling was prepared by copolymerizing: NIPAM
(1.996g), AAc (0.0256 mL), AAmBP (0.142 g) and AIBN (0.008 g) in 22 mL 1,4-
dioxane, resulting in a copolymer with 3 mol% AAmBP and 2 mol% AAc. For PpMS,
molecular weight (M,) was determined to be 12 kg/mol using size exclusion
chromatography (SEC) with a Polymer Laboratories GPC-50 with THF as eluent and
polystyrene standards. Molecular weights of PNIPAM copolymers were not determined
due to interactions of the polymers with SEC columns.
2.2.3 Sample preparation & analysis

PpMS was dissolved at a concentration of 20 mg/mL in toluene, yielding film
thicknesses of approximately 90 nm after crosslinking and developing. PNIPAM (5%
AAc, 1% AAmBP) was dissolved at 12 mg/mL in 1-propanol, yielding film thicknesses
of approximately 40 nm after crosslinking and developing. For the comparison between
swelling kinetics in water and ethanol, the other PNIPAM copolymer (2% AAc, 3%
AAmBP) was dissolved at 12 mg/mL in 1-propanol, yielding film thicknesses of
approximately 60 nm after crosslinking and developing.
2.2.4 Sensor fabrication

Silicon, for d-SIMS and AFM analysis, and glass substrates, for 1D photonic
sensors, were first cleaned by sonication for 10 min each successively in water, acetone
and ethanol and treated with UV-ozone for 15 min. Substrate surfaces were then treated
to promote adhesion by placing in a stirring solution of 200 pL
methacryloxypropyltrichlorosilane (Gelest) in 50 mL ethanol for a minimum of 4 h and
thoroughly rinsed with ethanol prior to use. Polymer solutions were sonicated for 5 min

and passed through a 0.2 pum PTFE syringe filter prior to spin-coating (Headway
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Research) at 2000 rpm for 50 s. After crosslinking, films were developed in a marginal
solvent mixture (2:1 ethanol:water for PNIPAM, 1:0.65 toluene:hexanes for PpMS) to
remove uncrosslinked polymer. Polymer films were dried for 10 min after each spin-
coating and developing cycle to completely evaporate solvent.
2.2.5 Instruments and measurements

Polymer compositions were measured using 'H NMR (Bruker DPX300). Films
were crosslinked using a 365 nm UV light source (Lumen Dynamics, XCite 120Q or a
UVP handheld lamp, typical dose = 6 J/cm?). Refractive indices and thicknesses of
polymer films were characterized using a variable angle spectroscopic ellipsometer
(Sopra) or null ellipsometer (LSE Stokes, Gaertner). All reflectance measurements were
made using a Filmetrics F20 or Semiconsoft reflectometer integrated with a Zeiss
Axiovert upright optical microscope using a 10x objective. Samples are placed on the
microscope stage and a halogen lamp is used as a normal incidence light source. An
approximately 5 mm spot size is illuminated through a Zeiss Epiplan 10x objective with
0.2 numerical aperture and reflected light is monitored by the spectrometer. A constant
background of bare glass was subtracted from spectra for comparisons with calculations.
Water from a Milli-Q UF Plus Ultrapure Water Purification System (Millipore) was used
in all experiments. To measure changes in reflectance with temperature, sensors were
placed on a temperature stage (INSTEC HCS621V) with liquid nitrogen cooling and the
sample surface fully covered with water for all variable temperature experiments. For
equilibrium measurements, multilayers were allowed to equilibrate for 30 min at each
temperature, while rapid heating and cooling ramps between 20 and 50 °C were

completed in approximately 45 s and 65 s, respectively, with a slight undercooling to 17
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°C followed by equilibration to 20 °C over 4 min as measured with a thermocouple
(Fisher Scientific). Photographs of the sensors were taken using a Canon PowerShot
A640 digital camera on a black felt background, and brightness/contrast adjustment was
applied to images to best match the visual appearance of sensors. d-SIMS measurements
were made using a Physical Electronics 6650 Quadrupole mass spectrometer at the
University of California, Santa Barbara. A 200 um x 200 pm area was etched by
bombardment with O," primary ions. Deuterium (*H’, m/z = 2.1), and cyano (CN", m/z =
26), signals were monitored in a 40% x 40% gated area of the etched surface. Scanning
force microscopy measurements were taken using a DI Dimension3000 instrument.
2.2.6 Reflectance calculations

MATLAB was used for all reflectance simulations. The transfer matrix method
was employed for calculating reflectance assuming normal incidence, perfectly smooth
interfaces parallel to the substrate and homogenous material properties (refractive index,
layer thickness) through each layer of the stack in an ambient environment of air (n =
1.00) or water (n = 1.33). The refractive indices of PpMS and PNIPAM (dry-state) were
taken as 1.60 and 1.50, respectively, and dispersion was ignored. Lorentz-Lorenz theory

was used to calculate the refractive index of the swelled PNIPAM layers according to

2 2 2
nswell — 1 nwater B 1 n polymer 1
= +(1-gy) 22— 2.1
n o +2 7 n> o +2 ( (P1)n2 +2 @1)

swell water polymer

where @; and @polymer = (1- 1) are the volume fractions of water and PNIPAM,
respectively, in the swelled system.® We assume 1D swelling of PNIPAM layers
perpendicular to the substrate, according to:

d
d (2.2)

swell = b
1

— ¢

d
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where dgweit and dgry are the thicknesses of a single PNIPAM layer, either fully swelled or
dry, in the multilayer stack. Values of @polymer used for calculated reflectance curves are
summarized in Figure 2.8.
2.3 Temperature responsive swelling & reversibility

Multilayers that cover the full visible spectrum upon changing from ~ 20 to 50 °C
were successfully designed and fabricated. To maximize the degree of swelling and thus
wavelength range, a PNIPAM copolymer with a small content (1 mol%) of photo-
crosslinker and 5 mol% of the charged monomer acrylic acid (AAc) was used, which
swells extensively at room temperature and undergoes a pronounced collapse with
increasing temperature. Upon immersion in room temperature water, the PNIPAM layers
swell, causing a red-shift in maximum reflectance to 710 nm and also increasing the peak
reflectivity to 0.49 + 0.05, due to both an increase in refractive index contrast and a better
match between the optical thicknesses of the high- and low-index layers. Upon heating,

the PNIPAM layers de-swell, causing a progressive blue shift in reflectance (Figure 2.2,
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Figure 2.2 Peak reflectance wavelength (left) and photographs of sensors

(right) swelled in water show clear colorimetric changes with temperature.
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right) and allowing temperature to be read out colorimetrically. By 50 °C, the peak
reflection occurs at 431 nm (Figure 2.2, left), only slightly greater than the value in the
dry state. The temperature response was found to be fully reversible with good
reproducibility (variations in Amax of £ 10 nm) over at least 5 swelling/de-swelling cycles
induced by rapidly switching temperature between 20 °C and 50 °C (see Figure 2.3 for

reflectivity curves).
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Figure 2.3 Reflectance spectra during a series of 5 cycles of (a) heating to 50 °C to de-

swell and (b) cooling to 20 °C to re-swell the multilayer (as shown in Figure 2a).

No signs of delamination or damage to the multilayer were visible, and following
a cycle of hydration and dehydration, the reflectance profile matched closely with that of
the as-prepared sample. To measure changes in reflectance with temperature, sensors

were placed on a temperature stage with liquid nitrogen cooling and the sample surface
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fully covered with deionized water for all variable temperature experiments. For

equilibrium measurements of peak reflectance with temperature, multilayers were
allowed to equilibrate for 30 min at each temperature.

24 Kinetics

A preliminary investigation of the kinetics of swelling and de-swelling, to be

discussed in expanded depth in Chapter 5, was also conducted, as seen in Figure 2.4. For
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Figure 2.4 (a) Multiple cycles of swelling/de-swelling induced by rapid switching
of temperature between 20 and 50°C show the sensor response is highly
reproducible. (b) An enlargement of a single swelling/de-swelling cycle, as denoted

by the box in (a), along with comparison of multilayer swelling in c¢) water and

ethanol.
equilibrium measurements, sensors were placed on a temperature stage and the surface
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covered with deionized water followed by rapid heating and cooling ramps between 20
and 50 °C completed in approximately 45 s and 65 s, respectively. While the de-swelling
curves can be fit with single exponentials (time constant T = 270 + 20 s), the swelling
curves are found to be biexponential (t; = 175 + 15 s and 1, = 1400 £ 90 s) (Figure 2.4b).

Reflectance measurements across multiple sample spots from the edge inward
reveal uniform swelling, demonstrating that the kinetics are not limited by lateral
transport of water through the film. Similarly, Serpe and co-workers also find that solvent
transport in the direction perpendicular to the substrate is the dominant route of exchange
for microgel-based etalons.”'” Using a literature value for permeability of polystyrene,
we roughly estimate that permeation of water through the combined thickness of PpMS
layers (~ 600 nm) would require ~ 40 s, which is even somewhat shorter than the faster of
the swelling time-scales.''

Swelling kinetics were also analyzed for sensors when immersed in ethanol, a
much better solvent for the PNIPAM copolymer than water, but which should be
transported more slowly through the glassy PpMS layers due to its larger molecular size.
In this case, sensors fabricated as described above swell so extensively that the Bragg
peak is shifted out of the visible range. Therefore this study was conducted using a
PNIPAM copolymer containing a larger amount of AAmBP (3 mol %) to increase
crosslink density, and a smaller amount of AAc (2 mol%), both factors which decrease
swelling. As shown in Figure 2.4c, swelling in ethanol is complete within the time-scale
of the first measurement (~ 10 s), at least 2 orders of magnitude faster than in water. This
result suggests that mass transport does not limit the observed kinetics, and furthermore

that swelling presumably does not occur by permeation through PpMS layers, but is
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instead likely dominated by pinhole defects typically found in the glassy polymer layers
(Figure 2.6a, AFM). The slow time scales for sensor response in water may instead
reflect the kinetics of de-aggregation of hydrophobic benzophenone units and/or breaking
of inter- and intra-molecular hydrogen bonds. In fact, the hysteresis seen in the globule-
to-coil transition of PNIPAM homopolymers has been ascribed to the necessity to break
hydrogen-bonds, and the same mechanism could provide a kinetic hindrance to changes

in swelling of a PNIPAM gel layer.'> "

This slow sensor response may be addressed by
tuning the polymer chemistry and will be discussed further in Chapter 5.
2.5 Structure analysis

It is necessary to characterize the structure of the multilayer films in order to
better understand their performance as responsive photonic materials. While the use of a
large number of layers increases the amount of reflected light and also narrows the width
of the reflectance peak in 1-d photonic crystals, it also requires a longer fabrication
process.® For the polymers used here, color is observable even for 5-layer stacks. The
sensors studied consist of 11 layers, which was found to provide a balance between a
reasonable processing time and a clearly visible violet-blue color even in the dry state.
No signs of delamination or damage to the multilayer were visible, and following a cycle
of hydration and dehydration, the reflectance profile matched closely with that of the as-

prepared sample, confirming the structural integrity of the sensor even after multiple

swelling, de-swelling and drying cycles.
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2.5.1 Interfacial & surface characterization

Dynamic secondary ion mass spectrometry (d-SIMS) was used to examine the
layer uniformity and interfacial profiles as a function of etch depth using an O," beam.
For these experiments, 5 mol% of dg-styrene is included in the PpMS copolymer to
provide a clear deuterium signal (*H, m/z = 2.1), while the much greater density of amide

groups in the PNIPAM copolymer provides contrast in the yield of cyano anions (CN’,
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Figure 2.5 d-SIMS analysis of deuterium (m/z = 2.1) and cyano (m/z = 26)

signals for 6 layer alternating PpMS/PNIPAM films reveal excellent layer

uniformity and minimal interfacial broadening.

m/z = 26). As seen in Figure 7, the multilayers show excellent uniformity of layer
thicknesses (typical variations of + 5%) and interfacial widths between neighboring
layers below 15 nm. This value is close to the estimated resolution of the spectrometer

(=10 nm), determined by profiling a bilayer sample consisting of a PpMS film floated on
water and dry-transferred onto a previously crosslinked and developed PNIPAM film.
The similarity of apparent interfacial widths in these two cases indicates that little

interfacial broadening or inter-penetration of the layers occurs due to solvent-induced
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swelling during the sequential spin-coating process. While this result is to be expected
given the use of selective solvents for the spin-coating steps (toluene for PpMS, 1-
propanol for PNIPAM), remarkably, even samples prepared using the same solvent
(pyridine) for each layer showed similar interfacial widths.

