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Abstract 

Two-compartment hydrogels, which are three-dimensional networks with two 

distinguishable hydrophobic domains, have been prepared from aqueous self-assembly of 

poly(ethylene-alt-propylene)-b-poly(ethylene oxide)-b-poly(N-isopropylacrylamide) 

(PEP-b-PEO-b-PNIPAm, PON) triblock terpolymers. The PON terpolymers were 

synthesized using a combination of anionic and reversible addition-fragmentation chain 

transfer (RAFT) polymerization. They self-assembled into well-defined micelles with 

hydrophobic PEP cores surrounded by hydrophilic PEO-PNIPAm coronae at low 

temperatures and these micelles associated to form larger aggregated structures upon 

heating above the lower critical solution temperature (LCST) of PNIPAm in dilute 

aqueous solutions (0.5 and 0.05 wt%). At higher polymer concentrations (1–5 wt%), 

micellar aggregation manifests itself as gelation on heating due to the non-covalent 

association of PNIPAm blocks. The separation of micellization and gelation leads to the 

formation of a two-compartment network with a very high fraction of bridging 

conformations for the PEO midblocks. Therefore, gelation can be achieved at a much 

lower concentration, with a much higher modulus at a given polymer concentration and a 

much sharper sol-gel transition, as compared to poly(N-isopropylacrylamide)-b- 

poly(ethylene oxide)-b-poly(N-isopropylacrylamide) (NON) copolymer hydrogels, in 

which both looping and bridging conformations are possible. 

The formation of a micellar network with two discrete PEP and PNIPAm 

hydrophobic domains in PON hydrogels is verified by cryogenic scanning electron 

microscopy (cryo-SEM) and cryogenic transmission electron microscopy (cryo-TEM) 
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experiments and is further confirmed by small-angle neutron scattering (SANS) 

measurements of two PON triblocks with a normal PNIPAm and a deuterated PNIPAm 

block. This study confirms the assumption that the formation of two-compartment 

networks in PON terpolymer hydrogels results in better gelation properties compared 

with NON copolymer hydrogels.  

In addition to temperature, it is desirable to have other stimuli such as pH to control 

the polymer self-assembly. Therefore, poly(ethylene-alt-propylene)-b-poly(ethylene 

oxide)-b-poly(N-isopropylacrylamide-co-acrylic acid) (PO(N/A)) triblock terpolymers in 

which the PNIPAm block contains a small fraction of AA monomers were prepared to 

achieve the dual pH- and temperature-sensitive micellar aggregation and gelation in 

aqueous solutions. 

Finally, the self-assembly of PON triblock terpolymers in the ionic liquid 

1-ethyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)amide ([EMI][TFSA]) shows 

well-defined sol-gel transitions upon cooling with a lower gelation concentration and a 

higher modulus when compared with NON copolymers, which further confirms that ABC 

triblock terpolymers can be beneficial for gel formation in comparison to ABA triblock 

copolymers. 

Overall, we demonstrated that the rational design of two immiscible, hydrophobic 

endblocks in ABC triblocks is crucial for the preparation of compartmentized hydrogels 

with improved gelation properties. These studies will help guide the design and 

development of new systems with enhanced performance. 
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Chapter 1 

Background 

This chapter reviews the experimental and theoretical developments in the field of 

multicompartment colloidal assemblies available from block copolymers in selective 

solvents, with an emphasis on ABC triblock terpolymers. Section 1.1 introduces various 

intricate multicompartment micellar structures in dilute aqueous solutions of linear and 

miktoarm star ABC triblock terpolymers and reviews the limited set of multicompartment 

gels discovered in concentrated solutions, and points out the need for the design and 

preparation of multicompartment well characterized networks from novel ABC 

terpolymers. Section 1.2 compares the hydrogel formation from ABA triblock 

copolymers and ABC triblock terpolymers and reveals that the distinct compartments in 

the ABC terpolymer network could be beneficial for this purpose. This further warrants a 

systematic and detailed investigation of multicompartment networks. Section 1.3 

discusses the solution behavior of thermoresponsive copolymers, as a thermoresponsive 

block will be incorporated into the ABC terpolymer to prepare multicompartment 

hydrogels. Section 1.4 summarizes the research motivation and thesis outline. 

 

1.1 Multicompartment Micelles and Gels from ABC Triblock Terpolymers 

Multicompartment micelles or gels from multiblock copolymers are nanoscopic 

aggregates with subdivided solvophobic cores, or three-dimensional networks with 
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distinguishable compartments, respectively. The concept of multicompartment micelles 

or gels draw inspiration from biological systems such as eukaryotic cells, which possess 

distinct subunits that enable them to perform multiple functions simultaneously.
1
 Since 

then, they have attracted considerable interest in the area of self-assembled soft materials 

due to their potential applications in biomedicine, pharmacy and biotechnology.
2, 3

 The 

discrete subdomains of these colloidal assemblies can facilitate the concurrent storage 

and delivery of two or more incompatible active agents such as drug molecules, gene 

therapy agents, or pesticides in a prescribed manner, supporting their technological 

interest and potential importance in biomedical applications.
4
  

While AB diblock copolymers are incapable of forming such complex assemblies as 

they are limited to the partition of space into “inside” and “outside” areas, ABC triblock 

terpolymers with one solvophilic block and two incompatible solvophobic blocks can 

serve as model systems to create distinct compartments within the micelle core or 

network.
5-7

 In this section, I will provide a brief introduction on AB diblock copolymer 

micelles to illustrate the general principles governing the self-assembly of block 

copolymers and then focus on the development of multicompartment micelles and gels 

from ABC triblock terpolymers. 

 

1.1.1 Micelles from AB Diblock Copolymers 

When an AB diblock copolymer is dispersed in a solvent selective for one block, say 

B, the polymer will spontaneously self-assemble into micelles with the A block forming 

the solvophobic core surrounded by the solvophilic corona composed of solvated B 
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chains. The free energy of the micelles from AB diblock copolymers is expressed as the 

sum of the A-B interfacial tension (enthalpy) and the chain stretching energies of both 

core and corona (entropy), and can be adjusted by modulating solvent selectivity and 

copolymer composition. Therefore, the micellar morphologies can vary from spheres to 

cylinders to vesicles by manipulating solvent selectivity and copolymer composition.
8-10

 

The micelle assembly undergoes a transition from sphere to cylinder with increasing 

solvent selectivity, in an attempt to reduce the interfacial area per chain without incurring 

the entropic penalty of chain stretching. Solvent selectivity can be modulated by using 

mixture of different solvents or by changing temperature or pH.
11-13

 For example, Bang 

and Lodge discovered that poly(styrene)-b-poly(isoprene) (PS-b-PI) micelles formed in a 

mixture of diallyl phthalates can transform from vesicles to cylinder to spheres by 

decreasing solvent selectivity via changing the solvent composition of the phthalate 

mixtures.
11

 The same transition can be induced by increasing solvent temperature.
12

 

Similar morphological transitions can also be accessed by changing block copolymer 

composition. Higher solvophilic block volume fraction favors a shape with higher 

curvatures, like a sphere.
14-16

 Won and Bates investigated dilute aqueous solutions of 

poly(1,2-butadiene)-b-poly(ethylene oxide) (PB-b-PEO) in water with varying copolymer 

compositions and found that the micellar morphology changed from vesicles to cylinders 

to spheres with increasing the hydrophilic block (PEO) volume fraction.
14

 

 

1.1.2 Multicompartment Micelles from ABC Triblock Terpolymers 

As discussed earlier, ABC triblock terpolymers with three mutually immiscible 
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components can serve as model systems to prepare multicompartment micelles. The 

simplest recipe is to prepare a dilute aqueous solution of a linear or miktoarm star (three 

blocks converge at one common junction point) triblock terpolymer, consisting of a 

hydrophilic polymer and two mutually incompatible hydrophobic blocks.
17

 Hydrocarbon 

and fluorocarbon based polymers, which are highly mutually immiscible, are commonly 

chosen as the two hydrophobic blocks in both architectures. In the case of the linear 

architecture, Laschewsky and coworkers reported the formation of raspberry-like 

multicompartment micelles from both poly(4-methyl-4-(4-vinylbenzyl)morpholin-4-ium 

chloride)-b-polystyrene-b-poly(pentafluorophenyl 4-vinylbenzyl ether) (PVBM-b-PS-b- 

PVBFP) with PVBM as the hydrophilic endblock and poly(2-ethylhexyl 

acrylate)-b-poly(oligoethyleneglycol monomethylether acrylate)-b-poly(1H,1H,2H,2H- 

perfluorodecyl acrylate) (PEHA-b-POEGA-b-PFDA) with POEGA as the hydrophilic 

midblock.
18, 19

 Multicompartment micellar morphologies have also been reported in 

water/organic solvent mixtures or organic solvents. Segmented worm-like micelles were 

observed in a dilute H2O/THF (15 wt% H2O) solution of poly(ethylene 

oxide)-b-poly(2-vinylpyridine)-b-polystyrene (PEO-b-P2VP-b-PS).
20

 Undulated multi- 

compartment cylinder were reported in an ethanol solution of poly(4-tert-butoxstyrene)- 

b-poly(butadiene)-b-poly(tert-butyl methacrylate) (PtBS-b-PB-b-PtBMA) in which PB 

was modified with a fluorinated side group.
21

 In the case of the miktoarm star 

architecture, Li, Hillmyer and Lodge prepared a variety of multicompartment micellar 

structures from aqueous solutions of a series of miktoarm star terpolymers μ-EOF 

consisting of hydrophobic poly(ethyl ethylene) (PEE/E), hydrophilic poly(ethylene oxide) 
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(PEO/O), and lipophobic/hydrophobic poly(perfluoropropylene oxide) (PFPO/F) (Figure 

1.1).
7, 22-24

 In all these μ-EOF polymers, the three blocks are strongly segregated from one 

another including the hydrophobic E/F pair, thus the micellar cores all involve separate 

subdomains of E and F. The micellar morphology transition with varying terpolymer 

composition is consistent with the results in AB diblock copolymer system. As the 

volume ratio of solvophilic block (O) to solvophobic (E+F) decrease, μ-EOF 

multicompartment micelles change from hamburger-like micelles to segmented or 

multicompartment worms and finally to laterally nanostructured vesicle or polygonal 

bilayers. Similar miktoarm star terpolymers with the less hydrophobic 

poly(γ-methyl-ε-caprolactone) (PMCL) substituted for PFPO can also form different 

multicompartment structures including hamburger, segmented wormlike and raspberry 

micelles by varying the PMCL block length.
25
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Figure 1.1 Multicompartment micelle morphology diagram for μ-EOF in dilute aqueous 

solution as a function of composition. fPEE, fPEO, and fPFPO are the volume fractions of the 

PEE, PEO, and PFPO blocks, respectively. The scale bar indicates 50 nm. The numbers 

in the parenthesis represent the molecular weights of each block in units of kg/mol. 

Reprinted with permission from Li, Z.; Hillmyer, M. A.; Lodge, T. P. Langmuir 2006, 22, 

9409-9417. 

 

1.1.3 Multicompartment Gels from ABC Triblock Terpolymers 

This rich polymorphism in dilute solution (multicompartment micelles) of ABC 

triblock terpolymers discussed in the previous section can be translated to diverse 

structural possibilities in concentrated dispersions (multicompartment gels). However, 

there have only been a few reports on multicompartment gels. For example, Weberskirch, 

et al. studied the self-association behavior of poly(N-acylethyleneimine) polymers 
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end-capped with a fluorocarbon group and a hydrocarbon group, and showed the 

segregation of the end groups using NMR spectroscopy at relatively high polymer 

concentration (31 wt%).
26

 Similarly, Komenda et al.  prepared a multicompartment 

micellar hydrogel from poly(2-n-nonyl-2-oxazoline)-b-poly(2-methyl-2-oxazoline)-b- 

poly(2-(1’H,1’H,2’H,2’H-perfluorohexyl)-2-oxazoline) (PNOx-b-PMOx-b-PFOx) and 

inferred the presence of a micellar network with spherical PNOx cores and ellipsoidal 

PFOx cores using small angle neutron scattering (SANS) experiments.
27

 Yamaguchi et al. 

reported the structure of thermoplastic elastomer gels composed of polystyrene-b- 

polybutadiene-b-poly(methyl methacrylate) (PS-b-PB-b-PMMA) in an aliphatic oil. They 

observed that the PS and PMMA endblocks are mixed into spherical microdomains at 

low polymer concentration, and segregated in distinct cylindrical or lamellar 

microdomains at sufficiently large polymer concentration, using transmission electron 

microscopy (TEM) and small angle x-ray scattering (SAXS) experiments.
28

 Recently, 

Taribagil, Hillmyer and Lodge investigated the morphology of a compartmentalized 

hydrogel from a telechelic poly(ethylene oxide) (PEO) end-capped with mutually 

incompatible hydrophobic blocks (poly(1,2-butadiene) (PB) and poly(perfluoropropylene 

oxide) (PFPO) and revealed a bicontinuous structure composed of PFPO disks distributed 

within a hydrophobic PB sheet covered by hydrophilic PEO brush by cryogenic scanning 

electron microscopy (cryo-SEM) and SANS (Figure 1.2).
29, 30
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Figure 1.2 Upper: Cryo-SEM micrograph for 10 wt % PB-b-PEO-b-PFPO(1.9-26-2.3) in 

water at two different magnifications. The numbers in the parenthesis represent the 

molecular weights of each block in units of kg/mol. Bottom: Schematic illustration of the 

compartmentalized network from PB-b-PEO-b-PFPO. PB sheet, PFPO disks, and PEO 

chains are represented in red, green, and blue, respectively. Reprinted with permission 

from Taribagil, R. R.; Hillmyer, M. A.; Lodge, T. P. Macromoelcues 2009, 42, 1796-1800. 

 

As discussed above, there has been substantial progress in this field of 

multicompartment colloidal assemblies over the past decade, with an emphasis on the 
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preparation of multicompartment micelles from dilute solutions of ABC terpolymers, but 

only limited studies on developing multicompartment gels from their concentrated 

solutions. It is therefore of interest to explore the formation of multicompartment gels 

more systematically.
31

 It is also of great importance to characterize the morphological 

properties of these compartmentized networks in detail as they are generally poorly 

characterized so far. Overall, understanding the underlying principles governing the 

self-assembly of ABC triblock terpolymers in these systems is of fundamental importance 

to the control and application of these hierarchical structures. 

 

1.2 Hydrogels from ABA and ABC Triblock Polymers 

Hydrogels are water-swollen polymeric networks with broadly tunable 

characteristics that enable wide utility in, e.g., coating, cosmetic, drug delivery, tissue 

engineering, and sensing applications.
32-39

 Both chemical hydrogels, formed by covalent 

crosslinking of hydrophilic polymers, and physical hydrogels comprising block 

copolymers or other self-associating polymers held together by hydrophobic, hydrogen 

bonding or ionic interactions, are of interest. Reversible physical hydrogels from block 

polymers are particularly appealing, as they can exhibit a sol-gel transition in response to 

external stimuli, and have great potential for site-specific drug-delivery applications.
38-40

 

In addition, mechanical properties and mesh size can be readily tuned by changing 

copolymer concentration, composition and molar mass. 
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1.2.1 ABA Triblock Copolymer Hydrogels 

The ABA triblock copolymers used for hydrogel formation typically have long 

hydrophilic midblocks with short hydrophobic endblocks.
41-48

 Above a critical micelle 

concentration (CMC), the hydrophobic endblocks associate to form micellar cores. The 

hydrophilic midblocks loop to form the corona around the core, resulting in the formation 

of flow-like micelles.
49

 As the concentration is increased, these flower-like micelles come 

closer and the midblock can overcome the entropic penalty of looping by bridging to 

another micellar core.
50

 Above another critical concentration called the critical gelation 

concentration (CGC), more bridges form, the viscosity of the solution starts to rise 

steeply, solid-like behavior emerges, and a gel is formed.
51, 52

 For small hydrophobic 

endblocks, the hydrophobic junctions (hydrophobic micellar cores) can be reversibly 

broken and reformed; the resulting hydrogels are classified as transient networks and 

their rheological behavior can be described by transient network theory. The first 

systematic study on transient network theory was presented by Green and Tobolsky, in 

which stress relaxation was treated by a kinetic theory of rubber elasticity where 

junctions are allowed to break or reform during the network deformation.
53

 By providing 

a clear molecular picture for the breakage and annihilation of junctions in the network 

structure, Tanaka and Edwards further developed this theory to describe unentangled 

networks where the molecular weight between junctions was smaller than the 

entanglement molecular weight.
54

 The theory predicted Maxwell-type viscoelastic 

behavior with a high frequency storage modulus G (= νkBT, where ν is the number 

density of elastically effective chains) and a single relaxation time τ (the reciprocal of the 
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chain end disengagement rate). Tanaka and Edwards characterized the chain end 

disengagement as an Arrhenius-type activation process with an activation energy Em, 

relaxation time τ ~ exp(Em/kBT). Annable et al. experimentally confirmed that aqueous 

solutions of associative polymers, consisting of poly(ethylene glycol) (PEG) endcapped 

by long-chain alkanols, exhibit single relaxation time Maxwell-type viscoelasticity with a 

relaxation time that varies exponentially with the hydrophobe length.
41

 Recently, Inomata 

et al. reported that viscoelastic master curves of the transient network formed from 

poly(methyl methacrylate)-b-poly(tert-butyl acrylate)-b-poly(methyl methacrylate) 

(PMMA-b-PtBA-b- PMMA) in 1-butanol resembled the Maxwell-type modulus curve 

with a narrow relaxation time distribution.
55

 Shull and coworkers investigated gelation 

behavior of poly(methyl methacrylate)-b-poly(n-butyl acrylate)-b-poly(methyl 

methacrylate) (PMMA-b-PnBA-b-PMMA) in 2-ethylhexanol. Master curves could be 

fitted with the Maxwell model with a narrow range of relaxation times.
56

 Relaxation 

times were found to depend on temperature and endblock length. Increasing endblock 

length and decreasing temperature led to an increase of the relaxation time.  

The transition from solid-like behavior to liquid-like behavior near a sol-gel 

transition temperature is characterized by critical gelation temperature (Tgel). The linear 

viscoelastic behavior in the vicinity of the sol-gel transition point has been extensively 

studied for both chemical gels and physical gels. Winter and Chambon showed that the 

storage and loss moduli, G’(ω) and G’’(ω), follow a simple power law on the angular 

frequency ω at the critical gelation point: nGG  ~)(")('  .
57, 58
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1.2.2 ABC Triblock Terpolymer Hydrogels 

Hydrogel formation by ABA triblock copolymers containing hydrophilic midblocks 

and hydrophobic endblocks has been extensively studied. However, in general the 

gelation of such systems is inefficient, in the sense that minimum gelation concentrations 

often exceed 10 wt% polymer. This is because there are three possible conformations for 

the midblocks in ABA hydrogels: (i) loops, when both end blocks belong to the same 

microdomain; (ii) bridges, when the end blocks connect two different microdomains; (iii) 

dangling ends, when one end block is unassociated with any microdomain. Both looped 

chains and dangling ends are network defects, whereas only bridges contribute to the 

network elasticity; it is difficult to achieve a majority of bridges in ABA systems.
28

 It is 

therefore of interest to consider ABC triblock terpolymers, in which A and C are both 

hydrophobic, but mutually immiscible (Figure 1.3). In principle, the A and C endblocks 

can associate to form distinct micellar cores, resulting in the formation of a two 

compartment micellar network with exclusive B bridges.
59

 This situation would lead to 

both improved gelation efficiency (i.e., lower critical gelation concentration) and 

mechanical properties (e.g., high ermodulus).  
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Figure 1.3 Schematic illustration of gelation of ABA and ABC triblock polymers. 

 

In prior work on ABC triblock terpolymers, Tsitsilianis and coworkers attempted to 

identify the differences between polystyrene-b-poly(sodium acrylate)-b-poly(n-butyl 

methacrylate) (PS-b-PANa-b-PnBMA) and PS-PANa-PS gels, but no clear conclusion 

was obtained.
60

  Tew et al. reported that poly(methyl methacrylate)-b-poly 

[oligo(ethylene glycol)methyl methacrylate]-b-poly(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10- 

heptadecafluorodecyl methacrylate) (PMMA-b- POEGMA-b-PFM) formed a hydrogel at 

a concentration above 29 wt%, whereas PMMA-b-POEGMA-b-PMMA did not gel at 

concentrations as high as 45 wt% polymer.
61

 Reinicke and coworkers prepared pH and 

thermoresponsive hydrogels from poly(2-vinylpyridine)-b-poly(ethylene oxide)-b-poly 

(glycidyl methyl ether-co-ethyl glycidyl ether) (P2VP-b-PEO-b-P(GME-co-EGE)) 

triblock terpolymers at high polymer concentration (18 wt%), but gelation of the 

corresponding ABA copolymers was not studied.
62, 63

 Armes et al. reported the 

mechanical response of thermoresponsive hydrogels from poly(propylene 
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oxide)-b-poly(2-methacryloyloxyethyl phosphorylcholine)-b-poly(N-isopropylacrylamide) 

(PPO-b-PMPC-b-PNIPAm) and PNIPAm-b-PMPC-b-PNIPAm, but remarkably they 

found that the gelation efficiency and mechanical properties of 

PNIPAm-b-PMPC-b-PNIPAm hydrogels were superior to PPO-b-PMPC-b-PNIPAm 

hydrogels, in conflict with our working hypothesis.
64

 One possible explanation is the 

availability of rapid exchange of PPO chains between micelles.
65, 66

 Conversely, Shen et 

al. demonstrated that looping was suppressed in hydrogels formed from a triblock protein 

with dissimilar end domains, leading to slightly better mechanical properties.
67

 Thus, 

whether ABC triblock terpolymers are beneficial for hydrogel formation in comparison to 

ABA triblock copolymers remains an open question.  

Towards this question, a thermoresponsive polymer with a lower critical solution 

temperature (LCST) could be introduced into the system to prepare the two-compartment 

micellar network (Figure 1.4). In this design, the triblock terpolymer has a long 

hydrophilic midblock B with a short hydrophobic endblock A and a thermoresponsive 

endblock C. When dispersed in water, the terpolymers form well-defined micelles with 

hydrophobic A cores surrounded by hydrophilic B-C coronae at low temperatures. These 

micelles associate to form a hydrogel upon heating above the LCST of the C block. The 

separation of micellization and gelation leads to the formation of a two-compartment 

network with exclusively bridging conformations for the midblocks. Therefore, gelation 

might be achieved at a much lower concentration, with improved mechanical properties, 

as compared to ABA copolymer hydrogels. As a thermoresponsive polymer will be 

incorporated into ABC triblock terpolymers to prepare the two-compartment network, I 
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will give the following introduction to the solution behavior of thermoresponsive 

copolymers. 

 

 

Figure 1.4 Schematic illustration of gelation of thermoresponsive ABC terpolymers. 

 

1.3 Thermoresponsive Copolymers 

Block copolymers in which at least one block is a thermoresponsive polymer have 

attracted considerable interest in the area of self-assembled soft materials. They can show 

interesting properties such as thermoreversible aggregation and gelation, and have found 

use as biomaterials for drug delivery and tissue engineering applications.
68-71

 

Poly(N-isopropylacrylamide) (PNIPAm), exhibiting a lower critical solution 

temperature (LCST) in water at ca. 32 °C, has been extensively employed as a 

thermoresponsive block since its LCST is both close to body temperature and tunable by 

copolymerization with other monomers, and the transition is particularly sharp and nearly 

independent of polymer concentration.
72-77

 In very dilute solutions, PNIPAm collapses 

into globules upon heating, while at higher concentrations a rather sharp precipitation 

occurs, as observed by a rapid onset of turbidity. These phenomena stem from 

segregation of PNIPAm from water as temperature increases, an entropically driven 
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process manifesting liberation of hydrophobically structured water and association of 

PNIPAm side chains.
78-82

 The LCST of PNIPAm is affected by internal factors such as 

substituents,
75, 76

 molar mass,
83, 84

 end groups,
85

 and external factors such as salts
83

 and 

surfactants.
86

 These factors can be explained by a balance between the hydrogen bonding 

between the amide groups and water, and hydrophobic interaction between isopropyl 

groups. Those factors that increase hydrophobic interactions decrease the LCST while 

those that increase hydrogen bonding increase the LCST. For example, 

poly(N-tert-butylacrylamide) (PtBAm) is insoluble at room temperature due to stronger 

hydrophobic interactions between tert-butyl groups, while poly(N,N-dimethylacrylamide) 

(PDMA) is soluble in the experimental temperature range due to the weaker hydrophobic 

interactions between methyl groups.
75, 76

 Stover et al. studied the molar mass dependence 

of the LCST for PNIPAm prepared by atom transfer radical polymerization (ATRP). 

They reported a strong decrease of the phase transition temperature with increasing 

molecular weight (when the molecular weight increased from 2.8 to 26.5 kg/mol, the 

cloud point dropped from 43.0 °C to 33.3 °C).
84

 In addition, the LCST of PNIPAm 

increases if it is copolymerized with monomers that are more hydrophilic while it 

decreases if more hydrophobic monomers are copolymerized. For example, Pelton et al. 

prepared poly(N-isopropylacrylamide-co-acrylamide) (P(NIPAm-co-AAm)) copolymers 

by free radical polymerization and showed that the LCST increases with decreasing the 

mole fraction of NIPAm.
87

 Another example is poly(N-isopropylacrylamide-co-vinyl 

laurate) (P(NIPAm-co-VL)) in which the incorporation of hydrophobic vinyl laurate leads 

to a lower LCST.
88
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There are typically two classes of PNIPAm-containing AB diblock copolymers 

reported in the literature. First, double hydrophilic block copolymers, in which PNIPAm 

is coupled to a hydrophilic block, can be dissolved in aqueous solution at low 

temperatures and form micelles with PNIPAm cores above the LCST of PNIPAm.
89-99

 For 

example, using poly(ethylene oxide)-b- poly(N-isopropylacrylamide) (PEO-b-PNIPAm) 

AB diblock copolymers Zhang et al. reported the formation of spherical micelles at high 

PEO volume fractions,
95

 and Qin et al. demonstrated that vesicles can be prepared using 

block copolymers with high PNIPAm volume fractions.
96

 The other class is amphiphilic 

block copolymers in which PNIPAm is coupled to a hydrophobic block such as 

polystyrene (PS), poly(n-butylmethacrylate) (PBMA), poly(D,L-lactide) (PLA) or 

poly(ε-caprolactone) (PCL).
100-108

 These block copolymers can form micelles with 

hydrophobic cores and hydrophilic PNIPAm coronas below the LCST of PNIPAm. At 

higher temperatures the PNIPAm coronas collapse around the hydrophobic cores and this 

can induce micellar aggregation.  

