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Deep eutectic solvents (DESs) are a class of versatile solvents with promise for a
wide range of applications, from separation processes to electrochemical energy storage
technologies. A fundamental understanding of the correlation among the structure,
thermodynamics, and dynamics of these materials necessary for targeted rational design for
specific applications is still nascent. Here, we employ differential scanning calorimetry (DSC),
broadband dielectric spectroscopy (BDS), and femtosecond transient absorption spectroscopy
(fs-TAS) to investigate the correlation among thermodynamics, dynamics, and charge
transport in mixtures comprising a wide range of compositions of choline chloride (ChCl) and
ethylene glycol (EG). Detailed analyses reveal that (i) the eutectic composition of this
prototypical DES occurs in the 15—20 mol % ChCl in the EG range rather than the previously
assumed 33 mol %, and (ii) both rotational dynamics and charge transport at the eutectic
composition are enhanced in this composition range. These findings highlight the fundamental
interplay between thermodynamics and dynamics in determining the properties of DESs that
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are relevant to many applications.

deep eutectic solvents, solvent reorientation, solvent dynamics, eutectic composition, liquidus temperature,

femtosecond dynamics, broadband dielectric spectroscopy

Deep eutectic solvents (DESs) are a class of solvents that have
shown great potential in many areas such as biomass
processing,' ~ pharmaceutical research,""® CO, capture,”*
and redox flow batteries.” "' The appeal for their use as
alternative solvents arises from their relative ease of synthesis
from potentially inexpensive and sustainable parent materi-
als.'»"> Many DESs are simply mixtures of two or more
components that result in a depressed melting temperature
significantly below that of its parent compounds.'* The
resulting properties often include wide liquidus ranges, low
volatility, low flammability, and high tunability.">™"® Since the
design space for DESs is large, predictive knowledge and
understanding of the impact of the chemical structure as well
as composition on the physicochemical properties of the DES
is important in selecting solvents for specific applications.'’
Many existing DES studies typically report properties or
applications of DESs at one or two compositions, presumably
due to the scarcity of data on the phase characteristics of the
DES investigated. Furthermore, it has been suggested that the
eutectic compositions do not necessarily matter in terms of the
overall physicochemical properties of DESs, and there are no
“magic” compositions.”’ While this picture may indeed hold
for a limited set of properties, the general validity of this
conclusion is yet to be rigorously demonstrated, especially for
dynamics across multiple time scales.
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Given that ethaline is one of the prototypical DESs in the
current literature due to its low viscosity relative to other
DESs, it is an excellent model system to employ in evaluating
the potential impact of thermodynamic transitions on
macroscopic dynamics.”’ Ethaline was first reported by Abbott
et al. as a 1:2 molar ratio of ChClI (T,, = 575 K) to EG (T,, =
260 K) with a freezing point of 283 K.** However, some more
recent reports have also provided conflicting values of melting
temperature (T,,), such as 237°> and 207 K.** Additionally,
Agieienko et al. reported that the actual eutectic composition is
at 17.1 mol % ChCl or a 1:4.85 molar ratio of ChCl to EG.”
This raises pertinent questions: why are there such disparities,
and how does the existence of eutectic compositions impact
dynamics and charge transport in deep eutectic solvents?

In the current paper, we employ DSC, fs-TAS, and BDS to
study ChCl and EG mixtures in a wide composition range to
unravel the correlations between thermodynamic transitions
and dynamics in these systems. We determine that the lowest
liquidus temperatures occur in the 15—20 mol % ChClI range,
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concomitant with the fastest dynamics measured by fs-TAS
and BDS, as well as the highest dc ionic conductivity
determined by BDS at the same eutectic composition. It is
suggested that the enhancement of transport and dynamics at
the eutectic composition is intuitive based on the well-
established Lindemann’s criterion qualitatively linking the
melting temperatures to the glass transition. The knowledge of
the range of compositions that yield eutectic systems and their
impact on dynamics may prove to play a crucial role in many
applications that rely on solvation in deep eutectic solvents.