This finding suggests that even when the coating solvent substantially swells the
pre-existing layers, significant penetration of copolymers from solution into the swelled
film does not occur, at least over the time scale of several seconds. In addition, both

single and multiple layer spin-coated films showed values of surface roughness below 1
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Figure 2.6 d-SIMS analysis of deuterium (m/z = 2.1) and cyano (m/z = 26) signals
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from a two-layer sample (PpMS, PNIPAM) on Si prepared from (a, left) pyridine, a
good solvent for both polymers and (b, left) from selective solvents, as in the main
text, with interfacial widths of 10 nm and 20 nm, respectively. AFM height images
(right) of a) PpMS (Rims = 0.346 nm), PNIPAM (0.648 nm), c) 4 layers (0.478 nm)

and d) 6 layers (0.563 nm). Scale bars are 500 nm.
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uniform layer thicknesses show that this fabrication approach is a feasible route for
sensor fabrication, even beyond this model PNIPAM-PpMS system. Macroscopic defects
were apparent in most samples, as evident in Figure 6, however, this was primarily due to
dust deposited during sample preparation and could be eliminated or greatly diminished
by preparation in a clean room environment. To obtain even higher reflectance
efficiencies of these thermochromic materials, the process can easily be extended to a
greater number of layers, however, for these materials, 11 layers provided a clear
colorimetric signal even in the fully de-swelled state.
2.6 Comparison to reflectivity calculations

In addition to structural analysis, a useful way of analyzing the efficiency of the
multilayer design is by comparison to the calculated reflectance values. To do so, the
experimentally measured reflectance curves were compared to calculations based on the
transfer matrix method for ideal multilayers with perfectly sharp interfaces, zero
roughness, and uniform layer thicknesses using MATLAB. A homogenous dielectric

film can be described by the following characteristic matrix:

cos (konzcos®) jsin (konzcos®) (2.3)
M(z) = ° P o

—ipsin(kynzcos@)  cos (kynzcos8)

2w £ .
where ky = T P = HCOSH ,Zz = layer thickness

Refractive index, film thickness and wavelength are known variables and for light
incident normal to the surface (0 = 0), the case for all reflectivity measurements made in

this thesis, and the matrix is further simplified as cos(0) = 1. The characteristic matrix of
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a multilayer is thus computed by multiplying the matrices of each component film (Eq.
2).

myq m12] 2.4)

M =
My My

N
j=1
Once the characteristic matrix is known, it is then possible to calculate the reflection

coefficient, r, (Eq. 4) and finally the reflectivity, R, (Eq. 5) of the multilayer.°

. (myy + Myoppr — (May + Ma2py)
(my1 + myap)dps + (Myq + M2,

(2.5)

— 2
R=|r| (2.6)
As shown in Figure 2.7, over the range of temperatures studied, the experimental

curves match very well to the simulations, with only a single adjustable parameter (the
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Figure 2.7 Comparison of experimental (a) and calculated (b) reflectance curves at

various degrees of swelling with temperature shows c¢) high reflectance efficiency of

thermochromic materials compared to the ideal case.
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volume fraction of water) in the swelled state. The refractive indices of PpMS and
PNIPAM (dry-state) were taken as 1.60 and 1.50, respectively, and dispersion was
ignored. Lorentz-Lorenz theory was used to calculate the refractive index of the swelled
PNIPAM layers according to Equation 2.1. 1-dimensional swelling of PNIPAM layers
perpendicular to the substrate is assumed, according to Equation 2.2.

Values of @poiymer used for calculated reflectance curves are summarized in Figure

2.8. The measured peak reflectance values range from 70% (high temperature, de-swelled
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Figure 2.8 Volume fraction of polymer with temperature at various degrees of

swelling used to calculate reflectance.

state) to 91% (low temperature, fully swelled state) of the calculated values. Factors such
as interfacial broadening and surface roughness may contribute to slightly diminished
sensor efficiency from the calculated values.
2.7  Conclusions

A simple and robust process for the fabrication of 1D photonic sensors based on
sequentially  spin-coated multilayers of photo-crosslinkable copolymers was
demonstrated. This approach is straightforward and scalable, as the sensor size and

fabrication time are limited only by the intensity and size of the UV source. Furthermore,
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it offers flexibility for tailoring the properties of the photonic multilayer since it affords
independent control over each layer within the stack. While temperature sensors were
prepared as a convenient means to validate the platform, future chapters focus on the
generalization of this technique to other geometries and stimuli simply by choosing

alternative copolymer chemistries for the swellable layers.
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CHAPTER 3
COLORIMETRIC RADIATION SENSING USING PHOTONIC POLYMER
MULTILAYERS
3.1 Introduction

The ability to conveniently sense ionizing radiation is critical for a variety of
applications including in medicine, defense, industrial food packaging, and pasteurization
and sterilization techniques. Practical ranges for absorbed dose detection vary from the
range of 1 Gy and below for human exposure, to upwards of hundreds of kGy for
sterilization and decontamination procedures, as detailed in Table 3.1. '

Colorimetric sensors are convenient and can offer both simple and accurate read-
out. Many such detection techniques, however, rely on a change in optical density
triggered by irradiation of a photo-sensitive chromophore and require external equipment
for read-out in addition to stringent storage conditions to avoid device failure.” Some
solution-based sensors which show clear colorimetric changes spanning a broader range
of the visible spectrum provide an attractive means towards convenient, stand-alone
sensors, but utilize inconvenient and toxic organic solvents.” Among the many existing
approaches, film-based sensing techniques are appealing for general use because they
avoid potentially toxic solvents, however may also require sealed containment or have
time-sensitive restrictions on read-out due to a lack of chemical stability post-
irradiation.®”

3.1.2 Approaches in literature
There has been extensive work in the field of radiation sensing and this section

provides a brief overview of the most relevant advances and limitations in radiation
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detection which similarly aim towards designing colorimetric, polymer-based sensors.
Earlier work by Kojima and co-workers used leuco malachite green -containing polyvinyl
chloride and polyvinyl butyral films for radiation detection. The films undergo a
radiation-induced color change from colorless to green, however this system cannot stand
alone as analysis by UV-vis spectrophotometry is required to determine the dose.
Additionally, stability issues require rapid analysis (within 24 hr. of exposure) and device
storage in a sealed, dark containment is crucial.®” A similar, film-based approach was
also taken by da Silva and co-workers, utilizing colorimetric radiation sensitivity of a
spin-cast polyaniline film.® Upon gamma-ray exposure, the film is oxidized and
transitions from blue to green with a 4 kGy dose.

Solution-based approaches toward gamma-ray radiation detection have focused
on aggregation-induced emission of a fluorescent polymer-small molecule complex.” The
strong fluorescence intensity of a positively charged silole and negatively charged
polyelectrolyte is gradually decreased to an extent detectable by eye over a dose range of
40 kGy gamma-ray radiation. However, to avoid complete degradation of the silole
compound, the polymer solution alone must first be exposed and subsequently mixed
with the silole for post-irradiation fluorescence analysis. Recently, Bianchi and co-
workers have successfully developed easy-to-use and easy-to-read colorimetric radiation
detectors based on a luminescent polymer, P(2-methoxy-5(2’-ethylhexyloxy)-p-
phenylenevinylene), MEH-PPV, and a metal complex, tris-(8-
hydroxyquinoline)aluminum, Algs.” Radiation induced degradation promotes color
changes, apparent by eye, from red to yellow to green, depending on dose. The device is

portable and read-out is rapid and straight-forward; however, the solution-based nature
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and requirement of storage within a sealed glass ampoule limits the practicality of the

technology and poses safety concerns for general use.

Table3.1Electron-beam irradiation processing applications. Table
reproduced and modified from E-Beam Services, Inc.
http://www.ebeamservices.com/ebeam_spe poly.htm.

Ir-rr:‘c:lgaettlon EfoZf:t Dose Range (kGy)
Food Cold pasteurization 0.3-60
Medical disposable items Sterilization 10-60
Coatings Curing 30-160
Polyolefin foams Crosslinking 40-80
Heat-shrinkable materials| Memory Imparted 75-250
Rubber Vulcanization 80-400
Fluoropolymers Degradation 500-1500
Gemstones Coloration 10,000+

Here, a novel concept for radiation detection via colorimetric photonic sensing
is described. We make use of devices based on one-dimensional photonic crystals,
periodic multilayer structures that rely on the interference of light to reflect a
characteristic wavelength defined by the refractive index and thickness of each layer.'’
One-dimensional photonic sensors have been explored extensively for detection of a wide
range of analytes, including pH, ionic strength, temperature and a variety of small

. . . 11-13
molecules, as summarized in several recent reviews.

Previously, Chapter 2 has
detailed the approach to photonic multilayers for colorimetric temperature sensing based
on photo-crosslinkable polymers.'* This simple fabrication method is broadly suitable for
a wide range of photonic sensors, including chemical and biological analytes, and the
current chapter explores the extension to a new type of analyte, ionizing radiation.

Work presented in this chapter demonstrates that these multilayer polymer films

provide a novel platform for radiation sensing, due to the radiation-induced preferential
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crosslinking or dislinking of a swellable polymer gel layer within the photonic sensor.
This allows for straightforward colorimetric read-out, and due to the reliance on changes
in structural color, rather than absorption or emission of light by a chromophore, offers

potential for the development of low cost and chemically stable radiation sensors.

) Y
I I
c) é

Figure 3.1 Chemical structures of responsive materials a) PCOEGMA-BP) and b)

P(MMA-BP) and c) schematic of multilayer radiation exposure setup and dimensions.

3.2 Experimental methods
3.2.1 Polymer synthesis

Polymers were synthesized by conventional free radical polymerization using
azobisisobutyronitrile (AIBN) (Aldrich) re-crystallized from methanol as initiator.
Acrylamidobenzophenone (BP) monomer was synthesized according to a previously
reported literature procedure via reaction of acryloyl chloride and 4-
aminobenzophenone. '
P(p-MS-BP)

Inhibitor was removed from p-methylstyrene (p-MS) (Acros Organics) by passing

through a column of basic alumina. The monomers p-MS (3 mL, Aldrich) and BP (0.45
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g) were polymerized in 30 mL of 1,4-dioxane at 80°C for 15 h under nitrogen following
three freeze-pump-thaw cycles, resulting in a copolymer containing 10 mol% of BP. The
polymer was purified by precipitation into methanol, washed under vacuum filtration and
dried overnight in a vacuum oven prior to use. Structure was confirmed by 'H NMR
(Bruker DPX 300).

P(OEGMA-BP)

Amounts of 2 mL of 2-(2-methoxyethoxy) ethyl methacrylate (MEO,MA,
Aldrich), 251 pL of oligoethylene glycol methyl ether methacrylate (OEGMA, M, = 475
g/mol, Aldrich), 58 mg of BP and 3.4 mg of AIBN were polymerized in a 5:1 mixture of
ethanol:1,4-dioxane at 80°C for 18 h under nitrogen following three freeze-pump-thaw
cycles, resulting in a copolymer containing 2 mol% of BP. OEGMA and MEO,MA were
used as received. The polymer was purified by dialysis and lyophilization, and its
structure confirmed by 'H NMR.

