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ABSTRACT: Environmentally benign, nontoxic electrolytes with combi- 30 minutes Green solvent?
natorial design spaces are excellent candidates for green solvents, green 60 °C
leaching agents, and carbon capture sources. We examine ethaline, a 2:1

molar ratio of ethylene glycol and choline chloride. Despite its touted green -
credentials, we find partial decomposition of ethaline into toxic chloro-
10 methane and dimethylaminoethanol at room temperature, limiting its
11 sustainable advantage. We experimentally characterize these decomposition
12 products and computationally develop a general, quantum-chemically
13 accurate workflow to understand its decomposition. We find that
14 fluctuations in the hydrogen bonds bind chloride near reaction sites,
15 initiating the reaction between choline cations and chloride anions. The
16 strong hydrogen bonds formed in ethaline are resistant to thermal
17 perturbations, entrapping Cl in high-energy states and promoting the uphill reaction. In the design of stable green solvents, we
18 recommend detailed evaluation of the hydrogen-bonding potential energy landscape as a key consideration for generating stable
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19 solvent mixtures.

20 he International Energy Agency (IEA) predicts that
21 demand for critical minerals for enabling the clean energy
22 transition will triple by 2030 and quadruple by 2040 in the Net
23 Zero roadmap. These minerals are primarily copper and
24 aluminum for electricity networks; rare earth elements for
25 permanent magnets in wind turbines; and lithium, nickel, and
26 cobalt for electric vehicles (EVs). For EVs, it is estimated that
27 by 2050, about 30 terawatt-hours of spent batteries from EVs
28 and plug-in hybrid EVs could reach end of life." While
29 recycling can meet 20—30% of projected Li, Ni, and Co
30 demands by 2050, there remain critical scale-up challenges,
31 specifically how to maintain efficient recovery of products from
32 mixed feedstock while reducing environmental and social
33 impacts.2

34 The main methods to recycle Li-ion batteries use high-
35 temperature smelting (pyrometallurgy), aqueous solutions for
36 extraction and recovery (hydrometallurgy), cathode recon-
37 stitution (direct recycling), or a combination of these. For
38 example, Umicore and Glencore use pyrometallurgy to isolate
39 cobalt and hydrometallurgy to recover a flexible range of metal
40 salts.” Hydrometallurgy is an advantageous final step in the
41 purification and processing of mixed waste streams, but it often
42 consumes nonregenerated reagents, creates substantial solid
43 waste and highly saline wastewater, and has a high carbon
44 footprint. Its inherently “linear” process must be redesigned
45 according to circular principles.” Recent efforts have addressed
46 these challenges by focusing on green hydrometallurgical
47 pathways, such as utilizing waste feedstocks, adopting greener
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organic solvents, and developing methods that minimize acid 48
consumption and energy usage.s’6 However, the continued 49
reliance on mineral acids remains problematic due to their so
wastefulness, corrosivity, and disposal challenges, while the use s1
of even greener organic solvents still faces issues such as s2
toxicity, limited biodegradability, flammability, and difficulty in s3
regeneration. 54

To this end, green designer solvents consisting of environ- ss
mentally benign components, such as inexpensive type-III deep s¢
eutectic solvents (DESs), are promising as they reduce s7
operating temperature and reaction time and have lower s8
toxicity.” It was first shown by Tran et al.® that the ethaline s
DES, consisting of a 2:1 molar ratio of ethylene glycol (EtGl): 6o
choline chloride (ChCl), can leach Co and Li with more than 61
90% efficiency at 180 °C. Yet, at this temperature, ethaline 62
decomposes into toxic and hazardous byproducts, trimethy- 63
lammine and 2-chloroethanol, limiting its green advantage.” 64
Nevertheless, for DESs to reach relevance in industrial 6s
applications, it is their long-term thermal stability which 66
should be practically assessed.'”"" 67
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In this work, we evaluate the long-term thermal stability of
ethaline at 60 °C and report that ethaline in fact exists as a
partially decomposed solvent containing ChCl, EtGl, toxic
chloromethane (CH;Cl), and dimethylaminoethanol
(DMAE). To study these solvent-assisted decomposition
mechanisms with quantum mechanical (QM) accuracy, we
use state-of-the-art machine learning interatomic potentials
(MLIPs). We reveal that the dynamic hydrogen (H)-bond
network unlocks a metastable potential energy surface within
ethaline, lending to unfavorable configurations such as Cl
trapping near electrophilic sites, initiating decomposition via
an S\2 reaction. Evidently, future design of DESs should
consider the strength of the hydrogen bond donor—acceptor
pair to avoid self-reactivity and decomposition in hydrogen-
bound mixtures.

