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Deep Eutectic Solvents Based on Natural Ascorbic Acid
Analogues and Choline Chloride

Andrew J. Maneffa,[a] Adrian B. Harrison,[b] Stewart J. Radford,[c] A. Steve Whitehouse,[c]

James H. Clark,[a] and Avtar S. Matharu*[a]

Deep eutectic solvents (DES) are one of the most promising

green technologies to emerge in recent years given their

combination of environmentally friendly credentials and useful

functionalities. Considering the continued search for new DES –

especially those that exemplify the aforementioned character-

istics, we report the preparation of DES based on natural

analogues of l-ascorbic acid for the first time. The onset of

eutectic melting occurred at temperatures far below the

melting point of the individual components and resulted in the

generation of glass forming fluids with glass transition temper-

atures, viscosities and flow behavior that are comparable to

similar systems. This work expands the current array of DES that

can be produced using naturally occurring components, which

given their potential to be bio-derived, interesting physico-

chemical properties (e.g. propensity to supercool and vitrify)

and apparent antibacterial nature, may provide utility within a

range of applications.

1. Introduction

Deep eutectic solvents (DES) are currently one of the most

significant areas of research within the wider disciplines of

green chemistry and engineering following their introduction

as a concept around 15 years ago.[1–4] In contemporary

literature, the term DES (although ambiguous)[5] generally

describes self-associating mixtures of two or more Brønsted/

Lewis acids and bases which demonstrate a ‘deep’ (i. e. large)

melting point depression and thus, a ‘eutectic’ character upon

combination, when compared to their native constituents.[6]

Formation of such systems is typically attributed to the

establishment of an extensive network of inter- and intra-

molecular interactions, namely hydrogen bonding, between the

participating species.[7] Their ‘green’ credentials (minimal vapor

pressure, lack of toxicity, facile preparation, biodegradability

etc.)[8,9] coupled with interesting physicochemical properties

(broad polarity range, electrical conductivity, high surface

tension, good thermal stability etc.)[4,10] have prompted the

application of DES within a plethora of fields including; organic

synthesis, botanicals extraction, biopolymer processing, metal

deposition, and biocatalysis.[11–15]

Due to the breadth of components that can be used to

form such media, there are an equal myriad of potential DES

and as such, a significant area of research is focused on the

exploration of new systems. The search for bio-based compo-

nents should be particularly desirable given that most of the

current interest surrounding the use of DES is predicated not

only on their unusual characteristics, but also environmentally-

friendly attributes - especially when compared to present

archetypal fluids (simple molecular solvents, ionic liquids) that

they are intending to replace. In this vein, a novel set of DES

that was recently highlighted in a patent and subsequent paper

involved the combination of choline chloride (ChCl) and the

naturally occurring l-ascorbic acid (Asco, a.k.a. Vitamin C)

(Figures 1A and 1B respectively).[16,17]

The Asco:ChCl system has also been shown to be an

effective medium in the preparation of so-called “therapeutic”

DES containing dexamethasone for potential utilization within
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Figure 1. Choline chloride (A) and l-ascorbic acid (B) analogues; d-Glucur-
ono-6,3-lactone (C, exists as bicyclic structure in crystal), l-Gulonolactone (D)
and d-Gulonolactone (E).
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pharmaceutical and/or tissue engineering applications.[18] The

same material has also been trialed as an electrolytic layer in

ion-modulated transistors.[19] Notably, these examples appear to

be some of first DES produced using a lactone constituent, with

most instead involving the combination of ChCl and saccha-

rides (e.g. glucose, fructose, sucrose), aliphatic polyols (glycerol,

ethylene glycol), carboxylic acids (e.g. lactic acid, malic acid,

malonic acid, citric acid) or urea.[20] Within nature, d-Glucurono-

6,3-lactone (GluLac) and l-Gulonolactone (l-GLac) (Figures 1C

and 1D respectively) are both intermediates in the biosynthesis

of Asco.[21] GluLac is currently utilized as an ingredient in energy

drinks,[22] can be extracted from spruce wood and has also been

purported to exist in plant gums,[23,24] whilst high levels of l-

Glac have been reported for instance, in heat-stressed soybean

seeds.[25] In light of the aforementioned works concerning the

preparation of DES using Asco, it was hypothesized that these

structurally similar compounds, in addition to the enantiomer

of l-GLac, d-Gulonolactone (d-GLac, Figure 1E), may also be

capable of forming DES.

