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ABSTRACT: Soft-solid molecular crystals consist of crystalline
grains and fluid grain boundaries (GBs) that enhance the grain
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binding and transport of Li* ions between the grains. The total (® ® ®© ® © © 6 ¢ %70 e
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molecular crystals, the GB volume fraction was varied by changing ' ¢ eoooo0o0e0 ° ® 00000000
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dynamics (MD) simulations indicate that ion motion was
subdiffusive in the grains and “well-diffusive” in the GBs, with
GBs characterized as disordered nanoconfined regions of higher
charge carrier concentration (~1 M) than in saturated Adpn:LiPF4 solutions (0.04 M), and Li* ions predominantly solvated by
cyano groups with few contact ion pairs. The diftusivity in the GBs is at least an order of magnitude higher than that in the crystalline
grains. The emergent picture is the grains as a reservoir of ions that migrate to faster-conducting GBs.

?

S olid electrolytes provide safety advantages over liquid electrolytes with stoichiometric ratios of organics/salts such as
electrolytes and have thus been investigated for use in Li sulfones,”* diamines,”” diamides,’® ethers, >’ glymes,zg_32 and
metal (LMBs), lithium-ion (LIBs) batteries, and next- dinitriles.”® Trilithium crystalline LiTFSI/organic complexes,”'
generation batteries. The solid electrolytes investigated have self-assembled phthalocyanines and related compounds,® and
been inorganic lithium-ion conductive ceramics (LICCs),"” crown ethers® ™7 also form ion conduction paths in stacked
polymer or polymer gel electrolytes,” or composite electrolytes channel structures.

with inorganic and organic components. LICCs can have In the case of soft-solid molecular crystals, there are several
conductivities greater than liquid electrolytes, but are brittle, factors that influence the ionic conductivity. These include: (i)
with resistive grain boundaries,* while polymer electrolytes are the occurrence of Li* ion channels with no contact ion pairs
flexible and malleable but have poor ionic conductivity, the latter between the anions and cations to provide unimpeded
of which can be enhanced by addition of liquids to form gels. directional motion;>® (ii) more than one channel (2D or 3D
Composite electrolytes were proposed to combine advantages of migration) preferable to one channel (1D motion); (iii) short
the LICCs and polymers.” However, there appears to be a Li**Li* hopping distances;*” and (iv) weak ligand-+Li*
barrier to Li" jon migration between the inorganic and organic interactions with soft ligands (e.g, C=N) preferable to hard
phases, with the resistance at the interface limiting the total ionic (e.g., ether oxygens)."’ In addition to these considerations, we
conductivity. show here that grain boundaries play an important role. Grain

Enhanced ionic conductivity in soft matter has been observed
in materials that exhibit some structural order. Both liquid
crystals (discs), which have no long-range order (with no or very
broad Bragg peaks) between the crystal and melt phases, and
plastic crystals (spheres, with low melt entropy, and which
exhibit strong long-range order), can contain mobile ions with
enhanced ionic transport properties in these phases.” Liquid-
crystalline (LC) columnar assemblies”® based on ionic liquids,”
doped ionic liquids,"® liquid crystalline salts,'" ion-doped plastic
crystals,”> ™" and materials with both liquid crystalline and
plastic crystal phases,'® form conductive phases. Enhanced ionic
conductivity is observed in membranes containing oriented
supramolecular transport channels’” and in polymer hydro-
gels.”” Ton channels form in molecular crystalline soft-solid

boundaries in molecular crystals are fluidlike and promote Li*
ion diffusion and adhesion between the grains.”>*'

