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As renewable energy is rapidly integrated into the grid, the challenge
has become storing intermittent renewable electricity. Technologies including flow 3 i —‘>§
batteries and CO, conversion to dense energy carriers are promising storage options S % ’
for renewable electricity. To achieve this technological advancement, the NorMbaced -’ -
development of next generation electrolyte materials that can increase the energy Electrolyte O
density of flow batteries and combine CO, capture and conversion is desired. LiqUid- s sy s rusirssnng comar istens oy -sscania s soaog oo
like nanoparticle organic hybrid materials (NOHMs) composed of an inorganic core o 6o e Sy
with a tethered polymeric canopy (e.g., polyetheramine (HPE)) have a capability to
bind chemical species of interest including CO, and redox-active species. In this
study, the unique response of NOHM-I-HPE-based electrolytes to salt addition was
investigated, including the effects on solution viscosity and structural configurations
of the polymeric canopy, impacting transport behaviors. The addition of 0.1 M NaCl
drastically lowered the viscosity of NOHM-based electrolytes by up to 90%, reduced
the hydrodynamic diameter of NOHM-I-HPE, and increased its self-diffusion
coeflicient, while the ionic strength did not alter the behaviors of untethered HPE. This study is the first to fundamentally discern the
changes in polymer configurations of NOHMs induced by salt addition and provides a comprehensive understanding of the effect of
ionic stimulus on their bulk transport properties and local dynamics. These insights could be ultimately employed to tailor transport
properties for a range of electrochemical applications.

High-Viscosity NOHM-based Electrolyte Reduced Viscosity NOHM-based Electrolyte
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energy storage systems is their inherently low ionic
conductivity (typically <10 mS/cm at 25 °C) associated with
high solution viscosity, which limits power density achievable
in redox-flow batteries.”* >* Thus, the development of
strategies to lower the viscosity of ILs and DES has been an
area of ongoing research.”’~>> RAPs are another class of novel
electrolytes offering opportunities for energy storage systems
due to their ability to be coupled with an inexpensive size-
exclusion membrane because of their macromolecular nature.
In the same way as ILs and DES, RAPs are challenged by their
high viscosity, in addition to other challenges including their
low solubility and sensitivity to electrochemical degradation.
Liquid-like nanoparticle organic hybrid materials (NOHMs)
are a class of hybrid materials that have recently been explored
as components of novel electrolytes. They consist of an
inorganic core to which polymeric chains (“canopy”) are

Due to the intermittent nature of renewable energy, there is a
growing need to develop versatile options for large-scale
energy storage.l’2 Both batteries and electrochemical con-
version of CO, to dense energy carriers have emerged as
means of storing carbon-free renewable energy. The design and
selection of electrolytes are key components of these emerging
electrochemical energy storage systems, mediating ion trans-
port behaviors and enhanced solubility to ultimately deliver
high energy and power density systems.”> A number of novel
electrolyte chemistries have been studied for electrochemical
energy storage applications, including ionic liquids (ILs),’”"°
deep eutectic solvents (DES),”"'~'* and redox-active polymers
(RAPS).IS_ZO

ILs and DES have recently attracted attention in the field of
energy storage because of their suitable electrolyte properties,
including high thermal stability, low-to-negligible volatility,
wide voltage windows, nonflammability, and low toxicity."' September 17, 2021
Furthermore, ILs and DES offer opportunities to increase the March 2, 2022
solubility of redox-active species in solution (and thereby, the
energy density of electrochemical systems) due to their high
solvation strength of various reactive species.””' >’ The main
challenge associated with the incorporation of ILs and DES in
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Figure 1. Structure of liquid-like nanoparticle organic hybrid materials (NOHM-I-HPE, where HPE = Jeffamine M2070), including tethered,

interacting, and free polymer.

tethered ionically, as shown in Figure 1.** Haque et al. recently
reported on the use of small-angle neutron scattering (SANS)
to probe the dispersion and structure of ionic NOHM-I-HPE
in aqueous solution. The study found that there exists a
distribution of polymer states in these systems including
tethered polymer, free polymer, and interacting polymer.®
These three distinct classes of polymers are illustrated in
Figure 1 and are defined as follows: (i) tethered polymer, a
polymer that is grafted (ionically bonded) to the functionalized
SiO, nanoparticles; (ii) interacting polymer, free polymer that
penetrates the grafted layer; and (iii) free polymer, polymer
chains that exist in the bulk solution.

NOHMs boast a high degree of chemical and physical
tunability, with a wide range of nanocore—canopy combina-
tions possible for a variety of functionalities. They exhibit
negligible vapor pressure and a higher thermal and oxidative
stability compared to those of their constituent polymers.”* ™
NOHMs were initially developed by Archer et al. as electrolyte
additives to suppress dendritic growth in battery applica-
tions**~** and were explored by Park et al. as anhydrous CO,
capture solvents.”>~*>*'~* The synthesis, dynamics, and CO,
capture mechanisms of various classes of NOHMSs have been
extensively investigated.”*>*'~** NOHMs interact with
other chemical species based both on enthalpic and entropic
contributions, which are influenced by the functional groups
along the polymer chains and the structural conﬁgurations of
the NOHMs' polymeric canopy, respectively.” Recently,
NOHM-based fluids have been explored as potential novel
electrolytes in electrochemical ag)plications45 and for combined
CO, capture and conversion’”"” based on their ability to
complex redox-active species and selectively capture CO,.

