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ABSTRACT 

 The rotational dynamics of cations and anions in the room temperature ionic liquid, 

1-butyl-3-methylimidazolium hexafluorophosphate ([C4mim]PF6) have been investigated in the 

supercooled liquid and glassy states using 13C, 31P and 19F NMR spectroscopy.  The α relaxation 

process of the supercooled liquid corresponds well with that of the isotropic rotational reorientation 

of the [C4mim]+ cations.  The timescale of the reorientational motion of the butyl chain in the 

cations, which is reminiscent of the conformational isomerization, is found to be slower than that of 

the imidazolium ring.  This counterintuitive result can be attributed to the presence of local 

structures in the form of polar and nonpolar nanodomains in the liquid and significant steric and 

coulombic interactions between the rings or chains in the cations and such domains.  On the other 

hand, the dynamics of the constituent PF6
− anions is dominated by free rotational diffusion at 

temperatures above ~ 230 K while a restricted rotational or librational motion dominates at lower 

temperatures.  This transition temperature can be identified with the mode coupling critical 

temperature Tc where the anion rotational timescale decouples from that of the [C4mim]+ cations.  

The librational motion of the anions has a characteristic timescale on the order of 10−10 s with an 

activation energy of ~ 0.16 eV typical of a β relaxation process.  This dynamical process continues 

below Tg, well into the glassy state of this ionic liquid. 
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I. INTRODUCTION 

 Room temperature ionic liquids (RTILs) are salts that are liquid at or near room 

temperature.  RTILs are characterized by a number of remarkable physical-chemical properties, 

such as negligible vapor pressure, extremely low flammability, high thermal stability and large 

electrochemical window.  These interesting materials have recently attracted much attention 

because of their potential use as electrolytes in battery, as green solvents for organic syntheses and 

for CO2 sequestration, to name a few.1−5  Many RTILs are also known to be good glass formers.  

Unfortunately there are only a handful of studies in the literature on the glass transition of RTILs in 

spite of the fact that the phenomenon of glass transition remains one of the most important unsolved 

problem in contemporary physics.6−9 The glass transition process of RTILs have been studied 

primarily using calorimetry10−16 and dielectric spectroscopy.17−27  These studies provided some 

important insights into the glass transition phenomena, however, a clear understanding of the atomic 

scale mechanisms of ionic motions associated with the viscous slowdown and glass transition 

remains lacking. 

 In this work, we have investigated the dynamics of the constituent cations and anions in the 

RTIL 1-butyl-3-methylimidazolium hexafluorophosphate ([C4mim]PF6) in the supercooled liquid 

and glassy state using multinuclear (13C, 31P, 19F), high-resolution and variable temperature nuclear 

magnetic resonance (NMR) spectroscopy.  [C4mim]PF6 was selected for this study since it is one 

of the most widely studied materials in relation to the glass transition of RTILs.11,16,18,19,23,28−34  

Analyses of NMR powder pattern line shapes and spin-lattice relaxation times (T1) provide 

information on site specific ionic dynamics over timescales ranging between 10−3 s and 10−12 s. 

 

II. EXPERIMENT 

A. Synthesis 

[C4mim]PF6 was prepared by metathesis of 1-butyl-3-methylimidazolium bromide with 

sodium hexafluorophosphate.  The RTIL was purified by washing with distilled water and by 
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filtering through activated charcoal.  The final product was characterized by 1H-NMR (JEOL 

JNM-LA500) and by elemental analysis (Perkin-Elmer 2400).  No bromine ions could be detected 

on adding aqueous AgNO3 solution to the RTIL.  The RTIL was dried under a vacuum of about 

10−3 Pa at 333 K for one day before use.  The sample was handled in a glovebox in N2 atmosphere 

to avoid absorption of atmospheric moisture.  The water content of the RTILs was ca. 100 ppm, as 

measured by Karl Fischer titration using a Mettler-Toledo model DL39 coulometer.  The structure 

and abbreviations for all carbons for [C4mim]PF6 are shown in Fig. 1.  The melting point and the 

glass transition temperature Tg are 284.3 K and 192 K, respectively.35  Note that as an RTIL the 

[C4mim]PF6 is well suited for NMR measurements since all the nuclides in this material are 

detectable in principal by NMR spectroscopy. 

