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REVIEW ARTICLE

Good vibrations: understanding deep eutectic solvents
through the lens of vibrational spectroscopy

Catarina F. Araujo?, Dinis O. Abranches?, Joao A. P. Coutinho?, Pedro D. Vaz®,
Paulo Ribeiro-Claro®, and Mariela M. Nolasco®

3CICECO-Aveiro Institute of Materials, University of Aveiro, Aveiro, Portugal; "Champalimaud Center for
the Unknown, Champalimaud Foundation, Lisbon, Portugal

ABSTRACT KEYWORDS

This review highlights the variety of ways in which vibrational spec- Infrared spectroscopy;
troscopy can be of use in understanding why deep eutectic solvents Raman spectroscopy;
(DESs) behave the way they do. Throughout six themed sub-sections, ~ nelastic neutron scattering;
selected studies are showcased to illustrate the kind of information ;or;zu?:%r;: dss‘,’i:g& Scclj)lg?"
that can be garnered using different vibrational spectroscopy techni- st{uctSre '

ques, warn against common pitfalls, and advise on best practices.

More than 150 studies on the subject have been surveyed, encom-

passing a variety of techniques from those widely available, such as

infrared and Raman spectroscopy, to niche tools, such as inelastic

neutron scattering and two-dimensional infrared spectroscopy. The

merging of computational chemistry and vibrational spectroscopy

tools, arguably the most exciting partnership in the field, is discussed

in a section of its own. With this polyvalent toolkit of techniques,

one may assess hydrogen bond formation among DES constituents,

probe their conformational preferences, determine what happens

when DESs solidify (phase segregation into pure compounds or

novel framework formation?) and investigate their molecular distribu-

tion at the nanoscale level (homogenous solution or nanodomain

formation?). Hopefully, researchers who are starting to use these

techniques will find this review a useful guide while new arrivals will

be inspired by their potentialities.

1. Deep eutectic solvents - an emerging trend

Deep eutectic solvents (DESs) have been in the spotlight for 20 years, a period in which
the number of publications on the subject, according to a search on Scopus, rose above
the 10,000 mark. The term “deep eutectic” stems from the peculiar phenomenon that
the melting point of a DES is significantly lower than that of a thermodynamically ideal
mixture of its components. They are usually prepared by physically mixing Lewis or
Bronsted acids and bases or, more generically, hydrogen bond donors (HBDs) and
acceptors (HBAs). DESs are frequently conflated with ionic liquids, both being regarded
as novel green solvents. However, even though they share some similarities, such as low
volatility and high tunability, there is a fundamental difference between the two: ionic
liquids are pure salts while DESs are mixtures of different compounds.!"! DESs are

CONTACT Paulo Ribeiro-Claro @ prc@ua.pt @ CICECO-Aveiro Institute of Materials, University of Aveiro, Aveiro,
Portugal.
© 2024 Taylor & Francis Group, LLC
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Table 1. DES categories according to the nature of their constituents.
Adapted with permission from™ under the terms of the CC-BY-NC-ND

license.

DES category Constituents

Type | Organic salt + metal halide

Type Il Organic salt + hydrated metal halide

Type lll Organic salt -+ nonionic HBD (e.g., choline chloride/urea)
Type IV Metal halide + nonionic HBD

Type V Two nonionic compounds: HBD + HBA (e.g., thymol/menthol)

classed into one of five categories depending on the nature of their constituents,*™*

according to Table 1.

The commonest DES category found in the literature is, by far, Type III DESs,
formed by an organic salt acting as the HBA and a neutral molecule serving as the
HBD. This is the case of the mixture of choline chloride (ChCl)! and urea, initially pro-
posed by Abbott and his team,”! which has an ideal eutectic temperature of 73 °C while
the actual eutectic mixture, at 67% mol of urea, melts in the 25-30 °C range.®*!

Commonly marketed as cheap, sustainable, derived from natural sources and non-
toxic - epithets far from being universally applicable!'®'*) - DESs are regarded as a
new generation of sustainable green solvents.!"®***! Their broad range of applications
has sparked industrial interest and fueled intense research into their macroscopic prop-
erties, while fundamental studies on the molecular mechanisms behind the melting
point depression and the nature of the liquid phase have lagged behind.

The present review will explore the most important reports employing vibrational
spectroscopy in the study of DESs. Even though the number of DES reviews is probably
already in the four digits, and some recent reviews'?' %! briefly mentioned the aspects
that will be the focus of this work, a comprehensive and insightful exploration of the
role of vibrational spectroscopy in DES research is still lacking.

A word of caution must now be given: it is well known that not all of the mixtures
that are advertised as DESs actually qualify as “deep eutectics” - some of them do not
even meet the criteria for being eutectics at all. It became common practice in the field
to prepare mixtures at defined molar ratios (1:1, 1:2, etc) and call them “DESs” as long
as a) they were liquid at room temperature and/or b) their melting point was lower
than that of their pure components and/or c) one of their components was choline
chloride. As expertly discussed in a few recent papers,1>>2¢%7] many of these supposed
DESs are simple eutectic mixtures displaying melting points that textbook thermody-
namics can predict based solely on the melting point and enthalpy of fusion of the pure
components. That is, they do not exhibit a deep melting point depression relative to the
melting point of the ideal mixture. The difference between a regular eutectic and a deep
eutectic is illustrated in Figure 1.

Still, given the impracticality of verifying, case by case, whether a mixture presented
as a DES is indeed a deep eutectic, the authors of this review decided to include all
studies which claim to study DESs even when that claim might prove untrue. The

"“Choline” is the commonly encountered name for the 2-Hydroxy-N,N,N-trimethylethan-1-aminium cation. While some
authors prefer to refer to it as “cholinium”, for the sake of consistency with the majority of literature sources, the
present work adopts the “choline” term.
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Figure 1. General solid-liquid equilibrium diagram where the red line represents the ideal melting
curve and the blue line represents the experimental melting curve of a deep eutectic. In a regular
eutectic, the blue line would deviate little from the red line. The black line has no physical meaning.
Reprinted from,! 2019, with permission from Springer Nature.

information gathered in these studies remains relevant, providing insights into the
nature of actual DES systems through the lens of vibrational spectroscopy.

2. A Molecular perspective of the deep eutectic phenomenon

The behavior of DESs is one of the hottest topics in contemporary chemistry. This
attention should go well beyond just finding practical applications for these solvents, as
the mechanism underlying deep eutectic phenomena is intrinsically interesting, as is
addressing fundamental questions concerning the physical principles governing supra-
molecular chemistry. This would lead to the creation of novel DESs and would be useful
for non-solvent applications as well. An example is the development of liquid forms of
active pharmaceutical ingredients, thereby circumventing the hassle of polymorphic
transitions and poor aqueous solubility.?*28-3]

Several theoretical studies have explored the molecular structure of DESs with
a focus on intermolecular interactions. Zahn, in his hypothesis “similia similibus sol-
vuntur’®” (“like dissolves like”), points to a complex mesh of “overall similar interac-
tions between all constituents”, a notion reiterated in Ashworth’s density functional
theory (DFT) study®® which identifies a great variety of possible HBAeseHBD interac-
tions, ranging from soft to strong, likely to occur in the choline chloride:urea DES.
Charge transfer among the anion and the HBD, proposed by Carriazo et al.'* as the
underlying cause of negative deviations from ideality, has been challenged by Zahn and
coworkers’s ab-initio molecular dynamics simulations,*® suggesting the main driver to

[25,32-50]
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be charge transfer between the cation and anion. Wagle’s ab-initio study®®! proposes
that the bond order of the cholineeeechloride interaction, but not of HBDeeechloride
contacts, correlates with the melting point depression, a view supported by Migliorati
and colleagues.!*”]

A smaller sample of experimental studies””' ! has used the power of neutron diffrac-
tion techniques to shed light on the nanostructure and dynamics of DES. Hammond
and colleagues,”” in a neutron diffraction study performed at 303K, describe a
“radially layered sandwich structure” where hydroxyl groups in choline cations and N-
H moieties in urea strongly interact with the chloride anion, forming clusters which
also feature weaker cholinesssurea and ureaeseurea contacts. Similar findings are shared
in another neutron diffraction study by Hammond et al.”>® on the 1:1 choline chloride:-
malic acid mixture. The choline-OHeeechloride interaction is, again, found to be a
“dominant ordering interaction”, followed by C-Heeechloride contacts at the cationic
head. A weaker but clear correlation is found for malic acidesechloride interactions
while cholineesemalic acid contacts are negligible.

Temperature alters the equilibrium among competing intermolecular interactions as
shown by Gilmore and coworkers”®'! in a neutron diffraction study of choline chlori-
de:urea (1:2) and choline chloride:oxalic acid (1:1) at 338 K. The strong choline-
OHeeechloride interaction, found at lower temperatures, weakens when the temperature
rises, likely due to the increased rotational mobility of the choline cation. As a result,
HBDeeechloride associations become the most dominant structural feature at higher
temperatures. It is unclear, though, how esterification and degradation effects later
observed for these choline chloride:oxalic acid mixtures'®® might have affected the con-
clusions drawn.

The choline chloride:glycerol system has been the object of Faraone and co-worker’s”™®
neutron spin-echo study, finding that choline cations are relatively unbound, occupying
the interstitial voids of the surrounding, highly cooperative, glycerol hydrogen bond net-
work. As demonstrated by McDonald et al®”) in a neutron diffraction study, when gly-
cerol is mixed with an alkylammonium bromide the two components segregate into
discrete domains, where the alkylammonium cations associate into disordered bilayers,
with bromide anions sitting at the outer edge, close to the cationic head, while glycerol
surrounds the ionic domains, forming a continuous network similar to that found in neat
glycerol and glycerol-water mixtures.

In short, while theoretical and neutron diffraction studies have extensively explored
the molecular structure of DES, there is still ample room for the unique contributions
of vibrational spectroscopy, whose fitness for the task will be discussed in the next
section.

3. Vibrational spectroscopy - is it useful for studying DES?

Vibrational spectroscopy is oftentimes hailed as a useful tool for probing molecular
structure, hydrogen bond dynamics and even, in some cases, supramolecular architec-
ture. For instance, Raman and infrared spectroscopies have successfully been used to
detect the presence of different conformers,® the formation of intermolecular com-

plexes,®®®!) and to distinguish among various crystal polymorphs.? However, a
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common drawback inherent to vibrational spectroscopy data is its complexity, with rele-
vant information regarding structure-sensitive vibrational modes often getting buried
under other less interesting, albeit intense, spectral bands. Another difficulty lies with
the great variety of factors that influence the wavenumber and intensity of vibrational
modes - the existence of different conformers and tautomers, strength of intermolecular
interactions, dielectric constant of the medium, crystal field splitting effects, Fermi res-
onance — so that it is often difficult to isolate which factors underlie a change in fre-
quency/intensity.

Naturally, the aforementioned drawbacks become more relevant as the complexity of
the system under study increases, with liquids and disordered solids presenting more
challenges than crystals and gases, as well as pure components being more amenable
than mixtures. In that sense, studying deep eutectic solvents using vibrational spectros-
copy might be a recipe for disaster: the object of study is a mixture, the physical states
of interest are liquid, often in equilibrium with disordered solids (e.g., high-temperature
polymorph of choline chloride!®'), and the mixture components are organic molecules
and ion pairs whose pure spectra are, more commonly than not, already complex by
themselves.

Nevertheless, several authors have used vibrational spectroscopy to study DESs. In
many cases, vibrational analysis of DESs is somewhat superficial, used to confirm the
identity of DES constituents'®"® and to assess the establishment of intermolecular
interactions among them.””~*’! Standing out from the main body of literature is the
work of Elderderi and colleagues!*°°% who have devised a spectroscopy-based alterna-
tive to Karl-Fischer titration. In their work, the amount of water in DESs is quantified
through a combination of vibrational spectroscopy and multivariate analysis achieving
mean errors between 1% and 4% (w/w).