The stability of ethaline (EtGl:ChCl in a 2:1 molar ratio) is
experimentally investigated at 60 °C (below 80 °C, the typical
synthesis condition for ethaline). The mixing of EtGl (clear
liquid) and dried ChCl (white flakes) resulted in a white slurry
that became colorless after stirring for 30 min when heated at
60 °C, achieving a viscous consistency (Figure 1a). The water
content of ethaline after 30 min of mixing was around 0.77 wt

(a) Synthesis of ethaline
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Figure 1. Synthesis and characterization of ethaline. (a) Images of
ethaline at + = 0 min and after 30 min. (b) Dynamic
thermogravimetric analysis (TGA) of ethaline (solid), ethylene glycol
(EtGl), and choline chloride (ChCl). Dashed lines are dTG, with
inflections noted (arrows) (Ramp rate: S °C/min, 25—600 °C). (c)
Isothermal TGA of ethaline (60 °C for 4 h) and (d) representative
GC-TCD chromatogram showing the composition of the ethaline
(red) and vial headspace (blue) sample obtained after 30 min.

%, which is attributed to the hygroscopic nature of the system 90
(Table S4). This level of water content aligns with typical o1
conditions reported in the literature and reflects practical 92
preparation conditions.">"? 93

Dynamic thermogravimetric analysis (TGA) with a heating 94
rate of 10 K/min on the prepared ethaline and its pure 95
constituents is shown in Figure 1b. The DES demonstrates 96
higher thermal stability than pure EtGl but lower stability than ¢7
ChCl, largely due to the volatility and thermal instability of 98
EtGl before its boiling point, a characteristic commonly 99
observed in DESs.'* At the same time, inflections in the 100
derivative of the thermogram (dTG) at 131, 266, and 302 °C 101
(black arrows, Figure 1b) indicate the presence of pre-existing 102
decomposition products formed during preparation. As 103
dynamic TGA tends to overestimate thermal stabilities, 104
isothermal TGA was carried out at a constant temperature of 10s
60 °C, showing a significant mass loss of 17 wt % after 4 h 106
(Figure 1c). 107

Mass loss due to decomposition was further characterized 108
using gas chromatography (GC), following previously reported 109
methods.”'* A direct injection of a § uL of liquid sample of 110
ethaline, along with headspace injection (50 L) from the vial, 111
revealed peaks at 5.5 and 12.6 min (Figure 1d), indicating the 112
presence of volatile gases such as trimethylamine (TMA) and 113
chloromethane (Figure S$22), which are decomposition 114
products of ethaline. The liquid sample also showed additional 115
peaks at 10.9 and 14.8 min, corresponding to decomposition 116
products such as dimethylaminoethanol (DMAE) and 2- 117
methoxyethanol (2-OMe). Specifically, DMAE was identified 11s
at the 11 min peak and quantified at approximately 26 mM 119
(Figure S23). These observations of long-term ethaline 120
decomposition at moderate temperatures are consistent with 121
previous work.'? 122

The thermal stability of deep eutectic solvents (DESs) has 123
been increasingly studied in recent years, with a focus on the 124
impact of preparation temperatures on their stability. While 125
instability due to the hydrogen bond donor (HBD) has been 126
noted in a few studies,'™" this work, along with others, 127
indicate that the hydrogen bond acceptor (HBA) may play an 128
equally or even more significant role in driving decom- 129
position.”'® ChCl undergoes a well-known solid—solid 130
transition at 79 °C, with the a-phase exhibiting increased 131
susceptibility to hydration-induced instability.""'” This 132
sensitivity likely stems from its structural configuration and 133
interaction with water. Interestingly, decomposition products 134
were detected regardless of whether ethaline was prepared in 135
the a-phase or f-phase regions, suggesting a more intricate 136
interplay between the HBD and HBA decomposition 137
mechanisms. Thus, we employ molecular modeling to explore 138
how decomposition pathways arise from intermolecular 139
interactions and provide predictive insights for the design of 140
new, stable solvent mixtures. 141

