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a b s t r a c t 

Ionic liquids are modern materials with a broad range of applications, including electrochemical devices, the 
exploitation of sustainable resources and chemical processing. Expanding the chemical space to include novel ion 
classes allows for the elucidation of novel structure-property relationships and fine tuning for specific applications. 
We prepared a set of ionic liquids based on the sparsely investigated pentamethyl guanidinium cation with a 
2-ethoxy-ethyl side chain in combination with a series of frequently used anions. The resulting properties are 
compared to a cation with a pentyl side chain lacking ether functionalization. We measured the thermal transitions 
and transport properties to estimate the performance and trends of this cation class. The samples with imide-type 
anions form liquids at ambient temperature, and show good transport properties, comparable to imidazolium 

or ammonium ionic liquids. Despite the dynamics being significantly accelerated, ether functionalization of the 
cation favors the formation of crystalline solids. Single crystal structure analysis, ab initio calculations and variable 
temperature nuclear magnetic resonance measurements (VT-NMR) revealed that cation conformations for the 
ether- and alkyl-chain-substituted are different in both the solid and liquid states. While ether containing cations 
adopt compact, curled structures, those with pentyl side chains are linear. The Eyring plot revealed that the curled 
conformation is accompanied by a higher activation energy for rotation around the carbon-nitrogen bonds, due 
to the coordination of the ether chain as observed by VT-NMR. 
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Ionic liquids have become an important class of soft materials with
idespread applicability in diverse applications. Their combination of
roperties typically associated with both conventional molecular liquids
nd high-temperature molten salts is of interest for uses in academia and
ndustry. Typical properties of ionic liquids include negligible volatility,
onic conductivity and high thermal, chemical and electrochemical sta-
ility ( Philippi and Welton, 2021 ). In addition, they are able to dissolve
 wide range of organic, inorganic and biological substances, includ-
ng salts of alkaline metals, dyes and macromolecules such as cellulose,
ignin, chitin or proteins. Consequently, the uses of ionic liquids range
rom electrolytes in electrochemical devices ( Watanabe et al., 2017 ),
uch as rechargeable batteries, supercapacitors and fuel cells, over func-
ional materials ( Zhang et al., 2016 ), to the utilization of renewable re-
ources ( Mahmood et al., 2017 ). Many potential uses are in the field
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f sustainable development ( Quintana et al., 2022 ), which makes the
nvestigation of these modern liquid materials highly pertinent. 

To further optimize the performance of ionic liquids in a given tech-
ical implementation, the properties of the incorporated fluid must be
uited ideally to the required purpose ( Philippi and Welton, 2021 ). In
eneral, the macroscopic properties of ionic liquids, such as viscosity,
onductivity or useable thermal range, are considered when practical
pplications have to be developed or optimized. However, the macro-
copic behavior of these complex fluids is governed by their chemical
tructure and resulting microscopic interactions ( Hayes et al., 2015 ).
he situation for ionic liquids in particular is difficult as multiple in-
eractions and interwoven effects have to be considered. These include
trong, long-rang Coulombic forces, hydrogen-bonds, dipole and disper-
ion interactions, solvophobic effects as well as influences from ion con-
ormation and ion flexibility or the formation of aggregates ( Wang et al.,
020 ). Due to the intricate interplay between composition, interactions
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nd dynamics, the search for sophisticated structure-property relation-
hips is greatly needed in the field of ionic liquids ( Philippi and Wel-
on, 2021 ; Hayes et al., 2015 ; Lundin et al., 2021 ). This is especially
rue as the number of possible ionic liquids is much larger than that of
olecular solvents by orders of magnitude ( Hayes et al., 2015 ). 

Compared to molecular fluids, ionic liquids suffer from limitations in
espect of higher melting points and viscosities ( Rauber et al., 2021a ).
he higher melting points of ionic liquids reduces the range in which
hey can be applied on the low temperature side. This is crucial for
nstance in many electrochemical devices or processes, where operat-
ng temperatures below ambient are needed. The higher viscosities of
onic liquids are linked to the slower dynamics on molecular scale as
 result of the strong, long-rang Coulombic interactions. High viscosi-
ies are undesirable in most applications and impede the exchange and
istribution of substances and/or heat. This sets limits for the transport
f substances, for instance of electroactive species or the reagents in
hemical reactions, and generally slows down processes. Finding strate-
ies to optimize ionic liquids for low melting points and low viscosities
s much needed as most applications with ionic liquids can benefit from
he implementation of these concepts. 

Functional group manipulation is a tool for modifying the chemi-
al structures of ionic liquids, resulting in changes of their ion confor-
ations, arrangements and interactions, ultimately altering the macro-

copic behavior ( Philippi and Welton, 2021 ). Chemical functionalities
re mainly incorporated into the organic cations of ionic liquids. In most
ases incorporating functional groups into their alkyl chains leads to an
ncrease in the melting point and viscosity ( Yu et al., 2012 ). This is
he result of a loss in conformational flexibility as result of the func-
ionalization arising from higher barriers of rotation and intensified in-
eractions with the anions due to electronic effects leading to increased
harge localization. In spite of the generally undesired influence of func-
ional groups on the solidification temperatures and dynamics, the re-
erse trend is found when ether groups are incorporated into the cations
f ionic liquids. This boost of ionic liquid properties by ether groups
s a general effect found for many different cations, e.g. phosphonium,
 Hofmann et al., 2022 ; Philippi et al., 2017 , 2020a ; Kashyap et al.,
013 ; Tsunashima and Sugiya, 2007 ) ammonium, ( Rauber et al., 2021a ;
hilippi et al., 2020 a; Rauber et al., 2021b ; Yoshii et al., 2020 ), piperi-
inium ( Nokami et al., 2018 ) and imidazolium ( Lall-Ramnarine et al.,
017 ; Shimizu et al., 2013 ). 

In addition to studying the influence of functional group in known
ations, investigating novel cations promises to expanding the chem-
cal space and possible property-combinations of ionic liquids. Lit-
rature studies are often restricted to a set of established, commer-
ially available cation-anion combinations. Therefore, the cation sub-
lasses of ammonium, phosphonium, imidazolium and pyridinium are
lmost exclusively studied ( Singh and Savoy, 2020 ). In this contribu-
ion we present the synthesis and properties of novel aprotic ionic liq-
ids based on the pentamethyl guanidinium (PMG) cation paired with
arious anions commonly used for ionic liquids. The 2-ethyl-ethoxy
hain, where the oxygen atom is in 𝛾-position, was chosen as the
ide group. The molecular structures of the cations and anions inves-
igated in this study are shown in Scheme 1 . The properties of the 2-
thoxyethyl-pentamethyl guanidinium cation, [2O2PMG] + , paired with
he bis(trifluoromethanesulfonyl)imide anion, [NTf 2 ] − , were compared
o the isostructural pentyl-pentamethyl guanidinium cation [C 5 PMG] + ,
here the oxygen atom is replaced by a methylene unit. Comparing the
roperties of the ionic liquids with the two different cations in combina-
ion with the widely used benchmark imide-type anion allows for direct
nvestigations of the ether group influence on the resulting macroscopic
roperties. As these ionic liquids had low melting points and we were
ot able to crystallize them, we also included the sample consisting of
entyl-pentamethyl guanidinium and hexafluorophosphate [PF 6 ] – an-
on that formed crystals suitable for single crystal structural analysis. 

Guanidinium ionic liquids have delocalized 𝜋-electrons, similar to
midazolium and pyridinium cations which are both aromatic nitrogen
2 
eterocycles. While the delocalized system in the guanidium cations is
n a Y-shape ( cf. Y-aromaticity Dworkin et al. 2005 , Gobbi and Frenk-
ng 1993 ), the latter two have a cyclic 𝜋-system. Therefore, in guani-
inium cations, rotations around the C–N bonds in the delocalized sys-
em are possible, contrary to the rigid ring-shaped systems. Hexaalkyl
uanidinium ionic liquids were recently shown to have good thermal
nd transport properties ( Rauber et al., 2018 ). Such ionic liquids are
hought to be suitable as lubricants ( Huang et al., 2017 ), gas absorbents
 Królikowski et al., 2022 ), plastic crystals ( Biernacka et al., 2022 ), or
lectrolytes ( Fang et al., 2009 , 2011 ). Some representatives of the guani-
inium ionic liquids were also found to be environmentally benign
 Pratap Singh et al., 2017 ) or show only low toxicity ( Yu et al., 2016 ;
arrera et al., 2010 ). In addition, protic guanidinium ionic liquids, stem-
ing from the superbase guanidine show interesting characteristics in

ase of synthesis, stability and behavior of the acidic proton towards
ormation of hydrogen bonds or proton transfer. 

aterials and methods 

Details about the synthesis and NMR resonances of the investigated
onic liquids and precursors are given in the supporting information. The
dentity and purity of the samples was checked by multinuclear NMR
pectroscopy. Absence of halides in the final ionic liquids was tested
ith aqueous silver nitrate solution. Prior to all physicochemical mea-

urements the samples were dried in high vacuum for at least two days.
andling of the dried samples was carried out using Schlenk techniques
r a Labmaster 130 glove box (MBraun, Germany). Densities 𝜌 were
etermined using a calibrated commercial pycnometer (Neubert Glas,
ermany) and a PROLINE RP 1845 thermostat (LAUDA, Germany) for

emperature control from 25 °C to 95 °C in steps of 10 °C. 

hermal properties 

Crystallization ( 𝑇 c ), glass ( 𝑇 g ), cold crystallization ( 𝑇 cc ), solid-solid
ransitions ( 𝑇 ss ) and melting ( 𝑇 m ) temperatures were determined by
eans of differential scanning calorimetry (DSC). Samples of approx-

mately 10 mg were hermetically sealed in the glove box and measured
n a DSC 1 STARe instrument (Mettler Toledo) using cooling by liquid
itrogen. The samples were heated to 120 °C with a scanning rate of
 5 °C min − 1 to remove thermal history. The samples were then sub-

ected to cooling with –1 °C min − 1 to –120 °C followed by a dynamic
eating of + 1 °C min − 1 to 120 °C. The slow scanning rates were used to
void the formation of glasses instead of crystallization as the result of
uenching ( Gómez et al., 2015 ). 

Decomposition temperatures ( 𝑇 d ) were determined using thermo-
ravimetric analysis (TGA) on a TGA/DSC 1 STARe device. For this pur-
ose, the samples were heated with + 10 °C min − 1 from 30 °C to 700 °C
nder a constant stream of nitrogen. The decomposition temperatures
btained from the TGA traces are given as extrapolated onset tempera-
ures. 

ransport properties 

The dynamic viscosity was measured on a Physica 301 MCR301
heometer (Anton Paar, Austria), which was placed on a vibration isolat-
ng table. The measuring setup used cone-plate geometry with a CP50-1
one of 49.95 mm diameter in a nitrogen flushed oven. The tip of the
one had a distance of 0.101 mm to the plate. Viscosities at shear rates
etween 50 and 150 s − 1 (30 linearly spaced values, 10 s measurement
imes) were measured at each temperature. Temperature stability be-
ore and during each measurement was recorded and checked to be be-
ow ± 0.01 °C. As there was no shear-rate dependent behavior observed
Newtonian flow) the viscosity values for each temperature were av-
raged. The process was repeated from 25 °C to 105° in steps of 5 °C
o construct the temperature-dependent viscosity curves. Uncertainty
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f the viscosity values is ± 1.5% estimated from measurement of com-
ercial viscosity standards, repeated measurements and comparison to

stablished ionic liquid samples. 
The specific conductivity of the samples was measured by impedance

pectroscopy using a SP-150 potentiostat (Biologic, France) in combina-
ion with a commercial conductivity cell (WTW, Germany). The conduc-
ivity cell consisted of two rectangular platinized platinum electrodes
nd had a nominal cell constant of 0.5 cm 

–1 . The cell was freshly pla-
inized and the cell constant determined with repeated measurements of
ommercial standards. The sealed conductivity probe with the samples
nder argon was immersed in a PROLINE RP 1845 thermostat (LAUDA,
ermany) to control the temperature during the impedance measure-
ents. For each temperature three impedance spectra with 5, 10 and
5 mV applied voltage were recorded in the frequency range of 200 kHz
o 1 Hz using 50 logarithmic steps. The resistance of the electrolytes
btained this way were averaged for each temperature and had a maxi-
um deviation of ± 1%. The specific conductivity 𝜅 was then calculated

s the cell constant divided by the electrolyte resistance. The process was
epeated from 25 °C to 100 °C in 5 °C steps to construct the temperature-
ependent curves of the specific conductivity. Temperature stability of
he thermostat bath was within the range of ± 0.01 °C. Uncertainty of
he specific conductivity measurements is ± 2%, which was estimated
rom commercial conductivity standards and repeated measurements.
he molar conductivity ΛM 

was calculated from the specific conduc-
ivity 𝜅, density 𝜌 and molar mass 𝑀 of the ionic liquids according to
q. (1) . 

