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Abstract: Ionic liquids (ILs) offer unique properties for electrochemical applications, but 

their synthesis typically requires large volumes of solvents and costly reagents, limiting 

scalability and sustainability. Here, we address this limitation by demonstrating a solvent-

free mechanochemical route to five benchmark ILs of electrochemical relevance. The 

method enables the synthesis of both hydrophobic Pyr14TFSI (1-butyl-1-

methylpyrrolidinium bis(trifluoromethanesulfonyl)imide) and hydrophilic Pyr14TfO (1-

butyl-1-methylpyrrolidinium trifluoromethanesulfonate) ILs via solid-state metathesis 

reaction induced by mechanical mixing, requiring only minimal solvent for product 

recovery. This approach delivers high yields (> 80%) and nearly quantitative conversions 

(≥ 99%), producing ILs with low impurity levels. Additionally, we demonstrated the 

upscaling of the mechanochemical approach for the synthesis of Pyr14TFSI from 4 g to 

99 g of reagents by transitioning from ball milling to a multi-shaft planetary mechanical 

mixer, achieving a 97% conversion in 30 minutes. These results underscore the 

mechanochemical potential for practical and sustainable production of ILs, establishing 

this approach as a rapid and efficient route for synthesizing both hydrophilic and 

hydrophobic ILs.
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Introduction
Ionic liquids (ILs) are defined as salts with melting points below 100 ºC that are 

often liquids in ambient conditions. They are primarily composed of asymmetric ions: a 

bulky organic cation and an inorganic anion, allowing for an infinite number of possible 

combinations.1–4 The appropriate cation/anion pairing is a key factor in determining the 

physicochemical properties of these compounds.5 Typically, the most common cations 

found in commercial ILs of electrochemical interest are imidazolium, piperidinium, 

pyrrolidinium, ammonium, and phosphonium, while common anions include 

bis(trifluoromethanesulfonyl)imide (TFSI-),  bis(fluorosulfonyl)imide (FSI-), triflate (TfO-), 

hexafluorophosphate (PF6-), tetrafluoroborate (BF4-), dicyanamide (DCA-), among 

others.6,7 Their key properties include low vapor pressure, low flammability, high thermal 

stability over a wide temperature range, and excellent ion transport.5,8 Due to their 

versatility and distinctive physicochemical properties, ILs have attracted considerable 

scientific attention over the decades. They have been used in a wide range of scientific 

applications, including the development of batteries7,9,10 and supercapacitors11,12, 

electrochemical sensors13, organic catalysis14, extraction15 and many others.16–19

The most widely used ILs are predominantly synthesized in aqueous media, via 

metathesis reactions (i.e. ion exchange) due to the presumed simplicity and low cost of 

the method.20,21 In general, an aqueous solution of an organic halide salt (e.g., Cl-, Br-, 

or I-)  containing the target cation is mixed with another aqueous solution of an alkali-

metal (Li+, Na+, or K+) or transition-metal (especially Ag+) salt that supplies the desired 

anion. Depending on the nature of the cation/anion pair, the reaction produces a single 

aqueous phase for hydrophilic ILs, or two separate phases when the product is 

hydrophobic (Figure 1A). In the case of hydrophobic ILs, one phase consists essentially 

of the IL, while the second aqueous phase contains the residual salts in water (e.g., 

NaBr, KBr, KCl, etc.). These phases are then separated by extraction and/or distillation 

with an organic solvent, followed by purification. In contrast, for the case of hydrophilic 

ILs, a single phase remains after the reaction, containing the IL, water, and the halide 

salt byproduct. Because this byproduct is also water-soluble (if alkali-metal precursors 

are used), its removal introduces additional purification steps. For this reason, the 

synthesis of hydrophilic ILs often makes use of more expensive transition metal salts, 

which results in the formation of precipitates of the residual ions (e.g., AgBr, AgCl, or 

AgI). It is worth noting that, in both hydrophobic and hydrophilic systems, residual water 

and inorganic byproducts often remain as contaminants in the IL phase, unavoidably so 

for hydrophilic ILs.
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Figure 1.  Flowchart comparing the traditional and mechanochemical methods for IL 

synthesis via ion exchange reaction.

