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1 Introduction

Intermolecular organization in aqueous mixtures
of choline lysinate studied via NMR and molecular
dynamics/quantum mechanics¥

Einaras Sipavicius, and

Kestutis Aidas (2 *

Lukas Mikalauskas, Vytautas Klimavicius

Aiming to scrutinize intermolecular organization in aqueous mixtures of the choline lysinate, [Chol[Lys],
ionic liquid (IL), the dependence of the H NMR chemical shifts and diffusion coefficients on their
composition was measured. To rationalize experimental findings, extensive molecular dynamics (MD)
simulations and linear response quantum mechanics/molecular mechanics (QM/MM) computations of
NMR shielding constants were performed. Analysis of MD trajectories reveals that the extent of
intermolecular contacts between cations and anions intensifies with the increasing content of the IL in
the mixture. Moreover, the tendency of choline cations and the side chains of lysinate anions to self-
aggregate was observed as well, leading to the formation of a continuous, highly polar domain
composed of choline cations and the carboxylate groups of lysinate anions, as well as a less polar
domain formed by the side chains of the anions in IL-rich mixtures. Under these circumstances, isolated
water pockets are found to be situated at the interface of the polar and nonpolar ionic domains. The
dependence of the measured diffusion coefficients on the composition of the mixture reveals the
existence of two dynamical regimes — fast and slow regimes below and above molar fraction of the IL
of 11%, respectively. Results of MD simulations suggest that — at this specific molar composition of aqu-
eous [Chol[Lys] mixture — continuous water network ceases giving way to the continuous structure of
ionic domains being formed. The QM/MM results for the *H NMR chemical shifts of aqueous IL mixtures
generally agree well with experimental findings and corroborate structural results. The prominent upfield
shift of the NMR signal of protons in fast exchange with the rising content of the IL was successfully
rationalized.

various types of intermolecular interactions that can be formed
between the ions, including electrostatic, polarization, charge

Ionic liquids (ILs) composed of choline cations and proteino-
genic amino acid anions (Cho-AA ILs) have been developed in
response to the need for eco-friendlier IL materials,"™ as
conventional imidazolium or pyridinium ILs, for example, were
observed to be harmful and nonbiodegradable.>® Cho-AA ILs
can be synthesized from natural precursors without any dan-
gerous byproducts, and the nature of the constituents of the
Cho-AA 1Ls renders these materials virtually nontoxic and
readily decomposable by microorganisms.”® Furthermore,
structural diversity of natural amino acids assists in tuning
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t Electronic supplementary information (ESI) available: Force field data used for
the [Cho][Lys] ionic liquid; details of the QM/MM calculations; radial distribution
functions recorded in MD simulations; mean square displacement functions; and
experimental NMR spectra. See DOI: https://doi.org/10.1039/d5cp00861a
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transfer, dispersion as well as specific hydrogen bonding and
n-7 interactions.” Cho-AA ILs can thus easily dissolve or be
mixed with the variety of materials of diverse chemical nature,
while problems related to their notoriously high viscosity -
which can be higher by a few orders of magnitude than that of
imidazolium ILs'® - can be usually dealt with by dilution with
water. These attributes render Cho-AA ILs truly green and
versatile in terms of applications in both industry and research
laboratories. 1713

Like other types of ionic liquids,"* Cho-AA ILs may exhibit
heterogeneous nanosegregation®'®2° due to the presence of
structural domains of different polarities in the nanometer
range within the bulk of the liquid. Structural heterogeneity
in the ILs can be detected experimentally by the appearance of a
characteristic prepeak at low values of the scattering variable in
their X-ray or neutron diffraction profiles.”'®*"** A detailed
account by Gontrani® of the energy-dispersive X-ray diffraction
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Fig. 1 Molecular structures and atom labeling of a choline cation, Cho™,
and a lysinate anion, Lys™.

measurements carried out on a series of Cho-AA ILs has revealed
that the polarity of the side chain of the amino acid anion may
be a determining factor governing the formation of polar and
nonpolar domains in the Cho-AA ILs. The prepeak in the X-ray
diffraction patterns emerged for ILs with nonpolar side chains of
AA anions, except for the smallest anions glycinate, alaninate
and cysteinate.” The presence of the polar chemical groups in
the side chain of the amino acid anion apparently destroys
the domain structure within the IL leading to the absence
of the prepeak in their X-ray diffraction patterns. This is also
the case for the choline lysinate ([Cho][Lys]) IL, see Fig. 1, as its
X-ray diffraction pattern does not exhibit the prepeak due to the
presence of the polar amino group at position ¢ of the side chain,
despite the side chain also containing an extensive nonpolar
moiety of four consecutive methylene groups.

Conversely, neutron diffraction measurements on [Cho][Lys]
clearly show a prepeak in the diffraction pattern, suggesting
the presence of structural nanoorganization in this IL.'® The
empirical potential structure refinement of the neutron diffrac-
tion data suggests an extremely heterogeneous morphology of
[Cho][Lys] with clearly separated polar and non-polar domains
composed of, respectively, charged and non-charged groups of
choline and lysinate ions. This strong nanosegregation remains
intact even if the [Cho][Lys] IL is mixed with water at a molar
ratio of 1:5, with the molar fraction of the IL, y;;, equal to 0.17.
In addition, water molecules were found to be condensed in
clusters - the so-called water pockets - the average size of which
was estimated to be 8 A.'® Interestingly, neutron diffraction
measurements on the ternary mixtures of [Cho|[Lys], choline
arginate and water still indicate structural nanosegregation in
the lysinate-rich mixtures, but not in the arginate-rich mixtures.*’
Molecular dynamics (MD) simulations performed using the mod-
ified OPLS force field do show a degree of nanosegregation in the
neat [Cho][Lys] IL and predict the appearance of the prepeak at
the low values of the scattering variable.*®

To further scrutinize the structural organization of the
aqueous [Cho][Lys] mixtures, we measured the composition
dependence of their "H nuclear magnetic resonance (NMR)
chemical shifts as well as of diffusion coefficients in a systematic
manner. The composition of aqueous IL systems has been varied
gradually starting from fairly dilute aqueous solutions of [Cho][Lys]
with yp values of ~ 1077 to IL-rich mixtures with y;; values of up to
0.66. Because NMR spectra generally include the responses from
individual nuclei in the molecular system subject to the perturba-
tion by the external magnetic field, they provide unique informa-
tion concerning the site-specific intermolecular interactions
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formed in the sample. NMR has already been fruitfully utilized
in the investigation of the structure and dynamics of the IL
materials,**° including elucidation of nanostructurization in
ILs,*7* but - to the best of our knowledge - has not yet been
applied to the study of intermolecular organization of Cho-AA ILs.

