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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-TEMPO) (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 (PVAm-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 PVAm-T were slightly surface active.  

Multilayer films composed of PVAm-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.  



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

iii 

 

Specific attention was focused on the role of PVAm-T as mediator for cellulose oxidation 

in the presence of laccase. Positively charged PVAm-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 PVAm-T/laccase complexes. The role of PVAm-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 PVAm-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 PVAm-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 fibers1. The fiber-fiber joints that hold the paper together are weakened, due to 

the loss of hydrogen bonding and other interactions, such as polymer interdiffusion2. 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 added3. The basic function 

of most wet strength additives is that they form a cross-linked network with themselves, 

the cellulose fibers or a combination thereof4-5.    

Today, the wet strength additives used in the paper industry can be classified into two 

main categories: formaldehyde based resins and polyamidoamine-epichlorohydrin resins1, 

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 

dermatitis6-7. Polyamidoamine-epichlorohydrin resins contain low molecular weight 

organic chlorine by-products, which are suspected to have some mutagenic activity8. 

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 groups3, 9. 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 hypochlorite3, 10-11. 

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.10 Ren12, a previous group member, grafted 

TEMPO onto PVAm, forming PVAm-g-TEMPO (PVAm-T). This way, TEMPO could 

be concentrated at cellulose surfaces as a result of electrostatic interaction between 

cationic PVAm-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.13 

explored cellulose oxidation by PVAm-T in the presence of the enzyme laccase. The 

oxidation pH for this reaction is 5, which is more compatible to modern papermaking 

sean
打字机
1
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technologies. Shi et al.10 grafted TEMPO onto anionic poly(acrylic acid), forming PAA-

T. A layer of PVAm 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 (PVAm) 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 vinylamine14. Several routes have 

been developed to synthesize PVAm15 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. 



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

3 

 

 

Figure 1- 1.  Synthesis of PVAm from poly(N-vinylformamide) and from 

polyacrylamide (Figure adapted from Ref14) 

 

Recently, Pelton15 reviewed the properties of PVAm and its derivatives, with specific 

attention focusing on modification of solid surfaces. In this section, the key properties of 

PVAm are summarized and relevant studies of PVAm are reviewed.  

PVAm is partially ionized from pH < 2 to pH >12 due to the interaction between 

neighboring amine groups16-17, also known as the polyelectrolyte effect. PVAm is highly 

charged at low pH, and the charge density decreases with increasing pH. PVAm is very 

hydrophilic, and it is not surface active without hydrophobic modification. Chen et al.18 

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 coworkers19 investigated 
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the polyelectrolyte complexes formed between PVAm 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 cellulose20-21, DNA22, and protein23 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 silica24, glass25 and cellulose26 

through electrostatic interaction. The adsorption is an irreversible and kinetically 

controlled process27. The adsorbed amount is influenced by PVAm molecular weight, 

concentration, pH, ionic strength and presence of formamide moieties.   

Amine groups on PVAm could interact with a variety of electrophilic reagents through 

either chemical reactions or electrostatic interaction. Various structures have been grafted 

onto PVAm alone or in combination with each other, such as fluorochemical chains28, 

hydrophobes29, PEG30, dextran31, galactose32, p-nitrophenyl33, nucleic acids34, 

antibodies35, phenylboronic acids36, and peptide37. 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 adhesion38. Tanaka’s group39 reported that both dry and wet tensile 

strength of paper increased with the addition of PVAm. Isogai and coworkers8, 40 

compared PVAm 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.41 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.3, 42 systematically investigated 

PVAm 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.11 and Kurosu 

et al.37 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.43-44 applied polyelectrolyte complexes of carboxymethyl cellulose 
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(CMC) and PVAm as cellulose wet adhesives. Chen et al.45-46 grafted phenylboronic acid 

to PVAm, which resulted in strong adhesion to never-dried cellulose surfaces. Miao et 

al.47-48 synthesized PVAm microgels, and compared the wet strength enhancement of 

PVAm microgels with linear PVAm. Wen et al.49-50 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.29 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 

PVAm 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. Illergard et al.51-52 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’ group53 

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 radicals54-56. 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 other57 (see Figure 1- 3). 