 

B. NMR spectroscopy 

All NMR measurements were carried out under static (non-spinning) conditions with a 

Bruker 7 mm variable temperature CP-MAS probes and a Bruker Avance 500 solid-state 

spectrometer operating at resonance frequencies of 125.8, 202.5 and 470.6 MHz for 13C, 31P and 19F, 

respectively.  Samples were taken in zirconia rotors, and NMR spectra were collected over a 

temperature range of 292 K to 174 K upon cooling.  An isothermal holding period of 3 minutes 

before data collection was found to be sufficient to ensure thermal equilibration.  The 13C and 

19F/31P spectra were collected in separate runs to minimize the data collection time at each 

temperature and thereby to avoid crystallization of the supercooled liquid.  At each temperature 

the acquisition time for the 13C and 19F/31P spectra were approximately 15-30 and 10-20 minutes, 

respectively.  13C NMR spectra above 235 K were measured with a π/2 pulse (4.5 μs) and high 

power proton decoupling (HPPD) using two pulse phase modulated (TPPM) proton decoupling36 

with a phase modulation angle of 15º and a 1H decoupling frequency of 20.8 kHz.  Typically a 

recycle delay of 10 s was used.  13C NMR spectra below 226 K were measured with 13C←1H cross 

polarization (CP) and HPPD.  These spectra were collected using a contact time of 1 ms and a 
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recycle delay of 5 s.  1H spin-locking and decoupling frequencies of 38.5 and 19 kHz, respectively, 

were used.  Approximately 120 free inductions decays were collected and averaged to obtain each 

13C spectrum.  The 13C chemical shifts were externally referenced to tetramethylsilane. 

The 19F and 31P NMR spectra were measured with a single π/2 pulse (7.0 μs for 19F and 

6.7 μs for 31P) and recycle delays of 20 s.  A saturation-recovery pulse sequence was used to 

measure the spin-lattice relaxation of 19F and 31P nuclides.  A comb of sixteen π/2 rf pulses were 

used to saturate the magnetization.   Free induction decays were recorded after a π/2 observation 

pulse at varying delay times ranging from 0.1 to 25 seconds after saturation.  Approximately 4 to 8 

free inductions decays were averaged to obtain each 19F and 31P NMR spectrum.  19F and 31P 

chemical shifts were externally referenced to CFCl3 and an aqueous solution of 85% H3PO4.  The 

sample temperature in all experiments was controlled using hot or cold N2 gas.  The temperature 

calibration was performed using the well-known temperature dependence of the 207Pb chemical shift 

of Pb(NO3)2.37,38 

 

III. RESULTS AND DISCUSSION 

A. Cation dynamics 

The evolution of the 13C static NMR spectra over the temperature range of 292 K to 174 K 

is shown in Fig. 2.  The high-temperature 13C NMR spectra of the liquid show the presence of 8 

distinct carbon sites 3 Me, Im 2, Im 4, Im 5, Bu 1, Bu 2, Bu 3 and Bu 4 characteristic of the 

[C4mim]+ cation with isotropic chemical shifts of 34.7, 135.4, 122.5, 121.2, 48.5, 30.6, 18.1 and 

11.8 ppm, respectively.  These spectra show slight broadening with decreasing temperature at 

temperatures above 246 K while a rapid broadening is observed upon at temperatures between 242 

K and 218 K.  No significant change in the 13C NMR line shape is observed at temperatures below 

209 K.  The contribution of magnetic dipole-dipole interactions from 1H nuclides towards spectral 

broadening is negligible due to HPPD.  Therefore, the observed broadening of the 13C NMR line 

shapes upon cooling in Fig. 2 results from an increasingly incomplete averaging of the 13C chemical 
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shift anisotropy (CSA) interaction indicating a slowing down of the reorientational motion of the 

cation. 

 The 13C static NMR spectral line shapes have been simulated using a model of isotropic 

rotational reorientation (or tumbling) of the 13C chemical shift tensors for each of the carbon sites in 

order to derive the characteristic timescale τcation of the reorientational dynamics of the cations.  In 

this model, for each of the carbons sites the averaging of the CSA results from a random 

“exchange” among No different orientations under the rigid cation (T ≤ 209 K) powder pattern.  