Figure 1 shows thermograms obtained on heating for neat EG
as well as 5, 20, and 33 mol % ChCl in EG (additional
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Figure 1. Temperature-modulated differential scanning calorimetry
experiments for (a) 33, (b) 20, and (c) 5 mol % ChCl in EG as well as
(d) neat EG. Data are displayed from heating pass of the total heat
flow signal from 2 °C/min MDSC. Y-axis scaling of each thermogram
is chosen to emphasize the liquidus transition temperatures, T,
denoted by boldface text. Broad (a) and/or multiple melting
depressions (c) are indicative of separation between solidus and
liquidus temperatures, which in turn suggest that the composition is
noneutectic. In this work, the error bars are smaller than the size of
the symbols unless otherwise indicated.

compositions are included in Figure S1). These data were
collected to examine the phase behavior of DESs over wide
ranges of compositions and temperatures and to obtain an
accurate phase diagram for ChCl/EG mixtures. Figure 1d
demonstrates that EG exhibits a single melting event upon
heating, typical of single-component, homogeneous systems. It
is noteworthy that a corresponding cold crystallization event is
not observed. As ChCl is introduced, several additional
crystallization and melting events emerge, as shown in Figure
1b,c, for 20 and S mol % ChCl For 33 mol % in Figure la,
only a single broad crystallization feature is observed, followed
by a broad melting feature. The broad melting event at the 33
mol % composition is an important and expected feature of
eutectic mixtures.”*”” Typically, broad melting events in DSC
are attributed to a distribution of solid structures undergoing
melting over a range of temperatures as opposed to the sharply
defined feature for a pure, highly ordered crystal lattice such as
is observed in the pure EG system.
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The broad melting region for the 33 mol % ChCl is
indicative of the presence of a dual-phase region in a binary
phase diagram, where both solid and liquid phases are present
in noneutectic compositions for a range of isotherms. These
are typically denoted with solidus and liquidus transitions,
where the dual-phase region is demarcated from the all-solid
mixture at low temperatures and the all-liquid mixture at high
temperatures, respectively. A wide dual-phase region is
therefore typical of noneutectic compositions, with Ty
temperatures indicating the temperature at which the solid
mixture first begins to melt, and T} the temperatures marking
the final melting of all of the solid (denoted in bold).”® We
conjecture that the broad melting event of 33 mol % ChCl at
around room temperature could explain numerous incon-
sistencies and unusual properties observed, including the
ability to at least partially crystallize over extended periods of
time at isotherms in the dual-phase region for this
composition. Conversely, as the compositions get closer to
the eutectic composition, the solidus and liquidus temperatures
can converge into a single peak. When this feature also occurs
at a minimum in melting temperature, said composition can be
called the eutectic point of the mixture.”” The S and 33 mol %
compositions in Figure lc,a demonstrate the former cases,
whereas the 20 mol % demonstrates the latter case, exhibiting
only a single sharp melting event at the lowest observed
temperature for any of the compositions, suggesting that 20
mol % is indeed the eutectic composition for the ChCI/EG
mixture. Additional calorimetric data showing additional
compositions in fine mol % increments are presented in the
Supporting Information (Figure S1).