M 

= 

𝜅

𝑐 
= 

𝜅 ⋅𝑀 

𝜌
(1)

elf-diffusion coefficients were measured by NMR spectroscopy using
he pulsed field gradient stimulated spin echo (PFGSTE) pulse sequence
ith bipolar gradients and longitudinal eddy current delay (ledbpgp2s

n the Bruker pulse program library). Measurements were conducted
n an Avance Neo 500 Spectrometer (Bruker, Germany) with a TCI
rodigy cryo-probe and a BCU II temperature unit. All dried samples
ere placed in the inserts of coaxial tubes (1 mm diameter) under ar-
on and were flame-sealed to avoid uptake of ambient moisture. The
arrow tube geometry allowed for faster temperature equilibration and
inimized convection. The diffusion measurements were performed af-

er shimming, careful calibration of the pulses, determination of the lon-
itudinal relaxation time 𝑇 1 and a pair of values for the diffusion time
and the duration of the pulsed field gradient 𝛿 yielding sufficient sig-

al attenuation ( ≈ 5% signal intensity for the resonances in the spec-
rum with highest applied gradient strength). For the measurements Δ
nd 𝛿 were kept constant with the strength of the pulsed field gradi-
nt 𝑔 being varied from 2% to 95% of the probe’s maximum gradient
trength (65.7 G cm 

–1 ) in linear spacing. Gradient shape was that of a
moothed rectangle. In total 16 experiments for each of the 16 spec-
ra with different strength of the pulsed field gradient were recorded.
elaxation delay between the individual experiments was seven times

he determined 𝑇 1 minus the acquisition time. The 1 H nucleus was used
or the determination of the cation self-diffusion coefficients 𝐷 𝑠 + , while
nion self-diffusion coefficients 𝐷 𝑠 − where measured utilizing the 19 F
ucleus. The self-diffusion coefficients 𝐷 s 𝑖 were obtained from fitting of
he Stejskal–Tanner Eq. (2) : 

 = 𝐼 0 ⋅ exp 
(
− 𝐷 s 𝑖 𝛿

2 𝑔 2 𝛾2 
(
Δ − 

𝛿

3 

))
(2)

ith 𝛾 being the gyromagnetic ratio of the investigated nucleus. The
iven procedure was applied in the range of 5 °C to 90 °C in steps of
 °C to construct the temperature-dependent curves of the self-diffusion
oefficients. Uncertainty of the self-diffusion coefficients is ± 2%, esti-
ated from repeated measurements and comparison to literature values

or molecular and ionic liquids. 
Temperature-dependent transport properties 𝑌 ( 𝑌 being viscosity 𝜂,

pecific conductivity 𝜅, molar conductivity ΛM 

or self-diffusion coeffi-
ients 𝐷 ) were fitted using the Vogel–Fulcher–Tammann (VFT) Eq. (3) :
s 𝑖 

3 
 = 𝑌 0 ⋅ exp 
( 

𝐵 𝑌 

𝑇 − 𝑇 0 ,𝑌 

) 

(3)

ith 𝑌 0 , 𝐵 𝑌 and 𝑇 0 ,𝑌 being empirical fitting parameters. In the case of
iscosity, the values for 𝐵 𝑌 are positive (viscosity decrease with 𝑇 ),
hile for the other transport quantities 𝐵 𝑌 takes negative values (in-

reasing with 𝑇 ). From the VFT fitting parameters Angell’s strength fac-
or 𝛿𝑌 for a particular transport quantity can be calculated as 𝐵 𝑌 divided
y 𝑇 0 ,𝑌 . The magnitude of Angell’s strength factor is a measure for the
ragility of a liquid, where fragility increases for smaller values of 𝛿𝑌 
 Alba-Simionesco and Tarjus, 2022 ). It should be noted that 𝛿𝑌 is often
ermed 𝐷 in literature, which is not used here to avoid confusion with
he self-diffusion coefficients, also usually termed 𝐷. 

The activation energy 𝐸 a ,𝑌 for the transport properties was deter-
ined by the Arrhenius Eq. (4) as the slope of the Arrhenius plot ( ln ( 𝑌 )

s. 𝑇 −1 ) at the stated temperature multiplied with the negative of the
as constant 𝑅 . 

 = 𝑌 0 ⋅ exp 
( 

− 

𝐸 a ,𝑌 

𝑅𝑇 

) 

(4)

ingle crystal structure analysis 

Crystals suitable for single crystal X-ray crystallography were pre-
ared from ethanol-water mixtures by slow evaporation of the organic
olvent. The data set was collected using a Bruker X8 Apex diffrac-
ometer. Graphite-monochromated molybdenum 𝐾 α-line radiation ( 𝜆 =
 . 71073 Å) was used. Data were collected at 142 ± 2 K ([2O2PMG][PF 6 ])
nd 152 ± 2 K ([C 5 PMG][PF 6 ]) and corrected for absorption effects us-
ng the multi-scan method. The structure was solved by direct methods
sing SHELXS-97 ( Sheldrick, 2008 ) and was refined by full matrix least
quares calculations on 𝐹 2 (SHELXL2018, Sheldrick 2015 ) in the graph-
cal user interface Shelxle ( Hübschle et al., 2011 ). Additional refinement
etails are given in the supporting information. Crystal structures are
vailable from the Cambridge Crystallographic Data center under de-
osition number 2238194 ([2O2PMG][PF 6 ]) and 2238197 ([C 5 PMG]
PF 6 ]). 

omputations 

Ab initio calculations were performed using the Gaussian software
ackage, Revision E.01 ( Frisch et al., 2013 ). The potential energy sur-
aces (PES) and minimum energy geometries were obtained and vali-
ated at the MP2/cc-pVTZ//B3LYP-GD3BJ/6-311 + G(d,p) level of the-
ry following the setup described in our preceding work. 

mall angle X-Ray scattering 

Samples for small angle X-ray scattering (SAXS) were placed in thin
alled borosilicate capillaries and immediately flame-sealed. The sam-
les were measured in a Xeuss 2.0 (Xenocs, France) scattering setup
ith a Genix 3D as X-ray source generating radiation at the copper -

ine (wavelength 𝜆 = 1 . 54 Å). Scattered photons were recorded using
he detectors Pilatus3 R 1M and a Pilatus 100 K. The scattered inten-
ity was recorded in the range of the scattering vector 𝑞 from 0 . 02 Å

−1 

o 3 . 01 Å
−1 

, with 𝑞 = |𝑞 | = 4 𝜋 sin ( 𝜃) 𝜆−1 and the scattering angle 2 𝜃. The
btained two-dimensional isotropic scattering patterns were radially av-
raged to obtain the one-dimensional scattering curves. The peak posi-
ions discussed in the main part were fitted using Lorentzian functions.

uclear magnetic resonance spectroscopy 

Variable temperature NMR spectra were recorded on an Avance
eo 500 Spectrometer (Bruker, Germany) with a TCI Prodigy cryo-
robe and a BCU II temperature unit. The dried bulk ionic liquids were
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Table 1 

Thermal transition temperatures (Crystallization temperature 𝑇 c , glass transition 
temperature 𝑇 g , cold crystallization temperature 𝑇 cc and melting temperature 𝑇 m ) 
from DSC measurements with scan rates of ± 1 °C min − 1 , decomposition tempera- 
tures 𝑇 d under N 2 flow and heating rates of ± 10 °C min –1 , and density 𝜌 at 25 °C 
(measured in supercooled state for some samples). 

Ionic liquid 𝑇 c /°C 𝑇 g /°C 𝑇 cc /°C 𝑇 m /°C 𝑇 d /°C 𝜌25 
◦C / g mL − 1 

[2O2PMG][FSI] − 32 − − − 6 305 1.2674 
[2O2PMG][NTf 2 ] − 20 − − 26 405 1.3472 
[2O2PMG][BETI] − 12 − − 29 403 1.4204 
[2O2PMG][OTf] 30 − − 56 331 − 
[2O2PMG][BF 4 ] 64 − − 86 398 − 
[2O2PMG][PF 6 ] 52 − − 87 411 − 
[2O2PMG][TFA] − 8 − − 36 214 1.1674 
[C 5 PMG][NTf 2 ] − − 79 − 28 − 1 425 1.3109 
[C 5 PMG][PF 6 ] a) 62 − − 65 433 − 

a) Additional solid-solid transitions at 50 °C upon cooling and at 21 °C, 52 °C and 
61 °C upon heating. 
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ame-sealed in the inner tube of coaxial tubes. Deuterated 1,1,2,2-
etrachloroethane (99.5% D) (Deutero, Germany) was placed in the
uter tube and used for locking, shimming and as reference. Measure-
ents were conducted from 0 °C to 90 °C in steps of 2.5 °C in case of

2O2PMG][NTf 2 ] and from –15 °C to 90 °C for [C 5 PMG][NTf 2 ]. 

esults and discussion 

hermal properties and density 

The temperature range in which ionic liquids can be applied is re-
tricted by the stability of their liquid state. Therefore, the solidification
lower limit) and thermal decomposition (upper limit) behavior is of
reat practical interest when it comes to the characterization of novel
onic liquids. The thermal transitions as observed by differential scan-
ing calorimetry (DSC) are given in Table 1 . 

All of the investigated ionic liquids, except [C 5 PMG][NTf 2 ], crystal-
ize upon cooling ( 𝑇 c ) and then melt again upon heating ( 𝑇 m ), similar to
ost organic ionic compounds. Only the pentyl containing ionic liquid
ith the bis(trifluoromethanesulfonyl)imide anion, [C 5 PMG][NTf 2 ],

orms a glass upon cooling ( 𝑇 g ), followed by liquefaction of the glass
ith subsequent cold crystallization ( 𝑇 cc ) upon heating and melting of

he crystal. The hexasubstituted guanidinium ionic liquids with the ether
ide chain therefore seem to be good crystal formers. 

Although most samples form crystals instead of glasses, the sam-
les show pronounced supercooling as seen from the differences be-
ween 𝑇 c and 𝑇 m . The lowest difference is found for the [PF 6 ] – ionic
iquid with the ether group, being only 22 °C while the largest dif-
erence was 46 °C for [2O2PMG][NTf 2 ]. For other guanidinium sam-
les with protic, pentasubstituted cations or hexaalkylated guanidini-
ms with two butyl chains, the absence of crystallization and occur-
ence of only glassy solids has been found ( Rauber et al., 2018 ). The
imilar cation 2-methoxy-ethyl-pentamethyl guanidinium with [NTf 2 ] –

as been reported to show no melting point down to temperatures as
ow as –60 °C ( Fang et al., 2009 ). The absence of crystallization in the
atter literature report might be due the experimental conditions, where
ast scan rates of –10 °C min –1 were applied. 

