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Time-resolved fluorescence Stokes shift and anisotropy measurements using a solvation probe in
[0.78CH3CONH, + 0.22{f LiBr + (1-f) LiNO3}] melts reveal a strong decoupling of medium
dynamics from viscosity. Interestingly, this decoupling has been found to occur at temperatures
~50-100 K above the glass transition temperatures of the above melt at various anion concentra-
tions (fzigr). The decoupling is reflected via the following fractional viscosity dependence (1) of the
measured average solvation and rotation times ({t) and (t,), respectively): (t,) o (n/T)" (x being
solvation or rotation), with p covering the range, 0.20 < p < 0.70. Although this is very similar to
what is known for deeply supercooled liquids, it is very surprising because of the temperature range at
which the above decoupling occurs for these molten mixtures. The kinship to the supercooled liquids
is further exhibited via p which is always larger for (t,) than for (z,), indicating a sort of translation-
rotation decoupling. Multiple probes have been used in steady state fluorescence measurements to
explore the extent of static heterogeneity. Estimated experimental dynamic Stokes shift for coumarin
153 in these mixtures lies in the range, 1000 < Avi/em™' < 1700, and is in semi-quantitative
agreement with predictions from our semi-molecular theory. The participation of the fluctuating
density modes at various length-scales to the observed solvation times has also been investigated.

© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4705315]

. INTRODUCTION

It is long-known that short chain aliphatic amides, when
mixed with inorganic salts, produce liquids at or near room
temperature with a remarkable tendency to supercool.'”!3
Acetamide has been one of the most frequently used amides
because of its unique solvating power'4!® which arises due
to the presence of several functional groups, high molecular
dipole moment (3.7 D), and fairly large static dielectric
constant (g9 &~ 60)!” in molten state (melting point ~353 K,
boiling point ~495 K). These interesting solvent properties
coupled with a wide thermal window have made molten
mixtures of (acetamide + electrolyte) to be used not only as
reaction media in chemical industry but also as materials for
electrochemical applications at elevated temperatures.?%?!
These molten mixtures (or simply, melts) are characterized by
estimated glass transition temperatures (7,) ~190 < T, /K
< 250 range,”> > and are termed as supercooled mixtures
as they remain in the liquid phase at temperatures much
below the respective melting temperatures of the constituents.
This “supercooling” phenomenon and the associated im-
portance for chemical industry have motivated much of the
research on the basic scientific aspects, because developing
these melts into useful dielectric materials'?® requires
deeper understanding of medium structural and transport
properties.
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Presence of microheterogeneity in solution structure was
suggested earlier by viscoelastic,'"?” ultrasonic,*?® nuclear
magnetic resonance,'’ and dielectric relaxation (DR)*'? ex-
periments with (amide + salt) melts. A model solution struc-
ture consisting of salt domains, amorphous amide, and amide
interacting with ions was proposed'? in order to uniformly
explain the relaxation characteristics revealed by the above
experiments. Most striking of these experimental studies had
been the suggestion of colossal (~10°) static dielectric con-
stant (gg) for these melts by the DR measurements> !> 1326
performed in the frequency range, 0.1 < v/Hz < 10, which
also reported Cole-Cole?® relaxation processes with a strong
stretching exponent (or shape parameter), particularly at
the high frequency region, for (CH;CONH, + NaSCN)
melt. In addition, depending upon temperature (265 < T/K
< 311), extremely slow relaxation times - one varying be-
tween ~10 ms and ~0.5 s at the low frequency regime and
the other between ~25 ns and ~250 ns at the high fre-
quency regime - characterized the acetamide-thiocyanate melt
data.'? In contrast, similar measurements with (CH;CONH,
+ CF;COONa) and (CH3;CONH, + Ca(NOs),) melts® re-
ported that even though the DR data were equally de-
scribable by either Cole-Cole or Davidson-Cole processes,
spectral characteristics did not deviate much from the con-
ventional Debye description.®® Interestingly, the diameter
of the charged domain, thought to be responsible for the
mega-value of ¢y and formed via ion aggregation, was es-
timated to be ~10 nm and in equilibrium with two types
of amide environments.? Further viscoelastic and ultrasonic
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relaxation measurements>’ revealed the proposed aggrega-
tion phenomenon was less pronounced for melts containing
ions other than Na*. This variation notwithstanding, micro-
heterogeneity had been a recurrent theme in the early lit-
erature while analyzing the experimental results for these
melts.

Recent steady state and time-resolved fluorescence spec-
troscopic studies with some of these melts have suggested that
the average ¢ of these molten mixtures is much smaller than
the reported mega-value and, in fact, very similar to that of
ambient liquid formamide (FA).?!*> Average solvation and
rotation times, obtained from dynamic Stokes shift and flu-
orescence anisotropy measurements,’! have indicated strong
solution heterogeneity as these quantities ({r,) and (7,)) ex-
hibited a fractional solution viscosity dependence, (r,) «
(n/T)?, with p much less than unity but larger for (r,) than
for (t,). The fractional viscosity dependence of these quan-
tities and the consequent departure from the conventional
Stokes-Einstein (SE)** and Stokes-Einstein-Debye (SED)*
predictions for these melts are reminiscent of environmental
as well as translation-rotation decoupling observed in deeply
supercooled liquids.>>*' Furthermore, the microheterogene-
ity and the longer-ranged interactions (mainly those propor-
tional to !, ¥2, and r 3, r being the distance between
two interacting species)*” present in these systems jointly
render a resemblance with many room temperature ionic
liquids (IL) where microscopic inhomogeneity**=’ and sim-
ilar electrostatics govern the liquid properties. The close-
ness between these melts and dipolar ionic liquids is fur-
ther evidenced when application of a semi-molecular theory
that successfully described the Stokes shift dynamics in ILs
and (ionic liquid + polar solvent) binary mixtures®®%* could
also semi-quantitatively predict the solvation time scales and
dynamic Stokes shift in (CH;CONH, + Na/KSCN) and
(CH3CONH, + Ca(NO3),) melts.*"»3? It should be recog-
nized here that the agreement between theory and experiments
appears due mainly to the domination of the collective solvent
polarization fluctuation in polar solvation energy relaxation
where details of solvent structure around a dissolved dipo-
lar solute assumes a secondary importance.®*% The strik-
ing difference, however, is while fluorescence studies with
(CH3CONH,; + Na/KSCN) mixtures have revealed strong de-
viation from the SE and SED predictions, ILs show near hy-
drodynamic description® even though both of these differ-
ent systems are characterized by heterogeneity and similar
interactions.

In the present paper we have expanded our fluorescence
investigation into the molten mixtures of acetamide with
lithium nitrate and bromide of the following general formula
[0.78CH3CONH; + 0.22{fLiBr + (1-f) LiNO3 }], where frac-
tions of the anions (bromide, Br~ and nitrate, NOj3') have
been varied in order to investigate both the mixed anion ef-
fects (MAE)®”7? and the nature of solute-environment in-
teraction. Composition dependence (via varying fi;z- from 0
to 1) of static and dynamic fluorescence characteristics of a
dissolved fluorescent probe and temperature effects on them
have been investigated to gain further insight into the solute-
medium coupling in these supercooled melts. The amide con-
centration is kept fixed at 0.78 mole fraction because at this
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composition the mixture remains in the liquid phase?>2* for
the temperature range considered, 303 < T /K < 364. In ad-
dition, density and viscosity data in the same temperature
range for these melts have been measured earlier by differ-
ent authors?? which also report, apart from the Vogel-Fulcher-
Tammann’? description of temperature dependent transport
properties, presence of a moderate MAE for the electrical
conductivity. Interestingly, both steady state and dynamic
Stokes shifts measured using C153 exhibit non-ideal anion
concentration dependence, indicating fluorescence detection
of MAE for [0.78CH3CONH, + 0.22{fLiBr + (1-f) LINOs } ]
melts. Extent of heterogeneity, as suggested by the excitation
wavelength (... ) dependence of the fluorescence emission
spectrum and the magnitude of p associated with the frac-
tional viscosity dependence, has been found to be more pro-
nounced in these melts than in [0.75CH3;CONH, + 0.25{f
KSCN + (1-f) NaSCN}] mixtures.’! This is a result differ-
ent from earlier suggestion®2’ that (acetamide + electrolyte)
melts containing cation other than Na™ is relatively less in-
homogeneous. As observed in our previous experiments,!3?
UV-VIS absorption and fluorescence emission characteristics
of C153 indicate an average polarity similar to that of liquid
formamide at ambient condition, which is much smaller than
what was indicated®'?!32¢ for this kind of melts. Both (t,)
and (t,) in the present measurements increase with Br~ con-
centration. This follows the mixture composition dependence
of 1, which, in our measurements, increases with Br~ con-
centration. Activation energy (E,) estimated from (z,) for
a given composition has been found to be ~1.5 times larger
than that obtained from () and the ratio between E,({t,))
and E,((ty)) closely follows that between respective p val-
ues. In addition, our application of a semi-molecular theory
has revealed that the biphasic solvation response observed
in these melts originates from the orientational solvent den-
sity fluctuations at the collective and nearest neighbor modes,
and the isotropic density fluctuations involving the nearest
neighbors.

