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Abstract
This dissertation presents work that expands our understanding of the relation between the structural features of soft materials applicable in energy storage systems such as redox flow batteries (RFB) and organic radical batteries (ORB) to their performance. The studies focus on soft materials- nanoparticle organic hybrid materials (NOHMs) and the radical polymer, poly (2,2,6,6-tetramethylpeperidinyloxy-4-yl methacrylate) (PTMA). The results obtained in these studies provide a holistic understanding of the structural features of NOHMs and PTMA in solution that may be provide insight to rationally improve the performance of energy storage systems.
The first two projects investigate the structure and assembly of nanoparticle organic hybrid materials (NOHMs) in aqueous solution with and without supporting electrolytes using small angle neutron scattering. The first project focuses on the structure and assembly of the polymer canopy and NOHMs with increasing concentrations of NOHMs in aqueous solution with and without supporting electrolyte. The research highlights that a large amount of polymer ungrafts from the nanoparticle surface to free polymer that interact with the grafted polymer canopy. The second project explores the impact of tuning the bonding type (ionic vs. covalent) of the polymer canopy grafted to the nanoparticle in the structure and assembly of NOHMs in aqueous solutions with and without supporting electrolyte. In presence of supporting electrolyte, ionic NOHMs structure observe a collapsed polymer conformation on the nanoparticle surface and covalent NOHMs shows a subtle change in conformation of the polymer canopy. 
The next part of the research focuses on the assembly of NOHMs near the electrode surface using neutron reflectivity. This research highlights that under applied potential, the ordering of NOHMs dramatically changes, impacting the current density of the NOHMs solution.
	The final project investigates the conformation and assembly of PTMA in solutions with variations in radical loading in the PTMA backbone and temperature using small angle neutron scattering. The results highlight that the amount of radical loading is the primary factor governing the final conformation of PTMA. Correlating the conformation of PTMA in solutions to the electrochemical performance indicates that PTMA with collapsed chain conformation improves the charge transfer process. 
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[bookmark: _Toc141429354]Chapter I Introduction
[bookmark: _Toc141429355]Overview
	This chapter highlights the importance of energy storage systems and introduces two energy storage systems: Redox Flow Batteries (RFB) and Organic Radical Batteries. This chapter also sheds light on Nanoparticle Organic Hybrid Materials (NOHMs) and their potential use as a novel electrolyte in RFB as well as nitroxide-based radical polymers, including poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA), which may be used as a cathode material in Organic Radical Batteries. Finally, the chapter provides a foundational understanding of how neutron scattering can be used to determine the structure and assembly of NOHMs and PTMA to provide insight into their performance in their respective applications.
[bookmark: _Toc141429356]Importance of Energy Storage Systems
	In order to meet the goals of the Paris Agreement, which target limiting the rise of worldwide temperature to 2 °C, it is of utmost importance to introduce renewable energy sources in the existing electrical grid.1 Wind and solar energy are commonly considered promising renewable energy sources. In fact, 62% of the renewable energy allocation in the US is met from wind and solar sources, and this is expected to rise to 82% by the year 2050.2 However, the sporadic nature of these renewable sources makes it difficult to integrate renewable energy in the existing grid system properly. Moreover, studies suggest that the current electricity grid will fail if 60% of the total energy comes from renewable energy sources without significant changes to energy storage technologies.3–5 These factors necessitate the development of next-generation energy storage systems. 
	Currently, there are a number of energy storage technologies that exist in the market. These include pumped storage hydropower (PSH), ice and chilled water storage, compressed air energy storage (CAES), flywheel energy storage, supercapacitors and batteries such as lithium (Li)-ion, and flow batteries.6–8 According to the International Renewable Energy Agency (IRENA), 123 GW of energy storage is required before 2050 to attain a sustainable energy production and storage system that will keep the global temperature below 2 °C.9,10 In the U.S., only  ca. 20% of 123 GW energy storage existed as of 2020. PSH fulfills 93% of this energy storage.8 Hence, it is of utmost importance to increase the capacity of current energy storage systems.  Among the energy storage systems mentioned above, batteries have the greatest potential as they can be developed for mobile applications and transportation. Moreover, batteries possess significant energy density and shorter discharge time scales, making them desirable as energy storage systems. Among all the batteries, redox flow batteries (RFBs) are considered ideally suited to meet the increased demand for energy storage systems on the grid level. This is primarily due to the fact that RFB allows the separation of energy and power which enables scaling the power delivery and energy density according to the need.11  
	Although it seems exciting to integrate the RFB into the grid system, current RFB systems still suffer from low energy density. In the current market, Li-ion batteries (LIB) are preferable as an energy storage system as they provide an order of magnitude higher energy density than RFB.12 Due to the combination of high energy and power density, LIB has been used in many sectors, including smartphones, laptops, electric vehicles, etc.13,14 The common cathode material in LIB is LiCoO2, requiring cobalt (Co), which is a rare earth element.14,15 Co is only available in limited geographical areas, making it expensive for their use in Li-ion batteries.16 Using organic-based polymeric materials in a battery cathode can be an alternative approach to relieve the problems associated with the extensive mining and supply chain issues related to Co.15,16 Recently, the use of organic radical batteries (ORB) has been on the rise, replacing the transition elements used in LIB cathodes with organic material.17 The lucrative theoretical capacity of 147 mAhg-1, comparable to the capacity of LiCoO2  (140 mAhg-1), makes ORB a highly desirable battery technology in current and future technologies.18,19 
	To improve the performance and integrate RFB and ORB systems in the current electrical system, it is crucial to have a fundamental understanding of the materials that are needed for the next generation of these promising systems. Hence, the following sections briefly review the RFB and ORB technologies and propose materials related research projects that can address potential hurdles and shortcomings in these systems. 
[bookmark: _Toc141429357]Redox Flow Battery
	RFB technology differs from a conventional battery system as the electro-active species are stored separately in external tanks. Figure 1 shows an illustration of the operation of a typical RFB. Besides the external tanks, an RFB consists of a cell with an ion exchange membrane separating the electrodes. The electroactive species are transported from the external tanks with the help of pumps to the cell. During the discharging process, the active species are reduced at the positive electrode, releasing an electron and at the negative electrode, the active species are oxidized by accepting an electron. During the charging process, the reverse reaction takes place. The ion exchange membrane allows protons to pass from the positive end to the negative end of the cell. Multiple cells may be stacked together to develop an RFB that scales power delivery. Additionally, the energy storage capacity of an RFB system is also scalable by varying the size of the tank or concentration of the electroactive species.20,21
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[bookmark: _Toc141360599]Figure 1. Diagram of redox flow battery (RFB), with anolyte and catholyte in separate tanks. Electrons travels through the external circuit whereas ions pass through membrane.







Two types of electrolytes are typically used in RFB systems, i) aqueous electrolytes and ii) non-aqueous electrolytes. Aqueous electrolytes are advantageous over non-aqueous electrolytes as they provide high energy and current density. However, the aqueous electrolytes suffer from limited coulombic efficiency.22,23 Furthermore, the energy density of the most popular redox flow battery is around 25-35 Wh/L that is an order magnitude lower than the common lithium-ion batteries.24 Hence, novel electrolytes are needed to improve the performance of RFB. In this study, nanoparticle organic hybrid materials (NOHMs) are proposed as a component that is added to the aqueous redox flow batteries to increase the solubility of the electroactive species and improve the energy density of the RFB system. Moreover, the presence of NOHMs may promote a smooth deposition of metal on the electrode surface, reducing dendrite formation and increasing the lifetime of the battery.
[bookmark: _Toc141429358]Organic Radical Battery
	Organic Radical Batteries have a similar design and working principle as LIB. In a typical ORB, graphite material is used as anode material and a radical organic moiety, commonly a nitroxide radical, is used at the cathode. Similar to LIB, organic solvents such as ethylene carbonate:diethyl carbonate/dimethyl carbonate or propylene carbonate:ethylene carbonate:dimethyl carbonate mixtures are used with added lithium salt (LiPF6, LiBF4) in ORB.25,26 The chemical moieties such as nitroxyl, hydrazyl and phenoxyl are preferable as functional groups for the use in organic radical battery.27,28 Figure 2 illustrates a scheme of a typical organic radical battery.
	The use of manganese, iron, nickel and other transition metals in LIB results in the limited recyclability of LIBs and may have toxic side effects.29 The use of organic moieties with stable radical pendant groups in place of these transition metals may alleviate the limited recyclability 

[image: P285#y1][bookmark: _Toc141360600]Figure 2. Schematic of Organic Radical Battery (ORB) where graphite works as anode and PTMA works as cathode. Li conducting electrolytes transport lithium ions.

















issues of LIBs. These polyradicals undergo reversible redox reactions with the potential of long-time stability. Among the possible polyradicals, poly (2,2,6,6-tetramethylpiperidinyl-oxy methacrylate), PTMA is the most studied organic radical polymer due to its high theoretical capacity and easy synthesis.30 However, the conformation and thermodynamic interaction of PTMA in common battery solvents are not well established. Hence, to improve the performance of ORB that incorporates PTMA, it is essential to understand the molecular arrangement of PTMA under conditions that are similar to operation. In this study, we investigate the conformation and thermodynamics of PTMA in various battery-relevant solvents at different temperatures. 
[bookmark: _Toc141429359]Nanoparticle Organic Hybrid Materials (NOHMs)
	NOHMs are nanocomposites that consist of polymer grafted to an inorganic nanoparticle. The grafted polymers form canopies on the nanoparticle cores. Previous studies showed that changing the core or the chemical nature of the polymer allows the formation of NOHMs that are a glassy solid, a gel or a liquid-like material that flows.31,32 The earlier generation NOHMs, initially referred to as Nanoscale Ionic Materials (NIMs), were developed by grafting sulfonate terminated polymers to tertiary-amine functionalized inorganic cores.32,33 The next generation of NIMs was prepared by functionalizing the core with sulfonate groups, whereas the polymer canopy was a polyetheramine (HPE), with one amine functional end group.34,35 This allowed the development of NIMs/NOHMs with a variety of polymer canopies. 
NOHMs provide great advantages in many technologies, including zero vapor pressure, increased thermal stability, high conductivity, and a large electrochemical window without the use of additional solvents.31,36–40 These unique features allow NOHMs to be used in various applications such as lubricants,41 water treatment,42 pretreatments of chemicals,39 small molecule capture37,43 and electrolytes.31 Recently, NOHMs have been proposed to be used in RFB systems as additives, with the hypothesis that the interaction of electrolytes with the polymer canopy will allow increased solubility of conductive species. It is hypothesized that this will also increase the energy density of a conventional RFB.
Although NOHMs have been proposed to be used in RFBs, the structure and assembly of NOHMs in aqueous solutions are not well understood. Previously, attempts have been made to understand the structure and assembly of neat NOHMs or NOHMs with the presence of the host polymer as a matrix. For instance, Fernandes et al. used small-angle X-ray Scattering (SAXS) to investigate the ordering of NIMs that consists of amine-terminated poly(ethylene oxide) PEO as a cation and silica nanoparticles with hydroxyl groups (silanols) as anion. The NIMs showed a high degree of ordering of particles in thin films and bulk with a particle-to-particle distance of 27 nm.44 A molecular dynamics simulation study showed that all the polymer present in the system were grafted to the nanoparticle by overcoming the entropic barrier in highly stretched conformations. When salt is added to the system, electrolyte ions occupy some grafting sites; hence some polymer desorbs away from the surface.45 McDonald et al. investigated a subset of NOHMs termed liquid polymer nanocomposites, where the polymer is used as a matrix to disperse the NOHMs. Using Small Angle Neutron Scattering (SANS), the study shows that the polymer grafted to the nanoparticle attains a relaxed state at a grafting density of 0.7 chains nm-2. Moreover, variation in the inorganic core size can induce reversible aggregation in the bulk structure.46 These studies suggest that a number of factors can impact the structure and assembly of NOHMs. Hence, it is crucial to understand the structure and assembly of NOHMs to fully elucidate the performance of NOHMs in an electrochemical environment. Figure 3 shows an illustration of ionic NOHMs or NOHM-I-HPE and covalent NOHMs or NOHM-C-HPE used in this study. Here, SiO2 is used as the inorganic core and an amine-functionalized polyethylene oxide/polypropylene oxide 
[bookmark: _Toc141360601]Figure 3. Graphical representation of NOHM-I-HPE and NOHM-C-HPE. The core is SiO2 nanoparticles and HPE polymer is ionicially or covalently grafted to the functionalized silica nanoparticle.

















(PEO/PPO) copolymer or JEFFAMINE M2070, which is abbreviated to HPE, is used as the organic canopy. In this study, Chapter 2 reported the investigation of the structure and dispersion of NOHM-I-HPE in aqueous solution at a series of concentrations 10-40 wt.% with and without the presence of supporting electrolyte. Chapter 3 highlights the impact of the grafting motif of the polymer to the silica nanoparticle core on the structure and assembly of NOHMs in aqueous solutions. Finally, Chapter 4 elucidates the ordering of NOHMs in aqueous solution near an electrode surface. 
[bookmark: _Toc141429360]Organic Radical Polymer : PTMA
	The (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl or Tempo-based organic radical polymer PTMA, is an often studied radical polymer that may be used as cathode material in an ORB. PTMA has a backbone structure that is similar to poly(methyl methacrylate) (PMMA) with a TEMPO radical as a pendant group. The four methyl groups around the nitroxide radical preserve the steric stability of the radical. During the charging process, the reduction and oxidation process of PTMA results in an oxoammonium cation or aminoxyl anion. During discharging, the nitroxide radical regains its stability by acquiring the electron in a hopping mechanism.47–49 Figure 4 shows the reversible oxidation-reduction reaction of the TEMPO radical. The TEMPO radical may be used as either positive and negative electrodes in batteries. However, the instability of the anion in typical carbonate-based electrolytes limits its applicability. The application of TEMPO with a backbone such as PMMA in the ORB system may increase the charge density of the system. Moreover, the operational capacity at almost 100% of the theoretical capacity, impressive chemical stability, and a life cycle of 1000 recharges make PTMA a lucrative choice to use in ORBs.27,29,49,50
	 Recently, efforts have been made to establish a relationship between the conformation of the PTMA polymer and the charge transfer process of PTMA. Molecular dynamics simulations 




[bookmark: _Toc141360602]Figure 4. Oxidation-reduction mechanism of PTMA. In the oxidation process, the nitroxide radical converts to aminoxyl anion, the nitroxide radical converts to oxoammonium cation









indicate that in the amorphous film, the interchain interactions of PTMA dominate over intrachain interactions. This assembly contributes to the increased coupling of the nitroxide radical with the neighboring chains. This interchain interaction results from the bulky TEMPO pendant group that limits the close intramolecular packing of the PTMA polymer chain.47 Using Electron paramagnetic resonance (EPR), Bobela et al. establish that the amount of radical loading dramatically affects the molecular conformation of PTMA. The study investigated a random co-oligomer of PTMA-X where X refers to the amount of TEMPO radical in the backbone. Here, EPR observed the coupling of the -NO● groups, where the results show that the radical coupling reaches a maximum at approximately 60% of TEMPO in the polymer backbone.50 Small-angle neutron scattering study performed by Martin et al. investigated the conformation of PTMA-X in both neutral and oxidized states. In the neutral state, it is observed that the rigidity along the polymer backbone increases with increasing radical loading, which biases the formation of more inter-chain interactions. In the oxidized state, the polymer chain with 100% TEMPO radical does not change its conformation with oxidation; however, the chain with 20% TEMPO radical loading forms a more rigid conformation when oxidized. These studies indicate that the conformation of the polymer chain depends on the TEMPO radical, the amount of radical on the polymer chain and its oxidation state.51  
In order to have an in-depth understanding of the performance of PTMA in the battery systems, Chapter 5 of this dissertation reports the results of an investigation of the conformation and thermodynamic interaction of PTMA polymer in battery-relevant solvents: N-methyl-2-pyrrolidone (NMP)  and a 50:50 (wt.%) ethylene carbonate:dimethyl carbonate (EC:DMC) at two temperatures (25 °C and 60 °C). Moreover, our study also investigates the impact of radical loading on the conformation of PTMA chains in these solvents.
	The next section will briefly review two characterization tools primarily used in this study- small-angle neutron scattering and neutron reflectivity. The review will explain the working principle as well as the importance of using neutron scattering to elucidate the structure and assembly of NOHMs and the conformation of PTMA in solution. 
[bookmark: _Toc141429361]Small angle scattering 
	  Small angle scattering investigates structures in the length scales of ca. 0.1-200 nm.52. A general picture of the scattering experiment involves the interaction of a beam of radiation (X-ray, neutron or light) with the target material. In X-ray radiation, x-rays interact with electron clouds of the scattering atom, whereas in neutron scattering the interaction occurs between the neutron and nuclei of an atom. This feature of neutron scattering provides some advantages over X-ray scattering as the technique allows isotope labeling of the material of interest. Moreover, neutron scattering is a non-destructive technique allowing samples to be remeasured multiple times.53 Due to these advantages, neutron scattering is used as the primary tool for investigating of the structure of NOHMs and PTMA in solution. 
In a basic scattering experiment, the radiation interacts with a material with initial incident wave vector ki and scatter off the material with a final wave vector kf, as shown in Figure 5. Here, the modulus of the wave vector, k equals to 2π/λ and the change in wave vector (ki – kf) corresponds to the momentum transfer, Q. In elastic scattering, no change in energy is observed. Therefore, the magnitude of the final and the initial wave vector is the same, |k| = |ki| - |kf| . 
The vector diagram in Figure 5 elaborates the relation between the wave vector, k and momentum transfer, Q. Figure 5 shows that the wave vector of the incident radiation ki is scattered off of the particle at an angle of 2θ as the scattered radiation kf. As the magnitude of the wave 





[bookmark: _Toc141360603]Figure 5. Vector diagram of the scattering event. where ki is the incident radiation, kf is the final scattered radiation, Q is the momentum transfer.







vector, |k| is the same in the elastic scattering, the triangle formed in the scattering event depicted in Figure 5 leads to Equation 1.1 
       					       1.1            
Now, Equation 1.2 can be obtained from Equation 1.1, where the magnitude of the wave vector , |k| = 2π/λ in Equation 1.1.
      					       1.2
The magnitude of the momentum transfer, Q, can be correlated with the length scales of the structure that are examined in the material of interest using Bragg’s law. According to Bragg’s law, nλ = 2d sinθ, where d is the spacing between the diffraction planes, λ is the wavelength, θ is the scattering angle and n is the order of the diffraction.54 Combining Equation 1.2 and Bragg’s law establishes a relation between Q and the scattering angle and the length scales examined, d. 
  											       1.3
	According to Equation 1.3, structures with large length scales are observed by the scattering at low-Q values, and smaller length scale structures are observed by the scattering at high-Q values.53,55 
	The quantity measured in small angle scattering is the differential scattering cross section dσ/dΩ, which is proportional to the intensity of the scattered radiation. dΩ represents a small portion of the solid angle, Ω. It emphasizes the angular region on the detector over which the intensity of the scattered radiation is monitored. Equation 1.4 documents the relationship between differential scattering cross section for neutrons and the structure of the scattering object.
                                                          		                  1.4
In Equation 1.4, N is the number of scattering atoms, b is the scattering length of nuclei j, where r is the position of the nuclei. The integration of the differential scattering cross section over the entire solid angle provides the total scattering cross-section. Equation 1.5 shows the relation between the total scattering cross-section and intensity of the scattered radiation.
          			       1.5
where ρ(r) is the density distribution of the scattering length density. Figure 6 shows an illustration of a basic scattering experiment. 
[bookmark: _Toc138113182][bookmark: _Toc141429362]Small angle neutron scattering (SANS)
	SANS monitors the intensity of the scattering of neutron beams from a sample as a function of momentum transfer, Q. This technique is used to probe the structure of constructs such as polymers, nanoparticles, microemulsions and ionic liquids.56–60 The unique feature of neutron scattering is that the neutron interacts with each atom with a specific strength, which is known as scattering length density. The scattering length density of a molecule or nanoscale object  can be obtained using Equation 1.6.61
						      1.6

Here, ρ is the scattering length density (SLD) of the scattered object, d is its density, NA is Avogadro’s number, Mw is the molecular weight of the scattered object and ρi is the scattering length of each atom in the scattered object. The scattering length of hydrogen is -3.74 x 10-6 Å and that of deuterium is 6.67 x 10-6 Å, where this significant difference leads to the scattering length 



[bookmark: _Toc141360604]Figure 6. Schematic of small-angle scattering involving incident radiation, sample, scattered radiation and detector.

density of water (H2O) = -5.60 x 10-7 Å-2 being very different than that of deuterium oxide (D2O) = 6.34 x 10-6 Å-2.62 The large variation in the scattering length densities of water and deuterium oxide means that sufficient contrast can be achieved in a sample by incorporating protonated solutes in a deuterated solvent or deuterated solutes in a protonated solvent. For example, to investigate the structure of the polyetheramine polymer (HPE) (SLD = 5.17 x 10-7 Å-2) in aqueous solutions, deuterium oxide is used as a solvent to achieve contrast with the protonated HPE polymer. This contrast variation is not possible to achieve in small angle X-ray scattering; hence small angle neutron scattering is used to investigate NOHMs and PTMA polymers in solvents. 	
The measured scattered intensity from a target material consists of both coherent and incoherent scattering. The coherent scattering depends on the location of each atom at a given distance in the scattered object. In incoherent scattering, the neutrons interact with individual atoms independently and the scattered waves lose their phase coherence. Therefore, incoherent scattering does not provide any structural information about the scattered object. In SANS, the incoherent scattering is considered as background scattering and subtracted from the total scattering.52 The differential scattering cross-section of an object in a SANS experiment is described by Equation 1.7.61
		       1.7
	Here, N is the number of scattering objects, V is the volume of the sample, Δρ is the scattering length density difference between the scatterer and solvent, Vobj is the volume of the scatterer, P(Q) is the form factor that describes the shape of the scatterer, S(Q) is the structure factor that provides information on the interparticle interaction and Binc is the incoherent scattering.53 As an example, the scattering profile of a sphere-like scatterer in a dilute solution is provided in Figure 7. In a dilute solution, the structure factor S(Q) = 1 as the particles do not interact. The form factor of a sphere is provided by Equation 1.8.63
			                  1.8
	In Equation 1.8, r is the radius of the sphere. Figure 7a shows a scattering from a mono disperse sphere and Figure 7b shows the scattering from polydisperse spheres where the scattering at high-Q is smeared due to the size distribution of the scattered particles. Inspection of Equations 1.7 and 1.8 demonstrate that the volume of the particles, the size of the particles, particle polydispersity, and scattering length density difference between the particle and surrounding medium; contribute to the intensity and shape of the scattering profile.
	In this dissertation, various scattering models are used to extract information about the structure, assembly and conformation of NOHMs or PTMA from the scattering profile that emerges from the coherent neutron scattering of NOHMs or PTMA. Specifically, Chapter 2, 3 and 5 benefit from using SANS to determine the structure and assembly of polymers and nanoparticles, and each chapter provides a detailed reasoning of the models chosen to fit each scattering profile. 
[bookmark: _Toc138113183][bookmark: _Toc141429363]Neutron Reflectivity (NR)
	Neutron reflectivity is a powerful technique that provides information on the buried density profile of a sample perpendicular to the surface. Typically, a resolution ranging from 5-10 Å is attainable in a neutron reflectivity experiment. The experimental data obtained using neutron reflectivity measurements is fit to the reflectivity of a model system to obtain the density profile that provides information about the buried structures. In a neutron reflectivity experiment, a neutron beam is focused on a sample at a very small angle θ. Once an incident neutron beam interacts with the sample, it either reflects off of the surface or refracts through the sample, as 

[bookmark: _Toc141360605]Figure 7. Small angle scattering profile of sphere of radius, r = 50 Å. Figure 7a showing scattering profile of a monodisperse sphere and 7b showing scattering profile of a polydisperse sphere

shown in Figure 8.
[bookmark: _Hlk138947975]The relation among the incident angle (θ0), reflected angle (θr) and refracted (θ1) angle can be obtained for medium of 0 and 1 with refractive indices n0 and n1 through Snell’s law, n0 cosθ0 = n1 cosθ1 and law of reflection, cosθ0 = cosθr. In general, the top layer (L0) is air and hence n0 = 1. When the incident angle, θ0 is less than or equal to the critical angle, θc, the incident radiation completely reflects off the layer. Hence, to obtain information of the buried surfaces, the reflected neutron beam is measured at an incident angle, θ0, scanning from a small angle to an angle larger than the critical angle, θc. The neutron refractive index, n of a material can be obtained from Equation 1.9.64
										      1.9
Here, is the real component of the refracted index and  is the imaginary component. In these equations, λ is the wavelength of the neutron, ρ is the SLD of the object and ρabs is the absorption density. The real component considers the transmission and reflection of incident radiation while the imaginary component considers the absorption of the radiation by the layer. The SLD, ρ, of most polymeric materials, is in the order of 10-6 Å-2. While δ is on the order of 10-6 Å-2, β is on the order of 10-8 and 10-9 Å-2. Furthermore, since few atoms significantly absorb neutrons, the imaginary component, β of Equation 1.9, is often assumed to be negligible. The scattering lengths of elements do not follow a systemic order with an increase in molecular weight, but the large difference in scattering lengths between isotopes of hydrogen, protium (b = -3.74 x 10-6 Å) and deuterium (b = 6.67 x 10-6 Å) allows the labeling of polymer to induce contrast in a sample without interfering with the chemistry of the polymer. 62
Neutron reflectivity, R is defined as the ratio of the intensity of the reflected neutron beam 

[bookmark: _Toc141360606]Figure 8. Geometry of general reflectivity experiment, where the difference in incident and reflected radiation provides momentum transfer Q in the z direction. θ0, θr, θ1 are the incident angle, reflected angle and refracted angle, respectively. Neutron refractive index of medium 0 and 1 are n0 and n1, respectively.

to the intensity of the incident neutron beam. Although neutron reflectivity depends on incident angle and wavelength of the neutron, reflectivity is typically expressed as a function of momentum transfer, Q, that accounts for both incident angle and wavelength (Equation 1.2). For a single surface without any roughness, the reflectivity profile exhibits a Q-4 dependence which is also known as Fresnel reflectivity. When a second material with a different SLD/refractive index than the first layer is deposited on top of the first layer, fringes can be observed in the neutron reflectivity profile owing to the interference (constructive and destructive) of the reflected neutron beam from the interface of the first and second layer and the reflected beam from the interface of the second layer and air. Equation 1.10 correlates the thickness of the layer (d) on the surface to the width of the fringes (DQ) observed in the reflectivity profile. 
  			                             1.10
In reality, there are few surfaces with no roughness and hence, the impact of this roughness on the reflected intensity must be accounted for.  The roughness of a surface attenuates the reflected beam intensity, and can be accounted for quantitatively with Equation 1.11.64    
										     1.11
In Equation 1.11, Δρ is the variation in SLD perpendicular to the surface and σ is the roughness of the interface. Equation 1.11 quantifies that a larger variation of the SLD with depth increases the intensity of the fringes. Figure 9 shows the reflectivity profile of a silica surface with no roughness or the Fresnel reflectivity profile.53 Figure 9 also shows a reflectivity profile of a thin film of gold deposited on the silica surface. The fringes in Figure 9 provide information about the thickness of the gold layer using Equation 1.10. 

d=2π/ΔQ
[bookmark: _Toc141360607]Figure 9. Examples of reflectivity profile. Green plot shows SiOx surface with no roughness, red plot shows Au with 10 Å roughness surface on top SiOx surface. The fringes observed on the (SiOx + Au) reflectivity profile provides information about thickness (d) of the sample. 