The decomposition of ethaline into DMAE and CH;Cl can 142
occur via the Sy2 reaction'® (Figure 2), where nucleophilic Cl 143 f2
approaches electrophilic C from the CH; group via backside 144
attack, i.e., the vector connecting N and C. We define y as the 145
collective variable that describes this reaction as y = rg_¢ — 146
rc_xy Where rg_c is the distance between nucelophile Cl and 147
electrophile C and rc_y is the distance between the 148
electrophile C and leaving group (N of DMAE)."” This 149
collective variable is convenient for describing reactants (y > 150
0), products (y < 0), and the transition state (y ~ 0). 151
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Figure 2. Choline decomposition via Sy2 reaction, with chloride and choline as reactants (left) and dimethylaminoethanol (DMAE) and

chloromethane CH;Cl as products (right).

Using DLPNO-CCSD(T),””*" we calculate that the gas-
phase barrier (Figure 3) is 1.68 eV, which is higher than the

(a) 8,2 gas-phase barrier
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Figure 3. Sy2 decomposition of ChCl in gas phase. (a) Reaction
pathway along the collective variable, y, of the Sy2 decomposition of
choline chloride, calculated using CI-NEB and DLPNO-CCSD(T).
Reactant and product states correspond to ¥ > 0 and y < O,
respectively. The most significant intramolecular charge transfer
occurs when y ~ 0 (circled). (b) Intramolecular charge transfer
(computed by Hirshfeld charges) near the transition state (y = 0.36
— y = —0.16) occurs in two steps, where nucleophilic Cl is further
oxidized and electrophilic C and H are further reduced. CH;Cl is
overall oxidized by A = +0.03 (indicating that all of DMAE is reduced
by 0.03). The charge-transfer is instantaneous (black arrow) in a
nonrate-limiting environment.

A=+0.03

~0.6 eV barrier for the gas-phase [CI(CH,)CI]™ Sy2 reaction””
but is aligned with understandings that increasing bulkiness of
the substrate (from CH; to (CH;);N—(CH,), in this case) can
significantly increase the activation barrier.”” The products are
destabilized by 82 meV in a vacuum.

In solution, the reaction barrier and energy of the products
are expected to increase given that the products are nonionic in
a polar environment.”” The extent of this increase can be
probed by using molecular modeling. Furthermore, in the
ethaline solvent, intramolecular charge-transfer is rate-limited
by solvent reorganization due to sluggish rotation of choline
occurring over 200 ps characterized using femtosecond time-
resolved absorption spectroscopy.”* This suggests that the
charge transfer near the transition state (y ~ 0) is also
expected to occur over 200 ps in ethaline (Figure 3b).

This time scale is beyond ab initio molecular dynamics
(AIMD), and different approaches are needed. Recently, the
free energy of peptide bond formation in explicit water was
calculated via umbrella sampling by Rolf et al. using MLIP.*
The authors trained a DeepPMD potential on more than

76,000 configurations including biased trajectories, propagated
with enhanced sampling (steered MD, metadynamics, and

174
175

umbrella sampling). However, generating a large number of 176

configurations to achieve this stability is computationally
challenging, particularly when using hybrid functionals.
Furthermore, as solvation environments increase in complex-
ity, which is the case with ethaline compared with water, it is
likely that more umbrella sampling configurations are needed
to train stable and representative MLIPs capable of umbrella
sampling. We show that another method, described below, can
serve as an approximation of the dynamic reaction mechanism
in solution, where the effect of explicit solvation can be taken
into account.

