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1. List of abbreviations 
 

AAILs – amino acid-based ionic liquids 

bio-ILs – biomass-derived ionic liquids 

CALB – Candida antarctica lipase B 

ChILs – cholinium-based ionic liquids 

CMC – critical micelle concentration 

CV – cyclic voltammetry 

DABCO – 1,4-diazobicyclo[2.2.2]octane 

DESs – deep eutectic solvents 

DSC – differential scanning calorimetry 

EA – ethyl acetate / elemental analysis 

HILs – herbicidal ionic liquids 

ILs – ionic liquids 

LCCs – liquid coordination complexes 

LSV – linear sweep voltammetry 

Man – ᴅ-mannitol 

MeOH - methanol 

MG – methyl α-ᴅ-glucopyranoside 

MWCNTs – multi-walled carbon nanotubes 
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ORR – oxygen reaction reduction 

PCMs – phase change materials 

PE – petroleum ether 

PEGDA – poly(ethyleneglycol) diacrylate 

PILs – protic ionic liquids / polymeric ionic liquids 

PTCs – phase transfer catalysts 

RRDE – rotating ring-disc electrode 

SWCNTs – single-walled carbon nanotubes 

Tc – crystallization temperature 

Td – decomposition temperature 

TES – thermal energy storage 

Tg – glass transition temperature 

TGA – thermogravimetric analysis 

Tm – melting point 

TSILs – task-specific ionic liquids 

VOCs – volatile organic solvents  

XRD – X-ray diffraction 

ZIFs – zeolitic imidazolate frameworks 

ΔHc – crystallization enthalpy 

ΔHf – fusion enthalpy / melting enthalpy 
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2. Introduction and the research goal 
 

The primary goal of this doctoral thesis was to explore the synthesis, properties, 

and applications of ionic liquids derived from renewable raw materials, specifically 

sugars and their derivatives. Sugars are an inexpensive and readily available resource, 

rich in hydroxyl functional groups, which dictates their distinctive properties,  

such as high solubility in polar solvents, chirality, structural diversity, biodegradability 

and biocompatibility. The transformation of sugars and their derivatives into ionic 

compounds yields materials which combine the properties of both sugars and ionic 

liquids. Such transformations can lead to compounds with unique task-specific 

characteristics, even though they often involve complex and multi-stage procedures. 

Low-melting ionic compounds were described for the first time in the early 19th 

century and have developed significantly since then. Initially, they emerged  

as an alternative to toxic volatile organic solvents (VOCs) used in synthesis, due to their 

unique properties, such as low vapor pressure, high thermal and chemical stability,  

and persistence in the liquid phase over a wide temperature range. However,  

at the beginning of the 21st century, there were justified concerns about the ecotoxicity 

and bioaccumulation potential of ionic liquids. Therefore, there has been great interest  

in the development of biomass-derived ionic liquids with low environmental impact. 

Ionic liquids obtained from natural raw materials often have much higher 

biocompatibility and lower toxicity than their fossil fuel-derived counterparts, as well as 

present significant biodegradability. Apart from the bio-derived origin of the precursors, 

their transformation into the desired product in accordance with the principles of "green 

chemistry" is recently highly desired. 

Carbohydrates, with their abundance, low cost, chirality, and biorenewable 

character, are one of the most promising raw materials. While the well-established 
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knowledge of sugar chemistry supports these efforts, carbohydrates transformation  

into ionic liquids can be challenging in terms of number of synthetic steps  

and purification procedures. Therefore, recent efforts have focused on the development 

of simple and economical procedures. The research described within this doctoral thesis 

was divided into three main chapters: 

• Carbohydrate-based ionic liquids as phase change materials 

• Carbohydrate-based ionic liquids as precursors for N-doped carbon 

materials  

• Carbohydrate-based ionic liquids as surface active agents. 

The work in particular includes the following research: 

• Research on the synthesis of salts and ionic liquids based ᴅ-glucose 

modified at the terminal position 

• Research on the synthesis of salts and ionic liquids based on ᴅ-glucose 

modified at the anomeric position 

• Research on the synthesis of salts and ionic liquids based on ᴅ-mannitol 

modified at the α and ω positions (1 and 6) 

• Analysis of the physical properties of the obtained ionic compounds 

• Comparison of the properties of analogous salts and ionic liquids  

with protected and deprotected hydroxyl groups 

• Research on the application of the obtained ionic compounds as phase 

change materials, precursors of N-doped carbon materials and surface 

active agents 
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3. Literature review 
 

3.1.  History and definition of ionic liquids 
 

Liquids composed entirely of ions possess unique properties, which distinguishes 

them from molecular liquids. Liquid salts offer ability to dissolve substances, which  

are insoluble in conventional solvents, liquid state in a wide temperature range,  

low vapor pressure, nonflammability, ionic conductivity and tunability resulting  

from enormous possible cation/anion combinations as well as high chemical and thermal 

stability.1  

At the end of 19th century, studies on low-melting salts sporadically appeared  

in the literature2, but the breakthrough was the preparation of ethylammonium nitrate 

described by Paul Walden in 1914.3 Therefore, liquid salts have a history spanning over  

a century, but due the pioneering work of Angell and others in the 1960s covering  

the electrochemical studies of chloroaluminate species, they began to emerge  

from the realm of scientific curiosity.4–6 The era of the compounds known these days  

as ionic liquids (ILs) originated in the 1970s establishing so-called first generation of ILs. 

First generation ILs, is a of group of air and moisture sensitive materials, which includes 

e.g. dialkylimidazolium and alkylpyridinium chloroaluminates.7,8  

The second generation of ILs was introduced at the beginning of the 1990s  

in response to the need for compounds with tunable and targeted physical and chemical 

characteristics. Wilkes and Zaworotko9, simultaneously with Cooper and O’Sullivan10, 

reported the first room temperature air and water stable ILs. These were obtained  

by introducing specific anions, such as nitrate ([NO3]−), nitrite ([NO2]−), tetrafluoroborate 

([BF4]−), sulfate ([SO4]−), acetate ([CH3COO]−), triflate ([OTf]−) and mesylate ([OMs]−)  

to well-known dialkylimidazolium and alkylpyridinium cations. This development 
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enabled the creation of new functional materials with the flexibility to independently 

modify the properties of both the cation and the anion while preserving the core 

attributes of an IL. Owing to their interesting properties, ILs were recognized as ideal 

solvents and media for use in electrochemistry, organic chemistry and catalysis,  

with a special focus on green chemistry.11–14  

At the beginning of the 21st century, IL research broadened its scope to encompass 

the toxicological, chemical, and biological aspects of ionic compounds, moving beyond  

a sole focus on their physical properties. Consequently, the third generation of ILs 

emerged, resulting in task-specific ionic liquids (TSILs).15 TSILs allowed the design  

of compounds with targeted biological properties, paving the way for ILs  

with antimicrobial, anti-inflammatory or anesthetic activity, using biologically active 

ions.16 This innovation has improved the applications of ILs in fields of biomedicine  

and pharmaceuticals. An example of third generation ILs is the combination  

of the lidocaine cation, which has anesthetic properties, and the ibuprofenate anion with 

anti-inflammatory properties.  

According to the established definition, ILs are salts composed of organic cation 

and inorganic or organic anion, which melt below 100 °C.1 The significant potential  

of those liquids, along with the restrictive definition limiting melting points to below 

100 °C, probably directed research away from higher melting point materials within these 

families of salts, which melt above 100 °C.17 Therefore, the melting temperature limit  

is recently considered unnecessary, as other ionic compounds melting above 100 °C 

exhibit analogous properties. The fourth generation of ionic liquids was described  

by MacFarlane et al.18 These materials can contain both ionic and neutral components  

and often possess properties similar to conventional ILs. The fourth generation includes 

deep eutectic solvents (DESs)19,20, liquid coordination complexes (LCCs)21–24, solvate ionic 

liquids25–28 or concentrated salt-water systems29. These systems have unique 
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characteristics, often different from what is expected, and go beyond the standard 

definition of an IL, broadening application possibilities. 

  

3.2.  Structure and classification of ionic liquids 
 

The term ionic liquids has permanently replaced the previously used name 

“molten salts”, which also includes high-melting inorganic salts such as sodium chloride, 

that melts at 801 °C.30 Many ionic liquids exist in a liquid state already at room 

temperature, originating from the presence of bulky organic cations in their structures, 

often with a low symmetry. This results in larger distances between the ions and a lower 

degree of crystal lattice order, which translates directly into weaker coulombic 

interactions and lower melting temperatures compared to traditional inorganic salts.13,31,32  

A widely adopted method for classifying ILs involves examining the structure  

of the cation and anion. Taking into account the structure of the cation, or rather the atom 

at which the positive charge is located, ammonium, sulfonium, oxonium  

and phosphonium ILs, can be distinguished.13 In the case of ammonium salts,  

an additional division due to the hybridization of the nitrogen atom can be considered.12,33 

There are ILs with sp3 hybridization, where the molecule has a tetrahedral shape,  

such as in tetraalkylammonium, piperidinium, pyrrolidinium or morpholinium salts.  

On the other hand, there are ILs with sp2 hybridization, where the molecule around  

the nitrogen atom is flat and the cation is aromatic, such as in: imidazolium, triazolium, 

pyridinium and quinoline salts. 

Looking at the structure of an anion, differentiation between organic and inorganic 

anions is possible. Inorganic anions can be divided into simple and complex. Examples 

of simple anions are halides (Cl−, Br−, F−, I−), nitrates ([NO3]−, [NO2]−) and sulfates ([SO4]−, 
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[HSO4]−). Complex anions include single-core anions: tetrafluoroborate ([BF4]−), 

hexafluorophosphate ([PF6]−) or multi-core anions, mainly chloroaluminate ([Al2Cl7]−, 

[Al3Cl10]−). In turn, among the organic anions, the most popular are formates, acetates, 

fluoroacetates, lactates, saccharinates and salicylates. Frequently used organic anions  

also include bis(trifluoromethylsulfonyl)imide anion ([NTf2]−), trifluoromethanesulfonic 

acid anion ([OTf]−) and dicyanamide anion ([N(CN)2]−).32,34–37 

Other criteria for the division of ILs consider more detailed differences  

in the structure. For example, ILs in which a hydrogen atom is attached to a positively 

charged atom in a cation are called protic ionic liquids (PILs). When the central atom  

with a positive charge is not connected to any hydrogen atom, such ILs are called aprotic 

ionic liquids (AILs).38–40 

In addition to ILs with single charged cations, systems with several charged atoms 

can be designed. Dicationic ILs, tricationic ILs and polycationic ILs, such as polymeric 

ionic liquids (PILs) have been reported.41–43 To obtain (PILs), ionic monomers are used,  

i.e. ILs having active centers in the form of reactive chemical groups or unsaturated bonds 

capable of polymerization. The most popular are those with vinylpyridinium  

and vinylimidazolium cations.44 

 

3.3.  Bio-derived ionic liquids 
 

The initial enthusiasm for ILs experienced a downturn as considerations shifted 

toward the economic and environmental implications tied to their production and usage. 

Due to the high chemical stability and often notable solubility in water, concerns emerged 

regarding possible release of ILs into the environment, where they could persist  

and accumulate over an extended period.45 Despite these challenges, recent years have 
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witnessed substantial advancements in IL research, and ongoing efforts to expand their 

applications underscore their evident industrial potential. Several processes, exemplified 

by technologies such as BASILTM, HycaPureTM Hg, SILP catalyzed hydroformylation  

or ISOALKYTM use ILs successfully.46 Furthermore, economies of scale have contributed 

to price reduction for certain ILs, coupled with notable improvements in their 

ecotoxicology and biodegradability.47 The latter one was significantly contributed  

by the progress in the development of biomass-derived ILs (bio-ILs), originating  

from naturally occurring compounds such as amino acids, carbohydrates, carboxylic 

acids, or choline.48 These bio-ILs exhibit lower toxicity and enhanced biocompatibility 

compared to their fossil fuel-derived counterparts, as comprehensively reviewed  

by Gomes et al.49 and Hulsbosch et al.50. 

 

3.4.  Carbohydrate-based ionic liquids 
 

Since 2003, when Handy et al.51 first introduced the synthesis of an imidazolium IL 

using fructose as a precursor, the family of carbohydrate-derived ILs has expanded 

significantly. Although the final IL reported by Handy did not contain the carbohydrate 

moiety in its structure, this transformation marked the first use of sugar as a renewable 

starting material for IL preparation. One year later, the first carbohydrate-derived IL  

was synthesized, transforming ᴅ-glucopyranoside into the corresponding cation.52 

Thereafter, a wide range of ILs based on carbohydrates and their derivatives have been 

developed, including glucose53–60, galactose61–63, fructose51, ribose61, xylose62,64, arabinose65, 

isomannide66–68, glucosamine69,70, isosorbide71,72, ribitol73, and mannitol54. The synthesis 

and applications of carbohydrate-derived ILs have been comprehensively reviewed  

by the author of this thesis in collaboration with his supervisor48 and other groups 

(Chiappe et al.74, Kaur and Chopra75, Jopp76, Reddy et al.77 and Zullo et al.78). In the next 
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chapter, the most common synthetic pathways for obtaining sugar-based ILs  

will be briefly presented. 

 

3.5.  Synthetic methods for preparing carbohydrate-based ionic liquids 
 

Carbohydrates can be converted into cations or anions using standard reactions 

commonly employed in carbohydrate chemistry. However, most of the research  

on sugar-based ILs has focused on transformation of carbohydrates into cations. The most 

promising synthetic route in terms of the number of required steps involves using 

carbohydrate-derived anions such as gluconate, glucuronate, or galacturonate.79–82  

The synthesis of ILs in which the parent carbohydrate structure was retained  

in the cation will be discussed first, starting from cyclic precursors and then linear ones. 

The transformation of carbohydrate into an anionic moiety will be presented later, 

following the same order. 

Cyclic carbohydrates are usually modified at either terminal or anomeric position, 

because of the high reactivity of hydroxyl groups in these positions and well-established 

synthetic procedures. For modification at the terminal position, unprotected 

carbohydrates can be used as well as carbohydrates in the form of a glucoside. Such 

intermediates are prone to nucleophilic substitution at the terminal position (–OH  

is substituted by a good leaving group e.g. –Br, –I, –OTf), followed by quaternization 

with aliphatic or aromatic tertiary amines79,83, such as N-alkyl- or N-aryl-imidazole58–61,84, 

pyridine85 or 1,4-diazobicyclo[2.2.2]octane (DABCO)63, to produce ionic compounds. 

Some synthetic strategies require protection of the hydroxyl groups by etherification  

or acetylation to facilitate later purification, wherein alteration of the polarity  

of the carbohydrate moiety is desired. The physiochemical properties of the as-prepared 

ILs and salts can be further tuned via anion exchange. 
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Jayachandra et al.61 used ᴅ-galactose as a starting material to synthesize a series  

of carbohydrate ILs with various anions (Figure 1). The authors protected the secondary 

hydroxyl groups of ᴅ-galactose with acetone in the presence of ZnCl2 and H2SO4, while 

the remaining primary –OH group was substituted with iodide. After purification  

via column chromatography, the isolated derivative was quaternized  

with N-methylimidazole. Various lithium and sodium salts have been used for anion 

metathesis, resulting in ILs with [BF4]−, [PF6]−, [OTf]−, or [NTf2]− anions. A similar 

procedure was applied to produce analogous ILs from ᴅ-ribose.  

 

 

Kaur et al.63 applied the same procedure to modify ᴅ-galactose where they replaced 

N-methylimidazole with DABCO in the quaternization step. After anion metathesis,  

a series of ILs was produced containing [BF4]−, [PF6]−, [BrCH2CH2SO3]−, [OTf]−, or [SbF6]− 

anions. The overall yield for this four-step synthesis was 32–35%, with individual step 

yields ranging from 65% to 82%. Our group also synthesized ILs following this procedure 

using methyl-α-ᴅ-glucopyranoside as the starting material, omitting the protection step, 

Figure 1. Synthesis of carbohydrate-based ionic liquids (ILs) via modification of ᴅ-galactose at terminal position. 

Adapted from 48. 



 

Page | 17 

Bartłomiej Gaida 

which increased overall ILs yields to 44–65% and allowed to retain the hydrogen-bond-

rich structure.79,83 

Jopp et al.58 developed even more effective procedure, in which the terminal –OH 

group was substituted with iodide and quaternized with N-methylimidazole, producing 

iodide salt in two steps with the overall yield of 92%. Furthermore, the authors exchanged 

the I− anion with the [OH]− anion using Amberlite IRN-78 ion exchange resin, to produce 

ILs via a simple acid-base reaction using ᴅ-glucuronic acid, ւ-arginine, trans-cinnamic acid 

and caprylic acid for the neutralization. It is worth noting that the IL obtained  

in the reaction with ᴅ-glucuronic acid contained a carbohydrate moiety in both the cation 

and the anion. A year later a series of analogous ILs quaternized with N-ethyl-, butyl-  

or octyl-imidazole was obtained.59 This time the metathesis reaction was performed  

to exchange I− anion to [BF4]−, [OAc]−, [OMs]−, [OTf]− and [NTf2]−. This work was further 

developed and ILs with different N-substituted imidazoles were obtained (including 

vinyl, phenyl, benzyl and mesityl). In addition octyl- and phenyl-β-ᴅ-glucopyranosides 

were used as starting materials.60 Finally, the same group used N-vinyl imidazole 

derivative (1-(methyl-α-ᴅ-glucopyranosid-6-yl)-3-vinylimidazolium iodide)  

as a monomer to produce ionic hydrogels via radical polymerization  

with poly(ethyleneglycol) diacrylate (PEGDA) as a cross-linker.84 

Reiß et al.85 investigated various functionalization possibilities in ILs derived  

from pentoses (ᴅ-ribose, ᴅ-lyxose, ᴅ-xylose, ᴅ-arabinose) and hexoses (ᴅ-glucopyranose). 

Typically, the pentoses were peracetylated, followed by substitution of a thiophenyl 

group at the anomeric center. This site was then further reduced using tributyltin hydride 

to yield the corresponding 1-deoxypentose. In the next step, the acetyl groups  

were deprotected, and the primary –OH group was tritylated to facilitate  

the transformation of the remaining secondary hydroxyl groups into methyl, ethyl, 

propyl, or allyl ethers. Finally, the unprotected –OH group at C5 was converted  
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into a triflate moiety and quaternized with pyridine. Similarly, methyl, allyl, and phenyl 

β-ᴅ-glucosides were employed in a similar synthetic procedure, although acetylation  

and reduction at the anomeric positions were omitted. The overall yields for pentose-

based ILs were 25–32% over eight steps, while hexose-based ILs were synthesized  

with the yield of 31–56% in five steps. 

A second approach focuses on modifying the carbohydrate unit at the anomeric 

position (Figure 2). The Chrobok group has applied this method to study  

the glycosylation of ᴅ-glucopyranose with halogenoalcohols (such as bromoethanol, 

chloroethanol, 3-chloropropanol, or 3-chloro-1,2-propanediol), yielding glycosides  

with 50% to 78% yield after purification by column chromatography.56,79,86–89  

The glycosides were further quaternized with amines to produce halide salts, which  

were applied as task-specific ILs after metathesis with specific anions,  

such as bis(trifluoromethanesulfonyl)imide ([NTf2]−)56,79, 4-chloro-2-

methylphenoxyacetate ([MCPA]−), 2,4-dichlorophenoxyacetate ([2,4-D]−)86, dicyanamide 

([N(CN)2]−)79, or amino acid anions87. Furthermore, triazoles were synthesized  

by glycosylation of ᴅ-xylose with propargyl alcohol, followed by a click reaction  

and subsequent N-alkylation.90 Another synthetic pathway involved selective 

bromination at the anomeric position with HBr, allowing the resulting halide to be further 

converted into azide91 or quaternized57. 
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Another example of cyclic glucose derivatization into a cation was developed  

by Jopp et al.69,70, who synthesized ILs from glucosamine, which is obtained  

via depolymerization of chitin and chitosan. Glucosamine is a good building block  

for the sugar-derived ILs, as the N atom is already attached to the precursor at the C2 

position and thus the quaternization can be performed with alkylating agents. First,  

the group synthesized methyl-2-dimethylamino-β-ᴅ-glucopyranoside in a three-step 

procedure from glucosamine, which was then quaternized with methyl iodide or methyl 

triflate, producing salts with overall yields ranging from 37 to 44%. The salt with iodide 

anion was further used in the metathesis reaction to give a series of ionic compounds 

bearing [BF4]−, [PF6]−, [OMs]−, [CF3COO]−, [N(CN)2]−, [N(FSO2)2]−, and [NTf2]− anions. 

Billeci et al.92,93 pioneered preparation of ILs using glucono-δ-lactone as a precursor 

(Figure 3). A linear gluconamide derivative was formed by the reaction of glucono-δ-

lactone with either N,N-dimethylethylenediamine or N,N-dimethylpropylenediamine. 

The significant advancement of this method is the simplified purification protocol, which 

Figure 2. Synthesis of ILs with carbohydrate-based cation via modification of ᴅ-glucose at anomeric position. 

Adapted from 48. 
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omits column chromatography in favor of washing the product with an ethanol/ethyl 

acetate mixture, resulting in a 93% yield. The final ILs were obtained after quaternization 

of the corresponding amines with various alkyl halides such as 1-bromo/1-iodobutane,  

1-bromooctane, 1-bromododecane, or 1-bromo-2-ethylhexane, with reported yields 

ranging from 83% to 97%. Anion metathesis was performed if applicable. These synthetic 

protocols for carbohydrate-based ILs adhere to the Principles of Green Chemistry94,  

with atom economies of 100% in most cases and mass efficiencies/optimum efficiencies 

ranging from 69% to 96%. 

 

 

In the following section possible transformations of carbohydrates and their 

derivatives into anionic moieties are presented. 

In 2017 Gatard et al.95 demonstrated a conversion of cyclic sugars (e.g. ᴅ-xylose) 

into anions (Figure 4). The synthetic procedure involved the peracetylation of ᴅ-xylose, 

followed by the reaction with the corresponding ester (ethyl glycolate, methyl  

6-hydroxyhexanoate or methyl 4-(hydroxymethyl)benzoate in the presence of BF3·Et2O. 

The resulting compounds were then deacetylated and neutralized  

Figure 3. Synthesis of ILs with carbohydrate-based cation via modification of glucono-δ-lactone. Adapted from 48. 
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with tetrabutylammonium, tetrahexylammonium, or tetrabutylphosphonium hydroxide, 

producing the corresponding ILs. This method provides flexibility in tuning  

the physiochemical properties through possible modifications of the carbohydrate unit, 

similar to the procedures that convert sugars into cations. 

 

 

The last strategy described here is the most promising in terms of the number  

of synthetic steps (Figure 5). However, this simple synthetic procedure is limited to sugar 

acids. It requires formation of the hydroxide of the desired cation using an ion exchange 

resin. Hydroxides utilized in carbohydrate-derived IL syntheses so far were prepared 

from N,N,N’,N’-tetramethylguanidine, tetraalkylammonium, tetraalkylphosphonium,  

or alkylimidazolium halides79–81,96, which were further neutralized with commercially 

available linear or cyclic sugar acids (e.g., gluconic, glucuronic, or galacturonic acid).  

The synthesis of ILs with carbohydrate anions has a similar complexity to the preparation 

of extensively applied cholinium-based ILs (that is, 2 steps: ion exchange, followed  

by neutralization), yet it has been explored to a much lesser extent.97–100 

Figure 4. Synthesis of ILs with carbohydrate-based anion via modification of ᴅ-xylose at the anomeric position. 

Adapted from 48. 
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3.6.  Characterization and properties of carbohydrate-based ionic liquids 
 

The structure of carbohydrate-derived IL or salt significantly affects its potential 

environmental effect and physiochemical properties. These attributes result  

from (i) the presence of carbohydrate moieties in cation, anion or both  

and/or (ii) functionalization which can involve the incorporation of alkyl chains  

of various lengths, alkyl spacers between carbohydrate moieties and quaternary 

ammonium groups, protected or free hydroxyl groups, or quaternization with different 

amines. Herein, more than 100 carbohydrate-derived ILs and salts were compared  

to provide a comprehensive overview of the structure–property relationships  

and discussed how specific motifs in the structure influence biodegradability, toxicity, 

and thermal properties. Importantly, such comparisons can guide the future design  

of sugar-rich systems for targeted applications. The structures of the discussed ILs  

are presented in Figure 6. 

 

Figure 5. Synthesis of ILs with carbohydrate-based anion. Adapted from 48. 



 

Page | 23 

Bartłomiej Gaida 

 

Figure 6. Structures of carbohydrate-derived ILs. Adapted from 48. 
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Figure 6. Structures of carbohydrate-derived ILs – continuation. 
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3.6.1. Biodegradation/toxicity 

 

The major challenges currently faced in IL syntheses are related to the employment 

of “green” synthetic techniques and the reduction of the ecological impact of the products. 

Many ILs are water-soluble, raising concerns about their environmental effects in case  

of leakage or wastewater discharge, which could lead to water or soil pollution.101,102 

According to Earle et al.103, some ILs can be distilled at low pressure , suggesting  

that atmospheric contamination cannot be completely ignored, particularly when ILs  

are used at elevated temperatures. Using natural and biorenewable building blocks  

(i.e., organic acids, amino acids, or choline) frequently leads to biodegradable ILs.45,47 

However, some of these compounds still resist complete biodegradation.104 Additionally, 

as reviewed by Jordan and Gathergood47, the biodegradability of the ILs is significantly 

influenced by their chemical structures. Unbranched alkyl chains containing ester, formyl, 

Figure 6. Structures of carbohydrate-derived ILs – continuation. 
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carboxylic, or hydroxyl groups support biodegradation processes because they  

are readily hydrolyzed or oxidized.  

Ionic liquids with sugar moieties as natural building blocks are rich in hydroxyl 

groups, which have been shown to enhance IL biodegradability, despite limited research 

in this area. Ferlin et al.80, investigated a series of tetrabutylammonium ILs containing 

anions derived from natural organic acids, and demonstrated that ILs derived from  

ᴅ-glucuronic (1b) and ᴅ-galacturonic (1c) acids show higher biodegradability than 

analogous ILs derived from ʟ-lactic, ʟ-tartaric, malonic, succinic, ʟ-malonic, and pyruvic 

acids. Furthermore, all bio-derived ILs investigated exhibited higher biodegradability  

in the Closed Bottle test (OECD 301D) in comparison to common tetrabutylammonium 

bromide salt and tetrabutylammonium hydroxide. Nevertheless, the biodegradability  

of carbohydrate ILs is related to the length of the alkyl chain in the cation, if employed. 