Similar to other novel fluids including ILs, the current
challenge of NOHMs in these energy and environmental
applications™ > ~*4751 g their inherently high viscositzr,
as the viscosity of the neat NOHMs approaches 15,000 cP.”*
To overcome the high viscosity of NOHM:s for CO, capture
applications, microencapsulation and solvent-impregnated
polymers (SIPs) using a UV-curable polymeric shell with
high CO, permeability has been investigated."™>' These
encapsulation techniques are very effective at accelerating CO,
capture kinetics of NOHMs designed for carbon capture, but
NOHMs are now employed as a micron-sized, packaged
particulate system rather than a solvent system.
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The viscosity and ionic conductivity of the electrolyte are
key factors in electrochemical energy storage applications, as
they limit achievable charge transport and reaction kinetics,
strongly impacting electrochemical performance.”” High
viscosities and low ionic conductivities continue to challenge
the use of novel electrolyte chemistries, such as ILs"** and
DES.**"*® Thus, innovative approaches are required to tune
the viscosity and conductivity of NOHM-based electrolytes.
Viscosity control is also critical for pumping fluids in and out
of a reactor system, as viscosities above 40—60 cP are generally
considered to be highly energy intensive.*’

Recently, we found that the addition of salt (e.g., NaCl) can
significantly reduce the viscosity of NOHM-based electro-
lytes.”” Giannelis and co-workers also investigated the
introduction of electrolyte ions on the local and collective
dynamics of neat NOHM:s and found that their addition results
in faster canopy exchange and lowered bulk viscosity.>’
However, a fundamental understanding of the mechanisms
and the key parameters of this phenomenon in aqueous
solution have not been revealed yet. Thus, this study is
designed to determine the effect of ionic stimulus on the
chemical and physical properties of the binary mixtures of
NOHMs with water. Alterations in the conformational
structure of the NOHMs’ polymeric canopy with the addition
of salt are probed using dynamic light scattering (DLS) to
explain the trends in measured bulk physicochemical proper-
ties. Additionally, 'H and **Na NMR diffusion measurements
were performed to characterize the effect of added NaCl on
intermolecular interactions between constituent NOHMSs’
polymer and the secondary fluid (ie, water) and ionic
transport behaviors. This study thus provides a comprehensive
understanding of the effect of ionic stimulus on both bulk
transport properties and on the local dynamics of NOHM-I-
HPE-based electrolytes, by examining changes in the
conformation of the polymeric canopy as well as transport of
water and salt molecules present in the electrolyte solution.

33,42,54

NOHM-I-HPE was synthesized as detailed in previous work
“T” is used to indicate that the bond between the linker molecule and
the polymeric canopy is ionic, and “HPE” indicates that the
constituent polymer is polyetheramine (“PE”) with a high (“H”)
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Figure 2. Effect of salt addition on the viscosity of the NOHM-based fluids. (a) Viscosities of NOHM-I-HPE solutions as a function of
temperature. Dashed lines represent NOHM-I-HPE solutions with 0.1 M NaCl addition. (b) Percentage decrease in viscosity of NOHM-I-HPE
solutions of 10, 20, 30, 40, and SO wt % NOHM loading with the addition of 0.1 M NaCl at 20 °C.

content of ether groups. In short, 6 wt % 3-(trihydroxysilyl)-1-
propanesulfonic acid (Gelest, Inc.) and 3 wt % silica nanoparticles
(Ludox HS-30, 7 nm, Sigma-Aldrich) aqueous solutions were
prepared, and the silica suspension was added dropwise to the silane
mixture. After the mixture pH was adjusted to 5 by 1 M NaOH
addition, it was stirred for 24 h at 70 °C to facilitate the grafting
reaction between the silica nanoparticle and the linker. Excess linker
was removed via 48 h of dialysis (3500 molecular weight cutoff
(MWCO), Thermo Scientific) against deionized water. To replace the
Na" ions on the surface of the functionalized SiO, nanoparticles with
protons, the linker-grafted solution was passed through a cation
exchange resin column (Dowex HCR-W2, Sigma-Aldrich). Then, a 10
wt % Jeffamine M2070 (HPE, MW 2000, Huntsman Co.) solution
was prepared and added dropwise to the functionalized nanoparticle
suspension until the equivalence point, where all the linker sulfonate
groups were neutralized. The final product was oven-dried overnight
at 65 °C to remove all water from the prepared NOHM-I-HPE. The
resulting structure of NOHM-I-HPE is given in Figure 1.

