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Abstract 

Polymer nanocomposites, due to combining constituent properties, can fulfil a wide variety of 

applications, ranging from structural materials to filtration membranes to battery separators. 

However, nanofiller aggregation can pose detrimental to best maximizing the nanocomposite 

properties. Polymer-grafted nanoparticles, which when cast into films without additional matrix 

material, limit nanofiller aggregation due to the covalent bonding between nanofiller and polymer 

matrix, and although the class of materials has seen increasing study, gaps remain particularly in 

anisotropic nanofiller and ionically conductive matrices. This dissertation will focus on 

investigating polymer-grafted cellulose nanocrystals to establish structure/property relationships, 

particularly between the grafted polymer conformation and composite mechanical properties, ion 

conductivity enhancement in hydrated, polyelectrolyte grafted systems, as well as explore the 

rationale for ion conductivity enhancement at their interfaces. To this end polystyrene-grafted 

cellulose nanocrystals will be used as a model system to investigate the polymer graft 

conformation and its impact on the thermally dependent elastic modulus and material fracture 

toughness. Hydrated, poly(2-vinylpyridine)-grafted cellulose nanocrystals treated with 

iodomethane will then be used to probe the ionic conductivity enhancement (compared to 

ungrafted polymer) by altering the polymer molecular weight, grafting density, and architecture. 

Finally, the interfacial contribution to ionic conductivity will be explored using thin film, model 

polymer brushes on interdigitated electrodes to differentiate competing hypotheses of surface 

hydrophilicity and functional group content. 



 

Chapter 1 

 

Introduction 
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1.1   INTRODUCTION 

Nanocomposites are composed of a nanofiller embedded in a polymer matrix and are used 

in a wide array of applications,1,2 particularly when improvement are needed in the polymer’s 

materials properties, whether mechanical,3–5 electronic,6–8 water impurity rejection or transport,9,10 

etc. Improvement in the properties of interest is often controlled by the ratio of polymer to 

nanofiller. However, such two-component nanocomposites often suffer from demixing/phase 

separation of the matrix and filler, particularly at high nanofiller content or if there is significant 

incompatability between nanofiller and matrix. Ultimately, demixing can lead to a reduction in the 

materials properties, restrict possible processing techniques, and ultimately limit the loading of the 

nanofiller material.11 One way to address these issues is to attach the polymer matrix to the 

nanoparticle filler by covalent bonds to make polymer grafted nanoparticles (PGNs)12 which can 

either be integrated into nanocomposites to improve compatibility between or be processed into 

films solely consisting of PGNs, which have been termed one-component nanocomposites 

(OCNs).12 Such OCNs can allow access to materials that exhibit enhanced mechanical properties 

such as modulus and toughness or electronic properties such as ionic conductivity relative to two-

component nanocomposite of similar composition.13–15 Furthermore, on account of the covalent 

bond between the polymer and nanofiller, these materials do not suffer from demixing, permitting 

melting processing and much higher loadings of nanoparticles beyond that of traditional 

nanocomposites.16,17 As a result, beneficial interfacial interactions can be maximized, such as the 

ability to enhance ion transport, forming materials with the possibility for greatly enhanced 

conductivity. 

This thesis will investigate nanorod based PGN films composed of polymer, either 

polystyrene (PS), poly(2-vinylpyridine) (PV), or their diblock copolymers, grafted to cellulose 
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nanocrystals (CNCs). The mechanical properties and polymer graft conformation of nanorod based 

OCNs will be investigated by altering the polymer molecular weight and grafting density of the 

PS grafted CNCs, which begins understanding the structure-property relationships and indicates 

how to optimize mechanical properties (Chapter 2). Next, the ionic conductivity will be 

investigated and beneficial polymer/CNC interface will be studied by similarly altering the 

polymer molecular weight and grafting density of the PV grafted CNCs as well as using diblock 

copolymers to isolate the CNC surface as the principal cause of conductivity enhancement 

(Chapter 3-4). Finally, the interface-based conductivity enhancement will be studied using model 

polymer brushes on interdigitated electrodes (IDEs) by altering both the hydrophilicity and alcohol 

functional content to discern which has a greater impact on the conductivity enhancement (Chapter 

5). 

This introduction will work to provide the foundation from which to discuss the mechanical 

and ionic conductivity properties of polymer grafted to cellulose nanocrystals as well as to describe 

the role interfaces play in conductivity enhancement within these systems. First, the structure-

property relationships of OCNs will be presented, focusing principally on the impact of grafted 

polymer conformation on mechanical properties of the well-studied nanosphere based OCNs but 

also presenting what is known about nanorod based OCNs.  Literature examples will be examined 

that probe the ionic conductivity of PGNs and their films to provide context for the field of study 

Next, cellulose nanocrystals will be introduced as mechanically robust and easily functionalizable 

nanorod useful for studying the structure-property relationships of nanorod based OCNs as well 

as interesting nanofiller for ionically conductive nanocomposites (and thus PGN films). Finally, 

mechanisms of ionic conductivity will be presented, with particular focus on the impact of 

interfaces and grafted polymer, as well as potential methods of study. 
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1.2   POLYMER BRUSHES 

To begin understanding the structure-property relations of OCNs, the grafted polymer 

brush structure will first be discussed as it is the fundamental distinction between standard 2-

component nanocomposites and OCNs. Grafted polymer brushes have been theorized upon for 

more than 40 years,18,19 and yet their applications and experimental study are still of active 

investigation.20–22 As a polymer is end-grafted to a flat surface, the monomer distribution and 

structure of the polymer brush change as a function of the grafting density and polymer length, 

which controls the radius of gyration (Rg). Below a critical grafting density, there is no interaction 

between polymer chains, which occurs when the grafting density (σ) is less than 1/(πRg
2). This 

results in the polymer coil adopting what is termed the mushroom regime. As the grafting density 

increases (thus more interaction between the polymer chains), the elastic entropy and excluded 

volume contributions of the polymer chains are in conflict, resulting in an extension of the polymer 

chains, forming a polymer brush. At low to intermediate grafting densities, the brush resides in the 

semidilute polymer brush (SDPB) regime, which is less constrained, relying more upon pairwise 

intermonomer interactions and following a brush thickness (h) scaling behavior of h~N σ1/3. At 

higher grafting densities, the brush resides in the concentrated polymer brush (CPB) regime, a 

more extended brush relying upon higher order intermonomer interactions and following a 

different scaling behavior of h~N σ1/2. From a fundamental understanding of the polymer physics 

and conformation come scaling behaviors for the polymer brushes. 

However, as these brushes are attached to curved as opposed to flat surfaces in OCNs, their 

behavior changes.23,24 While the same polymer brush regimes (mushroom, SDPB, CPB) exist, the 

scaling behaviors are altered. First developed by Daoud and Cotton in 1982 for star shaped 

polymers,25 the termed Daoud-Cotton model predicted that at a critical polymer length, the 
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polymer conformation would change from a concentrated polymer brush to a semidilute polymer 

brush due to the curvature introduced in the star polymer, resulting in an outer corona of SDPB 

and inner CPB core, termed CPB/SDPB as seen in Figure 1.1. Now, the brush height dependences 

change, with the concentrated polymer brush regime following a dependence of h~N and the outer 

SDPB following a dependence of h~N3/5. This was then expanded by Ohno et al. to include an 

inner spherical particle, with grafted outer polymer following the same dependences.26,27  

 

Figure 1.1: Chain conformation of polymer grafted nanoparticles (PGN) as a function of chain 

grafting density, σ, and degree of polymerization, N, at a given particle radius, r0. The polymer 

conformations include mushroom (bottom left), concentrated polymer brush (CPB) (bottom right), 

semidilute polymer brush (SDPB) (top left), and mixed CPB/SDPB (top right) with a transition at 

a critical radius, rc. Adapted from Vaia and coworkers.17 
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1.3   DEVELOPMENTS FOR EXPERIMENTALLY INVESTIGATING ONE-

COMPONENT NANOCOMPOSITES 

As controlled radical polymerization (CRP) developed, the ability to synthetically access 

polymer grafted surfaces greatly expanded the polymer chemistries and architectures available for 

study and making polymer grafted nanoparticles (and thus OCNs) more accessible. Although 

anionically grown star polymers have been studied since the 60s and 70s,28,29 the ability to attach 

polymers to surfaces either through “graft from” via CRP (most used) or to prepare polymers and 

then “graft to” has provided the literature with excellent studies and examples.20,21,30,31 For 

example, Husseman et al. used silane chemistry to graft nitroxide initiators to a silica surface to 

grow controlled polystyrene brushes via nitroxide mediated polymerization (NMP).32 Baum et al. 

used reversible addition fragmentation chain transfer (RAFT) polymerization to produce polymer 

brushes of polystyrene and poly(methyl methacrylate) from silica surfaces modified surface-

immobilized azo initiators, which thermolytically produced free radicals that in the presence of 

monomer and chain transfer agents grew polymer.33 Matyjaszewski and coworkers produced dense 

brushes of polystyrene and polyacrylates, as well as block copolymers, on silica surfaces by using 

silane chemistry to attach an initiator such as 11-(2- Bromo-2-

methyl)propionyloxyundecenyltrichlorosilane to  initiate atom transfer radical polymerization 

(ATRP).31,34 From this accessible grafting from chemistry, various polymer grafted nanoparticles 

(PGNs) have been synthesized and  has enabled further investigation into the behavior of not only 

the PGNs themselves, but also their assemblies into OCNs.12,30,31 

In 2012, Matyjaszewski and coworkers synthesized OCNs based on polystyrene and 

poly(methyl methacrylate) grafted from silica particles to investigate both the structure and 

mechanical properties.13 The materials synthesized range in molecular weight from 1 kg/mol to 
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1600 kg/mol with grafting densities from 0.25 to 0.67 chains/nm2. In analyzing the brush thickness 

by transmission electron microscopy (d) and dynamic light scattering (RH-R0), the particle surface-

to-surface distance and the brush height are found to scale with the degree of polymerization as 

d~N0.8 and RH-R0~N0.98 (in CPB regime) and d~N0.52 and RH-R0~N0.58  (in SDPB regime), 

respectively, in good agreement with theory, which predicted that the CPB regime should have the 

brush thickness scale as N1.0, while the SDPB regime scales as N0.5
 (Figure 1.2a). Additionally, 

the elastic modulus and fracture toughness were probed using nanoindentation. For modulus, low 

molecular weight samples (in CPB) showed moduli below that of the associated homopolymer, 

which with increasing molecular weight approached the homopolymer modulus at the CPB to 

SDPB transition. For the fracture toughness, samples monotonically increased so that at the highest 

molecular weights, the samples approximated the homopolymer results (Figure 1.2b). The authors 

describe this as a transition from ‘hard-sphere-like’ to ‘polymer-like’ mechanical characteristics 

of particle solids. Additionally, TEM images showed crazing behavior in SDPB samples which 

permitted an analysis of the fragile to crazing transition (Figure 1.2c-d). Offering a solid 

foundation for analyzing OCNs, this work provides the first steps toward analyzing the behavior 

and comparing it to theoretical predictions. 
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Figure 1.2: a) The dependence of the particle surface-to-surface distance d and brush height Rh − 

R0 on the degree of polymerization N of surface-grafted chains. Filled circles (SiO2-SN) and 

open circles (SiO2-MMAN) represent d determined by TEM of particle monolayers shown in 

panels a–h; blue squares (SiO2-SN) and open circles (SiO2-SN) represent Rh − R0 determined by 

DLS in toluene solution. b) Dependence of normalized fracture toughness KIc/KIc° on the degree 

of polymerization of polymer grafts in the CPB and SDPB regimes. KIc° denotes the measured 

toughness of linear polymer analogues with high molecular weight, c) Electron micrograph 
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Figure 1.2 continued: revealing the formation of craze in the thin film of SiO2-MMA570, d) 

Predicted dependence of the threshold degree of polymerization to facilitate entanglement 

formation of grafted chains on the particle core size. Adapted from ref 13 

Although Matyjaszewski and coworkers  focused principally on high molecular weight, 

high grafting density samples, Vaia and coworkers analyzed high molecular weight and low 

grafting density samples, focusing on the impact on crazing behavior.17 In this work, Fe3O4−PS 

PGNs were synthesized by surface-initiated RAFT polymerization and probed using dynamic light 

scattering and thin film wrinkling−cracking method. The materials synthesized range in molecular 

weight from 35 kg/mol to 369 kg/mol with grafting densities from 0.04 to 0.14 chains/nm2. The 

corona height of the PGNs in toluene showed a molecular weight dependence of N0.65 for samples 

with predominantly predicted SDPB conformations (Figure 1.3a). The measured modulus 

followed good agreement with effective medium theory, representing the properties following the 

volume percent of nanofiller. Finally, similar to pure PS, a transition from brittle fracture to crazing 

occurs for grafts >110 kg/mol, and stable craze extension is seen above 200 kg/mol, which was 

used to deduce critical length scales for craze microstructure formation (Figure 1.3b). This work 

both confirmed the brush conformation predictions of Matyjaszewski and coworkers13 and 

expanded the types of OCNs studied establishing further structure-property relationships. 
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Figure 1.3: a) Corona height (h) in toluene (DLS, solid black circles; MWC–WZ model, open 

red circles). The dashed line (R2 = 0.97) shows the line of best fit (slope = 0.65) between log(h) 

and log(MW) for DLS corona height with MW > 100 kg/mol b) Deformability relative to 267 

kg/mol PS of low graft density Fe3O4-PS PGNs and high graft density SiO2-PS PGNs. Adapted 

from ref 17 

Ultimately, the structure/property relationship of nanosphere-based OCNs have been well 

investigated. Specifically, the theoretical predictions and experimental results of grafted polymer 
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conformation have been reconciled which permits the further connection between the 

conformation and the mechanical properties. Through several studies, high molecular weight 

grafted polymers in the semidilute polymer brush regime have shown increasing toughness, both 

in fracture toughness and crazing behavior with moduli showing good agreement with effective 

medium theory. However, a clear gap in the literature exists in probing the impact of nanoparticle 

geometry on the polymer brush structure and mechanical properties of OCNs, with Chapter 2 of 

this thesis focusing on filling that gap. 
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1.4   IONICALLY CONDUCTIVE NANOCOMPOSITES: STANDARD TWO-

COMPONENT NANOCOMPOSITE 

Having established what is currently known about the mechanical structure-property 

relationships in OCNs, the focus turns toward the ionic conductivity properties of nanocomposites. 

As there has been relatively little work investigating the behavior of polyelectrolyte grafted 

nanoparticle (PEGN) films, discussion will begin looking at the impact of nanofiller in ionically 

conductive matrices. Although this field is broad and well-trodden, with much work in the 

literature,2,6,35–41 the aim is to give an overview of important works within ionically conductive 

nanocomposites before working towards polymer grafted nanoparticles in ionically conductive 

nanocomposites, finally discussing what work has been done in ionically conductive PGN films.  

To begin with a particularly seminal example, in 1998 Croce et al. introduced 13 nm 

diameter TiO2 and 5.8 nm diameter Al2O3 at 10wt% into PEO with 8:1 ratio LiClO4.42 From 20-

110 °C, the materials showed an order of magnitude enhancement in ion conductivity compared 

to a homopolymer sample, which was attributed to the ceramic filler promoting enhanced Li+ 

transport via a surface mechanism and reducing crystallization of the PEO. Similar enhancement 

in ionic conductivity can be seen in hydrated polyelectrolyte systems such as Nafion based 

nanocomposites. Yin et al. introduced 3-6 nm diameter SiO2 and TiO2 nanoparticles at 5 wt% into 

Nafion membranes.43 In this work, both samples showed increased proton conductivity comparted 

to Nafion, with TiO2 showing higher conductivity than the SiO2. Further investigation concluded 

that the nanoparticles enhanced water uptake and conductivity due to the formation of extra ionic-

water cluster phases around the nanofiller.  
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Although generally nanospheres have been studied in the ionically conductive 

nanocomposite literature, Cui and coworkers have produced a number of papers investigating 

different geometries of Li0.33La0.557TiO3 nanoparticles in poly(acrylonitrile) (PAN) (Figure 

1.4a).44–46 All investigated nanospheres, nanorods, and nanowires showed up to 3 orders of 

magnitude increases in conductivity (Figure 1.4b). Specifically, nanospheres performed the worst, 

with additives of up to 15wt% showing a maximizing of the conductivity, as opposed to nanowires 

overtaking the nanospheres at all loadings.44,45 Finally, nanowires were aligned parallel and 

perpendicular to the applied electric field, with the parallel samples performing the best with 3 

orders of magnitude increase in conductivity compared to the homopolymer while perpendicularly 

aligned nanowires approximating the conductivity of the filler-free material.46 This investigation 

into the LLTO material’s enhancement originates from the positive- charged oxygen vacancies on 

the surfaces of the nanowires that could associate with anions and then release more Li ions, with 

the extended surfaces of the nanorods and nanowires allowing for easy percolation throughout the 

bulk of the material. However, it should be noted that the nanofiller loading was limited at up to 

15% in order to not encounter phase segregation within the materials, a common theme in these 

ionically conductive nanocomposites with beneficial surface interfaces. Ultimately, the 

nanoparticle aspect ratio is shown to greatly impact the ionic conductivity properties of the 

nanocomposite, providing substantial impetus towards the study of nanorod based PGN films that 

ionically conduct through the grafted polymer matrix. 
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Figure 1.4: a) Cartoon illustrating ion conduction through nanocomposites consisting of either 

nanoparticles or nanowires. b) Arrhenius plots of the composite polymer electrolytes with aligned 

nanowire arrays at various orientations, together with the data for the composite electrolyte with 

randomly dispersed nanowires and the filler-free electrolyte. Adapted from refs 44,45 

One route to overcome the phase segregation of nanofiller within nanocomposites is to 

graft compatiblizing polymer to the surface of the nanofiller.12 As discussed previously, many 

synthetic routes have been used to attach polymer to the surfaces of nanoparticles.20,21,30,31 Here, 

however, the principle goal is to choose conductive graft polymer for the purpose of better/more 

compatible inclusion into a conductive matrix, whereby the beneficial interfacial interactions can 
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be best magnified at high nanofiller loadings. Surprisingly, few works have explicitly looked at 

ionically conductive polymer grafted nanoparticles included in ionically conductive polymer 

matrices as nanocomposites with this aim in mind. 

To this end, Villaluenga et al. introduced poly(ethylene glycol) polyhedral oligomeric 

silsesquioxane nanoparticles (POSS) into 70k-74k PS-PEO block copolymer with LiTFSI at 

R=0.085 for all samples ranging between 2 and 10 wt% POSS addition. Structural characterization 

(scanning transmission electron microscopy) showed that the POSS resides in the PEO regime 

with small angle x-ray scattering showing lamellar-to-bicontinuous phase transition at POSS 

loadings above 2 wt%. Electrical impedance measurements of these materials yielded conductivity 

of the materials maximizing at 2 wt% POSS inclusion, with conductivities of the block copolymer 

system being 94% of the homopolymer conductivity with similar POSS and LiTFSI loadings, 

attributed to better conducting diblock copolymer morphology.47Similarly, O'Reilly and Winey 

introduced 10-15 nm diameter SiO2 nanoparticles with 5000 g/mol grafted PEO using silane 

condensation and nucleophilic substitution. These nanoparticles, along with unfunctionalized SiO2 

nanoparticles, were introduced 600 g/mol single-ion conducting PEO/sulfoisophthalate ionomer 

neutralized with lithium. DC conductivity measurements of the system show that increasing 

quantities of the grafted nanoparticles (up to 35wt%) showed increases in conductivity as 

compared to the homopolymer, while ungrafted SiO2 nanoparticles showed monotonically 

decreasing conductivity up to 35 wt%. The increase of the grafted nanoparticles was attributed to 

plasticization of the ionomer, supported by DSC and viscosity measurements of the system.48 

Neither of these examples used nanofiller known to provide beneficial polyelectrolyte/interface 

interactions, although the grafted poly(ethylene glycol) from Villaluenga et al. possibly could 



16 
 

inhibit matrix crystallization. Not surprisingly, neither example demonstrates enhancement in 

nanocomposite conductivity. 
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1.5   IONICALLY CONDUCTIVE NANOCOMPOSITES: POLYMER GRAFTED 

NANOPARTICLE FILMS 

As discussed previously, by casting polymer grafted nanoparticles into films, higher 

loadings of nanofiller can be attained, which directly works to maximize the beneficial interfaces 

of the nanofiller. These films are distinct from the ionically conductive nanocomposites in the 

previous section as no additional polymer matrix is added to the system. Even so, nearly all 

examples of PGN film-based nanocomposites rely upon additional added components, whether 

water vapor, solvent, or additional ionic liquid or salt. Although technically not one-component 

nanocomposites, these materials still attempt to maximize the added nanofiller, to varying degrees 

of success. 

Within the context of anhydrous systems, Lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) is often added is used to provide ionic conductivity, particularly in poly(ethylene glycol) 

(PEG) based systems. In work by Agrawal et al, 10 and 25 nm silica nanospheres were 

functionalized with poly(ethylene glycol) (500 g/mol) by grafting to and yielded a grafting density 

of and 1.5 and 1.3 chains/nm2 respectively.49 The PEGNs were then mixed together in propylene 

carbonate ranging from 0.1 to 0.5 vol% and imbibed with LiTFSI at 1M, which showed a 

maximum conductivity (although still less than a control sample) when the core volumes of both 

nanoparticle types (so volume percent silica of both the 10 nm and 25 nm samples) were equal. 

This observed maximum conductivity at equal core volumes was attributed to the ability mixture 

of particle sizes to produce disordering of the suspension by lowering correlation among the 

polydisperse particles. Rheological measurements show solid mechanical behavior at loadings 

above 0.2 vol%. With increasing fractions of nanoparticles maintaining the equal core volume 

composition, the ionic conductivity measured decreased from 1.6 mS/cm or 80% of a similar 
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mixture of ungrafted PEG, propylene carbonate and LiTFSI to 0.4 mS/cm. In work by Nugent et 

al, 8 and 18 nm diameter SiO2 and 15 nm diameter TiO2 nanospheres were grafted with 550-5000 

g/mol PEG with inorganic nanosphere loadings up to 55wt% and imbibed with 1 M LiTFSI.50 

Compared to 500 g/mol PEG with 1 M LiTFSI, the polyelectrolyte grafted nanoparticle samples 

imbibed with 1 M LiTFSI showed reduced conductivity, with the lower molecular weight grafted 

samples showing the highest conductivity (ca. half that of the homopolymer). All grafted samples 

showed higher conductivity than the 2000 g/mol homopolymer up to 60 ℃ (melting point of PEG) 

whereupon at higher temperatures the 2000 g/mol homopolymer surpassed the grafted system 

conductivity.50 Although TiO2 nanospheres have shown enhancements in conductivity in two-

component nanocomposites,42 all of the above samples only showed enhancement below the 

melting point of PEG (for the solventless system by Nugent et al.) or none at all.  

For hydrated PGN films, water helps to both disassociate backbone ions as well as to 

plasticize the polymer. In work by Wang et al, 16 nm SiO2 nanospheres were functionalized with 

a poly (ionic liquid), poly((p-vinyl-benzyl) trimethylammonium tetrafluoroborate), via a grafting 

from method.51 In this system, the molecular weight was estimated using a sacrificial initiator 

yielding a 4 kg/mol polymer at 4 hours and 17 kg/mol at 24 hours. Due to selecting a hydrophilic 

monomer, the ionic liquid nature of the polymer permitted ionic conductivity with water uptake, 

although the measurements were taken at ambient conditions. The measured ionic conductivity of 

the samples increased up to the 12 kg/mol PGN (0.104 mS/cm) and decreased at higher reaction 

times. This was compared to a 12 kg/mol homopolymer sample which had a conductivity of 0.0185 

mS/cm, with the increased conductivity being attributed to better ion transport channels. Another 

hydrated example by Jiao et al., examined 6 nm diameter Fe3O4 nanospheres were functionalized 

with poly(styrene-b-trioctylammonium p-styrenesulfonate) block copolymer (100kg/mol and 
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grafting density of 0.059 chains/nm2).52 The samples were imbibed with ionic liquid (1-Hexyl-3-

methylimidazolium bis-(trifluoromethylsulfonyl)imide) at 30 wt% and the ionic conductivity 

increased with sulfonate content from 0.05 mS/cm to 5 mS/cm peaking at 3 mol% sulfonate, yet 

decreasing after to 0.1 mS/cm. The work did not compare their conductivity values to that of 

similar polymer compositions. Rather, this result was compared to poly(styrenesulfonate-b-

methylbutylene) with 17 mol% 2-ethyl-4-methyl imidazole bis-(trifluoromethylsulfonyl)imide 

which showed a conductivity of 70 mS/cm. Both examples were done at ambient conditions with 

little comment as to the effect of water content on material properties. Even so, work by Wang et 

al. did seem to show conductivity enhancement even using SiO2, although the mechanism of 

enhancement was postulated to be ion conducting channels rather than interface related 

enhancement. 

Taken together, ionically conductive nanocomposites have shown promise in enhancing 

the material conductivity, although no works have successfully used nanospheres with beneficial 

interfaces in PGN geometries and successfully showed enhancement. As a result, further work 

towards both successful integration and investigation into the structure/property relationships of 

this class of materials is untapped potential for the field. Although a couple examples exist looking 

at the effect of nanoparticle geometry on the nanocomposite ionic properties (showing 

enhancement relative to nanospheres),44–46 only one recent example from the Rowan group has 

investigated the ionic conductivity of nanorod based PGNs, which will be described more in depth 

shortly.15 Chapters 3 and 4 of this thesis will focus on filling this gap of investigating ionically 

conductive, nanorod based PGN films.  
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1.6   CELLULOSE NANOCRYSTALS AS NANORODS FOR OCN STUDY 

Nanorods have distinct advantages over nanospheres, particularly in their ability percolate 

through a given nanocomposite at low nanofiller loadings.53,54 By establishing percolating 

networks, a wide variety of properties can be easily enhanced such as mechanical strengthening,4,55 

electronic and thermal conductivity,56–59 and water transport.60 Specifically, percolation onset 

occurs at critical concertation, 𝛷𝛷𝑐𝑐𝑐𝑐, corresponding to the aspect ratio, A, of the nanofiller, such that 

𝛷𝛷𝑐𝑐𝑐𝑐 = 0.7/𝐴𝐴 with even the onset of percolation affecting the electronic properties.59 However, two 

principle models for mechanical property improvement are used for anisotropic nanofiller: Haplin-

Kardos and Percolation theory.55,61 Halpin-Kardos model assumes homogeneously dispersed 

anisotropic nanofiller in a polymer matrix that does not display pronounced filler-filler interactions 

representative of a mixing behavior while percolation model relies upon the nanofiller having 

strong nanoparticle-nanoparticle interactions to share induced stress upon the nanofiller across the 

network, although both show mechanical property enhancement over spherical nanofiller. As 

mentioned previously in work by Cui and coworkers, even without full percolation established, 

anisotropic nanofiller has shown enhancement in ionic conductivity by inducing long channels of 

continuous interface based enhancement.44,45 Thus, when incorporating nanorods into OCNs, the 

easily formed percolation networks can be advantageous toward both mechanical properties (even 

if only Halpin-Kardos reinforcement) as well as ionic conductivities. 

In this work, cellulose nanocrystals (CNCs) were chosen as ideal nanorods for study as 

they provide a unique blend of well-studied surface chemistry and functionalization, mechanical 

reinforcement, and interesting ionic conductivity enhancement hypothesized to be due to the 

material interface. Clearly, other interesting ceramic materials (such as those described above), 
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carbon nanotubes, or metals could provide interesting cases for study in developing nanorod based 

OCNs, particularly if electronic properties are of interest. Below, work on CNCs will be 

summarized, as well as important examples of CNC based nanocomposites, OCNs, and PGN films. 

The modification of the CNC surface has seen extensive investigation, particularly in order 

to improve solution processing and integration into nanocomposites. One particular challenge with 

CNCs is their tendency toward self-aggregation due to extensive hydrogen bonding, but the readily 

available cellulose chains allow for both functionalization to reduce aggregation and to attach 

polymer. Beginning with a cellulose biosource, as shown in Figure 1.5, CNC isolation begins with 

grinding, base treatment, and bleaching to remove lignin and hemi-cellulose to form cellulose 

nanofibers.62 After acid hydrolysis, CNCs can be obtained from the nanofibers through 

degradation of the amorphous cellulose and access the crystalline domains. However, the choice 

of acid alters the surface chemistry of the CNCs: using sulfuric acid yields CNCs with sulfate half-

esters (and surface alcohols) and using hydrochloric acid yields CNCs with only surface 

alcohols.62,63  Naturally, the hydrochloric acid treated CNCs tend to agglomerate due to hydrogen 

bonding. However, the anionic surface charges of the sulfonated CNCs aid in repelling the CNCs 

and allowing formation of stable dispersions necessary for creating robust polymer 

nanocomposites. Hydrochloric acid treated CNCs are capable of similar anionic repulsion by 

undergoing TEMPO mediated oxidation or ammonium persulfate oxidation to yield carboxylic 

acid CNCs.64,65 Thus, by either functionalizing CNCs with a surface charge, they can be better 

dispersed in solution and thus polymer nanocomposites. Chemistries that utilize the carboxylic 

acid moieties at the surface such as amide coupling can be employed, providing a facile route to 

OCNs, as will be described in this thesis. 
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Figure 1.5: Hierarchical structure of cellulose showing the fibril packing, cellulose nanocrystals, 

and cellulose chain stacking. Adapted from Kim et al.36 

The isolated CNCs are fundamentally composed of cellulose polymer chains aligning into 

nanofibrils which make up the nanorods, held together by hydrogen bonding and forming the 

highly crystalline domains of the CNCs.66 In addition to the internal hydrogen bonding, the 

external surface of the CNC contains exposed primary and secondary alcohols which act as sites 

for the aforementioned chemical modification. Depending on the biosource of cellulose and 

processing method, the size and aspect ratio of the CNCs can be altered, ranging in length from 

200-2000 nm and diameter from 5-30 nm.67,68 CNCs derived from cotton, wood pulp, tunicates, 

and Miscanthus x. Giganteus (MxG) are common examples of academically used sources.62,69 As 

mentioned previously, the high aspect ratio permits CNCs to achieve percolation throughout a 
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material at low concentration, on the order of 1-10%, which stress transfer along the stiff nanorods 

and is critical for interface based transport enhancement possible for OCNs.70–72 For example, 

CNCs isolated from tunicates have been shown to exhibit the highest stiffness (on-axis tensile 

modulus ~143 GPa)73 and aspect ratio (~85 with dimensions of ca. 25 nm × 2.2 μm), while CNCs 

isolated from wood (w-CNCs) or cotton (c-CNCs) have a lower aspect ratio (~10-20) and stiffness 

(~105 GPa).74  MxG-CNCs used in this thesis are known to have an aspect ratio of 70,62 yet 

although the stiffness hasn’t been measured, wood offers a useful comparison. 

On account of the mechanical stiffness and ease of percolation, combined with the surface 

functionalization to either induce surface charge or graft polymer, CNCs have been introduced 

into a wide variety of nanocomposites, generally for the purpose of reinforcement. Some of the 

polymer matrices used for nanocomposite formation have been poly(vinyl acetate),61,71,75 

poly(ethylene oxide-co-epichlorohydrin),61 poly(styrene-co-butadiene),76 polyurethane,70,77 

polyethylene,78,79 and epoxy resins,80 to name a few. Methods to access these materials include 

solution-casting, templating,80,81 and melt-mixing of CNCs with polar polymers.75,78,82 

Additionally, in order to increase CNC loading (important for mechanical properties) and aid 

integration into polymer matrices, polymer grafted CNCs can be used.1,21,30,83 Examples of 

polymer grafted CNCs include polyurethanes,84 polystyrene85, poly(ethylene oxide),86 poly(N-

isopropylacrylamide- co-acrylic acid)87, and poly(lactic acid),88 among others. Even so, until 

recently the mechanical properties and structure-property relationships of OCNs based on 

nanorods, and CNCs in particular, have seen little investigation. 