P(MMA-BP)

Amounts of 2 g (20 mmol) of methyl methacrylate (MMA) (Sigma, purified via
3x sat. sodium bicarbonate washes followed by drying over sodium sulfate), 0.25 g (1
mmol) of acrylamide benzophenone, 8.2 mg (0.05 mmol) of AIBN (recrystallized from
methanol) were dissolved in 10 mL of 1,4-dioxane and sparged with N, for 30 min before
heating to 85 °C. The reaction was allowed to stir for 48 h and purified by precipitation
into methanol, resulting in a polymer containing 5 mol% BP by 'H NMR.

3.3 Sensor preparation & characterization
Photonic multilayers were prepared by sequential spin-coating, crosslinking and

developing of polymer films as previously reported.'* Glass substrates were first cleaned
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by sonication for 10 min each in acetone, ethanol and water followed by surface
treatment with methacryloxypropyl trichlorosilane (Gelest) to promote substrate-polymer
adhesion. Flexible Mylar substrates (McMaster-Carr) were used as received and cleaned
by rinsing with water, acetone and ethanol. P(p-MS-BP) and P(OEGMA-BP) were cast
from toluene, while P(MMA-BP) was cast from cyclohexanone. Developing solutions for
the three respective copolymers were 1: 0.65 toluene: hexanes,1: 0.53 toluene: hexanes,
and chloroform. Polymer films were crosslinked using a Newport 365 nm UV light
source, with a typical dose of approximately 80 J/em?, which is sufficient to fully convert
the BP photo-crosslinkers. A Magellan 400 scanning electron microscope was used for
all radiation exposure. As-prepared multilayers were exposed to electron beam radiation
by scanning a 1 mm x 1 mm square at 150x magnification with fixed accelerating voltage
of 15 kV, and current of 1.6 nA. At 15 kV, the excitation volume depth for all three
polymers is in the micrometer range. Therefore, we can assume that all layers are excited
and the electron beam penetrates the entire thickness of the multilayer sensors, which are
~ 0.5 pum in total thickness. The radiation dose was varied by adjusting exposure time ¢,

and was quantified in terms of the approximate absorbed dose according to:

I*S*t

3.1

dose ~

where / is the current, S the stopping power, and 4 the exposure area. Values for stopping
power for 15 keV kinetic energy electrons were calculated using the NIST ESTAR
database based on the chemical compositions of the polymers, yielding an average value
for P(p-MS-BP), P(OEGMA-BP) and P(MMA-BP) of 16 MeV cm”/g, which was used to

estimate absorbed doses.'®
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The response of irradiated samples was determined by swelling in ethanol and
acquiring reflectance spectra in sifu using a reflectance probe (Semiconsoft MProbe)
integrated with an upright microscope (Zeiss Axiotech). The microscope aperture was
adjusted to ensure that the measured area fell entirely within the irradiated square.

3.4 Results & discussion

This approach to colorimetric radiation sensors is based on one dimensional
photonic multilayers fabricated by spin-coating, photo-crosslinking, and developing of
alternating layers of a high refractive index polymer, P(p-MS-BP) and one of two
different low refractive index polymers. The layer thicknesses were chosen to reflect
blue-violet light in the dry state and undergo a red-shift due to swelling of the low
refractive index layers upon immersion in a mild, non-toxic solvent (in this case,
ethanol). Depending on their chemical structure, polymers tend to undergo either
preferential crosslinking or degradation under ionizing radiation.'” Thus, upon irradiation
of the multilayers, the degree of swelling of the irradiated regions will either increase or
decrease, depending on the chemical structure of the low-index layers, thereby causing a
shift in the reflectance peak compared to the unexposed regions of the sample. Once
irradiated and immersed in ethanol, the color change can be monitored by eye.
Depending on the chemistry of the responsive polymer layers, the observer will note an
apparent red or blue shift of the irradiated region compared to the non-irradiated area of
the sensor. This shift can be more quantitatively monitored by using a reflectance probe
to measure the reflectance spectra of the irradiated and non-irradiated regions. Once read-
out is complete, the sensor can be dried and disposed of or re-used by exposing a

previously non-irradiated region of the sample.
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Two radiation sensor systems were designed based on polymers expected to
undergo radiation-induced crosslinking or degradation, respectively, P(OEGMA-BP),
Figure la, and P(MMA-BP), Figure 1b. The materials were copolymerized with 2-5
mol% of the photo-crosslinkable monomer BP to allow for UV crosslinking during
multilayer fabrication. Mid-chain carbon-centered radicals on poly(ethylene oxide)
(PEO) irradiated in vacuo are known to predominantly undergo crosslinking via radical
recombination, particularly above 15 kGy, consistent with the dose range of our

study.'®"

PMMA is a well-known positive resist for ion and electron beam lithography
due to its degradation upon irradiation via main chain scission.'”"*** PMMA films have
been shown to preferentially degrade under ionizing radiation in vacuo at kGy doses, also
comparable to the dose ranges examined in the present work."

Upon exposure to ionizing radiation in the form of an electron beam, additional
crosslinks were introduced to the P(OEGMA-BP)-based sensors, leading to a decrease in
the degree of swelling and subsequently a blue shift in the wavelength of reflectance peak
of the irradiated region upon swelling in ethanol (Figure 2a, b, c). This effect was evident
in a ~30 nm blue shift in the reflectance spectra over exposures from 0 to 270 kGy.
Conversely, irradiation induces dislinking in the P(MMA-BP) layers, leading to an
increase in the degree of swelling and thus a red shift in the wavelength of reflected light.

This effect was evident in a ~75 nm red shift for samples swelled in ethanol after

irradiation with a dose of 325 kGy (Figure 3.2 d, e, f).
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Figure 3.2 Optical micrographs of swelled multilayers after exposure to radiation within
the regions denoted by the dotted square for preferentially a) crosslinking and d)
degrading systems. Corresponding reflectance spectra show a c) blue shift and f) red shift
from the unexposed areas (b, e) of the crosslinked and degraded sensors, respectively,

upon swelling.

Figure 3.3 shows the full range of sensitivity for PFOEGMA-BP) and P(MMA-
BP)-based sensors which display an increasing blue or red shift, respectively, in the
wavelength of reflected light with increasing radiation dose. Preferentially crosslinking
P(OEGMA-BP)-based sensors show a sharp linear decrease in Am,x at doses up to
approximately 50 kGy, after which there is a more gradual blue shift of An.x with
increasing dose. An approximately linear dependence of Ay.x with increasing dose is

observed for preferentially degrading PMMA-based sensors. It is noted that the P(p-MS-
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BP) layers likely undergo additional radiation-induced crosslinking, based on previous
findings showing that para-substituted polystyrenes tend to crosslink under ionizing
radiation, presumably due to crosslinking via hydrogen abstraction from the para-
position.'” However, ethanol is a non-solvent for P(»-MS-BP) and therefore these layers
do not swell upon immersion in ethanol and thus do not contribute to the observed shift in

reflectance.
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Figure 3.3 Graphs showing change in peak wavelength of reflected light with increasing
radiation dose demonstrating a blue-shift for a) a preferentially crosslinking sensor and a
red-shift for b) a preferentially degrading sensor. Data shown is a representative sample

of sensor response with error bars depicting typical uncertainty in Amax, = 0.5% and £

1%, respectively.
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While the dose ranges for noticeable colorimetric changes are relatively high, they
are comparable to commercial ion beam dosimetry systems, including radiochromic film
systems GafChromic HD-V2, Far West Technology FWT-60 and cellulose triacetate
Fujifilm FTR-125, with sensitivities of single to hundreds of kGy. Such photonic sensors
could thus provide a new route towards simple and environmentally stable radiation

dosimeters for food, packaging, and medical device sterilization techniques, which rely

21,22

upon monitoring doses in the kGy-range.
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Figure 3.4 Reflectance spectrum of a 7-layer flexible sensor with a photograph (inset)

showing the flexibility of such a multilayer fabricated on a Mylar sheet.

Finally, it is demonstrated that these multilayers can be effectively fabricated on
flexible substrates of transparent, biaxially-oriented polyethylene terephthalate (Mylar)
sheets (Figure 4). These sensors were found to maintain their structural integrity and
function even after multiple swelling/de-swelling cycles. The ability to prepare these
sensors on flexible substrates opens the door to use in a variety of contexts, for example,

as wearable patches, or in packaging applications.
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3.5 Conclusions and future outlook

This chapter describes a new approach to colorimetric radiation sensing based on
photonic polymer multilayers. Preferential degradation or crosslinking of the low-index
polymer layers alters the degree of swelling of the irradiated region, thereby providing a
colorimetric read-out of the exposed dose. Furthermore, the process allows for the
preparation of robust multilayers on polymer substrates, offering the possibility to
prepare flexible sensors.

While the sensitivity of these first generation devices is in the 100 kGy range, we
anticipate that further refinements to the copolymers used should enable substantial
improvements in sensitivity. Improvements in sensitivity by roughly an order of
magnitude can easily be envisioned by increasing the molecular weight between
crosslinks in the low index layers, which would lead to a more pronounced change in the
degree of swelling after irradiation—since each net dislinking event would correspond to
a proportionally larger change in crosslink density—and therefore a more pronounced
colorimetric response at lower doses. Further improvements should be possible through
optimization of the copolymer chemistry. For example, copolymerization with
methacrylic acid is known to increase the sensitivity of PMMA-based photoresists
substantially, and a similar strategy could be employed here to improve the sensitivity of
preferentially dislinking sensors to lower doses of radiation, i.e., by increasing the yield
of dislinking reactions relative to crosslinking or other chemical reactions that do not

affect backbone bonds.
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CHAPTER 4
NANOCOMPOSITE POLYMER FILMS AND PHOTONIC MULTILAYERS
WITH ENHANCED REFLECTANCE EFFICIENCY
4.1 Introduction

High refractive index polymers (HRIPs) are widely explored for a variety of
applications including optics, mechanical property tunability, displays, energy and data
storage.' Recently, new advances in photonic devices have led to an increased interest
in the development of high refractive index (n) materials. A key factor in the reflectance
efficiency of 1-dimensional (1-D) photonic crystals, periodic multilayers that rely on the
interference of light to reflect a characteristic wavelength defined by the refractive index
and thickness of each layer, is refractive index contrast between layers. *° The intensity
of this characteristic wavelength can be increased by increasing the number of layers or
enhancing refractive index contrast between the layers. The narrow range of refractive
indices of most polymers, typically between 1.45 — 1.60, is an inherent limitation to the
contrast achievable in polymer-only 1-D photonic devices.

For optical applications, one of the main obstacles of incorporating particles for
transparent polymer composites is maintaining high transmittance by achieving
homogenous particle dispersion and minimizing aggregation.® Large aggregates, typically
those greater than or equal to 40 nm, will trigger optical loss due to scattering of incident
light. The intensity of scattered light rises dramatically with increasing particle size, as is

well described by Rayleigh’s law:

PG 4.1
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where / is the intensity of transmitted light, Iy is the intensity of incident light, @, is the
volume fraction of polymer, x is the optical path length, r is the radius of particles, A the
wavelength of light, n, the refractive index of particles and n,, the refractive index of the
matrix material. "*

Significant contributions have been made towards enhancing the refractive index
of polymers, including via the introduction of substituent groups with high polarizability
for intrinsically high refractive index polymers, as well as incorporating high refractive
index metal oxide nanoparticles in polymer matrices for high-n nanocomposites.”” "> The
following serves to highlight notable work in the field of fabricating polymer-
nanoparticle composite films with both high transparency and enhanced refractive index.
In grafting-to techniques, nanoparticle ligands contain appropriate functional groups such
that polymer can be covalently attached to the particle surface. Polymers must be
appropriately modified, typically end-functionalized, with a group which will react with
the particle surface chemistry, thus grafting the polymer to the nanoparticle. In grafting-
from techniques, polymerization is initiated from the particle surface. However, these
methods are often synthetically challenging, time consuming or specific to a single
materials system.