Equation 1.11 also shows that the roughness greatly impacts the density profile of the scattering length density. Figure 10 illustrates that with an impact of an increase in layer roughness on SLD profiles, forming more diffused SLD profiles.
In order to understand the ordering of NOHMs near an electrode surface in an electrochemical cell, reflectivity experiments of NOHMs solutions near various surfaces were performed at the Oak Ridge National Laboratory (ORNL). The neutron reflectivity experiments of NOHMs in an electrochemical cell are obtained in an inverted geometry to obtain the depth profile of NOHMs near the solid electrode surface.65 In the inverted geometry reflectivity experiment, the incident neutron first passes through the silicon wafer at the bottom of the cell and interacts with NOHMs solution. Due to the use of inverted geometry, the electrode surfaces are prepared on a silicon wafer that is transparent to the neutrons. The reflectivity profiles obtained from these experiments were analyzed using MOTOFIT analysis package in which multilayer Parratt-formalism is used.66 Genetic optimization with the least square method is followed to obtain the best fit of the experimental reflectivity profile.
[bookmark: _Toc141429364]Summary
The enhanced performance of energy storage systems can be achieved by incorporating novel and recyclable soft materials. The functionality of these soft materials depends on the molecular structure and assembly that can be tuned to increase the performance of the energy storage system. Hence, a fundamental understanding of the structure and assembly of these polymeric materials is required to optimize the performance of energy storage systems. Chapters I and II describe experiments that focus on the structure and assembly of NOHMs in aqueous solutions using small angle neutron scattering. Moreover, the interaction of supporting 
[bookmark: _Toc141360608]Figure 10. Demonstration of impact of roughness on the SLD profile. Black, blue and green line corresponds to 10% , 25%, 50% roughness of the layer thickness.









electrolyte 0.1 M KHCO3 with NOHMs and its impact on the structure as well as the performance of NOHMs is also detailed in both the chapters. A thorough understanding of the interaction of NOHMs with electrode material is required to enhance the performance of energy storage system. Neutron reflectivity is used in Chapter III to investigate near surface ordering of NOHMs in the presence of supporting electrolyte with and without an applied potential. 
Finally, Chapter IV reports results that investigate the conformation and thermodynamics of PTMA in battery relevant solvents, N-methyl-2-pyrrolidone (NMP) and a 50:50 (wt.%) ethylene carbonate:dimethyl carbonate (EC:DMC)  using small angle neutron scattering. This study also focuses on the change in conformation with temperature (25 °C and 60 °C) and radical loading (68% vs 98%) on the backbone of the PTMA polymer chain. The results obtained from this study expand our understanding of the conformation of PTMA polymer chain in solutions that correlates to the electrochemical performance of PTMA in devices. 

[bookmark: _Toc141429365][bookmark: _Hlk137677432]Chapter II Structure and Dispersion of Free and Grafted Polymer in Nanoparticle Organic Hybrid Materials-based Solutions by Small-Angle Neutron Scattering



[bookmark: _Hlk138614186]A version of this chapter was originally published by Md Ashraful Haque, Tony G. Feric, Sara T. Hamilton, Ah-Hyung Alissa Park,  Mark D. Dadmun :
Md Ashraful Haque, Tony G. Feric, Sara T. Hamilton, Ah-Hyung Alissa Park,  Mark D. Dadmun. ‘Structure and Dispersion of Free and Grafted Polymer in Nanoparticle Organic Hybrid Materials-based Solutions by Small-Angle Neutron Scattering’. J. Phys. Chem. C 2021, 125, 9, 5327–5334
[bookmark: _Toc141429366]Abstract
Liquid-like Nanoscale Organic Hybrid Materials or NOHMs consisting of polymer grafted nanoparticles have shown great promise in applications, such as electrochemistry and gas separation due to their enhanced conductivity, tunability, and negligible vapor pressure. Recently, NOHMs are considered to be used as novel electrolytes in Redox Flow Batteries (RFBs). However, to employ NOHMs in redox flow batteries as electrolytes it is important to understand the conformation and dispersion of NOHMs in the electrochemical milieu. Here, we report the use of small-angle neutron scattering to probe the structure and dispersion of Jeffamine M2070 polymer grafted to SiO2 nanoparticle in an aqueous solution with and without the presence of a supporting electrolyte. Our results indicate that in the aqueous environment, there exists a large amount of free polymer in the solution that is not grafted to the functionalized nanoparticles. These protonated free polymers, dispersed in the aqueous solvent, may also strongly interact with the grafted polymer layer and greatly affect the neat structure of NOHMs. Thus, there also exist polymers identified as “interacting” polymers to distinguish them from tethered or truly free polymers in the fluid system. The presence of supporting electrolyte shows a greater effect on the structure of NOHMs-based fluid as it not only alters the structure of the free polymer but also hinders the interaction of the polymer with the functionalized nanoparticles. Moreover, the change in the interaction of the Jeffamine M2070 with the functionalized nanoparticles due to the addition of supporting electrolyte has revealed a drastic change in the viscosity of NOHMs solutions. Overall, the dispersion of the free polymer, the interaction of the interacting polymer with grafted polymer as well as the change in conformation of free polymer and grafted layers with the addition of supporting electrolyte provides valuable insight into the overall scenario of the electrochemical environment of NOHMs. These results can be applied to fine-tune the structure of liquid-like NOHMs and will aid in a better understanding of their performance as potential electrolytes in RFBs. 
[bookmark: _Toc141429367]Introduction 
The performance of redox flow batteries (RFBs) is known to be limited by electrolyte conductivity, the electrochemical window and the solubility of redox active species.22,67–69 The solubility of the selected redox active species in the electrolyte and the cell voltage dictate the maximum achievable energy density, while electrolyte conductivity impacts achievable power densities in RFBs. The performance of aqueous RFB electrolytes are constrained by their electrochemical stability window, as well as the limited solubility of redox active species in water, which restricts achievable energy densities to < 50 Wh L-1 in most cases.22,69 This has prompted research into the development of organic solvents as electrolytes, which boast wider electrochemical windows, enabling wider cell voltages to be achieved. However, commonly employed redox active materials have very limited solubilities in organic solvents.70,71 Non-aqueous RFBs also have reduced ionic conductivity compared to aqueous RFBs, limiting achievable power densities.72,73 Additionally, organic solvents often present undesirable safety hazards such as high volatility and flammability. Thus, emerging research has focused on the design and development of novel, structured electrolytes that can simultaneously achieve high conductivity, wide electrochemical windows and high solubility of redox active species.74–78 
Liquid-like nanoparticle organic hybrid materials (NOHMs) consist of a polymer canopy that is tethered to an inorganic nanoparticle core via ionic40,79–81 or covalent bond40,82, depending on the selection of the linker molecule. Owing to their negligible vapor pressure,36 improved thermal-oxidative stability relative to the neat polymer canopy36,37 and chemical tunability,40 NOHMs have been extensively studied in the neat state for various energy storage83–85 and gas separation applications.36–38,40,43,80,82,86,87 More recently, this class of materials has been proposed as an emerging electrolyte additive in redox flow battery applications because of the potential for the functional groups along the polymer backbone to interact with and enhance the solubility of redox active species while maintaining high electrolyte conductivity.75 The electrochemical behavior of Cu(II) ions in the presence of amine functionalized NOHMs have recently been reported.75 Interestingly, the complexation between the amine functional groups and the Cu(II) ions was found to be tunable by the protonation state of the amine (i.e., the pH of the electrolyte), thus suggesting the capability of NOHMs to capture and subsequently release redox active species based on environmental stimuli.75
Though initial results suggest that NOHMs are promising for electrochemical applications, the structure of NOHMs in aqueous solutions containing supporting electrolyte is not yet fully understood. To design optimized electrolytes that can effectively capture and deliver target molecules (i.e., redox active species) to electrode surfaces, the structure and conformation of the NOHMs’ polymer canopy, in solution, needs to be elucidated further. In this work, the structure of NOHMs consisting of an SiO2 nanocore and an ionically tethered polymer canopy of Jeffamine M2070, NOHM-I-HPE, in aqueous solution with and without supporting electrolyte (0.1 M KHCO3) has been probed using small-angle neutron scattering.
Small-Angle Neutron Scattering (SANS) has been extensively used to characterize numerous polymer grafted nanoparticles.46,58,88–92 In our study, SANS elucidates the structure, assembly and dispersion of NOHM-I-HPE in deuterated water. An NMR study on similar ionically tethered NOHMs samples identified two dynamic regions of the polymer in the NOHMs, where one timescale accounts for the grafted polymer whereas the other is consistent with the presence of untethered or free polymer.93 Our SANS analyses shed further light on the conformation of the free polymer and its interaction with the grafted polymer layer structure. Moreover, the analysis of the NOHM-I-HPE solution with 0.1 M KHCO3 salt clearly indicates an alteration in the structure of free and grafted polymer, which suggests a strong interaction between the salt, KHCO3 and the nanoparticle surface. This interaction appears to alter the nature of the grafted layer and this translates to significant changes in the viscosity of the NOHM solutions with the added salt.  
[bookmark: _Toc141429368]Experimental 
[bookmark: _Toc141429369]Synthesis of NOHMs
NOHM-I-HPE was synthesized according to a previously reported procedure.36,39,82,94 18.3 g of a 30 wt.% colloidal suspension containing 7 nm diameter SiO2 nanoparticles (LUDOX SM-30, Sigma-Aldrich) was diluted with deionized water to a final SiO2 concentration of 4 wt.%. 30 g of a 35 wt.% 3-(trihydroxysilyl)-1-propane-sulfonic acid solution (acquired from Gelest Inc.) was diluted to a final concentration of 7 wt.%. After stirring both solutions for one hour, the SiO2 suspension was then added dropwise to the silane solution.  Then, 1 M NaOH was added dropwise until a pH of 5 was reached and the resulting mixture was stirred and heated at 70 °C for 24 hours. Afterwards, the mixture was dialyzed against deionized water for 48 hours (SnakeSkin Dialysis Tubing 3500 MW cutoff, Thermo Scientific) to ensure the removal of any unbound silane molecules. The functionalized SiO2 nanoparticles were then passed through a cation-exchange resin (Dowex Marathon C hydrogen form, Sigma Aldrich). During this step, the sulfonate groups on the linker molecules became protonated and any additional cations present in the solution were removed.
	Next, Jeffamine M2070 (obtained from Huntsman Co.), an amine-terminated polyether with a molecular weight of 2000 g/mol, was tethered to the functionalized nanoparticles via an ionic bond. Jeffamine M2070 (referred to as HPE) was diluted in water to a concentration of 20 wt.% and then dropwise added to the functionalized silica nanoparticle solution until the equivalence point (pH = 6.5) was reached. This solution was then placed in a vacuum oven at 60 °C overnight to remove the excess water. 
[bookmark: _Toc141429370]Small-Angle Neutron Scattering Experiments
For the SANS experiments, 30 wt.% SiO2 nanoparticles were dissolved in H2O whereas all NOHMs samples were dissolved in D2O to achieve maximum contrast between the polymer and surrounding solvent. All the experiments were conducted at the National Institute for Standards and Technology’s Center for Neutron Research using the NG-7 beamline with a Q range of 0.0042−0.41 Å−1. Here Q is the wave vector = 4π/λ sin(θ), where λ is the neutron wavelength and θ is the scattering angle. Each sample was placed in a 1 mm thick demountable cell. Coherent scattering data was obtained by correcting the experimentally obtained scattering for sample transmission, empty cell and solvent scattering, and dark current background. This was then normalized to absolute units using a scattering standard using the NCNR SANS reduction package.95 All experimental scattering data are fit and analyzed using the SasView fitting program.96 
[bookmark: _Toc141429371]Viscosity Measurements
Before sample preparation, the NOHM-I-HPE was dried under vacuum at 60 °C for 3 hours to remove any absorbed moisture. Subsequently, mixtures of NOHM-I-HPE and deionized water were prepared using an analytical balance (ML104T, Mettler Toledo) with a precision of 10-4 g. The following wt.% NOHM-I-HPE samples were prepared: 10.0, 15.0, 20.0, 25.0, 30.0 and 40.0 wt. %. NOHM-I-HPE solutions with added salt (0.1 M KHCO3, Sigma Aldrich, ACS, ≥99.0%) were prepared. Samples were mixed in 10 mL graduated flasks until complete dissolution of the salt was observed.
The dynamic viscosities of the prepared solutions were measured at 25.00 ± 0.05 °C using a piston-based viscometer (VISCOlab 4000, Cambridge Viscosity – PAC) equipped with a water bath (Julabo F12) for temperature control. The uncertainty in the viscometer measurements was determined to be within ±5% for all samples.
[bookmark: _Toc141429372]Results and Discussion
Small-angle neutron scattering (SANS) provides insight into the structure, assembly, and dispersion of the nanoparticle, polymer and solvent in nanoparticle organic hybrid materials (NOHMs). In particular, the contrast afforded by using deuterated solvent and protonated polymer allows the elucidation of the state of the polymer throughout the sample, whether it is tethered to the nanoparticle or free. The fitting of the scattering of the NOHM solutions requires a variety of fit parameters and being able to assign a value for any of these parameters aids in the analysis and interpretation of the scattering patterns. With this in mind, the small-angle neutron scattering of a 30 wt.% solution of the SiO2 nanoparticle dispersed in D2O was measured and is shown in Figure 44 (pg. 172 in Appendix). This scattering curve is fit to a sphere model, which provides the size and scattering length density of the silica nanoparticle (r = 4.5 nm, SLD = 4.3 x 10-6 Å-2) that serve as guides for these parameters in fitting the scattering of the NOHM solutions.  
The SANS patterns of NOHM-I-HPE solutions in D2O at loadings from 10-40 wt.% NOHM were measured and are shown in Figure 11. Inspection of the curves surprisingly shows that the scattering intensity decreases at low q (q  0.1 Å-1) with increased NOHM loading, but scattering intensity increases with NOHM loading at high q (q  0.1 Å-1). This is unexpected because the scattering of a solution is directly proportional to the concentration of the solute, thus the scattering intensity of the curves should uniformly increase with NOHM loading if the structure of the solutions is not changing with concentration. 
One explanation of this unanticipated result is that the scattering contrast between the nanoparticle and surrounding fluid is decreasing with increased NOHM loading. This, in turn correlates to the realization that there exists free (protonated) polymer in the surrounding (deuterated) solvent, which increases in loading with NOHM concentration. The presence of the free protonated polymer in the surrounding D2O effectively lowers the contrast between the nanoparticle and surrounding fluid, decreasing the scattering intensity. Fitting of these curves to a core-shell sphere model combined with the polymer excluded volume model provides a detailed picture of the nanoparticle, conformation of the tethered polymer and free polymer, as well as penetration of free polymer into the tethered polymer canopy.
At the same time, fitting of the NOHMs scattering to a core-shell sphere model failed to capture the high-q portion of the data. However, the inclusion of the polymer excluded volume model to physically account for the presence of free polymer provides a robust model to fit the data as shown in Figure 45 (pg. 173 in Appendix). The square well and sticky hard sphere structure factors were used in the fitting with the core-shell sphere model for the form factor.97,98 
[bookmark: _Toc141360609]Figure 11. Small-angle neutron scattering curves of the NOHM-I-HPE solutions in D2O with 10-40 wt.% NOHM loadings.











The fitting of the SANS curves to this model provides the diameter of the nanoparticles (~ 9 nm), the thickness of the grafted layer (corona + tethered canopy polymer), the radius of gyration of the free polymer in the solution, and the scattering length density (SLD) of the surrounding D2O/polymer solution. Further analysis of the SLD of the surrounding fluid provides a measure of the amount of free polymer in the surrounding fluid. The presence of free polymer creates a surrounding fluid that is a solution of D2O and Jeffamine M2070 polymer. Therefore, the SLD of the shell (tethered polymer) and the surrounding fluid varies from 0.517 × 10-6 Å-2 (SLD of pure polymer) to 6.35 × 10-6 Å-2 (SLD of pure D2O). Completing this analysis on the series of NOHMs samples provides insight into the impact of increased NOHMs loading on the structure of the tethered layer, the conformation and concentration of the free polymer, and the interpenetration of the two.  
[bookmark: _Toc141429373]Characteristics of Free Polymer 
The amount of free polymer in solution between the nanoparticles can be determined by quantitatively analyzing the scattering length density of the surrounding solvent, which consists of D2O and protonated polymer. The relationship between the measured scattering length density (SLD) and volume fraction of free polymer in the solvent (f1) is given by Equation 2.1.  In Equation 2.1, SLDpoly is the SLD of polymer = 0.517 × 10-6 Å-2, SLDD2O is the SLD of D2O = 6.35 × 10-6 Å-2, and SLDsolv is the SLD of the surrounding solvent, which is a mixture of the free polymer and D2O. Figure 12 plots the volume fraction of free polymer in each NOHM solution (blue) as a function of NOHM concentration, as well as the percentage of polymer in the sample that is free in each solution (red). 
					        2.1


[bookmark: _Toc141360610]Figure 12. Increase in volume fraction and percentage of free polymer in solution with increasing NOHMs loading.

Inspection of Figure 12 shows that the volume fraction of free polymer increases steadily with NOHM loading, and that this corresponds to an increase in the  percentage of polymer that is free in the NOHM solutions. This is surprising and emphasizes the importance of fully understanding the presence and consequence of free polymer, and its interaction with the tethered polymer, in the performance of NOHMs in functional applications. For instance, the grafting assuming all of the polymer is grafted to the nanoparticle is 2.0-2.5 chains/nm2, however this decreases to 0.5-1.5 chains/nm2 when accounting for free polymer. 
A possible interpretation of these results is that as the loading of NOHMs increases, the distance between nanoparticles decreases and approaches the size of the tethered polymer. In this scenario, the “free polymer” is really just the tethered polymer spanning between nanoparticles. To test this, the interparticle distance between the surfaces of the nanoparticles (ID) is calculated and compared to the diameter of the free polymer. The ID is calculated with Equation 2.2, where d is the diameter of the nanoparticle and f is the volume fraction of the nanoparticle.99–101
					       2.2
Figure 13 plots the distance between the outer edge of the tethered polymers on neighboring nanoparticles and the diameter of the free polymer. Inspection of this figure clearly shows that the distance between nanoparticles is much greater than the size of the free polymer (or tethered nanoparticle as shown below), and thus the decrease in scattering length density of the solvent cannot be explained by the extension of the tethered polymer between nanoparticles. Thus, there must exist free polymer in the D2O, where a large percentage of the polymer in the NOHM solution is not tethered to the polymer. 








[bookmark: _Toc141360611]Figure 13. The interparticle distance of NOHMs and the size (2Rg) of the free polymer.




Moreover, as the NOHM concentration approaches 30 wt.%, the size of free polymer (2Rg) approaches the distance between two NOHMs nanoparticles. At these high loadings, the conformation of the free polymer appears to be constrained by the surrounding nanoparticle, creating a potentially anisotropic conformation that may impact ion or molecular transport in these materials. 
	The contrast afforded by the deuterated solvent and protonated polymer also provides a robust picture of the structure of the tethered polymer and the penetration of free polymer and solvent into the grafted canopy on the nanoparticle. Figure 14 plots the scattering length density of the grafted layer as a function of NOHM concentration, while Figure 15 plots the effective thickness of the grafted polymer layer as a function of NOHM concentration.
Figure 14 indicates that at low NOHMs loading, the tethered polymer is mostly solvated by D2O, as the SLD at 10-15 wt.% is closer to that of D2O than it is to the SLD of the polymer. As the NOHM concentration increases in the solution, the grafted layer may have collapsed or the free polymer penetrates into the grafted layer, both of which expels D2O from the grafted layer lowering the scattering length density.
Inspection of Figure 15 shows that at low NOHM loading (~10-15 wt.%) the extension of the tethered polymer is similar to the Rg of the free polymer (Figure 13), suggesting that the tethered polymer is not distorted by the packing of the NOHMs or the presence of the free polymer. However, at higher NOHM loadings, the tethered layer thickness decreases dramatically, approaching values that are only a few Å thick. Clearly, it is not physically realistic that the tethered polymer only extends a few Å from the surface.  	

[bookmark: _Toc141360612]Figure 14. Decrease in scattering length density (SLD) of the grafted layer as a function of NOHMs loading.


[bookmark: _Toc141360613]Figure 15. Change in the effective thickness of the tethered polymer with  increasing NOHMs loading.


