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STRUCTURE AND TRANSPORT IN TRIALKYLTRIAZOLIUM IONIC LIQUIDS: A 

COMBINED PFG -NMR DIFFUSION AND CONDUCTIVITY STUDY  

Sage R. Bowser, M.S. 

University of Pittsburgh, 2013 

ABSTRACT 

 

Ionic liquids (ILs), the class of salts with melting points below 100 °C, are promising 

alternatives to molecular solvents. Their great chemical tuneability opens the possibility of 

tailoring ILs for specific tasks; however, data from systematic structure-property studies of ILs, 

as well as a more complete understanding of the liquid structure and interionic interactions 

within ILs, are required for the rational design of ILs.  

In this thesis, a systematic study of the effect of alkyl chain length and alkyl chain 

branching on the transport properties and carbon dioxide solubility in trialkyltriazolium ionic 

liquids is described. The viscosities, diffusion coefficients, and conductivities of 15 1,2,4-

trialkyl-1,2,3-triazolium bis(trifluoromethylsulfonyl)imide ILs are reported, and are found to be 

greatly reduced in ILs that incorporate multiple branched alkyl groups on the cation. The 

interrelationships among the transport properties are analyzed by comparing the deviations of the 

transport properties of each IL from Waldenôs Rule, the Stokes-Einstein equation, and the 

Nernst-Einstein equation. Preliminary evidence is given for a connection between the formation 

of polar and non-polar nanodomains within ILs, and the Nernst-Einstein deviation ratio. Henryôs 



 v 

Law constants for the solubility of carbon dioxide in the ILs are reported and found to be most 

strongly correlated to the molar volume of the IL; evidence supporting a relationship between the 

Nernst-Einstein deviation ratio and carbon dioxide solubility for a given IL is not found. 
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1.0  INTRODUCTION  

1.1 IONIC LIQUIDS  

Room temperature ionic liquids (RTILs or ILs) are the class of salts with melting points 

of 100 °C or lower.
1
 RTILs generally consist of a bulky organic cation and a smaller organic or 

inorganic anion; examples of common cations and anions for ILs are shown in Figure 1 below.
2
 

They are able to remain liquid at lower temperatures than conventional salts due to their bulky 

and asymmetrical structures, which frustrate efficient crystal packing.
1
 The presence of the 

Coulomb forces among ions imparts a number of features to ILs that are absent in most 

molecular liquids, including the formation of local heterogeneities and intermediate-range 

ordering within the solution,
3
 ionic conductivity, and wide electrochemical windows.

4
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Figure 1. Representative examples of cation and anion structures used in ILs. ïR = alkyl group. 

 

The use of ILs as replacements for molecular solvents has attracted great attention in 

recent years. As a class, they exhibit many properties that make their use environmentally 

favorable, such as their very low volatility and non-flammability. The potential to tailor ILs to 

produce specific physical or transport properties, or to enhance specific interactions with solutes, 

through the through the choice of ionic structures, has led to the designation of ILs as ñdesigner 

solventsò.
5
 ILs are already in use in a number of commercial processes including acid-

scavenging
6
 and compressed gas handling,

7
 and show great future promise in the processing of 

cellulose,
8-11

 carbon dioxide,
12-17

 and  spent nuclear materials,
18

 among many other applications. 

It is estimated that 10
6
 unique ILs could be produced through combination and 

functionalization of existing cation and anion structures alone.
19

 Given the enormous number of 

possible ILs, there is a great impetus to systematically study the relationships among ionic 
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structures, intermediate-range ordering of the structures, and bulk IL properties, in order to more 

rationally design task-specific ILs. Studies into the specific interactions of ILs with molecular 

solutes are also critical to developing the use of ILs as solvents. The research presented in this 

work details the systematic study of a specific family of ILs, the 1,2,4-trialkyl-1,2,3-triazolium 

bis(trifluoromethylsulfonyl)imides, in an attempt to understand the role that ion structure and 

inter-ionic interactions play in determining these ILsô physical and transport properties, and 

abilities to solvate carbon dioxide.  

1.1.1 Structur al Order in Alkyl -Functionalized ILs 

Critical to the understanding of IL self-interactions and interactions with solutes are the 

unusual behaviors of these compounds at the ionic level due to the density of electrostatic 

charges. The existence of local ordering within ILs was first predicted by molecular dynamics 

simulations,
20-25

 and later confirmed by small-angle X-ray scattering (SAXS), wide-angle X-ray 

scattering (WAXS), and small-angle neutron scattering (SANS) experiments in alkyl-

functionalized imidazolium,
26-33

 ammonium,
34

 and piperidinium
35

 ILs. In ILs with short alkyl 

chains, the Coulomb forces are dominant, and alternation of charge creates a structure similar to 

a disordered lattice.
26

 As the alkyl chain length increases, the tails can no longer be incorporated 

into the interstitial spaces of the disordered lattice, and the ions begin to arrange themselves into 

polar and non-polar nanodomains. Such behavior has only been observed in a few molecular 

solvents, namely n-alkyl alcohols.
27

 The size of the nanodomains formed, as well as the specific 

alkyl chain lengths at which nanodomains begin to form in a given IL family, are influenced by 

the both the structure of the cation and the size of the anion.
30
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1.1.2 ILs as Carbon Dioxide Capture Materials 

One of the solutes whose interactions with ILs have attracted great attention in recent years is 

carbon dioxide (CO2). The development of new materials for the post-combustion capture of 

CO2 from industrial flue gases is a critical element of mitigating the buildup of this greenhouse 

gas in the atmosphere. The low volatility and high thermal stabilities of ILs make them 

especially attractive potential candidates for flue gas applications.
36

 However, much work 

remains to be done in the optimization of ion structures for CO2 sorbent ILs, as those developed 

thus far suffer from high viscosities compared to conventional solvents, and their CO2 uptake 

capacities are not yet greater than conventional CO2 capture solvents.
12

 Both ILs that complex 

chemically with CO2 and ILs that act only as physical sorbents have been reported; within the 

context of this thesis, only physically absorbing ILs will be discussed. 

 The absorption of CO2 into ILs produces minimal volume expansion, suggesting that the 

CO2 is accommodated within the existing free volume of the liquid.  Thus far, a number of 

studies have found that the most important predictor of CO2 solubility in ILs is the total molar 

volume of the liquid.
37,38

 However, evidence of an anion effect has also been reported from 

studies of specific cation families, mainly the 1,3-dialkylimidazoliums. While both varying alkyl 

chain length and varying the choice of anion change the molar volume of the liquid, the effect of 

the latter is much greater on the  CO2 solubility.
39

 In general, anions with greater steric bulk, 

greater conformational flexibility, and more distributed charges tend to promote carbon dioxide 

solubility within the IL.
38

 Fluorinated anions outperform their non-fluorinated analogues.
40

 

The solubility of gases in ILs is thus determined by the free volume available to 

accommodate the gas molecule within the liquid, the flexibility of the cation and anion structures 

within the IL, and the strength of specific favorable or unfavorable IL-gas interactions.
38
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2.0  METHODS AND MATERIAL S 

Our methodology for studying the underlying solution organization and understanding 

the interactions among ionic properties was the study of three of their transport properties: 

viscosity, self-diffusion, and ionic conductivity. The theoretical relationships between these 

properties for ions in the ideal case of infinite dilution are well established; however, in the 

purely ionic environment of an IL, the strong Coulomb interactions and the presence of 

nanoscale heterogeneities will cause deviations from the behavior predicted by such 

relationships. When such deviations are compared among a class of ILs, the magnitudes of these 

deviations from ideality, as well as their relationships to the physical properties of the ILs, will 

give insights into the nature of the interactions among ions in the solution.  

2.1 SELF DIFFUSION MEASUREMENT BY PFG-NMR 

The self-diffusion coefficient is the diffusion coefficient of a species in the absence of a 

chemical potential gradient. In isotropic homogeneous systems it is related to the root-mean-

square displacement of the particle by the Einstein equation 

ộὼỚ ὲὈὸ    (1) 



 6 

where x is displacement, D is the diffusion coefficient, tD is diffusion time, and n is 2, 4, or 6 for 

a one-, two-, or three-dimensional system, respectively.
41

  

While the first measurements of the self-diffusion coefficients of high-temperature 

inorganic molten salts and aluminochlorate ILs were carried out by means of measuring the 

diffusion of radioactive isotopomers of the ions through a capillary,
42-45

 the low melting 

temperatures of RTILs allow the use of the pulsed-field-gradient NMR (PFG-NMR) method for 

this purpose. The NMR technique has the advantages of much greater ease of use, as well as not 

requiring corrections for isotope effects.  

