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Abstract

TEMPO-mediated oxidation is a widely used approach to introduce aldehyde and
carboxyl groups on cellulose. In the conventional TEMRE&riated oxidation, the
mediator TEMPO is a small molecule. Previous research in oup gicianced TEMPO
mediated oxidation by grafting TEMPO onto high molecular weight poly(acrylic acid)
and polyvinylamine. The polymer grafted TEM#adiated oxidation required less
TEMPO and had a lower environmental impact.

This thesiglescribes new insigh intotherole of polymer grafted TEMPO as mediator

for cellulose oxidationThe redoxactivity of grafted TEMPO was analyzed by
electrochemical techniques and the resulting aldehyde densities on cellulose surfaces,
produced by polymer grafted TEMPO, watetermined with a fluorescenlabeling
method.

The properties of polymer grafted TEMPO solutions are essential to understanding the
role of grafted TEMPO as the oxidation medialdEMPO substitution compacted both
the conformation of poly(acrylic acidnd polyvinylamine due to the lower
hydrophilicity of the TEMPO substituentoly(acrylic acidg-TEMPO) (PAAT)
solutionsphase separat®ver the pH range-2, whereas at lower and higher pH the
polymer was watesoluble. The phase separation at lowvghs proposed to be the
combined result of the hydrophobic contributions of the TEMPO moieties and
electrostatic interactions between #wd-inducedcationic TEMPO species and the
anionic ionized carboxyl groupBolyvinylamineg-TEMPO PVAmM-T) waswater
solubleover a largepH range(pH 1-9) due to the ionization of the amine groupeth
the PAAT and PVAmMT wereslightly surface active.

Multilayer films composed of PVART and poly(styrene sulfonate) were stable and
redoxactive. Charge transport inglmedox multilayer films was realized through
TEMPOto-TEMPO electron hopping between neighboring TEMPO moieties. Only 20
30% of TEMPO moieties were redaxtive,reflecting the requirement that TEMPO
moieties must be closer than ~ @ré for electron hogpg to occur The redox

multilayer films displayed significant interpenetration of layditse ability of PVAmMT

to spontaneously adsorb omtegatively chargedurfaces iraqueous solutionsrovides

an easyoute to TEMPGrich surfaces for other applicatis.
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Specific attention was focused on tisée of PVAM-T as mediator for cellulose oxidation
in the presence of laccase. Positively charged PMAlsrmedcolloidal complexes with
negatively charged laccase. The behaadPVAmM-T/laccase mixtures disptad the
classic features of polyelectrolyte complexes formed between oppositely charged
polyelectrolytesFor the first timeelectrochemical quartz crystal microbalance with
dissipationEQCM-D) measurements were usedcharacterizéne redoxpropertiesof
theadsorled PVAmM-T/laccasecomplexesThe role of PVAmT as mediator for cellulose
oxidationdepended upon TEMR®@-TEMPO electron transfer within PVAfT/laccase
colloidal complexesThe aldehyde density on oxidizeéllalose surfaces scaled with the
sguare root of surface molar density of redmtive TEMPOs which, in turn, was a linear
function of TEMPO degree of substitution in PVAmMAS a result, the aldehyde density
on cellulose surfacegenerated by PVA#i/laccase oxidatiorgan be controlled by
varying the TEMPO degree of substitution in PVAmM
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Chapter 1 Introduction

Can you imagine what will happen if towel paper and tissue break immediately after
contacting waterPaper is a bonded network of cellulose fibers. When exposed to water,
cellulose fibersabsorb water and swell quickly due to the inherent hydrophilicity of
cellulose fibers The fiberfiber jointsthat hold the paper togethare weakeed,due to

the loss of hydrogen bonding and other interactisash as polymer interdiffusiénAs a
resut, paper loses most of its strengthd breaksTo help maintain some of the strength

in the wet state, polymeriget strength additives are usually adtdthebasic function

of mostwet strength additives is that thieorm acrosslinked networkwith themselves,
thecellulosefibers or a combination theréot

Today, the wet strength additives used in the paper industry can be classified into two
main categories: formaldehyde based resins and polyamidoapmittdorohydrin resirs

6. Both the two céegories have some issues. For example, formaldehyde based resins
release formaldehyde, which is allergenic, and might lead to the development of contact
dermatiti§”’. Polyamidoaminepichlorohydrin resins contain low molecular weight
organic chlorine byroducts, which are suspected to have some mutagenicy&ctivit
Therefore, more environmental friendly wet strength additives are required.

It has previously beeshown thathe cationic, water soluble polymgolyvinylamine
(PVAmM) is a good adhesive teet cellulose when the cellulose is slightly oxidized to
give aldehyde groups. Theprimaryamines ofPVAm form imines and aminal covalent
bonds with the aldehyde groups on oxidized cellulose under mild conditions. Initially,
small moleculag, 2, 6, 6tetramethyl-piperidinoxy (TEMPO)was employedor
cellulose oxidation in the presence of sodiomomideand sodiunhypochlorité: 101,
However, the application of TEMPO/NaCIO/NaBr oxidationhiapapermaking industry
is limited bythe requirement of eeaction pH of 1611 and by the cost and environmental
challenge of recovering and treating the wa$ken'?, a previous group membejrafted
TEMPO ontoPVAm, formingPVAmM-g-TEMPO (PVAmM-T). This way,TEMPO could

be concentrated atllulose surfaceasa result ofelectrostatic interaction between
cationic PVAmT and anionic cellulose surfac@he increased surface concentration of
TEMPO greatly lowerethe total TEMPO requiremesince the reaction with free
TEMPO is dependent on the diffusion of TEMRCthe cellulose surfackiu et all®
explored cellulose oxidation by PVAMin the presence afie enzymdaccase. The
oxidation pHfor this reactioris 5, which ismorecompatibleto moderrpapermaking
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technologies. Shét al1° grafted TEMPO onto anivc poly(acrylic acid), forming PAA

T. A layer of PVAm was first preadsorbed to the cellulosand therthe surface was
oxidized by PAAT in the presence of lacca§ieresults demonstrated that cellulose
was oxidized, anthatstrong wet adhesion of ¢elose was achieved. However, the
mechanism of polymer grafted TEMPO as mediator during cellulose oxidation in the
presence of laccase is unknown.

This thesis focuses on developing an understanding of the role of polymer grafted
TEMPO as mediator for delose oxidation in the presence of laccase. In the following
sections, background information about polyvinylamine, TEMR&iated oxidation,

and polymers bearing TEMPO groups are reviewed; research objectives and the thesis
outline are also presented.

1.1 Literature Review
1.1.1 Polyvinylamine

Polyvinylamine (PVAmM) is a weak base polyelectrolyte which has the highest primary
amine content of any polyelectrolyte. PVAm cannot be directly prepared from
polymerization of vinylamine due to the instabilitixanylamine*4. Several routes have
been developed to synthesize PVR@nd the two most widely used are the hydrolysis of
poly(N-vinylformamide) and the Hofmann rearrangement of polyacrylamide~geee

1- 1). Prepaing homao-polyvinylamineis difficult andthere are usually some formamide
or amide groups left.
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N
Hydr olysis
—_—
NH
l/N"' l/NH NH,  NH, “/
U :
poly(N-vinylformamide) polyvinylamine
PNVF PVAm
Hofmann
rearrangement
H;N  ‘gH:N fo)
polyacrylamide polyvinylamine
PAM PVAm

Figure 1. Synthesis of PVAm from poly(Ninylformamide) and from
polyacrylamide (Figure adapted from Rigf

Recently, Peltoh? reviewed the properties of PVAm and its derivatives, with sjgecif
attention focusing on modification of solid surfaces. In this section, the key properties of
PVAmM are summarized and relevant studies of PVAm are reviewed.

PVAmM is partially ionized from pH < 2 to pH >12 due to the interaction between
neighboring amingroups®?’, also known as the polyelectrolyte effect. PVAm is highly
charged at low pH, and the charge density decreases with increasing pH. PVAm is very
hydrophilic, and it is not surface active without hydrophobic modification. @hah'®
modified PVAm with hydrophobic benzyls and alkyls of different chain lengtidthe
surface tension values of the hydrophobically modified PVAm fell on a master curve
when ploting the surface tension values as a functiohyafrophobicity.The

hydrophobic associ@in increased with increasing degree of hydrophobic substitution
and alkyl chain length.

As a highly charged polycation, PVAm forms polyelectrolyte complexes natatively
charged polyelectrolytes, botiatural andgynthetic. Turrand coworkers investigated
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the polyelectrolyte complexes formed between PVAmM and pysehstituted

poly(acrylic acid) using photo physical techniques. Complexes were formed at both low
and high pH. At low pH, hydrogen bonding was dominating whereas at high pH
electostatic interaction was the main force within the complexes. Polyelectrolyte
complexes formed between PVAmM and other oppositely charged polyelectrolytes, such as
carboxymethyl cellulog€?2!, DNA?2, and proteif® have also been reported. Most of

these comigxes show a behavior similar to other common polyelectrolyte complexes.

PVAm adsorbs on negatively charged surfaesh asilica?, glas$® andcellulos&®
throughelectrostatic interaction. The adsorption is an irreversible and kinetically
controlledproces$’. The adsorbed amount is influenced by PVAm molecular weight,
concentration, pH, ionic strength and presence of formamide moieties.

Amine groups on PVAm could interact with a variety of electrophilic reagents through
either chemical reactions electrostatic interaction. Various structures have been grafted
onto PVAm alone or in combination with each other, such as fluorochemical?hains
hydrophobe®, PEG®, dextrard!, galactos®, p-nitrophenyf®, nucleic acid¥,

antibodie€®, phenylboroni acids®, and peptid¥. Some examples are showrFigure

2.
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Figure 2 PVAm and its derivatives (adapted from Rf

At presentihe maincommercial application of PVAm is in the papermaking industry.
PVAmM is mainly used as a flocculant andagsaper strength additive which improves
cellulose fibesfiber adhesio?f 7 D Q D N D¥ Mpdrte® tke both dry and wet tensile
strength of paper increased with the addition of PVAm. Isogai and cowbfRers
compared PVAmM and other cationic polymesgaper wet strength additives and found
that the wet strength was remarkably enhanced when cellulose fibers were oxidized by
2,2,6,6 Tetramethyd1-piperidinyloxy (TEMPO). Zhangt al*! prepared a polymeric
UV-absorber for cottothroughgrafting benzotazole type UV absorber ontationic
polyvinylamine 3HOWRQYV JURXS KDV D VHULHV RI SXEOLFDWL
derivatives as paper wet strength additives. DiFlavial 3> *?systematically investigated
PVAmM as a wet strength additive for papad confirmed the covalent bond formation
between amines of PVAm and aldehydes of the oxidized cellulos¢ alt!* and Kurosu

et al®” compared the wet strength performance of PVAm with proteins and polypeptide
containing amine groundfound that te higher the amine content the stronger the wet
strength. Fengt al*>*4 applied polyelectrolyte complexes of carboxymethyl cellulose

5
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(CMC) and PVAm as cellulose wet adhesives. Géteal 246 grafted phenylboronic acid
to PVAm, which resulted in stroraglhesion to nevatried cellulose surfaces. Mia
al.*™*® synthesized PVAm microgels, and compared the wet strength enhancement of
PVAmM microgels with linear PVAmM. Weet al***° designed microgels with PVAmM
physically absorbed on the surfaces, anthtbthat only a monolayer of PVAmM was
enough to provide strong cellulose wet adhesion.

: D JE HUJ T \hasrg@rke&hatantibacterial cellulose fibesan be obtained by
modifying themwith PVAm and its derivatives. Westmanal?® assessed the
antibacerial properties of PVAm and alkyl modified PVAmM against gra@gativeE.

coli and grampositive bacillus subtilis. The antibacterial activity of PVAmM depends on
PVAmM concentration and the type of bacteria. PVadified with a six carboriong

alkyl chainwas potent againg&. coliwhile PVAm with aneight carborlong chainwas
more active again®. subtilis Illergardet al>*>2 continued this work and evaluated the
antibacterial properties of fibers modified by polyelectrotytdtilayers The number of
bacteria was reduced by HYHQ LQ WKH SUHVHQFH RPQXWULHQW\
designed an antibacterial cellulose film by attaching the heatdadteriophage ontore-
adsorbegolyvinylamine through electrostatic interaction. The net positivedyggd

tails ofthebacteriophage were left free to capture and lyse bacteria.

1.1.2 Cellulose Oxidation withsmall molecular TEMPO

2, 2, 6, 6tetramethyll-piperidinoxy (TEMPO) is a typical free nitroxyl radical which has
an unpaired electrapetween thaitrogen and oxygeatom. TEMPO is very stable at
room temperature and as a result, the stoaagdransportation of TEMPO dess

limited by moisture, temperature, or atmosphere than other r&dfCalBEMPO is a

typical redox species which can betboxidized and reduced by chemical and
electrochemical reactions. The oxidized form is catledammonium cation (TEMPO+)
and the reduced form is called hydroxylamine (TEMPOH). TEMPO, TEMPO+ and
TEMPOH transform into each otRé(seeFigure % 3).