The orientational averaging of the 13C CSA tensor was calculated separately for each of the carbon 

sites and the resulting line shapes were added in order to produce the total simulated lineshape.  

The analytic expression for the resulting line shape for each CSA tensor is given by the real part of 

g(ω) where: 
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and ωj is the frequency and T2j is the reciprocal of the intrinsic linewidth corresponding to the 

orientation j.39 In this analysis, the frequencies j corresponding to 2000 or 4000 orientations (No) 

were generated by taking that many angular steps through the expression for the CSA powder 

pattern of each carbon site.  The value of T2j was set to be 2 ms to fit the 13C NMR line shape at 

292 K which was considered to represent the extreme narrowing condition.  It is to be noted that 

although the isotropic chemical shift δiso value for each of the carbon sites in the cation can be 

obtained from the 13C NMR spectrum at 292 K, the principal components of chemical shift tensor 

δ11, δ22 and δ33 are required for the simulation and are not known a priori for these carbon sites in 

the cation.  An experimental estimation of these quantities for the various carbon sites is possible, 

in theory, from the corresponding 13C NMR spectra of motionally rigid cation.  However, the 
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presence of multiple carbon sites in the [C4mim]+ cation results in strong signal overlap that makes 

such experimental estimation practically impossible from the one-dimensional, low-temperature 

rigid ion 13C static spectrum (Fig. 2).  These CSA tensor parameters for the different carbon sites 

were therefore calculated using ab initio density functional theory (DFT) based codes Gaussian 03 

and CASTEP.  All Gaussian 0340 calculations for [C4mim]+ and PF6
− were performed for the gas 

phase using 6-311+G(d,p) basis sets according to Becke’s three-parameter hybrid method41 with the 

LYP correlation functional (B3LYP).42,43 All optimized structures were found to produce no 

imaginary frequencies, which ensured the presence of an energy minimum.  The optimized cation 

structure with the gauche’-trans conformation of the butyl group35 was adopted for the Gaussian 03 

calculation.  The corresponding 13C NMR parameters were computed using the CSGT method.44−46  

The DFT based codes CASTEP and CASTEP-NMR (Accelrys Inc.) were used for 

calculations of the 13C NMR parameters for the carbon sites in the [C4mim]PF6 crystal structure 

reported previously in the literature47 without further geometry optimization.48−51  The GIPAW 

algorithm and the generalized gradient approximation (GGA) simplified by 

Perdew-Burke-Ernzerhof (PBE) functional were employed.48−51  An energy cutoff of 600 eV was 

used for the plane wave basis expansions.  The Brillouin zone was sampled using the 

Monkhorst-Pack scheme and a 3x3x3 k-point grid.51  All core-valence interactions were modeled 

with ultrasoft pseudopotentials.  These calculations yield the absolute shielding tensor principal 

components σxx, σyy and σzz.  The isotropic chemical shift δiso was obtained from isotropic 

shielding σiso = 1/3(σxx + σyy + σzz) using the relationship: δiso = –(σiso – σref) where σref is the 

isotropic shielding of a reference material.  The carbon site in calcite (CaCO3) crystal was used as 

a reference in this study and its δiso was equated to the experimentally determined value of δiso = 

168 ppm.  The 13C CSA tensor parameters for the 8 distinct carbon sites in the [C4mim]+ cation as 

obtained from Gaussian 03 and CASTEP calculations are summarized in Table I.  These 

parameters are expressed in the form of anisotropy Δ and asymmetry parameter η where Δ = 3(σzz – 

σiso)/2 and η = (σyy – σxx)/(σzz – σiso) and their relative trends compare well between the two sets of 
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calculations.  These CSA parameters were subsequently used to calculate the rigid cation 13C 

NMR spectrum of [C4mim]PF6.  These calculated spectra when compared against the experimental 

13C NMR spectrum of the [C4mim]PF6 glass collected in this study at 174 K indicate that the 13C 

NMR parameters obtained using the Gaussian 03 calculations yield somewhat better agreement 

with experiment compared those obtained using CASTEP (Fig. 3).  Therefore, these CSA 

parameters were subsequently used in the isotropic rotational reorientation model outlined above to 

simulate the higher temperature 13C NMR line shapes in order to obtain the τcation values for the 

different carbon sites in the [C4mim]+ cation.  These simulated 13C NMR line shapes are shown in 

Fig. 4 and are shown to compare well with the corresponding experimental line shapes over the 

entire range of temperatures explored in this study.  All τcation values obtained from these line 

shape simulations are listed in Table II. 

