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Abstract 

N-chloramide containing and primary amine-containing microgels were prepared by post-
modification of thermosensitive microgels in alkaline bleach. The objective of this project 
was to develop simple strategies for preparation of functionalized microgels. 

N-chlorination of linear poly(N-isopropylacrylamide) (PNIPAM) in bleach at high pH 
resulted in a novel N-chloramide containing copolymer: poly(NIPAM-co-NIPAMCl). 
The chlorinated PNIPAM showed controlled phase transition temperature and oxidative 
ability. The N-chlorination of linear PNIPAM inspired the preparation of N-chloramide 
containing PNIPAM microgels in a similar way. The phase transition temperature of the 
resulted chlorinated microgels, which corresponds to the extent of N-chlorination, was 
affected by the reaction temperature and salt concentration. The reaction between the 
chlorinated microgels and glutathione is proposed as diffusion controlled. 

The N-chlorination of poly(N-isopropylmethacrylamide) (PNIPMAM) microgels in 
bleach was restricted, in comparison with PNIPAM microgels. The active chlorine 
content of chlorinated PNIPMAM microgels was about one-tenth of that of chlorinated 
PNIPAM microgels under the same N-chlorination condition. It is proposed that the high 
stability of PNIPMAM in bleach is a result of the electron-donating effect of methyl 
groups on PNIPMAM backbone. Hence, core-shell microgels with PNIPAM cores and 
poly(NIPAM-co-NIPMAM) shells showed improved colloidal stability after N-
chlorination because the shell was less chlorinated and served as a steric stabilizer. 

Finally, primary amine-containing microgels were prepared via Hofmann rearrangement 
of copolymers of methacrylamide, which decomposed to give amines, and NIPMAM, 
which did not react. The method was further extended to give amphoteric microgels by 
including acrylic acid in the starting microgels. Although other approaches to aminated 
and amphoteric microgels have been developed, this approach is particularly attractive 
because of the ease of the reaction and the ability to control the microgel isoelectric 
points.  
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Chapter 1 Introduction 

1.1 Literature Review 

1.1.1 Poly(N-isopropylacrylamide)  

Poly(N-isopropylacrylamide), PNIPAM, has been widely investigated as thermosensitive 
materials.1 Aqueous PNIPAM has a lower critical solution temperature (LCST) of 32 oC. 
Heskins and Guillet2 first reported a phase diagram of aqueous PNIPAM (Figure 1), 
which demonstrates a reversible temperature-induced switching of PNIPAM chains. At 
low temperature, PNIPAM chains are highly hydrated and behave as random coils. As a 
result, the aqueous suspension is homogenous and transparent. In contrast, PNIPAM 
chains collapse into globules at high temperature, resulting in a turbid suspension. It 
should be noted that the stability of the collapsed globules is affected by polymer 
concentration. Chan et al.3 showed that colloidally stable nanoparticles were found in 
dilute PNIPAM solution at temperature higher than LCST.  

 

Figure 1 The phase diagram for aqueous PNIPAM, adapted from Heskins and 
Guillet2. 

The thermosensitive behavior of aqueous PNIPAM can be explained by the competition 
between hydrogen bonding and hydrophobic interaction.1 As shown in Figure 2, the 
pendant amides of PNIPAM can form hydrogen bonds with water molecules, and the 
isopropyl groups induce hydrophobic interaction (intra-chain and inter-chain). Below 
LCST, the hydrogen bonding between polymer chains and water molecules dominates the 

collapsed globule random coil
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solubility of PNIPAM in water, resulting in a homogenous and transparent suspension. 
Increasing temperature breaks the hydrogen bonds, leading to the decrease of PNIPAM-
water interaction. Therefore the hydrophobic interaction dominates, inducing phase 
separation of aqueous PNIPAM. In an extended study, Katsumoto et al.4 revealed that 
PNIPAM chains formed intra-chain hydrogen bonds even in good solvents (e.g. cold 
water), via infrared spectroscopy and the quantum chemical calculations. The authors 
argued that the intra-chain hydrogen bond played an important role in phase separation of 
PNIPAM. 

 

Figure 2 Hydrogen bonds and hydrophobic domain of PNIPAM in water 

Although aqueous PNIPAM phase-separates due to hydrophobic interaction above LCST, 
it is important to point out that PNIPAM is never hydrophobic.5 It has been found that the 
collapsed globule is still hydrated. Heskins and Guillet2 reported a 52% water content and 
Kujawa et al.6 suggested a 60% water content of polymer aggregates above LCST.  

It is noticeable that the LCST of aqueous PNIPAM is not always 32 oC. Stöver and 
coworkers found that the LCST was affected by molecule weight (MW)7 and end chain 
groups8. They successfully prepared a serial of linear PNIPAM with various MW and end 
groups via atom transfer radical polymerization. They found that PNIPAM with lower 
MW and more hydrophilic end groups had higher LCST. However, it is impractical to 
tune LCST via MW and end chain groups. 

The most used method to tune the LCST is copolymerization of NIPAM with 
comonomers. PNIPAM copolymers with hydrophilic comonomers, such as acrylamide, 1-
vinyl-2-pyrrolidinone and N, N- dimethylacrylamide, have LCST higher than 32 oC.9-10 
PNIPAM with high LCST can be used as drug carriers.11 In contrast, copolymers 
prepared from copolymerization of NIPAM and hydrophobic comonomers exhibit LCST 
lower than 32 oC.12 For example, the copolymerization of NIPAM and n-dodecyl- and 
adamantyl-containing monomers13-14 has been reported. The hydrophobically modified 
PNIPAM can be used as rheology modifiers in oilfield.1 

1.1.2 Thermosensitive Microgels 

PNIPAM has been fabricated into block copolymers15-16, brushes17-19, gel20 and 
microgels21-22. This project focuses on PNIPAM microgels, with diameters in a range of 
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50 nm to 5 µm21. PNIPAM microgels were first prepared by Pelton and Chibante23, 
following a precipitation polymerization mechanism, as schematically described in Figure 
3A. Briefly, NIPAM monomers are dissolved in water at the reaction temperature (e.g. 70 
oC), and the reaction starts upon adding persulfate initiators. The formed PNIPAM phase-
separates from the reaction solution, resulting in precursor particles. The precursor 
particles, which are colloidally unstable, aggregate into stable primary particles. Further 
growth of the primary particles results in the final collapsed microgels. The microgels 
prepared from this method are nearly monodisperse, as shown in the TEM image (Figure 
3B). 

 

 

Figure 3 A) Formation mechanism of PNIPAM microgels, adapted from Pelton and 
Hoare.24 B) TEM image of PNIPAM microgels, adapted from Pelton and Chibante.23 

In a typical recipe, bifunctional monomers (e.g. N,N'-methylenebisacrylamide) were 
added to the reaction solution as crosslinkers, which prevents PNIPAM chains from 
departing at a low temperature after polymerization.23 However, one should note that 
bifunctional monomers are not essential to give crosslinking to PNIPAM microgels. Gao 
and Frisken have reported the preparation of PNIPAM microgels in the absence of 
crosslinker.25-26 The resulted microgels did not dissolve below the LCST, due to self-
crosslinking between PNIPAM chains induced by chain transfer reaction. Another 

I2 + NIPAM nn

Oligomer Precursor 
Particle

Primary 
Particle

Initiation Nucleation Growth Swelling

A

B
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important component for the formation of PNIPAM microgels is ionic surfactants (e.g. 
SDS), which can reduce particle size and increase colloidal stability during 
polymerization.27 

PNIPAM microgels display a temperature-induced reversible shrinking/swelling behavior, 
as shown in Figure 4. PNIPAM microgel has a volume phase transition temperature 
(VPTT) between 32 to 35 oC21, which is close to the LCST of linear PNIPAM. The 
microgels are shrunken above VPTT and fully swollen below VPTT. The physical 
properties of PNIPAM microgels are very different at shrunken state and swollen state:  

1. Water content - PNIPAM microgels are highly swollen with ~90% water below 
VPTT, while the water content decreases to ~25% above VPTT.21 Therefore the 
particle size significantly decreases upon increasing temperature.  

2. The molecular self-diffusion coefficient of shrunken microgels is lower than that 
of swollen microgels. It has been determined that self-diffusion coefficient of 
water in PNIPAM microgels is 4.3 × 10−10 m2 s−1 in swollen microgels, while it 
decreases to 1.7 × 10−11 m2 s−1 in shrunken microgels.28  

3. Hamaker constant - Vincent and coworkers showed that the Hamaker constant of 
the shrunken microgels was larger than the constant of swollen microgels.29 As a 
result, the van der Waals attraction between the shrunken microgels is stronger 
than that between swollen microgels, which could lead to homoaggregation of 
microgel particles.30  

4. The Young’s modulus of single PNIPAM microgel has been investigated with 
atomic force microscopy.31-32 It has been found that the microgel modulus in the 
shrunken state is about 10~15-folds higher than that in the swollen state, 
indicating the shrunken microgels are much stiffer than the swollen microgels.  

5. Refractive index - It has been argued that the refractive index of the shrunken 
microgels is higher than that of swollen microgels.33-34 

 

Figure 4 Thermosensitivity of PNIPAM microgels and physical properties affected 
in different states. 

< VPTT > VPTT
Size
Water Content
Molecular Diffusion Coefficent
Hamaker Constant
Young’s Modulus
Refractive Index
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Poly(N-isopropylmethacrylamide) (PNIPMAM) is another important thermosensitive 
polymer. PNIPMAM has methyl group on the backbone, instead of alpha hydrogen on 
PNIPAM backbone (Figure 5). PNIPMAM has a LCST around 44 oC, which is higher 
than PNIPAM.35 This is because the polymer chain of PNIPMAM is stiffer than PNIPAM 
chain, which requires higher energy for PNIPMAM chain collapse and association.36 
Microgels based on PNIPMAM have also been prepared following the precipitation 
polymerization mechanism.37-38 Due to its high phase transition temperature, PNIPMAM 
microgel is swollen at physiological temperature, which is likely to reduce adsorption of 
proteins under the physiological condition. Thus PNIPMAM microgels have been used as 
carrier for siRNA delivery.39  

  

PNIPAM PNIPMAM 

Figure 5 Chemical structures of PNIPAM and PNIPMAM. 

1.1.3 Synthesis of Copolymer Microgels 

PNIPAM (or PNIPMAM) microgels are thermosensitive, soft and deformable, which are 
very different from silica and polystyrene and other hard particles. Hence these microgels 
have applications in many fields: such as drug delivery40, nanocomposite41-42, 
biosensing43-44, optical devices34, 45, and separation46. In most applications, copolymer 
microgels with specific functional groups are required. Many efforts have been made to 
prepare functionalized PNIPAM microgels with various functional groups, including 
phenylboronic43, carboxyl47, azido and terminal alkyne48, glycidyl49, amine50 and thiol51, 
etc. These groups offer either additional stimuli-responsive property, reactivity or 
conjugation sites for further modification. 

Copolymer microgels can be prepared by inverse emulsion polymerization52-53, reversed 
suspension polymerization54, or microfluidic process55-56. Polymerization of NIPAM is 
conducted in dispersed aqueous phase in these methods, giving microgels with uniform 
crosslinker distribution. However, inverse emulsion and suspension polymerization 
require organic solvents as continuous phase, and surfactants. Microfluidic process 
requires both organic solvents and special microfluidic devices. These drawbacks limit 
the application of such methods in preparation of copolymer microgels. To date, the most 
used way to functionalized PNIPAM microgels is the precipitation copolymerization in 
water.   

Hoare and Pelton systematically investigated the precipitation copolymerization of 
NIPAM with carboxyl-containing comonomers.47, 57-59 They found the distribution of 

NHO
n

NHO
n
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carboxyl in microgel was strongly affected by the chemistry and reactivity of the 
comonomers. Carboxyl groups were concentrated in the microgel core when methacrylic 
acid was used as comonomers, while the carboxyl distribution was much more uniform 
by using acrylic acid as comonomers. This is because methacrylic acid was consumed 
much faster than NIPAM during precipitation copolymerization. In contrast, most 
carboxyl groups were located on the periphery of microgels when vinylacetic acid was 
used as comonomers, due to the low reactivity ratio and high chain transfer constant of 
vinylacetic acid. A kinetic model has been developed by Hoare and McLean59 to predict 
the carboxyl group distribution in PNIPAM microgels. The model verified the 
experimental results that the carboxyl group distribution is indeed controlled by the 
reactivity ratio and chemistry of carboxyl comonomers58, as shown in Figure 6. Hoare 
and Pelton also found that the carboxyl distribution strongly affected the property and 
application of microgels, such as swelling60, drug uptake61 and glucose sensing43.   

   

Figure 6 Axial distribution of carboxyl group in PNIPAM microgels with different 
comonomers (MMA, AA and VAA): model calculation (upper) and experimental results 
(bottom).58 

It should be noted that some active groups cannot be directly incorporated in PNIPAM 
microgels via precipitation copolymerization. In this case, a post-modification method 
should be introduced to convert stable functional groups into active groups after 
polymerization. For example, thiol group is a strong chain transfer agent, which is 
unstable under the polymerization condition. Therefore, Gaulding et al.51 prepared 
PNIPMAM microgels with disulfide crosslinkers, and then reduced disulfide into thiol 
groups with dithiothreitol. Also, primary amine-containing PNIPAM microgels can be 
prepared in a post-modification manner, such as hydrolysis of formamide-containing 
microgels62. 
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1.1.4 Modification on Pure PNIPAM 

As presented in previous sections, comonomers are required to prepare functionalized 
PNIPAM linear polymer and microgels. The possibility of modification on pure PNIPAM 
is considered here. An obvious option is hydrolysis of amides in PNIPAM, introducing 
carboxyls to PNIPAM. However, the hydrolysis of pendant amides is restrained. Hoare 
and Pelton57 showed that the hydrolysis of PNIPAM microgels in both acidic and basic 
conditions, resulting in carboxylic-containing copolymer microgels, was slow and 
inefficient. Only 1% hydrolysis of PNIPAM was obtained after 120 h treatment at pH 10. 

To efficiently modify pure PNIPAM, strong bases are required to deprotonate the pendant 
amides. Zhao et al.63 used phosphazene base (t-BuP4) converting the secondary amides 
into initiation sites for anionic polymerization. PNIPAM-g-PEO was obtained by adding 
ethylene oxide monomers to the polymeric initiators. The grafted copolymer PNIPAM-g-
PEO prepared in this way is proposed with the “true” random distribution of PEO chains. 
Dou et al.64 used t-BuOK to modify the secondary amides into agents for reversible 
addition-fragmentation transfer polymerization. Comb-like block copolymers were then 
obtained by adding monomers for side chains (e.g. vinyl acetate or N-vinyl-2-
pyrrolidone). Both methods are summarised in Figure 7. Compared with the 
copolymerization method, the modification on pure PNIPAM does not require specific 
comonomers, and true random distribution could be achieved. However, the methods 
mentioned above require harsh reaction conditions, such as very high pH, low 
temperature and organic solvents. The simple and facile preparation of functional 
copolymers from pure PNIPAM is still a challenge.  

A 

 

B 

 

Figure 7 Modification on pure PNIPAM; adapted from A) Zhao and Schlaad63 and 
B) Dou et al.64 
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1.1.5 Synthesis and Property of N-chloramide  

Sodium hypochlorite (NaClO), or its aqueous solution bleach, has been widely used as a 
disinfectant or a bleaching agent. Nowadays, bleach is produced by reacting chlorine gas 
with cold and dilute NaOH solution. Hence the both NaCl and NaClO are present in 
aqueous bleach. The reaction is shown as follow: 

Cl2 + 2 NaOH → NaCl + NaClO + H2O 

NaClO is a strong oxidizer, involved in many reactions and applications. In a preliminary 
experiment, we found that PNIPAM microgels were unstable in bleach. This observation 
suggests a potential method to modify pure PNIPAM with bleach. The reactions between 
bleach and amides, N-chlorination and Hofmann rearrangement, are briefly introduced in 
the following sections. 