Because of the phase behavior and purification needed as described above, 

achieving both high conversions and purity without extensive work-up remains a major 

challenge in the synthesis of ILs by metathesis reactions. The process still relies on large 

amounts of solvents, selected due to the limited and distinct solubility of reactants and 

products, as well as the extensive use of water. This results in lengthy separation steps 

and often still leaves significant residual halides, solvents, and water. It is well 

established in the literature that even small amounts of these residual components can 

significantly affect key properties such as viscosity, ionic conductivity, thermal stability, 

and the electrochemical window, which are detrimental to the IL performance, especially 

for electrochemical purposes.22–28 Therefore, developing synthetic routes that minimize 

the work-up steps while resulting in ILs with tolerable levels of impurities is of significant 

interest. An alternative approach to reduce water use and avoid silver-based reagents 

for hydrophilic ILs has been proposed by Chen et al.29. In their study, BMImBF4 was 

prepared from a saturated NaBF4 aqueous solution. Although other methods are also 

reported in the literature8 for the synthesis of ILs (e.g., alkylation30, microwave-assisted31, 

ultrasound-assisted synthesis32, or chiral synthesis33), separation and purification 

procedures still require a large amount of solvent, or are limited to hydrophobic 
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systems.34 Finally, the large-scale application of ILs remains significantly limited by their 

high cost, the challenges of scaling up production, and again, the purification steps.35,36

Here, we present the first effort to date that employs mechanochemical routes for 

ion-exchange reactions from solid precursors to synthesize both hydrophilic and 

hydrophobic ILs (Figure 1B), eliminating not only the use of water as a reaction solvent 

but also expensive transition metal salts (e.g., Ag+ salts), especially for hydrophilic ILs. 

In addition, this study demonstrates a significant advance in producing ILs without using 

water and with reduced waste. In this paper, the ILs were selected based on their 

established relevance to electrochemical applications, particularly electrolytes in 

batteries, supercapacitors, and electrochemical cells. The ILs chosen were Pyr14TFSI (1-

butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide), Pyr14FSI (1-butyl-1-

methylpyrrolidinium bis(fluorosulfonyl)imide), Pyr14TfO (1-butyl-1-methylpyrrolidinium 

trifluoromethanesulfonate), Pip14TFSI (1-Butyl-1-methylpiperidinium 

bis(trifluoromethaneylsulfonyl)imide), BDMImTFSI (1-butyl-2,3-dimethylimidazolium 

bis(trifluoromethanesulfonyl)imide).

With the advantage of mechanochemistry, which has emerged as a promising field 

for developing sustainable and faster solid-state synthetic routes driven by mechanical 

energy, new opportunities arise for more efficient chemical processes.37–40 

Mechanochemical routes have been widely used not only in the preparation of various 

chemical compounds and materials, including catalysts41, organometallic compounds42 

and inorganic complexes39, but also a variety of compounds prepared by ion exchange 

reactions43. Finally, it is worth noting that ILs have also been prepared 

mechanochemically by manual grinding, however, through a protonation/deprotonation 

of acidic or basic groups, generating ILs of pharmaceutical interest.44,45 On the other 

hand, no studies have been found reporting the use of a mechanochemical route for the 

production of ILs from metathesis reactions, and addressing both the possibility of 

preparation of hydrophilic ILs without using water and the facilitated workup when 

producing ILs in larger amount.

Results and Discussion

We started the study with the most illustrative case, the hydrophilic IL Pyr14TfO (1-

butyl-1-methylpyrrolidinium-trifluoromethanesulfonate) (Figure 2). For the reaction, 

approximately 4 g of precursors in equimolar amounts were milled in a planetary ball mill 

(PBM) in a 45 mL Si3N4 milling set with 18 milling balls (ø = 10 mm, 1.16 g each) for 
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varying durations (30-240 min) and rotation speed (250-500 rpm) (Experimental details 

can be found in SI). The scheme of synthesis using PBM is displayed in Figure 1B (top). 

Figure 2.  Scheme of ball mill synthesis of Pyr14TfO ionic liquid.

The product obtained after milling was a white suspension consisting of NaBr and 

the IL. To facilitate the recovery of the reaction mixture from the jar and to separate the 

IL from the formed NaBr, minimal amounts of dichloromethane (CH2Cl2) were used, 5.0 

mLsolvent gproduct-1. It is important to clarify that the reaction occurs without any solvent. The 

latter is used only in subsequent steps, especially during separation stages. The 

suspension was then vacuum filtered to remove the sodium bromide, followed by solvent 

evaporation under reduced pressure (< 30 mbar at 60 °C). The resulting solid was 

analyzed by powder X-ray diffraction to check for any remaining precursors. The PXRD 

patterns of the solids obtained along with the ILs are shown in Figure 3. 