Binary mixtures of the NOHM-I-HPE and deionized water were
prepared using an analytical balance (ML104T, Mettler Toledo) with
a precision of 107* g. Prior to sample preparation, the NOHM-I-HPE
was dried again under vacuum at 60 °C for 3 h to ensure the removal
of any excess moisture. The following NOHM-I-HPE samples were
prepared: 10, 20, 30, 40, and 50 wt %. Solutions of NOHM-I-HPE
containing salts were prepared by adding 0.025, 0.05, 0.1, 0.5, and 1.0
M NaCl (Sigma-Aldrich, ACS, >99.0%). The NaCl concentrations
are given in terms of its concentrations in the prepared NOHM-I-
HPE fluids. Samples were mixed in 10 mL volumetric flasks until
complete dissolution of the salt was observed. Solutions of Jeffamine
M2070 (HPE) were also prepared following the same procedure. To
normalize the concentrations of Na* ions in NOHM-I-HPE-based
fluids, a salt content parameter, ¢, is introduced, which corresponds to
the number of moles of salt cation (in this case Na*) associated with
one ether oxygen group in the HPE polymeric canopy (eq 1).

mass Na© MWHPE 1mol HPE 1gNOHMs

Cc =
NOHMs mass NOHMs MW Na? 41 molO 0.8 g organic
1 g organic
0.91 gof HPE (1)

In this equation, the ratio of mol O to mol HPE is based on the
number of ether functional groups in a single Jeffamine polymer chain
(41). The ratio of mass of NOHMs (in grams) to mass of organic
content (in grams) is based on the known mass fraction of polymer in
NOHMs, which was shown from thermogravimetric analysis data of a
previous study to be 80 wt % (with the remaining 20 wt % being the
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SiO, nanoparticle fraction).> Finally, the ratio of mass of the organic
(in grams) to mass of HPE (in grams) is included to account for the
silane linker molecule. This is calculated based on the molecular
weights of the Jeffamine M2070 polymer (MW = 2000) and the silane
linker (MW = 202.26), which determines that the polymer chains
account for 91% (2000/2202.26) of the total organic fraction
(Jeffamine M2070 + silane linker), assuming there is exactly one
linker group per polymer chain. To remove the added salt from NaCl-
containing solutions of NOHM-I-HPE for subsequent character-
ization, the samples were dialyzed against deionized water for 48 h
(3500 MWCO, Thermo Scientific).

The dynamic viscosities of the samples were measured at a range of
temperatures 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 measure-
ments was determined to be within +5% for all samples.

The hydrodynamic diameter (dy) of NOHM-I-HPE in binary fluids
was determined via DLS (Zetasizer Nano ZS, Malvern Panalytical)
employing 3.5 mL quartz cuvettes (Cole Parmer) with a path length
of 10 mm. The experiments were carried out at 25 °C in dilute
aqueous suspensions of 1 wt % NOHM-I-HPE mixtures, and the
value reported is the average of three measurements. Samples were
passed through a 0.2 yum syringe filter (Thermo Scientific) to remove
any dust particles before each measurement.

The PFG NMR experiments were carried out on aqueous mixtures of
10 wt % NOHM-I-HPE and various NaCl concentrations between 0
and 0.5 M. The sample compositions are also reported in terms of the
salt content defined in eq 1 (moles of Na* per mole of O along the
polymer chains). The 1D 'H and PEG NMR measurements were
performed using a Bruker Avance III 400 WB spectrometer, operating
at 400.13 MHz for protons. A longitudinal eddy current delay bipolar
gradient pulse (ledbpgp2s) sequence was used to observe the
diffusion coefficient at 25 °C of 'H nuclei in the water molecule
and in the untethered HPE and tethered NOHM-I-HPE canopy. The
probe used for the measurements is a broad band probe equipped
with a 60 G-cm™" gradient coil. The signal intensity of NMR spectra
depends on the magnetic gradient strengths, which were arrayed in 25
values with linear increments in DOSY experiments.

The 2D 'H-'H ROESY NMR spectra were recorded in a phase-
sensitive mode with 1024 points in the F* dimension and 256 points
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in the F' dimension with exponential filtration in both dimensions.
Mixing time value, 7, was 0.29 s. For »*Na diffusion, coefficient
measurements were performed at 25 °C with a 300 MHz Varian-S
direct drive wide bore spectrometer equipped with a DOTY Scientific
Z-Spec gradient probe (DS-1034). In that instrument, 'H and **Na
resonances were centered at 302.7 and 79.9 MHz, respectively. The
gradient for each experiment was arrayed with 16 or 32 linearly
increasing values. For proton diffusion, the g values ranged from 0 to
100 G/cm, whereas in case of sodium, g ranged from 0 to 700 G/cm.
For 'H, the gradient pulse width § was 2 ms, and for »*Na, § = 1 ms.
The gradient pulse separation A was 200 ms for both nuclei. For each
experiment, the integrated intensities S as a function of applied
gradient g (in T/cm) were obtained. The diffusion coefficients were
obtained by plotting the NMR signal intensity versus the gradient
strength using Stejskal—Tanner equation, shown in eq 2.

[ = [y DU (=) @)
where I is the signal intensity of NMR spectra with gradient g applied,
I, is the signal intensity without gradient g applied, y is the
gyromagnetic ratio of the studied nucleus, J is the gradient pulse
duration, and A is the diffusion delay.*’

The ionic conductivities of the NOHM-based fluids with and without
salts were measured at 25 °C using a micro 2 platinum poles
conductivity probe (Cond probe InLab 752-6 mm, Mettler Toledo)
and a conductivity benchtop meter (S230 SevenCompact Con-
ductivity Meter, Mettler Toledo) with 0.5% accuracy.

