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Dielectric relaxation (DR) measurements in the frequency window 0.2 ≤ ν(GHz) ≤ 50 for deep
eutectic solvents (DESs) made of acetamide (CH3CONH2) and urea (NH2CONH2) with the general
composition, [f CH3CONH2 + (1 − f ) NH2CONH2] at f = 0.6 and 0.7, reveal three distinct relaxation
time scales—τ1 ∼ 120 ps, τ2 ∼ 40 ps, and τ3 ∼ 5 ps. Qualitatively similar time scales have been
observed for DR of neat molten urea, whereas the reported DR for neat molten acetamide in the same
frequency window reflects two relaxation processes with no trace of ∼100 ps time scale. This slowest
DR time scale (τ1) resembles closely to the long-time constant of the simulated structural H-bond
relaxation (CHB(t)) involving urea pairs. Similarity in activation energies estimated from the tempera-
ture dependent DR measurements (335 ≤ T/K ≤ 363) and structural H-bond relaxations indicates that
the structural H-bond relaxation overwhelmingly dominates the slowest DR relaxation in these DESs.
Simulated collective reorientational correlation functions (C`(t)), on the other hand, suggest that the
second slower time scale (∼40 ps) derives contributions from both the single particle orientation
dynamics and structural H-bond relaxation, leaving no role for hydrodynamic molecular rotations.
The sub-10 ps DR time scale has been found to be connected to the fast reorientation dynamics of the
component molecules (acetamide or urea). Fractional viscosity dependence for the longest DR times,
τDR ∝

(
η/T

)p

I. INTRODUCTION

Deep eutectic solvents (DESs), by virtue of their exquisite
solvent properties, economical viability, and easy prepara-
tion and transport protocol, are fast emerging as solvents for
large scale industrial and technological applications.1–7 DESs
are multi-component molten mixtures which constitute a new
class of solvents by themselves because they offer stable liq-
uid phase at temperatures much lower than the individual
melting temperatures (Tms) of the mixture components. Exten-
sive interspecies hydrogen bonding (H-bonding) and entropic
gain for being in the liquid phase are the principal factors
that assist in accessing the liquid phase through the deep
depression of freezing points. For some DESs, bio-degradable
nature of the mixture components imparts certain degree
of “greenness,”8–10 fuelling solvent engineering to design
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environmentally benign DESs that can tailor reaction prod-
ucts. Ability of a solvent to steer a reaction lies in the static
and dynamic solvent control of a reaction.11–15 The static con-
trol emerges from the polarity of a reaction medium and thus
principally related to the medium dipole density. The dynamic
control, by contrast, arises from a coupling of the reactive
mode to the dipole fluctuation time scales during the barrier
crossing. These controlling parameters can be easily tuned for
DESs because a particular DES with desired properties can be
prepared by choosing components from a wide range of ionic
and non-ionic compounds. For example, acetamide can form
deep eutectics with a variety of electrolytes16–23 as well as
with urea,24–26 producing molten mixtures with very different
polarities and viscosity coefficients.

Although DESs possess huge potential for large scale
applications as reaction media, both the structural and dynami-
cal aspects of these systems have remained largely unexplored.
Time-resolved fluorescence Stokes shift16–20 and Kerr spectro-
scopic22 measurements performed in the last few years have
revealed the presence of picosecond and nanosecond dynamics

, has been observed for these DESs with the fraction power p = 0.7. Subsequently,
the temporal heterogeneity aspects of these media have been investigated by examining the simu-
lated particle motion characteristics and substantiated by estimating the dynamically correlated time
scales and length-scales through simulations of four-point susceptibilities and density correlations.
These estimated dynamical time scales and length-scales assist in explaining the different inferences
regarding solution heterogeneity drawn from different measurements on these DESs.
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in acetamide/electrolyte deep eutectics near room temperature.
In addition, these fluorescence measurements have suggested
a partial decoupling between diffusion and viscosity coeffi-
cients, and the consequent break-down of the conventional
hydrodynamic relation between them.16–19,21 This and a strong
excitation wavelength dependence of steady state fluorescence
emission of a dissolved dipolar probe17,19 strongly suggest that
these ionic DESs are spatio-temporally heterogeneous, a con-
clusion already hinted at by a few earlier studies.27–30 Dielec-
tric relaxation (DR) measurements of several ionic acetamide
DESs in the frequency window 0.2 ≤ ν/GHz ≤ 50 have pro-
vided further support to the dynamic heterogeneity picture
of these solutions.31 Interestingly, recent fluorescence mea-
surements of acetamide + urea deep eutectics, a representa-
tive of non-ionic DES, have revealed homogeneous solution
character and demonstrated that accessing liquid phase via
depression of freezing points of mixture components may not
automatically guarantee the emergence of solution inhomo-
geneity.26 However, observation of heterogeneity signatures
of a host solvent via fluorescence measurements depends crit-
ically on the average fluorescence lifetime (〈τlife〉) and the size
of the probe used.20,32–34 This reference to the “alien” time
scales and length-scales can be avoided by performing exper-
iments that directly probe the inherent relaxation dynamics of
a given medium. Motional characteristics of medium particles
obtained via computer simulations may then complement to
the experimental conclusions on temporal heterogeneity of the
system under study.

Following above, we have first carried out tempera-
ture dependent dielectric relaxation (DR) measurements of
acetamide + urea deep eutectics and molten urea. The available
frequency coverage in DR measurements is 0.2 ≤ ν/GHz ≤ 50,
and the temperature range for the DESs is 335 ≤ T/K ≤ 363.
Note that the eutectic temperature of acetamide deep eutec-
tics with urea having the general composition [f CH3CONH2

+ (1 − f ) NH2CONH2] is ∼319 K at 0.62 mole fraction (f )
of acetamide.26 Temperature dependent measurements have
been carried out for these DESs at f = 0.6 and 0.7. These
two closely lying compositions are chosen to ensure stable
liquid phase of the melt mixtures in the temperature range con-
sidered and are sufficiently away from the solid-liquid phase
separation line.26 Note that DR studies of molten urea and
acetamide + urea DESs, via either measurements or com-
puter simulations, have not been carried out before. DR data
obtained here for molten urea together with our earlier results
for molten acetamide (∼354 K)31 assist in explaining the DR
time scales measured for the DESs investigated here. These
DR time scales then utilized to examine the solvation time
scales measured earlier for these systems via pico-second
resolved dynamic Stokes shift measurements.26 It has been
reported that urea and acetamide can form both intra- and
inter-species H- bonding.35,36 Computer simulations are per-
formed to ascertain the roles of inter- and intra-species H-bond
relaxation and single particle orientation dynamics on the mea-
sured polarization response. Viscosity coefficients (η) have
been simulated for a few representative cases to test the valid-
ity of hydrodynamics in explaining the measured DR time
scales. Simulated motional characteristics in these deep eutec-
tics then compliment the conclusions derived from different

measurements on the dynamic heterogeneity of acetamide +
urea deep eutectics.

