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ABSTRACT 

 

Ionomers exhibiting good thermal stability have been prepared by mixing 3 uncharged 

components—a poly(dimethyl)siloxane (PDMS) with randomly-substituted amidine or 

imidazoline side chains, an alkylamine, and carbon disulfide.  In essence, the three uncharged 

components produce charged materials, polyelectrolytes with amidinium dithiocarbamate ion 

pairs.  The preparation, structures, and properties of the ionomers at the microscopic and 

macroscopic levels are reported as a function of PDMS chain length, degree of amidine 

substitution, and length of the alkyl group of the amine component. Whereas ionomers with 

hexyldithiocarbamate anions are viscous liquids at room temperature, those with 

octadecyldithiocarbamate groups are semi-crystalline solids, exhibiting multiple thermal 

transitions between 0 oC and the temperature at which they become isotropic phases.  The structural 

natures of those transitions have been characterized from analyses of data from DSC, X-ray 

diffraction, and rheology measurements.  Among the interesting properties exhibited by the 

ionomers are strong adhesion to different surfaces, and high ultimate shear stress considering their 

relatively low amidinium contents. 
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Inscription on a humble hut 

Mountain height matters not; it is famous so long as an immortal resides there 

Water depth matters not; it is magical so long as a dragon lives there 

This is a humble hut; yet it exudes a noble air 

Green moss grows on the steps; color of grass lightens through the window blinds 

Talks and laughter with profound scholarship; among us, none are unqualified 

One can play simple qin music; study the sutra 

No common music with jarring sounds, no documents to be strained over 

In nanyang lies the hut of Zhuge Liang; in western Shu lies the pavillion of Yang Xiong 

Confucius says; how can such a place be crude   

Liu Yuxi 
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1. INTRODUCTION 

 

Much of this chapter has been published in a recent review [1]. 

1.1. A brief history of polysiloxanes, including an overview of their properties 

Since the seminal work of Frederic Kipping [2], commencing more than 100 years ago [3–

12], polysiloxanes and silicones have been used for an enormous range of applications; they 

pervade our lives. The continued popularity of these materials can be attributed to their high 

stability to heat, light and many classes of chemicals [13–15], as well as their flexibility, and ease 

of modification of other mechanical properties. Neat polydimethylsiloxanes (PDMS) are 

structurally flexible due to the low torsional energy barrier around their Si-O-Si bonds (1-5 kJ/mol 

[16,17]) and the related glass transition temperatures (Tg) that are lower than those of linear 

polyacrylates of a similar molecular weight. The ability to synthesize polysiloxanes by 

polycondensation reactions [14] between cyclic oligosiloxanes and functionalized dichlorosilanes 

provides a plethora of materials with different chemical structures and mechanical behaviors that 

can be tuned for different applications. For example, the commonly employed Karstedt’s catalyst 

[18,19] can be used to convert cyclic oligosiloxanes from liquids at room temperature into flexible 

plastic and gel-like materials that have been used as platforms for optoelectronics [20,21].  With 

appropriate polar functional groups, polysiloxanes become somewhat hydrophilic, making them 

useful as adhesives and sealants despite the parent polymers being highly hydrophobic [22]. For 

example, aminopropyl dimethicone and amodimethicone [23], classes of polysiloxane copolymers 

with aminopropyl and dimino-containing chains, forms emulsions in water. Also, the amino groups 

can be protonated using mild acids, and even form crosslinks with diacids; in both cases, ion pairs, 

that alter the local polarity of the polymers, are produced [24]. Although the use of 
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amodimethicone and other polysiloxane-based copolymers in cosmetic [25] and textile products 

[26] appeared in the 1980s, functionalized ionic polysiloxanes have been introduced more recently. 

Recent developments in the field of polysiloxanes that exploit non-covalent (especially ionic) 

cross-links will be the focus of this mini-review. Also, the increasing number and type of 

applications of polysiloxane-based ionic polymers, in fields as diverse as fuel cells and electrolytic 

media for batteries [27,28], make a review of these materials especially pertinent at this time. 

1.1.1. Ionic polymers and polysiloxanes 

Ionomers are ionic polymers with a small fraction (defined formally by IUPAC as 10%) of 

monomers containing charged groups. Ionic polymers with a higher fraction of monomers contain 

charged groups are defined by IUPAC as polyelectrolytes. 

As a result of the charged centers, ionomers have a propensity to form microphases 

consisting of small ionic clusters (approximately 1-5 nm in size [29]) embedded in the amorphous 

regions. The physical properties of the polymers depend on the ion content because the strength of 

the electrostatic interactions between ion pairs exceeds the dispersive polymer-polymer chain 

polysiloxane interactions. When ionomers are dissolved in low dielectric solvents, the ionic 

interactions remain a dominant factor, but they are less important in solvents of high polarity. The 

distribution of the sizes is due to numerous factors related to the polymer architecture [29]: 

molecular weight, type of pendant groups, polymer backbone type, random versus block 

substituent placement, etc. One disadvantage of ionic aggregation is the lowering of conductivity 

relative to polymers without ionic clustering [30]. 

IUPAC provides only a qualitative definition of polyelectrolytes, and modifications of 

them include ionic polymers (ionomers) and their interactions with solvents [31,32]. Because this 
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review focuses on neat ionic polymer melts, the original limit suggested by IUPAC of 10 % by 

mole for the ion content will be used here to distinguish ionomers from polyelectrolytes. The 

greater number of non-covalent ionic interactions among the constituents of polyelectrolytes also 

help to distinguish them from ionomers. Many ionomers are semi-crystalline solids whose packing 

can be discerned from analyses of X-ray diffraction data. In addition, when monomers of ionic 

liquids are polymerized, a special category of polyelectrolytes, called poly(ionic) liquids (or 

polymeric ionic liquids), is formed;  many poly(ionic) liquids remain liquids at temperatures below 

100 oC [33–35]. These materials have been studied for their potential to combine the benefits of 

polyelectrolytes (i.e., flexible macromolecular architectures) and ionic liquids (i.e., high thermal 

stabilities and ionic conductivities) [36,37]. 

The overview presented here focuses on the bulk and physico-chemical properties of neat 

linear polysiloxane-based ionic polymers and emphasizes their ion pair content and molecular 

weight as the principal macromolecular variables. 

1.2. Types of polysiloxane-based ionic polymers 

1.2.1. Polyelectrolytes where all monomers except the terminal group contain an ion 

The flexibility of the polysiloxane polymer chains can be decreased drastically by 

increasing the frequency of ionic cross-linker sites [33,38–42]. Polyelectrolyte examples of this 

effect, shown in Figure 1.1a, have been studied by Kaneko and coworkers [38–41,43]. This general 

structure is related to the polyelectrolyte ionomer (with far fewer ionic groups), aminopropyl 

dimethicone. Another key structural difference between the structures in Figure 1.1a and 

aminopropyl dimethicone is the presence of a hydroxyl group in the former instead of a methyl 

group in the siloxane monomer. Each of the monomeric units in the APTMOS-based 
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polyelectrolytes in Figure 1.1 contains a charged ammonium ion with either chloride or nitrate 

(PAPS-Cl or PAPS-NO3, respectively) as the counterion. Neither the average molecular weight 

nor the polydispersity was reported for either the PAPS-Cl or PAPS-NO3; bulk characterization 

consisted of as x-ray diffraction (XRD), electron-microscopy (transmission and scanning electron 

microscopy), and nitrogen porosimetry. Due to the high density of ion pairs and hydroxyl groups 

along the polymer chains, the formation of highly ordered structures is not surprising. XRD data 

showed that the chains of both PAPS-Cl and PAPS-NO3 pack in hexagonally ordered arrays that 

implicate somewhat extended polymer chains. 

The highly hydrophilic and hygroscopic nature of the PAPS-Cl or PAPS-NO3 salts also 

follows from the prevalence of the multiple ion pairs. The effects on the packing of the chloride 

salt, PAPS-Cl, was explored by dissolving it in water first and then recording the x-ray 

diffractograms at various stages of drying. Thus, it was found that slow removal of water by drying 

in air does not change the overall packing motif. 

PAPS-Cl and PAPS-NO3 are not soluble in low polarity, aprotic solvents such as 

chloroform and dichloromethane. Curiously, the polyelectrolytes can be dissolved in DMSO but 

not in some other polar (and some protic) solvents such as ethanol, methanol, acetone and N,N-

dimethylformamide. 



 

5 

 

 

Figure 1.1. Neat polysiloxane-based polyelectrolytes with propylammonium chloride or 

nitrate pendant groups [38]. (A) The synthetic route to PAPS-X. (B) Photograph of neat PAPS-

Cl. C) Cartoon representation of the ordered layers based on XRD data. Reprinted with 

permission from ref. [38]. Copyright [2004] [American Chemical Society]. 

 

Organic counterions, such as long-chained carboxylates, in polysiloxane-based 

polyelectrolytes introduce another structural variable: an increased importance of London 

dispersion forces. Thus, Kaneko and coworkers [38,39] have combined PAPS with octanoate as 

the counterion (PAPS-C8). The neat material is a hygroscopic powder, similar in appearance and 

packing to PAPS-Cl and PAPS-NO3. XRD indicates hexagonal packing, again, but with a wider 

cylindrical diameter due to the alkyl chains. Kaneko and coworkers [38] mention that PAPS with 

carboxylate counterion chains longer than octanoate (N. B., decanoate, dodecanoate, and 

tetradecanoate) do not maintain hexagonal packing, probably due to increased London dispersion 
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interactions and entropic disorder. Also, PAPS with carboxylate chains shorter than octanoate 

(N.B., hexanoate and butanoate) remained liquids at room temperature; they are polymeric ionic 

liquids. Additionally, carboxylates as counterions makes the PAPS electrolytes more hydrophobic: 

whereas PAPS-C8 is soluble in ethanol, neither PAPS-Cl nor PAPS-NO3 can be dissolved in this 

alcohol. 

The correlation between the bulk properties of polyelectrolytes and the length of the alkyl 

chain in the counterion is interesting, and has been found in other examples involving 

polyelectrolyte-surfactant complexes [44–47]. Polyacrylate-based polycations with hexanoate and 

shorter alkyl carboxylate anions are also ionic liquids at room temperature, but form ordered 

structures when the carboxylates are decanoate or longer. 

To the best of my knowledge, there is only one report of a polysiloxane-based 

polyelectrolyte in which all monomeric units contain an ion pair [39]: PAPS-Cl has been 

combined with another polymeric polyelectrolyte, sodium polyacrylate (molecular weight of 250 

KDa). The resultant nano-composite was heterogeneous because the two polymers exhibited 

minimal interactions. Their nearly compete separation allowed the rod-like polysiloxane to retain 

its hexagonal packing while being surrounded by layers of sodium polyacrylate. 

Due to their flexibility, polysiloxane-copolymer chains have been shown to form polymeric 

ionic liquids (PILs). Both of the PILs shown in Figure 1.2 [33,34] have pendant groups that lack 

sufficient non-covalent interactions to be in a semi-crystalline state at room temperature. In the 

PILs designed by Jourdain and coworkers [33], a triazolium bis(trifluoromethyl)sulfonamide ion 

pair is generated through click chemistry using a copper(I)-catalyzed azide−alkyne cycloaddition. 

The presence of the oligomeric ethylene oxide group promotes packing of the chains, although the 
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glass transition temperature is still only ca. -62 oC; by comparison, the glass transition temperature 

of neat, high molecular weight PDMS is -123 oC [13]. A similar result was found for the PILs 

made by Bocharova and coworkers [48], where the length of the alkyl chain is too short to generate 

lamellar packing that is stable at room temperature. The trends observed for both PILs can be 

summarized by a correlation of the monomer molar volume and glass transition temperature. For 

PILs with a flexible backbone, a smaller molar volume of the monomer (including the counterion) 

results in a higher glass transition temperature. This observation may explain why the 

polyelectrolyte salts of Kaneko and coworkers [38,40] did not form polymeric ionic liquids—their 

molar volumes are smaller. Lastly, one assumption implicit in this correlation is that the 

counterions of the PILs do not contribute significantly to the non-covalent interactions (i.e., TFSI 

and the halide anions do not aggregate or phase separate into structures similar to those found for 

organic anions such as long chain carboxylates). More examples will be needed to test this 

hypothesis adequately. 
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Figure 1.2. Two examples of potentially important polymeric ionic liquids [33,34]. A) A 

triazolium TFSI-based PIL and B) an imidazolium-based PIL. Reprinted with permission from 

refs. [33,34]. Copyright [2016 and 2017] [American Chemical Society]. 

 

1.2.2. Polysiloxane-based polyelectrolytes with some monomers not containing ion pairs 

A decrease in the amount of non-covalent crosslinkers does not always translate to a 

decrease in their influence on the physical state of an ionic polymer; a broad range of possible 

materials can still be formed [42,49,50]. Much of the intermolecular interactions that influence the 

physical state of the material is now delegated to the pendant groups and counterion. Thus, a 

polysiloxane-based imidazolium bromide polyelectrolyte salt remains a liquid at room temperature 

even with 25 % by mole of imidazolium bromide ion content. Beyond noting that this material is 

a Newtonian liquid at room temperature, not much else is known about the physical texture of the 

polyelectrolyte. Also using an imidazolium bromide ion pair, Zuo and coworkers [42] in 2017 
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synthesized polyelectrolytes with differing grafting densities ranging from 16 % for PNL1-1 to 85 

% for PNL1-5 (Figure 1.3); the grafting density was calculated using the weight average molar 

mass provided. Surprisingly, at higher grafting density, the authors found that the resulting 

polyelectrolyte remains a viscous liquid. The authors attribute this result to the disruption of 

entanglements that occurs for PNL1-4 and PNL1-5, but not for PNL1-3. This is interesting as the 

polysiloxane copolymer with mercaptopropyl pendant groups (PMMS) is a liquid as noted by the 

rheological data. Thus, there appears to be an optimal grafting density range that results in a phase 

transition. An unanswered question in this work involves the 365 nm wavelength used to photo-

initiate the thiol-ene click chemistry This radiation can also induce the formation of disulfide 

linkages in primary alkyl thiols [51], and they may also contribute to the different physical states 

of the materials. 
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Figure 1.3. A) Reaction schemes and B) pictures involving an imidazolium bromide 

polyelectrolyte system [42]. Reproduced from ref. [42] with permission from the Centre 

National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry. 

 

. Many researchers are exploiting the influence of pendant groups on the bulk properties of 

ionic polymeric systems. The highly flexible nature of the linear polysiloxane homopolymers, the 

type and amount of a pendant group can be used to tailor physical properties, such as the glass 

transition temperature. Exploring different types of pendant groups can be used to introduce new 

properties not normally seen with linear polysiloxane homopolymers. A good example is the 

liquid-crystalline polyelectrolyte made by Wang and coworkers [52]. A set of polysiloxane 

copolymer, PnSO3, were synthesized with two unique pendant groups: a phenylpropoxy sulfonate 
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anion and a bulky cholesteric group. Amounts of these groups were varied and given as mole 

fractions of the sulfonate anion (Figure 1.4D). The lowest amount of sulfonate in the polysiloxane 

copolymer is denoted by n = 1 or P1SO3 and the highest amount by n = 3 or P3SO3. The former 

was used to crosslink two different dications: hexane-1,6-diyl diisonicotinate (HPY) and (1,1’-

bipenyl)-4,4’-diisonicotinate (BPy) (Figure 1.4C), making the networks far more rigid than those 

observed for the inorganic salt crosslinked systems mentioned in the previous section. The bulky 

cholesteric group provides the van der Waals ordering responsible for the liquid crystalline 

properties observed in the optical microscope images (Figure 1.4A and 1.4B). Due to greater 

intermolecular interactions from the pendant groups, the glass transition of the polyelectrolyte 

increases to 50 oC, with minimal influences from the crosslinkers HPy or BPy. It is also not 

surprising that that a smectic A or cholesteric mesophase is observed. They are typical of 

cholesteric liquid crystals [53]. One conclusion of note is that the thermal stability of the smectic 

A mesophase can be correlated with the amount of cholesteric pendant groups. The flexibility of 

the crosslinkers, HPy and BPy, also influences the thermal stability of the polyelectrolyte. 

Thermogravimetric analyses showed that the onset of pyrolysis of the organic component was 50 

oC lower for HPyP1SO3 than for BPyP1SO3. 
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Figure 1.4. Optical microscope images of the liquid-crystalline polyelectrolyte salt 

BPyP1SO3 in its cubic phase at 80 oC (A) and smectic phase at 120 oC (B). The structures of 

hexane-1,6-diyl diisonicotinate (HPY) and (1,1’-bipenyl)-4,4’-diisonicotinate (BPy) (C) and the 

final polyelectrolyte salts (D) are also shown [52]. Note: XSO3 is the molar fraction of each of 

the polymers. Adapted with permission from ref. [52]: Copyright Elsevier (2018). 

 

A key to categorizing the properties of ionic polymers is a determination of their propensity 

to form ion clusters (i.e., analysis of the regions rich and poor in ion pairs). Of the different types 

of ionic polymers, ionomers contain the fewest ion pairs and, for that reason, their bulk properties 

are the closest to those of unsubstituted polysiloxane homopolymers. 



 

13 

 

 

Figure 1.5. Polysiloxane-based ionomers with phosphonium halide pendant groups [54,55]. 

(A) Thermogravimetric (TGA) results for neat polysiloxane-based ionomers with phosphonium 

halide pendant groups; (B) Correlation between the glass transition temperature and ion density 

of the ionomers with various halide ions; (C) X-ray scattering spectra of polysiloxane-based 

ionomers with phosphonium bromide, bis(trifluoromethane)sulfonimide (TFSI), and fluoride 

pendant groups at varying temperatures; the filled and open circles are for data obtained at 25 

and 125 oC, respectively; (D) Structure of the allyltributylphosphonium bromide monomer used 

for the TGA data in A. Reprinted with permission from refs. [54,55]. Copyright [2013,2014] 

[American Chemical Society]. 

 

Because the PILs with halide counterions cannot form covalent crosslinks, these ionomers 

remain liquids at room temperature [50,54-58]. Because polysiloxanes exhibit low glass transition 

temperatures, high hydrophobicity, and good thermal (Figure 1.5A) and chemical stability, Chen 
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and coworkers targeted the PILs for potential use as media for ion transport [54]. The X-ray 

scattering data in Figure 1.5C show three unique peaks for this ionomer that can be attributed to 

the structural features in Figure 1.5B: the polysiloxane backbone (peak II), the oligo-ethylene 

oxide connecting groups that act as a plasticizer (peaks I and II), and the small quantity of 

phosphonium halide pendant groups that cluster (peak III). An interesting FT-IR method for 

following the progress of polysiloxane syntheses from non-ionic monomers has been reported 

recently [59,60].  It should be adaptable easily to follow the syntheses of ionic polymers reported 

here. 