We investigate the conductive interphases between grains by
comparing off-stoichiometric (Adpn), ;LiPF,; molecular crystals
containing excess Adpn, to stoichiometric (Adpn),LiPFq
molecular crystals of different sizes (Figure 1). It is important
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Figure 1. SEM images of (Adpn),LiPFq crystals formed by (A) melt crystallization; (B) fast crystallization from acetonitrile (AN); (C) slow
crystallization from ANj; and SEM images of (Adpn), ;LiPF crystals formed by (D) melt crystallization; (E) fast crystallization from AN; and (F) slow
crystallization from AN.
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Figure 2. (A) DSC data (first cooling/second heating cycles) for (Adpn),LiPF¢ and (Adpn), ;LiPF crystallized from tetrahydrofuran (THF), quickly
and slowly crystallized from acetonitrile (AN), and melt crystallized. No transitions between —100 and +100 °C for (Adpn),LiPF, and small
crystallization peaks for (Adpn), ;LiPF, around 0 °C (Table 1). In all cases, corresponding enthalpies for melting (AH,,,) and crystallization (AH,,)
are same for each sample. (B) T, of neat Adpn (red), Adpn/LiPF, solutions up to the saturation limit at 25 °C (black), and Adpn in the
nonstoichiometric (Adpn),;LiPF¢ (blue). (C) Raman spectra of Adpn, (Adpn),LiPF, and (Adpn),;LiPF, stoichiometries of Adpn/LiPF,
crystallized from AN by fast and slow evaporation. All (Adpn),LiPF4 peaks have a single peak at 2275 cm™'; all (Adpn), ;LiPF, peaks have peaks

associated with neat and coordinated Adpn. The percentage of free CN, as determined by using the expression (% free CN) = —JheoN a6 13.0%.
free ON + Tbound

Conductivity data from heating cycles for (D) melt- and solution-crystallized (Adpn),LiPFg, and saturated solution of LiPF4 in Adpn; (E) melt- and
solution-crystallized (Adpn), ;LiPF, and a saturated solution of LiPF4 in Adpn; (F) solutions of LiPF4 in Adpn from 0.01 M to solubility limit at 25 °C.
Activation energy barriers derived from Arrhenius fit of the datasets in panels (D) and (B) are provided in Table S3 in the SL

to note that the 15% excess Adpn does not macrophase separate Adpn. Differential scanning calorimetry data (see Figure 2A and
but rather resides in the nanoconfined region between the Table 1) show that the width of the melt peaks for the melt-
grains. PXRD data (Figure S1 in the Supporting Information crystallized (Adpn),LiPF, (Adpn),;LiPFs and THF-solution-
(SI)) are identical for all the samples and agree with PXRD crystallized (Adpn),LiPF is narrower, with melt temperatures
patterns generated from the single crystal XRD of (Adpn),LiPF; (T, ~ 178 °C) and melt enthalpies (AH,, ~ 178 J/g) that are
with no evidence of Adpn, which, at T = 100 K, is amorphous. higher by § °C and ~5 J/g than all the AN solution crystallized
Crystal sizes and, thus the amount of grain boundary samples with T, & 173 °C, AH,, & 172 J/g. These differences
contribution were varied: Small crystals were obtained by melt indicate more perfect crystal formation in the former case. For
crystallization or evaporation from THF and variable size the (Adpn),;LiPF, crystals, additional small melting peaks are
crystals by slower evaporation from AN (see Figure 1, as well as observed at T, (Adpn) ~ —1 to —4.3 °C with small
Figures S2 and S3). Thermogravimetric analysis (TGA) data crystallization endotherms (15.8 J/g).
(see Figure S4 and Table S1) show excellent agreement between Higher T,, values (Figure 2A, Table 1) can indicate either
the experimental and expected weight loss values for the added larger or more perfect crystals. However, here, the melt-
765 https://doi.org/10.1021/acsmaterialslett.5c01267

ACS Materials Lett. 2026, 8, 764—771


https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01267/suppl_file/tz5c01267_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01267/suppl_file/tz5c01267_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01267/suppl_file/tz5c01267_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01267/suppl_file/tz5c01267_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01267?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01267?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01267?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01267?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01267?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01267?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01267?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialslett.5c01267/suppl_file/tz5c01267_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.5c01267?fig=fig2&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.5c01267?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Materials Letters

www.acsmaterialsletters.org

Table 1. Crystallization Data Derived from DSC Thermograms Shown in Figure 2A”

Temperature (°C)

Sample, crystallization method Crystal size (um) M T
Adpn - 3 -
Adpn,LiPF,, melt 10-25 - 178.1
Adpn,LiPF,, THF 25 - 177.0
Adpn,LiPF,, AN fast 25 - 173.0
Adpn,LiPFg, AN slow 100—200 - 173.1
Adpn, ,LiPF,, melt 25 -1 178.0
Adpn, ,LiPF, THF <25 - 177.0
Adpn, ;LiPF, AN fast 25 —4.3 1732
Adpn, JLiPF,, AN slow 100—200 —40 1732

“Legend: T = temperature, AH = enthalpy. Subscripts: m = melting,
crystals.