The basis of pulsed-field gradient NMR is the brief application of a magnetic gradient 

along the z-axis to apply phase labeling to nuclei dependent on their location the NMR tube. The 

most basic PFG pulse sequence is illustrated in Figure 2.
46

 In the rotating frame, the position-

dependence of the phase shift caused by the gradient pulse is expressed as 

‰ᾀ ʎὫᾀ   (2) 

where ɔ is the gyromagnetic ratio of the nucleus observed, ŭ is the length of the gradient pulse, 

g(z) is the magnetic field strength of the gradient at position z, and ů is a correction factor for the 

shape of the gradient pulse. After application of the gradient, the a diffusion time of ȹ/2 is 

passed, before the sign of the phase shift is reversed by the application of a 180° pulse and a 

second gradient, equal to the first, is applied.  A delay of ȹ/2 is again passed to allow the spin 

echo to refocus. The final phase shift of the nucleus will thus be given by the expression 

ῳ‰  ‰ᾀ ‰ᾀ ʎὫᾀ Ὣᾀ   (3) 

 

Thus, as pictured in Figure 2 below, the effect of self-diffusion will be to create spread in 

the distribution of phase angles of the nuclei, reducing the signal intensity. The relationship 
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between the diffusion coefficient of a species and the attenuation of the signal intensities for the 

resonances of the species is given by the Stejskal-Tanner equation
47,48

 

Ὅ ὍὩ    (4) 

where I is the observed intensity, I0 is the intensity at zero gradient strength, ȹ is the free 

diffusion time, and all other symbols are as in Equation 3. By fitting a series of experiments 

obtained with systematically varied ŭ, ȹ, or g, it is possible to obtain the diffusion coefficient 

through fitting of the signal intensities to Equation 4. In modern usage, it is the gradient strength 

g is varied while the free-diffusion time ȹ and gradient pulse width ŭ are kept constant, to avoid 

the need for introducing corrective factors for the intensity lost due to T1 and T2 relaxation of the 

nuclei. 
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Figure 2. Pulse sequence and schematic representation of the effect of pulsed field gradients and diffusion 

on nuclear spins. Reproduced from Reference 38 with permission. 
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2.2 IONIC CONDUCTIVITY M EASUREMENT BY ELECTR ICAL IMPEDANCE 

ANALYSIS  

The measurement of the conductivity of an electrolyte solution must be conducted using an 

alternating potential to avoid polarization of the solution. However, such measurements are 

complicated by the fact that the response of an electrolyte solution to an alternating potential is 

not purely resistive; but instead are represented by the complex, frequency dependent quantity 

impedance. Additional complications arise from the fact that the electrode-electrolyte interface 

itself exhibits an additional capacitive response to the alternating potential.
49

 

The problem of frequency dependence of the observed resistance can be overcome 

through the use of a frequency response analyzer in conjunction with the voltage source, which is 

capable of measuring both the magnitude of a current and the phase difference between the 

applied voltage and the current, and thus is able to separate the magnitude and phase components 

of the of the complex impedance, Z.
50

 These polar data are then transformed into their Cartesian 

representation and displayed visually on the so-called Nyquist plot, ïIm(Z) vs. Re(Z). Some 

software packages also referred to these axes as, Zò and Zô, respectively. On such a plot, the 

point of lowest phase shift, i.e. the point with the smallest magnitude of -Im(Z), represents the 

resistance of the liquid;
51

 an example of such a plot is shown in Figure 3 below.  
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Figure 3. A representative Nyquist plot. The diameter of the loop near the origin represents the electrical 

resistance of the electrolyte solution. Reproduced with permission from Reference 51. 

 

The explanation of the coincidence of the minimum of ïIm(Z) with the resistance of the 

electrolyte can be understood by the theoretical equivalent electrical circuit of an electrolyte 

solution.
52

 As shown in Figure 4, the solution is represented as an RC circuit having a 

geometrical capacitance Cg and an electrolyte resistance Re; in series with Re the electrode 

effects are represented as a parallel circuit consisting of the a capacitance resulting from the local 

polarization of the electrodes Cd and the Faradic impedance arising from the electrode-solution 

interface. The capacitance Cd is very small; such that the dominant impedance response at higher 

frequencies is dominated by the electrolyte. Thus, the minimum of ïIm(Z) represents the point at 

which the frequency is less than the time constant of the solution equivalent circuit, but greater 

than that of the electrode equivalent circuit; i.e. the capacitor Cg is acting as an open circuit and 

Cd as a closed circuit; thus, the only contribution to impedance across the cell is the electrolyte 

resistance Re.  
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Figure 4. Diagram of an equivalent circuit of an electrolyte solution and cell capacitance. The elements of 

the outer circuit represent behavior arising from response of ions in the bulk solution to an applied current, while the 

inner circuit represents electrode surface processes.  Reproduced with permission from Reference 50. 

 

The conductivity is then calculated from resistance by the relation 

C =    (5) 

where k is a correction factor for the surface area and spacing of the electrodes that is calibrated 

for a specific cell using an electrolyte solution of known conductivity. 

2.3 NERNST EINSTEIN DEVI ATION PARAMETERS  

The limiting ionic conductivity of an electrolyte species is related to its self-diffusion coefficient 

by the Nernst-Einstein relationship
49

 

‗   (6) 

where ˂  is the ionic conductivity, n is the number density, R is the gas constant, F is the Faraday 

constant, z is the valence of the ion, and D is the self-diffusion coefficient of the species.  
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At infinite dilution, the Kohlrausch Law of Independent Migration states that the specific 

conductivity of a solution is the sum of the contributions of the specific conductivities of each 

ionic species;
49

 that is for a binary electrolyte with both species univalent, 

‗ ‗ ‗  (7) 

where ˂  is the specific conductivity of the electrolyte, +˂ is the specific conductivity of the cation, 

and ˂ - is the specific conductivity of the anion. Combining Equations 6 and 7, and converting the 

ionic conductivity to molar conductivity by the conversion Ώ  in terms of the molar 

conductivity, we obtain 

Ώ   (8) 

where ȿ is the molar conductivity and all other symbols are as in Equation 7. 

 For ILs, the molar conductivity measured experimentally is always less than that 

predicted by the Nernst-Einstein equation. A number of equivalent parameters to describe this 

deviation have been developed. Researchers of molten inorganic salts in the mid-20
th
 century 

traditionally reported deviation from Nernst-Einstein behavior using a modified Nernst-Einstein 

equation
42,43,53

 

Ώ ρ Ў   (9) 

An alternative method developed by Watanabe and coworkers of reporting such deviations has 

become widespread in the study of modern RTILs, in which the quantity is expressed as the ratio 

,
54-58

 with the subscripts referring to the experimental techniques used; they were also the 

first to apply the name ñionicityò to this parameter. The ȹ and  parameters are trivially 

related by the expression ρ Ў . 
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The major origin of the deviation is the non-independence of the motions of cations and 

anions, is simultaneous correlated motion of oppositely charged ions in the same direction. The 

correlated motion of an anion and cation will contribute to the measured diffusion, but will have 

zero contribution to the net current. Two models for the mechanism of the correlated diffusion of 

anion and cation motion have been proposed; in the first, the IL is considered to be an 

incompletely dissociated electrolyte; that is, the solution is assumed to consist of individual 

anions and cations in equilibrium with long-lived ion pairs that constitute a third, chemically 

distinct, species in the solution.
59

 The second is the paired-vacancy mechanism. In this model, 

the structure of the IL is considered to be lattice-like, and the diffusion of ions is considered to 

occur by a jump-like process into cavities that arise from the thermal fluctuation of the free 

volume within the liquid. If the dimensions of the cavity formed are great enough, an ion may 

jump into a vacancy with one of the counter-ions of its solution shell.
43

  

Thus far, spectroscopic studies of ILs have detected specific interactions between anions 

and cations interactions, but not the presence of long-lived ion pairs. No separate resonances 

identifiable as belonging to paired ions can be detected by 1D NMR experiments; nor do the 

diffusion data indicate multiple diffusion coefficients. A terahertz dielectric spectroscopy study 

of the IL 1-methyl-3-butylimidazolium tetrafluoroborate failed to find evidence for reorientation 

of stable ion pairs.
60

 Additionally, in one case ILs were reported to show increased deviation 

from Nernst-Einstein behavior at high temperatures,
53,55

 which is consistent with the paired-

vacancy mechanism, but contrary to the expected result of the ionic association hypothesis. 