Prior works studying chemical reactivity in various environ-
ments have used active learning with QM calculations to build
machine learning interatomic potentials (MLIPs).>~%8 Figure
4 summarizes our developed workflow, also using active
learning to build an MLIP, albeit starting from establishing the
DFT approximation. Following previous procedures,”””" we
use PBEO (25% Hartree—Fock (HF) exchange)®' and tune the
HF correction by fitting to the gold-standard reference,
CCSD(T), for the ionization potential (IP) of EtGl(g). The
resultant correction is a 0.6851 HF exchange, which we call
PBE0(68)-D3. All details of DFT settings using CP2K”* and
Orca® and verifications with CCSD(T) and DLPNO-
CCSD(T) are in the Supporting Information.

We use active learning in the FLARE architecture,*® classical
force fields,” and iterative training to construct our equivariant
neural network MLIP.*® Active learning expedites the sampling
of intramolecular degrees of freedom occurring over a time
scale of picoseconds (ps) (e.g, intramolecular H-bonding),

177
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204

while classical force fields capture intermolecular degrees of 20s

freedom (e.g, intermolecular H-bonding) occurring over a
nanosecond (ns) time scale. Figure S10 describes the bond
length diversity sampled from active learning.

Iterative training then patches the failures of MLIP, which
are unphysical bond breaking (Figure S13) and overstabiliza-
tion of reaction intermediates (Figure S14). However, when
retrained, the final MLIP reproduces the potential energy
surface (PES) and bulk structure at 298 K (Figure $S16,517)
and Sy2 reaction pathways (Figure S and Figure S15). Iterative
training has been observed to be an important step in
generating physically reasonable potentials.””

We use MLIP-3 from the third ladder rung (Figure 4c) to
sample configurations of ethaline in NVT at 25 °C, construct
minimum energy pathways (MEPs) of the Sy2 reaction,”” and
simulate solvent relaxation occurring over 200 ps.”* (The
computed self-diffusivity is consistent with experiments,
enabling comparison (Figure S18).) No solvation reorganiza-
tion occurs during the MEP calculation, as all forces are
optimized, but the solvent is effectively “rigid” as rotational,
translational, or vibrational modes are not sampled.

After 200 ps of equilibration, each frame is deployed for
~500 fs in AIMD NVE using PBE(0)68-D3, with average
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228 simulation temperatures of 284—292 K (Table S3). The
229 purpose of the NVE production trajectory is to characterize the
230 dynamic H-bond contributions to the PES along the reaction
231 pathway.

Results of this coarse sampling approach are shown in Figure
233 Sa. Since the equilibration is dynamic, there are deviations in y
234 (horizontal error bars) and in the relative PES (vertical error
235 bars). Overall, the reaction is uphill, and products are

232
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Figure 4. Computational workflow to study ethaline. (a) 0.68 HF
exchange removes artificial charge transfer in ethaline, evidenced by
the LUMO on Cl for a = 0, and no LUMO on Cl for @ = 0.68. Yellow
and cyan coloring are (+) and (—) isovalues. (b) Active learning from
the FLARE package captures intramolecular H-bonds (gray lines),
while OPLS captures intermolecular H-bonds (blue thick lines). The
Sx2 pathway is also sampled by FLARE. (c) The MLIP, with key
parameters noted, exhibits model stability, but undergoes additional
training to attain correct thermodynamics (second rung) and reaction
barriers (third rung).
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Figure S. S\2 decomposition in ethaline solvent. (a) Results of the
coarse-sampling along ¥ = rc_y — ry_c, using MEP calculations,
followed by 200 ps of MLIP equilibration and 500 fs of NVE AIMD
(shorthand: MLIP-MEP | MLIP-MD | AIMD-NVE). Energies from

AIMD (mean and standard

deviation) are in black, the Gaussian

(+10) function fit is in red, and vacuum Sy2 barrier calculation,
juxtaposed for context, is in gray. (b) H-bonding is characterized by
the bond angle between O—H—Cl (donor-H-acceptor), ¢py, and
distance between donor and acceptor, rp,_,. Gray lines connect H-
bonds which appear in the same frame. The occurrence (Occ.) of H-
bonds is the maximum continuous accumulation of H-bonds around
the reacting Cl during NVE AIMD. (c) The RDF in reacted solvent,
around various solutes (reacted Cl, nearby Cl, and further-away ClI)
from r = 0 to S A, showing CI-H (purple), CI-C (gray), CI-O
(red), CI-N (blue), Cl-Cl(yellow), and Cl-all (black).

