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Abstract

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

This thesis describes new insights into the role of polymer grafted TEMPO as mediator
for cellulose oxidation. The redox-activity of grafted TEMPO was analyzed by
electrochemical techniques and the resulting aldehyde densities on cellulose surfaces,
produced by polymer grafted TEMPO, were determined with a fluorescence-labeling
method.

The properties of polymer grafted TEMPO solutions are essential to understanding the
role of grafted TEMPO as the oxidation mediator. TEMPO substitution compacted both
the conformation of poly(acrylic acid) and polyvinylamine due to the lower
hydrophilicity of the TEMPO substituents. Poly(acrylic acid-g-TEMPOQO) (PAA-T)
solutions phase separated over the pH range 2-4, whereas at lower and higher pH the
polymer was water-soluble. The phase separation at low pH was proposed to be the
combined result of the hydrophobic contributions of the TEMPO moieties and
electrostatic interactions between the acid-induced cationic TEMPO species and the
anionic ionized carboxyl groups. Polyvinylamine-g-TEMPO (PVAmM-T) was water-
soluble over a larger pH range (pH 1-9) due to the ionization of the amine groups. Both
the PAA-T and PVAmM-T were slightly surface active.

Multilayer films composed of PVAmM-T and poly(styrene sulfonate) were stable and
redox-active. Charge transport in the redox multilayer films was realized through
TEMPO-to-TEMPO electron hopping between neighboring TEMPO moieties. Only 20-
30% of TEMPO moieties were redox-active, reflecting the requirement that TEMPO
moieties must be closer than ~ 0.6 nm for electron hopping to occur. The redox
multilayer films displayed significant interpenetration of layers. The ability of PVAM-T
to spontaneously adsorb onto negatively charged surfaces in aqueous solutions provides
an easy route to TEMPO-rich surfaces for other applications.
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Specific attention was focused on the role of PVAmM-T as mediator for cellulose oxidation
in the presence of laccase. Positively charged PVAmM-T formed colloidal complexes with
negatively charged laccase. The behaviors of PVAm-T/laccase mixtures displayed the
classic features of polyelectrolyte complexes formed between oppositely charged
polyelectrolytes. For the first time, electrochemical quartz crystal microbalance with
dissipation (EQCM-D) measurements were used to characterize the redox properties of
the adsorbed PVAmM-T/laccase complexes. The role of PVAmM-T as mediator for cellulose
oxidation depended upon TEMPO-to-TEMPO electron transfer within PVAm-T/laccase
colloidal complexes. The aldehyde density on oxidized cellulose surfaces scaled with the
square root of surface molar density of redox-active TEMPOs which, in turn, was a linear
function of TEMPO degree of substitution in PVAmM-T. As a result, the aldehyde density
on cellulose surfaces, generated by PVAm-T/laccase oxidation, can be controlled by
varying the TEMPO degree of substitution in PVAmM-T.
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Chapter 1 Introduction

Can you imagine what will happen if towel paper and tissue break immediately after
contacting water? Paper is a bonded network of cellulose fibers. When exposed to water,
cellulose fibers absorb water and swell quickly due to the inherent hydrophilicity of
cellulose fibers®. The fiber-fiber joints that hold the paper together are weakened, due to
the loss of hydrogen bonding and other interactions, such as polymer interdiffusion?. As a
result, paper loses most of its strength and breaks. To help maintain some of the strength
in the wet state, polymeric wet strength additives are usually added®. The basic function
of most wet strength additives is that they form a cross-linked network with themselves,
the cellulose fibers or a combination thereof*>,

Today, the wet strength additives used in the paper industry can be classified into two
main categories: formaldehyde based resins and polyamidoamine-epichlorohydrin resins®
6. Both the two categories have some issues. For example, formaldehyde based resins
release formaldehyde, which is allergenic, and might lead to the development of contact
dermatitis®’. Polyamidoamine-epichlorohydrin resins contain low molecular weight
organic chlorine by-products, which are suspected to have some mutagenic activity?®.
Therefore, more environmental friendly wet strength additives are required.

It has previously been shown that the cationic, water soluble polymer polyvinylamine
(PVAm) is a good adhesive to wet cellulose when the cellulose is slightly oxidized to
give aldehyde groups® °. The primary amines of PVAm form imines and aminal covalent
bonds with the aldehyde groups on oxidized cellulose under mild conditions. Initially,
small molecular 2, 2, 6, 6-tetramethyl-1-piperidinoxy (TEMPO) was employed for
cellulose oxidation in the presence of sodium bromideand sodium hypochlorite® 1011,
However, the application of TEMPO/NaClO/NaBr oxidation in the papermaking industry
is limited by the requirement of a reaction pH of 10-11 and by the cost and environmental
challenge of recovering and treating the waste.'® Ren'?, a previous group member, grafted
TEMPO onto PVAm, forming PVAm-g-TEMPO (PVAmM-T). This way, TEMPO could
be concentrated at cellulose surfaces as a result of electrostatic interaction between
cationic PVAmM-T and anionic cellulose surfaces. The increased surface concentration of
TEMPO greatly lowered the total TEMPO requirement since the reaction with free
TEMPO is dependent on the diffusion of TEMPO to the cellulose surface. Liu et al.*3
explored cellulose oxidation by PVAmM-T in the presence of the enzyme laccase. The
oxidation pH for this reaction is 5, which is more compatible to modern papermaking
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technologies. Shi et al.® grafted TEMPO onto anionic poly(acrylic acid), forming PAA-
T. A layer of PVAmM was first pre-adsorbed to the cellulose, and then the surface was
oxidized by PAA-T in the presence of laccase. The results demonstrated that cellulose
was oxidized, and that strong wet adhesion of cellulose 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 cellulose oxidation in the presence of laccase. In the following
sections, background information about polyvinylamine, TEMPO-mediated 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 instability of vinylamine*. Several routes have
been developed to synthesize PVAM?®® and the two most widely used are the hydrolysis of
poly(N-vinylformamide) and the Hofmann rearrangement of polyacrylamide (see Figure
1- 1). Preparing homo-polyvinylamine is difficult and there are usually some formamide
or amide groups left.
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Figure 1- 1.  Synthesis of PVAm from poly(N-vinylformamide) and from
polyacrylamide (Figure adapted from Ref!#)

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

PVAmMm is partially ionized from pH < 2 to pH >12 due to the interaction between
neighboring amine groups®®!’, also known as the polyelectrolyte effect. PVAm is highly
charged at low pH, and the charge density decreases with increasing pH. PVAmM is very
hydrophilic, and it is not surface active without hydrophobic modification. Chen et al.*®
modified PVAm with hydrophobic benzyls and alkyls of different chain length, and the
surface tension values of the hydrophobically modified PVAm fell on a master curve
when plotting the surface tension values as a function of hydrophobicity. The
hydrophobic association increased with increasing degree of hydrophobic substitution
and alkyl chain length.

As a highly charged polycation, PVAm forms polyelectrolyte complexes with negatively
charged polyelectrolytes, both natural and synthetic. Turro and coworkers?® investigated
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the polyelectrolyte complexes formed between PVAmM and pyrene-substituted
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
electrostatic interaction was the main force within the complexes. Polyelectrolyte
complexes formed between PVAm and other oppositely charged polyelectrolytes, such as
carboxymethyl cellulose?®?!, DNA?2, and protein? have also been reported. Most of
these complexes show a behavior similar to other common polyelectrolyte complexes.

PVAm adsorbs on negatively charged surfaces such as silica?®, glass and cellulose?®
through electrostatic interaction. The adsorption is an irreversible and kinetically
controlled process?’. The adsorbed amount is influenced by PVAmM 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 or electrostatic interaction. Various structures have been grafted
onto PVAm alone or in combination with each other, such as fluorochemical chains®,
hydrophobes?®, PEG®, dextran®!, galactose®?, p-nitrophenyl®3, nucleic acids®*,
antibodies®, phenylboronic acids®, and peptide®’. Some examples are shown in Figure 1-
2.
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Figure 1-2  PVAm and its derivatives (adapted from Ref 14)

At present the main commercial application of PVAm is in the papermaking industry.
PVAm is mainly used as a flocculant and as a paper strength additive which improves
cellulose fiber-fiber adhesion®. Tanaka’s group® reported that both dry and wet tensile
strength of paper increased with the addition of PVAm. Isogai and coworkers® 4°
compared PVAmM and other cationic polymers as paper wet strength additives and found
that the wet strength was remarkably enhanced when cellulose fibers were oxidized by
2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO). Zhang et al.** prepared a polymeric
UV-absorber for cotton through grafting benzotriazole type UV absorber onto cationic
polyvinylamine. Pelton’s group has a series of publications describing PVAm and its
derivatives as paper wet strength additives. DiFlavio et al.®> #? systematically investigated
PVAmM as a wet strength additive for paper and confirmed the covalent bond formation
between amines of PVAm and aldehydes of the oxidized cellulose. Li et al.'! and Kurosu
et al.>” compared the wet strength performance of PVAm with proteins and polypeptide
containing amine groups and found that the higher the amine content the stronger the wet
strength. Feng et al.*>** applied polyelectrolyte complexes of carboxymethyl cellulose

5
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(CMC) and PVAmM as cellulose wet adhesives. Chen et al.*>*® grafted phenylboronic acid
to PVAm, which resulted in strong adhesion to never-dried cellulose surfaces. Miao et
al.*"%8 synthesized PVAm microgels, and compared the wet strength enhancement of
PVAM microgels with linear PVAmM. Wen et al.***° designed microgels with PVAm
physically absorbed on the surfaces, and found that only a monolayer of PVAm was
enough to provide strong cellulose wet adhesion.

Wagberg’s group has reported that antibacterial cellulose fibers can be obtained by
modifying them with PVAm and its derivatives. Westman et al.?° assessed the
antibacterial properties of PVAm and alkyl modified PVAm against gram-negative E.
coli and gram-positive bacillus subtilis. The antibacterial activity of PVAm depends on
PVAmM concentration and the type of bacteria. PVAm modified with a six carbon long
alkyl chain was potent against E. coli while PVAm with an eight carbon long chain was
more active against B. subtilis. lllergard et al.>*? continued this work and evaluated the
antibacterial properties of fibers modified by polyelectrolyte multilayers. The number of
bacteria was reduced by 99.9% even in the presence of nutrients. Griffiths’ group®
designed an antibacterial cellulose film by attaching the head of a bacteriophage onto pre-
adsorbed polyvinylamine through electrostatic interaction. The net positively charged
tails of the bacteriophage were left free to capture and lyse bacteria.

1.1.2 Cellulose Oxidation with small molecular TEMPO

2, 2, 6, 6-tetramethyl-1-piperidinoxy (TEMPO) is a typical free nitroxyl radical which has
an unpaired electron between the nitrogen and oxygen atom. TEMPO is very stable at
room temperature and as a result, the storage and transportation of TEMPO are less
limited by moisture, temperature, or atmosphere than other radicals®*°¢. TEMPO is a
typical redox species which can be both oxidized and reduced by chemical and
electrochemical reactions. The oxidized form is called oxoammonium cation (TEMPO+)
and the reduced form is called hydroxylamine (TEMPOH). TEMPO, TEMPO+ and
TEMPOH transform into each other®’ (see Figure 1- 3).

More interestingly, TEMPO takes part in disproportionation reactions at acidic conditions
(pH <3), producing the TEMPO oxoammonium cation and hydroxylamine® *8 (see
Figure 1- 4). The acid-catalyzed disproportionation reaction is reversible, and when pH >
3 the equilibrium 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
conditions®®. They are 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 1- 3. TEMPO, TEMPO+ and TEMPOH (Figure reproduced from Ref®")
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Figure 1- 4.  Acid-catalyzed disproportionation of TEMPO (Figure reproduced from
Ref°®)

The use TEMPO in the oxidation of small alcohols has a long history®°. In 1994 De Nooy
et al.®* for the first time reported the use of TEMPO for the oxidation of primary alcohols
of some water-soluble polysaccharides. Over the past 20 years TEMPO has been
extensively investigated for the oxidation of various polysaccharides, both water-
soluble®?% and water-insoluble®*. Among these investigations, TEMPO-mediated
oxidation of cellulose has received most attention. Today, the research around TEMPO-
mediated oxidation of cellulose mainly focuses on two areas: activation of cellulose
surfaces through introduction of aldehyde and carboxyl groups® and the preparation of
nanocellulose®®. In this thesis, attention is focused on the activation of cellulose surfaces.

The most outstanding characteristic of TEMPO-mediated oxidation is its high selectivity
towards primary alcohols in the presence of secondary alcohols®?. TEMPO itself cannot
oxidize alcohol groups; it first needs to be converted to its corresponding oxoammonium
cation using a primary oxidant. TEMPO-mediated oxidation systems for cellulose
oxidation are briefly introduced in the following section, and the benefits and drawbacks
of each system are summarized.

Figure 1- 5 shows a schematic of cellulose oxidation by the TEMPO/NaClO/NaBr
system. TEMPO+ is continuously regenerated in situ by NaClIO/NaBr. TEMPO+ contacts
a primary alcohol of cellulose, and form an adduct. The formed adduct decomposes to an
aldehyde group and a TEMPOH. The TEMPOH molecule is re-oxidized to TEMPO,
forming a cycle. The aldehyde groups can be further oxidized to carboxyl groups by a
similar cycle. The TEMPO/NaCIO/NaBr system is most efficient at pH 10-11. 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 limiting®”-®8. Isogai’s group has extensively
investigated the oxidation of cellulose and other polysaccharides using the
TEMPO/NaClO/NaBr system®345%-"1 The ratio of aldehyde and carboxyl groups in the
oxidized products is influenced by many factors including pH, NaClO concentration,
NaBr concentration, oxidation time, and the nature of the substrates®® 7273, The carboxyl
content in TEMPO-oxidized cellulose fibers is usually in the range of 0.1-1 mmol/g and
the aldehyde content in the range of 0.05-0.3 mmol/g®. Oxidation usually takes less than
two hours, and slight depolymerisation of cellulose fibers occurs.