II. EXPERIMENTAL DETAILS
A. Materials and method

Acetamide (≥98%, Merck, India) and urea (>99%, SRL,
India) were vacuum-dried (∼300 K) overnight before use.
Samples were prepared and relevant experiments were done
in a tightly humidity controlled environment. Further details
regarding sample preparation could be found elsewhere as
these DESs were already studied via fluorescence measure-
ments.26 Briefly, the sample vials were sealed and heated
slowly to∼355 K until it formed a clear melt. Refractive indices
(nD) were measured by employing an automated tempera-
ture controlled refractometer (RUDOLPH, J357). Temperature
dependent DR measurements for these DESs were carried
out by using a heating plate (MS-H-Pro from SCILOGEX,
USA). The temperature of the system was monitored by plac-
ing a thermometer at the same plane of the probe end. In all
measurements, desired experimental temperatures were suffi-
ciently stable (within ±0.5 K) for conducting repeat (at least
three) recordings.

B. DR data acquisition

The dielectric response of a given material to an applied
frequency (ν) dependent electric field is represented via the
complex permittivity as follows:37,38

ε
∗(ν) = ε′(ν) −

[
iε′′(ν) +

iκ
2πεpν

]
, (1)

where κ denotes the dc conductivity of the medium and εp

denotes the permittivity of free space. ε′(ν) represents the real
part of the complex permittivity whose zero frequency limit
is the static dielectric constant of the medium, ε0 = ε(ν→ 0).
The permittivity at infinite frequency, ε∞ = ε(ν → ∞), can
be defined as the plateau reached by the ε′(ν) when the ori-
entational polarization ceases to respond to the applied fre-
quency dependent electric field. Our inaccessibility to fre-
quency higher than 50 GHz did not allow us to probe separately
the high frequency response arising from intramolecular polar-
izability and intermolecular vibration/libration contributions.
As a result, the reported ε∞ contains these high frequency
relaxation contributions and is larger than the respective square
of the refractive index (n2

D) values. Note that in complete DR
measurements for a given sample, one expects ε∞ ≈ n2

D.
Approximately 8 ml of each mixture was thermally equi-

librated before they were subjected to DR measurements in a
properly humidity-controlled environment. DR measurements
were carried out using a PNA-L network analyzer (N5230C)
combined with a probe kit (85070E) operating in the frequency
range, 0.2 ≤ ν/GHz ≤ 50. Details regarding the calibration
process and measurement technique could be available in our
previous work.31

C. Data analysis

Experimentally obtained DR data were fitted with a sum
of Havriliak-Negami (HN) equation,37



ε
∗(ν) = ε∞ +

n∑
j=1

∆εj
[
1 + (i2πντj)1−αj

]βj
, (2)

where 0≤ αj < 1 and 0< β≤ 1.∆εj denotes the dispersion mag-
nitude at the j-th relaxation step with the time constant, τj. Note
that Debye relaxation corresponds to αj = 0, βj = 1, whereas
αj = 0 describes the Cole-Davidson (CD) model and βj = 1
describes the Cole-Cole model, respectively. The relaxation
parameters were extracted by simultaneously fitting ε′(ν) and
ε′′(ν) by using a non-linear least squares method. Sufficient
numbers of data points (1001 data points) were collected to
get an accurate description from the fitting within the available
frequency window. Fitting quality was estimated by checking
both the “goodness-of-fit” parameter (χ2) and residuals. The
following expression39 defines the χ2:

χ
2 =

1
2m − `

m∑
i=1



(
δε′i

σ(ε′i )

)2

+

(
δε′′i

σ(ε′′i )

)2
, (3)

with m representing the number of data triples (ν, ε′, ε′′), `
being the number of adjustable parameters, and δεi and σ(εi)
being the residuals and standard deviations of the individual
data points, respectively. Conductivity correction has been car-
ried out by following the procedure described in Ref. 40. For
all samples studied here, multi-Debye fits were employed to
obtain the best simultaneous description of the measured ε′(ν)
and ε′′(ν). We attempted different combinations of Debye,
Cole-Cole, and Cole-Davidson processes but did not obtain
any better description than the multi-Debye ones. Therefore,
the multi-Debye fits employed here do not bear any particu-
lar meaning other than providing the best possible numerical
description of the DR spectra recorded within the frequency
window employed.

III. SIMULATION DETAILS

All-atom molecular dynamics simulation was performed
with 512 numbers of particles for acetamide + urea DES at
335 K at 0.6 mol fraction of acetamide. Additionally, 256
numbers of urea molecules were simulated at 406 K. All sim-
ulations were carried with GROMACS version 4.5.4,41 where
the molecules interacted via the following potential:

U(R) =
∑

bonds

Kr(r − req)2 +
∑

angles

Kθ (θ − θeq)2

+
∑

dihedrals

Kϕ
(
1 + cos(nϕ − δ) +

atoms∑
i< j

(
Aij

R12
ij

−
Bij

R6
ij

)

+
atoms∑

i<j

qiqj

4πε0Rij
. (4)

This particular form of the potential function has been used
frequently for simulating the liquid structure and dynamics of
ionic liquids and DESs.42–49 In Eq. (4), Kr denotes the bond
constant with the equilibrium bond distance req, Kθ denotes
the angle constant with the equilibrium angle θeq, Kϕ denotes
the dihedral constant with periodicity n, dihedral angle φ, and
phase shift δ. Rij is the distance between i and j atoms with

partial charges qi and qj, respectively. CHARMM50 force field
parameters were used for acetamide, and GROMOS96 force
field parameters were taken for urea for the simulation.51 These
force field parameters were used earlier to simulate various
dynamical properties for acetamide + electrolyte DESs19 and
acetamide + urea DESs26 that were in reasonable agreement
with experiments. The short-range van der Waals interaction
was represented by the Lennard-Jones (LJ) potential, and the
long-range electrostatic potential was treated via the particle
mesh Ewald (PME) summation technique.52