A growing body of work takes full advantage of the strengths of vibrational spec-
troscopy, often pairing experimental techniques with computational simulations, to
achieve a deeper understanding of the molecular phenomena underlying deep eutectic
behavior.!*5°%107171 The following sub-sections attempt to provide a well-rounded
view of the versatile ways in which vibrational spectroscopy is aiding the unraveling
of deep eutectic phenomena by grouping research works according to their approach
in the study of DES.

3.1. Sensing and making sense of hydrogen bonds in DESs

The formation of hydrogen bonds among the hydrogen bond donor and the acceptor is
often considered the driving force for the melting point depression in deep eutectic sys-
tems. It is then unsurprising that, for the most part, vibrational analysis of DESs usually
focuses on those spectral regions likely to indicate hydrogen bond formation. One such
pioneering study, by Perkins and coworkers,!'*”) compared the Fourier-transform infra-
red spectroscopy (FTIR) spectra of choline chloride, urea and their eutectic mixture in
the regions of the N-H/O-H stretch (3100 cm™! and upwards) as well as C=0O stretch
and NH, deformation (1500-1800 cm™'), as shown in Figure 2.

The band corresponding to the OH stretch is intense and located at 3256 cm™  in the
spectrum of choline chloride. The authors argue that, in the eutectic mixture, MNOH gives

1
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Figure 2. Infrared spectra of choline chloride (green line), urea (red line), and their eutectic mixture
(blue line) in the mNH/mOH region (left panel) and mC = 0/dNH, region (right panel). Reprinted with
permission from."">® Copyright 2013 American Chemical Society.

rise to the shoulder visible at 3256 cm™", indicating that the strength of OHeeeCl" inter-
action is not altered by forming the deep eutectic. This attribution is likely unsound
since, in the liquid mixture, the OH stretch is expected to give rise to a broad band
which becomes buried under the more structured profile stemming from N-H
modes.!"* still, the neutron diffraction study by Hammond and colleagues'>* confirms
conclusion that the OHeeeCl interaction is fairly conserved, showing that the average O-
Heee(Cl distance in the DES is the same as that found in the pure choline chloride
crystal.

Urea’s NH, asymmetric and symmetric stretching modes give rise to the sharp bands
at 3458 cm™ ' and 3345cm™ " in the spectrum of the urea crystal. In the eutectic mixture,
the same modes are found at lower frequencies, as a shoulder at circa 3400cm™" and
the maximum at 3326 cm™', merged into a broad profile which indicates the formation
of a diverse array of hydrogen bonds. The red-shift of "NH when going from pure urea
to the eutectic mixture is interpreted as resulting from the formation of stronger hydro-
gen bonds, those among N-H moieties and chloride anions. This conclusion, even
though not explicitly stated, is in direct contradiction with the analysis of the NH,
deformation mode. In pure urea the main contributions to the bands at 1689 cm™' and
1631cm™" are the NH, symmetric and asymmetric deformation modes. The band at
1606 cm™" stems mainly from the C=0O stretch, even though there is significant cou-
pling between dyNH, and mC=O modes. In the eutectic mixture, the band at
1668cm™" is said to originate mainly from d,,NH2 and the one at 1616cm ' to
mostly stem from mC=O. Being so, NH, deformation undergoes a red-shift which is
contrary to the formation of stronger N-HeeeCl hydrogen bonds.

The contrast is even more striking if we consider the analysis made in the work of
Araujo and coworkers,'®” where deuteration studies prove that the band at higher fre-
quency, in the eutectic mixture, results mainly from the contribution of mMC=0 while
the one at lower frequency is mostly d,,,NH,. According to these authors, the red-shift
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in N-H stretching frequencies does not result from the formation of stronger hydrogen
bonds, but rather from urea’s loss of planarity, which weakens the N-H bond. As dis-
cussed further in Section 3.2, urea is planar in the pure crystal but adopts a slightly pyr-
amidal shape in the liquid state and a fully pyramidal shape in the gas phase. Therefore,
some of the changes observed when comparing the spectrum of pure crystalline urea
with the spectrum of the DES are a direct result of going from the solid to the liquid
state and not exclusively related to DES formation. Thus, to provide any meaningful
insight into the liquid phase of DESs and, given that the liquid phases of the pure pre-
cursors are often experimentally inaccessible, this type of studies should cover an exten-
sive DES composition range (optimally starting and ending near pure-component
compositions) rather than merely delving on the erroneous notion of a single, stoichio-
metric DES ratio.

Zhu and coworkers!"*® studied the FTIR spectra of DESs based on choline chloride
and phenolic compounds, including phenol, p-cresol and p-chlorophenol. For the three
mixtures in study, as shown in Figure 3, the OH stretching band is a broad envelope
whose maximum sits in the 3160-3210cm™" interval while the corresponding band in
the spectra of the pure components (in liquid form) is found at higher frequencies,
within the 3320-3340 cm™' range.

The significant red-shift of MOH when going from the pure HBD to the mixture is
attributed to the formation of OHeesCl hydrogen bonds, which are stronger than the
OHe+*OH bonds present in the pure liquids. Although the intensity from choline’s OH
stretching mode is buried under this broad envelope it is expected to have a minor con-
tribution which does not affect the location of the maximum. This is because choline’s
signals, in the remainder of the infrared spectrum, are weak in comparison to those of
the phenolic compounds.

The extent of the MOH red-shift is proportional to the hydrogen bond donating cap-
acity of the phenolic compound - greatest for p-chlorophenol, whose chloro substituent
withdraws electrons from the aromatic ring and lowest for p-cresol, whose CH; group
has an electron donating effect thereby reducing the acidity of the OH moiety. It is
interesting to note that while the spectrum of liquid phenol, shown in Figure 3, displays
a MOH envelope with a maximum at ~3330cm™", the corresponding infrared profile of
the phenol crystal is red-shifted by more than 100 cm™', displaying a maximum at circa
3200 cm ™ ['7?) This stark difference is owed to the fact that, in the crystal, phenol mole-
cules form infinite arrays of cooperative hydrogen bonds, whose strength diminishes
upon breaking into small oligomers in the pure liquid. In the choline chloride:phenol
eutectic mixture, whose infrared NOH band has a maximum at 3185cm™", phenolic OH
moieties establish OHeeeCl hydrogen bonds which are as strong as the cooperative
OHe+*OH bonds found in crystalline phenol.

Cappelluti and coworkers!'**! propose a rational way of selecting DES constituents,
using molecular dynamics simulations to estimate the melting point depression of the
final mixture. They studied various systems based on choline chloride and substituted
phenols whose melting point depression (relative to an ideal solution) ranged from very
significant (+100K) to negligible. A linear correlation was found between the melting
point depression and the integral of the first peak in the radial distribution function of
the Opppe**Cl interaction, obtained through molecular dynamics simulations. As
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Figure 3. FTIR spectra of the three phenolic hydrogen bond donors, phenol (upper panel), p-cresol
(middle panel) and p-chlorophenol (lower panel) as well as their corresponding eutectic mixtures with
choline chloride. Reprinted from,"'*® Copyright 2017, with permission from Elsevier.
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Figure 4. Upper panel: Correlation between the melting point depression (DTm) and the integral of
the first peak in the radial distribution function of the Opgpe**Cl interaction. Lower panel: Correlation
between the integrated area of Raman bands stemming from newly formed ClessHBD interactions
and the integral of the first peak in the radial distribution function of the Opgpe*sCl interaction.
Reprinted from,"">* Copyright 2022, with permission from Elsevier.

displayed in the upper panel of Figure 4, the higher the coordination number of the
chloride anion the more pronounced the negative deviation from ideality. Raman spec-
troscopy supports this correlation. First, vibrational modes sensitive to hydrogen bond
formation were selected. Then a peak deconvolution procedure was applied in order to
distinguish the contributions stemming from the pristine components and those origi-
nating from the newly formed CleeeHBD interactions. The ratio of the integrated areas
of the aforementioned contributions, when plotted against the first peak integral of the
Ogpp***Cl RDF yields the linear correlation shown in the lower panel of Figure 4: The
authors conclude that the chloridess*HBD coordination number must be at least 0.7 for
the mixture to be considered a DES (corresponding to a melting point depression of
75K) and propose this computational approach as a useful method for pre-selecting
DES components, although the foreseeable significant role played by the size of the
HBD on this heuristic remains unclear.

Schaeffer et al.l"*?! studied the menthol:thymol system, a nonionic Type V DES
whose eutectic temperature is 60K lower than that predicted for an ideal mixture.
Raman spectroscopy was used to study the evolution of hydrogen bonding distribution
both with composition and temperature. As shown in Figure 5, the deconvolution of
the OH stretching envelope of menthol:thymol mixtures encompasses various contribu-
tions stemming from OHeesOH interactions whose strength spans from strong to weak.
Menthol-menthol interactions are the strongest, giving rise to the purple and blue
bands; menthol-thymol interactions are of intermediate strength and result in the green
band; thymol-thymol interactions are the weakest, giving rise to the orange band while
free thymol groups contribute with the gray band.

The non-ideality of the menthol:thymol eutectic mixture decreases with increasing
temperature, with thymol displaying an activity coefficient of 0.3 at 223K and 0.9 at
463 K, a value which indicates a behavior close to ideality (i.e., activity coefficient of 1).
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Figure 5. Raman spectra of the 1:1 thymol:menthol mixture collected at different temperatures (black
line). Deconvoluted contributions are shown as gaussian peaks in different colors and the red line cor-
responds to the sum of fitted peak contributions. Reprinted with permission from.'#?! Copyright 2021
American Chemical Society.

In order to better understand the molecular basis for this change, the authors studied
the evolution of Raman spectra of the menthol:thymol eutectic mixture with tempera-
ture, as shown in Figure 5. At 213K, which is slightly above the glass transition tem-
perature of the eutectic mixture, there is a preponderance of strong (blue) and medium
strength (green) contributions while free hydroxyl groups are absent. As temperature
rises toward room temperature, strong and medium OHeesOH bonds lose ground in
favor of an increase in weakly bound (orange) and free (grey) OH moieties. Molecular
dynamics simulations confirm these observations, showing a general decrease in the
total number of H-bonds with increasing temperature with the steepest decrease
observed for inter-species H-bonds. The authors conclude that the non-ideality of the
menthol-thymol system is largely due to the formation of inter-species hydrogen bonds
and that their breakage is responsible for the shift toward ideality observed for higher
temperatures.

Silva and colleagues!”! studied a series of binary mixtures of choline chloride with
urea, methylurea and 1,3-dimethylurea. While in the well-known choline chloride:urea
system the HBD displays a significant negative deviation from ideality, methylation of
urea’s N-H moieties leads to a gradual reduction of the melting point depression so
that in the choline chloride:1,3-dimethylurea system the HBD behaves ideally. The
authors argue that the molecular basis for the observed deviation from ideality in the
choline chloride:urea system is the propensity of urea to interact with the chloride
anion. As the interaction sites of urea become blocked, the N-HeeeCl interaction
becomes progressively weaker and thus less energetically advantageous. A combination
of Raman spectroscopy and DFT lends credence to this hypothesis. The Raman spectra
of the eutectic mixtures in study is compared with the sum of the spectra of choline
chloride’s beta polymorph and the urea-family compound in its liquid state, as shown
in Figure 6. The maxima of the intensity profile in the N-H stretching regions appears

171



APPLIED SPECTROSCOPY REVIEWS . 1

A) ChCl: Urea B) ChCl : Methylurea C) Chcl: 1,3-dimethylurea

3368

37¢ 3374

b
3

g 3381

cm! cm? em?