Recently theoretical and computational work has been applied to CNC-based OCNs, 

permitting better polymer regime and mechanical property predictions. Specifically, 

computational work by Keten and coworkers using coarse-grained and molecular dynamics 
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approaches, when combined with metamodels, have probed various design parameters (polymer 

chain length, grafting density, polymer−nanoparticle interaction strength, and the nanoparticle 

edge length) and their effects on the polymer brushes (Figure 1.6a).89 Based on this work, 

predictions were made on the polymer conformation transition point from CPB to CPB/SDPB as 

a function of polymer length and grafting density, with further work extending this to a wide array 

of polymers (Figure 1.6b).90 This work indicated that modulus is maximized at low grafting 

density and degree of polymerization (i.e. higher volume fractions of CNCs) while toughness is 

maximized at relatively low grafting density but high degree of polymerization. The computational 

studies suggested that in order to maximize both modulus and toughness the grafted polymers 

should be in the SDPB regime and the OCN should have a CNC wt% of ca. 60 %. The models 

within this work will be discussed at length in Chapter 2 of this thesis. 
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Figure 1.6: a) Young’s modulus vs toughness plot with points color coded with respect to the 

weight percentage of CNC obtained from a set of input parameters.89 b) Monomer position index 

Ni is normalized with Ncr and the radial distance (Ri) is normalized with material design 

parameters.90 

Only recently have the mechanical properties CNC-based OCNs begun to be investigated, 

although leaving a clear opening for more fundamental studies. Weder and coworkers reported 

CNC-based OCNs with high molecular polymer grafts (100-400 kg/mol) and moderate grafting 

density (0.04-0.15 chains/nm2) and demonstrated  toughness and elastic modulus enhancement 

consistent with previous spherical nanofiller based OCNs.91 OCNs containing up to 20 wt% CNC 

with grafted high glass transition temperature (Tg) poly(methyl methacrylate) display enhanced 
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toughening while maintaining similar levels of elastic modulus as compared to a mixed, 2-

component nanocomposites (Figure 1.7a). Additionally, OCNs consisting of low Tg poly(hexyl 

methacrylate) show similar toughness but higher modulus as compared to a mixed, 2-component 

nanocomposites (Figure 1.7b). Even so, this work did not relate their findings back to polymer 

conformation or investigate a range of grafted polymer molecular weights and grafting densities 

to more fully understand the structure property relationships, although it offers a tantalizing 

introduction into the possibilities for this class of materials. 

 

Figure 1.7: Stress-strain curves of OCNs and two-component nanocomposites with grafted 

polymers of a) poly(methyl methacrylate) and b) poly(hexyl methacrylate) grafted from cellulose 

nanocrystals. Adapted from ref 91 
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Cellulose nanocrystals (CNCs) have also been introduced into ionically conductive 

nanocomposite,7,92–95 with several examples showing enhancement in conductivity. Cheng et al. 

synthesized CNCs with quaternary ammonium groups functionalized on the surface (QCNC) and 

incorporated them into a poly(phenylene oxide) matrix functionalized with similar quaternary 

ammonium groups (QPPO).96 Transmission electron micrographs show subtle agglomeration at 

loadings above 2 wt% (Figure 1.8a). When immersed in water the resulting materials showed a 

60% higher ionic conductivity than the homopolymer (60 vs 38 mS/cm) at 80 ℃ peaking at a 2 

wt.% CNC loading (Figure 1.8b). In addition, the fuel cell performance confirmed a higher peak 

power density using this anion exchange membrane (Figure 1.8c). Rincón-Iglesias et al. prepared 

nanocomposites of CNCs in ι-carrageenan, a marine sulfated polysaccharide isolated from red 

algae (Rhodophyta), and measured the mechanical properties and dielectric response of the bio-

sourced nanocomposite membrane at ambient conditions.94 The ionic conductivity of the 

composite material peaked at 10 wt.% CNCs with roughly a 3-fold improvement in conductivity. 

Both examples highlight the conductivity enhancement of CNCs in ionically conductive matrices, 

yet they also indicate that at too high a loading (2 wt% and 10 wt % respectively) causes phase 

segregation occurs which limits the amount of enhancing filler that can ultimately be added. As a 

reminder, this is not a polymer grafted nanoparticle system, 
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Figure 1.8: a) Transmission electron micrographs of QCNC/QPPO composites at various percent 

of filler. b) hydroxide conductivity as a function of percent of filler, c) H2/O2 fuel cell performance 

at 60 °C without back pressure. Solid square and hollow square are the power density and cell 

voltage of 2 wt % QCNC/QPPO-based anion exchange membrane, respectively; solid circle and 

hollow circle are the power density and cell voltage of neat QPPO-based anion exchange 

membrane, respectively. Adapted from ref 96 
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More recently, the mechanical properties and ion conductivity of films of PGNs composed 

of uncharged poly(2-phenylethyl methacrylate) (PPMA) grafted to MxG-CNCs imbibed with ionic 

liquid (IL) have been reported.15 Here, the PPMA polymer was synthesized via ATRP with a 

phthalimide functionalized initiator which is convertible into a primary amine. The primary amine 

was then reacted with the carboxylic acid surface of the MxG-CNC thus forming PGNs with 

variable molecular weights (6 kg/mol, 10 kg/mol, and 20 kg/mol) yet similar weight percent 

polymer (~70 wt%). The PGNs were the cast into films and imbibed with different ionic liquids 

chosen to either induces a lower critical solution temperature (LCST) transition (1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI])) or used as a control (1-

hexyl-3- methylimidazolium bis(trifluoromethylsulfonyl)imide ([HMIM][TFSI]) (Figure 1.9a). 

In terms of mechanical properties, these IL-imbibed OCN films (30 wt% IL) exhibited a 70-fold 

increase in tensile strength and 25-fold increase in toughness relative to an ionic liquid imbibed 2-

component nanocomposite (Figure 1.9b). Additionally, the use of the LCST causing 

[EMIM][TFSI] worked as expected, displaying a clear drop in ionic conductivity around 60℃. 

Note that these measurements were done in an anhydrous environment. Interestingly, when using 

[HMIM][TFSI], the films displayed higher ionic conductivity relative to the ionic liquid imbibed 

homopolymer or the ionic liquid containing multi-component composite prepared from the 

unfunctionalized CNC embedded in a poly(2-phenylethyl methacrylate) matrix (Figure 1.10c).  

This later study also showed that the IL-imbibed CNC-based PGNs exhibit a slight enhancement 

in conductivity relative to the IL-imbibed polymer, suggesting that the CNCs maybe playing a 

beneficial role on the ion conductivity in these films. 
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Figure 1.9: (a) Photographs of films of MxG-CNC-g-PPMA(20)/[H] (right) and PhthN-

PPMA(20)/CNC/[H] (left). (b) Stress–strain curves and toughness values (inset) of the composite 

films with or without 30 wt % [HMIM][TFSI] (H), and c) Temperature-dependent conductivity 
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Figure 1.9 Continued: and thermal-responsive behavior of ionic-liquid-containing films 

containing 30 wt % [HMIM][TFSI]. Adapted from ref 15 
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1.7   INTERFACES AND THEIR IMPACT ON CONDUCTIVE NANOCOMPOSITES 

In analyzing a wide variety of nanocomposites, whether organic or inorganic, the added 

nanofiller has been shown to have a nontrivial impact on ionic conductivity and mechanical 

properties, whether based on nanofiller without polymer grafting, polymer grafted nanoparticles 

embedded in a matrix, or polymer grafted nanoparticle films. The mechanical properties of 

nanocomposites generally follow well understood models, whether Halpin psai,61 percolation,97 or 

effective medium theory.17 Even so, nanoparticle loading can be increased by tailoring interfaces 

either by the nanoparticle surface chemistry or grafted polymer which directly impacts the 

mechanical properties through the aforementioned models. The electronic properties can be 

positively impacted by nanoparticle inclusion, but to fully apply the electronic property advantages 

and realize the potential of these solid electrolyte materials, a deeper understanding is required of 

the interfacial phenomena driving ion transport within the electrolyte material and also at the 

electrode/solid-electrolyte interface. Specifically, polymer grafted nanoparticle (PGN) films can 

attain high nanofiller loading and thus surface area. With additional surface area, beneficial 

interfacial interactions can be better magnified throughout a material. However, taking advantage 

of the beneficial interfacial interactions requires understanding the transport at this grafted polymer 

interface. In this section, polyelectrolyte ion transport mechanisms will be discussed, and 

interdigitated electrodes and their ability to successfully provide ideal platforms to investigate 

interfacial impacts on ionic conductivity will be presented. 

In order to more broadly discuss the impact of interfaces on ionic conductivity, particularly 

in hydrated systems as will be presented in this thesis, the interactions of water and ions must be 

investigated. To this end, new spectroscopic98–100 and computational methods101–106 have been 

studied to better understand these relatively simple interactions between water and ions. Using 2-
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dimensional infrared spectroscopy, Tokmakoff and coworkers have managed to investigate the 

ultrafast proton transfer kinetics in water and associated effects of added salt on the salt-water 

structure.99,100 When combining this with molecular dynamics simulation work anomalous 

nonmonotonic dependences on the dynamics of salt concentration can be teased out highlighting 

the electrostatic and nonelectrostatic effects in the vibrational dynamics unexplainable through 

electrostatic fields alone.98 First principles work on aqueous systems by Galli and coworkers has 

highlighted the importance of molecular polarizability in aqueous systems and the dependence of  

the ion and water interactions at high pressures and temperatures, analyzing the average structural 

and vibrational properties of water.102,103 Finally, Voth and coworkers investigated proton transport 

in sub-2 nm hydrophobic nanopores using molecular dynamics simulations to identify the spatial 

distribution of water molecules and their structure to tease out mechanism for proton enhancement 

under confinement.106 Ultimately, investigations such as these into the structure and dynamics of 

water and ions offer an important starting place for further understanding the impact of interfaces 

on transport. 
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1.8   IONIC CONDUCTIVITY THROUGH POLYELECTROLYTES 

Understanding the mechanism of ion transport in polyelectrolytes provides the principal 

foundation for discussing the potential impact of interfaces. Figure 1.10a shows the proposed ion 

transport mechanism in the anhydrous PEO matrix, which demonstrates that lithium ions are 

coordinated by the ether oxygen atoms on a segmental PEO chain in a similar way to their 

complexation by organic carbonates.107 With the processes of breaking/forming lithium–oxygen 

(Li–O) bonds, ion transport occurs by intrachain or interchain hooping in the PEO-based 

electrolyte.108,109 The interchain and intrachain hopping can either occur in solitary lithium ions or 

ion pairs, yet fundamentally involves solvation site creation by the flexible PEO chain.101 As water 

is added into the polyelectrolyte, the complexity of the system increases, resulting in a wider 

variety of mechanism such that the transport of anions through hydrated, ionically conductive 

polymer membranes are governed by three transport mechanisms: surface site hopping, vehicular, 

and Grotthuss.110 Surface site hopping permits anions to hop between solvation sites without the 

aid of water molecules is correlated with the segmental mobility of polymer chain. When polymer 

is exposed to humidified environment, vehicular and Grotthuss mechanisms begin to dominate the 

overall anion transport as shown in Figure 1.10b. Water molecules will first participate the 

solvation of anions and as more water molecules added to the system, anions will be fully 

dissociated from the positively charged groups. The co-diffusion of anions with unbound water 

molecules is recognized as vehicular mechanism, and diffusion of the hydroxide ion through the 

static network of free water molecules by the formation and cleavage of the hydrogen bond is 

recognized as Grotthuss mechanism. For hydroxide ion transport in anion exchange membranes, 

both vehicular and Grotthuss mechanism substantially contribute to the overall conductivity.111 
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larger ion transport (such as iodide in chapters 3, 4 and 5 of this thesis) generally follow site 

hopping, with some vehicular transport. 

 

Figure 1.10: a) Ion transport mechanism of LiTFSI in poly(ethylene oxide) adapted from ref107. 

b) Ion transport mechanism of hydroxide in quaternary amine including polymer membrane 

adapted from ref111. 

In a recent example of analyzing the impact of solvation and transport mechanism on ionic 

conductivity, Bennington et al.112 investigated LiTFSI transport in poly(ethylene oxide) (PEO), a 

ubiquitously studied solid polymer electrolyte, and  poly[(oligo(ethylene oxide)) methyl ether 

methacrylate] (POEM) materials of different sidechain lengths, essentially sidechain PEO with a 

methacrylate backbone. In measuring the conductivity, it was shown that an order of magnitude 



36 
 

difference can be seen between side chain lengths of 9 PEO units (highest) to 3 PEO units (lowest) 

(Figure 1.11a). Furthermore, the conductivity of these materials fell by a factor of 3 compared to 

PEO itself. In analyzing the coordination state of the lithium, ether units furthest from the backbone 

were most likely to coordinate with lithium which suggests an outsized effect on the formation of 

solvation sites, the principal mechanism of lithium travel, and as a result in facilitating ionic 

motion. Most importantly, however, the further ether oxygen units exhibited faster dynamics than 

those near the methacrylate backbone, although the differences determined via molecular 

dynamics simulations and vibrational spectroscopy were not evident in Tg discrepancies of the 

material (Figure 1.11b). Thus, how the ethylene oxide segments participate in bonding the lithium, 

in forming solvation sites, and their dynamics were shown to be the critical factor in material 

conductivity.  
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Figure 1.11: a) Experimentally determined temperature dependent ionic conductivity for r = 0.05 

polymer electrolytes with solid lines representing the fits to the Vogel–Tammann–Fulcher (VTF) 

equation, b) Inverse mean relaxation time (1/〈τ〉) of different bonds along the polymer chains 

at T − Tg = 150 K derived from the bond vector autocorrelation function. 1/〈τ〉 serves as an 

indicator of local segmental mobility. Adapted from ref 112 
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Recent work by Chu et al.105 examined the complicating inclusion of water into 

polyelectrolytes with charged polymer species, with particular relevance to this thesis as it is 

looking at identical polyelectrolytes in thesis chapters 3-5. In investigating the conductivity of 

iodide ions through poly (2-vinylpyridine-co-2-vinyl-1-methylpyridinium iodide) (mP2VP) at 

different relative humidities, the water uptake in the mP2VP was shown to greatly control 

conductivity over 5 orders of magnitude. Experimental and molecular dynamics simulation results 

were consistent in showing that increasing water decreased the Tg and thus impacting the 

conductivity. However, the relative impact of the polymer-ion bond disassociation and increase in 

polymer dynamics via plasticization was not well understood. Simulation analysis, however, yields 

the mechanism of iodide transport, with water being more important to facilitate the motion of 

iodide from solvation site to solvation site rather than its ability to enhance polymer dynamics; 

simulations at higher temperatures but lower water content yielded little iodide motion. Thus, 

water’s coordination with iodide is irrefutably linked to its transport within the polymer, 

principally in moving between solvation sites. As a result, even in the relatively simply system of 

iodide transport, water functions to both permit site hopping mechanisms and coordinated, 

vehicular transport. 
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1.9   STRUCTURE OF WATER AT INTERFACES 

In attempting to study the impact of interfaces on ion conductivity, difficulties arise at even 

the most fundamental of sources: understanding the position and interactions of constituents.113,114 

The conductivities of these systems depend upon the relative interactions between the interface, 

polymer, ions, and any solvating water or plasticizing solvent present. Understanding these most 

basic interactions is critical. However, even to begin probing these nuanced interactions, the nature 

of the interface must first be thoroughly explored. Beginning with water at interfaces, a solid 

material surface impacts the local structure of water surrounding it.114,115 The subtle interactions 

of hydrogen bonding between molecular water and the different dielectric, metallic, or organic 

surfaces further impact water structure such as through double layer formation. Double layer 

formation involves a monolayer of water orienting itself at the interface, with the orientation 

extending over the course of several molecular units and eventually yielding to bulk water structure 

(Figure 1.12). Due to the molecularly thin interface, even generating sufficient data from the scant 

material present impedes the study of interfaces. Additional interactions and material types 

complicate interfacial study through solvated ions, polymer, organics at the interface.116–120 Much 

of this fundamental interaction is still of active research, for example even the ubiquity of bilayer 

like structure being called into question.113 
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Figure 1.12: Cartoon displaying differentiation of interfacial and bulk alignment of water after 

formation of a bilayer. Adapted from ref 113 
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1.10   FUNDAMENTAL STUDY OF INTERFACES VIA INTERDIGITATED 

ELECTRODES 

The interfacial impacts of inorganic, solid materials on conductivity of grafted polymers 

offers another perspective worthy of investigation. As indicated previously, many inorganic 

nanoparticle inclusions into polyelectrolytes have shown both increases and decreases in 

conductivity, sometimes from the same material composition. Although much work has been done 

to tailor this organic-inorganic interface for enhanced conduction,121–124 with grafted polymer 

playing a critical role,  depth of fundamental investigation is lacking. Even so, great strides have 

been made recently through the use of interdigitated electrodes (IDEs).125 IDEs enable the study 

of thin film materials by vastly increasing the surface area studied through use of the 

interdigitation. By either changing the IDE geometry (distance between electrodes, amount of 

overlap or electrodes, number of electrodes) and film geometry (thickness, different layered 

materials), a side range of material types can be studied. Although IDEs had been used previously 

to study material conductivity, Sharon et al. thoroughly investigated how to optimize the 

measurement of the electrochemical impedance (which enables conductivity measurements) of 

polymer electrolyte thin films.125 Relevant to this discussion, different types and thickness of 

dielectric layers were applied by plasma enhanced atomic layer deposition. The dielectric layers 

had a number of effects, ranging from altering the surface energy to prevent dewetting to removing 

direct contact to the electrodes (preventing electrochemistry from occurring) to altering the 

measured electrochemical impedance spectrums. Specifically, layers with higher dielectric 

constants or thicker layers negatively impacted the ability to measure the impedance, but thin 

layers of polarizable oxides provide the correct frequency bandwidth to extract the film resistance. 

Additionally, the ideal models were investigated for inferring the film resistance and, with the film 
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geometry information, the material conductivity. Ultimately, the ability to add different surfaces 

to the IDEs enables them to probe a wide variety of surface interfaces experimentally, whether 

inorganic materials or polymer brushes. 

Diblock copolymer offer an intriguing step towards grafted polymer systems due to the 

relatively “soft” polymer-polymer interface as compared to ceramic particles with grafted 

polymer, which has been shown to greatly impact ion conductivity. Diblock copolymers have long 

been seen as an ideal way to combine the structural properties of one polymer with the properties 

of a non-structurally sound but functional second block through the microphase separation and 

subsequent phase structure of these bound blocks. Specifically, by covalently bonding the two 

blocks, essentially creating a grafted interface, with sufficient immiscibility between blocks, the 

material can form structured phases from spheres, to rods, to lamellae, a well-established field of 

polymer physics.126–129 By using polystyrene-block-poly(ethylene oxide) (PS-b-PEO) with 

imbibed LiTFSI, researchers have long hoped to combine the structural polystyrene properties 

with the ionic conductivity of PEO with LITFSI, forming an ideal solid polymer electrolyte.130–132 

Even so, these materials have always shown lower conductivity than their conductive 

homopolymer counterparts,38 even accounting for the portion of non-conducting block. Termed 

effective medium theory, much work has then gone into investigating specifically what portion of 

the loss in conductivity can be accounted for by the non-conducting block under ideal, perfectly 

assembled situations and what must be accounted for by interfacial interactions at this grafted 

interconnection, while also accounting for the random orientation of the block copolymer phase 

grains.133,134 Recent work on perfectly aligned lamella of PS-b-mP2VP via directed self-assembly 

on IDEs, whereupon either the microphase separated domains were aligned perpendicular to, 

randomly, or parallel to electrodes allowed for further insight into the conduction of these 
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materials.135 Specifically, the parallel, or unaligned sample, showed a 4 order of magnitude 

decrease in conduction compared to the aligned ample, and yet even in this defect free material, 

the diblock conductivity did not homopolymer conductivity accounting perfectly for non-

conducting material. 

Recent work by Sharon et al. deeply probed the polymer physics rationale for the 

discrepancy in diblock copolymer conductivity in the PS-PEO system using both experimental and 

computational techniques.136 This fundamental study assembled PS-PEO diblock copolymer with 

added LiTFSI salt parallel to applied electric field, with results in defect free assembly of the 

PEO+LiTFSI domains parallel the applied electric field. This enables measurement of the 

conductivity of the diblock copolymer and the homopolymer. By controlling the amount of added 

salt (r, the molar ratio of lithium to ethylene oxide repeat units), and the temperature, and 

comparing the conductivity of the PS-PEO vs PEO, the amount of inactive PEO in the PS-PEO 

block copolymer can be determined to be between 20%-50%. By using mean-field theory 

simulations of the structure with and without salt, the PEO/PS interface was modeled indicating 

an inactive region of intermixed PS and PEO, as would be expected in low Chi (interaction 

parameter) diblock copolymers. However, the quantity of intermixed interface agrees well with 

the quantity of inactive PEO in the conductivity measurements. Although this block copolymer 

interface and its dependence on Chi and block copolymer length has been studied 

extensively,128,137–139 applying the field’s insights into the polyelectrolyte conundrum of reduced 

conductivity in this material beautifully merges the polymer physics with the applicable polymer 

engineering. Finally, the lack of temperature dependence indicated that disrupted solvation site 

connectivity, rather than reduced segmental mobility, was the predominant factor in the reduced 

conductivity.  
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Dong et al. investigated PEO with LiTFSI, where 10 kg/mol hydroxy terminated PEO was 

grafted to the IDE surface and subsequently 20 kg/mol PEO layers of varying thickness (ca. 10 to 

250 nm) were added on top of the initial grafting.140 The measured conductivity decreased as the 

added PEO layer decreased in thickness, even as the ratio of PEO to LiTFSI remained constant 

(Figure 1.13a). Additionally, using methoxy terminated PEO, which would not graft to the SiO2 

surface, instead of the initial hydroxy terminated PEO did not show the same drop in ionic 

conductivity. Taken together, it was concluded that the grafted PEO layer forms an immobile 

interfacial zone that leads to deviation from the bulk conductivity. Indeed, the thickness of this 

immobile interfacial zone could be modeled simply by assuming a parallel structure where a layer 

nearest the IDE surface exhibited no conductivity while the remaining polymer film exhibits the 

conductivity of bulk PEO with LiTFSI (Figure 1.13b). This immobile interfacial layer was 

estimated to be between 3nm to 10 nm as a function of the lithium to ethylene oxide ratio, r, ranging 

from 0.15 to 0.01 respectively. Although the work demurs as to the specific cause of the immobile 

interfacial layer, hypotheses are given such as reduced segmental mobility or uneven distribution 

of the LiTFSI salt due to the dense polymer grafts, although the grafted polymer clearly impedes 

the ionic conductivity. 
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Figure 1.13: a) Normalized thickness dependence ionic conductivity of PEO–LiTFSI nanothin 

film on PEO-grafted substrates at different salt concentrations, r. b) Extracted immobile interfacial 

layer thickness hint as a function of r. 

Arges et al. investigated two hydrated polyelectrolyte brushes, sulfonated polystyrene 

(hydronium counter ion) (Figure 1.14a) and poly(2-vinyl n-methylpyridinium iodide) (Figure 

1.14b) prepared by the selective sulfonation of a polystyrene brush and methylation via 

iodomethane of a poly(2-vinylpyridine) brush.141 Specifically, the ionic conductivity of these 

brushes was investigated with as grafted to the planar IDEs or in grafted to a lithographically 
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defined, nanoconfined domain where the ionic conductivities of the nanoconfined samples were 

slightly (5-20%) less than the unconfined samples. However, the measured conductivities were on 

par with ungrafted conductivities of the same polymers, but this was not the principle focus of the 

work. Rather, the effects of confinement and counterion condensation were investigated and 

compared to molecular dynamics simulations. In actuality, the measured nanoconfined samples 

did not take into account the volume fraction of nonconducting polymer samples as the in-plane 

resistances were about the same even though the nanoconfined samples had half the volume 

fraction available for transport which was attributed to the counterion condensation in the 

materials.  
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Figure 1.14: Nyquist plots of a) nc-P2VP and nc-mP2VP films with different exposure 

times to MeI. The determined in-plane resistance (dashed lines) and ionic conductivity (solid lines) 

for b) nc-P2VP, nc-mP2VP, P2VP, and mP2VP films with different exposure times to MeI. 

As a result, IDEs provide the ideal platform for investigating surface interfacial effects, 

particularly of grafted polymer brushes, with the fundamental investigations having wide ranging 

impacts on the development of new polymer electrolyte nanocomposites. Understanding the role 

of interfaces on ionic conductivity is still an active field of investigation as the complex interplay 

of ions, polymers, interfaces and any additional components yields its insights slowly, but with 

great reward. 
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1.11   DISSERTATION SCOPE 

The remaining chapters will focus on polymer grafted nanoparticle films based on cellulose 

nanocrystal nanorods and their structural, mechanical and ionic properties. Additionally, the 

rationale will be investigated for interesting interface driven ionic conductivity enhancement of 

model polymer systems. The overall goal is to establish structure/property relationships for these 

nanorod based polymer grafted nanoparticle films, both for mechanical and ionic conductivity 

properties. 

Chapter 2 will focus on the structural and mechanical properties of polystyrene (PS) grafted 

cellulose nanocrystal OCNs. In particular the impact of polymer brush conformation on the 

toughness, modulus, and Tg will be explored. 

Chapter 3 will focus on the ionic conductivity properties of poly(2-vinylpyridine) (PV) 

grafted CNCs after methylation with iodomethane. In analyzing the film structure, as well as 

polymer molecular weight, grafting density, and architecture, the variables regarding conductivity 

enhancement in this system will be investigated. 

Chapter 4 will focus on the measured anisotropy in conductivity of the methylated PV 

grafted CNCs, with particular investigation as to how measuring anisotropicically conductive 

materials renders interesting electrochemical spectra. 

Chapter 5 will focus on the fundamental impact of surface alcohol moiety and 

hydrophilicity on the ionic conductivity of hydrated, polymer electrolytes. This understanding will 

be applied to the methylated PV grafted CNC system. 
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Effect of Graft Molecular Weight and Density on the Mechanical Properties of 

Polystyrene-grafted Cellulose Nanocrystal Films 
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2.1   ABSTRACT 

Polymer grafted nanoparticle (PGN) films were prepared from polystyrene (PS)-grafted to 

rod-like cellulose nanocrystals (MxG-CNC-g-PS) with controllable grafting density (0.03-0.25 

chains/nm2) and molecular weight (5-60 kg/mol). These nanorod-based PGNs are solution and 

melt processible permitting access to one-component composite films with high nanofiller 

loadings (with up to 55 wt%). The impact of both grafted polymer density and molecular weight 

on the mechanical properties of the films was investigated and related to the polymer brush 

conformation; concentrated polymer brush (CPB), semidilute polymer brush (SDPB) or CPB core 

with SDPB corona (CPB/SDPB).  The rubbery regime storage modulus (above Tg) showed a 2 

order of magnitude increase, maximizing at low degree of polymerization (N) and low grafting 

density (σ). Fracture toughness was maximized in samples with the grafted polymer in the SDPB 

or CPD/SDPB (higher N and relatively low σ) regime and showed enhancement relative to PS of 

molecular weight similar to the graft. In line with prior computation predictions, optimizing for 

both rubbery modulus and fracture toughness in such nanorod-based PGN films requires the 

polymers in the SDPB regime and CNC loading levels (ca. 50-60 wt.%) that are difficult to attain 

in more traditional two-component CNC composites. 
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2.2   INTRODUCTION 

Nanocomposites, in which a nanofiller is embedded in a polymer matrix, are used in wide 

array of applications1,2 in which an improvement in the polymer’s materials properties, for 

example, mechanical,3–5 electronic,6–8 water transport/purification,9,10 etc, are required. The 

properties are often controlled by the ratio of polymer to nanofiller; however, such two-component 

nanocomposites often suffer from demixing/phase separation of the matrix and filler, which can 

lead to a reduction in the materials properties, restrict possible processing techniques, and 

ultimately limit the loading of the nanofiller material. One way to address these issues is to 

covalently bond the polymer matrix to the nanoparticle filler, creating polymer grafted 

nanoparticles (PGNs)11 which can be processed into films solely consisting of PGNs, also known 

as one-component nanocomposites (OCNs).12 Such OCNs can allow access to materials that 

exhibit enhanced toughness and modulus when compared to two-component nanocomposites of 

similar composition.13,14 Furthermore, on account of the covalent bond between the polymer and 

nanofiller, these materials do not suffer from demixing, permitting melt processing and much 

higher loadings of nanoparticles beyond that of traditional nanocomposites. 

The mechanical structure-property relationships of nanosphere based OCNs has been 

studied in detail and is controlled by the graft polymer conformation.13–16 In line with traditional 

brush literature on planar surfaces,17,18 radius of gyration (Rg) and polymer grafting density control 

the polymer brush conformation of OCNs based on spherical nanoparticles (Figure 2.1a), in which 

the polymer brush conformation falls into three regimes, mushroom, semidilute polymer brush 

(SDPB), and concentrated polymer brush (CPB) (Figure 2.1b).12 The mushroom regime, where 

the grafted polymer exists in a loose coil conformation with little interactions between grafted 
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chains, occurs when the polymer grafting density is less than 𝑅𝑅𝑔𝑔−2. At slightly higher grafting 

densities (and/or higher molecular weights) the polymer brushes move into the SDPB regime in 

which the polymer chain conformations are still generally relaxed but now there are soft inter-graft 

interactions and chain penetration.  PGNs in which the polymer is in the CPB regime, on the other 

hand, are more akin to hard particles. On account of curvature of the nanoparticle an inner corona 

of CPB with an outer layer of SDPB, termed CPB/SDPB, is generally formed if the molecular 

weight of the polymer graft is large enough. Previous work13–16 has confirmed densely packed 

brushes on spherical PGNs transition from CPB to CPB/SDPB at critical polymer lengths and 

grafting densities following predictions by Daoud-Cotton models applied to nanoparticles.19–21  

Additionally, the mechanical properties of spherical PGNs show increasing stiffness (elastic 

modulus) with increasing molecular weight and increasing toughening behavior (via crazing) when 

polymer grafts reside in the CPB/SDPB regime with sufficient molecular weight to entangle.13,15 

Thus, the mechanical properties of OCNs are determined by the graft polymer conformation, 

which in turn is controlled by the polymer grafting density and radius of gyration. However, while 

much work has been done on nanosphere based OCNs, much less work has investigated nanorod 

geometries (Figure 2.1c). 
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Figure 2.1: Schematic of (a) a spherical polymer grafted nanoparticle, b) a representation of the 

various polymer brush conformations on a curved surface upon increasing polymer grafting 

density (mushroom, semidilute polymer brush (SDPB), concentrated polymer brush/semidilute 

polymer brush (CPB/SDPB), and concentrated polymer brush (CPB)) and c) a rod-like polymer 

grafted nanoparticle. 

