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Abstract 

The amphiphilic nature of many pharmaceutical active ingredients often makes them difficult to 

solubilise and leads to significant wastage through non-optimal dosage. In this study it is shown that 

highly concentrated liquid formulations can be produced from pharmaceutical active ingredients which 

either contain a strong hydrogen bonding functionality e.g. -OH or -COOH or a quaternary ammonium 

moiety. These mixtures can overcome solubility issues in water as the eutectics prevent recrystallization 

of the active ingredient when dispersed in water. The depression of freezing point for these eutectic 

mixtures is modelled using the enthalpy of hydrogen bond formation which was calculated using 

calorimetric data. The study also demonstrates that complex drug molecules which exhibit polymorphism 

such as Adiphenine and Ranitidine can be formulated into a homogeneous liquid and the hydrogen bond 

donor can also be a pharmaceutical active ingredient e.g. aspirin. 
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Introduction 

Many pharmaceutical active ingredients are polar or ionic to enable binding to the active site of the 

substrate. This often results in materials with high lattice energies and hence low solubilities in water. 

Complex compounds which display pharmaceutical activity also often have different crystalline 

polymorphs which can exhibit variable pharmacokinetics due primarily to different rates of solubility. 

To avoid this, co-crystals have been studied and have been thought of as a way of circumventing 

polymorphism. Recently, however it has been shown that polymorphism can also exist in co-crystals and 

result in different properties [1].  

To overcome this issue there has been significant interest recently in developing liquid formulations. 

Rogers et al has developed a range of pharmaceutical formulations based on ionic liquids with anionic 

and catatonic active ingredients [ 2]. Combinations of cations such as Lidocaine (used as a local 

anesthetic) together with anions such as docusate (a laxative) have been formulated into a liquid that has 

shown both curative effects. One of the issues with ionic liquids is that each new combination of anion 

and cation is a novel material and as such needs toxicological testing and registration. The topic of 

pharmaceutical ionic liquids has recently been reviewed [3,4]. 

In the current study the principle of making liquids via deep eutectic solvents (DES) is utilised. DESs are 

mixtures of quaternary ammonium salts with hydrogen bond donors (HBD) [5,6]. Mixtures of choline 

chloride with hydrogen bond donors such as urea and ethylene glycol have been used for applications 

such as metal deposition and metal oxide processing [7,8]. From a pharmaceutical perspective many 

active ingredients are either hydrogen bond donors or quaternary ammonium salts. In particular, many 

drugs have amine functionalities which are converted to the quaternary ammonium salts with HCl to aid 

solubility. Substituted phenols are commonly used pharmaceutical ingredients and used extensively for 

antioxidants and painkillers. Compounds such as paracetamol, aspirin and salicylic acid are notoriously 

insoluble in water. A DES has been used as a solvent for a pharmaceutical agent. It was shown that urea: 

choline chloride could dissolve benzoic acid, danazol, griseofulvin, and itraconazole [ 9]. Eutectic 

mixtures have also been made from two molecular components such as ibuprofen with a variety of 

terpenes [10] or menthol and ibuprofen [11]. 

In this study two types of DESs are shown; those where the pharmaceutical agent is a HBD and those 

where the active ingredient is a hydrogen bond acceptor (HBA) in this case in the form of a quaternary 

ammonium salt. It is shown that eutectic mixtures form readily with a variety of phenolic based HBDs 

with choline chloride. Choline chloride is chosen as it is a pro-vitamin which is already extensively used 
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in food and other consumer products. These formulations are liquid and can lead to highly concentrated 

formulations. It is also shown that solid quaternary ammonium compound which would normally exhibit 

a variety of polymorphs tend to form liquids or amorphous gels. 

 

Methods 

All chemicals were are shown in Table 1 and were used without further purification.  

