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ABSTRACT: Deep eutectic solvents (DES) with chiral
components can function as solvents in circularly polarized
light-emitting materials. Deep eutectic solvents were devel-
oped with chiral hydrogen bond donors derived from biomass,
glucose, and fructose, combined with tetrabutylammonium
chloride ([TBA]CI) as the hydrogen bond acceptor. Physical
properties, such as density, melting points, relative polarity,
and polarimetry, were measured for the monosaccharide-
based DES. The impact of the [TBA]Cl:glucose ratio on the
relative polarity is described. A racemic mixture of
dissymmetric europium and terbium complexes is dissolved
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in the monosaccharide-based DES to measure the resulting chiral discrimination and induced circularly polarized luminescence
(CPL). The samples showed red (Eu®") and green (Tb*") CPL with a sign that is controlled by the enantiomer (L vs D) of
monosaccharide. Results from the glucose DES showed that the polarity of the DES and the anomeric form of the

monosaccharide is important to the magnitude of induced CPL.
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B INTRODUCTION

Deep eutectic solvents (DES) have been studied as alternatives
to molecular solvents and ionic liquids in many diverse
applications, including, but not limited to, liquid—liquid
> metal processing,6 desulfurization of fuels,”®
and postconsumer waste recycling of rare earth elements.’
Deep eutectic solvents are mixtures of Lewis acid(s) with
Lewis base(s) that result in a melting point lower than the
melting point of an ideal mixture of the components.”'*"" For
many DES, the melting point depression is the result of
hydrogen bonding between components, such as a mixture of
an organic salt (e.g, ammonium salts) as the hydrogen bond
acceptor (HBA) and an organic hydrogen bond donor (HBD).
Deep eutectic solvents are often compared to ionic liquids
(ILs) because they have similar physicochemical properties.'’
For potential applications, the most important property of DES
may be the ability to control the physicochemical properties
through the choice and molar ratio of HBA and HBD. Using
sustainably sourced HBA and/or HBD components, such as
biomaterials, DES can be considered as a green solvent.”"*~"”
The unique properties, environmental friendliness, and
flexibility in designing DES have been exploited for their use
as electrolytes in electroluminescent materials,'” ™! batteries,”
and electrochromic devices'®**** and as solvents for circularly
polarized light-emitting materials.”> This study exploits the
chirality of sustainable biomaterials to develop circularly
polarized light-emitting materials using DES.
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Materials that emit circularly polarized light are utilized in a
number of applications, including quantum computing,***’
circularly polarized organic light-emitting diodes,”* " and as
probes of the chirality of biomolecules.””™** Given the utility
and importance, it is not surprising that there has been a recent
resurgence in research efforts aimed at developing circularly
polarized luminescent materials.’*™*' Circularly polarized
luminescence (CPL) is the differential emission of left vs
right circularly polarized light. In order to compare CPL
emission across systems with different overall emission
efficiencies, it is common to use the emission dissymmetry
factor, g, shown in eq 1

¢ = 2(1L - IR)
em L4+ (1)

where I} and I are the emission intensities of left and right
circularly polarized light, respectively; I} — I is CPL, and I} +
I is total luminescence. Therefore, the value of g, can vary
from +2 to —2 giving information about the sign and
magnitude of polarization. Because of the unique properties
of 4f electrons, the 4f—4f transitions in chiral lanthanide
complexes will demonstrate dissymmetry factors, g, that are
typically larger than most organic dyes or transition
metals.**~** Luminescent lanthanide ions have been exploited
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Figure 1. Structures of HBA and HBDs used to form DES used in this study.

for 4csiri1711arly polarized luminescence applications for deca-
des.™™

Using a chiral solvent (or chiral additive), CPL can be
induced through a chiral discrimination interaction between
the solvent and a racemic mixture of luminescent lanthanide
complexes, A- and A-Ln(dpa);’~ (where dpa = 2,6-
pyridinedicarboxylate dianion, and Ln = Eu or Tb).*** The
coordination complex, Ln(dpa);>~, has left-handed (A) or
right-handed (A) three-bladed propeller arrangement of the
ligands about the lanthanide metal, which exists in solution as a
racemic mixture of interconverting (A < A) enantiomers.
Previous studies with the racemic Ln(dpa);*~ complexes
dissolved in the chiral IL or DES show that there is a
noncovalent chiral interaction that generates a nonracemic
population of A- vs A-Ln(dpa);*~.>>*° This chiral discrim-
ination interaction is measured through CPL and quantified by
the sign (handedness) and magnitude of g,

