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ABSTRACT 

This book provides description of various ionic liquids (ILs) and deep eutectic 

solvents (DESs). The ILs and DESs are of interest to chemists and material scientists 

working in the field of green chemistry due to their inherent low volatility. These 

compounds possess many special properties that have led to their use as media for 

materials processing. 

First chapter of the book is devoted to the application of ILs in storing hydrogen. 

It was shown that the ILs have a great potential for a cost-efficient storage technology 

for hydrogen that allows to transport hydrogen between different locations and manage 

it as a useful resource in their operations.  

The second chapter considers the new method to run the processes of the 

dissolution of animal hair in the DESs safely and more environmentally friendly than 

current processes based on use of sulfur reducing products (sulfides, sulfhydrate, etc.) 

with enzymes. It was demonstrated that when the DESs are used instead of water for 

dissolving sulfur-containing compounds, such as sodium sulfide, the lesser amount of 

sulfur-containing compounds would be required. 

The final third chapter is devoted to the investigation of thermochromic behavior 

of two triphenylmethanes dyes such as Malachite Green Carbinol Hydrochloride (MG) 

and Brilliant Green (BG) dissolved in DESs. The linear relationship between the 

spectrophotometric parameters of solutions MG and BG subjected to thermochromic 

fatigue and number of heating up-cooling down cycles is determined and possibility of 

its practical application is discussed. 

 

.



 

1. BASICS OF IONIC LIQUIDS (ILS) 

1.1. Basics of ionic liquids 

ILs are non-volatile, highly polar solvents that dissolve many organic, inorganic, 

and organometallic compounds. Since they have no detectable vapor pressure, are non-

flammable and easily processed, ILs are considered as potential substitutes for volatile 

organic compounds traditionally used as solvents. That is why ILs are among the most 

promising solvents in terms of minimal environmental impact, and they provide the 

development of environmentally friendly technologies for chemical processes. The term 

"ionic liquids" means substances that are liquids at temperatures below 100°C and their 

properties are determined by the structure of ions, in particular, the symmetry or 

asymmetry of the cation, the nature of the functional groups in the cation, the size of the 

cation and anion [1-5]. 

Typical ions in the composition of ILs are: cations of ammonium, phosphonium, 

pyridinium, 1,3-dialkylimidazolium; N-alkylpyridinium, tetralkylammonium, 

tetraalkylphosphonium, trialkylsulfonium and various anions which include chlorides, 

iodides, bromides, sulfates, hexafluorophosphates, etc. 

The nature of the anion has a great influence on the properties of ILs - melting 

point, thermal and electrochemical stability and viscosity. The polarity as well as the 

hydrophilicity or hydrophobicity of ILs can be optimized by appropriate selection of the 

cation / anion pair, and each new anion and cation provides additional opportunities for 

varying the properties of ILs. 

The increased attention to ILs is due to the presence of the following specific 

properties:  

1. A wide range of liquid state (> 300 ° C) and low melting points (Tm <100 ° C).  

2. High electrical conductivity.  

3. Good solubility in relation to a variety of inorganic, organometallic and organic 

compounds and polymers [1] of natural and synthetic origin.  



 

4. Catalytic activity, which leads to an increase in the selectivity [2] of organic 

reactions and the yield of the target product.  

5. Non-volatility, reusability.  

6. Non-combustibility, lack of explosiveness, non-toxicity and consequent 

absence of harmful effects on the environment.  

7. Unlimited possibilities in the directed synthesis of ILs with desired properties. 

Qualities 3 and 4 make ionic solvents especially attractive in the synthesis of polymers. 

The amount of ionic liquids described in the literature is currently very large 

(about 300). The potential amount of ionic liquids is practically unlimited and is limited 

only by the availability of suitable organic molecules (cationic particles) and inorganic, 

organic and metal complex anions. According to various estimates, the number of 

possible combinations of cations and anions in such ionic liquids can reach 1018 [6]. 

Figure 1 shows some of the most studied ionic liquids described in the literature.  

 
 



 

Fig. 1. The most studied ionic liquids described in the literature  

The cooking methods are quite simple and can be easily duplicated on an 

industrial scale. 

Ionic liquids have been known since 1914, when the Russian scientist P. Walden 

obtained the first ionic liquid with a melting point of 12°C [7]. 

The first publication on this subject was published in 1888 and was devoted to the 

production of ethanolammonium nitrate with a melting point of 52-55°C. In 1934, a 

patent was obtained for a new method for dissolving cellulose at temperatures below 

100°C, where liquid quaternary ammonium salt, an ionic liquid, was also mentioned [2]. 

In 1940-1980 ILs of various compositions were synthesized, the interest in which has 

sharply increased since 1990. The advantages of ILs in compiling with other classes of 

substances determine their use as reaction means for synthesis [8], solvents [9], 

electrolytes in electric batteries [10], plasticizers [11], catalyst [12,13], etc. 

The progress in the chemistry of ILs was largely associated with the search for 

new solvents for cellulose. It was found that both the cation and the anion are involved 

in the dissolution of cellulose; therefore, their chemical structure is extremely important, 

determining the efficiency of the process. The cation in the composition of IL affects the 

viscosity, melting point and the ability to dissolve cellulose. The more symmetric the 

cation, the lower the viscosity of the ionic liquid and the higher its melting temperature 

[8]. It has been established that ammonium ILs are less stable to the action of high 

temperatures than, for example, imidazolium or pyridinium [9].  

The structure of the ILs determines their relationship to water: for example, 

chloride, bromide, iodide, acetate, formate anions give the ILs hydrophilic properties, 

while hexafluorophosphate, tetrafluoroborate anions are hydrophobic. IL containing in 

its composition formate, acetate and phosphate anions are capable of dissolving 

cellulose under mild conditions, in contrast to ILs containing in its composition chloride 

anion, for which temperatures >80°C are required. 



 

IL containing acetate anion are considered by some researchers as promising 

solvents for cellulose due to their low melting point, low viscosity and lower toxicity 

and corrosion ability. In addition, they have greater thermal stability in comparison with 

IL containing chloride anion [7,14]. 

To obtain an IL with the properties necessary for their practical application, it is 

sufficient to exchange the corresponding anion for another. The use of ILs is 

complicated by the fact that most of them have a high viscosity. High viscosity degrades 

such properties of ILs as wetting ability and complicates their industrial use. Since the 

dissolution of cellulose is limited by the stage of diffusion into the ionic liquid, with an 

increase in the viscosity of the IL, its dissolving ability with respect to cellulose 

decreases. In addition, for the dissolution of cellulose requires a larger amount of IL, in 

addition, you have to use special pumps for pumping them. 

The viscosity of the IL is strongly affected by the type of anion that it contains. 

For example, the viscosity of IL decreases in the series of anions: chloride> 

hexafluorophosphate>tetrafluoroborate>bis- (trifluoromethanesulfonyl) amide [8]. 

Lower viscosity and melting points allow the use of IL containing acetate anion for 

pretreatment of lignin-cellulosic raw materials in milder conditions (at lower 

temperatures), which prevents the destruction of cellulose, reduces energy costs for the 

process. 

Ionic liquids have a more complex solvent behavior compared to a traditional 

aqueous and organic solvent, since ILs are salts and not a molecular ion-free solvent. 

Types of interactions between ILs with many dissolved substances include 

dispersion interaction, π-π, σ-π, hydrogen bonding, dipolar and ionic interactions [15]. 

Table 1 shows some typical interaction parameters for 1-butyl-3-

methylimidazolium chloride (BMICl). ILs that have strong dipolarity, the ability to 

perceive a hydrogen bond (A) and the ability to give a hydrogen bond (B) are compared 

with other solvents that are capable of dissolving cellulose. BMICl, one of the most 

unique solvents, shows the highest A value (a = 4.860) and strong ability to interact with 



 

solute molecules through non-binding or π-electron interaction (r = 0.408). The 

methylimidazolium cation in combination with the chloride anion has a significant 

ability to interact with π-systems of solute molecules. The lower Gibbs free energies of 

hydration of the chloride anion (ΔGhyd = -347 kJ/mol) show a higher hydrogen bond 

acidity parameter, 4.860, compared to 1,660 1-butyl-3-methylimidazolium 

tetrafluoroborate (ΔGhyd = -200 kJ/mol). 

Table 1. Typical interaction parameters for BMICl and a number of other solvents 

[16]. 

Solvent Excess 
molecular 
refraction 

Polarity/polarisa
bility parameter 

Hydrogen 
bond acidity 
parameter 

Hydrogen 
bond basicity 

parameter 

Molecu
lar 

volume 
BMICl 0.408 1.826 4.860 -0.121 0.392 

BMIBF4* -0.141 1.365 1.66 -0.283 0.473 
N,N-Dimethyl 
acetamide 

0.36 1.33 0 0.78 0.787 

N,N-Dimethyl 
formamide 

0.37 1.31 0 0.74 0.647 

Dimethyl 
sulfoxide 

0.52 1.74 0 0.88 0.776 

*1-butyl-3-methyl-imidazolium tetrafluoroborate 

1.2. Low-temperature eutectic solvents: versatile alternatives to ionic liquids 

Low-temperature eutectic solvents or deep eutectic solvents (DES) [10,17-19] are 

liquid mixtures of a number of organic and (or) inorganic components taken in a certain 

ratio (eutectic or close to eutectic). DES are considered as a new and very promising 

class of ionic liquids, which can be used in various fields of industry, including for 

dissolving various materials [8, 20,21].  

The main advantages of DES, determining the prospects of their use in 

technology, include such properties as high solubility of metal salts, negligible saturated 

vapor pressure, availability, low cost and environmental safety. [20,22-24]. 

DES can be formed between various quaternary ammonium salts and carboxylic 

acids [9,10]. Physical properties largely depend on the structure of the carboxylic acid, 



 

but the phase behavior of the mixtures can simply be modeled taking into account the 

molar fraction of the carboxylic acid in the mixture.  

Physical properties, such as viscosity, conductivity, and surface tension of these 

DES, are similar to ionic liquids at ambient temperature, and understanding the reason 

for these properties is achieved using hole theory. It was shown that the conductivity and 

viscosity of these liquids are controlled by the mobility of ions and the presence of voids 

of suitable sizes, which is consistent with the fluidity of other ionic liquids and molten 

salts. 

An example of DES is a mixture of substituted quaternary ammonium salts, such 

as hydroxyethyltrimethylammonium chloride (choline chloride), with urea, which gives 

eutectics that are liquid at ambient temperature and have unusual solvent properties 

[17,25].  

Eutectic occurs when the molar ratio of urea to choline chloride is 2. The freezing 

point of the eutectic mixture is 12°C, which is much lower than the freezing temperature 

of both components (melting point of choline chloride = 302°C and urea melting point = 

133°C) This property allows the use of DES as a solvent at ambient temperature. This 

significant depression of the freezing point should result from the interaction of urea 

molecules with a chloride ion. In addition to urea, several other derivatives, such as 

thiourea, 1-methylurea, 1,3-dimethylurea, 1,1-dimethylurea, tetramethylurea, acetamide 

and benzamide, were tested as components of eutectic mixtures [26]. 

