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Ionic liquids (ILs) with long alkyl substituents are amphiphilic, which leads to a bicon-

tinuous liquid structure. The strongly interacting anionic and cationic head groups

form a long range charge network, with the hydrocarbon tails forming a nonpolar do-

main. Such nonpolar domains have been shown to dissolve a variety of neutral organic

solvents. In mixtures of ionic liquids with neutral solvents, the organic molecules re-

siding in the nonpolar domains experience different environment and friction from

the charged cations and anions, and thus diffuse much faster than predicted by hydro-

dynamic scaling using the average viscosity of the mixture. In this work, we report

studies of the structure and transport properties for mixtures of 1-octanol with the IL

trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide (P6,6,6,14
+/NTf2

−).

The majority of the atom fraction in the P6,6,6,14
+ cation comprises the four hydro-

carbon substituents. The unique amphiphilic nature of ILs with the P6,6,6,14
+ cation

makes 1-octanol fully miscible with the IL at ambient temperatures. X-ray scat-

tering experiments show that the ionic liquid structure persists in the mixtures for

1-octanol mole fractions as large as xoct = 0.90. The self-diffusion coefficients of the

three molecular species in the mixtures were measured by NMR experiments. The

self-diffusion of the P6,6,6,14
+ cation is well described by the Stokes-Einstein equation,

while the diffusivity of NTf2
− anion is slightly lower than the hydrodynamic predic-

tion. The measured diffusivities of octanol in these mixtures are 1.3–4 times higher

than the hydrodynamic predictions.
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INTRODUCTION

Ionic liquids (ILs) are molten salts that remain liquid near ambient temperatures. The

unique properties of the molecular anions and cations lead to a range of unique physical

and chemical properties.1–4 These properties have led to a wide range of applications for

ILs in separations, energy storage devices, and a variety of other applications in the energy

and environmental fields.5–10 Since chemical separations are energy intensive, ILs have been

widely investigated as a means to more efficient separations of gases and liquids, especially

hydrocarbons and fluorocarbons.11–15

The strong electrostatic interactions between anions and cations lead to ordered liquid

structures both for molten salts and for ionic liquids with larger molecular ions. These

charge-ordered liquid structures become bicontinuous when either the anions or cations are

amphiphilic. When the cations or anions have sufficiently long alkyl tails, these tails form

nonpolar nanoscale domains.2,16–24 A signature for the existence of nanoscale domains is the

observation of a first sharp diffraction peak (FSDP) in the total liquid structure function

S(q), which is obtained from X-ray and neutron scattering experiments and from molecular

simulations.16,18–20,25 The heterogeneity of IL structures is also connected to the dynamic

complexity in ILs.26

Though the viscosities, diffusivities and conductivities of ILs can be easily measured, these

reflect the averaged properties. The amphiphilic nature of many ILs can lead to increased

structural and dynamical heterogeneity when a neutral molecular species is mixed with the

IL.27–29 Water and organic solvents are the most common solutes to be mixed with ILs.30–35

Blesic, et al. studied the solubility of alkanes, alkanols and their fluorinated counter-

parts in ILs with tetraalkylphosphonium and other alkylated cations.31 The trihexyltetrade-

cylphosphonium (P6,6,6,14
+) based ILs show very high solubilities of neutral organic species.

This is especially true for the P6,6,6,14
+/NTf2

− IL, which is totally miscible with several

alkanols including 1-octanol.31 Blesic, et al. showed that up to 2/3 volume fraction of hy-

drocarbons (90% mole fraction for hexane) can be dissolved in P6,6,6,14
+/NTf2

−.31 They also

demonstrated that the solubility of alkanes was much lower in an imidazolium based IL with a

single tetradecyl chain, 1-methyl-3-tetradecylimidazolium bis(trifluoromethylsulfonyl)imide

(C[14]mim+/NTf2
−) than in P6,6,6,14

+/NTf2
−.31

The remarkable results of Blesic, et al.31 inspired us to study the structural and dynamical
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properties of both alcohols and alkanes in P6,6,6,14
+/NTf2

−. The structural properties of

ILs with other tetraalkylphosphonium cations have been studied by X-ray scattering and