In order to use DES to induce CPL in the Ln(dpa);*~
complex, HBA and/or HBD must be chiral. Because of the
importance of chirality to biology and biochemistry, many of
the DES components derived from biomass are chiral, which
includes chiral HBDs such as amino acids, fermentation
products, and sugars."' ~'*">°"** A previous study with amino
acid as the chiral HBD and [TBA]Cl and [TBP]CI
(tetrabutylphosphonium chloride) as the HBA demonstrated
that chiral DES could induce CPL.*® This study focuses on the
use of monosaccharides, glucose and fructose, as the chiral
HBD and [TBA]CI as the HBA. Figure 1 shows the structures
of the [TBA]Cl and fructose used to make DES. L-(—)-glucose
is used in this study to compare the impact of overall
handedness (L vs D) on the induced CPL. Separate DES are
formed with D-(+)-a- and D-(+)-f-glucose as HBD to
investigate the impact of orientation at the anomeric carbon
on the induced CPL. Only DES with the  anomer of fructose
is used for the CPL studies, but the equilibrium mixture of D-
(=)-a- and D-(—)-f-fructose is used for the physical property
measurements.

Previous studies have shown that glucose and fructose form
DES with HBAs, such as choline chloride.'*"® Since the
emitting complexes, Ln(dpa);*~, are insoluble in monosac-
charide DES with choline chloride, [TBA]CI is utilized as the
HBA. Because there are not previous reports of DES formation
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of fructose or glucose with [TBA]CI as the HBA, several ratios
of [TBA]Cl to glucose (and fructose) are explored to
determine which form eutectic mixtures. Eutectic formation
is determined by measuring the melting point of the mixture to
compare to an ideal solution. The relative polarity is measured
for each DES with attention paid to the effect of multiple ratios
of [TBA]CI to D-(+)-a-glucose. The specific rotation is
measured for each of DES to ensure that the fructose- and
glucose-based DES remain chiral and to measure any
isomerization by the monosaccharides.’>** The Ln(dpa);*~
(Eu® and Tb*) complexes are dissolved in the glucose- and
fructose-based DES to characterize the luminescence,
luminescence lifetimes, and the emission of circularly polarized
light. The CPL results are interpreted in terms of structural
changes in the monosaccharide HBDs, L vs D and a vs 3, and
with respect to the relative polarity of the DES solvents.

B EXPERIMENTAL SECTION

DES Preparation. D-(+)-a-glucose, D-(+)-f-glucose, L-(—)-glu-
cose, D-(—)-fructose, and D-(—)-f-fructose were purchased from
Sigma-Aldrich and were used without further purification. [TBA]CI
was purchased from VWR and used without further purification. DES
were prepared by mixing the correct mole ratios of hydrogen bond
acceptor ([TBA]CI) with hydrogen bond donor (glucose or fructose)
under mild heat (<60 °C). Deep eutectic solvents were prepared in
mole ratios of 2:1, 4:1, 6:1, and 8:1 [TBA]CL:D-(+)-a-glucose, 2:1
[TBA]CL:D-(—)-fructose (combination of a and f anomers), and
[TBA]CL:D-(—)-f-fructose. Water content of DES was below a
measurable level (<0.2%) as measured by Karl Fischer titration
(Metroohm 870 KF Titrino Plus).

Physical Measurements. The melting points of DES were
measured with a differential scanning calorimeter (DSC), Instrument
Specialists Incorporated DSC 550. Samples were prepared by adding
3—10 mg of a DES sample to an aluminum sample pan and lid. DSC
was operated with a heating rate of 2 °C/min under a constant flow of
helium gas. Densities were determined by determining the mass of
DES in a 2.02 mL glass pycnometer. The polarimetry of the
monosaccharide-based DES was measured with an Atago AP-300
polarimeter. Polarimetry samples were prepared by dissolving 0.5 g of
DES into a 10 mL solution of methanol (or water).