In a series of quaternary ammonium salts based on ᴅ-glucose cation, that include alkyl 

chains of different length (–CH3, –C12H25, –C16H33, 4a, 4b, 4c, respectively), the derivative 

with the shortest alkyl chain (4a) was found to be readily biodegradable (74–83%), while 

4b with the –C12H25 nearly met the ready biodegradability criterion (60%), reaching 57%.88 

In contrast, ILs with the –C16H33 substituent (4c) showed a longer lag phase of 10 days 

before beginning to degrade, not reaching a plateau within the experiment duration. 

Combining carbohydrates with other bio-derived molecules such as amino acids, 

has also produced readily biodegradable ILs (3a–g), capable of decomposing in activated 

sludge within 5–6 days.87 This findings demonstrate the potential of carbohydrate-

derived ILs as alternatives to the cholinium based ILs (ChILs), which are known for high 

biodegradability.47 Despite cholinium amino acid-based ILs (AAILs) exhibit lower 

viscosity and can be easily prepared, a “green” synthetic pathway for obtaining sugar-

derived ILs has also been reported recently.92 Moreover, carbohydrates possess hydrogen 

bond-rich structures, making them advantageous for specific applications. 
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When evaluating the environmental impact of ILs, it is crucial to consider their 

toxicity and that of their metabolites on living organisms. ILs derived from naturally 

occurring compounds are expected to be less toxic, with ChILs standing out  

as particularly promising in this regard.105–107 In addition to ChILs, carbohydrates have 

also attracted attention as starting materials for synthesizing non-toxic and biocompatible 

ILs. Carbohydrate-derived ILs typically exhibit very low (eco)toxicity towards bacteria, 

fungi80, human cancer cells93, mouse cells85,108, rat cells88, and zebrafish eggs93, highlighting 

their high biocompatibility. 

Among the examined tetrabutylammonium ILs combined with natural organic 

acids (ᴅ-glucuronic (1b), ᴅ-galacturonic (1c), ʟ-lactic, ʟ-tartaric, malonic, succinic, ʟ-malic, 

and pyruvic acids), those derived from carbohydrates were found to be the least toxic.80 

Interestingly, functionalization of conventional imidazolium ILs with sugar moieties 

reduced their toxicity or even eliminated it.93,108 Hong et al.108 further confirmed  

the positive influence of carbohydrate units on decrease in toxicity by introducing sugar 

moieties into PILs. A polymer containing quaternary ammonium salts and pendent sugar 

units revealed a notable cytotoxic activity reduction against mouse fibroblast cells (L929) 

compared to traditional PILs. 

However, Reiß et al.85 observed that IL toxicity depends on concentration, 

investigating a series of pentose- (6a–h) and ᴅ-glucopyranose-based ILs (7a–g). At 0.1 M 

concentration, almost all of the investigated ILs showed no cell viability; however,  

at 10 mM concentration, some differences were observed. Specifically, among pentoses-

derived ILs, those based on ribose were the least toxic. Additionally, glucose-derived ILs 

showed differences in toxicity between α- and β-anomers (7a and 7b, respectively),  

with the α-anomer-based IL showing higher toxicity against mouse cells than  

the β-anomer-based IL.  
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IL cytotoxicity can be also affected by the length of the carbon chain. Erfurt et al.88 

examined glucose-based ILs modified at the anomeric position with various alkyl 

substituents (4a–c). Derivatives with the shortest alkyl chain (4a) showed the lowest 

cytotoxicity against rat leukemia cells, with no effect on cell viability up to 0.584 mM 

concentration. For derivatives 4b and 4c, the EC50 values were sufficiently lower: 0.085 

for 4b and 0.010 mM for 4c, indicating an increase in cytotoxicity in the following order, 

4a < 4b < 4c. These results confirm that higher cytotoxicity corresponds to the higher 

hydrophobicity of the IL. Surprisingly, replacing the Br− anion with the [NTf2]− anion  

in 4c had little impact on toxicity. Comparatively, dimethyl-phenyl-ammonium chloride 

showed similar trends in cytotoxicity relative to hydrophobicity. However, replacing  

the phenyl ring with hydrophilic ᴅ-glucose significantly reduced the cytotoxicity.109 

Considering the influence of cations and anions on toxicity, ILs with cationic sugar 

moieties showed toxicity largely dependent on the anion. For ᴅ-glucopyranose-derived 

ILs (7b–d), replacing [OTf]− (7b) or [OTs]− (7d) anions with [OMs]− (7c) anions 

significantly reduced toxicity. Conversely, for ILs with carbohydrate moieties in the anion, 

the toxicity was primarily influenced by the cation. Gluconate ILs combined  

with phosphonium cations (2b,2c) were more toxic than their ammonium (2a)  

or guanidinium (2d) analogues. Moreover, in agreement with previous reports, 

increasing the length of alkyl chains in a tetraalkylphosphonium cation resulted  

in increased toxicity.110,111 

These findings illustrate that modifying conventional ILs with carbohydrate 

motifs can reduce toxicity, highlighting the potential of using carbohydrate units  

to develop biodegradable, non-toxic ILs, highly desirable for applications in chemistry, 

biology, and ecology.16 
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3.6.2. Thermal stability and melting point 

 

The thermal properties of various ILs and salts play a crucial role in determining 

their potential applications. ILs are frequently considered to be thermally stable because 

of their high decomposition temperatures (Td). However, data on these properties  

are typically obtained through ramped-temperature thermogravimetric analysis (TGA), 

and as shown by Del Sesto et al.112, this method can significantly overestimate stability, 

sometimes by hundreds of degrees, due to rapid temperature increase. The long-term 

stability of ILs can be more accurately assessed using isothermal TGA (static TGA)  

with measurements conducted over several hours. The Td values obtained using  

this method are considerably lower than those from ramped-temperature TGA.113 

Nevertheless, such experiments have not yet been conducted for carbohydrate-derived 

ILs, but they would be valuable for understanding the potential caramelization  

of saccharides, which may also occur in sugar-based ILs.114 

The thermal properties of carbohydrate ILs, such as the decomposition 

temperature (Td), the melting point (Tm), and the glass transition temperature (Tg),  

are influenced by various structural features. These include modifications to the cation, 

such as the length of the alkyl chain on the quaternary ammonium group or the alkyl 

spacer between the carbohydrate moiety and the quaternary ammonium group,  

as well as the presence of additional functional or protecting groups. The nature of both 

the cation and the anion also plays a significant role. 

 

3.6.2.1. Anion 

 

The type of anion in carbohydrate-derived ILs and salts as well as in their common 

imidazolium analogues corresponds to their nucleophilicity and basicity, significantly 
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affecting their thermal stability.115 More nucleophilic and basic anions result in less stable 

ILs and salts. This trend is clear for glucose-derived salts investigated by our group,  

with Br−, [N(CN)2]−, and [NTf2]− anions (8a, 8b, and 8c, respectively), where their thermal 

stabilities increased in the order, 8c > 8b > 8a, corresponding to decreasing anion 

nucleophilicity.56,79 

This trend was also observed in the open chain gluconamide derivatives (5b, 5c) 

investigated by Billeci et al.93, where derivative 5b with [NTf2]− anion demonstrated 

higher thermal stability than 5c, with Br− anion. Interestingly, derivatives with longer 

alkyl spacers in their cations (5d, 5e) exhibited the opposite trend. The typical trend  

was maintained for isosorbide (product of glucose hydrogenation to sorbitol, followed 

by dehydration) derivatives (14a–d and 14e–h, with [NTf2]− and [OTf]− anions, 

respectively) where the latter exhibited higher thermal stability.72 In halide-based 

gluconamide derivatives (5f and 5g, with I− and Br−, respectively), higher thermal stability 

was observed for the derivative with the I− anion, along with the decreasing basicity  

of the halides (F− > Cl− > Br− > I−). However, some deviations from this trend may occur. 

For example, Kaur et al.63 reported a series of chiral salts derived from ᴅ-galactopyranose 

and DABCO (9a–f), with Td values between 180 °C and 250 °C, which increase  

in the following order, [OTf]− < I− < [BrCH2CH2SO3]− < [SbF6]− < [BF4]− < [PF6]−. 

Interestingly, a series of amino acid/carbohydrate-based ILs (3a–g) studied in our 

group demonstrated the significant impact of the amino acid structure on Td.87 Among 

the anions investigated ([Arg]−, [Gly]−, [Ser]−, [His]−, [Leu]−, [Trp]−, and [Tyr]−),  

the thermal stability of the salts increased with the elongation of the amino acid side chain, 

with the exception of [Arg]−, which reduced the stability of 3a. 

Comparing the Td values for derivatives where the carbohydrate moiety  

was transformed into an anion (e.g., cyclic glucuronate (1b) and open-chain gluconate 

(2a)), combined with a tetrabutylammonium cation, the latter exhibited higher thermal 
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stability (Td = 136 °C and 162 °C, respectively). The derivative 2a also showed a higher 

melting point and glass transition temperature than 1b.80,93 The same trend was observed 

for ILs with glucuronate and gluconate anions combined with [EMIm]+ cations. 

Specifically, Td for the derivative with the glucuronate anion (1a) was < 200 °C, while  

Td for the gluconate anion derivative (2e) was > 250 °C.79,81 This is likely due to the higher 

number of hydroxyl groups in the gluconate anion (five, compared to four in glucuronate) 

and the stronger H-bonding interactions.  

The type of anion also affects the Tm of carbohydrate-derived ILs and salts. Kumar 

et al.66 prepared a series of dicationic salts derived from isomannide (15a–f), where  

the Tm values ranged from 60 °C to 251 °C, increasing in the following anion order:  

[NTf2]− < [TFA]− < [OTf]− < I− < [BF4]− < [PF6]−. 

Certain carbohydrate salts with halide anions have exceptionally high Tm values, 

even higher than their analogues bearing [BF4]− or [PF6]− anions. In a series of chiral 

ammonium ILs and salts derived from isomannide (16a–f), the highest Tm value (170 °C) 

was observed for the derivative with the I− anion (16f).67 Derivatives with [NTf2]− (16a) 

and [TFA]− (16b) anions were liquids at room temperature; however, changing the anion 

to [OTf]−, [PF6]−, or [BF4]− led to increases in their Tm values, to 80 °C, 95 °C, and 150 °C, 

respectively. This was also the case for ᴅ-ribose- (10a–f) and ᴅ-galactose-derived (11a–e) 

ILs and salts.61,116 Specifically, ᴅ-ribose-based salts containing [NTf2]−, [OTs]−, or [BF4]− 

anions were liquids at room temperature, while for the derivatives with [PF6]−, I−, or Br− 

anions, Tm values rising in the following order: [PF6]− < I− < Br− were observed.  

The corresponding ᴅ-galactose derivatives were all solids with significantly higher  

Tm values. 
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3.6.2.2. Cation 

 

Both the origin and functionalization of an IL’s cation can impact the thermal 

properties of the sugar-based ILs. Poletti et al.53 studied the effects of modifications  

at the C6 position of methyl-α-ᴅ-glucopyranoside using trimethylamine (12a), diethyl 

sulfide (12b), or tetrahydrothiophene (12c). Compounds 12a and 12c were solids at room 

temperature, with Tm = 138 and 110 °C, respectively. Additionally, 12c showed  

an exothermic crystallization peak at 52.6 °C, whereas 12b, neither crystallized nor melted 

but formed a glass upon cooling to -53 °C. The thermal stability of these ILs increased  

in the order: 12b < 12c < 12a. 

Reiß et al.85 developed a series of pentose- (6a–h) and ᴅ-glucopyranose-based ILs 

(7a–g) which displayed significant differences in thermal properties. Although direct 

comparisons are difficult to make because they have different functionalization  

at the anomeric centers, comparison of pentose-derived ILs with glucoside-derived ILs 

possessing the same anions and protection of hydroxyl groups reveals that the pentose-

derived ILs were mostly liquids at room temperature, while glucoside-derived ILs  

were mostly solids under the same conditions. Pentose-derived ILs also had higher  

Td values (297–345 °C), relative to glucoside-derived ILs (Td = 205–250 °C). Among  

the pentose-derived ILs, thermal stability increases in the following order:  

ᴅ-lyxose < ʟ-arabinose < ᴅ-xylose ≈ ᴅ-ribose. More exact comparisons can be made among 

glucoside-based products, where differences in thermal properties were reported  

for α- and β-anomers. For example, the methyl-α-ᴅ-glucopyranoside-derived IL  

with [OTf]− anion (7a) had a Tm of 95–100 °C, while the β-anomer (7b) was a liquid  

at room temperature. 

Carbohydrate moieties transformed into anions and combined with common 

alkylimidazolium, tetraalkylammonium, tetraalkylphosphonium,  
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or N,N,N’,N’-tetramethylguanidium cations, demonstrated thermal stabilities 

inconsistent with traditional ILs having non-carbohydrate-derived anions.79,80,93,113  

In a series of gluconate-based ILs with phosphonium, ammonium, or guanidium cations 

(2a–d), thermal stability depended on the cation type, increasing in the order:  

[tmgH]+ < [P4 4 4 4]+ < [N4 4 4 4]+ < [P6 6 6 14]+.93 Moreover, comparison of Td values for 2b and 2c, 

shows that Td can be enhanced by elongation of the alkyl chain. It is worth underlying 

that the derivative 2c with the [P6 6 6 14]+ cation, exhibits even higher Td than 2a  

with the [N4 4 4 4]+ cation. Moreover, for glucuronate-based ILs (1a, 1b), the imidazolium 

salt (1a) showed higher thermal stability than the corresponding ammonium salt (1b)  

([N4 4 4 4]+ < [EMIm]+).79 This trend was also verified when imidazole was used  

as the functionalization moiety in a salt with a gluconamide-based cation (5a), which 

demonstrated higher thermal stability than the corresponding ammonium-based cation 

salt (5h).93 

 

3.6.2.3. Length of the Carbon Chain 

 

The length of the carbon chain is another factor influencing the thermal properties 

of carbohydrate-derived ILs and salts. This includes the carbon chain on the quaternary 

ammonium group and the spacer between the carbohydrate moiety and the quaternary 

ammonium group. 

According to Arellano et al.117 investigating traditional imidazolium ILs, 

increasing the alkyl chain length strengthens Van der Waals intermolecular interactions 

which affects the molecular organization within the sample, leading to increased thermal 

stability.118 In contrast, increased chain lengths can also decrease the electrostatic 

interactions, thus causing lower thermal stability.119 Moreover, it was shown that longer 

alkyl chain lengths in piperidinium ILs may increase the stability of the corresponding 
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carbocations and carbon radicals, making them better leaving groups and thereby 

promoting decomposition.120  

In a series of herbicidal ILs (HILs) derived from ᴅ-glucose, containing 4-chloro-2-

methylphenoxyacetate anions and alkyl substituents at the ammonium head ranging 

from –CH3 to –C16H33 (4d–h), no obvious trend in thermal stability was observed.86 

However, the order of thermal stability (C1 < C8 < C4 < C16 < C12) aligned well with a similar 

group of HILs containing 2,4-dichlorophenoxyacetate anions (4i–m), with the exception 

of derivative 4j (having C4 substituent), which showed the lowest stability. 

Comparison of Td values of isosorbide-derived ILs with C8 and C12 alkyl chains 

(14a, 14e, and 14b, 14f, respectively) indicates that alkyl chain length had minimal 

influence on the thermal stability of this type of IL.72 

A more distinct impact of the alkyl chain length on the ammonium head is evident 

in the melting point data for the investigated salts. For instance, in the dicationic mannitol 

salts (18a–e), a systematic increase of Tm was observed along with elongation of the chain 

length from –C3H7 to –C18H37.54 Additionally, the isomannide-based salt with a –C4H9 

alkyl chain (17a) had higher melting point than its corresponding derivative  

with a methyl substituent (17b), which was an oil.68 There is an observable, yet less 

profound influence of the alkyl chain length, which was also demonstrated  

for α-ᴅ-glucopyranoside derivatives functionalized with DABCO amine and quaternized 

with C4 to C18 alkyl chains (13a–d).54 

The protection of hydroxyl groups by etherification provides a similar effect,  

as demonstrated by glucose derivatives 7b and 7g, where hydroxyl groups  

were methylated or ethylated, respectively.85 Specifically, 7b remained a liquid at room 

temperature, while 7g had a Tm of 118–120 °C. 
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The nature of the alkyl spacer between the carbohydrate moiety  

and the quaternary ammonium group also influences the thermal stability depending  

on whether the spacer is linear or branched. In a series of glucono-based derivatives, 

branching of the alkyl chain resulted in decreased Td values (5c, 5i, 5e, and 5j).93 

Additionally, the thermal stability of glucose derivatives with the [NTf2]− anion  

and modified at the C1 position with ethoxy or propoxy chains (3h, 3i), showed a slight 

increase in stability with chain elongation (ΔTd = 2 °C).56 This trend was also observed  

for glucono-based derivatives 5c and 5e, with ethyl and propyl linkers, respectively, 

combined with Br− anions.93 However, the opposite trend (decrease of thermal stability 

with lengthening of the alkyl spacer) was reported for corresponding derivatives 

combined with I− and [NTf2]− anions (5f, 5h and 5b, 5d, respectively). Despite the opposite 

trend reported for derivatives with [NTf2]− anions, the effect of lengthening the alkyl 

chain was minor (ΔTd = 3 °C), as demonstrated by comparing glucose derivatives 3h  

and 3i.56 For halide derivatives with I− (5f, 5h) and Br− (5c, 5e) anions, the effect is more 

pronounced (ΔTd = 12 °C and ΔTd = 27 °C, respectively).93 

In conclusion, conventional ILs typically exhibit higher thermal stabilities  

than most carbohydrate-derived ILs, likely due to the easier degradation of carbohydrate 

motifs at elevated temperatures. 

Most ILs with hexose in the cation have Td values between 150 and 250 °C; however, 

additional stability can be achieved when combining sugar cation with the [NTf2]− anion. 

On the other hand, some pentose-derived ILs reveal a higher thermal stability of 296  

to 345 °C.85 To compare, the conventional ILs with 1-ethyl-3-methylimidazolium cation 

and anions such as: Cl−, Br−, I−, [OTf]−, [OMs]−, [N(CN)2]−, [C(CN)3]−, [BF4]−, [PF6]−, [AsF6]−, 

[NTf2]−, [Beti]−, [EtSO4]− revealed Td ranging from 282 to 462 °C 116, while ILs containing 

the 1-butylpyridinium cation combined with: Br−, [BF4]−, [PF6]−, [NO3]−, [OTf]−, [N(CN)2]−, 

[HSO4]−, [H2PO4]− revealed Td ranging from 239 to 392 °C 120. Substituting the anion  
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in the IL with the 1-ethyl-3-methylimidazolium cation into either gluconate  

or glucuronate results in significantly lower thermal stabilities, up to 250 °C.79,81,115  

These examples show that certain pentose-based ILs can operate within similar 

temperature ranges as many conventional ILs, with the added benefit of being less toxic. 

 

3.7.  Applications of carbohydrate-based ionic liquids 
 

In the past years, extensive research on the applications of ionic liquids has been 

conducted, and their use in various fields has already been well documented.121 The chiral 

nature and hydrogen-bonding capabilities of carbohydrate-based ILs make them 

particularly promising for catalytic applications. Additionally, their lower toxicity  

and higher biocompatibility offer a sustainable alternative to conventional ILs, 

potentially reducing the ecological impact of industrial processes. These unique 

properties have also expanded their potential in biomedical and ecological applications. 

This chapter will discuss applications previously explored in 48, as well as novel 

applications that extend beyond this review, to provide a comprehensive overview  

of the versatile trends in the field of carbohydrate-based ILs applications. 

 

3.7.1. Organocatalysts/chiral catalysts 

 

Carbohydrates belong to the natural chiral pool, so their IL derivatives have been 

studied as sustainable chiral solvents for applications in catalysis and material synthesis. 

A particular characteristic of ionic liquids, which also applies to sugar-derived ones,  

is that ILs often can serve dual roles as both solvent and catalyst in organic reactions 

(chiral or achiral).  



 

Page | 37 

Bartłomiej Gaida 

The Chrobok group demonstrated that catalytic amounts of carbohydrate ILs can 

enhance Diels–Alder reactions, achieving complete conversion and a high ratio  

of endo:exo isomers (13.0-13.1) within minutes.56 Remarkably, glucose-based ILs 

exhibited catalytic activity comparable to Yb(OTf)₃, a highly active metal catalyst for such 

reactions. The abundant hydroxyl groups in the cationic carbohydrate units positively 

influenced both reaction kinetics and selectivity, as confirmed by comparative studies 

with ILs having fewer hydroxyl groups. Jopp et al.69 reported the first glucosamine-based 

ILs, which were also tested in the Diels-Alder model reaction between cyclohexadiene 

and diethyl maleate. However, in this case, the product yield was much lower (30%,  

with endo:exo = 12.3), probably due to the higher rigidity of glucosamine-based ILs 

compared to ᴅ-glucose-based ILs used by Chrobok et al.56  

The Chrobok group88 also explored glucose-derived ILs modified with long alkyl 

chains on the quaternary ammonium group as phase transfer catalysts (PTCs)  

in the synthesis of 2-chloro-1,3-butadiene (chloroprene) using a two-phase system.  

The influence of alkyl chain length of ammonium bromides on the conversion  

of 3,4-dichloro-1-butene was described, with the highest activity reported for IL bearing 

a C12 alkyl chain. The elaborated method, employing carbohydrate ILs as PTCs allowed 

chloroprene formation with a high yield of >99% and 100% selectivity at room 

temperature in 1 h. 

Garg and Reddy122 used ᴅ-ribose-based IL as a catalyst in the efficient synthesis  

of functionalized dihydropyrano coumarins via condensation reaction. A wide range  

of products substituted with aromatic and aliphatic aldehydes was prepared under mild 

conditions with good to excellent yields ranging from 76 to 92%. Moreover,  

the reusability of the catalyst up to 5 times was tested and no significant loss of activity 

was reported. 
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Kaur and Chopra63 investigated ᴅ-galactose- and DABCO-based ILs as chiral 

recognition agents for the enantiodifferentiation of sodium salts of Mosher’s acid. 

Moreover, chiral iodide salt was used as an organocatalyst in the asymmetric reduction 

of aromatic prochiral ketones. Secondary alcohols were obtained in moderate to high 

yields, although only low-to-moderate enantiomeric excess was achieved (5–17%). 

Carbohydrate-derived ILs have very good solubility in water, which can facilitate 

the separation of water-insoluble reaction products and the regeneration of the IL  

for the next reaction cycle. ILs based on carbohydrates and amino acids were successfully 

utilized as catalysts for the Knoevenagel condensation reaction, where conversion values 

of 67–94% were achieved following reaction times as short as 15 min under exceptionally 

mild conditions using water as the solvent.87 Moreover, AAILs have been intensively 

studied in the absorption of greenhouse gases due to the available amino group, suitable 

for efficient CO2, NOx, and SOx capture. So far AAILs with common imidazolium123,124, 

tetraalkylphosphonium125, and tetraalkylammonium126 cations as well as biocompatible 

cholinium127 have been shown as promising liquid absorbents. Nevertheless,  

this promising, sustainable approach still remains unexplored for carbohydrate based 

AAILs. 

The work done by Yuan et al.57 is an example, where sugar-based IL was used  

as both a catalyst and a solvent. Chiral glucose-containing pyridinium ILs was applied  

in a one-step asymmetric synthesis of Tröger’s base compounds, which are used  

in supramolecular chemistry, DNA recognition, gas separation, medicine,  

or as promising catalysts in asymmetric reactions. The products were generated  

with high enantioselectivity (up to 84%) and efficiency (up to 83%). 

In previous cases carbohydrate derived ILs were the only catalysts in the reaction 

environment, but they can also be a constituent of the catalytic system, improving  

its catalytic activity, selectivity or both. Zhou et al.128 showed that carbohydrate-derived 
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ILs can be successfully used as ligands for Pd-catalyzed homo-coupling reactions  

of arylboronic acids. The carbohydrate moiety in the ligand was proven to be crucial  

for improving the catalytic activity of the resulting catalysts and arylboronic acids  

were obtained with high yields (85-99%).  

Another example of synthesis and application of Pd(II) complexes containing 

glucose-based ligands is the work done by Jopp et al.129. 11 acyl-protected glucosyl 

imidazolium iodides served as precursors and 15 complexes have been synthesized, then 

utilized as catalysts in a model Suzuki-Miyaura reaction. Reaction between 

bromobenzene and 4-tolueneboronic acid has been investigated, and a highly reactive 

complex leading to >99% yield at 0.005 mol% catalytic loading has been reported. 

Chrobok et al.83 studied the performance of the biocatalyst consisting  

of the Candida antarctica lipase B (CALB) and multi-walled carbon nanotubes (MWCNTs) 

modified by ᴅ-glucose-based ionic liquids for the synthesis of n-butyl acrylate  

via esterification of acrylic acid and n-butanol. For the most promising carbohydrate-

based IL, a 99% yield of n-butyl acrylate was achieved in 24 h. The presented catalytic 

system was cross-verified and benchmarked against the commercially available 

biocatalysts, clearly revealing the outperformance of the novel formula. A year later, 

Lehman and Jopp59 used ᴅ-glucose based IL as a support for Novozym 435 (commercially 

available immobilized CALB) in the same reaction. However, in this work, the maximum 

yield was 67% for n-butyl acrylate. In another work130, the same authors optimized  

the reaction parameters for various substrates, while the catalyst remained unchanged. 

Different alcohols and reaction conditions were extensively screened, yielding 17 acrylate 

and 2 methacrylate esters at room temperature with complete or nearly complete 

conversion reported for most of the products. 
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3.7.2. Biomedicine and ecology 

 

The increasing interest in the biological activity of ILs has driven significant 

advancements in their applications within biomedicine and ecology, leading  

to the development of biomaterials and drugs utilizing ILs.16 A considerable aspect  

of this newly emerging field is the establishment of a third generation of ILs, employing 

biodegradable and natural ions with known biological activities. Although choline  

and amino acid-based ILs have dominated the biomedical research, sugar-based ILs have 

the potential to become the next essential contributor. The antimicrobial activity  

and generally low toxicity of sugar-based ionic liquids have attracted considerable 

attention, leading to recent growth in the number of reports on their environmental 

impact, including toxicological aspects80,85,93,108 and biodegradability80,87. 

For example, Chen et al.131 demonstrated that pyridinium-based polymeric ILs 

(PILs) with pendent sugar units exhibited enhanced binding affinity and antibacterial 

activity against Gram-negative E. coli. Additionally, they developed hybrid 

nanocomposites based on PILs containing pendent sugar units with Fe₃O₄ nanoparticles, 

showing potential as antibacterial agents for water treatment.108 Incorporating 

carbohydrate moieties into PILs has significantly reduced cytotoxicity towards 

mammalian cells while enhancing antibacterial efficacy compared to unmodified PILs.  