Milling for 30 min at 250 rpm produced an X-ray amorphous solid. Increasing the 

milling time, however, led to the appearance of a crystalline phase. At first glance, the 

PXRD pattern after 60 min suggested that the Pyr14Br precursor was still present, mainly 

due to the peaks at 2θ = 22.3° and 23.4°. Nonetheless, a closer look at the possible 

phases involved in the system indicated that these Bragg peaks were from a hydrated 

phase of NaBr (NaBr·2H2O), which preferentially forms at shorter milling times at 250 

rpm. Pyr14TfO precursors are highly hygroscopic, and the water in the NaBr hydrated 

phase likely originated from ambient humidity during manipulation before milling. 

As the milling time increased, the expected cubic rock-salt structure of NaBr 

became dominant, being the major phase after 180 min. Raising the rotation speed from 

250 to 500 rpm further promoted crystallization of the anhydrous NaBr cubic phase, 

although the hydrated form persisted. Although no signal of unreacted precursors was 

detected after 60 min, we decided to extend the milling for longer periods up to 240 min 

to ensure quantitative conversion, especially because the efficiency of the mechanical 

action under our conditions, presumably efficient for solids, is reduced by the presence 

of a relatively large liquid phase. In the final chosen conditions, the reaction reaches 

completion (> 99.9% conversion) with 93.4% yield after purification for Pyr14TfO IL.

Page 5 of 22 RSC Mechanochemistry

R
S

C
M

ec
ha

no
ch

em
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
1/

20
26

 1
2:

15
:2

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6MR00004E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6mr00004e


6

Figure 3.  PXRD of the solid products formed during the milling-induced IL synthesis. 

The full pattern can be found in the ESI (Figure S1).

Given the similarity in reaction type and mechanism, the optimized conditions of 

500 rpm and 240 minutes of milling used for Pyr14TfO synthesis were extended to the 

synthesis of all other ILs evaluated in this study (Table 1). This planetary milling 

approach (Figure 1B – top) enabled the successful synthesis of the other four ILs in 

quantitative conversions (Entries 2–5), which are hydrophobic ILs, namely Pyr14FSI, 

Pyr14TFSI, Pip14TFSI, and BDMImTFSI ILs. All ILs synthesized with their respective 

conversions, yields, and impurity contents determined by ionic chromatography are 

shown in Table 1. From the results, the synthesis in the planetary ball mill resulted in a 

large amount (yields ≥ 80 %) of the desired product and high conversion (≥ 99 %). 

However, significant mass losses (between 6% to 37%) occurred due to washing the 

hydrophobic ILs with water, especially for Pyr14FSI. Nonetheless, the washing procedure 

was responsible for reducing bromine levels, which is necessary for ILs to reach Br- 

contents < 20 ppm. For applications where bromide concentrations between 100 and 

200 ppm are not critical, this step can be omitted from the process. The calibration curves 

and the chromatograms of the ILs before and after washing with deionized water are 
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shown in Figures S2–4 and Figures S5–9, respectively, and the suppression of the Br- 

peak can be clearly observed in the latter. It is worth mentioning that the impurity content 

of the mechanochemically prepared ILs is in the same range as commercial ILs (Table 
S1).

Solid-state reactions and diffusion may occur upon contact between solid 

reactants, and therefore, the role of mechanical energy is more related to the accelerated 

transport and mixing of the system. Nonetheless, the formation of liquid phases between 

the contact of solids is more likely to occur when organic molecules are involved.45–49 

Thus, to better understand the role and the need for mechanical energy in the synthesis 

of the ILs in this work, a control experiment was performed for Pyr14TFSI IL. In the test, 

the solid precursors of the IL were simply manually mixed. The mixture (~2.35 g, 

stoichiometric ratio) was prepared and stored inside a glovebox; the glass vial was 

sealed, and the evolution of the reaction mixture was monitored over one week (Video 

S1). No reaction was observed during this period, as the powder mixture remained dry, 

without any sign of the formation of a liquid phase. This observation indicates that the 

activation energy barrier for the reaction is not overcome at ambient temperature without 

mechanical input, and that external mechanical energy is therefore required to promote 

ion exchange and form the ILs. It should be noted, however, that while this result 

demonstrates that mechanical action is essential to drive the solid-state metathesis 

reaction and not merely to mix reactant, it does not allow for discrimination between the 

individual mechanistic contributions – whether the direct absorption of mechanical 

energy or indirect effects such as local temperature increase, defect formation, or other 

relaxation pathways.