3100 3200 3300 3400 3500 3600 3100 3200 3300 3400 3500 3150 3250 3350 3450 3550

Figure 6. Raman spectra (black line) of eutectic mixtures based on choline chloride and (A) urea, (B)
methylurea, and (C) 1,3-dimetylurea; upper panel: sum spectra of the Raman intensities of beta cho-
line chloride and the HBD in the liquid state; lower panel: observed Raman spectra of the actual
eutectic mixtures. Deconvoluted peaks shown in blue correspond to the contribution of the symmetric
mN-H vibrational mode and the red line represents the deconvolution fit. Reproduced from!"”" with
permission from the Royal Society of Chemistry.

at lower wavenumbers in the spectra of the mixtures relative to the spectra of the pure
components signaling that the newly formed N-HeeeCl interaction is more favorable
than the N-HeeeO = C interactions found in the pure urea-family compounds.

The red-shift of the N-H stretching frequency is greatest for the choline chloride:urea
system and lowest for the choline chloride:1,3-dimethylurea mixture, following the same
trend as the negative deviation from ideality. The strength of the N-HeeeCl interaction,
estimated by discrete DFT calculations, correlates linearly with the N-H frequency shift,
as depicted in Figure 7, confirming that for the series of eutectics in study the melting
point depression is driven by the strength of N-HeeeCl interactions.

Before delving into the next section, exploring the role of vibrational spectroscopy in
assessing conformational changes associated with DES formation, a short reflection is
warranted. First of all, it is undeniable that infrared and Raman spectroscopies are cap-
able of detecting hydrogen bond formation in DESs. With the right analysis tools, a
relationship between the strength of hydrogen bond formation and the extent of the
melting point depression can be derived. Barring the formation of co-crystals, which
constitute a special case, when comparing the eutectic mixtures discussed within this
section, one concludes that stronger adhesive interactions between HBA and HBD lead
to greater negative deviations from ideality. However, this is precisely the conclusion
expected at the start, given the general premise that hydrogen bond formation is the
driver of deep eutectic behavior. Therefore, caution must be exerted when interpreting
the finer vibrational details, as not to blindingly attribute every observed red-shift to the
strengthening of intermolecular interactions when that is not always the case. An
example of such misguided attribution is Perkins et al.’s interpretation of the red-shift
of urea’s MNH modes,!"*” readily taken as evidence that ureaeeschloride interactions are
stronger than ureaeesurea interactions when the shift of urea’s deformation modes point
to the opposite direction. In this system, the observed changes have more to do with
the transition from an organized, cooperatively bonded crystal to a disorganized liquid
(see, for example, the spectrum of amorphous ureal'”?! and the discussion in Section
3.2). Whenever contradictory evidence arises, or superimposed vibrational modes raise
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Figure 7. Correlation between the red-shift in mN-H frequency and the interaction energy calculated
using DFT from discrete cluster models of the chloride anion interacting with a) urea; b) methylurea
and ¢)1,3-dimethylurea. Reproduced from!"”"! with permission from the Royal Society of Chemistry.

doubt as to their attribution, complementary techniques should be sought in order to
rule out the false hypothesis. For instance, through selective deuteration, it is possible to
shift the vibrational modes of a target functional group while the remainder stay in
place. This strategy was used by Araujo et al.'® to distinguish between the deform-
ation mode of urea’s N-H moieties and the stretching mode of its C=0O bond and to
show that choline’s vOH stretch is a weak and broad contribution buried under the N-
H stretching envelope of the DES spectrum so that it cannot be attributable to any dis-
tinguishable maximum.

All in all, as a rule of thumb, when interpreting complex spectra with overlapping
signals, it is important to compare the information given by complementary spectro-
scopic techniques and use quantum chemical calculations to guide the interpretation. A
final word of caution is issued against the over-reliance on band deconvolution proce-
dures, since slight changes in the fit peaking parameters may result in wide variations
in deconvoluted peaks. Despite these caveats, the works discussed within this first sec-
tion illustrate the capabilities of vibrational spectroscopy in identifying the formation
and estimating the strength of hydrogen bonds in deep eutectic solvents.

3.2. Beyond H-bonds: probing shape through skeletal vibrations

So far, most spectroscopic studies on DESs focused on vibrational modes which directly
reflect upon the formation of hydrogen bonds such as mO-H and mC=O stretching
modes, while largely neglecting the remaining portions of the spectra. Considering that
the melting point depression is commonly viewed as a phenomenon largely driven by
the formation of hydrogen bonds between the HBA and HBD, the focus on X-H
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stretching modes is understandable. Still, it is important to analyze the skeletal and low
frequency regions, which contain information on skeletal structure and three-dimen-
sional arrangement. Understanding skeletal structure aids in building better model clus-
ters (see Section 3.3) and correctly interpret frequency shifts in stretching modes (see
Section 3.1) while probing the three-dimensional molecular arrangement within the
DES helps to shed light upon weak intermolecular contacts and the general level of
order/disorder in the medium.

A very straightforward example of vibrational spectroscopy elucidating molecular
structure is found in the work of Jiang and colleagues!'**) who use Raman and UV-Vis
spectroscopy to determine the state of iron complexation in Type I DESs based on
FeCl; and quaternary ammonium chlorides. As shown in Figure 8, for all the DESs in
this study, a clear, strong band is identified at 332cm™" in the Raman spectra, a well-
known marker of the presence of a tetrahedral iron chloride anion (FeCly).

A more complex example is found in a computational spectroscopy study by
Araujo and coworkers,!"®®) where a fingerprint mode of the choline cation - the C-
N totally symmetric stretching mode (Mg, C-N) - informed that most choline mole-
cules in the liquid DES are found in the gauche conformation, thus preserving the
skeletal geometry found in the ChCI crystal. The m,,,C-N from gauche choline is an
intense mode in the Raman spectrum, located at 719 cm™" for the pure crystal and
714cm™" in the liquid DES, as depicted in Figure 9. The DES spectrum features a
novel weak band at 767 cm™' which shows at the same wavenumber when urea is
replaced by deuterated urea. Therefore, the 767 cm™' band originates from the cho-
line cation and is assigned to a small population of the trans conform in the eutectic
mixture, similar to what occurs in aqueous solutions. The m,,C-N band is a handy
probe for quickly assessing the conformation of the choline cation in any eutectic
mixture and, based upon that information, build more realistic molecular models of
the liquid ensemble.

332

400 ' 350 ' 300 ' 250
Raman shift (cm")

Figure 8. Raman spectra of eutectic mixtures based on FeCl; and choline-like quaternary ammonium
chlorides. Reprinted from,"'?®! Copyright 2017, with permission from Elsevier.
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Figure 9. Raman spectra of choline chloride (blue line) and its eutectic mixture with urea (black line)
in the symmetric mC-N region. The stretching bands arising from choline cations in the gauche and

trans conformation are highlighted along with molecular models of the two isomers. Reproduced
from!"®? with permission from the Royal Society of Chemistry.

The skeletal modes of urea prove to be even more interesting, revealing a drastic
change from planarity to piramidality. Urea’s shape results from an equilibrium among
resonance forms which shifts depending on its chemical environment. In the crystal
urea is planar with a sp”*P hybridization of the NH, moieties while in the gas phase
the N atom is sp> resulting in a pyramidal shape. As urea moves from planar to pyram-
idal, the C-N bond becomes weaker while the C=O bond gets stronger. Probing urea’s
deviation from planarity is best achieved by tracking vibrational modes directly involv-
ing the C-N moiety, such as the symmetrical and asymmetrical stretch and the in-plane
N-C-N deformation.

When comparing these modes in the urea crystal and in the liquid mixture, as
depicted in Figure 10, a general trend of frequency decrease is easily identified, indicat-
ing that the shape of urea deviates from planarity upon forming the eutectic mixture.
The C-N vibrational modes also appear much broader in the liquid, a direct conse-
quence of urea’s greater structural flexibility. One may compare urea’s deviation from
planarity in the DES with that found in other media by observing the Raman frequency
of its symmetrical C-N stretch (Mg, C-N), which is 1010 cm™! in the crystal — marking
full planarity — and 934cm™ in the gas!"*! - marking full piramidality. In aqueous
solution, urea’s shape is intermediate, although closer to planar, as signaled by its
MymC-N at 1003 cm™', while in the DES the deviation from planarity is slightly more
pronounced, resulting in a M,C-N at 996cm™'. The loss of planarity is a direct
response to the disruption of crystalline urea’s highly cooperative hydrogen bonding
network which relaxes into the flexible interaction ensemble found in choline chlori-
de:urea mixture, where a non-planar shape is more advantageous.
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Figure 10. Raman spectra of choline chloride (blue line), urea (pink line) and their eutectic mixture
(black line) illustrating the red-shift of urea’s C-N vibrations when going from the planar structure
found in the crystal to the non-planar shape it adopts in the liquid mixture. Adapted from!"%% with
permission from the Royal Society of Chemistry.

The conformationally sensitive vibrational modes identified in Araujo’s work served
as a blueprint for studying similar binary mixtures, as done by DeSouza and DiPietro,
whose findings are outlined below.

DeSouza and colleagues'''® studied mixtures of urea with different choline salts (cho-
line chloride, choline acetate and choline dihydrogen phosphate) using infrared and
Raman techniques. Analysis of urea’s M,,,C-N mode denotes a deviation from planarity
relative to solid urea, as expected when going from the urea crystal to a liquid environ-
ment. However, the degree of deviation differs for the three DESs studied, with the cho-
line acetate:urea mixture displaying the greatest deviation from planarity (Mg,mC-N
990cm™"), followed by choline dihydrogen phosphate:urea (MeymC-N 997 cm™') and
choline chloride:urea (Mg, C-N 1001 cm™h).

Regarding choline’s m,;,,C-N mode, DeSouza confirms that, in the choline chlori-
de:urea mixture, the majority of choline cations adopt the gauche conformation while a
small percentage is in the trans conformation, as denoted by the appearance of a weak
band at circa 770 cm™'. The Raman profile in this region is similar for the three choline
salts studied, with the exception that the modes observed for the choline acetate and
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choline dihydrogen phosphate systems are red-shifted compared to those observed for
the choline chloride:urea system.

DiPietro and his team!"'®! studied the systems choline chloride:urea and choline aceta-
te:urea, focusing on their response to hydration. Analyzing urea’s My, C-N mode the
authors controversially conclude that urea retains planar shape in both aqueous solutions
(1004cm™") and in the DES (997-999 cm™'). Evolution of wavenumber position for the
MemC-N band with water content shows a blue-shift upon increasing amount of water,
reaching a plateau at 40-50 wt%. The authors conclude that urea forms stronger hydrogen
bonds with water than within the DES studied here. In the case of choline chloride:urea,
full hydration of urea is reached at 45% water content, as shown by the my,,C-N position,
which is the same as in a diluted urea solution. In the choline acetate:urea system, the
MeymC-N wavenumber remains circa 3cm™! below that of a diluted urea solution, even
for the highest water content. This behavior is thought to stem from competition between
acetate anions and urea when binding with water.

