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Abstract

Stimuli-responsive polymer thin films provide the ability to control the interaction of a surface with its
environment. Synthetic techniques with fine compositional control are required to engineer specific
responses to stimuli. Initiated chemical vapor deposition (iCVD) is a novel vacuum deposition technique
in which polymer films are synthesized bottom-up as monomer and initiator vapors are introduced into
a vacuum coating chamber. iCVD can conformally coat nanoscale, three-dimensional geometries with a
high level of compositional control. Such coating capabilities are difficult by solution-based film
synthesis techniques, and compositional control is difficult by other CVD techniques. In this thesis work,
the synthesis and application of stimuli-responsive and reactive polymer thin films by iCVD have been
studied. First, functionally versatile alternating copolymers of poly(styrene-alt-maleic anhydride) were
synthesized. This was the first demonstration of alternating copolymer synthesis by CVD. Fourier
transform infrared spectroscopy, x-ray photoelectron spectroscopy, and *C NMR characterization
verified that well-defined alternating structure was present, as predicted from standard solution phase
polymerizations. Next, polymer crosslinking was tuned in the synthesis of pH-responsive hydrogel thin
films composed of poly(maleic anhydride-co-dimethylacrylamide-co-di(ethylene glycol) divinyl ether).
These films had swelling ratios, defined as the thickness in the water-swollen state over the thickness in
the dry state, in excess of 11. These films were employed as ultrathin permeable, size-selective skin
layers in composite membranes. The final two projects involved the synthesis of polymer thin films as
chemically selective layers in microscale chemical sensors. In a sensing system based on the detection
of amine compounds through their reaction with reactive polymer coatings on microcantilevers, it was
shown that increased crosslinking of the polymer layer leads to greater cantilever deflection. This
increased deflection enabled the design of simple, resistance-based signal readout schemes with low
power requirements. New polymer compositions and sensing strategies were also developed for the
detection of nitroaromatic explosives vapors. Poly(4-vinylpyridine) was shown to swell when exposed
to nitroaromatics, while showing little response to common interferents. In contrast to conventional
nitroaromatic-selective layers, it was shown that poly(4-vinylpyridine) does not interact with
nitroaromatics through hydrogen bonding, which is important for multicomponent sensor arrays. A new
microscale sensing concept utilizing this swelling was designed, fabricated, and characterized.
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CHAPTER ONE

Introduction



1.1 Motivation

Polymeric thin film coatings are critical components in many practical applications. Low surface

I [10]

energy interfaces,™ adhesive surfaces,*® biocompatible surfaces,”® membrane separations,

[11-14] [15-17] [18-20]

lithographic patterning, microfabrication, and sensors are common practical applications
utilizing polymer thin films. Ultimately, the chemical composition and physical properties (e.g.
conformation) of a polymer will determine its suitability for specific applications. For example, the
surface energy of a coating controls the interaction of a surface with fluid environments.

In practical implementations of devices or processes, the environment is not static.”! As the
environment changes, the surface adapts to accommodate these changes. Better control over the
system can be achieved by precisely engineering the surface’s response. For example, one might want
the surface to switch from being hydrophobic to hydrophilic, conductive to non-conductive, charged to
uncharged, or adhesive to repellant. Stimuli-responsive polymer films, often termed “smart” surfaces,
which undergo compositional or conformational changes upon application of an external stimulus, can
be designed to meet these requirements. All polymers are essentially stimuli-responsive, as polymer

conformation changes with solvent quality.”?? The objective in designing stimuli-responsive polymer

films, though, is enabling a response to practically and conveniently manipulated stimuli. Convenient

[26, 27) [28]

stimuli include temperature,[23] pH,[24] Iight,[zsl voltage or electric potentials, magnetism,"”>" and

29,301 Stimuli responsive polymers is a very broad field, and

specific physical and chemical interactions.
the response mechanisms vary depending on the application. To illustrate general principles, though, a
conceptual drawing of the response of a surface-grafted polyelectrolyte brush to a pH change is

provided in Figure 1-1. Here an anionic polyelectrolyte is drawn; it becomes negatively charged and its
chain extends as the pH of the fluid is increased past the polymer’s pK,. Opposite behavior is observed

for cationic polyelectrolytes. At low pH, the polymer is positively charged, and then becomes uncharged

as the pH is increased.

15
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Figure 1-1. Illustration of the response of an anionic polyelectrolyte brush to a change in pH of the surrounding medium. The
ionizable functional groups deprotonate to become negatively charged, and the brushes extend due to increased repulsive
forces.

The polymer composition is integral to defining if and how a film responds to external stimuli.”

To engineer films with highly specific and desired responsive behavior, the ability to finely tune the film
composition through synthesis is required. Generally, there are two classes of polymer thin film
synthetic techniques: bottom-up and top-down. In bottom-up fabrication, polymer precursors (i.e.
monomers) are delivered to the surface, and the polymer are synthesized at the surface. In top-down,
on the other hand, polymers are synthesized beforehand and then immobilized on the surface through
any number of techniques. Top-down fabrication enables well-established solution polymerization
techniques to be utilized in designing the compositions. Fine control over compositions in bottom-up
techniques is complicated by the restrictions imposed by the surface (such as solvent properties,
temperature, etc.) and the requirement of adhesion between the surface and film.

Solution-based and vapor-based techniques are capable of synthesizing polymer films from the
bottom-up. Solution-based techniques generally consist of immobilizing or generating initiators on a
surface, and then synthesizing polymer chains as monomers in the solution combine with activated
initiator. Chemical vapor deposition (CVD) is the prominent vapor-based polymer deposition technique.
In chemical vapor deposition, monomers are delivered to a coating chamber as vapors, and an energy
input creates reactive species that incorporate into polymer films on the surface. Chemical vapor

deposition is an invaluable technique as it avoids wetting and surface tension effects that are inevitable

16



BY When coating three-dimensional

in both bottom-up and top-down solution-based methods.
nanoscale architectures, these effects can lead to poor conformality and non-uniformity of the polymer
coatings. Also, CVD avoids the use of solvents, which is economically and environmentally
advantageous.m] Especially with spin-on deposition or solution dipping techniques, large quantities of
solvent are discarded or must be recycled. Manufacturing personnel are also exposed to potentially
hazardous and toxic solvents. Further benefits of CVD include fine, nanometer-level control over the

coating thickness® and simultaneous crosslinking for mechanical stability.[34] CVD can also deposit

insoluble and infusible polymers, which is exceedingly difficult by solution techniques.

1.2 Chemical Vapor Deposition of Polymers

Most chemical vapor deposition techniques occur in vacuum. Chemical vapor deposition
consists of four integral processes: introduction of the precursors into the reaction chamber, generation
of reactive species, transport of species to the substrate, and reaction of the species to generate the film
(i.e. coating). If the precursors are liquids or solids, generally they are vaporized by heating to create
sufficient vapor pressure. Bubblers can be used for precursors with lower vapor pressures. These
vapors are then metered into the reaction chamber using mass flow controllers, and the pressure of the
system is maintained using a pressure controller and throttle valve. The unreacted vapors are pumped
through the chamber exhaust with a vacuum pump. Energy is introduced from an external source to
generate the reactive species. Transport of vapor species to the substrate occurs via random thermal
motion. Itis also promoted by chemical potential gradients that develop as species react on the surface
and the stage being at lower temperatures, which promotes adsorption of molecules onto the substrate
as monolayers or multilayers. As the molecules adsorb onto the substrate, the reactive species react to

create the polymeric film.
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There is significant variety among polymer CVD techniques concerning the method of energy
input into the system. Energy inputs from thermal, plasma, and UV light sources are the most common.
Because the reactive species define the final composition of the film, energy input is a critical parameter
in designing stimuli-responsive polymer thin films where film compositions need to be controlled
precisely.

In thermal CVD, the entire deposition system is heated such that the vacuum chamber and
vapors are at a uniform temperature. The high temperatures (as high as hundreds of degrees Celsius)

lead to higher polymerization kinetics. Thermal CVD of condensation polymers, such as ponamides,BS]

B¢ and polyamino acids,” have been demonstrated. These techniques are often termed

polyimides,
vapor deposition polymerizations. Processes similar to atomic layer deposition, called molecular layer
deposition (MLD), have been developed to conformally deposit condensation polymers with very fine
thickness control.*®*! A common variant of thermal CVD is the deposition of poly(para-xylylenes), also
called the parylene process, which was developed in 19471 |n the parylene process, an external
furnace is used to heat the parylene monomers to greater than 600 °C to generate reactive radical
species as they flow into the chamber. The vacuum chamber containing the substrate is maintained at
lower temperatures (25 — 30 °C) to promote the adsorption of the reactive species.[‘”]

Another common polymer CVD technique is plasma enhanced chemical vapor deposition
(PECVD). In PECVD, an electric discharge is generated, capacitively between parallel plate electrodes or
inductively inside a spiral-wound electrode, to excite the monomer vapors.m] Radical species are
generated from the monomer species due to the excitation process, and these radical species react to
create the polymer-like film.

Hot-filament CVD (HFCVD) is similar to thermal CVD in that a thermal energy source is used, but

rather than heating the entire system, a filament suspended above the substrate is heated resistively —
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leading to a temperature increase of the surrounding vapors. The rest of the reactor is maintained at
lower temperatures, which leads to greater flux to the surface.

Other CVD techniques use UV light to activate the polymerization reaction. To use UV light, a
component of the reactor feed must be UV-sensitive. As this component absorbs UV light, radical
species are generated that initiate polymerization. UV CVD techniques allow for fine control over the
composition as activation of the polymerization is restricted to the site of the UV-sensitive
functionality./****!

Another technique that allows for very fine control over polymer compositions is initiated

chemical vapor deposition (iCVD). iCVD is essentially a HFCVD technique; the difference is the vapor-

phase chemistry that enables selective activation of the polymerization reactions.

1.3 Initiated Chemical Vapor Deposition (iCVD)

Initiated chemical vapor deposition is distinct from HFCVD by the inclusion of a thermally labile
peroxide molecules in the precursor feed. The peroxide precursor, termed the initiator, enables the use
of filament temperatures that are hundreds of degrees cooler, on the order of 200 — 300 °C. At these
temperatures, the initiator molecules homolytically dissociate into radical species, while the chemical
functionalities of the monomers remain intact since they are not thermally labile. The breadth of
potential monomers that can be polymerized is large. Monomers that undergo free-radical
polymerization or copolymerization, typically those containing vinyl bonds, are suitable precursors.[44'46]

Given that solution-phase free-radical polymerization is a widely practiced commercial technique scores

of vinyl monomers are commercially available.
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Figure 1-2. (a) Schematic of the iCVD reactor configuration. The required components are: (1) monomer source, (2) monomer
isolation valve, (3) mass-flow controller, (4) vacuum chamber, (5) filament array, (6) temperature-controlled stage, (7) water
recirculator (for temperature control), (8) inteferometry laser, (9) photo meter, (10) pressure gauge with feedback control loop,
(11) throttling valve, and (12) vacuum pump. (b) Conceptual drawing of the cross-section of the vacuum chamber to describe
the iCVD process (not drawn to scale).

The iCVD reactor configuration is provided in Figure 1-2a, and the conceptual illustration of the
iCVD mechanism is shown in Figure 1-2b. The reactor schematic shows that the equipment used for
iCVD and other types of CVD is essentially equivalent. The primary difference is the use of an initiator.
Figure 1-2b illustrates the primary processes in iCVD. Both initiator and monomer vapors are introduced
into the vacuum chamber. The substrate sits on top of a temperature controlled stage, typically
maintained at 20 — 50 °C, to promote adsorption of the species onto the surface. The monomer is
chemically unaffected by the filament. The extent of monomer adsorption is described through the

Brunauer-Emmett-Teller equation below™*!
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Vd: Vm/C(PM/Psat)
“ (1=Py P )[ 1= (1) (P / Pt )]

Eq. 1-1

where V,q is the volume of the adsorbed monomer (can be directly related to the surface
concentration), V., is the volume of a single monolayer of monomer, c is a constant, and Py/Ps,: is the
ratio of the monomer’s partial pressure to its saturated vapor pressure defined at the substrate
temperature. As Py/Ps,: increases, more monomer adsorbs onto the surface resulting in multilayers of
adsorbed monomer.

The initiator is believed to homolytically dissociate into radicals in the gas phase surrounding the
filaments. The radicals react with monomers to generate monomer radicals in the vapor phase through
a collision or on the substrate. As radical species encounter the surface, they react with the adsorbed
monomers to start the polymerization. The theory that polymerization occurs on the surface rather
than in the gas phase is supported through analysis of the effect of molecular weight on vapor pressure
and fundamental studies of iCVD kinetics and copolymerization reactivity ratios.***! Termination
occurs through the same processes present in solution techniques. Given this understanding of the
polymerization kinetics, the composition of polymer films synthesized by iCVD can be controlled once

the solution-phase polymerization kinetics and surface concentrations are understood.
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Figure 1-3. Comparison of the reaction mechanisms for (a) PECVD and (b) iCVD. The iCVD mechanism resembles free-radical
polymerizations in solution. Panel (a) reproduced from [21]. Copyright 2005 Taylor & Francis Group, LLC.
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The significance of this control is illustrated in Figure 1-3, where the mechanisms of PECVD and
iCVD are compared. Due to the non-selective nature of plasma excitation, monoradical and diradical
species are created in PECVD. Furthermore, the subscripts indicate that multiple monoradical and
diradical species are created; they differ in the localization of the radical on the molecule. These radical
species can react with other radical species or neutral species, and then collide with or stick to the
surface or be activated again by the plasma. It is difficult to control the composition of the resulting
polymer film a priori. Some loss of functionality and the presence of crosslinking are inevitable in
PECVD, and the polymer films should not be considered equivalent to those synthesized in solution
using the same precursors.”! Pulsing the plasma to reduce the energy input leads to greater retention
of chemical functionality at the expense of deposition rate (throughput), but 100% retention remains
elusive. On the other hand, the mechanism of iCVD, illustrated in Figure 1-3b, is proposed to be

essentially equivalent to free-radical polymerizations in solution.

1.4 Nitroaromatic Sensor Technologies

Chemical sensor fabrication is a natural application for initiated chemical vapor deposition of
stimuli-responsive polymers. Sensors vary widely in terms of the underlying physical or chemical
phenomena upon which they are based, but polymers are commonly employed in research and
commercial systems to transduce a chemical signal into mechanical, optical, or electrical responses. The
versatility in chemistry and physical properties of polymers enables the design of unique, innovative
sensing strategies for many types of analytes.

Explosives are a particularly important class of analytes. Over 120 million landmines, littering 70
[48]

countries worldwide,"” kill approximately 15 — 20,000 people each year, most of whom are civilians.

Furthermore, in the Second Persian Gulf War, also known as “Operation Iraqi Freedom”, 41% of United
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States military casualties as of January 1, 2009, were caused by improvised explosive devices (IEDs)./*”!

Chemical compounds containing nitro moieties are widely used in explosive formulations;
nitroaromatics compounds, such as 2,4,6-trinitrotoluene, are some of the most prevalent.

For many years, the most reliable and sensitive nitroaromatic sensing technology was the
olfactory gland of canines. Canines can detect nitroaromatic concentrations in the low parts per trillion
(ppt) to part per quadrillion (ppq) levels.*® However, there are drawbacks to using canines. They have
limited attention spans and can only be used uninterrupted for TNT detection for a couple of hours.
Furthermore, they have short stand-off distances, requiring the dog and its human handler to be in close
proximity to the bomb. They are expensive to train and operate. To overcome these limitations, the
military has invested in new sensing technology. The best technology in terms of sensitivity uses
amplifying fluorescent polymers. As nitroaromatics absorb into the polymer, its fluorescence intensity is

attenuated®™"

. These polymers have ppq sensitivity levels, and have been commercialized by iCX
Technologies, Inc. in their Fido® system. This is a handheld device that can also be mounted to robots to
probe for explosive devices remotely.[szl While this technology offers many advantages over canines,
they are expensive (especially when the price of a robot is considered). Also, they require consumables
for prolonged operation since the detector actively monitors the fluorescence of the polymer. The
lifetimes of the camcorder-sized battery and sensing element are 4 and 8 hours, respectively.[szl With
dismounted warfighters commonly carry loads in excess of 100 pounds of equipment, there is much
emphasis on reducing the weight and volume of their equipment.[53]

Efforts to miniaturize sensors are currently ongoing. Systems based on microelectromechanical
systems (MEMS) are promising.®* Monitoring the static deflection or change in resonant frequency of
microcantilevers due to their interaction with analytes is a common strategy. Figure 1-4 describes

common transduction mechanisms that cause deflection. Typically, these interactions lead to deflection

of the cantilever by tens of nanometers up to a micrometer. Optical, piezoresistive, piezoelectric, or
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capacitive techniques are the most common schemes to measure tip deflection.®

Optical techniques
require bulky, expensive optical equipment, as does the iCX Fido® system, which is difficult to
miniaturize and requires significant power. The electrical techniques also require a continuous power
source. The bulk, power requirements, and expense of such systems ultimately limit the deployment of

sensors, regardless of their performance.

K= 0.01-0.1 N/m, f=1-100 kHz, e = 0.01 - 0.1%

250-300 pm Wetting

IR radiation Ag =0.05 N/m

AZ=10-100 nm
IR radiation
AG=0.05 Nim o 5 - Nanodrops induced surface
AZ=60 nm/K tension causing differential

surface stress

Surface energy

Mass loading
Ag=0.5N/m
AZ =0.1-1 pm Ac =0.01 N/m
AZ=10-100 nm
Mass loading is monitored with
the resonance frequency with

~1 Hz corresponding to 1 pg

Difference in surface
tensions due to selective
analyte adsorption

Figure 1-4. Tranduction mechanisms common to microcantilever sensors. Typical differential stresses and deflections are
provided. In addition to tip deflection, the resonant frequency of the cantilever oscillations changes. Figure from Ref. [56].

The United States military is interested in stand-alone, distributed nitroaromatic sensors capable
of wirelessly communicating detection events. Figure 1-5 illustrates conceptually how these sensors
could be employed. Another possibility is distributing these sensors throughout neighborhoods where
explosive devices are suspected to be synthesized; the sensor would transmit its location upon detecting
explosives. For these schemes, the sensors will need to be microscale, selective towards explosives,
and require little power. Optical readout schemes are precluded due to their size and power
requirements. To mitigate power requirements of electronic circuitry, chemical switches can be
designed that start in the “off” state. Initially, the switch is disconnected, preventing current from
passing through the circuit. Upon the interaction of an analyte with the switch architecture, the switch

closes — turning on the circuit and allowing transmission of a wireless signal. The simplicity of these
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designs eliminates the need for extensive logic circuitry, ultimately allowing further miniaturization and

cost reduction.

launched by
soldier

threat

Figure 1-5. Conceptual operation of stand-alone microsensor. The switch-base sensor contains two primary components: the
nitroaromatic-sensitive polymer and reporting circuitry.

In this thesis, sensor architectures with switch-like responses that are readily and cost-
effectively fabricated have been designed. Experiences in finely tuning polymer thin film compositions
though iCVD have been utilized to create polymers films that strongly and selectively interact with
desired analytes and actuate the switches due to these interactions. The thesis research also

demonstrates the unique capabilities of iCVD that enabled these new sensor designs.