NMR.20,36 ILs with the P6,6,6,14
+ cation have been well characterized using X-ray scattering

for the cases of both the chloride and NTf2
− anions.37–40

In this work, we report the structural properties of mixtures containing 1-octanol and

P6,6,6,14
+/NTf2

−, obtained from high photon-energy X-ray scattering data.41 The self-

diffusion coefficients of the NTf2
− anion, the P6,6,6,14

+ cation, and 1-octanol are measured

using the pulse-gradient spin echo (PG-SE) NMR method,42–44 using the 19F signal for NTf2
−

and 1H signals for P6,6,6,14
+ and 1-octanol. The molecular transport data are compared with

the bulk transport properties that are obtained from viscosity measurements.

Our previous study of mixtures of hexane (C6D14) with the P6,6,6,14
+/NTf2

− IL revealed

that the characteristic structure of the IL37–40 remained present even up to 80% mole fraction

of hexane at room temperature.27 The explanation for this unexpected behavior is that the

non-polar domains created by nanophase segregation between the anionic and cationic polar

head groups and the cationic hydrocarbon tails lead to a hydrocarbon-rich domain that is

capable of solubilizing the hexane. NMR self-diffusion measurements revealed that the non-

polar hydrocarbon domain has a very different local friction than the domain comprising the

polar head groups.27 In the P6,6,6,14
+/NTf2

− solutions with hexane, the neutral hydrocarbon

was found to have a self-diffusivity that was on average 21 times larger than the P6,6,6,14
+

cation.27 The size differences between the P6,6,6,14
+ and the hexane would lead to a ratio of

1 : 1.8 in the diffusivities based on predictions from the Stokes-Einstein hydrodynamic law,

so these predictions were off by more than an order of magnitude compared to the measured

diffusivities.27

A common element between our previous study of the structure and dynamics of the

P6,6,6,14
+/NTf2

−-hexane mixtures and the present study of octanol in the same IL is that

the intrinsic liquid structure of the IL persists across the range of concentrations measured.

However, there is also a subtle difference between our two studies, which is that unlike

hexane, 1-octanol has an intrinsic liquid structure that results from a network of molecu-

lar chains formed by H-bond donation by the hydroxyl proton and H-bond accepting by

the hydroxyl oxygen. Such a networked structure is the reason why 1-octanol and other

alcohols exhibit a first sharp diffraction peak in the liquid structure function.18–20,45 In the

P6,6,6,14
+/NTf2

−-octanol mixtures, the octyl chain resides in the nonpolar domain, and H-
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bonding at the terminal hydroxyl group can lead to strong interactions with polar regions

of the liquid.46–48 In this mixture the stronger ionic interactions dominate the structure for-

mation, although for very high fractions of octanol, undoubtedly both H-bonded and ionic

network morphologies contribute to the structure observed in the X-ray scattering pattern.

EXPERIMENTAL METHODS

Sample Preparation

The P6,6,6,14
+/NTf2

− ionic liquid was purchased from IoLiTec in ultra-high purity grade

and dried under vacuum with stirring for 48 h before use. Neat anhydrous 1-octanol was

purchased from Sigma-Aldrich and used as received. The mixtures of P6,6,6,14
+/NTf2

− and

1-octanol were prepared in a glove box under an argon atmosphere, where the oxygen and

water concentrations were below 0.1 ppm and 0.4 ppm, respectively. In addition to the

neat P6,6,6,14
+/NTf2

− and 1-octanol samples, eight P6,6,6,14
+/NTf2

−-octanol mixtures were

prepared for X-ray structural studies with 1-octanol mole fractions of xoct = 0.1, 0.3, 0.5,

0.65, 0.8, 0.9, 0.95 and 0.98. Each sample was put in 2 mm o.d. quartz capillaries (Hampton

Research) and temporarily sealed with beeswax in the glove box. After removal from the

glovebox, the capillaries were immediately flame sealed with a natural gas-oxygen torch.

High-energy X-ray Scattering Experiments

The capillaries prepared as described above were used for high photon-energy synchrotron-

based X-ray scattering experiments. The experiments were performed at the Advanced

Photon Source (APS) beamline 11-ID-B for pair distribution function analysis.41 The X-ray

beam wavelength was 0.2114 Å, corresponding to a photon energy of 58.66 keV. Use of such

high X-ray photon energies minimizes the possibility of radiation damage to the samples.