Il. EXPERIMENTAL SECTIONS

A. Sample preparation

C153 (laser grade, Exciton) was used with-
out further purification. Another probe, trans-2-[4-
dimethylamino)styryl]benzothiazole (DMASBT), whose

excited state lifetime is known to be a function of medium
viscosity,”* was used (as received’>) only to investigate the
Aexe. dependence of its steady state fluorescence emission
at a given composition of these melts. Acetamide (>99%,
SRL, India), lithium nitrate (>99.5%, SRL, India), and
lithium bromide (>99%, Merck Specialities, India) were
vacuum-dried (~300 K) for 24 hours before use. Note here
that lithium bromide is the most hygroscopic among these
three chemicals and becomes liquid if salt grains are exposed
to open air for about ~5-10 minutes. Presence of moisture
in LiBr may originate from improper drying and exposure
to open air during sample preparation at our experimental
condition. Therefore, LiBr used in our samples should be
correctly designated as LiBr.xH,O, x denoting the unknown
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but small amount of water associated with LiBr present in
the melt. This is important because presence of water can
substantially affect melt viscosity and other dynamical quan-
tities of interest here. Formamide (>99%, Sigma-Aldrich)
was used as received. Since a detailed discussion regarding
method of sample preparation for experiments with similar
molten mixtures is already given in Ref. 31, we do not repeat
but only mention that the concentration of C153 in the sample
was always regulated at <10~ M. Proper equilibration of
the quartz cuvette (1 cm path length) containing sample with
the preheated sample chamber (through hot water circulation,
Julabo) was ensured before spectral measurements. A few
samples were bubbled with dry N, gas before data collection
but did not produce any difference in data with those col-
lected with the un-bubbled samples. Since phase separation
occurs ~5 K below 303 K for a few of these melts and thus
spectroscopic measurements were not carried out at 7(K)
< 303. Composition and temperature dependent viscosities
of these melts were measured by using an AMVn automated
micro-viscometer from Anton Paar (falling ball method).

B. Data collection and analyses for Stokes
shift dynamics

Steady state absorption and fluorescence spectra were
collected by using, respectively, a UV-visible spectropho-
tometer (UV-2450, Shimadzu) and fluorimeter (Fluoromax-3,
Jobin-Yvon, Horiba). Solvent blanks were subtracted prior to
analysis. Time resolved fluorescence measurements were car-
ried out employing the time correlated single photon counting
technique based on a system (LifeSpec-ps, Edinburgh Instru-
ments, U.K.) mounted with a laser diode that provides exci-
tation light (A.y.) at 409 nm. Time-resolved emission spectra
were reconstructed from a series of 18—-20 magic angle (54.7°)
decays at equally spaced wavelengths across the steady-state
emission spectrum of C153 dissolved in molten mixtures.”®
The full width at half maximum (FWHM) of instrument re-
sponse function (IRF) was ~70 ps. The details regarding
fitting of the collected decays have already been discussed
elsewhere.?!"7® Solvation response function was constructed
as follows:

v(t) — v(00)

S0 = 1(0) — v(oo)’

1)
where v(0), v(f), and v(oco) denote some measure (usually
peak) of frequency for the reconstructed emission spectrum
respectively at r = O (that is, immediately after excitation), at
any given instant (¢), and at a time sufficiently long (r = c0)
to allow for the complete solvent relaxation. By construction,
S(#) is a normalized function which decays from unity to zero
as the environment rearranges with time in response to the in-
stantaneous alteration of the equilibrium charge distribution
of the solute via laser excitation. Note that for a given mixture
composition and temperature v(00) is expected to be equal to
the frequency (v;) of the steady state emission spectrum of
the solute probe. However, in some cases solvent reorganiza-
tion during the excited state lifetime of the probe may not be
complete, leading to v(c0) < v.*7778 Subsequently, aver-
age solvation time ((7,)) was obtained via analytical integra-
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tion of the multi-exponential fits to the measured S(¢) decay
as follows:”’

oo [e.¢]
(v,) = /0 dts (1) = /0 di Yy lagexp(—t/w)1 =) a,
)
where Zi a; = 1, and g; and 7, respectively, denote the am-
plitude and time constant associated with the i-th component
of the total decay.

C. Data collection and analyses for time-resolved
fluorescence anisotropy

Time-resolved fluorescence anisotropy measurements
were carried out, as usual,’>#! via a set of three decays, magic
angle, parallel (/,4,,) and perpendicular (1,.,,) with respect to
the polarization of the excitation light, collected at the peak
wavelength of the steady state fluorescence emission spec-
trum of a probe dissolved in a melt at a given composition
and temperature. The magic angle decay was first deconvo-
luted from the IRF and fitted to a multi-exponential function
of time followed by the parallel and the perpendicular decays,
and then were simultaneously fitted by using an iterative re-
convolution algorithm® to generate the anisotropy decays as
follows:

[para(l) - Glperp(t)
Lpara(t) + 2G Lpery ()

where the geometrical factor (G-factor), determined via tail
matching, was found to be 1.2 & 0.1. () decays, so obtained,
were found to fit to bi-exponential function of the following
form:

r(t) = r(0)[a; exp(—t/71) + (I — ap)exp(—1/1)], “)

where 7; (i = 1, 2) represents the time constants for the decay
components (a;). The value for the initial anisotropy, r(0), was
fixed at 0.376 while fitting the (¢) for C153 in all the solutions
studied here.®? The average rotational correlation time (t,)
was then determined as follows:

r() =

3)

(Tr) =/ dtlr®)/r(0)] = a7 + (1 — apt. )
0

lll. RESULTS AND DISCUSSION

A. Steady state spectral measurements:
Heterogeneity signatures

Figure 1 depicts the absorption and emission spectra of
C153 in [0.78CH3CONH, + 0.22{f LiBr + (1-f) LiNOs}]
melt at f7,5 = 0.6 and 303 K, and also those in liquid for-
mamide (broken lines) at the same temperature. The strik-
ing resemblance between the spectra in the melt and those
in FA (g9 = 111)® indicates very similar solute-solvent in-
teraction in these two different types of media. Interestingly,
the closeness in spectral peak positions alone cannot suggest
that g¢ of this (acetamide + salt) melt is much less than the
mega-value reported earlier for similar melts®'>!® because in
the limit of large & the transition frequency (absorption or
emission) becomes insensitive to the value of average static
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FIG. 1. Representative steady state absorption and emission spectra (color
coded) of the dissolved solute (C153) at 303 K in [0.78CH3CONH,
+ 0.22{f LiBr + (1-f) LiNO3}] molten mixtures at f7;- = 0.60 and those
in formamide.

dielectric constant. Dynamic Stokes shift measurements and
subsequent analyses using a suitable molecular theory, how-
ever, may provide a resolution to the debate. Since this issue
would be discussed later at length, let us now present results
from the steady state spectroscopic measurements revealing
more on the equilibrium structural aspects of these molten
mixtures.