To resolve our experimental NMR results, we will rely on an
integrated computational approach where classical MD simula-
tions are combined with linear-response quantum mechanics/
molecular mechanics (QM/MM) approaches for the calculation
of NMR isotropic shielding constants. MD simulations is a
proven tool for predictions of structural and dynamical proper-
ties of IL materials,"***” and we will use it here to analyze
structural organization of aqueous [Cho][Lys] systems as well as
to predict the diffusion coefficients. Furthermore, the sampling
of the phase spaces of the considered systems will allow
evaluating the statistical ensemble-averages of NMR shielding
constants computed using the QM/MM approach. According to
the QM/MM model, electronic properties of a central molecule
are calculated by including the electrostatic interactions with
the molecules in its environment which are represented by
static multipole expansion, while mutual polarization interac-
tions can be accounted for by using a polarizable potential.**™*°
In this way, discrete nature of the molecules in the environment
is preserved, meaning that the QM/MM model should be able
to account for inherent local anisotropic distribution of ions of
the IL. Furthermore, non-electrostatic intermolecular interac-
tions can be taken into account by including the relevant
molecules of the environment to the quantum mechanically
treated region of the model.*™*> Concerning the predictions of
'"H NMR shielding constants for imidazolium ILs, we have
recently demonstrated that QM treatment of ions in the first
solvation shell is indeed important, especially of those involved
in hydrogen bonding.** The effect of the ions beyond the first
shell on the computed values of the "H NMR shielding of
imidazolium cations was found to be surprisingly small,
demonstrating that the "H NMR shielding constant is a rather
local molecular property.”> The combined MD-QM/MM
approach has earlier been shown to be a viable route towards
accurate predictions of the NMR spectra of IL materials.**™*”
We believe our large-scale computations will allow elucidating
the connection between our experimental *"H NMR results and
structural findings from MD simulations.

2 Methods

2.1 Molecular dynamics simulations

All MD simulations were conducted using the Amber20 suite of
programs.*® Geometries of choline and lysinate ions in the all-
anti conformation were optimised at the HF/6-31G* level of
theory*®! using the Gaussian16 program.>* The point charges
were then calculated using restrained electrostatic potential
(RESP) procedure® based on the electrostatic potentials com-
puted at the HF/6-31G* level. Thus, the developed point charges
for choline and lysinate ions were scaled by a factor of 0.8.
Charge reduction is in fact a common strategy used to account
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Table 1 Compositions of aqueous mixtures of [Cho][Lys] IL simulated in
this work. Molar fractions of the IL and of water, y,_and y.. respectively, are
given in percentage. Quantities N, and N,, indicate the numbers of
[ChollLys] ion pairs and water molecules in each system, respectively

1L Aw Ny, Ny

0.025 99.975 1 4000
1 99 40 3960
5 95 150 2850
10 90 300 2700
30 70 450 1050
50 50 450 450

for charge transfer and polarization interactions in the MD
simulations of ionic liquid systems, and it often leads to improved
accuracy of predicted structural and in particular transport
properties.>*® The general Amber force field (GAFF)>"® was
employed to describe van der Waals interactions and intra-
molecular forces. GAFF atom types and point charges assigned
to the choline and lysinate ions are collected in Tables S1 and S2,
respectively, of the ESL{ A TIP4P-Ew model®® was used for water
molecules. Six aqueous mixtures of the [Cho][Lys] IL of different
compositions were simulated as detailed in Table 1.

The system with yy;, of 0.025% is rather to be considered as a
single [Cho][Lys] ion pair at infinite aqueous dilution. The
Packmol program®® was employed to construct initial configu-
ration of every system in a cubic simulation box.

MD simulations were performed using the Sander module of
the Amber20 suite. Periodic boundary conditions were
employed, and the leap-frog algorithm with a time step of
1 fs was used to integrate equations of motion. The SHAKE
algorithm® was exploited to constrain all bonds involving
hydrogen atoms. A cutoff radius of 15 A was set for short-
range electrostatic and van der Waals interactions, and Ewald
summation was used to account for long-range non-bonded
interactions. A Langevin thermostat and a Berendsen barostat
were applied for temperature and pressure control in the MD
simulations.

After initial energy minimization, short NVT simulations of
5 ns at the temperature of 298 K were conducted. Then, the
ensemble was switched to NPT to simulate every system at an
elevated temperature of 400 K for 10 ns, followed by another
10 ns NPT simulations at 350 K. Simulations at high temperatures
allow for a more exhaustive sampling of the phase space of the
system, and gradual cooling of the system allows reaching a
suitable statistical equilibrium. This strategy is useful in simula-
tions of viscous molecular systems such as ILs in general and
[Cho][Lys] in particular. Then, the NPT simulations were con-
ducted for another 20 ns at the target temperature of 298 K. The
pressure was set to 1 bar in all stages of NPT simulations, and
the convergence of the density to a constant value was inspected
in all cases. The ensemble was then switched back to NVT, and
simulations proceeded for another 20 ns to finalize the equili-
bration phase. The production run in the NVT ensemble followed
for 20 ns, and molecular configurations were sampled in steps of
2 ps to be used in structural analysis. Finally, to sample the
trajectories for the calculations of diffusion coefficients, the
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simulations in the NVT ensemble were extended for another
2 ns for systems with yy, < 5% and for 6 ns for systems with
s, > 5%, sampling the trajectories every 100 fs. The Einstein
expression relating the diffusion coefficient to the slope of the
mean-square displacement (MSD) function was employed.**

2.2 QM/MM calculations

The linear-response QM/MM method***° based on the gauge
including atomic orbital approach and density functional theory
as implemented in the Dalton electronic structure program®® has
been employed for the calculations of the 'H NMR isotropic
shielding constants in this work. The PBEO exchange-correlation
functional® and Ahlrichs def2-TZVP basis set® were applied for
the QM subsystem of the model. The PBEO functional has
generally been proven to provide reliable results for NMR shield-
ing constants,"°>®” and in addition it has been benchmarked
against high-level coupled cluster methods for relative "H NMR
spectra of imidazolium cations, another important cationic
constituent of IL materials."”” The def2-TZVP basis offers well-
converged chemical shifts owing to the well-known error cancella-
tion in computing them as differences of the isotropic shielding
constants; see, for example, ref. 42, 43, 47, and 68. The classical
subsystem was represented by a point charge distribution, using
the same point charges for choline and lysinate ions as in the MD
simulations. Point charges from the TIP3P potential®®
assigned to classical water molecules. Condensed-phase results
for NMR shielding constants are obtained as statistical averages
over 100 molecular configurations selected from the MD trajec-
tories at regular intervals of 200 ps. Central molecule in the QM/
MM model was chosen randomly in every molecular configu-
ration, except for the case of choline or lysinate at infinite aqueous
dilution where only a single [Cho][Lys] ion pair was present in the
system. We have applied a spherical cutoff radius of 25 A centered
at the center of mass of the central molecule for every molecular
configuration. The QM region of the model was always expanded
to include those ions and water molecules that were found in the
first coordination shell of the specific site in the central molecule,
the shielding constants of which were of interest. Table S3 of the
ESIf provides further details concerning the construction and
composition of the QM region in all series of QM/MM calcula-
tions, while Fig. S2 (ESIT) illustrates some representative struc-
tures of the QM region. The def2-TZVP basis set was applied for
the entire QM region in all cases. Statistical errors of averaged

were

shielding constants were evaluated according to s/v/N where s is
sample standard deviation and N is the sample size.

