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ABSTRACT

This dissertation presents the building and stufiya duniversal” enrichment
polymer layer system (EPLS). Thin polymer films baleen utilized as enrichment
layers for evanescent waveguide chemical sensdwes.cliemical nature of the polymer
provides affinity which promotes the analyte toaisorbed. Having one highly sensitive
polymer layer is suitable for a single target vitdabrganic compound (VOC). Here, the
development of multi-layered and multi-componei gholymer films has been done to
allow for more diverse affinity.

Several parameters were identified to make the BPdtable as enrichment
layers for chemical sensor devices. The evanessammgor devices used chalcogenide
(ChG) glass, which is an infrared (IR) transparematerial, and the principle of
attenuated total reflection (ATR). This allowed tiee of mid-IR spectroscopy to identify
the absorbance of the absorbed VOCs in the polyines. Changes of the absorbance
due to influences of the EPLS were observed. Tlobsemges have not been reported
before by researchers but can potentially be useddtin fast and accurate identification
of chemical compounds. The thicknesses of the RIS were kept t& 30 nm so the
evanescent wave would not be completely absorbethdyEPLS and absorbed VOC.
Poly(glycidyl methacrylate) (PGMA) was a bindinglymer for all EPLSs. As such, a
single component PGMA film was tested to understaoa the polymer influences the
EPLS. Sensitivity to VOC concentration was conddidig mixture analysis and dilution
by nitrogen gas in dynamic flow conditions. Compan of each EPLS is done as well as

to determine wavelengths of interest. Polymers wagplied to ChG microdisk and



amorphous silicon microring resonators and weredolo increase sensitivity versus no
polymer film at all.

Two distinct layered enrichment nanoscale systenmgewsynthesized and
characterized — a six layer system and a five laystem. The polymer layered systems
were characterized by atomic force microscopy,pstimetry, and IR spectroscopy.
Polymers utilized were PGMA, poly(acrylic acid),%Cpoxidized poly(butadiene), and
poly(4-vinyl pyridine).In-situ ellipsometry was done to determine the swelliragtion
of the film. In-situ attenuated total reflection (ATR) FT-IR spectrgsgavas used to
identify absorbance differences. Each EPLS proegqarémote unique interactions which

brought about differences in VOC absorbance imifteIR region.
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Chapter 1.  Introduction
1.1  Motivation

Detection technologies are needed in a world whhbreats of technological
disasters and chemical and radiological attackscanstantly present. In this context,
remote sensing is an area of specific interestusec@ allows one to safely identify
hazardous chemicals or radiation levels. Remotasiisgrprovides the capability of a
synoptic view of an area, and for collecting contins datasets.

The detection of hazardous gases and vapors ineamyonment has been
plagued by issues of capturing the target chensicalhe application of polymers, in the
form of enrichment polymer layers (EPL), to absgases for detection was developed in
the late 1980s. The viability of polymers as chehiabsorbents comes from the
tunability of their properties through modificatioh the chemical structure. Specifically,
the properties of polymers stem from the monomeéectien, and any substituent
functional groups they possess, and the degreelgmgrization of the final polymer
molecule’® Customization of polymer structures vyields macreooles with the
capability to interact and swell with various vdebrganic compounds (VOCS).

Typical EPLs researched to date have been polyines,fdeposited in a 1 to 5
um layer onto a sensor surface. The layers are detkio extend the qualitative and
guantitative limits of detection by attracting ariak to the sensor surface via chemical
and physical interactions. EPLs were studied terdanhe the strongest interaction with a
particular analyte. Previous work in this areaizgdl many integrated sensor platforms
which were coated with a single layer of polymeswever, there is no polymer that can

universally attract every VOE? The use of multiple polymers of a different cheahic



nature in an EPL increases the chances of captih@gmolecules for detection and
analysis. There has been a void in researchingiskeof different polymers to form a
guasi-universal enrichment polymer layer systemL@Rhat can be deposited onto the
one sensor element.

Infrared (IR) spectroscopy is an important analftimethod that can be used for
the “universal” sensor element, where a wavegisdmyvered with the “universal” EPLS.
In fact, it has already been demonstrated thati€odiransform Infrared Spectroscopy
(FT-IR) can be used effectively for remote sensppligations:®*® Furthermore,
detection by IR analysis can be applied to multipteas, including chemical warfare
agents, hazardous chemicals in industry, volatiielogical agents, continuous
monitoring of an environment and in laboratories.

One of the major limitations for IR remote senshas been the bulky size of
detectors and sources. Developing highly efficieptical sensing devices that can be
handheld has been in development over the lastraledecades, such as optical IR
resonators® ™’ These optical resonators, or microcavities, apabke of trapping photons
and electrons for a significant period of tiffé¢® Classically, these are confocal and
concentric mirrors which allow very low loss of hig energy (Q-factor). Through
constructive interference, these devices can iseréze intensity of an optical signal, and
have classically been used in laser technologgueacy modulation, and Fabrey-Parot
interferometers? The geometry of microresonators directly affedtsirt Q-factor and
performancé’ As such, many shapes have been researched, imgludicrospheres,

microrings, microdisks, micropillars, and microhgeas?® The development of



resonator devices has incorporated the use ofuatted total reflection to trap IR light.
The surfaces of the devices become rich with ecamtsvaves that are produced from
multiple bounces of the light at the waveguide-ambinterface. If a sample comes into
contact with the resonator surface, it can eitlingft $he wavelength of light—due to a
difference in its refractive index compared to #mebient environment—or absorb the IR
energy due to its own fundamental IR resonancanlextension of this technology, the
use of IR resonator devices combined with EPLS remyl to the development of
miniature IR-based sensing devices.
1.2 Goal and objectives

The main goal for this dissertation was to design and characterize a multi-layered,
guasi-universal EPLS capable of attracting variehemicals to the surface of IR
waveguides to ensure their spectroscopic identifina The multi-layered design was
selected in order to effectively modify an arraynoicrodisk resonators with an EPLS
possessing the same parameters over the whole. artay resonator array offers
detection at multiple wavelengths and can proviegited information on the absorbed
VOC to be identified. A representation of the nHdyer system on a waveguide and

how each layer can target different VOCs is prodinteFigure 1.1



Figure 1.1. Scheme of layered polymers on waveguglerhere each layer has an affinity
to a particular VOC.

It is more challenging and more expensive to fattecreproducibly, an array of
resonators with each microdisk resonator havingique polymer coating than the multi-
layered concept proposed above. In addition, thecdebased on this array will be
significantly larger. For example, for an arrayldf resonators working at 10 different
wavelengths to have the efficacy of a 5-layered &£Hive separately coated 10 resonator
arrays would need to be connected in a single satesace. This not only increases the
size of the device but also the cost of havinges@nators in one sensor device.

As an alternative to the multi-layered design, agshsegregated, polymer blend
grafted/cross-linked system was also consideregdch the goal for a quasi-universal
EPLS. However, the phase separation in the systenas the level of hundreds of
nanometers that is comparable with dimensions tEalpelements of the resonators.

To achieve the main goal, the following specific objectives were identified:



(1) To synthesize anchored (by covalent bonds), enectinpolymer, multi-layered
systems (EPLSSs), and to characterize them;
(2) To identify the extent of interaction of the EPL8#h various VOC vapors and to
identify trends;
(3) To discern changes in the fundamental IR absorbafcéOCs absorbed in the
enrichment layers;
(4) To evaluate the potential for the employment of ERIor solvent mixtures;
(5) To assess the possibility of EPLSs to be coatedand, grafted to, IR microdisk
resonators.
1.2.1 Design and Function of the EPLS
The multi-layered EPLS was designed to incorporséeeral polymers of
different functionality onto one waveguide surfa®&uilding the layered enrichment
system required the polymers to have reactive graapable of covalently bonding with
the silicon waveguides. The proposed layer desigthe EPLS can house multiple
polymers onto one substrate, provided that comigafictional groups are present to
form covalent bond linkages between the layers. Stbp method designed to obtain the

layered ELPS in this work are illustratedrigure 1.2



Figure 1.2. A schematic representation of the proceire to build the EPLS by
consecutive grafting (left) starts with a) a silica wafer or crystal; which is then dip
coated to obtain b) a one-polymer layer on the suate; which is then grafted by
annealing, allowing to dip coat another polymer ont the first polymer layer to obtain
c¢). Continuing this process gives polymer system .dYhe resulting EPLS (right) can
have as many layers as needed.

The macromolecules constituting the layers werecsetl based on the following
properties: (a)immiscibility, to ensure the individuality of each layer; (th)emical
structure, to ensure that each layer is capable of attrgstidbbstances of different natures;
and (c)complementary chemical reactivity, to ensure that each consecutive top layer is
chemically anchored to the bottom layer. The lattardition is especially important for
proper functioning of the coating, since the ulinatpolymer film has to retain its
structure after multiple swelling/deswelling cycle®/ithout the strong connection
between the layers delamination and dewetting ncayrg®?®

The operation of the EPLS is based on several pgeam First, the polymer and
organic molecule will have significant interactipresiergy would be released from the
absorption of the organic vapor into the EPLS. €hesteractions will promote
conformational changes in the polymer chain, resylin the film swelling. Second, the
chemical functionality in each layer will targetesgfic VOCs. When combined into a
system, each layer will still maintain its inhereatractive nature without repelling other

organic molecules. Third, each layer will be ordyng of nanometers or less to allow



rapid diffusion of organic molecules. The operatminan EPLS deposited on top of a

silicon ATR crystal is displayed iRigure 1.3
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Figure 1.3. Operation of an EPLS in the presence aflatile organic vapor.

1.3  Synthesis of EPLS structures

The synthesis of the EPLS starts with a covalegthfted anchoring layer on the
substraté®2° Poly(glycidyl methacrylate) (PGMA) was used asharing layer in this
work because it can be chemically bonded to mamfases including silicon oxid®.
The anchoring of the system to a substrate as agelbonding each layer by covalent
bond linkages ensures that the enrichment systenwithstand a significant number of
swelling and deswelling cyclé$ Silicon wafers were used for swelling experimeats]
silicon ATR crystals were used far-situ FT-IR experiments. Since each repeating unit

of PGMA has an epoxy group which can crosslink; godymer provides a robust



foundation for the EPLS. Moreover, because of tl®p and tail” conformation that
polymers form when anchored by multiple points teuaface, not every epoxy group
participates in the reaction. Therefore, polymeithvwomplimentary groups can be
chemically grafted to PGMA.

All polymers in this work were applied by dip cowgi They were bonded by
grafting. This procedure, the “grafting to” apprbabas been shown to produce uniform
polymer layers with high stability and low rougha&’ **Figure 1.4presents the scheme
of PGMA bonding to the surface followed by free e bonding with poly(acrylic acid)

(PAA) as an example.
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Figure 1.4. Scheme of PGMA bonding with Si surfacand PAA.



1.3.1 The Layered design

The layered design of the EPLS, which incorporgtelymers on top of each
other, is naturally well suited for dip coating peolures where layer parameters can be
controlled. With this design, an EPLS with manyypoér layers with differing chemical
natures was synthesized. The EPLS thickness wasbleégpwv 100 nm to assure that the
swollen EPLS was within the evanescent wave fiegian of the ATR FT-IR. Polymers
used for this design included the following: PGM@gly(acrylic acid) (PAA); 60%
epoxidized poly(butadiene) (EPB60); and poly 2-{pyyidine (P2VP). The chain ends
of P2VP are terminated with carboxylic acid groupéth these polymers two distinct
systems were synthesized. In Chapter 4, a singlebenent layer of PGMA was studied,
as it is a major component in a multi-stack EPLS&ipAlayer system of PGMA and PAA
was obtained and the experimental results are piesdén Chapter Starting at pagé16.
A multi-polymer EPLS was studied and is presente@hapter 6 starting gage 139
1.4 Scientific Contribution

This research provides an understanding of thehsgig of multi-layered EPLSs
as well as the interactions between an analyteaanBPLS. Polymer films and EPLSs
were 100 nm or below and demonstrated fast sigeraemation for VOC detection. This
work demonstrates that new specific IR absorbarneskp arise when the VOC is
absorbed into the polymer film. The wavelengthshefse new absorbance peaks can be

used to generate new fingerprints for VOCs to mdkeection faster. This work



demonstrates that EPLSs do not interrupt the IRlooy of microdisk resonator sensor
devices, and are a viable and realistic aid foly@@absorption.
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Chapter 2.  Literature Review

2.1.Introduction
Research in the area of enrichment polymer layerssénsor waveguides has

focused on determining one suitable polymer toelaagspecific analyte (liquid or vapor).
This review focuses on key aspects of considergtan researchers have studied over
the last several decades when identifying polynfersselectivity, separation, ease of
synthesis, and characterization methods as welgustitative analysis of targeted
analytes. The main goal of this review is to gilre teader the fundamental basis of key
areas that are important for building enrichmentlymper layers and some

characterization techniques.

2.2.Materials used for enrichment layers
2.2.1. Polymers

Polymers began to be integrated into analyticaliadsvto aid in detection
capabilities in the 1980°5? The use of polymers to provide an enrichment layers
sensor surfaces has rapidly increased since thdrenVépplied to chemical sensors,
polymer enrichment layers serve to capture anglged/or protect the sensor platform
from harmful environments, thereby enhance deteat@pabilities. Absorption of low
molecular weight molecules can alter certain progerof the polymers that can be
detected. For example, monitoring mechanical pt@srglass transition temperature,
crystallinity, ionic charge, and volume can be deni high sensitivity and attributed to
low molecular weight molecules. Polymer film thigsses for this application have

ranged from approximately 1 toufn.
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Polymers are commonly chosen for enrichment lays¥sause they can be
modified to interact with their environment throughysical and chemical changes. The
chemical structure of the polymer chain can be ghesi through meticulous
consideration of the starting monomers or a polyciein can be modified through
performing a post polymerization alteratioBy adding different chemical functionality
to the polymer chain in either of these fashionshamical gradient can also be made to
yield unique characteristics. It is, therefore, gible to synthesize a complex
macromolecule that has unique properties and aéithat allow for either broad or
specific chemical targeting.

The chemistry along the backbone or branched straictfragments of the
polymer chain are capable of dispersive, polar,/@ndiydrogen bonding. These
interactions will determine what solvents are magt for dissolving/swelling the
polymer. When the chain is attached to a surfackiarthe presence of a solvent for
which it has high affinity, the chain becomes fudlytended. Conversely, the polymer
will contract when in the presence of a solventhwithich it has low affinity and is
known as a collapsed coil. By undergoing thesearomdétional changes, the polymer can
be in a different state where its height (singletahickness) is greater than, equal to, or
less than its radius of gyration. These stateshef golymer are defined as a fully

extended, mushroom, and fully collapsed staigure 2.1).
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Figure 2.1. Polymer extension based on exposure $olvents of varying degrees of affinity.
Reprinted with permission from Elsevier?

The interactions of polymers with solvents are difiad by use of the solubility
parameters.The solubility parameter; related to cohesive gnefwhich is the energy
needed to cause the phase transition from thedligtaite to the gas state) can be used to
predict how well an analyte will be absorbed byolymer film. By this, one can gauge a
polymer’s targeting strength for an analyte by duieing if the polymer and analyte

have very close solubility parameters.

8= 2= 8 F8, +5n (2.2)
The energy of vaporization\E, and the molar volume, V define the solubilitygraeter.
The term8grefers to the dispersive energy associated witlarealyte, while the terms
8,and §,, refer to the polar and hydrogen bonding energiespectively. Solubility

parameters can be combined as

8, = /S + &, 2.2)

Figure 2.2 shows that solubility parameters between polyraadssolvents can be used to

form, in this case, a 2D radius which defines d@mege of good solubility.
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Further away from the radius, solvents are less ligly to be soluble with the polymer. The
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The Flory-Huggins interaction parameter is the gpegarameter to quantify interactions

AHp,
X12 - kTN1VZ

~ 2L (8, - 8,)? (2.3)

In equation 2.2 above, enthalpyt, Boltzmann constant, k, temperature, T, the numbe
of solvent molecules per a given volume, the volume fraction of polymey,, the gas
constant R, the molar volume of the analyte, &d, finally, the solubility parameters
corresponding to the polymer and solvent are ueedefine the interaction parameter.
(For the reader’s knowledge, research into modedmigent interactions has been made

with the linear salvation energy relationships (ESEwhich have been in development

for the last few decadéd?)
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Considerations one should use when choosing a golyonact as an enrichment
layer, were developed back in the early 19908irst, absorption bands should not be
present or weak in the region of interest. Sectmel,substances to be analyzed should
not be irreversibly dissolved into the film. Thittie time to detect enrichment should not
exceed a specified amount. Lastly, the polymer khbave simple preparation. Heinrich
et al. analyzed the patrtitioning of several diffarehlorinated compounds dissolved in
water into PDMS, trichloroctadecylsilane, polyetmng, and poly(ether-esteramide).
While most of the results centered on diffusion @nr analysis, they found that di-
chloroethane diffused into PDMS with a greater emi@tion then in any other polymer.
A notable observation they made was that the ddfusoefficient for most of the
analytes was lower than previous reports and tttepated this to chains being linked to
the surface and, therefore, have minimal spac#ldw or absorbed analytes, especially
bulky ones.

Many different polymer materials have been comparedietermine the most
effective enrichment layer for specific analytesistnan et al’ studied carbon loaded
poly(isobutylene), poly(butadiene, 1,2-syndiotagtoly(vinyl alcohol), poly(ethylene-
vinyl acetate), polyethylene-co-vinylacetate copudy, and
poly(diphenoxyphosphazene) on ionic conductingfpiats and measured the electrical
change when organic vapors were introduced usitigpgain carrier gas. Utilizing
solubility parameters, they were able to charantethe polymer materials with the
strength of the resistance change to each andllyey tested and reported on 26 analyte

vapors whose solubility parameters range from 48 MP&"”. In Figure 2.3 below, the
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polymers that have close solubility parameters with analyte vapor were noted to
increase the response of the sensor, unless trese \strong ionic or chemical reaction

(as with the case of PVA to a couple of analytes).
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Figure 2.3. Sensor response as a function of sollity parameters. Reprinted with
permission from The Electro Chemical Society?

Selecting appropriate polymers for vapors sensiag @analyzed for conductive
sensors. Patel et Hl.developed parallel plate micro chemicompacitivasses where
polyethylene-co-vinylacetate (PEVA), poly(epichlbydrin) (PECH), polycarbonate
urethane (PCUT), poly(isobutylene) (PIB), and pdiy(ethyl siloxane) (PDMS) were
added to aid absorption of VOCs. Toluene, acetomater and dimethyl-methyl-
phosphonate were selected for targeting. The sginahgth was measured as a function
of analyte vapor concentration, and the relativenpiéivity change. It was determined
that the strongest signals generated in the PIBPWMS films was due to strong polar-

polar interactions with analytes. Analytes thaténdielectric constants (above 4 up to 20)
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were noted to affect the permittivity within thelpoer film even though they may not
swell the polymer film to a large extent. Similarignalytes that have low dielectric
constant (below 3), or a high dielectric constaiioye 22), will not swell the polymer
film and only a weak signal was produced. In additiif a chemical reaction can occur
between the analyte and polymer film, are likely ile much stronger with low
concentration analytes; however a slow recoverlyredult, if recovery is possible at all.

Over the past few decades, Peter McLoughlin has lbee of the pioneers of
Mid-IR sensing with polymer coating enrichment leyeFlavin & McLoughlirt*
compared Teflon AF2400poly(dimethylsiloxane) (PDMS), and poly(styrene-co-
butadiene) (PSB)and poly (acrylonitrile-co-butadiene) (PAB) withaytes of toluene,
tetrahydrofuran (THF), ethanol and acetonitrilewtis found that because PAB, has
hydrophobic and hydrophilic groups, it allows theagest diffusion constant per micron
of thickness for all four analytes allowing speeddetection while the Teflon had
significant affinity to toluene only. In additiohey observed that bulky compounds, such
as toluene, diffused more slowly and THF diffusedrenquickly. Their later work
focused on chlorinated compounds diffusing intoypar films and observing shifting of
mid-IR peaks of the polymer fildT. These studies demonstrate that particular polymers
are more suited for targeting specific analytesnkhere, a hypothesis can be drawn that
using multiple polymers with different charactagstwould help to extend the targeting
capabilities of a sensor.

Dobbs and Mizaikoff worked with plasma depositagfbcarbon polymer layers

(membranes) for liquid phase chemical sensing wédhloroethylené® The choice of

19



fluoropolymers was based on their thermal and cbalnsitability, low absorption in the
IR region, but most importantly their hydrophobiature which could be used to probe
for very low concentrations of organic compoundsagueous matrices. The analyte,
flowing over the film in water, partitioned intoeHhilm and reached equilibrium after
approximately 35 minutes. They reported that tlymas are nearly twice the reported
values for comparable IR-ATR measurements withouaritypes of Teflon membranes
due to the fact that plasma-polymerized fluorop@ymembranes are typically highly
crosslinked, which is in contrast to solution defsas fluoropolymer films. Complete
depletion of the analyte in the enrichment membnaae achieved after approximately
95 min by flushing with deionized water. Despitengaratively slower analyte transport
into membranes, limits of detection below 300 ppéravobtained from two separate
batches of plasma deposited films by integratiothef peak of the C-CI stretch at 913
cm™.

2.2.2. Selective separation

2.2.2.1. Molecularly imprinted polymers

It is, however, a different situation when biolagielements such as antibodies,
enzymes and nucleic acids are needed to be resagmath high accuracy. The
traditional sensitivity that characterizes polymbesomes less pronounced due partly to
their tendency to be bulky in size, which led stis#a to molecular imprinting polymer
(MIP) techniques. “Molecular imprinting is a tem@alirected technique that allows the
design and synthesis of materials with well-defirzetificial receptor sites for a wide

range of chemical and biochemical compourldsFigure 2.4 shows the process of
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making a film that is molecularly imprinted. In gt®ne, a molecule of interest has
specific binding molecules attached by physicatnattions or chemical bonds that can
be removed later. In step two, initiator or mononmeolecules are chemically and
permanently attached to the binding moleculestdp three, a polymerization occurs. In
step four, the initial molecule of interest is rarad from the binding leaving the binding
molecules. For sensor technology, MIPs have beswolbfect of focus for their improved

discrimination between different biological anat&™®

Figure 2.4. Molecularly imprinting scheme. Reprint&l with permission from Bentham
Science Publisherrs!

