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Abstract 

A detailed Raman study has been carried out on the ionic liquid 1-butyl-1-

methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14-TFSI) over a wide pressure 

(0-8 GPa) and temperature (100-300 K) range. The explored thermodynamic region 

allowed us to study the evolution of the system across different solid and liquid phases. 

Calculated Raman spectra remarkably helped in the spectral data analysis. In particular, 

the pressure behavior of the most intense Raman peak and the shape analysis of the ruby 

fluorescence (used as a local pressure gauge) allowed us to identify a liquid-solid 

transition around 2.2 GPa at T=300 K. Low frequency Raman signal as well as the 

absence of remarkable spectral shape modifications on crossing the above threshold and 

the comparison with the spectra of the crystalline phase, suggest a glassy nature of the 

high pressure phase. A detailed analysis of the pressure dependence of the relative 

concentration of two conformers of TFSI allowed us to obtain an estimate of the volume 

variation between trans-TFSI and the smaller cis-TFSI which is the favored configuration 

on applying the pressure. Finally, the combined use of both visual inspection and Raman 
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spectroscopy confirmed the peculiar sequence of phase transitions observed as a function 

of temperature at ambient pressure and the different spectral/morphological characteristics 

of the two crystalline phases. 

  



Introduction 

Ionic liquids (ILs) are inorganic salts with melting point below 100 °C and many of them are 

liquid even below room temperature. They have attracting properties such as very large 

liquids ranges, low volatility, high conductivity and the ability to solubilize a broad variety of 

materials which make them good candidates as green solvents. ILs have been largely 

studied for their possible use in a wide range of areas including catalysis and 

electrochemistry.1,2 Moreover, their properties can be tuned by variation of the cation and 

anion. 

The low melting temperatures are fundamentally determined by the steric hindrance due to 

the large dimensions of the composing ions, since increasing the size of the ions 

decreases ion-ion interactions and prevents efficient packing of the ions into a crystal 

structure.1 The liquid structure is characterized by a balance between long-range Coulomb 

electrostatic forces among the constituent ions and local geometric factors.3,4 As the 

temperature is decreased, they usually crystallize displaying plastic solid phases which 

originate in the rotational disorder present in the crystals. Indeed, the ions which compose 

the ILs are not spherical and can be arranged in various ordered or disordered geometries 

in the crystal structures.2 Moreover, by setting proper change of temperature, many ILs 

can enter a supercooled regime or form glasses.2,5 

The remarkable technological interest for these materials asks for a full understanding of 

their macroscopic properties and their dependence on the microscopic molecular structure 

and dynamics; therefore a growing body of information on ionic liquids has been obtained 

from the combined use of several spectroscopic techniques.1,2,6,7 Among them, Raman 

spectroscopy provides information on important structural features of ionic liquids,6,7 such 

as anion-cation interactions,8 liquid-solid transitions,9 hydrogen bonding,9-12 conformation 

of alkyl chains,13 or ionic pair formation in solutions of lithium salts in ionic liquids.14 In 



these high-frequency Raman studies of ionic liquids, as well as in infrared spectroscopy 

studies, the assignment of vibrational modes might be achieved by comparison with 

quantum chemical calculations.7,9-12,15 Low-frequency Raman spectra, typically below 

200 cm-1, show a common behavior resulting from a broad intermolecular vibrational 

dynamics (the boson peak, and relaxation processes).7,16,17 Indeed, the low frequency 

broad features have been assigned to collective modes of local structures with different 

size, in particular the Gaussian components have been assigned to the inhomogeneously 

broadened bands due to collective motions of cations involved in local structures.17 

Moreover, systematic temperature and pressure dependent Raman spectroscopy studies 

focused on the occurrence of liquid-solid and solid-solid transitions and on the nature of 

the intermolecular interactions.3,4,6-8 Indeed, the exploration of an extended p-T region 

allows to draw general remarks on the phase diagram of ILs.6 On the other hand, the use 

of pressure is a clean tool for a fine tuning of the strength of intermolecular interactions 

without the unavoidable perturbations and side effects when exploiting changes in 

temperature and chemical composition.3,4 In particular, applying pressure mainly induces 

density changes, whereas temperature varies both activation energy and density.3,4 The 

