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Abstract 

Mechanochemistry has been recognised as an optimal route for the synthesis of ionic liquids incorporating 

active pharmaceutical ingredients (API-ILs) as it eliminates the need for large volumes of solvents and 

purification steps, thus making it a sustainable alternative to conventional solution synthesis. In this work 

a range of API-ILs incorporating lidocaine and medium-chain dicarboxylic acids as the counterions were 

synthesised by neat grinding and the effect of an alkyl chain length on the phase formation was investigated. 

The evaluation of thermal and dynamic behaviours as well as crystallographic analysis of API-ILs was 

performed in an attempt to devise a prediction tool for structure-property relationship. Alternating trends in 

morphology, melting points, glass transition temperatures and crystallographic properties of the new phases 

were observed across the dicarboxylic acid series. This study enhanced our understanding of the 

mechanisms of API-ILs formation and contributed to the current aim of the ILs community to devise a 

systematic approach for API-IL discovery and development for pharmaceutical applications.  
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Introduction 

One of the areas of pharmaceutical research that has seen a significant increase in interest lies in 

the optimisation of physical forms of active pharmaceutical ingredients (APIs).1,2 By tuning the solid form 

of APIs it is possible to improve a drug’s solubility, permeability and thus, bioavailability. As a result, a 

significant amount of research has led to the development of various multicomponent API systems, 

including crystalline salts, co-crystals, eutectics, deep eutectic mixtures, ionic liquids and solid dispersions.3   

Purely ionic and purely neutral multicomponent systems are the two opposite extremes of a 

physical modification spectrum. Solid ionic salts constitute approximately 50% of currently marketed drug 

substances.4 On the opposite end of the spectrum, neutral multicomponent systems, such as cocrystals, are 

in the spotlight of current research and a rapidly growing pharmaceutical form of choice.  

One of the possible physical modifications that can achieve the balance between the desired 

physicochemical properties and maintenance (or even enhancement) of pharmacological function of APIs 

is low melting salts or ionic liquids (ILs). ILs are salts with melting points or glass transition temperatures 

below 100 °C.5 In molten states the ions are not randomly distributed but form aggregates, clusters or 

regular 3D networks via intermolecular interactions. The advantage of employing ILs in pharmaceutical 

formulations is the ability to obtain highly tunable systems and simultaneously avoid polymorphic 

interconversions which are often encountered in solid forms.6,7,8 Protic ionic liquids (PILs) are fused salts 

held together by partially-transferred labile protons and are often prepared by simple acid-base 

neutralisation reactions.  

PILs can be prepared by a number of different methods, including conventional solution synthesis 

or by a simple mechanochemical technique. In most cases it involves milling, neat grinding or solvent-

assisted grinding of chemical substances at ambient temperatures or with heating.9 Neat mechanochemical 

synthesis initiates a series of mechanisms which include molecular diffusion, eutectic formation and 

crystallisation through an amorphous phase.10 This technique eliminates the need for large volumes of 

solvents and lengthy conventional solution syntheses and it has been demonstrated that the products 
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prepared via mechanochemistry are obtained in higher yields, without solvent residues and in a shorter time 

span.11 Over the years, ILs became renown as sustainable and green materials.12,13 

Reactivity in crystals depends on a balance between steric packing factors and electronic properties 

and the fundamental problem is how the two processes are interrelated. Sufficient difference in pKa values 

(i.e. ΔpKa = pKa(base) – pKa(acid)) allows ionisation to take place, however bulky molecular structures of 

the counterions do not allow the molecules to come into close contact hence inhibiting crystallisation. 

Identification of suitable counterions for API-PIL formation is a challenge currently faced and involves 

recognising certain structural characteristics, such as a diffuse delocalised charge, low symmetry and a low 

tendency of the counterion to crystallise.14 Nevertheless, many attempts to correlate the structural 

considerations of the starting materials and the melting points of the synthesised salts have not provided an 

accurate prediction tool for IL formation.15,16 Currently, an anti-crystal engineering approach is regarded as 

the most effective prediction method for IL formation.17,18  

Over the last decade many different API-PIL and other multicomponent drug forms have been 

studied. Lidocaine (LID) has been one of the most widely studied APIs as a component in PILs. It is an 

aminoamide drug used as a local anaesthetic and cardiac depressant. It has also been shown to possess 

antibacterial19 and antifungal20 properties. However, when formulated as a salt its charge does not allow it 

to effectively penetrate biological membranes21 and thus, significantly reduces its membrane permeability. 

By selecting a suitable counterion LID can be formulated as a protic ionic liquid system.  