Specifically, Lii and co-workers have prepared high refractive index ZnS-polymer
nanocomposite films using a grafting from technique.'’ ZnS (n = 2.36) nanoparticles
were functionalized and reacted with a UV curable urethane-methacrylate macromer
(UMM), triggering immobilization of the nanoparticles in the polymer matrix upon
polymerization. Resulting films exhibited low surface roughness and homogenous

particle distribution, as well as excellent optical transparency and an enhanced refractive
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index of the composite films was from 1.645 for pure UM polymer to 1.796 with 86 wt%
particle incorporation.

Early work on high refractive index thin films by Chang et. al. included the
fabrication of polymer- titania (n = 2.01) nanocomposites using polymer, coupling agent
and titania precursor via a sol-gel process.”> While composite films had high optical
clarity as well as refractive indices as high as 1.82 for polyimide-based composites, the
fabrication route is time-intensive, requiring specific polymer synthesis and modification,
sol-gel processing and spin-coating followed by a multistep baking process. They have
more recently developed polyimide (PI)-titania nanocomposites using a soluble
fluorinated polyimide. The composite refractive index was enhanced to a larger extent,
from 1.571 to 1.993, with high optical clarity, however this fabrication route also
involves an extensive multistep process by which a carboxy-terminated PI undergoes
esterification with titanium butoxide to form organic-inorganic bonds, followed by
hydrolysis, condensation and finally thermal curing of the nanocomposite film.°

Ueda and co-workers have also completed in-depth studies of polymer-
nanoparticle composites as well as the synthesis of polymers with inherently high
refractive indices via incorporation of atoms refractive index-enhancing sulfur-containing
substituents such as thioethers. Recently, these routes were combined by creating a
sulfur-containing Pl-titania nanocomposite with good optical transparency and an
enhanced refractive index of 1.81.° While a homogeneous mixture was obtained by
mechanical stirring, again a multi-step procedure for polymer synthesis and composite

preparation is required, including a multi-step cure followed by drying under vacuum.
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Miguez and co-workers have established polymer-infiltrated nanoparticle-based
photonic multilayers with high reflectance intensity as well as flexibility, however they
have not been shown to be stimulus-responsive.'* Recently, Watkins and co-workers
have utilized titania nanoparticles for nanocomposite-based 3-D photonic crystals and
gratings, though these optical materials also do not display stimuli-responsive behavior.'?
Previous chapters have established this unique approach to photonic multilayers for
colorimetric sensing of temperature and ionizing radiation. "> The following sections of
this chapter describe a straight-forward route to enhance reflectance efficiency via the
fabrication of homogenous nanocomposite thin films of hydrophobic and hydrophilic
polymers, as well as photonic multilayers, with tunable refractive index according to the
weight percent of nanoparticles in the composite.

These films are prepared by simple mixing of solutions of dispersed zirconia
nanoparticles with dissolved polymer using miscible solvents for both systems.
Nanocomposite photonic multilayers retain their structural integrity and
thermoresponsive behavior, providing a convenient route for enhancing reflectance from
a lower number of layers by enhancing refractive index contrast between layers. This
technique also allows for straight-forward fabrication of “all-gel” sensors with refractive

index contrast arising solely from the addition of nanoparticles to alternating layers.
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Schematic 4.1 Nanocomposite photonic multilayer schematic of PNIPAM-
based multilayers with a) P(pMS-BP) + 70 wt% zirconia and b) P(NIPAM-BP)

+ 85 wt% zirconia as the high-refractive index layers.

4.2 Experimental methods
4.2.1 Polymer synthesis

Polymers were synthesized by conventional free radical polymerization in 1,4-
dioxane (Aldrich) using azobisisobutyronitrile (AIBN) (Aldrich) re-crystallized from
methanol as initiator. NIPAM and acrylic acid (AAc) were purchased from Aldrich and
used as received. Inhibitor was removed from p-methylstyrene (pMS) (Acros Organics)
by passing through a column of basic alumina. Acrylamidobenzophenone (BP) monomer
was synthesized according to a previously reported literature procedure via reaction of
acryloyl chloride and 4-aminobenzophenone. !
P(MS-BP)

The monomers pMS (3 mL, Aldrich) and BP (0.45 g) were dissolved with AIBN
(0.015 g) in 30 mL of 1,4-dioxane and polymerized at 80°C for 15 h under nitrogen

following three freeze-pump-thaw cycles, yielding a copolymer containing 10 mol% of

BP. The polymer was purified by precipitation into methanol, washed under vacuum
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filtration and dried overnight in a vacuum oven prior to use. Structure was confirmed
by 'H NMR (Bruker DPX 300).
P(NIPAM-AAc-BP)

The monomers NIPAM (1.503 g), acrylic acid (AAc) (0.050 mL), BP (0.036 g)
were dissolved with AIBN (0.005 g) in 15 mL of 1,4-dioxane and polymerized at 80°C
for 15 h under nitrogen following three freeze-pump-thaw cycles, yielding a copolymer
containing 5 mol% AAc and 1 mol% BP. The polymer was purified by precipitation into
diethyl ether, washed over vacuum filtration and dried overnight in a vacuum oven prior
to use. Structure was confirmed by '"H NMR (Bruker DPX 300). An AAc-containing
polymer was chosen to enhance the hydrophilicity and thus degree of swelling of the
P(pMS-BP)/P(NIPAM-A Ac-BP) multilayers.

P(NIPAM-BP)

The monomers NIPAM (2.004 g) and BP (0.232 g) were dissolved with AIBN
(0.006 g) in 20 mL 1,4-dioxane and polymerized, purified and characterized using the
same procedure as P(NIPAM-AAc-BP).

4.2.2 Photonic multilayer preparation & characterization

Photonic multilayers were prepared by sequential spin-coating, crosslinking and
developing of polymer films as previously reported.'> Glass substrates were first cleaned
by sonication for 10 min each in acetone, ethanol and water followed by surface
treatment with methacryloxypropyl trichlorosilane (Gelest) to promote substrate-polymer
adhesion. P(pMS-BP) and both P(NIPAM-AAc-BP) and P(NIPAM-BP) were cast from
toluene and I-propanol, respectively. Developing solutions for P(pMS-BP) and

P(NIPAM-BP), and their corresponding nancomposites, were 1: 0.65 toluene: hexanes
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and 2: 1 ethanol: water, respectively. Polymer films were crosslinked using a Newport
365 nm UV light source, with typical doses of approximately 80 J/cm” sufficient to fully
convert the BP photo-crosslinkers.

Zirconia nanocrystal dispersion was purchased from Pixelligent Technologies,
LLC as a 50 £ 1 wt% (42 + 2 wt% inorganic content) dispersion in propylene glycol
monomethylether acetate (PGMEA) and used as received. Both NIPAM-based polymers
were dissolved in PGMEA. For P(pMS-BP) composite solutions, a cloudy suspension,
due to poor solubility, of polymer in PGMEA was first made, followed by dropwise
addition of toluene until polymer was fully dissolved and a clear solution obtained.
Sonication for 5 minutes was used to ensure complete dissolution of all polymer solutions
followed by filtration through a 0.2 um PTFE filter prior to addition of nanoparticles.
Particle-polymer solutions were made by dropwise addition of an appropriate aliquot of
nanoparticle dispersion to polymer solutions followed by gentle hand stirring resulting in
a clear, colorless solution. Films were typically cast immediately upon mixing, however
particle-containing polymer solutions were clear and stable over several weeks in most
cases when sealed to avoid solvent evaporation.

All films were spin-cast at 2000 rpm for 50 s using a Headway Research spin
coater. Refractive indices and thicknesses of polymer films were characterized using a
variable angle spectroscopic ellipsometer (Sopra) or null ellipsometer (LSE Stokes,
Gaertner). Reflectance spectra were acquired using a reflectance probe (Semiconsoft
MProbe) integrated with an upright microscope (Zeiss Axiotech) with light incident
normal to the sample surface and a spectral range of 400-800 nm. To monitor changes in

reflectance with temperature, multilayers were placed on a temperature stage (INSTEC
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HCS621V) with liquid nitrogen cooling and the sample surface fully covered with
deionized water for all variable temperature experiments, allowing for 20 min
equilibration at each temperature.
4.2.3 Reflectance calculations

MATLAB was used for all reflectance calculations. The transfer matrix method
was employed for calculating reflectance assuming perfectly smooth interfaces parallel to
the substrate and homogenous material properties (refractive index, layer thickness)
through each layer of the stack in an ambient environment of air (n = 1.00). The
refractive indices of PpMS and PNIPAM (polymer-only films) were taken as 1.57 and
1.51, respectively, and dispersion was ignored.
4.3 Results and discussion

This chapter explores a straight-forward method to enhance the refractive index of
both hydrophobic and hydrophilic polymers by simple mixing with high refractive index
metal oxide nanoparticles, in this case, ZrO,. Nanocomposite films are used to fabricate
photonic multilayers with enhanced reflectance efficiency compared to their polymer-
only counterparts. Solvents were chosen appropriately to optimize miscibility of polymer

and nanoparticle solutions while maintaining solubility of all components.
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Figure 4.1 Tunability of refractive index of both a) hydrophobic PpMS and b)

hydrophilic PNIPAM is achieved by adjusting weight % of zirconia.

Refractive indices of both P(pMS-BP) and P(NIPAM-BP) were increased ~ 10%
(Figure 4.1) simply by adjusting the weight % incorporation of zirconia in polymer
solutions prior to spin-coating. Solutions are clear and colorless for loadings up to 70
wt% zirconia in P(pMS-BP) and 85 wt% P(NIPAM-BP). AFM analysis of spin-cast
films, ~90 nm in thickness, revealed homogenous P(pMS-BP) composites with minimal
increase in rms surface roughness, 1.043 nm, compared to the polymer-only film, 0.271
(Figure 4.2 c,d). Additionally, composite films can be fully crosslinked and developed in
a marginal solvent to remove uncrosslinked material, with no evidence of delamination.
Homogeneous dispersion, low surface roughness and efficient crosslinking support the

exploration of these composite films for photonic multilayers.
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Figure 4.2 a) Experimental spectra showing enhanced reflectance of photonic multilayers
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reflectance spectra based on the experimental thickness and refractive index parameters
for each system. AFM images reveal d) nanocomposite films maintain homogeneity with
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Figure 4.3 Blue shift of reflected light with increasing temperature observed for both a)
P(pMS-BP) + 70 wt% ZrO2/P(NIPAM-BP)-based nanocomposite multilayer and b)
P(pMS-BP)/P(NIPAM-BP) polymer-only based multilayers in deionized water, and c)
reflectance spectra at comparable degrees of swelling showing enhanced intensity of
composite multilayer (solid line) versus polymer-only multilayer (dashed line). Data
plotted in a,b are A, of primary reflectance peak, m = 1, calculated based on the higher
order harmonics, m = 2, if m = 1 was not visible in the accessible spectral range of the

instrument during experiment.

In Figure 4.2 a, dry-state reflectance of P(pMS-BP)/P(NIPAM-AAc-BP)
multilayers with identical optical thicknesses but different refractive index contrast

between layers is compared. It was clearly observed that boosting the refractive index
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contrast ~10% with the addition of 70 wt% zirconia (solid line) leads to a nearly 3-fold
increase in the reflectance intensity compared to an equivalent polymer-only multilayer
(dashed line). Comparison of experimental spectra to calculations (Figure 4.2b) of
perfectly uniform systems with zero roughness but equivalent optical properties
(refractive index and physical thickness of layers), reveals high reflectance efficiency,
~70%, is maintained in the nanocomposite system compared to the polymer-only system,

~85%. Small differences between the A n.x of the calculated and experimental

reflectance spectra may be attributed to slight variations in nanocomposite film thickness
through the multilayer stack. Furthermore, in addition to multilayers with higher
reflectance intensity, this also allows for the fabrication of multilayers with sufficiently
high reflectance for detection by eye from a reduced number of layers, and thus a faster
fabrication time.