The sample-to-detector distance was calibrated using a powdered CeO2 test sample and

calculated to be 22.7 cm, resulting in scattering data in the range between 0.2 ≤ q ≤ 20

Å−1. The Fit2D49 program was used to correct and integrate the raw X-ray intensities and

the PDFgetX2 program50 was used to transform the corrected data into the total structure

factors S(q). The experimental protocols and data analysis procedures have been described

previously in detail.20,22–24,27,51–55
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Viscosity Measurements

A Cambridge Viscosity Viscolab 4100 viscometer was used to measure the temperature-

dependent viscosities of the P6,6,6,14
+/NTf2

−-octanol mixtures. The procedures were de-

scribed in detail previously.56 The temperature set point for the measurements was regulated

to ±0.1 K using a Lauda RM-6 recirculating water bath. Viscosities were recorded at 20,

25, 30, 35, and 40 ◦C.

Diffusivity Measurements by PG-SE NMR

The PG-SE NMR technique42–44 was used to measure the self-diffusion coefficients in

the IL, 1-octanol and mixture samples. The sealed capillaries prepared as described above

were placed inside standard 5 mm outer diameter NMR tubes that contained 99.9% D2O

to provide a deuterium lock signal. A Varian Direct Drive NMR instrument at a 400 MHz

1H frequency was used to measure the PG-SE intensities as a function of applied gradi-

ent magnetic field strength g, using procedures described previously.27,52,55,57,58 The specific

diffusion-ordered spectroscopy (DOSY) pulse sequence used was the Bipolar Pulse Pair

Stimulated Echo sequence (called DBPPSTE in the Varian DirectDrive software).44 The

gradient field strength g was varied between 5 to 350 G/cm. The self-diffusion coefficient D

is obtained by fitting the spin echo intensities to the following equation:

I(g) = I(0) exp
(

−D(γ g δ)2(∆− δ/3
)

) (1)

where I(g) is the intensity of the signal, I(0) is the intensity of the signal at g = 0, γ is the

gyromagnetic ratio, δ is the duration of the gradient pulse, ∆ is diffusion delay, and D is

the diffusion coefficient.43

Self-diffusion coefficients for the cation P6,6,6,14
+ and 1-octanol were measured using 1H

signals, while those for the NTf2
− anion were measured using the single 19F peak. The

measurements were carried out at three temperatures: 298, 308 and 318 K. Samples were

re-equilibrated for at least 10 min after each temperature change.
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RESULTS AND DISCUSSION

Structure functions S(q) of the IL-octanol mixtures

Fig. 1 presents the liquid structure functions S(q) measured using high-energy X-ray

experiments for neat P6,6,6,14
+/NTf2

−, neat 1-octanol and their mixtures. For each S(q),

there is a clear separation between intermolecular and intramolecular correlations at q =

2.0 Å−1 as has been observed for neat P6,6,6,14
+/Cl−37 and for neat P6,6,6,14

+/NTf2
−.38–40

Three intermolecular peaks are observed for the neat P6,6,6,14
+/NTf2

− IL: the adjacency

peak at q = 1.37 Å−1 resulting from near-neighbor interactions; the charge-charge correla-

tion peak at q = 0.75 Å−1 that arises from the second-shell structure of like-charge ions,

and the FSDP at q = 0.41 Å−1, indicating the intermediate range order that results from

the hydrophobic domains created by interactions of the hydrocarbon tails on the P6,6,6,14
+

cation.16,20,38–40,51 We note that although the charge-charge correlation peak at q = 0.75 Å−1

appears only as a shoulder in the full X-ray S(q) data, the same peak analyzed using the

ionic partitioning of S(q) obtained from MD simulations reveals the strongest correlation,

with greater amplitude than either the adjacency peak or FSDP.38 The small amplitude ob-

served for the charge-charge correlation peak has previously been shown to result from the

nearly complete destructive interference between the anion-anion and cation-cation peaks

and the anion-cation peaks.24,38,51,59,60

The adjacency peak in S(q) at q = 1.37 Å−1 shows only negligible changes in amplitude

across the range of concentrations shown in the inset of Fig. 1. We note that the adjacency

peak for neat 1-octanol is observed at q = 1.40 Å−1, thus fully overlapping with that for

the IL. As the 1-octanol concentration increases, the contribution to the peak at q = 0.75

Å−1 from the anion-anion and cation-cation interactions of the IL is diminished as a result

of the larger amplitude of the lower-q tail of 1-octanol adjacency peak. For xoct > 0.8, the

P6,6,6,14
+/NTf2

− charge correlation peak is no longer observable in the total S(q).