In 2009, polycationic carbohydrate-derived salts were found to have promising 

antibacterial and antifungal activities, particularly as gels for topical disinfection.54 

Moreover, Billeci et al.93 demonstrated that glucono-based ILs could induce 

moderate or low antiproliferative effects and are safe for human erythrocytes in toxicity 

tests involving three different cancer cell lines and fish embryos. Toxic effects  

were detected only when unusually highly concentrated solutions were analyzed.  

Their research also showed that functionalizing conventional imidazolium ILs with sugar 
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moieties reduces toxicity, which could lead to the development of safer aromatic ILs  

and sugar-based IL systems for biomedical use. 

While investigating novel composites for biomedical engineering, Krukiewicz  

et al.132 developed a polymer material, co-doped with a biodegradable,  

ᴅ-glucopyranoside-derived IL with conductive properties. Electrodeposition of poly(3,4-

ethylenedioxythiophene) (PEDOT) in the presence of a carbohydrate IL (which also acts 

as an electrolyte) resulted in the formation of highly corrugated and structured polymer 

films with increased biocompatibility relative to undoped polymers. Thus,  

such composites represent promising candidates for applications as neural interfaces  

or tissue scaffolds. 

Moreover, sugar-based ILs demonstrate herbicidal activity (as HILs) when 

combined with specific anions.86 Pernak et al. in collaboration with the Chrobok group, 

have reported that such ionic systems exhibit negligible vapor pressure, and their 

structures can be modified to control their water solubility, thus limiting their mobility  

in the environment. 

 

3.7.3. Solvents (biomass conversion, extraction and absorption) 

 

Ionic liquids are traditionally known to act as reaction media in chemical 

transformations because of their low volatility and high solubility for many organic 

compounds. However, their utility extends beyond this, as they can also be employed  

as absorbents, extractants and dissolution media for biomass processing.  

This is particularly important in the context of reducing the reliance on fossil fuels 

by valorizing renewable biomass. In such processes, wastes from food production  

or forestry can be repurposed to produce ILs, which are then used as recyclable solvents. 
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The concept of a closed-loop biorefinery has recently been introduced, where biomass  

is processed using ILs derived from the same or similar biomass feedstock.50 Given  

this potential, the development of sugar-based ILs is advantageous for breaking down 

hard-to-dissolve polysaccharides, particularly due to their lower toxicity compared  

to conventional solvents used for biopolymer dissolution. 

Javed et al.133 used N,N-diethyl-N,N-dimethylammonium gluconate, prepared  

by simple neutralization of diethyl dimethyl ammonium hydroxide with gluconic acid, 

to extract cellulose from oil palm lignocellulosic biomass. By using this sugar-derived IL, 

52% wt. of cellulose was extracted from the crude biomass, without any pretreatment, 

within 30 min at 25 °C. While conventional ILs have been extensively researched  

for polysaccharide dissolution, sugar-based ILs have only recently begun to attract 

attention for this purpose.134 Although these ILs typically exhibit high viscosities, newly 

developed glucono-based derivatives with viscosities as low as 106.3 mPa·s makes  

them an attractive solvent, with high hydrogen-bonding abilities and low environmental 

impact. 

Moreover, taking advantage of the strong coordinating abilities of hydroxyl 

groups, the potential use of this type of ILs as extractants should be explored. Recently, 

Billeci et al.96 investigated gluconate-based ammonium and phosphonium salts  

as gelators to produce sugar-based gels with a thick network of hydrogen bonds, further 

used for desulfurization of fuels. Reported systems were able to remove approximately 

70–80% of benzothiophene and dibenzothiophene, which are generally considered  

as refractory compounds in desulfurization.  

Reddy et al.116,135 studied hydrophobic ᴅ-galactose-based ILs in Pb2+ and Cd2+ 

removal from aqueous solutions. Various batch parameters such as pH, IL dose, contact 

time, initial metal ion concentration and temperature were considered, showing  
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that the carbohydrate IL can remove up to 374.9 mg·g−1 of Pb2+ and 84.5 mg·g−1 of Cd2+ 

under optimal conditions. 

Sugar-based ILs were also recently applied in the synthesis of hydrogels.  

Jopp et al.84 used ionic vinyl imidazolium carbohydrate monomer and cross linkers such 

as N,N′-methylenebis(acrylamide) or poly(ethylene glycol) diacrylate to prepare cationic 

hydrogels. These hydrogels are hydrophilic, three-dimensional cross-linked polymers 

capable of reversibly absorbing significant amounts of water while maintaining  

their structure.136 

 

3.7.4. Energy conversion and storage 

 

Although conventional ILs have been widely studied in the context  

of their potential applications in electrochemistry, with a special focus on use  

as electrolytes, carbohydrate-based ILs have barely been investigated with regard  

to this approach.137  

Billeci et al.92 exploited the coordinating properties of sugar-based ILs, reporting  

a thermochromic system that employed glucono-based ILs ligands to coordinate 

cobalt(II). The solution changed color from pink to blue upon heating/cooling in the range 

of 20–60 °C due to the change in the coordination geometry of the Co2+ ion  

with the hydroxyl groups present in the sugar moiety. This system was further 

incorporated into a polymer film and maintained its performance. Such stimuli-

responsive “smart” systems have potential for energy storage applications like window 

glazing, because they use solar radiation energy with increased efficiency. 

Ionic liquids have also been proposed as precursors for nitrogen-doped carbon 

materials, which are highly valued for their excellent electrical conductivity and chemical, 



 

Page | 44 

Bio-derived ionic liquids as sustainable 

functional materials precursors 

mechanical, and thermal stability. These materials have become desirable for energy 

conversion and storage, gas separation, and catalysis applications.138 

The research conducted by our group has shown that carbohydrate-based ILs can 

serve as versatile precursors for N-doped carbon, providing the carbon source, nitrogen 

dopant, and acting as pore-generating agent.79 By carefully designing these ILs  

at the molecular level, it is possible to finely tune the properties of the resulting carbon 

materials, optimizing factors such as yield, porosity, and nitrogen content. The metal-free, 

nitrogen-doped carbon materials produced from these ILs have exhibited electrocatalytic 

activity in oxygen reduction reactions, underscoring their potential in energy-related 

applications. 

The manufacture of ILs using abundant, inexpensive and renewable 

carbohydrates represents a promising strategy to tackle the challenge of sustainable 

chemical production that addresses the challenges related to depletion of fossil sources. 

Sugar-based ILs can be synthesized using various pathways, which have become more 

and more attractive from economic and sustainability perspectives. Although  

the purification of suitable intermediates is a bottleneck of carbohydrate IL synthesis, 

recently reported procedures that replace the column chromatography purification step 

with simple extraction using green organic solvents are examples of successful 

advancements toward development of green chemicals. 

When considering applications that take advantage of the versatile features  

of carbohydrate-derived ILs, these derivatives can be used as alternatives to cholinium  

or amino acid derivatives, which are currently more commonly used in the synthesis  

of bio-ILs. The advantageous features of carbohydrate-derived ILs include their 

hydrogen bond-rich structure which endows these ionic liquids with high coordinating 

ability and solubility in polar solvents. Moreover, the chirality, low toxicity, and high 

biodegradable potential of carbohydrate ILs make them attractive targets of research  
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for catalytic, biomedical, and ecological applications. Overall, the spectrum of possible 

applications for sugar-based ILs has broadened considerably to the point that they now 

demonstrate potential as solvents, extractants, or materials for energy conversion  

and storage. 

One of the most attractive features of ILs is that their properties can be tuned  

by selecting the specific cations, anions, side chains, or task-specific functional groups. 

The family of carbohydrate ILs and salts has only begun to be investigated, so there  

is a need to report more data describing the influence of structure on their 

(eco)toxicological properties. Overall, it will allow for more targeted design regarding 

this class of bio-ILs. 

In the following sections, the study on the properties and applications of novel 

sugar-based ionic liquids as phase change materials (chapter 4.1.), N-doped carbon 

materials precursors (chapter 4.2.) and surface active agents (chapter 4.3.)  

will be provided. 
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4. Results and discussion 
 

4.1.  Carbohydrate-based ionic liquids as phase change materials 
 

4.1.1. Introduction 

 

In an era defined by the growth of electricity consumption, the need for sustainable 

solutions and energy-efficient technologies has intensified like never before. The seamless 

storage and conversion of renewable energy resources stand as key strategies to bridge 

the growing gap between electric energy supply and demand.139 Phase change materials 

(PCMs) have emerged as a potential remedy for this problem. Possessing the unique 

ability to store thermal energy in the form of latent heat during phase transitions  

and liberating the stored energy upon reversed the transition.140 PCMs date back  

to the 1970s, predominantly focusing on solid ↔ liquid transitions, characterized  

by minimal volume change and substantial transition enthalpy (for melting, it is denoted 

as the fusion enthalpy (ΔHf)).141 Recent attention has directed towards PCMs with melting 

points spanning intermediate temperature range (100 – 220 °C) for the efficient 

exploitation of renewable resources such as solar and wind energy. PCMs not only allow 

for storage and reuse of thermal energy, but can also be used in the next generation 

thermal batteries (Carnot battery), which are able to convert heat into electricity.142 Within 

this temperature spectrum, a variety of candidates including sugar alcohols143, inorganic 

salt hydrates144,145, organic salts and ionic liquids146–149, fatty acid diamides150,151  

and polymers152 have been studied. However, many of these candidates have  

to be excluded from practical consideration due to inherent drawbacks,  

such as corrosivity, flammability, phase separation, supercooling, low volumetric energy 
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storage or poor cycling stability.153 The pursuit of novel organic phase change materials 

is driven by economic needs and the urgency of environmental conservation. 

Striking to formulate PCMs with melting points between 100 and 220 ° C, this work 

has been guided by two distinct groups of materials: sugar alcohols and ionic liquids. 

Primarily, sugar alcohols, which exhibit the highest capacity for latent heat storage  

(>200 J g−1), surpassing all other organic materials that melt below 220 °C. Sugar alcohols 

such as erythritol154–160, galactitol (ᴅ-dulcitol)154,157, ᴅ-mannitol154,155,157–159,161,  

myo-inositol154,157,158,162, adonitol155, arabinitol155,158, sorbitol154–156,159 and xylitol154,155,160,163,164 

have been investigated as potential PCMs, so far. Of paramount importance  

is the biorenewable character of sugar alcohols that makes them sustainable materials, 

key to the transition to net zero.165 On the other hand, sugar alcohols suffer from poor 

thermal stability and significant supercooling (usually once melted, they are not able  

to recrystallize). Sugar alcohols own extraordinarily high ΔHf values (Table 1).  

This phenomenon finds its origins in the abundance of hydroxyl groups within their 

molecular structure, which facilitates the formation of extensive hydrogen bonding 

networks in the solid state. The disruption of these hydrogen bonds upon phase 

transition significantly contributes to the observed ΔHf values.154–161,163,164,166 

 

Table 1. Thermal properties of sugar alcohols. 

Sugar alcohol Tm [°C] ΔHf [ J g−1] Tc [°C] ΔHc [ J g−1] Tm - Tc Ref. 

Sugar alcohols able to crystallise 

erythritol 119 334 17 171 102 154 

ᴅ-galactitol 187 351 117 232 70 154 

ᴅ-mannitol 166 277 114 228 52 154 

myo-inositol 225 262 181 199 44 154 

Sugar alcohols unable to crystallise 

adonitol 100 250 n.a. n.a. n.a. 155 

arabinitol 103 280 n.a. n.a. n.a. 155 

sorbitol 99 184 n.a. n.a. n.a. 154 

xylitol 93 231 n.a. n.a. n.a. 154 
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Various strategies have been employed to adjust and enhance the crystallization 

behavior of sugar alcohols. These approaches include the formation of binary sugar 

alcohol eutectic mixtures154,155,167,168, the fabrication of composite materials involving sugar 

alcohols and polymers169–171, porous carbonaceous materials172,173, zeolitic imidazolate 

frameworks (ZIFs)174,175, inorganic porous materials176,177, encapsulation of sugar 

alcohols178–180, and enhancement of crystallization by adding metal powders  

such as copper or aluminum181. Additionally, chemical modification of sugar alcohols 

stands out as another method explored to refine their properties and this field  

was scarcely explored. 

Currently, only one research group has described the chemical modification  

of sugar alcohols to obtain materials for thermal energy storage. Sari et al. synthesized 

fatty acid (stearic, palmitic, myristic, and lauric acid) hexaesters of ᴅ-galactitol/ᴅ-mannitol 

to increase the cycling stability of sugar alcohols.182,183 Nevertheless, in terms  

of application, particularly with respect to melting temperature, the investigated esters 

with Tm in the range of 32 – 65 °C, offer alternatives more closely aligned with fatty acids 

(Tm of palmitic acid = 63 °C, ΔHf = 214 J g−1; Tm of stearic acid: = 69 °C, ΔHf = 235 J g−1)  

than with sugar alcohols (Tm of ᴅ-galactitol = 186 °C; Tm of ᴅ-mannitol = 166 °C).  

  More recently, low melting organic salts and ionic liquids have been recognized 

as compelling candidates for PCMs. Many organic salts including ionic liquids possess 

properties valuable for phase change materials and their application in thermal energy 

storage (TES) such as thermal stability, high specific heat storage capacity, inherent 

nonflammability, and negligible vapor pressure. A further dimension to their potential 

lies in the structural modifications related to the diversity of cations and anions 

combinations, which allows fine tuning of their physiochemical characteristics.  

Among organic salts that can be utilized as PCMs in the range of 100 to 220 °C  

are compounds containing imidazolium184–190, pyrazolium146, pyridinium148, 
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arylphosphonium191, cholinium192,193 or guanidinium147,192 cations and counter ions  

such as bromide (Br−), tetrafluoroborate ([BF4]−), hexafluorophosphate ([PF6]−), 

bis(trifluoromethane)sulfonimide ([NTf2]−), mesylate ([OMs]−), tosylate ([Tos]−), tartarate 

([Tart]−) and dihydrogen phosphate ([DHP]−) (Table 2).166 Most of the investigated ionic 

liquids and organic salts show melting enthalpies, lower than 130 J g−1, however, there 

are some outstanding exceptions, such as geminal dicationic ILs with ΔHf reaching  

up to 159 J g−1 for [C4(C2H4Im)2]Br2 (Tm = 135 °C).190 Moreover, few organic salts have 

gained considerable attention due to their biorenewable character, such as guanidinium 

mesylate (Tm = 208 °C, ΔHf = 190 J g−1) and cholinium tartarate (Tm = 151 °C, ΔHf = 129 J 

g−1).  

 

Table 2. Thermal properties of organic salts with Tm in the range of 100 – 220 °C. Reproduced with permission.166 

Copyright 2021, Royal Society of Chemistry. 

Compound Tm [°C] ΔHf [J g−1] Ref. 

[Gdm][OMs] 208 190 192 

[Ch][Tart] 151 129 192 

[Pzy][OMs] 168 160 147 

[C2H3O2MIm]Br 177 104 187 

[C2H3O2MMIMm]Br 148 58 187 

[C4(C2H4Im)2]Br2 135 159 190 

[C4(C2H5O2Im)2]Br2 209 118 190 

[C4(C2H5Im)2]Br2 131 102 190 

[C4(C2H5OIm)2]Br2 103 127 190 

[C4(C2H2NIm)2]Br2 212 126 190 

[C4(MIm)2]Br2 135 116 189 

[C4(MIm)2][PF6]2 111 85 189 

[Ch][DHP] 123 6 193 

[Ch][Tos] 105 69 193 

[PPh4][NTf2] 135 52 191 

[PPh3-o-Ph-O-Ph][NTf2] 164 71 191 

[PPh3-p-Ph-O-Ph][NTf2] 102 47 191 

[C2(MIm)2]Br2 208 116 188 

[C2(MIm)2][BF4]2 145 94 188 

[C2(MIm)2][PF6]2 191 109 188 

[C2(MIm)2][NTf2]2 140 74 188 

[C4(Thia)]Br 135 113 194 
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4.1.2. Goal of the research 

 

Taking advantage of the hydroxyl-group-rich structure of sugars and the expertise 

of the Chrobok’s group in the synthesis of carbohydrate-based ionic liquids and salts79,87, 

the goal of the thesis was to transform sugar derivatives into organic salts tailored  

for sustainable thermal energy storage. Sugars, which also possess multiple hydroxyl 

groups, similarly to sugar alcohols, have never been studied as PCMs before. Thus far, 

carbohydrates have only been found solely as PCM additives.195,196 The goal of this work 

was to investigate and better understand the structure-property relationship  

in the obtained ionic sugar derivatives and evaluate their potential in thermal energy 

storage. Melting points of sugars are in the intermediate temperature range  

and it is expected that they will have high enthalpies of fusion. Yet, the potential  

of chemical modifications of both sugar alcohols and carbohydrates to tune their thermal 

properties (supercooling in specific), remain a little exploited area in the PCM domain. 

Therefore, synthesis of bio-derived PCMs with low supercooling, good cycling stability, 

high heat of fusion and Tm values in the intermediate temperature range (100-220 °C)  

is still a challenge.  

 

4.1.3. Glucose-derived organic salts as phase change materials 

 

Saccharides are among the most prevalent organic compounds in nature,  

with glucose emerging as the most abundant monosaccharide. It serves as a fundamental 

building block for polysaccharides such as starch, cellulose, and glycogen, which  

is widely distributed in biomass (animals, fungi, and bacteria). Glucose is also  

a constituent of various disaccharides such as sucrose, maltose present in many plants, 

including fruits or lactose, a by-product of the dairy industry. Corn-derived starch stands 
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out as the primary raw material utilized in the enzymatic hydrolysis process  

for commercial glucose production.197 Glucose is produced ether in the liquid form – 

glucose and glucose-fructose syrup or in anhydrous and monohydrate crystalline form. 

Majority of the glucose is used in the food industry, while the largest nonfood use  

is as a raw material for the production of fuel-grade ethanol. Glucose itself  

is a biorenewable and affordable precursor for multiple valuable chemicals, which is used 

successfully in many industrial processes and the pharmaceutical industry, gradually 

replacing raw materials of petrochemical origin.198–201 

 

4.1.4. Synthesis of glucose-derived organic salts 

 

To prepare sugar-based phase change materials, glucose derivative – methyl  

α-ᴅ-glucopyranoside (MG) was chosen as a model compound. MG was transformed  

into two series of salts, with free hydroxyl groups in the cation ([Glu][X]) or methylated 

hydroxyl groups ([TMGlu][X]) (Figure 7).202 Each series contained 4 compounds  

with different anions. Based on preliminary screening and literature review, anions  

such as: Br−, [NO3]−, [OMs]− and [BF4]− were chosen.  
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[Glu][X] series was obtained by the bromination of methyl α-ᴅ-glucopyranoside 

with tetrabromomethane in the presence of triphenylphosphine via the Appel 

halogenation reaction using pyridine used as a solvent (Figure 8). Methyl 6-bromo-6-

deoxy-α-ᴅ-glucopyranoside (1) was purified by two-step column chromatography  

(1. CH2Cl2 to CH2Cl2:MeOH 9:1, 2. EA:MeOH 9:1). Afterwards, the methyl 6-bromo-6-

deoxy-α-ᴅ-glucopyranoside was quaternized with a 33% wt. ethanolic solution  

of trimethylamine in an autoclave, yielding [Glu]Br (2) with the yield of 73%. Anion 

metathesis was carried out with the corresponding silver salts i.e. commercially available 

AgNO3, AgOMs (synthesized from Ag2O and methanesulfonic acid (MsOH)), and in situ 

formed AgBF4 (from Ag2O and HBF4 48% wt. in H2O). For the anion metathesis,  

the [Glu]Br was dissolved in MeOH and mixed with the corresponding silver salts.  

The products were obtained after filtration and condensation of the filtrates, to yield 

respectively [Glu][NO3] (5), [Glu][OMs] (6) and [Glu][BF4] (7). Anion metathesis  

was achieved with high yields of 95%, 88% and 98% respectively. An alternative pathway 

to obtain ionic compounds from methyl α-ᴅ-glucopyranoside through 6-iodo-6-deoxy- 

Figure 7. Sugar-based organic salts derived from methyl α‐ᴅ‐glucopyranoside (MG). Adapted from 202. 
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α-ᴅ-glucopyranoside (3) was developed by Jopp et al.58 This method was adopted in this 

work and modified to obtain [Glu]I (4). In this procedure, methyl α-ᴅ-glucopyranoside 

and imidazole were dissolved in THF. Subsequently, triphenylphosphine and iodine 

were added. The reaction mixture was stirred under reflux. The product was purified  

by column chromatography (CH3Cl to CH3Cl:MeOH 12:1). This procedure eliminated  

the use of highly toxic pyridine as a solvent and offered a significantly higher product 

yield of 93%. Most of all, it simplified the purification procedure to single column 

chromatography. Quaternization with trimethyl amine afforded [Glu]I (4) (Y = 87%) 

which was used for anion metathesis instead of [Glu]Br. 

 

 

To investigate the importance of hydrogen bonds in the synthesized salts on their 

thermal properties, the analogue series [TMGlu][X] with methylated –OH groups  

was obtained (Figure 9). Methyl 2,3,4-O-methyl-α-ᴅ-glucopyranoside (8) was synthesized 

according to procedure described by Reiß et al.85, followed by bromination with CBr4,  

in the presence of triphenylphosphine to get methyl 2,3,4-O-methyl-6-bromo-α-ᴅ-

Figure 8. Synthetic procedure for [Glu][X] series preparation. Adapted from 202. 
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glucopyranoside (11). Subsequent quaternization with trimethylamine 33% wt. ethanolic 

solution, according to the analogous procedure that was applied for the synthesis  

of [Glu][X] series, yielded ionic derivative [TMGlu]Br (12). Nevertheless, the protection 

of the –OH groups simplified the purification procedure – it allowed the purification  

of methyl 2,3,4-O-methyl-6-bromo-α-ᴅ-glucopyranoside (11) with column 

chromatography in a single eluent system (PE:EA 3:1 to EA) instead of two, used  

for the purification of methyl 6-bromo-6-deoxy-α-ᴅ-glucopyranoside (CH2Cl2  

to CH2Cl2:MeOH 9:1 and EA:MeOH 9:1). On the other hand, after quaternization,  

an additional purification procedure had to be applied for [TMGlu]Br. The post-rection 

mixture was condensed on a rotary evaporator and washed with ethyl acetate.  

The resulting precipitate was filtered off and further purified via flesh column 

chromatography using MeOH as an eluent. Anion metathesis was carried according  

to the same procedure applied for [Glu]Br. [TMGlu][NO3] (13), [TMGlu][OMs] (14)  

and [TMGlu][BF4] (15) were obtained with yields of 97%, 87% and 94%, respectively.  
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4.1.5. Thermal properties of glucose-based ionic compounds 

 

The thermal properties of non-ionic precursor (methyl α-ᴅ-glucopyranoside (MG)), 

[Glu][X] and [TMGlu][X] series were investigated using differential scanning calorimetry 

(DSC). Primary interest was centered on melting temperature (Tm), enthalpy of fusion 

(ΔHf), crystallization temperature (Tc) and enthalpy of crystallization (ΔHc) to evaluate 

the potential of the salts for TES. The decomposition onset was determined  

by thermogravimetric analysis (TGA). All the data have been summarized in Table 3. 

 

Figure 9. Synthetic procedure for [TMGlu][X] series preparation. Adapted from 202. 
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Table 3. Physical properties of methyl-α-ᴅ-glucopyranoside (MG), glucose-based ionic compounds. (cc) – cold 

crystallization. Adapted from 202. 

Compound 
Tm 

[°C]±2°C 

ΔHf 

[J g−1]±5% 

Tc 

[°C]±2°C 

ΔHc  

[J g−1 ]±5% 

Td 

[°C] 

MG 168 178 - - 185 

[Glu]Br 233 109 - - 246 

[Glu][NO3] 163 88 84 76 267 

[Glu][OMs] 152 59 86 59 221 

[Glu][BF4] 99 48 - - 180 

[TMGlu]Br 155 65 104 (cc) 35 168 

[TMGlu][NO3] 116 30 - - 182 

[TMGlu][OMs] 135 49 73 (cc) 33 250 

[TMGlu][BF4] 147 66 103 46 171 

 

The model compound MG displayed a melting point of 168 °C (Td = 185 °C)  

and exhibited substantial ΔHf of 178 J g−1. However, once it was melted during the initial 

heating cycle, it failed to undergo recrystallization (Figure 10). 

 

 

Conversely, the incorporation of distinct anions such as Br−, [NO3]−, [OMs]−  

and [BF4]− had a profound impact on the thermal properties on the resulting ionic 

Figure 10. DSC curve of MG. Adapted from 202. 
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compounds. All of the salts from the [Glu][X] series were solid at rt. and revealed higher 

thermal stability (Td) compared to nonmodified MG, with values spanning from 180  

to 267 °C. The only exception was [Glu][BF4], that decomposed at 180 °C. The examined 

salts displayed melting temperatures (Tm) within a range of 99 to 233 °C, accompanied  

by melting enthalpies (ΔHf) varying from 39 to 109 J g−1. Interestingly, unlike  

the unmodified sugar, two of the ionic compounds ([Glu][OMs] and [Glu][NO3]) 

demonstrated the ability to undergo recrystallization during cooling cycles (Figure 11). 

Repetitive cooling and heating experiments conducted via DSC demonstrated a slight 

reduction in ΔHf with each heating/cooling cycle for [Glu][OMs], possibly attributed  

to decomposition, incomplete crystallization, or a combination of both factors. 

Conversely, [Glu][NO3] exhibited repetitive crystallization during 11 heating/cooling 

cycles. 
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A parallel series featuring methylated hydroxyl groups ([TMGlu][X])  

was synthesized to compare the thermal properties and validate the contribution  

of hydrogen bonding within the [Glu][X] series (Table 3). In this series, the salt 

[TMGlu][OMs] showed higher thermal stability (Td = 250˚C) compared to MG. Notably, 

in contrast to the unprotected series, all compounds in the [TMGlu][X] series (except  

for [TMGlu][NO3]) were able to recrystallize. Nevetheless, for [TMGlu]Br, [TMGlu][OMs] 

and [TMGlu][NO3], the values of ΔHf were lower than for the corresponding compounds 

in the [Glu][X] series. These results encompass the two sides of hydrogen bonds: they  

are responsible for higher ΔHf values, but simultaneously hinder recrystallization  

Figure 11. DSC curves of [Glu] series. Adapted from 202. 
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due to the presence of the extensive hydrogen bonding network which is hard to recreate 

upon cooling.147 Despite the salts were able to recrystallize, they suffered from significant 

decrease in ΔHf after each heating/cooling cycle. The only exception from this trend  

was observed for the salt with the [BF4]− anion which forms the least H-bonding  

with the cation among studied compounds, as revealed in the next section. 