Considering their potential to be derived from natural

sources coupled with an anticipated lack of toxicity, the

substrates outlined above appear to be excellent new candi-

dates for DES constituents. However, eutectic mixtures formed

using these compounds have not been reported previously to

the best of our knowledge. Herein, we describe the preparation

and characterization of novel DES based on the three afore-

mentioned l-ascorbic acid analogues. Various physicochemical

properties and preliminary bacterial toxicity studies of these

new systems are investigated and discussed within the context

of similar known DES existing in the literature. Given these

attributes, we also highlight potential applications for which

they may be well suited.

2. Results and Discussion

2.1. Formation and Thermal Characteristics of DES

In this current work, the heating with stirring method was used

to screen mixtures of GluLac, l-GLac or d-GLac and ChCl at

different compositions (2 : 1 to 1 :2 molar ratio Lactone:ChCl.

From visual inspection, only ratios of 1 : 1 and 1 :1.5 yielded

systems whose liquidi readily fell below the operational temper-

atures (100–110 °C) and also which remained stable liquids (for

at least 7 days) at RT (Figure 2). As such, we may infer that these

compositions should be the closest to the eutectic composition

of the lactone/ChCl mixtures. A similar result was also found for

the Asco:ChCl system whereby only ratios of 1 :1 and 1 :1.5

were entirely devoid of any crystalline matter under the same

storage conditions (Figure S1). Notably, this range is narrower

than that reported by Lui et al. (1 : 1.1 to 1 :2.5)[17] but in keeping

with results for other DES prepared with the most structurally

similar hydrogen bond donors (i. e. cyclic polyhydroxy species)

given in literature e.g. xylose and glucose which tend to be

around 1 :1 hydrogen bond donor (HBD):ChCl.[26,27]

The melting point lowering in the eutectic forming systems

(Lactone:ChCl, 1 : 1/1 : 1.5) was demonstrated via in-situ DSC

(Figure S2), where endothermic deviations from the baseline

can be readily observed starting from ca. 25 °C in all cases

(Figure 3). Unsurprisingly, this endothermic behavior was not

observed in pure ChCl, with the only visible signal correspond-

ing to the polymorphic transition (at ca. 70–80 °C) from the so-

called α to β form of crystalline ChCl.[26,28] Interestingly, it

appears that the onset of melting (i. e. solidus, also sometimes

referred to as the “eutectic temperature”)[29] in the mixtures

occurs at a temperature far below (ΔTm>140 °C) that of ChCl

(decomposes at ca. 300 °C)[1] or any of the lactone components,

which were found to have melting points of ca. 170, 186, and

185 °C for GluLac, l-GLac and d-GLac respectively (Figure 4)

(GluLac: lit.,[30] 176–178 °C. l-GLac and d-GLac: lit.,[31] 186 and

186 °C). According to the general consensus in literature, such

melting depression in ChCl-containing systems is ultimately

described as a manifestation of strong hydrogen bonding

between it and an added HBD species.[1,2] As such, we can infer

that the lactones used presently must be capable of establish-

ing such interactions when combined with ChCl.

In all cases, the signal corresponding to ChCl is present in

the initial heating cycle although the maxima occur at slightly

lower temperatures in the DES mixtures compared to the pure

material. This behavior has been described previously for ChCl-

Figure 2. Visual appearance of mixtures comprising either GluLac (1), D-GLac
(2) or l-GLac (3) and ChCl at varying molar ratios (A: 2 : 1, B: 1.5 : 1, C: 1 : 1, D:
1 : 1.5, E: 1 : 2) following at least 7 days storage at RT.
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containing systems with various HBD species,[26] although it was

preformed (and not in-situ prepared) DES containing a molar

excess of ChCl (with respect to the eutectic composition) that

was examined in the aforementioned study. In the in-situ

experiments, the signals corresponding to ChCl became pro-

gressively smaller, suggesting that the mixture was gradually

converted to a fluid DES (or at least one which became

increasingly devoid of crystalline ChCl). However, formation did

not always reach completion, as exemplified in the case of l-

GLac:ChCl, 1 : 1, where ChCl polymorphism could still be

detected after the four heat cycles (Figure 5).