The intensity of the FSDP in S(q) is significantly decreased as the concentration of 1-

octanol increases from xoct = 0 to 1. The inset shows the S(q) emphasizing the intermolecular

interactions for q < 2 Å−1. The dashed line in the inset indicates the shift in q for the FSDP.

The FSDPs for neat 1-octanol and P6,6,6,14
+/NTf2

− occur at nearly the same value of q =

0.41 Å−1.61,62 Therefore, the FSDP first shifts to lower q values as the hydrophobic domains
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FIG. 1. Liquid structure functions for mixtures of 1-octanol in P6,6,6,14
+/NTf2

−; mole fractions

range from xoct = 0.0 to 1.0. The inset shows the intra-molecular interactions under 2 Å−1. For

clarity, each S(q) is incremented by +1 vertically.

in the P6,6,6,14
+/NTf2

− IL are swollen by the addition of the octanol. As the fraction of

octanol molecules begins to dominate S(q) for xoct > 0.9, the FSDP shifts back toward q

= 0.41 Å−1, the value observed for neat 1-octanol. Interpreting the position of the FSDP

(q) as a Bragg peak corresponds to a real space domain size of (2π/q).18,63 The domain

grows from an effective size of 15.4 Å for the neat IL to 17.0 Å for the mixtures with xoct

= 0.8, then shrinks back to 15.4 Å for neat 1-octanol, which indicates that the domain size

of the H-bonded network of the pure alcohol coincides with the size of the IL domains at
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room temperature. For lower mole fractions of 1-octanol, the alcohol molecules reside in

these nonpolar domains formed by the P6,6,6,14
+ cations. The addition of octanol expands

the nonpolar domains formed by the P6,6,6,14
+ cation, so the FSDP shifts to lower q value.

As the mole fraction of 1-octanol increases, the system transitions from the case where the

1-octanol molecules are solvated by the IL anions and cations to the case where discrete

P6,6,6,14
+ and NTf2

− ions or ion pairs are solvated by 1-octanol molecules. The nonpolar

domains in this case are mainly formed by the octyl tails on the 1-octanol. Therefore, the

size of the nanoscale domains starts to decreases as the mole fraction of 1-octanol reaches

xoct = 0.8 or higher. Eventually, the FSDP shifts back to 0.41 Å−1 for neat 1-octanol. Such

effects have been discussed in terms of templating effects of the IL charge network by Elfgen,

et al.64

Viscosities of IL-octanol mixtures

Temperature-dependent viscosities were measured for 1-octanol, P6,6,6,14
+/NTf2

− and

their mixtures. The temperature-dependent viscosities are plotted in Fig. 2, with the raw

viscosity data and fits of these data to the Arrhenius equation provided in the Supplemen-

tary Material. The viscosity of P6,6,6,14
+/NTf2

− is about 45 times larger than the viscosity

of 1-octanol at room temperature, so the addition of 1-octanol to the P6,6,6,14
+/NTf2

− IL

decreases the viscosity of the mixture significantly relative to the neat IL. The temperature

dependent viscosities are fit to the VFT equation: ln(η(T )) = ln(ηV FT ) + B/(T − T0) with

the fits shown as solid lines in Fig. 2.56,65 Since the Arrhenius viscosity law is the high tem-

perature limit of the VFT equation, the Arrhenius viscosity activation energies Eη can be

calculated from the VFT parameters using Eqn. 2 below.66 The VFT fit parameters and Eη

values are listed in Table I. The calculated values of effective activation energies Eη decrease

roughly parabolically with the 1-octanol mole fraction xoct. This result indicates that the

ion-ion and alcohol-ion interactions are stronger than the alcohol-alcohol interactions.