Responsive behavior of these multilayers arises from the temperature sensitive
behavior of PNIPAM, which de-swells due to a volume phase transition above a lower
critical solution temperature ~32°C in water. Layer thicknesses were chosen to reflect
blue-violet light in the dry state and undergo a red-shift through the visible spectrum due
to swelling of the low refractive index NIPAM-based layers upon immersion in deionized
water. In the swelled state, nanocomposite multilayers retain their structural integrity,
thermochromic response and enhanced reflectance efficiency as demonstrated in Figure
4.3.

Tunability of the refractive index of our responsive material, P(NIPAM-BP),
allows for the fabrication of all-gel photonic multilayers containing 85 wt% loading

P(NIPAM-BP) as high refractive index layers and show a well defined reflectance peak
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in the dry state at only 7 layers (Figure 4.4a). When swelled in water, these all-gel

composites also retain structural integrity and temperature-responsive behavior. In

addition, the use of only gel materials allows for a greater degree of swelling and thus
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Figure 4.4 Reflectance spectra of an all-gel P(NIPAM-BP)-based composite photonic
multilayer in the dry state. b) Plot showing blue shift of reflected light with increasing
temperature for all-gel composite immersed in deionized water. m = 2,3.,4 corresponds to
the harmonic used to calculate An.x of primary peak, m = 1. Data plotted are Ama.x of
primary reflectance peak, m = 1, calculated based on c) the higher order harmonics, m =

2,3,4, visible in d) the accessible spectral range of the instrument during experiment.
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accessibility to an even wider range of wavelengths in the UV, visible and IR portions of
the spectrum. By eliminating the brittle P(pMS-BP) layers, these all-gel composite
multilayers also hold promise for use as colorimetric strain sensors.

Notably, there is a shift in transition temperature to lower temperature with the
presence of zirconia. For polymer-only multilayers, an expected transition temperature of
32°C, near the lower critical solution temperature of P(NIPAM), is observed. This
transition is lowered to 27°C for 70 wt% loading of a P(pMS-BP)/P(NIPAM-AAc-BP)
multilayer, and again lower, 18°C, for the 85 wt% P(NIPAM-BP)/P(NIPAM-BP) all-gel
multilayer. To understand if this trend could be attributed to stronger van der Waals
interactions upon addition of inorganic particles, we calculate the interaction potential, 17,
for two infinitely parallel half-spaces separated by 60 nm water, PS-water-PS and ZrO,-
water-ZrO, and find W of ZrO,-water-ZrO,, 1 x 10 N/m, is an order of magnitude larger
than PS-water-PS, 1 x 107 N/m. This change in W, however, is insignificant when
considering the osmotic pressure, on the order of hundreds of kPa, of the hydrated gel
compared to the considerably smaller disjoining pressure taken from the derivative of W
with respect to the half-space separation distance. While the ligand chemistry of the
commercially supplied zirconia nanoparticles in this work is proprietary, it is possible
that thermoresponsive behavior of the ligands as well as ligand-ligand, ligand-polymer
and ligand-solvent interactions may also influence the onset of the multilayer transition
temperature. This phenomenon may be further exploited to tune the transition
temperature of thermoresponsive materials, and its mechanism is under continued

investigation.
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4.4 Conclusions and outlook

For photonic applications, a careful balance must be maintained to ensure
enhanced reflectance efficiencies by increasing refractive index contrast are not
consequentially negated by a large extent of roughness at the layer interfaces.
Nanoparticles with higher refractive indices but which do not absorb greatly in the visible
wavelengths, such as ZnS (n = 2.36) and TiO; (npie = 2.70), may also be of interest for

) ) 12,3
refractive index enhancement. ™

The ability to fabricate homogenous nanoparticle-
polymer composites in a simple, straight-forward manner would prove beneficial to a
broader range of fields beyond photonics, including, but certainly not limited to,
optoelectronics, sensing, displays and coatings. In this chapter, the fabrication of all-gel
composite multilayers was described. This technique holds promise for future use as a
colorimetric strain sensor. For example, if the multilayer could be fabricated on a

sacrificial layer and transferred to a flexible, elastomeric substrate, such as poly(di-

methyl siloxane) (PDMS), one may envision a blue-shift or red-shift of A max When

. . . . 16.1
placed in tension or compression, respectively.'®'’
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CHAPTER 5

KINETIC RESPONSE OF PHOTONIC POLYMER MULTILAYERS

5.1 Introduction

It is important to better understand and ultimately control the response kinetics of
photonic multilayers for them to be useful in practical applications. Many studies have
examined the swelling behavior of surface-attached hydrogel films, but often with less
focus on the kinetics.'™ It was apparent in Chapter 2 that the kinetics of swelling for the
P(NIPAM-AAc-BP)-based multilayer thermochromic materials are quite slow, which can
possibly be attributed to several causes: de-aggregation of hydrophobic benzophenone
moieties, inter- and intra-molecular hydrogen bonding, or limitations of mass transport
through the thickness of the multilayer. In this chapter, possible causes for limited
swelling kinetics are hypothesized and explored experimentally by studying alternative
photo-crosslinkable copolymers as well as examining the kinetics at short time scales in
the earliest stages of swelling.

To better understand the factors influencing the kinetics of thermochromic
multilayers, three additional temperature responsive copolymers: OEGMA, DEAM, and
uncharged NIPAM, were considered. To do so, a copolymer of 93 mol% 2-(2-
methoxyethoxy)ethyl methacrylate , 5 mol% oligo(ethylene glycol)methacrylate and 2
mol% AAmBP, P(MEO,MA-OEGMA-AAmBP), was synthesized. This particular
composition was chosen based on work by Lutz and co-workers in which MEO,MA-
OEGMA copolymers were investigated as an alternative to the PNIPAM which shows
hysteresis in LCST.*® It was found that a copolymer containing 95 mol% MEO,MA and

5% OEGMA has an LCST most similar to PNIPAM, 32°C, and thus we chose a similar
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molar composition to be able to study temperature responsiveness in a range comparable
to that of the PNIPAM-based sensors.

To further investigate the effect of hydrogen bonding on sensor response kinetics,
N, N-diethylacrylamide (DEAM) was also copolymerized with BP and used to fabricate a
multilayer with a comparable number of layers and thickness for a direct kinetic
comparison of swelling and de-swelling in water. Wu and co-workers have shown that
PDEAM, unlike PNIPAM, does not exhibit hysteresis in the coil-to-globule-to-coil

" 11
transition. 7

This is attributed to the absence of a hydrogen bond donor in the DEAM
moiety, while PNIPAM is capable of forming inter- and intra- molecular hydrogen bonds
due to the presence of an -NH. While there is a variety of N-substituted acrylamides,

PDEAM is a suitable choice for comparison because it also displays an LCST near to that

of PNIPAM (~32°C) and thus can be tested in a similar temperature range. This study

will help elucidate if hydrogen bonding is the main source of the slow kinetics in
PNIPAM-based temperature sensors.

Schmaljohann and co-workers have in fact observed that surface attached,
crosslinked DEAM and NIPAM show two time ranges of swelling, characterized as a fast
‘dynamic’ swelling and a slow ‘equilibrium’ swelling, for films as thin as 10-20 nm in
the dry state.'” The fast ‘dynamic’ range was found to occur within minutes or less, and
the slow ‘equilibrium’ swelling over the course of several days. While these time scales
are significantly longer than the results presented in this chapter, they, too, note the slow
swelling results are in contrast to the fast response time expected for thin hydrogel films.
It should also be noted that the system of Schmaljohann and co-workers also includes the

additional presence of poly(ethylene glycol) side chains pendent to DEAM and NIPAM
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backbones, which is suggested to slow the swelling further due to added hydrogen
bonding interactions.

5.2 Experimental methods

P(OEGMA-MEO;MA-BP)

This polymer was synthesized as described in Chapter 3 and spin cast from
toluene. Amounts of 2 mL of 2-(2-methoxyethoxy) ethyl methacrylate (MEO,MA,
Aldrich), 251 pL of oligoethylene glycol methyl ether methacrylate (OEGMA, M, = 475
g/mol, Aldrich), 58 mg of BP and 3.4 mg of AIBN were polymerized in a 5:1 mixture of
ethanol:1,4-dioxane at 80°C for 18 h under nitrogen following three freeze-pump-thaw
cycles, resulting in a copolymer containing 2 mol% of BP. OEGMA and MEO,MA were
used as received. The polymer was purified by dialysis and lyophilization, and its
structure confirmed by '"H NMR. M, of 73 kg/mol with a PDI of 1.94 was determined by
THF GPC against PMMA standards. Differential scanning calorimetry (DSC) revealed a
glass transition temperature (Tg) of -40°C.

P(DEAM-BP)

Amounts of 2.15 mL of diethylacrylamide (DEAM, Aldrich), 227 mg of BP and
5.9 mg of AIBN were polymerized in 25 mL 1,4-dioxane at 80°C for 18 h under nitrogen
following three freeze-pump-thaw cycles, resulting in a copolymer containing 5 mol% of
BP. DEAM was used as received. The polymer was purified by precipitation into stirring
hexanes and its structure confirmed by 'H NMR. Differential scanning calorimetry (DSC)
revealed a glass transition temperature (Tg) of 80°C. P(DEAM-BP) showed good

solubility in 1-propanol, toluene and chloroform. A solution of 11:10 water:1-propanol
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was used for developing crosslinked polymer films. For multilayers, solutions of 12
mg/mL P(DEAM-BP) in 1-propanol were spin-cast at 2000 rpm for 50 s.
P(NIPAM-BP)

Amounts of 2.004 g NIPAM, 232 mg of BP and 6 mg of AIBN were polymerized
in 20 mL 1,4-dioxane at 80°C for 18 h under nitrogen following three freeze-pump-thaw
cycles, resulting in a copolymer containing 5 mol% of BP. NIPAM was used as received.
The polymer was purified by precipitation into stirring diethyl ether and its structure
confirmed by 'H NMR. Charge-containing P(NIPAM-5%AAc-1%BP) was synthesized

and used as described in Chapter 2.

P(NIPAM-5%BP) P(OEGMA-5%BP)

Wdﬁﬁm
! w_g

P(DEAM-5%BP) P(NIPAM-5%AAc-1%BP)

rN\l o )\OHO

O o]

Figure 5.1 Chemical structures of responsive monomers used for kinetics studies of

temperature sensitive systems.
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5.3 Results and discussion

This chapter describes a more detailed analysis of swelling kinetics comparing
polymer chemistries with (poly(N-isopropylacrylamide —BP) (PNIPAM)) and without
(poly(N,N-diethyl acrylamide) (PDEAM), poly(oligo ethylene glycol methacrylate)
(POEGMA)) a hydrogen bond donating group, specifically the N-H amide present only
in PNIPAM.

Table 5.1 Range of swelling for non-charge containing responsive multilayers,
from A max(dry) to A max(swell, RT water).

P(DEAM-BP) 70
P(NIPAM-BP) 100
P(OEGMA-MEO,MA-BP) 115

Multilayers were fabricated as described in 1.2.1 and designed to have equivalent
optical thicknesses such that each reflects blue-violet in the dry state. Upon initial
swelling of PIMEO,MA-OEGMA-AAmBP)-based multilayer in deionized water, peak
reflectance wavelength shifted approximately 115 nm (from blue to yellow) and an
equilibrium study of peak reflectance with temperature showed a blue-shift of

approximately 80 nm in wavelength over a 50°C temperature change (20 to 70°C).