2.3 NMR experiment

IL [Cho][Lys] was purchased from IoLiTec GmbH (>90% purity,
water content 10%) and was used without further purification.
Aqueous IL mixtures were prepared using deionized water
directly in NMR tubes by weighting the components using KERN
ABJ-NM/ABS-N analytical balances (0.1 mg). The exact concen-
trations of aqueous IL mixtures were verified by analyzing
integral intensities of NMR spectral lines. A capillary insert filled
with D,O and a sodium trimethylsilylpropanesulfonate (DSS)
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mixture was used for magnetic field stabilization and for
chemical shift referencing. All NMR measurements were per-
formed on a Bruker AVANCE Neo 600 MHz NMR spectrometer
using a Bruker Ascend 14.1 T superconducting magnet and a
5 mm BB TBI probe, which produces 50 G cm™' magnetic field
gradients. For "H NMR measurements, /3 excitation and 4-200
scans were accumulated. The temperature was stabilized at
(25.0 &+ 0.1) °C, and the repetition delay was set to 5 s.

For "H DOSY measurements, a pulse sequence using stimu-
lated echo, LED and bipolar gradients was used (ledbpgpz). For
every measurement, 32 scans were collected for 32 increments
with 2-98% of gradient strength, the duration of which was set
to 650-4500 ps and diffusion time was 50-100 ms depending on
the sample concentration; repetition delay was set to 5 s. The
diffusion coefficients were determined from the integral inten-
sities by varying the gradient strength, g, and the data were
processed using a well-known equation:

)
I, =1 exp{nyzgzé2 (A — %) },

where I, is the peak intensity without gradient, D is the
diffusion coefficient, y is the gyromagnetic ratio of the observed
nucleus, ¢ is the duration of the gradient pulse and 4 is the
delay between gradient pulses, i.e. the diffusion time.

3 Results and discussion
3.1 Structural analysis of MD trajectories

3.1.1 Conformational equilibrium. Choline cation may
acquire either an anti or a gauche conformation with respect to
the rotation around its C-C bond. The difference between the
electronic energies of the two isolated conformers computed
using Gaussian16> at the B3LYP/aug-cc-pVTZ level of theory”*”*
is by 16.1 k] mol " in favour of the gauche conformation, and is
thus in good agreement with the conclusions of a previous
computational study.”” The analysis of the trajectories recorded
for all six systems simulated in this work has revealed that
choline predominantly adopts the gauche conformation, and
its anti conformation occurs rarely. The proton of the hydroxyl
group in choline is, on the other hand, mostly found in the anti
position with respect to the rotation around the C-O bond, while
the gauche conformation is apparently infrequent.

The analysis of the neutron diffraction data using the
empirical potential structure refinement procedure suggests
that lysinate anions may often adopt the cyclic conformation
stabilized by the intramolecular hydrogen bond between the
amino group at the ¢ position and the oxygen atom in the
carboxylate moiety, both in neat [Cho][Lys] IL and in its aqu-
eous mixture.'® In Fig. 2, we show the distribution of the
intramolecular distances between the N, atoms and oxygen
atoms in the carboxylate group computed for our simulated
mixtures with y;; of 10, 30 and 50%.

In contrast to the findings of ref. 18, lysinate anions
are virtually never found to adopt the cyclic conformation.
In contrast, they mostly exhibit rather extended conformations
having in mind that the distance between N, and oxygen atoms
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Fig. 2 Probability distribution of intramolecular distances between the N,
atom and oxygen atoms of the carboxylate group of lysinate anion in
agueous mixtures of [Cho]lLys] IL.

of the carboxylate in all-anti conformation of lysinate is
around 8 A.

3.1.2 Radial distribution functions. To study the intermo-
lecular organization of aqueous [Cho][Lys] systems, we first
discuss the dependence of the coordination numbers around
various sites in choline, lysinate and water molecules on the
composition of the mixture. Atom labeling in choline and
lysinate ions as presented in Fig. 1 is used throughout this
paper. In order for such analysis to be meaningful, the coordi-
nation numbers have been calculated by spherical integration
of relevant radial distribution functions (RDFs) to systemati-
cally chosen limiting values for the interatomic distances. The
RDFs we have analyzed are collected in Fig. S3-S31 of the ESL
The captions of these figures also include information concern-
ing the specific values of the integration limits used to obtain
the coordination numbers discussed henceforth.

Fig. 3 shows the coordination numbers of various sites in
choline, lysinate and water molecules around the oxygen and
nitrogen atoms of the choline cation as functions of the
composition of the mixture.

While the molar fraction of the IL is low, the hydroxyl group
of choline is mostly involved in hydrogen bonding interactions
with water molecules in the capacity of both the hydrogen bond
donor and acceptor. However, as seen in Fig. 3a, the increasing
aggregation of choline cations through intermolecular interac-
tions between the methyl groups of their N-(CH;); moieties and
their hydroxyl groups becomes more pronounced with the
rising content of the IL in the mixture. This phenomenon has
been also previously observed in the MD simulation study of
the aqueous choline glycinate mixture.”® Furthermore, hydro-
gen bonding interactions between the hydroxyl group of cho-
line and the carboxylate group of lysinate anions have become
increasingly more common as well. Considerable qualitative
shift in the molecular distribution around the hydroxyl group
of choline apparently occurs for yy;, in-between 10 and 30%. At
y1L = 10%, there still is, on average, one water molecule forming
the hydrogen bond with the OH group of choline. However, as
is evidently seen in Fig. 3a, hydrogen bonding between choline
and water molecules becomes much less common at yy;, of 30%
and even less so at jy, of 50%. The OH group of choline now
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Fig. 3 Coordination numbers, CN, of various sites in choline, lysinate and water molecules around oxygen atom (a) and nitrogen atom (b) in choline
cations as a function of the composition of aqueous [Cho][Lys] mixture given in terms of molar fraction of the IL, y.. Refer to Fig. 1 for atom labeling.

becomes mainly coordinated by the N-(CHj3); groups of choline
and is frequently involved in hydrogen bonding with the
carboxylate groups of lysinate anions. Both amino groups of
lysinate anions are seen to form hydrogen bonds with the OH
group of choline as well, to some extent. The analysis of the
RDFs between hydrogen atoms in the amino groups of lysinate
and oxygen atoms of choline suggests that the OH group of
choline acts more frequently as hydrogen bond acceptor in
these situations. We also note that aggregation of choline
cations via hydrogen bonding between their hydroxyl groups
is never seen as a significant occurrence.