Boris Mizaikoff et al. performed extensive reseaicho MIP with organic
molecules®# They have found that application with IR sensaasenproduced highly
selective analysi€ The specific target analytes they used was anidigeb 2,4-
dichlorophenoxyacetic acid (2,4-D) and phenoxyacetid (POAc). They used three
different MIPs, at different ratios. Specifically-Vinylpyridine (4-VP), methyl
methacrylate (MMA), and ethylene glycol dimethaatgl (EGDMA) with a low amount
of a cross linking agent were used. To quantifysibigtion properties of the MIP, they fit
the experimental data to a theoretical model obthiny combining a Langmuir isotherm
with a linear term. From this model fit, they weable to extract dissociation constants

for 2,4-D and POAc and determined that high craslsrlg affected the absorption of
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analytes. IR spectroscopic sensing, they notedansessitive method to analyze binding
of analyte into the MIP and that the selectivitydawbust nature of MIPs can mimic
biological receptor binding in addition to be altte tolerate extreme environmental
conditions without losing sensitivity.
2.2.2.2. Polymer membranes

Membranes play a crucial role in selective sepamatf separating desired
substances from a mixture. Polymer brushes arécplay attractive because they can
have binding capacities with proteins. Bruening aéf® performed layer by layer
depositions of alternating ionic polymer films oorpus alumina membranes, and porous
polymer membranes for different applications. Soofetheir preparation methods
included: a) deposition of a multilayer polyeletyte film on a support with 20-nm-
diameter surface pores; (b) growing polymer brushsisie a support with 0.2- to/&n-
diameter pores; and (c) layer-by-layer depositibpalyelectrolytes and charged metal
nanoparticlesKigure 2.5). Their goal was not in detection but nanofiltratiof gases and
purification of proteins by polyelectrolytes and lyoer brushes; however, it was
understood that attachment of different polymergodéed layer by layer on a single

substrate gave more durability and could be utllizeseparate various mixtures.
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Figure 2.5. Multi-layer polymers held together by onic complex interactions and primarily
used for filtration of ionic compounds. Reprinted wth permission from the American
Chemical Society?®

2.2.3. Stimuli responsive polymers

It has been established that a polymer chain widlango conformational changes
in the presence of solvents. These changes canbaldaoggered with specific stimuli
depending on the polymer. Common stimulants aretpiperature, light and chemical
potential which can influence specific chemistrgragy a polymer backbone. Figure
2.6, certain regions of the polymer chain have been fieatliio be selectively responsive
to stimuli.>*?°By alternating any of these, one can tune the ptiegeof a polymer chain
or film to a desired stimulus. Poly(N-isopropylderypide) (PNIPAM) and poly(N-
vinylcaprolactam) (PVCL) have been intensely reseed due to their natural lower
critical solution temperature (LCST) being arourdiy temperature (37°GJ.?® Much of

the focus for these types of polymers has beemmddical, biomimetics, drug delivery,



and textiles however these polymers are also fqdeir way in sensor technology as

well 2729
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Figure 2.6. Depiction of external stimuli trigger o environmentally sensitive polymer.
Reprinted with permission from Elsevier?
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2.2.4. Shape memory polymer systems

Kunzelman et ai’ has initiated using shape memory polymers (SM&s$énsor
applications. SMPs are polymetric materials thatehthe ability to “memorize” a
particular shape. They can be deformed to a termpstape under specific conditions of
temperature and stress but will relax to the oaljistress-free state upon release of the
external stimulus. This relaxation is associatethwelastic deformation stored during
fixation. There are one-way shape memory (1 W-SKY two-way (reversible) shape
memory (2 W-SM) phenomena that have been repofied. SMP that the researchers
employed in this study was poly(cyclooctene) (P@@} was subsequently cross-linked
through a free-radical process using dicumyl petexiln order to determine the

sensitivity the polymer has to various temperatuthe polymer was blended with a
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cyano-OPV fluorescent dye. This allowed identificatof conformational changes that
the polymer undergoes with the intensity of theifiscent emission spectrum. The ratio
of the excitation/emission intensity as a functafntemperature is presented kigure

2.7. They demonstrate that when the PCO is in itxeelatate, at room temperature, the
dye is not available to fluoresce. When the “pragred” temperature is reached, the
dye becomes available and an intense green catdbeaeen under UV excitation, when
cooled, the dye emission is in the red region {tkating cycle is the circles and the

cooling cycle is the squares). The process was dstrated to be reversible.
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Figure 2.7. Ratio of excitation/emission intensityas a function of temperature that occurs
with polymer shape changes. Reprinted with permiseh from the Royal Society of
Chemistry.*

Another area of stimuli responsive polymers knovenetectroactive polymers

(EP) has been research by Bar-Cohen ¥t Skeveral different types of EPs have been
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classified including ferroelectric, dielectric, iorgels, and conducting polymers. EPs are
attracting attention because recently it was fotlvad certain EP can change their shape
with various stimuli. Applications for this are bnimetics as well as actuators and
sensorg?3

2.2.5. Additives improving detection

There are further methods to modify a polymer fibrincrease its sensitivity for
detection. Namely, additives are incorporated itite films that are activated by a
specific molecule. Carey et #l.added an acid indicator, chromazurol-S, to a blehd
polybenzimidazole and polyimide that was coatea @sapphire waveguide. Vapors of
hydrochloric and nitric acid solutions were pumjp@o a cell that housed the waveguide.
They were able to study light absorption from the é&s acid was picked up by the
polymer film. By knowing the concentration of theadyte, the intensity of absorption
was used to build a calibration curve. In additionhe sensitivity that was observed with
the dye in the film, they conducted longevity stdidythe coating. When strong chemical
reactions occur they can lead to degradation oirttegrity of the film structure and then
can lead to decreased sensitivity. In these stuthesfilms were found to remain intact
without losing sensitivity for approximately 8 weekA last aspect of this reported
research focused on the optical properties of petyiiim swelling versus film thickness.
It was observed that large offsets of the non-dbsgrwavelengths are due to the
refractive index changes of the nitric acid solasidoy concentration. This indicated that
the waveguide is evanescently coupled to the sgnsiadium even if there is no

absorption. To reduce the refractive index chanbasresult from the incorporation of
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analyte, it is suggested that a thin polymer fik.6um) is enough to avoid interferences
from swelling in the acid solution by reducing tbencentration of analyte that can
concentrate in the polymer film.

2.2.6. Other materials and uses of polymer films

It is important to mention that polymers are ¢ bnly materials that can be
used to enrich a sensor and achieve significantBatgr sensitivity and targeting
capabilities. Magnetic materials have been usediétection of hazardous heavy metals.
Polymers have significantly less affinity to matalbns. Magnetic materials, such as iron
oxide nanoparticles, were incorporated onto sem$aiforms by Karatapanis et Hl.
Briefly, the enrichment made possible the detertiona of sub-parts per billion
concentrations of Cd(ll), Pb(ll), Ni(ll), Cr(V1) ahAs(V) from water samples.

In addition, metals have been previously showaidblR spectroscopic detection
by electron promotion when it is engaged with aalye. Sudo et al. deposited gold and
silver nanoparticles to the surface of an attertlital reflectance crystal and performed
experiments to identify impurities in paifitThe specific technique they performed is
known as surface enhanced IR absorption (SEIRAg. tEkhnique is still being heavily
research and optimized as the ATR crystal mateaal influence sensitivity and the
morphology of the metal used can affect the refradhdex of the area above the surface

of the ATR crystal.

2.3. Diffusion of penetrants in polymer films
Considerations for choosing polymers have beenirsdaddargely from diffusion

experiments. For detection purposes, fast diffusibanalytes to the sensing surface is

preferable. Diffusion also offers insight to spaciimechanisms of sorption and
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desorption of penetrants into polymer films. Thecnostructure and arrangement of
polymer chains, as stated by Vesely, have a sirghgnce on diffusiori’ The penetrant
transport through the polymer film is critically mendent on the spacial and
conformational arrangement of the macromoleculedyrPers can be amorphous or
semi-crystalline and both phases behave differerftye amorphous and crystalline
regions have their own sensitivity to processingthoés, and rate of cooling and
annealing. Most penetrants will plasticize or soflee film with only little quantities but
will substantially reduce its glass transition tergiure’

Briefly, to understand why amorphous and semi-atiise polymers behave
differently, one must understand that the structfrerystalline regions of polymers is
usually in the form of a spherulite. This phase fiasls’ a few hundred nanometers in
diameter which grow from a nucleus in all direcBoRolymer chains are closely packed
and closely follow the crystalline order. Amorphausterial fills the space in between
the fibrils and thus is less dense and disordeldw: chains can be entangled and
intermolecular forces give rise to the material’scamanical strength and can be a very
significant factor, not only for strength, and mekcosity, but also for diffusiofi3**°

The presence of the crystalline phase can comelidéfusion studies due to
lower free volume availabfé:** The random amorphous regions are thus the masy lik
the carrier phase during the diffusion process. diherption of the penetrant requires a
change in the chain configuration to accommodagepinetrants molecules and also the
neighboring chains. This means that the polymerordy swell in the direction opposite

to the direction of diffusion. Sizes of these opgsi can be on the order of hundreds of
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nanometers, and can cause light scattering effmutlsdramatic changes in refractive
index if the polymer film is several hundred micsoor thicker (less likely for ultrathin
polymer films)#>°

Diffusion properties of polymers can be furtheduehced by chemical reactions,
thermal history, homogeneity, additives, contamisasolvents (plasticizers), and also by
branching and cross linkifg:*® It can, therefore, be concluded that, in experiamgm,
direct comparison can only be done using polym@mnfthe same batch and of the same
formulation and thermal history. Subsequently, lttezature data can only be compared
for trends and not in their absolute values.

Penetrant considerations have also been examinedmbgy researchers.
Specifically, Murphy and McLoughlfi*° studied the diffusion of 1,2-dichloroethylene
(cis-DCE), dichlorobenzene (DCB), trichloroethylene @)C trichlorobenzene (TCB),
and tetrachloroethylene (TeCE) in aqueous soluttbraugh Teflon membranes. Their
purpose was to compare the diffusion of moleculgh similar polarity but of varying
size of the penetrant. By monitoring the IR absndeapeak of the absorbing molecule,
they were able to assess the diffusion. Resultsvetidhat as the number of chlorine
atoms increased, the diffusion coefficient was cedu In addition, by increasing the
number of carbon atoms, the diffusion of the pemds was slowed significantly.
Similarly, compounds that are bulky by nature, sashdichlorobenzene, had limited
diffusion into the Teflon membrane and varying plositions of chlorine atoms along the

chain had little effect. For isomers of dichlorogéme, results suggest that the position of
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the chlorine atoms do affect the molecule’s diffusilt was hypothesized that this was

the result of the molecule’s molar volume.

2.4. Fabricating Polymer films
2.4.1. Synthesis and chemical modification

By applying polymers to surfaces, one can transfarmsurface with limited
functionality to one with greater application pdieahand alter properties such as colloid
stabilization, lubrication, rheology, immobilizatiaf catalysts, generation of multiphase
materials, adhesion, friction, wettability, and dmpatibility>*>* Understanding how to
synthesize and build polymer films and multipledes/is essential to create an anchored
enrichment layer that is effective. The method ywitkesis of a polymer relies on the
starting monomers but polymerizations can fall iatdew categories such as radical,
condensation, ionic, photoinitiated, and radiatiitiated>® Figure 2.8 shows different
possible polymerlayers that can be synthesized. The versatility comtrol the
functionality, density and forming gradients witbsp reaction techniques as well as the
adaptability to any surface (flat or spherical) me&lemarks that make using and building
polymer brushes so appealingzigure 2.9 illustrates that post polymerization

modification can be versatile and done in varidages or amounts.
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Figure 2.9. Modification of surface chemistry through post-polymerization methods a)
multi-step with different functionality, b) strategic modification for environment sensitivity,

c) gradient modification. Reprinted with permissionfrom Elsevier.?

2.4.2. Coating methods

Fabrication of polymer films relies on reprodudilyil Polymer films made from

pre-synthesized polymers can be time saving buéthee potential hazards of which one
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must be cautious. Large wrinkles, incorporation wfwanted particles, and slow
evaporating solvents can have consequences thhtinflience the polymer film’'s
stability, wettability, and uniformity. There areelv known techniques available that
provide high reproducibility of polymer films thean be used.
2.4.2.1. Dip coating

Dip coating is a straightforward method to deppsiymer films and build layers.
Dip coating, and a similar technique known as @ar@oating, have been used for
specific applications in indust®y:>’ The dip coating process can be accomplished on any
substrate. If wetting of the surface is not favéedbr the solvent, reducing the speed can
allow the polymer coat the surface by kinetic difn. The concentration and
subsequently the viscosity of polymer solutionthis primary controlling mechanism for
the thickness of polymer films that can be madeciMtesearch has been done on the
rheology fluid dynamics of polymer solutioffs>° The substrate is submerged into the
polymer solution of choice at a constant velocM,, and retracted at a constant
velocity, Vier, however, \{,, and Ve do not have to be equdrigure 2.10. For non-
volatile solvents, ¥ is often much lower in mm/min so to allow diffusimf the

molecules through the coated polymer film.
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\ Polymer

Substrate

Figure 2.10. Dip coating scheme. The polymer willdsorb onto the substrate with high
affinity or given enough time, kinetically adsorb.

2.4.2.2. Spin Coating

Spin coating is another method to deposit polynasrims.Spin coating is used
in numerous applications such as coating of pheist;e protective coatings, paint
coatings, optical coatings and membrarate of the sample rotation is a primary factor
that influences polymer film thicknesBigure 2.11). Spin-coating is widely employed
for the highly reproducible fabrication of thinrfil coatings over large areas with high
structural uniformity. Research in recent yearsdxended the scope of spin-coating by
chemically engineering the interface of support aallition to obtain specific structural
order in the resulting supported thin fil¥sThe rate of solvent evaporation, however,
can be crucial for obtaining a smooth and unifourfaze®! The equation iffFigure 2.11,
No Initial viscosity, and® angular velocity are known, while k amd (~0.5) are
empirically determined anfl is the initial solution viscosity which is observedle in

the range 0.29-0.39 for polymer solutiéf$?°3
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Figure 2.11. Operation of spin coating thin films \ith relationship of thickness to viscosity
and angular momentum. Re-drawn from Reference #60.

2.5. Grafting Polymers to surfaces
25.1. “Grafting to”

Anchoring polymers by the “grafting to” method, wbkea polymer chain is
tethered with a chemical bond to a surface by eine end group or multiple along the
backbone, is relatively straight forwargigure 2.12. Modification of inorganic surfaces
is often based on reaction with surface hydroxgugs?®°° The w-functional alkoxy- or
chloro-silanes are covalently grafted to theseasm@d, most notably silicon substrates.
For gold substratess-functional thiols are commonly used. Modificatioh polymer
surfaces depends on reactivity of functional groupgolymer chains. The polymer
surface can be activated using plasma treatment &h\-irradiation, or chemical
oxidation that can be controlled so as to not dgdine polymer sample but to introduce
reactive functional groups (—OH, —NH2, —COOQOH) otfte polymeric substrate if reactive

groups are not present or not compatmi&*°°
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For inorganic surfaces that do not have an oxider|aspecifically silicon,
thermal radiation, UV radiation or radical initiai is used to activate the surface and
attach an alkene through hydrosilylatfinThe alkene attaches via a Si-C bond and
usually carries with it a short or long hydrocarbdain with an end group that can be
used for grafting the desired macromole&ii€’"? Any limitation that “grafting to”
techniques have lie in the diffusion of reactiveugs to the surface of the substrate
causing only a limited number of chains to be @a@&ftThis essentially reduces the

possible thickness of grafted layers.

Figure 2.12. Grafting to represented with end groupattachment (left) and backbone group
attachment (right). Reprinted with permission from Springer.>®

2.5.2. “Grafting from”

Another form of polymer anchoring includes “grajifrom™®

, Where a polymer
is synthesized from a solution of monomer havirgittitiator already chemically bonded
to the substrate surface which can be any shzigare 2.13.”® Polymerization reactions

that are utilized in this methodology encompasgiyped! radical, living, plasma, ionic
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and ATRP type reactior8.”*" This grafting method is often found to be the orest
commonly used because one can grow a polymer bmibha much higher molecul:
weight and thickness than in the “grng to” technique because there is a hic
probability of monomers diffusing through the fibm find the reactive end of the bru
Similarly, one can form a block film by synthesigia block copolymer and controllir
the molecular weight of each blo This tends to reduce the need to find one sohar

different monomers which can affect the outcom#hefpolymerizatior

Figure 2.13.Scheme of silica particles undergoing a "graftingrfom" polymerization.
Reprinted with permission from Materials.”

2.5.3. Crosslinking

A challenge for EPLs is thethe polymer films need to be durable throl
multiple swelling cycles and be sustainable in hagavironment: Cross linking in &
polymer film restricts the chains from moving pasich and restricts the viscous flc
creating a more stable filnit. also causes a reduction in crystallinity, and impedesrc
orientation.This can lead to the polymer becoming more elastiti gaining a lowe
melting point. A slightly cross linked polymer filwill also have changes in its loc
molecular packing which calead to a decrease in free volunidis often leads to
reduced ability to swell with penetrating analyté®wever, in harsh environmen
conditions it is essential for the enrichment lajemot delaminat In addition, cros:

linking has been found fienprove mechanical properties of filr"®
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Sakai et al’ in 1991 performed experiments to develop an adetrsensor to
measure relative humidity. Polytetrafluoroethyle(®TFE) and poly-4-vinylpyridine
(P4VP) were deposited on a gold electrode, and dhafted and slightly cross linked as a
film. While this was a long way from being a foadpf way to measure relative
humidity, it gained ground developing environmelgtaésistant EPLs. Cross linking of
polymers can be done by annealing the polymer gathplimentary functional groups at
high temperatures or by adding a cross linking adé¥ curing has also become a well
known technique in industrial coatings as it istfand has no need of solvefts’®

Resulting cross link density can be determinedvisling ratios of the polymer film?

2.6. Characterization of polymer enrichment layers
Polymer film mechanical, physical and chemical ertips require an in depth

examination to identify what mechanisms or chargties have yielded specific
properties. Characterization techniques that canskee to characterize EPLs are Fourier
transform IR spectroscopy (FT-IR), ellipsometryarsaing probe microscopy (SPM), and
x-ray diffraction (XRD) analysis. These techniqugield information on chemical
functionality, surface morphology, atomic perceewgver long and short ranges and
optical properties such as refractive index as alhickness.

2.6.1. Fourier-Transform IR Spectroscopy (FT-IR)

Fundamental vibrations of organic functional groppssent in the polymer chain
are readily identified with FT-IR®®2 This technique operates on the principle that atom
bonds vibrate with certain frequencies based oir thass and bond strength and that
resonance frequencies can be absorbed when saamplésadiated® The equation for

determining these frequencies is given
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(2.4)

wherev is frequency, c is the speed of lighis a force constant representing the bond
strength, and M M, are the masses of the atoms in this particulatoai@ model.

Calculated wavenumbers for some common diatomictiomal groups are given in

Table 2.1

Table 2.1. Calculation of diatomic functional grous by equation 2.3

Bond force Theoretical
constant Functional Wavenumber

Element Atom mass[g] Bond [dyne/cm™] group [cm™]
Carbon 1.99236E-23Single 500000 C=0 1578
Hydrogen 1.6603E-24Double 1000000 C-C 1193
Oxygen 2.65648E-23Triple 1500000 C-H 3042
Nitrogen 2.32442E-23 O-H 3012
Deuterium 3.3206E-24 N-H 3025

O-D 2192

C-D 2232

N-D 2209

Neighboring functional groups will draw electronndéy or donate electron
density which will shift fundamental resonance freqcies of simple two atom systems.
Overtones of these natural vibrations are knowakworb in the near IR region and are
integer multiples of the fundamental frequenéfegvhen identifying compounds, these
neighboring groups can help to set the absorptipactsum apart from similar
compounds, however, one must be careful when greparsample so no contaminate is

present that would artificially offset absorptioraks. FT-IR is such a profoundly
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powerful technique to identify specific chemicah&tionality that it is cited as a standard
analytical tool for any synthetic reseaf@:® 8% 891

Acquisition of FT-IR spectra can be successfullpdiacted in static and dynamic
conditions. This is due to the rapid developmensaftware that can collect multiple
spectra is short amounts of time. This allows d@e&nto perform time resolved analysis
of shifting frequencies due to active stimuli timapplied® Many methods of preparing
samples exist and with them different methods hlagen developed to characterize
polymers by FT-IR and should be applied to the appate sample formT@able 2.2.
Sample recovery is easy as no damage to samptexéessary. One of the most widely
used techniques due to its speed and lack of neethdich sample preparation is the

attenuated total reflection (ATR) FT-IR methodseTtvo most popular ATR crystal

Table 2.2. Sampling techniques for FT-IR spectros@y of polymers. Reprinted
from Perkin Elmer %

Sample Form Suitable Techniques

Thin films (<25um) Transmission

Fine powders (<2um) Transmission (KBr), ATR, DRIFT

Large items DRIFT (abrasive sampling)

Irregular shapes, pellets ATR, DRIFT (abrasive dargp

Polymers soluble in volatilesTransmission (cast film)

solvents

Flat, reflective surfaces Specular reflectance, ATR, DRIFT
(abrasive sampling)

Single fibers Diamond ATR or IR microscope

materials used for polymer analysis are zinc sd&niZnSe) and diamond. The
differentiation for use of ZnSe or diamond is tleeni and hardness of the polymer

sample’® Both of these crystals have a refractive index.dféhd with a typical polymer
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having a refractive index of 1.5, the depth of git@n into the sample is the greatest
for these two crystal materials. As the refraciivéex increase with the crystal material,
the depth of penetration decreases.

FT-IR can show molecular interactions and changier ssome event by
comparing the before and after spectrum to visaealits in waveband, especially when
changes occur due to temperature or in polymerBlasdvia diffusior’” > The
technique is also able to detect structural altmmatupon surface treatmenits.
Polarization of the IR light is a useful way to gauhe percentage of chain orientation of
a polymer sample. When polymer chains are put uadeariented strain, they arrange to
that direction. By polarizing the IR radiation, thatio of chain orientation can be
determined as IR energy will not be absorbed bynshthat are arranged perpendicularly.
New IR microspectroscopy mapping techniques hawn lwkeveloped to determine the
composition of polymer blend gradienfs.

In attenuated total reflection (ATR), optical effecof materials are used to
manipulate IR light to probe a sample’s chemicanitty. The main mechanism is the
evanescent wave (EW). The EW is formed above thiasi of the waveguide material
when the IR light hits the interface between thevegaide crystal and the sample at a
critical angle. The critical angle allows most bétenergy to be reflected to advance to
the detector. Energy that is lost is absorbed ley shmple. The EW has a depth of
penetration into the sample and when other conditiare held constant, the depth is
dependent on the wavelength of light. This meaas shorter wavelengths tend to not

penetrate far into the sample compared to longereleagth. As the EW leaves the
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waveguide material, it has an exponential decantehsity from the surface. The depth

of penetration into the sample material is deteediby

dp = 5 m (2.5)
Whered, , A, 0, n;, andn; are the penetration depth, wavelength, incidegtearATR
crystal refractive index and sample refractive mdespectively. With this equation it is
possible to gage the maximum depth that the radiatiavelength can penetrate into the
material assuming that there is no absorptiontfat wavelengthFigure 2.17 depicts the
evanescent decay away from the surface of the widegrystal with a sample that is

non-absorbing and thg & the maximum height of the wave.

Figure 2.14. Diagram of ATR crystal with IR light bouncing off the surface at a critical

angle to produce an evanescent wave. The @ dependent on the refractive index of the
material.
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Because there are several bounces in the wavegwd&l, this increases the
distance the radiation travels in the sample destie film being nanometers thick.
Consequently, the sensitivity of the techniguensreéased. FT-IR spectroscopy follows
the Beer-Lambert law, which means there is a @atip between the intensity of the
absorption and the concentration of the speciesrbing the radiation. In fact, there is
absorption by the polymer films and because of, tiiis thickness of the films is kept
well below the depth of penetration of the evaneseeve. For example, the depth of
penetration for 1700 crhis approximately 0.5um. What this means is thahasvOC is
absorbed by the polymer film, it is close to thesmimtense portion of the evanescent
wave.