Neutral P(NIPAM-BP) and P(DEAM-BP)-based multilayers have a Anax range of 100 nm
and 70 nm, respectively, when swelled in deionized water at room temperature.

When initially swelled in room temperature water from the dry state, both
P(DEAM-BP) and P(OEGMA-MEO2MA-BP)-based multilayers display faster swelling

kinetics than either neutral or charged PNIPAM, as well as monoexponential fits for both
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swelling and deswelling (Table 5.2). The swelling of both neutral and charge-containing
PNIPAM multilayers is best fit with a biexponential (Table 5.2). This initial swelling
from the dry state is shown in Figure 5.2. Since the degree of swelling of each polymer
differs slightly, An.x values for each sample are normalized between 0 (dry state) and 1
(fully swelled state) to allow for clearer comparison between systems. This result
supports the possibility of inter- and intra- molecular hydrogen bonding as a source for
slow kinetics in PNIPAM-based sensors. This also demonstrates that the slow swelling
kinetics of PNIPAM are material dependent rather than an inherent drawback to this
fabrication process.

Deswelling time constants for all neutral multilayers were comparatively quite
fast, best fit with a monoexponential with a time constant, T ~10 s. Deswelling for these
neutral materials may perhaps be limited by mass transport as water molecules are
expelled from gel layers above the lower critical solution temperature.'”'® Acrylic acid-
containing PNIPAM-based multilayers show a far slower monoexponential deswelling
time constant, T~180 s, possibly due to added electrostatic repulsion of charged moieties
upon collapse of the gel above LCST and enhanced hydrophilicity compared to the

neutral materials.
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Figure 5.2 Monitoring change in An, for multilayers of equivalent optical thickness
with different temperature responsive layers based on, P(NIPAM-BP), P(DEAM-BP)

or P(OEGMA-BP), swelled in deionized water from the dry state.

Beyond monitoring reflectance spectra upon initial hydration from the dry state,
further studies were conducted to monitor the dynamic swelling and de-swelling behavior
of multilayers triggered by rapidly changing temperature. A new experimental setup of

rapidly transferring the multilayer between water baths of heated and room
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Figure 5.3 a) Reflectance spectra of P(NIPAM-BP)-based multilayer swelling in

water at room temperature. For analysis of initial swelling at shorter time scales,
b) transmittance spectra of swelling P(NIPAM-5%AAc-1%BP)-based multilayer
are shown. A well-defined characteristic Bragg peak is observed at all time points,

which is red-shifted with increasing degree of swelling.

temperature deionized water to de-swell and re-swell, respectively, was developed to
lessen limitations of heat transfer present when using a temperature stage, used in
Chapter 2, to heat and cool the sample. It was found that all three polymers show
similarly rapid temperature triggered de-swelling kinetics, with a time constant of T ~ 10
s. POEGMA and PDEAM show comparable swelling kinetics, while the slower PNIPAM
swelling is best fit using a bi-exponential, of the form y = A + A,e™ , with time
constant T; similar to that of PDEAM and POEGMA, as well as a second time constant,
T, one order of magnitude slower, providing evidence that the slow response kinetics of
PNIPAM-based sensors may be due to the breaking of hydrogen bonds during swelling
cycles. (Table 5.2) Fits using a bi-exponential show nearly equivalent contributions from

both the A; and A, coefficient terms.

70



Next, swelling at short times for initial hydration of NIPAM-based mulitlayers is
examined, as shown in Figure 5.3. A well-defined characteristic Bragg peak is observed

at all time points. This peak is red-shifted with increasing degree of swelling. The

Table 5.2 Time constants for A,y Vs. time curves best fit with either a single or
bi-exponential.

P(NIPAM-BP) P(OEGMA-BP) P(DEAM-BP) P(NIPAM-AAc-BP)

initial swell 7 =170 _ _

(z.8) ©, = 1400 30 20 1, =720 1, =60

de-swell (t,s) 10 10 10 180

re-swell (t,s) 7 Sl =201, =150 =60 =820 1, =65
T, 1, = 335 T T T T T,

intensity of the peak also intensifies as the refractive index contrast is enhanced with
swelling and the optical thicknesses of the periodic layers become closer to the ideal
conditions for maximum reflectance intensity of a quarter-wave film stack. The uniform
growth of these peaks suggests that the multilayer swells homogeneously with time, even
at short time scales, on the order of single seconds, not previously accessible using the
microscope-integrated reflectometer with typical acquisition times on the order of 15s. A
disordered spectra lacking a characteristic reflectance peak would be expected if the
multilayer were to swell non-uniformly, for instance due to limitations of mass transport
of water through the thickness of the stack.'”'® Additionally, swelling of a single film of
P(NIPAM-AACc-BP), ~ 250 nm thick, also shows a similarly swelling response with fast
initial swelling and a slower equilibration, on the order of 15 min, as monitored by
reflectometry.'® Therefore, these data, along with the rapid swelling in ethanol, a larger
molecule than water, observed in Chapter 2, all suggest the swelling of these photonic

multilayers is not limited due to limitations of through-thickness mass transport. Upon
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swelling, the de-aggregation of hydrophobic benzophenone moieties, hydrogen bonding
and electrostatic interactions (for charge-containing films), all likely contribute to the
slow kinetics observed. Temperature induced re-swelling of P(OEGMA-BP)-based
multilayers is best fit with a bi-exponential. The longer time constant may be due to the
presence of hydrogen bond acceptor ether oxygens present in the OGEMA side chains,
which are entirely absent in DEAM. Additionally, though we have greatly reduced
hydrogen bond affinity through the use of DEAM and OEGMA, we note that these
materials do still contain some small percentage of hydrogen bond donors present in the
acrylamide functionality of the acrylamidobenzophenone crosslinkers.

This chapter also explores the salt-responsive swelling kinetics of a highly
charged polymer, poly(sulfopropyl methacrylate-BP), P(SPMA-BP), previously utilized
in Chapter 6 for its selective salt-sensitivity, fast response and high degree of swelling.

PSPMA-based multilayers exhibit fast swelling kinetics which become slower with

b
) [NaCI] Tswelling (5)

—_ 0 12
E 7% * Dlwater 100 mM 30

% 4501 ] e 100 mM
<5 400! 4 200mM 200 mM 24

500 mM

3504 & 500 MM 1, =39, 1,=410
0 200 400 600 800
time (s)

Figure 5.4 a) Monitoring swelling of Ap,x with time in various salt
concentrations and b) corresponding time constants for kinetic data best fit with
either a single or bi-exponential shows fast kinetic response which slows with

increasing salt concentration.
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increasing salt concentration. The data presented in Figure 5.4 shows A n.x With time

upon swelling of a PSPMA-based multilayer for deionized water and a range of salt
concentrations. Response is fastest in deionized water, fit with a monoexponential with 1
~ 12 s. This response slows slightly with increasing salt concentrations of 100 mM and
200 mM, both fit with a monoexponential. Swelling in 500 mM NaCl solution, however,
is best fit with a bi-exponential, displaying slower time constants of t; ~ 39 s and 1, ~
410s. (Figure 5.4) This material displays both salt sensitivity as well as a high degree of
swelling, making it suitable for Bragg mirror or filter sensors which can span a broad

range of wavelengths.
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Careful examination of the surface of multilayers after multiple swelling cycles in
certain cases revealed evidence of localized delamination (Figure 5.5). Even after several
swelling/de-swelling cycles, multilayer films remain adhered to the substrate and exhibit
strong reflectance. Optical microscopy and profilometry reveal areas of localized
delamination do not propagate globally across the surface, which would likely lead to
device failure or a significant decrease in reflectance intensity. Optical profilometry was

used to analyze the surface in-situ during de-swelling, triggered by slow removal of a

Figure 5.5 Optical profilometry showing the surface morphology of a de-
swelling PCOEGMA)-based multilayer. Similar delamination scars are evident on

a dried P(SPMA)-based multilayer (bottom left).

large water droplet. In the initial states of de-swelling, rounded areas of ~ 30 pum diameter
can be observed protruding through the top, rigid P(pMS-BP) layer. These protrusions of
underlying gel recede as the sample dries until the surface is again nearly flat, with small
remaining depressions indicative of these delamination sites. By optical microscopy, it is

evident that these gel protrusions leave a permanent scar in the top P(pMS-BP) layers
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(Figure 5.4, bottom left). It is possible these delamination points nucleate at pinholes in
the P(pMS-BP) films which form during the spin-coating process.
5.4 Conclusions and future outlook

Understanding the kinetic response is crucial in allowing for the design of
photonic mutilayers with predictable responses. In some instances, slower kinetics may
be desirable, for example in the case of monitoring exposure to an analyte with time,
perhaps useful in smart packaging applications where an item cannot be exposed to a
particular level of humidity or solvent vapor atmosphere for a prolonged period of time.
Additionally, the ability to tune response time with polymer chemistry demonstrates that
the slow swelling kinetics of PNIPAM-based multilayers are material dependent rather
than an inherent drawback to this fabrication process. In this chapter, results demonstrate
that adjusting the responsive copolymer chemistry by using temperature-sensitive
polymers with a lower affinity for hydrogen bonding allows for the fabrication of
multilayers with improved response times.

Much can be learned from a future study of the composition drift of
benzophenone in the polymers presented in this thesis. It is possible large clusters of
hydrophobic benzophenone moieties hinder the swelling kinetics, and can perhaps be
more evenly distributed using controlled radical polymerization techniques. Another
alternative is the exploration of crosslinkable monomers with less hydrophobic character,
to minimize any possible aggregation of hydrophobic moieties. Future work will also
include careful studies of the swelling kinetics of single, thin gel films. Additionally, the

work presented in this thesis has so far only considered transport of small molecules
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(water and, to some extent, salt), but it will be important to understand how larger

analytes, such as biomoleucles, will diffuse into multilayers as well.
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CHAPTER 6

NEW GEOMETRIES AND SENSOR DESIGNS: DYNAMIC FILTERS,
MIRRORS AND ARRAYS

6.1 Introduction and motivation

Thus far, the photonic multilayers presented in this thesis have been Bragg
mirrors, or periodic dielectric multilayers which reflect a characteristic wavelength of
light. Bragg filters transmit a characteristic wavelength of light and can be described as
having maximum transmittance for a cavity layer of optical thickness, 2d, sandwiched
between two Bragg mirrors with each layer of optical thickness, d.'? One of the main
advantages of the sequential layer deposition process is the ability to control the thickness

and material properties of each individual layer. This chapter describes the expansion of

filter mirror filter

responsive center layer
Figure 6.1 Schematic of a Bragg filter geometry (left) and a dynamic mirror-

T+d

T2 -{_>

filter multilayer achieved by tuning the chemistry of the central layer to
selectively swell (mirror, center) or de-swell (filter, right) in response to a

particular analyte.

our multilayer fabrication approach to create new geometries, including Bragg filters, as
well as arrays, or multiple sensors on a single substrate.

Previously, Riithe and co-workers used sequentially spin-cast polymer films to
create Bragg filters.’ In this case, the Bragg filter was not dynamic, and this multilayer

was fixed in the filter geometry. Transitioning between a Bragg filter and mirror on a
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single responsive photonic multilayer has not been demonstrated. Such sensors may not
exhibit a broad range of colorimetric response but instead could be used as an “on/off”
detector, with high intensity reflectance potentially signifying the presence of the analyte.
This switchable nature would serve a unique purpose as an alternate form of sensor read-
out or as a functional film in optical applications including displays, thermal and light
management.“’

In addition to new geometries, this chapter will also describe how the photo-
patternable, layer-by-layer approach lends itself easily to the creation of sensor arrays, or
multiple sensors on a single substrate. The idea of arrays serves to both 1) decrease
fabrication time by eliminating the need for several independent coating steps for layers
that are common to all components of the array, and 2) to allow for multi-functional
sensors which can detect multiple analytes on a single substrate either by changing color
or changing the characteristic reflectance spectrum, i.e. mirror-to-filter transition.