Crystallization in the methylated series occurred on the heating cycle (except  

for [TMGlu][BF4]). This phenomenon is referred to as cold crystallization and is common 

in various glass-forming compounds.203  

 

4.1.6. Crystallographic analysis of glucose-based ionic compounds 

 

To gain deeper insights into the anions’ impact on the thermal properties  

of the salts, the crystallography was employed to investigate the interplay between  

the ions in the solid state. The structures of [Glu][X] and [TMGlu][X] salts  

were determined using single crystal X-ray diffraction (XRD) and deposited  

in the Cambridge Crystallographic Data Centre ([Glu][BF4] – 2232223, [Glu][OMs] – 

2232222, [Glu][NO3] – 2232221, [TMGlu][BF4] – 2232220, [TMGlu][NO3] – 2232219, 

[TMGlu]Br – 2232218). The [Glu]Br salt crystallized only as its monohydrate, despite 

extensive drying and recrystallization from anhydrous solvents, which excluded  

it from direct comparison with the other structures. 

For the remaining salts in [Glu][X] series, ΔHf values increased in the following 

order: [Glu][BF4] < [Glu][OMs] < [Glu][NO3] (with ΔHf of 48, 56 and 88 J g−1, respectively), 

aligning exactly with their crystallization capabilities. While analyzing the crystal 

structures of these salts, the primary focus was directed towards the hydrogen bonds 

present in their solid-state, as the disruption of H-bonds in the solid state during melting, 
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contributes to the overall ΔHf value (Figure 12). In [Glu][BF4] each cation forms 3 distinct 

hydrogen bonds, with one located between the cation and the anion (O–H···F)  

and the other 2 bonds are O–H···O interactions between adjacent cations. Interestingly, 

the H atom on O4 is a donor participating in asymmetric bifurcated H-bond, one toward 

F in [BF4]− anion (D···A 2.98 Å, D-H···A 121°), and one toward O2 in the neighboring 

cation (D···A 3.10 Å, D-H···A 134°). The third hydrogen bond (D···A 2.76 Å, D-H···A 166°) 

is a canonical interaction between –OH groups located on two different cations, with H 

on O2 serving as a donor and O3 in the neighboring cation as an acceptor. Importantly, 

bifurcated hydrogen bonds are recognized to be relatively weaker compared to canonical 

hydrogen bonds.204 Similarly, to unmodified carbohydrates, where hydrogen bonds 

between –OH groups are the only possibility, in [Glu][BF4] the interactions between –OH 

groups remain dominant. Moreover, a significant deviation from the 180° angle  

in the H-bond involving the fluorine atom (121°), would suggest that this O–H···F 

interaction is relatively weak compared to the other hydrogen bonds observed  

in the series. Presumably, these observations collectively contribute to the lower heat  

of fusion of [Glu][BF4] (48 J g−1) and its inability to undergo recrystallization.  

 



 

Page | 61 

Bartłomiej Gaida 

 

On the other hand, [Glu][OMs] as well as [Glu][NO3], form 4 unique hydrogen 

bonds per cation, exclusively involving –OH groups in cations as donors and O atoms  

in surrounding anions as acceptors (Figure 12). Interestingly, both these salts have 

asymmetric bifurcated hydrogen bonds formed by –OH group at C2, with one bond 

shorter and more linear than the other. In [Glu][OMs], one cation is bonded to two 

different anions via H-bonds. One of the [OMs]− anions is bonded by a single H-bond 

involving the –OH group at C4, while the other [OMs]− anion is bonded by three H-bonds 

towards two different O atoms, donated by –OH group at C2 and C3 (including 

bifurcated bond from –OH group at C2). In [Glu][NO3] –OH groups at C3 and C4 form  

a single H-bond with two different [NO3]− anions, while the –OH group at C2 serves  

as a donor in the bifurcated bond to two different O atoms in the third neighboring [NO3]− 

anion. Hydrogen bonds in [Glu][OMs] and [Glu][NO3] have on average the same length 

(2.88 Å). This extended hydrogen bonding network provides additional rigidity  

to the structures in the solid state, resulting in increased values of ΔHf of 56 and 88 J g−1 

for [OMs]− and [NO3]− salts respectively (Table 3). Both [Glu][OMs] and [Glu][NO3] can 

crystallize readily upon cooling, in contrast to MG and [Glu][BF4]. Based on this 

Figure 12. Hydrogen bonds in [Glu][BF4], [Glu][OMs] and [Glu][NO3]. Adapted from 202. 
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observation, it is speculated that the compounds’ ability to crystallize is assisted  

by the formation H-bonding between cations and anions. Synergy of hydrogen bonds 

and Coulombic interactions between oppositely charged ions may help to reorganize ions 

back into the crystal lattice, facilitating the crystallization process. 

While comparing lattice structure of the [Glu][NO3] to unmodified MG (Figure 13), 

the hydrogen bond network is more developed in the latter one. MG forms H-bonds 

using all 4 –OH groups present in the molecule.205 In contrast, the salts in [Glu][X] series 

possess only 3 hydroxyl groups, as the –OH group at C6 was substituted  

for functionalization purposes. Every molecule in the crystalline MG, interacts via 8 

hydrogen bonds with 8 adjacent molecules, wherein 4 bonds are unique. Intermolecular 

H-bonding interactions vary in length from 2.69 to 2.93 Å (avg = 2.76 Å) and angle from 

123 to 165° (avg = 153°). The longest bond (2.93 Å), is donated to the neighboring molecule 

by the –OH group at C4 and at the same time it is the most deviated from 180° (123°), 

which likely makes it the weakest among all H-bonds in MG.206 The remaining hydrogen 

bonds exhibit more favorable geometries, making them considerably stronger and thus 

contributing significantly to the high ΔHf value (178 J g−1). The complex H-bonding 

network along with the poor thermal stability of MG (Tm = 168 °C, Td = 185 °C) appears 

to be the main factors behind its inability to undergo recrystallization. Severe 

supercooling in hydroxyl group-rich molecules, arises due to the numerous hydrogen 

bonding configurations in the liquid state, and difficulties in their propper rearrangement 

to form the crystalline state. The interactions between cations and anions presented 

herein underscore the profound influence of extended hydrogen bonding between these 

entities on the crystallization process. This phenomenon can be attributed  

to the additional Coulombic interactions that possess sufficient strength to enable  

the molecule to stabilize in a fixed position for crystallization. H-bonds in MG result  

in a 3-D supramolecular network in the crystal state, while the [Glu] salts form 2-D 
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ribbons, which are not hydrogen-bonded with each other (Figure 13). Clearly,  

the difference in hydrogen bonding interactions is an important contributor  

to the variance in ΔHf between MG and the [Glu] salts. The extra dimensionality  

of the MG structure most likely plays a significant role in its resistance to recrystallization. 

 

 

For the analogue series with methylated –OH groups the crystal structures  

for [TMGlu]Br, [TMGlu][NO3] and [TMGlu][BF4] were obtained, while [TMGlu][OMs] 

Figure 13. Lattice structure of MG and [Glu][NO3]; view down the a axis and b axis respectively. Expanded 

hydrogen bonds are in blue and hanging hydrogen bonds are in magenta. Adapted from 202. 
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was found to be too hygroscopic to form a single crystal for XRD analysis. Interestingly, 

the trend in ΔHf values for the [TMGlu][X] series was opposite to that observed  

in the [Glu][X] series. For [TMGlu][NO3], [TMGlu][OMs] and [TMGlu][BF4], ΔHf values 

were as follows: 30, 49 and 66 J g−1. The [Glu][X] series, was expected to have higher values 

of ΔHf due to the presence of hydrogen bond network, yet for [BF4]− salts  

it was the opposite. Surprisingly, [TMGlu][BF4] exhibited a slightly higher ΔHf value  

than its [Glu][BF4] counterpart (66 J g−1 and 48 J g−1 respectively). As there is no significant 

contribution of H-bonding to crystal packing in [Glu][BF4], disruptions to Coulombic 

interactions may ultimately dictate ΔHf. The higher ΔHf for [TMGlu][BF4]  

may be explained by the closer distances between the cation and the anion in the crystal 

lattice, compared to [Glu][BF4]. 

Contrary to expectations, the [TMGlu][X] series with methylated −OH groups  

was observed to be more hygroscopic than the [Glu][X] series with free –OH groups,  

as showed in the straightforward hygroscopicity test (Figure 14). [Glu][NO3]  

and [TMGlu][NO3] salts were extensively dried and left at ambient conditions for 72 h, 

after which the [TMGlu][NO3] salt was prone to absorb moisture, in contrary  

to the sample with free –OH groups. As it was previously demonstrated, the anions used 

in this study ([NO3]−, [OMs]−, [BF4]−) tend to form hydrogen bonds. In the series with free 

hydroxyl groups ([Glu][X]), H-bonds can be formed between anions and cations,  

while in the series with methylated hydroxyl groups ([TMGlu][X]) such interactions  

are not possible. Therefore, it is speculated that the latter series is more susceptible  

to moisture absorption and forms hydrogen bonds between anions and absorbed water 

molecules.  
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4.1.7. Hirshfeld surface analysis of glucose-based ionic compounds 

 

The molecular interactions in the investigated glucose-derived salts were further 

evaluated using Hirshfeld surface analysis. This analytical tool helps to visualize  

and quantify these interactions by generating a fingerprint plot using CrystalExplorer 

software, developed by Spackman and co-workers207,208. Generated 3-dimentional surface 

depicts distances from nuclei internal to the surface to the nearest nuclei external  

to the surface. Close contact interactions are marked in red, while the longer interactions 

are shown in blue. The disruption of the close contact interactions during melting likely 

contributes significantly to ΔHf.147  

When comparing the Hirshfield surfaces created for [Glu][BF4], [Glu][OMs], 

[Glu][NO3] and MG, it becomes evident that the [BF4]− anion itself does make a substantial 

contribution to ΔHf, evidenced by only very small red spots observed on its surface 

(Figure 15). In [Glu][BF4], large red spots are present exclusively next to the C2 and C3  

–OH groups, similarly, to MG, which also has large red spots next to the C2, C3 and C6  

–OH groups, confirming that H-bonding interactions between sugar moieties (cations)  

Figure 14. Hygroscopicity test for [Glu][NO3] and [TMGlu][NO3]. Adapted from 202. 
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in [Glu][BF4] are predominant. Conversely, in [Glu][OMs] and [Glu][NO3] large red spots 

are located next to anions and –OH groups, which are engaged in H-bonds formation. 

The [TMGlu]Br salt, which cannot form any H-bonds, has only tiny red spots distributed 

across the surface. 

 

 

Hirshfeld surface area can also be translated into a unique 2-dimensional 

histogram, which can be considered as a fingerprint of a compound. The axes  

in the histogram represent the distance between the internal nuclei (di) and the external 

nuclei (de) to the surface (Figure 15). The frequency of interactions occurrence between 

two nuclei at certain distance is shown in different colors spanning from blue (low 

frequency) to red (high frequency). Moreover, some characteristic patterns can  

be distinguished depending on the interaction of various atoms. For example, 

compounds with free –OH groups have two distinct spikes (marked with red ellipses)  

in each plot, denoting the presence of H-bonds. Notably, in the MG histogram, these 

Figure 15. Hirshfeld surface area and fingerprint plots of MG, [Glu][BF4], [Glu][OMs], [Glu][NO3] and 

[TMGlu]Br. Black arrows point out the parts of the Hirshfeld surface, where intermolecular interactions are the 

closest. Adapted from 202. 
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spikes appear lighter blue in color compared to the ionic compounds, signifying a higher 

occurrence of O–H···O interactions in the unmodified carbohydrate crystal structure.  

For [TMGlu]Br, instead of two spikes, a single spike is observed, which represents H···H 

interactions. This result is consistent with the structure of [TMGlu]Br, in which  

all the –OH groups were transformed into –OCH3, resulting in the occurrence of H···H 

interactions at shorter distances. In addition, there are two characteristic areas marked 

with green ellipses in Figure 15, which correspond to Br···H interactions. 

It is possible to break down the Hirshfeld surface area into a percentage 

contribution of the specific interactions between different atom nuclei. In the [Glu][X] 

series, [Glu][NO3] exhibits a higher overall contribution of O···H interactions (total  

of Oin···Hout plus Hin···Oout) than [Glu][OMs] (54 and 44% respectively) (Figure 16).  

In contrast, [Glu][BF4] reaches only 18% for this interaction type, with F···H interactions 

more prevalent (43%). A comparison between [TMGlu][BF4] and [Glu][BF4]  

as well as [TMGlu][NO3] and [Glu][NO3], clearly reveals a lower percentage of H···H 

interactions in the compounds featuring free –OH groups. For [TMGlu][NO3]  

and [TMGlu][BF4] crystal structures were obtained, where one in two anions were refined 

with disorder. Therefore, for generation of their Hirshfeld surface areas, two ion pairs 

were used to obtain an approximation of the interactions in the overall structure. 
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Figure 16. Percentage contribution of interactions between nuclei inside the Hirshfeld surface and nuclei outside the surface  

in [Glu][NO3], [Glu][BF4], [Glu][OMs], [TMGlu][NO3], [TMGlu][BF4] and [TMGlu]Br. Adapted from 202. 
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4.1.8. Hydrates (Confidential part) 

 

4.1.9. Mannitol-derived organic salts as phase change materials 

 

ᴅ-Mannitol consisting of six carbon atoms, is widely distributed in nature among 

others in olive trees, plane trees, and various fruits and vegetables. Additionally, 

numerous fungi and bacteria have the capability to synthesize this polyol from glucose, 

fructose, or sucrose.252 Industrial production of mannitol typically involves fructose, 

fructose syrups, or sucrose as a feedstock. Catalytic hydrogenation is carried under high 

pressure in the presence of Raney nickel catalysts. Furthermore, ᴅ-glucose can  

be epimerized to ᴅ-mannose, which is subsequently hydrogenated directly to ᴅ-mannitol. 

It is commonly utilized in food industry as a sweetener and texturizer.  

Encouraged by the results obtained for methyl α-ᴅ-glucopyranoside, the novel 

strategy to facilitate the crystallization of sugars by introducing additional Coulombic 

interactions was further investigated for linear sugar alcohol - ᴅ-mannitol. ᴅ-Mannitol 

reveals higher ΔHf value (277 J g−1)147 than glucopyranoside (178 J g−1)202, due to its linear 

structure and the ability to form strong H-bonding interactions in the solid state. 

 

4.1.10. Synthesis of mannitol-based phase change materials 

 

A series of ionic compounds bearing ᴅ-mannitol-based cation and four anions  

i.e. Br−, [NO3]−, [OMs]− and [BF4]− was prepared. Transformation of sugar alcohol  

into ionic derivatives proved to be considerably more complicated, primarily  

due to its lower reactivity and poor solubility in organic solvents in comparison to methyl 

α-ᴅ-glucopyranoside. So far only the transformation of ᴅ-mannitol into organic salts 

having tosylate anions has been reported. Nevertheless, this method could not be applied 
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for the synthesis of salts with Br−, [NO3]−, [OMs]− and [BF4]− anions. According  

to the procedure reported by Thomas et al.54 ᴅ-mannitol was tosylated to yield  

a 1,6 -O,O’-ditosyl derivative followed by quaternization with various amines, to give 

polycationic salts containing solely tosylate anions or mixtures of tosylate and halide 

anions. Further metathesis of tosylate anions is not feasible. To tackle this challenge  

and obtain ionic compounds based on sugar alcohol with the desired anions, bromination 

of ᴅ-mannitol was performed as the primary step instead of tosylation. The bromide 

anion can be further exchanged to different anions such as [NO3]−, [OMs]− and [BF4]−  

as presented for methyl α-ᴅ-glucopyranoside derivatives The synthesis of 1,6-dibromo- 

derivatives of ᴅ-mannitol and sorbitol (glucitol) using acetyl bromide was previously 

reported by Crombez-Robert et al.253  

To prepare [Man][X] series (Figure 17) according to this method, the 2,3,4,5-tetra-

O-acetyl-1,6-dibromo-1,6-dideoxy-ᴅ-mannitol (16) was obtained via bromination  

of ᴅ-mannitol in position 1 and 6 using acetyl bromide as a halogenating agent, followed 

by subsequent acetylation (Figure 18). Reaction was carried out in dry dioxane for 72 h 

at rt. The acetylation step was conducted in situ, without purification of intermediate  

1,6-dibromo-1,6-dideoxy-ᴅ-mannitol to facilitate the purification process, according  

to previously described procedure.253  
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As the result of the bromination reaction dibromo- and tribromo- derivatives were 

formed. Purification by column chromatography using hexane:EA 3:1 mixture as eluent 

was applied to isolate desired 1,6-dibromo-derivative with 52% yield. 2,3,4,5-tetra-O-

acetyl-1,6-dibromo-1,6-dideoxy-ᴅ-mannitol (16) was then quaternized  

with trimethylamine (33% wt. ethanolic solution) in an autoclave for 24 h at 70 °C, 

yielding [Man]Br (17) (Y = 62%). Under the reaction conditions, the acyl groups  

were removed resulting in the ionic product with free hydroxyl groups. [Man]Br  

Figure 17. Sugar-based ionic compounds derived from ᴅ‐mannitol (Man). 

Figure 18. Synthetic procedure for [Man][X] series preparation. 



 

Page | 72 

Bio-derived ionic liquids as sustainable 

functional materials precursors 

was then subjected to anion metathesis, according to a previously described procedures, 

applied in the synthesis of glucose-based ionic salts. Dicationic ᴅ-mannitol-based salts 

[Man][NO3] (18), [Man][OMs] (19) and [Man][BF4] (20) were obtained with the yields  

of 86%, 88% and 81%, respectively. 

 

4.1.11. Thermal properties of mannitol-based ionic compounds 

 

The thermal properties of non-ionic precursor (ᴅ-mannitol (Man)) and [Man][X] 

series were investigated using differential scanning calorimetry (DSC). Melting 

temperature (Tm), enthalpy of fusion (ΔHf), crystallization temperature (Tc) and enthalpy 

of crystallization (ΔHc) were estimated based on DSC results. The decomposition onset 

was determined by thermogravimetric analysis (TGA). All of the data have been collected 

in Table 4. 

 

Table 4. Physical properties of ᴅ-mannitol (Man), ᴅ-mannitol-based ionic compounds. (cc) – cold crystallization 

Compound 
Tm 

[°C]±2°C 

ΔHf 

[J g−1]±5% 

Tc  

[°C]±2°C 

ΔHc  

[J g−1]±5% 

Td 

[°C] 

Man 169 289 111 227 254 

[Man]Br 280 154 - - 222 

[Man][NO3] 221 80 149 53 214 

[Man][OMs] 262 140 107 (cc) 61 (cc) 278 

[Man][BF4] 186 70 111 (cc) 42 (cc) 245 

 

ΔHf, Tm, ΔHc and Tc values obtained for ᴅ-mannitol (289 J g−1, 169 °C, 227 J g−1  

and 111°C, respectively) are consistent with the data previously reported  

in the literature154 (277 J g−1, 166 °C, 228 J g−1 and 114°C). In other work by Solé et al.254 

initial values of ΔHf and Tm for ᴅ-mannitol are slightly lower (235 J g−1 and 151 °C, 

respectively), but still comparable. 
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In the [Man] series, all salts except for [Man][OMs] revealed lower Td values 

compared to unmodified ᴅ-mannitol (254 °C) (222, 214, 278 and 245 °C for [Man][Br], 

[Man][NO3], [Man][OMs] and [Man][BF4], respectively), what makes it comparable  

to the [TMGlu] series. Conversely, in the [Glu] series, the increase in Td with respect  

to the starting material was valid for all of the salts except for [Glu][BF4]. Obtained  

ᴅ-mannitol-based salts containing Br−, [NO3]−, [OMs]− and [BF4]− anions, had ΔHf values 

spanning from 70 to 154 J g−1 and displayed Tm values within a range of 189 – 280 °C 

which is much higher than for the [Glu] series. ᴅ-Mannitol has a higher ΔHf value  

than methyl α-ᴅ-glucopyranoside (289 and 178 J g−1, respectively), so it is not surprising 

that ᴅ-mannitol-based salts containing Br−, [OMs]− and [BF4]− anions, also have higher 

melting enthalpies (154, 140, 70 J g−1, respectively) than their counterparts  

from the [Glu][X] series (109, 59, 48 J g−1, respectively). The only exception was nitrate salt, 

which shows ΔHf value of 80 J g−1 , which is lower than that reported for [Glu][NO3]  

(88 J g−1). The possible reason behind it will be explained, based on the crystallography 

analysis.  

[Man]Br did not show any crystallization, similarly to [Glu]Br,  

and no endothermic transition was observed prior to decomposition (Td = 222 °C) (Table 

4). In fact, the endothermic peak observed at 280 °C, could be a result of melting  

and decomposition overlap, or exclusively decomposition. For [Man][NO3] endothermic 

peak is observed at 221 °C, which also exceeds Td (214 °C) determined via TGA,  

but the difference here is less profound, than in case of [Man]Br. Nevertheless, the ΔHf 

values for all three salts were significantly decreasing with each heating/cooling cycle  

and none of the obtained salts in the [Man] series was stable enough to endure thermal 

cycling. For [Man][OMs] and [Man][BF4] crystallization occurred only during heating 

cycle (cold crystallization). Even though, the strategy applied that involved use of linear 

sugar alcohol instead of cyclic methyl α-ᴅ-glucopyranoside seems to have a positive 
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influence on ΔHf values as expected, the salts obtained turned out to be unstable during 

cycling. The reason for this instability can be most probably ascribed to very high Tm 

values (186 – 280 °C) of the mannitol derivatives which is close to their Td values (214 – 

278 °C). To better understand the structure-property relationship, obtained salts were 

further investigated using single crystal X-ray diffraction (XRD). 

 

4.1.12. Crystallographic analysis of mannitol-based ionic compounds 

 

Crystallographic structures were successfully obtained for [Man]Br, [Man][NO3] 

and [Man][OMs] (Figure 19). [Man][BF4] crystallized only with ethanol molecules, 

trapped within its crystal lattice (anhydrous ethanol was used as a solvent to prepare 

single crystals of [Man][BF4], used in the XRD experiment), therefore it was excluded 

from direct structure comparison with the remaining salts. [Man]Br was the only salt  

in the [Man] series, which does not form any H-bonds in the solid state (even between 

cations), despite the presence of free −OH groups. The cations in the crystal lattice  

are effectively separated by bulky –N+(CH3)3 groups and large Br− anions, resulting  

in large distances between the −OH groups (Figure 19). In [Man][NO3] every cation forms 

4 unique hydrogen bonds. Three of these bonds are formed between the cation and two 

adjacent [NO3]− anions. One of these anions is an acceptor of H-bonds from the –OH 

groups attached to C2 and C4 (2.71 Å, 165° and 2.79 Å, 165° respectively), while the other 

is held by the –OH group at C5 (2.73 Å, 175°). Moreover the –OH group at C3 forms  

a H-bond to the neighboring cation (2.80 Å, 160°) and the –OH group at C5 is an acceptor 

of the H-bond from the other cation. On the other hand, in [Man][OMs], all of the –OH 

groups donate H-bonds to surrounding [OMs]− anions, each –OH group to one of four 

anions, forming four unique hydrogen bonds. In both [Man][OMs] and [Man][NO3] 

average D-H···A length and angles are comparable (2.74 Å, 169° and 2.76 Å, 166° 
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respectively). In the [Man][X] series, ΔHf increase as follows: [Man][BF4] < [Man][NO3] < 

[Man][OMs] < [Man]Br (with ΔHf of 70, 80, 140 and 154 J g−1 respectively). In line  

with the results obtained for the cyclic derivatives, in the series of ᴅ-mannitol-based salts, 

the best crystallization behavior was observed for [Man][OMs] which shows the highest 

number of H-bonds between the cation and the anion (Figure 19). Most probably,  

this result supports the thesis that the ability to recrystallize is assisted by the H-bond 

formation between cations and anions in the solid state. Interestingly, in the series  

of methyl α-ᴅ-glucopyranoside-based salts, the highest number of H-bonds between 

cations and anions was observed for [Glu][NO3] while in case of ᴅ-mannitol derivatives 

for [Man][OMs]. This example shows that structure-property relationships are hard  

to predict and depending on the cation structure, different anions may promote 

recrystallization. 

 

 

Figure 19. Hydrogen bonds in [Man]Br, [Man][OMs] and [Man][NO3]. 
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Similarly to MG, unmodified ᴅ-mannitol forms supramolecular hydrogen bond 

network, utilizing all of the –OH groups (Figure 20).255 Each molecule participates  

in intermolecular hydrogen bonding interactions that span in length from 2.65 to 2.72 Å 

(avg = 2.69 Å) and angle from 166 to 175° (avg = 170°). In this network, all the –OH groups 

function as both donors and acceptors, and each molecule forms 6 unique H-bonds, 

interacting with 8 neighboring molecules. Those bonds on average are shorter and closer 

to 180° than in MG (avg = 2.76 Å, avg = 153°). Moreover, ᴅ-mannitol possess 6 –OH groups, 

while MG has only 4, hence facilitating the formation of the H-bonds, resulting  

in significantly higher ΔHf value (289 and 178 J g−1, respectively). On the other hand, 

[Man][OMs] and [Man][NO3] form ribbons of ions hydrogen-bonded to each other  

as shown for [Man][OMs] in Figure 20. Alike in [Glu][X] series (Figure 13), those ribbons 

do not interact with one another via H-bonds.  
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4.1.13. Hirshfeld surface analysis of mannitol-based ionic compounds 

 

Comparing the Hirshfield surfaces created for ᴅ-mannitol, [Man][BF4], 

[Man][OMs], [Man][NO3] and [Man]Br, it can be observed that the ᴅ-mannitol in the solid 

state has the most significant contribution of close-contact intermolecular interactions, 

which are responsible for its exceptionally high ΔHf (289 J g−1) (Figure 21). Large red dots 

are visible next to each –OH group present in mannitol, showing that H-bond interactions 

between molecules have the main contribution to ΔHf. In case of [Man]Br, large red dots 

Figure 20. Lattice structure of Man and [Man][OMs]; view down the a axis and b axis respectively. Expanded 

hydrogen bonds are in blue and hanging hydrogen bonds are in magenta. 
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are present only next to –OH groups located near Br− anions, however, those interactions 

are quite long, with O–H···Br length >3.2 Å, therefore they cannot be clearly identified  

as H-bonds. In [Man][NO3] large red dots are located next to –OH, which form H-bonds 

to nearby cations, indicating that cation-cation interactions are more dominant  

than cation-anion interactions. For [Man][OMs], which has the best crystallizability, large 

red dots are in the proximity of the –OH groups in the cation and next to the oxygen 

atoms in the [OMs]− anion, which confirms strong H-bond interactions between 

oppositely charged ions, facilitating crystallization. Nevertheless, as discussed above,  

the high Tm value of [Man][OMs] (262 °C) is most probably responsible  

for its decomposition during cycling (unmodified ᴅ-mannitol melts at 169 °C). These 

results are in line with the conclusion of the investigation of [Glu][X] series. 