More interestingly, TEMPO takes part in disproportionation reactions at acidic conditions 

(pH <3), producing the TEMPO oxoammonium cation and hydroxylamine55, 58 (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 

conditions59. 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.   

 

 

 

Figure 1- 3.  TEMPO, TEMPO+ and TEMPOH (Figure reproduced from Ref57) 
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Figure 1- 4.   Acid-catalyzed disproportionation of TEMPO (Figure reproduced from 

Ref56) 

 

The use TEMPO in the oxidation of small alcohols has a long history60. In 1994 De Nooy 

et al.61 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-

soluble62-63 and water-insoluble64. 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 groups65 and the preparation of 

nanocellulose66. 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 alcohols62. 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 NaClO/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/NaClO/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 

N

O

2 2 H+

N

O

N
H OH

TEMPO TEMPO+ TEMPOH+



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

9 

 

hypobromite, which might also become rate limiting67-68. Isogai’s group has extensively 

investigated the oxidation of cellulose and other polysaccharides using the 

TEMPO/NaClO/NaBr system63-64, 69-71. 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 substrates69, 72-73. 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/g69. Oxidation usually takes less than 

two hours, and slight depolymerisation of cellulose fibers occurs.  

 

Figure 1- 5.  Schematic of cellulose oxidation by the TEMPO/NaClO/NaBr (Figure 

reproduced from Ref74)  

 

In 1999 Zhao et al.75 reported the use of TEMPO/NaClO/NaClO2 for oxidation of 

primary alcohols of small organic substrates and Isogai et al.76-77 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/NaClO/NaClO2 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 pulp78. 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. 

 

 

 

Figure 1- 6.  Schematic of cellulose oxidation by TEMPO/NaClO/NaClO2 (Figure 

reproduced from Ref77) 

 

Some oxidizing enzymes, for example laccase, can take the place of sodium hypochlorite 

as the oxidant62 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 newsprint79. During laccase oxidation of polysaccharides (see Figure 1- 
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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/NaClO/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.80 oxidized granular potato starch using the 

TEMPO/laccase/O2 system and showed that the primary alcohols are more easily 

converted to aldehyde groups than further converted to carboxyl groups. Aracri et al.81-82 

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 fibers83. However, some 

degradation of the cellulose fibers was also observed83. The main drawbacks of the 

laccase oxidation system are slow reaction rate, and low conversion rate. Laccase 

oxidation usually takes 18-48 h84.  
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Figure 1- 7  Schematic of cellulose oxidation by TEMPO/laccase/O2 system (Figure 

adapted from Ref62)  

 

Recently, Isogai’s group85-86 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 

fibers86. 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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Figure 1- 8  Schematic of cellulose oxidation by electro-mediated TEMPO oxidation 

system (Figure reproduced from Ref86) 

 

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 polysaccharides62. 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/NaClO/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-

mediated 

oxidation system 

Primary 

oxidant 

pH  Oxidation time Example of oxidation 

substrate, carboxyl and 

aldehyde contents in products 

TEMPO 

NaBr 

NaClO 

NaClO 10-11 <2h regenerated cellulose fibers69: 

carboxyl: 0.1-1 mmol/g  

aldehyde: 0.05-0.3 mmol/g  

TEMPO 

NaClO2 

NaClO 

NaClO 3-7 1-3days bleached wood pulp78 

carboxyl: 0.3-1 mmol/g  

aldehyde content: 0 

TEMPO 

laccase 

O2 

O2 4-6 18 hr-2 days sisal cellulose fibers82: 

carboxyl: 0.2-0.3 mmol/g  

aldehyde: 0.1-0.2 mmol/g  

TEMPO 

electrode  

electron 6-10 1-2 days regenerated cellulose fibers86  

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 polymers87, silica gels88, and other carriers89-90. 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 TEMPO62. 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 Iida91 

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 PVAm-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 Liu12-13 

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 adhesion13.  

In order to lower the reaction pH, Liu et al.13 replaced NaClO and NaBr with the enzyme 

laccase and O2 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 NaClO/NaBr. Shi et al.10 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 NaClO/NaBr and laccase/O2 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 catcher92 in controlled radical polymerization and as spin-

label/probe93-94 in measurements of polymer chain mobility. The application of polymers 

bearing TEMPO groups in organic electronic devices95 has also recently received great 

attention. TEMPO-grafting to a variety of polymer backbones have been reported 

including poly(meth)acrylate96, polystyrene97, DNA 98, cellulose derivatives 99, and 

polyacrylamide100.  

