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Interaction and dynamics of (alkylamide + electrolyte) deep eutectics:
Dependence on alkyl chain-length, temperature, and anion identity

Biswaijit Guchhait, Suman Das, Snehasis Daschakraborty, and Ranijit Biswas?®
Department of Chemical, Biological and Macromolecular Sciences, S. N. Bose National Centre for Basic
Sciences, Block-JD, Sector-III, Salt Lake, Kolkata 700098, India

(Received 2 December 2013; accepted 6 February 2014; published online 13 March 2014)

Here we investigate the solute-medium interaction and solute-centered dynamics in (RCONH,
+ LiX) deep eutectics (DEs) via carrying out time-resolved fluorescence measurements and all-atom
molecular dynamics simulations at various temperatures. Alkylamides (RCONH,) considered are ac-
etamide (CH3CONH,), propionamide (CH3;CH,;CONH>), and butyramide (CH3;CH,CH,CONH,);
the electrolytes (LiX) are lithium perchlorate (LiClOy), lithium bromide (LiBr), and lithium nitrate
(LiNO3). Differential scanning calorimetric measurements reveal glass transition temperatures (T,)
of these DEs are ~195 K and show a very weak dependence on alkyl chain-length and electrolyte
identity. Time-resolved and steady state fluorescence measurements with these DEs have been carried
out at six-to-nine different temperatures that are ~100-150 K above their individual Tgs. Four dif-
ferent solute probes providing a good spread of fluorescence lifetimes have been employed in steady
state measurements, revealing strong excitation wavelength dependence of probe fluorescence emis-
sion peak frequencies. Extent of this dependence, which shows sensitivity to anion identity, has been
found to increase with increase of amide chain-length and decrease of probe lifetime. Time-resolved
measurements reveal strong fractional power dependence of average rates for solute solvation and ro-
tation with fraction power being relatively smaller (stronger viscosity decoupling) for DEs containing
longer amide and larger (weaker decoupling) for DEs containing perchlorate anion. Representative
all-atom molecular dynamics simulations of (CH;CONH, + LiX) DEs at different temperatures
reveal strongly stretched exponential relaxation of wavevector dependent acetamide self dynamic
structure factor with time constants dependent both on ion identity and temperature, providing justifi-
cation for explaining the fluorescence results in terms of temporal heterogeneity and amide clustering
in these multi-component melts. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4866178]

Il. INTRODUCTION

The eternal quest for commercially viable and eco-
friendly reaction media has led to the development of several
fascinating solvents such as room temperature ionic liquids
(RTILs),"? room temperature supercritical fluids (RTSFs),>*
and gas expanded liquids (GXLs).>® Deep eutectics (DEs) are
mixtures of ionic and non-ionic solid compounds with melt-
ing temperature (Mp) much lower than the pure compounds
and provide another set of exotic reaction media which ex-
hibit close resemblance to RTILs in solubility and wide liq-
uidous range.’™!* By carefully choosing components one can
introduce in these melts similar longer-ranged interactions
(proportional to 1, ¥ 2, and r3) to those in dipolar RTILs
(RTILs containing dipolar cation and/or anion)'*"!* and mois-
ture stability. Such flexibility provides a boost to construct de-
signer solvents for carrying out chemical reactions with spe-
cific and targeted yield. This in conjunction with the ease
at which DEs can be prepared at a cost much cheaper than
the well-studied imidazolium ILs has rendered these multi-
component melts as sustainable alternatives for chemical
industry.g‘13 DEs made of alkylamide (RCONH,, R=CH3s,
CH;CH,, CH3CH,CH,;) and lithium perchlorate (LiClOy),
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lithium nitrate (LiNQOj3) and lithium bromide (LiBr) constitute
the subject of the present study where we focus on explor-
ing solute-medium interaction and dynamics via fluorescence
measurements and representative computer simulations. The
relevance to chemical reaction emerges from the strong and
well-established relationship between solvent control and re-
action rate.’*?! Solvent control of a chemical reaction arises
from medium polarity and dynamics. Interestingly, these so-
lution aspects of DEs have remained largely unexplored even
though these multi-component mixtures possess potential for
large scale applications in a variety of sectors ranging from
catalytic reactions'>® to metal extraction.'3®

The melting temperatures (M) of acetamide
(CH3CONH,), propionamide (CH3CH,CONH,), and
butyramide (CH3CH,CH,CONH,) are, respectively, 353 K,
354 K, and 388 K, whereas that of LiClO, is 509 K.2223
However, mixing of these amides with LiClO4 at 81:19 mole
ratio produces a colourless liquid at a temperature below
298 K. Likewise, LiBr and LiNO; are electrolytes with
M, > 500 K but upon mixing with acetamide on certain
proportions produces colourless liquids near 300 K. Since
these mixtures form liquid solutions at temperatures much
below the M, of individual components, they are sometime
also termed as “supercooled” mixtures.”-%2426 Micro-
heterogeneity in solution structure may also arise in these
(alkylamide + electrolyte) DEs as hydrophobic interaction

© 2014 AIP Publishing LLC



104514-2 Guchhait et al.
12 — & Im(UH)III. I I I

I @ various ILs 4

10 =7 20 aten- kéex n

[ ® AM~+ Lx(‘l()“ A

—~ 8 4 PM-LiCio, —
oy | & BM:LiClO, i
£ 6F 7
S~ - -
) L _
e 0 ]
2 — —
0 —

[ o T W SR
0.5 0.6 0.7 0.8 0.9 1.0

FIG. 1. Viscosity versus reduced inverse temperature plots for various
(amide + electrolyte) DEs. Data for three liquid SiO,, glycerol, and o-
terphenyl (OTP) taken from Ref. 28. Data for ILs are taken from Ref. 52.

among alkyl groups and electrostatic interaction between
the polar amide group and ions can generate microscopic
phase-segregation, leading to formation of microscopic
polar and nonpolar domains.>*2% A competition between
the lifetime of these domains and the timescale of a reaction
occurring in such media then dictates the heterogeneity-
induced modulation of a reaction rate. Moreover, different
rates of motions of the environmental particles (that is,
temporal heterogeneity)?’? can modify a reaction through
dynamic solvent effects.’>33 Consequently, understanding
the heterogeneity aspects of these media is critical from basic
scientific point of view.