However, even if not directly responsible for the decrease in conductivity, it is expected that 

favorable cation-anion interactions will reduce the measured ionicity ratio by increasing the 

energy required for an ion to diffuse away separately from its partner. Increased free volume and 
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flexibility of free volume will also decrease ionicity, as the formation of cavities of suitable size 

to accommodate a paired jump will increase. 

2.4 TRIALKYLTRIAZOLIUM B IS(TRIFLUOROMETHYLSULFO NYL )AMIDE ILS  

 

Figure 5. Generalized structure of trialkyltriazolium cation and structure of the Tf2N anion. Atom 

numbering on the cation will be used throughout. R = alkyl group. 

 

In order to systematically study the effects of cation functionalization on the properties of ILs, it 

is desirable to have a cation structure that can be simply and efficiently synthesized with a wide 

variety of functional groups. To this end, the CO2 Capture Group at the NETL labs has been 

studying the development of ILs based on the 1,2,4-trialkyl-1,2,3-triazolium cation.
61-63

 The 

structure of the cation is shown in Figure 5 below. This family of cations can be conveniently 

synthesized via the atom efficient and high-yield Copper(I)-catalyzed Azide-Alkyne 

Cycloaddition reaction.
61

 The triazolium structure is also convenient in that is similar to the best-

studied family of cations, the 1,3-disubstituted imidazoliums, for which physical properties and 

transport properties have been extensively reported. 

The bis(trif luoromethylsulfonyl)imide (Tf2N) anion, has been found to promote the 

solubility of CO2 in ILs; this property has been attributed to its conformational flexibility, 
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fluorination, and non-coordinating nature.
39

 ILs based on the Tf2N anion, particularly those with 

alkyl-functionalized cations, tend to be immiscible in water, a desirable property for flue gas 

applications.
64

  Use of the Tf2N anion avoids problems of undesired acid-base reactions inherent 

to other anions; it does not produce acid breakdown products in the presence of water as purely 

inorganic ions like tetrafluoroborate
65

 do, nor, as the conjugate base of a superacid, does it 

deprotonate Lewis acid cations or solutes, as more basic anions like acetate may.
66
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3.0  STUDIES OF THE PHYSICAL AND TRANSPORT PROPERTIES OF 

TRIALKYLTRIAZOLIUM B IS(TRIFLUOROMETHYLSULFO NYL )IMIDES  

3.1 INTRODUCTION  

In this chapter, the self-diffusion coefficients, ionic conductivities, and ionicity ratios are 

presented for 15 novel trialkyltriazolium bis(trifluoromethylsulfonyl)imide ILs. The relationships 

among these transport properties, and the densities, viscosities, and Henryôs Law constants for 

carbon dioxide solubility are discussed. The results are discussed in terms of possible 

relationships with the free molar volume in the ILs, which is calculated using computationally-

determined ionic volumes and experimentally determined molar volumes. 

The work presented in this chapter was carried out as a collaborative effort between the 

Damodaran Group at the University of Pittsburgh and the Carbon Capture Group at the National 

Energy Technology Laboratory at Pittsburgh, PA. In cases where experimental work was 

performed by a researcher other than the author, the name and affiliation of the researcher are 

given at the beginning of the section. 
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3.2 PHYSICAL  PROPERTIES 

3.2.1 IL  Structures 

Fifteen trialkyltriazolium Tf2N ILs were prepared by Dr. Michael Lartey at the Pittsburgh 

NETL Laboratory. For convenience, a system of short names similar to those found in the 

literature for di- and trialkylimidazolium ILs has been developed for this family of cations, in 

which the letters ñTzò indicate the triazolium ring backbone, and the three numbers following 

indicate the number of carbons contained in the 1, 3, and 4 alkyl chains, respectively. The letter 

ñnò following a number designates an n-alkyl group; an ñiò indicates a methyl group branching 

on a given chain. The structures of the ions and molar weights of the resulting ILs are shown in 

in Table 1 below. 
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Table 1. Numbering of the ILs and Cation Structures. 

Compound Cation Cation Structure Short 

Name 

 Molar 

Weight / 

g mol
-1

 

1 1-propyl-3,4-

dimethyl-1,2,3-

triazolium  

[Tz3n11] 

[Tf2N] 

420.39 

2 1-butyl-3,4-

dimethyl-1,2,3-

triazolium  
 

[Tz4n11] 

[Tf2N] 

434.41 

3 1,3,4-tripropyl-

1,2,3-triazolium 

 

[Tz3n3n3n] 

[Tf2N] 

476.49 

4 1,3-dipropyl-4-(2-

methyl)ethyl-1,2,3-

triazolium 

 

[Tz3n3n3i] 

[Tf2N] 

476.49 

5 1,3,4-tri(2-

methyl)ethyl-1,2,3-

triazolium 

 

[Tz3i3i3i] 

[Tf2N] 

476.49 

6 1,4-dibutyl-3-

methyl-1,2,3-

triazolium 

 

[Tz4n14n] 

[Tf2N] 

476.49 

7 1,3-dipentyl-4-

methyl-1,2,3-

triazolium  

[Tz5n5n1] 

[Tf2N] 

504.55 

8 1,3,4-tributyl -

1,2,3-triazolium 

 

[Tz4n4n4n] 

[Tf2N] 

518.57 
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9 1,4-di(1-

methyl)propyl-3-

(2-methyl)-1,2,3-

triazolium 

 

[Tz4i4i4i] 

[Tf2N] 

518.57 

10 1-(6-

methyl)heptyl-3-

propyl-4-methyl-

1,2,3-triazolium  

[Tz8i3n1] 

[Tf2N] 

518.57 

11 1,3,4-tripentyl -

1,2,3-triazolium 

 

[Tz5n5n5n] 

[Tf2N] 

560.65 

12 1-(2-methyl)hexyl-

3-heptyl-4-methyl-

1,2,3-triazolium 

 

[Tz7i7n1] 

[Tf2N] 

560.65 

13 1,3-diheptyl-4-

propyl-1,2,3-

triazolium 

 

[Tz7n7n3n] 

[Tf2N] 

588.71 

14 1-(6-

methyl)heptyl-3-

octyl-4-methyl-

1,2,3-triazolium  

[Tz8i8n1] 

[Tf2N] 

588.71 

15 1,3,4-triheptyl -

1,2,3-triazolium 

 

[Tz7n7n7n] 

[Tf2N] 

644.81 

3.2.2 Density and Molar Volume 

Density data were provided by Dr. Michael Lartey at the NETL Laboratory in Pittsburgh, 

PA. Details of the experimental conditions are provided in the experimental section. The data are 
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listed in Table 2 below, along with the total number of carbon atomd units incorporated in the 

ILs alkyl chains, n, and the molar volumes vm of the ILs. 

Table 2. Density and Molar Volume of the ILs studied. 

IL  Cation n Density 
a
  

/ g mL
-1 

Molar Volume 
b
 / 

cm
3 
mol

-1
 

1 Tz3n11 5 1.4723 285.53 

2 Tz4n11 6 1.4480 300.01 

3 Tz3n3n3n 9 1.3663 348.74 

4 Tz3n3n3i 9 1.3466 353.85 

5 Tz3i3i3i 9 1.3458 354.06 

6 Tz4n14n 9 1.3630 349.59 

7 Tz5n5n1 11 1.3149 383.71 

8 Tz4n4n4n 12 1.2992 399.15 

9 Tz4i4i4i 12 1.2828 404.25 

10 Tz8i3n1 12 1.3112 395.49 

11 Tz5n5n5n 15 1.2430 451.05 

12 Tz7i7n1 15 1.2226 458.57 

13 Tz7n7n3n 17 1.2259 480.23 

14 Tz8i8n1 17 1.1983 491.29 

15 Tz7n7n7n 19 1.1579 556.88 
a Density data provided by Dr. Michael Lartey. Error of the density measurement is ± 0.5%. b Calculated from density values. 

 

The van der Waals volumes (vvdw) of the ions were calculated from the volume of the 

electron density isosurfaces of the ions by Dr. James Mao. The excess molar volume (vexcess) was 

calculated from the molar volume (vm) as vexcess = vm - vvdw and fraction free volume (FFV) was 

calculated as FFV = . These values are listed in Table 3 below. 
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Table 3. Calculated Excess Molar Volumes and Fraction of Free Volume of ILs Studied. 