As seen in Fig. 3b, the N-(CHj;); group of choline is pre-
dominantly coordinated by water molecules while the content
of water is relatively high. With the rising molar fraction of the
IL, considerable increase in the coordination of the N—-(CHj;);
moieties of cholines by the carboxylate groups of lysinate
anions is observed. The tendency for the aggregation of choline
cations through their N-(CHj); groups is also evident, as
previously observed in the case of choline phenylalaninate
IL.”* While these particular types of interaction are found to
predominate in mixtures with higher values of yj;, the presence
of a few water molecules around the bulky N-(CH3); group of
choline is still common even at yy;, of 50%. It is seen that direct
interactions between the N-(CH3); group of choline and amino
groups in lysinate as well as the hydroxyl group in choline are
relatively rare throughout the entire range of compositions of
studied aqueous [Cho][Lys] mixtures.

Due to the presence of two oxygen atoms in the carboxylate
group, inspection of the molecular coordination around carbox-
ylate groups of lysinate anions is not straightforward. However,
the two oxygen atoms are equivalent as the carboxylate group in
lysinate can rotate around the C-C, bond rather easily. All RDFs
computed for the two oxygen atoms of lysinate are essentially
identical. Therefore, we show the composition dependence of
the molecular coordination only around one of the oxygen atoms
of the carboxylate group of the lysinate anion in Fig. 4a.

While data shown in Fig. 4 will not account for the changes
in the molecular coordination around the entire carboxylate
group with the varying composition of the mixture, we believe
that recorded trends ought to be sufficiently conclusive.

14794 | Phys. Chem. Chem. Phys., 2025, 27,14790-14803

As expected, the carboxylate moiety of lysinate anions is
mostly coordinated by water molecules at yy, of 10% and below.
With the rising content of the IL, however, rapid increase in
pairing of choline and lysinate ions takes place. Previous MD
simulation studies have revealed that amino acid anions tend
to interact with choline cations by forming hydrogen bonds to
their hydroxyl groups and by direct interaction with their
N-(CH3); moieties.”*”> Our MD simulations show that the
carboxylate moiety of lysinate happens to be more intensively
coordinated by the N-(CHj3); groups of choline rather than by
the hydroxyl moieties. At yy;, of 30 and 50%, the N-(CHj3); group
of choline is apparently the most frequent moiety in the
coordination sphere of the carboxylate group. Water molecules
are still found in the vicinity of the carboxylate group as well.
Even though carboxylate groups of the anions are the most
frequent hydrogen bonding partners for the choline cations at
s of 30 and 50%, from the perspective of the lysinate anions,
water molecules appear to be more frequent hydrogen bonding
partners for their carboxylate groups than choline cations, even
in the equimolar mixture. Our results, however, do not support
the conclusion drawn in ref. 76 that [Cho][Lys] can completely
dissociate into free hydrated ions at yy;, below 30%. As seen in
Fig. 4a, ion pairing is still considerable for yy, as low as 5%.
Much more dilute aqueous solutions of [Cho][Lys] appear to be
required for the complete dissociation of the IL into free ions.

It is evident in Fig. 4a that dimerization of lysinate anions by
hydrogen bonds formed between their carboxylate and any of
the two amino groups is relatively scarce. As seen in Fig. 4b and
¢, coordination sphere around both amino groups of lysinate is
dominated by water when molar fraction of the IL is below
30%. The tendency of the bulky N-(CH;); moieties of choline
cations to be increasingly more often found within the coordi-
nation spheres of the two amino groups of lysinate anions with
the rising content of the IL in the mixture is quite evident. The
hydrogen bonding of the two amino groups with other potential
partners is otherwise more or less equally infrequent for the
entire range of yy.. The dimerization of the lysinate anions,
however rare, occurs more frequently via hydrogen bonding of
the carboxylate moiety with the amino group at the ¢ position
rather than with that at the « position.
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Fig. 4 Coordination numbers, CN, of various sites in choline, lysinate and
water molecules around one of the oxygen atoms of carboxylate group (a)
as well as around the nitrogen atoms of the two amino groups (b) and (c) in
lysinate anions as a function of the composition of aqueous [Chol][Lys]
mixture given in terms of the molar fraction of the IL, y,.. Refer to Fig. 1 for
atom labeling.

In Fig. 5, we show the composition dependence of the
molecular coordination around water molecules.

Naturally, in the systems where water dominates, yy, of 10%
and below, hydrogen bonding interactions between water
molecules are prevalent. For systems where amounts of water
molecules and of [Cho][Lys] ion pairs are comparable, the N-
(CH3); groups of choline cations are found to coordinate with
water molecules most frequently, apparently due to the bulki-
ness of this chemical group. On the other hand, the hydroxyl
moiety of choline is seen to be the least frequent hydrogen
bonding partner of water molecules. As discussed above, hydro-
xyl groups of choline cations are rather involved in hydrogen
bonding with the carboxylates of lysinates, in addition to being
often coordinated by the N-(CHj); groups of neighbouring
cholines. The carboxylate groups of anions are also frequently
found in the vicinity of water molecules at y;;, of 30 and 50%.
The two amino groups of lysinate anions are observed to
coordinate water molecules rather infrequently. Finally, while
at yy, of 30% the aggregation of water molecules seems to be
still a relatively common occurrence, the self-coordination
number of water molecules drops to 0.7 at jy, of 50%, implying
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Fig. 5 Coordination numbers, CN, of various sites in choline, lysinate and
water molecules around the oxygen atom in water molecules as a function
of the composition of the aqueous [Cho][Lys] mixture given in terms of
molar fraction of the IL, y,.. Refer to Fig. 1 for atom labeling.

that solitary water molecules may now be likely often found
within the matrix of the IL.

3.1.3 Nanostructural organization. The analysis of the
local structure of aqueous [Cho][Lys] systems described above
suggests a possibility of ionic segregation into domains of
higher and lower polarity. The electrostatic potential maps
computed for choline and lysinate ions in ref. 76 allow entire
choline cation as well as the carboxylate group of the anion to
be considered as highly polar, while the side chain of the
lysinate including the amino group at ¢ position is apparently
of considerably lower polarity. We have thus first analyzed the
propensity of choline cations to self-aggregate. Two choline
cations were considered to belong to the same cationic cluster
if at least one interatomic distance between any of their heavy
atoms is below the cut-off value of 4.5 A. This specific cut-off
value has been chosen as it corresponds to the first minimum
in the O2-Cm and Cm-Cm RDFs shown in Fig. S9 and S31 of the
ESI, T respectively. The analysis shows that choline cations form
a system-wide cationic network that percolates the entire
simulation box when yy, is 50 and 30%. The enhanced content
of water in the mixture leads to the breakdown of the contin-
uous network of choline cations into smaller clusters. Still,
clusters consisting of around 100-to-200 choline cations are
found to be common in the mixture of y, = 10%. At ¥y = 5%,
solitary cations as well as small clusters of 2-6 choline mole-
cules are most frequently found, yet larger clusters of 10-15
choline cations are not unusual as well.