Although the only room temperature ionic liquids ( 𝑇 m < 25 ◦C ) in
his set are the ether bis(fluorosulfonyl)imide, [2O2PMG][FSI], and the
entyl-substituted [NTf 2 ] – sample, several of the other ionic liquids
ould be obtained in liquid state at 25 °C for prolonged times before crys-
allization. These in particular were the ether-substituted ionic liquids
ith the anions [NTf 2 ] –, bis(pentafluoroethylsulfonyl)imide [BETI] –

nd trifluoroacetate [TFA] –, which have melting points slightly above
5 °C. Therefore, the density and transport quantities of these ionic liq-
ids could be obtained starting from 25 °C, whereas the density and
ransport properties of the samples with the triflate [OTf] –, tetrafluorob-
4 
rate [BF 4 ] – and hexafluorophosphate anion [PF 6 ] – were not measured
ny further. The occurrence of pronounced supercooling is a frequent
bservation for ionic liquids and result from the intended destabiliza-
ion of the crystalline state ( Gómez et al., 2015 ). 

Substitution of the ether oxygen with a methylene group decreases
he melting point by 27 °C for the sample with the [NTf 2 ] – anion and by
2 °C for the one with the [PF 6 ] – anion. This trend is contrary to what
s observed for the melting or glass transition point of other ionic liquid
lasses, for instance imidazolium ( Lall-Ramnarine et al., 2017 ), ammo-
ium ( Rauber et al., 2021 a, 2021b ) or phosphonium ( Hofmann et al.,
022 ; Philippi et al., 2017 , 2020 a) and might be attributed to the altered
ation conformation (see the results from the crystal structure analysis,
he ab initio calculations and variable temperature NMR measurements
elow) allowing for more stable crystal lattices. This is also in accor-
ance with the finding that for all these pentamethyl guanidinium ionic
iquids with ether substituents melting points rather than glass transi-
ions have been found. Contrary to the situation in these guanidinium
onic liquids, mainly glass transitions or lowered melting points are re-
orted for many other ionic liquids upon ether functionalization. For
hese other cation classes the lower liquefaction temperatures are the
esult of unfavorable ordered crystalline states due to the altered cation
onformation ( Philippi et al., 2020 a, 2018 ). 

The trends in the melting points of the ether-substituted ionic liquids
ith the same cation can be rationalized by the influence of entropic ef-

ects with differences between the anions. The ether ionic liquids with
he lowest melting points have highly flexible anions of the imide-type
hat change their conformation between cis and trans form when regard-
ng the C–S ⋯ S–C dihedral angle ( Johansson et al., 1998 ; Canongia Lopes
t al., 2008 ; Suarez et al., 2015 ; Palumbo et al., 2015 ). Thus the three
mide anions have a higher degree of conformational entropy in the liq-
id state compared to the crystal, where the anion conformations are
xed and not able to interconvert. In contrast to the flexible imides, the
nions of higher symmetry, [BF 4 ] – and [PF 6 ] –, have only one conformer
nd therefore no contribution to the increase in conformational entropy
pon melting. Consequently, the samples with these anions show the
ighest melting points of the investigated ionic liquids. 

Decomposition temperatures 𝑇 d , as obtained by TGA are reported
n Table 1 , (TGA curves are given in the supporting information) and
orrelate to the proton affinity and nucleophilicity of the anions’ corre-
ponding acids ( Rauber et al., 2023 ). Therefore, the highest 𝑇 d values
re found for the ionic liquids with the [NTf 2 ] –, [BETI] –, [BF 4 ] – and
PF 6 ] – anions stemming from the acids with the lowest proton affinities.
ther functionalization slightly decreases the decomposition tempera-
ures by approximately 25 °C. Similar anion-dependent trends have also
een reported for other ionic liquid with other cation classes ( Xue et al.,
018 ). Decomposition temperature for the guanidinium ionic liquid are
imilar to other cation classes and overall quite high. For instance for
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Table 2 

Viscosity 𝜂 and activation energy of the viscous flow 𝐸 a ,𝜂 at 25 °C, fitting parameters 𝜂0 , 𝐵 𝜂 and 𝑇 0 ,𝜂 following 
the VFT fitting ( Eq. (3) ), as well as Angell’s strength factor for the viscosity 𝛿𝜂 . All coefficients of determination 
𝑅 

2 ≥ 0 . 99999 for the VFT fitting data. 

Ionic liquid 𝜂25 
◦C / mPa s 𝜂0 / 10 − 1 mPa s 𝐵 𝜂 / K 𝑇 0 ,𝜂 / K 𝛿𝜂 𝐸 25 

◦C 
a ,𝜂 / kJ mol –1 

[2O2PMG][FSI] 76.3 2.011 ± 0.038 854.2 ± 6.2 154.3 ± 0.6 5.54 ± 0.05 30.5 ± 0.3 
[2O2PMG][NTf 2 ] 65.5 2.237 ± 0.046 730.3 ± 6.2 169.6 ± 0.6 4.31 ± 0.04 32.6 ± 0.5 
[2O2PMG][BETI] 129 1.625 ± 0.028 803.7 ± 4.7 177.8 ± 0.4 4.52 ± 0.03 40.8 ± 0.6 
[2O2PMG][TFA] 157 0.920 ± 0.023 871.7 ± 6.7 181.0 ± 0.5 4.82 ± 0.04 47.0 ± 0.6 
[C 5 PMG][NTF 2 ] 99.6 1.665 ± 0.021 819.9 ± 3.7 169.9 ± 0.3 4.83 ± 0.02 38.4 ± 0.6 
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Fig. 1. Temperature-dependent viscosity of the investigated pentamethyl 
guanidinium ionic liquids. Drawn lines are the VFT-fits according to Eq. (3) . 

r  

(
 

o  

e  

w  

t  

o  

w  

F  

t  

r  

2  

t  

(
 

d  

T  

a  

[  

𝑇  

s  

a  

a  

h  

f  

v  

a  

u  
he frequently used 1-butyl-3-methyl imidazolium cation decomposi-
ion temperatures of 419 °C for the [NTf 2 ] – anion, 399 °C when paired
ith [BF 4 ] – and 421 °C in combination with [PF 6 ] – have been reported
 Cao and Mu, 2014 ). 

The densities of the ionic liquid that could be obtained in the liquid
tate at 25 °C are given in Table 1 . For the ionic liquids with the ether-
ontaining cations the densities increase in the order [TFA] – < [FSI] –

 [NTf 2 ] – < [BETI] – thus following the trend to be expected from the
olecular weight and the number of the heavier heteroatoms. Compar-

ng the density of [2O2PMG][NTf 2 ] with the pentyl analogue reveals
 significantly higher density of the former. This comparatively large
ifference cannot be rationalized by the increase in molecular weight
hen exchanging the CH 2 group with an oxygen atom. As it was previ-
usly shown for other ionic liquids with ether groups, the difference in
he densities can be explained by an altered conformation of the cation
pon introduction of the ether functionality; whereby the ether chain
ith oxygen functionality in 𝛾-position adopts a curled conformation
ith a dihedral angle X–C–C–O (similar to 𝜙2 as shown in Scheme 1 ),
 being the atom to which the side chain is attached (X = N or P), of
pproximately 60°. For the hydrocarbon chain the side chain adopts a
inear conformation with an X–C–C–C dihedral angle of approximately
80°. This change in the cation conformation leads to a more compact
rrangement for the ionic liquids with ether chains, which manifests in
he higher experimental densities, also seen in the densities calculated
or the crystals of the two cations with the [PF 6 ] – anions, see support-
ng information. The temperature-dependent densities showed a linear
rogression in the investigated range. The experimental values and cor-
esponding linear fitting parameters are given in the supporting infor-
ation. 

ransport properties 

iscosity 

Viscosity plays a central role for ionic liquids as it limits many practi-
al applications. It is generally desirable to obtain ionic liquids with low
iscosities, since this aids improvement of their performance in many
pplications. Consequently, the viscosity is a central subject of investi-
ation when evaluating the potential of new ionic liquid structures. The
iscosity and activation energy values of the ionic liquids that could be
btained as liquids at 25 °C as well as the VFT-fitting data and Angell’s
trength factor for the 𝑇 -dependent viscosity are given in Table 2 . The
ourse of the viscosity with temperature is plotted in Fig. 1 , the experi-
ental values are given in the supporting information. 

For the ionic liquids with the [2O2PMG] + cation the viscosity at
5 °C increases in the order [NTf 2 ] < [FSI] < [BETI] < [TFA], thus
he samples with imide-type ions are the most fluid. This trend reflects
he order found for the melting points of the ether ionic liquids, al-
hough that the position of the [FSI] – and [NTf 2 ] – are interchanged.
he higher fluidity of the [NTf 2 ] – anion despite its higher molecu-

ar mass might have its reason in the different underlying mechanism
or the translational relaxation ( Borodin et al., 2010 ). This assump-
ion is also supported by the higher Angell fragility parameters found
or [2O2PMG][FSI]. Temperatures in which [NTf 2 ] – ionic liquids have
ower viscosities than the [FSI] – ones with a common cation are also
5 
eported for instance for tetraalkyl ammonium-based representatives
 Rauber et al., 2021a ). 

Similar to other ionic liquids the incorporation of ether chains with
xygen in 𝛾-position leads to a decrease in viscosity. Exchanging the
ther oxygen atom in the side group of the guanidinium ionic liquids
ith a methylene group results in a pronounced increase in viscosity by

he factor of 1.5 For protic guanidinium ionic liquids the viscosity ratio
f alkyl- to ether-substituted ones at 25 °C is 1.6 ( Rauber et al., 2023 ),
hile for other cation classes, both higher and lower numbers are found.
or instance for imidazolium-systems with single ether functionaliza-
ion and the [NTf 2 ] – anion, increases in viscosity from 1.1 to 1.3 upon
emoval of the ether functionality were found ( Lall-Ramnarine et al.,
017 ), while for ammonium- and phosphonium-based ionic liquids with
he same anion the values of viscosity increase up to a factor of 2.0
 Hofmann et al., 2022 ; Philippi et al., 2017 ; Rauber et al., 2021b ). 

The temperature-dependent viscosity reveals a different 𝑇 -
ependence of the viscous flow for the investigated ionic liquids.
he activation energies of viscous flow at 25 °C reveal the same order
s the absolute values of the viscosity, although the positions of the
FSI] – and [NTf 2 ] – sample have interchanged. Due to the different
 -dependence of the activation energies, presumably from different
tructural relaxation mechanisms as a result of altered anion sizes
nd flexibility, the order of the viscosities might also be interchanged
t different temperatures ( Philippi et al., 2022a ). While showing the
ighest values at ambient temperature, the lowest viscosity is found
or the [TFA] – anion at 105 °C. At this temperature the viscosity
alues increase in the order [TFA] ≈ [NTf 2 ] < [BETI] ≈ [FSI]. This
ltering is also indicated by the different activation energy changes
pon increasing 𝑇 . Temperature-dependent activation energies for
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Table 3 

Molar conductivity ΛM and activation energy for the molar conductivity 𝐸 a , ΛM 
at 25 °C, fitting parameters 

ΛM , 0 , 𝐵 ΛM 
and 𝑇 0 , ΛM 

following the VFT fitting according to Eq. (3) including Angell strength factor for the 
molar conductivity 𝛿ΛM 

. All coefficients of determination 𝑅 

2 ≥ 0 . 99999 for the VFT fitting. 