N-halamines and N-halamides are compounds with nitrogen-halogen bonds.65 The 
halogen can be chlorine, bromine or iodine. However, N-chloramines and N-chloramides 
are most used, due to their high stability. It has been reported66 that the dissociation 
constant of N-chloramines and N-chloramides is in the range of 10-4 to 10-12. Organic N-
chloramines and N-chloramides can be prepared by reacting amines or amides with 
NaClO, as shown in Figure 8.  

  

 

Figure 8 Formation and reduction of  N-chloramines and N-chloramides 

 

The N-Cl bonds make N-chloramines and N-chloramides oxidative. It has been reported 
by Prütz67 that N-chlorinated dipeptides react with several biological substrates, such as 
glutathione, ascorbate, methionine, NADH and glutathione disulfide. The reactivity 
depends on the substrate chemical structures. The highest reaction rate was found with 
glutathione, and the least rate was obtained with glutathione disulfide. A mechanism was 
proposed for the reaction between N-chloramines and thiol compounds by Peskin and 
Winterbourn68, as shown in Figure 9.  

http://en.wikipedia.org/wiki/Disinfectant�
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Figure 9 Mechanism for the reaction between N-chloramines and thiol compounds, 
taken from Peskin and Winterbourn68. 

Polymeric N-chloramides are prepared from N-chlorination of polymer precursors, such 
as polyamides69, polyacrylamide70-71 and polymers with cyclic amides72-75. Due to the 
activity of N-Cl bonds, polymeric N-chloramides have been used to prevent growth of a 
wide range of microorganisms, including both gram-negative and gram-positive bacteria, 
viruses and fungi.76 It has been argued that biocide action of N-chloramides follows a 
combined mode.77-78 The first mode is direct contact between cell membrane and N-
chloramides. Another mode is the release of active chlorine from N-chloramines to the 
environment, which results in cell death. It has also been shown that active chlorine can 
transfer from polymeric N-chloramides to culture constituents.78  

Since amides can be N-chlorinated in bleach, an idea in this project is to apply N-
chlorination to PNIPAM. One can image the N-chlorinated PNIPAM combines the 
properties of N-chloramides and PNIPAM.    

1.1.6 Primary Amine-containing PNIPAM Microgels from Hofmann 
Rearrangement 

Another NaClO involved reaction studied in this project is Hofmann rearrangement. 
Hofmann rearrangement is to convert unsubstituted amides into primary amines with the 
aid of halogen compounds. The mechanism of the Hofmann rearrangement with NaClO is 
shown in Figure 10. It should be noticed that side reactions are involved in Hofmann 
rearrangement, such as formation of carboxylic acid and urea (RNHCONHR)79. 
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Figure 10 Hofmann rearrangement of unsubstituted amides with NaClO/NaOH. 

The Hofmann rearrangement has been applied to prepare PNIPAM microgels with 
primary amines. Shiroya et al.80 synthesized primary amine-containing microgels by 
Hofmann rearrangement of PNIPAM-acrylamide microgels in alkaline bleach at 4 oC. 
The PNIPAM-acrylamide copolymer microgels were prepared by precipitation 
copolymerization prior to the Hofmann rearrangement. Horecha et al.81 prepared 
PNIPAM microgels containing primary amines in a similar method by conducting 
Hofmann rearrangement with diacetoxyiodobenzene in water/acetonitrile solution at 0 oC. 
However, both methods require low temperature and/or organic solvents.  

Hofmann rearrangement conducted in alkaline bleach at room temperature has also been 
reported82-83. Hence one challenge in this project is to synthesize primary amine-
containing microgels via aqueous Hofmann rearrangement at ambient temperature. 

1.2 Objectives 

This project is inspired by the observation in a preliminary experiment that PNIPAM 
microgels aggregated in alkaline bleach. It is proposal that PNIPAM microgels are 
chemically modified by bleach. The overall objective of this project is to develop simple 
strategies for synthesis of functionalized microgels based on chemical reactions induced 
by aqueous NaClO (bleach). The specific objectives are as follow: 

1. To characterize the reaction between PNIPAM and bleach.   

2. To investigate the effect of reaction conditions on the chlorination of 
thermosensitive microgels. The reaction conditions include reaction time, 
temperature, pH, salt concentration and polymer chemical structure. 

3. To investigate the properties of chlorinated PNIPAM microgels possibly 
identifying new applications. 

4. To extend the application of bleach to the preparation of primary amine-
containing microgels via the Hofmann rearrangement in bleach at ambient 
temperature, giving new simplified routes to complex microgels.  
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1.3 Thesis Outline 

Chapter 1: This chapter presents the background of this project, including the relevant 
literature review, research objectives and thesis outline. 

Chapter 2: This chapter investigates the chemical structure of chlorinated linear PNIPAM. 
The chemical structure was studied via 1H-NMR and mass spectrometry. The effect of 
reaction conditions (pH and temperature) on the cloud point temperature and active 
chlorine content in the product was studied by turbidity measurements and iodometric 
titration. The thermosensitivity and oxidizing ability of N-chlorinated PNIPAM was also 
studied. This chapter has been published in European Polymer Journal.  

Chapter 3: This chapter presents the N-chlorination of PNIPAM microgels in bleach. The 
effect of reaction temperature and salt concentration on the volume phase transition 
temperature of chlorinated microgels was studied. The reduction of chlorinated microgels 
with glutathione was studied by turbidity and DLS. This chapter is in preparation for 
publication. 

Chapter 4: This chapter compares the reactivity of PNIPAM and PNIPMAM microgels in 
alkaline bleach. The stability difference is discussed based on the results from turbidity 
and iodometric titration. A mechanism is proposed to explain the low reactivity of 
PNIPMAM in alkaline bleach. Furthermore, core-shell microgels with PNIPAM cores 
and poly(NIPAM-co-NIPMAM) shells were prepared. The core-shell microgels show 
improved colloidal stability after N-chlorination. This chapter is in preparation for 
publication. 

Chapter 5: This chapter shows the synthesis of primary amine-containing microgels via 
Hofmann rearrangement in bleach at room temperature. The amine content of the resulted 
microgels was studied as a function of reaction time. In a similar way, amphoteric 
microgels with both primary amines and carboxyls were prepared. The isoelectric points 
of amphoteric microgels were studied as a function of Hofmann rearrangement time. This 
chapter is in preparation for publication. 

Chapter 6: This chapter summarises the major contributions of this study. 
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Chapter 2 Chloramide Copolymers from Reacting PNIPAM 
with Bleach 
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a b s t r a c t

Poly(N-isopropylacrylamide), PNIPAM, when reacted with aqueous NaClO at pH 10.5 gives
a stable N-chloramide copolymer, poly(NIPAM-co-NIPAMCl) with little reduction in molec-
ular weight. The copolymer is more hydrophobic than PNIPAM, and chlorination proceeded
until the copolymer phase separated. Thus, the reaction temperature determined the
extent of chlorination and the product cloud-point temperatures. Chlorination was
reversed by reduction with Na2S2O3. NaClO treatment of PNIPAM at the lower pH of 8 gave
extensive chain degradation.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Our interest in poly(N-isopropylacrylamide), PNIPAM,
interactions with bleach arose while working with poly-
mer-supported TEMPO (2,2,6,6-tetramethyl-1-piperidinyl-
oxy) catalysts for the selective oxidation of cellulose and
other carbohydrates [1]. TEMPO mediated oxidation
schemes require a primary oxidant and sodium hypochlorite
(NaClO, bleach) at alkaline pH is one of the most common
oxidants. Recently, while evaluating a poly(N-isopropylac-
rylamide) (PNIPAM) microgel [2] with grafted TEMPO, it
became clear that NaClO induced changes in microgel
behavior. To understand these changes, we undertook a
study of the properties of linear PNIPAM homopolymer
in the presence of NaClO, and have identified reaction
conditions leading to interesting, reversible changes in
polymer composition, possibly leading to new applica-
tions. In view of the very large number of papers and pat-
ents exploring applications of PNIPAM materials, we feel

that an understanding of the interactions of PNIPAM with
active chlorine species should be of interest.

We have found only one publication involving mixtures
of PNIPAM and NaClO (bleach). Fu et al. reported that the
cloud point temperature of TEMPO-derivatized PNIPAM
varied depending on the presence of oxidizing or reducing
agents [3]. They explained all the behaviors in NaClO by
changes in redox state of the TEMPO. They did not specify
the pH, temperature or time of NaClO exposure, nor did
they consider reactions with the PNIPAM backbone. Herein
we provide evidence that Fu’s observations can be ex-
plained by the formation of chloramide derivatives of PNI-
PAM – see Scheme 1.

Chloramides and chloramines have received much atten-
tion because they slowly dissociate, releasing active chlorine
for bacterial control. For example, Sun’s group at the Univer-
sity of California, Davis has published a number of papers
describing various N nitrogen rich chemicals, grafted to tex-
tile fibers [4]. Upon exposure to bleach, chloramines formed
on the fiber surfaces and acted as a slow release source of
antibacterial reactive species. The dissociation constants of
low molecular weight chloramides are low 10�8–10�9, indi-
cating significant stability in water [4,5].

0014-3057/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
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Zengel’s 1982 patent that discloses the preparation of
chloramide derivatives of polyacrylamide and polymethy-
acrylamide polymers and copolymers, not including PNI-
PAM [6]. With un-substituted amides, the Hofmann
degradation to the corresponding amine is a possible side
reaction [7].

Sun patented the use of polymethacrylamide polymers,
grafted onto cellulose, to give antibacterial textiles after
activation by exposure to bleach [8]. Polymethacrylamide,
unlike polyacrylamide or PNIPAM, does not have a proton
alpha to the carbonyl explaining why polymethacrylamide
does not quickly degrade with exposure to bleach.

Polymer chain scission is another possible result from
NaClO exposure. Chlorine-induced degradation is a prob-
lem with water treatment membranes, and there have
been publications and patents claiming that PNIPAM coat-
ing protected the membranes [9,10]. However, no informa-
tion was provided regarding the chemical changes in
PNIPAM induced by exposure to bleach. The bleach-in-
duced decomposition of other water-soluble polymers
has been studies in some detail. For example, the molecu-
lar weight of poly(vinyl pyrrolidone) decreased by a factor
of 5 when exposed to NaClO at pH 11.5 [11]. The authors
proposed that scission was initiated by free radical induced
hydrogen abstraction of the proton alpha to the carbonyl –
similar protons are present in PNIPAM.

Herein we show that NaClO treatment of PNIPAM gives
chain scission at pH 8, whereas the predominant reaction
at pH 10.5 is chloramide formation (Scheme 1). In addition,
we show that the chloramide content in poly(NIPAM-co-
NIPAMCl) is easily controlled by the reaction temperature
and that the results copolymers are stable in water.

2. Experimental

2.1. Materials

Poly(N-isopropylacrylamide) (PNIPAM) with viscosity-
average molecular weight 122 kDa and PDI 2.50 was pur-
chased from Polymer Source Inc. (Canada). The PNIPAM
was dialyzed for 1 week against water using cellulose
membranes (MEMBRA-CEL�, MWCO 12–14 kDa). The con-
centration of NaClO was determined by titration with KI/
Na2S2O3/starch before use. Type I water with a resistivity
of 18 MX cm from Barnstead Nanopure Diamond system
was used in all experiments in this paper.

2.2. PNIPAM reaction with NaClO

Typically, 10 mL PNIPAM solution (1.13 g/L) and 10 mL
NaClO (40 mM) were mixed in a beaker. The solution pH

was adjusted to a desired value between 7 and 12 with
1 M HCl or 1 M NaOH. The beaker was placed in an oil bath
or water bath with the desired temperature. When phase
separation was observed, diluting the solution with about
200 mL of water stopped the reaction. The solution was
then dialyzed in cellulose membrane tubes against water.
During the dialysis, the water was changed twice every
day for 3 days. The poly(NIPAM-co-NIPAMCl) PNIPAM
was isolated by freeze-drying and stored at 4 �C.

Some experiments were conducted in a spectrophotom-
eter to record the turbidity changes. Typically, 1 mL poly-
mer solution (1.13 g/L) was mixed with 1 mL NaClO
(40 mM) in a polystyrene cuvette. After adjusting the pH
to the desired value, transmittance at 500 nm was mea-
sured at 25 �C with a DU800 visible–UV spectrophotome-
ter (Beckman Coulter) using a water blank.

2.3. Cloud point temperature measurements

Solutions of PNIPAM and its purified reaction products
(1 g/L) were placed in polystyrene cuvettes. The transmit-
tance at 500 nmwas recorded during the temperature scan
(0.5 �C/10 min). The cloud point is defined as the tempera-
ture corresponding to 50% in the normalized transmittance
curves.

2.4. Iodometric titration

The oxidizing chlorine content in modified PNIPAMwas
determined by KI/starch/thiosulfate titration [6]. Modified
PNIPAM (5 mg) was dissolved in water to make a 1 g/L
solution. An excess amount of KI (�100 mg) was added
to the solution. The solution pH was adjusted to around
3. Then 2 mL starch indicator (1%) was added. The solution
was titrated with sodium thiosulfate (8.83 mM) until the
solution turned colorless. The concentration of sodium
thiosulfate was calibrated against sodium thiosulfate
pentahydrate.

2.5. Gel permeation chromatography (GPC)

The GPC elution curves were obtained with a Waters
GPC system consisting of a Waters 515 HPLC pump, and
a Waters 717plus Autosampler. The columns used were
Waters Styragel HR 2 (500–20,000 Da), HR 3 (500–
30,000 Da), and HR 4 (5000–600,000). The columns were
maintained at 40 �C and a Waters 2414 refractive index
detector maintained at 35 �C. THF was used as the mobile
phase (1.0 mL/min). The molecular weight (MW) corre-
sponding to the peaks of the elution curves was estimated
with polystyrene standards.

2.6. Nuclear magnetic resonance (NMR)

1H NMR spectra were recorded on Bruker AV-200 spec-
trometers (200 MHz) with samples dissolved in CDCl3 or
DMSO-d6.

Scheme 1. Chlorination of PNIPAM with NaClO.
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3. Results and discussion

Aqueous solutions of 122 kDa PNIPAM were treated
with NaClO, and the solution turbidity was measured as
functions of time and treatment pH. The results in Fig. 1
show little change in turbidity for treatments at pH 7–9.
By contrast, at higher pH values the solutions slowly be-
came more turbid, ultimately displaying macroscopic pre-
cipitation. Therefore the bleach-induced chemical changes
in PNIPAM above pH 9 resulted in a more hydrophobic
polymer. Note that PNIPAM displays negligible hydrolysis
under these conditions [12].

Gel permeation chromatography was used to determine
the extent of polymer chain scission with NaClO treatment,
and the results are summarized in Fig. 2. At pH 8, the
number average molecular weight plummeted from about
150–7 kDa. Under these conditions, there was no change in
turbidity (see Fig. 1) suggesting the degradation products
were water soluble at 25 �C. By contrast, at pH 10.5 there
was only a slight loss in molecular weight with NaClO
treatment. NaClO chemistry is pH dependent [13]. The
pKa of hydrochlorous acid is 7.5. At pH 10 and above, the
dominant species is ClO�, whereas below pH 6 HClO
dominates. Prütz has shown that HClO does not form
chloramides whereas amide exposure to ClO� does pro-
duce chloramides [14].

To summarize, at pH 7–9 the PNIPAM chains in NaClO
were degraded into water-soluble products, whereas at
higher pH values the bleach treatment produced a water-
insoluble product with little change in molecular weight.
Because the pH 10.5 NaClO treatment seemed to produce
a new polymer with little chain scission, we extended
our investigation into the reaction. The introduction in-
cluded a brief summary of the reactions of sodium hypo-
chlorite with polyacrylamide and other amides. Based on
this literature, we propose that the major reaction at pH
10.5 is the conversion of N-isopropylacrylamide groups
to the corresponding N-chloramide derivative – see
Scheme 1. Proton NMR was performed to give support
for the proposed chloramide structure.