Figure 2 demonstrates the LiBr concentration (fy;z,) de-
pendence of the steady state absorption and fluorescence
emission frequencies (upper panel), the steady state and dy-
namic Stokes shifts (middle panel) and the difference be-
tween them (lower panel) at 303 K and 318 K. Correspond-
ing data for 313 K are shown in Fig. S1 (see supplementary
material®®). Note that the Stokes shift dynamics at >318 K is
too fast to be measured by our present experiments and thus
we show steady state data for these temperatures only. It is in-
teresting to note that while the average absorption frequencies
(Vaps)®>80 at both the temperatures exhibit a non-monotonic
frisr dependence, emission frequencies (v,,,) remain largely
insensitive to that. The initial blueshift (by ~200-300 cm™")
of vup with f1; may arise from the following reasons:
(i) reduced availability of acetamide molecules for interacting
with the solute (C153) due to solvation of both N O; and Br~
ions, (ii) the variation in packing due to difference in sizes
of these solvated anions.!” The presence of both NO; and
Br~ in the melt at this regime increases solution heterogeneity
and this is reflected in the f7,5, dependent absorption spectral
width shown in Fig. S2 (see supplementary material®*). Fur-
ther replacement of N O; by Br~ probably enhances the ex-
tent of anion-C153 interaction that induces redshift and thus
sets up the observed non-monotonic composition dependence.
The heterogeneity in turn becomes less pronounced and con-
sequently the spectral width decreases (see Fig. S2). Since
both N O; and Br™ are uni-negative ions, the extent of electri-
cal (ion-dipole) interaction between C153 and these anions is
near-equivalent, producing very similar v, for binary melts
with f;;5 = 0 and fy;5 = 1. Another subtle aspect may be
noted in Fig. 2 is that v, at f7;5- = 0 is larger at 303 K than
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FIG. 2. Composition (f;p) dependence of spectral parameters at different
temperatures (color coded). While the fi;p- dependent absorption and
emission frequencies are shown in the upper panel, steady state relative
Stokes’ shift (A Av) and estimated dynamic Stokes’ shift (Av’) are presented
in the middle panel. Lower panel shows the composition dependence of
difference between the relative and dynamic shifts, defined as: §§v = AV’
— AAv. The relative Stokes shift has been obtained by using the relation
AAY = [Vaps, — vem']mixture — [Vaps. — vem.Jheplane — Avmixture _ Avheplane
with AviePane = 4230 ecm™!, and AV = [V(t = 0) — Ve, (t = 00)]"2Me,
v(t = 0) has been obtained by using the Fee-Maroncelli method (Ref. 90).
Measured frequencies are better than 150 cm™! §v’ = Av’.

that at 318 K whereas the temperature-induced variation at
frisr = 1 is negligible. This difference may be attributed to
the relatively less solute-ion interaction at f;5 = O because
of higher lattice and gas-phase bond dissociation energies for
LiNOs than that for LiBr.®® The insensitivity of v,,, to mix-
ture composition, also observed earlier for [0.75CH3;CONH,
+ 0.25{f KSCN + (1-f) NaSCN}] molten mixtures,’! arises
probably due to shorter heterogeneity lifetime than that of flu-
orescent probe in the excited state.’'>*®-3% Note v,,, in bi-
nary melt with f;;5. = 1 at these temperatures are “bluer”
than expected and this could be due to relatively slower
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environmental relaxation’””® because of larger effective
(solvated) size and heavier mass of Br~ compared to those
of NO; .

The composition dependent steady state Stokes shift
(AAv) and total dynamic Stokes shift (§v") estimated” from
time-resolved data, shown in the middle panel of Fig. 2,
clearly indicate that steady state fluorescence emission in
these melts occurs from an incompletely solvent-relaxed ex-
cited solute. The difference, §8v = v’ — AAwv, is positive
and ranges between ~100 and 800 cm™! and is similar - both
in nonmonotonicity and magnitude - to our earlier results for
[0.75CH;CONH; + 0.25{f KSCN + (1-f) NaSCN}] melts.’!
What is striking though is that the composition dependent
86v, shown in the lower panel, is larger at higher temper-
ature (88v values at 313 K are summarized in Table S3%%).
This suggests increased presence of ions at higher tempera-
ture forcing the steady state fluorescence to occur from ex-
cited solutes locked in solvent configurations which are far
from completely relaxed.

The heterogeneity aspect of these melts is further inves-
tigated by following the excitation wavelength (... ) depen-
dence of the steady state fluorescence emission from two dis-
solved probes, C153 and DMASBT. In common solvents,
the average excited state lifetime ((7;r.) =Y ; aiTi/Y_; a;)
of DMASBT, a function of both n and &, ranges between
20 and 100 ps®' and thus significantly shorter than that
(3-5 ns)’°® for C153. In addition, collected time-resolved de-
cays (magic angle) of fluorescence emission from DMASBT
dissolved in [0.78CH3CONH; + 0.22{fLiBr + (1-f) LiNO3 }]
molten mixture at 303 K with f7,5, = 0.2 and 0.8 have been
found to fit to bi-exponential function of time, producing
~470 ps and ~600 ps respectively as (t;z) at these com-
positions (see Fig. S4, supplementary material®*). Fluores-
cence signature of DMASBT in these melts would therefore
be more responsive to those “shorter-lived” domains which
could not be distinguished by the relatively longer-lived ex-
cited C153. A,y dependent emission frequencies (v, ) for
these two fluorophores in [0.78CH3CONH, + 0.22{f LiBr
+ (1-f) LiNOj3 }] molten mixture at 303 K with f;;5, = 0.2 are
shown in the upper panel of Fig. 3. Note v, for DMASBT
shifts by ~1200 cm™~! for changing A.,.. from the bluest to the
most red of the considered wavelengths, and is nearly double
of what C153 exhibits in the equivalent A, range. The A,
dependence of fluorescence spectral width (I, ), shown in
the middle panel, also follows the expected trend of narrow-
ing down with increased solvation for both these probes, the
extent of total narrowing for DMASBT being approximately
thrice as large as that for C153. These results, even though
cannot suggest any domain size or the length scale over which
medium particles are correlated, do provide an idea about the
lifetime of microscopic structures that render spatial hetero-
geneity in these melts. One of the implications of this finding
is that in frequency domain experiments, such as dielectric
relaxation spectroscopy, effects of such short-lived structures
will probably not be reflected at the megahertz (MHz) region.

Composition dependence of the heterogeneity in
[0.78CH3CONH; + 0.22{f LiBr + (1-f) LiNO3}] molten
mixture at a given temperature is next investigated by
monitoring the changes in spectral (emission) position and
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FIG. 3. Excitation wavelength dependence (A.y.) of emission peak frequency
(Vem) for DMASBT and C153 (upper panel) and full widths at half maximum
(FWHM, TI',,,,) of emission spectra of these two solutes in [0.78CH3CONH,
+ 0.22{f LiBr + (1-f) LiNO3 }] molten mixtures at f7;3, = 0.2 and 303 K
(middle panel). Composition dependent total differences (Ax) in Iy, and
Vem are shown in the lower panel. This is defined as Ax(fig,, T) = x(fLigr,
T, }\exc, b) — x(fLiBra T, )Lexc., r)s X bCil’lg LCem OF V. )\excx, b and }\exc, r are the
shortest (bluest) and longest (most red) wavelengths used for solute excita-
tion. The uncertainty in frequencies remains the same as in Fig. 2. Widths are
better than 250 cm ",

width for these solutes. Results are summarized in the lower
panel of Fig. 3 where the differences between emission
frequencies (Av) and widths (AI") obtained by exciting the
solutes at the smallest (bluest, A, ;) and largest (most red,
Aexc., r) Wavelengths at a given composition and temperature
are shown as a function of LiBr concentration, f7;z,. These
quantities are defined as follows:Ax(frig,, T) = x(fLigr, T,
Aexc.b) — X(fLirs Ty Aexc..r) With x = v, or I'y,. Spectral
features (Av and AT') displayed here have been obtained at
T = 303 K, and represent the trend observed at few other
higher temperatures. It is evident from this panel that the
LiNOs-rich solution is more heterogeneous and the extent
of heterogeneity decreases upon progressive replacement
of NO; by Br~. In addition, DMASBT reveals more
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pronounced heterogeneity at all compositions than that by
C153. The increased heterogeneity in presence of LiNO;
could arise from the presence of both ionic and non-ionic
species because of less dissociation of LiNO3 compared to
LiBr. Higher lattice and gas-phase dissociation energies®®
for LiNO;5 than those for LiBr, and increase in electrical
conductivity?® of the melt upon replacing LiNOs by LiBr
seem to support the above view.