CPL Sample Preparation. All of the starting materials for
preparing the Ln(dpa);*~ samples (where Ln = Eu or Tb), LnCl,-
6H,0, and 2,6-pyridinedicarboxylic acid were purchased from Sigma-
Aldrich and used without further purification. The complexes were
prepared by dissolving LnCl;-6H,0O in water and adding three
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Table 1. Melting Points and Densities of Monosaccharide DES

Ty (K) p(g/mL) Ty (K)
glucose” 419 2:1 [TBA]CL: D-(—)-fructose 1.010 288(2)
fructose” 380 3:1 [TBA]CI: D-(+)-a-glucose 0.960 269(1)
[TBA]CI® 310 AH,, = 20.5 kJ/mol

“From ref 55. “From ref 56.

equivalents of NaOH to precipitate Ln(OH)s, which was filtered and
added to an aqueous solution containing three equivalents of 2,6-
pyridinedicarboxylic acid (dpaH,). Three equivalents of tetrabuty-
lammonium hydroxide (TBAOH) were added dropwise to this
solution to precipitate [TBA];Ln(dpa);. The water (solvent) was
removed by heating under vacuum leaving an oily white solid.
Samples were prepared by adding an appropriate mass of [TBA];Ln-
(dpa); to approximately 2.0 g of DES to achieve a concentration of
5.0 X 107* mol/kg. The sample is stirred under mild heat (<50 °C)
for several hours until the complexes dissolved. Emission spectra of
the Ln(dpa);®~ complexes dissolved in DES were recorded on a
PerkinElmer LS-55 luminescence spectrometer. Luminescence life-
times and CPL spectra of the Ln(dpa),*~ in DES were recorded on a
custom-built instrument described previously.*’

Polarity Measurements. Coumarin-153 was purchased from
Exciton laser dyes, and 1-ethyl-4-(methoxycarbonyl)pyridinium
iodide (Kosower’s salt) was purchased from Sigma-Aldrich. Coumarin
samples in the molecular solvents (acetonitrile, methanol, and
chloroform) were prepared with a 2—4 uM concentration. The
DES samples were prepared by dissolving approximately 1 mg of
coumarin in approximately 3 g of DES (approximately 2 mol/kg).
Emission spectra of the coumarin samples were recorded on a
PerkinElmer LS-55 luminescence spectrometer. Samples were
prepared with 0.038 mol/kg Kosower’s salt dissolved in DES, and
absorption spectra (250—600 nm wavelength range) were recorded
with a Cary 60 spectrophotometer. An absorption spectrum of each
DES was recorded and used as the baseline.

B RESULTS AND DISCUSSION

The melting points and densities determined for 2:1
[TBA]CL:D-fructose and 3:1 [TBA]CL:D-(+)-a-glucose are
shown in Table 1 along with literature values for the melting
points of the pure components.”>*® Both DES have melting
points below room temperature and that of the pure
components. Neither a melting point or glass transition was
observed for 2:1 (or 1:1) [TBA]CL:D-(+)-a-glucose DES over
the experimental temperature range (253—323 K) of DSC.
The observed melting points for 4:1 and 6:1 [TBA]CL:D-
(+)-a-glucose were significantly higher (281 and ~293 K) than
the 3:1 [TBA]CL:D-(+)-a-glucose. Although this is not close
to a complete solid—liquid phase equilibrium evaluation, there
is enough data to suggest that the eutectic point is a molar ratio
of less than or equal to 2:1 [TBA]CL:D-(+)-a-glucose. In order
to determine if the melting point depression is below that of an
ideal solution, the activity coefficient for the major component,
[TBA]C] of the mixture is determined. The thermodynamics
of the solid liquid equilibrium for the mixtures of [TBA]Cl and
fructose or glucose can be described using the freezing point
depression expression shown in eq 2