 There have been a few reports on the incorporation of PNIPAm into ABC triblock 

terpolymers.
109-122

 In these studies, PNIPAm has been used as the core, shell or corona 

block for micelle formation, and the possible thermo-induced structure changes are 

summarized in Figure 1.5. As shown in Figure 1.5a, triblock terpolymers with PNIPAm 

as the core block form micelles above the LCST of PNIPAm. For example, McCormick 

et al. showed that poly(ethylene oxide)-b-poly[(N,N-dimethylacrylamide)-stat- 

(N-acryloxysuccinimide)]-b-poly(N-isopropylacrylamide) (PEO-b-P(DMA-stat-NAS)-b- 

PNIPAm) formed micelles with PNIPAm cores above 37 °C. In this particular case, the 
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shell of the micelle could be reversibly cross-linked to control subsequent drug 

delivery.
110

 When PNIPAm is used as the shell block, the micelles can change into a 

different morphology such as cylindrical micelles or vesicles at higher temperatures when 

the hydrophobic core is very short, allowing for structural rearrangement (Figure 1.5b). 

Grubbs and coworkers reported that poly(ethylene oxide)-b-poly(N-isopropylacrylamide) 

-b-polyisoprene (PEO-b-PNIPAm-b-PI) formed spherical micelles with hydrophobic PI 

cores, PNIPAm shells and PEO coronas, and they transformed into large vesicles above 

the LCST due to the change in the hydrophobic/hydrophilic volume ratio.
116

 It is also 

possible that the PNIPAm shell will collapse around the hydrophobic core above the 

LCST (Figure 1.5b). Shi et al. prepared core-shell-corona micelles with PNIPAm shells 

from poly(ethylene oxide)-b-poly(N-isopropylacrylamide)-b-polystyrene (PEO-b- 

PNIPAm-b-PS) and observed the collapse of PNIPAm chains above the LCST.
118

 When 

PNIPAm is used as the corona block with PEO (or other hydrophilic) midblocks, the 

PNIPAm blocks might collapse around the hydrophobic core above the LCST to form 

“flower-like micelles” with the PEO on the exterior, or they could collapse around the 

hydrophilic shell to form a thin layer or sticky patches, resulting in a decrease of micelle 

size in very dilute solution (Figure 1.5c). For example, micelles with thermoresponsive 

PNIPAm coronas have been prepared from poly(2-(diethylamino)ethyl methacrylate)-b- 

poly(2-(dimethylamino) ethyl methacrylate)-b-poly(N-isopropylacrylamide) and 

poly(ε-caprolactone)-b-PEO-b-PNIPAm (PCL-b-PEO-b-PNIPAm).
120, 121

 The collapse of 

PNIPAm coronas at temperatures above the LCST resulted in a decrease in micelle size. 

At higher concentrations, micelles with a thin layer or sticky patches of PNIPAm on the 
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exterior can associate to form larger aggregated structures. In addition, such micellar 

aggregation can lead to hydrogel formation in more concentrated solutions, and these 

ABC hydrogels are multicompartment networks with two types of domains capable of 

performing different functions, as discussed earlier.
29, 30

 Therefore, it is interesting to 

investigate the solution behavior of triblock terpolymers with PNIPAm coronas. 

 

 

Figure 1.5 Schematic illustration of the possible thermo-induced structure changes of 

PNIPAm-containing triblock terpolymer micelles with (a) PNIPAm as the core, (b) 

PNIPAm as the shell, (c) PNIPAm as the corona. 

 

1.4 Research Motivation and Thesis Overview. 

As discussed earlier, the incorporation of a thermoresponsive polymer into ABC 

triblock terpolymer with a long hydrophilic midblock B and a short hydrophobic 
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endblock A encourages a stepwise gelation involving micellization at room temperature 

and gelation at elevated temperatures. The separation of micellization and gelation leads 

to the formation of a two-compartment network. Based on this design, a 

poly(ethylene-alt-propylene)-b-poly(ethylene oxide)-b-poly(N-isopropylacrylamide) 

(PEP-b-PEO-b-PNIPAm, PON) triblock terpolymer was chosen as the model ABC 

triblock terpolymer (Scheme 1.1). The poly(ethylene-alt-propylene) (PEP/P) block, with 

a glass transition well below room temperature, high hydrophobicity, and a low molecular 

weight, was chosen as the hydrophobic core to mitigate kinetic complications of the 

micellization behavior associated with a glassy core.
123-127

 Poly(ethylene oxide) (PEO/O) 

was chosen as the hydrophilic midblock due to its good water solubility at the 

temperatures of interest. Poly(N-isopropylacrylamide) (PNIPAm/N) was chosen as the 

thermoresponsive endblock due to the well-studied LCST phase behavior and sharp phase 

transition. Overall, my project focuses on the development and characterization of 

two-compartment networks from PON terpolymers in aqueous solutions.  

 

Scheme 1.1 Chemical structure of PON and NON triblock polymers. 
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The thesis is organized as follows: Chapter 2 described the synthesis and aqueous 

self-assembly behavior of three PON triblock terpolymers with different block lengths of 

PNIPAm. These PON terpolymers were prepared using a combination of anionic and 

reversible addition-fragmentation chain transfer (RAFT) polymerizations, and their 

micellization and micellar aggregation behavior in dilute aqueous solutions were 

examined by DLS and cryo-TEM.  

In Chapter 3. the hydrogel formation of PON terpolymers in more concentrated 

solutions was studied using rheology, differential scanning calorimetry, and 

variable-temperature 
1
H NMR spectroscopy. The comparison between PON hydrogels 

and the corresponding ABA hydrogels, poly(N-isopropylacrylamide)-b-poly(ethylene 

oxide)-b-poly(N-isopropylacrylamide) (PNIPAm- b-PEO-b-PNIPAm, NON) hydrogels 

(Figure 1.6), and the effect of polymer composition and concentration on gelation 

properties were investigated by oscillatory shear measurements.  

The morphology of the aqueous solutions of PON triblock terpolymers was then 

characterized using a combination of cryogenic microscopy (cryo-SEM and cryo-TEM) 

and scattering (SANS) experiments. The detailed results were given in Chapter 4. 

As for biomedical applications, it is desirable to have another stimulus such as pH to 

control the polymer self-assembly. In Chapter 5, two poly(ethylene-alt- 

propylene)-b-poly(ethylene oxide)-b-poly(N-isopropylacrylamide-co-acrylic acid) (PEP- 

b-PEO-b-P(NIPAm-co-AA), PO(N/A)) triblock terpolymers in which the PNIPAm block 

contains a small fraction of AA monomers were synthesized by a combination of anionic 

and RAFT polymerizations, followed by acid hydrolysis. The dual pH- and 
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temperature-sensitive self-assembly behavior in both dilute and concentrated aqueous 

solutions was systematically studied by DLS and rheology. 

Finally, it would be interesting to explore the gelation properties of PON triblocks in 

other solvents besides water. Chapter 6 presented the study on viscoelastic properties of a 

PON terpolymer in two ionic liquids (1-ethyl-3-methylimidazolium bis(trifluoromethyl- 

sulfonyl)amide ([EMI][TFSA]) and 1-butyl-3-methylimidazolium tetrafluoroborate 

([BMI][BF4])), and the comparison between the PON and NON ion gels. 

Chapter 7 is a summary of my thesis project along with the outlook on further work 

of thermoresponsive ABC hydrogels. 
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Chapter 2 

Micellization and Micellar Aggregation of 

PON Triblock Terpolymers in Water
*
 

 

2.1 Introduction 

The development of multicompartment gels from thermoresponsive ABC triblock 

terpolymers draws inspiration from mimicking the structural intricacy of biological 

entities such as eukaryotic cells.
1-3

 We also aim to design novel ABC gels with much 

better gelation efficiency and mechanical properties in comparison to ABA gels.
4
 For this 

purpose, a poly(ethylene-alt-propylene)-b-poly(ethylene oxide)-b-poly(N-isopropyl- 

acrylamide) (PEP-b-PEO-b-PNIPAm, PON) triblock terpolymer with a long hydrophilic 

midblock B (PEO), a short hydrophobic endblock A (PEP) and a short thermoresponsive 

endblock C (PNIPAm) was chosen as a model system to construct multicompartment 

micellar networks. To better understand the gelation properties of PON triblock 

terpolymers in concentrated solutions, it is necessary to study their micellization 

properties in dilute solution to illustrate the general principles governing self-assembly of 

PON triblock terpolymers in water. 

In this chapter, we report the micellization and micellar aggregation behavior of 

                                                             

*
 This chapter is reproduced in part with permission from Zhou, C.; Hillmyer, M. A.; 

Lodge, T. P. Macromolecules 2011, 44, 1635-1641. 



33 

PON triblock terpolymers in dilute aqueous solutions. We will describe the synthesis and 

aqueous self-assembly of PON triblock terpolymers with different block lengths of 

PNIPAm, and focus on the effect of a PNIPAm endblock on the micellization and 

micellar aggregation properties.
5
 

 

2.2 Experimental Section 

2.2.1 Materials 

All reagents were used as received unless otherwise noted. Isoprene was purchased 

from Aldrich and purified with n-butyllithium twice. Ethylene oxide was obtained from 

Aldrich and purified with n-butylmagnesium chloride twice. sec-Butyllithium (1.4 M in 

cyclohexane) was used as received. Pd/CaCO3 catalyst (5 wt% Pd, Aldrich) was used as 

received. Cyclohexane and toluene were passed through two columns of activated 

alumina and a supported copper catalyst. Tetrahydrofuran (THF) was purified by passing 

through a column packed with molecular sieves. Dichloromethane (CH2Cl2) was purified 

on a MBraun solvent purification system. 2,2’-Azobisisobutyronitrile (AIBN) and 

N-isopropylacrylamide (NIPAm) were purchased from Aldrich and purified by 

recrystallization from methanol and benzene/n-hexane (65/35 v/v), respectively. The 

chain transfer agent (CTA), S-1-docecyl-S’-(α,α’-dimethyl-α”-acetic acid) 

trithiocarbonate, was synthesized following a reported procedure.
6
 Methyl acrylate was 

obtained from Aldrich and passed through a basic alumina column prior to use. 

 

2.2.2 Synthesis of PON Triblock Terpolymers  

The PON triblock terpolymers were prepared using a combination of anionic and 
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reversible addition-fragmentation chain transfer (RAFT) polymerizations (Scheme 2.1). 

 

Scheme 2.1 Synthesis of PON triblock terpolymers 

 

 

A poly(ethylene-alt-propylene)-b-poly(ethylene oxide) (PO) diblock copolymer was 

synthesized by a two-step anionic polymerization following a reported procedure.
7, 8

 The 

first step involve the preparation of hydroxyl-terminated 1,4-polyisoprene (1,4-PI-OH). 

The polymerization was performed in a 2 L round-bottom glass reactor equipped with 5 

ACE-THREADS connectors and a glass-coated magnetic stir bar. The reactor was 

flame-dried under vacuum to remove residual moisture, followed by 5 vacuum-Ar refill 

cycles to remove air. After that, the Ar pressure in the reactor was kept constant at a 

pressure 5 psi higher than atmosphere pressure to maintain the oxygen/water-free 

environment. Cyclohexane (1 L) and sec-butyllithium (9.10 mL, 11.8 mmol) were 

sequentially added to the reactor, followed by the addition of isoprene (35.36 g, 0.519 

mol) at room temperature. The reaction mixture was heated to 45 °C and stirred for 6 h, 
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after which ethylene oxide (24 g, 0.545 mol) was added at 0 °C. The solution was stirred 

at room temperature overnight before being quenched with 5 mL of degassed acidic 

methanol (2 mL HCl in 25 mL methanol). The crude product solution was washed with 

100 mL distilled water six times, and cyclohexane was removed by rotary distillation. 

The resulting viscous liquid was dried under vacuum at 40 °C for two days to afford the 

final product. 1,4-PI-OH was hydrogenated to give the corresponding 

hydroxyl-terminated poly(ethylene-alt-propylene) (PEP-OH). Hydrogenation was 

performed in a 250 mL high-pressure stainless-steel reactor equipped with a mechanical 

stir bar and heating band. The Pd/BaCO3 catalyst (5.57 g) was added to the reactor, and 

activated at 100 °C under 120 psi of hydrogen for at least 1 hour. The degassed polymer 

solution (11 g 1,4-PI-OH in 175 mL cyclohexane, 3.5 mmol) and H2 (500 psi) were then 

introduced, and the reaction mixture was stirred at 80 °C for 12 hours. The catalyst and 

cyclohexane were removed by filtration and rotary distillation, respectively. The resulting 

polymer was dried under vacuum at 60 °C for 2 days. Next, PEP-OH served as a 

macroinitiator to prepare a hydroxyl-terminated poly(ethylene-alt-propylene)-b- 

poly(ethylene oxide) (PO) diblock copolymer. The polymerization was carried out in a 2L 

glass reactor under inert atmosphere. PEP-OH (7.0 g, 2.2 mmol, dissolved in THF) and 

THF (1 L) were added to the reactor and titrated with potassium naphthalenide solution 

(1.21 g potassium and 3.97 g naphthalene in 90 mL THF) until a light green solution 

persisted for at least 30 min at room temperature. Ethylene oxide (58.3 g, 1.33 mol) was 

then introduced at 0 °C, and the solution was heated to 45 °C and stirred for 2 days. The 

reaction was terminated with degassed acidic methanol and the product was precipitated 

in acetone three times at –78 °C and dried under vacuum at 60 °C for 2 days. 
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The PON triblock terpolymers (PON-CTAs) were synthesized by RAFT 

polymerization from the PO diblock copolymer.
9
 The first step was the preparation of the 

PO-CTA macroinitiator. CTA (1.3 g, 3.6 mmol) was mixed with excess oxalyl chloride 

(3.2 mL, 37 mmol) in dry CH2Cl2 (20 mL) under nitrogen atmosphere and stirred at room 

temperature for 4 h, after which CH2Cl2 and excess oxalyl chloride were removed under 

vacuum. PO (10.1 g in 80 mL CH2Cl2, 0.36 mmol) was then introduced and the reaction 

mixture was stirred at room temperature for 24 hours. The polymer was precipitated in 

acetone at –78 °C once and in pentane twice, and dried in a vacuum oven at 50 °C 

overnight. In a representative synthesis towards PON-CTA, PO-CTA macroinitiator (3.0 

g, 0.11 mmol), NIPAm (3.2 g, 0.028 mol) and AIBN (2 mg, 0.011 mmol) were dissolved 

in toluene (30 mL), degassed by three freeze-pump-thaw cycles and reacted at 60 °C for 4 

h. After that the reaction was quenched by cooling to 0 °C. The solution was diluted with 

CH2Cl2 and precipitated in pentane three times. The resulting polymer was dried under 

vacuum oven at 50 °C overnight. Products with different PNIPAm block lengths were 

achieved by controlling the reaction time and the amount of NIPAm added. 

The trithiocarbonate end groups of PON-CTAs were removed by aminolysis and 

Michael addition.
10

 A typical procedure is briefly described as follows. PON-CTA (1.5 g, 

0.04 mmol), n-propylamine (0.1 g, 2 mmol) and tris(2-carboxyethyl) phosphine 

hydrochloride (11 mg, 0.04 mmol) was dissolved in THF (15 mL). The reaction mixture 

was stirred at room temperature for 1.5 h under a nitrogen atmosphere. Methyl acrylate 

(0.6 mL, 7 mmol) was added to the reaction solution and stirred for 36 h. Most of the 

THF was removed under vacuum. The residual mixture was diluted with CH2Cl2 (15 mL) 

and precipitated three times in pentane. The resulting product was dried under vacuum 
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oven at 50 °C overnight. 

 

2.2.3 Characterization 

1
H NMR spectra were recorded on a Varian Inova 500 MHz spectrometer at room 

temperature with CDCl3 as the solvent. SEC was performed on a Waters 150C ALC/GPC 

equipped with three Phenogel (Phenomenex) columns with pore sizes of 10
3
, 10

4
, and 10

5
 

Å, a Wyatt DAWN multiangle light-scattering detector and a Wyatt OPTILAB rEX 

refractive index detector. THF containing 1 % tetramethylethylenediamine by volume 

was used as the eluent at a flow rate of 1.0 mL/min.  

 

2.2.4 Solution Preparation 

The 0.5 wt% PO and PON micelle solutions were prepared by two different 

protocols: thin-film hydration (TF) and dialysis (DI). In the thin-film hydration protocol, 

appropriate amounts of bulk polymer were dissolved in CH2Cl2, followed by evaporation 

of the solvent to yield a thin film on the walls of the vial. The thin film was then hydrated, 

and the resulting mixture was stirred at room temperature for at least 2 weeks before 

further characterization. In the dialysis procedure, the bulk polymer was dissolved in THF, 

and then dialyzed against water. Water was changed twice a day for 5 days. After dialysis, 

the micelle solution was stirred at room temperature for at least 1 week prior to further 

analysis. The concentration of PON micelle solutions was varied from 0.005 to 0.5 wt %. 

The lower concentration samples were made by dilution of a 0.5 wt % solution with 

water prepared through the above-mentioned TF or DI procedure. 
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2.2.5 Cloud Point Measurements 

Cloud points were determined by optical transmittance measurements at 632.8 nm at 

a heating rate of roughly 1 °C/min. The temperature dependence of transmittance was 

monitored using a laser power detector while the solution was stirred in a 

temperature-controlled oil bath.  

 

2.2.6 Dynamic Light Scattering (DLS) 

The micellization and micellar aggregation of the PO diblock and PON triblock 

terpolymers were investigated by DLS. The solutions were passed through 0.45 μm filters 

into glass tubes with a diameter of 0.25 inch. DLS measurements were carried out using a 

home-built photometer equipped with an electrically heated silicon oil bath, a Lexel 75 

Ar+ laser operating at 488 nm, a Brookhaven BI-DS photomultiplier, and a Brookhaven 

BI-9000 correlator. Experiments were performed at various temperatures from 25 to 

60 °C, and the intensity correlation functions g2(t) were recorded at three scattering 

angles between 60° and 120°. The squared electric field correlation functions g1
2
(t) were 

calculated from g2(t) according to Siegert relation g2(t) = 1 + βg1
2
(t). The cumulant 

method was used to fit g1
2
(t) to extract the average decay rate Γ.  

 
2 2 3 232
1 ( ) exp( 2 )(1 )

2! 3!
g t A t t t


       (2-1) 

The mutual diffusion coefficient Dm was determined by linear regression of Γ vs q
2
 

according to the relation Dm = Γ/q
2
, where q is the scattering vector (q = 4πn/λsin(θ/2), n 

is the refractive index of the solution, λ is the laser wavelength, and θ is the scattering 

angle). Then, the hydrodynamic radius (Rh) was determined by using the Stoke-Einstein 
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equation: 

 
ms
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D
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6
  (2-2) 

The estimated uncertainty of Rh is ±5 %. The size distribution could be estimated by 

the reduced second cumulant (μ2/Γ
2
), which is a measure of the width of the decay rate 

distribution (assuming it is monomodal). The hydrodynamic radius distribution could also 

be extracted from the decay rate distribution generated through the inverse Laplace 

transform program REPES.
11

 

 

2.2.7 Cryogenic Transmission Electron Microscopy (Cryo-TEM) 

Cryo-TEM samples were prepared in a controlled environment vitrification system 

(CEVS) at room temperature.
12

 A micropipet was used to load a drop of micelle solution 

(ca. 5 μL) onto a lacey Formvar carbon-supported TEM grid. The excess solution was 

blotted with a piece of filter paper, resulting in the formation of thin films with 

thicknesses of ca. 100–300 nm in the mesh holes. After at least 20 s was allowed for 

relaxation of any stresses induced during the blotting, the samples were quickly plunged 

into a reservoir of liquid ethane cooled by liquid nitrogen. The vitrified samples were 

then stored in liquid nitrogen until they were transferred to a cryogenic sample holder 

(Gatan 626) and examined with a JEOL 1210 TEM instrument operated at an acceleration 

voltage of 120 kV at about –178 °C. The phase contrast was enhanced by acquiring 

images at a nominal underfocus of 6–15 μm. Images were recorded on a Gatan 724 

multiscan CCD camera and processed with DigitalMicrograph, version 3.3.1. More than 

50 micelles were measured to obtain the average diameter. The mean aggregation number 
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was calculated using the following equation: 

 

3
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  (2-3) 

where ρ is the polymer density, d is the diameter of the micelle core, NA is Avogadro’s 

number, and M is the polymer molecular weight. 

 

2.3 Results and Discussion 

2.3.1 Synthesis of PON Triblock Terpolymers 

 The PON triblock terpolymers were prepared using a combination of anionic and 

reversible addition-fragmentation chain transfer (RAFT) polymerizations. Briefly, 

hydroxyl-terminated 1,4-PI-OH was prepared by anionic polymerization of isoprene 

followed by end-capping with ethylene oxide. Only one unit of ethylene oxide was added 

to the polyisoprene chain end as a result of using a lithium counterion.
13

 The polymer was 

analyzed by 
1
H NMR spectroscopy (Figure 2.1) and found to contain 91% 1,4-units and 

9% 3,4-units by comparing the signal intensities of olefinic protons associated with the 

1,4-structure at 5.1 ppm (Ha) and the 3,4-structure at 4.7 ppm (Hb). The molecular weight 

was 3.1 kg/mol, calculated from signal intensity ratio between olefinic protons (Ha + Hb) 

and methylene protons next to the hydroxyl end group (Hc). 1,4-PI-OH was hydrogenated 

to give the corresponding hydroxyl-terminated PEP-OH. The disappearance of the olefin 

resonances at 5.1 ppm and 4.7 ppm in the 
1
H NMR spectrum indicated the complete 

saturation of the double bonds. Next, the potassium alkoxide version of PEP-OH was 

used to initiate the anionic polymerization of ethylene oxide to afford 

hydroxyl-terminated PEP-PEO (PO) diblock copolymer. The appearance of a broad 
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–OCH2CH2O- resonance at 3.64 ppm confirmed the successful incorporation of PEO into 

PEP-OH. The molecular weight of PEO was 25 kg/mol, as determined by 
1
H NMR 

analysis. The hydroxyl end-goups of PO were coupled to the chain transfer agent (CTA), 

S-1-docecyl-S’-(α,α’-dimethyl-α”-acetic acid) trithiocarbonate (CTA), via an acid 

chloride intermediate. The signal ratio between the methylene protons (Ha) of PEO next 

to the ester group (δ = 4.26 ppm) and methylene protons (Hb) of CTA next to the 

trithiocarbonate unit (δ = 3.26 ppm) was almost 1:1, indicating efficient end group 

conversion (Figure 2.2). CTA-end capped PO (PO-CTA) was subsequently used to grow 

PNIPAm blocks by RAFT polymerization. The appearance of new resonances associated 

with PNIPAm (Ha, Hb, Hc, and Hd in Figure 2.2) confirmed the successful incorporation 

of PNIPAm into the PON-CTA triblock terpolymer. The trithiocarbonate end group of 

the resulting PON-CTA was removed by aminolysis and Michael addition to afford PON 

triblock terpolymers free of the hydrophobic dodecyl chains associated with the CTA. 

The absence of methylene protons next to the trithiocarbonate unit (δ = 3.3 ppm) and the 

presence of methylene protons of the added acrylate (δ = 2.6, 2.8 ppm) (Figure 2.3), 

along with the disappearance of the absorption band of the trithiocarbonate group 

centered at ca. 310 nm (Figure 2.4), indicated the complete removal of the dodecyl end 

groups. We recognized the importance of removal of the dodecyl end groups stemming 

from the RAFT agent as this hydrophobic moiety impeded the micellization behavior of 

the PON triblock terpolymers. For example, PON-CTA samples are not fully dispersible 

in water using the TF technique even after several months. PON samples, on the other 

hand, can be dispersed in less than one hour. Using DI, PON-CTAs can be dispersed in 

water, but the hydrophobic end group was still a concern since it has been shown that 
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alkyl-terminated PNIPAm could form micelles with alkyl end groups as the hydrophobic 

cores when the alkyl end groups contain 12 carbons or more.
14

 The product of each 

reaction step was characterized by size exclusion chromatography (SEC) (Figure 2.5). 

Samples investigated in this work are listed in Table 2.1 along with the molecular 

characteristics. 

 

 

Figure 2.1 
1
H NMR spectra of (a) 1,4-PI-OH, (b) PEP-OH, and (c) PO(3-25) in CDCl3. 
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Figure 2.2 
1
H NMR spectra of (a) PO-CTA and (b) PON-CTA in CDCl3. 

 

 

Figure 2.3 
1
H NMR spectra of (a) PON-CTA(3-25-10) and (b) PON(3-25-10) in CDCl3. 

The area from 3.4 to 2.4 ppm is enlarged in each spectrum to monitor end group 

conversion. 



44 

 

 

Figure 2.4 UV-Vis spectra of PON-CTA(3-25-10) and PON(3-25-10) in CHCl3. 
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Figure 2.5 (a) SEC trace of 1,4-PI-OH, PEP-OH, PO(3-25), PO-CTA(3-25), 

PON-CTA(3-25-10), and PON(3-25-10). (b) SEC trace of PO(3-25), PON(3-25-4), 

PON(3-25-10) and PON(3-25-21). THF/N,N,N’,N’-tetramethylethylenediamine was used 

as the eluting solvent at a flow rate of 1.0 mL/min. 
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Table 2.1 Molecular parameters of PO and PON block polymers 

Sample
a
 NPEP

b
 NPEO

b
 NPNIPAm

b
 fPEP

c
 fPEO

c
 fPNIPAm

c
 Đ

d
 

PO(3-25) 45 565 – 0.14 0.86 – 1.02 

PON(3-25-4) 45 565 33 0.13 0.76 0.12 1.05 

PON(3-25-10) 45 565 89 0.11 0.63 0.26 1.05 

PON(3-25-21) 45 565 187 0.08 0.49 0.43 1.05 

a
 The numbers in the parentheses correspond to the molecular weights of PEP, PEO, 

and PNIPAm, respectively, in kg/mol as determined by 
1
H NMR spectroscopy. 

b
 

Number average degree of polymerization as determined by 
1
H NMR spectroscopy end 

group analysis. 
c
 The volume fraction was calculated using the molecular weight and 

the RT densities: ρ(PEP) = 0.856 g/cm
3
,
15

 ρ(PEO) = 1.12 g/cm
3
,
16

 and ρ(PNIPAm) = 

1.07 g/cm
3
.
17

 
d
 The dispersity was measured by SEC with THF/ 

N,N,N’,N’-tetramethylethylenediamine as the eluting solvent. 