NOHM-I-HPE-based fluids exhibit a nonlinear increase in
viscosity with increasing wt % of NOHM-I-HPE in water, as
shown in Figure SL.1. The high solution viscosity becomes
particularly apparent above 30 wt % NOHM-I-HPE, where the
viscosity surpasses 100 cP, as depicted in Figure 2a. We have
previously reported that the viscosity of NOHM-I-HPE-based
fluids is significantly higher than that of a solution of the
constituent HPE polymer at comparable concentrations, which
is attributed to the presence of the inorganic SiO, nano-
cores.”*>* This is in agreement with the literature, and a similar
effect has been reported in the case of polymer-grafted
nanoparticles due to the increased hydrodynamic size of the
grafted nanoparticle units compared to that of untethered
polymer solutions, as well as restrictions on the polymer
mobility imposed by space-filling requirements.**™** This high
solution viscosity would severely limit the application of
NOHM:-based solutions as electrolytes for various electro-
chemical technologies.

Our recent study has shown that the selection of the
secondary fluid (e.g,, polar protic, polar aprotic, nonpolar)
significantly impacts the apparent viscosities of NOHM-based
electrolytes.”” While there are several options for solvents, the
use of water as the secondary fluid is attractive for NOHM-
based electrolytes, as it is a low-cost and environmentally safe
fluid. As we consider NOHMs as potential additives for novel
electrolytes, it is important to understand the interaction
between NOHMs and salt and how it would impact the
transport properties in electrolytes. Interestingly, as the
supporting electrolyte (e.g, NaCl) was added to NOHM
solutions, the viscosity of the NOHM-based fluid was
significantly reduced (see Figure 2). This behavior suggests
that the interaction between NOHMs and the ionic stimulus
such as Na* ions can impact the transport behaviors within
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NOHM-based electrolytes. Thus, this study investigated the
effect of salt addition (i.e, NaCl) on the transport properties of
NOHM-I-HPE solutions.

As presented in Figure 2a, the addition of 0.1 M NaCl to
NOHM solutions led to significantly lowered viscosities in all
concentration ranges of NOHM-I-HPE studied. Figure 2b
summarizes the percentage decrease in the electrolyte viscosity
with the addition of 0.1 M NaCl for 10, 20, 30, 40, and 50 wt
% NOHM-I-HPE in water. In all cases, the viscosity of the
NOHM solution decreases by more than 50% upon the
addition of 0.1 M NaCl, and the effect was greater for higher
NOHM-I-HPE concentration cases. For instance, the viscosity
of 50 wt % NOHM-I-HPE in water was measured to be 785 +
39 P at 20 °C, and this was reduced by nearly 90% to 78.9 +
3.9 cP upon the addition of 0.1 M NaCl. These results suggest
that salt addition can be employed as a key parameter to
control the viscosity of NOHM-I-HPE-based electrolytes and
ultimately enhance charge transport behaviors in these
electrolytes.

As seen in Figure 2a, the viscosities of NOHM-I-HPE-based
electrolytes, both with and without added NaCl, decreased
upon heating. In previous studies, the viscosity—temperature
relation for NOHM-I-HPE and water mixtures was modeled
with the commonly used Arrhenius equation shown in eq 3.>°

—E,/RT
n=rn.e "

)
where 5 is the viscosity, 7, is the viscosity at infinite
temperature, R is the universal gas constant, E, is the activation
energy for flow, and T is the temperature. The Arrhenius
equation was found to also model the viscosity—temperature
relation suitably for NOHM-I-HPE solutions with added
NaCl. Plots of the viscosities measured as a function of
temperature are shown in Figures SI.2 and SL3, and the R®
values and fitting parameters (E, and 7,,) of each sample are
reported in Tables SI.3 and SI.4, respectively.

E, is generally used as an indication of the difficulty of
moving flow units (polymer chain segments) from one
position to another and is known to be influenced by the
intensity of interchain interactions, chain rigidity, free volume
considerations, and polymer hydrodynamic parameters.’”®!
The activation energy for the flow of NOHM-I-HPE solutions
was found to be in the range of —18.0 to —20.0 kJ/mol
NOHM-I-HPE, which is comparable to the previously
reported values.”> As NaCl was added, the E, for solutions
of NOHM-I-HPE was significantly reduced, and this
phenomenon was stronger for lower NOHM-I-HPE concen-
tration cases. For instance, the E, of 20 wt % NOHM-I-HPE
solution was —21.8 kJ/mol, and it was reduced to —16.1 kJ/
mol when 0.1 M NaCl was added to the system. Based on the
significant decrease in E, upon salt addition, we hypothesized
that the interaction with ionic species may have induced
structural changes in the NOHMs’ polymeric canopy, favoring
chain mobility, an effect that is further explored in subsequent
sections.

On the other hand, at NOHM concentrations above 40 wt
%, the differences between E, of NOHM-I-HPE solutions with
and without 0.1 M NaCl became negligible. This suggests that
other effects impacting polymer mobility might play a role at
higher NOHM concentration in solution. As outlined
previously, Haque et al. found that there are three different
types of polymers exist in NOHM-based fluids—tethered,
interacting, and free, making the dynamic behaviors of
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NOHMs in water more complex but also tunable.”* It was
found that there was a higher fraction of free and interacting
polymers in solution at higher NOHM concentrations,”> which
would impact the overall polymer chain mobility in solution
and could account for these differences in E, trends.

