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Abstract

lllumination of sulfonated poly(ether etherketonefSPEEK) and cellulosefiims by
350nm photonsesulted inan efficient redox systemThe illuminaed films resulted inradicals
of SPEEK(S P E E K which in the presence of aimderwentradical oxidationthat lasted
minutes to hours depending on the cellulose polyméhzed and relative humidity (R.H.).
Different cellulose polyrars such ascarboxymethylcellulose(NaCMC) and tydroxyethyl
cellulose (2-HEC) hawe similar structures,however charges infunctioral groupswithin the
polymer matrixcan have a major impadtvhenilluminated 2-HEC films S P E E Kokidfation
occuredyvia first-order kineticswith a rate constantdf k = 6 x 10 min! at 20%R.H.to 2.5 x 10
! min? at 55% R.H., while CMQoxidation occured at k = 1.5 x 102 min?! at 20% relative
humidity t06.7 x 102 min! at 55% R.H.The effect of R.H.on the mdical oxidatn rate is a
result of thepolymer matrixexparsion in the presence of waterConsecutive illumination
producedight-absorbingransient{LAT) which resulted irihefailure of 2HEC films by the 1
illumination. NaCMC films wereonly dightly affected by LAT afted O illuminations.

Efficient reduction ofmethylviologen(MV #*) took placewithin SPEEK¢ellulose films
upon exposre to 350nm photoss. This photoreductiomitilized radicals of SPEEKAwhich led
to the formation ofmethyl viologen radical (MV). The resulting redox systesielded hgher
visible detection bythe eye. Illuminated 2HEC films MV ™ oxidation occurred via first-order
kinetics with a rate constant of k46 x 102 mint at 20% R.H. tdl.7x 10 mint at47% R.H.,
while CMC oxidation occued with a rate constant df = 22 x 10 min! at 20% relative
humidity to1 x 10 min'! at 55% R.H.The MV?* reduction and reoxidation wesaiccessfuin
both2-HEC and N&MC film systemshowever, 2HEC wasaffected by LATupon consadive

illuminations.



Reduction ofMV?* within argonspargedSPEEK/cellulose solutions andswollen films
with HCO,H/HCOZ was attemptedvith exposire to 350nm photos. Ar spaged Sdutions
showed no redwction produts while swolen films showeda reduction ofMV ?*. The reoxidation
of MV* was observedn the absence of aiand showed anincreag in the rate of decaypon

subsequenilluminaions The half-life of each illuminationwas 1% tiz ©16 min, 29 ti

© 11.2min, and 3 t12 ° 4.6 minwhich followed secondorder kineticand then progressedo

zeroorder kineticsThis was the resultf a LAT product beingproduced irexcessduring each

illumination.
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Chapter 1
Photoresponsive behavior of SPEEK/Cellulose films for oxygen sensing.
1.1 Introduction :
Over the years photoactive materials have become an increasingly attractive asgpgcare
able to experienceeversibe alterationsupon exposure tdight.1”” Photoactive materials can be
used in a variety of systems because of the control ovatr adtivation energy is needed and the
ability to focus and control the stimuli such as electromagnetic radidti@nresponsiveness of
suchmaterials to various forms of electromagnetic radiagoables manipulation of some of
their propertiedy means ofvariables such as light intensityavelengthand exposure timén
addition, photoactivenaterials camespondto otherstimuli induced by the presence of certain
gasesor appliedvoltage changesPhotoactivated systems can designed tdoe alteredeither
reversible or irreversible depending on the desired applicalibey frequently function as key
components otontrolled drug deliverysystems oxygen sensrs and other application$>®
Many phot@ctive systemsare fairly complex as they require organic molecules or inorganic
compounds as photosensitive chromophores, togeftieredox indicatorsreducing agentand
macromoleculaindes. ® However, less complicatedsystemsare feasibleif light-sensitive
polymersact assensitizersvhile otha macromoleculefunctionastransparent matrix asell as
reducing agest Sucha strategywould lead, in principle, to simpler systems useful in a variety
of practical applications such &sod packagingpharmaceuticalsyxygensensing holography,
and otherg®4
1.2 Benzophenone and PEEK
Photosensitizersr photoinitiators utilize light for the formation of intermediates such as

radicals, cations, or anions which can induce further reactions; in fact, many redox processes use
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free radicals as key intmediatesFor the generation of radical intermediates, ghecess starts
with excitation of the molecule to an excitsthglet statethat can lead to dissociation of a
chemical bond or transformation into a reactive intermedfdtdn the case of carbonyl
chromophoreghe reactive intermedia is an (np*) triplet excited stateyenerated via fast and
efficient intersystem crossinglhe triplet excited state can relax through phospleceres or
create radicalgia hydrogen abstractiofiom a suitable donoH-atomabstraction results in the
formationof two radicals,onefrom the photoinitiator andnother from the hydrogen donor.
Benzophenone (BP) is a wdidhown chromophore that can generate triplep{j,excited states
upon exposure t&V light (230 nm i 380 nm)!® These excited states can produce reducing
radicak via hydrogen abstraction frommeveralhydrogen atordonors'>?? Depicted inScheme
1.1 are the elementary processes to produbgdroxy (or ketyl) radical of BP usingf@opanol
as Hatom dowr. The Hatom abstraction of -ropanol by BP* generates twa-hydroxy
radicals one from BP andthe alcohol derivedl-hydro-1-methylethyl radical Following the
generation ofthe two a-hydroxy radicals, the -propanol radicalmay reduce a second BP
molecule forming an additional benzophenone ketyl radicalhus under optimal reaction

conditions a single photon could generate astoydroxy radicals of benzophenone.
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Schene 1.1: Schematic representation bktreactions leading to benzophenone ketyl radicals of
benzophenon®

As is typical ofa-hydroxy radicals, the BP ketyl radical experiences dimerization forming
several product®!® Schemel.2 illustrates thepossible dimerization processes experienced by
the a-hydroxy radical of BPthe most important products are pinacols produced via steps 2 and
4. In addition, insertion ofa second ketyl radicahto the ortho, meta and para positions of a
benzene ring frona BP radicalkcan yield speciesalled light asorbing tradent, LAT.® The

three different LAT products exhibit different reactiviti@ghile some appear inert others react
with O,. 21?2Included in schemd.2 arepossible products of the LAT generation proc&sps

5 and 6 illustrate the formation of the two most probable LAT structures generated by addition of

a radical F (generated via Hitom abstraction from the donor RHit) the ortho and para

positions of a benzene ring from the ketone function
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Schemel.2: Proposedeactions of the-hydroxy BP radical irsidepoly(ethylenevinyl alcohol)
films free ofoxygen?°

While the BP/2propanol is an efficient system to form reducing radicasolution no simple
system is known that produces BP radicals with high efficigncgolid-state matrices In
principle photochemical systesn comprising a polymeric photosensitizecontaining BP
functions together with a macromolecularaktbm donorcould constitute a solid matrigapable
of photogeneratindgdP radicals Poly(etherether ketong (PEEK) is a highly ordered polymer

containinga BP group in eachmonomer unit however,this macromolecule possesskgh
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crystallinity and low solubility in mossolvents 2 Thus, sulfonation ofPEEK was requiredo
yield a derivative containing sulfonic grauthat are solublein water and udal as asolution
photoinitiator.

1.3 Sulfonation and SPEEK/PVA system

Sulfonaion of PEEK attaches a sulfonic acid group tolieazene rindginked, but not part ofhe

ketonefunction, asshown inSchemel..3.

0 0
o A -]
\.@\ CI |O H2804 E CI |O
o )

SO:H

Schemel 3: Reaction scheme for the Sulfonation of PEEK

The sulfonationof PEEK has beerconfirmed with NMR, IR and elementary analysighich
showed that thedegree of sulfonatigrDS, determines the solubility afulphonated poly(ether
ether ketone) SPEEK 2+%/. A high degree of sulfonation iSPEEK results in complete
dissolution into waterallowing SPEEK to be used itiquid systemsanalogousto those
containing BP. Similar to the BP/2propanol solution system, combinatiof@r blends)of
SPEEKandpoly(vinyl alcohol),PVA, are assumed tmrm triplet (n,p*) excited states from the
SPEEK carbonyl BP chromophore Such excited states are anticipatedraact with PVA
through hydrogen abstractiomith the generabn of two a-hydroxy radicad: oneof SPEEK
(SPEEHKHY) andanotherderived fromPVA. Thelatterradical can then reduce another BP group
of SPEEKforming a secondP a-hydroxy radicaf® Previous studiesroSPEEK/PVAmixtures

(blends)in aqueousolutiors have determined that photochemical reactions candueedusing
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such polymer combinationg®3! Photolysis of SPEEK/PVA mixtures in solutioyields
SPEEKHT displaying an opticalsignal witha wavelength oimaximumabsorption(l max) of 565

nm; a representatioaf the formation process is presente®chemel 4.2

Schemel 4
B 30* ] r i
SO;Na oH
© / )K + —
TN T N
~. o/ h .
_ v
SO;Na T I OH |
e O\q)/ (I))\ 0 T \/l\
™~ o/ h ! .

Schemel 4: Schematic representation of the reaction leading to SPEEK and PVA radicals
In the absence dir, the absorption cBPEEKHY centered at 565 nm decayed slowly via
a secod-order reactiorbetween polyketonedicals No such optical signal was detectedhe
presence of oxidizers such as*A@. and othershecauseSPEEKHY reduce them tometallic
particles and kD2, respectively?®3 Analogous reactions were detected upgposureof films
of SPEEK/PVAblendsto light. % This wasfeasible sincesimple casting procedures enabled
the preparation ofransparent and flexiblelms of the blendsvith adjustablehicknesgsin the
micron range. H-O> was formedefficiently in aqueous solutions of the blends as well as in
waterswollen SPEEK/PVAfilms, the proposed reaction mechanism is shown in Schelke

However,reduction of Q in dry films is inefficient because oxygen diffusion igery slowin
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such matrice$*® The absence of oxygen reduction would facilitate radiadical termination
reactionsstep8 of Schemel 5.

Schemel 5
(1) {RRC=0}; + N F{RRC=0},
(2) 3¥RRC=0},; +{RRCHOH} Y { R' R G+{RRG-OH}y
(8) {RRC=0}; +{RRC-OH}Y { R' RE+{RRG=0},
(4) {R'RC-OH}/HRRC-OH}y+ 0¥ { R' RC( QRRCOOH)GO-},
(5) {R'RC(OH)OO-LAR'RC(OH)OO-}, Y { R' RMRRT}O}y + HO,:
(6) HO2 Y H+.O
(7) HOz +H'+.-00 Y #:2+0
(8) 2{R'RC-OH}/{R'RC-OH}y, Y Combination/disproportionation produesd light
absorbing transients (LAT)
Schemel 5: Elementary stepf®r the photogeneration of radicals via photolysiSBEEKPVA
systemsand oxidation by @2°3**SPEEK is denoted §8'RC=0}, and{R'RCHOH},
corresponds teVA; {R'RCOH}; denotesSPEEKHY while the PVA radicals represented by
{R'RCTOH}y. 3{R'RC=0}, corresponds to the triplet excited state of SPEEK.
LAT formationin SPEEK/PVA systemis anticipated to take place viadicalradicalreactions
similar to thoseoccuring in the case oBP, exceptthe parapostion of the benzene ring is
blocked by the structure of th&PEEK polymer?® While several forms of LAT are unstable
products that ultimatelyesult in theirreversible transformationf BP that camot be detected
addition of a radicahtthe orthopositionof the ketonephenyl rings results ispecieghatcanbe
detected with UV/Vis spectroscopYhis LAT species is probably responsible for the signal

exhibiting a maximumat ~ 410 nm that was noticed in airfree SPEEK/PVA solutions
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illuminated for extended time&® A representation of LAT species is presented in Figutd.
An undesirable consequence is thatltAd speciesancompete witlthe BP carbonyl group for

the 350 nm photons, decreasing the ability of SPEEK to initiate photochemical reactions.

o

A

R

. J U
- an”

Figure 1.1: Structure ofapossibleLAT from the reaction between SPEEKIEndradicalRY,
with the latterepresenng either{ R'RCTOH} or {R'RCYOH}y.

1.4 SPEEK/PVA redox dyes
There is a growing interest in thin film sensors that can warn optésence of ©in food
packaged® Thisisakeyc omponent of @i nt el dtdlimie@ éxposupeadtc k agi n
edible materials thereby imprmg their preservation.Most studiedaremulticomponensystems
loadedwith redox indicating dyes. They function as @indicators exhibiting different colors
depending on the redox state of the,dykich, in turn, can baltered by the presence of oxygen
A brief illumination of the sesitizer present in the films with UV light induces dye reduction to

a stable state but exposure tpréverts the redox indicator to the initial oxidized state exhibiting
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an identifiable change. While such sensors wibtriky are complex and leakage of the toxic dyes
from thesystemsnto the food is a recurreahd seriousssue. Previous work on SPEEK/PVA
films involved incorporatingsuchredox dyesand utilizedthionine (Th) and cresyl viole (CV)
which were reduced b$PEEKH] to their leuco forms:® Reduction ofTh proceededia a zere
order rate law with a rate constant ofkL x 10° Ms™. Completeoxidation ofleuco Th and
reducedCV took 30- 45 days in dry SPEEK/PVA films; howeven wet films the oxidation
occurred vidirst-order kineticawith k = 2.37 &. 3° The oxidant that attacks the reduced dyes is
Oz, andther slow oxidationprocessesesultfrom the low oxygen permeabiliip PVA. %4 This
is consistentvith the increasedxidationratenoticed forswollenfilms thatexpandduring water
incorporationallowing for increased [€) andfasterdiffusion.
1.5 Purposeand goals

Extensive past investigations have shown that oxygen indicators msitigomponent
flms can be developet However, in most cases the-axidation of the reduced dyey
reaction with Q (the reaction that indicatethe presenceof oxygen) is exceedingly slow,
limiting the usefulness of the indicator syst&mA similar problem plagued the previously
studied SPEEK/PVA system containing Th and ¥VAdditional issues of leaching of toxic
components out of the films were also noticdthe overall goabf the project is in the reduction
of complexity and toxicity which is desired foxygenpermeablepolymeric matricesised in
dry film applicationssuch as dod packagingbiomedical applicationsand personal protective
equipment(PPB. The current investigatiogoal is theprepaation of SPEEKkbased filmsable
to perform colorimetric sensingof oxygenunder dry conditions relatively fasto achieve this
cellulose will be used in place of PVA which wskrveasa transparentflexible matrix andwill

alsobethe source oH-atomsthat induceSPEEKphotaeduction These SPEEKEIIulose films
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will alsobe crosslinked to hinderthe migrationof SPEEK intoany aqueous solutiag As with
the SPEEK/PVA systeSPEEK will not only be the sensitizerbut ako the colorchanging
elementsince photoreduction ahis polymeryields a pink coloration due to the&SPEEKHY
signal centered ab65 nm*® As is typical of reducinga-hydroxy radicals SPEEKHY decays
quickly via reaction withO, and also through radicahdical proces=s? The long lifetime of
SPEEKHTY in SPEEK/PVAfilms resultsfrom the exceedingly slowermeation of @into dry
PVA-basedsolid polymer matriced*! In contrast, somecellulose polymers exhibita higher O,
permeability® for this reason celluloséerived polymersvere used in the present study.