The initial configuration was built using Packmol53 and
minimized via a steepest decent algorithm in GROMACS.
Then each system was heated slowly from 100 K to the final
temperature via a step-up process of step 100 K with each
step continuing for 100 ps in the NVT ensemble. The final
configuration was equilibrated in the NPT ensemble at 1 atm
pressure using a V-rescale thermostat54 and Berendsen pres-
sure coupling55 with relaxation times of 0.5 ps and 2.0 ps,
respectively, for 1 ns. Subsequently, further equilibration of
2 ns followed by a production run of 10 ns was carried out in the
NPT ensemble using a V-rescale thermostat54 and a Parrinello-
Rahman barostat56,57 with relaxation times of 0.5 ps and 2.0 ps,
respectively. Simulated densities for the acetamide + urea DES
were found to be 1.14 g/cc at 335 K and for urea 1.29 g/cc at
406 K. Note that the simulated density for acetamide + urea
DESs (1.14 g/cc) agrees well with the experimental density
(1.09 ± 0.05 at 333 K).26 However, the experimental den-
sity for molten urea at 406 K is not available for such a
comparison. Periodic boundary conditions were employed in
all three directions, and the equations of motion were inte-
grated using a time step of 0.5 fs employing the leap-frog
algorithm.58 Simulated trajectories were saved every 10 fs
for data analyses and simulation results. Separate production
runs in the NPT ensemble were carried out for each system
for 10 ns for simulations of η. The pressure tensor values
were saved after every 10 fs interval for this purpose. Tem-
perature dependent simulations for the DESs were carried out
in the temperature range, 335 ≤ T/K ≤ 363, at an interval
of 10 K.

IV. RESULTS AND DISCUSSION
A. DR measurements of neat molten urea
1. Experimental DR time scales and
Stokes-Einstein-Debye (SED) prediction

We first present the DR measurements for molten urea at
406 K. These data are required to understand the urea contri-
bution to the DR of acetamide + urea DESs measured here.
In addition, being an excellent solvent in liquid phase,59,60

molten urea requires characterization of its polarity properties.
Figure 1 presents the DR spectra for neat molten urea where the
real (ε′) and the imaginary (ε′′) components are shown along
with the multi-Debye fits and fit parameters. For comparison,
the same for molten acetamide (354 K)31 is also presented.
Note that for molten urea, unlike in molten acetamide, the com-
ponent with the slowest relaxation time (τ1 = 87 ps) accounts
for ∼11% of the total dielectric dispersion detected. In addi-
tion, the second slowest time constant (τ2 = 29 ps), accounting



FIG. 1. DR of molten urea (406 K) detected within the frequency window,
0.2 ≤ ν/GHz ≤ 50. Measured frequency (ν) dependent real (ε′) and imagi-
nary (ε′′) components of the spectra are shown, respectively, by circles and
triangles (all blue). Solid lines through these data represent Debye fits with
fit parameters shown as the inset. Short dashed lines going through the urea
data are reconstruction of DR data after conductivity correction following the
method described in Ref. 40. DR spectra for molten acetamide at 354 K (red)
are also shown here for a comparison.

for the maximum (∼88%) dispersion, corroborates well with
the time corresponding to the peak frequency (νpeak ∼ 5.5 GHz)
of the ε′′(ν), τpeak = 1/2πνpeak ≈ 30 ps. A comparison with the
DR data for molten acetamide clearly indicates that this domi-
nant relaxation component in molten urea is faster than that in
molten acetamide. Higher experimental temperature for urea
than acetamide may be a reason for this. Notice that the esti-
mated static dielectric constant (ε0) for molten urea (ε0 ∼ 70)
at this temperature is somewhat larger than that (ε0 ∼ 64) for
molten acetamide at 354 K.

Next we examine if the Stokes-Einstein-Debye (SED)
relation can predict emergence of any of these slower DR
time constants (τ1 and τ2) or their amplitude-weighted average,
〈τDR〉 =

∑
i aiτi, in terms of the hydrodynamic rotation. This,

however, requires a viscosity coefficient (η) as an input which
has not been measured yet. Consequently, we have estimated
η for molten urea at 406 K from simulations. The relevant
simulation procedure is described in Appendix A of the supple-
mentary material. Note that the SED rotation time (τr) equals
DR time (τDR), that is, τr = τDR, because61 τr =

`(`+1)
2 × τDR

and DR associates with ` = 1. Consequently, the SED rela-
tion for molecular rotation time,62–65 τr = 3Vη/kB T, predicts
τr ∼ 9 ps for a urea molecule if we use66,67 r = 1.8 Å (molecular
volume V = 4π r3/3) and our simulated viscosity η = 0.7 cP for
molten urea at 406 K (see Fig. S1 of the supplementary mate-
rial). Interestingly, with this simulated η and r = 2.5 Å,68,69

the SED rotation time becomes ∼25 ps which is similar to
τ2 = 29 ps and 〈τDR〉 = 34 ps. However, this similarity between
the predicted hydrodynamic rotation and experimental DR
times may be fortuitous because neither urea is a perfectly
spherical molecule nor the simulated η could be confirmed
against experiments. However, a good agreement between the
simulated and the experimental η for one of these DESs (see
Fig. S2 and Appendix A, supplementary material, for a repre-
sentative comparison) suggests that the simulated η for urea
(η∼0.7±0.2 cP) at 406 K might be realistic. In such a scenario,
a comparison between the viscosity ratio (ηacetamide

354 K /ηurea
406 K ∼ 3

using ηacetamide
354 K ∼ 2.2 cP16) and that between the corresponding

DR times (τacetamide
2,354 K /τurea

2,406 K = 1.9) suggests somewhat reduced
coupling between τ2 and η. This brings up a question whether
τ2 originates from molecular rotation of urea or it involves non-
Brownian angular moves such as orientation jumps.48 Given
that molten urea is an extensively H-bonded liquid,70 roles
for the collective single particle orientational relaxation and
H-bond fluctuation dynamics48,71 need to be investigated to
comment on the origin of all the three DR time scales detected
here. While such an examination is slated next, we digress
briefly here to report on molecular dipolar moment for urea
in its molten state, an important property that has not been
experimentally determined yet.

