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a b s t r a c t

Fluorescence dynamics of a polar solute probe in molten (CH3CONH2 + Ca(NO3)2�4.37H2O) mixtures have
been measured in order to probe the solute–medium interactions in such complex systems. Steady state
and time-resolved measurements bear no signatures of mega-value of the static dielectric constant,
strong heterogeneity and extremely slow relaxation times reported in dielectric relaxation experiments
for these molten mixtures. Subsequent applications of a semi-molecular theory reveal both the solute–
medium dipole–dipole and ion–dipole interactions contribute significantly to the measured Stokes’
shifts. Calculated average solvation times in the underdamped and overdamped limits of frictional sol-
vent response agree semi-quantitatively with those from time-resolved measurements.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Acetamide, in its molten state (melting point �353 K), can dis-
solve a large number of organic and inorganic compounds [1–4].
The ability of this amphoteric compound to both donate and accept
proton coupled with its high dielectric constant (e0 � 60) [1,4] in
molten state is responsible for its strong solvating power. Addition
of certain electrolytes in acetamide leads to extensive freezing
point depression, and as a result, binary or ternary mixtures of
molten acetamide with inorganic salts have been extensively used
for a variety of chemical and electrochemical applications [5–10].
Binary mixtures of acetamide and calcium nitrate tetrahydrate
(m.p. �316 K) form a liquid near room temperature even at
0.1 mol fraction of the alkaline earth salt and the glass transition
temperature (Tg) of these mixtures is around 240 K [5,6]. Therefore,
these molten binary mixtures near room temperature or a little
above it are regarded as supercooled solutions where high viscos-
ity and microscopic inhomogeneity characterize the systems [9].
Viscoelastic and ultrasonic relaxation experiments with molten
mixtures at 0.24 mol fraction of calcium nitrate indicates aggrega-
tion of amide molecules in presence of the electrolyte [5]. Subse-
quent dielectric relaxation (DR) measurements indicate mega-
value (�106) of the static dielectric constant (e0) for this mixture
[7], and a more recent study of transport properties suggests the
Vogel–Fulcher–Tammann (VFT) equation as an adequate descrip-
tor for the measured temperature dependence for these quantities
[9].

The reported very high value of e0 and the associated micro-
scopic heterogeneity in these molten mixtures then naturally
ll rights reserved.
motivate one to investigate whether signatures of such solution
characteristics can be reflected in the fluorescence spectroscopic
experiments. Since the fluorescence spectral shift (relative to the
gas phase) of a dissolved polar solute is governed by the local
polarity and spectral width is affected by the local solution struc-
ture [11,12], steady state fluorescence spectroscopic experiments
can indeed provide useful information regarding the solution
polarity and heterogeneity. Time-resolved Stokes’ shift experi-
ments, on the other hand, generate time-profile of the dynamic re-
sponse (or, in other words, solvation response) of these systems to
an instantaneously created perturbation, careful analyses of which
may reveal the presence or absence of solution heterogeneity [13].
Since the magnitude of dynamic Stokes’ shift is determined by the
solute–solvent interaction and solvation response time scale is a
manifestation of the inherent pure solvent dynamics ‘dressed’
by the solute–solvent and solvent–solvent interactions [14–17],
time-resolved fluorescence experiments can probe simultaneously
the interactions and time-scales present in the system. Probing the
solvation timescales via fluorescence experiments is particularly
important because of its relationship to the frequency dependent
dielectric function [18–20]. Curiously, available DR data [7,8] indi-
cate extremely long relaxation time (millisecond to even a second)
in the low frequency regime. A simple continuum model relation
[18–20], sL � (e1/e0)sD, then predicts the existence of solvation
timescale around a couple of hundred nanoseconds or even a few
microseconds! Because of limited frequency range employed in
these DR experiments, dispersions at higher frequency regime have
also been completely missed and, therefore, a complete knowledge
of the full dynamics of these molten mixtures is still lacking.