More interestingly, TEMPO takes part in disproportionation reactions at acidic conditions
(pH <3), producing the TEMPO oxoammonium cation and hydroxylamiti¢see

Figure X 4). The aciecatalyzed disproportionation reaction is reversible, and when pH >
3 theequilibrium shifts to the left, TEMPO+ and TEMPOH+ disappear and TEMPO is
reformed. It is worth noting that acid plays an important role in the disproportionation of
TEMPO. TEMPOH and TEMPOH+ are electrochemically inactive under acidic
condition$®. Theyare usually converted into TEMPO in applications, such as alcohol
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oxidation. The disproportionation of TEMPO under acid conditions is applied to design
redox functional materials, which will be discussed in chapter 2.

TEMPO

/N

TEMPO+ TEMPOH

O—=

Q==+

Figure 3. TEMPO, TEMPO+ an@EMPOH (Figure reproduced from Ré&f
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2 + 2HY —— +
N N N
o J H" “oH
TEMPO TEMPO+ TEMPOH+

Figure X 4. Acid-catalyzed disproportionation of TEMPO (Figure reproduced from
Ref)

The use TEMPO in the oxidation of small alcohols has a long hi8tdmy1994 De Nooy

et al® for the first timereported heuse of TEMPO for the oxidation of primary alcohols

of some watesoluble polysaccharides. Over the past 20 years TEMPO has been
extensively investigated for the oxidation of various polysaccharides, both water
solubléZ% and watesinsolublé®. Among hese investigations, TEMRMediated

oxidation of cellulosénasreceived most attention. Toddkie research arourkEMPO-
mediated oxidation of cellulose mainly focuses on two areas: activation of cellulose
surfaces througmtroduction ofaldehyde and cadxyl group$® and the preparation of
nanocellulos®. In this thesis, attention is focused on the activation of cellulose surfaces.

The most outstanding characteristic of TEMP@diated oxidation is its high selectivity
towards primary alcohols in the sence of secondary alconfBISTEMPO itself cannot
oxidize alcohol groupst first needs to be converted to its corresponding oxoammonium
cation using a primary oxidant. TEMP®@ediated oxidation systems for cellulose
oxidation are briefly introduced e followingsection, and the benefits and drawbacks
of each system are summarized.

Figure t 5 showsaschematic of cellulose oxidation dye TEMPO/NaClO/NaBr
system.TEMPO+is continuously regeneratéu situby NaClO/NaBr. TEMP® contacts

a primary alohol of celluloseandform an adductThe formed adduacecomposes to an
aldehyde group and a TEMPOThe TEMP® moleculeis reoxidized to TEMPO,
forming a cycle. The aldehyde graugan be further oxidized to carboxyl groups by a
similar cycle. The TEMB/NaCIlO/NaBr system is most efficient at pH10. Lower pH
limits the oxidation rate, whereas too high pH lowers the conversion of hypochlorite to
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hypobromite, which might also become rate limi¢fff ,VRJIJDLJV JURXS KDV H[W
investigated the ogiation of cellulose and other polysaccharides using the
TEMPO/NaCIO/NaBr systefi®* 8971 The ratio of aldehyde and carboxyl groups in the

oxidized productss influenced by many factors including pH, NaCIO concentration,

NaBr concentration, oxidatiointe, and the nature of the substréte’$’3. The carboxyl

content in TEMP@®oxidized cellulose fibers is usually in the range of Drhmol/g and

the aldehyde content in the range of 60085 mmol/§°. Oxidation usually takes less than

two hours, and giht depolymerisation of cellulose fibers occurs.

P 2 CH,OH

l
O

TEMPO o
1/2 Na(IlOl

NaBr /N §

™\ [l CHO
\ ()

OH

Na(ﬁl()\

O

v OH
NaClk NaBrO | NaBrO
| NaClO

OH COOH COONa

NaOH
at pH 10
—> 0

OH OH

Figure £ 5. Schematic of cellulose oxidation by the TEMPO/NaClO/NaBr (Figure
reproduced from Ré&%)

In 1999 Zhacet al.”® reported the use of TEMPO/NaCIO/NaGHor oxidation of
primary alcohols of smkorganic substratesndlsogaiet al’¢’” lateradapted this
method for the oxidation of polysaccharides. The oxidation procedure is similar to
TEMPO/NaCIlO/NaBr (se€igure t 6). However, compared to the conventional
TEMPO/NaCIlO/NaBr system, the TEMPTICIO/NaClQ system reacts at acidic and
neutral conditions (pH-3). More importantly, all aldehyde groups produced in the
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intermediate stage are further oxidized to carboxyl grabpsno aldehyde groups
remain in the final products. The carboxyl contafter this reactioms usually in the
range of 0.3L mmol/gfor bleached wood pulf. The oxidation usually takes3ldays,
and the oxidized cellulose maintains higher degree of polymerizationvtiemoxidized
by the conventional TEMPO/NaClO/NaBr syst.

R R=H, -NHCOCH,

!
?
M
l 112 NaCIO
R

.'_
I
o CH,OH
NaCl N-oxoammonium ion MD&
R OH
7@(
OH CHO o
H lami
OH
COOH
Q
NaClO,

HO 00—
OH

Figure £ 6. Schematic of cellulose oxidation by TEMPO/NaClO/Nag(Eigure
reproduced from Réf)

Some oxidizing enzymes, for example laccase, can take the place of sodium hypochlorite
as the oxidafitin TEMPO-mediated oxidationLaccase is a uiti-copperoxidase

present in many plants, fungi, and microorganidirsas various potential applications in
thepulp and paper industigcludingdelignification pitch removal, pulp biograftingnd
deinking of old newspriri?. During laccase oxidatioof polysaccharides (séégure

10
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7), TEMPO diffuses into thieccaseenzyme pocket, where TEMRds continuously
regenerateth situby the enzyme. The oxoammonium cation tbe#fuses out of the
enzymeandcontact a primaryydroxyl groupof celluloseresulting in an aldehyde
group and a TEMPB. TheTEMPOHis converted to TEMPO through oxidation or
reaction with a TEMP®. As in the case with TEMPO/NaCIO/NaBhe aldehyde group
can be further oxidized to a carboxyl group by a similar procedure. Oxygensumed
and the only side product is water. The oxidation is usually performed aB@tdboth
aldehyde and carboxyl groups are obtained in the oxidized products. The ratio of
aldehydeto carboxyl groups in the oxidized product depends on the sofitaecase and
the substrate. Matheet al® oxidized granular potato staroingthe
TEMPO/laccase/©systemand showed thahe primary alcohols are more easily
converted to aldehyde groups than further converted to carboxyl groups. eral%?
systematically investigated the oxidation of sisal cellulose fibers by laccase in the
presence of three different mediators: sinapyl aldehyde, ferulic acid, and THWEO.
results demonstrated that TEMPO was the most effective mediator. The aldehydé conte
was 0.10.2 mmol/g and the carboxyl content was-0.2 mmol/g of sisal cellulose

fibers, both of which increased by 10€260% compared to the untreated sisal cellulose
fibers. The increased aldehyde and carboxyl group content contributed to the digtand
strength of handsheet prepared from the oxidized sisal cellulosé3itbévsvever, some
degradation of the cellulose fibers was also obséfv&tie main drawbacks tiie

laccase oxidation system are slow reaction rate, and low conversion ratese.acca
oxidation usually takes 188 h®*,

11
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Fﬁ» e
TE\IL(H %@ %/f
B

Figure 27  Schematic of cellulose oxidation by TEMPO/laccase{3tem (Figure
adapted from Ré&f)

SHFHQWO\ , V&R deidoped bhRreé&mmediated TEMPO oxidation system
(seeFigure T 8). In this reactionTEMPO or one ofits derivatives, such asatetamide
TEMPQ,is continuously oxidized tthe corresponding oxoammonium cation at the
electrodesurface under a suitable potential. The oxoammonium cedgionheroxidize

the primary alcohols of cellute. TEMP® is formed whichs re-oxidized to TEMPGCat

the electrodeThe electremediated TEMPO oxidation is usually perfornadeutral or
alkaline pH. The aldehyde content in the oxidized regenerated cellulose fibers was 0.2
0.6 mmol/g and the carboxgbntent was 0-3.1 nmol/g of regenerated cellulose

fiber$®. Electromediated TEMPO oxidation is more environmental friersiiice less
chemicals are usexhd the oxidation process can be controlled by the reaction potential.
However, the reaction is vesjow and usually takes2 days.
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Mafion®

Figure 8 Schematic of cellulose oxidation by eleetnediated TEMPO oxidation
system (Figure reproduced from F&f

Tablel-1 summarizes the comparison of cellulose oxidation by different TEMPO

mediated oxidatio systems. TEMP@nediated oxidation has many benefits, such as high
selectivity towards primary alcohols, higkactionyield, catalytic usage of TEMPGnd

only slightlydegradation of polysaccharidésHowever, the practical utility of TEMPO

in the papemaking industry is challenged by two difficultidsrst, large volumes of

TEMPO solutions in wood pulp fiber processing would have a financial and

environmental impact. Second, though NaClO is cheap and has already been used in pulp
bleaching, theequiement of pHLO-11 for TEMPO/NaCIO/NaBr is not compatible with
currentpapermaking technologies.
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Table 1. Comparison of different TEMP@ediated oxidation systems for cellulose

oxidation
TEMPO Primary pH Oxidation time Example of oxidation
mediated oxidant substrate, carboxyl and
oxidation system aldehyde contents in produc
TEMPO NaClO 1011 <2h regenerated cellulose fibéts
NaBr carboxyl: 0.21 mmol/g
NaClO aldehyde: 0.0%.3 mmol/g
TEMPO NaClO  3-7 1-3days bleached wood pulp
NaCIO& carboxyl: 0.31 mmol/g
NaClO aldehyde content: O
TEMPO O 4-6 18 hr-2 days  sisal cellulose fibefé:
laccase carboxyl: 0.20.3 mmol/g
Oz aldehyde: 0.40.2 mmol/g
TEMPO electron 6-10 1-2 days regenerated cellulose fibé&ts
electrode carboxyl: 0.21.1 mmd/g

aldehyde: 0.90.6 mmol/g

1.1.3 Cellulose Oxidation with immobilized TEMPO

TEMPO recovery anceuseis a way to reduce cogtor that purposeTEMPO has been
immobilized onto polymef$, silica gel&®, and other carrie?$°. Compared to
homogenousxidation systers,immobilized TEMPO oxidation offers several benefits
includingconvenient product isolation and purification, reusing of bound TEMPO, and
lower toxicity of TEMPG?2 However, the immobilized TEMPO seems more appropriate
in the oxidation bsmall moleculaorganic substrates than large polymeric substrates.
There are few reports oelluloseoxidationusingimmobilized TEMPO. Araki and lica
reported the recovery and recycling of monomethoxy poly(ethylene glycol) grafted
TEMPO after oxiation of cellulose nanowhiskers. 80% of the monomethoxy
poly(ethylene glycol) grafted TEMPCbuldbe recovered after every cydiatthe
oxidation efficiency decreased withie number ofeusing cycles of the immobilized
TEMPO. However, it is still a challge to recover the immobilized TEMPO from large
volumes of TEMPO solutions in papermaking industry.
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Instead of recovering and recycling TEMPO from solutitims strategy of our group

to reduce the total TEMPO requirement. As mentioned in the aleatiers TEMPO
needs to contact a primary alcololcellulose in order to initiate oxidation. In the case
of small molecular TEMPOTEMPOmoleculesn the bulkhave todiffuseto the surface
of the substrateo contactand oxidizea primary alcohol. Our sitegyhas beero graft
TEMPO onto &VAmM, forming PVAmMT. The cationic PVART spontaneouslgdsorbs
onto negatively chargeslirfaces otellulosethrough electrostatic interactioAs a result,
the TEMPO concentration at the cellulose surfaces is thigtierthan in the bulk
solution and thereforéhe total TEMPO requirement is reduced. Ren andfiiu
oxidizedregenerated cellulose membranes with PRt pH 10.5n the presence of
NaClO/NaBr.A TEMPO substitutiorof 0.9 mol% was enough to efficientbxidize
regenerated cellulose membranes and give strongeletoseadhesiofr.

In order to lower the reaction pH, Lat al!® replaced NaClO and NaBr with the enzyme
laccase and £and used PVART to oxidizeregenerated cellulose membraaépH is 5
For the PVAmT/laccase/@systemabout 10 mol% TEMPO subgttion was requiredo
reach a similar level of wet adhesias for NaClO/NaBrShiet al° grafted TEMPO

onto anionic poly(acrylic acid), forming PAA. Also for this TEMPGQGgrafted polymer it
was found that around X60l% TEMPO substitution was requiredachieve strong wet
adhesionin combination with PVAmThe discrepancy between the level of grafting
required for efficient oxidation using NaClIO/NaBr and laccas&®et to be explained.

Thetopic of this thesis is to develop an understanding of the role of polymer grafted
TEMPO as mediator for cellulose oxidation in the presence of laccase, laglg to
control cellulose oxidatiarmhorough characterization of theoperties of polymer
grafted TEMPO is essential to understand their rolexadationmediator.