Our earlier studies of molten (acetamide + sodium/
potassium thiocyanate)** and (acetamide + lithium
nitrate/bromide)® have revealed strong fractional vis-
cosity dependence of solute solvation and rotation rates,
and decoupling between rotation and translation akin to
those observed in neat supercooled liquids near glass
transition.?” This observation is in sharp contrast with the
results for RTILs where the measured solvation and rotation
rates nearly follow the hydrodynamics’®3® although these
RTILs are known to possess high degree of both spatial®**°
and temporal***’ heterogeneities. Recent measurements of
solute-centered dynamics in a few RTILs containing alkylated
anions also report considerable variation of relaxation rates
upon increasing the anionic alkyl chain length.’® In Fig. 1 we
explore the temperature dependence of viscosity of (amide
+ electrolyte) DE melts studied by us and compare with
those for silicon dioxide (Si0O,), glycerol, and ortho-terphenyl
(OTP).2%3! Data for several protic and aprotic imidazolium
ILs> are also presented in the same figure. Note the types
of longer ranged electrostatic interactions (for example,
ion-ion, dipole-dipole, and ion-dipole interactions) present
in these DEs also govern the statics and dynamics of dipolar
RTILs.!" As evidenced by the non-Arrhenius temperature
dependence of viscosity, these DEs belong to “fragile” class
of liquids and bear a strong resemblance to RTILs in this
respect. Note a small difference appears in this temperature
dependence of viscosity for these DEs when the perchlorate
(ClOy) is replaced by nitrate (NOj3), bromide (Br™), or
thiocyanate (SCN™).
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FIG. 2. Experimental density (upper panel), viscosity (middle panel), and
refractive index (lower panel) as a function of temperature for the (RCONH2
+ LiX) DEs considered here.

The above features and the debate regarding the
structure-breaking ability>**> of ClO, ion in aqueous me-
dia have motivated us to explore the anion dependence of in-
teraction and dynamics in these (amide + electrolyte) DEs.
The latter aspect emerges from the H-bonding ability of
the amides and the subsequent modification of inter-amide
H-bond network in presence of the added ions. Additionally,
increase of alkyl chain length is known to induce enhanced
spatial heterogeneity in RTILs*" but a systematic study of
such an effect in DEs has not yet been explored. We men-
tioned here that the construction of DEs containing RCONH,
and LiClOy4 at 0.81:0.19 mole fractions has been inspired by
the existing phase diagram for molten (alkylamide + sodium
trifluoroacetate) system.%® Glass transition temperatures (Ty)
for these melt mixtures have been measured (details in
Sec. II) and they are ~195 K (see Fig. S1 of the supplemen-
tary material)®* and do not depend on the alkyl chain length
attached to the amide employed. Note this value of T, and its
sensitivity to alkyl chain length are very similar to what have
already been observed for a number of RTILs.’> Temperature
dependent densities (p), viscosity coefficients (), and refrac-
tive indices (np) have also been measured for these (RCONH,
+ LiClO4) DEs for better characterization and reported in
Fig. 2 and Table S2 of the supplementary material.* For vari-
ation of the temperature between 303 K and 343 K, p and 7
cover ranges for these DEs spanned by imidazolium cation
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based RTILs'®> for the similar temperature range. The re-
fractive indices (np) for these DES at ~300 K are somewhat
larger compared to those for these RTILs>? at this tempera-
ture. A point to note here is that the alkyl chain length depen-
dence of np follows a trend reverse to that found for p and
originates from larger size and electronic polarizability of the
amide with longer alkyl chain. Finally, representative molec-
ular dynamics simulations of (CH;CONH, + LiX) DEs with
X =ClO,, NO5, and Br™ at various temperatures have been
carried out in order to provide microscopic explanations to the
observed fluorescence results.

Il. EXPERIMENTAL DETAILS

(i) Materials and method: C153 (laser grade, Ex-
citon), 6-propionyl-2-(N,N-  dimethylamino)naphthalene
(PRODAN, Fluka), 8-anilino-1-naphthalenesulfonic acid
(ANS, Sigma-Aldrich) were used as received. Trans-2-[4-
dimethylamino)styryl]benzothiazole (DMASBT) was used
without further puriﬁcation.35 Acetamide (>99%, Sigma-
Aldrich), propionamide (>97% Sigma-Aldrich), butyramide
(98% Merck, Germany), and lithium perchlorate (>99%,
Fluka) were vacuum-dried (at ~300 K) for 48 h before use.

(i) Sample preparation: The details of sample prepa-
ration for spectroscopic investigation of (acetamide + elec-
trolyte) are available in our previous works.**3> The concen-
tration of a given fluorophore in each of the samples, taken
in an optically transparent quartz cuvette (1 cm path length),
was maintained at <10™> M. A temperature controller
(Julabo, model-F32) was used for temperature equilibration
(better than £0.5 K). A few samples were bubbled with dry
N, gas before data collection but did not produce any differ-
ence in data with those collected with the un-bubbled samples.

(iii) Density and viscosity measurements: Tempera-
ture dependent densities (p) of (RCONH, + LiClO4) DEs
were measured by using automated temperature-controlled
density-cum-sound analyzer (Anton Paar, model DSA 5000).
Subsequently, viscosity coefficients (1) and refractive indices
(np) were measured by using an automated, temperature-
controlled micro viscometer (AMVn, Anton Paar) and refrac-
tometer (RUDOLPH, J357), respectively.

(iv) Measurements of glass transition temperature: T,
of the DEs were measured employing the differential scan-
ning calorimetry (DSC, TA Instruments Q2000) technique.
The temperature and heat flow were calibrated using a cer-
tified indium sample. Measurements were performed in the
range of 103—423 K under a flow of 50 ml/min dry N, and
25 ml/min He. The samples were hermetically sealed in an
aluminium pan (40 wl, Tzero, TA Instruments) to prevent
evaporation during the measurements. A heating/cooling rate
of 10 K/min and 2 min isothermal periods at 103 K were used
for all measurements.

