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Solvation and lon-Pairing Effects of Choline Acetate
Electrolyte in Protic and Aprotic Solvents Studied by NMR

Titrations

Emmanouil Veroutis,*® 9 Steffen Merz,”” Rudiger-A. Eichel,*" and Josef Granwehr® ¢

Choline-based electrolytes have been proposed as environ-
mentally friendly and low-cost alternatives for secondary zinc
air batteries. Choline acetate [Ch]*[OAc]™ in protic (D,0) and
aprotic (DMSO-d) solvents has been studied by means of
concentration-dependent 'H NMR, viscosity, and density meas-
urements. The viscosities have been calculated on the basis of
the Jones-Dole equation and showed that the dominant
contribution originates from short-range ion-solvent interac-
tions. Site-specific association affinities were assigned from
NMR chemical shift titrations. In DMSO-d,, the hydroxyl group
of choline was found to have the smallest dissociation constant
followed by the methyl group of acetate. The corresponding
Gibbs energies at low concentration were found to be in
agreement with a solvent-separated ion pair (2SIP) configura-
tion, whereas at concentrations above 300 mM, a solvent-
shared ion pair (SIP) configuration was assigned. For [Ch]*
[OAc]™ in D,O, association effects were found to be weaker,
attributed to the high dielectric constant of the solvent. On

1. Introduction

In their traditional form ILs usually incorporate imidazolium and
pyridinium moieties which suffer from high toxicity, poor
biodegradability, low solubility in aqueous media and high
cost."™ Choline (2-hydroxy-N,N,N-trimethylethan-1-aminium)
belongs to a class of water soluble quaternary ammonium salts,
[ChI*[X]~ where X represents the adjustable anion.” Choline,
which is abundant in many plants and animal organs as a
phospholipid constituent of lecithin, has recently been pro-
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time scales on the order of 100 ms, NMR linewidth perturba-
tions indicated a change in the local rotational dynamics of the
ions, attributed to short-range cation-solvent interactions and
not to solvent viscosity. At 184 mM, ~40% of the cations in
DMSO-dg and ~10% in D,O were found to exhibit short-range
interactions, as indicated by the linewidth perturbations. It was
found that at about 300 mM, the ions in DMSO-d, exhibit a
transition from free to collective translational dynamics on time
scales on the order of 400 ms. In DMSO-d,, both ions were
found to be almost equally solvated, whereas in D,O solvation
of acetate was stronger, as indicated by the obtained effective
hydrodynamic radii. For [Ch]T[OAc]” in DMSO-d,, the results
suggest a solvent-shared ion association with weak H-bonding
interactions for concentrations between 0.3-1 M. Overall, the
extent of ion association in solvents such as DMSO is not
expected to significantly limit charge transport and hinder the
performance of choline-based electrolytes.

posed as an environmentally friendly and low cost alternative
for traditional IL cations.”™”

[ChIT[CI1™ mixed with either a metal chloride or a hydrogen
bond donor such as an amide or a carboxylic acid is used to
form a so called “deep eutectic solvent” (DES).®2'V The mixture
of [Ch]*[Cl]” and urea at a 1:2 mol ratio exhibits a melting
point of 12°C, which is more than an order of magnitude lower
compared to the melting points of the individual constituents.
The formation of a DES has been found to depend critically on
the formation of H-bonds between the cation and the anion, as
well as between the anion and the neutral donor, e.g. an amide
or a carboxylic acid."?

Tunable physiochemical characteristics have also been
found for mixtures of an IL and a molecular solvent.*'® These
characteristics not only depend on the concentration of the
species, but also the extent and type of interactions between
them. As illustrated by Dupont etal, the pure IL can be
considered as a supramolecular complex that forms under the
competition of ionic and/or H-bonding interactions."”'® When
the IL is diluted, the complex breaks and neutral clusters are
formed. At high dilutions, the solution is described as a dilute
electrolyte with the existence of contact ion pairs (CIP) or
solvent-shared ion pairs (SIP)."

Electrolytes are often referred to as “infinitely” dilute
aqueous solutions of simple inorganic salts where the ions are
fully dissociated.”” In dilute aqueous solutions of monovalent
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symmetric salts such as NaCl, ion pairs are rarely formed.?" As
described by Bjerrum,” ion pairing is regulated by the type of
solvent; polar/non-polar and the valence of the ions. In
particular, it follows from the Debye-Hiickel (DH)®' theory that
the electrostatic interaction between ions tends to be stronger
in the presence of a solvent with a low dielectric constant, such
as chloroform (CHCL;) or dichloromethane (DCM).** Bjerrum
further considered that ion pairs and free ions in solution will
be in thermodynamic equilibrium and hence the law of mass
action and an equilibrium association constant could be
defined.” This has significant implications since it was then
possible to determine the kinetics and the corresponding
energies for the ion pairing process.?*

Since ILs and organic electrolytes tend to exhibit a markedly
more diverse interaction landscape than the non-specific
electrostatic interactions found in e.g. simple metal halide
electrolytes, Hunt et al. categorized interactions in ILs as H-
bonds of three types.”” The neutral H-bond X-Y, the ionic H-
bond [X]*~--Y between an ion and a neutral molecule and the
double ionic H-bond [X]*-[Y]™ between two ions. For an IL or
IL/solvent mixture these interactions can be operative at the
same time.

lon pairing interactions and solvent competition is another
crucial aspect for electrolytes and IL/solvent mixtures,®=>?
because the extend of ion pairing can potentially limit charge
transport and alter the performance of the electrolyte. For
example, Robinson and Harned showed that the activities of
aqueous solutions of alkali metal halides decrease according to
the ionic radius, but for the alkali metal fluorides, hydroxides,
formates and acetates the opposite behavior was found.® They
rationalized this by a local hydrolysis, whereby an H-bonded
solvent-shared ion pair (SIP), [C]*-[OH]-[H]--[A]” with the
conjugate base acting as an acceptor to the water hydrogen, is
formed. This is an ionic H-bond in Hunt's nomenclature.”