Table 1. ILs prepared in the planetary ball mill - Si3N4 milling set with 18 milling balls (ø = 10 mm), 

500 rpm, 240 min.
Entry Ionic Liquid Cation[a] Anion[b] Conversion[c]

[%]
Yield[c]

[%]
Br-[d]

[ppm]
Na+[e]

[ppm]

1 Pyr14TfO S
O

O
O-

F
F

F
> 99 93.4 68.2 47.70

94.7* 172.8  2.20
2 Pyr14TFSI S

N-
S

O

O O

O
F

F
F

F

F
F

> 99
89.4** 17.9  < 0.01

92.3* 147.8  2.80
3 Pyr14FSI

N+

N-
S

O

O

F
S

O

OF
> 99

58.1** 17.9*   < 0.01

89.6* 141.9  < 0.01
4 Pip14TFSI N+

N-
S

O

O

F
F
FS

O

OF
F

F > 99
67.1** < 10  < 0.01
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80.9*  102.5  < 0.01
5 BDMImTFSI N+

N
N-

S
O

O

F
F
FS

O

OF
F

F > 99
74.2**  < 10  < 0.01

[a] from bromides, [b] from sodium salts, [c] mass quantification – details in SI, [d] determined by ionic 
chromatography, [e] determined by ICP-OES. *Without washing with water, **after washing with water.

PXRD patterns were also acquired for the precipitate obtained from the ball mill 

synthesis, confirming that only NaBr (a mixture of anhydrous and hydrated forms) 

remains after 240 min of milling at 500 rpm, as shown in Figure S10. No PXRD peaks 

from the precursors were identified. 

The chemical characterization of the final products was performed by 1H and 13C 

NMR as well as FTIR. In the 1H spectra, no significant variations in proton chemical shifts 

were observed among the ILs within the Pyr14⁺ series. In the 13C spectra, characteristic 

signals corresponding to carbon atoms bonded to fluorine in the TFSI⁻ and TfO⁻ anions 

are clearly observed between 113 and 126 ppm. All chemical shifts are consistent with 

values previously reported in the literature (Figures S11–23).50–57  ATR-FTIR spectra 

were recorded for all synthesized ILs (Figure 4) and for the anion precursor salts (Figure 
S24). The observed peaks are predominantly assigned to the anions, with bands 

between 400 and 1600 cm⁻¹, corresponding to SO3, SO2, SNS, CS, and CF3 groups. In 

addition, symmetric and asymmetric CH2 stretching modes from the cations are 

observed in the 3100–2800 cm⁻¹ region. 58–64 The most interesting result in the FTIR 

spectra is that no vibrational bands characteristic of water molecules (3500 cm⁻¹ and 

1635 cm⁻¹) were observed.65 Furthermore, before FTIR measurements, the water 

content was 150–250 ppm by Karl Fischer and dropped to below 10 ppm after drying in 

the glovebox. It is relevant to note that the presence of water in ILs is detrimental for 

electrochemical applications, and the results indicate that current approach is able to 

produce ILs with low water content.

The thermal behavior, stability, and physicochemical properties of ILs are 

extremely important, which explains why these ionic systems have been widely 

investigated. TGA measurements were performed to determine the thermal stability of 

the ILs and their decomposition temperature (Td), Figure S25. According to TGA results, 

TFSI anion-based ILs exhibit the highest thermal stability amongst the anions studied. In 

this work, the order of thermal stability is: FSI < TfO < TFSI. Furthermore, DSC 

measurements of the ILs were carried out to identify the phase transitions that they could 

exhibit (Figure S26). ILs based on the pyrrolidinium cation showed peaks in the DSC 

curves related to (re)crystallization, solid-solid phase transitions and final melting. From 
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the DSC curves, it is possible to identify the endothermic melting peaks of the ILs: -15 