1.3. Melt rheology of polysiloxane-based ionic polymers 

1.3.1. Melt rheology 

The effects of ion association and reptation ability in polysiloxane-based polymers will be 

discussed in this section. The affinity of ionic polymers to associate has a significant influence on 

their chain dynamics and the resulting mechanical properties [61–66]. The ability of an ionic 

polymer to undergo chain relaxation is determined principally by (1) the ability of the pendant ions 

to dissociate from one position and re-associate with another and (2) the ability of the entangled 

ionomer chains to undergo reptation. The first can be described as “ion-hopping” [61,67]: ions 

bound to a charged pendant group on an ionomer changes partners either by intra- or inter-chain 

processes. Association of ions in an ionomer is an equilibrium process and the rate of exchange 

depends on the nature of the solvation of the ions by the charged polymer pendant group. The 

importance of the second factor is related to the ease of relaxation of a polymer chain that depends 

on the microstructure of the polymer (including the flexibility of its backbone, the number of ionic 

or ionizable pendant groups, and the solvation ability of the ions [61,67]). 
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1.3.2. Melt rheology of polysiloxane-based ionic polymers  

 
Figure 1.6. Time-temperature superposition master-curve of polysiloxane-based ionomers 

containing different contents of phosphonium bromide pendant groups [54] (from right to 

left: f = 0 %, 5 %, 11 %, 22 %, and 26 %). The reference temperature was set at -75 oC. 

Reprinted with permission from ref. [54]. Copyright [2013] [American Chemical Society]. 

 

Chen and coworkers [54] provide a good example of the effects of ion pairs on polysiloxane 

copolymers. Figure 1.6 is a time-temperature superposition master curve with a reference 

temperature of -75 oC. The curves were correlated using the William-Landau-Ferry equations 

[68,69] and crossover points such as the onset of the glass transition from the glassy region to a 

transition region. The phosphonium bromide pendant group content ranged from 0 to 22 % (by 

mole). Only samples with 5 and 11 % were analyzed by GPC. They indicate an average molecular 

weight of 2500 to 5400 Da. This is a relatively small ionomer and, thus, it is not surprising that the 

rubbery plateau could be missing in the 0 % master curve. To obtain a plateau according to the 

sticky Rouse model, both strong ion association and significant polymer entanglement would be 

needed (for further information on the sticky Rouse model see ref. [63]). The current system is far 
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below the critical molecular weight for entanglements for systems such as PDMS and further 

rationalizes the absence of a rubbery plateau. As the ion association increases, the master curve 

changes in two ways. The first change occurs in the intermediate ion content range of 5-11 % 

where we observe an elongation of the transition region (i.e., where the storage and loss moduli 

are proportional to the angular frequency, suggesting the ionomer exhibits ion association 

preventing relaxation to the terminal region). The second change involves the decreased angular 

frequency for the onset of the glass transition. This occurs in the 5-26% region, suggesting the 

glass transition is related to the ion content. The curves for 22-26 % exhibit an extreme broadening 

of the glass transition temperature region that has been ascribed to slow β-relaxations (segmental 

motions in the glassy state [70,71]) and α2-transitions (polymer chain relaxations [72]). 

1.4. Applications of polysiloxane-based ionic polymers 

Polysiloxane-based polymers have been used in applications that range from food 

production to cosmetics to surfactants. Previous research has shown that many of the applications 

found for PDMS and similar polysiloxanes use the polymers in their charge-neutral forms (i.e., in 

which van der Waals interactions but no ionic interactions are present). Only since the late 1980s 

has research been conducted to explore possible applications of polysiloxane polymers with 

charged and ionizable pendant groups. Those efforts have resulted in significant applications that 

exploit the electrostatic forces and ionic crosslinking of an ionomer and its polyelectrolyte 

complexes. 
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Figure 1.7. Ionomers studied by (A) Hazziza-Laskar and coworkers [73] and (B) Novi and 

coworkers [74]. Copyright (1995) Wiley. Used with permission from refs [73,74]. Copyright 

(2006) Wiley. 

 

Due to the hydrophobic nature of the polysiloxane backbone and its cationic-anionic 

domains, ionomers and polyelectrolytes have been shown to exhibit antimicrobial properties, 

working in a similar fashion to soap with hydrophobic and hydrophilic regions. Cationic 

disinfectants, which are quaternary ammonium salts (QAs), have been shown to be very effective 

in combating microbial growth [73-77]. These QAs are thought to interact with and damage the 

cell walls of a variety of microorganisms so that they may not replicate, ultimately killing the 

organism. Hazziza-Laskar and coworkers [73] showed that ionomers even with low QA 

compositions exhibit strong biocidal properties. Using polyurethane films based on copolymers 

with 3.9% and 12.4% QA groups with octyl alkyl substituents (corresponding to 0.4 mmol/g and 
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1.0 mmol/g, respectively), they found that the concentration of E. coli decreased substantially even 

after only an hour of contact [73]. They also found that after immersing the polyurethane film in 

water for 30 days, the biocidal activity remained relatively unchanged, and there was no evidence 

for the presence of toxic molecules; the anti-bacterial properties are an intrinsic property of the 

polymer surface. Similar findings were reported by Sauvet and coworkers [75] and Novi and 

coworkers [74], although using different siloxane-based ionomers that utilize QA pendants (Figure 

1.7). Sauvet and coworkers [75] used higher concentrations of QAs, ranging from 1.73 mmol/g to 

2.58 mmol/g, and conducted their bactericidal tests in solutions of both E. coli and S. aureus 

instead of polyurethane films. They found that the minimum inhibitory concentration (MIC), 

associated with the largest dilution of soluble polymer, glucose broth, and incubated bacteria that 

appeared not cloudy, was similar in the 5 polymers that were employed. They noted that although 

the molar fractions of QAs in each ionomer were different, the moles of QAs per gram of polymer 

were small initially, and cited this as a potential explanation for the similarities. Regardless, their 

results show that all of the polymers examined exhibited antibacterial activity. MIC values, based 

on QA molar concentrations, were in range found usually for other antiseptics [78]. 

Novi and coworkers [74] employed a different method for the construction of their 

ionomers.  They attached ammonium groups to the ends as well as along the PDMS chains. This 

provided hydrophobic environments in both the middle and cationic ends. Even with this change 

in molecular construction, they found in the patch tests performed on B. subtilis and E. coli that 

the antibacterial effects were stronger on gram-positive bacteria (B. subtilis) than on gram-negative 

bacteria (E. coli) for end-chain ammonium groups, and vice versa for main-chain ammonium 

groups.  However, both effects were comparable to those found for other antibacterial compounds 
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and products. As shown by the studies [73–75], the addition of QA groups to PDMS backbones 

can yield ionomers with appreciable antibacterial activity. 

 

 

Figure 1.8. Polysiloxane-based triblock ionomer system [79] with a benzylammonium 

chloride pendant group used for antimicrobial and antifungal studies. (A) diagram 

describing the role of polysiloxane in preventing the microbial from entering the hydrophilic 

layer in human skin; (B) polysiloxane-based triblock ionomer used in this study; (C) images of 

Sabouraud dextrose petri plates containing fixed amounts of Candida Albicans while varying the 

amount of the polysiloxane-based triblock ionomer (4.0 KDa, m = 20.8). Adapted with 

permission from ref. [79]. Copyright Elsevier (2018). 

 

A series of PDMS-based ABA triblock ionomers (Figure 1.8B) has been test for antifungal 

activity.[79] The syntheses of the ionomers involved the polymerization of cyclic siloxaborate into 
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one of the block polymers and an amidation reaction to connect the blocks. Polydispersity indexes 

ranging from 1.6 to 1.8 and molecular weights ranging from 4.0 to 8.0 KDa of the different triblock 

polymers were determined by GPC measurements before the attachment of benzylammonium 

chloride group. Figure 1.8C shows results from experiments with one of the polymers (J2; Mw 

(copolymer backbone) = 4.0 KDa, PDI (copolymer backbone) = 1.79, 4m = 20.8 %) to determine 

the minimum inhibitory concentration (MIC, μg/mL) and the minimum fungal growth (MFC, 

μg/mL) of the fungal species, Candida Albicans. Good anti-fungal activity—an average MIC of 

500 μg/mL-- was found when the ratio of MFC/MIC was <4. When larger triblock ionomers were 

used, the MFC decreased, suggesting that the ionomers are less effective. This result is not 

surprising because larger hydrophobic backbones make penetration into fungal cell walls more 

difficult. The siloxane backbone, being more hydrophobic than skin, inhibits the ionomer from 

being adsorbed through the skin while allowing the medicinally active pendant groups (i.e., the 

charged benzylammonium chloride) to interact at the dermal surface (Figure 1.8A). This 

selectivity was demonstrated by tests to determine the degree of skin penetration by the ionomers 

using a simplified Franz diffusion cell onto which a small piece of rat skin had been affixed [79]. 

A higher molecular weight ionomer, J7 (Mw (copolymer backbone) = 7.9 KDa, PDI (copolymer 

backbone) = 1.64, 4m = 32.4 %), was added to a saline solution and the donor cell. Rat skin 

permeation of the ionomer was measured using UV-vis absorbance from the benzylammonium 

cation of aliquots of the receptor cell. As indicated by a lack of change in the absorbance over a 

period of 8 h, the ionomer did not penetrate the epidermal layer. 
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Other uses for polysiloxane-based ionic polymers explored more recently are in energy 

storage and energy conversion. As mentioned earlier, polysiloxanes and their respective ionomers 

and polyelectrolytes have low glass transition temperatures that allow many of the materials to 

conduct ions well and are considered highly flexible [16],[17,80]. For this reason, polysiloxanes 

resist crystallization, a process which is known to hinder ionic conductivity. 

Thus, materials with ionic side chain groups have been designed to increase the 

conductivity. In that regard, Liang and coworkers [55] added anionic borates to the PDMS 

backbone as a means to further lower the glass transition temperatures and, in so doing, increase 

conductivity. They used 3 types of borate side chains: lithium triphenylstyryl borate, lithium 

triphenylstyryl borate with three ethylene oxides, and one with perfluorinated phenyl rings. 

Because Tg typically increases as ionic concentration increases, there is a tradeoff between the 

deleterious effect on conductivity of increasing the glass transition temperature and the beneficial 

effect on ionic conductivity of increasing the ion content. Whereas the borate A (Figure 1.9) 

showed maximum conductivity at 8 % by mole ion content, the ethylene oxide separated borates 

lowered the Tg value and increased the conductivity, and the perfluorinated borate also 

substantially increased the conductivity [55]. Thus, the borate anions lower the ion association 

energy and are fairly good Li+ conductors. This complements the low Tg values that are intrinsic 

to the flexible siloxane backbone. For these reasons, PDMS-based ionomers may become useful 

in lithium ion batteries if the ionomer designs can be improved for that purpose. Choi and 

coworkers [81] similarly found that adding weakly-binding borates to a polyethylene glycol (PEG) 

increased overall lithium ion conduction by increasing polymer flexibility and reducing Tg. The 

authors used dielectric relaxation spectroscopy to show that adding more PEG resulted in an 
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increase in both dielectric constant and ionic conductivity. Furthermore, they showed that the PEG 

lowered the activation energy for ion transport from 14 to 8 kJ/mol [82]. They suggest that the 

small amount of added PEG solvates the ions and allows them to rearrange with less ionic 

aggregation [82]. 

 

Figure 1.9. Boron-containing ionomers studied for lithium-ion conduction with varying 

pendant groups [57,83]. lithium tetraphenyl borate pendant groups with (A) an ethylene linker 

and (B) with a tro1ihyleneglycol linker; (C) a perfluorinated lithium tetraphenyl borate pendant 

group with a triethyleneglycol linker. Reprinted with permission from refs. [57,83]. Copyright 

[2012,2014] [American Chemical Society]. 

 

Both of these studies indicate that ionomers and polyelectrolytes based on polysiloxanes 

may have widespread use for facile ionic conduction, especially for conduction of lithium ions. 

1.5. Physical properties of amidine and imidazoline 

Like amidine, imidazoline is known to be a stronger organo-base than mono-substituted 

alkylamines [84]. The pKa of imidazoline is similar to that of amidine. For example, the pKa of the 
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conjugate acid for acyclic amidine, N,N-dimethyl-N’-octanamide, is 12.2 while that of the cyclic 

imidazoline analogue. 1-methyl-2-octyl-4,5-dihydro-1H-imidazole, has a pKa of 11.0 [85]. 

Amidine and imidazoline functional groups are polar and uncharged; in the presence of an acid, 

they can be converted to ionic forms. Thus, a polysiloxane with amidine or imidazoline pendant 

groups provides the flexibility to change the copolymer into an ionic polymer (also called an 

ionomer when a small percentage of the monomeric units contain an ionic center [86]) with 

amidinium or imidazolinium pendant groups (while  retaining the hydrophobic polymer 

backbone). Depending on the substituent, amidine and imidazoline-containing compounds can  be 

hygroscopic [87,88]. Thus, the introduction of a hydrophobic backbone can retard water from 

entering the system, and water sensitive applications involving electrolyte media in batteries 

become possible [33,55]. Among the possibilities for the acid used to generate the amidinium and 

imidazolinium cations are alkylcarbamic and alkyldithiocarbamic acids that have been used by our 

group. 

 

Figure 1.10. Representative structures of the amidine (left) and imidazoline (right) 

functional groups. 
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Imidazoline is a 5-membered cyclic amidine analog with a long history of biochemical and 

pharmaceutical importance due to the presence of imidazoline receptors in the human body 

[89,90]. Thus, it is not surprising to find early applications of imidazoline-based compounds used 

as an anti-hypertensive drug (clonidine [91]) or a decongestant (naphazoline [92]). Beyond the 

pharmaceutical industry, imidazoline and the broader amidine groups have also been found to be 

important in applications as diverse as reaction catalysis [93], corrosion inhibiton [94], and CO2-

switching materials [85,95]. In parallel with the development of amidine and imidazoline 

applications is another group of materials that were investigated concurrently. Polysiloxane 

coatings [96] and eugenol-modified polysiloxane additives [97] have been explored as well for 

potential corrosion inhibition. 

Amidinium salts can be generated easily through the reaction of an amidine with an 

alkylamine and either CO2 (forming an amidinium carbamate) or CS2 (forming an amidinium 

dithiocarbamate) [98,99]; the same procedure generates the analogous imidazolinium 

alkylcarbamates and alkyldithiocarbamates.  

Previously, we have used both CO2 and CS2 to initiate electrolyte formation in mixtures of 

amidines and amines.[99–102] Due to the ease of both addition and loss of CO2 from amidine-

amine mixtures, these systems are easily and reversibly convertible between uncharged, low-

polarity and charged, high-polarity materials. The instability of the amidinium alkylcarbamate 

pairing has been ascribed to the soft conjugate acid character of an amidinium cation and a 

relatively harder carbamate anion.[99] More fundamentally, the marked greater thermal stability 

of dithiocarbamates than of carbamates can be explained by the  Hammond postulate,[103] noting 

the very negative heat of formation of CO2 (-393 KJ mol-1)[99] and the very positive heat of 
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formation of CS2 (115 KJ mol-1)[99]: once CS2 adds to an amine, it does not leave easily; CO2 loss 

from an amine results in a more stable pair of molecules. Thus, investigations of the properties of 

these types of ionomers at elevated temperatures or over long periods of time are much more 

conveniently conducted with the thermodynamically more stable alkyldithiocarbamates. 

1.6. Summary and motivation for thesis research 

At the beginning of this section, a question was posed: How does changing the structure of 

the monomers in the ionic polymers affect the bulk properties of the resulting materials? The 

results cited show that increasing the ion content increases the ability of an ion pair to influence 

the bulk properties. The results from Kaneko and coworkers [38–41,43] show that the disorder in 

neat PAPS-C8 decreases as the length of the chains of the carboxylate counterions decreases, 

allowing the  polymers to pack in a hexagonal phase. When an oligoethylene oxide is the 

connecting group, greater disorder is found in the system and a poly(ionic) liquid results. Even at 

low concentrations of ion pairs, they can play a decisive role in whether a polysiloxane-based 

material is more liquid, solid or even liquid crystal like [52]. 

We conjecture that future uses of polysiloxane-based ionic polymers will be very important 

in fields that exploit the intrinsic tunability—backbone flexibility, hydrophobicity, and charge 

content and type—of the polymers. Because the polymeric chains of these materials experience 

strong, localized non-covalent interactions, it may be possible to construct shape memory and self-

healing materials from them. The potential for using semi-crystalline or liquid crystalline 

polysiloxane-based ionic polymers as adhesive films seems quite high as well.  
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Polydimethylsiloxane (PDMS) is a convenient polymeric platform on which to append 

amidinium and imidazolinium dithiocarbamate electrolytic centers and to produce ionomers. 

PDMS is soluble in numerous organic solvents, and its hydrophobicity inhibits hydrolysis of 

appended amidinium and dithiocarbamate ion pairs. As a result of the low barrier to rotation about 

Si-O bonds (≈ 7.9 kJ mol-1),[104,105] PDMS with  short alkyl side chains remain liquids at room 

temperature, even above the critical molecular weight range for polymer entanglements.[106] In 

general, when a pendant group like the alkyldithiocarbamates employed here or others are > 12 

carbon atoms in  length or are substituted with an aromatic ring, the PDMS polymers can solidify 

at room temperature.[15,107] Lastly, hydrophobic ionomers based on PDMS copolymers have 

found realized and potential applications in fields such as battery technology,[33,108] 

adhesives,[24,101] anti-microbials,[24,73] and stimulus-responsive materials [101]. 
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2. AMIDINIUM-BASED ALKYLDITHIOCARBAMATE IONOMERS 

This chapter has been published recently in the Journal of Polymer Science [109] 

2.1. Introduction 

Ionomers can be hard or soft polyelectrolytes. Hard polyelectrolytes consist of polyions 

with permanent charges, such as tetraalkylammonium halides, while soft polyelectrolytes owe 

their ionic properties to pKa differences between substituent groups in which the components are 

intrinsically charged.  Here, I present a new approach to form ionomers based on mixing neat 

solutions of two initially uncharged components with similar pKa values, a polymeric amidine and 

an alkylamine, with a third uncharged component, CS2. This approach relies on nucleophilicity 

differences between the two nitrogen-containing components to produce charged polymeric 

amidinium dithiocarbamate ion pairs (Figure 2.1). 

 

Figure 2.1. Generic formation of an amidinium dithiocarbamate upon reaction of an 

acyclic amidine and an alkylamine with CS2. Copyright (2021) Wiley. 

 

This method relies on simple amidines being stronger bases [110,111] but weaker 

nucleophiles [112] than alkylamines. Other important attributes are the ready availability of a 

broad range of polymer chain lengths and different degrees of amidine substitution along them.  
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The diversity of the components makes possible the production of a broad spectrum of ionomers 

in which the viscosities and distributions of charge can be controlled. 