However, it must be remembered that neutron scattering contrast is dominated by the proton density in a layer and that the core-shell sphere model defines that portion of the grafted layer that has a different scattering length density of the surrounding fluid. Thus, our interpretation of this result is that the tethered polymer consists of two layers, one that is close to the nanoparticle that is only penetrated by D2O and an outer layer of the tethered polymer that is penetrated by D2O and the free polymer. This outer layer has a scattering length density that is very similar to that of the surrounding fluid (i.e., free polymer + D2O), and therefore, is essentially invisible to neutrons. Thus, the values reported in Figure 15 are an effective thickness of the grafted layer and report that portion of the tethered layer that is not penetrated by the free polymer.
	Figure 16 illustrates the emerging picture of the structure and assembly of the tethered polymer, free polymer, and nanoparticles in NOHM solutions based on these SANS results. The structure around a given nanoparticle surface consists of;  i) tethered polymer: a polymer that is grafted (ionically bonded) to the functionalized silica nanoparticles, ii) interacting polymer: free polymer that penetrates the grafted layer, and iii) free polymer: polymer chains that exist in the bulk solution. Previous work by Vaia and co-workers that used NMR to monitor polymer chain dynamics in similar NOHM solutions demonstrates free unhindered polymer dynamics that is consistent with this interpretation.93 Clearly, the structure and assembly of the free polymer, tethered polymer, and nanoparticles is quite complex, with a significant increase in free polymer chains that interact with the grafted polymer with increased NOHM loading.  Moreover, it is clear that all aspects of this structure must be considered when interpreting the dynamic and functional properties of the NOHM solutions.



[bookmark: _Toc141360614]Figure 16. Schematic of NOHM-I-HPE structure at different loadings. Figure A shows three different polymer types in the solution, figure B, C, D shows decrease in effective thickness of grafted layer with increasing NOHMs loading.

[bookmark: _Toc141429374]Role of added salt on NOHM structure and assembly
The scattering curves of the NOHMs solutions with 0.1 M KHCO3 are shown in Figure 46 (pg. 174 in Appendix)..  These curves are also fit to the combined model (core-shell sphere + polymer excluded volume) with the sticky hard sphere structure factor. Similar to the data shown in Figure 11, these data also have scattering intensities that decrease at low q (q  0.1 Å-1) with increased NOHMs loading, but increased scattering intensity with NOHMs loading at high q (q  0.1 Å-1), indicative of the presence of free polymer in the NOHM solutions.  Fitting these data to the combined core-shell sphere + polymer excluded volume form factors provides insight into the impact of the addition of the KHCO3 salt on the structure of the grafted layer, the conformation and concentration of the free polymer, and the interpenetration of the grafted layer by interacting polymer.
Figures 17 and 18 plot the nominal thickness of the grafted layer and radius of gyration of the free polymer as a function of NOHM loading, respectively, for the NOHM solutions with and without the KHCO3 salt.  These data clearly show that the presence of the salt decreases the radius of gyration of the free polymer and increases the effective thickness of the grafted layer. Recalling that at these NOHM loadings, the effective thickness is interpreted to correspond to the portion of the tethered polymer that is not penetrated by interacting polymer, these results demonstrate that the presence of the salt limits the ability of the interacting polymer to penetrate the tethered polymer layer, while decreasing the global size of the free polymer. 
It should be noted that there exists another interpretation that is consistent with this data; that the presence of the salt interrupts the ionic bonding of the canopy with the corona. In this scenario, the K+ ion replaces the amine cation on the JEFFAMINE M2070 to release the polymer. This results in the grafted layer thickness corresponding to the corona (which is consistent with 
[bookmark: _Toc141360615]Figure 17. Change in effective thickness of grafted layer in salt and salt-free solution for 20 wt.%, 30 wt.%, 40 wt.% NOHMs solution.











[bookmark: _Toc141360616]Figure 18. Change in Rg of free polymer in salt and salt-free solution for 20 wt.%, 30 wt.%, 40 wt.% NOHMs solution.

the data in Figure 17), which is surrounded by free polymer. This interpretation is also supported by work by Jespersen and co-workers on similar NOHM-I-HPE nanoparticles that showed that the addition of a supporting electrolyte changes the diffusion dynamics of the polymer because the electrolyte ions bond to the corona, freeing the HPE (Jeffamine M2070).102
[bookmark: _Toc141429375]Viscosity of NOHM solutions
	Table 1 presents the viscosities of the NOHM-I-HPE solutions with and without KHCO3, as well as the viscosity of Jeffamine M2070 solutions of similar concentrations. The addition of nanoparticles to the HPE solutions significantly increases the viscosity of the solution, which is not surprising.
It is interesting that the addition of salt to NOHMs solutions, however, produces a system that has a viscosity that is much more similar to that of the Jeffamine M2070 polymer solution than the viscosity of the NOHM solutions. Clearly, the addition of the salt dramatically decreases the interaction of the nanoparticle with the surrounding fluid. One possible mechanism is that the addition of salt interrupts the ionic bond that connects the canopy to the corona, which will create a smaller nanoparticle that results in a lower viscosity. This interpretation is consistent with literature results that show that the viscosity of covalently bonded NOHMs have a larger viscosity than ionically bonded NOHMs, which is ascribed to the slippage between the canopy and corona.103 Thus, the viscosity data are consistent with the interpretation that the addition of salt creates a nanoparticle where the K+ ion replaces the amine cation on the Jeffamine M2070 to release the polymer. This creates a system with fewer grafted polymer chains and lower viscosity. 



[bookmark: _Toc141360584]Table 1. Viscosity measurements of the NOHM-I-HPE solutions with and without salt (The uncertainty in the viscometer measurements was determined to be within ±5% for all samples.)
	Concentration (wt.%)
	Jeffamine M2070 Polymer
	NOHM-I-HPE without salt
	NOHM-I-HPE with 0.1M KHCO3 salt

	10
	2.14
	4.39
	1.95

	15
	4.6
	9.83
	3.08

	20
	6.79
	21.8
	5.55

	25
	10.05
	41.59
	5.81

	30
	14.48
	76.18
	14.67

	40
	21.39
	313
	35.87






[bookmark: _Toc141429376]Conclusion
Small-angle neutron scattering experiments provide valuable insight into the structure and dispersion of NOHMs in aqueous solution with and without the presence of supporting electrolyte, 0.1 M KHCO3 salt. A decrease in scattering intensity with increasing NOHMs loading is interpreted to indicate the presence of free polymer in the solution. Further quantitative analysis shows that a large portion of the polymer is free in solution and not bound to the functionalized nanoparticles. The careful analysis of the scattering patterns shows that the effective thickness of the grafted layer decreases with increased NOHMs loading, indicating that the free polymer penetrates the grafted layer structure at high NOHMs loading. Thus, the structure of the NOHM must be viewed as consisting of three distinct types of polymers: tethered polymer, interacting polymer and free polymer in solution. The addition of a supporting electrolyte in the solution, however, also alters the conformation of the grafted layer and free polymer. The grafted polymer layer increases in thickness, while the global size of the free polymer decreases with addition of salt. Comparison of these structural studies to their  viscosity strongly suggests that the addition of salt provides a cation that may compete with the amine of the tethered polymer in the canopy, replacing the tethered polymer and detaching the polymer from the nanoparticle. Thus, these results provide crucial information on the structure and assembly of the tethered polymer, interacting polymer, free polymer, and nanoparticle in NOHM solutions and their variation with the addition of the supporting electrolyte. These results provide an important structural foundation for the rational improvement of the performance of NOHMs in functional applications, such as an electrolyte additive in flow batteries.  
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[bookmark: _Toc141429378]Chapter III Insights into the Assembly and Conformation of Nanoparticle Organic Hybrid Materials (NOHMs) in Solution with the Change in Grafting Type


A version of this chapter was originally published by Tony G. Feric, Sara T. Hamilton, Md Ashraful Haque, Javad Jeddi, Joshua Sangoro, Mark D. Dadmun Ah-Hyung Alissa Park:
Tony G. Feric, Sara T. Hamilton, Md Ashraful Haque, Javad Jeddi, Joshua Sangoro, Mark D. Dadmun Ah-Hyung Alissa Park; “Impacts of Bond Type and Grafting Density on the Thermal, Structural, and Transport Behaviors of Nanoparticle Organic Hybrid Materials-Based Electrolytes.” Adv. Funct. Mater. 2022, 32, 2203947
[bookmark: _Toc141429379]Abstract
Recently, nanoparticle organic hybrid materials (NOHMs) have been considered as novel electrolytes for energy storage applications due to their unique properties, which include good thermal stability, negligible vapor pressure and easy synthesis. To deploy NOHMs in energy storage systems, it is essential to be able to correlate the structural features of NOHMs to their performance in electrochemical systems. Hence, in this study, we investigate the impact of grafting type (ionic vs covalent) on the structure and performance of NOHMs that consists of a silica core and grafted HPE polymer (Jeffamine M2070) in aqueous solution with and without the presence of supporting electrolyte (0.1 M KHCO3) using small-angle neutron scattering (SANS). Our previous study investigated similar ionically bonded NOHMs with a grafting density of 2.0-2.5 chains nm-2, where these studies show that a significant portion of polymer detaches from the functionalized surface, altering the assembly and structure of NOHMs in solution. These studies elaborate our understanding of the impact of graft type on the structure and assembly of NOHMs in aqueous solutions, with all NOHMs having a similar polymer grafting density. The careful analyses of these studies indicate that even at low grafting density (0.8 chains nm-2) and concentration (1-3 wt.%), ionic NOHMs solutions contain free polymer that can interact with the grafted polymer, altering the assembly of NOHMs in solution. Our investigation also elucidates that the covalent NOHMs solutions consist of both aggregated and dispersed NOHMs in the solution. Unlike ionic NOHMs, the functionalization of covalent NOHMs does not allow polymer to detach from the nanoparticles surface and hence the grafted layer density of the covalent NOHMs structure is preserved. Moreover, the addition of supporting electrolyte affects the assembly and structure of polymer in the ionic NOHMs solution significantly, whereas the conformation of the polymer grafted to the covalent NOHMs varies only slightly with the addition of salt. These conformational changes alter the performance of NOHMs solution resulting in a dramatic change in viscosity. Careful analysis shows that this significant alteration of solution viscosity in the ionic NOHMs can be traced back the presence of the free polymer that interacts with the grafted layer, and the attenuation of this interaction between free and grafted polymer with the addition of salt. Thus, these studies elucidate the impact of grafting type on the overall structure, assembly, and performance of functionalized NOHMs in aqueous solution, where the difference between ionically grafted NOHMs and covalently grafted NOHMs is significant and must be considered when designing functional systems that incorporate NOHMs.  
[bookmark: _Toc141429380]Introduction
The need to reduce carbon emissions and fossil fuel usage to prepare for a sustainable future has motivated current researchers to search for environment-friendly alternatives for energy production and storage. The use of renewable energy can relieve some of the demand of fossil fuels and consequently can reduce our carbon footprint in nature.104,105 However, the intermittency of renewable energy has challenged the successful utilization of this source in the existing power-grid.106,107 Hence, energy storage systems, such as redox flow batteries (RFB), are needed to harness the production of renewable energy sources.108,109 There are several limitations of redox flow batteries including conductivity, solubility of redox species and a narrow electrochemical window that require attention to realize their potential.69,110,111 The rational design of  novel electrolytes can play a key role in overcoming these limitations of RFBs. For instance, ionic liquids (ILs),109,112–114 microemulsion,115–118 and deep eutectic solvents (DESs)119–121 have recently gained attention as candidates to deploy as novel electrolytes in energy storage systems for their attractive properties. Nanoparticle organic hybrid materials (NOHMs) are also an interesting candidate as a novel electrolytes that have gained attention for their unique properties including negligible vapor pressure,36 high thermal stability37,39,122 and tunable chemistry.40,123
	Nanoparticle organic hybrid materials (NOHMs) consist of an inorganic core with an organic polymer canopy grafted to the core ionically or covalently. This class of polymer grafted nanoparticles has been extensively studied and have been shown to improve the performance of lithium batteries84,124,125 and to efficiently capture CO2 at large capacity.36,79,86,122,126–128 Moreover, the opportunity to alter the ligand chemistry,128 the corona connectivity40,82 and the nanoparticles42 offers tunability in the performance of NOHMs, making them an attractive choice for energy storage systems. However, NOHMs suffer from high viscosity that can limit their performance and often requires them to be used as additives in solution in an electrochemical system.36,129,130 Solubilizing NOHMs in an aqueous solution reduces the viscosity significantly,36 potentially overcoming an apparent barrier of the use of NOHMs as an electrolyte. However, solubilizing the NOHMs can alter the structure and assembly of the NOHMs, and correlating these structural characteristics to performance is needed to effectively implement them in energy storage systems. This is essential as the transport and structural properties of electrolytes have been shown to dictate the overall electrochemical performance.78,131–134 
	Recently, NOHMs solutions have been extensively investigated to develop an understanding of their structure and transport mechanism in energy storage systems. These studies show that factors such as pH, salt , solvent polarity and NOHM concentration can significantly impact the conformation, assembly, and ordering of ionic NOHMs.75,129,130,135 For instance, Hamilton et. al. have studied the effect of pH on ionic NOHMs solutions and showed that the complexation of Cu2+ with the polymer canopy can be altered by tuning the pH of the system.75 Moreover, Hamilton et. al. also showed in a different study that the polymer conformation of ionic NOHMs can be altered by adding and removing salt (ionic stimulus) in the solution.130 Feric et. al. have highlighted the effect of the structure of the secondary solvent on the performance of ionic NOHMs and showed that the interaction of the polymer with the nanoparticle surface can be modified by the different secondary fluids.129 In our previous study using small-angle neutron scattering (SANS) experiments, we investigated the structure and assembly of a series of ionic NOHMs in aqueous solution with NOHMs loadings of 10 - 40 wt.%.135 These results showed that the aqueous solutions of NOHMs with a grafting density of 2-2.0 chains nm-2 have a significant amount of free polymer in the solution at these concentrations. The free polymers in solution can interact with the grafted polymer and thus, changes the molecular assembly of the polymer near the nanoparticle surface. To expand our understanding of NOHMs in functional applications, we have completed similar experiments on NOHMs that have the polymer covalently bound to the nanoparticle, where a tethering-untethering process is precluded. The experiments on covalently bound NOHMs elucidate the importance of the grafting type, and thus the tethering-untethering equilibrium of the grafted polymer, the structure of NOHMs based fluids, as well as the impact of added electrolyte on their structure and performance.
Thus, we have investigated the structure and assembly of NOHM-I-HPE0.8, NOHM-C-HPE0.5, NOHM-C-HPE0.7 (grafting densities are included as subscript), which have an inorganic silica core and grafted HPE (Jeffamine M2070) canopy at identical concentrations using small angle neutron scattering (SANS). SANS offers information on the conformation of the free and grafted polymer, as well as the structure of the grafted layer. 
 	Investigating the structure and assembly of the ionic and covalent NOHMs offers insight into the dispersion and conformation of grafted and free polymer in the NOHMs aqueous solution. Additionally, our results document the impact of added salt on the conformation of the free and grafted polymer and how this assembly subsequently impacts the viscosity of the solution. A small portion of the SANS results of this study has been reported.136 However, in this study, we provide a more complete analysis of the small angle neutron scattering results to deduce the impact of grafting type on the complex assembly of NOHMs in aqueous solution.
[bookmark: _Toc141429381]Experimental 
[bookmark: _Toc141429382]Synthesis of Ionically bound NOHMs (NOHM-I-HPE) 
NOHM-I-HPE was synthesized to a targeted grafting density (0.8 chains nm-2) using a process similar to that reported previously.36,39,79,82,94,127,129 In short, a 1 wt.% solution of the ionic linker, 3-(trihydroxysilyl)-1-propane-sulfonic acid (Gelest Inc.) was added to a 4wt.% SiO2 nanoparticle (LUDOX SM-30 obtained from Sigma-Aldrich) solution in a dropwise manner. The resulting surface coverage of silica nanoparticles is expected to be ≈1.0 chains nm-2 after the addition of the ionic linker. Then, the pH of the solution was adjusted to 5 by the addition of 1M NaOH in the solution and subsequently, the solution was stirred at 70 °C for 24 h. The functionalized silica nanoparticles were then passed through a cation exchange resin (Dowex Marathon C hydrogen form, Sigma Aldrich) to protonate the linker molecules and remove any excess cations. 20 wt.% Jeffamine M2070 polymer (MW = 2000 g mol-1, acquired from Huntsman Co., referred to as HPE) was added dropwise resulting in grafting density of 1.0 chains nm-2, prior to sample purification. After mixing overnight at room temperature, the solution was dialyzed for at least 48 h (SnakeSkin Dialysis Tubing 10K MW cutoff, Thermo Scientific) to remove any untethered polymer, with frequent water changing. To confirm the removal of excess water, the solution was placed in an oven at 60 °C overnight. 
[bookmark: _Toc141429383]Synthesis of Covalently bound NOHMs (NOHM-C-HPE) 
A previous protocol was also used to synthesize NOHM-C-HPE at the targeted grafting densities.36,40,82 In this process, 3 wt.% of HPE dissolved in ethanol is mixed with 3 wt.% of (3-glycidyloxypropyl) trimethoxysilane (acquired from Gelest Inc. and referred to as GPC) in ethanol. To complete the reaction between the HPE chains and the GPC linker, the mixture was then stirred at 50 °C for 12 hrs. After the completion of the reaction, a distillation process was used to remove the ethanol resulting in the functionalized HPE polymer. The HPE polymer was then dissolved in deionized water to a concentration of 7 wt.% that was then mixed with 3 wt.% of silica nanoparticles (LUDOX SM-30 obtained from Sigma-Aldrich). Similar to the NOHM-I-HPE synthesis, the mixture of HPE polymer and silica nanoparticles was then left overnight to mix. The mixture then went through a 48 h dialysis process. To remove excess water, the mixture was left in a vacuum oven overnight at 60 °C . 
[bookmark: _Toc141429384]Small-Angle Neutron Scattering 
The samples of 1 wt.% and 3 wt.% of NOHM-I-HPE0.8, NOHM-C-HPE0.5, NOHM-C-HPE0.7 and 1 wt.% and 5 wt.% of HPE were prepared by dissolving in D2O. Samples of NOHM-I-HPE0.8, NOHM-C-HPE0.5, NOHM-C-HPE0.7 and HPE at identical concentrations were also prepared by dissolving in D2O with added 0.1 M KHCO3 salt. The SANS experiments were performed at a Q range of 0.001–0.8 Å at the HFIR CG-2 GP SANS beamline located at the Oak Ridge National Laboratory. The wave vector, Q, is = 4π/λ sin(θ), where λ is the neutron wavelength and θ is the scattering angle. The coherent scattering profiles were obtained using the Jupyter software program that corrected for the empty cell scattering, thickness of the cell, transmission of the sample, and solvent scattering. The small angle scattering analysis software package SasView was used to fit and analyze the scattering profiles of the HPE, NOHM-I-HPE, and NOHM-C-HPE solutions.137
[bookmark: _Toc141429385]Viscosity 
The viscosity of aqueous solutions of HPE, NOHM-I-HPE, and NOHM-C-HPE with and without the presence of salt (0.1 M KHCO3), were measured using a VISCOlab 4000 (Cambridge Viscosity – PAC) viscometer. This viscometer can measure viscosities from 0.2 to 10000 cP. While measuring the viscosity of the samples, the temperature was controlled at 25.00 ±0.05 °C using a water bath (VWR 1166D). The error in viscosity was within ±5% for all the samples.
[bookmark: _Toc141429386]Discussion and Results
[bookmark: _Toc141429387]Impact of grafting type (Ionic vs Covalent) on the Structure and Assembly of NOHMs in aqueous solution
[bookmark: _Toc141429388]Conformation of HPE polymer in Solution
The structure and conformation of the polymer in solution without nanoparticles is examined first to provide a basis to understand the impact of the nanoparticle on the structure and assembly of the free polymer. The SANS profiles of 1 wt.% and 5 wt.% HPE in D2O are shown in Figures 19 and 47 (pg. 174 in Appendix)., respectively.  These figures also show the fits of the data to the polymer excluded volume model, from which the radius of gyration (Rg) and Porod exponent (which correlates to the mass fractal dimension of the polymer chain) can be determined. The mass fractal dimension documents the compactness of the polymer chain over length scales below the radius of gyration (Rg) and above the statistical length (b) of the polymer, and 
[bookmark: _Toc141360617]Figure 19. SANS profile fit of 1 wt.% HPE in aqueous solution with and without salt. The 1 wt.% salt solution scattering profile and fit is scaled for clarity.












corresponds to a q range of 1/Rg < q < 1/b.138 The fractal dimension is often correlated to the Flory exponent where the fractal dimension scales inversely to the Flory exponent. The Flory exponent provides insight on the conformation of the polymer in a solvent, where a Flory exponent, ν = 0.5, refers to a theta solvent in which a polymer follows a random walk conformation and ν = 0.33 refers to poor solvent and a collapsed polymer chain.139  Table 2 shows the radius of gyrations and Flory exponents of the HPE polymer in aqueous solution that emerge from this fitting process. These results indicate that the radius of gyration of the polymer varies from ~17 to ~12 Å. Moreover, the Flory exponent shows that the polymer chain is not expanded in water. From the Flory exponent values, it is evident that water is a theta solvent (ν = 0.5) for the HPE polymer, and the polymer follows a random walk model. With the addition of salt, the Flory exponent decreases indicating that the polymer chain collapses, consistent with the decrease in Rg. This conformational analysis of HPE polymer provides a foundation to interpret the scattering analysis of the NOHMs solutions more fully. 
[bookmark: _Toc141429389]Structure of ionic NOHMs in solution 
With the goal of understanding the impact of grafting bond type on the structure and assembly of NOHMs in solutions, the neutron scattering profile of NOHM-I-HPE and NOHM-C-HPE with similar grafting density and concentration were measured. In our previous study of the structure of ionically bonded NOHMs in solution (NOHM-I-HPE2-2.5), the scattering profiles of the solutions showed a decrease in intensity at low Q (Q ≲ 0.1 Å−1) and an increase in intensity at high-q (Q≳ 0.1 Å−1) with increasing concentration of NOHMs, which is  a result of the presence of free polymer.135 The NOHM-I-HPE used in this previous work had a grafting density of 2.0-2.5 chain nm-2 corresponding to a significant amount of free polymer. However, in order to compare the structure and assembly of similar ionic and covalent NOHMs solutions, it was necessary to 
	Sample
	Rg (Å) ± 1 Å
	Flory exponent, ν

	1 wt.% HPE 
	17
	0.50

	1  wt.% HPE 0.1 M KHCO3 salt
	15
	0.39

	5 wt.% HPE
	13
	0.50

	5 wt.% HPE 0.1 M KHCO3 salt
	12
	0.41


[bookmark: _Toc141360585]Table 2. Radius of gyration (Rg) and Flory exponent (ν) of HPE polymer in aqueous solution obtained from polymer excluded volume fits of the SANS curves.

















decrease the grafting density and decrease the NOHM concentration due to the limited miscibility of the covalent NOHMs in solution. Thus, the SANS profile of covalent and ionic NOHMs at 1 wt.% and 3 wt.% with grafting densities of 0.5-0.8 chains nm-2 were collected. 
Figure 20 shows the scattering profile of 1 wt.% and 3 wt.% NOHM-I-HPE with a grafting density of 0.8 chains nm-2. Initially, only the core-shell sphere model with a square well structure factor was used to fit the scattering profile. However, this model fails to fit the full scattering profile of these samples. However, inclusion of the polymer excluded volume model with the core-shell sphere model captures the whole scattering profile. This is similar to our previous studies and indicates that the solution consists of NOHMs as well as free polymer in solution. The fits of the SANS profiles of 1 wt.% and the 3 wt.% NOHM-I-HPE0.8 to this model are provided in Figure 48 (pg. 175 in Appendix). In the analysis of the data with this model, the radius (~4.5 nm) and the scattering length density of the silica nanoparticle (~4.4E-06 Å-2) are kept constant. The scattering length density of the grafted layer and the solvent, the thickness of the grafted layer and the radius of gyration of the free polymer are then fitted in the analysis. The results of this successful fitting process provide valuable information on the structure and assembly of the NOHM-I-HPE and free polymer in solution, including the conformation of the free polymer and concentration dependence of the thickness of the grafted layer of NOHM-I-HPE0.8. Figure 21 shows a graphical representation of the structure and assembly of free polymer and grafted free polymer in these NOHM-I-HPE solutions. Figure 22 plots the thickness of the grafted layer and the radius of the gyration of the free polymer at both 1 wt.% and 3 wt.% loadings. The result shows that the thickness of the grafted layer and the radius of gyration of the free polymer are very similar ~13-14 Å. The Rg of the polymer in solution at 1 wt.% has been measured to be 17Å, indicating that the presence of the nanoparticle in solution collapses the polymer chain slightly. The model also 

[bookmark: _Toc141360618]Figure 20. Small-angle neutron scattering profile of 1 wt.% and 3 wt.% NOHM-I-HPE0.8 in aqueous solution.