2.6.2. Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a primary methoa gain topological and
morphological information of a surface at the micend sub-micron scale. Morphology
of polymer surfaces reveals chain behavior aftercgssing and is highly adept at
providing structure—property relationships. It eéeh used when studying polymer blends,
crystallization, and lamellae. Moreover, mechanigadperties, electrostatic, adhesive,
and magnetic properties of a polymer film can dsodetermined®**% The powerful
functionality of SPM comes from its use of ultagharobes that allow nanoscale
resolution as well as the manipulation of mattetl@nsurface. A voltage is applied to the
piezo cantilever which oscillates the probe tip.eTWoltage can control the level of
oscillations which allows the tip to probe the sod of the sample either by direct

contact or non-direct contact. Imaging under a widgety of environments, including
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ambient conditions, fluidic conditions, gases, amdler different temperatures can be
accomplished without much special sample preparatfo

There are three common modes that are employetdifferent types of materials
or experimental conditiong={gure 2.19. The first being contact or static mode which
involves relatively large shear forces by having pinobe actually drag along the surface.
This frequently causes damage and distortion of saoffaces. A second mode of
operation is a noncontact mode. This has the popleeating about 5-40 nm above the
sample surface, perturbed by the attractive vanNdmals forces between the tip and the
sample. In order to extend the ability of non-coht@mode due to the limitation of the
relatively weak tip—sample interaction forces oledr the cantilever is set to oscillate at
or slightly off of the resonance frequency. Thiduees the typical operational forces by
at least one order of magnitude and eliminateshiear force compared to contact mode.
For studying soft materials such as polymers, nud&n the third mode, known as
tapping mode is employed so as to not create méesiateformations on the sampf&.
To date, tapping mode has been extensively empléyednaging a wide variety of
polymer surfaces that are glassy, crystalline, eublgels, fibers, blends, block
copolymers, and composites. This mode operatestitating the probing cantilever so
it does make contact with the surface but in sualag so the interacting van Der Waals
forces are minimal. Nonetheless, it can resuluriase modification as well as affect the

phase shift angle.
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Figure 2.15. Representation of AFM modes of operains. Reprinted with permission from

Taylor and Francis Publications?®

Mechanical properties of a polymer surface can dreedby studying the force-
distance curves while moving the probe toward tiréase and backHgure 2.16. From
the slope of the force—distance curve when tip ushpd against surface (point B)
compliance or elastic modulus can be determinedevwthe pull-off forces correspond to
the adhesive forces. Sensitivity to amplitude damgpand phase shift can provide
information about the viscoelastic surface propertincluding the storage and loss
modulus and the adhesion properties. Phase imageg&l@ the best contrast of discrete
morphological and nanostructural features due tairtihigh sensitivity to surface
imperfections. On surfaces with local variations méchanical properties, the phase
changes are even more informative. The images estgghaurface nanostructure of the
microlayer, where the force leads to frequency phdse shifts, both measured with
respect to the frequency and phase of the freetyllating cantilever. Although the
usefulness of SFM to examine adhesion and mecHabeaavior of polymers at
submicron scales is well established, quantitastedies have only recently been

undertakert!®-12
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Figure 2.16. Representative force vs distance curvéor determining mechanical
properties of a polymer film. Re-drawn from #125.

2.6.3. Ellipsometry for polymer films

Ellipsometry is a sensitive optical technique tisaised to gain information about
the structure of the surface, film interface, refinee index, and film thickness. In
addition, this technique has been developed to eprother topics such as phase
transitions in monolayers, wetting transitions, ewollar conformation, interfacial
broadening, Marangoni effects, and critical phenaai&’

Figure 2.17 demonstrates how the incident light, E, forms anel of interest
through the sample.ifzand Es represent the two polarizations of the incideghti E,
and Es are the reflected light that enters the detedtbe technique measures the change
in the state of the polarization of light at a kmowangle-of-incidence with a known

wavelength upon specular reflection from a plangarface.
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Figure 2.17. Depiction of incident light (left) ast bounces off the sample surface and
(right) as it penetrates through the sample layer.

To measure the changes of the incident light, & raf intensities for two
orthogonally polarized light beams are needed. kanper filter is used to polarize the
incident light, E, at a known anglej, EAt the same time, a filter for the detector iedis
to allow light at the same angle of the incidenapaed light that has been reflected from
the surface of the substrate,,Bo enter the detector. In the same measuremmet ti
period, the detector filter switches to allow amycaunt of the complimentary orthogonal
component of the incident light that is producednfrthe physical properties of the
sample as it reflects off the substrate surfagetdenter the detector. At a separate time,
the incident angle plus 90 degreeg, 5 produced for the orthogonal component. The
detector measures both angles once again. Whepothezer filter closes; the detector
measures background intensiBigure 2.18 shows the arrangement of the filters versus

the intensity readings over time.
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Figure 2.18. Filter positions and intensity reading in time for ellipsometry operations.

Derived from Snell’s law, the relative changeshe amplitude of the polarized
light, expressed as t#n and the relative change in the phase differemtevden the s-
and p-components of the light, expressed as\,case determined through ratios of

intensities of the light at polarized angfé$®

Azll—l,‘PzIﬁ (2.6)

Izz Ipq
Changes of phase and amplitude are modeled tolatdauthickness or refractive
index as long as one variable is knottfiThis variable is usually thickness which can be
determined from direct measurements such as AFM. nijydeling theA and ¥
components of the light, it is possible to detemnimany physical attributes of the
sample.
An ongoing concern with the technique of ellipsamét identifying the best way

to process information from a data set for theesysbeing studied. Ellipsometry is not a
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direct measurement of film thickness and opticalstants. To find the sample structure
whose optical response best matches experimenturements, regression analysis is
used. Through regression analysis, unknown sampleepies (“fit” parameters) whose
response best matches the experimental data, @md fe- this process is also referred to
as “fitting” the experimental data. “Ellipsometaccuracy is defined as the residual error
between the experimentally measured and ideal sabfiellipsometric data, where the
experimental data are acquired/averaged over a éooggh time period to reduce the
random errors (noise) to negligible levets® Due to the extremely high precision and
sensitivity obtainable by modern ellipsometer systeit is essentially impossible to
fabricate a reference sample in which the idegdsimetric values are known to a level
comparable to the ellipsometric precision. Mosthef pitfalls lie in the fact tha¥, andA
rely on each other but in depth coverage on tlgets beyond the scope of this chapter.
The technique has gained strong usage with “irf $gtwstudies of film growth by
physical and chemical vapor deposition technidtiést'**? The development of
variable-angle spectroscopic ellipsometry (VASEN garovide much more detailed
information. It has offered additional means foe #sxamination of multilayer samples,
using a fit over the entire wavelength and anguéarge. VASE is also sensitive to
gradients in material properties vs. depth in time, foptical anisotropy, and any physical
parameter that depends on the material opticaltaotss (such as crystallinity, alloy
composition, and temperaturé}:**
IR spectroscopic ellipsometry (IRSE) has becomeeasingly useful for thin film

characterization. IRSE measures both the amplitatie ¥ and phase differenct of p-
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ands-polarized light while additionally studying moldaubond absorption strengths in-
plane and out-of-plane which provides informatiomowt average molecular
orientations-***?” Additional information present in IRSE data allowsnultaneous
determination of accurate dielectric function, IBsarption, and thin film thickness.
Furthermore, IRSE is capable of characterizing@ropic materials, for example, the
polymers polyethylene terephthalate (PET) and pbigene naphthalate (PEN). The
optical properties of these polymers become dwactiependent when prepared as thick
sheets. Characterization with their direction-dejggn anisotropy (e.g. the refractive
index is not the same in the x, y, z planes) teumdre complicatetf’

2.6.4. X-Ray scattering analysis

In long range dimensions, semi-crystalline polymesge a structural hierarchy.
This is usually taken in the form of lamellae oradinerystallites. Further organization of
these crystals into the next level of hierarchyeshes on the external constraints, but they
can have significant effects on the bulk propertié¢gay diffraction (XRD) has been
successfully used to study these structures in-sgystalline polymers. XRD utilizes the
diffraction pattern of x-ray waves out of the saeplhich will have a pattern unique to
the morphology and crystallinity in the sample. 8raagle X-ray scattering (SAXS) can
gauge structures at length scales larger than taceflito study electron density and
identify inhomogeneitie§?®**?° Conversely, wide angle X-ray diffraction (WAXD) is
used to study the orientation of the crystals, wedpacking of the polymer chains within

these crystals*®**?SAXS can also provide information about the fiarimorphology.
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Interfaces between immiscible polymers, and atfates with solid substances is
critical for understanding and improving the penfiance of polymer multi-component
systems and the X-ray techniques available are ahiguthe most widely used
guantitative technique for this analysis (otherhteques include scanning electron
microscopy (SEM), transmission electron microscogfEM), and neutron
reflectivity).?® 133138 ray reflectivity techniques have a penetrati@ptth of several
hundred nanometers with a spatial resolution aiml lout the information obtained is the
optical transform of the concentration profile imetspecimen which requires model
calculations to interpret the ddt&.

In addition, X-ray photoelectron spectroscopy (XRf&s become a standard
guantitative method for characterizing polymer scels and interfaces. The surface
sensitivity of XPS stems from the extremely shoeiam free path of the electrons~ 2.3
nm) and their strong dependence on kinetic endfgy.atoms of carbon, nitrogen, and
oxygen, compositions of 0.2 atom% is possible, haweit is not possible to obtain an
absolute number of atoms in this range. One mlsbrethe ratios of the signals coupled
with known photoionization cross sections to detaarconcentrations. Additionally, it
can be used to determine hybridization of carbatifferent depth in a samptd’**

Near Edge X-ray Absorption Fine Structure (NEXARPEctroscopy is a strong
technique to determine compositional analysis fhrsatter'° Polymers in particular are
sensitive to radiation damage caused by X-ray dxtren irradiation and there is a risk
that the sample and its spectrum might degraderfdsan any meaningful analysis can

be performed®* In general, the radiation chemistry and damageadjmers can take
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several forms, such as loss of crystallinity, lokmass, or chemical modification. With a
guantitative understanding of the radiation damlagetics, it can be possible to design
experiments that work within a tolerable damagatli@urrently, the level of radiation

damage for X-ray microscopy of polymers is not eeese as to prohibit the analysis of
most polymer materials, however, the push to highpatial resolution and the
elucidation of more subtle spectroscopic differeneall make radiation damage a

growing concerr??
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Chapter 3.  Experimental

3.1.Introduction

Included in this chapter are the experimental &etar the techniques used in this
work along with all materials.
3.2.Chemical Reagents and Polymers Used

3.2.1. Chloroform [CHCI 3]:
MSDS name: Trichloromethane; 99.8% environmentatlgr(stabilized with ethanol)
Purchased from: Alpha Aesar
CAS number: 67-66-3

3.2.2. Methanol [CH3;OH]:
MSDS name: Methyl alcohol; ACS grade
Company Identification: BDH
CAS number: 67-56-1

3.2.3. Toluene [CH5CH3]:
MSDS name: Methylbenzene, Phenylmethane; ACS grade
Company Identification: BDH
CAS number: 108-88-3

3.2.4. Ethanol [CH3CH,OH]:
MSDS name: Ethyl alcohol; 99.5% ACS 200 Proof
Company Identification: Acros Organics

CAS number: 64-17-5
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3.2.5. Isopropanol [(CH3),CHOH]:
MSDS name: 2-Propanol, 2-hydroxy propane; OMNISohHPLC
Company Identification: EMD
CAS number: 67-63-0

3.2.6. Hexane [CH;(CH2),CHg3]:
MSDS name: Hexane; CHROMASOEVfor HPLC,>95% linear
Company Identification: Sigma-Aldrich
CAS number: 110-54-3

3.2.7. Ammonium Hydroxide[NH 4OH]:
MSDS name: Ammonia; 28% w/w, Density at 20°C: 0.91
Company Identification: Alpha Aesar
CAS number: 1336-21-6

3.2.8. Acetone [(CH;).COJ:
MSDS name: 2-Propanone, Dimethyl ketone DMK, Propan
Company Identification: Alpha Aesar; ACS grade
CAS number: 67-64-1

3.2.9. Methyl ethyl ketone [CH3CH,COCHj]:
MSDS name: 2-Butanone, Ethyl methyl ketone MEK ,eBwine
Company Identification: BDH, ACS grade (EK 500 Atili)

CAS number: 78-93-3
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3.2.10. Deuterated Acetone [(CR).CO]:
MSDS name: Acetone-d6, 99.8% deuterated
Company Identification: Acros Organics
CAS number: 666-52-4
3.2.11. Glacial Acetic Acid [CH3COOH]:
MSDS name: Acetic Acid, 99%
Company Identification: Alpha Aesar
CAS number: 64-19-7
3.2.12. Methanol —*C [**CH3OH]:
MSDS name: Methyt*C alcohol; 99%
Company Identification: Sigma-Aldrich
CAS number: 14742-26-8
3.2.13. Deuterated solution of Ammonium (deuterium monoxidgND ,OD]:
MSDS name: Ammoniumzddeuteroxide solution, 25%wt deuterated ammoni&b 99
deuterated
Company Identification: Sigma-Aldrich
CAS number: 12168-30-8
3.2.14. Dodecane [CH(CH3)1oCH3]:
MSDS name: n-Dodecane; 99%
Company Identification: Acros Organics

CAS number: 112-40-3
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3.2.15. Tri-n-octylamine [(C gH17)3N]:
MSDS name: tri-n-octylamine; 95%
Company Identification: Alpha Aesar
CAS number: 1116-76-3
3.2.16. Sulfuric Acid [H ,SO,):
MSDS name: Sulfuric acid; 93%
Company Identification: Alpha Aesar
CAS number: 7664-93-9
3.2.17. Hydrogen peroxide [HO]:
MSDS name: Hydrogen peroxide aqueous solution; 35%
Company Identification: BDH
CAS number: 7722-84-1
3.2.18. Poly(glycidyl methacrylate) ( PGMA)
Synthesized by Dr. B. Zdyrko according to a preslgwpublished proceduteM, =
135k Da, PDI= 2.97 measured by GPC (Waters Bre&zigtidyl methacrylate was

purchased from Sigma-Aldrich.

CHj

H
:H :n
(@]
o]
H H
H O
W (S.1)
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3.2.19. Poly(acrylic acid) (PAA)

Mn = 100k Da, dried from a 35% water solution, pwaged from Sigma-Aldrich.

(S.2)

3.2.20. Poly(2-vinyl pyridine) (P2VP) Carboxy terminated

Mn = 53k Da, PDI = 1.06, purchased from PolymerrSeuinc.

(N N
L A
NT X
l/

(S.3)
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3.2.21. Poly(butadiene) epoxidized ~60% (EPB60)
Polybutadiene was purchased from Sigma Aldrich (Mi4k Da) and epoxidized
60% by Dr. B. Zdyrko as described elsewheRresented below is the 1,2 and 1,4

structures.

(S.4)

3.3. Surface cleaning of substrates
3.3.1. Piranha solution treatment

Surface cleaning of silicon wafers (purchased fromversitywafer.com) and
silicon crystals (purchased from Pike Technologwa3 done by chemical treatment with
a piranha solution (3:1 v/v sulfuric acid and hygkno peroxide 35% w/w). Silicon
samples were individually cleaned in the solutionglass test tubes for a minimum
period of 2 hours at 80°C. The solution was draiméadl a glass waste container (piranha
solution is extremely corrosive to organics and baild pressure when the container is
tightly capped). All silicon samples were rinsedfitiing the test tube with the deionized
(DI) water and then drained five times. The sili@@mples were dried with an ultra high

purity nitrogen stream in a clean room.
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3.3.2. Plasma treatment

Plasma cleaning was performed using a HarricknPda€leaner/Sterilizer model
PDC-32G. This cleaning was done primarily to shicorystals to remove polymers
coated on the surface. Pirhana treatment folloveecetise silicon waveguide crystals.

Power was set to 18 watts for 10-15 minutes.

3.4. Synthesis of polymer coatings
3.4.1. Deposition

Dip coating was accomplished using a Mayer Feintechnik D-3d{pOcoater.
Rates were kept the same for each polymer at 240mimmfor submersion and
withdrawing.

3.4.2. Grafting

Grafting was accomplished by placing polymer filthat had been coated onto
the substrate into a VWR vacuum oven preheateddsaed temperature. Temperatures
that were used were above the polymer’s glassitiamsemperature (J). Polymer glass
transition temperatures were confirmed separatsiggua TA Instruments differential
scanning calorimeter (DSC) Q1000 model. The glaassition temperatures and the
corresponding grafting temperatures for the polgmesed in this work is provided in
Table 3.1

Table 3.1. Glass transition temperatures and graftig temperatures for major
polymers used in this work.

Polymer Tg [°C] Grafting Temp. [°C]
PAA 106 120
PGMA 70 120
PVP 147 150
EPB60 95 120
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The atmosphere in the oven was reduced by vacuwnmation. The resulting internal
pressure in the oven was approximately 50mmHg. firhe for grafting each layer is

given in individual chapters.

3.5. Characterization
3.5.1. Surface grafting density

The polymer surface coveraggmg/nf) , was determined from the film height,
h(nm), obtained from ellipsometry and densityof the polyme¥>:
I'=hp (3.1)
The density for PGMA is approximately 1.08(gAmThe chain density (chains/nrf),
on the surface (taking into account unit conversjamas calculated frofi:

_ TxNpa*10721  6023+T
o M M,

(3.2)

where M is Avagadro’s numbeny (g/mol) is the molar mass of the attached macro
molecule.clis the average area occupied by the polymer chath@surface.

3.5.2. Ellipsometry

An InOm Tech Products Inc. model COMPEL ELC-11lipsibmeter and
accompanying ELLIPS software were used to measwealty polymer film thickness
which was verified by a scratch test performed ByMA In this experiment, the brush
was scratched with an ultra-sharp needle to delatmithe layer down to the Si-wafer.
The sample was then scanned over the area witsctagched line. Thickness of the film
was determined using cross-section of the heighagan Standard error of the
measurements is approximately 5%. The wavelengtiglof used in this setup was 651

nm which is known not to be absorbed by any offilngs, and the incident angle of the
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light was always set to 70°. The refractive indéxach polymer is given imable 3.2.

The refractive index of PGMA was estimated from P

Table 3.2. Refractive indices for major polymers usd in this work.

Polymer Refract Index

PGMA 1.49
PAA 1.52
EPB60 15
P2VP 1.53

For each sample, one spot was measured by colieetmeasurment per second over a
10 second period for a single thickness. Five bfie spots were analyzed on each
sample film to determine an average film thickness.
3.5.2.1. In-situ Ellipsometry
In-situ ellipsometry was conducted to identify trends ofymer film swelling

with various VOC vapors using the same ellipsometentioned in the previous section.
A wafer covered with one of the polymer coatingswéaced in an enclosed cell with a
reservoir of analyte under ambient conditioRgy(re 3.1). Fluorinated grease was used
to seal the cell. Psi and delta parameters weratared and recorded for 2,500 seconds
(approximately 40 minutes). For each experimemahemained some amount of liquid
analyte in the reservoir indicating that vapor watirated in the cell. Conversion of raw
ellipsometry data to thickness was done using so#twvhich modeled the change of psi
and delta with the refractive index held constdhe data was modeled with the ELLIPS

software using a refractive index of 1.5.(Justiimain the Appendix, Section 1)
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Lasersource

Polarizer
Detector

Analyte liquid in reservoir Systern on Si wafer

Figure 3.1. Schematic representation of experimentaet-up used for ellipsometric
absorption measurments.

3.5.3. Atomic force microscopy (AFM)

AFM was performed using a VEECO Dimension 3100 &tedmine layer
morphology, uniformity, thickness, and roughnesie Tmages of the sample surface
were always taken under ambient conditions usingpa- silicon tips (NSC16/AIBS)
purchased fromuMasch. Data collection was done with VEECO Nanoscsgftware
(Version 5.03r3.sr3) and image sizes were 256 liDasa was obtained from an area of
1x1um. AFM was used to confirm ellipsometry thicke@alues by analyzing a scratch in
the polymer film. Standard deviation of the thicksevas calculated using the Gwyddion
2.32 1D mean statistical fitting function. RMS rbwgss of the surface was calculated by
using VEECO Nanoscope software.

3.5.4. Attenuated Total Reflectance Mid-IR Spectroscopy
The IR spectrophotometer used was a Thermo Nideéetus 870 e.s.p. FT-IR. All
spectra were analyzed using OMNIC software. Spsctieic measurements were

conducted using PIKE Technologies Variable AngldtMreflection ATR accessory. A
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single spectrum was an average of 32 scans.ab8orbance has been removed from the
spectra.
3.5.4.1. Static absorption measurements

To conduct static vapor absorption measuremerdgsstm made cell was placed
on top of the Si crystal waveguide. Silicon crystalveguides used in the IR experiments
were purchased from Harrick and weré #apezoids. Kalrez o-rings, used to seal the
perimeter of the IR cell, were purchased from Mctda€arr. The ATR FT-IR spectrum
of the EPL layered coating was taken as a backgrolime liquid analyte of interest was
placed in a small reservoir and was allowed to viapon the closed cell to replicate
static conditions used in ellipsometrifigure 3.2. Measurements were collected in
ambient at room temperature. Each spectrum was t@kan average of 32 scans over 19
seconds with a resolution of 4 ¢rSpectra were collected after 20 minutes of exggsu
unless otherwise stated. The average deviatioriseofbsolute value of the absorbance
are given in spectra of specific analytes. Speditthe analyte in the vapor phase using a
non-coated silicon crystal were obtained as wglecia of the analytes in the liquid
phase were obtained by applying one to three dobps analyte on a non-coated silicon

crystal.

75



Analyte liquid In reservoir

Enclosed
¢ cell

Polymer

Si crystal

Figure 3.2. Schematic representation of set-up usefdr mid-IR detection in static
loading conditions.

3.5.4.2. Efficiency of absorption as a function of IR absorlance

It is beneficial to evaluate the efficiency of tlarichment system toward
detecting VOCs by FT-IR in order to compare difféareenrichment systems and
thicknesses. The absorbance of mid-IR energy in ATIRIR is subject to the Beer-
Lambert law. This law has a saturation point whbeechange in absorption goes to zero
due primarily to scattering of the light beforeeiches the detectdf. The maximum IR
signal for analytes for this experimental ATR setups determined by calculating the
maximum absorbance per square centimeter of theudpce of the silicon crystal. For
this purpose, a silicon crystal was specially miedif This was done by first applying a
protective coating of polystyrene (PS) to threeaaref a silicon crystal. The crystal
surface was then coated with silver by plasma vaeposition (PVD) to a thickness of
approximately 1um. The PS was then removed withetwd leaving the three areas free

of silver (Figure 3.3. The remaining silver reflects the IR light s@ thncovered spots
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are only areas where the energy can be absorbe&darBa of these spots, which was
0.779 cr and the total crystal surface was 5.341°,onas measured from a digital
photograph using the software imageJ (Version 1.486g total absorbance of liquid
analyte on the spots was used to calculate thé dbtorbance per area of the silicon
waveguide crystal. It is therefore possible to wbhéamaximum absorbance for an analyte

absorbed in an EPLS on this specific IR instrument.

.@\/QD Q.\;Q

Sicrystal surface Ag ~1lum

Figure 3.3. Schematic representation of silver degited onto a silicon crystal surface.