The first objective discussed in Chapter, 2vas to develop aphotoactive oxygen
indicating system consisting oSPEEK and a cellulose polymer, followed by gaining an
understanohg aboutthe operatingreactionmechanismTwo different polymers2-hydroxyethyl
cellulose (2HEC) and carboxymethytellulose (NaCMC)were used as replaoentsfor PVA.
Cellulosebased polymersiave been used previously as components of oxygen indichtors,
their potential ability to function as film matrices compatible with SPEEK and to serve as
efficient Hatom donors fothe triplet excited state of SPEEKeve unknown. An increase in
performance compared to previously studied SPEEK/PVA films was anticipated based on the
higher Q permeability exhibited bg-HEC and NaCMC. Howevepotentialeffectsdue tothe
differentfunctional group present in the cellulosic macromolesulere not easilypredictable
The crosdinker was also changed from gluédehyde(Glu) to tartaric acid Tar) to determine
if a less toxic material could be used. Environmental conditions such as temperature and
humidity werealsostudiedin terms ofhow they affected thproperties and performarsef the

films.
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Thesecond objectivewhich will be discussed in Chapterv8as to incorporate the redox
dye methyl viologen(MV?") into the SPEEK/cellulose systesm Previous work with
SPEEK/PVA and SPEEK¢llulose systems witith and CV indicatedthat their reduced leuco
forms were oxidized very sluggishly by oxygpresunably becauseof electrostatic binding of
the dyes to SPEEKdue to the charge localization ¢ime unhindered terminal amg& MV 2*
was chosemecauseharge localization was on timtrogenatoms locatedn the aromaticring
hindering theability to electrostatially bind to SPEEKand hinder @diffusion. MV 2* present in
SPEEK/cellulose is anticipated to be reduced by photogene3&eBKHT into theMV " radical
cation that exhibita strong blue coloMV* is oxidized by @, and the decay of the blue color
will serve as an indication of the presence of oxygBmdes of SPEEK/cellulose films
containingmethyl viologenwill be centered orthe oxidationkineticsof MV " andthe effect of
environmentatonditions.

The last objective discussed in Cipter 4, involved an investigation of the
photochemical behavior @PEEKNaCMC solutions and swollen filmsPast experiences have
shown that determination of reaction mechanisms is simpler when SPE&&rgactions are
studied in aqueous solutions as compared with fifi¥ts.The reason is that diffusional
restrictions of reactive intermediates typical of solid matrices are not significant in the fluid
medium. In fact, knowledge gained in solution investigations sgteeexplainmechanistially
the photoreactio operating in filmsSurprisingly attemptsto reproducethe photoreactions
taking placen SPEEK/NaCMCfilms using aiffree aqueous solutions were unsuccesztuho
reduction of MV?* was obseved. On the other hand, illumination @PEEK/NaCMC films
swollen in Arbubbledsolutionscontaining formate iongielded MV*, but the radical cation

remained bound to the solid matrices. Furthermore; M¢ayed subsequentlyn the absence
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of air) via an oxidation process and numerous cycles of photoreduction and dark oxidations were
induced in a reproducible fashiomResults from &orts to understand the unusuehctions are

presented
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Chapter 2

2.1 Introduction
Photoactivemixtures of thepolymers SPEEKand PVA hawe been shown to initiataumerous
photoreactionsn aqueous solutionsPrevious work with the SPEEK/PVA system determined
thatin the absence of air, the absorption of SPEEKENtered at 565 nm decayed slowly via
secondorder reactiondetween the radicalsin the presence of oxidizers such as maiaki
(Ag*, C#*, Au*") and halomethaneSPEEKH] induced efficient formation of metal particles or
reductve dehalogenation's. Photolysis of akcontaining solutions or of watawollen
SPEEK/PVA films resulted i, reductionto H-0,.22 In contrastthe reduction of oxygen via
illumination of dry SPEEK/PVA films is not efficient due to the lows @ermeability in PVA,
the main macromolecular component of the solatrices** The slow oxygendiffusionin PVA
limits the usefulness of SPEEK/PVA blendi®e d H>O for processes that requirthe
participation of Q as a reactantSuch limitation may be circumvented through identification of
polymers possessing a highep @ermeability which could act as substitufes PVA. This
would allow SPEEK systems not to be limited to wet applications, opening possibilities for
utilization in sensing applications of specialized packaging that prevent food spoilage due to
oxygen intrusion>®

The first goal of thepresentstudy is to assess the suitabilitpf oxygen pemeable
polymerblendsof cellulosebasedsystens using a procedurkke the previouslydeveloped for
SPEEK/PVA films® SPEEKH] reacts swiftly with oxygen in film$,and spectrophotometric
detection of the radical signal was used to determine D diffusion occurredin dry
SPEEKCellulose films A second objective was to determine if highough[SPEEKH]] was

attainable usingSPEEKCellulosefilms, in which case the radical could serve directly as the
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sensor folO> without the need of redox dyesdeal oxygen sensors are expectedridicate the
presence of @via a color change large enough to be detected vislatge SPEEKH]] can be
photogenerated in SPEEK/PVA films under air due to the small oxygen concentrations present in
such systems. However, the faster diffusion of oxygen anticipateSPeEK/cellulosefilms
could limit the[SPEEKH]] attainable in such systeniBhis, in turn may limit the usefulness of
SPEEKCellulosefilms as oxygen indicatordetection ofthe SPEEKH] signalwill enable he
assessment dhe reaction kinetictor the SPEEK¢gellulose systesin comparisorwith that of
SPEEK/PVAfilms, providing information abouany mechanisc differences This will also be
used to determine kinetic differences betwdentwo cellulose systems,-REC and NaCMC
and to assesgossibleeffecs induced by the differerfunctional group present irnthe two
polymes. In addition, the influence of an alternativerosslinker as well as environmental
conditiors (temperature and ambient humidity) the reactiorkinetics will be investigated

2.2 Methods and Procedures

Preparation of SPEEK used PEEK provided by Solvay with an average molar mass 40k
10* g/mol. Both 2HEC and NaCMQwith anaveragemolecular weight M= 9.0 x 10 g/mol)
were from Sigma&Aldrich. NaOH, HQ, and HSO, were purchased from Fisher Scientifibile
other materials were provided ByYVR. All solutions were prepared with purified water obtained
from a Milli-Q Biocelsystem.Sulfonation of PEEKinvolved heating undestirring a suspension
of the polymer ird0 mL of concentrated k8Os with an oil bath utilizinga VWR 7x7 hot/stir
plate the temperature was controlled 26°C using aHH11B Omega digital thermometer
equippedwith a type K thermocouple.Once the desiretemperaturevas achieved9 g of
powered PEEK wreaddedand thereaction was carried ofr 7 days. Athis point,the solution

containedsulfonated poly(ether ether ketone), SPERHKh a degree of subhation of about
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99%%.2 The hotsolution was slowly pared into a 3. of a 1:5 HCl:HO mixtureat T <5 °C under
constant stirringSlow addition of the hot solution averted formation of lasfEEKaggregates
and prevens the temperature from rising above &, which would increasehe SPEEK
dissolutionin the aqueous mixtureThe solution was then filtered using a Buchner funnel with
Whatman 4 filter paper and rinsed with 258L of waterat T <5 °C. Then the solid SPEEK
was repeatedly rinsed with 250L of a 0.2 M NaOH solution (also afl <5 °C); this was
followed by another rinse witl250 mL of cold water until the pH was between75 The
resultingSPEEK was then dried at 9C in an overandground utilizing a motorizedrinder. If

the powderretained areddish colorthe polymerwas rinsed againsing thefunneffilter paper
combinationtogether with cold KO until either abrownish/yellowproductor white crystals

resulted

CellulosgSPEEK(films were made vigreparatiorof an8.4x 10°M SPEEKsolution(in
terms ofpolymer chainsnas$ in a 50 mL beakerdaedat ~4550 °C under continuous stirring.
A separate solutiowith 8.1 x 10* M (in terms of polymerchaing cellulosewas prepared in
another 50 mlbeaker under the same conditipits the case oNaCMC an equivalentmolar
amount of HCI was addedising al.5 M acid solution)to protonate thearboxylate groups of
the cellulose These solutions were thermmixed under constanteating and stirringfor a
minimum of 30 min After slowly cooling the resulting solution to room tempetQr375mL -
2.25 mL of a 0.1 M glutaraldehyde (Glu)r tartaric acid (Tar) solution was addedvhile
maintaining stirringto achieve a homogeneous mixture. Tieer5mL i 3 mL of 0.5 M HCI
(based orthe amount otrosslinkerused) were added; the resulting mixture wtagsed for30 s
to facilitate polymercrosslinking. Finally, the solution was poured onto a 12.7 cm by 12.7 cm

glassmold shown in Figure2.1 anddried atroom temperatur@vernight(~22°C). The dried
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films werethen removed and stored 4°C until additional testing could be conductdditial
attempts to fabricate watersoluble films using ydroxypropyl cellulose wre unsuccessful
presumably because the low molar mass of the polymer prevented efficient crossEAKEQG
or NaCMCwith M, similar to that of PVA(Mn = 8.9-9.8 x 1@ g/mol) servedto preparepolymer
films containing 30:70 wt% SPEEKpolymer® Tar or Glu served as crodikers and b-
cyclodextrin was added to possibly increase oxygen diffusiofhe structures of these

compoundsareshown inScheme2.1.
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Scheme2.1: Structuresof the @mpounds involved in the preparationcetluloseSPEEK

photosensitive filméncluding those ofhe cosslinkersTar andGlu.°

Miniwax fast drying polyurethane (PU) was used as a coating to prevent SPEEK loss from the
films. Determination offilm thickness usedligital micrometes Mi t ut oy o moadde | 1 NjN
iGagingmodel NJSPEEK/2HEC films werebrittle ascompared tdaheir PVA counterpartand

exhibited a typical thickness of 5@10) £ The speed of solution stirringmpacted the

properties of the resultingellulosebasedfilms, velocities below 500 rprgielded uniform and

bubble-free materials.Above 500 rpm the solutions contained numerous microbubblésat
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remainedn thefilms after drying llluminationof cellulose polymer films was conductedithe
a Rayonet RPROO circularilluminator equipped with 16RPR3500A lamps The Rayonet
generaes 350 + 15nm photonswith a light intensity @) of 10 uM/s as determined using the
Aberchrome 540 actinomet¥r. Under photolysis thetemperature inside the illuminator
amounted to 29°C; unless otherwise specified atither experimentsoccurred at room

temperature (~22C). Reproducible exposure of the films was achieved by inserting them in a

Shimadzu film holder shown in Fig. 1.

Figure 2.1: The left imageshowsthe Shimadzu holdevith a polymer filmpositioned on the

left clip; a 12.7 cm x 12.7 cm film mold with a depth of 1.2 mm is presented in the right image.
Films were rinsed in 40 mL of water faminimum of 5 min to remove excess gadimination

of HCI was needed since protogsench the excited state of SPEHKuminations occurred
under ai and lasted 3 min since preliminary experiments identified this period as the opgtimum
generatea maximumabsorbancef SPEEKH] in films. Optical spectra were collected by means
of a Shimadzu UW2501 PC UWVIS spectrophotometerEfforts todetect HO- as a product of
the reduction of @by SPEEKHY employed the il method used previously to quant[ig2Oz]

in experiments with SPEEK/PVA films swollen wmater? While this methodcan detectn
concentrationsof H,O, (or of organic peroxideg) no suchcompound were found upon
immersing photolyzed films into a solution of the iodide reagexit experiments were ruat
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leastin triplicate the resulting kinetic results exhibited deviationglbbdut20% which is typical
of heterogeneousdilm systems® Environmental conditionf relative humidity (R.H.) and
temperaturewere measured usingEDEW hygrometer/thermometersodel ROUND which
havearelative humidity range of 20%90%

2.3 Resultsand Discussion

Preparation of structurally stabknd optically transparentpolymer films containing30:70

SPEEK/polymer wt% wasuccessfuemploying2-HEC and NaCMGsthe main polymeric
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Figure 2.2: Comparisorof spectraobtained fronSPEEkbasedilms illuminatedwith 350 nm
photonsfor 3 min featuringheradical signavith | max= 565 nm (z ) PVA film, (y) NaCMC
film, and ()72-HEC film. The nsetdepicts the evolution oSPEEKH]] in aSPEEK/2HEC

film over 5 minusing30 s illumination intervals.

componentExposure ofSPEEKCcellulosefilms to 350 nm photonsesulted in gink coloration

due to generation of the polyketone radié¢depicted in Figure.2 are optical spectra collected
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after 3 min ofillumination of SPEEK/cellulose films and of a SPEEK/PVA film. In all cases a
signal withl max = 565 nm was noticed and the spectrum of the SPEEK/PVA film matched the
one reported earlier for such syst&niThese observations demonstrate tBREEKH] was
indeed generated in SPEEK/cellulose films. Considering $iREEKH] is sensitive to the
presence of @ the results of Figur@.2 indicate thathe SPEEKphotaeduction was faster at
short illumination times thartompetingdark reactions such as the>-idduced SPEEKH]
oxidation and the radicaihdical decay process. A constant intensity of the signal at 565 nm
resulted atllumination times?2 than 3 min, implying that a steadyate radical concentration

was reachedhown inthe inset ofFigure2.2.
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Figure 2.3: Kinetics of the adical oxdationunder air in &SPEEK2-HEC film crosslinked with
7.5 x 10° mol Glu with 0.051mm thicknessthe nsetshows afirstorder plotof the data

The rate at whichSPEEKH] is consumed (both via oxidation and radicadical decay)

increases asSPEEKH]] rises.Conditions will eventually be reached during illumination where
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the rate of radical decay is equal to the speed of the SPEEK photoreduction. Obviously, such
conditions were achieved at illumination times of 3 min or longhe kinetics of SPEEKH]
oxidationin the presence ddir in SPEEK/2HEC films was monitored spectrophotomeitcally

by following the deay of thesignalat 565 nm over timgtypical results are shown in Figu2e.

Fits to the data were attempted using first and secoter rate laws after evaluation of
[SPEEKH]] from the absorbance valuekhe calculation employetie LamberBeer lawandan
extinction coefficient €) for the radicakignalat 565 nmof 3.5 x 1§ Mt cm,! together with a
pathlength equal to the thickness of the particular film. As shown imsle¢ of Figure2.3, a
straight line resulted upon plotting the data accortiing firstorder rate law with k = 0.2 mih

or 3.3 x 16* s. Efforts to fit the results in terms of a secesrdler decay were unsuccessful. For
films consisting of 30:70vt% SPEEK/PVA a pseudofirgirder rate constant of 1 x ¥&* was
reported for theSPEEKH] decayin the presence of ait.In contrast, the polyketone radical
persisted for several hours when photolysis of such films was conducted in the absence of air and
the SPEEKH] decay obeyed no simple rate law. This is not surprisirthess-hydroxy radical

of PVA decayed via complex kinetics in aifree solutions due to entanglement and hindered
diffusion of the macromoleculédThe rate constant for tt8®PEEKH] decayunderair is 3 times

higher for films containing -HEC instead of PVA presumably due ttee 100 times higher
oxygen permeability in cellulosic materials as compared with that of BVA.

Theradical formation and oxidatian SPEEK/cellulose films can be understood in terms
of the mechanisnmshown inScheme2.2, which is a modifiedrersion of theelementary steps
proposed for SPEEK/PVA film$ Since peroxide products were not detected, a logical
conclusion is that © was fully reduced to ¥D. While the steady state 4O within

SPEEK(cellulose films remains unknowreduction of oxygen to #D is a fourelectron process
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consuming 4 polymer radicals. This means tBREEKHY is consumed faster than oxygen,
which preserves the condition of an €xcess and enables step 5 to proceed via pseudofirst
order kinetics. Under such conditions,

Scheme2.2
(1) {RRC=0}; + h 3HRRC=0},
(2) YR'RC=0},Y 3*R'RC=0},
(3) 3¥R'RC=0}; +{R'RCHOH}Y { R' R G#{RRG-OH}y
(4 {RRC=0}; +{RRC-OH}Y { R' R G+{RRG=0},
(55 {RRC-OH}/{R'RC-OH}y,+ O.Y { R' RC( QIR'RCOOH)PO-}
(6) 4{R'RC(OH)OO}/{R'RC(OH)O0-}y Y 4{R'RC=0}/{R'RC=0}y + 2H.0 + 3O,
(7)  2{R'RC-OH}/{R'RC-OH}y, Y Combination/disproportionation produsdlight
absorbing transienté AT)
Scheme2.2: Mechanism fotheformation ancbxidation of SPEEKH] in SPEEK(Ccellulose
films, adaped from Schemé.5 from Chapter 1SPEEK is denoted §R'RC=0}, and
{R'RCHOH]}y corresponds toellulose {R'RCTOH}, denotesSPEEKH while thecellulose
radicalis represented bfR'RCTOH}y. {R'RC=0}, corresponds to the singlet excited state of
SPEEK.3R'RC=0} corresponds to the triplet excited state of SPEEK.
that s [O2] >> [SPEEKH]], the pseudofirstorder radical decayis anticipated tdfollow the
expression IN[SPEEKHY] = -kt + IN[SPEEKHY]o. According to the mechanism shown in
Scheme2.2, the dataf Figure 2.3 corresponds to step 5 with % 3.3 x 10° s*. Whenoxygen
diffusion in thefilm is less efficienfO2] may approach that o6PEEKH], in which casestep 5

would proceedaccording to thesecondorder equation 1/[SPEEKHY] = 1/[SPEEKHT]o + kt.