Photonic sensor arrays are especially of interest in areas where high-throughput
sensing is desirable, particularly in rapid detection of small molecules or probes for
medical diagnostics.” Ozin and co-workers, for example, have pioneered the “photonic
nose” as a novel platform for detection of volatile small molecules and bacteria.® Li and
co-workers have developed molecular recognition sensor arrays based on a combination
of colloidal crystal templating and molecular printing to create molecularly imprinted
inverse opal photonic polymers. These sensor arrays display high sensitivity and
selectivity to a range of analytes, yet their fabrication does require a multi-step process

and can potentially suffer from cross-contamination.’
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6.2 Experimental methods

All polymers were synthesized by conventional free-radical polymerization as
described in earlier chapters. Prior to spin coating, all polymer solutions were first
sonicated for 10 min followed by filtration through a 0.2 um PTFE filter. Solutions of
polymer when spin-cast, cross-linked using 365 nm UV light and developed as described
previously. All spin coating was completed at 2000 rpm for 50 s with a 1000 rpm ramp.
P(pMS-BP) and P(NIPAM-BP) were synthesized as described in earlier chapters.
P(SPMA-BP)

Amounts of 1 g sulfopropyl methacrylate (SPMA, Aldrich), 53.6 mg of BP and 2
mg of AIBN were polymerized in a 10:3:1 mixture of methanol:1,4-dioxane:water at
80°C for 18 h under nitrogen following three freeze-pump-thaw cycles, resulting in a
copolymer containing 5 mol% of BP. Water was necessary to fully dissolve SPMA,
which was used as received. The polymer was purified by dialysis against 10:3:1
methanol:1,4-dioxane:water and several cycles of water, followed by lyophilization, and
its structure confirmed by 'H NMR. P(SPMA-BP) displays high solubility in water and
weak to poor solubility in all other polar solvents tested. To dissolve this polymer in a
suitable solvent system for spin-coating, a milky suspension of 15 mg/mL in
trifluoroethanol (TFE) was first created. Polymer was completely dissolved upon addition
of 0.5 vol% water, forming a clear solution. Spin-coating of homogenous films yielded
as-cast thicknesses of 92+ 3 nm and 774+ 1 nm after crosslinking at 80 mW/cm2 and

developing in 0.5 vol% water in methanol.
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P(OEGMA-MAA-BP)

Amounts of 2.728 mL OEGMA (Mw = 475 g/mol), 2.03 mL of methacrylic acid
(MAA, Aldrich), 390 mg BP and 8 mg of AIBN were polymerized in 40 mL of a 1:1
mixture of methanol:1,4-dioxane at 80°C for 18 h under nitrogen following three freeze-
pump-thaw cycles, resulting in a copolymer containing 48 mol% OEGMA, 48 mol%
MAA and 4 mol% of BP. OEGMA and MAA were used as received. The polymer was
purified by dialysis against 1:1 methanol:1,4-dioxane and several cycles of water
followed by lyophilization, and its structure confirmed by 'H NMR. Polymer was spin-
cast from TFE at 12 mg/mL.

P(NIPAM-MPC-BP)

Amounts of 2 g NIPAM, 340 mg MPC, 325 mg BP and 4 mg of AIBN were
stirred in 1,4-dioxane and methanol was added dropwise until all monomers were fully
dissolved. The reaction mixture was polymerized at 80°C for 18 h under nitrogen
following three freeze-pump-thaw cycles, resulting in a copolymer containing 5 mol% of
BP. MPC and NIPAM were used as received. The polymer was purified by dialysis
against 1:1 methanol:1,4-dioxane and several cycles of water followed by lyophilization,
and its structure confirmed by '"H NMR. Polymer was spin-cast from 1-propanol at 12
mg/mL. Spin-coating of homogenous films yielded as-cast thicknesses of 79 +/- 4 nm

and 70 +/- 2 nm after crosslinking and developing in 1:4 water:1-propanol.
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6.3 Results and discussion
6.3.1 Demonstration of tunable Bragg filter

The first demonstration of a tunable Bragg filter was achieved by fabricating a
multilayer with alternating layers of high-n P(pMS-BP) and low-n P(NIPAM-BP) with a

P(pMS-BP) cavity layer of thickness 2d,. This multilayer was designed to exhibit a
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Figure 6.2 Demonstration of a Bragg filter with a high refractive index central

cavity layer. The filter character is retained with swelling, and the

transmittance peak shifts with swelling of the P(NIPAM-BP) responsive layers

in room temperature water.
transmittance peak ~450 nm, as seen in the 0 s time point of Figure 6.2. When swelled in
DI water, the transmittance peak red-shifts as P(NIPAM-BP) layers swell. Maximum
filter character is evident at ~ 60 s of swelling, indicating the optical thickness of the low
and high refractive index layers are most equal at this degree of swelling.

This concept was expanded upon to create a multilayer with reversible mirror and
filter character depending upon degree of swelling. To do so, a responsive, hydrophilic
polymer was chosen for the cavity layer, to allow for selective swelling of this layer as a
triggering mechanism for the transition between filter (fully swelled cavity) and mirror

(de-swelled cavity). A charged polymer, poly(OEGMA-48%MAA-4%BP) was selected
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for its hydrophilicity and salt responsivity due to the presence of charged functionality.
P(NIPAM-BP) was selected for the low-n layers in the stack due to its hydrophilicity but

lack of salt sensitivity due to the absence of charged groups. This configuration allows
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Figure 6.3 Reflectance spectra showing the transition from filter to mirror

0.06 0.06

with increasing salt concentration from a) DI water, b) 0.05 M, c) 0.3 M to

d) 4M.

for the selective swelling or de-swelling of the central layer by varying salt concentration,
as seen in Figure 6.3. As salt concentration is increased, this triggers the de-swelling of
the central cavity layer, which de-swells and eventually matches the optical thickness of
the remaining layers in the stack, creating a Bragg mirror. This geometry is tunable and
reversible with salt concentration.
6.3.2 Multifunctional sensors and arrays

In this chapter, multifunctional sensors with capabilities for independent sensing
of salt and temperature are studied, and their response optimized by adjusting the
chemistry of the responsive polymers to maximize dynamic swelling response while
maintaining selective sensitivity to either temperature or salt. To enhance the extent of
swelling of polymer multilayers while retaining selective sensitivity to either salt or
temperature independently, poly(sulfopropyl methacrylate-5%BP) P(SPMA-BP) was

utilized as a salt-sensitive material. As a highly charged polyelectrolyte, PSPMA not only
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demonstrates salt sensitivity, but also fast kinetics and a high degree of swelling in water,
with PSPMA-based multilayers swelling through the visible spectrum in less than one

minute (Figure 6.4).
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Figure 6.4 a) Structure of polyelectrolyte, P(SPMS-BP), used as b) a

salt-sensitive material for multilayers with c) rapid response time

through the visible spectrum.

Neutral poly(NIPAM-BP) (Figure 6.5a) was explored as a first-generation salt-
insensitive, temperature responsive polymer. This material does display salt insensitivity
due to the lack of charge, however this also limits its degree of swelling. To enhance the
degree of swelling without imparting salt sensitivity, 5 mol% of the highly hydrophilic
zwitterionic  co-monomer methacryloyloxyethyl phosphorocholine (MPC) was
incorporated, yielding a copolymer of P(NIPAM-5%MPC-5%BP) (Figure 6.5b).'

Multilayers of equal optical thicknesses with dry-state reflectance peaks of Apax ~
425 nm were fabricated with either P(NIPAM-BP) or P(NIPAM-MPC-BP) as the

responsive low-index layers. Comparison of each multilayer swelled in water, as seen in
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Figure 6.5b, reveals the introduction of MPC improves the range of An.x two-fold upon
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Figure 6.5 Structure of a) neutral and b) MPC-containing PNIPAM.
Addition of zwitterionic MPC c) enhances the degree of swelling two-fold d)

without imparting any salt sensitivity to multilayers when swelled in up to

100 mM salt.

swelling in water, allowing for a wider range of accessible wavelengths and colors from a
single sensor.

Photo-masks can be used to fabricate an array of sensors with varying sensitivity
or geometry on a single substrate as depicted in Figure 6.6. A photo-mask was used to
selectively irradiate and crosslink specific areas of the substrate with the high refractive
index layer for all cases being P(pMS-BP). This sensor was designed to reflect entirely as

a Bragg mirror with a design wavelength of An. ~ 450 nm in the dry state. Swelling in
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water triggers a shift to either a Bragg filter (Figure 6.6, left) or a red-shifted Bragg

mirror which reflects 550 nm (green) light (Figure 6.6, right). This demonstration reveals
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Figure 6.6 Two sensors patterned in parallel on a single substrate are Bragg

mirrors in the dry state (solid lines) and transition to a filter (left) or mirror

(right) with a design wavelength of 550 nm upon swelling in water.

not only can multiple sensors be patterned on a single substrate, they can also display

tunable geometries upon swelling.
6.4 Conclusions and future directions

This chapter has demonstrated the flexibility of the fabrication approach to be
used in the straight-forward preparation of dynamic and tunable Bragg mirrors, filters,
and arrays. Scaling up the sensor size as well as decreasing fabrication time is also
possible due to the straight-forward nature of the multilayer fabrication process which is
limited only by the size and intensity of the UV light source. The use of arrays expands
this platform to be able to conveniently sense multiple analytes simultaneously on a

single substrate. Patterning multilayers in parallel allows for decreased fabrication time
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and the realization of multifunctional sensor arrays by optimizing materials chemistry for
selectivity to particular analytes. Here, selective sensitivity to salt or temperature is
optimized utilizing the chemistry of a polyelectrolyte, P(SPMA-BP), for salt
responsiveness, and a zwitterion-containing P(NIPAM-MPC-BP) for temperature
responsiveness. While the work presented in this chapter has focused on salt and
temperature, one can envision this approach to be expanded to a wide variety of analytes
and functional systems according the multilayer geometry and materials chemistry of the
responsive layers. Future work will focus on expanding the range of analytes by
exploring new responsive polymer chemistries. Photo-patterning will be employed to

fabricate arrays with a greater number of sensors.
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CHAPTER 7

ELECTROCHROMIC RESPONSE OF PHOTONIC MULTILAYER FILMS
7.1 Introduction and motivation

Electrochromic (EC) materials display a color change triggered by an applied
electric field. Particularly useful applications of electrochromic materials are displays,
optical coatings, and smart windows, mirrors, glasses or paper.'* Reversible control over
light-reflective or light-transmissive properties is particularly of interest for thermal
management, materials camouflage and optical information and storage devices.™®
Electrochromic polymers are especially of interest due to their processability, cost
efficiency, ease of tunability, stability and flexibility compared to small molecule or
inorganic counterparts.” EC polymers typically rely on reduction-oxidation (redox)
reactions to trigger color change, and many can generate multiple colors due to the
presence of more than two redox states.® To date, EC polymer systems have widely
focused on the chemistry and derivatives of conjugated polymers including
polythiophenes, polypyrroles and polyanilines, yet they often face drawbacks of low
thermal stability, poor mechanical properties, and complicated syntheses often requiring
the use of environmentally toxic solvents. Recently, polyimide, polyamide and
polynorbornene-based EC polymers showed greater thermal stability, mechanical
properties and reversibility. However, these systems still rely on the presence of an

electroactive chromophore, making them susceptible to photo- or oxidative degradation

and thus may require careful protection from their external environment or operational
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restrictions to a narrow range of potentials to avoid permanent oxidation and thus
irreversibility.