Surprisingly, exotherms were also observable during the

second, third and fourth heat cycles (i. e. following cooling) at

approximately 0 °C. We tentatively hypothesize that these small,

but reproducible signals could be the result of a concurrent

event whereby the melting of a minimal amount of ice creates

sufficient mobility in the amorphous DES matrix for the cold

crystallization of a small quantity of the DES component (again

most probably ChCl) to occur. The measured water contents of

the DES were found to be ca. 0.9 to 1.2 wt.% according to Karl

Fisher titration although it should be noted that these values

were obtained from analysis of the preformed material and not

the solid lactone/ChCl mixtures used for the in-situ experiments.

However, the discrepancies between the various systems are

not expected to be significant given that they were all exposed

to the same external environment (i. e. ambient air) for

comparable amounts of time (ca. 1–2 minutes). Additionally,

the possibility of moisture absorption during DSC experimenta-

tion was minimized via use of hermetically sealed apparatus. It

was also possible to observe several other exothermic signals in

all cooling cycles within the region of �20 to �5 °C (Figure 6).

Presumably, these are the result of the melt crystallization of

either DES constituent or water, as has been described

previously for systems comprising ChCl and different HBDs.[27]

The former appears to be more likely given that in some cases,

these exotherms actually occur above 0 °C (Figure S2). It is also

plausible that they could correspond to the transition of the

ChCl β polymorph back to the α form, which is known to occur

upon natural cooling (at least for the pure crystal).[32] In any

case, owing to the prominence of the polymorphic signal upon

reheating (and the comparative lack of notable melting) we

Figure 3. in-situ DSC traces of the first heat cycles for pure ChCl and lactone-
based DES mixtures.

Figure 4. DSC thermograms of pure lactones; GluLac (bottom), l-GLac
(middle) and d-GLac (top).

Figure 5. The first, second, third and fourth heat cycles of the in-situ
preparation of l-GLac:ChCl, 1 : 1. Tick marks along the y-axis correspond to
0.5 mW.
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conclude that these exothermic signals most probably originate

from ChCl.

It is important to note that the aforementioned thermal

events were only evident in the in-situ experiments where the

two DES components were held at 100 °C for 20 minutes per

heating cycle as opposed to the 120 continuous minutes (with

constant agitation) taken for the experiments conducted using

the analogous preformed DES (see Experimental). As such, it is

hypothesized that they are most likely the result of limited

mixing, which has been described as an important process for

“establishing entropy” that is prerequisite for the formation of a

DES system.[20] The lack of agitation could also account for the

potential ice formation given that an unmixed matrix would be

more likely to exhibit some level of heterogeneity.

All of the lactone/ChCl mixtures were found to be glass

formers, exhibiting a step change in the heat flow which was

ascribed to a glass transition, with the midpoint of the

discontinuity that occurred during the second heat cycle

(Figure 7) taken to be the glass transition temperature (Tg) (full

traces of the preformed DES exhibiting distinct glass transitions

are shown in Figure S3). The development of glasses within the

in-situ experiments could be observed following initial melting

and occurred at similar temperatures with respect to the

preformed systems (Figure S4). These results are consistent with

previous reports that similar DES (ChCl with sugars) are also

glass forming liquids with Tg values that are broadly compara-

ble (ca. �35 to �50 °C) to those found in the present study.[27,33]

The systems containing greater amounts of ChCl (i. e. 1 :1.5,

lactone:ChCl) consistently had a lower Tg when compared with

the equimolar mixtures. It should be noted that according to

the Karl Fischer analyses, the DES containing more ChCl had

marginally higher water contents (possibly due to greater

quantity of the highly hygroscopic ChCl). As such, these

mixtures may have experienced a slight reduction in Tg given

the considerable plasticizing effect of water (only if distributed

amongst the main DES components and not involved in the

formation of the hypothetical crystalline ice).

In the case of the Asco DES, Karl Fisher titration could not

be used for water content determination owing to the

unavoidable reduction of iodine by ascorbic acid. As such, it

was instead estimated via thermogravimetric analysis - whereby

the water content was considered to be equal to the mass loss

upon heating to ca. 150 °C (i. e. sufficiently in advance of any

loss that could be attributed to thermal decomposition). Using

this technique, values of 1.4 and 1.6 wt. % H2O were found for

the 1 :1 and 1 :1.5 DES respectively (Figure S5).