In this Letter, we have investigated the fluorescence dynamics
by using a dipolar probe (coumarin 153, abbreviated as C153) in
molten (CH3CONH2 + Ca(NO3)2�4.37H2O) binary mixtures at
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T � 318 K with calcium salt mole fractions, xsalt = 0.1, 0.25, 0.4 and
0.5. These mole fractions are chosen because there exist no macro-
scopic phase separation in these compositions at 318 K, and the
molten mixtures are nicely into the liquid phase. The present study
does not consider xsalt higher than 0.5 because fluorescence
quenching in mixtures at xsalt > 0.5 lowers the signal-to-noise ratio
to an unacceptable level. Time-resolved fluorescence anisotropy
measurements further explore the solute–medium interaction in
these molten mixtures. Subsequently, a semi-molecular hydrody-
namic theory [15] is employed to reveal the molecular origin of
the timescales measured by the dynamic Stokes’ shift experiments.
2. Experimental

Laser grade C153 (Exciton) and Formamide (FA, Sigma–Aldrich)
were used as received. Acetamide (P99%, SRL, India) was vacuum
dried (room temperature) over P2O5, Calcium nitrate (P99%, SRL,
India) vacuum-dried overnight before use.

Steady state absorption (UV-2450, Shimadzu) and fluorescence
(Fluoromax-3, Jobin–Yvon) spectra were collected and processed
properly for further use. Time resolved fluorescence measurements
were carried out using the time correlated single photon counting
technique based on a laser system (LifeSpec-ps, Edinburgh Instru-
ments) with 409 nm excitation light (band-pass of ±2 nm). The full
width at half maximum of the instrument response function (irf)
was �70 ps. Method for sample preparation and details about
the data collection and analyses of steady state and time-resolved
spectra are already discussed in Ref. [15].
3. Results and discussion

3.1. Steady state spectroscopic studies

Representative steady state absorption and fluorescence emis-
sion spectra of C153 dissolved in a molten mixture at xsalt = 0.4
are shown in Figure 1. In the same figure are shown the absorption
and emission spectra of C153 in room temperature FA (e0 = 111) for
comparison. Note the similarity in spectral positions and widths in
these two different media. More quantitatively, the average
absorption and emission spectral peak frequencies [21,22] for
C153 in this mixture are respectively (in the unit of 103 cm�1)
Figure 1. Steady state absorption and fluorescence emission spectra (solid line) of
C153 dissolved in molten mixture at xsalt = 0.4 at 318 K and in formamide (broken
line) at room temperature. The chemical structure of C153 is also shown in the
inset.
22.91 and 17.55 which are comparable with those in FA (23.91
and 17.96). The spectral widths (full width at half maximum,
fwhm) are also very similar in these media (in the unit of
103 cm�1): for absorption, 4.44 in melt versus 4.77 in FA and, for
emission, 3.44 (melt) versus 3.44 (FA). The closeness in spectral
properties with those in FA has also been found for other mixture
compositions as well. This is demonstrated in Figure 2 where
absorption and emission peak frequencies and the corresponding
spectral widths are shown as a function of xsalt. This similarity is
intriguing particularly when one compares the reported mega-va-
lue of the solution dielectric constant for these molten mixtures
[5,7] with that of FA and the extent of heterogeneity present in
melt. This comparison therefore indicates that the average polarity
sensed by the solute in this molten mixture is not as huge as that
reported in the existing DR study. In addition, the solution hetero-
geneity is not probably longer-lived (relative to the fluorescence
life time of C153) to significantly affect the spectral width [23–
26]. The mega-value of e0 for these molten mixtures, on the other
hand, may arise from two sources: electrode polarization [27] and
one-over-frequency (1/x) divergence in the measured over-all
dielectric response of a conducting solution in the zero frequency
limit [28]. It is then natural that the spectral positions are reflec-
tions of dipolar solute – dipolar solvent (dipole–dipole) and dipolar
solute–ion (ion–dipole) interactions only.
3.2. Time-resolved fluorescence spectroscopic studies

Typical fluorescence emission intensity decays collected at blue
(470 nm) and red (660 nm) ends of the steady state emission spec-
trum of C153 dissolved in molten mixture at xsalt = 0.25 are shown
in Figure 3 along with the fitted curves and fit parameters. The cor-
responding residuals are also presented in the bottom panels
which show the quality of these fits. Except the decays collected
at wavelengths near the peak of the steady state emission spec-
trum which fit to bi-exponential functions, all other decays at this
and other mixture compositions considered in this study require a
Figure 2. Salt concentration dependencies of absorption (‘Abs’) and emission (‘Em’)
peak frequencies (m) are shown in the upper panel and those for full width at half
maxima (U) are presented in the lower panels.