Cellulose nanocrystals (CNCs), are organic, biorenewable nanorods with a high degree of 

crystallinity and easily functionalizable surfaces, and have been investigated as green 

nanofillers.22–26 CNCs are commonly prepared by acid hydrolysis, such as hydrochloric acid, 

hydrobromic acid, sulfuric acid, phosphoric acid, of natural cellulose at elevated temperatures.27,28 

The width of the CNCs is between 3 and 20 nm, and their length can be 100-1000 nm depending 

on both the bioresource, e.g. wood, cotton, tunicate or Miscanthus x. Giganteus (MxG) and 

isolation procedures.29,30 In addition to being bioavailable, CNCs offer a number of advantages, 

that include low coefficient of thermal expansion, high elastic modulus, and 
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biocompatibility.23,27,31 making them attractive nanoparticles for composites materials. Indeed, 

while there are only a few reported studies on OCN films of polymer grafted CNCs, there are a 

number of examples in the literature of polymer grafted CNCs, whether for study in solution or 

for integration into nanocomposites for enhancing mechanical properties.32–38  

Recently, Weder and coworkers reported CNC-based OCNs with high molecular polymer 

grafts (100-400 kg/mol) and moderate grafting density (0.04-0.15 chains/nm2) and demonstrated  

toughness and elastic modulus enhancement consistent with previous spherical nanofiller based 

OCNs.39 OCNs containing up to 20 wt% CNC with grafted high glass transition temperature (Tg) 

poly(methyl methacrylate) display enhanced toughening while retaining a similar elastic modulus 

to the 2-component nanocomposite of similar composition. Additionally, OCNs consisting of low 

Tg poly(hexyl methacrylate) show similar toughness but higher modulus as compared to a mixed, 

2-component nanocomposites. More recently, PGN films consisting of CNCs grafted with poly(2-

phenylethyl methacrylate) imbibed with ionic liquid were prepared and their mechanical properties 

and ion conductivity measured.40 These imbibed PGN films (30 wt% ionic liquid) exhibited an 

increase in both tensile strength and ionic conductivity relative to the mixed CNC, polymer and 

ionic liquid nanocomposites.  These materials probed relatively low molecular weights (6-20 

kg/mol) and moderate to high grafting densities (0.10-0.43), and the grafted polymers were 

predicted to reside in the CPB or CPB/SDPB regimes. In neither of these studies was the effect of 

molecular weight nor grafting density explored. Interestingly, Lettow et al. showed that both 

degree of polymerization and grafting density impact the ion conductivity of hydrated PGN films 

of polyelectrolyte grafted CNCs with a relatively high density of short polymer chains resulting in 

the highest conductivity, although no detail mechanical studies were performed on these thin 

films.41  
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Recently theoretical and computational work has been applied to CNC-based OCNs, 

permitting better polymer regime and mechanical property predictions. Specifically, 

computational work by Keten and coworkers using coarse-grained and molecular dynamics 

approaches, when combined with metamodels, have probed various design parameters (polymer 

chain length, grafting density, polymer−nanoparticle interaction strength, and the nanoparticle 

edge length) and their effects on the poly(methyl methacrylate) polymer brushes.42 Based on the 

simulations, predictions were made on the polymer conformation transition point from CPB to 

CPB/SDPB as a function of polymer length and grafting density, which was extended in further 

work to a wide array of polymers including polystyrene.43 Additionally, modeling indicated that 

the modulus is maximized at low grafting density and degree of polymerization (i.e. higher volume 

fractions of CNCs) while toughness is maximized at relatively low grafting density but high degree 

of polymerization. The computational studies suggested that in order have both modulus and 

toughness maximized, the grafted polymer should be in the SDPB regime and the OCN should 

have a CNC content of ~60 wt.%. While the initial experimental work on CNC-based OCNs 

discussed above have shown they can exhibit interesting properties, to date no work has been done 

to explore the effect that degree of polymerization and polymer chain density have on mechanical 

properties in support of these computational studies. To this end, reported herein are studies with 

the goal of synthesizing and studying polystyrene-grafted CNC-based OCNs in order to probe 

experimentally the impact that polymer grafting density and degree of polymerization have on the 

grafted polymer conformation and mechanical properties of their films.  
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2.3   EXPERIMENTAL METHODS 

2.3.1   Instrumentation 

Nuclear Magnetic Resonance Spectroscopy. The 1H NMR and 13C NMR spectra were recorded 

on a Bruker Ascend Advance II+ 500 MHz spectrometer at 25 °C using CDCl3 as solvent. All 

NMR spectra were processed by MestReNova software. 

Gel Permeation Chromatography-Multiangle Light Scattering and UV-VIS Spectrometry. 

Polymer molecular weight and dispersity and their UV-VIS spectra were determined by gel 

permeation chromatography-multi-angle light scattering (GPC-MALS) with in-line UV-VIS 

spectrometry, measured on a Shimadzu Prominence LC system with PL gel Mixed-D columns 

with Wyatt Dawn Heleos MALS (658 nm laser), Wyatt Optilab T-rEX refractive index (RI) 

detectors, and Shimadzu SPD-M30A Photodiode Array detector (200-800 nm). HPLC grade 

tetrahydrofuran (THF) as the eluent (1mL/min) at 25 °C. The data were processed by Wyatt Astra 

software. 

Conductometric titration. The amount of surface carboxylic acid groups on the CNCs was 

determined by conductometric titrations using a Accumet XL benchtop pH/conductivity meter 

(Fisher Scientific). In a typical run, 25 mg of CNC was dispersed in DI water (80 mL) by 

sonication, before addition of 15 μL of HCl (33 wt.%) to adjust the pH to around 3. 0.01 M NaOH 

was then titrated into the CNC dispersion and the conductivity measured until the pH was around 

about 11. 

Thermal gravimetric analysis (TGA). TGA experiments were carried out on a 

thermogravimetric analyzer (TA Instrument Discovery). The samples were heated from 30 °C to 

650 °C under nitrogen atmosphere with a heating rate of 10 °C/min. 
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Electrospray Mass Spectroscopy. Electrospray mass spectroscopy (ESI-MS) experiments were 

conducted using an Agilent 6135 quadrupole LC/MS system equipped with a 50 x 4.6 mm 

Poroshell 120 EC-C18 column (Agilent). A gradient elution of 10-100% acetonitrile in H2O 

(+0.1% TFA) was conducted over 10 min and then held at 100% acetonitrile for 2.5 min, and 

absorbance was measured at 220 nm. 

Wide Angle X-ray Scattering (WAXS). The degree of crystallinity was determined by 

Synchrotron WAXS experiments were performed at the DND-CAT 5-ID-D beamline of the 

Advanced Photon S3 Source (Argonne National Laboratory, Argonne, IL) using a triple detector 

system for simultaneous data collection SAXS and WAXS regimes. Two-dimensional (2D) data 

were collected on Rayonix CCD area detectors using an exposure time of ca. 0.1 s. Gaussian 

deconvolution and crystallinity index analysis followed literature precedent.31 

Fourier transform infrared spectroscopy (FTIR). FTIR spectrometer were collected on a 

Shimadzu FTIR instrument. Solid samples were placed directly on the ATR crystal, and then the 

spectra were averaged from 46 scans from 550 to 4000 cm-1 with a resolution of 4 cm-1. 

Atomic force microscopy (AFM). The dimensions of MxG-CNC-COOH and MxG-CNC-g-PS 

were investigated by Asylum Research Oxford Instruments Cypher ES AFM. A drop of CNCs 

suspension (0.01 wt%) was placed on a freshly cleaved mica surface which was pretreated with 

poly-l-lysine solution, and then rinsed off after five minutes. The images were acquired using AC 

Tapping mode. The sizes of nanoparticles were analyzed by Gwyddion software. 

Scanning electron microscope (SEM). SEM images of the cast films were taken with the Carl 

Zeiss−Merlin field emission scanning electron microscope. The acceleration voltage was 1.0 kV 

with a working distance of 2 to 3 mm using an in-lens detector. Two nanometers of Pt/Pd was 
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sputtered onto the surface of the device using the Cressington 108 Auto Sputter Coater to reduce 

electron beam charging and improve the image quality.  

Differential scanning calorimetry (DSC) analysis. DSC experiments were performed on a TA 

Instruments Discovery DSC 2500. Samples (5-10 mg) were hermetically crimped in Tzero 

aluminum pans. Sequential heating, cooling and reheating ramps were conducted from -50 to 200 

°C at a rate of 10 °C min-1.  

Dynamic mechanical analysis (DMA). DMA experiments were conducted in tension mode at a 

fixed frequency of 1 Hz using an RSA-G2 solids analyzer (TA Instruments). The CNCs films were 

cut into a rectangular shape with about 4 mm in width and 10 mm in length. The temperature scan 

was performed between 20 to 200 °C with a heating rate of 3 °C/min. 

Nanoindentation. Nanoindentation experiments were performed on a Hysitron Triboindenter 

using a Berkovich indenter. Samples were indented using displacement control to 1000 nm at a 

rate of 200 nm/s. AFM images of indentations were acquired using the same instrument. 

Shear Rheology. Rheology was performed using the TA Instruments RSA-G2 ARES with Forced 

Convection oven (20 °C – 200 °C) running TA Trios Software with a heating rate of 3 °C/min. An 

8 mm parallel plate was used for all tests. 
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2.3.2   Material Synthesis 

Materials. Miscanthus x. Giganteus (ground stalks) were donated by Aloterra Energy LLC, 

Conneaut, Ohio. Styrene was purchased from Sigma-Aldrich and passed through a basic alumina 

column immediately prior to usage. Hydrochloric acid (HCl), and sodium hydroxide (NaOH) were 

purchased from Fisher Scientific. All other reagents were purchased from Sigma-Aldrich and used 

as received. 

Synthesis of α-phthalimidomethyl-ω-butyltrithiocarbonatepoly(styrene) by RAFT. 

Phthalimidomethyl butyl trithiocarbonate (0.12 g) and styrene (16.6 g) were transferred to a 150 

mL flask, underwent three freeze-pump-thaw cycles, and then heated at 110 °C for 24 h, followed 

by rapid quenching to room temperature. The mixture was diluted with THF (∼5 mL) and the 

polymer was precipitated into methanol (100 mL), collected by filtration and dried in a vacuum 

oven at 40 °C for 24 h forming α-phthalimidomethyl-ω-butyltrithiocarbonatepoly(styrene) (PS-x, 

where x denotes the molecular weight in kg/mol as determined by GPC-MALS). Two further 

precipitations from THF to methanol were used to remove unreacted monomer yield the desired 

polymer (70% yield) 1H NMR (500 MHz, CDCl3); δ ppm: 7.8 (2H, ArH, phthalimide), 7.7 (2H, 

ArH, phthalimide), 7.2-6.3 (br PS) 3.4 (2H, N-CH2-), 3.3 (2H, S-CH2-), 2.2-1.2 (br PS), 1.0 (3H, 

-CH3) (Figure S2.1). GPC-MALS (THF)  PS-x series were measured (Mn=5, 8, 12, 27, 34, 60 

kg/mol, Đ<1.1) (Figure S2.2). UV-Vis (THF) λmax = 310 nm (trithiocarbonate endgroup) (Figure 

S2.3). 

Synthesis of α-aminomethyl-poly(styrene). α-aminomethyl-poly(styrene) was synthesized 

following literature precedent.42 α-phthalimidomethyl-ω-butyltrithiocarbonatepoly(styrene) (1 g) 

was placed in a 150 ml beaker and the polymer was heated at 250 °C under vacuum for 4 hours. 
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The polymer was dissolved in THF and precipitated into methanol three times, collected by 

filtration, then dried in a vacuum oven at 40 °C for 24 hours to yield 0.9 g (90% yield).  1H NMR 

and UV-Vis confirmed removal of the trithiocarbonate endgroup via reduction of peaks at 1.0 and 

3.3 ppm, and 310 nm, respectively (Figures S2.1,2.3). A peak in 1H NMR at 6.0 ppm is indicative 

of the double bond formation at the PS endgroup. Additionally, TGA of low molecular weight PS 

confirmed endgroup removal by comparing weight loss (Figure S2.4). The resulting α-

phthalimidomethyl-poly(styrene) was dissolved in THF (50 mL) and then hydrazine hydrate (5 

mL) was added. The mixture was refluxed for 2 hours, cooled to room temperature, and left 

overnight for precipitation. The liquid phase was then precipitated by pouring into methanol, 

collected by filtration, and dried in a vacuum oven at 40 °C for 24 hours. Deprotection to form α-

aminomethyl poly(styrene) (PS-NH2-x, where x denotes the molecular weight in kg/mol as 

determined by GPC-MALS) was confirmed using a Kaiser test, GPC-MALS, and H1 NMR. GPC-

MALS (THF) confirms similar molecular weight after thermolysis, with all PS-NH2-x samples 

shown in Figure S2.5 (5, 8, 12, 27, 34, 60 kg/mol, Đ<1.1). 1H NMR (500 MHz, CDCl3) δ ppm: 

7.2-6.3 (br PS), 6.0 (1H, C=C-H), 3.4 (2H, N-CH2-), 2.2-1.2 (br PS) (Figure S2.1, 2.6). UV-Vis 

(THF) shows full reduction of the 310 nm peak (Figure S2.3) 

Preparation of MxG-CNCs. MxG-CNCs were isolated from Miscanthus x. Giganteus stalks by 

hydrochloric acid hydrolysis, and then were further oxidized to obtain MxG-CNC-COOH by 

TEMPO oxidation according to previously published methods.30  Conductivity titration was 

performed to determine surface charge density and functionalization quantity, with MxG-CNC-

COOH having surface charge density of 1000 mmol/kg. Thermal gravimetric analysis (TGA), 

wide angle x-ray scattering (WAXS) and atomic force microscopy confirm thermal 

decomposition, crystallinity index, and size respectively (Figures S2.7-2.9). 
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Preparation of CNCs/DMF suspension by solvent exchange. MxG-CNC-COOH were first 

dispersed in 40 mL water with a concentration of 2.5 wt% by ultrasonication and 1 ml of saturated 

NaCl was added. The gel was collected by centrifugation (5 min, 8000 rpm), and the supernatant 

removed and collected. The remaining gel was resoaked in 40 mL of methanol for 2 h with 

constantly shaking, then separated by centrifugation. The same procedure was repeated two more 

times with methanol and then two times with DMF. The concentration of MxG-CNC-COOH 

suspension was determined by thermal gravimetric analysis and shown to be ca. 0.25 wt%.  

Preparation of DMTMMBF4. To prepare DMTMMBF4, n-methylmorpholine (2.4 mL) was 

added dropwise to a vigorously stirred solution of 2-chloro-4,6-dimethoxy-1,3,5-triazine (3.68 g 

in 40 mL H2O), and kept stirring at 20 °C for 0.5 h.  Then a 30 mL of sodium tetrafluoroborate (10 

mmol) solution was added and stirred for another 2 h.  The precipitate was collected by filtration 

and dried at room temperature to yield DMTMMBF4 in 75%. 1H NMR (500 MHz, d6-DMSO) δ 

ppm: 3.47 (s, 3H), 3.78 (m, 2H), 3.89, (m, 2H), 4.02 (m, 2H), 4.12 (s, 6H), 4.36 (m, 2H),13C NMR 

(125 MHz, d6-DMSO); δ ppm: 53.1, 55.7, 57.2, 60.0, 61.8, 63.9, 170.6, 173.8, and ESI-MS (241, 

[M]+H-BF4), agreeing well with literature (Scheme S2.1, Figures S2.10-2.11).43 

Example Synthesis of MxG-CNC-g-PS-5-45.  DMTMMBF4 (0.28 g) was added to a 40 mL 

suspension of MxG-CNC-COOH in DMF (0.25 wt%, 100mg), obtained using the solvent 

exchange process, and the suspension was stirred at room temperature for 10 min. PS-NH2-5 (0.5 

g for 5 kg/mol polymer) was dissolved in 10 mL of DMF and then added to the CNCs suspension, 

and the reaction mixture was continuously stirred at room temperature for 24 h.  The mole ratio of 

DMTMMBF4 : PS-NH2-5 : -COOH on CNCs was kept at 1:1:1. The resulting mixture was 

precipitated into methanol, to yield a white precipitate. To remove any unreacted polymer, the 

precipitate was collected by centrifugation and redispersed in acetone by sonication, followed by 
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further centrifugation to separate the precipitant and the supernatant. This was repeated 3 times, or 

until a negative Kaiser test on the supernatant was obtained. MxG-CNC-g-PS was characterized 

with TGA and were shown to yield MxG-CNC-g-PS-5-45, where 5 refers to the molecular weight 

(5 kg/mol) and 45 refers to the weight percent of grafted PS. The same procedure using reduced 

equivalents of polymer enabled access to PGNs with a lower amount percent of grafted polymer. 

Specifically, 0.25 eq of PS-NH2-34 yielded MxG-CNC-g-PS-34-80 and PS-NH2-60 yielded 

MxG-CNC-g-PS-60-90, while 0.04 eq was used of PS-NH2-34 to access MxG-CNC-g-PS-34-55.  

Film formation: The MxG-CNC-g-PS samples were dissolved in THF and sonicated in a Branson 

CPX sonication bath before being cast into Teflon dishes. Solvent was allowed to evaporate at RT 

for 2 days followed by 1 day at 140℃ in a vacuum oven. After casting, films were melt-pressed 

at 140℃ for 30 minutes under 70 MPa. 
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2.4   RESULTS AND DISCUSSION 

In order to synthesize poly(styrene) grafted CNCs, amide chemistry was utilized to graft 

amine capped poly(styrene) (PS-NH2) to carboxylic acid CNCs (MxG-CNC-COOH).  RAFT 

polymerization of styrene with phthalimidomethyl butyl trithiocarbonate44 as the chain transfer 

agent (CTA) was used to produce the CTA-endcapped polystyrene, which after thermal removal 

of the trithiocarbonate endgroup and subsequent deprotection of the amine yielded the targeted 

PS-NH2 (Scheme 2.1). A series of different molecular weight PS-NH2 (5, 8, 12, 27, 34, 60 kg/mol, 

dispersity, Đ <1.1, termed PS-NH2-x, where x is the molecular weight in kg/mol) was prepared to 

range from 0.5 to 6 times the PS entanglement molecular weight (~10 kg/mol) by simply varying 

the monomer to CTA ratio. The polymers were characterized by gel permeation chromatography 

multi-angle light scattering (GPC-MALS), nuclear magnetic resonance spectroscopy (1H NMR), 

and UV-Vis spectroscopy.  1H NMR confirmed endgroup removal (both trithiocarbonate and 

phthalimide) (Figures S2.1, 2.6). GPC-MALS measured the molecular weights and confirmed 

similar values before and after thermolytic cleavage of the trithiocarbonate moiety (Figure S2.2, 

2.5, Table S2.1). UV-VIS showed reduction in the 310 nm peak corresponding to the 

trithiocarbonate moiety (Figure 2.3). Thermal gravimetric analysis confirmed the thermal removal 

of the trithiocarbonate moiety when held at 250℃ for 4 hours (Figure S2.5).  
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Scheme 2.1. Synthesis of polystyrene-grafted CNCs (MxG-CNC-g-PS-x-y), where x is the 

molecular weight (in kg/mol) and y is the percent weight fraction of the grafted polymer. The 

amine-end capped poly(styrene) (PS-NH2-x) was prepared via RAFT polymerization and grafted 

to carboxylic acid-functionalized CNCs (MxG-CNC-COOH) via peptide coupling chemistry 

before being cast into films via evaporation and pressed at 140℃ for 30 minutes under 70 MPa.  

Coupling of the PS-NH2 to the CNCs via amide chemistry requires the use of the 

carboxylic acid functionalized CNCs, which were obtained from Miscanthus x. Giganteus (via 

hydrochloric acid hydrolysis and TEMPO-mediated oxidation) using literature procedures.30 The 

resulting MxG-CNC-COOHs have a crystallinity index of 85% (determined by wide angle x-ray 

scattering, Figure S2.8) and carboxylic acid density of ca. 1000 mmol/kg, as determined via 

conductometric titration. The dimensions of the MxG-CNC-COOHs agrees with literature (from 

AFM, height = 2.2±0.5 nm, length = 290±60 nm for MxG-CNC-COOH, respectively (n=20), 

Figure S2.9). The MxG-CNC-COOH were dispersed in water using ultrasonication followed by 

solvent exchange into methanol from the the aqueous dispersion and subsequent solvent exchange 
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into DMF. DMF was chosen as the solvent for the coupling reaction as it readily dissolves the 

polymer and disperses the CNCs. Various amide coupling reagents (DIC/NHS, DIC/ HOBT, 

EDC/NHS) and reaction conditions (with direct mixing of CNCs in DMF or with CNCs in DMF 

prepared by solvent exchange) were explored (Scheme S2.1-2.2), and 4-(4,6-dimethoxy-1,3,5-

triazin-2-yl)-4-methylmorpholinium tetrafluoroborate (DMTMMBF4)45 with CNCs dispersed 

using a solvent exchange process (Figure S2.10-2.11) was found to yield the highest grafting 

efficiency (Figure S2.12, Table S2.2).    

Thus, DMTMMBF4 was used to attach the different molecular weight (5-60 kg/mol) 

amine-endcapped PS-NH2-x (x = 5, 8, 12, 27, 34, 60) onto the surface carboxylic acid groups of 

MxG-CNC-COOH. After purifying the samples to remove the ungrafted polymer via three cycles 

of centrifugation, decanting, and redispersion using acetone, the final samples were subjected to a 

Kaiser test to confirm that most of the free (ungrafted) polymer had been removed following 

previously published literature procedures.40 An identical purification method was also shown 

efficacious in removing free, ungrafted polymer.41  The sensitivity of the Kaiser test allows 

confirmation that the 60 kg/mol grafted samples contain less than 6 wt.% free polymer, while the 

12 kg/mol and 5 kg/mol grafted samples have less than 1.2 wt.% and 0.5 wt.% of ungrafted, free 

polymer, respectively. FTIR was used to confirm the presence of the new -CONH- bond (at 1650 

cm-1) in these PGNs (Figure S2.13). 

AFM height images (Figure 2.2a-b) and the height profile (Figure 2.2c) of the MxG-

CNC-COOHs and the MxG-CNC-g-PS-8-y PGN (grafted with PS-NH2-8) shows a height 

increase from 2.2±0.5 nm to 4.5±0.4 nm upon attachment of the polymer to the CNCs. See Figure 

S2.14-2.15 for AFM images of all the MxG-CNC-g-PS materials prepared. Thermogravimetric 
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analysis (TGA) was used to calculate the weight percent of grafted polymer the PGN.  In the TGA 

the PGNs (Figure 2.1d for MxG-CNC-g-PS-8-y) show two clear regimes that correspond to the 

degradation of the CNC and PS. Comparing the mass loss from 220 - 360 ℃ (predominantly CNC 

degradation) to that of 360 - 450 ℃ (predominantly PS degradation) the weight percent of grafted 

polymer can be estimated. After determining the weight percent of polymer MxG-CNC-g-PS-8-y 

is now termed MxG-CNC-g-PS-8-49, where the 8 is the molecular weight of the grafted polymer 

in kg/mol and the 49 is the weight percentage of polymer. Table 2.1 shows the data on all the 

MxG-CNC-g-PS materials prepared along with their calculated grafting density (obtained from 

the polymer molecular weight and wt.%) following literature procedure (See SI for more details 

on page 108).41  
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Figure 2.2. AFM height images of a) MxG-CNC-COOH and b) MxG-CNC-g-PS-8-49 and c) 

the AFM height profiles obtained from these images. d) TGA of PS-NH2-8, MxG-CNC-COOH, 

and MxG-CNC-g-PS-8-49. 
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Table 2.1. Sample information of polystyrene (PS)-grafted cellulose nanocrystals with associated 

symbols used in subsequent figures. 

Samples Molecular Weight 
(kg/mol) a 

Weight % 
Polymer b 

Graft Density 
(Chains/nm2)c 

MxG-CNC-g-PS-5-45  5 45% 0.15 
MxG-CNC-g-PS-8-49  8 49% 0.11 
MxG-CNC-g-PS-8-57  8 57% 0.15 
MxG-CNC-g-PS-12-61  12 61% 0.11 
MxG-CNC-g-PS-12-69  12 69% 0.17 
MxG-CNC-g-PS-27-88  27 88% 0.25 
MxG-CNC-g-PS-34-55  34 55% 0.03 
MxG-CNC-g-PS-34-80  34 80% 0.11 
MxG-CNC-g-PS-60-90  60 90% 0.13 

a from GPC-MALS 

b from TGA 

c see SI and ref 39 for details of the calculation  

Using the molecular weight determined by GPC-MALS and the calculated grafting density 

of the polymer on the CNC, the graft polymer conformation can be determined by comparing with 

the simulation data of poly(styrene)-grafted CNCs by Keten and coworkers.42,43 As a note, the 

cross-sections of CNCs are dependent on cellulose source and processing but generally are more 

parallelogram-like.27,30 However, as the polymer radius of gyration is similar to or greater than the 

MxG-CNC dimensions, the surface will be considered to be effectively curved for the following 

calculations. For curved surfaces the polymer conformation can be predicted to be in either a 

mushroom regime, with no interaction between surface polymer grafts, or in a polymer brush 

regime. This transition can be estimated to occur at 
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where 𝜎𝜎 is the grafting density of the material in chains/nm2 and the radius of gyration of the 

grafted polymer is 𝑅𝑅𝑔𝑔 ≈ 𝑁𝑁0.5, with N being the degree of polymerization. When the grafting 

density is above this critical value, the polymer brush can be further subdivided into semidilute 

polymer brush (SDPB) and concentrated polymer brush (CPB). For brushes on particles (as 

opposed to flat surfaces) the curved nature of the particles can result in polymer grafts which have 

an inner core of CPB and an outer corona of SDPB, termed CPB/SDPB. From Keten and 

coworkers,42,43 the critical degree of polymerization (𝑁𝑁𝑐𝑐𝑐𝑐) as a function of grafting density for the 

polymer to transition between CPB and CPB/SDPB can be estimated by the following equation,  

where 𝑟𝑟0 is the radius of the CNC, 𝑎𝑎 and 𝑏𝑏 are fitting parameters from the computational modeling, 

𝑙𝑙𝑚𝑚 is the contour monomer length, and 𝜎𝜎0∗ is a dimensionless grafting density given by 

 
𝜎𝜎0∗ =

𝑓𝑓𝑙𝑙𝑚𝑚
2𝜋𝜋𝑟𝑟0

= 𝜎𝜎𝜎𝜎𝑙𝑙𝑚𝑚 
(2.3) 

where 𝑓𝑓 is the number of polymer grafts, 𝜎𝜎 is the grafting density calculated in chains/nm2, and 𝐿𝐿 

is the average length of the nanorod, 300 nm.30 MxG-CNCs are known to have a ribbon-like cross-

section with height ca. 2.8 nm and width 8.5 nm, so a radius of 2.75 nm was used for 𝑟𝑟0 to 

approximate the cross-sectional area (Figure S2.16). The fitting parameters (𝑎𝑎 = 2 and 𝑏𝑏 =

35.34 A0.5) and contour length (𝑙𝑙𝑚𝑚 = 2.57) are from Keten and coworkers.43 The intersection of 

the mushroom transition line (eqn 2.1) and the CPB to SDPB transition line (eqn 2.2) provides a 

 𝜎𝜎 = �𝜋𝜋𝑅𝑅𝑔𝑔2�
−1

 (2.1) 

 𝑁𝑁𝑐𝑐𝑐𝑐 =
2𝑟𝑟0

3𝑎𝑎𝜎𝜎0∗
1 2⁄ 𝑙𝑙𝑚𝑚

�𝑟𝑟0
−3 4⁄ 𝜎𝜎0∗

3 4⁄ 𝑏𝑏3 2⁄ − 1� (2.2) 
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critical grafting density below which the brush conformation is either mushroom at low molecular 

weight (or degree of polymerization) or SDPB at high molecular weights. Using this, the data from 

Table 2.1 can be converted to a phase diagram (Figure 2.3a) which defines the various grafted 

polymer conformation regimes.  

  

Figure 2.3: a) Phase space mapping the MxG-CNC-g-PS samples molecular weight, grafting 

density, and polymer brush conformation consisting of concentrated polymer brush (CPB), 

concentrated polymer brush with semidilute polymer brush corona (CPB/SDPB) and semidilute 

polymer brush (SDPB) and b) brush height, R, of MxG-CNC-g-PS samples plotted against the 

product of degree of polymerization and grafting density, with error from standard deviation of 

N=10 and lines provided to guide the eye. See Table 2.1 for symbol designation. 
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The grafted polymer confirmations shown in the phase diagram in Figure 2.3a are based 

on the simulations and not experiments. However, Keten and coworkers42,43 do provide 

relationships between degree of polymerization, grafting density, and predicted brush height that 

changes with conformation regime and can be experimentally examined. Specifically, they define 

the brush height,𝑅𝑅, as 

 
𝑅𝑅 =

0.1𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑚𝑚2 𝜎𝜎
𝑟𝑟0
1/2 �

𝑁𝑁
𝑁𝑁𝑐𝑐𝑐𝑐

�
𝑥𝑥

 
(2.4) 

where 𝑁𝑁 is the degree of polymerization for the given polymer graft, 𝑥𝑥 = 1 in the CPB regime or 

0.5 in the CPB/SDPB regime, and Ncr being defined by eqn 2.2. The measured height of the PGNs 

on mica (HPGN) by AFM (Figures S2.14-2.15) consists of two layers of grafted polymer (top and 

bottom) plus the CNC height (HCNC) allowing the experimental determination of the brush height, 

R (= (HPGN-HCNC)/2). Plotting this experimentally determined brush height versus Nσ it is possible 

to determine the transition between brush conformations. Plotting R as shown in Figure 2.3b a 

straight line can be drawn through the samples with a Nσ of less than 20. If these PGNs are in the 

CPB regime then 𝑥𝑥 = 1 and the slope will equal 0.1𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙𝑚𝑚2 /𝑟𝑟0
1/2𝑁𝑁𝑐𝑐𝑐𝑐, where 𝑁𝑁𝑐𝑐𝑐𝑐 is fixed at 120, the 

average value of 𝑁𝑁𝑐𝑐𝑐𝑐 for the MxG-CNC-g-PS samples in the CPB regime (calculated from eqn 

2.2). The slope of the line obtained from the experimental data is 0.172 ± 0.035 (Figure S2.17), 

which compares to 0.256 ± 0.091 based on the simulation work.43  It is worthwhile noting that the 

simulation data involves polymer-polymer and polymer-CNC interactions, while the measured 

height from AFM involves polymer-air interactions, which presumably results in a more 

condensed polystyrene brush (something that has been shown in literature for the AFM of other 

PGNs).46 Figure 2.3b also clearly shows that above Nσ of 20 there is a significant change in the 
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slope consistent with a change in the polymer conformation (from CPB to SDPB/CPB) above this 

value.    

Scanning electron microscopy of the as cast and melt-pressed (at 140℃ for 30 minutes 

under 70 MPa) films offers some insight into the morphology of these MxG-CNC-g-PS materials. 

Specifically, Figure 2.4 shows individualized nanoparticles in as cast samples up to graft 

molecular weights of ca. 34 kg/mol. Melt-pressing of these samples results in more continuous 

films unless the molecular weight of the graft is low, ca 5 kg/mol. After melt-pressing, both MxG-

CNC-g-PS-5-45 and MxG-CNC-g-PS-60-90 show similarly low levels of porosity (Table S2.3). 

The difference in morphology can been seen in the optical images of the films, with the films 

consisting of individualized nanoparticles being opaque and the continuous films being more 

optically transparent. Interestingly, all the PGNs, even those that that have very high weight 

percentage (55 wt%) of CNCs, form mechanically robust, processable materials. 
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Figure 2.4: Scanning electron microscopy images (scale bar 2 μm) and optical images of MxG-

CNC-g-PS-5-45, MxG-CNC-g-PS-12-61, MxG-CNC-g-PS-34-55, and MxG-CNC-g-PS-60-90 

showing both as cast and after melt pressing at 140℃ for 30 minutes under 70 MPa. 

Having confirmed the grafted polymer conformation and accessed robust PGN films, the 

mechanical properties of PGN materials were then investigated. To this end it was decided to 

explore the modulus and toughness of the melt-pressed MxG-CNC-g-PS films which gave more 

reproducible results compared to the as cast samples. Keten and coworkers predicted that low 

grafting density (σ) and low degree of polymerization (N) maximizes modulus while low grafting 

density and high degree of polymerization maximizes toughness.42 Figure 2.5a shows the storage 

modulus versus temperature from tensile dynamic mechanical analysis (DMA) of the various 

MxG-CNC-g-PS films with similar grafting density (0.11 chains/nm2) but different graft degree 

of polymerization. As expected, the data shows that with increasing molecular weight (8-60 
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kg/mol) and therefore lower weight fraction of the CNC (51-10%) in the PGNs there is a reduction 

in modulus above glass transition temperature (Tg). For context, the melt-pressed PS-NH2-60 film 

and a mixed, 2-component nanocomposite consisting of MxG-CNC-COOH with 90 wt% PS-

NH2-12 are shown as controls.  Relative to PS-NH2-60 the PGNs show a significant enhancement 

in modulus above Tg while the mixed, 2-component nanocomposite shows a similar modulus to 

that of MxG-CNC-g-PS-60-90 film. The main advantage of the PGN architecture when it comes 

to modulus is the ability to access homogenous films with significantly higher nanofiller loading 

and therefore reinforcement. It is worthwhile noting that it was not possible to access homogenous 

two-component films using solution based (DMF) processing conditions with higher CNCs 

loadings (beyond 10wt%) similar to that accessed by the PGNs films, consistent with the 

literature.47 
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Figure 2.5: a) Tensile Dynamic Mechanical Analysis of select MxG-CNC-g-PS samples of 

similar grafting density (0.11 chains/nm2), b) storage moduli in the glassy regime (20℃ below Tg) 

and in the rubbery plateau (20℃ above Tg) plotted versus product of degree of polymerization and 

grafting density, with error from standard deviation of N=3, and c) Tg plotted vs molecular weight 

of both the PGN system and PS homopolymer, as determined by shear rheology for the  
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Figure 2.5 Continued: homopolymer and from tensile DMA for the PGN system, with error from 

standard deviation of N=3. See Table 2.1 for symbol designation. 