volume compression reduces the average distances among the ionic charges thus 

enhancing the direct Coulomb interaction, with a possible competition with the steric 

hindrance of both cation and anion.6 

For instance, in analogy with cold crystallization usually observed when supercooled ionic 

liquids are re-heated, high pressure Raman experiments showed that two different ionic 

liquids based on the (BF4)
− anion can be pressurized above 5.0 GPa at room temperature, 

undergoing crystallization after releasing the pressure below ∼ 2.0 GPa.3,4,18-20 Other 

studies detected below 1.0 GPa the presence of liquid-crystal and crystal phase transitions 

of imidazolium based ILs, having different anion, i.e. Cl-, Br- and PF6
-.21,22 



An interesting difference was reported3,4,23 between the behavior under high pressure of 

two ionic liquids sharing the same cation (N,N-diethyl-N-methyl-N-(2-

methoxyehtyl)ammonium), but having different anions (bis(trifluoromethylsulfonyl)imide 

(TFSI) and tetrafluoroborate (BF4
-)): no crystallization was observed for the TFSI based 

liquid up to 4.3 GPa, whereas crystallization of the BF4
- based liquid was observed already 

at 1.4 GPa. Most probably, the complex molecular structure of the TFSI anion, with several 

conformations allowed, is hindering crystallization within the explored pressure range. 

Moreover, a high pressure Raman study23 focused on 1-butyl-1-methylpyrrolidinium – TFSI 

(PYR14-TFSI); in particular, the authors follow the linear frequency shift of few lines 

between 690 and 750 cm-1 and no crystallization was observed up to 4 GPa.  

In the present work we carried out a systematic and detailed Raman study of PYR14-TFSI, 

as a function of either pressure or temperature, exploring a relevant part of its phase 

diagram. This liquid has been widely studied for its possible use in green and safe 

electrolyte systems1,2,5 but a complete high pressure study is still lacking.  

 

Experimental 

The ionic liquid 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide PYR14 - 

TFSI was purchased from Solvionic. As the purity was higher than 99.9%, the sample was 

investigated as received without further purification. 

The Raman spectra were measured with a Horiba LabRAM HR Evolution 

microspectrometer in backscattering geometry. Samples were excited by the 632.8-nm 

radiation of a He-Ne laser with 30 mW output power. The elastically scattered light was 

removed by a state-of-the-art optical filtering device based on three BragGrate notch 

filters.24 Raman spectra were collected by a Peltier-cooled charge-coupled device (CCD) 



detector with a ultimate spectral resolution which can be better than 1 cm−1 thanks to a 

grating with 1800 grooves/mm with a 800-mm focal length. Measurements over the 10–

1000 cm-1 range were performed using a long-working-distance 20X objective. For the 

temperature dependent measurements the sample was contained in a small hole (few 

mm3) drilled in a copper slab mounted on the cold finger of a liquid-nitrogen-cooled 

horizontal cryostat by Oxford Instruments. Measurements were carried out over the 80–

300 K temperature range and our thermoregulation setup allowed a thermal stability within 

± 2 K during data collection at each working temperature.  

For the pressure dependent measurements the sample was pressurized using a diamond 

anvil cell from BETSA equipped with low fluorescence IIA diamonds with a culet of about 

800 m. The sample was loaded in a hole (250 m diameter and 50 m height under 

working conditions) of a Mo gasket originally 250 m thick. The ruby fluorescence 

technique has been exploited for in situ pressure measurement. Exploiting a camera 

mounted on the microscope, images of the sample under pressure have been collected to 

verify the occurrence of liquid-solid transitions also by a simple visual inspection.25 Further 

experimental details for the temperature and the pressure Raman setups can be found in 

Refs. 26 and 27, respectively. 

 

Computational 

Starting from the known conformation of TFSI and PYR14, we obtain the optimized 

geometries of cis- and trans-TFSI and of lowest energy conformer of PYR14 (formally the 

equatorial-envelope conformer) by means of the Firefly package, using the 6-31G ** basis 

set and B3LYP theory, as largely performed in the previous literature. The Raman 

vibration frequencies and activities (Å4/amu) were calculated by the same software. In 



order to compare the experimental Raman spectrum with the calculated one, we 

constructed an expected Raman spectrum summing Lorentzian curves centered at each 

calculated Raman frequency, with an intensity proportional to the calculated one and a 

fixed line width of 10 cm-1. 