1.1.4 Polymers bearing TEMPO groups

In addition to serving as oxidation mediator, TEMPO is also widely used in polymer
scienceasfree radical catch&in controlled radical polymezation andasspin
label/prob&*°*in measurements of polymer chain mobility. The application of polymers
bearing TEMPO groups in organic electronic devithasalsorecently received great
attention. TEMP@grafting to a variety of polymer backbones édeen reported

including poly(meth)acrylaté®, polystyreng’, DNA %8, cellulose derivative®, and
polyacrylamidé®.

TEMPO has also been grafted to polymers to design redox responsive materials.
Bergbreiter and coworkef® grafted TEMPO onto poly(Nsopropylacrylamide)
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(PNIPAM), and found that the lower critical solution temperature (LCST) of the new
polymercould be tuned betwedr8° and 3540 °C by oxidation (NaClO/kD) and
reduction (ascorbic acid). The authors claimed that tuning of the LCSTtalosenan
body temperature makes it interesting for in vivo drug delivery. Schagint?
designed thermolight- and redox triple responsive polymers by introducing TEMPO
and azobenzene moieties to PNIPAM. The LCST of the new polymers could be
contolled independently by temperature, light, and redox chemicals. Bedtaht?®
designed a new homopolymenly(TEMPO methacrylateyvhich exhibits upper critical
solution temperature (UCST) behavior in alcetvaiter mixtures. The UCST could be
tuned ly either chemical or electrical stimuli. Yoshighal 1°41%° designed a diblock
copolymer, poly(4vinylbenzyloxy TEMPO)-block-polystyrene, which showed
oxidatiorrinduced micellization properties in carbon tetrachloride due to the acid
catalyzed disproptionation of TEMPO moieties.

Polymer bearing TEMPO groups is a typical redox polymer. Redox polymer reters to
polymer containing redox species which can be reversibly oxidized and reduced. Cyclic
voltammetry is the most frequently used technique toydtuel redox properties of redox
polymers, In this technique, a working electrode potential is linearly scanned between
an initial value, i, and a predetermined limit value;, Bvhere the direction of the scan is
reversedigure t 9). The cyclic voltanmogram can be obtained when plottihg t

current at the working electrode as a function of the appbéehtial

Figure 29 Cyclic voltammetry potential waveform
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Unlike free redox species in solution, cyclic voltammograms of redox polymer films
deposited on an electrode mdigplaytwo completely different behaviorgigure * 10
shows cyclic voltammogramms of redox polymer films in two ideal cases. In the first
ideal case, two symmetrical peaitem be seerThe peak potential separation (i.g. £

Epa, WhereEy. is the cathodic peak potential, angh i the anodic peak potential) is 0
mV2andthe halfpeak width (FWHM) is 90.6/n mV, where n is the number of electron
difference between the oxidized and reduced states of redox species. Thi qathkd
current (hc) equals the anodic peak currepg)(iThis behavior is called thin layer
behaviot”® ZKLFK LV DOVR WKH FKIFURIDA WRHIE VBMIKD RILRUX U |Q A
ideal case, the peak potential separatigg{Eps) in thecyclic vdtammogram is 59/n

mV and he cathodic peak currengd)iequals the anodic peak currept)(iThis behavior
LV FDOOHGIEQHRH G LI XY wiRcq isEndikimpwi. fRobh studies of free
redox species in solution. In most situations, redoyrpet films show an intermediate
behavior between the two ideal cases.

‘ FWHM i
ipe
Epn W Ep
Fik
Ipa Epa \‘74 Epa

0.4 0.2 0 -0.2 04 04 0.2 0 0.2 0.4
E |/ Volts E / Volts

Figure £ 10 Cyclic voltammograms of redox polymer films deposited on electrode
surface. Left, thin layefsurfaceconfined)behavior. Right, seminfinite
diffusion behavior. (Figure adapted from E&f

Charge transport does not only take place between the electrode and the nearby redox
species, but also within the redox polymer films deposited on the electrode. The charge
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transporwithin redox polymer fims follows the laws of diffusion. The charge transport

is usually considered to occur through physical displacement of redox species, electron
hopping between neighboring redox species, or through a combination 9 beoi

example, when free redox spes are physically entrapped in oppositely charged
polyelectrolyte films, both processes occur. However, when redox species are covalently
bound to polymer chainghie physical displacement of redox species contribute little to

the charge transport, arftetelectron hopping between neighboring redox species
dominate the charge transport in the films. The charge transport in the redox polymer
films can be estimated by the charge transport diffusion coefficiéft D

If the potential scan rate is very slawdtheredox polymer filmis sufficiently thinand
has darge charge transport diffusion coefficient, the active redox spediesnedox
polymer films areapidly electrolyzedvhen theapplied external potentigd changed.
This results in d@hin laye behaviorof the cyclic voltammogram. The peak potential
separation is 0 V under ideal conditions and the behavior can be expressed by the
following equation®”:

a (,6 o

where p is the peak currenE is the Faraday constai,isthegas constant) is the
number ofchargedifference between the oxidized and reduced states of a redox species,
+ LV WKH FRYHUDIHWRIY W KB HIAHGIR/[ 7 LV WKH WHPSHUDWX
+ FDQ EH GHWHUPLQHG E\
E
ac¢’°

L

(1-2)
Where Q is the Faradaic charge passed during oxidation or reduction of redox species.

If the potential scan rate is fast aheredox polymer filmis very thick with asmall

charge transpdV GLIIXVLRQ FRHIILFLHQW WKH UHVSRQVH RI UH
boundary is much slower than near the electrode suifatieis cas@ semiinfinite

charge diffusion prevailand tle RandlesSevcik equation is applicabl€ as in the case

of the semiinfinite diffusion of redox species in solutions.

BLravxa(#%e? (1-3)
Where A is the surface area of the working electrods,tBe concentration of redox
species.
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In most situations an intermediate behawan beobservedThe type of the behavior can
bepredictedby the relationship between DQG, 3 LPHDQV WKH UHGR[ SURFH)\
films exhibits mainly thin layefsurfaceconfined) behavior, whereas iR ¥Kmeanghat

theredox process exhibissmainly semiinfinite diffusion behavior.

1.1.5 Cellulose wet strength measurements

7R LQYHVWLIJDWH WKH DGKHVLRQ RI 39$P DQG RWKHU SR
have developed a 9peel testwhere regenerated cellulose dialysis membranes are used

as model cellulose. The sample preparation and the peel test are illustFitpdent

11. Celluloselaminates are prepared by adding a known amount of polymerdretwe

pieces of regenerated cellulose membranes. The laminates are attached on a freely

rotating aluminum wheel by double sided tape. The top membrane is peeled off and the

peel force is recorded. The laminate of cellulose membranes with the added PVAmM is
assumed as a macroscopic model of ffideer adhesioh'.

The wet peel testas several advantagesmpared to traditional paper testing metidls
includingrapid and reproduciblmeasurements aride ability to accurately control the
amountof polymer in the contact zond@he cellulose membranes can be chemically or
physically modified prior to the addition of the adhesive polymer and thus the impact
various surface groups can be systematically evaluated. The cellulose membranes can
easily be charaetized before and after peeling using e.g. microscopy and spectroscopic
techniques in order to correlate morphology and chemical composition of the interface to
the wet adhesian
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Figure £ 11 Schematic of sample preparation and cellulose wet adheseiest
(Figure adapted from REf)

1.2 Objectives

As mentioned in the cellulose oxidation section, our previous results demonstrate that
polymer grafted TEMP@anoxidize cellulose well in the presence of laccase and
facilitate formingstrong wet adrsonbetweercellulose membranesith the help of

PVAmM. The present view of the TEMPO/laccasgfRidation mechanism is thdte

reaction is mediated by smatiolecular TEMPQhat is diffusing between the active
enzyme site on the laccase, where it is imed to TEMPO+, and a primary alcohol on

the cellulose surface, where it is forms an adduct that decomposes to TEMPOH and an
aldehyde gpoup. Howeverby grafting TEMPO to a polymer backbone the TEMPO
mobility is greatlyreduced and a diffusion based modato longer plausible.

The overall objective of this work is to establish an alternative mechanism that can
describe the polymegrafted TEMPQOmediated oxidatiom the presence of laccase, and
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to control cellulose oxidation with the polymer grafted TEM~he specific objectives
are listed below:

1. Characterize the properties of poly(acrylic agid EMPQO) and polyvinylamine
g-TEMPO(PVAM-T). Properties opoly(acrylic acidg-TEMPO) and
polyvinylamineg-TEMPO are importantor their functions asxidation
mediator. The results can provide information of grafted TEMi?Ghe
interaction between TEMPO and TEMPO moieties, and the interaction between
TEMPO pendant groups and the polymer backbones.

2. Investigate the electron transport between TEMPO moidtieslymers. The
resultwould help heunderstading ofthe electron transport between laccase and
cellulose.

3. Investigate the interaction pblyvinylamineg-TEMPOand laccasehe redox
properties opolyvinylamineg-TEMPQO/laccase complexas well aghe process
of polyvinylamineg-TEMPO adsorbing onto and oxidizing celluloSéhe result
would help understanding the mechanism of oxidation process, and the role of
grafted TEMPO as the enzyme mediator.

4. Determine aldehyde groups on cellulose surfaces intextiby PVAmT/laccase
complexes, andlentify relationships betwed?WAm-T and cellulose oxidation,
redoxproperties of PVAnriT/laccase complexes and cellulose oxidation. The
resultwould help to realize controlling cellulose oxidation with polymer grafted
TEMPO.

1.3 Thesis outline

Chapter 1: Introduction. This chapter presentshibeoughbackground of this project,
including the literature reviewf polyvinylamine, cellulose oxidation and polymers
bearing TEMPO groupsdgearch objectives and thesis méthre also listed in this
chapter

Chapter 2: This chapter investigates the phase behavior of aqueous poly(acndic acid
TEMPO) (PAA-T). PAA-T was characterized by FTIR and conductometric titration. The
phase behavior, intrinsic viscosity, ionizatiamd surface activity of PAA aqueous
solutions were investigated. This chapter has been publisiéacmmolecules?
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Chapter 3: This chapter investigates redox properties of polyvinylagaliteMPO

(PVAM-T) in multilayer films with sodium poly(styren@l$éonate) (PSS). The solution
properties of PVAmT were studied. The redox properties of PVARSS multilayer

films and their stability upon external electro stimuli were studied. The electron transport
between TEMPO moieties within the redox films wasbahvestigated. This chapter is
submitted toACS Applied Materials & Interfaces

Chapter 4: This chapter investigates PVAaccase complexes adsorbing onto,
oxidizing,andpromoting wet adhesioof cellulose The PVAmT/laccase complexes
phase behavig stability, adsorptioproperties and redox properties were studied. The
electron transport between TEMPO moieties within PVAflaccase complexes
adsorbed on an electrode was studied. The aldehyde density on oxidized cellulose
surfacesvasmeasuredndtherelationship between redeactive TEMPO and aldehyde
density produced by PVAfl/laccase complexesisorbed on cellulose was built. This
chapter isunderpreparation for publication.

Chapter 5: This chapter summarizes the major contributions of tiolig. st
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Chapter 2 Phase Behavior of Aqueous Poly(acrylic acid-
TEMPO)

In chapter 2, all experiments were conducted by myself. Zachary R. Gray (undergraduate
student) helped me with polymer synthesis, and Professor Art van der Est (Department of
Chemistry, Brock University) helped me with the electron paramagnetic resonance
spectroscopy measurement. | plotted the experimental data and Dr. Robert Pelton helped
to analyze the data. The paper was initially drafted by myself, and edited later to final
version by Dr. Robert Pelton. This chapter has been publisidddromolecules2016,

49 (13), pp 49381939. Copyright © 2016 American Chemical Society.
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ABSTRACT: Poly(acrylic acid) with grafted TEMPO moieties, PAA-
T, phase separates over the pH range 2—4, whereas at lower and | |~
higher pH, the polymer is water-soluble. The pH range of the two- |
phase region increases linearly with the content of grafted TEMPO
moieties. As evidenced by surface tension measurements, the PAA-T A

molecules have little hydrophobic character. We propose that at low ) D ) A K
pH PAA-T is an amphoteric polymer that, in addition the anionic ) ) ¥ .o
carboxyl groups, contains cationic species resulting from the
disproportion of TEMPO at low pH. Furthermore, we propose that
two-phase regions occur near the isoelectric points of the polymer,
suggesting that phase separation is due to electrostatically driven

association of polymer molecules.

B INTRODUCTION

TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) is a stable
nitroxyl radical that is widely used in polymer science in
controlled radical polymerizations,' ™ and as a spin-label,
facilitating measurements of polymer chain mobility."”
TEMPOQO-grafted water-soluble polymers are redox-active and
have potential applications in energy slorage.f"_‘“ TEMPO is
also widely used as an oxidation mediator for polysaccharides
because it selectively oxidizes primary alcohols to the
corresponding aldehydes and carboxylic acids.”"” Our work
has focused on the use of TEMPO grafted to water-soluble
polymers to oxidize cellulose. In one variation we have shown
that polyvinylamine with grafted TEMPO (PVAm-T) adsorbs
onto cellulose and induces oxidation to generate surface
aldehydes, which then form covalent linkages with amine
groups on the PVAm-T chains.'"'? Thus, oxidation and
grafting occur in a single step. In another wvariation, we
prepared poly(acrylic acid-g-TEMPO) (PAA-T) and showed
that it could be a useful oxidant for cellulose.'” Although the
oxidative properties of PAA-T have been long known,'" there
has been no reported studies of PAA-T's unusual phase
behaviors.