The primary focus of the current work is to evaluate the
correlations between the eutectic transitions and dynamics in
liquid-state DESs. For many electrochemical energy conversion
and storage applications, a lowered melting point at the
eutectic point, corresponding to an increased ionic con-
ductivity, ion mobility, and overall faster solvent dynamics,
would be beneficial. Here, we probe solvent dynamics using
transient absorption spectroscopy with a femtosecond time
resolution (fs-TAS). The fs-TA technique is a well-established
method to study solvent dynamics. It has been applied to over
300 solvents, and as such, the solvent response to the charge-
transfer reaction of the applied probe molecule B30 is as well
established as is the technique itself. Our recent work reported
that the observed biexponential dynamics is due to the
heterogeneous solvation environment.”” The faster relaxation
component originates with the dynamics provided by EG as
the primary solvent component, while the slower component is
due to the solvent environment of the dissolved choline
chloride. Both components interact individually with the
solvent probe B30 and are reflected in the response dynamics.
In this work, we provide additional insight into the unique
solvent behavior of eutectic solvent mixtures. When the
solvation dynamics are measured at the concentration range
around a eutectic point, the solvation dynamics become faster
than when a eutectic is measured in the liquid phase far off the
eutectic point. Since ChCI/EG mixtures do not absorb at
visible-light wavelengths, a well-established probe for solvent
relaxation dynamics, Reichhardt’s dye B30, is used in this
study.”® B30 has been used for solvent studies in many prior
solvent systems’”" and as a probe molecule recently also for
deep eutectic solvents.*

For protic solvents such as ChCI/EG mixtures, the
normalized absorbance from fs-TAS measurements decays
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with two main components that can be fitted with a
biexponential function. Figure 2 shows data from two
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Figure 2. (a) Steady-state absorption spectra of the solvatochromic
dye B30 in ethaline at various choline chloride (ChCl) concentrations
from 0.0 to 33.33 mol % ChCl measured at 298 K. The continuous
blue shift of A,,,,(B30) with increasing ChCl mol % shows increasing
polarity at higher mol % of ChCL Inset: the Ep(30)-polarities of
ethaline solutions are calculated based on their A4, values as
summarized in Table S2. E1(30)-polarity increases with increasing the
mol %. (b) fs-transient absorption kinetics of B30 measured at Aprobe
580 nm at 298 K and biexponential fits at 3 different mol % of ChCl
in EG. Data sets are normalized and vertically offset for direct visual
comparison. Other compositions (2, 10, 20, 25 mol %) are omitted
for clarity; see the SI for remaining kinetics. Inset: the kinetics up to 3
ns.

experiments performed with Reichardt’s dye B30 (other
compositions are shown in Figure S2). The first, shown in
Figure 2a, displays the steady-state absorption of B30, and it is
used as a measure of the solvent polarity on an accepted
solvent scale of E130 values. The solvent polarity of ChCl/EG
mixtures increases with ChCl addition, as shown in the inset.
Figure 2b shows the relaxation dynamics obtained from
transient absorption of B30 as a function of time for S, 16.67,
and 33.33 mol % of ChCl in EG. The spectra reveal two
distinct time components, which both show that solvation
dynamics are enhanced with composition up to 16.67 mol %
ChCl but are slowed for 33 mol % ChCl. While there may be
multiple different processes taking place in solubilizing
photoexcited B30, the literature on femtosecond dynamics of
B30 solvation attributes the initial fast component to the
solvent reorientation while the slower component is assigned
to the rearrangement of the hydrogen bonding network.”**
Our previous studies indicate that the slow component is
consistently absent in nonprotic solvents.”> Additional fs-TAS
results for a series of ChCI/EG mixtures investigated are
shown in Table SI, clearly highlighting the change in the
solvation dynamics at the eutectic range, at which both time
constants are the fastest.
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Broadband dielectric spectroscopy was employed to study
the reorientational and ion dynamics in each composition of
ChCl in EG. Figure 3 shows the (a) real part of the complex

3 = C
o —Total Fit o 170K
< -—-Debye o 180K
B e HN 190 K
24 = --—--RBM a 200K

log(e")

)

o}
= O
X
]
o
log(w [rad s")
0.5
(c) —a—5mol% ChCl  —v—17.5mol% ChCl
—e—10mol% ChCl 20mol% ChCl
15mol% ChCl —<—25mol% ChClI
0.0 —»—33mol% ChClI
— )
I b
g -0.5'\\’ >>>
3 .,
-3 \ »% log(w/w,) « »,}»
> 2-10 1 NN
o -1.0- T 05 . .
5 00 L .
%J < 0s] 770 :‘
-1.54 & -1.044
JE;
-2 -1 0 1 2 3
log(w/w,,)