Similar analysis was performed to inspect the possible
aggregation of side chains of the lysinate anions. To be con-
sistent, we consider the side chains of two lysinate anions to be
aggregated if the smallest distance between any two heavy
atoms in their atomic sequences of Cg to N, is smaller than
4.5 A. As in the case of choline cations, the side chains of
lysinate anions are found to be aggregated into a single
percolating domain of lower polarity at y;;, of 50 and 30%. At
s of 10%, the continuous non-polar domain is broken into
smaller clusters, yet again they may be composed of as many as
100-170 lysinate anions. Furthermore, at yy, of 5%, smaller

Phys. Chem. Chem. Phys., 2025, 27,14790-14803 | 14795


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00861a

Open Access Article. Published on 16 June 2025. Downloaded on 6/12/2026 7:48:05 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP
0.5
[z =50%
0.4 ] =30%
2 0.3
E
©
Q
o
a 0.2
0.1
0.0 Iﬂ!‘l‘mﬂﬂﬂﬂ””ﬂﬂﬂﬂﬂﬂﬂnnnpnnn ; ;

0 5 10 15 20 25 30 35 40
Cluster size N

Fig. 6 Probability for a randomly selected water molecule to belong to a
cluster of N water molecules in aqueous mixtures of [Cho][Lys] at y;. of 30
and 50%.

cluster of lysinate side chains including 2-9 molecules as well as
solitary lysinate anions are most common, but larger clusters of
10-20 lysinate anions may occasionally be encountered as well.

To inspect self-aggregation of water molecules, we have
performed an analysis of the size distribution of water clusters
in our simulated systems. We consider two water molecules to
belong to the same cluster if the distance between their oxygen
atoms falls within 3.5 A. The size distribution of water clusters
at yy, of 50 and 30% is shown in Fig. 6.

At yy, of 50%, solitary water molecules are most likely; however,
clusters of a few water molecules may still be commonly encoun-
tered. Water clusters of more than 10-12 water molecules are found
to be highly unlikely. In the mixture with yy, of 30%, larger water
clusters become evidently probable, and thus clusters of up to
around 40 water molecules can be formed. The analysis of the
trajectory recorded for the system with y;, = 30% has revealed that
water clusters of up to 120 water molecules may be encountered on
the course of simulation of 20 ns. At yy, of 10%, water molecules
are already found to join in a percolating aqueous network which
surrounds the ionic aggregates of choline and lysinate molecules.
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In Fig. 7, still images of randomly chosen snapshots of
simulation boxes from trajectories recorded for the systems
with yp, of 50, 30 and 10% are illustrated.

At 1, of 50%, continuous networks of high and low polarity
are evident, together with small clusters of water composed of
mostly a few molecules. Extensive domains of high and low
polarity are still persistent at yy;, of 30%, just the sizes of water
aggregates are considerably increased. Qualitative analysis
shows that water clusters at yy;, of 50 and 30% are rather linear
in nature and they are mostly found to be situated at the
interface of the polar and nonpolar ionic domains. At yy, of
10%, water is now seen to form a continuous percolating net-
work with polar and nonpolar ionic domains to be found within.

3.2 Diffusion coefficients

The dependencies of experimental and computational values of
diffusion coefficients for choline, lysinate and water molecules
on the composition of the aqueous [Cho]Lys] mixture are
shown in Fig. 8.

Experimental values of diffusion coefficients of choline and
lysinate ions are generally found to be fairly independent of the
position of the chemical group from which the '"H NMR signals
were selected to derive them. Experimental diffusion coeffi-
cients are found to decrease with the increasing molar fraction
of the IL, in line with the simultaneously increasing viscosity of
the mixture. Magnitudes of the diffusion coefficients of cho-
line, lysinate and water molecules are found to correlate
inversely with their molar masses. It is evident in Fig. 8 that
diffusion coefficients of all three species given in the log scale
are decreasing in the linear fashion with the rising content of
the IL in the mixture. However, two dynamical regimes can be
identified as linear dependencies of diffusion coefficients exhi-
bit different slopes in water-rich and IL-rich aqueous mixtures
of [Cho][Lys]. Based on our structural analysis, we are inclined
to conclude that the change in the dynamical regime is due to
the disruption of the continuous water network induced by the
rising molar fraction of the IL in the mixture. Accordingly, our
experimental results suggest that continuous water network

X. = 0.5

x. = 0.3

x. = 0.1

Fig. 7 Domains of high and low polarity as well as of water molecules in agueous mixtures of [Cho]lLys] at molar fractions of the IL, ., of 50, 30 and
10%. High polarity domain is composed of entire choline cations and carboxylate groups of lysinate anions and is shown in red. Low polarity domain
includes side chains as well as C,H-N,H, fragments of lysinate anions and is colored in grey. The aqueous domain is shown in blue. Thus selected
molecular regions are rendered as surfaces with probe radius 1.4 A using Visual Molecular Dynamics program.”’
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Fig. 8 Diffusion coefficients, D, of choline, lysinate and water molecules
as function of the molar fraction of the IL, y. in agueous mixtures of
[Chol[Lys]. Experimental values based on pulse-gradient *H NMR measure-
ments are indicated by open points. Computational values are shown by
full points, and they are based on the simulated MSD functions for centers
of mass of choline and lysinate as well as for oxygen atoms of water
molecules.

ceases at yy, of around 11%. Beyond this value of yy, the extent
of continuous ionic domain increases with the rising content of
the IL, and clusters of water molecules are found to be trapped
within this relatively less mobile ionic matrix. Consequently,
the mobility of the ions and of water molecules ought to change
slower with the increasing yy;, as compared to the case where
ionic aggregates are immersed in the relatively mobile contin-
uous network of water molecules, just as suggested by the
experimental data in Fig. 8.