(v) Steady state spectroscopic measurements: Steady-
state absorption and emission spectra were collected using
a UV-visible spectrophotometer (UV-2450, Shimadzu) and a
fluorimeter (Fluoromax-3, Jobin-Yvon, Horiba), respectively.
Precautionary measures were taken to avoid moisture absorp-
tion by samples during measurements. Solvent blanks were
subtracted prior to analysis. All samples were excited at their
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respective absorption maxima for steady state fluorescence
measurements.

(vi) Time-resolved spectroscopic measurements:
Time-resolved fluorescence measurements were performed
using a time correlated single photon counting (LifeSpec-ps,
Edinburgh Instruments, U. K.) set-up.***> The instrument
response function (IRF) measured using a diode laser
emitting an excitation light with wavelength of 409 nm
and water was found to be ~75 ps. We used 409 nm
excitation for C153, ANS, DMASBT, and 375 nm for
PRODAN. Time-resolved emission spectra (TRES) were
synthesized from the collected ~20 intensity decays for
each of the samples by following the method discussed
in detail elsewhere.**3> Solvation response function was
then constructed as follows:®> S(r) = {v(t) — v(c0)}/{v(0)
— v(00)}, v(x) representing the fluorescence frequency at
time t, 0, and oo, respectively. We used first moments of the
TRES to determine S(¢). Subsequently, the average solvation
times were obtained via time-integrating the measured S(¢)
(found to be bi-exponential) decays:34’35 (15) = fooo dtS(t)
= [dt Y aiexp(—1 /) = (@t +an)  with  (a
+ ay) = 1.

Time-resolved fluorescence anisotropy (r(f)) measure-
ments were done following the standard protocol**3>
and using the iterative reconvolution for simultaneous
fitting of the parallel {I,,,()} and the perpendicular
{Lperp(D)} decays.“‘68 The geometric factor (G) was ob-
tained by tail matching the collected I,q,(f) and e, (2)
decays at time longer than the anticipated rotation
time. Normalized r(¢) decays, like the S(¢) decays, were
also found to be bi-exponentials and average rotation
times were obtained as follows: (t,) = fooo dt[r(t)/r(0)]
= fooo dt 21‘2:1 a; exp(—t / 7;) =(a;t; + ap ;) where r(0), de-
noting the initial anisotropy, was fixed at 0.376% (for all sam-
ples studied here), and (a; + a;) = 1.

lll. SIMULATION DETAILS

All-atom molecular dynamics simulations were car-
ried out with a total of 512 particles for (0.81CH3;CONH,
+ 0.19LiClO4), (0.78CH3CONH, + 0.22LiNOj3), and
(0.78CH3CONH; + 0.22LiBr) DEs at 303 K and 350 K by
using DL_POLY version 2.20.%° The number of CH;CONH,
and ions have been chosen accordingly. For example, for
(0.78CH3CONH; + 0.22LiBr) DEs we have employed 400
CH3;CONH; molecules and 56 pairs of cation and anion. The
potential function used has the following form:

UR=D | Kir —regl + Y Ko(0 — 6c9)

bonds angles
v, atoms Ai‘ B;;
+ Z 7(1+005['7<P—V])+ Z(R,.jlz N R..jﬁ>
dihedrals i<j Y N
atoms 4iq;
_4idi 1
+ ; 4megRij "

where Rj; is the distance between i and j atom with partial
charges g; and g, respectively. The force field parameters for



104514-4 Guchhait et al.

the acetamide were taken from the CHARMM force field.”®
The force field parameters for LiT, ClO;, Br—, and NO;
were taken from the existing literature.”'~’ As done earlier,”
the force field was constructed by using DL_FIELD.’* The
Coulombic interaction was treated by employing the Ewald
summation technique.”

The initial configuration of a given DE mixture was built
using Packmol’® with large simulation box-length. Then the
system was equilibrated in NPT ensemble for 2 ns to reach the
experimental density. Finally, the production run was carried
out in NVT ensemble for 10 ns, after a further equilibration
for 2 ns in this ensemble. The periodic boundary condition
was employed and the equation of motion was integrated with
a time step of 2 fs using the velocity Verlet algorithm.”> Sub-
sequently, the wavevector (k) dependent incoherent scatter-
ing function, FN(k, t) = Fy(k, t) / Fs(k, t = 0), was obtained
via Fourier transforming the simulated self part of the van
Hove correlation function,”” Gq(r, t), as follows:

Fo(k, t) = / dr exp[—ik.r]G,(r, ). 2)

IV. RESULTS AND DISCUSSIONS

A. Interaction in (RCONH, + LiX) DEs: Alkyl chain
length and anion dependencies from steady state
spectral measurements

Solute-medium interactions in (RCONH, + LiX) DEs
have been probed by steady state absorption and fluorescence
measurements. Representative absorption and fluorescence
spectra of C153 in (RCONH, + LiClO,) and the resultant
spectral characteristics at different temperatures are presented
in Fig. 3. The alkyl chain length dependence of such interac-
tions at 303 K is depicted in the first panel where a small blue-
shift (in emission) upon replacing acetamide by butyramide
can be detected. This is because of relatively lower density
of butyramide (see Fig. 2 and Table S2 of the supplementary
material®) and thus connected to packing of the solvation
shell around the solute.*’® Note the absorption and emission
frequencies in these DEs are in the same range as observed
earlier in (CH;CONH, + LiBr/NO;) DEs* but ~200-
400 cm™! blue-shifted compared to those in (CH3CONH,
+ Na/KSCN) systems.>* Interestingly, fluorescence emission
in the present DEs exhibits red-shift upon increasing tem-
perature even though the medium density decreases with it.
Similar effects of temperature on dynamic Stokes shift have
been predicted for several imidazolium ILs'® and explained
in terms of enhanced solute-ion interaction due to a decrease
of static dielectric constant () upon raising temperature.’”®
In addition, a more complete environmental equilibration at
higher temperature can also partly contribute to the observed
red-shift of the spectrum at higher temperature.