Most studies have been concerned with ion pairing on
alkylimidazolium ILs. Rogac et al. used temperature and concen-
tration dependent conductivity measurements for [C,CiIm]*
[EtSO,I” in H,O, acetonitrile (AN) and DCM.2Y The obtained
association constants showed that ion pairing increases as the
permittivity of the solvent decreases. Whereas in H,0 ion
pairing was found to be negligible, in AN and DCM association
was significant and entropy-driven. Moreover, Katsuta et al.
showed by conductivity measurements and density functional
theory (DFT) calculations for a series of alkyl- and butylimidazo-
lium, as well as tetraalkylammonium ILs in DCM, that not only
the solvent, but also the molecular structure of the ions
influences the degree of association.*

Studies on ion pairing or hydrogen bonding in choline
-based IL/solvent mixtures are not as common.®®*” Aqueous
solutions of [Ch]*[CI]~ and [Ch][Br]~ were described early on
by Boyd et al. on the basis of electrochemical methods.®™ It was
deduced that the low activity coefficients observed are the
result of the hydroxyl group intervening with the H-bonded
structure of water. In a more recent study, Willcox et al. showed
via MD that in choline acetate the hydroxyl group exhibited
significant hydrogen bonding with the oxygen atoms of
acetate.® Even at 600 K about 67 % of cholines still participated
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in H-bonding, although only solutes in the gas phase were
simulated. Similarly, mixtures of [Ch]"[CI]", urea and DMSO
have been studied by Shah et al. with MD simulations.*” It was
found that the number of H-bonds between urea and DMSO
became significant at DMSO fractions higher than 70%. The
[Ch]*--[Cl]~ H-bonding interaction occurred directly between
—OH and [Cl]” and did not change upon addition of DMSO. This
suggests that at fractions bellow 70% DMSO is not expected to
significantly influence the performance of DESs in electro-
chemical systems.

Spectroscopic techniques such as infrared spectroscopy (IR)
or Nuclear Magnetic Resonance (NMR) have been frequently
used in the elucidation of ion pairing and solvation phenomena
in IL/solvent mixtures.*"™" For example, using H/D exchange
experiments and Nuclear Overhauser Effect (NOE) NMR, Zanatta
et al. showed that the preferential deuteration of 1-n-Butyl-2,3-
dimethylimidazolium [C,C,Im]*—type ILs occurs only in aprotic
solvents of low dielectric constant such as CHCl; or AN."® This
was attributed to the existence of a contact ion pair (CIP) rather
than on the basicity of the anions. In a combined study by
NMR, IR and DFT, Zhang et al. showed that [C,C,Im]*[TFA]
mixed with MeOH and H,O exhibits significant H-bonding
interactions.” The carboxylate of [TFA]~ showed preferential
association with both solvents at low concentrations, whereas
for the [C,C;Im]™ the solvents associated on the alkyl proton
sites.

The electrochemical performance of choline-based electro-
lytes has been recently assessed by Liu, Sakthivel et al. in Zn-air
cells.®*? |t was found that aqueous choline acetate showed
good compatibility with the selected electrode/catalyst and
reduction of dendrite formation. It has previously been shown
that choline-based ILs exhibit a solvent-shared ion pair (SIP)
configuration at high salt concentrations in the presence of
H,0.5¥ Both cation and anion were found to participate in H-
bonds with H,O, but at the same time the high entropic
contribution indicated that the organizational structure of H,0
was preserved.

In this study concentration dependent NMR, as well as
viscosity and density measurements are used to investigate
choline acetate [Ch]*[OAc]™ in protic water (D,0) and aprotic
dimethyl sulfoxide (DMSO-d;) solvents. To probe ion-ion/solvent
association equilibria, chemical shift titration experiments have
been performed. Moreover, by combining diffusion ordered
spectroscopy (DOSY) with viscosity measurements the effective
hydrodynamic radius of the ions is estimated. Based on these
measurements a model for the ion-ion/solvent association in
[Ch]T[OAc]™ is proposed and its behavior between protic and
aprotic solvents is outlined.

Experimental Section

Materials and Sample Preparation

Choline acetate salt [Ch]T[OAc]” (>98%, loLiTec GmbH) was
prepared by vacuum drying (P ~107° mbar) over night at 90°C in
order to remove absorbed and crystal water. Due to its strong
hygroscopic behavior the dried salt was stored in a glovebox under
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argon atmosphere (<0.1 ppm H,0) for further use. The desired
molar concentrations (6-796 mM) were obtained by dissolving the
dried salt in 2 ml of D,0 (~99.9% D, Sigma-Aldrich GmbH) and
DMSO-dg (~99.9% D, Sigma-Aldrich GmbH). The DMSO samples
were prepared inside the glovebox to avoid further contamination
of the solvent from moisture. Figure ST in the SI shows the
prepared series of samples for the measurements in this study.