Figure 3. Representative fluorescence intensity decay of C153 at blue (470 nm) and red (660 nm) wavelengths at xsalt = 0.25 (T � 318 K). Experimental data are shown by
circles (470 nm) and triangle (660 nm) while fit through them by solid lines. Instrument response function (‘irf’) represented by the solid line. The respective residuals – solid
line (470 nm) and broken lines (660 nm) – are also presented. Inset shows the fit parameters and v2 (‘goodness-of-fit’ parameter) values.

Figure 4. Synthesized time resolved emission spectra (TRES) of C153 at xsalt = 0.25
at four different time slices – 0 ps (triangles), 50 ps (squares), 250 ps (inverted
triangles) and 1000 ps (circles). Steady state emission spectrum is shown by the
broken lines.
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sum of three exponentials for adequate description. Note that
while the decay at the shorter wavelength (blue-end) requires only
decay components, the one at the longer wavelength (red-end) re-
quires an additional rise component. Moreover, the time constants
are also well-separated with significant amplitude associated with
each of them. This suggests the presence of dynamic Stokes’ shift in
these molten mixtures. A concern is however whether dynamic
fluorescence quenching also contributes to the measured decays.
Our study of xsalt dependence of the longest time constant has re-
vealed change in values, on an average, �6% at shorter wave-
lengths (blue-end) and �20% at longer wavelengths across the
mixture composition considered. The small change in the longest
time constant indicates negligible contribution from the dynamic
fluorescence quenching, and thus the dynamic Stokes’ shift mea-
sured here originates – as commonly understood [11–20] – mainly
from the rearrangement of the environment driven by a sudden
alteration in the equilibrium electron distribution in a solute mol-
ecule via laser irradiation.

Time-resolved fluorescence emission spectra of C153 in melt
mixture at xsalt = 0.25 are shown in Figure 4. The lines going
through the symbols are obtained from fitting the reconstructed
data points to a log-normal line shape function [11]. Note that
the variation in width of these reconstructed time-resolved spectra
is insignificant (within ±100 cm�1) and this indicates that the spec-
trum moves physically in time as solvation progresses. Another as-
pect to notice in Figure 4 is that the steady state fluorescence
spectrum at this salt concentration is nearly 200 cm�1 ‘blue-
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shifted’ compared to the time-resolved spectrum at t =1. As dis-
cussed earlier for molten mixtures of acetamide with sodium/
potassium thiocyanates [15], this small difference between the
steady state and t =1 spectra may originate either from a subtle
modification in the vibronic structure of the spectrum or from
the fluorescence emission (steady state) occurring from partially
relaxed solvent configuration due to sluggish movement of solvent
and/or ion–solvent composite species. The difference (peak to
peak) between the reconstructed time-zero spectrum (m(t = 0))
and that at t =1 (m(t =1)) is �850 cm�1, which is �40% less than
the estimated ‘true’ dynamic Stokes’ shift (Dmt

est � 1450 cm�1) for
C153 at this mixture composition. Estimation of ‘true’ dynamic
Stokes’ shift requires accurate determination of m(t = 0) which has
been obtained by following the approximation described in Ref.
[29].

The magnitudes of true dynamic Stokes’ shift so obtained at
four different mixture compositions and the measured values are
summarized in Table 1 where the undetected portions are also
indicated. Data in this table indicate that the true value of the shift
decreases as xsalt increases and the detected shifts are approxi-
mately half of the true values at these compositions. Uniform miss-
ing of such a large fraction across the mixture composition
suggests that these molten mixtures possess timescale which is
much faster than the resolution employed [30]. The presence of
an extremely fast timescale is expected in these mixtures as amide
systems possess librational modes [31,32] and these collective
intermolecular modes have been shown to produce ultrafast
(<1 ps) response in dipolar solvation by H-bonded solvents [33–
35]. Dynamic Stokes’ shift measurements with C153 in alkyl
amides have indeed shown the presence of a significant (�30–
50%) sub-picosecond component in the total solvation response
[11,29]. One then immediately asks what is the timescale of the
missing component and wherefrom does it originate? What roles
do the solute–solvent and solute–ion interactions play in deter-
mining the full dynamics? A molecular theory, developed earlier
and applied to molten mixtures of acetamide with Na+/K+ thiocya-
nates [15], is used next to quantify the roles of solute–acetamide
and solute–ion interactions and dynamics in these binary molten
mixtures. However, before doing so, let us briefly discuss the pos-
sible reasons for the observed decrease in dynamic Stokes’ shift
upon increasing xsalt in the melt.