In ongoing work with PAA-T, we measured the water
solubility characteristics across the pH range. We were
surprised to observe the reversible phase separation of PAA-T
polymers under acidic conditions (pH 2—4.5), depending upon
the polymer concentration and the degree of TEMPO
substitution. At pH values less than 2 and above 4.5, the
PAA-T was soluble. To us, these behaviors were surprising, and
the explanation was not obvious. Herein we present a
systematic series of experiments describing PAA-T phase
behaviors in water and after evidence for our explanation of
the driving force for phase separation.
© 2016 American Chemical Sodiety

4 ACS Publications

B EXPERIMENTAL SECTION

Materials. Poly(acrylic acid) (M,, 100 kDa, 35 wt % in H,0), 4-
amino-TEMPO, 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
(EDC), and N-hydroxysulfosuccinimide sodium salt (sulfo-NHS)
were all purchased from Sigma-Aldrich and used as received. All
experiments were performed with water from a Millipore Milli-Q
system.

Preparation of PAA-T. Scheme 1 shows the carbodiimide
facilitated conjugation of 4-amino-TEMPO PAA carboxyl groups

Scheme 1. Preparation of PAA-T

NH, EDC " B
B
m n + sulfo-NHS HO OHN;%O
HO™™0 on~o by 7(}
D.

N

h

CJl

tollowing the method we described pre\-’iousl}nl * Table 1 summarizes
the grafting conditions and resulting PAA-T compositions. In a typical
experiment, 2.0 g of PAA solution (35 wt %) was dissolved in 200 mL
of water in a beaker. 2.84 g of EDC and 0.1 g of sulfo-NHS were added
to initiate the reaction. The reaction was stirred for 30 min at room
temperature, and the pH was maintained at 6.0 with 0.1 M HCI and
0.1 M NaOH solutions. 0.81 g of 4-amino-TEMPO dissolved in 100
mL of water was slowly dropped into above solution, and the pH of
the mixed solution was maintained at 6.0 for 4 h with 0.1 M HCI and
0.1 M NaOH solutions. The resulting solution was dialyzed (MWCO
12—14 kDa) against water for 2 weeks. The purified polymer was
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Table 1. Grafting Conditions and the Resulting PAA-T
Compositions Where the Degree of Substitution Is the Mole
Percentage of Substituted Carboxyl Groups

4-amino- sulfo- deg of
PAA (35 TEMPO  EDC NHS substitution
designation  wt %) (g) (g) (g) (g) (DS) (%)
PAA-T1S 1.0 0.25 0.87 0.05 18
PAA-T23 1.0 0.52 1.82 0.05 23
PAA-T40 2.0 0.81 284 0.1 40
PAA-TSO 2.0 Lo 351 0.1 50

freeze-dried and stored in a desiccator. Conductometric titration was
used to determine the carboxyl contents before and after TEMPO
grafting. The grafted TEMPO contents were calculated from the
change in carboxyl contents. An example of a titration curve and
TEMPO contents calculation is shown in Supporting Information
Figure 52 along with a description of the method.

Phase Behavior Measurements. PAA-T solutions were prepared
in 5 mM KCl, and the pH was adjusted with NaOH or HCL After 24 h
aging at 25 °C, the solutions were placed in 10 mm silica cuvettes, and
the optical transmittances at 600 nm were measured with a Beckman
DUSDM0 UV—vis spectrophotometer. The polymer solutions were
considered single phase if the transmittance was greater than 95%,
colloidal (stable and unstable) when transmittance was 90—95%, and
precipitated for transmittance values less than 90%."

Viscosity Measurements. The viscosity of polymer solutions was
measured with a viscometer (Vibro viscometer SV-10, Japan). A water
bath was used to maintain the temperature at 25 “C. Intrinsic viscosity
measurements were determined using an Ubbelohde capillary
viscometer (size 50, Cannon Instrument Co.). Measurements were
made as functions of pH of PAA-T as functions of pH in 0.1 M KClI
solutions at 25 “C. Example plots for determining intrinsic viscosity
are given in the Supporting Information (Figure $3).

Electrophoresis Measurements. The electrophoretic mobility
values of PAA-T copolymers at different pH were measured by a
ZetaPlus Analyzer (Brookhaven Instruments Corp.) with PALS (phase
analysis light scattering) Software Version 2.5. To facilitate the
measurement, the copolymers were adsorbed onto 200 nm cationic,
surfactant-free polystyrene latex. The samples were prepared by
dropping 0.01 g/L cationic polystyrene latex into 0.2 g/L copolymer.
All measurements were carried out in 5 mM KCl aqueous solution at
25 "C. The standard dewviation of 10 measurements was used as an
estimate of the error bars.

Normaly, PAA-T copolymers were purified by exhaustive dialysis
against pure water. However, to remove possible cationic contami-
nates, PAA-T40 was first dialyzed against 1 M NaCl For this, 10 mg of
dried PAA-T40 sample was dissolved in 10 mL of 1 M NaCl solution
and dialyzed against 1 M NaCl for 4 days and then Milli-Q water for 3
days, with changing both 1 M NaCl and Milli-Q_water three times a
day. After dialyzing, the polymer solution was freeze-dried to get solid
sample,

Dynamic Light Scattering Measurements. Hydrodynamic
diameters of the PAA-T solutions were measured by DLS with a
Malven Zetasizer instrument. The laser source was 633 nm He—Ne,
and the detection angle was 173°. The data were analyzed with the
dispersion technology software (version 6.0). In a typical experiment
0.9 mL of 0.1 g/L PAA-T'18 solution, pH 5.7, was added into a cuvette
with 10 mm path length, and then the cuvette was placed in the
cuvette holder. Each sample was performed 10 runs with 8 repetitions.
The Z-average diameter was reported in the present work as the
hydrodynamic diameter. All experiment was performed at 25 °C,

Electron Paramagnetic Resonance Spectroscopy (EPR). EPR
spectroscopy was performed at room temperature on a Bruker Elexsys
ES80 instrument operating in CW mode. To compare the effect of pH
on the intensity of the EPR signal, a 0.5 g/L PAA-T aqueous solution
was prepared as described above and divided into aliquots of equal
volume. The pH of each sample was then adjusted by adding
concentrated HCL The solutions were bubbled with N, before filling
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into an EPR flat cell. The relative intensities of the EPR. spectra were
estimated by double integration.

Surface Tension Measurements. The surface tensions of PAA
and PAA-T were measured with the pendant drop method using the
Kruss drop shape analysis system DSA 10. The temperature and the
relative humidity were kept at 23 "C and 100% with an environmental
chamber, In a typical experiment 0.3 wt % PAA-T solutions were
prepared in 10 mM KCI solution at various pH. Drops were formed
using a syringe with a 1.22 mm o.d. flat needle, and the drop volumes
varied from 15 to 19 uL.

Bl RESULTS

Four poly(acrylic acid-g-TEMPO) polymers (PAA-T) were
prepared by EDC-mediated conjugation of 4-amino-TEMPO
to poly(acrylic acid). The copolymer structures are shown in
Scheme 1, and Table 1 summarizes the properties of four PAA-
T polymers. The TEMPO contents are expressed as the mole
percentage of the carboxyl groups substituted with TEMPO
moieties; PAA-T40 has TEMPO groups on 40% of the
acrylates (ie, DS = 40%).

The phase behaviors of the four PAA-T polymers are

summarized in Figure 1 as functions of pH and polymer

I ™ ™~ a >
:; wrecotons| | oo - .I T =
= i § S
[ r 2 1 1!
I i PAA-TIS = | |
e I !
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Figure 1. Phase boundaries of PAA-T as functions of pH, polymer
concentration, and the degree of substitution. The black squares and
numbers give average particle diameters in nm, measured by dynamic
light scattering. Samples labeled “P" had no colloidal phase All
measurements were carried out in 5 mM KCI aqueous solution at 25
“C.

concentrations. The phase boundary lines denote two
transitions based upon the optical transmittance of the
solutions: (1) the dashed line showing the transition between
a true solution (transmittance at 600 nm >95%) and a colloidal
dispersion (90% < %T < 95%), and (2) the transition between
the colloidal phase and macroscopic precipitate formation
(solid lines). When we first observed the precipitation at low
pH, we were concerned that the amide linkages in PAA-T were
hydrolyzing. To confirm our polymers were stable, a PAA-T40
copolymer solution was stirred under pH 1.5 for 4 days at room
temperature, followed by dialysis and lyophilization. FTIR and
conductometric titration of the 4-day-aged polymer showed no
changes compared to the initial polymer.
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The parent poly(acrylic acid) was soluble over whole pH
range,'® whereas each of the four PAA-T polymers phase
separated at low pH. Precipitation was reversible. Either
increasing or decreasing the pH of a suspension of precipitated
polymer resulted in a single phase solution. The lower pH
boundary for all of the PAA-T polymers was between pH 1.5
and 2 depending upon polymer concentration. By contrast, the
pH range for the upper pH boundary was sensitive to TEMPO
content. With only an 18% DS, 1 g/L PAA-T18 showed the
onset of turbidity at pH 2.6 whereas the onset of phase
separation for 1 g/L PAA-TS0 was at pH 4. A few particles sizes
from dynamic light scattering are plotted on the phase
diagrams. The size distributions are broad.

The influence of TEMPO DS on phase separation is further
illustrated in Figure 2 which shows ApH, the width of the

3
] 1g/LPAATin 5 mM KCl
m
g
3z’
@ c
£z
-8
51
=
o ;
0 20 a0 60
PAA-T TEMPO content (mole¥)

Figure 2. Width of the two phase region for 1 g/L polymer solutions
as functions of the TEMPO degree of substitution. The y-axis error
bars show the range of three measurements.

precipitation zone along the pH axis for 1 g/L PAA-T solutions
as a function of TEMPO cotent. ApH increased linearly with
TEMPO content. By contrast, we have reported the solution
properties of TEMPO derivatized polyvinylamine-g-TEMPO."”
PVAm-T is the polyvinylamine analogue of PAA-T, and PVAm-
T is water-soluble throughout the pH range. Therefore, the
phase separation behavior of PAA-T is associated with the
combined presence of TEMPO and carboxyl moieties. Herein
we explore the origins of the phase separation behaviors.

Changes in PAA-T chemical properties are driving phase
separation at low pH and redissolution at very low pH. The
following section describes disproportionation, which we
propose is one of the important reactions.

TEMPOQO Disproportionation. A number of studies have
shown that at low pH TEMPO undergoes a reversible
disproportionation reaction. The stoichiometry of the reaction
is shown in Scheme 2. Free TEMPO undergoes disproportio-
nation at pH < 3.'”"" From the perspective of influencing phase
behavior, a TEMPO disproportion reaction converts two
neutral species to cationic nitrogen species.

Scheme 2. Disproportionation of TEMPO under Acid

Condition
2 410 —= +
b g H “oH
TEMPO TEMPO+ TEMPOH+
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We have found only one group reporting the disproportio-
nation of polymer-bound TEMPO; Yoshida et al. prepared
block copolymer, poly(4-vinylbenzyloxy-TEMPO)-block-poly-
styrene, which was soluble in dioxane but formed micelles with
acid introduction.'”*" If TEMPO—TEMPO molecular contact
is required for disproportionation, the reduced mobility of
tethered TEMPO in PAA-T could inhibit disproportionation.
Therefore, we performed the following experiment to verify
disproportionation at low pH.

Disproportionation consumes nitroxyl radicals, and this is
reflected in the intensity of the EPR spectra. Figure 3 compares

TEMPO
pH 1.3

PAA-T40
pHB

3440 3480
Magnetic Field (Gauss)

3520

Figure 3. EPR spectra of PAA-T40 (0.5 g/L) at low and neutral pH at
25 °C.

the EPR spectra of PAA-T40 at three pH values and free
TEMPO at pH 1.3. Several effects are apparent in these spectra,
First, those of the PAA-T40 samples are broadened compared
to the spectrum of free TEMPO as a result of the restricted
motion of the polymer. At pH 4 in the colloidal phase, the
broadening is greater, but there is a minor fraction of spin-labels
with greater mobility. Because of the difference in line shape
and the inhomogeneity of the colloidal sample, a reliable
comparison of the amplitude of its EPR spectrum is difficult.
However, the shapes of the spectra at pH 1.3 and pH 6 are the
same, and both samples are isotropic solutions of the same
concentration. It is apparent in the figure that the intensity at
pH 1.3 is significantly lower. Double integration of the spectra
indicates that the intensity at pH 1.3 is about 50% of that at pH
6, suggesting that roughly half of the nitroxides have
disproportionated at this pH.

In an effort to obtain more evidence for the disproportio-
nation of PAA-T at low pH, we measured the electrophoretic
mobility of PAA-T40 adsorbed on a polystyrene latex. This
surfactant-free latex has a sparse coating of amidine cationic
groups, sufficient to promote colloidal stability and to promote
the adsorption of highly anionic polymers such as PAA."'
Figure 4 compares PAA-T40 with the parent PAA. Below pH 3,
PAA-T40 had a net positive charge, supporting the proposal
that many of the pendant TEMPQO moieties underwent
disproportionation at pH < 3, converting uncharged TEMPO
into cationic TEMPO® and TEMPOH® (see Scheme 2).
Following the suggestions of a reviewer, we initially dialyzed
PAA-T40 against 1 M NaCl to remove possible cationic
impurities from the coupling chemistry. The electrophoresis
data from the two dialysis procedures were the same, suggesting
contamination was not a problem.