In this work, a green approach into the synthesis of multicomponent phases of lidocaine – 

dicarboxylic acid (LID:DA) systems was applied and the mechanism of the various phase formation studied 

to determine the effect of an alkyl chain length on the phase formation. Molecular structures of LID and 

DAs are shown in Scheme 1. The dicarboxylic acids chosen were medium chain dicarboxylic acids with 

carbon chain length ranging n=5-8 and their relevant physicochemical properties are presented in Table 

S1. In addition to meeting the physicochemical requirements, antifungal and antibacterial properties 

exhibited by some of the dicarboxylic acids render them suitable as potential companions for LID in topical 

formulations as dual API-ILs. 22  
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Scheme 1. Chemical structures of the molecules investigated in this study: lidocaine base (LID); 

dicarboxylic acids (DA), where n is the number of carbon atoms in the backbone. Orange: H-bond donor 

and acceptor; purple: H-bond acceptor; green: carboxylic acid groups.  

      

                   Lidocaine (LID)                                                                              Dicarboxylic Acid (DA) 

Results and discussion 

Design strategy 

Previously, short chain oxalic, malonic and succinic diacids have been probed as components for 

the LID:DA systems and it has been shown that molecular salts are formed through proton transfer from 

the dicarboxylic acids to the amine moiety on LID.23 In the current study we took this concept further and 

aimed to synthesise new phases of LID with medium chain dicarboxylic acids. As a result of the increasing 

steric effect of the bulkier acids as well as employing a different synthetic method it was hypothesised that 

LID and DA can form interactions that are different to the ones reported in the Braga et al. work, where the 

LID-short DA systems were discussed. The effect of a synthetic method of choice on the formation of ionic 

or molecular species has been explored and emphasized previously.24 Depending on the presence or absence 

of solvent, type of solvent and the choice of the reaction temperature, systems with different physical 

properties, molar ratios and species (e.g. ionic or molecular) could be obtained.  

Alkyl dicarboxylic acids exhibit variation in their physicochemical properties based on the carbon 

chain length. Properties such as melting point, thermal expansion, solubility enthalpy, sublimation and 

crystal packing density alternate with the even or odd number of carbon atoms present in their 

backbone.25,26,27 Lindemann proposed that crystalline structures which experience larger thermal expansion, 

exhibit lower melting points.28 It has been shown that the diacids follow the Lindemann’s correlation and 
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this alteration has been explained in terms of their packing and conformational distortion (Figure 1A). A 

static model from the 130K crystal structure data set for the C5-C8 diacids (i.e. glutaric (C5), adipic (C6), 

pimelic (C7) and suberic (C8) diacids) have shown that odd acids are more distorted from their equilibrium 

geometry to avoid unfavourable O…O repulsions, and that leads to lowering in melting point (Figure 1B 

and 1C).25 This distortion and higher repulsion should make it easier to disrupt the crystal and form a new 

phase. In addition, in the range of even and odd diacids it is evident that longer chain lengths exhibit lower 

melting points.  

The effects of these properties on the cocrystal formation have been studied before as in the 

examples of acid-amide heterosynthon systems.29,30 A study on the formation of benzamide-DA derivatives 

has investigated the influence of the chain length on the formation of new phases when additional H-bond 

donors were competing in the heterosynthon formation.16 In these examples it has been shown that even 

chain acids yield cocrystals with higher melting points and odd diacids yield cocrystals with lower melting 

points. In addition, systems with stronger intermolecular interactions (i.e. salts) exhibited a smallest 

decrease in the melting temperature as compared to the parent components, while systems with weaker 

interactions (i.e. cocrystals) exhibited significant drops in melting points.  
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Figure 1. A: The melting points (purple symbols) for even and odd diacids alternate, with even diacids 

having higher melting points and odd diacids melting at lower temperatures. The experimental melting 

points (open symbols) obtained by DSC analysis for new LID:DA systems (orange symbols) show a similar 

alternating trend with the exception of LID:C4 (LID:succinic acid), which has a lower melting point than 

LID:C3 (LID:malonic acid). Data points for LID:C2 (LID:oxalic acid), LID:C3 and LID:C4 (green 

symbols) were obtained from literature.23 The star indicates that the melting point could not be obtained as 

the sample is liquid above 0 °C. The red open symbols show the experimental melting points of the single 

crystals attained during the crystallographic studies. B: Crystal packing modes in even chain DAs as viewed 

along the b-axis; C: in odd chain diacids as viewed along the a-axis. 

 

 The API chosen to study the formation of multicomponent phases is lidocaine (LID) which is an 

amino-amide molecule with one H-bond donor and 3 H-bond acceptors. LID is a weak base (pKa of 7.9) 

and all known LID salts undergo ionisation at the tertiary amine site.23,31 In addition to the amine ionisation, 

LID can also engage in intermolecular H-bonding with carboxylic acids yielding acid-amide 

heterosynthons. In the case of non-ionised H-bonded complexes LID cocrystals or deep eutectic mixtures 

(DEMs) may be obtained.32   

Mechanosynthesis of LID:DA systems and their morphologies   

The study was initiated by solvent-free mechanochemical synthesis of the LID:DA systems. 