P 2 CH,OH

O
TEMPO o)
1/2 Na(:l()l
OH
Na(,l()\\ NaBr 7(va ,‘
N Il CHO
\\ ()
\
(e
!
I/
v OH
NaClk NaBrO | NaBrO
| NaClO
OH COOH COONa
NaOH
at pH 10
O .[_) 9)
OH OH

Figure 1- 5.  Schematic of cellulose oxidation by the TEMPO/NaClO/NaBr (Figure
reproduced from Ref’4)

In 1999 Zhao et al.” reported the use of TEMPO/NaCIlO/NaClO; for oxidation of
primary alcohols of small organic substrates and Isogai et al.”®"" later adapted this
method for the oxidation of polysaccharides. The oxidation procedure is similar to
TEMPO/NaClO/NaBr (see Figure 1- 6). However, compared to the conventional
TEMPO/NaClO/NaBr system, the TEMPO/NaCIO/NaClO> system reacts at acidic and
neutral conditions (pH 3-7). More importantly, all aldehyde groups produced in the
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intermediate stage are further oxidized to carboxyl groups, thus no aldehyde groups
remain in the final products. The carboxyl content after this reaction is usually in the
range of 0.3-1 mmol/g for bleached wood pulp’®. The oxidation usually takes 1-3 days,
and the oxidized cellulose maintains higher degree of polymerization than when oxidized
by the conventional TEMPO/NaClO/NaBr system.

R R=H, -NHCOCH,

!
?
M
l 112 NaCIO
R

S

0 CH;0H

NaCl N-oxoammonium ion

HO O—
R OH
76»«}
OH CHO o
H lami
NaCIO ydroxylamine HO O
OH
COOH
0,
NaCIO; HO O~

OH

Figure 1- 6.  Schematic of cellulose oxidation by TEMPO/NaClO/NaClO. (Figure
reproduced from Ref’’)

Some oxidizing enzymes, for example laccase, can take the place of sodium hypochlorite
as the oxidant®? in TEMPO-mediated oxidation. Laccase is a multi-copper oxidase
present in many plants, fungi, and microorganisms. It has various potential applications in
the pulp and paper industry including delignification, pitch removal, pulp biografting and
deinking of old newsprint®. During laccase oxidation of polysaccharides (see Figure 1-

10
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7), TEMPO diffuses into the laccase enzyme pocket, where TEMPO+ is continuously
regenerated in situ by the enzyme. The oxoammonium cation then diffuses out of the
enzyme and contact a primary hydroxyl groups of cellulose, resulting in an aldehyde
group and a TEMPOH. The TEMPOH is converted to TEMPO through oxidation or
reaction with a TEMPO+. As in the case with TEMPO/NaCIO/NaBr, the aldehyde group
can be further oxidized to a carboxyl group by a similar procedure. Oxygen is consumed
and the only side product is water. The oxidation is usually performed at pH 4-6 and both
aldehyde and carboxyl groups are obtained in the oxidized products. The ratio of
aldehyde to carboxyl groups in the oxidized product depends on the source of laccase and
the substrate. Mathew et al.?° oxidized granular potato starch using the
TEMPO/laccase/O, system and showed that the primary alcohols are more easily
converted to aldehyde groups than further converted to carboxyl groups. Aracri et al 882
systematically investigated the oxidation of sisal cellulose fibers by laccase in the
presence of three different mediators: sinapyl aldehyde, ferulic acid, and TEMPO. The
results demonstrated that TEMPO was the most effective mediator. The aldehyde content
was 0.1-0.2 mmol/g and the carboxyl content was 0.2-0.3 mmol/g of sisal cellulose
fibers, both of which increased by 100%-200% compared to the untreated sisal cellulose
fibers. The increased aldehyde and carboxyl group content contributed to the dry and wet
strength of handsheet prepared from the oxidized sisal cellulose fibers®®. However, some
degradation of the cellulose fibers was also observed®®. The main drawbacks of the
laccase oxidation system are slow reaction rate, and low conversion rate. Laccase
oxidation usually takes 18-48 h84,

11
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Figure 1- 7 Schematic of cellulose oxidation by TEMPO/laccase/O2 system (Figure
adapted from Ref®?)

Recently, Isogai’s group®® developed an electro-mediated TEMPO oxidation system
(see Figure 1- 8). In this reaction TEMPO or one of its derivatives, such as 4-acetamido-
TEMPO, is continuously oxidized to the corresponding oxoammonium cation at the
electrode surface under a suitable potential. The oxoammonium cation can then oxidize
the primary alcohols of cellulose. TEMPOH is formed which is re-oxidized to TEMPO at
the electrode. The electro-mediated TEMPO oxidation is usually performed at neutral or
alkaline pH. The aldehyde content in the oxidized regenerated cellulose fibers was 0.2-
0.6 mmol/g and the carboxyl content was 0.3-1.1 mmol/g of regenerated cellulose
fibers®. Electro-mediated TEMPO oxidation is more environmental friendly since less
chemicals are used and the oxidation process can be controlled by the reaction potential.
However, the reaction is very slow and usually takes 1-2 days.
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Mafion®

Figure 1- 8  Schematic of cellulose oxidation by electro-mediated TEMPO oxidation
system (Figure reproduced from Ref®®)

Table 1-1 summarizes the comparison of cellulose oxidation by different TEMPO-
mediated oxidation systems. TEMPO-mediated oxidation has many benefits, such as high
selectivity towards primary alcohols, high reaction yield, catalytic usage of TEMPO, and
only slightly degradation of polysaccharides®?. However, the practical utility of TEMPO
in the papermaking industry is challenged by two difficulties. First, 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, the requirement of pH 10-11 for TEMPO/NaCIO/NaBr is not compatible with
current papermaking technologies.
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Table 1-1. Comparison of different TEMPO-mediated oxidation systems for cellulose

oxidation
TEMPO- Primary pH Oxidation time Example of oxidation
mediated oxidant substrate, carboxyl and
oxidation system aldehyde contents in products
TEMPO NaClO  10-11 <2h regenerated cellulose fibers®®:
NaBr carboxyl: 0.1-1 mmol/g
NaClO aldehyde: 0.05-0.3 mmol/g
TEMPO NaClIO  3-7 1-3days bleached wood pulp®
NaClO, carboxyl: 0.3-1 mmol/g
NaClO aldehyde content: 0
TEMPO 0 4-6 18 hr-2 days sisal cellulose fibers®:
laccase carboxyl: 0.2-0.3 mmol/g
02 aldehyde: 0.1-0.2 mmol/g
TEMPO electron  6-10  1-2 days regenerated cellulose fibers®®
electrode carboxyl: 0.2-1.1 mmol/g

aldehyde: 0.1-0.6 mmol/g

1.1.3 Cellulose Oxidation with immobilized TEMPO

TEMPO recovery and reuse is a way to reduce cost. For that purpose, TEMPO has been
immobilized onto polymers®’, silica gels®, and other carriers®®*°. Compared to
homogenous oxidation systems, immobilized TEMPO oxidation offers several benefits
including convenient product isolation and purification, reusing of bound TEMPO, and
lower toxicity of TEMPQO®2. However, the immobilized TEMPO seems more appropriate
in the oxidation of small molecular organic substrates than large polymeric substrates.
There are few reports of cellulose oxidation using immobilized TEMPO. Araki and lida®
reported the recovery and recycling of monomethoxy poly(ethylene glycol) grafted
TEMPO after oxidation of cellulose nanowhiskers. 80% of the monomethoxy
poly(ethylene glycol) grafted TEMPO could be recovered after every cycle but the
oxidation efficiency decreased with the number of reusing cycles of the immobilized
TEMPO. However, it is still a challenge 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 solutions, the strategy of our group is
to reduce the total TEMPO requirement. As mentioned in the above section, TEMPO
needs to contact a primary alcohol on cellulose in order to initiate oxidation. In the case
of small molecular TEMPO, TEMPO molecules in the bulk have to diffuse to the surface
of the substrate to contact and oxidize a primary alcohol. Our strategy has been to graft
TEMPO onto a PVAm, forming PVAmM-T. The cationic PVAM-T spontaneously adsorbs
onto negatively charged surfaces of cellulose through electrostatic interaction. As a result,
the TEMPO concentration at the cellulose surfaces is much higher than in the bulk
solution, and therefore the total TEMPO requirement is reduced. Ren and Liu*?3
oxidized regenerated cellulose membranes with PVAm-T at pH 10.5 in the presence of
NaClO/NaBr. A TEMPO substitution of 0.9 mol% was enough to efficiently oxidize
regenerated cellulose membranes and give strong wet cellulose adhesion®3.

In order to lower the reaction pH, Liu et al.™® replaced NaClO and NaBr with the enzyme
laccase and O, and used PVAM-T to oxidize regenerated cellulose membranes at pH is 5.
For the PVAm-T/laccase/O2 system about 10 mol% TEMPO substitution was required to
reach a similar level of wet adhesion as for NaCIO/NaBr. Shi et al.'° grafted TEMPO
onto anionic poly(acrylic acid), forming PAA-T. Also for this TEMPO-grafted polymer it
was found that around 10 mol% TEMPO substitution was required to achieve strong wet
adhesion in combination with PVAm. The discrepancy between the level of grafting
required for efficient oxidation using NaCIO/NaBr and laccase/O: is yet to be explained.

The topic 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, and to help to
control cellulose oxidation. Thorough characterization of the properties of polymer
grafted TEMPO is essential to understand their role as oxidation mediator.

1.1.4 Polymers bearing TEMPO groups

In addition to serving as oxidation mediator, TEMPO is also widely used in polymer
science as free radical catcher® in controlled radical polymerization and as spin-
label/probe®®%4 in measurements of polymer chain mobility. The application of polymers
bearing TEMPO groups in organic electronic devices® has also recently received great
attention. TEMPO-grafting to a variety of polymer backbones have been reported
including poly(meth)acrylate®®, polystyrene®’, DNA 8, cellulose derivatives %, and
polyacrylamide!®.

TEMPO has also been grafted to polymers to design redox responsive materials.
Bergbreiter and coworkers'®® grafted TEMPO onto poly(N-isopropylacrylamide)
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(PNIPAM), and found that the lower critical solution temperature (LCST) of the new
polymer could be tuned between 18° and 35-40 °C by oxidation (NaCIO/H20) and
reduction (ascorbic acid). The authors claimed that tuning of the LCST close to human
body temperature makes it interesting for in vivo drug delivery. Schattling et al.1%
designed thermo-, light- and redox triple responsive polymers by introducing TEMPO
and azobenzene moieties to PNIPAM. The LCST of the new polymers could be
controlled independently by temperature, light, and redox chemicals. Bertrand et al.1%
designed a new homopolymer, poly(TEMPO methacrylate), which exhibits upper critical
solution temperature (UCST) behavior in alcohol-water mixtures. The UCST could be
tuned by either chemical or electrical stimuli. Yoshida et al.1%+1% designed a diblock
copolymer, poly(4-vinylbenzyloxy-TEMPO)-block-polystyrene, which showed
oxidation-induced micellization properties in carbon tetrachloride due to the acid-
catalyzed disproportionation of TEMPO maoieties.

Polymer bearing TEMPO groups is a typical redox polymer. Redox polymer refers to a
polymer containing redox species which can be reversibly oxidized and reduced. Cyclic
voltammetry is the most frequently used technique to study the redox properties of redox
polymers®®. In this technique, a working electrode potential is linearly scanned between
an initial value, E1, and a predetermined limit value, Ez, where the direction of the scan is
reversed (Figure 1- 9). The cyclic voltammogram can be obtained when plotting the
current at the working electrode as a function of the applied potential.
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Figure 1-9  Cyclic voltammetry potential waveform
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Unlike free redox species in solution, cyclic voltammograms of redox polymer films
deposited on an electrode may display two completely different behaviors. Figure 1- 10
shows cyclic voltammogramms of redox polymer films in two ideal cases. In the first
ideal case, two symmetrical peaks can be seen. The peak potential separation (i.e. Epc -
Epa, Where Ep is the cathodic peak potential, and Epa is the anodic peak potential) is 0
mV142 and the half-peak width (FWHM) is 90.6/n mV, where n is the number of electron
difference between the oxidized and reduced states of redox species. The cathodic peak
current (ipc) equals the anodic peak current (ipa). This behavior is called thin layer
behavior'® which is also the characteristic of “surface-confined behavior”. In the second
ideal case, the peak potential separation (Epc - Epa) in the cyclic voltammogram is 59/n
mV and the cathodic peak current (ipc) equals the anodic peak current (ipa). This behavior
is called “semi-infinite diffusion behavior’’'%, which is well-known from studies of free
redox species in solution. In most situations, redox polymer 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 1- 10 Cyclic voltammograms of redox polymer films deposited on electrode
surface. Left, thin layer (surface-confined) behavior. Right, semi-infinite
diffusion behavior. (Figure adapted from Ref'%")

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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transport within redox polymer films 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 of both!%, For
example, when free redox species are physically entrapped in oppositely charged
polyelectrolyte films, both processes occur. However, when redox species are covalently
bound to polymer chains, the physical displacement of redox species contribute little to
the charge transport, and the electron 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 coefficient D°.