Fig. 3 compares the NMR of PNIPAM before and after
treatment with bleach at 15 �C. Replacement of N–H with
N–Cl caused the alpha proton (b) to shift from 3.8 ppm to

4.8 ppm. To give further support for this assignment, the
small molecule analogue N-isopropylisobutyramide was
prepared [15] and reacted with bleach; the mass spectrum
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Fig. 1. PNIPAM phase separation with NaClO treatment. From pH 7 to 9
both HClO and ClO� species are present whereas pH >10 the active
species is predominately ClO�.
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of the chlorinated product is shown in the Supplementary
Information file. Fig. 4 compares the NMR spectra of N-iso-
propylisobutyramide with N-chloro-N-isopropylisobutyra-
mide. The N-a–hydrogen shifted from 4.0 ppm before
chlorination to 4.9 ppm to after chlorination, supporting
the assignments in Fig. 3. Note that N-isopropylisobutyra-
mide was water-soluble whereas the chloramide adduct,
N-chloro-N-isopropylisobutyramide, was insoluble in
water. Replacing the amide proton with chlorine produced
a much more hydrophobic material.

3.1. Influence of reaction time

PNIPAM solutions were treated with 20 mM NaClO at
25 �C for various times, and the transformation of PNIPAM
to poly(NIPAM-co-NIPAMCl) was followed by measuring
the cloud point temperatures. Fig. 5A shows turbidity ver-
sus temperature curves for each reaction time product.
Also shown are the corresponding cloud point tempera-
tures, Fig. 5B, taken as the temperature at which the trans-
mittance was reduced to 50% of the initial value. The error
bars denote the temperatures corresponding to 5% and 95%
transmittance and serve as a measure of the sharpness of
the clouding transition. For PNIPAM, the breadth of the
cloud point transition is approximately independent of
molecular weights above 50 kDa whereas 10.5 kDa PNI-
PAM shows a much broader transition [16].

Longer reaction times gave lower cloud point tempera-
tures because of increased NIPAMCl content in the copoly-
mer. Note the lowest cloud point achieved was near the
reaction temperature of 25 �C. Presumably, once the

copolymer phase separated, its reaction rate with ClO�

was greatly diminished. This observation prompted us to
propose that the extent of chloramide formation could be
controlled simply the reaction temperature. This approach
is now illustrated.

3.2. Effect of reaction temperature

A series of NaClO treatments was conducted at various
temperatures, and the reactions were terminated when

A

B

Fig. 4. 1H NMR spectra of N-isopropylisobutyramide in CD3Cl before (A)
and after (A) NaClO treatment (pH 12; 1.11 M NaClO; 25 �C). N-isopro-
pylisobutyramide was water-soluble whereas N-chloro-N-isopropyliso-
butyramide was not.
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macroscopic phase separation was observed. The lowest
reaction temperature was 15 �C, and a reaction time of
about 50 h was required for sufficient substitution to in-
duce phase separation. By contrast, the 30 �C reaction
phase separated after a couple of hours.

The reaction products were purified by exhaustive dial-
ysis and were freeze-dried for storage. Turbidity versus
temperature plots for the product polymers in water were
recorded and are available in the Supplementary Informa-
tion file. The corresponding cloud point temperatures for
the reaction products are shown in Fig. 6. The cloud point
temperatures of the products increased linearly with chlo-
rination reaction temperature. Therefore, the product
cloud point temperature can be predetermined simply by
carrying out the reaction at the desired temperature.

The chloramide content in the product copolymers was
measured by iodometric titration [6,17]. Fig. 7 shows the
chloramide content, expressed as a degree of substitution,
versus the cloud point temperature of the polymer. The
highest degree of substitution was 13%, obtained at the
lowest reaction temperature of 15 �C.

3.3. Poly(NIPAM-co-NIPAMCl) stability

As mentioned in the introduction, the dissociation con-
stant for chloramides is typically 10�9, suggesting that
poly(NIPAM-co-NIPAMCl) should be quite stable in water
[4,5]. We used changes in the cloud point temperature to
probe the stability of poly(NIPAM-co-NIPAMCl) in water,
and as a dry powder; the results are summarized in Table 1.
Poly(NIPAM-co-NIPAMCl) was unchanged over a month’s
storage as a dry solid at 23 �C, whereas there was a slight

increase cloud point temperature with 1 month storage
in aqueous solution at 23 �C, suggesting a slight loss of
chloride.

3.4. Regenerating PNIPAM

Poly(NIPAM-co-NIPAMCl) prepared at 25 �C with
20 mM NaClO at pH 10.5, was subsequently exposed to
1 mM Na2S2O3 at pH 7 overnight. After each step the poly-
mer was exhaustively dialyzed and freeze dried. Fig. 8
shows turbidity/temperature curves for the purified poly-
mers after the various treatments. Sodium thiosulfate
reduction restored the original cloud point. However, re-
exposure to NaClO gave a much broader turbidity/temper-
ature curve, possibly because of the introduction charged
groups from the slow hydrolysis of isopropyl amide
groups. Hoare and Pelton showed that 120 h treatment at
pH 10 induced about 1% hydrolysis of PNIPAM [12]. Chain
scission is also a possible explanation, however the results
in Fig. 2B suggest only limited chain degradation should
occur. Nevertheless, the results in Fig. 8 suggest that PNI-
PAM would not be ideal applications involving repeated
exposure to bleach.

4. Conclusions

PNIPAM undergoes two reaction pathways in bleach,
depending upon the pH. At pH 8, NaClO exposure causes
PNIPAM chain cleavage and degradation giving water-sol-
uble products. Based on the literature, chain scission is
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Table 1
Cloud point temperatures for poly(NIPAM-co-PNIPAMCl) as functions of storage time as a dry solid or aqueous solution at 23 �C. Chloride contents were
measured by iodometric titration.

NaClO reaction temperature (�C) Initial degree of substitution (%) Cloud point temperatures (�C)

Fresh polymer 1 month dry storage 1 month wet storage

15 13 17 17.5 18
20 9 21 22.5 23
25 5 24.5 25 27
30 1.3 29.3 30 33.3
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12 h. The polymers were dialyzed and freeze dried before each cloud
point measurement.
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probably initiated by free radical induced hydrogen
abstraction of the main chain proton alpha to the carbonyl.
At pH 10.5 there was little chain scission, however the
cloud point temperature of the reaction product decreases
with the extent of reaction. We propose the major reaction
is the conversion of N-isopropylamide groups to N-isopro-
pyl chloramide (see Scheme 1) giving poly(NIPAM-co-
NIPAMCl).

The cloud point temperature of poly(NIPAM-co-NIP-
AMCl) decreases approximately linearly with the chlorine
content. The extent of chlorination, and thus the product
cloud point, can be controlled by conducting the NaClO
reaction at the desired cloud point temperature. Upon
reaching the desired degree of reaction, the copolymer
phase separates, inhibiting further reaction.

The chlorination of PNIPAM is somewhat reversible.
Reducing conditions (Na2S2O3) regenerate PNIPAM with
some evidence of degradation. Poly(NIPAM-co-NIPAMCl)
aqueous solutions slowly (i.e. weeks) dissociate to PNI-
PAM. Phase separated or dry poly(NIPAM-co-NIPAMCl) is
more stable.
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Appendix: Supporting Information for Chapter 2  

Preparation of N-isopropylisobutyramide.  Isopropylamine (>99.5%), triethylamine 
(>99.5%), isobutyryl chloride (98%), NaClO (10-15%) were purchased from Sigma-
Aldrich and used without further purification. Isopropylamine (4.5mL) and triethylamine 
(7.45mL) were added in a 500mL round-bottom flask with 250mL diethyl ether. 1  The 
flask was cooled to 0 °C and isobutytyl chloride (5.4mL) was slowly added with magnetic 
stirring. The product precipitated as white crystals were filtered and dried under reduced 
pressure.  

Reaction of N-isopropylisobutyramide with NaClO.  N-isopropylisobutyramide was 
reacted with NaClO to confirm the formation of the corresponding chloramide.  300 mg 
N-isopropylisobutyramide was dissolved in 20 mL NaClO (~1.11M). The solution pH 
was adjusted to 12. The reaction mixture was stirred for 2 days at ambient temperature.  
The product was insoluble in water and formed an oil layer on top of the solution.  
Product composition was confirmed by NMR and mass spectroscopy. ESI-MS/MS of N-
chloro-N-isopropylisobutyramide was performed on a Micromass Q-TOF Ultima Global. 
The theoretical isotope model was predicted by the software Masslynx. 

A 

 

B 

 

S 1 Mass spectra of theoretical isotope model (C7H14NOClNa) and N-chloro-N-
isopropylisobutyramide. 
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S 2 Raw transmittance data corresponding to the cloud point values in Figure 6. 
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S 3 Time needed for the macroscopic precipitation of PNIPAM in 20mM NaClO as a 
function of reaction temperature 

 

 

 

1. Winter, C. H.; Knisley, T. J.; Mahesh, P. K. D.; Karunarathne, C. Thermially 
stable film precursors. 20120058270A1, 2012. 
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Chapter 3 N-Chlorinated Poly(N-isopropylacrylamide) 
Microgels 

 

 

 

 

 

 

 

 

 

 

In chapter 3, all experiments were conducted by myself, with the help of summer students 
Yue Zhang and Wing Yan Lam. I plotted the experiment data and wrote the first draft. Dr. 
Pelton helped the data analysis, suggested some experiment setup and revised the first 
draft. 
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Abstract 

Modification of poly(N-isopropylacrylamide) microgels carried out in aqueous bleach 
(NaClO) at pH 10.5 and resulted in chlorinated microgels with nitrogen-chlorine bonds 
(active chlorine). The N-chlorinated microgels have a volume phase transition 
temperature (VPTT) lower than 32 oC and show oxidative ability. The reaction was easily 
conducted by mixing microgels with 20 mM NaClO at pH 10.5 until the microgels phase 
separated. The effects of reaction temperature and salt concentration on active chlorine 
content and VPTT were clarified. Finally, the oxidative ability of N-chlorinated microgels 
was demonstrated by reduction with glutathione. The reduction was rapid at high pH (>7), 
and much slower under acidic pH. A core/shell structure was found for partially reduced 
microgels suggesting that the reduction at pH 7 is diffusion-controlled. 
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3.1 Introduction 

Compounds with nitrogen-halogen covalent bonds, known as N-halamines, have been 
studied as biocides since 1980s.1 The halogen in N-halamines can be chlorine, bromine or 
iodine. Among these N-halamines, organic N-chloramine with nitrogen-chlorine bond(s) 
is the most popular. N-chloramines are more stable than other N-halamines, with a 
dissociation constant from 10-4 to 10-12.2 Besides, N-chloramines are rechargeable by 
treating with aqueous bleach. 

Recently, polymeric N-chloramines have been getting more attention. Polyamides3, 
polyacrylamide4-5 and polymers with cyclic amides6-9 have been studied as the precursors, 
since amide has been shown suitable for chlorination/dechlorination10. The precursors 
were then N-chlorinated into polymeric N-chloramines. Polymeric N-chloramines have 
been used to prevent growth of a wide range of microorganisms.11 It has been argued that 
biocide action of N-chloramines follows a combined mode.12-13 The first mode is directly 
contact between cell membrane and N-chloramines. Another mode is releasing of active 
chlorine from N-chloramines to environment, which results in cell death. It has also been 
shown that active chlorine can transfer from N-chloramines to culture constituents.13 

We are interested in polymeric N-chloramines releasing active chlorine slowly, which 
offer long-term antimicrobial efficacy. So far, however, most studies focused on 
polymeric N-halamines coating9, 14-17. Thus, most active chlorines are located on material 
surface, which results in low active chlorine content. One can image that hydrogel with 
amide groups can give high active chlorine content after N-chlorination, since all amide 
groups can be chlorinated theoretically. 

Poly(N-isopropylacrylamide), PNIPAM, is a well-known thermosensitive polymer with a 
lower critical solution temperature 32 oC.18 A new N-chloramine-containing copolymer 
based on PNIPAM, referred to as poly(NIPAM-co-NIPAMCl), has been prepared in our 
laboratory.19 The copolymers were prepared by simply mixing commercialized linear 
PNIPAM with bleach at high pH (> 9), as described in Scheme 1. The reaction proceeded 
until the polymer phase separated. Some of the nitrogen-hydrogen bonds in PNIPAM 
were converted into nitrogen-chlorine bonds. The newly formed nitrogen-chlorine bonds 
give the new copolymer oxidative and potential antimicrobial ability. Besides, N-
chloramines are more hydrophobic than amides, which leads resulting poly(NIPAM-co-
NIPAMCl) with controlled lower cloud point temperature (CPT). The CPT of 
poly(NIPAM-co-NIPAMCl)is almost equal to the reaction temperature after the reaction 
in 20 mM NaClO. Thus, the active chlorine content, which corresponds to the CPT, could 
be easily controlled via the reaction temperature. 
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Scheme 1 Chlorination of PNIPAM in NaClO Solution (n=m+p). 

Crosslinked poly(N-isopropylacrylamide) (PNIPAM) spheres, referred to as microgels, 
can be prepared via precipitation polymerization firstly developed by Pelton and 
Chibante.20 PNIPAM microgels display a reversible swelling-shrinking transition with a 
volume phase transition temperature (VPTT) of ~32 oC.21 PNIPAM microgel is a suitable 
candidate as chlorine-releasing agent due to the networking structure.  

This paper describes the synthesis of N-chlorinated microgels by reacting the PNIPAM 
microgels with aqueous bleach at pH 10.5. It is found that the active chlorine content 
(also VPTT) is controlled by the reaction temperature and salt concentration. The 
oxidative ability of the N-chlorinated microgels is also demonstrated by reacting with 
glutathione at room temperature. 

3.2 Experiments 

All chemicals were purchased from Sigma-Aldrich (Canada). N-isopropylacrylamide 
(NIPAM, 97%) was purified from re-crystallization with a mixture of toluene and hexane 
(60:40) prior to use. Ethylene glycol dimethacrylate (EGDMA, 98%), sodium dodecyl 
sulfate (SDS, 99%), ammonium persulfate (APS, 98%), glutathione (GSH, 98%), sodium 
thiosulfate (Na2S2O3, 98%) and sodium hypochlorite (bleach, NaClO, 10-15%) were used 
as received. Type I water (with a resistivity of 18.2 MΩ·cm) from a Barnstead Nanopure 
Diamond system was used in all experiments. The concentration of NaClO was 
determined by iodometric titration.22  

Synthesis of Microgels. PNIPAM microgels were prepared by precipitation 
polymerization.23 EGDMA, which was found to be more stable in bleach at pH 10.5, was 
used for crosslinkers instead of N,N’-methylenebisacrylamide. Crosslinker stability 
measurements are given in the Supporting Information. In a typical experiment, 1.4 g 
NIPAM, 0.13 g EGDMA and 0.05 g SDS were added to 150 mL water in a 250 mL flask 
reactor. The flask was equipped with a mechanical stirrer, a nitrogen inlet/outlet and a 
condenser. After deoxygenation of the solution with nitrogen for 30 min at 70 oC, 0.025 g 
APS (dissolved in 5 mL water) was added. The polymerization was conducted at 70 oC 
under nitrogen atmosphere for another 6 hr. After polymerization, microgels were 
purified by ultracentrifugation (Beckman L-80 XP), decantation and suspension in water 

m
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for several cycles until the conductivity of the supernatant was less than 5 µS/cm.  The 
obtained microgels were dried in a freeze-dryer.  

N-Chlorination of Microgels. A suspension with 0.56 g/L PNIPAM microgels and 20 
mM NaClO was prepared in a beaker. The solution pH was adjusted to 10.5 by adding 1 
M HCl. The beaker was placed in a water bath with the desired reaction temperature. The 
reaction was conducted until phase separation was observed. The solution pH was 
checked every hour and re-adjusted to 10.5 if necessary. Then the suspension was diluted 
with water (about 200 mL) for dialysis in cellulose membrane tubes against water for one 
day. The microgels were collected by ultracentrifugation and stored at 4 oC. 

Some experiments were conducted in a spectrophotometer to record the turbidity changes. 
Typically, 1 mL microgel suspension (1.13 g/L) was mixed with 1mL NaClO (40 mM) in 
a cuvette. After adjusting pH to 10.5, transmittance at 500 nm was measured at 25 oC 
with a DU800 visible-UV spectrophotometer (Beckman Coulter) using water as a blank. 