 

 

Comparing 2-dimensional histograms for the [Man] series, in case of [Man]Br, 

notably there are no characteristic spikes for H···O interactions (marked with red ellipses, 

indicating the presence of H-bonds) (Figure 21). [Man]Br has the lowest contribution  

Figure 21. Hirshfeld surface area and fingerprint plots of Man, [Man][OMs], [Man][NO3] and [Man]Br. Black 

arrows point out the parts of the Hirshfeld surface, where intermolecular interactions are the closest. 
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of O···H interactions (total of Oin···Hout plus Hin···Oout) in the series, totaling 12%, while  

for [Man][OMs], [Man][NO3] or ᴅ-mannitol they account to >45%. In [Man]Br,  

the additional Br···H interactions are present and are highlighted with green ellipses 

(Figure 21). 

  

4.1.14. Conclusions 

 

This chapter was divided into public and confidential parts, therefore confidential 

parts were removed from this version of the doctoral thesis. 

Taking into consideration the urgent need for the development of efficient  

and economical energy storage solutions and the large potential of sugar derivatives  

(e.g. sugar alcohols) in this application, novel carbohydrate-derived organic salts have 

been investigated as PCMs. Applying the strategy of transforming the model sugar 

derivatives (methyl-α-ᴅ-glucopyranoside and ᴅ-mannitol) into ionic compounds 

enhanced crystallization. Taking insight into the molecular interactions  

of the investigated organic salts in the solid state, it was found that the interplay between 

the anion and the cation via hydrogen bonding plays a key role in the crystallization 

process. The developed H-bonding network between the ionic species, facilitated  

the crystallization, through assisting the arrangement of ions back into the crystal lattice. 

Additional Coulombic interactions are likely the reason why hydrogen bonding between 

anions and cations is superior in terms of crystallizability over O–H···O bonds present 

between neutral molecules of carbohydrates and their non-ionic natural derivatives.  

In the [Glu] series, the introduction of the [NO3]− anion formed the highest number  

of H-bonds with the cation while in the Man series, it was the [OMs]− anion. Nevertheless, 

the transformation of the model compounds into ionic species decreased ΔHf resulting 

from the decreased number of H-bonds compared to unmodified sugar derivatives.  
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(Confidential part) 

The results discussed demonstrate the significant, yet underexplored, potential  

of carbohydrate-derived organic salts as phase change materials (PCMs). Nevertheless, 

to fully harness the potential of the renewable and cost-effective sugars for development 

of sustainable PCMs, future research should focus on two key areas: 1) optimizing 

molecular design to promote ΔHf and stability of the salts; 2) creating sustainable 

synthesis methods that align with Green Chemistry principles that preferably avoid 

purification steps like column chromatography and minimize the use of hazardous 

reagents and solvents. Such sustainable procedures for the development of sugar-derived 

organic salts have already been reported.48 Moreover, future work should explore  

the development of low-cost protic salts, where anion incorporation does not involve 

silver salts, thus avoiding silver waste. Alternatively, sodium salts can be used for anion 

exchange, presenting another sustainable route.  

Despite significant advancements in bio-derived49,256 and sugar-based ILs  

and organic salts48,76,78 over the past decade, the strongest emphasis has been focused  

on the understanding the structure–property relationships regarding their ability to form 

a liquid phase. Given the vast possibilities in sugar chemistry, there is still room  

for innovation, including experimenting with different sugar precursors  

and functionalization techniques to generate salts that form specific hydrogen-bonding 

networks. By correlating thermal properties with molecular structure (molecular 

interactions in specific), new efficient bio-derived systems for sustainable PCMs could  

be designed. Such advancements would support large-scale renewable energy storage 

applications, such as Carnot batteries, significantly reducing reliance on fossil fuels  

for electricity generation.257  

The results on [Glu] and [TMGlu] series have been described in the research paper 

“Transforming Sugars into Salts – A Novel Strategy to Reduce Supercooling in Polyol Phase-
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Change Materials”, published in ACS Sustainable Chemistry and Engineering.202  

The data were collected at Monash University, thanks to the courtesy of Prof Douglas R. 

MacFarlane and Dr Karolina Matuszek. 

 

4.2.  Carbohydrate-based ionic liquids as N-doped carbon materials precursors 
 

4.2.1. Introduction 

 

Carbon materials were employed in diverse fields that include wastewater 

treatment, gas capture and storage, catalysis, sensing, separation, as electrode materials 

or electrocatalysts for energy conversion and storage. This is mainly due to their versatile 

characteristics such as high surface areas, electrical conductivity, low cost and exceptional 

chemical, mechanical, and thermal stability.258–260 These materials are produced through 

the carbonization process, which relies on the thermal treatment of suitable precursors 

such as organic matter and polymers. During the process, a number of reactions occur, 

such as: elimination (e.g. H2, H2O, N2, CO2), polycondensation, polymerization  

and aromatization. The obtained product has a high carbon content, but may also contain 

heteroatoms that affect the properties of the obtained material.138,261 Doping carbon 

materials with heteroatoms (such as N, B, P, F, or S) that either donate or withdraw 

electrons offers fine-tuning and controlling their physicochemical properties.  

This includes enhancing their electrical conductivity, basicity, oxidation resistance,  

and catalytic activity (both electrochemical and chemical).137 The chemical composition  

of the precursor often leaves a distinct imprint on the resulting carbon structure, exerting 

substantial influence on characteristics such as carbon yield, porosity, surface area, 

graphitization, conductivity, and heteroatom doping. It should be noted that many 

organic compounds are entirely volatilized or decomposed into gaseous byproducts 
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during high-temperature treatment. At the beginning of the 21st century, the range  

of available precursors remained relatively restricted, primarily encompassing low-

vapor-pressure natural or synthetic polymers.262 Recently, considerable attention is being 

directed toward the carbonization of biomass, because of the economic, plentiful,  

and sustainable nature of this carbon source. Various feedstocks, including saccharides, 

cellulose, and lignin are used to yield carbon residues during biological, chemical,  

or thermochemical processes.263 However, carbon materials derived from natural 

precursors, usually suffer from underdeveloped surface area and insufficient doping 

level. One of the approaches to tailor the properties of carbon materials derived  

from biomass is by employing ionic liquids (ILs). 

Ionic liquids (ILs) have gained significant interest in the field of carbon materials 

synthesis because of their distinctive properties. ILs exhibit several unique features,  

such as: ability to remain in a liquid state across a wide temperature range, capacity  

to dissolve many substances, low vapor pressure along with high thermal stability. 

Moreover, ILs offer small-molecular carbon-rich structures, with N functionalities  

and tunability originating from countless cation/anion combinations, which paved their 

way in the synthesis of advanced and functional carbon materials. ILs can function  

as solvents for biomass during thermal treatment, sources of heteroatoms, stabilizing 

agents, pore-generating agents, or even serve as precursors of carbon materials 

themselves.79,264,265 

Recently, there has been significant interest in the exploration of bio-derived ionic 

liquids (ILs) as sustainable alternatives to traditional ILs, often derived from fossil fuels. 

These bio-derived ILs combine the characteristics of biomass, such as its high carbon 

content, with the properties of ILs, which include excellent thermal stability, low vapor 

pressure, and nitrogen-rich molecular structures. During thermal treatment, nitrogen 

atoms can be equally distributed in the carbon structure through an in situ self-assembly 
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process.266 Various biomass sources, ranging from amino acids267–269, carbohydrates79, 

glucamine266, alginic acid270, cellulose271, and furfurylamine272, have been successfully 

transformed into ILs and employed as precursors for N-doped carbon materials.  

By designing the precursor structures at the molecular level, the resulting carbonaceous 

materials properties, such as the N-doping level, carbonization yield and the surface 

properties, can be precisely controlled.79,273  

 

4.2.2. Goal of the research 

 

The purpose of this study was to transform methyl α-ᴅ-glucopyranoside  

into a quaternary ammonium cation and combine it with various cross-linkable cyano 

group-containing anions ([SCN]−, [DCA]−, [TCM]− and [TCB]−). Moreover, the properties 

of the precursors themselves, as well as the influence of the structure of the precursors  

on the properties of the final carbon materials, such as carbon yield and heteroatom 

doping were investigated. The resulting carbon materials were also evaluated  

as electrocatalysts for the oxygen reduction reaction (ORR). 

 

4.2.3. Synthesis of the N-doped carbon materials’ precursors 

 

N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-trimethylammonium 

bromide ([Glu]Br) (10) was used for the synthesis of carbohydrate-based ionic 

compounds, which were used as precursors of N-doped carbon materials. The synthesis 

of [Glu]Br was described in Chapter 4.1.3. [Glu]Br was subjected to anion metathesis  

to incorporate bis(trifluoromethanesulfonyl)imide anion ([NTf2]−) or cross-linkable 
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cyano-based anions such as thiocyanate ([SCN]−), dicyanamide ([DCA]−), 

tricyanomethanide ([TCM]−) and tetracyanoborate ([TCB]−) (Figure 22). 

 

  

 These cyano group-containing anions are known to act as both a carbon source 

and a N-doping agent. Anion metathesis was carried out with silver salts containing 

[SCN]−, [DCA]−, [TCM]− and [TCB]− anions (Figure 23).274 The salts were prepared  

from the corresponding potassium or sodium salts (KSCN, NaN(CN)2, KC(CN)3, K(CN)4) 

and AgNO3, yielding [Glu][SCN] (21), [Glu][DCA] (22), [Glu][TCM] (23) and [Glu][TCB] 

(24), respectively.  

Figure 22. Structures of carbohydrate-based N-doped carbon materials’ precursors. 
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For comparison, salt, containing the [NTf2]− anion ([Glu][NTf2]) (25) that is known 

as pore generating agents was prepared according to the procedure described previously 

by our group (Figure 24).79  

 

 

4.2.4. Thermal properties of the precursors 

 

The carbohydrate-based ionic compounds containing various anions  

such as thiocyanate ([SCN]−), dicyanamide ([DCA]−), tricyanomethanide ([TCM]−) 

tetracyanoborate ([TCB]−) and bis(trifluoromethanesulfonyl)imide ([NTf2]−) anions  

were subjected to thermogravimetric analysis (TGA). Thermal stability is a crucial factor 

in the carbonization process's efficiency and TGA analysis helps to assess it. The thermal 

properties were further investigated using differential scanning calorimetry (DSC).  

The analysis was carried out in the range of 25 – 1000 °C. Based on the melting 

Figure 23. Synthesis of carbohydrate-based ionic compounds containing cyano-based anions. 

Figure 24. Synthesis of [Glu][NTf2]. 
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temperatures, the precursors obtained were categorized into two groups: ionic liquids 

(ILs) with melting temperatures below 100 °C ([Glu][TCB], [Glu][TCM], [Glu][NTf2])  

and salts with melting temperatures exceeding 100 °C ([Glu][DCA], [Glu][SCN]). TGA 

and DSC results have been summarized in Table 5 and Figure 25.  

 

Table 5. Thermal properties of carbohydrate-based ILs and salts. Adapted from 274. 

Compound 
Tg 

[°C]±2°C 

Tm 

[°C]±2°C 

Td 

[°C] 
Appearance 

[Glu][SCN] 23 173 229 solid 

[Glu][DCA] 10 123 232 solid 

[Glu][TCM] -10 - 255 liquid, hygroscopic 

[Glu][TCB] -5 76 308 solid, hydroscopic 

[Glu][NTf2] - - 306 liquid 

 

 

The decomposition temperature of methyl-α-ᴅ-glucopyranoside (MG) was 185°C, 

while for obtained ionic compounds [Glu][SCN], [Glu][DCA], [Glu][TCM], [Glu][TCB] 

and [Glu][NTf2] Td values were 229 °C, 232 °C, 255 °C, 308 °C and 306 °C, respectively 

(Table 5). Combining glucopyranoside-based cation with cross-linkable, cyano-based 

Figure 25. TGA of carbohydrate-based ILs and salts. Adapted from 274. 
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anions, allowed to increase the thermal stability of the resulting salts. Nevertheless,  

the improvement of the Td values was the most profound for the salts with [TCB]−  

and [NTf2]− anions (by 65 °C and 63 °C, respectively). TGA also revealed that the increase 

in number of cyano group in the anion resulted in increasing thermal stability of the ionic 

compounds. Comparing the remaining mass percentage at high temperatures (500 °C, 

600 °C and 800 °C), all ionic precursors yielded higher amounts of the residues than 

unmodified MG (Figure 25). At 600 °C, the ionic liquids retained 13-28% of their initial 

mass, while MG retained just about 4% of its initial mass. At 800°C, the ionic compounds 

still retained 4-26% of their masses, whereas MG retained only around 2% of its initial 

mass. Among all investigated compounds [Glu][TCB] showed the highest thermal 

stability and gave the highest amount of carbon chars among all investigated precursors 

above 500 °C (up to 26 % at 800 °C). 

 

4.2.5. Synthesis of N-doped carbon materials 

 

In 2009 Dai et al.275 first used IL as a precursor in the carbonization process. Ionic 

liquids that had nitrile groups in imidazolium-based cations were carbonized at 800°C, 

obtaining carbonaceous materials with high yields of up to 44.2%. Nitrile groups undergo 

trimerization at higher temperatures, forming polytriazine networks, which  

are incorporated into the carbon structure and ultimately ensure regular doping  

of the material with nitrogen. A year later, Antonietti et al.276 examined carbon materials 

obtained by direct carbonization of ionic liquids containing the dicyanamide anion 

([DCA]−), yielding materials with 10.4% of nitrogen after carbonization at 1000°C. Even 

higher values of nitrogen content were obtained for ILs with both cross-linkable cations 

and anions investigated as N-doped carbon precursors.277–281 In particular,  

the combination of conventional imidazolium-based cation combined  
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with tetracyanoborate anion ([TCB]−) yielded carbon with a nitrogen content that reaches 

up to 17.5% at 1000 °C.280 Carbon residues with remarkable nitrogen doping of 26% were 

synthesized at 800 °C, with the [DCA]− anion playing a crucial role in this advancement. 

The first N-doped carbon materials derived from carbohydrate-based ionic 

compounds such as [Glu][DCA] and [Glu][NTf2] were obtained in the Chrobok group  

in 2019.79 The precursors were pyrolyzed at 800 °C in Ar atmosphere, giving carbon 

material with specific properties. [Glu][DCA] gave a material with a high nitrogen 

content (9.6%) but at the same time poorly with a developed surface area (146 m2
 g−1), 

while [Glu][NTf2] gave the material with a high specific surface area (946 m2
 g−1),  

but simultaneously with lower N-doping (4.8%) (Table 6).  

 

Table 6. Characteristics of [DCA]-800 and [NTf2]-800. T – carbonization temperature, Y – yield, SBET – specific 

surface area. 

Carbon material 
T 

[°C] 

Y 

[°C] 

SBET 

[m2 g−1] 

Pore size 

[nm] 

Pore volume 

[cm3 g−1] 

N 

[%] 

C 

[%] 

H 

[%] 

[DCA]-800 800 17 146 2 0.07 9.6 48.3 3.0 

[NTf2]-800 800 18 946 20 1.56 4.8 47.9 1.0 

 

Investigating the possibility of obtaining carbon materials with higher N-doping, 

different ionic precursors were further developed under my Master’s thesis and the work 

was continued under the doctoral thesis. To provide porosity to the materials obtained 

from ionic precursors with cross-linkable anions, the solution of colloidal silica (SiO2)  

in water (Ludox® HS-40) was mixed with the precursors ([Glu][SCN], [Glu][DCA], 

[Glu][TCM] and [Glu][TCB]), which was further subjected to carbonization at 500 °C, 

600 °C and 800 °C for 2 h. Colloidal silica is a common pore generating agent, functioning 

as a hard template. After carbonization, silica particles were leached from carbon 

materials with ammonium hydrogen difluoride (NH4HF2), washed with water and dried 
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in the oven. The methodology applied for the synthesis of doped carbon materials  

is presented in Figure 26. 

 

 

4.2.6. Properties of N-doped carbon materials 

 

All the precursors ([Glu][SCN], [Glu][DCA], [Glu][TCM] and [Glu][TCB]) 

afforded mesoporous carbon materials in the presence of the hard template with specific 

surface areas of SBET~700 m2 g−1 and an average pore size of 8–11 nm. Their elemental 

composition was investigated using elemental analysis (EA) and the results are collected 

in (Table 7). Samples synthesized at 600 °C from precursors containing [DCA]−  

and [TCM]− anions exhibited a maximum nitrogen doping of 11.1%. The lowest N-doping 

level was obtained from salts with [SCN]− and [TCB]− anions pyrolyzed at 800 °C (5.9  

and 6.1%, respectively). The lower N-doping level is expected, when carbonization  

is carried out at higher temperatures, due to the intensification of NOx and NH3 emission, 

which is exemplified by all the materials obtained from [Glu][SCN], [Glu][DCA], 

Figure 26. Preparation of N-doped and N,S dual-doped carbon materials in the presence of hard template. 
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[Glu][TCM] and [Glu][TBC]. A similar trend was observed for imidazolium-based ILs 

with [TCB]− anion.273 Comparing the materials synthesized at 800 °C from the precursor 

containing the [DCA]− anion, carbonization in the presence of SiO2 nanoparticles resulted 

in a lower N-doping (8.7 %) than in the case of the carbonization of IL alone (9.6%)79.  

The same observations were reported by Paraknowitsch et al.278 The addition of the SiO2 

nanoparticles to the thiazolium salts prior to carbonization at 1000 °C, resulted in lower 

doping in the carbon materials, up to 3% and 5% for nitrogen and sulfur, respectively. 

Carbonization of the ionic precursor at the same temperature, yet without the silica 

template, yielded material with N and S content equal 9% and 7%, respectively.  

The presence of the hard template induces alterations in the reaction mechanisms, 

leading to lower doping values compared to materials obtained solely from ionic liquids 

or salts. In this work, carbon materials with additional sulfur doping, spanning from 4.7% 

(carbonized at 500 °C) to 2.6% (carbonized at 800 °C), were produced from [Glu][SCN], 

depending on the carbonization temperature. Therefore, the elemental composition  

of the resulting samples was influenced by the carbonization temperature, the presence 

of a template and the structure of the precursor. 

 

Table 7. Characteristics of doped carbon materials derived from [Glu][SCN], [Glu][DCA], [Glu][TCM] and 

[Glu][TCB]. T – carbonization temperature, Y – yield. Adapted from 274. 

Carbon material 
T 

[°C] 

Y 

[%] 

N 

[%] 

C 

[%] 

H 

[%] 

S 

[%] 

[SCN]-500 500 25.9 8.5 65.7 3.4 4.7 

[SCN]-600 600 25.7 7.9 69.1 2.0 3.0 

[SCN]-800 800 19.4 5.9 71.6 1.7 2.6 

[DCA]-600 600 32.8 11.1 73.6 2.6 - 

[DCA]-800 800 17.9 8.7 79.4 2.0 - 

[TCM]-600 600 29.9 11.1 74.7 2.5 - 

[TCM]-800 800 24.8 7.1 76.7 1.6 - 

[TCB]-600 600 21.4 8.2 78.3 2.5 - 

[TCB]-800 800 28.1 6.1 69.1 1.7 - 
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When comparing the doping levels achieved for materials derived from sugar-

based salts with their pyridinium or imidazolium analogs ([C2MIm][DCA]  

and [C2MIm][TCB]), the latter yielded carbon residues with notably higher N-doping 

levels, reaching as high as 23–24% nitrogen content at 800 °C.280,281 Nevertheless, those 

materials were obtained without silica template. Comparing the carbonization yield  

of sugar-based cations combined with [DCA]−, [TCM]−, and [TCB]− anions  

with traditional pyridinium and imidazolium analogs, the latter yielded more carbon 

residues, despite the high carbon content in the carbohydrate-derived precursors.277,280 

The final carbon yields predominantly result from the presence of the cross-linkable 

anions, but for the pyridinium and imidazolium analogs, the higher yield can also  

be attributed to the aromatic cation structure. Although cations lacking cross-linkable 

functional groups typically decompose during thermal treatments, the aromatic moieties 

in their structure contribute to higher carbon yields. These aromatic structures  

are confined within the three-dimensional carbonaceous frameworks formed during  

the cyclotrimerization reaction of the anions.273  

Direct comparison of the mass loss from thermogravimetric analysis shows  

that [C2MIm][SCN] already yielded only 2.5% of ash at 450 °C, and no further decrease 

in yield was observed up to 850 °C.282 In contrast, [Glu][SCN] yielded 12% of carbon 

residues at 450 °C and 8.7% at 850 °C, exceeding the yields obtained for derivatives  

with [DCA]− and [TCM]− anions at 850 °C. On the other hand, [C2MIm][DCA] left 33%  

of the carbon residues at 450°C and 13.3% at 850 °C, while the carbohydrate-derived 

analog gave 20% and 6.3% respectively. The differences were even more pronounced  

for the [Glu][TCM] derivative, which, at 450 °C, yielded 33% carbon residues,  

but, at 850 °C, it underwent complete decomposition into volatiles, whereas  

its imidazolium analog still produced 26% carbon residues. 



 

Page | 92 

Bio-derived ionic liquids as sustainable 

functional materials precursors 

4.2.7. Conclusions 

 

Methyl α-ᴅ-glucopyranoside was transformed into a quaternary ammonium 

cation and combined with various cross-linkable cyano group-containing anions ([SCN]−, 

[DCA]−, [TCM]− and [TCB]−). The resulting ionic precursors served as a multifunctional 

source of nitrogen-doped carbon materials, offering an alternative to traditional 

imidazolium-based ILs. The electrochemical activity of these carbon materials  

in the oxygen reduction reaction (ORR) was further evaluated by cyclic voltammetry (CV), 

linear sweep voltammetry (LSV) and rotating ring-disc electrode (RRDE) experiments 

performed in the Chrobok group.274 Among the investigated materials, the carbon 

materials derived at 800 °C ([SCN]-800, [DCA]-800, [TCM]-800 and [TCB]-800) showed 

the best performance. The onset potential was between −0.12 and −0.14 V, while  

the electron transfer numbers for these materials was ranging from 3.56 to 3.74. These 

results indicate that carbonization at higher temperatures enhances formation  

of graphitic structures with higher aromaticity, directly contributing to improved 

electrocatalytic activity. The [SCN]-800 material exhibited the most promising 

performance, with the highest onset potential (−0.12 V). Notably, S and N dual‐doped 

carbons led to a higher electron transfer number compared to single N‐doped carbons 

carbonized at the same temperature. This observation underscores the remarkable impact 

of N and S dual-doping.283 Dual-doping not only positively shifted the onset potential,  

but also resulted in a high electron transfer number (3.74), making it comparable  

to the commercial Pt/C catalyst. In addition, the specific surface area of the carbon 

materials had a substantial impact on their activity. The use of a silica hard template 

during the carbonization process greatly increased the surface area. For comparison,  

the material carbonized in the presence of the silica template ([DCA]-800) gave  

an SBET~700 m2 g−1, while when carbonized without a template gave only 146 m2 g−1. This 
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demonstrates the importance of both surface area and doping strategy in achieving high 

electrocatalytic performance. The results on doped carbon materials synthesized ILs  

and salts containing cyano anions have been described in the research paper “Bioderived 

ionic liquids and salts with various cyano anions as precursors for doped carbon 

materials”, published in International Journal of Molecular Sciences.274  

 

4.3.  Carbohydrate-based ionic liquids as surface active agents 
 

4.3.1. Introduction 

 

Surface active agents, or surfactants, are compounds that reduce the surface  

of aqueous media (e.g. air-water), and the interfacial tension of liquid-liquid (e.g. oil-

water or water-oil) or liquid–solid systems (e.g. wetting phenomena).284 They consist  

of two parts: a hydrophilic (polar, water-soluble) and a hydrophobic (non-polar, water-

insoluble), which allows them to interact with both water and non-polar substances like 

oils or organic solvents. Surfactants aggregate at the interface of these substances, altering 

surface properties and facilitating interaction between phases. Surfactants are widely 

employed in the petroleum285, food286, agricultural287, cosmetics288 and pharmaceutical289 

industry, hence eventually most of these chemicals enter the environment through 

household and industrial wastewater. Therefore, there is a growing shift towards green 

products that meet consumer demands while minimizing environmental harm.290  

Surfactants are classified according to the charge of their head group: anionic  

if the head group carries a negative charge, cationic if it carries a positive charge, 

zwitterionic if the polar head contains both positive and negative charges, and non-ionic 

if the head group is neutral.291 Surfactants can be classified not only by their head group 
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charge but also by their origin – natural or synthetic. Natural surfactants (obtained  

by separation, extraction, precipitation or distillation), including biosurfactants  

of microbial origin, are highly desirable for their environmental benefits.292 However,  

due to challenges such as low yield, high cost, and slow production rates, their large-scale 

commercialization remains difficult. As a result, synthetic surfactants, which are more 

easily and inexpensively manufactured, dominated the market. The growing demand  

for sustainable solutions has focused interest on renewable-source synthetic surfactants, 

offering an eco-friendlier alternative while maintaining cost-effectiveness and scalability.  

 

4.3.2. Goal of the research 

 

The production of sugar-based surfactants has increased in the last years  

due to their properties such as high biodegradability, low toxicity and high 

biocompatibility. The most common precursors of such surfactants are glucose, sucrose 

and sorbitol.293 There are many reports of sugar-based surfactants of various types 

including non-ionic284,294 (such as: alkylglucosides, alkylglucamides and sugar esters), 

anionic295,296 (containing sulfate group) and cationic297 (containing quaternary ammonium 

group). Nevertheless, in all of them sugar moiety is a part of the ion possessing surface 

active properties. 

The goal of the research was to develop novel sugar-based surfactants  

with carbohydrate moiety separated from the counter ion with surface active properties. 