 Fig. 5 shows the τcation values for the various carbon sites plotted as a function of 

temperature.  Clearly these τcation values are not uniform and can be broadly divided into two 

different groups i.e. two different timescales of rotational motions of the cation.  The τcation of the 

carbons in the imidazolium ring and the methyl groups (Im 2, Im 4, Im 5, 3 Me and Bu 4) are 

smaller i.e. they perform a faster isotropic rotational reorientation compared to the carbon atoms in 

the butyl group (Bu 1, Bu 2, Bu 3).  This result is somewhat counterintuitive since the motion of 

the imidazolium ring is expected to be influenced by the strong coulombic interaction, hence its 

rotational motion should be slower than that of the butyl group.  Previous 1H and 13C NMR T1 

results of RTILs demonstrated, in line with this expectation, that the rotational motion of the ring 

responsible for spin-lattice relaxation was indeed slower than that of the alkyl groups.52−61 

This apparent discrepancy between the 13C NMR results obtained in this study and 

previous 1H and 13C NMR T1 measurements can be explained as follows: RTILs with long alkyl 

chains such as [C4mim]PF6 are considered to possess local structures (or nanostructure) in the form 

of polar and nonpolar domains in the liquid state.62−67  The existence of this local structure will 

inhibit reorientational motions accompanied with exchange of a charged ring and a nonpolar butyl 
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group positions.  In fact, it is known that the rotational motions of some imidazolium-based RTILs 

are anisotropic.61,68−70  In addition, and perhaps more importantly, the isotropic rotation of the butyl 

group would be accompanied by a large change in the cation shape that could also be restricted by 

the existence of the local structure.  The previous T1 results indicated a slower dynamics of the 

imidazolium ring compared to that the alkyl chain possibly because the NMR spin-lattice relaxation 

in these liquids probe small-angle rotations and/or librational motions of the ions (see section on 

anion dynamics below).57,59  Such motions would have significantly smaller activation energy 

barriers compared to that experienced by the rotational reorientation probed here using 13C NMR 

line shape analyses.  Therefore, our findings clearly suggest that the rotational isomerization of the 

butyl group is slower than the isotropic reorientation of the imidazolium ring in the supercooled 

region. 

 

B. Anion dynamics 

  Fig. 6 shows the NMR spectra of the 19F and 31P nuclides in the PF6
− anions.  The 19F and 

31P NMR spectra of the liquid show the presence of one F and one P site where the corresponding 

signal is split by the 19F ↔ 31P J coupling into 2 and 7 peaks, respectively.  The corresponding 

isotropic 19F and 31P chemical shifts are −73.6 and −143.6 ppm, respectively, and the magnitude of 

the JP-F coupling is ~ 710 Hz.  Both 19F and 31P spectra start to broaden with decreasing 

temperature below 235 K.  The line broadening in these spectra is mainly governed by the 

magnetic dipole-dipole interactions.  In the case of the 31P nuclides the magnetic dipole-dipole 

interaction is dominated by the heteronuclear 31P ↔ 19F dipolar coupling from the six nearest 

neighbor 19F nuclides in the PF6
− anions.  A relatively minor but non-negligible source of dipolar 

line broadening in the 31P NMR spectra may be associated with 31P ↔ 1H dipolar coupling from the 

protons in the neighboring cations.  On the other hand, there are multiple important contributions 

to the dipolar broadening for 19F nuclides including the homonuclear 19F ↔ 19F dipolar coupling 

between intra and inter-molecular 19F, heteronuclear 19F ↔ 31P dipolar coupling from P-F bonds in 
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the anion and 19F ↔ 1H dipolar coupling from the protons in the neighboring cations.  Thus, the 

broadening of the 19F and 31P NMR line shapes at temperatures below 235 K must be indicative of 

incomplete averaging of the abovementioned dipolar interactions due to the slowing down of the 

ionic dynamics.  It should be noted here that this broadening of the 19F and 31P NMR line shapes is 

found to be completely reversible upon reheating to temperatures above 235 K subsequent to 

cooling down of the sample to 174 K and therefore does not correspond to any possible 

crystallization of the sample.   