IL  Cation 
vvdW 

a
  

/ cm
3 
mol

-1
 

vexcess 
b
  

/ cm
3 
mol

-1
 

FFV 
b 

1 Tz3n11 207 78.53 0.275 

2 Tz4n11 219 81.01 0.270 

3 Tz3n3n3n 254 94.74 0.272 

4 Tz3n3n3i 254 99.85 0.282 

5 Tz3i3i3i 254 100.06 0.283 

6 Tz4n14n 254 95.59 0.273 

7 Tz5n5n1 278 105.72 0.275 

8 Tz4n4n4n 289 110.15 0.276 

9 Tz4i4i4i 290 114.25 0.282 

10 Tz8i3n1 290 105.49 0.267 

11 Tz5n5n5n 325 133.57 0.291 

12 Tz7i7n1 325 126.05 0.279 

13 Tz7n7n3n 349 142.29 0.290 

14 Tz8i8n1 349 131.23 0.273 

15 Tz7n7n7n 396 160.88 0.289 
a van der Waals volumes provided by Dr. James Mao. b Calculated from vm and vVdW

 as detailed above. 

 

As observed previously for dialkylimidazolium ILs, the density and molar volumes of the 

solution are to a good approximation linearly related to the total number of methylene units 

incorporated in the cation alkyl chains.
67

 Linear regression over the whole data set produced the 

empirical relationship ɟ = - 0.0197(±9 x 10
-5

)n + 1.5412(±0.007), where ɟ is density. The 

coefficient of determination R
2
 for the fit was 0.9571. The decrease in density with increasing 

alkyl chain length can be attributed to the greater flexibility of the alkyl chains compared to the 

triazolium cores, as well as the weaker nature of the van der Waals interactions between the alkyl 

chains as compared to the Coulomb interactions of the anion and cationic triazolium group. 

Among isomer pairs in which varied in their number of branched alkyl chains but not in 

the total number of carbon atoms of each chain, the density of the branched isomers were 0.02 

g/mol lower than the n-alkyl isomers, whether one or three branched chains were included. 

Zheng et al.
67

 showed that for isomeric dialkylimidazolium cations with a total number of 

carbons n, density was greater for ILs having the Cn-1C1 isomer than the corresponding Cn/2Cn/2 
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isomer.
67

 Although the presence of a third alkyl substitution makes such a comparison between 

trialkyltriazolium cations more complicated, the enhanced packing of longer alkyl chains is 

illustrated by the greater density of [Tz4n14n] [Tf2N](6) compared to [Tz3n3n3n][Tf2N](3).  

Isomeric cations showed little difference among their calculated vvdw
 

values; the 

differences in vexcess among isomeric ILs were therefore equal to their differences in their vm, 

with branched cations ILs having larger vm and vexcess values than their straight-chain 

counterparts. While the substitution of one propyl group for an isopropyl group in [Tz3n3n3n](3) 

and [Tz3n3n3i](4) increased the molar volume by 5 cm
3 

mol
-1

, further substitution of all three 

propyl groups for isopropyl groups to give [Tz3i3i3i](9) increased molar volume by less than 1 

cm
3 

mol
-1
. The increase in vvdw and vm with the addition of branching was larger for the longer 

alkyl chain cations, with molar volume increasing 7.5 cm
3 

mol
-1 

between [Tz5n5n5n](11) and 

[Tz7i7n1](12) and 11 cm
3 
mol

-1
 between [Tz7n7n3n](13) and [Tz8i8n1](14). 

3.3 TRANSPORT PROPERTIES 

3.3.1 Results 

The values of viscosity (ɖ), self-diffusion coefficients of the cation (D+) and anion (D-), 

specific conductivity (ů), molar conductivity (ȿ), and ionicity ratio for the ILs studied are listed 

in Table 4 below. The self-diffusion coefficients of the cation and anion were measured at 30 °C 

by PFG-NMR self-diffusion measurements. The ionic conductivities of the ILs were measured at 

30 °C by electrical impedance spectroscopy. Viscosity data at 22 °C were provided by Dr. 

Michael Lartey at the NETL Laboratory in Pittsburgh, PA. Details of the experimental 
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conditions for viscosity, self-diffusion, and conductivity measurements may be found in the 

experimental section. 

Table 4. Viscosity, Self-Diffusion, Conductivity, and Ionicity Ratios of the ILs Studied. 

IL  Cation 
ɖ 

a
 / cP 

(22 °C) 

D+   

/ 10
-11

 m
2
 s

-1
  

(30 °C)
b 

D-  

/ 10
-11

 m
2
 s

-1
 

(30 °C)
b
 

ů /  

10
-1

 S m
-1

 

(30 °C)
c 

ȿ
d 
/  

10
-5

 S m
2 
mol

-1
  

(30 °C)
 

Ionicity 

Ratio 
d 

1 Tz3n11 54.5 3.82 2.80 5.22 14.9 0.61 

2 Tz4n11 57.6 3.47 2.90 4.51 13.5 0.58 

3 Tz3n3n3n 57.6 2.58 2.76 3.19 11.1 0.57 

4 Tz3n3n3i 66.1 2.36 2.51 2.77 9.82 0.55 

5 Tz3i3i3i 103.5 1.73 1.74 2.14 7.56 0.59 

6 Tz4n14n 74.4 2.18 2.27 2.18 7.61 0.46 

7 Tz5n5n1 69.6 2.11 2.45 1.96 7.53 0.45 

8 Tz4n4n4n 72.0 1.85 2.23 1.79 7.16 0.48 

9 Tz4i4i4i 214.5 0.67 0.85 0.88 3.42 0.63 

10 Tz8i3n1 79.3 1.68 2.02 1.57 6.19 0.45 

11 Tz5n5n5n 92.4 1.29 1.65 1.05 4.72 0.44 

12 Tz7i7n1 106.4 1.26 1.61 0.93 4.28 0.40 

13 Tz7n7n3n 110.8 1.26 1.56 0.79 3.78 0.36 

14 Tz8i8n1 130.3 0.94 1.22 0.68 3.36 0.42 

15 Tz7n7n7n 140.1 0.81 1.04 0.39 2.17 0.32 
a Viscosity data provided by Dr. Michael Lartey of NETL. Error of the viscosity measurements was ± 2%.  b Error of the diffusion measurements 

was ± 3%. c Error of the conductivity measurements was ± 4%. d Calculated from ionic conductivity and molar volume. e Calculated from molar 

conductivity and self-diffusion coefficients by Equations 8 and 9. 

 

3.3.2 Dependence of Viscosity on Alkyl Chain Length and Branching 

As shown in Table 4 above, the viscosity of the ionic trialkyltriazolium ILs increased 

with increasing alkyl chain length, as has been observed for other alkyl-functionalized ILs.
68

 

Such behavior can be rationalized on the basis of the increased alkyl-alkyl interactions. 

Combined SAXS and viscosity studies
33,67

 of dialkylimidazolium ILs have found that the 

viscosities of ILs are closely related to the size of the non-polar domains formed. From the 

SAXS studies, it has been demonstrated that cations in which all alkyl chains are shorter than 

three carbon units do not participate in the formation of the non-polar domains, due to the steric 
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hindrance of the anion.
28,33

 A SAXS investigation on isomeric dialkylimidazolium ILs that, like 

the trialkyltriazolium ILs in this study varied only in the distribution of ïCH2ï units between 

their alkyl chains, showed that for two cations with a given number of methylene units n, the 

viscosity is greater for the Cn-1Cn isomer than for the corresponding Cn/2Cn/2 isomer.   

The viscosities of the nine trialkyltriazolium ILs in this study whose cations  were 

functionalized with only n-alkyl chains were fitted to a linear regression using their n parameter. 

Due to the non-participation of the ïCH2ï units Ŭ and ɓ to the triazolium ring in van der Waals 

interactions, several adjusted total alkyl chain length nadj were tested in the linear regression. The 

method of calculating the adjusted total chain length is shown in equation 10 below 

ὲ ὲ ὲ ὲ  
ὲ ὲ ὧȟ ÉÆ ὲ  ὧ

ὲ πȟ ÉÆ ὲ  ὧ
  (10) 

where n1, n2, and n4 refer to the alkyl chains at the 1, 2, and 4 positions of the cation, 

respectively. Values of cn between 0 and 4, corresponding to minimum chain lengths from 

methyl to pentyl, were evaluated. The fittings for the regressions are shown in Figure 6 below; 

results of the fittings are summarized in Table 5. 

Table 5. Fitting Parameters for Correlations of Viscosity to Adjusted Alkyl Chain Length. 