Various relaxation studies [5,7] and measurements of transport
properties with molten mixtures of acetamide with calcium nitrate
[9] have suggested ion-induced aggregation of amide molecules.
The extent of aggregation increases with the increase in ion con-
centrations in the mixture [9,10]. This probably reduces the num-
ber of free amide molecules to interact with the solute and thus the
shift decreases. Note that at xsalt = 0.1 the estimated shift is
�1700 cm�1 which compares well with the measured dynamic
shift of about 1850 cm�1 for C153 in FA and dimethylformamide
(DMF, e0 36.7) at �298 K [11]. Aggregation in pure liquid formam-
ide is well-known [33] and this solvent aggregation is probably
responsible partially for similar Stokes’ shifts (�1800–2200 cm�1)
Table 1
Dynamic Stokes’ shift in molten (CH3CONH2 + Ca(NO3)2�4.37H2O) mixtures: comparison b

xsalt T/K g
(cP)

q
(g/cm3)

Experimenta

True shift
(cm�1)

Shift observed
(cm�1)

% Misse

0.1 318 21.8 1.179 1672 756 54.78
0.25 318 31.7 1.314 1451 854 41.48
0.4 318 41.6 1.432 1368 616 55.0
0.5 318 47.4 1.504 1097 526 52.0

a Uncertainty in observed shift values is ±200 cm�1.
b In calculations, diameters (in Å unit) of an acetamide molecule, Ca+2 and NO�3 ions a
measured [11] in solvents of very different e0 values, for example,
FA, DMF, NMF (e0 = 182.4) and acetonitrile (e0 = 35.94). Interest-
ingly, at xsalt = 0.25, the estimated shift in presence of calcium salt
is �1450 cm�1 which is �400 cm�1 less than that in molten mix-
tures of acetamide with sodium thiocyanate (NaSCN) [15]. Dy-
namic Stokes’ shift measurements with a coumarin derivative in
1.0 M electrolyte solutions of acetonitrile at �296 K have also indi-
cated much less shift in presence of Ca+2 ions than that detected in
presence of Na+ ion [36]. All these observations probably suggest
difference in solute–ion interactions due to variations in ion charge
density.

The calculated values of the total dynamic Stokes shift for these
molten mixtures and the separated dipole–dipole (solute–solvent)
and ion–dipole (ion–solute) interaction contributions by using the
theory described in Ref. [15] (also briefly in the supporting infor-
mation) are provided in the last three columns of Table 1. Data
in these columns indicate that the ion–dipole interaction contribu-
tion increases from �30% to �60% in changing xsalt from 0.1 to 0.5
and, as a result, the total shift registers an over-all increase of �45%
in this salt concentration range. It is interesting to note that even-
though these calculations predict a steady increase in total shift
with xsalt, experimentally estimated shift has actually shown the
reverse. The estimated shift at xsalt = 0.5 is, in fact, half of the calcu-
lated total value. This discrepancy between theory and experiment
is mainly because of the salt being assumed to be fully dissociated
in the theory whereas in real solutions a considerable fraction of
salt remains as ion-pairs and other complex ionic species [37,38].
It is also known that concentration of free ions decreases but that
of ion-pairs increases upon the increase of salt concentration in
electrolyte solutions of polar solvents. This is probably the reason
for the experimentally observed decrease of the true dynamic
Stokes’ shift with the increase in salt concentration in these molten
mixtures. Note, however, that at xsalt = 0.1, where the complexity
due to ion-pairing is expected to be relatively much less pro-
nounced, the calculated shift (1490 cm�1) agrees semi-quantita-
tively with the experimental estimate (1672 cm�1).