For this purpose, β-ᴅ-glucose pentaacetate was transformed into a cation by modification 

at the anomeric position and combined with dodecyl sulfate ([DS]−), cholate ([C]−)  

and deoxycholate ([DOC]−) anions, known to have surface active properties. Those anions 

are constituents of commercially available surfactants in a form of sodium salts  

and are routinely used to suspend single-walled carbon nanotubes (SWCNTs) mixtures 
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and promote their partitioning.298–300 Four carbohydrate-based surfactants were further 

characterized in terms of determining their surface active properties. Furthermore,  

the influence of sugar-based cations on SWCNTs partitioning using aqueous two-phase 

extraction (ATPE) method was investigated. To my best knowledge, salts presented 

herein are the first examples of carbohydrate-based surfactants, in which sugar moiety 

(in the form of a cation) is separated from the anions with surface active properties. 

 

4.3.3. Synthesis of carbohydrate-based ionic surface active agents 

 

Four organic salts containing a sugar moiety in the cation (N-[2-(β-ᴅ-

glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium cation ([AGlu]+) and N-[2-

(2,3,4,6-tetra-O-acetyl-β-ᴅ-glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium cation 

([ATAGlu]+)) and anions with surface-active properties (dodecyl sulfate [DS]−, cholate 

[C]− and deoxycholate [DOC]− were synthesized (Figure 27).301 

 

Figure 27. Structures of carbohydrate-based surface active agents. 
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As a cation precursor, commercially available β-ᴅ-glucose pentaacetate was used 

and transformed into ionic moiety ([ATAGlu]Br, 27) via glycosylation and quaternization 

reactions (Figure 28), based on previously reported procedure56,79. The desired 

[DS]− anion was incorporated through anion metathesis with sodium dodecyl sulfate 

(Na[DS]) to obtain [ATAGlu][DS] (28). The desired product was extracted  

from the remaining sodium bromide salt solution with an organic solvent (EA). 

Subsequent acyl group deprotection under basic conditions yielded an ionic derivative 

with hydroxyl-group-rich structure ([AGlu][DS] (29)).  

 

 

For the synthesis of [AGlu][C] (32) and [AGlu][DOC] (33) (Figure 29), another 

procedure was applied, as the extraction of the product after anion exchange between 

[ATAGlu]Br (30) and the corresponding sodium salts (Na[C] and Na[DOC]) failed.  

The alternative procedure (Figure 29) required acyl group deprotection in [ATAGlu]Br 

(27) under basic conditions (analogously to the synthesis of [AGlu][DS] (29)  

from [ATAGlu][DS] (28)), which yielded [AGlu]Br (30). In the next step, the hydroxide 

Figure 28. Synthesis of [ATAGlu][DS] and [AGlu][DS]. 
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([AGlu]OH (31)) was obtained with the use of ion exchange resin. [AGlu][C] (32)  

and [AGlu][DOC] (33) were finally obtained by neutralization of [AGlu]OH (31)  

with cholic and deoxycholic acid, respectively. The different synthetic routes for the latter 

compounds were dictated by the purification difficulties of the resulting salts  

from the sodium bromide salt. It was attributed to the higher polarity of [ATAGlu][C]  

and [ATAGlu][DOC] formed during anion metathesis, compared to [ATAGlu][DS].  

The applied neutralization of [AGlu]OH eliminated the formation of sodium bromide 

and made the extraction step unnecessary. 

 

 

 

Figure 29. Synthesis of [AGlu][C] and [AGlu][DOC]. 
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4.3.4. Determination of critical micelle concentration 

 

The surface active agents are able to self-organize in spherical aggregates, called 

micelles, when a certain concentration is exceeded. The key parameter that determines 

that concentration above which micelles are formed is called critical micelle concentration 

(CMC) and can be measured by several experimental methods (Figure 30).302 The most 

common method is based on surface tension measurements. Micelles can be formed  

in the aqueous phase and no lipophilic phase is necessary. Due to the absorption  

at the air-water interface, the surface tension decreases with increasing concentration 

until the surface is saturated and a stable value is obtained. The CMC is defined  

by the breakpoint, beyond which any additional surfactant will contribute  

to the formation of micelle-like aggregates. The CMC value reflects the efficiency  

of the surfactants, therefore the more efficient surfactants the lower is its CMC value.284 

In lipophilic, medium reverse micelles can also be formed and their formation is dictated 

by another parameter - water load (𝑤0), however it is beyond this discussion. 

 

 

Figure 30. Amphiphile structure (top) forming (reverse) micelles (bottom). Reprinted from 302. 
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The surface tension was measured using a stalagmometer for four carbohydrate-

based surface active agents ([ATAGlu][DS], [AGlu][DS], [AGlu][C] and [AGlu][DOC]). 

10 aqueous solutions of each compound with concentrations in the range of 0.25 – 120 

mmol L−1 were examined (Figure 31-34). For each solution, the number of drops formed 

upon the outflow was counted. Before each measurement, the stalagmometer was rinsed 

with the tested solution. The measurements were repeated three times  

for each compound and the average number of drops was calculated. An analogous 

measurement was performed for pure water. The volume of the droplet flowing  

out of the stalagmometer depends on the surface tension (σ) of the solution. Knowing  

the value of the surface tension of water, the surface tension of tested compounds 

solutions was calculated using the formula: 

𝜎 =  
𝑛𝑤

𝑛𝑥
∙ 𝜎𝑥 

Where: 

𝜎 – surface tension of the solution, 

𝜎𝑥 – surface tension of water, 𝜎𝑥 = 72.6 [mN/m], 

𝑛𝑤 – the number of water drops, 

𝑛𝑥 – the number of drops of the tested solution 

 

Based on the results, the critical micelle concentration (CMC) of [ATAGlu][DS] 

(Figure 31), [AGlu][DS] (Figure 32), [AGlu][C] (Figure 33) and [AGlu][DOC] (Figure 34) 

was determined as the concentration below which surface tension increased rapidly.  

The CMC value for [ATAGlu][DS] and [AGlu][DS] was 2.50 mmol L−1, while for [AGlu][C] 

and [AGlu][DOC] it was 15.00 mmol L−1. For comparison, the CMC values of analogous 

sodium salts, commonly used as surfactants, are as follows: Na[DS] (8.00 mmol L−1)296, 

Na[C] (12.73 mmol L−1), Na[DOC] (4.25 mmol L−1)303. When compared to other glucose-
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based cationic surfactants, (obtained via derivatization of glucose and subsequent 

quaternization with tertiary amine containing long alkyl chain) their CMC values range 

from 0.01 – 16.00 mmol L−1.297 In general, the longer the alkyl chain in the final product 

(C8, C10, C12, C14 or C16) the lower CMC. The CMC values reported for glucose-based 

cationic surfactants containing C12 alkyl chains (as in [DS]−) were in the range of 0.10 – 

4.89. Alternatively, anionic surfactants derived from glucose, galactose and xylose  

with C12 alkyl chains had CMC values from 2.00 to 4.10 mmol L−1.296 

 

 

 

Figure 31. Determination of the surface tension of aqueous solutions of [ATAGlu][DS]. 
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Figure 32. Determination of the surface tension of aqueous solutions of [AGlu][DS]. 

Figure 33. Determination of the surface tension of aqueous solutions of [AGlu][C]. 
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4.3.5. Conclusions 

 

Four carbohydrate-based surface active agents ([ATAGlu][DS], [AGlu][DS], 

[AGlu][C] and [AGlu][DOC]) were synthesized. Their CMC values were evaluated based 

on surface tension measurements and compared to commercially available surfactants, 

such as sodium dodecyl sulfate, sodium cholate and sodium deoxycholate,  

and to synthetic sugar-based ionic surfactants described in the literature. New synthetic 

approach was presented in this work, leading to surfactants in which the cationic sugar 

moiety is separated from the anions with surface active properties (dodecyl sulfate [DS]−, 

cholate [C]− and deoxycholate [DOC]−). Thus far, Janas et al.301 evaluated the performance  

of presented herein sugar-based surfactants, including [ATAGlu][DS], [AGlu][DS], 

[AGlu][C], and [AGlu][DOC], in the aqueous two-phase extraction (ATPE) method  

for purifying single-walled carbon nanotubes (SWCNTs). SWCNTs possess unique 

properties based on the spatial arrangement of their carbon atoms and these fine-tuned 

properties for specific applications can be obtained by isolating monochiral fractions  

Figure 34. Determination of the surface tension of aqueous solutions of [AGlu][DOC]. 
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of SWCNTs. Hence, the ATPE method is a promising approach in the context of cost-

effective and scalable SWCNTs separation. The performance of sugar-based surfactants  

was evaluated in two-phase systems composed of poly(ethylene glycol) (top phase)  

and dextran (bottom phase), in which the addition of modulators and surfactants resulted 

in the migration of specific SWCNTs from the bottom phase to the top phase. In the study, 

the sugar-based surfactants were used as alternatives and in cooperation with their 

commercially available analogues like sodium dodecyl sulfate (Na[DS]), sodium cholate 

(Na[C]) and sodium deoxycholate (Na[DOC]). Despite the ATPE mechanism remains 

unsolved, introduction of sugar-based cations into the system, enabled altering the course 

of biphasic extraction.  

Moreover, recently the Chrobok group showed effectiveness of carbohydrate-

based surfactants in phase transfer catalysis (PTCs)88 and as part of the catalytic system89, 

therefore the studies on the abovementioned compounds, their biodegradability  

and catalytic applications will be continued. 
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5. Summary 
 

Although sugar chemistry is well understood, transformations involving 

carbohydrates often require multiple synthetic steps. These processes typically involve 

harmful reagents and large volumes of organic solvents for product purification. 

However, recent advances in synthetic methodologies aligned with the principles  

of green chemistry have led to more sustainable approaches. These developments  

are particularly relevant in light of the recently published Biomass Strategy304,305, which 

emphasizes transforming waste biomass into useful chemicals and materials as part  

of the circular economy. Given the amount of waste biomass, which consists mainly  

of lignocellulose, sugars are a promising raw material. Hence, this work lifts the potential 

of renewable raw materials by exploring novel sugar derived organic salts as sustainable 

functional materials for use in different emerging areas, such as energy-related 

applications. 

The results presented herein covering practical applications of carbohydrate-based 

ILs as phase change materials (PCMs) for thermal energy storage, multifunctional 

precursors of heteroatom-doped carbon materials used in electrocatalysis,  

or as surfactants for single-walled carbon nanotubes (SWCNTs) purification, provide  

a solid foundation for developing the applications discussed. Given the nearly infinite 

design potential of ionic liquids through variations in cation and anion combinations, this 

research highlights the significant possibilities for further development. While much 

attention has historically focused on the ability of ILs to form a liquid phase, crucial  

for applications like electrolytes and solvents, this study demonstrates the broader 

potential of underexplored organic salts. Understanding the relationship between 

molecular structure and properties is essential for designing task-specific, sustainable 

materials with improved functionality. 
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In summary, this work expands the emerging field of sugar-based ILs, offering  

a generalizable approach to design ILs based on monosaccharide units, for specific 

functions. This opens the door to environmentally friendly processes, providing  

a foundation for future research on creating diverse and sustainable ILs from renewable 

resources like carbohydrates. 
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6. Experimental part 
 

6.1.  Synthetic procedures 
 

Methyl 6-bromo-6-deoxy-α-ᴅ-glucopyranoside 

To a solution of methyl α-ᴅ-glucopyranoside (38.84 g, 200 

mmol) in anhydrous pyridine (600 mL), triphenylphosphine (104.92 

g, 400 mmol) and carbon tetrabromide (99.50 g, 300 mmol) were 

added and the resulting solution was stirred at 0 °C for 15 min, 

followed by raising the temperature to 65 °C and stirring for the next 4 h. The reaction 

was carried under inert gas atmosphere. Reaction progress was monitored by TLC 

(CH2Cl2:MeOH 9:1). After completion of the reaction, methanol (100 mL) was added  

to quench the reaction. The solvent was evaporated by co-distillation with toluene  

and the residue was purified by column chromatography (CH2Cl2 to CH2Cl2:MeOH 9:1 

and subsequent flash column chromatography: EA:MeOH 9:1). Methyl 6-bromo-6-deoxy-

α-ᴅ-glucopyranoside was afforded as a white crystalline solid (37.60 g, 73%). 

1H NMR (400 MHz, DMSO-d6) δ 5.20 (d, J = 5.8 Hz, 1H, –OH), 4.88 (d, J = 5.0 Hz, 

1H, –OH), 4.80 (d, J = 6.4 Hz, 1H, –OH), 4.56 (d, J = 3.7 Hz, 1H, H-1), 3.74 (dd, J = 10.3, 1.7 

Hz, 1H), 3.59 – 3.45 (m, 2H), 3.38 (td, J = 9.1, 4.8 Hz, 1H), 3.29 (s, 3H, –OCH3), 3.20 (ddd, J 

= 9.8, 6.4, 3.7 Hz, 1H), 3.03 (td, J = 8.9, 5.8 Hz, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 99.80 (C-1), 72.99, 72.37, 71.82 (C-2, C-3, C4), 70.97 

(C-5), 54.51 (–OCH3), 35.18 (C-6). 
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N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-trimethylammonium 

bromide ([Glu]Br) 

Methyl 6-bromo-6-deoxy-α-ᴅ-glucopyranoside (6.06 g, 23.6 

mmol) and trimethylamine (13.93 g, 236.0 mmol, 56.3 mL 33% 

ethanolic solution) were placed in an autoclave and the reaction 

mixture was left for 24 h at 70 °C. The resulting solid was filtered off 

and washed with ethanol and hexane. N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-

N,N,N-trimethylammonium bromide was afforded as a white crystalline solid (7.00 g, 

94%). 

1H NMR (400 MHz, DMSO-d6) δ 5.43 (d, J = 5.9 Hz, 1H, –OH), 5.01 (d, J = 5.0 Hz, 

1H, –OH), 4.91 (d, J = 6.3 Hz, 1H, –OH), 4.59 (d, J = 3.7 Hz, 1H, H-1), 3.88 (t, J = 9.5 Hz, 1H, 

H-6b), 3.66 (dd, J = 13.9, 1.3 Hz, 1H, H-6a), 3.56 – 3.39 (m, 2H, H-4, H-5), 3.37 (s, 3H, –

OCH3), 3.21 (ddd, J = 9.9, 6.3, 3.7 Hz, 1H, H-3), 3.15 (s, 9H, –N+(CH3)3), 2.92 (ddd, J = 9.8, 

8.6, 5.9 Hz, 1H, H-2). 

13C NMR (101 MHz, DMSO-d6) δ 100.70 (C-1), 72.38, 71.67, 71.17 (C-2, C-3, C4), 

67.05, 66.91 (C-5, C-6), 56.50 (–OCH3), 53.39 (–N+(CH3)3). 

 

Methyl 6-iodo-6-deoxy-α-ᴅ-glucopyranoside 

To a solution of methyl α-ᴅ-glucopyranoside (20.00 g, 0.103 

mol) in anhydrous THF imidazole (13.61 g, 0.206 mol), 

triphenylphosphine (51.24 g, 0.154 mol) and iodine (39.21 g, 0.154 

mol) were added to the solution and stirred for 15 min at rt. 

Subsequently the mixture was stirred under reflux at 70 °C for 4 h. The resulting solid 

was filtered off and the and the filtrate was condensed using rotary evaporator.  

The product was purified by column chromatography (CHCl3 to CHCl3:MeOH 12:1). 
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Methyl 6-iodo-6-deoxy-α-ᴅ-glucopyranoside was afforded as a white crystalline solid 

(29.13 g, 93%). 

1H NMR (400 MHz, DMSO-d6) δ 5.18 (d, J = 5.8 Hz, 1H, –OH), 4.87 (d, J = 5.0 Hz, 

1H, –OH), 4.79 (d, J = 6.4 Hz, 1H, –OH), 4.55 (d, J = 3.6 Hz, 1H, H-1), 3.57 – 3.53 (m, 1H), 

3.39 (td, J = 9.3, 4.3 Hz, 1H), 3.32 (s, 3H, –OCH3), 3.28 – 3.17 (m, 3H), 2.92 (td, J = 8.8, 5.7 

Hz, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 99.76 (C-1), 73.99, 72.60, 71.78 (C-2, C-3, C-4), 70.81 

(C-5), 54.47 (–OCH3), 9.43 (C-6). 

 

N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-trimethylammonium 

iodide ([Glu]I) 

Methyl 6-iodo-6-deoxy-α-ᴅ-glucopyranoside (9.00 g, 29.6 

mmol) and trimethylamine (17.50 g, 296.0 mmol, 70.7 mL 33% 

ethanolic solution) were placed in an autoclave and the reaction 

mixture was left for 24 h at 70 °C. The resulting solid was filtered off 

and washed with ethanol and hexane. N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-

N,N,N-trimethylammonium iodide was afforded as a white crystalline solid (9.30 g, 87%). 

1H NMR (400 MHz, DMSO-d6) δ 5.43 (d, J = 5.9 Hz, 1H, –OH), 5.02 (d, J = 5.1 Hz, 

1H, –OH), 4.91 (d, J = 6.4 Hz, 1H, –OH), 4.60 (d, J = 3.6 Hz, 1H, H-1), 3.89 (t, J = 9.1 Hz, 1H, 

H-6b), 3.67 – 3.59 (dd, J = 13.9, 1.3 Hz, 1H, H-6a), 3.54 – 3.41 (m, 2H, H-4, H-5), 3.39 (s, 3H, 

–OCH3), 3.22 (ddd, J = 9.9, 6.4, 3.7 Hz, 1H, H-3), 3.14 (s, 9H, –N+(CH3)3), 2.92 (ddd, J = 9.8, 

8.6, 6.0 Hz, 1H, H-2). 

13C NMR (101 MHz, DMSO-d6) δ 100.72 (C-1), 72.43, 71.64, 71.19 (C-2, C-3, C4), 

67.03, 66.88 (C-5, C-6), 56.51 (–OCH3), 53.42 (–N+(CH3)3). 
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N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-trimethylammonium 

nitrate ([Glu][NO3]) 

N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-

trimethylammonium bromide (3 g, 9.5 mmol) was dissolved  

in methanol (50 mL), and silver nitrate (1.61 g, 9.5 mmol) was added. 

The resulting suspension was covered from light and stirred for 24 

h. The precipitate was filtered off, while the liquid phase was collected and the solvent 

was evaporated. N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-

trimethylammonium nitrate was obtained as a white solid (2.50 g, 95%, m.p. = 163 °C). 

1H NMR (400 MHz, DMSO-d6) δ 5.46 (d, J = 5.9 Hz, 1H, –OH), 5.04 (d, J = 5.0 Hz, 

1H, –OH), 4.93 (d, J = 6.3 Hz, 1H, –OH), 4.60 (d, J = 3.6 Hz, 1H, H-1), 3.89 (t, J = 9.1 Hz, 1H, 

H-6b), 3.63 (dd, J = 13.9, 1.4 Hz, 1H, H-6a), 3.55 – 3.40 (m, 2H, H-4, H-5), 3.39 (s, 3H, –

OCH3), 3.22 (ddd, J = 9.7, 6.0, 3.6 Hz, 1H, H-3), 3.13 (s, 9H, –N+(CH3)3), 2.92 (ddd, J = 9.7, 

8.6, 5.9 Hz, 1H, H-2). 

13C NMR (101 MHz, DMSO-d6) δ 100.74 (C-1), 72.45, 71.67, 71.22 (C-2, C-3, C-4), 

67.05, 66.92 (C-5, C-6), 56.50 (–OCH3), 53.42 (–N+(CH3)3). 

 

N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-trimethylammonium 

mesylate ([Glu][OMs]) 

N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-

trimethylammonium bromide (2.85 g, 9.0 mmol) was dissolved  

in methanol (50 mL), and silver mesylate (1.83 g, 9.0 mmol)  

was added. The resulting suspension was covered from light  

and stirred for 24 h. The precipitate was filtered off, while the liquid phase was collected, 
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and the solvent was evaporated. N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-

trimethylammonium mesylate was obtained as a white solid (2.92 g, 88%, m.p. = 138 °C). 

1H NMR (400 MHz, DMSO-d6) δ 5.47 (d, J = 6.0 Hz, 1H, –OH), 5.04 (d, J = 5.1 Hz, 

1H, –OH), 4.93 (d, J = 6.3 Hz, 1H, –OH), 4.60 (d, J = 3.6 Hz, 1H, H-1), 3.89 (t, J = 9.3 Hz, 1H, 

H-6b), 3.65 (d, J = 13.8 Hz, 1H, H-6a), 3.55 – 3.39 (m, 2H, H-4, H-5), 3.39 (s, 3H, –OCH3), 

3.21 (td, J = 6.1, 3.0 Hz, 1H, H-3), 3.13 (s, 9H, –N+(CH3)3), 2.92 (ddd, J = 9.8, 8.7, 6.0 Hz, 1H, 

H-2), 2.31 (s, 3H, CH3SO3
−). 

13C NMR (101 MHz, DMSO-d6) δ 100.74 (C-1), 72.41, 71.68, 71.21 (C-2, C-3, C-4), 

67.05, 66.95 (C-5, C-6), 56.48 (–OCH3), 53.39 (–N+(CH3)3), 39.75 (CH3SO3
−). 

 

N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-trimethylammonium 

tetrafluoroborate ([Glu][BF4]) 

Silver oxide (1.1 g, 4.7 mmol) was stirred in methanol (50 mL) 

and tetrafluoroboric acid (48% solution in H2O) was added 

dropwise (0.84 g, 0,6 mL, 9.5 mmol). The reaction mixture  

was stirred for 1 h at rt, until homogeneous colourless solution  

was obtained. It was followed by addition of N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-

yl)-N,N,N-trimethylammonium bromide (3 g, 9.5 mmol). The resulting suspension  

was covered from light and stirred for 24 h. The precipitate was filtered off, while  

the liquid phase was collected, and the solvent was evaporated. N-(methyl-6-deoxy-α-ᴅ-

glucopyranoside-6-yl)-N,N,N-trimethylammonium tetrafluoroborate was obtained  

as a white solid (2.91 g, 98%, m.p. = 99 °C). 

1H NMR (400 MHz, DMSO-d6) δ 4.60 (d, J = 3.7 Hz, 1H, H-1), 3.89 (t, J = 9.1 Hz, 1H, 

H-6b), 3.62 (d, J = 13.0 Hz, 1H, H-6a), 3.54 – 3.40 (m, 2H, H-4, H-5), 3.39 (s, 3H, –OCH3), 

3.21 (dd, J = 9.8, 3.7 Hz, 1H, H-3), 3.12 (s, 9H, –N+(CH3)3), 2.94 – 2.88 (m, 1H, H-2). 
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13C NMR (101 MHz, DMSO-d6) δ 100.74 (C-1), 72.45, 71.67, 71.21 (C-2, C-3, C-4), 

67.04, 66.91 (C-5, C-6), 56.50 (–OCH3), 53.42 (–N+(CH3)3). 

 

Methyl 6-O-trityl-α-ᴅ-glucopyranoside 

Methyl α-ᴅ-glucopyranoside (60.0 g, 309 mmol), trityl 

chloride (129.21 g, 463.5 mmol) and triethylamine (150.51 g, 207 mL, 

1.49 mol) were dissolved in dichloromethane (770 mL) and stirred 

overnight at rt. Reaction mixture was condensed using rotary 

evaporator and the residue was purified by flash column chromatography (PE:EA 4:1  

to EA) yielding methyl 6-O-trityl-α-ᴅ-glucopyranoside (6) as a white solid (86.24 g, 64%). 

1H NMR (400 MHz, DMSO-d6) δ 7.48 – 7.18 (m, 15H, Ar-H), 4.82 (d, J = 5.9 Hz, 1H, 

–OH), 4.77 (d, J = 4.9 Hz, 1H, –OH), 4.74 (d, J = 6.4 Hz, 1H, –OH), 4.63 (d, J = 3.7 Hz, 1H, 

H-1), 3.62 (ddd, J = 9.5, 7.2, 1.7 Hz, 1H, H-5), 3.41 (s, 3H, –OCH3), 3.40 – 3.35 (m, 1H, H-3), 

3.29 – 3.19 (m, 2H, H-2, H-6a), 3.05 – 2.93 (m, 2H, H-4, H-6b). 

13C NMR (101 MHz, DMSO-d6) δ 143.98 (CAr), 128.29, 127.82, 126.91 (CHAr), 99.64 

(C-1), 85.61 (–CPh3), 73.59, 71.90, 70.96, 70.76 (C-2, C-3, C-4, C-5), 63.80 (C-6), 54.17 (–

OCH3). 

 

Methyl 6-O-trityl-2,3,4-O-methyl-α-ᴅ-glucopyranoside 

Methyl 6-O-trityl-α-ᴅ-glucopyranoside (86.24, 197.6 mmol) 

was dissolved in dry DMF (1500 mL) and cooled to 0 °C. Sodium 

hydride 60% dispersion in mineral oil (1.3 eq per OH group)  

was added in portions and the resulting mixture was stirred for 30 

min. Subsequently methyl iodide was added (2.0 eq per OH group) and the reaction  
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was stirred overnight at rt. The solvent was evaporated, dichloromethane (3500 mL)  

was added, and the mixture was washed with water (3x 1000 mL). Organic phase  

was condensed using rotary evaporator and the residue was purified by column 

chromatography (PE:EA 3:1) yielding methyl 6-O-trityl-2,3,4-O-methyl-α-ᴅ-

glucopyranoside as a white solid (78.50 g, 83%). 

1H NMR (400 MHz, DMSO-d6) δ 7.52 – 7.18 (m, 15H, Ar-H), 4.94 (d, J = 3.4 Hz, 1H, 

H-1), 3.54 – 3.46 (m, 1H), 3.43 (s, 3H, –OCH3), 3.37 (s, 3H, –OCH3), 3.35 (s, 3H, –OCH3), 

3.27 – 3.10 (m, 4H), 3.16 (s, 3H, –OCH3), 3.00 (dd, J = 10.0, 5.1 Hz, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 143.98 (CAr), 128.29, 127.82, 126.91 (CHAr), 99.64 

(C-1), 85.61 (–CPh3), 73.59, 71.90, 70.96, 70.76 (C-2, C-3, C-4, C-5), 63.80 (C-6), 54.17 (–

OCH3). 

 

Methyl 2,3,4-O-methyl-α-ᴅ-glucopyranoside 

Methyl 6-O-trityl-2,3,4-O-methyl-α-ᴅ-glucopyranoside 

(11.20 g, 23.4 mmol) was dissolved in 70% acetic acid solution (120 

mL), heated to 70 °C and stirred for 1 h. The solvent was removed 

using toluene. The residue was purified by column 

chromatography (PE:EA 3:1 to PE:EA 1:2) yielding methyl 2,3,4-O-methyl-α-ᴅ-

glucopyranoside as a white solid (4.95 g, 90%). 