LID:C5 and LID:C7 systems with molar compositions that fall within LID0.33:DA0.67 and LID0.67:DA0.33 

range yielded liquid or semiliquid samples at room temperature (Figure S1). On the contrary, LID:C6 and 

LID:C8 systems at all molar compositions were solid powders.  

It was observed that upon physical contact LID and DAs demonstrate solid state reactivity. The 

crystals of the parent components were placed side by side and images obtained using Polarised Optical 

Microscopy (POM) illustrate that both, LID and DAs with Codd (C5 and C7) undergo solid interdiffusion 

(Figure 2). The formation of a liquid eutectic as a product of a solid state reaction indicates that the melting 

point of the eutectic is lower than the reaction temperature, which in this case is room temperature. Inability 

to capture the melting point allows the term “deep eutectic” to be applied. LID and C8 display true solid 
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state reactivity with the formation of a solid eutectic at the interphase. LID and C6 underwent slight 

reactivity, probably initiated by the shear force resulting from sample handling with no further solid 

interdiffusion observed after t = 16 h. 

 

Figure 2. POM images of solid fusion experiments (at RT). The images were taken at various time points 

indicated by yellow font.  

 

Mechanism of New Phase Formation and Thermodynamic Phase Diagrams  

Differential Scanning Calorimetry (DSC) measurements were conducted to investigate thermal 

behaviour of LID, DAs and their binary mixtures. Stacks of DSC traces of the mixtures at different LID:DA 

molar ratios are presented in Figure S2. DSC thermogram of pure LID displays a single sharp endothermic 

peak at 69 °C corresponding to its melting transition. C5-C8 DAs have significantly higher melting points 
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ranging from 95 °C to 153 °C. Multiple endothermic peaks observed in the thermograms of pure C5 and 

C7 DAs are attributed to the multiple polymorphic forms, the stable β and metastable α forms (Table 

S1).33,34 In addition, the peak at 85 °C in the pure C7 corresponds to the solid-solid order-disorder transition. 

A similar order-disorder transition is also observed in the pure C8 at 132 °C. Beta polymorphic forms of 

the odd acids are more stable and those were the ones found (by powder X-ray diffraction (PXRD), Figure 

S2) in precursor acids (DAs as supplied) used and also in most LID:DA samples after they were subjected 

to heating. Only upon heating of LID:C7 samples a peak in the PXRD pattern corresponding to the 

metastable α polymorph was identified. This peak is indicated by an arrow at 23 2θ degrees in Figure S2g. 

The effect of the presence of DAs on LID was studied by observing its thermal behaviour in 

LID:DA binary mixtures at different molar ratios. Upon addition of an increasing molar fraction of C5 the 

melting point depression is observed (Figure S2a). The red arrow indicates the shift in the melting point 

until it gradually disappears due to complete solubilisation of LID within the LID:C5 liquid mixture. A 

similar melting point depression is observed for the C5 acid with increasing LID molar fraction. Eventually, 

in the range of LID0.5:C50.5 to LID0.2:C50.8 the melting points of the parent materials are depressed to the 

extent that the system liquefies and no melting events are observed. However, upon grinding the samples 

obtained were not homogenous liquids but contained white solid particles suspended in the liquid matrix. 

DSC analysis carried out at lower temperatures revealed endothermic peaks visible in thermograms of 

LID0.33:C50.67 and LID0.5:C50.5 samples below room temperature, at 21°C and 22°C, respectively. These new 

peaks can be attributed to a new phase formation, as later confirmed by PXRD analysis.  

DSC traces of LID:C6 at a range of 0.1 to 1.0 LID molar fractions display an endothermic peak at 

69 °C corresponding to the melting point of LID (Figure S2b). The lack of LID melting point depression 

corroborates POM images illustrating that mechanical grinding of LID and C6 does not initiate a solid state 

reaction. The thermograms of samples within LID0.7:C60.3 and LID0.4:C60.6 molar compositions reveal an 

exothermic event attributed to crystallisation with a peak temperature of 105 °C. Crystallisation is 

immediately followed by an endothermic peak with an onset temperature of 113 °C. The peak appears at a 

significantly higher temperature than the temperature of fusion of parent LID suggesting that the new phase 
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might be a new salt that has been formed upon reaction of molten LID with C6. Salt formation was later 

confirmed by PXRD and single crystal X-ray diffraction (SXRD) analysis. Upon addition of excess C6 the 

peak corresponding to the new phase gradually diminishes and is replaced by a eutectic peak at 105 °C 

which could possibly arise as a result of new interactions being formed between the new phase and the 

excess of C6. Pure C6 has a melting point at 148 °C but the melting point is depressed upon addition of 

increasing molar fractions of LID until eventually, at LID0.3:C60.7 the peak completely disappears signifying 

that all of the acid is being used up in the formation of the new phase and the salt/acid eutectic.  