Minimum 

Chain 

Length 

Cutoff 

Parameter 

Slope Standard 

Error 

Slope 

Intercept Standard 

Error 

Intercept 

R
2
 

Methyl cn = 0 5.25 0.615 19.8 7.78 0.826 

Ethyl cn = 1 5.24 0.615 35.6 6.12 0.900 

Propyl cn = 2 6.10 0.516 42.3 3.96 0.946 

Butyl cn = 3 6.98 0.510 53.1 2.81 0.959 

Pentyl cn = 4 8.45 0.883 62.2 3.34 0.919 
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Figure 6. Plot of viscosity vs. nadj
 
for cn

 
values from 0 to 4, corresponding to a minimum alkyl chain length 

of methyl to propyl. Best fittings are found for cn
 
equal to 2 or 3; fittings with smaller cn show a low slope region at 

low cn, showing that ïCH2ï units close to the triazolium ring do not contribute much to viscosity. The plot for cn = 4 

shows a poorer R
2
 value due to the exclusion of many ïCH2ï units that contribute to viscosity. 

 

The maximum of R
2
 is obtained for cn = 3; the R

2
 parameter for cn = 2 is similar. These 

results are in reasonable agreement with the SAXS data of other alkyl-functionalized ILs, 

suggesting that very short alkyl chains in the trialkyltriazolium ILs are unable to participate in 

the formation of non-polar domains. 

Substitution of a methyl-branched chain for an n-propyl group alkyl chain of the same 

overall number of carbon atoms resulted increased viscosity, compared to the corresponding n-

alkyl substituted IL. The increase in viscosity was not linear with the number of branched alkyl 

chains, as can be seen by the much smaller increase in viscosity between [Tz3n3n3n][Tf2N](3) 

and [Tz3n3n3i][Tf2N](4) than between [Tz3n3n3i][Tf2N](4) and [Tz3i3i3i][Tf2N](5). The great 

cn = 0 cn = 2 

cn = 4 cn = 3 

cn = 1 
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increase in viscosity observed for the [Tz3i3i3i][Tf2N](5) and [Tz4i4i4i][Tf2N](9) ILs may arise 

from multiple factors, which will be discussed in the following sections. 

 

3.3.3 Self-Diffusion 

The self-diffusion coefficients listed in Table 4 for the cation (D+) and of the anion (D-) ranged 

between 6.67E-12 and 3.72E-11; very similar to those observed at this temperature in 

dialkylimidazolium Tf2N ILs.
58

 Cation and anion diffusion values were both slightly greater for 

the triazolium ILs when compared on the basis of the total number of carbon atoms in the alkyl 

chains, probably due to both the increased viscosity caused by the longer maximum alkyl chain 

length in the imidazolium ILs and the decreased number of hydrogen bond donors on the 

triazolium ring. The ñcrossover pointò at which the diffusion coefficient of the anion becomes 

greater than that of the cation occurs between n=6 and n=9, consistent with the imidazolium 

cation behavior.
33

 

 

3.3.4 Stokes-Einstein Analysis 

The Stokes-Einstein relationship (Equation 11) relates the radius of a diffusing particle to 

its diffusion coefficient and the viscosity of the solution.
41

 

Ὀ   (11) 

Where D is the self-diffusion coefficient of the species, k is Boltzmannôs constant, T is 

the absolute temperature, ɖ is the viscosity, and r is the hydrodynamic radius of the particle in 
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solution. The factor c is a coefficient describing the microscopic friction between the particle and 

the solvent; in classical hydrodynamic theory, it may take values between 4 and 6.  

The Stokes-Einstein equation is based on the assumption of Stokes flow of the solution 

surrounding the diffusion particle; that is, that the particle experiences the solvent as continuous 

medium. While never physically the case for real solutions, this is the approximate situation for a 

particle that is much larger than the molecules of its solvent. However, the Stokes-Einstein 

equation has been reported to give accurate hydrodynamic radii even in situations far away from 

Stokes flow conditions, including the self-diffusion of neat substances, and even solutions in 

which the solute:solvent diameter ratio is as low as 0.5. 
69

  

Due to instrumental limitations, acquisition of viscosity and diffusion coefficients at the 

same temperature for the trialkylimidazolium ILs was not possible, preventing application of the 

Stokes-Einstein equation to the data to calculate the hydrodynamic radii. However, by assuming 

that the temperature dependence of both properties is similar, the diffusion behavior of different 

ILs may be compared on a relative basis. The results should be interpreted with care, however, as 

many ILs show fragile and glassy dynamics; it is possible that some of the ILs may be close 

enough to their glass transition temperatures to exhibit non-Arrhenius temperature dependence of 

one or the other properties and thus violate this assumption. 

Assuming a constant slip-stick parameter c, the diffusion behavior of the ions should thus 

be proportional to D±  θ1/ɖrH±. Assuming a spherical radius, the hydrodynamic radius may be 

estimated from the calculated van der Waals volume of the cation as ὶ . As 

shown in Figure 7, the relative dependence of the both the cation and anion diffusion coefficients 

is well described by the Stokes-Einstein equation. The hydrodynamic radii of the two smaller 

cations, [Tz3n11](1) and [Tz4n11](2), show a different dependence on viscosity than the rest of 
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the IL series. Such a difference could be explained by the limited interaction between the very 

short alkyl chains of these cations, as described in Section 3.3.2.  

 

Figure 7. Self-diffusion coefficient D vs. 1/ɖr. In the case of ideal hydrodynamic behavior, a linear 

relationship would be expected. Horizontal error bars are within the size of the points. Filled squares 

represent the cation; open circles represent the anion. Numbering of the ILs is given in Table 1. 

 

Although the above analysis establishes the relationship between D and 1/ʂr, due to the 

temperature discrepancy between the viscosity and diffusion data, it is not possible to know 

whether the hydrodynamic ionic radii are systematically larger or smaller than their 

computationally predicted values. However, the use of a common anion among all ILs allows 

this comparison. From equation 11, the ratio of the hydrodynamic radii of the ions will  be the 



 29 

inverse of the ratio of their diffusion coefficients, ; this ratio can then be compared with 

the computationally determined one. As shown in Figure 8 below, the experimental  is always 

smaller than the calculated ratio. As the total number of ïCH2ï units rises from 5 to 12, the ratio 

of experimental:computational  rises with a slope of about 2.2. This suggests that the 

increased alkyl-alkyl interactions at longer chain lengths slow the cation diffusion more than 

anion diffusion.  The experimental (calculated from measured self-diffusion coefficients) rH+/rH- 

ratio plateaus at about 1.25 for n of 15 methylene units or greater. This effect has been observed 

previously in the dialkylimdazolium ILs, where it was attributed to greater interdigitation of the 

alkyl chains in the non-polar domains.
33,53

 Recent SAXS experiments have also suggested that at 

a total alkyl chain lengths of 13 ïCH2ï units or greater, the intensity of the SAXS peak 

corresponding to anion-anion ordering in the liquid plateaus at nearly zero; indicating that anions 

in such ILs have increased motional freedom and thus greater relative diffusion coefficients.
33
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Figure 8. Experimental vs. calculated. rH+/rH- ratios of the ILs. Although the size of the cation increases 

along the whole IL series, a plateau is observed for ILs with MW > 560, suggesting that anion diffusion is limited by 

the diffusion of the cation in these ILs. Numbering of the ILs is given in Table 1. 

 

The wide range of the plot in Figure 7 made difficult the comparison of the small 

variations of the viscosity-diffusion between isomeric cations. To better show the effect of 

isomerization on the self-diffusion of the ILs, data from the same experiments are presented in a 

slightly different format in Table 6 below. To provide a relative numerical value of 

hydrodynamic radius for each species, the values 1/ʂD+ and 1/ʂD- are listed for each IL. Since 

the calculated ionic volumes were near identical for all isomeric cations, the relative 

hydrodynamic radius is not used as a normalization factor. The data in Table 6 should be treated 

with the same caveats that apply to comparing the viscosity and self-diffusion coefficients of the 

anion above. 