1.5 Scope of Thesis

This thesis utilizes the control of iCVD over polymer film compositions to synthesize stimuli-
responsive and reactive polymer thin films. Emphasis is placed on developing novel, versatile polymer
chemistries and implementing the films in practical applications. Furthermore, advantages of iCVD are
highlighted by reporting the synthesis of polymer chemistries or implementation of films into designs
that are difficult to achieve with solution-based or other CVD techniques. Each chapter that follows
introduces a new polymer chemistry, and chapters three through five describe their applications. Each

chapter can be considered a separate project, yet the theme of responsive films is present throughout.
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CHAPTER TWO describes the synthesis of poly(styrene-alt-maleic anhydride). This is an
alternating polymer where styrene and maleic anhydride incorporate into the polymer in a one-to-one
fashion to generate a structure where either monomer is neighbored by the co-monomer. This yields a
well-defined reactive composition. The reactivity of maleic anhydride can be utilized in practical
applications, as demonstrated in CHAPTERS THREE and FOUR. This is the first time that alternating
copolymers have been synthesized by a chemical vapor deposition technique.

In CHAPTER THREE, the composition of poly(styrene-alt-maleic anhydride) is modified to create
pH-responsive hydrogel materials. The ability to finely control how much crosslinker is incorporated
into polymer films using iCVD has been exploited to generate highly swellable hydrogels. Maleic
anhydride is responsible for creating stable adhesion of the film to the substrate, as well as the pH-
responsive behavior. These films have been shown to act as permeable, size-selective skin layers in
composite membranes.

CHAPTER FOUR examines another maleic anydyride-based copolymer chemistry, but for sensor
applications. Herein, the volume expansion response due to the reaction of maleic anhydride with
amines has been used to design selective sensors for amine compounds. Two copolymer compositions
are compared, and it is shown that high crosslinking densities, which are conveniently achieved using
iCVD, are necessary for efficient operation of the sensor. The reactive films are integrated onto silicon
nitride microcantilevers to fabricate chemical sensors with switch-like changes in electrical resistance.
The sensor design is innovative in terms of its power requirements and readout simplicity.

In CHAPTER FIVE, poly(4-vinylpyridine) (P4VP) polymer films deposited by iCVD are investigated
as nitroaromatic-responsive materials. Nitroaromatics are common explosives in improvised explosives
devices and landmines, and the objective of this work was to develop materials to enable microscale
sensors. Upon exposure to explosive simulants nitrobenzene and nitrotoluene, the iCVD-deposited

P4AVP layers swell by over 30%. The importance of this finding is emphasized by considering the
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requirements of multicomponent sensor arrays and comparing the performance of P4VP to
conventional nitroaromatic-selective layers.

CHAPTER SIX provides conclusions concerning the synthesis of the responsive polymer films by
iCVD. The intricacies of iCVD are highlighted to reveal the capabilities and limitations of the technique.
Future studies an aspects of the projects deemed most valuable are also suggested. In particular, the
project concerning nitroaromatic explosives sensors is emphasized as a fruitful area for continued study
since minitiaturization and simplification of sensing hardware can lead to practical implementation of
the technology to solve important real-world challenges.

An appendix is also included describing the development of a new sensing design that utilizes
the swelling response of P4VP to nitroaromatic exposure. This new design seeks to maintain the low
power requirements characteristic of the design in CHAPTER FOUR and reduce the length scale of the
active component by over two orders of magnitude. The performance of this design is analyzed with
respect to P4VP, and proof-of-principle detection of nitrobenzene vapors in an unoptimized design is
demonstrated.

This material is based upon work supported under a National Science Foundation Graduate
Research Fellowship. The research was also supported in part by the U.S. Army through the Institute for
Soldier Nanotechnologies, under Contract DAAD-19-02-0002 with the U.S. Army Research Office. The

work made use of MRSEC Shared Facilities supported by NSF Grant DMR-9400334.
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CHAPTER TWO

Initiated Chemical Vapor Deposition of Alternating
Copolymers of Styrene and Maleic Anhydride*

*Reproduced with permission from W. E. Tenhaeff, K. K. Gleason, Langmuir 2007, 23, 6624. Copyright
2007 American Chemical Society.
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Abstract

Initiated chemical vapor deposition (iCVD) of alternating copolymer thin films has been achieved
for the first time. Copolymerization is desirable for maleic anhydride (Ma) since this monomer does not
homopolymerize to an appreciable extent. At conditions where the observed deposition rates for
styrene (S) and Ma homopolymers were only 0 and 5.5 nm/min, respectively, combining the two
monomers resulted in a much higher deposition rate of 75.4 nm/min. iCVD processes utilize low energy
(<30 W) to generate peroxy radicals from initiator molecules while avoiding degradation of functional
groups in the monomers. Indeed, full retention of the anhydride functionality from the Ma monomer
and avoidance of undesirable side reactions was observed in iCVD of poly(styrene-alt-maleic anhydride)
(PSMa) copolymer films. Fourier transform infrared spectroscopy (FTIR), x-ray photoelectron
spectroscopy (XPS), and *C nuclear magnetic resonance (NMR) conclusively demonstrate that all of the
copolymer films contain 50% styrene and 50% maleic anhydride (within experimental error), irrespective
of gas feed ratios employed during the deposition. The **C NMR signal in the 136 — 140 ppm region
from the quaternary carbon in styrene and additional distortionless enhancement polarization transfer
(DEPT) experiments confirmed the copolymers are strictly alternating. Varying the gas feed ratio of
maleic anhydride to styrene provided control over deposition rates and number average molecular
weights. Number-average molecular weights varied from 1380 to 4680 g/mol, and deposition rates

varied from 6.3 to 75.4 nm/min.
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2.1 Introduction

For applications throughout many research disciplines, creating thin films of polymers with
reactive pendent groups is a critical first step in device fabrication. A recent review has discussed many
potential sensor and microarray applications for patterned, responsive hydrogels on surfaces™. Of
particular interest are thin copolymer films where one comonomer is maleic anhydride. Maleic
anhydride is desirable for its high reactivity; the ease in functionalizing maleic anhydride copolymers has

[2-4]

been demonstrated in numerous studies” ™. Furthermore, the versatile reaction chemistry of maleic

anhydride groups makes these copolymers potentially useful biomaterials; a brief survey of typical
reactions relevant to biological applications has been provided by Pompe et al.”! The high reactivity of
maleic anhydride compared to other anhydrides, which allows it to react at room temperature with

nucleophiles such as amines and hydroxyls, has been attributed to ring strain'®. Drug carriers”#,

glycoconjugates on sufaces', and platforms for covalent immobilization of poly(ethylene glycol)™®,

proteins™, DNA™, and biopolymers™®!

are just a few applications taking advantage of the facile
functionalization of the anhydride group in copolymers of styrene and maleic anhydride.

Chemical vapor deposition (CVD) is a convenient technique for producing thin polymer films.
CVD is a one-step process that is typically performed under vacuum conditions. CVD produces
conformal, pinhole-free coatings on two- or three-dimensional objects with nanometer level thickness

control** 1!

. Unlike other common film formation techniques, such as spraying, layer-by-layer
assembly, dipping, or spin casting, CVD techniques do not require solvent removal after film fabrication,
which is important for products that will potentially be commercialized. Processes employing solvents
raise concerns over environmental pollution and potential toxicity from incomplete solvent removal™®.
For example, the importance of solvent removal is recognized by the United States Pharmacopeia, which

set official limits for pharmaceuticals in 20027,
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Plasma-enhanced CVD (PECVD) is capable of creating thin films of polymer-like biomaterials™®2”

without solvent. However, a recognized limitation of PECVD is destruction of some chemical
functionality in the monomers, which can lead to non-selective crosslinking and film stoichiometries that
differ from polymers prepared in conventional solution-based techniques™. Indeed, crosslinking and
loss of anhydride functionality was observed in continuous wave PECVD of poly(maleic anhydride)m' 22
To improve the retention of the anhydride functionality in the films, pulsed plasma depositions have
been investigated. Short plasma on-times clearly improve the retention of the anhydride functionality,

but in each case the carbon-to-oxygen ratio differed from the stoichiometric value?> %2

. Spectroscopic
techniques also reveal the presence of functional groups not expected for a linear, homopolymer chain
from maleic anhydride®?*! The loss of chemical specificity makes the production of well defined
copolymers by conventional PECVD exceedingly difficult.

An alternative technique to PECVD is initiated chemical vapor deposition (iCVD). IniCVD, the
vapor feed consists of one or more monomers and an initiator which flow into the reactor under
vacuum. All species pass over a heated filament array; where the filament temperature is maintained at
a temperature sufficient to thermally dissociate the initiator but insufficient to cause thermal
decomposition of the monomer species. Initiator radicals react with monomers adsorbed on the
substrate to start the polymerization. The iCVD process shares many of the advantages of standard CVD
techniques, but it has also been shown to produce polymers which are stoichiometrically identical to

[24-26]

those obtained in solution . Crosslinking and loss of pendent functionality can be completely

eliminated by iCVD. In fact, detailed studies and modeling have shown that iCVD is equivalent to the

solution-phase polymerizations, where the reaction kinetics are governed by surface concentrations of

[27, 28]

the monomers . Because iCVD is equivalent to solution phase polymerizations, free radical

copolymerizations are also possible; relative surface concentrations of the comonomers govern reaction

kinetics and copolymer compositions[24' 29,301
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To produce thin films containing maleic anhydride, the strategy of this work was to
copolymerize maleic anhydride with styrene via iCVD. The copolymerization approach was chosen since
it is well-established that maleic anhydride does not readily homopolymerize under standard free-

radical conditions, but readily copolymerizes with many monomers®*.

Styrene was chosen as the
comonomer because the resulting copolymer is highly versatile and used in a wide array of
applications[G], as described above. Styrene and maleic anhydride are known to yield alternating
copolymers in wet chemical syntheses. Successful polymerization of alternating copolymers by an all
dry method will further bolster the theory that iCVD polymerizations are analogous to solution phase
polymerizations and extend the proven breadth of iCVD chemistry. Moreover, it will enable the
conformal deposition of maleic anhydride functionality on three-dimensional and solvent-sensitive
surfaces, which is difficult to achieve with solution-based techniques. The aim of the current work has
been to characterize the copolymer films deposited through iCVD to confirm that the anhydride
functionality is retained and an alternating copolymer is formed. Depositions have been performed with
different ratios of styrene and maleic anhydride surface concentrations to show that deposition kinetics
are indeed enhanced relative to depositions where only styrene or maleic anhydride is present. A

variety of spectroscopic techniques have also been employed to characterize the composition and

sequence distribution of the copolymers.

2.2 Experimental

Depositions were performed in a custom-built vacuum chamber (Sharon Vacuum) that is
rectangular in shape with a 3.8-cm internal height, 40.6-cm width, and 45.7-cm length. The reactor
body is stainless steel, and the lid is aluminum. A borosilicate glass plate, 15-cm in diameter and
machined so its internal surface is flush with the aluminum lid, was located in the middle of the lid. The

glass plate allowed convenient sample introduction and monitoring of reaction progress. Water from an
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external refrigerated water recirculator (Thermo Electron) was supplied to a cold-plate (D6 Industries) in
the center of the reactor in order to maintain the substrates at a constant temperature of 25 2C through
thermal contact with the plate. Chromaloy O (75% iron, 20% chromium, 5% aluminum) filaments
(Goodfellow) were suspended 1.5-cm above the substrate in a custom designed filament holder. There
were 14 parallel filaments, spaced 1.5-cm apart along the direction of flow. The filaments were heated
to ~280 °C, measured with a type-K thermocouple (Omega Engineering) connected directly to the
filament, by supplying a constant 1.15 amps from a DC power supply (BK Precision). Vapor entered at
one end of the reactor through three inlet ports, 1.27-cm in diameter, and exited through pump-out
ports located underneath the reactor on the opposite side of the reactor. Vacuum was achieved by a
rotary vane pump (D65, Leybold). All depositions were performed at a pressure of 1 Torr, which was
measured by a capacitance monometer (Type 626A, MKS Instruments). A butterfly-type throttling valve
(Type 652B, MKS Instruments) was used to maintain the pressure.

All depositions were performed on 100-mm diameter silicon (Si) wafer substrates
(Wafer World). Half-wafers were used for replicate depositions. Maleic anhydride (99%), styrene (98%),
and tert-butyl peroxide (97%) were purchased from Aldrich and used without further purification.
Maleic anhydride (Ma) was heated to 90 2C in a glass jar to create vapor that was then metered into the
reactor at a controlled flow rate through a mass-flow controller (Model 1152C, MKS Instruments).
Styrene (S) was heated to 75 2C; its flow rate was controlled with a manual needle valve. A capacitance
manometer placed upstream of the needle valve verified the flow rate remained constant throughout
the deposition. Tertiary-butyl peroxide (TBPO) remained at room temperature in a glass jar; its vapor
flow rate was also set with a mass flow controller (Model 1479, MKS Instruments). Depositions for nine
possible combinations of three maleic anhydride and three styrene flow rates were performed. For
statistical analysis, depositions were performed in triplicate. These flow rates are provided in Table 2-1.

The TBPO flow rate remained constant at 4 sccm, and an argon (ultra-high purity, Airgas) patch flow was
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used to maintain the total flow rate at 30 sccm. Literature values of saturation partial pressures (P sat)

[32] [6]

at 25 °C for styrene™” and maleic anhydride™ were used to calculate partial pressure ratios in Table 2-1.
In addition to the nine depositions, two additional depositions were performed to attempt depositions

of polystyrene and poly(maleic anhydride) homopolymers at the highest monomer partial pressure

ratios.
Table 2-1. Experimental flow rate settings and corresponding partial pressure ratios.
Sample Flow rates (sccm) Pr/Prm sat
Ma S TBPO Ar Total Ma S

Ma/S-2/5 2 5 4 19 30 0.29 0.03
Ma/S-2/10 2 10 4 14 30 0.29 0.05
Ma/S-2/20 2 20 4 4 30 0.29 0.11
Ma/S-4/5 4 5 4 17 30 0.57 0.03
Ma/S-4/10 4 10 4 12 30 0.57 0.05
Ma/S-4/20 4 20 4 2 30 0.57 0.11
Ma/S-6/5 6 5 4 15 30 0.86 0.03
Ma/S-6/10 6 10 4 10 30 0.86 0.05
Ma/S-6/20 6 20 4 0 30 0.86 0.11
Ma/S-0/20 0 20 4 6 30 0.00 0.11
Ma/S-6/0 6 0 4 20 30 0.86 0.00

The progress of the depositions was monitored in situ by interferometry with a 633-nm HeNe
laser source (JDS Uniphase). After the depositions, more accurate measurements of film thicknesses
were performed on a J.A. Woollam M-2000 spectroscopic ellipsometer. All thickness measurements
were performed at a 702 incidence angle using 190 wavelengths in the range of 315 to 718 nm. For
films deposited on whole wafers, 5 points were measured across the wafer; the average is reported. The
Cauchy-Urbach model was used to fit data by a non-linear least square minimization algorithm. Film
thickness and refractive index coefficients were obtained upon convergence of the algorithm.

Fourier transform infrared spectroscopy (FTIR) was performed on a Nicolet Nexus 870
ESP spectrometer in transmission mode. Measurements were collected from 500 to 4000 cm™ with 4

cm™ resolution using a DTGS KBr detector. 64 scans were integrated to improve the signal-to-noise
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ratio. FTIR spectra of silicon wafers substrates, obtained after removing films with acetone, served as
backgrounds, and the spectra were baseline corrected and normalized for comparison purposes. FTIR
was also performed on a commercial sample of poly(styrene-co-maleic anhydride) with 50% styrene
content (Scientific Polymer Products) that was spun cast onto a Si wafer from tetrahydrofuran. The
number-average molecular weight of the commercial sample was 1600 g/mol (PDI was not provided). X-
ray photoelectron spectroscopy (XPS) was performed on a Kratos Axis Ultra spectrometer with a
monochromatized Al Ka source. Relative sensitivity factors were calibrated by measuring poly(methyl
methacylate), poly(butyl methacrylate), and poly(glycidyl methacrylate) standards cast onto Si wafers
from tetrahydrofuran. Deposition samples and standards were stored in a vacuum desiccator for at
least 24 hours prior to analysis.

In order to obtain enough material for effective analysis via nuclear magnetic resonance (NMR),
12 ten-minute-long depositions were performed using the conditions of sample MA/S-6/20. The films
were dissolved in acetone-ds to yield a 10 wt% solution, and hydrogen signals from acetone served as
internal standards. The *C NMR spectrum was collected on a Bruker AVANCE-400 spectrometer. The
experiment was performed at 75.46 MHz with 'H and **C 1t/2 pulse times of 107.5 and 15.25 ps,
respectively. CH and CH, subspectra were generated using the Distortionless Enhancement Polarization

B3] with a J-modulation time of 3.45 ms (J = 145 Hz). Recycle time was

Transfer (DEPT) pulse sequence
two seconds, and 2048 scans were integrated for all spectra.

Molecular weights of all copolymer films were determined using a Waters gel permeation
chromatography (GPC) system equipped with an isocratic HPLC pump (Model 1515), autosampler
(Model 717plus), three styragel columns (HR1, HR3, and HR4), and a refractive index detector (Model
2414). Copolymer films were dissolved off the silicon wafers with THF and filtered through a 0.45 um

membrane; 150 plL of the solution was injected into the column. The refractive index detector,

operating at a wavelength of 880 nm, was maintained at 35 2C, and the mobile phase was THF flowing at

37



1 mL/min. Integrated areas of the copolymer peaks were compared to narrow polystyrene standards

previously calibrated to determine number-average molecular weights and PDls.

2.3 Results and Discussion
2.3.1 Deposition Rate

This study examined the effect of surface concentration on the deposition kinetics of
poly(styrene-alt-maleic anhydride) (PSMa). Filament temperature, substrate temperature, initiator
partial pressure, total system pressure, and total flow rate are constant for all depositions, as detailed in
the experimental section. The effect of monomer surface concentrations is analyzed assuming the
deposition process is in the reaction-limited regime. In this case, mass transfer to the surface is
sufficiently fast to maintain surface concentrations at their equilibrium values, and these surface

(27, 28] " Equilibrium surface concentrations can be related to

concentrations govern reaction kinetics
partial pressures of the vapor through the Brunauer, Emmett, and Teller (BET) isotherm®¥. The BET
isotherm gives the equilibrium surface concentration as a function of the ratio P,/P, sat, Where P, is the
partial pressure of monomer “m” and Py, . is the saturation vapor pressure of monomer “m” at the
substrate temperature. To determine the effect of maleic anhydride and styrene surface concentrations
on deposition rate, partial pressure ratios for both monomers were varied as shown in Table 2-1.