Another aspect of steady state fluorescence emission in
these highly viscous perchlorate containing DEs (10 < n/cP
< 210) that needs consideration is whether the emission oc-
curs from the fully solvent relaxed state of the excited solute.
This can be quantified by following the difference between the
dynamic Stokes shift (Av’ = vy — v ) and steady state Stokes
shift relative to a non-polar solvent (AAV = (Vaps — Vem)DE —

J. Chem. Phys. 140, 104514 (2014)
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FIG. 3. Steady state absorption and emission spectra of C153 in (alkylamide
+ LiClO4) DEs (color-coded). The upper panel presents absorption and emis-
sion spectra at 303 K. Frequencies (V455 and v,,) as a function of tempera-
ture are shown in the lower panel. Note that acetamide (CH3CONH3), pro-
pionamide (CH3CH,CONH,;), and butyramide (CH3CH,CH,CONH;) are
represented in this figure by AM, PM, and BM, respectively.

(Vabs — Vem)NP = Avpg — Avnp). We find that this difference,
38v = Av" — AAv, appearing due to sluggish solvent relax-
ation in comparison to the probe lifetime, is the maximum
(~400 cm™") for the butyramide containing DE melt and the
minimum (~200 cm™!) for the acetamide containing one (see
Fig. S3 of the supplementary material®*). In addition, 88v in
ClO, containing acetamide DEs (~200-400 cm™!) is smaller
than that measured® in the corresponding DEs containing
NOj or Br™, reflecting a dependence of sort on ion identity.
The micro-heterogeneous nature of solution structure is
investigated next by using solute probes of differing ex-
cited state lifetimes (jife). Tiife(= TLong Of the bi-exponential
intensity decay collected) for ANS, C153, PRODAN, and
DMASBT in these DEs have been found to be ~6 ns, 4 ns,
3 ns, and 0.5 ns, respectively (see Fig. S4 and Table S5 of
the supplementary material®). These 7y values are well-
correlated with the literature values®>%3-3%8! and thus dy-
namic quenching effects by ions in the present study can be
regarded as negligible. Fig. 4 displays the excitation wave-
length (Aexe.) dependence of fluorescence emission peaks of
these solutes. Different Ay employed for this study are in-
dicated on the respective absorption spectrum in Fig. S6 of
the supplementary material.** While the upper panel shows
the solute dependence of the A.,.. induced emission peak shift
in (CH3CONH, + LiClO4) at ~303 K, the middle panel
displays the alkyl chain length dependence of it with C153
at the same temperature. Results from similar study using
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FIG. 4. Excitation wavelength (A.y) dependence of the emission peak fre-
quency (vV,p,) for four dipolar solutes, ANS, C153, PRODAN, and DMASBT
in (AM + LiClOy4) system (upper panel), for C153 in the three (alkylamide
+ LiClO4) DEs (middle panel) at 303 K, and full-width-of-half-maximum
of emission spectra (I';;) of C153 and DMASBT in butyramide DES at
~303 K (lower panel). The numbers inside the upper panel denote the total
shift in the emission peak frequencies of these solutes obtained after exciting

at the highest and lowest energies, (Ave, = v2/te — yredy at ~303 K. Like-

wise, the numbers inside the lower panel denote the total amount of emission
spectral narrowing at ~303 K, AT, = Ffl;“ —T7¢ where T represents

em

the full-width-at-half-maximum of a given spectrum. Data are, as before,
color-coded.

PRODAN and DMASBT are shown in Fig. S7 of the supple-
mentary material.®* Note the total A... dependent emission
shift, Avem = pem(bluey — pempred ) for (CH;CONH, +
LiClOy4) at ~303 K is the largest (~600 cm~!) for DMASBT
and the smallest for ANS (~150 cm™!) and thus varies in-
versely as 7. This 7 dependence of Av®" (see also Fig.
S8 of the supplementary material®) suggests inhomogeneous
solvation structure which may have originated from a com-
petition between density relaxation timescale and the sta-
bility time for such inhomogeneous solvation structures.*®
Measurements with C153 produces the largest Av®”
(~600 cm™") for (CH;CH,CH,CONH, + LiClO,) and the
smallest (~300 cm™!) for (CH;CONH, + LiClO,), suggest-
ing more pronounced micro-heterogeneous solution structure
for DEs containing amide with longer alkyl chain. This is
further supported by the A, dependence of the emission
spectral width, T, (full-width-at-half-maximum, FWHM),
shown in the lower panel of Fig. 4. Clearly, moving A

J. Chem. Phys. 140, 104514 (2014)

TABLE L. Anion dependence of Aexc. induced total emission shift for a short
lifetime probe (DMASBT) and a long lifetime probe (C153) in (CH3 CONH;
+ LiX) DEs at ~303 K.

Ave™ (cm™!)

Anion Radius (A) DMASBT Cl153
Clo; 24 600 300
NOJ 1.96 1300 300
Br~ 1.82 800 600

to lower energy (higher wavelength) induces substantial nar-
rowing of the emission spectral width of both DMASBT and
C153. This is rather a general result for the DEs considered
here, reflected via the summary of the total amount of nar-
rowing (ATl,,) for these solutes shown in the inset. Note
AT, increases as the alkyl chain length increases, indicat-
ing more heterogeneous distribution of solvation structures
for DEs with longer alkyl chain. Similar effects of alkyl chain
have also been observed in studies with RTILs.*-82

The anion dependence of Av" obtained by using
DMASBT (tjite~ 0.5 ns) and C153 (tjjfe ~ 4 ns) is shown
in Table I where representative results for (CH3;CONH,
+ LiX) DEs at 303 K are presented along with the radii’>®3
of the ions considered. Note the extent of anion dependence
of Av®" is larger for low lifetime probe. Moreover, Av*™”
neither shows any correlation with ion size nor follows the
Hofmeister sequence of solubility found for electrolytes in
non-aqueous media.?* It is interesting to note that Av®” found
with DMASBT in presence of NOj is twice as large as that
in presence of ClO, , while no such anion effects have been
observed with C153. This suggests that there might be some
ion specific effects on density relaxation timescale and clus-
ter stability, and different geometrical shapes of these anions
(NOj being trigonal planar and ClO} tetrahedral)® could be
one of the factors. However, one needs further study to con-
firm the specific ion effects on medium density relaxation and
the subsequent impact on Aeyc. induced Ave™.