The ability for the DES to supercool far below 0 °C and

subsequently undergo vitrification could be beneficial for low-

temperature applications such as cryoprotection, where the

amorphous nature and absence of crystallinity in the protective

media is advantageous for the preservation of labile substrates.

Indeed, such an approach has recently been outlined in the

case of other DES systems and appears to offer a promising

alternative to current preeminent cryoprotectants such as

dimethyl sulfoxide, and ethylene/propylene glycols which have

inherent toxicity issues.[34,35]

In order to ensure that the initial components had not

undergone degradation or reaction during DES preparation,

each system was compared with the pure mixed constituents

via 1H NMR, as exemplified for the GluLac-containing DES

(Figure 8) (Spectra for l-GLac, d-GLac and Asco are presented in

Figures S6, S7 and S8 respectively). In all cases, spectra of the

crystalline lactone and choline chloride were virtually indistin-

guishable from the corresponding diluted DES systems, with

any differences (e.g. relative signal sizes) reflecting the varying

ratios of lactone and ChCl that were present in solution (DES

concentration was ca. 50 mgmL�1 in all cases). The omnipresent

peak at 2.50 ppm corresponds to the solvent (DMSO) whilst the

signal at ca. 3.38 ppm can be attributed to water, which appears

to overlap with that belonging to the methylene group

neighboring the nitrogen in ChCl. The complete conversion of

starting materials into the DES is particularly notable as it

Figure 6. The first, second and third cooling cycles of the in-situ preparation
of l-GLac:ChCl, 1 : 1. Tick marks along the y-axis correspond to 1 mW.

Figure 7. Comparison of the second heat cycles of preformed DES showing
the step-change in heat flow corresponding to the glass transition.
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ensures that their production is 100% atom economical and

mitigates the generation of undesirable by-products which

have occasionally been reported when using conventional

HBDs such as carboxylic acids.[36,37]

The preservation of starting constituents could also be

important when considering the potential safety of the lactone-

DES. GluLac is an established beverage ingredient which can be

present at the gram scale within consumer products.[38]

Similarly, choline chloride has also been listed as an ingredient

in infant formulas and appears to be considered a safe

substance by the Food and Drug Administration.[39,40]

2.2. Bacterial Toxicity Testing

Given the aforementioned safety credentials of the starting

materials, we anticipated that DES formed using these constit-

uents should constitute benign media for most applications

and even those involving direct human usage. However, given

the ambivalence of previous investigations, a preliminary

toxicity study of the novel DES systems was undertaken.[41]

Based on methodology outlined in relevant recent literature,

this involved tracking the growth (or retardation thereof) of

Escherichia coli (E. coli, strain BL21) within a Luria-Bertani

medium in the presence of either Asco or lactone-DES (75–

750 mM) via optical density measurements of at 620 nm (Fig-

ure 9).[42]

For lactone-based DES, bacterial growth rate was found to

be inversely correlated with concentration (as exemplified for

the l-GLac:ChCl, 1 : 1 system (Figure 9A)) and independent of

HBD identity or molar composition (Figure S9). In contrast, both

DES formed using l-ascorbic acid appeared to completely

inhibit E. coli growth at any non-zero concentration (1 :1

mixture is shown in Figure 9B) whereas full inhibition was only

realized at 375–450 mM (Figure S10) in the presence of a

lactone-DES. The prevention of growth within the systems

comprising Asco is expected given the apparent antimicrobial

action of the native constituent.[43] It is possible that this

inhibition is predominantly a result of pH lowering of the

growth media as has been suggested for other studies

involving acidic HBDs.[44] We anticipate that these potential

antimicrobial properties may augment the utility of so-called

“therapeutic” DES based on Asco within applications that

require microbiologically sterile conditions.

2.3. Rheological Behavior

All of the six lactone-based DES were found to be viscous fluids

that displayed Newtonian flow behavior at low to moderate

shear rates (<500 s�1) (Figure 10). It should be noted that our

Figure 8. 1H NMR spectra for a mixed solution of crystalline GluLac and ChCl
and diluted GluLac-containing DES (prepared in DMSO-d6 at ca. 50 mgmL�1).