Here, I have examined examples of ionomeric systems based on PDMS substituted with 

amidinium alkyldithiocarbamates, and report the changes in structures and viscoelastic adhesive 

properties: when (1) the molecular weight of the polymer is above or below the critical value for 

chain entanglements (Mc); (2) when  the frequency of ion-pair groups (and thus, the degree of ion 

association) along the polymer chains is increased (thus increasing viscosity, ion association and 

the duration of entanglement events[67]); and (3) when the length of the alkyl chain of the 

dithiocarbamate counterions, hexyl or octadecyl, leads to different morphologies and 

phases.[46,47,113,114] The phases found are a relatively Newtonian liquid and a soft solid.[115–

118] 
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2.2. Results and Discussion 

2.2.1. Synthesis of PDMS-based ionomers with amidinium alkyldithiocarbamate side chains 

 

Figure 2.2. General pathways for syntheses of PDMS-based ionomers (R = -C6H13 or -

C18H37) from PDMS-based copolymers with randomly distributed aminopropyl groups 

(AP). (i) 2.0 M dimethlyamine and N,N-dimethylacetamide dimethyl acetal (DMADA) in THF 

under N2 at RT; (ii) hexylamine or octadecylamine and CS2 in CHCl3 at 0 oC. The filled black 

sphere is the amidinium (n = 6-7 % or 20-25 %) or AP pendant group on the PDMS backbone. 

Copyright (2021) Wiley. 

 

2.2.1.1. Materials  

Carbon disulfide (Acros, ≥99%); chloroform (Fisher, HPLC-Grade, ≥99% with 0.5% 

ethanol as stabilizer); chloroform (Fisher, ACS-Grade and HPLC-Grade, ≥99% with 0.75% 

ethanol as stabilizer); chloroform-d (Cambridge Isotope Inc., ≥99%); N,N-dimethylacetamide 
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dimethylacetal (DMADA, Alfa Aesar, ≥90%, 5-10% methanol as stabilizer); N,N-dimethylamine 

(Sigma-Aldrich, 2.0M in THF); 1-hexylamine (Alfa Aesar, ≥ 99%); 1-octadecylamine (Alfa Aesar, 

≥ 97%); poly[3-aminopropylmethylsiloxane-co-dimethylsiloxane] copolymer with 6-7% amine-

monomer content (6-7/8-AP, Gelest, AMS 162, 80-120 cSt, Mw = 5.4-7.7 KDa, ≥ 95%); poly[3-

aminopropylmethylsiloxane-co-dimethylsiloxane] copolymer with 6-7% amine-monomer content 

(6-7/35-AP, Gelest, AMS 163, 1800-2200 cSt, Mw 34-35 KDa, ≥95%); poly[3-

aminopropylmethylsiloxane-co-dimethylsiloxane] copolymer with 20-25% amine-monomer 

content (20-25/28-AP, Gelest, AMS 1203, 900-1100 cSt, Mw = 25.2-27.5 KDa, ≥ 95%). All 

chemicals were used as received unless specified otherwise.  Molecular weight ranges for all 

copolymers were calculated using Barry’s relationship[106] and the viscosities were provided by 

the manufacturer. Millipore water (18.2 Ω∙cm, 0.05 μS cm-1) was used for all relevant ionic 

conductivity measurements. 1-Hexylamine (Alfa Aesar, ≥ 99%) was distilled before use (boiling 

point of fraction collected: 129-130 oC, 760 mmHg; lit.[119] b.p. 129-130 oC, 760 mmHg). 1-

Octadecylamine was vacuum distilled twice[120] (boiling point of fraction collected: 142-143 oC, 

0.5 mmHg; lit.[121] b.p. 183.0-183.1 oC/5 mmHg and ΔHvap[122] 76.2 KJ mol-1). It was then 

melted (mp 51.6-52.1 oC; lit.[120] 50-52 oC) at 90 oC and cooled to room temperature under 

nitrogen to ensure removal of any residual carbon dioxide. Some ionomers were re-synthesized as 

needed and shown to have purities and properties virtually the same as those made initially. 
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Table 2.1. Acronyms for copolymers with amidine-substituents and ionomers of amidinium 

cations with alkyldithiocarbamate anions. 

Amidine-substituted PDMS copolymers 

and their acronyms 

Anion chain lengths 

and ionomer acronyms 

Amidine-

substituted 

PDMSa) 

Calcd. amidine Mw rangeb) (KDa) 

and amidine/imidate ratios 

(in parentheses)c) 

R = -C6H13 

 

R = -C18H37 

 

1a 

 

5.8-8.2 

(87/13) 

1a-6 

 

1a-18 

 

1b 

 

35.7-37.5 

(97/3) 

1b-6 

 

1b-18 

 

1c 

 

29.5–32.0 

(85/15) 

1c-6 

 

1c-18 

 

a) Molecular weight ranges of the as-received aminopropyl substituted polymers used to synthesize 

the amidine-based copolymers are included above in this section. b) Average molecular weight 

ranges of amidine-substituted PDMS were calculated from viscosity data supplied by the 

manufacturer as noted above. c) Ratio of amidine and imidate ester groups along a polymer chain 

after reaction of amino groups. 

 

Synthetic protocols for conversion of amines to amidines are well described in  the 

literature.[123–127] Using them, 1a, 1b, and 1c were synthesized in good yields,[124] and their 

compositions and purities were verified by several spectroscopic techniques, especially 1H NMR.  
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The imidate side products of the reaction to make the amidines do not interact with the 

alkyldithocarbamate anions; see section 2.4.1. 

Ang et al.[128] have reported that isothiocyanates and carbamic carboxylic 

thiotrianhydride are formed readily from acyclic and cyclic amidines, respectively, in the absence 

of additional amines and in the presence of 3 molar equivalents of CS2. When an amine is present, 

amidinium dithiocarbamate ionic polymers are the products.[99,101] 1H NMR was employed 

again to follow formation of the amidinium dithiocarbamates (Figures 2.10-2.14).  Related FTIR 

spectra are shown in Figures 2.15-2.17) Formation of an amidinium cation from an amidine is 

expected (and found) to cause a large deshielding of the peaks closest to the nitrogen 

atoms.[129,130] 

2.2.2. Detailed descriptions of syntheses of ionomers and their precursors 

Synthesis of 3-(N,N-dimethyl-acetimidamido)propylmethylsiloxane-co-dimethylsiloxane 

copolymer with 6-7% amine content (1a). Under a nitrogen atmosphere, N,N-dimethylacetamide 

dimethyl acetal (2.5 g, 19 mmol) was added to a solution of 2.0 M dimethylamine (20 mL, 40 

mmol) in THF and stirred for 10 min at room temperature. 6-7/8-AP (10.0 g, 9.1 mmol of 

monomers with aminopropyl substituents) was then added dropwise over a period of 1 h and then 

stirred in the dark for an additional18 h. Solvent and excess reactants were removed at 100 mmHg 

and 40 oC followed by 0.3 mmHg and 45 oC for 2 h. No noticeable change in the intensity of the 

residual N,N-dimethylacetamide impurity peaks at 2.1, 2.9, and 3.0 ppm was observed after 2 h by 

1H NMR; the amount of N,N-dimethylacetamide, calculated from the area of the 2.1 ppm peak, 

with reference to the peak at 0.53 ppm, was 0.3 – 0.6 wt%. The orange liquid was filtered through 

a polypropylene 0.2 µm membrane pore syringe filter to yield 9.2 g (88% yield; 13% imidate ester 
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side chains).   1H NMR (400 MHz, CDCl3, δ): 0.07 (m, 62.7 H; CH3-Si); 0.53 (t, 3J(H/H) = 8.0 

Hz, 2.0 H; Si-CH2-CH2); 1.53 (quint, 3J(H,H) = 8.0 Hz, 2.1 H; Si-CH2-CH2); 1.83 (s, 2.6 H; CH3-

C=N), 2.83 (s, 4.7 H), 3.14 (t, 3J(H/H) = 7.8 Hz, 2.1 H). 13C NMR (100.5 MHz, CDCl3, δ): -0.4, 

1.2, 12.5, 15.5, 25.9, 38.1, 53.5, 158.6. FT-IR (ATR): ν = 2963 (m); 1631 (m); 1445 (w); 1410 

(m); 1258 (s); 1007 (s); 787 (s). 

Synthesis of 3-(N,N-dimethyl-acetimidamido)propylmethylsiloxane-co-dimethylsiloxane 

copolymer from with 6-7% amine content and a molecular weight of 35.7-37.5 KDa (1b). The 

procedure was the same as that used to synthesize 1a. 6.7 g (63%; 97 % amidine and 3.0 % imidate 

ester side chains) of an orange liquid was obtained.  1H NMR (400 MHz, CDCl3, δ): 0.07 (m, 62.7 

H; CH3-Si); 0.54 (t, 3J(H,H) = 8.1 Hz, 2.0 H; Si-CH2-CH2); 1.53 (quint, 3J(H,H) = 8.0 Hz, 2.1 H; 

Si-CH2-CH2); 1.87 (s, 2.6 H; CH3-C=N), 2.84 (s, 5.8H), 3.17 (t, 3J(H,H) = 7.4 Hz, 2.0 H). 13C 

NMR (100.5 MHz, CDCl3, δ): -0.4, 1.2, 12.5, 15.5, 25.9, 38.2, 53.5, 158.7. FT-IR (ATR): ν = 2963 

(m); 1631 (m); 1445 (w); 1410 (m); 1258 (s); 1007 (s); 787 (s). 

Synthesis of polysiloxane-based ionomers from 6-7% amidinium hexyldithiocarbamate 

(1a-6). 1a (2.0 g, 1.7 mmol of amidine-monomer) and 1-hexylamine (0.17 g, 1.7 mmol) were 

placed in CHCl3 (15 mL), stirred for 20 min, and cooled in an ice bath. An ice-cooled 1.45 M stock 

solution of CS2 in HPLC-grade CHCl3 (2.0 mL, 3.0 mmol) was added dropwise to the ice-cooled 

1a solution over a period of 15 min. The reaction vessel was closed and the solution was warmed 

to room temperature and stirred overnight.  Full conversion to amidinium dithiocarbamate was 

indicated by the disappearance of the triplet at 2.6 ppm in the 1H-NMR spectrum that is diagnostic 

for 1-hexylamine. The solution was dried at 100-125 mmHg and 36 oC for 1 h followed by washing 

with CHCl3 (20 mL). The drying and washing process was repeated to aid remove residual CS2. 



 

34 

 

The liquid was then dried at 100-125 mmHg and 36 oC for 1 h and then at 100-125 mmHg and 

room temperature for 2 days before being analyzed by 1H NMR spectroscopy. If some residual 1-

hexylamine was detected, the product was dissolved in CHCl3 (10 mL) and cooled in an ice-bath. 

Then, CS2 (same solution and amount as above) was added dropwise, the solution was stirred for 

another 24 h, and solvent was removed as above.  1H NMR (400 MHz, CDCl3, δ): 0.02 (s, 87.1 

H); 0.46 (m, 2.0 H; Si-CH2-CH2); 0.81 (m, 2.9 H; CH3-(CH2)3-); 1.23 (m, 5.8 H; CH3-(CH2)3-); 

1.52 (quint., 3J(H,H) = 6.9 Hz, 1.6 H; (CH2)3-CH2-); 1.64 (m, 2.3 H; Si-CH2-CH2); 2.09 (m, 2.6 

H; CH3-C=NH); 3.26 (m, 5.7 H; (CH3)2-N); 3.49 (m, 3.8 H; SiCH2CH2-CH2-NH and (CH2)3-

CH2-NH-CS2); 3.66 (q, 3J(H,H) = 6.3 Hz, 0.4 H; SiCH2CH2-CH2-NH); 7.50 (m, 0.6 H; 

(CH2)3CH2-NH-CS2); 9.53 (m, 0.2 H; SiCH2CH2-CH2-NH). 13C NMR (100.5 MHz, CDCl3, δ): 

3.48, 14.06, 16.88, 17.07, 17.32, 25.04, 27.09, 29.10, 31.59, 43.18, 48.51, 50.51, 51.39, 164.19, 

164.58, 204.54, 216.92. FT-IR (ATR): ν = 2961 (m), 2906 (w), 2860 (w), 1647 (m), 1517 (w), 

1400 (w), 1251 (s), 1063 (s), 994 (s), 774 (s). 

Synthesis of polysiloxane-based ionomers with 6-7% amidinium hexyldithiocarbamate 

groups (1b-6) from 1b. The procedure employed was the same as that for 1a-6. 1H NMR (400 

MHz, CDCl3, δ): 0.06 (s, 87.1 H); 0.55 (m, 2.0 H; Si-CH2-CH2); 0.88 (m, 2.9 H; CH3-(CH2)3-); 

1.31-1.41 (m, 5.7 H; CH3-(CH2)3- and (CH2)3-CH2-); 1.62-1.69 (m, 4.0 H; Si-CH2-CH2 and CH2-

CH2-NH-CS2); 2.09-2.22 (m, 3.1 H; CH3-C=NH); 3.26–3.40 (m, 6.9 H; (CH3)2-N and (CH2)3-

CH2-NH-CS2); 3.50 (t, 3J(H,H) = 6.9 Hz, 1.4 H; SiCH2CH2-CH2-NH); 3.70 (q, 3J(H,H) = 6.9 Hz, 

0.8H; CH3-(CH2)6-NH); 9.53 (m, 0.2 H; Si-(CH2)3 -NH). 13C NMR (100.5 MHz, CDCl3, δ): 3.20, 

14.51, 16.01, 17.01, 17.56, 24.89, 27.13, 29.23, 32.23, 44.12, 49.76, 51.01, 51.37, 161.02, 164.33, 
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206.45, 218.56. FT-IR (ATR): ν = 2963 (m), 2903 (w), 1646 (m), 1519 (w), 1412 (w), 1258 (s), 

1072 (s), 1010 (s), 789 (s). 

Synthesis of polysiloxane-based ionomers with 6-7% amidinium octadecyldithiocarbamate 

groups (1a-18). 1-Octadecylamine (0.43 g, 1.7 mmol) was dissolved in CHCl3 (30 mL) at room 

temperature, followed by heating to 50 oC if the 1-octadecylamine did not dissolve completely. 

The solution was cooled to room temperature and 1a (2.0 g, 1.7 mmol of amidine-monomer) was 

then added. With stirring, an ice-cooled stock solution of 1.45 M carbon disulfide in HPLC-grade 

chloroform (2.0 mL, 3.0 mmol) was added dropwise over a period of 1 h. The reaction vessel was 

closed and the solution was warmed to room temperature and stirred overnight.  Full conversion 

to amidinium dithiocarbamate was indicated by the disappearance of the triplet at 2.6 ppm in the 

1H-NMR spectrum that is diagnostic for 1-octadecylamine. The solution was dried at 36 oC and 

100-125 mmHg for 1 h, followed washing with CHCl3 (20 mL). The drying and washing process 

was repeated to aid remove residual CS2. The liquid was then dried at 36 oC and 100-125 mmHg 

for 1 h, and then at room temperature and 100-125 mmHg for 2 days before being analyzed. If 

some 1-octadecylamine was detected by 1H NMR spectroscopy, the product was dissolved in 

CHCl3 (10 mL) and cooled in an ice-bath. Then, CS2 (same solution and amount as above) was 

added dropwise, the solution was stirred for another 24 h, and solvent was removed as above. 1H 

NMR (400 MHz, CDCl3, δ): 0.52 (t, 3J(H/H) = 7.8 Hz, 2.0 H; Si-CH2-CH2); 0.86 (t, 3J(H,H) = 6.9 

Hz, 2.9 H; CH3-(CH2)15-); 1.23 (m, 28.6 H; CH3-(CH2)15-); 1.55 (quint, 3J(H,H) = 6.9 Hz, 1.9 H; 

(CH2)15-CH2-); 1.70 (m, 2.1 H; SiCH2-CH2); 2.21-2.26 (m, 2.83 H; CH3-C=NH); 3.39 (s, 5.2 H; 

(CH3)2-N); 3.53 (m, 3.9 H; SiCH2CH2-CH2-NH and (CH2)15-CH2-NH-CS2); 3.70 (q, 3J(H,H) = 

6.2 Hz, 0.2 H; SiCH2CH2-CH2-NH); 7.50 (t, 3J(H,H) = 4.7 Hz, 0.7 H; (CH2)15CH2-NH-CS2); 9.56 
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(m, 0.1 H; Si-(CH2)3-NH). 13C NMR (100.5 MHz, CDCl3, δ): 2.09, 14.15, 16.86, 23.16, 27.01, 

29.10-29.80 (C18 chain), 31.87, 45.55, 47.03, 51.67, 162.27 (broad), 202.54. FT-IR (ATR): ν = 

2961 (m), 2924 (m), 2854 (m), 1643 (m), 1458 (w), 1411 (w), 1250 (s), 1109 (s), 987 (s), 956 

(shoulder), 781 (s). 

Synthesis of polysiloxane-based ionomers with 6-7% amidinium octadecyldithiocarbamate 

(1b-18) from 1b. The procedure employed was the same as that for 1a-18. 1H NMR (400 MHz, 

CDCl3, δ): 0.04 (s, 87.0 H; CH3-Si); 0.51 (m, 2.0 H; Si-CH2-CH2); 0.85 (t, 3J(H,H) = 6.9 Hz, 2.9 

H; CH3-(CH2)15-); 1.24 (m, 29.9 H; CH3-(CH2)15-); 1.38 (quint., 3J(H,H) = 6.9 Hz, 1.7 H; (CH2)15-

CH2-); 1.58-1.67 (m, 3.9 H; SiCH2-CH2 and CH3(CH2)16-CH2); 2.06-2.21 (m, 2.78 H; CH3-

C=NH); 3.13-3.40 (s, 6.7 H; (CH3)2-N and Si(CH2)2-CH2-NH); 3.48 (t, 3J(H,H) = 6.9 Hz, 1.7 H; 

(CH2)16-CH2-NH-CS2); 3.70 (q, 0.2 H; 3J(H,H) = 6.7 Hz, Si(CH2)2-CH2-NH); 7.50 (t, J = 4.8Hz, 

0.1 H; Si(CH2)3CH2-NH); 9.56 (t, 3J(H,H) = 4.8 Hz, 0.21 H; Si(CH2)3CH2-NH). 13C NMR (100.5 

MHz, CDCl3, δ): 1.12, 14.20, 14.73, 22.78, 26.66, 29.50-29.79 (C18-chain), 32.03, 31.66, 45.22, 

46.02, 48.02, 51.73, 161.98 (broad), and 201.70.  FT-IR (ATR): ν = 2966 (m), 2919 (w), 2851 (w), 

1645 (m), 1551 (w), 1473 (w), 1412 (w), 1258 (s), 1079 (s), 1010 (s), 790 (s). 