Table 2 compares the experimental solvation timescales with
those calculated by using the theory [15] discussed briefly in the
supporting information. Experimental solvation response function,
SðtÞ ¼ mðtÞ�mð1Þ

mð0Þ�mð1Þ, obtained from the fitted time-resolved fluorescence
emission spectra, has been found to be bi-exponential for all the
four binary mixture compositions. The longer of these measured
time constants (s2) exhibit a clear viscosity dependence, indicating
diffusive process as an origin for this timescale. However, the mea-
sured average solvation times, hssi ¼

R1
0 dtSðtÞ, do not show such a

clear viscosity dependence because of non-monotonic salt concen-
tration dependence of the shorter time constant.

The origin of the experimental timescales is next investigated
by using a semi-molecular hydrodynamic theory in the under-
damped and overdamped limits of frictional solvent response
[15–17]. The salient features and necessary expressions are pro-
vided in the supplementary information (Appendix 1). As shown
earlier [16], calculations in the underdamped limit require experi-
etween theory and experiments.

Theoryb

d Dip–dip contribution Dmt
sd

(cm�1)
Ion–dip contribution Dmt

si

(cm�1)
Total shift
(cm�1)

1052 438 1490
956 793 1749
919 1086 2005
899 1265 2164

re taken respectively as 4.52 Å [15], 2.0 [45] and 3.92 [46].



Figure 5. Length-scales of density fluctuations associated with the observed
timescales in experiments: Relaxation time constants calculated in the overdamped
limit for the translational ion dynamic structure factor (upper panel) and orienta-
tional dipolar dynamic structure factor (lower panel) are shown for kr � 0 modes
(circles) and kr � 2p modes (triangles) at �318 K as a function of salt concentra-
tion. Note that orientational dipolar dynamic structure factor (ODSF) describes the
timescale for angular readjustment of the dipolar solvent particles whereas the
translational ion dynamic structure factor is associated with timescale arising from
rearrangement via the centre-of-mass motion of the ions. For further details, see
text.

Table 2
Solvation timescales in molten mixtures of (CH3CONH2 + Ca(NO3)2�4.37H2O): com-
parison between experiments and different limits of the theory.

xsalt Experimenta Theoryb

s1

(ps)
s2

(ps)
a1 a2 hssi

(ps)
hssiud

(ps)
hssiod

(ps)

0.1 42 286 0.75 0.25 102 205 246
0.25 87 303 0.26 0.74 247 204 276
0.4 100 358 0.35 0.65 268 152 262
0.5 46 417 0.57 0.43 205 149 268

a Uncertainty in measured time constants are within ±5% of the reported values.
b While calculating hssix (x = ‘ud’ or ‘od’) the total solvation response function is

obtained as follows: S(t) = 0.8Ssd + 0.2Ssi. Ref. [35] has shown that ‘ion dynamics’
affects the longtime dynamics and contributes �20–25% to the total response
function. ‘ud’ represents calculations done in the underdamped limit and ‘od’ those
in the overdamped limit.
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mentally measured frequency dependent dielectric function, e(x).
In the absence of any reliable e(x) for these molten mixtures, we
have approximated the dielectric relaxation time constants as
those measured for liquid FA [39] but scaled by the viscosities of
these molten mixtures, keeping the infinite frequency dielectric
constant (e1) as that for FA. Use of acetamide dipole moment
(3.7 D) in a statistical mechanical relation [40] leads to e0 � 30.
In addition, a librational mode centered at 100 cm�1 is included
for the dispersion from e0 � 5 to n2

D ¼ 2:05 (nD being the refractive
index of acetamide). This is important as the high frequency re-
sponse of the system is naturally contained in the timescale asso-
ciated with the dispersion, e1 � n2