AHm,TBAC 1 1
In(7rpac®rBac) = —x |\ 7T @

where xppac and yrgac are the mole fraction and activity
coefficients of [TBA]CL, R is the gas constant, T,, and
AH,, 1pac are the melting point and enthalpy of melting of
pure [TBA]C], and T is the melting point of the mixture. This

equation is written assuming that the contribution from the
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change in heat capacity upon melting (A,C,) is negligible."'
Using the melting point and enthalpy of melting from Table 1,
the activity coefficient is calculated for each mixture, yrpac =
0.825 in 2:1 [TBA]CL:D-(—)-fructose and ytpac = 0.397 in 3:1
[TBA]CL:D-(+)-a-glucose. Both of these mixtures show
negative deviation (yrpac < 1) from ideality, indicating that
the interactions (e.g, hydrogen bonding) between [TBA]CI
and glucose (or fructose) are more favorable than interactions
within [TBA]CI alone. The depression of the melting points
shown in Table 1 is relatively modest (~20—40 K) compared
to some of the initial choline chloride DES.*'’ However, the
measured activity coefficients show that these [TBA]CLD-
(=)-fructose and [TBA]CL:D-(+)-a-glucose mixtures can be
classified as deep eutectic solvents.

Polarity. The collection of solvent—solute interactions (e.g.,
dispersion, hydrogen bonding, . . .), loosely termed as the
“polarity” of the solvent, are relevant to the role of DES as a
solvent to chiral light-emitting materials. There are several
established empirical measures of polarity based on the
spectroscopic response of solvatochromatic dyes, includin_§
the fluorescent laser dye, coumarin (shown in Figure 2).°”

Kosower’s Salt

Coumarin 153

Figure 2. Structures of solvatochromatic probes used to empirically
measure relative polarity.

Table 2 shows the energy of the maximum emission transition
of coumarin dissolved in glucose and fructose DES and several
molecular solvents. In order to adapt the energies of coumarin

Table 2. Relative Polarity Data from Solvatochromatic Dye
Measurements

DES Er (cm™) EN Z (kcal/mol)*
2:1 [TBA]CLD-(+)-a-glucose 20,208 0471 57
3:1 [TBA]CLD-(+)-a-glucose 19,920 0.552
4:1 [TBA]CL:D-(+)-a-glucose 19,455 0.667
6:1 [TBA]CLD-(+)-a-glucose 19,380 0.690
2:1 [TBA]CL:D-(—)-fructose 19,763 0.588 69
Chloroform 20,387 0.422
Acetonitrile 19,268 0.719 71°
Methanol 18,868 0.825 83"

“Uncertainty in Z = + 2 kcal/mol. b7 measured in ref 58.

DOI: 10.1021/acssuschemeng.9b04100
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into an empirical measure of solvent polarity, the following
equation applies

n _ Eq(solvent) — E;(cyclohexane)
" E.(H,0) — Ep(cyclohexane) (3)

where the transition energy of coumarin is related to the
transition energy in cyclohexane (21980 cm™) and water
(18210 cm™).”” According to the measure of polarity shown
in Table 2, both of the monosaccharide-based DES are
moderately polar (i.e., less polar than acetonitrile but more
polar than chloroform) at the measured molar ratios of [TBA]
Cl to monosaccharide. The E;N data also shows that the
polarity of 2:1 [TBA]CL:D-(+)-a-glucose increases as the ratio
of [TBA]CI salt (HBA) increases.

As noted in the literature, the polarity of a solvent is highly
dependent upon the nature of the solvatochromatic probe.”
Because the luminescent lanthanide complexes dissolved in the
chiral DES to make chiral light-emitting materials are ionic
compounds (salts), it is potentially interesting to empirically
measure the polarity using Kosower’s salt. The charge transfer
transition in Kosower’s salt can only happen when the ions are
in close proximity, which is a better reflection of the impact of
the DES polarity on ionic solutes.”® Kosower’s Z scale is the
energy in kcal/mol of the charge transfer transition.”® Table 2
shows the measured Z value for 2:1 [TBA]CL:D-(+)-a-glucose
vs D-(—)-fructose DES along with the literature Z values for
methanol and acetonitrile. Due to the large background
absorbance of DES, the uncertainty in the measurement of Z is
rather large (+2 kcal/mol). As is the case for coumarin as the
solvatochromatic probe, both DES have Z values less (i.e., less
polar) than methanol and acetonitrile. Similar to the polarity
results from coumarin (Table 2), 2:1 [TBA]CL:D-(—)-fructose
DES is more polar than 2:1 [TBA]CL:D-(+)-a-glucose.