Chemicals  Source  Purity % 

Phenol Sigma-Aldrich ≥ 99.5 

4-methoxyphenol Sigma-Aldrich 99 

2,4,6-trimmethyl phenol Sigma-Aldrich ≥ 99 

3,4-Dimethylphenol Laboratory (BDH) Reagent 99 

Glycerol  Fischer  98 

Resorcinol Sigma-Aldrich 99 

Choline chloride Sigma-Aldrich ≥98 

Hydroquinone Sigma-Aldrich 99 

Aspirin Sigma-Aldrich ≥ 99 

Paracetamol Sigma-Aldrich 98 

2,6-di-tert-butyl-4-methylphenol Sigma-Aldrich ≥ 99 

Benzoic acid Analar (analytical reagent) 99.8 

Salicylic acid Sigma-Aldrich ≥ 99 

Thymol Laboratory (BDH) Reagent 99.5 

Catechol Sigma-Aldrich ≥ 99 

2-methylphenol Sigma-Aldrich ≥ 99 

4-Chlorophenol Sigma-Aldrich ≥ 99 

Urea Alfa Aesar ≥98 

Adiphenine hydrochloride Sigma-Aldrich ≥ 99 

Phenformin hydrochloride Sigma-Aldrich analytical standard 

Ticlopidine hydrochloride Sigma-Aldrich ≥ 99 

Tetracycline hydrochloride Sigma-Aldrich ≥ 95 

Table 1: Sources and purity (by mass) of chemicals used in this study 
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 The DESs were formed by mixing the two components together and putting them in sealed 

sample tube in an oven at 50oC for 24 hours. After that a clear homogenous liquid was formed for 

mixtures of phenol, resorcinol, 4-methoxyphenol and o-cresol with ChCl. The other mixtures of 

hydrogen bond donors and acceptors were heated on a magnetic stirrer hotplate to approximately 90oC 

until a clear homogenous liquid was formed. The water content of these liquids was quantified using 

thermogravimetry and found to be less than 1% in all cases. The melting points and glass transitions were 

measured by Differential Scanning Calorimetry (Mettler Toledo DSC1 STARe system) in the 

temperature range of 25 to -125oC and -125 to 125oC then from 125 to 25oC. The samples were sealed in 

an aluminium pan and heated at a scan rate of 5.0oC min-1 under a flow of dry nitrogen. Typical DSC 

curves for freezing points are shown in the supplementary information (Figure S1). The heat capacities 

of the constituents and mixtures reported in Table S1 were calculated at 298 K and were also determined 

using DSC. 

 

Results 

Figure 1 shows the freezing points as a function of composition determined from differential scanning 

calorimetry measurements for a variety of substituted phenols with ChCl. It can be seen that compounds 

which only have one HBD such as 2, 4, 6- trimethyl phenol and 3, 4 xylenol have a eutectic composition 

at a molar ratio of 1 ChCl: 2HBD whereas those with two HBD functional groups have a eutectic 

composition at a molar ratio of 1 ChCl:1HBD. This is the same finding as that found previously with 

carboxylic acids [7]. 

 

 
 

 

Figure 1: Freezing points of choline chloride with (left) 2, 4, 6- trimethyl phenol and 3, 4 xylenol 

and (right) with hydroquinone and resorcinol as a function of composition. 
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Table 2 shows the freezing points of eutectic mixtures of choline chloride with phenol and various 

substituted phenols together with the depression of freezing point. To understand the interaction between 

the two components it is necessary to quantify the depression of freezing point at the eutectic 

composition. To create a reference point a theoretical freezing temperature for an ideal mixture was 

calculated by interpolating between the values for the two pure components (Tm (ChCl) = 301oC) and 

calculating the value at the eutectic composition. The depression of freezing point will depend upon the 

interaction between the two components.  

Phenol forms a free-flowing liquid at ambient temperature with a eutectic molar ratio of 1 choline 

chloride: 2 phenol. The mixture does not give a crystalline solid on cooling so does not show a distinct 

melting point but rather it forms a glass at -97°C. This is quite common for many ionic liquids and DESs. 

The dihydroxybenzene isomers form eutectic mixture at a 1:1 mole ratio with choline chloride. The 

concentration of phenol in the eutectic mixture is 67 wt% compared to the saturated concentration in 

water which is 8 wt%. In these mixtures IR and NMR analysis shows that there are no new covalent 

bonds formed although hydrogen bonding clearly occurs between the HBD and the anion of the 

quaternary ammonium salt.  