What the aforementioned examples fail to take into account is that, when studying
DESs with the goal of understanding the fundamental drivers of negative deviations from
thermodynamic ideality, one should not compare the liquid binary mixture with the pure
components in their solid, crystalline form, but rather with their pure liquid form.
Indeed, some changes that have been attributed to DES formation are simply a direct
result of transitioning from a neatly ordered crystal to a disordered fluctuating liquid. For
instance, urea’s loss of planarity is not exclusive to DES formation but a direct conse-
quence of its crystalline lattice disruption when going from a solid crystal to a liquid
phase. As shown in Figure 11, the Raman spectrum of liquid urea features a mg,,,C-N
mode which is red-shifted and broadened relative to that found in the crystal. In fact, the
intensity profile of the my,,C-N mode in the spectrum of liquid urea is closer to that
found in the spectrum of the DES than in the spectrum of solid urea. Since, in an ideal
eutectic mixture, urea’s vibrational modes would be identical to those of liquid urea, the
spectrum of the latter is the one that should be taken into account when comparing with

r T T T T T T T 1
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Figure 11. Raman spectra of solid urea, collected at 25 °C (black line), liquid urea, collected at 155 °C (blue
line) and the choline chloride:urea eutectic mixture, collected at 133 °C (red line). Unpublished data.l'”
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Figure 12. Raman spectra of solid a-choline chloride, collected at 25°C (black line), b-choline chlor-
ide, collected at 100°C (blue line) and the choline chloride:urea eutectic mixture, collected at 133°C
(red line). Unpublished data.['®"

the spectrum of the DES. Doing so it becomes apparent that the change induced by the
negative deviation from ideality is rather subtle, with the my,C-N mode in the DES
showing a modest red-shift of 3cm™" relative to that of liquid urea.

The same comparison cannot be made for choline chloride since it does not melt but
rather decomposes before reaching the melting point.!'”®) However, at 79°C, choline
chloride undergoes a solid-solid (a to b) transition from an orthorhombic to a cubic,
highly disordered, crystal.!®>'”®'””] The disorder is most apparent in the positions of
the CH,-OH “arm” of the choline cation.'””) In fact, the Raman spectrum of choline
chloride’s b polymorph shows the co-existence of the gauche and trans conformers in a
comparable (albeit not identical) proportion to that found in the DES, as shown in
Figure 12. When observing molten choline acetate'”®! and choline ions in solution.!”"!
Therefore, even in the impossibility of studying liquid choline chloride one may, by
analogy, infer that the appearance of a small population of the trans conformer is
expected whenever there is an increase in conformational freedom - whether that be
upon melting, dissolution, or transitioning into a highly disordered polymorph.

The purpose of discussing at length the conformationally sensitive vibrational signa-
tures of the choline cation and urea is two-fold. First and foremost, the latter part of
this discussion invites researchers interested in the molecular structure of DESs to alter
the prevailing paradigm of comparing binary mixtures with their pure compounds in
the solid state. The liquid form of the latter should be considered instead, since the
deviation from ideality of the real mixture is relative to an ideal binary mixture. In an
ideal mixture, each component behaves in the same way as it would behave in the pure
liquid. It is then important to separate which changes are due to deep eutectic forma-
tion and which are simply a result of a solid-liquid transition.

Secondly, this section illustrates the capabilities of vibrational spectroscopy as a con-
formational probe. While hydrogen bonds continue to be the main focus when studying
deep eutectics, diverting researchers gaze into the high wavenumber region of infrared
and Raman spectra, there is a wealth of information to be retrieved from the skeletal
mode region and, often, all that is needed to decode it is a cursory glance at historical



18 C. F. ARAUJO ET AL.

vibrational spectroscopy works on the compounds in study. When the latter is absent,
computational estimates can be great aids for vibrational assignments, as discussed in
the following section.

3.3. Vibrational spectroscopy 1 computational chemistry S computational
spectroscopy

For the past few decades, rapid advances in computing power and software develop-
ment made computational chemistry tools readily accessible to vibrational spectroscop-
ists who eagerly took advantage of theoretical calculations to better interpret their data.
Nowadays, these fields are so entwined that a hybrid discipline emerged from their
fusion: computational spectroscopy. In the study of DESs, computational spectroscopy
is often applied in a unidirectional manner, that is, either computational calculations
are used to guide Vibrational assignments[49,9l,104,105,107,110,128—131,140,144,145,148,165,170,181]
or, less frequently, observed vibrational spectra are used to validate computational
models. 48:50:103:131,161,163,165.182] following examples from the literature illustrate
these strategies.

Wang and coworkers!"®"! studied binary mixtures of choline chloride with a variety
of polyols. Discrete DFT calculations were used to interpret the far-infrared (FIR) spec-
tra of the polyol-based DESs. In the 50-400 cm™' range of the FIR spectra, shown in
Figure 13, for the mixture of choline chloride and butanediol, a broad envelope is
observed, with maxima which vary between 96 and 141cm™ ' for the 9 DESs in study.
Comparison of observed and estimated spectra indicates that the intensity maxima stem
from the stretching vibration of the intermolecular hydrogen bond formed between the
chloride anion and the OH moieties of the polyols. In most cases, as listed in Table 2,
the agreement between calculated and observed maxima is very good. The results show
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Figure 13. Far-infrared spectra of choline chloride (ChCl, black line), 1,2-butanediol (red line) and their
1:2 eutectic mixture (DES-1, blue line). Reprinted with permission from."®" Copyright 2019 American
Chemical Society.
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Table 2. Observed and estimated infrared intensity maxima of vibrational modes stemming from
the intermolecular stretching of hydrogen bonds present in the DES in study along with their vibra-
tional assignments. Adapted with permission from''®". Copyright 2019 American Chemical Society.

observed estimated

DES value/cm™ value/cm™ Assignment

DES-1 141 146 stretching vibration of hydrogen bond between Cl atom
of ChCl and H atom of O-H group in 1,2-butanediol

DES-2 121 126 stretching vibration of hydrogen bond between Cl atom
of ChCl and H atom of O-H group in 1,3-butanediol

DES-3 114 115 stretching vibration of hydrogen bond between Cl atom
of ChCl and H atom of O-H group in 1,4-butanediol

DES-4 131 165 stretching vibration of hydrogen bond between Cl atom
of ChCl and H atom of O-H group in 2,3-butanediol

DES-5 119 121 stretching vibration of hydrogen bond between Cl atom
of ChCl and H atom of O-H group in 1,3-propanediol

DES-6 122 125 stretching vibration of hydrogen bond between Cl atom
of ChCl and H atom of O-H group in glycerol

DES-7 96 101 stretching vibration of hydrogen bond between Cl atom
of ChCl and H atom of O-H group in 1,5-pentanediol

DES-8 119 118 stretching vibration of hydrogen bond between Cl atom
of ChCl and H atom of O-H group in 1,2,5-pentanetriol

DES-9 125 123 stretching vibration of hydrogen bond between Cl atom of

ChCl and H atom of O-H group in xylitol
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Figure 14. Far-infrared spectra of the choline chloride:ethylene glycol mixture as observed (black line)
and estimated by molecular dynamics simulations employing polarizable (red line) and non-polariz-
able (green line) force fields. Reprinted with permission from.'’%' Copyright 2022 American Chemical
Society.

a trend of decreasing hydrogen bond strength with increasing carbon number between
two hydroxyl groups in butanediol and decreasing hydroxyl number in polyols.

In a molecular dynamics study by Reis et al.'”" the liquid structure of the choline
chloride and ethylene glycol system was simulated using polarizable and non-polarizable
force fields. The ressulting estimated FIR spectra were then compared with those
observed through experiment. While neither of the molecular dynamics simulations
produced an estimated spectra which faithfully reproduced experiment, the fit was,
rather surprisingly, better when the nonpolarizable force field was employed, as shown
in Figure 14.
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The reason presented for the lower performance of the polarizable force field is that
it favors the interaction between ethylene glycol and the chloride anion in detriment of
the choline cationeeechloride anion interaction, resulting in a FIR intensity maximum
whose frequency is slightly higher than that observed experimentally. In light of these
observations, the authors opted for the non-polarizable force field for modeling choline
chloride and ethylene glycol molecules when performing simulations where a small
amount of water is added to the original system. Interestingly, the non-polarizable force
field relied on the popular trick of artificially downscaling the charges of the ions, which
should also lead to decreased choline cationeeechloride anion interactions, further ham-
pering a full understanding of the impact of polarization in the behavior of this system.

Although computational spectroscopy can be useful when employed in a unidirec-
tional manner, as patent in the examples cited above, if it is to be explored to the max-
imum extent of its capabilities, then an iterative process is required. First, identification
of well-known vibrational fingerprints is used to inform the rational building of better
computational models until sufficient agreement between estimation and observation is
reached; then, the computational model can be considered as a good enough representa-
tion of the macroscopic system and its estimated vibrational spectra will then serve as a
reliable guide for the interpretation of more obscure spectral features. It is especially
important to follow this iterative process when opting for quantum chemical methods
in the study of DESs.

The majority of attempts to study DESs by computational methods fall under the cat-
egory of molecular dynamics simulations while a small subset uses quantum chemical
methods. Quantum chemical methods are especially interesting for assessing charge
transfer phenomena and orbital analysis. However, their large computational demands
necessarily restrict the number of atoms included in a calculation. Being so, most quan-
tum chemical works attempt to simulate the liquid DES ensemble by using a discrete
cluster built with the least possible number of representative molecules. For instance,
the choline chloride:urea (1:2) system is often represented by a choline cation, a chlor-
ide anion and two urea molecules. Several arrangements of this ensemble are optimized
in order to select the most stable one, which is then employed for estimating vibrational
spectra and other relevant properties.

Yet, the use of such limited models should be judicious and tempered by healthy
skepticism, since a small cluster is intrinsically unable to encompass the great variety of
micro-structures present in the liquid phase, especially regarding the diversity of inter-
molecular contacts.

Unfortunately, the literature holds a few cases where blind reliance on a defective and
incomplete cluster leads to erroneous interpretations. For example, Zhu and cow-
orkers''®! studied DESs based on choline chloride with urea, glycerol, or acetic acid as
the HBDs, using DFT to optimize discrete clusters and estimate their vibrational spec-
tra. Infrared and Raman spectra were collected, and vibrational assignments made based
on the calculated frequencies and intensities of the most stable clusters. The calculated
frequencies were then plotted against the experimental ones in order to validate the reli-
ability of the cluster’s geometry and the level of theory employed. The correlation was
good, leading to the conclusion that “current gas phase models give very confidential
results by comparing with the experimental data”. Those discrete models were then
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Figure 15. Left: Raman spectra of the eutectic mixtures of choline chloride and glycerol (black line),
acetic acid (red line) and urea (blue line). Right: Molecular structure of the minimum energy clusters
chosen to represent the eutectic mixtures of choline chloride with glycerol (upper panel) and acetic
acid (lower panel). Adapted from,!"®*! Copyright 2016, with permission from Elsevier.

used to analyze the geometry of hydrogen bonds, electrostatic potential, and electronic
density, as if these properties were representative of those found in the macro-
scopic DES.

However, by looking at the Raman experimental spectra of the systems choline chlor-
ide:acetic acid and choline chloride:glycerol, one rapidly detects a major flaw in the
clusters used to represent them: the choline cation is in its trans conformation, as
depicted in Figure 15, while the strong peak at circa 714cm™' in both Raman spectra
clearly shows that in reality the majority of choline in the liquid DES adopts the gauche
conformation (see Section 3.2 for more details on choline’s gauche/trans isomerism).

Thereby, all subsequent conclusions are drawn from a faulty model. If so, why is the
correlation between experimental and calculated frequencies so good? Likely because the
attributions were made “strictly in accordance with the comprehensive comparison of
the location and intensity of the absorption peaks of experiment and calculation”,!*"!
an example of circular reasoning. By taking full advantage of the information provided
by experimental spectra one may build better cluster models which, despite still lacking
in complexity, provide more realistic estimates of charge transfer phenomena and inter-
molecular interactions.

For instance, in a computational spectroscopy study on the choline chloride:urea
system it became apparent that a medium-size cluster, containing at least two choline
cations, two chloride anions and four urea molecules, was necessary to illustrate the
relevant molecular contacts likely to be found in the liquid DES - e.g., the OHeesCl and
CH;ee*Cl interactions, as well as “head-to-tail” and centrosymmetric ureaeseurea con-
tacts, as depicted in Figure 16.

