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Abstract

Recently, nanoparticle organic hybrid materials (NOHMs) have been considered as

promising electrolytes for energy storage applications due to their unique combination of

properties, which include high thermal stability, negligible vapor pressure and easy synthesis.

However, the structural features of NOHMs in electrochemical systems is not well understood.

Hence, we investigate the impact of grafting type (ionic vs covalent) on the structure and

performance of NOHMs that consist 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. Careful analyses of the results indicates that even

at low grafting density (0.8 chains nm-2) and concentration (1-3 wt.%), ionic NOHMs solutions

contain free polymer that may 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. Moreover, the addition of supporting

electrolyte affects the assembly and structure of polymer in the ionic NOHMs solution

significantly, whereas only a slight change in conformation of the grafted polymer is observed

for covalent NOHMs. 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 to 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, and explicitly correlates the structure and assembly of NOHMs to their transport

properties and must be considered when designing functional systems that incorporate NOHMs.
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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 materials and

processes 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.1,2 However, the

intermittency of renewable energy has challenged the successful utilization of this source in the

existing power-grid.3,4 Hence, energy storage systems, such as redox flow batteries (RFB), are

needed to harness the production of renewable energy sources.5,6 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.7–9 The rational design of

novel electrolytes can play a key role in overcoming these limitations of RFBs. For instance,

ionic liquids (ILs),6,10–12 microemulsions,13–16 and deep eutectic solvents (DESs)17–19 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 novel electrolytes that have gained attention for their unique properties including

negligible vapor pressure,20 high oxidative-thermal stability21–25 and tunable chemistry.26,27

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 these materials have been shown to improve the

performance of lithium batteries28–30 and to efficiently capture CO2 with high loading

capacities.20,24,31–35 Moreover, the opportunity to alter the ligand chemistry,35 the corona

connectivity26,36 and the nanoparticles37 offers tunability in the performance of NOHMs, making

them an attractive choice for energy storage systems, as well as integrated CO2 capture and
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conversion applications.35,38 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.20,39,40 Solubilizing NOHMs in an aqueous solution reduces the viscosity significantly,20

potentially overcoming an apparent barrier of the use of NOHMs as an electrolyte component.

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.41–45

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 addition, secondary fluid properties (e.g., polarity,

hydrogen bonding ability and molar volume) and NOHM concentration can significantly impact

the conformation, assembly, and ordering of the ionically tethered polymer canopy in

NOHMs.39,40,46,47 For instance, Cantillo et. al. showed that the complexation of Cu2+ with the

ionically tethered polyethylenimine (PEI) polymer canopy can be altered by tuning the pH of the

system.46 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 (e.g., ionic stimulus)

in the solution.40 Feric et. al. have highlighted the effect of the secondary fluid properties on the
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diffusion coefficient and viscosity of the ionically tethered polymer in NOHMs and showed that

the interaction of the polymer with the nanoparticle surface can be modified by the different

secondary fluids.39 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.%.47 These results showed that the aqueous

solutions of NOHMs with a grafting density of 2-2.5 chains nm-2 contained a significant amount

of free polymer in the solution at these concentrations. The results of this work suggested that

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 with a much

lower polymer grafting density and NOHMs that 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 salt on their structure and dynamics.

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. A graphical

representation of the structure of the ionic and covalent NOHMs is given in Figure 1.

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
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solution. Additionally, our results investigate 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.21 However, in this

study, we provide a more complete analysis of the small angle neutron scattering results that

include the investigation of the conformation of untethered HPE polymer, the amount of free

polymer in ionic NOHMs at lower concentrations, the extent of aggregation in covalent NOHMs

and a direct correlation of the structure of untethered HPE polymer and NOHMs assembly to

their transport properties which reveals the impact of grafting type on the complex assembly of

NOHMs in aqueous solution.

Materials & Method

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.20,25,32,34,36,39,48 In short, a 1 wt.% solution of the ionic

linker, 3-(trihydroxysilyl)-1-propane-sulfonic acid (Gelest Inc.) was added to a 4 wt.% 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 ≈2.0 chains nm-2 after the

addition of the ionic linker. Then, the pH of the solution was adjusted to 5 by the addition of 1 M

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
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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.

Thermogravimetric analysis (TGA) revealed that the sample obtained a final grafting density of

0.8 chains nm-2.

Synthesis of Covalently bound NOHMs (NOHM-C-HPE):

A previous protocol was also used to synthesize NOHM-C-HPE at the targeted grafting

densities.20,26,36 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 hours. 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. Although the target grafting

density was 1.0 and 2.0 chains nm-2, TGA analysis revealed that the final sample achieved a

grafting density of 0.5 and 0.7 chains nm-2.

Small-Angle Neutron Scattering:
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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.49

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.

Discussion and Results:

Impact of grafting type (Ionic vs Covalent) on the Structure and Assembly of NOHMs in

aqueous solution

Conformation of HPE polymer in Solution
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The structure and conformation of the untethered HPE 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 S1 and S2, 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

corresponds to a q range of 1/Rg < q < 1/b.50 The fractal dimension is often correlated to the Flory

exponent where the fractal dimension scales inversely with 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 θ (theta) solvent in which a polymer follows a random walk

conformation and ν = 0.33 refers to poor solvent and a collapsed polymer chain.51 Table 1 below

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.

Table 1. Radius of gyration and Flory exponent of HPE polymer in aqueous solution obtained
from polymer excluded volume fits of the SANS curves.