Synthesis of poly[3-((1-(dimethylamino)ethylidene)amino)propylmethylsiloxane-

dimethylsiloxane] copolymer with 20-25% amine content (1c). N,N-dimethylacetamide dimethyl 

acetal (8.7 g, 65 mmol) was added to a 2.0 M solution of dimethylamine in THF (30 mL, 60 mmol) 

and stirred for 10 min at room temperature. 20-25/28-AP (10 g, 29 mmol of amino monomer) was 

then added dropwise over a period of 1 h followed by stirring in the dark for 18 h. The solvent was 

removed by treatment initially at 40 oC and 200 mmHg followed by heating at 45 oC and 0.3 mmHg 

pressure for 2 h. No additional change in the intensity of the residual N,N-dimethylacetamide peaks 



 

37 

 

at 2.1, 2.9, and 3.0 ppm was observed by 1H NMR spectroscopy; the amount of N,N-

dimethylacetamide was estimated by comparison of the areas of the 2.1 ppm peak and that at 0.53 

ppm to be 0.2 – 0.3 wt%. The liquid was then filtered through a polypropylene 0.2 µm membrane 

pore syringe filter, yielding 8.7 g (81%; 85 % amidine and 15 % imidate ester groups) of an orange 

liquid. 1H NMR (400 MHz, CDCl3, δ): 0.03 (m, 19.2 H; CH3-Si) 0.52 (t, 3J(H,H)  = 8.4 Hz, 2.0 

H; Si-CH2-CH2); 1.51 (quint, 3J(H,H) = 7.2 Hz, 2.0 H; Si-CH2-CH2); 1.84 (s, 3.0 H; CH3-C=N); 

2.84 (s, 5.9 H; (CH3)2-N); 3.14 (t, 3J(H,H) = 6.6 Hz, 2.0 H; SiCH2CH2-CH2-N). 13C NMR (100.5 

MHz, CDCl3, δ): 1.15, 12.4, 15.4, 25.8, 38.0, 53.5, and 158.7. FT-IR (ATR): ν = 2960 (m), 1629 

(s), 1346 (w), 1259 (s), 1069 (s), 1008 (s), 794 (s). 

Synthesis of polysiloxane-based ionomers with 20-25% amidinium hexyldithiocarbamate 

(1c-6). A solution of 1-hexylamine (0.38 g, 3.7 mmol) and 1c (2.0 g, 3.7 mmol of amidine) in 

CHCl3 (15 mL) was cooled in an ice bath.  To it was added an ice-cooled 1.45 M stock solution of 

CS2 in HPLC-grade CHCl3 (3.7 mL, 5.6 mmol).  The reaction vessel was closed and the solution 

was warmed to room temperature and stirred overnight.  Full conversion to amidinium 

dithiocarbamate was indicated by the disappearance of the triplet at 2.6 ppm in the 1H-NMR 

spectrum that is diagnostic for 1-hexylamine. The solution was dried at 36 oC and 100-125 mmHg 

and for 1 h followed by washing with CHCl3 (20 mL). The drying and washing process was 

repeated to aid removal of residual CS2. The liquid was then dried at 36 oC and 100-125 mmHg 

for 1 h and then at room temperature and 100-125 mmHg for 2 days before being analyzed by 1H 

NMR spectroscopy. If some 1-hexylamine was detected, the product was dissolved in CHCl3 (10 

mL) and cooled in an ice-bath. Then, CS2 (same solution and amount as above) was added 

dropwise, the solution was stirred for another 24 h, and solvent was removed as above. 1H NMR 
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(400 MHz, CDCl3, δ): 0.02 (m, 26.7 H; CH3-Si); 0.53 (m, 2.0 H; Si-CH2-CH2); 0.86 (t, 3J(H,H) = 

6.4 Hz, 2.6 H; CH3-(CH2)3-); 1.24 (m, 5.4 H; CH3-(CH2)3-); 1.51 (quint. , 3J(H,H) = 7.2 Hz, 1.7 

H; (CH2)3-CH2-); 1.67 (m, 2.0 H; Si-CH2-CH2); 2.20 (m, 2.8 H; CH3-C=NH); 3.32 (s, 5.6 H; 

(CH3)2-N); 3.45-3.55 (m, 4.1 H; SiCH2CH2-CH2-NH and (CH2)3-CH2-NH-CS2); 7.50 (m, 0.8 H); 

9.56 (m, 0.03 H; Si-(CH2)3-NH). 13C NMR (100.5 MHz, CDCl3, δ): 3.46, 14.34, 16.69, 17.04, 

17.49, 24.38, 27.71, 28.99, 32.04, 44.45, 50.05, 51.09, 51.63, 161.09, 165.27, 207.56, 216.56. FT-

IR (ATR): ν = 3174 (w), 2960 (m), 2930 (m), 2855 (w), 1643 (m), 1464 (w), 1412 (w), 1345 (w), 

1237 (s), 1075 (s), 1008 (s), 970 (shoulder), 794 (s). 

Synthesis of polysiloxane-based ionomers with 20-25% amidinium 

octadecyldithiocarbamate (1c-18). 1-Octadecylamine (0.95 g, 3.7 mmol) was dissolved in CHCl3 

(70 mL) by heating to 50 oC and the solution was cooled to room temperature before addition of 

20-25 AMI. 20-25 AMI (2.0 g, 3.7 mmol of amidine). A 1.45 M solution of CS2 in CHCl3 (3.7 

mL, 5.6 mmol) was added dropwise over a period of 15 min into an ice-cooled solution. The 

reaction vessel was closed and the solution was warmed to room temperature and stirred overnight.  

Complete conversion to amidinium dithiocarbamate was indicated by the disappearance of the 

triplet at 2.6 ppm in the 1H-NMR spectrum that is diagnostic for 1-octadecylamine. The solution 

was dried was dried at 36 oC and 100-125 mmHg for 1 h, followed by washing with CHCl3 (20 

mL). The drying and washing process was repeated to aid removal of residual CS2. The liquid was 

then dried at 36 oC and 100-125 mmHg for 1 h and at room temperature and 100-125 mmHg for 2 

days. Analysis was performed only after there was no evidence of residual 1-octadecylamine by 

1H NMR spectroscopy.  If some 1-octadecylamine was detected, the product was dissolved in 

CHCl3 (10 mL) and cooled in an ice-bath. Then, CS2 (same solution and amount as above) was 
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added dropwise, the solution was stirred for another 24 h, and the solvent was removed as above. 

1H NMR (400 MHz, CDCl3, δ): 0.06 (m, 27.5 H; CH3-Si); 0.54 (m, 2.0 H; Si-CH2-CH2); 0.87 (t, 

3J(H,H) = 7.0 Hz, 3.4 H; CH3-(CH2)15-); 1.25 (m, 35 H; CH3-(CH2)15-); 1.55 (quint., 3J(H,H) = 

7.0 Hz, 1.7 H; (CH2)15-CH2-); 1.70 (m, 2.5 H; SiCH2-CH2); 2.29 (m, 3.0 H; CH3-C=N); 3.36 (s, 

5.7H; (CH3)2-N); 3.53 (m, 4.0 H; SiCH2CH2-CH2-NH and (CH2)15-CH2-NH-CS2); 3.70 (q, 

3J(H,H) = 7.0 Hz, 1.0 H; SiCH2CH2-CH2-NH); 7.51 (t, 3J(H,H) = 4.8 Hz, 0.6 H; (CH2)15-CH2-

NH-CS2); 9.59 (t, 3J(H,H) = 5.1 Hz, 0.5 H; SiCH2CH2-CH2-NH). 13C NMR (100.5 MHz, CDCl3, 

δ): 3.21, 14.11, 17.20, 17.34, 17.42, 25.15, 26.81, 29.66-29.93 (C18 chain), 31.29, 44.01, 48.63, 

51.12, 51.44, 164.08, 164.79, 203.74, 217.92. FT-IR (ATR): ν = 3203 (w), 2960 (w), 2915 (s), 

2850 (m), 1628 (m), 1466 (w), 1344 (w), 1259 (s), 1111 (s), 1010 (s), 977 (shoulder), 794 (s). 

2.2.3. Structural properties of the ionomers with octadecyldithiocarbamate anions 

Thermogravimetric analyses (TGA) of the ionomer melts were conducted using a TA 

instrument thermogravimetric analyzer (Model Q5000). Nitrogen gas was used for purging the 

sample compartment during heating while compressed air was used for cooling. Samples were 

placed in platinum pans and equilibrated there initially at 30 oC. Then, they were heated at 5 oC 

min-1 to 600 oC (unless stated otherwise). In isothermal experiments, samples were heated to the 

desired temperature, followed by equilibration there for 5 min. Then, data were collected for the 

next 4 h. 

The TGA curves in Figures 2.18-2.20 indicate that the ionomers remain stable to at least 

100 ᵒC. Table 2.4 summarizes the onset temperatures of the first significant weight loss and the 

local decomposition temperatures for the ionomers as measured from the first derivative curves of 

the weight losses. 
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Differential scanning calorimetry (DSC) was performed on a Q200 differential scanning 

calorimeter with samples in open aluminum pans. Prior to taking measurements, residual 

chloroform was removed from the samples by heating them for 30 min at 40 oC and then at room 

temperature (18-20 oC) for 72 h, both at 100 mmHg. Then, the data were recorded on samples 

equilibrated at 0 oC for 1 min, heated to 120 oC, and held there for 5 min before cooling to 0 oC. 

They were kept at 0 oC for 5 min before reheating. The cycles were repeated 3 more times. Rates 

of heating and cooling were 5 oC min-1 unless specified otherwise. 

Qualitative and quantitative analyses of semi-crystalline polymers by DSC suggested that 

the thermal histories of the materials could be significantly erased by heating the polymers to 120 

oC, a temperature more than 30 oC higher than the melting point of a small molecule analogue, 

octadecylammonium octadecyldithiocarbamate [120]. Also, to remove any residual chloroform 

solvent, the ionomers were heated at slightly elevated and at room temperature in vacuo for 

protracted periods, a procedure that affords some thermal annealing, favoring formation of an 

unidentified Phase A. Treatment only at room temperature in vacuo was insufficient to remove the 

thermal profile of the ionomers because this temperature is within the range of the first-order 

transition leading to phase B. First-order phase transitions were detected by DSC only in the 

ionomers with the octadecyldithiocarbamate anions (Figures 2.22-2.25 and Tables 2.5 and 2.6). 

Thermograms for 1a-18, and 1b-18. 1c-18 show first-order phase transitions with onset 

temperatures upon heating near room temperature (from phase A to phase B) and near 60-80 oC 

(transition from phase B to an ‘isotropic’ phase).  The very small changes in the FT-IR spectra 

caused by heating are shown in Figures 2.26-2.31. The structures of the A and B phases will be 

discussed below. 
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Figure 2.3. (A) DSC thermogram of 1c-18 during the first (black) and second heating (red 

dashed) with polarized optical micrographs of the sample. (B) Optical micrographs of 1c-18 

placed between microscope slides before and after air cooling at room temperature for 24 h. (C) 

A part of the DSC thermogram during the first heating. Copyright (2021) Wiley. 

 

Isothermal TGA was performed and related FT-IR spectra were recorded to assess the 

thermal stability of 1c-18 when heated at 4 h at 90 oC and 50 oC (Figure 2.21). A continuous and 



 

42 

 

marked decrease in weight (~2.5 %) was observed at 90 oC, while only a 1.3 % decrease was 

detected at 50 oC. The calculated weight loss for the presumed complete evolution of H2S (and 

formation of thiourea) is ~5% [99]. From these data, we conclude that decomposition, if occurring, 

is very slow. Because most of the weight loss at 50 oC was noted within the first 5 min, the material 

lost may have been residual solvent. The transitions are broad, suggesting contributions from more 

than one crystalline configuration or multiple phase transitions. 

2.2.3.1. Temperature-dependent powder X-ray diffraction (PXRD)  

Samples were placed inside Kapton® capillaries with 1.0 mm diameters and kept in a 

nitrogen stream whose temperature was controlled using an Oxford 700 Cryostream cooler.  The 

samples were thermostatted initially at 0 oC for 10-20 min before being heated at a constant rate 

of 5 oC min-1 (to mimic the DSC experiments) to each desired temperature and equilibrated there 

for 10-20 min before data were collected on a Bruker Apex DUO diffractometer equipped with an 

APEXII CCD detector using a Cu IμS source (λ = 1.542 Å).  A series of 360o Φ scans were 

collected and data were integrated in the range of 2-60o in 2θ. 

Diffraction peaks from PXRD in the range 18-25° for 2θ demonstrate that more than one 

phase is present for 1c-18; see Tables 2.7 and 2.8 for peak assignments for 1b-18 and 1c-18. 

Among the several possible explanations for the observed expansions or contractions of the 

lamellar phases and different intermolecular distances are that: (1) the dimensions of the unit cell 

for the crystalline domains are small, leading to reciprocal planes with similar d-spacings; (2) the 

peaks in this region arise from different octadecyl conformations; (3) the octadecyl chains are 

partially interdigitated. 



 

43 

 

From polarized optical micrographs (Figure 2.3B), the A-B transition occurs slowly when 

samples are incubated slightly above their temperatures of maximum heat change in DSC 

thermograms; reorganization of the polymeric chains is slow. For example, one day was needed 

for the original room-temperature optical birefringence pattern to return after heating 1c-18 to 90 

oC; note that Figure 2.3C shows no other transitions between 50-90 oC. Thus, the decrease in 

enthalpy in the second to fourth DSC cycles for the ionomers is attributed to their slow structural 

relaxation. 

Multiple first-order transitions are well documented for polymers and molecules with long 

alkyl chains.[131–136] Their presence here complicates assignments of phases based on indexing 

of the numerous peaks in the PXRD spectra. However, some aspects of the PXRD patterns for the 

A-B transition can be deciphered if we assume (in analogy with metastable phase of 

octadecylammonium octadecylcarbamate formed upon heating [133,137]) that the crystalline 

domains from the ionomers derive from interactions between polymer chains and 

octadecyldithiocarbamate anions and among multiple octadecyldithiocarbamate anions. We assign 

the low angle peak at 3.18° from 1c-18 at 0 oC (Figure 2.4A) to the (0 0 2) reciprocal lattice plane, 

in analogy with the 3.28° peak reported for the solid phase diffraction from octadecylammonium 

octadecylcarbamate that was indexed to an orthorhombic unit cell with stacked lamellar 

planes.[133,137] Lamellar, bilayer-like phases have been observed in other polymers with 

octadecyl pendant groups.[138,139] A similar packing seems to be occurring in the crystalline 

domains of phase A in our ionomers.  Reciprocal planes of (0 0 3) and of higher notations like 

those of octadecylammonium octadecylcarbamate[133,137] could be assigned as well for 1c-18 

(Table 2.8). 
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Less chain interdigitation in the ionomer than in octadecylammonium octadecylcarbamate 

is suggested by the larger d-spacings for 1c-18. A distance of 55.6 Å, obtained by extrapolating 

from the d-spacing for the (0 0 2) lattice plane, is estimated for the (0 0 1) plane. This distance is 

close to the calculated value for a fully extended octadecylammonium octadecyldithiocarbamate 

molecule,[120] and is compatible with two fully-extended octadecyldithiocarbamate anions that 

are aligned tail-to-tail and packed in an orthorhombic unit cell. 

Finally, (0 2 9) and (2 0 5) reciprocal planes can be assigned, respectively, to the intense 

diffraction peaks at 23.34o and 24.30o. Using these planes, the lengths of the a- and b-axes, 7.76 Å 

and 9.69 Å, for 1c-18 are comparable to the distances found by Belman et al.[140] for the 

analogous alkylammonium alkylcarbamate. 

When heated and equilibrated to 50 oC, 1c-18 became non-birefringent but the prominent, 

sharp peaks at 19.36o and 23.16o in the PXRD diffractogram (Figure 2.4B) indicate that the sample 

had not melted. The calculated d-spacings for these peaks, 4.59 Å and 3.80 Å, respectively, are the 

same as those for the (0 2 0) and (1 1 0) reciprocal planes in the herringbone, orthorhombic, 

crystalline phase (γ-state) of octadecyl acrylate.[131,134] Based on these planes, two of the three 

unit cell dimensions are calculated to be a = 4.25 Å and b = 9.17 Å for 1c-18 at 50 oC.  Thus, the 

A-B transition for this ionomer is due to the transformation of an orthorhombic crystalline phase 

to a herringbone orthorhombic phase when the ionomer was heated from 0 to 50 oC (i.e., an onset 

near 25 °C and peak temperature at 40 °C). This assignment is confirmed by the presence of low-

angle diffraction peaks belonging to the (0 0 l) series of reciprocal planes. Using the (0 0 2) plane 

and the corresponding peak at 3.78o in 2θ, the c dimension of the unit cell is calculated to be 46.8 

Å. Assuming a lamellar packing of fully extended octadecyl chains, this shortened distance 
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requires a tilt angle[120] of ca. 33o in the crystalline domains. The sharp peaks in the diffractogram 

are lost when the ionomer is heated to 100 oC, suggesting a melting transition. The remaining 

broad peaks at ≈ 12o and 20o at 100 oC are characteristic of amorphous diffractions from the 

siloxane backbone[141,142] and the methylene groups in the octadecyl chains (Figure 2.4C); the 

remaining peak at 5.8° is from the Kapton sample holder.[143] Lastly, the orthorhombic phase 

was regenerated after the sample had been heated, but only slowly by leaving it at room 

temperature for several days and then re-cooling to 0 oC (Figure 2.4D). 

 

Figure 2.4. PXRD diffractograms of 1c-18 starting at (A) 0 oC, followed by heating to (B) 50 

oC, and then to (C) 100 oC. The sample after being left at room temperature for 5 days and 

cooled to 0 oC (D). Relevant reciprocal planes are indicated; for a full list see Table 2.8. 

Copyright (2021) Wiley. 
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Analogous comportment was observed in the DSC (onset temperature of 78.0 ± 0.5 oC) of 

the 1a-18 ionomer. The width of its transition to phase B in the initial cooling thermogram is 

narrower than in the subsequent 3 cooling curves. Also, the maximum temperature of the transition 

increased from 66.2 to 70.7 oC between the first and fourth cooling runs. Again, the broader 

transition during the initial cooling is consistent with a wider distribution of crystalline octadecyl 

aggregates, and the narrowing in subsequent cooling runs suggests annealing that produces more 

uniform crystallites [144]. 

2.2.4. Structural properties of 1b-18, including evidence for the presence of a thermodynamically 

unstable orthorhombic rotator phase (RI) 

Fewer (and perhaps smaller) crystalline domains are present apparently for 1b-18 than for 

1c-18 due to the difference in the frequency of monomer units with amidinium groups along the 

polymer chains. Enthalpies for all first-order transitions of 1b-18 were smaller than those for 1c-

18 (Tables 2.5 and 2.6). A unique transition near room temperature and another with a peak 

temperature of 59.8 oC were detected by DSC (Figures 2.3A and 2.24A) and PXRD only during 

the initial heating. 
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Figure 2.5. Temperature dependent PXRD diffractograms of 1b-18 that was heated from 0 

to 100 oC. (A) no thermal treatment and (B) after the fourth heating and cooling DSC cycle. For 

a full list of reciprocal planes, see Table 2.7. Copyright (2021) Wiley. 