Using amides of various structures and choline chloride as an example, it was 

found that only those compounds that are capable of forming hydrogen bonds with 

chloride ions exhibit the formation of a homogeneous liquid with a significant decrease 

in the freezing temperature compared to pure amide. It seems that amides with the 

greatest ability to form hydrogen bonds (i.e. urea and thiourea) exhibit the greatest 

decrease in freezing point when mixed with choline chloride. According to [27], choline 

chloride was also assigned a provitamin status (vitamin B4).  



 

However, other sources indicate that choline chloride is not a vitamin in the sense 

that it cannot be produced by the human body.  

It is important that DES are capable of dissolving proteins and amino acids, sugar 

and polysaccharides. Some DES, such as the eutectic mixture of glycerol and choline 

chloride sold by Scionix under the trade name Glyceline, are harmless, completely 

biodegradable and can be used where other solvents, for example, cannot, for example, 

in food and cosmetics. 

It is obvious that IL and DES have some unique characteristics that distinguish 

them from conventional organic solvents, such as the lack of an effective vapor pressure, 

the wide temperature range of their aggregation state, such as liquids, high polarity and 

charge density, hydrophobic or hydrophilic characteristics and unique solvating 

properties. 

The British company Scionix Ltd produces various types of DES based on choline 

chloride, which is a completely non-toxic product that is produced on a large scale as a 

feed additive for chickens (Table 2). 

Table 2. Composition of the five DES proposed by Scionix Ltd. 

Product Description Starting compounds (Molar ratio) 

Glyceline choline chloride :glycerin (1:2 ) 

Ethaline choline chloride :ethylene glycol (1:2 ) 

Maline choline chloride :malonic acid (1:1 ) 

Oxaline choline chloride :oxalic acid (1:1 ) 

Reline choline chloride :urea (1:2 ) 

 

1.3. Dissolution of keratin and other biopolymers in ILs and DES 

Keratin belongs to a family of fibrous structural proteins. Such materials as hair, 

feathers, nails, hooves, claws and horns are made of keratin. It is known for its 

extremely low solubility in water and organic solvents. According to [28,29] preparation 



 

of keratin solution will allow to explore many new applications including manufacturing 

textile fibers, additives for animal feed, neatening reagents for leather and  wool or 

leather, and many others. It should be noted that many tons of non-spin wool fibers are 

dumped during wool weaving every year. It means that developing processes for using 

and reusing the resources are important with an economic and environmental point of 

view. 

Some progress with dissolving keratin by ILs was reported in publications 

[30,31]. It was found that 1-butyl-3-methyllimidazolium chloride (BMIM+Cl2) has an 

ability to disrupt hydrogen bonds in keratin that enhances its solubility.  

In publication [32] DES based on choline chloride and oxalic acid (molar ratio 

1:2) found to be useful for dissolving up to 5% keratin during stirring for 2 hrs at 

temperature of 110-125oC. 



 

2. IONIC LIQUIDS AS A POTENTIAL MEDIA FOR HYDROGEN 

STORAGE 

The storage and distribution of hydrogen can be affected in different ways. For 

example, hydrogen can be stored in compressed form in suitable high-pressure tanks 

which allow storage at up to a pressure of 875 bar [33,34]. Further, storage of the 

liquefied low-temperature hydrogen in suitable cryogenic containers, preferably in super 

insulated cryogenic containers is known. The last named possibility is implemented in 

particular with hydrogen-powered vehicles-independently of whether they are powered 

by means of a modified combustion engine or by means of a fuel cell which drives an 

electric motor [35].  

Storage systems are in the experimental stage in which the storage of the 

hydrogen takes place in organic compounds capable of hydrogenation which are able to 

chemically bind the hydrogen. Such storage systems are known under the designations 

MPH (methylcyclohexane poluene hydrogen), decaline/napthalene and n-

heptane/toluene system. Common to the mentioned systems is that the hydrogen is 

brought to reaction with them under suitable conditions so that hydrogenation and 

storage of the hydrogen results. 

All these alternatives have specific advantages and disadvantages so that the 

decision in favor of one of the alternatives is usually determined by the specific 

applications and circumstances. The fundamental disadvantage of the last-named 

alternative until now has been that the chemical reaction systems used have relatively 

high vapor pressures, are thus volatile and contaminate the hydrogen to a considerable 

degree.  

To achieve high degrees of purity for the hydrogen in particular, such reaction 

systems must, therefore, be removed, often at great expense in terms of technology 

and/or energy.  



 

Chemists continuously striving to create a storage potential for hydrogen which 

allows storage of the hydrogen in a pure or absolutely pure form, where storage should 

be possible in the safest and most economical manner possible. Hydrogen is needed in a 

very pure form particularly in the operation of fuel cells. In the case of the modified 

combustion engines mentioned as well, which usually have a downstream catalytic 

converter, storage of the hydrogen in (ultra)pure form is striven for since otherwise the 

hydrocarbons entrained with the hydrogen (may) have a negative effect on the activity 

and life of the catalytic converter. Particularly in the use of hydrogen in the so-called 

mobile applications-operation of vehicles, etc.--the safety aspect is paramount; this 

applies especially for the refueling process which is usually performed by the driver 

himself and therefore by a "technical layman."  

Using ionic liquids as a medium for storing hydrogen appears to be efficient and 

can provide a secure method of operation [1,36]. In the authors’ opinion, the ILs have a 

great potential for a cost-efficient storage technology for hydrogen that allows to 

transport hydrogen between different locations and manage it as a useful resource in 

their operations. Ionic liquids promise advantages owing to their tunable physico-

chemical properties [37]. 

ILs are investigated for their ability of supporting decomposition as well as 

solution of certain materials, including in some cases spent fuel products [38]. In some 

extent these approaches can be applied in combination [39]. 

It is known that the current means of storing hydrogen, however, are either not 

safe, not compact, or too energy intensive [40]. These disadvantages constitute a big 

barrier to the wide deployment of devices powered by hydrogen, in particular, where 

both volumetric and gravimetric densities are critical. Material-based hydrogen storage 

has thus been intensively studied, since it outperforms traditional storage via high 

pressure or cryogenic tanks [41]. Among all the materials studied, hydrogen-rich 

alanates, amides, and borohydrides consisting of light elements have attracted 

particularly intense attention [42].  Due to the light atomic weight, boron-nitrogen-



 

hydrogen-containing compounds (abbreviated as BNH) could also possess remarkably 

high hydrogen content [43,44]. Alkali/alkaline metal borohydrides and ammonia borane 

have therefore been extensively investigated [45]. Despite their intrinsic high hydrogen 

content, they suffer from serious problems, such as slow kinetics, problematic by-

products, or unfavorable thermodynamics [46,47], which make them unsuitable for 

practical application. 

The first hydrogen storage materials based on ILs have been reported in 2007 

[48]. The authors of this study have used classical hydrogenation and dehydrogenation 

of benzene substituted ILs with commercially available noble metal catalysts, such as 

Rh/C (5%) and Pd/C (5%) (Fig. 2). 

 
Fig.2 Hydrogenation and dehydrogenation of Benzene containing IL [48]. 

According to [49,50], there are relatively few works, that exploit the 

advantageous features of ionic liquids –lower vapour pressure, high density and low 

viscosity combined with hydrogen storage. 

It seems that using ILs based on guanidinium and methyl guanidinium 

borohydride are free of the disadvantages indicated above for alkali/alkaline metal 

borohydrides and ammonia borane. 

2.1. Guanidinium and methyl guanidinium borohydride 

Author of study [49] reported that Methylguanidinium borohydride 

(N3H8C)C+BH4
-- (MGB, Fig. 3) an ionic liquid (m.p. -5 °C, density of 0.95g/ml at 

20oC), was able to release 9.0 wt % H2 under both thermal and catalytic conditions.  



 

 
Fig.3. Structural formula of methylguanidinium borohydrid (MGB) [49] 

MGB, as well as nother ionic liquid – guanidinium borohydride (N3H6)C+BH4-- 

(GB), which was able to release 13.5 wt% H2 possesse a significant potential for 

application as hydrogen source. 

The preparation of GB by ion exchange between Ca(BH4)2 and guanidinium 

carbonate in water, or by reaction of NaBH4 and guanidinium sulfate in isopropanol, 

respectively, was described in publications [51,52]. An alternative metathesis-based 

methodology was presented in study [49]. Mixing guanidinium chloride with sodium 

borohydride in THF at 0°C affords two discrete phases: the upper phase consisting of 

THF, and the lower phase comprising guanidinium borohydride with 2.5 equivalents of 

THF. Removal of volatile components under vacuum affords GB as a white solid. A 

parallel synthesis was used for the preparation of MGB by mixing THF slurries of 

methyl guanidine hydrochloride and sodium borohydride at room temperature, which 

affords the product as a yellow viscous liquid [50]. The molecular structure of GB, 

comprising alternating - BH4
- and (NH2)3C+ ions interconnected by multipoint 

dihydrogen bonding, has been previously explained in study [53]. 

GB is a slightly hygroscopic, air stable, colorless crystalline solid. A melting point 

of 102°C with decomposition was observed while heating the sample at a rate of about 

10°C min-1. Under 60°C, no gas evolution was detected for days. Very slow hydrogen 

evolution started at about 60°C. Fig.4 shows the kinetics of catalytic and thermal 

dehydrogenation, where two types of catalysts have been used: RhCl(PPh3)3 - 

Chlorotris(triphenylphosphine)rhodium, so called Wilkinson catalyst [54] and ferrous 

chloride . In case of thermal dehydrogenation  after 24 h and 48 h, 0.25 % and 2.1 % of 

the available hydrogen were released, respectively [49]. 



 

 
Fig. 4. Kinetics of catalytic (Wilkinson catalyst, FeCl2) and thermal 

dehydrogenation of GB.  1- Wilkinson catalyst, 2 - FeCl2, & 3 -thermal decomposition 

[49]. 

The thermal decomposition of GB was reported in study [49] in a good yield, but 

the amount of ammonia in gas stream is problematic for fuel cell application. Therefore, 

to improve the purity of liberated gas, a mixture of GB with other hydride additives 

(MgH2, NaBH4, LiAlH4) in different ratios was investigated. It was found [50,49] that 

the mixture exhibited no improvement in thermal decomposition reaction. A remarkable 

improvement in the purity of the hydrogen product was reported from mixtures of GB 

and ethylenediamine bisborane (EDB). The addition of EDB to GB resulted in a 

decrease in the ammonia production without affecting the gravimetric hydrogen yield of 

mixture. This mixture is able to release about 4 equivalents H2 per mole of GB and EDB 

(Table 3) 

Table 3. Composition of  GB-EDB reaction products [49]. 

  



 

The kinetic dehydrogenation in our studies of MGB and GB were performed in 

homogeneous diglyme solution and the evolved hydrogen was measured volumetrically 

(Fig. 4). During the gradual dehydrogenation of MGB, a white precipitate was formed 

from the yellow solution. The kinetic measurements in homogenous diglyme solution at 

75°C show within 20 minutes 2.9 equivalents hydrogen evolution for Wilkinson`s and 

2.4 for FeCl2, respectively (Table 4). 