However,decayof SPEEKH] via step 7 may also follow secoodder kinetics as noticed in air
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free SPEEKPVA solutions! (Includedin step7 is the formation olLAT due toinsertion of the
radical from the Hatom donor cogenerated in stef, into one of the amatic rings ofa
benzophenone groujpom SPEEKH] discussed in the previous chaptefhis means that, in
principle, two different reaction channels for dhecay ofSPEEKH] may follow a seconarder
rate law.

To testif step 7wasthe predominanSPEEKH] decay process in the absenceQaf

photolytic experiments were performed in the absence aokaiga sealed quartz cell
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Figure 2.4: Kinetics of the radical oxidation of a SPERKAEC film underNy; the inset shows

the correspondinfirst-orderplot of the data

Presentedh Figure2.4 is [SPEEKH] displayed as a function of time for a SPEEKEC film

first degassedvith nitrogen for several hours and then photolyzed. While the radical signal
decayed initially viaa complex process, at longer times the decay was slow following a

pseudofirstorder function of time with decay= 1.13x 102 mint or 1.88 x 1¢ s* shown in the
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inset of figure2.4. This finding was surprising because the usual decayhyfdroxy radicals is
via step 7, as was found fSPEEKHY in air-free solutions. However, theSPEEKH] decay in
the absence of air was much slower than that observed when air was present; the rate constant of
the former process being about 18 times lower tkariThe fact thatthe oxygen attack on
SPEEKHT via step Swvas always faster than the radical decay in the dadkssrprisingdue to
restrictions on radicatliffusion imposedby the solid matrix. Irdeed findings about LAT
formation to bepresented later indicate that step 7 ocadimainly under illumnation, where the
steady stateSPEEKH]] is high According tothe dataof Figure2.4, a secondorder SPEEKH]
decay viastep 7was not predomirant after stoppingphotolysis The slow first-order decayof
SPEEKH] in the absence of Ompliedthat anotheroxidizer wasphotayeneratedwhichwill be
discussed in Chapter 4.

An important difference between film experiments with and without air is that degassing
with dry N2 induces drying of the films. Such an effeeas made evidentybthe fact that the
flexibility of dry films is lower than thatthose exposed to ambient air humidity. Since the
amount of Q present in the films is dependent on the water content, degassing with nitrogen
contributes to extracting oxygen out of the solid polymer matritleis. means thgtO2] in the
films is influenced by the #D contentof the solid polymer matricesvhich correlates with the
humidity of ambient air. This line of reasoningpredicts thatthe kinetics of step 5 will be
influenced by the humidity of air, and the exp@nental resultpresentedelow are consistent
with such prediction.

Experimens employing differentrosslinker concentrations showed tH&lu] < 3.75 x 16 mol
yielded SPEEK/2HEC films that dissolved during washing steps aiming to eliminate the HCI

from the solid matricesThus [Glu] > 3.75 x 1 mol were utilized angielded more compact
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and rigid films in which thesPEEKH] decay followed a pseudofirstder rate law, see Figure
25A. Obviously, the radical oxidation rate was not affected (widiperimental error) by
changes incrosslinker concentration However, entanglement of SPEEMith the cellulose

polymer chains was inefficient when [Glu] < 1.5 x 20mol, resulting in an unacceptable

A Time (min) . Time (min)
-5.0 T T T T T T T 1 B ! ! ! !
1 2 3 4 5 6 7 g 1 2 3 4 5 [} 7 8
55
-5.5
6
—
— 60 —_
%) E 6.5
] w
W 55
a > (2]
(72 I
= =
£ [
-7.0 —
-7.5
B 2-HEC 1.5 x 10-4 mol Glu W 2-HEC/1.498E-5Glu - 0.026mm
a5 ] y = -1.7E-01x - 5.8E+00 g V7-1.8E0Lx-5.5E+00
R = 1.0E400 R? = 1.0E+00
®2-HEC 7.5 x 10-5 mol Glu a5 4 2-HEC/1.498E-5Glu - 0.055mm
80 1 y = -2.0E-01x - 5.2E+00 s y =-2.0E-01x - 6.4E+00
R? = 1.0E+00 RZ=9.9E-01

Figure 2.5: A) First-orderplot of radical oxidation datéor SPEEK2-HEC films crosslinked

with: 7.5 x 10° mol Glu (D film thickness= 0.050 mm; and 1.5 x ¥mol Glu (), film

thickness = 0.053 mm. Bjrst-orderplots of radical «idationfor SPEEK2-HEC films with 1.5

x 10% mol Glu, film thickness of 0.026 mm/§ and 0.055 mmj)z

polyketone loss (larger than 5 %) during the film rinsing wit®OH Presented in Figu&5B are
pseudofirstorder plots of theSPEEKH] decay when the film thickness ranged betw8d&R6

and 0.065 mm, no statisticaldifference in radical oxidation rate was found. Variationsilm f
thicknesswereachievedby using different solution volumes in the mold. The fact that the rate
of radical oxidation was unaffected by the film thickness supports the ide&ithatacessvas

fast and that surface radicals played no significant contribution. The absence of contributions
from surfaceSPEEKH] is not surprising given that no radical signal was detectad saturated

SPEEK/PVA solutions due to tlegficient oxidation of his speciesn the presence afxygen?
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The results shown in Figure.6 indicate that theSPEEKH] oxidation rate in
SPEEHKCcellulosewas dependent on relative humidity (R.HJnder high humidity(~50% R.H.)
the SPEEKH] oxidation in SPEEK/2HEC films followed pseudofirstorder kinetics while
secondorder kinetics predomimed atlow humidity (~20% R.H.). This resulted fronstructural
changes causgeby HO which altered the O> diffusion and [Q] within the film. Exposure of
films to a high relative humidityinduces HO uptake andilm exparsion, increasing [@] and
enhancingdiffusion of the gasin the solid matrix. A low humidity induces film shrinkage
resulting inalower oxygen concentraticaandslower gagliffusion.
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Figure 2.6: A) First-order plos of data from the radical decay in a SPEEKEC film prepaed
with 1.5 x 10* mol Glu; results obtained undéz ) highand (/) low humidity. B) Seconeorder
plots ofthe dataobtained undefz ) highand (/) low humidity.

The water uptakeof films exposed todifferent R.H.values was monited via gravimetric
determination omass changes over multipdays;the resultsare shown irFigure 2.7. For both
2-HEC and NaCMCfilms the mass increased linearly with risiRgH., clearly demonstrating
that adsorption of KD from air takes place. The inset of Figure2.7 indicates that

SPEEK/cellulose filmexperiencedluctuations in mass over time as the ambient humiolity
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the laboratory varieddaily. A possible explanation for such changes assumes tf@t H

adsorption is a faster process than the readprdtof the film to the forces induced by the water

uptake.

y =0.0114x + 0.0008
R*=0.977

¥ =0.0121x-0.0002
R*=0.9919
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Time (days)

20% 258 308 55 A0 159

Relative Humidi‘;‘..y
Figure 2.7: Change in massf 5 cm x 2.5cm SPEEKNaCMC (0) film prepared with 2.25 x 19
mol Glu andSPEEK2-HEC (0) film prepared with 1.5 x TOmol Glu at different relative
humidity. The nset showghe dailymassvariationfor an SPEEKNaCMCfilm.

To determine ifstructural changeare occurringn parallel withthe water uptakea film
was dried in a desiccator. Then, the film was exposed to air with 56% R.Hbo#nohass and
dimensionswere simultaneouslymonitored the results are presentedFigure 2.8. The water
uptakewas nearly instantaneousesulting in acontinuous mass increase urdi equilibrium
positionwas establishedlhe equilibrium po#ion corresporded to @ 11% increase in th@ass
of the film. In contrast, as illustrated in the inset of Fig@r8, the film dimensionschanged
slowy andfull expansion of the solid polymdriendwas reached onlgfter a time delay. The
early negative dimensiahchangeriginated fromfilm curling that took place whelaying on
the plate of theanalytical balanceprobably yieling an uneven distribution of maskarge
increases in filmdimensions were noticed after 30 minutaswhich point [HO] in the solid
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polymer blend was high enough to induce a large expansion of thstfigtureto a maximum

change of 5 % in the length of the film

0.006

0.005

0.004 . 25

o
”®

0.002
0.59 20.00 40.00 60.00 80.00 100.00
0.001

Time (min)

~

A Mass (g)

A Length (mm)

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00

Time (min)
Figure 2.8: Masschanges o& dried SPEEKNaCMC film (initially 5 cm x 1.25 cripmadewith

2.25 x 1@ mol Glu exposedo 56% R.H.(Initial mass45.2 mg) Inset changsin film length

with time. (Initial length 465 mm)

Figure2.9 exemplifies the effect of relative humidity tive transformations induced by
photolysis ofSPEEK/2HEC film. Depicted in Figur@.9A are three kinetic runs showing the
SPEEKH] photogeneratioat 20% R.H. whereas the inset depictsaeespondinglecay

curves obtained during radical oxidatidfighly reproducible results were obtained during both
SPEEKH] geneationand decayThe effect that relative humidity exerts on SilREEKH]
formation and decay is illustratedkigure2.9B. Raising R.H. from 20% to 69% markedly
decreased the steady sté® EEKH]] obtained during photolysis. Exposure of films2@

R.H. resulted in a low ¥D content and shrinkage of the solid polymer blend. This, in turn,

resulted in a decrease in oxygen diffusion ang, [tBereby slowing down step 5 and allowing a
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higher steady stat&PEEKH]] to be achieved. Undénhose conditions theadicatradical decay
step 7 contributed tiimiting the steady stat8PEEKH] concentrationAs thewater content in

the films increased
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Figure 2.9: A) Triplicate runs of a SPEHER-HEC photoreductiorduring 30 s illumination at

20% R.H. The nsetshowsthe SPEEKH] oxidationrunsat20% R.H.afterillumination. B)

Radical photogeneration inSPEEK/2HEC film during30 s illuminatiosat (z ) 69%, Oz

50%, and ()20% R.H.Insetshows theadicaloxidationat50% R.Hfor threerepeat

experiments

with raising R.H.,expansion of the solid polymer blends ensugdch changencreagd the
amount of Q presentin the solid polymer blengswhich increased the rate dBPEEKH]
oxidation viastep 5 This, in turn,induced a systematic decrease in the radical steady state
concentrationachievable during photolysiSupport for this interpretation is provided by the
results shown in the insets of Figure®A and 2.9B. Indeed, at 20% R.H.he SPEEKH]
oxidationrequiredover 60 minutes (Figur2.9A) which is in stark ontrast withthe decayat

69% R.H.occuring in less than 5 min (Figur29B).
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To determine thegiential effects induced by repeatediuction ad oxidationcycles 10
consecutive illuminations were performed oBREEK2-HEC film preparedutilizing 1.5 x 10*
mol of eitherGlu or Tar as crosdinkers. The resultgpresented in Figur@.10 show the decay
profile of the radicalabsorptionversus time Cleaty, a continuous decrease in initial
[SPEEKH]] took placewith each subsequent illuminationThis repetitive photolysislso
renderedSPEEK2-HEC films increasingly yellow due to a rise in absorbancé &t450 nm.

An analogous coloration tooglacein SPEEK/PVA filmsyielding a signal withl max= 420 nm
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Figure 2.10. Comparisornof the radical decay profiles for A) SPEEKHEC film (0.058 mm
thick) made with 1.5 x IOmol Glu, andB) SPEEK2-HEC film (0.064 mm thick) prepared with
1.5 x 10* mol Tar, exposed to 10 consecutieminations. The insets show the maximum
[SPEEKH]] attained during each illumination.

due to LAT formation* In the case ofSPEEKZ-HEC films the LAT signal exhibited no
maximum butcontinuouslyincreased in intensity witllecreasingvavelength. fe results of
Figure2.10 indicate thaabsorption of light with wavelengtlad around 350 nm bthe LAT was
significant, whichimpedel SPEEKfrom absorbing the photons generated by the illumiretor

stopped photogeneration SPEEKH]. Obviously, LAT formation irSPEEK2-HEC films was
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significantly faster than in SPEEK/PVA solid matrices given thatldtter turned yellow only
after several hours of photolysiFhese findings suggest that SPEEK interacts wittEZ more
strongly han with PVA, thereby enhancing LAT formation via stegComparison of the results
from Figures2.10A and2.10B indicates thaSPEEHK] decayed within 15 mingrespective of the
crosslinker nature. Howeverthe data of bothnsetsindicate thathe steadystate[ SPEEKH]]
produed during each illuminatiorwas generally highewhenTar servedas a cros$éinker. This
meansthat nontoxic Tar can be used asceosslinker without a negativeimpact on the rate of
radical generation anakidationduring consecutivelluminations

Formulation of SPEEK/NaCMC polymeric system was a resultffoiite to suppress
LAT photogeneation, which negatively affected the performance of films containifdEZL.
Preparation of SPEEKIAaCMC films with methods used in-BIEC experiments resulted in film
dissoltion during rinsing to extract HCI. Part of thé heededo catalyz crosdinking of the
cellulose was consumetilie toprotonaton of the carboxylate groups frodleCMC. Thisled to a
decreas®f the crosdinking effectivenessnd resulted in polymer matrices that dissolupdn
rinsing with BO. Thus preparation ofSPEEKNaCMC films requiredan excesf HCI to
ensurecompleteprotonationof the carboxylate groups froldaCMC. In addition, he cross
linker concentration was also increased2@5 x 10* mol, which decreasd the amount of
SPEEK being washed out to < 5%.

A comparison oSPEEKH] decayprofiles forSPEEK/2HEC andSPEEK/NaCMC films
is presented ifrigure 2.11. While SPEEK/NaCMC filmsxhibited aradical oxidation 4imes
slower than for SPEEK/HEC solid matricesthe kinetics ofSPEEKH] oxidation remained
unchanged during 9 consecutive illuminatiosussd yellow coloration of the films was not

observedThis means that photogeneration of LAT was not significant in SPEEK/NaCMC films.
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A possible reason ihatboth SPEEK and the cellulose macromolecules are negatively charged,
which hinders insertion of the cellulose radical intoBirerings of SPEEKH]. The absorption of

LAT generatedn SPEEKcellulosefilms wasdeteced at 400 nm simultaneous measurements
wereconductedat 700 nm to ensure that the signal at the shorter wavelengtiotasesult of
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Figure 2.11: Comparison of radical decay profiles forfilms exposed to consecutive
iluminations. A) SPEEKZ-HEC film (0.058 mm thick) with 1.5 x 16 mol Glu and B)
SPEEKNaCMC film (0.054 mm thick) prepared with 2.25 x“4@nol Glu. Both inset showthe
first-order plot off SPEEKH]).
light scatteringeffects Figure 2.12A illustrates the negativeffect exertedby photognerated
LAT on the initial SPEEKH]] obtained duringonsecutive illuminationsThe first illumination
resulted ina 30% lowe{ SPEEKH]] for SPEEK/2HEC films ascompared witlthose containing
NaCMC. Such findings consistent witlboth ahigherO. permeabilityandfasterradicatradical
reactionsoccurringin SPEEK/2HEC films. The nitial [SPEEKH]] decreasedy 86% after
consecutive irradiations of 8PEEK/2HEC film, but only 9%for films containingNaCMC.
According to the data depicted in the inset&iglure2.12, films prepared witl2-HEC exhibited
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a 7 times mordntenseLAT absorptionthan those madeith NaCMC. These findingsupport
the notionthat absorptionof photons at 350 nm byAT interfered with the formation of the

SPEEK?* therby hindeing SPEEKH] generation.
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Figure 2.12: A) Initial [SPEEKHY] of a SPEEK/2HEC film with 1.5 x 10* mol Glu exposed to
consecutivalluminations. Compared irthe nsetare theLAT absorbance at00 nm (0) andat
700 nm (0). B) Initial [SPEEKHY] for a SPEEK/NaCMC film with 2.25 x 1 mol Glu after
consecutiverradiations Inset showsbsorbance &00nm of LAT (0) andat700nm (0).