2. Estimate of molecular dipole moment
of urea in liquid phase

Access to ε0 for molten urea in the present DR mea-
surements allows us to estimate the dipole moment (µ)
of urea in its molten phase via the Onsager relation,72

(ε0 − 1)(2ε0 + 1)/9ε0 = 4πρµ2/9kBT, where ρ denotes the sol-
vent number density and kBT the Boltzmann constant times the
absolute temperature. Using the simulated density of molten
urea at∼406 K, we obtainµ≈6.7 D. This value resides between
the two different measurements of dipole moment of urea in
dilute solutions of dioxane at ∼298 K which are 8.6 D73 and
4.6 D.74 Interestingly, the current estimate is larger than the
value (µ = 5.3 D)70 obtained from quantum chemical calcu-
lations at the single molecule level using the self-consistent
field (SCF) wave function with atomic natural orbital (ANO)
basis sets. The use of the Cavell equation,75,76 on the other
hand, leads to µ = 6.3 D for a urea molecule which is quite
close to the value estimated above by the Onsager relation.
Considering the absence of the effects due to the collective
inter-molecular H-bonding network of molten urea in both the
dilute dioxane solution measurements74 and quantum chem-
ical calculations,70 a liquid phase dipole moment of 6.7 D
for molten urea at ∼406 K appears logical. Note that this
value of liquid phase dipole moment for urea is approximately
twice the value estimated (µ ∼3 D) for water in liquid phase
at 318 K.77

3. Experimental DR time scales in molten urea:
Connections to orientation relaxation
and cooperative H-bond dynamics

We now return to explore the connection between the
measured DR time scales and the collective single particle
orientation dynamics and H-bond relaxations in molten urea.
The simulated first (` = 1) and second (` = 2) rank reorienta-
tional correlation functions, C`(t), are shown in the upper panel
of Fig. 2, while the simulated continuous (SHB(t)) and struc-
tural (CHB(t)) H-bond relaxations are presented in the lower
panel. The corresponding multi-exponential fits and fit param-
eters are also shown. Simulation details of these quantities
are provided in Appendix B of the supplementary material.
Note that a relatively slower component with a time constant
in ∼6-12 ps range dominates the bi-exponential C`(t) decays
for urea in its molten phase. This slow reorientation time con-
stant resembles the fastest DR time constant (4 ps) detected
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FIG. 2. Simulated rank dependent reorientational correlation functions,
C` (t), are shown in the upper panel, whereas the simulated hydrogen bond
(H-bond) relaxations, XHB(t) with X = S or C (lower panel), are presented
in the lower panel. Data are for molten urea at 406 K. The corresponding
multi-exponential fit parameters are shown as insets.

for molten urea (Fig. 1), and this similarity suggests that the
fast DR component derives contributions from the collective
single particle reorientation dynamics of urea molecules. The
sub-picosecond time constants in these simulated C`(t) decays
then explain the limitation of the present measurement window
(0.2 ≤ ν/GHz ≤ 50) in detecting the complete DR dynam-
ics of molten urea. Note that a similar observation has also
been made earlier for molten acetamide.31,48 Interestingly, the
average reorientational correlation time constants (〈τ〉`=1 and
〈τ〉`=2) for molten urea are ∼1.5 times longer than those for
molten acetamide48 although the former is less viscous than
the latter. This is probably because of a more comprehensive
local H-bond network for urea than acetamide in the molten
state.

A connection between the H-bond fluctuation dynamics
and DR of molten urea can be easily realized if one compares
the slower time scales (τ3 and τ4) of the structural H-bond
relaxation (CHB(t)) presented in the lower panel with those
obtained from DR measurements. For example, the time scale
of the dominant DR component (29 ps with ∼83% amplitude)
corresponds well to the τ3 (21 ps) of CHB(t) decay, while τ4

(154 ps) resembles the ∼100 ps DR time scale of molten urea.
Interestingly, this τ4 of CHB(t) is quite similar to the trans-
lational diffusion time scale (the time required to translate
over one molecular diameter, σ) of a urea molecule calcu-
lated as follows: τdiffu = σ

2/DT = 3πησ3/kBT = 147 ps, using
σ = 5 Å, η = 0.7 cP (simulated), and T = 406 K. The close prox-
imity revealed in the values of τdiffu, the slowest CHB(t) time
constant (τ4), and the slowest experimental DR time constant

establishes the role of centre-of-mass motion in the structural
H-bond relaxation and connects the cooperative H-bond fluc-
tuation dynamics to the DR of molten urea. It is interesting
to note that the average time obtained from the continuous
H-bond relaxation (SHB(t)), which is also known as the aver-
age H-bond lifetime, is similar to that for molten acetamide
although the average time from CHB(t) is twice as large as that
in molten acetamide.48 This difference in average CHB(t) times
is again a reflection of a more pronounced H-bond network for
urea than acetamide in liquid phase.

B. Temperature dependent DR in acetamide + urea
DESs: Origin of relaxation components
1. Experimental DR time scales: General trend
and predictions from SED relation

Figure 3 shows the temperature dependent DR spectra of
the acetamide + urea DES at f = 0.6 along with 3 D fits. The
corresponding spectra and their fits for the DES at f = 0.7 are
shown in Fig. S3 (supplementary material). A representative
comparison between the 3 D and 2 D fits is provided in Fig. S4
(supplementary material) which shows that 3 D fits provide
a somewhat better description of the measured DR spectra
than that by the 2 D fits. Note that the plateau in ε′(ν) at all
these temperatures as the frequency approaches its limiting

FIG. 3. Temperature dependent DR spectra for acetamide + urea DES at
f = 0.6 measured in the frequency window, 0.2 ≤ ν/GHz ≤ 50. The upper
panel shows the real (ε′) component and the lower panel shows the imag-
inary (ε′′) component. The symbols denote the measured data, while the
solid lines through them represent simultaneous 3-D fits. Representations are
color-coded. Arrow indicates the direction of temperature increase.
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TABLE I. Parameters obtained from simultaneous 3-D fits to real (ε′) and imaginary (ε′′) components of the
measured DR spectra for acetamide + urea DESs with the composition [f CH3CONH2 + (1 � f ) NH2CONH2] at
different temperatures with f = 0.6 and 0.7.a

f = 0.6

T (K) ε0 ∆ε1 τ1 (ps) ∆ε2 τ2 (ps) ∆ε3 τ3 (ps) ε∞ nD ε∞ − n2
D

335 70.9 58.1(90%) 121 4.6(7%) 39 2.2 6 6.0 1.395 4.05
339 70.3 57.7(90%) 111 4.4(7%) 37 2.2 6 6.1 1.395 4.15
345 69.3 55.9(88%) 94 4.9(8%) 38 2.4 6 6.1 1.394 4.16
351 68.5 53.4(86%) 79 6.2(10%) 39 2.4 6 6.5 1.394 4.56
357 67.8 50.1(82%) 70 8.5(14%) 40 2.6 6 6.6 1.393 4.66
363 67.4 49.0(81%) 64 9.0(15%) 38 2.7 6 6.7 1.393 4.76