To further probe the effect of salt addition on the viscosity
behaviors of NOHM-I-HPE-based electrolytes, a wide range of
salt concentrations was explored. A 50 wt % NOHM-I-HPE
solution was selected as the basis for this part of the study, as
higher NOHM concentrations are desired for electrochemical
applications (e.g., increased concentrations of redox-active
species in flow batteries). Solutions of 50 wt % NOHM-I-HPE
with varying salt concentrations in the range of 0.025 to 1 M
NaCl were prepared, and the resulting viscosities at 20, 30, and
40 °C are shown in Figure 3a.
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Figure 3. Regime transition in the viscosity behaviors of NOHM-
based fluids as a function of salt concentration (NOHMs = HOHM-I-
HPE, salt = NaCl) at different temperatures. (a) Viscosity of 50 wt %
NOHM-I-HPE solutions with addition of varying NaCl concen-
trations at 20, 30, and 40 °C. (b) Viscosity of SO wt % NOHM-I-HPE
solutions compared to SO wt % HPE solution (the same total wt %)
and 40 wt % HPE solutions (the same wt % of HPE polymer in
solutions) as a function of NaCl concentrations at 25 °C.

A nonmonotonic decrease in viscosity was observed with
increasing salt concentration. At 20 °C, the viscosity of 50 wt
% NOHM-I-HPE decreased from 570 + 28 to 260 + 13 cP
with the addition of just 0.025 M NaCl, indicating that a
change in electrolyte viscosity can be induced even at a very
low salt concentration. As the salt concentration increased, the
electrolyte viscosity plateaued at around 0.15 M NaCl addition.
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This is now referred to herein as the “critical salt
concentration”, at which the measured solution viscosity is
constant with respect to measurements at higher salt
concentrations. Thus, we defined two different viscosity
regimes for the unique viscosity behavior of NOHM-based
electrolytes in water, as illustrated in Figure 3a. The first
regime, observed at low salt concentration, corresponds to an
“ionic stimulus-responsive regime”, where the measured
solution viscosity is found to decrease with increasing ionic
strength of the solution. The second regime, observed at higher
salt concentrations, is a “saturation regime”, where viscosity
remains unchanged and becomes unresponsive to increases in
solution ionic strength.

As discussed previously, NOHMs  polymeric canopy
contains different types of polymers (ie., tethered, interacting,
and free), and their interactions with ionic stimulus and water
would impact the viscosity behaviors of NOHM-based fluids.
Thus, the changes in viscosity of NOHM-based mixtures were
compared to the behaviors of HPE solutions, which only
contain free polymers. Figure 3b shows the viscosities of 50 wt
% NOHM-I-HPE and 50 wt % HPE in water with varying salt
concentrations between 0.025 to 0.5 M NaCl at 25 °C. While
the NOHM-based solutions exhibited a significant decrease in
solution viscosity, described above, the viscosity of a 50 wt %
HPE polymer solution remained unchanged with the addition
of NaCl. To compare this behavior at the same polymer
loading (excluding SiO, nanocores in NOHM-I-HPE) in
solution, 40 wt % HPE solutions were also prepared. The
viscosities of these solutions with the addition of varying salt
concentrations between 0.025 to 0.5 M NaCl are also shown in
Figure 3b and show no changes with addition of salt. These
results highlight that the polymeric canopy of NOHMs is
associated with a different response to changes in ionic
strength compared to untethered polymers in solution, an
effect that is further explored in the next section.

Our previous study has found that the conformation of the
polymeric canopy in NOHM-I-HPE-based electrolytes is
dependent on the secondary fluid, with its polarity playing
an important role. Thus, we hypothesized that the observed
decrease in measured viscosity with the addition of salt could
also be attributed to changes in the polymer structural
conformation, including the degree of swelling/stretching of
the grafted polymeric canopy away from the nanoparticle
cores, due to alterations in intermolecular interactions in the
system with ionic stimulus. Additionally, the introduction of
charged salt ions in the system could disrupt the ionic bond
between the nanoparticle and the Jeffamine (HPE) polymer,
an effect that has previously been reported by Jespersen and
co-workers,”>** leading to changes in solution properties.

To investigate the effect of salt addition on the polymeric
canopy conformation of NOHMs, DLS was employed. DLS
estimates the outermost diameter (hydrodynamic diameter) of
a particle based on the speed of particle diffusion, from which
size can be determined using the Stokes—Einstein relationship.
The mean hydrodynamic diameter (dy) of NOHM-I-HPE in
water at a concentration of 1 wt % was found to be 30.5 + 3.0
nm. From dy, the thickness of the polymeric canopy of
NOHM-I-HPE in water can be estimated after accounting for
the 7 nm SiO, core. It was approximately 11.8 nm, which is
significantly greater than the radius of gyration of the Jeffamine
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M-2070 polymer (1.25 nm), assuming a freely jointed chain.’®
This agrees with our previous findings on the presence of
different layers of polymers (tethered and interacting) in the
canopy of NOHMs®” and also suggests that the intermolecular
interactions between the grafted polymer and the solvent
induce swelling/stretching of the constituent polymer away
from the nanoparticle surface. Swelling of Jeffamine M-2070
on silica particles has also been reported in the literature for
liquid polymer nanocomposites.”*

