Ion and Water Dynamics in the Transition from Dry

to Wet Conditions in Salt-doped PEG

Nico Marioni,T Oscar Nordness, T Zidan Zhang,™ Rahul Sujanani,*T Benny D.
Freeman,t Rachel A. Segalman,*"” Raphaéle J. Clément,“* and Venkat Ganesan * T
T McKetta Department of Chemical Engineering, The University of Texas at Austin, Austin,
Texas 78712, United States
F Materials Department and Materials Research Laboratory, University of California Santa
Barbara, Santa Barbara, California 93106, United States
] Department of Chemical Engineering, University of California Santa Barbara, Santa Barbara,
California 93106, United States
E-mail: rclement@ucsb.edu
E-mail: venkat@che.utexas.edu
Abstract
The influence of water content on ion and water transport mechanisms in polymer
membranes under low to moderate hydration conditions remains poorly understood. In this
study, we combine ion and water diffusivity (PFG-NMR) measurements with atomistic
molecular dynamics simulations to better understand transport processes in hydrated salt-
doped poly(ethylene glycol). Above the water percolation threshold, experimental and
simulated diffusivities are in good agreement with free volume transport models. At low
hydration levels, unlike dry systems, ion diffusion cannot be described by polymer
segmental dynamics alone. We rationalize such observations by the interplay between ion-
water and ion-polymer solvation of cations, and between ion-water and cation-anion
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interactions for anions. Further, we demonstrate that a two-state model combining ion-
water solvation and free volume transport can describe water dynamics across the entire
hydration range of interest. Our findings provide a more encompassing analysis of ion and
water transport in hydrated polyelectrolytes, specifically in the low hydration regime.

An understanding of the mechanisms underlying ion transport is central to the development of

8 and resource recovery”!'”

polymer electrolytes for energy storage,!™ water purification,®
applications. To this end, various models and correlations have been established to describe and
predict ion diffusion and guide the rational design of polymers with improved performance. lon
diffusion in dry polymer electrolytes is well understood to be (inversely) related to the segmental
dynamics of the polymer.!!"!> This correlation arises due to the important role played by ion-
polymer solvation, such that ion diffusion is limited by the thermal fluctuations of the polymer
chains, allowing for ion diffusion (hops) between solvation sites along a single chain or between
chains.!® At the other extreme of hydration, ion and water transport in uncharged, highly swollen,
percolated hydrogels have generally been described by hindered transport or free volume models
through the aqueous domain, in which the influence of ion-polymer solvation is usually not
considered a pertinent factor.!”!° For instance, the model of Mackie and Meares?® assumes a
swollen polymer matrix consists of a homogeneous, percolated water network, which serves as a

continuous pathway for ion diffusion made tortuous by immobile polymer chains obstructing ion

transport. The diffusivity, D;, is then related to the water volume fraction, ¢,,:

D, = DS (z‘fﬁ)z 1)

where DO is the diffusion coefficient of species i in bulk aqueous solution. An alternative model

by Yasuda et al. based on the activated-state free volume theory of diffusion?!, and the assumption



that the free volume intrinsic to the polymer and water are additive in a polymer-water mixture®?,

gives rise to the following relationship:

(1 - wp (F52)

w

1+a(1;¢w)

w

D; = D" exp (2)

where a is a polymer-dependent parameter related to its free volume, and £ is a penetrant-
dependent parameter related to the size of the diffusing species (ions or water molecules).

While significant progress has been made in understanding ion transport mechanisms in
the extremes of dry polymeric electrolytes and highly swollen polymer membranes, these fields
have generally been developed independently, leading to knowledge gaps regarding transport in
low to moderately hydrated polymer systems. Recently, significant interest has arisen in such a
regime for energy storage applications.?>?® For example, aqueous solid polymer electrolytes
(polymer and water-in-salt electrolytes) exhibit high ionic conductivities, preferential lithium
transport, and improved safety compared to solid polymer electrolytes, as well as improved
electrochemical stability compared to salt-in-water electrolytes.?’” The ability to control ion
permeation and ionic conductivity in low to moderately hydrated polymer systems hinge on
developing fundamental insights into the interplay between ion-ion, ion-polymer, and ion-water
interactions, and the role of ion-polymer solvation, on ion transport in the transition between “dry”
and “hydrated” polymer systems.