TEMPO has also been grafted to polymers to design redox responsive materials. 

Bergbreiter and coworkers101 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 oC by oxidation (NaClO/H2O) 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.102 

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.103 

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.104-105 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 moieties.  

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 

polymers106. In this technique, a working electrode potential is linearly scanned between 

an initial value, E1, and a predetermined limit value, E2, 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.  

 

Figure 1- 9  Cyclic voltammetry potential waveform 

 



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

17 

 

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 Epc 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 

behavior106 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”106, 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.  

 

 

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 Ref107) 

 

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 both108. 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 D109.  

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 equation107: 

𝑖𝑝 =
𝑛2𝐹2𝛤

4𝑅𝑇
𝜈                                                                                                              (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, 

Γ is the coverage of the redox-active species, T is the temperature, and ν is the scan rate. 

Γ can be determined by 

  Γ =
𝑄

𝑛𝐹𝐴
                                                                                                                   (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 applicable110, as in the case 

of the semi-infinite diffusion of redox species in solutions.  

𝑖𝑝 = 0.4463𝑛𝐹𝐴𝐶(
𝑛𝐹𝑣𝐷

𝑅𝑇
)

1

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 ν. ip ∝ ν means the redox process in redox 

films exhibits mainly thin layer (surface-confined) behavior, whereas ip ∝√ν 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 90o peel test3 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 PVAm is 

assumed as a macroscopic model of fiber-fiber adhesion111.   

The wet peel test has several advantages compared to traditional paper testing methods111, 

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 Ref111) 

 

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 

PVAm. The present view of the TEMPO/laccase/O2 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-TEMPO)  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 PVAm-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 Macromolecules112. 
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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 PVAm-T were studied. The redox properties of PVAm-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 PVAm-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. I 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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 Chapter 3  Redox Properties of Polyvinylamine-g-TEMPO in 

Multilayer Films with Sodium Poly(styrene 

sulfonate) 

 

 

 

 

I 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. I 

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 (PVAm) to cellulose 

surfaces. PVAm grafted “primer” coatings on cellulose 1 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 (PVAm-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 PVAm-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 PVAm-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 molecules4. 

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. 5-7 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 9 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 PVAm-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. 

PVAm 5095, Mw 45 kDa, hydrolysis degree 75% and PVAm 9095, Mw 340 KDa, 

hydrolysis degree 95%. We completely hydrolyzed the PVAm following Gu et al.’s 

method.10 All experiments were performed with water from a Millipore system with a 
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resistivity of 18.2 MΩ 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 PVAm-T. A series of PVAm-T were synthesized as previously reported 

by our group11. 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 HCl and 0.1 M NaOH solutions. The resulting solution 

was dialyzed (MWCO 3 kDa) against deionized H2O for two weeks. Purified and dried 

PVAm-T samples were obtained through lyophilisation and stored in a desiccator. The 

amine contents of PVAm-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 PVAm-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 PVAm amine groups bearing 

pendant TEMPOs. EWT is the TEMPO equivalent weight at pH 7.5 and 

EWN is the amine equivalent weight at pH 7.5  

Designation 
PVAm DH 

(mole %) 

PVAm MW  

(kDa) 

TEMPO DS 

(mole %) 

EWT 

(Da) 

EWN 

(Da) 

PVAm-T4L 75 45 4 2260 94.0 

PVAm-T10L 75 45 10 1000 111 

PVAm-T13L 75 45 13 809 121 

PVAm-T25L 75 45 25 500 167 

PVAm-T5H 100 340 5 1360 71.8 

PVAm-T12H 100 340 12 665 90.7 

PVAm-T22H 100 340 22 438 123 

PVAm-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 

KCl) electrode (World Precision Instruments, USA) was the reference electrode. The 

QSX301 gold sensor and the platinum electrode were cleaned with piranha solution at 75 
oC for 5 minutes and then thoroughly rinsed with deionized water, and dried by N2. 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 N2.   