B. Time-resolved measurements: Stokes shift
dynamics and relevant density fluctuation modes

As already indicated, characteristics of fluorescence
emission intensity decays collected at magic angle for C153 in
these mixtures depend upon the detection wavelength, show-
ing signatures of environmental rearrangement with time in
response to an instantaneously altered charge distribution of
a dissolved solute. A representative example is provided in
Fig. 4 where emission decays collected at a shorter wave-
length (“blue” with respect to the peak wavelength of the cor-
responding steady state emission spectrum) and at a longer
wavelength (“red”) along with their multi-exponential fits,
residuals and fit parameters are shown for a melt with fi;p,
= 0.6 at 303 K. The presence of decays only at the blue
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? L 0.57 0.18 0.28 0.93 0.15 3.5
2 08 L %&.-0.20 0.07 -0.54 0.78 1.92 4.1
) §
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v
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FIG. 4. Representative fluorescence intensity decays at blue (480 nm) and
red (620 nm) wavelengths for C153 in molten mixtures at f7;z- = 0.60 and
~303 K. Circles denote the experimental data and solid lines fit through them.
Instrument response function (IRF) is also shown in the same figure (dashed
lines). The respective residuals (color coded) are presented in the bottom pan-
els. The fit parameters are shown in the inset of the upper panel. Time con-
stants (7;) are in the unit of nanosecond. The goodness-of-fit parameters (x 2)
in these two wavelengths are 1.05 and 1.02, respectively.
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wavelength and both rise and decay at the red wavelength
clearly suggest time-dependent solvation of the excited so-
lute in these melts. Note that even though most of the time-
resolved emission intensity profiles require tri-exponential
functions of time for adequate description, intensity profiles
collected around the peak wavelength can be sufficiently rep-
resented by a sum of two exponentials. In addition, effects
of fluorescence quenching on the detected spectral dynamics
have been found to be secondary as the composition depen-
dent longest time constant (T zonges) associated with the de-
cays at 303, 313, and 318 K, shown in Fig. S5 (see supplemen-
tary material®*), varies by a maximum of ~20%. Therefore,
the decay characteristics at various emission wavelengths may
be regarded as representing the dynamics of solvation of the
excited solute (C153) in these molten mixtures.

Time-resolved emission spectra (TRES), obtained via fit
through data points using a log-normal line-shape function,”?
are shown in the upper panel of Fig. 5 for C153 in
[0.78CH3;CONH, + 0.22{f LiBr + (1-f) LiNOs}] molten
mixture along with the corresponding steady state emission
spectrum. The results are for f7,5- = 0.6 at 303 K and rep-
resentative of what have been observed at other composi-
tions as well. Note the steady state emission spectrum and
the time-resolved spectrum at + = oo do not overlap (dif-
ference between them being ~300 cm™!) and may indicate
incomplete environmental reorganization during the steady
state fluorescence emission. The amount of dynamic Stokes
shift, v’ = v(r = 0) — v(¢ = 00), observed at this composition
and temperature is ~900 cm~!, which is ~20% less than the
estimated® shift in case of full detection. The broader time-
resolution employed in the present experiments has not only
led to the incomplete detection of the total dynamics but also
inaccurately captured the evolution of the spectral width at
early times. This is shown in the lower panel of Fig. 5 where
evolution of the spectral width, I'(¢), exhibits opposite trends
at early times for melts at f;5, = 0 and f;5 = 1. However,
I'(7) reaches a plateau as solvation progresses with time, an
aspect also observed earlier for polar solvation energy relax-
ation in neat solvents’® and molten mixtures.?!-*> This and the
fact that even the maximum variation of I'(¢) being substan-
tially smaller than the observed dynamic shift further support
that the observed time-evolution of the fluorescence spectrum
occurs mainly due to the medium reorganization around the
perturbed solute in these melts.

Table I summarizes the composition dependent observed
(Av!, ) and estimated (Av.,) dynamic Stokes shifts for
C153 in these molten mixtures at three different temperatures.
These data suggest that approximately 20-50% of the full dy-
namics, depending upon composition and temperature, has
not been detected in the present experiments. Interestingly,
even after missing such a significant portion, the observed
shift is quite large and lies in the range, ~650—1300 cm™".
The estimated shift, on the other hand, ranges between
~1000 cm™! and 1700 cm~!, and is somewhat smaller than
Av!, for C153 in [0.75CH3CONH; + 0.25{f KSCN + (1-
/) NaSCN}] melts.?! Reduced ion-solute interaction due to
larger effective size® of solvated Li* ion compared to those
for solvated Na™ and K* ions could be one of the rea-
sons behind the difference between the estimated shifts in
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o T T T T T T T T TABLE I. Dynamic Stokes shift of C153 in [0.78CH3;CONH, + 0.22{f
= 1.0 _fLiBr =0.6 steady— LiBr + (1-f) LiNO3)] molten mixtures at 303, 313, and 318 K: Compari-
E r N\ state 1 son between experiments and theoretical calculations. Uncertainty associated
L 08— T~303K N\ — with the measured shift is £200 cm™'.
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— 19.2 T
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g 0.0 956 1409 32 1678 1103 575
1% 0.2 1175 1606 27 1667 1094 573
2 0.4 871 1655 47 1655 1084 571
:: 0.6 1067 1413 24 1641 1073 568
N 0.8 975 1295 25 1631 1065 566
- 1.0 844 1265 33 1619 1055 564
4 318K
:4 0.0 886 1224 28 1656 1083 573
- B 0.2 1042 1634 36 1644 1073 571
—_ 3.2 0.4 896 1493 40 1633 1064 569
N ‘z 0.6 1057 1469 28 1618 1052 566
g 3.0 = 23332””“‘%““& 0.8 954 1355 30 1607 1044 563
S g 00000000000000000000 1.0 891 1315 32 1596 1035 561
= 2612 Juie . . .
Z iy 00 We follow our earlier model*"*?> in considering the
= 24 A 0.4 — molten mixtures of acetamide with lithium bromide and ni-
5 L0 s 1 . 1.1 1.0¢] trate as non-aqueous electrolyte solutions where ions, from
: complete dissociation of the added salts, are dispersed in
0 500 1090 1500 2000 2500 dipolar solvent, acetamide. In an extremely dilute solution
Time (ps) of a solute probe (concentration <107>M) in such a multi-

FIG. 5. Synthesized time resolved emission spectra (TRES) of C153
at different time slices from the experimentally obtained decays in
[0.78CH3CONH; + 0.22{f LiBr + (1-f) LiNO3 }] molten mixtures at f7,p,
= 0.6 and 303 K. TRES shown (upper panel) are at the following time
intervals after solute excitation: O ps (triangles), 20 ps (diamonds), 100 ps
(inverted triangles), 500 ps (asterisk), and 2500 ps (circles). While time evo-
lution of the average peak frequencies (v(¢)) at f7;p = 0.6 is shown in the mid-
dle panel, that of the width (I'(¢)) at three different compositions are shown
in the lower panel. For lower panel, circles represent I'(7) for C153 in molten
mixture at f7;p- = 0, triangles at f7;3, = 0.4, and diamonds at fz;3, = 1.0.