The temperature dependence of the full width at half-maximum (FWHM) of the 19F and 31P 

spectra are found to be similar and are shown in Fig. 7.  The FWHM of the 19F and 31P NMR line 

shapes increases rapidly with decreasing temperature in the range of 246 K to 218 K and becomes 

almost constant below 218 K.  The rapid increase of the 19F and 31P FWHM over a narrow 

temperature range may correspond to the onset of a caging effect on the ionic dynamics upon 

cooling and this temperature range seems to be more closely related to the crystallization 

temperature (227 K)35 of the [C4mim]PF6 liquid rather than its glass transition temperature Tg (192 

K).  However, in the absence of any crystallization event in the sample it is tempting to relate this 

onset temperature for caging of the ionic dynamics to the mode coupling transition temperature Tc 

that signifies a dynamical transition from free Brownian diffusion to thermally activated motion in a 

liquid.  The critical temperature Tc in the mode coupling theory of glass transitions8 can be 

obtained from the high-temperature viscosity of a liquid using the following expression: 

( ) ( ) γη −−∝ CTTT  (3) 

where η is the viscosity, T is the temperature and γ is the power-law exponent that typically varies 

between 2 and 4.  The Tc value obtained from the viscosity data of the [C4mim]PF6 liquid71 is ~ 

232 K that is indeed in good agreement with the temperature where the FWHM of the 19F and 31P 

NMR line shapes show an abrupt increase upon cooling (Fig. 7). 

 The maximum FWHM values of the 19F and 31P NMR spectra around Tg are estimated to 

be ~ 13 kHz and 5 kHz, respectively.  For a rigid lattice NMR line shape with Gaussian dipolar 
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broadening, the FWHM can be expressed in the form of its second moment M2 as,72 

 235.2 MFWHM =  (4) 
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where γ is the gyromagnetic ratio, ħ is the reduced Planck’s constant, N is the number of nuclei, I 

and S are the nuclear spin quantum numbers for the resonant and non-resonant spins, respectively, 

and r is the distance between spin pairs j and f, or j and k.  The approximate FWHM values of 19F 

and 31P spectra in a rigid “lattice” of glassy [C4mim]PF6 can then be estimated from Eqns. 4 and 5 

using the r values from the crystal structure.47  Such estimates yield the FWHM of the 19F and 31P 

NMR line shapes to be 36.4 kHz and 29.5 kHz, respectively.  The observed FWHM values around 

Tg are thus much smaller than the estimated ones implying dynamical averaging of the 

corresponding dipolar interaction.  Moreover, the fact that the full dipolar FWHM is not recovered 

even around Tg is indicative of partial averaging of the 19F and 31P dipolar coupling interactions 

even in the glassy state.  This partial averaging may result from a restricted rotational motion of 

the PF6
− anions that onsets around and below 230 K.  However, it is important to note that the 

respective residual 19F and 31P FWHM values of ~ 13 and 5 KHz around Tg are remarkably close to 

that expected from 19F ↔ 1H and 31P ↔ 1H rigid lattice dipolar couplings (16 and 5 kHz, 

respectively) from the protons in the neighboring cations.  Therefore, perhaps a more plausible 

dynamical scenario is that the rapid rotational reorientation of the PF6
− anions continues over the 

entire temperature range that averages out the strong 19F ↔ 19F and 31P ↔ 19F dipolar couplings. 

The 19F and 31P FWHM values around and below 230 K are then controlled by the dynamical 

slowdown of the [C4mim]+ cations that results in progressive freezing of the orientational averaging 

of 19F ↔ 1H and 31P ↔ 1H dipolar interactions.  This hypothesis is consistent with the general 

similarity in the temperature dependences of the τcation and the 19F and 31P FWHM values below ~ 

250 K (Figs. 5, 7) and the fact that below 230 K the τcation becomes long enough (~ 10-4 s) to lead to 

incomplete averaging of the 19F ↔ 1H and 31P ↔ 1H dipolar interactions.  When taken together, 
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these results imply that around and below 230 K the isotropic rotational reorientation of the PF6
− 

anion decouples from that of the [C4mim]+ cations responsible for the α relaxation . 

