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Abstract: Deep eutectic solvents (DESs) have emerged as viable alternatives to the toxic organic
solvents. The most intriguing aspect of these solvents is perhaps the widely varying
physicochemical properties emerging from the changes in the constituents that form DESs along
with their composition. Based on the constituents, a DES can be hydrophilic/polar or
hydrophobic/non-polar rendering vastly varying spectrum of polarity a possibility. DESs formed
by mixing urea (U) with hydrated lanthanide salts, lanthanum nitrate hexahydrate (La : U), cerium
nitrate hexahydrate (Ce : U), and gadolinium nitrate hexahydrate (Gd : U), respectively, exhibit very
high polarity as manifested via probe-reported empirical parameters dipolarity/polarizability (*).
The highest 7* of 1.70 exhibited by the DES (Gd : U) in 1 : 2 molar ratio is unprecedented. The m*
ranges from 1.50 to 1.70 for these DESs, which is almost the highest reported for any solvent system.
The n* decreases with increasing urea in the DES, however, the anomalous trends in H-bond
donating acidity («) and H-bond accepting basicity (§) appear to be due to the hydrated water of
the lanthanide salt. The emission band maxima of fluorescence probe of “effective” dielectric
constant (eerr) of the solubilizing media, pyrene-1-carboxaldehyde (PyCHO), in salt-rich DESs reflect
higher cybotactic region dipolarity than even that offered by water. Probe Nile red aggregates
readily in these DESs to form non-fluorescent H-aggregates; a characteristic of highly polar solvents.
Behavior of probe pyranine also corroborates these outcomes as the (lanthanide salt : urea) DES
system supports the formation of deprotonated form of the probe in the excited-state. The
(lanthanide salt : urea) DES system offers solubilizing media of exceptionally high polarity, which
is bound to expand their application potential.

Keywords: deep eutectic solvent; hydrated lanthanide salts; urea; dipolarity/polarizability (rt*);
pyrene-1-carboxaldehyde; Nile red; aggregates; pyranine

1. Introduction

Currently, the most emerged and prominent solvent class belonging to the area of green
chemistry is arguably comprises of deep eutectic solvents (DESs). DESs are usually obtained by
simply mixing two or more constituents in a particular molar ratio followed by gentle heating. In
DESs, the thermodynamics of mixing ensures significant lowering of the normal freezing point as
compared to those of the individual constituents [1-5]. While application potential of DESs lies in
their environmentally-benign nature with negligible toxicity along with the low-cost of the
constituents and preparation, the escalated interest in academia is due to the fact that a wide variety
of physicochemical properties of these neoteric media are possible based on the identity of the
constituents and their composition used to prepare these solvents [6-10]. Based on the chemical
nature of the constituents, the DESs are divided into several classes. In the formation of DESs, usually
one component behaves as an H-bond donor (HBD) and the other as an H-bond acceptor (HBA)
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leading to extensive H-bonding and other interactions (van der Waals, electrostatic, etc.) resulting in
liquid state under wide range of temperature and pressure [1-5].

DESs have been investigated extensively not only for their applications but also for their
physicochemical properties. Consequently, among other classifications, DESs may also be divided
into “hydrophilic’ and ‘hydrophobic’ with ‘hydrophilic’ DESs offering complete water-miscibility and
relatively high polarities [11,12]. DESs composed of mixing a quaternary ammonium salt as HBA
with a suitable HBD have shown to possess relatively high polarity (as reported by several
solvatochromic probes) in comparison to common solvents [13]. Extensive research has been carried
out to characterize metal-based DESs by understanding their physicochemical properties with
variation in the identity and composition of the constituents [14,15]. Kamlet-Taft parameters, in this
context, have afforded understanding of the H-bonding interactions that occur inside the hydrated
metal salt-based DESs [16-19]. Herein, we report our findings of exceptionally high probe-reported
polarity exhibited by a set of type IV DESs constituted of hydrated lanthanide metal salts as HBA and
urea as prototypical HBD [14]. These DESs have recently shown to support probe aggregation at
unprecedented low concentrations [20]. Specifically, three (3) HBD urea-based DESs containing HBA
metal salts lanthanum nitrate hexahydrate (La : U), cerium nitrate hexahydrate (Ce : U), and
gadolinium nitrate hexahydrate (Gd : U), respectively, are found to exhibit some of the highest probe-
reported polarities in terms of empirical Kamlet-Taft parameters of dipolarity/polarizability (7*) [21]
and HBD acidity («) [22] along with Er values [22]. The highly dipolar nature of the solubilization
microenvironment offered by these DESs was further emphasized by the cybotactic region dipolarity
of several fluorescence probes.