D. This calculation generates tri-
exponential solvation response functions with time constants in
the sub-hundred femtosecond (�30%), hundred picoseconds
(�30–50%), and a few hundreds of picoseconds to nanosecond
ranges (�20–40%). Interestingly, calculations in the overdamped
limit, where frictional response is obtained only from diffusions
using the stick hydrodynamic boundary condition, have also pro-
duced tri-exponential decay with the fastest time constant in the
range of a few tens of picoseconds. The other two time constants
are similar to those obtained in the underdamped limit. This indi-
cates that the origin of the shorter timescale (s1) detected in exper-
iments and shown in Table 2 lies also in diffusion of medium
particles, and the missing component arises largely from the par-
ticipation of the collective intermolecular librational modes of
acetamide molecules. One should also consider that rearrangement
of water molecules, though present in a tiny proportion, can con-
tribute to the missing portion of the dynamics [41,34]. More strik-
ingly, none of these calculations indicate presence of solvation
timescales any longer than approximately a nanosecond which is
in sharp contrast to the continuum model prediction from the
available dielectric relaxation data. Also, note that the calculated
average solvation times in these two limits, hssiud and hssiod are
in semi-quantitative agreement with the corresponding experi-
mental results.

We next investigate what are the relevant wavenumber modes
density fluctuations at which generate the timescales observed in
the present dynamic Stokes’ shift measurements. It is to be noted
that the timescales predicted by the present theory [15] is originat-
ing mainly from the relaxations of the orientational dipolar dy-
namic structure factor (ODSF) and the translational ion dynamic
structure factor (TIDSF). In the diffusive limit, Eqs. (5) and (19) of
the Appendix in Ref. [15] describe respectively the ODSF and TIDSF.
Figure 5 shows the timescales originating from the diffusive relax-
ations associated with the nearest neighbor (kr � 2p) and collec-
tive (kr � 0) wavenumber modes of these dynamic structure
factors. The data in this figure suggest that the experimentally ob-
served shorter timescale originates from the orientational density
fluctuations at kr � 2p modes whereas the longer timescale derive
contributions from both the ion density fluctuations at kr � 2p and
orientational density fluctuations at kr � 0 modes. The collective
(kr � 0) ion density fluctuations generates an extremely slow time-
scale which has not been measured in the present experiments,
indicating either the collective ion density fluctuations are
irrelevant in Stokes’ shift dynamics in these melts or the
contribution is too small to be detected by the present experimental
set-up.

The solute–medium interaction is further investigated by
studying the fluorescence anisotropy of C153 in these molten mix-
tures at �318 K. The biphasic time-resolved anisotropic decays in
these melt mixtures have one time constant ranging between
�10 ps and �30 ps, and the other between �1 ns and �4 ns. Mea-
sured average rotational times (hsroti) and the corresponding slip
and stick predictions (see Appendix 2) for a non-spherical solute
[42] are shown in Figure 6 as a function of temperature-scaled vis-
cosity (g/T) for these molten mixtures. It is evident from this figure
that hsroti falls between the slip and stick predictions. Eventhough
rotation data shown in Figure 6 are limited and a proper fractional
power law dependence on g/T cannot be constructed, hsroti in these
melts are similar to those in molten mixtures of acetamide with
Na+/K+ thiocyanates at comparable g/T values [15]. This indicates
that solute–medium interaction remains qualitatively similar in
molten mixtures of (acetamide + electrolyte) even if Ca+2 replaces
Na+ ions.



Figure 6. Coupling of solute rotation to the medium viscosity. Experimentally
measured average rotation times at �318 K are shown as a function of xsalt

(r0 = 0.38). Predictions from the stick and the slip hydrodynamics for rotation of
C153 (assuming ellipsoidal) are also shown. Error associated with the experimental
data is typically ±10% of the reported values.
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4. Conclusion

In summary, the present study reveals that e0 values of molten
(CH3CONH2 + Ca(NO3)2�4.37H2O) mixtures are close to that of li-
quid formamide near room temperature and rearrangement of sol-
vent particles in the immediate vicinity of the solute largely govern
the solvation timescales detected in the present time-resolved
experiments. The inability to fit the collected intensity decays to
stretched exponentials suggest either much weaker heterogeneity
than revealed by DR and other experiments, or, an effective ‘averag-
ing out’ of the distinct solvent configurations due to relatively larger
lifetime of the probe. In addition, time-resolved experiments do not
exhibit any signatures of the reported mega-value of e0 and extre-
mely slow relaxation time observed in DR experiments in the low
frequency regime. The semi-molecular theory suggests substantial
sub-picosecond response in these mixtures. This prediction and the
heterogeneity aspects [43,44] should be explored in future studies.
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