Figure 9. Evolution of optical density (620 nm) for LB media containing l-
Glac:ChCl, 1 : 1 (A) and Asco:ChCl, 1 : 1 (B) at 0 to 750 mM. Error bars represent
SE.
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displayed data starts from 20 s�1 as below this value, there was

often little repeatability across multiple replicates suggesting

they were potentially experimental artefacts (full traces are

provided in Figure S11). It is also pertinent to recognize that on

account of the large shear rate gradient, seemingly erroneous

measurements essentially corresponded to single data points

that were not reproducible. Hence, we emphasize that our goal

is to highlight the qualitative, reproducible trends rather than

individual quantitative datum. Similar Newtonian behavior has

been reported previously in various other sugar (glucose,

xylose) or sugar alcohol (xylitol, sorbitol) containing DES.[26,33,45]

The measured viscosity for all of the novel DES were found

to be very comparable to the Asco:ChCl system which varied

between approximately 8 to 250 and 2 to 85 Pa.s (mean

averages) for the 1 :1 and 1 :1.5 mixtures (at 20 to 60 °C)

respectively. Interestingly, we note that our values are signifi-

cantly higher when compared to the Asco:ChCl system as

reported by Liu et al., although those authors provided minimal

details concerning the nature of the rheological experiments

and initial water contents of the examined DES.[17] The results

are closer to the values suggested for Asco:ChCl, 1 : 2 by Silva

et al. albeit with a different measuring geometry.[18] However,

again water content was not documented and it is unclear

whether any precautions were taken to prevent moisture

absorption during experimentation. As expected, the viscosity

was found to be inversely related to temperature, as has been

documented in other DES systems for instance Xylose:ChCl, 1 : 1,

which Aroso et al. reported to have a viscosity of ca. 90, 25, 9, 4

and 2 Pa.s at 20, 30, 40, 50, 60 °C respectively with a water

content of 1 wt. %.[26]

The viscosity/temperature relationship can be well de-

scribed using an Arrhenius model (Equation 1)

h ¼ h0 e
Ea
RTð Þ (1)

where η corresponds to the viscosity (Pa.s), η0 is a pre-

exponential constant, Ea is the activation energy (kJ mol�1), R is

the universal gas constant (8.314 JK�1mol�1) and T the absolute

temperature (K). All six of the lactone-DES displayed linear plots

for Equation 1 (Figure 11) with excellent fits (R2
>0.997) and

model parameters (Table 1) comparable to those quoted in

literature (results of this work were obtained using the viscosity

measured at a shear rate of 50 s�1).[26,46] This was also found to

be the true for the Asco-containing systems (Figure S12,

Table S2). It appears as though the most discriminating factor

for the value of viscosity was the lactone:ChCl molar ratio, with

the identity of the HBD having comparatively little influence.

The l-GLac and d-GLac systems behaved almost identically

which is not surprising given their close molecular resemblance.

The viscosity appeared to be consistently lower for the DES

containing larger amounts of ChCl when compared to the

Figure 10. Viscosity (in Pa.s) as a function of shear rate (s�1) at T=20 to 60 °C
(a to e) for each lactone-DES.

Figure 11. Arrhenius plots for each lactone-DES at T=20, 30, 40, 50 and
60 °C (at a shear rate of 50 s�1).

Table 1. Comparison of the parameters for the Arrhenius equation (η0, Ea
and R2) of lactone-DES and selected values from literature.

System, molar ratio η0 [Pa.s] Ea [kJ mol�1] R2

GluLac:ChCl, 1 :1[a] 2.057 E-12 76.495 1.000
GluLac:ChCl, 1 :1.5[a] 3.742 E-11 67.920 0.998
l-GLac:ChCl, 1 : 1[a] 5.295 E-13 80.708 0.997
l-GLac:ChCl, 1 : 1.5[a] 4.521 E-12 73.447 0.999
d-GLac:ChCl, 1 : 1[a] 5.787 E-13 80.220 0.997
d-GLac:ChCl, 1 : 1.5[a] 6.927 E-12 72.270 0.998
d-Glucose:ChCl, 1 : 1.5[b] 5.772 E-13 74.991 –
d-Xylose:ChCl, 1 : 1[c] 3.627 E-11 68.530 0.991