For 'H chemical shift referencing in the NMR experiments, 1 wt% 3-
(trimethylsilyl)-1-propanesulfonic acid sodium salt (DSS) was used
in D,0 solutions and 0.03 vol% tetramethylsilane (TMS) in the
DMSO-d; solutions. The reference standards in the solutions were
prepared by Sigma-Aldrich GmbH. Within experimental uncertainty
interference from the reference standards on choline acetate
solutions was negligible, as deduced from the linewidths and the
diffusion coefficients. To quantify the water contamination in
DMSO-d¢ a neat sample was additionally measured by NMR
(Figure S2). Comparing the signals of H,O and TMS results in
approximately 0.1vol% H,0 (~60 mM). Methanol-d, (CD;0OD,
>99.8%, Sigma-Aldrich GmbH) was used for calibrating the
temperature in the NMR experiments.®¥

Viscosity and Density Measurements

For the viscosity measurements a TA Instruments AR-G2 rheometer
was used with a stainless steel cone plate spindle (& 60 mm,
truncation 0.5°). The temperature of the sample was kept at 23.5°C
by a Peltier plate and the sample was allowed to equilibrate for
10 min prior to the measurement. The viscosity was determined by
measuring 11 points for shear rates between 100 and 1000 Hz and
taking the mean. The data were further processed by linear
regression, yielding values within the error (+2%) from the mean.

For the density measurements an Anton Paar DMA 5000 instrument
was used with a build-in temperature controller. Temperature was
kept at 23.5°C throughout the measurements. The instrument was
calibrated using pure water and subsequently with neat D,O and
DMSO-d, yielding densities of 1.104 g/cm® and 1.185 g/cm?,
respectively. Before loading each sample, the capillary system of
the instrument was rinsed with isopropanol and acetone. Measure-
ment uncertainty was on the order of £0.001 g/cm’.

NMR Measurements

All NMR experiments were performed using a Bruker Avance IlI-HD
spectrometer operating at 600 MHz 'H frequency, equipped with a
3-channel H/C/N 5 mm TXI-Z Gradient probe (max. 0.5 T/m at 10 A).

The temperature was regulated with the variable temperature unit
(VTU) of the probe by flowing dry nitrogen gas through the sample
tube. In all cases temperatures were held constant at (23.5+0.3)°C
and the sample was allowed to equilibrate for 10 min before each
measurement.

All spectra were obtained under quantitative conditions with hard
90° pulses with radio frequency (RF) field strength of vg. ~18 kHz
at 10 W, recycle delay of 25 s (=5T,) and 8 accumulations for signal
averaging. Spin-lattice relaxation times T, were determined using
the inversion recovery method®™' with recovery delays varying from
0.001 s to 40 s in 11 increments.

For the diffusion measurements a pulsed field gradient stimulated
echo (PFGSTE) sequence was employed with an additional longi-
tudinal eddy current delay (LED) and two spoil gradients to
dephase unwanted transverse magnetization during diffusion and
LED periods.® Diffusional mixing A4 and gradient lengths & were
fixed to 200 ms and 1.6 ms for the D,O solutions and 400 ms and
1.6 ms for the DMSO-dg solutions, respectively. The gradient
strength g was increased linearly from 0.01 T/m to 0.45T/m in 16
increments. To obtain the self-diffusion coefficients, the data were
fitted using the Stejskal-Tanner relationship.”” The experimental
uncertainty of the diffusion coefficients was found to be +3% by
repeating the measurement 3 times. Comparing the results to a
convection compensated diffusion sequence® it was deduced that
convection has no influence on the measurements.

2. Results and Discussion

2.1. Viscosity and Density

Figures 1(a),(b) show the viscosity 7 and density p as a function
of [Ch]T[OAc]” concentration in D,0 and DMSO-dg. It is

apparent that both viscosity and density show a stronger
dependence to concentration in DMSO-dg than in D,0. The
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Figure 1. Concentration dependence of viscosity (a) and density (b) for [Ch]"[OAc]™ in D,O (black) and DMSO-d; (red). Solid lines represent linear fits. Inset
graph shows the relative viscosity as a function of the square-root of concentration, with the data fitted with Eq. (1). Dashed lines show the range of densities

with the mean densities indicated accordingly.
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viscosity (Figure 1(a)) is found to increase linearly for both
solvents, with a slope of 1.5-107 mPa-s/mM in DMSO-ds and
3.75-107* mPa-s/mM in D,0.

Calculating the viscosities of electrolytes goes back to the
pioneering works by Onsager and Fuoss,” Jones and Dole,””
Falkenhagen et al.*" and later by Kaminsky®® as well as Lencka
et al® For electrolytes in the limit of “infinite” dilution the
relative viscosity (7 —1,)/1n,, Where 1, is the viscosity at

highest dilution (PM5-% —2 44 mpa-s, yP%°=1.06 mPa-s) is
linear as a function of the square-root of the concentration. This
is valid for electrolytes in the range of 0.1-10 mM. As shown in
the inset graph of Figure 1(a) the relative viscosity does not
scale linearly with +/c for both solvents. For concentrations
between 0.1-1 M the deviation from linearity can be described

using the approach of Jones and Dole,

M=o _ A Jc+ Be

Mo M

where A accounts for long-range electrostatic interactions in
the framework of DH-theory, while B accounts for short range
ion-solvent specific interactions. Four contributions have been
reported to influence B, (i) ionic solvation i.e. the association of
the solvent molecules with the ions, (ii) ordering of the solvent
molecules by the field of the ions, (iii) structure breaking effects
e.g. the disruption of the H-bonded structure of water by the
inclusion of the ions, and (iv) steric effects.®”

The non-linear behavior observed for [Ch]"[OAc]™ indicates
that apart from non-specific long range electrostatic interac-
tions, short range association effects in the form of ion-ion or
ion-solvent interactions must be operative. Fitting the data with
Eq. (1) results in A=(3.840.7)-107° L"’mmol™"? and B=(7.2+
0.3)-10*L/mmol for the DMSO-ds solutions and A=(4.7+
0.6)-107> L"?’mmol™"? and B=(4.7+0.3)-10~* L/mmol for the
D,O solutions. The larger change observed in DMSO-d; should
also account for its smaller dielectric constant (e, ~47) as
compared to D,0 (g ~78)," since a solvent with lower
permittivity is less effective in shielding local charges. Viscosity
is expected to alter the performance of the electrolyte, since

low viscosity allows for leaking of the electrolyte through the
porous electrode, whereas high viscosity reduces the contact
with the catalyst.