If the potential scan rate is very slow and the redox polymer film is sufficiently thin and
has a large charge transport diffusion coefficient, the active redox species in the redox
polymer films are rapidly electrolyzed when the applied external potential is changed.
This results in a thin layer behavior of the cyclic voltammogram. The peak potential
separation is 0 V under ideal conditions and the behavior can be expressed by the
following equation®?’:

i = n?F2r
P 4RT

(1-1)

where ip is the peak current, F is the Faraday constant, R is the gas constant, n is the
number of charge difference between the oxidized and reduced states of a redox species,
I' is the coverage of the redox-active species, T is the temperature, and v is the scan rate.
I' can be determined by

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

If the potential scan rate is fast and the redox polymer film is very thick, with a small
charge transport diffusion coefficient, the response of redox species at the film’s outer
boundary is much slower than near the electrode surface. In this case a semi-infinite
charge diffusion prevails and the Randles-Sevcik equation is applicable!?, as in the case
of the semi-infinite diffusion of redox species in solutions.

nFvD

1
ip = 0.4463nFAC(“2)? (1-3)

Where A is the surface area of the working electrode, C is the concentration of redox
species.
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In most situations an intermediate behavior can be observed. The type of the behavior can
be predicted by the relationship between ip and v. i & v means the redox process in redox
films exhibits mainly thin layer (surface-confined) behavior, whereas i, ocv/v means that
the redox process exhibits a mainly semi-infinite diffusion behavior.

1.1.5 Cellulose wet strength measurements

To investigate the adhesion of PVAm and other polymers to wet cellulose, Pelton’s group
have developed a 90° peel test® where regenerated cellulose dialysis membranes are used
as model cellulose. The sample preparation and the peel test are illustrated in Figure 1-
11. Cellulose laminates are prepared by adding a known amount of polymer between two
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 fiber-fiber adhesion**?,

The wet peel test has several advantages compared to traditional paper testing methods?!t,
including rapid and reproducible measurements and the ability to accurately control the
amount of polymer in the contact zone. The 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 characterized 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 adhesion.
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Figure 1- 11 Schematic of sample preparation and cellulose wet adhesion peel test
(Figure adapted from Ref!!)

1.2 Objectives

As mentioned in the cellulose oxidation section, our previous results demonstrate that
polymer grafted TEMPO can oxidize cellulose well in the presence of laccase and
facilitate forming strong wet adhesion between cellulose membranes with the help of
PVAmM. The present view of the TEMPO/laccase/O> oxidation mechanism is that the
reaction is mediated by small molecular TEMPO that is diffusing between the active
enzyme site on the laccase, where it is oxidized to TEMPO+, and a primary alcohol on
the cellulose surface, where it is forms an adduct that decomposes to TEMPOH and an
aldehyde group. However, by grafting TEMPO to a polymer backbone the TEMPO
mobility is greatly reduced and a diffusion based model is no longer plausible.

The overall objective of this work is to establish an alternative mechanism that can
describe the polymer grafted TEMPO mediated oxidation in the presence of laccase, and
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to control cellulose oxidation with the polymer grafted TEMPO. The specific objectives
are listed below:

1. Characterize the properties of poly(acrylic acid-g-TEMPO) and polyvinylamine-
g-TEMPO(PVAM-T). Properties of poly(acrylic acid-g-TEMPQO) and
polyvinylamine-g-TEMPO are important for their functions as oxidation
mediator. The results can provide information of grafted TEMPO, on the
interaction between TEMPO and TEMPO moieties, and the interaction between
TEMPO pendant groups and the polymer backbones.

2. Investigate the electron transport between TEMPO moieties of polymers. The
result would help the understanding of the electron transport between laccase and
cellulose.

3. Investigate the interaction of polyvinylamine-g-TEMPO and laccase, the redox
properties of polyvinylamine-g-TEMPO/laccase complexesas well as the process
of polyvinylamine-g-TEMPO adsorbing onto and oxidizing cellulose. The 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 introduced by PVAm-T/laccase
complexes, and identify relationships between PVAmM-T and cellulose oxidation,
redox properties of PVAm-T/laccase complexes and cellulose oxidation. The
result would help to realize controlling cellulose oxidation with polymer grafted
TEMPO.

1.3 Thesis outline

Chapter 1: Introduction. This chapter presents the thorough background of this project,
including the literature review of polyvinylamine, cellulose oxidation and polymers
bearing TEMPO groups.Research objectives and thesis outline are also listed in this
chapter.

Chapter 2: This chapter investigates the phase behavior of aqueous poly(acrylic acid-g-
TEMPO) (PAA-T). PAA-T was characterized by FTIR and conductometric titration. The
phase behavior, intrinsic viscosity, ionization, and surface activity of PAA-T aqueous
solutions were investigated. This chapter has been published in Macromolecules!?,
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Chapter 3: This chapter investigates redox properties of polyvinylamine-g-TEMPO
(PVAM-T) in multilayer films with sodium poly(styrene sulfonate) (PSS). The solution
properties of PVAmM-T were studied. The redox properties of PVAmM-T/PSS multilayer
films and their stability upon external electro stimuli were studied. The electron transport
between TEMPO moieties within the redox films was also investigated. This chapter is
submitted to ACS Applied Materials & Interfaces.

Chapter 4: This chapter investigates PVAm-T/laccase complexes adsorbing onto,
oxidizing, and promoting wet adhesion of cellulose. The PVAm-T/laccase complexes
phase behavior, stability, adsorption properties, and redox properties were studied. The
electron transport between TEMPO moieties within PVAm-T/laccase complexes
adsorbed on an electrode was studied. The aldehyde density on oxidized cellulose
surfaces was measured and the relationship between redox-active TEMPO and aldehyde
density produced by P\VAm-T/laccase complexes adsorbed on cellulose was built. This
chapter is under preparation for publication.

Chapter 5: This chapter summarizes the major contributions of this study.
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Chapter 2 Phase Behavior of Aqueous Poly(acrylic acid-g-
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 published in Macromolecules, 2016,
49 (13), pp 4935-4939. 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

4936

37

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
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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
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=
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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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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.
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Fy T
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T b
2 1000
E
3 FrE—— 1 4
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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
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1-troood
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ns = PCOOH + 100%
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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

tpAA-T40 i 22697 =1.508

Mret == ~ AT el 18 the relative viscosity
: In (1.5 ; . R—
Nink = L (2'8') = nl(olq/oLs) = 0.04108 Mion is 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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Figure S3 Determination of intrinsic viscosity of PAA-T40

45



Ph.D. Thesis — Qiang Fu McMaster University — Chemical Engineering

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 Polyvinylamine-g-TEMPO in
Multilayer Films with Sodium Poly(styrene

sulfonate)

| conduced most of the experiments in chapter 3. Igor Zoudanov (undergraduate student)
helped me with polymer synthesis, surface tension and viscosity measurements. Dong
Yang (PhD student) helped me with EQCM-D measurement. Dr. Emil Gustafsson helped
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 data. The paper
was initially written by me, and edited later by Dr. Robert Pelton.
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Chapter 3 Redox properties of polyvinylamine-g-TEMPO in
multilayer films with sodium poly(styrene
sulfonate)

3.1 Introduction

Cellulose is an important platform in the push to more sustainable products and
processes. However, cellulose must be modified for most applications. TEMPO (2, 2, 6,
6,-tetramethyl-1-piperidinoxy ) mediated oxidation is one of the most widely used
approaches to functionalizing cellulose by virtue of the 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 (PVAmM) to cellulose
surfaces. PVAm grafted “primer” coatings on cellulose ! provides amine-rich surfaces
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 many advantages, 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 polyvinylamine-g-TEMPO (PVAmM-T) — see
structure in Figure 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 subsequently form imine and aminal bonds
after drying. 2 More recently, we have shown that ~500 nm colloidal complexes formed
between PVAmM-T and the redox enzyme laccase, also oxidize cellulose surfaces. 3 We
explained this by hypothesizing that TEMPO-to-TEMPO electron transfer 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 PVAmM-T polymers with
relatively low TEMPO contents were able support TEMPO-to-TEMPO electron
transport. By combining quartz crystal microbalance measurements with cyclic
voltammetry (EQCM-D) and with ellipsometric characterization of the dried layer-by-
layer (LbL) multilayer films, we were able to estimate the fraction of TEMPO moieties
that could be oxidized 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 molecules®.
Grafted TEMPO probes have also been widely used for electron spin resonance studies of
polymers. There appears to be a resurgence in polymer grafted TEMPO based on
potential applications in energy storage. °> Many of studies involve redox polymers
deposited on electrode surfaces using LbL assembly. In one of the earlier LbL redox
studies, Laurent and Schlenoff showed that the extent of interpenetration between
polymer layers in LbL constructs could be probed by placing non-redox active pairs of
blocking layers between the electrode and the redox polymer layers. 8 They reported that
4 pairs of blocking layers were required to prevent electron transfer to the redox
polymers; we report herein similar results.

Closest to our work was a publication by Anzai’s group ° that described LbL films based
on alternating layers of anionic poly(acrylic acid) with 46 mole percent of the carboxyls
bearing grafted TEMPO substitution and cationic poly(ethyleneimine). They reported that
their multilayer films decomposed when the TEMPOs were oxidized. By contrast, our
work involves lower 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 focused on PVAmM-T oxidation of and subsequent grafting to
cellulose of adhesion applications. However, the ability of PVAm-T to spontaneously
adsorb onto negatively charged surfaces in water, gives a simple route to TEMPO-rich
surfaces for other applications.

3.2 Experimental section

Materials. Two different polyvinylamine samples were obtained from BASF Canada Inc.
PVAmM 5095, Mw 45 kDa, hydrolysis degree 75% and PVAmM 9095, Mw 340 KDa,
hydrolysis degree 95%. We completely hydrolyzed the PVAm following Gu et al.’s
method.!° All experiments were performed with water from a Millipore system with a
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resistivity of 18.2 MQ ¢cm The PVAm was dialyzed against deionized water and freeze-
dried before use. 4-carboxy-TEMPO, sodium 3-mercapto-1-propanesulfonate (MPS),
sodium poly(styrene sulfonate) (PSS), Mw 70 kDa (density 0.801 g/mL), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), and N-hydroxysulfosuccinimide sodium salt
(sulfo-NHS) were purchased from Sigma-Aldrich and used as received..

Preparation of PVAmM-T. A series of PVAM-T were synthesized as previously reported
by our group®!. In a typical experiment, 55 mg 4-carboxy-TEMPO was dissolved in 100
mL deionized water and 157 mg EDC was reacted with the 4-carboxy-TEMPO. 170 mg
Sulfo-NHS was further added. The reaction was stirred for 20 min at pH 5.5 at room
temperature. PVAm solution (100 mg PVAm in 40 mL deionized water) was slowly
dropped into the above 4-carboxy-TEMPO solution and the solution pH was maintained
at 7.0 for four hours with 0.1 M HCI and 0.1 M NaOH solutions. The resulting solution
was dialyzed (MWCO 3 kDa) against deionized H»O for two weeks. Purified and dried
PVAmM-T samples were obtained through lyophilisation and stored in a desiccator. The
amine contents of PVAmM-T were determined by potentiometric and conductometric
titration method. The degree of TEMPO substitution was calculated from the change in
amine contents. Table 3-1 summarized the properties of PVAM-T copolymers.

Table 3-1  Properties of PVAmM-T copolymers — see structure in Figure 3- 1. DH is the
percentage of N-vinylformamide groups hydrolyzed to amine groups in the
parent PVAm. DS is the mole fraction of PVAmM amine groups bearing
pendant TEMPOs. EWr is the TEMPO equivalent weight at pH 7.5 and
EWN is the amine equivalent weight at pH 7.5

_ _ PVAm DH PVAM MW  TEMPO DS EWr EWnN
Designation (mole %) (kDa) (mole %) (Da) (Da)
PVAM-T4L 75 45 4 2260 94.0
PVAmM-T10L 75 45 10 1000 111
PVAmM-T13L 75 45 13 809 121
PVAmM-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 QCM-D cell (E401
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model from Q-Sense, Sweden). A QSX301 gold sensor served as the working electrode.
The counter electrode was platinum and a low leakage “Dri-Ref 2SH” Ag|AgCl (3 M
KCI) electrode (World Precision Instruments, USA) was the reference electrode. The
QSX301 gold sensor and the platinum electrode were cleaned with piranha solution at 75
°C for 5 minutes and then thoroughly rinsed with deionized water, and dried by N>. Note
piranha is dangerous and appropriate precautions must be taken when working with it.
Sulfonate groups were grafted to the gold surface by immersing the electrode into 3 mM
sodium 3-mercapto-1-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 alternating layers of cationic PVAmM-T and anionic
PSS were adsorbed on the gold sulfate electrode. For example, PVAmM-T25L solution
(0.1 g/L in 0.1 M NaCl with pH 7.5) was pumped through the EQCM-D cell at a rate of
0.100 mL/min for 15 minutes. The cell was then rinsed with 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 was followed by QCM-D and the
electrochemical properties of completed multilayers were measured by cyclic
voltammetry performed with a Palmsens potentiostat (PalmSens, Amsterdam,
Netherlands) in a conventional three-electrode configuration. For most experiments the
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 extract peak voltages
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 results — see
example 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 Nanofilm EP3W 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 average refractive index of
PVAM-T and PSS. The refractive index of PSS was 1.484'2. The refractive indices of
PVAmM-Ts were measured from thick films, which were prepared by spin coating 0.1 wt%
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aqueous solutions at 3000 rpm on piranha-cleaned silicon wafers. The thick (~100 nm)
PVAM-T polymer films were annealed at 50 °C for overnight before determining the
refractive index with the ellipsometer. The refractive index of PVAmM-T25L was 1.462 +
0.021, where the error estimate was based on three measurements.