 [bookmark: _Toc141360619]Figure 21. Illustration of the structure and assembly of free polymer and grafted polymer in NOHM-I-HPE solution.











[bookmark: _Toc141360620]Figure 22. Thickness of grafted layer of NOHM-I-HPE0.8 and Rg of free polymer.







provides insight into the amount of free polymer that is present in the NOHM-I- HPE0.8 solution. Equation 3.1 shows the analytical relationship between the concentration of free polymer and the experimentally measured scattering length density (SLD) of the solvent in the NOHMs samples.
                                                			       3.1
In Equation 3.1, (Φ1) is the volume fraction of free polymer in the solvent, SLDpoly is the SLD of polymer = 0.517E-06 Å-2, SLDD2O is the SLD of D2O = 6.35E-06 Å-2, and SLDsolv is the experimentally determined SLD of the solvent, which is a mixture of the free polymer and D2O. Using Equation 3.1, the volume fraction of free polymer in the solvent is determined to be 0.005 (±.00025). This corresponds to an average of 42 vol.% of the polymer present in the sample being free polymer. This indicates that a significant portion of the free polymer is present in the 1 wt.% and 3 wt.% NOHM-I-HPE0.8 aqueous solutions. 
Moreover, our previous studies clearly demonstrated that the free polymer penetrates and interacts with the grafted layer at NOHMs loadings above 15 wt.%. However, in these studies, the similarity of the Rg of the grafted layer and that of the free polymer indicates that at these lower NOHMs concentrations, there is minimal impact of the presence of the free polymer on the conformation of the grafted layer. 
[bookmark: _Toc141429390]Structure of Covalent NOHMs in solution 
		To provide insight into the impact of the grafting type on the structure and assembly of the NOHMs in aqueous solution, the SANS profiles of the covalently bound NOHMs are similarly analyzed. Figure 23 compares the 1 wt.% and 3 wt.% NOHM-C-HPE scattering profiles to those of the NOHM-I-HPE solutions. Figure 23 shows the scattering intensity of the NOHM-C-HPE solutions are higher than that of NOHM-I-HPE, indicating the presence of aggregates in 
[bookmark: _Toc141360621]Figure 23. Small-angle neutron scattering profile of 1 wt.% and 3 wt.% NOHM-I-HPE0.8, NOHM-C-HPE0.7, NOHM-C-HPE0.5 in aqueous solution.


















the NOHM-C-HPE solution. This is verified by the fact that the core-shell model no longer fits the scattering of the covalently bound samples. Small-angle neutron scattering profile of 1 wt.% and 3 wt.% NOHM-I-HPE0.8, NOHM-C-HPE0.7, NOHM-C-HPE0.5 in aqueous solution. In fact, fitting the scattering profile of covalent NOHMs using only the fractal model does not capture the scattering over the entire Q range, especially at high q (0.08 Å−1 < Q < 0.1 Å−1), which corresponds to length scales of ~62-78 Å. The excess scattering at these length scales is consistent with the presence of dispersed individual covalent NOHMs particles in the solution. Therefore, a scattering model that combines fractal core-shell (aggregates) and core-shell spheres (individual NOHMs) is used to capture the total scattering of covalent NOHMs solutions. Figure 24 show SANS profiles and the fits to this model of the 1 wt.% and 3 wt.% NOHM-C-HPE aqueous solution at different grafting densities. The analysis of the scattering curves by this fitting process documents the extent of aggregation of the NOHM-C-HPE in solution. The fitting process also provides mass fractal dimension of the aggregates, which correlates to the compactness of the aggregates. Figure 25 illustrates the correlation between mass fractal dimensions and compactness of the aggregates. The mass fractal dimension can range from 1 to 3 where 1 corresponds to linear aggregates, whereas 3 refers to condensed compact aggregates.140,141 The fractal dimension of the covalent NOHMs aggregates in solution is ~2.5, indicating the aggregates are quite compact, but not completely collapsed. This aggregation clearly impacts the dispersion and mobility of the covalent NOHMs particles in the solution. The fitting analysis of the covalent NOHMs solutions reveals that the SLD of the solvent is equal to that of D2O (6.35E-06 Å-2) and does not vary with NOHM concentration. This indicates that there is no free polymer in the covalent NOHMs solution, in contrast to the ionic NOHM solutions. The fitting analysis of the scattering also provides information on the grafted layer thickness of the covalent NOHMs particles in this solution, where 
[bookmark: _Toc141360622]Figure 24. SANS profile fit of 1 wt.% and 3 wt.% NOHM-C-HPE0.7 (left) and NOHM-C-HPE0.5 (right) in aqueous solution.



[bookmark: _Toc141360623]Figure 25. Illustration of aggregation of covalent NOHMs at different mass fractal dimensions.




Figure 26 plots the thickness of the grafted layer, showing that the length of the grafted NOHM-C-HPE polymer is ~21 Å. It is well known that grafting density can significantly impact the grafted polymer height. At different grafting densities, the polymer can attain different conformations. At low grafting density, the polymer are relaxed in the mushroom region, which shifts to a semi-dilute polymer brush conformation at intermediate grafting densities. Further packing of grafted polymer onto the surface forces an extended polymer brush conformation at high grafting density.142 This study does not focus on the variation in polymer conformation with grafting density, but rather highlights the conformation of the polymer with the change in graft type. However, a study by McDonald et al. on similar covalent NOHMs suggests that the polymer chain with a grafting density of less than 0.8 chains nm-2 attains a mushroom conformation. 46 In this study, the maximum grafting density of covalent NOHMs is 0.7 chains nm-2 and, would suggest that our grafted polymer is in a relaxed state. Figure 27 clearly shows the role of the grafting type on the grafted layer thickness of the NOHM-I-HPE and NOHM-C-HPE. This data shows a stark contrast in the thickness of the grafted layers with the change in graft type. The thickness of the grafted layer of ionic NOHMs is significantly less than that of the covalent NOHMs, at similar grafting density. Even considering that some of the grafted polymer detaches in the ionic NOHMs, the maximum amount of free polymer presents in the solvent is ~ 42 vol.%, which corresponds to a ‘true’ grafting density of ~0.5 chains nm-2 for the ionic NOHMs. Our interpretation of this discrepancy is that the thickness of the grafted polymer of ionic NOHMs obtained from the fitting parameter is not the actual thickness. Rather, the free polymer partially penetrates the grafted layer, which manifests as a reduction in the grafted layer thickness that emerges from the fitting. Therefore, the thickness of the ionically grafted layer is not the actual thickness of the grafted polymer, rather it is the effective thickness of the grafted layer. While our 
 
[bookmark: _Toc141360624]Figure 26. Thickness of grafted layer of NOHM-I-HPE0.8, NOHM-C-HPE0.7, NOHM-C-HPE0.5 in aqueous solution. 
[bookmark: _Toc141360625]Figure 27. Thickness of grafted layer of NOHM-C-HPE in aqueous solution.

previous finding of the interaction of free polymer with the grafted layer starts above 15 wt.%, the analyses performed in this study clearly show that the interaction of free polymer with the grafted layer is also present at low NOHMs loadings, as low as 1 wt.%. This variation in the assembly and structure of the grafted layer with the change in graft type, including the interaction of the free polymer with the grafted layer in the ionic NOHMs, will undoubtedly impact the performance of these nanostructures in solution.
The fitting analysis also provides information on the amount of D2O solvent penetrating the canopy/shell of the ionic and covalent NOHMs. Similar to Equation 3.1, Equation 3.2 shows the analytical relationship between the concentration of D2O in the grafted layer (f1) and the experimentally measured scattering length density (SLD) of the grafted layer in the NOHMs samples. In Equation 3.2, SLD of D2O = 6.35E-06 Å-2, SLD of polymer = 0.517E-06 Å-2 and SLDshell is the experimentally determined SLD of the canopy that is obtained from fitting the scattering data of the ionic and covalent NOHMs solutions. 
				     		      		                   3.2
This analysis shows that the amount of D2O penetrating the shell in the 1 wt.% ionic and covalent NOHMs are 90% and 60%, respectively. A high amount of D2O penetration in the shell of ionic NOHMs is consistent with an increase in free space near the nanoparticle surface due to the release of the grafted polymer from the corona. This results in more D2O near the nanoparticle surface in ionic NOHMs than in covalent NOHMs.
[bookmark: _Toc141429391]Effect of added salt on the structure and assembly of ionic and covalent NOHMs in solution
The scattering curves of the NOHM-I-HPE and NOHM-C-HPE solutions with 0.1 M KHCO3 were also measured and analyzed using the same scattering models for the solutions without salt. These analyses provide insight into the impact of adding salt to the NOHMs assembly and structure, including the grafted layer thickness of the NOHM-I-HPE and NOHM-C-HPE. Figure 28 plots the variation in the thickness of the grafted layer of the NOHM-I-HPE and NOHM-C-HPE in solution with a change in the amount of salt in the aqueous solution. Figure 49 (pg. 175 in Appendix) shows the SANS profiles of NOHM-I-HPE and NOHM-C-HPE in the aqueous solution with salt. 
With the addition of salt, the thickness of the grafted layer on NOHM-I-HPE decreases from ~14 Å to ~10 Å and the radius of gyration of the free polymer decreases from 13 Å to 12 Å. However, when salt is added to the NOHM-C-HPE solution, the assembly of NOHMs changes very slightly, where there is only a nominal change in grafted layer thickness. Thus, the addition of salt significantly alters the structure of the grafted layer in ionic NOHMs, but not in the covalently bound NOHMs. This may be due to a change in the interaction of the free polymer with the grafted layer in the ionic NOHMs solutions. The addition of salt collapses the free polymer chain and subsequently decreases the interaction of the free polymer with the grafted layer. This allows grafted polymer to relax on the nanoparticle surface; thus, the grafted layer thickness decreases. It is also possible that the ions associated with the salt also compete with the HPE polymer to attach to the functionalized nanoparticle surface.45,102 This is consistent with the D2O penetration analysis of ionic NOHMs with the addition of salt, which is determined using Equation 3.2. With the addition of salt, the ionically grafted layer contains ~5% more D2O than in the unsalted solution, while the covalently grafted layer only contains ~ 2.5% more D2O than in the unsalted solution. This doubling of excess D2O near the surface should correlate to more mobility within the grafted polymer layer, which may allow small ionic species to interact with functionalized nanoparticles.


[bookmark: _Toc141360626]Figure 28. Thickness of grafted layer of NOHM-I-HPE0.8, NOHM-C-HPE0.7, NOHM-C-HPE0.5 in aqueous solution with and without salt.

[bookmark: _Toc141429392]Correlation of structural features of ionic and covalent NOHMs solutions with performance
While the SANS results provide structural information of the NOHM-I-HPE and NOHM-C-HPE solutions, they do not offer direct insight into their performance. To address this shortcoming, the structure of the NOHMs and HPE solutions are correlated to their viscosities. With this in mind, Figure 29 plots the viscosity of HPE polymer solutions, as well as those of the ionic and covalent NOHMs solutions with and without salt as a function of solute (NOHMs or HPE) concentration. These results, unsurprisingly, indicate that the viscosity of NOHMs solutions is higher relative to that of the HPE polymer in an aqueous solution. Previous studies have also found increasing viscosity with the presence of nanoparticles in the solution.36,56,144  Moreover, the viscosities of the covalent NOHMs solutions are higher relative to that of the ionic NOHMs solutions. This can be correlated to the presence of the fractal aggregates in the covalent NOHMs solution, where the larger structure exhibits a larger viscosity. 
It is interesting that as salt is added to the solution, the viscosity of the salted NOHM-I-HPE solution decreases drastically compared to that of the salted NOHM-C-HPE solution and the salted HPE solutions. This drastic decrease in the viscosity of ionic NOHMs may be correlated with the conformational results. The subtle decrease in the viscosity of NOHM-C-HPE correlates to the decrease in the grafted thickness of the polymer. In the case of NOHM-I-HPE, the drastic decrease in viscosity may be due to the collapsed conformation of grafted layer on the silica nanoparticles, resulting in the decrease in the size of NOHMs particle. 
To interrogate this possibility, the viscosity of the NOHM-I-HPE solution can be correlated to the size of the NOHM-I-HPE particle, including the grafted layer. The change in NOHM structure can be correlated to the change in the viscosity of the NOHM-I-HPE solutions using Einstein’s viscosity equation documented as Equation 3.3.145 
				[bookmark: _Toc141360627]Figure 29. Viscosity of HPE, NOHM-I-HPE0.8, NOHM-C-HPE0.7, NOHM-C-HPE0.5 solutions with (right) and without salt (left) as a function of solution concentration.




 					      3.3
Here, E is the viscosity of the solution, E0 is the viscosity of the solvent, and V is the volume of the dispersed particles in the solution. By comparing the viscosities of the unsalted and salted NOHMs solutions for a given concentration, the relative change in size of the NOHM-I-HPE particles can be established. Using Equation 3.3 and the viscosities obtained for the NOHM-I-HPE solutions, this calculation shows that the volume of the NOHM-I-HPE in solution with no added salt is 1.9 times greater than the volume of the NOHM-I-HPE particle in solution in the presence of salt. This change in particle volume must be due to changes in the grafted layer, as the radius of the SiO2 nanoparticle does not change. According to this analysis, the total grafted layer thickness of the NOHM-I-HPE particle is ca. 23Å when no salt is present in the solution, while that of the NOHM-I-HPE particle is ~ 9.5 Å. 
This is a little surprising in that the SANS analyses of the grafted layer of NOHM-I-HPE indicate that it is 13-15 Å, significantly less than 23 Å. We reconcile this apparent discrepancy by recalling that the SANS analyses represent the nominal grafted layer, i.e. the portion of the grafted layer that does not interact with the free polymer (See Figure 21). However, clearly, the size of the NOHM-I-HPE that impacts the viscosity is not just this nominal grafted layer. It makes more sense that the size of the SiO2 nanoparticle, canopy, and free polymer that interacts with the canopy defines the size of the NOHM-I-HPE that impacts the viscosity. 
Figure 30 illustrates the structures of the NOHM-I-HPE that impact the flow behavior of the NOHMs solutions with and without salt, emphasizing the impact of the addition of salt on the grafted layer thickness of NOHM-I-HPE particles. The canopy of the NOHM that is important in defining the viscosity includes both the grafted polymer (light green) and interacting free polymer (dark green) to form a larger nanoparticle.  The addition of salt collapses the grafted layer 

[bookmark: _Toc141360628]Figure 30. Illustration of the structure of NOHM-I-HPE with and without the presence of 0.1 M KHCO3. 30a. shows the canopy of the NOHM-I-HPE particle that includes both grafted polymer and interacting polymer when no salt is present in the solution, 30b. shows the collapsed canopy of NOHM-I-HPE particle with added 0.1 M KHCO3 salt in solution.

thickness, and the Rg of the free polymer, and the extent of interaction between the grafted layer and the free polymer. The result in this case is that the canopy of the salted NOHM that impacts the viscosity of the NOHM solution is dominated by the collapsed grafted layer, with little impact of the free polymer.   
Thus, the careful analyses of the SANS data provide crucial insight into the role of the addition of salt on the conformation of the free polymer, on the size of the grafted layer, and correlates these structural characteristics to the viscosity of the salted ionic NOHMs solution.  This insight provides important fundamental structure-performance relationships that are needed to rationally design and implement NOHMs solutions in functional applications. 
[bookmark: _Toc141429393]Conclusion
Small-angle neutron scattering experiments provide a critical understanding of the complex assembly and structure of NOHMs in aqueous solutions with a variation in bond type and added supporting electrolyte. Conformational analysis of unbound HPE polymer in aqueous solutions indicates that qualitatively, water is a theta solvent for the polymer and with added electrolyte, the quality of the solvent decreases, corresponding to a decrease in the size of the polymer. Our results highlight that the motif of grafting the HPE polymer to the silica nanoparticles significantly alters the structure, assembly, and performance of NOHMs. At a similar grafting density, the thickness of the grafted layer of ionic NOHMs is altered by the presence of free polymer. In contrast, the grafted layer of covalent NOHMs attains a relaxed state with a canopy thickness that is 1.5 times that of the grafted layer of ionic NOHMs. Moreover, the NOHM-C-HPE solution consists of aggregated particles alongside individually dispersed NOHM-C-HPE, which impacts the flow properties of the solutions, increasing the viscosity. 
When salt is added to the NOHMs solutions, the assembly and structure of NOHM-I-HPE solution are altered more significantly than the NOHM-C-HPE solution . The addition of salt decreases the quality of the solvent, leading to a decrease in the size of the free polymer and collapse of the ionically grafted polymer layer on the nanoparticle surface. This results in reduced interaction between grafted and free polymer. These dramatic structural changes correlate to a significant reduction in viscosity. In the case of NOHM-C-HPE, a nominal change in the grafting layer thickness is observed with the addition of salt, corresponding to a slight change in the viscosity of the solutions. Thus, these results provide a holistic understanding of importance of grafting type on the structural features and performance of NOHMs in the presence of electro-active species that will contribute to improving the functionality of NOHMs in various applications.   
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[bookmark: _Toc141429395]Chapter IV Elucidating the Assembly of Nanoparticle Organic Hybrid Materials (NOHMs) Near an Electrode Interface with Varying Potential Using Neutron Reflectivity