Similar observations were reported by Rodriguez et al.® in
1-ethyl-3-methylimidazolium -based H,O mixtures, where the
viscosity was found to increase with decreasing mole fraction of
H,0. Another factor which should be considered is the H-
bonded structure of water, which as described by Frank et al.,*®
the inclusion of an ionic solute disrupts the ordering of water
molecules. This has found to add a negative contribution to the
viscosity of aqueous electrolytes.

For the density (Figure 1(b)) a smaller variation with
concentration is observed, as compared to the viscosity. For
DMSO-ds a variation of 0.006 g/cm® with a mean density of
1.18 g/cm? is observed, whereas for D,0 the variation is smaller,
with 0.002 g/cm?® and a mean density of 1.1 g/cm®. The behavior
is also different between the two solvents, where for DMSO-d¢
the density decreases with increasing [Ch]"[OAc]~ concentra-
tion, for D,0 it increases, although slightly, with increasing
concentration. Similar trend has also been reported for the
[C,Cilm]*T —H,0O mixtures by Rodriguez et al®™ and also by
Laliberté et al.*” for MgSQ, in H,0.

2.2. NMR Titrations
2.2.1. Chemical-Shift Perturbations

NMR titration experiments offer the possibility to characterize
the thermodynamics of association between the ions as well as
the ions and the solvent molecules in electrolyte solutions.®®”"
'H chemical shift perturbations (CSPs) are shown in Figure 2 for
the functional groups of [Ch]"[OAc]™ in DMSO-d, (a) and in D,0O
(b), respectively. The perturbations are plotted as
A0 = dops — 5, Where dop, is the shift at each concentration
and J5 is the shift at highest dilution where the molecules are
assumed to be free.

In DMSO-d the strongest non-linear CSP is observed for the
—OH group of choline, with a maximum deviation of about
0.7 ppm downfield (Figure 2(a)). A downfield shift indicates a
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Figure 2. Relative 'H chemical shifts as a function of [Ch]"[OAc]~ concentration in DMSO-d, (a) and D,0 (b). Inset in (a) shows an expansion for the shifts of
CH,C—, (CH;);N—, —NCH,, —NCCH, and DMSO. For the shifts of CH,C—, (CH;);N—, —NCH,, -NCCH, and —OH in (a) solid lines represent fits with Eq. (3), the rest

are linear fits.
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de-shielding of the donor —OH proton upon removal of electron
density due to e.g. an H-bond accompanied by an electron
density increase on the acceptor site.”>”¥ Downfield chemical
shifts have also been observed by Avent et al”*" for [C,C,Im]*
[CI,Brl]” in AN and attributed to H-bonding interactions
between the protons in the imidazolium ring and the anion.
Another factor for the shift of the labile —OH proton is the
chemical exchange contribution. With increasing [Ch]*[OAc]~
concentration, the population of H-bonds with the —OH group
increases and the shift moves towards the more populated site
(see Eq. (2)). Similar observations were reported for the labile
—NH proton of [C,Cilm]"—type IL with H,0/D,0 mixtures by
Yaghini et al.l'

For the methyl and methylene groups smaller perturbations
were observed. This indicates weaker interactions involving this
particular groups. As shown by the inset in Figure 2(a), for the
cation and anion protons non-linear downfield shifts with
maximum deviations of 0.02-0.06 ppm are observed. The order
of perturbation from large to small for the shift is, -OH>CH,C—
>(CH;);N—>—NCH,>DMSO >—-NCCH,. The order is also indica-
tive of the electron density variation for the protons in the
groups as a result of the intermolecular interactions. The
observed shifts are a population weighted average between
free and associated states (see section 1.1 in the SI) such that,

6% = peds + pada 2

where pg, pa, d¢, 04, are the fractional populations and shifts of
the free and associated molecules respectively. From Eq. (2) and
the shifts in Figure 2, the fractional populations p; for each
group can be estimated. The values of p5 at e.g. 184 mM are
listed in Table 1, with the —OH and CH;C— of [Ch]™ and [OAc]™
showing the largest population respectively. Interactions with
the solvent molecules are also indicated by the 0.027 ppm/mM
downfield variation observed for the residual non-deuterated
methyl groups of DMSO-dg; (DMSO-d;). Since DMSO is a strong
base with pK,=35""" it can be protonated by a molecule with a
similar pK,. Water in DMSO has been reported to have similar
pK, as DMSO"® and therefore can easily accept a proton from
H,O. At the same time choline can also donate a proton to
water, since choline is expected to act as a stronger base in
DMSO-d, than in D,O. Protonation of acetate, e.g. acetic acid
pK,=12.3 in DMSO compared to pK,=4.7 in H,0,'” from either

Table 1. Equilibrium association K, dissociation K, constants, correspond-
ing energies of association AG® and fractional associated populations p,
from the CSP isotherms in Figure 2(a). The association constants shown are
obtained with v, =0.8 (see sections 1.2 and 2.3 in the SI) and p, are for
184 mM. For the —NCCH, of choline the values could not be obtained due
to insignificant shift perturbation, whereas the (CH;),— of DMSO shows a
variation which is not described by Eq. (3).