In some cases, after each layer of polymer was deposited, the EQCM-D sensor surfaces
were air-dried and layer thickness was determined on the ellipsometer. For this analysis
we assumed that overall refractive index was the average of the PVAmM-T and PSS
(1.473). The coverage (dry mass/area) of PVAmM-T in each layer was estimated from the
incremental ellipsometric thickness and the density of PVAmM-T (1.08 g/mL, assumed to
be the same as PVAM®®).

3.3 Results

PVAmM-T Compositions. A series of PVAM-T copolymers with varying TEMPO
contents were prepared and the generic PVAmM-T structure is shown in Figure 3- 1. In
water, PVAmM-T is mixture of four types of repeating units — see Figure 3- 1.
Polyvinylamine can be prepared through acidic or basic hydrolysis of poly(N-
vinylformamide) and most commercial PVAms are not completely hydrolyzed. We
define PVAmM-T compositions by: DH the degree of hydrolysis of the parent PVAm; DS,
the fraction of amine groups coupled to TEMPO; and, a, the degree of ionization of
amine groups.

The properties of the PVAmM-T polymers used herein are summarized in Table 3-1. The
copolymers are based on two parent PVAms, one with DH = 0.75, a value given by the
supplier and one fully hydrolyzed by us to give DH = 1. The DS values were determined
the difference in amine contents, measured by conductometric titration, before TEMPO
grafting. Finally, o values were estimated by the Katchalsky model*® that predicts o =
0.46 for PVAm in 0.1 M NaCl at pH 7.5, the main conditions used in this work.

Two other compositional parameters, useful for data manipulations are: EWt the TEMPO
equivalent weight (Da) and EWNn the equivalent weight of amine groups, both ionized and
non-ionized. These equivalent weights were calculated from DS, DH and o values, are
also tabulated in Table 3-1. The equivalent weights and other PVAmM-T compositional
details are and the detailed calculations, performed in Mathcad Prime are given in the Sl
file.
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Figure 3-1 PVAmM-T structure. The degree of hydrolysis, DH, the 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 in
Table 3- 1.

Finally, we express the amount of TEMPO on surfaces as either a mass coverage of
PVAmM-T, 1 (mg/m?) or as a molar coverage of TEMPO groups, T (mol/m?). These
two quantities are related by EW+T —see Eq 1.

G,
= Eql
9= o

PVAmM-T solution properties. PVAmM-T is water soluble from pH 2 to 12. However, the
TEMPO moieties in PVAmM-T is more hydrophobic than PVAm alone. Therefore
TEMPO substitution has two impacts; it lowers the surface tension (see Figure S3- 3) and
TEMPO substituents causes the polymer coils in aqueous solutions to shrink (see Figure
S3-5).

53



Ph.D. Thesis — Qiang Fu McMaster University — Chemical Engineering

PVAM-T/PSS multilayer films. Alternating layers of PVAmM-T and polystyrene
sulfonate (PSS) were formed on a QCM-D gold sensor surface. To facilitate adsorption of
the first PVAmM-T layer, the gold was treated with sodium 3-mercapto-1-propanesulfonate
to give surface sulfonate groups.'® Figure 3- 2 shows the EQCM-D frequency change
with each additional adsorbed layer. The average frequency shift of PVAmM-T25L layer
was -20 Hz and the average frequency shift of PSS layer was -5 Hz. The total dissipation
shift was less than 2 <10 (see supporting information Figure S3- 6). The curves under
different overtones overlapped well, and the AD was less than 10% in magnitude of Af,
indicating that the (PVAmM-T25L/PSS)4 multilayer film was rigid, and the absorbed mass
can be calculated with Sauerbrey equation.*’-1®

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

-5._‘

E

) 14~

- 7]
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& 5

5 =
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Figure 3-2 QCM-D frequency changes with the buildup of (PVAmM-T25L/PSS)
multilayer together with the resulting dry film thicknesses measured by
ellipsometry.

Figure 3- 2 also shows the dry thickness of PVAmM-T25L/PSS multilayer films measured
by ellipsometry. The average thickness of PVAmM-T25L layer is 0.8 0.2 nm, and the
average thickness of PSS layer is 0.6 0.2 nm. The mass of PVAmM-T25L/PSS multilayer
films was calculated from both EQCM-D and ellipsometry results. EQCM-D gave the
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wet mass of the adsorbed polymer whereas ellipsometry gave dry film masses.
Comparing these results, we estimated the water contents of the multilayer films and the
results (see Figure 3- 3 and tabulated data in Table S3- 1) show that about 75 wt% of the
multilayer films is water.
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Figure 3- 3 The water content of PVAmM-T25L/PSS multilayer films as a function of the
number of polymer layers

Redox properties of PVAM-T/PSS multilayer films. Cyclic voltammetry was used to
measure the content of redox-active TEMPO moieties in the multilayer films. In this
technique, the electrical potential on a gold-sulfonate EQCM sensor is cycled and the
resulting current is measured. Figure 3- 4A shows the cyclic voltammograms of (PVAm-
T25L/PSS)4 multilayer films at various scan rates. Under the scan rate 100 mV/s, the
anodic peak was located at 0.61 V, which corresponds to oxidizing TEMPO to
oxoammonium, and the cathodic peak at 0.560V, which corresponds to reducing
oxoammonium to TEMPO. The peak separation (AE) between the anodic and the
cathodic peaks was about 34 mV at scan rate 5 mV/s, and the AE increased to 52 mV at
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scan rate 100 mV/s. In 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 direction. Another characteristic of the
cyclic voltammograms is that both the anodic and the cathodic peak currents increased
linearly proportional to the scan rate (see Figure 3- 4B).The voltammograms show both
surface-confined and diffusion-limited redox processes, and the surface-confined redox
process dominated the behavior.’

The ratio of oxidative (positive) peak currents to the reductive (negative) peak currents
ranged from 1 for the lowest two scan rates down to 0.74 for the highest two scan rates in
Figure 3- 4; therefore the redox process was not completely reversible at high scan rate.
Finally, the surface coverages of redox-active TEMPO moieties were estimated from
areas under the voltammograms; these values will be discussed below.
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Figure 3-4 (a) Cyclic voltammograms of (PVAmM-T25L/PSS)4 at various scan rates.
(b) Dependence of the peak currents on scan rates for the (PVAmM-
T25L/PSS)4 multilayer film.

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

Figure 3- 5 shows the cyclic voltammograms of PVAmM-T25L/PSS multilayer films as a
function of the number of bilayers. Both the maximum oxidative and reductive peak
currents increased with the number bilayer. This is an important observation because it
indicates that TEMPO maoieties far apart from the electrode surface are redox-active.
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Figure 3-5 Cyclic voltammograms of (PVAmM-T25L/PSS), multilayer films in 0.1M
NaCl, pH 7.5. Scan rate 20 mV/s.

Redox-active TEMPO measurements. The areas under the oxidation curves were used
to estimate the coverage of redox-active TEMPO moieties in the multilayer films.
Example calculations performed Mathcad Prime are shown in the supporting information
together with tabulated results in Table S3- 1. Figure 3- 6 shows the coverage of redox-
active TEMPO moieties that are redox active as a function the number of PVAmM-T

layers. The straight lines were calculated with a model presented in the discussion
section.
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Figure 3- 6 The coverage of redox-active TEMPO in (PVAmM-T25L/PSS)» multilayer
films as a function of the number of bilayers. For model p=0.2, 1=0.5
mg/m?

The results in Figure 3- 5, Figure 3- 6 and in Table S3-1 show that the surface coverage
of redox-active TEMPOs increases with the number of polyelectrolyte bilayers. Another
way to vary the coverage of redox-active TEMPO is to vary the TEMPO DS in PVAmM-T.
Figure 3- 7 (data are tabulated in Table S3-2) shows the coverage of redox-active
TEMPO for (PVAmM-TXL/PSS)4 for a series of PVAmM-T where the DS varied from 4 to
25%. The results show a linear relationship between PVAmM-T TEMPO DS and the
redox-active TEMPO coverage in an assembly of four bilayers. The model curve will be
addressed in the discussion section.
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Figure 3- 7 The coverage of redox-active TEMPO moieties as a function of PVAmM-T
TEMPO DS in (PVAM-TXL/PSS)4 multilayers. The polymers were based
on the parent 45 kDa PVAm, 75% hydrolyzed.
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Figure 3-8 Comparing the redox-reactive TEMPO coverage, measured by cyclic
voltammetry to the overall TEMPO contents in LbL films.
Approximately 30% of the TEMPOs are redox-reactive over the whole
data set.

Figure 3- 8 compare the redox-active TEMPO coverage to the overall TEMPO coverage
for the two data sets- varying the number of bilayers (Figure 3- 6) and varying the
PVAmM-T TEMPO DS (Figure 3- 7). Most of the data are close to the red line
corresponding 30% of the TEMPOs being redox-active.

Blocking electron transport in polyelectrolyte multilayers. A series of polyelectrolyte
multilayer films were prepared with the following compositions. Between 0 and 3 non-
redox “blocking” bilayers based on PVAm/PSS were first deposited on gold sulfate
sensor surfaces followed by two redox active PVAmM-T25L bilayers. Figure 3- 9 shows
the oxidative peak currents as a function of the number of blocking layers. Three pairs of
non-redox blocking layers were required to completely prevent electron transport to the
outer most two PVAmM-T25L bilayers. This result is most likely a reflection of significant
interpenetration of polymer chains between layers. A similar conclusion was made by
earlier researchers working with other redox-active polyelectrolyte multilayers. 8 1°
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Figure 3-9 Effect of blocking bilayers on oxidation peak current of (PVAmM-
T25L/PSS). multilayers. 0.1 M NaCl, pH 7.5. Scan rate 50 mV/s.

3.4 Discussion

Published theoretical 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 effective transfer in dilute polymer solutions. By contrast, our results show
that 30% of the TEMPO groups are redox active in multilayer films. This is remarkable
because in our experiments, the PVAm-T should be rather immobile in multilayer films.
In addition, we have used very short tethers between TEMPO and PVAmM (see structure in
Figure 3- 1). Nevertheless, our results seem consistent with other redox-active LbL
systems — see examples in Table 3- 2.
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Table 3-2  Examples of redox LbL assemblies described in the literature where: PEI is
poly(ethyleneimine); Fc is ferrocene; PVS is polyvinylsulfate; PAH is
polyallylamine; and PGA is poly(L-glutamic acid).

Redox Species DS Fraction Redox- ref

LBL systems (%) active

(%)

PAA-T/PEI 46 “most” o
PAH-Fc/DNA 7.2 20-25 20
PEI-FC/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 redox-active TEMPO groups.
There are two relevant electron transport mechanisms: 1) transport between the gold-
sulfonate surface and adsorbed TEMPOs; and, 2) transport between neighboring TEMPO
moieties. In both cases the electron transfer partners must be within ~0.5 nm for efficient
electron hopping. °

Consider first the PVAmM-T adsorbed directly on the gold-sulfonate surface. Fleer et al.
have discussed the configuration of adsorbed polymer in detail, and the relevant
parameter is p, the fractions of polymer segments present as adsorbed trains; the
remainder of the polymer chain is present as loops and tails, not in contact with the
surface (0<p<1). % It seems reasonable to propose that for PVAm-T copolymers with low
DS values, only those TEMPOs attached to trains would be redox-active.

Irra = P*Gy  for DSEDS,

Eq 2
ey = 97 for DS > DS,

The other limiting case is when the TEMPO DS is so high that, through TEMPO-to-
TEMPO hopping, all TEMPO moieties are redox active. These two limiting cases are
captured in Eq 2 where: Tra, the surface coverage of redox-active TEMPO; 1.1 is the total
TEMPO coverage in the first PVAmM-T layer adsorbed on gold; and, T is the total TEMPO
coverage from all the layers in the multilayer films.
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Eq 2 was use to simulate the results in Figure 3- 6 and in Figure 3- 7. We assumed that
every PVAM-T layer had the same mass coverage 11 = 0.5 mg/m? and the corresponding
TL1 Was calculated from Eq 1. The detailed calculations are shown in the Sl file.

Figure 3- 6 compares the model with the experimental redox-active TEMPO coverage
versus the number of bilayers, n. The model 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 redox-active TEMPO coverage. The experimental values sit
between these theoretical limiting cases.

When varying the TEMPO DS on PVAmM-T for a 4 bilayer assembly (Figure 3- 7), the
model curve corresponded to DS< DSc where only the first layer is redox active. In this
case the plot is non-linear and the chosen model parameters give a reasonable fit to the
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 results in Figure 3- 8 shows that the surface
density of redox-active TEMPOs is a linear function of the overall TEMPO coverage for
our system. This suggests a convenient route to control oxidation in practical
applications.