(CH3CONH,; + LiBr/NOs3) and (CH3;CONH, + Na/KSCN)
molten mixtures. It should be noted that presence of a pi-
cosecond component or even a faster one in these mixtures is
quite natural because amides and partially substituted amides
possess intermolecular libration modes®*“* centred around
50-100 cm™!, and these collective modes have been shown
earlier™® to generate ultrafast polar solvation response in
associated molecular solvents. This will be discussed in some
detail when we explore the origin of the timescales revealed
by dynamic Stokes shift measurements. Let us now focus
on understanding the composition dependent dynamic Stokes
shift estimated for these mixtures at different temperatures in
terms of solute-ion and solute-solvent interactions.

component mixture, an equilibrium is established mainly via
solute-solvent dipolar interaction and solute-ion dipole-ion
interaction in addition to ion-ion, ion-solvent, and solvent-
solvent interactions. Probe-probe interaction is believed neg-
ligible because of its presence at extreme dilution, and inter-
actions between particles (solvent-solvent, ion-ion and ion-
solvent) are considered unchanged in presence of solute
molecules at this dilution. In such a model, the solute-medium
total interaction energy can be approximated to be com-
posed of solute-solvent dipole-dipole interaction and solute-
ion dipole-ion interaction. Note in real mixtures salts are not
always completely dissociated and various complex entities,
such as ion-pairs, triple ions and neutral triple ions,”®'%% ex-
ist, and contribute to some extent to the solution energet-
ics and dynamics. However, solute-solvent (dipole-dipole)
and solute-ion (dipole-ion) interactions are expected to be
the dominant contributors to the dynamic Stokes shift in
these (acetamide + salt) melts and hence contributions from
more complex species are considered to be of secondary im-
portance. In addition, acetamide molecule is assumed to be
spherical with point dipole at the centre, and characterized
by a diameter, o = 4.52 A (obtained from van der Waals
volume!®®) and a dipole moment,'” & = 3.7D. Ions (both
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cation and anion) are treated as hard spheres with central
point charges with diameters (o) 1.8 A% for Lit, 3.92 A%
for NOj and 3.64 A% for Br. Note here that N Oj is not
spherical and the actual shape of this ion and other species
may have some effects on probe solvation and rotation dy-
namics. Since the main focus of the present treatment is to un-
derstand, at best qualitatively, the observed dynamics in these
complex systems in terms of simple microscopic picture, we
have avoided considerations of shape asymmetry and medium
inhomogeneity while obtaining the static correlation func-
tions. This is done to preserve the analytical simplicity of the
theoretical treatment. As before,*! the composition dependent
& at a particular temperature has been calculated by using the
experimental density and dipole moment (3.7 D) in a relation
given by the mean spherical approximation (MSA) theory.'*
The calculated composition dependent ¢, depicted in Fig. S6
(see supplementary material®*), is ~30 for these molten mix-
tures. Parameters used to characterize the solute are the di-
ameter for C153 (7.8 A) and its excited state dipole moment
(14 D).’ Necessary equations for the calculations of dynamic
Stokes shift are provided in the supplementary material®*
(A1), details of which can be found elsewhere.3!-3°-%2 We
only state here that orientational solvent-solvent direct cor-
relation function and static structure factor, required for the
calculations,’' have been obtained from the MSA theory, and
the solute-ion static correlations from our earlier works.>*-?
The average spatial arrangement of ions (static ion structure
factor) in such mixtures has been obtained by following the
method as described previously.'?7-10?

Calculated composition dependent dynamic Stokes shifts
(Av],,,) at 303 K, 313 K and 318 K are summarized in
Table I along with the solute-solvent dipole-dipole and solute-
ion dipole-ion interaction contributions, Av!, and Av!, re-
spectively. Note the calculated total shift (Av], ) spans
rather a narrow range (~1600-1700 cm™!) and similar to the
range of estimated shift from experiments (Av. ) at these
temperatures, 1300-1800 cm™'. This is an important result
because a model calculation with g as moderate as ~30 could
produce such a close agreement with experimental estimates
for these molten mixtures whose dielectric constants are sup-
posed to be colossal. The agreement also indicates the validity
of the present model that dynamic shift in these molten mix-
tures could be expressed in terms of solute-medium dipole-
dipole and dipole-ion interactions without much adherence to
the solution structural complexity. The dipole-dipole interac-
tion contributes ~65% to the total shift in all these melts and
thus dominates over the solute-ion (dipole-ion) contribution.
A close inspection of these data also indicates a linear de-
crease of the calculated shift with composition, the maximum
decrease being ~4% for the total calculated shift, ~5% and
~2% respectively for the dipole-dipole and dipole-ion contri-
butions. Even though mass density of the melt increases upon
addition of LiBr in the melt,?? a decrease in number densities
of both the dipolar and ionic species (see Fig. S7, supplemen-
tary material®*) reduces the interaction contributions. Note,
however, that experimental estimated shifts show a non-linear
composition dependence and the extent of variation is much
larger (~30—45%) than the decrease in calculated shifts. The
non-linearity is absent in the calculations probably because of
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FIG. 6. Decays of solvation response function, S(#), measured using C153 at
318 K in [0.78CH3CONH; + 0.22{fLiBr + (1-f) LiNO3 }] molten mixtures
at fripr = 0.0 (red), 0.6 (blue), and 1.0 (green) are shown in the upper panel.
Temperature effects are shown in the lower panel by presenting S(¢) decays
at three different temperatures, 303 K (red), 313 K (blue), and 318 K (green),
for C153 in the molten mixture with composition f7;p- = 0.0.

the neglect of specific solute-ion interaction, solution hetero-
geneity and interactions between the solute and other complex
ionic species present in these melts.

The dependences of the measured solvation response
function, S(f), on mixture composition and temperature are
depicted in Fig. 6 where S(r) decays at three different com-
positions at 318 K are shown in the upper panel, and those at
different temperatures at a fixed composition (f;z- = 0) in the
lower panel. Both the composition and temperature dependent
decays follow the changes in solution viscosity (1) as the lat-
ter, summarized in Table S8 (see supplementary material®*),
increases upon increasing LiBr concentration in the melt at
a fixed temperature and a decreases upon raising the solution
temperature at a fixed composition. Note here that 7 measured
by us increases with LiBr concentration at a fixed tempera-
ture which is opposite to the trend reported in Ref. 23. As
already mentioned, presence of substantial amount of mois-
ture in LiBr might have led to the erroneous trend reported
in Ref. 23. Note in the lower panel that even the slowest of
the decays (the one at 303 K) continues only up to 2.5 ns.
Such a shorter time-spread for S(f) decays in these melts is
unexpected. The reason is the following. According to con-
tinuum model, solvation time correlation function for a dipo-
lar solute in a polar continuum is single exponential char-

acterized by a time constant,''? 7; = ((225;:1:)) ~ ((‘?:ill)) .
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As reported by DR experiments in Ref. 12, use of the fol-
lowing parameters, g9~ 40 x 10°, £,,~20 and 75~ 10 ms,
leads to T, ~50 ns at ~300 K) predicts a solvation time
constant (tz) of ~50 ns for a dipolar probe in these melts
at 303 K, should they possess, as reported for (CH;CONH,
+ NaCNS) melts'?, an extremely large gy (~10°) and a De-
bye relaxation time (7p) of ~10 ms. The fact that the solvent
reorganization is nearly complete within a couple of nanosec-
ond only suggests that either both the ¢y and 7 are much
smaller than their projected values, or, their coupling to sol-
vation processes renders undetectably small contribution in
the 20 ns time-window employed in the present measure-
ments. Even though the second possibility could be a reason
for the non-observation of the predicted extremely slow dy-
namics, it is difficult to understand why the present experi-
ments would not be able to capture a timescale, if exists, 2-3
times slower than the observed one. Such a slower timescale
is expected to originate from the coupling of the millisec-
ond motion of ion-solvent clusters or ion-induced solvent
aggregates™'> 13 to the time-dependent density fluctuations at
different wavevectors.? In contrast, solvation response func-
tions presented in this figure and other measured ones have
been found to fit to bi-exponential functions of time, substan-
tial portion (0.24 < a; < 0.60) of which decays with a time
constant 32 < t,/ps < 112, followed by a slower component
(ay) with a time constant 475 < t,/ps < 770. Parameters ob-
tained from bi-exponential fits to the measured decays have
been summarized in Table S9 (see supplementary material®*).
Note that these time scales resemble those associated with
biphasic solvation observed earlier for one component molten
inorganic salts at elevated temperatures.'!!