 

1 

2 

5 

6 
4 

3 

7 

8 10 

9 11 

12 14 

13 

15 



 31 

Table 6. Comparison of Relative Hydrodynamic Radii of Isomeric ILs. 

n IL  Cation 
D+ / 10

-11 
 

m
2
 s-

1
 

D- / 10
-11 

 

m
2
 s-

1
 

D+/D- 

1/ɖD+ 

/10
 8 

s P
- 1 

m
-2

 

1/ɖD- 

/10
 8 

s P
- 1 

m
-2

 

9 3 Tz3n3n3n 2.56 2.78 0.92 6.78 6.25 

4 Tz3n3n3i 2.35 2.50 0.94 6.44 6.05 

5 Tz3i3i3i 1.74 1.74 1.00 5.55 5.55 

6 Tz4n14n 2.16 2.21 0.98 6.22 6.08 

12 8 Tz4n4n4n 1.85 2.22 0.83 7.51 6.26 

9 Tz4i4i4i 0.67 0.82 0.78 6.99 5.69 

10 Tz8i3n1 1.68 2.02 0.83 7.51 6.24 

15 11 Tz5n5n5n 1.34 1.69 0.79 8.08 6.40 

12 Tz7i7n1 1.25 1.59 0.79 7.52 5.91 

17 13 Tz7n7n3n 1.26 1.56 0.81 7.16 5.79 

14 Tz8i8n1 0.99 1.27 0.78 7.78 6.06 

 

On the basis of their lower 1/́D values for both cation and anion, ILs containing the 

cations with three branched alkyl chains, [Tz3i3i3i][Tf2N](5) and [Tz4i4i4i][Tf2N] (9) seem to 

experience abnormally fast diffusion relative to their viscosity. This observation is unexpected, 

given that the calculated van der Waals volumes of [Tz3i3i3i][Tf 2N](5) and [Tz4i4i4i][Tf 2N](9) 

are equal to those of their isomers. In the absence of data regarding the melting temperatures and 

crystallization or glass transition temperatures, the possibility that the anomalously fast diffusion 

is due to the onset of vitrification in these ILs cannot be ruled out. However, their faster diffusion 

is also consistent with the greater ionicity ratios observed for these ILs (see Section 3.3.7). A 

greater fraction of the diffusive motions in the triply-branched ILs occur as single-ion 

displacements rather than as correlated displacements of an anion and cation, compared to their 

isomers. The diffusion coefficient of the single ion transport process would be expected to be 

greater relative to viscosity than that of a correlated cation-anion displacement, which could 

explain the greater relative values of these ILs. 
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The IL [Tz7i7n1][Tf2N] (15) shows faster diffusion relative to viscosity than 

[Tz5n5n5n][Tf2N](11); however, [Tz8i8n1][Tf2N](14) shows slower diffusion than 

[Tz7n7n3n][Tf2N](13), perhaps because of its greater ionicity ratio. The relationship between 

hydrodynamic radius, ionicity, and diffusion coefficient is thus less clear for relatively long total 

alkyl chain length.  

3.3.5 Ionic and Molar Conductivities 

The ionic conductivities are listed in Table 4 above for the trialkyltriazolium Tf2N ILs. The ionic 

conductivities ranged from 0.03 to 0.52 S m
-1

: a similar range to that observed in 

dialkylimidazolium Tf2N ILs.
33,58

 The conductivity values were slightly greater for the 

triazolium ILs when compared on the basis of the number of carbon atoms in the alkyl chains, as 

with diffusion; this may be due to both the increased viscosity caused by the longer maximum 

alkyl chain length in the imidazolium ILs and the decreased number of hydrogen bond donors on 

the triazolium ring. 

3.3.6 Walden Plot Analysis 

The Walden relationship, an empirically-derived relationship between the ionic 

conductivity and solvent viscosity for dilute electrolyte solutions, states that the limiting molar 

conductivity ȿ0 of an infinitely dilute electrolyte solution will be related to the viscosity of the 

solvent by the relationship
49

 

 ȿ0 – = C  (12) 
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where C is an electrolyte-specific constant. This relationship has been used to analyze the 

deviation of electrolyte solutions from ideality through the so-called Walden Plot, an analysis 

method that is based on the fact that in ideal, fully dissociating electrolyte solutions such as 

aqueous 0.01M KCl, the plot of log(ȿ) vs. log(1/ʂ  yields a line of slope one and an intercept of 

0. The negative deviations of log(ȿ) from the KCl line give the degree of non-ideality of the 

solution.
70,71

 

As viscosity and conductivity data could not be obtained at the same temperature due to 

instrumental limitations, a comparison of the data to an ideal electrolyte line such as the KCl line 

could not be performed. However, a measure of the relative deviations among the ILs from ideal 

Walden behavior can be obtained through the assumption used in the Stokes-Einstein analysis 

above, that is, that the viscosities of the ILs at 22 °C are proportional to their 30 °C values. A 

plot of the values of molar conductivity vs. 1/ʂ appears in Figure 9 below. The caution that the 

ILs may show glassy dynamics and non-Arrhenius temperature dependence of their transport 

properties also applies to this analysis. 
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Figure 9. Walden-type plot of conductivity and viscosity data. In the absence of correlated cation-anion 

motions, a linear relationship would be expected. The conductivities of [Tz3i3i3i][Tf2N] and [Tz4i4i4i][Tf2N] are 

aberrantly high compared to those of the n-alkyl and singly-branched ILs. Horizontal error bars are within the point 

size. Numbering of the ILs is given in Table 1. 

 

The plot shows a near-linear dependence of the log of conductivity on the log of inverse 

viscosity. The two large outliers in the positive direction are the tri-branched ILs 

[Tz3i3i3i][Tf2N](5) and [Tz4i4i4i][Tf2N](9); similar to the observation made of their self-

diffusion coefficients, the conductivity of these ILs is larger than would be expected for an n-

alkyl IL of the same viscosity. In the absence of data regarding the melting temperatures and 

glass transition temperatures, if these ILs prove to be glass formers, the possibility that the 

anomalously fast diffusion is due to the onset of vitrification in these ILs cannot be ruled out. 

However, their faster diffusion is also consistent with the greater ionicity ratios observed for 
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these ILs (see Section 3.3.7). The large outlier in the negative direction is [Tz7n7n7n][Tf2N](15); 

as this IL was not noted to have an unusual relationship between diffusion and viscosity, or in the 

ratio of its ionsô diffusion coefficient, the origin of this behavior is not clear.  

3.3.7 Nernst-Einstein Deviation 

As discussed in the introduction, the ionicity ratio is a measure of the correlation between 

the motion of cations and anions. Ions may diffuse singly, thus contributing to both conduction 

and diffusion; or simultaneously with an oppositely charged counterion, thus contributing to 

diffusion but not conductivity. The relative frequency of each type of movement will be 

determined by the balance of forces between the energy needed to form a hole large enough to 

accommodate either a single ion or ion pair, and the energy needed to break the specific 

interactions of an ion or ion pair with their neighboring ions.  

The Nernst-Einstein deviation parameter , or ionicity, was calculated for the 

trialkyltriazolium Tf2N ILs. As has been found for the 1,3-dialkylimidazolium cation
55,58

 the 

ionicity decreased with increasing alkyl chain length. The ionicity ratios of the tri-branched ILs 

[Tz3i3i3i][Tf2N](5) and [Tz4i4i4i][Tf2N](9) were larger than those of their n-alkyl analogues; 

with the increase in ionicity ratio for [Tz4i4i4i][Tf2N](9) being much larger than for 

[Tz3i3i3i][Tf 2N](5) (29% vs. 7%). It is clear that the increased branching causes a great increase 

in viscosity, and decrease in diffusion and conductivity for these ILs. However, the self-diffusion 

and conductivity processes are faster than would be estimated for their ILs of their viscosity, 

based on the viscosity-transport correlations of the n-alkyl and singly-branched ILs. This would 

seem to indicate that the changes to the solution structure of these ILs caused by the increased 
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branching arrest paired-motions to a greater extent than single motions. As was discussed 

previously, in the absence of data regarding the glass transition temperatures of these ILs, if 

indeed they prove to be glass formers, glassy dynamics cannot be ruled out as origin of the 

anomalous ionicity ratios. However, if this does not prove to be the case, several other possible 

explanations can be advanced. The reduction in paired motion can be justified on the basis of 

either the greater steric hindrance produced by the presence of branching near the triazolium core 

weakening the specific cation-anion chemical interactions, or the differing distribution of free 

volume within the IL decreasing the possibility of the formation of holes large enough for a 

concerted cation-anion jump.  

The cavity model of diffusion for ILs suggests that ionicity should be correlated to the 

free molar volume within the liquid. A plot of ionicity against free molar volume is shown in 

Figure 10 below. The data appear to be clustered into two approximately linear, but 

discontinuous groups. The common feature within each group appears to be the length of the 

longest alkyl chain. The group marked by the upper curve contains all ILs whose longest alkyl 

chain has less than four  ïCH2ï units, as well as [Tz4n11][Tf2N](2). The basis for the 

discontinuity may be explained on the basis of alkyl-alkyl interactions within the IL. The butyl 

chain length has been previously identified by SAXS measurements as the minimum chain 

length at which inter-cation alkyl-alkyl correlations begin to form within an IL; linear regression 

analysis of chain length for the n-alkyl substituted anions in this study confirmed that Ŭ and ɓ ï

CH2ï groups make little contribution to the viscosity of the IL. On this basis, it would seem that 

the discontinuity of the two approximately linear regions indicates that a change in the balance of 

interactions that determine the balance of single ion diffusion and ion pair diffusion occurs upon 

the organization of the liquid into polar and non-polar domains. The exceedingly high ionicity of 
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the IL [Tz4i4i4i][Tf 2N](9), however, is not explained as it has a free volume similar to that of its 

n-alkyl analogue, [Tz4n4n4n][Tf2N](8); evidently there is some anomaly in the structure of this 

IL that favors single ion diffusion mechanism that cannot be explained by free volume 

considerations alone. The presence of the non-polar domains should favor the diffusion of ion 

pairs, from a free volume perspective, as the non-polar domains consist of flexible alkyl chains 

that associate with each other on the basis of the weaker van der Waals forces. 
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Figure 10. Ionicity ratio vs. excess molar volume. Lines are included as guides to the eye only. Numbering 

of the ILs is given in Table 1. 