To summarize, the PAA-T phase separation occurs under
acidic conditions with a lower limit of pH 1.5-2, where

DOl 10,1021 /acs. macromol 60077
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PAA-TA0 dialyzed
against water

e P.ﬂ:\-';ﬂ_ T
dialyzed against
1 M NaCl
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Figure 4. Electrophoretic mobility as a function of pH for 0.2 g/L
PAA-T40 adsorbed onto 0.01 g/L 200 am diameter cationic
polystyrene latex. All measurements were carried out in 5 mM KCI
aqueous solution at 25 “C.

disproportionation converts some of the TEMPO moieties to
cationic species (see Scheme 2). The upper limit, pH 2.5—4.5,
corresponds to the significant ionization of the PAA backbone.
The next sections describe PAA-T properties in the one-phase
regime at neutral and alkaline pH.

Solution Properties of PAA-T. Figure 4 compares the
intrinsic viscosity of PAA-T40 and PAA at three different pH
values. At every pH value PAA is more expanded than PAA-
T40. TEMPO substitution lowers the anionic charge density,
and TEMPO is more hydrophobic than acrylate moieties—a
less expanded configuration of PAA-T versus PAA seems
reasonable. Viscosity measurements were also performed for
the PAA-T solutions as functions of concentration. The results
shown in Figure S4 of the Supporting Information show that
viscosity decreased with increasing TEMPO derivatization.

PAA-T Surface Tension. The possible role of hydrophobic
interactions was probed by surface tension measurements.
Figure 6 shows the surface tension of PAA-T40 as a function of
pH along with PAA data from the literature.”” The main
conclusion is that PAA-T40 is not very hydrophobic at all pH
values. PAA-T40 is more surface active than PAA; the lowest
surface tensions correspond to the phase separation pH range.
Approaching very low pH, the surface tension increased, again
supporting the disproportionation mechanism (Scheme 2).

The influence of TEMPO content on surface tension at pH
5.5 is shown in Figure 7. The surface tension decreases linearly
with TEMPO content; however, none of the polymers are very
surface active in water,

The surface tension measurements suggests that PAA-T has
little hydrophobic character.

Bl DISCUSSION

We were surprised to observe PAA-T phase separation at low
pH followed by redissolution as the pH was lowered through
pH 2 (Figure 1). We propose that two phenomena can drive
phase separation. First, the PAA-T is fundamentally less
hydrophilic than PAA, and as the degree of ionization decreases
with lowering pH, PAA-T solubility decreases. The intrinsic
viscosity behaviors in Figure 5 support this explanation. At
neutral pH the intrinsic viscosity of PAA-T is less than PAA,
and the intrinsic viscosity decreases with lowering pH,
reflecting the decreasing degree of carboxyl ionization.

The second phenomenon driving phase separation is
electrostatic attraction between cationic TEMPO" or TEM-
POH" (Scheme 2) and anionic, ionized carboxylate groups.
The electrophoretic behavior of PAA-T as a function of pH,
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Figure 5. Intrinsic viscosity of PAA and PAA-T40 in 0.1 M KCl at 25
“C. The dashed line crosses two phase regions.

shown in Figure 4, shows the amphoteric nature of PAA-T. At
neutral pH it is negatively charged due to the high
concentration of carboxylate ions, whereas at very low pH
the TEMPO® and TEMPOH" dominate. At intermediate pH ~
2.5-3.5, the PAA-T40 passes through an isoelectric point
where we expect a minimum in solubility.

‘Which of these two mechanisms dominates? The surface
tension data as a function of pH (Figure 6) or as a function of

80
T |} p———— e
z PAA l
Ee0 | ;
=) /f Ishimuro et al.|
=]
B I PAA-T40 \ 1980
2 Phase
w40 separation
[
E + 3 g/L PAA-T40 in
10 mM KCl solution
20 PP it et
0 2 4 6 8 10 12
pH

Figure 6. pH-dependent surface tension of PAA-T40 (3 g/L in 10 mM
KCI at 23 °C) compared to PAA results from the literature.”

the extent of TEMPO substitution (Figure 7) suggest that
PAA-T is not very hydrophobic even at low pH. Therefore, we
propose that electrostatically driven intermolecular and intra-
molecular association of PAA-T drives phase separation.

80
-5 r PAA-T 3g/Lin 10
E70 b mM KCl, pH 5.5
=
s
£
8
w60 |
“~
&
a
50
0 20 40 60
PAA-T TEMPO Content (mole%)

Figure 7. Surface tension of PAA-T as a function of TEMPO
substitution degree at pH 5.5 in 10 mM KCI at 23 °C.
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PAA-T is a redox-sensitive polymer that can act as an
oxidation mediator for the oxidation of primary alcohols to
aldehydes and ketones.'* These oxidation reactions require a
primary oxidant that activates the TEMPO moieties. Since the
oxidations are usually carried out either at high pH with
NaClO/NaBr as a primary oxidant or at neutral pH with
enzyme,/oxygen primary oxidants, phase separation at low pH
is not an issue. However, the phase behavior may be exploited
to separate PAA-T in solution oxidation processes or to drive
desorption of PAA-T adsorbed on cationic surfaces.

B CONCLUSIONS

The major conclusions of this work are as follows:

1. PAA-T phase separates between a lower limit of pH 1.5=2
and an upper limit of pH 2.5—4.5. The pH range of the two-
phase region increases with the TEMPO content.

2. PAA-T has a more compact configuration in solution
compared to the parent PAA.

3. PAA-T is only slightly surface active, with the maximum
surface activity occurring at the pH near the phase separation
boundary.

4. We propose that phase separation at low pH is the
combined result of the low degree of PAA ionization, the
hydrophobic contributions of the TEMPO moieties, and
electrostatic interactions between the cationic TEMPO species,
resulting from disproportionation at low pH (see Scheme 2),
and anionic ionized carboxyl groups.
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Appendix: Supporting Information for Chapter 2

Supporting information for the phase behaviour of aqueous poly(acrylic
acid-g-TEMPO)

Qiang Fu', Zachary Russell Gray', Arthur van der Est’, and Robert H. Pelton’

' Department of Chemical Engineering, McMaster University, Hamilton, Canada, L8S 4L7
: Department of Chemistry, Brock University, St. Catharines, Ontario, L25 3A1

Synthesis of PAA-T
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Figure 51 FTIR spectrum of PAA and PAA-T50. The peaks at 1647 em’! {amide I, C=0) and
1550 cm™ (amide II, N-H) confirming synthesis of PAA-T.
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Example conductometric titrations and TEMPO content calculation.

The conductometric titrations were performed with a PC Titrate (Mantech Inc.), and the carboxyl contents
in PAA and PAA-T samples were determined by conductometric titration. In a typical experiment, 7.0 mg
of freeze-dried PAA was dissolved in 100 mL of 5 mM NaCl solution. The initial pH of the sample
solution was adjusted to 3 with 2.0 M HCI, and then the sample solution was titrated with 0.1 M NaOH at
room temperature until the pH reached 11. The TEMPO degree of substitution was calculated from the
change in carboxyl contents.

2000 12
.-.E: 4 10
4 1500
= 8
Fy T
Z =
T b
2 1000
E
3 FrE—— 1 4
AV=0.879 7.0 mg PAA 1
sm i 1 i 'l i L i I i L i 2
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Figure 52 Conductometric titration of PAA and PAA-TI18

0.879 mL=0,1M mmal
Nprooy = EETTTE 12.56 ; npcooh  carboxyl mole content per gram PAA
06807 mL=0.1M ol
MTCOOH = gama 7.74 ' ntcooh carboxyl mole content per gram PAA-T18
1-troood
mn
ns = PCOOH + 100%

T+nrcoon*(MWarempo—MW-MWg-MWg)
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DS : TEMPO degree of substitution
MWatempo: molecular weight of amino-TEMPO
MWh: atomic weight of hydrogen H

MWo: atomic weight of oxygen O
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Example of intrinsic viscosity calculation.

Experiment conditions: pH 5, 0.1M KCI solution, temperature 23 °C.
Original data of flow through time with three times measurement,

sample flow through time (s) average flow
tl 2 t3 through time
(s)
0.l MKClI 15051 150.50 150.51 ] 150.51
PAA Conc. Flow through time (s) average flow
(g/L) tl 12 t3 through time
(s)
10 276.38 276.48 276.57 276.48
8 24981 248.60 250.0 249 81
6.667 232.14 232.00 23228 23214
5.708 219.63 219.61 219.77 219.63
4.444 203.42 203.29 203.16 204.29
2.684 182.1 182.15 182.05 182.1
PAA-T40 Conc. Flow through time (s) average flow
(z/L) tl t2 3 through time
(s)
10 226.98 226.88 227.06 226.97
8 209.82 209.66 209.50 209.66
6.667 199.30 199.35 199.33 199.33
5.708 191.52 191.40 191.28 191.40
4.444 181.62 182.0 181.81 181.81
2.684 169.01 168.79 168.9 168.90

Calculation:
For PAA-T40, 10 g/L in 0.1 M KCI, pH 5, 23 °C
Through Huggins Equation method

_ Lpas-Tan _ — 22697 5 _ — . . . .
Msp == Tonis 1=0508 Nsp 18 specific viscosity
tpaa-an 15 the flow through time of PAA-T40
solution
tyor is the flow through time of pure 0.1 M KCI
solution
_ TJ'_,,E _ 0.83629 _ E . - .
Mrea =~ 109/ U.USDSQ Mred 15 reduced viscosity
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The intrinsic viscosity is obtained by extending reduced viscosity vs polymer concentration
curve to the y-axis.

Through Kraemer Equation method

X 226.97 . .. .
Mgt = RAATS0 = 22590 = 4 5og N is the relative viscosity
tsol 150.51
1 . 1 S 3 5 . .
Ninp = = (2'8') = nl(olq;ls) = 0.04108 TNinn 18 the inherent viscosity

¢ is concentration of PAA-T40

The intrinsic viscosity is obtained by extending inherent viscosity vs polymer concentration
curve to the y-axis.
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w
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> 004 F
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S 002 |
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Figure S3 Determination of intrinsic viscosity of PAA-T40
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Viscosity measurement
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Figure 54 Viscosity of PAA-T and the parent PAA solutions at various concentrations. Viscosity
was measured with Vibro viscometer SV-10 in 5 mM KCl, pH 5.5, 23 °C.

Viscosity of PAA-T and the parent PAA solutions at various concentrations were measured.
Under the measurement conditions, all polymer solutions showed as one phase. The viscosity
decreased with increasing TEMPO derivatization.
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Chapter 3 Redox Properties of Polyvinylamineg-TEMPO in
Multilayer Films with Sodium Poly(styrene
sulfonate)

| conduced most of the experiments in chaptég®. Zoudanov (undergraduate student)
helped me with polymer synthesis, surface tension and viscosity measurements. Dong
Yang (PhD student) helped me with EQdMmeasurement. Dr. Emil Gustafsson leelp
me with ellipsometry measurement and discussion about surface tension properties of
polymers. They will be coauthors on the publication along with Professor Soleymani. |
plotted the experimental data and Dr. Robert Pelton helped to analyze the da@pdihe
was initially written by me, and edited later by Dr. Robert Pelton.

47



Ph.D.Thesis £Qiang Fu McMaster Universii@hemical Engineering

Chapter 3 Redox properties of polyvinylamineg-TEMPO in
multilayer films with sodium poly(styrene
sulfonate)

3.1Introduction

Cellulose is an important platform in thagh to more sustainable products and
processes. However, cellulose must be modified for most applications. TEMPO (2, 2, 6,
6,-tetramethyl-piperidinoxy ) mediated oxidation is one of the most widely used
approaches to functionalizing cellulose by virtdi¢ghe selective oxidation of C6 primary
hydroxyls to aldehydes and acids. Our interests involve using TEMPO to oxidize
cellulose to facilitate the covalent coupling of polyvinylamine (PVAm) to cellulose
VXUIDFHV 39%$P JUDIWHG 3SU kPgrovides dringidh Quifdcd2 Q FH O O X C
that readily modified, providing wide variety of functions including bioactive surfaces,
redox active surfaces, and surfaces giving exceptionally high cellulose/cellulose wet
adhesion. Although TEMPO chemistry offers madyantages, its use in some industrial
operations is inhibited by the cost, the environmental impact of TEMPO, and the
difficulty in recycling TEMPO. For our applications we have solved these limitations by
grafting TEMPO onto PVAm to give polyvinylamire TEMPO (PVAMT) tsee

structure inFigure 3-1. In water, this very cationic polymer spontaneously adsorbs onto
cellulose, and, in the presence of a primary oxidant such as bleach, the cellulose is
oxidized to aldehydes and the amine groups subsequentlyrfone and aminal bonds

after drying.2 More recently, we have shown that ~500 nm colloidal complexes formed
between PVANT and the redox enzyme laccase, also oxidize cellulose surfatles.
explained this by hypothesizing that TEMR&TEMPO electron tnasfer occurred in
PVAM-T, even when only 10% of the amine repeat units bore a grafted TEMPO.
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The goals of the work described herein include confirming that PATAralymers with
relatively low TEMPO contents were able support TEMIBEMPO electron

trangort. By combining quartz crystal microbalance measurements with cyclic
voltammetry (EQCMD) and with ellipsometric characterization of the dried ldyer

layer (LbL) multilayer films, we were able to estimate the fraction of TEMPO moieties
that could be xidized by a gold electrode.