f = 0.7

335 69.5 55.8(88%) 121 5.3(8%) 50 2.2 6 6.2 1.389 4.27
339 69.1 53.8(85%) 107 6.9(11%) 52 2.4 6 6.2 1.389 4.27
345 68.2 49.6(80%) 92 9.7(16%) 54 2.6 6 6.3 1.388 4.37
351 67.2 43.1(71%) 81 14.9(24%) 55 2.9 6 6.3 1.388 4.37
357 66.3 38.2(63%) 73 18.8(31%) 54 3.1 7 6.2 1.387 4.28
363 65.7 32.7(55%) 66 23.5(40%) 51 3.2 6 6.3 1.387 4.38

aError bar for ε0 is typically ±1.0 and time constants are better than ±5% of the tabulated values. Numbers within the parentheses
indicate percentages of the dispersion amplitudes with respect to the total dispersion detected.

value at the lower wing. Such a behavior is typical for DR
of systems composed of purely dipolar species.78,79 A closer
inspection of ε′(ν) at the low frequency wing suggests a grad-
ual decrease of ε(ν → 0) with temperature. In addition, the
peak frequency (νpeak) of ε′′(ν) moves to higher frequency
as the solution temperature is increased. This shift of νpeak

is expected because η for these media decreases with an
increase of temperature,26 inducing faster relaxation at a higher
temperature. A gradual increase of ε′′(ν) at ν = 50 GHz
with temperature further reflects faster relaxation at a higher
temperature.

Table I summarizes the parameters obtained from 3 D fits
to the DR spectra shown above at f = 0.6 and to those obtained
at f = 0.7. Measured refractive indices (nD) and the differences,
ε∞ − n2

D, are also tabulated. The three different time scales
observed are τ1 ∼ 60-120 ps, τ2 ∼ 40-60 ps, and τ3 ∼ 10 ps.
Note that this∼10 ps (τ3) time scale has already been observed
in the DR of neat molten urea and is attributed to the collec-
tive single particle reorientational dynamics of urea molecules.
Note that the measured τ1 in these deep eutectics at lower tem-
peratures (up to ∼350 K) is longer than those detected for neat
molten acetamide and neat molten urea. Higher viscosities79

of these DESs at these temperatures than those of the neat
components may be one of the reasons for this. Interestingly,
τ1 is associated with the maximum dispersion at nearly all
the temperatures considered for the two compositions studied.
At 335 K and f = 0.6, a value of ∼120 ps for τ1 corre-
lates well with the corresponding νpeak of ε′′(ν) at ∼1.3 GHz,
τpeak = 1/2πνpeak = 122 ps. This correlation extends to all the
other temperatures studied, indicating that the main relaxation
for these DESs resides within the frequency window employed
here.

Next we ask whether the SED relation can explain τ1 in
terms of hydrodynamic rotation involving a spherical moiety
with diameter to that of either acetamide or urea. Consider first

the DR time constant, τ1 (121 ps), at f = 0.6 and 335 K with
η ≈ 10 cP.26 If we use σ = 4.5 Å,17 a value that had produced
SED rotation time for acetamide similar to the slower of the
two DR times in experiments with molten acetamide, we find
τr ≈ 310 ps. If σ = 5 Å is used to represent the size of urea
(this value had produced a rotation time closer to one of the
DR times in molten urea), we get τr ≈ 425 ps. Other diame-
ter values, for example, σ = 3.6 Å66,67 and σ = (3.6 + 4.5)/2
Å = 4.05 Å, produce ∼160 ps and ∼225 ps, respectively, as
SED rotation times. All these predicted times are ∼1.5 to 3.5
times larger than the longest experimental DR time constant
under consideration (τ1 = 121 ps), indicating hydrodynamic
rotation involving full molecular volume might not be the rea-
son for this DR relaxation component. The origin for this and
the other slower (τ2) DR time constants may lie, as before, in
the collective orientation relaxation and cooperative H-bond
dynamics in these systems. This is explored via simulations
next.

2. Orientation relaxation in acetamide + urea
DES: Search for a rotation component
in the corresponding DR relaxation

Figure 4 presents the simulated decays of the reorienta-
tional correlation functions, C1(t) and C2(t), of acetamide and
urea molecules by separately tracking species-specific orienta-
tion dynamics in the DES at f = 0.6 and 335 K. Corresponding
decays in neat molten acetamide (368 K) and neat molten urea
(406 K) are also shown in the respective panels for comparison.
Multi-exponential fit parameters to these simulated decays are
summarized in Table II. Clearly, the reorientation relaxations
for both urea and acetamide are substantially slowed down in
the DES compared to those in the neat molten systems, the
impact being more on urea than on acetamide. To be more
precise, the C`(t) decay for urea in this DES is ∼3-4 times



FIG. 4. Simulated rank dependent reorientational correlation functions,
C` (t), for acetamide and urea in acetamide + urea DESs at f = 0.6 and
335 K and those for the neat molten components. Note that the decay of
first rank reorientational correlation function, C1(t), is shown in the upper
panel, while that for the second rank, C2(t), is presented in the lower panel.
Simulated C` (t) for neat molten urea and neat molten acetamide correspond,
respectively, to 406 K and 368 K. Lines going through the simulated data are
fits. Table II summarizes the fit parameters.

slower than those in neat molten urea, while the same compar-
ative factor is ∼2 for acetamide. However, the more important
aspect here is the emergence of ∼20-40 ps time scales in these
reorientational correlation functions for urea and acetamide in
DES which were completely absent in the neat molten phase.
These representative results therefore suggest that reorienta-
tional dynamics of the component molecules can contribute
to the DR of these DESs although the full molecular rotation
may not be involved. The question, however, still lingers on

is, what produces the ∼100 ps DR time scale in these DESs?
We address this next.