Table 4. Amount of hydrogen gas evolved from MGB with FeCl2 and Wilkinson’s 

catalysts [49] 

 
 Using bipolar coupling of hydride and proton theoretically four equivalents H2 

can be released, which leads to B–N direct bonding (B-N dehydrocoupling). 

The amount of hydrogen evolved from GB in dry diglyme at 75°C by loading 

with Wilkinson`s and FeCl2 catalyst equates to 3.9 (10.3 wt %) and 2.0 (5.3 wt %) 

equivalents, respectively, thus quantitative H2 evolution and higher dehydrogenation 

rates of GB using improved catalysts can be achieved. However the observed 

dehydrogenation rates demonstrated are still insufficient for practical application. 

The thermal dehydrogenation of MGB and GB were broadly similar, with the 

continuous precipitation of a white solid product from the diglyme solution over the 

course of the reactions. In both cases, the insoluble product is assumed to be oligomeric 

or crosslinked in nature, as confirmed by mass spectrometric analysis (m/z > 60 for all 

observed products). 

The solution phase is found to contain unreacted guanidinium borohydrides in 

both cases (as determined by multinuclear NMR spectroscopy).  



 

2.2. Guanidinium octahydrotriborate 

The autors of study [51,55] indicate that theoretically, guanidinium 

octahydrotriborate (Fig.4a) has 13.8 wt.% hydrogen (14/101 = 13.8wt.%), and the 6 H+ 

in the (C(NH2)3)+ cation and the 8 H– in the (B3H8) – anion would contribute to a facile 

formation of H2. 

Guanidinium octahydrotriborate was once reported as a solid at 20 °C and it is not 

pure [49]. It was found [52], however, this compound has a melting point below –10 °C, 

which makes it interesting for injectable/pumpable liquid fuel for hydrogen supply. The 

high hydrogen capacity could also make guanidinium octahydrotriborate a green 

hypergolic fuel [56]. According to [40], borane compounds which are hydrogen storage 

materials are hypergolic with white fuming  nitric acid as oxidizer. When dissolved in 

ionic liquids, the borane solutions exhibit ignition delay times which are superior to any 

known hypergolic ionic liquids. These borane–ionic liquid solutions appear to be the 

brightest hope so far to replace hydrazine and its derivatives as fuels in hypergolic 

propellant systems. 

 
Fig, 4a. Schematic diagram of the structure of guanidinium octahydrotriborate 

(grey, C; blue, N; pink, B; white, H) [40]. 

For the synthesis of guanidinium octahydrotriborate, the authors of study [40] 

sodium octahydrotriborate NaB3H8 and guanidinium chloride were ball milled together 

in a 1:1 molar ratio at 150 rpm for 4 h. Guanidinium octahydrotriborate can also be 

produced by reacting these two starting materials in tetrahydrofuran (THF). The 

resultant precipitate, i.e., NaCl, was filtered away in THF.  Based upon the weight of 

NaCl and the quantity of the starting materials, the following reaction was derived. 



 

 
The viscous nature of the ball-milled product indicates that guanidinium 

octahydrotriborate has a low melting point, behaving like an ionic liquid, similar to 

methylguanidinium borohydride described above.  This was confirmed by a low 

temperature DSC measurement from 40°C down to –40°C, which revealed a melting 

point below –10°C upon heating. Guanidinium octahydrotriborate is highly miscible and 

stable in various solvents such as diethyl ether, acetonitrile, dichloromethane, 

tetrahydrofuran, 1,2-dimethoxyethane, etc. Clear solutions with concentrations ranging 

from 0.2 mol/L to 10 mol/L could be prepared in THF. No obvious change was detected 

in the NMR characterization after 2 months in storage at 4°C. 

Isolation of guanidinium octahydrotriborate from several solvents was 

unsuccessful, since it tends to decompose during the prolonged pumping to remove 

solvents [40]. In measuring the thermal decomposition of the ball-milled product, NaCl 

was not removed after synthesis. Considering the high thermal stability of NaCl, it is 

believed that NaCl will not affect the decomposition of guanidinium octahydrotriborate 

[57]. 

At thermal decomposition of the as-prepared guanidinium octahydrotriborate only 

H2 was detected during the heat treatment to 350 °C, a big improvement in purity over 

that of guanidinium borohydride, where ammonia was observed as a by-product. 

Guanidinium octahydrotriborate starts to release H2 at about 70 °C and peaks at about 

78°C, which are noticeably lower than for guanidinium borohydride (dehydrogenation 

starting at 102°C and peaking at 110°C) [40]. A slight jump in temperature was 

detected, indicating that the decomposition is exothermic. This was confirmed by DTA 

measurements. 

To quantify the hydrogen released, the as-prepared guanidinium 

octahydrotriborate sample from ball milling was heated at 83.5°C in a closed vessel 

[13]. The temperature was set to increase from 20 °C to 85°C at a rate of 2°C/min and 



 

then dwell at 85°C. Inside the vessel, the temperature was measured to be 83.5°C. Only 

H2 was detectable by MS as the gaseous product. The volumetric release (VR) results 

(Fig. 5) show that about 5.5 equiv. H2 was released in less than 10 minutes, 

corresponding to 6.9 wt.% hydrogen, taking into account the NaCl. 

 
Fig. 5. Volumetric release measurement of dehydrogenation of the as-prepared 

guanidinium octahydrotriborate at 83.5 °C [40].  

It is known [58] that the thermal decomposition of NH3B3H7, NH4B3H8, and 

(NH3)2BH2B3H8 gives off noticeable amount of B2H6, B5H9, and B3N3H6. The negligible 

amount of impurities in the case of guanidinium octahydrotriborate may be due to the 

improved ratio of H+ to H–, i.e., from 3:6 and 3:5 in NH4B3H8 and (NH3)2BH2B3H8, to 

3:4 in  C(NH2) 3B3H8 In addition, the highly mobile C(NH2) 3+ and B3H8– in the liquid 

state could effectively contribute to the combination of H+ with H– upon heating, 

without the need to overcome a mass transfer barrier as in all the solid crystalline 

octahydrotriborates. More efficient H2 evolution via the combination of H+ and H– is 

the result, and at the same time, the formation of volatile species is suppressed. 

It was emphasized [40] that being liquid at room temperature gives guanidinium 

octahydrotriborate a great potential as an injectable hydrogen carrier, which would 

effectively facilitate the control of hydrogen evolution in terms of both rates and 



 

quantity, using the current liquid fuel distribution techniques. To test the feasibility, 0.1 

mol/L guanidinium octahydrotriborate in THF solution was heated to different 

temperatures. THF was used to separate NaCl from the product and to reduce the 

viscosity of the guanidinium octahydrotriborate. The concentration can be adjusted to 

maximize the capacity. Other high boiling point solvents such as dimethyl sulfoxide 

have also been tried with similar results obtained. 

When heated at 90°C, H2 (analyzed by MS) is released with high purity. In total, 

3.9 equiv. H2 was released at 90 °C in 1 hour (see Table 5).  

Table 5.  H2 evolution at different temperatures and on different time scales [40]. 

Temperature (°C) Time (h) Equiv. H2 

90 1 3.9 

90 50 4.1 

100 1 4.0 

100 95 6.5 

When the solution was treated at 100 °C, the dehydrogenation took place in 

multiple steps (Fig. 6).  

 
Fig.6. H2 release profile of 0.1 mol/L guanidinium octahydrotriborate in THF at 

100°C (inset is the first 2 h) [40]. 



 

6.5 equiv. or 12.9 wt.% H2 in all was released after 95 h, with about 4 equiv. H2 

released in the first hour and the other 2.5 equiv. H2 over the remaining time (Table 5 

and Fig. 6). Most guanidinium octahydrotriborate decomposed in less than 30 min, 

while trace amounts of B2H6 (present as THF•BH3 at –0.4 ppm) and B3N3H6 (27.5 ppm) 

were produced. Meanwhile, a large amount of precipitate was found [40]. Since mass 

transport in solvent is faster than in a solid, the subsequent hydrogen evolution is slow. 

Both B2H6 and B3N3H6  participate in the subsequent reaction (s), since they were not 

observed after 6.5 equiv. H2 was released. 

Solvent alters the decomposition pathway of guanidinium octahydrotriborate. 

Without solvent, the compound decomposes at about 70°C, and there was no further 

decomposition at higher temperatures. The VR results revealed ~6.9 wt % H2 released at 

83.5°C. When guanidinium octahydrotriborate is added to THF, however, there are 

stepwise release of H2 at 100°C, and 12.9 wt.% H2 is ultimately released. The solvent 

contributes to the interactions between the hydrogen-rich cations and anions. This is in 

contrast to the slower mass transfer in the solid-state reaction.  

Concentration effects were considered in the first two hours [40]. From the 

dehydrogenation curve (Fig. 7), the 0.1 mol/L solution features a two-step hydrogen 

release, while the 0.5 mol/L and 1 mol/L solutions feature only one step.  

 



 

Fig. 7 Hydrogen release from guanidinium octahydrotriborate at different 

concentrations in THF with heating up to 100°C [40]. 

MS analysis indicates that the concentration does not affect the purity of the H2. 

There is a slight decline in quantity, however, from 0.1 mol/L to 0.5 mol/L, and then to 1 

mol/L. 

In summary, the authors of study [40] successfully synthesized guanidinium 

octahydrotriborate, with a high hydrogen content of 13.8 wt.%. It behaves like an ionic 

liquid with a melting point below –10°C. Its liquid state could effectively facilitate H2 

supply upon demand using the current liquid fuel distribution techniques. High purity 

H2, as evidenced by MS analysis, was released at a temperature as low as 70°C. To fully 

evaluate this compound for hydrogen storage, further tests on the thermal stability, vapor 

pressure, and viscosity in various solvents, as well as the changes in these properties 

with temperature and the temperature dependent kinetics, are needed. 

2.3. Patent literature on using ionic liquids in hydrogen storage  

The authors performed an extensive patent search on using ionic liguids (ILs) in 

hydrogen storage. All found data can be divided into two categories. Patents and patent 

applications which belong to the first category don’t provide much specifics about the 

nature of the ILs  used in the process of hydrogen storage, but just indicated that ILs are 

capable to provide a certain advantage compared to other solvents [59-61].  Significant 

part of these patents considers the methods of the decomposition of formic acid and its 

derivatives, where the amine-functionalized imidazolium-ionic liquid provided better 

control of the equilibrium of formic acid with H2/CO2. This patent art will not be 

considered in this overview. 

The patent sources (which will be considered in some details below) and which 

belong to the second category devoted mostly solutions of borohydrids in the ILs which 

are able to release hydrogen after heating or addition of the additional components to 

these solutions [33, 62-65] or direct solutions of hydrogen in the ILs [66,67]. 



 

For instance the authors of patents [33,62] described a method of storing 

hydrogen which comprises forming a first ionic liquid by inducing a borohydride into a 

second ionic liquid comprising cations and an anion comprising borate, in particular 

metaborate, and forming the second ionic liquid by releasing the hydrogen out of the 

first ionic liquid by using water and/or a catalyst. 