 

In contrast to 1c-18, a sharp first-order transition was observed during the heating of 1b-

18 (Figure 2.24A). PXRD diffractograms of 1b-18 were recorded before and after initial heating 

(Figure 2.5). The sample was stored in a closed vial at room temperature for 24 h between analyses 

to allow slow re-equilibration to be achieved. Even with that annealing, some diffraction peaks 

were observed in the PXRD diffractogram of 1b-18 only before initial heating.  They suggest that 

removal of chloroform solvent from the mixture of the three uncharged components during 

ionomer synthesis results in some packing that is not thermodynamically stable. Thus, a domain 

present only in the initial heating (N.B., absent in Figure 2.5B) is indicated by two strong 
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diffraction peaks at 22.26o and 24.12o. In analogy with the phases of octadecyl acrylate,[131] it 

may be an orthorhombic rotator phase (β-state). The other domain is characteristic of an 

orthorhombic crystalline phase that evolves slowly from the β-state.[145,146] Therefore, the sharp 

transition centered at ~30 oC in the DSC thermogram is attributed to melting of the β-state. The 

lack of diffraction peaks above 20o at 37 oC (Figure 2.5A) is a consequence of melting the β-state 

instead of it being transformed to the γ-state. By the fourth heating-cooling cycle, the crystalline 

domains are either orthorhombic or herringbone orthorhombic phases (Figure 2.5B). The results 

for 1c-18 and 1b-18 are summarized in Figure 2.6. 

 

 

Figure 2.6. Cartoon representation of the transitions and their peak temperatures between 

morphs of 1b-18 and 1c-18 based on DSC and PXRD data.  ‘Synthesis’ refers to the material 

isolated initially after removal of the chloroform solvent. Copyright (2021) Wiley. 

 

Thus, inclusion of ionic groups in a PDMS affects the dynamics of the transitions in the 

crystalline domains as well as in the polymer chain regions.  The inhibition to rapid motions caused 

by ion associations slows conformational relaxation of the octadecyldithiocarbamate anions. 

Consistent with these conclusions, Prior studies of neat ionomers with semi-crystalline domains 

from long alkyl chains appear to have focused on thermal properties and on gaining an 
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understanding of the larger aggregate structures[82,147–149]. However, Sarkar and 

coworkers[107] noted that octadecyl pendant groups, randomly appended to polysiloxane 

copolymer chains, pack in fully extended, tail-to-tail, lamellar arrangements. Also, 

polyelectrolytes and ionomers have been mixed with surfactants in solvents to generate 

polyelectrolyte-surfactant complexes.[114,150–152]. Again, the primary focus of these studies has 

been usually the morphology of the packing and the overall state of ionic aggregation. 

Although solvents influence the overall structures of the crystalline domains, these 

complexes still provide insights into the packing arrangements of non-PDMS ionomer systems 

with counterions containing long alkyl chains. For example, water-swollen copolymer-gels of 

poly(sodium methacrylate/N-isopropylacrylamide) (P(MAA/NIPAM)) with 

tetradecyltrimethylammonium (C14TAB) counterions exhibit hexagonally close-packing with 

orthorhombic unit cells within their ionomer concentration region, 1.0 – 7.0 mol %, at room 

temperature.[114,152] This type of packing was also found for P(MAA/NIPAM) copolymer gels 

with longer octadecylammonium surfactants.[114] 
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Table 2.2. Unit cell dimensions calculated for 1b-18, and 1c-18 at  

different temperatures (T). 

Ionomer T (oC) Crystal system a (Å) b (Å) c (Å) 

1b-18 (Figure 2.5A)a) 0 Mixture of phasesb),c) NAb) 

7.38c) 

9.75b) 

4.73c) 

55.6b) 

50.5c) 

1b-18  (Figure 2.5B)d) 

 

0c) Orthorhombic 7.82 9.65 55.2 

37c) Herringbone orthorhombic 4.14 9.17 53.9 

1c-18 0 Orthorhombic 7.76 9.69 55.6 

 50 Herringbone orthorhombic 4.25 9.17 46.8 

a) Vacuum dried; no heat treatment. b) Dimensions of the orthorhombic crystalline phase in the 

mixture. One of the dimensions could not be obtained; there were no resolvable peaks with 

reciprocal planes that included the a-axis. c) Dimensions of the β-phase. d) Heated and cooled in 

four cycles before PXRD measurements. 

 

2.2.5. Viscoelastic property changes from ion association in hexyldithiocarbamate-based ionomers 

above the critical entanglement molecular weight 

As noted by Colby and coworkers,[67] stress relaxation and associated polymer dynamics 

phenomena can be attributed in large part to entanglements of the polymer chains and ionic 

interactions of the ion pairs. Linear PDMS is a very flexible polymer within the critical molecular 

weight range for entanglements (Mc), 20-33 KDa.[13] Physical properties, such as intrinsic 

viscosity below and above this molecular weight range, are known to follow different trends when 

analyzed by the Barry equation for PDMS[106] and by the Mark-Houwink equation for polymer 
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solutions.[153] Below the Mc, intrinsic viscosity is proportional to the molecular weight of PDMS. 

Above the critical molecular weight range, the intrinsic viscosity dependence on molecular weight 

becomes exponential due to increased polymer entanglements.[154] 

Here, we have examined the influence of chain entanglements on PDMS containing 6-7 % 

of monomers with amidinium dithiocarbamate ion pairs at average molecular weights above and 

below the critical range for chain entanglements. Figure 2.3A shows the frequency sweeps for 

these ionomers at 25 oC and low strain (0.5 %). Within the range of angular frequencies measured, 

G” is > G’; they remain liquids. At the higher frequencies, 1a-6 follows a power law relationship 

typical of the terminal region for a liquid (G’ ≈ ω1.8-2.0 and G” ≈ ω0.9-1.0);[153] the power law 

relationships do not extend into very low frequencies because the moduli values were at the low 

end of the detection limit of our rheometer. 

The same power law relation is observed for 1b-6, but at lower frequencies. The effects of 

ion association can be observed because the power law relationship begins to decrease at higher 

frequencies for 1b-6 (G’ ≈ ω1.3-1.4), but not for 1a-6. The decrease is attributed to the interactions 

of the PDMS backbone with the hexyldithiocarbamate anions, causing a delay in polymer 

relaxation. 
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Figure 2.7. (A) Moduli versus angular frequency (ω) sweeps at 0.5 % strain of ionomers 

with hexyldithiocarbamate anions at 25 oC. 1a-6 (  = G’ and  = G”), 1b-6 (  = G’ and  = 

G”) and 1c-6 (  = G’ and  = G”). (B) Dynamic viscosities (η) versus shear rate (�̇�) of PDMS-

based hexyldithiocarbamate ionomers at 25 oC: 1a-6 ( ), 1b-6 ( ), and 1c-6 ( ). Copyright 

(2021) Wiley. 

 

This attribution is supported by comparisons of frequency-induced changes of the moduli 

of the two ionomers with shorter hexyldithiocarbamate anions, 1b-6 and 1c-6 (Figure 2.7). 

Although the chains of 1c are shorter than those of 1b-6, both are sufficiently long to exhibit 

entanglements. The power law relationship predicts that increasing the amidinium dithiocarbamate 

ion pair content to 20-25 % should increase also the importance of ion association and, thus, affect 
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the dynamics of chain motions. We do find that terminal flow occurs at lower frequencies in 1c-6 

than in 1b-6. 

The effect of increasing the number of ionic groups per length of a PDMS polymer chain 

on viscosity is also clear from data for rotationally sheared hexyldithiocarbamate ionomers (Figure 

2.7B).  Correlations between viscosity and molecular weight for PDMS are known to follow a 

non-linear power law relationship.[106]  As such, it is not surprising that the dynamic viscosity of 

1b-6 is three orders of magnitude higher than that of 1a-6.  Whereas 1b-6 remains a Newtonian 

fluid up to a yield stress ≈ 100 s-1, 1a-6 undergoes shear thinning even at low shear rates (10-3-10-

2 s-1). More generally, the three ionomers are expected to exhibit chain entanglements and do show 

plateaus characteristic of Newtonian fluids. 

2.2.6. Viscoelastic properties of the ionomers with octadecyldithiocarbamate anions 

The short alkyl chains of the hexyldithiocarbamate ionomers allow the effects of ion 

association between the anion and the polymer backbone and chain entanglements to be separated 

somewhat.[56] The van der Waals interactions among hexyl groups are too weak to be an important 

contributor to side chain structural features.  However, many studies have noted the importance of 

longer chains on the properties of solutions of polyelectrolytes with anionic 

surfactants.[45,47,155–159] Of interest here are neat dithiocarbamates that, in solution, would be 

surfactants due to the presence of ‘longer’ octadecyl groups. 
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Figure 2.8. Moduli versus angular frequency sweeps (ω) of ionomers with 

octadecyldithiocarbamate anions at 40 oC and 0.5 % strain. (A) 1a-18 (● = G’, o = G”), 1b-

18 ( = G’ and = G”); (B) 1c-18 at 40 oC ( = G’, = G”). Copyright (2021) Wiley. 

 

At room temperature, the ionomers with octadecyldithiocarbamate anions did not flow 

perceptibly and behaved like soft solids. These qualitative observations were quantified for 

samples that have not been pretreated thermally (Figure 2.8). For 1a-18 and 1c-18, a crossover 

point was observed, while none was detected for 1b-18. 

Due to their high viscosities at room temperature, the octadecyldithiocarbamate salts were 

equilibrated at 40 oC for 60 min before performing rheological measurements.[160] A common 

feature of the ionomers with octadecyldithiocarbamate anions is the shape of their frequency sweep 

curves. All are in the transition region at the high frequencies,[161] suggesting a dynamic system. 
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At lower frequencies, 1a-18 and 1c-18 display a crossover to a rubbery plateau region and the 1b-

18 ionomer appears to be approaching a crossover as the frequency increases. In combination with 

the lack of changes in the IR spectra after thermal treatment (Figures 2.27-2.31), these results 

suggest that the ionomers may be becoming soft solids at 40 oC as they undergo slow macroscopic 

changes that are physical rather than chemical in nature. 

This type of behavior has been observed in other polyelectrolyte-surfactant systems.[156] 

As noted, although neat PDMS behaves thermally like a Newtonian fluid near room temperature 

due to its low glass transition temperature, and the high flexibility of its polymer backbone inhibits 

its crystallization,[162] van der Waals forces along domains of long alkyl chain counterions 

enhance their ability to crystallize. 

2.2.7. Single lap-shear adhesion studies of ionomers on borosilicate glass substrates 

The physical properties that contribute to adhesion are viscoelastic in nature. As Creton 

and Fabre[163] noted, a good adhesive must possess liquid-like surface properties to wet the 

interface with another material while also being solid-like to resist ruptures during mechanical 

stress. Viscoelastic properties, such as intrinsic viscosity, glass transition temperature, 

crystallinity, and melting point are commonly used to assess why adhesives are strong or 

weak.[163–166] Thus, the structure-property relationships presented for our ionomers are germane 

to understanding their adhesion. As noted, the intrinsic viscosities of 1b-18 and 1c-18 were not 

measurable at room temperature with our rheometer,[160] and the onset temperature from DSC 

measurements for melting the octadecyl aggregates establishes our upper operational temperature 

limit for measurements of adhesion by this method. 
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However, lap-shear measurements using an Instron mechanical testing device were possible at 

room temperature. Adhesion was measured using an Instron 5965 Universal Testing System with 

a 5 kN instrument loading capacity. The apparatus is shown in Figure 3.9.  Protocols for the 

extension of the sample were adapted from ASTM-D1002 the rate of extension was 5.0 mm min-

1 and the custom-built glass sample holder had a single lap joint [167]. It consisted of 3 standard 

microscope slides (2.5 cm x 7.5 cm x 1.4 mm) glued together with an epoxy adhesive (ATACS, 

5104/4103) to form a single lap joint with a defined shear area of 7.5 cm2 (width 2.5 cm; length 

3.0 cm) for the samples. Two of the glass slides were held by the instrument clamps.  The thickness 

of the epoxy layer, 100 µm, constant from end-to-end, was measured by a Nikon Eclipse Ti 

microscope at 10x magnification. The average thickness of each ionomer layer pressed between 

the slides (Table 2.11) was measured using photos taken with a Luminera Infinity 2-1R camera 

using the thickness of the glass slides (1.4 mm) as a reference. 
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Figure 2.9. (A) Adhesion study apparatus employing an Instron 5965. (B) Magnification of 

the single lap joint made using 3 glass slides. Pictures of the glass slides with (C) 1b-18 on the 

Instron before shearing. The glass slides were used as references for length in the picture. 

Copyright (2021) Wiley. 

 

             Shear moduli were determined specifically in the linear elastic region of the stress-strain 

curve before the yield stress occurs. A linear regression fit using equation 1 on the stress-strain 

curves (where F is the shearing force (in Newtons), A is the shear area (m2), Δx is the displacement 

(m), and L is the length of the shear area (m)) was used to calculate the shear modulus. Due to how 

the instrument initialized the experiment, there is a small amount of force that was applied at the 

beginning of the stress-strain curve, resulting in the linear fits having a non-zero y-intercept. All 
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shear moduli are reported in GPa and the coefficient of determination (R2) was used to assess the 

goodness-of-fits using linear regressions. 

𝑆ℎ𝑒𝑎𝑟 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 (𝑃𝑎) =  
𝑆ℎ𝑒𝑎𝑟 𝑆𝑡𝑟𝑒𝑠𝑠

𝑆ℎ𝑒𝑎𝑟 𝑆𝑡𝑟𝑎𝑖𝑛
=

𝐹/𝐴

∆𝑥/𝐿
                                              (1) 

Three ionomers were chosen to address the role of crystallinity in the octadecyldithiocarbamate 

anions on adhesion at room temperature. Regardless, the three ionomer samples with 

octadecyldithiocarbamate anions were equilibrated initially for 1-2 h at 40 oC as a means to ensure 

that they were thermally annealed. Their maximum shear stresses are reported in 2.2.6.1. The 

viscosities of the other ionomers were too low to be measured by this method. 

 

Table 2.3. Comparison between ionomer adhesives from these studies and another 

siloxane-based ionomer on a borosilicate glass substrate. 

Material 

Maximum lap shear strength 

(MPa) 

1b-18 (2.6 ± 1.5) x 10-3 

1c-6 (1.3 ± 0.5) x 10-4 

1c-18 0.040 ± 0.01 

6-7/8-AP with 6-7 % ammonium oxalate salts [24] 0.016 ± 0.003 

 

The importance of crystalline domains on adhesion is clear. The maximum shear stress for 

1c-18 (39.9 ± 13.3 KPa) is 300 times larger than that for 1c-6 (0.13 ± 0.05 KPa). The influence of 

the frequency of ion pairs along a polymer chain is less pronounced than is the length of the 
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polymer chains, but still shows a significant increase in shear stress: the maximum shear stress of 

1b-18 (2.6 ± 1.5 KPa) is one order of magnitude lower than that of 1c-18. Thus, the ordered 

packing of the octadecyldithiocarbamate anions acts as a non-covalent crosslinker and provides a 

cohesive force that resists mechanical rupture of the adhesive. 

The crystalline domains also appear to enhance ductility. Beyond the maximum shear 

stress, a majority of the lap shear strength of 1c-6 occurs within a displacement distance of 0.02 

mm. For 1c-18, the maximum shear stress is closer to a displacement of 0.2-0.3 mm. There is an 

order of magnitude difference between the ductility of the two materials (Figures 2.32 and 2.33). 

2.2.7.1. Shear moduli of 1b-18, 1c-6, and 1c-18 

The shear moduli indicate that the crystalline domains enhance both the ductility and 

stiffness of the ionomers. The shear moduli were obtained by converting stress-displacement 

curves into stress-strain curves (Table 2.8 and Figures 2.34-2.36). Most of the adhesion observed 

for ionomer 1c-6 (i.e., with a short chain alkyl group) must be attributed to polymer entanglements 

and non-covalent interactions with the glass substrate; the final shear modulus for 1c-6 (9.0 ± 3.0 

x 10-4 GPa) is the smallest amongst the 3 ionomers. Even though the fraction of monomer units 

with ionic pendant groups in 1b-18 is lower, its shear modulus (7.2 ± 2.6 x 10-3 GPa) is one order 

of magnitude greater than that of 1c-6, as is that of 1c-18. 

These trends can be understood better in combination with the corresponding rheological 

data. The Due to their similar chain lengths and magnitudes of G’ and G”, we conclude that 

polymers of 1b-6 and 1c-6 have similar degrees of entanglement at room temperature. Because 

1c-18 has more ionic groups per copolymer chain length available for non-covalent (such as van 
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der Waals from ordering of the C18-chains in the anion), both the higher level of polymer 

entanglement and counterion packing contribute to its greater stiffness. 

Beyond the point of maximum shear strength, the degree of deformation is material 

dependent. For 1c-6, there is an immediate drop in the lap shear strength similar to that for a brittle 

material[168,169]. The measured dynamic viscosity profile for 1c-6 indicates a Newtonian fluid 

until the yield stress is exceeded (γ̇ ≥ 89 s−1). Thereafter, the sudden drop in lap shear strength is 

consistent with the shear thinning and the exponentially decreasing dynamic viscosity. The shear 

strength after a displacement of 0.02 mm (Figure 2.32) is likely caused by the resistance to flow. 

2.2.8. Qualitative comparison of adhesion with other polysiloxane ionomers and commercial 

adhesives on borosilicate glass substrates 

Quantitative comparisons of adhesion among the ionomers in this study and with 

commercial adhesives are difficult due to the many structural differences (Table 2.3) but a few 

qualitative observations can be made. Thus, maximum shearing forces have been reported ([24]) 

for other PDMS-based complexes. For example, the maximum shearing force for 1a-AP with 

oxalic acid to form ammonium oxalate ionic crosslinks was estimated to be 5 N [24]. At a cross-

sectional area of 3.1 cm2, the lap shear strength was 1.6 x 104 Pa, which is slightly less than half 

as strong as 1c-18. Tonic studio wood glue,[170] a commercial adhesive, is 10 times stronger than 

1c-18, However, upon increasing the amidinium octadecyldithiocarbamate content from 6-7% to 

20-25%, the shear stress increases by 2 orders of magnitude.  