Polymers with grafted TEMPO moieties are not new. TEMPO has been grafted to water
insoluble polymers giving a supported catalyst for the oxidation of soluble mofecules
Grafted TEMPO probes have also been widely used éotreh spin resonance studies of
polymers. There appears to be a resurgence in polymer grafted TEMPO based on
potential applications in energy storagiéMany of studies involve redox polymers
deposited on electrode surfaces using LbL assembly. In dhe efrlier LbL redox
studies, Laurent and Schlenoff showed that the extent of interpenetration between
polymer layers in LbL constructs could be probed by placingradox active pairs of
blocking layers between the electrode and the redox polymesl&ydrey reported that

4 pairs of blocking layers were required to prevent electron transfer to the redox
polymers; we report herein similar results.

&ORVHVW WR RXU ZRUN ZDV D ShaEdedribddMilL i@ lBse$ Q] DLTV .
on alternating Igers of anionic polgacrylic acig with 46 mole percent of the carboxyls
bearing grafted TEMPO substitution and cationic feilyyleneiming They reported that
their multilayer films decomposed when the TEMPOs were oxidized. By contrast, our
work involveslower levels of TEMPO grafted on the cationic polymer, PVAm, and we
have used polystyrene sulfonate as the anionic polymer. Our polymers were chemically
stable and the multilayers remained intact during cyclic voltammetry.

Finally, our work is focusedroPVAM-T oxidation of and subsequent grafting to
cellulose of adhesion applications. However, the ability of PVRta spontaneously
adsorb ontmegatively chargedurfaces in water, gives a simple route to TEMR®
surfaces for other applications.

3.2Experimental section

Materials. Two different polyvinylamine samples were obtained from BA&anada Inc.
PVAmM 5095, Mw 45 Ba, hydrolysis degree 75% and PVAmM 9095, Mw 340 KDa,
hydrolysis degree 95%. We completely hydrolyzed the PVAm followingt@&l. | V
method 1° All experiments were performed with water from a Millipore system with a
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UHVLVWLYLW\ Rk PVAnDwa$ dlalyzed against deionized water and freeze
dried before use.-darboxyTEMPO,sodium 3mercaptel-propanesulfonate (MPS),
sodium ply(styrene sulfonate(PSS), Mw 70 ba (density 0.801 g/mL),-&thy}-3-(3-
dimethylaminopropyl) carbodiimide (EDC), andhydroxysulfosuccinimide sodium salt
(sulfo-NHS) were purchased from Sigmddrich and used as received..

Preparation of PVAM-T. A series ofPVAM-T were synthesized as previously reported
by our group®. In a typical experiment, 55 mgcarboxy TEMPO was dissolved in 100
mL deionized water and 157 mg EDC was reacted with iterldoxy TEMPO. 170 mg
Sulfo-NHS was further added. The reaction wtged for 20 min at pH 5.5 at room
temperature. PVAm solution (100 mg PVAm in 40 mL deionized watersioagy
droppednto the abové-carboxy TEMPO solution and theolutionpH was maintained
at 7.0 forfour hourswith 0.1 M HCI and 0.1 M NaOH solains. The resultingolution
was dialyzed (MWCO 3[Ra) against deionizedO for two weeksPurified and dried
PVAmM-T samples were obtained through lyophilisaonl stored in a desiccator. The
amine contents of PVAfi were determined by potentiometric aswhductometric
titration method Thedegree of EMPO substitution wagalculated from the change in
amine contents. Tab®1 summarized the properties of PVAMcopolymers.

Table3-1 Properties of PVART copolymerstsee structure ikigure3- 1. DH isthe
percentage of Ninylformamide groups hydrolyzed to amine groups in the
parent PVAm. DS is the mole fraction of PVAm amine groups bearing
pendant TEMPOs. EWs the TEMPO equivalent weight at pH 7.5 and
EWnw is the amine equivalent weight at pH 7.5

_ _ PVAm DH PVAMm MW  TEMPO DS EWr EWnN
Designation (mole %) (kDa) (mole %) (Da) (Da)
PVAM-T4L 75 45 4 2260 94.0
PVAM-T10L 75 45 10 1000 111
PVAM-T13L 75 45 13 809 121
PVAM-T25L 75 45 25 500 167
PVAmM-T5H 100 340 5 1360 71.8
PVAM-T12H 100 340 12 665 90.7
PVAmM-T22H 100 340 22 438 123
PVAmM-T35H 100 340 35 337 181

Electrochemical Quartz Crystal Microbalance with Dissipation (EQCM-D). The
EQCM-D measurements were carried out with an electrochemical-Q@#ll (E401
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model from QSense, Sweden). A QSX301 go&hsor served as the working electrode.
The counter electrode was platinumaddORZ OHDHEBU H6 +'A§Al (3M

KCI) electrode (World Precision Instruments, USA) was the reference electrode. The
QSX301 gold sensor and the platinum electrode weemetbwith piranha solution at 75
°C for 5 minutes and then thoroughly rinsed with deionized water, and driegl Nypts
piranha is dangerous and appropriate precautions must be taken when working with it.
Sulfonate groups were grafted to the gold surtacenmersing the electrode into 3 mM
sodium 3mercaptel-propanesulfonate (MPS) ethanol solution for 24h at room
temperature, followed by rinsing with ethanol, and finally by deionized water, and dried
with Na.

Using the traditional LbL approach alterimat layers of cationic PVART and anionic

PSS were adsorbed on the gold sulfate electrode. For example,-PBsolution

(0.1 g/L in 0.1 M NaCl with pH 7.5) was pumped through the EQTkEIIl at a rate of

0.100 mL/min for 15 minutes. The cell was tlersedwith NaCl solution (0.1M with

pH 7.5) for another 15 minutes, followed by PSS (0.1 g/L in 0.1M NaCl with pH 7.5) for
15 minutes again followed rinsing with salt solution. All measurements were performed
at 23°C. The buildup of polymer layers whsdlowed by QCMD and the

electrochemical properties of completed multilayers were measured by cyclic
voltammetry performed with a Palmsens potentiostat (PalmSens, Amsterdam,
Netherlands) in a conventional threlectrode configuration. For most experirtsetine
potential was varied between 0.3 and 0.8 V at rates between 5 and 100 mV/s. Generally
under each condition, measurements were performed over 20 minutes. In addition to
voltammograms, the instruments software PSTrace 4.7 was used to extractl{aepds vo
and the areas under the oxidation curves. The errors associated with the area
measurements were estimated from the variation over three measurements. Finally, the
density of redox active TEMPO moieties was calculated from the CV ressgts

exampe calculation in the supporting information.

Ellipsometry. The quantity of TEMPO moieties in the multilayers were estimated from
ellipsometric characterization of the dried multilayer. The thickness of the dry multilayer
films was measured using a Nama@fiEP3W imaging ellipsometer (Accurion Inc.,
Germany) fitted with wavelength 658 nm solid state laser. The Ellipsometry data were
analyzed with modeling software EP4 (Accurion Inc).

The refractive index of multilayer films is calculated as the averagectie index of
PVAmM-T and PSS. The refractive index of PSS was 1%484e refractive indices of
PVAmM-Ts were measured from thick films, which were prepared by spin coating 0.1 wt%
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agueous solutions at 3000 rpm on piranoteaned silicon wafers. Thei¢k (~100 nm)
PVAmM-T polymer films were annealed at 8D for overnight before determining the
refractive index with the ellipsometer. The refractive index of PYRA2BL was 1.462 +
0.021, where the error estimate was based on three measurements.

In some ases, after each layer of polymer was deposited, the EQGBhsor surfaces
were airdried and layer thickness was determined on the ellipsometer. For this analysis
we assumed that overall refractive index was the average of the AVakid PSS

(1.473). Tk coverage (dry mass/area) of PVAnNin each layer was estimated from the
incremental ellipsometric thickness and the density of PVIA(H.08 g/mL, assumed to

be the same as PVA#).

3.3Results

PVAmM-T Compositions A series of PVAMT copolymers with arying TEMPO

contents were prepared and the generic PVIAstructure is shown iRigure3- 1. In

water, PVAmT is mixture of four types of repeating uniseeFigure3- 1.
Polyvinylaminecan bepreparedhrough acidic or basieydrolysis of poly(N
vinylformamide) and most commercial PVYAms are not completely hydrolyzed. We
define PVAMT compositions by: DH the degree of hydrolysis of the parent PVAm; DS,
the fraction of amine groups coupled to TEMPO; andhe degree of ionization of

amine groups.

The properties of the PVAM polymers used herein are summarize@able 31. The
copolymers are based on two parent PVAms, one with DH = 0.75, a value given by the
supplier and one fully hydrolyzed by usgive DH = 1. The DS values were determined
the difference in amine contents, measured by conductometric titration, before TEMPO
grafting. Finally, . values were estimated by the Katchalsky mtfdethat predicts. =

0.46 for PVAm in 0.1 M NacCl at pH 7.%he main conditions used in this work.

Two other compositional parameters, useful for data manipulations aretheVWEMPO
equivalent weight (Da) and EMthe equivalent weight of amine groups, both ionized and
norrionized. These equivalent weights weedculated from DS, DH andvalues, are

also tabulated iffable 31. The equivalent weights and other PVARtompositional

details are and the detailed calculations, performed in Mathcad Prime are given in the Sl
file.
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w+x+y+z=1

DH =1- w .
g
DS= % O
X+Yy+z
a=—3_
X+y

Figure 31 PVAmM-T structure. The degree of hydrolysis, DtHe degree of TEMPO
substitution based on amines, DS, and the degree of ionization, are
functions of w, x, y, and z. The polymer properties are summarized il
Table 3 1.

Finally, we express the amount of TEMPO on surfaces as either a mass coverage of
PVAM-T, [ llmg/m?) or as a molar coverage of TEMPO groljiliimol/m?). These
two quantities are related by EWWseeEq 1

PVAM-T solution properties. PVAM-T is water soluble from pH 2 to 12. However, the
TEMPO moieties in PVART is more hydrophobic than PVAm alone. Therefore
TEMPO substitution has two impacts; it lowers the surface tensiofrige® - 3) and
TEMPO substituents causes the polymer coilgjureas solutions to shrink (see Figure
S3-5).
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PVAM-T/PSS multilayer films. Alternating layers of PVART and polystyrene

sulfonate (PSS) were formed on a QECMjold sensor surface. To facilitate adsorption of

the first PVAmT layer, the gold was treated with sodiurm@&rcaptel-propanesulfonate

to give surface sulfonate grouffsFigure 3 2 shows the EQCM frequency change

with each additional adsorbed layer. The average frequency shift of P\2&inlayer

was-20 Hz and the average frequency shift of PSS layerSveiz. The total dissipation

shift was less than 2 x19(seesupporting information Figure356). The curves under

different overtones overlapped well, and thé wasless than LQ PDIJQLWXGH RI @
indicating that the (PVART25L/PSS) multilayer film was rigid, and the absorbed mass

can be calculatedith Sauerbrey equatiorf8

120 6
(PVAm-T25L/PSS), in 0.1M NaCl,

-5._‘

E

) 14~

- 7]
m -

& 5

5 =

22

(]

1 1

: 0

0 1 2 3 4 5
Number of Bilayers (n)

Figure 32 QCM-D frequency changes with the buildup of (PVAM5L/PSS)
multilayer together with the resulting dry film thicknesses measured by
ellipsometry.

Figure 3 2 also shows the dry thickness of PVAI@5L/PSS multilayer flms measured
by ellipsometry. The average thickness of PVABSHL layer is 0.8 £0.2 nm, and the
avera@ thickness of PSS layer is 0.6 £0.2 nm. The mass of PRBL/PSS multilayer
films was calculated from both EQGM and ellipsometry results. EQGM gave the
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wet mass of the adsorbed polymer whereas ellipsometry gave dry film masses.
Comparing these ress] we estimated the water contents of the nayiit flms and the
results (se€igure 3 3 and tabulated data ifable S- 1) show that about 75 wt% of the

multilayer films is water.