The inset of Figure 4 shows the hydrodynamic diameter
distributions of NOHM-I-HPE in water with and without 0.1
M NaCl. Upon the addition of 0.1 M NaCl, the dy; of NOHMs
decreased to 18.4 + 0.3 nm, estimating the thickness of the
polymeric canopy to be 5.7 nm. This decrease in dy; could be
attributed to two potential effects. The first is a reduction of
the extent of polymer swelling induced by the introduction of
Na" ions, disrupting the hydrogen bonding network between
water and the polymeric canopy that is present in the absence
of salt. The second is a decrease in ability of the interacting
polymer layer to penetrate the tethered polymer due to the
Na® ions effectively screening some of the charges on the
nanoparticle surface. This has been reported for systems of
NOHM-I-HPE at higher wt % with added salt (KHCO,),
where SANS measurements showed an increase in the effective
thickness of the tethered polymer layer with added salt in
solution.”” These findings are consistent with the DLS
measurements presented here, where the system previously
shown to have a greater fraction of interacting polymer
displayed a greater effective hydrodynamic diameter.”> This
second effect could also contribute to the first, as the reduction
of polymer crowding around the nanoparticle with decreased
penetration of the interacting polymer layer would reduce
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steric hindrance of the grafted polymer brushes, potentially
leading to their collapse into a “mushroom-like” rather than
“rod-like” conﬁguration.é5 The absence of additional peaks in
the cases with and without salt suggest that no particle
aggregation is present at this concentration. Figure 4 illustrates
the presence of different polymers in NOHM-based fluid
systems and the changes in dy with the addition of ionic
stimulus.

To study the reversibility of the structural configuration of
ionically tethered polymers in NOHMs, a dilute NOHM-I-
HPE mixture in 0.1 M NaCl was dialyzed (3500 MWCO)
against deionized water for 48 h to remove NaCl. The dashed
line in Figure 4 represents the hydrodynamic diameter
distribution of the dialyzed NOHM-I-HPE mixture, and the
mean hydrodynamic diameter was 25.6 + 0.5 nm. This
suggests that upon the removal of salt ions via dialysis, the
constituent NOHMs’ polymeric canopy starts to interact with
the water solvent and swells, approaching its initial dy
measured without adding NaCl. This highlights the reversi-
bility of the polymer conformational changes induced by an
ionic stimulus. The slight difference between the hydro-
dynamic diameter distributions of NOHM-I-HPE in water
(without salt) and in water after dialysis is attributed to not all
the added salt being completely removed. This is consistent
with previous studies that have found that ionic contaminants
are difficult to completely remove from NOHMs.> %%

DLS was also employed to investigate the effect of salt
addition on the hydrodynamic size of the untethered HPE
polymer in water. The mean hydrodynamic diameter of HPE
in water was found to be 2.1 + 0.1 nm. Upon adding 0.1 M
NaCl, the measured hydrodynamic diameter was 2.6 & 0.2 nm.
Table 1 summarizes the effect of 0.1 M NaCl addition on the
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Table 1. Hydrodynamic Diameters of NOHM-I-HPE and
HPE in Water Measured via DLS at 25 °C

measured dy, no measured dyy,

solution NaCl 0.1 M NaCl
1 wt % NOHM-I-HPE in 30.5 + 3.0 nm 184 + 0.3 nm
water
1 wt % HPE in water 2.1 + 0.1 nm 2.6 + 0.2 nm

hydrodynamic diameter of HPE, and their behaviors are
compared to those of NOHM-I-HPE. While NOHM-I-HPE
underwent significant decrease of its hydrodynamic diameter
with the addition of NaCl, as previously discussed, the
measured size of HPE remained nearly unchanged. This is
consistent with the difference in bulk behaviors of NOHM-I-
HPE and HPE, described in the previous section.

In an attempt to explicitly identify interactions between
components (i.e., HPE, water, and NaCl), Figure Sa shows a
representative ROESY NMR spectra for 50 wt % NOHM-I-
HPE in water with 0.1 M NaCl. The homonuclear NMR
spectroscopic technique using 2D ROESY employs a second
frequency dimension based on the nuclear Overhauser
enhancement effect in which correlations are seen between
spatially proximal and chemically exchanging spins. The sign of
the ROESY, indicated by colors in Figure S (blue and red
represent negative and positive, respectively), can provide key
information for the interpretation: ROESY cross-peaks would
be negative (relative to the phase of the diagonal) if they arise
from direct dipolar interactions (the ROE), whereas those
cross-peaks stemming from spin diffusion (a three-spin effect
or a relayed ROE) would be positive. TOCSY (total correlated
spectroscopy) cross-peaks, which arise from J-coupled spin
systems, can also be observed in many ROESY spectra, but the
sign of these cross-peaks is positive.®’

To analyze the ROESY spectrum, it is necessary to interpret
the 1D NMR spectrum (Figure SL.4) first. The main features in
the 1D NMR spectrum (Figure SI.4) correspond to the water
peak at 4.5 ppm, the methyl group at 1.0 ppm (peak b) from
the propylene oxide, the peaks at 3.51 and 3.35 (peak d)
assigned to the methylene protons from ethylene oxide, and
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the peak at 3.2 ppm (peak a) assigned to the terminal methyl
attached to ethylene oxide. In general, all samples regardless of
salt content, exhibited ROESY cross-peaks between the water
peak and peaks b and d, associated with the methyl group from
propylene oxide and methylene groups from ethylene oxide. A
cross-peak indicating interchain interaction can also be
observed, suggesting interaction between the methyl group in
propylene oxide and the methylene groups in ethylene oxide
(b—d). The integral intensity of the cross-peaks was estimated
using the integral intensity of the water diagonal peak as a
reference (Table SI.8). The ratio between the cross-peak and
the diagonal peak integral can be used to indicate the
internuclear distance.®®