 Fig. 8 shows the temperature dependence of T1 for both 19F and 31P nuclides.  The T1 

for both nuclides shows similar variation with temperature, much like the similarity in the variation 

of the FWHM of the 19F and 31P NMR line shapes as shown in Fig. 7.  Although no T1 minimum is 

observed within the temperature range studied here, the shape of these T1 vs. T curves suggests the 

presence of possibly two T1 minima, one near 180 K and the other at temperatures above 280 K.  

Since the characteristic correlation timescale of the motion responsible for spin-lattice relaxation τ 

~ 1/ω where ω is the resonance frequency of the 19F or 31P nuclide, τ is expected to be on the order 

of nanoseconds at temperatures near the T1 minima.  Since one of these T1 minima is below Tg, 

these results again indicate substantial motion of the PF6
− anions even in the glassy state, perhaps in 

the form of a librational or restricted rotational motion at the nanosecond timescale.  In this 

dynamical scenario the second T1 minimum above 280 K would correspond to an isotropic 

rotational reorientation of the PF6
− anions at nanosecond timescale that is presumably coupled to 

viscous flow and shear relaxation of the liquid (vide infra). 

 Quantitative modeling of these spin-lattice relaxation results may allow to obtain 

further information regarding the dynamics of the PF6
− anions.  There are five possible 

contributions to the nuclear spin-lattice relaxation mechanism that can be expressed as follows:  

QScSRCSADD TTTTTT 111111

111111 ++++=  (6) 

where T1
DD, T1

CSA, T1
SR, T1

Sc, and T1
Q are the relaxation times associated with magnetic 

dipole-dipole, chemical shift anisotropy, spin rotation, scalar and quadrupole interactions, 

respectively.  The relaxation mechanisms of both 19F and 31P nuclei should be dominated by the 

magnetic dipole-dipole interactions, i.e.,
  

DDTT 11

11 ≈
 (7) 

The main dipolar interaction for the 19F nuclei is homonuclear in nature while that for 31P is 
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heteronuclear, between 31P and 19F nuclides within the PF6
− anions.  The resulting T1

DD for 19F 

nuclides can be written as73,74: 
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and that for 31P nuclides can be written as73,74: 
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where D is the dipolar coupling constant, J(ω) is the spectral density, μ0 is the permeability of 

vacuum, τanion is the rotational correlation time of PF6
−, τ0 is the correlation time at infinite 

temperature, Ea is the activation energy for rotational dynamics and R is the gas constant.  The r 

values are the inter-nuclear 19F - 19F and 31P - 19F distances in the PF6
− anion.  The D value for 31P 

nuclei was calculated using structural parameters from Gaussian 03 simulations to be ~ 10.3 kHz 

and was kept fixed in the fit.  The D value for 19F could not be fixed due to the presence of 

abovementioned multiple contributions to the dipolar coupling to 19F T1
DD.  As a result only the 31P 

T1 data are fitted with Eqn. 9 as two separate dynamical processes, namely, an isotropic rotational 

reorientation that dominates at high temperatures and a librational or restricted rotational motion 

that is dominant at lower temperatures, as discussed above.  The parameters for the 

low-temperature librational motion as obtained from fitting the T1 measurements are listed in Table 

III and the correlation times τanion are shown in Fig. 9 as a function of temperature.  We do not 

discuss the high-temperature isotropic rotational motion since there are not enough T1 data to obtain 

reliable parameters for this process.  The τanion values obtained from fitting the low-temperature 31P 
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T1 data correspond to the librational motion of the rigid anion PF6
−.  The activation energy of this 

motion is found to be ~ 0.16 eV (Table III). 

 

C. Comparison of relaxation times to previous results 

  As mentioned above, [C4mim]PF6 is one of the most well studied ionic liquids in relation 

to the glass transition phenomena in RTILs.  The previously reported relaxation times in the 

[C4mim]PF6 system as determined by a wide range of spectroscopic and scattering techniques 

including dielectric spectroscopy, depolarized light scattering, thermal relaxation, solvation 

dynamics and quasielastic neutron scattering are summarized in Fig. 10 (a).18,19,23,28,30,32  Though for 

the detailed discussion of these results the reader should be referred to the original papers, here we 

mention two important features of the relaxation processes in this RTIL: (1) both α and β relaxation 

processes have been observed in [C4mim]PF6, and (2) the timescale of the translational motion of 

the ions becomes decoupled from that of the rotational motion close to Tg.  These two features are 

the hallmarks of the dynamics of glass forming liquids.  However, direct observation of the atomic 

scale motions of cations and anions and linking their relative contributions to these relaxation 

processes have remained somewhat speculative. 