For brevity, the majority of the experimental methodology is presented in Section S1 of
the Supporting Information. In short, samples were prepared using number average molecular
weight M,, = 2,000 g/mol poly(ethylene glycol) dimethyl ether (PEG-DME) obtained from
Millipore Sigma (CAS 24991-55-7), lithium bis(trifluoromethane)sulfonimide (LiTFSI) obtained

from Solvionic (CAS 171611-11-3), and ultra-pure Milli-Q water. Samples were prepared



(Scheme S1) across 5 hydration levels, A = 0.063 to 1 H,0 molecules per PEG oxygen atom
(Table S2), at a constant salt loading of [PEG O]/[LiTFSI] = 10, where [PEG O] and [LiTFSI] are
the moles of ether oxygens and salt in the sample, respectively. Pulse field gradient (PFG)-NMR
measurements were performed on a 300 MHz (7.05 T) Bruker wide bore spectrometer equipped
with a DiffBB broadband probe to measure 'H (PEG-DME, water), 'Li (Li*), and '°F (TFSI ™) self-
diffusion coefficients. All measurements (See Figures S2 and S3) were performed at 343 K to
ensure sufficiently fast (i.e., measurable) diffusion at low hydration conditions, while also
preventing water evaporation at higher hydration levels.

Figure 1A displays the ion (Li*, TFSI™) and water diffusion coefficients, D; (Dpgg are
displayed in Figure S5), as a function of hydration, A = [H,0]/[PEG O], where [H,0] is the moles
of water in the sample, obtained from PFG-NMR. The ion diffusivities at dry conditions (1 = 0,
hollow points) were obtained from similar experiments by Hayamizu et al.® (LiTFSI-doped PEG-
DME, MW = 2,500 g/mol at 343 K, [PEG OJ/[LiTFSI] = 10) and plotted for reference. As
expected, both ion and water diffusivities increase with increasing hydration. Interestingly, we
observe a significant diffusive speedup for Li* relative to TFSI™ ions. Further, we observe a
significant diffusive speedup of water molecules in the low hydration regime, A < 0.5, relative to

the ions.



—e— Li* —4— TFSI-~ —= H,0 —¢— Li* —&— OTf~ —&— H,0

(A) (B)
—_ Alo_s 7
16 £
o o~
= -
= oA
Q 1076
10—7 75
! PFG-NMR, 343K MD Simulations, 400K
o’ LiTFSI-doped PEG-DME LiOTf-doped PEG-DME
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
A, [H>OJ/[PEG O] A, [H20]/[PEG O]
e Lt A OTf- % H,0
103 - 103 =
(C) (D) T -
Percolated PPyt .,,,_,,r:«--'
= 102 ercolate g :;:vf-"' = 102 L
C”> x;fzzzé’ C"> Yasuda |-®" .~
< &:;2' < _.+"m | #—Mackie-Meares
= Yasuda | €27 = 7|
1 | st ',/,’ . 1 /,
% 10 wa ¥”—Mackie-Meares g 10 B
7 m
(4 oy
1001 o i MD Simulations, 400K 1000 f MD Simulations, 400K
7 LiOTf-doped PEG-DME I LiOTf-doped PEG-DME
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
dw dw

Figure 1: Ion and water diffusion coefficients as a function of hydration in (A) experimental
LiTFSI-doped PEG-DME systems obtained using PFG-NMR, and (B) simulated LiOTf-doped
PEG-DME systems. Experimental ion diffusivities under dry conditions (4 = 0, hollow points)
were obtained from comparable experiments by Hayamizu et al.?® Normalized (C) ion and (D)
water diffusion coefficients (obtained from simulations) as a function of water volume fraction.
Dashed and dotted lines represent the one-parameter Mackie-Meares (Equation 1) and two-
parameter Yasuda (Equation 2) models fit to the diffusion coefficients at high hydration levels,

respectively. Hollow points represent diffusion coefficients obtained from simulations of a 0.5 M

aqueous salt solution at 400 K.



The experimental results presented in Figure 1A motivate the four questions examined in
this study: 1) To what degree can the models used for hydrated polymer membranes (Equations 1
and 2) describe ion and water transport at low water content? 2) At low water content, does ion
diffusion exhibit the same dependence on polymer segmental dynamics as in dry systems, and
what is the role of ion-polymer solvation in such regimes? 3) What are the mechanisms underlying
the diffusive speedup of Li* relative to TFSI~ ions? 4) What factors govern the speedup of water
molecules relative to ions at low hydration levels?