1H NMR (400 MHz, chloroform-d) δ 4.76 (d, J = 3.6 Hz, 1H, H-1), 3.78 (dd, J = 11.8, 

2.9 Hz, 1H), 3.69 (dd, J = 11.8, 4.2 Hz, 1H), 3.58 (s, 3H, –OCH3), 3.52 (s, 3H, –OCH3), 3.52 – 

3.49 (m, 2H), 3.48 (s, 3H, –OCH3), 3.37 (s, 3H, –OCH3), 3.15 – 3.09 (m, 2H). 

13C NMR (101 MHz, chloroform-d) δ 97.59 (C-1), 83.48, 81.92, 79.67 (C-2, C-3, C4), 

70.71 (C-5), 61.92 (C-6), 60.91, 60.60, 59.09, 55.21 (4x –OCH3). 
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Methyl 2,3,4-O-methyl-6-bromo-α-ᴅ-glucopyranoside 

To a solution of methyl 2,3,4-O-methyl-α-ᴅ-

glucopyranoside (4.93 g, 20.9 mmol) in anhydrous pyridine (60 

mL), carbon tetrabromide (10.38 g, 31.3 mmol)  

and triphenylphosphine (10.95 g, 41.7 mmol) were added  

and the solution was stirred for 15 min at 0 °C. It was followed by heating the reaction  

to 65 °C and stirring for another 4 h. Reaction was carried under inert gas atmosphere. 

Reaction progress was monitored by TLC (EA). After completion of the reaction, 

methanol (10 mL) was added to quench the reaction. The solvent was evaporated  

by co-distillation with toluene and the residue was purified by column chromatography 

(PE:EA 3:1 to EA) yielding methyl 2,3,4-O-methyl-6-bromo-α-ᴅ-glucopyranoside  

as a cream-coloured solid (5.10 g, 82%). 

1H NMR (400 MHz, chloroform-d) δ 4.84 (d, J = 3.6 Hz, 1H, H-1), 3.70 – 3.64 (m, 

2H), 3.62 (s, 3H, –OCH3), 3.62 – 3.49 (m, 2H), 3.60 (s, 3H, –OCH3), 3.52 (s, 3H, –OCH3), 3.44 

(s, 3H, –OCH3), 3.21 (dd, J = 9.6, 3.6 Hz, 1H), 3.12 (t, J = 9.0 Hz, 1H). 

13C NMR (101 MHz, chloroform-d) δ 97.53 (C-1), 83.34, 81.75, 81.42 (C-2, C-3, C4), 

69.43 (C-5), 60.90, 60.77, 59.06, 55.38 (–OCH3), 33.54 (C-6). 

 

N-(methyl 2,3,4-O-methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-

trimethylammonium bromide ([TMGlu]Br) 

Methyl 2,3,4-O-methyl-6-bromo-α-ᴅ-glucopyranoside (6.09 

g 20.4 mmol) and trimethylamine (12.03 g, 204.0 mmol, 48.6 mL 33% 

ethanolic solution) were placed in an autoclave and the reaction 

mixture was left for 48 h at 70 °C. The reaction mixture  

was condensed using rotary evaporator. The residue was stirred with EA (50 mL) at 70 °C 
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overnight. The slurry was filtered and obtained solid was further purified by column 

chromatography by elution with methanol, yielding N-(methyl 2,3,4-O-methyl-6-deoxy-

α-ᴅ-glucopyranoside-6-yl)-N,N,N-trimethylammonium bromide as a white solid (4.90 g 

65%) 

1H NMR (400 MHz, chloroform-d) δ 4.81 (d, J = 3.5 Hz, 1H, H-1), 3.97 (t, J = 8.6 Hz, 

1H, H-6b), 3.80-3.85 (m, 1H), 3.71-3.75 (m, 1H), 3.62 (s, 3H, –OCH3), 3.60 (s, 3H, –OCH3), 

3.59 (s, 9H, –N+(CH3)3), 3.52 (s, 3H, –OCH3), 3.50 (s, 3H, –OCH3), 3.49-3.54 (m, 1H), 3.17 

(dd, J = 9.8, 3.5 Hz, 1H), 2.90 (dd, J = 9.8, 8.6 Hz, 1H). 

13C NMR (101 MHz, chloroform-d) δ 98.55 (C-1), 82.92, 81.07, 80.35 (C-2, C-3, C4), 

68.08, 66.28 (C-5, C-6), 61.33, 60.83, 59.32, 57.45 (–OCH3), 54.72 (–N+(CH3)3). 

 

N-(methyl 2,3,4-O-methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-

trimethylammonium nitrate ([TMGlu][NO3]) 

N-(methyl-6-deoxy-2,3,4-O-methyl-α-ᴅ-glucopyranoside-

6-yl)-N,N,N-trimethylammonium bromide (1 g, 2.8 mmol)  

was dissolved in methanol (50 mL), and silver nitrate (0.47 g, 2.8 

mmol) was added. The resulting suspension was covered  

from light and stirred for 24 h. The precipitate was filtered off, while the liquid phase  

was collected, and the solvent was evaporated. N-(methyl 2,3,4-O-methyl-6-deoxy-α-ᴅ-

glucopyranoside-6-yl)-N,N,N-trimethylammonium nitrate was obtained as a white solid 

(0.92 g, 97%, m.p. = 105 °C). 

1H NMR (400 MHz, chloroform-d) δ 4.81 (d, J = 3.5 Hz, 1H, H-1), 3.96 (dt, J = 9.8, 

4.8 Hz, 1H, H-6b), 3.70 (d, J = 5.1 Hz, 2H), 3.60 (s, 3H, –OCH3), 3.59 (s, 3H, –OCH3), 3.52 

(s, 3H, –OCH3), 3.51 (dd, J = 9.6, 8.7 Hz, 1H), 3.51 (s, 3H, –OCH3), 3.41 (s, 9H, –N+(CH3)3), 

3.17 (dd, J = 9.8, 3.5 Hz, 1H), 2.89 (dd, J = 9.8, 8.6 Hz, 1H). 
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13C NMR (101 MHz, chloroform-d) δ 98.56 (C-1), 82.90, 81.06, 80.39 (C-2, C-3, C4), 

67.95, 66.37 (C-5, C-6), 61.07, 60.82, 59.30, 57.40 (–OCH3), 54.58 (–N+(CH3)3). 

 

N-(methyl 2,3,4-O-methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-

trimethylammonium mesylate ([TMGlu][OMs]) 

N-(methyl-6-deoxy-2,3,4-O-methyl-α-ᴅ-glucopyranoside-

6-yl)-N,N,N-trimethylammonium bromide (1 g, 2.8 mmol)  

was dissolved in methanol (30 mL), and silver mesylate (0.57 g, 2.8 

mmol) was added. The resulting suspension was covered  

from light and stirred for 24 h. The precipitate was filtered, while the liquid phase was 

collected, and the solvent was evaporated. N-(methyl 2,3,4-O-methyl-6-deoxy-α-ᴅ-

glucopyranoside-6-yl)-N,N,N-trimethylammonium mesylate was obtained as a white 

solid (0.90 g, 87%, m.p. = 135 °C). 

1H NMR (400 MHz, chloroform-d) δ 4.79 (d, J = 3.5 Hz, 1H), 3.96 (ddd, J = 9.9, 7.5, 

2.4 Hz, 1H), 3.73 – 3.64 (m, 2H), 3.60 (s, 3H, –OCH3), 3.60 (s, 3H, –OCH3), 3.52 (s, 3H, –

OCH3), 3.51 (dd, J = 9.7, 8.8 Hz, 1H), 3.49 (s, 3H, –OCH3), 3.46 (s, 9H, –N+(CH3)3), 3.16 (dd, 

J = 9.8, 3.5 Hz, 1H), 2.88 (dd, J = 9.8, 8.6 Hz, 1H), 2.77 (s, 3H, CH3SO3
−). 

13C NMR (101 MHz, chloroform-d) δ 98.52 (C-1), 82.92, 81.10, 80.49 (C-2, C-3, C4), 

67.76, 66.36 (C-5, C-6), 61.09, 60.84, 59.30, 57.36 (–OCH3), 54.42 (–N+(CH3)3), 39.68 

(CH3SO3
−). 
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N-(methyl 2,3,4-O-methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-

trimethylammonium tetrafluoroborate ([TMGlu][BF4]) 

Silver oxide (0.32 g, 1.4 mmol) was stirred in methanol (30 

mL) and tetrafluoroboric acid (48% solution in H2O) was added 

dropwise (0.25 g, 0,37 mL, 2.8 mmol). Reaction was stirred for 1 h 

at rt, until homogeneous colourless solution was obtained. It  

was followed by addition of N-(methyl-6-deoxy-α-ᴅ-glucopyranoside-6-yl)-N,N,N-

trimethylammonium bromide (1 g, 2.8 mmol). The resulting suspension was covered 

from light and stirred for 24 h. The slurry was filtered off, while the liquid phase  

was collected, and the solvent was evaporated. N-(methyl 2,3,4-O-methyl-6-deoxy-α-ᴅ-

glucopyranoside-6-yl)-N,N,N-trimethylammonium tetrafluoroborate was obtained  

as a white solid (0.96 g, 94%, m.p. = 146 °C). 

1H NMR (400 MHz, chloroform-d) δ 4.81 (d, J = 3.5 Hz, 1H, H-1), 3.95 (dd, J = 9.6, 

7.2 Hz, 1H, H-6b), 3.68 – 3.47 (m, 3H), 3.60 (s, 3H, –OCH3), 3.59 (s, 3H, –OCH3), 3.52 (s, 

3H, –OCH3), 3.51 (s, 3H, –OCH3), 3.30 (s, 9H, –N+(CH3)3), 3.17 (dd, J = 9.8, 3.5 Hz, 1H), 2.88 

(dd, J = 9.8, 8.6 Hz, 1H). 

13C NMR (101 MHz, chloroform-d) δ 98.51 (C-1), 82.89, 81.05, 80.37 (C-2, C-3, C4), 

67.95, 66.34 (C-5, C-6), 61.03, 60.80, 59.26, 57.38 (–OCH3), 54.52 (–N+(CH3)3). 

 

2,3,4,5-tetra-O-acetyl-1,6-dibromo-1,6-dideoxy-ᴅ-mannitol 

To a suspension of mannitol (6.89 g, 38 mmol) in dry 1,4-

dioxane (110 mL), acetyl bromide (11.19 g, 91 mmol, 6,8 mL)  

was added dropwise and the solution was stirred for 72 h at rt under inert gas atmosphere. 

Resulting mixture was condensed using rotary evaporator and subsequently, pyridine 

(40 mL) and acetic anhydride (79.79 g, 782 mmol, 74 mL) were added to the condensate 
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and stirred overnight. Resulting mixture was condensed using rotary evaporator  

and the residue was purified by column chromatography (hexane:EA 6:1 to hexane:EA 

3:1), yielding pale brown solid (9.37 g, 52%). 

1H NMR (400 MHz, chloroform-d) δ 5.43 – 5.40 (m, 2H, H-3, H-4), 5.13 – 5.08 (m, 

2H, H-2, H-5), 3.55 (dd, J = 11.5, 3.7 Hz, 2H, H-1a, H-6a), 3.37 (dd, J = 11.5, 6.0 Hz, 2H, H-

1b, H-6b), 2.12 (s, 6H), 2.11 (s, 6H) (4x C=O, –Ac). 

13C NMR (101 MHz, chloroform-d) δ 169.78, 169.67 (4x C=O, –Ac), 69.17 (C-3, C-4), 

68.95 (C-2, C-5), 30.63 (C-1, C-6), 20.81, 20.72 (4x –CH3, –Ac). 

 

(2S,3S,4S,5S)-2,3,4,5-tetrahydroxy-N1,N1,N1,N6,N6,N6-hexamethylhexane-1,6-

diaminium bromide ([Man]Br) 

2,3,4,5-tetra-O-acetyl-1,6-dibromo-1,6-dideoxy-ᴅ-

mannitol (2.25 g 4.7 mmol) and trimethylamine (5.59 g, 95 

mmol, 22.5 mL 33% ethanolic solution) were placed in an autoclave and the reaction 

mixture was left for 24 h at 70 °C. The slurry filtered and resulting solid was washed  

with ethanol and hexane. (2S,3S,4S,5S)-2,3,4,5-tetrahydroxy-N1,N1,N1,N6,N6,N6-

hexamethylhexane-1,6-diaminium bromide (2) was afforded as a white crystalline solid 

by recrystallization from anhydrous methanol using Monowave reactor (120 °C, 5 min) 

(1.24 g, 62%). 

1H NMR (400 MHz, DMSO-d6) δ 5.43 (d, J = 7.2 Hz, 2H, 2x –OH), 4.72 (d, J = 8.0 Hz, 

2H, 2x –OH), 4.07 (q, J = 8.6 Hz, 2H, H-3, H-4), 3.67 (dd, J = 13.5, 1.4 Hz, 2H, H-2, H-5), 

3.53 (t, J = 8.4 Hz, 2H, H-1a, H-6a), 3.38 (dd, J = 13.4, 9.5 Hz, 2H, H-1b, H-6b), 3.17 (s, 18H, 

2x –N+(CH3)3). 
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13C NMR (101 MHz, DMSO) δ 69.89 (C-3, C-4), 69.05 (C-2, C-5), 65.22 (C-1, C-6), 

53.53 (2x –CH3), 53.50 (2x –CH3), 53.46 (2x –CH3). 

 

(2S,3S,4S,5S)-2,3,4,5-tetrahydroxy-N1,N1,N1,N6,N6,N6-hexamethylhexane-1,6-

diaminium nitrate ([Man][NO3]) 

(2S,3S,4S,5S)-2,3,4,5-tetrahydroxy-

N1,N1,N1,N6,N6,N6-hexamethylhexane-1,6-diaminium 

bromide (0.5 g, 1.2 mmol) was dissolved in water (15 mL), and silver nitrate (0.4 g, 2.4 

mmol) was added. The resulting suspension was covered from light and stirred for 24 h. 

The slurry was filtered, while the liquid phase was collected, and the solvent  

was evaporated. A white solid was obtained and recrystallized from anhydrous methanol 

using Monowave reactor (120 °C, 5 min) (0.39 g, 85%). 

1H NMR (400 MHz, DMSO-d6) δ 5.48 (d, J = 6.4 Hz, 2H, 2x –OH), 4.79 (s, 2H, 2x –

OH), 4.04 (s, 2H, H-3, H-4), 3.65 (dd, J = 13.4, 1.4 Hz, 2H, H-2, H-5), 3.52 (d, J = 8.6 Hz, 2H, 

H-1a, H-6a), 3.36 (dd, J = 13.7, 9.7 Hz, 2H, H-1b, H-6b), 3.15 (s, 18H, 2x –N+(CH3)3). 

13C NMR (101 MHz, DMSO-d6) δ 69.95 (C-3, C-4), 69.16 (C-2, C-5), 65.39 (C-1, C-6), 

53.52 (2x –N+(CH3)3). 

 

(2S,3S,4S,5S)-2,3,4,5-tetrahydroxy-N1,N1,N1,N6,N6,N6-hexamethylhexane-1,6-

diaminium mesylate ([Man][OMs]) 

(2S,3S,4S,5S)-2,3,4,5-tetrahydroxy-

N1,N1,N1,N6,N6,N6-hexamethylhexane-1,6-

diaminium bromide (0.5 g, 1.2 mmol) was dissolved was dissolved in water (15 mL),  

and silver mesylate (0.48 g, 2.4 mmol) was added. The resulting suspension was covered 
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from light and stirred for 24 h. The slurry was filtered, while the liquid phase was 

collected, and the solvent was evaporated. A white solid was obtained and recrystallized 

from anhydrous methanol using Monowave reactor (120 °C, 5 min) (0.47 g, 88%). 

1H NMR (400 MHz, DMSO-d6) δ 5.53 (d, J = 7.2 Hz, 2H, 2x –OH), 4.84 (d, J = 8.0 Hz, 

2H, 2x –OH), 4.03 (d, J = 8.4 Hz, 2H, H-3, H-4), 3.66 – 3.63 (m, 2H, H-2, H-5), 3.52 (t, J = 8.4 

Hz, 2H, H-1a, H-6a), 3.36 (dd, J = 13.7, 9.6 Hz, 2H, H-1b, H-6b), 3.15 (s, 18H, 2x –N+(CH3)3), 

2.36 (s, 6H, 2x CH3SO3
−). 

13C NMR (101 MHz, DMSO-d6) δ 69.87 (C-3, C-4), 69.21 (C-2, C-5), 65.35 (C-1, C-6), 

53.48 (2x –N+(CH3)3), 39.68 (s, 6H, 2x CH3SO3
−). 

 

(2S,3S,4S,5S)-2,3,4,5-tetrahydroxy-N1,N1,N1,N6,N6,N6-hexamethylhexane-1,6-

diaminium tetrafluoroborate ([Man][BF4]) 

Silver oxide (0.27 g, 1.2 mmol) was stirred  

in water (15 mL) and tetrafluoroboric acid (48% solution 

in H2O) was added dropwise (0.43 g, 0.31 mL, 2.4 mmol). Reaction was stirred for 1 h  

at rt, until homogeneous colourless solution was obtained. It was followed by addition  

of (2S,3S,4S,5S)-2,3,4,5-tetrahydroxy-N1,N1,N1,N6,N6,N6-hexamethylhexane-1,6-

diaminium bromide (0.5 g, 1.2 mmol). The resulting suspension was covered from light 

and stirred for 24 h. The slurry was filtered, while the liquid phase was collected,  

and the solvent was evaporated. A white solid was obtained and recrystallized from 

anhydrous methanol using Monowave reactor (120 °C, 5 min) (0.42 g, 81%). 

1H NMR (400 MHz, DMSO-d6) δ 5.42 (s, 2H, 2x –OH), 4.75 (s, 2H, 2x –OH), 3.99 (t, 

J = 9.2 Hz, 2H, H-3, H-4), 3.62 (dd, J = 13.5, 1.5 Hz, 2H, H-2, H-5), 3.51 (d, J = 8.7 Hz, 2H, 

H-1a, H-6a), 3.33 (dd, J = 13.5, 9.5 Hz, 2H, H-1b, H-6b), 3.14 (s, 18H, 2x –N+(CH3)3). 
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13C NMR (101 MHz, DMSO-d6) δ 69.98 (C-3, C-4), 69.22 (C-2, C-5), 65.59 (C-1, C-

6), 53.55 (2x –N+(CH3)3). 

 

Silver Thiocyanate (AgSCN) 

Potassium thiocyanate (17.54 g, 180 mmol) and silver nitrate (33.67 g, 198 mmol) 

were each dissolved in 140 mL of water. The silver nitrate solution was added dropwise 

to the potassium thiocyanate solution, with a brownish precipitate being immediately 

formed. The reaction was covered from the light and stirred for 24 h. The precipitated 

product was filtered off, washed with water, and dried (29.42 g, 98%). 

 

Silver Dicyanamide (AgN(CN)2) 

Sodium dicyanamide (25.00 g, 281 mmol) and silver nitrate (47.70 g, 281 mmol) 

were each dissolved in 150 mL of water. The silver nitrate solution was added dropwise 

to the sodium dicyanamide solution, with a violet precipitate being immediately formed. 

The reaction was covered from light and stirred for 24 h. The precipitated product was 

filtered off, washed with water, and dried (25.30 g, 95%). 

 

Silver Tricyanomethanide (AgC(CN)3) 

Potassium tricyanomethanide (4.02 g, 31 mmol) and silver nitrate (5.82 g, 34 mmol) 

were each dissolved in 40 mL of water. The silver nitrate solution was added dropwise  

to the potassium tricyanomethanide solution, with a cream precipitate being immediately 

formed. The reaction was covered from light and stirred for 24 h. The precipitated 

product was filtered off, washed with water, and dried (6.00 g, 97%). 
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Silver Tetracyanoborate (AgB(CN)4) 

Potassium tetracyanoborate (4.92 g, 32 mmol) and silver nitrate (5.97 g, 35 mmol) 

were each dissolved in 40 mL of water. The silver nitrate solution was added dropwise  

to the potassium tetracyanoborate solution, with a light-gray precipitate being 

immediately formed. The reaction was covered from light and stirred for 24 h.  

The precipitated product was filtered off, washed with water, and dried (6.94 g, 98%). 

 

N-(6-deoxy-1-O-methoxy-α-D-glucopyranoside)-N,N,N-trimethylammonium 

thiocyanate ([Glu][SCN]) 

N-(6-deoxy-1-O-methoxy-α-D-glucopyranoside)-N,N,N-

trimethylammonium bromide (17.59 g, 56 mmol) was dissolved  

in methanol (350 mL), and silver thiocyanate (9.49 g, 57 mmol) was 

added. The resulting suspension was covered from light and stirred 

for 24 h. The slurry was filtered, while the liquid phase was collected and the solvent  

was evaporated. N-(6-deoxy-1-O-methoxy-α-D-glucopyranoside)-N,N,N-

trimethylammonium thiocyanate was obtained as a white solid (15.97 g, 98%, m.p. = 

173 °C). 

1H NMR (400 MHz, DMSO-d6) δ 5.45 (d, 1H, –OH; J = 6.0 Hz), 5.03 (d, 1H, –OH; J 

= 5.1 Hz), 4.92 (d, 1H, –OH; J = 6.4 Hz), 4.60 (d, 1H, H-1; J = 3.7 Hz), 3.89 (t, 1H, H-6b; J = 

9.0 Hz), 3.63 (d, 1H, H-6a; J = 13.3 Hz), 3.41–3.53 (m, 2H, H-4, H-5) 3.39 (s, 3H, –OCH3), 

3.19–3.24 (m, 1H, H-3), 3.13 (s, 9H, –N+(CH3)3), 2.88–2.95 (m, 1H, H-3).  

13C NMR (101 MHz, DMSO-d6) δ 129.06 (–CN), 100.63 (C-1), 72.33, 71.54, 71.09 (C-

2, C-3, C-4), 66.93, 66.79 (C-5, C-6), 56.40 (–OCH3), 53.32 (–N+(CH3)3).  
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ESI-MS: [M+] calculated: 236.1498; found: 236.1504; [M−] calculated: 57.9751; found: 

57.9772. 

 

N-(6-deoxy-1-O-methoxy-α-D-glucopyranoside)-N,N,N-trimethylammonium 

dicyanamide ([Glu][DCA]) 

N-(6-deoxy-1-O-methoxy-α-D-glucopyranoside)-N,N,N-

trimethylammonium bromide (14.35 g, 45 mmol) was dissolved  

in methanol (200 mL), and silver dicyanamide (7.89 g, 45 mmol) was 

added. The resulting suspension was covered from light and stirred 

for 24 h. The slurry was filtered, while the liquid phase was collected and the solvent  

was evaporated. N-(6-deoxy-1-O-methoxy-α-D-glucopyranoside)-N,N,N-

trimethylammonium dicyanamide was obtained as a white solid (12.80 g, 94%, m.p. = 

123 °C). 

1H NMR (400 MHz, DMSO-d6) δ 5.45 (d, 1H, –OH; J = 6.0 Hz), 5.03 (d, 1H, –OH; J 

= 5.2 Hz), 4.92 (d, 1H, –OH; J = 6.4 Hz), 4.60 (d, 1H, H-1; J = 3.7 Hz), 3.89 (t, 1H, H-6b; J = 

9.0 Hz), 3.63 (d, 1H, H-6a; J = 13.1 Hz), 3.41–3.52 (m, 2H, H-4, H-5), 3.39 (s, 3H, –OCH3), 

3.19–3.24 (m, 1H, H-3), 3.12 (s, 9H, –N+(CH3)3), 2.90–2.94 (m, 1H, H-3).  

13C NMR (101 MHz, DMSO-d6) δ 118.98 (–CN), 100.64 (C-1), 72.34, 71.55, 71.10 (C-

2, C-3, C-4), 66.94, 66.80 (C-5, C-6), 56.40 (–OCH3), 53.32 (–N+(CH3)3).  

ESI-MS: [M+] calculated: 236.1498; found: 236.1498; [M−] calculated: 66.0092; found: 

66.0108. 
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N-(6-deoxy-1-O-methoxy-α-D-glucopyranoside)-N,N,N-trimethylammonium 

tricyanomethanide ([Glu][TCM]) 

N-(6-deoxy-1-O-methoxy-α-D-glucopyranoside)-N,N,N-

trimethylammonium bromide (9.58 g, 30 mmol) was dissolved  

in methanol (200 mL), and silver tricyanomethanide (6.00 g, 30 

mmol) was added. The resulting suspension was covered from light 

and stirred for 24 h. The slurry was filtered, while the liquid phase was collected  

and the solvent was evaporated. N-(6-deoxy-1-O-methoxy-α-D-glucopyranoside)-

N,N,N-trimethylammonium tricyanomethanide was obtained as a cream-colored viscous 

liquid (9.61 g, 97%). 

1H NMR (400 MHz, DMSO-d6) δ 5.45 (d, 1H, –OH; J = 6.0 Hz), 5.04 (d, 1H, –OH; J 

= 5.2 Hz), 4.92 (d, 1H, –OH; J = 6.4 Hz), 4.60 (d, 1H, H-1; J = 3.7 Hz), 3.89 (t, 1H, H-6b; J = 

9.0 Hz), 3.63 (d, 1H, H-6a; J = 13.2 Hz), 3.41–3.52 (m, 2H, H-4, H-5), 3.39 (s, 3H, –OCH3), 

3.19–3.24 (m, 1H, H-3), 3.12 (s, 9H, –N+(CH3)3), 2.91–2.95 (m, 1H, H-2).  

13C NMR (101 MHz, DMSO-d6) δ 120.38 (–CN), 100.66 (C-1), 72.36, 71.55, 71.10 (C-

2, C-3, C-4), 66.94, 66.80 (C-5, C-6), 56.41 (–OCH3), 53.33 (–N+(CH3)3), 4.64 (C(CN)3
−).  

ESI-MS: [M+] calculated: 236.1498; found: 236.1498; [M−] calculated: 90.0092; found: 

90.0127. 
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N-(6-deoxy-1-O-methoxy-α-D-glucopyranoside)-N,N,N-trimethylammonium 

tetracyanoborate ([Glu][TCB]) 

N-(6-deoxy-1-O-methoxy-α-D-glucopyranoside)-N,N,N-

trimethylammonium bromide (9.85 g, 31 mmol) was dissolved  

in methanol (200 mL), and silver tetracyanoborate (6.94 g, 31 mmol) 

was added. The resulting suspension was covered from light and 

stirred for 24 h. The slurry was filtered, while the liquid phase was collected  

and the solvent was evaporated. N-(6-deoxy-1-O-methoxy-α-D-glucopyranoside)-N,N,N-

trimethylammonium tetracyanoborate was obtained as a yellow solid (10.55 g, 96%, m.p. 