An importantobservation was thahé¢ absorptiorat 400 nmremainedunchangedafter
photolysiswas terminatedmeaningthat LAT formation was fast andoccurredonly at high
[SPEEKH]]. While films containingNaCMC exhibited a lower rate of radical oxidation as
compared to those made wiBhHEC, in both cases the rate constamwis dependent on the
ambientR.H. as shown in figure2.13. For SPEEK/2HEC films te rateconstantvaried from
0.072 min at 22% R.H. to 0.25 mihat 50% R.HOn the other hand, f@PEEK/NaCMdfilms

the valuesranged fromk = 0.015 mint at 22% R.H. tok = 0.084 mint at 50% R.H.A
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compaison offilms containing2-HEC with those usingdN\aCMC indicated thatherate of radical
oxidation was betweer0-80% lower for thelatter systemin addition,for both film systemshe
rate of radical oxidationincreaseddrastically above 45% R.H This changein the rate of
oxidation is caused bycreasesn the amount oH>O presentn the films. As demonstratedh

Figure 2.8, largeincreases of [kD] also cause alterations ime film dimensios due to

expansionin contrastthe
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Figure 2.13: A) Plot of pseudofirstorderrateconstangs a function oR.H. for a SPEEK/2HEC

film with 1.5 x 10* mol Glu. Inset drop inoxidationrateconstantat 50% R.Hafter consecutive
irradations. B) Pseudofirsorder rate constant plottegersusR.H. for SPEEKNaCMC films
madewith 2.25 x 1¢* mol Glu (6), 2.25 x 10" mol Tar ¢) and3.0 x 106* mol Glu (0). Inset

decay ofSPEEKH]in a SPEEK/NaCMC film with 2.25 x T®mol Glu degassed with..
photogenerated LAT slowed down the oxidation process, for example the data of the inset in
Figure 2.13A indicatesthat at 50% R.H. the rate constant for 8ffEEKH] decay diminished

with eachsubsequent illumination. This effect originated from chain crosslinking that took place
during LAT formation, which decreased the internal film volume and hindered oxygen diffusion

thereby decreasing the JJOn the polymer matrices.
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An interesting finding shown in figur@.13B is thatfor SPEEK/NaCMC filmsthe
SPEEKH] oxidation rateswere not affected by adibon of higher Glu amountseudofirst
order ate constants foBPEEK/N&LMC films with 3 x 10* mol Glu ranged fromk = 0.041
min! at 200 R.H. to k = 0.842min* at49% R.H,; no significant differencewere noticed at the
lower Glu concentrationAs illustrated in Figure2.13B, the values of kcattersignificantly at
humidity values > 65% due to fluctuations in ambient humidity (°10% R.H). Another
contributing factor washe higher temperature existing inside the Rayonet illuminator, which
decreasd R.H. aroundthe films during photolysis The lower SPEEKH] oxidation ratesin
SPEEKNaCMC films were not induced by increasan Glu but due to crosslinkng of
carboxylic acidfunctions In fact, crosslinking ofilms containing NaCMGwvaspossiblewithout
the addition of acrosslinker However,washing ofsuchfilms resulted in unacceptab®&PEEK
losses thaalways exceeded%. A possible explanation for su@finding isthat cosslinking of
NaCMC chains witlGlu or Targenerated structures in which the cellulose macromoleagdes
separated from each other by the crosslinkéis created space between ttedlulose chains
allowing entanglemendf SPEEKand NaCMC macromoleculedNo such space existed during
direct crosslinking oNaCMC chains,yielding more compactrosslinks and less entanglement
between the polyketone and cellulesacromoleculesThis enableanore SPEEKto diffuse out
of the films upon immersion in wat.

Figure2.13B includes values of the rate constant for BREEKH oxidation in films made with
2.25 x 10" mol of Tar films ascrosslinker The rate constantsanged fromk = 0.011 mint at
23% R.H. to k = 0.0578 mihat 49% R.H. whichare 10 t0~40% lower than the values
measured foffilms preparedwith Glu. A possibe reason for such differenceis that more

compact films resudtd using Tar becausehis moleculeis smaller than GluThe difference in
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oxidation rate constanwas most pronounced athe lowest humidity values. Under such
conditionsthe influence of H20 on film expansiorwas not significant, implying thahe effect
induced bythe crosslinkersize played an important role in decreasing the oxidation AdtR.H.

45% the difference in rate constants became less pronoastielinfluence exerted on the
radical decayy the increasing amount ef0 in the filmsbecamepredominat. In analogy to
the data shown in Figur@.12B, the iitial [SPEEKH]] photogeneratedn NaCMC films
containingTar decreasedlightly during10 consecutivelluminations

SPEEK/NaCMdCfilms were also tested to assess the significance ddRieEKH] decay

in the absence of aiPresented ithe inset ofFigure2.13B isthe evolution of SPEEKH]] as a
function of time fora NaCMC film first degassed witmitrogenfor several hours and then
photolyzedunder N. During the first 10 mira smallconsumption oSPEEKHT took place that
followed no simple rate lawAt longer times the decay was slow followiadinearfunction of
time with kiecay= 1.96x 10° M/min. Comparison of the results depicted in FigRrelB with
those shown in the inset of Figuzd 3B indicates that the oxygen attack®IREEKHT via step 5
was much faster than the radical decayhe absence of aimterestingly for films containing
NaCMC theSPEEKH] decayin the absencef O, obeyed a zerorder rate lawwvith a halflife
of about 350 minA faster radical consnption under N(t12° 60 min) took place ifilms made
with 2-HEC, which followed a firstorder rate law see Figure2.4. These curious kinetic
differencesseemto suggest that thEPEEKH] decayin the absence of QOoriginated from a
reaction betweersome photogenerated LAT species dhd negatively charged polyketone
radical. For SPEEK/NaCMC films LAT formation involves insertion of a negatively charged
cellulose radical into a BP aromatic ringQRPEEKH], yielding a species carrying a chargeaf

For films containing 2HEC the resulting LAT species will exhibit a single negative charge.
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Obviously, electrostatic repulsions will be stronger Wh8REEKH] reacts with LAT
photogenerated in films containilggCMC than those made withFEZEC, which explains the
faster decay of the polyketonadical in the latter case.

Theintroductionof additionalpolymercomponentsvas envisioned to affectthe rate of oxygen
diffusion into the films thereby altering tI®PEEKH] oxidation rates.For instanceutilization
of PVA as a copolymewas anticipated to lower the solubility of, @ the films, since the
oxygen
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Figure 2.14: Comparisorof radical xidationpseudofirstorderplots for: ([)20.050mm thidk
SPEEK2-HEC film, (y) 0.054mm thickfilm containing4.4 x 10* mol b-cyclodextrin (z )

0.061 mm thickfilm containing4.4 x 10" mol PVA.

permeability in the polyol is much lower than that of the cellulosic matéfistscontrast, the
open (condike) structure of the cyclodextrin was expected to facilitate diffusfooxygen into
the films. Representative results are shown in Figuré for SPEEK/ZHEC films; [Glu] was
increased in relation to the moles of additional polymer to maintain an equivalenthfickesis

structure of the polymeric system. As expected from the previous results obtained with the
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SPEEK/PVA syster,introduction of PVA as a epolymer yielded a rate constantSPEEKH]

oxidation that was about 71 % of the value determined in the absence of the polyol. On the other

hand, the rate constant f&PEEKH[ o x i dat i on i ncr e as e-dyclddgxtrina b o ut
was present in the films. Such faster radical decay was consistent with the anticipated increased

oxygen diffusion into théilms due to the open ring structure of the cyclodextithile 2-HEC

films with
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Figure 2.15: A) Radical decay profiles foBPEEK/NaCMCfilm, 4.4 x 10* mol b-cyclodextrin
crosslinked withGlu, after 11 consecutivelluminations at different R.H Inset [SPEEKH]]

attainedafter each illumination B) Pseudofirsbrder rateconstarg as a function of R.Hinset

absorbance a00nmfor LAT (0) and at700nm (0).

b-cyclodextrins howed i ncreased oxi dat i eyclpdexinsGdweéd f i | ms

pseudofirstorder rates constants of k = 0.014 that 20% R.H. to k = 0595 min* at 51% R.H.

shown in Figure.15 whichar e si mi l ar to the values r-ate co

cyclodextrin Thiswasassumed t@riginate from crosslinkingf the carboxyhtefrom NaCMC

causing the film to k®memuch siffer, negat i ng t he benecyciodedrinof i
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SPEEK/NaCMC filmswith or wi t h ecuctodexfrin exhibited similar LAT absorptiors,
implying thatelectrostatiagepulsion effectsemained unchangeghenunchargednaterialswere
introducedin the films Also, the initial amounts of photogenerat&@PEEKH] remained the
same in films with or without cyclodextriaver severalconsecutive illuminationsconfirming
that the amounts of LAT photogenerated were insufficieninterfere with the SPEEK*
formation.

Presented in Figure.16 are data from tests &waC M C fcyxlo films crosslinked usin@.25 x
10* mol Tar ascrosslinker. Thepseudofirstorder rate constants f@PEEKH] decayin such
films ranged fromk = 0.0124 mirnt at 20% R.H. to k = 0.0479 minat 49% R.H., which were
slightly lower when comparea tthe values of films crosslinked with 2.25 x“6ol Glu. A
similar trend was noticed with NaCMC films withdorcyclodextrin. LAT was photogenerated

at similar levels compared witll SPEEK/NaCMCcrosslinked filmsAs shown in Figur@.16A
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Figure 2.16: A) Radical decay profiles foa SPEEK/NaCMCfilm with 4.4 x 10* mol b-

cyclodextrinfilm crosslinked withTar, after 9 consecutivalluminations at different R.H Inset
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[SPEEKH]] attained during each illuminatioB) Pseudofirsirder rate constant as a function of
R.H.Inset absorbance at00nm for LAT (0) and at700nm (0).

inset, the gneration of initial [SPEEKH]] declined by 25%over 9 consecutive illuminations
which was als@eenwith NaCMC films withoutb-cyclodextrin Such kind ofinterference in the
formation of the SPEEK was not detected with NaCMEtyclo films see inset of Fige
2.15A. The resultingSPEEK/NaCMC filmscrosslinkedwith b-cyclodextrincanbe usedvithout
sacrificing oxidation rates or increasing the amount of SPEEK rinsedlbaitrinsing out of
SPEEKfrom SPEEK(Ccellulose filmsoccurswith all formulations; howeverhts was prevened

by means ofa polyurethane(PU) coating. Thiswas achieved viahe application of the
polyurethane layer tthe entire surface area ofday film following the usual rinsed with 4.
Testing of the resulting filme/as conducted aftairying them for 24 hours; the resulting data is

shown in Figure.17.
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Figure 2.17: A) Radical decay profiles foa SPEEK/NaCMC film with 2.25 x I mol Glu

coated with polyurethanexposed to/ consecutivelluminations. Inset [SPEEKH]] attained
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during each illuminationB) Pseudofirsrder rate constant as a function of R.H. Thset
showsabsorbance &00nmfor LAT (0) and at700nm (0).

As illustrated in Figur.17A, the rate oSPEEKH] oxidationincreased as the ambient humidity
increasedThe results portrayed in the inset indic:
17A decreased by 10% as the number of photolytic steps incredsel,iscomparable to most
NaCMC films. The pseudofirstorder rate constants for NaCMC films coated with polyurethane
ranged fromk = 0.0204 mirt at 20% R.H. to k = 0.0787 mimat 49%R.H, which amounted to a
40% 7 20% increase compared with films without the coating. Interestingly, SPEEK/cellulose
films without a PU coating exhibited a significantriease inSPEEKH] oxidation rates only at
R.H values > ~35%. In contrast, the results shown in Figir&B indicate that the rate constant
of radical decay increased linearly vs RFhis suggestghat PU being incorporated into the
films reduces the ¥ needed to start expansion by occupying all free spgammarding to the
data of the inset in Figur2.17B, NaCMC films coatedwith PU exhibiteda 50% reduction in
LAT absorption at 406m when compared with SPEEK/NaCMC filmsthout coating

2.4 Conclusion

Investigation into the development GPEEHKCcellulose films oxygen sensorgesulted in
increasedSPEEKH] oxidation comparedwith previousSPEEK/PVAfilms. 2-HEC films were
found to have high SPEEKMH oxidation ratesut alsosignificantLAT formation during every
illumination. LAT photogenerations detrimentalfor two reasonsthe processonsumeshe
ketone function oSPEEKandyields anabsorptionat wavelengths below20 nm. Thus, LAT
competes with the BP groups from SPEEK the 350 nmphotons decreaing the amountf
SPEEKH] producedwith each illumination. This results irRREC films beingincreasingly less

efficient to produceSPEEKH] upon multiple illuminationsThe amount of AT photogenerated
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was significantly lower for NaCMC films, whicteduced theassociated problems generatng
SPEEKH]. This is due to the electrostatic effects ofooth SPEEK and the cellulose
macromolecule®eing negatively chargedNaCMC films were foundo havelower SPEEKH]
oxidation rate compared with ZHEC films which was due tohie carboxylic groupactingas a
crosslinler.

SPEEK/cellulose films also showed changethe rate ofradicaloxidationdue to the influence

of ambient humidity. These findings indicate that structural changes of theiritlused by the
presence of kD altered[O2] within the films The effect of HO on the rate of oxidation was
seen to increase above 45% REBExperimentsalsofound thatnontoxic Tar could be utilized
instead of Gluas a crosslinkewithout negativelyaffecting theSPEEKH] oxidation ratesThe
introduction ofb-cyclodextrininto SPEEK/Cellulosdilms resulted inan increase iSPEEKH]
oxidation rates; howeveNaCMCfilms showed no increase or decreasSRiE EKHY oxidation.

The effect ofthe carboxylic acid oNaCMC crosslinkingrestrictsstructural changesausedoy
b-cyclodextrin All SPEEK/cellulose films resulted in smadimounts of SPEEK coming out
during washingof the HCI catalystNaCMC films were tsted with a PU coating to prevent
SPEEK lossand were found to have increased rates of oxidation compared to NaCMC films. The
films also showed a linear response to R.H. which could mean that NaCMC films could be used
as a humidity sensof.he findings of the project show thpotental to createSPEEK/cellulose

films for oxygensensingoutwere sensitive to relative humidity
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Chapter 3
3.1Introduction
As demonstrated in Chapter Zygtogeneratiowf SPEEKH] with thin SPEEKCcellulosefilms is
achiexable upon exposure to 350 nm photoRewever, the intensity othe radical signal
centered at max = 566 nm is not strong enough to be easitletected visually, limiting the
usefulness of the filmas oxygen senserThereforethe present chapter will be devoted to the
preparation and properties of films containiagredox indicatorable to optimize the visual
detectionof color changes induced by>CNumerousstudieshave reportedhe utilization of
multicomponenfilm systems loaded wittedoxindicatingdyes!® These systemesanfunction
as Q indicatorsby exhibiting color changeghrough brief illumination with UV light which
induces dye reductiordpon exposure to @ the redox indicators oxidizedbackto the initial
state exhibiting an identifiable change. While such sensors work, they are ceygikxsand
leakage of the toxic dyes from tfiens into the food is a recurrent issue.
Past studies have shown thia¢ introductionof the redox dys thionine (Th) and cresol violet
(CV) into SPEEK/PVAfilms is feasiblevia film swelling in aqueoussolutiors of the dye.®
Thesecationic dys diffuseinto the films andelectrostaticallypind withthe SPEEKsulfonic acid
groups. As aresult the colorans becomefixed inside the solid polymer matces preventing
leakageand the dyalopedSPEEK/PVA filmsshowedfast andreversile redox behavior under
swollen conditions On the other hand, while dye reduction was fast when dry films were
illuminated with 350 nm photonse-oxidation of the reduced dyesder such conditionwas
slow, taking more than45 days forthe colorantsto return totheir initial redox state$
Incorporation ofTh and CV in SPEEHKCcellulose films was successfullyconducted but such

systemsexhibited long dye re-oxidation times as well A reasonableexplanation for such
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behavioris related to the structuraeharacteristics of the dyes because the cationic chardés of
andCV arelocalized on terminalnitrogen atomsHence,electrostatic bnding between the dyes
andthe SQ groups fromSPEEKwas anticipated to be tighyielding constrictedstructure that
restrictthe oxygen permeability of SPEHE#&ellulosefilms.