3.5 Conclusions
The new conclusions from this work are:
1. Layer-by-layer PVAM-T/PSS films are stable and redox-active.

2. Only 20-30% of the TEMPOs in (PVAmM-T25L/PSS)s multilayer films were
redox-active, reflecting the requirement that TEMPO moieties must be closer than
~ 0.6nm for electron transfer to occur. This efficiency of electron transfer was
maintained up to four bilayer pairs, the thickest assembly we examined.

3. The molar coverage (mol/m?) of redox-active TEMPO moieties was a linear
function of the TEMPO content in the (PVAmM-Tx/PSS)s multilayer films. We did
not observe a percolation threshold below which outer TEMPO groups could not
be oxidized by the gold-sulfonate electrode.
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. The PVAM-T25L/PSS LbL multilayer films were about 75% water and small,

reversible decreases in swelling were induced by oxidizing the 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 reported for other redox-
active multilayer film types. 8 °

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

surface tension with increasing TEMPO substitution. However, unlike TEMPO
derivatives of polyacrylic acid, 2 PVAmM-T with DS values up to 35% is water
soluble over the pH range 1 to 9.
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Appendix: Supporting information for Chapter 3

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

Polymer synthesis

W\ HOOG EDC/sulfo-NHS
S — . m X n-x
pH 6 HN

m n
_|_
HN NH; HN NH,
o) . o ©
O
1
&

Figure S3- 1 Preparation of PVAmM-T from PVAmM

Surface Activity of PVAM-T

Surface tension measurement. Surface tension of PVAm and PVAmM-T solutions was
measured with the pendant drop method (Kruss GmbHdrop shape system DSAL0,
Hamburg, Germany). The temperature was maintained at 25 °C, and the humidity 100%
with a closed glass chamber. In a typical experiment, 0.3 wt% PVAmM-T was completely
dissolved in a 5 mM KClI solution, and the pH of the PVAmM-T solution were adjusted by
1 N NaOH and HCI. A syringe with a 1.22 mm flat needle was used to form drops. , and
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the drop volumes varied from 15 to 19 uL. Surface tension values were recorded as a
function of drop lifetime.

Figure S3- 2 shows surface tension of PVAm-T13L solution as functions of drop age and
pH. A slow decrease of surface tension with aging time was observed. In fact, steady-
state surface tension curves of PVAm derivatives have never been observed since 2005
Chen et al* studied the surface tension of hydrophobically modified polyvinylamine in
our group. We followed Chen et al.! method, and studied the surface tension values at the
break point where the dynamic surface tension curve switches from a rapid to slow
changing rate regime.

Figure S3- 3 shows the break point surface tension values from Figure S3- 2 as functions
of pH. The breakpoint surface tension decreased slightly at pH <5, which indicated that
the PVAmM-T 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 PVAmM-T was collapsed well onto the single master curve

“breakpoint surface tension vs hydrophobicity index” developed by Chen et al. ! (see
Figure S3- 4).
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Figure S3- 2 Surface tension of 0.3wt% PVAmM-T13L in 5 mM KCl as a function of
pendant drop age at 25 °C.
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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 S3-3 Break point surface tension (See Figure 1) as a function of pH for
0.3wt% PVAmM-T13L in 5 mM KCl at 25 °C.

Chen et al. ! developed a hydrophobicity index to study the surface tension of
hydrophobically modified polyvinylamine at pH 9. According to Chen et al.! the
hydrophobicity index “was defined as DS*n, where DS is the number of hydrophobic
substituents per 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 PVAm fell into a master curve when the surface tension values were plotted
against hydrophobicity. TEMPO is more water soluble than alkyl chain and benzyl group
due to the N-O bond in its structure. The hydrophobicity index was also applied to
PVAM-T to study the surface tension of PVAmM-T as functions of hydrophobicity index.
As shown in Figure S1, the TEMPO pendant group has 9 carbon atoms. As a result the n
in the hydrophobicity index was given as 9. Figure S3- 4 shows the breakpoint surface
tension of modified P\VAm as functions of hydrophobicity index at pH 9. The surface
tension of PVAM-T was collapsed well onto the single master curve “breakpoint surface
tension vs hydrophobicity index”.
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Figure S3- 4 Breakpoint surface tension as functions of hydrophobicity of modified
PVAmM. Measurement conditions: 0.3 wt% polymer in 1 mM KClI
aqueous solution, polymer solution pH 9, and temperature 25 °C.

Intrinsic viscosity

Intrinsic viscosity measurements. The intrinsic viscosity of PVAm and PVAM-T
solutions was determined from the extrapolation of specific and inherent viscosities under
varied polymer concentrations. The viscosity of polymer solutions was measured with an
Ubbelohde capillary viscometer (Size 75, Cannon Instrument Co. USA) at 25 °C. Figure
S5 shows the intrinsic viscosity of PVAm and PVAm-T at three pH values. TEMPO
substitution lowered the intrinsic viscosity of PVAm at pH 4 and 8, suggesting a more
compact configuration of PVAmM-T, whereas the effect of TEMPO substitution on
intrinsic viscosity is negligible at pH 10.
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Figure S3-5 Intrinsic viscosity of PVAm and PVAmM-T in 0.1 M KCl at 25 °C.
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Figure S3- 6 QCM-D monitoring the formation process of (PVAM-T25L/PSS)4
multilayer films

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

Upon exposure to electro-stimuli redox multilayer films usually show multiple responses,
such as changes of film thickness, Young’s elastic modulus, and permeability for ions
and small molecules through the thin films2. Upon electro-stimuli, counter ions and
solvent flux in or out, the osmotic pressure in the films changes respond to the flux,
resulting in shrinking or swelling of films.

Figure S3- 7 (a) shows the electrochemical controlling the shrinking of (PVAmM-
T25L/PSS)4 multilayer film with varied external potentials. Two features were observed.
First, the film was very stable under the external potentials, and no decomposition was
observed. Second, the change of Af depends on the applied potentials. Three cycles of
external potentials were applied (two cycles shown here), the response of the multilayer
film to the external potentials showed good reproducibility. Figure S3- 7 (b) shows that
about 10-15 wt% water and ions in the multilayer films were exchanged with the ambient
NaCl 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 &
__ -1 052
£ 5
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-103 -0.3
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Figure S3- 7 Frequency and dissipation shifts of redox (PVAM-T25L/PSS)4
multilayer film responding to the external potentials. 0.1M NaCl, pH
7.5. Af3 is the frequency shift at applied potential under 3rd overtone,
and ADOCTP is the frequency shift at open circuit potential under the
same overtone.

Table S3- 1 Summary of EQCM and ellipsometric characterization (PVAmM-
T25L/PSS)n multilayer films.
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Bilayer Afs/3  Sauerbrey Ellipsometric Water Oxidation Redox-
Number (-Hz) Coverage Coverage Content Charge Active T
(mg/m?) (mg/m?) (Wt%) 1C) (umol/m?)
05 206 3.65 0.4 #0.33 8919 -
1 246 4.35 0.7 #40.32 83 ¥/ 154482 0.2040.11
15 438 7.75 1.6 #0.32 n8H - ——--
2 496 8.77 2.1 40.40 76 45 348 #.87 0.4640.12
25 69.8 12.4 3.040.19 75 2 -—-- -—--
3 755 134 3.4 40.27 74 22 8.1 #1.59 1.06 #0.21
35 923 16.3 4.3 40.38 32 - -—--
4 101.1 17.9 4.8 #0.38 73 2 155#.25 2.054.19
Table S3- 2 Summary of EQCM and ellipsometric characterization (PVAmM-
TxL/PSS)4 multilayer films.
PVAM-Tx Afs/3  Sauerbrey Ellipsometric Oxidation Redox-Active
(Hz) Coverage Coverage Charge Coverage
(mg/m”) (mg/m”) (1C) (umol/m?’)
PVAM-TAL 90.1 15.95 4.3+0.75 1.91+1.25 0.25+0.16
PVAmM-T10L 96.7 17.16 4.44+0.56 5.924+1.27 0.78+0.17
PVAmM-T13L 108.2 19.15 5.3+0.94 7.18+1.57 0.95+0.21
PVAM-T25L 101.1 17.89 4.8+0.38 15.5+1.25 2.05+0.19
References

(¢D) Chen, X. N.; Wang, Y.; Pelton, R. Ph-Dependence of the Properties of
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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 + 'Mwmmp: +4 "wr( +=2. AMH“‘ f‘:-'w;}: 2253074 Da Molecular Welght 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 (b ds MW o EWy (dh,ds,MW,;:)  This is the mass per
.'fm‘!( 7,45, -'-'"-“’)'_ dh s 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%
dS = 25%

pH:=1.5

mole

I:=0.1
Gpran (pH 1) =0.4632
MW,,;:=71.08 Da
MW, ,,,=43.0682 Da

*mﬂmmm( ,=79.5291 Da

MW,

fempin

=156.25+Da

MW, = MW, + MW,

tempo

degree of PNVF hydrolysis

mole fraction of amine groups bearing Tempo (or any other substituent)
pH during Layer-by-Layer self-assemble

lonic strength during Layer-by-Layer self-assemble

degree of amine ionization - see appendix for details

Molecular weight of NVF moiety, w
Molecular weight of vinyl amine repeat unit, x

Molecular weight of vinyl amine HCI salt, y

Molecular weight of the
substituent including the
two backbone carbons. In
this case it is for TEMPO,
F4

+AMp+ =2+ AMy+AM,=2253074 Da

Equivalent weight of based on TEMPO

EW — W ‘mymf"' X ‘Wmm +}’ * "‘“ﬂ{"pmn‘rhc'.l’ +z. }WH(.\'M"
pvami = -
EW {dh ds.I H} __ ( 1- dh) - MWt (‘M —ds- dh) * (1 — Cpvam {ﬂ” ' ‘;)) MW+ Ppvam {p”s "} * [‘M —ds- dk] MW yamiet + ds~dh- MW,
prvami A5 1P '_ dsedh
mole
. .25,0.1 ——,7|=504. 1 l
EW | 0.750,025,0.1 #7.7| =504.6931 Da SR ::_a o (1.1) 0,462
EW,py0.75,0.25,0.1 707 8

Equivalent weight of based on total amine

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

(1—dh)

« MW, - (dli—ds +dh) + (1=t (PH 1)) « MW, 1+ G (pH T) (i =l ) « MW 7+ s -l MW,

pvam

", il
(dth — dls » lh)

For PVAmM-T25L , DS=25%

mole

EW

pvam

0.75,0.25,0.1 T,?.S =166.6521 Da
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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,
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Chapter 4 Electrochemical Characterization of
Polyvinylamine-g-TEMPO/laccase Complexes for
Cellulose Wet Adhesion

| conducted most of the experiments in chapter 4. Alexander Sutherland (undergraduate
student) helped with UV-vis spectroscopy, DLS, and Electrophoresis measurements. Dr.
M. Monsur Ali helped with fluorescence measurement; they will be coauthors on the
publication along with Professor Soleymani. | plotted the experimental data and Dr.
Robert Pelton helped to analyze the data. The paper was initially written by me, and
edited later by Dr. Robert Pelton.
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Chapter 4 Electrochemical Characterization of
Polyvinylamine-g-TEMPO/laccase Complexes for
Cellulose Wet Adhesion

4.1 Introduction

Cellulose is the most abundant renewable material on earth and even though it already is
a hugely important material in the form of paper and cardboard it is posed to play an
increasingly large role in the renewable economy. One of the main drawbacks limiting
the applications for cellulose fibers both in traditional applications and in new composite
nanomaterials is its inherent hydrophilicity. Cellulose absorbs water and swells when
exposed to water and vapor, which makes it difficult to make materials that are strong
when they are wet. Traditionally polymeric wet strength agents are used to improve the
wet strength®. These strengthen the fiber-fiber joints by forming a cross-linked network
with themselves, the cellulose fibers or a combination of the two.
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In earlier work we have established that polyvinylamine (PVAm) is a good wet
strengthening agent, provided that the cellulose has first been gently oxidized to introduce
reactive aldehyde groups. The improved wet strength comes from imine and aminal
linkages between the primary amines on PVAm and the aldehydes on the oxidized which
crosslinks the fiber-fiber joints in the fiber network.

In our early work, we used Isogai’s recipe? to oxidize cellulose, where sodium
hypochlorite (NaClO) serves as the primary oxidant, sodium bromide (NaBr) is the co-
oxidant, and 2, 2, 6, 6-tetramethyl-1-piperidinoxy (TEMPO) serves as the mediator.
Linear PVAmM?, PVAm nanoparticles*® and PVAm coated pH- and temperature-
responsive microgels®’ have all been studied to optimize the wet strengthening properties
of PVAm. However, the practical application of the TEMPO/NaCIO/NaBr oxidation
method in the paper industry is limited by mainly two difficulties. First, TEMPO is
expensive and may also cause environmental issues due to its toxicity; and processing
large volumes of TEMPO solutions is challenge. Second, the oxidation is conducted in
pH 10-11, which is too high to be used in papermaking industry.

In 2011 we immobilized TEMPO onto cationic PVAm, forming PVAmM-g-TEMPO
(PVAmM-T)®. The PVAm-T adsorbs onto, oxidizes, and activates cellulose surfaces in a
single step in the presence of NaClO/NaBr. Significantly less TEMPO is required since
the PVAm bound TEMPO is concentrated near the cellulose surface when the cationic
PVAmM-T is physically adsorbed onto the cellulose®. PVAmM-T was further explored in
combination with the enzyme laccase which can oxidize cellulose at pH 5, conditions
more compatible with papermaking techniques. The results demonstrated that PVAm-
T/laccase oxidizes cellulose, and high wet adhesion was achieved with 10 mol% or
higher TEMPO substitution!®. TEMPO has also been grafted to anionic polyacrylic acid
to create poly(acrylic acid-g-TEMPO) (PAA-T), which was employed as mediator for
cellulose oxidation in the presence of laccase!!. Also for PAA-T a ~10 mol% or higher
TEMPO substitution was required to achieve high wet adhesion.