B. Dynamics in (RCONH, + LiX) DEs: Dependence
on alkyl chain length and anion from time-resolved
fluorescence measurements

Next we explore the alkyl chain length and anion depen-
dencies of solute solvation and rotation dynamics in these
(amide + electrolyte) DEs by carrying out temperature de-
pendent measurements using C153 as a probe. Typical decay
characteristics at blue and red ends, and time-resolved emis-
sion spectra for a representative DE are provided in upper and
middle panels of Fig. 5 which suggest presence of dynamics
spanning picosecond to nanosecond timescales. The widths
of these emission spectra, I'(f), shown in the lower panel
of the figure, show transient broadening followed by over-
all narrowing as solvation progresses, which has also been
observed earlier for a wide variety of systems that include
conventional dipolar solvents,% supercooled liquids,®® other
(amide + electrolyte) deep eutectics,**> confined aqueous
environments,’® and explained in terms of inhomogeneous
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FIG. 5. Representative time-resolved spectral features obtained with C153
in (alkylamide + LiClO4) DEs at ~303 K. While the intensity decay profiles
collected at red (620 nm) and blue (470 nm) wavelengths are shown as a
function of time in the upper panel, the constructed time resolved emission
spectra at different time slices are depicted in the middle one. The lower panel
describes the variation of the spectral width (full-width-at-half-maximum) of
the time-resolved emission spectrum. The lines going through the collected
intensity data (upper panel) are fits and the fit parameters are provided in the
inset. Note the fitted time constants (t;) are in the unit of nanosecond. The
lines joining the geometrical symbols (circles, triangles, etc.) in the middle
panel represent log-normal fits to these symbols and depict spectral evolution
with time. The inset of the lower panel is for clearer depiction of the dynamic
width, I'(7), at the initial stage of the solvent relaxation. All representations
are color-coded.

distribution of solvent configurations. Recent dynamic Stokes
shift measurements of C153 in RTILs of comparable viscosity
have, however, reported monotonic decrease of I'(f) and at-
tributed the observation to the vibrational cooling®’ of the ex-
cited solute. Both these factors, inhomogeneous solvent distri-
bution and local heating due to vibrational energy relaxation,
may therefore be responsible for the observed behaviour of
I'(¢) for these DEs.

Table Il summarizes the alkyl chain length dependence of
dynamic Stokes shift where estimated (Av' )% and observed

est

(Av(‘)bs) shift magnitudes for C153 in (RCONH, + LiCIOy,)
DEs at two different temperatures are presented along with
the percentage detected by our measurements. Data for four
other temperatures are provided in Table S9 of the supple-
mentary material.* Note the Av’, = values for these DEs

are within ~900—1200 cm~! and decrease with increase of
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TABLE II. Alkyl chain-length dependence of dynamic Stokes shift magni-
tude measured using C153 in (RCONH; + LiClOy) at two different temper-
atures. The shift values are better than +200 cm™!.

Amide Avl, (em™) AV (cm™) % detected
T ~303 K

CH3CONH, 1243 1191 96

CH3;CH,CONH, 1129 1025 91

CH3CH,;CH,CONH, 963 994 1032
T~ 313K

CH3CONH; 1181 1106 94

CH3;CH,CONH, 1043 980 94

CH3;CH,;CH,CONH, 1003 994 99

“Slightly larger Av!, than Av., may arise from the approximations involved in esti-

mating the “true” v(t = 0) by using the Fee-Maroncelli method described in Ref. 88.
Dynamic Stokes shift measurements using C153 in a few phosphonium ionic liquids
reported in Ref. 37 have also indicated similar results, suggesting complete detection of
the dynamics.

the alkyl chain length attached to the amide. This may be
linked to the decrease of gy with the increase of alkyl chain
length.”® The measured shifts show a weak temperature de-
pendence, suggesting a weak temperature dependence of po-
larity of the medium surrounding the dissolved solute. Note
Avys & Av!, indicating nearly full detection of the dynamic
shifts at these temperatures for these (RCONH, + LiClOy)
DEs by our measurements.

Table III highlights the anion dependence of the dynamic
shift measured with C153 in (CH3CONH, + LiX) DEs at
two representative temperatures. The observed shift (Avy,.)
values follow the trend ClO; > NO3 > Br~ with the miss-
ing component being the largest for (CH;CONH, + LiBr)
DEs. Since we used the same temporal resolution (~75 ps) in
all measurements, the nearly full detection of dynamic shift
for CIO; containing acetamide DEs at these temperatures
suggests a specific role for this anion in quenching the ul-
trafast solvation response by the liquid acetamide molecules
in a mixture. In this context it is necessary to recall that
amide systems are known to possess collective intermolecular
modes centered around ~50-100 cm™! (due to intermolecular
H-bonding)®>*° and these modes, when incorporated in rele-
vant calculations,’' ™ have produced sub-picosecond solva-
tion response. A possible scenario could be that CIO, an-
ion forms complexes with amide in such a way that the
amide-amide H-bonding network is substantially disrupted.

TABLE III. Anion dependence of dynamic Stokes shift magnitude mea-
sured using C153 in (CH3CONH; + LiX) DEs at two different temperatures.
The shift values are better than £200 cm™!.

Anion AVl (cm™!) AV, (em™h) % detected
T~303K

Clo, 1243 1191 96

NO; 1439 993 69

Br~ 1015 650 64
T~313K

Clo, 1181 1106 94

NO3 1409 956 68

Br~ 1265 844 67
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FIG. 6. Temperature dependence of the solvation response function, S(z),
measured by using C153 in these DEs. Lines going through the symbols rep-
resent bi-exponential fits. Circles represent experimental data at ~303 K, tri-
angles at ~318 K, and squares at 328 K. Representations are also color-coded
for visual aid.

Interestingly, support for such a view is provided by an exist-
ing infrared measurements which reported “no spectral evi-
dence of any residual interamide hydrogen bonds” in mixtures
of N-methylpropinamide and LiC10,.°® Dielectric relaxation
measurements with wide frequency coverage and tera-hertz
measurements should be carried out to check whether the high
frequency absorption is significantly quenched in amide DEs
in presence of CIO, but reappears if NO; or Br™ replaces it.