Next we investigate the possible mechanisms for the ob-
served biphasic solvation in these complex mixtures because
motions of both ions and host polar solvent molecules cou-
ple to solvation energy relaxation in these non-aqueous elec-
trolyte solutions. As in Ref. 31, both the overdamped and the
underdamped dynamics of solvation have been considered.
While solvation in the overdamped limit is known to be car-
ried out by the diffusive modes (both rotational and transla-
tional) and thus governed entirely by the solution viscosity,
underdamped limit accounts also for the contributions from
the inertial motions of the particles.®*!1%® Method of cal-
culation, discussed in the Supplementary material®* (A1), il-
lustrates how dielectric relaxation parameters' '°® have been
approximated in the absence of any experimental data for
these mixtures and how these parameters incorporated into
the subsequent calculations. We only mention here that the
calculated total solvation response functions are composed of
90% contributions from pure polar solvent dynamics and only
10% from ion dynamics, although a small variation in the
relative contributions does not affect the qualitative feature
of the predicted results. This means the calculated total sol-
vation response function is constructed as, S(f) = 0.9S54(¢)
+ 0.18,(#), where S;4(f) and S;(7) are given respectively by
Egs. (3a) and (4a) of A1 (see supplementary material®*). Such
an approach has not only provided a successful description of
experimental Stokes shift dynamics in neat ionic liquids>®°
and (ionic liquid + polar solvent) binary mixtures®>® but
also explained semi-quantitatively the measured dynamics in
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a few such molten mixtures.?!:3> Note the above construction
of S;s(?) closely follows the observation made earlier in ex-
perimental studies of Stokes shift dynamics of polar probe
in electrolyte solutions at ambient condition,'!'? where ion-
dynamics has been found to contribute ~20% to the total dy-
namics and that too at the later stage of the solvation energy
relaxation.

As observed in experiments for these melts, Sg(#), cal-
culated in both the overdamped and the underdamped lim-
its, have been found to be bi-exponential function of time at
all compositions and temperatures studied. The fast solvation
time constants (7;), obtained from the overdamped calcula-
tions at three different temperatures, are compared in Fig. 7
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FIG. 7. A comparison between the composition dependent measured fast
solvation time constants (circles) and those calculated from our semi-
molecular theory (described in Al, supplementary material) in the over-
damped limit (triangles) at 303 K (upper panel), 313 K (middle panel), and at
318 K (lower panel). These time constants (7 1) have been obtained from fit-
ting of the measured and calculated solvation response functions as described
in the text. The uncertainty associated with the experimental times is +5% of
the reported values.
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with those from experiments. The amplitudes associated with
7, are also ~50% (see Table S10, supplementary material®)
and thus close to experimental data. | from underdamped
calculations have not been shown because they are too short
(0.9 < t1/ps < 3) to be presented in the same figure although
their amplitudes are quite substantial (38-40%). Interestingly,
the comparison reveals while the calculated fast time constant
(t1) increases with LiBr concentration in the melt (which fol-
lows LiBr concentration dependence of viscosity), the experi-
mental counter-part remains nearly insensitive. This indicates
that either the experimental fast time constant is not entirely
controlled by the medium viscosity or a certain degree of de-
coupling between motions of solvating particles and medium
viscosity exists. Participation of underdamped solvent modes
(such as amide intermolecular librations®>®*) is known® to
reduce the importance of viscosity for the initial fast compo-
nent of the total polar solvation energy relaxation in liquid
solvents. For these multi-component mixtures, this is demon-
strated in Fig. 8 where composition dependent calculated slow
solvation time constants (7,) at three different temperatures
have been compared with those from experiments. Better
agreement between the underdamped calculations and the ex-
periments for 7, only reinforces the notion that much faster
timescales than those set by particle diffusion exist in these
melts, and significant portion of the polar solvation energy
relaxes via the participation of the solvent librational modes.
Interestingly, the agreement between the time constants from
underdamped calculations and experiments are not as good at
303 K as those at the other two higher temperatures. Like in
supercooled liquids, if the heterogeneity is more pronounced
at higher medium viscosity, then the molten mixtures at 303 K
are expected to be more heterogeneous than at 313 K and
318 K. Consequently, solvation times would be more de-
coupled from solution viscosity at 303 K, showing poorer
agreement between experiments and such simple calculations
where heterogeneity has not been considered at all. It should,
however, be recognized that overdamped predictions at the
highest temperature, even though not as quantitative as those
from underdamped calculations, are qualitatively in the same
range (400 < t,(OD)/ps < 3200) as observed in experiments
(400 < t,(Expt.)/ps < 1000). Such an observation encour-
ages one to investigate, within the framework of a simplistic
model, the density fluctuation length-scales which are proba-
bly associated with the solvation time constants (7| and 7,)
measured in the present experiments.

Figure 9 shows the mixture composition dependent
structural relaxation times corresponding to medium density
fluctuations at the collective (ko ~ 0) and nearest-neighbor
(ko ~ 2m) wavevectors, calculated in the overdamped limit
at 318 K where the heterogeneity is supposed to be the
minimum. While the upper panel depicts the composition
dependence of the orientational structural relaxation time
(t7°"), the time constants associated with the relaxation of

str
the ion dynamic structure factor (t//*"*) are presented in the
lower panel. Note that 72" and t//*** have been calculated
respectively by using equations (6) and (15) described in
Al (see supplementary material®*). Data in Fig. 9 suggest
that the fast timescale measured in the present experiments

(32 < ty/ps < 112) originates from the diffusive ion density
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FIG. 8. Similar comparison as in Fig. 7 but for the slower solvation time con-
stants () obtained from measurements (circles) and from calculations in the
overdamped limit (inverted triangles) and underdamped limit (diamonds) at
three different temperatures for C153 in these melts at different compositions.
Uncertainty in measured 7, remains the same as for measured 7.

fluctuations at ko ~ 27 modes, whereas the slow ones (400
< Ty/ps < 1000) are associated with the orientational density
fluctuations of the polar solvent involving both the collective
(ko ~ 0) and the nearest neighbor (ko ~ 2m) modes. These
results in conjunction with the underdamped prediction of
~50% solvation energy relaxation with time constants in
~1-3 ps range, and missing of a substantial portion (~20—
50%) of the dynamics by the present experiments clearly
indicate the domination of the orientational solvent density
fluctuations involving the collective modes. In addition, the
predicted near insensitivity of fast time constant (0.9 < t/ps
< 3) on frig in the underdamped limit is in accordance
with the general results from simulation studies''3™'"> of
solvation dynamics in electrolyte solutions. Note that similar
fast timescale has also been predicted earlier for (acetamide
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FIG. 9. Origin of the fast and slow solvation timescales as predicted by the
semi-molecular theory for these molten mixtures at different compositions.
Timescales arising from density fluctuations at relevant wavenumber modes
are specified in each of the panels. Expressions for t/}%' and t//*" are pro-
vided in the supplementary material (A1).

+ sodium/potassium thiocyanate)®! and (acetamide + cal-
cium nitrate)’> molten mixtures. Inset (lower panel) shows
the timescale associated with the collective (ko ~ 0) ion den-
sity fluctuations, which is extremely slow and has not been
observed in our experiments. This seems to suggest that either
the collective ion density fluctuations are irrelevant for polar
solvation energy relaxation in these melts or their contribution
is too small to be detected by the present experimental set-up.