2. Materials and Methods

Hydrated metal salts [lanthanum nitrate hexahydrate (La), cerium nitrate hexahydrate (Ce), and
gadolinium nitrate hexahydrate (Gd)] and urea were chosen as the DES constituents and were
obtained with the highest purity > 99 % from Sigma-Aldrich and SRL Enterprises respectively. N,N-
Diethyl-4-nitroaniline (DENA), 4-nitroaniline (NA) (Figure 1) were used as absorbance probes in the
work. DENA and NA were obtained from Frinton Laboratories and Spectrochem Co. Ltd.,
respectively, while Pyridin-N-oxide (PyO, 95%), Pyrene-1-carboxyldhyed (PyCHO, 99%), 9-
diethylamino-5-benzo[a]phenoxazinone (Nile red, 298%, HPLC), and 8-hydroxypyrene-1,3,6-
trisulfonic acid (pyranine, 99%) (Figure 1) were purchased from Sigma-Aldrich. These were used
without any further purification.

DESs (La : U), (Ce : U), and (Gd : U) were prepared by simple mixing of the lanthanide salts (all
> 99+% purity) with urea (> 99.9% purity) at permissible (in the context of DES formation) molar
composition ranges (1:3to1:7forLa:U,1:35to1:7forCe:U,and1:2to1:7 for Gd : U). At
several compositions, simple mixing of the two solid constituents resulted in liquid state DESs under
ambient conditions (no heating was required). All uv-vis molecular absorbance and fluorescence as
well as NMR spectroscopic probes were dissolved in the DES and the probe responses were acquired
using adequate sampling and data collection techniques using appropriate instrumentation.

Stock solutions of probes were prepared by dissolving precalculated amount of the respective
probe in ethanol and stored at 4 + 1°C in pre-clean brown amber glass vials. Mettler-Toledo AB104-S
balance was used to weigh the proper amount of probe with an accuracy of + 0.0001 g. A prerequisite
amount of the prepared stock solution was taken in a 1 cm? quartz cuvette. Grade 1 nitrogen gas was
used to evaporate the ethanol. The UV-visible absorbance spectra of all samples were collected by
using Lambda 35 double beam spectrophotometer (purchased from PerkinElmer), containing with
photomultiplier tube (PMT) detector and flexible with deuterium and a Xe lamp as a light source.
The required amount of the DES under investigation was transferred to the cuvette. Dissolution of
the probes in DESs were confirmed using the linearity of the absorbance versus the concentration
plot. The 3C of 250 mM PyO dissolved in La : U based DESs was obtained on Brucker 500 MHz (DPX-
500) NMR Spectrometers. CDCls was used as internal reference, sample was taken in the sealed
capillary inside the same NMR tube (consists of CDCls). The steady-state fluorescence spectra were
obtained using a FLS1000 spectrometer with emission monochromators (STGM325-M) and grating
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excitation (STGM325-X) containing a 450 W xenon arc lamp as the radiation source, a red PMT
detector, and a temperature-controller (a Quantum Northwest Luma 40). The spectrometer was
bought from Edinburgh Instruments, Ltd. Appropriate blank was subtracted from the emission and
excitation spectra before analysis. Data analysis was accomplished using SigmaPlot v14.5. A Horiba-
Jobin Yvon Fluorocube time-correlated single-photon counting (TCSPC) fluorimeter was used to
measure the fluorescence lifetime of the selected probe. Samples were also characterized through
Attenuated Total Reflectance-Fourier Transform infrared (ATR-FTIR) absorbance data which were
acquired on a double-beam spectrophotometer (Agilent Technologies Cary 660 ATR) from 4000 to
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Figure 1. Molecular structures of the solvatochromic probes used in this work.