Representative decays of measured solvation response
functions with C153 and their bi-exponential fits for Cl1O,
containing amides are provided in Fig. 6 and Table S10 of
the supplementary material.** The same for Br~ and NO3
containing DEs are discussed in our earlier works.?> As ex-
pected, the decay profiles follow, on an average, the medium
viscosity and its temperature dependence. Bi-exponential fits
to these decays and to those obtained at other temperatures
produce a faster component (~50%—75%) with timescale (7 )
in the ~50-100 ps range, followed by a much slower compo-
nent with time constant (t,) spread over ~0.5—1 ns (see Ta-
ble S10 of the supplementary material®*). Interestingly, (z)
obtained for these DEs are ~2—4 times faster than those mea-
sured recently with the same solute in RTILs of comparable
viscosity,}” reflecting a qualitative difference between these
two kinds of media. Fig. 7 summarizes the solute-medium
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FIG. 7. Log-log plot of average solvation time, () versus n/T for C153
in (alkylamide + LiX) DEs showing dependencies on anion and alkyl chain
length. Solid lines denote the best linear fits of the measured data to the rela-
tion, Log[(ts)/ps] = B + pLog[(n/T)/P/K]. B and p values obtained from fits
are also indicated in the respective panels. Dashed lines represent the corre-
lation line obtained via fit of the measured (t) with C153 in (CH3CONH,
+ LiBr/NO3) DEs reported in Ref. 35. First panel summarizes the anion de-
pendence of () in (CH3CONH; + LiB1/NO3) DEs.

coupling in these media where alkyl chain length and anion
dependencies are explored via showing the measured average
solvation times ({t,)) as a function of temperature-reduced
viscosity (n/T) in a double logarithmic plot for (RCONH,
+ LiClO4) DEs. Fits going through the data points in Fig. 7
indicate fractional viscosity dependence, (t;) = A(n/T)P,
with p significantly smaller than unity (0.6 > p > 0.3) in
all cases. Note the fraction power (p) in these perchlorate
containing amide DE:s is the smallest for butyramide (amide
with the longest alkyl chain) and the largest for acetamide
(amide with the shortest alkyl chain), producing a sequence,
CH3CH2CH2CONH2 < CH3CH2CONH2 < CH3CONH2. A
smaller p value suggests stronger decoupling from medium
viscosity and is understood in terms of more pronounced tem-
poral heterogeneity.>’~>> Note this result from time-resolved
measurements corroborates well with the steady state fluores-
cence results presented in Fig. 4 which indicated spatial het-
erogeneity being the strongest for deep eutectics containing
CH;CH,CH,CONH;. This result is also qualitatively simi-
lar with observations in dielectric relaxation measurements of
RTILs where stronger heterogeneity (reflected by larger value
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FIG. 8. Dynamic fluorescence anisotropy, #(f), of C153 in (BM + LiClOy4)
DEs (upper panel) at 303 K and the corresponding residuals (lower panel) of
the bi-exponential fit. Fit parameters are also shown in the upper panel. This
is a representative figure and fits of similar quality have been obtained for
other DEs and temperatures considered in this study.

of a there)”® has been found for the ionic liquid possessing
larger alkyl chain to its dipolar cation.

The anion dependence of p associated with (z) is shown
in the first panel of Fig. 7. The (n/T)? dependence for
(CH3CONH,; + LiBr/NO3) DEs is presented by the dashed
line (p = 0.35).% Moreover, separate viscosity dependencies
for (CH3CONH, + LiNO;) and (CH3;CONH, + LiBr) DEs
are not shown separately as data obtained for these individ-
ual DEs are too few (because of our limited time-resolution)
to extract a meaningful dependence. Even with such a limita-
tion, it is evident that C1O, containing acetamide DEs exhibit
more homogeneous (relatively less decoupled as p = 0.57)
dynamics than in presence of either Br~ or NO5, suggesting
an anion dependence of the fraction power. Note earlier mea-
surements of () using C153 in (CH3CONH, 4 Na/KSCN)*
DEs have revealed similar fractional viscosity dependence but
with p = 0.46. All these results therefore suggest that viscos-
ity decoupling of average solvation rate in (acetamide + elec-
trolyte) DEs is indeed tuned by the electrolyte identity, the mi-
croscopic reason for which is still unknown and thus warrants
in-depth investigation. Simulation study of anion-dependent
amide clustering, and their size and lifetime distributions may
help in developing molecular level understanding of these flu-
orescence results.

The solute-medium coupling and its dependence on alkyl
chain length and anion identity is further investigated via
monitoring solute rotation in these DEs at various tempera-
tures. Dynamic fluorescence anisotropies (r(#)) collected for
(RCONH, + LiClO4) DEs have been found to fit to bi-
exponentials. A representative example of measured r(t) is
shown in Fig. 8 along with fit parameters. Table S11 of the
supplementary material® summarizes the r(t) fit parameters
for all such dynamic anisotropies measured here. Note that
these r(t) decays are remarkably biphasic with one compo-
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FIG. 9. Log-log plot of average rotation time, (7,) versus /T for C153 in
(alkylamide 4 LiX) DEs, highlighting anion and alkyl chain length depen-
dencies of solute rotation. Solid lines through the data (triangles) in these pan-
els represent the best fits to the relation, Log[(t,)/ps] = B + pLog|(n/T)/P/K].
For AM, PM, and BM the B values are (in proper unit) 5.31, 5.39, and
4.64, respectively. Rotational times obtained from the stick and slip hydro-
dynamic predictions after incorporating the shape and coupling factors for
C153 are also shown. While the first panel summarizes the anion dependence
for (CH3CONH; + LiX) DEs, consideration of all the panels reflects the
alkyl chain length dependence of (z) in (RCONH; + LiClO4) DEs.