Figure 2.5b shows the rubbery and glassy moduli (at Tg +/- 20 ℃) plotted (from the tensile 

DMA data) versus Nσ for all the films. The data shows that in the glassy state (T<Tg) the samples 

have only a slight dependence on Nσ with average modulus values of 2.0 GPa, while above Tg 

higher moduli tracks with a higher weight percent loading of CNC (or lower Nσ) from 13 MPa to 

1.37 GPa (Figure S2.18). This behavior is consistent with what is observed in other CNC-based 

nanocomposites,47,48  where little reinforcement is seen in the glassy regime as the reinforcing 

CNC is of similar modulus to the glassy polymer while showing significant reinforcement in the 

rubbery regime with increasing nanofiller content.47,49  

The glass transition temperature (Tg) of the PGN system do show a remarkable increase 

compared to PS homopolymer, particularly with the lower molecular weight grafts. Figure 2.5c 

shows the Tg of the MxG-CNC-g-PS films and corresponding PS-NH2 as a function of the PS 

(homopolymer or graft) molecular weight. While Tg was obtained from the peak of tan(delta) for 

all the materials, tensile DMA was used for the PGNs and oscillatory shear rheological 

measurements were used for the homopolymers (Figures S2.19-2.20). The Tg of the PS-NH2-60 

film obtained by both shear rheology and tensile DMA was the same (Figure S2.21). The lowest 

molecular weight grafted PGN films (5 kg/mol) have a Tg value 20 ℃ above the corresponding 

homopolymer. This difference decreases as the molecular weight increases such that at higher 

molecular weights, the PGN films have a Tg ~1℃ above the corresponding polymer. The impact 

of grafted polymer and nanocomposite interfaces on the Tg has been widely studied and largely 

shows higher Tg in nanocomposites and PGN grafted systems, on account of 1) loss of chain end 
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mobility and free volume, 2) confinement of the polymer system, and 3) polymer–substrate 

interactions.50–55 Even so, while a 20℃ increase in Tg is not without precedent in model confined 

polymer interface systems,51 it is among the higher in literature reported values observed in PGNs. 

It is also worthwhile noting that in the polymer-grafted CNCs that have similar molecular weight 

grafts at different densities, there does appear to be a slight increase (1-3℃) in Tg in the higher 

grafting density materials, as can be seen in Figure 2.5c with the 8 and 12 kg/mol grafted samples.  

Nanoindentation of the MxG-CNC-g-PS films was used to analyze the material properties 

and fracture toughness of the films. Figure 2.6a shows characteristic load–displacement curves of 

PGN films with similar grafting density. By analyzing and fitting the unloading curves, the 

modulus (𝐸𝐸) and hardness (𝐻𝐻) can be obtained (Figure S2.22). Modulus follow similar trends as 

the glassy modulus of the PGN films shown in Figure 2.5b while the hardness varies between 0.1 

and 0.4 MPa. Upon indentation, the residual impression (and any cracks formed) can be used to 

determine the fracture toughness. MxG-CNC-g-PS films with 5 kg/mol, 8 kg/mol and higher 

grafting density 12 kg/mol (MxG-CNC-g-PS-12-69) polymer did not leave a distinct trigonal 

indentation and instead displayed major crack formation in the material, characteristic of a low 

fracture toughness material. All these easily fractured films are comprised of PGNs with CPB 

grafts. By contrast a majority of the SDPB or CPB/SDPB MxG-CNC-g-PS films show a trigonal 

indentation (expected due to the Berkovich tip) with cracks extending from the corners of the 

indentation that are on the order of or less than the size of the Berkovich tip center to corner length 

(Figure S2.23). Analyzing the indentation and crack formation via AFM (Figure 2.6b, Figure 

S2.23), the fracture toughness, 𝐾𝐾𝑐𝑐, can be quantified by 
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𝐾𝐾𝑐𝑐 =
1.076𝑋𝑋𝑣𝑣 �
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(5) 

where 𝑋𝑋𝑣𝑣 is an empirically fit constant, 𝑡𝑡 is the distance from center to Berkovich corner, 𝑙𝑙 is the 

length of the emanating crack, 𝑐𝑐 is the total crack length, and 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum load.56 In order 

to examine how both graft density (σ) and degree of polymerization (N) impacts the fracture 

toughness of these films Figure 2.6c plots the measured Kc of the MxG-CNC-g-PS films against 

N/σ. 
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Figure 2.6: a) Load–displacement curves obtained by nanoindentation for MxG-CNC-g-PS films 

with a constant polymer grafting density (σ) but different degree of polymerization (N) of the graft, 

b) AFM of MxG-CNC-g-PS-34-80 post-indentation with schematic of an indentation created 

using a Berkovich tip where c is the total crack length measured from the center of contact to the 

end of crack at the sample surface, t is the distance from the center of contact to the corner, and l 

is the length of the cracks emanating from the corners. c) Fracture toughness of MxG-CNC-g-PS  
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Figure 2.6 Continued: film versus divisor of degree of polymerization and grafting density with 

measured toughness of 60k reference polystyrene sample and MxG-CNC-COOH with 90 wt% 

PS-NH2-12 from N=10. 

Interestingly, all measured samples show higher fracture toughness (Kc) than a 60 kg/mol 

PS film (60 kg/mol being the highest molecular weight graft used in this study), irrespective of 

grafting density and degree of polymerization.  The mixed nanocomposite sample (MxG-CNC-

COOH with 90 wt% PS-NH2-12) shows a lower fracture toughness (1.3±0.3 MPa*m0.5) relative 

to the PGN films, and akin to that of the homopolymer PS-NH2-60 (1.7±0.7 MPa*m0.5). The PGNs 

with similar grafting density (0.11 chains/nm2), MxG-CNC-g-PS-12-61, MxG-CNC-g-PS-34-80, 

and MxG-CNC-g-PS-60-90 all show increasing fracture toughness (from 3.5±1.0 MPa*m0.5 to 

6.4±1.0 MPa*m0.5) with increasing degree of polymerization. The PGNs with similar molecular 

weight (ca. 30 kg/mol) and thus degree of polymerization, MxG-CNC-g-PS-27-88, MxG-CNC-

g-PS-34-80, and MxG-CNC-g-PS-34-55, all show increasing fracture toughness with decreasing 

grafting density, from 2.4±0.6 MPa*m0.5 to 6.0±1.1 MPa*m0.5. These data broadly support the 

predictions of Keten and coworkers42 confirming that increasing fracture toughness is obtained 

with a relatively lower grafting density of higher degree of polymerization polymers.  

In seeking to demonstrate the overall mechanical effects of the MxG-CNC-g-PS PGN 

films, along with homopolymer and a two-component composite, the rubbery modulus was plotted 

against the fracture toughness (Figure 2.7) and color being used to highlight the polymer 

conformation of the PGNs. While PGNs in the CPB regime form films of high modulus on account 

of their large nanofiller loading, as high as 55 wt% CNC, their fracture toughness is low. PGNs in 

the CPB/SDPB regime generally show an enhancement in fracture toughness, the significant 
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quantity of polymer needed to access that regime limits the nanofiller loading and thus the 

modulus. By accessing material with both high polymer degree of polymerization and relatively 

low grafting density, which permits both SDPB conformation and entanglement alongside a high 

nanofiller loading, it is possible to optimize both the modulus and fracture toughness. 

 

Figure 2.7: Rubbery modulus as determined by tensile DMA plotted against the fracture toughness 

as determined by nanoindentation for a variety of PGN, 2-component nanocomposite, and 

homopolymer samples. PGN samples are labeled according to their grafted polymer brush regime. 

Samples whose fracture toughness could not be calculated are to the far left. 
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2.5   CONCLUSION 

MxG-CNC-g-PS samples were synthesized with controlled grafted polymer degree of 

polymerization and density. AFM studies was used to determine the grafted polymer conformation 

as a function of both degree of polymerization and grafting density and it was shown that the 

mechanical properties of these one-component nanocomposites strongly depend upon the grafted 

polymer conformation and the total amount of polymer. Specifically, modulus measured by tensile 

DMA showed that trends of the materials below Tg (glassy) was relatively invariant with 

composition while above Tg (rubbery) there is a dramatic improvement in modulus with decreasing 

molecular weight and decreasing grafting density ranging from 13 MPa to 1.37 GPa, which is 

related to the amount of the CNC in the PGN. The PGN architecture allows access to homogenous 

films with as much as 55 wt% CNC resulting in films with GPa modulus above Tg. In measuring 

the Tg, PGNs in the CPB regime displayed Tg values 20℃ higher than comparable ungrafted 

homopolymer, with the difference in Tg decreasing with increasing molecular weight. Fracture 

toughness measured by nanoindentation of the PGN films showed a significant improvement in 

their fracture toughness relative PS homopolymer of similar degree of polymerization (1.7±0.7 

MPa*m0.5), with the greatest improvement in fracture toughness with increasing degree of 

polymerization and decreasing grafting density (up to 6.4±1.0 MPa*m0.5). Ultimately, the polymer 

grafted nanoparticle films enabled large loadings of nanorod filler (up to 55 wt%) with excellent 

mechanical properties and provides stronger understanding of the structure property relations of 

this new class of materials. 
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2.6   SUPPLEMENTAL INFORMATION 

 

Figure S2.1: 1H NMR (500 MHz, CDCl3) spectra of PS-8 (top, blue), PS-Δ-8 (after the 

thermolytic removal of butyl trithiocarbonate) (middle, green), and PS-NH2-8 (bottom, red). 
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Figure S2.2: GPC-MALS of PS-8 (black) and PS-NH2-8 (red). 

  

 

Figure S2.3: UV-Vis of PS-8 (black) and PS-NH2-8 (red) with diminution of the 310 nm peak 
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Figure S2.4: TGA (10℃ per minute ramp rate) of PS-5 with weight percent as a function of a) 

temperature and b) time showing 3.4% loss at 250℃ over the span of 10 minutes, which aligns 

well with predicted weight percent loss of 3.3% after loss of the butyl trithiocarbonate. 
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Figure S2.5: GPC-MALS of PS samples from Table S2.1 

 

Figure S2.6: 1H NMR (500 MHz, CDCl3) spectra of PS samples from Table S2.1 



99 
 

 

Table S2.1: Homopolymer Synthesis Summary 

 
Mn, GPC-MALS 

(g/mol) 
Dispersity, Đ 

PS-NH2-5 5200 1.08 
PS-NH2-8 8300 1.04 
PS-NH2-12 11500 1.05 
PS-NH2-27 27300 1.03 
PS-NH2-34 34400 1.03 
PS-NH2-60 60200 1.06 
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Figure S2.7: Thermal Gravimetric Analysis (TGA) of MxG-CNC before and after TEMPO 

oxidation (under nitrogen atmosphere with a heating rate of 10 °C/min). 

 

 

Figure S2.8: WAXS of MxG-CNC-COOH with labeled crystalline peaks and Gaussian fit to 

calculate crystallinity index. The Gaussian peaks corresponding to the various CNC crystal planes 

are notated by color. Note that original WAXS data is offset for clarity. 
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Figure S2.9: MxG-CNC-COOH a) AFM height image after casting on poly-L-lysine coated mica 

 and b) SEM as cast from solvent exchanged solution and coated in 2 nm Pt/Pd 
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Scheme S2.1: Synthesis of the peptide coupling agent 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholinium tetrafluoroborate (DMTMMBF4) 

 

 

Figure S2.10: 1H NMR (500 MHz, CDCl3) spectra of DMTMMBF4 
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Figure S2.11: 13C NMR (500 MHz, CDCl3) spectra of DMTMMBF4 

 

To compare the coupling efficiency of various coupling reagents, more reactions were performed 

in the same conditions with CNCs suspension from solvent exchange and PS-NH2-8. The obtained 

MxG-CNC-g-PS-8 were examined by TGA. EDC/NHS (N-ethyl-N’-(3-(dimethylamino) propyl) 

carbodiimide)/(N-hydroxysuccinimide), DIC/HOBt (N,N’-diisopropylcarbodiimide)/(1-

hydroxybenzotriazole) and DIC/NHS these three coupling reagents are common combination 

widely used in conjugation reaction between amino and carboxyl groups. DMTMMBF4 has not 

yet been used in modification of cellulose nanoparticles. As shown in Figure S2.13, MxG-CNC-

g-PS from reactions with DIC/HOBt as coupling reagent results in 52% PS in the PS-graft-CNCs 

by weight. PS-graft-CNCs from reactions with EDC/NHS as coupling reagent results in 32% PS 
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in the PS-graft-CNCs by weight. PS-graft-CNCs from reactions with DMTMMBF4 result in 57% 

PS in the PS-graft-CNCs by weight. Among these four types of coupling reagents, DMTMMBF4 

shows the highest efficiency for coupling reaction between carboxylic acid groups on CNCs and 

the amine groups on PS, about one third of the -COOH groups on CNCs can be reacted with PS.   

 

 

Scheme S2.2: Peptide coupling reaction using a variety of coupling reagents, DIC/NHS, 

EDC/NHS, DIC/ HOBt, and DMTMMBF4. 
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Figure S2.12: TGA of different peptide attachment chemistries and methods using PS-NH2-8 and 

MxG-CNC-COOH, specifically, a) from DIC/NHS as coupling reagents and CNCs dispersion 

from direct mixing, (b) from DIC/NHS as coupling reagents and CNCs dispersion from solvent-

exchange, (c) from DIC/HOBt as coupling reagents and CNCs dispersion from solvent-exchange, 

(d) from EDC/NHS as coupling reagents and CNCs dispersion from solvent-exchange, and (e) 

from DMTMMBF4 as coupling reagents and CNCs dispersion from solvent-exchange. 
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Table S2.2: Summary of the grafting efficiency of various coupling agents and conditions from 
Figure S2.12 

Method Coupling 
Agent Wt% Polymer a 

Direct mixing DIC/NHS 12% 
Solvent Exchange DIC/NHS 40% 
Solvent Exchange DIC/HOBT 52% 
Solvent Exchange EDC/NHS 32% 
Solvent Exchange DMTMMBF4 57% 

a from TGA 

  



107 
 

 

 

Figure S2.13: ATR-FTIR of MxG-CNC-COOH, PS-8, and MxG-CNC-g-PS-8-49, with line 

highlighting the -CONH- bond at 1650 cm-1 indicative of peptide coupling attachment, with a) 

showing the full spectrum while b) shows a zoomed in area of 1200-1800. 
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To calculate the polymer grafting density, 𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, the following equation from literature1 was 

used 

 
𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

Φ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝐴𝐴
Φ𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶

 

 

S2.1 

where Φ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and Φ𝐶𝐶𝐶𝐶𝐶𝐶 are the weight fractions of polymer and CNC, respectively, 𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶 is the 

density of the CNC, 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 is the volume of an individual CNC, and 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶 is the surface area of an 

individual CNC, 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the molecular weight of the polymer as determined by GPC-

MALS, and 𝑁𝑁𝐴𝐴 is Avogadro’s number. 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 and 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶 are both calculated using literature values 

for MxG-CNC, a rectangular prism with dimensions 8.5nm by 2.8nm by 300nm as determined by 

SANS.2   
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Figure S2.14: AFM of MxG-CNC-g-PS samples after casting on poly-L-lysine coated mica 

showing concentrated polymer brush (CPB) regime structure. Scale bar corresponds to 1 μm. 
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Figure S2.15: AFM of MxG-CNC-g-PS samples after casting on poly-L-lysine coated mica 

showing semidilute polymer brush (SDPB or CPB/SDPB) regime structure. Scale bar corresponds 

to 200 nm. 



111 
 

 

Figure S2.16: Size comparison rationalizing radius usage showing similar surface area for MxG-

CNC with dimensions 2.8 nm by 8.5 nm and a circle of radius 2.75 nm 

 

 

Figure S2.17: Linear Regression of the CPB data from Figure 2.2c. 
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To calculate the porosity of the MxG-CNC-g-PS samples, the sample density was measured and 

compared to a theoretical of samples with no void fraction. The density of measured samples 

(𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) was calculated by 

 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑚𝑚/(𝑙𝑙 ∗ 𝑤𝑤 ∗ 𝑡𝑡) (S2.2) 

where 𝑚𝑚 is the sample mass and 𝑙𝑙, 𝑤𝑤, and 𝑡𝑡 are the sample lengths, widths, and thicknesses 

respectively. The theoretical nanoparticle density (𝜌𝜌𝑡𝑡ℎ𝑒𝑒𝑒𝑒) was calculated as 

 𝜌𝜌𝑡𝑡ℎ𝑒𝑒𝑒𝑒 =
1

𝜑𝜑𝐶𝐶𝐶𝐶𝐶𝐶
𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶

+ 𝜑𝜑𝑃𝑃𝑃𝑃
𝜌𝜌𝑃𝑃𝑃𝑃

 (S2.3) 

where 𝜑𝜑𝐶𝐶𝐶𝐶𝐶𝐶 and 𝜑𝜑𝑃𝑃𝑃𝑃 are the densities of the CNC (1.5 g/ml) and polystyrene (1.05), respectively, 

and 𝜑𝜑𝐶𝐶𝐶𝐶𝐶𝐶 and 𝜑𝜑𝑃𝑃𝑃𝑃 are the weight fractions of CNC and PS as determined by TGA of the measured 

sample. Thus the porosity (P) can be calculated to be by combining eqn S2 and S3 to result in 

 𝑃𝑃 = 1 − �
𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝜌𝜌𝑡𝑡ℎ𝑒𝑒𝑒𝑒

� (S2.4) 

which allows for a comparison of porosity between samples by simple measurements of the mass 

and dimensions. Table S2.3 then shows the calculated porosities of both as cast and pressed 

samples at the extremes of molecular weight and polymer volume fraction. Interestingly, although 

the as cast samples differ greatly in porosity, the pressed samples display similar values within 

error between the vastly different molecular weights and polymer weight fractions. 
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Table S2.3: Porosity calculation of as cast and pressed MxG-CNC-g-PS samples. N=3 

Sample Porosity a 
MxG-CNC-g-PS-5-45 as cast 0.43±0.03 
MxG-CNC-g-PS-5-45 pressed 0.09±0.06 
MxG-CNC-g-PS-60-90 as cast 0.07±0.02 
MxG-CNC-g-PS-60-90 pressed 0.06±0.03 

a from eqn S2.4 

 

 

 

Figure S2.18: Analysis of the dynamic mechanical spectroscopy rubbery (Tg+20℃) modulus of 

MxG-CNC-g-PS samples versus weight fraction of polymer. 
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Figure S2.19: Differential Scanning Calorimetry (DSC) at a ramp rate of 10 ℃ per minute 

showing the second heating curve of the PS-NH2 samples, with arrows indicating the midpoint 

glass transition temperature. 
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Figure S2.20:  PS-NH2-60 in both tensile DMA and shear rheology displaying identical tan(delta) 

peaks, indicative of measuring the same Tg value. 
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Figure S2.21: a) Example shear rheology of PS-NH2-8 homopolymer sample and DMA of MxG-

CNC-g-PS-8 sample which shows the clear shift in the Tan(Delta) peak. 
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Figure S2.22 a) Glassy modulus data of MxG-CNC-g-PS samples from nanoindentation and 

DMA (N=3 for error) and b) Hardness data from nanoindentation fitting. 
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Figure S2.23: AFM of various MxG-CNC-g-PS samples post nanoindentation with labeled crack 

features. Scale bar is 2.5 μm. 
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Enhanced Ion Conductivity through Hydrated, Polyelectrolyte-grafted Cellulose 

Nanocrystal Films 
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3.1   ABSTRACT 

Ionically conductive, hydrated polyelectrolyte nanocomposites are prepared from 

iodomethane treated poly(2-vinylpyridine) (mPV)-grafted cellulose nanocrystals (MxG-CNC-g-

mPV). These polyelectrolyte-grafted nanoparticle (PEGN) films exhibit an order of magnitude 

higher iodide ion conductivity relative to mPV films and a high in-plane/through-plane anisotropy. 

The PEGN architecture prevents CNC aggregation maximizing the CNC/polyelectrolyte interface. 

PEGN films were prepared with varying polymer graft density (0.03-0.12 chains/nm2) and 

molecular weight (7k-30k g/mol). The greatest ion conductivity enhancement is observed with 

lower molecular weight, higher density grafts: ca. 89±6 mS/cm (140±10 mS/cm accounting for the 

volume of the CNC) versus 3.3±0.4 mS/cm for ungrafted mPV. Poly(styrene-block-2-

vinylpyridine)-grafted CNCs were prepared in which the insulating polystyrene-block or the 

conducting mPV-block was directly attached to the CNCs; only the films with the mPV-block 

closest to the CNCs exhibited an enhancement in conductivity relative to mPV. Together, these 

data point to beneficial CNC/polyelectrolyte interfacial effects resulting in significant ionic 

conductivity enhancement along the length of the CNCs in these films. 
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3.2   INTRODUCTION 

Ion-conducting polyelectrolyte materials are being investigated and utilized in a wide range 

of technologies, from lithium ion1 and redox-flow batteries2 to fuel cells.3 While high ion 

conductivity is integral to the performance of these materials, challenges remain in accessing high 

ion conductivity while maintaining mechanical integrity. One possible route to overcome these 

challenges are ionically conductive nanocomposites, which have the potential of simultaneously 

maximizing both membrane mechanical integrity and ionic conductivity.4–8 Some inorganic 

nanofillers (e.g. SiO2,9 Al2O3,10 Li3N,11 Li1.3Al0.3Ti1.7(PO4)3,12 Li0.33La0.557TiO3
13) have been 

shown to impart an increase in ionic conductivity when there are beneficial effects, such as Lewis 

acid-base interactions and/or disruption of matrix crystallization, at the matrix/filler interface. 

Even so, high loadings of nanofiller are intrinsically capped by phase separation and aggregation 

of the nanofiller which results in both a reduction in ionic conductivity and mechanical 

reinforcement. 

One route to reduce aggregation of nanoparticles and aid processing is to graft polymers 

from/to the nanoparticle surface. Judicious choice of the grafted polymer results in 

compatibilization of the polymer-grafted nanoparticles (PGNs)14 with the matrix yielding more 

homogenous composites. As such, the literature is replete with examples of PGNs that when 

embedded in the appropriate matrix, exhibit enhanced mechanical properties.15–23 Films that 

consist solely of the PGNs result in what has been termed one-component nanocomposites 

(OCNs).24 OCNs eliminate phase segregation of the matrix and nanofiller allowing access to 

homogenously dispersed composite films with nanoparticle loading levels that are hard to attain 

with more conventional mixed (two component) systems. As a result OCN films can exhibit a 
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higher modulus and toughness relative to their two-component nanocomposite derivatives.25–27 

Studies into this class of material, mainly focused on the mechanical properties of PGNs based on 

spherical nanoparticles, have shown that the density and molecular weight of the grafted polymer 

are key parameters in their structure/property relationship. As a general guide, to optimize 

toughness in these systems the grafted polymer should ideally be beyond its entanglement 

molecular weight and the polymer grafting density should be such to induce a semidilute polymer 

brush regime, although in order to maximize both modulus and toughness high loadings of 

nanofiller must be balanced.27–29 As the ionic conductivity of polyelectrolytes are also impacted 

by polymer conformation and interchain interactions,30–32 the grafting density and radius of 

gyration ought to impact the ionic conductivity properties of the OCNs.  

Polyelectrolyte grafted nanoparticles (PEGNs) have been used as fillers/additives in a 

variety of applications, such as conductive membranes,33 water harvesting,34 emulsion 

stabilization,35 and catalytic activity enhancement.36 There are much fewer examples of PEGN 

only films that have been reported in the literature (note: technically most of these reported films 

are not just the PEGN as they are usually imbibed with water or an ionic liquid to enable ion 

conduction). Most reports in the literature on nanosphere-based PEGNs show reduced 

conductivities relative to the corresponding polyelectrolytes.37,38 However, there are examples 

where an enhancement in ion conductivity is observed. For example, it has been reported that 

hydrated poly((p-vinyl-benzyl) trimethylammonium tetrafluoroborate) grafted to 16 nm silica 

nanoparticles showed enhanced conductivity relative to the hydrated polymer alone.39 In those 

studies it was shown that the molecular weight of the grafted polymer appears to have an effect on 

conductivity with an increase in ionic conductivity up to around 12 kg/mol (based on molecular 
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weight determination using a sacrificial initiator in the grafting-from process) before decreasing 

again at higher molecular weight grafts. The increased ion conductivity was ascribed to the 

formation of a highly conductive layer at the polymer/silica interface.  

Cellulose nanocrystals (CNCs)18,19,40–45 are organic, biobased, and highly crystalline 

nanorods with easily accessible surface chemistries, which have been incorporated into 

polyelectrolyte membranes in order to enhance their mechanical properties.46–48 While most 

studies reported materials with reduced ionic conductivity,46,49,50 a few CNC-based 

nanocomposites have shown increased ionic conductivity in which beneficial interfacial effects 

have been suggested.48,51 For example, Cheng et al. synthesized CNCs with quaternary ammonium 

groups functionalized on the surface and incorporated them into a poly(phenylene oxide) matrix 

functionalized with similar quaternary ammonium groups.48 When immersed in water the resulting 

materials showed a 60% higher ionic conductivity than the homopolymer (60 vs 38 mS/cm) at 80 

℃ peaking at a 2 wt.% CNC loading. In addition, the fuel cell performance confirmed a higher 

peak power density using this anion exchange membrane. Similarly, Rincón-Iglesias et al. 

prepared nanocomposites of CNCs in ι-carrageenan, a marine sulfated polysaccharide isolated 

from red algae (Rhodophyta), and measured the mechanical properties and dielectric response of 

the bio-sourced nanocomposite membrane at ambient conditions.51 The ionic conductivity of the 

composite material peaked at 10 wt.% CNCs with roughly a 3-fold improvement in conductivity. 

However, in both of the two-component (CNC filler and polymer matrix) composites discussed 

above the conductivity enhancement was limited at higher CNC content, which was explained by 

aggregation and phase separation of the CNCs leading to a drop in both ion conduction and 

mechanical properties.  
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Recent experimental and computational work on CNC-based PGN films has begun probing 

the mechanical property enhancement of these systems. Weder and coworkers reported the first 

examples of CNC-based OCNs and have shown that this class of materials also exhibit mechanical 

property enhancement (toughness and modulus) consistent with previous OCN films based on 

spherical nanofillers.52 OCNs consisting of poly(methyl methacrylate) grafted from CNCs show 

remarkable toughening with OCNs that contain as much as 20 wt% CNC while maintaining similar 

levels of elastic modulus as compared to the corresponding two-component nanocomposites.52 In 

the same work, poly(hexyl methacrylate) grafted CNC-based OCNs show higher modulus but 

similar toughness relative to their two-component nanocomposites counterparts. Computational 

work by Keten and coworkers on CNC-containing OCNs indicate that to optimize both modulus 

and toughness the grafted polymers should ideally be in the semidilute polymer brush regime 

(which can be achieved by tuning grafting density and degree of polymerization) and have a CNC 

wt% of ca. 60 %.28,29 More recently, the mechanical properties and ion conductivity of films of 

PGNs composed of uncharged poly(2-phenylethyl methacrylate) grafted to CNCs imbibed with 

ionic liquid (IL) have been reported.53 These IL-imbibed OCN films (30 wt% IL) exhibited a 70-

fold increase in tensile strength and higher ionic conductivity relative to the ionic liquid imbibed 

homopolymer or the ionic liquid containing multi-component composite prepared from the 

unfunctionalized CNC embedded in a poly(2-phenylethyl methacrylate) matrix.  This later study 

also showed that the IL-imbibed CNC-based PGNs exhibit a slight enhancement in conductivity 

relative to the IL-imbibed polymer, suggesting that the CNCs maybe playing a beneficial role on 

the ion conductivity in these films. However, to the best of our knowledge there are no studies on 

the ion conductivity of films formed from polyelectrolyte-grafted CNCs and the impact that the 

polymer graft molecular weight and density has on their ionic conductivity. Furthermore, given 
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the anisotropic nature of CNC nanorods it is possible that films of these PEGNs could exhibit 

anisotropic electronic properties.   

Reported herein are studies aimed at synthesizing and studying polyelectrolyte CNC-based 

PGNs with the specific goal of understanding how the nature of the polyelectrolyte graft 

(molecular weight and grafting density) as well as volume fraction of CNC has on the iodide ion 

conductivity of this class of material. The targeted PEGNs are comprised of CNCs grafted with 

methylated poly(2-vinylpyridine) (mPV), formed by reaction of the poly(2-vinylpyridine)-grafted 

CNC with iodomethane. mPV was selected as the polyelectrolyte graft as it has previously been 

studied in confined block copolymer systems and as a polymer brush on flat surfaces, making it a 

useful model material on account of its relatively facile synthesis and well investigated (iodide) 

ion conductivity behavior.30,54–56  
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3.3   EXPERIMENTAL METHODS 

3.3.1   Instrumentation 

Nuclear Magnetic Resonance Spectroscopy. The 1H NMR spectra were recorded on a Bruker 

Ascend Advance II+ 500 MHz spectrometer at 25 °C using CDCl3 as solvent. All NMR spectra 

were processed by MestReNova software. 

Electrospray Mass Spectroscopy. Electrospray mass spectroscopy (ESI-MS) experiments were 

conducted using an Agilent 6135 quadrupole LC/MS system equipped with a 50 x 4.6 mm 

Poroshell 120 EC-C18 column (Agilent). A gradient elution of 10-100% acetonitrile in H2O 

(+0.1% TFA) was conducted over 10 min and then held at 100% acetonitrile for 2.5 min, and 

absorbance was measured at 220 nm. 

Gel Permeation Chromatography- Multi-angle Light Scattering and UV-VIS Spectrometry. 

Polymer molecular weights and dispersities as well as UV-VIS spectra were determined by gel 

permeation chromatography-multi-angle light scattering (GPC-MALS) with in-line UV-VIS 

spectrometry, measured on a Shimadzu Prominence LC system with PL gel Mixed-D columns 

with Wyatt Dawn Heleos MALS (658 nm laser), Wyatt Optilab T-rEX refractive index (RI) 

detectors, and Shimadzu SPD-M30A Photodiode Array detector (200-800 nm). HPLC grade 

tetrahydrofuran (THF) as the eluent (1mL/min) at 25 °C. The data were processed by Wyatt Astra 

software. 

Conductometric titration. The content of carboxylic acid groups on CNCs was determined by 

conductometric titrations using a Accumet XL benchtop pH/conductivity meter (Fisher Scientific). 

Typically, 25 mg of CNC was dispersed in 80 mL DI water by sonication, and pH was adjusted 
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around 3 by adding 15 μL of HCl (33 wt%). Then 0.01 M NaOH was added slowly till pH around 

about 11. The conductivity was plotted against the volume of consumed NaOH. 

Wide Angle X-ray Scattering (WAXS). The degree of crystallinity was determined by 

Synchrotron WAXS experiments were performed at the DND-CAT 5-ID-D beamline of the 

Advanced Photon S3 Source (Argonne National Laboratory, Argonne, IL) using a triple detector 

system for simultaneous data collection SAXS and WAXS regimes. Two-dimensional (2D) data 

were collected on Rayonix CCD area detectors using an exposure time of ca. 0.1 s. Gaussian 

deconvolution and crystallinity index analysis followed literature precedent.57 

Atomic force microscopy (AFM). The dimensions of CNCs and MxG-CNC-g-PV samples were 

investigated by Asylum Research Oxford Instruments Cypher ES AFM. A drop of CNCs 

suspension (0.01 wt%) was placed on a freshly cleaved mica surface which was pretreated with 

poly-l-lysine solution, and then rinsed off after five minutes. The images were acquired using AC 

Tapping mode. The sizes of nanoparticles were analyzed by Gwyddion software. 