3. Results and Discussion

DESs (La: U), (Ce : U), and (Gd : U) were prepared by simple mixing of the lanthanide salts (all
> 99+% purity) with urea (> 99.9% purity) at permissible (in the context of DES formation) molar
composition ranges (1:3to1:7forLa:U,1:35t01:7forCe:U,and 1:2to1:7 for Gd : U). At
several compositions, simple mixing of the two solid constituents resulted in liquid state DESs under
ambient conditions (no heating was required). All uv-vis molecular absorbance and fluorescence as
well as NMR spectroscopic probes were dissolved in the DES and the probe responses were acquired
using adequate sampling and data collection techniques using appropriate instrumentation.

Well-established uv-vis molecular absorbance probes, N,N-diethyl-4-nitroaniline (DENA) [21]
and 4-nitroaniline (NA) [23] (Figure 1), were employed to obtain dipolarity/polarizability (7*) and H-
bond accepting (HBA) basicity () of the three DESs at several different compositions using the
following expressions:

B= —0.3570y, — 1.176m" + 11.12 @)

where Upena and vUna are the lowest energy absorbance band maxima of the probes DENA and
NA, respectively, in kK units (1000 cm! = 1 kK). Our attempts to obtain Er values [that subsequently
afford HBD acidity (a)], using Reichardt’s betaine dyes 30 and 33, the most-used probes for the
purpose, were futile as either these dyes were insoluble in our DESs or due to the protonation of —-O-
these dyes did not exhibit lowest-energy intramolecular charge-transfer absorbance bands. Schneider
et al. [24] used pyridine-N-oxide (PyO) (Figure 1) as a probe to characterize HBD acidity («) of several
solvents using *C NMR chemical shifts using the following equations:

Ayy = 2.32-0.15 % d24 (3)
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where d2 is the difference (in ppm) of the *C NMR chemical shifts (§) of carbon 2 with respect
to that of carbon 4 of PyO. The correlation between ¢ thus estimated and the & from Reichardt’s dye
(agp) was established by Freire [22] group recently:

Ayy = 0.88 x aRrp (4)

supporting the suitability of PyO as an alternative probe to characterize HBD acidity of the
solvents. It was further shown that E1(30) [22] and EY [22] single parameter polarity scales can be
subsequently obtained using the following equations:

E+(30) = (agp +2.03 +0.72 ")/ 0.0649 5)
and
EY = (E;(30)—-30.7)/32.4 (6)

The absorbance spectra and the respective absorbance maxima of DENA and NA in all three
DESs at all investigated compositions are presented in Figure S1 and Table S1, respectively
(representative spectra within DESs (Gd : U) at 1 : 2 and 1 : 7 molar ratios are shown in Figure 2).
With the increase in the amount of urea in all three DES systems, a significant hypsochromic shift in
DENA wavelength maxima is clearly observed. While similar to DENA, the NA wavelength maxima
does depend to some extent on the identity of the lanthanide metal, interestingly, contrary to DENA,
the band maxima of NA are statistically the same irrespective of the amount of urea in the DES
system. C NMR scans of PyO within (La: U) at 1:3 and 1: 7 molar ratios are presented in Figure 3
as representatives (others ratios are shown in Figure S2). It is to be noted that (Ce : U) based DESs
appear to react with PyO, and due to high number of unpaired electrons in Gd, the ¥*C NMR of PyO
in (Ce : U) and (Gd : U) DESs could not be obtained. The values of empirical parameters 7* f, @ and
E}, estimated from equations (1)-(6) for the applicable DES systems, are presented in Tables 1 and 2.
A careful examination of the empirical parameters listed in Tables 1 and 2 reveals that 7*, EY, and a
decrease while f§ increases monotonically as the relative amount of urea is increased within a DES
system.