The three isomers of dihydroxybenzene have very different phase behaviours the o- and m- derivatives 

form eutectics with a melting point which correlates with this solubility in water. Catechol forms a 

eutectic with ChCl which has a freezing point of 50°C but it will form a super-cooled liquid which is 

stable for greater than one month before eventually solidifying. Figure 2 shows a photograph of some of 

the examples from Table 2. 

Examining the alkyl substituted phenols in Table 2 it can be seen that 2 mole equivalents of the HBD are 

required for the eutectic composition. The depression of freezing point is related to the position and size 

of the functional substituent. When the alkyl groups are not adjacent to the –OH group a larger depression 

of freezing point is observed. Thymol has an iso-propyl group in the 2-position hindering hydrogen 

bonding and this demonstrates the lowest depression of freezing point. The sterically hindered 2,6-di-

tert-butyl-4-methylphenol does not form a DES showing that the tert-butyl groups disrupts hydrogen 

bond formation.  

The same trends are noted for the polar substituted phenols. Putting -OH, -Cl, -OCH3 and -NHCOCH3 

functionalities in the para-position results in a depression of freezing point of approximately 200oC and 

most are liquid at ambient temperature. Benzoic acid has a lower depression of freezing point compared 

to phenol but aspirin appears to break this trend. 
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The results for aspirin are interesting and it can be seen from Figure 2b that it forms a liquid with choline 

chloride. The mixture is miscible with water even though aspirin is poorly soluble. When 1 g of ChCl: 

aspirin is added to 200 ml of water a transparent mixture is obtained that is stable for up to 3 days at 

room temperature before any sign of recrystallization is observed. It has recently been reported that 

mixtures of DESs and water form bicontinuous microemulsions and this could be the cause of this 

apparent miscibility [12]. Dynamic light scattering experiments have also shown that DESs and water 

are not fully miscible.  

In general, the mixtures with substituted phenols which have high melting points in the pure form tend 

to exhibit true melting points whereas those with lower melting points change phase to a glassy state. 

The former tend to have polar functional groups. It is however more useful to have a quantitative method 

of predicting the depression of freezing point. 
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Table 2: Melting point or glass transition temperatures (*) of eutectic mixtures of choline chloride with various 
substituted phenols or aromatic carboxylic acids commonly used in pharmaceutical formulations.  

 
ChCl:HBD Solubility 

(H2O) g 
dm-3 

Application Tm/°C 
HBD 

Tm/ °C (mix) ΔTf/ 
°C 

Structure 

1:2 
phenol 

83  Antioxidant 41 -97* ± 1. 8 
 

226 OH

 
1:1 

catechol 
460  Antioxidant 105 52 ± 0.8 

 
151 OH

OH  
1:1 

resorcinol 
1110  Cosmetics, 

and hair tonics  
110 6 ± 0.5 

 
200 HO OH

 
1:1 

hydroquinone 
73 Skin bleach 172 59 ± 1.2 

 
177 OH

HO  
Alkyl functional groups 

1:2 
2-methyl-

phenol 

25 Disinfectant, 
pesticide and 
herbicides.  

31 -16 ± 1.5 
 

137 OH

 
1:2 

3,4-dimethyl-
phenol 

4.8 Antioxidant  68 0  ± 0.2 
 

146 OH

 
1:2 

2,4,6-
trimethyl 
phenol  

1.0 Antioxidant  73 34 ± 1.7 
 

115 
OH

 

1:2 
thymol 

1.1 Anti-
inflammatory 
and anti- 
oxidant  

51 67 ± 0.5 
 

67 OH

 
1:2 

2,6-di-tert-
butyl-4-

methylphenol 

Insoluble  Antioxidant 70 ------ ------ 
OH

 
Polar Functional Groups 

1:1 
salicylic acid 

2.2 Antipyretic, 
analgesic and 
anti-
inflammatory  

159 68 ± 1.6 
 

162 

OH

O

OH

 
1:2 

4-chloro 
phenol 

27  Various 43 -84* ± 0.6 
 

213 OH

Cl  
1:2 

4-methoxy 
phenol 

40  Skin 
bleaching.  

57 -77* ± 1.0 
 

215 HO

O  
1:1 

paracetamol 
14  Analgesic and 

antipyretic.  
169 41 ± 0.8 

 
194 O

N
H

OH

 
Carboxylic acids 

1:2 
benzoic acid 

3.4  
 

Preservatives  122 78 ± 1.1 
 

104 
OH

O

 
1:2 

aspirin 
4.6 Analgesic and 

antipyretic.  
135 -67* ± 3.7 

 
257 

OH

O

O

O  
+ quantity is the standard deviation of 3 replicate measurements 
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U(T) = + 0.5 oC 

Note: We are unable to identify a specific solid phase with these samples. No eutectic mixtures to date have had their 

crystalline phase characterised. 