2.3. Conclusions 

An important novel aspect of these ionomers is the method of their synthesis—simple 

mixing of three non-ionic components. We have explored how crystalline domains and the lack of 
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them in neat, random PDMS ionomers affect their rheological and adhesive properties. By 

combining DSC and variable temperature PXRD, we have been also able to characterize the phase 

transitions at different temperatures experienced by amidinium octadecyldithiocarbamate groups 

appended to PDMS. Thus, by comparing the properties of the 9 amidinium alkyldithiocarbamate 

salts reported here, it has been possible to determine the qualitative relationship between the 

number density of ion pairs along a PDMS polymer chain and the resulting bulk rheological and 

adhesive properties of the materials. 

Increasing the number density (by mole) of ion pairs from 6-7% (1b-6) to 20-25% (1c-6), 

leads, as expected, to more non-covalent ion associations.  Also, the delay in relaxation to the 

terminal region of the frequency sweeps in the oscillatory rheology study is predictably longer in 

1c-6. Although the increase in the maximum shear stress, as measured by adhesion, was expected 

from the greater ion content, the increase is not proportional to the increase in the frequency of ion 

pairs. The maximum stress of the amidinium octadecyldithiocarbamate salts at 6-7% (1b-18) is 

one order of magnitude less than that of the analogous 20-25% amidinium 

octadecyldithiocarbamate salt (1c-18). 

Gaining an understanding of the influence of pendant alkyl chain lengths on the 

microstructures of polymer systems has been an ongoing and important facet of their rational 

design.[47,107,171] As such, the alkyldithiocarbamate anion portion of the salts reported here has 

been explored using amidinium hexyldithiocarbamate and octadecyldithiocarbamate salts. 

Although alkyl tails of the salts with hexyldithiocarbamate anions are too short to initiate 

sufficiently strong van der Waals interactions to create crystalline domains, those with 

octadecyldithiocarbamate anions do form crystalline regions.  Even in the polymers with low 
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amidinium octadecyldithiocarbamate content (e.g., 1b-18), the presence of crystalline domains is 

apparent. 

Whereas 1b-6 is a viscous liquid at room temperature, analogous ionomer with octadecyl 

chains is a soft solid that exhibits several phase transitions by DSC below its melting temperature. 

The structures of those phases were discerned from analyses of variable temperature PXRD 

diffractograms. At 0 oC, the crystalline parts of the amidinium octadecyldithiocarbamate salts are 

packed in lamellae with an orthorhombic orientation. Upon heating to 37 oC, the orthorhombic 

geometry becomes deformed to a herringbone orthorhombic, a change that is consistent with the 

large decrease in viscosity of the materials. 

The influence of crystalline domains on the ionomer bulk properties is even more apparent 

in adhesion studies.  The maximum shear stress and shear modulus of 1c-6 (lacking crystalline 

domains) are 300 times smaller than those of 1c-18. 

The related adhesion data can be explained on the basis of structural information related to 

rheological data for the ionomers. Both 1b-18 and 1c-18 are viscoelastic solids, with significant 

polymer entanglement and non-covalent van der Waals interactions due to lamellar ordering of 

their C18 chains in the octadecyldithiocarbamate anions. These two factors result in 1b-18 and 1c-

18 exhibiting greater lap shear strengths than that of 1c-6. The latter is a viscous polymer fluid that 

behaves rheologically like a Newtonian liquid until its yield stress is exceeded. Thereafter, the 

viscosity decreases exponentially due to shear thinning, and causes the observed abrupt decrease 

in lap shear strength and apparent “brittleness”. Thus, the structural data provide a rational 

explanation for the large changes in the viscoelasticity observed as temperature and the degree of 

ionic substitution along the polymer chains are changed. 
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These materials, as well as others that can be made easily from other commercially 

available PDMS polymers with more complex substituents than those described here, offer many 

avenues for modifying the bulk and microscopic properties of this class of soft matter.  The body 

of data presented here provides detailed information for designing related ionomers with specific 

structural and rheological properties for future applications. 
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2.4. Pertinent graphic and tabular data 

2.4.1. NMR and IR spectra 

 

Figure 2.10. 1H NMR spectrum of 1a. The asterisk represents the singlet assigned to the 

methoxy substituent in an imidate ester (circled in blue). Copyright (2021) Wiley. 

 



 

65 

 

 

Figure 2.11. 1H NMR spectra in CDCl3 showing the synthesis of 1a-6. (A) hexylammonium 

N-hexyldithiocarbamate formed upon addition of CS2 to 1-hexylamine; (B) 1a; and (C) 1a-6 after 

24 h, The triplet at 2.8 ppm and singlet at 3.45 ppm are assigned to the imidate ester side 

product. Copyright (2021) Wiley. 
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Figure 2.12. 1H NMR spectra in CDCl3 of 1a-18 with varying molar equivalents of carbon 

disulfide (with respect to 1 equivalent of AMI/1-octadecylamine). (A) no CS2; (B) 0.29 

equivalents of CS2; (C) 0.59 equivalents of CS2; (D) 0.86 equivalents of CS2; (E) 1.02 

equivalents of CS2. The asterisk represents the singlet assigned to the methoxy substituent in an 

imidate ester. Copyright (2021) Wiley. 
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Figure 2.13. 1H NMR spectra in CDCl3 of (A) 1b, (B) 1b-6, and (C) 1b-18. The asterisk 

represents the singlet assigned to the methoxy substituent in an imidate ester. Copyright (2021) 

Wiley. 
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Figure 2.14. 1H NMR spectra in CDCl3 of (A) 1c, (B) 1c-6, and (C) 1c-18. The asterisk 

represents the singlet assigned to the methoxy substituent in an imidate ester. Copyright (2021) 

Wiley. 
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Figure 2.15. Y-axis offset FT-IR spectra of 1a (black), 1a-6 (red), and 1a-18  (blue). 

Copyright (2021) Wiley. 
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Figure 2.16. Y-axis offset FT-IR spectra of 1b (black), 1b-6 (red), and 1b-18 (blue). 

Copyright (2021) Wiley. 
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Figure 2.17. Y-axis offset FT-IR spectra 1c (black), 1c-6 (red), and 1c-18 (blue). Copyright 

(2021) Wiley. 
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2.4.2. Thermal gravimetric analyses of ionomers and related FT-IR spectra 

 

Figure 2.18. TGA thermograms of 1a (solid black line), 1a-6 (solid red line), and 1a-18 

(solid blue line). Change in the rate of weight loss as a function of temperature is plotted on the 

right y-axis: 1a (dashed black line), 1a-6 (dashed red line), and 1a-18 (dashed blue line). 

Copyright (2021) Wiley. 

 



 

73 

 

 

Figure 2.19. TGA thermograms of 1b (solid black line), 1b-6 (solid red line), and 1b-18 

(solid blue line). Changes in the rate of weight loss as a function of temperature are plotted on 

the right y-axis: 1b (dashed black line), 1b-6 (dashed red line), and 1b-18 (dashed blue line). 

Copyright (2021) Wiley. 
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Figure 2.20. TGA thermograms of 1c (solid black line), 1c-6 (solid red line), and 1c-18 

(solid blue line). Changes in the rate of weight loss as a function of temperature are plotted on 

the right y-axis: 1c (dashed black line), 1c-6 (dashed red line), and 1c-18 (dashed blue line). 

Copyright (2021) Wiley. 
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Figure 2.21. Thermal stability studies for 1c-18. (A) Intensity normalized FT-IR spectra of 1c-

18 before (black) and after (red) isothermal heating at 50 oC for 4 h; the inset magnifies the 

region near the C=N band; (B) sample weight losses at 50 oC (red line) and at 90 oC (black line) 

as a function of time; the red and black dashed lines show the temperature as a function of time 

for 1c-18 when heated from 50 to 90 oC. Copyright (2021) Wiley. 
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Table 2.4. Onset temperature of first significant weight loss and local maximum 

temperature of weight loss measured from the first derivative of the thermogram. 

 

Onset temperature of 

first weight loss (oC) 

Maximum temperatures of 

weight loss (oC) 

1a 98 134, 400, 600 

1a-6 82 95, 210, 250, 444 

1a-18 150 220, 282, 406, 486, 532 

1b 96 127, 394, 601 

1b-6 100 132, 213, 402, 612 

1b-18 116 147, 222, 430, 525 

1c 103 134, 201, 395 

1c-6 102 158, 219, 393, 537 

1c-18 126 214, 511 
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2.4.3. Differential scanning calorimetry thermograms and pertinent FT-IR spectra 

 

Figure 2.22. Four cycles of DSC heating and cooling thermograms for 1a-6 (black), and 1c-

6 (purple dashed lines). Copyright (2021) Wiley. 
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Figure 2.23. Cumulative DSC thermograms for 1a-18 (black), and 1c-18 (purple). Copyright 

(2021) Wiley. 
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Figure 2.24. DSC thermograms for 1b-18. (A) heating and (B) cooling during cycles 1 (black), 

2 (red), 3 (blue), and 4 (green). Copyright (2021) Wiley. 
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Figure 2.25. DSC thermograms for 1b-6. (A) heating and (B) cooling during cycles 1 (black), 

2 (red), 3 (blue), and 4 (green). Copyright (2021) Wiley. 
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Figure 2.26. Y-axis offset FT-IR spectra of 1a (black), and 1a-6 before (red) and after (blue) 

DSC measurements. The measurements include 4 cycles of heating and cooling at 0-120 oC. 

Copyright (2021) Wiley. 

 

 



 

82 

 

 

Figure 2.27. Y-axis offset FT-IR spectra of 1a (black), and 1a-18 before (red) and after 

(blue) DSC measurements. The DSC measurements include 4 cycles of heating and cooling at 

0-120 oC. Copyright (2021) Wiley. 
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Figure 2.28. FT-IR spectra of 1b (black), and 1b-6 before (red) and after (blue) DSC 

measurements. The DSC measurements include 4 cycles of heating and cooling at 0-120 oC. 

Copyright (2021) Wiley. 
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Figure 2.29. FT-IR spectra of 1b (black), 1b-18 before (red) and after (blue) DSC 

measurements. The DSC measurements include 4 cycles of heating and cooling at 0-120 oC. 

Copyright (2021) Wiley. 
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Figure 2.30. Y-axis offset FT-IR spectra of 1c (black), and 1c-6 before (red) and after (blue) 

DSC measurements. The DSC measurements include 4 cycles of heating and cooling at 0-120 

oC. Copyright (2021) Wiley. 
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Figure 2.31. Y-axis offset FT-IR spectra of 1c (black), and 1c-18 before (red) and after 

(blue) DSC measurements. The DSC measurements include 4 cycles of heating and cooling at 

0-120 oC. Copyright (2021) Wiley. 
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Table 2.5. Onset temperatures (Ton, oC), peak temperatures (Tp, oC), and phase transition 

enthalpies (ΔH, J g-1) of the dithiocarbamate salts during the heating portions of each DSC 

cycle. 

 1a-18 1b-18 1c-18 

Ton Tp ΔH Ton Tp ΔH Ton Tp ΔH 

Cycle 1 71.0 82.6 17.9 23.2 

38.4 

28.4 

59.8 

9.56 

4.82 

25.2 39.9 40.0 

Cycle 2 82.0 88.7 22.2 9.79 

58.8 

21.5 

71.4 

6.31 

5.27 

23.3 

74.2 

35.7 

84.8 

14.3 

38.0 

Cycle 3 84.0 89.2 23.7 7.33 

56.4 

18.5 

73.1 

5.03 

6.46 

27.7 

80.0 

27.6 

86.5 

5.34 

33.5 

Cycle 4 84.0 89.4 23.7 7.52 

61.3 

17.9 

73.9 

3.86 

7.69 

14.0 

35.4 

60.0 

73.1 

23.4 

41.4 

67.3 

87.1 

2.14 

2.19 

4.87 

32.7 
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Table 2.6. Onset temperatures (Ton, oC), peak temperatures (Tp, oC), and phase transition 

enthalpies (ΔH, J g-1) of the dithiocarbamate salts during the cooling portions of each DSC 

cycle. 

 1a-18 1b-18 1c-18 

Ton Tp ΔH Ton Tp ΔH Ton Tp ΔH 

Cycle 1 76.0 72.7 18.6 19.5 

50.0 

14.2 

37.6 

8.13 

4.73 

35.4 

71.7 

31.2 

66.9 

16.1 

42.2 

Cycle 2 78.0 73.6 18.7 21.2 

48.6 

12.7 

38.5 

6.43 

5.74 

36.1 

73.0 

31.4 

70.2 

15.9 

44.6 

Cycle 3 79.0 73.6 18.0 22.0 

50.1 

11.9 

40.1 

5.40 

6.65 

34.0 

73.3 

29.2 

70.6 

15.0 

45.2 

Cycle 4 79.0 73.6 18.0 22.5 

51.1 

15.5 

41.9 

4.34 

7.83 

33.4 

73.0 

28.4 

70.3 

15.5 

45.3 
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2.4.4 Powder X-ray diffractions 

Table 2.7. Temperature-dependent PXRD peaks for 1b-18 without thermal treatment and 

after 4 cycles of heating to > 50 oC. Temperatures in parentheses are where the PXRD 

diffractograms were recorded. 

Without heat treatment 

(0 oC) 

With heat treatment 

(0 oC) 

With heat treatment 

(37 oC) 

2θ 

(deg) 

d (Å) (hkl) 2θ (deg) d (Å) (hkl) 2θ 

(deg) 

d (Å) (hkl) 

3.18 27.78 (0 0 2)a) 3.20 27.61 (0 0 2) 3.28 26.94 (0 0 2) 

3.50 25.25 (0 0 2)b) 4.66 18.96 (0 0 3) 4.88 18.11 (0 0 3) 

4.66 18.96 (0 0 3)a) 5.70 15.51 Kaptonc) 5.68 15.56 Kaptonc) 

5.24 16.87 (0 0 3)b) 8.38 10.55 (0 0 5) 8.48 10.43 (0 0 5) 

5.68 15.56 Kaptonc) 9.54 9.27 (0 0 6) 11.84 7.47 siloxaned) 

6.42 13.77 (0 0 4)a) 12.02 7.36 siloxaned) 15.36 5.77 (0 0 9) 

7.04 12.56 (0 0 4)b) 15.36 5.77 (1 1 3) 19.06 4.66 (0 1 10) 

11.94 7.41 siloxaned) 18.18 4.88 (0 2 0) 19.42 4.57 (0 2 0) 

a) Reciprocal planes for the orthorhombic crystalline phase in the mixture. b) Reciprocal planes for 

RI. 
c) Peaks from Kapton® tubing. d) Peaks from the broad amorphous siloxane chains in the 

polymer backbone. 
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Table 2.7. (Cont.) 

Without heat treatment 

(0 oC) 

With heat treatment 

(0 oC) 

With heat treatment 

(37 oC) 

2θ 

(deg) 

d (Å) (hkl) 2θ (deg) d (Å) (hkl) 2θ 

(deg) 

d (Å) (hkl) 

18.20 4.87 (0 2 0)a) 18.44 4.81 (0 2 1) 21.46 4.14 (1 0 0) 

18.46 4.81 (0 2 1)a) 19.44 4.57 (0 2 4) 23.42 3.80 (1 1 0) 

18.76 4.73 (0 1 0)b) 21.26 4.18 (0 1 12) 23.52 3.78 (0 2 8) 

19.42 4.57 (0 2 4)b) 23.30 3.82 (0 2 9)    

21.24 4.18 (0 1 12)a)       

22.26 4.00 (1 1 0)b)       

23.26 3.82 (0 2 9)a)       

24.12 3.69 (2 0 0)b)       

a) Reciprocal planes for the orthorhombic crystalline phase in the mixture. b) Reciprocal planes for 

RI. 
c) Peaks from Kapton® tubing. d) Peaks from the broad amorphous siloxane chains in the 

polymer backbone. 
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Table 2.8. PXRD peaks for 1c-18 in Phase A (< 25 oC) and Phase B (> 50 oC). 

Phase A Phase B 

2θ (deg) d (Å) (hkl) 2θ (deg) d (Å) (hkl) 

3.18 27.78 (0 0 2) 3.78 23.38 (0 0 2) 

4.82 18.33 (0 0 3) 5.70 15.51 Kaptona 

5.70 15.51 Kaptona 7.64 11.57 (0 0 4) 

6.48 13.64 (0 0 4) 9.58 9.23 (0 0 5) 

7.96 11.11 (0 0 5) 10.34 8.56 (0 1 2) 

9.58 9.23 (0 0 6) 12.08 7.33 Siloxaneb 

11.72 7.55 (0 0 7) 13.04 6.79 (0 0 7) 

12.26 7.22 Siloxaneb 16.44 5.39 (0 1 7) 

14.28 6.20 (0 0 9) 18.84 4.71 (0 0 10) 

17.5 5.07 (0 0 11) 19.36 4.59 (0 2 0) 

18.32 4.84 (0 2 0) 20.08 4.42 (0 2 3) 

18.42 4.82 (0 2 1) 20.92 4.25 (1 0 0) 

19.38 4.58 (0 2 4) 21.18 4.19 (1 0 2) 

20.82 4.27 (0 0 13) 21.52 4.13 (1 0 3) 

a From Kapton® tubing. b From the broad amorphous siloxane chains in the polymer backbone. 
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Table 2.8. (Cont.) 

Phase A Phase B 

2θ (deg) d (Å) (hkl) 2θ (deg) d (Å) (hkl) 

22.04 4.03 (1 2 2) 23.16 3.84 (1 1 0) 

23.34 3.81 (0 2 9) 24.10 3.69 (1 0 6) 

24.30 3.66 (2 0 5) 25.98 3.43 (1 0 8) 

24.82 3.59 (2 1 1) 35.36 2.54 (1 2 10) 

25.52 3.49 (0 0 16) 36.86 2.44 (1 3 0) 

27.34 3.26 (0 0 17)    

35.04 2.56 (3 0 0)    

51.32 1.78 (4 0 0)    

a From Kapton® tubing. b From the broad amorphous siloxane chains in the polymer backbone. 
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2.4.5. Stress-strain from lap-shear experiments 

 

Figure 2.32. Stress-strain curves of single lap shear experiments for (A) 1c-6 and (B) 1c-18. 

Copyright (2021) Wiley. 

 

Figure 2.33. Stress-strain curves of single lap shear experiments for 1b-18. Copyright (2021) 

Wiley. 
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Figure 2.34. Conversion of stress-displacement curves to (A) stress-strain curves of single 

lap shear experiments for 1c-6. (B) Magnification of the stress-strain curve to highlight the 

linear region (the region highlighted in yellow and with the larger data points for each trial) 

where the shear modulus can be approximated using linear regression. Copyright (2021) Wiley. 
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Figure 2.35. Conversion of stress-displacement curves to (A) stress-strain curves of single 

lap shear experiments for 1c-18. (B) Magnification of the stress-strain curve to highlight the 

linear region (the region highlighted in yellow and with the larger data points for each trial) 

where the shear modulus can be approximated using linear regression. Copyright (2021) Wiley. 
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Figure 2.36. Conversion of stress-displacement curves to (A) stress-strain curves of single 

lap shear experiments for 1b-18. (B) Magnification of the stress-strain curve to highlight the 

linear region (the region highlighted in yellow and with the larger data points for each trial) 

where the shear modulus can be approximated using linear regression. Copyright (2021) Wiley. 
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Table 2.9. Shear moduli of ionomers calculated from the lap shear strengths and 

displacements. 