MSD functions simulated in this work are shown in Fig. S32
of the ESI} file. Computed values of diffusion coefficients for
choline, lysinate and water molecules are in very good quanti-
tative agreement with the corresponding experimental data at
the lowest molar fraction of the IL of 1%. Otherwise, theoretical
diffusion coefficients are found to be generally of higher
magnitude as compared to corresponding experimental values.
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In qualitative terms, however, MD simulations confirm the
existence of the two dynamical regimes in aqueous mixtures
of [Cho][Lys]. Furthermore, just as in the case of experimental
data, MD simulations predict linear dependencies of the diffu-
sion coefficients given in the log scale on the molar fraction of
the IL for all three species when the content of the IL is
relatively low. For IL-rich mixtures, linear dependence of diffu-
sion coefficients on yy;, of reduced slope compared to that for
water-rich mixtures could also be inferred, although this con-
clusion is only based on two data points for each molecule.

3.3 Experimental "H NMR chemical shifts

Fig. 9 illustrates the composition dependencies of the 'H NMR
chemical shifts of aqueous [Cho][Lys] mixtures.

Samples of the "H NMR spectra together with signal assign-
ment for mixtures at y;; of 1.3 x 10™*, 0.11 and 0.40 are shown
in Fig. S33 of the ESLt The dependence of the 'H NMR
chemical shifts of choline and lysinate ions on the molar
composition of the aqueous IL mixture could be generally
considered to be fairly modest as most chemical shifts vary in
the range of only around 0.2 ppm - in contrast, for example, to
aqueous mixtures of some imidazolium ILs where chemical
shift variations of more than 1 ppm could be observed.>*>** As
seen in Fig. 9a, all three '"H NMR chemical shifts of choline
cations are found to be independent of the composition of the
mixture for yy, in the range of 107> to 107>, This finding could
imply the presence of free fully water-solvated choline cations
under these conditions, unless these chemical shifts happen to
be insensitive to the formation of contact ion pairs between
choline and lysinate via hydrogen bonding between their
hydroxyl and carboxylate groups, respectively. Once molar
fraction of the IL rises beyond 103, small upfield shifts of all
three signals can be observed. In the cases of protons in the N-
(CH3); group and at position 1 of choline, their chemical shifts
are reduced by some 0.10-0.11 ppm until an yy;, value of around
0.11 is reached. Further increase in the content of the IL in the
mixture leads to the downfield shifts of these two signals,
eventually increasing by 0.15 ppm at y;; of 0.66. The "H NMR
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Fig. 9 The dependencies of the 'H NMR chemical shifts, 3, of choline and water molecules (a) as well as of lysinate anions (b) on the molar fraction of the

IL, x, of aqueous mixtures of [Chol[Lys]. Refer to Fig. 1 for atom labeling.
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signal of protons at position 2 in choline exhibits similar
dependence, just the character from decreasing to mildly
increasing chemical shift is switched at the yy, value of around
0.25 in this case.

Unlike for choline cations, 'H NMR chemical shifts of
lysinate anions are clearly not converged with the progressing
dilution of the IL even up to an yy value of 1.7 x 107>, see
Fig. 9b. These findings imply that some degree of self-aggregation
of lysinate anions may still take place even in these dilute aqueous
solutions of [Cho][Lys]. The strongest dependencies of chemical
shifts of lysinate were recorded for protons at positions o and ¢ in
the side chain, ie. for protons that were closest to the hydrogen
bonding capable groups of the anion. These NMR signals exhibit
monotonic upfield shifts of around 0.4-0.5 ppm, comparing the
corresponding values of chemical shifts at the lowest and highest
s of 1.7 x 107> and 0.66, respectively. The chemical shifts of
remaining methylene groups in lysinate exhibit a weaker depen-
dence on the composition of the mixture. The "H NMR signals of
the two diastereotopic protons at the f§ position in lysinate could
be resolved separately. The difference between their chemical
shifts is seen to increase with the rising content of the IL in the
mixture, and their composition dependencies are seen to pose
different qualitative characters in the range of yy, from around
0.11 to 0.66.

In general, most pronounced changes in the "H NMR
chemical shifts of choline and lysinate ions occur in the range
of yi from around 107> to 0.66. Remarkably, some of the
chemical shift dependencies of choline and lysinate ions are
seen to switch their qualitative character from decreasing to
increasing at yy, of around 11%, ie at the same point where
dynamical regimes of the mixtures were observed to change. The
dependencies of the chemical shifts shown in Fig. 9 apparently
reflect the dramatic intermolecular reorganization of aqueous
[Cho][Lys] mixtures taking place in this range of their composi-
tion. These restructurings are apparently more complex than a
simple picture in which water molecules surrounding choline
and lysinate ions at low IL content in the mixture are gradually
replaced by ions as yy increases.®® As suggested by present MD
simulations, chemical shift trends in Fig. 9 could be a spectro-
scopic signature of breaking continuous water network and
simultaneously forming continuous ionic domains of higher
and lower polarity at yy;, of around 11%.

Because hydrogen bonding interactions between the ions
and water molecules in aqueous Cho-AA IL mixtures are
extensively formed,'>"#2%237%78 NMR chemical shifts of pro-
tons involved in hydrogen bonds could in principle be excellent
spectroscopic probes of the local structure of these materials.
However, fast proton exchange between water molecules and
polar hydrogen-bonding-capable groups of the ions is expected
to take place meaning that only an averaged value of the
chemical shift of protons involved in exchange could be mea-
sured, as indeed observed for other choline ILs.”® Separate
"H NMR signals from OH groups of choline cations or from the
two amino groups of lysinate anions were never resolved in our
"H NMR spectra of aqueous [Cho][Lys] mixtures, indicating the
occurrence of fast proton exchange in the considered range of
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their molar compositions. In the mixtures where water dom-
inates, the measured chemical shift of 4.78 ppm corresponds to
the value of liquid water, as seen in Fig. 9a. The measured
chemical shift of fast-exchanging protons is recorded to alter
only after the molar fraction of [Cho][Lys] becomes much larger
than 107, eventually suffering a considerable monotonic
decrease of 0.92 ppm at a yy;, value of 0.66.

3.4 Computational "H NMR results

Attempting to unravel the composition dependence of the
chemical shift of protons involved in fast chemical exchange
in Fig. 9a, we turn to the linear response QM/MM calculations.
Assuming fast chemical exchange of protons in water mole-
cules, hydroxyl groups of choline cations and amino groups of
lysinate anions, the observed chemical shift should be related
to the averaged value of their "H NMR isotropic shielding
constants, 0,ye, according to

Oave = XHwOHw T 7HOOHO T YHNaOHNa 1 XHNeTHNe- (1)

In this equation, ¥w, ¥Ho, XHNa ad YuNe are molar parts of
protons in, respectively, water molecules, hydroxyl groups of
choline cations, and amino groups at positions « and ¢ in
lysinate anions, appropriate for a given composition of the
aqueous [Cho][Lys] mixture. Quantities oy, 0110, Orna a0d TrNe
are the corresponding isotropic shielding constants. The
advantage of present integrated MD-QM/MM computational
approach is that it allows for the determination of shielding
constants of protons at every site involved in fast chemical
exchange - something that is generally difficult to accomplish
experimentally. We present the QM/MM-based ensemble
averages of the "H NMR isotropic shielding constants of pro-
tons in water, hydroxyl group of choline and amino groups in
lysinate molecules computed for the [Cho][Lys] ion pair at
infinite aqueous dilution and for aqueous [Cho][Lys] mixtures
at yy, of 10 and 50% in Table 2.