The measured deposition rates are provided in Figures 2-1 and 2-2. First, the
homopolymerization of each monomer will be discussed (Figure 2-1). Introducing only styrene
monomer into the reactor (Ma/S-0/20, Table 2-1) did not yield deposition of any homopolymer. This is
not surprising since Ps/Ps s;: Was only 0.11; the corresponding low surface concentration of styrene leads

to low polymerization rates. Previously, the optimal P.,,/Py, <ot range for fast iCVD of vinyl monomers was

demonstrated to be 0.4 — 0.7'"., Using only maleic anhydride monomer (Ma/S-6/0, Table 2-1) resulted
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in a slow deposition rate of 5.6 nm/min. GPC and NMR data (not shown) reveal that this sample consists

of short oligomers in which only a few maleic anhydride molecules are connected in a chain.
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Figure 2-1. High copolymerization rate (75.4 nm/min) of electron accepting maleic anhydride with electron donating styrene is
observed under the same conditions where homopolymerization is not observed for styrene and is slow for maleic anhydride.

Combining styrene and maleic anhydride monomers resulted in higher growth rates (Figure 2-2)
and chains of higher molecular weight (Figure 2-3). The maximum deposition rate (sample MA/S-6/20,
Table 2-1) is 75.4 nm/min — representing a 13.7-fold increase in deposition rate over maleic anhydride
homopolymer. The copolymerization kinetics are dependent on surface concentrations of both styrene
and maleic anhydride (Figure 2-2). As the surface concentration of either styrene or maleic anhydride
increases, the deposition rate increases. This dependency is expected for radical chain

copolymerizations.
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Figure 2-2. Deposition rate as a function of styrene monomer partial pressure ratio. The maleic anhydride partial pressure
ratios are 0.29 (=), 0.57 (*), and 0.86 (*). Error bars represent standard deviations of triplicate experiments (error bars masked
by data markers at three points).

Previous studies found that the complex-participation model best described experimental
composition data of styrene/maleic anhydride copolymerizations in carbon tetrachloride and N,N-
dimethylformamide®.. Electronic interactions between maleic anhydride, an electron-accepting
monomer, and styrene, an electron-donating monomer, lead to the formation of a complex, the
concentration of which is defined by an equilibrium constant. In the complex model, the
copolymerization rate is complicated by the fact that both free monomers and the complex can add to

[36]

propagating radical chains'™. Furthermore, it has been demonstrated that primary termination can play

a significant role in iCVD depositions[zs]

. Primary termination occurs when initiator radicals combine
with the propagating chain radicals; it can lead to further non-linearities in reaction kinetics and is not
considered in standard kinetic models of copolymerizations, such as the complex participation model.
For these reasons, conclusions concerning the order of the copolymerization rate equation with respect

to either co-monomer have not been formed. It is clear, though, that partial pressure ratios provide a

highly effective, controllable method to vary deposition rates.
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2.3.2 Molecular Weight

Molecular weight and PDIs for polymers from each combination of three values of styrene and
three values of maleic anhydride partial pressure ratios are plotted in Figure 2-3. The number-average
molecular weight (M,) increases with styrene partial pressure in each of the three series of fixed maleic
anhydride partial pressures. Also, at each fixed value of styrene partial pressure, M, increases with the
partial pressure ratio of maleic anhydride. These two trends occur because copolymerization rates rise

with increased concentrations of either monomer!

. Number-average degree of polymerization is
proportional to the kinetic chain length, which is defined as the rate of polymerization over the rate of
termination. The effect of the rate of polymer termination on molecular weight was held constant by

maintaining the same initiator flow rate and filament temperature. Comparing Figures 2-2 and 2-3

reveals that deposition rate and M, are indeed interrelated.
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Figure 2-3. (a) Number-average molecular weight (M,,) and (b) PDI as a function of styrene partial pressure ratio. The maleic
anhydride partial pressure ratios are 0.29 (=), 0.57 (*), and 0.86 (®). Error bars represent standard deviations of triplicate
experiments.

A trend where PDI increases with monomer partial pressure ratios (or surface concentration) is

also observed, which is typical of free radical polymerizations. Regardless of the mode of termination,
smaller PDIs are expected for low molecular weight polymers because the rate of termination is more

significant relative to the rate of propagation®". One reason for the relatively low molecular weights is

due to the low surface concentration of styrene. Molecular weights comparable to those measured in

this study were obtained in a series of acrylate polymers polymerized via iCVD when their partial
pressure ratios were less than 0.2%7 It has been argued that the probability of primary radical
termination is likely at low surface concentrations?” %!

. At low surface concentrations of styrene, the
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probabilities of an initiator radical reacting with unreacted monomer or the radical end of a propagating
polymer chain become comparable. Another possibility is the initiator radical adds to maleic anhydride,
which has a higher surface concentration, and the maleic anhydride radical reacts with a propagating

chain radical rather than itself since it does not readily homopolymerize.

2.3.3  Confirmation of Copolymerization by FTIR

FTIR spectra of each iCVD-deposited copolymer film are provided in Figure 2-4. Figure 2-4(a)
shows that the chemical compositions of all nine iCVD-deposited PSMa (Table 2-1) copolymer films are
identical. The spectra have absorptions unique to each co-monomer — indicating that both monomers
are incorporated into the deposited film. Presence of maleic anhydride is confirmed by C=0 stretching
(1860 and 1780 cm™). Characteristic styrene absorptions from out-of-plane phenyl vibrations (759 and
700 cm™), in-plane phenyl C-H bending (1455 and 1495 cm™), and phenyl C-H stretching (3030 and 3060
cm™) are also apparent. The assignments are based on previous studies of anhydrides[37] and
ponstyreneBs]. Included in Figure 2-4(b) is the spectrum of commercial PSMa with 50% styrene content
compared to iCVD sample Ma/S-6/20. Peak locations and areas of the iCVD spectrum match well with

the commercial PSMa sample.
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Figure 2-4. (a) The similarity of FTIR spectra for all iCVD copolymer samples. (b) Comparison of iCVD sample Ma/S-6/20 to a
commercial sample of PSMa with 50% styrene content. Characteristic peaks of maleic anhydride and styrene are identified.

It is important to note that retention of the anhydride functionality is achieved in the
depositions, confirmed by the presence of the double carbonyl absorption. The double absorption is

due to in-phase and out-of-phase stretching of the carbonyl groups. Moreover, the higher intensity of
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the band at 1780 cm™ confirms the presence of five-membered rings of succinic anhydride in the
polymer chains®”\. The loss of anhydride groups by ring opening reactions would lead to broad
carboxylic acid O-H stretching (ca. 3000 cm™) and C=0 stretching (1740 - 1660 cm™) modes. These
modes are indeed absent from Figure 2-4, providing additional confirmation of the full functional group
retention from the monomeric units. The spectra of iCVD films are in distinct contrast to FTIR spectra of
plasma-deposited maleic anhydride, which reveal significant modification of the anhydride

[21, 23]

functionality , Where lower wavenumber shoulders on the carbonyl bands suggest the presence of

carbonyls not originating from anhydride functional groups.

2.3.4 Compositional Analysis by XPS

The chemical compositions of all nine iCVD films were determined by collecting XPS survey
spectra. Recognizing that styrene and maleic anhydride monomers have different carbon and oxygen
compositions, the monomer compositions in the copolymer films can be calculated. Table 2-2 reports
the RSF-corrected compositions measured for each iCVD film and the calculated monomer
compositions. Strictly alternating copolymers, which have the repeat unit shown in Figure 2-5, are
comprised of 80% carbon and 20% oxygen. Within experimental error, all of the copolymers clearly
have compositions necessary for alternating sequences, and compositions are insensitive to gas feed

ratios.
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Table 2-2. Compositions of all iCVD-deposited polymers determined by XPS survey scans.

Sample Name| %C %0 %Ma® %S
Ma/S-2/5 80.0 20.0 50.0 50.0
Ma/S-2/10 79.6 204 51.0  49.0
Ma/S-2/20 79.7 203 50.6 49.4
Ma/S-4/5 81.2 188 47.2 52.8
Ma/S-4/10 81.6 184 46.2 53.8
Ma/S-4/20 80.3 19.7 49.4 50.6
Ma/S-6/5 80.2 198 49.4 50.6
Ma/S-6/10 79.9 20.1 50.1 49.9
Ma/S-6/20 80.2 198 49.5 50.5

®The standard deviation of measured maleic anhydride contents in the iCVD copolymers is 1.58%.

Figure 2-5. Repeat unit of strictly alternating poly(styrene-alt-maleic anhydride). Each repeat unit contains 12 carbon and 3
oxygen atoms.

Further corroboration of the copolymer composition and chemistry is provided by high
resolution XPS scans in Figure 2-6. Qualitatively, the high resolution spectra appear equivalent for all
iCVD films, indicating that the chemical structures of the copolymers, in addition to compositions, are

equivalent.
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Figure 2-6. (a) Carbon C 1s and (b) oxygen O 1s high resolution XPS scans of films deposited at maleic anhydride partial pressure
ratios of (i) 0.29, (ii) 0.57, and (iii) 0.86. Data for styrene partial pressure ratios of 0.03 (black), 0.05 (orange), and 0.11 (blue)

are also presented.

Because the high resolution scans are invariant, synthetic component peaks were fitted and
integrated for sample Ma/S-6/20 only. The component peaks are shown in Figure 2-7. In Table 2-3,
integrated areas of the components are compared to a 1:1 poly(styrene-co-maleic anhydride)
reference®. The high binding energy shoulder of the smaller peak in the carbon spectrum is due to
shake-up processes and was not fitted in sample MA/S-6/20 or the reference. The entries in the
“Origin” column of Table 2-3 correspond to the labels in Figure 2-5. The peak locations and integral
values obtained for sample MA/S-6/20 match extremely well with the reference. Not only does this
corroborate the survey scan data which show 1:1 styrene to maleic anhydride compositions, but it also

shows that iCVD and conventional solution polymerizations lead to identical chemical structures.
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Figure 2-7. Least-square regressions of the high resolution scans of (a) C 1s and (b) O 1s core levels of sample Ma/S-6/20 using
components with Gaussian lineshapes.

Table 2-3. High resolution XPS data of iCVD sample Ma/S-6/20 compared to reference polymer

Deposited Film 1:1 PSMa referencel™”
Core L g BE Area BE Area
Level Feak  Origin V) %) (&V) %)
C1ls 1 C3,C4 284.5 49 284.5 51
2 C1,C2 285.3 17 285 17
3 C5 285.6 19 285.6 18
4 C6 289.4 14 289.4 15
O 1s 1 01 532.0 68 532.5 66
2 02 534.0 32 533.9 33

®Labels of the origins of carbon and oxygen peaks are shown in Figure 2-5.
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2.3.5 NMR Evidence of Alternating Structure

Though FTIR and XPS data prove that all the iCVD films have equivalent compositions in which
styrene and maleic anhydride occur in a 1:1 ratio, they do not reveal the sequence distributions of the
copolymers. Therefore, *C NMR was used to reveal the structure of these copolymers. The *C NMR
spectrum of sample Ma/S-6/20 is provided in Figure 2-8(a). The assighments are based on a previously
published study[4°]. All of the expected 3C signals are present, further confirming the similarity of iCVD
to solution-based processes. Moreover, additional signals are not present - demonstrating the absence
of undesired side reactions, such as non-selective crosslinking. The quaternary C3 (Figure 5) peak is
sensitive to the sequence distribution; the signal between 136 and 140 ppm, as seen in Figure 8(b),
corresponds to the alternating Ma-S-Ma triad. There is no signal between 141.5 to 146 ppm and 145 to
147.5 ppm, which are assigned to semi-alternating (S-S-Ma, Ma-Ma-S) and non-alternating (S-S-S) triads,

respectively!

. Further verification of the alternating structure is provided by DEPT experiments. Figure
8(c) shows the DEPT CH, subspectrum for the C1 methylene carbon of styrene. Previous studies assign
the 33 -37,37 -42, and 42 — 47 ppm regions to alternating, semi-alternating, and non-alternating

[33]

triads, respectively”™. Only one distinct signal is observed from 32 — 37 ppm — further proof that a

strictly alternating copolymer has indeed been deposited.
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Figure 2-8. (a) 3¢ NMR spectrum of sample Ma/S-6/20, along with (b) the expanded region of quaternary carbon C3 and (c) the
DEPT CH, subspectrum. The large signals at 29.9 and 206.7 ppm are from acetone-dg, used as solvent and internal standard.

2.3.6  Reactivity Ratios of iCVD Copolymers

It is important to explore the similarity between iCVD and conventional solution-phase
polymerizations. An alternating copolymer forms as the result of interactions that control how
monomers add to propagating polymer chains. In the absence of such interactions, both monomer
concentration and reactivity affect the final copolymer composition. Copolymer reactivity ratios are a
convenient way to characterize copolymerization behavior.

Monomer reactivity ratios of two other iCVD copolymer studies and this study have been
compared. Monomer reactivity ratios (r; and r,) were evaluated using the method of Kelen and
Tudos™. The copolymer composition is related to the monomer concentrations through the

transformed equation

n= ('T"rljg -2
a a

where
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([M /[, ) (1 - my/my) and € = (IMyJ/[M, ])? (my/m,)
a+ (M, ]/[M, ])* (my/m,) a+ (M J/[M,])° (my/m,)

Here, parameter [M;]is the monomer feed concentration and m;is the fraction of the copolymer
composed by monomer i. IniCVD, [M;] is set to the monomer surface concentration. The parameter

o, introduced in order to symmetrically distribute data on the plot, is defined as

01:\/((['\/'1]/['\42])2 mz/me (([M1]/[M2])2 M/, jmax

in
Data from this study are plotted in Figure 2-9 along with two data sets from iCVD
copolymerization studies of methacrylic acid (MAA) with ethyl acrylate (EA)*® and
2,2,3,3,4,4,5,5,6,6,7,7-dodecafluoroheptyl acrylate (DFHA) with glycidyl methacrylate (GMA)?.
Monomer feed concentrations were estimated using partial pressure ratios. In the MAA/EA study,
partial pressure ratios were reported, but for DFHA/GMA, saturation pressures were estimated by fitting
the Clausius-Clapeyron equation to experimental vapor pressure data tabulated in chemical databases

of SciFinder Scholar 2006,

0 0.2 0.4 0.6 0.8 1

Figure 2-9. Kelen-Tudos plot for the MAA/EA (<>), DFHA/GMA (), and Ma/S (A) copolymer systems. Reactivity ratios are
calculated from the slopes and intercepts of the regression lines.

Perfectly alternating copolymers form when reactivity ratios of both monomers are zero®Y. The

fitted regression line for the PSMa iCVD films indicates that the reactivity ratios of maleic anhydride and
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styrene are both zero, within experimental error. These values are expected based on the
characterization of the iCVD films in this work. The plot yields reactivity ratios of 0.56 and 0.28 for MAA
and EA, respectively. Because both reactivity ratios are less than one, the propagating radical of MAA
tends to react with EA and vice-versa. In other words, there is tendency towards alternation, but
monomer surface concentrations still affect copolymer compositions since both monomers can
homopolymerize. The behavior of DFHA and GMA copolymerizations, where the reactivity ratios are
determined to be 5.91 for DFHA and 0.09 for GMA, is quite different. Because DFHA’s reactivity ratio is
greater than unity and much greater than GMA's reactivity ratio, DFHA is preferentially added to
propagating radicals, regardless if the radical is DFHA or GMA. Thus, the copolymer is rich in DFHA,
which is observed experimentally®® .

These three different copolymerization behaviors indicate relative reactivities of monomers
determine the sequence behavior in iCVD copolymers in the same manner that is well-known for
solution-phase processes. By recognizing the similarity of iCVD to solution-based polymerizations,
tabulated reactivity ratios from solution-phase processes can guide the choice of monomer partial
pressures to deposit copolymers of desired compositions. It should be noted that the reactivity ratios

may not always be equivalent for iCVD and solution methods, as noted and briefly discussed in the

MAA/EA copolymerization studym], but they serve as good starting points nonetheless.

2.4 Conclusion

This work demonstrated that iCVD can be used to create thin films of alternating copolymers in
a completely dry process. By supplying maleic anhydride, styrene, and TBPO to the reactor as vapors,
strictly alternating poly(styrene-alt-maleic anhydride) was deposited, regardless of gas feed ratios. FTIR
and XPS characterizations showed that all copolymer films had equivalent 1:1 ratios of the two

monomers, while >C NMR revealed that structures were strictly alternating. Furthermore, the
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anhydride functionality was retained in the films, which is critical for post-deposition functionalizations.
iCVD copolymerization is clearly an effective technique for incorporating maleic anhydride, which does
not homopolymerize to an appreciable extent, into polymer thin films.

This study also corroborated the idea that iCVD copolymerization has strong analogies to
conventional solution-phase synthesis. Gas feed ratios, which defined surface concentrations of the
monomers, influenced deposition rates (6.3 — 75.4 nm/min) and number-average molecular weights
(1380 — 4680 g/mol). Analysis of copolymerizaton reactivity ratios for PSMa and two other iCVD

copolymer systems!?* 3

showed that monomer reactivity ratios are critical for determining sequence
distributions in iCVD copolymers, as is the case for solution-phase processes. Poly(styrene-alt-maleic
anhydride) formed as a result of electronic interactions between electron-accepting maleic anhydride
and electron-donating styrene. Analysis of EA/MAA and DFHA/GMA iCVD copolymers, where such
interactions between monomers do not exist, showed that compositions were dependent upon

monomer concentrations and reactivities. Reactivity ratios should be considered when designing

experiments for iCVD copolymerizations.
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CHAPTER THREE

Surface-Tethered pH-Responsive Hydrogel Thin Films
as Size-Selective Layers on Nanoporous Asymmetric
Membranes
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Abstract

The fabrication of composite membranes consisting of permeable, size-selective hydrogel thin
films on porous inorganic membrane supports is described. Smooth, pinhole-free hydrogel films with
sub-100 nm thicknesses were readily synthesized using initiated chemical vapor deposition (iCVD). iCVD
was a convenient technique for membrane applications as it enabled control over the coating
conformality by modulating surface concentrations of the polymer precursors and film thickness
through in situ monitoring of the deposition process. Techniques to graft films to the substrates were
also developed. Membrane permeability was controlled through variation of the thickness and
composition of the iCVD poly[maleic anhydride-co-dimethylacrylamide-co-di(ethylene glycol) di(vinyl
ether)] (PMaDD) film. The combination of swelling and stability was achieved for a film composition of
76% N,N-dimethyl acrylamide, 14% maleic anhydride, and 10% di(ethylene glycol) divinyl ether. Swelling
was shown to be pH-responsive, with a maximum swelling ratio of 11.5 at pH 8. Hydrogel nanofilms
reached their swelling equilibrium in a few minutes. Diffusion and selectivity of permeants in the
membrane were also modeled and characterized. The hydrogels internal pore size was calculated to be
3.2 nm at pH = 7, which readily allowed the passage of glucose while excluding bovine serum albumin
(BSA). By reacting 3-aminopropyldimethylethoxysilane with silanol groups of silicon surfaces and the
alumina hydroxide of alumina surfaces, covalent bonds between the substrates and anhydride
functionalities in the hydrogels were formed, which was necessary for stable adhesion. Further utility
of PMaDD was demonstrated by functionalizing it with 2-aminoethanethiol and poly(ethylene glycol) to
modulate its interaction with proteins in solution. A simple technique to pattern the film was
demonstrated, and PMaDD was functionalized with CdSe/ZnS core-shell quantum dots to reveal the

hydrogel properties of the patterns.