In particular, the borohydride may be sodium borohydride (NaBH4). Fig 8 

schematically shows a cycle process or a recycling process for hydrogen storage, which 

process is based on an ionic liquid. At the beginning of the process an ionic liquid may 

be manufactured from trioctylmethylammoniummethyl carbonate and sodium 

borohydride which is schematically depicted by arrow 101. The resulting ionic liquid is 

trioctylmethylammonium-borohydride (TOMA-BH4) where trioctylmethylammonium 

forms the cation and the borohydride forms the anion which also includes hydrogen 

which may be released afterwards. TOMA- BH4 is not solvable in water but may release 

hydrogen when brought into contact with water and a catalyst, which is schematically 

indicated by arrow 102. 

 
 

Fig. 8. Schematics of a cycle process for hydrogen storage based on an ionic 

liquid [33] 



 

Compared to NaBH4 the use of TOMA- BH4 may exhibit several advantages. For 

example, TOMA- BH4 may be stable, while NaBH4 may decompose quite fast even in 

alkaline environments. Furthermore, TOMA- BH4  may not react with water and may not 

be solved in water, i.e. may form a separate phase floating on a water phase, while 

NaBH4 may react with water and may be solvable in water. Additionally, TOMA- BH4 

may exhibit a lower tendency to crystallize compared to NaBH4, especially at low 

temperatures.  

As a catalyst transition metals may be used, e.g. platinum or palladium. As a 

result of the releasing of hydrogen a second ionic liquid is formed which comprises 

trioctylmethylammonium as the cation while comprising metaborate as the anion i.e. 

forming trioctylmethylammonium-metaborate (TOMA-BO2), which is miscible with 

water:    

The metaborate anion may especially at elevated temperatures partially or 

completely react to borate or polyborate anions; anyway, this borate or polyborate 

anions do not disturb the process and show nearly identical properties as the metaborate 

anion.  

In a next step of the cycle process the TOMA-BO2 may be brought into contact 

with aqueous solution of sodium borohydride which is indicated by arrow 103 leading to 

the formation of TOMA- BH4 and an aqueous solution of sodium metaborate (NaBO2) 

wherein TOMA- BH4 and NaBO2 forms two phases of the resulting liquid. These two 

phases can be separated leading to recycled TOMA- BH4. It should be mentioned that 

small amounts of water in TOMA- BH4 may not be of negative impact since TOMA- 

BH4  does not react with the water in the absence of a catalyst [33]. The NaBO2 may then 

be converted into NaBH4 by using common methods and then be used again in the 

recycling process (arrow 103).  



 

Slightly different approach of using ionic liquids for hydrogen storage is 

described in patent [68]. Fig. 9 shows schematics of a cycle process employed for the 

proposed hydrogen storage. 

 

 
Fig. 9. Schematics of a cycle process employed for the proposed hydrogen storage 

[68]. 

Process proposed in patent [68] includes using two ionic liquids. A first IL is an 

organic borohydride comprising the cation of the second IL and a borohydride as an 

anion. Such first IL may be provided by treating a starting salt comprising a cation as 

present in the first and second ILs,, see e.g. the group of formula (CH3)3((CH3)2--CH))N+ 

in Fig. 9, and an appropriate starting anion.  

As for nature of this anion, it can be selected from halogen, e.g. Cl, Br, I, a 

carbonate of formula RCO3
.-, a phosphate of formula R2PO3

-, a sulfate of formula RSO4
-, 

wherein R is C1 to C6 alkyl, see. e.g. "Y-" in Fig. 9, with an inorganic borohydride, e.g. 

in particular NaBH4, see e.g. Fig. 9 (arrow 101). The cation and the starting anion are 



 

chosen such that a homogeneous aqueous solution of the salt may be obtained. To the 

solution obtained a phase separation inducer is added, see e.g. "A+B-", Fig. 9 (arrows 

102 and 103). 

As a result a water containing mixture of a first ionic liquid is obtained, see e.g. 

the compound CH3)3((CH3)2--CH))N BH4 in Fig.9, and a salt comprising the cation from 

the inorganic borohydride and the starting anion from the starting salt, optionally and 

preferably in combination with phase separation inducer "A+B-", separates out as an 

aqueous solution (see e.g. Fig. 9(arrow 104)), and can be isolated e.g. by phase 

separation, e.g. including centrifugation.  

According to the description of patent [68], the second IL  is obtained from the 

first IL by releasing the hydrogen, e.g. by use of water, optionally in combination with a 

catalyst, see e.g. Fig. 9 (arrow 105), to obtain a salt comprising the cation of said ILs and 

a borate in aqueous solution. That borate salt may be reacted with an inorganic 

borohydride, such as NaBH4, in aqueous solvent, see e.g. (arrow 106) in Fig. 9, to obtain 

a first ionic liquid comprising releasable hydrogen and a borate salt. 

For separating the first IL from the borate salt, a phase separation inducer, such as 

described below, see e.g. "A+B-", Fig. 9 (arrow 107), is used. Two phases are formed 

where one phase comprises the first water containing IL and the second phase comprises 

the borate salt, e.g. beside the separation inducer. The phases are separated, e.g. 

including centrifugation and the borate salt and the first IL are isolated, see e.g. Fig. 9 

(arrow 108), and may be converted into an inorganic borohydride (arrow 109) for use in 

the preparation of a first IL (arrow 106). 

In summary, the method of storing hydrogen by using an IL according to the 

patent [68] may provide an efficient and secure way of storing hydrogen. In particular, it 

may be possible to store a sufficient amount without using high pressure or low 

temperatures. For example, the use of IL comprising trimethyl-iso-propylammonium as 

a cation and metaborate or borohydride as anions may enable the provision of liquid 

storage media wherein the IL may be loaded and unloaded with hydrogen in a cycle or 



 

recycling process, e.g. by using a liquid ion exchange process. This IL may provide a 

sufficiently high storage density of the hydrogen which may be released in a controllable 

manner by using a catalyst. In general it may be possible to provide a storage medium 

ensuring a sufficient range for a car, for example. By using an IL as storage media it 

may be possible to ensure a high storage capacity per mass and/or a high storage 

capacity per volume. Additionally, low leakage possibly leading to a high storage 

security may be achievable. Furthermore, the described ILs may have a high stability 

over time with respect to chemical and/or thermal influences and/or may be flame 

resistant. 

Interesting approach to the use of ILs for hydrogen storage is disclosed in patents 

[66,69]. It is based on direct dissolution of hydrogen gas in ILs, for instance in 3-

mesityl-1-octyl-imidazolium tetrafluoroborate, as is described in patent [69]. 

It should be emphasized that the solubility of hydrogen in conventional solvents is 

very low; only 2.15 L (0.1932205 g) of hydrogen dissolve at 0oC. and a pressure of 

1,013 mbar in 100 L of water. Some of the problems of the "conventional" hydrogen 

storage systems can be avoided by chemical storage in the form of the ionic liquids 

known from the prior art. Moreover, in some cases a higher storage density of hydrogen 

is reached in comparison to conventional high pressure or liquid hydrogen tank systems; 

however, these systems are generally not available after release of hydrogen or only 

after complex processing for renewed hydrogen storage. Furthermore, often higher 

temperatures (up to 500oC or even higher) are required for the release of the stored 

hydrogen [67]. 

According to [69], the stored hydrogen can be released more easily from the 

proposed ILs, such as 3-mesityl-1-octyl-imidazolium tetrafluoroborate (MOIT). 

Moreover, after the release of the dissolved hydrogen the MOIT (Fig.10) can be directly 

used again without further after treatment for renewed hydrogen storage.  



 

 
Fig. 10. Chemical structure of  3-mesityl-1-octyl-imidazolium tetrafluoroborate 

(MOIT) [69]. 

The following conditions are recommended for dissolving of hydrogen in an 

MOIT: temperature from 0-60o C and pressure from 1 to 20 bar. The hydrogen release 

from the solution in MOIT can be realized  through a reduction of the surrounding gas 

pressure (below 0.8 bar). Besides, the hydrogen release can also be brought about 

through a temperature increase of the MOIT with a range  from 60 to 140o C.  

Authors of patent [69] provided the following example of using MOIT for 

hydrogen storage. Hydrogen is passed for 10 minutes through 5 g of the MOIT at 

ambient temperature. Then the stored hydrogen is released at reduced pressure. 0.511 g 

of hydrogen is released which corresponds to a hydrogen storage capacity of the MOIT 

of 10.22% (w/w). Similar approach to the hydrogen storage in ILs is described in patent 

[66] assigned to Chevron USA , Inc. (Fig. 11). 

 



 

Fig. 11. Method of employing an IL in the hydrogen storage [66]. 

Author of patent [66] disclosed the method for storing gaseous hydrogen 

employing an IL. The IL is used to displace the volume in the storage tanks. By 

displacing the volume in the storage tanks with the ionic liquid, the storage pressure can 

remain constant and the "stranded" gas can be eliminated. This constant pressure will 

also allow for a reduction in the number of storage tanks needed to provide the required 

inventory at hydrogen fueling stations. In addition, this constant pressure will provide a 

complete and fast fill to the vehicle (Fig.11).  

The authors of publication [70] were less successful in dissolving hydrogen in 

ionic liquid than the author of patent [69]. They reported that the solubility of H2 in 

[bmim][PF6] is only 0.078 mol of the gas in 1 kg of the ionic liquid at pressures up to 

9Mpa. 

In our opinion, approach described in patents [66,69], particularly using ILs, such 

as MOIT for direct dissolving hydrogen gas, could be improved compared with reported 

earlier data. Some preliminary results on dissolving hydrogen gas in the combination of 

MOIT with polymeric ionic liquids containing guanidinium fragments have been 

obtained by the authors. These results, however, will not be discussed in this 

publication.  



 

3. POLYMERS WITH GUANIDINE AND GUANIDINIUM FRAGMENTS 

IN THE CHAIN 

First patent describing synthesis of polymers containing guanidine and 

guanidinium group (guanulated polymers) has been issued in 1974 and assigned to 

Bayer Aktiengesellschaft Co. [71]. Fig. 12 shows the process of guanidilation which 

includes the treatment of aminomethylated polystyrene in form of its hydrochloric salt 

with 50% aqueous cyanamide solution at 90oC for 16 hrs. 

 
Fig. 12. Introduction of guanidine groups in aminomethylated polystyrene [71]. 

The purpose of introduction of guanidine groups in aminomethylated polystyrene, 

as well as in polyethyleneimine was to obtain strongly basic anion exchange resins [71]. 

The authors of other patents describing a broad variety of guanidine-containing 

polymers had an intention to develop new superabsorbent gels [72] polymer materials 

for sequestering bile acids (like cholic acid and chenodeoxycholic acid) in patients [73], 

polymer-based antimicrobial compositions [74]. 

Poly(vinylguanidine) with a chemical structure presented in Fig. 13A has been 

prepared by process presented in Fig.13 starting from polyvinylamine [72]. 