ºC (Pyr14TFSI), - 17 ºC (Pyr14FSI), and 6 ºC (Pyr14TfO). In addition, exothermic peaks 

related to (re)crystallization are observed for some of the ILs. Regarding the solid-solid 

phase transition peaks, Pyr14TFSI shows only one peak (- 27ºC) and Pyr14FSI two peaks 

(- 45ºC and - 27ºC), one of them at the same position as Pyr14TFSI, in agreement with 

literature data 66. Pyr14TfO has two solid-solid phase transition peaks (- 36 ºC and - 26 

ºC) and a possible (re)crystallization peak at -15 ºC. However, the ILs Pip14TFSI and 

BDMImTFSI did not show any peaks in the temperature range analyzed owing to the 

difficulty of crystallization upon cooling, which is expected according to other 

reports.55,66–71 

Figure 4. ATR-FTIR spectra of ILs: (A) 400-1600 cm-1 and (B) 2000-4000 cm-1.

To assess and compare the mechanochemically prepared ILs, it is essential to 

evaluate their physicochemical properties in detail and benchmark them against 

standard commercially available ionic liquids. The physicochemical properties of the ILs 

were investigated in terms of ionic conductivity, viscosity, and density at different 

temperatures. The experimental data are summarized in Tables S2–6. The temperature 

dependence of ionic conductivity and viscosity is shown in Figure S27. As expected, an 

increase in temperature results in higher ionic conductivity and lower dynamic viscosity. 

Among the ILs studied, Pyr14FSI exhibited the highest ionic conductivity and the lowest 

viscosity, whereas Pip14TFSI showed the lowest conductivity and the highest viscosity. 
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This behaviour is attributed to differences in ion size, which directly influence ionic 

mobility and ion-ion interaction.72 The experimental data for conductivity and viscosity as 

functions of temperature were fitted using the Vogel–Tammann–Fulcher (VTF) model 

(Tables S7–8), which is widely employed for describing the behaviour of ILs.55,56,73. The 

VTF model demonstrated excellent agreement with the experimental data, capturing the 

temperature-dependent behavior observed for both ILs.

The temperature dependence of the density of the synthesized ILs was also 

examined (Figure S28). As expected, all ILs exhibited a linear decrease in density with 

increasing temperature, consistent with typical thermal expansion behavior. Among the 

ILs investigated, the one containing the TfO⁻ anion displayed the lowest density, followed 

by the IL containing the FSI⁻ anion. Again, this trend can be attributed to differences in 

anion size and structural flexibility, with TfO⁻ being the most compact and TFSI⁻ the 

largest and most conformationally flexible anion in the series.74–77  The density of the ILs 

was further estimated using the empirical model proposed by Ye and Shreeve. 78 The 

estimated values are in good agreement with experimental measurements (Table S9), 

with minor deviations attributed to the neglect of ion–ion interactions in the volumetric 

model. The physicochemical properties of the synthesized ILs (ionic conductivity, 

viscosity, and density) were compared with those of commercially available Pyr14TFSI 

and Pyr14FSI (Figure S29 and Tables S10–11). The experimental data reveals a strong 

similarity between commercial ILs and those synthesized in this work, reinforcing the 

potential of mechanochemical means to produce ILs of excellent quality. 

Finally, it is worth noting that the ILs prepared in this study are of interest for 

electrochemical applications such as electrolytes in batteries, supercapacitors and 

electrochemical cells for catalysis. Therefore, apart from the ionic conductivity that was 

measured, electrochemical stability is another property of extreme importance.  

Electrochemical stability window (ESW) of the ILs was investigated by linear sweep 

voltammetry using a three-electrode system with an Ag/AgCl electrode as the reference 

electrode (Figure 5). ESW is defined as the potential range within which the IL does not 

undergo oxidation or reduction, i.e., it is stable.79,80  The results show that all ILs exhibit 

high electrochemical stability over a wide potential range with ESW > 4 V, except for 

Pyr14TfO (3.6 V). The highest ESWs were obtained for Pip14TFSI (5.0 V) and Pyr14TFSI 

(4.8 V). As can be seen in Figure 5, the order of stability of the ILs at positive potential 

(i.e. where the oxidation reaction occurs) is: Pyr14TfO (1.6 V) < Pyr14FSI (1.9 V) < 