57



3.1 Introduction

Membrane separations are critical to the successful, efficient operation of many commercial
processes, such as kidney dialysis, pharmaceutical purification, gas separation, and water desalination.!”
A key motivation for using membranes is the separation selectivity. To be economically feasible,
though, the permeability (throughput) of the membrane must also be high. The selectivity and
permeability characteristics are paramount, but the membrane must meet many other requirements -
mechanical stability, chemical stability and environmental compatibility of the surface, for example.
Developing a single material to satisfy all these requirements is difficult. A common solution is the
development of composite membranes consisting of a highly permeable porous bulk material that
provides mechanical strength and a thin permselective skin layer on top for selectivity and proper
interfacial properties.®

Innovative techniques have been developed to synthesize these skin layers; the Loeb-Sourirajan
process, interfacial polymerization, and solution coating are the most common.”’ These skin layers must
be as thin as possible to maximize permeability. In order to synthesize high quality defect-free layers
with these conventional methods, thicknesses greater than 1 um are typically required.[gl Furthermore,
the layer should also be readily chemically functionalized to control undesired fouling and impart new
functionality, such as enhanced selectivity or stimuli-responsiveness. Having non-fouling properties is
particularly important since fouling results in reduced efficiencies. Particulate (colloidal), protein, and
cellular absorption are the common culprits. Particulates are easily separated in pre-filters. A common
strategy to prevent cellular absorption (and protein to a certain extent) is making the surface
hydrophilic.[gl Poly(ethylene glycol) (PEG) brushes are even more effective in repelling proteins.[m’u] It
is critical that these hydrophilic modification layers be firmly attached to the membrane. Indeed,

poly(vinyl pyrrolidone) layers for commercial microfiltration and ultrafiltration membranes, which are
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immobilized relatively weakly through physical interactions, have been shown to be washed away by
shear stresses.

Hydrogels, which are crosslinked polymeric networks that imbibe large volumes of water yet do
not dissolve are potentially useful materials for these skin layers. The crosslinking density of the

(14181 '\which enables

hydrogel and water absorption define a mesh size between crosslinks in the polymer
separation based on hydrodynamic size. Moreover, many strategies exist to functionalize these
materials with protein resistant moieties, often involving the grafting of PEG brushes™ " A review was
also recently published on stimuli-responsive hydrogels, which could enable further control in
membrane separations.“gl It is important to note that hydrogels must be integrated in composite
membranes since they lack mechanical strength in the gel state.

Hydrogels are clearly convenient materials for the skin layers in composite membranes.
Commercial techniques exist to synthesize crosslinked hydrophilic materials on common membrane
materials.’®2% Other novel techniques, such as layer-by-layer (LbL) depositions of polyelectrolytes and
plasma polymerizations have also been investigated.[e’ %21 However, the LbL technology is generally
limited to the use of polyelectrolytes of opposing charges, and modification of internal pore walls is
difficult with plasma techniques because the mean free path of the plasma is larger than the pore
diameter.”® Initiated chemical vapor deposition (iCVD) is a polymer deposition technique with a broad
polymerization capability — essentially equivalent to solution-phase free radical polymerizations. A
broad array of polymer chemistries has been demonstrated.”” Furthermore, membrane pores with an

[23]

aspect ratio as high as 80 have been conformally coated with the technique. iCVD is particularly

useful for membrane applications as it enables precise, nanometer-level control over film thickness at
high deposition rates through in situ monitoring of the deposition process using interferometry.ml

Deposition rates well above 100 nm/min have been demonstrated.””®?>?®! The LBL technique, on the

other hand, is limited in potential practical applications by the numerous deposition and rinsing steps
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required for synthesis.?”) Interfacial polymerizations also require a rinsing step. iCVD, though, is a one
step process.

Furthermore, the synthesis of defect-free selective skin layers with thicknesses less than 100 nm
is extremely difficult with conventional methods.””® The synthesis of layers with thicknesses down to 50

nm is even rarer.’*”

iCVD has been applied to the synthesis of sub-100 nm thick, pH-responsive hydrogel
films as skin layers on porous alumina membranes. To increase the stability of the film, a strategy to
covalently attach the polymer to the substrate was developed. Herein, the novel chemistry of the

hydrogel film is described. Also, the network structure of the hydrogel was characterized and its utility

for dialysis in a composite membrane format was characterized.

3.2 Experimental
3.2.1 Hydrogel Synthesis by iCVD

Prior to synthesizing hydrogel films, 100-mm diameter silicon (Si) wafer substrates (Wafer
World, test grade) were treated with 3-aminopropyldimethylmonoethoxysilane (3-AMS) (Gelest, >95%).
Using “piranha” solution (mixture of sulfuric acid and hydrogen peroxide), the surfaces of the wafers
were cleaned and oxidized to create Si-OH groups at the surface, then rinsed with clean deionized water
and dried. CAUTION: Piranha solution is a strong oxidant and should be handled with extreme care.
The wafers were placed in a vacuum oven at 60 °C, and 3-AMS vapors were flowed into the vacuum
chamber for one hour. The flow was then stopped, and the vacuum chamber was pumped out for a
minimum of one hour to remove any physisorbed 3-AMS from the surface of the Si wafers.

iCVD was performed in a previously described iCVD reactor configuration.?” Maleic anhydride
(99%), N,N-dimethylacrylamide (99%), di(ethylene glycol) di(vinyl ether) (99%), and tert-butyl peroxide
(97%) were all purchased from Sigma-Aldrich and used as received. By heating the precursors to create

adequate vapor pressures, flow rates of 0.6 sccm of maleic anhydride, 5.9 sccm of N,N-
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dimethylacrylamide, and 0.4 sccm of tert-butyl peroxide were maintained with MKS Instruments 1152C,
1150C, and 1479 MFCs, respectively. The di(ethylene glycol) di(vinyl ether) flow was set manually at 0.4
sccm with a needle valve. Systematic variation of the flow rate ratios was performed to yield highly
swellable, yet stable films of poly[maleic anhydride-co-dimethyl acrylamide-co-di(ethylene glycol) divinyl
ether] (PMaDD). An operating pressure of 400 mTorr was maintained during the deposition, and the
filament temperature was set to 235 °C by passing 0.95 amps through the Chromaloy O (Goodfellow)
filament, which was suspended 1.5 cm above the substrate. The stage temperature was 20 °C to
promote adsorption of monomers. In situ interferometry with a 633-nm HeNe laser source (JDS

Uniphase) was used to deposit approximately 150 nm-thick films on the Si substrates.

3.2.2  Film Characterization

FTIR measurements were performed on a Nicolet Nexus 870 ESP spectrometer in transmission
mode. Measurements were collected from 500 to 4000 cm™ with 4 cm™ resolution using a DTGS KBr
detector. 64 scans were integrated to improve the signal-to-noise ratio. Si wafers served as
backgrounds, and spectra were normalized to thickness and baseline corrected. XPS survey and high
resolution spectra were collected on a Kratos Axis Ultra spectrometer with a monochromatized Al Ka
source. Relative sensitivity factors were calibrated by measuring poly(2-ethyl-2-oxazoline), poly(N,N-
dimethylacrylamide), and poly(N-isopropylacrylamide) polymers (Scientific Polymer Products) spun-cast
onto Si wafers from 2-propanol. Deposition samples and standards were stored in vacuum prior to
analysis.

A J.A. Woollam M-2000 spectroscopic ellipsometer was used to measure film thicknesses. All
thickness measurements were performed at a 75° incidence angle using 190 wavelengths from 315 to
718 nm. A non-linear least square minimization algorithm was used to fit ellipsometric data of dry films

to the Cauchy-Urbach model. Film thickness and refractive index coefficients were obtained upon
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convergence of the algorithm. To measure water-swollen films, a liquid cell accessory was used (J.A.
Woollam). The cell clamped over the sample and held the solution in a liquid tight seal. The optical
properties of the cell windows and solution were included in the model. lonic strength-controlled buffer
solutions of pH from 0.5 to 9 were prepared by mixing the proper ratios phosphoric acid (50% (w/v) in
water), sodium dihydrogen phosphate (99%), disodium phosphate heptahydrate (99%), and sodium
chloride (99%), which were all obtained from Sigma Aldrich and used as received. The ionic strength
was controlled at 30 mM and the buffer strength at 10 mM. Swollen films were modeled with the
effective medium approximation. One component consisted of the dry polymer (optical properties of
the dry films were used), and the second component was water. The total film thickness and volume
fraction of water were determined upon convergence of the non-linear least square minimization
algorithm. Between each measurement the films were removed from the liquid cell, rinsed with

deionized water, and then dried.

3.2.3 Membrane Integration

PMaDD film was deposited on commercially available porous alumina membranes with 20 nm
pore openings (Anopore™, SPI Supplies). Hydroxyl functional groups are present on alumina surfaces
and can be used for silanization.[31, 32] Silanization of the alumina with 3-AMS and deposition of
PMaDD was performed using the procedure described above. High resolution images of the membrane
cross sections were collected using a field emission scanning electron microscope (JEOL, 6700F).

Diffusion of glucose and bovine serum albumin (BSA) through the PMaDD membranes was
measured in a standard Franz diffusion cell. The volume of the source chamber was 7 mL. The volume
of the sink was 170 mL for glucose measurements and 70 mL for BSA measurements. The source and
sink chambers were connected through an o-ring joint. The composite membranes were sandwiched

between two o-rings. Solutions of known BSA and glucose concentrations were prepared in the pH 7
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buffer described above and then loaded into the source chamber. The sink was initially pure buffer.
Aliguots were collected as a function of time. Glucose concentrations were measured using a blood
glucose monitor (WaveSense Presto, Agamatrix, Inc.). BSA concentrations were quantified using the
Coomassie Plus Protein Assay (Pierce Protein Research Products) and measuring the UV absorption at

595 nm (Cary 600i, Varian).

3.2.4  Adhesion Characterization

PMaDD-coated membranes were submersed in pH 8 buffer (same buffer composition as used
for swelling experiments). The membranes were then ultrasonicated in an ultrasonic bath for 5 minutes
(VWR, Model 75D). The samples were removed from the buffer, dried, and then imaged in the SEM

described above.

3.2.5 Functionalization Reaction Conditions

Cysteamine, poly(ethylene glycol), and all solvents were purchased from Sigma Aldrich and used
as received. The poly(ethylene glycol) (PEG) had an average molecular weight of 400 g/mol (denoted
PEG-400). For cysteamine functionalization, the PMaDD film was reacted in a 0.05 M solution of
cysteamine in 2-propanol at 70 °C for 30 minutes. PMaDD was reacted with PEG-400 in a 10 %(v/v)
solution of PEG-400 in butyl acetate at 110 °C for 18 hours. After the given times, the samples were
removed from the reation media and rinsed in clean solvent to remove any unused reactants. The
samples were then dried thoroughly in a vacuum oven to remove excess solvent.

Commercial CdSe/ZnS core-shell nanoparticles were attached to cysteamine functionalized

PMaDD and imaged in a fluorescent microscope using previously described methods and equipment.®*

3.3 Results and Discussion
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3.3.1 Hydrogel Synthesis and Characterization

Poly[maleic anhydride-co-dimethylacrylamide-co-di(ethylene glycol) di(vinyl ether)] (PMaDD)
films with average thicknesses of 150 nm were deposited by iCVD. The copolymer’s chemical structure
is shown in Figure 3-1a. The deposition rate measured on silicon was 20 nm/min on average. Prior to
deposition, the silicon substrates were functionalized with 3-AMS, yielding primary amine functional
groups at the surface. Maleic anhydride groups at the interface between the polymer film and substrate
form covalent bonds with the substrate through the reaction between the anhydride and amine
functional groups. Without silane functionalization of the silicon, hydrogel films delaminated from the
surface when placed in water. In water, the maleic anhydride throughout the film’s bulk hydrolyzed to
maleic acid with two ionizable carboxylic acid groups. Figure 3-1b highlights the role of maleic
anhydride at the film-substrate interface and throughout the bulk of the film. lonization of the maleic
anhydride increased the swelling of the film since the chemical potential of the ions on the polymer
pendent group must be equal to the chemical potential of ions in solution. This introduces an ionic term
in the Gibbs energy balance for hydrogel equilibrium.*® The neutral comonomer, N,N-
dimethylacrylamide, was chosen for its ability to absorb large amounts of water; its polymer is
considered “super water absorbent.” The di(ethylene glycol) di(vinyl ether) (DeDve) component was the
crosslinker. The copolymer shown in Figure 3-1a is a three-dimensional network; di(ethylene glycol)
divinyl ether groups of one polymer chain link it to multiple other chains. Through systematic variation
of the ratio of monomer and crosslinker flow rates, the crosslinker content in the final copolymer
composition was chosen as a compromise between the film’s stability in solution and its maximum

swelling ratio.
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Polymer
film

Figure 3-1. Chemical structures of (a) as-deposited PMaDD network. (b) Illlustration of the roles of maleic anhydride at the
substrate-film interface and throughout the film bulk.

The Fourier transform infrared spectroscopy (FTIR) spectrum of the as-deposited film (Figure 3-
2) provides resolved features of the polymerized Ma and DMAA units. The double carbonyl absorption
at 1778 cm™ and 1849 cm™ is characteristic of the carbonyl in-phase and out-of-phase stretching of
maleic anhydride, while the strong absorption at 1639 cm™ is assigned to the carbonyl stretch of N,N-
dimethylacrylamide.[34] Characteristic absorptions of DeDve are obstructed by overlapping absorptions
of dimethylacrylamide and maleic anhydride. The presence of DeDve is verified by the fact that the
films did not dissolve in water or tetrahydrofuran, while films deposited without DeDve were completely
dissolved. Upon placing the films in water, the characteristic FTIR double carbonyl absorption of the
anhydride group disappeared. A peak at 1717 cm™, characteristic of the carbonyl in carboxylic acid

B4 and a broad absorption circa 3500 cm™, assigned to the O-H stretch, were created (Figure 3-

groups
2a). The high resolution XPS C 1s scans in Figure 3-2c were used to quantify the composition of the film.
The component peak positions were assigned as follows: 289.4 eV to C*(=0)0, 287.7 eV to NC*(=0),
286.1 eV to C*OC and NC*Hs;, and 285 eV to CH,. B3 The composition of the film was quantified by

integrating the Gaussion component peaks; the composition was found to be 14% maleic anhydride,

76% N,N-dimethylacrylamide, and 10% di(ethylene glycol) divinyl ether.
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Figure 3-2. (a) FTIR spectra of as-deposited (top) and hydrolyzed PMaDD (bottom). Note the dramatic difference in intensity of
the characteristic peaks of maleic anhydride (at 1778 and 1849 cm'l), while there is little intensity difference in the carbonyl of
dimethyacrylamide units (1632 cm™) (b) XPS survey scans of as-deposited PMaDD and (c) high resolution spectra of the C 1s
region with component peaks fitted to Gaussian distributions for composition quantification.

The equilibrium swelling properties of the PMaDD films were characterized as a function of pH
using spectroscopic ellipsometry. The ionic strength of the buffer solution was fixed at 30 mM and
buffer strength at 10 mM. The pH dependence of the swelling ratio of PMaDD films is shown in Figure
3-3a. The degree of swelling (Q) was calculated using Q = v,/v,;, where v,; is the initial volume fraction
of polymer (equal to unity for dry as-deposited films) and v, is the volume fraction of polymer in the
swollen state. The error bars represent the uncertainty in the fit of the ellipsometric model. The
swelling ratio clearly increased with pH due to the higher degree of ionization of the hydrogel. The two
carboxylic acid groups formed upon hydrolysis of maleic anhydride have unique dissociation constants

(pKal = 2.8, pKa2 = 6.1)®, which accounts for the observed swelling response.*®!
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Figure 3-3. Swelling properties. (a) The pH dependence of swelling of PMaDD films at a fixed ionic strength of 30 mM.
Characterization of the (b) reversibility and (c) kinetics of swelling by spectroscopic ellipsometry.

A maximum swelling ratio of 11.5 was achieved. Even though it is common for bulk ionic
hydrogels to have swelling ratios greater than 100, the swelling ratios are expected to be lower for thin
films due to constraints imposed by the solid substrate.®” These swelling ratios are impressive when
compared to previous results for neutral iCVD hydrogel films of poly(2-hydroxyethyl methacrylate),
which have swelling ratios < 1.5.%¥ Hydrogel thin films firmly attached to the substrate that are
prepared through other techniques also experience restricted swelling. Four micrometer-thick films of
poly(N-isopropyl acrylamide) exhibited swelling ratios of 15°°, and poly(N,N-dimethylacrylamide) films
had swelling ratios of less than 10.%”! The high degree of swelling of the PMaDD material is critical for
membrane applications. One of the practical limitations of utlrafiltration and nanofiltration membranes
is their tendency to foul, in which the pores become blocked. Protein fouling of hydrogel materials
generally decreases as water content increases” (greater swelling) and their surfaces become more
hydrophilic.!*"

The kinetics and reversibility of swelling are also important factors. The reversibility was studied

by exposing a film repeatedly to the two pH extremes. The results shown in Figure 3-3b clearly show the
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swelling is reversible. Furthermore, the hydrogel swells to 95% of its equilibrium value within 2.5
minutes (Figure 3-3c). This indicates the benefit of minimizing the film thicknesses. Swelling of
hydrogels is a diffusion-limited process (as is diffusion of small molecules through hydrogels). As such,
the time to reach equilibrium swelling is proportional to the square of the hydrogel’s smallest dimension
(thickness). Thus, hydrogel nanofilms reach equilibrium swelling on the order of minutes, while bulk

gels can take hours.1*®

3.3.2  Modeling of Permeant Diffusion

The internal pore size is a critical parameter in describing diffusion of solutes through hydrogels.
To understand the capability of the PMaDD to serve as a size-selective separation layer, the internal
pore structure of the hydrogel and its diffusivity were analyzed. To model the diffusivity of solutes in

PMaDD, the Lustig-Peppas model for homogeneous hydrogels is proposed™*?

D,
—gz[l—r—sjexp(—YVAJ Eq. 3-1
Do 5 1_V2$

where r;is the hydrodynamic radius of the solute, £is the correlation length between crosslinks, and v
is the volume fraction of polymer in the gel. Intuitively, £ can be described as the mesh size of the
hydrogel. Yis a ratio between the volume required for translation movement of the solute to the molar
volume of the liquid; setting it to unity is an appropriate approximation.*®! A diffusivity model for
solutes in strong polyelectrolytes (also termed heterogeneous hydrogels — see Amsden’s review for the
distinction between homogeneous and heterogeneous hydrogels[43]) was not used since N,N-
dimethylacrylamide was the primary component in PMaDD. This model (Eq. 3-1) clearly shows that the
ratio of the hydrodynamic radius of the solute to the radius of the internal pores is critical. The mesh

size can be calculated using Eq. 3-2:
E=vi P fe N Eq. 3-2
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Here /is the length of the C-C bond (0.154 nm), C, is the characteristic ratio, and N is the number
of repeat units between crosslinks. N can be calculated using N=1/ X, where X is the crosslinking
density. The crosslink density can be determined from the XPS analysis above (X=0.1), assuming that the

number of physical crosslinks (from chain entanglements) is negligible. Since C, is equal to 8.5 for

[44] [45]

poly(acrylamide)™™ and 8.4 for poly(methacrylic acid)"™, polymers with repeat units similar to those

found in PMaDD, Cn was assumed to be 8.5 for PMaDD. AtpH=7(v,,=1/Q=0.09), the mesh size of

the hydrogel is calculated to be 3.2 nm.