The DSC thermograms of LID:C7 exhibit thermal behaviour similar to the one observed in the 

LID:C5 system. Liquefication of LID and C7 at room temperature reveals solid state reactivity and a deep 

eutectic formation between the new phase and excess parent components.  The depression of LID and C7 

melting points is observed as the molar fraction of the corresponding counterion in the binary mixtures is 

increased. Eventually, the melting points of the parent materials are depressed to the extent that the system 

liquefies and no melting events are observed. This observation is evident in the mixtures ranging from 

LID0.6:C70.4 to LID0.33:C70.67 molar ratios and is shown as green DSC traces in Figure S2c. Similar to 

LID:C5, upon grinding the samples obtained were not homogenous liquids but contained white solid 

particles suspended in the deep eutectic. However, attempts to capture the melting point of the new phase 

using DSC was not successful as upon heating the small crystals dispersed within a liquid matrix liquefied 

gradually and no endothermic peaks could not be observed. DSC scans of this sample when applying a 

heating rate of 300 K min-1 to prevent sample transformation, were also performed with an attempt to 

capture the melting points but these attempts were also unsuccessful.  

Analogous to LID:C6, LID:C8 systems were solid in appearance. DSC thermal analysis revealed 

the formation of a new phase with a fusion temperature above RT at around 52 °C . Upon addition of excess 

C8 the formation of a new endothermic peak at 47 °C could be observed. This peak could be attributed to 

the fusion event of a eutectic formed between the new phase and the excess C8, as seen by POM (Figure 

2).  
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Plotting the temperatures of the endothermic peaks of the new phases observed in all LID:DA 

systems displays a matching alternating trend as in the Tm of the parent DAs (Figure 1). This trend suggests 

that the melting points of the DAs used as the counterions in LID binary systems have a direct effect on the 

thermal behaviour of the API.   

PXRD was used as the primary analytical method to identify new solid forms of LID with DAs. 

Figure S2e shows the diffraction patterns of LID:C5 systems. As LID0.5:C50.5 and LID0.33:C50.67 were 

obtained as liquid samples, the PXRD patterns at room temperature only exhibited typical liquid “halos”. 

At higher LID molar fraction the PXRD pattern of LID0.67:C50.33 sample revealed peaks originating from 

the excess LID in the mixture. As a result of the system being liquid at room temperature, it is not possible 

to conclude whether the samples are just physical mixtures or the interactions between the parent 

components give rise to the formation of a new phase. However, upon keeping the LID0.5:C50.5 sample at 4 

°C for a prolonged time, larger crystals phase-separated from the mixture. Thus, PXRD analysis confirmed 

new phase formation for the LID:C5 system. The melting point of the crystallised LID0.5:C50.5 was 

determined by DSC analysis to be approximately 55 °C as shown in Figure 1A. 

LID:C6 samples analysed were solid and the changes in the diffraction patterns upon increasing 

LID molar fraction can be observed (Figure S2f). The systems of LID0.33:C60.67 and LID0.67:C60.33 molar 

compositions display peaks arising from the PXRD patterns of the parent components. In addition to these 

peaks the formation of a new PXRD pattern is evident. New peaks appearing at lower 2θ in relation to the 

parent components indicate the formation of a larger crystal lattice. This is observed in all LID:C6 samples 

with a new peak appearing at 7 2θ degrees. At 1:1 composition only the new PXRD pattern is displayed 

which most likely signifies the formation of a lidocainium adipate salt. No traces of the parent materials are 

present at equimolar composition signifying complete conversion. New peaks in the mixtures implied that 

the intact crystal structures of the parent materials were completely altered via solvent-free 

mechanosynthesis. 

LID:C7 binary mixtures obtained were liquid but contained white particles dispersed within the 

matrix and attempts to capture the temperature of the melting transition by thermal analysis was 
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unsuccessful, as explained above. However, it was possible to obtain PXRD pattern of the new phase 

formed (Figure S2g). The existence of a diffraction pattern inferred that the melting point of the new phase 

must be higher than the room temperature. When subjected to PXRD these particles exhibit a unique PXRD 

pattern as compared to the parent materials. The new peak at the 7.7 2θ degrees is found at a lower position 

as compared to the first peaks of the diffraction patterns of the parent components indicating the formation 

of a larger crystal lattice. The LID0.33:C70.67 and LID0.67:C70.33 mixtures exhibit PXRD patterns which 

contain peaks stemming from the parent components in addition to the new peaks. The presence of the 

parent components within these systems suggests that the material does not participate in the formation of 

intermolecular interactions and crystallises out as excess.  The binary mixture at 1:1 stoichiometry displays 

only the new peaks attributable to the new phase formed upon mechanical grinding, most likely a 1:1 

lidocainium hemipimelate stoichiometry.  