Trial 

1b-18 

(GPa) 

1c-6 

(GPa) 

1c-18 

(GPa) 

1 4.6 x 10-3 6.1 x 10-4 0.020 

2 7.1 x 10-3 1.1 x 10-3 0.018 

3 1.0 x 10-2 9.6 x 10-3 0.019 

4   0.020 

Averagea)  (9.0 ± 3.0) x 10-4 0.0195 ± 0.001 

a) Error associated with the average shear modulus is reported as one standard deviation. 
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Table 2.10. Linear regression results along with R2 from data in the linear elastic region as 

highlighted in Figures 2.34-2.36. 

Trial 

1b-18 

(GPa) 

1c-6 

(GPa) 

1c-18 

(GPa) 

1 

y = 4611.4x - 682.69 

R² = 0.9963 

y = 611.41x - 56.597 

R² = 0.9900 

y = 20239x + 443.88 

R² = 0.9971 

2 

y = 9975.6x - 1028.4 

R² = 0.9922 

y = 1107x - 114.52 

R² = 0.9902 

y = 18154x + 662.19 

R² = 0.9969 

3 

y = 7082.9x - 692.54 

R² = 0.9924 

y = 965.2x - 39.012 

R² = 0.9906 

y = 19424x + 541.83 

R² = 0.9978 

4   

y = 20383x + 365.83 

R² = 0.9991 

 

Table 2.11. Average sample thicknesses in the single lap shear studies. 

Ionomer Average sample thickness (mm) 

1b-18 0.32 ± 0.08 

1c-6 0.20 ± 0.01 

1c-18 0.25 ± 0.05 

 

 

 

 



 

99 

 

3. IMIDAZOLINIUM ALKYLDITHIOCARBAMATE IONOMERS 

3.1. Introduction 

The dual nature of ionomers, one part charged and another part lipophilic, has been 

exploited in applications that require materials to be relatively water resistant but also contain 

groups that can interact with hydrophilic ions such as lithium. Potential applications include, 

adhesives [22,24,172], bandages [79], and CO2 electrolysis material [173], but the key factors 

leading to all the potential application routes are: correlating how the components of the ionomer 

(polymer backbone and nature of charged groups) affect the overall bulk properties. Our group has 

investigated neat polysiloxane-based ionomeric materials with monomers containing amidinium 

monomers. We have developed, somewhat serendipitously, a polysiloxane-based imidazoline 

ionomer. A study of the properties of polysiloxane with amidinium and imidazolinium-based 

ionomers that combines the advantages of the 2 groups would be an important addition to our 

knowledge of this class of materials. 

As noted in the previous chapter [109], amidinium alkyldithiocarbamate ionomers are 

thermally stable at room temperature and allow the bulk properties of these ionomers to be studied.  

The same is not true for amidinium alkylcarbamate-based systems. The latter reverts back to a 

mixture of amidine, amine, and CO2 when mild heat is applied [98,99]. This reversibility is 

advantageous for applications in switchable materials but not in measuring bulk properties that 

require thermal stability. Bulk properties of amidinium alkylcarbamate room temperature ionic 

liquids are similar in magnitude to their amidinium alkyldithiocarbamate counterparts [99]. Thus, 

studies of neat amidinium and imidazolinium alkyldithiocarbamate ionomer systems can indicate 

aspects of the bulk properties of their alkylcarbamate ionomer counterparts. 
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This chapter concerns polysiloxane-based ionomers with imidazolinium 

alkyldithiocarbamate groups. The difference between an imidazoline group and an amidine group 

is small, but the larger size of the former, a five-membered ring, and its smaller conformational 

lability are likely to have some effects on the polymer chain packing and, thus, affect somewhat 

the bulk properties. Synthesis and characterization protocols have been outlined in chapter 2. 

Structural analyses of the neat materials included differential scanning calorimetry (DSC) 

measurements, variable temperature powder x-ray diffraction (PXRD), and polarizing optimal 

microscopy (POM). Similar to their amidinium analogues, polysiloxane-based ionomers with 

imidazolinium hexyldithiocarbamate pendant groups are viscous liquids at room temperature while 

the 20 % imidazolinium ionomers with longer octadecyldithiocarbamate ionomers showed 

structurally rich morphologies with regions of crystallinity that are different from those of the 

amidinium counterparts. By combining the DSC with the PXRD results, I have been able to probe 

the phase transitions and assign the packing geometries of the partially-crystalline phases. 

3.2. Experimental 

3.2.1. Materials and instrumentation  

Any instrumentation protocol that have been described in chapter 2 will not be duplicated here. 

 

3.2.1.1. Materials 

Carbon disulfide (Acros, ≥99%); chloroform (Fisher, HPLC-Grade, ≥99% with 0.5% 

ethanol as stabilizer); chloroform (Fisher, ACS-Grade and HPLC-Grade, ≥99% with 0.75% 

ethanol as stabilizer); chloroform-d (Cambridge Isotope Inc., ≥99%); N,N-dimethylacetamide 

dimethylacetal (DMADA, Alfa Aesar, ≥90%, 5-10% methanol as stabilizer); N,N-dimethylamine 

(Sigma-Aldrich, 2.0M in THF); 1-hexylamine (Alfa Aesar, ≥ 99%); 1-octadecylamine (Alfa Aesar, 
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≥ 97%); poly[3-aminopropylmethylsiloxane-co-dimethylsiloxane] copolymer with 6-7% amine-

monomer content (6-7/7 AP, Gelest, AMS 162, Mw = 5.4-7.7 KDa, ≥ 95%, 80-120 cSt); poly[3-

aminopropylmethylsiloxane-co-dimethylsiloxane] copolymer with 6-7% amine-monomer content 

(6-7/35 AP, Gelest, AMS 163, Mw = 34-35 KDa, ≥ 95%, 1800-2200 cSt); poly[3-

aminopropylmethylsiloxane-co-dimethylsiloxane] copolymer with 20-25% amine-monomer 

content (20-25/28 AP, Gelest, AMS 1203, Mw = 25.2-27.5 KDa, ≥ 95%, 900-1100 cSt; poly[3-(2-

aminoethyl)aminopropylmethylsiloxane-co-dimethylsiloxane] copolymer with 18-24% amine-

monomer content (18-24/19 AEAP, Gelest, AMS 1203, Mw = 14.4-19.1 KDa, ≥ 95%, 300-500 

cSt); and potassium chloride (Fisher, ≥99%). All chemicals were used as received unless specified 

otherwise.  Molecular weight ranges for the copolymers were calculated using Barry’s 

relationship[106] and the centistoke (cSt) viscosities provided by Gelest. Millipore water (18.2 

Ω∙cm, 0.05 μS/cm) was used for all relevant ionic conductivity measurements. 1-Hexylamine (Alfa 

Aesar, ≥ 99%) was distilled before use (boiling point of fraction collected: 129-130 oC, 760 mmHg. 

lit. bp [119] 129-130 oC, 760 mmHg). 1-Octadecylamine was vacuum distilled twice [120] (boiling 

point of fraction collected: 142-143 oC, 0.5 mmHg; lit. [121] 183.0-183.1 oC/5 mmHg and ΔHvap 

[122]= 76.2 KJ/mol). Prior to use, 1-octadecylamine was also melted (mp 51.6-52.1 oC; lit [120] 

50-52 oC) at 90 oC and cooled to room temperature under nitrogen to ensure removal of any 

residual carbon dioxide. The amidine copolymers (1a-1c) and ionomers (1a-6, 1a-18, 1b-6, 1b-

18, 1c-6, and 1c-18) were synthesized and characterized according to literature procedures [109]. 
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3.2.1.2. Adhesion studies  

See chapter 2 for details on the calculation of the shear Modulus from figure 3.1 and table 3.1. 

 

Figure 3.1. Magnification of the stress-strain curves for 2-18 to highlight the linear region 

(the region highlighted in yellow and with the larger data points for each trial) where the 

shear modulus can be approximated using linear regression. Copyright (2021) Wiley. 
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Table 3.1. Shear moduli and ultimate shear strength of ionomers calculated from the lap 

shear strengths and displacements of 2-18. 

 Shear modulus (GPa) Ultimate shear strength 

(KPa) 

Trial 1 0.022 120.8 

Trial 2 0.017 131.7 

Average 0.020 126.3 

 

 

3.2.2. Detailed descriptions of syntheses of imidazoline-based ionomers and their precursors 

Synthesis of poly[3-(2-methyl-4,5-dihydro-1H-imidazol-1-yl)propylmethylsiloxane-co-

dimethylsiloxane] copolymer with 18-24% amine content (2). Under a nitrogen atmosphere, N,N-

dimethylacetamide dimethyl acetal (8.0 g, 61 mmol) was added to a solution of 2.0 M 

dimethylamine (25 mL, 40 mmol) in THF and stirred for 10 min at room temperature. 18-24/19 

AEAP (10.0 g, 26 mmol of monomers with aminoethylaminopropyl substituents) was then added 

dropwise over a period of 1 h and then stirred in the dark for an additional18 h. Solvent and excess 

reactants were removed at 100 mmHg and 40 oC followed by 0.3 mmHg and 45 oC for 2 h. No 

noticeable change in the intensity of the residual N,N-dimethylacetamide impurity peaks at 2.1, 

2.9, and 3.0 ppm was observed after 2 h by 1H NMR; the amount of N,N-dimethylacetamide, 

calculated from the area of the 2.1 ppm peak, with reference to the peak at 0.53 ppm, was 0.3 – 

0.6 wt%. The dark red liquid was filtered through a polypropylene 0.2 µm membrane pore syringe 

filter to yield 9.4 g (93% yield; 12% imidate ester content).   1H NMR (CDCl3): 0.05 (m, 25.0H, 

CH3-Si); 0.49 (t, 2.0H, J = 7.2 Hz, Si-CH2-CH2); 1.54 (m, 2.0H, Si-CH2-CH2); 1.90 (s, 2.8H, 
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CH3-C=N); 3.03 (t, 2.0H, J = 6.9 Hz, SiCH2CH2-CH2-N); 3.25 (t, 1.9H, J = 9.0 Hz, 

C=NCH2CH2N-); 3.64 (t, 1.9H, J = 9.0 Hz, C=NCH2CH2N-). 13C NMR (CDCl3): -0.5, 1.0, 14.2, 

22.2, 49.8, 51.8, 164.5. IR: 2959 (m), 1620 (m), 1413 (m), 1256 (s), 1063 (s), 1009 (s), 794 (s). 

Synthesis of polysiloxane-based ionomers with 18-24% imidazolinium 

hexyldithiocarbamate monomeric fractions (2-6).  A solution of 2 (2.0 g, 3.7 mmol of imidazoline-

monomer) and 1-hexylamine (0.38 g, 3.7 mmol) in CHCl3 (15 mL) was cooled in an ice bath. To 

it was added, dropwise, an ice-cooled 1.45 M stock solution of CS2 in HPLC-grade CHCl3 (3.7 

mL, 5.6 mmol). The reaction vessel was closed, warmed to room temperature, and stirred 

overnight.  Full conversion to amidinium dithiocarbamate was indicated by the disappearance of 

the triplet at 2.6 ppm in the 1H-NMR spectrum that is diagnostic for 1-hexylamine. The solution 

was dried at 100-125 mmHg and 36 oC for 1 h followed by washing with CHCl3 (20 mL). The 

drying process was repeated to aid removal of residual CS2. The liquid was then dried at 100-125 

mmHg and 36 oC for 1 h and then at 100-125 mmHg and room temperature for 2 days before being 

analyzed by 1H NMR spectroscopy. If some 1-hexylamine was detected, the product was dissolved 

in CHCl3 (10 mL) and cooled in an ice-bath. Then, CS2 (same solution and amount as above) was 

added dropwise, the solution was stirred for another 24 h, and solvent was removed as above.  1H 

NMR (CDCl3): -0.02 (m, 25.4H, CH3-Si); 0.38 (m, 2.0 H, Si-CH2-CH2); 0.78 (t, 2.6H, J = 6.4 Hz, 

CH3-(CH2)3-); 1.19 (m, 5.4H, CH3-(CH2)3-); 1.47 (quint. , 1.7H, J = 7.0Hz, (CH2)3-CH2-); 1.55 

(m, 2.0 H, Si-CH2-CH2); 2.31 (m, 2.3H, CH3-C=NH); 3.26 (t, 2.3H, SiCH2CH2-CH2-N=C); 3.45 

(m, 1.8H, and -CH2-NH-CS2); 3.61 (m, 0.5H, SiCH2CH2-CH2-N=C); 3.77 (m, 1.7H, -

NCH2CH2N-); 3.92 (m, 1.6H, , -NCH2CH2N-); 7.44 (br., 0.8H, -CH2N-C=NH-); 7.51 (m, 0.7 H, 

-CH2-NH-CS2); 9.48 (m, 0.1H, -CH2N-C=NH-). 13C NMR (CDCl3): 0.93, 15.51, 16.62, 23.84, 
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25.12, 29.47, 31.55, 33.83, 46.94, 50.85, 51.54, 166.76, 213.30. IR: 3381 (br), 3197 (w), 3133 (w), 

2960 (m), 2931 (m), 2861 (w), 1617 (m), 1597 (m), 1527 (m), 1444 (w), 1400 (w), 1300 (w), 1251 

(s), 1075 (s), 1067 (s), 1010 (s), 965 (shoulder), 794 (s). 

Synthesis of polysiloxane-based ionomers with 18-24% imidazolinium 

octadecyldithiocarbamate monomer fractions (2-18). 1-Octadecylamine (0.95 g, 3.7 mmol) was 

dissolved in CHCl3 (30 mL) by heating to 50 oC and cooled to room temperature before addition 

of 2 (2.0 g, 3.7 mmol of amidine-monomer); the solution was then cooled in an ice bath. A 1.45 

M carbon disulfide in HPLC-grade chloroform (3.7 mL, 5.6 mmol) solution was added dropwise 

over a period of 15 mins into the ice-cooled solution. The reaction vessel was closed and the 

solution was warmed to room temperature and stirred overnight. Complete conversion to 

amidinium dithiocarbamate was indicated by the disappearance of the triplet at 2.6 ppm in the 1H-

NMR spectrum that is diagnostic for 1-octadecylamine. The solution was dried at 36 oC and 100-

125 mmHg for 1 h, followed washing with CHCl3 (20 mL). The drying and washing process was 

repeated to aid removal of residual CS2. The liquid was then dried at 36 oC and 100-125 mmHg 

for 1 h, and then at room temperature and 100-125 mmHg for 2 days before being analyzed. If 

some 1-octadecylamine was detected by 1H NMR spectroscopy, the product was dissolved in 

CHCl3 (10 mL) and cooled in an ice-bath. Then, CS2 (same solution and amount as above) was 

added dropwise, the solution was stirred for another 24 h, and solvent was removed as above. 1H 

NMR (CDCl3): -0.04 (m, 25.1H); 0.46 (m, 2.0 H, Si-CH2-CH2); 0.84 (t, 2.7H, J = 6.9 Hz, CH3-

(CH2)15-); 1.22 (m, 35H, CH3-(CH2)15-); 1.54 (quint., 1.7H, J = 6.9Hz, (CH2)15-CH2-); 1.62 (m, 

2.1 H, SiCH2-CH2); 2.41 (2.6H, m, CH3-C=N); 3.31 (s, 1.9H, SiCH2CH2-CH2-N); 3.52 (q, 1.8H, 

J = 6.9Hz, (CH2)15-CH2-NH-CS2); 3.67 (q, 0.2H, J = 7.1 Hz, SiCH2CH2-CH2-N=C); 3.79 (m, 
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1.8H, -NCH2CH2N-); 4.03 (m, 1.8H, -NCH2CH2N-) 7.51 (t, 0.8H, J = 4.6Hz, (CH2)15-CH2-NH-

CS2); 8.47 (br., 0.9H, -CH2N-C=NH-); 9.52 (t, 0.1H, J = 4.6Hz, -CH2N-C=NH-) . 13C NMR 

(CDCl3): 3.75, 15.30, 16.77, 23.99, 25.47, 29.39-29.79 (C18-chain), 31.44, 31.66, 47.58, 47.80, 

48.43, 51.73, 167.03 (broad), and 201.70.  IR: 3203 (w), 3049 (w), 2957 (w), 2917 (s), 2851 (m), 

1616 (m), 1591 (shoulder), 1511 (w), 1500 (w), 1456 (w), 1259 (s), 1069 (s), 1009 (s), 794 (s). 
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Table 3.2. Acronyms for copolymers with amidine-substituents and ionomers of amidinium 

cations with alkyldithiocarbamate anions. 

Amidine-substituted PDMS copolymers 

and their acronyms 

Anion chain lengths 

and ionomer acronyms 

Amidine-

substituted 

PDMS 

Calcd. amidine Mw rangea) (KDa) 

and amidine/imidate ratios (in 

parentheses)b) 

R = -C6H13 

 

R = -C18H37 

 

1a 

 

5.8-8.2 

(87/13) 

1a-6 1a-18 

1b 

 

35.7-37.5 

(97/3) 

1b-6 1b-18 

1c 

 

29.5–32.0 

(85/15) 

1c-6 1c-18 

 

2 15.4-20.5 

(88/12) 

2-6 2-18 

a) Average molecular weight ranges of amidine-substituted PDMS calculated from viscosity data. 

b) Ratio of amidine and imidate ester groups along a polymer chain after reaction of amino 

groups. 

 

 

 

 



 

108 

 

3.3. Results and discussions 

3.3.1. DSC and PXRD studies of imidazolinium alkyldithiocarbamate-based salts 

Although there are similarities in the rheological properties of 2-18 and 1c-18, their thermal 

and structural properties are markedly different. There are at least 4 unique first-order transitions 

in the heating portions of the two DSC thermograms belonging to 2-18 (Figure 3.1). During the 

first cooling, a first-order broad exotherm and a peak temperature of 34.0 oC was observed. In the 

second heating, two corresponding endotherms in the same temperature region were detected at 

21 and 30 oC. 

Only two of the multiple transitions could be assigned using DSC and PXRD. One of the 

unknown states (Y-state, Figure 3.3) may exhibit crystalline domains like a triclinic lattice (δ-state) 

that undergo a transition at 33.7 oC and that does not have a detectable corresponding endotherm 

during the second heating [131]. Instead, two endotherms with onset temperatures at ~22 oC 

(broad; peak at 25.4 oC) and ~30 oC (sharper; peak at 30.1 oC) were found. 
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Figure 3.2. DSC thermogram of 2-18 for the first (black) and second heating cycle (red 

dashed). Polarized optical micrographs taken during the first heating are shown at the indicated 

temperatures. Copyright (2021) Wiley. 
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Figure 3.3. Cartoon representation of the transitions and their peak temperatures for 

morphs of 2-18 based on DSC and PXRD data. Copyright (2021) Wiley. 