BDMImTFSI (2.1 V) < Pyr14TFSI (2.2 V) < Pip14TFSI (2.6 V). This behavior can be 

attributed to the influence of anion structure and the oxidation characteristics of the ionic 

pairs.81–85  The higher the positive potential, the stronger the ion-pair interaction and, 
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consequently, the lower the energy of the occupied molecular orbital (HOMO), making 

the oxidation of IL more difficult.82,86,87 Regarding stability at negative potentials (i.e. 

where reduction reaction occurs), the electrochemical stability follows the trend: Pyr14TfO 

(- 2.1 V) < Pyr14FSI (-2.3 V) < BDMImTFSI (- 2.4 V) =  Pip14TFSI (- 2.4 V) < Pyr14TFSI (-

2.6 V). This result suggests that the response is governed primarily by the nature of the 

cation, but with a small contribution from the anion. Furthermore, the results indicate that 

TFSI⁻ and FSI⁻ anions display comparable electrochemical stability, with TFSI⁻ being 

slightly more stable due to its greater delocalization of charges.56,88,89 In contrast, 

Pyr14TfO displayed the shortest ESW, TfO- being the least stable anion, which can be 

explained by the higher energy of its lowest unoccupied molecular orbitals (LUMO) 

energy – more prone to electron acceptance – smaller size, more compact geometry, 

and lower charge delocalization relative to other anions. 81,85,90–93 Due to differences in 

electrode materials, electrochemical cell design, scan rate, and cutoff current, a direct 

comparison between our experimental data and literature values is not possible. 

However, comparisons of the ESW between the commercial ILs and those synthesized 

revealed a high degree of similarity between them, Figure S30. Table 2 summarizes the 

experimental values of the physicochemical and electrochemical properties, under 

ambient conditions, for the five ILs synthesized via the mechanochemical route.

Table 2. Physical-chemical and electrochemical properties of ILs at 298 K

Ionic Liquid σ / mS cm-1 η / mPa s d / g cm-3 EN lim / V EP lim / V ESW / V

Pyr14TFSI 3.90 77.81 1.39 - 2.56 2.25 4.8

Pyr14FSI 8.59 53.68 1.31 - 2.32 1.89 4.2

Pyr14TfO 2.69 176.65 1.25 - 2.06 1.56 3.6

Pip14TFSI 1.61 184.38 1.38 - 2.44 2.59 5.0

BDMImTFSI 3.15 100.36 1.42 - 2.39 2.10 4.5

EN = negative potential limit and EP = positive potential limit.  
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Figure 5. Linear sweep voltammetry of ILs synthesized by the mechanochemical route 

using a ball mill. Aluminum/carbon as the working electrode and active carbon as the 

counter electrode. The reference electrode is an Ag/AgCl wire. 

Despite the success in preparing the ILs of quality in the planetary mill, as 

demonstrated by the chemical, physicochemical and electrochemical characterizations, 

recovering the IL from the milling jar was not straightforward due to the viscous, paste-

like character of the sample and the presence of milling balls. The fact that multiple 

milling bodies are needed in planetary mills, and that as the reaction progresses, more 

liquid is formed and less volume it occupies in the jar, makes it very difficult to recover 

the final products directly, as is generally done for solid products. This was one of the 

reasons a solvent was used in this approach. The mass losses in purification steps, when 

needed, also encouraged us to pursue another approach that should avoid such IL 

losses and additional steps. Therefore, based on the high reaction conversions for IL 

synthesis obtained by milling, we then chose to test other mechanical mixing approaches 

for both solvent use reduction (or total avoidance) at the same time as scale-up was 

investigated (Figure 1B-bottom). To this end, we used a planetary multi-shaft mixer. 

Avoiding milling bodies is already a strategy used in the mechanochemical community 

when using resonant acoustic mixing (RAM).94,95

A 99 g scale synthesis of Pyr14TFSI (Figure 6) was then performed in a 500 mL 

stainless-steel planetary mixing vessel equipped with a dual-shaft ribbon-type planetary 

stirring paddle and an additional single-shaft blade-type stirring paddle operating at 500 

rpm (Figure S31). The geometry of the stirring systems and rotation speed can generate 

sufficient shear to induce reaction in such a soft system and ensure a more 

homogeneous mixing. The synthesis was performed with approximately 99 g of the 
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reagents, in equimolar amounts, for up to 360 min, with short pauses every 30 min to 