Inserting the calculated pore size and swelling ratio at pH = 7 into Eq. 3-2, the calculated ratios
of diffusion coefficients (D,/Dy) for glucose (r; = 0.36 nm) and bovine serum albumin (r; = 3.6 nm) are 0.8
and -0.1, respectively. The negative value for the BSA diffusion coefficient is unphysical, implying that
the diffusion of BSA is effectively blocked by the hydrogel, which is expected since the hydrodynamic

radius of BSA is greater than the hydrogel’s mesh size.

3.3.3 Composite Membrane Characterization

Figure 3-4 presents an SEM of the commercial alumina membranes before and after being
coated with PMaDD via iCVD. It is apparent from Figure 3-4b that PMaDD formed a blanket layer over
the membrane surface. Itis difficult to determine from these images the extent of pore fill-in of the
PMaDD. ltis likely that some of the pore was filled by the hydrogel, but from the open pores below the
surface, it can be concluded that complete infill was avoided. This was achieved by depositing PMaDD
under conditions where the P/P,, value of dimethylacrylamide was approximately 0.56. P/P, refers to
the partial pressure of the monomer over its saturated partial pressure at the temperature of the
substrate. This reduced partial pressure has been shown to control coating conformality.[46] The
unswelled thickness of the hydrogel layer was estimated to be 73 nm from this image and others that

were analyzed but not included here.
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Figure 3-4. High resolution SEM images of cross-sections of porous alumina membranes (a) before and (b) after being coated
with PMaDD by iCVD. Throughout most of the membrane cross-section, the pores are approximately 200 nm in diameter; they
reduce to 20nm at the surface. (Scale bar = 100 nm). Top down images of the coated membranes is provided in Figure 3-6a.

Diffusion of glucose and BSA in these composite membranes was measured in a diffusion cell.
The kinetics of glucose and BSA diffusion through the alumina membranes with and without the PMaDD
layer are presented in Figure 3-5. Assuming that the volume of the sink is infinite compared to the

source, the diffusion kinetics can be modeled using the pseudo steady state approximation in Eq. 3-3.
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M —AaD;
In| 1-—¢t | = 29704 Eq. 3-3
M| Iy

Here M, is the mass of permeant transferred from source to sink at time t, M; is the initial mass
of permeant in the source, A is the area available for mass transfer, D; is the mass transfer coefficient of
component i in the composite membrane, | is the thickness of membrane, V; is the volume of the
source. Clearly, both glucose and BSA diffused through the uncoated membranes. Using the slopes of
the lines that were linearly regressed to the diffusion data for uncoated membranes in Figure 3-5,
diffusion constants of 4.3x10”7 cm?”s™* and 1.8x10” cm” s™* were calculated for glucose and BSA,
respectively. Values of 1, 4.9 cm?, 60 mm, and 7 mL were used for o, A, |, and V3, respectively.

Figure 3-5b demonstrates that the PMaDD coating effectively blocks BSA diffusion, as predicted
from the models above. The zero permeability confirms the lack of pinhole defects. There is a slight
drop in glucose permeability in the PMaDD-coated membranes (Figure 3-5a). The overall diffusion
coefficient for BSA in the PMaDD-coated membrane was calculated as 1.3x107 cm?s™. Assuming a
laminated structure for the composite membrane, the composite diffusion coefficient is calculated as

follows:

Icomposite _ Ialumina i IPMaDD Eq. 3-4

D Dalumina DPMaDD

composite
Dalumina @and Deomposite Were determined from the slopes and reported above. Here, 0.7, 60, and
60.7 um were used for lpmapp, laumina, @aNd lcomposite, respectively. Using these values in Eq. 3-4, Dpmapp Was
calculated to be 1.8x10®% cm?s™. Dg/D, Was calculated to be 0.8 using Egs. 1 and 2 above (Dg in the
terminology above is equal to Dpmano here). A diffusion coefficient of 6.4x10° cm? s for glucose in
water has been reported.ml Therefore, modeling indicates that Dpwmapp should be 5.12x10° cm?s™.

Because the experimentally determined diffusivity is over two orders of magnitude lower than the

calculated value, it can be concluded that pore fill-in did occur. The extent of fill-in cannot be estimated.
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The pore diameter confines the hydrogel, which limits swelling and leads to further reductions in
diffusivity. Simple techniques can be envisioned that eliminate this problem, such as first depositing a

sacrificial material to fill in the pores, followed by deposition of the desired skin layer by iCVD.
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Figure 3-5. Diffusion kinetics of (a) glucose and (b) BSA through commercially available porous alumina membranes (®) and the
same membranes coated with 500 nm PMaDD by iCVD (@). The pores are 20 nm in diameter at the surface of the alumina
membranes.

3.3.4  Stability of Hydrogel Thin Film
The stability of the iCVD coating is also critical. Figure 3-3a (pH-responsiveness) shows that the
polymer is chemically stable in a pH range from less than one to eight. Covalent bonding of PMaDD to
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the substrate through 3-AMS surface functionalities was required for adhesion stability. 3-AMS was
used to covalently bond PMaDD to the alumina membrane. The observation of the successful
modulation of the glucose and BSA diffusivities in the PMaDD-coated membranes is strong evidence
that PMaDD remained adhered to the alumina.

In commercial or industrial operations, membrane cleaning is an important process. To show
that these PMaDD films will be stable to such processes, a vigorous test of adhesion was performed by
ultrasonicating the membranes in buffer solution for five minutes. SEM images of ultrasonicated
PMaDD-coated membranes with and without 3-AMS exposure before the iCVD step are shown in Figure
3-6. The PMaDD coating is retained on the membrane that was treated with 3-AMS prior to iCVD, while
it delaminated from the untreated membrane to expose the underlying porous surface. The cavitation
forces of ultrasonication overcame the physical interaction between the hydrogel and untreated
alumina but were not strong enough to break the amide bond created by the reaction of maleic

anhydride with the amine of 3-AMS treated alumina.

Figure 3-6. Effect of ultrasonication on PMaDD-coated alumina membranes that (a) were and (b) were not treated with 3-AMS
vapors prior to iCVD of PMaDD. The 3-AMS is shown to be critical to PMaDD adhesion. (Scale bar =1 um)

Furthermore, the coating in Figure 3-6a, even after ultrasonication, appears to be smooth,
showing no trace of the underlying pore structure. Pinholes are not readily apparent, either. By
considering this image along with the zero flux of BSA through the PMaDD-coated membranes, it can be

concluded that these coatings are pinhole-free.

73



3.3.5 Functionalization of PMaDD

The ability to control the permeability through the mesh properties of the hydrogel has been
demonstrated. It is important, as well, to be able to control the interaction of the membrane surface
with its environment for fouling considerations. Because the surface chemistry required to control
these interactions will depend on the application, it is important to have versatile reactive functionality
within the membrane. The anhydride in PMaDD is readily functionalized through nucleophilic
reactions.””! The results of functionalizing the anhydride in the PMaDD composition through simple,
one-step, uncatalyzed reactions are provided in Figure 3-7a. The films were functionalized after iCVD
but prior to hydrolysis in water. The reactions were chosen to demonstrate the versatility in surface
chemistry that can be achieved. Surface thiols have been shown to be protein-adhesive!*®, while PEG
brushes are widely studied protein resistant functionalities.*”! The PEG molecules had an average
molecular weight of 400 g/mol and were denoted PEG-400. PEG functionalization required a longer
reaction time and higher temperature because the reaction of hydroxyls with anhydrides is slower than
the reaction of amines."*! Disappearance of the carbonyl absorptions characteristic of anhydride at
1778 and 1852 cm™ indicates that the reaction indeed proceeded through a nucleophilic substitution at
the anhydride. In the FTIR spectrum of cysteamine functionalized PMaDD, there is a dramatic increase
in the absorption at 1638 cm™ and a weak but new absorption circa 2600 cm™, which are characteristic
of an amide’s carbonyl stretch and S—H stretch of thiols, respectively.? The PEG-400 functionalized
PMaDD has a new absorption at 1733 cm™ from the carbonyl stretching of the ester that forms upon
reaction of hydroxyls with the anhydrides and increased absorptions at 1108 cm™, characteristic of the
C—O0—C antisymmetric stretching, and in the hydrocarbon region (2800 — 3000 cm'l).[34] These spectra

are consistent with the product structures drawn in Figure 3-7a.
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Figure 3-7. (a) Functionalization of PMaDD with (i) cysteamine and (ii) poly(ethylene glycol) through nucleophilic substitution
reactions of the anhydride group. (b) The FTIR spectra of the functionalized films reveal the disappearance of the anhydride
functionality and confirm the structures of the products shown in (a). Reaction conditions are provided in the Experimental
section, and the original spectrum of as-deposited PMaDD is provided in Figure 3-2a. (The N,N-dimethylacrylamide and
di(ethylene glycol) divinyl ether components of the PMaDD composition are not drawn in (a) due to space constraints.)

In Figure 3-8a, PMaDD thin films have been patterned using transmission electron microscope
(TEM) grids. The TEM grids had 7.5x7.5 um openings, which were used to define the hydrogel pattern.
After the film had been deposited, it was reacted with cysteamine as described in Figure 3-7a. CdSe
semiconductor nanoaparticles were readily attached to the thiol groups through a thiol exchange
reaction to localize fluorescence to the hydrogel patterns. This allowed the use of fluorescence
microscopy as a convenient method to observe hydrogel swelling. Because a carboxylic acid moiety is
retained after the functionalization, which increases the swelling due to the ionic term in the Gibbs free
energy balance, the hydrogel properties are retained after the functionalization. Visual confirmation of
this is provided by the optical micrographs in Figure 3-8 of dry and swollen hydrogel patterns. The

patterns were swollen in the pH 8 buffer described earlier. It is unclear why fluorescence diminishes in
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the center of the pattern, but it is clear that swelling does occur. Figure 3-8 confirms that patterning
and subsequent surface functionalization of the iCVD ionic hydrogels is possible. These capabilities may
find utility in the design of novel membranes, unique surfaces for separation and sensing, or as

platforms for cell growth.

Figure 3-8. Fluorescent images of PMaDD hydrogel patterns that have been functionalized with cysteamine and linked to
CdSe/ZnS nanoparticles. Initially (a) the patterns were dry and then (b) swelled upon immersion in pH 8 buffer. (Scale bar = 50

um)

3.4 Conclusion

A highly swellable, pH-responsive ionic hydrogel thin film was synthesized using initiated
chemical vapor deposition (iCVD). PMaDD has the highest swelling ratio achieved by iCVD to date, and
is comparable in terms of swelling to other highly swellable thin films reported in the literature.
Motivation to use the iCVD synthesis technique has been demonstrated by implementing PMaDD as a
size-selective layer on asymmetric membranes. iCVD enabled the synthesis of pinhole free layers with
an average thickness of 73 nm on top of porous Anopore™ alumina anisotropic membranes. Moreover,
a technique was developed to covalently attach the hydrogel film to the membranes for stability in
solution. It is expected that this integration technique is applicable to other membrane materials, such
as polyacrylonitrile, cellulose, polysulfone, and polycarbonate, which are commonly employed in
ultrafiltration and nanofiltration applications. Reactive functionalities, which are required for the

reaction with organosilanes, can be introduced onto the surfaces of polymers through plasma
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activation.”™ Moreover, iCVD is currently being investigated for the synthesis of high quality films with

sub-50 nm thicknesses, which are difficult to achieve by other methods.
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CHAPTER FOUR

Integration of Reactive Polymeric Nanofilms into a
Low Power Electro-mechanical Switch for Selective
Chemical Sensing*

*QOriginally published as W. J. Arora, W. E. Tenhaeff, K. K. Gleason, G. Barbastathis, J. Microelectromech.
Syst. 2009, 18, 97.
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Abstract

This paper presents the fabrication and demonstration of an ultrathin microelectromechanical
chemical sensing device. Microcantilevers are etched from 100 nm-thick silicon nitride, and a 75 nm-
thick reactive copolymer film for sensing is deposited by initiated chemical vapor deposition.
Crosslinking densities of the polymer films are controlled during the deposition process; it is shown that
greater crosslinking densities yield greater cantilever deflections upon the polymer’s reaction with the
analyte. Because chemical reactions are necessary for stress formation, the sensing is selective.
Cantilever deflections of greater than 3 um are easily attained, which allow a simple switch to be
designed with resistance-based outputs. When exposed to a hexylamine vapor phase concentration of
0.87 mol%, the resistance of the switch drops by over six orders of magnitude with a response time less

than 90 seconds.
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4.1 Introduction

Chemical sensing science is a field with many applications in industry, security, and defense. A
multitude of detection mechanisms exist, but many are only applicable to very specific situations.
Generally, effective chemical sensing needs to be highly selective to a target analyte and result in a large
electrical response. Here we demonstrate a sensing mechanism that achieves high selectivity because it
relies on covalent bond formation and achieves a large electrical resistance change due to its design as
an electro-mechanical switch. The chemically selective component is a reactive polymer deposited by
initiated chemical vapor deposition (iCVD™) onto a three-dimensional (3D) micro-switch. The polymer is
engineered to produce a large stress when it reacts with the analyte, deforming the switch and causing
it to short-circuit. We present a non-optimized proof-of-concept device that uses a maleic anhydride
copolymer thin film to detect amines. Before reacting with hexylamine, the device is an open circuit
(drawing negligible power), and after the reaction the resistance drops by over six orders of magnitude.
Although this first fabricated prototype has sensitivity limits in the parts per thousand range, achievable
geometric modifications will be discussed that are predicted to improve detection down into the ppb
range. In addition, it is anticipated that a wide range of analytes can be detected by using the general
platform method of iCVD to synthesize additional types of reactive organic nanocoatings, each offering a
specific complimentary reactive functional group.[z'a]

Transducing a chemical response into an electrical response can be done most directly with a
chemiresistive polymer, in which the reaction either acts to dope or undope a semiconducting polymer[z]
or cause a conductivity change by swelling a partially conductive polymer.m However, these methods
suffer from lack of analyte specificity, offer small resistance changes and draw continuous power.

Instead, an intermediate transduction step, often optical or mechanical, is used. Micro-cantilevers are a

common platform for transducing the chemical response into a mechanical one. One surface of the
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cantilever is coated with a material (often a polymer) that the target chemical will interact with, typically

through absorption (swelling) or reaction.

Freestanding membrane
(substrate not shown)

Polymer coated side

Gold coated side Several micron gap qud coated si‘de of cantilever
%" due to spacer is in contact with the wire pad
£ l here
b Polymer spacer
© layer
Open circuit
(interdigitated wires)
(a) Separate fabrication (b) Assembled open circuit (c) Shorted circuit after reaction

Figure 4-1. Schematic of the assembly and operation of the micro-switch. (a) A silicon nitride cantilever, still attached to a
silicon handle wafer frame (not shown) is coated with 75nm of iCVD polymer on one side and evaporated gold on the other.
Interleaved gold wires are patterned onto a separate silicon wafer with a silicon nitride (non-conducting) top surface. A 3um
thick spacer is formed around the gold wires using a photo-polymer. The cantilever is placed onto the spacer layer. (c) Upon
reaction with the target vapor the polymer strains, forcing the cantilever to bend down and contact the interleaved gold wires.
The conductive gold underside of the cantilever short-circuits these wires.

The interaction creates a stress that causes the cantilever to bend. Existing methods rely on

 or measuring resonance frequency

measuring small cantilever deflections of less than a few microns
changes due to a mass increase. In order to measure these small changes, optical™, piezoelectric'®,
piezoresistivem or capacitivels] schemes are employed. These measurements are susceptible to ambient
interference and require additional power-consuming electronic circuitry. It has been suggested that the
requirement of relatively thick sensing layers, typically on the order of several micrometers, in soft-

matter-based sensors (i.e. polymers) is another major disadvantage as it limits their incorporation into

nano-scale devices”®.. The best cases of “ultrathin” sensors have thicknesses greater than 300 nm.
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Furthermore, such systems show only partial selectivity, which is based on the rate of different
molecules diffusing into polymer layers. Herein, we report the sensing of analytes based on chemical

reactions in the polymer where the polymer sensing layer is 75 nm thick.

4.2 Design

Our sensing concept produces large cantilever deflections because it uses a polymer capable of
generating stresses of greater magnitude and because the cantilever is very thin (100 nm). The large
deflection allows the cantilever to act as a switch. The assembly and operation of this switch is shown in
Figure 4-1, and fabrication details are described in the Experimental section. Our work on the
Nanostructured Origami™ method of folding patterned membranes into three-dimensional

microstructures!*®*?

inspired the 3D architecture of the switch. Previously, we used the stress from a
deposited metal or ion implantation to controllably fold a thin silicon nitride cantilever into a static
structure. Here, the structure is dynamic because the cantilever bends as the polymer stresses. Initially,
the switch is an open circuit (Figure 4-1b) separating a battery from circuitry such as an RF transmitter.
Therefore, almost no power is consumed until the switch closes, and no logic circuitry is needed to
determine a threshold of cantilever deflection magnitude.

In addition to an improved transduction scheme, sensing selectivity is improved by using
another recently developed technique, iCVD.™ iCVD enables designing the deposited polymer with
specific functional groups that will chemically react with the target analyte. Several choices of functional
monomers are available, meaning that many classes of compounds can be sensed. In this study we use
maleic anhydride (Ma) because we were familiar with its properties from previous studies'*. The

reactivity of the anhydride functionality enables the detection of amines; hexylamine is used as a model

analyte in this study. Detection of amines is important for industrial and environmental monitoring, food
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quality control, and diagnosis of certain diseases.™™ Low concentrations of aliphatic and aromatic
amines can cause toxicological responses.“sl

Maximizing the bending force and deflection magnitude of the polymer-coated cantilevers is
critical to minimize the response time and contact resistance of the closed switch. For effective
transmission of the stress into mechanical bending, there must be good adhesion at the polymer-
cantilever interface (see Experimental section), and the polymer must develop a large stress from
reacting with the analyte. When the analyte reacts with the polymer, it forces the polymer to expand
due to the added volume. Chemical linkages in the network structure restrict expansion of crosslinked

polymer films, so instead they stress compressively. With iCVD, the degree of crosslinking is accurately

controlled by the ratio of cross-linker monomer to functional monomer."® We model the strain that

v, —V Vv
g =6, =3 =3-% -1 Eq. 4-1
st st

where & and g, are the in-plane strain components of the copolymer coating, vey is the actual,

forms by

experimentally observed molar volume of the reacted polymer film and v is the molar volume the
polymer in a stress free state. The stress free state is a theoretical condition in which the polymer is
able to freely expand without limitations imposed by the crosslinks. This equation is based on similar
work by Wen et al.,'*”! who were examining stress formation due to shrinkage when polymer coatings
are cured. One assumption in Eq. 4-1 is the polymer volume can expand only in the direction normal to
the surface, while the expansion in the lateral dimension is constrained by adhesion to the substrate. It
is clear from this equation that greater strain will develop with increased coating crosslinking density
since this limits volume expansion. To analyze the effect of analyte volume on stress, we make the

assumption that there is a limiting value for v,, due to the presence of crosslinks, while v, will increase
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concomitantly with analyte size in order to maintain a constant density. Therefore, the magnitude of the

strain should increase with increasing analyte size.