destabilized by 2 eV (cf. vacuum: 82 meV), confirming
expectations that nonionic molecules are destabilized in polar
environments. The predicted reaction energy, fitted by the
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239 Gaussian with 1o uncertainties shown, is also higher than in
240 vacuum. Near the transition state (y = 1.72), there is a large,
241 700 meV deviation in the PES. We distill all deviations in y and
242 the relative PES in terms of the local H-bonding environment
243 around the reacting Cl

244  Figure Sb quantifies the presence of H-bonds around the
245 reacting Cl in terms of the donor—H—acceptor bond angle,
246 (ppp and donor—acceptor distance, rp,, as a function of y. An
247 H-bond is considered formed if 120° < ¢hppa < 180° and rp, <
248 3 A. Additionally, the “persistence” of H-bond(s) around the
249 reacting Cl is evaluated by counting the maximum, continuous,
250 and cumulative occurrence of H-bonds over ~500 fs: one H-
251 bond with reacting Cl in a frame is one occurrence; two H-
252 bonds with reacting CI in a frame is two; no H-bonds to
253 reacting Cl resets occurrences to 0.

254 Before the reaction (y & S), Figure Sa,b shows how the
255 persistence of H-bonding with Cl, spanning a range of angles
256 and distances, perturbs the PES by +300 meV and enables
257 relatively mobile Cl. Closer to the transition state (y = 1.72),
258 this positional flexibility of Cl is traded for metastability. Here,
259 the H-bonding now perturbs the PES by +700 meV and Cl is
260 firmly locked in place, experiencing a narrower range of H-
261 bonding, in terms of y, ¢pys, and rp,.

262 Strong and very strong H bonds are generally found in
263 systems with cations or anions, which is the case for ethaline.
264 Very strong H-bonds (>1 eV), in this case, are not formed.”
265 We surmise that formation of the strong H-bonds that lock Cl
266 in place in high-energy states near reaction sites may be
267 especially prominent in ethaline as both EtGI and Ch contain
268 H-bond donor groups (OH). In ethaline, the 2:1 molar ratio of
269 EtGl:ChCl means that for every one Cl, there are five OH
270 groups. These prevalent, persistent interactions with Cl could
271 be among the reasons that the computed self-diftusivity of Cl is
272 even less than choline (Figure S18) despite it being smaller
273 and more symmetric. At moderate temperatures of 60 °C, the
274 Sy2 reaction is expected to occur more frequently. Once a CI™
275 is locked into place by H-bonds, it is not easily broken by
276 thermal fluctuations (~28 meV at 60 °C).

277 Figure Sc shows how after the reaction a local void forms
278 around CH;Cl, and Cl—H intermolecular bonding no longer
279 exists. The formation of CH;Cl permanently weakens the H-
280 bond network for nearby CI™ compared to CI™ further away.
281 The formation of neutral DMAE and CH;Cl with reduced H-
282 bonding is consistent with the understanding that neutral
283 systems typically exhibit weak H-bonding.*

284  Future design of green solvents may benefit from detailed
285 explicit analysis of hydrogen bond donor—acceptor inter-
286 actions along various decomposition pathways, which is
287 captured in Figure S. We have shown that a coarse
288 approximation to the reaction pathway, namely, using MLIP-
280 MEP | MLIP-MD | AIMD-NVE simulations to relax solvation
200 degrees of freedom beyond the computational reach of hybrid-
201 DFT AIMD can generate molecular-level resolution of reaction
202 pathways. Although the approximation by no means circum-
203 vents the utility of umbrella sampling, it may enable greater
204 throughput, albeit lower-resolution, evaluation of new designer
295 solvents because significantly fewer training data are required
296 (Table S1). Novel solvents can be vetted for stability and
297 reactivity by following a similar approach.