Figure 3. (a) Real part of the complex dielectric function of 20 mol %
ChCl in EG at various temperatures. (b) Derivative representation of
the dielectric loss for various temperatures. The solid lines are total
fits, dashed lines represent the Debye function, dotted lines denote
the Havriliak—Negami (HN) function, and dash-dot lines are
obtained from the random barrier model (RBM), as indicated. (c)
Dielectric loss obtained from the derivative representation normalized
by the value at the peak of the a-relaxation plotted versus radial
frequency normalized by the mean rate of the a-relaxation for each
composition at 170 K. Inset: compositions of 15, 17.5, and 20 mol %
ChCl isolated to show their similarity.

dielectric function as well as (b) the dielectric loss obtained
from the derivative representation employed to suppress the dc
ionic conductivity and reveal any underlying relaxations in the
spectra of 20 mol % ChCl in EG at various temperatures. The
spectra were fit with a linear combination of a Debye model, a
Havriliak—Negami function, and a random barrier model
(RBM) to account for ion rearrangements, structural
relaxation, and ion hopping, respectively. These processes
were observed for all compositions investigated, as previously
reported.”® In our previous study of ChCl/glycerol mixtures,
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we assigned the slow, Debye-like process to the rotational
dynamics of choline ions that are inhibited by the hydrogen-
bonded network of the hydrogen bond donor (HBD).

According to Debye’s theory, relaxation of an isolated dipole
can be described by an exponential function in the time
domain, which yields symmetric dielectric relaxation spectra in
the frequency domain.”” Spatial and temporal inhomogeneities
in a material lead to nonexponential functions, which can, in
principle, be decomposed into superpositions of single
exponential (Debye-like modes) functions.”® The more
heterogeneous the dynamics, the broader the distribution of
local relaxation times. To evaluate the dependence of the
spectral shapes on the composition of the mixtures, the
dielectric loss normalized by the peak maximum is plotted
versus the radial frequency, normalized by the primary
structural relaxation rate for each composition, as shown in
Figure 3c. As the ChCl concentration increases, the relaxation
attributed to ion rearrangements speeds up and becomes more
intense relative to the structural relaxation. Additionally, the
spectral shapes become broader, suggesting that the mixtures
are becoming more heterogeneous. This is consistent with a
previous study of 33 mol % ChCl in EG, which confirmed the
presence of dynamic heterogeneities.”” The similarity of the
spectral shapes for the 15, 17.5, and 20 mol % compositions
shown in the inset of Figure 3c is striking, as it suggests that
their dynamic environments are comparable.

In Figure 4, the key parameters characterizing dynamics and
ion transport, as well as the relevant thermodynamic
transitions, are plotted as functions of the composition of the
ChCl/EG mixtures. Contrary to the common assumption that
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Figure 4. (a) Liquidus temperatures (blue squares) and structural

relaxation rates from BDS at 170 K (pink circles) plotted versus mol
% ChCL. (b) Relaxation time constants for the fast component 7, (red
up triangles) and slow component 7, (green down triangles) from fs-
TA kinetics of B30 in ethaline at room temperature plotted versus mol
% ChCl. (c) DC ionic conductivities plotted versus mol % ChCl at
300 K (purple diamonds) and 170 K (orange pentagons). All three
experimental quantities (panels ab,c) suggest that the eutectic
composition occurs in the 15—20 mol % range, depending on the
technique employed.
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the eutectic composition is at 33 mol % ChCl or a 1:2 molar
ratio of ChCl to EG, it is evident that the composition with the
lowest melting temperature is in the 15—20 mol % ChCI range.
This result agrees with the solid—liquid equilibrium phase
diagrams reported by Crespo et al. and Agieienko et al., which
also shows that the lowest T, occurs in this range for ChCl/
EG mixtures.”>*’ Similarly, the structural relaxation rates from
BDS at 170 K, plotted in Figure 4a, also show that the fastest
dynamics occur in the 15—20 mol % ChCl range, consistent
with the fs-TAS results in Figure 4b. To the best of our
knowledge, this correlation between the eutectic composition
and dynamics has not been previously reported. It is
remarkable that the trend also holds for the other dielectric
relaxations described earlier (Tables S3—S9).