K, IM] Ky [M] AG° [K/moll  p, [%]
CH,C— 2364065  04+0.1 —21407 45
(CHy):N—  0.64+0.15 1.56+0.36 +1.1+06 32
—NCH, 07402 14404 409407 40
—~NCCH, - - - -
—OH 213414 00440003  —75+02 70
DMSO - - - 27
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water or choline may additionally be a consequence of direct
diffusional encounters, rather than a solvent assisted process.

In D,O the largest perturbation is observed for the shift of
HDO/—OH as shown in Figure 1(b). The —OH signal of choline
and the residual non-deuterated proton in D,0 (~0.1% HDO)
are not separated in the spectrum (Figure S3 in SI) due to fast
chemical exchange with the higher fraction of solvent mole-
cules in the sample (see Table S1 in Sl). The observed signal is a
population weighted average between —OH and HDO which
shows a shift perturbation of about 0.04 ppm with a linear
downfield variation of 0.052 ppm/mM. The pH and salt depend-
ence on the chemical shift of HDO has been reported to be
about 2:10°ppm/pH and 9-107° ppm/mM respectively
upfield.”® Therefore, pH and salt variations can be excluded.
From Eq.(2) follows that at e.g. 184 mM the fractional
population py of associated HDO is about 24 % and increases to
about 65% at 550 mM. Within experimental uncertainty no
perturbation is observed for the methyl and methylene protons,
which indicates that no significant interactions are involved for
these groups. This is most likely attributed to the strong ion
dissociating character of water.

In order to quantify the thermodynamics of association the
CSP isotherms in Figure 2(a) were fitted assuming a 1:1
bimolecular association (see section 1.1 in the SI), by

=1+ /1+4Kpyic
dos = 0a + (0f — 5a)( AV ) (3)

ZKA)/ZiC

where da, 5 are the shifts at highest and lowest concentration
where molecules are assumed to be associated and free
respectively, Kp is the association constant, y. is the mean
activity coefficient and ¢ the molar concentration. The mean
activity coefficients account for the effect of ion electrostatic
interaction and are obtained by Eq.(S21), as discussed in
sections 1.2 and 2.3 in the SI.

The obtained equilibrium association Kp/dissociation Kp
constants with the corresponding Gibbs energy of association
AG® (Eq. (S3)) are listed in Table 1. As expected from Figure 2
the lowest dissociation constant (highest Kp) is found for the
—OH group of choline with Kp=40 mM, which corresponds to
an association energy of AG°=—7.5 kJ/mol. These values are
obtained for y, =0.8, which corresponds to an ionic strength of
/=6 mM. For the other groups except of the methyl group of
acetate, larger dissociation constants are found. This indicates
that the highest affinity is found for the —OH site and to a lesser
degree also for the CH;— of [OAc] ™. Association constants in the
range of 2M™' were found by Shaukat etal. by means of
dielectric  spectroscopy for aqueous choline chloride
solutions.” They assigned the Ka’'s to a solvent-shared ion pair
(SIP) configuration. From the obtained energies the interactions
involving the —OH group are on the limit for weak H-bonds,
which is in the range of 8-17 kJ/mol.*®’? For the other groups
the energies are in the range of van der Waals interactions. This
suggests that at low concentration and therefore low ionic
strength the majority of ions are in a solvent-separated ion pair
(2SIP) configuration.
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Additionally, thermodynamic parameters for different y,
values and consequently ionic strength can be found in Table
S7 in the SI. At higher ionic strength (or concentration) the
dissociation constants were found to decrease. For the —OH
group Kp=12.5mM and for the CH;- of acetate Kp=112mM
was obtained. The energies illustrate this further, for the —OH
the association energy increases to 4G° ~—10.7 kJ/mol and for
the CH;C— to 4G° ~—5.3 kJ/mol, which suggests an increase in
the fraction of ions being in a solvent-shared ion pair (SIP)
configuration. For the existence of contact ion pairs (CIP) a
higher energy in the ranger of 17-63 kJ/mol would have been
expected.

2.2.2. Linewidth Perturbations

Figure 3(a),(b) shows the linewidth (full width at half maximum
FWHM) perturbations for [Ch]*[OAc]” in DMSO-d¢ and D,O
respectively. Analogous to the CSPs the linewidth perturbations

Obs

are plotted as A4v,), :Av%‘f—dvfﬂ, where AvP% s the

linewidth at each concentration and Avf/z is the linewidth at
the highest dilution.

In DMSO-d, the strongest perturbation was observed for the
—OH group of choline with a maximum deviation of about
80 Hz. The —OH linewidth attains a maximum at about 60 mM,
with a subsequent continuous decrease towards higher [Ch]™"
[OAc]™ concentrations. The concentration at the maximum was
also found to coincide with the concentration of H,O (see Table
S1 in the SI) present as impurity in the DMSO-dg solutions.
Similar to the chemical shifts, the observed linewidths are a
population weighted average between free and associated
states such that,

Obs
Avm

= ppdvl, + pad?, + A0, @)

where Avf/z, Av?/z are the linewidths for the free and associated
molecules respectively. The additional contribution Av‘,e/xz is due
to chemical exchange. Chemical exchange broadening contrib-

utes to the observed linewidths due to the difference in proton
chemical shifts between the free and associated molecules.
Exchange of the —OH proton of choline and H,0 is thermody-
namically favorable at ~60 mM due to the similar populations,

as well as the small difference in pK, (pKC“:13.9, ngho:M in

water).?” Furthermore, the —OH linewidth perturbation must
also account for the difference in molecular weights My

(Eq. (S15) in the SI) since MG > MH20. At higher concentrations
the exchange broadening contribution decreases and the —OH
linewidth becomes narrower due to the increase in population
of choline relative to water.