Gd : u 20 uM DENA

20 uM NA

Normalized Absorbance
o ]

0 L 1 1 1 1
400 450 500

Wavelength (nm)

Figure 2. Representative absorbance spectra of 20 uM DENA and 20 uM NA within DESs (Gd : U) at
1:2and 1:7 molar ratios.


https://doi.org/10.20944/preprints202405.0237.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 May 2024 doi:10.20944/preprints202405.0237.v1

(e}
N
0
H
(o]
w
77.25

L 77.00
\ 76.75

—139.46
—134.35
—127.07

110 105 100 o5 % 85 80 7 i 65
1 (ppm)

Figure 3. Representative 3C NMR spectra of 250 mM PyO within DESs (La : U) at 1 : 3 (panel A) and
1:7 (panel B) molar ratios.

There are two highly unusual aspects associated to these probe-reported empirical parameters
that clearly emerge. First and foremost, the values of polarity indicators, 7*and EY, are exceptionally
high — they are almost the highest reported for any solvent system (7t* ranges from 1.50 to 1.70 and
EY from 1.29 to 1.42). In comparison, for choline chloride (ChCl)-based DESs, the reported 7* is 1.23
for (ChCl: U :: 1:2)[11], 1.373 for (ChClI : citric acid :: 1 : 1) [25], and 1.406 for (ChCl : ZnCl2 :: 1 : 2)
[25]. The highest 7t* for any DES that we could find in the literature is 1.671 for (betaine : citric acid ::
1 : 1) [25] under ambient conditions. Clearly, these (lanthanide salt : urea) based DESs offer
exceptionally high dipolarity/polarizability especially at compositions having high metal salt content.
This further manifests in unprecedented high EY values [EY of 1.42 for (La: U :: 1: 3) is the highest,
and we could not find comparable EY for any solvent system in the literature]. The exceptionally
high probe-reported polarity of these (lanthanide salt : urea) DESs can be effectively utilized in
chemical synthesis and separation along with many other applications.

Table 1. Dipolarity/polarizability (#) and HBA basicity () of (Ln : U) based DESs at 298.15 K.

DESs Ratio 4 B
1:3 1.64 0.07
1:4 1.62 0.10

La:U 1:5 1.59 0.13
1:6 1.54 0.19
1:7 1.53 0.20

Ce:U 1:35 1.61 0.30
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1:4 1.61 0.30
1:5 1.58 0.33
1:6 1.54 0.38
1:7 1.50 0.43
1:2 1.70 20.01
1:3 1.62 0.08
1:4 1.59 0.12
Gd:U 1:5 1.58 0.13
1:6 1.54 0.18
1:7 1.53 0.19

Table 2. HBD acidity values (¢/s), EY, Er(30) of the (La: U) DESs at 298.15K.

DES Ratio 061 arD EY E+(30)
1:3 1.55 1.77 1.42 76.67
1:4 1.51 1.71 1.39 75.64

La:U 1:5 1.46 1.66 1.35 74.54
1:6 1.39 1.58 1.29 72.65
1:7 1.38 1.56 1.29 72.35

The second unusual aspect of the data is as follows. The decrease in 7* and EY with increasing
relative amount of urea is easy to comprehend as urea, the neutral constituent, is increased and
lanthanide salt, the ionic constituent is decreased. However, surprisingly, @ shows a decrease and f3
shows an increase as the HBD constituent urea is increased (and HBA salt is decreased) within the
DES system. This is tentatively attributed to the presence of hydrated water in the system, which is
contributing significantly to the HBD acidity, and as the relative amount of hydrated metal salt
decreases, the a also decreases (while most of the urea is involved in H-bonding interaction). Slight
increase in f§ as the relative amount of urea is increased in the DES system appears to be a complex
interplay of the interactions involving salt, hydrated water, and urea. Further experimentation in our
research labs are on-going to obtain insight into this observation. It is also noteworthy that for these
DESs the a values are fairly high [e.g., 1.77 for (La : U :: 1 : 3)], if not the highest [> 2.00 for DESs
constituted of (ChCl : D-sorbital :: 1: 2), (ChCl : citricacid :: 1 : 1), (ChCl : lactic acid :: 1 : 1), (betaine :
glycerol :: 1 : 2), (betaine : citric acid :: 1 : 1), and (betaine : urea :: 1 : 2)] [25]. Surprisingly, p values of
these (lanthanide : urea) DESs are significantly lower in comparison to other DES systems [among
reported f of DESs, only (ChCl : urea : ethylene glycol :: 1:1: 1) (f =0.000), (ChCl : ethylene glycol :
formamide :: 1:1: 1) (8 =0.000), and (betaine : citric acid :: 1 : 1) (8 = 0.012) exhibit such low H-bond
accepting basicity] [25].