Using the traditional LbL approach alternating layers of cationic PVAm-T and anionic 

PSS were adsorbed on the gold sulfate electrode.  For example, PVAm-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 oC.  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 1.48412. The refractive indices of 

PVAm-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 oC for overnight before determining the 

refractive index with the ellipsometer. The refractive index of PVAm-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 PVAm-T and PSS 

(1.473).  The coverage (dry mass/area) of PVAm-T in each layer was estimated from the 

incremental ellipsometric thickness and the density of PVAm-T (1.08 g/mL, assumed to 

be the same as PVAm13).   

3.3 Results 

PVAm-T Compositions. A series of PVAm-T copolymers with varying TEMPO 

contents were prepared and the generic PVAm-T structure is shown in Figure 3- 1. In 

water, PVAm-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 PVAm-T compositions by: DH the degree of hydrolysis of the parent PVAm; DS, 

the fraction of amine groups coupled to TEMPO; and, α, the degree of ionization of 

amine groups.   

The properties of the PVAm-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, α values were estimated by the Katchalsky model14,15 that predicts α = 

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 EWN the equivalent weight of amine groups, both ionized and 

non-ionized. These equivalent weights were calculated from DS, DH and α values, are 

also tabulated in Table 3-1. The equivalent weights and other PVAm-T compositional 

details are and the detailed calculations, performed in Mathcad Prime are given in the SI 

file.   
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Figure 3- 1 PVAm-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 

PVAm-T, T (mg/m2) or as a molar coverage of TEMPO groups, T (mol/m2). These 

two quantities are related by EWT – see Eq 1. 

 

 

Eq 1 

 

PVAm-T solution properties. PVAm-T is water soluble from pH 2 to 12.  However, the 

TEMPO moieties in PVAm-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).  

HNNH3
+

NH2NH

CH
O O

N

O•

w
X y z

w + x + y + z = 1

DH = 1- w

DS =
z

x + y + z

a =
y

x + y

gT =
GT

EWT
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PVAm-T/PSS multilayer films. Alternating layers of PVAm-T and polystyrene 

sulfonate (PSS) were formed on a QCM-D gold sensor surface. To facilitate adsorption of 

the first PVAm-T layer, the gold was treated with sodium 3-mercapto-1-propanesulfonate 

to give surface sulfonate groups.16 Figure 3- 2 shows the EQCM-D frequency change 

with each additional adsorbed layer. The average frequency shift of PVAm-T25L layer 

was -20 Hz and the average frequency shift of PSS layer was -5 Hz. The total dissipation 

shift was less than 2 ×10-6 (see supporting information Figure S3- 6). The curves under 

different overtones overlapped well, and the ΔD was less than 10% in magnitude of Δf, 

indicating that the (PVAm-T25L/PSS)4 multilayer film was rigid, and the absorbed mass 

can be calculated with Sauerbrey equation.17-18 

 

 

Figure 3- 2  QCM-D frequency changes with the buildup of (PVAm-T25L/PSS) 

multilayer together with the resulting dry film thicknesses measured by 

ellipsometry.  

Figure 3- 2 also shows the dry thickness of PVAm-T25L/PSS multilayer films measured 

by ellipsometry.  The average thickness of PVAm-T25L layer is 0.8 ± 0.2 nm, and the 

average thickness of PSS layer is 0.6 ± 0.2 nm. The mass of PVAm-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. 

  

 

Figure 3- 3  The water content of PVAm-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 (∆E) between the anodic and the 

cathodic peaks was about 34 mV at scan rate 5 mV/s, and the ∆E 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.7   

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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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 PVAm-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 moieties far apart from the electrode surface are redox-active. 

 

 

Figure 3- 4  (a) Cyclic voltammograms of (PVAm-T25L/PSS)4 at various scan rates. 

(b) Dependence of the peak currents on scan rates for the (PVAm-

T25L/PSS)4 multilayer film. 
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Figure 3- 5  Cyclic voltammograms of (PVAm-T25L/PSS)n 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 PVAm-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 (PVAm-T25L/PSS)n multilayer 

films as a function of the number of bilayers. 1 = 0.5 

mg/m2 

 

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 PVAm-T.  