 

The great decrease in transport properties for the tri-branched ILs may then indicate that 

because their branched alkyl chains are effectively one ïCH2ï unit shorter than the number of ï
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CH2ï units they contain, and they thus behave as ILs with little or no formation of non-polar 

domains. Compared to the smaller cations such as [Tz3n11](1) and [Tz4n11](2), the tri-branched 

cations are bulkier and more rigid, but no increase in flexible space within the liquid 

compensates this bulk. Both paired and single diffusion of the ions will therefore be more 

unfavorable, but paired diffusion especially so. A similar effect has been proposed to explain the 

transport behavior of the ILs with the 1-methyl-3-butylimidazolium and 1,2-

dimethylbutylimidazolium cations; upon substitution of a methyl group for the hydrogen the 

transport properties of the liquid decrease greatly.
72

 In fact, a measurement of the ionicity ratios 

for 1-methyl-3-butylimidazolium tetrafluoroborate and 1,2-dimethyl-3-butyl tetrafluoroborate 

also showed an increase in the ionicity ratio from .61 to .79; however, the purity of the latter 

sample was suspect.
73

 

3.4 NMR CHEMICAL SHIFT D ATA  

The 1D 
1
H and 

19
F proton spectra were recorded for all of the ILs; experimental details, 

as well as peak data and assignments appear in the experimental section.  

The origins of the variations in chemical shift among ILs of the same family are complex, 

arising from both on both inter-ionic and intra-ionic effects. The trialkyltriazolium Tf2N ILs 

contain several moieties known to affect the chemical shifts of nearby nuclei due to their 

magnetic anisotropy; namely, the aromatic ring and sulfone groups create a strong shielding 

cones above the ring plane and a deshielding cones along the axis of the S=O bond.
74

 

Additionally, the cation and anion contain several potential hydrogen bond donor and acceptor 

atoms, respectively. 



 39 

A previous study on the 
19

F chemical shift of the Tf2N anion found that for a given cation 

family, the 
19

F chemical shift moved downfield with increasing molar volume; the decrease in ŭ 

was well-correlated with the average interionic distance, estimated as the inverse cube root of 

molar volume, and relatively insensitive to the addition of -OH groups to the alkyl groups of the 

cation.
75

 The authors attributed these findings to the dependence of the chemical shift on the 

local electrostatic environment; with the density of Coulomb charges assumed to decrease as 

interionic distance increased. As shown in Figure 11, the same dependence is observed in the n-

alkyl and singly-branched trialkyltriazolium Tf2N ILs.  

 

Figure 11. 
1
H shift of proton H5 and

 19
F Chemical Shift of ïCF3 vs. (vm)

1/3
 Filled squares represent the 

cation; open circles represent the anion. Numbering of the ILs is given in Table 1. 
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A similar dependence is observed for the H5 protons of the triazolium ring, as well as for 

the CH2 protons a to the triazolium ring (see experimental section). The behavior of the 

chemical shifts of the [Tz3i3i3i][Tf2N](5) and [Tz4i4i4i][Tf2N](9) cations thus seems to indicate 

greatly altered electrical environments in these ILs. The [Tz4i4i4i][Tf2N](9)  IL exhibits both a 

strongly downfield H5 signal and a slightly downfield shifted 
19

F signal relative to its molar 

volume, while [Tz3i3i3i][Tf2N](5)  shows only a deshielded 
19

F signal. Such altered magnetic 

environments in these ionic liquids may be further evidence of a differing liquid structure within 

these ILs. 

3.5 CARBON DIOXIDE SOLUB ILITY D ATA  

3.5.1 Results 

CO2 solubility data were provided by Dr. Eric Albenze at the NETL Laboratory in 

Pittsburgh, PA. Details of the experimental setup and conditions used for the gas solubility 

measurements can be found in the Experimental Section. 

The solubility of a gas in an IL is conventionally reported as the value of the coefficient 

of Henryôs Law,  

p=kHx  (13) 

where p is the partial pressure of the gas above the liquid, x is the mole fraction of the gas 

dissolved in the liquid, and kH is the empirically determined constant for a gas/solvent pair at a 

given temperature. The Henryôs Law constants for the ILs studied are listed in Table 7 below. 
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Table 7. Henryôs Law Constants of Carbon Dioxide Solubility for the ILs Studied. 

IL  Cation KH / bar 
a
 

1 Tz3n11 32.0 

2 Tz4n11 30.0 

3 Tz3n3n3n 27.7 

4 Tz3n3n3i 27.6 

5 Tz3i3i3i 32.2 

6 Tz4n14n 27.9 

7 Tz5n5n1 26.7 

8 Tz4n4n4n 27.8 

9 Tz4i4i4i 27.8 

10 Tz8i3n1 25.2 

11 Tz5n5n5n 25.2 

12 Tz7i7n1 23.6 

13 Tz7n7n3n 23.6 

14 Tz8i8n1 21.7 

15 Tz7n7n7n 21.0 
  a Henryôs Law constant data provided by Dr. Eric Albenze. Error of the measurement was ± 1.5 bar. 

 

3.5.2 Statistical Correlation with Physical and Transport Parameters 

One of the principal aims of the collaborative project described in this thesis was to study the 

possible relationship of the ionicity parameter of an IL with its ability to solvate CO2. As 

described in the introduction, the predictive variable of greatest usefulness thus far has been the 

molar volume of the IL. At the outset of the project, it was hypothesized that given the great 

effect of the anion on carbon dioxide solubility in ILs, increased ionicity might have some 

favorable effect on the solubility of carbon dioxide by lowering the strength cation-anion 

interactions, making the anion more chemically available for favorable IL-gas interactions. Since 

then it has become clear both from the results reported in this thesis, as well as from reviews of 

literature data, the increased ionicity ratios are in fact negatively correlated with the solubility of 

CO2. 
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 However, given the relationship proposed between ionicity and the transport properties of 

the ions within the IL, it then seemed reasonable to investigate the possible relationship of 

carbon dioxide solubility to ionicity, as well as the other physical parameters that have been 

identified as having possible correlations to the carbon dioxide solubility, such as free volume. 

The solubility of carbon dioxide is likely to be determined by a number of interacting factors, 

which will themselves be correlated.  To understand the relative predictive value of each of the 

parameters, single- and multivariate linear regressions were carried out, and the statistical 

significance of each parameter was evaluated by t-test. The adjusted R
2
 values and the p-value 

parameter of the t-test for statistical significance are reported in Table 8 below. 
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Table 8. Statistical Significance of Molar Volume and Ionicity Parameters for KH Determination. 

KH vs. Molar Volume  

Adjusted R
2
: 82.0%  

Parameter p-value 

Molar Volume <0.001 

KH vs. Ionicity  

Adjusted R
2
: 72.5%  

Parameter p-value 

Ionicity <0.001 

KH vs. vexcess  

Adjusted R
2
: 80.5%  

Parameter p-value 

vexcess <0.001 

KH vs. Molar Volume, Ionicity  

Adjusted R
2
: 85.0%  

Parameter p-value 

Overall Correlation <0.001 

Molar Volume 0.005 

Ionicity 0.084 

KH vs. vexcess, Ionicity  

Adjusted R
2
: 86.5%  

Parameter p-value 

Overall Correlation <0.001 

vexcess 0.003 

Ionicity 0.023 

 

Among single parameters, molar volume was the best predictor of KH, with an R
2
 value 

of 82.0%; the parameters vexcess and ionicity performed slightly worse. The addition of ionicity as 

a second predictor to molar volume or vexcess improved the R
2
; however, in the case of molar 

volume the p-value of ionicity was larger than the .05 cutoff usually used as the maximum 

threshold of statistical significance. For the regression of ionicity and vexcess with KH
, 
the p-value 

for ionicity was improved, to 0.023. However, due to the small sample size and high degree of 

correlation between ionicity and vexcess, it is unclear whether this correlation represents a 

relationship with an underlying physical significance. The correlation with the greatest overall fit 

was KH vs. vexcess and ionicity; however the improvement to the R
2
 value should also be 
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interpreted with caution  due to the correlations of the predictors to each other; the addition of a 

second predictive variable often improves R
2
 due to correlations between the predictive 

variables. Thus, conclusive statistical evidence for an independent effect of the ionicity ratio on 

the solubility of CO2 in a given IL. 