The "H NMR shielding constant of water at infinite dilution
of the [Cho][Lys] ion pair in Table 2 corresponds to that of neat
TIPAP-Ew water, previously calculated by us using virtually
identical computational protocol as in the present work.*?

As seen in Table 2, considerable deshielding of protons of
water molecules and even more so of those in hydroxyl groups
of choline cations with the rising content of the IL in the
mixture is predicted. These results are in fact to be expected
based on present structural analysis showing that these moi-
eties are increasingly involved in strong hydrogen bonding with
the carboxylate groups of lysinate anions with rising content of
the IL in the mixture. In contrast, the shielding constants of
protons in the two amino groups of lysinate anions are com-
puted to be virtually independent of the molar composition of
the mixture. This could have been again anticipated because of
the limited capacity of these groups to be involved in hydrogen
bonding with the carboxylates of the anions even at highest
values of y;. We also note that the thus predicted "H NMR
chemical shifts of the amino groups would be considerably
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Table 2 Computational QM/MM results for *H NMR isotropic shielding
constants (in ppm) of protons in water, choline and lysinate molecules that
are involved in fast exchange. Statistical errors are provided in parentheses.
Also given are the averaged values of shielding constants for given compo-
sition of the mixture. Calculated and measured changes in averaged
chemical shifts of protons in fast exchange with respect to those at infinite
dilution, Adcaic and Adep, respectively, are provided in the last two lines

XIL

Inf. dil. 0.1 0.5
H,0 Criw 28.20% (0.09) 27.87 (0.10) 27.29 (0.08)
Cho" 6ho 28.03 (0.14) 27.26 (0.14) 26.39 (0.16)
Lys~ CrNg 30.07 (0.06) 30.10 (0.06) 30.23 (0.06)

Crne 30.26 (0.06) 30.19 (0.08) 30.27 (0.09)

Cave 28.20 28.247 28.85°
Adeae — —0.04 —0.65
Adexp — —0.07¢ —0.62¢

“ Computed value for neat water taken from ref. 43. * Computed using
eqn (1) with ypw = 18/23, 1o = 1/23 and yuny = fune = 2/23. ¢ Computed
using eqn (1) with yuw = fune = Zune = 2/7 and yuo = 1/7. 4 Estimated
using experimental data shown in Fig. 9a.

smaller than those of water molecules or hydroxyl groups of
choline cations.

The averaged values of the shielding constants of protons in
fast exchange calculated for aqueous [Cho][Lys] mixtures with
s of 10 and 50% are progressively larger than that predicted
for neat water, see Table 2. The results imply the lowering of the
chemical shift of exchanging protons with the rising content of
the IL in the mixture just as recorded experimentally in Fig. 9a,
and this effect is predicted rather accurately in quantitative
terms as well. In conclusion, the upfield shift of protons in fast
exchange observed with the rising molar fraction of [Cho][Lys]
in the mixture is due to the presence of the two amino groups
in the lysinate anions, the protons of which are shielded
considerably more than those of water molecules or hydroxyl
groups of choline cations. The relative weight of the amino
groups into the averaged value of the shielding constant
increases with yy;, leading to the overall upfield shift observed
experimentally. This joint theoretical and experimental finding
shows rather firmly that these amino groups are involved in
hydrogen bonding with the carboxylate groups of lysinate
anions to a considerably smaller extent than water or choline
molecules, in contrast to the conclusion arrived at in ref. 18.

Computational QM/MM results for "H NMR isotropic shield-
ing constants of selected sites in choline and lysinate ions at
infinite dilution and at yy, of 10 and 50% are presented in
Table 3.

The computed values for protons at positions 1 and 2 in
choline at infinite dilution lead to the difference in their
chemical shifts of 0.61 ppm, thus in good qualitative and
quantitative agreement with the corresponding experimental
value of 0.55 ppm. With the rising molar fraction of the IL,
progressive increase in the shielding constant and thus
decrease in the chemical shift of protons at position 2 in
choline is predicted. These results are in line with the experi-
mental measurements in Fig. 9a, and the computed change in
the chemical shift between mixture with yy;, of 50% and infinite
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Table 3 Computational QM/MM results for *H NMR isotropic shielding
constants (in ppm) of protons of selected groups in choline and lysinate
ions for different compositions of aqueous [Cho][Lys] mixture. Statistical
errors are given in parentheses. See Fig. 1 for atom labeling

péis
Inf. dil. 0.1 0.5
Cho* H, 27.78 (0.04) 27.69 (0.05) 27.53 (0.06)
H, 27.17 (0.03) 27.22 (0.03) 27.29 (0.03)
Lys™ H, 28.14 (0.04) 28.30 (0.04) 28.43 (0.05)
H, 28.81 (0.03) 28.81 (0.03) 28.75 (0.04)

dilution conditions of —0.12 ppm compares fairly well to the
corresponding experimental result of —0.19 ppm. For the
protons of the methylene group at position 1 in choline,
computational model suggests a monotonic upfield shift with
the rising content of the IL in the mixture, increasing by
0.25 ppm at yy, of 50% compared to the case of free water-
solvated choline cations. The computed difference is considerably
larger than 0.04 ppm observed experimentally. Furthermore,
however, the model fails to predict the recorded change in the
character of the composition dependence of this NMR signal from
decreasing up until yy, of around 11% and increasing beyond
that. Arguably, experimentally observed rather subtle variation of
this chemical shift by some 0.1 ppm may be beyond the accuracy
achievable by present computational scheme.

We have also attempted to compute the dependence of the
chemical shifts of protons at positions « and ¢ in lysinate anions
on the composition of the mixture, see Table 3. At infinite
dilution, the difference between chemical shifts of protons in
these two groups is predicted to be 0.67 ppm, thus considerably
larger than experimental value of 0.36 ppm recorded for yy, of
1.7 x 107>, As discussed above, experimental data in Fig. 9b
suggests that lysinate anions may not be at the conditions of
infinite dilution even at this low value of y;, and that could be the
origin of the quantitative disagreement between computational
and measured values. In line with experimental observations, QM/
MM calculations predict a monotonic decrease of the chemical
shift of the proton at position o in lysinate with increasing yy. At
the yy, value of 50%, the computed chemical shift is thus by 0.29
ppm smaller than that at infinite dilution. This computational
result compares to the corresponding experimental estimate of
around 0.40 ppm fairly well. However, QM/MM scheme predicted
that chemical shift of protons at position ¢ is virtually indepen-
dent on the composition of the mixture, thus in stark disagree-
ment with experimental data in Fig. 9b where this particular
chemical shift exhibits largest variation with the content of the IL
in the mixture.