3.5.4.3. Dynamic Absorption Measurements

Spectroscopic measurements were conducted uskig Peéchnologies Variable
Angle Multi-Reflection ATR accessory. To conduct aserements, a custom made
stainless steel cell was placed on top of the bnrént polymer layered system coated
onto a Si crystal. An o-ring purchased form McMeaglarr was used as a gasket.
Stainless steel tubing was used in the delivertesysThe cell was stablized by applying
a locking press. Dry nitrogen was allowed to passugh the cell at 30 mL/min for 30-
40 minutes to purge it. The polymer layer with tel and o-ring was taken as a
background. A scheme of the setup used to delimatyte vapor to the enrichment
polymer layers under dynamic conditions is provided-igure 3.4 Spectra were an

average of 32 scans with resolution set at 4.cBpectra were taken over a period of time
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until it was apparent that the intensity was naraing. All dynamic experiments were
done at room temperature. The average deviationsalhsolute absorbance values
decrease when purged with nitrogen before collactidl spectra were analyzed using

OMNIC software.
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Figure 3.4. The scheme of the set-up for dynamicoflv and mixing of analyte vapors
using nitrogen as a carrier gas.
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3.5.4.4. Processing FT-IR spectra from VOC exposure experinmgs
Spectra collected for all FT-IR experiments werecpssed in the following
manner using OMNIC 5.1b Nicolet Instrument Corp 29999 software. The steps of
processing a sample spectrum are given below.
(1) A background spectrum of the EPL or EPLS unexptosadOC vapor was collected
as a single beam spectrum.
(2) A single beam spectrum of the sample is takenlates time, which is the EPL or
EPLS with the absorbed VOC vapor (polymer + absb©C). InFigure 3.5 the

single beam spectra are provided.

PGMA Film _A
PGMA Film + Acetone Vapor_B

16

Single Beam (a.u.)

T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm ™)

Figure 3.5. Single beam IR spectra oh PGMA coated silicon waveguide crysti
before (A) and after acetone exposure (B).

(3) The intensity of the single beam spectrum of thea, |, is divided by the intensity

of the background,, which gives the transmittance, Higure 3.6).

T=— (3.3)

Io
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Figure 3.6. The transmittance IRspectrum of acetone absorbed into a PGMA sinc
component film.

(4) The raw absorbance spectrum is generated from tlationship between

transmission and absorbance, which is
A = —log (T) (3.4)
The Nicolet software allows one to do these congassautomatically.

(5) The absorbance spectrum requires an ATR corrediiento the fundamental aspect
of the evanescent wave having a depth of penetrttat is a function of wavelength.
“This correction applies a linear ramp [functiom] the ATR spectrum in order to
approximate the relative band intensities that wobé found in a transmission
experiment.?

(6) Spectra are shifted from zero due to the inhersse that comes from the

instrument. This shift is treated in common practoy a base line correction which
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sets a zero point for the spectrum. Automatic laselcannot always give a good
zero line for the spectrum and are prone to gitkeeihigher or lower corrected
absorbance values. For all of the spectra presemtéds dissertation, a baseline was
created manually by careful analysis of the spettr8pectra to illustrate parts (4)

through (6) are presentedhingure 3.7

Unprocessed_A
ATR correct_B

0.3 Auto Baseline_C
4 Final Spectrum_D
0.2 4
8 0.1 -
)
o -
T
o 0.0 H
o
2 i
o
< -0.1 +
-0.2 S

T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm '1)

Figure 3.7. Absorbance spectrum of acetone absorbedto a PGMA film illustrating
the procedure.

Spectra were smoothed in Origin Ver 6.1 by usehef EFT filtering operation
using a 3 order polynomial and averaging five poingg(re 3.9). The CQ peaks that

are present from approximately 2300 to 2400'care removed from spectra for better

clarity.
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Figure 3.8. Final absorbance spectrum of acetone vapor absorbed in®n PGMA film
before (top) and after (bottom) smoothing.
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Chapter 4.  Poly(glycidyl methacrylate) as an EPL
4.1. Introduction

This chapter explores the use of poly(glycidyl Inaetrylate) (PGMA) as a one-
component enrichment polymer layer (EPL). PGMA wsfglied as a single EPL for two
reasons: 1) it is a primary component of more cem@PLS and 2) it has its own unique
chemistry, which can be utilized for targeting nplé VOCs. The VOCs used in the
experiments represent a range of chemical speossepsing different chemical natures.
Specifically, the VOCs tested were acetone, methatieanol, isopropyl alcohol (IPA),
acetic acid, hexane, and ammonium hydroxide.

PGMA films were produced with a well-known techmigreported previousiy.
PGMA film thickness was measured by ellipsometitye Burface was examined by AFM
to analyze the morphology and uniformity of thenfilFinally, the chemical functionality
of the deposited film was characterized by FT-1Rlgsis.

The applicability of PGMA to serve as an EPL fdd¥s was evaluated by-situ
ellipsometry. The IR absorbance signature of theCg@bsorbed by the PGMA layer,

were monitored bin-situ ATR FT-IR.

4.2. Experimental Details
4.2.1. Polymer film and grafting details

PGMA films of varying thickness were prepared by doating a substrate in
polymer solutions of various concentrations in obform. Thicknesses, solution
concentration, annealing time, and substrate typ@i@en inTable 4.1 For one sample,
a silicon wafer surface was modified with PGMA wsan0.07% wi/v solution, which was

then rinsed in pure chloroform by dip coating. Tpieduced a 8 nm layer. Rinsing was
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done to remove ungrafted polymer. For the resthef gamples, rinsing was done by
submerging the grafted sample in pure chloroforime €hloroform was removed and a
fresh portion was added. This was repeated thmeestafter time intervals of 10 mins, 10

mins, and 2 hrs minimum (in some instances ovethigh

Table 4.1. Experimental parameters used to build PMA layers

_ . Solution
PGMA graited  Annealing Time Silicon substrate concentration
Thickness [nm] [min]
[w/iv%b]
3 20 Wafer 0.07
15 60 ATR Crystal 1
60 720 ATR crystal 1
90 900 Wafer 2
130 900 ATR crystal 2

The polymer surface coverade,(mg/nf), was calculated from Equation 3%
The density of the PGMA is approximately 1.08 g/érithe chain density on the surface
was calculated from Equation 33.Table 4.2 presents the surface coverage of the

PGMA films used in this investigation, with the@sipective chain densities.

Table 4.2 Grafted layer characteristics of PGMA fims.

PGMA Thickness Surface Coverage,I' Chain density,
(nm) [mg/m?] o[chains/nn?]

8 8.64 0.04

15 16.2 0.07

60 64.8 0.29

90 97.2 0.43

130 140.4 0.63

Standard deviation of the thickness was calculatadg the Gwyddion 2.32 1D
mean statistical fitting function. Deviation wasthn +1-2 nm. RMS roughness of the
surface was calculated from the VEECO Nanoscopwace.
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4.3. Results and Discussion
4.3.1. Characterization

The AFM morphologies of the 8 nm and 90 nm PGMiné are presented in
Figure 4.1 The thin PGMA film is susceptible to slight detuag, which presents as pits
or holes in the film. This can be due to instapilih the thin film, which is most
prominently linked to stress in the film. The stemn come from a number of factors,
including solvent evaporation from the film durimyp coating. These stresses are a
function of the polymer’s relaxation time; if thelgent evaporates at a fast rate, stresses
in the film can occuf® In fact, for thicker films, diffusion of the solmetakes longef,
thereby allowing more time for the polymer chaiasbe plasticized and rearranged. In
addition, phase separation caused by water conugrmsi the surface as the solvent

evaporates can cause surface deformations.
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Figure 4.1. AFM topographical images of (left) an im PGMA film and (right) a 90 nm
PGMA film. For both, the vertical scale is 10 nm, ad dimensions of the image are 1xlum.
RMS roughness values are = 0.4, and 0.3 nm, respeety.
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4.3.2. Swelling of PGMA films with various VOCs
The swelling extent was measured for an 8 nm &kposed to: acetone,
methanol, and hexane. At least three measuremesnts s@nducted for the each solvent.

The values are presentedrigure 4.2 The swelling fraction is determined as

Swelling fraction =Ad/d, (4.1)

whereAd is the change in thickness of the swollen filmnirthe dry state and, ds the
film’s dry state thickness. From an evaluation vatistudent’'s T-test, using a single tail,
95% confidence interval, it was determined thatsthelling of the layer with hexane was
statistically different from that of acetone andthamol (t values of 9.89 and 8.49,
respectively). However, the data shows that theas wot a statistically significant
difference between the swelling fractions for anetand methanol absorption (t value of

2.23).
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0.0

T T T T T
Hexane Acetone MeOH

Figure 4.2. Single 8nm PGMA layer swelling fractios in the presence of variou
analyte vapors.
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The swelling extent of the 90 nm PGMA film by organapors is presented in
Figure 4.3 For each analyte, the PGMA layer produced a miffe maximum swelling
thickness. All three alcohols reached approximated9o swelling within a standard
deviation. Acetone, known to be a good solventR@MA, swelled the film to nearly
40%. Hexane, a poor solvent, swelled the film ta 4¥ese results demonstrate that the
PGMA layer has significant swelling capabilities.

A Student’'s T-test was performed for the swelldaga with a 95% confidence
interval to determine statistical significance. Bwaluation found that the swelling of the
layer caused by the alcohols was not statistichffgrent; the swelling fractions of acetic
acid, acetone, and hexane were statistically sggmf. T values with accompanying p

values are given in the appendix, section 3.

0.5+

0.4 J

|
|

0.1+ 1

Swelling fraction (ad/d )

0.0

Hexane  \eoH \PA E‘O\E‘\ce{\c acid pcetone

Figure 4.3. Swelling fraction of 90 nm PGMA film inthe presence of various analyte
vapors.
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The swelling kinetics for VOC sorption in the 90 iiGMA film is presented in
Figure 4.4 Each curve is an average of 2—3 swelling expearimad-rom this plot, it can
be seen that each analyte except AA reaches aaBSaturegion after about 1,200
seconds. Acetic acid is the only VOC that takesgésnthan 40 minutes to reach
equilibrium. 1t is suggested that at least two mimeana might be responsible for the
slower kinetics. First, acetic acid can dimerizbeTdimerization can keep acetic acid
from diffusing fast into the PGMA filmMi® Second, acetic acid can trigger the opening of
the epoxide ring causing additional cross-linkitiggreby slowing down the diffusion of
the analyte into the film. In fact, in a model expeent (conducted by Dr. Zdyrko) we
treated PGMA film with acetic acid (in liquid forngt room temperature and, using

ellipsometric measurements, observed attachmeheadcid to the PGMA layer.
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Figure 4.4. Kinetics of VOC vapor sorption into 90nm PGMA film.
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As thein-situ ellipsometry studies were conducted with a sataratOC vapor,
the question of how the swelling of the polymemfiis affected by vapor pressure came
into play. The vapor pressures of each of the V@@s listed inTable 4.3 were
calculated with the Antoine equatibfbelow) using parameters A, B, and C taken from

the NIST websité®

log(p) = A — = (4.2)
In bold, the respective rank in swelling fractiontwthe PGMA film (from
highest to lowest) is indicated next to each VO@orgpressure. It can be seen that the
swelling fractions do not follow the vapor pressuoé the VOCs. This indicates that the
swelling of the system depends on other factorswali. One such factor is the

thermodynamic affinity of the polymer film towarkde VOC which can be assessed using

the Flory—Huggins approach.

Table 4.3. Vapor pressure values of examined VOCsalculated from Antoine
parameters at 25°C.

VOC Vapor Pressure

[mMmHg]
Acetone 228.04(1) *
Hexane 150.27(6)
Methanol 126.06(5)
Ethanol 58.51(3)
Isopropanol 42.33(4)
Acetic acid 15.72(2)

*Numbers in bold rank the VOCs by their volume dimgl fraction inFigure 4.3
4.3.3. Interaction Parameter, x
Using the swelling data of the polymer film, itpessible to determine polymer—

solvent interaction parameters to describe polysoérent pairs based on known
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thermodynamic relationshig$ As the cross-linked and anchored PGMA film swehe,
total free energy can be expressed as
AGr = AGy, + AG, (4.3)

AGy, represents the free energy of mixing of the polymethe uncross-linked
state andAG, represents the free energy change upon expanidéngdlymer network.
The first term in the equation is the Flory-Huggiasal free energy of dilution. The
second term is related to parameters that can ®erkor measured. Assuming that there
is isotropic expansion of the network under isatiedrconditions, the termGe can be

expressed as reversible work per unit volumeyhere

W= ﬂ( ~*/s _ 1) (4.4)

2M¢ 2
Equation 4.4 is derived from a treatment of thengjeaof entropy of an elastomer
system. R and T are the gas constant and temperaspectivelyp is the density of the
polymer andg; is the volume fraction of the polymer in the swallstate. Mis the
number average molar mass of the active chainHhenggtween crosslinks. The volume
fraction of the polymer can be expressed in terinshe number of moles of liquid
expanding the elastomery, the number of moles of the polymes, mnd the molar

volume of the solvent, i and polymer,Yy, as

n,Vy

¢, = (4.5)

n1V1+n2V2
After a substitution to equation 4.4 and taking diféerential with respect toin
the final equation for the free energy change efalastomer swelling is

__ PRT

1
2V, (4.6)

AG,
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Substituting the full equation for the change defrenergy in 4.3, the Flory-

Rehner equation is obtained:

1
AGr = RT [ln(l = 2) + (1-3) &2 + x93 + "M—"Clq>2/3 4.7)
N is the degree of polymerization and if it is highe term (1-1/Np, can be

reduced tod,. When dealing with the vapor and liquid phasesaafomponent in a

mixture, in this case the VOC and polymer, it isger to use the fugacity of the VGE.

AGr = RTIn 3 (4.8)
This can be set equal to equation 4.7 for real agoid mixtures
§ _ _ 2 PV1 /s

RTlnﬂ) = RT |In(1 — ;) + b, + xd5 + v b, (4.9)

The ratio of the fugacity of the VOC component he tpolymer filmf;, to a

standard fugacity of the componéfi,is known as the VOC activitg,

a; = (4.10)

=3[

Taking the polymer-VOC system as an ideal, thevigtof the component is
directly proportional to the ratio of the partialepsure of the component to its vapor

pressure at equilibrium.

a =4 (4.112)
bj
Under conditions that are not ideal, the activiy de calculated using the second

virial coefficient, which can be determined fronpamte experiments (not presented in

this dissertatiort}

. B o
aj = ;’_(1) e "RT(Pi ~PD) (4.12)
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As a first approximation, the system presenteaissitlered to behave as idé4l:

. 1
2 = {In(1 = o) + by + x5 + 22, (4.13)

1

The standard temperature of this equation is tdkebe at 25°C which is the
approximate temperature at which these experimegats conducted. It is assumed that
the internal pressure of the cell at which the Baglexperiments were performed is very
close to the saturation pressure of the vapor minthe ratio of partial pressure to vapor

pressure close to® Therefore, the swelling equation for our system is

1
0=|in(1 = ) + ¢, + x93 + 229, (4.19)

The equation below states that at equilibrium angllusing a polymer of high

molecular weight, Mcan be determined from the following equation:

-1

~ B 2

M, = (In(x ¢z))1/;1>z X¢2] (4.15)
pvl(bz

Likewise, the interactiop parameter was found for VOC-PGMA pairs used in

this work by the following rearrangement of equatf15:

 —(n(1-92))-02-E2,7%)
X= 93

(4.16)

This approximation provides a good qualitative cangon for polymer-solvent
pairs with regard to the affinity of the solventttee system and the cross linked/grafted
sites.

Poly(methyl methacrylate) (PMMA) has a chemistrpsé to that of PGMA

which can be seen from known solubility parameteased on chemical functional
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groups and determined from Hansen paramet€ablé 4.4. PMMA dissolution in

solvents has also been studied extensively.

Table 4.4. Solubility parameters for PGMA and PMMA
dq [(MPa)?] &, [(MPa)'] &y [(MPa)') Total 6 [(MPa)'?]

PMMA 18.6 10.5 5.1 22.0

PGMA 16.5 7.6 9.2 19.6

The interaction parameteg,, for PMMA and acetone of 0.479 has been reported
in literature® Using this knowry value, and estimating that PGMA and acetone have a
interaction parameter close to 0.5, the numberagmeemolar mass of the chain lengths
between crosslinks and grafting points can be eséchwith the measured swelling of
PGMA with acetone. That estimation for the 8 nm P&Mm is 1195 g/mol and for the
90 nm PGMA film it is 465 g/mol. It is noted thahike the cross linking density of the
90nm film should be more than the 8nm, this appé&aitse an over estimation. Future
experiments would need to accurately determin@xiaet cross linking density. Next, the
interaction parameter was estimated for the remgiRGMA-VOC pairs for both the 8
nm film and the 90 nm film and are presentedamle 4.5andTable 4.6respectively.

Table 4.5.y parameters calculated for 8 nm PGMA film

VOC  @poly @Psolven X

MeOH o35 0.5 0.36

Hexane 7, .28 0.84
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Table 4.6.y parameters calculated for 90 nm PGMA film
VOC Qpoly Dsoivent X

Acetone 0.6 0.4 0.479

MeOH 0.87 0.13 1.42

Hexane 098 0.02 2.73

IPA 086 0.14 1.26

EtOH 085 0.15 1.26

AA 072 0.28 0.81

It can be clearly observed that the values for pheameter are significantly
different for 8 nm and 90 nm films. For the thickiém the parameters are corresponding
to the solubility of the PGMA in the solvents. lact, PGMA is soluble only in acetone
(x<0.5). It can be suggested that the lower valueghi® thinner film are associated with

significant influence of the silicon surface on davent sorption.

4.3.4. Partition coefficient for VOCs in PGMA

In order to understand the absorption behaviorhef polymer films on the
guantitative level, the partition coefficient, Kaw calculated for the PGMA films (8 nm

and 90 nn)" 8

RTp
Kealc = V(61-82)2 (4.17)
MpexpT

wherep is the density of polymer film, p is the vapor ggere of the solvent, Né the
molecular weight of monomeric unit of polymey, is the solubility parameter of the

solvent vapor, and, is the solubility parameter of the polymer. Thentem the
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exponential can be substituted directly with ghparameter determined in the previous

section. The equation then becomes

RTp
MpeX

Kealc = (4-18)

The experimental data obtained from swelling experits was used to calculate
an experimentally observed partition coefficienheTequation for the experimental

partition coefficient i5"*®

Kexp = % (4.19)
RT

The ratio of the mass of solvent vapor pef aipolymer coating to the mass of solvent
vapor per criof vapor volume defines the partition coefficiddere, M is the molecular
weight of solventp is the density of the solventjs the volume fraction of the solvent in
a polymer determined from ellipsometry,ifRthe gas constant, i§ the temperature of
the system and p is the vapor pressure of the sioatdhe system temperature. K can be
defined as the ratio of the mass of solvent vagorcp? of polymer coating to the mass
of solvent vapor per cfof vapor volume.

Equations 4.18 and 4.19 were used to calculatpdhtiioning of VOCs into the
PGMA films. The results of the partition coeffictecalculations for the 8 nm PGMA
film and the 90 nm PGMA film are presentedTiable 4.7 andTable 4.8respectively.
The thicker 90 nm PGMA film, which has a higherdewf cross linking, has reduced
partitioning of three analytes compared to the 8fiim. The response of both PGMA
films to most solvent vapors is in good agreemeith whe predicted value within an
order of magnitude. However, the response of tlenédn PGMA film to methanol is

significantly higher. In this case, it is suggestieat there are strong interactions between
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the surface of the silicon wafer and methanol, Widause increased swelling of the thin
PGMA film with methanol. Acetic acid is also in gbagreement despite the fact that it
can dimerize in the vapor phase and in the filmonkrthe data obtained it can be

concluded that the Flory-Rehner equation can bd tsestimate interaction parameters

for thin films anchored to the surface.

Table 4.7 Calculated partition coefficients and exgrimental partition coefficients for 8
nm PGMA film

KCalc Kexp
Acetone 383 622
Hexane 406 263
Methanol 780 2420

Table 4.8. Calculated partition coefficients and gxerimental partition coefficients for
90 nm PGMA film

Kcalc Kexp
Acetone 383 444
Hexane 61 19
MeOH 270 474
IPA 805 804
EtOH 683 816
AA 3993 5787

4.3.5. FT-IR ATR spectra obtained in static conditions
FT-IR spectra were obtained for PGMA films depasiten a silicon crystal

waveguide and exposed to various VOCs. A non-mexdliirystal was exposed to the
same VOCs to demonstrate that a polymer coatimgleed necessary to pick up vapor to

produce substantial IR signals. The IR spectrunthefVOC absorbed into the PGMA
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film is compared to an IR spectrum of the liquid @@nalyte taken on the same FT-IR
instrument on a non-coated silicon waveguide ATy te.
4.3.5.1. Methanol

Figure 4.5 contains the FT-IR spectra for PGMA film swollentivimethanol,
alongside the spectrum of liquid methanol and thecsum of a non-coated silicon
waveguide crystal exposed to methanol vapor. Adicsa were recorded on the same
instrument. The spectrum of a non-coated silicomegaide crystal exposed to methanol
vapor shows a small absorbance band in the 290bregion. Beyond this there are no
identifiable peaks to distinguish methanol. MetHaam®a liquid has a broad and intense
band between 3100 and 3600 trorresponding to the hydrogen oxygen stretching (O
H). Obtained spectroscopic data clearly demonstrdiat methanol was “picked-up” by
the PGMA enrichment polymer coating and producaeduespectroscopic signature.

There is a difference in the carbon-hydrogen (Cshgtching of the methanol
absorbed into the PGMA film compared to its origihguid. PGMA has its own C-H
stretching along its backbone, which can contridatéhis difference. In fact, the repeat
unit for PGMA has three CHgroups to one CHgroup while there is only one GH
group in methanol. Therefore, there is likelihobdttCH from both methanol and the
PGMA layer overlap, which makes accurate interpi@taof the C-H spectra rather
challenging.

The carbonyl group from the PGMA ester in the lgaokind interacts with the
methanol resulting in a negative IR absorbanceoregetween 1560 cfand 1725 cit;

however, a “new” vibrational frequency is seen abarp peak at 1733 €mThis type of
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peak is not associated with any fundamental fregesrin either the polymer film or the
VOC in question. Rather, it represents interactibeéveen the two substances. The
interaction produces resonance frequencies disghghly different from the background
spectrum. This will be referred to as a secondagkpfor the enrichment of the layer-
solvent system. The absorbance value for the pgak(d19 and the negative region
associated with the interaction is 1.69. Peaks ssdhis are highly desirable as they can
provide unique characteristics for quick identifioa. The PGMA layer is thus capable
of incorporating methanol, which can be identifieg¢ its absorbance bands and

secondary absorbance peaks.
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0.02 PGMA Film
0.00 J\/\/—
-0.02
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1 T T T T T T
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0.02 Methanol liquid
0.01 Non-coated crystal

0.00 - M A
-0.01 T T T T T T T !
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0.004
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0.000 JF A Mgt N T
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Figure 4.5. The IR spectra of methanol absorbed bg 130 nm PGMA film. The IR spectrum
of liquid methanol and vapor exposed to a non-modiéd ATR crystal are added for
comparison.
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4.3.5.2. Ethanol

In Figure 4.6 the FT-IR spectra for PGMA film swollen with etlwnthe
spectrum of liquid ethanol, and the spectrum oba-ooated silicon waveguide crystal
exposed to ethanol vapor are presented. For thecomied silicon waveguide crystal,
there is only noise in the spectrum and no idexiii&é peaks of ethanol. Conversely,
spectroscopic signature of ethanol can be cledrberved for the PGMA layer swollen
with the solvent. In general, absorbed ethanol $pectral regions and characteristics
similar to methanol, but it has significantly diféat peak appearance. The differences
between ethanol and methanol lie primarily in tlrerggth of their polar and hydrogen
bonding. It is a general characteristic that théafqtees of functional groups such as
hydroxyl groups to be less prominent as the lemjtthe hydrocarbon chain increases.
The secondary carbonyl peak has an absorbance ea@17 and the negative region

has an area of 1.4. These values are slightlythessthose of methanol.
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Figure 4.6. The IR spectra of ethanol absorbed by 830 nm PGMA film. The IR spectrum
of liquid ethanol and vapor exposed to a nhon-modifid ATR crystal are added for
comparison

4.3.5.3. Isopropyl alcohol (IPA)

In Figure 4.7, the FT-IR spectrum of the IPA swollen PGMA filthe spectrum
of liquid IPA, and the spectrum of a non-coatetsil waveguide crystal exposed to IPA
vapor are presented. Once again there is not alsipove the noise when a non-coated
crystal is exposed to the vapor. The spectrumhieRGMA film produced spectroscopic
signature of IPA. The secondary carbonyl peak maglbsorbance value of 0.02 and the
negative region has an area of 1.85. These valieslghtly greater than those of

methanol and ethanol.
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Figure 4.7. The IR spectra of IPA absorbed by a 130m PGMA film. The IR spectrum
of liquid IPA and vapor exposed to a non-modified AR crystal are added for comparison.