Ionic liquid 
Λ25 ◦C 

M / 
S cm 

2 mol − 1 
ΛM , 0 / 
S cm 

2 mol − 1 𝐵 ΛM 
/ K 𝑇 0 , ΛM 

/ K 𝛿ΛM 

𝐸 25 
◦C 

a , ΛM 
/ kJ 

mol –1 

[2O2PMG][FSI] 
0.777 257.7 ± 5.2 − 869.8 ± 

7.8 
148.2 ± 0.9 5.87 ± 0.06 28.5 ± 0.3 

[2O2PMG][NTf 2 ] 
0.767 246.8 ± 5.8 − 832.5 ± 

9.0 
153.9 ± 1.0 5.41 ± 0.07 29.1 ± 0.2 

[2O2PMG][BETI] 
0.357 228.6 ± 5.7 − 805.0 ± 

8.6 
173.7 ± 0.9 4.63 ± 0.05 36.8 ± 0.5 

[2O2PMG][TFA] 
0.283 209.9 ± 6.0 − 673.3 ± 

8.6 
196.2 ± 1.0 3.43 ± 0.05 45.5 ± 0.7 

[C 5 PMG][NTF 2 ] 
0.539 267.8 ± 5.2 − 828.1 ± 

7.0 
164.8 ± 0.7 5.02 ± 0.05 33.5 ± 0.2 

Fig. 2. (a) Temperature-dependent molar conductivity of the investigated guanidinium ionic liquids. Drawn lines are the VFT-fits ( Eq. (3) ). (b) Walden plot of the 
samples with bisection (often termed ‘ideal KCl line’) with drawn lines as linear fits. 
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ransport properties are a common finding for ionic liquids. Therefore,
he 𝑇 -dependent data are usually fitted by the phenomenological VFT
q. (3) instead of an Arrhenius-type fitting ( Eq. (4) ), also in agreement
ith the findings here ( Wang et al., 2020 ; Harris and Kanakubo, 2016 ).
he temperature-dependence of the activation energy in the context of
he VFT model is the Angell strength factor 𝛿𝑌 , which has low values
or fluids with high ‘fragility’ (temperature-dependent 𝐸 a ,𝑌 ), while
o-called ‘strong’ liquids have a constant activation energy ( Harris and
anakubo, 2016 ). Similar to other ionic liquids, the guanidinium
amples in this set have quite small values for 𝛿𝜂 , thus are highly fragile
iquids. For comparison, the ionic liquid consisting of the commonly
sed 1-butyl-3-methyl imidazolium cation [C 4 C 1 im] + adopts a value of
.50 for the Angell strength factor of viscosity when paired with the
FSI] – anion ( Nazet et al., 2015 ), 4.65 in combination with [NTf 2 ] –

 Harris et al., 2007 ), and 5.98 when the [BETI] – anion is utilized
 Nazet et al., 2015 ). 

olar conductivity and Walden plot 

Conductivity is a central, important quantity of electrolytes when
sed in electrochemical applications. Consequently, the investigation of
he conductivity of novel ionic liquids is of great importance when these
re considered for use in electrochemistry and electrochemical devices.
he values for the molar conductivity ΛM 

at 25 °C, the activation en-
rgy at this temperature as well as the 𝑇 -dependent fitting parameters
ollowing the VFT Eq. (3) are given in Table 3 . The corresponding plot of
he 𝑇 -dependent molar conductivity is shown in Fig. 2 a. Experimental
alues and fitting parameters of the guanidinium ionic liquids’ specific
onductivity are given in the supporting information. 
6 
For the ionic liquids with the [2O2PMG] + cation the order of the
olar conductivity at 25 °C is the same as found for the melting points.
ne would expect that the conductivities would also follow the same

rend as the viscosities, but it can be seen that the [FSI] – and [NTf 2 ] –

amples have swapped their position. However, the difference between
hese two imide-type samples is small and there is a crossover in the
olar conductivity at approximately 40 °C. Replacing the pentyl side

roup in the cation by a 2-ethoxy-ethyl group increases the molar con-
uctivity at 25 °C by a factor of 1.42, which is quite close to the factor
or the viscosity decrease. The activation energies of the molar conduc-
ivity at 25 °C show the same order as for the viscosity with the values
or the viscosity being larger by a factor of 1.03 ([2O2PMG][TFA]) to
.15 ([C 5 PMG][NTf 2 ]). 

Similar to the viscosity data, the molar conductivities showed a clear
eviation from the Arrhenius-type behavior ( Fig. 2 a), but could be well
tted with the VFT Eq. (3) . Furthermore, the sample [2O2PMG][TFA]
hows a more pronounced 𝑇 -dependence, which manifests in the
tronger increase in molar conductivity for the same temperature in-
erval compared to the other ionic liquids in this set. 

The reciprocal correlation of viscosity and molar conductivity is to be
xpected, as these two transport quantities are connected by the Walden
elation ( Eq. (5) ). 

M 

∝
(
𝜂−1 

)𝑡 
(5) 

ith 𝑡 being a factional exponent close to unity. Plotting the logarithm
f the reciprocal viscosity (fluidity) vs. the logarithm of the molar con-
uctivity yields straight lines with the slope of 𝑡 . This so-called Walden
lot is shown in Fig. 2 b. The detailed fitting results are given in the
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Fig. 3. (a) Temperature-dependent self-diffusion coefficients of the [NTf 2 ] – pentamethyl guanidinium ionic liquids. Drawn lines are the VFT fits according to Eq. (3) . 
The ratios of the self-diffusion coefficient for (b) cation and anion of the same ionic liquids and (c) of ether to alkyl sample. (d) 𝑇 -dependence of the reciprocal Haven 
ratios 𝐻 
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upporting information. All of the obtained slopes 𝑡 are in the narrow
nterval from 0.945 to 0.952. Literature values for other ionic liquids
re also observed to be in a similar range of values. For instance for the
rototypical 1-alkyl-3-methyl-imidazolium ionic liquids [C x C 1 im] + the
alden exponents 𝑡 have been found to rise from 0.89 to 0.95 when the

lkyl-chain is elongated from ethyl (x = 2) to octyl (x = 8) ( Harris and
anakubo, 2015 ). For protic guanidinium ionic liquids 𝑡 values from
.92 to 0.97 have been reported ( Rauber et al., 2018 ). All samples show
omparatively low distances from the bisection in the Walden plot, the
o called ‘ideal KCl line’, in agreement with literature findings for aprotic
onic liquids with these anions. The vertical (or horizontal) distance to
he bisection has been occasionally used to quantify the degree of associ-
tion in the ionic liquids by comparison to an ideally diluted electrolyte.
t is generally assumed that this ideal electrolyte behavior, forming the
isection of the Walden plot, is satisfied by a 0.01 molar aqueous so-
ution of potassium chloride. However, recent works have shown that
his is not the case, so some care should be taken in interpreting the
esults of the Walden plot as deviation from ideal electrolyte behavior
 Schreiner et al., 2010 ; Harris, 2019 ). Nevertheless, the ‘ideal KCl line’ as
 collectively used reference line still gives valuable information about
he behavior in comparison to other ionic liquids (or electrolytes). The
uite small distance to the bisection of the Walden plot shows that the
 d  

7 
uanidinium ionic liquid of this sample set are ‘good’ ionic liquids ac-
ording to the Walden classification ( Harris, 2019 ), thus can be assumed
o show a low amount of neutral species or ion aggregation. Higher dis-
ances from the bisection (‘poor’ ionic liquids) are for instance found for
protic ionic liquids with long hydrocarbon chains ( Yuan et al., 2018 ) or
rotic ionic liquids with lower differences in the p 𝐾 a values of the acid
nd base forming the ionic liquid, where a higher amount of neutral
recursors is expected to be found ( Angell et al., 2012 ). The distance
o the bisection of the Walden plot can be quantified by the ‘ionicity’
alue obtained by the Walden method 𝐼 W 

. The obtained values for the
entamethyl guanidinium ionic liquids at 25 °C are included in Table 4 .
he values at other temperatures are given in the supporting informa-
ion. With increasing temperature, a slight decrease in the Walden ion-
city is observed. This is similar to the results found for the reciprocal
aven ratio, which is regarded an alternative measure for ‘ionicity’, as
iscussed in the next section. 

elf-diffusion coefficients and relations to other transport properties 

Self-diffusion coefficients of the individual ions give microscopic in-
ormation about the dynamics of ionic liquids. The separation of the self-
iffusion coefficient for cations and anions (and other possible species
issolved in the ionic liquid) using different signals in high resolution
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Table 4 

Self-diffusion coefficients 𝐷 s 𝑖 , their ratio, the ionicities determined as reciprocal Haven ratio 𝐻 

−1 
R and by the 

Walden plot method 𝐼 W . All values are given for 25 °C. 

Ionic liquid 𝐷 𝑠 + / 10 –11 m 

2 s –1 𝐷 𝑠 − / 10 –11 m 

2 s –1 𝐷 𝑠 + / 𝐷 𝑠 − 𝐻 

−1 
R 𝐼 W 

[2O2PMG][FSI] 1.33 ± 0.03 1.76 ± 0.04 0.76 ± 0.02 0.671 ± 0.016 0.593 ± 0.015 
[2O2PMG][NTf 2 ] 1.52 ± 0.03 1.60 ± 0.03 0.95 ± 0.03 0.655 ± 0.016 0.502 ± 0.013 
[2O2PMG][BETI] 0.773 ± 0.016 0.734 ± 0.015 1.05 ± 0.03 0.631 ± 0.015 0.461 ± 0.012 
[2O2PMG][TFA] 0.554 ± 0.011 0.656 ± 0.013 0.84 ± 0.02 0.624 ± 0.015 0.445 ± 0.011 
[C 5 PMG][NTf 2 ] 1.06 ± 0.02 1.14 ± 0.03 0.93 ± 0.03 0.650 ± 0.016 0.535 ± 0.013 
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MR allows more detailed insights about the contribution of the indi-
idual ions. The self-diffusion coefficients of the ionic liquids that could
e obtained as liquids at 25 °C are summarized in Table 4 . 

For the self-diffusion coefficients at 25 °C a similar ranking as for the
ther transport properties is found, so the sample with the largest 𝐷 s 𝑖 
alues show the lowest viscosities and highest conductivities. The self-
iffusion coefficients of [2O2PMG][FSI] reveal slower diffusion of the
ation, but faster diffusion of the anion compared to the [NTf 2 ] – with
he same cation. Overall the [2O2PMG][NTf 2 ] shows a slightly faster
verage diffusion than the [FSI] – counterpart in spite of its larger an-
on. For all samples, besides [2O2PMG][BETI], the anion diffuses faster
han the cation. This is not surprising as the [BETI] – anion is also the
eaviest and largest anion in the sample (see the reciprocal connection
y the Stokes–Einstein Eq. (8) ). However, when calculating the ion ra-
ius by ab initio methods, assuming spherical ion geometry, the radii of
oth cations are slightly higher than that of the [BETI] – anion. The ra-
io of the cation and anion self-diffusion coefficients are furthermore in
ood agreement with the reciprocal ratio of cation and anion radii (see
upporting information). The only sample, where there the ratio of the
elf-diffusion coefficients is higher than expected from the ion radii, is
2O2PMG][TFA]. This might be attributed to the greater basicity of the
riflate anion compared to those of the imide-type anions, allowing for
tronger cation-anion interactions. Increased ion interaction affects the
ndividual ion translational movements leading to smaller differences
etween the self-diffusion coefficients of cation and anion. The molec-
lar weight ratio of the ions seems to play only a minor role on the
atio of the self-diffusion coefficients in an ionic liquid, as both [NTf 2 ] –

nd [BETI] – have significantly higher molar masses than the used guani-
inium cations. 

Comparing the self-diffusion coefficients of the ether substituted to
he alkyl substituted cation reveals that the oxygen atom in 𝛾-position
f the side chain accelerates the self-diffusion of the cation by a fac-
or of 1.43 and of 1.40 for the anion. Therefore, the ether function-
lization accelerates the translational dynamics of both ions in a sim-
lar way, which indicates that the introduction of the heteroatom re-
uces the long-ranging Coulombic interactions leading to faster dynam-
cs ( Philippi et al., 2022b ). 

The Nernst–Einstein Eq. (6) can be used to calculate the molar con-
uctivity, if the self-diffusion coefficients of all ions are known. 

M , NE = 

𝐹 2 

𝑅𝑇 

𝑛 ∑
𝑖 =1 

𝑧 2 𝑖 𝐷 s ,𝑖 (6)

ith 𝐹 the Faraday constant and 𝑧 𝑖 the charge of the ion 𝑖 . The Nernst–
instein Eq. (6) was derived for ions in infinitely diluted solutions and
s frequently used to quantify the deviation of real electrolytes from the
deal electrolyte. For real electrolytes, such as the bulk ionic liquids, the
olar conductivity calculated from the Nernst–Einstein equation can

e compared to the experimental values ΛM 

, obtained by impedance
pectroscopy. In the case of aprotic ionic liquids, the experimental mo-
ar conductivities are always lower than the ones calculated from the
ernst–Einstein equation. This ratio is the reciprocal of the Haven ratio
 R , Eq. (7) , and sometimes referred to as ‘ionicity’ ( Ueno et al., 2010 ).