4.3 Experimental
4.3.1 Device Fabrication

Silicon nitride membranes windows (1 mm x 1 mm, 100 nm thick) are formed by backside TMAH
etching of silicon. Photoresist is spun directly onto the membrane, exposed with cantilever shapes using
a contact mask and developed. The membrane is etched with a CF,reactive ion etch (100 V, 200 W, 10
mTorr) until the cantilever border is completely etched. The sample is cleaned in an oxygen plasma (200
W, 400 mTorr) which removes the photoresist. The frontside is coated with electron-beam evaporated
titanium (3nm, for adhesion) and gold (5 nm). To ensure good adhesion between the subsequent
polymer deposition and the silicon nitride, the cantilevers are primed with a monolayer of
3-aminopropyldimethylethoxysilane in a vapor chamber at 60 °C. The sample is placed gold-side down
into a reaction chamber for iCVD polymer deposition, so that the underside (non-gold side) of the
cantilever is coated with polymer. Even though the membrane and free-standing cantilevers are placed
directly onto the aluminum chamber stage, they do not break. One of the advantages of iCVD over
traditional CVD is that the conformality of the polymer coverage can be adjusted by controlling the
surface concentrations of the monomers and initiator.”® In this case we use a low initiator flow rate
and high monomer surface concentrations to make the coverage non-conformal and avoid coating the
gold side. Furthermore, we have found that this principle permits us to lithographically pattern the
deposited polymer using shadow-masking or lift-off both done directly on a free-standing cantilever.
These negative tone patterning processes allow adjacent cantilevers on the same chip to be coated with

different polymers, for multiplexed sensing.
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On a separate substrate, a set of interdigitated gold wires is patterned to form an open circuit
(as drawn in Figure 4-1). The space around the wires is covered with a 3um thick polymer that is
patterned by photolithography. Finally the device is assembled by placing the cantilever gold-side-down

above the wires so that a ~“3um gap is maintained by the spacer polymer.

4.3.2  Polymer Film Synthesis
Poly[maleic anhydride-co-vinyl pyrrolidone-co-di(ethylene glycol) di(vinyl ether)] (poly(Ma-V-D))
is synthesized by flowing maleic anhydride, vinyl pyrrolidone, and di(ethylene glycol) di(vinyl ether)

(131 3t rates of 3.6, 1.3, 0.5 sccm,

(Dedve) monomers into a previously described iCVD chamber
respectively. Poly[maleic anhydride-alt-di(ethylene glycol) di(vinyl ether)] (poly(Ma-D)) is synthesized by
feeding maleic anhydride and Dedve at 3.6 and 1.2 sccm, respectively; an alternating copolymer is
formed because neither monomer will undergo free radical homopolymerization to a significant
extent.>*! In both polymer depositions, 0.4 sccm of tert-butyl peroxide initiator and 4 sccm of Ar
diluent flow are introduced. The filament temperature is 235 °C, substrate temperature is 25 °C, and the
chamber pressure is 250 mTorr. X-ray photoelectron spectroscopy using a monochromatized Al Ko
source (Kratos Axis Ultra) revealed that poly(Ma-V-D) is 53.4% maleic anhydride, 35.7% vinyl
pyrrolidone, and 10.9% Dedve, while poly(Ma-D) is 60.5% maleic anhydride and 39.5% Dedve During

the deposition, film thickness is controlled and measured by in situ laser interferometry on polished

silicon wafer monitors.

4.3.3 Device Testing
The sensors were tested in a vapor chamber constructed from an aluminum block with a cavity
for vapor introduction; the block was bolted to a temperature controlled stage on which the device was

placed. The stage was maintained at 40 °C. Nitrogen flow rates into the chamber were controlled with
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mass flow controllers (MKS Instruments, Model 1479). One nitrogen line (ultra-high purity, Airgas) was
bubbled through the liquid analyte, where it became saturated with the analyte vapor. The second line
of nitrogen was mixed with the saturated analyte stream prior to entering the chamber to control
analyte concentrations. Electrical resistances were logged with a multimeter (Agilent, U1252A) attached
to the sensors’ electrical leads.

Before and after the reaction with hexylamine, FTIR spectra of blanket polymer films on Si were
collected (Nicolet, Nexus 870). Sixty-four scans from 500 to 4000 cm™ with 4 cm™ resolution were
collected and integrated using a DTGS KBr detector. The bare Si wafers served as backgrounds.
Thicknesses were determined using spectroscopic ellipsometry, with an incident angle of 70° and 190

wavelengths between 315 and 718 nm (J.A. Woollam, M-2000).
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Figure 4-2. Comparison of stress formation in lightly and highly crosslinked maleic anydride polymer after reacting with
hexylamine. 100 nm thick silicon nitride cantilevers are coated with iCVD polymer on their under-sides. Compressive stress
within the polymer causes the cantilevers to bend upwards; the amount of stress determines the curvature. In (b) the
cantilevers are initially bent due to intrinsic stress within the polymer from deposition, whereas in (e) there is very little initial
stress in the polymer (desired). In both cases, the hexylamine reaction lasted for 60 min, at a concentration of 0.87% in
atmosphere, at 40 °C. The poly(Ma-V-D) expanded by 102% and stressed minimally while the poly(Ma-D) expanded by 32% and
stressed significantly as evidenced by the increased curvature. In addition, FTIR measurements revealed that 95% of the maleic
anhydride had reacted in the poly(Ma-V-D) sample vs only 49% in the poly(Ma-D) sample, indicating how severely increased
crosslinking lowers the diffusion rate.

4.4 Results and Discussion

We compare two polymers: poly(Ma-V-D) and poly(Ma-D). Figure 4-2 shows images of
cantilevers coated with these two polymers before and after the reaction with hexylamine. There is
little observable additional deflection of the cantilevers coated with poly(Ma-V-D) due to the hexylamine
reaction, since most of the stress from the added volume of hexylamine is relieved through expansion.
This degree of expansion is much more limited in the more cross-linked poly(Ma-D) film resulting in the
accumulation of stress desired for deflecting the cantilever. However, the crosslinking in poly(Ma-D) also
reduces the diffusion of the analyte, creating a tradeoff between stress accumulation and extent of
reaction as the degree of crosslinking varies. In making the prototype device, we did not optimize the

degree of crosslinking and used the poly(Ma-D) polymer comprised of 39.5% cross-linker as shown in
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Figure 4-2d-f. Although there is significant initial curvature with the poly(Ma-V-D) coatings, 75nm-thick
poly(Ma-D) films, which were used for device fabrication, resulted in negligible curvature before the
hexylamine reaction.

Assuming that the reaction goes to completion and the polymer layer is uniformly elastically

stressed, the cantilever curvature k can be calculated analytically[lo] as

_ 6E Eotity (4 +1)-(0/ Ey)
E2t* +E2L* + 2B Eotit, - (262 + 2,7 +34t,)

Eq. 4-2

Material parameters for this experiment are: plate modulus E;=300 GPa for silicon nitride,
E,=5 GPa (estimated) for the polymer, and silicon nitride thickness ;=100 nm. Given a fixed amount of
stress o from the reaction, the cantilever curvature (and hence deflection) is maximized by choosing the
optimal polymer layer thickness, t,. For these parameters, a polymer thickness between 200-300 nm
produces a near-maximized curvature. In our experiment we used a 75 nm thick polymer layer. Based on
results shown in Figure 4-2, we deduced that the reaction was diffusion limited and that only the top
region of the nanocoating reacted with the analyte in our devices.

We fabricated a prototype switch to demonstrate the concept. Images of the assembled switch,

both before and after reacting with hexylamine, are shown in Figure 4-3.
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Figure 4-3. Environmental-SEM images of assembled device. Images were taken (a) before reaction (b) after reaction.
Cantilever dimensions are 50x20x0.1 um; the results in Figure 4-4 are reported for 100x20x0.1 um cantilevers. The cantilever is
made free-standing by etching the C-shape out of the silicon nitride membrane. Through this etched portion, the interdigitated
gold wires on the substrate below are visible. In both (a) and (b) the visible side of the cantilever is coated with iCVD polymer,
and the other side with gold. In (b), the polymer is wrinkled due to the large stress from the reaction.

Device performance was assessed by measuring the electrical resistance of the wire leads as
hexylamine was introduced to a gas chamber. Resistance vs. time plots are shown in Figure 4-4 for four
different hexylamine concentrations. In all cases, the electrical response exhibits a drop of several
orders of magnitude as one would expect from a contact switch. The response time t of the sensor is

inversely proportional to the gas concentration and given the data in Figure 4-4 fits to a power law of

7=0.004- X *? where X is hexylamine concentration. At 9 parts per thousand of hexylamine in
nitrogen, the response time is under two minutes and increases to about 700 minutes for a
concentration of 90 parts per million. Devices were also tested for selectivity to hexylamine by exposure
to nitrogen streams saturated with heptane, 2-propanol, and water. The resistance did not drop over
each 12 hour test. Because chemical reactions are responsible for creating stress, the device is

insensitive to chemicals that do not react with maleic anhydride. However, the device should be
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sensitive to other amines, alcohols and nucleophiles that will react with maleic anhydride. Although 2-
propanol, which was used as a control, is an alcohol, it does not react with maleic anhydride.m] To
discriminate between analytes in a given class of chemical compounds, an array of cantilevers with
varying aspect ratios can be coated. Analytes with large volumes will create enough stress to deflect all
of the cantilevers, while the small analytes would create only enough stress to deflect the longest
cantilevers. To discriminate between classes of chemicals, multiple polymers with differing

functionalities can be deposited.
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Figure 4-4. Resistance-response data of 100 um long devices to different concentrations (mol %) of hexylamine gas. Each trace
is for a separate device (because the reaction is irreversible). The initial resistance actually exceeds the shown value of 500 MQ
which is the maximum resistance our ohmmeter could measure. The tests take place in a nitrogen gas chamber, and
hexylamine gas is flowed in at time = 0 at the indicated concentrations. The cantilevers start bending downwards immediately
as the hexylamine is introduced, but the resistance drop does not occur until the cantilever actually touches the wire pad
below. At this point the resistance drops sharply and continues to fall slightly as the reaction proceeds, creating more forceful
contact. Three devices were tested for selectivity by exposure to heptane, 2-propanol, and water vapor for 700 minutes. These
traces all follow the indicated horizontal line at 500 MQ because none of them reacted sufficiently to short the circuit.

After reacting the devices with hexylamine, we exposed them to 100% nitrogen for 24 hours and
observed that the resistance remained constant, indicating that the cantilevers remained stressed and

bent. The tradeoff of attaining high selectivity by chemical binding is that each switch can only be used
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once and must be replaced afterwards. However, in return we derive great benefit from the low
manufacturing cost of each switch.

The response times in our present experiments are slow for most applications, but can be
improved by optimizing the cantilever geometry to make it more compliant. Given a cantilever of length
1, held a fixed distance h above the electrode wires, it is required to bend with curvature k, where k=h/F,

in order to short circuit the electrode wires. (To arrive at this expression, we assume that

COS(||() zl—("()z because the curvature is small when h<<l/). Therefore, increasing the length of the

cantilever reduces the required curvature by a square law. According to Eq. 4-2, the curvature is also
proportional to the stress in the film, which in turn is proportional the fraction of reacted polymer. Since
less polymer mass is required to react, the response time decreases as well. A simple improvement to
the current device is to elongate the cantilever by a factor of 10, which should improve the response
time by about a factor of 100. In addition, Eq. 4-2 shows that the stress required to achieve a given
curvature scales linearly as cantilever and polymer thicknesses are scaled linearly. Using 50 nm thick
(instead of 100 nm thick) cantilevers would reduce the response time by another factor of 2. With these
two improvements, the response time at 90 ppm of hexylamine should drop from 700 minutes to about
3.5 minutes.

The fundamental sensitivity limitation of this method stems from the requirement that a certain
volume of polymer must react to produce enough stress to sufficiently deflect the cantilever. In our
present experiments, the sensitivity is diffusion limited because the polymer is 75 nm thick. The optimal
device would fully actuate upon reaction of just one monolayer of polymer on the cantilever so that it is
not diffusion limited but mass transfer limited. The flux of gas molecules F (molecules/area/sec) to a

surface is

F=——= Eqg. 4-3

2zmkgT
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where P is the partial pressure, m is the mass of the molecule, kg is Boltzmann’s constant, and T is
temperature. At hexylamine concentrations of 1 ppb, the flux is approximately 1 nm?s™. The surface
density of the maleic anhydride functional group has been estimated to be 1 nm™. Assuming all of the
hexylamine molecules striking the surface stick and diffuse quickly to a maleic anhydride group, one
hexylamine molecule encounters an anhydride group every second and the response time should be on

the order of seconds.

4.5 Conclusion

We have demonstrated a low-power, selective chemical sensor based on the formation of stress
in cross-linked polymer nanofilms covalently attached to thin silicon nitride cantilevers. The value of this
work is the demonstration of enhanced stress formation in highly cross-linked films, which were enabled
by iCVD, and the demonstration of a sensing mechanism with simple signal interpretation. Strategies to
improving sensitivities have been discussed, and additional cross-linked polymer chemistries can be

synthesized by iCVD to sense other analytes.
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CHAPTER FIVE

Synthesis and Characterization of Poly(4-
vinylpyridine) as Nitroaromatic-Selective Layers for
Microfabricated Sensor Applications
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Abstract

Poly(4-vinylpyridine) (P4VP) thin films were synthesized by initiated chemical vapor deposition
(iCVD) and evaluated as a nitroaromatic-selective coating for microfabricated sensor applications.
Conventional nitroaromatic-selective coatings interact with hydrogen bond basic nitroaromatic

compounds through hydrogen bonding. In contrast, P4VP has zero hydrogen bond acidity. Thus, P4VP

is

a promising material for integration into chemical sensor arrays as the chemical basis for its interaction

with nitroaromatics is orthogonal to those in hydrogen bond acidic polymers. Upon exposure to
explosive simulants nitrobenzene and nitrotoluene, the iCVD P4VP layers swelled by over 30%.
Additionally, limited swelling was observed with potential interferents: water, ethanol, and toluene.
The Flory-Huggins model was also applied to the analysis of the swelling results, which revealed the

importance of the interaction parameter, 7y, in controlling sensors’ limits of detection.
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5.1 Introduction

Explosive military ordinance (bombs, mines, etc.) and improvised explosives devices (IEDs) pose
a significant security threat to both civilians and military personnel. From October 2001 to August
2007, IEDs were responsible for over 60% of American combat casualties in Iraq and over 50% of
casualties in Afghanistan.m Additionally, over 120 million unexploded land mines are distributed across
approximately 70 countries according to the International Committee for the Red Cross.” Organic
compounds containing nitro groups are the most prevalent explosives in military ordinance.®
Nitroaromatic compounds, 2,4,6-trinitrotoluene (TNT) perhaps being the best known example, are an
important class of these explosives.

Nitroaromatic compounds are difficult to detect using vapor sensors due to their low vapor
pressure. The equilibrium concentration of TNT is 6.3 ppb at 20 °C**, yet the concentration level in
proximity to a landmine or IED can be orders of magnitude lower due to encapsulation of the source or

atmospheric dilution. Many recent reviews®®

emphasize the importance of developing sensitive and
selective nitroaromatic vapor sensors. Various technologies have been applied to the problem,
including surface acoustic wave detectors, microcantilevers, chemresistors, ion mobility spectroscopy,
mass spectrometry, and amplifying fluorescent polymers.”' 8l

In order to develop cost-effective, stand-alone distributed sensing systems, efforts are currently
underway to reduce their size, weight, and power requirements. The development of sensors based on
the deflection of chemically functionalized microcantilevers indicates progress in this area.*? To
achieve selectivity in these devices, chemically selective coatings, commonly polymer thin films or self-
assembled monolayers, transduce chemical interactions into mechanical responses. For example, a
selective coating is applied to one side of microcantilever, which results in a differential stress leading to
cantilever deflection as the analyte preferentially adsorbs onto or absorbs into the coating. The

absorption of nitroaromatic vapors in hydrogen bond acidic polymers has been studied extensively.!*>*%
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However, these polymers have limited selectivity towards nitroaromatics; they will also absorb
interferents. To achieve greater selectivity and eliminate false positives, a common strategy is to create

(1518 An unknown analyte

multi-component sensor arrays with multiple chemically selective materials.
is identified from the composite response using an analysis algorithm. To discriminate nitroaromatics
from other potential hydrogen bond basic interferents, it is important to have multiple polymer layers
that interact with nitroaromatics through non-hydrogen bonding mechanisms. The formation of
complexes between nitroaromatics and amine bases, such as pyridine, in solution is a well-studied
effect.”’*®! Two types of interactions are possible: charge transfer complexes and pi-pi stacking. To the
authors’ knowledge, the polymeric analog of pyridine, poly(4-vinylpyridine), has not been previously
studied as a nitroaromatic-selective layer in chemical vapor sensors. Moreover, P4VP will useful in
sensor arrays, as the chemical basis for its interaction with nitroaromatics, is orthogonal to those in
hydrogen bond acidic polymers.

Initiated chemical vapor deposition (iCVD) has been demonstrated as a useful synthesis
technique for polymer thin films in sensor applications.[zol It is a vacuum deposition technique that
enables nanometer-level control of film thicknesses in planar and complex, three-dimensional
geometries.m] Fine control over the polymer composition is also possible; its ability to create
crosslinked and surface-tethered films has enabled new microscale sensing designs.[zol Herein, the

synthesis of poly(4-vinylpyridine) (P4VP) by iCVD is described, along with its analysis as a nitroaromatic-

selective layer.

5.2 Experimental
5.2.1 Polymer Synthesis
22 4.

Polymer film synthesis was performed in a previously described iCVD reactor system.

vinylpyridine (95%) and tert-butyl peroxide (97%) were purchased from Sigma-Aldrich and used as
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received. 4-vinylpyridine was heated to 50 °C to create sufficient vapor pressure to enable a flow of 8
sccm into the reactor, controlled using a heated mass flow controller (MKS Instruments, 1152C). The
flow rate of tert-butyl peroxide initiator was set at 4 sccm with a mass flow controller (MKS Instruments,
1479). An operating pressure of 800 mTorr was maintained, and the filament temperature was set to
285 °C by passing 1.15 amps through a Chromaloy O (Goodfellow) filament array suspended 1.5 cm
above the substrate. The stage temperature was 20 °C to promote adsorption of monomers. In situ
interferometry with a 633-nm HeNe laser (JDS Uniphase) was used to monitor and control polymer film

thicknesses.