= 76 °C). 

1H NMR (400 MHz, DMSO-d6) δ 5.45 (d, 1H, –OH; J = 6.0 Hz), 5.04 (d, 1H, –OH; J 

= 5.1 Hz), 4.92 (d, 1H, –OH; J = 6.4 Hz), 4.60 (d, 1H, H-1; J = 3.7 Hz), 3.89 (t, 1H, H-6b; J = 

9.0 Hz), 3.63 (d, 1H, H-6a; J = 13.2 Hz), 3.43–3.52 (m, 2H, H-4, H-5), 3.39 (s, 3H, –OCH3), 

3.20–3.25 (m, 1H, H-3), 3.12 (s, 9H, –N+(CH3)3), 2.91–2.95 (m, 1H, H-2).  

13C NMR (101 MHz, DMSO-d6) δ 122.68, 121.98, 121.27, 120.57 (–CN), 100.63 (C-1), 

72.34, 71.53, 71.09 (C-2, C-3, C-4), 66.92, 66.79 (C-5, C-6), 56.38 (–OCH3), 53.31 (–N+(CH3)3).  

ESI-MS: [M+] calculated: 236.1498; found: 236.1498; [M−] calculated: 115.0216; 

found: 115.0238. 
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N-(6-deoxy-1-O-methoxy-α-ᴅ-glucopyranoside)-N,N,N-trimethylammonium 

bis(trifluoromethanesulfonyl)imide ([Glu][NTf2]) 

N-(6-deoxy-1-O-methoxy-α-ᴅ-glucopyranoside)-

N,N,N-trimethylammonium bromide (3.01 g, 10 mmol) was 

dissolved in water (20 mL), followed by addition of lithium 

bis(trifluoromethanesulfonyl)imide (3.01 g, 11 mmol). 

Solution was stirred for 24 h. Product was extracted from the reaction mixture using EA 

(5 x 25 ml). Organic phase was condensed and washed with water (20 mL), followed  

by addition of drying agent and filtration. Product was dried in vacuum overnight. N-(6-

deoxy-1-O-methoxy-α-ᴅ-glucopyranoside)-N,N,N-trimethylammonium 

bis(trifluoromethanesulfonyl)imide was obtained as yellow viscous liquid (3.20 g, 65%). 

1H NMR (400 MHz, DMSO-d6) δ 5.45 (d, 1H, –OH; J = 6.0 Hz), 5.04 (d, 1H, –OH; J 

= 5.1 Hz), 4.93 (d, 1H, –OH; J = 6.4 Hz), 4.60 (d, 1H, H-1; J = 3.7 Hz), 3.89 (t, 1H, H-6b; J = 

9.1 Hz), 3.63 (d, 1H, H-6a; J = 13.2 Hz), 3.44-3.48 (m, 2H, H-4, H-5), 3.38 (s, 3H, –OCH3), 

3.20-3.24 (m, 1H, H-3), 3.12 (s, 9H, –N+(CH3)3), 2.89-2.93 (m, 1H, H-2). 

13C NMR (101 MHz, DMSO-d6) δ 123.95, 120.63, 117.43, 114.18 (–CF3), 100.30 (C-1), 

72.01, 71.21, 70.76 (C-2, C-3, C-4), 66.62, 66.47 (C-5, C-6), 56.03 (–OCH3), 53.00 (–N+(CH3)3). 

ESI-MS: [M+] calcd.: 236,1498; found: 236,1500; [M-] calcd.: 279,9173; found: 

279,9176. 

 

2-bromoethyl-2,3,4,6-tetra-O-acetyl-β-D-glucopyranoside 

 β-ᴅ-glucose pentaacetate (64.00 g, 0.16 mol) was placed  

in a flask equipped with a dropping funnel and dissolved  

in dichloromethane (250 mL). The resulting mixture was stirred  
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at 0 °C, while being protected from ambient light. Subsequently, 2-bromoethanol (24.6 g, 0.20 

mol, 13.95 mL) was added. Boron trifluoride diethyl etherate (BF3·Et2O) was added dropwise 

(116.4 g, 0.82 mol, 101.18 mL) over 70 min. The reaction was stirred for 3 h at 0°C and then 20 

h at rt. It was then diluted with dichloromethane (100 mL) and cold water (250 ml) and stirred 

vigorously. The organic layer was separated, washed with saturated NaHCO3 aqueous 

solution, dried with anhydrous MgSO4, filtered, and the solvent evaporated. The product  

was purified using column chromatography with 2% MeOH in dichloromethane as an eluent. 

2-bromoethyl-2,3,4,6-tetra-O-acetyl-β-ᴅ-glucopyranoside was obtained as a white solid (37.30 

g, 50%). 

1H NMR (600 MHz, chloroform-d) δ 5.22 (t, J = 9.5 Hz, 1H, H-1), 5.09 (dd, J = 10.0, 

9.4 Hz, 1H), 5.02 (dd, J = 9.7, 8.0 Hz, 1H), 4.58 (d, J = 8.0 Hz, 1H), 4.26 (dd, J = 12.3, 4.8 Hz, 

1H), 4.19 – 4.12 (m, 2H), 3.82 (ddd, J = 11.3, 7.5, 6.1 Hz, 1H), 3.72 (ddd, J = 10.0, 4.8, 2.4 Hz, 

1H), 3.47 (ddd, J = 7.6, 5.8, 5.1 Hz, 2H), 2.09 (s, 3H), 2.07 (s, 3H), 2.03 (s, 3H), 2.01 (s, 3H) 

(4x –CH3, –Ac). 

13C NMR (151 MHz, chloroform-d) δ 173.23, 172.84, 172.25, 172.00 (4x C=O, –Ac), 

103.64 (C-1), 75.24, 74.58, 73.67, 72.39, 70.98 (C-2, C-3, C-4, C-5, C-6), 64.49 (–O–CH2–), 

32.47 (–CH2–Br), 23.48, 23.35, 23.31, 23.21 (4x –CH3, –Ac). 

ESI-MS: [M+Na]+ calculated: 477.0372, found: 477.0375. 

 

N-[2-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyloxy)ethyl]-N,N,N-

trimethylammonium bromide ([ATAGlu]Br) 

2-bromoethyl-2,3,4,6-tetra-O-acetyl-β-D-

glucopyranoside (37.3 g 0.08 mol) and trimethyl ammine 

33% ethanolic solution (48.4 g, 0.82 mol, 200 mL) were 

stirred at 70 °C under reflux for 6 h. Resulting precipitate 



 

Page | 127 

Bartłomiej Gaida 

was filtered off and washed with cold ethanol and hexane. N-[2-(2,3,4,6-tetra-O-acetyl-β-

D-glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium bromide was obtained as a white 

solid (26.6 g, 63%).  

1H NMR (400 MHz, DMSO-d6) δ 5.28 (t, J = 9.6 Hz, 1H, H-1), 4.99 – 4.89 (m, 2H), 

4.82 (dd, J = 9.8, 8.0 Hz, 1H), 4.19 (dd, J = 12.3, 5.0 Hz, 1H), 4.14 – 3.99 (m, 4H), 3.58 (t, J = 

4.8 Hz, 2H), 3.09 (s, 9H, –N+(CH3)3), 2.03 (s, 3H, –CH3, –Ac), 2.02 (s, 3H, –CH3, –Ac), 2.00 

(s, 3H, –CH3, –Ac), 1.95 (s, 3H, –CH3, –Ac). 

13C NMR (101 MHz, DMSO-d6) δ 170.50, 169.98, 169.72, 169.57 (4x C=O, –Ac), 99.23 

(C-1), 72.31, 71.22, 71.11 (C-2, C-3, C-4), 68.47, 64.78 (C-5, C-6), 62.99, 61.99 (–O–CH2–, –

N+–CH2–), 53.48 (–N+(CH3)3), 20.97, 20.82, 20.81, 20.69 (4x –CH3, –Ac). 

ESI-MS: [M+] calculated: 434.2026; found: 434.2054; [M−] calculated: 78.9183; found: 

78.9226. 

 

N-[2-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyloxy)ethyl]-N,N,N-

trimethylammonium dodecyl sulfate ([ATAGlu][DS]) 

N-[2-(2,3,4,6-tetra-O-acetyl-β-D-

glucopyranosyloxy)ethyl]-N,N,N-

trimethylammonium bromide (15.00 g, 0.029 mol) 

was dissolved in water (45 mL). Subsequently 

sodium dodecyl sulfate (8.41 g 0.029 mol) was added 

and left overnight. Resulting mixture was washed with EA (8x20 mL). Organic phase was 

dried with MgSO4 and the solvent was evaporated. N-[2-(2,3,4,6-tetra-O-acetyl-β-D-

glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium dodecyl sulfate was obtained  

as a white solid (18.41 g, 89%). 
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1H NMR (400 MHz, chloroform-d) δ 5.21 (t, J = 9.5 Hz, 1H, H-1), 5.06 (dd, J = 10.1, 

9.3 Hz, 1H), 4.95 (dd, J = 9.7, 8.1 Hz, 1H), 4.63 (d, J = 8.0 Hz, 1H), 4.36 – 4.07 (m, 4H), 3.99 

(t, J = 6.9 Hz, 2H), 3.95 – 3.74 (m, 3H), 3.30 (s, 9H, –N+(CH3)3), 2.10 (s, 3H), 2.06 (s, 3H), 2.03 

(s, 3H), 2.00 (s, 3H) (4x –CH3, –Ac), 1.69 – 1.62 (m, 2H, –CH2–, DS), 1.38 – 1.25 (m, 18H, 

10x –CH2–, DS), 0.88 (t, J = 6.5 Hz, 3H, –CH3, DS). 

13C NMR (101 MHz, chloroform-d) δ 170.66, 169.97, 169.59, 169.46 (4x C=O, –Ac), 

100.47 (C-1), 72.45, 72.24, 71.01 (C-2, C-3, C-4), 68.12, 67.95 (C-5, C-6), 65.50 (–CH2–OSO3
−), 

63.90, 61.43 (–O–CH2–, –N+–CH2–), 54.53 (–N+(CH3)3), 31.93, 29.72, 29.70, 29.66, 29.65, 

29.55, 29.45, 29.37, 25.91, 22.69 (10x –CH2–, DS), 20.83, 20.71, 20.58, 20.55 (4x –CH3, –Ac), 

14.12 (–CH3, DS). 

ESI-MS: [M+] calculated: 434.2026; found: 434.2034; [M−] calculated: 265.1474; 

found: 265.2902. 

 

N-[2-(β-D-glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium dodecyl sulfate 

([AGlu][DS]) 

N-[2-(2,3,4,6-tetra-O-acetyl-β-D-

glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium 

dodecyl sulfate (10.00 g, 0.014 mol) was introduced  

to a mixture of water (100 mL), MeOH (100 mL)  

and NEt3 (10 mL) and stirred overnight. The resulting 

mixture was then condensed on rotary evaporator and extensively dried using a Schlenk line. 

N-[2-(β-D-glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium dodecyl sulfate was 

obtained as a white solid (7.6 g, 100%). 

1H NMR (400 MHz, DMSO-d6) δ 5.14 – 4.92 (m, 3H, –OH), 4.51 (t, J = 5.9 Hz, 1H, –

OH), 4.26 (d, J = 7.8 Hz, 1H, H-1), 4.18 – 4.09 (m, 1H), 4.01 – 3.92 (m, 1H), 3.73 – 3.62 (m, 
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3H) (H-2, H-3, H-4, –CH2–OSO3
−), 3.57 (t, J = 4.9 Hz, 2H), 3.44 (dt, J = 11.3, 5.3 Hz, 1H), 

3.20 – 3.07 (m, 2H), 3.12 (s, 9H, –N+(CH3)3), 3.08 – 2.93 (m, 2H), 1.47 (t, J = 6.8 Hz, 2H, –

CH2–, DS), 1.33 – 1.14 (m, 18H, 9x –CH2–, DS), 0.86 (t, J = 6.9 Hz, 3H, –CH3, DS). 

13C NMR (101 MHz, DMSO-d6) δ 102.35 (C-1), 76.99, 76.59, 73.13 (C-2, C-3, C-4), 

69.98 (C-6), 65.38 (–CH2–OSO3
−), 64.39 (C-5), 62.32, 61.03 (–O–CH2–, –N+–CH2–), 53.22, 

53.18, 53.15 (–N+(CH3)3), 31.20, 29.00, 28.97, 28.95, 28.93, 28.70, 28.62, 28.61, 25.44, 22.00 

(10x –CH2–, DS), 13.86 (–CH3, DS). 

ESI-MS: [M+] calculated: 266.1604; found: 266.1201; [M−] calculated: 265.1474; 

found: 265.2902. 

 

N-[2-(β-D-glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium bromide 

([AGlu]Br) 

N-[2-(2,3,4,6-tetra-O-acetyl-β-D-

glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium 

bromide (3.00 g, 0.006 mol) was introduced to a mixture  

of water (30 mL), MeOH (30 mL) and NEt3 (3 mL) and stirred 

overnight. The resulting mixture was then condensed on rotary evaporator and extensively 

dried using a Schlenk line. N-[2-(β-D-glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium 

bromide was obtained as a white solid (2.0 g, 100%). 

1H NMR (400 MHz, DMSO-d6) δ 5.11 (d, J = 5.2 Hz, 1H, –OH), 5.01 (d, J = 4.6 Hz, 

1H, –OH), 4.96 (d, J = 5.3 Hz, 1H, –OH), 4.52 (t, J = 5.9 Hz, 1H, –OH), 4.27 (d, J = 7.8 Hz, 

1H, H-1), 4.18 – 4.10 (m, 1H), 4.01 – 3.93 (m, 1H), 3.69 (ddd, J = 11.7, 6.1, 2.1 Hz, 1H) (H-2, 

H-3, H-4), 3.59 (t, J = 4.9 Hz, 2H), 3.44 (dt, J = 11.8, 5.9 Hz, 1H), 3.21 – 3.09 (m, 2H), 3.14 (s, 

9H, –N+(CH3)3) 3.08 – 2.93 (m, 2H). 
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13C NMR (101 MHz, DMSO-d6) δ 102.40 (C-1), 77.06, 76.67, 73.22 (C-2, C-3, C-4), 

70.06 (C-6), 64.46 (C-5), 62.41, 61.09 (–O–CH2–, –N+–CH2–), 53.27 (–N+(CH3)3). 

ESI-MS: [M+] calculated: 266.1604; found: 266.0671; [M−] calculated: 78.9183; found: 

78.9198. 

 

N-[2-(β-D-glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium hydroxide 

([AGlu]OH) 

 DOWEX® resin (40 g) was introduced into a 5% 

NaOH solution (200 mL) and transferred to a glass 

column. It was rinsed with 5% NaOH solution (1 L)  

and then with water (ca. 200 mL) until a 5% AgNO3 

solution did not cause the formation of a brown precipitate (indicating the presence  

of OH− ions). N-[2-(β-ᴅ-glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium bromide 

(1.97 g, 0.006 mol) was dissolved in water (98 mL) and filtrated through the column  

to give N-[2-(β-ᴅ-glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium hydroxide  

as an aqueous solution, used in situ in the next synthetic step. 

 

Cholic acid 

 Sodium cholate (1g, 2.3 mmol) was dissolved  

in water (50 mL). 36% HCl was added dropwise (0.24 g, 2.3 

mmol, 0.21 mL), and a white precipitate appeared. It was 

filtered off, washed with water, and dried. Cholic acid was 

obtained as a white solid (0.91 g, 96%). 
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Deoxycholic acid 

 Sodium deoxycholate (1g, 2.4 mmol) was dissolved 

in water (50 mL). 36% HCl was added dropwise (0.25 g, 2.4 

mmol, 0.21 mL), and, as a result, a white precipitate 

appeared. The obtained precipitate was filtered off, 

washed with water, and dried. Deoxycholic acid was 

obtained as a white solid (0.71 g, 75%). 

 

N-[2-(β-D-glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium cholate 

([AGlu][C]) 

 Cholic acid (1.27 g, 3.11 mmol) 

was added to an aqueous solution of N-

[2-(β-ᴅ-glucopyranosyloxy)ethyl]-

N,N,N-trimethylammonium hydroxide 

(0.80 g, 2.82 mmol) and stirred 

overnight at rt. The resulting mixture was filtered from the excess cholic acid. The filtrate 

was concentrated under reduced pressure and extensively dried using a Schlenk line. N-

[2-(β-ᴅ-glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium cholate was obtained  

as a white solid (1.86 g, 98%). 

1H NMR (400 MHz, deuterium oxide) δ 4.53 (dd, J = 8.0, 1.1 Hz, 1H, H-1), 4.47 – 

4.32 (m, 1H), 4.18 – 4.02 (m, 2H), 3.99 – 3.86 (m, 2H), 3.75 (ddd, J = 12.3, 5.9, 1.2 Hz, 1H), 

3.71 – 3.66 (m, 2H), 3.56 – 3.45 (m, 3H), 3.44 – 3.29 (m, 2H), 3.23 (s, 9H, –N+(CH3)3), 2.34 – 

0.98 (m, 27H), 0.93 (s, 3H), 0.74 (s, 3H). 

13C NMR (101 MHz, deuterium oxide) δ 184.28 (–COO−), 102.14 (C-1), 75.95, 75.61, 

73.07, 73.01, 72.86, 71.50, 69.51, 68.21, 68.15, 65.49, 63.26, 60.58, 53.93, 53.89, 53.85, 46.45, 
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46.04, 41.42, 41.07, 39.24, 38.28, 35.48, 34.85, 34.39, 34.32, 33.81, 32.22, 29.15, 27.67, 27.20, 

26.28, 22.90, 22.09, 16.68, 12.09. 

ESI-MS: [M+] calculated: 266.1604; found: 266.0651; [M−] calculated: 407.2797; 

found: 407.2877. 

 

N-[2-(β-D-glucopyranosyloxy)ethyl]-N,N,N-trimethylammonium deoxycholate 

([AGlu][DOC])  

 Deoxycholic acid (1.22 g, 3.11 

mmol) was added to the aqueous 

solution of N-[2-(β-ᴅ-

glucopyranosyloxy)ethyl]-N,N,N-

trimethylammonium hydroxide (0.80 g, 

2.82 mmol) and stirred overnight at rt. The resulting mixture was filtrated from the excess 

deoxycholic acid. The filtrate was concentrated under reduced pressure and extensively 

dried using a Schlenk line. N-[2-(β-ᴅ-glucopyranosyloxy)ethyl]-N,N,N-

trimethylammonium cholate was obtained as a white solid (1.37 g, 74%). 

1H NMR (400 MHz, deuterium oxide) δ 4.57 – 4.50 (m, 1H, H-1), 4.46 – 4.32 (m, 1H), 

4.23 – 4.04 (m, 2H), 3.96 (dq, J = 12.3, 1.8 Hz, 1H), 3.76 (ddt, J = 12.3, 5.9, 1.5 Hz, 1H), 3.73 

– 3.59 (m, 3H), 3.56 – 3.46 (m, 2H), 3.46 – 3.29 (m, 2H), 3.23 (s, 9H, –N+(CH3)3), 2.31 – 0.99 

(m, 29H), 0.96 (s, 3H), 0.74 (s, 3H). 

13C NMR (101 MHz, deuterium oxide) δ 183.93 (–COO−), 102.15 (C-1), 75.96, 75.62, 

73.14, 72.86, 71.36, 69.51, 65.52, 65.49, 65.46, 63.25, 60.59, 53.94, 53.90, 53.86, 47.74, 46.47, 

46.12, 41.99, 35.92, 35.71, 35.19, 35.05, 34.27, 33.84, 33.33, 32.18, 29.11, 28.20, 27.49, 27.04, 

26.03, 23.67, 22.89, 16.65, 12.50. 
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ESI-MS: [M+] calculated: 266.1604; found: 266.1109; [M−] calculated: 391.2848; 

found: 391.3659. 

 

6.2.  Methods 
 

NMR characterization 

1H NMR and 13C NMR spectra were recorded with a 400 MHz Agilent 

spectrometer. Chemical shifts (ppm) are reported relative to tetramethylsilane  

as an internal standard. DMSO-d6, CDCl3 and deuterium oxide were used as solvents. 

 

MS characterization 

High-resolution mass spectrometry analyses were carried out on a Waters Xevo 

G2 Q-TOF mass spectrometer equipped with an ESI source operating in the positive  

and negative ion modes. The accurate mass and composition of the molecular ions were 

calculated using MassLynx software. 

 

Thermogravimetric Analysis (TGA) 

Thermal stability was determined by thermogravimetric analysis using  

a PerkinElmer Pyris 1 TGA with Pyris Software over a range of 30−550 °C under N2 (30 

mL min−1) at a heating rate of 10 °C min−1. 
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Differential Scanning Calorimetry (DSC) 

Phase transition temperatures (melting and freezing) and heat of fusion (ΔHf) were 

determined by DSC using a TA Q200 calorimeter (TA Instruments). The equipment was 

calibrated by using standards of indium (TA Instruments, Tm = 156 °C, ΔHf = 28.45 J g−1) 

and cyclohexane (Sigma-Aldrich, Tm = 8 °C). Measurements were performed under  

a nitrogen atmosphere in triplicate with sample sizes of 3−8 mg and a heating rate of 10 °C 

min−1. Presented values were taken from the second run of the DSC cycle. Melting point 

(Tm) and crystallization temperature (Tc) were considered as the peak maximum, and ΔHf 

was determined from the area of the melting peak. While Tm determined as peak 

maximum represents the upper bound of the true melting point, due to the thermal lag 

of the sample and instrument, it is the most direct and objective way to compare a family 

of materials. The onset of the melting peak is subjective and can vary depending  

on the researcher’s approach to examining the baseline and the leading-edge tangent of 

the peak. Additionally, the onset is disrupted by impurities. Therefore, in this work, Tm 

as the peak maximum was chosen. 

 

Crystallography 

Data for [TMGlu][BF4] and [TMGlu][NO3] were collected on the Micro 

Crystallography–MX2 beamline at the Australian Synchrotron306, at 100 K. The data 

collection and integration were performed within the Blu-Ice307 and XDS software 

programs.308 Data for [TMGlu][Br], [Glu][OMs], and [Glu][NO3] was collected  

on a Rigaku Xtalab Synergy Dualflex using Cu-Kα (λ = 1.5418 Å) radiation, at 123 K. Data 

were processed using proprietary software CrysAlisPro.309 All structures were solved  

and refined using the SHELX310,311 software suite, and refined against F2 using Olex2312  

as a graphical interface. Non-hydrogen atoms were refined with anisotropic 
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displacement parameters, and hydrogen atoms attached to carbon were included  

in calculated positions (riding model); for the [Glu] salts, the positions of the hydrogen 

atoms attached to oxygen were located in the difference Fourier map and refined. 

 

Carbonization of Ionic Precursors 

Carbohydrate‐derived precursors were carbonized with Ludox® HS‐40.  

The carbonization conditions were as follows: 0–750 °C (10° min−1), 750–800 °C (1.7° 

min−1), 800 °C (2 h), Ar 100 mL min−1 or 0–160 °C (4° min−1), 160–600 °C (10° min−1), 600 °C 

(2 h), Ar 100 mL/min. After carbonization, the silica was removed by washing with 4 M 

ammonium hydrogen difluoride (NH4HF2). For each 1 g of silica present in the obtained 

carbon materials, 45 mL of the NH4HF2 solution was used. The samples were denoted 

indicating the precursor used and carbonization temperature, e.g., [SCN]-800  

for the material derived from [Carb][SCN] at 800 °C. 

 

6.3. Materials 
 

2-bromoethanol (CH3CH2Br, 95%) – Sigma-Aldrich 

4-(dimethylamino)pyridine (ReagentPlus®, ≥99%) – Sigma-Aldrich 

Acetic acid (CH3COOH, glacial, ReagentPlus®, ≥99%) – Sigma-Aldrich  

Anhydrous pyridine (99.8%) – Sigma-Aldrich 

Boron trifluoride diethyl etherate (BF3·Et2O, for synthesis) – Sigma-Aldrich 

Chloroform (CHCl3, 98%)– Chempur 

Dichloromethane (CH2Cl2, 99.8%) – Chempur 
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DOWEX® resin – Sigma-Aldrich 

Ethyl acetate (EtOAc, 99.8%) – Chempur 

Hexane (C6H14, 95%)– Chempur 

Hydrochloric acid (HCl, 35-38%) – Chempur 

Iodomethane (CH3I, ReagentPlus®, 99%) – Sigma-Aldrich 

Ludox® HS‐40 colloidal silica (SiO2, 40 wt.% suspension in H2O) – Sigma-Aldrich 

Magnesium sulfate (MgSO4, 98%) – Chempur 

Methanesulfonic acid (MsOH, ≥99%) – Sigma-Aldrich 

Methanol (MeOH, 99.5%) – Chempur 

Methyl α-ᴅ-glucopyranoside (≥99%) – Sigma-Aldrich 

Petroleum ether (boiling range 40-60 °C) – Chempur 

Potassium tetracyanoborate (KB(CN)4, 97%) – SelectLab Chemicals 

Potassium tricyanomethanide (KC(CN)3, 98%) – Strem 

Silver nitrate (AgNO3, 99.9%) – POCH 

Silver(I) oxide (Ag2O,≥99.99% trace metals basis) – Sigma-Aldrich 

Sodium bicarbonate (NaHCO3, 98%) – Chempur 

Sodium dicyanamide (NaN(CN)2, 96%) – Sigma-Aldrich 

Sodium hydride (NaH, 60 % dispersion in mineral oil) – Sigma-Aldrich 

Sodium hydroxide (NaOH, 98%) – Chempur 

Tetrabromomethane (CBr4, 99%) – Sigma-Aldrich 
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Tetrafluoroboric acid solution (HBF4, 48 wt. % in H2O) – Sigma-Aldrich 

Triethylamine (NEt3, ≥99%) – Sigma-Aldrich 

Trimethylamine (N(CH3)3) 31–35 wt.% in ethanol solution – Sigma-Aldrich 

Triphenylphosphine (PPh3, 99%) – Sigma-Aldrich 

Trityl chloride (CPh3Cl, 97%) – Sigma-Aldrich 

β-ᴅ-glucose pentaacetate (98%) – Sigma-Aldrich 
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