4.3.5.4. Acetone

Figure 4.8contains the FT-IR spectrum of acetone vapor alesbnito a 130 nm
PGMA film, the liquid acetone spectrum, and thecspen of a non-coated silicon
waveguide crystal exposed to acetone vapor. Thetrsjpe of acetone vapor with the
non-coated crystal shows no discernible acetoneasige. However, the baseline is
distorted which can suggest some slight interastwith the surface. Broadening of the
fundamental carbonyl (C=0) peak of acetone at 1&t3 can be observed in the
spectrum of acetone vapor absorbed into the PGNMW filn the acetone swollen film,
there is splitting of the carbonyl region showing additional peak at higher
wavenumbers. There is little C-H stretching obsdras acetone is absorbed into the

film. The absorbance present in the 2800-2983 k@gion is minimal.
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Figure 4.8. The IR spectra of acetone absorbed by180 nm PGMA film. The IR
spectrum of liquid acetone and vapor exposed to eon-modified ATR crystal are added for
comparison.

4.3.5.5. Acetic Acid
In Figure 4.9 the FT-IR spectra of the 130 nm PGMA film loadedhwacetic
acid vapor, the liquid acetic acid absorbance spextand the spectrum of the non-
coated crystal are provided. The spectrum of vaxposed to a silicon crystal with no
polymer film has no discernable peaks. The carbpegks broadens for the acetic acid
absorbed into the PGMA film. The O-H region appeaositive and broad from the
acetic acid hydroxyl group absorbed in the layer.addition, there is virtually no
observable C-H stretching as it is overshadowethbyntensity of the carbonyl and O-H

region both in the liquid state and as a vapor diesbinto the PGMA film.
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Figure 4.9. The IR spectra of acetic acid absorbeay a 130 nm PGMA film. The IR
spectrum of liquid acetic acid and vapor exposed ta nhon-modified ATR crystal are added
for comparison.

4.3.5.6. Hexane

By now, it is evident that PGMA has good absomptiapabilities towards VOCs
that have a polar functional grougigure 4.10shows the spectra for the 130 nm PGMA
film exposed to hexane vapor and to the non-cositexn waveguide crystal which are
both compared to the spectrum of liquid hexanepigingly, there is a weak but
identifiable hydrocarbon signal from the non-coatagstal after exposure to hexane
vapor. With the PGMA layer the signal is increas#l times. Here the strong C-H
stretching characteristic of hexane indicates thiite the polymer systems primarily
have polar groups, non-polar VOCs can still petetiato the film. The C-H stretching

region is broadened. Specifically, two peaks ass@nmt in the hexane liquid spectrum, at
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2924 cni and 2958 cil have merged in the absorbed vapor spectrum. liti@dpeaks

at 2860 crit and 2873 cill in the hexane liquid spectrum seemingly merge &kema
peak at 2879 cih This could also be a secondary peak, as it isanfdndamental
absorbance peak of in the hexane liquid. Intergtirsecondary peak in carbonyl area is
also observed in the spectrum. To conclude, PGMéwal for a strong enrichment of

non-polar types of VOCs.
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Figure 4.10. The IR spectra of hexane absorbed byl80 nm PGMA film. The IR spectra of
liquid hexane and vapor exposed to a non-modified PR crystal are added for comparison.

4.3.5.7.  Ammonium hydroxide
The FT-IR spectrum of the 130 nm PGMA film exposedhe vapor of a 0.5%
ammonium hydroxide solution is presentedFigure 4.11 For comparison, the liquid
spectrum of the ammonium solution, and the nonexbatystal exposed to the vapor are

also provided irFigure 4.11 PGMA will absorb ammonia to a certain extent.geiase
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in IR absorbance intensity around 1740 'cmas observed. The O-H region shows a

positive absorbance which can be an additive restilboth the water vapor and

ammonia.
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Figure 4.11. The IR spectra of ammonium hydroxide absorbed by a 130 nrPGMA
film. The IR spectrum of the liquid solution and vegor exposed to a nomnodified ATR
crystal are added for comparison.

4.3.6. IR absorbance as a function of film thickness

A large signal to noise ratio is crucial when depeng a chemical sensor. One

aspect of the enrichment layers that can affectagioptensity is the thickness of the film.

In theory, as the film increases in thicknessait tbad more analyt&igure 4.12ashows

how the IR absorbance of the acetone signal ineseasth different thicknesses of

PGMA. Figure 4.12bis a plot of the intensity of the 1710 ¢marbonyl IR absorbance

as a function of the film thickness. Polymer chamshe thinner film are not as cross-
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linked. This allows more conformational freedom aildws additional loading of the
analyte. In addition, the IR absorbance intenstgalculated per nanometer thickness of
polymer film (right axis). A decrease in the capigpiof the film to load with VOC
molecules per nanometer is observed. This is mmdighly due to the increased cross

linking of the thicker films which restricts chatonformational changes.
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Figure 4.12. a) IR spectra of acetone vapor absortiento three films of different thickness
PGMA,; b)(e) average absorbance of the 1710 ¢hrarbonyl peak for each PGMA thickness
and (m) absorbance per nanometer ratio.

In order to demonstrate that absorbance intensigg chot increase just for acetone,
two more VOCs were used—hexane and methanol. Foanee absorbanceFigure
4.13, the characteristic peaks in the 15 nm layerbaoader and less defined. As the
PGMA film thickness increases, more hexane is abléad and each peak becomes
more defined. In addition, the 2879 ¢ri-H stretch exhibits concentration dependence.
As the film becomes thicker, it can absorb morelygeaand signal intensity increases.
However, nanometer per nanometer, the absorbamreases and is most likely due to

the increased crosslinking present in the film.
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Figure 4.13. a) IR spectra of hexane vapor absorbedto three different thicknesses of
PGMA; b) () average absorbance of the 2966 chtarbonyl peak for each PGMA
thickness and @) absorbance per nanometer ratio.

The IR absorbance of methanol with different PGNlf fthicknesses is given in
Figure 4.14 There was only a small increase in the intensitthefC-H stretching peaks
between the 60 nm and 130 nm films for absorbedhameti. The O-H stretching
intensity shows more variability. Conclusively, tH® absorbance intensity per
nanometer of the film decreases with methanol alditwith acetone and hexane. The
cross linking of the PGMA causes this diminisheadiog of VOC vapor. The increase in
signal intensity enables the use of thicker filmgtoduce robust IR signatures and still

be within the realm of the evanescent wave penetr&br the ChG resonators.
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Figure 4.14. a) IR spectra of methanol vapor absoed into three different thicknesses of
PGMA; b) () average absorbance of the 1710 ¢htarbonyl peak for each PGMA
thickness and @) absorbance per nanometer ratio.

4.3.7. Efficiency of PGMA enrichment layer
The EPLs were designed to attract and concentw®€s in the
evanescent wave region to produce a substantialsion order to quantify the ability of
the PGMA layer to attract VOCs, the efficiency bketsystem was determined. The
efficiency is defined as the ratio of the IR absorte due to vapor exposure pef¢at a
specific wavelength) and the IR absorbance of itneid VOC (same wavelength) per

cn? of the given ATR crystal. The equation is as fato

E= (ﬁJ*loO% (4.20)
A

whereA is the IR absorbance of vapor per‘dat a specific wavelength) add is the IR
absorbance of the liquid VOC (same wavelength) quet of the given ATR crystal,
using our IR spectrometer. The paramétemwas determined from experimental results

described in Chapter 3 Section 6.2.1.
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The absolute values of the efficiency of the enmeht layers used in this work
apply strictly to the Nexus IR instrument, and #ilecon waveguide crystals which were
used. This is because different IR spectrometeve lolifferent detectors and different
power levels are used in the IR source. These awtofs affect the initial intensity of
light that can go through the layer and be detebiethe instrument. If the power is too
weak, it makes the EPL seem as though it is clod4®©% efficiency all the time.

The maximum C-H absorbance of the absorbed vapdhe polymer film is
provided inTable 4.9 with the “main” peak absorbance (if C-H stretchisgnot the
dominant peak). Because the efficiency is a ratithe absorbance of the liquid VOC, it

is expected to be low as the EPL is not exposdidual.

Table 4.9. IR peak absorbances of liquid VOCs taketirom silver modified silicon
waveguide crystal.

From liquid spectra

VOC C-H peak’ abs/cnf Main peak abs/cnf
Acetone 0.19 0.04 0.38 0.07
MeOH 0.39 0.07 0.98 0.18
Hexane 0.30 0.04

EtOH 0.22 0.04 0.76 0.14
IPA 0.27 0.04 0.35 0.06
Acetic acid 0.07 0.01 0.84 0.16

*Asymmetrical C-H stretching peak for the respeetixOC.
**Main peaks refer to other strong absorbing peakihie VOC besides the asymmetrical
C-H stretch. For acetone and acetic acid, thisescarbonyl, and for the alcohols it is the
O-H stretch.

It was found, in agreement with expectations, tihat thicker layer was more
efficient. As shown inTable 4.1Q the C-H stretching was used to normalize the

efficiency, as all of the VOCs have C-H stretchiiipe specific wavenumber for each

compound was different but all were the highesbdimnce in the C-H stretching region.
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The greatest efficiency was observed for hexanenwavelengths in the C-H stretching
region were used. The efficiency for each VOC dases with decreasing thickness of
the polymer film. InTable 4.11 the efficiencies toward the pure VOCs used i thork are
given. The efficiency toward acetone is lower whismg C-H peak versus the “main”
peak carbonyl absorbance at 1710 ‘cnincreased efficiency could be due more
interactions within the PGMA layer. Hydroxyl absarize was not used for the alcohols
as “main” peaks due to the influence of humidity.

Table 4.10 Percentage efficiency for PGMA films (thee thicknesses): C-H stretching.

PGMA -130 nm C-H PGMA -130 nm C-H
(a.u.) [abs/cnf] N
% Efficiency*

Acetone 0.023 0.0043 12
MeOH 0.0552 0.0103 14
Hexane 0.094 0.0176 41
EtOH 0.0271 0.0051 12
IPA 0.0247 0.0046 12
Acetic

acid 0.005 0.0009 8.8

PGMA -60 nm CH
PGMA 60 nm C-H abs  [abs/cnf] % Efficiency
Acetone 0.01285 0.0024 6.8
MeOH 0.048 0.0090 12
Hexane 0.0685 0.0128 30
PGMA -15 nm CH
PGMA -15 nm CH abs  [abs/cnf] % Efficiency

Acetone 0.0027 0.0005 1.4
MeOH 0.0178 0.0033 4.5
Hexane 0.0191 0.0036 8.3
EtOH 0.0147 0.0028 6.6
IPA 0.0137 0.0026 6.4

*Based orEquation 4.20
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Table 4.11. Percentage efficiency for PGMA films ftree thicknesses): acetone carbonyl
stretching .

PGMA 130 nm Vapor [abs] [abs/cnf] % Efficiency
Acetone 0.131 0.025 34.2
PGMA 60 nm Vapor [abs] [abs/cr] % Efficiency
Acetone 0.056 0.010 14.5
PGMA 15 nm Vapor [abs] [abs/cmi] % Efficiency
Acetone 0.037 0.007 9.7

4.3.8. Concentration dependence using a PGMA EPL in dynaraiflow

The next step was to determine a) whether thentBAPGMA film would still
pick up acetone vapor after multiple dilutions wititrogen and b) whether it would be
possible to discern a VOC signal from absorbantensity alone. To do this, acetone
was delivered using the dynamic delivery setupjaeg@ in Chapter 3f-igure 3.4, with
nitrogen carrier gas. Starting from a total flow2f mL/min, the 130 nm PGMA film
was exposed to nitrogen saturated with acetonepidgehe total flow to 20 mL/min, the
acetone was diluted stepwise with nitrogen froneeoad line. This caused the acetone
signal to drop. The change of the acetone carbabgbrbance at 1710 €nis given in
Figure 4.15 The absorbance diminishes as more nitrogennsdated. All points on the
curve are the maximum of a separate run and eaclafeer 20 minutes of exposure;
however, the last point was taken after 40 mintaagach a signal above the noise. The
trend, however, has a positive deviation from adindependence. This could be due to a

high affinity between the VOC analyte and the padyrilm.
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Figure 4.15. The IR absorbance intensity of the 1Dlcni’ peak of acetone loading into a 130
nm PGMA film. The acetone was running at 20mL/min fow, which decreased with
increasing amounts of nitrogen. The inset depicthe spectra of 1710 ci peak with
increasing nitrogen content.

4.4.Conclusions
PGMA can be utilized as a single component EPlpdskre to VOCs witin-situ

ellipsometry showed a swelling trend for PGMk-situ FT-IR showed new peak
formations that were not present in the VOC. Theymrovide better identification of
VOCs. The strongest IR signals for VOCs were oleigiwith the thicker 130 nm film,
however, even 15 nm PGMA film is sufficient to trd@C molecules and obtain spectra.
The time that is needed to confirm VOC absorpt®iess than 30 seconds under static
conditions and identification can be accomplishretéss than a minute. Equilibrium time

can be up to 20 minutes for high vapor pressure ¥ minimum of 40 minutes is
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required for low vapor pressure VOCs to reach dayiilm in static conditions. Dynamic

conditions decrease these times.
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Chapter 5. PGMA-PAA Enrichment Polymer Layer

System
5.1. Introduction

After thorough studies of PGMA-based enrichmenttaythe next step was the
addition of other polymers that can be grafted®MA and enhance targeting sensitivity
for a specific VOC. To this end, this chapter prése¢he synthesis, characterization, and
behavior of a multi-layered (six layers) two-compohPGMA-poly(acrylic acid) system
acting as an enrichment polymer layer system. Eepbat unit of PAA has a carboxylic
acid making it highly sensitive to VOCs that ar@tpn accepting and are capable of
hydrogen bonding. After the grafting of PAA to a & layer, free carboxyl groups
remain present along the backbone of the graftéghyer to add an additional layer of
PGMA. This allows for a highly feasible layer-by#a design of enrichment polymer
layer systems.

The swelling fractions, interaction parametersy gartitioning coefficients for
VOC/six-layer PGMA-PAA EPLS were determined. IR afimnce signatures of the
VOCs plus polymer system were obtained usingsitu FT-IR Attenuated Total
Reflectance (ATR).In-situ FT-IR ATR studies were performed in both a static
environment and a dynamic flow environment. Coodsi were the same as with the
PGMA films described in Chapter 4 unless otherwistd.

5.2. Experimental

The six layer PGMA-PAA EPLS was prepared by dipticga All PGMA layers

were prepared using a 0.07% wi/v chloroform solgiédl PAA layers were prepared

using a 1% w/v solution in methanol. The annealegperature for the grafting was
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120°C for all layers. The grafting time period was 2hates. An 8 nm layer of PAA was

deposited by dip coating onto a 1 nm anchoringrlay®GMA.

5.3.Results and Discussion
5.3.1. Swelling of a single anchored layer of PAA

In-situ ellipsometry swelling experiments were performedaoPAA layer, with
the same VOCs as used on PGMA films reported im€hat. InFigure 5.1, the average
swelling fraction of the grafted 8 nm PAA film witmethanol, acetone, and hexane is
presented. A Student’s T-test was conducted fdrsstal analysis using a confidence
interval of 95%. The average swelling with methaaod acetone was found to be
statistically the same. The average swelling foralne was significantly lower than for
methanol and acetone. A student’s T-test was pagd, using the same parameters, on
the VOC swelling fractions between the 8nm PGMA qfter 4,Figure 4.2) and 8nm
PAA films. Analysis of the results show that the eflimag fraction of hexane is
statistically different (t value calculated is 3.[t)is also statistically significant compared

to acetone and methanol (t values are 20.5 and fedBectively).
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Swelling Fraction (Ad/d )

Hexane Acetone MeOH

Figure 5.1. Swelling extent of an 8 nm PAA film to/OC analytes: methanol, acetone,
and hexane.

The enthalpy of mixing (heats of dissolution) anafresponding interaction
parametery, for PAA-ethanol solutions can be found in literat" Because the enthalpy
of mixing was found to be exothermic, the literat@xperiments yielded an interaction
parameter that is negative.for PAA-ethanol was used with the swelling frantiof
PAA-methanol to determine MThe result was is 378 g/mol. Using,Nt is possible to
estimatey parameters for acetone and hexane from the sgdlactions with the film.

The parameters are presented able 5.1below. The parameters determined

Table 5.1.y parameters calculated for 8 nm PAA film

VOC Ppoly (Psolvent X

MeOH 0.3 0.7 -0.34 (Refl)
Acetone 0.67 0.35 0.45
Hexane 0.79 0.21 0.55
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for acetone and hexane are somewhat lower thabeaxpected from the known non-
solubility of PAA in the solvents. The same phereown was found for the 8 nm PGMA
film (Chapter 4) indicating that the presence dicen (high surface energy) surface
changes the swelling pattern for the ultrathin §ilm

Equation 4.18 was used for the prediction of thditpan coefficient for these
three VOCs and the 8 nm PAA. Results of the partitcoefficient calculations are
presented iMable 5.2 The experimentally determined K for hexane andhareol is in
fair agreement with the predicted value. The d#fexe between the calculated and
experimental K for acetone, however, is significafihe experimental value for the
partition coefficient is about seven times loweartithe predicted value. Therefore, for
this PAA film y obtained from the Flory-Rehner equation has lichiggplicability to

predict the partition coefficient.

Table 5.2. Calculated partition coefficients and gxerimental partition coefficients for 8
nm PAA film

Kcalc K exp
MeOH 3506 2402
Acetone 1974 278
Hexane 632 197

5.3.2. PGMA-PAA six-layer EPLS
5.3.2.1. Characterization

There are three distinct carbonyl functional goup the layered PGMA-PAA
grafted system: the PGMA ester carbonyl, the caylimacid in PAA, and the carbonyl

ester when PAA bonds with the epoxy group in PGMAese three carbonyls have
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similar absorbance coefficients which cause theriasice in the 1700 chregion to
broaden when layers are added. Presentddgure 5.2 is the carbonyl IR absorbance
curve for PGMA, PAA, and the two-layer grafted conation. PAA has a prominent
peak at 1710 cthand a large shoulder around 1740"cmvhich corresponds to free acid
groups in the layer that are not bound by hydrogemding. The PGMA ester carbonyl
has a single broad peak at 1735%crihe carbonyl peak of the two polymers combined
in a layered system shows that the interactionskbarmiling between the two polymers
broaden this region. Therefore, deconvolution of fitee groups in either polymer layer

might be challenging.

PAA (i)
PGMA _(ii)
- PGMA+PAA _(iii)

Absorbance (a.u.)

T T T T T T T T T T T T T T T T T T T 1
1800 1780 1760 1740 1720 1700 1680 1660 1640 1620 1600

Wavenumber (cm™)

Figure 5.2. Comparison of carbonyl absorbance regits of PAA and PGMA.

Table 5.3 has the surface density and chain coverage fdr kger in the six-

layer EPLS calculated from Equations 3.1 and 3.2.
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Table 5.3. Six-layer system layer characteristics

Six-layer system

Surface Chain
Thickness  coverage density

Layer [nm] [mg/m?] [chains/nnT]
PGMA L1 3 3.24 1.45E-02
PAA L2 8 8.72 5.25E-02
PGMA L3 5.5 5.94 2.65E-02
PAA L4 5.5 6 3.61E-02
PGMA L5 3 3.24 1.45E-02
PAA L6 7 7.63 4.60E-02
PGMA fraction* 0.36

PAA fraction* 0.64

*Fractions are of total thickness contributionsath polymer.

As the PGMA-PAA enrichment polymer layer was systhed, the thickness of
the system and the overall carbonyl area were m@utEigure 5.3). The total thickness
of the EPLS was kept to ~30 nm, which ensured tieabsorbed analyte was within the
evanescent wave field for detectifR absorbance spectra were taken as layers were
added to confirm the additions of polymer layensitikrermore, each layer, after grafting,
was rinsed with a good solvent to assess the ggadtrength and confirm that the layers
were not rinsed off. Chloroform was used for rigsPGMA. De-ionized water was used

for rinsing PAA.
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Figure 5.3. Thickness and carbonyl total area chargwith number of layers.

The full spectrum of the six-layer system when fireide and after four months
of testing is presented iRigure 5.4 The free acid groups from the PAA make the
layered film highly hygroscopic. The proof of thsthe strong and broad O-H region
between 3000 cthand 3500 cil. After four months of testing, it can be seen that
gualitatively there are no new peaks. Howevenethe a decrease of about 20% in the
carbonyl region calculated by integration overahea between 1608 ¢hand 1774 cil.

It is unclear if this decrease is the result of kdity, or a slight variation in the
measurement. Nevertheless, there are no new peaked after four months. Therefore,

the stability of the film against multiple VOC exqoes and long storage is very good.
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Figure 5.4. IR spectrum of PGMA-PAA six{ayer system when first synthesized ar
after four months of testing.

5.3.2.2.  Morphology of polymer layer surfaces

It was important to study the morphology of theelad films because covalent
grafting of polymer layers forcibly arranges thdymeer chains, which can cause stresses
in the layers. Morphology of each of the six layefsthe PGMA-PAA system coated
onto a silicon waveguide crystal and model silie@fer is presented iRigure 5.5 Most
notable are the wrinkles that formed in the PGM#dtayer on both the silicon crystal
and wafer. The formation of the surface wrinkleshia cross-linked film is a well-known
phenomenon. Solvent contributions can destabillze polymer deposition causing
dewetting®> If the deposition of the polymer is done on anrgamic, non-swellable
surface and the deposition is enthalpically favlaabs is the case with PGMA and the

hydroxyl groups on the silicon surface, then thdymper layer is grafted uniformly.
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When a polymer is deposited onto a polymer, theetdyithg polymer can swell or
contract with solvent addition and evaporation. sTkean cause the polymer to be
deposited as a non-flat layer. When the polymeagradted, wrinkles can form in these
regions® Wrinkles can also form when polymer chains inghefted layer have a certain
amount of cross-linked density that causes instabiWhen grafting PGMA onto a
substrate, stresses are caused when the polynsasp&sglass transition temperature but
movements of the chains are restricted due to 4mdgsg and grafting to the PAA layer.
It is important to note that other layers were kignfree. Reasons for the wrinkles not
carrying over in the additional layers can be thdtiple annealing cycles that the layers
experience and that PAA is not as inhibited in nmoget as PGMA. Surface roughness
from AFM for layers 1, 2, 4, 5, and 6 were betw&a nm and 0.5 nm. For layer 3,

having the wrinkles, roughness was 0.8 nm.