Optical Rotation. The optical rotations of the glucose- and
fructose-based DES are measured to ensure that the optical
activity is maintained upon formation of DES. Since both of
the monosaccharides anomerize (e.g, @ < f) in aqueous
solution, it is important to determine if there is a structural
change of the monosaccharides in DES.>>** Table 3 shows the

Table 3. Specific Rotation Measurements for DES

DES [a]? monosaccharide [a]”
2:1 [TBA]CL:D-(+)-a-glucose +15 D-(+)-a-glucose +110
2:1 [TBA]CLD-(+)-p-glucose +23 D-(+)-f-glucose +19
2:1 [TBA]CL:D-(—)-fructose -57 D-(—)-fructose -92

“Measured for 0.5 g in 10 mL of methanol solution. Similar specific
rotations were observed in water. “From refs 53 and 54.

specific rotation, [a], measured for each the glucose and
fructose DES dissolved in methanol along with the specific
rotations for the pure monosaccharides. The sign of [a] in
DES corresponds to that of glucose and fructose.””>* The
magnitudes of [@] in Table 3 are determined based on the
concentration of DES (0.5 g/10 mL) dissolved in methanol.
Compared to the literature magnitudes of glucose and fructose
shown in Table 3,°*** it is useful to adjust [@] based on the
concentration of the monosaccharide only, which results in an
approximately 4-fold increase. For example [a] would be ca.
—220 for 2:1 [TBA]Cl: D-(-)-fructose, which if D-
(—)-fructose was completely dissociated from [TBA]CI should
be much closer to —92. The magnitudes of [a] adjusted for

complete dissociation do not match the literature [a] (Table
3) for any of the three DES.

In water, glucose isomerizes to an equilibrium mixture of
and f anomers.”> While the optical rotation data shown in
Table 3 does not exclude the possibility, CPL measurements
(Table S) are inconsistent with DES that contain a mixture of
glucose anomers that would result from isomerization.
Additionally, 2:1 [TBA]CL:D-(+)-a-glucose and 2:1 [TBA]-
CL:D-(+)-f-glucose have different [a], whereas glucose
isomerizes to the same mixture in water regardless of the
starting anomer (a vs B).>* Overall, the optical rotation data
shows that each DES has a unique [@] that is not simply a
result of the dissociated monosaccharide in methanol or water.
This indicates the persistence of an interaction between [TBA]
Cl and fructose (and glucose) even at the low DES
concentration of this study.

Luminescence Spectra. The emission spectra and
luminescence lifetimes of Eu** and Tb>' are sensitive to
changes in the structure of the Eu(dpa);*~ and Tb(dpa);*~
complex. Figure 3 shows the 4f{—4f emission spectra of

800 -1

600 =

400~ .

Relative intensity

200[=... : 4

450 500 550 500 650 700
wavelength (nm)

Figure 3. Emission spectra of the Dy — "F,_, region of Eu(dpa);*~
and the °D, — ’F¢_, region of Tb(dpa);*~ dissolved in 2:1
[TBA]CL:D-(+)-a-glucose. The dotted blue line is the emission
spectrum of Tb(dpa);>~ without a time delay after excitation, and the
solid black (Tb(dpa);>~) and red (Eu(dpa);>”) line is the spectrum
recorded with a 50 pus delay after excitation. The excitation
wavelength is 310 nm.

Eu(dpa);*~ and Tb(dpa),*” dissolved in 2:1 [TBA]CLD-
(+)-a-glucose DES. There is a small background fluorescence
from 2:1 [TBA]CL:D-(+)-a-glucose, which affects the baseline
of the spectra. When the spectrum is recorded after a short
time delay (S0 ps), the background fluorescence disappears for
both the Eu(dpa);*~ and Tb(dpa),>~ samples. The spectra
shown in Figure 3 have the expected spectral features for
Eu(dpa);>~ and Tb(dpa);*~.°”°" For example, there is no
symmetry forbidden D, — ’F, transition, and the structure
and relative intensities of the D, — 'F, vs D, — F,
transitions match other Eu(dpa);*” systems. The emission
spectra of Eu(dpa);>~ and Tb(dpa);*~ dissolved in 2:1
[TBA]CL:D-(—)-fructose are identical in structure to the
spectra shown in Figure 3.