Figure 3- 7 (data are tabulated in Table S3-2) shows the coverage of redox-active 

TEMPO for (PVAm-TxL/PSS)4 for a series of PVAm-T where the DS varied from 4 to 

25%. The results show a linear relationship between PVAm-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 PVAm-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 

PVAm-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 PVAm-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 PVAm-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 19 
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Figure 3- 9 Effect of blocking bilayers on oxidation peak current of (PVAm-

T25L/PSS)2 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. 5 

One published estimate is that at least 60% of polymer repeat units must bear TEMPO 

groups for effective transfer in dilute polymer solutions. 6 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 PVAm (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).   

LBL systems 
Redox Species DS 

(%) 

Fraction Redox-

active 

(%) 

ref 

PAA-T/PEI 46 “most” 9 

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. 5   

Consider first the PVAm-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). 23 It seems reasonable to propose that for PVAm-T copolymers with low 

DS values, only those TEMPOs attached to trains would be redox-active.   

 

 

Eq 2 

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; TL1 is the total 

TEMPO coverage in the first PVAm-T layer adsorbed on gold; and, T is the total TEMPO 

coverage from all the layers in the multilayer films. 

gTRA = p ×gTL1     for DS £ DSc

gTRA =gT           for DS > DSc
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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 T1 = 0.5 mg/m2 and the corresponding 

TL1 was calculated from Eq 1. The detailed calculations are shown in the SI 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 PVAm-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 (PVAm-T25L/PSS)4 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/m2) of redox-active TEMPO moieties was a linear 

function of the TEMPO content in the (PVAm-Tx/PSS)4 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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4. The PVAm-T25L/PSS LbL multilayer films were about 75% water and small, 

reversible decreases in swelling were induced by oxidizing the TEMPO moieties.  

5. 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 19 

6. 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, 24 PVAm-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 

 

 

Figure S3- 1        Preparation of PVAm-T from PVAm 

 

Surface Activity of PVAm-T   

Surface tension measurement. Surface tension of PVAm and PVAm-T solutions was 

measured with the pendant drop method (Kruss GmbHdrop shape system DSA10, 

Hamburg, Germany). The temperature was maintained at 25 oC, and the humidity 100% 

with a closed glass chamber. In a typical experiment, 0.3 wt% PVAm-T was completely 

dissolved in a 5 mM KCl solution, and the pH of the PVAm-T solution were adjusted by 

1 N NaOH and HCl. 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 μL. 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 al1 studied the surface tension of hydrophobically modified polyvinylamine in 

our group. We followed Chen et al.1 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 PVAm-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 

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

9). And the surface tension of PVAm-T was collapsed well onto the single master curve 

“breakpoint surface tension vs hydrophobicity index” developed by Chen et al. 1 (see 

Figure S3- 4).    
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Figure S3- 2        Surface tension of 0.3wt% PVAm-T13L in 5 mM KCl as a function of 

pendant drop age at 25 oC.  
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Figure S3-3        Break point surface tension (See Figure 1) as a function of pH for 

0.3wt% PVAm-T13L in 5 mM KCl at 25 oC.  

Chen et al. 1 developed a hydrophobicity index to study the surface tension of 

hydrophobically modified polyvinylamine at pH 9. According to Chen et al.1 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 PVAm-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 PVAm 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 

PVAm. Measurement conditions: 0.3 wt% polymer in 1 mM KCl 

aqueous solution, polymer solution pH 9, and temperature 25 oC. 

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 oC. 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 PVAm-T, whereas the effect of TEMPO substitution on 

intrinsic viscosity is negligible at pH 10.  



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

73 

 

 

Figure S3- 5   Intrinsic viscosity of PVAm and PVAm-T in 0.1 M KCl at 25 oC.  

 

QCM-D 
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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 (PVAm-

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 ∆f 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. 
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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. Δf3 is the frequency shift at applied potential under 3rd overtone, 

and ΔDOCP is the frequency shift at open circuit potential under the 

same overtone.  