The optimal cluster was built based on three criteria - the geometry of the most stable
1(choline chloride):2(urea) clusters, intermolecular distances measured in Hammond’s
neutron diffraction study,®® and spectroscopic evidence. For example, Raman spectra
provided evidence that both choline cations in this model cluster should be in the gauche
conformation (see Section 3.2). Even then, the extended cluster thus built is a rather

[169]
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Figure 16. Left: Molecular structure of the minimum energy cluster selected to represent the eutectic
mixture of choline chloride and urea. Right: Experimental (black line) and DFT estimated (blue line)
Raman spectra of the choline chloride:urea eutectic. Adapted from''®® with permission from the Royal
Society of Chemistry.

crude and incomplete way of modeling a liquid, comparable to the attempt of capturing a
whole movie in a single, zoomed in frame. Being so, despite the admirable agreement
among experimental and estimated spectra, shown in Figure 16, vibrational assignments
should not be exclusively based upon any discrete cluster model. Instead, in silico predic-
tions ought to be complemented by past vibrational studies on the DES components. For
instance, when discussing the spectra of the eutectic mixture, the authors cited historical
works on the vibrational signatures of urea!’”* and choline!’”*’ in solution.

Following a similar strategy, DiMuzio"**! and colleagues attempted to simulate the
intermolecular interactions between imidazole and choline chloride by building various
discrete clusters, each comprising an imidazole molecule, a choline cation, and a chlor-
ide anion. The optimized structures suggest that a host of possible interactions are pre-
sent within the mixture, including N-HeeeCl, O-Hee*Cl, choline’s C-HeesCl and O-
HeeeN hydrogen bonds. Naturally, since each cluster only contained one imidazole mol-
ecule, it was not possible to represent N-HeeeN contacts, despite it being highly likely
that they are also present in the binary mixture. The infrared and Raman spectra esti-
mated from these simple discrete models were then used to clarify vibrational assign-
ments of the corresponding observed spectra. The greatest changes between the spectra
of the pure components and those of the eutectic mixture were found in the N-H
stretching region, whose broad and complex intensity profile suggests a variety of N-H
contacts. Then, in order to obtain a more realistic representation of the liquid ensemble,
the authors have built a bigger cluster model, comprising 3 choline chloride ionic pairs
and 7 imidazole molecules, mimicking the molar ratio at the eutectic point. In this
extended cluster, pictured in Figure 17, a greater variety of intermolecular interactions
are present, including N-HeeeCl-, N-HeesN and O-Hee*N contacts. The fair agreement
between estimated and observed spectra indicates that this larger cluster is a reasonable,
yet incomplete, representation of the molecular ensemble in the liquid mixture.

Another example which intertwines the strengths of computational chemistry and
vibrational spectroscopy is the work of Kalhor and colleagues,!'*”’ who used a combin-
ation of excess absorption spectroscopy and discrete DFT calculations to track how
molecular associations evolve with changing molar ratios in a ZnCly:ethylene glycol binary
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Figure 17. Molecular structure of the minimum energy cluster selected to represent the eutectic mix-
ture of choline chloride and imidazole (3:7). Reprinted from,"'*?' Copyright 2022, with permission from
Elsevier.

system. A series of binary mixtures were prepared, with ZnCl,:EG molar ratios from 1:14
to 1.1.5, and their infrared and Raman spectra were collected. A quasi-isosbestic point is
present in the O-H stretching region of the infrared spectra, suggesting that a major
rearrangement of ethylene glycol’s hydrogen bond network occurs upon addition of
ZnCl,. Excess IR spectra were calculated to identify more clearly the spectral changes
brought about by the appearance and disappearance of species — meaning monomers and
complexes — in the mixtures. Concurrently, dozens of discrete clusters representing the
different monomers and complexes expected to be found in the binary mixtures were
optimized using DFT and the most stable structures are shown in Figure 18.

The excess bands in the O-H and C-H stretching regions were deconvoluted and their
spectral assignment was conducted with the aid of the spectra estimated from the discrete
DEFT clusters. Results of the deconvolution for the infrared spectrum of the ZnCl,:EG 1:4
mixture, purported to correspond to the eutectic point, are shown in the upper panel of
Figure 19. Based on their frequency maxima the deconvoluted bands were matched with
the discrete clusters representing the ethylene glycol dimer (C), trimer (D), and tetramer
(E) as well as two complexes of one ZnCl, and 4 ethylene glycol molecules, with different
geometries (I, L). A good correlation was found between estimated and observed frequen-
cies, as patent in the middle panel of Figure 19. Finally, the process was repeated for every
other binary mixture and the areas of the excess peaks integrated. The lower panel of
Figure 19 shows how the areas of the deconvoluted peaks evolve as the molar ratio of
ZnCl, increases. Interestingly, when the molar ratio is 1:4, a minimum is reached for the
excess IR peak corresponding to the ethylene glycol tetramer (complex E) while the peaks
corresponding to the ethylene glycol dimer (C) and a ZnCl,:4 ethylene glycol complex (I)
are increased. The authors conclude that addition of ZnCl, to ethylene glycol disrupts the
former’s hydrogen bond network through dissociation of ethylene glycol tetramers and
concomitant formation of the ZnCl:4 ethylene glycol complex as well as ethylene glycol
dimers and trimers.

In closing, it has become clear that the strengths of vibrational spectroscopy as a tool
in DES research can be honed to their full potential through a symbiosis with computa-
tional chemistry. The latter is routinely used for aiding vibrational assignments and,
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Figure 18. Optimized structures and interaction energies of ZnCl2 (A), the monomer to tetramer of
ethylene glycol (B-E), complexes of ZnCly:ethylene glycol with 1 to 6 units of ethylene glycol (F-L).
Interaction energies were calculated using the 6-311++G(d,p) basis set and either B3LYP-D3 (regular
font) or M06-2X (bold font) functionals. Used with permission of the Royal Society of Chemistry,
from.['*! permission conveyed through Copyright Clearance Center, Inc.

reversely, observed vibrational data serve as litmus tests for assessing the quality of
computational models. However, a word of caution is warranted, since the allure of
blindly following estimated data may lead one to faulty interpretations. As the popular
computer science acronym “GIGO” warns: “Garbage In, Garbage Out”, that is, do check
if your molecular model is sound before using it as an interpretation guide or a starting
point for property calculations. A combination of preliminary computational results and
historical data (e.g. well-known vibrational signatures) should inform the building of
more accurate models, in an iterative process, until reaching sufficient agreement between
estimation and observation. Then, one can confidently use said refined model as a basis
for interpreting obscure vibrational data and estimating physical properties of interest.

3.4. Supramolecular architecture upon solidification — phase separation, glass or
cocrystal?

One of the strengths of vibrational spectroscopy is the ability to detect phase
changes, including melting, crystallization, and polymorphic transitions. Surprisingly,
this ability remains under-explored in the study of DES, with a few notable

. 122,123,136,137,141,162,164
exceptions.! ]
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Figure 20. Left panel: Temperature variation of the Raman intensity profile of the ibuprofen:menthol
mixture; Right panel: Differential scanning calorimetry trace and plot of the quasielastic intensity vari-
ation with temperature. Reprinted with permission from!'>*! under the terms of the CC-BY license.

Guinet and coworkers have successfully used low frequency Raman spectroscopy to
detect the onset of melting and/or crystallization in binary and ternary mixtures com-
prising pharmaceutically active ingredients.''?*!%*!

As exemplified by Figure 20, the low frequency region of Raman spectra is exceed-
ingly sensitive to solid-liquid transitions. The left panel of Figure 20 shows the Raman
spectra of an ibuprofen:menthol mixture (x(ibuprofen)=0.3) collected across a tempera-
ture interval spanning from —50°C to 80°C. The integrated area of the quasi-elastic
intensity of each spectrum has been plotted against the temperature, as shown in the
right panel of Figure 20, along with the differential scanning calorimetry trace. The sud-
den jump in quasi-elastic Raman intensity coincides with the differential scanning calor-
imetry endotherm, neatly illustrating how Raman spectroscopy can be a valuable tool in

detecting phase transitions.

Yuan, Chu and coworkers!'*®!1621¢4] ysed Raman spectroscopy to study choline
chloride-based DESs under pressure, with the rationale that if these solvents are to be
used in industrial processes, then it is crucial to know how they behave in high pressure
environments. The choline chloride:urea (1:2) mixture!’®* was studied under increasing
pressure, from atmospheric to 5.3 GPa, and its Raman spectra collected at regular inter-
vals, as depicted in Figure 21. As pressure increases, some vibrational bands show a
monotonic frequency shift until at 2.6 GPa a drastic change ensues, with some bands dis-
appearing while novel ones appear, pointing to the occurrence of a pressure-induced
phase transition, most likely liquid to solid. This phase transition is reversible since, upon
returning to ambient pressure, the spectral profile of the mixture matches the initial one.
Subsequent X-Ray diffraction analysis under increasing pressure confirmed that a liquid-
solid phase transition occurs at 2.6 GPa and the diffractogram points to the formation of
a co-crystal due to the appearance of sharp peaks which differ from those of pure choline
chloride and pure urea, thus ruling out phase separation. The authors point out that N-H
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Figure 21. Raman spectra of the choline chloride:urea eutectic mixture collected at increasing pres-
sure. Reprinted from,"'® Copyright 2016, with permission from Elsevier.

stretching modes undergo a significant red-shift at 2.6 GPa, indicating the formation of
strong hydrogen bonds which likely correspond to N-HeeeCl contacts and conclude that
the strong ureaseechloride interaction contributes to the stabilization of a co-crystal rather
than separation into domains of the pure components.

Similar works by Yuan and coworkers explore pressure induced changes in the supra-
molecular architecture of binary mixtures based on choline chloride and either ethylene
glycol™®?! or malonic acid."** In both cases the authors use Raman spectroscopy to
successfully identify phase transitions with increasing pressure, although a word of cau-
tion must be issued related to the propensity for esterification and degradation in DESs
composed of choline chloride and carboxylic acids.®

A follow-up study'*”! by Yuan’s team studies the infrared profile of choline chlori-
de:urea eutectic mixtures under increasing pressure and temperature, as shown in
Figure 22. The infrared technique confirms that there is a liquid to solid phase transi-
tion at 2.6 GPa while detecting a novel liquid-liquid transition at 1.6 GPa. The latter was
not apparent when analyzing Raman spectra, highlighting the usefulness of employing
different vibrational spectroscopy techniques in order to acquire a more complete per-
spective of the problem at hand. When subject to increasing temperature, from —60°C
to 20°C, the choline chloride:urea mixture remains in a glassy state until —30°C,
undergoes crystallization at —20°C and melts at 15°C-20°C.

Interestingly, the infrared profiles of choline chloride:urea crystals formed by decreas-
ing temperature or by increasing pressure are significantly different, indicating that their
supramolecular structure is fundamentally distinct. When a crystal is formed at low
temperatures its infrared spectrum is marked by the appearance of a contribution at
circa 3600 cm™ ", usually indicative of free hydroxyl groups. The authors interpret this
fact as evidence that the choline-OHeeeurea bonds present in both the glassy and liquid
states are disrupted leaving choline’s OH essentially unhindered while urea maximizes
its interactions with the chloride anion, as schematized in the left panel of Figure 23.
On the other hand, when the choline chloride:urea crystal is formed through the effect
of pressure, there is a general sharpening of the N-H stretching envelope, which the
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Figure 22. Variation with temperature of the infrared intensity profile for the choline chloride:urea
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Figure 23. Schematic representations of the possible crystal structures for the temperature-induced

(left panel) and pressure-induced (right panel) choline chloride:urea (1:2) co-cyrstals. Reprinted
from,1'3”! Copyright 2019, with permission from Elsevier.

authors interpret as a strengthening of urea-urea interactions, giving rise to a distinct
crystalline framework, as the one proposed in the right panel of Figure 23.