Scanning electron microscope (SEM). SEM images of the cast films were taken with the Carl 

Zeiss−Merlin field emission scanning electron microscope. The acceleration voltage was 1.0 kV 

with a working distance of 2 to 3 mm using an in-lens detector. Two nanometers of Pt/Pd was 

sputtered onto the surface of the device using the Cressington 108 Auto Sputter Coater to reduce 

electron beam charging and improve the image quality.  

Fourier transform infrared spectroscopy (FTIR). FTIR spectra were collected on a Shimadzu 

FTIR instrument. Solid samples were placed directly on the ATR crystal, and then the spectra were 

averaged from 46 scans from 550 to 4000 cm-1 with a resolution of 4 cm-1. 
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Thermal gravimetric analysis (TGA). TGA experiments were carried out on a 

thermogravimetric analyzer (TA Instrument Discovery). Samples were heated from 30 to 650 °C 

under nitrogen atmosphere with a heating rate of 10 °C/min. 

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were acquired on a Kratos Axis 165 with 

an aluminum filament operated at 12 kV and 10 mA. 

Electrochemical Impedance Spectroscopy. The electrochemical properties of the samples were 

probed using the Gamry reference 600 potentiostat/galvanostat. AC electrical impedance 

spectroscopy (EIS) measurements were made from 1 MHz to 1 Hz by connecting the samples via 

either larger Pt/ Pd 20 nm deposited pads with the Cressington 108 Auto Sputter Coater or between 

sheets of Pt foil to the potentiostat/ galvanostat. An amplitude voltage of 10 mV was used. For in-

plane samples, electrode distance was 1 cm while surface area probed was 0.5 cm width by the 

measured PEGN film thickness between 20-70 μm. For through-plane samples electrode distance 

was the PEGN film thickness while the surface area probed was 0.13 cm2. The measurements were 

made in a chamber with controlled temperature (25 °C) and relative humidity (65-95% RH) after 

an equilibration period of 2 hrs. Interdigitated electrodes were fabricated and utilized for EIS 

following literature procedures.55,58 

Water Uptake. Water uptake experiments were conducted by placing the sample in a chamber 

with controlled temperature (25 °C) and relative humidity (65-95% RH) for 2 hours followed by 

rapidly ramping to 100 °C at 20 °C/min and held for 15 minutes on the TGA instrument. 
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3.3.2   Material Synthesis 

Materials. Miscanthus x. Giganteus (MxG) in the form of ground stalks were donated by Aloterra 

Energy LLC, Conneaut, Ohio. 2-Vinylpyridine and styrene were purchased from Sigma-Aldrich 

and passed through a basic alumina column immediately prior to usage. Hydrochloric acid (HCl), 

and sodium hydroxide (NaOH) were purchased from Fisher Scientific. All other reagents were 

purchased from Sigma-Aldrich and used as received. 

Synthesis of α-phthalimidomethyl-ω-thiolpoly(2-vinylpyridine) by RAFT. Phthalimidomethyl 

hexyl trithiocarbonate was synthesized for use as a chain transfer agent (CTA) following literature 

procedures (Scheme S3.1 and Figures S3.1-3.2).59 1H NMR (500 MHz in CDCl3; δ ppm: 0.88 (tr, 

3H, CH3-), 1.29 (m, 4H, CH3CH2CH2CH2CH2CH2-), 1.39 (m, 2H, CH3CH2CH2CH2CH2CH2-), 

1.69 (m, 2H, CH3CH2CH2CH2CH2CH2-), 3.36 (tr, 2H, -CH2- S), 5.66 (s, 2H, N-CH2-S), 7.74 (m, 

2H, ArH), 7.87(m, 2H, ArH), 13C NMR (101 MHz in CDCl3; δ ppm: 14.0 (CH3-), 22.5 

(CH3CH2CH2CH2CH2CH2-), 27.8 (CH3CH2CH2CH2CH2CH2-), 28.6 (CH3CH2CH2CH2CH2CH2-

), 31.2 (CH3CH2CH2CH2CH2CH2-) , 37.3 (-CH2- S), 42.0 (N-CH2-S), 123.7  (2 × o-Ph, CH), 131.8 

(2 × Ph, C), 134.8 (2 × p-Ph, CH), 166.7 (C=O), 220.8 (CS3)) and ESI-MS (353, measured 376, 

[M]+Na+ ). Yield by mass = 50%. 

Phthalimidomethyl hexyl trithiocarbonate (0.12 g), Azobisisobutyronitrile (AIBN) (0.006 g), and 

2-vinylpyridine (16.6 g). were transferred to a 150 mL flask, underwent three freeze-pump-thaw 

cycles, and then heated at 60 °C for 24 h, followed by rapid quenching to room temperature. The 

mixture was diluted with THF (∼5 mL) and the polymer was precipitated into hexanes (100 mL), 

collected by filtration and dried in a vacuum oven at 40 °C for 24 h forming α-phthalimidomethyl-

ω-hexyltrithiocarbonatepoly(2-vinylpyridine) (PVx, where x denotes the degree of polymerization 
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as determined by GPC-MALS). Aminolysis of trithiocarbonate end groups followed previous 

literature precedent.60 For example,  PV286 (3 g, 0.0001 mol) was dissolved in 2 mls of THF. 2-

Ethyl-1-hexyl amine (0.155 g, 0.0012 mol) and tributylphospine (0.061 g, 0.0003 mol) were added 

to the polymer solution. The mixture was sparged and reacted at RT for 72 hrs. Four different 

molecular weights of α-phthalimidomethyl-ω-thiolpoly(2-vinylpyridine) (PV-SHx, where x 

denotes the degree of polymerization as determined by GPC-MALS) were prepared with 

molecular weights determined by 1H NMR (Figures S3.3-3.4) and GPC-MALS (Figures S3.5-

3.6), and dispersity (Đ) by GPC-MALS as shown in Table S3.1. UV-Vis was used to confirm the 

aminolysis of the trithiocarbonate end groups (Figure S3.7). 

Diblock Copolymer (PS-PV) Synthesis. To synthesize α-phthalimidomethyl-ω-

hexyltrithiocarbonatepoly(styrene)-block-poly(2-vinylpyridine), α-phthalimidomethyl-ω-

hexyltrithiocarbonatepoly(styrene) macro-CTA was synthesized following similar protocol to PV 

except for using methanol as the precipitating solvent. Then α-phthalimidomethyl-ω-

hexyltrithiocarbonatepoly(styrene) (3 g), AIBN (0.003 g), and 2-vinylpyridine (1.51 g). were 

transferred to a 100 mL flask and 3ml of THF was added. The mixture underwent three freeze-

pump-thaw cycles, and then heated at 60 °C for 24 h, followed by rapid quenching to room 

temperature. The mixture was diluted with THF (∼5 mL) and the polymer was precipitated into 

hexanes (100 mL), collected by filtration and dried in a vacuum oven at 40 °C for 24 h. The 

reduction to α-phthalimidomethyl-ω-thiolpoly(styrene)-block-poly(2-vinylpyridine) (PS-PV-

SHx,y, where x and y denote the degree of polymerization as determined by GPC-MALS of the 

respective blocks) followed identical protocol to PV. For the reverse diblock composition, α-

phthalimidomethyl-ω-thiolpoly(2-vinylpyridine)-block-poly(styrene) (PV-PS-SHx,y), similar 

processes were used beginning with a PV macro-CTA. For PS-PV-SH329,86, Mn,GPC-MALS = 43.2 
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kg/mol,  Đ = 1.13, and Mn,NMR = 42.6 kg/mol, and fPV = 0.21 (weight fraction PV) and for PV-PS-

SH286,150, Mn,GPC-MALS = 45.6 kg/mol, Đ = 1.17, and Mn,NMR = 44.1 kg/mol, and fPV = 0.65, as 

shown in Table S3.2. 

Preparation of MxG-CNCs. MxG-CNCs were isolated from Miscanthus x. Giganteus stalks by 

hydrochloric acid hydrolysis, and then were further oxidized to obtain MxG-CNC-COOH by 

TEMPO oxidation according to previously published methods.45  Allyl functionalized CNCs 

(MxG-CNC-Allyl) were produced according to previously published methods.61 Conductivity 

titration was performed before and after allyl functionalization to determine surface charge density 

and functionalization quantity, with MxG-CNC-COOH having surface charge density of 1000 

mmol/kg while MxG-CNC-Allyl had surface charge density of 400 mmol/kg, resulting in allyl 

density of 600 mmol/kg. 

Preparation of CNCs/THF suspension by solvent exchange. MxG-CNC-Allyl were first 

dispersed in 40 mL water with a concentration of 2.5 wt% by ultrasonication and 1 ml of saturated 

NaCl was added. The gel was collected by centrifugation (5 min, 8000 rpm), and the supernatant 

was poured off and collected. The remaining gel was resoaked in 40 mL of methanol for 2 h with 

constantly shaking, then separated by centrifugation. The same procedure was repeated two times 

with methanol and then two times with THF. The concentration of MxG-CNC-Allyl suspension 

was determined by thermal gravimetric analysis.  

Grafting PV-SH onto MxG-CNC-Allyl.  All reactions were done at a 1:1:0.1 equivalency of thiol 

to allyl functional group to AIBN. Most reactions were run in methanol, while diblock reactions 

were run in THF. To the solvent-exchanged and ultrasonicated MxG-CNC-Allyl samples were 

added the thiol functionalized polymer and AIBN in a 100ml RBF, retaining a concentration of 

2.5 wt% CNC. The reaction was capped, sparged, and reacted for 24hrs at 60 ºC. 
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Fabrication and methylation of MxG-CNC-g-PV and standard nanocomposite films. MxG-

CNC-g-PV were dissolved in THF and sonicated in a Branson CPX sonication bath before being 

cast into Teflon dishes. Solvent was allowed to evaporate at RT for 2 days. Comparative two 

component nanocomposites were prepared in an identical way using solvent exchanged MxG-

CNC-Allyl with PV68 in THF and allowed to evaporate at RT for 2 days. MxG-CNC-g-PV PGN 

films were sealed in 150 ml jars with 2 ml iodomethane for 7 days. All films were approximately 

2 cm in length, 0.5 cm in width, and 20-70 μm in thickness. 
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3.4   RESULTS AND DISCUSSION 

In order to access the targeted PEGNs the first step was to synthesize poly(2-vinylpyridine) 

grafted CNCs. This was achieved using thiol-ene chemistry to graft a thiol-end capped poly(2-

vinylpyridine) (PV-SH) to allyl-functionalized CNCs.  PV-SH was prepared using RAFT 

polymerization of 2-vinylpyridine with phthalimidomethyl hexyl trithiocarbonate59 as the chain 

transfer agent (CTA), followed by aminolysis of the trithiocarbonate endgroup with 2-ethylhexyl 

amine (Scheme 3.1).62   A series of different molecular weight PV-SH (7100, 11900, 15800, and 

30000 g/mol, dispersity, Đ ca. 1.2)) was prepared in order to span the entanglement molecular 

weight of PV (ca. 10000 g/mol).63 The polymers were characterized by nuclear magnetic resonance 

spectroscopy (1H NMR), gel permeation chromatography multi-angle light scattering (GPC-

MALS) and UV-Vis spectroscopy (Figures S3.3-3.7, Table S3.1).  
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Scheme 3.1.  Synthesis of polyelectrolyte-grafted CNCs (MxG-CNC-g-mPVx/y), where x refers 

to the degree of polymerization and y refers to the volume fraction of the grafted polymer. The 

thiol-end capped poly(2-vinylpyridine) (PV-SHx), prepared via RAFT polymerization, was 

grafted to allyl-functionalized CNCs (MxG-CNC-Allyl) via thiol-ene chemistry before being 

methylated with iodomethane to yield the MxG-CNC-g-mPVx/y films.  

Coupling of the PV-SHx to the CNCs via thiol-ene chemistry requires the functionalization 

of the CNCs with alkene moieties.  Carboxylic acid CNCs (MxG-CNC-COOH) were obtained 

from Miscanthus x. Giganteus (via hydrochloric acid hydrolysis followed by TEMPO-mediated 

oxidation) using literature procedures.45 TGA of the CNCs before and after TEMPO-mediated 

oxidation shows a slight reduction in thermal stability, with an onset of degradation at 350 ℃ and 

210 ℃, respectively (Figure S3.8). The resulting MxG-CNC-COOHs have a carboxylic acid 

density of ca. 1000 mmol/kg, as determined via conductometric titration, and a crystallinity index 
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of 85%, determined by wide angle x-ray scattering (WAXS) (Figure S3.9). The alkene moiety 

(allylamine) was reacted with MxG-CNC-COOH using peptide coupling conditions.45,61 After 

functionalization, the MxG-CNC-Allyl’s have a residual surface charge of 400 mmol/kg, 

indicating ca. 60% functionalization of the carboxylic acids. It is worthwhile noting that these 

reaction conditions did not significantly alter the size and dimensions of the isolated CNCs during 

functionalization (from AFM, height = 2.2±0.5 and 2.1±0.7 nm, length = 290±60 nm and 280±50 

nm for MxG-CNC-COOH and MxG-CNC-Allyl, respectively (n=20), Figures S3.10, S3.11). 

The MxG-CNC-Allyl were dispersed in water using ultrasonication, and the aqueous dispersion 

was then solvent exchanged into methanol. A radical initiated thiol-ene reaction was used to attach 

the thiol-endcapped PV-SHx onto the surface allyl groups of MxG-CNC-Allyl. FTIR confirms the 

attachment via reduction of the C=C-H bend shoulder ca. 960-1010 cm-1(Figure S3.12). 

In order to purify the samples, three centrifugation, decanting, and redispersion cycles 

using acetone were used to remove ungrafted polymer, with the supernatant being collected. UV-

Vis analysis of the supernatant quantified the amount of ungrafted polymer removed at each step 

(Figure S3.13, Table S3.3). For example, PV-SH286 (1.85 g) was reacted with 100 mg of MxG-

CNC-Allyl corresponding to 1 eq. of thiol to surface allyl group. Three successive centrifugation 

steps removed 1.65g, 64.6 mg, and 15.9 mg, respectively, of the unreacted polymer. A fourth 

centrifugation cycle was used to estimate the amount of free polymer in the materials, with ca. 4.0 

mg being removed suggesting that the grafted CNC contained less than 2 wt% free polymer. AFM 

images of the MxG-CNC-Allyl and resulting material after grafting with 7,100 g/mol PV-SH68 

(MxG-CNC-g-PV68/y) are shown in Figure 3.1a-b, the height profile (Figure 3.1c) shows an 
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increase from 2.1±0.7 nm for MxG-CNC-Allyl to 3.7±0.4 nm for the grafted sample consistent 

with the attachment of the polymer to the CNCs.  

 

Figure 3.1. AFM height images of a) MxG-CNC-Allyl and b) MxG-CNC-g-PV68/26. c)  Example 

height profiles. d) TGA of PV-SH68, MxG-CNC-Allyl, and MxG-CNC-g-PV68/26 along with the 

corresponding trace derivatives.  
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The polymer-grafted CNCs were cast into films as THF dispersions and the solvent allowed 

to evaporate at room temperature over 2 days to access film thicknesses of ca. 50 microns. 

Thermogravimetric analysis (TGA) of MxG-CNC-g-PV68/y (Figure 3.1d) shows two clear 

regimes that align well with degradation of the CNC and PV. The weight percent of grafted 

polymer was calculated by comparing mass loss from 220 to 360 ℃, which predominantly 

corresponds to CNC degradation, to mass loss from 360 to 450 ℃ that predominantly corresponds 

to PV degradation. No residual THF is observed in these TGA measurements indicating the lack 

of trapped THF in the system. These PGN films were then exposed to a saturated atmosphere of 

iodomethane to methylate the grafted poly(2-vinylpyridine) and yield MxG-CNC-g-mPV films.55 

TGA of MxG-CNC-g-mPV shows an additional mass loss from 150 to 220 ℃ which corresponds 

to loss of the iodomethane and allows for the calculation of degree of methylation (Figure S3.14). 

In addition, x-ray photoemission spectroscopy (XPS) permits the direct measurement of the iodide 

to nitrogen ratio which can also be used to estimate the percentage of methylation of the pyridine 

rings (Figure S3.15). Both TGA and XPS confirm similar methylpyridinium conversion 

percentage (65%) of all PEGN samples, indicating a similar iodide ion charge carrier concentration 

of the grafted polymers (Figure S3.16). The methylation percentage agrees well with literature 

precedent of mPV using a similar vapor based process for functionalization.55 It should be noted 

that after methylation via iodomethane the grafted polyelectrolyte is a poly(2-vinylpyridine-co-2-

vinyl-1-methylpyridinium iodide) copolymer but will be referred to herein as mPV. 

The TGA data allows the volume percent of grafted polymer and grafting density of the 

polymer on the CNCs to be calculated (see SI and equations S3.1-3.4 for more details). From the 

weight percent of grafted polymer and the methylation percentage, it was calculated (using 
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equation S3.1) that ca. 26 vol.% of MxG-CNC-g-PV68/y from Figure 3.1 is PV, which is termed 

MxG-CNC-g-PV68/26 (where the 68 is the degree of polymerization of the grafted polymer and the 

26 is the volume percentage of polymer). After treatment with iodomethane, the now methylated 

sample, MxG- MxG-CNC-g-mPV68/33, contains 33 vol% mPV. Using the molecular weight of the 

polymer, the weight percent of grafted polymer, and dimensions of the CNC, the polymer grafting 

density can be calculated using equation S3.4 for MxG-CNC-g-PV68/26 to be 0.03 chains/nm2. In 

order to access PGNs with increased volume of grafted polymer, the grafted samples could be re-

submitted to the same reaction conditions. MxG-CNC-g-PV68/26 was re-reacted a total of 3 

additional times to yield PGNs that contain ca. 48, 50 and 55 vol% of PV, or 57, 59, and 64 vol% 

mPV after methylation (Table 3.1, full data in Table S3.4). The PGNs with higher molecular 

weight grafted PV, MxG-CNC-g-mPV113/62, MxG-CNC-g-mPV150/66, and MxG-CNC-g-

mPV286/82, were obtained by reacting MxG-CNC-Allyl with the appropriate PV-SHx (x = degree 

of polymerization 113, 150, or 286) twice followed by methylation. Comparing the density of the 

polymer grafts with simulation data of poly(styrene)-grafted CNCs by Keten,28 a good 

approximation for PV on account of its similar polymer conformation,64 it can be estimated that 

all the MxG-CNC-g-PV68/y samples are in the concentrated polymer brush (CPB) regime while 

the remaining samples are in the concentrated polymer brush with semidilute polymer brush 

corona (CPB/SDPB) regime. 
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Table 3.1. Sample information of poly (2-vinylpyridine-co-2-vinyl-1-methylpyridinium iodide) 

(mPV)-grafted cellulose nanocrystals. 

Sample Molecular 
Weight 
(g/mol)a 

Degree of 
polymerization 

Volume % 
Polymer when 

methylated (%)b 

Graft density 
(chains/nm2) 

MxG-CNC-g-mPV68/33 7100 68 33% 0.03 
MxG-CNC-g-mPV68/57 7100 68 57% 0.09 
MxG-CNC-g-mPV68/59 7100 68 59% 0.10 
MxG-CNC-g-mPV68/64 7100 68 64% 0.12 
MxG-CNC-g-mPV113/57 11900 113 57% 0.05 
MxG-CNC-g-mPV113/62 11900 113 62% 0.06 
MxG-CNC-g-mPV150/57 15800 150 57% 0.04 
MxG-CNC-g-mPV150/66 15800 150 66% 0.06 
MxG-CNC-g-mPV286/62 30000 286 62% 0.03 
MxG-CNC-g-mPV286/82 30000 286 82% 0.07 

a from GPC-MALS 

b from TGA, methylation percentage, and eq S3.1 

Scanning electron microscopy (SEM) images (Figure 3.2) show the top down and cross-

sectional images of the PEGNs, MxG-CNC-g-mPV68/33 and MxG-CNC-g-mPV286/82. The images 

of MxG-CNC-g-mPV68/33 (Figure 3.2a) show well-defined, individualized nanorods with voids 

in the film in contrast to the higher polymer content MxG-CNC-g-mPV286/82 films (Figure 3.2b) 

in which the voids are filled. Similar morphologies are seen prior to methylation and suggest a 

relatively homogenous coating of polymer on the individual CNCs (Figure S3.17). Interestingly, 

both samples, irrespective of polymer molecular weight or volume fraction, show layered 

morphologies in the cross-sectional micrographs (Figure 3.2c-d). The layered morphologies 

(shown running horizontally in the cross-sectional images) run parallel to the casting surface and 
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their formation is consistent with evaporation-induced self-assembly (EISA) which has been 

observed before in nanorod films.65–68 

 

  

Figure 3.2. Scanning electron microscopy images of MxG-CNC-g-mPV68/33 and MxG-CNC-g-

mPV286/82 in top down (a-b) and cross-section (c-d), the layers are formed parallel to the casting 

surface. 

The iodide ion conductivity of mPV is impacted by the humidity of the environment as the 

water not only disassociates the iodide-pyridinium ion pair but also increases segmental mobility 

of the polymer.54,55,69 As such it is important to understand how humidity impacts the water uptake 

of these PEGN films. To determine how much water is present within the different PEGNs, TGA 

was undertaken on films of MxG-CNC-g-mPV68/64 and MxG-CNC-g-mPV286/82 exposed to 

varying levels of humiditities from 65-95% (See Figure S3.18 for characteristic TGA). The MxG-
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CNC-g-mPV68/64 film took up 6-12 wt.% water and the MxG-CNC-g-mPV286/82 film took up 8-

14 wt.% (Figure S3.19) across the relative humidity range. In comparison, using the same method, 

mPV-SH113 showed a water uptake from 5-10% (Figure S3.19) across the same humidity range. 

The slight increase in water uptake of the PEGNs is attributed, at least in part, to the hydrophilic 

CNC nanofiller. When accounting for the volume percent of polymer, the PEGN samples show 

similar water uptake, approaching 20% in the polymer phase at 95% relative humidity, allowing 

comparison between the different samples. 

To determine the conductivity of the PEGN films, electrochemical impedance 

spectroscopy (EIS) was used within a humidity-controlled chamber. On account of the clear 

structural anisotropy in the SEM images, the conductivity was measured both in a through-plane 

(perpendicular to the layering) and an in-plane (parallel to the layering) setup (Figure 3.3a). The 

interdigitated electrode literature has shown that polymer conductivity measurements on IDEs 

corresponds well with the bulk material measurements.31,55 The conductivity, σ, of the films was 

calculated using the measured value of the resistance of the film, Rfilm, and the following equation, 

 σ=d/(RfilmA) (3.1) 

where d is the separation distance between electrodes and A is the cross-sectional area probed.58  

The cross-sectional areas probed in the through-plane studies are the width and length of the top 

small electrode while the cross-sectional area probed of the in-plane studies are the width and 

thickness of the film.  
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Figure 3.3. (a) Schematic of the in-plane or through-plane conductivity film measurements, (b) 

comparison of the room temperature conductivity (and effective polymer conductivity taking into 

account the CNC volume) of MxG-CNC-g-mPV68/33 both in-plane (IP) and through-plane (TP) as 

well as homopolymer conductivity versus relative humidity and the in-plane mixed samples MxG-

CNC-Allyl with 90 vol% mPV68. Experimental standard deviation of n=4 showed error of ~13% 

which is less than the marker size on graphs. 

The through-plane and in-plane conductivity of the MxG-CNC-g-mPV68/33 films were 

measured as a function of relative humidity (Figure 3.3b, open circles). A sample Nyquist plot 

and model are provided in Figure S3.20. The in-plane measurement of MxG-CNC-g-mPV68/33 

showed higher conductivity than homopolymer (mPV-SH150) data (prepared by methylation of a 

film of PV-SH150 measured on interdigitated electrodes (IDEs)) across all measured relative 

humidities even though the PEGN film consists of 67 vol% (when dry) of the non-conducting 

crystalline CNC. Note, it was not possible to obtain reliable data from the homopolymer using the 



148 
 

set up in Figure 3.3a on account of brittle fracture at low RH and material flow at high RH during, 

which demonstrates the enhanced material robustness of the PEGN film system relative the 

homopolymer.53 IDE based conductivity measurements were employed, which are known to 

accurately reflect material conductivity.58  

The in-plane conductivity of MxG-CNC-g-mPV68/33 films is an order of magnitude higher 

than the through plane conductivity, 24±3 mS/cm as compared to 1.1±0.1 mS/cm at 95% relative 

humidity. Given that a significant percentage of the PEGN film consists of the non-ion-conducting, 

crystalline CNC and the degree of polymer methylation is similar (65%) between the different 

samples, an effective polymer conductivity, σeff, was calculated which considers that the ion 

conductivity is only occurring through the polyelectrolyte volume fraction, and is defined as  

 σeff=σ/ΦV (3.2) 

where ΦV is the polymer volume fraction. Using the effective conductivity in Figure 3.3b (filled 

circles), the in-plane conductivity rises an order of magnitude higher than the homopolymer to an 

in-plane value of σeff of 77±10 mS/cm while the through-plane conductivity of 3.6±0.5 mS/cm now 

roughly corresponds with the homopolymer measurement of 3.3±0.4 mS/cm, all at 95% relative 

humidity.  

A few important caveats are needed to best put this data into context. Although SEM shows 

the presence of voids in some of these dry PEGN films, samples are not corrected for porosity as 

there will be different degrees of swelling of the polymer chains at the different humidities. As 

such it is possible that the effective conductivity of the grafted ionic polymer may be even higher 
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than is calculated when only adjusting for the volume fraction of the CNCs. Additionally, two 

different control films, one consisting of MxG-CNC-Allyl after vapor treatment with iodomethane 

and a second consisting of non-methylated MxG-CNC-g-PV68/26, both exhibit negligible 

conductivity at all tested humidities which indicates that CNC surface functionality alone without 

mPV cannot account for the conductivity increases observed. Furthermore, the two-component 

composite film of MxG-CNC-Allyl with 90 vol% mPV68 does show some conductivity 

enhancement in the in-plane direction (in Figure 3.3b) but not to the same degree, presumably on 

account (at least in part) of the lower CNC loading. Two-component composites with higher CNC 

loadings were attempted but showed significant phase segregation and demixing of the CNC 

nanofiller. It is worthwhile noting that the two-component composite film of MxG-CNC-Allyl 

with 90 vol% mPV68 appears as a continuous film in the SEM (Figure S3.21) and do not show the 

void structure observed in the PEGN films (Figure 3.2). Ultimately, these controls help to confirm 

that the iodide conductivity and its enhancement are being measured.  

To more directly probe the effect of the CNC interface on ion conductivity, PEGNs were 

targeted in which the grafted polymer was a diblock of mPV and a non-ion conducting block 

(which for this study was polystyrene, PS). In particular, it was of interest to see if the nature of 

the block attached to the CNCs, either the insulating PS block or the ion-conducting mPV block 

(Figure 3.4a), was important in the ionic conductivity of the PNGs. To this end, two diblock 

copolymers were synthesized in which the thiol end group was attached to either the PS block or 

the PV block using similar RAFT chemistry to before (Scheme S3.2). PS-PV-SH329,86 has a PS 

block of Mn,GPC-MALS = 34.2 kg/mol and PV block of Mn,GPC-MALS = 9.0 kg/mol, dispersity = 1.13, 

and fPV = 0.21 while PV-PS-SH286,150 has PV block of Mn,GPC-MALS = 30.0 kg/mol and PS block of 
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Mn,GPC-MALS = 15.6 kg/mol, dispersity = 1.17, and fPV = 0.65. Grafting of these polymers to the 

MxG-CNC-Allyl allows access to PNGs that have similar overall molecular weights (45.6 kg/mol 

for MxG-CNC-g-PS-mPV150,286/60 vs. 43.2 kg/mol for MxG-CNC-g-mPV-PS86,329/64), total 

polymer volume fractions (60 vs 64 vol%) and grafting densities (ca. 0.02 chains/nm2). However, 

the inner block to outer block ratio is not identical, with fPS = 0.35 for MxG-CNC-g-PS-

mPV150,286/60 vs. fPV = 0.21 for MxG-CNC-g-mPV-PS86,329/64. As a result, the volume fractions of 

mPV polyelectrolyte differ, which is taken into account when calculating the effective conductivity 

of the materials. SEM shows that both films have similar structures to those observed in the MxG-

CNC-g-mPV286/82 sample (Figures S3.22-S3.26).  
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Figure 3.4: a) A cartoon of the two diblock grafted CNCs with either mPV (MxG-CNC-g-mPV-

PS86,329/64) or PS (MxG-CNC-g-PS-mPV150,286/60) directly attached to the CNC surface. b) 

Effective conductivities (considering only the volume fraction of mPV) of the two diblock-grafted 

PEGN plotted against relative humidity along with homopolymer and MxG-CNC-g-mPV68/33. 

Experimental standard deviation is less than the marker size on graphs. See Figure S3.27 for 

measured data (not adjusted for vol% of CNC). 

When the PS block is covalently attached to the CNC (MxG-CNC-g-PS-mPV150,286/60), a 

significant reduction in effective ionic conductivity (corrected for the volume fraction of mPV 

relative to the other components (PS and CNC)) of the mPV is observed (Figure 3.4b). Measured 

conductivity data of the samples are shown in Figure S3.27. It appears that the introduction of a 

hydrophobic/non-conducting boundary layer between the ion-conducting mPV and the CNC 
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results in the conductivity dropping to a value more akin to the homopolymer, consistent with the 

CNC/polyelectrolyte interface playing an important role in the iodide ion transport (Figure 3.4a). 

If this CNC/polyelectrolyte interface does play a role then it can be expected that attaching the 

ion-conducting mPV block directly to the CNCs (and having the PS as the outer block) should 

yield a very different effect. Intriguingly, the MxG-CNC-g-mPV-PS86,329/64 films needed longer 

equilibration times at a given relative humidity to reach a consistent conductivity value, 

presumably on account of the hydrophobic PS outer block layer slowing down water transport into 

these films. Nonetheless, the equilibrated effective conductivity of the mPV inner block in MxG-

CNC-g-mPV-PS86,329/64 shows a similar enhancement in conductivity to that of MxG-CNC-g-

mPV68/33 (Figure 3.4b) confirming that the conductivity enhancement is dependent on the 

CNC/polyelectrolyte interface 

Having confirmed the effect of the CNC/polyelectrolyte interface on the ion conductivity 

of these PEGNs, it can be expected that their ion conductivity will be impacted by the overall 

CNC/polyelectrolyte interfacial area. The grafted polymer molecular weight and grafting density 

can be used to alter the overall interfacial area in the PEGNs. However, it is important to note that 

doing this will also vary the volume fraction of the polymer as well as impact the brush 

regime/conformation of the grafted polymer. Thus, to get a better understanding of the 

structure/property relationships in this class of ion-conducting materials the PEGNs with different 

polymer graft molecular weight, density and volume fraction (Table 3.1) were reacted with 

iodomethane as before and their ionic conductivity studied. For all these studies the PEGN films 

are measured in-plane and at 95% relative humidity.  
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Figure 3.5.  Effective conductivities of the mPV in the methylated PEGN films with a) similar 

grafting density but different molecular weight and grafting density, b) same volume fraction but 

differing molecular weights and grafting density, and c) same molecular weight grafted 

polyelectrolyte but different grafting density and volume fraction. Dotted lines correspond to 

conductivity of methylated homopolymer and all conductivity data is obtained from 95% relative 
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humidity and room temperature samples. Experimental standard deviation of n=2 showed error on 

graphs. See Figure S3.28 for the measured conductivity of the films (not adjusted for vol% of 

CNC). 