In order to corroborate these unusually high probe-reported polarities of (lanthanide salt : urea)
DESs, we explored behavior of judiciously selected fluorescence probes within these DESs. First, a
wavelength-shift fluorescence probe pyrene-1-carboxaldehyde (PyCHO), which affords information
about the “effective” dielectric constant (eetf) of solubilizing media [26], is used to assess the polarity
of (lanthanide salt : urea) DESs. PyCHO exhibits well-structured emission band in non-polar solvents,
which becomes broad structureless as polarity is increased [27]. The strong dependency of the
PyCHO emission spectra on it is mirrored by a gradual bathochromic shift with increasing et of the
medium [26]. As expected, the emission spectra and band maxima of PyCHO in (lanthanide salt :
urea) DESs presented in Figure 4 (emission spectra for other DESs at all the investigated compositions
are presented in Figure 53) show broad structureless band with gradual bathochromic shift with a
decrease in the amount of urea suggesting increasing polarity (or ‘effective’ dielectric constant). More
importantly, the emission band maxima of PyCHO in (lanthanide salt : urea) DES systems are in the
range 472-486 nm (Table 3) while for other hydrophilic ChCl-based DESs the values lie in 452-460 nm
range [28]. The emission maxima for these DESs particularly at lower (Ln : U) molar ratio are even
higher than that reported in water (ca. 475 nm) [28] implying e.it of these DES systems to be higher
than that of even water. These outcomes clearly demonstrate the unusually high polarity surrounding
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the probe cybotactic region for PyCHO when dissolved in these type-IV (Ln : U) DESs, and
corroborate the outcomes of the empirical polarity parameters discussed above.

25uM PyCHO Gd:U

Normalized Fluorescence

450 500 550 600 650
Emission Wavelength (nm)

Figure 4. Representative emission spectra of 25 uM PyCHO (4¢x = 406 nm) within DESs (Gd : U) at
1:2and 1:7 molar ratios.

Table 3. Emission wavelength maxima (Ajax/nm) of 25 uM PyCHO in (Ln : U) based DESs at 298.15