 

2.3.2 Micellization of PON Triblock Terpolymers 

 The PON(3-25-10) solutions were characterized by DLS. The measured correlation 

functions were analyzed by the cumulant method. This analysis yielded the average 

hydrodynamic radius Rh and the width of the size distribution (the reduced second 

cumulant μ2/Γ
2
). Figure 2.6 shows a representative example of the squared electric field 

correlation functions g1
2
(t), cumulant fits and linear regression of Γ vs q

2
. The linear fit of 

Γ vs q
2 
with zero intercept indicates that the relaxation in these samples is diffusive. 
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Figure 2.6 (a) The squared electric field correlation functions g1
2
(t) of the 

PON(3.2-25-10) micelles prepared by thin-film hydration with a concentration of 0.5 

wt% at three different angles (60°, 90°, 120°) and room temperature (25 °C). The solid 

lines are cumulant fits. (b) The linear fit of decay rate Γ vs q
2
. 

 

Micelles prepared by the DI method gave a mean Rh value of ca. 30 nm and those 

prepared by the TF method gave Rh = 51–62 nm (Table 2.2). A comparison of the 

hydrodynamic radius distribution between the two preparation procedures, obtained by 

the application of inverse Laplace transformation (REPES) directly to the correlation 

functions,
11

 are shown in Figures 2.7. This difference is consistent with the recent reports 

from Meli and Lodge, who studied how the size of the PB-PEO micelles in ionic liquids 

depends on the preparation procedure.
18, 19

 At room temperature we expect that PON 

triblock copolymers form micelles with an insoluble PEP core and a solvated 

PEO-PNIPAm corona. Using the DI technique we anticipate that as the THF is 

exchanged with water the interfacial tension between the PEP block and the solvent 

increases gradually, and micelles were formed at a relatively low interfacial energy 

between the PEP and the THF/H2O solvent mixture. This results in a lower aggregation 
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number and thus smaller micelles. On the other hand, the high incompatibility between 

the PEP and pure water in the TF technique leads to structures with larger hydrodynamic 

radii due to the high interfacial tension. This is also true for PO(3-25) diblock copolymer 

micelles with the size of DI-prepared micelles being much smaller than the TF-prepared 

micelles (Table 2.2 and Figure 2.8).  

 

Table 2.2 Hydrodynamic radii (Rh) and size distributions (μ2/Γ
2
) of PON(3-25-10) and 

PO(3-25) micelles at room temperature 

Sample Preparation
a
 Concentration Rh (nm) 

b
 μ2/Γ

2
 (θ = 90

o
) 

PON(3-25-10) TF 0.5 wt% 62 0.49 

PON(3-25-10) TF 0.05 wt% 51 0.22 

PON(3-25-10) TF 0.005 wt% 54 0.20 

PON(3-25-10) DI 0.5 wt% 29 0.20 

PON(3-25-10) DI 0.05 wt% 30 0.16 

PO(3-25) TF 0.5 wt% 51 0.16 

PO(3-25) TF 0.05 wt% 49 0.07 

PO(3-25) DI 0.4 wt% 28 0.19 

a
 TF: thin-film hydration, DI: dialysis. 

b
 calculated from three different angles (60°, 

90°, 120°) by the cumulant method. 
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Figure 2.7 Hydrodynamic radius distributions for PON(3-25-10) micelles at 25 °C and 

scattering angles of (a) 120°, (b) 90°, and (c) 60°. TF-0.5%, TF-0.05% and TF-0.005% 

denote the samples prepared by thin-film hydration with the concentration of 0.5 wt%, 

0.05 wt% and 0.005 wt%, respectively. DI-0.5% and DI-0.05% denote the samples 

prepared by dialysis with the concentration of 0.5 wt% and 0.05 wt%, respectively. 
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Figure 2.8 Hydrodynamic radius distributions for PO(3-25) micelles at 25 °C and 

scattering angles of (a) 120°, (b) 90°, and (c) 60°. TF-0.5% and TF-0.05% denote the 

samples prepared by thin-film hydration with the concentration of 0.5 wt% and 0.05 wt%, 

respectively. DI-0.4% is the sample prepared by dialysis with a concentration of 0.4 wt%. 

 

 The size of the TF-prepared PON(3-25-10) micelles exhibits a strong concentration 

dependence. At a concentration of 0.5 wt%, large micelles (Rh = 62 nm) with a very broad 

size distribution (μ2/Γ
2
 = 0.49) were formed. As shown in Figure 2.7, decreasing the 

concentration to 0.05 wt% and 0.005 wt% resulted in the formation of micelles with 

smaller hydrodynamic radii (Rh ≈ 50 nm) and much narrower size distributions (μ2/Γ
2
 ≈ 

0.2). The decrease in Rh and size polydispersity upon dilution can be achieved by an 

increase in the number of micelles through either fission of the large aggregates or 
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nucleation and growth of new micelles. However, theoretical studies suggest that fusion 

and fission mechanisms are inefficient kinetic pathways to micelle equilibration,
20

 and 

nucleation and growth of new micelles require expulsion of unimers from a given 

aggregate, which should be very slow due to the extremely low critical micellar 

concentration (cmc) of block copolymer solutions.
21, 22

 Therefore, both processes are 

highly unlikely in this case. Cryo-TEM observations of these TF-prepared micelles at 0.5 

wt% and 0.05 wt% are shown in Figure 2.9. At both concentrations, the micelles showed 

the same spherical morphology with similar core radii (Rc ≈ 8 ± 2 nm) and thus similar 

mean aggregation number (p ≈ 350). In contrast, we observed no significant 

concentration dependence of TF-prepared PO(3-25) diblock copolymer micelles (Figure 

2.8). 

 

  

Figure 2.9 Cryo-TEM images of PON(3-25-10) micelles prepared by thin-film hydration 

at room temperature. Left: 0.5 wt%, Right: 0.05 wt%. Scale bars: 100 nm. 
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 This concentration dependence seen in the PON samples at room temperature could 

be explained by the formation of a small number of micelle aggregates. Several groups 

have reported that PNIPAm-containing block copolymers can form “abnormal 

aggregates” at low temperature where all the blocks are ostensibly soluble in water. Topp 

et al. first reported that PEO-b-PNIPAm showed aggregation in water below the LCST of 

PNIPAm,
23

 and Annaka et al. reported the formation of disordered micelles from 

PEO-b-PNIPAm at about 17 °C and attributed it to the asymmetric swelling of PEO and 

PNIPAm chains: PNIPAm chains are less well-dissolved than are the PEO chains.
24

 

Recently, Liang and Du studied the chain conformations of PEO-b-PNIPAm and 

PNIPAm-b-PEO-b-PPO-b-PEO-b-PNIPAm in water, respectively, and found that loose 

associates were also formed at low temperature.
25, 26

 They suggested the incompatibility 

between PEO and PNIPAm was the driving force for the associate structures containing 

PEO-rich domains and PNIPAm-rich domains. It is likely that these aggregated structures 

were also formed in PON micelles at a concentration of 0.5 wt% resulting from the 

formation of PNIPAm-rich domains. However, the PNIPAm chains are still hydrophilic, 

so the aggregation should be weak, and only a slight increase in Rh was observed upon 

increasing concentration. The PNIPAm chains are solvated by a large amount of water 

and should adopt a loose or extended conformation, and we suggest micelle aggregates 

with a broad size distribution were formed.  

 In contrast to the TF prepared micelles, the DI-prepared PON(3-25-10) micelles do 

not exhibit such dependence of size on concentration (Tables 2.2). However, the 

hydrodynamic radius distribution gave a small peak centered at around 200 nm for 

DI-prepared micelles at 0.5 wt% and scattering angle of 60° that was not apparent at 0.05 
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wt% (Figure 2.7). These larger micelles can also be attributed to micelle aggregates as 

discussed above. 

 

2.3.3 Micellar Aggregation of PON Triblock Terpolymers 

DLS experiments were also performed above room temperature on PO and PON 

micelle solutions. Figure 2.10 compares the temperature dependent hydrodynamic radii 

and relative scattering intensity of TF-prepared PO(3-25) and PON micelles. Both Rh and 

scattering intensity for PO(3-25) and PON(3-25-4) micelles were nearly constant up to 

60 °C. On the other hand, Rh and scattering intensity for PON(3-25-10) and PON(3-25-21) 

micelles both increased around 42 °C and 36 °C, respectively. This was also confirmed 

by a comparison of the hydrodynamic radius distribution of these micelles at different 

temperatures (Figure 2.11) and cloud point measurements (Figure 2.12). In addition, we 

observed a hysteresis loop where the critical aggregation temperature is lower by 3–4 °C 

during cooling than upon heating (Figure 2.13). This is also consistent with the 

transmittance measurement (Figure 2.12). The increase of Rh and scattering intensity 

upon heating can be explained in terms of micellar aggregation. On increasing the 

temperature above the LCST, the PNIPAm chains can minimize their contact with water 

by forming larger multi-micellar aggregates. Based on the micelle aggregation number 

and hydrodynamic radius, the effective volume fraction of micelles can be calculated; the 

effective micelle volume fraction of 0.5 wt% PON(3.2-25-10) micelle is 22%. Such a 

high micelle volume fraction clearly indicates that some micelle aggregation will occur 

above the LCST of PNIPAm.  
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Figure 2.10 Temperature dependence of hydrodynamic radius (a) and intensity (b) for 

PO and PON micelles prepared by thin-film hydration with a concentration of 0.5 wt%. 

Rh was calculated from three different angles (60°, 90°, 120°) by the cumulant method. 

Intensity is measured at a 90°scattering angle, and the vertical axis is the relative intensity 

(I/I25) where I25 is the intensity recorded at 25 °C. 
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(a)  (b)  

(c)  (d)  

Figure 2.11 Evolution of the hydrodynamic radius distribution as a function of 

temperature at a 90° scattering angle for PO and PON micelles prepared by thin-film 

hydration with a concentration of 0.5 wt%. (a): PO(3-25). (b): PON(3-25-4). (c): 

PON(3-25-10). (d): PON(3-25-21). 
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Figure 2.12 Temperature dependence of transmittance at 632.8 nm for PON(3-25-10) 

micelles prepared by thin-film hydration with a concentration of 0.5 wt% measured at a 

heating or cooling rate of ∼1 °C/min. 

 

  

Figure 2.13 Temperature dependence of hydrodynamic radius (a) and intensity (b) for 

PON(3-25-10) micelles prepared by thin-film hydration with a concentration of 0.5 wt%. 

Rh was calculated from three different angles (60°, 90°, 120°) by the cumulant method. 

Rh(25) is the hydrodynamic radius at 25 °C. Intensity is measured at a 90° scattering 

angle, and the vertical axis is the relative intensity (I/I25) where I25 is the intensity 

recorded at 25 °C. 
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 We observed a strong molecular weight dependence of the critical micellar 

aggregation temperature in the PON triblock terpolymers. The critical micellar 

aggregation temperatures for PON(3-25-21) and PON(3-25-10) were determined from 

Figure 2.10 to be 36 °C and 42 °C, respectively. For PON(3-25-4) no such micellar 

aggregation was observed up to 60 °C. The commonly reported value of the LCST of 

PNIPAm is 32 °C.
27, 28

 The relatively high critical micellar aggregation temperatures for 

the PON micelles is attributable to two factors. First, the low molecular weight of 

PNIPAm leads to a higher LCST. Stover et al. studied the molecular weight dependence 

of the LCST for PNIPAm prepared by atom transfer radical polymerization (ATRP). 

They reported a strong decrease of the phase transition temperature with increasing 

molecular weights (when the molecular weight increased from 2.8 to 26.5 kg/mol, the 

cloud point dropped from 43.0 °C to 33.3 °C).
29

 Second, it has been shown that the 

incorporation of hydrophilic groups into PNIPAm raises the LCST of PNIPAm.
30

 Tenhu 

et al. observed a very slight increase of the LCST (from 32 °C to 34 °C) with increasing 

PEO content in PEO-b-PNIPAm samples,
31

 and Yang et al. reported a very strong LCST 

dependence on PEO content in similar PEO-b-PNIPAm systems. They found that the 

LCST of PNIPAm in these diblock copolymers were around 37 °C with 7.6 wt% PEO 

and a 24 kg/mol PNIPAm, while it was higher than 90 °C with 27 wt% PEO and a 5 

kg/mol PNIPAm.
32

 Both the relatively low molar mass of the PNIPAm blocks and the 

presence of PEO in the PON samples should lead to critical micelle aggregation 

temperatures that are higher than the LCST of higher molar mass PNIPAm, consistent 

with our results. 

The critical micellar aggregation temperature of PON triblock terpolymers was also 
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dependent on concentration. We found that the critical micellar aggregation temperature 

of TF-prepared PON(3-25-10) micelles increased from 42 °C to 47 °C as the polymer 

concentration decreased from 0.5 wt% to 0.05 wt% (Figure 2.14). This was also true for 

the DI-prepared PON(3-25-10) micelles, where 0.5 wt% and 0.05 wt% PON solutions 

had a critical micellar aggregation temperature of 45 °C and 47 °C, respectively (Figure 

2.15). The higher critical micellar aggregation temperature of PON micelles at lower 

polymer concentration is consistent with the concentration dependence of the LCST of 

PNIPAm in homopolymer and PEO-b-PNIPAm below 1 wt%.
27, 33-35

  

 

  

Figure 2.14 Temperature dependence of hydrodynamic radius (a) and intensity (b) for 

PON(3-25-10) micelles prepared by thin-film hydration with a concentration of 0.5 wt% 

and 0.05 wt%, respectively. Rh was calculated from three different angles (60°, 90°, 120°) 

by the cumulant method. Intensity is measured at a 90° scattering angle, and the vertical 

axis is the relative intensity (I/I25) where I25 is the intensity recorded at 25 °C. 
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Figure 2.15 Temperature dependence of hydrodynamic radius (a) and intensity (b) for 

PON(3-25-10) micelles prepared by dialysis with a concentration of 0.5 wt% and 0.05 

wt%, respectively. Rh was calculated from three different angles (60°, 90°, 120°) by the 

cumulant method. Intensity is measured at a 90° scattering angle, and the vertical axis is 

the relative intensity (I/I25) where I25 is the intensity recorded at 25 °C. 

 

As discussed in Chapter 1, there are three possible thermo-induced structured 

changes of triblock terpolymer micelles with PNIPAm coronas: (i) PNIPAm collapse 

around the hydrophobic core to form flower-like micelles, or collapse around the 

hydrophilic shell to form (ii) thin layers or (iii) sticky patches above the LCST of 

PNIPAm (see Figure 1.5). These changes could lead to a decrease in micelle size in very 

dilute solution. However, we are not able to resolve any micelle shrinkage even at a 

concentration of 0.005 wt% (Figure 2.16). Instead, only the aggregation of micelles was 

observed in the investigated concentration range (0.5–0.005 wt%). It is possible that 

micelle shrinkage is overshadowed by micelle aggregation. The observed micelle 

aggregation suggests that the formation of flower-like micelles above the LCST of 

PNIPAm is unlikely because the collapsed PNIPAM is surrounded by the hydrophilic 
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shell and thus cannot aggregate around the PEP core at higher temperatures. Although we 

do not know the detailed structure of micelle aggregates above the LCST of PNIPAm, we 

speculate that PNIPAm is likely to collapse into sticky patches instead of a thin layer. 

This would be entropically favored for the PEO midblocks and is consistent with the 

formation of micelle aggregates 

 

  

Figure 2.16 Temperature dependence of hydrodynamic radius (a) and intensity (b) for 

PON(3-25-10) micelles prepared by thin-film hydration with a concentration of 0.005 

wt%. Rh was calculated from three different angles (60°, 90°, 120°) by the cumulant 

method. Intensity is measured at a 90° scattering angle, and the vertical axis is the 

relative intensity (I/I25) where I25 is the intensity recorded at 25 °C. 

 

2.4 Summary 

We have synthesized well-defined PON triblock terpolymers using a combination of 

anionic and RAFT polymerization and studied the micellization and micellar aggregation 

of these polymers in dilute aqueous solution by DLS and cryo-TEM. At room 

temperature, micelles with hydrophobic PEP cores, hydrophilic PEO shells and PNIPAm 
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coronas were formed. We found that the DI-prepared PON micelles were much smaller 

than the TF-prepared PON micelles due to the lower interfacial energy between the 

hydrophobic PEP block and the solvent in the course of micelle formation. In addition, 

the PON micelles formed some aggregated species at a concentration of 0.5 wt% even 

below the LCST. At temperatures higher than the LCST of PNIPAm, micellar 

aggregation occurred, resulting in an increase in Rh and scattering intensity. The critical 

micellar aggregation temperature depended on both the molecular weight of PNIPAm and 

polymer concentration. The longer PNIPAm block length and higher polymer 

concentration resulted in a lower critical micellar aggregation temperature.  
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Chapter 3 

Gelation of PON Triblock 

Terpolymers in Water
*
 

 

3.1 Introduction 

The self-assembly of associating triblock copolymers into complex and responsive 

nanostructures is an active and exciting area of research, due to potential applications of 

these fascinating materials in surface coatings, cosmetics, oil recovery, drug delivery and 

tissue engineering.
1-4

 Their technological importance is due to their ability to form 

networks via self-assembly, with midblocks bridging endblock domains. There are three 

possible conformations of the midblocks in ABA triblock copolymer gels: (i) loops, when 

both end blocks belong to the same microdomain; (ii) bridges, when the end blocks 

connect two different microdomains; (iii) dangling ends, when one end block does not 

associate with any microdomain.
5, 6

 Both looped chains and dangling ends are network 

defects, whereas only bridges can transmit stress between connected microdomains and 

contribute to the network elasticity. Due in part to the presence of looping conformations, 

the gelation concentration of ABA hydrogels is usually 10–20 wt%,
7-17

 but lower 

                                                             

* This chapter is reproduced in part with permission from Zhou, C.; Hillmyer, M. A.; 

Lodge, T. P. J. Am. Chem. Soc. 2012, 134, 10365-10368. 
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concentrations are often desirable for biomedical applications. It is therefore of interest to 

consider ABC triblock terpolymers with mutually immiscible hydrophobic A and C 

endblocks. In principle, this architecture could give two-compartment networks which 

should completely suppress looping conformations.
18

 In our design, we chose a C block 

that undergoes reversible association to produce the two-compartment gels in a stepwise 

manner, by first forming micelles with an A core, then gels by subsequent C block 

association (Figure 3.1). This should result in better gelation efficiencies and improved 

mechanical properties in ABC gels. 

 

 

Figure 3.1 Schematic illustration of gelation of (a) ABA and (b) thermoresponsive ABC 

polymers. 

 

In Chapter 2, we reported the micellization and micellar aggregation behavior of 

poly(ethylene-alt-propylene)-b-poly(ethylene oxide)-b-poly(N-isopropylacrylamide) 

(PON) triblock terpolymers in water at the low concentrations of 0.5 wt% and 0.05 

wt%.
19

 The terpolymers formed well-defined micelles with hydrophobic PEP cores 

surrounded by hydrophilic PEO-PNIPAm coronae at low temperatures, and these 
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micelles associated to form larger aggregated structures upon heating above the lower 

critical solution temperature (LCST) of PNIPAm. In this chapter, we explore more 

concentrated solutions to prepare thermoresponsive ABC hydrogels. We will describe the 

gelation behavior of PON terpolymers, compare the hydrogel formation between a PON 

terpolymer and a poly(N-isopropylacrylamide)-b-poly(ethylene oxide)-b-poly(N- 

isopropylacrylamide) (NON) copolymer,
20

 and investigate the effect of PNIPAm and 

PEO block length and polymer concentration on gelation properties of PON terpolymers.  

 

3.2 Experimental Section 

3.2.1 Materials 

We prepared four PON triblock terpolymers and one NON triblock copolymer 

(Scheme 3.1). Three PON triblock terpolymer was prepared using a combination of 

anionic and reversible addition-fragmentation chain transfer (RAFT) polymerizations 

(see Chapter 2).
19

 A new PON triblock terpolymer with a different PEO block length was 

synthesized from 1,4-PI-OH
19

 following the same protocol
19

 by varying the amount of 

ethylene oxide added during the growth of PEO block. The product of each reaction step 

was confirmed by 
1
H NMR spectroscopy and characterized by size exclusion 

chromatography (SEC) (Figures 3.2).  

The NON triblock copolymer was synthesized by RAFT polymerization from a 

α,ω-dihydroxy-PEO precursor (Mn = 20 kDa) following a reported procedure (Scheme 

3.2).
21

 Briefly, the hydroxyl end-groups of PEO were coupled to the chain transfer agent 

(CTA) S-1-docecyl-S’-(α,α’-dimethyl-α”-acetic acid) trithiocarbonate, to give the 

macroinitiator CTA-PEO-CTA. The degree of CTA attachment is ~100% as determined 
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from the relative intensity of the PEO and CTA resonance peaks in NMR spectra with the 

molecular weight of the starting PEO (Mn = 20 kDa) as a reference. The macroinitiator 

CTA-PEO-CTA was then used to grow PNIPAm blocks by RAFT polymerization. The 

resulting CTA-NON-CTA triblock copolymer had the trithiocarbonate end groups on both 

ends and they were removed by aminolysis and Michael addition to afford the final NON 

triblock copolymers.
22

 The product of each reaction step was confirmed by 
1
H NMR 

spectroscopy and characterized by SEC (Figures 3.3). In the elugram, a small broad peak 

at elution volume of 27–31 mL is observed for both CTA-NON-CTA and NON triblocks. 

This is likely due to the presence of a small amount of PNIPAm homopolymer. The 

molecular characteristics of the polymers investigated in this work are summarized in 

Table 3.1. 

 

Scheme 3.1 Chemical structure of PON and NON triblock polymers 
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Scheme 3.2 Synthesis of NON triblock copolymer 

 

 

 

Figure 3.2 SEC trace of 1,4-PI-OH, PEP-OH, PO(3-60), PO-CTA(3-60), 

PON-CTA(3-60-23), and PON(3-60-23). THF/N,N,N’,N’-tetramethylethylenediamine 

was used as the eluting solvent at a flow rate of 1.0 mL/min. 

 



69 

 

Figure 3.3 SEC traces of PEO, CTA-PEO-CTA, CTA-NON-CTA(10-20-10), 

NON(10-20-10). THF/N,N,N’,N’-tetramethylethylenediamine was used as the eluting 

solvent at a flow rate of 1.0 mL/min. 

 

Table 3.1 Molecular parameters of PON and NON triblock polymers 

Sample
a
 NPEP

b
 NPEO

b
 NPNIPAm

b
 fPEP

c
 fPEO

c
 fPNIPAm

c
 Đ

d
 

PON(3-25-4) 45 565 33 0.13 0.76 0.12 1.05 

PON(3-25-10) 45 565 89 0.11 0.63 0.26 1.05 

PON(3-25-21) 45 565 187 0.08 0.49 0.43 1.05 

PON(3-60-23) 45 1358 203 0.05 0.68 0.27 1.09 

NON(10-20-10) – 454 91 – 0.49 0.51 1.06 

a
 The numbers in the parentheses correspond to the molar masses of PEP, PEO, and 

PNIPAm, respectively, in kg mol
–1

 as determined by 
1
H NMR spectroscopy. 

b
 Number 

average degree of polymerization as determined by 
1
H NMR spectroscopy. 

c
 The 

volume fraction was calculated using the molecular weight and the RT densities: 
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ρ(PEP) = 0.856 g/cm
3
,
23

 ρ(PEO) = 1.12 g/cm
3
,
24

 and ρ(PNIPAm) = 1.07 g/cm
3
.
25

 
d
 The 

dispersity was measured by SEC with THF/ N,N,N’,N’-tetramethylethylenediamine as 

the eluting solvent. 

 

3.2.2 Solution Preparation 

All the polymer solutions were prepared by the thin-film hydration method. 

Appropriate amounts of bulk polymer were dissolved in CH2Cl2, followed by evaporation 

of the solvent to yield a thin film on the walls of the vial. The thin film was then hydrated 

with a defined amount of water, and the resulting mixture was stirred at room temperature 

for at least 1 month before further characterization. 

 

3.2.3 Rheology 

Rheological measurements were performed using an AR-G2 rheometer with a 

Couette geometry that contains the sample in a 1 mm concentric cylindrical gap between 

a cup with a diameter of 30 mm and a bob with a diameter of 28 mm. About 15 mL of the 

sample was first loaded on the cup at room temperature (25 °C). This amount filled the 

gap as the bob was lowered. The temperature was controlled using a Peltier temperature 

controller. To avoid any water evaporation from the sample, the whole fixture assembly 

was shielded by a metal cover with a wet sponge. Dynamic strain sweep experiments 

were performed at three different angular frequencies (1, 10, 100 rad/s). Dynamic 

frequency sweeps were examined in the linear viscoelastic regime, as determined by 

dynamic strain sweep experiments. The temperature dependences of G' and G" were 

measured with a frequency of 10 rad/s, and a heating rate of 1 °C/min.  
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3.2.4 Differential Scanning Calorimetry (DSC) 

The thermal transitions associated with the gelation of aqueous triblock terpolymer 

solutions were studied using a TA Discovery DSC. The aqueous polymer solution and the 

reference solution (pure water) were loaded in a Tzero hermetic pan at room temperature 

(25 °C). Each solution was alternately heated and cooled between 20 and 55 °C at a scan 

rate of 2 °C/min. All scans were performed twice and found to be reproducible. The 

second heating and cooling scans are reported. Samples were reweighed after 

measurement and no mass changes were observed. 

 

3.2.5 Variable-temperature 
1
H NMR Spectroscopy 

1
H NMR spectra were recorded on a Varian INOVA 500 spectrometer. Deuterated 

water (Aldrich) was used as the solvent and a pulse delay of 10 s was employed to ensure 

complete relaxation. Experiments were performed at various temperatures from 25 to 

55 °C, and 10 min was allowed for equilibration at each temperature prior to the 

measurement. 

 

3.3 Results and Discussion 

3.3.1 Gelation of PON Triblock Terpolymer 

Aqueous solutions of PON(3-25-10) triblock are free-flowing transparent liquids at 

room temperature, and become free-standing hydrogels at high polymer concentrations 

(10 wt% and 5 wt%) or soft hydrogels at lower concentrations (2 wt% and 1 wt%) when 

heated to 50 °C (Figure 3.4).
7
 Repeated heating and cooling experiments indicate that the 

sol-gel transition is thermoreversible. 
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Figure 3.4 Photographs of PON(3-25-10) solutions at varying polymer concentrations 

and the indicated temperatures. 