Atomistic molecular dynamics (MD) simulations offer an opportunity to probe the
mechanisms underlying the experimentally observed trends.'*?”?°32 In our study, atomistic MD
simulations were initially performed on LiTFSI-doped PEG-DME (Figure S6, MW =
443 g/mol, 10 oxygen atoms per chain) across a wide range of hydration levels. However, our
simulations exhibited water-polymer phase separation for A > 0.5 for this specific force field
(Figures S15A-17, see Section S3 for more information). Hence, we chose to focus instead on
lithium trifluoromethanesulfonate (LiOTf)-doped PEG-DME, which could be simulated without
phase separation (Figures S15B and S18) at the same salt loading as the experimental systems,
[PEG O]/[LiOTf] = 10, across 11 water volume fractions, ¢,, = 0.00 to 0.53 (4 = 0to 3 H,0
molecules per PEG oxygen atom, see Table S7) estimated assuming ideal volume additivity
(Equation S10, see Figure S7). All simulations were performed at 400 K to simulate fast enough
dynamics across the entire range of hydration levels and obtain sufficient statistics for self-
diffusion measurements. While this is a higher temperature compared to experiments, the
underlying physics is not expected to change significantly as a function of temperature, as seen in

our simulations at dry conditions as a function of temperature (Figure 2A and B, see discussion



below). See Section S2.1-3 of the Supporting Information for more details on the simulation
methodology, force field parameterization, and system setup, equilibration, and production.

Figure 1B displays the simulation results for ion (Li*, OTf~) and water diffusivities as a
function of A. The evolution of the simulated diffusion coefficients with hydration level is
qualitatively similar to that observed experimentally (Figure 1A). Specifically, we find that Dy ;+
increases relative to Do~ Wwith increasing A, although to a lesser degree than the increase in D+
relative to Drgg;- observed experimentally. Further, a significant speedup in water dynamics is
observed relative to ion dynamics at low hydration levels.

Figures 1C and D present the (C) ion (Li*,OTf~) and (D) water diffusion coefficients
(obtained from simulations) normalized by the diffusivity under dry conditions (ions: D;(4 = 0),
water: Dy, (4 — 0) from a linear extrapolation of 1n(DH20) vs. ¢, at low hydration levels®?) as
a function of ¢,,. The dashed and dotted lines represent the one-parameter (Dis"1r1 ) Mackie-Meares
and two-parameter (Dis"1r1 ,B) Yasuda models, respectively. Section S2.5 contains more details on
the fitting procedure. For reference, the normalized diffusion coefficients calculated for a 0.5 M
aqueous salt solution at 400 K are plotted at ¢, = 1 (See Section S2.3 for system details).
Comparing the simulation results to predictions from the models, the diffusivities of water and
ions at high ¢,, are generally well described by both models. However, the low ¢,, regime is
poorly described, with the Mackie-Meares and Yasuda models under- and over-predicting the ion
and water diffusivities, respectively.

Swollen polymer systems can be divided into two broad hydration regimes: low hydration
regimes characterized by relatively small, non-percolating water clusters distributed throughout
the polymer matrix, and higher hydration regimes characterized by a percolating tortuous water

network with few to no isolated water clusters. To identify the transition between these regimes



for our system, in Figure S12A we plot the probability, P(n), that a water molecule is associated
with a water cluster of size n as a function of hydration. With increasing hydration, we observe a
shift from a majority of one- or two-molecule clusters (4 = 0.0625 to 0.25) to moderately sized
clusters with 10s to 100s of molecules (4 = 0.5) to a single large cluster (network) consisting of
the majority of water molecules within the system (4 = 1 to 3). Figure S12B displays the fraction
of water molecules associated with a percolated water network, defined as a water cluster with
continuous association spanning both of its periodic images across one or more axes, as a function
of hydration. Based on this analysis, we observe a clear transition from non-percolated to
percolated water networks occurring around A = 0.5 to 1.0 (¢, = 0.158 — 0.273). We combine
the results of the above analysis with our diffusivity fits and add a red line separating the (left)
non-percolated and (right) percolated water regimes in Figure 1C and D. Overall, we conclude that
ion and water diffusion are well described by the existing models of hydrated membranes for
regimes far above the percolation threshold.

To compare our diffusivity results for low hydration with the behavior in dry systems, we
also performed MD simulations of dry LiOTf-doped PEG-DME at constant salt loading,
[PEG O]/[LiOTf] = 10, as a function of temperature, T = 400 — 500 K. The characteristic

relaxation times for both the hydrated and dry systems were calculated through the dynamical

structure factor (S(g,t)) relaxation timescale at ¢ = 1.6 A_l,rq (See Section S2.7 for more

information). Figure 2A presents the ion diffusion coefficients as a function of inverse polymer
segmental relaxation timescales normalized by the values at A = 0, T = 400 K. Hollow and solid
circles represent dry systems as a function of temperature and wet systems as a function of
hydration, respectively. We observe a power law relationship between D and 7, for both ions in

dry systems as a function of temperature, denoted by the dashed line:
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Figure 2: (A) Normalized ion diffusion coefficients as a function of normalized inverse polymer
segmental relaxation timescales. Hollow and solid circles represent dry systems as a function of
temperature and wet systems as a function of hydration, respectively. The dashed line represents
the power-law fit to dry systems, D « 7,77. Radial (g(r), solid lines, left axis) and coordination
(n(r), dashed lines, right axis) distribution functions for Li* — PEG O in (B) dry systems as a
function of temperature and (C) wet systems as a function of hydration. (D) Probability that a Li*

ion is associated with n PEG O atoms as a function of hydration.