Figure 3.5a shows the effective conductivity (σeff) of MxG-CNC-g-mPV PEGN samples 

with similar grafting density (calculated grafting densities of ca. 0.07 ± 0.02 chains/nm2) but with 

different molecular weight grafts. Of course, increasing the molecular weight of the graft also 

increases the polymer volume fraction. Comparing MxG-CNC-g-mPV68/57, MxG-CNC-g-

mPV113/62, MxG-CNC-g-mPV150/66, MxG-CNC-g-mPV286/82, σeff decreases from 116±7 to 21±2 

mS/cm, approaching the homopolymer conductivity value (3.3±0.4 mS/cm) with the highest 

molecular weight polymer grafts. Thus, as the molecular weight increases, and the CNC surface 

area to polymer volume decreases, the conductivity of the hydrated grafted polymer chains 

behaves more like the hydrated homopolymer, displaying a reduced conductivity enhancement. 

This is consistent with CNC/polyelectrolyte interface playing a significant role in the conductivity 

enhancement. 

This raises the question of what happens if the polymer volume fraction is kept the same, 

but the grafting density is altered (which can be done by varying the molecular weight of the graft). 

If the CNC/polyelectrolyte interface was the only controlling factor to conductivity enhancement, 

samples with similar volume percent of polymer ought to show similar levels of enhancement. 

However, Figure 3.5b clearly shows that this is not the case as all the PEGNs have a polymer 

volume fraction of ca. 0.57 and resulting σeff ranges from 110 (for MxG-CNC-g-mPV68/57) to 21 

mS/cm (for MxG-CNC-g-mPV286/57). Thus, the highest conductivity is observed for the PEGN 

with the lowest degree of polymerization (68) and highest grafting density (0.09 chains/nm2). 
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Clearly, the degree of enhancement in conductivity differs depending on the molecular weight and 

grafting density even at similar volume percent polymer, suggesting that the nature of the 

CNC/polyelectrolyte interface plays a role in the conductivity enhancement in addition to simply 

the amount of nanofiller surface area. 

To further probe the nature of the CNC/polyelectrolyte interface, the molecular weight was 

held constant at degree of polymerization while the grafting density was increased, which also 

results in an increasing overall volume of polymer and a decreasing CNC/polyelectrolyte 

interfacial surface area. Figure 3.5c shows that there is an increase in σeff (77±10 to 140±10 

mS/cm) for MxG-CNC-g-mPV68/y polymer graft series films as the grafting density increases 

(0.03 to 0.12 chains/nm2). Thus, while the data in Figure 3.5a shows a strong relationship between 

the conductivity and the CNC/polyelectrolyte interfacial surface area, the data in Figure 3.5b,c 

show that the density of polymer grafts also play a significant role in the materials’ ionic 

conductivity. One possible explanation for this could be the changing conformation of the grafted 

polymer at higher densities aiding ion transport.   

The ability to enhance the effective conductivity of ionic polymers grafted to CNCs relative 

to homopolymer represents an interesting benefit for the use of CNCs in ion conducting materials.  

Polymers grafted to other surfaces have shown mixed effects on conductivity. For example, 

previous work on mPV brushes grafted to flat silica surfaces have not shown conductivity 

enhancement relative to ungrafted mPV,30,55 albeit in those studies lower molecular weights of PV 

(1.3 kg/mol grafted vs 6.2 kg/mol ungrafted) and higher grafting densities (5 chains/nm2) were 

investigated. A drop in conductivity with dense polymer grafts (1.2 chains/ nm2) has been 

measured in PEO brushes with LiTFSI which was attributed to reduced segmental mobility of the 
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polymer.31  Thus, measuring the increase in effective conductivity of the MxG-CNC-g-mPV 

system compared to mPV, highlights the impact of the CNC interface. The enhancement in 

conductivity effect by the CNC interface is further supported by the high anisotropy of in-plane vs 

through-plane conductivity. Literature examples of ionically conductive nanocomposites based on 

randomly aligned nanorods with beneficial surface-polymer interactions show greater 

enhancement than nanospheres.4 This enhancement is attributed to the long, continuous surfaces 

that the nanorods provide which permits a more efficacious usage of the beneficial surface-

polymer interactions. As further evidence for the interfacial conductivity enhancement, when 

considering the layered structural anisotropy in the PEGN films (Figure 3.2c-d), one would expect 

a high conductivity anisotropy if the CNC interface is the driving factor in the conductivity 

enhancement. Thus, the conjunction of the extended network of in-plane layers shown in the SEM 

images in Figure 3.2c-d with conductivity enhancement via in-plane measurements in Figure 3.3b 

supports that the CNCs are providing a beneficial CNC/polyelectrolyte interaction with the iodide 

containing mPV polymer.  
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3.5   CONCLUSION 

The iodide ion conductivity of mPV in these PEGN films, which have as much as 67 vol% 

CNC, show a remarkable deviation from homopolymer conductivity. Taken together, the 

anisotropic conductivity, the grafted diblock copolymer studies, and the impact of polymer 

molecular weight and graft density all point towards a positive interfacial effect between the mPV 

and the CNC surface which causes the enhancement in conductivity along the length of the CNC. 

The exact reason for this enhanced conductivity is not fully understood, however possible 

hypotheses for this effect include the concentration of water at the CNC surface, surface-aided ion 

dissociation, and the presence of surface charges (carboxylate ions) on the CNCs. Recently the 

conductivity of mPV has been shown to be impacted by the relative humidity of the environment 

because the water not only enhances the polymer dynamics but also facilitates ion hopping.69 In 

particular, water helps to shorten ion-pyridinium association time and assists ions to hop by 

temporarily providing additional coordination. Cellulose nanocrystals are hydrophilic and well-

known to increase water uptake in matrix materials.44,70,71 This was confirmed in the MxG-CNC-

g-mPV PEGNs as the nanocomposites had higher water uptake than the mPV homopolymer (20 

wt% vs 10 wt%). Thus, not only may there be more available carriers due to the additional 

dissociated ions, but a concentration of water at the CNC surface may act as potential pathways 

for venturing from hopping site to hopping site, increasing both carrier number and carrier 

mobility. The surface functionality of the CNCs, which consists of alcohols, amides, and 

carboxylic acids, may interact with the quaternary pyridinium iodide, aiding in the ion dissociation 

and thus increasing conductivity yet also impact the hydrophilicity of the CNC surface.72,73  

Specifically, hydrogen bonding from the alcohol and amide functionalities may aid ion 

disassociation while residual surface charge from the carboxylate may help to shorten ion-
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pyridinium association time. Future studies are needed to tease apart these inter-related 

hypotheses, as well as to determine the specific mechanism for the nature of the polymer/CNC 

interface impacting the conductivity enhancement which will be investigated in later chapters. 

Nonetheless, the ability of the CNC/polyelectrolyte interface to enhance ion conductivity, along 

with the known ability of PEGNs to exhibit enhance mechanical properties, offers a route to 

designing new robust, ion conductive membranes for a range of electrochemical energy production 

or storage applications.74  
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3.6   SUPPLEMENTAL INFORMATION 
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Scheme S3.1: Synthesis of the chain transfer agent phthalimidomethyl hexyl trithiocarbonate 

 

 

Figure S3.1: 1H NMR (500 MHz, CDCl3) spectra of phthalimidomethyl hexyl trithiocarbonate 
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Figure S3.2: 13C NMR (101 MHz, CDCl3) spectra of phthalimidomethyl hexyl trithiocarbonate 
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Table S3.1: Homopolymer Synthesis Summary 

  
Mn,1H NMR 

(g/mol) 
Mn, GPC-MALS 

(g/mol) 

Degree of 
Polymerization 

(DP) Dispersity, Đ 
PV-SH68 6900 7100 68 1.14 
PV-SH113 11100 11900 113 1.20 
PV-SH150 15700 15800 150 1.24 
PV-SH286 29400 30000 286 1.17 

PS324 34100 34200 329 1.02 
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Figure S3.3: 1H NMR (500 MHz, CDCl3) spectra of PV68 (top, teal) and PV-SH68 (bottom, red) 

which shows the diminishment of the 3.3 ppm peak indicative of trithiocarbonate to thiol 

conversion 
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Figure S3.4: 1H NMR (500 MHz, CDCl3) spectra of PV68, PV113, PV150, and PV286 which permit 

analysis of molecular weight by end group analysis 
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Figure S3.5: GPC-MALS of PV68 (black) and PV-SH68 (red). 

  

Figure S3.6: GPC-MALS PV-SH68, PV-SH113, PV-SH150, and PV-SH286. 
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Figure S3.7: UV-Vis of a) PV68 and b) PV-SH68 with demarcation of the diminution of the 310 

nm peak 
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Table S3.2: Diblock copolymer synthesis summary with regard to each block 

 

Mn, 1, 
1H 

NMR 
(g/mol) 

Mn, 1, 
GPC-
MALS 
(g/mol) 

Mn, 2, 
GPC-
MALS 
(g/mol) fPV 

Mn Total 
(g/mol) 

Mn Total 
(g/mol) 

Dispersity, 
Đ 

PV-PS-
SH286,150 29400 30000 15600 0.65 44100 45600 1.17 
PS-PV-
SH329,86 34100 34200 9000 0.21 42600 43200 1.13 

 

 

Figure S3.8: Thermal Gravimetric Analysis (TGA) of MxG-CNC before and after TEMPO 

oxidation (under nitrogen atmosphere with a heating rate of 10 °C/min). 
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Figure S3.9: WAXS of MxG-CNC-COOH with labeled crystalline peaks and Gaussian fit to 

calculate crystallinity index. The Gaussian peaks corresponding to the various CNC crystal planes 

are notated by color. Note that original WAXS data is offset for clarity. 
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Figure S3.10: AFM height images of a) MxG-CNC-COOH and b) MxG-CNC-Allyl cast on poly-

L-lysine coated mica 
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Figure S3.11: SEM of a) MxG-CNC-COOH and b) MxG-CNC-Allyl as cast from solvent 

exchanged solution and coated in 2 nm Pt/Pd 
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To calculate the volume fraction of polyelectrolyte (𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃) in the MxG-CNC-g-mPV 

system, the following equation is used in accordance with literature precedent,75 

 

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑃𝑃𝑃𝑃 =

Φ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑓𝑓𝑃𝑃2𝑉𝑉𝑉𝑉 +
Φ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚
𝑀𝑀𝑀𝑀2𝑉𝑉𝑉𝑉

𝑥𝑥𝑀𝑀𝑀𝑀𝑀𝑀𝐼𝐼
𝜌𝜌𝐼𝐼

𝑓𝑓𝑃𝑃𝑃𝑃
Φ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

+
Φ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑀𝑀𝑀𝑀2𝑉𝑉𝑉𝑉

𝑥𝑥𝑀𝑀𝑀𝑀𝑀𝑀𝐼𝐼
𝜌𝜌𝐼𝐼

𝑓𝑓𝑃𝑃𝑃𝑃 + Φ𝐶𝐶𝐶𝐶𝐶𝐶
𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶

  

 

S3.1 

where Φ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 and Φ𝐶𝐶𝐶𝐶𝐶𝐶 are the weight fractions of polymer and CNC, respectively, 𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, 𝜌𝜌𝐼𝐼, 

and 𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶 are the densities of the polymer, iodomethane, and CNC, respectively, 𝑀𝑀𝑀𝑀2𝑉𝑉𝑉𝑉 and 𝑀𝑀𝑀𝑀𝐼𝐼 

are the molecular weights of 2-vinylpyridine and iodomethane, 𝑓𝑓𝑃𝑃𝑃𝑃 is the weight fraction of PV in 

a grafted PS-PV diblock copolymer and 𝑥𝑥𝑀𝑀is the methylation percentage of the polymer (65% in 

all cases). In this work, Φ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝and Φ𝐶𝐶𝐶𝐶𝐶𝐶 are determined by thermogravimetric analysis while 

𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is determined by gel permeation chromatography, multiangle light scattering. 

Literature values of 1.5 g/cm3 and 1.08 g/cm3 was used for 𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶 and 𝜌𝜌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 for PV and diblock 

copolymers, respectively.41,63 For the case of grafted diblock copolymers, the individual block 

wt% must also be taken into account.  

The surface density of allyl groups (𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎), as number of allyl groups per nm2, is given by, 

 
𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶

=
𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝜌𝜌𝐶𝐶𝑁𝑁𝑁𝑁𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝐴𝐴

𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶
  

 

S3.2 

where 𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the number of allyl sites per CNC, 𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is the density of allyl groups given as 

mmol/kg, 𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶 is the CNC density, 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 is the volume of an individual CNC, and 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶 is the 
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surface area of an individual CNC. For determining 𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎, the difference was taken of sample 

conductometric titration before adding allylamine (1000 mmol/kg) and after (400 mmol/kg) 

resulting in a value of 600 mmol of allyl groups per kg of CNC. Literature values of 1.5 g/cm3 was 

used for 𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶.41 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 and 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶 are both calculated using literature values for MxG-CNC, a 

rectangular prism with dimensions 8.5nm by 2.8nm by 300nm as determined by SANS.45  The 

value of 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is calculated to be 0.55 allyl groups per nm2. 

To calculate the polymer grafting density on CNC, 𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, the density of polymer chains 

(𝜑𝜑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) as given as mmol/kg can be defined as 

 
𝜑𝜑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

Φ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

Φ𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 

 

S3.3 

where Φ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the weight fraction polymer, Φ𝐶𝐶𝐶𝐶𝐶𝐶 is the weight fraction CNC, and 𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

is the polymer molecular weight. By performing a similar analysis to equation S3.2 and inserting 

equation S3.3, the polymer grafting density on CNC can be defined as  

 
𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

Φ𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝜌𝜌𝐶𝐶𝐶𝐶𝐶𝐶𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝐴𝐴
Φ𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶

 

 

S3.4 

 

where all of the input quantities are either literature values or measured quantities. The conversion 

of allyl sites to polymer grafted sites, 𝑥𝑥, can be defined as, 
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𝑥𝑥 =

𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

=
Φ𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

Φ𝐶𝐶𝐶𝐶𝐶𝐶𝜑𝜑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑀𝑀𝑀𝑀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
 

 

S3.5 

and has calculated values ranging from 4% to 21% depending on molecular weight of grafting 

polymer and number of times of re-reaction. 
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Figure S3.12: ATR-FTIR of MxG-CNC-Allyl and MxG-CNC-g-PV68/26, with arrows 

highlighting the reduction of the C=C-H bend shoulder ca. 960-1010 cm-1. 
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Figure S3.13: UV-Vis derived concentration data of PV-SH286 in methanol  

Table S3.3: Concentration data and percentages of free polymer for given numbers of 

centrifugations of MxG-CNC-g-mPV286/62 

# of 
centrifuges 

Concentration 
(mol/ml) 

Polymer Removed 
(mg) Free Polymer % 

1 44.7 1650 827% 
2 1.79 64.6 32% 
3 0.441 15.9 8% 
4 0.373 4.47 2% 
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Table S3.4: Summary of all PGN samples 

Sample Molecular Weight, 
Mn  (g/mol) of 
polymer graft 

Wt% 
Polymer 

Vol% 
Polymer 

Vol% 
Polymer when 

methylated 

Grafting 
Density 

(chains/nm2) 
MxG-CNC-g-

mPV68/33  7100 20% 26% 33% 0.03 
MxG-CNC-g-

mPV68/57  7100 40% 48% 57% 0.09 
MxG-CNC-g-

mPV68/59 7100 42% 50% 59% 0.10 
MxG-CNC-g-

mPV68/64 7100 47% 55% 64% 0.12 
MxG-CNC-g-

mPV113/57  11900 40% 48% 57% 0.05 
MxG-CNC-g-

mPV113/62 11900 45% 53% 62% 0.06 
MxG-CNC-g-

mPV150/57  15800 40% 48% 57% 0.04 
MxG-CNC-g-

mPV150/66 15800 50% 58% 66% 0.06 
MxG-CNC-g-

mPV286/62 30000 45% 53% 62% 0.03 
MxG-CNC-g-

mPV286/82 30000 70% 76% 82% 0.07 
MxG-CNC-g-PS-

mPV150,286/60 45600 50% 58% 60% 0.02 
MxG-CNC-g-

mPV-PS86,329/64 43200 50% 58% 64% 0.02 
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Figure S3.14: Thermogravimetric analysis (TGA) of MxG-CNC-g-mPV68/33 and MxG-CNC-g-

mPV286/82 before (a, b) and after (c, d) methylation under nitrogen atmosphere with a heating rate 

of 10 °C/min. 
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Figure S3.15: X-ray photoelectron spectroscopy (XPS) of nitrogen 1S peak comparing MxG-

CNC-Allyl and both methylated and unmethylated a) MxG-CNC-g-mPV68/33 and b) MxG-CNC-

g-mPV286/82 and the iodide 3D peaks comparing MxG-CNC-Allyl and both methylated and 

unmethylated c) MxG-CNC-g-mPV68/33 and d) MxG-CNC-g-mPV286/82.  
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Figure S3.16: Measured degree of methylation of MxG-CNC-g-mPV68/33 and MxG-CNC-g-

mPV286/82 obtained from TGA and XPS data. 

 

Figure S3.17: SEM of various MxG-CNC-g-mPV, as labeled coated in 2 nm Pt/Pd 
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Figure S3.18: Characteristic TGA for measuring the water uptake of MxG-CNC-g-mPV286/82 at 

95% RH 
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Figure S3.19: a) Measured water uptake and b) calculated water uptake of mPV component 

(adjusted for volume fraction of CNC) for MxG-CNC-g-mPV68/64 and MxG-CNC-g-mPV286/82  
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Figure S3.20: Nyquist plot and model fit for in-plane MxG-CNC-g-mPV68/33  

 

Figure S3.21: SEM of mPV68 with 10 vol% MxG-CNC-Allyl noting a flat surface in comparison 

to the individualized nanofibers of Figure S3.16. 
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Scheme S3.2: Synthesis of the thiol-endcapped PS-PV block copolymers 

 

 

Figure S3.22: 1H NMR (500 MHz, CDCl3) spectra of PS329 and PS-PV-SH329,86. Integration yields 

a fPV = 0.21. 
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Figure S3.23: 1H NMR (500 MHz, CDCl3) spectra of PV286 and PV-PS-SH286,150. Integration 

yields a fPV = 0.65. 
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Figure S3.24: PS-PV-SH329,86 (red) and PS329 (black) GPC-MALS traces. Some chain end 

coupling is noted. 

 

  

Figure S3.25: PV-PS-SH286,150 (red) and PV286 (black) GPC-MALS Traces 
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Figure S3.26: SEM of a) MxG-CNC-g-PV-PS86,329/58  and b) MxG-CNC-g-PS-PV150,286/58 coated 

in 2 nm Pt/Pd. 

 

 

Figure S3.27: Measured conductivity data of the two diblock-grafted samples plotted against 

relative humidity along with mPV homopolymer (measured by IDE) for comparison (data adjusted 

for mPV volume fraction is shown in Figure 3.4b). 
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Figure S3.28: Measured conductivities of the mPV in the methylated PEGN films with a) similar 

grafting density but different molecular weight and grafting density, b) same volume fraction but 

differing molecular weights and grafting density, and c) same molecular weight grafted 

polyelectrolyte but different grafting density and volume fraction. Dotted lines correspond to 

conductivity of methylated homopolymer and all conductivity data is obtained from 95% relative 

humidity and room temperature samples. (data adjusted for mPV volume fraction is shown in 

Figure 3.5).  
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4.1   INTRODUCTION 

Previous literature investigation of aligned nanofiber-based nanocomposites, as compared 

to either nanorods or nanosphere inclusions, yielded the greatest degree of enhancement in 

conductivity within the same set of materials. For example, work by Liu et al. utilized 

Li0.33La0.557TiO3 nanofiller with LiClO4 in poly(acrylonitrile) due to beneficial surface-matrix 

interactions by participating in lithium-ion transport for enhanced conductivity. Initial work 

established that nanowires  enhanced ionic transport better than spherical nanoparticles at similar 

loadings due to extended regimes of enhanced transport along the nanorods compared to the 

spheres.1 Building upon this finding, well aligned nanorods established by electrospinning yielded 

even greater ionic conductivity, enhancing it by greater than an order of magnitude compared to 

random nanorod orientations. Additionally, the angle of nanorods compared to the applied current 

was experimentally and computationally studied resulting in good agreement, which showed that 

perfectly parallel (highest conductivity) compared to perpendicular (lowest conductivity) 

orientation had over 3 orders of magnitude difference in conductivity. Thus, if measurement setups 

either align nanofiller perpendicular or parallel to applied electric fields, particularly of 

conductivity enhancing interfaces, the impact on ionic conductivity can be massive. 

The discovery of enhancement in ionic conductivity of polymer electrolyte grafted 

nanoparticles (PEGNs) based on methylated poly(2-vinylpyridine) (mPV) grafted to cellulose 

nanocrystals (CNCs) solvent cast to form MxG-CNC-g-mPV films shown in chapter 3 was a 

fortuitous outcome of attempting to confirm the volume fraction of grafted polymer via 

interpolation from ionic conductivity measurements. However, in doing so, the initial 

measurement setup yielded an intriguing double hemisphere in Nyquist plot (used to calculate the 

conductivity) of the electrical impedance spectroscopy (EIS) for the in-plane sample with only a 
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single hemisphere for the through-plane measurement. A single hemisphere can be correlated to 

physically intuitive Randall cell model, which can then be used to determine the material 

conductivity.2,3 However, two-hemispheres would correlate to two conductivity values,2 a surprise 

for this system. Nonetheless, looking at both calculated values, a strong anisotropy in conductivity, 

made the material system intriguing with in-plane conductivity showing an order of magnitude 

enhancement.  

To probe this effect, the material structure and ionic conductivity were investigated using 

Scanning Electron Microscopy, Wide Angle X-Ray Scattering, and variations on the experimental 

setup for EIS. The results of those experiments constitute this chapter.  
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4.2   EXPERIMENTAL METHODS 

4.2.1   Instrumentation 

Scanning Electron Microscopy (SEM): SEM images of the cast films were taken with the Carl 

Zeiss−Merlin field emission scanning electron microscope. The acceleration voltage was 1.0 kV 

with a working distance of 2 to 3 mm using an in-lens detector. Two nanometers of Pt/Pd was 

sputtered onto the surface of the device using the Cressington 108 Auto Sputter Coater to reduce 

electron beam charging and improve the image quality. 

Wide Angle X-Ray (WAXS): WAXS experiments were performed on a laboratory SAXSLAB 

GANESHA 300 XL system. On the GANESHA system, samples were irradiated using a Cu Kα 

source (λ = 0.154 nm) at a voltage of 40 kV for 30 min. Through-plane measurements were 

performed by irradiating perpendicularly to the cast film while in-plane measurements were 

performed by irradiating films attached to a silicon substrate in a parallel method. 

Atomic force microscopy (AFM). The dimensions of MxG-CNC-g-PV were investigated by Asylum 

Research Oxford Instruments Cypher ES AFM. A drop of CNCs suspension (0.01 wt%) was placed on a 

freshly cleaved mica surface which was pretreated with poly-l-lysine solution, and then rinsed off after 

five minutes. The images were acquired using AC Tapping mode. The sizes of nanoparticles were 

analyzed by Gwyddion software. 

Electrochemical Impedance Spectroscopy (EIS): The electrochemical properties of the samples 

were probed using the Gamry reference 600 potentiostat/galvanostat. AC electrical impedance 

spectroscopy (EIS) measurements were made from 1 MHz to 1 Hz by connecting the samples in 

either an in-plane or through-plane method. For through-plane measurements, the film sample was 

connected between sheets of Pt foil to the potentiostat/ galvanostat. For in-plane measurements, 

the film sample was connected via either platinum wire connections using a Teflon holding 
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mechanism or via larger Pt/ Pd 20 nm deposited pads with the Cressington 108 Auto Sputter Coater 

An amplitude voltage of 10 mV was used. The measurements were made in a chamber with 

controlled temperature (25 °C) and relative humidity (65-95% RH) after an equilibration period of 

2 hrs. For in-plane measurements on interdigitated electrodes (IDEs), samples were prepared on 

IDEs using an identical method to the AFM samples and connected to the potentiostat. 
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4.2.2   Material Synthesis 

The t-CNC-g-mPV films studied in this chapter were synthesized in a similar manner to materials 

described in Chapter 3. A detailed synthetic scheme is described elsewhere (see also Chapter 3). 

Specifically, tunicate (t) CNCs with allyl surface functionality were prepared as previously 

described. α-Phthalimidomethyl-ω-thiolpoly(2-vinylpyridine) (PV-SH) was synthesized via 

RAFT polymerization of 2-vinylpyridine followed by reduction of the trithiocarbonate via 

aminolysis. In distinction to the thermally driven radical generation of radicals for thiol-ene 

reactions in Chapter 3, t-CNC-g-PV nanoparticles were synthesized using Phenylbis(2,4,6-

trimethylbenzoyl)phosphine oxide (BAPO) to generate radicals via UV light, following the same 

1:1:0.1 ratio of allyl group to polymer thiol to BAPO. All molecular weights and dispersities were 

determined via GPC-MALS (THF) with corresponding 1H NMR characterization. Weight percent 

of polymer was calculated via Thermal gravimetric analysis, with volume percent polymer and 

grafting density calculations following previously described analysis from Chapter 3. 
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4.3   RESULTS AND DISCUSSION 

The material investigated in this work is t-CNC-g-PV68/26 which becomes t-CNC-g-

mPV68/33 when methylated with iodomethane to introduce the conductive iodide. In this 

nomenclature, the grafted polymer has a degree of polymerization of 68, with a volume percent of 

grafted polymer either of 26% prior to methylation or 33% after methylation. The synthetic scheme 

of this materials is shown in Scheme 4.1, where the principal distinction from the work in Chapter 

3 is the use of Tunicate CNCs and a BAPO radical initiator. 

 

Scheme 4.1: Synthesis of t-CNC-g-mPV68/33 using thiol-ene reaction to attach thiol terminated 

poly(2-vinylpyridine) (PV-SH) to tunicate sourced CNCs with attached allyl functionality (t-

CNC-Allyl) to make t-CNC-g-PV68/26, after which reaction with iodomethane produces the 

desired product. 
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EIS measurements of t-CNC-g-mPV68/33 shows standard Randell cell-based Nyquist plots 

for through-plane measurements however in-plane shows two hemispheres corresponding to two 

electrochemical processes, which in literature is correlated with two conductivities.2  The 

resistance of a material film, Rfilm, can be modeled by fitting a Randell cell to the Nyquist plot 

hemisphere. Figure 4.1 shows the Nyquist plots of t-CNC-g-mPV68/33 alongside the experimental 

set ups for through-plane and in-plane measurements. Specifically, Figure 4.1d shows a perfect 

example of a Randell cell setup with a single hemisphere, which is clear evidence for a single, 

principal electrochemical process namely ionic conductivity for the through-plane measurement.4 

However, Figure 4.1e shows two hemispheres corresponding to two electrochemical processes. 

Given that conductivity, σ, is defined by, 

 𝜎𝜎 = 𝑑𝑑/(𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝐴𝐴) (4.1) 

where d is the separation distance between electrodes and A is the cross-sectional area probed, 

understanding which hemisphere to fit, and thus which electrochemical process corresponding to 

in-plane conductivity, is of utmost importance to determine. 
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Figure 4.1: Optical image of the a) through-plane and b) in-plane instrument for measuring 

electrical impedance spectroscopy, c) cartoon depiction of the through-plane and in-plane, d) 

through plane and e) in-plane Nyquist plots of the t-CNC-g-mPV68/33 film at 85% RH 

Scanning electron microscopy (SEM) images (Figure 4.2) show the top down and cross-

sectional images of the t-CNC-g-mPV68/33 film which helps to elucidate the structure of the PEGN 

film. The top-down image (Figure 4.2a) shows well-defined, individualized nanorods. Further 

results in Chapter 3 showed similar morphologies in both higher molecular weight and higher 

grafting density samples with higher polymer content filling in the void structure. The cross-

sectional image (Figure 4.2b) shows clear layered morphologies where the layered are 

perpendicular to the film thickness and run parallel to the casting surface. The formation of these 
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layers is consistent with evaporation-induced self-assembly (EISA) which has been observed 

before in nanorod films, and throughout CNC based PGN films in this body of work.5–8 

 

Figure 4.2: Scanning electron microscopy of t-CNC-g-mPV68/33 from a) top-down and b) cross-

sectional directions. 

Analysis of the wide-angle x-ray scattering (WAXS) data for the t-CNC-g-mPV68/33 film 

confirms the layered structure evident in the SEM images. Figure 4.3a shows the WAXS with the 

x-ray beam perpendicular to the sample. The images show clear isotropy regarding the azimuthal 

orientation of the signal. As a note, this corresponds to the cellulose interchain spacing in the CNC 

component of the nanoparticles, with the [1-10], [110], [102]/[012] and [200] peaks being most 

evident at qy=1.05. 1.15, 1.5, and 1.6 A-1 at qx=0 respectively, which aligns well with literature 
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precedent.9–11 In contrast, Figure 4.3b shows the WAXS parallel to the film, as if one was looking 

down the cross-sectional SEM in Figure 4.2b. The image in Figure 4.3b shows a clear anisotropy, 

with the [102]/[012] signal being absent in the y direction but concentrated in the x direction while 

the [1-10] and [200] signals being strengthened in the y direction but absent in the x direction. This 

too aligns with literature precedent of aligned CNC samples further confirming the layered 

structure in the t-CNC-g-mPV68/33 film.11 

 

Figure 4.3: Wide angle x-ray scattering (WAXS) of t-CNC-g-PV68/26 film a) perpendicular to the 

film (through-planes) and b) parallel to the film (in-plane). 

With the layered structure confirmed, electrical impedance spectroscopy can be used to 

further analyze the t-CNC-g-mPV68/33 films. By changing the measurement parameters (the 

length, width, and thickness) of the sample, the in-plane measurement can better determine which 

hemisphere aligns with the material conductivity. For the in-plane measurement, the film 

resistance (𝑅𝑅𝑓𝑓𝑓𝑓𝑙𝑙𝑚𝑚) defined in eqn 4.1 can be rearranged to become 
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𝑅𝑅𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =

1
𝜎𝜎
∗

𝑙𝑙
𝑤𝑤 ∗ 𝑡𝑡

 
(4.2) 

where 𝑙𝑙 is the length of film between the electrodes, 𝑤𝑤 is the measured width of the films, and 𝑡𝑡 it 

the measured thickness of the films. As a note, the resistance of a material will correspond with 

the diameter of the hemisphere in the impedance, which is normally accounted for in fitting the 

data. Thus, by halving the width, one would expect the resistance to be doubled, while halving the 

length, one would expect the resistance to be halved. Figure 4.4 shows the Nyquist plots of t-

CNC-g-mPV68/33 films with varied measurement parameters at 95% RH, with Figure 4.4a 

showing the control measurement. As the width, length, and both parameters are changed (Figure 

4.4b-d), the first hemisphere (low impedance) changes exactly as would be expected, while the 

second hemisphere (higher impedance) remains constant throughout the different measurements. 

This offers clear evidence that the first hemisphere corresponds to the in-plane resistance of the 

film, but still leaves the second hemisphere as a mystery. 



 
 

205 
 

 

Figure 4.4: Nyquist plots of t-CNC-g-mPV68/33 films with varied measurement parameters at 95% 

RH. a) Control film, b) half width, c) half length, d) both half width and length. 

The through-plane and in-plane conductivity of the t-CNC-g-mPV68/33 films were 

measured as a function of relative humidity (Figure 4.5b, open circles). The in-plane measurement 

of t-CNC-g-mPV68/33 showed higher conductivity than homopolymer (methylated 20 kg/mol 

purchased PV) data (prepared by methylation of a film of PV  measured on interdigitated electrodes 

(IDEs))12 across all measured relative humidities even though the PEGN film consists of 67 vol% 

(when dry) of the non-conducting crystalline CNC. Note, it was not possible to obtain reliable data 

from the homopolymer using the set up in Figure 4.1a on account of brittle fracture at low RH 

and material flow at high RH during, which demonstrates the enhanced material robustness of the 
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PEGN film system relative the homopolymer.13 IDE based conductivity measurements were 

employed, which are known to accurately reflect material conductivity.3  

 

Figure 4.5: Comparison of the room temperature conductivity (and effective polymer 

conductivity taking into account the CNC volume) of MxG-CNC-g-mPV68/33 both in-plane (IP) 

and through-plane (TP) as well as homopolymer conductivity versus relative humidity. 

Experimental standard deviation of n=4 showed error of ~13% which is less than the marker size 

on graphs. 