[bookmark: _Toc141429396]Abstract
A critical concern regarding electrolyte formulation in an electrochemical environment is the impact of the interaction of the multiple components with the electrode surface. Recently, liquid-like neat Nanoparticle Organic Hybrid Materials (NOHMs) have been considered as an electrolyte component to improve the transport of supporting electrolytes to the electrode surface. However, the structure and assembly of the NOHMs near the electrode surface is unknown and could significantly impact the interaction of supporting electrolyte with the electrode surface. Hence, we have investigated the depth profile of polyetheramine (HPE) polymer and NOHM-I-HPE (nanoparticles with ionically bonded HPE polymer) in D2O in the presence of two different salts (KHCO3 and ZnCl2) near two different electrode surfaces using neutron reflectometry. Moreover, the depth profile of the NOHM-I-HPE near the electrode surface in a potential has also been studied with in-situ reflectivity experiments.  Our results indicate that a change in the chemical structure/hydrophilicity of the electrode surface does not significantly impact the ordering of HPE polymer or NOHM-I-HPE near the surface. This study also indicates that the NOHM-I-HPE particles form a clear layer near the electrode surface immediately above an adsorbed layer of free polymer on the electrode surface. The addition of salt does not impact the layering of NOHM-I-HPE, though it does alter the conformation of the polymer grafted to the nanoparticle surface and free polymer sequestered near the surface.
 Finally, assembly of the NOHM-I-HPE in presence of ZnCl2 salt also shows a single layer of ordered NOHM-I-HPE particles near the electrode surface at 0V.  This ordered layer, however, disappears with the application of -1.1V or -1.5V. At the same time, the applied potential results in an increased amount of free polymer near the electrode surface. Correlating the depth profile of free polymer and NOHM-I-HPE particles with the electrochemical performance indicates that this assembly of free polymer near the electrode surface in NOHM-I-HPE solutions contributes to the higher current density of the system. Therefore, this holistic study offers insight into the importance of the assembly of NOHM-I-HPE electrolyte and free polymer near the electrode surface in an electrochemical milieu on its performance.
[bookmark: _Toc141429397]Introduction
The use of Redox Flow Battery (RFB) has been considered as a potential solution to tackle a common renewable energy storage relevant issue, that is the incorporation of this source into grid-scale energy storage infrastructure.146,147 RFBs possess significant advantages over common lithium-ion batteries, specifically, the ability to separate cathodic and anodic electrolyte, which allows RFB to scale up power delivery and energy density without requiring any effort to change the design for specific applications.70,148–150 However, the electrolytes used in RFBs still suffer from limited solubility of electro-active species, poor safety and expensive raw materials.151,152 Recently, deep eutectic solvents,119–121 microemulsions115–118 and Nanoparticle Organic Hybrid Materials (NOHMs)75,129,130,136 have been considered as novel electrolytes for RFBs. Among these novel electrolytes, NOHMs are of particular interest as they have shown great potential to be used in RFBs due to their low volatility,36 increased thermal stability37–39 and chemical tunability.40,123
	Recently, significant research efforts have been undertaken to understand the structure and assembly of NOHMs and correlate this to their transport behavior to provide insight to optimally deploy them in RFBs. Specifically, in our previous study, small-angle neutron scattering (SANS) is used to elucidate the structure and assembly of ionic NOHMs, which highlights that in an aqueous solution, large amount of polymer that is ionically grafted to the nanoparticle can detach from the grafting site and thus alters the composition of the solvent. Moreover, the free polymer can interact with the grafted polymer while altering the conformation of the grafted polymer. Our study also indicates that the addition of salt changes this assembly of polymer as salt competes with the polymer for the grafting site on the nanoparticle. The presence of free polymer and alteration of the polymer conformation and NOHMs assembly with the addition of salt significantly impacts the transport behavior of supporting electrolytes via NOHMs in the bulk and near the electrode.135
Literature shows that a very common cause of instable current output is the result of dendrite formation from the uneven deposition of salt.153–155 The presence of polymeric additives has been shown to improve the process of smooth deposition of salt on the electrode surface.156,157 A recent study by Hamilton et al. investigated the near surface ordering of ionic NOHMs (NOHM-I-HPE) with polyetheramine or HPE polymer in the presence of Zn salt through various spectroscopic and electrochemical analyses. The study indicates that the presence of HPE polymer and NOHM-I-HPE at a certain composition in relation to Zn salt can maintain a stable current output and assists in the smooth deposition of Zn salt. However, a thorough understanding is still required to understand the packing of NOHM-I-HPE near the electrode surface and its impact on Zn salt deposition. Hence, this study uses Neutron Reflectometry (NR) to investigate the ordering of NOHM-I-HPE and HPE polymer near electrode surface, including the impact of an added potential on this near surface structure.
	  Neutron Reflectometry is a unique technique that allows the investigation of the depth profile of structures having different composition and densities.158 Moreover, isotope-specific interaction of neutrons eases the process of discerning protonated species, such as polymers, from deuterated species, such as the deuterated solvent.159 NR has been used extensively to investigate the ordering of different ionic liquid-based electrolytes near electrode interfaces.160–163 The technique is also used to highlight the ordering of nanoparticles near modified surfaces.164,165 In this study, we investigate the ordering of HPE polymer and NOHM-I-HPE, considered as electrolyte additives, near two different electrode surfaces (SiOx and Au). Previous studies indicate that surface hydrophilicity alter the ordering of soft materials near a surface.166  Thus, examining the ordering of the NOHMs near two different surfaces provides insight into the importance of surface hydrophilicity on NOHMs ordering, where the modified SiOx interface (water contact angle ~40°), is more hydrophilic than Au (water contact angle ~70°). Moreover, we have investigated the near surface ordering of the additives in the presence of supporting electrolyte, 0.1M KHCO3, near both interfaces. Finally, we have examined the ordering of NOHM-I-HPE near the Au electrode in the presence of 0.1M ZnCl2 salt with and without applied potential. At a constant current, applied potential allowed us to provide insight into the impact of the NOHM-I-HPE, and its near surface assembly, on the process of Zn deposition at the electrode surface.
[bookmark: _Toc141429398]Experimental
[bookmark: _Toc141429399]NOHM-I-HPE Preparation
NOHM-I-HPE was synthesized using previously reported methods.40,129,130,136,156 Briefly, 6 wt. % 3-(trihydroxysilyl)-1-propane sulfonic acid (Gelest, Inc.) and 3 wt. % silica nanoparticles (Ludox HS-30, 7 nm, Sigma Aldrich) aqueous solutions were prepared, followed by the addition of the silica suspension to the silane solution in a dropwise manner. This was followed by the addition of 1 M NaOH to adjust the solution pH to 5. The resulting solution was stirred for 24 h at 70 °C, facilitating the grafting reaction between the silica nanoparticle and the linker. Excess linker present was removed via dialysis (SnakeSkin Dialysis Tubing 3500 molecular weight cut-off (MWCO), Thermo Scientific) against deionized water for 48 hours. The linker-grafted solution was passed through a cation exchange resin column (Dowex HCR-W2, Sigma-Aldrich) for removal of any cations on the functionalized SiO2 nanoparticles surface and protonation of the linker sulfonate groups. In order to ionically tether the polymer canopy to the surface-modified nanoparticles, a solution of 10 wt.% Jeffamine M2070 (HPE, MW 2000, Huntsman Co.) was prepared and added dropwise to the functionalized nanoparticle suspension until the equivalence point of the solution was reached (pH = 6.5), where all the linker sulfonate groups were neutralized. Finally, the solution was oven dried overnight at 65 °C to remove all water from the prepared mixture. Before sample preparation, NOHM-I-HPE materials were dried again under vacuum at 60 °C for 3 h to ensure the removal of any possible absorbed moisture.
[bookmark: _Toc141429400]NOHM-I-HPE and HPE Solution Preparation
NOHM-I-HPE and HPE solutions were prepared by mixing previously oven dried NOHM-I-HPE and HPE with D2O to achieve 10 wt.% in solution using an analytical balance (ML104T, Mettler Toledo) with a precision of 10-4 g. For samples containing salt, the solutions were prepared by adding 0.1 M KHCO3 (Sigma-Aldrich, ACS, ≥99.0%) or 0.1 M ZnCl2 (Sigma Aldrich, ACS, ≥99.0%) to the previously prepared NOHM-I-HPE and HPE solutions. Samples were mixed in 10 mL volumetric flasks until complete dissolution of the salt was observed. The pH of the solutions containing ZnCl2 was adjusted to 5.0 using H3BO3 (Sigma Aldrich, ACS, ≥99.0%).
[bookmark: _Toc141429401]Surface Preparations
	Au and SiOx surfaces were prepared in advance of the execution of the neutron scattering experiments. The Au wafer which has a chromium layer for better adhesion of the gold layer, was provided by Oak Ridge National Laboratory's Center for Nanophase Materials Science (CNMS). For the preparation of SiOx surface, the silicon wafer was first cleaned with a piranha solution prepared using 3:1 sulfuric acid:hydrogen peroxide to remove contaminants from the surface. Then the wafer was rinsed using nanopure water and dried using air. The wafer was then sealed in air for several days to form oxide layer.
[bookmark: _Toc141429402]Neutron Reflectivity Measurement and Analysis
	Neutron reflectivity experiments were conducted at the BL-4B liquid reflectometer at the Oak Ridge National Lab (ORNL), Spallation Neutron Source (SNS). A solution cell was used to load the samples and then measurements were obtained at 25 °C over a Q range of 0.008-0.2 Å-1. The solution cell used for these measurements is detailed by Browning et al.167 In brief, the cell consists of an aluminum housing in which the experimental wafer (Au or SiOx) and a 2″ Si wafer are separated by an O-ring. Once the cell is compressed against the O-ring, a space is created that can be filled with ~ 3 ml of the solution. The solution was injected carefully through the liquid inlets created on the Si wafer so that no air bubbles were present. During the sample changeover, the cell was flushed with the sample that is aimed for the next experiment. Before the cell assembly, the parts of the cell were sonicated in hexane and isopropanol for cleaning purposes. 
To execute the potential-dependent experiments, a 3-electrode electrochemical cell was prepared that comprised of a counter electrode (platinum), a working electrode (Au) and a reference electrode (Ag/AgCl). Potential dependent analysis at -1.1V and -1.5 (vs Ag/AgCl) was performed using a Biologic VSP potentiostat. When the desired potential was reached, the cell was held for two hours to obtain neutron reflectivity measurements. Before switching the potential from -1.1V to -1.5V, the cell potential was turned off and held at rest for 10 minutes. Figure 50 (pg.176 in Appendix) shows the photo of the electrochemical cell used for the neutron reflectivity measurements. 
	All reflectivity data was reduced by the instrument scientist and fit using the Motofit package loaded as an extension in the IGOR Pro software.66 Neutron reflectivity is a sensitive technique that provides information on the depth profile of a layered structure. The reflectivity fit provides information about the thickness, roughness and scattering length density of the layered structures. The scattering length density (SLD) documents the identity of the specific species probed within the density profile. The SLD of a given species can be calculated using Equation 4.1. 
					 					       4.1
In Equation 4.1, bi is the scattering length density of individual nuclei, ni is the number density of the species and z is the perpendicular distance away from the substrate surface. The calculated scattering length densities of the known components in the systems studied are provided in Table 12 (pg.177 in Appendix).
[bookmark: _Toc141429403]Discussion and Results
[bookmark: _Toc141429404]Characterization of SiOx and Au substrates
	The density profile of the Au and SiOx wafers is first characterized by neutron reflectometry. Figure 51 (pg.178 in Appendix) shows the reflectivity curves and the fit of these curves to a scattering length density profile for both wafers. The substrates have known composition with unspecified density profiles, which are characterized by thickness (Z) and roughness (R) of layers. Therefore, while fitting the reflectivity profile of the substrates, the SLD of each was not allowed to vary. The results from the reflectivity fitting confirm the formation of an SiOx layer with an SLD of 2.89 x10-6 Å-2 with a thickness of ~135Å thick. Two Au-coated wafers are used for reflectivity analysis to minimize the sample change time. The reflectivity analysis of the Au coated Si wafers show a 46-56Å thick chromium layer with a subsequent Au coated layer of 140Å. Table 13 (pg.179 in Appendix) documents the SLD, thickness and roughness of density profile of the SiOx and Au coated wafers. The SLD, thickness and roughness of the density profile on these substrates were kept constant in the fitting and analyses of wafers in contact with HPE or NOHMs solutions to increase the confidence of the fit. However, while fitting the NR profiles of HPE sample with the SiOx substrate, it was realized that the SiOx surface hydrates in the presence of deuterated water, increasing the SLD from 2.89 x10-6 Å-2 to 3.49 x10-6 Å-2. The increase in SLD with the presence of deuterated water molecules of SiOx surface is previously observed when a microemulsion sample is analyzed for structural variation with a change in hydrophilicity of the surface.168 The obtained SLD (3.49 x10-6 Å-2) of the SiOx surface was then kept constant to obtain a robust fit for the density profile of the HPE polymer with salt and NOHM-I-HPE sample with and without salt.
[bookmark: _Toc141429405]Density Profile of HPE polymer near Au and SiOx substrate
	To simplify the analysis of the ordering of NOHMs near the Au and SiOx interfaces, we first investigate the near surface structure of 10 wt.% HPE polymer with and without salt using neutron reflectometry. Figure 31 shows the reflectivity curve and fit of the density profile of HPE polymer in D2O near the Au surface, where the inset in Figure 31 shows the SLD profile obtained from the fit. Table 3 documents the details of the density profile obtained from reflectivity fit. 
The reflectivity results indicate that layers with an SLD of 0.78 and 1.00 (the unit of SLD x10-6 Å-2 is omitted for simplification) decorate near the Au and SiOx surfaces, respectively. The SLD of this layer is very close to the SLD of the pure HPE polymer documented in Table 12. Hence, we interpret this to indicate that an HPE-rich layer forms near both surfaces. Moreover, the thickness of the HPE-rich layer near both surfaces is ~38 Å. Small-angle neutron scattering shows that the radius of gyration (Rg) of the HPE polymer is ~15 Å, indicating that two-three layers of HPE polymer assemble near the interfaces.136 The roughness of the HPE-rich layer is on the length scales of ~16-20Å, where such a high roughness indicates a gradual transition from an HPE rich layer to the subsequent layer. The SLD of this subsequent layer 5.85 on Au and 6.09 on SiOx, 

[bookmark: _Toc141360629]Figure 31. Neutron reflectivity profiles of HPE polymer in D2O near Au surface (left) and SiOx surface (right). The inset contains the SLD profile obtained from the fit. 

	Sample
	Wafers
	Parameters 
	Layer 1
	Layer 2
	Layer 3
	Layer 4
	Bulk

	10 wt.% HPE
	Au
	SLD (10-6 Å-2) ± error
	0.78 ± 0.15
	5.85 ± 0.02
	
	
	5.76

	
	
	Z (Å) ± error
	36.8 ± 1.63
	16.1 ± 2.76
	
	
	-

	
	
	R (Å) ± error
	15.9 ± 0.20
	2.69 ± 1.90
	
	
	17.1 ± 5.98

	
	SiOx
	SLD (10-6 Å-2) ± error
	1.00 ± 0.04
	6.09 ± 0.03
	
	
	5.76

	
	
	Z (Å) ± error
	37.8 ± 0.94
	135 ± 2.16
	
	
	-

	
	
	R (Å) ± error
	21.7 ± 0.92
	7.25 ± 0.33
	
	
	13.3 ± 1.15

	
	
	
	
	
	
	
	

	
10 wt.% HPE 0.1M KHCO3
	Au
	SLD (10-6 Å-2) ± error
	0.65 ± 0.03
	3.46 ± 0.24
	4.37 ± 0.07
	5.12 ± 0.08
	5.75

	
	
	Z (Å) ± error
	38.4 ± 0.47
	29.1 ± 2.40
	45.2 ± 17.3
	69.1± 4.58
	-

	
	
	R (Å) ± error
	8.91 ± 1.48
	4.73 ± 2.62
	11.03 ± 7.22
	49.5 ± 12.9
	86.1± 49.16

	
	SiOx
	SLD (10-6 Å-2) ± error
	0.67 ± 0.15
	4.33 ± 0.13
	5.28 ± 0.05
	5.36 ± 0.01
	5.75

	
	
	Z (Å) ± error
	35.8 ± 2.16
	46.1 ± 1.41
	97.5 ± 11.5
	197 ± 7.40
	-

	
	
	R (Å) ± error
	13.4 ± 0.94
	7.47 ± 1.14
	5.14 ± 2.46
	51.3 ± 11.3
	90.9 ± 8.76


[bookmark: _Toc141360586]Table 3. SLD profile obtained from fitting of the reflectivity profiles of 10 wt,% HPE polymer and 10 wt.% HPE polymer with 0.1 M KHCO3 in D2O near Au and SiOx surfaces.

which is approaching the SLD of pure D2O (6.35). Hence, this layer is a D2O-rich layer. The thickness of the D2O-rich layer near Au surface is only 16 Å whereas the D2O-rich layer near the SiOx is ~135 Å. The hydrophilic nature of SiOx could contribute to the broader D2O layer near the surface. 
[bookmark: _Toc141429406]Impact of KHCO3 salt in the ordering of HPE polymer
Figure 32 shows SLD profile that emerges from the fit of the reflectivity profile of HPE polymer with added KHCO3 salt neighboring both the Au and SiOx surfaces. Table 3 documents the details of the SLD density profile that emerge from the fit of the reflectivity data. The SLD of the first layer is ~0.60, where such a low value confirms the presence of an HPE-rich layer near both surfaces. The thickness of the HPE polymer layer is ~37Å on both surfaces, with roughnesses close to 10 Å confirming a multilayer of the HPE polymer. Unlike the sample with no salt solution, the density profile of the subsequent layers near both interfaces is quite interesting. Three layers are observed neighboring the near surface HPE-rich polymer layer in both the Au and SiOx samples. However, the variation of the SLDs and thicknesses in the density profile are quite different depending on the interfaces. 
In the case of the Au surface, the density profile approximates three layers neighboring the HPE polymer-rich layer, where the SLDs of the three layers are 3.46, 4.37, and 5.12. The SLD of 3.46 is well above that of the pure HPE polymer, indicating that this layer is more D2O rich than the near surface layer, where the amount of D2O increases with each subsequent layer.  However, the SLD of these layers near the SiOx surface is higher than that observed near the Au surface. This indicates that D2O aggregates more in the vicinity of the (hydrophilic) SiOx surface. In fact, the average thickness of the three D2O rich layers near the SiOx surface is larger than the same three D2O rich layers near the Au surface, further documenting the 

[bookmark: _Toc141360630]Figure 32. SLD profiles of HPE polymer in D2O with the presence of KHCO3 salt near Au surface (left) and SiOx surface (right).



affinity of D2O to the SiOx surface. This phenomenon of ordering water molecules in different layers near both substrates can be attributed to the kosmotropic effect of the salt.169,170 The salt is dissociated to ions in the water , where the electron density of the ions guides the dipolar water molecules to reorient around the ionic species, which results in a structure of water molecules that differs from that of bulk water. Kosmotropic salts promotes the ordering of water, whereas chaotropic salts disrupt the water structure.171 The kosmotropic behavior of the KHCO3 salt can mediate the ordering of the water by altering arrangement of water molecules around K+ and HCO3- ions.172 However, it is not clear from the SLD profiles whether the K+ or HCO3- ionic species dominates the water ordering in these layers.  
[bookmark: _Toc141429407]Density profile of NOHM-I-HPE near Au and SiOx surface
The near surface assembly of NOHM-I-HPE near the Au and SiOx surface is determined by fitting the reflectivity profile of the 10 wt.% NOHM-I-HPE solutions near the SiOx and Au surfaces. Figure 33 shows the SLD profile of NOHM-I-HPE near the Au and SiOx surface resulted from the fit of the reflectivity curves. Table 4 documents the details of the SLD density profile that emerge from the fit of the reflectivity data of NOHM-I-HPE solution near both interfaces. 
The results from the reflectivity fit of the NOHM-I-HPE solution show a structure of 5 layers above the Au and SiOx surfaces and below the bulk NOHM-I-HPE solution. The first layer has a low SLD of ~0.84 near both the Au and SiOx surface, which is very similar to the SLD obtained from reflectivity profiles of HPE polymer in D2O. The thickness of the layer varies from ~15-26 Å, similar to the Rg of the polymer. The second, third, and fourth layers oscillate between a narrow  layer (~20 Å) with an SLD of 2.70 (Au surface) and 1.21 (SiOx surface), followed by a layer with a much larger SLD (5.01 on Au and 5.39 on SiOx) that is ~100 Å wide, with the fourth layer that is also narrow (~20 Å) with a lower SLD (4.38 on Au and 5.18 on SiOx).  
[bookmark: _Toc141360631]Figure 33. SLD profiles of NOHM-I-HPE in D2O near Au surface (left) and SiOx surface (right).





[bookmark: _Toc141360587]Table 4. Density profile parameters that result from fitting the reflectivity profile of 10 wt.% NOHM-I-HPE and 10 wt.% NOHM-I-HPE with 0.1 M KHCO3 in D2O.
	Sample
	Wafer
	Parameters
	Layer 1
	Layer 2
	Layer 3
	Layer 4
	Layer 5
	Bulk

	10 wt.% NOHM-I-HPE
	Au
	SLD (10-6 Å-2) ± error
	0.80 ± 0.15
	2.70 ± 0.03
	5.01 ± 0.05
	4.38 ± 0.08
	5.51 ± 0.01
	5.95

	
	
	Z(Å) ± error
	18.7 ± 0.71
	18.3 ± 0.56
	97.7 ± 0.34
	21.9 ± 1.67
	285± 22.0
	-

	
	
	R(Å) ± error
	3.54 ± 0.81
	5.69 ± 0.27
	18.6 ± 2.82
	4.95 ± 0.88
	117 ± 2.62
	80.5± 11.47

	
	SiOx
	SLD (10-6 Å-2) ± error
	0.83 ± 0.15
	1.21 ± 0.41
	5.39 ± 0.01
	5.18± 0.11
	5.47 ± 0.19
	5.95

	
	
	Z (Å) ± error
	26.6 ± 3.29
	19.8± 1.86
	105.83 ± 7.10
	20.8
± 0.80
	242± 2.62
	-

	
	
	R (Å) ± error
	4.73 ± 0.01
	6.89 ± 3.05
	16.4 ± 1.20
	6.05 ± 2.10
	81.5 ± 8.52
	188± 10.1

	
	
	
	
	
	
	
	
	

	
[bookmark: _Hlk138171103]10 wt.% NOHM-I-HPE  0.1M KHCO3
	Au
	SLD (10-6 Å-2) ± error
	1.18 ± 0.08
	2.94 ± 0.28
	4.54 ± 0.01
	4.04 ± 0.08
	5.35± 0.44
	5.9

	
	
	Z (Å) ± error
	14.9 ± 0.23
	14.4 ± 0.42
	91.7 ± 1.41
	14.6 ± 0.21 
	221 ± 4.96
	

	
	
	R (Å) ± error
	5.92 ± 1.1
	4.77 ± 1.0
	21.9 ± 3.80
	6.48 ± 0.80
	24.41 ± 8.04
	60.2± 21.2

	
	SiOx
	SLD (10-6 Å-2) ± error
	0.71 ± 0.01
	1.03 ± 0.01
	5.21± 0.01
	4.99 ± 0.01
	5.70 ± 0.08
	5.9

	
	
	Z (Å) ± error
	19.8 ± 0.1
	17.8 ± 0.04
	85.6± 1.5
	10.0 ± 1.8
	303 ± 9.10
	-

	
	
	R (Å) ± error
	5.40 ± 1.10
	8.29 ± 1.27
	16.5 ± 0.73
	6.95 ± 1.70
	30.36 ± 5.71
	76.1± 26.84


 

Given the thicknesses of these layers, and their SLDs, we interpret this SLD profile to indicate the ordering of a single fluctuating layer of NOHMS in D2O immediately above the HPE rich layer. In this picture, the first layer captures the lower part of the NOHMs layer, which is the grafted HPE on the bottom of the silica nanoparticle; the second layer is the silica nanoparticle dispersed in D2O, and the fourth layer is the HPE grafted on the top of the nanoparticle.  The thickness and SLD of the third layer is consistent with the silica nanoparticle diameter (~90 Å) and scattering length density.135 The SLD of this layer is higher than the SLD of the pure silica nanoparticle (5.0-5.4 vs ~4.3), which makes sense, as this layer must also include D2O. The roughness (~17 Å) of this layer is consistent with the fluctuating nature of this NOHMs layer in the z-direction. The fifth layer is a transition layer to the bulk layer that has an SLD of 5.51 and 5.47 near the Au and SiOx interfaces, respectively.  This is the highest SLD among the five layers, which signifies the significant contribution of higher D2O content in this layer than lower layers.   
Overall, the ordering profile of the NOHM-I-HPE near the Au and SiOx surface shows an interesting assembly, where Figure 34 provides an illustration of the ordering of the NOHMs and HPE near the surface in the NOHM-I-HPE solution from the reflectivity analysis. This cartoon captures the presence of a single HPE-rich layer near both interfaces. This single layer of HPE polymer can be attributed to the free polymer that is present in NOHM-I-HPE solution. Then an ordered NOHMs layer is observed above the free polymer layer, a combination that is captured in the second, third and fourth layers from the reflectivity fit.  This is capped by a transition layer that extends to the bulk of the solution.
Impact of KHCO3 salt on the ordering of NOHM-I-HPE near Au and SiOx surface
	The addition of KHCO3 salt to the NOHM-I-HPE does not alter the overall assembly structure of the NOHM-I-HPE near the surface. Analysis of the reflectivity profiles shows that the


[bookmark: _Toc141360632]Figure 34. Representative figure illustrating the ordering of free polymer and NOHM-I-HPE near Au surface.

density profile of the NOHMs in the presence of the KHCO3 salt forms five layers that mimic the structure in the unsalted NOHMs solutions.  Figure 35 shows the SLD profiles of the NOHM-I- HPE solutions with added KHCO3 salt and Table 4 documents the details of the SLD depth profile near both surfaces. 
Although the density profile of the NOHMs with solution added salt exhibit similar ordering to those without salt, careful analysis shows notable changes that can be attributed to the role of salt on the nanoscale structure in the solution. For instance, the size of the HPE-rich layer near the surface decreases for both surfaces, while the thickness of the grafted HPE polymer layers decreases from ~19 Å to ~14 Å and ~22 Å to ~15 Å. Thus, the presence of the salt tends to decrease the solvent quality and collapses the HPE polymer in solution.  This is consistent with our small-angle neutron scattering results, which quantifies the impact of adding salt on the conformation of the free and grafted HPE polymer.135,136  
[bookmark: _Toc141429408]Density profile of NOHM-I-HPE near Au surface with varying potential	
The results presented above provide insight into the density profile of NOHM-I-HPE solutions near a quiescent surface.  However, it is clear that the application of a potential across this interface can alter the structure of the interface, i.e., by deposition of salt, and it is known that a field can alter the orientation and structure of soft materials.  Thus, we completed experiments to monitor the near surface density profile of the NOHMs solutions with ZnCl2 salt in an applied field. In these experiments, the sample was under the influence of applied potential at 0, -1.1, -1.5 V vs Ag||AgCl. Comparing the reflectivity profile of the NOHM-I-HPE solutions with ZnCl2  with 0V and -1.1 V applied field are presented in  Figure 36. Inspection of this figure clearly shows a shift in the fringes with application of -1.1V, indicative of a change in the density profile of the near surface structure of the NOHMs solutions with the applied potential.

[bookmark: _Toc141360633]Figure 35. SLD profiles of NOHM-I-HPE in D2O in the presence of 0.1 M KHCO3 salt near Au surface (left) and SiOx surface (right).



[bookmark: _Toc141360634]Figure 36. Neutron reflectivity profile showing change in features in reflectivity profile when potential is applied to NOHM-I-HPE solution in presence of ZnCl2 salt.

Figure 37 shows the SLD profiles of NOHM-I-HPE solutions with added ZnCl2 at 0V, -1.1V, and -1.5V, from the fits of the data. Table 5 provides the details of the density profile of the SLD that emerge from the fit.  
The ordering of NOHM-I-HPE with the presence of ZnCl2 salt without any potential shows a similar structure to those observed in NOHM-I-HPE solutions with KHCO3 salt. The profile shows the presence of 5 layers between the Au surface and bulk solution. The SLD of the layer neighboring the Au surface is 2.88, while its thickness is ~15 Å. It is interesting that this layer has a higher SLD than that of the NOHM-I-HPE solution with KHCO3 salt, indicating that this layer contains more than just HPE polymer. An increased amount of D2O in this layer or the coordination of the Zn ion with the ether oxygen of the HPE polymer would increase the SLD of this layer.   Previous work by Hamilton et al. indicates that Zn weakly interacts with the ether group of HPE polymer.156 Thus, we ascribe the increased SLD of the first layer of NOHM-I-HPE with added ZnCl2 salt to be due to the sequestration of Zn ions in this HPE layer.  While the potential of increased D2O loading in this layer cannot be discounted, the absence of this level of D2O in the KHCO3 solutions supports the presence of Zn ions as the dominant factor. Similarly, this increase in SLD is also observed in NOHMs layer sequestered above the free polymer layer indicating the interaction of Zn ions with HPE polymer grafted to silica nanoparticles. 
The fitting of the reflectivity curves shows that the near surface density profile of the NOHMs solutions with the applied potential, the ordering of the structures near the surface changes from 5 layers to 3 layers before transitioning to bulk. Under the applied potential of -1.1V, the first layer has an SLD of 3.39 with a thickness of ~16 Å. At 0V, the SLD of the first layer is lower than this layer, but the thickness remains similar. This indicates that the HPE polymer is not affected by the applied potential, however, more deuterated water molecule migrates in this layer. The loss of 

[bookmark: _Toc141360635]Figure 37. SLD profile of NOHM-I-HPE in presence of ZnCl2 salt in D2O near Au surface at 0V (top), -1.1V (bottom left), -1.5V (bottom right).