208 As a last point, we note that during the MLIP-MEP
299 calculation, the MLIP preferentially moves MEP images away
300 from the transition state (Figure S19); thus, only one image

—

near the transition point, y = 1.72, is captured. More details 301
and discussions are given in the SI 302

In conclusion, ethaline, a 2:1 molar ratio of choline chloride 303
and ethylene glycol, was evaluated for long-term thermal 304
stability. We experimentally find evidence of decomposition of 30s
neat solvent into dimethylethanolamine, chloromethane, 306
trimethylamine, and 2-chloroethanol at 60 °C and study the 307
reaction mechanism via Sy2 decomposition. The origin of the 308
reaction arises from H-bond formation, which traps CI™ near 309
the reacting site. Whether this behavior is primarily due to the 310
choice of ethylene glycol as a hydrogen bond donor remains to 311
be fully explored; however, it is worth noting that other choline 312
chloride-based deep eutectic solvents also demonstrate poor 313
long-term thermal stability.'' This work motivates studies 314
exploring green designer solvents to prioritize the hydrogen 315
bonding strength as a key selection criterion for proposing new 316
stable solvent mixtures. 317

B EXPERIMENTAL METHODS 318

DFT Calculations. All of the energy and force evaluations 319
from density functional theory (DFT) calculations are carried 320
out using the QUICKSTEP module of the CP2K package 321
(version 2023.1).”> The molecular triple-¢ basis set (TZVP- 322
MOLOPT-GTH), auxiliary density matrix method with basis 323
set pFIT3, and GTH-PBE pseudopotentials are used for all 324
atoms. No purification method for wave function fitting is 325
used, and EPS SCF is set to 1.0 X 107%. We use the 326
generalized gradient approximation (GGA) Perdew—Burke— 327
Erzenhof (PBE) functional*’ with varying % (referred to as a) 328
of Hartree—Fock (HF) exchange to fit the ionization potential 329
(IP) of gas-phase ethylene glycol (EtGl) at the coupled cluster 330
single double (triple) (CCSD(T)) level with the augmented 331
correlation-consistent triple-¢ basis set (aug-cc-pVTZ), using 332
the default integration grid (defgrid2) and SCF convergence 333
tolerance (NormalSCF) in ORCA.>* A cutoff of 500 Ry 334
(CUTOFF) and a relative multigrid cutoff of S0 Ry 335
(REL_CUTOFF) are used for all calculations, and con- 336
vergence is checked for both (for CUTOFF: the total energy 337
changes less than 0.1 meV/atom relative to the cutoff at 1000 338
Ry (Figure S1); for REL_CUTOFF: the total energy changes 339
less than 0.01 meV/atom after a relative cutoff of 30 Ry is used 340
(Figure S2). A cutoff radius of S A is used for the truncated 341
Coulomb interaction potential and is shown in a convergence 342
test for a cell size of 13 X 13 x 12 A (Figure S4). A sample 343
input script for all CP2K calculations is provided in the 344
Supporting Information. 345

Classical Force Fields. To obtain structures with 346
intermolecular diversity spanning ns of simulation time, we 347
utilize classical force fields to sample representative structures. 348
We generate a box with 6 ChCl and 12 EtGl with dimension of 349
15.85 A using packmol and fftool. We utilize the CL&P force 3s0
field for ChCl, and the OPLS-AA force field for EtGL A time 351
step of 0.5 fs was utilized with the velocity-verlet to evolve the 3s2
equations of motion, the Nosé—Hoover barostat (with the 353
coupling set to 1000X the time step) and thermostat (with the 3s4
coupling set to 100X the time step). Several temperatures are 3ss
investigated: 300, 400, 500, and 1000 K. All structures are 356
initially equilibrated for 10 ns at their respective temperatures 357
in NPT, before an NPT production run where structures are 3s8
saved every 10 ps. 359