N-chlorinated Microgels Reacting with GSH. Suspensions of N-chlorinated 
microgels and GSH were prepared in 1 mM NaCl in polystyrene cuvettes. The N-
chlorinated microgels had a VPTT of 20 oC and active chlorine content of ~0.8 mmol/g. 
The microgel concentration was fixed at 0.25 g/L. Thus, the active chlorine content in the 
suspension was kept at ~0.2 mM. GSH concentration was varied from 0.1 mM to 1 mM. 
The suspension pH was adjusted with 0.01 M HCl or NaOH. The change of suspension 
turbidity was recorded with a DU800 visible-UV spectrophotometer. 

Iodometric Titration. The active chlorine content in microgels was determined by 
iodometric titration. N-chlorinated PNIPAM microgels (around 5 mg) were dispersed in 
water to make a 1 g/L solution. An excess amount of KI (~100 mg) was added to the 
solution. The solution pH was adjusted to 3. Then 2 mL starch indicator (1%) was added. 
The solution was titrated with sodium thiosulfate (10 mM) until the solution turned 
colorless.  

Critical Flocculation Temperature (CFT). A suspension with a concentration of 1 g/L 
of microgels and varying concentrations of NaCl was kept in a water bath with controlled 
temperatures for 12 hr. Then the absorbance of the suspension (or supernatant if 
aggregated) was determined at a wavelength of 500 nm using a DU800 visible-UV 
spectrophotometer (Beckman Coulter). The CFT was defined as the temperature where 
the absorbance started decreasing. 

Dynamic Light Scattering (DLS). Hydrodynamic diameters of microgels were measured 
by DLS with a detection angle of 90o. The laser source was a Melles Griot HeNe laser 
with a wavelength of 633 nm. The scattering intensity was between 100 and 250 kcps for 
all measurements.  Each sample was measured for at least three runs with 2 min for each 
run.  
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Microelectrophoresis. Electrophoretic mobilities of microgels under various 
temperatures were determined, using a Brookhaven ZetaPlus zeta potential analyzer 
operating in phase analysis light scattering mode with BIC Pals Zeta Potential Analyzer 
software (V 2.5). Data were averaged over 10 cycles, with 15 scans for each cycle. 

 

3.3 Results  

The following experiments involve following the changes in PNIPAM microgels upon 
exposure to bleach.  Based on our previous investigations of linear PNIPAM in bleach, it 
can be anticipated that the N-chlorination reaction (Scheme 2) required pH values greater 
than 9. 19  

 

Scheme 2 Schematic description of chlorination on PNIPAM microgels by reacting 
with bleach at pH 10.5 (n=x+y). 

 

A series of microgel suspensions were prepared by mixing purified PNIPAM microgels 
with aqueous bleach under conditions of varying pH, and the optical transmittance was 
recorded as a function of time. The results, shown in Figure 1, indicate two regimes of pH 
behavior. For pH values 7-9, the microgels slowly degraded, ultimately giving a 
transparent solution. By contrast, at pH 10-11 the dispersion transmittance decreased with 
time until the microgels phase separated. Our earlier work showed that poly(NIPAM-co-
NIPAMCl) had a lower cloud point temperature than PNIPAM.24  Therefore it is 
reasonable to attribute the decreasing transmittance with time (see pH 10, 11 curves in 
Figure 1) to the shrinkage of the microgels.  However, along with shrinkage, there was a 
loss in colloidal stability under the relatively high ionic strength conditions.    
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Figure 1 Suspension transmittance vs reaction time curves for chlorination of 
PNIPAM microgels with different pH.  

 

3.3.1 Reaction Temperature Effect on Volume Phase Transition Temperature  

Figure 2 shows photographs of PNIPAM microgel suspensions with 20 mM NaClO at pH 
10.5. Macroscopic separation was observed after about 10 hour reaction at 25 oC. The 
aggregates were redispersed by decreasing the suspension temperature to a level lower 
than the reaction temperature (25 oC in Figure 2). The suspension was phase separated 
again by increasing the temperature higher than 25 oC. This reversibility also indicates a 
lower VPTT due to formation of nitrogen-chlorine bonds, which make microgels more 
hydrophobic. 
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Figure 2 Photographs of PNIPAM microgels in bleach. The solution was prepared 
at pH 10.5 with 0.56 g/L microgels and 20 mM NaClO. 

 

The reaction temperature was varied from 20 oC to 30 oC. Macroscopic separation was 
observed under all temperatures, although different reaction times were required. It took 2 
hr at 30 oC, and 24 hr at 20 oC. The diameters of purified N-chlorinated microgels in 
water were determined by DLS, as shown in Figure 3A. N-chlorinated microgels were 
also thermosensitive, and lower reaction temperature led to lower VPTT. The relationship 
between VPTT and reaction temperature is shown in Figure 3B. It shows that the VPTT is 
almost identical to the reaction temperature, which provides a very simple way to predict 
microgel VPTT. The results in Figure 3 also suggest that N-chlorinated microgels 
disperse in water when the measurement temperature is higher than VPTT, although they 
aggregated in 20 mM NaClO at VPTT during chlorination. 
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Figure 3. A) Diameters of purified microgels in water were determined by DLS along 
with measurement temperature. Microgels reacted with NaClO prior to DLS 
measurement, and the modification recipe was as follow: 0.56 g/L microgels, 20 mM 
NaClO, pH 10.5 and N-chlorination temperature shown in the figure.   

B) Relationship between result VPTT and reaction temperature. The error bars on the 
VPTTs reflect the temperatures where microgel diameters start decreasing drastically and 
stop decreasing. 
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The electrophoretic mobility of purified N-chlorinated microgels in 1 mM NaCl is shown 
in Figure 4. All microgels were negatively charged. Some N-chlorinated microgels 
(modified at 25 oC and 20 oC) had more surface charges than the unmodified microgels in 
a shrunken state, which contributed to the slight hydrolysis of amides at high pH.25 The 
results of carboxylic content from conductometric titration did not show significant 
difference between unchlorinated microgels and N-chlorinated microgels (results are not 
shown in this paper), which suggests limited hydrolysis from N-chlorination reaction. 
Plus, the pH effect on diameters of the N-chlorinated microgels (VPTT=~26 oC) in 1 mM 
NaCl is shown in the Supporting Information (S3). The diameter only increased slightly 
with pH, which also indicates limited hydrolysis. 

 

 

Figure 4  Electrophoretic mobilities of chlorinated microgels after cleaning and 
dispersion in 1 mM NaCl. Modification condition: 0.56 g/L microgels, 20 mM NaClO, 
and pH 10.5.  The chlorination temperatures are shown in the figure. 

 

The active chlorine content in purified N-chlorinated microgels was determined by 
iodometric titration. The relationship between VPTT and chlorine content is shown in 
Figure 5. It is shown that higher active chlorine content led to a lower VPTT. In this 
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paper, the highest content of 0.8 mmol/g was obtained when a reaction temperature of 20 
oC was used in the chlorination stage. 

 

Figure 5  VPTT versus active chlorine content of chlorinated microgels. The error 
bars in the Y direction are adapted from Figure 3B. The error bars in the X direction is the 
standard deviations of chloramide content from three repeat measurements. The degree of 
substitution (DS) is also shown in the figure. 

 

3.3.2 Mechanism for Colloidal Instability 

The aggregation of PNIPAM microgels in 20 mM NaClO during N-chlorination was 
studied in detail in this section. The reaction was monitored by tracking the change of 
turbidity and particle size as a function of reaction time. The results are shown in Figure 
6A. The reaction is divided into four stages and explained by the mechanism as proposed 
in Figure 6B. 
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Figure 6  A) Suspension turbidity and hydrodynamic diameter as a function of 
reaction time (0.56 g/L microgels, 20 mM NaClO, 25 oC). B) Proposed mechanism 

The decreasing suspension transmittance and microgel size up to 400 min reaction time 
indicated that the microgels were getting smaller but still well-dispersed in 20 mM bleach. 
This is because PNIPAM microgels became more hydrophobic due to N-chlorination, and 
the VPTT was decreasing. At about 400 min reaction time, the microgels were 
completely shrunken. At this point, the VPTT was very close to the reaction temperature. 
After 400 min reaction time, the measured size increased quickly, with a large uncertainty 
(shown by the error bars). Therefore the chlorinated microgels were colloidally unstable 
at the VPTT in 20 mM NaClO Macroscopic separation of microgels in the reaction 
solution was eventually observed.  

3.3.3 NaCl effect on VPTT 

Critical flocculation temperatures (CFTs) of purified N-chlorinated microgels in aqueous 
NaCl were determined as a function of NaCl concentration, as shown in Figure 7. The 
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CFT was defined as the temperature at which the highest suspension absorbance was 
obtained. The absorbance vs. temperature data is shown in the Supporting Information. It 
is shown that microgels with lower VPTT have lower CFT. Furthermore, CFT decreases 
with NaCl concentration. VPTTs of the N-chlorinated microgels prepared from 20 mM 
NaClO were close to the CFTs in 100 mM NaCl solution. This is because the electrical 
conductivity of 20 mM bleach was determined close to that of 100 mM NaCl. 

 

Figure 7 Critical flocculation temperature of chlorinated microgels against NaCl 
concentration. VPTTs of chlorinated microgels are shown in the figure.  

 

Thus, the CFT decreased by adding extra salt (NaCl) in the reaction solution. The reaction 
between PNIPAM microgels and bleach was redone but with extra NaCl added into the 
reaction solution. The resulting N-chlorinated microgels were purified and the diameters 
in pure water were measured by DLS, as shown in Figure 8. Adding extra NaCl shortened 
the time for macroscopic separation. Thus, the active chlorine content decreased with 
increasing NaCl concentration, resulting in higher VPTT. 
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Figure 8  Diameters of purified N-chlorinated microgels in pure water. Modification 
recipe: 0.56 g/L microgels, 20 mM NaClO, 25 oC and varied concentration NaCl. The 
NaCl concentration in the solution during reaction is shown in the figure. 

 

3.3.4 Chlorinated PNIPAM Microgels as a Source of Active Chlorine 

It has been shown that linear poly(NIPAM-co-NIPAMCl) is oxidative on reacting with 
potassium iodine and Na2S2O3.19 Since glutathione (GSH) is present in almost all cells 
and plays a number of crucial roles26, the reduction of N-chlorinated PNIPAM microgels 
with GSH was evaluated. The purified N-chlorinated microgels with a VPTT of about 20 
oC (~0.8 mmol/g active chlorine) were redispersed in 1 mM GSH at a different pH. The 
concentration of microgels was 0.25 g/L. Thus the active chlorine concentration was 0.2 
mM. The changes of mixture transmittance were determined at 25 oC, and the results are 
shown in Figure 9. The reaction rate between N-chlorinated microgels and GSH strongly 
depended on the pH. At a pH above 6, the suspension transmittance increases rapidly, and 
the reaction was completed in several minutes. At a lower pH, the reaction was much 
slower.  
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Figure 9  Effect of pH on the transmittance change of N-chlorinated microgels 
reacting with 1 mM GSH. [N-Cl]0 and [GSH]0 represent the initial concentrations of N-
chloramide and GSH in the solution, respectively. 

 

The GSH concentration effect on the reaction rate at pH 7 was also evaluated. The active 
chlorine concentration was kept at 0.2 mM, and the GSH concentration was varied from 
0.1 mM to 1 mM. The changes of suspension turbidity were recorded as shown in Figure 
10A. After the reaction was fully completed, the final diameters of reduced microgels 
were determined as shown in Figure 10B. The final transmittance was around 78% for 
suspensions with excess GSH (0.5, 0.8, 1 mM). Also the final diameter was around 360 
nm, which was close to the swollen size of unmodified microgels (Figure 3A). Both 
results indicate microgels fully swollen at 25 oC in suspensions with excess GSH. In 
suspensions with lower GSH concentration (0.1, 0.2 mM), the final transmittances were 
lower than 78% and the final diameters were lower than 360 nm. Thus, the microgels 
were partially swollen in these suspensions.  
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Figure 10 A) Transmittance of N-chlorinated microgels (VPTT= ~20 oC) in 
glutathione solution with varied concentrations at 25 oC. B) Final diameters of reduced 
microgels. [N-Cl]0 and [GSH]0 represent the initial concentrations of N-chloramide and 
GSH in the solution, respectively. 
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After reduction with 1 mM GSH, the microgel diameters were determined by DLS as 
shown in Figure 11. VPTT increased from 20 oC to 31 oC after reduction. The increase in 
VPTT indicates full consumption of the active chlorine. The results also indicate that 
GSH can react with shrunken N-chlorinated microgels. 

 

Figure 11 Diameter of unchlorinated, N-chlorinated and fully reduced microgels 
along with temperature in water. 

 

After partial reduction with 0.1 mM GSH at pH 7, the microgel diameters along with the 
measurement temperature were determined with DLS. The results are shown in Figure 
12A. The diameter curve shows a two-stage thermal transition, indicating a core/shell 
structure. The particle size distributions were narrow and mono-peak at different 
temperatures, as shown in the Figure 12A. N-chlorinated microgels aggregated in 200 
mM NaCl after treatment at 25 oC for about 1 hr, while reduced microgels (reduced with 
0.1 mM GSH) were kept stable. The photographs are shown in Figure 12B. Since 
chlorinated microgels were shrunken at 25 oC, aggregation can be observed in 200 mM 
NaCl. However, partially reduced microgels were still colloidal stable in the NaCl 
solution. This difference further supports the hypothesis of a core/shell structure of 
partially reduced microgels. 
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Figure 12 (A) Diameter of N-chlorinated microgels after reduced by 0.1 mM GSH at 
pH 7. The size distributions at different temperature are also shown. (B) Photographs of 
N-chlorinated microgels and partially reduced microgels in 200 mM NaCl at 25 oC for 1 
hr. 
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3.4 Discussion 

3.4.1 N-chlorination of PNIPAM Microgels 

It has been shown that N-chloramines are more hydrophobic than their parent 
amines/amides.27 Hence PNIPAM microgels become more hydrophobic during N-
chlorination in bleach at pH 10.5, due to the formation of nitrogen-chlorine bonds. 
Microgels keep shrinking in bleach, as indicated by a decrease in suspension 
transmittance and size (Figure 1). Although electrophoretic mobility of N-chlorinated 
PNIPAM microgels increase slightly (Figure 4), the electrostatic repulsion is completely 
screened in bleach (20 mM NaClO) due to the high salt concentration. The steric 
repulsion of swollen PNIPAM chains is the only force keeping microgels dispersed in 
bleach during the reaction. When the active chlorine content is high enough, microgels 
are fully shrunken in bleach. As a result, the steric stabilization is suppressed and the van 
der Waals attraction increases28-29, leading to aggregation of the N-chlorinated microgels.  

At the point of microgels aggregation, the critical flocculation temperature (CFT) of the 
N-chlorinated microgels is equal to the reaction temperature. The volume phase transition 
temperature (VPTT) depends on salt concentration. The conductivity of 20 mM NaClO is 
close to that of 100 mM NaCl. Thus, the VPTT of N-chlorinated microgels is almost 
identical to its CFT in 20 mM NaClO (Figure 7). Hence, the VPTT of N-chlorinated 
microgel prepared from 20 mM NaClO is almost identical to its reaction temperature 
(Figure 3B). However, adding extra NaCl in the 20 mM NaClO decreases the CFT, since 
higher salt concentration solution is a poorer solvent for PNIPAM. The reaction stops 
faster, and less active chlorine is formed, with added extra NaCl. As a result, the VPTT of 
N-chlorinated microgels is higher than its reaction temperature (Figure 8). 