100%

90%

80%

70%

Water Mass Fraction in Films

60%

+ §+++

1

2

3

4 5

Number of Bilayers(n)

Figure 3 3 The water content of PVAfM25L/PSS multilayer filmssa function of the
number of polymer layers

Redox properties of PVAmMT/PSS multilayer films. Cyclic voltammetry was used to
measure the content of redagtive TEMPO moieties in the multilayer films. In this
technique, the electrical potential on a gsiifonate EQCM sensor is cycled and the
resultingcurrent is measureéigure 3 4A shows the cyclic voltammograms of (PVAmM

T25L/PSS) multilayer films at various scan rates. Under the scan rate 100 mV/s, the

anodic peak was located at 0.61 V, which comesis to oxidizing TEMPO to
oxoammonium, and the cathodic peak at 0.560V, which corresponretsuiting

R[RDPPRQLXP WR 7(032 7KH SHDN VHSDUDWLRQ
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scan rate 100 mV/#n the case of free small TEMPO, the anodic peak potential was
0.54V, and the cationic peak potential was 0.43V under the same conditions. The peak
potentials shifted ~0.1V towards the negative directiorother characteristic of the

cyclic voltammograms is that both the anodic and the cathodic peak currents increased
linearly proportionbto the scan rate (séégure 3 4B).The voltammograms show both
surfaceconfined and diffusiofimited redox processes, and the surfaoafined redox
process dominated the behavior

The ratio of oxidative (positive) peak currentghe reductive (negative) peak currents
ranged from 1 for theowesttwo scan rates down to 0.74 for the highesb scan rates in
Figure 3 4, therefore the redox process was not completely revegsilbligh scan rate
Finally, the surface coverages oflox-active TEMPO moieties were estimated from
areas under the voltammograms; these values will be discussed below.

6
i 100 mV/s A
~—~ 3 I
& |
“— | 10mV/s
§ 0 5mV/s
6 L
3 F
| (PVAM-T25/ PS9),
0.1M Nad, pH7.5
_6 i 1 i 1 i 1 i 1
0.1 0.3 0.5 0.7 0.9

Potential (V vs Ag| Agd)
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Figure 34 (a) Cyclic voltammograms of (PVAM25L/PSS) at various scan rates.
(b) Dependence of the peak currents on scan ratésefgPVAM
T25L/PSS) multilayer film.

TEMPO oxidation converts a neutral stable radical to the corresponding cationic
oxoammonium ion (see structureRigure 3 4A). The multilayer film responds by
shrinking, giving a decreased water conterdmbroximately 10 %. The small swelling
changes were reversible and examples data are shdvigure S3- 7.

Figure 3 5 shows the cyclic voltammograms of PVAR5L/PSS multilayer films as a
function of the number of bilayers. Both the maximum oxidative and reguotiak

currents increased with the number bilayer. This is an important observation because it
indicates that TEMPO moieties fapartfrom the electrode surface are reeamtive.
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Figure 35 Cyclic voltammograms of (PVART25L/PSS) multilayer filmsin 0.1M
NaCl, pH 7.5. Scan rate 20 mV/s.

Redoxactive TEMPO measurementsThe areas under the oxidation curves were used
to estimate the coverage of redastive TEMPO moieties in the multilayer films.
Example calculations performed Mathcad Prime are showhre supporting information
together with tabulated resultsTable S- 1. Figure 3 6 shows the coverage of redox
active TEMPO moieties that are redox active as a function the number of HVAmM

layers. The straight lines were calculated with a modedgarted in the discussion
section.
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Figure 36 The coverage of redeactive TEMPOIin (PVAM-T25L/PSS) multilayer

films as a function of the number of bilay <G - 0.5
mg/n?

The results ifFigure 3 5, Figure 3 6 and in Table 3-1 show that the surface coverage

of redoxactive TEMPOs increases with the number of polyelectrolyte bilayers. Another
way to vary the coverage of redaxtive TEMPQs to vary the TEMPO DS in PVAf.
Figure 3 7 (data are tabulated ifable $-2) shows the coverage of redaxtive

TEMPO for(PVAM-TXL/PSS) for a series of PVART where the DS varied from 4 to
25%. The results show a linear relationship between PYAFEMPO DS and the
redoxactive TEMPO coverage in an assembly of four bilayers. The model curve will be
addressed in the discussion section.
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Figure 37 The coverage of redeactive TEMPO moieties as a function of PVAM
TEMPO DS in (PVAmMTXL/PSS) multilayers. The polymers were based
on the parent 45 kDa PVAm, 75% hydrolyzed.
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Figure 38 Comparing the redexreactive TEMPO coverage, measured by cyclic
voltammetry to the overall TEMPO contents in LbL films.
Approximately 30% of the TEMPOs are rede@active over the whole
data set.

Figure 3 8 compare the redeactive TEMPO coverage to the overall TEMPO coverage
for the two data setvarying the number of bilayer&igure 3 6) and varying the

PVAmM-T TEMPO DS Figure 3 7). Most of the data are cledo the red line
corresponding 30% of the TEMPOSs being redaxve.

Blocking electron transport in polyelectrolyte multilayers. A series of polyelectrolyte

multilayer films were prepared with the following compositions. Between 0 and-3 non
UHGR[ IEDRAENLOD\HUV EDVHG RQ 39%P 366 ZHUH ILUVW GF
sensor surfaces followed by two redox active PVARSL bilayers. Figure 3 9 shows

the oxidative peak currents as a function of the number of blocking layers. Three pairs of
nonredox Bocking layers were required to completely prevent electron transport to the

outer most two PVART25L bilayers. This result is most likely a reflection of significant
interpenetration of polymer chains between layers. A similar conclusion was made by

earier researchers working with other redastive polyelectrolyte multilayer8°
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Figure 39 Effect of blocking bilayers on oxidation peak current of (P\VAm
T25L/PSS) multilayers. 0.1 M NaCl, pH 7.5. Scan rate 50 mV/s.

3.4 Discussion

Published theotial studies suggest that for electron hopping (transfer) between
TEMPO groups, the distance between the TEMPO moieties must be less than ~%0.6 nm.
One published estimate is that at least 60% of polymer repeat units must bear TEMPO
groups for effectivéransfer in dilute polymer solution$By contrast, our results show

that 30% of the TEMPO groups arelox active in multilayer filmsThis is remarkable
because in our experiments, the PVAmshould be rather immobile in multilayer films.

In addition, ve have used very short tethers betwEEMPO and®PVAm (see structure in
Figure 3 1). Nevertheless, our results seem consistent with other-geriwe LbL
systemsztsee examples ihale 3- 2.
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Tabe 3-2 Examples bredox LbL assemblies described in the literature where: PEI is
poly(ethyleneiming Fc is ferrocene; PVS is polyvinylsulfate; PAH is
polyallylamine; and PGA is polyfglutamic acid).

Redox Species DS Fraction Redox ref
LBL systems (%) active
(%)

PAA-T/PEI 46 SPRVW’ 9
PAH-Fc/DNA 7.2 20-25 20
PEFFc/DNA 2.3 40-60 20
PAH-Fc/PVS 15% 56 21

PGA/PAH 10 mM ferrocyanide solution ~50% 22

We now consider the factors influencing the coverage of radoxe TEMPO groups.

There are two relevant electronrisport mechanisms: 1) transport between the-gold
sulfonate surface and adsorbed TEMPOSs; and, 2) transport between neighboring TEMPO
moieties. In both cases the electron transfer partners must be within ~0.5 nm for efficient
electron hopping®

Consideffirst the PVAMT adsorbed directly on the getailfonate surface. Fleet al
have discussed the configuration of adsorbed polymer in detail, and the relevant
parameter i@, the fractions of polymer segments present as adsorbed trains; the
remainder othe polymer chain is present as loops and tails, not in contact with the
surface (0p<1). 2 It seems reasonable to propose that for PYRoopolymers with low
DS values, only those TEMPOs attached to trains would be {actose.

Ora = P>g,, for DSEDS,

Eq2
Ora =G for DS> DS,

The other limiting case is when the TEMPO DS is so high that, through TEBBHPO
TEMPO hopping, all TEMPO moieties are redox active. These two limiting cases are
captured irEq 2where:Tra, the surfaceaverage of redoactive TEMPO .1 is the total
TEMPO coverage in the first PVAf layer adsorbed on gold; ands the total TEMPO
coverage from all the layers in the multilayer films.
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Eq 2was use to simulate the resultd=igure 3 6 and inFigure 3 7. We assumed that
every PVAmT layer had theane mass coverage= 0.5 mg/nd and the corresponding
TL1 Was calculated froreq 1 The detailed calculations are shown in the Sl file.

Figure 3 6 compares the model with the experimental redotxve TEMPO coverage
versus the number of bilayers, n. Thedel predicts two straight lines; one is horizontal
if the DS is below the critical value, DSc. In this case, only the first adsorbed layer
accounts for all of the redeactive TEMPO coverage. The experimental values sit
between these theoretical limigrcases.

When varying the TEMPO DS on PVAinfor a 4 bilayer assemblyigure 3 7), the

model curve corresponded to DS< DSc where only the first layer is redox active. In this
case the plot is nelinear and the chosen model parameters give a reasoitdbléhe
experimental values. However, we present this analysis not as a useful fitting tool for the
data, but instead to illustrate where the experimental results map onto two limiting cases.

From a more practical perspective, the resultEgure 3 8 shows that the surface

density of redoxactive TEMPOs is a linear function of the overall TEMPO coverage for
our system. This suggests a convenient route to control oxidation in practical
applications.

3.5Conclusions
The new conclusions from this workea
1. Layerby-layer PVAMT/PSS films are stable and redastive.

2. Only 20-30% of the TEMPOs in (PVART25L/PSS) multilayer films were
redoxactive, reflecting the requirement that TEMPO moieties must be closer than
~ 0.6nm for electron transfer to occurhis efficiency of electron transfer was
maintained up to four bilayer pairs, the thickest assembly we examined.

3. The molar coverager(ol/m?) of redoxactive TEMPO moieties was a linear
function of the TEMPO content in the (PVAR/PSS) multilayer films. We did
not observe a percolation threshold below which outer TEMPO groups could not
be oxidized by the gotdulfonate electrode.
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4. The PVAMT25L/PSS LbL multilayer films were about 75% water and small,

reversible decreases in swelling were induced by pixigithe TEMPO moieties.

. There was significant interpenetration of polymer chains between the multilayers

as evidenced by the need for three pairs of blocking layers to prevent electron
transfer throughout the film. Similar results have been reporteattier redox
active multilayer film types? 1°

. PVAmM-T is slightly more hydrophobic than PVAm, as evidenced by decreasing

surface tension with increasing TEMPO substitution. However, unlike TEMPO
derivatives of polyacrylic acid! PVAmM-T with DS values upo 35% is water
soluble over the pH range 1 to 9.
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Appendix: Supporting information for Chap ter 3

Chapter 3 Redox properties of polyvinylamineg-TEMPO in
multilayer films with sodium poly(styrene
sulfonate)

Polymer synthesis

Figure $- 1 Preparation of PVART from PVAmM

Surface Activity of PVAM-T

Surface tension measurementSurface tensiorof PVAmM and PVAmT solutions was
measuredavith the pendant drop meth@ddrussGmbHdrop shapsystem DSA10,
Hamburg, Germany)The temperatur@as maintained at 2&, andthe humidity 100%
with a closed glass chambém a typical experimen@.3 wt% PVAmMT wascompletely
dissolved in a 5 mM KCI solutigmnd the ptbf the PVAMT solutionwere adjusted by
1 N NaOH and HCIA syringe with a 1.22 mm flat needle was used to form drogsd
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thedropvolumesvaried from15t0 19 / 6 X U I D F A valuesQvere Recorded as
function of drop lifetime.

Figure - 2 shows surface tension of PVAI3L solutionas functions of drop age and
pH. A slow decrease of surface tension with aging time was observed. In fact; steady
state surface tension curvédsR¥Am derivatives have never been observed since 2005
Chenet af studied the surface tension of hydrophobically modified polyvinylamine in
our groupWe followed Cheret al! method, andtudedthe surface tension values at the
break point where the dgmic surface tension curve switches from a rapid to slow
changing rate regime.

Figure S3 3 shows the break point suratension values from Figur&& as functions

of pH. The breakpoint surface tension decreased slightly at pH <5, which indicated that

the PVAmT was surface inactive in this pH range. In the pH range 5 to 7 an obvious

decrease was observed, and the breakpoint surface tension rapidly decreased to 60 mN/m,
whereas, further increasing pH the surface tension became stable at 60 mN/m. The

PVAmM-T was only slightly surface active at alkaline conditions (60 mN/m at pH above

9). And the surface tension of PVAmwas collapsed well onto the single master curve
SEUHDNSRLQW VXUIDFH WHQVLRQ YV K\GURSKERELFLW\ LQ
Figure S3- 4).
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Figure $- 2 Surface tension of 0.3wt% PVAM3L in 5 mM KCI as a function of
pendant drop age at 26.
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- PVAmM-T13L, 0.3wt%
in 5 mM KCl, 25 °C.
Pendant drop age

55 1 1 1 1 1 1 1 1 1

Figure $-3 Break point surface tension (See Figure 1) as a function of pH for
0.3wt% PVAmMT13L in 5 mM KCI at 25°C.

Chen et alt developed a hydrophobicity index to study the surface tension of
hydrophobically modified polyvinylamine at pH 9. According to Ckeal?! the
hydrophobicity indexdwvas defined as D8, where DS is the number of hydrophobic
substituentger nitrogen, and n is the number of hydrophobic carbon atoms in each
substituent. It was found that the surface tension behaviors of both alkyl and benzyl
substituted PVAniell into a master curvevhen the surface tension valuesre plotted
againsthydrophobicity. TEMPO is more water soluble than alkyl chain and benzyl group
due to the NO bond in its structure. The hydrophobicity index was also applied to
PVAmM-T to study the surface tension of PVAas functions of hydrophobicity index.