To understand the origin of the deviation of the relationship between D; and 7, in hydrated
versus dry systems, we turn to Lit — PEG interactions, quantified by the radial distribution
functions, g;;(7), and corresponding coordination distribution function, n;;(r), between atoms of
species i and j (See Section S2.6 for more information). Figures 2B and C present the Li* —
PEG O g(r) and n(r) for (B) dry systems as a function of temperature and (C) wet systems as a
function of hydration. For dry systems, from Figure 2B we observe strong interactions (g(r ~
0.2 nm) >> 1) between Li* ions and PEG O atoms and a significant coordination number of
n(r* ~ 0.4 nm) = 4.5 PEG O atoms per Li* ion. Further, the solvation characteristics do not
change as a function of temperature, rationalizing the strong correlation between temperature-
induced diffusive speedup and 7. In contrast, for wet systems, we observe a significant reduction
in the Li* — PEG O interaction strength (magnitude of the first peak, g(r ~ 0.2 nm), decreases)
with increasing hydration, and a corresponding decrease in the coordination number from
n(r* ~ 0.4 nm) ~ 4.5 ton(r* ~ 0.3 nm) ~ 0.5 PEG O atoms per Li* ion (c.f. Figure 2C). Such
results are observed more explicitly in Figure 2D, which presents the probability, P(n), that a Li*
ion is associated with n PEG O atoms as a function of hydration. From Figure 2D, we observe a
shift from a broad distribution of Li* ions associating with 3-6 PEG O atoms under dry conditions,
to a peak at n =4 for low hydrations (1 = 0.0625 — 0.167), a majority peak at n = 2 for
moderate hydrations (A = 0.25 — 0.5), and a majority peak at n = 0 for the percolated regime
1=1).

Figure 3A presents the corresponding average number of water molecules associated to a
Li* ion, n,,, normalized by the value in aqueous solution, n3°'™, as a function of hydration (see
Section S2.6 for more details). As Lit disassociates from PEG with increasing hydration, it

associates with water molecules. Specifically, we observe that an average Li* ion associates with
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20 — 40% of its desired water coordination shell at low hydrations (1 = 0.0625 — 0.167),50 —
60% at moderate hydrations (1 = 0.25 — 0.5), and 80 — 90% in the percolated regime (1 > 1).
Based on the above results, in hydrated systems, the Li* ions are simultaneously solvated by the
PEG O atoms and water molecules, with the degree of respective solvation influenced by
membrane hydration. Hence, the motion of Li* ions is less coupled to the polymer segmental
dynamics as the level of hydration increases, which explains the weaker correlation between D+

and 7, in hydrated systems compared to dry systems.
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Figure 3: (A) Ratio of the number of water molecules in the first coordination shell of ions in
membrane to that in an aqueous salt solution as a function of hydration. (B) Fraction of Li* ions
associated with at least one anion (bars, left axis) and ratio of the Li*to anion diffusion coefficient
(points, right axis) as a function of hydration. The vertical dashed lines separate results for (left)
LiOTf-doped PEG-DME and (right) LiTFSI-doped PEG-DME. All results were obtained from

MD simulations.

Now, we turn to the mechanisms underlying the diffusivity of the anions. We hypothesize
that anion diffusion is influenced by anion-water solvation and Li*-anion electrostatic interactions.
From the ion solvation characteristics presented in Figure 3A for LiOTf, Li* exhibits a more

complete hydration shell than OTf~, especially in the non-percolated regime. Thus, Li* should
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exhibit a stronger hydration-induced diffusive speedup than OTf ™. However, in the non-percolated
regime, from Figure 3B, which presents the fraction of Li* ions associated with at least one anion
(bars, left axis), we observe a significant degree of ion pairing (i.e., cation-anion association, see
Section S2.6) between Li* and OTf~ ions. Such strong attractive electrostatic interactions are
expected to couple the ion dynamics, such that the speedup of a partially hydrated Li* ion induces
a similar speedup in the diffusion of a paired OTf~ ion. Together, such factors rationalize the
hydration-induced speedup of OTf~ ions. However, Li* ions exhibit a slightly more pronounced
speedup compared to OTf~ ions (Figure 1B) due to the more complete hydration shell exhibited
by Li* relative to OTf~ ions.