Upon macroscopic separation, further N-chlorination on microgels is resisted due to their 
fully shrunken state. This effect is attributed to the following mechanisms. First, the 
formation of intrachain hydrogen bonds30-31 in the shrunken state may prevent the attack 
of ClO- to amides. Furthermore, it has been determined that self-diffusion coefficient of 
water in PNIPAM microgels is 4.3 × 10−10 m2 s−1 in a swollen state, while it decreases to 
1.7 × 10−11 m2 s−1 in a shrunken state.32 It is also reasonable to assume the diffusion of 
ClO- is also restrained in a shrunken state, which may further decrease the N-chlorination 
rate. Besides, the surface charge density (mobility) of the shrunken microgels is higher 
than that of the swollen microgels (Figure 4), which may further suppress the diffusion of 
ClO- into the shrunken microgels. A similar trend was found that the diffusion of Cu2+ 
ions into collapsed microgels was more difficult than the diffusion into the swollen 
microgels.33 

In N-chlorinated microgels, the VPTT corresponds to the active chlorine content (Figure 
5). Higher active chlorine content, which also means higher hydrophobic species content, 
leads to a lower VPTT. This is consistent with the results from copolymerization of 
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NIPAM with hydrophobic comonomers.34 Since VPTT is controlled by reaction 
temperature and salt concentration, the active chlorine content is easily tuneable. Besides, 
PNIPAM microgels eventually aggregate in aqueous bleach, which indicates the end of 
the reaction. Thus, our method is easier to conduct than copolymerization. 

3.4.2 N-chlorinated Microgels Reacting with GSH 

The reaction scheme of N-chloramines reacting with GSH is summarised from the 
literatures35-36 and shown in Scheme 3. This scheme can explain the pH-dependent on the 
reaction between N-chlorinated microgels with GSH. At low pH, the formation of HCl is 
suppressed, which gives low reaction rate. 

 

GSH:  

 

 GSCl: 

 

GSOH:  

 

GSSG: 

  

Scheme 3 Proposed reaction scheme between N-chloramines or N-chloramines and 
GSH.  
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The reaction rate at pH 7 is very fast, with the reaction complete in a few minutes (Figure 
10A). It has been reported that every N-chloramine molecule consumes thiol molecules in 
a range of 1.6~2.0 when the thiol compound is in excess.36 In suspensions with 0.2 mM 
active chlorine content, high GSH concentration (0.5, 0.8, 1 mM) is enough to consume 
all active chlorine, since the VPTT increases again to 31 oC after reduction.  

With low GSH concentration (0.1, 0.2 mM), only partial active chlorine is consumed. The 
partially reduced microgels have a core/shell structure. This conclusion is made based on 
the following arguments. The partially reduced microgels have a two-stage thermo-
induced volume transition. Thus, there are only two possible structures: one is the 
core/shell and the other is a mixture of N-chlorinated microgels and fully reduced 
microgels. If the latter is the case, the particle size distribution at 25 oC would not be 
mono-peak, and part of microgels would aggregate in 200 mM NaCl. However, these are 
contrary to the results (Figure 12). Thus, it is reasonable to conclude that partially reduced 
microgels have a core/shell structure. This is consistent to the two-stage thermo-induced 
transition found for core/shell microgels with PNIPAM cores and poly(N-
isopropylmethacrylamide) shells by Berndt and Richtering.37  

Based on the core/shell structure of partially reduced microgels, it is argued that the 
reduction between N-chlorinated microgels and GSH is diffusion-controlled. If the 
reduction is reaction-controlled, the decrease in active chlorine content is uniform. Then 
there would be only one VPTT for partially reduced microgels. However, only the shell 
part of the N-chlorinated microgels is reduced with inadequate GSH. Hence it is 
reasonable to assume that GSH reacts only with the periphery of shrunken microgels, as 
described in Scheme 4. The reduced area becomes swollen, and GSH can diffuse further 
into microgels, reacting with the periphery of the unreduced core. 
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Scheme 4 Schematic description of N-chlorinated microgels reacting with GSH 

 

3.4.3 Potential Applications 

The active chlorine content of N-chlorinated microgels can go up to ~0.8 mmol/g, which 
is much higher than that in compounds with polymeric N-halamines coating. For example, 
the highest active chlorine content was found about 54.8 µmol/g for hard nanoparticles 
with a diameter of 11 nm.17 Thus, N-chlorinated PNIPAM microgels can be used as 
chlorine-releasing agent with long-term efficacy. N-chlorinated PNIPAM microgels can 
be dispersed in solution, and also fabricated into monolayers38 and multilayers39 coating. 

PNIPAM microgels can be coupled to folic acids40 or proteins41 for targeting cancer cells. 
On the other hand, the N-chlorinated microgels react with GSH (Figure 10), and GSH 
depletion is a potential strategy in cancer therapy42. Thus, the N-chlorinated PNIPAM 
microgels with cell-targeting labels may be useful for killing cancer cells. We propose 
using the N-chlorinated PNIPAM microgels not only as a drug carrier, but also as the 
drug itself to destroy the antioxidant systems of cancer cells.  
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3.5 Conclusion 

1. PNIPAM microgels are N-chlorinated by aqueous bleach at high pH (>9), as 
illustrated by the change of mixture turbidity during the reaction.  

2. The volume phase transition temperature (VPTT), which is almost identical to the 
reaction temperature, decreases with the active chlorine content. Thus, the extent 
of N-chlorination is easily controlled by adjusting the reaction temperature. 
Microgels phase separate when the desired reaction extent is reached, indicating 
suppression of further modification, and the end of the reaction.  

3. Although N-chlorinated microgels are slightly more negatively charged, their 
electrostatic stability is screened in aqueous bleach due to the high ionic strength. 
The aggregation of microgels in aqueous bleach is triggered by microgels 
shrinking. As a result, microgels eventually aggregate in bleach, and the VPTT is 
almost equal to the reaction temperature. Increasing salt concentration, caused by 
the addition of more NaCl in bleach, leads to faster aggregation of N-chlorinated 
microgels, with a higher VPTT.  

4. After N-chlorinated microgels aggregate in bleach, the further chlorination is 
inhibited. This effect contributes to the formation of intrachain hydrogen bonds of 
PNIPAM and lower diffusion coefficient of ClO- in shrunken microgels.  

5. Shrunken N-chlorinated PNIPAM microgels react with glutathione in a diffusion-
controlled manner. After full reduction, the VPTT increases again to about 31 oC. 
For partially reduced microgels, a core/shell structure is proposed. 
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3.7 Appendix: Supporting Information for Chapter 3 

Here the reason using ethylene glycol dimethacrylate (EGDMA) for crosslinkers in this 
paper, instead of N,N’-methylenebisacrylamide (MBA) the most common crosslinking 
agent, is demonstrated. Poly(N-isopropylmethacrylamide), PNIPMAM, microgels were 
prepared with different crosslinkers: NIPMAM-EGDMA and NIPMAM-MBA. The 
change of turbidity of these microgels in bleach at pH 10.5 is shown in Figure S1.  The 
transmittance of NIPMAM-EGDMA microgels was almost unchanged with reaction time, 
while transmittance of NIPMAM-MBA microgels kept increasing with time. The 
significant increase in the transmittance of NIPMAM-MBA in bleach at pH 10.5 
contributes to the decrosslinking of MBA. Thus, EGDMA was used instead of MBA in 
our work.  

 

S1 Effect of crosslinker on the transmittance of PNIPAM microgels in 20 mM NaClO.  
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Microgels chlorinated at 20 oC 

 

Microgels chlorinated at 25 oC 

 

Microgels chlorinated at 30 oC 

 

Unmodified 

 

S2 Raw absorbance data for critical flocculation temperature determine. The 
measurements were conducted at a wavelength of 500 nm. 
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S3 pH effect on diameter of N-chlorinated microgels at 20 oC. The N-chlorinated 
microgels have VPTT around 26 oC. 
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Chapter 4 Poly(N-isopropylmethacrylamide) Microgels Resist 
N-chlorination in Alkaline Bleach 

 

 

 

 

 

 

 

 

 

 

In chapter 4, all experiments were initialized and conducted by myself. I plotted the 
experiment data and wrote the first draft. Dr. Pelton helped the data analysis and revised 
the first draft. 
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Abstract 

This paper presents the results of comparative studies of N-chlorination of poly(N-
isopropylacrylamide) (PNIPAM) microgels and poly(N-isopropylmethacrylamide) 
(PNIPMAM) microgels in aqueous bleach at pH 10.5. The active chlorine content of N-
chlorinated PNIPMAM microgels was about one-tenth of that of N-chlorinated PNIPAM 
microgels under the same chlorination condition, which led little change in volume phase 
transition temperature (VPTT) of PNIPMAM microgels before and after N-chlorination. 
Core/shell microgels with PNIPAM cores and poly(NIPAM-co-NIPMAM) shells showed 
improved colloidal stability after N-chlorination, comparing with N-chlorinated PNIPAM 
microgels. Furthermore, the VPTT gap between cores and shells can be easily controlled 
via N-chlorination. The low reactivity of PNIPMAM in bleach is attributed to the stronger 
electron-donating power of methyl group than that of α–hydrogen.  
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4.1 Introduction 

N-chloramines, which are defined as compounds with nitrogen-chlorine covalent bonds, 
exhibit superior antimicrobial activities.1 Many efforts have been invested to preparing 
polymeric N-chloramines, due to their easy rechargeability.2-11 Polymeric N-chloramines 
show antibacterial activities against both gram-negative bacteria (e.g. E. coli) and gram-
positive bacteria (e.g. S. aureus). It has been shown that polymeric N-chloramines kill 
microbial in a combined mode of direct contact, active chlorine releasing and active 
chlorine transferring.12-13  

Recently, polymeric N-chloramines based on PNIPAM microgels have been prepared by 
reacting PNIPAM microgels with aqueous bleach at pH 10.5 in our lab.14 The nitrogen-
hydrogen bonds of the amides in PNIPAM are chlorinated into nitrogen-chlorine bonds, 
giving a new polymeric N-chloramines poly(NIPAM-co-NIPAMCl).15 The active 
chlorine content can be controlled by the reaction temperature. An active chlorine content 
of about 0.8 mmol/g can be obtained when a reaction temperature of 20 oC was used.14 It 
is noted that the highest active chlorine content in polymeric N-chloramines coated silica 
nanoparticles (with a diameter of ~11 nm) was 54.8 µmol/g.5 Therefore N-chlorinated 
microgels may offer long-term biocidal efficacy due to the high active content. We have 
also shown that the N-chlorinated microgels can efficiently react with reducing agents 
(e.g. glutathione, KI and Na2S2O3), which makes the N-chlorinated microgels as a 
delivery vehicle of active chlorine. However, the critical flocculation temperature (CFT) 
of N-chlorinated PNIPAM microgels is fairly low in concentrated NaCl solution.14 
Taking microgels with active chlorine content of 0.8 mmol/g as an example, the CFT is 
about 20 oC in 100 mM NaCl. Thus, the applications of N-chlorination PNIPAM 
microgels as a delivery vehicle of active chlorine in solutions with high salt concentration 
(e.g. waste water and blood) are limited because of microgel coagulation.  

Poly(N-isopropylmethacrylamide), PNIPMAM, is an alternative to PNIPAM with methyl 
groups on the backbone instead of α–hydrogens (Scheme 1). PNIPMAM has a higher 
lower critical solution temperature (LCST, 44 oC) than PNIPAM (32 oC).16 Microgels 
based on PNIPMAM17 and core/shell microgels based on PNIPAM and PNIPMAM18-19 
can also be prepared via aqueous precipitation polymerization. The core/shell microgels 
show a two-stage thermal transition corresponding to PNIPAM and PNIPMAM, 
respectively.18 Despite their similar chemical structures, the following paragraphs will 
show that PNIPMAM microgels and PNIPAM microgels differ significantly from each 
other in regard to N-chlorination in alkaline bleach.  
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PNIPAM PNIPMAM 

Scheme 1. Chemical structure of PNIPAM and PNIPMAM 

 

Herein, the results of N-chlorination of PNIPMAM microgels and PNIPAM microgels in 
aqueous bleach at pH 10.5 are compared. Under the same reaction conditions, the active 
chlorine content of N-chlorinated PNIPMAM microgels is about one-tenth of (or less than) 
that in N-chlorinated PNIPAM microgels. As a result, the decrease in volume phase 
transition temperature (VPTT) of PNIPMAM microgels is limited after chlorination. 
Core/shell microgels are prepared in a one-pot manner, with PNIPAM as cores and 
poly(NIPAM-co-NIPMAM) as shells. N-chlorination of core/shell microgels leads to 
chlorinated cores and less chlorinated shells. Therefore, the VPTT gap between core and 
shell can be easily controlled. Furthermore, the shell gives N-chlorinated core/shell 
microgels with improved colloidal stability in phosphate buffered saline solution at 37 oC. 
Finally, a preliminary mechanism is proposed to explain the difference between the 
reactivity of PNIPMAM and PNIPAM in alkaline bleach. 

4.2 Experiments 

Materials. All chemicals were purchased from Sigma-Aldrich (Canada). N-
isopropylacrylamide (NIPAM, 97%) and N-isopropylmethacrylamide (NIPMAM, 97%) 
was purified from re-crystallization with a mixture of toluene and hexane (60:40). 
Ethylene glycol dimethacrylate (EGDMA, 98%), sodium dodecyl sulfate (SDS, 99%), 
ammonium persulfate (APS, 98%) and sodium hypochlorite (NaClO, 10-15%) were used 
as received. Type I water (with a resistivity of 18.2 MΩ·cm) from a Barnstead Nanopure 
Diamond system was used in all experiments. The concentration of NaClO was 
determined by iodometric titration.  

Synthesis of Microgels. Microgels were prepared via precipitation polymerization.20 
Typically, 1.40 g NIPAM (or 1.56 g NIPMAM), 0.13 g EGDMA and 0.05 g SDS were 
added to 150 mL water in a 250 mL flask reactor. The flask was equipped with a 
mechanical stirrer, a nitrogen inlet/outlet and a condenser. After deoxygenation of the 
solution with nitrogen for 30 min at 70 oC, 0.025 g APS (dissolved in 5 mL water) was 
added. The polymerization was conducted at 70 oC under nitrogen atmosphere for another 
6 hours. After polymerization, microgels were purified by ultracentrifugation (Beckman 

NHO
n

NHO
n
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L-80 XP), decantation and suspension in water for several cycles until the conductivity of 
the supernatant was less than 5 µS/cm. Microgels were then lyophilized for storage.  

Synthesis of Core/Shell Microgels. Core/Shell microgels were synthesized in a one-pot 
manner. First, the core microgels were prepared using the same procedure for PNIPAM 
microgels, as described above. NIPMAM was then added after the core reaction was 
conducted for 1 hour. The polymerization was conducted for another 6 hours. After 
polymerization, microgels were purified by ultracentrifugation (Beckman L-80 XP), 
decantation and suspension in water for several cycles until the conductivity of the 
supernatant was less than 5 µS/cm. Microgels were lyophilized for storage. The recipe for 
preparation of core/shell microgels is shown in Table 1. 

Table 1 Recipe for Preparation of Core/Shell Microgels 

Core Shell* 

NIPAM/g EGDMAMA/g SDS/g APS/g Water/mL NIPMAM/g Water/mL 

1 0.13 0.05 0.025 150 1 40 

*Shell solution was deoxygenated by bubbling with nitrogen and then added after 1 hour 
reaction for core solution 

 

N-Chlorination of Microgels. The procedure used here was similar to the one developed 
for PNIPAM microgels.14 A suspension (20 mL) with 0.56 g/L PNIPAM (or 0.63 g/L 
PNIPMAM, or 0.56 g/L core/shell) microgels and NaClO (20 mM) was prepared in a 
beaker. The suspension pH was then adjusted to 10.5 by adding 1 M HCl. The beaker was 
placed in a water bath with the desired reaction temperature (20, 25, 30 oC). The reaction 
was conducted until the microgels phase-separated. For reactions with PNIPMAM and 
core/shell microgels, the same reaction condition (temperature and time) was applied 
without observation of aggregation. Then the suspension was diluted with water (about 
200 mL) for dialysis in cellulose membrane tubes against water for one day. The resulting 
microgels were collected by ultracentrifugation and stored at 4 oC. 

Some experiments were conducted in a spectrophotometer to record the turbidity changes. 
Typically, 1 mL microgel suspension was mixed with 1mL NaClO (40 mM) in a 
polystyrene cuvette. After adjusting pH to the desired value, transmittance at 500 nm was 
measured at 25 oC with a DU800 visible-UV spectrophotometer (Beckman Coulter) using 
water as a blank. 