The formation of a cocrystal of choline chloride and urea at a composition close to
the eutectic is still a matter of controversy. Cocrystal formation is associated with the
appearance of a dystectic or peritectic point in the phase diagram. While neither of
those points have been clearly identified for the choline chloride:urea system, which is
commonly assumed to be of the simple eutectic type, the formation of a choline chlor-
ide:!"! urea'® cocrystal is observed by hot-stage microscopy and X-Ray diffraction. As
described by Morrison and colleagues,!'®*! fast cooling of the eutectic mixture leads to
glass formation but upon heating crystallization begins at —40°C, completing by
—26°C. The ensuing cocrystal begins melting at 17°C. Another option for inducing
crystallization is to slowly cool the liquid mixture and store it at sub-zero temperatures,
a process which Nolasco and coworkers'*!! found to be effective as attested by the
inelastic neutron scattering spectra shown in Figure 24.

The spectrum of the slowly cooled choline chloride:urea sample differs from the sum
of the pure component spectra and from the spectrum of the “shock-frozen” mixture,
obtained by quenching the molten DES sample in liquid nitrogen, thus preserving the
architecture of the liquid. Even though one cannot exclude the formation of
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Figure 24. INS intensity profiles of the choline chloride:urea (1:2) mixture after being subject to
“shock freezing” (black line) and “slow cooling” (blue line) procedures, along with the INS spectra of
pure choline chloride (green line) and urea (pink line). The arrows point to vibrational modes unique
to the “slow cooling” spectrum, absent in the intensity profiles of the pure components and of the
“shock freezing” mixture. Reprinted with permission from!""" under the terms of the CC-BY license.

microdomains of the pure components and the persistence of disordered regions, the
appearance of novel vibrational modes, only observable in the spectrum of the “slow
cooling” sample, clearly signals the formation a unique structure, possibly a cocrystal.
Note also how the broad profile below 200 cm™", which is featureless in the spectrum of
the shock-frozen liquid, acquires fine detail in the spectrum of the “slow cooling” sam-
ple, confirming the formation of an organized lattice. One must conclude that it is quite
likely that a cocrystal of choline chloride and urea was formed through the “slow cool-
ing” procedure and, if so, one of the following statements is true: 1) the melting point
usually detected for the choline chloride:urea system corresponds to the melting of a
metastable glass instead of the thermodynamically stable cocrystal or 2) the 1:2 ratio is
not the true eutectic ratio but rather a composition very close to the true eutectic.

The issue of DES solidification below the eutectic temperature deserves further scien-
tific inquiry. Firstly, the full solid-liquid equilibrium diagram is modeled through the
use of a thermodynamic model which, most of the times, assumes simple eutectic
behavior, that is, upon solidification there is complete segregation into crystals of the
pure components in their most stable polymorphs. However, in many cases, this is not
true. As Alhadid and colleagues advise in their recent work,

“(...) immiscibility in the solid phase cannot always be assumed in measuring and
modelling SLE in DES. The actual behavior of the system can be obtained from detailed
studies of samples prepared by different methods. DSC measurements should be coupled
with XRD when possible to acquire information regarding the solid phases formed”.["**

The example mentioned above, of a possible choline chloride: urea cocrystal forming
below the solidus line, is not unique. Cocrystal formation has been observed and, in some
cases, its structure has been refined, for the following systems: choline chloride:cate-
chol,!™®! choline chloride:hydroquinone,!®”! tetramethylammonium chloride:catechol,!*¢!
tetraethylammonium chloride:catechol,"®®! betaine:catechol,'®*! betaine:urea:water,!">" L-
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Cocrystal formation implies the existence of a dystectic (for congruently melting) or
peritectic (for incongruently melting) point in the SLE diagram. In this case, in the
composition range where cocrystal formation occurs, the behavior of the modeled
liquidus line must take into account the melting properties and composition of the co-
crystal. Alternatively, binary mixtures initially thought to be of the simple eutectic type
may sometimes form solid solutions below the solidus line, as observed for systems
such as the urea:sulfathiazole mixture!'®>'*°! although this is a rare exception that only
occurs within a very limited concentration range.

Even more concerning than the use of faulty SLE models is the possibility of forming
metastable solids which crystallize when the right conditions are met.['>!8%19:192] gor
instance, the menthol-thymol system forms a supercooled liquid which, upon rapid
cooling, solidifies into a metastable glass whose glass transition temperature is close to
240 K. When samples with different compositions are subjected to annealing, the forma-
tion of two stable co-crystals is detected dramatically altering the phase diagram which
now exhibits two eutectic points, both upwards of 270 K.1'®*1 A comparison between
metastable and stable phase diagrams is shown in Figure 25. This 30K reduction in the
liquid window severely limits the temperature application range of the menthol:thymol
mixture. Since DESs are intended to be used in the liquid state it is imperative to detect

supercooled mixtures at an early research stage. As stated by Bruinhorst et al,

“Assuming metastable phase diagrams can be detrimental when the supercooled mixture
solidifies during application. This emphasizes that simple eutectic behavior cannot always
be assumed, and that the equilibrium solid (solid-solutions, co-crystals) deserves extra

attention”.?”]

An alternative for the initial assessment of DES solid phase formation, cheaper and
faster than DSC or XRD, is the use of widely available vibrational spectroscopy techni-
ques such as infrared or Raman spectroscopy. Straightforward comparison of the spectra
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Figure 26. FTIR-ATR spectra of choline chloride (ChCl, blue line), 1,1-dimethylurea (11DMU, red line)
and a 1:2 mixture of choline chloride and 1,1-dimethylurea (black line). For easier comparison, the
weighted sum spectrum of choline chloride and 1,1-dimethylurea is also shown (ChCl + 11DMU,
green line). All samples were in the solid state. Unpublished data.'**!

of solidified DESs and their pure constituents is enough to ascertain whether phase seg-
regation has taken place and, by extension, if the system can be considered a simple
eutectic, provided that kinetic limitations do not preclude the formation of the most
thermodynamically stable solid phases.

Consider the binary system of choline chloride and 1,1-dimethylurea (11DMU),
whose solid-liquid equilibrium has been discussed elsewhere.!'”"! A 1:2 mixture of cho-
line chloride and 11DMU melts above 100°C and, upon cooling, readily solidifies into
discrete domains of its pure components. As shown in Figure 26, the infrared profile of
the 1:2 mixture in the solid state is almost indistinguishable from the sum of the spectra
of its pure components, clearly demonstrating that phase separation has occurred.!'”!
Hence, this eutectic system truly belongs to the “simple eutectic” type and the thermo-
dynamic model employed to estimate its ideal behavior takes into account the fusion
properties of the pure constituents.

A contrasting scenario is found when studying the solidification of the eutectic mixture of
triethylmethylammonium chloride ([N, ,]Cl) and urea which shows no signs of (immediate)
phase separation. Even though not explicitly discussed by Araujo et al,'"**! the INS spectrum of
the [Ny, 1]Clurea eutectic mixture clearly differs from the sum of the pure component spec-
tra. To better compare with the previous example, Figure 27 displays the Raman spectra of
[N2.221]Cl, urea and their eutectic mixture in the solid state.!'* Clearly, in the spectrum of the
mixture, the vibrational signatures of both components are altered relative to those found in
the spectra of the pure crystals. It is unclear whether the solid mixture is a metastable glass or a
cocrystal. In order to determine with certainty which type of supramolecular arrangement exists
in the solid one would have to perform DSC paired with XRD analysis.

In sum, vibrational spectroscopy is a valuable tool for exploring the supramolecular
architecture of eutectic systems in the solid state, being able to detect the solid-liquid
transition, differentiate between different polymorphs and ascertain whether, upon
solidification, there is phase separation into immiscible DES components or rather a



32 C. F. ARAUJO ET AL.

RAMAN

[N,,,,]Cl:Urea (1:3)

Urea

[N;2241CL

T T T T i T T 1
400 800 1200 1600 2800 3200 3600

Wavenumbers/ cm!

Figure 27. Raman spectra of triethylmethylammonium chloride ([N,,,]1Cl, blue line), urea (red line)
and their eutectic mixture ([N,,,:]Cl:Urea (1:3), black line). All samples were in the solid state.
Unpublished data.l'*¥

novel solid (co-crystal or metastable glass is formed). The latter issue is especially rele-
vant for the early detection of metastable phase diagrams.

3.5. Spectroscopy with neutrons: a promising tool in DES research

While the vast majority of studies feature the use of optical vibrational spectroscopy
techniques - infrared, Raman and their variations — there is a niche option beginning
to show promising potential: inelastic neutron scattering (INS). First mentioned at the
end of the previous section, INS deserves not only a proper introduction but also an
extended discussion of its role in DES research. A detailed account of the strengths of
INS in vibrational spectroscopy can be found in these seminal works.!'*>~19%]

INS, as the name suggests, takes advantage of the inelastic scattering of neutrons by
atomic nuclei to generate a vibrational spectrum which provides complementary infor-
mation to those of optical techniques. For instance, INS is devoid of selection rules so
that all vibrational modes are INS active. However, their intensity is proportional to the
atomic cross-section, rendering vibrational modes involving the movement of hydrogen
nuclei to be much more apparent than any others. This feature enables one to observe
vibrational motions which are difficult or impossible to detect in optical spectra, such
as methyl torsions. Located in the 200-400 cm™" region, these strong and well-defined
bands are extremely sensitive to the environment of the cation. For example, the methyl
torsion frequencies of tetramethylammonium cations occluded within zeolites steadily
decrease as the zeolite cavity grows.'*?°°! Therefore, methyl torsions serve as probes
for sensing the environment around quaternary ammonium cations, such as choline.

The first DES system to be studied"*®! using INS was the mixture of choline chloride
and urea whose INS spectrum, along with those of the pure components, is shown in
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Figure 28. INS spectra of the choline chloride: urea (1:2) mixture (black line, labeled “Reline”) and its
pure components choline chloride (blue line) and urea (pink line). The numbers in black indicate
intensity maxima stemming from methyl torsional motions and the arrows show their variation when
going from pure choline chloride to the DES. Reproduced from!®” with permission from the Royal
Society of Chemistry.

Figure 28. Three sharp bands at 286cm ™", 341 cm™' and 349 cm™ ' in the INS spectrum
of pure choline chloride stem from the methyl torsions of the choline cation. In the
choline chloride crystal, each choline cation is surrounded by four chloride anions, one
of which forms an OHeesCl hydrogen bond at the tail while the other three surround
the cationic center, held by weak C-HeesCl hydrogen bonds. In the spectrum of the
mixture, the corresponding methyl torsional modes appear red-shifted and broadened,
with maxima at 252cm™", 296cm ™" and 333 cm™". The decrease in frequency indicates
that, in the DES, there is more empty space around the cationic head, suggesting that
chloride anions prefer to establish ureaseechloride contacts.

The capacity of methyl torsions to serve as probes of spatial crowding also proved
useful in a subsequent work!"*®! comparing the INS spectra of binary mixtures based on
urea and a variety of multimethylammonium chlorides, including tetramethylammo-
nium ([Ny,,]Cl), tetraethylammonium ([N,,,,]Cl), triethylmethylammonium
([N3,,1]Cl) and choline chloride, whose INS spectra are shown in Figure 29.