Improvements in the ability of SPEHbKased films to serve as;@hdicators were anticipated
using methyl viologen (MV") as the redox dyetogether withthe utilization of cellulose
polymers aghe main structural components andatbm donorsThe lack of terminal nitrogen
atomson MV?2* was anticipated to result imgher Q permeability and a faster-gxidation of

the methyl viologenradical cation(MV*) generated from the MA reduction bySPEEKH.
Suchareaction appeaed thermodynamically feasible given thatwaterthe standard reduction
potential of M\#* is -0.45 V, whereas the oxidation potential 8PEEKH] has been estimated

to be aboutl.3 V.8 Becausehe viologen radical is readily oxidized loxygen detection of @
presentin gases using photochemically generateMV* has been previoushachieved
Furthermorechanges in the redox state of the viologen are easily detected by visual means due
to the strong coloration &V *.” The findings of this chaptetemonstrat¢hat SPEEKcellulose

films containingMV?* can function agfficient photoactivated, reversible;@hdicators

3.2Methods and Procedures

The sources of most employed chemicals were identified in the previous chapter,ailgbich
descriled film preparation methods as well as illumination and analytical procedures. Methyl
viologen was obtained from Sigrfddrich as the dichloride saltUnless specified, rg
SPEEHKcellulosefilms free of the HCI catalysvereimmersednto a 20 mLsolution of 1 x 1¢

M MV 2* for 24 h in order to incorporate the viologen into the solid polymer matrices. This was

followed by drying the films in the absence of ligBiquare wave voltammetry was used to
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determine the concentration of methyl viologell electrochemical measurements were
performed with CHI potentiostatmodel CHIG60E All electrochemical measurements were
collected using a threelectrode cell system consisting of a platinum counter electrade,
Ag/AgCI reference electrode, aradglassy carbomworking electrode Voltammetry parameters
were as follows: the amplitude and the increment wemm¥2%nd 1 mV. The potential window
bet wedVv am®ads ViaAd frequencat 15 Hz All solutions were prepared with 0.5 M
KCI. All experiments were ruat leastin triplicate kinetic results exhibited deviations about
20% which is typical oheterogeneouim systems® Relative humidity was measured usithg
JEDEW hygrometer/thermometensodel ROUND Temperature determationsused aVWR
7X7 hot/stir120V andaHH11B omega digital thermometer wittype K thermocouple.
3.3Resultsand Discussion

Exposure ofSPEEK/cellulosdilms containingMV2* to 350 nm photongesulted ina blue color
due tothe generation oMV *;” a typical absorptionspectum is presentedn Figure 3.1. The
spectum determinedhfter 3 min illuminationis free of the characteristgignalof SPEEKHT at
565 nm because the polyketone radieglued MV 2*. The concentration of M¥ in the films
was determined to be 1 x 0 within NaCMC filmsand 1.2 x 10° M within 2-HEC films
using SWV by looking at the loss of current as ¥MWwas absorbedAn earlier study showed
that, at low viologen concentrationseduction ofMV?2* in cellophane and PVA fiims yielded
MV * 19 However, the radical dimeMV *)2 and aMV *-MV2* complex formed at higher vimgen
concentrations.The spectum depicted in Figure.1 is identical to the one ahonomeic MV*
probably becauséinding of the cationic dye tthe polyketone,or to NaCMC, prevented
formation of more compleradicalspeciesThis is a reasonable explanation as the concentration

of the polyketone is 1 M and NaCMC is 2.12 M in the films
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The data of Figur8.1 implies that the establishment of a steady stdfé] was feasible within
3 min of photolysis in the presence of air. Obvioustgluction of MV?* was faster thaseveral
dark reactions such as the-idduced SPEEKHYMV " oxidation and theadicatradical decay
processes of SPEEWMHeading to LAT As in the case of the polyketone radical presented
before, MV™ generated inside polymer filmsas sensitive to the presence of. @ similar

behavior was also reported wheiV 2* was reduced in cellophane and PVA filfighe kinetics
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Figure 3.1: Absorption spectrm of MV* generatedvia a 3 min illumination of a
SPEEK/NaCMCfilm crosslinked with2.25 x 16* mol Glu exposed to a 0.1 mMIV2* solution
for 24 h prior to photolysis Inset decayof the kinetic dataat 606 nm resulting from the
oxidation ofMV ™ by Os.

of MV™ oxidation by O, in SPEEK/cellulose filmsvere monitored spectrophotometrically by
following the decayat 606 nm over time an example is presentattheinset of Figure3.1. Fits

to the data were attempted using first and seaoddr rate lawsfterevaluation of MV ™] from
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the absorbance valuesThe calculations based dhe LamberBeer law usedan extinction
coefficient €) for the radical signal at 606 nm of 1.37 xX°* M cm,” together with gpath
length equal to the thickness @fparticular film. As in the case o65PEEKH], the bestresults
were obtained when thdV " decay waditted accordingio a pseudfirst-order rate la.
SPEEK/NaCMC films containing M& were also tested to assess if there was any
significant decay oMV * in the absence of ailllustrated in Figure.2 is the evolution ofNI1V *]
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6.0E-04
4.0E-04
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Figure 3.2: Kinetics of theMV ™ oxidationin a SPEEKNaCMC film crosslinked with Glwnder

No.

asa function of time for &NaCMC film first degassed with nitrogen for several hours and then
photolyzed undeN2. During the first 10 min a small consumption MV * took place that
followed no simple rate law. At longer times thd/* decay was sluggish following a linear
function of time with Kecay= 1.28x 10°% M/min* which was slower than for SPEBKn the
absence of air, see Chapter Qomparison of the results shown in Fig@&2 with the data

presented in the inset of Figusd clearly indicates that oxidation MV ™ in the presence of air
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was significantly faster than the slow decay of the viologen radical that took place in the absence
of Oo.. Similar to SPEEN, the MV* decayin the absence of QOprobably originated from a
reactionbetween some photogenerated LAT species andalegenradical.

The effects induced by repeatplotolysisof NaCMC films with Glu containingMV 2*
arepresented in Figurg.3. The curves shown iRigure3.3A indicate thaMV " decayed within
a similartimespan ashe SPEEW] decay Also, the MV ™ decaywasfaster when R.H. increased
in agreement witthe SPEEK] oxidation by Q. The inset of Figure3.3A indicates that
SPEEK/NaCMCfilms with Glu generaté 9 x 10* M MV * compared to 1 x 1OM SPEEKHY],
implying a 10% decreas@ radical formation when the viologen was presénteason for the
decreasén photayeneratedMV ™" will be presented lateThe results of the inset of FiguBSA
also reveal thaht initial MV *] remainedunchanged over 7 consecutive illuminatiomganing
that nosignificantinterferencedue tothe LAT absorptionat 350 nmoccurred.Such conclusion
is supported byhe data othe inset of Figur®.3B indicating thaincorporation of M\#* in the
films inhibited formation of LAT. The complete preveidn of LAT formationimplies thatthe
radicatradical reactiongenerating this species was unable to compete witMih& reduction
by SPEEKH.

The results illustrated in FiguB3B show thaSPEEK/NaCMdilms with Glu exhibited
pseudofirstorder rate constants rang from k = 0.0272 mirt at 20% R.H. to k = 0.1097 miin
at 49% R.H.Comparedto thevalues forSPEEKHY discussed in Chapter the decay oMV™*
was 80% fasterwhen thehumidity was low butonly 30% fasterat high R.H.These findings
suggesthat the internal structuref the films expanded due tocorporation oMV 2* analogous
to the effectinducedby H-O discussedn Chapter 2SPEEK/NaCMCfilms with MV2* showed

an increase in rate constanabove~30% R.H. similar to those without the viologefThis
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impliesthata minimum [HO] is needed tinduceexpansion of thélm evenin the presence of
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Figure 3.3: A) MV * decay profiles foa SPEEK/NaCMC filmmadewith 2.25 x 1¢* mol
Glu exposed to consecutive irradiatipimset shows the maximurvlV *] attained during
each illuminationB) Pseudofirsbrder rate constant as a function of R.H. for a
SPEEK/NaCMC film made with 2.25 x *@nol Glu. Compared in thenssetare the LAT
absorbance a&00nm (6) and atZ700nm (0).

According to thephotogeneratiomechanismof SPEEKHY proposed in Chapter, Zhe
initially formed singlet excited state of SPEEKolves into a triplet excited state that tlygzids
the polyketone radicalia H-atom abstractianSucha pathway is analogous to the sequence of
events thaforms a-hydroxy radicas of BP,'! andwas adoptedincebenzophenone is the model
for the photochemical behavior of SPEEKonversion otthe BPsinglet to triplet excited state
is fast and efficientleading tgphosphorescenas the dominant form of emissioimterestingly,

the BP phosphorescence is quenched fast(R.6 x 18 M s1) by MV?* in solution!? An
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analogougjuenchingvia energy transféiof the SPEEK tripleexcited state by the viologeves
anticipated to decrease the efficiency SPEEKH] formation. As mentioned previously, the
available evidencsuggest thatin SPEEK¢tellulose films MV?* is electrostatially bonded to

the sulfonic group of the polyketone. This, turn, should facilitate static quenching of the
SPEEK excited states by the bonded ¥\WPresentedn Figure 3.4 are emission spectra of
SPEEK/NaCMfilms with and withoutMV %*; only broad signals were detected. In contrast, the
phosphorescence spectrum of BP in solution exhibits 3 sharp signals with the central and

strongesat abou50 nm*
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Figure 3.4: Emissionspectrafor SPEEK/NaCMCfilms with 2.25x 10 mol Glu (0), andaftera
24 hin solutions containing x 10* M (0) and4 x 10 M MV 2* (0); | (excitation) = $4 nm.
However,the spectrunof the macromolecular analogue pol(ipylbenzghenone), pVBP, is
characterized by two broad signalgh the strongest at about 440 nite blue curve shown in
Figure3.4 corresponds to the spectrum of a SPEEK/NaCMC film without'M¥Wnsising of a

broad signal centered at alb@d68 nm.In view of the similarities of the spectra obtained with the
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SPEEK/NaCMC film free of viologen and that of pVBP, the blue curve presented in Bigure
is assigned to the phosphorescesgpectrumof SPEEK Also shown in Figur&.4 are spectra
obtained after exposing films to solutions with 0.1 and 0.4 mMW®learly the intensity of the
emission decreased with increasing viologen concentrafitiese observations are clear
evidencethat part of the SPEEK* is quenched by the viologdacreamg the initial [MV ]
photogenerated iINaCMCfilms containing M\?*.

Presented in Figurd.5 are the results fromepeateghotolysisof SPEEK/NaCMCfilms
crosslinkedwith 2.25 x 10" mol Tar. The curves shown in Figur@5A indicate thatMV*
decayed within a similar timespan as that of films crosslinked with Glu and also exhibited an
analogous effect of humidityuchfilms photayeneratd 8.9 x 10* M MV* compared to 1.2 x
103 M SPEEKHY obtained in the absence MV 2*, which amounts ta 26% decrease adical
concentration This efficiency @creasecan be attributedo the quenching effect of M& on
SPEEK*. As shown in the inset of Figu@5A, the initial MV *] remainedunchanged over 7
consecutive illuminationas was found for films crosslinked with Glu, see inset of FigBA.

In contrastthe photogeneration @PEEKH] exhibiteda 15% decrease in theaflica] over 10
illuminations The LAT absorption at 400 nm jgesented in the inset of Figu3&B indicating a
significant decrease (39%) ithe formation of this species as compared to films without
viologen.

Depicted in Figure3.5B are the values of the pseudofiostler rate constants fddV™*
oxidation by Q in SPEEK/NaCMC films with Tar as a function of R.Hhe rate constants
rangedfrom k = 0.854 mint at 37% R.H. to k = 0.858 min! at 50% R.H.Compared with

SPEEKH] oxidation ratessee Chapter 2he decay oMV * was40% fastermol Tar.
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Figure 3.5: A) MV* decay profiles foa SPEEK/NaCMC film with 2.25 x I®mol Tar exposed

to consecutive irradiationmset show the maximum MV *] attained during each illumination.

B) Pseudofirsbrder rate constasiis a function of R.H. for a SPEEK/NaCMC film with 2.25 x
10* Compared in thenisetare the LATabsorbance &00nm () and at700nm (6).

when thehumidity was low butonly 20% fasterat high R.H.An analogousncreasein rate
constantsvasillustrated in Figure8.3B for NaCMC films crosslinkedwith Glu. These findings
supportthe idea that the internal structure of the film expanded due to incorporation Gf MV
facilitated Q incorporationanalogous to the effect induced byQHdiscussed in Chapter 2.
Comparson ofthe MV ™ oxidation rateof films with the two crosslinking agenshowsthat the
viologen radicaldecayedfaster whenGlu acted as the crosslinkef similar behavior was
reported in Chapter 2 for films withotV 2*, whichwasrationalized in terms of a difference in
molecular size of the crosslinkeaad the additional hydrogen bonding from OH groups attached

to Tar.
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SPEEK/2HEC films containingMV?* were then testedto determine ifpresence of the
viologen affectedhe LAT generationPresented in Figurd.6 arethe profiles ofMV " oxidation
by O, resulting fromrepeated photolysis of-BEC films with MV?2* utilizing Glu andTar as
crosslinkers The curves shown in Figure3.6A and3.6B indicate thaMV ™ decayed within a
similar timespan for films made with either crdsger, which also coincided with thbehavior
notedfor the SPEEK decay.Also, in agreement witlthe SPEEHK] oxidation by Q, the MV*
decay turned faster when R.H. increas€lde inse$ of both figures show thmitial [MV ]

attained after each consecutive irradiation.
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Figure 3.6: Comparisorof radical decay profiles faronsecutivelluminations of SPEEK2-
HEC films made with A) 1.5 x 1@ mol Glu andB) 1.5 x 16* mol Tar. Both insets show the
steady stateMV *] attained after each illumination.
A comparison of the data collected during the first illuminatiohgHEC films containingGlu
indicated that the initialNIV*] was 33% lower than the initial [SPEEH] obtainedfor films

without viologen,see Chapter 2. Given thtdite polyketone radicdbrms MV * via reduction of
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theviologen, these findings mean that the efficiencBEEKHY| photogeneration decreased in
films containingMV 2*.
A comparison of the data collected during the first illuminations-BEZ films containingTar
indicated that the initialNIV*] was 50% lower when compared with films/ith Glu. However,
as discussed in Chapter, 2-HEC films without viologenshowedonly a 4% decreasen
[SPEEKH]]. Thus the effect made evident in FiguB®% is presumed to beue tothe shorter
molecular lengthof tartaric acid facilitating quenching dfV?* of the SPEEK* Repeated
photolysis of 2HEC films resulted in thenitial [MV*] decreasing by58% after the %
illumination for Glu, andby 38% whenTar was thecrosslinker. Incorporation of M\?* reduced
the effects of LAT on repeated photolysis eHEC films sincethey still generated significant
amounts of MV by the 1 illumination compared tehe efficiency ofSPEEKH] formationin
films free ofMV2*,