Iodometric Titration. The active chlorine content in chlorinated microgels was 
determined by iodometric titration. About 5 mg chlorinated PNIPAM microgels (20 mg 
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for PNIPMAM microgels) were dissolved in water to make a 1 g/L solution. An excess 
amount of KI (100 mg) was added to the solution. The solution pH was adjusted to 3. 
Then 2 mL of starch indicator (1%) was added. The solution was titrated with sodium 
thiosulfate (10 mM) until the solution turned colorless. The substitution degree (DS) of 
N-chlorinated microgels was calculated by the following equation: 

 

 

(1) 

where [Cl] was the active chlorine content of the microgels; MCl was the molecular 
weight of repeat unit of chlorinated polymers (147.5 g/mol for chlorinated PNIPAM; 
161.5 g/mol for chlorinated PNIPMAM; 152.4 g/mol for chlorinated core/shell microgels); 
and Mp was the molecular weight of unchlorinated repeat unit (113 g/mol for PNIPAM; 
127 g/mol for PNIPMAM; 118 g/mol for core/shell microgels). The calculation was made 
based on the assumption that the crosslinker EGDMA content in microgels was negligible.  

Dynamic Light Scattering (DLS). Hydrodynamic diameters of microgels were measured 
by DLS with a detection angle of 90o. The laser source was a Melles Griot HeNe laser 
with a wavelength of 633 nm. The scattering intensity was between 100 and 250 kcps for 
all measurements.  Each sample was measured for at least three runs with 2 min for each 
run. Every sample was kept under the measurement temperature for at least 30 min before 
started the measurement. 

Transmission Electron Microscopy (TEM). A single drop (~5 µL) of a dilute microgel 
suspension was dropped on a Formvar-coated copper TEM grid and dried overnight. 
TEM image was obtained using a JEOL 1200EX TEMSCAN microscope operating at 80 
kV.  

Nuclear Magnetic Resonance (NMR). 1H NMR spectra were recorded on Bruker AV-
200 spectrometers (200 MHz) with samples dissolved in CDCl3. 

4.3 Results 

PNIPAM and PNIPMAM microgels were prepared with EGDMA as crosslinkers, since 
EGDMA is more stable than N,N’-methylenebisacrylamide in bleach at pH 10.5.14 The 
N-chlorination on PNIPAM or PNIPMAM microgels is shown in Scheme 2.  

𝐷𝐷𝐷𝐷% =
[𝐶𝐶𝐶𝐶]

[𝐶𝐶𝐶𝐶] + 1 − [𝐶𝐶𝐶𝐶] ∗ 𝑀𝑀𝐶𝐶𝐶𝐶
𝑀𝑀𝑃𝑃 ∗ 1000

∗ 100 
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Scheme 2. N-chlorination of PNIPAM microgels and PNIPMAM microgels. R=H: 
PNIPAM microgels; R=CH3: PNIPMAM microgels. The reaction on PNIPMAM 
microgels is much slower (y>>x), as shown in Figure 8. 

Suspensions consisting of PNIPAM or PNIPMAM microgels and bleach were prepared at 
pH 10.5. The suspension turbidity was recorded as a function of time at 25 oC. The results 
in Figure 1 show little change in turbidity for PNIPMAM microgel suspension. By 
contrast, the PNIPAM microgel suspension slowly became more turbid, and ultimately 
phase-separated giving visible precipitates. Both kinds of microgels were then purified 
after N-chlorination for further characterization. 

 

Figure 1 Suspension transmittances of PNIPAM microgels and PNIPMAM 
microgels in 20 mM NaClO with pH 10.5 at 25 oC along with reaction time. 
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DLS was used to determine the size of purified microgels after N-chlorination, and the 
results are shown in Figure 2. Volume phase transition temperature (VPTT) of PNIPAM 
microgels decreased from 31 oC to 26 oC after 10 hours N-chlorination at 25 oC. However, 
the results show little change in VPTT of PNIPMAM microgels after N-chlorination 
under the same reaction condition, which stayed at 44 oC.  

 

Figure 2. Diameters of purified PNIPAM microgels and PNIPMAM microgels 
before and after chlorination. The chlorinated microgels were treated with 20 mM NaClO 
at pH 10.5 for 10 hours at 25 oC, prior to the DLS measurements. 

 

Core/shell microgels with PNIPAM cores and PNIPMAM shells were prepared in a one-
pot manner, as described in the experimental section. NIPAM monomers and EGDMA 
crosslinkers were added to water with SDS as surfactant, and the reaction was initialized 
by adding APS. After 1 hour reaction, NIPMAM monomers were added. The reaction 
was conducted for further 6 hours. The particle morphology was observed by TEM, and 
the image is shown in Figure 3. The microgels were fairly uniform in a dry state, which 
indicated the absent of secondary nucleation. Furthermore, the core/shell microgels were 
stable in phosphate buffered saline (PBS) solution at 37 oC. The molar ratio between 
PNIPAM and PNIPMAM was calculated as 1.9 in the core/shell microgels from the NMR 
spectrum (Figure 4). A sample calculation is given in Supporting Information. It should 
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be noted that the calculation was based on the assumption that the EGDMA content in 
resulting core/shell microgels was limited. 

 

Figure 3 TEM image of core/shell microgels 

 

Figure 4 1H-NMR spectrum of core/shell microgels in CDCl3. 
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In a parallel experiment, naked core microgels were prepared. The polymerization was 
conducted for 1 hour and then stopped by adding excess amount of hydroquinone without 
the addition of NIPMAM. The hydrodynamic diameters of purified naked core microgels 
and core/shell microgels were determined in 1 mM NaCl at pH 7 by DLS. The results in 
Figure 5A indicate core/shell microgels possessed a two-stage thermo-induced transition, 
which further support the core/shell morphology. The first transition was at 31 oC, 
attributed to the transition of cores (PNIPAM). The other transition, corresponding to 
shell, was at 42 oC. The shell VPTT is lower than the VPTT of PNIPMAM microgels (44 

oC). Thus the shell should be poly(NIPAM-co-NIPMAM) instead of pure PNIPMAM. 
This is probably because NIPAM monomers are not fully consumed when NIPMAM 
monomers are added. A random copolymer with 40% NIPAM and 60% NIPMAM has a 
LCST of 42 oC21, which suggests the shell is consisted of ~40% NIPAM and ~60% 
NIPMAM. The core and shell sizes in core/shell microgels were calculated from 
comparison of sizes of naked core microgels and core/shell microgels. A sample 
calculation is given in Supporting Information. It is noticeable that the calculation based 
on DLS can only provide rough results.22 The diameter of core domain is about 100 nm at 
shrunken state and 220 nm at swollen state, while the shell thickness is 15 nm at shrunken 
state and 50 nm at swollen state, as schematic described in Figure 5B. Note that the core 
diameter in fully swollen core/shell microgels was calculated as about 220 nm, which is 
smaller than that of naked core microgels (~260 nm). This is probably because the cores 
were compressed by the shells in core/shell microgels, as demonstrated by Jones and 
Lyon.23  
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Figure 5 A) Diameters of purified naked core microgels and core/shell microgels in 
1 mM NaCl at pH 7. B) Schematic description of sizes of core domain and shell domain 
in core/shell microgels.  
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Purified core/shell microgels were treated with bleach at pH 10.5. The reaction was 
conducted for 2 hours at 30 oC, for 10 hours at 25 oC and for 24 hours at 20 oC. These 
conditions were the same as those applied for PNIPAM microgels.14 Under these 
conditions, PNIPAM microgels phase-separated from bleach, while core/shell microgels 
were colloidally stable throughout. The size of N-chlorinated core/shell microgels in 
1mM NaCl at pH 7 was determined by DLS, and the results are shown in Figure 6. The 
diameter curve also shows a two-stage transition of N-chlorinated microgels. After N-
chlorination, the core VPTT decreased significantly, and the final core VPTT was almost 
identical to the reaction temperature. The decrease in shell VPTT with chlorination was 
much less than the decrease in core VPTT. Taking the reaction at 20 oC as an example, 
the core VPTT decreased by 11 oC, while the shell VPTT only decreased by 2 oC. 
Therefore, the VPTT gap between cores and shells increased from 11 oC to 20 oC. The 
photographs in Figure 7 indicate that the N-chlorinated core/shell microgels are stable in 
PBS solution at 37 oC. By contrast, the N-chlorinated microgels with a VPTT of 20 oC 
macroscopically separated in PBS solution at 37 oC in a few minutes.  

 

 

Figure 6. Diameters of purified core/shell microgels before and after chlorination. 
The chlorinated microgels were treated with 20 mM NaClO with pH 10.5, prior to the 
DLS measurements. The reaction temperature and time were varied: 2 hours at 30 oC, 10 
hours at 25 oC and 24 hours at 20 oC. 
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Figure 7. Photographs of microgels in PBS solution at 37 oC for 12 hours. A) N-
chlorinated PNIPAM microgels with a VPTT of 20 oC. B) N-chlorinated core-shell 
microgels with a core VPTT of 20 oC and a shell VPTT of 40 oC. 

 

The substitution degree of chlorinated microgels was calculated from the active chlorine 
content determined via iodometric titration, and the results are shown in Figure 8. The 
calculation was made on the assumption that the content of EGDMA in the core/shell 
microgels is negligible. Under the same reaction condition (temperature, time, and 
concentration), N-chlorinated PNIPAM microgels had the highest substitution degree, 
and PNIPMAM microgels had the lowest content. This difference also indicates that 
PNIPMAM is more stable than PNIPAM in alkaline bleach. The substitution degrees of 
PNIPAM in the core/shell microgels were also calculated by subtracting the active 
chlorine content of PNIPMAM in the core/shell microgels with that in PNIPMAM 
microgels. The calculation was made based on the assumption that the N-chlorination rate 
of PNIPMAM was similar in both PNIPMAM microgels and core/shell microgels. The 
results show the substitution degree of PNIPAM in N-chlorinated core/shell microgels is 
higher than that in PNIPAM microgels under the same reaction condition. This effect may 
contribute to the following reason. PNIPAM microgels shrunk when the extent of N-
chlorination was high enough, which inhibited further chlorination.14 However, the shells 
in core/shell microgels were always swollen during N-chlorination, due to the presence of 
PNIPMAM. As a result, PNIPAM in shells can be further chlorinated compared with 
PNIPAM microgels under the same reaction condition.  

 

A B
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Figure 8. Molar percentage chlorination of N-chlorinated microgels under varying 
reaction conditions. The blank columns represent the degree of substitution of PNIPAM 
in core/shell microgels, which is calculated based on the assumption that the N-
chlorination of PNIPMAM in core/shell microgels is the same as that in PNIPMAM 
microgels.  

4.4 Discussion 

Both turbidity and DLS results indicate that PNIPMAM microgels are more stable than 
PNIPAM microgels in bleach at pH 10.5. The active chlorine content of N-chlorinated 
PNIPMAM microgels is only one-tenth of the content of N-chlorinated PNIPAM 
microgels under the same reaction condition, which leads to little decrease in suspension 
turbidity and VPTT. Thus, we believe that PNIPMAM microgels have potential 
applications as support particles for reactions in alkaline bleach, such as TEMPO-
mediated oxidation24 and Hofmann degradation25. 

Core/shell microgels with PNIPAM cores and poly(NIPAM-co-NIPMAM) shells were 
prepared, followed by N-chlorination via alkaline bleach. N-chlorinated core/shell 
microgels have a tuneable two-stage transition. The core VPTT decreases significantly 
after N-chlorination, while the decrease in shell VPTT is limited under the same reaction 
condition. Hence the VPTT gap of core/shell microgels can be easily varied. Also, it has 
been shown that the VPTT of N-chlorinated PNIPAM microgels increases again to about 
32 oC after reduction.14 Therefore, the VPTT gap of N-chlorinated core/shell microgels 
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can be reduced back by reacting with reducing agents (e.g. glutathione). Thus N-
chlorination offers a simple and facile method for the construction of microgels with 
complicated thermal-responsive properties. 

Another advantage of N-chlorinated core/shell microgels over N-chlorinated PNIPAM 
microgels is improved colloidal stability. The N-chlorinated core/shell microgels are 
colloidal stable in PBS solution at 37 oC, since the shells have a VPTT higher than 37 oC 
even after N-chlorination. Thus the N-chlorinated core/shell microgels can act as active 
chlorine vehicle which releases active chlorine slowly in solutions with high salt 
concentration (e.g. waste water) for antimicrobial purpose. The reason why PNIPMAM is 
much more stable than PNIPAM in alkaline bleach is discussed in the following 
paragraph. 

Thomm and Wayman reported the substituent effect on reaction rate of N-chlorination of 
secondary amides.26 They found that alkane substituent with longer chain gave lower N-
chlorination rate, as the order shown in Scheme 3. They argued that alkane substituent 
with longer chain had a stronger electron-donating power, which led to a higher electron 
density of nitrogen atoms in amides. As a result, amides with longer alkane substituent 
have stronger nitrogen-hydrogen bonds, and therefore a lower N-chlorination rate. 
PNIPMAM has methyl groups on the backbone compared with α–hydrogens in PNIPAM. 
The electron-donating power of methyl group is stronger than hydrogen. Thus, we 
attribute the difference between the reactivity of PNIPMAM and PNIPAM in alkaline 
bleach to difference between electron-donating power of methyl group and hydrogen. 

N-chlorination of Secondary Amides 

 

Substituent Effect on N-chlorination rate 

 

Rate Constant (M-1s-1):     2.1×10-1                1.8×10-2                 9.2×10-3 

Scheme 3 Substituent effect on N-chlorination rate of secondary amides by reacting 
with NaClO at pH 10.5.26  
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4.5 Conclusions 

1. The active chlorine content of N-chlorinated PNIPMAM microgels are only about 
one-tenth of that of N-chlorinated PNIPAM microgels under the same reaction 
conditions, which suggests PNIPMAM microgels can act as support particles in 
reactions involving alkaline bleach.  

2. N-chlorinated core/shell microgels with highly N-chlorinated PNIPAM cores and 
much less N-chlorinated poly(NIPAM-co-NIPMAM) shells are prepared. The 
shells prevent aggregation of N-chlorinated PNIPAM cores in PBS solution at 37 
oC, which extends the application of N-chlorinated microgels in high salt solutions.  

3. The observation that PNIPMAM is less susceptible to chlorination with bleach 
compared to PNIPAM is consistent with the behaviour of small molecule 
analogues, described in the literature26, where it was proposed that the lower 
reactivity was due to the stronger electron-donating power of methyl groups, in 
comparison with that of α–hydrogens. 
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4.7 Appendix: Supporting Information for Chapter 4 

Calculation 1: Molar ratio between PNIPAM and PNIPMAM in core/shell microgels 
calculated from NMR spectrum (Figure 4). 

 

 

H1 

 

 

H2 

 

The number of H1 hydrogen in one PNIPAM and PNIPMAM repeat unit is 1. 

The number of H2 hydrogen in one PNIPAM repeat unit is 9, and in one PNIPMAM 
repeat unit is 11. 

From NMR spectrum: 

Peak area of H1: SH1=1 

Peak area of H2: SH2=9.69 

Assume the molar of PNIPAM and PNIPMAM repeat units in core/shell microgels as 
nAM and nAM, respectively.  

Then,    nAM+nMAM=SH1  and   9nAM+11nMAM=SH2 

Solve the equations, nAM =0.655; nMAM =0.345. 

Thus the molar ratio between PNIPAM and PNIPMAM is   =1.9 

  

nAM

nMAM
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Calculation 2: The size of core domain and shell domain in core/shell microgels 
calculated from Figure 5A. 

Assume the diameter of core domain in core/shell microgels is d1 at shrunken state, and 
d2 at swollen state. 

Assume the thickness of shell domain is core/shell microgels is H1 at shrunken state, and 
H2 at swollen state. 

1. At 50 oC, both cores and shells are in shrunken state. The diameter of naked core 
microgels is 100 nm and the diameter of core/shell microgels is 130 nm.  

Thus we have d1=100 nm and d1+ 2H1=130 nm. 

Solve the equations, H1 =15 nm. 

2. At 37 oC, cores are still shrunken, while the shells are swollen. The diameter of 
core/shell microgels at 37 oC is 200 nm. Thus, d1+ 2H2=200 nm. 