The present mechanistic view of TEMPO-mediated oxidation in the presence of laccase
is that the free mediator TEMPO acts as an electron shuttle between the enzymatic pocket
on laccase and the surface of the substrate where a primary alcohol is oxidized to an
andehyde.? However, in the TEMPO-grafted polymers PVAM-T and PAA-T the
TEMPO-moieties have drastically lower mobility than free TEMPO and therefore their
electron shuttling ability should be strongly inhibited. Our hypothesis is instead that the
polymer grafted TEMPO serves as mediator by facilitating electron hopping between
neighboring TEMPO moieties. In chapter 3 we studied the redox properties of multilayer
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films composed of PVAmM-T and sodium poly(styrene sulfonate) (PSS). We showed that
electron transport takes place not only at the interface between the electrode and the
redox multilayer films, but also between TEMPO moieties. The redox properties of these
PVAM-T/PSS multilayer films strengthen our electron hopping hypothesis.

In much of our work previous work the aldehyde density of TEMPO oxidized cellulose
has been discussed qualitatively based on the wet adhesion achieved with PVAm.
However, a quantitative method to determine the aldehyde density on cellulose surfaces
has been a longstanding challenge in our group. Both X-ray photoelectron spectroscopy
(XPS) and ATR-FTIR have been used to characterize the functional groups on dry
cellulose membranes®. However, only carboxyl groups could be detected since the
aldehyde groups were so active that they reacted with nearby alcohol groups, forming
hemiacetal groups when the samples were dried. This led to the conclusion that the
aldehyde groups on the cellulose can only be detected in wet, never dried samples. Liu et
al.% used a fluorescein-5-thiosemicarbazide dye to label aldehydes in oxidized cellulose
membranes. The highest intensity of fluorescent dye was detected on the exterior surfaces
of the cellulose membrane, suggesting that oxidation using PVAmM-T is surface specific.
Xing et al.'® evaluated the influence of carboxyl groups on the detection of aldehyde
groups on a glass surface, using a fluorescence-labeling method with the dye Bodipy FL
hydrazide and its derivatives. The study showed that the carboxyl groups have only a
limited effect on the determination of aldehyde groups.

This chapter describes the efforts to correlate aldehyde density of PVAm-t/laccase
oxidized cellulose with the TEMPO degree of substitution dependent adsorption and
redox activity of PVAm-T/laccase complexes. The adsorption and redox properties were
investigated by electrochemical quartz crystal microbalance with dissipation (EQCM-D)
and aldehyde density was quantitatively determined using fluorescent labeling.

4.2 Experimental section

Materials. Polyvinylamine (PVAm) (Lupamin 5095, Mw 45 kDa, hydrolysis degree
75%), obtained from BASF Canada, was dialyzed against deionized H>O and freeze-dried
before use. N-hydroxysulfosuccinimide sodium salt (sulfo-NHS), sodium 3-mercapto-1-
propanesulfonate (MPS), 4-carboxy-TEMPO, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), Laccase from Trametes versicolor (catalog no. 51639), and solid
sodium hydroxide were all purchased from Sigma-Aldrich. Acetic acid were purchased
from Caledon Laboratories. Fluorescent dye Bodipy FL hydrazide (catalog no. D2371),
was purchased from Life Technologies. All solutions were made with deionized H2O
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(18.2 MQ cm™, Barnstead Nanopure Diamond system). Regenerated cellulose dialysis
tubing (12-14 kDa molecular weight cut-off, MWCQ) was obtained from Spectrum
Laboratories. The tubing was washed thoroughly with deionized H2O in order to remove
preservatives before use.

PVAmM-T Synthesis and Characterization. PVAmM-T was synthesized through EDC
coupling reaction®?, PVAmM-T compositions are given in Table 4- 1. In a typical
experiment, 55 mg 4-carboxy-TEMPO was dissolved in 100 mL deionized water and 157
mg EDC and 170 mg Sulfo-NHS were added. The solution was stirred for 20 min at pH
5.5 at room temperature. PVAm solution (100 mg PVAmM in 40 mL deionized water) was
gradually added into the above solution, and the solution pH was maintained at 7.0 for 4
h with 0.1 M HCl and 0.1 M NaOH. The product was dialyzed (MWCO 3 kDa) against
deionized H,O for two weeks. The purified and dried products were obtained through
Iyophilization and stored in a desiccator. The amine content of PVAM-T was determined
by potentiometric and conductometric titrations. The degree of TEMPO substitution was
calculated from the change of the amine content.

Table 4-1 Properties of PVAM-T (67 mg/L) complexes with laccase (133 mg/L) that
were adsorbed onto sulfonated gold QCMD sensors. DS is degree of TEMPO
substitution on PVAmM-T, Afs/5 and D are the QCM-D frequency changes and
dissipation for adsorbed PVAm-T/complex, I is the mass coverage of the
dried complex films estimated from ellipsometry, Q is the charge required to
oxidize the TEMPO and Tra is the molar coverage of redox-active TEMPO

moieties.
DS Afs/5 D Tel Q TrA
(mol%)  (-Hz)  (10%)  (mg/m?) (uC) (mM/m?)

PVAM-TO 0 24.0 1.1 0.232 0 0
PVAmM-T1 1 24.2 1.1 0.464 0.08+0.08 2.5
PVAM-T4 4 25.2 1.7 0.464 0.22 +0.16 6.7
PVAM-T6 6 41.5 2.4 0.58 0.55 +0.20 10.1
PVAM-T10 10 41.6 2.6 0.812 1.20 +0.15 21.9
PVAM-T13 13 42.5 3.5 0.928 3.13+0.18 56.1
PVAM-T15 15 46.9 2.8 1.044 4,03 +0.30 65.4
PVAM-T17 17 75.0 55 1.624 6.42 +£0.45 65.1
PVAM-T20 20 259 42 7.888 30.2 +1.93 88.7
PVAM-T25 25 158 20.7 4872 20.29 H .13 97.9
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PVAmM-T/laccase Complex Preparation. PVAmM-T and laccase were separately
dissolved in 50 mM acetate buffer at pH 5, making solutions with concentration 1 g/L.
The PVAmM-T and laccase solutions were filtered through 0.45 um filters before use. In
this study, all PVAm-T/laccase complexes were prepared by adding laccase into PVAmM-
T solutions. The PVAmM-T solution was first diluted into the desired concentration, and
then the laccase solution was added into the diluted PVAmM-T solution, drop by drop
under magnetic stirring. Solutions were bubbled by O, or N2 before and after the mixing
process. In a typical experiment, 2.5 mL of 1 g/L PVAm-T solution was first diluted into
30 mL in acetate buffer and stirred for 30 min. 5 mL of 1 g/L laccase solution was then
slowly added drop wise (~2 min/mL) into dilute PVAmM-T solution under magnetic
stirring.

Phase Behavior Measurements. The phase behavior of the PVAmM-T/laccase complexes
was obtained by measuring the optical density at 500 nm with a Beckman DU800 UV-vis
spectrophotometer. In a typical experiment, 3 mL PVAm-T/laccase complex solution was
aged for 1h, and then added to a 10 mm silica cuvette, the optical density at 500 nm was
measured immediately.

Dynamic Light Scattering (DLS). The hydrodynamic radiuses of PVAm-T/laccase
complexes were measured by DLS (BI-APD Brookhaven Instrument Corp.) at a
scattering angle 90°. The Melles Griot He-Ne laser with a wavelength of 633 nm served
as the laser source, and the data were analyzed with the CONTIN method using
Brookhaven software 9kdlsw32, version 3.34.

Electrophoresis measurements. The electrophoretic mobility values of PVAmM-
T/laccase complexes were measured by a ZetaPlus (Brookhaven Instruments Corp.). The
data analysis software is PALS (phase analysis light scattering) Version 2.5. Each
samples were measured multi-times, and the reported mobility values were the average of
10 cycles with each consisting of 10 scans.

Gold-sulfonate EQCM-D Sensors. Q-Sense E4 QCM QSX 301 gold sensors were
cleaned by piranha solution at 75 °C for 5 minutes and then thoroughly rinsed with
deionized water. Note piranha is dangerous and appropriate precautions must be taken
when working with it. The cleaned Au chip was immersed into 3 mM sodium 3-
mercapto-1-propanesulfonate ethanol solution for 24 hours, followed by rinsing with
ethanol and then by deionized water!4,
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Adsorption of PVAm-T/laccase Complexes on Gold-sulfonate Sensor Surfaces. The
adsorption of PVAm-T/laccase complexes was monitored by quartz crystal microbalance
with dissipation (QCM-D). All solutions were made with 50 mM acetate buffer at pH 5.
In a typical experiment, 1g/L laccase and 76.9 mg/L PVAm-T solutions were purged with
nitrogen for 30 min, 5 mL laccase solution was then slowly dropped (~2 min/mL) into
32.5 mL PVAmM-T13 solution with magnetic stirring and nitrogen bubbling during the
mixing process. After aging the mixture for a given time with nitrogen at room
temperature, the PVAmM-T/laccase dispersion was pumped in the QCM at a flow rate of
0.100 mL/min for a fixed time (usually one hour) followed by rinsing with buffer. All
measurements were performed at 23 °C.

Electrochemical Quartz Crystal Microbalance with Dissipation (EQCM-D). The
EQCM-D measurements were carried out with an electrochemical QCM-D cell (E401
electrochemical model from Q-Sense, Sweden). A QSX301 gold chip served as the
working electrode, a platinum thin slice in the E401 electrochemical model served as the
counter electrode and a low leakage “Dri-Ref 2SH” Ag|AgCl electrode (World Precision
Instruments, USA) served as the reference electrode. Electrochemical measurements were
performed with a Palmsens potentiostat (PalmSens, Amsterdam, Netherlands) in a
conventional three-electrode system. After absorbing PVAm-T/laccase complexes, the
pump was stopped before running electrochemical experiments. 50 mM sodium acetate
buffer with pH 5 served as the solvent for both polymer and laccase solutions and also as
the rinsing buffer. All measurements were performed at 23°C.

Cellulose oxidation. Circular disks with diameters of 10 mm were punched from cleaned
regenerated cellulose membranes. In a typical oxidation experiment, PVAm-T17 and
laccase were premixed. The final concentration of PVAM-T17 is 67 mg/L and the
concentration of laccase is 133 mg/L. 4 cellulose disks were immersed in the above
solution. The mixed solution was oxygen bubbled and stirred for 1h. Both the PVAm-
T17 and laccase solutions were filtered by syringe filter (0.45 jm) before mixing. The
resulting oxidized cellulose disks were washed thoroughly with deionized water.

Aldehyde determination. The oxidized cellulose disks were immersed in 10 UM of the
fluorescent Bodipy FL hydrazide methanol/water solutions (methanol: H.O = 5:1) at
room temperature for 8 h. The disks were then washed thoroughly with methanol and
then by acetone.®® Fluorescence measurements were performed on a ChemiDoc MP
system (Model Universal Hood III, Bio-Rad Laboratories, Inc.). Calibration curves were
made using drop and dry method. 5 L drops of Bodipy FL hydrazide methanol solution
(0-10 M) were placed on the non-oxidized cellulose disks (a calibration curve is
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available in the supporting information Figure S4- 1). All the labeled cellulose disks were
dried at room temperature before measurement.

4.3 Results

PVAmM-T/laccase complex phase behavior. Polyelectrolyte complexes were prepared by
mixing PVAmM-T with the enzyme laccase. PVAM-T is positively charged, and laccase is
negatively charged (-1.3 meq/g) under the experimental conditions (pH 5 in 50 mM
acetate buffer).!* Figure 4- 1 shows the phase boundaries of PVAmM-T13/laccase
complexes. PVAmM-T13 was chosen for this detailed analysis because it is one of the
most promising wet cellulose adhesives when used with laccase.'® The phase behavior of
PVAmM-T13/laccase complex was assessed based on the criteria developed by Feng et al.
15 «“Soluble Complex” refers to solution with absorbance values less than 0.02 at 500 nm,
and “Stable Colloid” has absorbance >0.02 but no instantly formed visible precipitates.
Finally, the colloidal phases that have visible precipitates after 24 h are defined as
“Unstable Colloid”. The phase boundaries in Figure 4- 1 were based on a large data set —
see Figure S4- 2 in the supporting information.

The mixture of laccase and PVAmM-T was stable when either PVAmM-T or laccase was in
excess, whereas, at near charge balance unstable colloids were obtained. Some data
points were also shown in Figure 4- 1 with a pair of numbers. The first value is the
electrophoretic mobility of the complex, and the second value is the average
hydrodynamic radius (nm). The hydrodynamic radius of the aged, colloidally stable
complexes is in the range of 150-250 nm. Finally, many of our experiments, described
below, were conducted using mixtures of 67 mg/L PVAmM-T + 133 mg/L laccase; this
composition is plotted as a large blue square in Figure 4- 1, centered in the “Unstable
Colloid” domain. Note that for Figure 4- 1, all measurements were made after 24 hours.
We will now show that it took 14 hours for the 67/133 composition to form visible
precipitates for PVAM-T13.
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Figure 4-1  Phase diagram for mixtures of PVAm-T13 and laccase at pH 5, in 50

mM acetate buffer. Laccase solutions were slowly dropped into PVAmM-
T13 solution and the mixtures were aged 24 h before characterization.
The numbers next to the data points are “electrophoretic mobility/mean
diameter”. The single square indicates the composition used for many of
the experiments described below. The data used to define the phase
boundaries are shown in Figure S4- 2.