Z 2

Figure 5.5. AFM images of polymer layers comprising six-layer system. Unless stated,
images are of layers on Si hexagonal crystal. Imagef two layers on wafers are presented
for comparison. All images have a vertical heightfol0 nm and an area of 1x1 um.

PGMAL; = Wafer
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5.3.2.3. Swelling with VOCs

PGMA and PAA are relatively polar and hygroscopmymers. As such, the
system was expected to show the strongest nonveadtinity to polar analytes such as
alcohols. The PAA layers are also capable of fogrsalts with basic VOCs such as
ammonia. The average maximum swelling fraction floe layered system during
exposure to analyte vapors is presentefignire 5.6. The swelling was monitored lby-
situ ellipsometry. Compared to the PGMA single-compdnéRL from the previous
chapter Figure 4.3, acetone no longer has the highest swelling ivactFurthermore,
because of the reactivity of PAA, ammonium hydrexé€emonstrated a swelling fraction

over 1.5 or 150%.
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Figure 5.6. Swelling fraction of the six-layer PGMAPAA polymer system in the
presence of various analyte vapors.

The kinetics of the swelling are presentddure 5.7. The average time for each

analyte to reach equilibrium is approximately 20nutés except for ammonium
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hydroxide which takes well over the 40 minute peridhis is because of the formation
of ammonium carboxylate salt in the fifnTo completely remove the absorbed

ammonium the film was rinsed with a 0.01M solutafrHCI.

— 0.5% AmmHyd_(i)
—— MeOH_(ii)
1 —— EtOH_(iii)
164 —pa (iv)
1 —— Acetic Acid_(v)
144 Acetone_(vi)

1 —— Hexane_(vii
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Figure 5.7. Average swelling kinetics of the six-leer PGMA-PAA system witl
different analyte vapors.

Using swelling fractions from the single 8 nm PAfy,, and 8 nm PGMA
UpeMma, the swelling of the six-layer system was caladaib determine if the swelling of
the layered system can be predicted from the swgebif the single grafted layers. The
swelling was predicted by the following equation:

$calc = VpaaPraa + VpgMaPPGMA- (5.1)

In the equation abov@p,, is the volume fraction of PAA in the six-layer EPL

andpgma IS the PGMA volume fraction (given ifiable 5.3. Table 5.4shows the raw

data and the experimental level of swelling. Thedmted and experimental results are
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given in Figure 5.8 The predicted values do not produce a good aiioal with
experimental results. This indicates that the adgon of the layered assembly with the

solvent significantly differed from the interactionth single-component films.

Table 5.4. Experimental and predicted swelling frations of the six-layer PGMA-PAA
EPLS.

Predicted swelling Experimental R

0.16 0.07 0.749
0.51 0.21
0.67 0.85
1.0+
MeOH
c [ ]
2 0.8
T
=
7)
TE 0.4 1
c
g Acetone
‘= 0.24 L
)
% Hexane
L [ ]
00 T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Predicted swelling fraction

Figure 5.8. Experimental swelling fraction of the &-layer system \ersus predictec
values. R = 0.749

The partition coefficient for the enrichment systésnpredicted by using the
experimental partition coefficients of the indivadupolymer layers in the following

equation:
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Kiot = K11 + Koz + - Kppy. (5.2)
Here ¢ is the volume fraction of the polymer in the systélhe experimental partition
coefficient was calculated witBquation 4.19 In Table 5.5 the partitioning results of

methanol, acetone, and hexane into the six-lay@MREBAA system are presented.

Table 5.5. Calculated and experimental partition cefficients for the six-layer PGMA-
PAA system from single-grafted film data
KCalc KExp R2
Acetone 400 233 0.981
Hexane 220 66
Methanol 2408 3093

In Figure 5.9, there is good correlation between the predictedl eéxperimental

partition coefficients.
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Figure 5.9. The relationship of K, and K¢, for the six-layer PGMA-PAA system. R=
0.981
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5.3.3. FT-IR ATR spectra obtained in static conditions

Exposure of the six-layer PGMA-PAA film depositech @ silicon crystal
waveguide to various VOCs was performed while naymg absorbance using amsitu
FT-IR ATR setup. Each VOC spectrum was obtainedessribed irChapter 3.3

5.3.3.1. Methanol

Presented ifrigure 5.10is the FT-IR spectrum for methanol vapor absorbéul
the 30 nm six-layer PGMA-PAA film. The spectrum lmfuid methanol, placed on the
uncoated silicon crystal, is also presented for gamson. Methanol as a liquid has a
broad and intense band between 3100 amd 3600 cil corresponding to the oxygen-
hydrogen stretching (O-H). The O-H region of thetmeol-EPLS spectrum starts
becoming negative around 3500 tniThis may be due to strong hydrogen-bonding
interactions being disrupted in the combined PGMA #AA background. However,
there is a small positive broad O-H region betw@8®0 cn" and 3400 cr.

The carbon-hydrogen (C-H) stretching of the methabsorbed into the EPLS is
significantly broader, ranging from 2650 ¢rto 3117 crit where the liquid ranged from
2750 cm® to 3060 crit. In addition, C-H absorbance peak intensities appmore
defined. Specifically, the three peaks at 2915*c2950 crit, and 2987 ci, while
present in the liquid spectra as shoulders, appeag intense.

Changes in the carbonyl region can be observedetisThese are similar to but
more pronounced than for the single-component PGN#& As methanol is absorbed
into the layer, the carbonyl region becomes negafilhe unique IR signature observed

can be used to identify the substance.
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Figure 5.10. IR spectra of methanol vapor absorbedy a 30nm PGMA-PAA EPLS.
The IR spectrum of liquid methanol is added for comparisot

5.3.3.2. Ethanol
The IR absorbance spectrum of ethanol absorbedei3® nm PGMA-PAA six-
layer film and the liquid ethanol spectrum is givarFigure 5.11 Ethanol vapor has a
similar swelling fraction to methanol vapor as wek IR absorbance regions but
significantly different absorbance wavelengths. réhare apparent differences in the
absorbance of the carbonyl region which is negathsgecompared to methanol, a more
intense secondary carbonyl peak is present at &¢##1 A broadening of about 10 ém

is also noted for the C-H stretching region.
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Figure 5.11. IR spectra of ethanol vapor absorbedyba 30nm PGMA-PAA EPLS. The
IR spectrum of liquid ethanol is added for comparisn.

5.3.3.3. Isopropyl alcohol (IPA)

The IR absorbance spectra of IPA absorbed in ther3PPGMA-PAA six-layer
film and the liquid IPA spectrum are presentedFigure 5.12 The spectroscopic
signature of IPA definitely appears when the sii@pystal covered with the enrichment
layer is exposed to the solvent vapor. For IPAodied in the layer, the negative
carbonyl region spans from 1570 ¢ro 1727 crit. IPA is the least polar substance
among the three alcohols tested. A less intensensary carbonyl peak at 1743 ¢ris

further evidence of reduced polar interactions leetwlPA and the enrichment layer.
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Figure 5.12. IR spectra of IPA vapor absorbed by 80nm PGMA-PAA EPLS. ThelR
spectrum of liquid isopropanol is added for compargon.

5.3.3.4. Acetone

The IR absorbance spectrum for acetone vapor incatgub into the 30-nm six-
layer PGMA-PAA system, along with the liquid acet@pectrum, is presentedkigure
5.13 A broadening of the fundamental carbonyl (C=€alpof acetone at 1710 ¢nsan
be observed. Similar spectral changes were foutid acetone absorbed in the 130 nm
PGMA film (Figure 4.8).

The negative region between 3100 trand 3800 cm may be indicative of
hydrogen bonding of the acetone with hydroxyl goup the polymer. Similar to the
one-component PGMA film, there is very little chanop the C-H band observed as

acetone is absorbed into the EPLS.
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Figure 5.13. IR spectra of acetone vapor absorbedyta 30nm PGMA-PAA EPLS. The
IR spectrum of liquid acetone is added for comparisn.

5.3.3.5. Acetic Acid
The IR absorbance spectrum for acetic acid vapsoréled into the six-layer
PGMA-PAA system is compared with the liquid acedmd spectrum and presented in
Figure 5.14 The carbonyl peak splitting is less pronounceshtbbserved for the 130 nm
PGMA film (Figure 4.9. The O-H region appears positive and broad. Soegative
absorbance is present in the 4000 to 3500 and 1700 to 1650 cinregions. This can

be due to pre-sorbed water in the EPLS.
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Figure 5.14. IR spectra of acetic acid vapor absodd by a 30nm PGMAPAA EPLS.
The IR spectrum of liquid acetic acid is added focomparison

5.3.3.6. Hexane
The six-layer system was tested with hexane vapdetermine if an absorbance
signature can be observed. It is necessary tothatdPAA is likely to collapse due to its
low affinity toward the non-polar VOC. IRigure 5.15 the IR absorbance spectrum of
hexane vapor absorbed in the EPLS is presentedstidrey C-H stretching characteristic
of hexane indicates that the system can absorbpatam-VOCs well. The stretching
region is less defined; peaks have started metggether. Some minor change can also

be seen in the O-H region after 3500 Gwhere the absorbance seems to go negative.
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Figure 5.15. IR spectra of hexane vapor absorbed by 30nm PGMA-PAA EPLS. The
IR spectrum of liquid hexane is added for compariso

5.3.3.7.  Ammonium hydroxide

The IR spectrum of the six-layer PGMA-PAA EPLS esgd to vapor of a 0.5%
ammonium hydroxide solution is presentedrigure 5.16 The liquid spectrum is provided
for comparison Ammonia can form a carboxylate salt with PAA, whican make the
EPLS extremely sensitive to the analyte. A decr@asdsorbance intensity in the region
between 1657 cthand 1780 ci corresponds to the change from the PAA acid cafbon
to the salt formation, and new peak forms at 1580.cThe area of the negative region is
half of the secondary absorbance peak. It can beladed that this EPLS has the highest
sensitivity to basic VOCs and can be used to taagehonia that is used in, for example,

the manufacturing of nuclear weapons.
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Figure 5.16. IR spectra of ammonium hydroxide absdred by a 30nm PGMAPAA
EPLS. The IR spectrum of the liquid solution is gien for comparison.

5.3.4. Efficiency of PGMA-PAA six-layer system to pick upVOCs

The EPLs are designed to attract and concentr@€svin the evanescent wave
region to produce a substantial signal. In ordeguantify the ability of the six-layer
PGMA-PAA EPLS to detect VOCs, the efficiency of thgstem was determined, as
discussed in Chapter 4.

In Table 5.6 the C-H and “main” peak absorbance of the VOCsduare
presented with their corresponding efficiencies. vgh the PGMA film, the C-H
absorbance is dominated by hexane and thus giveghar efficiency. For the “main”
peaks, acetone and acetic acid have a greaterbalnser per area with their main
carbonyl stretch. The alcohols have a lower efficie despite their hydroxyl region

having a positive absorbance. In general, if théds of the layers is taken into
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consideration, the efficiencies are on the samellas the ones found for the PGMA

films (Tables 4.9 and 4.1p

Table 5.6. Efficiency percentages of the six-layer PGMA-PAA sstem, both C-H and
main peak efficiencies

VOC 6L abs C-H 6L CH abs/cnd % Efficiency
Acetone 0.0050 0.0009 2.6
MeOH 0.0190 0.0036 4.9
Hexane 0.0389 0.0073 16.8
EtOH 0.0130 0.0024 5.8
IPA 0.0070 0.0013 3.3
Acetic acid 0.0010 0.0002 1.8

6L Abs main peak 6L CH abs/cm % Efficiency
Acetone 0.0380 0.0071 9.9
MeOH 0.0004 0.0001 0.04
EtOH 0.0001 0.00002 0.01
IPA 0.0001 0.00002 0.03
Acetic Acid 0.0120 0.0022 1.4

5.4.Conclusions

PGMA and PAA can be grafted together to form amcement layer system. The
degree of swelling of this six-layer PGMA-PAA erimment polymer layer system is
significantly sensitive to the polarity of VOCs. ok& polar solvents demonstrate higher
degree of swelling. Cross-linking with multiple @§fnag sites on the PAA backbone
reduces loading capabilities; however, it does seem to inhibit sensing and
differentiation between VOCs. The results of IRIgsia have a correlation with swelling
analysis. There are more intense secondary IR ladasce peaks for strong hydrogen-
bonding VOCs that has high swelling fractions witle EPLS. Each analyte gave a
unique IR spectrum that can be used to distingtigsbm similar VOCs (specifically the

alcohols) and from a pure PGMA film as well.
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Chapter 6.  Multi-Component EPLS: Toward a “Universal”

Enrichment Layer
6.1. Introduction

Previous chapters presented the use of PGMA &@MA-PAA combination as
an EPL and as an EPLS, respectively. This chapldreases the idea of targeting
multiple types of VOCs with one EPLS. Four polymarsone EPLS (five layers total)
were used to broaden the chemical affinity of thechment system. The polymers used
were PGMA, PAA, epoxidized 60% poly(butadiene) (BBB and poly(2-vinyl pyridine)
(P2VP).

A five-layer EPLS was synthesized. Polymers wayeied in the following order
(starting from the substrate surface): PGMA, PARBB0, PGMA, and P2VP. Each of
these polymers has a unique chemical compositieh tarries specific absorption
affinities. PGMA’s swelling fractions were reported Chapter 4. PAA has strong
hydrogen-bonding capability, which makes the polym#icient to target basic VOCs
(e.g., ammonia), and hydrogen bonding compounds @cohols). EPB60 was used
because the backbone of the polymer is non-polapeaoed to PGMA, PAA, and P2VP.
Finally, P2VP has the pyridine ring, which can foarsalt with acidic VOCs.

6.2. Experimental

For synthesis of the EPLS, a solution of EPB6MInegne at a concentration 0.5%
w/v and a solution of P2VP in methanol at a conedian of 1% w/v were prepared. The
EPBG60 layer was grafted at 120 °C for 20 min. TB¥IP layer was grafted for 15 hrs at

150°C to reach the necessary grating density.
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Using equations 3.1 and 3.2, the surface covemadelzain density were
calculated for each layer of the EPO%ble 6.1presents the results obtainéathe
calculations, the density of EPBB@as taken to be 0.9 g/énand the density of P2VP
was taken to be 1.114 g/ém

Table 6.1.Multi-polymer system layer characteristics

Polymer  Layer Thickness Surface Coverage Chain Density  Polymer Volume

Layer (nm) [mg/m?] [chains/nn?] Fraction
PGMA 2 2.16 0.01 0.34*
PAA 8 9.76 0.06 0.34
EPB60 8 7.20 0.01 0.25
PGMA 7 7.56 0.03 0.34*
P2VP 2 2.23 0.03 0.07

*This is the total volume fraction that PGMA hagtle system combining two layers.
6.3. Results and Discussion

6.3.1. Characterization of the five-layer EPLS

The multi-polymer EPLS, with a total thickness €7 nm, consisted of five
polymer layers possessing different chemical natumas obtained by the “grafting to”
technique® The nanostructured coating was firmly anchoredh® surface of Si ATR
crystals via the first PGMA layérThe stability of each layer was confirmed by nigi
the grafted film multiple times in different solwen(see Chapter 4 for duration and
number of rinses).

The increase in thickness of the system as weh@ghange in the carbonyl area
of the IR spectra of the EPLS after each layer agued is presented Kigure 6.1 The
total area in the carbonyl region, spanning 164801m", was used to gauge the
influence of each additional layer on the IR signatin this absorbance region. The

samples were positioned in the spectrometer in suelay that the IR spectra were
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obtained practically from the same spot. PGMA aAd Rvere expected to contribute the
total carbonyl absorbance. In contrast, EPB60 é\PPwere expected to contribute no
carbonyl groups. However, as can be seen from nketiin Figure 6.1, carbonyl

absorbance did increase after addition of EPB&bed=PLS, suggesting that deposition
of the additional layer gave rise to effective e&tion coefficients of the carbonyls in the
polymers. This means that the broadening of tha w&s caused by interactions of the

carbonyls in the polymer films because of grafting.
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Figure 6.1. Thikness of polymer system and area of carbonyl regioversus number o
layers in five-layer multi-system.

The full spectrum of the five-layer multi-systenhewn first made and after four
months of testing is given iRigure 6.2 Spectrum of the silicon crystal, taken before the

polymer film deposition, was used as the backgrourtte main regions that show
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change are the O-H region above 3500'camd the carbonyl region. The O-H and
carbonyl regions show a smoother curve and a deereaabsorbance, indicating that the
system was somewhat affected during testing. After months of testing, qualitatively,

there are no new peak formations; however, theeesignificant decrease of about 42%

in the carbonyl area (1619 and 1807%m

Multi-layer system first made
Multi-layer system after 4 months

0.6 4

0.5 H

0.4 H

Absorbance [a.u.]
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4000 3500 3000 2500 2000 1500
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Figure 6.2. IR spectrum of five-layer multisystem when first synthesized and after fol
months of testing, demonstrating stability.

It was important to study the morphology of theelesybecause, as previously
discussed, solvent evaporation and grafting foyca#tange the polymer chains, which
can cause stresses in the layers. The morphologyeabolymer layers in the five-layer
system grafted to a silicon wafer were observedatoynic force microscopy and are

shown inFigure 6.3 The PGMA layer shows even surface coverage. Th& lBger has
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a smooth surface on top of the PGMA, as does ERBGthe PAA layer. The fourth
PGMA layer is begins to show signs of clustering da the limited grafting sites on
EPBG60. Grafting, however, does anchor PGMA to tRB&D layer. The P2VP layer has
a cluster-like formation, as it is the only polymeith end functional groups, which
tethers it to the underlying PGMA layer. This caigbe P2VP chains to have a

thermodynamic affinity to themselves rather tham@ppspread out over the PGMA layer.

1.00

PGMA L1 PAA L2

0.75

0.50

EPBG60 L3

P2VP L5

0 . 0.50 0.75 1.00

Figure 6.3. AFM images of layers composing mulystem. Images are 1 x 1 um and
nm vertical scale. RMS roughness for each layer BGMA = 0.4, PAA = 0.2, EPB60 = 0.
PGMA =1, P2VP = 0.6.

The affinity of the multi-polymer EPLS was expett® be more complex, as
each layer possessed its own chemistry. The syisteith with polar functional groups
and groups that have strong hydrogen-bonding chipedi In Figure 6.4, the average

maximum swelling fraction for the system after esyp@ to VOC vapors of methanol,
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ethanol, isopropanol, acetone, acetic acid, hexamammonium hydroxide is provided.
If this EPLS is compared to the six-layer PGMA-PARLS Figure 5.6), acetone and
hexane still swell the least. Among the alcohotbamol swells the system the least.
Methanol and isopropanol have very similar swellexels and are statistically identical
in a Student’s T-test with a 95% confidence interiraaddition, the swelling fractions of
ammonium hydroxide and acetic acid are not stesibyi different. All t and p values are
given in the appendix for the six layer PGMA-PAAs@am. The EPLS demonstrates the
highest average swelling level with acetic acid alhis also statistically the same as
ammonium hydroxide. The reason for the strong @ttia to acetic acid is the basic
nature of P2VP, caused by the pyridine ring. Simita how PAA forms a salt with

ammonium hydroxide, P2VP can form a salt with acatid.
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Figure 6.4. Swelling fraction of five-layer multi-polymer system in the presence of
various analyte vapors.

The average absorption kinetics are presentedrigure 6.5 Ammonium
hydroxide and acetic acid take longer time to reamghilibrium most probably due to the

nature of the salt formation taking place withie 8PLS.
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Figure 6.5. Average swelling kinetics of the fiveayer multi-system with different
analyte vapors.

6.3.3. FT-IR ATR spectra obtained in static conditions

Exposure of the multi-polymer EPLS film, depositedd a silicon crystal
waveguide, to various VOCs was performed while nowimg IR absorbance using an
FT-IR ATR setup. In addition, a non-modified crystaas exposed to the same VOCs to
demonstrate that a polymer coating is necessapyctoup vapor to produce substantial
IR signals. Each IR spectrum of the VOC absorbead ithe enrichment film was
compared to an IR spectrum of the liquid VOC amalgbtained using a non-coated
silicon waveguide ATR crystal.

6.3.3.1. Methanol
The FT-IR spectrum for methanol vapor absorbed thé multi-polymer EPLS is

given inFigure 6.6 The spectrum of liquid methanol is presented famparison. This
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enrichment system has fewer hydroxyl groups thanRGMA-PAA system. Therefore,
in contrast to the PGMA-PAA layer (Figure 5.10) heetol vapor produces a broad and
positive O-H absorbance between 3100'@nd 3600 crh.

PGMA and PAA should be capable of providing a vdelfined secondary
absorbance peak in the carbonyl region. Howeveruse of other unique chemistries in
the EPLS, the carbonyl absorbance region is netalisdefined. The EPLS has its own
unique interactions with methanol, which can beduiseconjunction with the PGMA-

PAA EPLS to identify the VOC.
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Figure 6.6. IR spectra of methanol vapor absorbedyoa 27 nm multipolymer EPLS.
The IR spectrum of liquid methanol is added for corparison.

6.3.3.2. Ethanol
The FT-IR absorbance spectrum of ethanol absdogetie multi-polymer EPLS
is given inFigure 6.7. The liquid ethanol spectrum is also given for pamison. Ethanol

has a statistically different swelling level thartimanol. Specific differences in their IR
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absorbance spectra are similar to ones that hase bleserved previously for PGMA-
PAA EPLS. In addition, there is a relatively lovtensity secondary carbonyl absorbance
peak of 1738 cf, which suggests that ethanol does not have suehse interactions
with this EPLS. It can be said that this layer egstproduces a signature that can be

distinguished from methanol based on the 1500-2000region.
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Figure 6.7. IR spectra of ethanol vapor absorbed bg 27 nm multipolymer EPLS. The
IR spectrum of liquid ethanol is added for comparisn.

6.3.3.3. Isopropyl alcohol (IPA)

The FT-IR absorbance spectrum of isopropanol alesorb the multi-polymer
EPLS is presented ifigure 6.8 with the liquid IPA spectrum for comparison. IPA
demonstrates a swelling fraction with the EPLS @m {o that of methanol. Liquid
isopropanol has C-H absorbance peaks of 2979 and 2890 cm. There is a more

pronounced secondary peak present for IPA absonbethe EPLS.
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Figure 6.8. IR spectra of IPA vapor absorbed by a2nm multi-polymer EPLS. The IR
spectrum of liquid IPA is added for comparison.

6.3.3.4. Acetone
The FT-IR spectrum of acetone vapor absorbed timeomulti-polymer EPLS is
compared to the liquid acetone spectrunfigure 6.9 Acetone does not have a high
swelling fraction with the system. The IR spectrofmacetone vapor absorbed into the
multi-polymer EPLS shows a broadening of the acetoarbonyl (C = O) peak at 1710

cm™. This peak combines with the secondary peak af tii8-
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Figure 6.9. IR spectra of acetone vapor absorbed bty 27 nm multipolymer EPLS. The
IR spectrum of liquid acetone is added for comparign.