 

Dynamic shear measurements were performed on 5 wt% PON(3-25-10) sample over 

the temperature range of 25–55 °C to study gelation properties. Dynamic strain sweep 

experiments were first carried out to determine the linear viscoelastic regime. The linear 

viscoelastic regime is defined as the region below the critical stain (γc is defined as the 

critical value below which the storage modulus (G') remains invariant with respect to 

strain). For the 5 wt% sample of PON(3-25-10), the liquid solution at 25 °C has a large γc 

value (> 100%) and the hydrogel at 45 °C has a smaller γc value (10-20%) (Figure 3.5). A 

strain amplitude of 2% was then used to ensure that the dynamic frequency sweep 

measurements were taken in the linear viscoelastic regime. Representative data at 25, 42, 

and 45 °C are shown in Figure 3.6. At 25 °C, G' is smaller than the loss modulus (G") and 

follows typical terminal rheological behavior for a viscoelastic fluid. At an intermediate 

temperature of 42 °C, G' is almost equal to G" and both show similar power law 



73 

dependences on ω: G' ≈ G" ~ ω
0.5

. This temperature is identified as the critical gelation 

temperature (Tgel), which is the signature of the transition between liquid-like and 

solid-like behavior.
26, 27

 At 45 °C, G' > G" at all frequencies and is nearly frequency 

independent, indicating solid-like behavior. 

 

 

 

Figure 3.5 Dynamic shear moduli (G' and G") as a function of strain for 5 wt% 
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PON(3-25-10) solution measured at three frequencies (1, 10, 100 rad/s) and at 25 °C (a) 

and 45 °C (b). 

 

 

Figure 3.6 Dynamic shear moduli (G' and G") as a function of frequency for 5 wt% 

PON(3-25-10) solution measured at a strain γ = 2% and three indicated temperatures. The 

inset is temperature-dependent dynamic shear moduli (G' and G") for 5 wt% 

PON(3-25-10) solutions at a strain γ = 2%, a frequency ω = 10 rad/s and heating rate of 

1 °C/min. 

 

The thermoreversible nature of this sol-gel transition was verified using dynamic 

temperature sweep measurements (inset in Figure 3.6), in which G' and G" were 

measured as a function of temperature during a ramp from 25 to 55 °C at a heating rate of 

1 °C/min. At low temperature, the values of both G' and G" are low, and G' < G", 

indicating a free-flowing sol state. On increasing temperature, the magnitude of both G' 
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and G" increase abruptly and then G' reaches a plateau. As the increase in G' is more 

significant than G", G' becomes larger than G" at higher temperatures indicating the 

solid-like behavior. The crossover of G' and G", identified as Tgel, is 42 °C, consistent 

with the results in the dynamic frequency sweep measurements. The remarkably sharp 

gelation transition is unprecedented for flexible coil block polymers at such low 

concentrations. 

The gelation behavior was also examined using differential scanning calorimetry 

(DSC) and variable temperature 
1
H NMR spectroscopy. DSC traces obtained for 5 wt% 

PON(3-25-10) solution are presented in Figure 3.7. It shows an endothermic transition 

starting at 41 °C in the heating process and an exothermic transition ending at 40 °C 

during the cooling. The endothermic peak associated with the gelation is consistent with 

the coil-to-globule transition of PNIPAm, indicating that hydrogel formation is due to the 

aggregation of PNIPAm blocks.
28

 It is also worth noting that the transition temperature 

agrees very well with the value of Tgel determined from rheological measurements. 
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Figure 3.7 Temperature dependence of heat flow for the 5 wt% PON(3-25-10) solution 

measured at heating and cooling rates of ±2 °C/min. Tgel is obtained from Figure 3.6 on 

heating. 

 

1
H NMR spectra at various temperatures from 25 to 55 °C are presented in Figure 3.8. 

The 
1
H NMR signals for the PEO and PNIPAM blocks are apparent at 25 °C, while the 

resonances for the PEP blocks are not, indicating the formation of micelles with PEP 

cores and PEO-PNIPAm coronas at this temperature.
11

 On increasing the solution 

temperature to 45 °C, the 
1
H NMR signals corresponding to the PNIPAM blocks become 

diminished in intensity and are no longer observed at 55 °C, indicating the aggregation of 

PNIPAM chains at higher temperatures. This result also confirms that the formation of 

the micellar network is based on hydrophobic associations between PNIPAM chains. It 

should be noted that the dehydration of the PNIPAm block occurred not only at around 
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Tgel (42 °C), but also well above the Tgel (50 °C). 

 

 

Figure 3.8 Variable-temperature 
1
H NMR spectra for 5 wt% PON(3-25-10) in D2O. 

 

PON terpolymers form well-defined micelles with hydrophobic PEP cores surrounded 

by PEO-PNIPAm coronae at room temperature. These micelles do not pack into an 

ordered lattice at room temperature, as the concentration (5 wt%) is not high enough. 

Therefore, it is a viscoelastic liquid. As the solution is heated above the LCST of 

PNIPAm, the PNIPAm chains on adjacent micelles can associate to form PNIPAm 

hydrophobic microdomains bridged to the PEP microdomains by the PEO midblocks, 
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resulting in the formation of an elastic network. It is worth noting that the critical micellar 

aggregation temperature for the 0.5 wt% polymer solution is also 42 °C, consistent with 

Tgel shown here.
19

 

 

3.3.2 Comparsion between PON and NON Hydrogels 

We compared the gelation properties between PON(3-25-10) and NON(10-20-10) 

with comparable PEO and PNIPAm block lengths by examining the temperature 

dependence of G' and G" at 5 wt% and 2 wt% polymer (Figure 3.9). PON gelation is very 

sharp, within 5 °C, at both concentrations whereas the NON copolymer shows a very 

gradual and broad transition at the concentration of 5 wt% and no gelation at a 

concentration of 2 wt%. Such a broad sol-gel transition has been observed in other 

thermoresponsive ABA hydrogels. For example, PNIPAm-containing ABA triblock 

hydrogels have been prepared with different hydrophilic midblocks, such as 

poly(N,N-dimethylacrylamide) (PDMA)
15

 and poly(2-methacryloyloxyethyl 

phosphorylcholine) (PMPC),
11

 and the sol-gel transitions were very broad (>20 °C). 

Other thermosensitive polymers including poly(methoxydi(ethylene glycol) 

methacrylate-co- methacrylic acid) (PDEGMMA),
17

 poly(ethoxydi(ethylene glycol) 

acrylate-co-acrylic acid) (PDEGEA),
29

 and poly(2-hydroxypropyl methacrylate) 

(PHPMA)
12

 were used as hydrophobic endblocks for hydrogel formation and gelation 

typically occurred over a temperature range of 10 °C or larger. It is also worth noting that 

gelation of PON terpolymers is also much sharper than that of other thermoresponsive 

ABC terpolymers reported in the literature, such as poly(propylene 

oxide)-b-poly(2-methacryloyloxyethylphosphorylcholine)-b-poly(N-isopropyl- 
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acrylamide) (PPO-b-PMPC-b-PNIPAm),
28

 poly(2-vinylpyridine)-b-poly(ethylene 

oxide)-b-poly- (glycidyl methyl ether-co-ethyl glycidyl ether) 

(P2VP-b-PEO-b-P(GME-co-EGE)),
30, 31

 and poly(2-vinylpyridine)-b-poly(ethylene 

oxide)-b-poly(oligo(ethylene glycol) methacrylate) (P2VP-b-PEO-b-POEGMA),
32

 all of 

which have sol-gel transitions of 10 °C or larger. 

The plateau value of the storage modulus (GN) could be used to characterize the gel 

strength. As shown in Figure 3.9, GN of PON terpolymer was much higher than that of 

NON copolymer, indicating the improved gel strength of PON hydrogels in comparison 

to NON hydrogels. 
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Figure 3.9 Temperature-dependent dynamic shear moduli (G' and G") for (a) 5 wt% 

PON(3-25-10) and NON(10-20-10) and (b) 2 wt% PON(3-25-10) and NON(10-20-10) 

solutions measured at a frequency ω = 10 rad/s and heating rate of 1 °C/min. 

 

The critical gelation concentration can be obtained from dynamic temperature sweep 

measurements at different concentrations. Figures 3.10 (a) and (b) show the temperature 

dependence of G' and G" obtained for aqueous solutions of PON(3-25-10) and 

NON(10-20-10) at varying polymer concentrations. The PON terpolymer shows 

temperature induced gelation behavior at 1, 2 and 5 wt%, while the NON copolymer does 

not form a well-defined hydrogel until a concentration of 10 wt%, suggesting that the 

critical gelation concentration of PON terpolymer is much smaller than that of NON 

copolymer. Such a low gelation concentration is surprising as the minimum gelation 

concentrations often exceed 10 wt % polymer for physically associated hydrogels.  
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Figure 3.10 Temperature-dependent dynamic shear moduli (G' and G") for (a) 

PON(3-25-10) and (b) NON(10-20-10) aqueous solutions with varying polymer 

concentrations at a frequency ω = 10 rad/s and heating rate of 1 °C/min. 
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Based on these data, we posit that the PON terpolymer undergoes a two-step 

gelation mechanism, involving the initial formation of micelles with PEP cores at room 

temperature and gelation due to the PNIPAm block aggregation at elevated temperatures. 

The gelation of NON copolymers arises solely from the hydrophobic association of 

PNIPAm endblocks above the LCST; micellization and gelation occur simultaneously. 

We propose that the separation of micellization and gelation in the PON hydrogels leads 

to the formation of a two-compartment network with exclusively bridged conformations 

for the PEO midblocks, while both looping and bridging conformations are possible for 

the NON hydrogels. With more bridging chains in PON hydrogels, gelation can be 

achieved at a lower concentration with larger GN. Furthermore, the presence of the 

PEP-core micelles serves to distribute the PNIPAm endblocks predominantly in the 

inter-micellar regions, thereby “pre-concentrating” the crosslinking moieties. In such a 

case, large-scale reorganization of the pre-formed micellar solution is no longer required, 

the sol-gel transition of PON terpolymers is very sharp. 

 

3.3.3 Effect of PEO and PNIPAm Block Length on the Gelation Properties 

We then compared the gelation properties of PON triblock terpolymers with different 

PNIPAm and PEO block lengths by examining the temperature dependence of G' and G" 

over the concentration range of 1–5 wt%. As shown in Figure 3.11, while no gelation was 

observed up to 60 °C for PON(3-25-4), sol-gel transitions were evident at 1, 2 and 5 wt% 

polymer for both PON(3-25-21) and PON(3-60-23), similar to PON(3-25-10) discussed 

earlier (Figure 3.10).  
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Figure 3.11 Temperature-dependent dynamic shear moduli (G' and G") for (a) 

PON(3-25-4), (b) PON(3-25-21) and (c) PON(3-60-23) aqueous solutions with varying 

polymer concentrations at a frequency ω = 10 rad/s and heating rate of 1 °C/min. 

 

The critical gelation temperature (Tgel) and the plateau storage modulus (GN) of PON 

triblock terpolymers, obtained from oscillatory shear measurements in Figures 3.10 and 

3.11, are summarized in Table 3.2. Tgel decreases with increasing PNIPAm molar mass 

and PON concentration and increases with increasing PEO block length, consistent with 

the molar mass and concentration dependence of the critical micellar aggregation 

temperature in dilute dispersions of PON terpolymers.
19

 This is expected as both micellar 

aggregation in dilute solution and gelation in concentrated solution are due to the 

intermicellar association of the corona PNIPAm chains above the LCST of PNIPAm 

block. Conversely, larger PNIPAm block lengths, shorter PEO blocks and higher PON 

concentrations result in larger values of GN.  
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Table 3.2 Characteristics of PON hydrogels 

Sample 

5 wt% 2 wt% 1 wt% 

Tgel
a 

(ºC) 

GN
b 

(Pa) 

fc Tgel
a 

(ºC) 

GN
b 

(Pa) 

fc Tgel
a 

(ºC) 

GN
b 

(Pa) 

fc 

PON 

(3-25-10) 

42 270 8% 45 30 2% 46 6 0.8% 

PON 

(3-25-21) 

36 800 30% 38 100 9% 40 3 0.5% 

PON 

(3-60-23) 

38 520 34% 41 50 8% 48 0.3 0.1% 

a Critical gelation temperature as determined from the crossover temperature at which G' 

= G" in Figures 3.10 and 3.11.b Plateau storage modulus. c Fraction of elastically 

effective PEO chains. 

  

For triblock copolymer gels with a midblock in the unentangled regime, the shear 

modulus can be predicted by classical rubber elasticity theory:  

 
  G kT f nkT   (3-1) 

where v is the number density of elastically effective strands, f is the fraction of bridging 

or elastically effective chains, n is the chain number density, k is the Boltzmann constant 

and T is absolute temperature. An estimate of the number of entanglements per molecule, 

ne, for a polymer in a good solvent is given by 

 

5/4 5/4

e e p p

e

M
n N

M
    (3-2) 

where Ne is the number of entanglements per molecule in the melt, M is the polymer 

molecular weight, Me is the polymer entanglement molecular weight in the melt and φp is 

the polymer volume fraction.
33, 34

 For the 5 wt% sample of PON(3-60-23) with the 

highest PEO molar mass and highest concentration studied in this work, MPEO = 60 
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kg/mol, Me, PEO = 1.6 kg/mol, φPEO= 3%, ne is estimated to be ~0.5. Therefore, we 

conclude that PEO midblock entanglements are not present in these PON hydrogels, and 

we can apply equation 3-1 to estimate the fraction of bridging or elastically effective PEO 

chains: 

 

G
f

nkT
  (3-3) 

where G is measured plateau storage modulus, nkT is the shear modulus of an ideal 

network in which 100% chains are elastically effective or f = 1. Table 3.2 shows the 

fraction of elastically effective PEO chains of PON terpolymers at varying polymer 

concentrations. The calculated fraction of bridging chains increases with increasing 

polymer concentration and PNIPAm endblock length, remains nearly constant as we raise 

the PEO midblock molar mass from 25 to 60 kg/mol. Based on the micelle aggregation 

number (p ≈ 350) and hydrodynamic radius (Rh = 62 nm) of PON(3-25-10) micelles 

obtained at 0.5 wt%, the critical micelle overlap concentration of PON(3-25-10) micelles 

is estimated to be 2.3 wt%.
19

 Therefore, upon decreasing the polymer concentration from 

5 wt% to 1 wt%, a certain fraction of micelles may not be well integrated into the 

network structure leading to a decrease of the fraction of bridging chains and thus GN. 

However, for PON(3-25-10), PON(3-25-21) and PON(3-60-23) at 5 wt%, which is about 

2 times the critical micelle overlap concentration, the apparent fraction of bridging chains 

is still smaller than expected. 

We attribute the lower than expected fraction of bridging chains in PON hydrogels to 

the following factors, all schematically depicted in Figure 3.12. First, the network 

structure is heterogeneous on large length scales. PON hydrogels are opaque over the 
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concentration range of 1–5 wt% (Figure 3.4), suggesting the presence of submicron to 

micron-sized voids in the micellar network. Second, it is possible that some PNIPAm 

hydrophobic microdomains only connect two PEP micellar cores, leading to the 

formation of linear constructs as opposed to true crosslinking domains. PEO chains in 

such structures would not be elastically effective although they adopt bridging 

conformations. Third, it is possible that some of the PNIPAm chains collapse on 

themselves within the hydrophilic PEO shells without crosslinking with other micelles to 

form what would be effectively dangling ends. This will lower the fraction of bridging 

chains. Similarly, PNIPAm chains might collapse around hydrophobic PEP cores thus 

forming PEO with looping conformations. However, looping conformations are highly 

unlikely as suggested by dilute solutions (0.5-0.005 wt%) in Chapter 2.
19

 As we increase 

the molar mass of PNIPAm, the volume fraction of PNIPAm becomes higher at fixed 

polymer concentration. Therefore they have more chance to aggregate among different 

micelles instead of forming the aforementioned network defects. This leads to a higher 

fraction of elastically effective chains in PON terpolymers with longer PNIPAm blocks. 

 

 

Figure 3.12 Possible defects in PON hydrogel network. 
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In a physically associated hydrogel with stretched midblocks, increasing the 

midblock chain length leads to an increase in the fraction of elastically effective chains as 

the energy penalty for stretching the midblock to form bridges becomes less severe with a 

larger midblock, and thus the loop-to-bridge ratio decreases on increasing midblock 

length.
35

 As noted earlier, PEO block length does not have a strong influence on the 

fraction of elastically effective chains, indicating that the PEO midblocks is not stretched, 

or at least not very stretched, which is consistent with small angle neutron scattering 

(SANS) analysis (see Chapter 4).
36

 The plateau modulus is determined by two factors in 

equation 3-1: the chain number density and the elastically effective chain fraction. The 

lower chain number density in PON with a larger PEO midblock results in a lower value 

of GN. 

The fraction of elastically effective PEO chains for the NON(10-20-10) hydrogel at 

10 wt% is ~6%, which smaller than that of PON(3-25-10) hydrogel (8%) at the 

concentration of 5 wt%. As the fraction of bridging chains in block copolymer hydrogels 

increases with polymer concentration, PON terpolymers would have a much higher f 

value than NON copolymers at the same concentration. This further confirms that the 

formation of a two-compartment network structure in PON hydrogels leads to more 

bridging chains for PEO midblocks in comparison to NON hydrogels.  

It should be noted that the fraction of elastically effective midblocks for other ABC 

hydrogels have been reported previously. For example, PPO-b-PMPC-b-PNIPAm 

hydrogel
28

 at 20 wt% and ABC triblock protein hydrogel
37

 at 7 w/v% have elastically 

effective midblock fraction of ~0.4% and 35%, respectively. While f of the former is 

much smaller than that of all PON hydrogels, the latter has a comparable f to PON 
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hydrogels with the larger PNIPAm block in this study.  

We found that when the temperature increases above 50 °C, G' of PON(3-25-10) 

hydrogel decreases moderately and that of PON(3-25-21) and PON(3-60-23) hydrogels 

drops significantly at the concentration of 5 wt%, which is not observed at lower 

concentrations. We also note that a small amount of water on the surface of rheometer 

(couette fixture) is observed at the end of the heating process for the 5 wt% PON(3-25-10) 

sample. The decrease of G' at higher temperatures is likely due to the syneresis of the 

PNIPAm blocks, which is more obvious for PON with longer PNIPAm block length at 

higher polymer concentration. This is consistent with a number of reports concerning the 

PNIPAm-containing block copolymer hydrogels.
38, 39

  

 

3.4 Summary 

In conclusion, we prepared thermoresponsive ABC hydrogels from PON triblock 

terpolymers. The terpolymers form micelles in water at low temperatures with 

hydrophobic PEP cores surrounded by hydrophilic PEO-PNIPAm coronae. These 

micelles associate to form a hydrogel upon heating above the LCST of PNIPAm. The 

separation of micellization and gelation leads to the formation of a two-compartment 

network with a very high fraction of bridging conformations for the PEO midblocks. 

Therefore, gelation can be achieved at a much lower concentration, with a much higher 

modulus and sharper sol-gel transition, as compared to NON copolymer hydrogels. The 

critical gelation aggregation temperature (Tgel) and the plateau storage modulus (GN) of 

PON terpolymers are dependent on both the molar mass of PNIPAm and PEO and 

polymer concentration. The longer PNIPAm endblocks, shorter PEO midblocks and 
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higher polymer concentration resulted in a lower critical gelation temperature and a 

higher GN. 
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Chapter 4 

Morphology of Two-compartment Hydrogels 

from PON Triblock Terpolymers 

 

4.1 Introduction 

The self-assembly of multiblock copolymers into multicompartment micelles or gels 

with distinguishable subdomains or compartments draw inspiration from biological 

systems such as eukaryotic cells, which possess distinct subunits that enable them to 

perform multiple functions simultaneously.
1-3

 A variety of multicompartment micellar 

structures (“hamburger” micelles, segmented worms, nanostructured bilayers and vesicles, 

raspberry-like micelles and so on) have been successfully prepared in water or in 

water-organic solvent mixtures and well characterized by dynamic light scattering (DLS) 

and cryogenic transmission electron microscopy (cryo-TEM).
4-12

 In contrast to the high 

numbers of studies on the self-assembly behavior of multicompartment micelles, there 

have been only a few reports on multicompartment gels. For example, Weberskirch, et al. 

studied the self-association behavior of poly(N-acylethyleneimine) polymers end-capped 

with a fluorocarbon group and a hydrocarbon group, and showed the segregation of the 

end groups using NMR spectroscopy at relatively high polymer concentration (31 

wt%).
13

 Similarly, Komenda et al. prepared a multicompartment micellar hydrogel from 

poly(2-n-nonyl-2-oxazoline)-b-poly(2-methyl-2-oxazoline)-b-poly(2-(1’H,1’H,2’H,2’H- 
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perfluorohexyl)-2-oxazoline) (PNOx-b-PMOx-b-PFOx) and inferred the presence of a 

micellar network with spherical PNOx cores and ellipsoidal PFOx cores using small 

angle neutron scattering (SANS) experiments.
14

 Armes et al. studied the gelation 

behavior of thermoresponsive hydrogels from poly(propylene oxide)-b-poly 

(2-methacryloyloxyethylphosphorylcholine)-b-poly(N-isopropylacrylamide) (PPO-b- 

PMPC-b-PNIPAm) and proposed the formation of a micellar network with segregated 

PPO and PNIPAm cores. However, no morphological characterization was reported in 

this study.
15

 Recently, Taribagil et al. investigated the morphology of a 

compartmentalized hydrogel from a telechelic poly(ethylene oxide) (PEO) end-capped 

with mutually incompatible hydrophobic blocks (poly(1,2-butadiene) (PB) and 

poly(perfluoropropylene oxide) (PFPO)), and revealed a bicontinuous structure 

composed of PFPO disks distributed within a hydrophobic PB sheet covered by 

hydrophilic PEO brushes, by cryogenic scanning electron microscopy (cryo-SEM) and 

SANS experiments.
16, 17

 

In Chapter 3, we reported the gelation behavior of poly(ethylene-alt- 

propylene)-b-poly(ethylene oxide)-b-poly(N-isopropylacrylamide) (PON) triblock 

terpolymers.
18

 The terpolymers form micelles in water at low temperatures with 

hydrophobic PEP cores surrounded by hydrophilic PEO-PNIPAm coronae. These 

micelles associate to form a hydrogel upon heating above the LCST of PNIPAm. The 

separation of micellization and gelation leads to the formation of a two-compartment 

network with a very high fraction of bridging conformations for the PEO midblocks. 

Therefore, gelation can be achieved at a much lower concentration, with a much sharper 

sol−gel transition, as compared to poly(N-isopropylacrylamide)-b-poly(ethylene 
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oxide)-b-poly(N-isopropylacrylamide) (NON) triblock copolymer hydrogels. The 

formation of two discrete PEP and PNIPAm hydrophobic domains in the hydrogel 

network is crucial for the preparation of compartmentized hydrogels with improved 

gelation properties. However, this interpretation is just a hypothesis, and not yet proved. 

In this chapter, we will present a detailed morphological characterization on the aqueous 

solutions of PON triblock terpolymers over the concentration range of 1−5 wt% at 

varying temperatures, and demonstrate that PON terpolymers form two-compartment 

hydrogels with discrete spherical PEP and PNIPAm micelles in water upon heating above 

the LCST of PNIPAm. 

 

4.2 Experimental Section 

4.2.1 Materials 

We prepared two triblock terpolymers: PON with a normal PNIPAm block and 

PONd7 with a deuterated PNIPAm block (Scheme 4.1). PON with a normal PNIPAm 

block was prepared using a combination of anionic and reversible addition-fragmentation 

chain transfer (RAFT) polymerizations (see Chapter 2).
19

 PONd7 with a deuterated 

PNIPAm block was synthesized following the same protocol using 

d7-N-isopropylacrylamide to grow the dPNIPAm block. The product of each reaction step 

was confirmed by 
1
H NMR spectroscopy and characterized by size exclusion 

chromatography (SEC) (Figure 4.1). In the elugram, some amount of tailing is observed 

for PON samples. The light scattering results confirmed that the tailing corresponded to 

the signals from PON triblocks instead of PO diblocks, suggesting that the apparent 

broadening is likely due to the interaction between PNIPAm and the column materials in 
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THF without amine additives. Samples investigated in this work are listed in Table 4.1 

along with the molecular characteristics. 

 

Scheme 4.1 Chemical structure of PON and PONd7 triblock terpolymers 

 

 

 

Figure 4.1 SEC traces of PO, PO-CTA, PON(3-25-10), PONd7(3-25-11). THF was used 

as the eluting solvent at a flow rate of 1.0 mL/min. 
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Table 4.1 Molecular parameters of PON and PONd7 triblock terpolymers 

Sample
a
 NPEP

b
 NPEO

b
 NPNIPAm

b
 fPEP

c
 fPEO

c
 fPNIPAm

c
 Đ

d
 

PON(3-25-10) 45 565 89 0.11 0.63 0.26 1.09 

PONd7(3-25-11) 45 565 95 0.10 0.62 0.28 1.11 

a
 The numbers in the parentheses correspond to the molar masses of PEP, PEO, and 

PNIPAm(dPNIPAm), respectively, in kg mol
–1

 as determined by 
1
H NMR 

spectroscopy. 
b
 Number average degree of polymerization as determined by 

1
H NMR 

spectroscopy. 
c
 The volume fraction was calculated using the molecular weight and the 

RT densities: ρ(PEP) = 0.856 g/cm
3
,
20

 ρ(PEO) = 1.12 g/cm
3
, 

21
 and ρ(PNIPAm) = 1.07 

g/cm
3
.
22

 
d
 The dispersity was measured by SEC equipped with both light scattering and 

refractive index detectors with THF as the eluting solvent. 

 

4.2.2 Solution Preparation 

All the polymer solutions were prepared by the thin-film hydration method. 

Appropriate amounts of bulk polymer were dissolved in CH2Cl2, followed by evaporation 

of the solvent to yield a thin film on the walls of the vial. The thin film was then hydrated 

with a defined amount of water or heavy water, and the resulting mixture was stirred at 

room temperature for at least 1 month before further characterization. Water (H2O, 

Chromasolv grade) was used as solvent for cryogenic scanning electron microscopy 

(cryo-SEM) and cryogenic transmission electron microscopy (cryo-TEM) experiments. 