 

−1 
R = 

ΛM 

ΛM , NE 
(7)
8 
he values of 𝐻 

−1 
R (‘ionicity’) are often interpreted as the extent of

on pairing or ion aggregation in the ionic liquids ( Nordness and Bren-
ecke, 2020 ; McEldrew et al., 2021 ). As these neutral species or clusters
ith reduced overall charge would not contribute to the conductivity
r at least to a lesser extent than expected assuming isolated ions, a
ower conductivity is found in experiments. Although lacking an under-
ying theory, the 𝐻 

−1 
R values are helpful to understand trends in ionic

iquids which helps optimization of conductivity for practical imple-
entations. This still holds true, even when other rationalizations for

he deviation of the ionic liquid conductivities from ideal electrolyte
ehavior are considered. Alternative explanations for the 𝐻 

−1 
R cover

or example charge-transfer from anion to cation leading to overall re-
uced charges 𝑧 𝑖 ( Hollóczki et al., 2014 ; Philippi et al., 2022c ), the oc-
urrence of different states of diffusion analogous to semi-conductors
 Feng et al., 2019 ) or velocity cross-correlations due to momentum con-
ervation ( Harris, 2010 ; Kashyap et al., 2011 ; Mariani et al., 2021 ). For
he ether-containing pentamethyl guanidinium ionic liquids the 𝐻 

−1 
R 

alues at 25 °C are in a comparatively narrow range in the order [FSI] – >
NTf 2 ] – > [BETI] – > [TFA] –. The reciprocal Haven ratio of the [NTf 2 ] –

onic liquids with the 2-ethoxy-ethyl chain and the pentyl chain is nearly
dentical, which is contrary to other cation classes, where the ether
ubstitution usually lead to a decrease in 𝐻 

−1 
R ( Rauber et al., 2021a ;

ofmann et al., 2022 ; Rauber et al., 2021b ). Prototypical ionic liquids
ith the 1-butyl-3-methyl imidazolium cation have similar 𝐻 

−1 
R num-

ers, e.g. 0.62 in combination with the [NTf 2 ] – anion ( Tokuda et al.,
005 ) or 0.52 for [TFA] – ( Tokuda et al., 2004 ). For other guanidinium
onic liquids, both protic and aprotic ones with imide anions, a similar
ange for the values of the reciprocal Haven ratio, from 0.50 to 0.74 at
5 °C has been reported ( Rauber et al., 2018 ). 

Temperature-dependent self-diffusion coefficients of the [NTf 2 ] –

amples were measured to gain more insight into the effect of the ether
hain on the movements on the molecular scale. The VFT fits ( Eq. (3) )
re given in Table 5 and the results plotted in Fig. 3 a. 

The ratios between the self-diffusion coefficients for the samples
how hardly any 𝑇 -dependence, see Fig. 3 b indicating that the change
n activation energy is quite similar for the translational movement of
ation and anion. The fact that the ratio of the self-diffusion constants
f cation and anion in a specific ionic liquid remain constant was an-
icipated by the fact that the activation energies at 25 °C are identical
ithin experimental error and that the Angell strength parameters for

he self-diffusion coefficients are also similar. 
Contrary to the ratio of the ion self-diffusion of a particular ionic

iquid, the ratio of the self-diffusion coefficients between the ions of the
ther substituted and the pentyl substituted ionic liquid show a signif-
cant change with increasing temperature, compare Fig. 3 c. While the
ther to alkyl ratio of the self-diffusion coefficients is approximately 1.60
t 5 °C, it decreases to roughly 1.15 at 90 °C. The finding that the ratio of
ransport properties for ether to alkyl ionic liquids diminishes with in-
reasing temperature has also been shown for other cation classes, with
he difference between ether and alkylated samples being higher when
ultiple ether substituents are used ( Rauber et al., 2021 a; Philippi et al.,
020 a, 2018 ). Consequently, the introduction of ether functionalities
nto the cations of ionic liquids seems to be mainly a powerful tool to
ptimize the transport properties of ionic liquids by speeding up the
ynamics on molecular scale near or below ambient temperature. 
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Fig. 4. (a) Stokes–Einstein(–Sutherland) plot for the [NTf 2 ] – ionic liquids. (b) Calculated hydrodynamic radii for the ionic liquid ions at different temperatures 
assuming the Stokes–Einstein Eq. (8) for stick conditions ( 𝑓 = 6π). 
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The reciprocal Haven ratios of both ionic liquids show a slight de-
line when the temperature is elevated, Fig 3d. This decrease in 𝐻 

−1 
R is

omewhat non-linear and flattens with higher 𝑇 being 0.582 in the case
f [2O2PMG][NTf 2 ] and 0.595 for [C 5 PMG][NTf 2 ] at 90 °C. A slight de-
rease in 𝐻 

−1 
𝑅 

is also found for other ionic liquids classes ( Rauber et al.,
018 ; Nordness and Brennecke, 2020 ). As the origin of the discrepancy
etween the Nernst–Einstein conductivity and the experimental conduc-
ivity is still unclear, the reason for this 𝑇 -dependence also remains spec-
lative. Nevertheless, the experimental investigation of these structure-
roperty relations for different classes of ionic liquids might help to gain
nsight into the underlying mechanism. 

The correlation between self-diffusion coefficients and viscosity is
mportant to understand the peculiarities of the ionic fluids, similar to
he interrelation between self-diffusion coefficients and observed con-
uctivity. One important classical relationship is the Stokes–Einstein
q. (8) 

 s ,𝑖 = 

𝑘 B 𝑇 

𝑓𝜂𝑟 h ,𝑖 
(8)

ith a friction factor 𝑓 and the hydrodynamic radius 𝑟 h ,𝑖 of the mov-
ng spherically approximated species. The friction factor depends on the
ydrodynamic boundary conditions ( 4π for slip and 6π for stick condi-
ions) ( Schmidt and Skinner, 2003 ). Consequently the 𝑇 -dependent ex-
erimental viscosities and self-diffusion coefficients are interrelated by

𝐷 s ,𝑖 

𝑇 
∝
(
𝜂−1 

)𝑢 
(9) 

ith 𝑢 being a fractional exponent close to unity ( Harris, 2016 ). The
tokes–Einstein(–Sutherland) plots of the investigated [NTf 2 ] – ionic liq-
ids are shown in Fig. 4 a. Fitting showed excellent linearity with values
or 𝑢 from 0.984 to 1.003. Details of the fitting are given in the support-
ng information. 

The Stokes–Einstein relation (7) can be used to quantify the deviation
f the individual ion from the hydrodynamic prediction. As there are two
nknowns – the friction factor and the hydrodynamic radius – this can
e done by calculating the friction factor for a presumed radius or by
omparing the obtained calculated hydrodynamic radius for a defined
riction factor with the assumed radii, for instance obtained by ab initio

alculations. The 𝑇 -dependent progression of the 𝑟 h ,𝑖 values assuming
tick conditions ( 𝑓 = 6π) are shown in Fig. 4 b. For the ether substituted
onic liquids the values remain constant in the investigated temperature
ange, while for the pentyl sample, [C 5 PMG][NTf 2 ], a slight increase
ith 𝑇 is observed. All the calculated hydrodynamic radii are signifi-

antly smaller than the ion radii obtained by ab initio calculations (radii
9 
 ab initio , 𝑖 are 4.069 Å for [2O2PMG] + , 4.124 for [C 5 PMG] + and 3.686 Å
or [NTf 2 ] –). However, the trend of the cations being larger than the
nion is well represented. For the [2O2PMG][NTf 2 ] sample the hydro-
ynamic radii of the anions are larger than the ones for [C 5 PMG][NTf 2 ]
2.08 Å vs. 1.92–1.97 Å), which is probably the result of the more spher-
cal geometry of the former ones (see Section 3.3 ). The differences be-
ween the calculated ion 𝑟 ab initio , 𝑖 and the ones calculated by the Stokes–
instein Eq. (8) are comparatively large, ranging from 0.501 to 0.565.
he details for the deviation of the correction factor when assuming that
he hydrodynamic radius is equal to 𝑟 ab initio , 𝑖 are given in the supporting
nformation. The strong deviations of the different radii might have their
rigin in the assumptions made in the derivation of the Stokes–Einstein
elation (7) , where spherical particles of larger size than the continuous
edium in which it diffuses and negligible interactions are presumed.
hese assumptions are obviously not met in ionic liquids, where ions of
imilar size, strong Coulombic interactions and non-continuous, shell-
ike organizations of the ions are found. Strong deviation in the two
ethods for determining the ion radii seem to be a general finding for

onic liquids ( Rauber et al., 2021a ; Tokuda et al., 2005 ; Green et al.,
017 ) and may indicate the non-applicability of classical hydrodynamic
heories, as the criteria used in the deviation of these are not met for
onic liquids ( Cashen et al., 2022 ; Köddermann et al., 2008 ). 

ation conformations, liquid structure and rotational dynamics 

ingle crystal structure 

The structural information obtained from single crystal X-ray analy-
is is of great value for ionic liquids as it allows a sophisticated picture
f ion conformation and interactions on the molecular scale. Although
he results obtained from single crystal structure analysis are for a dif-
erent state of matter, it can be assumed that the underlying inter- and
ntramolecular interactions remain somewhat similar in the liquid state
nd that only the spatial order is lost ( Hayes et al., 2015 ; Philippi et al.,
020b ). For ionic liquids, the single crystal structural analysis has also
roved to be a powerful tool to obtain experimental information about
inimum energy conformers, which can then be compared to the ge-

metries found in the liquid state or in silico ( Philippi et al., 2022 a,
020 b). For the guanidinium ionic liquids investigated here the confor-
ation of the side chains is of most interest. Pictures of the asymmetric
nits of the two cations [2O2PMG] + and [C 5 PMG] + with the [PF 6 ] –

nion are shown in Fig. 5 . 
In the ether substituted sample the side chain conformation shows a

urled structure with the ether oxygen pointing towards the carbon of
he guanidinium moiety. The ether side chain in [2O2PMG][PF 6 ] with
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Fig. 5. Asymmetric unit of (a) the ether containing ionic liquid [2O2PMG][PF 6 ] and (b) the purely alkylated sample [C 5 PMG][PF 6 ] as obtained by X-ray diffraction 
on single crystalline samples. Displacement ellipsoids are drawn at 50% probability level. The shaded atoms in the representations are the alignments with lower 
probability. In [2O2PMG][PF 6 ] the site occupancy factors of the shaded groups are approximately 7% in case of the ether side group and 11% for the fluorine atoms 
of the anion. For [C 5 PMG][PF 6 ] the site occupancy factor of the shaded pentyl group is 21%. Color code: C black, N blue, O red, F green, P pink, H gray. 
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he highest site occupancy factors (0.928) has a dihedral angle 𝜙1 (C–N–
–C) of –104.2 ± 0.2° or 255.8 ± 0.2°, and a dihedral angle 𝜙2 (N–C–C–O)
f 58.3 ± 0.3° starting from the nitrogen where the side chain is attached.
or the side group with the lower site occupancy factors (0.072) the
ihedral angles are 𝜙1 (C–N–C–C) = –89.9 ± 2.2° or 270.1 ± 2.2° and

2 (N–C–C–O) = 54.7 ± 3.3° The distance of the central guanidinium
arbon to the oxygen with the highest site occupancy is 3.362 ± 0.003 Å,
he distance to the oxygen with the lower population 2.917 ± 0.033 Å. 