collect small samples and monitor the reaction progress (Video S2). In this case, the 

separation of solid NaBr products from the IL samples was performed solely by 

centrifugation. Only the final product (at 360 min) also underwent further work-up, 

following the same procedure used for the ball mill samples prior to further 

characterization, so we could compare its physicochemical properties. After only 30 

minutes of mixing, the conversion reached 97.2%. Any additional time only increased 

the conversions slightly, reaching a quantitative conversion after 360 min, with a final 

isolated yield of 88.4%. PXRD patterns of the precipitate as a function of the mixing time 

confirm the presence of NaBr only, suggesting an excellent reaction conversion from 30 

min (Figure S32). The 1H and 13C NMR spectra confirm the formation of IL (Figures S33 
– 36). Furthermore, ion chromatography results indicated minimal differences in Br- 

content between the IL obtained by centrifugation only and that obtained after purification 

steps such as water washing, with values ranging from 26 – 41 ppm (Table S12), 

indicating that centrifugation might be enough to reach the target purity level. 

Figure 6. Synthesis of Pyr14TFSI in 100 g scale using a planetary mixer.

To assess the environmental impact of the mechanochemical synthesis, the green 

metric E-factor (Table 3) was estimated. This widely used parameter measures the 

amount of waste generated in a synthesis or process in mechanochemistry.96,97 Its ideal 

value is zero: lower values mean less waste, while higher values indicate a less 

environmentally friendly process according to green chemistry principles. The equations 

used are provided in SI (methods). For a more realistic evaluation, first, the simple E-

factor (sEF) was calculated, which excludes solvents and water. In this study, it reflects 

only the synthesis step, without work-up steps. The results showed values close to 1 for 

all ionic liquids (ILs), which is typical for solvent-free solid-state mechanochemical 

synthesis.97

Table 3. Estimated E-factor metrics for mechanochemical synthesis.

IL mR / g mS / g mW / g mIL / g VS:mIL   / 
mL g-1

sEF EF cEF

Pyr14TFSI 4.7 26.4 199.4 3.6 5.5 0.3 7.7 63.4
Pyr14FSI 3.8 26.4 199.4 2.9 6.8 0.3 9.5 78.7
Pyr14TfO 4.3 26.4 - 4.0 5.0 0.1 6.7 -
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Pip14TFSI 4.5 26.4 199.4 2.5 8.0 0.9 11.6 93.0
BDMImTFSI 4.6 26.4 199.4 2.8 7.1 0.7 10.3 82.8
Pyr14TFSI* 99.3 66.0 199.4 83.6 0.6 0.2 1.0 3.4
Pyr14TFSI** 99.3 - - 83.6 - 0.2 0.2 0.2

mR = mass of reagents; mS = mass of solvent; mW = mass of water; mIL = average mass of IL (desired product); 
Vs = solvent volume (dichloromethane)
Scale-up: * washing + filtration; ** centrifugation only (estimated value).

The E-factor was also estimated, in this case, including the solvent 

(dichloromethane) used to separate the ILs from NaBr. When the solvent mass is 

included, the E-factor increases significantly compared to sEF, reaching values between 

63 and 93, since the solvent is counted as waste. However, this value could be reduced 

because the solvent could be easily recovered by adjusting the rotary evaporation 

conditions. In addition, NaBr can also be recovered due to its high purity, as confirmed 

by PXRD. Finally, the complete E-factor (cEF), which includes both solvent and water, 

was estimated. This metric is more appropriate when water is considered, although water 

is often excluded to avoid artificially high values in the EF metric. As expected, the cEF 

values are much higher than sEF and EF, especially for ball-milling processes. However, 

upon scale-up and changing the mechanochemical setup, the value decreases 

significantly – from 63.4 to 3.4 for the synthesis of Pyr14TFSI. If only the centrifugation 

process is used for separation of IL and NaBr, E-factors reach values as low as 0.2. This 

result highlights that mechanochemical synthesis, particularly by mechanical mixing and 

using centrifugation for separation, can be a sustainable approach.