 Fig. 10 (b) displays a comparison between the temperature dependence of the τcation as 

determined in this study, the structural relaxation time measured by Rivera et al.19 with depolarized 

light scattering in this RTIL and its shear relaxation time τvis obtained from the viscosity data34, 70 

using the Maxwell relation 
∞

=
G
ητ vis where G∞ is the instantaneous shear modulus taken to be 108 

Pa and independent of temperature and η is the viscosity.  It is clear that these three timescales are 

in excellent agreement and structural/α relaxation in this ionic liquid is controlled by the isotropic 

rotational reorientation of the constituent cations that is faithfully probed by dynamical averaging of 

the 13C CSA interactions and by depolarized light scattering. 

 On the other hand, the temperature dependence of the τanion values determined in this study 

is found to be similar to those of the β relaxation times obtained in previous studies using dielectric 
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spectroscopy and quasielastic neutron scattering.18,30  Therefore, the librational motion of the PF6
− 

anions can be attributed to the β relaxation process.  It is to be noted that a number of previous 

studies attributed the microscopic origin of β relaxations in RTILs to hydrogen dynamics in the 

alkyl groups of cations.16,18,30,75,76  The results presented in this study do not contradict that scenario 

but indicate that anionic motions in RTILs can also contribute to the β relaxation process. However, 

a mechanistic understanding of the temporal coupling between the cationic and anionic motions 

associated with the β relaxation remains lacking at this stage. 

 

 

IV. SUMMARY 

 The dynamics of the cations and the anions in the RTIL [C4mim]PF6 has been studied using 

multinuclear NMR spectroscopy.  13C NMR line shape analyses reveal that the average timescale 

of the rotational reorientation of the cations τcation corresponds well with that of the primary or α 

relaxation in the supercooled liquid state.  The timescale of motional averaging of the 13C CSA 

interactions for carbon sites in the imidazolium ring and in the two methyl groups (Im 2, Im 4, Im 5, 

3 Me and Bu 4) are found to be faster than that of the three carbon atoms in the butyl chain (Bu 2, 

Bu 3 and Bu 4).  Therefore, the butyl chain reorientational motions, which are reminiscent of the 

conformational isomerization, are slower than the imidazolium ring reorientation.  

FWHM analyses of the 19F and 31P spectra indicate that the rotational dynamics of the PF6
− 

anions continues well into the glassy state and temporally decouples from the dynamics of the 

[C4mim]+ cations responsible for the α relaxation around the mode-coupling critical temperature Tc 

(~ 230 K) possibly implying the onset of a caging effect.  The 19F and 31P T1 data are consistent 

with this dynamical scenario and indicate that the anionic dynamics is dominated by isotropic 

rotational diffusion at temperatures T > Tc and by librational motion below Tc.  The rotational 

diffusion of the anion is possibly coupled to the α relaxation above Tc while the librational 

timescale τanion (10−10 s) and its activation energy (0.16 eV) are characteristic of a β relaxation 
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process. 
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TABLE I. Isotropic chemical shift δiso, chemical shift anisotropy (CSA) and asymmetry parameter η 

of various carbon sites in the [C4mim]+ cation.  CSA and η were calculated using DFT codes 

Gaussian 03 and CASTEP while δiso was obtained from the experimental 13C NMR spectrum of the 

RTIL above its melting point. 

 

 

 

Carbon 

site 
δiso (ppm) 

CSA (ppm) η 

Gaussian 03 CASTEP Gaussian 03 CASTEP 

Im 2 135.4 93.9 114 0.8 0.37 

Im 4 122.5 116.3 132.2 0.88 0.9 

Im 5 121.2 119.4 126.9 0.86 0.92 

Bu 1 48.5 47.3 61.5 0.91 0.8 

3 Me 34.7 63.7 77.5 0.06 0.16 

Bu 2 30.6 23.3 31.5 0.56 0.75 

Bu 3 18.1 −21.7 −25.2 0.27 0.18 

Bu 4 11.8 26.3 24.1 0.19 0.39 
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TABLE II. Rotational relaxation times τcation (μs) of the CSA tensors of various carbon sites in the 

[C4mim]+ cation.  