Then  H2=50 nm. 

3. At 25 oC, both cores and shells are swollen. The diameter of core/shell microgels 
is 320 nm. 

4. Thus, d2+ 2H2=320 nm. 

5. Then  d2=220 nm. 

The results are summarized in Figure 5B. However, it should be noted that the 
calculations only give rough results at temperatures of 37 oC and 25 oC. Berndt et al. 
showed that the swollen shell forces the shrunken core apart at the intermediate stage1, 
which gives a larger core size in core/shell microgels than the size of naked core 
microgels at 37 oC. Thus the shell thickness at 37 oC is smaller than 50 nm, and the core 
diameter at 25 oC is bigger than 220 nm. However, the differences should be slight, since 
only about 3 nm increasing for shrunken cores with diameter of 40 nm as shown in the 
literature.1  

 

1. Berndt, I.; Pedersen, J. S.; Richtering, W., Structure of multiresponsive 
"intelligent" core-shell microgels. Journal of the American Chemical Society 2005, 127, 
(26), 9372-9373. 
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Chapter 5 Synthesis of Primary Amine-containing Poly(N-
isopropylmethacrylamide) Microgels via Hofmann 
Rearrangement  

 

 

 

 

 

 

 

 

 

 

In chapter 5, all experiments were conducted by me, Miles Montgomery, Wing Yan Lam 
and Kyle Lefebvre, who worked as summer students. I plotted the experiment data and 
wrote the first draft. Dr. Pelton helped the data analysis and revised the first draft. 
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Abstract 

The Hofmann rearrangement of poly(N-isopropylmethacrylamide) 
(PNIPMAM)/methacrylamide (MAM) copolymer microgels carried out in alkaline bleach 
(NaClO) at room temperature resulted in primary amine-containing microgels. The 
formed amines were converted from the unsubstituted amides in MAM. The amine 
content increased with Hofmann rearrangement time, and a content of 0.4 mmol/g was 
achieved after 60 min reaction. Primary amines offered microgels with positive charges, 
pH sensitivity and conjugation sites. The method was easily extended for preparation of 
amphoteric microgels containing both primary amines and carboxyls. The resulting 
amphoteric microgels exhibited zwitterionic behaviour. The isoelectric point of 
amphoteric microgels, corresponding to the molar ratio of primary amines to carboxyls, 
was controlled by Hofmann rearrangement time.  
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5.1 Introduction 

Thermosensitive microgels based on poly(N-isopropylacrylamide) (PNIPAM)1 have 
applications in many fields: such as drug delivery2, nanocomposite3-4, biosensing5-6, 
optical devices7-8, and separation9. Most applications require PNIPAM-based microgels 
incorporated with functional groups, other than PNIPAM homogenous microgels. Many 
efforts have been made to prepare functionalized PNIPAM microgels with various 
functional groups, including phenylboronic5, carboxyl10, “clickable” groups (azido and 
terminal alkyne)11, glycidyl12, and N-chloramide13, etc. These groups offer either 
additional stimuli-responsive property, reactivity or conjugation sites for further 
modification. 

Primary amine is extremely important in chemistry, material science and biology. The 
most used method for preparing PNIPAM (or poly(N-isopropylmethacrylamide), 
PNIPMAM) microgels with primary amines is precipitation copolymerization of NIPAM 
(or NIPMAM) with amine-containing comonomers. The comonomers can be 2-
aminoethylmethacrylate hydrochloride14, N-(3-aminopropyl)methacrylamide 
hydrochloride15 or allylamine16. This copolymerization method is one step and simple. 
However, several issues have been considered during precipitation polymerization with 
such comonomers. First, the electrostatic interaction during polymerization is critical, 
since these co-monomers are positively charged under reaction conditions. Therefore the 
salt concentration has to be considered during polymerization. Second, the location of 
primary amines in microgels is difficult to control, due to the difference in the reactivity 
ratios between NIPAM (or NIPMAM) and comonomers.  

Primary amine-containing microgels can also be prepared by post-modification strategies, 
generating primary amines from uncharged precursors. A hydrolysis method has been 
developed in our laboratory.17 PNIPAM microgels incorporated with N-vinylformamide 
were prepared via precipitation polymerization in a semibatch manner, followed by 
hydrolysis of N-vinylformamide at pH 1.5 giving the primary amines. Recently, Saunders 
et al. applied a similar method for preparation of polyvinylamine microgels.18 Poly(N-
vinylformamide) microgels were synthesized via non-aqueous dispersion polymerization. 
Polyvinylamine microgels were then obtained by hydrolysis of poly(N-vinylformamide) 
microgels in NaOH (1 M) at 80 oC. This hydrolysis method requires complicated 
polymerization strategies and harsh conditions for hydrolysis.  

Other than hydrolysis of formamide, Hofmann rearrangement of unsubstituted amides 
also generates primary amines, following the path shown in Scheme 1. Although side 
reactions (formation of carboxylic acid and urea RNHCONHR19) are involved, the 
Hofmann rearrangement has been applied in polymer chemistry for preparation of 
primary amine-containing polymers from polyacrylamide19-20 or polymethacrylamide21. 
Shiroya et al. applied Hofmann rearrangement in preparation of PNIPAM microgels 
containing primary amines.22 PNIPAM microgels were prepared with acrylamide as 
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comonomers via precipitation polymerization, and the unsubstituted amides of acrylamide 
were then converted into primary amines by reacting with alkaline bleach at 4oC. Horecha 
et al. prepared PNIPAM microgels containing primary amines with a similar method by 
conducting Hofmann rearrangement with diacetoxyiodobenzene in water/acetonitrile 
solution at 0 oC for 4 hour.23 However, both methods require low temperature and/or 
organic solvents.  

 

Scheme 1. Hofmann rearrangement of unsubstituted amides with NaClO/NaOH. 

 

The Hofmann rearrangement can also be conducted in alkaline bleach at room 
temperature.24-25 The attempted Hofmann rearrangement of PNIPAM microgels 
(copolymerized with acrylamides) in alkaline bleach at room temperature was 
unsuccessful, however, since both PNIPAM and bisacrylamide crosslinker are chemically 
unstable in alkaline bleach.13, 26 On the other hand, we have shown that PNIPMAM 
microgels crosslinked by ethylene glycol dimethacrylate resist N-chlorination and 
degradation in alkaline bleach at room temperature27, which can be used as supporting 
particles in reactions involving alkaline bleach.  

In this paper, we show that primary amine-containing microgels can be prepared via the 
Hofmann rearrangement of PNIPMAM/methacrylamide copolymer microgels in alkaline 
bleach at room temperature. The primary amine content in the resulting microgels was 
tuneable by Hofmann rearrangement time, and a content of 0.4 mmol/g was achieved 
after a 60 min reaction, which corresponds to a 50% conversion of MAM.  

Amphoteric microgel based on PNIPAM has been getting more attentions, due to its 
special pH-induced swelling property.28-34 Here we also show this Hofmann 
rearrangement can be easily extended to prepare amphoteric microgels containing both 
primary amines and carboxyls. The molar ratio of primary amines to carboxyls can be 
controlled by Hofmann rearrangement time, which offers a simple way to tune isoelectric 
point. 
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5.2 Experiments 

Materials. All chemicals were purchased from Sigma-Aldrich (Canada), and used 
without further purification except for N-isopropylmethacrylamide (NIPMAM). 
NIPMAM (97%) was purified from re-crystallization with mixture of toluene and hexane 
(60:40) prior to use. Fluorescein isothiocyanate (FITC, ≥90%) were used directly as 
received. Type I water with a resistivity of 18.1 MΩ·cm from a Barnstead Nanopure 
Diamond system was used in all experiments. The concentration of sodium hypochlorite 
(bleach, NaClO, 10-15%) was determined by iodometeric titration prior to use. The 
details can be found elsewhere.24  

Synthesis of Microgels. PNIPMAM Microgels were prepared according to the 
literature35 with minor modifications. The recipe is shown in Table 1. The procedure is 
described as following. A 250 mL three-neck flask reactor was equipped with a 
mechanical stirrer, a nitrogen inlet/outlet, and a condenser. In the reactor, 1.56 g 
NIPMAM, 0.13 g ethylene glycol dimethacrylate (EGDMA, 98%), 0.3 g methacrylamide 
(MAM, 98%), 0.1 g sodium dodecyl sulfate (SDS, 99%), and 150 mL water were added. 
The solution was deoxygenated with nitrogen for 30 min at 70 oC, before 0.025 g 
ammonium persulfate (APS, 98%) dissolved in 5 mL water was added. The 
polymerization was conducted at 70 oC under nitrogen atmosphere for another 6 hour. 
After polymerization, microgels were purified by ultracentrifugation (Beckman L-80 XP), 
decantation and suspension in water for several cycles until the conductivity of 
supernatant was less than 5 µS/cm. Microgels were then lyophilized for storage. 
Microgels with MAM without Hofmann rearrangement are referred as AMI microgels; 
microgels without MAM are referred as CON microgels; and microgels with both MAM 
and carboxyls are referred as AMP microgels.  

 

Table 1. Recipes for Preparation of Starting Microgels 

Microgels* NIPMAM/g MAM/g AA/g EGDMA/g SDS/g APS/g Water/mL 

CON-0 1.56 0 0 0.13 0.1 0.025 150 

AMI-0 1.56 0.3 0 0.13 0.1 0.025 150 

AMP-0 1.56 0.3 0.03 0.13 0.1 0.025 150 

* CON-120 microgels are CON-0 microgels after treated (Hofmann rearrangement) for 120 min. 

   AMI-0.4 microgels are AMI microgels with 0.4 mmol/g amines after Hofmann rearrangement. 
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Hofmann Rearrangement of Microgels. Amines were converted from amide groups in 
NaClO solution via a modified Hofmann rearrangement process. The procedure is briefly 
described as follows, which can also be found in literatures.24-25 A beaker with 10 mL 
water was kept in an ice bath, and 0.286 mL NaClO (1.4 M) was added into the beaker. 
Next, 1 mL NaOH (1 M) was added in a drop-wise fashion into the beaker under vigorous 
stirring. In addition, 113 mg of microgels were dispersed in 10 mL of water. The microgel 
suspension was subsequently added to the 10 mL NaClO solution in the ice bath which 
was then well mixed. Adjust the stirring speed to a proper value and increase temperature 
to 25 oC to start the reaction. After a certain time (10 min, 30 min, or 60 min), 60 mg 
sodium thiosulfate (98%) was added to stop the reaction. The resultant microgels were 
purified via ultracentrifugation, followed by freeze-drying, as described in the previous 
section.  

Fluorescence Labelling. The presence of primary amines in AMI microgels after 
Hofmann rearrangement was confirmed by FITC labelling. AMI microgels with 0.4 
mmol/g primary amines (AMI-0.4) were added to 10 mL borate buffer (pH 9) to make a 1 
mg/mL suspension. Then the suspension was added with 0.1 mL FITC solution in DMSO 
(1 mg/mL). The reaction was conducted for 12 hour at 4 oC with moderate magnetic 
stirring, and then quenched by mixing with 0.26 mL NH4Cl (2 M) for 2 hour. The result 
microgels were purified by ultracentrifugation until the conductivity of supernatant was 
less than 5 µS/cm. In a parallel experiment, AMI-0 reacted with FITC as control. 

Dynamic Light Scatterings (DLS). Microgels were dispersed in 1 mM NaCl, and the pH 
was adjusted with 1 mM HCl and NaOH. Hydrodynamic diameters of microgels were 
measured by DLS with a detection angle at 90o. The laser source is a Melles Griot HeNe 
laser with a wavelength of 633 nm. The scattering intensity was between 100 and 250 
kcps for all measurements.  Each sample was measured for three runs with 2 min for each 
run.  

Electrophoretic Mobility. Electrophoretic mobility was measured using a ZetaPlus 
analyzer (Brookhaven Instruments Corp.), operating in phase analysis light scattering 
(PALS) mode. Microgels were dissolved in 1 mM NaCl, and the microgels concentration 
was 1 g/L for all measurements. For each measurement, 10 runs (15 cycles each) were 
carried out. 

Titration. Amine content of microgels was measured by conductometric titration. The 
titration was performed using a Burivar-I2 Buret Module (ManTech Associates) with PC-
Titrate software (version 2.0.0.79). Samples were prepared by adding lypholyzied 
microgels (25 mg) in 50mL NaCl (1mM) in a beaker of well-controlled temperature. The 
beaker was installed with an overhead stirrer, a pH electrode, a conductivity electrode and 
a thermometer (connected with the computer). NaOH (0.1 M, LabChem Inc.) was uses as 
titrant. The samples were purged with nitrogen for 30 min to remove dissolved CO2. The 
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sample pH was then adjusted to 3 before starting the measurement. The interval between 
two drops was set to 300 sec. 

Nuclear Magnetic Resonance (NMR). The content of amide groups in microgels before 
Hofmann rearrangement was estimated from 1H NMR. Microgels after being freeze-dried 
were dissolved in deuterated methanol to obtain a suspension with a concentration of 
about 20 g/L. The spectrum was acquired in a Bruker AV200 NMR spectrometer (200 
MHz). 

UV-vis Absorbance. FITC-labelled microgels and control samples were dissolved in 
phosphate buffered saline at pH 7.4. UV-vis absorbances of microgels were measured at 
25 oC with a UV-vis spectrophotometer (Beckman Coulter DU800). The control samples 
include unlabelled AMI microgels and CON microgels before and after react with FITC. 

5.3 Results 

5.3.1 Hofmann Rearrangement of AMI microgels 

Primary amine-containing microgels were prepared in two consequent steps: 1. The 
starting microgels, PNIPMAM microgels with MAM, were prepared via the precipitation 
polymerization; 2. Primary amines were converted from unsubstituted amides (MAM) by 
reacting the microgels with alkaline bleach at ambient temperature (Hofmann 
rearrangement, Scheme 2).  

 

Scheme 2. Scheme description of Hofmann rearrangement of AMI-0 microgels 

 

Table 1 shows the recipes for the preparation of the starting microgels. PNIPMAM 
microgels without MAM were used as control sample, which was labelled as CON-0. 
After treated under Hofmann rearrangement condition for 120 min, CON-0 is designated 
CON-120. AMI-0 microgels were PNIPMAM microgels with MAM, and AMI-0.4 
microgels were AMI microgels with 0.4 mmol/g amines after Hofmann rearrangement. 
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The microgel containing MAM and AA without Hofmann rearrangement was labelled as 
AMP-0.  

The content of unsubstituted amides in AMI-0 microgels was determined prior to the 
Hofmann rearrangement. The 1H NMR spectrum of AMI-0 microgels is shown in Figure 
1. The unsubstituted amide content was then calculated based on Figure 1, following the 
method described in the literature.36 The content of unsubstituted amides in AMI-0 
microgels was determined as 0.76 mmol/g (w/w 6.5%), which is lower than the content of 
MAM in the monomer feed (15.8% from Table 1). This unexpected difference was also 
found in the preparation of PNIPAM microgels with acrylamide.36 Although the data of 
reactivity ratios between methacrylamide and PNIPMAM is lacking, it is expected that 
the reactivity ratios are close, since acrylamide and NIPAM have similar reactivity ratios 
close to 1.37 Hence the molar ratio between NIPMAM and MAM should be close to the 
ratio in the monomer feed. Although the reason for the difference remains unknown, the 
Hofmann rearrangement of AMI-0 microgels can be conducted without difficulty. 

 

Figure 1. 1H-NMR Spectrum of AMI-0 Microgel. 

The Hofmann rearrangement of AMI-0 microgels was conducted in a mixture of NaClO 
and NaOH at 25 oC. After purification, the amine contents of AMI microgels after 
Hofmann rearrangement were determined via conductometric titration, and the results are 
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shown in Figure 2. Typical titration curves are shown in supporting information. The 
amine content in AMI microgels increased with Hofmann rearrangement time. The amine 
content of 0.4 mmol/g (AMI-0.4 microgels) was found with 60 min Hofmann 
rearrangement, which corresponds to 53% conversion of unsubstituted amides in the 
starting microgels (AMI-0).  