 

Results and Discussion 

Computational results: a preliminary attribution of the experimental Raman bands 

The optimized geometries of trans- and cis-TFSI and of the equatorial-envelope conformer 

of PYR14 are reported in Fig. S1 of the Supporting Info. The calculated Raman vibration 

frequencies and activities (Å4/amu) are reported in Table S1. 

In Fig. 1 we report a comparison of the experimental spectrum of PYR14-TFSI at room 

temperature and pressure, with the calculated Raman spectra of the PYR14 and of the two 

conformers of TFSI. For the pyrrolidinium ion no scaling factor was used, while for the two 

TFSI conformer a scaling factor 1.05 was applied, in agreement with the previous 

literature.28-30 As expected, there is a general good agreement between the experiment 

and the calculated frequencies of vibrations of single ions. The previous literature and the 

here repeated calculations suggest that some Raman bands can be used to distinguish 

between the occurrence of the trans or cis conformer of TFSI: in particular the line 

centered around 742 cm-1 is the sum of two contribution from cis- and trans-TFSI 

separated by 3 cm-1. Despite the large intensity of makes this band attractive, in the 

present study we recorded the experimental spectra with a resolution of 2-3 cm-1, and 

therefore we avoided to use this line to study the conformer concentration. The bands 

centered around 630 and 653 cm-1 are known to be due to trans- and cis-TFSI 

respectively. However, calculations suggest the occurrence of superimposed bands due to 



PYR14 having a comparable Raman activity. The series of lines centered in the frequency 

range between 250 and 370 cm-1 seem to be the best candidates for an investigation of 

the presence of TFSI conformers. The bands at 279, 298 and 313 cm-1, together with the 

shoulder at 288 cm-1 contain contributions from both conformers and even from PYR14; 

however, the bands at 327 and 340 cm-1 are clearly attributable to cis and trans-TFSI, 

respectively. Moreover, the shoulder at 351 cm-1 is due to the cisoid conformer. Finally one 

can note that the band around 210 cm-1 is mainly due to cis-TFSI, while all the bands 

between 820 and 1100 cm-1 are due to vibrations of the cation. These attributions are in 

agreement with previous studies of the Raman spectra of some TFSI based ionic 

liquids.3,21 
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Fig. 1 Experimental Raman spectrum of PYR14-TFSI at room temperature compared with 

the calculated Raman spectra of trans- and cis-TFSI and PYR14. For the pyrrolidinium ion 

no scaling factor was used, while for the two TFSI conformer a scaling factor 1.05 was 

applied. 
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Fig. 2 Temperature dependence of the Raman spectrum of PYR14-TFSI in the frequency 

range 30-450 cm-1. The spectra are vertically shifted for clarity. 

 

As already reported, after cooling, PYR14-TFSI undergoes a series of phase transitions 

during heating:2 the IL undergoes a devitrification transition around 190 K, passing to a 

super cooled liquid phase. Around 217 K PYR14-TFSI becomes a crystalline solid, but on 

further heating it undergoes a solid-solid phase transition around 241 K. Finally above 

~ 268 K it becomes liquid (see Fig. S2 of the Supporting Info). Raman spectra of PYR14-

TFSI over two relevant spectral ranges are shown in Fig. 2 and Fig. 3 as a function of 

temperature. As expected, the linewidth of Raman peaks slightly increases on heating 

albeit a close inspection of the spectra at 225 K and 250 K (i.e. in the crystalline phases I 

and II) shows a detectable reduction of the linewidth, see for example the peak around 900 



cm-1 in Fig. 3. As to the expected frequency softening of the peaks on heating, we notice 

that the most intense peak moves from 747 cm-1 (100 K) to 743 cm-1 (300 K) (see inset of 

Fig. 3). The most striking changes as a function of T are shown by the band centered 

around 327 cm-1 (see Fig. 2), which has been attributed to a vibration of cis-TFSI. Indeed 

this band completely disappears in the spectra measured at 225 and 250 K, i.e. in the two 

solid phases of PYR14-TFSI. A similar behavior is also displayed by the band centered 

around 210 cm-1, which has a strong component due to cis-TFSI. Both features are 

consistent with a suppression of cis-TFSI in the solid phases of the ionic liquid. Indeed, an 