Shown in Figure 3.7A are he rate constantsof MV™ oxidation for 2HEC films with
MV 2*, which exhibit a dependencen the ambient R.Hsimilar tothat of SPEEKH] discussedin
Chapter2. The oxidation rateonstants foR-HEC films with Glu ranged fromk = 0.046 mint at
20% R.H. to k = 0.17 mihat 49% R.H.Comparing thse valueswith those forSPEEKH]
(Chapter 2reveals that the rate constamtsre~35%Ilower throughout the humidity range. The
decrease in oxidation rate is caused by2M¥hrough electrostatic binding between SPEEK
molecules constricting the polymer matrix. Previous work has shown that using Th or CV in
SPEEK/cellulose films alseesulted in much sloweBPEEKH] oxidation times However,the
charge localization oMV 2* beingon the nitrogen atomwithin the aromaticring results in a
weaker electrostatic bindingand therefore less effeabn oxygen permeability and structure

constriction.Incorporation of M\#* decreased the rate of oxidation; however, an increase in
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Figure 3.7: A) Pseudofirsbrder rate constanfer MV ™" oxidation versusR.H. for SPEEK/2
HEC films crosslinkedwith Glu (0) and Tar ¢). B) LAT absorbance a#00 nm over multiple
illuminations of a 2-HEC film crosslinkedwith Glu unexposed©) or exposedo a1 x 10* M
MV 2* solution(0).

speed of this process was still notdabve ~35% R.H. caused bye higher H20] in the films

discussed in Chapter 2

According to he data displayedh Figure3.7A the oxidation rates foR-HEC films with

Tarranged fronk = 0.0425 mirnt at 30% R.H. to k = 0.1224 mirat 47% R.H. Compare the

MV * oxidationrates ofGlu-crosslinked filmshis represerga ~30% decrease ieaction speed

A similar decrease in thexidationrate was alsmotedfor SPEEKHY in CMC films crosslinked

with Tar. This stems from the smaller molecular length of tartaric acid creating a tighter structure
and reducing the permeability of oxygen in the polymer structidespite the change in
crosslinker,anincrease in the rate of oxidation at ~3%4H. still took placeshowingthatthe
enhanced; diffusion into the films facilitated bincreases irfiH20] alsooccurred whemV?2*

was present.
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Repetitive photolysis oSPEEKR2-HEC films with MV?* renderedthem increasingly
yellow due to a rise in absorbancelatt 450 nm. An analogous coloration took place in
SPEEK/PVA filmsyielding an absorption withmax= 420 nm** In the case 0oSPEEK/cellilose
films formation of LAT manifestedtself by a strengtheningn absorbance dt ¢ 450 nmthat

became moréntens with decreasingvavelengthwithout exhibitinga maximum.** Hence, the

results of Figure.7B indicate that the LAT absorbance at 350 nm was strong enough to impede

SPEEKfrom absorbing thencidentphotons, which stopped the photogeneratioSBEEKH].
Obviously, LAT formation inSPEEK2-HEC films was significantly faster than in SPEEK/PVA
solid matrices given that the latter turned yellow only afteg light exposure¥ These
findings suggest that SPEEK interacts withi2C more strongly than with PV{probably via
hydrogen bondingthereby enhancing LAT formatidhroughradicatradical reactions.

The data of Figur8.7B demonstrates thatcorporatbn of MV 2* into SPEEK/2HEC films with
Glu yieldeda 30% reduction in LAT over 8 consecutive illuminatioBachan inhibiting effect

of MV2* on LAT formation resultedn the higherinitial [MV "] illustrated in the inset of Figure
3.6A. Scavengingf SPEEKH] by MV?* prevened reactionsbetween the polyketone radicals
that produced LAT Figure 3.7A depicts the effect of LAT on the oxidation rate of Mw
SPEEK/2HEC films with Tar. Consecutive illuminations withrising humidity increask
somewhathe rate of oxidatioronly at R.H. values higher than %5 A similar trend was also
observed with the oxi d&EG fims wit Glu, SR B bkillationn
rates decreased upon consecutive illumination at 50% R.H., as shown inFfgurA possible
explanation is that as more LAT is produced, the internal struofutiee films is lessabe to
expand.

3.4 Conclusion
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Incorporating MV* in SPEEK/cellulose films improved the rates of radical oxidation, enabling
easy detection of £by visual means, in contrast to previous data using Th and CV as redox
indicators. An explanation is that theationic charges of M¥ being localized mainly on
nitrogen atoms positioned within the aromatic ring structasellt in sterichindrance from the
terminal methyl group (situated outside the aromatic ringgjding a less rigid electrostatic
bond’ This resuledin a higher G permeability and a faster-axidation of the MV generated
from the M\Z* reduction bySPEEKH]. The beneficialeffect of M\V?* counterbalanced the lower
efficiency of radical photogeneration thaoriginated from quenching of SPEEK*by the
viologen

Incorporation of M\#* into SPEEK/NaCMC filmsesulted in electrostatic bindirtg the
sulfonate of SPEEKolyketone and the carboxylate groups of the celluldke. rates oMV *
oxidation comparewith SPEEKH] showed a increase in oxidatiomates with Glu films having
a moresignificantincrease This is presumed due to the internal crosslinking of the carboxylic
acid groupcreatinga stricter structureSo,the electrostatic binding of MA behavesimilarly to
water expanding the structur€here was also minor quenching of SPEEK* in NaCMC films
which affected the maximum M\toncentration.

MV?2* was alsoincorporagd into SPEEK/2HEC films however sulfonate groups of
SPEEK were the only sites falectrostatic binding othe viologen Hence, genching of
SPEEK*was more pronounceid 2-HEC films resulting in a significant decrease in the MV
concentrationAlthough quenchingf SPEEK* took placethe fast scavengingf SPEEKH] by
MV2* hinderedthe reaction between polyketone radicals tfat LAT. As an example

inhibition of LAT generation ir2-HEC films with MV 2* wassignificant enouglho yield steady
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state radical concentrationsover more consecutive illuminationcomparedto 2-HEC films
without viologen

In contrastto NaCMC films the oxidation rate of MV* decreasedfor 2-HEC films,
presumably because electrostatic binding of the viologen to SPEEK stiffened the polymer
matrix, therebyinhibiting oxygen diffusion.The findings of the project show the ability to
increase the optical detectability of SPEEK/cellulose films for oxygen ser@domginued study
in the incorporation of alternative redox dyes and polymeric matrixes could provide invaluable

knowledge othe effects oklectronic interactionsn radical reactions.
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Chapter 4
4.1 Introduction
As demonstrated in the previous chapters, SHE&Kilose filmsact asoxygen sensors where
the oxidation kineticsis affected by effects of thepolymeric matrix and environmental
conditions.The electrostatimhibition of radicalreactionsandthe dependence &V * oxidation
kinetics on R.H. are effects characteristic of such filntisat deserve further investigation
Previouswork on SPEEK/PVA systemsshowed thatmechanisticinformation gathered from
solution studiesfacilitated understanithg of the photoeadions taking placén swollen films.*
This is reasonable given thphoto processesking place in the fluid medium akess hindered
by complications frequently found in solid matrickisiminated degasse8PEEK/PVA solutions
generatd SPEEKH] thatexperiencedadicatradicaldecay processedasing over 30 min which
is atypical forsmallradicak in water! This phenomenois not unusualfor radicals from bulky
polyelectrolytes,which experience diffusional restrictions that a®acerbatedy significant
interchain electrostatic repulsionén contrast, the decay &PEEKH] in films of SPEEK/PVA
took 10 times longer becauswtion ofradicalsis severely hindereish solid matrices.
Furthermore, investigations on the photoreductiorhaibmethanes in SPEEK/PVA solutions
provided key mechanistic information that aided understanding of the kinetic features governing
the dehalogenation of CHEIn swollen polymer film$:8 Also, findings obtained from solution
photolytic experimentsenabled to rationaliz&inetic featuresof earlier work on O indicators
based on SPEEK/PVA films containing Th and CV dyeddence, solution studies were
expected tgrovide insight about some unexpected observations, such as the slesrdesro
decay ofSPEEKH] andMV™ in polymer films whereir was rigorously excludedExperiments

were, therefore, conducted witSBPEEK(cellulose solutions and swollen filmghought to
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constitutesimpler analogousf the dry polymer matrices with theurposeof gaining further
mechaniic knowledge

4.2 Methods and Procedures

The sources of most employed chemicals were identified in the previous chapter, which also
described film preparation methods as well as illumination and analytical proceSadasm
formate(HCO:Na) was purchased from Sigma AldricBPEEK(cellulose solutioswere of 7.5 x

10% M cellulose and3.8 x 10? M SPEEK without incorporating the crosslink&olutions for
methyl viologenexperimentscontained0.3 M sodium formateand 1 x 10 M MV?2* unless
otherwise declaredAll SPEEK/celluloseswollenfiims and solutions werér spargedandthen

photolyzd usingthe setupshown in Figuret.1. The films were 2.5 cnby 1.25 cm toprevent

curling

Figure 4.1: Setup for solution and swollen films utilizingjasstest tubs sealed with rubber
septaplacedin a ShimadzuJV/Vis holder.
andmaintain thethicknessof a single filmduring UV/Vis measurementdll illuminations and

optical measurements wepmnductedwith Milton Roy #3317-80 optical test tubesvith a
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pathlengthof 1 cmand acutoff atl ¢ 300 nm)without removalof the test tube to reduce error
Irradiation of cellulose polymer solutions and filwas conducted inside a RayonePR 100
circular illuminator equipped with 1IBPR3500A lampsfor 5 min producing 10mM/s photons

of 350 nm Photognerated radicals were detected optically using a Shimadz280¥ PC UV

VIS spectrophotometef.estswere run at least in triplicate; the resulting kinetic results exhibited
deviations of about 20%FTIR measurementemployed a Thermo Scientific iIS50ATR
instrument EPR measurements were conducted using a Bruker EMX EPR spectrometer

4.3 Results and Discussion

Exposure ofAr spargedSPEEKCcellulose solutions t&850 nm photondor 5 min failed to
generatedetectableSPEEKH], indicating that the radicals derived from the Solvay precursor
decay fast viacombination/disproportionation reaction¥he same outcome resulted after
addition of 0.3M HCO, and 1 x 1¢ M MV?#*, although formatdons are efficient Fatom
donors that facilitate radical reactions as was shown during the reduction of chlorom&thanes.
The lack ofMV 2* reduction is unsurprising given that the viologen is able to quench SPEEK* (as
was shown in the previous chaptéhly uponillumination times >30 min wasthe MV ™ signal
observedmeaningthe free movement of radicals in cellulose solutidasilitates radicaladical
reactionsSwollen films were next studied to understand these processes and limit-radical
reactions The study ofAr spargedswollenSPEEK(cellulosefiims focused on MV* reduction as

the SPEEKH signal was never obsed: Illumination of SPEEK/ZHEC films swollen in
solutiors with 1 x 10*M MV ?* generated low amount of MV/; however theabsorbance at >

400 nm increasd significantly due td_AT formation. Irradiation of swollenSPEEK/NaCMC
films crosslinked with2.25 x 10* mol Glu yielded analogous results except thatLAdl was

formed.Different findings occurred wheBPEEK/NaCMC filmswvere photolyzed isolutiors of
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0.3 MHCO; and1 x 10* M MV?*. As shownin Figure4.2, the resultingabsorption spectra
corresponds to thaof MV™; an imageof the illuminated film is included in the inset
demonstrating thadll the viologen radical catiofiormedwasbound tothe film and not in the

solution Suchanoutcome implies that theeactiongenerated/V * electrostaticallypoundto

Absorbance

Wavelength (nm)

Figure 4.2: Absorption spectrm of MV* generated via a 5 minllumination of a
SPEEK/NaCMC filmcrosslinked withl.5 x 10* mol Glu swollen in anArgon spargedolution

containing0.3 M HCO; and 1.0 x 10* M MV?*. Inset showsan image of thefilm after

irradiation

NaCMC andSPEEK In formate solutiond-atom abstraction from HCOby SPEEK*yields
COy,” andreduction of MV#* in swollen SPEEK/cellulose films can be understood in terms of
the mechanism described in Chapter 2 wvittle addition of theeactionsshown inScheme2.1.
Unlike the bound radicals of SPEEK and celluld&&0»- is free to diffuse through the swollen
film facilitating reduction of M\#*. Surprisingly, monitdng the MV* signal revealed a fast

oxidation of the radical cation the absence ofir. Decay curvesf MV* in aswollen
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(1) 3RRC=0},; +HCO; Y { RIORG+CO,

(20 {RRC-OHI/MCOy + MV#*Y { R'QRALE, + H* + MV*

Scheme4.1: Mechanism forthe formation of MV* utilizing SPEEK and HCO,. SPEEK is
denoted agR ARC=0}, and{R'RCYOH}; representSPEEKHY.

SPEEK/NaCMdfilm are presentedn Figure4.3, showing that this oxidation process tqalace
in the same timescale as that of rewollen films containing air, see Chapter 3.
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Figure 4.3: MV " decay profiles fon SPEEK/NaCMC film with 2.25 x T&mol Gluswollen
in an airfree solution of 0.3MHCO; and 1 x 1¢ M MV after exposire to consecutive
illuminations. 5" illumination () conductedhfterexposurdo air for 24h and Ar bubbling
In fact, his oxidation of MV was substantially faster than the decay @ rédical inair-free
nonswollen films. Such observations imply that an unknown oxidizing a@éntvas formed

during the photoreduction &V 2* induced by the swollen films.
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In addition, acontinuousincreasein decay rate took place wittachsubsequent illumination
For instancethe P! illumination yielded a decayith a halflife of ~16 min, for the second
irradiation t12 © 11.2 min, andtiy> © 4.6 min for the third exposure to lightA reasonable
explanation is that eacubsequent illuminatiogenerateaxcess oxidizing produdnducingan
increase in the rate of decahe initial [MV*] of each illumination was equivalent except for the
secondrradiation whichlasted6é min, yielding a 25% increase in [MY]. By the 4" photolytic
exposure the rate of decay was linear function of timewith a t2 © 4.4 min. After the %
illumination, thesolution containing thewollen film was exposed to air for 24amdthen Ar
bubbled The subsequeng™ illumination exhibited arate of MV* decay similar to the si
illumination shown in Figurd.3. Thisunusual finding implieshat theoxidizing productX was
removeduponreaction with Oo.

The decay data wasalyzed in terms dirst and seconarderrate laws, the correspondiptpts
are depictedn Figure4.4. As shown in Figuret.4A, the kinetic results of the MV decay that
occurred after thas and 29 illuminations as well as the data gathered after tergadiation,
yielded good fits when plotted according to a seeowttr rate lawSuch findings seem to imply
thatthe decayprocessnvolved a reactiomf two compoundsvith roughly equal concentrations,
that is, [MV'] © [X]. After the 3¢ illumination, the kinetic dataof the MV * oxidationwas best
fitted using a firstorder rate law as illustratemh Figure 4.4B implying that [X] > [MV?].
Following the 4" irradiation the rate of MY oxidation was a linear function of time (see Figure

4.3), meaning that [X] >> [MV].
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Figure 4.4: A) Secondorder pots of the MV * decayin a SPEEK/NaCMC film with 2.25 x 10
mol Gluswollenin an airfree solution of 0.3MHCO, and 1 x 1¢ M MV. B) Firstorder plots
of the data
These observationsupportthe ideathat theside producX wasformed in excessf [MV *]. The
decay of MV was nota result of a redudion of the viologen radical to M¥becausethe
characteristic signadf such productvith | max = 395 nm was not detectet?!! Perhaps the most
intriguing finding of the experiments involvingultiple illuminationswas the reversibility of the
entire process after air was admitted into the system.
Subsequent tests were conducted to ascertain if the use of the cellulose -atdimeddnor was
a determining factor in the formation of X. For that purpose PVA was utilized instead of the
cellulose polymersas the photoreactions of SPEEK/PVA mixtures vléabeen studied
extensively:*%9 In agreement with earlier reporiiumination of airfree ®lutions containing
PVA and the polyketonprepared using thREEK precursor from Solvay failed to photogenerate

long-lasting SPEEK radicals. Coinciding with observations made using -fiee solutions of
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SPEEK and NaCMC, onlyow amountsof MV™ were generated upon exposure to 350 nm

photons forlong times.In contrast,Figure 45A showsthat MV* formed efficiently during

irradiation ofa SPEEK/PVAfilm crosslinkedwith 7.5x 10° mol Gluandswollenunder Arin a

solution containing@.3 MHCO; and1 x 10*M MV?2*, Curioudy, the photogenerateMV * was

present in solution as well as attached to the, fpnebably because in this systeonly the

sulfonic groups of SPEEK were availablebind the viologenelectrostatically

A B
e 0.39
0.8 0.42 .
.