3. H-bonding relaxation in acetamide + urea
DES: Inter-species or intra-species?

Figure 5 depicts the simulated decays of the continuous
H-bond relaxation (SHB(t)) and the structural H-bond relax-
ation (CHB(t)) in acetamide + urea DES at f = 0.6 and 335 K
for acetamide-acetamide, acetamide-urea, and urea-urea pairs.
The corresponding fit parameters are summarized in Table III.
Clearly, SHB(t) decays, although slowed down compared to
those in the neat molten phase, do not span the appropriate
time-window to produce the DR time scale in the ∼100 ps
range. We only note here that with respect to the average
rates in the neat molten phase, SHB(t) relaxation for urea-urea
pair is slowed down by a factor of ∼2, whereas that for an
acetamide-acetamide pair remains nearly the same. Also, the
inter-species (acetamide-urea) average SHB(t) relaxation rate
is slower than that for an acetamide-acetamide pair and com-
parable to that for a urea-urea pair. This slowing down ability
of urea is already witnessed when we compared in Fig. 2 the
reorientation and H-bond relaxation rates between urea and
acetamide in the neat molten phase and has been ascribed
to the relatively more comprehensive H-bond network of
urea.

Let us now examine the intra- and inter-species CHB(t)
relaxations, shown in the lower panel, for time scales that are
in the 100 ps regime. A representative comparison among
different fit functions provided in Fig. S5 (supplementary
material) suggests that an adequate description of these CHB(t)
decays require stretched exponentials at long time. Note the
striking resemblance between the long-time constant (τlong)
of the simulated urea-urea CHB(t) decay (see Table III) and
the slowest DR time constant for the DES at the corre-
sponding temperature and composition (τ1 ∼ 120 ps). Also,
note the similarity between the ∼40-60 ps time scale in the
CHB(t) decays involving acetamide-acetamide and acetamide-
urea pairs and the ∼40 ps DR time scale (τ2) in this DES
at 335 K. This observation suggests that the experimentally
observed 100 ps DR time scale in this DES at 335 K is strongly

TABLE II. Multi-exponential fit parameters describing the simulated rank (`) dependent reorientational corre-
lation functions, C` (t), for acetamide and urea in acetamide + urea DESs at f = 0.6 and for the neat molten
components (urea and acetamide).

Species Rank (`) a1 τ1 (ps) a2 τ2 (ps) a3 τ3 (ps) β 〈τ〉 (ps)a 〈τ1〉
〈τ2〉

Acetamide in DESs 1 0.12 0.4 0.25 5.5 0.63 16.8 1.0 12.0 2.0
at 335 K 2 0.34 0.3 0.27 3.3 0.39 12.8 1.0 6.0

Urea in DESs 1 0.08 0.5 0.92 40.2 . . . . . . 1.0 37.0 2.45
at 335 K 2 0.15 0.2 0.16 3.3 0.69 21.1 1.0 15.1

Molten urea 1 0.1 0.4 0.9 12.4 . . . . . . 1.0 11.2 2.67
at 406 K 2 0.27 0.3 0.73 5.7 . . . . . . 1.0 4.2

Molten acetamide 1 0.17 0.63 0.83 7.9 . . . . . . 1.0 6.7 2.48
at 368 K 2 0.30 0.19 0.30 1.7 0.40 5.4 1.0 2.7

aAverage reorientational correlation time, 〈τ〉 =
∑

i aiτi with
∑

i ai = 1.
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FIG. 5. Simulated decays of the intra- and inter-species H-bond relaxation
functions, SHB(t) (upper panel) and CHB(t) (lower panel) in acetamide + urea
DESs at f = 0.6 and 335 K. Symbols denote the simulated data and solid lines
denote the fits. Fit parameters are summarized in Table III.

linked to the structural H-bond relaxation, whereas the other
slower one (τ2) derives contributions from both reorienta-
tional dynamics and structural H-bond relaxation. Note here
that a connection between the structural H-bonding relax-
ation and the DR naturally appears because DR probes the
time dependent change in the collective dipole moment auto-
correlation function (CM(t) = 〈M(0) •M(t)〉, with M(t) =∑

i µi(t), where µ is the molecular dipole moment)61 and
the longtime decay of CM(t) involves angular decorrela-
tion via breaking of H-bond followed by rotation and
translation.

4. Critical role for CHB(t) in DR dynamics: Further
evidence from temperature dependent DR
measurements and simulations

In order to demonstrate the critical role for the structural
H-bond relaxation in regulating the DR dynamics in these
DESs, we have compared the activation energy obtained from
temperature dependent DR measurements to that estimated
from the temperature dependent simulations of structural
H-bond relaxations, CHB(t). Figure S6 (supplementary mate-
rial) displays acetamide-acetamide CHB(t) decays at four dif-
ferent temperatures at f = 0.6 to represent the temperature
dependent simulations of structural H-bond relaxations in
acetamide + urea DESs. Fit parameters to these and other
CHB(t) decays are provided in Table S7 (supplementary mate-
rial). A one-to-one comparison between the measured DR time
scales and those from fits to CHB(t) decays at the corresponding
composition and temperature reveals a strong interconnection
between the slow DR and CHB(t) time scales.

Figure 6 further explores this interconnection via
Arrhenius-type plots for average DR times (upper panel) and
average CHB(t) times (lower panel) as a function of tem-
perature. Note that the inverse of experimental DR times
(amplitude-weighted average of the slower two time constants,

τ1 and τ2; that is,
〈
τDR

avg

〉
=

2∑
i=1

aiτi

/ 2∑
i=1

ai, with ais being the

amplitudes) is shown for f = 0.6 and 0.7, whereas the inverse
of average CHB(t) times is shown only for f = 0.6. Notice
the resemblance between the experimental activation energies
and those obtained from CHB(t) relaxations involving intra-
and inter-species pairs. Temperature dependence of the slow-
est DR time constant (τ1) alone also provides similar activation
energies: 23.9 kJ/mol at f = 0.6 and 21.4 kJ/mol at f = 0.7
(see the upper panel, Fig. S8 of the supplementary material).
Activation energies have also been estimated from consider-
ing only the long time constants (τlong) of the temperature
dependent CHB(t) relaxations (see the lower panel, Fig. S8 of
the supplementary material). Numerically, the average acti-
vation energy (averaged over the three different pairs) from
the simulated average CHB(t) times and that from τlong are
quite close to that from measured average DR times. This
striking resemblance between the experimental and simulated
activation energies provides a strong support to the view that

TABLE III. Multi-exponential fit parameters for the simulated H-bond relaxations, SHB(t) and CHB(t), for
intra- and inter-species pairs in acetamide + urea DESs at f = 0.6 and 335 K.