Sample Rg (Å) ± 1 Å Flory exponent, ν
1 wt.% HPE 17 0.50

1 wt.% HPE 0.1 M KHCO3 15 0.39
5 wt.% HPE 13 0.50

5 wt.% HPE 0.1 M KHCO3 12 0.41
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From the Flory exponent values, it is evident that water is a θ (theta) solvent (ν = 0.5) for

the HPE polymer, and the polymer follows a random walk model. This result is consistent with

the study done by Feric et al. where HPE polymer in aqueous solution showed that the scaling of

diffusion with concentration resembles that of an ideal polymer conformation.39 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.

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.47 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 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 S3 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
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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 S4. 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
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conformation of the free polymer and concentration dependence of the thickness of the grafted

layer of NOHM-I-HPE0.8. Figure 2 shows a graphical representation of the structure and

assembly of free polymer and grafted free polymer in these NOHM-I-HPE solutions. Figure 3

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 17 Å, indicating that the presence of the nanoparticle in solution

collapses the polymer chain slightly.

The model also provides insight into the amount of free polymer that is present in the

NOHM-I-HPE0.8 solution. Equation 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.

1Φ
1

=
𝑆𝐿𝐷

𝑠𝑜𝑙𝑣
−𝑆𝐿𝐷

𝐷
2
𝑂

𝑆𝐿𝐷
𝑝𝑜𝑙𝑦

−𝑆𝐿𝐷
𝐷

2
𝑂

In Equation 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 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.%.47 However, in these studies,
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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.

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 4 compares the 1 wt.% and 3

wt.% NOHM-C-HPE scattering profiles to

those of the NOHM-I-HPE solutions. Figure 4

shows the scattering intensity of the

NOHM-C-HPE solutions are higher than that of

NOHM-I-HPE, indicating the presence of

aggregates in 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. Thus, a model that accounts for NOHM aggregation is utilized, the fractal

core-shell model, which captures the scattering effects from fractal aggregates that are formed

from core-shell particles. The fractal core-shell model provides structural information of the

fractal aggregates as well as the structure of the core-shell NOHMs in the sample, including the

thickness of the grafted layer.

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),
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which corresponds to length scales of ~62 Å -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

S5 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 S6 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.52,53 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,

even at concentrations as low as 1 wt.%.

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. In stark

contrast to the ionic NOHM solutions, this indicates that there is no free polymer in the covalent

NOHMs solution. The fitting analysis of the scattering also provides information on the grafted

layer thickness of the covalent NOHMs particles in this solution, where Figure S7 plots the

thickness of the grafted layer, showing that the length of the grafted NOHM-C-HPE polymer

averages ~21Å.
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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 chains are relaxed in the mushroom region, which shifts to a semi-dilute

polymer brush conformation at intermediate grafting densities.54 Further packing of grafted

polymer onto the surface forces an extended polymer brush conformation at high grafting

density.54 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. 55 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 5 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 present in the solvent is ~

42 vol.%, which corresponds to a ‘true’ grafting density of ~0.5 chains nm-2 for the ionic

NOHMs analyzed in this study. Our interpretation of this discrepancy is that the thickness of the
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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, a phenomenon that is revealed in our

previous SANS anlaysis.47 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

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.%, and in NOHMs systems

that contain a much lower polymer grafting density. 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 and

transport properties 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 1, Equation 2 shows the

analytical relationship between the concentration of D2O in the grafted layer (Φ1) and the

experimentally measured scattering length density (SLD) of the grafted layer in the NOHMs

samples. In Equation 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.

2Φ
1

= 1 −  
𝑆𝐿𝐷

𝐷
2
𝑂

−𝑆𝐿𝐷
𝑠ℎ𝑒𝑙𝑙

𝑆𝐿𝐷
𝐷

2
𝑂

−𝑆𝐿𝐷
𝑝𝑜𝑙𝑦

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

17



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.

Effect of salt addition 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 6 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 S8 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
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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. Although our data indicates that the concentration of free polymer in the

solution does not increase with the addition of salt, previous literature showed that the ions

associated with the salt also compete with the HPE polymer to attach to the functionalized

nanoparticle surface.56,57 This is consistent with the D2O penetration analysis of ionic NOHMs

with the addition of salt, which is determined using Equation 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.
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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 the transport properties that are

relevant to their performance in electrochemical systems. To address this shortcoming, the

structure of the NOHMs and HPE solutions are correlated to their viscosities. With this in mind,

Figure 7 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.36,56,59 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.

20



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. The decrease

in the viscosity of HPE polymer is also a result of decrease in size (radius of gyration) of the

polymer chain. 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 3.60

3𝐸 = 𝐸
0
 (1 + 2. 5𝑉)

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 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
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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 4). 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, which impacts the viscosity.

Figure 8 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 dictates the

solution 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

thickness, and the Rg of the free polymer, and the extent of interaction between the grafted layer

and the grafted layer. The result in this case is that the canopy of the salted NOHM that impacts

the
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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-property relationships that are needed to

rationally design and implement NOHMs solutions in functional applications.

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 untethered HPE polymer in

aqueous solutions indicates that qualitatively, water is a θ (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 method of grafting the HPE polymer to the

silica nanoparticles significantly alters the structure, assembly, and transport properties of

NOHMs in solution. 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 corona 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.
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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 dynamics 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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