[a] This work. [b] From Ref. [46] Water content not disclosed. [c] From
Ref. [26] Contained 1 wt. % water.
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analogous equimolar systems. Historically, ‘hole theory’ has

been used to rationalize the high viscosity of ChCl-based DES

wherein, it is considered a manifestation of the disparity

between the large radii of the constituents and the small

average void size existing within the liquid matrix.[2,47] In the

present systems, the larger size of the lactone (with complexed

chloride anion) compared to the choline cation should result in

a lower probability of locating suitably sized holes and hence, a

higher viscosity. This is reflected in the activation energies,

which are all consistently smaller in the case of the DES

prepared from the 1 :1.5 lactone:ChCl mixtures. However, the

applicability of hole theory should be investigated further given

recent suggestions that void dimensions within DES may be

considerably smaller than previously thought.[48] Interestingly,

an inverse relationship between viscosity and ChCl concen-

tration has also been reported previously in glycerol:ChCl

DES.[49,50] This result was attributed to the ability of the salt to

interfere with the three dimensional hydrogen-bond network

by partially complexing the glycerol hydroxyls with Cl�. A

similar effect may also be plausible in the case of the present

lactone-based systems given that the large number and broad

spatial distribution of hydroxyl groups on the lactone would

presumably result in extensive and multi-directional hydrogen

bonding throughout the fluid.

The high viscosity of the present DES under ambient

conditions may situationally limit their utilization in certain

applications, although it should be less problematic at

sufficiently elevated temperatures in accordance to the Arrhe-

nius relation as described above. Inspection of the 1H NMR

results (Figures 8, S6 and S7) suggests that the lactone-DES

appear to stable against thermal degradation at temperatures

which should suffice for most applications (100/110 °C). Besides

adjusting temperature, it may also be possible to modify the

rheological properties via the addition of small amounts of a

third, low viscosity component (e.g. a molecular liquid).

3. Conclusions

The present study outlines the preparation of new DES using

choline chloride and three novel l-ascorbic acid analogues. All

mixtures displayed eutectic melting at temperatures consider-

ably lower than the melting points of the individual constitu-

ents (ΔTm>140 °C) with the eutectic compositions appearing to

lie around 1 :1–1 :1.5 lactone:ChCl molar ratio according to

visual evaluation. The resulting melts were all found to be

viscous, glass forming fluids with properties (glass transition

temperatures and viscosities) comparable to previous DES

comprising the most structurally similar HBDs. Preliminary

bacterial testing indicated that the DES had a moderate

inhibitory effect on the proliferation of E. Coli. when compared

to existing mixtures based on l-ascorbic acid.

The results of this study broaden the current pool of

potential bio-based DES components and appear to be some of

the first examples where naturally-occurring lactones are

employed as hydrogen bond donor species. Given the preserva-

tion and seemingly innocuous nature of the constituents

involved, the new DES highlighted herein present attractive

alternatives for several pre-existing eutectics and may find

application within cryoprotection or microbiological treatment.

Experimental Section

Materials

Asco (99%, CAS: 50-81-7), ChCl (>98%, CAS: 67-48-1), GluLac (>
99%, CAS: 32449-92-6) and l-GLac (95%, CAS: 1128-23-0), DMSO-d6

(99.9 atom%D) and silicone oil (5 cSt at 25 °C) were purchased from
Sigma Aldrich. d-GLac (98%, CAS: 6322-07-2) was purchased from
Alfa Aesar. Hydranal Composite 5 K and Hydranal KetoSolver were
purchased from Thermo Fisher Scientific. All chemicals were used
as received and all DES were stored in a desiccator following
preparation.

Deep Eutectic Solvent Preparation

DES mixtures were prepared by weighting desired amounts of HBD
(Asco, GluLac, l-GLac or d-GLac) with ChCl to give molar ratios of
1 :2, 1 : 1.5, 1 : 1, 1.5 :1 and 2 :1. These solid mixtures were placed
into sealed glass vials and stirred at a constant 100 °C (Asco, GluLac)
or 110 °C (l-GLac, d-GLac) for 2 hours, before being allowed to
naturally cool to ambient temperature.