K.
Ratio La:U Ce:U Gd:U
1:7 479 474 472
1:6 482 476 477
1:5 482 477 477
1:4 483 479 483
1:35 482
1:3 486 484
1:2 486

Next, we have used one of the popular fluorescent twisted intramolecular charge-transfer (TICT)
probe 9-diethylamino-5-benzo[a]phenoxazinone, commonly called as Nile red [29], which due to its
planer structure and poor solubility, is known to form aggregates in aqueous (and highly polar)
medium [29]. The fluorescence spectral response of Nile red reveals unique solute-solute interactions
when solubilized in (lanthanide salt : urea) DESs. Most interestingly, the absorbance and excitation
spectra of Nile red are different from each other; excitation maxima of the probe particularly for (Ce
: U) and (Gd : U) DESs are significantly hypsochromically-shifted as compared to the absorbance
maxima (Figure S4 and Table 4) clearly implying probe aggregation within these DESs. Further, the
spectral maxima strongly depend on the composition of a given DES system (highlighted in Figure
5) - as compared to (Gd : U :: 1 : 2), the absorbance and excitation maxima of Nile red in (Gd : U :: 1:
7) are significantly blue-shifted (~28 and ~25 nm, respectively). Overall, the unusual behavior of Nile
red within these metal DESs indicates the formation of H-aggregates. The hypothesis of the formation
of H-aggregates in DESs is further supported by the absence of the characteristic sharp
bathochromically-shifted emission spectra for the J-aggregates indicating the Nile red aggregates
formed within these DESs to be non-emissive H-aggregates [30]. The presence of aggregates was
further confirmed using resonance light scattering (RLS). It was observed that with the increase in
the concentration of Nile red, the intensity of the band at ca. 642 nm is increased in (Ln: U : 1:7)
DESs (Figure S5). The hydrophobic nature of Nile red and poor solubility in water combined with 7-
7t stacking interactions of the planar structure contribute to its aggregation to form non-emissive H-
aggregates [29,31]. We believe the exceptionally-high polarity of these DESs leads to the aggregation
of Nile red in (lanthanide salt + urea) DESs. Finally, it is noteworthy that the emission maxima of Nile
red varies from 658 nm to 677 nm in these DESs (Table 4), which is considerably bathochromic as
compared to other DESs, ionic liquids, and polar solvents (emission maxima < 580 nm) [28,32]. This
enormous difference in emission maxima could be a combined effect of very high polarity of the
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(lanthanide salt : urea) DESs (leading to lower energy emission bands) and the fact that emission
originates from the aggregates of the probe.

:2ab
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90U9S2I0N|4 pazI[ew.IoN

L | L 1 L | L | : | "

500 550 600 650 700 750 800
Wavelength (nm)

Figure 5. Representative absorbance (ab, 10 uM), excitation (ex, 25 uM), and emission (em, 25 uM)
spectra of Nile red dissolved in DESs (Gd : U) at1:2 and 1 : 7 molar ratios. .

Finally, we used a popular amphiphilic fluorescence probe 8-hydroxypyrene-1,3,6-trisulfonic
acid (pyranine) [33], an arylsulfonate with an -OH group and planer aromatic ring that undergoes
excited-state proton transfer (ESPT) depending on the environment of media [33]. This probe is
highly sensitive to its cybotactic region, and depending on the polarity of the surrounding milieu, it
can exist in two different forms, protonated (ROH) and deprotonated (RO") [34,35]. The emission
spectra of pyranine in three (lanthanide salt : urea) DES systems are presented in Figure S6;
representative spectra are shown in Figure 6. Based on the literature, the emission band with maxima
appearing at 450 (+5) nm characterizing the excited protonated form (ROH") is the dominant form
when relative amount of urea in the DES is less. However, increasing urea in our DES system results
in appearance of a shoulder at long wavelength (ca. 515 nm) which is due to the emergence of
deprotonated form of pyranine (RO~). The ESPT to the DES at higher relative urea amounts is further
supported by the excite-state intensity decay [I(t)] measurements. The I(t) acquired at both 450 nm
and 515 nm in all the investigated (Ln : U) DESs and the associated global fit decay parameters are
reported in Table S2. Importantly, it is observed that at low urea concentrations, the decay fits best to
a single exponential function at both wavelengths implying presence of only the ROH", whereas at
higher urea concentrations, the decay starts to show a better fit to a double exponential decay function
with one of the recovered pre-exponential factors being negative implying the process to take place
after the excitation. It has been reported earlier that pyranine readily undergoes ESPT in methanol-
urea mixture; as urea is increased, more-and-more RO~ is formed [36]. Formation of UH* is proposed
to facilitate the deprotonation of pyranine in its excited-state [36]. We believe increase in HBA basicity
(B) of the media with increasing urea is responsible for enhanced deprotonation of pyranine as urea
is increased in the DES system. Clearly, the complex interplay of high polarity and HBA basicity of
(lanthanide salt : urea) DES systems controls the photophysical behavior of the probe pyranine.
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Table 4. Absorbance (225, 10 uM), excitation (2%, 25 uM) and emission (120, 25 uM) wavelength
maxima of Nile red in (Ln : U) based DESs at 298.15 K.
Rati La:U Ce:U Gd:U
atio & A A
A /TN Ao /TN A /MM A0 /N A /TN A /MM Ao /DM A /TN Ao/

1:7 616 617 672 617 590 658 618 607 670
1:6 620 618 672 622 592 661 621 608 670
1:5 623 619 674 625 602 663 628 612 671
1:4 632 627 674 628 607 663 630 618 672
1:35 634 614 664
1:3 632 631 675 636 619 675
1:2 646 632 677
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Figure 6. Representative emission spectra of 25 uM pyranine (d¢x = 406 nm) dissolved in DESs (Gd
:U)at1:2and 1:7 molar ratios.