PXRD analysis of LID:C8 systems showed similar results as those observed for the LID:C7 system. 

PXRD patterns with 0.33:0.67 and 0.67:0.33 molar compositions exhibited newly formed peaks as well as 

peaks characteristic of the parent materials. At the 1:1 stoichiometry no peaks stemming from the precursors 

were observed indicating 1:1 lidocainium hemisuberate stoichiometry. However, the mixtures at 0.33:0.67 

and 0.67:0.33 molar compositions also contain unique peaks not found in other samples (Figure S2h, purple 

dashed boxes). One possible source of these peaks stems from crystallisation of non-stoichiometric phases. 

Thermal analysis data was used to construct thermodynamic phase diagrams (Figure 3). The 

theoretical solubility lines were modelled by Schroeder van Laar equation (Equation 1): 

𝑇 = (
1

𝑇𝑓𝑢𝑠
−  

𝑅 ln χ 

∆𝐻𝑓𝑢𝑠
)                           (Eq.1) 

where R is the gas constant, χ is the mole fraction of the studied component at a given temperature T; ΔHfus 

(J mol−1) and Tfus denote the enthalpy of fusion and melting temperature of the pure component, 

respectively. From the phase diagrams obtained it is evident that only LID:C8 phase behaviour could be 

reasonable predicted. LID:C5 and LID:C7 systems deviate from the ideal behaviour which indicates that 

additional intermolecular interactions acting between the components in the mixtures contribute to the 
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thermal events within the systems. Phase diagram obtained for the LID:C6 system shows that the theoretical 

model cannot be applied in this case as the melting points of the parent components are so far apart that the 

calculated liquidus lines never converge. In all of the cases the calculated theoretical eutectic composition 

was not the same as observed in DSC and PXRD studies.  The investigation of intermolecular interactions 

using Fourier transform infrared analysis (FTIR) has confirmed the presence of electrostatic and hydrogen 

bonding interactions within the systems at various molar compositions. Table S2 and Figure S3 highlight 

the characteristic peaks observed in the FTIR spectra. It is interesting to note that the carbonyl stretch of 

LID at 1665 cm-1 undergoes a hypsochromic shift when mixed with odd DAs and a bathochromic shift 

when mixed with even DAs. The observed alternation indicates alternating capability of the DAs to form 

H-bonds with the carbonyl group of LID.  

 

Figure 3. Phase diagrams constructed using the data obtained from DSC experiments. Theoretical curves 

were constructed using the Schroeder van Laar equation (blue dashed line – theoretical DA solubility curve; 
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red dashed line - theoretical LID solubility curve). Legend: red squares – experimental LID Tm; green circles 

- experimental DA Tm; stars - experimental new phase Tm; green triangles - experimental eutectic Tm; α and 

β indicate diacid and LID components, respectively; L indicates liquefied components. 

Thermal and dynamic behaviour of supercooled LID:DA systems  

All LID:DAs composition following melting were fast cooled at a nominal rate of 300 K/min and 

subjected to a second heating cycle at 10 K/min. The stacks of DSC thermograms of the samples at various 

molar compositions are presented in Figures S4-S7. The presence of glass transition (Tg) events in most 

mixtures (with the exception of extreme molar compositions of LID:C5 and LID:C7) imply the ability of 

the systems to be supercooled. No glass transition events were observed for the parent materials as they 

crystallise immediately upon cooling. Tg behaviour of the systems was evaluated and is presented in Figure 

4.  

As can be seen from Figure 4A, there is a clear maximum in Tg when the LID:C5 and LID:C7 

mixtures are considered. It occurs at the equimolar composition of acid and base. Interestingly, such a trend 

is not observed for LID:C6 and LID:C8. In the latter case, only the continuous decrease of Tg with the mole 

fraction of lidocaine can be observed. The peculiar extremum in Tg behaviour found for LID0.5:C50.5 and 

LID0.5:C70.5 can be explained in terms of ionicity degree. Typically, the  Tg becomes markedly increased 

when a given API is converted to the salt form e.g. hydrochloride, sulphate or phosphate.35,36 Additionally, 

it has been also confirmed that the Tg and melting point of classical aprotic ionic liquids increases when the 

electrostatic interactions start to dominate van der Waals forces.37 In this context, one can expect that in 

LID:C5 and LID:C7 systems there is a proton transport from acid to base, and importantly it is the most 

efficient in 1-1 compositions. As a consequence, LID0.5:C50.5 and LID0.5:C70.5 are expected to be composed 

of LID cations and acidic anions and thus reveal an ionic character.  
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Figure 4. Tg values of the LID:DA systems obtained upon supercooling them in the DSC. (a) Tg values of 

LID:C5 (blue stars), LID:C6 (green squares), LID:C7 (orange circles) and LID:C8 (purple triangles) as a 

function of LID mole fraction. Open circles denote samples that have partially crystallised upon cooling or 

during second heating before the Tg was observed; (b) Tg values of the systems at equimolar compositions.  