The in-plane conductivity of t-CNC-g-mPV68/33 films is an order of magnitude higher than 

the through plane conductivity, 30±4 mS/cm as compared to 1.1±0.1 mS/cm at 95% relative 

humidity. Given that a significant percentage of the PEGN film consists of the non-ion-conducting, 

crystalline CNC and the degree of polymer methylation is similar (65%) between the different 

samples, an effective polymer conductivity, σeff, was calculated which considers that the ion 

conductivity is only occurring through the polyelectrolyte volume fraction, and is defined as  
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 σeff=σ/ΦV (4.3) 

where ΦV is the polymer volume fraction. Using the effective conductivity in Figure 4.5b (filled 

circles), the in-plane conductivity rises an order of magnitude higher than the homopolymer to an 

in-plane value of σeff of 92±10 mS/cm while the through-plane conductivity of 3.6±0.5 mS/cm now 

roughly corresponds with the homopolymer measurement of 6.0±0.4 mS/cm, all at 95% relative 

humidity.  

Interdigitated electrodes (IDEs) offer another method of determining material conductivity, 

specifically enabling the measurement of the in-plane conductivity of the MxG-CNC-g-mPV68/33 

samples. Figure 4.6a shows the atomic force microscopy of the MxG-CNC-g-PV68/20 samples 

showing a monolayer of interconnected nanorods. Additionally, the film displays open, void like 

components lacking PGN material. Figure 4.6b shows the in-plane Nyquist plot of the MxG-

CNC-g-mPV68/33 sample on the IDEs. Importantly, the signal displays only a single hemisphere 

as opposed to Figure 4.1e in which the in-plane measurement displayed two characteristic 

hemispheres. Showing a single hemisphere indicates that measuring a single electrochemical 

process is possible, clearing any interpretive difficulty of modeling conductivity from the EIS 

spectra. In plotting the conductivity data in Figure 4.6c, the IDE based measurement falls below 

by one third of the interpretive spectra from the two hemisphere results (Figure 4.5) while still 

displaying the conductivity enhancement above the ungrafted homopolymer samples. This 

difference can be attributed to the void spacing seen in the AFM results which although showing 

percolating pathways, still displays large non-conductive voids in the film.  
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Figure 4.6: a) AFM images of MxG-CNC-g-PV-68-20 on cleaved mica, b) Nyquist plot of in-

plane measurements of MxG-CNC-g-mPV-68-33 on IDEs, and c) Conductivity comparing MxG-

CNC-g-mPV-68-33 films vs MxG-CNC-g-mPV-68-33 on IDEs as well as homopolymer as a 

function of relative humidity. 

In order to probe the nature of the second hemisphere, the applied pressure to the in-plane 

electrodes was changed. As the electrodes are pressed into the films, changing the applied pressure 
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controls the electrode interface. Although the specific amount of applied stress is not measured, 

the relative stresses, either by lessening the amount of applied pressure or taking the applied 

pressure beyond finger tight, can be compared on the same measured sample, which is shown in 

Figure 4.7. Figure 4.7a shows when pressure is lessened, whereupon there is too little pressure 

for good contact and subsequently high resistance that has no relevance to the material measured. 

However, when analyzing the effect of medium pressure (what is done for all the measurements 

so far) and high pressure, the change in the Nyquist plot is distinct. Specifically, Figure 4.7b shows 

that there is no change in the first hemisphere, while the second changes as to be more resistive 

for high pressure. Although the specific details of the pressure-based dependence are difficult to 

ascertain, but altering the pressure the contact area is altered which may result in a more resistive 

interface. 
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Figure 4.7: In-plane Nyquist plots of t-CNC-g-mPV68/33 films with variable pressure upon 

applied Pt wires, a) showing low pressure and b) showing medium (used for all other 

investigation) and high pressures and c) showing a cartoon explanation for a through-plane and 

in-plane measurement simultaneously in the sample due to the impinging wire electrode. 

 In fact, because Figure 4.5 indicated that there is a clear anisotropy in conductivity 

between the in plane and through plane directions, Figure 4.7c shows a cartoon depiction where 
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the Pt electrode wire is causing a small through-plane interface to form at the electrode contact. 

As a first approximation to test this, the relative resistances can be estimated from eqn 4.2. In 

Figure 4.7b, the medium pressure samples show a first hemisphere resistance of 15000 ohms 

while the second hemisphere shows a resistance of 10000 ohms. Using the in-plane measurement 

values of a thickness of 70 microns, length of 1 cm, width of 0.67 cm, and conductivity of 30 

mS/cm, a resistance of 7500 ohms can be predicted. Using the through plane measurement values 

of a thickness of 70 microns, length of 140 microns (two times the thickness), width of 0.67 cm, 

and conductivity of 1.1 mS/cm, a resistance of 2600 ohms can be predicted. Although this is far 

less than the measured value, it should be noted that the second hemisphere of at 95%RH has 

varied from 4000 ohms to the value from Figure 4.7b of 10000 ohms, thus as a first approximation 

the interface is slightly more resistive than predicted. Nonetheless, measuring the electrical 

impedance of the film without imposing the through plane interface would avail to remove this 

second hemisphere. 

In order to only measure the in-plane component of conductivity, a thin (20 nm) layer of 

Pt/Pd was sputter coated onto the t-CNC-g-mPV68/33 film to be used as contacts as well as to define 

the length between electrodes. Figure 4.8 shows both the cartoon representations of the 

measurement method alongside the associated Bode plots, where two peaks in the phase (red) are 

associated with two hemispheres in the Nyquist plot. In the case of the sputtered in-plane 

measurement, not only does the frequency location of the phase peak overlap with the similar 

location of the wire electrode-based measurement, but the measured conductivity matches within 

error (75±16 vs 92±23 mS/cm) for N=3. 
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Figure 4.8: Bode plots of t-CNC-g-mPV68/33 films measured a) through-plane, b) in-plane with 

impinging wires, and c) in-plane with sputtered Pt/Pd 
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4.4   CONCLUSION 

Polyelectrolyte grafted nanoparticle films composed of tunicate sourced CNCs and 

methylated poly(2-vinylpyridine) (t-CNC-g-mPV68/33) were investigated, displaying anisotropic 

ionic conductivities between the in-plane and through-plane directions. The electronic anisotropy 

followed the structural anisotropy seen in both scanning electron microscopy images and wide-

angle x-ray scattering experiments. Interestingly, anomalous peaks in the Bode electrochemical 

plots and hemispheres in the Nyquist electrochemical plot were associated with the presence of an 

interfacial through-plane layer caused by impinging wire electrodes when measuring in-plane 

directions. Ultimately, by altering the measurement method by using sputter coated contact pads, 

the anomalous peaks/hemispheres were removed from measured spectra. This both supports the 

hypothesis of the interfacial through-plane layer as well as set up the necessary sample preparation 

for the experiments discussed in Chapter 3. 
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5.1   INTRODUCTION 

Ionically conductive polyelectrolyte materials can be utilized across many energy 

technologies, from fuel cells1 to lithium ion2 and redox-flow batteries.3 Nanofiller introduced into 

polyelectrolyte materials can result in nanocomposites with improved mechanical or electrical 

properties. Indeed, this field is broad and well-trodden, with much work in the literature that 

summarize the impact of different nanofillers in polyelectrolyte matrices.2–10 Some inorganic 

nanofillers (e.g. SiO2,11 Al2O3,12 Li3N,8 Li1.3Al0.3Ti1.7(PO4)3,13 Li0.33La0.557TiO3
14) have been 

shown to increase ionic conductivity with effects, such as Lewis acid-base interactions and/or 

disruption of matrix crystallization, at the matrix/filler interface being proposed as the reason. 

Importantly, nanofillers can attain high interfacial surface area. With additional surface area, 

beneficial interfacial interactions can be better magnified throughout a material, but only if the 

nanofiller is well integrated/dispersed. However, the wide variety of interactions (polymer, ion, 

surface, and plasticizing/solvating agents) and effects (filler aggregation, mechanical property 

changes), greatly complicates a more detail molecular understanding of the mechanism of 

enhanced ion conduction. 

One method to study these interfaces is to use anisotropic nanofiller, where resulting 

material properties (which often display anisotropy) offer insight into the interfacial mechanisms. 

Anisotropic filler can form extended regions of polymer/filler interaction even at similar loadings, 

thus providing a better platform for study the polymer/filler interface. Although generally 

nanospheres have been studied in the ionically conductive nanocomposite literature, Cui and 

coworkers have produced a number of papers investigating different geometries of 

Li0.33La0.557TiO3 nanoparticles in poly(acrylonitrile) (PAN) with LiClO4.14–16 All investigated 

nanospheres, nanorods, and nanowires showed significant increases in ion conductivity relative to 
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the polymer matrix alone. It was proposed that the LLTO material’s positive-charged oxygen 

vacancies on the surfaces of the nanofiller are able to associate with the anions, which increases 

the quantity of free Li+ ions while also providing an increased mobility by allowing vacancy 

pathway diffusion in the LLTO surface, therefore enhancing conductivity. Nanowires displayed 

the greatest degree of material anisotropy. When the nanowires are aligned parallel to the applied 

electric field, the composites exhibited 3 orders of magnitude increase in conductivity (relative to 

the polymer matrix) however when the nanowires are aligned perpendicular to the electric field  

the composites approximated the conductivity of the filler-free matrix.16 These investigations 

suggest that the extended surfaces of the nanorods and nanowires allow for better percolation ion 

conducting channels throughout the bulk of the material. 

Anisotropic organic nanofillers have also being explored in polyelectrolyte composites. In 

particular, cellulose nanocrystals (CNCs)17–24 have shown promise as organic, biobased, and 

highly crystalline nanorods with easily accessible surface chemistries.9,25,26 Many studies reported 

materials with excellent mechanical properties but reduced ionic conductivity,25,27,28 yet a few 

CNC-based nanocomposites have shown increased ionic conductivity that have been suggested to 

occur on account of beneficial interfacial effects.26,29 For example, Cheng et al. synthesized 

functionalized CNCs with quaternary ammonium groups and introduced them into a 

poly(phenylene oxide) matrix functionalized with similar quaternary ammonium groups for use as 

anion exchange membranes.26 When immersed in water, the resulting materials showed enhanced 

ionic conductivity (60% higher) peaking at a 2 wt.% CNC loading at 80 ℃. The increase in 

conductivity was attributed to the hydrophilic CNC surface which was supported by transmission 

electron microscopy with the phosphotungstic acid stain reacting to water near the CNC surface, 

which showed interconnected pathways attributed to the water at the CNC surfaces. However other 
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works investigating CNC-based nanocomposites attribute enhancement to difference 

mechanisms.29 Rincón-Iglesias et al. prepared nanocomposites of CNCs in ι-carrageenan, a marine 

sulfated polysaccharide isolated from red algae (Rhodophyta). The ionic conductivity of the 

composite material peaked at 10 wt.% CNCs with roughly a 3-fold improvement in conductivity. 

In fitting the frequency dependence of the dielectric response, attribute enhancement to additional 

surface site hopping.29 Even so, further mechanistic investigation was limited due to aggregation 

and phase separation of the CNCs at higher loadings leading to a drop in both ion conduction and 

mechanical properties.  

Our prior work investigated hydrated polymer grafted nanoparticle films consisting of 

CNCs with grafted methylated poly(2-vinypyridine) (mPV) at various polymer architectures, 

grafting densities, and molecular weights.30 At all grafting densities and molecular weights the 

materials displayed enhanced ionic conductivities compared to the polymer matrix alone, 

maximizing at high nanofiller content and lower molecular weight of the graft. The impact of the 

interface on ionic conductivity enhancement was probed by attaching diblock copolymers 

consisting of the ionically conductive mPV and non-conductive polystyrene (PS), with either the 

PS or mPV block attached to the CNC surface. When the mPV block was attached, similar levels 

of ionic conductivity enhancement were measured while when the PS block was attached to the 

surface the measured conductivity dropped to being similar to the ungrafted polymer. As the CNC 

interface was shown critical in the enhancement, the mechanism was hypothesized to be related to 

either the surface functionality, as the surface alcohol groups could beneficially solvate the 

conductive iodide ion or the hydrophilic CNC surface increasing local water content which aids in 

polymer mobility and ion solvation. 
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The transport of ions through ionically conductive polymer membranes is generally 

understood to be governed by three transport mechanisms: surface site hopping, vehicular, and 

Grotthuss.31 Surface site hopping permits anions to hop between solvation sites without the aid of 

water/solvent molecules and is correlated with the segmental mobility of polymer chain. Both 

anhydrous systems (like LiTFSI in PEO) and hydrated systems (like hydroxide ions in anion 

exchange membranes) tend to display this mechanism.6,32 However, as water content increases in 

a hydrated system, vehicular and Grotthuss mechanisms can begin to dominate the overall anion 

transport. If water molecules solvate and co-diffuse with the anions it is termed the vehicular 

transport mechanism. However, if instead there is the diffusion of a proton defect through a static 

hydrogen bonded network of water molecules by the formation and cleavage of the oxygen-

hydrogen covalent bonds then the process is termed the Grotthuss or proton jumping mechanism. 

For hydroxide ion transport in anion exchange membranes, both vehicular and Grotthuss 

mechanism substantially contribute to the overall conductivity while larger anions that cannot form 

the same hydrogen bonded networks with water are limited to either surface site hopping or 

vehicular vehicle transport.33 Recent dual computational and experimental work by Chu et al. has 

highlighted the impact that water has upon ion conductivity in hydrated, mPV homopolymer.34 

Water plasticizes the polymer, increasing chain mobility and reducing the glass transition 

temperature of the polymer to below 25 ℃ at high water uptake, as well as solvates the conductive 

iodide ion, helping to transport it between cationic solvation sites. Although both effects impact 

the iodide ion conductivity, the water solvation was shown to play a particularly critical role as 

simulated mPV with artificially increased segmental mobility to match the hydrated system but 

without solvating water was shown have remarkably lower transport, in line with vehicular 

transport playing a more dominant role relative to surface site hopping. As a result, the alcohol 
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functionality, which can directly assist in iodide solvation via hydrogen bonding and can also 

hydrogen bond water which also aid in iodide/pyridinium dissociation, can impact the iodide 

transport through improved solvation of the ion. Even so, discerning between which element 

(hydrophilicity or alcohol functionality) more strongly impacts the conductivity at the interface 

remains difficult to determine without more experimental investigation. 

Great strides have been made recently to probe the interface between ionically conductive 

polymer and inorganic materials through the use of interdigitated electrodes (IDEs).35 IDEs enable 

the study of thin film materials by vastly increasing the surface area studied through use of the 

interdigitation. Although IDEs had been used previously to study material conductivity,36 Sharon 

et al. thoroughly investigated how to optimize the measurement of the electrochemical impedance 

(which enables conductivity measurements) of polymer electrolyte thin films while studying the 

impact of different inorganic, dielectric materials layers.35 Using IDEs, Dong et al. investigated 

poly(ethylene oxide) (PEO) with LiTFSI, where 10 kg/mol hydroxy terminated PEO was grafted 

to the IDE surface and subsequently 20 kg/mol PEO layers of varying thickness (ca. 10 to 250 nm) 

were added on top of the initial grafting.37 Importantly, this system was studied in an anhydrous 

environment. The measured conductivity decreased as the added PEO film decreased in thickness, 

even as the ratio of PEO to LiTFSI remained constant. It was concluded that the grafted PEO layer 

forms an immobile interfacial zone that resulted in the deviation from the bulk PEO conductivity. 

This immobile interfacial layer was estimated to vary between 3nm to 10 nm as a function of the 

lithium to ethylene oxide ratio, r, ranging from 0.15 to 0.01 respectively. Although the work 

demurs as to the specific cause of the immobile interfacial layer, hypotheses are given such as 

reduced segmental mobility or uneven distribution of the LiTFSI salt due to the dense polymer 

grafts, yet ultimately IDEs provided the ideal platform for probing this nanothin interfacial effect. 
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Reported herein are studies aimed at studying hydrated, ionically conductive polymer at an 

organic interface with particular focus on the contributions of surface alcohol content and surface 

hydrophilicity on ionic conductivity. First the cellulose interfaces (specifically the alcohol 

functionalities) of methylate poly(2-vinylpyridine) (mPV) grafted cellulose nanocrystal (CNCs) 

PGNs will be altered via acetylation to remove any effect the surface CNC alcohol functionalities 

have on the ionic conductivity. As this changes both hydrophilicity and alcohol content, model 

surface brushes will be synthesized and grafted to IDEs to control and isolate hydrophilicity and 

alcohol content in order to determine their relative impacts on ionic conductivity enhancement for 

these interfacial types. 
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5.2   EXPERIMENTAL METHODS 

5.2.1   Instrumentation 

Fourier transform infrared spectroscopy (FTIR). FTIR spectra were collected on a Shimadzu 

FTIR instrument. Solid samples were placed directly on the ATR crystal, and then the spectra 

were averaged from 46 scans from 550 to 4000 cm-1 with a resolution of 4 cm-1. 

Nuclear Magnetic Resonance Spectroscopy. The 1H NMR spectra were recorded on a Bruker 

Ascend Advance II+ 500 MHz spectrometer at 25 °C using D DMSO as solvent. All NMR spectra 

were processed by MestReNova software. 

Gel Permeation Chromatography-Multiangle Light Scattering and UV-VIS Spectrometry 

(THF). Polymer molecular weight and dispersity was determined by gel permeation 

chromatography-multi-angle light scattering (GPC-MALS) measured on a Shimadzu Prominence 

LC system with PL gel Mixed-D columns with Wyatt Dawn Heleos MALS (658 nm laser), Wyatt 

Optilab T-rEX refractive index (RI) detectors, and an inline Shimadzu SPD-M30A Photodiode 

Array detector (200-800 nm) UV-Vis data on the samples. HPLC grade tetrahydrofuran (THF) as 

the eluent (1mL/min) at 25 °C. The data were processed by Wyatt Astra software.  

Gel Permeation Chromatography (DMF). Polymer molecular weights and dispersities were 

determined by gel permeation chromatography on a Tosoh EcoSEC size exclusion 

chromatography System with Tosoh SuperAW3000 + Tosoh SuperAW4000 columns. DMF + 

0.01 M LiBr was used as eluent. The data were processed using Tosoh software. Note that if 

possible the GPC-MALS (THF) unless materials were insoluble in THF, which resulted in the 

GPC (DMF) being used.  
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Water Contact Angle. Water contact angle measurements were made using a Krüss DSA100 

Drop Shape Analyzer at ambient conditions using Elga Purelab Flex 3 purified water. Water 

droplets were produced with 2.0 μl volume. The data were processed using Krüss ADVANCE 

software. 

Electrochemical Impedance Spectroscopy. The electrochemical properties of the samples were 

probed using the Gamry reference 600 potentiostat/galvanostat. AC electrical impedance 

spectroscopy (EIS) measurements were made from 1 MHz to 1 Hz by connecting the samples via 

either larger Pt/ Pd 20 nm deposited pads with the Cressington 108 Auto Sputter Coater or between 

sheets of Pt foil to the potentiostat/ galvanostat. An amplitude voltage of 10 mV was used. For 

acetylated MxG-CNC-g-mPV samples, electrode distance was 1 cm while surface area probed 

was 0.5 cm width by the measured PEGN film thickness between 50μm. For IDE samples, the 

contact pads were directly connected to the potentiostat. The measurements were made in a 

chamber with controlled temperature (25 °C) and relative humidity (65-95% RH) after an 

equilibration period of 15 min. Interdigitated electrodes were fabricated and utilized for EIS 

following literature procedures.35,36 

Dynamic Vapor Sorption. The water uptake with relative humidity was measured using dynamic 

vapor sorption (DVS) of water at controlled temperature (25 °C) and relative humidity (0-95% 

RH). Measurements were don on a DVS Intrinsic from Surface Measurement Systems. 20 mg of 

polymer was placed in a preweighed aluminum pan inside the DVS chamber for each humidity 

condition. The powder was monitored until the weight of the film stabilizes within 0.01 mg/min 

over a 5 min interval. This film weights were recorded for RH from 0% to 95% and back to 0%; 

the second cycle (95% to 0%) is used to determine the water content for each sample. 

  



225 
 

5.2.2   Material Synthesis 

Materials. Miscanthus x. Giganteus (ground stalks) were donated by Aloterra Energy LLC, 

Conneaut, Ohio. 2-Hydroxyethl acrylate, methyl acrylate, 4-hydroxybutyl acrylate, 2-[2-(2-

methoxyethoxy)ethoxy]ethyl acrylate, 2-carboxyethyl acrylate, hydroxypropyl acrylate, 2-

vinylpyridine, and glycidyl methacrylate were purchased from Sigma-Aldrich and passed through 

a basic alumina column immediately prior to usage. All other reagents were purchased from 

Sigma-Aldrich and used as received. 

Acetylation of MxG-CNC-g-PV-7-20 Surface. MxG-CNC-g-PV-7-20 (7 kg/mol and 20 vol% 

polymer) (100mg) identical to those studied previously30 are dispersed in pyridine (0.5 wt%). 10 

eq excess of acetic anhydride compared to alcohol content (130 mg) with a 0.1 eq of 4-

Dimethylaminopyridine (DMAP) (10 mg). The reaction was conducted at 80 C for 8 hrs. To purify 

the sample, the sample was precipitated into hexanes, to yield a white precipitate. The precipitate 

was collected by centrifugation and redispersed in acetone by sonication, followed by further 

centrifugation to separate the precipitant and the supernatant. This was repeated 3 times. FTIR 

before and after reaction confirms acetylation of surface alcohols with particularly strong signal at 

1750 cm-1 (Figure S5.1, Scheme S5.1) 

Synthesis of poly(2-hydroxyethyl acrylate)-co-poly(methyl acrylate) by RAFT. Poly(2-

hydroxyethyl acrylate)-co-poly(methyl acrylate) (xHyM) was synthesized as a model interfacial 

polymer to graft to silicon surfaces. 2-Hydroxyethyl acrylate (H) was copolymerized with methyl 

acrylate (M) at varying monomer compositions; relative weight fraction of M was varied at 0, 

25%, 50%, 75% and 90%. For example, for 45H55M, cyanomethyl dodecyl trithiocarbonate 

(0.016 g), azobisisobutyronitrile (AIBN) (0.0006 g), acrylate combination (0.5g H (4.4mmol) and 

0.5 g M (5.7mmol)) and DMF (3 ml) were transferred to a 50 mL round bottom flask, sparged for 
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10 minutes, and then heated at 70 °C for 2 h, followed by rapid quenching to room temperature. 

The mixture was diluted with DMF (∼5 mL) and the polymer was precipitated into diethyl ether 

(100 mL) three times and dried in a vacuum oven at 40 °C for 24 h forming 45H55M with 45 

mol% H and 55 mol% M (Note, the weight fraction of each component aligns well with feed 

quantity). 1H NMR: (500 MHz, d6-DMSO); δ ppm: 4.8 (H, 1H, HO-), 4.0 (H, 2H, C=O-O-CH2-), 

3.6 (M, 3H, C=O-O -CH3 and H, 2H, HO-CH2-), 2.1-2.4 (M+H, C=O-CH-), 1.3-1.7 (M+H, C=O-

CH-CH2-), 0.85 (dodecyl endgroup CH3). From 1H NMR, molecular weights (Mn) for 100H, 

70H30M, 45H55M, 21H79M, 7H93M were 25 kg/mol, 18 kg/mol, 18 kg/mol, 14kg/mol, and 

13kg/mol, respectively (Figures S5.2-5.4).  GPC (DMF): polymer series were measured against 

poly(methyl methacrylate) standards showing Đ<1.35 (Figures S5.2-5.4).  

 

Synthesis of poly(2-hydroxyethyl acrylate)-co-poly(4-hydroxybutyl acrylate) by RAFT. 

Poly(2-hydroxyethyl acrylate)-co-poly(4-hydroxybutyl acrylate) (xHyB) was synthesized as a 

model interfacial polymer to graft to silicon surfaces. 2-Hydroxyethyl acrylate (H) was 

copolymerized with 4-hydroxybutyl acrylate (B) at varying monomer compositions; relative 

weight fraction of B was varied at 0, 25%, 50%, 75% and 100%. For example, for 57H43B, 

cyanomethyl dodecyl trithiocarbonate (0.016 g), azobisisobutyronitrile (AIBN) (0.0006 g), 

acrylate combination (0.5g H (4.3 mmol) and 0.5 g B (3.4 mmol)) and DMF (3 ml) were 

transferred to a 50 mL round bottom flask, sparged for 10 minutes, and then heated at 70 °C for 2 

h, followed by rapid quenching to room temperature. The mixture was diluted with DMF (∼5 mL) 

and the polymer was precipitated into diethyl ether (100 mL) three times and dried in a vacuum 

oven at 40 °C for 24 h. 1H NMR: (500 MHz, d6-DMSO); δ ppm: 4.8 (H, 1H, HO-), 4.5 (B, 1H, 

HO-), 4.0 (H+B, C=O-O-CH2-), 3.6 (H, 2H, HO-CH2-), 3.4 (B, 2H, HO-CH2-), 2.1-2.4 (H+B, 
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C=O-CH-), 1.3-1.7 (H+B, C=O-CH-CH2- and B, broad, -CH2-CH2-CH2-OH), 0.85 (dodecyl 

endgroup CH3). From 1H NMR, molecular weights (Mn) for 100H, 80H20B, 57H43B, 30H70B, 

100B were 25 kg/mol, 17 kg/mol, 14 kg/mol, 15 kg/mol, and 14 kg/mol, respectively (Figures 

S5.2-5.4).  GPC (DMF): polymer series were measured against poly(methyl methacrylate) 

standards showing Đ<1.5 (Figures S5.2-5.4).  

 

Synthesis of poly(2-hydroxyethyl acrylate)-co-poly(2-[2-(2-methoxyethoxy)ethoxy]ethyl 

acrylate) by RAFT. Poly(2-hydroxyethyl acrylate)-co-poly(2-[2-(2-methoxyethoxy)ethoxy]ethyl 

acrylate) (xHyG) was synthesized as a model interfacial polymer to graft to silicon surfaces. 2-

Hydroxyethyl acrylate (H) was copolymerized with 2-[2-(2-methoxyethoxy)ethoxy]ethyl acrylate 

(G) at varying monomer compositions; relative weight fraction of G was varied at 0, 25%, 50%, 

75% and 90%. For example, for 63H37G, cyanomethyl dodecyl trithiocarbonate (0.016 g), 

azobisisobutyronitrile (AIBN) (0.0006 g), acrylate combination (0.5g H (4.3 mmol) and 0.5 g G 

(1.1 mmol)) and DMF (3 ml) were transferred to a 50 mL round bottom flask, sparged for 10 

minutes, and then heated at 70 °C for 2 h, followed by rapid quenching to room temperature. The 

mixture was diluted with DMF (∼5 mL) and the polymer was precipitated into diethyl ether (100 

mL) three times and dried in a vacuum oven at 40 °C for 24 h. 1H NMR: (500 MHz, d6-DMSO); 

δ ppm: 4.8 (H, 1H, HO-), 4.1 (G, 2H, C=O-O-CH2- ) 4.0 (H, 2H, C=O-O-CH2-), 3.6 (H, 2H, HO- 

-CH2-), 3.5 (G, O-CH2-CH2-O), 3.4 (G, 3H, -O-CH3)  2.1-2.4 (H+G, C=O-CH-), 1.3-1.7 (H+G, 

C=O-CH-CH2- and), 0.85 (dodecyl endgroup CH3). From 1H NMR, molecular weights (Mn) for 

100H, 85H15G, 63H37G, 35H65G, 17H83G were 25 kg/mol, 16 kg/mol, 11 kg/mol, 10 kg/mol, 

and 9 kg/mol, respectively (Figures S5.2-5.4).  GPC (DMF): polymer series were measured 

against poly(methyl methacrylate) standards showing Đ<1.37 (Figures S5.2-5.4).  
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Poly(2-vinylpyridine-co-glycidyl methacrylate) (XPV) Synthesis via RAFT.  2-cyano 2-propyl 

dodecyl trithiocarbonate (0.017 g), azobisisobutyronitrile (AIBN) (0.0008 g), 2-vinylpyridine (8.3 

g), glycidyl methacrylate (0.166 g), and THF (80 ml) were transferred to a 150 mL flask, sparged 

for 10 minutes, and then heated at 60 °C for 24 h, followed by rapid quenching to room 

temperature. The mixture was diluted with THF (∼5 mL) and the polymer was precipitated into 

hexanes (100 mL), collected by filtration and dried in a vacuum oven at 40 °C for 24 h forming 

Poly(2-vinylpyridine-co-glycidyl methacrylate) (XPV-n, where n refers to the wt% added glycidyl 

methacrylate). 1H NMR: (500 MHz, CDCl3); δ ppm: 8.7-6.1 (br PV), 3.5 (PGMA, 1H, O-CH2-), 

3.5 (PGMA, 1H, O-CH2-), 2.2-1.2 (br PS), 1.0 (PGMA, 3H, -CH3) (Figure S5.6). GPC-MALS 

(THF): Mn of 40 kg/mol, 50 kg/mol, and 30 kg/mol, for XPV-2, XPV-4, and XPV-6, respectively, 

and Đ~1.15 (Figure S5.7 and Table S5.2). 

 

Synthesis of poly(2-hydroxyethyl acrylate)-co-poly(tert-butyl acrylate) by RAFT. Poly(2-

hydroxyethyl acrylate)-co-poly(tert-butyl acrylate) (xHyT) was synthesized as a model interfacial 

polymer to graft to silicon surfaces. 2-Hydroxyethyl acrylate (H) was copolymerized with tert-

butyl acrylate (T) at varying monomer compositions; relative weight fraction of M was varied at 

0, 25%, 50%, and 75%. For example, for 54H46T, Cyanomethyl dodecyl trithiocarbonate (0.016 

g), azobisisobutyronitrile (AIBN) (0.0006 g), acrylate combination (0.5 g H (4.3 mmol) and 0.5 g 

C (3.9 mmol)) and DMF (3 ml) were transferred to a 50 mL round bottom flask, sparged for 10 

minutes, and then heated at 70 °C for 2 h, followed by rapid quenching to room temperature. The 

mixture was diluted with DMF (∼5 mL) and the polymer was precipitated into diethyl ether (100 

mL) three times and dried in a vacuum oven at 40 °C for 24 h. 1H NMR: (500 MHz, d6-DMSO); 

δ ppm: 4.8 (H, 1H, HO-), 4.0 (H, 2H, C=O-O-CH2-), 3.6 (H, 2H, HO -CH2-),   2.1-2.4 (H+T, 
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C=O-CH-), 1.3-1.7 (H+T, C=O-CH-CH2-), 1.4 (T, 9H, C-(CH3)3),  0.85 (dodecyl endgroup CH3). 

From 1H NMR, molecular weights (Mn) for 100H, 79H21T, 46H54T, and 25H75T, were 25 

kg/mol, 18 kg/mol, 6 kg/mol, and 9 kg/mol, respectively (Figure S5.13).  GPC (DMF): polymer 

series were measured against poly(methyl methacrylate) standards showing Đ<1.37 (Figure 

S5.14, Table S5.3).  

 

Synthesis of poly(2-hydroxyethyl acrylate)-co-poly(2-carboxyethyl acrylate) by RAFT. 

Poly(2-hydroxyethyl acrylate)-co-poly(2-carboxyethyl acrylate) (xHyC) was synthesized as a 

model interfacial polymer to graft to silicon surfaces. 2-Hydroxyethyl acrylate (H) was 

copolymerized with 2-carboxyethyl acrylate (C) at varying monomer compositions; relative 

weight fraction of C was varied at 0, 10%, and 20%.  For example, for 90H10C, cyanomethyl 

dodecyl trithiocarbonate (0.016 g), azobisisobutyronitrile (AIBN) (0.0006 g), acrylate 

combination (0.9 g H (7.7 mmol) and 0.1 g C (0.7 mmol)) and DMF (3 ml) were transferred to a 

50 mL round bottom flask, sparged for 10 minutes, and then heated at 70 °C for 2 h, followed by 

rapid quenching to room temperature. The mixture was diluted with DMF (∼5 mL) and the 

polymer was precipitated into diethyl ether (100 mL) three times and dried in a vacuum oven at 

40 °C for 24 h. 1H NMR: (500 MHz, d6-DMSO); δ ppm: 4.8 (H, 1H, HO-), 4.3 (C, 2H, C=O-O-

CH2- ) 4.0 (H, 2H, C=O-O-CH2-), 3.6 (H, 2H, HO-CH2-),   2.1-2.4 (H+C, C=O-CH-), 1.3-1.7 

(H+C, C=O-CH-CH2-), 0.85 (dodecyl endgroup CH3). From 1H NMR, molecular weight (Mn) for 

90H10C was 11 kg/mol (Figure S5.15).  GPC (DMF): polymer series were measured against 

poly(methyl methacrylate) standards showing Đ>1.5, likely due to column interactions (Figure 

S5.16, Table S5.3).  
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Synthesis of poly(2-hydroxypropyl acrylate)-co-poly(3-hydroxypropyl acrylate) by RAFT. 