The influence of TEMPO content on phase behavior was probed by measuring the time
dependent phase behavior for the PVAmM-T series for PVAM-Tx (67mg/L)/laccase (133
mg/L). The evolving phase boundaries as a function of time are shown in Figure 4- 2
and these are based on a large data set shown in Figure S4- 3. With increasing TEMPO
substitution, the net amine contents and net cationic charge densities are decreasing — see
Figure S4- 4. For the PVAmM-T13 67/133 complexes, Figure 4- 2 shows that about twelve
hours of aging is required for precipitation to take place. The impact of TEMPO DS on
the electrophoretic mobility values of PVAmM-Tx/laccase complexes were measured (data
plotted in Figure S4- 4) and the results showed that the mobility decreased with
increasing substitution of amines with TEMPO-amide.
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The results in Figure 4- 2 show that most of the compositions were present as slowly
aggregating colloids — the higher the TEMPO DS, the lower the useful working time. In
the extreme, complexes with TEMPO DS>18% precipitated quickly, limiting their ulitity
as reactive adhesive primers. In summary, the solution behavior of PVAM-T + laccase
mixtures displays the classic features of polyelectrolyte complexes formed between two
oppositely charged polyelectrolytes. The electrochemical results below suggest that even
the colloidally stable complexes slowly contract with time.

25 F PVAmM-T 66.7 mg/L, Laccase 133 mg/L,
i pH 5, 50 mM acetate buffer
20 |
X [
815 [ PVAM-TI3 Precipitate
@ [
& B -
=10 [ Colloid
[T
- X
5 _
[ Solution TN
0 I I I B I T T T T A T T T N T TN TN B T
0 5 10 15 20

Aging Time (h)

Figure 4-2  The influence of TEMPO DS and aging time on the PVAmM-T phase.
The blue line is the boundary of solution and colloid states, the red line
is the boundary of colloid and precipitate states. The purple line is the
sample of PVAm-T13/laccase aged with different hours. The data points
used to construct the boundaries are shown in Figure S4- 3.

PVAmM-T/laccase adsorption on gold-sulfonate. A goal of this work was to use cyclic
voltammetry to characterize the redox properties of PVAm-T/laccase complexes
adsorbed on gold electrode surfaces, treated with sodium 3-mercapto-1-propanesulfonate
to give negatively charged surface - gold-sulfonate. The adsorption of the cationic
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PVAm-T/laccase complexes onto the gold-sulfonate surfaces was monitored by an
electrochemical quartz crystal microbalance with dissipation (EQCM-D) and some results
are shown in Figure 4- 3. For PVAm-T/laccase soluble complexes with TEMPO DS
<6%, the adsorption reached a steady-state within 30 minutes. Furthermore, the
dissipation shift was less than 10% in magnitude of frequency shift and the set of
overtone curves showed good agreement (see supporting information Figure S4- 5),
suggesting PVAmM-T (DS<6%) / laccase complexes were not highly hydrated. By
contrast, PVAm-T/laccase complexes with TEMPO DS>6%, showed a slow continual
frequency drop after one hour exposure to flowing complex dispersion (see information
Figure S4- 5), indicating significant hydration. To summarize both the solution and
adsorption properties of PVAm-T/laccase complexes show significant time dependent
behaviors making most measurements history dependent.

For some of our analysis we required an accurate mass for the adsorbed complex on the
gold-sulfonate surfaces. In these cases, we dried the sensor and used ellipsometry to
characterize the adsorbed layer. Figure S4- 6 shows the types of measurements are
linearly related with the wet film coverage values about five times greater than the
ellipsometric values.
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Figure 4-3  The influence of TEMPO DS on the adsorption of PVAm-Tx/laccase
complexes on gold-sulfonate EQCM-D sensors. PVAM-T (67 mg/L)
was mixed with laccase (133 mg/L) under a nitrogen blanket. The
reported values were obtained after the mixtures were pumped through
the EQCM-D sensor for 1 h followed by a buffer rinse. The black data
are the frequency shifts, and the red data are the dissipation shifts.

Redox Properties of PVAmM-T/laccase Complexes. Cyclic voltammetry experiments
were performed to characterize the redox behaviors of adsorbed PVAm-T/laccase
complexes on gold-sulfonate EQCM-D sensors. Figure 4- 4 shows the current generated
by an individual voltage sweep. As indicated in the Figure, the observed current flow is
due to the reversible conversion of TEMPO moieties to the corresponding oxoammonium
ion'®. Solutions were kept under a nitrogen blanket and under these conditions laccase is
not redox-active. Integration of the cyclic voltammetry curves yields the total electron
flow, Q, and the Q values are for the range of PVAmM-Tx/laccase complexes are given in
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Table 4- 1. The Q values for the two or three lowest DS were small, approaching the
sensitivity of our instrument.

6
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Figure 4-4  Assingle cyclic voltammetry sweep for PVAm-T13/laccase complex.
PVAmM-T (67 mg/L) and laccase (133 mg/L) buffer solutions were
mixed, and immediately added into the EQCM-D at a flow rate of 0.1
mL/min at 23 °C. The adsorption time was 1 hour, followed by rinsing
with acetate buffer. All solutions were under a nitrogen blanket. The
sweep direction 0.3 V to 0.8 V, then to 0.3V.

The densities of redox-active TEMPO moieties adsorbed on the gold-sulfonate surface

were directly calculated from Q and the results are shown in Figure 4- 5 as a function of
the PVAmM-T TEMPO content. As expected, the redox-active TEMPO density increased
with the density of TEMPO moieties on the PVAmM-T chains. The coverage of adsorbed
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complexes on the gold sensors was estimated from ellipsometric measurements of the
dried complex films. The resulting values, I'ei, are summarized in Table 4-1. The
experimental section summarizes the assumptions that were made to obtain theses values
and an example calculation is given in the supporting information. Our I'¢ values should
be considered rough estimates. Based on the estimated I"el values and the TEMPO
contents of the polymers, we estimated the total density of TEMPO moieties on the gold-
sulfonate surfaces. The fractions of the adsorbed TEMPO moieties in the PVAM-T
complexes that were redox-active were estimated as the ratio redox-active to the total and
the ratios are also shown in Figure 4- 5. Almost all TEMPOs were redox-active when
DS>12%, however, only about 50% TEMPO was redox-active when DS<10%. In other
words, our estimates suggest that the PVAm-T/laccase complexes displayed efficient
TEMPO-to-TEMPO electron transport since the adsorbed layers were too thick for all
TEMPO moieties to be in direct contact with the gold electrode.
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Figure 4-5  The coverage of redox-active TEMPO in PVAm-T/laccase complexes on
gold sensors, determined by cyclic voltammetry. The fraction of redox-
active groups was calculated as the ratio of the redox-active TEMPO
coverage to the total TEMPO coverage, estimated from the ellipsometric

96



Ph.D. Thesis — Qiang Fu McMaster University — Chemical Engineering

characterization of the dried complex films. PVAmM-T (67 mg/L) and
laccase (133 mg/L) buffer solutions were mixed, and immediately added
into the EQCM-D at a flow rate of 0.1 mL/min at 23 °C. The adsorption
time was 1 hour, followed by rinsing with acetate buffer. All solutions
were under a nitrogen blanket.

The above solution phase studies and the adsorption characteristics showed that PVAm-
T/laccase complexes changed with time. Figure 4- 6 shows the effect of aging time on
both the adsorption and the redox properties of adsorbed PVAm-T17/laccase complexes.
With aging, the adsorbed complex had a lower mass and dissipation suggesting the slow
expulsion of water as the complex aged. The density of redox-active TEMPO moieties
continuously decreased with aging time. After four hours aging the adsorbed mass was
constant whereas the redox-active TEMPO content continued to decrease. We propose
that changes in the adsorbed mass were due to the expulsion of water from the complex
with aging whereas the decrease in redox-active TEMPO reflected decreasing TEMPO
mobility, which in turn inhibited TEMPO-to-TEMPO electron transport.
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Figure 4- 6  Effect of pre-deposition, complex aging time on: A) adsorption density;
B) redox-active TEMPO density; and, C) the apparent electron diffusion
coefficient. PVAmM-T (67 mg/L) and laccase (133 mg/L) buffer solutions
were mixed, and aged a certain time before adding into the EQCM-D at
a flow rate of 0.1 mL/min at 23 °C.

We also employed chronoamperometry to characterize the electrochemical properties of
adsorbed PVAm-T17/laccase complexes. In this technique, the current flow in response
to a step change in voltage is measured as a function of time. The effective diffusion
coefficient of charge transport through the complex was estimated by the Cottrell
equation (see Figure S4- 7) and the results are summarized in Figure 4- 6C. The largest
decrease in electron mobility is in the first hour, mirroring the change in adsorbed density
in Figure 4- 6A. Taken as a whole the results summarized in Figure 4- 6 show that the
ability of PVAmM-T17/laccase complex to oxidize cellulose is likely to decrease by about
% in the first hour, decreasing more slowly over the next few hours.

PVAmM-T/laccase complexes oxidizing cellulose membranes. PVAM-T polymers were
designed to adsorb onto cellulose, promote the oxidation of primary alcohols to aldehyde
groups, and then with drying, form covalent imine and aminal bonds between cellulose
and PVAmM-T amine groups. As long as the cellulose is not dried, the concentration of
intermediate aldehyde groups can be measured by fluorescent labeling with Bodipy FL
hydrazide dye. The reactive dye forms covalent hydrazone bonds with aldehydes.
Regenerated cellulose films were oxidized with our series of PVAmM-Tx/laccase
complexes and the density of aldehydre groups generated are shown as functions of the
TEMPO DS in Figure 4- 7. There was a linear relationship between aldehyde density and
PVAmM-T DS.
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Figure 4- 7  The influence of PVAmM-T DS on the density of aldehyde groups on
cellulose produced by adsorbed PVAm-T/laccase complexes. Oxidation
experiments were performed over 1hour in 50 mM acetate buffer solutions
containing 67 mg/L PVAmM-T, 133mg/L laccase, in pH 5 buffer.

Finally, it is of interest to try to relate the properties of PVAm-T/laccase complexes on
gold-sulfonate to the properties on cellulose. We now make two severe assumptions: 1)
the structure and the mass density of adsorbed complex are the same of both surfaces,
and, 2) the redox-active TEMPO content, measured by electron transport from gold is the
same as the redox-active TEMPO content, where the electron transfer is from laccase.
Based on these assumptions, we can correlate the results in Figure 4- 5, with the results in
Figure 4- 7 to obtain the relationship between the density of redox active TEMPO
moieties and the corresponding density of aldehydes produced by the oxidation of
cellulose. The result is shown in Figure 4- 8. We have fit the results to a power law
suggesting that the aldehyde density is proportional close to the square root of the redox-
active TEMPO density.
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Figure 4- 8  The relationship between the redox-active TEMPO density in PVAmM-
T/laccase on gold and the aldehyde density produced by PVAm-T/laccase
adsorbed on cellulose.

4.4 Discussion

The incentive for the present work was to develop an understanding of the process of
PVAm-T/laccase complexes absorbing onto, oxidizing, and providing wet adhesion of
cellulose. As mentioned in the introduction, the PVAmM-T cannot shuttle back and forth
between laccase active sites and primary alcohols on cellulose as small molecular
TEMPO can. The hypothesis we propose is that PVAmM-T serves as the oxidation
mediator through electron hopping between neighboring TEMPO moieties. Figure 4- 9
shows a proposed schematic for oxidization of cellulose by PVAm-T/laccase complexes.
The cationic PVAmM-T forms a complex with anionic laccase, and the net positively
charged PVAm-T/laccase complex adsorbs onto the cellulose surface. A TEMPO moiety
close to the laccase active site is oxidized to a TEMPO oxoammonium cation
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(TEMPO+). When in close enough contact to a nearby TEMPO, electron hopping occurs
between the TEMPO+ and the TEMPO. The electron hopping takes place sequentially
until the TEMPO+ comes in contact with a primary alcohol on cellulose. The primary
alcohol is then oxidized to an aldehyde, which in turn can be further oxidized to carboxyl
group following the same procedure.
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Figure 4-9  Schematic of the proposed mechanism for cellulose oxidation by PVAm-
T/laccase.

Electrochemical quartz crystal microbalance with dissipation (EQCM-D) is a
combination of QCM-D and potentiostat. The QCM-D provides information about the
adsorbed mass and the viscoelastic properties of an adsorbed material. The
electrochemical technique monitors the electrochemical properties of the adsorbed
materials in situ. The electrochemical results for PV Am-T/laccase demonstrated that not
only the TEMPO moieties contacting the electrode surface, but also those on the outer
boundary of the absorbed films were redox-active. The PVAm-T/laccase complexes films
are too thick for the TEMPO moieties on the outer boundary to have direct electron
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communication with the electrode. Simultaneously, these TEMPO moieties cannot
diffuse to the electrode surface since they are covalently bound to PVAm chains.
Therefore, the most reasonable explanation for the electron transport is electron hopping
between TEMPO moieties. This explanation is also applicable to the process of cellulose
oxidation by poly(acrylic acid-g-TEMPO) in the presence of laccase. In that case PVAm
is pre-adsorbed onto the cellulose membranes resulting in membranes with a positive
surface charge. The negatively charged poly(acrylic acid-g-TEMPO) is then adsorbed
onto these surfaces. TEMPO moieties close to laccase active sites, at the surface solution
interface, are oxidized to oxoammonium cations. Electron hopping between adjacent
TEMPO groups then facilitates the electron transport to the cellulose primary alcohols on
the underlying membrane, which are oxidized to aldehydes. A 10% TEMPO degree of
substitution is required in order to have efficient TEMPO-to-TEMPO electron transfer.
At lower DS, the TEMPO moieties are likely too far apart to have efficient electron

hopping.