Enthalpy (J/g)

T, T, ATy, AHp, AH,, AH, AH,
-252 - - - - - -

- 170.1 - 175.2 - 177.7

- 162.0 15 - - - -

- 159.3 14 - 172.6 - 1713

- 158.8 14 - 172.7 - 171.8
—304 169.0 9.2 157 174.2 14.5 1763
—46.8 157.3 16 159 171.0 16.3 171.9
4338 155.8 18 159 170.7 17.0 170.3

¢ = crystallization; “1” corresponds to Adpn, “2” corresponds to molecular

crystallized small crystals (with or without excess Adpn) have
higher values of T, than the similarly small-sized AN solution
crystallized sample (with or without excess Adpn). Both the
large and small AN solution-crystallized (Adpn),LiPF, and
(Adpn), ;LiPF, have the same lower T,,. Therefore, the crystal
size does not account for the 5 °C decrease in T, values for all
the samples crystallized from AN. In addition to the higher T,
for the melt-crystallized samples, the supercooling temperature,
i.e., the difference between the melt and crystallization
temperature (AT = T, — T.) is less for the small melt-
crystallized (Adpn),LiPF; (AT = 8 °C) than for the AN
crystallized (Adpn),LiPF, small and large samples (AT = 14
°C). This suggests that the grains in the melt-crystallized
samples have fewer defects than those crystallized from AN,
making them easier to recrystallize. Defects may occur in the
crystals if a mononitrile like AN occupies sites in the crystal
lattice that are not completely replaced by the dinitrile Adpn
(creating a hole or CIP), or remain in the crystal lattice, either of
which can create defect sites that block Li* ion migration.

To test this hypothesis, the (Adpn),LiPFq crystals grown via
evaporation from THF were compared with crystals grown from
AN. '"H NMR data of the small (Figure SSA) and large (Figure
S5B) (Adpn),LiPF, molecular crystals in d-DMSO indicate the
presence of residual AN. Dissolution of the (Adpn),LiPF
crystals grown from THF in d;-DMSO showed no THF peaks
(Figure SSC), ie., there was no residual THF in the
(Adpn),LiPF,. These results are consistent with the melting
point trends. The high T, values for the more-perfect co-crystals
grown from THF, without trapped THF, were the same as the
(Adpn),LiPF, obtained by melt crystallization (177 °C). Less-
perfect crystals with defects grown from AN had trapped AN in
the grains and T, values that were lower by S °C. The larger
mass and size of the THF ligand may be harder to incorporate
into the crystal structure than the smaller AN.

To assess the approximate molarity of LiPF in the GBs, melt
temperatures of Adpn and LiPFg solutions were measured
(Figure 2B) and compared with T,, values for the excess Adpn
(~0°C) in the (Adpn), ;LiPF, molecular crystals (Table 1). In
the molecular crystals, Adpn melts at lower temperatures (—1
°C to —4.3 °C), compared to neat Adpn (1 to 3 °C), indicating
the presence of dissolved LiPFq. In the LiPF:Adpn solutions
(note: the solubility of LiPF, in Adpn is very low, <0.05 M), the
melting points decrease with respect to that of Adpn as the
concentration of LiPFy increases, as expected. However, the
melting point of the Adpn in the nonstoichiometric
(Adpn), ;LiPF¢ molecular crystal is substantially lower than in
the dilute solutions. Since melting point depression is a
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colligative property, extrapolation of the T, vs molarity plot,
using 0, 0.01, 0.02, 0.03, and 0.04 M, to 1 °C occurred at 0.4 M
LiPF,. This result strongly suggests that excess Adpn is more
concentrated in the “nanoconfined” swollen grain-boundary
regions than in a saturated 0.04 M Adpn solution.