	Sample
	Potential
	Parameters
	Layer 1
	Layer 2
	Layer 3
	Layer 4
	Layer 5
	Bulk

	10 wt.% NOHM-I-HPE with ZnCl2 
	 0V
	SLD (10-6 Å-2) ± error
	2.88 ± 0.13
	3.71 ± 0.27
	4.95 ± 0.07
	4.69 ± 0.04
	5.06 ± 0.01
	5.68

	
	
	Z(Å) ± error
	15.5± 1.69
	13.9 ± 0.82
	98.62 ± 3.5
	16.1 ± 2.44
	234 ± 6.80
	-

	
	
	R(Å) ± error
	7.43 ± 1.25
	9.73 ± 2.01
	29.5 ± 5.10
	5.32 ± 1.02
	43.8 ± 34.0
	182± 7.20

	
	-1.1V
	SLD (10-6 Å-2) ± error
	3.39 ± 0.15
	2.40 ± 0.14
	5.25 ± 0.05
	-
	-
	5.68

	
	
	Z(Å) ± error
	16.4 ± 2.62
	38.3± 1.50
	411± 15.57
	-
	-
	-

	
	
	R(Å) ± error
	8.30 ± 1.1
	17.8 ± 3.68
	54.2 ±  5.35
	-
	-
	198± 7.0

	
	-1.5V
	SLD (10-6 Å-2) ± error
	3.94 ± 0.04
	3.76 ± 0.02
	5.50 ± 0.10
	-
	-
	5.68

	
	
	Z(Å) ± error
	39.5 ± 1.10
	69.2 ± 4.78
	466 ± 19.8
	-
	-
	

	
	
	R(Å) ± error
	24.8 ± 1.10
	17.9 ± 2.20
	98.8 ± 10.20
	-
	-
	172± 7.20


[bookmark: _Toc141360588]Table 5. SLD density profile that emerge the fit of the reflectivity of NOHM-I-HPE solution in the presence of ZnCl2 salt at 0, -1.1, -1.5V.


two layers in the SLD profile strongly suggests that the NOHMs nanoparticle no longer order at the surface in an applied potential.  Rather, the SLD and thickness that emerge from the density profile suggest that the second layer is also dominated by a broad layer of HPE free polymer. The sequestration of free polymer towards the electrode surface could be due to the attractive interaction between free polymer and the negative potential at the electrode surface.  The HPE polymers possess positively charged end groups that are meant to graft to the negatively charged Si nanoparticle surface.  Thus, this polymer will be attracted to the negatively charged electrode, driving its migration towards the electrode surface. Similar potential-dependent ordering is a common phenomenon in ionic liquid-based electrolytes where the ordering of cations and anions can be tuned by altering the potential.161
Finally, the SLD and thickness of the upper (3rd) layer in the samples with applied potential is similar to the upper (5th) layer of the samples with no applied potential. Thus, we assign this layer to a transition layer from the ordered surface layers to the bulk.
Thus, the near surface ordering of the NOHMs changes dramatically when an applied potential is present.  In the absence of an applied field, the reflectivity shows the presence of a fluctuating layer of NOHMs near the Au surface, however upon application of a potential, this near surface ordering is eliminated. This phenomenon is quite unique, however, not surprising considering that the surface of the silica nanoparticles is functionalized with negatively charged linkers. Consequently, when a negative potential is applied to the electrode surface, we expect that there is a repulsion of the negatively charged NOHM surface and the electrode, disrupting the ordering of NOHMs near the surface. The loss of an ordered NOHMs layer frees that area to promote the assembly of additional free polymer near the surface. The freedom of movement of free polymer and the applied potential also facilitates the accumulation of Zn salt in close proximity to the surface. 
	Moreover, this data is also consistent with previous work by Hamilton et al. which shows that the deposition of Zn salt at the electrode surface starts at -1.3V. In our reflectivity study, the SLD of the first layer further increases to 3.94 and its thickness by ~240% with the application of a potential of -1.5V. The increase in SLD and roughness is consistent with the deposition of Zn salt on the Au surface. The SLD of the profile decreases with distance from the Au surface, which we ascribe to the assembly of the protonated HPE polymer immediately above the HPE/Zn layer on the electrode. With the increase in potential from -1.1V to -1.5V, the increased SLD of this layer suggests that the increased HPE loading also includes interacting Zn (II) ions in this layer. The upper most layer is again a transition layer between the ordered structure near the electrode surface and the bulk layer. The SLD of the transition layer is higher (5.50) at -1.5V than the SLD of the transition layer (5.25) at -1.1V, emphasizing the diffusion of protonated polymer from the transition layer to the first and second layer, which results in an increase the SLD of the transition layer. 
	Figure 38 provides an illustration of the density profile of the components in the NOHM-I-HPE solutions at 0V and -1.5V potential in the presence of ZnCl2 salt. At 0V, the free polymer assembles near the surface as the primary first layer, followed by a fluctuating NOHM-I-HPE layer immediately above that. The coordination of Zn (II) with the free polymer and the grafted layer manifests as an increase in the SLD of the free and grafted polymer layers. Application of 1.5V potential drives the Zn salt to sequester to the surface in the primary first layer. The ordering of the Zn at the surface is in agreement with the study by Hamilton et al. that observed the segregation of Zn to the electrode surface in similar NOHM-I-HPE samples.  Above this near surface layer 

[bookmark: _Toc141360636]Figure 38. Ordering of free polymer and NOHM-I-HPE near the Au surface at 0 and -1.1V. Figure 38a shows the ordering of free polymer and NOHM-I-HPE near the surface that interacts with Zn (II). Figure 38b shows the deposition of Zn, more ordering of free polymer and disordering of NOHM-I-HPE near Au surface.

resides a free polymer-rich layer, which differs from the second layer of the NOHM-I-HPE sample at -1.1V. This layer has a higher SLD and is thicker.  The higher SLD indicates that this layer contains more D2O, which also translates to a larger roughness, signifying a broader gradient to the transition layer. These analyses offer structural insight into the role of the HPE and/or NOHM-I-HPE on the deposition of Zn in these solutions as observed by Hamilton et al. In these studies, it was observed that the presence of HPE or NOHM-I-HPE in ZnCl2 solutions drives a smooth deposition of Zn on the electrode surface and limits dendrite formation. The results presented here show that the ordering of free polymer and the interaction of free polymer with Zn provides an assembly of all components near the surface that benefits the smooth deposition of Zn on the electrode surface at the applied potential.  
[bookmark: _Toc141429409]Impact of ordering of HPE and NOHM-I-HPE on Electrochemical performance
	Neutron reflectivity results show that when unbound HPE polymer is in the aqueous solution in the presence of supporting electrolyte, at least two-three layers of unbound HPE polymer assembles near the Au and SiOx surface (both surfaces will be considered as electrode surfaces for rest of the section). This assembly of unbound HPE polymer can passivate the electrode surface and decrease available surface area for the electro-active species near the electrode surface, decreasing the probability of the redox reaction. Thus, this ordering of unbound HPE polymer could eventually decrease the current density of an electrochemical system by decreasing the active sites near the electrode surface. In the case of the NOHM-I-HPE, a single layer of free polymer adsorbs near the electrode surface. Moreover, the supporting electrolyte may coordinate with the HPE polymer providing additional pathways for the ion to reach the electrode.  This offers pathways for the supporting electrolyte to access the surface of the electrode, to increase current output relative to a solution with only to unbound HPE polymer. This hypothesis is supported by the results presented  by Hamilton et al. where ZnCl2 solution showed increased current density with the presence of NOHM-I-HPE additive relative to the sample with just HPE polymer.156 
[bookmark: _Toc141429410]Conclusion
In this study, neutron reflectometry has been used to carefully monitor the ordering of the polymeric and nanoparticle components, HPE and NOHM-I-HPE, of a promising electrolyte near electrode surfaces with varying surface chemistry and potential. The study indicates  that a change in the hydrophilicity of the surface does not alter the ordering of the free polymer or NOHM-I-HPE near the electrode surface. The addition of KHCO3 salt in the HPE solution causes a kosmotropic effect, forcing layers of varying water composition to assemble near the surfaces. The results show that free polymer segregates to the electrode surface with a neighboring single layer of NOHM-I-HPE. Interestingly, the ordering of the NOHM-I-HPE layer does not significantly change with the addition of salt. Rather, the addition of salt collapses the grafted HPE polymer with little change in the depth profile of free polymer or NOHM-I-HPE. The application of a potential appear to disrupt the single layer of NOHM-I-HPE assembled near the Au surface. Additionally, more free polymer sequesters to the surface with the applied potential. At the highest negative potential examined (-1.5V), the near surface structure of the NOHM-I-HPE remains disordered with an increase in the amount of free polymer and Zn sequestered near the electrode surface. Correlating this assembly of free polymer and Zn on the electrode surface in a potential with a previous study by Hamilton et al., which shows a smooth deposition of Zn on the electrode surface in the presence of  NOHM-I-HPE, suggests that the assembly of the free polymer near the electrode surface promotes the smooth deposition of Zn.156 Moreover, the higher current density measurements reported in the same study infers that the increased coordination of free polymer near the electrode surface and its interaction with Zn (II) contributes to the high current output.156 Therefore, the results presented in this study provide fundamental insight into the impact of the near surface assembly of free polymer and NOHM-I-HPE nanoparticles on the ultimate performance of NOHM-based electrochemical systems.
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Organic radical polymers containing a polymer backbone and radical pendant group have been of recent interest as organic electronics. In particular, poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA), an organic radical polymer has been extensively studied due to its ease of synthesis and fast transport properties. These features of PTMA make it especially suitable in organic radical batteries as electrodes. Moreover, the conformation of PTMA impacts charge transfer in these applications.  For instance, PTMA-based electrodes are often fabricated by casting the polymer from solution, where the conformation of the polymer in solution guides the structure in the final film. However, the conformation of the polymer in battery relevant solvents is not well understood. Hence, we have determined the conformation and thermodynamics of PTMA in battery relevant solvents using small-angle neutron scattering (SANS). More precisely, SANS data were carefully analyzed to elucidate the structure and polymer-solvent interactions of PTMA solutions in N-methyl-2-pyrrolidone (NMP) and a 50:50 (wt.%) ethylene carbonate:dimethyl carbonate (EC:DMC) mixture with varying radical content (68% vs. 98%) and temperature (25 °C and 60 °C). These results indicate that both solvents are theta solvents for the PTMA polymer irrespective of radical loading and temperature. Further investigation shows that PTMA attains an expanded chain conformation in NMP and a more compact polymer chain conformation in EC:DMC, demonstrating the importance of choice solvents on the conformation of PTMA. More importantly, this study clearly shows that the conformation of PTMA is dominated by the radical loading, where a higher radical loading corresponds to a more rigid and expanded structure, while solvent choice and temperature are also important, but subordinate factors.  
These results also highlight that the calculation of polymer-solvent interaction parameter using Hansen solubility parameter must account for the presence of counter-ion in the solvent, or the calculation overestimates the quality of the solvents for the PTMA polymer. Finally, the electrochemical performance of PTMA films formed from each solvent shows improved performance of PTMA films cast from EC:DMC relative to those cast from NMP, where the compact conformation of PTMA in EC:DMC enables improved inter- and intrachain charge diffusion. Therefore, these results demonstrate the importance of understanding the conformation and assembly of PTMA polymer with variation of radical loading, solvent and temperature and provide key insights that can be used to rationally improve the performance of PTMA-based organic electronics.
[bookmark: _Toc141429414]Introduction
Recently, the demand for all organic batteries and polymer-based energy storage systems (ESS) has been rapidly increasing as a sustainable replacement to the frequently used Li-ion batteries.173,174 In current Li-ion batteries, the cathode usually consists of inorganic transition metal oxide such as manganese, nickel and cobalt, which are found in a finite quantity in nature. Moreover, these materials suffer from supply chain issues, poor recyclability, and toxicity.15,175,176 Hence, it has become imperative to look for potential replacements of these traditional materials used in Li-ion batteries. Materials based on organic redox-active moieties can serve as a potential replacement in Li-ion batteries due to their superior performance as conductive materials in organic radical batteries, solid state batteries and flow batteries.25,28,177
	Organic radical polymers often consist of a redox-active pendant group with a stable free radical that controls the charge transport and a polymer backbone, which in turn controls the thermal and mechanical properties of the polymer.178 The redox active pendant group of the organic radical polymer can undergo reversible redox reactions allowing them to serve as alternative materials to the inorganic materials used in lithium-ion batteries.25 Among a myriad of organic radical polymers, poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) (PTMA) is commonly studied for its ease of synthesis, fast charge transport kinetics, and high theoretical capacity of 111 mAh g-1.30 Unique structural features of the PTMA redox-active moiety, 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), include its stable nitroxide radical state that, during the charging process, can convert to either oxoammonium cation or to the aminoxyl anion. The discharging process allows the PTMA polymer to revert to its stable radical form. This functionality of PTMA has been capitalized to observe an operational capacity at almost 100%, matching to its theoretical capacity.179
	PTMA has been used as a redox-active material for organic batteries and ESS, however, there is a lack of knowledge related to the conformation of this non-conjugated material and charge transfer mechanisms.  With this in mind, the conformation of PTMA during the fabrication and operation of batteries is of interest to further understand the factors impacting charge transfer in organic radical polymers. Previously, small-angle neutron scattering (SANS) has been used to reveal the structure of various amorphous polymers in solution and the melt.180–182 Using SANS, our previous study examined the conformation of PTMA in acetonitrile, documenting the change in PTMA conformation and assembly as a function of radical loading and the oxidation level.51 However, the conformational changes can also impact the performance of PTMA-based electrodes. Therefore, we seek to expand these studies to provide more direct information on the conformation and structure of PTMA in battery relevant solvents. For example, the performance of a PTMA-cathode in a commonly used battery solvent such as carbonates fades after a certain number of cycles resulting in poor battery efficiency.183  Moreover, in order to construct the PTMA cathode for an organic radical battery, the PTMA must be dissolved in a suitable solvent. N-methyl-2-pyrrolidone (NMP) is commonly used to process PTMA as an electrode due to its low volatility and thermal stability.184–186 Frequent use of NMP as a solvent to fabricate PTMA-based cathodes further motivates the examination of PTMA conformation in NMP to provide molecular level insight into the correlation of its performance in a battery to molecular conformation. 
Here, we use SANS to elucidate the conformation and thermodynamic interactions of PTMA in NMP and a 50:50 mixture of ethylene carbonate and dimethyl carbonate (EC:DMC). We utilized deuterated solvents to improve the contrast between polymer and solvent thus enabling the investigation of the conformation of PTMA in dilute solution using SANS. In this current study, the radical loading of PTMA is varied by using different oxidizing agents (meta-chloroperoxybenzoic acid and H2O2). The conformation and polymer solvent interactions of PTMA in deuterated NMP and a 50:50 mixture of deuterated ethylene carbonate and deuterated dimethyl carbonate (EC:DMC) at room temperature (RT) and at 60°C were investigated. Analysis of the scattering data by a Zimm plot analysis quantifies the thermodynamic interaction of PTMA and the solvents of interest. Additionally, fractal dimension analysis complements the Zimm analysis. Comparison of the experimentally determined and theoretically calculated Flory-Huggins interaction parameters emphasizes the importance of accounting for counter-ions to understand the thermodynamic interactions between the organic radical polymer and solvents. Our analyses also indicate that solvent, radical loading, and temperature all impact the final conformation of PTMA. Finally, an electrochemical study of PTMA as a thin film that is cast from both solvents establishes a correlation between the conformation in solution and the performance of PTMA.

[bookmark: _Toc141429415]Experimental
[bookmark: _Toc141429416]Materials
The following materials were received from Sigma Aldrich and used without further purification: toluene, sodium tungstate dihydrate (Na2WO4•2H2O), ethylenediaminetetraacetic acid disodium salt dihydrate (Na2EDTA•2H2O), methanol, and magnesium sulfate. 2,2′-azobis(2-methylpropionitrile) (AIBN) was received from Sigma Aldrich and was recrystallized from ethanol before use. The following materials were received from VWR BDH Chemicals and used without any further purification: hexanes, dichloromethane (DCM), hydrogen peroxide solution (30 wt.%), methanol. 2,2,6,6-tetramethyl-4-piperidyl methacrylate (TMPM) was received from TCI America and used without purification. 4-cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoic acid (CTA) was used as received from Boron Molecular. Ultrapure water (water) was collected from a Milli-Q® water purification system (18 MΩ·cm).
[bookmark: _Toc141429417]Synthesis of PTMA-X-R
The synthetic conditions for the different molar mass PTMA-X-R produced are found in Table 6, where X is the estimated degree of polymerization and R is the radical loading obtained from electron paramagnetic resonance (EPR) spectroscopy. The synthesis of PTMA-276-68 and PTMA-277-98 followed the protocol described Easley et al.185 For the remaining PTMA-X-R polymers, the synthetic protocol was modified to use 4-cyano-4-(((dodecylthio)carbonothioyl)thio)pentanoic acid as the CTA (Scheme 1).185,187 A summary of the synthetic procedure to synthesize PTMA-15-72 is provided as an example. In a 50 mL Schlenk flask, 5 g (22.2 mmol) of TMPM, 83.9 mg (0.5 mmol) of AIBN, 0.69 g (1.7 mmol) of CTA, and 7.7 mL of toluene were combined at ambient conditions. The flask was sealed, and three freeze-
	Polymer Name
	TMPM: CTA: AIBNa
	Oxidation Method
	DPc
	Mn (kDa)c
	Ðc
	Radical Loading (%)d

	PTMA-15-72
	13: 1: 0.3
	H2O2
	15
	3.5
	1.2
	72

	PTMA-44-87
	33: 1 : 0.3
	
	44
	10.6
	1.2
	87

	PTMA-122-95
	98: 1 : 0.3
	
	122
	29.2
	1.2
	95

	PTMA-277-98b
	330: 1 :0.7
	
	277
	66.6
	1.7
	98

	PTMA-276-68b
	330: 1 :0.7
	mCPBA
	276
	66.2
	2.1
	68


[bookmark: _Toc141360589]Table 6. Summary of the synthetic conditions, degree of polymerization, molar mass, dispersity, and radical loading for the synthesized PTMA samples.

aMolar ratio
bSynthesized using 2-phenyl-2-propyl benzodithioate as a CTA.
cDetermined using SEC in THF against a polystyrene standard.
dDetermined using EPR.


pump-thaw cycles were performed. The flask was left under nitrogen, heated to 75 °C, and left to react for 24 h. The reaction was cooled to room temperature and exposed to air to terminate the reaction. The reaction solution was precipitated in hexanes. The resulting polymer, PTMPM-15-CTA, was collected and dried under vacuum for 24 h. The CTA end groups were removed as previously described, by combining 2 g of PTMPM-15-CTA (8.9 mmol of repeat unit) with 2 g (12 mol) of AIBN in 80 mL of toluene.185,187 The reaction solution was then heated to 75 °C, and left to react for 24 h. After 24h, the reaction was allowed to reach room temperature before being precipitated in hexanes. The precipitated polymer, PTMPM-15, was collected and vacuum dried for 24 h. Finally, PTMPM was oxidized using H2O2 by reacting 0.6 g of PTMPM-15 (2.6 mmol of repeat unit), 218.8 mg (0.7 mmol) of Na2WO4•2H2O, 115.8 mg (0.3 mmol) of Na2EDTA•2H2O in 30 mL of methanol in a 250-mL round-bottom flask equipped with a condenser. The reaction was carried out at 60 °C for 5 min, before 3.0 mL of 30 wt.% H2O2 was added dropwise. After the addition was complete, the reaction was left at 60 °C for 24 h. The solid precipitate was dissolved in DCM, washed with MQ water three times, and dried over magnesium sulfate for 12 h. The magnesium sulfate was filtered out followed by precipitation of the resulting solution into hexanes. The resulting orange solid (PTMA-15-72) was collected and vacuum dried overnight.
Scheme 1. Synthetic route for PTMA-X-R samples using 4-cyano-4 (((dodecylthio)carbonothioyl)thio)pentanoic acid as the CTA.


[bookmark: _Toc141429418]Chemical Characterization
For NMR, 10 mg of PTMPM-X-CTA or PTMPM-X, was dissolved in 1 mL of deuterated chloroform and a 400 MHz Bruker NMR was used to collect the 1H-NMR spectra. Size exclusion chromatography (SEC) was performed on a TOSOH EcoSEC (HLC-8320GPC) with UV (254 nm) and RI detectors at 40 °C with THF as the eluent with a flow rate of 0.35 mL min-1. The SEC sample was prepared by dissolving 5 mg of PTMA-X-R in 1.5 mL of THF. The molecular weights were calculated using a calibration curve based on polystyrene standards. The SEC columns were TSKgel SuperHM-M and TSKgel SuperH-RC. Electron paramagnetic resonance (EPR) spectroscopy was performed on a Bruker Elexsys at room temperature. For EPR, a reference solution of 1 mM of 4-OH-TEMPO and a sample solution of 1 mM of polymer repeat unit (PTMA-X) were prepared in chloroform. Using the UV-Vis calibration curve previously reported by Easley et al., the radical loading of each PTMA-X-R sample solution, prepared at a concentration of 0.03 M (repeat unit basis) in chloroform, was calculated at 462 nm.185 Finally, XPS spectra were collected on powder samples of the PTMA-X-R samples using an Omicron XPS with an Argus detector using a monochromated Mg X-ray source (hm = 1253.6 eV). Survey scans were performed with an analyzer pass energy of 150 – 1150 eV (1.0 eV steps, 50 ms dwell time). High-resolution scans of nitrogen (N 1s), chlorine (Cl 2p), and fluorine (F 1s) were collected with a pass energy of 150 eV (0.05 eV steps, 200 ms dwell time). All spectra were calibrated using the C 1s photoemission peak (sp2‐hybridized carbons) at 284.5 eV. Curve fitting of N 1s spectra was conducted using a Gaussian‐Lorentzian peak shape after a Shirley‐type background correction and the FWHM of the deconvoluted peaks was constrained.
[bookmark: _Toc141429419]Small Angle Neutron Scattering (SANS) Experiments
	The solvents used for SANS experiments are N-methyl-2-pyrrolidinone-d9 (d-NMP), d6-dimethyl carbonate (Cambridge Isotope Lab) and d4-ethylene carbonate (CDN Isotopes, Inc). SANS experiments of PTMA-276-68 polymer in N-methyl-2-pyrrolidinone-d9 (d-NMP) and a 1:1 (w/w) mixture of d4-ethylene carbonate and d6-dimethyl carbonate (d-EC:d-DMC) were performed at the National Institute for Standards and Technology’s Center for Neutron Research using the NG-7 beamline with a q range of 0.0042 Å−1 to 0.41 Å−1. The SANS experiments of PTMA-15-72, PTMA-44-87, PTMA-122-95, PTMA-277-98 polymers in N-methyl-2-pyrrolidinone-d9 (d-NMP) were performed at the high flux isotope reactor (HFIR) at the Oak Ridge National Laboratory on the CG-2 GP-SANS beamline with a q range of 0.003 Å−1 to 0.7 Å−1. Here, q = 4π/λ sin(θ), where, q is the momentum transfer vector, λ is the neutron wavelength and θ is the scattering angle. The raw data obtained at NIST was reduced using NCNR SANS reduction package,95 whereas the raw data from HFIR was reduced using the reduction protocol prepared by the instrument scientist. The scattering data of PTMA-X-R was corrected for sample transmission, and the scattering of the empty cell, solvent scattering, and the background. The fitting procedure was performed using SasView software.137
[bookmark: _Toc141429420]Group Contribution and Flory-Huggins Interaction Parameter
The Hansen solubility parameters (HSPs) for PTMA-276-68 and PTMA-277-98 are reported in Table 7 and were estimated using the Hansen group contribution method and values previously published by our group for the nitroxide radical and oxoammonium cation.185,188 Additionally, the Hansen solubility parameter values for NMP, EC, and DMC were taken from Hansen and are summarized in Table 7 below.189 It was assumed that the solvent deuteration did not alter the Hansen solubility parameters. Previous studies also showed that small polarizability 
	Material
	δd (MPa1/2)
	δp (MPa1/2)
	δh (MPa1/2)
	δtotal (MPa1/2)

	PTMA-276-68
	19.2
	4.7
	7.5
	21.2

	PTMA-277-98
	19.1
	4.7
	7.8
	21.1

	NMPa
	18.0
	12.3
	7.2
	22.9

	ECa
	19.4
	21.7
	5.1
	29.6

	DMCa
	15.5
	3.9
	9.7
	18.7

	EC:DMC (1:1)b
	17.5
	12.8
	7.4
	24.1


[bookmark: _Toc141360590]Table 7. Dispersion (δd), polar (δp), hydrogen bonding (δh), and total (δtotal) Hansen solubility parameters for the polymers and solvents utilized.
aValues from ref.190
bEstimated as a 50:50 mixture.


and vibration energy difference in C-D and C-H results in little to no impact on the solubility parameter of solvents.191,192
	Using the total Hansen solubility parameters, the Flory-Huggins (polymer-solvent) interaction parameter, χ, is determined for each polymer-solvent combination using Equation 5.1.