H-bond Relaxation τ1 τ2 τ3 τlong 〈τ〉

pair function a1 (ps) a2 (ps) a3 (ps) β (ps)a (ps)

Acetamide-acetamide SHB 0.27 0.08 0.57 0.30 0.16 0.90 1.0 . . . 0.33
CHB 0.16 0.22 0.33 8.5 0.51 30.2 0.42 45.0 47.8

Acetamide-urea SHB 0.43 0.12 0.57 0.60 . . . . . . 1.0 . . . 0.40
CHB 0.15 0.13 0.33 17.0 0.52 60.4 0.50 62.8 68.4

Urea-urea SHB 0.42 0.10 0.49 0.41 0.09 2.0 1.0 . . . 0.42
CHB 0.14 0.11 0.86 78.2 . . . . . . 0.51 129.1 129.2

aτlong =
a3τ3
β × Γ(1/β), with Γ denoting the Gamma function and β denoting the stretching exponent.
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FIG. 6. Estimation of activation energies (Ea) from the measured average
DR times (upper panel) and simulated CHB(t) times (lower panel) for the
acetamide + urea DES studied here. The natural logarithm of the inverse
of the amplitude-averaged time constants is shown as a function of inverse
temperature. The average DR times used here are calculated leaving out the

fastest of the detected DR time constants:
〈
τDR

avg

〉
=

2∑
i=1

aiτi

/
2∑

i=1
ai). Simulation

times are from CHB(t) decays and correspond to the composition, f = 0.6.
Simulated average times are also obtained using the procedure followed for
measurements. Solid lines represent linear fits through the respective data
sets. Note the similarities between the experimental and simulated Ea values.
The small difference between them may be ascribed to the fact the simulated
relaxation (CHB(t)), although connected to DR, is not directly monitoring the
medium polarization relaxation probed by the DR.

structural H-bond relaxation dominates the DR relaxation in
these DESs in general and governs the slow time scales in
particular.

5. Comparison among activation energies from
different measurements: Hints regarding
the extent of coupling between the particle
motion and solvent friction

Activation energies discussed above, and those accessed
via several other measurements, such as dynamic fluores-
cence and Stokes shift measurements, are associated with
non-reactive dynamics and related to the medium frictional
resistance to particle angular and centre-of-mass motions.16

Therefore, the activation energies obtained from DR, dynamic
anisotropy, and Stokes shift measurements are expected
to closely follow the activation energy determined from
temperature dependent viscosity (η) measurements. This is
indeed the observation when one compares the activation
energy from η (see Fig. S9 of the supplementary mate-
rial, which, respectively, are 32.3 kJ/mol and 30.8 kJ/mol at

f = 0.6 and 0.7) with that from dynamic anisotropy mea-
surements (33.9 kJ/mol and 31.2 kJ/mol at f = 0.6 and
0.7, respectively) using C153 as a solute probe.26 Interest-
ingly, these activation energies are ∼1.3-1.5 times larger than
those from the temperature dependent DR measurements
(23.3 kJ mol−1). This suggests that particle motions involved
in DR of these DESs are not entirely regulated by the
medium frictional resistance, reflecting a partial decoupling
between the average DR times (τDR

avg) and the medium viscosity
(η).

Figure 7 demonstrates this decoupling where the average
DR times measured in these DESs are shown as a func-
tion of temperature-reduced viscosity, η/T. The solid line
going through the data points represents the following frac-
tional viscosity dependence for average DR times, τDR

avg ∝(
η/T

)p, with p = 0.68. For average rotational correlation
times obtained from dynamic anisotropy measurements using
C153 in the same media, the η/T dependence was found to
be hydrodynamic (that is, p ≈ 1) and is also shown in the
same figure (dashed lines) for a comparison. This difference
in p values from different experiments for the same DESs
may become interesting if we opine that DR can track the
presence of the temporal (dynamic) heterogeneity in these
media, while dynamic fluorescence anisotropy cannot. How-
ever, the difference in sizes of the solutes whose motions
are being tracked by these two different relaxation mea-
surements may explain this observation.80,81 This reference
to length scale in accessing the experimental signature of
temporal heterogeneity warrants further investigation on the
origin of the dynamic heterogeneity reflected by the frac-
tional viscosity dependence of DR times observed. The sce-
nario becomes even more interesting when we recall that
steady state fluorescence measurements of these DESs using
short lifetime fluorescent probes did not suggest any medium
heterogeneity.79

FIG. 7. Viscosity coupling of DR times in acetamide + urea DESs at f = 0.6
(circles) and 0.7 (squares). Measured average relaxation times are shown as a
function of temperature-reduced viscosity,

(
η
T

)
. Fit through the average DR

times at both the compositions (considering as a single set) is denoted by the
black solid line. For a comparison, the fit obtained from C153 rotation times
via dynamic fluorescence anisotropy measurements in these DESs reported
in Ref. 26 is also shown (blue dashed lines). Note the difference in p values
obtained from different measurements.
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6. Inspection of simulated motions of DES
particles: Search for dynamic heterogeneity
and the corresponding correlated time
scales and length-scales

A hint of dynamic heterogeneity was already reflected
by the ratios of the simulated reorientational correlation times
(〈τ1〉/〈τ2〉), shown in Table II, which substantially deviated
from Debye’s `(` + 1) law for stochastic angular displace-
ments82,83 for acetamide and urea in both the molten phase
and deep eutectic condition. The presence of dynamic het-
erogeneity appears to be supported also by the stretched
exponential relaxation of the simulated CHB(t) at long times
in this DES for all the temperatures considered (see Table
S7). A closer inspection of the particle motions through the
simulated non-Gaussian and new non-Gaussian parameters79

(described in Appendix C and shown in Fig. S10 of the sup-
plementary material) reveals the presence of two time scales
for urea molecules (τNG ∼ 6 ps and τNNG ∼ 20 ps), indicat-
ing the presence of particle mobilities faster and slower than
those predicted by the Gaussian distribution of particle dis-
placements. However, this difference between τNG and τNNG,
although not as strong as that found for a strongly hetero-
geneous system like ionic liquid (where approximately an
order of magnitude separation was observed between these
two time scales),84,85 is not negligible compared to the separa-
tion for homogeneous systems, such as ambient water.86,87 All
these indicate the presence of a relatively mild heterogeneity
in these DESs which is further supported by the weak devi-
ations of the simulated self-part of the van Hove correlation
functions and particle displacement distributions88–90 from the
predicted Gaussian behavior for homogeneous systems (see
Appendix D and Fig. S11 of the supplementary material).
The simulated four-point susceptibilities suggest ∼10 ps as
dynamically correlated time scale (tmax

4 , see Appendix E and
Fig. S12 of the supplementary material). This, in turn, means
domains of particles relaxing at the same rate remains corre-
lated over a time scale of ∼10 ps. This short-correlated time
scale then explains the non-observation of static heterogeneity
signatures via steady state fluorescence measurements using
fast fluorescent probes with lifetimes in the sub-nanosecond
regime.