Interestingly, while the systems based on symmetric cations — tetramethylammonium
and tetraethylammonium - behave ideally, those based on asymmetric cations - trie-
thylmethylammonium and choline - present strong negative deviations to ideality. The
difference is especially striking when directly comparing [N,,,,]Clurea with
[N,,1]Clurea since their only difference lies in the substitution of an -ethyl by a
-methyl group. Indeed, although their heat capacities are difficult to measure experi-
mentally, periodic DFT calculations estimate them to be nearly identical, pointing to an
overall similar enthalpic profile. Then, the authors argue, the negative deviation from
ideality of the [N,,,;]Cliurea must stem from entropic factors and a brief analysis of
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Figure 29. INS intensity profiles of mixtures of urea with symmetric and asymmetric quaternary
ammonium halides: choline chloride:urea (1:2) (grey line); triethylmethylammonium chloride:urea 1: 3
(pink line); tetraethylammonium chloride:urea (1:2) (blue line) and tetramethylammonium chlori-
de:urea (1:2) (green line). Shadowed areas highlight vibrational modes involving methyl torsions.
Reprinted with permission from!'*®! under the terms of the CC-BY license.

methyl torsional modes, highlighted in the INS spectra shown in Figure 29, lends cre-
dence to this hypothesis. It is readily apparent that the INS profile of methyl torsional
modes from symmetric cations differ from those of asymmetric cations. While the for-
mer present as a group of sharp, well-defined bands, typical of ordered environments,
the latter are broadened and merge into each other, suggesting a variety of local
arrangements typical of disordered systems. As an additional observation it is worth
noting that, using calorimetric methods, Bruinhorst and colleagues have also found that
entropy, rather than enthalpy, dominates the melting point depression in eutectic mix-
tures based on choline chloride and alcohols.”**"] The role of entropy in driving deep
eutectic behavior remains a largely untapped area of research, as enthalpic factors have
been historically assumed to play the main role.

Lastly, INS has been used to assess the effect of water addition upon the structure of
different DES. Nolasco and colleagues''*!! studied binary mixtures based on choline
chloride and urea, glycerol and lactic acid and their respective ternary mixtures with
varying amounts of water. The three systems exhibit distinct INS characteristics upon
water addition, reflecting their unique molecular properties and structures. In the cho-
line chloride:urea system, the observed intensity changes in the INS spectra of the NH,
rocking and O-H stretching modes align with the strengthening of hydrogen bonds
between the NH and OH donors and water molecules upon hydration. In contrast, for
the choline chloride:lactic acid system, the broadening of the choline anion INS bands
with increasing water content provides evidence for the preferential formation of sol-
vated DES clusters, as predicted by molecular dynamics simulations.

The examples discussed in this section, as well as the one previously mentioned in
Section 3.4, should leave no doubt as to the usefulness of INS as a tool for better
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understanding the structure of deep eutectic solvents. As previously mentioned, an
enormous advantage of INS over optical techniques is its sensitivity to the motion of
hydrogen atoms, so that some vibrational modes which are weak and hardly identifiable
in infrared and Raman spectra — such as methyl torsions — reveal themselves as strong
and well-defined peaks in INS spectra. Another advantage, which has not been featured
in this discussion, is the possibility of “erasing” the vibrational signatures of a DES com-
ponent through selective deuteration. Since the incoherent cross-section of hydrogen is
40 times higher than that of deuterium, the INS spectrum of a binary mixture compris-
ing a hydrogenated and a deuterated component essentially shows the vibrational profile
of the hydrogenated component while the deuterated signals, due to their weakness,
remain essentially buried. This feature greatly simplifies vibrational analysis and is
unique to INS. In infrared and Raman spectroscopy deuteration is often helpful in
assisting vibrational assignments but deuterated vibrational modes do not disappear.
Instead, these modes undergo frequency shifts to positions which may coincide with
those of the hydrogenated compound. Additionally, INS spectra are easier to simulate
using ab-initio techniques, since spectral intensity is directly related to atomic displace-
ment in each vibrational mode, without the added complications of calculating electro-
optical parameters which often prevent one from achieving a good estimate of infrared
and Raman spectra, even when the molecular model is accurate. Finally, the low fre-
quency region of INS spectra is exceedingly rich in information, more so than its optical
counterparts, allowing the observation of collective modes which inform upon the
degree of supramolecular order. While disordered systems yield a featureless and broad
low-frequency profile, ordered systems are easily identified by their structured collective
mode region, where specific vibrational, translational and acoustic modes may be identi-
fied and related to those estimated through periodic calculations.

Given the relevant advantages of INS in the study of DESs it might seem surprising
that this technique remains far from the mainstream. Its underutilization, to date, has
to do essentially with the fact that INS spectroscopy requires a constant neutron flux
only available at specialized facilities where access to beamtime is restricted and subject
to competition, such as the ISIS Neutron and Muon Source, in the UK, or the Institute
Laue-Langevin, in France. However, the authors of this review guarantee that the excit-
ing data collected is worth the journey. For those planning to perform INS experiments
with eutectic mixtures a forewarning is due. Since spectra collection occurs below 20K
all samples are subject to quenching in liquid nitrogen before placement in the neutron
beam path. Although the “shock-freezing” procedure has been proved, in some cases, to
be effective in preserving the structure of the liquid DES, this behavior is not universal.
In some DES quenching induces phase segregation into the pure components and, in
others, a novel solid framework is formed. Prior to submitting a proposal for beamtime
access it is advisable to assess how the systems of interest respond to “shock-freezing”
by comparing infrared spectra of liquid and quenched mixtures.

3.6. Probing nanoheterogeneity in deep eutectic solvents

When studying the structure of deep eutectic solvents, most studies have focused on
molecular scale phenomena such as the formation of hydrogen bonds among the HBA
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and HBD. Nonetheless, recent works have drawn attention to the upper rung of organ-
ization, the nanoscale, by finding that, at least in some cases, DES components do not
tend to be homogeneously distributed but rather form nanodomains resulting in a spa-
tially heterogeneous medium, a phenomenon similar to that well studied in ionic
liquids!117-121:133134,143,149-151,168,152,202-205]

An example where vibrational spectroscopy provides evidence for the formation of
nanodomains is found in the study by Cerajewski and coworkers***! who explore a sys-
tem composed of urea and 1-ethyl-3-methylimidazolium chloride (C,imCl), with two
eutectic and one dystectic points. At the urea molar ratios of 25% and 72.5%, the
unusual DES displays melting points of 58 °C and 62 °C, respectively, while at the dys-
tectic point (50%) the melting point is 87°C. A combination of molecular dynamics
simulations and electron paramagnetic resonance spectroscopy was used to peek into
the nanostructure of the eutectic and dystectic mixtures.

In the 50% mixture, there is an ideal balance of one chloride anion per urea molecule
and the result is an interpenetrating network of urea and C,;,, nanodomains, with chlor-
ide at their interface. In the 25% mixture, there is an excess of chloride anions relative to
urea, which is homogeneously distributed among a “sea” of Cyyye*Cl. Finally, in the
72.5% mixture, there is an excess of ureas relative to chloride anions resulting in the for-
mation of nano-segregated domains of C,,,, cations and urea molecules.

Regarding the Raman spectrum of the 72.5% urea mixture, shown in Figure 30, the
authors state “In the 72.5% sample, remarkably little of the pure urea bands (see red vs.
black trace) are visible presumably due to a strong hydrogen bond network.” While the
observation that the vibrational signatures of crystalline urea are absent is accurate, the
interpretation that this is due to forming novel hydrogen bonds with C,,;,Cl is another
example of confirmation bias. In fact, the crystalline urea signatures are absent because,
instead of urea crystals, there are disordered urea nanodomains. By superimposing the

spectrum of molten urea!””! on that of the 72.5% sample, one immediately notices the
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similarity among the vibrational profile of liquid urea and the vibrational contributions
of urea in the spectrum of the mixture. Particularly telling is the perfect superposition
of the My, C-N band which is quite sensitive to changes in urea’s skeleton (planar vs
non-planar)'”*! or hydrogen bonding environment (hexagonal vs tetragonal arrange-
ment).'*°) Therefore, Raman evidence confirms the molecular dynamics simulation
results which predict, for the 72.5% mixture, that the spatial distribution of urea mole-
cules within segregated nanodomains is very similar to that found in molten urea.

Another example is taken from the work of Ahmadi and coworkers!'*”! who capital-
ize on the potential of vibrational spectroscopy to unravel DES properties by combining
Raman and FTIR-ATR with a chemometric method, multivariate curve resolution. Also
known as “spectral unmixing”, this method is used to breakdown the spectra of com-
plex mixtures into the pure signal contributions of its individual components even
when prior information - e.g., the number of components - is missing>. In this study,
ternary mixtures of choline chloride, glycerol and water are analyzed, with choline
chloride and glycerol always present in the relative proportion of 1:2 while the water
content is varied. A total of 20 ternary mixtures with varying water content were ana-
lyzed as well as 20 binary mixtures of glycerol and water, used for comparison purposes.
Raman and FTIR spectra of each mixture were collected and fed into the multivariate
curve resolution analysis.

First, the number of principal components in the system - that is, the number of
chemical species — was determined. For the glycerol-water system, three chemical species
account for 99.98% of variance in the system, while for the DES-water system five species
were identified. Then, the nature of each component is revealed by analyzing their indi-
vidual spectra. The three species identified for the glycerol-water mixture are pure water,
pure glycerol and an intermediate species resulting from hydrated glycerol molecules. By
comparing the intensity of each individual spectrum, it is then possible to plot the relative
concentration of each species with varying water content, as shown in Figure 31.

In the glycerol-water mixture, a maximum of glycerol ... water interaction is attained
at a molar water ratio of 75% so the most probable stoichiometry of the glycerol:water
complex is 1:3. At lower water content the glyceroleeswater association is disrupted in
favor of forming glyceroleesglycerol domains, while the reverse is true for higher water
contents.

For the DES-water mixture the five species identified are water, glycerol, DES and
two intermediate species resulting from DES-water interaction and glycerol-water inter-
action. Here, the DES is treated as a single entity and the population of hydrated DES
reaches a maximum at 85% molar water content. The presence of contributions of both
DES and pure glycerol imply that a fraction of glycerol molecules detach from the DES
complex forming separate domains.

The MCR-ALS analysis was complemented with molecular dynamics simulations of
the pure DES and its mixture with water, at 90% molar content, which predict the for-
mation of large nanodomains of pure glycerol permeating a mixed phase where choline
cations, chloride anions and water molecules are homogeneously distributed. Although
the authors do not comment on this, the molecular dynamics simulation results directly
contradict those from MCR analysis. According to MCR (global analysis), the majority
species when xH,0 =0.9 is the hydrated DES complex, followed by pure DES and pure
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H,O contributions. The contribution from pure glycerol is absent. In contrast, the
molecular dynamics simulation predicts the formation of pure glycerol domains, with
glyceroleeeglycerol hydrogen bonds becoming more prevalent than in the pure DES due
to water preferentially binding to the chloride anion. Given this discrepancy, further
studies would be necessary in order to ascertain if the chemometric approach to vibra-
tional analysis is as useful as it promises however it certainly constitutes a fresh and
interesting approach to the study of complex mixtures.

In a different approach, Cui and coworkers!''”! employ conventional and two-dimen-
sional infrared spectroscopy (2D IR) to monitor the change in nanostructure and
dynamics that an ionic liquid — 1-hexyl-3-methylimidazolium chloride (HMIM) -
undergoes as it transitions into a DES by addition of trifluoroacetamide (TFA). The
amide I band of trifluoroacetamide is used as a probe of the HBD environment. When
the molar ratio of TFA:HMIM is 0.5:1 the amide I band is relatively narrow, indicating
that any given TFA molecule is far away from the others and interacts almost exclu-
sively with the ionic liquid components. As the molar ratio of TFA:HMIM increases
above 1:1 there is a subtle red-shift and significant broadening of the amide I band,
indicating the self-association of TFA molecules which give rise to vibrational excitons.