6.3.3.5. Acetic acid

The FT-IR spectrum for acetic acid vapor absoibénl the multi-polymer EPLS
is compared to the liquid acetic acid spectrurkigure 6.1Q The carbonyl region does
not split as it did with PGMA film. Instead there & shoulder at 1761 émThis band
can be associated with “free” acetic acid moleculet are not readily engaged in
hydrogen bonding.The carbonyl peak is also more defined comparethéoPGMA-
PAA EPLS. While acetic acid is capable of formingamplex with the P2VP top layer,
no evidence can be found in the spectra. No chemtiee C-H region can be determined.
The O-H region appears positive and broad fromirtherporated acid hydroxyl group.
The absorbance intensity of acetic acid is grethi@n that of acetone, showing that its

high swelling fraction can be linked to its IR alisnce intensity. Thus, this five-layer
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polymer system appears to be very sensitive ta@®i@Cs despite having a thin P2VP

targeting layer.

0.12 o
0.09 4+
0.06 -+
0.03 - Acetic Acid liquid
= g non-coated crystal
8 0.00 _m
8 T T T T T T T T 1
c -
I
£ 0.04 4
o
n i
ko]
< 0.02 4 Acetic acid vapor
Multi-layered system
0.00 H

T T T T T T T T 1
3500 3000 2500 2000 1500
Wavenumber (cm™)

Figure 6.10. IR spectra of acetic acid vapor absodd by a 27 nm multipolymer EPLS.
The IR spectrum of liquid acetic acid is added focomparison

6.3.3.6. Hexane
The IR absorbance spectrum of hexane vapor aldddoghe multi-polymer
EPLS is compared with the liquid spectrafigure 6.11 The strong C-H stretching
characteristic of hexane shows up in the IR spettiThe 1500 to 1700 chregion is
rather noisy but changes from the baseline indigairactions taking place with the
carbonyls in the EPLS as hexane is absorbed. N@r-MDCs can be absorbed and

detected by this and other enrichment polymer kgardied in this work.
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Figure 6.11. IR spectra of hexane vapor absorbed by 27 nm multi-polymer EPLS.
The IR spectrum of liquid hexane is added for compason.

6.3.3.7.  Ammonium hydroxide

The IR absorbance spectrum for vapor of a 0.5% amumo hydroxide solution
absorbed into the multi-polymer EPLS is presente#figure 6.12 The corresponding
liquid spectrum is provided for comparison. The P&MAA six-layer EPLS has been
shown to be a strong targeting system for basityBasg such as ammonia. The multi-
polymer EPLS has a layer of PAA, which can targasi® analytes. A decrease in
absorbance intensity around 1740 toorresponds to the change from acid carbonyl in
the background forming a salt with the ammonia. /bther polymers provide specific
targeting sensitivity, the multi-polymer EPLS all®enrichment of many types of VOCs:
acidic, basic, polar, and non-polar. In additian¢can be used in parallel with another

EPLS if needed for differentiating analysis.
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Figure 6.12. IR spectra of ammonium hydroxide vaporabsorbed by a 27 nm multi-
polymer EPLS. The IR spectrum of liquid ammonia salition is added for comparison.

6.3.4. Efficiency of the multi-polymer EPLS

The efficiency of the EPLS was calculated to gifarbheir ability detect a VOC
by IR absorbanc&he C-H stretching and “main” peak absorbance o2g¢@ the multi-
polymer EPLS, along with their efficiencies (asidefl in Chapter 4 pagel09) are listed
in Table 6.2 As previously seen in the PGMA film and the PGMAA EPLS, hexane
has substantial efficiency when calculated usirgg GtH stretching. Methanol and
isopropanol have similar efficiencies, but ethahat greater efficiency for the multi-
polymer EPLS. Acetic acid has the highest efficiemthen calculated using its C-H
stretching. Main peak efficiencies for the alcohstt®w a different trend. Efficiencies of
the alcohols go up with increasing hydrocarbon flentsing the carbonyl absorbance,
acetone and acetic acid have comparable efficien@espite differences in swelling

levels, each of these VOCs has a substantial gffivith the multi-polymer EPLS.
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Table 6.2. Efficiency percentages of the five-layenulti-polymer EPLS, both C-H and
main peak efficiencies.

VOC 5L - CH Abs 5L Abs/cm?2 Efficiency %

Acetone 0.004 0.001 1.84

MeOH 0.011 0.002 2.91

Hexane 0.014 0.003 5.84

EtOH 0.010 0.002 4.24

IPA 0.005 0.001 2.24

Acetic 0.005 0.001 8.95
5L - Main Peak Abs 5L Abs/cm?2 Efficiency %

Acetone,

carbonyl 0.018 0.003 4.67

Acetic acid,

carbonyl 0.042 0.008 5.00

Methanol,

hydroxyl 0.006 0.001 0.58

Ethanol,

hydroxyl 0.006 0.001 0.79

IPA, hydroxyl 0.004 0.001 1.16

6.3.5. FT-IR ATR spectra obtained in dynamic conditions
6.3.5.1. Signal dependence on concentration of VOCs

The sensitivity of the multi-polymer EPLS to lowrcentrations of acetone is
assessed under dynamic conditions using a flowafal®0 mL/min. The absorbance of
the 1710 crit peak with different concentrations of acetonewaetd at flow rates of
100, 70, 50, and 20 mL/min with the total flow remiag at 100 mL/min is presented in
Figure 6.13 Flow rates lower than 20 mL/min. demonstratedldgviations and are not
shown. The intensity of the acetone carbonyl pd#kined in this experiment is in good
agreement with static measurement. When acetoneilstopped completely, the signal
eventually comes back to the baseline with nitrogemge for flows lower than

70mL/min.
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Figure 6.13. Fivelayer system loaded with different concentrations foacetone delivere:
in dynamic conditions. Absorbance is of the 1710 chrwavenumber.

6.4. Conclusions
The EPLS synthesized and studied in this chaptetagted polymer layers that

added unique functionality and targeting abilitheTswelling level of the multi-polymer
EPLS was, on average, lower for the tested VOQs filvathe previous six-layer PGMA-
PAA EPLS. However, the EPLS was able to incorpoesieh analyte. Therefore, the
system can act as a “universal’ enrichment system.

IR analysis demonstrated that each analyte gavecuel IR spectrum that could
be used to distinguish substances. Additionally,dpectra observed with this EPLS were
significantly different from a pure PGMA film andoim the PGMA-PAA EPLS.
Furthermore, analyte VOCs that have higher swellinth the multi-polymer system
(e.g., acetic acid) had stronger IR absorbance ttieynhad with the PGMA-PAA EPLS.

Analytes that have affinity with both, such as ammm hydroxide, gave IR signatures
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that were differentiable by intensity. However, sbsignatures were slightly weaker due

to the broader scope of chemical attraction withrttulti-polymer system.
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Chapter 7.  Detection of Mixtures with EPLS
7.1.Introduction
The swelling fractions of the EPLS demonstrate thay will have a high or low
affinity with VOCs. A preliminary study of the setsity of the EPLS towards mixtures
of VOC vapors was conducted. The purpose was totifgechanges between the IR
absorbance of specific peaks with concentratioanaflytes. Mixtures that were chosen

for this were acetone and methanol, acetone anahneexand methanol and ethanol.

7.2. Experimental
Conditions for ATR FT-IR static measurements, dr&processing of the spectra

is the same as described in Chapter 3. Liquid mestwf analytes were made at mole
ratios which were used for FT-IR absorption expenits. To estimate the ratio of
components in the gas phase, Raoult's law was uSstimated mole fractions of the
methanol vapor in the acetone-methanol mixturesewei08, 0.12, 0.25, 0.5, 0.69, and
0.76. Mole fractions of the hexane vapor in thet@oe-hexane mixtures were: 0.1, 0.28,
0.41, 0.72, and 0.79. For dynamic experimentspsatiere of flow rates. Likewise, the
procedure for ATR FT-IR static and dynamic meas@isiis given in Chapter 3. Liquid
mixtures were not used for dynamic experimentswHiates of individual VOCs used in
dynamic experiments were conducted at 25mL/min ,eacbducing a total flow of
50mL/min. For all dynamic experiments, a nitrogemge was used as stated in Chapter

3.

157



7.3.Results and Discussion
7.3.1. ATR FT-IR static absorption:
7.3.1.1. PGMA single component film
73111 Acetone-Methanol

A 130nm PGMA film was exposed to the vapors of mmi@&s of acetone and
methanol. The IR absorbance spectra of the cormespg absorption are presented in
Figure 7.1 Acetone swells the 90 nm PGMA film to a high emtdt was anticipated that
the two component mixture would have an additifeatfon the absorbance spectrum.
The absorbance region presentedfigure 7.1is the 1800 to 1700 cf The changes of
the carbonyl absorbance associated with acetori® dm", and the carbonyl associated
with the PGMA film, 1738 ci are important to mention. This is because all IR
absorbances in this region associated with methanmeadlirectly connected to interactions
with the polymer film. The shape of the secondaaybonyl absorbance peaks for
methanol have a much different intensity and shhpe that formed with acetone. In
addition, the absorbance of the acetone carborgk piecreases in intensity with the

increase of methanol.
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Figure 7.1. The IR absorbance of acetone/methanolirtures along with pure aceton:
and methanol absorbed into a 130nm PGMA.

The absorbance trend of the 1710 tpeak and the 1738 ¢hpeak for the
acetone-methanol mixtures is presentedrigure 7.2 The trend shows that there is a
sharp drop in the 1710 émcarbonyl absorbance with very little methanol atda
mixture with 0.08 mole fraction of methanol in thepor phase changes the acetone
carbonyl absorbance from 0.13 for concentratedoaeeto 0.06. A 0.25 mole fraction of
methanol brings the absorbance down to 0.02. Aleo025 mole fraction of methanol,

the slope of both absorbance peaks continue tedserbut with a different dependence.
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There is not a linear relationship over the entiethanol concentration range. This can
be interpreted as a non-ideal behavior of the aeetnethanol vapor and their absorption
into the PGMA film. Regardless, it is clear that thayer is sensitive to varying

concentrations of VOCs. For further study, therpesps to be high sensitivity to small

amounts of VOCs for which the polymer has loweinatfy.
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Figure 7.2. Change of absorbance in 1710 ¢hmand 1738 cnil spectral regionsas ¢
function of methanol mole fraction in the vapor phae for acetone-methanol mixturesl.ines
are guides for eyes only.

The O-H absorbance region of the spectra is heavilyenced by the ambient
humidity, which resulted in non-conclusive trendike absorbance of the C-H groups is
presented irFigure 7.3 As more methanol is added, the C-H stretchingorebgetween

3100 to 2700 cih changes in concurrence. What is unexpected istiiese are three
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mixtures where the C-H stretching favors an abswabeacloser to that of the acetone

vapor. These mixtures contain 0.76, 0.5, and 0.8k rinaction of methanol.
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—0.08_ii

0.07 - 0.12_jii
. ——0.25_jv MeQOH
0.06 - 0.50 v mole frac.
viii —0.69_vi

—— 0.76_Vii
MeOH vapor_viii
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0.04 -
0.03

0.02
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| |
3000 2800

Wavenumber (cm™)

Figure 7.3. The IR absorbance of acetone/methanolirtures absorbed into a 130nm
PGMA.

7.3.1.1.2.  Acetone-Hexane
A 130nm PGMA film was exposed to the vapors of acethexane mixtures. The
IR absorbance spectra of the corresponding absarptie presented iRigure 7.4 The
1800 to 1600 cifregion is used to monitor changes of the carbobgbebance. The
peaks decrease in intensity with increasing theceotmation of hexane. There is very

little absorbance peak for pure hexane vapor mrégion but it is clearly non-zero.
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Figure 7.4. The IR absorbance of acetone/hexamaixtures absorbed into a 130nr
PGMA.

The trend for the 1710 cincarbonyl absorbance is presentedrigure 7.5 It is
linear over the hexane concentration range (R-gguir 0.91). The secondary carbonyl

absorbance, 1738 ¢ihas more deviation from linearity (R-squared.&3).
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Figure 7.5. Change of absorbance 1710 ¢mand 1738 cni spectral regionsas ¢
function of hexane mole fraction in the vapor phaséor acetone-hexane mixturesLines are
a guide for eyes only.

In addition to the carbonyl region, the C-H sthig region between 3100 ém
and 2800 cril can also be used to analyze changes of IR absmeb@ihe absorbance of
the C-H groups is presentedkigure 7.6. It is necessary to note that there is a shiftihg
fundamental absorbance bands for hexane vapor ladgsonto the polymer film. In
addition, hexane absorbance in this region obscangscontributions from acetone’s

methyl groups.
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Figure 7.6. The IR absorbance of acetone/hexamaixtures absorbed into a 130nr
PGMA.

7.3.2. ATR FT-IR Dynamic absorption: Simultaneous delivery
7.3.2.1. PGMA single component film
7.32.11.  Acetone-Methanol

In the spectra, 1710 ¢hrepresents the acetone carbonyl peak while 2831 cm
represents the methanol C-H peak. 1722 @ra carbonyl secondary peak that originates
from interactions with the PGMA film. The IR absarite spectrum of the individual
VOCs and the mixture are presentedrigure 7.7a In Figure 7.7b, the carbonyl region
is expanded. There are significant differenceshsiosgbance of each single analyte and
the 1-to-1 mixture. A reference absorbance spectfwith no analyte present) is

provided. Observation shows that the mixture caasgeeater absorbance in the PGMA
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film at the 1710 ci peak and with the secondary absorbance peak. \tfieemixture is
removed from the polymer film, nitrogen passes otlee film for a period of
approximately 10 minutes. The absorbance does apteccompletely back to the

baseline.
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Figure 7.7. 130nmPGMA film exposed to a mixture of acetone and meth®ol deliverec
in dynamic conditions. a) Full spectra of individua components and mixture; b) The
absorbance of the carbonyl region.

165



7.3.2.1.2. Methanol-Ethanol

Methanol and ethanol were chosen as a mixture riatyais because they have
strong hydrogen bonding characteristics and areélasinm chemical nature. The flow
rates used remain as with the previous experimBath analyte was introduced
separately to obtain a clean spectrum for comparisbe IR absorbance spectra of the
individual VOCs loaded into the PGMA film with tenixture spectrum are provided in
Figure 7.8a These two VOCs are difficult to deconvolute tdaidb quantitative results,
because there are overlapping peaks. As can be geespectrum of methanol has a
distinctive peak at 2831c¢t However, in the ethanol spectrum, 297amerlaps with
the methanol spectrum. Performing a subtractiorthef methanol spectrum from the
mixture spectrum does yield a spectrum that isitaiadely close to that of the individual
ethanol spectrum (also iRigure 7.89. The intensity is also close to the individual
ethanol. The secondary absorbance in the carbegybn is provided irFigure 7.8h.
The subtraction of the secondary interaction peak mhethanol and the mixture is
produces a peak with a lower intensity than théviddal ethanol spectrum. This shows
that the combination absorbance of these analgtesmplex. After the removal of the

mixture is conducted, the IR absorbance does matreompletely to the baseline.
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Figure 7.8. IR spectra of a) the spectra of the ettmol, methanol, a 1:1 mixture and the
resulting spectrum after performing a subtraction a1 the mixture of methanol b) The

secondary absorbance region. All were delivered idynamic conditions to a130nm PGMA
film.
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7.3.2.2. Six-layer PGMA-PAA
7.3.22.1.  Acetone-Methanol

The six-layer PGMA-PAA system was also tested fsrgensitivity to VOC
mixtures. The VOCs were delivered simultaneouslylynamic conditions. Flow rates
are the same as previously given.Higure 7.9a,the full spectra of acetone, methanol
and the 1:1 mixture absorbed into the six-layer &#_presented. There is a negative IR
absorbance in the region between 3000 @nd 3500 cil. This gives evidence that the
analytes are interacting with the hydroxyl groupghe EPLS. In addition, the mixture
has an absorbance intensity in the C-H region 6026 3000 cni that is greater than
either component combined. This does not allowafty determination of concentration
by subtraction. IrfFigure 7.9h the carbonyl region is expanded to show changekda
1710 cm' peak and the secondary absorbance peak after ptiesorA reference
absorbance spectrum is also shown for comparisoriindl observation is that the
carbonyl absorbance is significantly less in thetore than the acetone or methanol

spectra.
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Figure 7.9. IR spectra for six-layer PGMA-PAA EPLSexposed to a mixture ofacetone
and methanol delivered in dynamic conditions a) Fulilspectraof individual components, anc
mixture b) The absorbance of the carbonyl region.
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7.3.3. ATR FT-IR Dynamic absorption: Sequential delivery
7.3.3.1. PGMA single component
7.3.3.1.1.  Acetone-Methanol
The sequential delivery of VOCs to the EPLS wasdaoited to identify changes
in IR absorbance associated with the addition arglibtraction of an analyte to the EPL.
Flow rates remain constant. The total flow remaitiedsame throughout the experiment.
The IR absorbance of each step is present&ture 7.10(a reference line is given for the
eye) After the acetone reached a steady sttar{ethanol delivered to the EPL. There is
an increase in the absorbance of the O-H redthrBoth VOCs are then removed using
nitrogen B). After 10 minutes of purging with nitrogen, aaetas clearly removed from
the layer. Methanol is also presumed to leave ilne ds well, but the film is slightly

altered as a small positive hydroxyl absorbancebeaseen.
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Figure 7.10. IR spectra forl30nm PGMA film exposed to a mixture of acetone ar
methanol delivered in dynamic conditions in sequerg

7.3.3.1.2. Methanol-Ethanol

The second mixture was methanol and ethanol. IRrBbBaces of the analytes

with the EPLS are provided iRigure 7.11 After a steady absorbance is reachid (
ethanol has a clear absorbance that is charaatesistvhat was observed in previous

experiments. When methanol is added to the fnthere is an increase in the hydroxyl

absorbance region between 3000 ‘cmnd 3500 cil. In addition, the secondary

absorbance peak increases as well. This lends evidence to the hypothesis that the

secondary interactions can be advantageous fotifidation analysis. When ethanol is
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removed 8), the intensity decreases semi-proportionally he briginal amount of
ethanol. After methanol is removed from the sys(é)nand there is a non-zero spectrum

after 10 minutes of nitrogen purge.
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Figure 7.11. IR spectra for130nm PGMA film exposed to a mixture of ethanol an
methanol delivered in dynamic conditions at 25mL/m (each) in sequenceA reference
zero-line is given for the eye.

7.3.3.2. 6L PGMA-PAA EPLS
7.3.3.21.  Acetone-Methanol
The sequential delivery of VOCs to the six-layerNP&GGPAA EPLS was also
performed. The flow rates remain the same as with frevious experiments. The

absorbance spectrum of the VOC as one is addedeamalved is given ifrigure 7.12
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The saturated acetone vapor was delivered to th&SEBDLThe spectrum is the same as
with previous experiments. When methanol is add®d there is a decrease in the
absorbance of the O-H region. This is accompanigdaip increase in intensity and
broadening of the C-H absorbance. When methanm@n®ved 8), the spectrum goes
back to that of acetone. Next, acetone is remoasidfilom the layerd). After 10 minutes
of a nitrogen purge, it is clear that there arkt stime changes with the layer. From this

and the past results, it is presumed that the dimanrge does not allow all VOC to

leave the film.
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Figure 7.12. IR spectra for six-layer PGMAPAA EPLS exposed to a mixture ¢

acetone and methanol delivered in dynamic conditiahat 25mL/min (each) in sequenceA
reference zero-line is given for the eye.
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7.3.3.2.2.  Methanol and Ethanal

The final sequential mixture conducted was withthmaeol and ethanol. The
absorbance spectra are given kigure 7.13 When ethanol is deliveredl)( C-H
absorbance is observed coinciding with an absoeb@amdhe O-H region. Very little
change is observed in the carbonyl region. Wheramet is added?), there is a strong
spike in the C-H absorbance intensity accompanyedrbadening. In addition, there is a
strong decrease in the hydroxyl absorbance regaiween 3000 cih and 3500 cnl.
When ethanol is then removeg),(the intensity of these regions decreases priogpaity
to the original amount of ethanol that was addeéthdnol is then removed from the
system 4). The removal of methanol leave a non-zero absmda the carbonyl region
after a purge; however, the hydroxyl region is vense to the original baseline. Ethanol
is added back to the EPLS one last time to dematestepeatabilityS). The absorbance

intensity appears to be sharper.
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Figure 7.13. IR spectra for six-layer PGMA-PAA EPLS exposed to a mixture ¢
methanol and ethanol delivered in dynamic conditios at 25mL/min (each) in sequenceA
reference zero-line is given for the eye.

7.4.Conclusions
For both the PGMA EPL and the six-layer PGMA-PAALER absorption of
analytes mixtures is possible. Detection can beedmasily when specific and separate
absorbance peaks are known and present. Secorfirsbance peaks can also be used
to distinguish certain analytes due to their positintensity, and shape. Deconvolution

of similar analytes that have overlapping absorbadrands requires more study. There is
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an apparent high sensitivity to low amounts of arpdOC. Further studies warrant what
the cause of this might be and how it may be usddvior of chemical detection.

Sequential addition of the alcohols shows thateh&ian additive affect that, with
more experimentation, can be used for concentratialysis. IR absorbance spectra of
various concentrations of acetone and methanolyedlsas acetone and hexane, show
signal intensities that decrease with a decreasomgponent in the mixtures. These
decreases are mostly, but not always, linear dveeentire range of concentrations made.

Mixtures delivered with a nitrogen stream generalgve lower overall
absorbances. This is partially due to dilution whke nitrogen carrier gas. Simultaneous
addition of two analytes was done and spectra magthwith sequential addition of two
VOCs.
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Chapter 8. Enrichment layers coated on Micro-disk
Resonators

8.1. Introduction
The work presented in this chapter probes theoresp of IR resonant devices

coated with the multi-polymer and six layer PGMA#Anrichments systems. The
sensitivity of the signal to VOCs has been testedl @@mpared to non-coated devices.
The devices act as micro- ATR crystals whereby esaent waves are generated at the
surface of the device. Due to their geometry amdedisions, the light is retained in the
device long enough to produce 1000 evanescent walvieh gives them high sensitivity
to their environments.

A micro-fluidic flow system for analyte transpomdaan optical sensing unit for
generating signals modulated by the presence gétied chemical specieBigure 8.1)
was fabricated by employing photolithography aneritial vapor deposition for use in
this work. At the core of the device, the opticahsing unit consists of several sequential
components: an off-chip laser source to emit thaebimg light, planar waveguides to
couple the light into the resonator, the on-chiplchgenide [ChG] glass or amorphous
silicon optical resonator, and finally fiber-couglehoto-detectors to receive the signal
through waveguides that couple the light out ofg¥aesor module.

Measurements of resonance wavelength shits werdorped at the
Massachusetts Institute of Technology (MIT) by \v8ingh or Dr. JJ Hu under the

guidance of Dr.L. Kimerling and Dr. A. Agarwal.
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Figure 8.1Proposed design for micro fluidic cell for exposingolymer coated resonators t
VOCs.

Oiptical fiber

8.2. Experimental
8.1.1. Fabrication of Amorphous Silicon(Am-Si) devices

The fabrication of the Am-Si devices (SEM imagesgrged inFigure 8.29 was done at
MIT, by Vivek Raghunathan, and utilizes an etchimgcess to remove contamination on
the surface. Chemical vapor deposition (CVD) isdusegrow a layer of amorphous Si
on a silicon wafer coated with thermal oxide. Uthdigraphy is carried out after coating
the wafer with a positive photoresist followed hgheng which removes the amorphous
Si in areas not protected by the resist. This tesiml Am-Si devices on the silicon
dioxide.