 

  

Figure 2: (a) Samples of DESs formed between ChCl and the labelled compounds as hydrogen bond 

donors. (b) aspirin in water, a mixture of aspirin with ChCl and aspirin ChCl in water. 

 

Direct measurement of the enthalpy of interaction between the HBD and ChCl may be difficult but using 

calorimetric data should allow a value to be determined using a Hess cycle. Hydrogen bonds are a good 

method of storing energy and these tend to increase the heat capacity of a liquid. This increase in heat 

capacity can be calculated by measuring the heat capacity of the eutectic mixture and subtracting that for 

the two pure components. So for the phenol based eutectic the heat capacity of the hydrogen bond Cp (HB) 

ΔCp (HB) = Cp (mixture) – (x(ChCl) Cp (ChCl) + x(phenol)Cp (phenol))  (1) 

Where x is the mole fraction of the two constituents. Accordingly, the enthalpy of hydrogen bonding 

ΔHo
298 in these liquids is given by. 

ΔHo
298= ΔCp (HB)T                                                                             (2) 

For each of the compounds and mixtures listed in Table 2 the enthalpy of interaction was calculated and 

these were correlated against the depression of freezing point. This correlation is shown in Figure 3. The 

enthalpies of H-bond formation were calculated from the heat capacities as shown in the supplementary 

information (Table S1). The formation of hydrogen bonds in the eutectics can clearly be seen from IR 

spectra as shown in the supplementary information (Table S2 and Figure S2). 

It can be seen that phenol, the diols (black squares) and most of the polar substituted phenols (green 

triangles) show a good correlation. The multi-alkyl-substituted phenols (red dots) and the benzoic acids 

(blue triangles) do not display this correlation. This suggests that the firstly there could be a steric factor 
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controlling hydrogen bond formation and secondly the pKa of the benzoic acids is much higher than that 

of the phenols which could also affect proton dissociation hence hydrogen bonding ability.  

 
 

Figure 3: Correlation between freezing point depression and enthalpy of hydrogen bond formation 

together with a trend line between the diols and polar substituted phenols each mixed with ChCl.  

 
In addition to phenolic substituents there are a wide range of naturally occurring compounds such as 

sugars and other polyols and aliphatic carboxylic acids which can act as pharmaceutical active 

ingredients. An example of this is ascorbic acid (vitamin C) which despite having a melting point of 

190oC has a eutectic mixture with a freezing point of -64.8oC when mixed in a 2 ChCl: 1 ascorbic acid 

molar ratio. Since both materials are available in food grade materials this could be a method of producing 

a relatively benign anti-oxidant material. This concept has already been applied industrially to extract 

natural antioxidants from plants [13].   

 
Active pharmaceutical ingredients (APIs) can also be HBAs since many are amines which are synthesised 

as hydrochloride salts to aid solubilisation. Table 3 lists five common pharmaceutical agents which were 

chosen for this study as they are all known to exhibit complex polymorphism. The issues associated with 

different activity of various polymorphs has been addressed by creating co-crystals which are mixtures 

of APIs. In principle mixing the HBD with the APIs is using the same principle but it forms a liquid 

instead of a solid which circumvents the possibility to recrystallize. It can be seen from Figure 4 and 
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Table 3 that three of the compounds form liquid formulations with both glycerol and urea. Glycerol has 

been used previously for a variety of eutectic based solvents and is useful in this application due to 

negligible toxicity [14]. Adiphenine and Ranitidine even form eutectics with HBDs such as aspirin 

enabling two active ingredients to be incorporated together in the same way that pharmaceutical ionic 

liquids are formed. There is one crucial difference for pharmaceutical DESs however which is that they 

are simple mixtures of two known components rather than a new chemical compound which greatly 

simplifies regulatory registration. 