 

Figure 2. Amine contents in AMI microgels after Hofmann rearrangement 
determined via conductometric titration.  The amine content corresponding to 100% 
conversion of methacrylamide groups is 0.76 mmol/g. The error bars were calculated 
from duplicated measurements. Dash line is drawn as an eye guideline.  

 

The conjugation ability of AMI microgels was shown by labelling of AMI-0.4 microgels 
with FITC. The UV-absorbance spectrum of FITC-labelled microgels and control 
samples in phosphate buffered solution at 25 oC are shown in Figure 3. It is shown that 
AMI-0.4 microgels exhibit an absorption peak at 495 nm after labelled with FITC, which 
corresponds to the absorption maximum wavelength of FITC molecules. There was no 
peak observed at 495 nm for control samples. Hence the results show AMI microgels 
obtained from Hofmann rearrangement can be used as supporting particle for 
bioconjugation. The results also indicate the formation of primary amines after Hofmann 
rearrangement, since FITC can only form stable products with primary amines.38  
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Figure 3 Absorbance of FITC-labelled AMI-0.4 microgels. The control samples 
include unlabelled AMI-0.4 microgels and AMI-0 microgels before and after react with 
FITC.  

 

5.3.2 Effect of pH on AMI microgels 

Mobility and particle diameter of AMI microgels were measured as a function of pH, and 
the results are shown in Figure 4. The measurements were conducted in 1 mM NaCl, and 
the pH was adjusted with 1 mM HCl and NaOH. AMI-0 microgels were slightly 
negatively charged as shown in Figure 4A, due to sulfate ester groups from initiators.35 
After Hofmann rearrangement, the resulting microgels were positively charged and the 
mobility increased with the amine content. For microgels with a specific amine content, 
the mobility decreased with increasing pH. The effect of pH on particle size of AMI 
microgels at 25 oC is shown in Figure 4B. Hydrodynamic diameters of AMI microgels 
decreased with pH after Hofmann rearrangement, and increased with amine content at 
specific pH value. A pH-induced swelling ratio (dpH4/dpH10) was 1.5 found for AMI-0.4 
microgels. CON-0 microgels were also treated under the same Hofmann rearrangement 
condition for 120 min as control. The mobility and particle size of CON microgels before 
and after Hofmann rearrangement are shown in Supporting Information. Little change 
was observed for both mobility and particle size of CON microgels before and after 
Hofmann rearrangement.  
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Figure 4 Effect of pH on (A) electrophoretic mobility and (B) hydrodynamic 
diameter of AMI microgels before and after Hofmann rearrangement. The measurement 
was conducted in 1 mM NaCl. The primary amine contents in microgels are shown in the 
figure. The error bars were calculated from three repeat measurements. Dash lines are 
drawn as eye guidelines.  

 

5.3.3 Temperature Effect on AMI Microgels 

Effect of temperature on diameter of AMI microgels at pH4 and pH 10 is shown in Figure 
5. The volume phase transition temperature (VPTT) of CON microgels was determined 
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around 43 oC (Supporting Information). However, no definable volume phase transition 
was observed both at pH 4 and pH 10 in the range of 25 oC to 50 oC. The decrease on 
diameter was highly suppressed at pH 4 along with temperature. At pH 4, microgels with 
higher amine content showed less thermosensitivity. The temperature-induced swelling 
ratio (d25

o
C/d50

o
C) was 1.14 for AMI-0.4 microgels. While at pH 10, most amines were de-

ionized. Microgels showed similar thermosensitivity before and after Hofmann 
rearrangement. The swelling ratio (d25

o
C /d50

o
C) of AMI-0.4 microgels was 1.26 at pH10.  

 

 

Figure 5. Temperature effect on diameters of AMI microgels before and after 
Hofmann rearrangement at pH 4 and pH 10. The measurements were conducted in 1 mM 
NaCl. The error bars were calculated from three repeat measurements. Dash lines are 
drawn as eye guidelines. 
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5.3.4 Amphoteric Microgels  

The Hofmann rearrangement was extended to prepare of amphoteric microgels (AMP 
microgels). First, AMP-0 microgels were prepared via copolymerization of NIPMAM, 
MAM and acrylic acid, following the recipe in Table 1. Second, Hofmann rearrangement 
of AMP-0 microgels resulted in amphoteric microgels containing primary amines and 
carboxyls, as schematic described in Scheme 3.  

 

Scheme 3 Preparation of amphoteric microgels via Hofmann rearrangement from 
AMP-0 microgels. 

 

The molar ratio between total amines and total carboxyls, regardless of degree of 
ionization, was abbreviated as [NH2]T/[COOH]T. The [NH2]T/[COOH]T ratio was 
determined via conductometric titration, and the results are shown in Figure 6. Since both 
carboxyls and amines contribute to a conductometric endpoint, we do not attempt to 
separate the contributions of carboxyls and amines here. Therefore the calculation of 
[NH2]T/[COOH]T was based on the assumption that the formation of COOH during 
Hofmann rearrangement was negligible, which will be discussed in next section. The 
[NH2]T/[COOH]T ratio increased with Hofmann rearrangement time, due to the formation 
of primary amines.  
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Figure 6. The [NH2]T/[COOH]T ratio in amphoteric microgels as a function of 
Hofmann rearrangement time. Dash line is drawn as an eye guideline. 

 

The pH effect on mobility and diameter of AMP microgels before and after Hofmann 
rearrangement is shown in Figure 7. AMP-0 microgels were negatively charged in the 
range of pH 3 to pH 10, and the diameter increased with pH. After Hofmann 
rearrangement, the mobility of AMP microgels changed from positive to negative with 
increased pH. The diameter curves of AMP microgels were U-shape after Hofmann 
rearrangement. Both mobility and diameter results indicated zwitterionic behaviour of 
AMP microgels after Hofmann rearrangement.  
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Figure 7 Effect of pH on (A) mobility and (B) diameter of AMP microgels before 
and after Hofmann rearrangement. The [NH2]T/[COOH]T ratios are shown in the figures. 
The error bars were calculated from three repeat measurements. Dash lines are drawn as 
eye guidelines.  

The isoelectric point (IEP) was determined from mobility and diameter results. With 
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achieved. The relationship between IEP and [NH2]T/[COOH]T ratio are shown in Figure 8. 
It is shown that higher [NH2]T/[COOH]T ratio gives higher IEP.  

 

Figure 8. Isoelectric point of amphoteric microgels as a function of 
[NH2]T/[COOH]T ratio. The isoelectric points were independently determined from 
mobility results (Figure 7A) and DLS results (Figure 7B). The error bars in x axial were 
adopted from Figure 6. The error bars in y axial were determined from Figure 7. The solid 
curve was calculated according to Eq. 2. 

 

5.4 Discussion 

5.4.1 Advantages of the Hofmann Rearrangement 

Primary amine-containing PNIPMAM microgels have been successfully prepared via the 
Hofmann rearrangement, since PNIPMAM resists the N-chlorination reaction in alkaline 
bleach.27 Although it can not be extended to PNIPAM microgels, due to the instability of 
PNIPAM microgels in alkaline bleach13, this method still exhibits several advantages in 
preparing primary amine-containing microgels, which may be industrially attractive.  

First, the reaction is conducted by simply mixing reactants in aqueous solution at ambient 
temperature. Hence this method is simple and less cost comparing with the conventional 
Hofmann rearrangement used in the literatures.22-23 In the conventional Hofmann 
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rearrangement, the reaction is conducted at low temperature (e.g. 4 oC) and/or in organic 
solvents. 

Second, this method is fast and efficient. The amine content is controlled by the Hofmann 
rearrangement time. A primary amine content of 0.4 mmol/g, which corresponds to 50% 
conversion of MAM, can be achieved after 60 min reaction. The formed primary amines 
can be used as bioconjugation sites, as shown by the FITC labelling experiment.  

Third, the side reaction introducing carboxyls is insignificant. Wirsen et al. showed that 
the ratio of carboxyl to amine was 10% after Hofmann rearrangement at ambient 
temperature.24 However, we argued that the carboxyl content in AMI microgels after 
Hofmann rearrangement is limited in this paper. This argument is made based on the 
mobility and DLS results as shown in Figure 4. After Hofmann rearrangement, the 
mobility of AMI microgels is still positive and the particle size does not turn up at high 
pH (e.g. pH 10). Hence the amine content in AMI microgels and AMP microgels was 
determined by conductometric titration directly as shown in Results section, based on the 
assumption that the formation of carboxyls is negligible during the Hofmann 
rearrangement. 

Fourth, this method does not involve the complications of primary amine-containing 
comonomers during polymerization. Primary amines can react with peroxide initiators 
(ammonium persulfate or tert-butyl hydroperoxide)39-40, which may lead side reactions 
during polymerization when cationic comonomers are used. The utilization of MAM 
instead of amine-containing comonomers can avoid such side reactions. Besides, the 
incorporation of functional comonomers in resulted microgels is strongly affected by 
several factors, such as the reactivity ratios36, the chemistry of comonomers10, and 
reaction solution properties15. Since MAM is non-ionic and has a similar chemical 
structure to NIPMAM, it is easier to control the comonomers distribution by using MAM, 
so as the distribution of amines after Hofmann rearrangement, in comparison with 
cationic comonomers. 

5.4.2 Preparation of Amphoteric Microgels 

The Hofmann rearrangement can be easily extended to amphoteric (AMP) microgels 
containing both primary amines and carboxyls. IEP of AMP increases with 
[NH2]T/[COOH]T ratio, as shown in Figure 8. This shift can be explained that more base 
(OH-) is required to consume the excess of NH3

+ groups, as proposed for PNIPAM 
amphoteric microgels containing carboxyls and imidazole groups by Das et al.30 Since the 
primary amine content is affected by Hofmann rearrangement time, the [NH2]T/[COOH]T 
ratio in AMP microgels is varied with Hofmann rearrangement time.  Therefore the IEP 
of microgels, which corresponds to [NH2]T/[COOH]T ratio, is tuneable via Hofmann 
rearrangement time. 
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The theoretical IEP curve shown in Figure 8 is calculated based on the model presented 
by Ehrlich and Doty for prediction of polyampholyte IEP.41 The model is shown as 
Equation 1.  

 

(1) 

where pKa and pKb are the dissociation constants of primary amine and carboxylic acid, 
respectively; pI is isoelectric point;  R is the molar ratio of amines to carboxylic acid in 
microgel. And an analytic solution was obtained by Patrickios, as shown by Equation 2.42 

 

(2) 

In the calculation, the effective dissociation constant of primary amine (pKa) is 8.45, 
which was determined for polyvinylamine.43 The effective dissociation constant of 
carboxylic acid (pKb) is 4.5, as for polyacrylic acid.44  

Theory and experiment show reasonable agreement at low [NH2]T/[COOH]T ratio and 
large discrepancies at high [NH2]T/[COOH]T ratio. This model was developed for linear 
polyampholytes. Hence an intrinsic hypothesis in this model is that the distribution of 
both amines and carboxyls is uniform. The large discrepancies at high [NH2]T/[COOH]T 
ratio is probably due to the uneven distribution of amines and carboxyls in AMP 
microgels, which is caused by the difference of the reactivity ratios between NIPMAM 
and comonomers.10  

Other than the ability to easily control the IEP, this method shows other advantages in 
preparation of amphoteric microgels. Since MAM is uncharged prior to Hofmann 
rearrangement, the colloidal stability during polymerization is enhanced, due to absence 
of the interaction between ionic comonomers and cationic comonomers. Furthermore, 
amphoteric microgels with complicated distribution of functional groups (e.g. 
core/shell45-46) could be achieved with this method. 

 

5.5 Conclusions 

1. By replacing the α-hydrogen atoms in NIPAM with methyl groups, it is possible 
to generate amine groups by the Hofmann rearrangement with minimum side 
reactions. This paper shows that Hofmann rearrangement of PNIPMAM microgels 
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with unsubstituted amides can be conducted in the solution of NaClO and NaOH 
at ambient temperature, resulting primary amine-containing microgels.  

2. The amine contents of microgels can be controlled by controlling the Hofmann 
rearrangement time. A content of 0.4 mmol/g was achieved after 60 min reaction. 
The resulting microgels are positively charged and highly pH-sensitive. However, 
no definable volume phase transition was found up to 50 oC.  

3. This method can be easily extended for preparation of amphoteric microgels 
containing both primary amines and carboxyls. The resulting amphoteric 
microgels are positively charged at low pH and negatively charged at high pH. 
The microgels display U-shape diameter curves as function of pH. The isoelectric 
point can be tuned via Hofmann rearrangement time. 
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5.7 Appendix: Supporting Information for Chapter 5 

 

 

 

 

S1 Typical titration curves of AMI microgels before and after Hofmann 
rearrangement. Typical titration curves are shown in supporting information. It should be 
noticed that the suspension of AMI-0 microgels also consumed NaOH, which may 
contribute to residual carboxyl groups formed from the hydrolysis of  ammonium 
persulfate initiator35. Hence the amine contents were obtained by subtracting titration 
results from the result of AMI-0 microgels.  
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S2. pH effect on (A) mobility and (B) diameter of CON microgels before (CON-0) 
and after (CON-120) Hofmann rearrangement. The measurements were conducted in 1 
mM NaCl. The scales of Y axis are adjusted in consistent with Figure 4A and Figure 4B, 
respectively.  
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S3 Effect of temperature on diameter of PNIPMAM-EGDMA microgels 
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Chapter 6 Concluding Remarks  
This work reveals a simple and facile pathway to functionalize PNIPAM/PNIPMAM 
microgels using bleach. The chlorinated PNIPAM microgels have potential application in 
anti-microbial and cancer therapy, while the primary amine-containing PNIPMAM 
microgels are a proper candidate as substrate for bio-conjugation. The major contributions 
of this work are given as follows: 

1. Bleach-induced chlorination of PNIPAM was performed, resulting in a new 
copolymer. The chemical structure was determined as poly(NIPAM-co-NIPAMCl) 
via 1H-NMR and mass spectrometry. A desirable pH range (≥10) has been found 
to avoid chain scission during N-chlorination. 

2. The phase transition temperature of PNIPAM was lowered after N-chlorination, 
which can be almost identical to the reaction temperature. The relationship 
between the phase transition temperature and chloride substitution was given, 
suggesting a simple method to control the extent of chlorination with temperature. 
A lowest CPT, corresponding to a 13% DS, was achieved at the reaction 
temperature of 15 oC. 

3. The chlorinated PNIPAM can be reduced by reducing agents, such as Na2S2O3 
and KI. The reduced polymer had a phase transition temperature ~34 oC.  

4. PNIPAM microgels crosslinked by EGDMA were chlorinated with the same 
method applied for linear PNIPAM. A mechanism was proposed to explain the 
change of microgel size and suspension turbidity during N-chlorination. 

5. Both reaction temperature and salt concentration affect the phase transition 
temperature and the reaction extent of the resulted microgels. Either lower 
reaction temperature or lower salt concentration resulted in microgels with lower 
phase transition temperature and higher active chlorine content.  

6. The reaction between chlorinated microgels and GSH was studied by DLS and 
turbidity measurements. The reaction was much faster at pH higher than 6, in 
comparison with the rate at pH 5 and 3. Upon reacting with insufficient GSH at 
pH 7, a core-shell structure was found for the resulting microgels, with reduced 
shells and chlorinated cores. Hence the reaction was proposed as diffusion 
controlled. 

7. PNIPMAM microgels were observed to be fairly stable in alkaline bleach, in 
comparison with PNIPAM microgels. The active chlorine content in chlorinated 
PNIPMAM microgels was about one-tenth of the content in PNIPAM microgels 
under the same N-chlorination conditions. 
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8. Core-shell microgels with PNIPAM cores and Poly(NIPAM-co-NIPMAM) shells 
were prepared in a one-pot manner. The copolymer shells enhanced the colloidal 
stability even after N-chlorinated. The core-shell microgels with a core VPTT 20 
oC were well dispersed in PBS buffer at 37 oC. 

9. A simple method to prepare primary amine-containing PNIPMAM microgels was 
developed. The Hofmann rearrangement converted unsubstituted amides into 
primary amines in bleach at room temperature. This method can be easily applied 
to prepare amphoteric microgels with both carboxyls and primary amines. 
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