The time constants from fs-TAS shown in Figure 4b indicate
that the relaxation dynamics first speed up with increasing mol
% of ChCl up to 16.67 mol % and then become slower as ChCl
mol % composition continues to increase up to 33 mol %. This
trend reveals a correlation between solvation dynamics and the
thermodynamic transitions with the fastest dynamics at the
eutectic composition. Consistent with the trends in the
dynamics, Figure 4c shows that the dc ionic conductivity at
300 and 170 K are also enhanced in the 15—20 mol % ChCl
range. The similarity of the dielectric spectral shapes in this
concentration range shown in the inset of Figure 3¢ implies
that the eutectic composition, as viewed from dynamics, could
be regarded as a range rather than a single value. However,
further DESs should be studied before a general conclusion can
be made regarding this point. In any case, these results agree
with the recent experimental and computational work by
Zhang et al,, also reporting a peak in the ionic conductivity at
20 mol % ChCL*" Although Zhang et al. attributed this
observation to a balance between concentration and viscosity
effects, the picture emerging in the current work implies that
the ionic conductivity may simply be exhibiting a similar trend
in the structural and ion dynamics.

Taken altogether, the current results suggest that the
eutectic composition occurs in the 15—20 mol % ChCl
range. The TL of 33 mol % ChCl in EG (previously reported
eutectic composition) occurs at 293 K, which agrees with the
first report by Abbott et al.”* For simple liquids, Lindemann’s
criterion predicts a qualitative linear relationship between the
glass transition ( Tg) and melting temperatures.42 Given that T,
is a manifestation of the primary structural relaxation, the
enhancement of dynamics at the eutectic composition is
intuitive. We now need to rationalize the apparent discrepancy
between the reported zero-shear viscosity and the dynamics
presented in the current work. In a report by Zhang et al,, the
zero-shear viscosity does not exhibit a similar trend with the
concentration of the ChCl at the eutectic composition
reported here.*! Instead, the viscosity of ChCI/EG increases
with increasing ChCl composition up to 33 mol %. We posit
that slower mechanical relaxation modes exist beyond the
primary structural dynamics that contribute to the overall
viscosity of these mixtures. Indeed, the broadening of the
dielectric spectra with increasing ChCl concentration observed
in Figure 4, as well as the evidence of heterogeneities recently
reported by Spittle et al., support this conjecture.”® Overall, the
data presented herein instead indicate that the 15—20 mol %
ChCl composition range offers the best opportunities for faster
orientational and solvation dynamics, in addition to improving
the dc ionic conductivity. As such, these compositions should
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be relevant for applications requiring DESs to serve as media
for solvation and transport.

In conclusion, temperature-modulated differential scanning
calorimetry, broadband dielectric spectroscopy, and femto-
second transient absorption spectroscopy are employed to
investigate the impact of thermodynamic transitions on
dynamics of mixtures of choline chloride and ethylene glycol
across a wide range of compositions. It is shown that the
eutectic composition range of the DES occurs at 15—20 mol %
ChCl in EG, which correlates strongly with enhancement in
the primary structural relaxation, solvation dynamics, and
increases in the dc ionic conductivity. These results establish a
link between the eutectic compositions and dynamics in the
deep eutectic solvents.