Smaller overall perturbations were observed for the methyl
groups of choline (CH;);N— and of acetate CH;C— in both
solvents. In DMSO-d; a linear deviation was observed for
(CH5);N— and CH;C— with of 2.6 mHz/mM and 0.7 mHz/mM,
respectively (inset Figure 3(a)). In D,O a smaller deviation was
observed for (CH,);N- with 1.6 mHz/mM and a similar deviation
of 0.7 mHz/mM for the acetate (Figure 3(b)). The difference in
slope between (CH,);N— and CH,C— is presumably due to the

difference in molecular weights since Mg\,h > M\(?VAC (Table S2 in
the SI). As reference, the linewidth of the methyl groups of TMS,
the residual non-deuterated methyl groups of DMSO-dg (DMSO-
d;) and the methyl groups of DSS are also plotted, and found to
show no perturbation.

A similar approach has been followed by Geng etal. to
evaluate the extent of association in bisquaternary ammonium
aqueous electrolytes.®™ From °Br NMR linewidths they deter-
mined Kp's in the range of 2-13 M~". From Eq.(4) and the
linewidths at lowest and highest concentration the associated
fractional population p, can be obtained. At e.g. 184 mM,
pPa=5% for acetate and p,=40% and 10% for choline in DMSO-
d¢ and D,0 respectively. The obtained p,’s in D,O were found to
be in good agreement with the fractional coordination
obtained by Di Pietro et al. for the aqueous choline -based DES
system.®"

To evaluate the viscosity dependence on the linewidths,
wAv,,, or =R, (Eq.(S9) in the SI) is plotted as a function of
viscosity (Figure S5). Similar correlations are observed as in
Figure 3, which indicates that the variation of linewidth must
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Figure 3. Relative 'H linewidths (FWHM) as a function of [Ch]T[OAc]™ concentration in DMSO-d, (a) and D,O (b). Inset graph in (a) shows an expansion for the
linewidths of CH;C—, (CH;);N-, TMS and DMSO. Solid lines correspond to linear fits.
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Figure 4. 'H DOSY spectra for 184 mM [Ch] " [OAc]™ in D,O (a) and in DMSO-d; (b). The different species are seperated according to their diffusion coefficients
and are indicated by the dashed lines. Due to the small concentration of TMS the DOSY peak is not shown at this contour level.

originate mostly from changes in the local dynamics of the ions
and not attributed on the viscosity of the solvents. Considering
that the slope of CH;C— of [OAc]™ is found to be the same in
both solvents, the larger slope observed for (CH;);N— of [Ch]™"
in DMSO-d; suggests stronger cation-solvent interactions for
time scales on the order of T,(= 1/R,), i.e. ~100 ms.

2.3. Diffusion NMR

Diffusion ordered spectroscopy (DOSY) has been often em-
ployed in order to assign ionic association and thereby probe
correlations in the translational motion of the ions in electro-
lytes and ILs."?%28% Figure 4(a),(b) shows the 'H DOSY spectra
for 184 mM [Ch]"[OAc]™ in D,0 and DMSO-d,. The components
in each mixture are separated due to their difference in the
diffusion coefficient. The order from fast to slow diffusion is
HDO >[OAc]” >[Ch]* >DSS for the D,0 and DMSO >TMS >
—OH >[OAc]™ >[Ch] " for the DMSO-d, solutions. The order also
reflects the difference in molecular weights (see Table S2 in the
SI). In D,0O, the —OH group of choline cannot be distinguished
due to fast exchange with the higher populated HDO, whereas
in DMSO-d; it is distinguishable and shows a different value
compared to [Ch]™. This is mainly attributed to the exchange of
—OH proton with the H,O present in the solution. Since the
mole fraction of [Ch]"[OACc]™ is higher (ychonc ~5.3%) than H,O (
Ao ~0.4%) at 184 mM (Table S1 in the SI), the diffusion
coefficient is weighted more towards choline. Furthermore,
from Eq. (5)

D®% = p¢Ds + paDa

(5)
follows that the observed diffusion coefficient of HDO at
184 mM corresponds to an associated fractional population pg
of about 20%, whereas for the —OH in DMSO-d¢ p5 is about
40 %.

In Figure 5(a),(b) the diffusion coefficients are shown over
the whole concentration range for [Ch]T[OAc]” in D,0O and
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DMSO-d;. It is apparent that in both solvents the coefficients
show a linear dependence on concentration. In D,0 [Ch]F,
[OAc]™ and DSS show similar slopes of about 1.5-107" m?%
mM-s, while HDO/-OH shows a slope of about 2.6-107"> m?%
mM-s. The difference in the slope can be attributed to the
exchange of —OH and HDO since with increasing concentration
the relative populations of choline and HDO change. Similar
observations were made for the diffusion of —OH group in
choline -based DES mixtures by D’Agostino et al.® The overall
decrease in the diffusion coefficient is attributed to the increase
in viscosity as shown in Figure 1(a). Plotting the diffusion
coefficient as a function of inverse viscosity 7' for [Ch]T[OAc]~
in D,0O (Figure 5(c)) results in linear correlations for both ions, as
well as HDO and DSS. For HDO/—OH the slope is different
(Table 2) which suggests that the viscosity dependence of the
solvent molecules is not the same as for the solutes.