Excess Adpn in different samples, quantified from Raman
spectra of “free” (2245 cm™!) cyano (C=N) groups of Adpn
and those coordinated with Li* ions (2275 cm™')*® confirms
that all the (Adpn),LiPF, with stoichiometric amounts of Adpn
have a single peak at 2275 cm™" and no Adpn peaks, while all the
crystals with excess Adpn, (Adpn),;LiPF,, have peaks
associated with both the neat and the coordinated Adpn (Figure
2C). Assuming, as was the case for acetonitrile,”* that the Raman
scattering coefficients for the C=N stretch is the same for the
bound and free cyano groups, the percentage of free C=N
groups in the (Adpn),;LiPF, samples is 13%, irrespective of
their size.

Conductivity data for stoichiometric (Adpn),LiPF, (heating
cycle shown in Figure 2D, cooling cycle shown in Figure S6A)
are ranked in the following order: melt-crystallized (10—25 ym)
> THF (25 ym) > AN fast-crystallized (25 gm) > AN slow-
crystallized (200—300 ym). Differences between (Adpn),LiPF
involve both the grains and the GBs. The conductivity trends
support these effects:

(i) smaller crystals have higher conductivity than larger
crystals, since their higher surface areas have higher GB
contributions;

(ii) small melt-crystallized (Adpn),LiPF4 has higher con-
ductivity than the small solution crystallized
(Adpn),LiPF,, since GBs fuse during the melt crystal-
lization process;

(iii) Defects in the grains (not GBs) decrease conductivity: &
(small melt and THF solution crystallized (Adpn),LiPF
without defects) > o (small AN solution crystallized
(Adpn),LiPF,). Immobile and low-mobility point-defect
obstructions were previously shown to decrease the
diffusion constants of Li* ions.*

Although AN could also reside in the GBs, this would result in
higher conductivity than for crystals made using THF or melt
crystallization, since the conductivity of LiPF4 in AN (6 & S X
1072 S/cm, 1 M LiPF, in AN at 25 °C)** would, but does not,
enhance the conductivity of the AN solution crystallized
samples.

For the nonstoichiometric (Adpn),;LiPF,, the same
conductivity trends (see Figure 2E, as well as Figure S6B) are
observed. Further, excess Adpn increases the conductivity of all

https://doi.org/10.1021/acsmaterialslett.5c01267
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Figure 3. Trajectory of Li* ions in (A) a single large grain (1g), which shows solvation and then exchange of Li* and PFy ions from all sides of the
crystal, while edges and vertices solvate more justifying a rounded (soft edges) appearance of crystals in SEM images; (B) the 010 surface and (C) the
001 models of the grain boundary. The trajectory lines show movement of Li* and PFg ions from ¢ =0 (dark) to S0 ns (light) lines sampled every 0.5 ns.
For the 010 and 001 surfaces, a zoomed-in view of interface is shown (inset), providing a comparative view of surface termination with inherent Adpn
(blue balls and sticks, part of crystal stoichiometry) vs excess Adpn (cyan balls and sticks, external solvent molecules). The 010 surface shows
consistent solvation and exchange of charge carriers in the GB region. For the 001 surface, only the ions on the right side are solvated and exchanged
due to incomplete initial coordination of Li* ions; the left side remains intact, indicating that completely solvated Li" ions in the c-crystallographic
direction do not contribute significantly in generating long-term charge carriers. Number density of Li" ions across the box in the direction
perpendicular to the exposed surface for (D) the 001 surface and (E) the 010 surface.

nonstoichiometrically prepared (Adpn),;LiPF4 crystals com-
pared with the corresponding stoichiometrically prepared
(Adpn),LiPF,, suggesting that the Adpn resides between the
grains and increases Li* ion diffusion. To understand these
results, the conductivity of dilute solutions of LiPF, in Adpn was
measured (Figure 2F) and peaked at 0.046 M, ~2 orders of
magnitude lower in concentration than the ~1 M typically
observed for Li salts in aprotic solvent, due to the low solubility
of LiPFg in Adpn. A saturated solution of LiPF in Adpn has a
conductivity lower than all the nonstoichiometric
(Adpn),;LiPF¢ and stoichiometric (Adpn),LiPF cocrystals
(except for the AN slow-crystallized sample at T < S0 °C). This
suggests that the enhanced conductivity for the nonstoichio-
metric (Adpn), ;LiPFy co-crystals is not due to “channels” of
dilute LiPF4/Adpn solutions between the crystal grains, which
would lead to decreased ionic conductivity.