Although the nonpolarizable OPLS force field developed by 360
Doherty and Acevedo®' for ethaline could have also been used 361
to sample intermolecular diversity, we use the more general 362
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363 OPLS-AA force field to enable extendable workflow to other
364 solvents that may not have refined force fields. Additionally,
365 the classical force field is a coarse sampling method
366 complementing the intramolecular diversity sampled through
367 active learning, creating a more diverse data set to train on.
368 Active Learning. To sample neat solvent configurations
369 using active learning, we geometrically relax isolated molecules
370 of choline (Ch) and EtGl, in the PBE(0)68-D3. Then,
371 molecules are placed randomly in a box using Packmol,**
372 ranging from system sizes of 168 atoms (4 Ch, 4 Cl, and 8
373 EtGl molecules; box size 13 A by 11.81 A by 11.99 A), 210
374 atoms (S Ch, S Cl, and 10 EtGl molecules; box size 14.9 A by
375 12.6 A by 12.36 A), and 252 atoms (6 Ch, 6 Cl, and 12 EtGl
376 molecules; box size 13.53 A by 14.7 A by 14.48 A). Note that
377 sampling these compositions, with the same ratio of ChCl and
378 EtGl, will allow the models to be energy extensive for this
379 composition, but transferring the model to other compositions
3g0 will incur energy errors, although as “high entropy”
381 compositions are sampled the forces should be transferable.””
382 These configurations are then geometrically relaxed again in
383 CP2K-2023.1 using the QUICKSTEP module with our
384 PBE(0)68-D3.**

3gs  The final configurations are used as the initial structures for
386 an active learning workflow using the FLARE code, with the
387 Velocity-Verlet to evolve the equations of motion, a time step
388 of 0.5 fs, training hyperparameters from the second frame
380 onward. The active learning workflow uses model predicted
390 uncertainty to decide whether to keep the exploration
391 configuration space or call DFT to collect new training data.
392 The uncertainty threshold to call PBE(0)68-D3 is 0.025, and
393 atoms of uncertainty above 0.0025 are added to the model.
394 Higher thresholds result in broken molecular connections (i.e.,
395 fragments), as characterized by SMILES analysis.”> We use the
396 B2 descriptor, 1, = 4, I... = 4, quadratic cutoff function, 5 A
397 cutoff, single neutral atom energies, and all DFT inputs
398 described in section 1.1 of the Supporting Information. There
399 are 521 frames, ranging from 168 to 252 atoms per frame,
400 collected via FLARE active learning as DFT training data.

401 Machine Learning Interatomic Potential Training. We
402 use an optimized version of Allegro,™ with r,, = 6 A, I, =2,
403 and 2 layers. We weight the force, energy, and stress as 1, 100,
404 and 1000 and train on per atom MSE loss, splitting up the
405 training, validation, and test set sizes to 70%, 15%, and 15%.
406 The learning rate is set to 0.002, and batch size is 2. The strict
407 locality of the potential is not a problem as the cutoff of 6 A is
408 found for ionic liquids to result in good errors and reasonable
409 density values.”” Although increasing the cutoff to 7 A will
410 decrease the errors even further, the low errors in Table S1
411 already reach state-of-the-art. Additionally, all simulations are
412 deployed in NVT, so improvements in density predictions are
413 not critical.

414 Synthesis of Ethaline. Choline chloride (ChCl, > 98%),
#15 methanol (MeOH, > 99.9%, HPLC grade), ethylene glycol
416 (EtGl, > 99.8%), trimethylamine (TMA, 31-35 wt-% in
417 ethanol, 4.2 M, contains toluene as stabilizer), dichloro-
418 methane (1.0 M in diethyl ether), 2-methoxyethanol (2-OMe,
419 99.8%, anhydrous), and dimethylaminoethanol (DMAE, >
420 99%) were purchased from Sigma-Aldrich. All chemicals were
421 used as received without any further purification. Ultrapure
422 water (182 MQ cm) was provided by a Millipore Milli-Q
423 system.

424 Choline chloride (5.294 g, 37.9 mmol, 1.0 mol equiv) was
425 added to a 20 mL borosilicate vial under ambient conditions.

ft

~

—

—

p=t

—_

N

Separately, ethylene glycol (4.708 g, 75.8 mmol, 2.0 equiv) was 426
weighed in a syringe and then transferred into the vial. Upon 427
transfer, the formation of bubbles and a noticeable drop in 428
temperature were observed, making the vial feel cold to the 429
touch. The reaction mixture was then heated to 60 °C and 430
stirred for 30 min, resulting in the formation of a transparent, 431

viscous solution. 432
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