The luminescence lifetimes for the *D,, state of Eu(dpa);*~
and the °D, state of Tb(dpa);*~ dissolved in DES are shown in
Table 4. All of the traces showed monoexponential decay with
Eu(dpa);*~ lifetimes of 2.31—2.36 ms in both DES and a much
shorter lifetime, 837 us, for Tb(dpa);®~. These lifetimes are
similar to those observed in amino acid-based DES™ and are

much longer than the lifetime of Eu(dpa);*~ and Tb(dpa);*~

DOI: 10.1021/acssuschemeng.9b04100
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Table 4. Measured Luminescence Lifetimes

2:1 [TBA]CLD-(+)-a-glucose

Eu(dpa);*”
Tb(dpa);*~

2.36 ms

0.837 ms

2:1 [TBA]CL:D-(—)-fructose

in water.”” These measurements confirm that a solvation
environment of these DES, like 2:1 [TBA]Cl:L-Glu DES, is not
a highly quenching environment for the luminescence of Eu®"
and Tb**. Along with the emission spectra shown in Figure 3,
the luminescence and lifetime data suggest that the Eu(dpa);*~
and Tb(dpa);>~ coordination environment is stable, and
interactions with the DES solvent occur outside of the inner
coordination environment of the metals.

CPL Spectra. Figure 4 shows the CPL and total
luminescence spectra for the °D, — F, , region of Eu(dpa);*~

1.0 T I T T
0.0010
0.8
0.0005
ar BB 0.0000 —
+ L
- =
0.4~ -0.0005
0.2 -0.0010
1 | -0.0015

590 600 610 620
wavelength (nm)

Figure 4. Total luminescence and CPL (noisy) spectra for the Dy —
’F,, region of Eu(dpa);>” dissolved in 2:1 [TBA]Cl: D-(—)-f-
fructose at 303 K. The black dotted lines represent the smoothed CPL
spectrum. The intensities of the TL and CPL spectra are normalized.

dissolved in 2:1 [TBA]CL:D-(—)-f-fructose. The physical
property measurements involving [TBA]CL:D-(—)-fructose, a
mixture of the @ and /8 anomers, and samples with Eu(dpa);*~
dissolved in [TBA]CI:D-(—)-fructose do show a smaller but
nonzero CPL spectrum. However, it is difficult to separate the
impact of each anomer on chiral discrimination, and the CPL
spectra and analysis focus on [TBA]CL:D-(—)-f-fructose DES.
Figure 4 shows a large negative CPL signal for the magnetic
dipole-allowed *D, — ’F, transition of Eu(dpa);*~ at 595.5
nm, and the D, — ’F, transition of Eu(dpa);>~ at 615 nm
shows a positive CPL signal. These CPL transitions are close
to the maximum in the total luminescence and opposite in sign
to each other, which is consistent with Eu(dpa),®~ CPL spectra
in other systems.””*”%> These spectra show that 2:1 [TBA]-
CL:D-(—)-f-fructose DES does enantioselectively perturb the
A-Eu(dpa);*>~ — A-Eu(dpa);*~ racemization equilibrium.
Figure S shows the CPL and total luminescence spectra for
magnetic dipole allowed *Dy, — ’F, transition of Eu(dpa);*~
dissolved in 2:1 [TBA]CLL-(—)- vs D-(+)-a-glucose. The
shape and location of the peaks in the total luminescence
spectra are identical for DES with L-(—)- vs D-(+)-a-glucose
as HBD. The peaks in the CPL spectra also have identical
shapes, locations (595.5 nm), and opposite signs for the L-
(=)- vs D-(+)-a-glucose DES. These spectra are consistent
with total luminescence and CPL spectra observed for
Eu(dpa);®~ in 2:1 [TBA]CLD-(—)-f-fructose (Figure 4).
Figure 5 shows that the handedness of a-glucose HBD in
DES can be used to control the enantiomeric preference of the

2.31 ms
n.d.
0.004
0.002
= o
F &£
- =
0.000
-0.002
| |

585 590 595 600
wavelength (nm)