We recall that the experimental system of LiTFSI exhibited a more pronounced speedup
of Li* relative to TFSI™ ions (Figure 1A) compared to our simulations for LiOTf (also seen in
simulations of LiTFSI-doped PEG-DME at low hydrations, Figure 3B — see Section S3 for more
information). The above reasoning also explains such observations. Indeed, in LiTFSI systems,
TFSI~exhibits significantly weaker solvation by water relative to Li* (Figure 3A) as a function of
hydration compared to OTf "and Li*. Further, the bulkier TFSI~ exhibits much less cation-anion
pairing relative to OTf~ (Figure 3B), reducing the influence of Li* dynamics on the anions. As a
result, while both Li* and TFSI~ ions exhibit a hydration-induced increase in diffusivity, there is
a much more pronounced speedup of the Li* relative to TFSI~ ions (Figure 3B).

Finally, we hypothesize the diffusivity trends of water noted in Figures 1A and B to arise
from the interplay between Li* — H,O solvation interactions and the formation of water clusters.
To support this, in Figure 4A we present the fraction of water molecules associated with Li* ions
as a function of hydration in LiOTf-doped systems. The fraction of water molecules solvating Li*

ions decreases from encompassing nearly all water molecules at very low hydrations to less than
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half of the water molecules in the percolated regime. At low water content, Li*-solvating water
molecules are dynamically bound over a long timescale (Figure S11, see Section S2.6 for more
information), and therefore are expected to exhibit highly coupled dynamics with the relatively
slower Li* ions. With increasing hydration, the rise in non-solvating water molecules as

clusters/networks (Figure S12A) is expected to facilitate independent and faster water dynamics.
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Figure 4: (A) Fraction of water molecules associated with Li* ions as a function of hydration. (B)
Normalized water diffusion coefficients as a function of water volume fraction calculated from
MD simulations. The dotted line represents the Yasuda free volume model (Dﬁ:%‘da ) fit to water
diffusivities at high hydration (See Section S2.5). The dash-dot line represents the two-state model

for predicting water diffusivities based on H,0 — Li* association fractions, D+, and Dﬁ"z"?_)uda.

To validate our picture of water transport, we describe water diffusion using a two-state
model whereby lithium-solvating water molecules diffuse with their Li* ions (Dy;+), and
unassociated water molecules diffuse within water clusters whose diffusivity can be described by

the Yasuda model (Dﬁ;%‘da ):

Two-State __ Yasuda
DHZO = Xsolv DLi+ + (1 — Xsolv )DHZO ’ (4)
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where x, is the fraction of water molecules associated with Li* ions. Figure 4B displays the
normalized water diffusion coefficients (points), Yasuda model fit (See Section S2.5) as presented
in Figure 1D (dotted line), and the two-state model (dash-dot line) as a function of ¢,,. We note
that Dy ;+ and x,, are values calculated from the MD simulations as presented in Figures 1B, C
and Figure 4A, respectively. We observe very good agreement between the two-state model
prediction and diffusion coefficients calculated from MD simulations, which supports our
molecular description of water transport.

In summary, we have combined PFG-NMR diffusivity measurements and atomistic MD
simulations to probe ion and water transport in salt-doped PEG-DME in the transition from dry to
swollen hydrogel networks. The transport characteristics can be broadly divided into two distinct
regimes, non-percolated and percolated water networks. The percolated regime is shown to be
well-described by the relatively simple Mackie-Meares hindered transport and Yasuda free volume
models. To probe the diffusion mechanism in the non-percolated regime, we first compared weakly
hydrated systems to dry systems as a function of temperature, within which ion-polymer solvation
is critical and ion transport is well known to be strongly correlated with polymer segmental
dynamics. We observed a significant deviation from this correlation with the addition of water,
which we attributed to the weakening of Li* — PEG solvation in favor of Li* — H,0 solvation,
which leads to faster Li* dynamics. Anion dynamics can be described by the interplay between
cation-anion and anion-water interactions. Lastly, water dynamics can be described by a simple
two-state model, embodying a combination of Li* — H,0 coupled dynamics and free volume
diffusion of non-solvating waters. Our findings provide a more encompassing analysis of ion and
water transport in hydrated polymer electrolytes, specifically in the low hydration, non-percolated

regime.
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