For small-angle neutron scattering (SANS) experiments, heavy water (D2O, 99.9% D, 

Cambridge Isotopes) or mixtures of water and heavy water with compositions varying 
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according to the desired contrast match, were used as solvents. 

 

4.2.3 Cryogenic Scanning Electron Microscopy (cryo-SEM) 

Cryo-SEM experiments were conducted on the 5 wt% PON sample following a 

reported protocol.
16, 23, 24

 A small amount of sample was sandwiched between two 

“freezing hats” (each about 100 μm deep). The sandwiched sample was left at 25 °C or 

heated at 50 °C for 10 minutes in the chamber of a Bal-Tec HPM 010 high pressure 

freezing machine and rapidly frozen at the operating pressure of 2100 bar. The frozen 

sample was then transferred into a liquid nitrogen bath and pried open with a scalpel to 

fracture the sample, exposing its interior. Vitrified water near the surface and a few 

micrometers deep into the sample was then partially sublimed in a Balzers MED 010 

freeze-drying and sputtering device at –105 °C and ∼2×10
–9

 bar for about 5 min. The 

exposed surface was then coated with an 8 nm thick conducting layer of platinum at 

–130 °C. The coated sample was transferred into a Hitachi S900 scanning electron 

microscope, maintained at about –175 °C, and examined at a low acceleration voltage of 

2 keV to avoid excessive charging and radiation damage of the areas imaged.  

 

4.2.4 Cryogenic Transmission Electron Microscopy (cryo-TEM) 

Cryo-TEM experiments were conducted on 1 wt% and 2 wt % PON aqueous 

solutions. Vitrified samples were prepared using an FEI Vitrobot Mark III automated 

vitrification device. The aqueous solutions were left at 25 °C or heated in an oil bath at 

50 °C for 10 minutes and then rapidly applied to the lacey Formvar carbon-supported 

TEM grid within the climate chamber of the Vitrobot system, where the temperature was 
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kept at 25 °C or 50 °C and the relative humidity was kept at 100%. The excess solution 

was blotted with a piece of filter paper, resulting in the formation of thin films with 

thicknesses of ca. 100–300 nm in the mesh holes. The samples were quickly plunged into 

a reservoir of liquid ethane cooled by liquid nitrogen. The vitrified samples were then 

stored in liquid nitrogen until they were transferred to a cryogenic sample holder and 

examined with an FEI Technai Spirit BioTWIN transmission electron microscope with an 

Eagle CCD camera operated at an acceleration voltage of 120 kV at about –178 °C. The 

phase contrast was enhanced by acquiring images at a nominal underfocus of 10–15 μm. 

 

4.2.5 Small-Angle Neutron Scattering (SANS) 

SANS experiments were conducted on aqueous samples of PON and PONd7 over the 

concentration range of 1–5 wt%. Contrast matching was used to gain detailed information 

about individual components in multicomponent mixtures. Contrast matching involves 

choosing a solvent environment with scattering length density (ρ*) equal to that of the 

component to be contrast matched. This renders that particular component invisible to 

neutrons and enables getting better resolvable information about other components. For 

aqueous systems, this is done by mixing water (ρ* = –5.6×10
9 

cm
–2

) and heavy water (ρ* 

= 6.36×10
10 

cm
–2

). The scattering length density of the mixture is given by the sum of the 

scattering length densities of water and heavy water weighted by their volume fractions 

(=∑ϕi ρi*). Solutions of PON were prepared in D2O, as the scattering length densities of 

PEP (ρ* = –3.06×10
9
 cm

–2
), PEO (ρ* = 6.34×10

9
 cm

–2
) and PNIPAm (ρ* = 7.92×10

9
 cm

–2
) 

are not very different. The PONd7 samples were prepared under two contrast matched 

conditions, namely PEP contrast matched (96% vol% H2O) and zero mean contrast 
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(67.5% vol% H2O). Figure 4.2 shows the dependence of the scattering intensity equation 

prefactor ((∆b)
2
cMw) for the individual block in PONd7(3-25-11) on composition of 

H2O/D2O mixtures, where c and Mw are the concentration and molecular weight of the 

polymer, respectively, and ∆b is the difference between the scattering lengths of the 

polymer and the solvent.
16

 The prefactor signifies the scattering intensity of the polymer 

without consideration of size, shape or structural correlations and provides a quick 

estimate of the scattering intensities for the polymer with changing solvent composition. 

The dip in the curve indicates a contrast matched condition where the coherent scattering 

capacity of the specific polymer is matched with that of the solvent. It can be seen that 

under PEP contrast matched condition (96% vol% H2O), the deuterated PNIPAm block is 

the dominant scatterer. Zero mean contrast condition (67.5% vol% H2O) indicates that the 

scattering length density of the solvent equals that of the triblock as a whole, instead of 

the individual blocks. 
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Figure 4.2 Dependence of scattering intensity equation prefactor ((∆b)
2
cMw) on 

composition of H2O/D2O mixtures for PEP, PEO and dPNIPAm, the individual blocks of 

the 5 wt% aqueous solution of PONd7(3-25-11). The two arrows indicate two contrast 

matched conditions: PEP contrast matched (96% vol% H2O) and zero mean contrast 

(67.5% vol% H2O). 

 

The scattering experiments were performed at the National Institute of Standards 

and Technology (NIST) on the NG-7 30 m instrument of the Cold Neutron Research 

Facility.
25

 A neutron wavelength of 7 Å or 8 Å was used in conjunction with detector 

distances of 1, 3, 13 and 15 m to cover scattering wave vectors from 0.001 to 0.3 Å
–1

. The 

samples were loaded into NIST sample cells with a path length of 1 mm and heated at 

each desired discrete temperature for 5 minutes before taking the measurements. Using 

Igor Pro Macros, the resulting data were corrected for background, nonuniform detector 
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efficiency, empty cell scattering, and sample transmission. The scattering intensities were 

then scaled to absolute values on the basis of direct beam flux measurements.
26

 

 

4.3 Results and Discussion 

4.3.1 Structural Characterization by Cryo-SEM and Cryo-TEM 

Cryo-SEM images of the 5 wt% PON(3-25-10) sample prepared at 25 °C and 50 °C 

are shown in Figure 4.3. The sample at 25 °C shows an array of spherical objects with 

radii in the range of 50–70 nm (Figure 4.3a). This is consistent with the formation of 

spherical micelles with PEP core and PEO-PNIPAm corona at room temperature. 

Quantitative determination of the size of PEP cores from this dimension is complicated 

by the presence of a ca. 8 nm platinum coat, and the difficulty in discriminating the core 

versus corona. Thus it is not considered further here. The cryo-SEM analysis at 50 °C 

reveals a network structure, with a significant number of voids (i.e., water-filled 

chambers) (Figure 4.3b). The typical dimension of these voids is 200–300 nm. The higher 

magnification image shows clusters of spheres with diameters in the range of 20–30 nm 

(Figures 4.3c). This dimension includes the ca. 8 nm thick platinum coat and 

contributions primarily from the hydrophobic cores (PEP or PNIPAm). Therefore, the 

radius of the hydrophobic cores can be estimated to be between 5–10 nm. However, all 

the spheres in Figure 4.3c appeared to be very similar. Thus whether the micellar network 

contains two different hydrophobic domains (PEP and PNIPAm) or not cannot be verified. 

Overall, our cryo-SEM results suggest that the PON hydrogels formed at elevated 

temperatures are consisting of networks of spherical micelles, with the presence of large 

voids. 
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Figure 4.3 Cryo-SEM images of the 5 wt% PON(3-25-10) sample prepared at (a) 

25 °C, (b) 50 °C and (c) 50 °C. 

 

Cryo-TEM images of the 1 wt% PON(3-25-10) sample prepared at 25 °C and 50 °C 

are shown in Figure 4.4. In Figure 4.4a, the sample was vitrified after annealing at 25 °C, 

that is, below the gel temperature. The spherical PEP micellar cores with liquid-like 

arrangement are clearly visible (Rc ≈ 8 ± 2 nm). The same solution gave the image shown 

in Figure 4.4b after annealing at 50 °C, in the gel state. A 3-4 fold increase in the number 

of micellar cores is clearly evident, thereby suggesting the formation of a different 

micellar core (PNIPAm), which leads to the two-compartment network structure. The 

average micellar core radii (Rc ≈ 9 ± 2 nm) have a comparable value with that at 25 °C, in 

the micelle state, indicating that PNIPAm micelles have similar core radii to PEP micelles. 

Based on the assumption that PNIPAm and PEP micelles have comparable core radii, the 

ratio of PNIPAm to PEP volume fractions suggests that there should be 2-3 times more 

PNIPAm cores, roughly consistent with our cryo-TEM observation. It is worth noting that 

increasing the polymer concentration to 2 wt% gave almost identical results at both 25 °C 

and 50 °C (Figure 4.5). 
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Figure 4.4 Cryo-TEM images of the 1 wt% PON(3-25-10) sample prepared at (a) 

25 °C and (b) 50 °C. 

 

  

Figure 4.5 Cryo-TEM images of the 2 wt% PON(3-25-10) sample prepared at (a) 

25 °C and (b) 50 °C. 

 

On the basis of these observations, we proposed the morphology of the 
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two-compartment micellar network for PON hydrogels as illustrated in Figure 4.6, in 

which both PEP and PNIPAm form spherical micelles, bridged by PEO chains to give the 

two-compartment gel phase, with water-filled voids forming the other phase. The 

presence of voids is due to the low polymer concentration (1–5 wt%) used in this work, 

consistent with optical turbidity (see Figure 3.3 in Chapter 3). At such low polymer 

concentrations, there is insufficient material to permeate the entire sample volume at the 

preferred midblock extension, leading to large scale heterogeneity. The heterogeneities 

give rise to local pockets of water, which appear as voids upon sublimation of the water 

in the cryo-SEM experiments.  

 

 

Figure 4.6 Proposed morphology of the two-compartment network for PON hydrogels. 

 

4.3.2 Structural Characterization by SANS 

SANS measurements were performed to assess the viability of the two-compartment 

morphology depicted in Figure 4.6. The SANS intensity profiles of PON(3-25-10) 

samples in D2O with varying polymer concentrations from 1 wt% to 5 wt% at three 

different temperatures are shown in Figure 4.7. At 27 °C, PON solutions show scattering 

curves that are typical for block copolymer micelles. The scattering peak of ~0.009 Å
–1

, 
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evident at the concentration of 5 wt%, is not present at lower polymer concentrations of 2 

wt% and 1 wt%. This is consistent with the presence of a spatial correlation between 

micelles at high concentrations. Upon heating above the gelation temperature, for 

example, at 46 °C and 55 °C, in the gel state, a upturn in intensity at low q with two 

scattering peaks at ~0.01 Å
–1

 and ~0.02 Å
–1

 was observed at all three concentrations. The 

low-q upturn is consistent with the large voids (water-filled chambers) revealed in the 

cryo-SEM. The two scattering peaks, corresponding to two different spatial correlations 

between micelles, suggest the presence of two different micelles instead of one type of 

micelle.  
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Figure 4.7 SANS intensity profiles obtained for (a) 1 wt%, (b) 2 wt% and (c) 5 wt% 

PON(3-25-10) samples in D2O measured at three different temperatures. For clarity, the 

intensity data for higher temperatures have been shifted vertically: 46 °C (×10), 55 °C 

(×10
2
). The open black circles represent experimental data, while the red curves represent 

model fittings detailed in the text. 

 

We used the block copolymer micelle model developed by Pedersen and co-workers 

to fit the intensity profiles of PON micelles at room temperature. The total coherent 

scattering intensity is expressed as a function of a micelle form factor and a monodisperse 

hard sphere structure factor.
27-31

 

 cc dRqSqAqPRDqI )]1)([))(()()(()( 2

micmic   (4-1) 

where Pmic(q) is the scattering form factor for a micelle consisting of a spherical core and 

Gaussian corona chains attached to the core surface, Amic(q) is the form factor amplitude 

of the radial scattering length distribution of the micelle, S(q) is the monodisperse hard 

sphere structure factor, and D(Rc) is the Gaussian distribution for core radii. 

Four terms are considered for Pmic(q): the self-correlation of the core, the 

self-correlation of the corona chains, the cross term between the sphere and the corona 

chains, and the cross term between different corona chains. 
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Here q is the scattering vector, Nagg is the aggregation number, and βcore and βcorona are 

total excess scattering lengths of core and corona blocks, respectively. They are defined 

as βcore = υcore (ρcore – ρsolvent) and βcorona = υcorona (ρcorona – ρsolvent), where υcore and υcorona are 
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the volumes of core and corona chains, respectively. Also, ρcore, ρcorona and ρsolvent are the 

scattering length densities of core block, corona block and solvent, respectively.  

The first term is the self-correlation of the spherical core with radius Rc and a 

smoothly decaying scattering length density at the core-corona interface. Acore
2
(q) is given 

by 

 )exp()()( 2

int

2

C

22

core qqRqA   (4-3) 

where Φ(x) = 3[sin(x) – xcos(x)]/x
3
 is the hard sphere form factor and σint takes into 

account the smoothly decaying density at the interface and represents the width of 

interface between core and corona.  

The second term is the self-correlation of the corona chains, which is approximated 

by a Debye function where the chains are considered as Gaussian chains with radius of 

gyration Rg. Pchain(q) is given by 
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The last two terms are the cross term between core and corona and between corona 

chains, respectively. Both terms includes the form factor of the corona chains which is 

given as the normalized Fourier transform of the radial density distribution function of 

the corona chains (ρcorona(r)) 
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A linear combination of two partial cubic b spline functions was chosen for ρcorona(r), as 

explained elsewhere.
29, 32

  

The form factor amplitude of the radial scattering length distribution of the micelle 
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(Amic(q)) is given by 

 ))()(()( coronacoronacorecoreaggmic qAqANqA    (4-6) 

The structure factor (S(q)) is described by a hard-sphere interaction model that 

considers short range repulsions between hard spheres of radius (Rhs). It is given by 
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where G is a trigonometric function of x = 2qRhs and the hard sphere volume fraction (η) 
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where α = (1+2η)
2
/(1−η)

4
, β = −6η(1+η/2)

2
/(1−η)

4
, and γ = 1/2η(1+2η)

2
/(1−η)

4
. 

The polydispersity in micelle size was accounted for by a Gaussian distribution for 

core radii: 
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where <RC> is the average radius and σR is the width of distribution truncated at RC = 0.  

In all, eight parameters could be adjusted in the fits: the core radius (Rc), the radius 

of gyration of the corona chains (Rg), the width of the core-corona interface (σint), the 

width of the distribution for the core radius (σR), two terms (a1, s) in the cubic b spline 

function for the corona term, the hard sphere radius (Rhs) and the hard sphere volume 

fraction (ηhs).  

The model fitting was performed using IGOR Pro software. Rc was fixed at 8 nm, as 

determined by cryo-TEM. As the scattering length densities of PEO (ρ* = 6.34×10
9
 cm

–2
) 

and PNIPAm (ρ* = 7.92×10
9
 cm

–2
) are very close, we used the average scattering length 
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density of 6.81×10
9
 cm

–2 
for PEO-PNIPAm coronae. As shown in Figure 4.7, the 

intensity profiles of PON micelles at 25 °C were successfully fitted using the above 

mentioned model, and all of the fitting parameters are summarized in Table 4.2. As stated 

in the model, the hard spheres radius (Rhs) should be strictly equal to half the minimum 

micellar center-to-center distance, which is the reciprocal of the scattering peak position 

q*. The peak position for the 5 wt % solution (~0.009 Å
–1

) corresponds to a micellar 

center-to-center distance of ~70 nm. This distance is approximately twice the hard sphere 

radius (Rhs = 30–33 nm) derived from the model fittings, suggesting the validity of our 

fitting results. As the hard sphere radius remains nearly invariant with increasing polymer 

concentration, the hard sphere volume fraction should be approximately proportional to 

polymer weight fraction. However, the hard sphere volume fraction increases from 0.20 

to 0.26, which is less than twice, when increasing polymer weight fraction from 1 wt% to 

2 wt%. The same trend holds as the concentration is raised from 2 wt% to 5wt%. This is 

likely due to the limitation of hard sphere (excluded volume) interactions for describing 

the structure factor in the higher concentration samples, noting that the model fittings 

become progressively worse in the low-q region on increasing polymer concentration.  

 

Table 4.2 Fitting parameters for PON(3-25-10) micelles in D2O at room temperature 

Conc. R
c 
(nm) σ

int
(nm) σ

R 
(nm) Rg (nm) a1 s (nm) R

hs
(nm) η

hs
 

1 wt% 8.0 2.5 0.1 9.5 0.27 41 30 0.20 

2 wt% 8.0 2.5 0.2 9.5 0.34 44 33 0.26 

5 wt% 8.0 1.7 0.2 9.1 0.29 39 31 0.37 
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Based on the hydrogel structure shown in Figure 4.6, there are three individual 

contributions to the scattering: the low-q scattering resulting from spatial heterogeneities, 

form factors and structure factors for PEP and PNIPAm micellar cores, and high-q 

scattering from PEO chains. The total scattering intensity of PON hydrogels is then given 

by 
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The first term in equation 4-10 represents the scattering intensity from the 

hydrophobic PEP and PNIPAm domains in the gel phase. This is treated as a binary 

mixture of smooth spheres. In this term, n is the number density of spheres, P(q) is the 

sphere form factor, and A(q) is the form factor amplitude, given by: 
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where Φ(x) = 3[sin(x) – xcos(x)]/x
3
 is the hard sphere form factor and σint takes into 

account the smoothly decaying density at the surface and represents the width of interface 

between core and corona. S11(q), S12(q) and S22(q) are the inter-particle structure factors 

describing the correlation between 1-1, 1-2 and 2-2 spheres. As PEP spheres are 

presumably surrounded by PNIPAm spheres and vice versa, they are not packed 

randomly. Therefore, the structure factors for binary spheres interacting through hard 

sphere interactions cannot be used here.
33

 To model the alternating feature of the two 

spheres, a sticky hard sphere structure factor (inter-particle structure factors for spheres 

with a narrow attractive well) was adopted.
34-36

 In the sticky hard sphere model, 
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short-range repulsion between spheres is accounted for by the hard sphere radius (Rhs). 

Short-range attraction is accounted for by an adhesion energy between opposite sphere 

types. A-B contacts can be favored over A-A and B-B contacts, by adding an attractive 

adhesion between the spheres. The interaction potential is given by 
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where Di,j is the hard sphere diameter, Δi,j is the width of the square well and u0 is the 

depth of the well, in units of kT. The strength of the attractive well is described in terms 

of "stickiness", τ, as defined below: 
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 (4-13) 

The stickiness can be varied to adjust the interaction strength, and therefore used as a 

fitting parameter. The binary sticky structure factors were calculated using the formulae 

described by Bergenholtz and coworkers.
35

  

The second term corresponds to the high-q scattering of PEO chains. This is fitted to 

a/q
2
 + I, which is consistent with scattering from the polymer chains (tail of the Debye 

function) plus an incoherent background. 

The third term stands for the low-q scattering resulting from the spatial 

heterogeneities of the samples, and is fitted empirically as b*exp(–q
2
*Rint

2
)/q

2
, where Rint 

is the length-scale below which the gel is uniform. Given the difficulty in accurately 

estimating and subtracting the incoherent background scattering, a small background 

term (Iincoherent) is included in equation 4-10. 
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In all, eleven parameters could be adjusted in the fits: the core radii of PEP and 

PNIPAm (Rc), width of the core-corona interface for PEP and PNIPAm micelles (σint), the 

hard sphere volume fraction of PEP and PNIPAm spheres (ηhs), interaction potential 

between PEP and PNIPAm spheres (stickiness, τ), fraction of H2O in the gel phase, two 

prefactors for both the high-q scattering and low-q scattering (a, b), and Rint. 

The model fitting was performed using Matlab software. Rc(PEP) and σint(PEP) were 

fixed at 8 nm and 2.4nm, respectively, as determined by cryo-TEM and SANS analysis of 

PON micelles. The range of Rc(PNIPAm) was set between 7.5–10 nm as the cryo-TEM 

observation suggests that PNIPAm micelles have similar or slightly larger core radii in 

comparison to PEP micelles. As shown in Figure 4.7, the intensity profiles of PON 

hydrogels at both 46 °C and 55 °C can be successfully fitted using the proposed 

scattering equation 4-10. The individual scattering contributions from each term of 

equation 4-10 for a representative PON sample are displayed in Figure 4.8. All of the 

fitting parameters are listed in Table 4.3. The two prefactors (a, b) have no physical 

meaning, and thus are not reported here. Rint has a common value of ~20 nm for all the 

PON hydrogel samples and thus is not presented in Table 4.3.  
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Figure 4.8 SANS intensity profiles obtained for 2 wt% PON(3-25-10) in D2O measured 

at 46 °C. The open circles are experimental data, and the solid curves are model fitting 

results represent the individual scattering contributions from the first term (PEP and 

PNIPAm micelles), second term (high-q scattering), third term (low-q scattering) and 

forth term (incoherent background) in equation 4-10. 
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Table 4.3 Fitting parameters for PON(3-25-10) hydrogels in D2O 

Concentration 1 wt% 2 wt% 5 wt% 

Temperature (°C) 46 55 46 55 46 55 

Rc(PNIPAm) (nm) 8.6 9.6 8.5 9.5 8.9 9.6 

σ
int

(PNIPAm) (nm) 3.3 2.7 3.2 2.7 3.1 2.0 

Fraction of H
2
O in gel 63% 31% 100% 40% 100% 88% 

η
hs

(PEP)
 

 10%  3% 15% 4% 20% 5% 

η
hs

(PNIPAm)
 

 26% 17% 30% 28% 43% 33% 

Micelle attraction (τ)  13 19 11 12 10 13 

n(PNIPAm)/n(PEP)
a
 1.9 1.3 2.0 1.4 1.7 1.3 

a
 Number of PNIPAm micelles relative to PEP micelles, as determined from 

Rc(PNIPAm). 

 

We observed a slight increase in the core radius of PNIPAm along with a small 

decrease in core-corona interface thickness at all three concentrations when PON samples 

were heated from 46 °C, which is just a few degree above the critical gelation 

temperature (Tgel, 42 °C) to higher temperatures, for example, 55 °C. PNIPAm becomes 

progressively more hydrophobic upon heating across and above the LCST, and the 

relatively higher hydrophobicity at 55 °C leads to the larger aggregation number (larger 

core radius) and less diffuse interface (smaller core-corona interface thickness) for 

PNIPAm micelles. This is consistent with our variable-temperature 
1
H NMR results of 

the same PON triblock solution, in which continuous dehydration of the PNIPAm block 



117 

occurred on heating at and above the Tgel (see Chapter 2). In addition, the fraction of 

water in the gel phase drops significantly upon heating from 46 °C to 55 °C. This is likely 

due to the LCST phase behavior of PEO in water and the syneresis of PNIPAm above the 

LCST, consistent with a number of reports concerning PNIPAm-containing block 

copolymers.
37, 38

 This trend is reversed on increasing the concentration at both 46 °C and 

55 °C, as expected from the factor that the heterogeneity decreases with increasing 

polymer concentration (see Chapter 2). It is also worth noting that no difference was 

observed for the size and interface thickness of PNIPAm spheres with varying 

concentration. 

The number of PNIPAm micelles relative to PEP micelles, as determined from 

Rc(PNIPAm), is given by:  

 

3

c

3

PNIPAm c

(PNIPAm)(PNIPAm)

(PEP) (PEP)

PEOf Rn

n f R
   (4-14) 

This ratio was estimated to be ~2 at 46 °C, and decreased to ~1.5 at 55 °C, which is 

slightly smaller than the suggested value (2-3) at 50 °C by cryo-TEM analysis. Given that 

nine parameters were included in the fitting procedure, such small disagreement should 

not affect the validity of our model equation. 

Overall, the SANS analysis of PON(3-25-10) samples supports the 

two-compartment network structure proposed in Figure 4.6. However, the exact structural 

information for the individual blocks, especially PNIPAm, cannot be identified separately 

because the scattering length densities of PEP, PEO and PNIPAm are not very different 

and they contribute comparably to the total incoherent scattering. Therefore, we prepared 

a PONd7 triblock with a deuterated PNIPAm block (dPNIPAm) and performed SANS 
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experiments under two different contrast matched conditions, namely PEP contrast 

matched (96% vol% H2O) and zero mean contrast (67.5% vol% H2O), to exact the size, 

shape and packing of the PNIPAm domains.  

When the PEP is contrast matched, the scattering is dominated by the deuterated 

PNIPAm block (Figure 4.2), and therefore the structural change of PNIPAm upon heating 

from the micelle to gel state should be easily resolvable. The SANS intensity profiles of 

PONd7(3-25-11) samples under PEP matched conditions at both the micelle (25 °C) and 

gel state (55 °C) are shown in Figure 4.9. The appearance of a single scattering peak of 

~0.016 Å
–1 

with a small shoulder
 
on heating is consistent with the conversion of 

dPNIPAm from Gaussian chains in the corona to micellar cores, and can be fitted using 

the model equation 4-10 with parameters listed in Table 4.4. It should be noted that the 

core radii of dPNIPAm micelles are ~8 nm, irrespective of concentration, a reasonable 

value as expected from the cryo-TEM and SANS analysis of PON triblock samples. 
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Figure 4.9 SANS intensity profiles obtained for (a) 1 wt%, (b) 2 wt% and (c) 5 wt% 

PONd7(3-25-11) samples in 96 vol% H2O (PEP contrast matched) measured at 25 °C and 

55 °C. For clarity, the intensity data at 55 °C have been shifted vertically: 55 °C (×10). 

The open black circles represent experimental data, while the red curves represent model 

fits. 

 

Table 4.4 Fitting parameters for PONd7(3-25-11) hydrogels at 55 °C 

Condition PEP contrast matched Zero mean contrast 

Concentration 1 w% 2 wt% 5 wt% 1 w% 2 wt% 5 wt% 

Rc(dPNIPAm) (nm) 7.5 7.6 8.0 7.6 7.7 8.0 

σ
int

(dPNIPAm) (nm) 3.8 3.9 3.5 4.2 3.8 3.5 

Fraction of H
2
O in gel 21% 31% 57% 30% 45% 98% 

η
hs

(PEP)
 

 2% 3% 6% 5% 10% 11% 

η
hs

(dPNIPAm)
 

 11% 20% 21% 15% 18% 26% 

Micelle attraction (τ)  18 11 5 12 12 12 

n(dPNIPAm)/n(PEP)
a
 3.3 3.3 2.8 3.3 3.1 2.8 

a
 Number of dPNIPAm micelles relative to PEP micelles, as determined from 

Rc(dPNIPAm). 