Table S3- 1  Summary of EQCM and ellipsometric characterization (PVAm-

T25L/PSS)n multilayer films. 
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Bilayer 

Number 

 

Δf3/3 

(-Hz) 

Sauerbrey 

Coverage 

(mg/m2) 

Ellipsometric 

Coverage 

(mg/m2) 

Water 

Content  

(wt%) 

Oxidation 

Charge 

(μC) 

Redox-

Active T 

(μmol/m2) 

0.5 20.6 3.65 0.4 ±0.33 89 ±9 ----- ---- 

1 24.6 4.35 0.7 ±0.32 83 ±7 1.54 ±0.82 0.20 ±0.11 

1.5 43.8 7.75 1.6 ±0.32 78 ±4 ----- ---- 

2 49.6 8.77 2.1 ±0.40 76 ±5 3.48 ±0.87 0.46 ±0.12 

2.5 69.8 12.4 3.0 ±0.19 75 ±2 ---- ---- 

3 75.5 13.4 3.4 ±0.27 74 ±2 8.1 ±1.59 1.06 ±0.21 

3.5 92.3 16.3 4.3 ±0.38 73 ±2 ----- ---- 

4 101.1 17.9 4.8 ±0.38 73 ±2 15.5 ±1.25 2.05 ±0.19 

 

 

Table S3- 2  Summary of EQCM and ellipsometric characterization (PVAm-

TxL/PSS)4 multilayer films. 

PVAm-Tx Δf3/3 

(Hz) 

Sauerbrey 

Coverage 

(mg/m
2
) 

Ellipsometric 

Coverage 

(mg/m
2
) 

Oxidation 

Charge 

(µC) 

Redox-Active T 

Coverage 

(µmol/m
2
) 

PVAm-T4L 90.1 15.95 4.3±0.75 1.91±1.25 0.25±0.16 

PVAm-T10L 96.7 17.16 4.4±0.56 5.92±1.27 0.78±0.17 
PVAm-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 
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Chapter 4   Electrochemical Characterization of 

Polyvinylamine-g-TEMPO/laccase Complexes for 

Cellulose Wet Adhesion 

 

 

 

 

I 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. I 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 strength1. 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 recipe2 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 PVAm3, PVAm nanoparticles4-5 and PVAm coated pH- and temperature-

responsive microgels6-7 have all been studied to optimize the wet strengthening properties 

of PVAm. However, the practical application of the TEMPO/NaClO/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 PVAm-g-TEMPO 

(PVAm-T)8. 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 

PVAm-T is physically adsorbed onto the cellulose9. PVAm-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 substitution10. 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 laccase11. 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.12 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 PVAm-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 membranes3. 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.10 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 PVAm-T is surface specific. 

Xing et al.13 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 H2O 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 MΩ cm-1, Barnstead Nanopure Diamond system). Regenerated cellulose dialysis 

tubing (12-14 kDa molecular weight cut-off, MWCO) was obtained from Spectrum 

Laboratories. The tubing was washed thoroughly with deionized H2O in order to remove 

preservatives before use.  

PVAm-T Synthesis and Characterization.  PVAm-T was synthesized through EDC 

coupling reaction10. PVAm-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 PVAm 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 H2O for two weeks. The purified and dried products were obtained through 

lyophilization 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 PVAm-T, Δf5/5 and D are the QCM-D frequency changes and 

dissipation for adsorbed PVAm-T/complex, el 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 

(mol%) 

Δf5/5  

(-Hz) 

D 

(10-6) 

el 

(mg/m2) 

Q 

(μC) 

TRA 

(mM/m2) 

PVAm-T0 0 24.0 1.1 0.232 0 0 

PVAm-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 5.5 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 4.872 20.29 ±1 .13 97.9 
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PVAm-T/laccase Complex Preparation. PVAm-T and laccase were separately 

dissolved in 50 mM acetate buffer at pH 5, making solutions with concentration 1 g/L. 

The PVAm-T and laccase solutions were filtered through 0.45 μm filters before use. In 

this study, all PVAm-T/laccase complexes were prepared by adding laccase into PVAm-

T solutions. The PVAm-T solution was first diluted into the desired concentration, and 

then the laccase solution was added into the diluted PVAm-T solution, drop by drop 

under magnetic stirring. Solutions were bubbled by O2 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 PVAm-T solution under magnetic 

stirring.  

Phase Behavior Measurements. The phase behavior of the PVAm-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 90o. 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 PVAm-

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 ℃ 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 water14.  
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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 PVAm-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 PVAm-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 oC.  

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 23oC.   

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 µm) before mixing. The 

resulting oxidized cellulose disks were washed thoroughly with deionized water. 