In order to obtain insight into the interactions between the Ln salt and urea as the DES is formed
in the absence of any external probe, FTIR absorbance spectral signature of a representative DES (Gd
: U 1:2)is compared with that of GA(NOs)s.6H20 and urea, respectively (Figure 7 and Table S3).
Significant shifts in the relevant band maxima of the Gd salt as well as urea upon formation of DES,
corroborate the presence of strong interspecies interactions within the DES. These interactions appear
to be responsible in affording the significantly high polarity to these DESs. In a seminal work, Edler
group has reported very high surface tension and density along with low viscosity and glass
transition temperatures associated to similar DESs [37]. Existence of strongly-bonded but fluxional
oligomeric polyanions and polycations was put-forth. It was stated that the excess of the molecular
component in the DESs resulted in intercalating H-bonded nanostructure possessing water and urea.
It may be proposed that such structuring may result in highly polar cybotactic region as exhibited by
the optical probes.
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Figure 7. FTIR absorbance spectra of urea (U, panel A), Gd(NOs)s.6H20 (Gd, panel B), and DES (Gd :
U ::at1:2) (panels A and B), respectively, under ambient conditions. Vertical lines represent shift in
maxima in going from the neat constituent to the DES.

4. Conclusions

We have reported our findings that DESs composed of (lanthanide salt + urea) exhibit polarity
(via empirical dipolarity/polarizability, 7%, and/or EYparameters, emission maxima of PyCHO,
aggregation by Nile red, and prototropism by pyranine) that is higher than that of any reported
solvent system in the literature especially for lanthanide salt-rich DES systems. The unusually high
polarity of these DESs is attributed to the lanthanide salt as well as the hydrated water of the salt. The
polarity can be effectively tuned by varying the relative amount of lanthanide salt and urea within
the DES. Hydrated water of the salt, via controlling the H-bonding, plays a decisive role in controlling
HBD acidity, @, and HBA basicity, , as the composition of the DES, i.e., lanthanide salt to urea ratio,
is changed. These DES systems open new avenues of applications where high cybotactic region
polarity is desired.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Absorbance spectra of 20 uM DENA and 20 uM NA dissolved in Ln :
U based DESs at room temperature; Figure S2: 13C NMR spectra of 250 mM PyO within La : U at 1 : 4 (Panel A),
1:5 (Panel B) and 1 : 6 (Panel C) molar ratios; Figure S3: Fluorescence emission spectra of 25um PyCHO (44 =
406 nm) dissolved in Ln : U based DESs at room temperature; Figure S4: Absorbance spectra of 10uM Nile red
and Fluorescence excitation spectra of 25puM Nile red dissolved in Ce : U (panel A) and Gd : U (panel B) based
DESs at room temperature; Figure S5: RLS spectra of Nile red with variation of concentration dissolved in Ln :
U (1:7) based DESs at room temperature., Figure S6: Emission spectra of 25 pM pyranine (4x = 406 nm)
dissolved in Ln : U based DESs at room temperature; Table S1: Absorbance wavelength (43, /nm) of 20 uM
DENA and 20 pM NA dissolved in Ln : U based deep eutectic solvent at room temperature., Table S2: Recovered
excited-state intensity decay parameters for pyranine (Aey, =450 nm, 515nm; excitation with a 404 nm violet-laser
diode) dissolved in the Ln : U based DES at room temperature by using global fit; Table S3: FTIR absorbance
band maxima of urea, Gd(NO:s)3.6H20, and DES (Gd : U) at 1 : 2 molar ratios.
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