All the salts in Table 3 exhibit eutectic points at a composition of 1 salt: 2 HBDs which is what would 

be expected. As in Table 2, salts with lower melting points tend to form glasses. Ticlopidine and 

Tetracycline are more planar structures and will exhibit higher melting points due to π-stacking. 

 

 
Figure 4: Pharmaceutically active ingredients as quaternary ammonium salts formulated into DESs in 

a 1 QAS:  2 HBD molar ratio.  
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Table 3: Melting point or glass transition temperatures (*) of eutectic mixtures of pharmaceutical active 

ingredients with various hydrogen bond donors.  
 

(HBD) 
Salt : 
HBD 

Active (All 
HCl salts) 

Solubility 
(H2O) g 

dm-3 

Application Tm/°C 
salt 

Tm/ °C  
(mix) 

ΔTf// 
°C 

Structure 

Glycerol 
1:2 

Ranitidine  1.8 Histamine H2-
receptor 
antagonist 

133 -87* ± 3.5 
 
 

143 

HCl

H3C

H
N

H
N

CHNO2

S N
CH3

CH3

O

 

Glycerol 
1:2 

Adiphenine  70 Anti-
spasmodic 
and anti-
cholinergic 
agent. 

119 -91  ± 1.8 
 
 

142 
O

O

N

CH3

CH3

HCl

 

Glycerol 
1:2 

Phenformin  50 Treatment of 
diabetes. 

175 -69*  ± 0.4 
 
 

139 
HCl

H
N

H
N NH2

NHNH  

Glycerol 
1:2 

Ticlopidine  4 Antiplatelet 
therapy 

205 67  ± 1.8 
 
 

13.4 

HCl

Cl

CH2

N

S

 
Glycerol 

1:2 
Tetracycline  50 Antibacterial. 223*  62  ± 1. 6 

 
 

24 
HCl

OH O

CH3

OH OO
OH

NH2

OH
NCH3

H3C

HH
HO

 
Urea 
1:2 

Ranitidine  1.8 Histamine H2-
receptor 
antagonist. 

133 -31*  ± 2.8 
 
 

163 

HCl

H3C

H
N

H
N

CHNO2

S N
CH3

CH3

O

 

Urea 
1:2 

Adiphenine  70 Anti-
spasmodic 
and anti-
cholinergic 
agent. 

119 -45*  ± 1.2 
 
 

173 
O

O

N

CH3

CH3

HCl

 

Aspirin 
1:2 

Adiphenine  70 Anti-
spasmodic 
and anti-
cholinergic 
agent. 

119 -23*  ± 0.6 
 
 

152 
O

O

N

CH3

CH3

HCl

 

Aspirin 
1:2 

Ranitidine  1.8 Histamine H2-
receptor 
antagonist. 

133 -37*  ± 0.7 
 
 

171 

HCl

H3C

H
N

H
N

CHNO2

S N
CH3

CH3

O

 
+ quantity is the standard deviation of 3 replicate measurements 

U(T) = + 0.5 oC 

Note: We are unable to identify a specific solid phase with these samples. No eutectic mixtures to date have had their 

crystalline phase characterised. 

 

Conclusions 

This study has shown that a wide variety of pharmaceutical agents can be formulated into liquids as deep 

eutectic solvents. This has the potential to enable more efficient drug delivery systems decreasing the 

wastage of valuable compounds, A variety of phenolic compounds including aspirin, paracetamol and 
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salicylic acid were formulated into DESs by mixing with the pro-vitamin choline chloride and these 

retained their miscibility when diluted into water. For most compounds, it was shown that the depression 

of freezing point is related to the strength of the hydrogen bond which was determined using calorimetry. 

The study also demonstrated that HCl salts of drug molecules containing amine functionalities could also 

be solubilised by forming a DES using the active ingredient and the quaternary ammonium salt. It was 

shown that compounds which display complex polymorphism can be formulated into liquids which 

should overcome issues with differential pharmacokinetics. 
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