X-ray diffraction study reported that31 in the solid phase the sample has an orthorhombic 

P212121 structure containing only trans-TFSI.30 However, this study did not investigate the 

differences between the two solid phases. The transoid is the lowest energy conformer of 

TFSI and in many ionic liquids only this rotamer is retained in the solid phases,3,32 even 

though there are some exceptions.32,33 Moreover, the onset of the crystalline phases is 

also marked by the appearance of a broad peak around 60 cm-1 which can be ascribed to 

intermolecular vibrational modes activated in the crystalline phase.  
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Fig. 3 Temperature dependence of the Raman spectrum of PYR14-TFSI over the 500-

1100 cm-1 frequency range. The spectra are vertically shifted for clarity. 

 

The sequence of phases exhibited by the system on increasing the temperature can be 

also revealed by the visual inspection of the sample within the copper container placed on 

the cold finger of the cryostat. At 150 K the system is in a glassy state, the solid is fully 

transparent although several cracks are clearly visible in Fig. 4a. As the temperature is 

increased, cracks gradually disappear and the system undergoes a devitrification transition 

up to 200 K (see fig. 4b). On further heating the system passes through two crystalline 

phases (labeled as I and II) characterized by completely different morphologies: at 225 K, 

phase I shows round-shaped crystalline domains of the dimension of tens of micrometers, 

whereas the domains of phase II at 250 K are needle-like. Further temperature increase 

leads the sample to the original liquid phase. 

  



 

(a)     (b)       
 

 

Figure 4: (a) Image of the sample within a copper container at 150 K. The image has been 

collected with a 4x objective. The diameter of the container is about 2 mm. (b) Images of 

the sample within a copper container at four selected temperatures on heating. Images 

have been collected with a 20x objective. Concentric circles clearly visible when the 

system is transparent (i.e. in (a) and in the first two images of (b)) are simply due to the 

manufacturing of the copper container and are not related with the sample morphology. 

 

Raman spectrum as a function of pressure 

The pressure dependence of the Raman spectrum of PYR14-TFSI measured at 300 K is 

reported in Fig. 5. 
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Fig. 5 Pressure dependence of the Raman spectrum of PYR14-TFSI in the frequency range 

250-1200 cm-1. The spectra are vertically shifted for clarity. 

 

The overall shape of the Raman spectrum does not remarkably changes under 

compression although, as expected, most of the lines broaden and shift towards higher 

frequencies on increasing the pressure. Looking at Fig. 5, the most important effect 

induced by increasing the pressure is the progressive spectral shape modification of the 

large multiband feature within the 250-370 cm-1 frequency range. By comparing Fig. 2 (T-

behavior) with Fig. 5 (P-behavior) completely different trends are observed. The overall 

modification of this peculiar multiband spectral structure as a function of increasing 

pressure can be seen indeed as the combined effect of a progressive enhancement of the 

cis-TFSI peak (around 327 cm-1 at 0 GPa) and of a sensible line-shape broadening. As a 

function of temperature (at P=0) we recall that the cis-TFSI peak disappears when the 

crystalline phases are established at 225 K and 250 K (see Fig. 2) and, at any 



temperature, its intensity does never stand above the other peaks of the multiband 

structure as it does at the highest pressures (see Fig. 5.)  

These findings indicate that the compressed system does not enter any of the crystalline 

phases obtained at low temperatures but, if pressure induces a solid phase, this should 

somehow preserve the disordered character of the liquid. Also in analogy to the lowest 

temperature phase observed, a pressure induced transition to glassy state can be 

conjectured. A closer inspection of the data and a careful data analysis are however 

needed to search for a possible liquid-solid transition under pressure as well as to 

investigate the nature of the solid phase.  