 

The zero mean contrast signal is also informative, since the absence of scattering at 

low-q would help establish that the PNIPAm really forms 0D, spherical micelles rather 

than 1D worms, 2D sheets or 3D networks. The SANS intensity profiles of 
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PONd7(3-25-11) samples under zero mean contrast conditions are shown in Figure 4.10. 

The low-q upturn was not observed for PONd7(3-25-11) hydrogels at all three 

concentration, confirming the formation of spherical PNIPAm micelles in the gel state. 

Again, we obtained reasonable agreement between experimental data and the model 

fitting results using equation 4-10 with PNIPAm core radii of ~8 nm (Table 4.4). 
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Figure 4.10 SANS intensity profiles obtained for (a) 1 wt%, (b) 2 wt% and (c) 5 wt% 

PONd7(3-25-11) samples in 67.5 vol% H2O (zero mean contrast) measured at 25 and 

55 °C. For clarity, the intensity data at 55 °C have been shifted vertically: 55 °C (×10). 

The open black circles represent experimental data, while the red curves represent model 

fits. 

 

4.4 Summary 

In conclusion, we investigated the morphology of PON micelles and hydrogels using 

a combination of microscopy and scattering experiments. The cryo-SEM and cryo-TEM 

analysis suggest that PON triblocks form spherical micelles with PEP core and 

PEO-PNIPAm corona at room temperature and two-compartment micellar networks, in 

which both PEP and PNIPAm form spherical micelles, bridged by PEO chains with the 

presence of water-filled voids, upon heating above the critical gelation temperature. The 

formation of two discrete spherical PEP and PNIPAm hydrophobic domains in the 

micellar network is further confirmed by SANS experiments of PON triblocks with a 
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normal PNIPAm and a deuterated PNIPAm block. This study confirms our assumption 

that ABC triblocks with two immiscible, hydrophobic endblocks are beneficial for 

hydrogel formation, resulting from the formation of two-compartment networks with 

exclusively bridging conformations for the midblocks. Therefore it could help guide the 

design and development of new physically associated hydrogels with enhanced 

performance. 
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Chapter 5 

Micellar Aggregation and Gelation of PO(N/A) 

Triblock Terpolymers in Water
*
 

 

5.1 Introduction 

 Stimuli responsive polymers, which can alter their solubility and conformations 

according to temperature, pH, ionic strength, light, electric or magnetic fields, are of great 

interest for biomedical and other applications.
1-8

 For example, such polymers can form 

surfaces whose adhesion or wetting properties are modulated by changes in the 

environment, and therefore can be used in the design of novel chromatographic stationary 

phases,
9-13

 substrates for reversible protein and cell attachment,
14-17

 and tissue 

engineering scaffolds.
18, 19

 They are also useful in designing self assembling and stimulus 

triggered controlled drug release systems.
20, 21

 

Temperature is a commonly exploited environmental stimulus, and polymers whose 

conformations and phase behaviors are significantly altered between room temperature 

(25 °C) and human physiological temperature (37 °C) have received considerable 

                                                             

*
 This chapter describes the outcome of a collaborative research project carried out by 

Isha Koonar and Can Zhou and advised by Ronald A. Siegel, Marc A. Hillmyer and 

Timothy P. Lodge. A report on this research project has been published (Koonar, I.; Zhou, 

C.; Hillmyer, M. A.; Lodge, T. P.; Siegel, R. A. Langmuir 2012, 28, 17785-17794). 
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attention. Of these, poly(N-isopropyl acrylamide) (PNIPAm), which exhibits a convenient 

lower critical solution temperature (LCST) at 32 °C in water, is one of the most widely 

studied.
21-24

 When PNIPAm is combined with other monomers or polymers, 

temperature-driven self assembly into a variety of structures is possible. 

Thermoresponsive ABA triblocks with PNIPAm end blocks have been shown to associate 

into micellar colloidal assemblies in aqueous solutions above the LCST.
25-28

  In one 

study, Armes and co-workers observed micellization in dilute aqueous solutions of 

PNIPAm-b-poly(2-methacryloyloxyethyl phosphorylcholine)-b-PNIPAm (PNIPAm-b- 

PMPC-b-PNIPAm) on increasing temperature above 33 °C. In more concentrated 

solutions (>6.5 wt%), intermicellar association of PNIPAm chains led to reversible, 

physical gelation.
26

 Recently, PNIPAm containing ABC triblock polymers have been 

investigated as stimuli responsive gelators.
29-31

 Because of the distinct end domains, the 

ABC architecture may have an advantage over the ABA architecture due to greater 

efficiency of inter-micelle interactions, especially at low concentrations.
32

 The ABC 

architecture can suppress elastically ineffective looping conformations of the midblock.
33

 

For example, we compared the gelation behavior of an ABC triblock terpolymer, 

poly(ethylene-alt-propylene)-b-poly(ethylene oxide)-b-poly(N-isopropylacrylamide) 

(PON) with the corresponding ABA triblock copolymer PNIPAm-b-PEO-b-PNIPAm 

(NON), and found that the ABC triblock polymer undergoes a much sharper sol-gel 

transition, at significantly lower concentrations.
34

 

It is desirable to have other variables besides temperature to control the polymer 

assembly process. In many biomedical applications, for example, the transition may be 

required to occur at a prescribed temperature. Interestingly, thermal transitions can be 
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converted to transitions based on other stimuli if suitable monomers are incorporated into 

a thermally responsive polymer.
35

 Changes in the charge or conformational state of these 

stimuli-responsive monomers can tune the LCST above or below the temperature set 

point.
36, 37

 In the present work, we are interested in converting the temperature sensitivity 

of PNIPAm-containing triblocks into pH-sensitivity, due to changes in monomer 

polarity
36

 and the contribution of counterion entropy to the free energy balance when the 

polymer is charged.
38

 Joint temperature and pH-mediated self assembly can be 

investigated either by fixing temperature and varying pH or by fixing pH and varying 

temperature.
39

 

Acrylic acid (AA) is frequently used to render polymers pH-sensitive.
40

 It is well 

known that pH and temperature effects can be played off one another by copolymerizing 

NIPAm and AA, with the LCST increasing with increasing ionization of AA.
41-44

 These 

monomers have been combined to form block, graft and statistical copolymers, the last 

being the most widely investigated. For example, Wu et al.
45

 reported that 

P(NIPAm-co-AA) random copolymers aggregated to form colloidal nanoparticles when 

heated to a temperature higher than the LCST of PNIPAm, with the aggregation 

temperature increasing with increasing AA fraction. Bokias et al.
46, 47

 studied the solution 

properties of P(NIPAm-co-AA) random copolymers and showed that the cloud point of 

PNIPAm increased even with low amounts of AA substitution (5 mol%), and with 

increasing neutralization of AA groups by NaOH. Microgels of P(NIPAm-co-AA) were 

studied by Snowden and coworkers,
48

 who observed increased transition temperature and 

hydrodynamic diameter with increasing pH. This work corroborated results obtained 

earlier in hydrogels of more macroscopic dimensions.
49, 50

 P(NIPAm-co-AA) hydrogels, 
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in which the LCST and gel swelling are affected by the AA fraction in the copolymer, 

have been studied as controlled release systems for enteric drug delivery
51

 and as 

artificial matrices for tissue engineering.
19

  

In this chapter, we report the dual pH- and temperature-sensitive self-assembly of 

poly(ethylene-alt-propylene)-b-poly(ethylene oxide)-b-poly(N-isopropylacrylamide-co- 

acrylic acid) (PEP-b-PEO-b-P(NIPAm-co-AA), PO(N/A)) triblock terpolymers in which 

the PNIPAm block contains a small fraction of AA monomers in water.
52

 These triblocks 

self assemble into micelles with PEP cores and PEO-P(NIPAm-co-AA) coronae at room 

temperature. Aggregation of these micelles in dilute solutions upon heating is modulated 

by coronal solubility, which in turn is affected by both temperature and pH. Micellar 

aggregation at higher polymer concentrations leads to gelation and solid-like rheological 

properties. This work may be regarded as a natural extension of our previous 

investigations with PON,
34, 53

 since we now augment the latter’s thermosensitivity with 

pH-sensitivity.  

 

5.2 Experimental Section 

5.2.1 Materials  

All chemicals were purchased from Sigma Aldrich and used as received unless 

otherwise noted. 2,2’-Azobisisobutyronitrile (AIBN) was purified by recrystallization 

from methanol; N-isopropylacrylamide (NIPAm) was recrystallized from 

benzene/n-hexane (65/35 v/v); tert-butyl acrylate (tBA) was washed with 5% aqueous 

sodium hydroxide solution and then with water, 3 times each. After drying with 

anhydrous sodium sulfate for 24 hours, tBA was distilled under reduced pressure.
54
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Methyl acrylate was passed through a basic alumina column prior to use. The chain 

transfer agent (CTA), S-1-docecyl-S’-(α,α’-dimethyl-α”-acetic acid) trithiocarbonate 

(DMAT) was synthesized according to procedure reported by Lai et al.
55

 Toluene was 

passed through two columns of activated alumina and a supported copper catalyst. 

Tetrahydrofuran (THF) was purified by passage through two columns packed with 

activated alumina and molecular sieves. Dichloromethane (CH2Cl2) was purified on an 

MBraun solvent purification system. 

 

5.2.2 Synthesis of PO(N/A) Triblock Terpolymers 

Two PO(N/A) triblock terpolymers were synthesized by a combination of anionic 

and RAFT polymerizations, followed by acid hydrolysis (Scheme 5.1).  

First, a PEP-PEO (PO) diblock copolymer was prepared by anionic polymerization 

following a previously reported procedure. Molar masses of the PEP and PEO block were 

3,000 and 25,000, respectively, with very narrow molecular weight distribution (Ð = 

1.02). The hydroxyl end-groups of PO diblock were coupled to the chain transfer agent to 

give PEP-PEO-CTA (PO-CTA) macroinitiator via an acid chloride intermediate.
53

 

The PO-CTA macroinitiator was then used to grow a P(NIPAm-co-tBA) random 

copolymer to obtain PEP-PEO-P(NIPAm-co-tBA)-CTA (PO(N/B)-CTA) triblock 

terpolymers. In a representative synthesis, PO-CTA macroinitiator (3.0 g, 0.11 mmol), 

NIPAm (2.1 g, 19 mmol), tBA (0.255 g, 2.0 mol) and AIBN (1.8 mg, 0.011 mmol) were 

dissolved in toluene (30 mL), degassed by three freeze-pump-thaw cycles and reacted at 

70 °C for 3.2 h. The reaction mixture was then cooled to 0 °C, diluted with CH2Cl2, 

precipitated in pentane three times, and dried at 40 °C in a vacuum oven overnight. 
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Conversion of NIPAm was around 50% as determined by 
1
H NMR. The content of tBA in 

the P(NIPAm-co-tBA) block was varied by controlling the feed ratio of NIPAm to tBA.  

The trithiocarbonate end group of the resulting PO(N/B)-CTAs was removed by 

aminolysis and Michael addition to afford PEP-PEO-P(NIPAm-co-tBA) (PO(N/B)) 

triblocks according to the procedure reported by Qiu and Winnik.
56

 In a typical example 

towards the synthesis of PO(N/B), PO(N/B)-CTA (2.7 g, 0.069 mmol), n-propylamine 

(0.2 g, 3 mmol) and tris(2-carboxyethyl) phosphine hydrochloride (20 mg, 0.069 mmol) 

were dissolved in THF (40 mL). The reaction mixture was stirred for 24 h at room 

temperature under a nitrogen atmosphere after the addition of methyl acrylate (1.5 mL, 

17 mmol) at 2.5 h. The reaction mixture was precipitated in pentane. The product was 

then dissolved in 100 mL CH2Cl2, filtered through a 0.45 µm HVHP Durapore membrane 

and passed through a basic alumina column. It was then precipitated two more times in 

pentane and dried at 40 °C in the vacuum oven overnight.  

The tBA of PO(N/B) triblocks was hydrolyzed to AA via acid hydrolysis, resulting 

in PEP-PEO-P(NIPAm-co-AA) (PO(N/A)) triblocks, the final polymer. For example, 

PO(N/B) (1.0 g, 0.0028 mmol), trifluoroacetic acid (3.0 mL, 39 mmol) and triethylsilane 

(4.0 mL, 25 mmol) were dissolved in 10 mL CH2Cl2 and stirred at room temperature for 

24 h. After hydrolysis, most of the trifluoroacetic acid and triethylsilane were removed 

under vacuum. The reaction mixture was then redissolved in CH2Cl2, precipitated in 

diethyl ether twice and pentane once and dried at 40 °C in a vacuum oven overnight. 
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5.2.3 Characterization  

1
H nuclear magnetic resonance (

1
H NMR) spectra were conducted using a Varian 

Inova 500 MHz instrument spectrometer with CDCl3 as the solvent. Size exclusion 

chromatography (SEC) was performed on a Waters 150C ALC/GPC equipped with three 

Phenogel (Phenomenex) columns with pore sizes of 10
3
, 10

4
, and 10

5
 Å, a Wyatt DAWN 

multiangle light-scattering detector and a Wyatt OPTILAB rEX refractive index detector. 

THF containing 1 % tetramethylethylenediamine by volume was used as the eluent at a 

flow rate of 1.0 mL/min.  

AA content in the P(NIPAm-co-AA) block of PO(N/A) triblocks was determined by 

potentiometric titration. 0.1 wt% aqueous solutions of PO(N/A) polymer were titrated 

against 0.05 M sodium hydroxide aqueous solution using a Metrohm 719S Titrino 

Scheme 5.1 Synthesis of PO(N/A) triblock terpolymers 
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equipped with a Metrohm LL Micro glass electrode. AA content was calculated from the 

titration curve endpoint, as estimated by the titration freeware CurTiPot. 

 

5.2.4 Reactivity Ratios 

Reactivity ratios of NIPAm and tBA were estimated by traditional free radical 

copolymerization of NIPAm and tBA with six NIPAm:tBA feed ratios (80:20, 65:35, 

50:50, 35:65, 20:80 and 10:90). NIPAm, tBA and AIBN were dissolved in deuterated 

toluene in NMR tubes and sparged with argon. The sample was analyzed by 
1
H NMR in a 

Varian Innova 300 spectrometer at 70 °C. NIPAm:tBA ratios in the feed and polymer 

were estimated by comparing the NIPAm and tBA peak integrals before the reaction and 

at approximately 10% monomer conversion, respectively. The data were analyzed by 

non-linear least squares fitting to the Mayo-Lewis equation. 

 

2

1 2 2 2
2 2 2

1 1 1 2 2 22

f f r f
F

r f f f r f




 
 (5-1) 

where f1 and f2 are monomer compositions in the feed, F1 and F2 are monomer 

compositions in the polymer, and r1 and r2 are reactivity ratios, where 1 represents 

NIPAm and 2 represents tBA.  

 

5.2.5 Sample Preparation 

Aqueous solutions of PO(N/B) with a concentration of 0.5 wt% and PO(N/A) with 

0.5 wt% and 5 wt% concentrations were prepared by thin film hydration. Appropriate 

amounts of bulk polymer were dissolved in CH2Cl2, followed by evaporation of solvent 

to yield a thin film on the walls of the vial. The thin film was hydrated, and the resulting 
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mixture was stirred at room temperature for at least 2 weeks. The aqueous PO(N/A) 

solutions were then diluted by buffered aqueous solutions prepared at pH 2 (maleate, 

0.075 M), 4 (acetate buffer, 0.25 M), 6 (piperazine, 0.05 M) and 8 (phosphate buffer, 

0.015 M), at 85 wt% polymer solution/15 wt% buffer, followed by at least one day of 

stirring at room temperature. All buffers had initial ionic strength of ~0.04 M, hence the 

buffered polymer solutions had ionic strength of ~0.006 M. 

 

5.2.6 Dynamic Light Scattering 

Micellization and micellar aggregation of the triblock terpolymers were investigated 

by dynamic light scattering (DLS). The solutions were passed through 0.45 μm filters 

into glass tubes (ID=0.25 in). Light scattering was carried out in a Brookhaven 

BI-200SM DLS system equipped with a Mini L-30 HeNe laser operating at 637 nm, a 

BI-NDO detector, and a TurboCorr correlator. The sample tubes were immersed in 

decalin. Intensity correlation functions g2(t) were recorded at varying temperatures from 

25 to 55 °C scattering angles of 60°, 90°, and 120°. The squared electric field correlation 

functions g1
2
(t) were calculated from g2(t) according to Siegert relation g2(t) = 1 + βg1

2
(t). 

The cumulant method was used to fit g1
2
(t) to extract the average decay rate Γ.  

 
2 2 3 232
1 ( ) exp( 2 )(1 )

2! 3!
g t A t t t


       (5-2) 

The mutual diffusion coefficient Dm was determined by linear regression of Γ vs q
2
 

according to the relation Dm = Γ/q
2
, where q is the scattering vector (q = 4πn/λsin(θ/2), n 

is the refractive index of the solution, λ is the laser wavelength, and θ is the scattering 

angle). Then, the hydrodynamic radius (Rh) was determined by using the Stoke-Einstein 
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equation: 

 
ms

B
h

D

Tk
R

6
  (5-3) 

The estimated uncertainty of Rh is ± 5 %. The size distribution could be estimated by 

the reduced second cumulant (μ2/Γ
2
), which is a measure of the width of the decay rate 

distribution (assuming it is monomodal). The hydrodynamic radius distribution could also 

be extracted from the decay rate distribution generated through the inverse Laplace 

transform program REPES,
57

 provided in the GENDIST analysis package.
58

 

In cases where the size distribution was bimodal with well separated peaks, g1
2
(t) 

was fit to a double exponential decay. 

 
2 2

1 1 1 2 2( ) [ exp( ) exp( )]g t A t A t       (5-4) 

Dm,1 and Dm,2 were calculated by linear regression of Γ1 and Γ2 vs q
2
, respectively, The 

corresponding hydrodynamic radii Rh,1 and Rh,2 for the two distinct populations were 

obtained by the Stokes-Einstein equation. 

 

5.2.7 Rheology 

Rheological measurements were carried out in an AR-G2 rheometer, with a Couette 

geometry confining the sample in a 1 mm concentric cylindrical gap between the cup 

(inner diameter 30 mm) and the bob (diameter 28 mm). About 15 mL of the sample was 

first loaded into the cup at room temperature (25 °C). This amount filled the gap as the 

bob was lowered. Temperature was controlled by a Peltier accessory. To avoid water 

evaporation, the assembly was shielded by a metal cover with a wet sponge attached to 

the cover rim. Dynamic frequency sweeps were conducted in the linear viscoelastic 
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regime. Temperature dependences of G' and G" were measured at 10 rad/s and 1 °C/min.  

 

5.3 Results and Discussion 

5.3.1 Synthesis of PO(N/A) Triblock Terpolymers 

The PO(N/A) triblock terpolymers were prepared by RAFT polymerizations from a 

PO-CTA macroinitiator (see Chapter 2),
53

 followed by acid hydrolysis. Briefly, the 

macroinitiator was used to grow P(NIPAm-co-tBA) blocks by RAFT polymerization. 

Subsequent removal of the dodecyltrithiocarbonate end group for PO(N/B)-CTA was 

confirmed by the absence of the methylene protons adjacent to the trithiocarbonate unit 

(δ=3.3 ppm) and the presence of methylene protons of the added methyl acrylate (δ=2.6, 

2.8 ppm) (Figure 5.1). In the final step, hydrolysis of tBA of PO(N/B) to acrylic acid 

(AA), TFA was the catalyst. An excess of triethylsilane was used as a carbocation 

scavenger, ensuring complete hydrolysis of tBA, as confirmed by the disappearance of 

the methyl protons of tBA (δ=1.4 ppm) (Figure 5.1).
59
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Figure 5.1 
1
H NMR (500 MHz) spectra of (a) PO and (b) PO-CTA, (c) PO(N/B)-CTA (d) 

PO(N/B7) and (e) PO(N/A7) polymers in CDCl3. Area from 3.4 to 2.4 ppm of (c) and (d) 

is enlarged in each spectrum to monitor end group conversion. 
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The AA content in the P(NIPAm-co-AA) block of the PO(N/A) triblock terpolymers 

was determined by potentiometric titration (Figure 5.2). tBA molar content in the 

P(NIPAm-co-tBA) block of PO(N/B) is equal to AA molar content due to the complete 

hydrolysis of tBA to AA. We found that it was lower than the tBA content in the feed 

(Table 5.1). This suggested that tBA was incorporated to a lesser extent than NIPAm in 

the P(NIPAm-co-tBA) block. (The tBA content could not be quantified by 
1
H NMR 

spectroscopy due to peak overlap). To confirm this we carried out a reactivity ratio study 

for the free radical polymerization of NIPAm and tBA, without the CTA. Reactivity ratios 

of NIPAm and tBA were estimated to be rtBA = 0.88 and rNIPAm = 2.1 by non-linear least 

squares fitting to the Mayo-Lewis equation (Figure 5.3), suggesting that the 

P(NIPAm-co-tBA) block starts out relatively rich in NIPAm and more tBA units are 

located towards the chain end. 

 

Figure 5.2 Titration curves for PO(N/A7) (105 mg) and PO(N/A11) (104 mg) against 

0.05 M sodium hydroxide solution. 
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Figure 5.3 Plot of tBA composition in polymer (F2) versus feed (f2). The solid symbol 

represents experimental data, while the red curve represents model fit. 

 

The product of each reaction step was characterized by size exclusion 

chromatography (SEC) (Figure 5.4). In the elugrams, some amount of tailing is observed 

for samples end capped with CTA. Polymer chains with this particular CTA attached may 

have a tendency to stick to the column, which would lead to an apparent broadening in 

the SEC trace. Samples investigated in this work and their molecular characteristics are 

listed in Table 5.1. The percent degree of substitution of tBA and ultimately AA in the 

PNIPAm block is designated following the comonomer identifier in the polymer 

acronym. 
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Figure 5.4 SEC trace of (a) PO(N/B7) and (b) PO(N/B11) and the corresponding 

precursors. THF/N,N,N’,N’-tetramethylethylenediamine was used as the eluting solvent at 

a flow rate of 1.0 mL/min. 
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Table 5.1 Molecular characteristics of PO(N/B) and PO(N/A) triblock terpolymers 

Sample Molecular composition
a
 

tBA 

content 

(feed)
b
 

tBA or AA 

content 

(polymer)
c
 

Ð
d
 

PO(N/B7) PEP45-PEO565-P(NIPAm80-co-tBA5) 

(3-25-9-0.7) 

10 7 1.09 

PO(N/A7) PEP45-PEO565-P(NIPAm80-co-AA5) 

(3-25-9-0.4) 

10 7 - 

PO(N/B11) PEP45-PEO565-P(NIPAm71-co-tBA9) 

(3-25-8-1.1) 

20 11 1.08 

PO(N/A11) PEP45-PEO565-P(NIPAm71-co-AA9) 

(3-25-8-0.6) 

20 11 - 

a
Numbers in parentheses correspond to molecular weights of individual blocks in 

kg/mol as determined by 
1
H NMR spectroscopy and potentiometric titration. Subscript 

indicates number average degree of polymerization of each block. 
b
Mol % of tBA in 

reaction mixture of NIPAm and tBA as determined by 
1
H NMR spectroscopy. 

c
Mol % 

of AA in the P(NIPAm-co-AA) block of PO(N/A) as determined by potentiometric 

titration. Mol % of tBA in the P(NIPAm-co-tBA) block of PO(N/B) is equal to the 

mol % of AA due to the complete hydrolysis of tBA to AA, confirmed by 
1
H NMR. 

d
Dispersity was measured by SEC with THF/N,N,N’,N’-tetramethylethylenediamine as 

the eluting solvent. 

 

5.3.2 Micellar Aggregation of PO(N/B) and PO(N/A) Triblock Terpolymers. 

DLS experiments were performed on 0.5 wt% aqueous solutions of four PO(N/B) 

and PO(N/A) terpolymers for a series of temperatures over the range 25–55 °C. Figure 

5.5 displays mean hydrodynamic radii and scattering intensities as a function of 

temperature for PO(N/B) and PO(N/A) copolymers in dilute aqueous solutions (0.5 

wt%).  
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At 25 °C, the micelle radii were around 50 nm for both PO(N/B) and PO(N/A) 

terpolymers, irrespective of composition. As the solution was heated above a critical 

temperature, both hydrodynamic radius and scattering intensity increased, indicating 

formation of micellar aggregates. This transition temperature (the point where 

hydrodynamic radius and scattering intensity start to increase) will henceforth be called 

the “critical micellar aggregation temperature” or CMAT. Dispersity in Rh was evident 

both above and below the CMAT. The reduced second cumulant (μ2/Γ
2
) was ~0.20 at 

lower temperatures, and tended to increase around the CMAT, as expected for an 

aggregation transition. 

 

  

Figure 5.5 (a) Mean micelle size (Rh) and (b) scattering intensity as a function of 

temperature for aqueous solutions of PO(N/B7) (○), PO(N/B11) (□), PO(N/A7) (●) and 

PO(N/A11) (■). Polymer concentration: 0.5 wt%. Rh was calculated by the cumulant 

method. Intensity was measured at 90°. Ordinate is relative intensity (I/I25) where I25 is 

intensity recorded at 25 °C. 
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The full size distribution curves are displayed in Figure 5.6. While the PO(N/B) 

distributions are essentially unimodal, the PO(N/A) distributions are often bimodal at 

high temperatures, indicating that both micelles and micellar aggregates are present. Thus 

the CMAT should be taken as the onset of a subpopulation of aggregates, rather than a 

complete transition from the micellar to the aggregated state. 