nent (~30%-50%) having time constant much shorter than
the IRF and the other with more than a nanosecond. This
pronounced biphasic character of r(t) appears irrespective of
amide and electrolyte identity and thus can be regarded as
a generic feature for these DEs. Note both solvation and
rotation rates become faster with increasing the tempera-
ture or decreasing the viscosity, indicating a medium vis-
cosity dependence of the measured relaxation rates. Fig. 9
presents the alkyl chain length and anion dependence of av-
erage C153 rotation times ({z,)) in these (RCONH, + LiX)
DEs via a double logarithmic plot of (z,) versus n/T. Solid
line going through the symbols in each of the panels repre-
sents fractional viscosity dependence of C153 rotation times
in (RCONH, + LiClO4) DEs, (t;) o (n/T)P, with p be-
ing the smallest for CH;CH,CH,CONH; (p = 0.52) and the
largest for CH;CONH, (p = 0.75). Note p value obtained
from solute rotation is larger than that obtained from so-
lute solvation for each of the amides studied here. However,
these p values follow the same amide trend as found in the
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corresponding viscosity dependence of (t). This observation
confirms the alkyl chain length dependence of solute-medium
dynamic coupling in one hand, and suggests some sort of
rotation-translation decoupling on the other. Stick and slip hy-
drodynamic predictions**~3¢ for C153 rotation in (RCONH,
+ LiClO4) DEs shown in each of the panels (dashed lines)
highlight the deviation from the conventional hydrodynamic
behaviour.

The upper panel of Fig. 9 also depicts the anion depen-
dence of solute rotation in (CH3;CONH, + LiX) DEs. The
fractional viscosity dependencies of C153 rotation times in
(CH3CONH,; + LiNO3) and (CH3CONH; + LiBr) DEs ob-
tained from our earlier measurements> are shown separately
by solid lines. Note here that relatively slower timescales as-
sociated with C153 rotation allow us to construct separate and
meaningful anion-dependent correlations, which was not pos-
sible for (T) because of our limited time resolution. Here
again the fraction power is the largest (p = 0.75) when ClO,
is present in the acetamide DEs but becomes the smallest
(p=0.5) when Br~ replaces ClO; . Use of LiNOj instead pro-
duces a different fraction power (p = 0.66), further supporting
the view that identity of the anion does matter in viscosity de-
coupling of solute dynamics in DEs considered here. These
rotation results also support the conclusion derived from sol-
vation studies that (CH3;CONH, + LiClOy) is dynamically
more homogeneous than the acetamide DEs in presence of
either LiBr or LiNOs. This temporal heterogeneity aspect is
investigated next by carrying out all-atom molecular dynam-
ics simulations.

C. Temporal heterogeneity and anion dependence
of viscosity decoupling: Insight from molecular
dynamics simulations at different temperatures

Fig. 10 depicts the anion dependence of acetamide self
dynamic structure factor relaxation, where the simulated
FY(k, ) at the nearest neighbour (k = 1.33 A~") and the low-
est accessible (k = 0.18 A~!) wavevectors for (CH;CONH,
+ LiNO3), (CH3CONH, + LiBr), and (CH3;CONH,
+ LiClO4) DEs at 303 K are presented. The nearest neigh-
bour wavevector corresponds to the first peak of the simu-
lated radial distribution function for carbonyl carbon of ac-
etamide molecules. Solid lines through these simulated data
represent best fits. Fit parameters and the average decay times
for ng(k, t) are summarized in Table S12 of the supplemen-
tary material.** Note the decay rates at both the wavevectors
are different in presence of different anions, reflecting the an-
ion dependence. Importantly, F§ (k, t) at the nearest neighbour
wavevector exhibits strongly stretched exponential decay in
each case, suggesting heterogeneous relaxation dynamics for
acetamide in these DEs. These representative simulation re-
sults therefore support the view that (/T)P dependence of
measured (t5) and (t;) for these DEs arises from temporal
heterogeneity, and provide a justification for the anion depen-
dence of the fraction power, p. Note also that while Fg(k, t) in
presence of Br~ atk = 1.33 A~! depicts stretched exponential
decay with a single time constant, the corresponding decays
in presence of either NO5 or ClO;, require a sum of a fast ex-
ponential and a slow stretched exponential. Even though the
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FIG. 10. Anion dependence of acetamide dynamic structure factor relax-
ation, FIs\I(k, t), simulated for (CH3CONH, + LiX) DEs at 303 K at two
wavevectors. While the upper panel presents relaxation at the nearest neigh-
bour wavevector (k = 1.33 A1), the lower panel shows the data for the low-
est accessible wavevector in the present simulations (k ~ 0.18 A~"). Lines
going through the simulated data (symbols) are the best fits. Fit parameters
are shown in Table S12 of the supplementary material.** Note Ff(k, t)is a
normalized function defined by Eq. (2) in the text.

values for the stretching exponent (8) atk = 1.33 A~! are not
greatly different for these anions, the average relaxation times
({t)) substantially differ. For example, our simulated (t) is
the longest in presence of NOj and the shortest in presence of
ClO, . This explains why a fast probe like DMASBT registers
the largest Acxc. induced emission shift (Av”, see Table I) for
(CH3CONH, + LiNO3) DEs and smallest for (CH;CONH,
+ LiClO4) DEs. In addition, these average timescales ({t))
also explain why Av®" is much larger for DMASBT than
for C153 as(t) is related to density relaxation timescales in
these media. The (r) value being much faster in presence
of CIO; (~15 and ~3 times faster than those in presence
of NO; and Br~, respectively) also provides a justification
for the observed relatively less viscosity decoupling (in other
words, larger p values) of solute solvation and rotational dy-
namics in presence of ClO; than in presence of the other two
anions in these (CH3CONH, + LiX) DEs.