Polyvinylamine can be prepared by hydrolysis of corresponding amide-containing 

polymers, such as poly(N-vinylformamide) under acid or basic conditions. 
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Fig. 13. Chemical structure of poly(vinylguanidine) prepared starting from 

polyvinylamine (Structure A[72] and different polymers (structures B, C and D) 

containing guanidinium groups described in patent [73] 

Patent [72] provides the following procedure for making poly(vinylguanidine). To 

500 ml of an aqueous solution of poly(vinylamine) (1.98% solid) was added 38.5 ml of 

6M hydrochloric acid and 9.65 g of cyanamide. The resulting solution was heated under 

reflux for 8 hours. The solution next was diluted to a volume of 3L (liters) with a 5% 

sodium hydroxide feed solution, then ultra-filtered (MW cut off of 100,000) with 15L of 

a 5% sodium hydroxide feed solution, followed by 15L of deionized water feed. The 

resulting product was concentrated to a 2.6% solids solution, having a pH 11.54 which 

gave a negative silver nitrate test. 

Several different polymers containing guanidinium groups which are described in 

patent [73] are presented in Fig. 13 B, C and D. 

Synthesis of polymers presented in Fig. 13 B and 13C can be performed with 

using method similar to one described in [72,74] by the process of guanidilation which 

includes the treatment of polyethyleneimine or polyallylamine with cyanamide. This 

process, however, cannot be used for making polymer with structure presented in Fig. 

13D. For synthesis this type of polymer containing guanidinium moiety in the backbone 

of the polymer can be performed by polymerization of substituted carbodiimide such as 

R-N=C=N-R, where R can be hydrogen, a substituted or unsubstituted aliphatic or 

aromatic group [74]. 



 

It was shown [72] that besides of cyanamide some other guanilating agents, such 

as 1-H-pyrazole-1-carboxamidine HCl can be used for making guanylated polymers 

(Fig. 14) 

 
Fig. 14. Reaction of polyvinylamine with 1-H-pyrazole-1-carboxamidine HCl 

[72].  

It seems that most investigated process of introduction of guanidine groups into 

polymer chain is guanylating aminosaccharides, like chitosan [75-79]. According to 

[78], the simplest  way to prepare guanidilated chitosan, GCS, (Fig.15) is an interaction 

of chitosan with cyanamide under same conditions as described earlier for 

aminomethylated polystyrene [71]. It was shown [78] GCS formed more stable 

complexes with DNA under physiological pH than chitosan. This study demonstrated 

higher transfection efficiency of GCS and lower cytotoxicity of GCS relative to 

chitosan. The optimum efficiency of GCS was achieved in the vicinity of the critical 

complexing ratio.  

 



 

Fig.15. Preparation of guanidilated chitosan (GCS) by treatment of chitosan with 

cyanamide [78]. 

The authors of paper [76] and patent [79] proposed another method of making 

GCS the guanidinylation reaction of chitosan with aminoiminomethanesulfonic acid, 

AIMSOA (Fig.16). 

 
Fig.16. Making of GCS by the guanidinylation reaction of chitosan with 

aminoiminomethanesulfonic acid (AIMSOA) [70,76]. 

 

Patent [75] provides some suggestions regarding the possibility to improve 

solubility of chitosan derivatives with guanidine fragments. One of approaches to 

enhance the solubility in water is related to using so called JEFFAMINE polytheramines 

ED-series produced by Huntsman Corporation [80]. These products are polyether 

diamine based on predominantly polyethylenglycol, PEG, backbone (Table 6). PEG 

imparts complete water solubility to each of the products in this series.  

The chemical structure of bis-cyanoguanidine of “JEFFAMINE ED series” is 

shown in Fig. 17. These products can be prepared in aqueous medium from 

corresponding JEFFAMINE , sodium dicyanamide and protonic acid, like HCl by 

reflexing a mixture for 6 hrs. 

 

 

 



 

Table 6. The chemical structure and composition of “JEFFAMINE ED series”. 

 
According to patent [65], the following procedure can be used for making 

aminosacharide biguanides starting from bis-cyanoguanidine of “JEFFAMINE ED 

series”. To a suitably-sized reaction vessel is added a measured amount of a 

aminosaccharide followed by addition of the desired bis-cyanoguanidine of 

“JEFFAMINE ED series such that an equivalent amount of cyanoguanidine is added for 

every amino group of the aminosaccharide. Then some volume of distilled water 

containing a protonic acid (usually HCl) capable of reacting with the amino functionality 

on the aminosaccharide molecule to afford a stirrable reaction mixture is added. The 

reaction mixture is then refluxed for about 6-8 hours to assure conversion to the 

aminosaccharide biguanide salt. If the activation energy required for a particular 

derivative is higher than that obtainable by the reflux temperature of the aqueous 

medium, a higher temperature can be achieved by operating under pressure. 

 
Fig. 17. The chemical structure of bis (cyanoguanidine) of “JEFFAMINE ED 

series” [75]. 



 

In the authors’ opinion, is most interesting for the purpose of hydrogen storage is 

a polymer with a structure presented in Fig. 18, described in publication [81] . This 

polymer with guanidinium fragments has been prepared by reversible addition 

fragmentation chain transfer polymerization (RAFT). This method possess such 

attractive features as living nature, broad functional group tolerance, and accessibility to 

block architectures [82].  

 
Fig. 18. Reactions used for synthesis of monomer with protected guanidine 

fragment and corresponding polymers Poly-1 [81]. 

CONCLUSIONS 

 

In summary, the unique physico-chemical properties of ILs make them attractive for 

hydrogen storage applications. According to literature data, the simplest idea is to find a 

low molecular weight but hydrogen rich ILs that can serve as a hydrogen storage 

material. Thus, the combination of guanidinium cation and the octahydrotriborate anion 

was reported to yield guanidinium octahydrotriborate with a H2 storage capacity of 13.8 

wt.% .  

It was shown that the enhancement of hydrogen release and suppression of induction 

time on hydride-based H2 storage system should be expected when ionic liquids, 

including polymer-based ILs are added. Besides,  a mixture of selected chemical 

hydrides and ionic liquids would achieve synergistic effects. Compared to the currently 

available compressed or cryogenic hydrogen storage options, the advantage 



 

of storing hydrogen in ionic liquids or their integrated systems is that the system does 

not require compression or cryogenic temperatures.  

 

4. IONIC LIQUIDS AND DEEP EUTECTIC SOLVENTS AND THEIR USE 

FOR DISSOLVING ANIMAL HAIR 

Introduction 

As it was described above, the DES is a group of ILs that are liquid mixtures of a 

number of organic and (or) inorganic components taken in a certain ratio (eutectic or 

close to eutectic). DES deserve a special attention due to their negligible saturated vapor 

pressure, availability, low cost, as well as ability to dissolve at relatively high 

concentration of metal salts, metal oxides and various polymers. Particularly DES based 

on a mixture of choline chloride with urea (DES-1) or a mixture of choline chloride and 

adduct of urea with hydrogen peroxide (DES-2)  give eutectics that are liquid at ambient 

temperature and have unusual solvent properties, including an ability to dissolve an 

animal hair in the presence of  low concentration of sodium sulfide or ammonium 

thioglycolate. It was found that depending on the ratio between DES-1 and DES-2  in 

the mixture of two DESs and the nature of sulfur-containing additive the solubility of 

rabbit hair under used conditions, varies from 51 to 79% [83].  

In this study, we report the dissolution of  keratin from the rabbit hair in DES-1 

and DES-2  in the presence of  low concentration of sodium sulfide or ammonium 

thioglycolate at temperature of 30 oC. The obtained results were compared with results 

of dissolving rabbit hair in DES-3 prepared from choline chloride and oxalic acid (1:1 

mol) under conditions described in paper [23]. 

Experimental  part. Choline chloride, Cat # C7,9700; Urea, Cat # 20,8884; 

Urea-Hydrogen Peroxide adduct, Cat # 289132; Ammonium hydroxide, Cat # 211228; 

Thioglycolic Acid, Cat # T3758; Oxalic Acid , Cat #75688 and Sodium Sulfide, Cat # 

208043 were purchased from Sigma-Aldrich and used as received. The white rabbit hair 



 

(breed White Giant) used for solubility studies was purchased from CREATIVE-

EXPORTS LTD (Kharkov, Ukraine). 

Synthesis of DES-1 and DES-2 have been performed following published 

procedure [17].  

Procedure for making DES-1 based on choline chloride and urea (1:2 mol).  

141.030 grams (1.0 Mol, 99.0% purity) of choline chloride is added to a glass beaker 

containing 122.57 g (2.0 Mol, 98% purity) of urea.  The temperature of the beaker 

maintained at 50oC for 30 min. The beaker is agitated with a glass rod. A noticeably 

viscous visually clear solution of the DES-1 with freezing point about 12oC is obtained.  

Procedure for making DES-2 based on choline chloride and Urea-Hydrogen 

Peroxide adduct (1:2 mol).  141.030 grams (1.0 Mol, 99.0% purity) of choline chloride 

is added to a glass beaker containing 193.96 g (2.0 Mol, 97% purity) of Urea-Hydrogen 

Peroxide adduct. The temperature of the beaker maintained at 35oC for 30 min. The 

beaker is agitated with a glass rod. A noticeably viscous visually clear liquid of the 

DES-2 with freezing point between 10 and 15oC is obtained. 

Synthesis of DES-3 (freezing point around 34oC) based on choline chloride and 

Oxalic acid  (1:1 mol) has been performed according to published procedure [10]. 

Spectrophotometric method for evaluation of rabbit hair’s solubility in 

experiments with different compositions of DES. 

The proposed spectrophotometric method includes the following steps.  

A) Washing rabbit hair with acetone and drying it overnight at 60oC.  

B) Preparing 4 solutions dissolving 5, 10, 15 and 20 mg of washed rabbit hair in 5 

g of DES-3 prepared from choline chloride and oxalic acid (1:1 mol) under conditions 

described in paper [23], i.e by stirring with magnetic bar for 2 hrs at temperature of 120 

oC;  

C) Measuring the absorbance spectra of prepared solutions in the spectral region 

of 250-400 nm using Agilent Cary 60 UV-Vis spectrophotometer. 



 

D) Assuming (based on data [23] that the solubility of the rabbit hair at loading 20 

mg/5 g DES-3 is ~89%, create the calibration graph which determines the linear 

relationship between the solubility of hair (%) and intensity of absorbance  of 

investigated solution at wavelength of 277 nm . 

Results and discussion. The main difference between the technology of 

dissolving hair described in patent [84] and procedure implemented in this study is that 

instead of using high concentration of strong oxidizers, such as 50% solution of 

hydrogen peroxide or 32% solution of peracetic acid, we use the mixture of two DES. 

One of them is DES-1 prepared from choline chloride and urea at molar ratio of 1:2. The 

second one is DES-2 prepared from choline chloride and urea-hydrogen peroxide adduct 

(UHP). It should be noted that the UHP is stable, inexpensive and an easily handled 

reagent. UHP is a non-toxic, odorless crystalline solid. This adduct, which contains 35% 

of H2O2, sets the hydrogen peroxide free during its application. UHP is used in an 

efficient solid state oxidation of different organic molecules: hydroxylated aldehydes 

and ketones (to hydroxylated phenols), sulfides (to sulfoxides and sulfones), nitriles (to 

amides) and nitrogen heterocycles (to N-oxides) [85]. 