The PO(N/A7) terpolymer micelles aggregated at 40 °C while PO(N/A11) 

terpolymer micelles began forming micellar aggregates at a slightly higher temperature of 

42.5 °C. Considering that the CMAT for PON is 42 °C,
53

 the transitions for both PON 

and PO(N/A) triblocks occurred at 40 °C or above, in all cases several degrees higher 

than the LCST of PNIPAm. The covalent linkage of the well solvated PEO to the 

PNIPAm-based corona and the relatively small molar mass of the PNIPAm block increase 

the temperature at which the coronal chains aggregate.
60-63

 For the PO(N/B7) terpolymers, 

the CMAT is 35 °C while for the PO(N/B11) polymers, it is 27 °C. Overall, PO(N/B) 

terpolymer micelles exhibited lower aggregation temperatures than the PO(N/A) triblocks 

and the CMAT decreased with increasing tBA fraction. This observation is consistent 

with literature observations that the LCST of PNIPAm is lowered upon incorporation of 

small amounts of tert-butyl acrylate, n-butyl acrylate or other hydrophobic monomers.
22, 

36, 64-66
 It should be noted that there was no pH adjustment for these samples. The pH for 

the PO(N/B) aqueous solutions was around 7.0 while that for the PO(N/A) aqueous 

solutions was around 4.0, indicating significant release of acidic protons and thus 

ionization of the AA groups (pKa ≈ 4.3–4.8). 
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Figure 5.6 Micelle size (Rh) distribution as a function of temperature for (a) PO(N/B7), 

(b) PO(N/B11), (c) PO(N/A7) and d) PO(N/A11) micelles, as determined by DLS at 90° 

(0.5 wt% polymer concentration). 
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5.3.3 Micellar Aggregation of PO(N/A) Triblock Terpolymers as a Function of pH 

DLS experiments were also performed with 0.4 wt% PO(N/A) terpolymer aqueous 

solutions for pH values ranging from 2 to 8 over the 25–55 °C temperature range. Figure 

5.7 presents DLS data for 0.4 wt% PO(N/A7) terpolymer solutions. Full size distribution 

curves are present in Figure 5.8.  

 

  

Figure 5.7 (a) Micelle size and (b) scattering intensity as a function of temperature for 

PO(N/A7) in aqueous solutions at pH 2 (●), 4 (□), 6 (∆) and 8 (◆). Polymer 

concentration: 0.4 wt%. Rh was calculated by the cumulant method. Intensity is 

measured at a 90° scattering angle, and the vertical axis is the relative intensity (I/I25) 

where I25 is the intensity recorded at 25 °C. 
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Figure 5.8 Micelle size distribution as a function of temperature for PO(N/A7) 

micelles at (a) pH 2, (b) pH 4, (c) pH 6 and (d) pH 8 at 90° (0.4 wt% polymer 
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concentration) [(cum) and (dex) stand for Rh obtained by cumulant and double 

exponential fitting, respectively]. 

 

At room temperature, the typical micelle size was ~50 nm at pH 4, 6 and 8, which is 

similar to the size of PON
53

, PO(N/B) and PO(N/A) micelles in pure water. However, at 

pH 2, the micelle size was reduced to ~30 nm. This reduction is also observed for 

PO(N/A11) (see below). At pH 2, virtually all AA units are expected to be protonated and 

electrically neutral, while increasing fractions of AA will be ionized at the higher pH 

values, including the case where the PO(N/A) is suspended in pure water, where the pH 

was observed to be approximately 4. We speculate that the substantially reduced radius of 

PO(N/A) at pH 2 is due to condensation of the corona into the shell resulting from 

hydrogen bonding between the protonated AA units and PEO.
67

 Although AA can also 

hydrogen bond with PNIPAm,
44

 intra-coronal PNIPAm and PAA hydrogen bonding alone 

is not likely to be sufficient to bring about a micelle size reduction of this magnitude. 

Hence, it appears that H-bonding between protonated PAA and PEO causes the 

P(NIPAM-co-AA) corona to collapse onto the PEO shell. 

At pH 2, the CMAT was 37.5 °C, and the aggregation transition shifted to 40 °C and 

45 °C for the pH 4 and 6 solutions, respectively. No aggregation was observed for pH 8 

up to 55 °C. An increase in mean hydrodynamic radius correlated with the rise in 

scattering intensity upon aggregation, and the ratio of scattering intensity provides a 

rough estimate of the aggregation number of the average micellar cluster. 

Results for the PO(N/A11) samples are shown in Figures 5.9 and 5.10. Trends are 

similar to the PO(N/A7) sample, but with quantitative differences. CMAT was shown to 



148 

be 40 °C and 42.5 °C at pH 2 and 4, respectively, while no aggregation was observed up 

to 55 °C for the pH 6 and pH 8 solutions. Similar to PO(N/A7), the micelle radius was 

~50 nm at 25 °C for the pH 4, 6 and 8 solutions and shrank to ~30 nm at pH 2, which can 

also be attributed to hydrogen bonding between the protonated AA corona and PEO shell 

as discussed above.  

 

  

Figure 5.9 (a) Micelle size and (b) Intensity as a function of temperature for 

PO(N/A11) in buffered solutions at pH 2 (●), 4 (□), 6 (∆) and 8 (◆). Polymer 

concentration: 0.4 wt%. Rh was calculated by the cumulant method. Intensity is 

measured at a 90° scattering angle, and the vertical axis is the relative intensity (I/I25) 

where I25 is the intensity recorded at 25 °C. 

 

 

 



149 

 

 

Figure 5.10 Micelle size distribution as a function of temperature for PO(N/A11) 

micelles at (a) pH 2, (b) pH 4, (c) pH 6 and (d) pH 8 at 90° (0.4 wt% polymer 

concentration) [(cum) and (dex) stand for Rh obtained by cumulant and double 
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exponential fitting, respectively]. 

 

The CMATs for PO(N/A7) and PO(N/A11) in buffered pH 4 aqueous solutions were 

the same as those for the corresponding unbuffered solutions, which were of pH ~3.8 and 

4.0, respectively. It may therefore be inferred that ionization of the coronal polymer 

chains was nearly identical in these two cases. At pH 2, the aggregate size peaked near 

CMAT and then decreased to a smaller Rh value that remained nearly constant with 

further increase in temperature. This may be explained by examining the micellar size 

distribution at pH 2. From Figures 5.8a and 5.10a, it is evident that at pH 2, for 

temperatures ≥ CMAT, the size distribution is bimodal with both micelles and aggregates 

present. The average hydrodynamic radii plotted in Figures 5.7 and 5.9 are derived from 

cumulant fitting of DLS data, which is not representative in the case of a bimodal 

distribution. This may explain the apparently different Rh trend observed for pH 2. Rh 

values obtained from double exponential fits are also reported in Figures 5.8a and 5.10a. 

It should be noted that this does not change the CMAT, as it is simply the temperature at 

which aggregation first appears, irrespective of whether the distribution is unimodal or 

bimodal. 

The DLS results for the PO(N/A) triblock are summarized as a phase diagram in 

Figure 5.11, which reflects the following trends. First, the CMAT increases with 

increasing pH, reflecting increased ionization of the corona. Second, the CMAT increases 

with AA content, for essentially the same reason. The effects of pH and degree of 

incorporation of AA into the PO(N/A) micelles on the CMAT are consistent with the 

literature reporting the LCST of NIPAm/AA copolymers, except for the overall shift 
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toward higher temperatures seen in the micellar systems, as mentioned earlier. The phase 

diagram is truncated due to lack of data above 55 °C. For comparison, we also include the 

CMAT of PON, which is 42 °C.
53

 Under acidic conditions, the CMAT for PO(N/A) is 

lower than that for PON due to intra-chain H-bonding between the unprotonated AA 

groups.
68, 69

 At higher pH values, PO(N/A) CMAT increases due to acrylic acid 

ionization.  

 

  

Figure 5.11 Phase diagram for PO(N/A7) (●), PO(N/A11) (■) as a function of 

temperature and pH. Dashed lines are extrapolation of trends, which cannot be well 

specified since data was not taken above 55 °C. PON CMAT (dash dot) (from the 

previous study by Zhou et al.
53

 and assumed to be pH-independent) is presented here 

for comparison. It should be noted that aggregate phase may include a subpopulation of 

micelles. 
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5.3.3 Gelation of PO(N/A) Triblock Terpolymers 

Results of oscillatory shear measurements conducted with 4 wt% PO(N/A11) and 

PO(N/A7) in buffered solutions at pH = 2 and 8 over the temperature range 25–60 °C are 

shown in Figure 5.12. As both samples showed similar behavior, only PO(N/A11) 

samples will be discussed in the following section. As shown in Figure 5.12a, PO(N/A11) 

show a sharp sol-gel transition near 45 °C at pH 2, but no such transition at pH 8. Below 

42.5 °C, G' was nearly constant and the same at both pH values while G", again identical 

at the two pH values, decreased slightly with increasing temperature. While there was no 

evidence of aggregation at pH 8, up to the highest measured temperature (60 °C). At pH 2 

both G' and G" increased abruptly near the transition point, with G' crossing over G". The 

sol-gel transition was thermoreversible throughout repeated heating and cooling cycles. 
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Figure 5.12 Temperature-dependent dynamic shear moduli (G' and G") for (a) 4 wt% 

PO(N/A11) and (b) PO(N/A7) in buffered solutions at ω = 10 rad/s and a heating rate 

of 1 °C/min. The pH 2 solution was measured at a strain amplitude γ = 50% at low 

temperatures (below gel point) and γ = 2% at high temperatures (above gel point). The 

pH 8 solution was measured at γ = 50%. 
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The sol-gel transition for the pH 2 solution and sol state for the pH 8 solution were 

verified using dynamic frequency sweep measurements. Representative data for the pH 2 

solution at 25, 43, and 60 °C are shown in Figure 5.13a. At 25 °C, G' was smaller than G" 

indicating a free-flowing sol state. At 60 °C, G' was larger than G" at all frequencies and 

was nearly frequency independent, indicating solid-like behavior. At 43 °C, the sample 

showed intermediate behavior with nearly identical values for G' and G", signifying the 

transition between liquid-like and solid-like behavior. Dynamic frequency sweeps of the 

pH 8 solution at 25 and 60 °C are presented in Figure 5.13b, and clearly show that G' is 

smaller than G" at both temperatures, indicating that the pH 8 solution was in the sol state 

over the temperature range of 25–60 °C. These results may be interpreted as follows. At 

pH 2, the PO(N/A) micelles have a relatively small diameter and do not overlap 

substantially at low temperatures. Above the CMAT, the coronae become so 

interconnected as to form a percolating network of adherent micelles. At pH 8, however, 

such overlap is not permitted at any temperature since it would lead to substantial 

increase in fixed charge density in the overlapping coronae, leading to osmotic forces that 

draw water back into the coronae. 
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Figure 5.13 Dynamic shear moduli (G' and G") as a function of frequency for 4 wt% 

PO(N/A11) in (a) pH 2 and (b) pH 8 buffered solutions measured at indicated 

temperatures. 

 

The gelation temperature at 45 °C, observed for PO(N/A11) at pH 2, is a few degrees 
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higher than the corresponding CMAT (40 °C). This difference between the CMAT and 

gelation temperature is not unexpected. While the CMAT, determined by DLS, signals the 

onset of aggregation, the gelation temperature, as measured by rheology, indicates the 

point at which micellar aggregates form a percolating three dimensional network strong 

enough to result in a modulus crossover. Another factor that could account for the 

difference in transition temperature is the difference in heating rate.  

It should be noted that the observed aggregation and gelation transitions were 

completely reversible, and the reversibility was not influenced by polymer concentration. 

At 0.5 wt%, upon cooling, the micellar aggregates disaggregated into individual micelles 

with radius of ~50 nm. Similarly, the gels formed on heating 4wt% PO(N/A) solutions 

reverted to the sol state on cooling. 

 

5.4 Summary 

Doubly thermo- and pH-responsive PO(N/A) triblock terpolymers were prepared via 

hydrolysis of PO(N/B) triblock terpolymers, which were synthesized by a combination of 

anionic and RAFT polymerization. The PO(N/A) terpolymers spontaneously self 

assemble into micelles with PEP cores and PEO-P(NIPAm-co-AA) coronae in aqueous 

solution at room temperature. Upon heating, these micelles aggregate in the dilute 

solutions and form a three dimensional network at higher concentrations. The 

micelle-micellar aggregate or sol-gel transition is completely reversible and is due to 

intermicellar association of corona P(NIPAm-co-AA) chains above the LCST of the 

P(NIPAm-co-AA) block. The critical micellar aggregation and gelation temperatures are 

controlled by the mole fraction and degree of acrylic acid (AA) ionization in the 
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P(NIPAm-co-AA) block. Therefore they can be modulated by changing pH of the 

medium and by varying the polymer composition. 

It should be apparent that while measurements were carried out by sweeping 

temperature at fixed pH, one could fix temperature and vary pH instead. The joint 

temperature/pH behavior may lead to biomedical applications of these or analogous 

triblock polymer systems. For example, one might consider an intravaginal drug delivery 

system incorporating a hydrophilic antiviral, antibacterial, anti-inflammatory or 

spermicidal agent into a concentrated micellar solution which, at room temperature, 

remains in the fluid state. Because of the large PEO content relative to PEP and 

P(NIPAm-co-AA), the agent will reside primarily in the PEO shell region. Upon 

application in the relatively acidic (pH 4-5) vaginal cavity,
70

 the increased temperature 

could instigate gelation. Release of drug could be relatively slow by passive diffusion 

through the resulting hydrogel, or it could be triggered by introduction of semen, whose 

pH is ~7.5, which would promote dissociation of the micellar network. However, 

properties of the terpolymers (CMAT, pH sensitivity, biocompatibility, etc.) should be 

tuned for such physiological applications. 

 

This work is contributed equally from Isha Koonar and Can Zhou and directed jointly by 

Ronald A. Siegel, Marc A. Hillmyer and Timothy P. Lodge. 
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Chapter 6 

Gelation of PON Triblock Terpolymers in 

Ionic Liquids
*
 

 

6.1 Introduction 

Ionic liquids are a class of salts with melting points below 100 °C. They have 

received significant attention in recent years due to their unique combination of 

physicochemical properties such as negligible vapor pressure, nonflammability, 

exceptional thermal, chemical and electrochemical stability, large liquid temperature 

ranges, optical transparency, high ionic conductivity and wide electrochemical windows. 

The desirable properties can be readily tuned to meet specific application requirements by 

changing the chemical structures of the ions.
1
 These attributes make ionic liquids a 

promising class of materials for a number of applications, such as green solvents for 

chemical synthesis and catalysis,
2
 electrolytes for electrochemical devices including 

dye-sensitized solar cells,
3
 lithium ion batteries,

4, 5
 organic thin film transistors,

6-10
 

electromechanical actuators
11, 12

 and supercapacitors,
13

 and membranes for fuel cells and 

gas separations.
14, 15

 

Ion gels, comprising a polymer network swollen with ionic liquids, are currently of 

                                                             

*
 Research in this chapter was conducted with help from two summer undergraduates, 

Scott Danielsen and Cecilia Hall. 
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great interest, as they can overcome the potential challenges of ionic liquids in practical 

applications, such as ionic liquid leakage and fluidity, by providing ionic liquids with 

mechanical integrity and persistent structure while retaining many desirable properties of 

ionic liquids (e.g., ionic conductivity and gas permeability).
16, 17

 The common method 

employed to form network structures in ion gels is crosslinking, which can be realized by 

either chemically reacting (macro)monomers with functional crosslinkers
16, 18-20

 or 

forming physically associated crosslinks.
17

 Physical crosslinking via block copolymer 

self-assembly is particularly appealing because the structure and properties of ion gels 

can be easily tuned through variations of the copolymer architecture, block length and 

sequence and chemical identities. For example, the self-assembly of ABA triblock 

copolymers with ionic liquid compatible midblocks (B) and insoluble endblock (A) can 

produce well-defined physical gels through noncovalent association of A endblocks. He 

and Lodge reported that transparent ion gels from polystyrene-b-poly(ethylene 

oxide)-b-polystyrene (SOS) in 1-butyl-3-methylimidazolium hexfluorophosphate 

([BMI][PF6]) were achieved with as little as 4 wt% polymer and the ionic conductivity 

was only slightly decreased from the neat ionic liquid.
21

 Physical ion gels could also be 

prepared from SOS triblock in a different ionic liquid 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)amide ([EMI][TFSA]),
22

 or from a different triblock 

polystyrene-b-poly(methyl methacrylate)-b-polystyrene (SMS) in [EMI][TFSA].
23

 

Thermoreversible ion gels were further developed by gelation of poly(N-isopropyl- 

acrylamide)-b-poly(ethylene oxide)-b-poly(N-isopropylacrylamide) (NON) in 

[EMI][TFSA] in an attempt to achieve solvent-free processing where the material is 

processed in its liquid state above room temperature, and used in its solid state at room 
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temperature.
24

 In such physical gels, the crosslinking is reversible upon changing the 

temperature due to the upper critical solution temperature (UCST) phase behavior of 

PNIPAm endblocks in [EMI][TFSA]. The critical gelation temperature lies below room 

temperature in NON/[EMI][TFSA] mixtures and can be raised above room temperature 

by incorporating insoluble PS blocks into the endblocks of NON to obtain a NSOSN 

pentablock copolymer.
25

 

All the above studies on ion gels are limited to ABA type triblock copolymers. As 

discussed in Chapter 3, better gelation efficiencies and enhanced mechanical properties 

can be achieved with ABC triblock terpolymers. It is therefore of interest to explore the 

gelation behavior of ABC terpolymers in ionic liquids. In this chapter, we report the 

viscoelastic properties of poly(ethylene-alt-propylene)-b-poly(ethylene oxide)-b- 

poly(N-isopropylacrylamide) (PON) in two ionic liquids [EMI][TFSA] and 

1-butyl-3-methylimidazolium tetrafluoroborate ([BMI][BF4]) over the temperature range 

of – 10–70 °C at varying polymer concentrations. [EMI][TFSA] and [BMI][BF4] are used 

due to the UCST phase behavior of PNIPAm in both ionic liquids, with a distinct 

difference in UCST value (~ 20 °C in [EMI][TFSA]
26

 and ~67 °C in [BMI][BF4]
27

). 

Additionally, we compare the gel formation between the PON terpolymer and 

corresponding NON copolymer in [EMI][TFSA]. 

 

6.2 Experimental Section 

6.2.1 Materials 

All chemicals were purchased from Sigma Aldrich and used as received unless 

otherwise noted. Dichloromethane (CH2Cl2) was purified on an MBraun solvent 
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purification system. 1,4-dioxane was purified by refluxing the solvent over Na (1 % w/v) 

and benzophenone (0.2% w/v) under an inert atmosphere until the blue color of the 

benzophenone ketyl radical anion persists and distillation. 2,2’-Azobisisobutyronitrile 

(AIBN) and N-isopropylacrylamide (NIPAm) were purchased from Aldrich and purified 

by recrystallization from methanol and benzene/n-hexane (65/35 v/v), respectively.  

6.2.2 Polymer and Ionic Liquid Synthesis 

We prepared one PON triblock terpolymer and one CTA-NON-CTA triblock 

copolymer (Scheme 6.1). The PON triblock terpolymer was synthesized by RAFT 

polymerization from the PO(3-25) diblock copolymer
28

 and end-group modification 

following the synthesis protocol described in Chapter 2. The product of each reaction step 

was confirmed by 
1
H NMR spectroscopy and characterized by size exclusion 

chromatography (SEC) (Figure 6.1). Some amount of tailing is observed for PON-CTA 

and PON triblocks, which is probably due to interactions between PNIPAm and the 

column materials in THF without amine additives (see Chapter 4). The CTA-NON-CTA 

triblock copolymer was synthesized by RAFT polymerization from a α,ω-dihydroxy-PEO 

as described in Chapter 3.
29

 Samples investigated in this work are listed in Table 6.1 

along with the molecular characteristics. 

Scheme 6.1 Chemical structure of PON and CTA-NON-CTA triblock polymers 
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Figure 6.1 SEC traces of PO, PO-CTA, PON-CTA(3-25-11), PON-CTA(3-25-11). THF 

was used as the eluting solvent at a flow rate of 1.0 mL/min. 

 

Table 6.1 Molecular parameters of PON and CTA-NON-CTA polymers 

Sample
a
 NPEP

b
 NPEO

b
 NPNIPAm

b
 fPEP

c
 fPEO

c
 fPNIPAm

c
 Đ

d
 

PON(3-25-11) 45 565 97 0.10 0.62 0.28 1.10 

CTA-NON-CTA 

(10-20-10) 

– 454 91 – 0.49 0.51 1.06 

a
 The numbers in the parentheses correspond to the molar masses of PEP, PEO, and 

PNIPAm, respectively, in kg mol
–1

 as determined by 
1
H NMR spectroscopy. 

b
 Number 

average degree of polymerization as determined by 
1
H NMR spectroscopy. 

c
 The 

volume fraction was calculated using the molecular weight and the RT densities: 

ρ(PEP) = 0.856 g/cm
3
,
30

 ρ(PEO) = 1.12 g/cm
3
,
31

 and ρ(PNIPAm) = 1.07 g/cm
3
.
32

 
d
 The 

dispersity was measured by SEC with THF (PON) or THF/ 

N,N,N’,N’-tetramethylethylenediamine (CTA-NON-CTA) as the eluting solvent. 

 

A PNIPAm homopolymer was synthesized by RAFT polymerization following a 
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procedure reported previously.
33

 NIPAm (2.014 g, 0.0178 mol), AIBN (0.9 mg, 0.0054 

mmol), and cumyl benzodithioate (16.45 mg, 0.0604 mmol) were dissolved in 10 mL of 

1,4-dioxane, degassed by three freeze-pump-thaw cycles and reacted at 75°C for 8.75 h. 

After that the reaction was quenched by cooling to 0 °C. The solution was precipitated in 

pentane three times. The resulting polymer was dried under vacuum oven at 50 °C 

overnight. PNIPAm has a molar mass of 12 kg mol
–1

 as determined by 
1
H NMR 

spectroscopy and a low dispersity of Đ = 1.05 as determined by SEC ( Figure 6.2). 

 

 

Figure 6.2 SEC traces of PNIPAm. THF was used as the eluting solvent at a flow rate of 

1.0 mL/min. 

 

We prepared two ionic liquids (Scheme 6.2). 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)amide ([EMI][TFSA]), generously provided by Dr. Yuanyan 

Gu, was synthesized via an anion exchange reaction following a previously reported 

procedure.
16

 1-butyl-3-methylimidazolium tetrafluoroborate ([BMI][BF4]) was prepared 

via the procedure described elsewhere (Scheme 6.3).
34, 35

 1-butyl-3-methylimidazolium 
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chloride ([BMI][Cl]) was first prepared as follows. 1-methylimidazole (50.5 g, 0.615 

mol), 1-chlorobutane (75 g, 0.810 mol), and acetonitrile (26.6 g, 0.648 mol) were added 

to a round-bottomed flask fitted with a reflux condenser and heated to reflux at 75 °C for 

48 h. After cooling the solution to room temperature, the acetonitrile and excess 

1-chlorobutane was removed by rotary evaporation. The resulting light yellow oil was 

washed with ethyl acetate three times and then dried under vacuum at 50 °C for 48 h. 

Next, [BMI][BF4] was synthesized by an anion exchange reaction. Briefly, NaBF4 (33.91 

g, 0.309 mol) was added to a solution of [BMI][Cl] (45.0 g, 0.258 mol) in CH2Cl2 (250 

mL) and stirred at room temperature for 24 h. The suspension was filtered to remove the 

precipitated chloride salt and the organic phase was repeatedly washed with water (30 mL) 

until no precipitation of AgCl was observed in the aqueous phase upon addition of a 

concentrated AgNO3 solution. The solvent (CH2Cl2) in the organic pahse was removed by 

rotary evaporation, and the resulting ionic liquid was dried in a vacuum oven at 50 °C for 

48 h. The ionic liquid was further purified by passing through a short alumina column 

(neutral) and dried under vacuum at 50 °C for 48 h. 

 

Scheme 6.2 Chemical Structure of Ionic Liquids [EMI][TFSA] and [BMI][BF4] 
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Scheme 6.3 Synthesis of Ionic Liquid [BMI][BF4] 

 

 

6.2.3 Ion Gel Preparation 

All the polymer solutions were prepared by the co-solvent method. Appropriate 

amounts of bulk polymer and ~3 g ionic liquid were dissolved in ~10 mL CH2Cl2. After 2 

hours of stirring at room temperature, the solution was passed through an 0.45 μm filter 

and purged under N2 flow overnight to remove most of the solvent (CH2Cl2). The 

residual solvent was completely removed by placing the sample in a vacuum oven at ca. 

75 °C for at least 24 h. 

 

6.2.4 Cloud Point Measurements 

Cloud points of PNIPAm/IL (upper critical solution temperature, UCST) were 

determined by optical transmittance measurements. The sample was placed in a 

temperature-controlled oil bath and heated above the UCST. The temperature dependence 

of transmittance at 632.8 nm was monitored using a laser power detector at a cooling rate 

of roughly 1 °C/min while the solution was stirred. We define the CP values as the 

temperatures at which the transmittance drops to 80%. 
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6.2.5 Rheology 

Rheological measurements were performed using an AR-G2 rheometer with the 

parallel plate geometry. The 40 mm diameter plates with a gap spacing of approximately 

1 mm were used for all measurements. The gap was adjusted at each temperature to 

compensate for the thermal expansion of the tool set. The temperature was controlled 

using a Peltier temperature controller. To avoid any avoid any effects of moisture, the 

whole fixture assembly was covered with a plastic cover. Dynamic strain sweep 

experiments were first performed at three different angular frequencies (1, 10, 100 rad/s). 

Dynamic frequency sweeps were then examined in the linear viscoelastic regime, as 

determined by dynamic strain sweep experiments. The temperature dependences of G' 

and G" were measured with a frequency of 10 rad/s, and a heating or cooling rate of 1, 

0.5 or 0.2 °C/min. 

 

6.3 Results and Discussion 

6.3.1 UCST of PNIPAm in Ionic Liquids 

Watanabe and co-workers reported the upper critical solution temperature (UCST) 

phase behavior of PNIPAm in an ionic liquid [EMI][TFSA].
26

 They found the cloud point 

(CP) increases as the molecular weight of PNIPAm or polymer concentration increases. 

As shown in Figure 6.3, the RAFT-synthesized PNIPAm homopolymer (Mn = 12 kg/mol, 

Đ = 1.05) is phased separated from [EMI][TFSA] at 15 °C. This is slightly smaller than 

the reported UCST value of ~ 20 °C for PNIPAm (Mn = 15.4 kg/mol, Đ = 1.64), which is 

reasonable considering the lower molecular weight and narrower MW distribution of the 

PNIPAm in this study.
26
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Figure 6.3 Temperature dependence of transmittance at 632.8 nm for 1 wt% PNIPAm 

in [EMI][BF4] and [BMI][BF4]. 