As shown in Figure 5(b), in DMSO-d; two slopes are
observed for [Ch]* and [OAc]~ with a change in slope at about
300 mM. For choline ~1.6-107"° m’mM-s and ~1.1-107" m?%
mM:-s and for acetate ~2.7-107"> m¥mM-s and ~1.3-107"> m?¥/
mM-s are obtained for the low and high concentration range
respectively. The change in slope occurs similarly for both ions,
which can be attributed to the change from uncorrelated to
correlated translational ion mobility. This can be further
illustrated by the ratio of cation to anion diffusion coefficients

Table 2. Effective hydrodynamic radii REff obtained from the slopes in

Figure 5(c),(d), *non-solvated molecular radii from Eq.(512) and °non-
solvated radii with the effective density of 0.619 g/cm® as suggested by
Evans et al., difference between effective hydrodynamic radii and molecular
radii AR = R — R°.

slope R 1A R R AR

[107" m?Pa] AP AP A

[ChI"[OAC in  [Ch]*  6.47+0.2 508+0.14 287 35 15

D,0 [OAc]” 6.4640.2 554017 238 29 26

HDO  9.14+0.5 476+024 166 201 27

[ChI*[OACl™in  [Ch]* 7.5+03 555+023 281 35 27
DMSO-dg [OAcl”™ 9.2540.6 5074035 232 29 217

DMSO 7.2+04 6.06+04 262 325 28
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Figure 6. Ratio of cation to anion diffusion coefficients as a function of
[Ch]*[OAc]™ concentration in D,O (black) and DMSO-d, (red). Dashed line
indicates the mean value of Di¢/Diopqg (~0.94) for [Ch]*[OAc]™ in D,0.
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D[Ch]*/D[OAc}’ as shown in Figure 6. Whereas in D,0 no

variation is observed, in DMSO-d, the ratio increases indicating
that the translational mobility of the ions becomes more
correlated with increasing concentration. Furthermore, the
slope attained for [Ch]* beyond 300 mM is similar to the slope
of DMSO (Table 2). This indicates that at high concentrations
the translational dynamics of cation and solvent are similar,
which is also in accordance with the findings from the chemical
shift titrations where a solvent-shared ion pair (SIP) config-
uration was suggested. The diffusion coefficient of the —OH
group shows a different slope at low concentrations with
~5-107" m?’/mM-s, which is mainly attributed to the exchange
of —OH and H,0. At higher concentrations D_g,, converges to
D¢, due to the higher population of choline relative to water.

The ratio of ionic diffusion coefficients can be related to the
ratio of molecular weights My, by the SE equation (Eq. (S19) in
the SI),

e
Dioag= — \ "
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The ratio of molecular weights is found to correlate with the
ratio of the cation to anion diffusion coefficients a (Figure 6) in
DMSO-d, indicating low ion association at low concentrations.
In D,O a higher a value is obtained, which cannot be correlated
with the ratio of molecular weights. Together with the results
from the CSPs this suggests a strong solvation for acetate over
the whole concentration range. From the slopes in Fig-
ure 5(c),(d) the effective hydrodynamic radii Rsff of the ions can
be obtained using the SE equation. The radii for [Ch]"[OAc]™ in
D,0 and DMSO-d; are listed in Table 2 and compared with the
non-solvated molecular radii R, as obtained by Eq.(512) with
the experimentally determined densities (Figure 1(b)), as well as
with the effective density of 0.619 g/cm? as suggested by Evans
et al.® It has been reported that the SE equation is not valid at
high concentrations when e.g. ion aggregates or higher order
clusters are present.® Nonetheless, the obtained results are
used here in a qualitative manner in order to evaluate relative
changes in the size of the molecules. From the difference
AR = Rle_{f — R the size of the solvation layer can be obtained. In
D,O the solvation layer of acetate is about 2.6 A, compared to
1.5 A for choline, whereas in DMSO-dg the layer is larger for
choline, with 2.7 A as compared to about 2.2 A for acetate %%
A larger solvation layer can potentially hinder the translational
motion of the ions, which results in reduced charge transport.

2.4. Association Model

Based on the obtained results, a possible association model for
the solutions of [Ch]"[OAc]™ in DMSO-d, and D,O is suggested.
Figure 7 shows four possible associated complexes which are
expected to be present at equilibrium. Each functional group is
color coded based on the association energies obtained from
the chemical shift titrations. Red indicates the highest associa-
tion affinity while blue the lowest. Complex (AB) corresponds to

(AB) (BC)
0.
HaC' é
(AD) (AC)
CH;
I _SCHs
"N
. ~ CHj
o H H
l

-2 AG® (kJ/mol)

Figure 7. Possibe associated complexes formed in the solutions of
[Ch]"[OAc]™ in DMSO-dg and D,0. Color coding corresponds to the
association energy AG° of each functional group as obtained from the
chemical shift titrations for the ionic strength at 796 mM (Table S7 in the SI).
Dashed lines indicate H-bonds.
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the association of choline and acetate, (BC) of acetate and
water, (AC) of choline and water and (AD) of choline and DMSO.