As was detailed in Chapter 3, photonic materials are an excellent stable
alternative to the use of electroactive chromophores due to their reliance on structural-
color. The electrochromic phenomenon has been recognized in photonic materials
including the three-dimensional periodically porous inverse opal gels designed by
Watanabe and Takeoka.”'’ The electrochromic behavior of block copolymers has also
been explored. Zhang and co-workers utilized quaternized polystyrene-b-poly(2-vinyl
pyridine) (PS-b-P2VP) block copolymers to create periodic lamellar assemblies with sub-

112 Thomas

second electrochromic response times, attributed to charging of the P2VP.
and co-workers have expanded their platform of self-assembled PS-P2VP photonic
materials for use as tunable electrochromic gels. An electrochemical reaction between

trifluoroethanol solvent and P2VP domains is relied upon to trigger a de-swelling of the

multilayer, leading to a blue-shift in A nax with applied voltage.”” Kang and co-workers

have also utilized PS-b-P2VP lamellar photonic gels for photonic pixels, with potential
use in e-paper applications, by controlling the hysteresis strength and the position of pH,
both of which are highly dependent on the species of anions pairing with pyridinium
groups in P2VP blocks." Continued development of electrochromic photonic gels is a
promising route for the advancement of smart, switchable EC materials due to their
flexibility, chemical stability, convenient preparation, and potentially high tunability and
dynamic range of reflected or transmitted wavelengths.

This chapter details preliminary findings of the electrochromic response of acrylic

acid-containing PNIPAM-based multilayers. First, it is demonstrated that responsive
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photonic gel multilayers can be successfully fabricated on a conducting transparent
substrate. An applied potential, in this case 3V, triggers the de-swelling of the multilayer,
leading to a blue-shift in Ams. When the voltage is removed, the process is fully

reversible and the multilayer re-swells to its initial wavelength.

7.2 Experimental methods

Alternating layers of P(NIPAM-5%AAc-1%BP) and P(pMS-BP) were prepared
on a transparent conductive substrate, Indium Tin Oxide (ITO, Nanocs, 100 €/sq)- coated
glass. P(NIPAM-5%AAc-1%BP) and P(pMS-BP) were synthesized as described in
Chapter 2. ITO-coated glass substrates were prepared by first sonicating 10 minutes
successively in water, ethanol and acetone. Substrates were next treated with
methacryloxypropyltrichlorsilane (Gelest) to promote polymer substrate-adhesion in the
same manner as described in Chapter 2. Thirteen layers were spin cast on ITO by
sequential spin-coating, crosslinking and developing of 20mg/mL P(pMS-BP) in toluene
and 12 mg/mL P(NIPAM-5%AAc-1%BP) in 1-propanol. Multilayers were designed to
reflect blue-violet light (~475 nm) in the dry state and red-shift through the visible
spectrum upon swelling in deionized water.

To test swelling and electrochromic response, the ITO-multilayer surface was
covered nearly entirely with deionized water, leaving a dry portion for electrode
connection. First, structural and optical integrity of an ITO-based multilayer was tested
by monitoring the reflectance of the sample in room temperature water. For
electrochromic measurements, a platinum counter electrode suspended in the droplet of

water, above the ITO surface. A gold conductive clamp was used to connect a dry portion
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of the ITO surface to the (+) electrode lead. A potential of 3V was applied across the

sample, with zero current flow.

7.3 Results and discussion

Prior to testing the electrochromic behavior of photonic multilayers, it was first
necessary to demonstrate feasibility of device fabrication on a new type of substrate,
glass coated with a transparent electrode, ITO. Indeed, responsive multilayers with well-
defined Bragg peaks could be successfully fabricated on ITO, displaying reversible red-
shifts upon swelling in room temperature DI water as seen in Figure 7.1, with no

evidence of delamination.

200 s

Reflectance

Wavelength (nm)

Figure 7.1 Demonstration of photonic multilayers successfully fabricated and swelled on
silane-treated ITO substrate with well defined reflectance peaks and no evidence of

delamination.
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Next, a potential of 3V is applied across the ITO-multilayer, with a platinum

counter electrode immersed in a droplet of water swelling the photonic gel. A positive
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Figure 7.2 Reflectance spectra reveal multilayers fabricated on ITO do

demonstrate a reversible blue-shift in A . under an applied voltage of 3V,

indicating the voltage-induced de-swelling of P(NIPAM-A Ac-BP) layers in the

film stack.
potential is applied to the ITO substrate, triggering the de-swelling of the negatively

charged P(NIPAM-5%AAc-1%BP) layers and a blue-shift of An.x as demonstrated in

Figure 7.2. Applying an anodic potential to the ITO leads to the buildup of positive
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charges on the ITO surface which attracts the negatively charged AAc moieties in the
solvated PNIPAM layers. Typical shifts in An. (AM(cycle)) between the “on” (3V) and

“off” (0V) states are AA(cycle) = 36 +/- 10 nm. Osada and co-workers found that a
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Figure 7.3 a) Reversibility of electrochromic behavior where 3V triggers a blue-shift
in the “on” state with b) typical equilibration times for “on” and “off” cycles on the

order of tens of minutes.

voltage applied across an anionic polyelectrolyte gel will induce contraction of the gel at
the anode due to electro-kinetic mechanism, a process reversible upon removal of the
applied field."” It is concluded that gel contraction can be attributed to the transport of
hydrated ions and water in the network. When a field is applied across the gel system
both the covalently incorporated anions and the dissociated H" counter-ions experience
electrical forces in opposite directions. H' counter-ions are thought to migrate to the
platinum cathode, where they are reduced, while a build-up of positive charge at the
anode triggers contraction of the overall negatively charged multilayer. Though a similar
electrochromic response of de-swelling with anodic potential is observed, unlike Osada’s
studies, the experiments presented in this chapter were not conducted under an applied dc

current.
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Thomas and co-workers conclude that the electrochromic response of PS-P2VP
photonic gels is triggered by applying a positive, anodic potential to the substrate
electrode, which leads to electrostatic repulsion of the partially (2 mol%) positively
charged P2VP layers, and thus a red-shift in Ayax. This red-shift is enhanced at a critical
voltage ~1.5V, above which P2VP chain disentanglement coupled with electrostatic
repulsion is thought to contribute to pronounce swelling. In the work presented herein,
the multilayers contain 5 mol% negatively charged acrylic acid moieties and therefore,
similar to Thomas’ predictions, a blue-shift in Ay is observed with applied positive
potential to the ITO substrate, triggering de-swelling in this case which may be due to
electrostatic attraction of opposite charges in the NIPAM layers and the anode. Thomas
and co-workers also observe slow voltage-induced swelling and de-swelling kinetics, on
the order of tens of minutes, similar to the trend observed in this chapter. It is thought this
response can be made faster with the introduction of a higher percentage of charged
groups, which is indeed the case for a fully quarternized P2VP-containing photonic block

copolymer electrochromic gel. *
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The electrochromic response is reversible as demonstrated in Figure 7.3a. As was

seen in Chapter 5, the response kinetics in both the “on” and “off” modes are relatively
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Figure 7.4 a) Reflectance spectra reveal faster swelling in regions to which voltage
was previously applied according to the setup in b). After voltage-cycling, swelling of
the previously cycled region shows fast kinetics, displaying a further red-shift (yellow

color) than the outside region (blue-green) not previously cycled.

slow, on the order of tens of minutes (Figure 7.3 b) for full equilibration. While the
accessible range of responsive swelling demonstrated here is narrower than that of the
thermochromic materials, it is still sufficient for optical detection.

After V-cycling, the multilayer was allowed to dry, and subsequently the entire
sample was swelled in DI water. Figure 7.4 shows the difference in color and kinetics of
the “inside” region of the multilayer, which was previously under an applied field during
swelling in water, compared to the “outside” region, which remained dry throughout the
entire V-cycling process. The swelling kinetics of the “inside” region are significantly

faster than the “outside”, swelling to a Apax of more than 650 nm in 60 s, whereas it takes
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nearly six times as long for the “outside” region to swell to only 575 nm. The mechanism

responsible for this phenomenon will be the subject of future investigations.

7.4 Conclusions and future directions

Electrochromic materials have a wide variety of applications, particularly for use
in smart films and coatings, which will continue to be explored and optimized. Many
existing technologies can display tunable and reversible colors with rapid response, yet
rely on environmentally sensitive redox reactions and require synthetically challenging
routes utilizing toxic solvents and materials. This chapter has demonstrated that photonic
polymer multilayers hold promise for use in electrochromic systems as tunable, reversible
and cost-efficient materials. Future work will involve optimizing the percent composition
of charge and the chemistry of the charged moiety in the responsive polymer layers to
broaden the dyanimc range of swelling/de-swelling, and thus reflected wavelengths,
under an applied electric field. Careful engineering of the multilayer can allow for
reversibly light-transmissive (filter) or light-reflective (mirror) films by using an applied
field to control the degree of swelling of the center layer. Here, the concept was
demonstrated using P(NIPAM-AAc-BP), however the electrochromic effect is not limited
to the chemistry of this system and one can envision using a wide variety of charged,
hydrophilic polymers, or adjusting the ratio of AAc in similar NIPAM-based systems, in

future devices.
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CHAPTER 8

SUMMARY AND OUTLOOK

This thesis serves to establish and explore a unique approach to the fabrication
and utilization of polymer-based multilayers as responsive and tunable 1D photonic
films. A library of photo-crosslinkable copolymers containing pendent benzophenone
crosslinkers was synthesized and utilized to fabricate multilayers in a straight-forward
manner with independent control over the layer thicknesses and materials chemistry of
each layer via sequential spin-coating, crosslinking and developing. Surface and through-
thickness structural uniformity of the mulitlayers was confirmed using atomic force
microscopy and dynamic secondary ion mass spectrometry. Thermochromic,
electrochromic and radiation-sensitive mulitlayers were studied by tuning the chemistry
of the responsive layers. Radiation-sensitive photonic multilayers are a novel approach to
colorimetric radiation sensing and do not rely on commonly utilized oxygen or light
sensitive chromophores. The kinetic response of multilayers was studied by exploring the
swelling and de-swelling response of different polymers as multilayer and single-films.
Multilayer reflectance efficiency was improved by introducing high refractive index
metal oxide nanoparticles to enhance refractive index contrast between layers. The
incorporation of nanoparticles into composite polymer films allowed for straight-forward
tunability of refractive indices of both hydrophobic and hydrophilic, responsive polymers
by adjusting nanoparticle content. This control over refractive index also allowed for the
fabrication of all-gel photonic multilayers based entirely on temperature responsive

poly(N-isopropylacrylamide). The photo-crosslinkable system and sequential layer
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platform was also expanded upon to build sensor arrays and dynamic Bragg filters which
can reversibly transition to mirrors, providing an additional read-out mechanism.

Photonic materials will continue to serve an important purpose in a variety of
applications, including displays, sensors, responsive surfaces and opto-electronic devices.
One may envision the responsive photonic multilayers explored in this thesis to have
potential future use, for example, as “erasable” photonic paper, perhaps using solvents of
varying polarity as a source of several inks, with different colors triggered due to a
change in degree of swelling with solvent strength for the responsive layers. The
incorporation of magnetic particles may also provide a new route towards reversible and
selective patterning by differential swelling or de-swelling of photonic gel multilayers.

Alternative fabrication approaches, including coextrusion or ink-jet printing, may
be explored to optimize fabrication time or allow for a wider array of sensors, material
chemistries or device designs. While the current method of crosslinking using
benzophenone has proved effective, new chemistries with faster crosslinking kinetics,
such as phenyl-azide, may also be examined.

Finally, these photonic multilayers may also be explored as a route towards
convenient and rapid sensing of biomolecules. One may envision the responsive
copolymer functionalized with a moiety capable of bio-recognition via complexation,
subsequently triggering a change in degree of swelling and thus color. Such a rapid and

convenient method would be useful in water quality testing and medical diagnostics.
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