The comparison of the estimated ratio for the 50 wt %
NOHM-I-HPE in water in the absence of (1.46 X 107> & 0.2
X 107%) and in the presence of NaCl (2.03 X 107> + 0.2 X
107%) suggests a larger interproton distance between the
solvent and the methylene groups in the polymeric canopy
when salt is present. This suggests that the water molecules
present in the polymeric canopy are hydrating the Na* ions
when salt is present, decreasing the tendency for water to H-
bond with the etheric oxygen. This is consistent with the
relatively weak H-bonding interaction relative to ion
hydration.”” The loose H-bonded water network structure
present without salt, responsible for the swelling of the
polymeric canopy, therefore collapses in the presence of salt
with Na® ions breaking up this network as they become
hydrated. This is also supported by findings of the DLS
measurements described in the previous section. These
ROESY NMR measurements provided insights into the
alterations in intermolecular interactions between the poly-
meric canopy of NOHMs and the surrounding water
molecules upon the addition of Na* ions in the system.

Diffusion NMR experiments were also carried out to study
the effect of salt addition on the mobility of NOHM-I-HPE
and HPE in water. The self-diffusion coefficient was estimated
from the intensities of the peaks related to the HPE and
NOHM-I-HPE polymer canopy as a function of NaCl content.
Figure Sb presents the behavior of the self-diffusion coefficient
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of the polymer canopy in NOHM-I-HPE as a function of salt
concentration. The diffusion coefficient of the canopy protons
in the NOHM-I-HPE (Dy;p) exhibited an increase as NaCl was
added. The data suggest that a plateau was reached at a
concentration of approximately 0.1 M NaCl, which agreed with
the transition to the “saturation regime” identified in Figure 3.
The estimated diffusion coefficient of free HPE in water (Dp),
on the other hand, did not show dependency on the NaCl
content, which is also consistent with the results presented in
the previous sections (Figure SLS).

Together, the DLS and NMR measurements therefore
suggest that the two potential effects outlined in Figure 4 are
both occurring in the NOHMSs’ polymeric canopy upon the
addition of supporting electrolyte (e.g, NaCl). First, the
addition of Na* disrupted the H-bonding network between the
etheric functional groups along the polymer chains and the
secondary fluid (water) due to the hydration of the Na* ions,
which led to a collapse of the polymeric canopy of NOHMs in
water. Additionally, the introduction of Na* ions reduced the
ability of interacting polymer to penetrate the tethered
polymer layer of NOHMs. The observed dramatic decrease
in solution viscosity shown in Figure 3 can be related to both
of these effects, and these behaviors are graphically illustrated
in Figure 4.

The effect of ionic stimulus on the bulk properties of NOHM
solutions and the structural configuration of the polymeric
canopy suggest that NOHM-based fluids can be designed and
tailored to be effective electrolytes. To further investigate the
mechanisms of salt effect on NOHM-based electrolytes, the
interactions between Na' and different components of
NOHM:-based solution were studied. This includes Na® that
may be interacting with the charged nanoparticle surface (and
also potentially with the polymeric canopy) and is effectively
“trapped” within the polymeric canopy. Na* ions also exist in
the bulk solution in hydrated form. The study of the
conduction pathways and exchange within these Na® in
different locations (within the polymeric canopy versus bulk
fluid) was important, as they would directly impact transport
properties in NOHM-based electrolyte systems. Thus, **Na
diffusion measurements were performed to obtain insights into
the mobility of Na® ions within the NOHM-I-HPE-based
electrolytes.

Figure 6 shows the self-diffusion coefficients of Na* in 10 wt
% NOHM-I-HPE solutions with varying concentrations of
added NaCl (an example of the *Na NMR spectra is given in
Figure SL6), and the results are compared to the viscosity
changes (red data set). The salt concentration is given as the
salt content defined in eq 1. At the lowest salt contents (<0.01
Na/O), the Na* is found to be much less mobile, implying that
it is largely trapped within the canopy of the NOHMs. As the
salt content increases, the Na* diffusion coeflicient rises fairly
sharply up to 0.15 Na/O salt content. This phenomenon may
be related to the reduced number of interacting polymers
within the NOHMSs’ canopy layer as well as the reduced
hydrodynamic diameter of NOHM:s at higher salt contents, as
illustrated in Figure 4. These structural changes within the
NOHMS’ polymeric canopy would have improved the mobility
of the Na* trapped within it. As the salt content continues to
increase, a greater fraction of the Na* ions would be in the bulk
solution, hence the diffusion coefficient rises gradually,
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O) at 25 °C. The error bars of diffusion coefficients are associated
with a signal-to-noise ratio of the spectra, which was negligible at
higher salt concentrations.

approaching the diffusion coefficient of NaCl measured in
dilute aqueous solution.”