In D,O the downfield chemical shift and linewidth perturba-
tion observed for the HDO/—OH resonance indicates that the
hydroxyl group of choline is primarily involved, albeit the
interaction is not expected to be strong by considering the
small shift perturbation and the low mole fraction of [Ch]*
[OAC]™ relative to D,0. On the diffusion time scale solvation of
[OAc]” was found to be favorable, as indicated by the
concentration dependence of the ratio of cation to anion
diffusion coefficients, as well as the increase in the effective
hydrodynamic radius of acetate. This was also found to be in
agreement with the results by Shi et al.®” where in mixtures of
[G,CIm] T [OAc] and water, the acetate anion was shown to be
strongly associated with water at high IL dilutions. This points
towards a solvent-separated ion pair (2SIP) configuration with
equal solvation for [Ch]™ and [OAc]™. A solvent-shared (SIP) or
contact-ion pair (CIP) configuration can be excluded for [Ch]*
[OAc]™ in D,0O, which is indicated by the absence of chemical
shift perturbation for the methyl and methylene groups and the
strong ion dissociating character of water.

In DMSO-d, the size of the downfield chemical shift and the
linewidth perturbation for the —OH resonance of choline
indicates stronger interactions compared to D,O. Even at low
concentrations a d_q,, ~7-8 ppm is suggestive of partial H-
bonding interactions with the carboxylate of [OAc]™. For
example the —OH proton in neat acetic acid is reported to have
a chemical shift of about 11 ppm.”® At the same time the
maximum observed for the linewidth of —OH at about 60 mM is
also found to coincide with the molar concentration of H,O
which is present in the DMSO-d; solutions. This suggests that at
concentrations between 6-60 mM water competes with [OAc]™
for the interaction with the —OH group. At higher concen-
trations the relative populations shift towards [Ch]T[OAc]~ and
the interaction with H,O becomes less favorable. A small
downfield shift has also been observed for the resonance of
DMSO, indicating solvation and partial association.

Radhi et al.”? showed by NMR that in mixtures of [C,C,Im]™*
[OAc]” and DMSO, the acidic proton in the imidazolium ring
preferentially associates with DMSO at low mole fractions (
XDwso < 0-4), whereas at high mole fractions (yp,, >0.6) DMSO
started to associate with the acetate. In their study the
concentration and the role of H,O in DMSO was not discussed.
The associated fractional population pa further suggests that at
184 mM [Ch]T[OAc]” in DMSO-d; about 70% of —OH is
associated. The association energies obtained from the chem-
ical shift perturbations indicate that at high concentrations the
interactions involving the —OH group are within the range of
weak H-bonds (8-17 kJ/mol), whereas for the methyl and
methylene groups they can be assigned to weaker van der
Waals -type interactions

On the diffusion time scale, association effects were
pronounced at about 300 mM where the translational motion
of [Ch]™ and [OAc]™ becomes correlated. At low concentrations
the ratio of cation to anion diffusion coefficients coincides with
the ratio of molecular weights, which points towards a low ion
association at time scales on the order of 400 ms. With
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increasing concentration, the ratio of the diffusion coefficients
increased, suggesting an increase in ion association although
both ions remained solvated, as indicated by the similar
effective hydrodynamic radii of DMSO and [Ch]*[OAc]™. The
energies and the diffusion coefficients suggest that for [Ch]*
[OAc]™ in DMSO-d, a solvent-shared ion pair (SIP) configuration
is favored for concentrations between 0.3-1 M.

3. Conclusions

The effects of solvation and ion association for [Ch]"[OAc]™ in
D,O0 and DMSO-d; have been elucidated by concentration
dependent 'H NMR, viscosity and density measurements. The
dependence on viscosity is modelled by the Jones-Dole
equation and is dominated by short-range ion-solvent inter-
actions. In D,O the NMR CSPs indicate that the —OH of choline
shows preferential proton exchange with HDO, which is
attributed to their similarity in pK3. On the chemical shift time
scale for concentrations between 6-800 mM no interaction with
the acetate is observed. In DMSO-d, the large downfield shift of
—OH indicates partial H-bonding interactions with the acetate
even at the lowest concentration. The presence of H,O as
impurity in DMSO facilitates further proton transfer pathways
especially at concentrations between 6-60 mM. The solvent is
also found to participate in the proton transfer as indicated by
the downfield shift of DMSO. It is suggested that the proton
transfer equilibrium between —OH of choline, acetate and H,O
is a result of the smaller pKy difference between the species if
an aprotic solvent such as DMSO is used. The Gibbs energies
obtained from the CSPs in DMSO-dg indicate that the
interactions involving the —OH are in the range for weak H-
bonds with AG° ~—11 kJ/mol and suggest a solvent- shared
ion pair (SIP) configuration for concentrations above 300 mM.
On time scales of ~100 ms, NMR linewidth perturbations
indicate a change in the rotational dynamics of the ions in both
solvents although in DMSO-d; the change in dynamics of
choline is more pronounced. These changes are attributed to
local ion-solvent interactions rather than to solvent viscosity.
Association effects on time scales of ~400ms are further
indicated by PFG-NMR. Above 300 mM both ions and DMSO
found to exhibit similar translational dynamics attributed to the
solvent- shared ion pair (SIP) configuration. When analyzed
using the SE equation, the difference in hydrodynamic radii in
D,O points towards an increase in solvation of acetate although
both ions remain equally solvated over the whole concentration
range. It is proposed that physiochemical properties such as
viscosity and density of [Ch]*[OAc]™ in aprotic solvents with
residual H,0O are dominated by short range-ion solvent inter-
actions with solvent shared ion pairs and fast equilibrium
proton transfers corresponding to weak H-bonding interactions
between the molecules. The extent of short-range interactions
for concentrations up to 1 M in solvents such as DMSO is not
expected to significantly hinder the performance of choline-
based electrolytes. Nonetheless, association effects in analogous
solutions need to be taken into consideration for rational
design of electrolytes for Zn-air secondary batteries
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