The comparative analysis between the ball milling (lab scale) and the planetary 

mixer (scale-up) approaches for the mechanochemical synthesis of Pyr14TFSI reveals a 

fine balance between mechanochemical efficiency and overall process sustainability, 

Table S13. While both approaches achieve high conversions (>99%) and comparable 

yields (~ 89%), significant differences emerge when considering process intensification, 

resource consumption, and environmental impact. Although the total processing time 

reported for the planetary mixer is longer (360 min vs. 240 min for ball milling), the 

reaction already reached 97% conversion after only 30 min, with the additional time 

applied to ensure quantitative conversion prior to product recovery. Ball milling affords 

lower residual bromide content (17.9 ppm vs. 38.2 ppm), suggesting a slightly higher 

product purity with respect to halide impurities. However, these advantages are offset by 

significantly higher consumption of solvent and, more critically, water during the 

purification step – 55.6 mL gproduct-1 for ball milling compared to only 2.4 mL gproduct-1 for 

the mixer. In contrast, the mixer-based scale-up demonstrates a remarkable reduction in 

waste generation and auxiliary inputs, reflecting more efficient downstream processing 

and improved product recovery, and better alignment with the green chemistry principles. 

Page 14 of 22RSC Mechanochemistry

R
S

C
M

ec
ha

no
ch

em
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/2
1/

20
26

 1
2:

15
:2

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6MR00004E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6mr00004e


15

This is clearly reflected in the E-factor values for the synthesis of PyrTFSI for example 

(Table 3), with the centrifugation-only mixer route achieving cEF as low as 0.2, compared 

to 63.4 for ball-mill route. Therefore, despite the slightly longer reaction time for 

quantitative conversion and increased halide residue (but acceptable for several 

applications), the mixer approach proves to be more sustainable and industrially 

relevant, as it minimizes resource use and waste generation while maintaining high 

chemical efficiency. Overall, these results highlight that, although ball milling is highly 

effective at the laboratory scale, its apparent advantages may be reduced when 

evaluated from a broader green chemistry perspective, whereas planetary mixer-based 

approach offers a more viable pathway for scale-up implementation. It is worth 

mentioning that the use of CH2Cl2 in the small-scale work-up, while effective, remains a 

limitation. Halogen-free solvents with suitable physicochemical properties for IL 

recovery, combining high volatility, low viscosity, and miscibility with IL products but not 

with sodium bromide, such as acetone, can be an alternative.

To sum up, the results indicate that mechanical energy within the planetary mixer 

achieves a higher reaction rate than in the ball mill, which can be attributed to the superior 

efficiency of mixing in the former. During the reaction, the progressive formation of a 

liquid phase decreases the efficiency of high-energy impacts during milling, which is 

typically required for solid–solid systems. In a more fluid regime, shear and bulk mixing 

become the dominant mechanisms for energy transfer. The continuous shear fields 

generated in the planetary mixer remain effective even as the mixture becomes fluid, 

leading to high conversions (30 min, 97%) and facilitated product recovery and work-up. 

Conclusions

Overall, the results demonstrate that mechanochemical synthesis is a reliable and 

scalable approach for producing ILs with fewer steps than the traditional method. This 

study successfully demonstrated the synthesis of five well-known ILs through the use of 

mechanochemical approaches to induce ion-exchange (metathesis) reactions and IL 

formation. Both hydrophobic and, notably, hydrophilic ILs could be prepared in good to 

excellent yields. It is worth highlighting that for the hydrophilic IL, there was no need to 

use transition metal sources (often intended to facilitate separation, as in the case of Ag⁺ 

precursors), because no water was used in the synthesis. This, in turn, reduces both the 

cost of the precursors and the final IL. To the best of our knowledge, the application of a 

mechanochemical route for the synthesis of ILs with such electrochemical properties has 

not been previously reported, representing a significant advancement toward solvent-

free, low-cost, and time-efficient production of both hydrophilic and hydrophobic ILs. The 

synthesized ILs displayed excellent quality and physicochemical properties compared to 
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their benchmark counterparts. More importantly, the scaled-up synthesis provided a 

straightforward work-up by simple centrifugation, minimizing solvents, purification steps, 

and reaction time. Given the simplicity of the method based on greater efficiency of 

mechanical mixing for fluid systems, and the versatility of ion-exchange chemistry, it can 

be extended to a wide range of ionic systems, including other pyrrolidinium, imidazolium, 

ammonium, and phosphonium salts. The approach is expected to benefit large-scale 

preparation of ILs for electrochemical applications where purity, sustainability, and cost 

reduction are essential. 
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