The most commonly explored approach for assessing ionicity in ionic liquids is the Walden plot 

that relates molar conductivity (Λ) of a given system to its viscosity (η), i.e. Λη-k=C. If the system is 

composed of independent ions and their diffusion depends only on viscosity then the Walden diagram 

corresponds closely to the ideal line determined for 0.01 mol dm−3 KCl aqueous solution, with the slope 

equal to 1.38 Usually, the protic ionic liquids are located below this line on the lower right-hand half of the 

Walden plot.39 This is due to the partial ionisation of these systems that results in a lower number of charge 

carriers and consequently lower conductivity than it would be expected from the Walden rule. For this 

reason, PILs are frequently regarded as ‘poor’ ionic systems. However, as demonstrated in the literature, 

there are examples of superionic protic liquids and glasses that are characterised by the abnormally high 

mobility of charge-carrying species and fall above the ideal Walden line.40,41 

To examine the ionicity of LID:C5 and LID:C7 equimolar compositions, conductivity, viscosity 

and density of these materials need to be determined. Conductivity was measured by dielectric spectroscopy 

at various temperatures, from 363 K to 243 K for LID0.5:C50.5 and from 363K 246 K for LID0.5:C70.5. The 
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representative conductivity spectra σ′(f) of LID0.5:C50.5 collected in the frequency range from 10−1 to 106 Hz 

are demonstrated in Figure 5A.  

 

Figure 5. A) Dielectric spectroscopy data of LID:C5 presented in conductivity formalism. B) Temperature 

dependence of dc-conductivity for LID0.5:C50.5 and LID0.5:C70.5. The inset presents the Stickel analysis C) 

Complex viscosity spectra of LID0.5:C50.5. D) Temperature dependence of complex viscosity for 

LID0.5:C50.5 and LID0.5:C70.5. Solid lines are fits of the Vogel-Fulcher-Tammann equation to the 

experimental data. In the inset panel the Tg values for LID0.5:C50.5 and LID0.5:C70.5 determined by 

conductivity, viscosity and DSC are compared. 

Three regions can be detected in the spectra: the polarization effect visible at low frequencies; a 

frequency-independent part, so-called dc-conductivity, σdc; and the power-law behaviour at the high 

frequencies. Since the mobility of ions markedly slows down with cooling, the dc-conductivity also 

decreases with a decrease in temperature. As shown in Figure 5B, the temperature dependence of σdc reveals 

a non-linear fashion and can be parameterised by the Vogel-Fulcher-Tammann (VFT) equation (Equation 

2): 
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log10𝜎dc
−1 = log10𝜎∞

−1 +
log10𝑒∙𝐷𝑇0

𝑇−𝑇0
,                                                              (Eq. 2) 

where σ∞
-1 is a pre-exponential factor, D is the strength parameter quantifying the deviation from the ideal 

Arrhenius behaviour and T0 is known as the “ideal” glass temperature. However, the satisfactory fit to the 

experimental data can only be achieved in a limited temperature range. This is because below a certain 

temperature the experimental points follow the Arrhenius behaviour. The VFT-Arrhenius crossover can be 

better visualised when the Stickel operator [dlogτσ/d1000T-1]-0.5 is employed42 (inset Figure 5B). It should 

be noted that the crossover phenomenon is a typical feature of ionic glass-formers and it has been proven 

to define the temperature of liquid-glass transition.43 This rule is also fulfilled for the studied LID:DA 

compositions. As seen in the inset to Figure 5, the Tg value determined as the crossover point of dc-

conductivity data agrees well with the calorimetric Tg. However, upon closer inspection of Figure 5B one 

can also note that dc-conductivity determined at Tg of the LID:DA mixtures is higher than the value of 10-

15 S/cm typically observed at Tg of classical ionic liquids, in which the vehicle conduction is the only 

mechanism controlling the charge transport. This result suggests that the fast proton hopping within the 

Grotthuss conduction gives a contribution to charge transport in the LID:DA compositions. Consequently, 

viscosity is no longer the main factor controlling charge transport in these systems. To verify this 

hypothesis, rheological measurements of LID0.5:C50.5 and LID0.5:C70.5 (Figures 5C and 5D) were 

performed and the conducting and viscoelastic properties of the PILs over a broad temperature range on the 

Walden plot (Figure 6) compared. For the construction of the Walden graph the dc-conductivity needs to 

be presented as molar conductivity. The following equation was employed for this purpose (Equation 3): 