Next we estimate the dynamic correlation lengths (ς) from
the simulated four-point density correlation functions for urea
and acetamide molecules in these DESs. The necessary cal-
culation details are provided in Appendix F (supplementary
material). Figure 8 shows the simulated four-point correlations
for urea and acetamide in this DES at f = 0.6 and 335 K. Figure
S13 (supplementary material) presents the same calculations
for these molecules in this DES at f = 0.7 and 335 K. Note
that the dynamic correlation length, ς, estimated from the fit
is ∼9 Å for both urea and acetamide at both the compositions
for this DES at this temperature. This value of dynamic cor-
relation length, even considering the error in estimation due
to the finite size effect, provides a qualitative idea of length-
scale over which the correlated domains are extended. This
size is approximately twice the diameter of an acetamide or
urea molecule but comparable to the size of a conventional
fluorescent probe like C153 (diameter ∼7.8 Å).91 Conse-
quently, fluorescent probes could not sense the dynamically

FIG. 8. Estimation of the dynamic correlation length, ξ , from the simu-
lated four-point density time correlation functions for urea and acetamide
in acetamide + urea DESs at f = 0.6 and 335 K. Note that the simulated data
have been fitted to the Ornstein–Zernike relation for estimating the correlation
lengths.

heterogeneous domains which are comparable or smaller than
their diameters. This is the reason for fluorescence anisotropy
measurements using C153, as shown in Fig. 7, being not able to
reveal the dynamic heterogeneity in these DESs. For DR mea-
surements, on the other hand, the size of the probe molecules
(urea or acetamide) is smaller than the heterogeneity length-
scale. As a result, DR measurements can reveal the presence of
dynamic heterogeneity via the fractional viscosity dependence
of DR times.

V. CONCLUDING REMARKS

In summary, the present temperature dependent measure-
ments and simulation study suggest that the slowest of the
three DR time scales (∼100 ps), detected in the present mea-
surements for acetamide + urea DESs with the general compo-
sition, [f CH3CONH2 + (1− f ) NH2CONH2] at f = 0.6 and 0.7,
is overwhelmingly dominated by the structural H-bond relax-
ation that involves centre-of-mass translation. Reorientational
relaxation of dipolar molecules along with the faster compo-
nent of the structural H-bond relaxation then guides the slower
time scale that falls in the ∼30-50 ps range. Hydrodynamic
rotation times are found too long to account even for the longest
DR relaxation time scale (∼100 ps). The fastest detected DR
time scale that falls in the sub-10 ps regime appears to origi-
nate exclusively from the fast reorientational dynamics of the
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component specie (acetamide and urea). Apart from this gen-
eral observation, the following may be considered as other
important findings:

(i) SED-predicted molecular rotation times for molten
urea at 406 K using the simulated viscosity coeffi-
cient are quite close to the corresponding amplitude-
averaged DR time constant. This is fortuitous because
urea is a strongly H-bonded system. The experimental
DR time scale in the∼100 ps regime is overwhelmingly
dominated by the structural H-bond relaxation, while
the ∼30 ps time scale derives contributions from both
the structural H-bond relaxation and reorientational
dynamics of urea molecules.

(ii) The dipole moment of molten urea, an important
physicochemical property, is estimated from experi-
ments for the first time. The estimated value corrob-
orates well with the sophisticated quantum chemical
calculations.

(iii) The amplitude-averaged DR time constant or the
longest DR time constant for the DESs scales linearly
with the solution viscosity and exhibits an Arrhenius-
type viscosity dependence.

(iv) Activation energy estimated from the temperature
dependent DR time constants is∼1.3-1.5 times less than
those from the corresponding viscosity and dynamic
fluorescence anisotropy measurements, indicating not
only a substantial decoupling between the reorien-
tation dynamics of the component molecules (urea
and acetamide) and the solution viscosity but also
a probe size dependence on the degree of viscosity
coupling.

(v) Further analyses have revealed a fraction power depen-
dence of average DR time constant (or the longest DR
time constant) on solution viscosity with the fraction
power considerably smaller than unity. This is in con-
trast to the hydrodynamic viscosity dependence shown
in the same DESs by the fluorescence anisotropy relax-
ation times measured by using a typical dipolar probe
solute.

(vi) Analyses of the simulated four-point correlation func-
tions and particle motions reveal that these DESs are
micro-heterogeneous to some extent (mild heterogene-
ity) with dynamically correlated time scale of ∼10 ps
and dynamically correlated length-scale of ∼10 Å.
These correlated time scales and length-scales are not
strong enough to detect heterogeneity signatures via the
steady state and time-resolved fluorescence measure-
ments using dopant fluorescent probes whose diameters
are larger than that of either urea or acetamide and
which possess excited state fluorescence lifetimes in
the sub-nanosecond and nanosecond regimes.

In future, we would like to simulate the frequency depen-
dent dielectric function of these DESs and directly compare
the predictions with the corresponding measurements. This
will make this investigation thorough, revealing a more com-
plete description of the microscopic mechanisms that are
responsible for generating multiple DR time scales in these
systems.

SUPPLEMENTARY MATERIAL

See supplementary material for a description on simu-
lations of the viscosity coefficient (η), simulations of reori-
entational correlation functions (C`(t)), and H-bond relax-
ation functions (SHB(t) and CHB(t)), experimental temperature
dependent DR spectra of acetamide + urea DESs at f = 0.7,
a representative comparison between the 2-D and 3-D fits to
the DR spectra, a representative comparison among various
fit functions in describing simulated CHB(t) decays, temper-
ature dependent CHB(t) decays for acetamide-acetamide pair,
fit parameters for T-dependent CHB(t) decays, Arrhenius-type
plots for the simulated CHB(t) long times and measured DR
long times, activation energy estimation for η, calculations of
non-Gaussian (τNG) and new non-Gaussian (τNNG) parame-
ters, van Hove correlation functions, displacement distribu-
tions, 4-point susceptibility and correlated time scales, esti-
mation of correlated length-scales from a 4-point density time
correlation function, and the corresponding plots representing
these parameters.
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