Poly(2-hydroxypropyl acrylate)-co-poly(3-hydroxypropyl acrylate)  (xP) was synthesized as a 

model interfacial polymer to graft to silicon surfaces. Hydroxypropyl acrylate (P) was polymerized 

although initial monomer was confirmed to be 3:1 of 2-hydroxypropyl acrylate (P2) :3-

hydroxypropyl acrylate (P3) via 1H NMR. For example, for 100P, Cyanomethyl dodecyl 

trithiocarbonate (0.016 g), Azobisisobutyronitrile (AIBN) (0.0006 g), hydroxypropyl acrylate (1 g 

P (7.7 mmol) ) and DMF (3 ml) were transferred to a 50 mL round bottom flask, sparged for 10 

minutes, and then heated at 70 °C for 2 h, followed by rapid quenching to room temperature. The 

mixture was diluted with DMF (∼5 mL) and the polymer was precipitated into diethyl ether (100 

mL) three times and dried in a vacuum oven at 40 °C for 24 h. 1H NMR: (500 MHz, d6-DMSO); 

δ ppm: 4.8 (P, 1H, HO-), 3.9 (P3, 2H, C=O-O-CH2-), 3.8 (P2, 2H, C=O-O-CH2-), 3.35 (P, 2H, 

HO-CH2-),   2.1-2.4 (P, C=O-CH-), 1.3-1.7 (P, C=O-CH-CH2-), 1.1 (P3, 2H, -CH2-CH2- CH2-), 

1.0 (P, 3H, -CH3), 0.85 (dodecyl endgroup CH3). From 1H NMR, molecular weight (Mn) for 100P 

was 13 kg/mol (Figure S5.17).  GPC (DMF): polymer series were measured against poly(methyl 

methacrylate) standards showing Đ<1.32 (Figure S5.18, Table S5.3).  

 

Synthesis of poly(glycidyl methacrylate) by RAFT. Poly(glycidyl methacrylate)  (PGMA) was 

synthesized as a functionalizable polymer to probe detailed alcohol effects. 2-Cyano,2-propyl 

dithiobenzoate (0.056 g), azobisisobutyronitrile (AIBN) (0.004 g), glycidyl methacrylate (5 g) and 

THF (10 ml) were transferred to a 50 mL round bottom flask, sparged for 10 minutes, and then 

heated at 70 °C for 2 h, followed by rapid quenching to room temperature. The mixture was diluted 

with THF (∼10 mL) and the polymer was precipitated into hexanes (100 mL) three times and dried 

in a vacuum oven at 40 °C for 24 h. 1H NMR: (500 MHz, d6-DMSO); δ ppm: 4.3 (1H, C=O-O-
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CH2-), 3.7 (1H, C=O-O-CH2-), 3.2 (1H, C=O-O-CH2-CH-), 2.8 (1H, C=O-O-CH2-[CH-O-CH2-

]), 2.6 (1H, C=O-O-CH2-[CH-O-CH2-]) From 1H NMR, molecular weight (Mn) was 14 kg/mol 

(Figures S5.19).  GPC (DMF) shows Đ~1.3 (Figures S5.20).  

 

PGMA functionalization by epoxide ring opening 

PGMA was functionalized using thiol epoxide ring opening to attach different thiols to the PGMA 

chain. Three different alcohols were attached: 3-mercapto-1-propanol, 1-mercapto-2-propanol, 

and 3-mercapto-1,2-propanediol form PGMA-OH-1, PGMA-OH-2, and PGMA-Diol. For 

example, to form PGMA-OH-1, PGMA (100 mg) and 3-mercapto-1-propanol (100mg, 1.5 eq) 

were dissolved in DMF. Using an ice bath, the solution was cooled and lithium hydroxide (1.1 mg, 

0.07 eq) was added via a 20 mg/ml water solution. After 10 min, the reaction was brought to room 

temperature and allowed to stir for 18hrs. The solution was then precipitated into diethyl ether 

three times and dried in a vacuum oven at 40 °C for 24 h. PGMA-OH-1: 1H NMR: (500 MHz, d6-

DMSO); δ ppm: 3.8 (2H, C=O-O-CH2-), 3.5 (3H, -CH-OH, -CH2-OH), 2.6 (4H, -CH2-S-CH2-), 

1.7 (2H, -CH2-CH2-CH2-) From 1H NMR, molecular weight (Mn) was 23 kg/mol (Figures 

S5.19).  GPC (DMF) shows Đ~1.3 (Figures S5.20). PGMA-OH-2: 1H NMR: (500 MHz, d6-

DMSO); δ ppm: 3.8 (4H, C=O-O-CH2-, -2x CH-OH), 2.6 (4H, -CH2-S-CH2-), 1.1 (2H, -CH2-

CH3) From 1H NMR, molecular weight (Mn) was 23 kg/mol (Figures S5.19).  GPC (DMF) shows 

Đ~1.3 (Figures S5.20). PGMA-Diol: 1H NMR: (500 MHz, d6-DMSO); δ ppm: 3.8 (2H, C=O-O-

CH2-), 3.6 (2H, 2x -CH-OH), 3.4 (2H, -CH2-OH),2.6 (4H, -CH2-S-CH2-), From 1H NMR, 

molecular weight (Mn) was 25 kg/mol (Figures S5.19).  GPC (DMF) shows Đ~1.3 
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Model Surface Fabrication.  IDE were fabricated following previously detailed procedures and 

their surfaces were cleaned using oxygen-plasma treatment for 20 min.35 Polymer brushes were 

side chain-grafted to the desired substrates by first spin-casting a 1 wt% brush in DMF solution to 

yield a ca. 15 nm thin film. The sample was then heated to 200 °C in the N2-filled glovebox for 10 

min in order to graft the alcohol moiety to the underlying substrate. Side chain-grafting occurs 

through a condensation reaction between the side chain –OH groups of the polymer and the SiO2 

surface. Subsequently, the sample was sonicated in DMF for 10 min before being rinsed 

extensively with DMF to remove non-grafted polymer chains. The XPV polymer was spin-coated 

from anisole, with concentration (1-2 wt%) and spin RPM (2000-4000 RPM) controlling film 

thickness as determined by ellipsometry, iteratively altering concentration and spin RPM to attain 

the requisite thicknesses (15-200 nm). The sample was then heated to 250 °C in a N2-filled 

glovebox for 5 min in order to crosslink the polymer samples to reduce polymer dewetting. 

Samples were then methylated by sealing in 150 ml jars with 2 ml iodomethane for 2 days. Film 

thickness was measured using spectroscopic ellipsometry. Optical characterization was performed 

in reflection mode with an Olympus BX60 microscope with a 20× objective. 
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5.3   RESULTS AND DISCUSSION 

Using the previously well characterized MxG-CNC-g-PV-68-20, where 68 refers to the 

grafted polymer degree of polymerization and 20 refers to the volume percent polymer, acetylated 

MxG-CNC-g-PV-68-20 was produced by reacting the surface CNC alcohol groups with acetic 

anhydride (Scheme 5.1). While characterizing the extent of reaction for surface alcohol groups is 

notoriously difficult,38,39 FTIR confirms acetylation of the surface with appearance of strong signal 

at 1750 cm-1 (Figure S5.1). After casting into a film and methylating the sample is now referred 

to as acetylated MxG-CNC-g-mPV-68-33.  

 

Scheme 5.1: Synthetic scheme for acetylated MxG-CNC-g-mPV 

Analysis of the film structure by scanning electron microscopy shows similar 

microstructure as compared to the unacetylated version with individualized nanorods of similar 

dimensions (Figure 5.1a-b). Figure 5.1c shows the conductivity of MxG-CNC-g-mPV-7-33 and 

acetylated MxG-CNC-g-mPV-7-33 as a function of relative humidity. The conductivity, σ, of the 

film was calculated using the measured value of the resistance of the film, Rfilm, and the following 

equation, 

 σ=d/(RfilmA) (5.1) 

where d is the separation distance between electrodes and A is the cross-sectional area probed.35  

As both materials contain nearly 70 vol% nonconductive CNC nanofiller, an effective polymer 
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conductivity, σeff, was calculated which considers that the ion conductivity is only occurring 

through the polyelectrolyte volume fraction, and is defined as  

 σeff=σ/ΦV (5.2) 

where ΦV is the polymer volume fraction. Interestingly, the acetylated material shows a dramatic 

reduction in conductivity, falling nearly an order of magnitude below that of the homopolymer. 

As the polymer grafted nanoparticle structure is retained after reaction with the acetic anhydride, 

the presence of the acetyl functional groups rather than the alcohols seems to be dramatically 

impacting the material conductivity. However, the acetyl presence has two distinct effects: 

reduction of surface alcohol content and reduction of surface hydrophilicity. Additionally, the 

interface quality may be impacted even though FTIR and SEM (Figure S5.1 and Figure 5.1b) 

seem to point to little change after reaction. Thus, a more controllable model surface is necessary 

to further distinguish between the impact of hydrophilicity and surface alcohol content in an easily 

tunable way. 



235 
 

 

Figure 5.1: a) Chemical structure of MxG-CNC-g-PV-7-20 and acetylated MxG-CNC-g-PV-7-

20 (full reaction scheme in Scheme 5.1). b) Scanning electron microscopy (SEM) of MxG-CNC-

g-mPV-7-33 and acetylated MxG-CNC-g-mPV-7-33 and c) conductivity of MxG-CNC-g-mPV-

7-33 and acetylated MxG-CNC-g-mPV-7-33 as a function of relative humidity. 

In order to discern the relative impact of alcohol content and hydrophilicity, the model 

interfacial polymers should fulfill three conditions: 1) all must be graftable to the IDE surface, 2) 

contain a series of model polymers with controllable hydrophilicity with constant alcohol content, 

and 3) contain a series of model polymers with controllable alcohol content and constant 

hydrophilicity.  To achieve this, polyacrylate copolymers were synthesized via RAFT from 2-
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hydroxyethyl acrylate (H), methyl acrylate (M) 4-hydroxybutyl acrylate (B), or 2-[2-(2-

methoxyethoxy)ethoxy]ethyl acrylate (G) (Scheme 5.2). Thus, a copolymer with 45 mol% 2-

hydroxyethyl acrylate and 55 mol% methyl acrylate will be termed 45H55M. The samples were 

characterized with 1H NMR and GPC (DMF) to ascertain composition and molecular weight. By 

1H NMR, identifying peaks for each copolymer permitted the calculation of copolymer 

composition, specifically 4.8 ppm (H), 3.6 ppm (M), 4.4 ppm (B), and 3.4 (G) (Figures S5.2-5.4) 

showing the labeled compositions and Mn between 10 kg/mol and 20 kg/mol. Using GPC (DMF), 

the molecular weights and distributions of the polymers (Mn between 7 kg/mol and 24 kg/mol and 

Đ<1.35) were obtained relative to poly(methyl methacrylate) standards (Figure S5.5). 

Importantly, the Mn measured by 1H NMR and GPC (DMF) are in close alignment (Table S5.1). 

By including some alcohol content in all copolymer compositions, they remain graftable to the 

IDE surface through side chain-grafting via a condensation reaction between the side chain alcohol 

groups and the SiO2 surface.40 These specific copolymers were chosen for a xHyM binary 

composition to broadly investigate the effect of reduced alcohol content (roughly modeling the 

acetylation reaction on the CNC surface from Figure 5.1) while the B content was chosen to 

maintain alcohol content while adjusting the hydrophilicity and G content was chosen to maintain 

hydrophilicity while adjusting alcohol content.  
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Scheme 5.2: Synthetic scheme for model copolymer samples 

Figure 5.2 shows the fabrication procedures for the model IDE surface. In order to 

fabricate these devices, the silica passivated IDEs were cleaned with oxygen-plasma treatment for 

20 min after which the polymer is spin coated from 1wt% DMF solution to form a ~10 nm thick 

film. The system was then heated to 200 ℃ for 10 minutes under N2 atmosphere to side-chain graft 

the polymer to the IDE surface forming a brush, followed by sonication to remove the ungrafted 

polymer. Next, a poly(2-vinyl pyridine) (PV) was spin-coated onto the polymer brush surface from 

anisole, with solution concentration and spin rate used to control the film thickness (15nm-200nm). 

For a homopolymer system, the sample can be made ionically conductive by exposing the system 

to saturated iodomethane (MeI) vapor at RT for 2 days, introducing iodide ions, now referred to 

as mPV.  For the case of the cross-linkable XPV-n system, the film was crosslinked at 250℃ for 

5 minutes under N2 atmosphere, before being exposure to MeI as before, now being referred to as 

XmPV-n. 
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Figure 5.2: Fabrication procedures for the model IDE surface. 

 

Figure 5.3a shows the chemical structures and nomenclatures for the synthesized 

copolymer series. After grafting to silicon wafers (to form brushes) and using water contact angle 

measurements, Figure 5.3b shows the dependence of the hydrophilicity (from water contact angle) 

on the composition of the copolymer brushes. Here a roughly linear relationship is seen between 

the 100H and extremes of the other copolymer compositions. xHyG is roughly composition 

independent for water contact angle, although increasing slightly with higher G compositions. 
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Interestingly, an xHyB composition maintains similar loadings of alcohol content with the water 

contact angle following a nearly identically with the xHyM materials, permitting useful 

comparison as to the effect of alcohol content. Additionally, an xHyG composition alters the 

alcohol content while maintaining the water contact angle similar to the 100H material. With these 

series of model interfacial brushes, the impact of alcohol content and hydrophilicity on ionic 

conductivity can be investigated. 

 

Figure 5.3: a) Chemical structures of xHyM, xHyB, and xHyG, b) water contact angle of brushes 

grafted to silica as a function of the non-H component of copolymer (y in these chemical structures) 

The next step was to investigate the conductivities of the interfacial materials. Figure 5.4a 

shows the conductivity as a function of mPV film thickness on both the 100H and 7H93M brushes. 

Here a synthesized 16 kg/mol PV polymer (no glycidyl methacrylate) was used as the ion 

conducting layer. The conductivity of the mPV on the 100H brush shows increasing conductivity 

as the film thickness is decreased, being 50x higher at 15nm thickness than the bulk homopolymer. 
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However, the conductivity of the mPV on the 7H93M brush shows much less variation in 

conductivity with mPV film thickness and if anything, a lower conductivity with the thinnest mPV 

samples. This second set of data is consistent with the prior work by Dong et al,37 where decreasing 

film thickness of PEO and LiTFSI on PEO brush displayed a reduction in conductivity assigned 

to the presence of an immobile interfacial layer. As such the increasing conductivity at reduced 

mPV film thickness with the brush surface coating containing more OH groups (Figure 5.4a) 

suggests that such chemistry at the interface has a significant beneficial effect for ion conductivity 

Interestingly, this behavior mirrors the acetylated CNC surface well, where the reduction of 

alcohol surface groups and decrease in hydrophilicity result in reduced ionic conductivity of the 

mPV. 

 

Figure 5.4: a) Conductivity vs thickness of top mPV layer on either 100H or 7H93M measured 

at 95% RH and b) cartoon schematic showing the bilayer nanothin film with bulk and interfacial 

layers. 
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Figure 5.4b shows how the conductive mPV film can be divided into a bulk region and an 

interfacial region, parallel to the applied electric field, in order to determine the interfacial layer 

conductivity and thickness in a similar manner to Dong et al.37. Thus a bilayer model can be 

employed with given conductivities (𝜎𝜎) and thicknesses (𝑡𝑡) such that 

 𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 + 𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 (5.3) 

where 𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  is the measured conductivity, 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the measured thickness, and 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 +

𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖. Rearranging for linearization, the relationship becomes 

 𝜎𝜎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =
1

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖(𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖 − 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚) + 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 (5.4) 

which allows a relationship between the unknown interfacial conductivity (𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖) and thickness 

(𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖) can be determined, specifically that 𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖(𝜎𝜎𝑖𝑖𝑖𝑖𝑖𝑖 − 𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚) = 171.3 upon fitting to the data in 

Figure 5.4a. Recall that in Chapter 3 the maximum conductivity sample (MxG-CNC-g-mPV68/64) 

had a value of 140±10  mS/cm. Using the AFM data therein, the polymer brush thickness can be 

determined to be 1.75 nm following similar procedure from Chapter 2. Given that this sample 

shows the greatest enhancement in conductivity, the polymer brush thickness should function as 

an estimate for the extent to which the interface can influence, thus being an estimate for the 

interfacial thickness. With this, the interfacial conductivity has a value of 101 mS/cm, remarkably 

showing that the interfacial conductivity agrees well with what is measured in the MxG-CNC-g-

mPV system.30  

While this initial set of data provided some interesting results, over time at the high relative 

humidities the electrochemical measurements begin to show degradation in signal quality. At high 

relative humidities (above 80%), mPV is known to have a depressed glass transition temperature 

(Tg) such that at room temperature the material is a rubber (T > Tg).34 Thus it is necessary to 
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understand the stability of the mPV films on different brushes to ensure that the EIS measurements 

are reproducible and accurate, this is particularly important as it is known that thin films commonly 

dewet on materials of different surface energies.35 Figure 5.5 shows the Bode plots of 16 kg/mol 

mPV on 100H and 7H93M brushes at 95%RH at different time points. In order to correctly 

interpret EIS measurements, Bode plots should have a plateau in impedance and a peak in the 

phase (approaching 90◦), and aberrations from this are correlated with poorer measurement quality. 

The mPV on the 100H brushes show remarkable stability out to 50 minutes, with slight reduction 

in phase peak after 24 hours. In contrast, the 7H93M brushes begin to show reduction in phase 

peak after 20 minutes with severe degradation after 30 minutes, alongside increases in measured 

resistance. To ensure reproducible data, particularly across the variety of brush materials 

synthesized, an alteration in the mPV material is needed to prevent dewetting. 
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Figure 5.5: Bode plots of 60 nm 16 kg/mol mPV on 100H and 7H93M brushes at 95%RH over 

time. 

  To combat this effect, cross-linkable poly(2-vinylpyridine-co-glycidyl methacrylate) 

(XPV-n, where n refers to the mol% of glycidyl methacrylate) was synthesized via RAFT 
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polymerization of 2-vinylpyridine and glycidyl methacrylate using 2-cyano 2-propyl dodecyl 

trithiocarbonate as a chain transfer agent (Scheme 5.3). A cross-linkable poly(2-vinylpyridine) 

offers one route to reduce dewetting on the different polymer brushes, particularly at thin films 

which can have a higher likelihood of dewetting. 1H NMR in CDCl3 characterizes the quantity of 

included glycidyl methacrylate, resulting in XPV-2, XPV-4, and XPV-6 (Figure S5.6). Using 

GPC-MALS (THF) the molecular weights of the samples were characterized resulting in Mn of 

35 kg/mol, 52 kg/mol, and 25 kg/mol, respectively, and dispersity~1.15 (Figure S5.7). It is 

important to note that although these polymers have different molecular weights, it is the quantity 

of glycidyl methacrylate repeat unit that will define the molecular weight between crosslinks of 

the fully reacted materials.41 

 

Scheme 5.3: Synthetic Scheme of XPV-n via RAFT 

 

In order to ensure that the top, conductive layer maintains film quality, the films were 

exposed to high relative humidity to explore their potential stability with regard to dewetting. 

Figure 5.6 shows optical images of a control 112 kg/mol mPV homopolymer and XmPV-6 on the 

different extremes of brush compositions, looking at 100H, 7H93M, 30H70B, and 17H83G. The 

mPV films were 15 nm thick and kept at 95% RH for 20 minutes. Although 7H93M and 30H70B 

show similar film quality between both samples, XmPV-6 displayed superior film quality on the 

100H and 17H83G brushes and also performed better than different glycidyl methacrylate 



245 
 

compositions (Figure S5.8-S5.11). Thus, having established the correct processing conditions for 

the conductive top layer, the conductivity of the interfaces can be studied.  

 

Figure 5.6: Optical images of 112 kg/mol mPV and XmPV-6 on different brush compositions. 

Conductive top layers were 15 nm thick and held at 95% RH for 20 minutes. Image widths are 480 

μm. 

Using the crosslinkable PV, the impact of the various brush interfaces on the material 

conductivity can be fully explored. Figure 5.7 shows the relative conductivity (measured 

conductivity using the dry XPV film thickness dimension divided by measured conductivity of 

bulk mPV) versus thickness of both the previously shown mPV on 100H brush and new XmPV-

6 on 100H and 100B brushes. If the general water uptake is similar between XmPV of various 

thicknesses on the different brushes, then comparing the relative conductivity between bulk 
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conductivity and thin layer is valid due to both samples changing thickness by identical 

percentages. As the polymers used in brushes show less water uptake compared to mPV (between 

35 and 40 wt% uptake for mPV compared to maximum of 25 wt% for 100H),42 the overall water 

uptake between XmPV thicknesses on brushes should remain relatively constant (FIGURE 

S5.12). Thus, in examining the relative conductivities of XmPV-6 and mPV on 100H, the samples 

remarkably fall on a relatively smooth curve showing increasing relative conductivity with 

decreasing thickness, indicative of conductivity enhancement. Additionally, by falling on a smooth 

curve, the data enable comparing between the lightly crosslinked XmPV-6 and homopolymer 

mPV. However, as of this writing, the 100B brush shows reduced conductivity compared to the 

100H brush, roughly by one third. Although 100B shows very slight enhancement compared to 

homopolymer (1.5 times), the similar alcohol content brushes (100H and 100B) seem to indicate 

that the brush hydrophilicity has an impact on the amount of conductivity enhancement. Further 

work will continue to investigate the entire breadth of brush compositions. 
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Figure 5.7: Relative conductivity, sample conductivity divided by the bulk mPV conductivity, of 

mPV and XmPV-6 on 100H and 100B brushes, as labeled, at various thicknesses. Measurements 

were taken at 95% relative humidity. 

In order to further probe the interface, additional polymer series were synthesized for future 

testing by collaborators. Following a similar RAFT method to the work in Scheme 5.2, Scheme 

5.4 shows the synthesized polymer series. Specifically, a poly(2-hydroxyethyl acrylate)-co-

poly(tert-butyl acrylate) (xHyT) copolymer series with tert-butyl acrylate content at 25, 50, 75, 

and 90wt% addition enables probing particularly hydrophobic surfaces beyond that accessible with 

the xHyM series (Figures S5.13-14, Table S5.3). Next, a poly(2-hydroxyethyl acrylate)-co-

poly(carboxyethyl acrylate) (xHyC) copolymer series with carboxyethyl acrylate content at 10 

addition mirrors the residual carboxylic acid content of the CNCs in the MxG-CNC-g-PV-7-20 

materials (Figures S5.15-16, Table S5.3). Finally, a poly(hydroxypropyl acrylate) polymer 

(100P) where there is a 3:1 mixture of the 2-hydroxypropyl acrylate to 1-hydroxypropyl acrylate 

monomer addition resembles the combination of primary and secondary alcohol functional groups 

on the surface of the CNC (Figures S5.17-18, Table S5.3).  
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Scheme 5.4: Synthesis of xHyT, xHyC, and xP via RAFT. 

To discern between the impact of surface alcohol functionality, particularly the impact of 

primary alcohol, secondary alcohol, and 1,2 diol, an additional series of polymer derived from 

poly(glycidyl methacrylate) were synthesized via RAFT and functionalized with thiol-epoxy 

chemistry (Scheme 5.5). First poly(glycidyl methacrylate) was synthesized with molecular weight 

by 1H NMR  being 14 kg/mol and GPC (DMF)  Đ<1.3 (Figure S5.19-20). Complete 

functionalization with 3-mercapto-1-propanol, 1-mercapto-2-propanol, and 3-mercapto-1,2-

propanediol form PGMA-OH-1, PGMA-OH-2, and PGMA-Diol, respectively, with conversion 

confirmed by 1H NMR with total peak shifts (Figure S5.19). GPC (DMF) confirms a molecular 

weight shift and maintenance of dispersity (Figure S5.20). Although this system uses a slightly 

different polymer chemistry (methyl-methacrylate backbone, thioether sidechain linkage, and 

ubiquitous secondary alcohol resulting from the epoxide opening), by selectively varying the 

alcohol type (primary, secondary, and 1,2 diol) the impact on top-coat conductivity can be directly 
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compared to the 100H and 100P acrylate series to isolate impacts of the altered chemistry and, 

most importantly, impacts of the alcohol type. 

 

Scheme 5.5: Synthesis of PGMA via RAFT and functionalization via epoxide opening with thiols 

to form PGMA-Diol, PGMA-OH-1, and PGMA-OH-2 
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5.4   CONCLUSION AND FUTURE WORK 

The interfacial impact on ionic conductivity of both methylate poly(2-vinylpyridine) 

grafted cellulose nanocrystals (MxG-CNC-g-mPV) and model polymer brushes mimicking their 

surface were investigated. By acetylizing the surface alcohols of the MxG-CNC-g-mPV, the 

measured ionic conductivity dropped 2 orders of magnitude, from 30x conductivity enhancement 

beyond ungrafted, methylated homopolymer to a half order of magnitude below ungrafted, 

methylated homopolymer, which was hypothesized to either reduced alcohol content or reduced 

surface hydrophilicity. Three different model polymer brush series were synthesized to probe the 

effect of interfacial conductivity by grafting to interdigitated electrodes (IDEs) and subsequent 

spin-coating and functionalization of methylate poly(2-vinylpyridine) (mPV): 2-hydroxyethyl 

acrylate (H) with either methyl acrylate (M) 4-hydroxybutyl acrylate (B), or 2-[2-(2-

methoxyethoxy)ethoxy]ethyl acrylate (G). The 100H surface showed conductivity enhancement 

consistent with the CNC surface, with decreasing mPV polymer thickness showing increasing 

conductivity, while the 7H93M surface showed conductivity reduction to below homopolymer 

showing the efficacy of a brush model system in displaying similar behavior to the bulk. However, 

the xHyM series does not perfectly distinguish between the impact of alcohol content or surface 

hydrophilicity, necessitating additional brush systems. The xHyB series controls for hydrophilicity 

while maintaining similar alcohol content to the xHyM series, and the xHyG series controls for 

alcohol content while maintaining similar hydrophilicity to the 100H brush. Even so, samples 

showed dewetting at long times (30 min) at 95% RH via optical images, resulting in the synthesis 

and application of crosslinkable poly(2-vinylpyridine) (XPV). 

Future work by collaborators will probe the thickness dependent ionic conductivity of the 

full synthesized brush series as well as the methylated XPV. Additionally, these collaborators will 
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measure the water uptake of the brush materials to further confirm the hydrophilicity dependencies 

of the resulting grafted surfaces. Finally, this will allow analysis of the interfacial impact on 

conductivity and its thickness into the XmPV material, which will permit conclusions regarding 

the relative impact of alcohol functionality and hydrophilicity on ionic conductivity of these 

interesting materials, while also providing insight into the possible conduction mechanisms 

causing the enhanced conductivity in the MxG-CNC-g-mPV System. 
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5.5   SUPPLEMENTAL INFORMATION 

 

 

Figure S5.1: ATR-FTIR of MxG-CNC-Allyl, MxG-CNC-g-PV, and acetylated MxG-CNC-g-

PV 

 

Figure S5.2: 1H NMR (500 MHz, d6-DMSO) spectra of xHyM samples from Table S5.1 
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Figure S5.3: 1H NMR (500 MHz, d6-DMSO) spectra of xHyB samples from Table S5.1 

 

Figure S5.4: 1H NMR (500 MHz, d6-DMSO) spectra of xHyG samples from Table S5.1 
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As a note, Figure S5.5 seems to show some broad low elution time signal most evident in Figure 

S5.5b. This is attributed to some agglomeration in the DMF solvent for two reasons. First, the 1H 

NMR based molecular weights via end group analysis match extremely well with the analysis of 

the high elution time peak of all suspect samples. Second, in-line UV-Vis elution at 310 nm 

follows perfectly with the RI based measurement indicative of RAFT CTA endgroup retention 

on all the polymer in the study. 
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Figure S5.5: GPC (DMF) of model polymers for brushes, specifically a) xHyM, b) xHyB, and 

c) xHyG from Table S5.1 
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Table S5.1: Model polymer brush sample summary 

Samples Mn SEC a 

(kg/mol) 
Dispersity a Mn 1H NMR b 

(kg/mol) 
NonH 

Mol% b 
100H 24 1.258 25 0% 

85H15G 16 1.224 16 15% 
63H37G 11 1.364 11 37% 
35H65G 8 1.29 10 65% 
17H83G 7 1.386 9 83% 
70H30M 13 1.368 18 30% 
45H55M 13 1.364 18 55% 
21H79M 12 1.264 14 79% 
7H93M 11 1.232 13 93% 
80H20B 16 1.364 17 20% 
57H43B 14 1.307 14 43% 
30H70B 13 1.378 15 70% 

100B 10 1.595 14 100% 
a from GPC (DMF) 

b from 1H NMR 

 

 

Figure S5.6: 1H NMR (500 MHz, CDCl3) spectra of XPV-n samples from Table S5.2 
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Figure S5.7: GPC-MALS (THF) of XPV-n samples from Table S5.2 

Table S5.2: Crosslinking poly(2-vinylpyridine) sample summary 

Sample Mn 
(kg/mol) a 

Dispersity 

a 
wt% 
GMA 

b 
XPV-2 35.5 1.11 2 
XPV-4 52 1.13 4 
XPV-6 25 1.15 6 

a from GPC-MALS (THF) 

b from 1H NMR 
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Figure S5.8 Optical images of 112 kg/mol mPV on different brush compositions and at different 

relative humidities. Conductive top layers were 15 nm thick and held for 30 minutes. Image 

widths are 480 μm. 
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Figure S5.9 Optical images of XmPV-2 on different brush compositions and at different relative 

humidities. Conductive top layers were 15 nm thick and held for 30 minutes. Image widths are 

480 μm. 
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Figure S5.10 Optical images of XmPV-4 on different brush compositions and at different 

relative humidities. Conductive top layers were 15 nm thick and held for 30 minutes. Image 

widths are 480 μm. 
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Figure S5.11: Optical images of XmPV-6 on different brush compositions and at different 

relative humidities. Conductive top layers were 15 nm thick and held for 30 minutes. Image 

widths are 480 μm.  
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Figure S5.12: Dynamic vapor sorption of water at 25 ℃ into polymer materials for brushes. 

 

Figure S5.13: 1H NMR (500 MHz, d6-DMSO) spectra of xHyT series 
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Figure S5.14: GPC (DMF) of xHyT series 

Table S5.3: Model polymer brush sample summary (xHyT, xHyC, and xP) 

Samples Mn SEC a Dispersity a Mn 1H NMR b NonH Mol% b 
(kg/mol) (kg/mol) 

79H21T 21 1.335 18 21% 
46H54T 7 1.234 6 54% 
25H75T 10 1.274 9 75% 
90H10C 8 1.6 11 10% 

100P 15 1.32 13 100% 
 

a from GPC (DMF) 

b from 1H NMR 

 



264 
 

Figure S5.15: 1H NMR (500 MHz, d6-DMSO) spectra of xHyC series 

 

Figure S5.16: GPC (DMF) of 90H10C 
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Figure S5.17: 1H NMR (500 MHz, d6-DMSO) spectra of 100P 

 

 

 

Figure S5.18: GPC (DMF) of 100P 
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Figure S5.19: 1H NMR (500 MHz, d6-DMSO) spectra of PGMA series 
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Figure S5.20: GPC (DMF) of PGMA series 
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