FY(k, t) decays at k ~0.18 A~!, shown in the lower
panel of Fig. 10, describe a much slower relaxation dynamics
than those at k = 1.33 A~! but exhibits the similar anion trend;
that is, the decay being the fastest in presence of CIO, and
the slowest in presence of NO; with the decay in presence of
Br~ in between. The decay rates at both the nearest neighbour
and collective wavevectors therefore suggest that dynamics in
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presence of CIO, should be the fastest and most homoge-
neous among the three acetamide DEs studied here. In fact,
this has indeed been reflected by our dynamic Stokes shift
and anisotropy measurements (Figs. 7 and 9). Interestingly, at
both these wavevectors, Fg’(k, t) relaxation rates in presence
of Br™ are faster than those in presence of NO; even though
experimental 1 of (CH;CONH, + LiBr) DEs is larger than
that of (CH;CONH, + LiNO3).% In addition, the diffusive
timescales, o2/D, for an acetamide molecule in these DEs
calculated from Stokes-Einstein relation with slip boundary
condition (using och,conn, = 4.52 A, n=2.11Pand 13.12 P,
respectively, for NO3 containing and Br~ containing DEs
at ~303 K)*» are ~29 ns and ~182 ns. For (CH;CONH,
+ LiClO,), 02/D ~ 20 ns at the same temperature. These
diffusive timescales are evidently much longer than the sim-
ulated () values at k = 0.18 A~!. This comparison not only
indicates viscosity decoupling of acetamide diffusion in these
DEs but also suggests that such decoupling is the most pro-
nounced for (CH;CONH, + LiBr) which is the most viscous
among these DEs. These simulation results corroborate well
with the anion dependent dynamic Stokes shift and anisotropy
measurements for (CH;CONH, + LiX) DEs presented in
Figs. 7 and 9.

Subsequently, temperature effects on heterogeneous dy-
namics of acetamide are explored in Fig. 11 where simu-
lated Fg’(k, t) corresponding to both the nearest neighbour
and collective wavevectors at 303 K and 350 K are com-
pared for (CH;CONH; + LiBr), (CH3CONH; + LiNO3), and
(CH3CONH, + LiClO4) DEs. While the best fits through the
simulated data points are shown by solid lines, fit parameters
and average decay times for Fg(k, t) have been summarized in
Table S13 of the supplementary material.** Clearly, FIS‘I(k, t)
exhibits heterogeneous dynamics (8 ~ 0.6 — 0.7) at 350 K
which is ~150 K above the measured T, of these deep
eutectics. As expected, the acetamide relaxation becomes
faster at higher temperature with collective wavevector (7) at
350 K becoming ~3 times shorter for Br~ containing and
ClO, containing DEs, and ~11 times shorter for NO; con-
taining DEs than those at 303 K. For this temperature change,
n reduces by a factor of ~20 for (CH;CONH, + LiBr),
~10 for (CH3CONH, + LiNOs;), and ~6 for (CH3CONH,
+ LiClO4) DEs. This again indicates that among these three
anions, Br~ induces the most pronounced viscosity decou-
pling for acetamide relaxation, providing a further support
to the conclusion derived from dynamic anisotropy measure-
ments presented earlier. Interestingly, the average of g val-
ues obtained in these simulations ({8) ~ 0.7), when used in
the fragility versus non-exponentiality (m — 8) correlation,”’
produces a fragility (m) value that corresponds to a domain in
the m — B plot populated largely by network liquids and al-
cohols. This correlates well with observation in Fig. 1 where
these DEs have been found to exhibit a » — T behaviour sim-
ilar to glycerol.

V. CONCLUDING REMARKS

The main result of the present paper is that the (RCONH,
4+ LiX) deep eutectics considered here show signatures
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FIG. 11. Temperature dependence of acetamide dynamic structure factor re-
laxation, FY(k, t) simulated for (CH;CONH, + LiX) DEs at k = 1.33 A~!
and k ~ 0.18 A", Simulated relaxations are at 303 K and 350 K for these
two wavevectors. Results for three different anions are presented in three dif-
ferent panels. Other representations remain the same as in Fig. 10. Fit param-
eters are shown in Table S13 of the supplementary material.5*

of both spatial and temporal heterogeneities via exhibiting
photo-selection (Xex.. dependence), and fractional viscosity
dependence of average relaxation rates. The extent of A de-
pendence depends not only on the excited state lifetime of the
fluorescent probes but also on the alkyl chain length attached
to the amide and the anion identity. While the dependence
on probe lifetime may arise from fluctuating solvent environ-
ments with dominance of certain timescales, dependence on
alkyl chain length and anion identity suggests tuning of inho-
mogeneous solvent distribution by these system aspects. Frac-
tional viscosity dependence of average rates also exhibits de-
pendence on alkyl chain length and anion identity, indicating
dynamic heterogeneity and its tuning by the alkyl chain length
and anion. Unlike the viscosity and fluorescence anisotropy,
Stokes shift dynamics become slower with longer alkyl chain
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(more evident at T > 313 K) which bears qualitative similar-
ity with picoseconds dynamics measured earlier with aque-
ous amide solutions employing femtosecond Raman-induced
Kerr effect spectroscopy.”®

All-atom simulations reveal stretched exponential relax-
ation of wavevector dependent amide dynamic structure fac-
tors, supporting the explanation of fluorescence results in
terms of medium temporal heterogeneity. Simulated dynamic
structure factor shows stretched exponential relaxation even at
350 K, revealing existence of heterogeneous amide dynamics
in these media at a temperature ~150 K above T,. The magni-
tudes of anion dependent Ay induced emission shift of a fast
probe correlate well with the average relaxation times found
for amide dynamic structure factor at the collective wavevec-
tor for (CH;CONH, + LiX) deep eutectics. Use of a longer
lifetime probe reduces the extent of A induced emission
shift, signalling a lifetime distribution of clusters or domains
that might have formed in these media via amide-amide and
amide-electrolyte interactions. There may also exist amide
chain length and anion dependent cluster size and lifetime
distributions. Our preliminary simulation data indicate clus-
ter sizes involving five to twelve acetamide molecules in such
DEs at ~300 K which are sensitive to anion identity and
which possess different lifetimes. The orientational motion of
the acetamide molecules also appear to exhibit jump-like®
dynamics. It would be interesting to explore how the jump-
like dynamics modifies itself in presence of mono and divalent
ions in these DEs,'® and how such a decoupling of dynam-
ics from medium viscosity affects a simple chemical reaction,
for example, cis-trans isomerisation reaction'®! in these me-
dia. Complete measurements of Stokes shift dynamics and di-
electric relaxation similar to what has been done for (ionic
liquid + polar solvent) binary mixtures,'?> !9 and interpret-
ing them using molecular theories'®~'% and simulations'’
are therefore necessary for a detailed understanding of inter-
action and dynamics of these complex yet fascinating solvent
systems.
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