UHP is commonly encountered in cosmetic dentistry, where it is used to "bleach" 

teeth. The active ingredient is hydrogen peroxide, which acts to oxidize interprismatic 

extrinsic staining within tooth enamel. There are several methods of applying the 

peroxide gel to the tooth ranging from night-guard application at home or in-surgery 

application. The bleaching obtained is proportional to the length of time the peroxide is 

applied to the tooth, and the concentration used. Concentrations of UHP used for tooth 

whitening purposes range between 10% and 35%. Higher concentrations carry a higher 

risk of side effects such as chemical burns. 10% is widely regarded as safe. A 10% 

solution of UHP in glycerol is used to treat ulcers and other lesions in the mouth. A 

6.5% concentration solution is used to loosen and remove earwax [86]. 

Table 7 summarizes data on composition of mixtures of DES-1 and DES-2 (4 

different ratios) used for partial oxidation of rabbit hair which was followed by addition 



 

of ammonium thioglycolate or sodium sulfide. In all cases concentration of ammonium 

thioglycolate  and Na2S was 1.94% and 1% respectively from the amount of  DES-1 and 

DES-HP compositions). 

It is obvious that the molar concentration of sulfur in compounds used in existing 

dehairing process varies in relatively broad range depending on the structure of these 

compounds. For instance, in molecule of NaHS (M.w. 56) the molar content of sulfur is 

(32/56) x 100 = 57.1%. However, in molecule of ammonium thioglycolate C2H7O2NS 

(M.w. 109) which is example of another compounds used for dehairing process, the 

molar content of sulfur is much less, i.e (32/109) x 100% = 29.4%. 

It should be noted that the reducing of NaHS content from 2% to 1% would be 

important for practical application. In this case the overall content of sulfur would be 

changed from 57.1% to 28.55%. 

In case of using ammonium thioglycolate the overall 28.55% content of sulfur 

would correspond to 2 x(28.55/29.4) = 1.94% of ammonium thioglycolate. 

Table 7. Results on solubility of rabbit hair in eight different compositions 

consisting of DES-1 and DES-2 with addition of ammonium thioglycolate or sodium 

sulfide (pH ~12-13).  

# Composition 

(Ratio DES-1: 

DES-2, w/w) 

(Total Amount – 

5 g) 

Concentratio

n of 

hydrogen 

peroxide in 

mixture, %* 

Thioglyco

lic 

Acid, g** 

Ammoniu

m 

Hydroxide 

(aqueous 

28%), g** 

Sodium 

Sulfide** 

Na2S x 9 

H2O, g 

Solubilit

y of 

Hair*** 

% 

1 1:2  13.46 0.082 0.118  N/A 79 

2 1:2  13.46 N/A 0.046 0.154 73 

3 1:1  10.05 0.082 0.118  N/A 75 

4 1:1  10.05 N/A 0.046 0.154 69 

5 2:1 6.72 0.082 0.118  N/A 76 

6 2:1 6.72 N/A 0.046 0.154 68 



 

7 3:1 5.02 0.082 0.118  N/A 58 

8 3:1 5.02 N/A 0.046 0.154 51 

*) Estimated with assumption that starting concentration of H2O2 in UHP is 35% 

and DES-1  contains 1.348 parts of UHP (M.w. 94.1) for 1 part of choline chloride 

(M.w.139.6) which leads to concentration of H2O2 in non-diluted DES-2 as high as 

20.1% 

**) Due to reaction of 0.082 g of Thioglycolic Acid with 0.118 g of 28% aqueous 

solution of ammonium hydroxide about 0.097 g (1.94% from amount of DESs) is 

produced; 0.154 g of Na2S x 9 H2O contains about 0.05g of pure Na2S (1.0% from 

amount of DESs). 

***) Estimated by spectrophotometric method (absorbance at 277 nm) using a 

calibration graph presented in Fig. 20.  

Note: Absorbance maximum at wavelength between 272 and 280 nm is typical for 

keratin’s solutions, as well as for solid keratin [87]. It is obvious that the origin of this 

maximum is related to the absorption of the aromatic amino acids, such as tyrosine and 

tryptophan.  

 
Fig. 19. A-Absorbance spectra of rabbit hair in DES-3 at concentrations: 0.1 (1) ; 

0.2 (2); 0.3 (3) and 0.4% (4) 



 

  
Fig. 20. Calibration graph used evaluation of rabbit hair’s solubility in DES-based 

compositions (Table 7). 

The following conclusions can be made from the data presented in Table 7: 

Depending on the ratio between DES-1 and DES-2 and the nature of sulfur-

containing additive the solubility of rabbit hair under used conditions, varies from 51 to 

79%.  

An addition of 1.94% of ammonium thioglycolate (as product of reaction between 

thioglycolic acid and ammonium hydroxide) to the mixture of DES-1 and DES-2 

provides slightly improved solubility of the rabbit hair compared to the addition of 1% 

sodium sulfide. In former case depending on the DES-2 content in the mixture of DES 

the solubility varies from 58 to 79%, in later case – from 51 to 73%. 

In general, increasing the content of DES-2 in the mixture of two DES enhances 

solubility of the rabbit hair in case of addition and ammonium thioglycolate and sodium 

sulfide. 

According to data presented in Table 7, sodium sulfide addition is not 

dramatically different in performance compared to the ammonium thioglycolate 

addition. Considering that cost is very important issue for the practical application, it 

would be reasonable to emphasize that the DES-based composition with lower content 

of DES-HP would be more affordable compared to the composition with a high content 

of this component.  



 

Fig. 21 illustrates the preparation of the keratin film made of solution of rabbit 

hair in the mixture of DES-1 and DES-2 2:1 (w/w) by “precipitation” technique which 

includes immersion of keratin’s solution (composition #6 in Table 3) placed on glass 

slide into excess of DI water. 

  
  A       B 

   
  C      D 

Fig. 21. Formation of film from supernatant prepared from composition #6 (Table 

7) by “precipitation” technique: A- Appearance of supernatant on the surface of glass 

slide; B- Glass slide in the petri dish immediately after adding DI water; C- the same 

after 3 hrs at room temperature; D- Appearance of film after taking it off from the glass 

slide and drying for 5 hrs at 50oC. 

In summary, we investigated a new method for the dissolution of animal hair in 

the mixture of two deep eutectic solvents. Dissolution in existing technologies [88,89] is 

typically performed in aqueous media with the use of sulfur reducing products (sulfides, 

sulfhydrate or thioglycolate) and strong oxidizers. The sulfur reducing products and 



 

oxidizers used at high concentration are very reactive and dangerous to use. Therefore 

any attempt to decrease amount of these reagents for regulatory and safety concerns 

could be of interest for manufacturers involved in dehairing of animal hides. Currently 

scale-up of proposed method is underway. 

Conclusions 

1. We propose a novel method of dissolving animal hair that is using reduced 

amount of sulfur-containing component and oxidizer compared to known methods. After 

further investigation and scale-up proposed procedure could be used for developing 

industrial method of removing animal hair and epidermis and it includes the following 

steps: 

a) Oxidation of animal hair performed by using the mixture of two deep eutectic 

solvents (DES) one of which is based on choline chloride and urea and another one is 

based one choline chloride and adduct of urea and hydrogen peroxide. The content of 

oxidizer (hydrogen peroxide) in proposed method in in several times lower than in 

known processes which are based on using relatively high content of oxidizers, such as 

peracetic acid (32% aqueous solution) or 50% aqueous solution of hydrogen peroxide. 

 b) Treatment of hair subjected to oxidation procedure with an reduced amount of 

sulfur-containing products, such as ammonium thioglycolate (1.94%) of sodium sulfide 

(1.0 % of pure Na2S or 2.96% of Na2S x 9 H2O ) with addition of minor amount of 

ammonium hydroxide (below 1%) 

2. All proposed materials are biodegradable, non-toxic, don’t contain Volatile 

Organic Compounds and comply with MRSL, Chem IQ,, REACH and TSCA 

regulations.  

3. The pH of the reaction is between 12 and 13, the reaction time is 10 hours (or 

below), the process temperature doesn’t exceed 30°C.  



 

5.POSITIVE AND NEGATIVE THERMOCHROMISM OF 

TRIPHENYLMETHANES DYES IN SOLUTIONS OF IONIC LIQUIDS 

5.1 Ionic Liquids as Green Solvents 

In recent years, the ionic liquids have been extensively evaluated as 

environmental-friendly or "green" alternatives to conventional organic solvents. 

Generally speaking, ILs refer to a specific class of molten salts which are liquids at 

temperatures of 100oC or below. ILs have very low vapor pressure and generate virtually 

no hazardous vapors. Moreover, ILs are composed of charged species, which provide a 

highly polar medium useful in various applications, such as extraction, separation, 

catalysis and chemical synthesis medium [90-92]. The large number of ILs, containing 

1-alkyl-3-methyl-imidazolium cation, where alkyl group is butyl, hexyl or nonyl, and 

several different anions, such as chloride, bromide, thiocyanate, tetrafluoroborate and 

hexafluorophosphate,  have been  used for  dissolving cellulose [93]. The requirement 

for a small, polar anion is indicated by the high solubility of cellulose in the chloride-

containing IL, with reduced solubility in the bromide systems and no solubility in 

tetrafluoroborate and hexafluorophosphate systems. The solubility also appears to 

decrease with increasing the size of the cation such as by increasing the length of the 

alkyl group of the imidazolium ring. Thus, both charge density and hydrogen bond 

donating ability in the cation can be important and can be easily and selectively 

modified by variation in the IL functionality. The presence of water in the IL was shown 

to significantly decrease the solubility of cellulose, presumably through competitive 

hydrogen bonding to the cellulose microfibrils that inhibits solubilization. Relatively 

recently the Procter & Gamble Company patented a procedure for extracting 

biopolymers, such as chitin, chitosan, elastin, collagen, keratin and 

polyhydroxyalkanoate from a biomass using ionic liquids [94]. 



 

5.2. Experimental data on positive and negative thermochromism  

There two common types of thermochromic behavior: positive and negative 

thermochromism which were considered for Schiff bases of salicylaldehyde derivatives 

(Fig.22) [95].  

 
Fig 22. Photochromic and thermochromic processes in derivatives of 

salicylaldehyde [96]. 

According to data [97], the thermochromic behavior of N-salicylidene-2-

aminopyridine derivatives, as well as and N-salycilidene-2-chloroaniline (Fig.23) should 

be considered as “positive”, i.e. the color disappears on cooling (liquid nitrogen 

temperature) and a new absorbance band appears on heating to a room temperature. 

 



 

Fig.23. Thermochromic solid N-(5-chlorosalicylidene)aniline: absorption spectra 

at 297K (1) and 120K (2). Fluorescence spectra at 90K (3) and 297 K (4) (irradiation 

with light of 365 nm) [98]. 

Some Schiff bases such as N-salicylidene-benzylamines display the photochromism and 

“negative” thermochromism on the border between the UV- and visible region [97]. 