In chapter 3 it was shown that only 20-30% of the TEMPO moieties were redox-active in
(PVAmM-T/PSS) Layer-by-Layer films, in which the TEMPO DS was 25 mol%.
Contrarily, almost all of the TEMPO moieties in PVAm-T/laccase complexes, adsorbed
on the electrodes, were redox-active at the same TEMPO DS (see Figure 4- 5). Therefore,
TEMPO-to-TEMPO electron transport in PVAm-T/laccase complexes films seems more
efficient than in (PVAmM-T/PSS) multilayer films. Although the mobility of grafted
TEMPO in these films was not directly measured, the mobility of the grafted TEMPO is
of large importance for the TEMPO redox-activity and the electron hopping between
TEMPO moieties. This was reflected in the influence of aging time on the fraction of
redox-active TEMPO in the adsorbed PVAm-T/laccase complexes. As shown in Figure
4- 6, the fraction of redox-active TEMPO decreased with aging time. A plausible
explanation is that the TEMPO mobility decreases due to the expulsion of water from the
complex, which in turn inhibits TEMPO-to-TEMPO electron transport, and as a result
also limits the redox-activity.

In the present work, we used the dye Bodipy FL hydrazide to determine aldehyde density
on oxidized cellulose surfaces. The hydrazide group of the dye reacts with the aldehyde
groups on oxidized cellulose in water (see Figure 4- 10). It is worth noting that
hydrazones form in water whereas imines (reaction between aldehyde and amine) do not.
The aldehyde density on cellulose surfaces can be simply controlled by PVAmM-T
TEMPO DS and redox-active TEMPO moieties. As a result, the aldehyde density on
cellulose surfaces can be simply controlled by the PVAmM-T TEMPO DS and redox-active
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TEMPO. The fluorescence-labeling method was believed can determine aldehyde groups
not only on cellulose, but also on other substrates, such as plastics.
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Figure 4- 10 Fluorescence-labeling of aldehyde groups on oxidized cellulose. The
hydrazine group on the dye Bodipy FL forms a hydrazone with the
aldehyde on oxidized cellulose.

In summary, the PVAmM-T mediated laccase oxidation offers several advantages
compared to the conventional TMEPO-mediated oxidation. First, the oxidation occurred
at neutral pH and mild conditions which is compatible to modern papermaking
technologies. Second, the TEMPO total requirement is much less than the small
molecular TEMPO. According Aracri et al.’s work who oxidized cellulose with laccase
and TEMPO, TEMPO dose is 2-8wt% of dry cellulose, whereas in the present work
TEMPO dose was 0.5-1 wt% of dry cellulose. The polymer grafted TEMPO should be
less toxic than the small molecular TEMPO. Third, the PVAm-T/laccase complexes were
too large to penetrate into cellulose, as a result, only the exterior of cellulose was
oxidized, which avoided weakening cellulose mechanical properties. The PVAmM-T
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mediated laccase oxidation also provides a new approach to functionalize cellulose
surface.

4.5 Conclusions

1.

TEMPO-to-TEMPO electron transport in PVAm-T/laccase complexes facilities
cellulose oxidation.

The density of aldehyde groups generated by adsorbed PVAm-T/laccase complex
scales with the square root of the surface density of redox-active TEMPO
moieties measured on sulfonated gold electrode surfaces.

The density of aldehydes generated by adsorbed P\VAm-T/laccase complex is a
linear function of the TEMPO content of the PVAmM-T copolymer, providing a
simple route to controlling aldehyde density.

The PVAm-T/laccase complexes of most interest for cellulose oxidation, loose
about ¥ their oxidative capacity over the first two hours of aging at pH 5. The
complexes would need to be continuously prepared for a commercial application.

The fraction of redox-active TEMPO content in adsorbed PVAm-T/laccase
complexes is significantly higher (3 times) compared to PVAmM-T/polystyrene
sulfonate layer-by-layer assemblies.
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Appendix: Supporting Information for Chapter 4

Chapter 4 Electrochemical Characterization of
Polyvinylamine-g-TEMPO/laccase Complexes for

Cellulose Wet Adhesion
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Figure S4- 1 Calibration curve for fluorescence dye Bodipy FL hydrazide on cellulose
membrane.
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Figure S4- 2 Phase diagram for mixtures of PVAm-T13 and laccase at pH 5, in 50 mM
acetate buffer. Laccase solutions were slowly dropped into PVAmM-T13
solution and the mixtures were aged 24 h before characterization.

109



Ph.D. Thesis — Qiang Fu McMaster University — Chemical Engineering

o 27

-"g 24 §000

o $21

cs eeee o0 o ° . ®
E O18

< & 000O® G060 © © © © © © @
3 S15 f0eee eee o o o o o o o
?.FEH 0000 000 0 0 0 ° © 0 o
t T
E%gl'lllllllll'll
A5 6 60000 000 ¢ ¢ ¢ ¢ ¢ 0 o
2" ; ge0ce 00 o 0 0 0 0 o o
(=]

= 0 99900 900 .0 9 0,0 ¢ o, 0

0 3 6 9 12 15 18 21 24
Aging Time (h)

Figure S4- 3 The influence of TEMPO DS and aging time on the PVAm-T phase.
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complexes with PVAm-T 67
mg/L, laccase 133 mg/L. pH 5,
50 mM acetate buffer
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Figure S4- 4  Electrophoretic mobilities as a function of TEMPO DS. Laccase solutions
were slowly dropped into PVAmM-T solutions, giving a final concentration
of PVAmM-T is 67mg/L and laccase 133 mg/L in 50 mM sodium acetate
buffer with pH 5. The measurement was carried out immediately after
droping laccase into PVAmM-T solution.
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Figure S4-5 Adsorption of (A) PVAm-T1/laccase and (B) PVAmM-T20/laccase
complexes on EQCM-D gold-sulfonate sensors.
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Figure S4-6  The comparison of mass coverage values measured by EQCM-D to those
measured by ellipsometry of dry films.
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Figure S4- 7 Cottrell’s plot for potential step chronoamperometry of PVAmM-
T17/laccase complexes absorbed on Au electrode in 50 mM acetate buffer,
pH 5 with N> saturated. 0 hr aging time of PVAm-T17/laccase complex.
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Figure S4- 8 Relationship between aldehyde density and wet Delamination Force. The
wet delamination force was from Liu et al.t
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Polyvinylamine Bearing Grafted Tempo Is a Cellulose Adhesion Primer.
Biomacromolecules 2013, 14 (8), 2953-60.
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1. Caleculating adsorbed TEMPO content based on ellipsometry

the thickness of the adsorbed PVAm-T/laccase complex was
measured with ellipsometry
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Adsorption of PVAmM-T17/laccase complexes with different aging time

from QCM
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Sauerbrey equation is used to calculated
the adsorbed mass of PVAm-T/laccase
complex though curves under different
overtones were not overlapped well in
QCM

a,,is the assumed density of hydrated PVAM-T/

laccase complexes. The value is density of 50
mM acetate buffer

h is the thickness of adsorbed PVAmM-T/
laccase complexes
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The diffusion coefficient of charge propogated in the adsorbed PVAmM-T17/laccase
complex is calculated by Cottrell equation

Cottrell equation ‘ HFAV'I’“TTCR;]T
l=—
Vit

i is current, t is time

D is the diameter of the Au

=10 mmni .
surface for complex adsorption
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Chapter 5 Concluding Remarks

Polyvinylamine (PVAm) is a relatively new, commercially available, polyelectrolyte
which has the highest primary amine density of all polymers. Due to the versatility of
amine groups and the wide range of polymer molecular weight and degree of hydrolysis
available, the potential applications of PVAm cover almost every aspect where water-
soluble polymers can be used. Our interests involve using PVAmM as a paper wet strength
additive. Over the past 15 years, a number of approaches to using PVAm for improving
wet strength been investigated, including the use of linear PVAm with different
molecular weights and hydrolysis degrees, PVAm nanoparticles, PVAm coated
responsive microgels, PVAm boronate and PVAm polyelectrolyte complexes. The actual
wet strengthening mechanism of PVAm is the formation of covalent bond between amine
groups of PVAm and aldehyde groups on the cellulose surface. Native cellulose does not
contain aldehydes; therefore mild TEMPO-mediated oxidation was used to introduce
aldehyde groups in all the above mentioned cases.

TEMPO-mediated oxidation of cellulose was first reported over 20 years ago.
Advantages such as high product yield, high selectivity, and only slight degradation of
cellulose attracted attention from both academia and industry. However, the
environmental impact and cost efficiency have limited its practical applications. Several
patents and scientific publications approach this problem by suggesting the recovery and
reuse of TEMPO for the oxidation of small organic substrates. Methods include
distillation and extraction of waste as well as immobilization of TEMPO on solid carriers.
The recovery and recycling has so far almost exclusively been done on a laboratory scale;
TEMPO recycling from large volumes of solutions in the production of paper offers big
engineering challenges.

Recent work from the Pelton lab have provided an alternative approach to reduce the cost
and environmental impact of TEMPO-mediated oxidation by grafting TEMPO onto
PVAm or poly(acrylic acid). This way TEMPO can be concentrated near the cellulose
surface, since the polyelectrolyte grafted TEMPO adsorb onto cellulose (or modified
cellulose). As a result, less TEMPO is required for the oxidation and the environmental
impact is lowered since the immobilized TEMPO is less toxic than the small molecular
TEMPO.
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This thesis work describes new insights into the role of polymer grafted TEMPO as
mediator for cellulose oxidation. The results provide a better understanding of the process
of polymer grafted TEMPO adsorbing to, oxidizing, and promoting wet adhesion of
cellulose. The main contributions of this work are given as follows:

1. Polymer grafted TEMPO adsorbs onto cellulose membranes (or pre-treated
cellulose membranes) in the presence of laccase. A TEMPO moiety close to the
laccase active site is oxidized to an oxoammonium cation, which then is
transferred to the cellulose membrane surface through electron hopping between
TEMPO moieties on the polymer chain. When an oxoammonium cation is in
close enough proximity to a primary alcohol on the cellulose surfaces, the alcohol
is oxidized to an aldehyde.

2. For the first time, the redox-activity of polyvinylamine-g-TEMPO (PVAmM-
T)/laccase complexes were directly measured, using electrochemical quartz
crystal microbalance with dissipation (EQCM-D), a combination of QCM-D and a
potentiostat. The redox-activity of PVAm-T/laccase complexes was influenced by
the degree of TEMPO substitution (DS). When DS<10%, only 50% of the grafted
TEMPO moieties were redox-active, whereas when DS>12% almost all the
grafted TEMPO were redox-active. These results showed that around 10%
TEMPO substitution was required in order to have efficient TEMPO-to-TEMPO
electron transfer. At lower DS, the TEMPO moieties are likely too far apart to
facilitate efficient electron hopping.

3. For the first time, the aldehyde density on cellulose membrane surfaces oxidized
by PVAm-T/laccase complexes was determined through the use of the fluorescent
dye Bodipy FL. Wet never dried samples were analyzed to avoid hemiacetal
crosslinking between the highly reactive aldehyde groups and alcohols in drying
samples. Two severe assumptions were made based on the EQCM-D
measurements, which were performed on modified gold (1) the structure and the
mass density of the adsorbed complex is the same on both surfaces, and (2) the
redox-active TEMPO content, measured by electron transport from gold is the
same as the redox-active TEMPO content, where the electron transfer is from
laccase. The relationship between aldehyde density on oxidized cellulose and the
amount of redox-active TEMPO was built, as well as the relationship between
aldehyde density on oxidized cellulose and the TEMPO degree of substitution in
the PVAm-T/laccase complex. The aldehyde density on oxidized cellulose scaled
with the square root of the density of redox-active TEMPO, and was a linear
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function of TEMPO degree of substitution in the PVAm-T/laccase complexes. As
a result, the aldehyde density on cellulose surfaces is controllable by varying the
TEMPO degree of substitution and redox-active TEMPO in PVAm-T/laccase
complexes.

4. Multilayer films composed of PVAmM-T and poly(styrene sulfonate) are stable and
redox-active, whereas, multilayer films composed of PAA-T and
poly(ethyleneimine) decompose under the same external potential. Beside the
polymer type, the redox-activity of covalently bound TEMPO in redox films is
influenced by TEMPO degree of substitution, film structure (Layer-by-Layer or
complex), and the hydration of films. These provide various tools to design
desired TEMPO redox films.

5. The net charge of poly(acrylic acid-g-TEMPO) turns from negative to positive
due to the protonation of carboxyl groups and disproportionation of TEMPO
moieties with decreasing pH. It shows potential for applications in surface
modification.

6. The polymer grafted TEMPO/laccase system provides a new platform to
functionalize cellulose surfaces, and this approach can also be used to introduce
aldehyde and carboxyl groups to other polysaccharide surfaces containing primary
alcohols.
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