5.2.2  Polymer and Device Characterization

Transmission Fourier transform infrared spectroscopy (FTIR) measurements (Nicolet, Nexus 870
ESP) were collected from 650 to 4000 cm™ with a resolution of 4 cm™ using a MCT detector. 64 scans
were integrated to improve the signal-to-noise ratio. FTIR was also collected for as-received,
commercial, conventionally synthesized P4VP with a weight-average molecular weight of 60,000 g/mol
(Sigma-Aldrich). It was spun coat onto Si wafers from a 4% (w/v) solution in N,N-dimethylformamide
(Sigma-Aldrich, 99.9%). FTIR spectra of silicon wafers substrates served as backgrounds, and the
spectra were baseline corrected and normalized for comparison purposes.

Molecular weights of iCVD P4VP was determined using a Waters gel permeation
chromatography (GPC) system equipped with an isocratic HPLC pump (Model 1515), autosampler
(Model 717plus), three styragel columns (HR1, HR3, and HR4), and a refractive index detector (Model
2414). PAVP films were dissolved off the silicon wafers in THF and filtered through a 0.45 pm
membrane. 150 uL of the solution was injected into the column; the mobile phase was THF flowing at 1

mL/min. The refractive index detector, operating at a wavelength of 880 nm, was maintained at 35 °C.
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Integrated areas of the peaks were compared to narrow polystyrene standards to characterize the
molecular weight distribution.

To test the swelling response of P4VP to nitroaromatics, the films were exposed to nitrogen
streams with known concentrations of nitrobenzene (NB) and 4-nitrotoluene (4-NT). The films were
tested in a previously described gas flow cell.”” A metered flow rate of nitrogen (Airgas, ultra-high
purity) was sparged through the liquid analyte, and the analyte’s saturation vapor pressure defined its
concentration in N,. A second line of pure nitrogen was mixed with the saturated analyte prior to
entering the chamber to control analyte concentrations. In a typical experiment, the first step was to
set up steady-state flow of a given nitroaromatic concentration. For the first five minutes, pure N, was
introduced into the sensor chamber. After five minutes, the nitroaromatic stream was fed into the
chamber for 20 minutes. The nitroaromatic flow was then turned off, and the chamber was purged with
clean N, for 5 minutes. The films’ thickness changes due to swelling was monitored via single

wavelength interferometry'® using a 633 nm HeNe laser (JDS Uniphase).

5.3 Results and Discussion
5.3.1 Polymer Synthesis and Characterization

The thickness of poly(4-vinylpyridine) (P4VP) thin films was readily controlled to 125 nm using
iCVD. The Fourier transform infrared spectroscopy (FTIR) spectrum of the as-deposited film is provided
in Figure 5-1, along with the spectrum of a commercial standard. The spectra match qualitatively,

suggesting that the compositions of the iCVD and standard polymers are equivalent.
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Figure 5-1. Comparison of FTIR spectra of iCVD-deposited (top) and standard solution-polymerized (bottom) P4VP .
(Inset: Chemical structure of P4VP).

The molecular weight of the iCVD P4VP was determined using gel permeation chromatography.
The weight average molecular weight (M,,) was 1405 g/mol relative to polystyrene standards, with a
polydispersity index of 1.2. The molecular weight of 4-vinylpyridine is 105 g/mol. Therefore, the kinetic
chain length was approximately 13.4, and the material can legitimately be considered an oligomer.
While it is possible to increase the molecular weight using iCVD*?®) the lower molecular weights
obtained here are desirable since they result in lower Tg’sm] and, therefore, higher diffusion constants,
P4VP with a M,, of 1405 g/mol was used for all subsequent characterization. Higher diffusion

coefficients are desirable since diffusion rates control the sensors’ response times.

5.3.2 Swelling Properties of P4VP

The objective in designing chemical sensors is detecting the smallest concentration possible (low
limit of detection (LOD)), yet also be selective towards the analyte of interest in order to minimize false

positives. Previous studies of nitroaromatic sensing using surface acoustic wave (SAW) devices”® and
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microcantilevers™ have reported the importance of hydrogen bonding interactions between hydrogen
bond acidic moieties in their polymeric coating and the highly electronegative (hydrogen bond basic)
nitro moieties of nitroaromatic compounds. These interactions lead to higher gas-polymer partition
coefficients, resulting in lower detection limits.

In common implementations, microcantilever-based sensor systems measure cantilever
deflection as its polymer coating absorbs analytes. As a first approximation, the translation of swelling

to an observable cantilever deflection can be modeled using Stoney’s equation[zg]:

3% (1-v)
Az=———— Ao Eq. 5-1
Et

Here, Az is the deflection at the cantilever end, | is the length of the cantilever, v is Poisson’s
ratio, E is the elastic modulus of the cantilever material, and t is the thickness of the cantilever. Ac is
the swelling-induced stress. Assuming that the polymer coating is elastic, the stress defined by

Ao =-E,¢, where E, is the elastic modulus of the polymer. B9 Strain, €, develops as the polymer swells

because the polymer is constrained at the cantilever-substrate interface. Assuming that swelling occurs
isotropically when the polymer is not constrained by the substrate, the strain is determined as

follows%:

e=3q-1 Eq. 5-2
Q is the swelling ratio, the volume of the polymer film in the swollen state over its volume in the dry
state. The expressions for stress and strain assume elastic behavior. In reality, though, the behavior of
the coating is viscoelastic, and macromolecular rearrangements occur to relieve stress.®” Plasticization
effects also occur. However, these expressions are a first order description of the importance of the
polymer swelling process in sensing designs.
To evaluate iCVD-deposited P4VP as a nitroaromatic-selective layer, its interactions with

simulants of nitroaromatic explosives, nitrobenzene (NB) and 4-nitrotoluene (4NT), were examined.
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These simulants, rather than TNT or 2,4-dinitrotoluene, were investigated due to safety concerns. The
linear swelling ratio (o) of P4VP films, which is the ratio of the film thickness in the swollen state to its
initial thickness (t,/t;), was measured as a function of reduced partial pressures (P/Pg;). Due to
constraints imposed by the substrate, there is negligible swelling in the plane of the substrate, and the
linear swelling ratio (o) is equal to Q. P/P, is the ratio of an analyte’s vapor pressure to its saturation
pressure at the system temperature, and it is directly proportional to the concentration of the analyte in
the vapor head space. Linear swelling was measured at 40 °C for NB and 60 °C for 4NT. Swelling by 4NT
was measured at a higher temperature due to the lack of reliable vapor pressure data below its melting

point of 51 °C. The results are provided in Figure 5-2.
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Figure 5-2. (a) Swelling of P4VP by NB at 40 °C for P/P,; values of 0.25, 0.4, 0.5, 0.65, 0.85. (Larger P/P, values result in larger
swelling ratios.) (b) Swelling of P4VP by 4NT at 60 °C for P/Psat values of 0.25, 0.4, 0.5, 0.75. Vertical scales in (a) and (b) are
equal. (c) Reversibility of P4VP swelling upon repeated exposures to NB (P/Psat=0.65, 40 °C).

In order to generate the desired reduced partial pressures, the carrier N, stream saturated with

analyte was fixed at a constant flow rate and mixed with an appropriate patch flow (see Experimental
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section). Mass transfer calculations and experiments were performed to show that the swelling process
was diffusion limited. Since the process is diffusion limited, the effect of varying N, flow rates on
residence time did not influence the swelling kinetics or equilibrium. For the first five minutes, there
was no flow into the sensor chamber in order to collect a baseline. After five minutes, the valve was
opened to introduce the nitroaromatic stream, resulting in swelling of the P4VP films. Fickian kinetics
do not apply since swelling naturally modifies the physical properties of the polymer, resulting in a
concentration-dependent diffusion constant. Investigation of the NB swelling kinetics reveals at least
two distinct stages of diffusion. There is an initial increase in film thickness due to NB sorption, followed
by a second sharp increase, after which the swelling equilibrium is reached. This behavior is
characteristic of Super Case I diffusion.®> 32 After 20 minutes of nitroaromatic introduction, the sensor
chamber was purged with pure nitrogen.

Figure 5-2c shows that the swelling is reversible. The nitroaromatic source was turned off after
20 minutes, and pure N, was introduced into the chamber. The film thickness shrank to its original
thickness within five minutes. The maximum swelling ratios of the second and third cycles were
qualitatively the same as the first cycle. However, the second and third cycles reached 95% of their
equilibrium value within 90 seconds, as opposed to the first cycle which didn’t fully reach equilibrium.
By looking closely at the swelling profiles, one can also see that the second and third cycles do not
display the two-stage process as in the first. Presumably, the polymer film has undergone relaxation
from the first nitroaromatic absorption cycle. In the subsequent cycles, the diffusion coefficients start at
higher values since the polymer is already relaxed.

In addition to measuring the linear expansion of these films, a method was developed to
generalize the results for comparison to other polymer-analyte systems. The Flory-Huggins model

describes the thermodynamics of mixing of polymers in small molecules (soIvent).[33] The model can be
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extended to polymer-vapor systems by relating the chemical potential term in the traditional

formulation to the reduced partial pressure of vapor molecules®

P /P =(1-0, )exp| (1-1/N) g, + 79} | Eq. 5-3

Here ¢, is the volume fraction of polymer at equilibrium (swollen state), i is the Flory-Huggins
interaction parameter for the analyte-polymer pair, and N is the degree of polymerization. Because the
polymer volume fraction of the film is initially unity, the film’s equilibrium swelling ratio (Q) is related to

the volume fraction of polymer by Q = 1/¢,, and Eq. 3 becomes

P/P =(1—%}exp[(l—l/N)(é}r)@(éJT Eq. 5-4

Unfortunately, Eg. 5-4 cannot be solved explicitly for Q. By analyzing Eqgs. 5-1, 5-2, and 5-4
together, though, it is clear that the LOD of the sensing device is lowered by reducing the required P/Pg;;
for a given Q. Therefore, Eq. 5-4 indicates that the best sensitivities are achieved by syntheszing
polymers with small or negative y values for nitroaromatics.

The equilibrium swelling ratios are plotted as function of P/Ps in Figure 5-3. Eq. 5-4 was fitted
to the data in Figure 5-3 to obtain y values of 0.71 for NB at 40 °C and 0.25 for 4NT at 60 °C. A y value of
0.5 is indicative of an ideal solution, where the heat of mixing is zero.B% y is less than 0.5 for both 4NT,
indicating that favorable intermolecular forces develop between it and P4VP. Further studies to
understand the difference in yy values for 4NT and NB and investigate the interaction of heavier
nitroaromatics with P4VP are warranted. The Flory-Huggins equation is a convenient analyze selectivity
and sensitivity and predicted results between systems as y parameters are tabulated for many solvent-

polymer pairs.[36]
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Figure 5-3. Equilibrium volumetric swelling ratios of P4VP with nitroaromatics and potential interferents. The lines describe the
Flory-Huggins model (Eq. 5-4) fitted to the swelling data using a non-linear least square minimization algorithm.

The selectivity of P4VP for nitroaromatics is also important. When deployed in the field, a
sensor will be exposed to a complex vapor composition that will vary with time and environmental
conditions. For field success and operator confidence, the sensor must be selective towards
nitroaromatics and not respond to other environmental interferents. The swelling responses of P4VP to
water, which is omnipresent as humidity, ethanol, which is a product of biological processes, and
toluene, which mimics hydrocarbon fuel, were tested at 60 °C. The results are provided in Figure 5-3
with a comparison to the swelling by nitroaromatics. A y value of 1.9 was calculated for the PA4VP-water
and P4VP-ethanol systems at 60 °C. This quantitatively shows that these interactions are weaker than
the P4VP-nitroaromatic interactions. Unfortunately, % could not be determined for the P4VP-toluene
system since the experimental technique did not have the precision to measure the swelling ratio, which
was not significantly greater than one. Eq. 5-4 breaks down when Q=1 for P/P,>O0.

Figure 5-3 clearly demonstrates that the swelling ratio at a given reduced partial pressure is
greatest for the nitroaromatics. Relatively little swelling is observed for the interferents tested. It is

possible other interferents exist (not tested here) that will significantly swell PAVP. The importance of
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this particular polymer composition becomes apparent by comparing it to sorbent polymers currently
employed in nitroaromatic sensors. Previous studies, particularly those concerning surface acoustic
wave sensors, use partition coefficients, rather than y, to analyze the suitability of polymers for different
analytes.lzg' ¥ The partition coefficient is calculated by dividing the equilibrium concentration of analyte
absorbed in the polymer by the concentration of analyte in the vapor phase. An important metric for
comparing polymers for sensor applications is the selectivity (S), which is the ratio of sorbed analyte to

the ratio of sorbed interferent:

5= KeaCa Eq. 5-3
KpiCi

Here, Kp, is partition coefficient for the analyte of interest, c, is the concentration of the analyte
vapor, Kp; is the partition coefficient of potential interferents, and ¢; is the concentration of interferent
vapor. Partition coefficients can be determined experimentally or estimated using the linear solvation
energy relationship (LSER).?” The LSER framework allows one to determine the relative importance of
various types of intermolecular forces in the solvation process.

Nitroaromatic compounds are hydrogen bond basic and do not contain any hydrogen bond
acidity.[ssl A common strategy in designing nitroaromatic-selective polymers is to synthesize polymers
with high hydrogen bond acidity.*® Poly(4-(hexafluoroisopropanol)-styrene) (P4V) and poly(methyl(3,5-
bis(hexafluoroisopropanol)phenyl)siloxane) (SXPHFA) are some of the best performing polymers, but the

hydrogen bond acidity of carbowax polymers!*® !

and self-assembled monolayers of 4-mercaptobenzoic
acid™ have also been used successfully. It is important to consider the selectivity of these polymers for
nitroaromatics relative to water. Water contains both hydrogen bond acidity and basicity, so hydrogen
bond interactions can form between water and hydrogen bond acidic polymers. Using previously

| [38]

reported data from McGill et a in the LSER equation, the selectivity of P4V for nitrobenzene relative

to water at 25 °C was calculated to be 332(c./c).
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P4VP and nitroaromatics, on the other hand, interact though pi-pi stacking and charge transfer
complexes in solution. Based on the LSER parameters for pyridine, P4VP does not contain hydrogen
bond acidity. It does contain hydrogen bond basic groups and can interact through hydrogen bonds
with water, which likely contributed to the swelling reported in Figure 5-3. LSER parameters of P4VP
were not determined using chromatographic techniques. Instead, the partition coefficients of P4VP for
nitrobenzene and water were determined experimentally by estimating the analyte concentrations from
the swelling data. Vapor concentrations were calculated using the P/P,,; values. The experimentally
determined selectivity of P4VP was 58(c./c;).

The selectivity of P4V for NB is 5.7 times greater than PAVP’s selectivity. However, P4V’s
selectivity is 100 times greater than other hydrogen bonding polymers.?® The selectivity of SXPHFA is
not reported, but is likely on the same order of magnitude as P4V’s. While highly selective, P4V is semi-
crystalline, which is not ideal for gas diffusion purposes. Regardless of its performance relative to
hydrogen bonding polymers, P4VP will be usesful in sensor arrays since its interaction with

nitroaromatics is orthogonal to hydrogen bonding interactions.

5.4 Conclusion

Thin films of P4VP have been synthesized by iCVD and shown to swell upon exposure to
nitroaromatics. The use of iCVD is important as it provides many advantages over other coating
processes[m, some of which have been demonstrated in previous sensor studies.”® While the
interaction of amine bases with TNT have been studied in solution, the implementation of P4VP for
sensor applications has not been exploited. The Flory-Huggins theory has been applied to the analysis of
the swelling results, and the importance of y in determining sensitivities for microcantilever-based

systems has been demonstrated. The use of the Flory-Huggins equation should be extended to further

analysis of sensor designs since y values have been tabulated for many polymer-solvent pairs.[36] While
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the selectivity of P4VP for nitrobenzene over water is 5.7 times lower than P4V’s selectivity, the swelling
of P4VP with nitroaromatics is nonetheless an important result as it provides a complimentary

interaction for multicomponent sensors.
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CHAPTER SIX

Conclusions



Initiated chemical vapor deposition has been shown to be a highly enabling technique. iCVD
offers capabilities that many other CVD or solution-phase techniques cannot. This thesis has
demonstrated the utility of iCVD in synthesizing stimuli-responsive and reactive polymer thin films,
which require fine control over film composition for practical applications. For example, the synthesis of
poly(styrene-alt-maleic anhydride) described in CHAPTER TWO was the first demonstration of an
alternating copolymer with a strictly defined composition deposited by CVD. Unwanted side reactions
that introduce new chemical functionalities (e.g. crosslinking), which is inevitable in plasma enhanced
chemical vapor deposition, was avoided. In CHAPTER THREE, the crosslinking density of poly(maleic
anhydride-co-dimethylacrylamide-co-di(ethylene glycol) divinyl ether) was optimized to yield a highly
swellable yet stable surface-attached hydrogel thin film. In this formulation, the composition was
critical as the crosslinking content significantly affected the swelling properties. The maleic anhydride
groups had many roles: covalent bonding to the substrate surface, ionization in solution to create pH-
responsive swelling, and reactivity for functionalization. CHAPTER FOUR introduced yet another
polymer chemistry where crosslinking of reactive polymer films on microcantilever substrates was used
to generate stress to transduce chemical signals into an electrical measurement. It was shown that a
high crosslinking density led to the formation of more stress, leading to greater permanent cantilever
deflection. In CHAPTER FIVE, iCVD-deposited poly(4-vinylpyridine) (P4VP) was shown to be a
nitroaromatic sensitive material. Though the interaction of pyridine and TNT in solution has been
elucidated previously, this was the first time that interaction of nitroaromatic vapors with P4VP has
been studied. It was shown that PAVP absorbs TNT vapors, leading to polymer swelling. This swelling
response was used to design a new sensing concept, as described in Appendix A. Fabrication and proof-
of-principle operation of sensors based on this design were performed. In all of these projects, the

compositions of the polymer films were tuned by adjusting partial pressure ratios of the monomer
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precursors to control their surface concentrations. The monomers’ surface concentrations and their
reactivities controlled the final composition of the film.

Solution-based polymer thin film fabrication techniques also offer fine control over film
compositions, especially top-down techniques where decades of polymer synthetic protocols can be
utilized. A distinguishing aspect of iCVD that was essential to completing these projects was the control
over the conformality of polymeric coatings on nano- and microscale features. For the composite
membrane application of CHAPTER THREE, it was desired to fabricate a continuous polymer film over
nanoscale pores. On the other hand, the interior of trenches needed to be coated with polymer for the
nitroaromatic sensor design utilizing microfabricated trenches (see APPENDIX A). iCVD enabled the
synthesis of the films in both cases by controlling the conformality though the partial pressure ratios of
monomers.