Contrary to the ether group the pentyl group adopts a linear confor-
ation in the single crystal with the side chain pointing away from the

ationic center. Thus, the functionalization has induced a change of the
ation conformations with minimal effect on the cation mass. Torsion
ngles of the hydrocarbon chain with the highest site occupancy (0.787)
re –121.8 ± 0.2° or 238.2 ± 0.2° for 𝜙1 (C–N–C–C) starting from the
enter guanidinium carbon and –176.1 ± 0.2° or 183.9 ± 0.2° for 𝜙2 (N–
–C–C) from the guanidium nitrogen. The side group with the lower site
ccupancy (0.213) has a torsion angle 𝜙1 (C–N–C–C) of –109.1 ± 1.0° or
50.9 ± 1.0° combined with a torsion angle 𝜙2 (N–C–C–C) of 168.5 ± 0.9°

These findings of the altered cation conformation in ionic liquids by
xchanging the methylene group in 𝛾-position with an oxygen finding
re also reported for other ionic liquid cations, such as phosphonium or
mmonium ( Rauber et al., 2021a ; Philippi et al., 2020a ; Beckmann et al.,
022 ). Thereby the ether chain with the oxygen curls towards the cation
enter while in contrast the hydrocarbon chains adopt linear conforma-
ions pointing away from the cation center. This change in the cation
onformation is also the reason for the accelerated dynamics of the
onic liquids with attached ether chains. On one hand the curled struc-
ure gives a more spherical shape to the cation which is beneficial for
he dynamics. On the other hand, probably the more important fac-
or, shielding of the cationic center by the polar ether group reduces
nteractions between cations and anions and thus changes the liquid
tructure ( Rauber et al., 2021a ; Beckmann et al., 2022 ). This altered
ation conformation changes the enthalpic contributions slightly due
o the better shielding of charges and increased cation-anion distances
s well as the entropic contributions by allowing for diffuse ion con-
gurations, increasing the configurational entropy of the liquids state
 Rauber et al., 2021a ). For protic tetramethyl guanidinium ionic liquids
ith 2-ethoxy-ethyl and pentyl chain substitution similar cation con-

ormations of curled-ether and linear alkyl were found ( Rauber et al.,
023 ). 

otential energy surface 

Relaxed scans were performed from 0° to 360° in steps of 10° con-
omitantly for the two dihedrals 𝜙1 and 𝜙2 shown in Scheme 1 (Total
f 37 ×37 = 1369 geometry optimizations with 𝜙1 and 𝜙2 frozen). The
esulting potential energy surfaces of the ether and alkyl substituted
10 
entamethyl guanidinium cations, including their minimum energy con-
ormers, are show in Fig. 6 . A threshold of 15 kJ mol − 1 was chosen to
dentify the thermally accessible regions of the PES (dashed line). The
eometries from single crystal structure measurements are also shown
n Fig. 6 , demonstrating the excellent agreement between gas phase ab

nitio calculations and solid-state bulk experiments. 
The alkyl substituted pentamethyl guanidinium cation has more min-

ma and a larger thermally accessible region with smaller barriers com-
ared to the ether substituted cation. For [C 4 PMG] + , the energy of the
hree minima at 𝜙2 = 62 ◦, 177 ◦, 306 ◦ are within 2 kJ mol –1 , which is
omparable to the accuracy of the theoretical method used. For the
2O1PMG] + cation, there is a clear preference for the 𝜙2 ≠ 180 ◦. 

Thus, the alkyl functionalized cation has a higher conformational
exibility both from entropic (number of minima) and dynamic (ease of
ransition between minima) viewpoints. This is in contrast to the com-
on assumption that the favorable properties of ether functionalized

onic liquids stem from their high conformational flexibility ( Tang et al.,
012 ). In line with our previous work on ether-functionalized cations,
e observe pronounced curling of the ether functionalized side chain to-
ards the positively charged core ( Rauber et al., 2021a ; Philippi et al.,
020a ; Beckmann et al., 2022 ). The ether oxygen atom thus competes
ith the anions for coordination of the cation core ( Kashyap et al., 2013 ;
oshii et al., 2020 ; Shimizu et al., 2013 ). The intermolecular curling ef-

ectively shields the positive charge. The predominant underlying cause
or this curling seems to be a combination of electrostatic and dispersion
nteractions of roughly equal strength, see supporting information. 

mall-angle X-ray scattering 

Information about the liquid structure of ionic liquids can be ob-
ained by small-angle X-ray scattering (SAXS) ( Hayes et al., 2015 ). The
btained scattering patterns usually contain up to three peaks in specific
anges of the scattering vector 𝑞. Higher 𝑞-ranges correspond to shorter

istances in real space. Peaks at 𝑞 𝑞 > 1 Å
−1 

are thus usually interpreted
s ‘adjacency peaks’ that result from various intra- and intermolecu-

ar contributions. The ‘charge peaks’ around 𝑞 = 0 . 8 Å
−1 

( Araque et al.,
015 ) stem from the shell-like organization of ionic liquids, where each
on is surrounded by countercharged ions. Due to cancellation of peaks
nd antipeaks this feature can be absent in the scattering patterns, which
oes not mean that there is no formation of ion cages in the liquid state
 Araque et al., 2015 ; Kashyap et al., 2012 ). These charge peaks also cor-
elate to the average ion distance in the liquids state. At smaller 𝑞 values,
polarity peaks’ are found for some ionic liquids with longer non-polar
arts (hydrocarbon or fluorocarbon chains) attached to the ions. This
s mostly the case for cations with long alkyl tails and leads to the for-
ation of a nanostructure consisting of non-polar hydrocarbon domains

nd polar, ionic regions. This polarity peak consequently has a higher
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Fig. 6. Potential energy surfaces of the dihedral angle 𝜙1 (C–N–C–C) versus (a) the dihedral angle 𝜙2 (N–C–C–O) of the 2-methoxy-ethyl-pentamethyl guanidinium 

cation [2O1PMG] + cation and (b) the dihedral angle 𝜙2 (N–C–C–C) of the methylene-substituted analogue butyl-pentamethyl guanidinium [C 4 PMG] + . The dashed 
lines represent the thermally accessible regions of the potential energy surface, assuming a barrier of 15 kJ mol –1 ( Philippi et al., 2020b ). The white crosses are 
the minimum energy structures of the potential energy surface and the triangles are the dihedral angles obtained from the singe crystal structure analysis (see 
Section 3.3.1 ). Red triangles with tip pointing upwards represent the cation conformations in the single crystal with the highest site occupation factor, orange ones 
with tip pointing downwards those with lower site occupation. Graphical representation of the minimum energy structures from the potential energy surfaces for (c) 
the [2O1PMG] + and d) the [C 4 PMG] + cation with related dihedral angles and energies at the MP2/cc-pVTZ//B3LYP-GD3BJ/6-311 + G(d,p) level of theory. 

Table 5 

Fitting parameters 𝐷 s ,𝑖, 0 , 𝐵 𝐷 s ,𝑖 and 𝑇 0 , 𝐷 s ,𝑖 following the VFT Eq. (3) for the self-diffusion coefficients 𝐷 s ,𝑖 (cation: 
𝑖 = + ; anion: 𝑖 = − ) including Angell strength factor for the self-diffusion coefficients 𝛿𝐷 s ,𝑖 and activation ener- 
gies 𝐸 25 

◦C 
a , D s ,𝑖 

for the self-diffusion at 25 °C. All coefficients of determination 𝑅 

2 ≥ 0 . 99998 . 

Ionic liquid 𝑖 𝐷 s ,𝑖, 0 / 10 − 8 m 

2 s − 1 𝐵 𝐷 s ,𝑖 / K 𝑇 0 , 𝐷 s ,𝑖 / K 𝛿𝐷 s ,𝑖 𝐸 25 
◦C 

a , D s ,𝑖 
/ kJ mol –1 

[2O2PMG][NTf 2 ] + 1.416 ± 0.08 − 997.5 ± 22.9 152.2 ± 2.1 6.55 ± 0.17 40.0 ± 0.6 
[2O2PMG][NTf 2 ] – 1.306 ± 0.04 − 832.5 ± 9.0 156.5 ± 1.1 6.06 ± 0.06 40.2 ± 0.6 
[C 5 PMG][NTF 2 ] + 1.299 ± 0.04 − 958.2 ± 11.4 163.3 ± 1.0 5.87 ± 0.08 46.7 ± 0.7 
[C 5 PMG][NTF 2 ] – 1.422 ± 0.06 − 959.9 ± 13.6 163.4 ± 1.2 5.88 ± 0.09 47.1 ± 0.6 
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ntensity and is shifted to larger real-space distances in the case of pro-
ounced nanostructuring that is typically caused by long alkyl groups
 Hayes et al., 2015 ). 

The experimental SAXS patterns of the guanidinium ionic liquids that
ould be obtained in liquid state at ambient temperature are shown in
ig. 7 and the obtained peaks of the scattering vectors 𝑞 with the calcu-
ated real-space distances and ion distances from the ab initio radii are
iven in Table 6 . 

Weak polarity peaks are observed only for [2O2PMG][TFA] and
C 5 PMG][NTf 2 ]. Only the samples with the [NTf 2 ] – and the [BETI] –

nion have a clear charge peak. The ionic liquids with ether containing
ation with the [FSI] –, [NTf 2 ] – and [TFA] – anions show two adjacency
11 
eaks, whereas [2O2PMG][BETI] and [C 5 PMG] [NTf 2 ] show only one
eak at high 𝑞. The calculated real space distances of the ions (charge
eak) are in good agreement with the sum of the radii from the ab initio

alculation. For the ether cation the sum of the ab initio ion radii is ap-
roximately 0.5 Å smaller than the ion distances in the liquid for both
he [NTf 2 ] – and the [BETI] – anion. The difference of 0.34 Å in the ion
istance between the ionic liquids with the two different anions is in
xcellent agreement with the difference in the anion sizes of 0.345 Å
rom the ab initio calculations. 

As polarity peaks and nanosegregation usually emerge for ionic liq-
ids with groups equal to or longer than butyl for various cations
 Hayes et al., 2015 ), it is not surprising that the guanidinium ionic liq-
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Table 6 

Peak positions of the scattering vector 𝑞 and calculated real space distances. 

Ionic liquids 
Peak positions Real space distance 

𝑟 + + 𝑟 − / ÅPolarity / 
Å− 1 

Charge / 
Å− 1 

Adjacency / 
Å− 1 Polarity / Å Charge / Å

Adjacency / 
Å

[2O2PMG][FSI] 
— — 1.08; 1.63 — — 5.80; 3.85 7.31 

[2O2PMG][NTf 2 ] 
— 0.76 1.04; 1.42 — 8.25 6.06; 4.43 7.76 

[2O2PMG][BETI] 
— 0.73 1.09 – 8.59 5.79 8.10 

[2O2PMG][TFA] 
0.49 — 1.13, 1.56 12.8 — 5.54; 4.02 6.95 

[C 5 PMG][NTf 2 ] 
0.45 0.80 1.18 13.8 7.86 5.33 7.81 

Fig. 7. Small-angle X-ray scattering patterns of the investigated guanidinium 

ionic liquids at 25 °C. Colors in the background show the regions where polar- 
ity, charge and adjacency peaks are found. Drawn lines are the peak fits using 
Lorentzian functions with the colors indicating the type of peak (from the 𝑞
range in which they are located). 
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id with the pentyl chain also shows this signature. The distance of the
onpolar domains is slightly larger than the characteristic domain size of
he 1-methyl-3-pentyl-imidazolium cation [C 5 C 1 im] + with the [NTf 2 ] –

nion, which has been reported to be 11.0 Å ( Russina et al., 2009 ).
his greater distance for the pentyl-pentamethyl guanidinium can be
imply rationalized by the larger size of the guanidinium moiety. The
bsence of nanosegregation in ionic liquids with ether tails is the re-
ult of the altered cation conformation. While the hydrocarbon chain
n the guanidinium ionic liquid adopts a linear conformation, similar to
ther ionic liquid cation classes, the ether chain curls toward the cation
enter. This cation conformation of the ether-substituted guanidinium
revents the formation of nonpolar microdomains and shields the posi-
ive charge of the cation center, which has also shown to be the case for
12 
ther types of ionic liquid cations ( Rauber et al., 2021a ; Philippi et al.,
020a ; Amith et al., 2022 ). The polarity peak of [2O2PMG][TFA] might
e attributed to the higher basicity of this particular anion which is
ompeting with the ether chain for the positively charged cation center.
 similar observation was also made for ether-substituted ammonium

onic liquids with the trifluoroacetate anion ( Rauber et al., 2021a ). 
The occurrence of two adjacency peaks in ionic liquids is a quite rare

bservation and has only been, to the best of our knowledge, reported
or ionic liquids with the tricyanomethanide [C(CN) 3 ] – and tetracyanob-
rate anions [B(CN) 4 ] – ( Philippi et al., 2020a ; Dhungana et al., 2016 ).
he occurrence of two adjacency peaks has been rationalized by the shift
f the intermolecular contributions of the cations to the adjacency cor-
elations towards lower 𝑞 values as a result of anion sizes changing the
on arrangements. In this set of guanidinium ionic liquids the incidence
f the two adjacency peaks might also be attributed to the ion size, as
or the ether ionic liquids a single adjacency peak is only found for the
BETI] – anion, which is the largest in this set. 

uclear magnetic resonance spectroscopy 

For a deeper understanding of the obtained cation conformation and
he rotational dynamics in the liquids state, we investigated the pure
onic liquids nuclear magnetic resonance (NMR) spectroscopy at differ-
nt temperatures. 

ariable temperature NMR on [2O2PMG][NTf 2 ]. From the single crystal
-ray structure analysis as well as the potential energy surface calcula-

ions, a curled structure of the [2O2PMG] + cation with the ether side
hain in the liquid state is to be expected. However, due to partial dou-
le bond character of the C–N bonds in the guanidinium cation center,
estricted rotations for the hexaalkyl-substituted guanidinium ionic liq-
ids are also anticipated ( Moscardini et al., 2019 ). A stacked-plot of the
emperature-dependent 1 H-NMR spectra is shown in Fig. 8 a. 