The pressure dependence of the central frequency of the most intense Raman band, MAX, 

centered around 740 cm-1 at p = 0 GPa, is shown in Fig. 6. It is evident that the band 

broadens and shifts at higher frequency on increasing p; however, one can note two 

different linear dependences with a slope, dMAX/dp, of about 4.7 cm-1/GPa at low pressure 

and dMAX/dp = 2.9 cm-1/GPa at high pressures. The change between the two slopes is 

rather abrupt and it occurs at around 2 GPa. Our results are in agreement with a previous 

work23 about the pressure dependence this line in PYR14-TFSI extending only up to 

4 GPa, that showed a deviation from the linear one between 2 and 3 GPa. 
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Fig. 6 Dependence on pressure of the frequency of the maximum of the intense band 

centered around 740 cm-1 at p = 0 GPa. Colored lines are the best fit curves below and 

above 2 GPa. In the inset, the experimental spectrum of the normalized band is reported 

as a function of pressure. 

 

Anomalies at around the same pressure can be observed also looking at the shape of the 

fluorescence signal collected from the ruby microspheres used as pressure sensors. It is 

known indeed that the shape of the fluorescence signal provides information about the 

sample hydrostatic conditions. In particular, pressure induced liquid-solid transition (thus a 

transition to a less hydrostatic environment) can be clearly detected by the abrupt increase 

of the bandwidth Γ(p) of the R1 ruby fluorescence line. Piermarini et al.34-35 indeed showed 

that such a broadening is the direct consequence of the occurrence of non-hydrostatic 

stresses. The method proposed in Refs. 34-35 can be thus exploited to determine the 

solidification transition pressure. This has been indeed applied to glass-formers and, more 



recently, also for ionic liquids.3,4,17 Following this idea, we analyzed the ruby fluorescence 

signal at each working pressure by a fitting procedure using two Lorentzian functions to 

describe the two lines. We calculated the difference between the Lorentzian width of the 

R1 line at a given pressure, Γ(p), and its value at ambient pressure, Γ(0). The pressure 

dependence of this difference is reported in Fig. 7: it keeps constant up to about 2.2 GPa 

whereas, at higher pressures, the difference linearly increases. Accordingly with previous 

findings, P=2.2 GPa can be assumed as the glass formation pressure threshold. 
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Fig. 7 Pressure dependence of the difference between the width of the ruby R1 

fluorescence line at a given pressure p and the width value at 0 GPa. The red lines are 

guides to the eye. 

 

The transition to a glassy state is also supported by the pressure induced changes in the 

low frequency region of the Raman spectrum. The spectral range 20-200 cm-1 is shown in 

Fig. 8, where spectra have been shifted in order to have the same intensity value at 

100 cm-1. On increasing the pressure up to 2.2 GPa, the intensity of the signal below 

100 cm-1 decreases, whereas in the 2.2-8 GPa pressure range it keeps almost constant 

(spectra collected above 3.6 GPa and below 8 GPa are not shown). It is worth noting that 



also the shape of the quasi-elastic signal below 50 cm-1 changes on increasing pressure. 

The pressure effect on the shape of the spectra in the low-frequency region can be better 

appreciated using the Raman susceptibility χ(ω) = I(ω)/(1 + n(ω)) , where I(ω)  is the 

Raman intensity and 𝑛(ω) =  (e ђ − 1)  is the thermal population factor.7,16,17,36 The 

susceptibility plot is reported in the inset of Fig. 8. The intensity reduction and the blue shift 

of the band below 100 cm-1 is now apparent between 0 and 2.2 GPa, whereas above this 

pressure value the band shape and position does not change anymore. Since this broad 

band is related to the intermolecular motion,7,16,17,36  its pressure dependence points out a 

hindered molecular motion with almost stuck molecules not responding to the application 

of an external pressure above 2.2 GPa, consistently with the glass formation. 

 

Fig. 8 Pressure dependence of the Raman spectra within the 20-200 cm-1 frequency 

region. The Raman susceptibility plot of the same spectral range is reported in the inset. 

 

The abrupt change of slope in the linear pressure dependence of the main Raman peak 

(see Fig. 6) and the shape analysis of the ruby fluorescence (see Fig. 7) thus clearly show 

a sharp pressure induced transition to a solid phase at 2.2 GPa. On the other hand, the 



absence of remarkable spectral modifications on crossing the pressure threshold (see the 

spectra above and below 2.2 GPa in Fig. 5) and the low-frequency Raman signal (see 

Fig. 8) coherently indicate a glassy nature of the new high pressure solid phase. 