                                                                    		       5.1

In Equation 5.1, Vs is the molar volume of the solvent (in cm3/mol), R is the gas constant (8.314 cm3 MPa/mol K), T is the temperature (in K), and δtotal,s and δtotal,p are the total Hansen solubility parameters for the solvent and polymer, respectively. The molar volumes of NMP, EC, and DMC are 96.5, 66.0, and 84.2 cm3/mol, respectively. Using these values, the molar volume of the EC:DMC mixture is 75.1 cm3/mol.
In addition to estimating χ from the total Hansen solubility parameters, it may also be experimentally determined using the second virial coefficient (A2) from Zimm analysis of the SANS data, following Equation 5.2.193
                                                                                                        	       5.2

where ρp is the density of the polymer (in g/cm3).
[bookmark: _Toc141429421]Electrochemical Characterization
PTMA-276-68 and PTMA-277-98 were dissolved in NMP at 2 mg/mL and PTMA-276-68 was also dissolved in EC:DMC (1:1, w:w) at 2 mg/mL. 20 µL of the polymer solution was drop casted onto a glassy carbon electrode and allowed to dry at ambient conditions for 48 hours. After 48 hours, the samples were dried under vacuum for an additional 24 hours before electrochemical testing. The polymer coated glassy carbon acted as the working electrode in a 3-electrode beaker cell with a Pt wire counter electrode and an Ag/AgCl (sat.) reference electrode. The supporting electrolyte was 0.5 M tetraethylammonium tetrafluoroborate (TEABF4) in water. The polymer thin film was conditioned by cyclic voltammetry (CV) (50 cycles at 50 mV·s-1) before conducting  two CV cycles each at varying scan rates (10, 25, 50, and 100 mV·s-1). Chronoamperometry was performed by a potential step from 0.3 V to 1.1 V and retuning to 0.3 V vs. Ag/AgCl (all voltages were held for 60 seconds). Additionally, galvanostatic charge/discharge was performed for 5 cycles at both 20 µA/cm2 and 40 µA/cm2. All electrochemical measurements were performed using a Solartron Electrochemical Interface 1287 potentiostat/galvanostat. The slope for determining the kinetic parameters from the Cottrell plots was determined as a tangent line with an intercept of zero.194,195
[bookmark: _Toc141429422]Results
[bookmark: _Toc141429423]Synthesis and characterization of PTMA-X-R 
The precursor to PTMA-X-R, PTMPM-X, was synthesized using reversible addition–fragmentation chain transfer (RAFT) polymerization, where X is the degree of polymerization and R is the radical loading from electron paramagnetic resonance (EPR) spectroscopy (Scheme 1, Table 6). The resulting PTMPM-X contained RAFT chain transfer agent (CTA) end groups (PTMPM-X-CTA). The end groups were removed before oxidation to prevent crosslinking.187 Figures 57-59 (pg. 184-186 in Appendix) show the 1H-NMR for PTMPM-X-CTA and PTMPM-X. The spectra for all polymers show a decrease in the peaks associated with the CTA (between 3 and 3.5 ppm), confirming the successful removal of the CTA end group.
After removing the CTA end group, the PTMPM-X precursors were oxidized with meta-chloroperoxybenzoic acid (mCPBA) or hydrogen peroxide, following previously reported methods to form the PTMA-X-R radical polymers.187,196,197 The molar mass (and thus degree of polymerization) and dispersity were determined for each polymer using size exclusion chromatograph (SEC), where the results are shown in Table 6. Following oxidation, the radical loading was determined using X-ray photoelectron spectroscopy (XPS) and electron paramagnetic resonance (EPR) spectroscopy. Table 6 and 7 document the amount of radical loading and pendant group distribution in each PTMA-X-R sample. The EPR and XPS plots are also documented in Figures 60 (pg. 187 in Appendix) and 61 (pg. 188 in Appendix). XPS was critical for determining the distribution of functional groups, amine, nitroxide radical, and oxoammonium cation groups, for each PTMA-X-R sample. The different groups result from no oxidation, oxidation, and over-oxidation of the polymer, respectively.
	Utilizing the above PTMA-X-R samples various analyses were considered to determine the structural characteristics of PTMA-X-R in d-NMP and d-EC:d-DMC using small angle neutron scattering. The structural parameters are determined from analyses of the scattering patterns, including Guinier and Zimm analyses to illuminate the size and conformation of the polymer and Zimm analysis to gain insights on the thermodynamic interaction parameter between the solvent and the polymer.  The molecular weight dependence of the radius of gyration for the synthesized PTMA-X-R is determined to elucidate the effect of radical content on the polymer conformation. Finally, a fractal analysis quantitively reveals the compactness of the PTMA-X-R chain, highlighting the variation of the polymer chain conformation in different solvents at 25 °C and 60 °C. 
[bookmark: _Toc141429424]Guinier & Zimm analysis of PTMA-X-R in solution 
Small-angle neutron scattering (SANS) scattering profiles of PTMA-276-68 in d-NMP and d-EC:d-DMC and PTMA-277-98 in d-NMP at room temperature and 60 °C are shown in Figure 39.
To determine the radius of gyration of the PTMA-X-R polymer in individual solvents, the Guinier model, documented as Equation 5.3 is used. 
                                                                                   		       5.3
Here, Rg is the radius of gyration, q is the wave vector and I(0) is the forward scattering intensity.52,63 Moreover, the molecular weight of the PTMA-X-R polymer can be determined from the forward scattering intensity of the PTMA-X-R polymer solutions using Equation 5.4. 
                                                                                                          		       5.4
In Equation 5.4, Mw is the weight average molecular weight of PTMA-X-R polymer, d is the density of the PTMA-X-R polymer, NA is Avogadro’s number, φ is the volume fraction of the PTMA-X-R polymer in solution and Δρ is the difference in scattering cross-section of the polymer and solvent. The radius of gyrations and molecular weights of all the PTMA-X-R studied as obtained from the Guinier analysis are listed in Table 14 (pg. 189 in Appendix).
To elucidate the quality of the NMP and EC:DMC as solvents for PTMA under different conditions, a Zimm analysis using Equation 5.5 was also considered.198 An example of a Zimm plot is shown in Figure 62 (pg. 190 in Appendix).
                                                     5.5

           [bookmark: _Toc141360637]Figure 39. Small-angle neutron scattering profile of PTMA-276-68 in d-NMP(left) and d-EC:d-DMC (center) and PTMA-277-98 in d-NMP (right)








             In Equation 5.5, K = ∆ρ2Vmφ/NA is the contrast factor, Vm is the molar volume of PTMA-X-R (202.5 cm3/mol), Φ is the volume fraction of PTMA-X-R in solution, NA is the Avogadro’s constant, Mw is the PTMA weight average molecular weight, A2 is the second virial coefficient which describes the polymer-solvent interactions. Therefore, Zimm analysis provides information on the quality of the solvent, as well as serves as a supplement to the Guinier analysis by providing the Mw and Rg of the polymer. However, in our initial Zimm analysis, the results of which are tabulated in Table 15 (pg. 191 in Appendix), shows a significant variation in the molecular weight of PTMA-X-R in different solvent conditions. This is physically unreasonable and must be an artifact of the analysis.  To identify this artifact, the concentration dependence of the scattering of PTMA-X-R in each solvent was investigated. Equation 5.6 shows that the scattering of individual scattering particles in solution scales with concentration.
                                                                                  	       5.6 
In Equation 5.6, ∆ρ2 is the difference in the scattering length density of the solvent and the polymer. The scattering length density (SLD) of each atomic species can be calculated from its density and atomic composition. Initially, the SLD of PTMA-X-R, and the solvents d-NMP and d-EC:d-DMC are calculated to be 0.918E-06 Å-2, 6.20E-06 Å-2, 5.40E-06 Å-2 respectively. F(q) in Equation 5.6 is the form factor that depends on the structure/conformation of the PTMA polymer. In these experiments the conformation of the PTMA-X-R polymer does not change with solution composition, thus F(q) does not change. Lastly, S(q) is the structure factor that details the particle-to-particle interaction, and, in this case, since the polymer solution is dilute, the S(q) is 1.
Therefore, if the coherent scattering of PTMA-X-R in a given solvent is normalized by the concentration of the polymer, Equation 5.6 shows that the scattering profiles should overlap. When normalized to concentration, the PTMA-276-68 dissolved in d-EC:d-DMC at 25°C shows the expected collapse of all scattering curves, as shown in Figure 40. In contrast, the normalization of the scattering curves with concentration of all other solutions showed a decrease in scattering intensity with an increase in concentration, as shown in Figure 63 (pg. 192 in Appendix).
	Equation 5.6 shows that the most likely parameter that could account for this unexpected result is an incorrect value of the scattering length density of the solvent, which translates to an incorrect value of Dr2 in Equation 5.6. We interpret this to indicate that the molecular composition of the solvent is not pure NMP or EC:DMC, but must include the presence of counterions associated with the PTMA.185 These counter-ions alter the SLD of the solvent and must be accounted for. Moreover, this also emphasizes that the scattering length densities of the solvent for a series of concentrations are not constant; rather, it varies with the amount of counter ion in the solvent. The results show that the SLD of the solvent decreases with increasing PTMA (and counter ion). To account for this deviation of the solvent SLD from the SLD of the pure solvent, the corrected SLD, which accounts for counterion present, is determined from Equation 5.7.
           	                   5.7
In Equation 5.7, Δρ2corrected is the corrected contrast between solvent and polymer to account for the presence of the counter-ion whereas Δρ2theoretical is the theoretical contrast between the pure solvent and polymer, I(0)experimental is the forward scattering of the experimental SANS profile of PTMA-X-R polymer and I(0)theoretical is the forward scattering of the SANS profile obtained using Equation 5.3, where Mw= molecular weight of the PTMA-X-R polymer obtained from Guinier analysis= ~142 kg/mol, d=density of the polymer, NA= Avogadro’s number, φ= volume fraction of the polymer. The fact that the scattering of the room temperature solution of PTMA-276-68 in d- 

[bookmark: _Toc141360638]Figure 40. Normalized SANS scattering profile of PTMA-276-68 in d-EC:d-DMC provides a master curve.

EC:d-DMC scales with concentration enables the use of the molecular weight value obtained from the Guinier analysis of this sample in these calculations.  
Following this approach provides the proper contrast parameter Δρ2 of all the polymer solutions, resulting in scattering patterns that scale with concentration, and can be analyzed by the Zimm analysis. 
Figure 64 (pg. 193 in Appendix)  plots the SLD of the solvent as a function of PTMA concentration for the d-EC:d-DMC solutions at 60 °C, where extrapolation of the SLD to zero PTMA concentration gives a value of the SLD (5.20 E-06 Å-2) that is very similar to that of the estimated SLD of the pure d-EC:d-DMC mixture  (5.40E-06 Å-2). Therefore, the SLD of the solvent is corrected to account for counter-ions for all samples, and the data is then re-analyzed. For example, Figure 41 shows the scattering curves of the PTMA-276-68 in d-EC:d-DMC at 60 °C normalized to concentration, where the data collapse to a single curve. The results of the Zimm analyses of the SLD corrected data for all solutions are presented in Table 8. 
Inspection of the Zimm analyses results presented in Table 8 shows consistent molecular weights of the PTMA for all solutions. The modest variation in molecular weight of PTMA-277-68 in d-NMP with temperature is attributed to the low signal-to-noise ratio of the scattering profile. Although the second virial coefficient shows variation with the change in solvents and temperature, these values are at least an order of magnitude smaller than A2 of a polymer in a good solvent (10-4-10-5 mol cm3 g-2), and are therefore close to 0. This indicates that all the solvents are marginal solvents for the PTMA polymer under all conditions.  However, the subtle variation in second virial coefficients resonates with the variation of the radius of gyration of the PTMA polymer in d-NMP and d-EC:d-DMC. For instance, the radius of gyration of PTMA-276-68 is 90 Å in d-NMP at 25°C, whereas in d-EC:d-DMC the radius of gyration decreases to 80 Å, which corresponds to 



[bookmark: _Toc141360639]Figure 41. Corrected scattering profile of PTMA276-68 in d-EC:d-DMC at 60 °C

	Sample Name
	Solvent, Temperature
	A2 ± error
(mol cm3 g-2)
	Mw 
(kg/mol)
	Rg ± error
(Å)

	PTMA-276-68
	d-NMP, T = 25 °C
	3.09E-06 ± 2.015E-06
	141
	90 ± 5

	PTMA-276-68
	d-NMP, T = 60 °C
	7.69E-06 ± 9.05E-07
	143
	85 ± 4

	PTMA-276-68 
	d-EC:d-DMC, T = 25 °C
	-2.37E-06 ± 3.60E-06
	144
	80 ± 4

	PTMA-276-68
	d-EC:d-DMC, T = 60 °C
	9.64E-07 ± 3.93E-07
	142
	75 ± 4

	PTMA-277-98
	d-NMP, T = 25 °C
	6.20E-06 ± 4.71E-06
	143
	117 ± 6

	PTMA-277-98
	d-NMP, T = 60 °C
	1.56E-05 ±1.41E-05

	150
	111 ± 6


[bookmark: _Toc141360591][bookmark: _Hlk92114841]Table 8. Summary of second virial coefficients (A2), radius of gyration (Rg) and molecular weights (Mw) of PTMA-276-68 in d-NMP and d-EC:d-DMC and PTMA-277-98 in d-NMP at 25°C and 60°C


a slight decrease in the A2 and the quality of the solvent.
Similarly, the A2 of PTMA-277-98 in d-NMP is marginally higher than that of the PTMA-276-68 in d-NMP, suggesting that NMP is a slightly better solvent (though still marginal) for the polymer with higher radical content. It is interesting that although the A2 of the PTMA-277-98 in d-NMP is modestly greater than that of PTMA-276-68 in d-NMP, the radius of gyration of the PTMA-277-98 increases by ca. 27 Å. We interpret this to indicate that the repulsion between radicals on the same chain dominates the conformation more than the polymer-solvent interaction, where the increase in radical content from 68% to 98% forces the PTMA chain to expand in the d-NMP. This repulsion is an important consideration in the electron transfer rate within a solvent swollen polymer electrode.
[bookmark: _Toc141429425]Polymer-solvent interaction parameters for PTMA solutions
To compare the conformation determined using SANS to other indicators of solvent quality, the Flory Huggins (polymer-solvent) interaction parameter, χ, was determined from the experimentally determined second virial coefficient. χ larger than 0.5 indicates a “poor” solvent, whereas values smaller than 0.5 indicate a “good” solvent, and χ values of 0.5 typically indicate a theta solvent. In a good solvent, an expanded chain is expected due to favorable interactions between the polymer and solvent. In contrast, in a poor solvent, a collapsed chain is expected to minimize interactions between the polymer and solvent. Using the total Hansen solubility parameters for the polymers and solvents, χ was calculated for both polymers in d-NMP and PTMA-276-68 in d-EC:d-DMC using Equation 5.1 (summarized as group contributions in Table 9). Additionally, the A2 values from Zimm analysis were used to calculate the experimentally determined interaction parameters from Equation 5.2.
As expected, as the temperature increases from 25 °C to 60 °C, the calculated χ value decreases, indicating more favorable interactions between the polymer and solvent, which should correlate to a more expanded chain conformation. Overall, χ values obtained from group contribution analysis indicate that NMP is a good solvent for the polymer (χ < 0.5) and EC:DMC is a poor solvent (χ > 0.5)  for the polymer. However, the experimentally determined χ values do not show this same solvent and temperature dependence. All of the SANS determined χ values indicate a marginal solvent that is very close to a theta solvent, regardless of temperature or solvent. These results strongly suggest that the approximations that are used in calculating the χ values using group contribution analysis overestimate the similarity of the Hansen Solubility parameters of the polymer and solvent. Given the importance of the presence of counter-ions in the analyses of the scattering curves, we suspect that not accounting for the presence of the counter-ion in estimating the polymer-solvent thermodynamic interactions is a significant source of error. Therefore, future attempts to estimate c values of radical polymers must account presence of the counter-ion in group contribution analysis.  
[bookmark: _Toc141429426]Fractal Dimension Analysis
	The scattering curve can also be used to determine the fractal dimension, D, of the polymer chain by focusing on the scattering over the q range 1/Rg < q < 1/b, which focuses on the length scales below the radius of gyration (Rg) and above the statistical length (b) of the polymer. The scattering of a fractal object is related to its fractal dimension by the following relationship-
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Therefore, analysis of a log I(q) vs. log (q) plot provides a quantitative measure of the fractal dimension of a polymer in solution.138,199–201 The Fractal dimension, D, of a polymer is related to its Flory exponent, υ, as D = 1/υ.202 Therefore, a Fractal dimension (D) of 2 corresponds to
[bookmark: _Toc141360592]Table 9. The polymer-solvent interaction parameters (χ) calculated from the second virial coefficient (SANS) and from group contribution estimates of the polymer solubility parameters (group contribution).
	Polymer
	Solvent
	Group Contribution
	SANS

	
	
	χ25 °C
	χ60 °C
	χ25 °C
	χ60 °C

	PTMA-276-68
	d-NMP
	0.38
	0.37
	0.50
	0.50

	
	d-EC:d-DMC
	0.64
	0.60
	0.50
	0.50

	PTMA-277-98
	d-NMP
	0.36
	0.35
	0.50
	0.50





Flory exponent, υ = 0.5, which indicates that the polymer chain attains a random walk conformation. This condensed chain corresponds to the conformation of a coiled polymer in a theta solvent. A fractal dimension in the range of 1.66 < D < 2 corresponds to a polymer chain with a Flory exponent, 0.5 < υ < 0.60, which is the expected conformation in a better solvent. In a good solvent, the polymer will follow a self-avoiding walk, υ = 0.6, which corresponds to D = 1.66. A polymer chain with a fractal dimension of less than 1.66 (υ < 0.6) corresponds to a polymer chain that is semi-flexible and more swollen than that of a polymer in a good solution.203
Figure 65 (pg. 194 in Appendix)  shows a representative fractal dimension fit, in this case for the 0.5 wt.% PTMA-276-68 in d-NMP. Table 10 summarizes the Fractal dimensions of all 0.5 wt.% solutions of PTMA-X-R at different temperatures. The fractal dimension of PTMA-276-68 in NMP is 1.66 and 1.58 at 25 °C and 60° C, which corresponds to a self-avoiding walk at room temperature that expands to a semi-flexible conformation at 60 °C. The fractal dimension of the same polymer in d-EC:d-DMC at room temperature is 2.0 (υ = 0.5), signifying a more collapsed conformation that mimics a random walk. This analysis is consistent with the Zimm analysis that showed that the Rg of this polymer in d-EC:d-DMC is about 10 Å smaller than in d-NMP. At 60 °C, the fractal dimension of the PTMA-276-68 in d-EC:d-DMC is 1.78 (υ = 0.56), indicating that polymer chain has expanded, but has not yet attained the conformation of a self-avoiding walk that would be expected in a good solvent. The fractal dimensions of the PTMA with higher radical loading, PTMA-277-98, in d-NMP are 1.47 and 1.41 at 25 °C and 60 °C respectively. This corresponds to υ ~ 0.68-0.70, further quantifying the increase in semi-flexibility of the PTMA with increased radical loading, which also correlates to an increased Rg of this polymer over that of the PTMA with lower radical loading, PTMA-276-68.                                                                                                         

	Sample Name
	Fractal dimension 
T=25 °C
	Flory Exponent
T=25 °C
	Fractal dimension 
T= 60 °C
	Flory Exponent
T=60 °C

	PTMA-276-68 in d-NMP
	1.66
	0.60
	1.58
	0.63

	PTMA-276-68 in d-EC:d-DMC
	2.0
	0.50
	1.78
	0.56

	PTMA-277-98 in d-NMP
	1.47
	0.68
	1.41
	.70


[bookmark: _Toc141360593]Table 10. Fractal dimension of 0.5 wt.% PTMA-X-R at 25 °C and 60 °C.


[bookmark: _Toc141429427]Molecular weight dependence of Rg
Figure 42 plots the molecular weight dependence of the radius of gyration of PTMA-X-R oxidized using H2O2 in d-NMP. This analysis provides further insight into the effect of radical loading on the conformation of the PTMA chain. The Rg of PTMA-15-72, PTMA-44-87, PTMA-122-95, and PTMA-277-98 in 1 wt.% as determined from the Guinier model fit of the scattering profiles is plotted as a function of the I(q=0), which is proportional to the polymer molecular weight in Figure 42. The plot in Figure 42 shows that the dependence of Rg  I(0)0.63. This is slightly larger exponent than is expected from an ideal Gaussian chain that follows self-avoiding walk statistics.203 The observed exponent of 0.63 further quantifies the extent to which the PTMA polymer with higher radical content can be thought of semi flexible, as it is slightly more rigid than a Gaussian coil.
[bookmark: _Toc141429428]Electrochemistry of PTMA 
The electrochemical properties of PTMA thin films were investigated using cyclic voltammetry (Figure 43) and galvanostatic charge/discharge in a 3-electrode beaker cell with the PTMA thin film on glassy carbon working electrodes, Pt wire counter electrode, Ag/AgCl (sat.) reference electrode, and 0.5 M TEABF4 in water as supporting electrolyte. The cyclic voltammograms demonstrate that  regardless of oxidation method and casting solvent PTMA-X-R exhibited similar half-wave (E1/2) redox potentials of 0.78 V vs. Ag/AgCl at 10 mV/s. Similarly, all of the films exhibited a linear relationship between peak current and the square root of scan rate, which is indicative of a diffusion limited reaction.
	In contrast, there were distinct differences in the slope of the linear relationship between peak current and the square root of scan rate for the three samples. In oxidation, the PTMA-276-68 thin film cast from EC:DMC had the largest slope, followed by PTMA-276-68 cast from NMP,
 [bookmark: _Toc141360640]Figure 42. log Rg vs Log I(0) plot of PTMA-X-R oxidized by H2O2 with similar oxidation level (~98%)






[bookmark: _Toc141360641]Figure 43. Cyclic voltammograms for PTMA-276-68 thin films cast from (left) EC:DMC solution and (center) NMP solution and for (right) PTMA-277-98 cast from NMP solution. The cyclic voltammograms were obtained in a three-electrode beaker cell with the PTMA-X-R thin films on glassy carbon working electrodes, Pt wire counter electrode, Ag/AgCl (sat.) reference electrode, and 0.5 M TEABF4 as supporting electrolyte in water.

and PTMA-277-98 cast from NMP. These slope values, from Figure 67 (pg. 195 in Appendix), were used to determine the diffusion coefficient following the Randles-Sevcik equation (Equation 5.9).
                                                                              	       5.9
where Ip is the peak current (A), n is the number of electrons, A is the electrode area (cm2), C is the concentration of redox-active sites (mol/mL), v is the scan rate (V/s), and D is the diffusion coefficient (cm2/s). This analysis results in D of 3.0×10-13 cm2/s for the PTMA-276-68 EC:DMC cast film and 1.5×10-14 cm2/s for the PTMA-276-68 NMP and PTMA-277-98 cast films. This variation could be due to the more extended conformation for PTMA-276-68 and PTMA-277-98 in NMP, which leads to a more densely packed thin film and a reduced diffusion within the film relative to the EC:DMC cast film.
These results are similar for the kinetic parameters obtained from chronoamperometry documented in Table 11 and the charge-discharge performance that is shown in Figure 69 (pg. 197 in Appendix). The more compact structure of PTMA-276-68 in EC:DMC suggest that the films contain globular compact coils, which could facilitate intra- and inter- transport in the amorphous polymers, as compared to the extended conformation compact films favoring inter-chain transport to the glassy carbon surface.
[bookmark: _Toc141429429]Discussion
To understand the charge transport of non-conjugated PTMA polymer, it is imperative to understand the conformation of the polymer in solvents that are frequently used in fabrication and operation of batteries. Moreover, previous theoretical and experimental studies have shown that the PTMA polymer conformation and assembly varies with radical loading.47,51 Therefore, to 
[bookmark: _Toc141360594] Table 11. Electron transfer rate constants for PTMA-X-R thin films cast from two different solvents.
	Polymer
	Casting Solvent
	log (keff)
	log (Det)
	log (k0)