Figure 5. Total luminescence and CPL (noisy) spectra of the *D, —
’F, region of Eu(dpa);>~ dissolved in 2:1 [TBA]CLL-(—)- (blue) vs
D-(+)-a-glucose (red). The black dotted lines represent the
smoothed CPL spectrum. The intensities of the TL and CPL spectra
are normalized. The spectra were recorded at 303 K.

perturbation to the racemization equilibrium and thus the
polarization of the emitted light. Comparison of 2:1 [TBA]-
CL:D-(+)-glucose (Figure S) and 2:1 [TBA]CLD-(—)-f$-
fructose (Figure 4) DES show that both produced negative
CPL from Eu(dpa);*".

In order to demonstrate the effectiveness of the mono-
saccharide-based DES to produce green chiral light, the CPL
spectra of Tb(dpa);>~ dissolved in [TBA]CL:D-(+)-a-glucose
is measured. The total luminescence and CPL spectra of the
magnetic dipole-allowed D, — ’F; transition of Tb(dpa);*~ in
[TBA]CL:D-(+)-a-glucose is shown in Figure 6. The total

1.0
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0.8

0.0000
0.6

I +g

)
9

-0.0005
0.4

-0.0010
0.2

-0.0015

| | |
538 540 542 544 546 548 550 552

wavelength (nm)

Figure 6. Total luminescence and CPL (noisy) spectra for the *D, —
’F; region of Tb(dpa);*~ dissolved in [TBA]CLD-(+)-a-glucose at
303 K. The black dotted lines represent the smoothed CPL spectrum.
The intensities of the TL and CPL spectra are normalized.

luminescence shows a broad peak with a maximum at 545 nm
and a shoulder transition at 549 nm. The CPL spectrum in
Figure 6 shows one negative peak at approximately 544 nm
with an emission dissymmetry, g, = —0.002. The CPL
spectrum does not exactly match that observed for Tb(dpa);*~
in [TBA]CL:L-Glu.”> However, the number of Stark level to
Stark level transitions in the *D, — ’Fj region increases the
possibility of interference in the CPL spectrum and also
increases the difficulty in interpretation.

DOI: 10.1021/acssuschemeng.9b04100
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Emission dissymmetries. The emission dissymmetry
factor, g, is a measure of the degree of polarization of light
and the chiral discrimination (on the racemization equili-
brium) demonstrated by the DES. Table 5 shows the g,

Table S. Emission Dissymmetry Factors for Eu(dpa);®~ in
Monosaccharide-Based DES

DES Zem (595 nm)“ Eu(dpa);*~
2:1 [TBA]CL:D-(—)-f-fructose —0.006
2:1 [TBA]CL:L-(—)-a-glucose +0.008
2:1 [TBA]CLD-(+)-a-glucose —0.005
4:1 [TBA]CL:D-(+)-a-glucose —0.003
6:1 [TBA]CL:D-(+)-a-glucose —0.002
2:1 [TBA]CLD-(+)-f-glucose ~0

“Uncertainty in the ¢"™ is +0.001 unless otherwise noted. All
measurements are at 303 K.

measured for the D, — ’F, transition at 594 nm of
Eu(dpa);®~ dissolved in the monosaccharide-based DES.
This includes the g, determined from the spectra shown in
Figures 4 and S for 2:1 [TBA]CL:D-(—)-f-fructose (—0.006),
2:1 [TBA]CL:D-(+)-a-glucose (—0.005), and 2:1 [TBA]CLL-
(—)-a-glucose (+0.008). The similarity in magnitudes of the
gem Show that there is not a large difference in the chiral
discrimination by fructose- vs glucose-based DES, but the
preference can be controlled through choice of L- vs D-glucose
as hydrogen bond donor. A previous study assigned g, > 0 to
an excess of the A-Eu(dpa);®~ enantiomer and g, < 0 to an
excess of the A-Eu(dpa);*~ enantiomer.”> Therefore, 2:1
[TBA]CL:D-(—)-f-fructose and [TBA]CIL:D-(+)-a-glucose
DES preference an increase in the population of the A-
Eu(dpa);®~ enantiomer, whereas 2:1 [TBA]CL:L-(—)-a-
glucose preferences the A enantiomer. Following an analysis
previously published, the g, values in Table 5 show a
population shift from racemic of less than 1.5%. For example,
Zem = +0.008 in 2:1 [TBA]CLL-(—)-a-glucose represents a
shift from 50% to 51.3% of the A- Eu(dpa);>~.*° Table 5 also
includes measured dissymmetries from higher ratios, 4:1 and
6:1, of [TBA]CL:D-(+)-a-glucose, and DES formed with the /3
anomer of glucose.