Ethylene glycol (EG) was purchased from ACROS Organics at >99%
purity. Choline chloride (ChCl) was purchased from Sigma-Aldrich at
>98% purity. Both ChCl and EG are known hygroscopic materials;
therefore, additional steps were taken to control the water content.
The ChCl was dried in a vacuum oven for at least 48 h at 70 °C, while
EG was purchased dry and handled under nitrogen as received. Water
contents of final compositions were screened with Karl Fischer
titration using a target water content of <2 mg/g, with samples that
exhibited greater water content being rejected and remade.
Compositions were made by adding an appropriate amount of
ChCl to EG, which were then stirred on a hot plate at 80 °C in a dry
nitrogen atmosphere until fully liquid and homogeneous.'® For fs-
TAS experiments, Reichardt’s dye (betaine-30) was added to the
prepared mixtures to achieve an absorption of 0.5 at the excitation
wavelength.

Differential scanning calorimetry (DSC) was employed to study
thermodynamic transitions in the samples. DSC testing was
performed by using a TA Instruments DSC 2500. The samples
were prepared using hermetically sealed aluminum pans within an
enclosed, nitrogen-purged glovebox to ensure zero mass transfer to
the environment during sample preparation and testing. Tests were
performed for each composition using constant heat flow heating and
cooling cycles from —120 to 75 °C. Each composition was first
annealed ~20 °C above their respective melting points for 10 min and
then thermodynamically cycled at a constant heating and cooling rate
of 1 and 2 °C/min using both the temperature-modulated DSC
(MDSC) scans for higher accuracy and standard heat—cool-heat
cycling (HCH) to check for reversibility, hysteresis, and overall
reproducibility of the measurements. Because Ty, values represent the
final temperature where the solid state can coexist in equilibrium with
the liquid state, values are carefully determined graphically as the final
temperature before the thermogram returns to the baseline (per
labeled T values in Figure S1).

Steady-state UV—vis measurements were performed by using a Varian
Cary 50 UV-vis spectrophotometer. Femtosecond transient
absorption (fs-TA) measurements were carried out using a Clark
MXR 2010 fs laser system that generates a fundamental output
wavelength of 780 nm and a 100 fs laser pulse duration at a pulse
repetition rate of 1 kHz. The laser beam was split to generate (i) a 390
nm pump pulse using a second harmonic generation crystal and (ii) a
white-light continuum probe pulse by using a sapphire crystal. The
probe light was delay-controlled by using a computer-controlled
optical delay stage. All fs-TA measurements were carried out in 2 mm
quartz cuvettes at room temperature. Pump power was chosen as low
as possible, which still provided a reliable signal-to-noise ratio in order
to avoid unnecessary photodamage of the probe molecule B30 dye at

3028

40 mJ cm™2 The fs-TA data were pulse chirp-corrected and globally
fitted at selected monitoring wavelengths (550—600 nm) to
biexponential decay functions, modeled by TA(t,A) = A exp(—t/7,)
+ A,exp(—t/1,), where A, and A, are amplitude coefficients which
combine to unity, ¢ is the time, and 7, and 7, are the fitted time
constants. Steady-state absorption spectra were taken before and after
experiments to confirm that no photodegradation was indicated due
to the laser spectroscopic experimentation.

Broadband dielectric spectroscopy (BDS) measurements were
performed in the frequency range 107 to 107 Hz by using a
Novocontrol High Resolution Dielectric Alpha Analyzer with a
Quatro liquid nitrogen temperature control system with +0.1K
temperature stability. The BDS measurements were carried out using
gold-plated brass electrodes, 20 mm in diameter, with Teflon spacers
approximately 150 pm in thickness. Prior to measurement, the
samples were annealed at 20 K above their respective melting points
to establish that the spectra were not changing with time. The
dielectric data were fit using a combination of a Debye function,
Havriliak—Negami function, and a random barrier model. The three
functions for the mixtures were necessary to account for contributions
from the slow, structural @, and ion dynamics, respectively. These fit
functions are outlined in the SI, as supporting eq 1. The fit results are
shown in Tables S3—S9.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00420.

Thermograms from DSC, fs-TAS relaxation dynamics,
and BDS fitting parameters for all compositions (PDF)
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