In the temperature-dependent spectra, a clear difference in the low
nd high 𝑇 region is found. At lower temperatures, the spectra contain
ore peaks which merge into each other at medium 𝑇 , resulting in the

bserved high 𝑇 spectra with fewer resonances. Spectra showing the
ethylene protons in the side chain at different temperatures are given

n Fig. 8 b, while the section of the methyl groups attached to the guani-
inium unit is shown in Fig. 8 c. Differences in the spectra at different
emperatures can be attributed to the slow rotation around the partial
ouble bonds in the guanidinium center. In total, there are three differ-
nt bonds of central guanidinium carbon to the nitrogen atoms that are
estricted in their rotation. These are the two C–N(CH 3 ) 2 bonds, which
an be seen by the four unequal N(CH 3 ) 2 groups, and the C–N(2O2)CH 3 
ond, which causes the splitting of the protons in the 𝛼 and 𝛽 positions
f the ether side chain (sketched in Fig. 8 a). In addition, the restricted
otion of the N–C 𝛼 and C 𝛼–C 𝛽 causes the particular splitting patterns

f the protons attached to these carbons. At lower temperatures some
rotons are observed as individual resonances since these protons re-
ain in different chemical environments for longer times due to slow
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Fig. 8. (a) Overview of the 𝑇 -dependent 1 H- 
NMR spectra of [2O2PMG][NTf 2 ] as stacked 
plot (at 500 MHz, referred to external 
(CDCl 2 ) 2 ). The progression of the hydrogen 
nuclei in the ether side chain is highlighted 
with color (orange = N–CH 2 –CH 2 –O; vio- 
let = N–CH 2 ). The sketch shows the guani- 
dinium C–N bonds with restricted rotations 
causing the splitting of the signals. (b) Ex- 
cerpt of the NMR spectra showing the protons 
in 𝛼, 𝛽 and 𝛿 position to the guanidinium ni- 
trogen at 273 K (blue) and 363 K (red). De- 
tailed multiplicity analysis and assignment of 
the hydrogen atoms in the cation conforma- 
tion is given in Table S20 and Fig. 9 . (c) Signal 
splitting of the methyl groups at 273 K (blue) 
and 363 K (red). Five individual peaks are 
visible at lower temperature, while at higher 
𝑇 two peaks appear in a ratio of 4:1, corre- 
sponding to the protons of C(N(CH 3 ) 2 ) 2 and 
N(2O2)CH 3 . 
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otations. Signal splitting in the NMR spectra due to slow rotations is
bserved when the rate constant of rotation 𝑘 rot is much slower than
he differences in the chemical shifts Δ𝜈 of the signals, so 𝑘 rot ≪ Δ𝜈.
s the available thermal energy increases, these restricted motions be-
ome faster, leading to the coalescence of the formerly separated peaks
nd the appearance of a single resonance at higher temperatures, when
 rot ≫ Δ𝜈. The different chemical shifts, their multiplicities, coupling
onstants and assignments at 273 K and 363 K are given in Table S20 of
he supporting information, the spectral ranges and line fittings of the
 H NMR signals of the 2-ethoxy-ethyl group are shown in Fig. 9 c for the
ower temperature (273 K) and in Fig. S12 for the high 𝑇 (363 K). Due
o the characteristic chemical shifts and splitting patterns, the peaks at
ow temperatures can be assigned to the different protons, showing that
he conformation of the cation in the liquid state is the same as in the
olid state and is the minimum energy conformation as predicted from
he ab initio calculations. 

At lower temperatures with slow rotations around the C–N bonds
 𝑘 rot ≪ Δ𝜈) the 1 H-NMR peaks can be assigned when considering the
inimum energy geometry from the ab initio calculations (which in turn

s close to the situation in the solid state, see Section 3.3.1 ), although
 shorter side chain was chosen as a model system. Signals of the five
ethyl groups attached to the guanidinium center are well separated,

ocated at 3.4 to 3.6 ppm, see Fig. 8 a. The resonance of the side-chain
ethyl group is at 1.68 ppm showing a triplet with a coupling constant

3 𝐽 HH of 7 Hz, Fig. 9 c. In addition, the protons of the methylene unit
n 𝛿 position to the guanidinium nitrogen can be assigned to the quar-
et located at 4.01 ppm indicating a free rotation of the O–CH 2 (CH 3 )
ond. However, at lower temperatures this quartet is overlapped by the
13 
ignal from a single proton from the 𝛼 position, see Fig. 9 c. The four
emaining signals all have the same integral (of one proton per signal,
ee Fig. 8 b and can be attributed to the remaining hydrogen atoms in
and 𝛽 position of the ether side group. To understand the splitting

f the 1 H-NMR resonances of these methylene units, it is helpful to as-
ume the minimum energy conformation from the solid state and/or the
omputations, which has the dihedral angles 𝜙1 (C–N–C–C) of 251° and

2 (N–C–C–O) of 56°. The conformation of the hydrogen atoms in the 𝛼
nd 𝛽 positions of the side chain is shown in Fig. 9 a and b in schematic
epresentations. 

The spectra at 273 K show two triplets and two doublets. Attribution
f the signals to the protons can be made from the splitting patterns and
trength of the of 2 𝐽 HH geminal and 3 𝐽 HH vicinal coupling constants.
eminal couplings can reach up to 12 Hz in comparable systems with N-
nd O-substituents. Vicinal couplings are the result of different overlaps
f molecular orbitals ( Karplus, 1963 ). Their magnitude depends on the
ihedral angle of the two coupling protons and is well described by
he Karplus equation ( Hunter et al., 2005 ). Here, the coupling constants
ange between 10 and 12 Hz for antiperiplanar (dihedral angle is 180°)
nd 2–3 Hz for gauche rotamers (dihedral angle is 60°). 

Each of the two methylene groups in 𝛼 and 𝛽 position to the guani-
inium N has one proton in gauche position (H B and H C , respectively)
o the two neighboring methylene group protons and a proton (H A and
 D , respectively), which has both an antiperiplanar and a gauche po-

ition to a vicinal proton, see Fig. 9 c. Utilizing Heteronuclear Single
uantum Coherence (HSQC) NMR spectroscopy for the correlation of
 H and 13 C nuclei allows the assignment of the proton signals to a car-
on of the molecular structure (see supporting information). This re-
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Fig. 9. Schematic representation of the minimum energy con- 
former obtained from the calculation of the potential energy 
surface for the [2O1PMG] + cation ( 𝜙1 (C–N–C–C) of 251° and 
𝜙2 (N–C–C–O) of 56°). The geometric arrangement of hydrogen 
atom of the side chain in 𝛼 and 𝛽 position is shown in (a) with 
the C 𝛼–C 𝛽 bond perpendicular to the paper plane and (b) in the 
paper plane, respectively. (c) The individual multiplets of the 
2-ethoxy-ethyl side chain in the 1 H-NMR(500 MHz, referred 
to external (CDCl 2 ) 2 ) spectra at 273 K with line shape analysis 
and assignment to the molecular structure of one of the two 
equivalent rotamers with the ether atom being in gauche po- 
sition to the guanidinium moiety. Fitted peaks are shown in 
blue. 
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eals that the protons at 3.93 and 4.28 ppm belong to the carbon in
-position (H A and H B ) and the ones at 3.77 and 4.05 ppm (H C and H D )
o the methylene group next to the guanidinium nitrogen. For the sam-
le [2O2PMG][NTf 2 ] the occurrence of these individual proton signals
t lower 𝑇 reveals the persistent cation conformation due to the coordi-
ation of the ether-oxygen towards the guanidium carbon. This signifi-
antly slows down the rotations around the C–N(2O2)CH 3 , C–N(CH 3 ) 2 
onds as well as the N–C 𝛼 bond and C 𝛼–C 𝛽 of the ether side chain, while
 free rotation is only possible for the bonds of the ethoxy group (O–C 𝛿

nd C 𝛿–C 𝜀 ). Due to the slow rotation a locked conformation is observed
y NMR spectroscopy in the pure, liquid state, similar to the situation in
he crystal. This locked conformation consists of two chemically equiva-
ent rotamers (of which only one is shown in Fig. 9 c with the ether atom
eing in gauche position to the guanidinium moiety with respect to the
 𝛼–C 𝛽 bond. Since the geminal and the antiperiplanar vicinal coupling
onstants are large and almost equal in magnitude and the gauche cou-
lings are small and unresolved in the low temperature spectra, H A and
 D appear as broad triplets and H B and H C as broad doublets, as shown

n Fig. 9 c and Table S20. 
At higher temperatures, the rotation around the C-N bonds is sig-

ificantly faster ( 𝑘 rot ≫ Δ𝜈) so that it is not possible to resolve the in-
ividual rotamers in the used frequency range (in this case 500 MHz).
onsequently, the signals of the individual protons in the side chains
re observed as a single resonance. In this case the methylene groups in
he 𝛼 and 𝛽 positions to the guanidinium nitrogen are then observed as
riplets which each integrate for two protons, due to the fast rotations.
he individual signals of the protons in the ether side chain at 363 K
c  

14 
ogether with their assignment are shown in Fig. S12. All multiplets of
he side chain are separated from each other. The broadened triplets of
he 𝛼 and 𝛽 methylene groups and guanidinium methyl groups indicate
hat the rotation around the N–C 𝛼 bond and C 𝛼–C 𝛽 bond is still com-
aratively slow, although no individual rotameric peaks for the vicinal
ouplings are observed at higher 𝑇 . This indicates that the coordinating
ther chain conformation, slowing down the molecular rotations in the
onic liquid cation, is still persistent at elevated temperatures. This is
lso in accordance with the constant hydrodynamic radius that would
e expected to change if the ion conformation changed significantly. 

ariable temperature NMR on [C 5 PMG][NTf 2 ]. For the [C 5 PMG][NTf 2 ]
he individual 𝑇 -dependent 1 H-NMRs are shown in Fig. 10 a. The full
lot is given in the supporting information. Similar to the ether substi-
uted sample there is a splitting of some proton signals at lower temper-
tures. On the one hand the restricted rotation of the C–N(C 5 H 11 )CH 3 
ond causes a splitting of the methylene protons in the 𝛼 and 𝛽 beta
ositions, Fig. 10 b and d, and on the other hand the restricted rotations
f the C–N(CH 3 ) 2 bonds cause a broadened and asymmetric peak of
hese methylene group resonances, see Fig. 10 c. At lower temperatures
he protons of the 𝛼 and 𝛽 methylene groups appear as broad singlets
ather than sharp multiplets, as it would be the case for fast rotations
 𝑘 rot ≫ Δ𝜈) around the C–N(C 5 H 11 )CH 3 bond. This is especially true for
he two protons of the 𝛽 methylene group that form two separated broad
eaks at 263 K, but as a quintet at 363 K, see Fig. 10 d. Combined with
he finding that the signals from the methyl group 𝛼 to the nitrogen
hows a clear, much less broadened triplet at higher temperatures it
an be concluded that the rotation around the C–N(C 5 H 11 )CH 3 bond is
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Fig. 10. (a) Stacked plot of the variable temperature 1 H-NMR (500 MHz, referred to external (CDCl 2 ) 2 ) measurements for the signals changing their shape/coalescence 
with increasing 𝑇 . Spectra of the protons for (b) the methylene group in 𝛼 position to the guanidinium nitrogen, (c) the methyl groups at the guanidinium moiety 
and (d) the methylene group 𝛽 to the N. The blue spectra are recorded at 265 K and the red ones at 363 K. 
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uch less restricted than when the side chain contains the ether. This
gain shows the altered cation conformation of the [2O2PMG] + cation
nd the influence of the ether side chain on the rotational dynamics of
he bond in the cation. 