Proton diffusion measurements were also performed on the
10 wt % NOHM-I-HPE solutions. Protons from NOHM ether
groups as well as water molecules were present. In the 1D
NMR spectrum, we clearly see two peaks—the lower intensity
peak near 0 ppm was the NOHM contribution. A
representative spectrum is displayed in Figure SL6. The
water proton diffusion data did not exhibit a clear trend with
increased salt concentrations as the Na data, suggesting that, at
this NOHM concentration (10 wt %), water molecular motion
was not sufficiently impacted.

Next, to evaluate NOHM-based fluids as electrolytes, we
performed conductivity measurements, and the data were
compared with previously reported conductivity and viscosity
data for other novel electrolytes employed in electrochemical
applications, such as ILs and DES. Figure 7 shows the
measured conductivity and viscosity of 50 wt % NOHM-I-HPE
mixtures with varying NaCl concentrations between 0.05 and
0.5 M. The detailed data are reported in Table SLII. It is
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= @ [EMIMI[BF,]
1]
% 10 [EM'MHTFS']‘ @ 50 wt.% NOHM--HPE + 0.5 M NaCl
e ChCl/Ethylene Glycol (1:2)
2 @IBMIMI[BF,]
= 50 wt.% NOHM-I-HPE + 0.1 M NaCl ChCl/Oxalic Acid (1:1)
S
9]
_g @ [NPrMePy][TFSI]
c 10° 4 50 wt.% NOHM-I-HPE + 0.05 M NaCl 4P PChCl/Glycerol (1:2)
o @[Me,PrBuN][TFSI]
o ChCl/Urea (1:2)
Bu4NBr/IM
50 wt.% NOHM-I-HPE in Water ¢
.
10t 102 103

Viscosity (cP)

Figure 7. Conductivity and viscosity of NOHM-based electrolytes for
electrochemical energy storage applications. Data measured at 25 °C
and compared to conductivity and viscosity of deep eutectic
solvents”®™>* and ionic liquids™® that were also measured at 25 °C.
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evident from Figure 7 that the addition of salt (NaCl) reduced
the viscosity of NOHM-based electrolyte, while significantly
increasing its conductivity by an order of magnitude. A 50 wt
% NOHM-I-HPE solution with 0.5 M NaCl showed promising
results as an electrolyte, comparable to ILs and DESs, which
achieved conductivities in the range of 0.1 to 10 mS/cm.*>~>*
A 50 wt % NOHM-I-HPE solution in water, for example,
showed a conductivity of 0.2 mS/cm at 25 °C.

It should be noted that the conductivities of these novel
electrolytes including ILs, DES, and NOHM-based fluids are
still significantly lower than that of conventional aqueous
electrolytes employed in electrochemical applications.”" NaCl
(2 M) in water, for example, has an ionic conductivity of 14S
mS/cm.”} However, NOHM-based electrolytes as well as ILs
and DESs have the potential to greatly improve the solubilities
of reactants (e.g,, CO, and redox-active species) in the solution
compared to conventional electrolytes. Thus, a more in-depth
study is desired to understand how the chemical and structural
changes of these complex fluids can enhance their charge
transport behaviors to make them effective for electrochemical
systems. In particular, it is evident that from this work that the
addition of salt is an important parameter for controlling the
transport properties of NOHM-based electrolytes.

This study showed that salt addition is a critical parameter to
tune the transport properties of NOHM-I-HPE-based electro-
lytes. Up to 90% viscosity reduction was achieved with the
addition of 0.1 M NaCl to NOHM-I-HPE-based solutions.
Dynamic light scattering, NMR diffusion, and ROESY NMR
measurements suggest that the structural configuration of the
polymeric canopy (including both tethered and interacting
polymers) was significantly impacted by changes in the ionic
strength of the solution. Two different mechanisms were
proposed to explain the drastic viscosity reduction in NOHM-
based solutions. The first was the disruption of intermolecular
interactions, in particular, H-bonding, between the ether-
containing polymeric canopy and the surrounding water, due
to hydration of the salt ions (Na*), leading to a collapse of the
polymeric canopy. The second was the reduced ability of
“Interacting polymer” to penetrate the tethered polymer layer
of NOHMs. The findings suggest both of these mechanisms
are occurring simultaneously, leading to changes in con-
formation of the polymeric canopy (both tethered and
interacting polymer), which can explain the changes in bulk
transport properties observed. The structural changes of
NOHMS’ polymeric canopy induced by salt addition were
found to be reversible. These behaviors of NOHMs were
distinct from those of untethered HPE solution, which showed
no variations in solution viscosity with increasing NaCl
concentrations, as well as no size changes upon increasing
ionic strength. The fundamental understanding of changes in
polymeric canopy configurations with addition of ionic
stimulus in NOHM-based electrolytes revealed by this study
provides a capability to tune their intermolecular interactions.
This is a promising pathway to overcome challenges associated
with the high viscosities of these fluids and significantly
improve transport properties which are critical in electro-
chemical applications, such as batteries and electrochemical
CO, conversion. Studies are underway to explore the effects of
ions of different valences, ionic radii, and binding affinities
toward functional groups in the NOHM polymer chains, which

could also offer a new dimension to tailor physicochemical
properties of NOHM-based electrolytes.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.1c00410.
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