 

 

 

Carbon 

site 
246 K 242 K 235 K 226 K 

Im 2 1 5 20 50 

Im 4 0.5 2.5 10 20 

Im 5 0.5 2.5 10 20 

Bu 1 5 10 40 50 

3 Me 1 3.3 17 20 

Bu 2 5 17 50 50 

Bu 3 5 14 110 170 

Bu 4 1 6.7 17 33 
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TABLE III. Dipolar coupling constants D, correlation time at infinite temperature τ0 and activation 

energy Ea obtained from simulation of the 31P T1 data (see text for details). 

 

  

 

 

 D (kHz) τ0 (s) Ea (eV) 

31P Fast 10.3 7 x 10−15 0.16 

31P Slow 10.3 3 x 10−10 0.12 
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FIGURE CAPTIONS 

FIG. 1. Schematic of the structure of [C4mim]PF6 molecule and abbreviations used in the text for all 

carbon sites. 

FIG. 2. Temperature dependence of the 13C NMR spectra of [C4mim]PF6.  The data were collected 

upon cooling. 

FIG. 3. Experimental (black) and simulated (red) 13C NMR spectra at 174 K with (a) Gaussian 03 

(b) CASTEP.  Total simulated spectra and the individual simulation components are 

shown as thick and thin red lines, respectively. 

FIG. 4. Experimental (black) and simulated (red) 13C NMR spectra at 292 K, 246 K, 242 K, 235 K, 

226 K and 174 K.  Simulated spectra are based on the 13C NMR CSA parameters for the 

rigid lattice calculated using Gaussian 03.  Total simulated spectra and the individual 

simulation components are shown as thick and thin red lines, respectively. 

FIG. 5. Characteristic timescale τcation of rotational reorientation of the 13C chemical shift tensor for 

each of the carbon sites in the cation.  Green symbols represent carbon sites in the 

imidazolium ring: Im 2 (circles), Im 4 (squares), Im 5 (triangles).  Purple symbols 

represent carbon sites in the butyl group: Bu 1 (circles), Bu 2 (squares), Bu 3 (triangles) 

and Bu 4 (inverted triangles).  Orange circles represent 3 Me carbons. 

FIG. 6. Temperature dependence of the (a) 19F and (b) 31P NMR spectra of [C4mim]PF6.  The data 

were collected upon cooling. 

FIG. 7. Temperature dependence of the Full width at half-maximum (FWHM) of 19F (red circles) 

and 31P (blue circles) spectra. 

FIG. 8. Temperature dependence of 19F (red) and 31P (blue) T1.  Simulation of the 31P T1 data is 

shown as thick blue line and the individual simulation components for the low and high 

temperature dynamical components are shown as thin blue lines.  See text for details of 

the simulation. 
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FIG. 9. Temperature dependence of rotational correlation times τanion of PF6
− anions obtained from 

simulation of the 31P T1 data in Fig. 8. 

FIG. 10. (a) The previously reported relaxation times in the [C4mim]PF6 system as determined by 

dielectric spectroscopy (green circles and squares, and red circles)18,19, depolarized light 

scattering (red squares)19, thermal relaxation (yellow circles and squares)23, solvation 

dynamics (blue circles, squares and triangles)32 and quasielastic neutron scattering (purple 

circles and squares, and orange solid and dashed lines)28,30.  (b) The reported relaxation 

times shown in Fig. 10a (gray), τvis estimated from the viscosity data34,71 when G∞= 108 and 

the VFT fit (black), relaxation times τDLS from depolarized light scattering study by Rivera 

et al.19 (red squares) and the relaxation times τcation (green, purple and orange symbols, see 

Fig. 5 for explanation) and τanion (blue line) obtained in this study.  
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FIG. 2 
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FIG. 3 
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FIG. 4 
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FIG. 5 
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FIG. 6 
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FIG. 7 
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FIG. 8 
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FIG. 10 

 
 

 