Because [TBA]CI and glucose form DES at multiple molar
ratios, the impact of the molar composition on chiral
discrimination is explored. Table 5 shows the emission
dissymmetry factors for 2:1, 4:1, and 6:1 [TBA]CL:D-(+)-a-
glucose, and these results show that the higher ratio of D-
(+)-glucose has the highest g..,. This could be attributed to
more D-(+)-a-glucose available to interact with A- vs A-
Eu(dpa);*~ as the ratio of [TBA]CI decreases. However, even
in 6:1 [TBA]CL:D-(+)-a-glucose, D-(+)-a-glucose is in
significant excess (~1000X) compared to Eu(dpa);’~, which
makes it unlikely that the D-(+)-a-glucose:Eu(dpa),®~ ratio is
the primary cause of the decrease in g,,. Recall that the results
in Table 2 show that the polarity of DES increases with the
ratio of [TBA]Cl Since the chiral discrimination by
monosaccharide-based DES reflects strong interactions be-
tween the chiral DES and Eu(dpa);*~ solute, solvent polarity
must play a role in the chiral discrimination.

The most surprising result shown in Table S is the
comparison of dissymmetry factors measured in 2:1 [TBA]-
CL:D-(+)-a-glucose vs 2:1 [TBA]CL:D-(+)-f-glucose. As the
results show, switching from the @ anomer (—0.005) to the
anomer (~0) of D-glucose completely wipes out the chiral

discrimination ability of DES. Figure 1 shows the structures of
D-(+)-a-glucose and D-(+)-f-glucose. The only difference is
the orientation of the hydroxyl group at the anomeric carbon,
but it is clear from these results that this plays an important
role in the mechanism of chiral discrimination with Eu-

(dpa)33_.

B CONCLUSION

Chiral DES were developed with [TBA]CI as the HBA, and
glucose and fructose as the HBDs. Several ratios of [TBA]Cl to
glucose (or fructose) formed clear liquids when mixed, and
melting point measurements show that both [TBA]CL:D-
(+)-a-glucose and [TBA]CL:D-(—)-fructose form DES.
Specific rotation measurements show that each DES has
optical activity with a sign that is the same as the
monosaccharide HBD, but the magnitudes show that there is
still some intermolecular interaction between HBA and HBD
even dissolved in solvent. The relative polarity of the DES has
been measured with a solvatochromatic fluorophore. It is clear
that the relative polarity of the DES increases as the ratio of
[TBA]CI increases.

Circularly polarized luminescence was observed from
Eu(dpa);*~ (or Tb(dpa);*~) dissolved in most of the glucose-
and fructose-based DES resulting from noncovalent chiral
discrimination by the glucose and fructose DES on the A- vs
A-Eu(dpa);*~ equilibrium. Comparison of the CPL spectra for
Eu(dpa);*~ in 2:1 [TBA]CLL-(—)- vs D-(+)-a-glucose shows
that the sign of the CPL (g.,) and the sense of chiral
discrimination are controlled through choice of the glucose
enantiomer as HBD. The sign and magnitude of g, are the
same for the D-fructose- vs D-glucose-based DES, which
implies an insensitivity to the structure of the monosaccharide.
However, comparison of [TBA]CL:D-(+)-a- vs [TBA]CL:D-
(+)-p-glucose shows that there is no chiral discrimination in
the DES where the  anomer of glucose is the HBD. Overall,
this study shows that chiral DES made from readily available
monosaccharides can be used to induce CPL and make both
red (Eu®") and green (Tb") chiral light-emitting materials. As
with other physicochemical properties, changes to the
HBA:HBD ratio and the structure of the monosaccharide
(e.g., @ vs  anomer) allows control over the ability of the DES
to induce CPL.
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