Aldehyde determination. The oxidized cellulose disks were immersed in 10 µM of the 

fluorescent Bodipy FL hydrazide methanol/water solutions (methanol: H2O = 5:1) at 

room temperature for 8 h. The disks were then washed thoroughly with methanol and 

then by acetone.13 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 µL drops of Bodipy FL hydrazide methanol solution 

(0-10 µM) 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 

PVAm-T/laccase complex phase behavior. Polyelectrolyte complexes were prepared by 

mixing PVAm-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).11 Figure 4- 1 shows the phase boundaries of PVAm-T13/laccase 

complexes.  PVAm-T13 was chosen for this detailed analysis because it is one of the 

most promising wet cellulose adhesives when used with laccase.10 The phase behavior of 

PVAm-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 PVAm-T was stable when either PVAm-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 PVAm-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 PVAm-

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 PVAm-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 PVAm-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 PVAm-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. 

 

Figure 4- 2  The influence of TEMPO DS and aging time on the PVAm-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. 

PVAm-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 PVAm-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 PVAm-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 

ion16. 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 PVAm-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. 

 

 

Figure 4- 4 A single cyclic voltammetry sweep for PVAm-T13/laccase complex. 

PVAm-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 oC. 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 PVAm-T TEMPO content. As expected, the redox-active TEMPO density increased 

with the density of TEMPO moieties on the PVAm-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, el, 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 el values should 

be considered rough estimates. Based on the estimated 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.

 

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 
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characterization of the dried complex films. PVAm-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 oC. 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. PVAm-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 oC.  

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 PVAm-T17/laccase complex to oxidize cellulose is likely to decrease by about 

½ in the first hour, decreasing more slowly over the next few hours. 

PVAm-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 PVAm-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 PVAm-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 

PVAm-T DS.  
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Figure 4- 7    The influence of PVAm-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 PVAm-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 PVAm-

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 PVAm-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 PVAm-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 PVAm-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.    

 

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 PVAm-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 

(PVAm-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 (PVAm-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 PVAm-T 

TEMPO DS and redox-active TEMPO moieties. As a result, the aldehyde density on 

cellulose surfaces can be simply controlled by the PVAm-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.      

 

 

 

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 PVAm-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 PVAm-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.  

2. 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. 

3. The density of aldehydes generated by adsorbed PVAm-T/laccase complex is a 

linear function of the TEMPO content of the PVAm-T copolymer, providing a 

simple route to controlling aldehyde density.  

4. The PVAm-T/laccase complexes of most interest for cellulose oxidation, loose 

about ½ 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. 

5. The fraction of redox-active TEMPO content in adsorbed PVAm-T/laccase 

complexes is significantly higher (3 times) compared to PVAm-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 

 

 

 
 

 

 

Figure S4- 1 Calibration curve for fluorescence dye Bodipy FL hydrazide on cellulose 

membrane. 



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

109 

 

 

 

 

 

 

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 PVAm-T13 

solution and the mixtures were aged 24 h before characterization.  
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Figure S4- 3   The influence of TEMPO DS and aging time on the PVAm-T phase.  

  



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

111 

 

 

 

 

 

Figure S4- 4  Electrophoretic mobilities as a function of TEMPO DS. Laccase solutions 

were slowly dropped into PVAm-T solutions, giving a final concentration 

of PVAm-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 PVAm-T solution. 
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Figure S4- 5  Adsorption of (A) PVAm-T1/laccase and (B) PVAm-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 PVAm-

T17/laccase complexes absorbed on Au electrode in 50 mM acetate buffer, 

pH 5 with N2 saturated. 0 hr aging time of PVAm-T17/laccase complex.  

  



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

115 

 

 

 

 

 

Figure S4- 8   Relationship between aldehyde density and wet Delamination Force. The 

wet delamination force was from Liu et al.1   

 

Reference:  

(1)       Liu, J.; Pelton, R.; Obermeyer, J. M.; Esser, A. Laccase Complex with 

Polyvinylamine Bearing Grafted Tempo Is a Cellulose Adhesion Primer. 

Biomacromolecules 2013, 14 (8), 2953-60. 
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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 PVAm 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 (PVAm-

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 PVAm-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.  

 

 