Eη ≡ R
d ln(η)

d(1/T )
= RB

(

T

T − T0

)2

(2)

8



 

FIG. 2. The temperature-dependent viscosity data fit to the VFT equation for 1-octanol,

P6,6,6,14
+/NTf2

− and their mixtures.

xoct ηV FT B T0 (K) Eη (kJ/mol)

0 -5.17 2135.2 102.64 41.3

0.3 -3.30 1334.3 137.46 38.2

0.5 -1.46 706.4 182.52 39.1

0.65 -5.18 1837.1 102.11 35.3

0.8 -4.41 1388.8 124.29 34.0

0.9 -4.89 1443.3 115.23 31.9

0.95 -7.64 2565.8 47.28 30.1

0.98 -2.69 615.5 173.88 29.5

1 -4.77 1233.5 116.02 27.5

TABLE I. VFT fit parameters for the temperature-dependent viscosities of P6,6,6,14
+/NTf2

−, 1-

octanol and the mixtures. xoct is the mole fraction of 1-octanol. Eη is calculated using Eq. 2.
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Diffusivities of IL-octanol mixtures

The diffusivities for the NTf2
− anion, the P6,6,6,14

+ cation, and 1-octanol were measured

by PG-SE NMR.42–44 For the NTf2
− anion, diffusivities were measured using the single 19F

NMR line at δ = -80 ppm. The P6,6,6,14
+ cation diffusivities were measured from the α-

carbon methylene group triplets at δ = 2.31 ppm. The 1-octanol diffusivities were measured

using the α-carbon methylene peak at δ = 3.74 ppm. Previous error estimates for the PG-SE

data remain the same with ∆T = ±1 K and a standard deviation for the values of D being

3.5%.52 The self-diffusion coefficients were measured for a set of three temperatures: 298,

308, and 318 K. In Fig. 3, all of the self-diffusivities are combined in three master plots of

D vs. the ratio of absolute temperature to shear viscosity, T/η, for the NTf2
− anion (top),

P6,6,6,14
+ cation (middle) and 1-octanol (bottom) on log-log axes. This type of plot facilitates

discussion of the non-hydrodynamic behavior displayed by these diffusivities. Values of the

viscosity for a given temperature are extrapolated from the experimental data using the

VFT fit parameters in Table I. The raw diffusivity data are available in the Supplementary

Material.

For the neat P6,6,6,14
+/NTf2

− IL, the anionic and cationic diffusivities qualitatively follow

the scaling predicted by the Stokes-Einstein hydrodynamic law (D ∝ T/η). However, Harris

showed that a fractional Stokes-Einstein (FSE) equation, D ∝ (T/η)α, is required to obtain

the most accurate fits.67 For most ILs, the typical value of α lies in the range 0.9 ≤ α ≤

0.95.67 Using the method of volume increments and assuming spherical molecular shapes,68

the effective van der Waals radii r are then calculated to be 3.36, 5.18 and 3.33 Å for

NTf2
−, P6,6,6,14

+, and 1-octanol, respectively. To compare our experimental results from

PG-SE NMR measurements with predictions of the FSE model, a dashed line is added to

the graphs in Fig. 3 using α = 0.9 with the slip boundary condition and these effective

spherical radii.57

The self-diffusivities for the NTf2
− anion fit well with the FSE model predictions at low

1-octanol mole fractions. When xoct is larger than 0.65, the NTf2
− anion shows a diffusivity

lower than predicted by the S-E theory. For higher octanol mole fractions, the average

number of hydrogen bonds with 1-octanol OH groups on each NTf2
− anion increases with

the 1-octanol concentration, which results in the lower diffusivity for the NTf2
− anion.