Fig.24 shows the absorbance spectra of N-4-methoxysalicylidene-benzylamine dissolved 

in EPA (ether: isopentane:ethanol, 1:5:5) at two different temperatures. On cooling the 

solution of EPA down to liquid nitrogen temperature, a new strong absorbance band is 

formed with a maximum around 380 nm. On heating this solution up to room 

temperature the band at 380 nm disappears. 

 

 
Fig. 24. Absorbance spectra of N-4-methoxysalicylidene-benzylamine dissolved 

in EPA (ether: isopentane: ethanol, 1:5:5) at room temperature (1); at liquid nitrogen 

temperature (2); after uv-irradiation with 365 run light at liquid nitrogen tesperature (3); 

after staying in the dark overnight at room tenperature (4) [97].  



 

Similar to the thermochromic behavior of Schiff bases of salicylaldehyde 

derivatives, the Solver found out that the triphenylmethane compounds, such as MG and 

BG are able to display “positive” and “negative” thermochromism depending on the 

nature of the ionic liquid, particularly, chlorine chloride-based DES, used as a solvents. 

More exactly, solutions of MG and BG in DES based on choline chloride and urea 

(DES-1) show the evidence of “positive” thermochromism. On the other hand, the 

solutions of MG and BG in DES based on choline chloride and glycerin (DES-2) show 

the evidence of “negative” thermochromism. 

5.3. Specific properties of deep eutectic solvents 

Deep Eutectic Solvents can be formed between a variety of quaternary ammonium 

salts and carboxylic acids [9,10]. The physical properties are significantly affected by 

the structure of the carboxylic acid but the phase behavior of the mixtures can be simply 

modeled by taking account of the mole fraction of carboxylic acid in the mixture. The 

physical properties such as viscosity, conductivity, and surface tension of these DES are 

similar to ambient temperature ionic liquids and insight into the cause of these properties 

is gained using hole-theory. It is shown that the conductivity and viscosity of these 

liquids is controlled by ion mobility and the availability of voids of suitable dimensions, 

and this is consistent with the fluidity of other ionic liquids and molten salts. 

Another example of the DES is the mixture of substituted quaternary ammonium 

salts such as hydroxyethyltrimethylammonium (choline) chloride with urea which 

produces eutectics that are liquid at ambient temperature and have unusual solvent 

properties [17].  It was found that only those compounds capable of forming hydrogen 

bonds with chloride ions demonstrate the formation of a homogeneous liquid with a 

significant decrease in the freezing point compared to the pure amide. It seems that the 

amides with greatest ability to form hydrogen bonds (i.e. urea and thiourea) exhibit the 

largest depression in freezing point when mixed with choline chloride. 



 

5.4. Thermocromism in ionic liquids  

Analysis of the patent literature shows that there only limited amount of patents [99] and 

patent applications [99,100] which indicate the possibility to use ionic liquids as 

solvents for thermochromic compounds. 

Thus, the thermochromic solvent-based systems exhibiting a reversible change in 

absorbance spectra as the temperature of the system is reversibly changed are described 

in [99,100]. These systems include one or several transition metal ions, which 

experience thermally induced changes in the nature of the complexation or coordination 

around the transition metal ion(s) and, thereby, the system changes its color as the 

temperature changes. As for nature of the solvents, the authors of [99] indicate that they 

may be an aqueous, nonaqueous or ionic liquid; a plasticizer; a polymer; some 

additive(s) dissolved in a polymer; the matrix portion or phase of an organic, inorganic 

or hybrid gel; the liquid portion or phase of a gel; or some combination of these acting 

as co-solvents. The solution may be a free flowing or a viscous liquid, a non free 

flowing or thixotropic gel, or a solid or a semi-solid polymer. All of these solvents 

provide enough mobility for the ligands to transfer in and out of coordination with 

transition metal ions. 

It should be noted, that no specific information on use of ionic liquids as a carrier 

for thermochromic dyes have been reported in references [99,100]. However, 

publications [101,102] described the thermochromic behavior of cobalt(II) complex in 

an ionic liquid solution. More details about these two studies are provided in section 6. 

In our study [103] the thermochromic behavior of two triphenylmethanes dyes , 

such as Malachite Green Carbinol Hydrochloride (MG) and Brilliant Green (BG) in 

DES-1 prepared from choline chloride and urea and DES-2 prepared from choline 

chloride and glycerin has been investigated. 

Experimental part.  

Starting materials: Malachite Green Carbinol Hydrochloride (MG): 



 

 
was used, as received from Sigma-Aldrich (Cat # 213020). 

Brilliant Green (BG) 

 
was used, as received from Sigma-Aldrich (Cat # B6756).  

DES-1 and DES-2 have been prepared according to following procedures. 

Synthesis DES-1 based on choline chloride and urea (1:2 mol)has been performed 

as described above (section 4)  

Procedure for making deep eutectic solvent DES-1 based on glycerin and choline 

chloride (2:1 mol). The same procedure, as for making DES-1 has been used, only 

instead of 122.57 g of urea. 184.14 g (2.0 Mol, 99.5% purity) of  glycerin (Sigma-

Aldrich, Cat # G7893) was added. A noticeably viscous visually clear solution of the 

DES with melting point about -35oC is obtained. 

The following experimental procedure has been used for study of thermocromic 

behavior of MG and BG in DES-1 and DES-2.  0.8-1.0 mg of dye BG or 1.2-1.5 mg of 

dye MG were magnetically stirred in 10 ml of freshly prepared DES-1 (or DES-2) pre-

heated up to temperature 70-80oC. After complete dissolving the blue-green brightly 

colored (in case of DES-1) or almost colorless (in case of DES-2)solutions were filtered 

through a syringe filter to a quartz cuvettes and absorbance spectra were measured with 

Spectronic Genesys 5 Spectrophotometer equipped with thermostat, which allowed to 

control the temperature in the range from 20 to 90oC. 

Results and discussion.  



 

 
Fig. 25. Absorbance spectra of dye BG dissolved in DES-1 at temperature 20oC 

(1) and at two elevated temperature:60oC (2) and 90oC (3).  

There two common types of thermochromic behavior: positive thermochromism 

and negative thermochromism which were first reported for Schiff bases of 

salicylaldehyde derivatives [96]. According to data [97], the thermochromic behavior of 

N-salicylidene-2-aminopyridine derivatives, as well as and N-salycilidene-2-

chloroaniline should be considered as “positive”, i.e. the color disappears on cooling 

(liquid nitrogen temperature) and a new absorbance band appears on heating to a room 

temperature. 

Some Schiff bases such as N-salicylidene-benzylamines display the 

photochromism and “negative” thermochromism on the border between the UV- and 

visible region. Similar to the thermochromic behavior of Schiff bases of salicylaldehyde 

derivatives, we found out that the triphenylmethane compounds, such as MG and BG are 

able to display “positive” and “negative” thermochromism depending on the nature of 

the ionic liquid, particularly, chlorine chloride-based DES, used as a solvents [19]. More 

exactly, solutions of MG and BG in DES based on choline chloride and urea (DES-1) 

show the evidence of “positive” thermochromism. On the other hand, the solutions of 



 

MG and BG in DES based on choline chloride and glycerin (DES-2) show the evidence 

of “negative” thermochromism. 

Fig. 25 and 26 shows two examples of positive thermochromic behavior of dye 

BG in DES-1 and negative thermochromic behavior of dye MG in DES-2, respectively. 

Thus, it was found that after cooling down to room temperature the absorbance bands in 

the spectra of hot solutions of BG at 635 nm and MG at 632 nm were or significantly 

decreased (Fig.25, Series 1 for BG). The heating up the BG/DES-1 solution to 

temperature 60oC and 90oC leads to increasing absorbance at 635 nm in 2.7 and 4.1 

times, respectively (Fig.25, Series 2 and 3) . The described thermocromic behavior of 

BG/DES-1 and MG/DES-1 solutions was completely reversible within 10-15 cycles of 

cooling down- warming up .  

In contrary, almost colorless freshly prepared hot solution of MG in DES-2 after 

cooling down to room temperature became bright colored (Fig.26, Series 1). The 

intensity of its blue color with maximum at 632 nm decreases in 3.1 times after heating 

to temperature 60oC and in 7.9 times after heating to temperature 90oC (Series 2 and 3, 

respectively). 

Similar to the positive thermochromic effect, the described negative 

thermocromic behavior of MG/DES-2 and BG/DES-2 solutions was completely 

reversible within 10-15 cycles of cooling down- warming up.  

 



 

 
Fig.26. Absorbance spectra of dye MG dissolved in DES-2 at temperature 20oC 

(1) and at two elevated temperature:60oC (2) and 90oC (3). 

In our opinion, the difference in the thermochromic behavior of Ionic liquids have 

a more complex solvent behavior compared with traditional aqueous and organic 

solvent, because ILs are salts and not a molecular, nonionic solvent. Types of 

interactions between ILs with many solutes, include dispersion, π-π, σ-π, hydrogen 

bonding, dipolar and ionic/charge-charge. The Abraham solvation equation is an 

important method used to characterize ILs solvent property to understand the dissolution 

behavior in ILs [104].  

Abraham et al., [105,106] have developed equations, that can be used to predict 

the solubility of organic compounds in different organic solvents. The Abraham method 

assumes that the partition coefficient between water and a solvent, Ps, is given by the 

ratio of solubilities of a solute in the solvent, Ss, and in water, Sw,  

Ps = Ss / Sw.  

If this assumption is reasonable for the solute and solvent in question, then the 

solubility of the solute in the solvent can be calculated from the predicted partition 

coefficient, 



 

log Ps = c + e E + s S + a A + b B + v V,  

where the continually refined (as more experimental data becomes available) 

coefficients c, e, s, b, and v vary by solvent and E, S, A, B, and V are solute descriptors, 

described as follows: 

E is the solute excess molar refractivity in units of (cubic cm per mol)/10. 

S is the solute dipolarity/polarizability. 

A is the overall (summation) hydrogen bond acidity . 

B is the overall (summation) hydrogen bond basicity .  

V is the McGowan characteristic volume in units of (cubic cm per mol)/100. 

Despite of the similarities in properties of DES-1 and DES-2 (Table 8), some 

literature data [107] suggested that they have noticeable difference when they are used 

as solvents for certain chemical reactions. Thus, the authors of the patent application 

[107] used DES-1 and DES-2 as solvents for enzyme-catalyzed reaction between 

cyclohexene, octanoic acid and hydrogen peroxide. According to their observation this 

process proceeds in DES-2 with almost 3 times higher yield than the same reaction 

proceeds in DES-1. Our attempts [108] to perform the same reaction in DES-solvents 

without enzyme at temperature 80oC (hydrogen peroxide has been used in form of its 

complex with urea) show even more dramatic difference in the conversion of 

cyclohexene when two different DESs have been used: reaction in DES-2 proceeded 

with 5 times higher yield than the same reaction proceeded in DES-1. 

In our opinion the difference in the performance of DES-1 and DES-2, as 

solvents, can be related to the fact that the system of hydrogen bonds in DES-2 formed 

from molecule of choline chloride and glycerin are more stable at elevated temperature 

that the system of hydrogen bonds in DES-1 formed from molecule of choline chloride 

and urea. It could be related to the presence of three hydroxy groups in molecule 

glycerin which participate in formation of the hydrogen bonds compared to only two 

amino groups in molecule of urea. 