Λ = σdc·M·ρ-1           (Eq. 3) 

where M denotes molecular mass and ρ is density of sample.  The molar conductivity data of LID0.5:C50.5 

and LID0.5:C70.5 plotted vs inverse of viscosity in a double-logarithmic scale form a line with the slope k of 

0.74 and 0.76, respectively, and importantly, both of them cross the ideal KCl line around room temperature 

(Figure 6). Specifically, LID0.5:C70.5 reveals an ideal conductivity at 293 K while LID0.5:C50.5 needs to be 
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heated to 313 K to fall on the ideal line. Additionally, at T<Troom both examined PIL fall into the superionic 

regime, i.e. above the KCl line. A similar behaviour was found for phosphoric acid, an almost ideal proton 

conductor with confirmed Grotthuss conduction,44 thus one can conclude that fast proton hopping involving 

the H-bonding network gives a contribution to charge transport in the LID:DA samples. The proton hopping 

is the most efficient at low temperatures, i.e. in the vicinity of liquid-glass transition. On the other hand, 

with increasing temperature, when the mobility of ions becomes faster and H-bonds can be disrupted, the 

contribution of Grotthuss conduction to the overall charge transport is markedly reduced in LID0.5:C50.5 and 

LID0.5:C70.5. The Walden points collected at high temperature can also be used for assessing the ionicity of 

studied systems. As seen in Figure 6 at 363 K log Λ(logη-1) point of LID0.5:C70.5 falls on the line denoting 

10% of system ionisation. At the same time, LID0.5:C50.5 reveals much higher ionisation in the order of 

50%. Therefore, it can concluded that the neutral species are active donors in the fast proton conduction 

process in the examined LID:DA systems. 

 

Figure 6. Walden plot of LID0.5:C50.5 and LID0.5:C70.5. 

 

Crystallographic analysis 

The molecular structures of LID0.5:C50.5, LID0.5:C60.5, LID0.5:C70.5 and LID0.5:C80.5 are shown in 

Figure 7 (details can be found in Table S3). The two shorter chain DA molecules crystallise in the 
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monoclinic system, and the longer chain DA’s in the triclinic system. In all structures, the amino group 

hydrogen and the DA acid hydrogen atoms were located on the difference map and refined with distance 

restraints. The single deprotonation of the DA is also confirmed by analysis of the bond lengths (vide infra) 

resulting in the corresponding lidocainium hemiglutarate, lidocaininium hemiadipate, lidocaininum 

hemipimelate and lidocainium hemisuberate salt formation, respectively. Theoretical PXRD patterns 

generated from the SXRD data closely match experimental PXRD patterns by visual inspection and were 

fitted using Le Bail Reitveld refinement (Figures S8-S11) showing good phase purity in LID0.5:C60.5- 

LID0.5:C80.5. LID0.5:C50.5 is not phase pure, with poor fitting parameters and shows the incorporation of LID 

predominately (confirmed by single crystal diffraction).  

The asymmetric units of the four complexes, (Figure 7), show the 1:1 ratio of LID to DA. In all 

structures there is a strong hydrogen bond between the amino group in LID and the DA ranging from 

2.6118(15) Å in LID0.5:C70.5 to 2.6968(11) Å in LID0.5:C60.5. Hydrogen bonding between the DA’s feature 

in all the structures (Figures S12-S15 and Tables S4-S7). It is notable that in the C6-C8 extended structures 

that the DA’s align in a chain with head to tail acid hydrogen bonding as a homosynthon. The anionic acid 

moiety is also hydrogen bonded to the amino group (vide supra). There is also weak CH···O hydrogen 

bonding to both the acidic and anionic DA oxygen atoms. These hydrogen bonding arrangements align the 

packing into lidocaineH+:DA stacks, Figure 7 (E-H). However, this regular head to tail DA arrangement 

is not observed in the C5 structure. In this case, the DA’s are aligned in a staggered side-to-side hydrogen 

bonding homosynthon. This is assisted with strong amino hydrogen bonding to the anionic acid end and 

weaker C-H···O hydrogen bonding (chelate forming) to the carboxylic acid C5 moiety. 
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Figure 7. Molecular structures of the ion pairs (A) LID:C5 (B) LID:C6 (C) LID:C7 and (D) LID:C8 with 

heteroatoms labelled only and atomic displacement shown at 50% probability. Red dotted lines show 

hydrogen bonding from LID to the DA. Packing diagrams of (E) LID:C5 viewed normal to (100) showing 

the staggered DA homosynthon, (F) LID:C6 viewed normal to (101), (D) LID:C7 viewed  normal to (001) 

and (H) LID:C8 viewed normal to (001) with linear homosynthons. All are viewed perpendicular to the 

stack direction and hydrogen atoms omitted for clarity. 