 

Recently, Lee and Lodge reported the UCST phase behavior of PNIPAm in both 

[EMI][BF4] and [BMI][BF4].
27

 They found that the CP values of PNIPAm (Mn = 40 

kg/mol, Đ = 1.7) increase almost linearly from 67 °C to 222 °C as the weight fraction of 

[BMI][BF4] in [BMI][BF4]/[EMI][BF4] blends decrease from 100 wt% to 0 wt%. The CP 

of the RAFT-synthesized PNIPAm in pure [BMI][BF4] was 71 °C (Figure 6.3), consistent 

with the reported UCST value of 67 °C. 
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6.3.2 Gelation of PON in [EMI][TFSA] 

The 5 wt% sample of PON(3-25-11) triblock in [EMI][TFSA] is a viscous transparent 

liquid at room temperature or higher, and becomes a free-standing ion gel upon cooling to 

0 °C (Figure 6.4). Repeated heating and cooling experiments indicate that the sol-gel 

transition is thermoreversible. 

 

 

Figure 6.4 Photographs of 5 wt% PON(3-25-11) in [EMI][TFSA] at different 

temperatures. 

 

Dynamic shear measurements were performed on the 5 wt% PON(3-25-11) sample 

over the temperature range of – 10–70 °C to study gelation properties. Dynamic strain 

sweep experiments were first carried out to determine the linear viscoelastic regime. The 

linear viscoelastic regime is defined as the region below the critical value (γc) where the 

storage modulus (G') remains invariant with respect to strain. As shown in Figure 6.5, the 

liquid solution at 70 °C has a large γc value (> 100%) while γc value of the ion gel at 0 °C 

was smaller (55%). It should be noted that G' of the sample at a frequency ω = 1 rad/s in 

Figure 6.5a is not shown due to the measurement uncertainty. 
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Figure 6.5 Dynamic shear moduli (G' and G") as a function of strain for 5 wt% 

PON(3-25-11) in [EMI][TFSA] at three frequencies (1, 10, 100 rad/s) and at 70 °C (a) 

and 0 °C (b). 

 

A strain amplitude of 10% or lower was then used to ensure that the dynamic 
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frequency and temperature sweep measurements were taken in the linear viscoelastic 

regime. Representative data of dynamic frequency sweeps at 50, 20, and 0 °C are 

provided in Figure 6.6. At 50 °C, G' is significantly smaller than the loss modulus (G") 

and follows typical terminal rheological behavior for a viscoelastic fluid: G' ~ ω
1.8

 and
 
G" 

~ ω
1.0

. The scaling exponent for G' (1.8) is less than 2.0. This is likely due to the 

measurement uncertainty of relatively small value of G'. At an intermediate temperature 

of 20 °C, G' is almost equal to G" over the entire frequency range of experiments and 

both show similar power law dependences on ω: G' ≈ G" ~ ω
0.5

. This temperature is 

identified as the critical gelation temperature (Tgel), which is the signature of the 

transition between liquid-like and solid-like behavior.
36, 37

 At 0 °C, G' is larger than G" at 

all frequencies and is nearly frequency independent, indicating solid-like behavior. 

 

 

Figure 6.6 Dynamic shear moduli (G' and G") as a function of frequency for 5 wt% 

PON(3-25-11) in [EMI][TFSA] at three representative temperatures. The solid lines are 
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power law fits. 

 

The thermoreversible nature of this sol-gel transition was verified using dynamic 

temperature sweep measurements, in which G' and G" were measured as a function of 

temperature at a heating or cooling rate of 1 °C/min. The temperature-dependent dynamic 

shear moduli of four PON ion gels with 10, 5, 2 and 1 wt% polymer in a 

heating–to–cooling thermal cycle are shown in Figure 6.7. In all these cases, there is a 

sol-gel transition upon cooling and a gel-sol transition upon heating, with the change of 

G' approaching five orders of magnitude. As shown in Figure 6.7b, for the 5 wt% sample 

of PON(3-25-11) at high temperatures, the values of both G' and G" are low, and G' < G", 

indicating a free-flowing sol state. On decreasing temperature, the magnitude of both G' 

and G" increase abruptly and then G' reaches a plateau. As the increase in G' is more 

significant than G", G' becomes larger than G" at lower temperatures indicating the 

solid-like behavior. The crossover of G' and G" in the cooling process, identified as Tgel, 

is 18 °C, consistent with the results (20 °C) in the dynamic frequency sweep 

measurements. In addition, a hysteresis loop is observed at all concentrations, and it is 

nearly independent of heating or cooling rate (Figure 6.8). The hysteresis is consistent 

with a number of reports concerning PNIPAm-containing block polymer micelles and 

gels in both water and ionic liquids,
25, 38

 suggesting that the gelation arises from the 

noncovalent association of PNIPAm blocks. 
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Figure 6.7 Temperature-dependent dynamic shear moduli (G' and G") for 

PON(3-25-11) in [EMI][TFSA] at a frequency ω = 10 rad/s and heating or cooling rate 

of 1 °C/min with varying concentrations: (a) 10 wt%, (b) 5 wt%, (c) 2 wt% and (d) 1 

wt%. 
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Figure 6.8 Temperature-dependent dynamic shear moduli (G' and G") for 5 wt% 

PON(3-25-11) sample in [EMI][TFSA] at a frequency ω = 10 rad/s and heating or 

cooling rate of 1, 0.5 and 0.2 °C/min. 

 

The solubility of PEP, PEO and PNIPAm in [EMI][TFSA] are different: PEP is 

insoluble, PEO has good solubility, and PNIPAm exhibits UCST phase behavior. When 

PON terpolymers are dissolved in [EMI][TFSA] at a temperature above the UCST of 

PNIPAm, both PEO and PNIPAm are compatible with [EMI][TFSA], we infer that they 

self-assemble into PEP micelles with PEO-PNIPAm coronae. As the concentration (10 

wt% or lower) is not very high, these micelles are not ordered.
22

 Therefore, it is a 

viscoelastic liquid. As the solution is cooled below the UCST of PNIPAm, the PNIPAm 

chains on adjacent micelles can associate to form PNIPAm microdomains bridged to the 

PEP microdomains by the PEO midblocks, leading to the formation of an elastic network. 

We compared the gelation properties of PON ion gels with different polymer 
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concentrations from 10 wt% to 1 wt%. As shown in Figure 6.7, a rubbery plateau of G' is 

observed upon cooling below Tgel at all concentrations. The plateau modulus (GN), 

determined as the value of G' at the frequency where the loss tangent (tan δ = G" / G') has 

the minimum or smallest value,
39

 drops on decreasing PON concentration. The results are 

plotted against PON weight fraction in Figure 6.9. A power law fit gives a slope of 2.3 ± 

0.2, which is in excellent agreement with the predicted value of 2.3 for entangled 

solutions of neutral polymers in good solvents
39, 40

 and with expectation for gels swollen 

in a good solvent.
41

 

 

 

Figure 6.9 Concentration dependence of plateau modulus (GN) for PON(3-25-11) in 

[EMI][TFSA] with 1-10 wt % polymer. The dashed line is a power law fit to the 

measured GN, and the solid line represents the calculated GN of an ideal network with 

unentangled midblocks. 
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According to the classical rubber elasticity theory, GN for triblock copolymer gels 

with a midblock in the unentangled regime is given by: 

    
cRT

G kT f nkT f
M

    (6-1) 

where v is the number density of elastically effective strands, k is the Boltzmann constant, 

T is absolute temperature, f is the fraction of elastically effective polymer chains, n is the 

chain number density of polymer chains, c is the triblock concentration (w/v), M is the 

triblock molecular weight and R is the ideal gas constant. A prerequisite for equation 6-1 

to apply is that system under consideration is in the concentration range where midblock 

entanglements are not present. An estimate of the number of entanglements per molecule, 

ne, for a polymer in a good solvent is given by 

 
5/4 5/4

e e p p

e

M
n N

M
    (6-2) 

where Ne is the number of entanglements per molecule in the melt, M is the polymer 

molecular weight, M is the polymer entanglement molecular weight in the melt and φp is 

the polymer volume fraction.
42, 43

 For the 10 wt% sample of PON(3-25-11) in 

[EMI][TFSA], MPEO = 25 kg/mol, Me, PEO = 1.6 kg/mol, φPEO= 8.7%, and an estimation 

using equation 6-2 yields ne,PEO ~ 0.7, which is less than 1. From this analysis we 

conclude that PEO midblock is not entangled, and therefore equation 6-1 can be applied 

to estimate the fraction of elastically effective PEO midblocks in PON ion gels. The 

fraction of elastically effective PEO chains in a network is given by 

 NG
f

nkT
  (6-3) 

where GN is measured plateau modulus, nkT is the shear modulus of an ideal network in 
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which 100% chains are elastically effective or f = 1. Table 6.2 displays GN, f and other 

characteristics of PON ion gels at varying polymer concentrations. We found that the 

fraction of elastically effective or bridging PEO chains in PON ion gels increased from 

7% to 98% when the polymer concentration increased from 1 to 10 wt%. It is likely that a 

certain fraction of micelles may not be well integrated into the network structure on 

decreasing the polymer concentration from 10 to 1 wt%, resulting in a decrease of the 

fraction of bridging chains. 

We observed a moderate increase of Tgel (from 16 to 27 ºC) with increasing PON 

weight fraction in ion gels. The concentration dependence of Tgel is consistent with the 

reported UCST phase diagram of PNIPAm/[EMI][TFSA] mixtures.
26

 In addition, the 

values of Tgel at low polymer concentrations (5 wt% or lower) agree very well with the 

measured UCST value of PNIPAm in Figure 6.3. The critical strain (γc) of 

PON/[EMI][TFSA] mixture is large (> 100%) and invariant with concentration at 70 ºC, 

that is, in the micelle state. Upon cooling to the gel state at 0 ºC, the γc becomes smaller 

and heavily depends on the polymer concentration. A higher PON weight fraction leads to 

a larger γc value. 
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Table 6.2 Characteristics of PON(3-25-11) ion gels in [EMI][TFSA] 

Conc.
a
 (wt%) GN

b 
(Pa) f

c
 Tgel

d
 (ºC) γc(70)

e
 γc(0)

f
 

10 8850 98% 27 > 100% 70% 

5 2800 63% 18 > 100% 55% 

2 210 12% 17 > 100% 35% 

1 60
g
 7% 16 > 100% 0.4% 

a
 Concentration. 

b
 Plateau modulus. 

c
 Fraction of elastically effective PEO chains. 

d
 

Critical gelation temperature as determined from the crossover temperature at which 

G' = G" in Figure 6.7 in the cooling process. 
e
 critical strain at 70 ºC, determined from 

dynamic strain sweep at a frequency ω = 10 rad/s. 
f
 critical strain at 0 ºC, determined 

from dynamic strain sweep at a frequency ω = 10 rad/s. 
g
 The plateau modulus was 

determined as the value of G' at the lowest measured temperature (0 ºC) as no 

minimum loss tangent was obtained. 

 

6.3.3 Comparison between PON and NON Ion Gels in [EMI][TFSA] 

We also compared the gelation properties of PON(3-25-11) with 

CTA-NON-CTA(10-20-10) in [EMI][TFSA] by examining the temperature dependence 

of G' and G" at 10, 5 and 2 wt% polymer (Figure 6.10). The PON terpolymer shows 

temperature-induced gelation behavior at all three concentrations, while the 

CTA-NON-CTA copolymer only displays sol-gel transitions with 10 and 5 wt% polymer 

and does not form well-defined ion gels at 2 wt% polymer. The sol-gel transition of PON 

in [EMI][TFSA] can be achieved even we decrease the polymer concentration to 1 wt% 
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(Figure 6.7). Therefore, we conclude that the critical gelation concentration of PON 

terpolymer is smaller than that of CTA-NON-CTA copolymer. In addition, GN of 

CTA-NON-CTA ion gels at 10 and 5 wt% polymer are 6710 and 1260 Pa, corresponding 

to a fraction of bridging PEO chain of 79% and 30%, respectively, which is lower than 

that of PON ion gels. Overall, a lower critical concentration with a higher modulus at a 

given polymer concentration was achieved with PON ion gels in comparison to 

CTA-NON-CTA ion gels. 

The gelation of CTA-NON-CTA (4.3-20-4.3) in [EMI][TFSA] has been reported 

previously, and an ion gel can be formed at 10 wt% polymer concentration with good 

mechanical strength (GN ~ 5000 Pa).
24

 This is consistent with the measured value of GN 

for CTA-NON-CTA(10-20-10) ion gels in this study. It is also worth noting that Tgels of 

CTA-NON-CTA(10-20-10) ion gels are ~28 °C and show very week concentration 

dependence. 
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Figure 6.10 Temperature-dependent dynamic shear moduli (G' and G") for (a) 10 wt%, 

(b) 5 wt% and (c) 2 wt% PON(3-25-11) and CTA-NON-CTA(10-20-10) in 

[EMI][TFSA] measured at a frequency ω = 10 rad/s and cooling rate of 1 °C/min. 

 

Based on these data, we propose that the two-step gelation in the PON ion gels, 
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which involve the initial formation of micelles with PEP cores at high temperatures
44-46

 

and gelation due to the noncovalent association of PNIPAm endblocks on cooling, leads 

to the formation of a two-compartment network with a high fraction of bridged 

conformations for the PEO midblocks, while both looping and bridging conformations 

are possible for CTA-NON-CTA ion gels. With more bridging chains in PON ion gels, 

gelation can be achieved at a lower concentration with larger GN. This study in ionic 

liquid further confirmed our hypothesis that ABC triblock terpolymers could be 

beneficial for gel formation in comparison to ABA triblock copolymers.
29

 

 

6.3.4 Gelation of PON in [BMI][BF4] 

The 5 wt% sample of PON(3-25-11) triblock in [BMI][BF4] is a viscous transparent 

liquid at 50 °C. A significant increase in viscosity is clearly visible upon cooling to room 

temperature and a free-standing ion gel is evident at 0 °C (Figure 6.11). Repeated heating 

and cooling experiments indicate that the sol-gel transition is thermoreversible. 

 

 

Figure 6.11 Photographs of 5 wt% PON(3-25-11) in [BMI][BF4] at different 

temperatures. 

 

We investigated gelation properties of PON(3-25-11) triblock in [BMI][BF4] by 
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performing dynamic shear measurements over the temperature range of 0–70 °C at 

varying polymer concentrations. The temperature-dependent dynamic shear moduli of 

four PON ion gels with 10, 5, 2 and 1 wt% polymer in a heating–to–cooling thermal 

cycle are shown in Figure 6.12. It clearly shows that there is a transition for both G' and 

G" at all concentrations, with the change of G' approaching five orders of magnitude. At 

high temperatures, the values of both G' and G" are low, and G' < G", indicating a 

free-flowing sol state. Upon cooling below a critical temperature, G' becomes larger than 

G" indicating the solid-like behavior. The critical temperature, which is the crossover of 

G' and G", is identified as the Tgel. Tgels of PON ion gels in [BMI][BF4] are 40, 20, 35, 

and 38 °C, respectively, at 10, 5, 2 and 1 wt% polymer. They are more than 30 °C below 

the value of UCST for PNIPAm in [BMI][BF4] and much lower than those of NON-CTA 

ion gels (~55 °C at 10, 5 and 2 wt%, Figure 6.13). In addition, the sol-gel transition is 

much broader than that of PON ion gels in [EMI][TFSA]. The reason that PON displays a 

broad sol-gel transition and low Tgel with unusual concentration dependence is not clear at 

this point. Further investigations are needed. In addition, no hysteresis was observed at all 

concentrations. 
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Figure 6.12 Temperature-dependent dynamic shear moduli (G' and G") for 

PON(3-25-11) in [BMI][BF4] at a frequency ω = 10 rad/s and heating or cooling rate of 

1 °C/min with varying concentrations: (a) 10 wt%, (b) 5 wt%, (c) 2 wt% and (d) 1 

wt%. 
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Figure 6.13 Temperature-dependent dynamic shear moduli (G' and G") for 

CTA-NON-CTA (10-20-10) in [BMI][BF4] at a frequency ω = 10 rad/s and cooling rate 

of 1 °C/min with varying polymer concentrations. For clarity, the modulus data for 

higher concentrations have been shifted vertically: 5 wt% (×10), 10 wt% (×10
2
). 

 

6.4 Summary 

In conclusion, we prepared thermoresponsive ion gels from the self-assembly of 

PON triblock terpolymers in [EMI][TFSA]. The gelation can be achieved at a lower 

concentration with a higher plateau modulus as compared to CTA-NON-CTA ion gels, 

due to the two-step gelation mechanism in PON ion gels. The gelation of PON could also 

be achieved in [BMI][BF4] although with a broader sol-gel transition. 
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Chapter 7 

Summary and Outlook 

 

7.1 Summary 

The overall goal of my thesis is to design, develop and characterize 

two-compartment networks from ABC triblock terpolymers for efficient hydrogel 

formation. The two-compartment hydrogels were achieved by aqueous self-assembly of 

poly(ethylene-alt-propylene)-b-poly(ethylene oxide)-b-poly(N-isopropylacrylamide) 

(PEP-b-PEO-b-PNIPAm, PON) triblock terpolymer with a long hydrophilic midblock 

PEO, a short hydrophobic endblock PEP and a thermoresponsive endblock PNIPAm. The 

incorporation of a thermoresponsive PNIPAm polymer into this triblock encourages a 

stepwise gelation involving micellization at room temperature and gelation at elevated 

temperatures, which leads to the formation of a two-compartment network with good 

mechanical properties.  

The PON terpolymers were prepared using a combination of anionic and RAFT 

polymerization. Upon dissolution in water at room temperature, they self-assembled into 

spherical PEP micelles with hydrophilic PEO shells and PNIPAm coronae. When heated 

above than the LCST of PNIPAm, they underwent micellar aggregation in dilute 

solutions (0.05 and 0.5 wt%) and gelation in more concentration solution (1, 2 and 5 wt%) 

due to intermicellar association of corona PNIPAm chains. The critical micellar 

aggregation or gelation temperature depended on both the molecular weight of PNIPAm 
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and PEO and polymer concentration. The longer PNIPAm block length, shorter PEO 

midblock length and higher polymer concentration resulted in a lower critical micellar 

aggregation or gelation temperature. However, the plateau storage modulus of PON 

hydrogels showed reverse trend on PNIPAm and PEO block length and polymer 

concentration. In addition, gelation of PON terpolymers was achieved at a much lower 

concentration, with a much higher modulus and sharper sol-gel transition, as compared to 

NON copolymer hydrogels. This is due to the separation of micellization and gelation, 

which leads to the formation of a two-compartment network with a very high fraction of 

bridging conformations for the PEO midblocks. The formation of a micellar network with 

two discrete PEP and PNIPAm hydrophobic domains in PON hydrogels is supported by 

cryo-SEM and cryo-TEM experiments and is further verified by SANS measurements.  

To extend the control on the self-assembly process of PON terpolymers for future 

biomedical applications, a small fraction of acrylic acid (AA) was introduced into 

PNIPAm block to give poly(ethylene-alt-propylene)-b-poly(ethylene oxide)-b-poly(N- 

isopropylacrylamide-co-acrylic acid) (PO(N/A)) triblock terpolymers. The polymers form 

micelles with PEP cores and PEO-P(NIPAm-co-AA) coronae in aqueous solution at room 

temperature. Upon heating above the LCST of the P(NIPAm-co-AA) block, the micelles 

aggregate in the dilute solutions and form a hydrogel at higher concentrations. The 

critical micellar aggregation and gelation temperatures depended on the mole fraction of 

AA and degree of AA ionization in the P(NIPAm-co-AA) block and can be modulated by 

changing pH of the medium and by varying the AA content in the P(NIPAm-co-AA) 

block.  

To identify the universality of the principle that ABC terpolymer architecture is 
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beneficial for gel formation in comparison to ABA copolymers, the gelation properties of 

PON terpolymers in ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethyl- 

sulfonyl)amide ([EMI][TFSA]) was studied and compared with that of NON copolymers. 

Again, a lower gelation concentration with a higher modulus was achieved in PON ion 

gels.  

 

7.2 Outlook 

On the basis of the results presented in this thesis, there are definitely many 

opportunities for future research in this area.  

7.2.1 Biodegradable Thermoresponsive ABC Hydrogels 

As we have discussed in Chapter 1, stimuli-responsive hydrogels, which exhibit a 

sol-gel transition in response to external stimuli, such as temperature, pH, light, 

counterion changes, and biological molecules have attracted considerable attention, since 

they have wide utility in, e.g., drug delivery and tissue engineering, sensors and valves, 

surface patterning, and tunable optics. 
1-7

 Biocompatible and biodegradable 

thermoresponsive hydrogels are particularly appealing, as they can form a hydrogel in 

situ upon administration, and therefore have found use as injectable biomaterials for 

site-specific drug delivery, tissue engineering, and minimally invasive surgery 

applications.
6-8

 To exploit the properties of thermoresponsive hydrogels in such 

biomedical applications, it is therefore of interest to design and prepare novel 

biocompatible and biodegradable polymers for this purpose.  

We have also demonstrated in the thesis (Chapter 2–4) that better gelation 

efficiencies and enhanced mechanical properties can be achieved with ABC triblock 
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terpolymers with two immiscible, hydrophobic endblocks, resulting from the formation 

of two-compartment networks with a high fraction of bridging conformations for the 

midblocks. Thermoresponsive PON hydrogels can be prepared in aqueous solutions with 

as low as 1 wt% polymer, and such low gelation is desirable for biological and 

pharmaceutical applications. 

For future research, it would be interesting to combine the concepts of 

biodegradability and thermoresponsive ABC triblock terpolymer to develop 

biodegradable thermoresponsive ABC hydrogels for advanced biomedical applications. 

PEO can still serve as the hydrophilic midblock, due to its good water solubility, 

biocompatibility and ability to endow the colloidal assembly with a stealth character for 

prolonged circulation in vivo.
9-11

 The hydrophobic PEP block is not degradable, and can 

be replaced by a biodegradable aliphatic polyester, poly(γ-methyl- ε-caprolactone) 

(PMCL).
12

 PMCL has a low Tg of ca. –60 °C and is amorphous. Therefore its block 

copolymer amphiphiles can form dispersions with simple stirring in water at room 

temperature, without the need of elevated temperature or organic cosolvents to aid 

dissolution.
13-16

 This is an appealing attribute for drug delivery applications, as it can 

avoid the use of toxic residual solvents and high temperature that may be detrimental to 

fragile therapeutics. The thermoresponsive PNIPAm block is also not degradable, and the 

biocompatibility is not well-established.
17, 18

 Biodegradable thermoresponsive polymers 

have been successfully prepared from polyesters,
19, 20

 poly(organophosphazenes)
21, 22

 and 

poly(amino acids)
23, 24

 (polypeptides). Some potential candidates, including 

poly(lactic-co-glycolic) acid (PLGA), oligo(ethylene glycol) functionalized 

poly(trimethylene carbonate) (PEG3TMC), and oligo(ethylene glycol) functionalized 
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functionalized poly-L-glutamates (PEG3Glu) and poly-L-cysteine (PEG3Cys), are listed in 

Scheme 7.1. Among these polymers, the polypeptide materials are especially attractive 

due to the flexibility in structure modification with different functional groups and 

additional higher ordering from inherent secondary structures.  

 

Scheme 7.1 Chemical structure of biodegradable thermoresponsive polymers 

 

 

Based on this discussion, poly(γ-methyl-ε-caprolactone)-b-poly(ethylene 

oxide)-b-poly- (oligo(ethylene glycol) functionalized L-cysteine) 

(PMCL-b-PEO-b-PEG3Cys) triblock terpolymers can serve as the model system to 

prepare biodegradable thermoresponsive hydrogels with superior gelation properties. The 

synthetic route to this triblock is provided in Scheme 7.2.  
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Scheme 7.2 Synthesis of PMCL-b-PEO-b-PEG3Cys triblock terpolymers 

 

 

7.2.2 Dual Stimuli-responsive Hydrogels 

We have demonstrated in Chapter 5 that dual temperature- and pH-responsive 

hydrogels can be realized by incorporating a pH-responsive monomer (AA) into the 

thermoresponsive PNIPAm of PON terpolymers. This method could be applied to 

develop other dual stimuli-responsive hydrogels in which the sol-gel transition is 

controlled by both temperature and a second stimulus, such as light and biological 

molecules. The LCST of PNIPAm has been shown to be modulated by light
25

 and 

glucose
26-33

 by incorporating appropriate comonomers, and they can be adopted in the 

present system for the preparation of novel dual stimuli-responsive hydrogels.  
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7.2.3 Thermoresponsive Ion Gels 

We have demonstrated in Chapter 6 that gelation of PON terpolymer in 

[EMI][TFSA] can  be achieved at as low as of 1 wt% polymer with good mechanical 

properties. This material is expected to be advantageous for typical ion gel applications, 

such as plastic electronics and gas separation membranes. However, the critical gelation 

temperature Tgel lies around room temperature (16–27 °C), which limits its application. It 

is therefore of interest to raise Tgel well above room temperature to achieve liquid state 

processing above room temperature, and allow material use in the solid state under 

ambient conditions.
34

 This can be done by incorporating insoluble PS blocks into the 

PNIPAm endblocks to give PEP-b-PEO-b-P(NIPAm-co-PS) (PO(N/S)) triblock polymer 

(Scheme 7.3).  

 

Scheme 7.3 Chemical structure of PO(N/S) triblock polymer 

 

 

Additionally, there are several fundamental questions should be addressed in this 

area. First, gelation properties of PON terpolymer were compared with that of 

CTA-NON-CTA instead of NON copolymer. This is because the NON copolymer was 

found to be degraded from SEC analysis and therefore was not used. The hydrophobic 

dodecyl end groups from the CTA can impede the micellization of the PON triblock 

terpolymers in water and its effect in ionic liquid is not explored yet. The effects of the 
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dodecyl end groups on gelation in ionic liquid can be elucidated by preparing new NON 

triblock copolymers and studying their viscoelastic properties. In addition, the direct 

comparison between PON and NON ion gels can be carried out.  

Second, there is a relaxation for the storage modulus of PON ion gels before melting 

(below Tgel) upon heating. This relaxation becomes more evident as the polymer weight 

fraction decreases from 10 wt% to 2 wt% (Figure 6.7). We speculate that it corresponds 

to the relaxation of the PEO midblocks in the ionic liquid. Performing the dynamic 

frequency in the heating process below Tgel would be useful to elucidate this question.  

Third, PON displays a relatively broad sol-gel transition with a low Tgel and unusual 

concentration dependence of Tgel. It is likely that a small amount of impurity is present in 

[BMI][BF4] and leads to the usual gelation behavior. It also possible that moisture can 

play a role here. Therefore, it would be important to find a way to make a clean ionic 

liquid [BMI][BF4] and control the moisture during ion gel preparation and rheological 

measurements.  
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