C. Stokes shift dynamics: Decoupling
from medium viscosity

Next we illustrate the coupling between average solva-
tion time ({(7,)) and medium viscosity (1) in Fig. 10 where,
in a log-log plot, the composition dependent (r,;) measured
for these melts at 303 K, 313 K, and 318 K are shown as a
function of temperature-reduced viscosity, /7. Since () is
dominated by the spatial diffusion timescale of medium parti-
cles (7, in these cases) and since the Stokes-Einstein (SE) re-
lation predicts, D~ !oo(n / T) (D being diffusion coefficient),
such a plot is expected to reflect on the validity of the SE re-
lation in these melts. Fig. 10, however, exhibits a power-law
dependence on reduced viscosity, (t,) oo (n/T)”, with an av-
erage value for the power (p = 0.35) much less than unity.
Treatment of (7) as separate sets (see Fig. S11, supplemen-
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FIG. 10. Log-log plot of average solvation time, (t) of C153 versus /T in
molten mixtures of acetamide with lithium nitrate and lithium bromide. The
solid line shows the best fit of the experimentally measured data to the rela-
tion Log[(ts)] = B + pLog[n/T], the associated B and p value are given in the
figure. Different symbols represent data at different mixture compositions.

tary material®*) produces slightly different values for p: 0.34
at 303 K, 0.32 at 313 K and 0.40 at 318 K. Our attempt to
fit to the form, (r;) oo 5, also produces equally good de-
scription with p values nearly the same as above. These anal-
yses confirm presence of pronounced heterogeneity in these
molten mixtures, the extent being the larger at lower tem-
perature, providing an experimental support to the logic used
earlier while explaining the relatively poorer agreement be-
tween predicted and measured slower solvation time constants
at 303 K (see Fig. 8). Note the pronounced fractional vis-
cosity dependence of () is quite reminiscent of viscosity-
decoupling of diffusion in deeply supercooled liquids, and
may therefore indicate presence of both static (distribution
of environments) and dynamic heterogeneities (distribution of
relaxation times)*~*! in these molten mixtures. Surprisingly,
dynamic Stokes shift measurements in ionic liquids, systems
which are somewhat similar to these multi-component mix-
tures both in interaction and heterogeneity aspects, do not
show fractional SE behavior,%® even though such a fractional
viscosity dependence has been experimentally observed for
ion transport in ionic melts.'!® In addition, significant depar-
ture from the conventional SE relation is also expected for
diffusion of small solutes in a medium of large particles.'!”
Therefore, non-hydrodynamic diffusion of lighter alkali metal
ions- Li* for the present melts and Nat/K* for other molten
mixtures®! might be one of the reasons for the observed frac-
tional viscosity dependence of ().

D. Dynamic fluorescence anisotropy measurements:
Heterogeneity and medium decoupling

Representative fluorescence anisotropy decays of C153
at different temperatures and compositions are presented in
Fig. 11 in order to show the effects on r(f) of temperature (up-
per panel) and Br~ ion concentration (lower panel). Both the
effects of temperature on 7(f) at a given composition and that
of LiBr concentration at a fixed temperature can be explained
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FIG. 11. Temperature and composition effects on fluorescence anisotropy
(r(#)) decay of C153 in [0.78CH3CONH; + 0.22{f LiBr + (1-f) LiNO3)]
molten mixtures. Data representations are clearly explained inside the panels.

by the temperature and composition dependence of viscosity
of these melts (see Table S8, supplementary material®*). As
already mentioned, r(¢) decays, collected at various tempera-
tures and mixture compositions, can be adequately described
by a sum of two exponentials. A representative fit is provided
in the supplementary material®* (Fig. S12) along with the
residual, which shows the general quality of the unconstrained
bi-exponential fits to the experimental r(¢) decays. Fit parame-
ters summarized in Table S13 (see supplementary material®*)
demonstrate that these biphasic anisotropy decays are charac-
terized by a substantial (~30-65%) fast amplitude with time
constant in ~10-30 ps range, and a very slow component with
time constant spreading between ~0.7 ns and ~12 ns. The
fast time constants are therefore too short to be accurately
detected by the present experiments and hence any particu-
lar dependence of them on Br~ concentration or temperature
cannot be explored. Also note that missing of these fast com-
ponents might have led to the observation of bi-exponential
dynamics in place of stretched exponential ones expected for
these heterogeneous molten mixtures.''

The slow time constant, on the other hand, decreases with
temperature at a given composition and increases with Br~
concentration at a given temperature. These are in accordance
with the hydrodynamic prediction because we find viscosity
at a fixed composition reduces upon increasing temperature
and increases with Br~ concentration (at a given temperature).
Effects of temperature and composition on C153 rotation in
these melts are more clearly depicted in Fig. S14 (see sup-
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plementary material®*) where the average rotation and solva-
tion times ((t,) and (t), respectively), and experimental vis-
cosities from our independent isocomposition and isothermal
measurements are shown as a function of f7;5, for different
temperatures. Note both (z;) and (7,) increase with viscosity
and decrease with temperature, suggesting a dominant role
for the medium viscosity in controlling the average rates for
the time-dependent solvation and fluorescence anisotropy in
these melts. However, this does not rule out the possibility
of complexation between C153 and ions present in the melt,
as found during the study of rotational relaxation of resorufin
in electrolyte solutions,'!” contributing to the measured (t,).
Note that the slow rotation time constants at high Br~ concen-
trations (particularly those at 303 K) are ~2-3 times larger
than the excited state lifetime (~5 ns) of C153. Such a longer
time constant for these melts is not improbable because in
ionic liquids near room temperature rotational time constants
for solutes larger by a factor of ~2-20 than their respective
excited state lifetimes have been reported and explained in
terms of heterogeneous solution structure.®0 120-122 However,
this does not anyway confirm that the observed biphasic be-
havior of r(¢) originates exclusively from solutes trapped in
different solvent environments but rather suggests that both
the non-Markovian nature of the underlying friction and so-
Iution structural heterogeneity could be responsible for the
biphasic character of the measured anisotropy decays.%

Next the appropriateness of the Stokes-Einstein-Debye
(SED) relation in describing the solute rotational diffusion in
these melts is explored in Fig. 12 where the measured (t,)
at all compositions and temperatures have been shown as a
function of temperature-reduced viscosity, n/T. Note the data
are shown in a log-log plot. The corresponding SED values

have been calculated by using the formula, (7,) = ,X}—"T fC,

with solute volume V = 246 A3, shape factor f = 1.71, and
solute-solvent coupling parameter C = 0.24 (for slip bound-
ary condition) and 1.0 (for stick boundary condition).®® A
comparison with the SED predictions indicates that, at higher
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FIG. 12. Log-log plot of average rotation time, (t;) of C153 versus n/T in
molten mixtures of acetamide with lithium nitrate and lithium bromide. The
solid line shows the best fit of the experimentally measured data to the rela-
tion Log[(t,)] = B + pLog[n/T], the associated B and p value are given in
the figure. The dashed lines show the prediction of hydrodynamic stick and
slip limits. Different symbols denote data at different mixture compositions.
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temperatures (in low n/T limit), measured (z,) lies between
the slip and stick predictions but becomes sub-slip in the large
n/T limit at low temperature. The departure from the SED
predictions is quantified as, (t,) oo (n/T)’, with an average
p = 0.55. This can be explained by considering that shorter
heterogeneity lifetime at higher temperatures allows better
environmental averaging of the relaxation dynamics, leading
to a more hydrodynamic behavior.'”> At lower temperatures
where heterogeneities are longer-lived than (t,), molecular
aspects get prominence and a departure from the SED descrip-
tion ensues. Results obtained from experimental studies of
reactive and non-reactive dynamics in ionic liquids, % '*%12
and those from very recent measurements after isothermal in-
troduction of ~2 nm structural inhomogeneity in an other-
wise homogeneous liquid'?® suggest that both the static and
dynamic heterogeneities could contribute to the observed de-
coupling between solute rotation and viscosity in these melts.
In the absence of LiNOs (fy;, = 1.0) the extent of decou-
pling becomes even stronger as one finds p = 0.50 at this
composition (see Fig. S15, supplementary material®*). This
is expected as larger viscosity in an inhomogeneous medium
is known to produce larger decoupling.®> The deviation at
the high 7/T regime is likely to originate from non-Brownian
moves, such as large angle jumps'?’ and retention of inertia-
driven motion even much after the onset of the typical
diffusion timescale.'?®!?° These alternative dynamic modes
significantly reduce the frictional resistance against the dif-
fusing particle arising from the macroscopic viscosity and
thus strongly promotes departure from the conventional hy-
drodynamic description. Note that complexation through an
interaction between the w-electron system and halide, partic-
ularly for compounds with electron-deficient aromatic ring, is
a well-known phenomenon'3% 13! and therefore formation of
C153-Br~ complex in presence of LiBr in these melts may
also modify the expected hydrodynamic behavior of the so-
lute rotation.