We also performed Raman measurements on releasing the pressure (not shown) in order 

verify the occurrence of crystallization processes, as already observed for other ionic 

liquids.3,4,18-20 However, no crystal phases were observed with the system coming back to 

its original liquid state when the pressure was fully released. 

Another aspect of this study regards the investigation of the dependence of the 

concentration of the two conformers of the TFSI ion on p. Indeed, previous studies 

reported that the ratio of the conformer concentration, r, is proportional to the ratio of the 

intensities of the spectral lines attributable to specific conformers: 

𝑟 =
[ ]

[ ]
=  (1) 

where Ix designates the integrated intensity of the Raman band centered at wavenumber 

x,13 after subtraction of a linear background from the spectra.  

For the measurements as a function of pressure, we can use eq. (1) to study the pressure 

dependence of the concentration of the TFSI conformers. As reported in the section about 

the attribution of the Raman lines to specific vibrations, the bands which can be attributed 

to trans- and cis-TFSI are those centered around 339 and 325 cm-1, respectively, at 

p = 0 GPa. We performed a fit of the Raman spectrum in the frequency range between 

260 and 380 cm-1 (see Fig. 9) by means of seven Gaussians contributions. Fig. 10 

displays ln (r), obtained from the fit, vs. p up to 3 GPa, i.e. up to the pressure at which it is 

still be possible to clearly separate the various bands in the spectrum. It is well evident that 

the concentration of the cis-conformer increases as pressure increases. 



 

260 280 300 320 340 360 380

0.0

0.4

0.8

1.2

0 GPa

280 320 360

trans

 

p = 1.4 GPa

Raman shift (cm-1)

cis

trans

2.8 
2.2 
1.8 
1.0 
0.7 

 

in
te

ns
ity

 (
a

.u
.)

Raman shift (cm-1)

cis

 

Fig. 9 Pressure dependence of the Raman spectrum between 250 and 400 cm-1. The 

spectra are vertically shifted for clarity. In the inset an example of the quality of the fit is 

reported. 

 

The evolution of the relative concentration of the conformers as a function of pressure is a 

useful tool to investigate their volume difference, V. Indeed, the equilibrium constant 

between the conformers, K, depends on pressure according to the following 

expression:37,38 

𝜕 ln 𝐾

𝜕𝑝
= −

∆𝑉

𝑅𝑇
 

where R is the gas constant and T is the absolute temperature at which measurements are 

conducted (300 K in the present case). Bearing in mind that 𝐾 ∝ 𝑟, where r is given by 

equation (1), one can obtain the difference of the volumes of the two conformers of TFSI 

as the slope of the best line fit of the graph of ln(𝑟) vs. p (Fig. 10). Of course, as pressure 



increases the concentration of the conformer with the lowest molecular volume increases. 

In the present case the experiments indicate that cis-TFSI has a smaller molecular value 

by V = 0.34 ± 0.02 cm3/mol, a value similar to that recently reported (0.41 ± 

0.05 cm3/mol) for a IL with TFSI as anion and an ammonium based cation.39 
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Fig. 10 Pressure dependence of ln(r) and best fit line. 

 

 

Conclusions 

The Raman spectrum of 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide 

has been investigated as a function of temperature at ambient pressure. The visual 

inspection of the sample shows different morphologies for the two low temperature 

crystalline phases; moreover, in both of them only the trans conformer of TFSI is 

spectroscopically detected. The Raman study was also conducted at T = 300 K as a 



function of pressure up to 8 GPa. The pressure dependence of both the line-shape 

behavior of the ruby fluorescence bands and the peak frequency of the most intense 

Raman band centered around 740 cm-1 indicate the occurrence of a sharp liquid-solid 

transition at about 2.2. GPa. The pressure behavior of the whole Raman spectrum, the 

comparison with the temperature dependence as well as the evolution of the low 

frequency Raman response which displays a hindered molecular motion with almost stuck 

molecules at high pressures, suggest the onset of a glassy phase in the high pressure 

regime. Finally, the present study indicates that the cisoid conformer of TFSI is preferred 

when pressure is applied as it possesses a smaller volume with respect to the transoid 

rotamer by about 0.34 ± 0.02 cm3/mol. These findings thus provide a simple and clear link 

among the macroscopic phases of the ILs and the molecular configurations as well as an 

experimental benchmark for refining more accurate theoretical models. 
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