Furthermore, the activation energies (E,) from temperature-
dependent ionic conductivities (Table S3) are almost identical
for the stoichiometric crystal (also has GBs) and the
nonstoichiometric crystal that contains excess solvent in the
GBs. E, for both stoichiometric and nonstoichiometric
molecular crystals (AE, ~ 33.5 kJ/mol) is twice (AE, ~ 14.9
kJ/mol) that of 0.04 M LiPF in Adpn; a AE, typical for LiX in
carbonates/ethers (AE, ~ 8—15 kJ/mol). These results, along
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with the melting point data (Figure 2B), strongly suggest that
GBs are complex interfacial regions, where ions move in a
nanoconfined space between the grains and can be swollen with
excess Adpn. The GB region is more conductive than would be
the case for a “channel” of low conductivity 0.04 M LiPF in
Adpn liquid but less conductive than for a channel of 1 M Adpn
if it were soluble at this molarity.

The presence of excess Adpn in the GB region minimizes the
difference between the AN solution crystallized small and large
crystallized samples) (Adpn), ;LiPF; since it serves to better wet
and connect the crystal grains, minimizing differences arising
from differences in surface area. Other nitriles—succinonitrile
(SN) and 1,3,6-hexanetricarbonitrile (HTCN), which are
excluded from the crystal lattice to the GBs—also increase the
ionic conductivity (Figure S7A and S7B), but can decrease
conductivity when viscosity increases.”” The fluid GB regions
make it possible to swell these regions with polymer or polymer
gels, decreasing/eliminating the interfacial resistance in
polymer/polymer gel and molecular crystal composites.*®

The effect of grain size on the concentration and dynamics of
charge carriers in nanoconfined environments can be modeled
using molecular dynamics (MD) simulations. The contributions
of grain boundaries (GB) and their thickness to ionic
conduction have been shown earlier in a similar class of
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Figure 4. Distribution of self-diffusion coefficients for Li* ions in (A) 1g, (B) 010 grain, (C) 001 grain, and for PF,~ ions in (D) 1g, (E) 010 grain, (F)
001 grain, only for the charge carriers that are “well-diffusive”, defined using slopes MSD vs time plots for each individual charge carrier in Figure S9;
(G) Li~N(Adpn) and Li-F(PFy) radial distribution functions for ions quantified as “in grains” and “in GB”, with coordination numbers for Li* ions
with N/F atoms in GB and in grains, calculated from RDPFs, particularly showing negligible cation—anion interactions in GB. (H) Number of Li* ions
with one (plateaued to ~180) or two (plateaued to ~5) F(PF;) neighbors in the GB regions. Left inset image shows a sample geometry for short-lived
Li*-PF ion-pair in GB regions, where a Li* ion (purple) is seen coordinating with one F atom of PF (red) and three N atoms (blue) from three Adpn
molecules. Right inset shows a sample geometry for a longer-lived Li***PF4 ion pair in GB regions, where a Li* ion is seen coordinating with two F atoms

of a single PFy and three N atoms from three Adpn molecules.