 

Taking into consideration this possible explanation, it is appropriate to assume 

that different thermochromic behavior of dyes MG and BG is related to the differences 

in the density of hydrogen bonds in DES-1 and DES-2 at elevated temperature. Further 

investigations are needed in order to confirm this explanation. 

Conclusions 

1. Investigation of absorbance spectra of two triphenylmethanes dyes  (Malachite 

Green Carbinol Hydrochloride and Brilliant Green) in deep eutectic solvents 

(DES) at different temperatures has been carried out. 

2.  It was found that solutions of both dyes in DES-1, based on choline chloride and 

urea, display “positive” thermochromism, i.e. their blue-green color  significantly 

decreases on cooling and increases on heating to a boiling water temperature. In 

contrary, the solutions of the same dyes in DES-2, based on choline chloride and 

glycerin, show “negative” thermochromism, i.e. their absorbance  decreases on 

heating and increases on cooling.  

3. The reversible character of thermochromism is determined and the possible 

explanation for different behavior of triphenylmethanes dyes in two types of ionic 

liquids is provided.



 

6. INVESTIGATION OF THERMOCHROMIC FATIGUE OF 

TRIPHENYLMETHANE DYES IN SOLUTIONS OF IONIC LIQUIDS 

 

According to publications [101], the tetrahedral [Co(NCS)4]2- complex can be 

dissolved in IL (1-ethyl-3-methylimidazolium) thiocyanate, [C2mim][SCN] giving 

characteristic bright blue color at room temperature. However, at cooling down to 

temperature -40oC, the color of this solution becomes pink (Fig. 27). 

 
Fig. 27. Thermochromic behavior of solution of cobalt(II) isothiocyanate, 

Co(NCS)2, in the ionic liquid [C2mim][SCN] [101]. 

 
Fig. 28. Temperature-dependent UV-Vis absorption spectra of cobalt (II) 

thiocyanate dissolved in [C2mim][SCN] [101]. 



 

It was shown [101] that the strong absorption band around 630 nm corresponds to 

the tetrahedral [Co(NCS)4]2-, whereas the transition around 472 nm corresponds to 

octahedral [Co(NCS)6]4-. 

Somehow similar thermochromic behavior of cobalt 

bis(trifluoromethane)sulfonimide complex, however, in different range of temperature 

compared with data presented in Fig. 28, has been described in paper [102]. As it is 

demonstrated in Fig. 29, the solution of Co2+ complex in the mixture of two ILs with 

structures I and II changes its color from pink (at room temperature) to blue (at 60-90oC) 

 
   I      II 

 
 

Fig. 29. Spectral behavior of solution of Co(NTf2)2 in mixture of ILs I and II. 

[102]. 



 

It was shown [102] that after 20 cycles of heating and cooling UV-Vis spectra of 

Co(NTf2)2 in mixture of ILs I and II demonstrated some signs of thermochromic fatigue. 

In our study [103] the thermochromic behavior of two triphenylmethanes dyes , 

such as Malachite Green Carbinol Hydrochloride (MG) and Brilliant Green (BG) in two 

deep eutectic solvents prepared from choline chloride and urea (DES-1) or choline 

chloride and glycerin (DES-2) at different temperatures has been investigated an 

evidence of thermochromic fatigue has been observed. 

Experimental part. Starting materials: Malachite Green Carbinol Hydrochloride 

(MG) and Brilliant Green (BG) were used, as received from Sigma-Aldrich (Cat # 

213020, and B6756, respectively). 

     
                 MG                                BG 

Making DES-1.  

141.030 grams (1.0 Mol, 99.0% purity) of choline chloride (Sigma-Aldrich, Cat # 

C7,970-0) is added to a glass beaker containing 122.57 g (2.0 Mol, 98% purity) of  urea 

(Sigma-Aldrich, Cat # 20,888-4).  The temperature of the beaker maintained at 50oC for 

30 min. The beaker is agitated with a glass rod. A noticeably viscous visually clear 

solution of the DES-1 with melting point about 12oC is obtained. 

Making DES-2. The same procedure, as for making DES-1 has been used, only 

instead of 122.57 g of urea 184.14 g (2.0 Mol, 99.5% purity) of  glycerin (S.-A., 

#G7893) was added. A noticeably viscous visually clear solution of the DES with 

melting point about -35oC is obtained. 

The following experimental procedure has been used for study of thermocromic 

behavior of MG and BG in DES-1 and DES-2 0.8-1.0 mg of dye BG or 1.2-1.5 mg of 

dye MG were magnetically stirred in 10 ml of freshly prepared DES-1 (or DES-2) pre-



 

heated up to temperature 70-80oC. After complete dissolving the blue-green brightly 

colored (in case of DES-1) or almost colorless (in case of DES-2)solutions were filtered 

through a syringe filter to a quartz cuvettes and absorbance spectra were measured with 

Spectronic Genesys 5 Spectrophotometer equipped with thermostat, which allowed to 

control the temperature in the range from 20 to 90oC. 

In our previous paper [103] we explained the difference in the thermochromic 

behavior of BG/DES-1 and MG/DES-2 in terms of the Abraham solvation equation 

[106]. It was suggested that the difference in the performance of DES-1 and DES-2, as 

solvents, can be related to the fact that the system of hydrogen bonds in DES-2 formed 

from molecule of choline chloride and glycerin are more stable at elevated temperature 

that the system of hydrogen bonds in DES-1 formed from molecule of choline chloride 

and urea. It could be related to the presence of three hydroxy groups in molecule 

glycerin which participate in formation of the hydrogen bonds compared to only two 

amino groups in molecule of urea. 

 (1) 

 (2) 

(3) 



 

Fig.30. Reactions describing reversible thermochemical behavior of MG in 

aqueous solution [109]. 

According to [109], observations of thermochromism in triphenylmethane 

leucosulfite solutions, indicated that aqueous Malachite Green  solutions fatigued, that 

is, became non-thermochromic, when heated in open vessels. In the process sulfur 

dioxide was evolved and the nonthermochromic leuco base was formed. The behavior 

was readily observable with open vessels, but not with closed vessels. 

It was proposed [110] that hydrogen may be formed during heating causing 

reduction of the leuco triphenylmethane to its leuco base and that sulfate ion was 

formed. Equations 1-3 were suggested for the transformation (Fig.30). 

This sequence of equations implied that gaseous hydrogen only is involved in the 

reduction of the triphenylmethane compound but the evidence indicated that the 

hydrogen is probably in a much more reactive form. Thus, reaction 4 (Fig. 31) is perhaps 

a better summation of the equations. 

(4) 

Fig. 31. Reversible thermochemical behavior of MG in aqueous solution  

Experiments have confirmed sulfate and leuco base formation in, and sulfur 

dioxide evolution from, partially or completely fatigued thermochromic solutions. The 

sulfate ion and sulfur dioxide formed during heating were determined in partially 

fatigued solutions.  

The leuco bases of dyes MG and BG were isolated from completely fatigued 

thermochromic solutions [109]. An increase in the amount of bisulfate used in the 

fatigue reaction seemed to increase the yield of leuco base at least in the fatigue of 

another triphenylmethane dye - Crystal Violet ,CV. The author of [109] indicates that 

other fatigue mechanisms yielding different organic compounds such as amine oxidation 



 

products may be formed. This indication was supported by the fact that the yields of BG 

and CV leuco bases were relatively low. 

Among other products of decomposition or reduction of MG, the dimer of MG, 

1,2-diphenyl-1,1,2,2-tetrakis(p-dimethylaminophenyl)ethane, has been reported [111]. 

The dimer, which is product of MG’s reduction with vanadous chloride, either dry or 

wet, decomposed to a black tar and formaldehyde in solution in the presence of oxygen.  

In this study we investigated the spectral changes in MG/DES-1 and BG/DES-1 

solutions related to their thermochromic fatigue. Fig. 32 shows the absorbance spectra of 

dye MG dissolved in DES-1 at room temperature: freshly prepared solution (Series 1) 

and solution after 50 cycles of heating (5 min at 130oC following by cooling to room 

temperature) (Series 2). It seems that the absorbance band at 632 nm which is not 

present at 20oC becomes noticeable after 50 heating up-cooling down cycles. It was 

found that there is a linear relationship (Fig. 33A) between the number of cycles and 

spectral changes of MG/DES-1 solution subjected to thermochromic fatigue in case 

when the following ratio of absorbances, RA, is used:  RA= A500/ (A360 +A632) , 

where A500, A360 and A632  are the absorbance values measured at 500, 360 and 632 

nm, respectively. 

  



 

Fig.32. Absorbance spectra of MG/DES-1 – solution at room temperature: Freshly 

prepared solution (Series 1) and solution after 50 cycles of heating (5 min at 130oC 

following by cooling to room temperature) (Series 2). 

     

 
Fig 33. Calibration plots for solutions of  MG/DES-1 (A) and (BG/DES-1 (B) 

which establish the correlation between the absorbance ratio RA= A500/ (A360 +Amax) 

and the number of heating up-cooling down cycles, where  Amax= A632 (for MG) and  

Amax= A635 (for BG) 

Similar behavior has been observed for spectral changes in solution of BG/DES-1 

after 50 cycles of heating (5 min at 130oC following by cooling to room temperature). 

We were able to find a linear relationship (Fig. 30B) between the number of cycles and 

spectral changes of BG/DES-1 solution subjected to thermochromic fatigue in case 

when the following RA is used:  RA= A500/ (A360 +A635) , where A500, A360 and 

A635  are the absorbance values measured at 500, 360 and 635 nm, respectively. 

It was proposed to use the linear relationship between the RA values and number 

of heating up-cooling down cycles in design of a thermosensitive cell for a “sterilization 

counter”[112]. This cell can be used for determination of  the number of times a medical 

device has been sterilized, i.e. subjected to a steam sterilization process consisting of 

keeping the device at 130-135°C for 5-15 min at atmospheric pressure. The proposed 

optical cell should be installed into medical device in a way which makes possible to 



 

measure the absorbance of the dye solution in the cell by simple positioning of the 

device inside the spectrophotometer. 

Conclusions 

1. Investigation of absorbance spectra of two triphenylmethanes dyes  

(Malachite Green Carbinol Hydrochloride and Brilliant Green) in deep eutectic solvents 

(DES) at different temperatures has been carried out. 

2.  It was found that solutions of both dyes in DES-1, based on choline 

chloride and urea, display “positive” thermochromism, i.e. their blue-green color  

significantly decreases on cooling and increases on heating to a boiling water 

temperature. In contrary, the solutions of the same dyes in DES-2, based on choline 

chloride and glycerin, show “negative” thermochromism, i.e. their absorbance  decreases 

on heating and increases on cooling. 

3. The thermochromic fatigue of both triphenylmethane dyes takes place after 

10-15 cycles of heating and cooling. The possible nature of fatigue is investigated and 

origin of generated by-products is discussed. 

4. The linear relationship between the spectrophotometric parameters of 

solutions MG/DES-1 and BG/DES-1 subjected to thermochromic fatigue and number of 

heating up-cooling down cycles is determined and possibility of its practical application 

is discussed.
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