“Abs

; 0.34
0.7 034

0.29
0.6 e

0.24

Abs

Abs

0.14
0.4

0.09
0.3

0.04
0.2

400 450 500 550 600 650 700

-0.01 0
Wavelength (nm)

it 1 J

o

20 40 60 80 100 120

Wavelength (nm)

Figure 4.5: A) Spectra of SPEEK/PVA filntrosslinkedwith 7.5 x 16° mol Glu swollen in

an airfree solution of 0.3M HCO,; and 1 x 16 M MV ?2* at differentillumination times

Inset showsa spectrum of &SPEEK/PVA film swollen in a solution of 1 x oV MV 2*

illuminated for 40(0) min. B) MV" decay ina SPEEK/PVA film crosslinkedwith Glu

swollen inan ar-free solution of 0.3MHCO, and 1 x 1 M MV?* after 3 consecutive

illuminationsfor 5 min.
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In agreement with observations made WBIREEKNaCMC swollen films, the data presentéd

the inset ofFigure 45A demonstrate thaBPEEK/PVA films illuminated in an Ar sparged
solution withoutHCQO; yielded no viologenreduction even féer illumination times > 40 min.
Presented in Figuré5B are theMV* decay curves, the fluctuations noticed in the kinetic data
probably originated from diffusion of the viologen radical in and out of the films. As reported
earlier for swollen SPEEK/NaCMC filmsn increase itMV ™ oxidation ratetook place with

rising number oftonsecutive illuminatiom The halflife after the 1 irradiationwasti, © 19.4

min, t2 © 13 min after the second illuminatiorandti, amountedto © 13 min for the third
photolytic step.Thesefindings mean that X was formed regardless which macromolecular H
atom donor (celluloser PVA) was employed.

Several efforts were made to gain further insight about the nature of X, including experiments to
ascertain ifa radical species was involvedtime MV * oxidation For that purposeEPR spectra

were acquired after illumination of swollen films under the conditions described in the caption to
Figure 4.2. The sample was prepared inside a glass EPR tube that was photolyzed at room
temperaturén the absence of aand then frozen with liquid N Only the EPR signdtom MV*

was detected which decayagon warmingthe sample to room temperatu@nly a very weak

Cu* signal remained after the decay of MVTests using atomic absorption spectroscopy
confirmed thatapproximately 1.1 x 10 mol of Cu?* were present as an impurity 0.1g of
SPEEK, which explains the source of the copper sigrtase findings provided evidence that

the decay of MV wasnoat induced bya radical species.

Next, attempts were made to scavenge X using ascorbate anions (AA) since these species are

known to be efficient reducing agenfstor this purposea swollen SPEEK/NaCMC film was
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exposed to light in an afree solution containing 32 x 10> M of the sodium salt ofszorbic
acid
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Figure 4.6: Plot of kinetic decay profilesof SPEEK/NaCMC film with 2.25 x 2&mol Glu

swollen in a solution ofl..32 x 102 M ascorbic acid,0.3M HCO;, and 1 x 1¢¢ M MV

exposed ta@onsecutive illuminabns
together withHCO, and MV#*. lllustrated in Figure4.6 are the MV decay profiles for the
several consecutive illuminations. Again, the rate of‘Mécay increased with each subsequent
illumination with a halflife of ~16.2 min after the Sl illumination with t/> continuously
decreasing t@ 6.6 min after the B illumination step. Overall, the rates of M\decaywere
lower thanin the absence &AA and increased in a less pronounced fashion with rising number
of illumination stepsThese observations mean that X was only parteliyinaied when AA
was presenin the swelling solution. However, AA are known to scavenge radigelsding U-

hydroxy carborcentered radicalsuch asSPEEKHY).2*1* A reasonable explanatidor the data
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of Figure4 .6 is that AA scavenged the precursor of X decreasing the production of the oxidizer.
Interestingly, as shown in Figu#6, each photolytic step generated a higher {MM the
presence of AA, which is consistent with the notion that the ascorbate ions interfered with the
formation of X.
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Figure 4.7: A) Secondorder plos of data from the radical decay irS®EEK/NaCMCfilm with

2.25 x 10" mol Glu swelledin a solution of1.32 x 10> M ascorbic acigd1 x 10* M MV 2* and
0.3MHCO;'. B) Firstorder plots of the datshown in Figuret 6.

Presented in Figuré.7 are plots of the data from Figuté according to first and secowdder

rate laws.According to Figuret.7A, areasonable fit to a secomdder rate lawwas obtained

with the kinetic results of the MVoxidation after the first illumination, suggesting that the
transformation involved two reactants of similar concentrations. However, the data acquired
during the subsequent uo irradiations increasingly deviated from tteend expected for a

secondorder reactionlIn fact, the data fothe MV* oxidation following the @" illumination
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agreed best with first-orderrate law These observations suggest that AA act as scavengers for
the precursor of Xthereby hindeng theformation of this oxidizer.

Additional infrared spectroscopy(IR) measurementsvere conducted on the SPEEK/NaCMC
film to provide more insight into the reactions that occur upon illuminatRepresentative
spectra arshown in Figuret.8 for an unirradiated film as well as for filnsadiaied in airfree
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Figure 4.8: IR spectra oSPEEK/NaCMC filmsA) beforeillumination, B) afterillumination in
0.3 M HCO, solutionand C)illuminated ina solution containing.3M HCO, and 1 x 16 M
MV 2",

solutionswith and without M\#* that were exposed to air after illuminati®@ignificantchanges
were found fotthe IR signals of theester linkagesit 1730 crit and carboxylic acid at 1588 ¢m
from NaCMG as well aghe SPEEK ketone C=0 stretch at 1661644 cm!, benzophenone

C=C stretch at 1595 1588 cm!, andsulfonated benzene C=C stretch at 1502471 cm'.
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Figure4.8A displays the IRspectrumof a film beforeilluminated. Thisspectrumis compared
with those offilms photolyzed without @followed byexposireto air afterirradiation Presented

in Figure4.8B is the spectral data obtained from a film immersed 3 MHCQO, solution,
wheread-igure4.8C shows the spectrum swollém a solution containind.3M HCO, and 1 x
104 M MV ?*, In both samplesrradiated in solutionte ester linkagesignalat 1730 crit was
found todecreaseén intensity upon illuminationwhile the signal at 1588 ctbecame more
intense. Such changes are consistent With scission othe ester linkage and simultaneous
emergencef acarboxyhte functionWhile changes to the ketone C=0 stretch at 16644 cm

1 cannot be determined due to signal overlap witis¢hofcarboxylic acid and benzophenone
C=C stretch1595 1588 cm!, the presence of a shouldsrthe C=0 stretch at 1651644 cm'
confirms the presence of &etone functionality. The signal of the idfonated benzene C=C
stretch at 15021471 cm' howevershowsa significantintensity decrease in both films This
means that a product was formieadwhich the SPEEK benzene ring to which thesSfboup is
bondedexperienced a completessof aromaticity.

4.4 Conclusion:

Experiments with SPEEK/NaCM®#itions and swollen filng were conducted in efforts to gain
further insight into the mechanism of the SPHE#Iulose systembecause earlier studies
showed that useful mechanistic information was accessible from tests in the fluid medium
However, such expectation was not realized in the case of aqueous solutions lbécause
combination ofquenching of SPEEK* by M¥ together with fastreactions ofgenerated
radicals.Instead, photolysis of SPEEK/NaCMC films swollen in formate solutions free of air
that contained M¥" yielded several unexpected findings. For instamimogen photaeduction

occurred exclusively in the presence of HCiOns andall the MV * produced remainedonded
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to the swollen film.Other exampls included the posirradiation MV ™ decayin the absence of

air which wasacceleragd byconductingconsecutive illuminationsThese findings indicated the
formation of byproduct X able to oxidize MWback to the parent viologernterestingly,
formation of such oxidizer provided an explanation forghlev decay of MV after photolysis

of SPEEK/cellulose films in the absence of air that was discussed in Chapiertt&rmore,

while X was completely consumed in the presence of air this species acted as an oxidizer toward
MV *. Perhaps the most surprising outcome of the experiments with swollen SPEEK/NaCMC
films was their ability to function as photoadaptive systems over multiple exposures tdnlight
fact, exposureof the systemgo air restored their ability to function in a reversible fashion.
[lluminatiors of SPEEK/PVAfilms confirmed thatthe presence cBPEEKwas necessary for
generating the side produxt Another significant finding was that [Xhcreased as a result of
consecutive irradiationsAlthough efforts to elucidate completely the nature of X were not
successful, experiments conducted in the presence of AA and also by means of EPR
determinationseveaédthat theoxidizeris not a radicaspeciesIR dataindicatedformation of a

product that sufferea significant loss of aromaticitgf the SPEEK sulfonated benzeneng.
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Appendix 1

The Influence of Various Grease Compositions and Silver Nanoparticle Additives on
Electrically Induced Rolling-element Bearing Damage

S. Bond, R. L. Jacksohand G. Mills,
!Department of Chemistry arRlochemistry
2Department of Mechanical Engineering
Auburn University

A1.0 Abstract
Leakage currents accelerate surface degradation of metal contacts via small scale arcing

across lubricating films, but recent observations suggest that methaparticle additives in
lubricants may be useful to improve contact performance. These findings prompted a study
dealing that examined electrically induced surface pitting of steel contacts in the presence of
several lubricating greases including some containing nanosieésl colloidal Ag particles.
Reciprocating rolling spheren-disk experimens were conducted under electripological

loads employing polyurea greases derived from mineral and synthetic base oils with and without
additives. Frictiondrces and electrical resistance were monitored continuously during the tests;
surface changes were characterized by means of optical spectroscopy, stylus profilometry and
scanning electron microscopy (SEM) including compositional analysis using energy dispersive
spectroscopy (EDS). The observations demonstrate that surface pitting induced byp@reisg
mainly at the points were the rolling motion changes direction and that eroded metal is deposited
along the wear grove. Micresized pits are formed whiatontain carbon and oxygen indicating

that arcing causes decomposition of the hydrocarbon lubricants. All the findings indicate a
significant inhibition of pitting induced by th&g nanoparticles; some greases containing other

additives exhibit a similar, although less pronounced, effect.
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Keywords: Electric Motor Bearings, Wheel Bearings, Electric Vehiclascing, Electrically
Induced Bearing Damage, Pitting, Leakage Current, Stray Curréming, Frosting, Shaft
Voltage

Al.1Introduction
Electricvehicles continue to grow in usage which also brings into focus their tribological

performance and reliabilityf1]. In electric vehicles there is growing raern about the
performance and reliability of mechanical components such as rolling element bearings and
gears[2, 3]. This is due to not only increased temperature and speed expectations, but also
because of potential damaging electric currents flowing across the suffaégs These
electrically induced bemng failures have also been widely observed in wind turbine bedithgs
Stray electric currest and charges can build in several waysa vehicle,and can occur in
electric vehicles when the inverter converts power from the batteries to the electric motor.
Accumuhtion ofalargechargecan inducerdng across the lubricating filraf a bearing or gear
Arcing yieldsa plasma that melts and vaporizes the metal surfaaesng what is termed as
electrical discharge machining (EDMy by others aselectrically induced bearing damage
(EIBD). As a consequencsmall surficial pits form that can lead tmoise,surface fatigue and
eventual failureof an operatindpearing[8].

In addition to rolling element bearingglectrical arcing damagean also occur in
hydrodynamic sliding bearinf®. In 2011, Sunahara et a]10] performed an interesting
experiment on a transparent EHistteig so that the arcing events could be viewed while the film

thickness was measured. They coatedonconductive transparent disk with a layer of
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conductive chromium to achieve thislowever,thar observatios could differ from results
obtained when contacts occur betwesrsteel bearing racewayand steel rolling elements.
Several researchers haalsofound that electrically conductive greasmuld prevent electrical
pitting in bearingd6, 11, 12]. Other recent work suggested that metallic nanoparticles could
enhance the performance of lubricated electrical confa8id4]. Subsequentlyreviews of the
lubricants required for EV suggested the use of nanoparticiesptove the electrical, thermal
and tribological properties of the lubricditS]. Morris et al.[16] recently laid the foundation for
a theoretical approach to the problem by predicting the electrostatic charge in an EHL film that
can lead to EIBD.Recently numerical models have also been developed to include the non
conductive lubricating film development between rough surfaces in relative motion due to
hydrodynamiclift [17, 18].

Bolted electrical contacts may alsceusonductive greases to improve performdidée 20].
The continuous supply of powéor electrically powered mass transit vehicles, such as trains and
buses, is critically dependent on sliding electrical contacts and pantod2&qk@. Due to the
vibratory nature of aircraft, lubricants are often useceduce fretting and corrosiaf electrical
contactg[23, 24]. Slip ring brushes in wind turbines, hyegenerators, and vehicles could also
benefit from using conductive lubricant®5]. Utilization of these systems is widespread and
growing, and therefore the needr fimproved lubricants that areelectrically compatibleis
increasing in importande6)].

Most recently, FarfaitCarbara et al[27] studied the influence of electrification on sliding
contacts. Their work found that the application of eleityr caused significant wear damage, but
slightly reduced the friction. In addition, thepund that formulatedluids for geas and

automatic transmissigrperformed better than mineral base oil without additivesording to
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these investigator$27], the increaseddamagenoticed with mineral base oikesultedfrom the
higher dielectric strengthexhibited by this lubricantSince the klectric strength is inversely
related to conductivitythe observationsuggest thalubricantsexhibiting higher conductivities
could reduce theurface damage derived fragtectical discharge

Grease isalsodesirable in many applicatiorggven that this materidak able toreduce the
possibility oflubricant leakag¢28]. Sanchez Garrido et dR9] recently investigatd the effecs
of temperature and roughness gnease perfatnanceunder the conditions experienced te
bearings oklectric motos. That work also considered synthetic and mineral base oils thickened
by lithium and polyurea, witlithium greases having the best overall performance. Howtheer,
extensive use of lithium for battery productitvas rendexd supplies of this element less
abundant, whiclis expectedd increase the use other typeof greasdhickeners

Although the main focus of this work is to study nanopatrticle laden greasksdaiongs of
autamotive rolling elemers the results could also be applied to other important casds as
electrical connectorsThis has become increasingly important for electric vehicles where
charging ports and many other connectors in theedsisstem must perform reliablx. seminal
review an lubrication in electrical connectovgas provided in 1978 by CampbgQ], whonoted
that additives to the lubricating fluid are often added to enhance performance. For friction and
wear, common additive materials are fatty acids, sulfur compounds, solid lubricants, and zinc
dialkyl-dithiophosphate (ZDDHR1]. Solid materials such as molybdenum disulfide, PTdFig,
graphitecan sometima be used in lubricants to reduce friction and wear. However, in many
cases these solid lubricants and additives eftikn inducethe formation of a noncondtctive

film between the surfacg¢43, 32, 33].
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Nanoparticles and lubricants laden with them (i.e. Habdcants) have received a great deal
of attention due to their unique propertfesm a wide variety of materials and applicati¢B4,
35]. Nanclubricants are colloids, or fluids with naisoale particles suspended in them (See Fig
Al.1), whichhave already been shown to have desirable friction and wear performance qualities
[34-36]. Some nanoparticles have proven to reduce the coefficient obfribly 20-30% [37]
and everup to 50%for WS, and other nanoparticld88, 39]. Ag nanoparticles have shown to
reduce friction by 2540% [40-43] and even when added to already fithymulated
lubricant$44]. The preparation of stable dispersions of particles in hydrocarbons has proven to
be a difficult task as wel[45] because only a few particle stabilizers that dissolve in
hydrocarbons are known to be effective at hindering precipitation. Withaakalizer the
particles will also most likely precipitat&Vhile nanelubricants have shown promising results,
guantitative agreement of the available data is missing. This is unsurprising sinee nano
lubricants are usually prepared via exposingsired particles to some dispersing force, such as
mechanical agitation or ultrasound waves. However, the resulting dispersions undergo particle
aggregation and precipitation once the dispersing force is no longer applied. Particle
precipitation results in timdependent properties not easily reproduced that are of questionable
scientific or practical value. Therefgréghe use of a sensolid, such as grease, is also
advantageous in thgteases can improwggnificantlythe stability ofparticle suspensi@n