electrolytes, using MD simulations, where the Li* ion motion in
the grains was characterized by a subdiffusive hopping
mechanism 100 times slower than in the GBs.*®*’ In the
current simulations, an atomistic classical force-field*®*” that
was modified to predict diffusion coefficients and transference
numbers of Li* ions in pristine (Adpn),LiPF¢ and molecular
crystals with an excess solvent environment was used. Previous
models were extended to increase the grain size (Figure S8a and
S8b) and probe the diffusion of ions from different 010 and 001
crystal facets (Figure S8c and S8d). The initial excess volume of
Adpn (a minimum of 1 nm on each side) was less than would be
needed for the 2.4:1 stoichiometry, which is inaccessible at this
scale due to size limits. Figure 3A—C shows the trajectory of Li*
ions in these three models during the time scale of the
simulation. Figure 3A shows solvation of Li" ions at the edges
and vertices occurs more than at the 010 or 001 surfaces,
suggesting that vertices and edges are important contact points
for multiple grains to form viable GB regions. This is consistent
with the rounded edges observed in the SEM images of the
crystals (Figure 1). Figure 3B shows Li* trajectories for a
supercell exposed in the b-crystallographic direction (010
surface). It is important to note that Li* ions in this channel
were previously shown to have the lowest energy barrier for
migration.”® This is due to a 6.2 A successive distance between
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Li" ions in this b crystallographic direction, no CIP formation
during the transition state (observed from DFT),”® and the
ability to enter/exit the GBs at both ends. Figure 3C shows that,
in the c-crystallographic (001) direction, Li* ions are not
solvated (left-inset) unless the initial coordination layer with
Adpn molecules is half (right-inset). The initial excess solvent
layer (2.5 nm) does not populate with charge carriers as well as
in the case of the 010 surface. The results for the c-
crystallographic direction can also be applied to the a-
crystallographic direction (100 surface), suggesting that only
the b-crystallographic direction contributes effectively to the GB
conduction.

The concentrations of charge carriers in the GB regions are
computed using a number density distribution for Li* ions in
each cross-sectional surface slab (Figure 3D and 3E). It is useful
to consider the GBs as consisting of regions directly adjacent to
the grains (interfacial region) and the region further from this
interface, termed GB-solvated regions. The number density
distribution shows that for the 001-surface model (Figure 3D),
which generates fewer charge carriers to the GBs than the 010
surface, the number of charge carriers remain roughly the same
near the start (0—S ns) of the simulation and near the end (45—
50 ns) of the simulation. For the 010 surface, where most of the
Li* ions enter the GB region, a significant continuous growth in
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the Li* number density was observed over the simulation time
(Figure 3E). The equilibrium Li* ion concentration (calculated
from the 45—50 ns window) in the GB regions of 010 model was
significantly (~25 times) larger (~0.5 carriers-nm™, ~1 M)
than in the supersaturated solution of LiPF, in Adpn (0.04 M).
This predicted concentration (1 M) of Li* ions in the nanoscale
GB regions is a similar order of magnitude to its value predicted
from extrapolation of the melting point suppression plot (Figure
2B, 0.4 M).

To assess the ionic mobility in the aforementioned model
structures, mean-squared displacements (MSDs) of the Li* and
PFj ions were calculated for each individual entity (Figure S9).
The MSD vs time plots show that there are more linearly
diffusive (“well-diffusive”) charge carriers in the lg model
(where all surface considered) than in the 010 and 001 surface
models. The distinction further confirms the role of vertices and
edges forming fluid grain-boundary regions in the 1g model. The
well-diffusive charge carriers are further filtered (where the
standard deviation is <1% in their individual slopes for multiple
time origins of the MSD vs time plots) to obtain distribution
histograms of diffusion coefficients for each model (Figure 4A—
F). Roughly 10% (out of 2048 total Li* and PFy each) of these
charge carriers contribute to ion conduction as diffusive charge
carriers in the 1g and 010 grain models. This number drops
significantly to only ~49% for the 001 grain surface model case. In
comparison with the earlier investigated smaller-sized (higher
surface/volume ratio) “two-grain” model® (where roughly 40%
out of 1000 Li* and PFg ions each are located in the grain
boundaries), the well-diffusive charge carriers are less for the
larger-sized (smaller surface/volume ratio) lg model (only
10%). This agrees with the experimentally observed effect of
grain size, where crystals with smaller grains have higher ionic
conductivity than those with bigger grains (Figure 2E) due to
the increase in charge carriers in the GB for the smaller crystals.
The ratio of ionic conductivities for small:big grains is ~8:1 from
experimental data (see Figure 2D, as well as Figure S6A),
compared with 8:5 for the 2g (2 small grains):1g (1 big grain)
models from simulation data. We can certainly assume that if the
concentration of nanoconfined charge carriers changed from
10% to 40% for an 8:5 size ratio in simulations, in experimental
crystals, an 8:1 difference can potentially boost the ionic
conductivity by 2 orders of magnitude (Figure 2E).