The evidence for N(13)-H(13) ionic bond formation is deduced from the carboxylic acid C-O bond 

lengths (DC-O). It has been shown that in complexes where carboxylic acid deprotonation takes place the 

resulting carboxylate ion possesses two C-O bonds with similar DC-O, i.e. the ∆DC-O < 0.03 Å, where ∆DC-

O is the difference in length between the two C-O bonds within a carboxylate moiety. On the other end of 

the ionisation spectrum, neutral carboxylic acids would possess two distinct C-O bonds with ∆DC-O > 0.08 

Å.45 The ∆DC-O values obtained for all 4 complexes were ≤ 0.04 Å indicating carboxylate ion formation 

(Table S8). The calculated values correlate well with expected salt formation based on ∆pKa between an 

acid and a base (i.e. salt formation is expected if ∆pKa > 3).46  

Crystal structure and crystal packing profoundly affect the molecular-loosening and molecular-

change steps of a solid state reaction.47,48 The influence of crystal packing on solid-state reactivity is 

described by topochemical postulates. It is generally accepted that a reaction is topochemical if the structure 

of the product can be explained by the crystal packing of the reactant crystal.47 Crystal voids were calculated 
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in an attempt to correlate crystal packing efficiency to the observed melting point variation. It has been 

shown previously that ratios of volume occupied by molecules to unit cell, known as Kitaigorodskii Packing 

Indices (KPIs)49, allow to compare packing efficiency and predict the Tm of the solid. However, opposite 

crystal packing effects have also been recognised.25 Table S9 reveals that the predicted trend is not followed 

in the parent DAs. Therefore, the efficiency of the crystal packing of the parent components is not the main 

determinant of the Tm and crystal packing trends in the salt products.  However, an alternating trend was 

observed in the KPI values of the LID:DA systems which corroborates their crystallisation tendencies. The 

systems with lower KPIs and greater void spaces were slow-crystallisation systems that tend to stay liquid 

at room temperature.  

The effect of salt formation on the molecular conformations of each molecule within the complexes 

was investigated. Molecular overlays of the experimental and reference crystal structures were calculated 

and the similarity is expressed in terms of Root-Mean-Square-Deviation (RMSD) values, where large 

RMSD values indicate greater differences between the molecules. LID molecules from the LID:DA single 

crystals were overlaid with reference LID structure (CSD ID LIDCAN11), however, no obvious trends 

were discerned. Furthermore, Hirshfeld analysis of LID within the new salt complexes have not revealed 

significant variations that could explain the alternation in physicochemical properties of the systems. The 

only notable difference is the diffuse blue regions observed in LID0.5:C60.5 and LID0.5:C80.5 crystals as seen 

in Figure S16. This region suggests that a part of a molecular surface has large distances to the nearest 

atoms which is generally characteristic of less than ideal packing arrangement.50 The breakdown of the 

close-contact intermolecular contributions to the Hirshfeld surface area display no significant variation for 

the four salt complexes as seen in Figure S16I.  

Figure 8 present overlays of reference parent DA structures (CSD ID: HITSAG, ADIPAC14, 

PIMELA08, SUBRAC06) with ionised DA structures obtained from SXRD data. It is interesting to observe 

that the longer is the DA chain, the greater is the RMSD value. It appears that DAs undergo conformational 

changes in order to adapt to the length of the LID molecule in order to form the required number of crystal-

stabilising hydrogen bonds. However, LID0.5:C50.5 does not follow this trend. This exception is consistent 
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with the different crystal packing of this system. The carboxyl moieties are rotated in order to form both 

carboxyl - carboxyl H-bonds with another single C5 molecule (O(26)-H(26)···O(18), symmetry operation-

x+2,y-1/2,-z+1/2). As a result, this system lacks the ribbon-like crystal packing found in the rest of the 

series.  

 

Figure 8. Molecular overlay of C6 - ADIPAC08 (green) with LID0.5:C60.5 (purple); C7 - PIMELA06 (green) 

with LID0.5:C70.5 (purple); C8 - SUBRAC05 (green) with LID0.5:C80.5 (purple). Corresponding Root-Mean-

Square-Deviation (RMSD) values for the overlays are presented in boxes.  

Conclusions 

Lidocainium hemiadipate solid salt and lidocainium hemiglutarate, lidocainium hemipimelate, lidocainium 

hemsuberate ILs were successfully prepared by a simple mechanochemical solvent-free grinding. The 

thermal and ionisation behaviour of the systems have been investigated in detail. Upon examination of the 

trends in physicochemical properties it was found that the even-odd melting point alternation of DAs is 

generally retained in LID:DA complexes. In-depth investigation into the crystallographic properties of the 

DAs and the synthesised salts provided some explanations on the alternating variability of the 

physicochemical properties among the series. This study brought us closer to understanding the 

mechanisms of ILs formation and contributed to the current aim of the ILs community to devise a systematic 

approach for IL discovery and development.  

Associated Content 
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