Concentratedsilver (Ag) colloids (1.3 wt%) wereachieved in hydrocarbons containing
oleoyl sarcosin€OS) via fast thermolytic reduction kg ions at 180 °(d46]. OS served as a
surfactant to suspendnd stabilizethe particles within the hydrocarbon¥hese spherical
colloidal particles withan average diametef 6 nm were free ofprecipitaton for over2 years,

or after sibjecting them to several heating and cooling cydesanalogous procedure yielded

103



Ag colloidsin liquid polyethylene glycol as a solvent consisting of particles didimeter of7
nm thatposseswery good lubrication propertip&l]. The lubricating propeis of this nane
lubricant were studiedusing the pin on disk methodi different lubrication regimes aratross
the Stribeck curveTheseAg nanoparticles additives were showrdaxrease friction in both the
boundary and elastoydrodynamic lubrication regimps?]. For the previously studied Ag
particles the most dominant friction control mechanism was probably the reduction of contact
area[48], becausenergy dispersive Xay spectroscopy (ED®)easurements demonstrated that
no Ag were deposited on the surface

However, for electrical contactdhe most appealing property @& nanclubricant (as
compared with conventional lubricants)ay bean enhancectlectrical conductivity.This of
course would only be true for a lubricant containing conductive particles. This study therefore
focuses on the use &g nanoparticlesEven thaigh the contet area isdiminished by the
particles the contact resistance is not drastically increased by the presettoe coinductive
particles In contrastmanyother friction reducing additivesuch asZzDDP [13] will coat nearly
all of the contacts with a neconductive fiim[13, 32, 33]. Although the conductivity of a
contact lubricatedby afluid containingconductive nanopartickas not as high athat of pure
metallic conductors, in vibrating and sliding electrical contacts fitrener may show
advantageougroperties In these situationdubricant films or oxide debris can form and the
conductive particles might help to bridge across the surfaces or even pierce-ttandocive
layer. This suggests thaanclubricantscould be very useful for fretting corrosion and electrical
pitting applications, such as for electrical connectbesgrings and brushes used in automotive

and other applications.
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More recentlythe effect ofa lubricant containinglifferent concentrationsf Ag particles

on electrical contactavas compaed with that ofa conventionallubricant containing a
commercial paraffinic oi[14, 49]. In thesetests the contacts werslid over a range of speeds to
capturethe behaviorfor different regimes of lubricatioriThe change in ECHRetermined from
measurements performed before and after each test was lowehefananoparticléaden
lubricant than that of a conventional proprietary lubricant. However, the weathaf samples
when employing nanopatrticle lubricants was slighthigher thanafter using the commercial
paraffinic oil. Note that no other additives wepeesentin these nanoparticle lubricants.
Therefore a reasonable assumptiorthat an optimal ratio of nanoparticle lubricant with existing
additives couldyield asuperior performancédowever,no external electric load was applied in

that previous studyand the contacts were sliding instead of rolling as in the current test

Al.2 Objectives

The current studgxperimentally investigasghe use of lubricating greasesssting ofAg
nanoparticles suspended in an alkane and blended into tybéwdtic motor bearingrease
formulations.Ag nanoparticles are chosen as one of the additives to be investigated, because
they have beepreviouslyfound todisplaysuperior tribological and electrical performagscEehe
effect of differentgreases with and witho#g nanoparticleadditiveson the electrical pitting
phenomenare evaluated using rolling element teghat feature a voltage difference applied
across the surface$he surficial pittingwill be investigatedoy means oftechniques such as
profilometry, scaaning electronmicroscope (SEM) aneénergy dspersive Xray spectroscopy

(EDS).
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Al.3 Methodology

The ranoparticleladen greasewere synthesized by mixingraAg colloid made in ddecane
with professionally prefabricated grease. All the greases considered heref &eGI 2
consistencyand thickenedwith polyurea.The greases were all based on commercial products
provided by Shel[50, 51]. Mineral base grease, synthetic base grease, formulated mineral base
grease and formulated synthetic greaseetested with and without Ag nanoparticléote that
the synthetic base oilised is pobalphaolefin (PAO). Since the Ag nanoparticlesere
originally suspended in dodecane, grease sammbekfied onlywith dodecaneavere also tested
This procedure yieldedwelve different grease® be testedhat are now listed in Table The
blending was conducted using a smaltale mixettemperaturecontrdler andwill be described
in detail in the following paragraph®nly small amounts of grease are required for friction and

wear testing.
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- "y mf{ém
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e Nanoparticles ™~ @'f‘@

FigureAl.1l: Schematic of nanoparticle suspemsioechanism in a bulk lubricant (base oil).

Table 1: List of considered grease samples

Grease Sample Description Abbreviated Label
Mineral Base Grease min
Mineral Base Grease with Dodecane Do min
Mineral Base Grease with 0.19 wt% Ag Nanoparticles NP min
Mineral Fully-formulated Base Grease FF min
Mineral Fully-formulated Base Grease with Dodecane Do FF min
Mineral Fully-formulated Base Grease with 0.19 wt% Ag Nanoparti¢ NP FF min
Synthetic PAO Base Grease syn
Synthetic PAO Base Grease willode@ne Do syn
Synthetic PAO Base Grease with 0.19 wt% Ag Nanopatrticles NP syn
Synthetic PAO Fullyformulated Base Grease FF syn
Synthetic PAO Fullyformulated Base Grease with Dodecane Do FF syn
Synthetic PAO Fullyformulated Base Grease with 0.19 wt% A NP FF syn
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The nanoparticle additivet® be tested arég colloids (or sols)synthesized in dodecane
(C12H26) or eicosandCooHa2) according to a procedure develogm@viously46]. This method
involvesthe thermal reduction &g neodecanoate in either hydrocarbon solvent at 180 °C. Also
present in the colloids was oleoyl sarcosine (@8hsisting of a & olefinic chain terminated
with a carboxylate group able to stabilize Ag particles against precipitation via ionic iieract
with the particle surface The synthesis was performeding an oil bathplacedon ahot plate
equippedwith a thermometéthermocouplecombinationto control thetemperatureDodecane
containing0.1 M OSwas stirred at 180 rpm with a magneticrstg bar and heated to 150°C.
After this temperaturenvas reachedenough Agneodecanoatevas quickly added to readhe
desiredAg concentrationAfter complete dissohlion of the Ag salt the temperature was ramped
to 180°C and heldonstanfor 11 mirutes.

Concentrated colloids with a metal mass fraction of up 30%d.were achieved in 2Hae
(dodecane). The collostcontained spherical Ag crystallites with an average diame&@nof; in
the dodecane system the particles have remained free of precipitation for over 2 years at room
temperatureAn image of he resulting Ag/dodecane colloid is showninnthe Supplemedal
InformationasFig. A. Hydrocarbons are miscible with other alkanes at high temperatures, which
enables mixing the colloids with base greases under such cond@mitds were examined in
terms ofparticle composition via elmentary analysis, XRD, HM, UV-Vis spectroscopythe

long-term stability toward precipitatioof the solsvas also characterized
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Additive packages for lubricating greases are typically mixed into a thickened grease at the
end of the processinds mentioned at the beginnimg the section, aimilar process asused
to incorporatethe nanoparticeintoe x i st i ng & wilhatothér adyitives&reass
without additives (only thickeners and base oifrewsed ascontrol sample during the teds.
The wear properties of such samplerecomparedelative tothose ofd ¢ | e a nsawithgonlye a s e
nanoparticles, a fullyformulated grease, and fully-formulated grease with nanoparticles.
Greases containing nanoparticles were prepared by mixing 10 g of greas2 mithof the
previously described colloidolution The mixing procelure employedpulsesgenerated by a
motorized mixerconsisting of15-20 s bursts whileapplying pressure othe grease between
burstsfor compactionAll greases were mixed fa minimum of 1 minand care was taken to
homogenize the grease during this process until a uniform productizased A typical image
of polyurea greases with and without Ag nanopatrticle addiiiveshown in the Supplemental
Information file as Fig. BThe resulting Ag nammarticle laden greaseontains approximately
0.19wt% of Ag. This concentration was chosen since previous work showed success with it in

reducing friction and wear, but without a significant electrical [dzil

3.1Experimental Testing.
Reciprocatig rolling sphereon-disk (i.e. ball-on-disk) friction testswere performel
using a CETRUMT3 Tribotester(see Fig Al.4). An electrical circuitwasalsosecured across
the contact as shown in Figubd..5. This circuit alloved for the electrical contact resistance to
be measured durinpe test using an Agilent 34410A multimetkr this initial study the authors
used the simplest setup of a reciprocating motion to avoid complexities. Few other, if any,

existing studies use reciprocating motion, so this work jaitewgides a unique perspective. The
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reciprocating motion captures the ststidp motion that will occur in a real vehicles that other
tests do not captur&he reciprocating tesvas alsoselected so that the electrical lead contacts
werefixed as sliding contacts auld introducenoiseduring the test A power supplywas al®
connected to the samples in paralled the voltage through the circwies setto 31V. This
could be considered awire resistance test measurement as is common in electrical tcontac
literature.Utilization of aheating elemerprovided an additional load on the circuit. This results

in approximately 0.5 Amps, or based on the Hertz contact area under 50 N ofdaaena flux

of 11.1 MAmp/nt. This value is similar to that used by the Southwest Reseastitute in
cylindrical contact test[52]. However, the applied electric currearid voltageare expected to
vary significantlydue to changeis the electrical propertiemarossthe contac{whenthe oil film

growsor decreases and during arging

(@) (b)

FigureAl.4: Photographs of the test setup and fixture before and during testing (when the grease

is applied).
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FigureAl.5: Schematic of electrical test spt{a) and rolling balffixture (b).

The load of 50 N is chosen to achieve a Hertz pressure similar to that expected in electric
vehicle applications (1.72 GParhe flat samples were finely ground 52100 steel and loaded
agai ns 52108 st&el balld special roller fixture s used to facilitate rolling of the test
balls against the flat steel specimen (see &igdb, A1.5b). Greases were applied to all rolling
contact surfaces and tests lasted for 1.5 hrs. The tests were run at an average reciprating spe
of 0.005m/s with a sliding distance of 1 cm. While possible damage of the roller fixasefw

concern, no significant problems were encountered during testing.

Using elastehydrodynamic theory53] the current test is expected to operate with afifati

thickness of approximatel0 nm, although it may fluctuate due to the reciprocating motion.
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Nonetheless, the film thicknessll resist compressioto a degredi.e. the squeeze film effect)
since the motion does not pause & substantial amount of timehe nanoparticles are shown to
still be influential on friction in the thin film elastoydrodynamic regimg47], and may

influence the film thickness.

The testing procedureevaluated four grease typemiferal base, mineral formulated,
synthetic base, and synthetic formulated) with and witd@uhanoparticles or dodecalased
to deliver the nanoparticlesAgain alist of theseconsidered samples are in Table All these
greags complied witlthe ISO 100viscosityspecificationsand used a polyurea grease thickener
to achieve a consistency BLGI 2 (penetration from 265 to 295No EP (extrene pressune
additives are present in any of the greaddwe finished greases earubricating materials
currertly manufactured for industrial used contain additives that protect them fraxidaion
and corrosion. Thdvase grease was obtained by removing samples from the manufacturing
process befortheintroduction ofadditives.

Eachexperimentwas replicated three timesways using freshsurface anaewball, which
resulted in 3&eparateests A limited selection ofests vasalso run with naelectrical load

(without anyapplied voltage or currentSuch estsresulted in no measurable wear and
confirmedthat thedamage was dominantly produced by the applied electrical (ke Fig.

AL.6).
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Figure A1.6: Opticalmicroscoly imagesof surfacesi(a) before a run(b) after an experiment
without electric currentaind(c) wornin the presene of anelectricload Also included aré&SEM
imagesof (d) a surfaceafter an electric tesshowing arc pitting and(e) redeposition ofiblated

metalon thesteel

Al.4 Resultsand Discussion
After testingwas completed, the samplesmcharacterded usingoptical microscopystylus

profilometry, SEM and EDS Presented in Figuré&1.6 are optical microscopy images of
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surfaces: a) before an experiment, b) a test withouebegricalload and c) in the presence of
an electrical current. The tests were performéti surfaces covered with minerail polyurea
grease, which was removed prior to imaging. As shown by the images, a cledrackaras
noticed only in the experiment performed under laectdcal load. This wear track was confined
to the region between the starting point @& tbn and the end pointhere the direction of rolling
was reversed. The wetrack became visible because of differences in light reflection between
the area containinpitting, deposited metal and the pristine steel surfatlevated carbon on the
wear track may have also played a réldditional SEM images revealed that metal pitting took
place mainly in the locationshere rolling started and then changed direction, image d) in Figure
Al.6 is a representative example. Evidence that the wear trackabeidgifrom deposition of
metal ablated from the start and end regions of the rsimoi&n in image €). A thorough analysis
of the SEM results will be presented later. Note that the test setup also enabled recording of the
lateral or friction force. However, since the contacts are rolling there was no measurable
difference in the lateral forcéetween differengreases

Shownin Figure A1.7 areSEM results acquired from an experiment in the presence of an
electrical load using mineral grease with dodecane lthbut Ag particles. The top left image
demonstrates thatubstantialpitting occurredon the surfacef the sibstrate Also included in
Fig. A1.7 areEDS maps showing the distribution of Cr, Mn, Fe, C and O within the same area.
Analysisof the EDS mapsdicated thathe distribution of Cr, Mn and Fe remained unchanged
C andO signals were detected only in samples that experienced akmngg was observed on
the surfacesFigure A1.8 resulted from aroverlay of the distribution map@&xcluding the Cr
data)and demonstrated that O and C were present mostly within thelpése observations

suggest thaarcing produced the pitting and chemically degraded the grease in these locations.
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Grease samples were also collected after the tesil examined using Fourier Transform
Infrared Spectroscopy (FTIR) to check for this degradation. However, no measureable
differences were observed. This is probably due to the microsedtr contact patch containing

a small amount of grease that is too diluted in the greaspls.

SEM Image Chromium Manganese

- s 00um 0 o wal 2 ——s0oom 1 o
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Figure A1.7: SEM and EDS images o worn surfaceregion Mineral greasecontaining
dodecane buwithout Ag particlesserved ashe lubricant The scale bar included on the bottom

left of each image corresponds to 1f0.
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Figure A1.8: An overlay image of thEDS mapsfor C i Red,O1 Green,Fei Blue,andMn -

Orange The Cr map was excluded to improve the clarity of presentation.

Analysis ofthewear tracks shown IBEM imagegsee Figs. 42) revealedhat not only
are there quantitative diffences in the number of pitketectedn tests with different greases
but thata larger number of pits were present at the starting and end pbiheswear tracksThe
trackis the area over which the ball rolls and at the gmdt the direction of rolling is reversed
after ashortpause Several reasonsould account for such behavidkt the track endthe film
thicknessshould be at a mimum as the surfaces momentarily lose EHL and come closer
together. Inaddition, if the arcing is the result of aiild of charge at the asperities on the

surfaces, perhaps the charge has more time to grow as the surface motion slows anfigjauses.
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also evident from Figs. 9-12, pitting obtaned with greasescontaining nanoparticles(Ag
dodecae colloid) and sometimewith just dodecands lessextensivethan thedamagenoticed
with the plain grease. In addition,etlfully formulated greaseappear toinhibit pitting more
efficiently than the clean greaswithout additivesThe goal of the next paid to extracta more

guantitativeanalysisof the SEM observations.

31 Volts
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Figure A1.9: SEM imageof electrically pittedsubstrates, experiments conducted witimeral
grease sampleseft topscheme a b e Weéae @roove Schemalicrepresentation of avear
grove on the steel substrate, the top and botai®s indicate the points at which the ball

motion is reversed, middle label marks area of highest metal deposition.
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Figure A1.10: SEM imageof electrically pittedsubstrates, experiments conducted viitty -

formulated nmeral grease sampldseft top scheme: see caption to FigL.9.

Figure A1.11: Image analysis of SEM of electrically pittsdbstrates, experiments conducted

with synthetic grease sampléft top scheme: see caption to FAJL.9.
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