Differential Scanning Calorimetry (DSC)

All DSC measurements were performed using a TA Instruments
Q2000 DSC under a nitrogen atmosphere and hermetically sealed
aluminium pans containing ca. 6–10 mg of sample. A heating rate
of 3 °Cmin�1 was used for the melting point determination of the
pure lactones (temperatures ranges of 20 to 180 (GluLac) or 20 to
195 °C (l-/d-GLac) and during the heating cycles of both the in-situ
preparation and Tg determination (using preformed material) of
DES for which, the full procedure is outlined in Table S1. The Tg
was calculated from the step-change in heat flow that occurred
during the second heating cycle using the ‘Tg analysis’ tool
available within the Universal Analysis 2000 software (TA Instru-
ments).

Rheological Measurements

All rheological experiments were conducted using a Brookfield CPS
+ Rheometer fitted with cone/plate geometry (Cone: diameter=
25 mm, angle=2°, gap height=0.045 mm) and a Peltier PTS-2
temperature controller at atmospheric pressure. A fresh aliquot of
DES (ca. 0.3 mL) was applied to the bottom measuring plate at
20 °C before both silicone oil and a solvent trap were placed around
it in order to limit moisture absorption. The methodology used in
the present study was based on a modification of a previous
description in the literature.[51] Briefly, the sample was heated to
and equilibrated at the desired temperature (20, 30, 40, 50 or 60 °C)
for 10 minutes before being subjected to a 120 s pre-shear at 20 Pa
followed by a 60 s equilibration to remove rheological history. The
rheological properties of each DES were investigated using a
controlled shear rate regime whereby the shear rate was increased
linearly from 5 to 500 s�1 over a period of 100 s (i. e. a 5 s�1 increase
per second). Each reported result reflects the average of at least
two replicates.
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Water Content Analysis

Water content analyses were carried out via volumetric Karl Fisher
titration using a 907 Titrando unit (Metrohm) whereby Hydranal
Composite 5 K and Hydranal KetoSolver were used as the titrant
and working medium respectively. A polarizing current of 50 μA,
stop voltage of 250 mV and a drift end-point criterion (20 μLmin�1)
was applied in all cases. All titrations were carried out ca. 22 °C with
a minimal duration of 120 s and sample sizes of approximately 1–
1.5 g. Each titration was conducted in triplicate.

1H NMR Spectroscopy

All 1H NMR spectroscopy was performed using a JEOL JNM-
ECS400 A spectrometer operating at a frequency of 400 MHz and a
temperature of ca. 25 °C. Samples were prepared by dissolving
either the preformed DES or crystalline components (in an
approximately 1 :1.5, lactone:ChCl molar ratio) in DMSO-d6 to give
solutions of ca. 50 mgmL�1.

Thermogravimetric Analysis

Thermogravimetric analysis of l-ascorbic acid DES was conducted
using a PL Thermal Sciences STA 625 in which samples (ca. 10 mg)
were heated in aluminium cups under a flow of nitrogen (ca.
50 mLmin�1) to 625 °C at a rate of 10 °Cmin�1.

Bacterial Toxicity Testing

Samples of the DES (either 1 M or 0.83 M) were dissolved in Luria-
Bertani medium (LB) before being filter sterilized through a 0.45 μm
Filtropur syringe filter (Starstedt) to remove any contaminating
bacteria. An overnight culture of E. coli BL21 (DE3) (Novagen) was
grown in LB at 37 °C. From this, 1.0 ml was taken and sterile LB
added until the absorbance at 620 nm of this sample was 0.4. Using
a previously prepared calibration curve this corresponds to
approximately 4×108 bacteria per ml.

Growth experiments were conducted by mixing the bacterial
suspension, test samples and sterile broth in the correct ratios to
achieve 100 μl samples with the desired concentration of the
compound and a constant number of bacteria (approximately 1×
107). Experiments were performed in sterile 96 well clear flat
bottom polystyrene culture plates (Corning). Samples were incu-
bated at 37 °C for 4 h and growth determined by measuring
absorbance at 620 nm every 15 minutes using a Multiskan FC
Microplate Photometer (ThermoFisher Scientific). All concentrations
were tested in triplicate in the range 0 (control) to 750 mM at
75 mM intervals.
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