The average diffusion coefficients (Dj; and Dpy;), calculated

for all ions and then separately for interfacial and GB-solvated
regions (Table 2), show that the GB solvated ions are
approximately one order more mobile, compared to interfacial
ions, in all three models. The average diffusion coeflicients for
the 010 ions are largest, reaffirming it to be the most potent GB
forming facet of the cocrystals. Furthermore, only slightly higher
coefficients for the 1g model, compared to the 001 model, are
due to the presence of four (two 100 and two 001) low-
conductive surfaces out of six and not enough thickness for the
excess solvent layers.

We further characterized the nature of Li* (and PF) ions in
the GB regions by calculating the interatomic interactions of Li*
ions as radial distribution functions (RDFs) with F(PF) and
N(Adpn) for both the grain and GB regions (Figure 4G). In the
grains at short distances (~0.2—0.3 nm), there are negligible
Li*+F(PFy) interactions, consistent with the crystallographic
data. The calculated coordination numbers at the first minima
for the grains show negligible contact ion pair (CIP) formation.
In the GB region, more CIPs are observed. The calculated
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Table 2. Average Diffusion Coefficients for Li* and PF,™ Ions,
Dy;" and D, for All Well-Diffusive Ions, and Their Averages

in Interfacial and GB-Solvated Regions®”

D (x 10° cm?/s)

All Tons Interfacial ions GB solvated ions

Std. Std. Std.

Model Average dev Average dev Average dev

1g Li* 0.06 0.14 0.06 0.13 0.92 0.09
PF¢ 0.05 0.12 0.05 0.13 0.92 0.1

010 Li* 0.36 0.51 0.17 0.23 1.29 0.51

PF¢ 0.23 0.43 0.12 0.2 1.36 0.56

001 Li* 0.05 0.23 0.02 0.1 1.36 0.42

PF¢ 0.04 0.19 0.01 0.09 1.19 0.33

“For all the well-diffusive ions, the average diffusion coefficients are
divided in two boundary limits of Djyerucat < 0.8 X 107¢ cm?/s <
Dgp solvated- The interfacial ions, between GB and grains, do not travel
far enough in the GB to be a part of nanoconfined region and are also
in rapid exchange with the crystal interior bound Adpn molecules.
Ions with D > 0.8 X 107 cm?/s are the GB solvated ions, which are
part of the nanoconfined solvated region.

coordination numbers at first minima show ~0.2 ion pairs
forming per Li" ion in the GB regions. To further identify if these
ion pairs are long-lived or short-lived, the F atom neighbors
around Li* ions (Figure 4H) are calculated where ~210 single
Li*F bonded short-lived ion pairs are seen with a cutoff of 3.0 A.
Stronger, long-lived ion-pairs (with two Li*F bonds) are
observed in only a very small number (~2—3). Furthermore, for
GB Li" ions, a very similar Li***N RDF and coordination number
as for the grains themselves suggests that the Li* ions in the GB
region are predominantly solvated by Adpn. Both of these results
indicate that most of the charge carriers in the GB regions are
not in CIPs and thus contribute to ionic conductivity without
any cross-correlations.

Soft-solid molecular crystals consist of grains and fluid grain
boundaries that enhance the transport of Li* ions between the
grains. Unlike LICC where (due to resistive grain boundaries)
pressure or sintering is required to improve contact between the
grains, the soft grain boundaries in molecular crystals can be
connected by pressure, melting, or addition of a slight excess of
the organic component between the grains. Both experimental
ionic conductivities for differently sized and solvated samples
and MD simulations show that the total conductivity consists of
Li" ion migration in the grains, as well as in the grain boundaries,
processes that may have different activation energies. Since the
grain boundaries can be swollen by other low molar mass
compounds (e.g., other dinitriles) and/or the fluid GBs can swell
a polymer, there is no interfacial resistance between the two
components (molecular crystals and polymer or polymer gel).
More factors like solvent polarizability, solvent dielectric
constant, and ion-pair stabilization energies are to be explored
to tailor the GB regions for optimal stability and conductivity.
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