From this thesis work, at least two interesting polymer compositions have been identified that
can be utilized in future applications. The first is poly(maleic anhydride-co-dimethylacrylamide-co-
di(ethylene glycol) divinyl ether). It was developed as a size-selection separation layer in composite
membranes. It could be easily adapted for many other applications. For instance, in the composite
membrane application, the polymer was applied as a blanket layer on the top surface of porous
membranes. However, the deposition conditions could easily be modified to coat the interior walls of
the pores, which would enable new separation mechanisms. pH-responsive separations is one
possibility. Furthermore, this formulation could be interesting for biomedical applications due to the
presence of reactive maleic anhydride moieties at the surface. The surfaces of these polymer films are
readily functionalized with biomarkers, peptides, or other functional compounds, while the bulk
composition remains unchanged. Therefore, this material could serve as a multifunctional coating:
interacting specifically with components in solution while maintaining its responsive hydrogel

properties. One potential application is membrane chromatography.
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The discovery of P4VP thin films as nitroaromatic-sensitive materials is particularly intriguing.
An important remaining study is to determine the strength of the interaction between P4VP and heavier
nitroaromatics (TNT and 2,4-dinitrotoluene). Dinitrotoluene and TNT are active ingredients in explosive
formulations. For safety reasons, 4-nitrotoluene and nitrobenzene, which are not explosive, were used
as proxies for heavier nitroaromatics in this thesis work. In order to better predict the sensitivities of
sensor designs to real explosives, heavier nitroaromatics should be tested. This will likely require
collaboration with a lab with the proper safety measures in place.

Moreover, the exact nature of the P4VP-nitroaromatic interaction has not been characterized.
By analogy to solution-phase behavior, it has been suggested that it occurs through pi-pi stacking or
charge transfer complexes. Efforts should be taken to fully elucidate the physical nature of the
interaction. This approach to designing sorption-based nitroaromatic-sensitive polymers differs from
the traditional technique of creating polymers capable of forming hydrogen bonds with nitroaromatics.
However, hydrogen bond-acidic polymers also form hydrogen bonds with water, resulting in
interference by humidity and reduced selectivities. P4VP also shows sensitivity to water. Improved
sensitivities and selectivities can likely be achieved through copolymerization. Analysis of the binding
pockets of enzymes that reduce nitroaromatics reveals the presence of histidine and tryptophan amino
acids. 1-vinylimidazole is a vinyl monomer structurally similar the side chains of these amino acids, and
it can readily copolymerize with 4-vinylpyridine. Poly(1-vinylimidazole) homopolymer alone would likely
not be a suitable nitroaromatic-selective layer since it does not contain an aromatic ring for pi-pi
stacking interactions.

Using P4VP and its copolymers, new designs of nitroaromatic vapor sensors should be designed
and evaluated. Key considerations in the design of sensor are sensitivity and selectivity, but the
fabrication cost is also important. New sensing concepts have been designed with collaborators in order

to miniaturize the active layer and simplify the fabrication. Fewer microfabrication steps will lead to
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cheaper devices. The mass limit of detection is a convenient metric to use for comparing sensitivities.
As sensing components are miniaturized and the amount of P4VP active layer is reduced, the mass limit
of detection will also decrease. Ultimately, the goal should be commercialization for real-world

applications to combat the worldwide scourge of landmines and improvised explosive devices.
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APPENDIX A

Analysis and Demonstration of Microfabricated
Trench-Based Sensors
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A.1 Introduction

Utilization of the swelling response of poly(4-vinylpyridine) (P4VP) thin films to nitroaromatic
vapors for microfabricated sensing designs was detailed in CHAPTER FIVE. Transduction of the
polymer’s response to mechanical deflection of microcantilevers was analyzed. These microcantilevers
have typical dimensions of hundreds of micrometers (length) by tens of micrometers (width) by one
micrometer (thickness).[” The influence of these dimensions on a sensor’s performance, the length and
thickness in particular, is apparent from Eq. 5-1. The requirements for micrometer-scale dimensions
limit further miniaturization of the sensing component. Miniaturization is an important objective in
order to fabricate covert sensing devices indiscernible to the naked eye.

Moreover, it was shown that crosslinking is required to create permanent deflections of the
cantilever end on the order of a few micrometers.”? It is believed that the response time of the sensors
is controlled by diffusion of the analyte into the polymer layer. Crosslinking creates glassy polymers, and
the resulting diffusion coefficient is orders of magnitude lower than uncrosslinked or rubbery
polymers.®! Theory describes the influence of crosslinking on the glass transition temperature of a
polymer, which defines the temperature at which the transition from a rubbery to glassy state occurs.™
To maximize the diffusion coefficient, the operating temperature of the sensor should be as high as
possible above the glass transition temperature.

A new sensing architecture has been designed to overcome these limitations. The sensing
concept is shown in Figure A-1. Here, polymer does not need to create stress in the substrate for signal
transduction. Rather, physical contact between two swelling polymer layers is used to bring together
two electrically conductive layers. To maximize the extent of polymer swelling and minimize response
time, crosslinking can be eliminated. Moreover, the critical length scale of this design (the trench width)

is over at least two orders of magnitude smaller than conventional microcantilever lengths (>100 pm).
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Figure A-1. Conceptual design of the trench sensors, showing the utilization polymer swelling to transduce a chemical
interaction into an electrical measurement. The polymer swelling results in contact being made between Au layers that are
initially separated.

Herein, this design is quantitatively analyzed for the detection of nitroaromatics using the P4VP
properties determined in CHAPTER FIVE. Successful device fabrication and its ability to detect
nitroaromatics is described. Non-optimal performance is reported, but the study proves that the

sensing concept does work. Techniques to improve the performance are dicussed.

A.2. Design

A 400 nm-wide trench that is 1.2 um deep has been analyzed as an illustrative example, using
parameters of P4VP determined in CHAPTER FIVE. Optimization of the design will lead to improved
performance. By depositing a 185 nm-thick P4VP film in the interior of the trench as shown in Figure A-
2, the P4VP layers must swell by 8.1% upon exposure to nitroaromatics to create contact between the
gold surfaces and decrease the electrical resistance measured across the trench. Because swelling
occurs normal to the surface only, Q=1.081. The y values of 2,4-dinitrotoluene (DNT) and (TNT) with
P4VP are unknown, but they are roughly estimated to be equal to  for the 4ANT-P4VP system at 60 °C,
which was measured in CHAPTER FIVE (y=0.25). Using these Q and y values, P/Ps,; must be equal to

0.23 for trench closure (calculated using Eq. 5-4). The saturated partial pressures of DNT and TNT are
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204 and 8.6 uTorr, respectively. Therefore, this design can achieve sensing LODs of 62.2 and 2.64 ppb

for DNT and TNT, respectively.

Figure A-2. Key measurements for analyzing the sensitivities of trench sensors.

In addition to the concentration LOD, the LOD on a mass basis is important. The concentration
LOD describes the lowest concentration that can be detected, but it does not determine the kinetics or
the required sampling volume to create a response. The required sampling volume is important
because it too will determine response times. For example, it is possible that a polymer composition
can respond to extremely low concentrations, but if the volume of the polymer is large when
implemented as the active layer in a sensor, the sensor may fail to create a response due to the limited
amount of analyte molecules in the vapor sample. Therefore, the mass LOD is an important metric. A
lower mass LOD translates to better kinetics and smaller sampling volumes. To reduce the mass LOD
using the trench concept, the volume of the polymer coating should be minimized. A top down image
of a patterned sensor is given in Figure A-3; it does not show large conductive pads on the ends of the
gold lines, which are required to make electrical measurements but do not affect the mass LOD. The
pattern dimensions were chosen somewhat arbitrarily, but they can be readily fabricated with
conventional microfabrication techniques. The linewidth of the pattern is critical as the top Au layer is

impermeable, requiring analytes to diffuse into the underlying P4VP from the side.
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Figure A-3. lllustration of patterning the responsive and conductive layers to minimize the mass limit of detection of swelling-
based trench sensors.

A first approximation of the required mass for switch closure is calculated from the following

equation, which assumes volume additivity as the analyte absorbs in to the polymer.
Moo =pV,(Q-1) Eq. A-1
myop is the mass limit of detection, p is the density of the absorbed analyte, V; is the initial volume of the

polymer, and Q is the swelling ratio. The initial volume is calculated by V, =t w; (2Is +2d, +It); the

variables are defined in the figures above. Using the dimensions shown in Figures A-2 and A-3, along
with an assumed density of 1.6 g/cm3 for absorbed nitroaromatic, the mass LOD is 9.1 fg.

Currently, this design is a “yes-no” switch; it only activates once the vapor concentration of
analyte exceeds the concentration LOD. It does not discern concentration levels. For practical
application in explosives sensors, this is sufficient. The operator only needs to know whether or not
explosives are present. In other applications, discriminating between concentration levels is desired.

This sensing design can be modified by creating multiple trenches of varying widths, and simultaneously
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monitoring resistance across all of them. An array of three trenches with widths of 400, 450, and 500
nm, coated with 185 nm of P4VP has been analyzed. Figure A-4 presents a plot of the Flory-Huggins
equation for y=0.25 along with the horizontal lines representing the required swelling ratios to create
contact between the three trenches. The intersections of the horizontal lines with the Flory-Huggins
model show how the required P/P., (or equivalently vapor phase concentration) is affected. For further
complexity, multiple polymers with varying y values can be deposited to create multicomponent

responses for analyte identification.
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Figure A-4. Demonstration of the use of multiple trench widths to quantify analyte concentration levels. P/P; is directly
proportional to the vapor concentration.

A.3 Experimental
A.3.1 Polymer Deposition and Device Fabrication

Silicon wafers substrates with pre-patterned trenches (nominally 615 nm wide at the top of the
trench by 5 um deep) were generously supplied by Ed Gleason of Analog Devices. The trench width
varies throughout the trench depth. Approximately 250 nm of a silicon dioxide hard mask remained on

top of the wafer. A multimeter, whose leads contacted the surface of the wafer, measured an electrical
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resistance greater than 500 MQ across the trench. Poly(4-vinylpyridine) was deposited on the trench
substrates as described in CHAPTER FIVE. Five nanometers of an Au/Pd alloy were deposited on top of
the P4VP film using a sputter coater (Quorom Technologies, SC7640). The leads of electrical wires were

bonded to both sides of the trench using conductive silver epoxy.

A.3.2 Device Characterization

The response of the device to nitrobenzene was measured using a previously described vapor
flow cell.”! A metered flow rate of nitrogen (Airgas, ultra-high purity) was sparged through liquid
nitrobenzene, and the saturation vapor pressure of nitrobenzene defined its concentration in N,. A
second line of pure nitrogen was mixed with the saturated analyte prior to entering the chamber to
control analyte concentrations. In a typical experiment, the first step was to set up steady-state flow of
a given nitrobenzene concentration. For the first five minutes, pure N, was introduced into the sensor
chamber. After those five minutes, the nitrobenzene stream flowed into the chamber for 40 minutes.
The nitrobenzene flow was then turned off, and the chamber was purged with clean N, for five minutes.
Pure nitrogen flowed during the last five minutes of all resistance logging experiments. The wire leads
were fed through the chamber’s seals in order to log electrical resistance as a function of time with a
standard multimeter (Agilent, U1252A). Images of the trench cross-sections were collected before and

after nitrobenzene exposure with a scanning electron microscope (JEOL, 6700F).

A.4 Results and Discussion
A.4.1 Design

The two primary findings from analyzing the trench sensor design are the mass and
concentration LODs using P4VP to detect nitroaromatics. They are estimated to be 9.1 fg and 2.6 ppb,

respectively, for TNT. Amplifying fluorescent polymers that are utilized in the iCX Fido® system are
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generally considered to be the most promising commercialized technology.”® The Fido® design has mass
and concentration LODs on the order of femtograms and parts per quadrillion, respectively.” Clearly,
the Fido® system outperforms this design in terms of the concentration LOD (6 orders of magnitude
better). In terms of mass, the performances are about the same. However, trench sensors have the
advantage in terms of size and power requirements. In the Fido® design, the fluorescence of the
amplifying fluorescent polymer is continuously monitored as it is exposed to collimated UV laser Iight.[s]
This requires constant power. Because low power requirements are required in many sensing concepts
(discussed in CHAPTER ONE), trench sensors are promising for these designs. Moreover, a pre-

"I can be used to

concentrator, which is a common component of practical implementations of sensors,
increase the concentration of nitroaromatics that is exposed to the trench sensors in order to address

their poor concentration LOD.

A.4.2 Performance of P4VP for Nitrobenzene Detection

SEM images of the P4VP films in the trenches are provided in Figure A-5a. Prior to nitrobenzene
exposure, the P4VP film thickness was approximately 450 nm on the substrate surface and 280 nm in
the trench interior, measured normal to the trench sidewall directly below the trench lip (the slight
protrusion near the top). The surfaces of the polymer films were separated by 140 nm. Figure A-5a
shows that the thickness of the coating decreases down the depth of the trench, and the polymer
coatings at the bottom of the trench will not contact after swelling. However, only the polymer films at
the top of the trench need to be brought together to change the resistance. After exposure to
nitrobenzene, the volume expansion clearly resulted in contact between the two sides, as seen in Figure
A-5b. Given that swelling was shown to be reversible in CHAPTER FIVE, direct observation of the contact
between the two sides after purging with clean nitrogen was unexpected. Moreover, the high vacuum

of the SEM chamber should enhance desorption of the nitrobenzene. The reason for the permanent
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contact is unknown. One possibility is that the nitrobenzene plasticizes the polymer coating, and strong
adhesive forces are created upon contact. In other words, the polymer layers are “sticky.” Because the
contact is permanent, the switch can be used once. Applications where one-time use sensors are

sufficient are described in CHAPTER ONE.

Thin Au layer

Figure A-5. SEM images of P4VP-coated trench substrates (a) before and (b) after exposure to nitrobenzene at P/P,,; = 0.75 and
40 °C. The image in (b) shows that the contact between the polymer sidewalls in the trench interior is permanent. (Note:
different substrates were used for these images, which explains slight discrepancies between the two images.)

The electrical resistance measurements of the sensors’ responses to nitrobenzene vapors at a
system temperature of 40 °C are provided in Figure A-6. These sensors clearly behaved as switches. For
varying nitrobenzene concentrations, the measured electrical resistance dropped on average by a factor

of five to a final resistance of approximately 100 MQ. The electrical resistance changes of the
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microcantilever-based systems described in CHAPTER FOUR were much greater, showing changes as
high as six orders of magnitude. It should be noted that the initial resistance across the trench is much
greater than the measured 500 MQ. 500 MQ2 is the maximum resistance that the multimeter could
measure. Based on a bulk resistivity of 10 Q-m for Si0, and not accounting for the resistance of the
PAVP layer, the initial resistance should be at least 10" Q across the trench. Therefore, the change in
resistance is much greater than what was recorded with the multimeter. As predicted from the swelling

experiments with interferents described CHAPTER FIVE, the sensor did not respond to water at a P/Ps;

value of 0.5 at 40 °C.
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Figure A-6. (a) Response of fabricated sensors to varying nitrobenzene concentrations at 40 °C. The response to water vapor is
also included. For the first five minutes, no analyte was introduced into the system. A constant analyte concentration was
introduced for the next 40 minutes, followed by five minutes of purging with pure N,.

The thinness of the Au/Pd layer on top of the P4VP gold layer is the primary reason for the

relatively high resistance after trench closure. An ultrathin layer of Au/Pd was used in order to minimize

the barrier to nitroaromatic diffusion into the polymer coatings. Experiments (unpublished data)
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showed that a sputter coating of Au/Pd on a blanket film of P4VP completely blocked the absorption of
nitrobenzene. Therefore, an ultrathin layer of Au/Pd layer was used with the P4VP-coated trench
substrates. Ultrathin metal layers often have granular, semi-continuous morphologies, which potentially
allow diffusion of nitrobenzene through noncontinuous regions or defects in the layer. Also, the depth
of the Au coating in the trench interior is also minimized, allowing nitrobenzene to diffuse into the P4VP
through uncoated regions of the polymer sidewalls. Due to the non-continuous nature of the Au/Pd
layer, its resistance is compromised. Furthermore, due to the way that the polymer layers contact each
other inside the trench, the interfacial contact area of Au is likely quite small. (The exact depth of Au is
unknown, precluding quantitative estimates.)

The variation of the response times, measured when the resistances first begin to drop, as a
function of nitrobenzene concentration is also an important aspect of the resistance data. The shortest
response time is 10 minutes (15 minutes with 5 minutes subtracted for the baseline), and the longest is
30 minutes. In CHAPTER FIVE, it was shown that the P4VP layers swelled to 90% of their equilibrium
value within the first five minutes of nitrobenzene exposure. For the swelling experiments of CHAPTER
FIVE, the films were 120 nm thick. In these trenches, the polymer side walls were 240 nm thick. For

diffusion based processes, the time constant, t, for diffusion of species over length ¢ can be estimated

throught =2 /D, where D is the diffusion constant. For the trenches used in this study, one would
expect the response times to be at least four times longer than those reported in CHAPTER FIVE,
neglecting all other effects. However, the Au/Pd also obstructs diffusion into the polymer, in effect
increasing the overall D for the composite coating. If nitrobenzene must diffuse into the polymer
coating through uncoated regions in the trench interior, the diffusion length of nitrobenzene is even
greater. The diffusion process has not been modeled since the depth of the Au/Pd coating is unknown,

but it clearly negatively affects the response time.
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Patterning the P4VP and Au/Pd layers as shown in Figure A-3 will lead to significant
improvements in the performance of these sensors. Equation A-1 describes the effect of patterning on
minimizing the mass LOD (V; will be reduced). Also, the patterning will allow diffusion of nitroaromatics
into the P4VP from all exposed sides of the pattern. Since the time constant for diffusion scales with the
length squared, the linewidths of the pattern should be made as narrow as possible. The 100 nm shown
in Figure A-3 is an appropriate goal. Because the analytes can diffuse through the sides of the pattern
and the Au/Pd layer does not impede absorption, the thickness of the Au/Pd layer can be increased.
This should lead to a higher cross-sectional area for charge conduction and possibly lower contact
resistance, which will result in lower resistances upon switch closure.

In addition to patterning the layer, decreasing the trench widths will improve response times
and lower the mass LOD since the required initial polymer thickness is lower. In this study, the trench
widths could not be controlled; the substrates were standard surplus materials supplied by an outside
company. For future work, the trenches should be custom fabricated to decrease the trench width. The
required thickness of the polymer coating in the trench interior scales proportionally with trench width.
Again, because the process is diffusion controlled, the response time will decrease with the thickness of

the polymer squared.

A.5 Conclusion

The design of a resistance-based microscale chemical sensing concept has been described. The
performance of PAVP for the detection of nitroaromatics using this design was analyzed. Analysis
showed that the sensitivity in terms of the mass limit of detection should be comparable to sensors
using amplifying fluorescent polymers. However, the system enables the reduction of sensor size and
power requirements. A quantitative comparison of the power requirements was not made, but the

chemical switch design offers obvious advantages in terms of power. Moreover, a prototype device was
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fabricated and tested as a proof of principle. Switch-like behavior in electrical resistance was observed.

Due to limitations in fabrication capabilities, optimal performance of these devices was not reported.

Fabrication techniques to improve key performance metrics were identified. Utilizing these techniques

will be crucial when the trench sensors are tested with higher nitroaromatics, such as TNT and DNT,

which have lower vapor phase concentrations than nitrobenzene.
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