Even though the viscosity dependence of (7,) in these
melts at different compositions could be represented in
Fig. 12 by (t,) oo (n/T)’ with an average value of p, there
exists a subtle composition dependence for p. This is depicted
in Fig. 13 where p obtained from fits of the measured (z,) to
both the medium viscosity ({(t,) oo n”) and the temperature-
reduced viscosity ((t,) co (n/T)’) are shown as a function of
the mixture composition, fi;z,. Figure 13 clearly shows that
the composition dependent p values obtained from both fits
are not very different from each other, indicating that the tem-
perature dependence of (7,) is essentially that of the medium
viscosity, 1. Interestingly, these data indicate LiBr-rich region
is more heterogeneous than the LiNOj; enriched melt, an ob-
servation is contrary to the steady state measurements shown
in Fig. 3. Although this heterogeneity character (as revealed
by the present anisotropy measurements using C153) is ex-
pected on viscosity consideration, is opposite to the trend re-
ported for the n-o relationship (o being the stretching expo-
nent required to numerically fit the measured DR spectra) ex-
plored via DR experiments for several alkylimidazolium alu-
minate ionic liquids.'3> All these experimental results there-
fore indicate more extensive studies to explore the molecular
origin for viscosity decoupling of dynamical variables in com-
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FIG. 13. Composition (fzip-) dependence of p, obtained from fitting the mea-
sured (7,) in these molten mixtures to the following expressions: Log[(z;)]
= B + pLog[n/T] (triangles), and Log[(z;)] = B + pLog[n] (circles). Note
that both fits produce comparable p values and quite smaller than unity.

plex systems where electrostatic interactions play a significant
or dominant role.

Since the temperature dependence of viscosity of
these melts shows a weak deviation from the linearity in
Arrhenius description (that is, In n vs. 1/T plot), one can
extract activation energies from the measured average times
({tr,) and (t,)) and correlate their ratio with that between
fraction powers (p) associated with the probe solvation
and rotation. If the small nonlinearity is neglected and the
temperature dependence of viscosity is approximated to be
Arrhenius-type, one obtains the following general expression
for the temperature dependence of average rates (solvation
and rotation), In(1/(t,)) = C — EJ/RT, where E} denote
the activation energy obtained from either average solvation
times ({ts)) or from average rotation times ({t,)). This is
related to the viscosity activation energy (E,) as follows: As-
sume n = noexp (E,/RT) and recall that the measured average
times have shown the following viscosity dependence: (T,)
= A.n?, x denoting solvation (s) or rotation (r). Insertion of
the above Arrhenius description of temperature dependent 7
into the expression of (7,) leads to In(1/(z,)) = C — E; /RT,
where E) = pE,. Therefore, E/E} = p"/p°®, where p* is
the fractional power obtained from the viscosity dependence
of average rotation or solvation times): E; = p*E,. Fig. S16
(see supplementary material®*) indicates In (1/(z,)) vs. 1/T
plots are approximately linear for these melts, and therefore
activation energies at various compositions of the melt can be
obtained from the respective slopes. Activation energies (E7)
thus obtained are presented in Fig. 14 where E} from both
the measured average solvation and rotation times are shown
as a function of LiBr concentration, f;;,. Note that activation
energies obtained from (r,) are, on an average, 1.5 times
larger than those obtained from (z). This is expected because
in these melts the extent of coupling to medium viscosity
is approximately 1.5 times stronger for solute rotation than
that for solute solvation (see Table S16, supplementary
material®*). Composition dependent p values summarized in
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FIG. 14. Activation energies (E}) obtained from the measured average sol-
vation and rotation times ({t) and (7,) respectively). Note the ratio between
activation energies at any composition closely follows that between p values.

this table also reveal that solute-solvent interaction in these
melts does not alter much even for moving from one binary
end to the other. This is the reason for near-insensitivity
of both E[") and E{™ on mixture composition shown in
Fig. 14. Estimation of composition dependent activa-
tion energies using our earlier rotation data for C153 in
[0.75CH;CONH; + 0.25{f KSCN + (1-f) NaSCN)] melts’!
have produced ~40 KJmol~! and 35 KJmol™' as E"’,
respectively, for fxsev = 0.2 and fxscy = 0.8, which are
very close to what have been observed in the present
[0.78CH3CONH, + 0.22{f LiBr + (1-f) LiNO3)] molten
mixtures. Interestingly, average activation energies obtained
from (t,) in both these melts are quite close to that de-
termined from viscoelastic measurements of (CH3;CONH,
+ CF3COONa) binary melt at the highest salt concentration.?
This similarity perhaps indicates near-equivalence in modifi-
cations of solution structure and dynamics by different alkali
metal salts in molten acetamide.

IV. CONCLUSION

In summary, the fluorescence spectroscopic results pre-
sented here indicate pronounced solution heterogeneity in
molten mixtures of acetamide with lithium nitrate and bro-
mide, the extent of which is perhaps even stronger than that
in molten mixtures of acetamide with sodium and potassium
thiocyanates. Particularly interesting in this mixture is the
anisotropy sensing of stronger heterogeneity in Br~ domi-
nated region which is anti-correlated with the steady state
fluorescence results from excitation wavelength dependence
study. Breakdown for both the SE and DSE relations along
with strong decoupling between solute diffusion and medium
viscosity have been observed. Quite reminiscent of the be-
havior of transport properties in deeply supercooled neat lig-
uids, a strong decoupling between translation and rotation in
these melts has also been demonstrated. These results have
been explained in terms of both static and dynamic hetero-
geneities even though quantitative measurements of neither
spatial nor temporal heterogeneities have been made in the

J. Chem. Phys. 136, 174503 (2012)

present work. Measured Stokes shift dynamics and applica-
tion of a semi-molecular theory suggest presence of a signif-
icant sub-picosecond solvation response in these highly vis-
cous melts. This theory also indicates that the measured sol-
vation timescales originate from the orientational polarization
density relaxations involving both the collective and nearest
neighbor solvent modes, and the isotropic structural relax-
ation involving only the nearest neighbor modes. Remarkably,
consideration of fluorescence spectroscopic (both steady state
and time-resolved) results together with the theoretical pre-
dictions does not support the idea of colossal dielectric con-
stant and extremely slow relaxation timescale in these melts.
Since the heterogeneity character of these melts could not
be quantified, the present study should motivate small angle
neutron scattering (SANS) and X-ray scattering (SAXS) mea-
surements so that the length-scales over which the particles
are correlated are revealed. Excitation wavelength dependent
measurements of solute rotation and solvation, on the other
hand, will be useful in understanding the temporal hetero-
geneity in these complex systems. The applicability of the
fractional single-file diffusion model'**!'3* in explaining the
observed breakdown of the SE and SED relations could be in-
vestigated. Our recent model simulation studies with a similar
melt have indicated presence of strong dynamic heterogene-
ity and cooperative blockage in ion motions.'?> An atomistic
simulation studies should therefore be carried out to quantify
the roles of both static and dynamic heterogeneities in de-
termining the viscosity decoupling observed in these melts.
It would also be interesting as well as challenging to con-
nect the particle jump, anisotropic local stress relaxation, and
the leading density modes to the observed decoupling.'36-138
While stating these it should be kept in mind that the break-
down of SE and SED relations can occur for a variety of rea-
sons. For example, several theories have indicated that the
mechanism for breaking down of these hydrodynamic rela-
tions for high temperature melts could very well be different
from that causing the break-down of SE relation near 1.27,
in structural glass formers.'*>40 Indeed, the break-down is
expected for molecular systems because these hydrodynamic
relations were developed for macroscopic particles moving in
a continuum field. Therefore, further studies involving experi-
ments, atomistic simulations and analytical theories would be
required to fully understand these complex molten systems.
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