8.2.1. Fabrication of ChG micro-disc resonators
Bulk GesShyS;o glass for film deposition was prepared from higinify elements using a
traditional melt-quenching technique by studentdenrthe supervisor of Dr. Kathleen
Richardson. The synthesis procedures of the bullats Ge based glasses used in this

study are explained in detail, elsewh&feAll glasses are prepared from high purity
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elements (As, Alfa Aesar 99.999%; Ge, Alfa AesaB99%; Sh, Sigma Aldrich 99.9%;
S, Sigma Aldrich 99.999%) with no further purificat. Thus starting bulk glasses used
for target materials for film deposition have meable loss in the near and mid-IR
region of the spectrum due to quantities of adsbiraede and hydride. GgSb,S;o glass
films are thermally deposited from targets of bglkss pieces onto substrates in an
Edwards E306A single-source evaporator using anmapd procedure described
elsewheré. The substrates for thin film deposition were 6hirgi wafers pre-coated with
a um-thick thermal oxide (Silicon Quest Internatiofhad.). Waveguides and micro-ring
resonators were fabricated by a lift-off processerse photoresist patterns of the device
were formed on the substrates prior to chalcogemjidss deposition (SEM image
presented irFigure 8.2b). Details of the lithographic device fabricatioancbe found
elsewheré. Detection mechanisms for ring and disk devicesbased on shifting of light
wavelength based on changes local refractive isdeaised by analyte incorporation
into the polymer film or absorption of the light ltlye penetrating chemical (image of

concept provided ifrigure 8.3).

'Isensitive Ry

DN

Figure 8.2 SEM images of resonator structures a) Arsi and b) ChG. Image ol
right is depiction of evanescent wave propagatiomia micro-disk resonator.
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Figure 8.3 Possible mechanisms of detection when ing polymer coated IR
transparent resonators.

8.2.2. Coating of Am-Si and ChG resonators
The resonators were rinsed with MEK prior to thaftyng instead of the piranha

solution. The same grafting procedure was usedtifer ChG micro-disc resonators,
though drop casting was used for the Am-Si resoagimerformed by the author). The
polymers were deposited and grafted consecutivelthé following order for 6 layer
system: PGMA-PAA-PGMA-PAA-PGMA-PAA, and the multivé layer system:
PGMA-PAA-EPB60-PGMA-P2VP. The single layers haveP&MA layer with a
thickness determined to be between 1-2 nm.

8.2.3. Analyte detection with ChG micro-disc resonators

The following experiments were conducted by Dr. &y Zdyrko and Dr. J.J.
Hu. Transmission spectra of the fabricated deviaeehbeen measured on a Newport
AutoAlign workstation in combination with a tunablaser (optical vector analyzer
external laser, LUNA Technologies, Inc.). Lensfilgers were used to couple light from

the laser into and out of the devices. Reproduciddepling was achieved via an
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automatic alignment system with a spatial resolubb50 nm. The sample was mounted
on a thermostat stage and kept at 25 °C for allsomeanents. Analyte was delivered in a
small Al bucket placed near micro-ring resonatadl anclosed with PDMS chamber. A
series of transmission spectra were recorded wghiit in the micro-ring resonance
reached it maximum.

8.2.4. Analyte detection with Am-Si microring resonators
All resonator transmission measurements were madea oLUNA Optical Vector
Analyzer (OVA). Experiments were conducted by VivBlkgh with the author. The
resonator samples were placed on a static stage wWia input and output fibers are
aligned using precise software controlled, and mwéd three-axis stages that allow
movements as small as 10 nm. A reference exposaee done with acetone before
polymer modification. Transmission spectra wereorded as polymers were deposited
onto the devices by a drop casting technique. [@svigere annealed under vacuum to
graft polymer layers and exposed to organic sok/émtinse away ungrafted polymer. A
reference measurement was made before exposinmgshbeator devices to any analyte,
and compared to the measurements taken after armayiosure, to calculate observed
resonator peak shifts. For analyte exposure, doiuse made glass cell was used, which
consisted of a reservoir filled with the liquid &ra placed next to the sample.
Aluminum foil was used to drape the sides of thétoemaintain a minimal exposure of
analyte vapor over the coated devices however ¢begsity to align the fibers prompted
the need for slit-like openings on the sides ofdékk making it open to the environment

on both sides. Transmission measurements werensgstally made at 1, 2, 4, 8, 16, and
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32 minutes. Between analytes, the sample was alldweecover for a few minutes in

open air.

8.3. Results and Discussion
8.3.1. Am-Si Resonators with EPLS

8.3.1.1. PGMA-PAA six layer system
The designed enrichment polymer nanocoatings camagplied not only to

macroscopic waveguides such as silicon crystalsalad to miniaturized IR sensing
devices such as micro-disc resonafordn an optical resonator, working on evanescent
field principles, circulating light is confined wiinh a small volume. When the resonant
condition is met, the optical power becomes resttpaenhanced up to a factor
approximating cavity finesse. This increases tkesitivity to environmental stimuli.
Micro-ring resonators were modified with the sayér PGMA-PAA polymer
enrichment system. Optical imaging revealed thatdévices were not destroyed during
the polymer layer deposition procedure. AFM imatge®n of the top of the PAA layer
(Figure 8.4) shows that around the micro-ring, the polymertiogahas wrinkles from
variable vaporization of the solvent after applgddrop casting. Images of a 1xlum area

has less wrinkle formation.
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0.25 0.50 0.75 1.00

Figure 8.4AFM topography of the top PAA layer of the enrichment system coated ont
a Am-SI micro-ring resonator. Images sizes are 30x30um, 10x10uand 1x1um left to right

respectively. Height values are 250, 40 and 5 nmftldo right respectively. RMS of the
1x1um image is 0.5nm

In Figure 8.5 the deposition and grafting of the polymer layermanently
changes the baseline intensity of the resonatamgaleith the resonant coupling and
continues to change for subsequent layer depositibcan be seen that intensity of the

coupling remains significant showing that the patyrfilm does not hinder the use of the

device as an environment response sensor.
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Figure 8.5.Baseline intensity change of an An&i ring resonator coupling upon coatin
with polymer layers.

Proof that the polymer film is necessary for datecof gas phase VOCs is given
in Figure 8.6a.A non-coated Am-Si micro-ring resonator was expageacetone vapor
for 32 minutes with no resulting significant sHifésolution is 1.5pm, spectra were taken
in periods of 2, 4, 8, 16, and 32 minutes).Higure 8.6b, after coating with the six
layers, a 1551 nm wavelength is used to show thah @xposure to acetone vapor there
is not only a shift but a decrease in intensitytte coupling. Acetone has only minor
absorption in this near IR region so the majorityh@ change in intensity of the coupling

peak is thought to be due to the swelling of thigmper film.
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Figure 8.6 Am-Si ring resonator coupling shift after 32 minutes m the presence ¢
acetone vapor a) before coating with 6L PGMARPAA coating, b) after application anc
grafting of 6L PGMA-PAA system.

The maximum shifts of the 1551 nm wavelength wh&posed to acetone,
methanol, ethanol and water were recorded and rasepted irFigure 8.7. All of the
analytes used demonstrated a unique peak shift egpasure to the chemicals with

different magnitudes.
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Figure 8.7 Differences in the maximum shift obsenakfor the Am-Si ring resonator in
the present of analyte vapors 6L PGMA-PAA.

8.3.2. ChG Resonators with EPLS

8.3.2.1. Six Layer PGMA-PAA
Microdisk resonators made of chalcogenide glase wdified with the six layer

PGMA-PAA polymer enrichment system. Optical anaydemonstrated that the devices
were not destroyed during the polymer layer demosiprocedure. Modified ChG

resonators were exposed to the vapors of the watethanol, ethanol, isopropanol,
acetone, hexane and aqueous ammonia solution @) 0Resonant peak shift of 1550
nm wavelength was monitored as device output. Alhe analytes used demonstrated
peak shift upon exposure to the chemichlisique shifts of the resonant wavelength for
each analyte vapor for this system are giverFigure 8.8 As with the coated Am-Si

resonator devices, the polymer coatings demondtrdiferent resonance peak shift

magnitudes when exposed to different analytes.
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Figure 8.8 Resonator resonance maximum shift observed for thehG disk coatec
with 6L PGMA-PAA in the present of analyte vapors.

8.3.2.2. Multi-polymer system
Modification of the micro-disc resonators was coctédd with the multilayered coating
according to the procedure designed for the Sttaly/sOptical testing demonstrated that
the devices were not destroyed during the modiéicai{polymer layer deposition)
procedure. In fact, the polymer film evenly covetbd devices on both the micro and
nano-levels igure 8.9 and increased the measured cavity quality fac@@i+factor ) on
average by ~ 15% compared to uncoated resonatoishwlan be attributed to the

sidewall roughness smoothing effect and consegeattering loss reductich.
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Figure 8.9 Top left: The IR sensor device (made dR transparent chalcogenide ChG]
glass). Bottom left: Close up optical image of ChGully design used. Top right: AFM
morphology image of the PGMA coating surface. Bottm right: AFM morphology image of
the PAA coating surface. Image size: 1x1 um, vertét scale: 10 nm.

To monitor interaction of the analyte with the @og, shift of the resonance peak
near 1550 nm wavelength was usedj(re 8.10 inser). Modified ChG resonators were
exposed to the vapors of the water, methanol, eth&opropanol, acetone, hexane and
agueous ammonia solution (0.027%).

Resonant peak shift of micro-disc resonators wasitmi@d as device outpuFigure

8.10. All of the analytes used demonstrated peak sipiftn exposure to the chemicals.
In addition, polymer coatings demonstrated diffem@sonance peak shift when exposed
to different analytes. This setup, in principlendae used as micro on-chip IR sensor
provided that the ChG bus waveguides are couplaa i&® source and detector. Analysis

of scientific literature shows that all componewtsthe sensor (IR source, sensing
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element and detectdr)’ can be integrated into one chip yielding a mimatlow power

consumption and low cost sensor preserving all atdgges of sensing in mid-IR.
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Figure 8.10 Resonator resonance maximum shift observed for th€hG disk coatec
with 6L PGMA- PAA in the present of analyte vapors. Insert: shiftof resonance peak ne:
1550 nm wavelength.

8.4.Conclusions
All polymer layers can be used to modify the midrag and micro-disk devices.

Resonance coupling of the near IR light with theogrhous silicon devices were
monitored as the polymer layers were applied amdtag. As the coupling intensities
remain significantly strong, it can be concludedttapplying polymers does not damage
the devices and the unique couplings can be usewbtotor absorption of VOCs. Both
chalcogenide and amorphous silicon are good optimcaterials to use of mid-IR
transparent chemical vapor sensors. Each analyp®sare to the coated devices
produced a significant resonance shift and retutodzhseline after VOCs were removed

from the resonator environment.
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Chapter 9. Summary and Future work
9.1. Summary
9.1.1. PGMA as a single component enrichment layer

PGMA can be utilized as a single component EPL.0Skpe to VOCs withn-situ
ellipsometry showed a swelling trend for PGMk-situ FT-IR showed new peak
formations that were not present in the VOC. This provide clearer of identification of
VOCs. The strongest IR signals for VOCs were oletiwith the thicker 130 nm film
However, even 15 nm of PGMA is sufficient to tra@® molecules to obtain spectra.
The time that is needed to confirm VOC absorpt®itess than 30 seconds under static
conditions and identification can be accomplishretéss than a minute. Equilibrium time
can be up to 20 minutes for high vapor pressure ¥ Cminimum of 40 minutes is
required for low vapor pressure VOCs to reach dayuilm in static conditions. Dynamic
conditions decrease these times.

9.1.2. PGMA and PAA built into one enrichment system

PGMA and PAA can be grafted together to form ancbnnent layer system. The
swelling fractions of this six-layer PGMA-PAA enhiment polymer layer system is
sensitive to VOCs with strong hydrogen-bonding abteristics. The system has
affinities that are more similar to PAA than to PAMCross-linking with multiple
grafting sites on the PAA backbone reduces loadeggabilities; however, it does not
seem to inhibit sensing and differentiation betwe@cCs.

The results of IR analysis have a correlation witlelling analysis. There
are more intense secondary IR absorbance peaktrdog hydrogen-bonding VOCs that

has high swelling fractions with the EPLS. Eachlgeagave a unique IR spectrum that
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can be used to distinguish it from similar VOCse@pcally the alcohols) and from a
pure PGMA film as well.
9.1.3. Multi-polymer enrichment system

The main implication of IR absorbance studies witlo-layer systems is that
addition of various polymers in one system can @i@nan absorbance spectrum when a
VOC is incorporated into the system that is unifjoen the previous six-layer PGMA-
PAA system and PGMA film. This function works beghen an array of enrichment
systems is used to identify unique points for V@entification.

The EPLS synthesized and studied in this chaptetagted polymer layers that
added unique functionality and targeting abilitheTswelling level of the multi-polymer
EPLS was, on average, lower for the tested VOQs fitiathe previous six-layer PGMA-
PAA EPLS. However, the EPLS was able to incorpoesieh analyte. Therefore, the
system can act as a “universal’ enrichment system.

IR analysis demonstrated that each analyte gavecuel IR spectrum that could
be used to distinguish substances. Additionally,gbectra observed with this EPLS were
significantly different from a pure PGMA film andoim the PGMA-PAA EPLS.
Furthermore, analyte VOCs that have higher swellwth the multi-polymer system
(e.g., acetic acid) had stronger IR absorbance ttieynhad with the PGMA-PAA EPLS.
Analytes that have affinity with both, such as ammm hydroxide, gave IR signatures
that were differentiable by intensity. However, sbsignatures were slightly weaker due

to the broader scope of chemical attraction withrttulti-polymer system.
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9.1.4. Mixture absorption analysis by ATR FT-IR

For both the PGMA EPL and the six-layer PGMA-PAALER absorption of
analytes mixtures is possible. Detection can besdsasily when specific and separate
absorbance peaks are known and present. Secorurgbance peaks can also be used
to distinguish certain analytes due to their positiintensity, and shape. Deconvolution
of similar analytes that have overlapping absorbdrands requires more study. There is
an apparent high sensitivity to low amounts of arpdOC. Further studies warrant what
the cause of this might be and how it may be usddvior of chemical detection.

Sequential addition of the alcohols shows thateh&ian additive affect that, with
more experimentation, can be used for concentratialysis. IR absorbance spectra of
various concentrations of acetone and methanolyedlsas acetone and hexane, show
signal intensities that decrease with a decreasomgponent in the mixtures. These
decreases are mostly, but not always, linear dveeentire range of concentrations made.

Mixtures delivered with a nitrogen stream generaligve lower overall
absorbances. This is partially due to dilution wilike nitrogen carrier gas. Simultaneous
addition of two analytes was done and spectra magthwith sequential addition of two
VOCs.

9.1.5. Polymer coated evanescent waveguide resonator dessc

All polymer layers can be used to modify the midragg and micro-disk devices.
Resonance coupling of the near IR light with theogrhous silicon devices were
monitored as the polymer layers were applied amdtegt. As the coupling intensities

remain significantly strong, it can be concludedttapplying polymers does not damage
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the devices and the unique couplings can be usetbtotor absorption of VOCs. Both
chalcogenide and amorphous silicon are good opticaterials to use of mid-IR
transparent chemical vapor sensors. Each analypmsare to the coated devices
produced a significant resonance shift and retutadshseline after VOCs were removed

from the resonator environment.

9.2. Future work
This work has been geared to develop multi-polytagers that can be used for

enrichment of chemical sensors. This has led teldevan understanding some trends

involved with thin polymer layer affinity towards QCs that has not been studied

previously. More to the point, this work has deliatb the fundamental relationships
between intermolecular interactions between polgnard VOCs that can be observed
by changes in mid-IR spectroscopy. To elucidate esgmoints that are not fully
investigated in this work, it is important to parfothe following tasks.

e In-situ 2D IR spectroscopy can provide the capabilitiesddadeo deconvolute which
chemical functional groups are interacting with absyg VOCs. Fundamental
vibrations are correlated with each other genegasirunique map with changes of
frequencies are aligned with other correspondiranghs in the spectrum.

e Determine experimentally (for PGMA and other polymevolved) the interaction
parametef via osmotic measurements or dissolution caloriynetr

e Mathematical or experimental determination of thess linking density of PGMA

films of different thicknesses and different animegatimes.
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9.3.

¢ IR ellipsometry can be used on the swelling systemetermine, by modelling,
the real change in refractive index as the filmsigollen and its effect on IR
absorbance. In addition, multi-angle, and multi-elamgth ellipsometry should be
used for layer swelling fraction calculation. Thigll require better and more
sophisticated modelling than what is available.

This work has not presented an in-depth analysitheflimit of detection for the
evanescent waveguide chemical sensors with andwigholymer films. In order to
show that these devices are truly on the cuttingeeaf sensor development, such
experiments to accurately assess the concentmaititve delivered VOC to the sensor
device will need to be done.
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Appendix

1. Ellipsometry
For purely comparative purposes, a refractive inafek.5 was used for the results

presented in this dissertation. The swelling factdata using two different refractive
indices (1.5 for the polymer and 1.3 for the ligsiolvent) is presented iRigure Al.
Results show that for the single films, there isnaall difference in fractional swelling
values. For the multi films there is a larger diffiece due to the EPLS absorbing more
VOC vapor. The differences seen in these resuitsodstrate that the software modelling
available is not extremely sensitive. The low simgllfraction was taken to identify
trends of the layers. This is because the polyiiresfare not saturated with VOC liquid.

Future work identifies that more robust modellisghneeded.
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Figure A9.1. Swelling fractions of acetone vapor inA) PAA 8nm film, B) PGMA 8nm
film, C) six layer PGMA-PAA system, D) five layer Multi-polymer system

The polymer films will never reach the volume tian needed to bring the
refractive index to that of the liquid solvent. Tére, the trends shown with the
polymer layers are real (e.g. for a 90nm PGMA filmetone will always be greater than
hexane). The refractive indices of five of the may®Cs are presented ihable Al.
These were obtained using a Spectronic Unicam leidiight reflectrometer Model

334610 at a temperature of 25°C.
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Table Al. Refractive indices for major VOC liquidsused in this work.

VOC Refract Index
Acetone 1.358
Methanol 1.329
Acetic acid 1.372
Hexane 1.374
Isopropanol 1.377

2. Depth of penetration

The depth of penetration of the evanescent wavecalasilated for a waveguide made of
silicon (refractive index is 3.4) amorphous silicon (refractive index 4.663nd
chalcogenide (refractive index 225The results over a range of wavelengths is pteden
in Figure A2. A refractive index of 1.5 was used for the polymeterials used in this
work. A refractive index of 1.3 represents the Istvimdex of refraction for the liquid

VOC analytes used in this work.
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Figure A9.2. Depth of penetration calculated for nar IR through mid-IR using
waveguide materials used in this work and a standarrefractive index for the polymers and
liquid VOC for comparison. Dashed lines are thicknsses of polymer layers that have been
used in this work.

The dashed lines represent the thickness of tlyengo films and EPLS made and
the graph clearly shows that the thicknesses o$ystems falls well below the maximum
evanescent wave depth for mid-IR and is also bé&h@nChG resonator depth as well.

3. Statistical Analysis
Statistical analysis was done using a single taihdard student's T-test with a 95%

confidence interval. T values presented in Table Péble A3, Table A4, and Table A5
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are for the 90 nm PGMA film, the six layer PGMA-PAZPLS, the five layer multi-

polymer EPLS.

Table A2. Student T-test t and p values for the sviling fractions of the 90 nm PGMA layer
with various analyte vapors. Degrees of freedom = 2

T-test values\ p values
PGMA 90 nm Hexane MeOH Acetone IPA EtOH Acetic Acid

Hexane —~~~_ 0.001 0.00001 0.002 0.0001 0.002
MeOH 758 ~_ 00006 0.27 0.15 0.04
Acetone 1452 819 ~_ 0.001 0.001 0.04
IPA 5.87 0.69* 7.06 ~_ 0.45 0.05
EtOH 1265 1.24* 771  0.43* ~~_ 0.05
Acetic Acid 5.7 2.67 231 223 231 ~_

* Are not statistically different
Table A3. Swelling mean and standard deviation vaks for the 90nm PGMA film
PGMA 90 nm Hexane MeOH Acetone IPA EtOH Acetic Acid

Mean 0.024 0.114 041 0.1350.138 0.28
STDEV 0.004  0.022 0.046  0.0350.016 0.08

Table A4. Student T-test t and p values for the swvlleng fractions of the six layer PGMA-
PAA EPLS and various analyte vapors. Degrees of feglom =4

T-test values\p values
6L PGMA-PAA Hexane MeOH Acetone IPA EtOH Acetic Acd AmmHyd

Hexane —~~_ 0001 0.085 0.007 0.001 0.003 0.007
MeOH 753 ~_  0.0004 0.08 0.388  0.0009 0.013
Acetone 2.18 7.2~ 0.007 0.0003  0.0004 0.007

IPA 4.21 1.63 365~_ 01 0.02 0.006

EtOH 8.03 0.3 7.82 146 ~_ 0.0006 0.01

Acetic Acid 463  6.06 712 274 651 ~_ 0.009
AmmHyd 8.45  3.47 8.14 447 3.79 720~

* Are not statistically different
Table A5. Swelling mean and standard deviation vaks for the six layer PGMA-PAA EPLS
6L PGMA-PAA Hexane MeOH Acetone IPA EtOH Acetic Acd AmmHyd

Mean 0.107 0.814 0.198 061 081 0.3 1.48
STDEV 0.07 0.135 0.017 019 0.13 0.017 0.27
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Table A6. Student T-test t and p values for the svlllng fractions of the five layer multi-
polymer EPLS and various analyte vapors. Degrees éfeedom = 4

T-test valuesp values
5L Multi-system Hexane MeOH Acetone IPA  EtOH AceticAcid AmmHyd

Hexane —~0.001 0.002 0.008 0.0004 0.00002  0.000002
MeOH 6.08 0002 0.6 0.007 0.03 0.02
Acetone 509 473 ~~_001 001  0.00002  0.000003
IPA 3.62  1.12* 362 007 0.008 0.003
EtOH 7 3.67 35 171 ~~0.0001 0.00001
Acetic Acid 1862 25 18.59 4 1403 ~_ 032
AmmHyd 2071 287 1975 472 1537 O05F ~_

* Are not statistically different

Table A7. Swelling mean and standard deviation vaks for the five layer multi-polymer
EPLS

5L Multi-system Hexane MeOH Acetone IPA EtOH AceticAcid AmmHyd
Mean 0.09 0.386 0.16 0.31 0.21 0.545 0.53
STDEV 0.021 0.081 0.01 0.07 0.02 0.035 0.03

Table A8. Student T-test. t and p values for the selling fractions of the five layer multi-
polymer EPLS compared with the 6L PGMA-PAA EPLS. Orly same analytes are
compared. Degrees of freedom =4

5L system vs 6L system

Hexane MeOH Acetone IPA EtOH Acetic Acid AmmHyd

T value 0.32* 4.57 2.88 2.45 7.64 10.65 9.41

p value 0.38 0.003 0.017 0.029 0.0003 0.0002 0.0001
* Are not statistically different
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