Discrepancies between our computational and experimental
NMR results suggest the possibility of certain imperfections in
the computational model applied in this work. The accuracy of
an integrated computational approach that combines classical
MD simulations and QM/MM electronic structure calculations
of NMR shielding constants depends on an interplay of a few
factors, such as the quality of the force field used in the MD
simulations as well as the electronic structure method selected
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for QM/MM calculations. As the ultimate aim here is to
investigate the dependence of structural properties of binary
aqueous IL mixtures on their composition, the reliability of the
effective potential used in the MD simulations is of utmost
importance, also because the structure of the molecular system
governs its properties, including its NMR spectra. The said
discrepancies could be potentially linked to the rather standard
pair-wise potential used in the MD simulations in this work.
To date, there are no force fields developed specifically for Cho-
AA ILs. Furthermore, the force field parametrization for ions of
[Cho][Lys] was assumed to be independent of the composition
of aqueous IL mixtures, and in particular the point charges
developed specifically for different compositions of a binary
mixture could lead to improvement of the structural results as
demonstrated previously.*”®! These issues could be partly
mitigated by using polarizable potentials, the development
of which for the IL systems is currently pursued.®” Despite
the few discrepancies, the fact that we have obtained reason-
able qualitative and quantitative agreement between computed
and measured diffusion coefficients — a property that is known
to be particularly challenging to model for IL systems using
classical simulations®® - lends some support to the validity of
the force field parametrization selected for ions of [Cho][Lys] IL
and water molecules in this work. Further justification is due
to, in most cases, the correctly predicted trends for the "H NMR
chemical shifts, and in particular due to the qualitatively and
quantitatively correctly described behaviour of the 'H NMR
chemical shift of fast-exchanging protons. We are therefore
inclined to believe that present study constitutes a substantial
contribution to the development of general computational
spectroscopy protocols for accurate prediction of NMR proper-
ties of ionic liquid materials in bulk phases.®*

4. Conclusions

In this work, the intermolecular organization of aqueous mix-
tures of the choline lysinate ionic liquid was scrutinized via
complementary 'H NMR experiments and molecular modelling
techniques including classical MD simulations and linear
response QM/MM approaches for computing NMR shielding
constants. Dependencies of the "H NMR chemical shifts on
molar composition of aqueous [Cho][Lys] mixtures with molar
fraction of the IL in the range of 1.7 x 107> to 0.66 were
measured. The "H DOSY experiments were performed to obtain
diffusion coefficients of choline, lysinate and water molecules in
mixtures with yy;, in the range from 0.01 to 0.25. MD simulations
of aqueous [Cho][Lys] mixtures ranging from single ion pair at
infinite dilution to equimolar composition were conducted. To
rationalize the observed dependencies of '"H NMR chemical
shifts of choline, lysinate and water on the molar composition
of aqueous IL mixtures, extensive QM/MM calculations of the
'"H NMR isotropic shielding constants for sets of molecular
snapshots taken from the MD trajectories were performed.
Analysis of MD trajectories recorded for aqueous [Cho][Lys]
mixtures with yy, of 1, 5, 10, 30 and 50% demonstrates clearly

14800 | Phys. Chem. Chem. Phys., 2025, 27,14790-14803

View Article Online

Paper

that the extent of intermolecular contacts between choline
cations and lysinate anions intensifies with the rising content
of the IL in the mixture. Counter ions were found to interact in
two main ways - hydrogen bonding between hydroxyl group of
cations and carboxylate group of anions, and by carobxylates of
anions condensing around the bulky N-(CH;); moieties of
cations. In addition, self-aggregation of cations through prolific
intermolecular contacts between their N-(CH;); moieties as well
as through interactions between hydroxyl and N-(CHj;); groups
were observed. In the case of lysinate anions, progressive aggre-
gation of their side chains was seen with the increasing content
of [Cho][Lys] in the mixture as well. Formation of continuous
polar domain composed of choline cations and carboxylate
groups of anions and continuous nonpolar domain composed
of side chains of lysinate anions was confirmed for aqueous
mixtures of [Cho][Lys] with yy;, of 30 and 50%. In these systems,
small linear clusters of water molecules situated at the interface
of polar and nonpolar domains are formed which become larger
with the increasing content of water in the mixture. At yy, of
10%, water is already found to form a continuous network that
surrounds large clusters of choline and lysinate ions.

Two fast and slow dynamical regimes of aqueous [Cho][Lys]
mixtures could be identified based on the 'H DOSY measured
dependencies of the diffusion coefficients of choline, lysinate
and water molecules on the composition of the mixture. The two
regimes are found to switch at yy, of around 11%. Predicted
diffusion coefficients show rather good quantitative agreement
with experimental data and support the existence of the two
dynamical regimes. The results of present study allow proposing
that continuous water network breaks at this particular compo-
sition of the mixture, leading to the formation of comparatively
less mobile water pockets within the matrix of continuous polar
and nonpolar ionic domains. Interestingly, measured composi-
tion dependencies of the "H NMR chemical shifts of some sites
in choline and lysinate were found to switch character from
decreasing to increasing at j;;, of exactly 11% as well.

The protons in the hydrogen-bonding-capable groups of
choline and lysinate as well as those of water molecules were
found to be in the regime of fast exchange within the entire
range of molar compositions of aqueous [Cho][Lys] mixtures
studied. Even though water molecules and hydroxyl groups of
choline cations are progressively involved in strong hydrogen
bond interactions with carboxylate moieties of lysinate anions
with the rising content of the IL in the mixture, the NMR signal
of exchanging protons was measured to exhibit a prominent
upfield shift of 0.92 ppm in the range of y;;, from around 10>
to 0.66. Large-scale QM/MM calculations of "H NMR isotropic
shielding constants confirm that protons of water molecules
and of hydroxyl groups in choline become progressively
deshielded in the mixtures with higher content of the IL. The
observed upfield shift turns out to be due to the protons in the
two amino groups of lysinate anions. The 'H NMR shielding
constants of these groups are predicted to be considerably
larger than those of water molecules and OH groups in choline
cations, and they are virtually independent of the composition
of the mixture. The computed dependence of averaged
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shielding constant of the fast-exchanging protons on the com-
position of the mixture is thus found to be in very good
qualitative and quantitative agreement with experimental
results. With one exception, the QM/MM based predictions of
the dependencies of '"H NMR chemical shifts on y; show
reasonable agreement with experimental findings, giving sup-
port to the validity of present structural results.
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