As shown inFigure S1 the TEMPO pendant group has 9 carbon atoms. As a result the n
in the hydrophobicity index was given asFgure - 4 shows the breakpoint surface
tension of modified PVAm as functions of hydrophobicity index at pH 9. The surface
tension of PVAMT ZDV FROODSVHG ZHOO RQWR WKH VLQJOH PDV
WHQVLRQ YV K\GURSKRELFLW\ LQGH][~
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Figure $- 4 Breakpant surface tension as functioaEhydrophobicity of modified
PVAmM. Measurement conditions: 0.3 wt% polymer in 1 mM KCI
aqueoussolution,polymer solutiorpH 9,and temperaturgs °C.

Intrinsic viscosity

Intrinsic viscosity measurementsThe ntrinsic viscosityof PVAm and PVAmT

solutions was determined from the extrapolation of specific and inherent viscosities under
varied polyner concentrations. The viscosity of polymer solutions was measured with an
Ubbelohde capillary viscometer (Size 75, Cannon Instrument Co. btS25°C. Figure
S5shows the intrinsic viscosity of PVAm and PVARat three pH values. TEMPO
substitution loweed the intrinsic viscosity of PVYAm at pH 4 and 8, suggesting a more
compact configuration of PVAAR, whereas the effect of TEMPO substitution on

intrinsic viscosity is negligible at pH 10.
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Figure $-5 Intrinsic viscosity of PVAm and PVAHAT in 0.1 MKCI at 25°C.

QCM-D

Conditions: 0.1 g/L polymer solutions in 0.1M

Nacl, pH 7.5. flow rate 0.1mL/min. -
20 F AD of 3rd 5th 1 2%
— 7th 9th overtones )
N
I c
~ 2
&c -50 1 *g
[T
= 2
(]
-80 0«
1
Af of 3rd 5th ¢
7th 9th overtones
-110 I 1 2 1 2 [l 2 1 1 _1
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Time (min)
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Figure -6  QCM-D monitoring the formation process of (PVAR25L/PSS)
multilayer films

Reversible swelling of (PVAMT/PSS) multilayer films under electro-stimuli

Upon exposure to electstimuli redox multilayer films usually sl multiple responses,

VXFK DV FKDQJHV Rl ILOP WKLFNQHVYV <RXQJYV HODVWLF
and small molecules through the thin fifmgpon electrestimuli, counter ions and

solvent flux in or out, the osmotic pressure in the films chamgspond to the flux,

resulting in shrinking or swelling of films.

FigureS3 7 (a) shows the electrochemical controlling the shrinking of (PYAm
T25L/PSS) multilayer film with varied external potentials. Two features were observed.
First, the film wasrery stable under the external potentials, and no decomposition was
observed. Second, the change 'btlepends on the applied potentidlaree cycles of
external potentials were applied (two cycles shown here), the response of the multilayer
film to the external potentials showed gooebroducibility. Figures3- 7 (b) shows that

about 1015 wt% water and ions in the multilayer films were exchanged with the ambient
NacCl solution under applied potentials.

(PVAm-T25L/PSS),, 0.1M NaCl. pH 7.5 0.9

-87 [ 0.7V 0.67V g.6av 0.6V 0.7V 0.67
0 N
__ -1 052
£ 5
S, 95 g
g 0.1 2
.99 a

-103 -0.3
465 485 505 525

Time (min)
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Figure -7 Frequency andissipation stits of redox (PVAmMRT25L/PS94
multilayer film responding to the external potentials. 0.1M NaCl, pH
al LV WKH IUHTXHQF\ VKLIW DW DSSOLHG SK
DQG ('2 &1 ftegyuency shift at open circuit potential under the
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Table $- 1 Summary oEQCM and ellipsometric characterization (PVAmM
T25L/PSS) multilayerfilms.
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Bilayer 04/3 Sauerbrey Ellipsometric Water Oxidation Redox
Number (-Hz) Coverage Coverage Content Charge Active T
(mg/n¥) (mg/n¥) (Wt%) & PRG) F
05 206 3.65 0.44.33 8949
1 246 4.35 0.74.32 837 1.544#0.82 0.2010.11
1.5 438 7.75 1.640.32 7784 0 - ——--
2 49.6 8.77 2.140.40 7645 3.48#.87 0.46 .12
25 698 12.4 3.04.19 7542
3 755 134 3.440.27 7412 8.1+1.59 1.0640.21
35 923 16.3 4.34.38 732
4 101.1 17.9 4.84.38 7322 15.5#.25 2.05#.19

Table 3- 2 Summary oEQCM and ellipsometric characterization (PVAmM
TXL/PSS) multilayerfilms.
PVAM-Tx /3  Sauerbrey Ellipsometric Oxidaion Redox-Active’
(Hz) Coveaage Coveage Chage Coveage
(mg/m?) (mg/m?) ©) wol/m?)
PVAM-T4L 90.1 15.95 0.75 1.25 0.16
PVAmM-T10L 96.7 17.16 0.56 1.27 0.17
PVAM-T13L  108.2 19.15 5.30.94 1.57 0.95%0.21
PVAM-T25L  101.1 17.89 4.8“0.38 15.5“1.25 0.19
References

@ Chen,X. N.; Wang, Y.; Pelton, R. PBDependence of the Properties of
Hydrophobically Modified Polyvinylamind.angmuir2005,21 (25), 11673

)

11677.

Calvo, E. Electrochemically Active Lbl Multilayer Films: From Biosensors to
NanocatalystsMultilayer Thin Filns: Sequential Assembly of Nanocomposite

Materials, Second EditioA012 10031038.

76



Ph.D.Thesis £Qiang Fu McMaster Universii@hemical Engineering

General expressions for PVAm compositions

Sample : PVAmM-T25L

dh:=T75% degree of PNVF hydrolysis
ds:=25% degree of subsititution (Tempo or any other substituent)

MW, ,+=T1.08 Da Molecular weight of NVF monomer

MW, =43.0682 Da  Molecular weight of vinyl amine repeat unit
EW i (dh) i=dh - MW, +(1—dh)- MW, The equivalent weight of non-ionized PVAm (i.e. no

counterions) based on nitrogen - it is the mass per N
EW i (d) =50.0712 Da

We now account for the affect of attaching substituents. In this case we show
tempo, method can apply to any substituent.

MW,

femp

=156.25.Da

Mwlﬂih:: ".'J‘fwmm + 'eremp;+‘4’l’f('+ =2. AMH“‘ f‘:-'w;}: 2253074 Da Molecular WEIght of the
substituent including the
two backbone carbons. In
this case it is for TEMPO

EWy(dh . ds , MW, ) = (1 —ds) +dh« MW, + (1 —dh)« MW, +ds+ MW,

EWy(dh ds,MW,,,)=98.3227 Da EWy (0,0, MW,,}=71.08 Da

dhds=0.1875 This is the number of
Tempos per N

EW. . A(dh ds. MW )= EW-V(‘H“‘”*MWMF) This is the mass per
o (s s MW ) = dh - ds tempo group

EW ., (dh ds , MW,

Eh

h) =524.3878 Da mmol :=0.001 mol

| mmol
=1.907 ——
EW,, (dh, ds , MW,,;) gam
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The goal of the following calculation is to calculate averége propé.r(ies of PVAm derivatives

definitions of ds, dh and «

-

i ds= dh=x4v+4z=1—-w
X+ ’ x+y+z X "
=wt+rx+y+z
N
0
Inverse functions
WW\} y=as(1—(1—dh)—ds+dh) = a-(dh—ds-dh) w=1—dh
Of,éH " x LCF ly z ] .
o .r=_v—(——1]:&-{dh—dv—dh)—(——l] z=didh
« o
N
o

Parameters we can measure

Conductometric titation gives an accurate measure of the total amine content

DH - degree of hydrolysis, given by manufacturer, can measure by NMR, elemental analysis, Not by titration

DS - degree of substitution measured by changes in conductometric titration before and after substitution reactions

a difficult to measure - high performance potentiometric titration, can estimate fairly accurately from Katchalski's model - see
appendix
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Calculation of the equivalent weight of a substituent (TEMPO) as functions of DH, DS, pH, |

the counter ion of charged amine groups was assumed to be chloridion
dh:=75% degree of PNVF hydrolysis
ds:=25% mole fraction of amine groups bearing Tempo (or any other substituent)
pH:=1.5 PH during Layer-by-Layer self-assemble
mole

Ii=0.1 lonic strength during Layer-by-Layer self-assemble

o (PH 1) =0.4632 degree of amine ionization - see appendix for details
Pvam b .

MW,,;:=71.08 Da Molecular weight of NVF moiety, w

MW, =43.0682 Dg  Molecular weight of vinyl amine repeat unit, x

vam

MW 50 =T79.5291 Da Molecular weight of vinyl amine HCI salt, y

Molecular weight of the
=156.25+Da substituent including the

two backbone carbons. In
MW = MW, + MW, 4+ AMp+ =2+ AMy+ AM,=225.3074 Da this case it is for TEMPO,

temypa
z

MW,

fempin

Equivalent weight of based on TEMPO

We MW, X MW,y 43 s MW, 2o MW,

van pvamiic

EW,

pvami =

z
EW {dh ds.] H} _ (1 _dh) - MWt (cﬁf—dj" dh) * (1 — Cpvam {ﬂ”.”) ! K'rmr+aplwl.' {p”s "} * [dh—dé"dh] " ,m'um!.'c."f'ds'dh MW,
prvami A5 1P '_ dsedh
mole
X 25,001 ——, 7| =504 | [
EW | 0.750,0.25,0.1 L . T1=504.6931 Da v —1.9814 ﬂ;_ﬂ ﬂppm(}’”s!):{)-4632
EW,py0.75,0.25,0.1 707 8

Equivalent weight of based on total amine

(1—dh) + MW, i+ (dh—ds+dh) (1 =, (PH 1)) - MW, +a

[ pvanm [

(dth — dls » lh)

pH 1)+ (dh—ds+dh) + MW, .+ ds +dl- MW,

stifs

EW,,..(dh,ds,I,pH):=

pvam

For PVAmM-T25L , DS=25%

Ew. [0.75,025,0.1 %,?.s —166.6521 Da

pvam
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PVAm ionization versus pH

=09 Degree of ionization of PVAm, a variable
_mole
= lonic strength of 1:1 electrolyte
Iy
35 The intrinsic equilibrium constant as a function
mol
I of ionic strength. We derived this empirically
PK o (I,) =84+—————— by fitting Katchalsky's experimental data - only
I valid for 1:1 salt from 0 to 1 M
0.842s——
L
A =47 Nearest neighbor interaction energy which is not sensitive to
ionic strength
R 1]
Ay (20,1} =240 +(A Pa(2ea =1} 4ded o (1—a ) Fraction of
x (o) = e @a-l) L ) e {1 =) doublets
2+ (4—1)
0 (] —2eatx (“A-))u H as function of
pHpr:mr ((I}‘. ‘Jk) EpKlf:m.ln {'{R') +log l—a * 2 P ¢
(e ()
G (PH ) Z Y00t (pH 0 (0, 1) — pH ) o as a function of pH

1]
aﬂwmr(?l-s ' 0.001 ?] =042T6
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1. Calculating adsorbed TEMPO content based on ellipsometry

the thickness of the multilayer films was measured with ellipsometry

| bilaver 0.4
2 hilayers nis=| 12 hi is the thickness of i PVAM-T4
3 bilavers 12 layers with i=1,2,3, and 4.
4 bilayers 29
o — 1080 kg oepnr 15 the density of PVAM-T, and is
PrAmT™= 550 o assumed the same density of PVAmM

D is the diameter of Au substrate for

D=10-mm multilayer films' buildup
1 s o
A= gD = {7_354 . If}"') m- Ais the surface area of the Au chip which
4 is covered by the multilayer films
_ 0.432
Cone hisA«ppimr | 1296 | mg Ci is the coverage of adsorbed (PSS/PVAM-T4)
L A 12268 m? multilayer films with i bilayers, i=1, 2, 3, and 4
3132
! .
n, =1.907 -2 TEMPO mole content in 1 g of PVAm-T4
glﬂ'

As a result, TEMPO content of the multilayers are:

1 hilayer

2 bilayers s | umol Iel is the TEMPO

3 bilavers I'y=Cen,= 4‘ 5 *"—, content of i bilayers films
4 bilayers 3251w with i=1,2,3, and 4.

|5.9727
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2. Calculating redox-active TEMPO based on cyclic voltammetry

number of electron tranferred in the

=1

redox center TEMPO half reaction

d::%-n’-ﬂz =(7.854-107°) m*

1 bilayer 1.54
2 hilavers 348 —a
- = 1077 C
3 bilayers ¢ 8.1
4 bilayers 15.12
0.2032
o= Q@ _|04592| pmol
“ HeFed 1.0689 mnz
1.9953
i==0..3
. 0.2467
! (0.1858
= < 100% =
Y r, ‘ =1 0.2471
‘ 0.3341
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F=1(9.6485-10") <
mol

Q is the charge measured by
Cyclic voltammetry

I'cvis the coverage of redox-active
TEMPO on surface.

fis the fraction of redox-active
TEMPOQO in (PVAM-T25L/PSS)n
multilayer films.

n=1,2,3, and 4,