The self-diffusivity of the P6,6,6,14
+ cation is reasonably well described by slip hydrody-

10



namics (middle graph). This indicates that the average friction in the mixture, as charac-

terized by the shear viscosity, is strongly correlated with the structural fluctuations of the

charge network, which must scale with the self-diffusivities of the P6,6,6,14
+ cation and NTf2

−

anion. These concepts have been discussed in detail by Araque, et al.28

In contrast, the self-diffusion behavior of 1-octanol deviates greatly from the SE hydrody-

namic predictions, especially at lower mole fractions of octanol in the mixture. For octanol

mole fractions in the range of 0.9 < xoct < 1, the diffusivity of 1-octanol approaches the

predictive line from the FSE model. This is likely due to the formation of nanoscale do-

mains in the IL system by the interactions of the alcohol octyl tails with the alkyl tails on

the P6,6,6,14
+ cations. For smaller values of xoct, the 1-octanol molecules will be solvated

in the nonpolar domains formed by the P6,6,6,14
+ cations, where they experience a reduced

friction for transport through the liquid mixture. The lower friction experienced by the octyl

tail is modulated by the strong H-bonding interaction between the octanol hydroxyl group

and the NTf2
− oxygen atoms. This is consistent with studies of 1-propanol and 1-butanol

in an imidazolium-cation IL with the NTf2
− anion that were reported by Agrawal, et al.69

Overall, the octanol in the mixtures with the IL will diffuse faster than predicted by the

FSE model. For n-C6D14 in P6,6,6,14
+/NTf2

−, the diffusivity of n-C6D14 is consistently more

than an order of magnitude larger than predicted. The self-diffusion of 1-octanol to the S-E

prediction ratio is in the range of 1.3 to 4, which is much lower than the ratio range from

16 to 28 for n-C6D14 in P6,6,6,14
+/NTf2

−. For higher octanol concentrations, the IL anions

and cations are fully solvated by octanol molecules. Therefore, the solvation environment of

1-octanol molecules in these mixtures is similar to that for the neat alcohol, and the diffu-

sivities for 1-octanol molecules in the mixture approach the predicted values from the scaled

hydrodynamic (FSE) model. Such solvation environments for alcohol-IL mixtures have been

previously discussed by Murphy, et al. and by Hadrian, et al. and Vaz, et al.45,47,48 Iwahashi,

et al. have proposed that alcohols in ILs form a liquid-liquid interface that can be exploited

for a unique solvation environment that has characteristics different from both the alcohol

and IL.70,71
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FIG. 3. Self-diffusion coefficients for 1-octanol-IL mixtures plotted vs. T/η. Top: NTf2
−; middle:

P6,6,6,14
+; bottom: 1-octanol. Dashed lines denote the predictions from the fraction Stokes-Einstein

equation with α = 0.9.
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CONCLUSIONS

Addition of 1-octanol to the P6,6,6,14
+/NTf2

− IL leads to changes of several physical

properties.31 The characteristic structure of the ionic liquid is retained even for very high

concentrations of 1-octanol. The FSDP in the liquid structure functions S(q) shifts to lower

q values as the mole fraction of 1-octanol increases. This is consistent with the increase of

the average domain size from 15.4 to 17.0 Å. Adding a low viscosity solvent to the viscous IL

greatly decreases the viscosity of the solution, which in turn increases the diffusivities of the

molecules and ions. The viscosities are well fit by both the Arrhenius and VFT equations

in the measured temperature range. The Arrhenius activation energies calculated from the

viscosity data show that while the 1-octanol averaged friction is much higher than for an

alkane,27 it is still less than the friction deriving from the charged network of the IL.

In the mixtures of 1-octanol and the P6,6,6,14
+/NTf2

− IL, the self-diffusion coefficients

of the P6,6,6,14
+ cations and NTf2

− anions are in moderately good agreement with hydro-

dynamic predictions, whereas the diffusivities of 1-octanol molecules are significantly faster

than predicted. This faster diffusion of 1-octanol in the mixtures is a result of the accom-

modation of 1-octanol in apolar domains formed by the alkyl tails on the P6,6,6,14
+ cations.

However, the diffusivity of 1-octanol in P6,6,6,14
+/NTf2

− is significantly slower relative to

our prior results for hexane in the same IL,27 due to the hydrogen bonding between the hy-

droxyl group on the 1-octanol and the ions. In conclusion, we suggest that exploitation of the

unique structural and transport properties of these mixtures may lead to new opportunities

for designer solvents for enhanced chemical reactivity and interface science.

SUPPLEMENTARY MATERIAL

This document provides the raw viscosity and diffusivity data, together with results from

fits to the Arrhenius equation.
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