Moreover, the change in the supramolecular structure is not gradual but rather
abrupt, as signaled by the change in slope in the plot of the slow dynamical component,
obtained using central line slope analysis of the 2D IR spectra, against the molar
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Figure 32. - Artistic rendering of the spatial distribution of HMIM cations (red circles, +), chloride
anions (blue circles, -) and trifluoroacetamide molecules (green hexagons) in mixtures with increasing
concentration of TFA. Reprinted from,!""”! with the permission of AIP publishing.

fraction of TFA. Hence, the authors conclude, for low molar ratios of TFA the amide
component is completely dispersed within HMIM, forming an almost ideal solution.
When the 1:1 molar ratio of TFA:HMIM is reached there is an abrupt change in the
supramolecular structure of the DES with the formation of nanodomains of trifluoroa-
cetamide, as illustrated by the scheme in Figure 32.

The abrupt change in nanoscopic structure for TFA:HMIM molar ratios higher than
1:1 is further supported by the use of a vibrational probe, thiocyanate, to perform time-
resolved non-linear IR spectroscopy experiments. In the 2D IR spectra, shown in
Figure 33, at Tw = Ops, the diagonal width of the positive (red) peak is larger for
higher TFA concentrations, indicating an increase in the number of different environ-
ments (inhomogeneous broadening) which is coherent with the formation of segregated
TFA domains.

Moreover, the slow dynamical component of the thiocyanate probe’s spectral diffu-
sion, obtained through center line slope analysis (CLS) of the 2D IR results, when plot-
ted against the molar ration of TFA, shows a sudden change in slope when the
TFA:HMIM concentration reaches 1:1, further solidifying the aforementioned
conclusions.

Sakpal and colleagues also used 2D IR spectroscopy to monitor the incremental
hydration of a deep eutectic solvent. The authors used a thiocyanate probe to “sense”
the environment around the solute in ternary mixtures of choline chloride:urea:water
with molar ratios ranging from 1:2:3 (3 W) to 1:2:15 (15W). The mCN of thiocyanate
was analyzed through 2D IR and the center line slope decay curves, for polarization sig-
nal pathways both parallel and perpendicular to the C=N bond, are shown in the left
panel of Figure 34. The CLS decay curves are polarization dependent for the neat DES
and, as water content increases, the curves approach until, at a molar ratio of 10 W the
two become indistinguishable. The decay curves for water contents up to 10 W are
divergent because the reorientational timescale of the thiocyanate probe is much faster
than the choline chloride and urea molecules surrounding it, that is, the solvent struc-
ture around the SCN molecule is not completely randomized and affects the probe dif-
ferently in directions parallel and perpendicular to the C=N stretch. In contrast, the
reorientational timescale of water molecules is much faster so that when the thiocyanate
probe is completely surrounded by rapidly fluctuating water molecules the probe senses
the same environment in both parallel and perpendicular directions. Hence, the authors
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conclude, for water contents higher than 10 W (41 wt% water) “the solute experiences a
water-like environment” and no longer senses the choline chloride and urea molecules
present in the ternary mixture which can now be regarded as an aqueous solution
instead of a hydrated DES.

The addition of water to DESs affects the structure of the bulk liquid differently than
that of the air-liquid interface, as demonstrated by the vibrational sum-frequency gener-
ation (VSFG) experiment carried out by Gera et al.'?"! VSFG is a nonlinear optical
spectroscopic technique capable of detecting functional groups and probing molecular
conformation in all types of interfaces (air-liquid, liquid-liquid and liquid-solid). Gera
and colleagues studied neat and hydrated samples of the choline chloride:urea eutectic
mixture. Shown in Figure 35, are the imaginary components of the second order non-
linear optical susceptibility (Im V) of those samples, which are akin to their vibrational
spectra at the air-liquid interface. The Im V* spectrum of the neat eutectic mixture
shows a broad negative sign at ~3300cm™" characteristic of urea’s N-H vibrations and,
since it is negative, suggests that N-H moieties point toward the bulk. With increasing
water content, the vibrational contributions from urea gradually decrease, so that urea
molecules incrementally move toward the bulk and, at a water concentration of 50 wt%
the contribution from urea’s vibrational modes is minute. The negative broad envelope
between 2800cm™" and 3000cm™’, in the Im V* of the pure eutectic mixture’s spec-
trum, stems from the choline cation’s CH, and CHj stretching vibrations, whose lack of
structure suggests that choline cations are disordered at the interface. Besides, the nega-
tive signal at 2940 cm™" is indicative of the presence of the “gauche” conformation. As
water content increases the broad envelope becomes more structured and the signal at
2940 cm™ ! disappears, indicating that choline cations become more ordered and aligned,
with their “tails” in the trans conformation, an effect previously observed for surfactants
at water surfaces. Despite these structural changes the concentration of choline cations
at the air-liquid interface remains constant for low water contents and abruptly
decreases at 40 wt% water, when choline moves away from the surface and into the
bulk. Meanwhile, a novel vibrational profile appears between 3000 and 3600cm '
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Figure 34. Left panel: Center line slope decay curves for the vibrational probe thiocyanate in the
neat choline chloride:urea eutectic mixture (Reline) and ternary mixtures of the former with increasing
molar ratio of water (where 3W corresponds to a choline chloride:urea:water proportion of 1:2:3). The
green and yellow lines correspond, respectively, to polarization conditions that are parallel and per-
pendicular to the C=N bond. Right panel: Schematic diagram of thiocyanate solvation in neat Reline
(Water in DES) and an hydrated ternary mixture with 10 water molecules per choline chloride unit
(DES in water). Adapted with permission from."**! Copyright 2021 American Chemical Society.

resulting from the OH stretching of water molecules and, at a water content of 60 wt%,
the vibrational signatures of water dominate and the spectrum of the ternary mixture
approaches that of neat water, indicating that water molecules fully occupy its surface.
In short, when water is added to the choline chloride:urea eutectic mixture it first
hydrates the bulk until, at 40 wt% of water, an abrupt reorganization takes place and
water molecules saturate the surface relegating DES components to the bulk.

The purpose of this last section is to show, through varied examples, the strategies
employing vibrational spectroscopy techniques to probe supramolecular architecture in
deep eutectic solvents. Even though these strategies fall well outside their expertise, the
authors of the present review felt that an overview of the use of vibrational spectroscopy
in DES research could not be complete without mentioning 2D IR, a non-linear infrared
spectroscopy technique which has been gaining traction in the past few years for study-
ing microheterogeneity in DES systems,!!!7133147:151,152,168,182,202-205] Al56  within the
realm of chemometrics, multivariate curve-resolution!'*”! and two-dimensional correl-
ation spectroscopy'' 2 **!*%! have both been proposed as means of decomposing com-
plex spectra into their individual contributions, thereby identifying the homo- and
heteromolecular clusters that dominate the liquid structure of deep eutectic solvents.
Interest in nanoheterogeneity in deep eutectic solvents seems to be relatively recent,
judging by the publication dates of the papers cited in this section, which are mostly
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from 2020 and beyond. Therefore, the next decade will likely witness blooming activity
in this research area.

4, Conclusion

This review showcases works employing vibrational spectroscopy techniques to explore
different facets of deep eutectic solvent behavior, from assessing hydrogen bond forma-
tion to determining molecular conformation, detecting phase transitions and probing
micro-heterogeneity.

In Section 3.1 it was demonstrated that infrared and Raman spectroscopies are well suited
for assessing hydrogen bond formation and estimating their strength. A word of caution is
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issued against the risk of confirmation bias which may steer the interpretation of complex
spectra in a direction that fits preconceived expectations. Whenever doubts arise, informa-
tion from complementary spectroscopic techniques should be compared and combined with
quantum chemical calculations and, when appropriate, selective isotopic exchange.

Section 3.2 showed the potential of infrared and Raman spectroscopy in determining
molecular conformation, such as in distinguishing urea’s planar and pyramidal shape.
The latter example is used as a warning against comparing the vibrational signatures of
liquid DESs with those of the pure solids, since many of the observed changes are a dir-
ect consequence of the solid-liquid transition of the pure component and are not exclu-
sive to deep eutectic formation. Urea, which is planar in the solid crystal, adopts a
pyramidal shape in liquid eutectic mixtures but also in aqueous solutions and even in
the liquid state. When the goal is to understand what drives the melting point depres-
sion, the spectrum of the real eutectic liquid should be compared with that of an ideal
liquid, which is approximated by the sum of the spectra of the pure liquid components.
This strategy helps in avoiding misinterpretations of vibrational results, weeding out
spectral changes which are solely due to solid-liquid transitions and not exclusive to
deep eutectic formation.

The role of computational spectroscopy in the study of DESs is discussed in Section 3.3,
showing examples of its use in guiding vibrational assignments and validating computa-
tional models. This tool must be wielded with special care to avoid faulty models leading to
meaningless conclusions. The best practice is to follow an iterative process, where early
computational results and literature reviews inform vibrational assignments which, in turn,
are used to build increasingly accurate models until sufficient agreement between estimated
and observed spectra is achieved. Only then can confidence be placed on any given compu-
tational model to derive properties of interest and interpret macroscopic properties.

An underexplored topic within the DES community, the issue of solidification below
the eutectic temperature, is discussed in Section 3.4. Universally assumed to behave like
simple eutectic systems which segregate into nanodomains of the pure components
upon solidification, real DES have often proved to deviate from this definition, with sev-
eral mixtures forming co-crystals and metastable glasses. Metastability is especially con-
cerning since the stable liquid window of a DES might be significantly smaller than the
one suggested by a metastable phase diagram. Vibrational spectroscopy is apt to quickly
identify if, below the eutectic temperature, the DES solidifies into separate phases of the
pure components or forms a novel framework (e.g. co-crystal, amorphous glass).

A lesser-known vibrational spectroscopy technique, Inelastic Neutron Scattering, is
presented in section 3.5. Having remarkable advantages over optical techniques, such as
the strong intensity of vibrational modes involving the motion of hydrogen atoms, INS
has proved useful in the study of DES based on quaternary ammonium salts, whose
methyl torsions, readily visible in INS spectra, serve as probes of molecular crowding.
However, given the difficulty of accessing INS spectrometers, only available at special-
ized neutron facilities whose access is restricted, it is likely that this technique will con-
tinue to be reserved for “niche” studies.

Finally, an array of options for probing nanodomain formation in DESs is presented
in Section 3.6, including two-dimensional infrared spectroscopy, vibrational sum fre-
quency generation and chemometrics methods of spectral unmixing.
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Hopefully the reader is now convinced that vibrational spectroscopy may be used as
a powerful tool in the study of DESs. However, as of today, its capabilities remain
underutilized. The main reason underlying this scenario is, in our view, the great com-
plexity of vibrational data, which is not amenable to a quick, almost automated analysis,
instead requiring extensive literature search often combined with honest attempts at
molecular simulation in order to achieve meaningful conclusions. Furthermore, the use
of one vibrational spectroscopy technique is unlikely to be sufficient for observing all
potentially interesting vibrational modes and reaching unambiguous assignments. At the
least, several vibrational techniques should be used to access the full vibrational profile
of the system in study and, ideally, complemented with other analytical approaches,
such as nuclear magnetic resonance and UV-visible spectroscopy, to achieve a more
holistic understanding of DES behavior. Even then, the lessons learned from studying a
particular system are only partly transferable to the study of other systems - since each
novel molecular component comes with its own “quirks”, from the existence of different
conformers and mesomers to the appearance of mixed, combination and Fermi reson-
ance bands, all of which cloud the vibrational analysis and are not captured by simplis-
tic computational models. One possible solution to this impairment is the development
of machine learning approaches, using large datasets of experimental and calculated
spectra to train algorithms which will enhance pattern recognition and property predic-
tion for novel DESs. This avenue will only be possible if large amounts of data (e.g.,
observed vibrational spectra, output from computational calculations) are made avail-
able to the broad scientific community through the use of online repositories, as recom-
mended by the Open Science movement.

Despite the generous room for improvement, the examples discussed throughout this
review clearly show that, notwithstanding its idiosyncrasies, vibrational spectroscopy has
earned its rightful place in the toolbox of techniques that are helping researchers piece
together the puzzle of deep eutectic behavior.
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