.4. Rotational dynamics 

Temperature-dependent NMR spectroscopic measurements can be
sed to obtain kinetic data about rotational processes, if the processes
ave sufficient rate constants / time scales. The analysis of the coales-
ence temperature 𝑇 coal at which peaks in the spectrum merge, and the
nalysis of the line shape at this temperature can be used to determine
he rate constant of the rotation at the coalescence temperature 𝑘 coal .
or 𝑇 coal this can be done using the approximation in Eq. (10) 

 1∕2 = Δ𝜐0 = 

√
2 𝜋−1 𝑘 coal (10)

ith 𝑊 1∕2 is the peak width at half height of the signal at the coales-
ence temperature and Δ𝜐0 the frequency difference in absence of an
xchange (the peak separation at low temperatures given in Hz, where
he rotations are slow) ( Gutowsky and Cheng, 1975 ; Foreiter et al., 2014 ;
odarresi-Alam et al., 2007 ). From the rotational rate constant at the

oalescence temperature 𝑘 coal the Gibbs free energy Δ𝐺 

≠

coal of the rota-
ional barrier (activation energy of the rotation) can be calculated using
15 
he Eyring- Eq. (11) in the form 

𝐺 

≠

coal = − 𝑅𝑇 coal ln 
( 

𝑘 B 𝑇 coal 
ℎ𝑘 coal 

) 

(11)

ith the Boltzmann constant 𝑘 B and the Planck constant ℎ . The values
btained for the different rotational barriers at the stated coalescence
emperatures are given in Table 7 . 

All values for the rotational barriers are quite close to each other,
resumably as a result of the comparatively small 𝑇 -range and the struc-
ural similarities of the cations. However, the rotational barriers of the
ther containing ionic liquids are higher than for the purely alkylated
ample. This is not surprising, since the cation conformation with the
urled ether chains restricts the rotational motion of the bonds in the
ther-cation, especially the C–N(2O2)CH 3 bond (and the N–C 𝛼 plus C 𝛼–
 𝛽 bonds, see above). For the hexamethyl guanidinium cation in deu-
erium oxide rotational barriers of 64 . 9 kJ mo l −1 are given in the liter-
ture ( Dietrich et al., 1980 ). A pentamethyl guanidinium cation with a
arge substituent in 1,1,2,2-tetrachloroethane-d 2 showed rotational bar-
iers for the C–N(CH 3 ) 2 bond of 64 kJ mo l −1 with a comparable 𝑇 coal 
alue of 324 K ( Butschies et al., 2010 ). Such close values of the differ-
nt guanidiniums in the pure state and solvent indicate that the rota-
ions in the cations are influenced only slightly affected by the length
f the substituents and the surrounding media. Rotational barriers of
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Table 7 

Coalescence temperatures 𝑇 coal for the different resonances of the investigated ionic liquids. The separation 
of the resonances at low temperatures Δ𝜐0 , and the width of the peaks at the coalescence temperature 𝑊 1∕2 
were used to calculate the rate constant of the rotation at the coalescence temperature 𝑘 coal and the Gibbs 
free energy of activation for the rotation at this temperature Δ𝐺 

‡
coal . 

Ionic liquid Protons 𝑇 coal / K Δ𝜐0 / Hz 𝑊 1∕2 / Hz 𝑘 coal / Hz Δ𝐺 ‡coal / kJ mo l −1 

[2O2PMG][NTf 2 ] N–CH 2–CH 2 330.7 174.1 ± 2.0 — 386.7 ± 4 . 4 64.8 ± 1.1 
N–CH 2 328.2 141.7 ± 2.0 — 314.1 ± 4 . 4 64.9 ± 1.1 
N( CH 3 ) 2 305.7 — 14.8 ± 3.0 32.9 ± 6 . 6 66.6 ± 1.6 
N( CH 3 ) 2 315.7 — 30.1 ± 3.0 66.9 ± 6 . 6 66.4 ± 1.6 
N( CH 3 ) 2 315.7 41.5 ± 1.0 — 92.5 ± 4 . 4 65.6 ± 1.1 

[C 5 PMG][NTf 2 ] N–CH 2 –CH 2 313.3 78.8 ± 2.0 — 175.0 ± 4 . 4 63.3 ± 1.1 
N–CH 2 –CH 2 313.3 — 71.0 ± 2.0 157.6 ± 4 . 4 63.6 ± 1.1 

Fig. 11. (a) Eyring and (b) Arrhenius plot for the determi- 
nation of the thermodynamic parameters of the C–N(X)CH 3 

bonds’ (X = 2O2 or C 5 H 11 ) rotational dynamics. Values for the 
rate constant of rotation 𝑘 rot are obtained from for the signals 
of the methylene group in 𝛽-position to the guanidinium nitro- 
gen. 
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Scheme 1. Molecular structures and abbreviations of the investigated cations 
and anions forming the pentamethyl guanidinium ionic liquids. Furthermore, 
the dihedral angles 𝜙1 and 𝜙2 of the bonds in the side chain, which were used 
for the construction of the potential energy surfaces, are illustrated. 

(  

i
 

o  

b  
8 . 7 kJ mo l −1 around the imine bond have been published for the corre-
ponding non-ionic pentamethyl guanidine ( Bauer et al., 1968 ), indicat-
ng that the delocalization of the 𝜋-electrons plays an important role in
he activation of the rotation for the guanidinium ionic liquids. Ab initio

alculations for a tetramethyl guanidinium cation with a cyclic pentyl
hain gave a slightly higher conformational barriers of 67 . 3 kJ mo l −1 
or the rotation of the C–N(CH 3 ) 2 ( Moscardini et al., 2019 ). Similar val-
es for rotational barriers of approximately 64 kJ mo l −1 have been re-
orted for neat chiral thiouronium ionic liquids with the [NTf 2 ] – anion
 Foreiter et al., 2014 ). 

For temperatures below the coalescence with slow exchange, the rate
onstant of the rotation can be obtained by the change in peak separa-
ion according to Eq. (12) ( Gasparro and Kolodny, 1977 ). 

 rot = 

𝜋√
2 

(
Δ𝜐2 0 − Δ𝜐2 e 

)1∕2 
(12)

ith Δ𝜐e the separation of the peaks (in Hz) when slow exchange is
resent. Rate constants of the rotational dynamics of the C–N(X)CH 3 
with X = 2O2 or C 5 H 11 ) bond are determined by the methylene groups
n the 𝛽-position of the side chains. In both samples these signals show
 sufficient separation and are not overlapped. From the temperature-
ependence of the rotational constants of the activation enthalpy Δ𝐻 

‡
rot 

nd activation entropy Δ𝑆 ‡rot of the rotational process can be obtained
y the Eyring Eq. (13) in the form 

 rot = 

𝜅𝑘 B 𝑇 

ℎ 
exp 

( 

Δ𝑆 ‡rot 
𝑅 

) 

exp 

( 

Δ𝐻 

‡
rot 

𝑅𝑇 

) 

(13)

ssuming a transmission coefficient 𝜅 of unity, due to the intramolec-
lar nature of the rotational process ( Guerra et al., 2020 ). The Eyring
lots of ln ( 𝑘 rot 𝑇 −1 ) vs. 𝑇 −1 with the determined rate constants for the
otation around the C–N(X)CH 3 bond of the guanidinium moiety are
iven in Fig. 11 a. The resulting activation parameters from the Eyring
q. (13) are given in Table 8 . Similar to other rate constants or the
ransport properties it is possible to obtain the activation energy of the
otation 𝐸 a , rot by the Arrhenius Eq. (4) . The resulting Arrhenius plot
16 
 ln ( 𝑘 rot ) vs. 𝑇 −1 ) is show in Fig. 11 b and the values for 𝐸 a , rot are given
n Table 8 . 

The results from the Eyring plot show a significantly higher enthalpy
f activation for the conformational rotational process around the C–N
ond of the guanidinium moiety for the ether substituted ionic liquid.
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Table 8 

Activation enthalpy Δ𝐻 

‡
rot and activation entropy for the Δ𝑆 ‡rot from the Eyring 

Eq. (13) as well as activation energy from Arrhenius Eq. (4) for the rotation 
around the C–N(X)CH 3 bond (X = 2O2 or C 5 H 11 ) for the samples with ether 
chain and pentyl group. 

Ionic liquid Δ𝐻 

‡
rot / kJ mol − 1 Δ𝑆 ‡rot / J mol − 1 K − 1 𝐸 a , rot / kJ mol − 1 

[2O2PMG][NTf 2 ] 65.1 ± 4.2 73.5 ± 15.4 67.5 ± 4.2 
[C 5 PMG][NTf 2 ] 55.2 ± 3.5 25.3 ± 11.6 57.6 ± 3.5 
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his indicates that the interactions of the oxygen in the ether chain with
he carbon of the guanidinium center (as shown above) hinders the ro-
ation of the C–N bond at which the ether chain is attached. A simi-
ar result is also obtained when using the Arrhenius activation energy.
pon substitution of the 𝛾-methylene group in the pentyl chain with an
xygen atom the activation energy of the rotational process increases
ignificantly as a result of the intramolecular coordination. 

onclusion 

In this contribution we presented the synthesis and characterization
f a set of novel pentamethyl guanidinium ionic liquids with the 2-
thoxy-ethyl side group and various anions commonly used in ionic liq-
ids. The guanidinium cation constitutes an interesting cation subclass
f ionic liquids with attractive properties that lacks detailed insights due
o their commercial non-availability. The results for [2O2PMG][NTf 2 ]
as compared to the isostructural guanidinium ionic liquids where the

ther functionality was replaced by a methylene group. We measured
he thermal properties and density as well as the transport properties
iscosity, conductivity and diffusivity of the samples in dependence of
emperature. Contrary to ionic liquids based on other cation-types the
ther functionalization seems to stabilize the crystalline state. The ionic
iquids with imide-type anions can be obtained in liquid state at ambient
emperatures and show good transport properties that are comparable
o those of other established cations, such as imidazolium or ammo-
ium. Using single crystal structure analysis, ab initio calculations, and
ariable temperature nuclear magnetic resonance spectroscopy we were
ble to show that the ether-substituted samples have an altered cation
eometry compared to the samples with only hydrocarbon groups in
oth solid and liquid state. The ionic liquids with the ether group adopt
 more compact, curled structure with the oxygen atom coordinating to-
ards the central carbon of the guanidinium, whereas the ions with the
entyl group show a linear conformation. Furthermore, we were able
o determine the rate constants of the rotation from variable temper-
ture nuclear magnetic resonance measurements. The Eyring equation
evealed that the rotation of the carbon-nitrogen bond with the attached
ide chain has a higher activation enthalpy for the ether side group than
he pentyl side chain. This enthalpic contribution is the result of the per-
istent coordination of the ether chain towards the positively charged
ation center on NMR timescales. 
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