	PTMA-276-68
	EC:DMC
	2.6
	-12.4
	-6.1

	
	NMP
	1.0
	-14.0
	-7.0

	PTMA-277-98
	
	0.8
	-14.2
	-7.3


 

rationally guide the design and fabrication of organic radical polymers, a more thorough understanding of the impact of polymer molecular weight, radical loading, and temperature in battery relevant solvents is needed. Small-angle neutron scattering experiments provide the structure, assembly, and thermodynamic interactions of PTMA-X-R chains in battery-relevant solvents. Interestingly, the initial Zimm analysis clearly indicates that the solvent is more complex than initially thought. Careful consideration revealed that the counter-ions that are present in the solution must be accounted for in further analyses of the scattering data. With this correction, the Zimm analysis provides second virial coefficients that quantify the polymer solvent thermodynamic interactions, which indicates that all the solvents are marginal for the PTMA chains regardless of solvent, temperature, molecular weight, or radical loading. Moreover, comparison of the estimated Flory-Huggins interaction parameter from Hansen parameter group contributions and the SANS derived experimental values shows significant discrepancies.  These inconsistencies are attributed to the assumption that the counter-ion does not impact the polymer-solvent interaction in the calculated estimation of c. 
The Zimm analysis also provides the radius of gyration of the polymers as a function of solvent, temperature, and radical loading, which are consistent with the fractal dimension analysis.  These analyses demonstrate that the PTMA polymer chains expands in d-NMP more than it does in the d-EC:d-DMC, where the  radius of gyration of the PTMA with more radical loading, PTMA-277-98, is significantly larger than that of the PTMA with lower radical loading, PTMA-276-68. This indicates that the molecular conformation of the organic radical polymer is dominated by the amount of radical loading present in the polymer backbone more than the solvent type and temperature. These results clearly indicate that increasing the radical loading increases the stiffness in the backbone of PTMA-X-R polymer. The increase in rigidity in the polymer backbone with increased radical loading has also been observed by Martin et al. in deuterated acetonitrile.51 
This information on the conformation and thermodynamic interactions of PTMA-X-R polymer in different solvents correlates with the electrochemical performance of the polymer in solid state formed from these solvents. The higher diffusion coefficient in the PTMA-276-68 film cast from EC:DMC is consistent with the compact shape of the polymer in solution, which forces the TEMPO radicals to assemble close to each other, allowing for more rapid charge transfer in the system. Previous theoretical studies have also provided evidence of increased charge diffusion in PTMA films when the PTMA chains are more collapsed to ease the hopping of the electron from one radical to another.47 This work suggests that use of a processing solvent that results in a collapsed chain conformation when casting electrodes will help to enhance the rate of charge transfer and improve the capacity performance.
[bookmark: _Toc141429430]Conclusion
Small-angle neutron scattering results document the conformation, assembly, and thermodynamic interactions of PTMA-X-R in battery relevant solvents.  These results document the impact of solvent, radical loading, and temperature on polymer conformation. Careful Zimm analysis demonstrates that the presence of counter ions in the solvent must be accounted for in the analyses. When these are accounted for, it is clear that the NMP and EC:DMC are marginal solvents for the PTMA. Moreover, comparison of these experimental c values to those found from Hansen parameter group calculations emphasizes the need to account for the presence of the counter-ion in determining the polymer-solvent interaction parameter, c using Hansen parameter group calculations.  
Further correlation of the SANS determined second virial coefficients to the Rg indicates the NMP is a marginally good solvent and EC:DMC is a marginally poor solvent for the PTMA chains. This corresponds to a slightly swollen PTMA chain in d-NMP and a slightly collapsed PTMA chain in d-EC:d-DMC. The fractal dimensional analysis further quantifies the change in the PTMA conformation with a change in solvent or radical loading.  These results show that the PTMA chain with lower radical loading, PTMA-276-68 attains a  self-avoiding walk conformation while the PTMA chain with the higher radical loading, PTMA-277-98, expands and attains a more semi-rigid conformation. Similarly, for both radical loadings fractal dimension analysis shows that an increase in temperature contributes to further expansion of the polymer chain. A holistic interpretation of the entire analyses presented emphasizes that the conformation of the organic radical PTMA chain is primarily driven by the radical loading, while solvent choice and temperature are important, but secondary governing factors. 
Moreover, the electrochemical performance of PTMA films formed from each solvent are consistent with these conformations. The electrochemical results suggest that the radicals of PTMA-276-68 in EC:DMC are more closely packed, as would be expected with a more compact conformation, which drives improved inter and intrachain charge diffusion. Finally, future efforts should focus on the identification of electrode processing solvents that result in a collapsed chain conformation of the organic radical polymer leading to improved capacity performance in organic batteries.
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[bookmark: _Toc141429433]Conclusion
The application of soft materials in energy storage systems can be a vital solution for a sustainable future. The functionality of soft materials greatly depends on the structure, conformation and assembly of soft structures in solutions. Thus, neutron scattering is applied to investigate the structure and conformation of energy relevant polymeric materials for potential application in energy storage systems. Small angle neutron scattering is used to investigate the molecular level assembly and structure of Nanoparticle Organic Hybrid Materials (NOHMs) in solution with and without the presence of supporting electrolytes. Neutron reflectivity is used to understand the impact of the ordering of NOHMs near electrode surfaces. Finally, small angle neutron scattering is used to elucidate the conformation and thermodynamic interaction of poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl methacrylate) or PTMA in application relevant solvents with varying radical loading.
[bookmark: _Toc141429434]Structure and assembly of NOHM-I-HPE in aqueous solutions 
	The successful implementation of NOHMs in an energy storage system requires a thorough understanding of the structure and assembly of the NOHMs in solution with and without supporting electrolyte. Small angle neutron scattering results showed that with increasing concentration of NOHM-I-HPE (10-40 wt.%), the amount of free polymer in solution increases due to the detachment of grafted polymer from the nanoparticle surface. These free polymer interact with the grafted polymer, which impacts the structure of the NOHM-I-HPE and creates an assembly that consists of functionalized silica nanoparticles with grafted polymer, interacting polymer and free polymer in solution. The addition of supporting electrolyte 0.1M KHCO3 in the solution further alters the assembly of NOHMs by collapsing the size of the free polymer. Consequently, a reduction in the interaction of the free polymer with the grafted polymer occurs which increases the effective thickness of the grafted polymer. Moreover, the results also suggest that the salt ions (K+) act as a counter-ion and compete with the HPE polymer canopy for the functionalized silica surfaces. This results in further the detachment of grafted polymer from the nanoparticle surface. Comparison of the conformational results with the rheology of the solution shows that the dramatic reduction of the viscosity of ionic NOHMs is consistent with the slippage of grafted polymer layer from the nanoparticle surface. 
[bookmark: _Toc141429435]Impact of bond type on the structure and assembly of NOHMs in aqueous solutions
	The unique opportunity to alter the grafting bond type in NOHMs provides pathways to tune the functionalities of NOHMs. Small angle neutron scattering is used to investigate the impact of altering the bonding motif on the structure and assembly of unbound HPE polymer, NOHM-I-HPE0.8, NOHM-C-HPE0.5, and NOHM-C-HPE0.7 in aqueous solution with and without the presence of supporting electrolyte 0.1M KHCO3. Our results highlight that free polymer exists in the solution even at low concentrations (1-3 wt.%) in the NOHM-I-HPE solutions. Comparison of the size of the free polymer with the size of the unbound HPE polymer in NOHM solutions indicates that the addition of nanoparticles decreases the size of the HPE polymer. Moreover, the free polymer in the NOHM-I-HPE solution interacts with the grafted layer and decreases the effective thickness of the grafted layer. With the change in the bonding motif of the grafted layer to a covalent moiety, both aggregated and dispersed NOHM-C-HPE particles are observed. Moreover, the exclusion of the detachment of the grafted polymer through the introduction of covalent grafting resulted in a grafted layer thickness that is higher for NOHM-C-HPE than in the NOHM-I-HPE particles. The addition of 0.1M KHCO3 supporting electrolyte in the NOHMs solutions show a collapse of the free polymer and grafted polymer of NOHM-I-HPE on the nanoparticle surface resulting in a significant decrease in the thickness of the grafted layer. Consequently, a decrease in the overall size of the NOHM-I-HPE nanoparticle is observed. In contrast, a nominal decrease in grafted layer thickness is observed for NOHM-C-HPE particles with the presence of supporting electrolyte. Comparison of the viscosity results with the structure and assembly of ionic and covalent NOHMs shows an increased viscosity of covalent NOHMs consistent with the aggregated particles observed in the solution. Additionally, a dramatic decrease in the viscosity of the NOHM-I-HPE solution is observed with the addition of 0.1M KHCO3 supporting electrolyte, which is a direct result of the decrease in the global size of the ionic NOHMs particle with the collapse of the grafted polymer on the nanoparticle surface.
[bookmark: _Toc141429436]Assembly of HPE and NOHM-I-HPE near an electrode surface	
	In order to understand the electrochemical performance of HPE and NOHM-I-HPE as components in an electrochemical environment, it is essential to understand their assembly and ordering near the surface of an electrode. Neutron reflectivity is used to investigate the ordering of unbound HPE and NOHM-I-HPE in aqueous solution in the presence of supporting electrolyte near electrode surfaces that are modified with varying surface chemistry/hydrophilicity. The results indicate multiple layers of unbound HPE polymer sequester near an electrode surface with and without supporting electrolyte. In the presence of NOHM-I-HPE, along with a layer of free polymer, a layer of NOHM-I-HPE particle assembles near the electrode surface. This ordering of unbound HPE polymer, free polymer and NOHM-I-HPE particles does not vary with change in hydrophilicity of the electrode. Additional experiments of NOHM-I-HPE solution in the presence of ZnCl2 with varying potential shows that the ordering of free polymer NOHM-I-HPE particle does not vary with addition of ZnCl2 at 0V; however, the thickness of the free polymer and grafted layers decrease in the z direction. In contrast, with the application of potential the ordered layer of NOHM-I-HPE particle near the electrode surface disappears. Along with deposition of Zn salt, a higher amount of free polymer assembles on the surface. These results highlight that the assembly of increased free polymer near the electrode surface is consistent with the smooth deposition of Zn salt on the electrode surface, which may inhibit dendrite formation. Furthermore, the assembly of free polymer in NOHM-I-HPE contributes to the increased current density compared to the assembly of unbound HPE polymer near the electrode surface.
[bookmark: _Toc141429437]Conformation of PTMA with variation in solvent, temperature, and radical loading
	The introduction of PTMA in organic radical batteries broadens the opportunities to achieve sustainable energy storage systems that require less dependency on costly materials such as lithium, cobalt, and nickel. To achieve an improved and functional PTMA-based organic energy storage systems, it is important to understand the conformation and assembly of PTMA in battery relevant solvents with varying radical loading and temperature. Small angle neutron scattering results show that N-methyl-2-pyrrolidone (NMP) and a 50:50 (wt.%) ethylene carbonate:dimethyl carbonate (EC:DMC) mixture are considered theta solvents for the PTMA polymer due to the presence of counter-ion associated with PTMA polymer. Comparison of the polymer-solvent interaction parameter, c values obtained using Hansen group contribution calculation with the experimental results also emphasizes the importance of accounting for counter-ion to understand the quality of the solvents. Further results indicate that the PTMA polymer collapses in the EC:DMC solvents and swells in the NMP solvents. The extent of swelling of PTMA depends on the amount of radical loading (68% vs. 98%) on the polymer chain, where an increased radical loading shows an increase in the size of the polymer due to backbone rigidity. While the size of PTMA polymer with 68% radical loading increases at higher temperature, careful analysis of the SANS results indicates that a higher amount (98%) of radical loading attains a swollen conformation of the PTMA, thus indicating that solvent choice and/or temperature are the secondary driving factors for a change in conformation of PTMA polymer. Finally, correlating the conformation results of PTMA with the electrochemical performance of thin films of PTMA shows that the collapsed nature of PTMA in solvent contributes to higher charge transfer in the electrochemical process. 
[bookmark: _Toc141429438]Future Work
	The results presented in this work show that SANS and NR are powerful characterization tools to examine the structure and assembly of NOHMs in an aqueous solution in the presence of a supporting electrolyte and conformation of PTMA in two different solvents at two different temperatures and radical loading. Further experiments would benefit our understanding of the structure and conformation of these polymeric materials to correlate their performance in energy storage systems. 
[bookmark: _Toc141429439]Impact of unbound polymer in the assembly and dispersion of NOHM-C-HPE
	Our results show that NOHM-I-HPE consists of free polymer in the solution that interacts with the grafted polymer and changes the assembly of the neat NOHMs structure. In NOHM-C-HPE, the polymer is covalently grafted; hence polymer cannot detach from the functionalized nanoparticle surface. It is hypothesized that the presence of free polymer in the NOHM-I-HPE solution can be a potential solution to inhibit the aggregation observed in NOHM-C-HPE solution. Hence, further experiments with the addition of unbound HPE polymer into the NOHM-C-HPE solution will be performed to investigate the assembly and structure of NOHM-C-HPE in presence of free polymer. This will potentially answer the fundamental question of the contribution of the unbound polymer to the uniform dispersion of NOHM-C-HPE. Selective deuteration of unbound HPE polymer will be beneficial to distinguish grafted polymer from unbound polymer to clearly understand the conformation of free polymer and the conformation of grafted polymer NOHM-C-HPE. Hence, SANS must be used as a characterization tool to perform these experiments.
[bookmark: _Toc141429440]Ordering of unbound HPE polymer and NOHM-C-HPE in an electric field 
	Small-angle neutron scattering results in Chapter 2 and Chapter 3 showed that the structure of NOHM-I-HPE in an aqueous solution is quite complex, consisting of grafted polymer, interacting polymer and free polymer. This complex assembly of the NOHMs-based fluid can impact the performance of NOHMs in an electrochemical environment. The reflectivity results in Chapter 4 showed that in NOHM-I-HPE aqueous solution, the free polymer first adsorbs on the Au surface and then a layer of NOHMs orders near the surface. When a negative potential is applied, the ordering of the structure drastically changes and the ordered NOHMs are disrupted but more protonated HPE polymer approaches the surface. To better understand the effect of potential on NOHM-I-HPE, it is essential to investigate the ordering of unbound HPE polymer near the surface with an applied potential. Moreover, investigating the ordering of NOHM-C-HPE will provide a holistic understanding of the impact of bond type on the electrochemical performance of NOHMs. Thus, neutron reflectivity should be used to monitor the ordering of HPE and NOHM-C-HPE in a similar experimental approach followed for the NOHM-I-HPE solution with and without the presence of supporting electrolyte with varying potential ranging from 0V to -1.5V. 
[bookmark: _Toc141429441]Conformation of PTMA in the bulk
	Small angle neutron scattering studies of PTMA in Chapter 5 shows that the collapsed polymer chain of PTMA in dilute solutions contributes to the increased charge transfer in thin film structures of PTMA. Previous molecular dynamics study has shown that in thin films, PTMA can organize itself in three different molecular arrangements that contribute to charge transfer.47 Moreover, a similar nitroxide radical-based polymer with a polyethylene oxide backbone, poly(4-glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl) or PTEO posits that a percolating structure of the polymer chain at a small length scales in bulk (thin films) contributes to the increased conductivity.204 However, no such experimental studies have been reported that investigate the conformation of PTMA or PTEO polymer chains in the bulk material. Hence, future studies will be conducted to investigate the molecular rearrangement of PTMA in the bulk material. To conduct these studies, a deuterated version of PTMA polymer (d-PTMA), a protonated version of the PTMA polymer (H-PTMA) and a PTMA polymer with protonated backbone and deuterated TEMPO group (d-TEMPO PTMA) will be synthesized. The blends of these synthesized polymer will be used to conduct small angle neutron scattering experiments that will provide a fundamental understanding of the charge transfer process in the non-conjugated amorphous polymer chains. 
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[bookmark: _Toc141429443]Appendix




[bookmark: _Toc141360642]Figure 44. Small angle neutron scattering curve for the 30 wt.% SiO2 nanoparticles (purple squares) fit with sphere model (black line).


[bookmark: _Toc141360643]Figure 45. Small angle neutron scattering curve for the 10 wt.% NOHMs nanoparticles (green circles) fit with the combine model (black line).

[bookmark: _Toc141360644]Figure 46. Small-angle neutron scattering profile of 20-40 wt.% NOHMs in presence of supporting electrolyte, 0.1 M KHCO3.













[bookmark: _Toc141360645]Figure 47. SANS profile fit of 5 wt.% HPE in aqueous solution with and without salt. 5 wt.% salt solution scattering profile and fit are scaled for clarity.

[bookmark: _Toc141360646]Figure 48. SANS profile fit of 1 wt.% and 3 wt.% NOHM-I-HPE0.8 in aqueous solution.


[image: P1794#y1]
[bookmark: _Toc141360647]Figure 49. SANS profile of 1 wt.% and 3 wt.% NOHM-I-HPE and NOHM-C-HPE in aqueous solution with salt.









[bookmark: _Toc141360648]Figure 50. A picture of the cell used for neutron reflectivity experiments.






	Component
	SLD (10-6 Å-2)

	Si
	2.07

	Au
	4.63

	Cr
	3.03

	SiO
	2.89

	HPE polymer
	0.52

	SiO2 Nanoparticle
	4.20

	D2O
	6.35

	K
	0.49

	Zn
	3.73


[bookmark: _Toc141360595]Table 12. SLD of the components calculated using neutron activation calculator. 



[bookmark: _Toc141360649]Figure 51. Neutron reflectivity profiles of Au (green and blue circles) and SiOx (black circles) wafers with fit (red line)

	Sample
	Parameters
	Si
	SiOx
	Cr
	Au

	
	SLD (10-6 Å-2) ± error
	2.07
	2.89
	
	

	SiOx Wafer in air
	Z (Å) ± error
	-
	143 ± 0.50
	
	

	
	R(Å) ± error
	1.5
	4.88 ± 0.20
	
	

	
	SLD (10-6 Å-2) ± error
	2.07
	-
	3.03
	4.63

	Au Wafer in air
	Z (Å) ± error
	-
	-
	46.4 ± 0.12
	140 ± 1

	
	R(Å) ± error
	4.0 ± 0.1 
	-
	7.96 ± 0.01
	4.94± 0.07

	
	SLD (10-6 Å-2) ± error
	2.07
	-
	3.03
	4.63

	Au Wafer in air
	Z (Å) ± error
	-
	-
	56.6 ± 0.18
	140 ± 1

	
	R(Å) ± error
	1.00 ± 0.01
	-
	5.36 ± 0.30
	7.24 0.38


[bookmark: _Toc141360596]Table 13. Density profile parameters of Au and SiOx wafers obtained from the reflectivity fit of the Au and SiOx wafers.
















[bookmark: _Toc141360650]Figure 52. SLD profile of Au (left) and SiOx (right) wafers obtained from reflectivity fit of the Au and SiOx wafers.

[bookmark: _Toc141360651]Figure 53. Neutron reflectivity profiles (circles) and fit (line) of 10 wt.% HPE in D2O in presence of 0.1 M KHCO3 salt near Au surface (left) and SiOx surface (right).


[bookmark: _Toc141360652]Figure 54. Neutron reflectivity profiles (circles) and fit (line) of 10 wt.% NOHM-I-HPE in D2O near Au surface (left) and SiOx surface (right).




[bookmark: _Toc141360653]Figure 55. Neutron reflectivity profiles (circles) and fit (lines) of 10 wt.% NOHM-I-HPE in D2O in presence of 0.1M KHCO3 salt near Au surface (left) and SiOx surface (right).


[image: P1933#y1]
[bookmark: _Toc141360654]Figure 56. Neutron reflectivity profile (circle) and fit (line) of 10 wt.% NOHM-I-HPE in D2O in presence of ZnCl2 salt near Au surface at different potentials; 0V (top) -1.1V (bottom left), -1.5V (bottom right).


[image: P1935#y1]
[bookmark: _Toc141360655]Figure 57. 1H-NMR of PTMPM-CTA-15 and PTMPM-15.


[image: P1937#y1]
[bookmark: _Toc141360656]Figure 58. 1H-NMR of PTMPM-CTA-44 and PTMPM-44.

[bookmark: _Toc141360657]Figure 59. 1H-NMR of PTMPM-CTA-122 and PTMPM-122.









[bookmark: _Toc141360658]Figure 60. Electron paramagnetic resonance (EPR) spectroscopy for all the PTMA-X-R polymers considered. EPR data was collected on the polymer powders.








[bookmark: _Toc141360659]Figure 61. N1s nitrogen deconvolution data for all the PTMA-X-R data.

	Sample Name
	Solvent (Temperature)
	Mw (kg/mol)
	Rg ± error (Å)

	PTMA-276-68
	d-NMP (25 °C)
	155
	65 ± 2

	PTMA-276-68
	d-NMP (60 °C)
	146
	66 ± 2

	PTMA-276-68
	d-EC:d-DMC (25 °C)
	142
	71± 4

	PTMA-276-68
	d-EC:d-DMC (60 °C)
	142
	69 ± 3

	PTMA-277-98
	d-NMP (25 °C)
	130
	100 ± 5

	PTMA-277-98
	d-NMP (60 °C)
	130
	96 ± 3


[bookmark: _Toc141360597]Table 14. Molecular weight (Mw) and radius of gyration (Rg) calculation from Guinier Analysis of 1 wt.% PTMA-X-R in respective solvents.



[image: P1991#y1]
[bookmark: _Toc141360660]Figure 62. Representative Zimm plot of PTMA-276-68 in d-EC:d-DMC at T = 25 °C.


[bookmark: _Toc141360598]Table 15. Second Virial Coefficient (A2), Molecular weight (Mw) and radius of gyration (Rg) from Zimm analysis before correction.
	Sample Name
	Solvent (Temperature)
	A2
(mol cm3 g-2)
	Mw
(kg/mol)
	Rg
(Å)

	PTMA-276-68
	d-NMP (25 °C)
	0.156 × 10-3
	106.8
	103

	PTMA-276-68
	d-NMP (60 °C)
	0.207 × 10-3
	116.8
	118

	PTMA-276-68
	d-EC:d-DMC (25 °C)
	1.46 × 10-5
	170.0
	80

	PTMA-276-68
	d-EC:d-DMC (60 °C)
	1.04 × 10-4
	165.0
	88

	PTMA-277-98
	d-NMP (25 °C)
	0.216 × 10-3
	211.2
	200

	PTMA-277-98
	d-NMP (60 °C)
	0.263 × 10-3
	156.2
	145




[image: P2040#y1][bookmark: _Toc141360661]Figure 63. Change in scattering profile of PTMA-276-68 in d-NMP (left), d-EC:d-DMC (center) and PTMA-277-98 in d-NMP (right) at low-q proportional to the increase in concentration of counter-ion in solution.












[bookmark: _Toc141360662]Figure 64. Representative plot showing corrected SLD of solvent d-EC:d-DMC at T= 60 °C








[bookmark: _Toc141360663]Figure 65. Representative fractal dimension fit of PTMA-276-68 in d-EC:d-DMC T= 25 °C.

[bookmark: _Toc141360664]Figure 66. Small-angle neutron scattering profiles of 1 wt.% PTMA-X-R in d-NMP at T = 25 °C oxidized by H2O2.
















[bookmark: _Toc141360665]Figure 67. Peak current vs. square-root scan rate for PTMA-276-68 thin films cast from (left) EC:DMC solution and (center) NMP solution and for (right) PTMA-277-98 cast from NMP solution. Peak currents (Ip) are taken from Figure 43.



[bookmark: _Toc141360666]Figure 68. Cottrell plots for PTMA-276-68 thin films cast from (left) EC:DMC solution and (center) NMP solution and for (right) PTMA-277-98 cast from NMP solution. The cyclic voltammograms were obtained in a three-electrode beaker cell with the PTMA-X-R thin films on glassy carbon working electrodes, Pt wire counter electrode, Ag/AgCl (sat.) reference electrode, and 0.5 M TEABF4 in water supporting electrolyte.

[image: P2076#y1]
[bookmark: _Toc141360667]Figure 69. Galvanostatic charge-discharge (GCD) plots for PTMA-276-68 thin films cast from (left) EC:DMC solution and (center) NMP solution and for (right) PTMA-277-68 cast from NMP solution. The GCDs were obtained in a three-electrode beaker cell with the PTMA-X-R thin films on glassy carbon working electrodes, Pt wire counter electrode, Ag/AgCl (sat.) reference electrode, and 0.5 M TEABF4 in water supporting electrolyte.

[bookmark: _Toc141429444]Vita
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