 

The proposed assignments of the structures for the phases of 2-18, based in part on the data 

shown in Figure 3.4 and in Table 3.3, are summarized in Figure 3.3. The packing of the octadecyl 

chains is a result of the net contributions by van der Waals and electrostatic interactions. When 2-

18 was cooled after the initial heating to its isotropic phase, three transitions, two of which are 

overlapping, were observed. The broader exotherm (centered at 12.9 oC) for the ionomer is 

consistent with a solid-solid transition whose heat is similar to an endotherm (centered at 30 oC) 

observed upon heating during the second cycle. The broadness of these DSC peaks is typical of 

those from neat long-chain ionic surfactants such as n-alkyltrimethylammonium bromides[174]. 

Thus, the second unknown transition (X-state, Figure 3.3) is perhaps from an orthorhombic rotator 
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phase to a hexagonal phase (α-state)[131]. A second, smaller cooling transition of the ionomer, a 

shoulder on the exotherm peak centered at 12.9 oC, is estimated to be centered at ~20-21 oC. It 

appears to be the reverse of the heating transition from the α-state to the γ-state. On this basis, the 

large exotherm at 46.6 oC is due to crystallization to the γ-state. Similar to 1c-18, ion association 

within the polymeric network slows the α-γ transition of 2-18. 

 

 

Figure 3.4. Variable temperature PXRD diffractograms of 2-18. (A) starting at 0 oC, 2-18 

was heated from 0 to 100 oC. (B) After air cooling for 5 days, 2-18 was again heated from  

0 oC to 100 oC. Copyright (2021) Wiley. 
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Table 3.3. PXRD peaks for 2-18 from heating: Phase A (< 25 oC) and Phase B (> 50 oC). 

Phase A Phase B 

 

2θ (deg) d (Å) (h k l) 2θ (deg) d (Å) (h k l) 

 

4.08 21.66 (0 0 3) 

α and γ state  

4.12 21.45 (0 0 3) 

γ state 

5.44 16.25 (0 0 4) 

α and γ state 

5.52 16.01 

 

(0 0 4) 

γ state 

5.72 15.45 Kaptona 6.94 12.74 (0 0 5) 

γ state 

6.82 12.96 (0 0 5) 

α and γ state 

9.74 9.08 (0 1 0) 

8.3 10.65 (0 0 6) 

α and γ state 

12.26 7.22 siloxaneb 

11.8 7.50 siloxaneb 12.50 7.08 siloxaneb 

 

12.66 6.99 siloxaneb 14.54 6.09 (0 0 10) 

γ state 

a Peak from Kapton® tube that was the sample holder. b Peaks from the broad amorphous siloxane 

chains in the polymer backbone. 
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Table 3.3. (Cont.) 

Phase A Phase B 

 

2θ (deg) d (Å) (h k l) 2θ (deg) d (Å) (h k l) 

 

15.22 5.82 (0 0 9) 19.08 4.65 (2 0 0) 

γ-state 

19.26 4.61 (2 0 0) 

γ-state 

21.38 4.16 (0 1 0) 

γ state 

21.56 4.12 (1 1 0) or 

(2 0 0) 

α-state 

23.60 3.77 (1 1 0) 

γ-state 

21.64 4.11 (1 1 0) or 

(2 0 0) 

α-state 

37.72 2.38 (3 1 0) 

γ state 

   39.60 2.28 (4 0 0) 

γ state 

a Peak from Kapton® tube that was the sample holder. b Peaks from the broad amorphous siloxane 

chains in the polymer backbone. 
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The attribution of the α-state and γ-state from the DSC data is verified by PXRD data. 

Unlike, 1c-18, there are intense diffraction peaks at 21.56o and 21.64o in 2θ (d = 4.12 Å and 4.11 

Å, respectively), characteristic of hexagonally packed 2-18 at 0 oC. The presence of two peaks are 

assigned to the (1 1 0) and (1 1 1) planes, respectively. The d-spacing for the (1 1 0) plane is similar 

to the ones found for octadecyl acrylate (4.13 Å) and polymethacrylates with octadecyl side 

chains[131,175], is responsible for the (110) and (200) crystal planes. Knowing the reciprocal 

plane for (1 1 0) facilitated the calculations for the axes (a = b = 8.24 Å). For the γ-state, the a- and 

b-axes are calculated to be 4.16 Å and 9.08 Å, respectively. Because the α- and γ-states share 

similar crystal planes for the c-axis, the calculated distance for it, 65.0 Å, using the (003) crystal 

plane, suggests that it is from two extended octadecyldithiocarbamate anions and a part of the 

associated imidazolinium cations[176,177]. Crystalline domains can be observed at 46 oC in 

optical micrographs (Figure 3.2). They resemble those found throughout the sample when the 

sample was cooled from the completely amorphous state to 35 oC. 

Thus, 2-18 at room temperature consists of hexagonally-packed and (a smaller amount) of 

orthorhombic-herringbone crystalline types, with varying degrees of interdigitation of the 

octadecyl chains. 
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Table 3.4. Unit cell dimensions calculated for 1b-18, 2-18, and 1c-18. 

Ionomer Temperature (oC) Crystal System a (Å) b (Å) c (Å) 

2-18 0 Hexagonal 8.24 8.24 65.0 

 50 Herringbone 

Orthorhombic 

4.16 9.08 64.3 
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3.3.2 Bulk rheological and adhesive properties of imidazolinium alkyldithiocarbamate salts 

 

Figure 3.5. Moduli versus angular frequency sweeps (ω) of imidazolinium ionomers with 

hexyldithiocarbamate and octadecyldithiocarbamate anions. A) 2-6 (● = G’, o = G”), at 25 

oC and 1% strain; B) 2-18 (● = G’, o = G”) at 40 oC and 0.5 % strain and 2-18 (● = G’, o = G”) 

at 50 oC and 0.5 % strain. Copyright (2021) Wiley. 

 

3.3.2.1. Effect of amidinium and imidazolinium head groups: 1c-6 and 2-6. 

Acid-base titrations were used to determine the amino-group contents (and the subsequent 

amidine and imidazoline contents) of the PDMS-based starting polymers with a Hach HQ411d 

meter and an Intellical© PHC201 glass electrode. HCl(aq) (0.5 M) was the titrant and 2-propanol 

was the solvent. A single point calibration using a pH 10 K2CO3/KHCO3 standardized buffer was 

done for all samples. According to acid-base titration of the starting polymers, 18-24/19 AEAP 
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and 20-25/28 AP have comparable amino group contents: 20.4-22.4 ± 0.2% for 18-24/19 AEAP 

and 20.6 ± 0.7% for 20-25/28 AP PDMS. While there is a difference in their molecular weights, 

they are within the same order of magnitude, and a comparison of the properties of 1c-6 and 2-6 

(as well as 1c-18 and 2-18) can be used to measure the effect of bulkier cations on polymer 

dynamics (rheology data for compounds 1a-1c and their corresponding isomer can be found in 

chapter 2 or in the literature [109]). A correlation between G” ≈ ω and G’ ≈ ω1.7 was found for 2-

6 at high angular frequencies (i.e., > 10 rad/s). This trend is nearly the same as the results found 

for 1a-6. It may occur at lower frequencies, as well, but the magnitudes of the recorded moduli 

values at < 10 rad/s are below the detection limit of the rheometer. 

The quality of the fits to the power law is similar for 2-6 and 1c-6 in the frequency range 

explored (Figure 3.5), 10-100 rad/s. Thus, 2-6 behaves like 1a-6, where I postulate that there is no 

delay of entanglements caused by ionic interactions between the polymer backbone and the counter 

ions. It is possible that the similar behavior is due to the size of the cation. In studies involving 

polystyrene sulfonate with varying sizes of cations (Li+ to Cs+), the onset of polymer entanglement 

occurred at higher frequency[67] for larger cations such as Rb+ or Cs+ than for smaller ones, such 

as Li+ or Na+. 

When comparing 1c-18 and 2-18, the overall shapes of the frequency sweep curves are 

similar but again it is the delay in segmental relaxation for the imidazoline that makes it different. 

Both 1c-18 and 2-18 at 40 oC have frequency sweeps showing the transition region, suggesting a 

highly dynamic microstructure even after a 30 min equilibration. A crossover point can be 

observed at 40 oC at ω = 0.54 rad∙s-1 with a G’ and G” = 248 Pa for 1c-18, while no observable 

transitions can be observed for 2-18 at the same temperature. Only at higher temperature (at 50 
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oC) can a crossover point at ω = 0.04 rad∙s-1 with a G’ and G” = 10 Pa be observed for 2-18. 

Molecular weight differences of the in the 2 ionomers plays a role in chain and segmental 

relaxation but 2-18 with the smaller molecular weight would have a predictably shorter relaxation 

time instead of a longer one. 

Thus, summarizing the results for the comparison between 2-6 with 1c-6 and 2-18 with 1c-

18, we observe that there are clear consequences to switching from an amidinium to an 

imidazolinium group in the ionomers. While the overall shapes of the curves are similar for both 

amidinium and imidazolinium ionomers, the latter causes a delay in chain and segmental 

relaxation, likely due to the steric hindrance of the larger head group in the imidazolinium 

ionomers. 

3.3.3. Adhesion studies of 2-18 

 

Figure 3.6. Stress strain curves of 2-18 at room temperature. Trials 1 (black) and 2 (red) are 

shown. Copyright (2021) Wiley. 
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The material 2-18 at room temperature exceeds the maximum torque acceptable for 

oscillatory rheology investigations into the bulk properties of 2-18 when the microstructure of the 

crystalline domain is in the fully extended hexagonal phase. Thus, to probe the bulk properties as 

a consequence of this crystalline domain, single-lap shear experiments were performed. As 

observed in Figure 3.6, the hexagonal phase generates a ductile material based on the lack of a 

sharp drop in shear stress when the ultimate shear strength is achieved in brittle materials. The 

presence of the crystalline domain also provides some resistance to shearing, which reduces the 

elasticity of the material. The strains at ultimate shear strength for 2-18 were reached at small 

values of 5 % and 3 % for trials 1 and 2, respectively. 

When compared to 1c-18, we note some intriguing results which show the effect of 

changing the amidinium side chain to an imidazolinium group. The ultimate shear strength of 2-

18 (126 KPa) is nearly 4 times that of 1c-18 (39.9 ± 13.3 KPa), but both are within the same order 

of magnitude. If the shear strength were dependent solely on the molecular weight of 2-18 and 1c-

18, we would have anticipated 1c-18 to have the stronger ultimate shear strength. Thus, changing 

the head group from an amidinium to an imidazolinium does show some changes in the mechanical 

properties of the materials. 

A similar difference can be observed in the shear strain. The ionomer 1c-18 has an ultimate 

shear strain of 0.008 – 0.011; for 2-18, the value is 0.03-0.05. Again, 2-18 is 4 times more elastic 

than 1c-18. From the oscillatory rheological studies, 2-18 has a longer segmental relaxation time 

at 40 oC, which signifies that the viscoelastic properties remain to a higher temperature. Thus, the 

larger ductility of 2-18 compared than 1c-18 can be explained if the trend in polymer dynamics at 

40 oC can be extrapolated to room temperature. Extension of this explanation to the microstructural 
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crystalline domain is only speculative given the data which are available at this time. It is not 

known whether the differences in the shear modulus can also be due to the known differences 

between the packing of 1c-18 (extended orthorhombic) and 2-18 (hexagonal). Another possible 

explanation could involve the ion aggregates that are formed by 1c-18 and 2-18 and their 

interactions with the amorphous region or glass substrate. As such, while much work still needs to 

be done, the relationship between the polymer dynamics studied in oscillatory rheology and 

structural details from PXRD provides a potential path to understanding how to connect the bulk 

mechanical properties of ionomers to the viscoelastic and structural properties of these materials. 

2-18 and 1c-18 do exhibit similar properties in the linear viscoelastic region of the lap-shear curves 

(Figure 3.1). This region is highly relevant to the frequencies sweeps in the oscillatory rheology 

studies because both materials have been studied in the linear viscoelastic region. Thus, it is not 

surprising to see similarities between the shear modulus of 1c-18 (0.020 GPa) and 2-18 (0.020 

GPa) based on their frequency sweeps.   Data from the two runs for 2-18 are summarized in Table 

3.1. 

3.4. Conclusions 

The surprising formation of a poly(dimethyl)siloxane-based ionomer with 18-24% 

imidazolinium alkyldithiocarbamate side chains has opened an avenue to study differences that 

can arise in structural and bulk properties when comparing acyclic and cyclic amidines of similar 

molecular weight. 

I have explored these differences using DSC and PXRD in regions where microstructural 

changes are observed as a function of temperature. The ionomer 2-6 remains a viscous liquid at 0 

oC, and no detectable peaks were observed in both DSC curves and PXRD diffractograms over the 
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temperature range explored due to the lack of significant van der Waals interactions among the 

short hexyldithiocarbamate chains. The ionomer with imidazolinium octadecyldithiocarbamate 

side chains, 2-18, exhibits a more complex thermal profile. The DSC thermogram of 2-18 shows 

at least 4 first-order transitions within the temperature range studied, and it was possible to 

characterize only two of them using PXRD at 0 oC, 2-18 packs in a hexagonal phase where the 

alkyl chains in the octadecyldithiocarbamate are fully extended and head-to-head. This is in 

contrast to an analogous acyclic amidinium octadecyldithiocarbamate ionomer (1c-18) which is in 

an orthorhombic phase at the same temperature. Both 2-18 and 1c-18, when heated to 40 oC, form 

a herringbone orthorhombic phase. Thus, it is not surprising that both 1c-18 and 2-18 show similar 

frequency sweep profiles at 40 oC. 

The rheological properties of 2-18 indicates a very dynamic system at 40 oC, even after 30 

min of equilibration. G’ and G” are similar in magnitude for 2-18 and 1c-18, but 2-18 has a longer 

segmental relaxation time which increases the period in which viscoelastic properties, such as 

ductility, are evident. This longer relaxation time at 40 oC may be important in explaining the 

results from lap-shear studies at room temperature. 

Single-lap shear studies on materials with imidazolinium octadecyldithiocarbamate groups 

has uncovered some interesting aspects of the bulk mechanical properties. As noted, at room 

temperature, 2-18 has crystalline domains that are in the hexagonal phase and exhibit a longer 

relaxation time than that of 1c-18. It is surprising that the prolonged relaxation time, when 

extrapolated to room temperature, predicts an ultimate shear strength and a shear strain that are ca. 

four times greater than that of 1c-18at the same temperature. The differences between the packing 
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of the octadecyldithiocarbamate in 1c-18 (orthorhombic phase) and 2-18 may play a role here, as 

well, but further investigation is needed to ascertain the specific factors that are contributing. 

The structure-property relationship of PDMS-based imidazolinium alkyldithiocarbamate 

described in this chapter provides the foundation for future studies that can exploit the tunable 

PDMS with imidazoline or imidazolinium-based as pharmaceuticals or more broadly other 

applications in the field of ionomers and ionic polymers. 

3.5. Pertinent graphic and tabular data 

3.5.1. NMR and IR spectra 

 

Figure 3.7. Assignment of 1H-NMR (CDCl3) chemical shifts to 2. Copyright (2021) Wiley. 
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Figure 3.8. 1H NMR spectra (CDCl3) associated with the conversion of 2 to 2-6. A) 

Hexylammonium N-hexyldithiocarbamate from the addition of CS2 to 1-hexylamine; B) 2; and 

C) Reaction of equimolar amount of imidazoline groups in 2 and hexylammonium N-

hexyldithiocarbamate after 24 h. The small triplet at 2.8 ppm is from the imidate ester side 

product. Copyright (2021) Wiley. 
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Figure 3.9. Y-axis offset FT-IR spectra 2 (black), 2-6 (red), and 2-18 (blue). Copyright 

(2021) Wiley. 
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Figure 3.10. FT-IR spectra of 2 before (black), 2-6 before (red) and after (blue) DSC 

measurements (see above). The measurements included 4 cycles of heating and cooling from 0-

120 oC. Copyright (2021) Wiley. 
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Figure 3.11. FT-IR spectra of 2 before (black), 2-18 before (red) and after (blue) DSC 

measurements (see above). The measurements include 4 cycles of heating and cooling from 0-

120 oC. Copyright (2021) Wiley. 
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3.5.2. TGA and DSC data 

 

Figure 3.12. TGA thermograms of 2 (solid black line), 2-6 (solid red line), and 2-18(8KD) 

(solid blue line). The rate of change in weight loss as a function of temperature is also plotted 

with the y-axis on the right side: 2 (dashed black line), 2-6 (dashed red line), and 2-18 (38KD) 

(dashed blue line). Copyright (2021) Wiley. 
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Figure 3.13. DSC data for 2-18. Cycle 1 (black), cycle 2 (red), cycle 3 (blue), and cycle 4 

(green dashed) are shown. Copyright (2021) Wiley. 
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Figure 3.14. DSC data for 2-18. Cycle 1 (black), cycle 2 (red), cycle 3 (blue), and cycle 4 

(green dashed) are shown. Copyright (2021) Wiley. 
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Table 3.5. Onset temperatures (Ton, oC), peak temperatures (Tp, oC), and phase transition 

enthalpies (ΔH, J/g) of 2-18 during the heating and cooling runs in each cycle. 

 2-18 

(heating) 

2-18 

(cooling) 

To (
oC) Tp (

oC) ΔH (J/g) To (
oC) Tp (

oC) ΔH (J/g) 

Cycle 1 21.5 

 

63.6 

20.5 

 

72.0 

19.8 

 

6.78 

26.1 

 

59.0 

20.5 

 

46.4 

20.6 

 

10.2 

Cycle 2 20.0 

 

65.7 

21.3 

 

77.1 

20.7 

 

12.6 

28.0 

 

60.4 

20.3 

 

49.2 

18.3 

 

12.3 

Cycle 3 20.0 

 

69.2 

29.2 

 

79.0 

24.8 

 

14.5 

27.3 

 

60.6 

20.3 

 

50.8 

15.5 

 

13.7 

Cycle 4 20.0 

 

69.7 

28.8 

 

79.9 

25.5 

 

16.4 

29.2 

 

60.5 

20.3 

 

51.6 

13.5 

 

14.5 
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3.5.3. Adhesion 

Table 3.6. Linear regression results and coefficients of determination (R2) for data in 

Figure 3.1. 

 2-18 

Trial 1 y = 215827x – 2469.6 

R² = 0.9983 

Trial 2 y = 167610x – 333.85 

R² = 0.9982 
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