3.5.3 Effect of Isomerization 

The IL [Tz3i3i3i][Tf2N](5) displayed the poorest carbon dioxide of all of the 

trialkyltriazolium ILs measured. Interestingly, although [Tz4i4i4i][Tf2N](9) shows greater 

deviation in its transport and spectroscopic properties, its Henryôs Law constant is equal to that 

of its n-alkyl isomer [Tz4n4n4n][Tf2N](8).  The poor solubility of CO2 in [Tz3i3i3i][Tf 2N](5) 

compared to its isomers is also unexpected, as the molar volume and  vexcess of 

[Tz3i3i3i][Tf 2N](5)  is greater than that of its isomers. However, the rigidity and bulk of the 

isopropyl groups may give rise to many fewer cavities within the liquid that are large enough to 

accommodate a CO2 molecule. In contrast, the more flexible 1-methylpropyl moiety at the 

terminal end of two of the alkyl chains of the [Tz4i4i4i](9) cation will have greater 

conformational freedom, and thus easily form cavities large enough to accommodate CO2, while 

still having a small amount of cavities large enough to accommodate ion diffusion. 
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4.0  CONCLUSIONS 

The effect of cation structure on molar volume, viscosity, self-diffusion coefficients, and 

conductivity were evaluated for 15 novel ILs from the 1,2,4-trialkyl-1,2,3-triazolium Tf2N IL 

family. The densities and transport properties of the straight chain alkyl n-alkyl chain were found 

to be similar to those of the well-studied 1,3-dialkylimidazoilum Tf2N family, and followed the 

same trends as the imidazolium family, when compared on the basis of the sum of the alkyl chain 

lengths.  

The inclusion of multiple branched alkyl chains was found to have a dramatic impact on 

the transport properties while having minimal impact on the molar volume, thus providing 

another method of tuning the properties of ILs. The diffusion and conductivity of the ILs 

[Tz3i3i3i][Tf 2N](5) and [Tz4i4i4i][Tf 2N](9) showed anomalously high diffusion coefficients and 

molar conductivity values on the basis of the viscosity-diffusion and viscosity-conductivity 

relationships observed among the other ILs studied, as well as markedly increased ionicity ratios 

compared to those of their isomeric ILs. Two possible rationalizations for this behavior, glassy 

dynamics within these liquids, and/or decreased average cavity size within these ILs even at 

temperatures far from their melting or glass transition temperatures, were proposed. The ionicity 

ratio was found to decrease with increasing excess molar volume within the ILs. The dependence 

was found to be different for ILs with at least two n-alkyl chains of butyl length or longer; such a 
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difference was attributed to formation of non-polar domains being favorable for correlated 

cation-anion diffusion. 

Henryôs law constants for carbon dioxide solubility were determined for the ILs. No 

evidence to support the hypothesis that increased ionicity ratios enhance carbon dioxide 

solubility through increased activity of the anion was found. The IL [Tz3i3i3i][Tf 2N] displayed 

extremely poor carbon dioxide solubility compared to its isomers. 
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5.0  EXPERIMENTAL  

5.1 GENERAL  

ILs were synthesized by Dr. Michael Lartey at the NETL laboratories in Pittsburgh, PA. 

To avoid contamination of the sample by atmospheric water vapor, all sample transfers took 

place in a home-built dry box purged with a constant flow of dried air. The IL samples were 

stored in a vacuum desiccator when not in use. 

Statistical analyses were carried out using the linear regression and multiple linear 

regression functions of Minitab 16.2.3 (Minitab Inc., State College, PA, USA).  

5.2 DENSITY AND VISCOSIT Y MEASUREMENTS  

Density and viscosity measurements were carried out by Dr. Michael Lartey at the NETL 

laboratories in Pittsburgh, PA 

Density of ILs were measured at ambient temperature of 22 °C on a Micromeritic 

Accupyc II 1340 pycnometer (Micromeretic Instrument Corporation, Norcross, GA, USA) under 

constant flow of helium. All density measurements were performed in triplicate and the average 

recorded. 



 48 

Viscosity measurements were carried out at ambient temperature of 22 °C on a 

Rheosense ɛVisc (Rheosense Inc., San Ramon, CA, USA).  

5.3 CARBON DIOXIDE SOLUBILITY ME ASUREMENTS 

Carbon dioxide solubilities were measured by Dr. Erik Albenze at NETL Pittsburgh. All 

solubility measurements were performed using a PCT-Pro2000 apparatus from Setaram Inc. The 

PCT-Pro 2000 is a Sievertôs apparatus, which determines gas solubility in a sample by charging a 

leak-tight sample chamber of known volume with a known quantity of CO2. The CO2-charged 

sample chamber is isolated from the rest of the system and the pressure drop in the chamber is 

measured. The drop in pressure due to CO2 absorption into the liquid is then measured, and the 

quantity of CO2 absorbed into the liquid is easily determined from an equation of state, in this 

case, the NIST Standard Reference Database 23. For all tests, between 0.9 g and 1.5 g of the 

sample was loaded into the sample chamber. The sample was held under a dynamic vacuum for 

4 hours prior to starting a test. During this evacuation, the sample was heated to 30 °C and was 

stirred at 300 rpm. After evacuation, testing was initiated by dosing the sample chamber with a 

known amount of CO2, and the sample was allowed to equilibrate for at least 4 hours. Dosing 

was repeated to obtain an isotherm over a pressure range of 0ï10 bar. Throughout all tests, the 

sample was held at 30 °C and was stirred at 300 rpm.  
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5.4 MOLAR VAN DER  WAALS VOLUME COMPUTA TIONS 

The computations of the molar van der Waals volumes were carried out by Dr. James Mao at the 

University of Pittsburgh. Initial geometry optimization was performed using molecular force 

field optimization in the Avogadro software suite. Refinement of the geometry optimization and 

volume calculations were carried out using Gaussian, using the basis set B3LYP at the 6-31G* 

level of theory. Volumes were calculated using 100 points at the 0.002 electron density 

isosurface level.  

5.5 NMR EXPERIMENTS  

5.5.1 Experimental Details 

NMR spectra were acquired using a Bruker Avance III spectrometer with a Bruker UltraShield 

magnet operating at a 
1
H frequency of 600.71MHz, equipped with a Bruker BBFO Plus probe. 

Samples were loaded into 3mm outer diameter NMR tubes to limit the effect of thermal 

convection on diffusion measurements. To provide a deuterium signal for the deuterium lock, as 

well as to provide a reference for accurate chemical shift determination, the 3mm NMR tubes 

were inserted coaxially into medium-walled NMR tubes with a sufficient amount of DMSO-d6 

in the outer tube to reach the height of the sample in the inner tube when inserted. Shimming was 

performed using the TOPSHIM gradient shimming macro incorporated in the Bruker TopSpin 

software suite, using a 
1
H shimming routine with the excitation frequency set to a resonance 

originating from the IL. The spectrometer was tuned and matched before each experiment, and 
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the 90° pulse widths for the 
1
H and 

19
F spectra were determined using the nutation method via 

the built-in pulsecal macro.  

Temperature was controlled at 30 °C ± 0.1 °C via the spectrometer variable temperature 

unit and the probe thermocouple, with a constant gas flow of 670 l/h. Each sample was thermally 

equilibrated for at least 30 minutes prior to the start of acquisition. The thermocouple was 

calibrated using the known temperature dependence of the difference of OH and CH3 resonances 

chemical shift of a sample of 80% ethylene glycol in DMSO-d6.  

PFG-NMR spectra for self-diffusion coefficient determination were recorded using the 

Bruker pulse sequence stebpgp1s, which incorporates a stimulated echo, bipolar gradient pulse, 

and one spoil gradient. The value of diffusion time d was 1 s and the total gradient pulse width D 

was 5 ms. Eight spectra, with gradient strength ramped linearly from 2% to 95% of the 

maximum gradient strength, were acquired with eight transients each, to produce a pseudo-2D 

diffusion spectrum. The decays of all observed peaks were fitted to a modified Stejskal-Tanner 

equation, incorporating the appropriate correction factors for the bipolar pulses, spoil gradients, 

and gradient shape, using the built-in relaxation analysis module in the Bruker TopSpin software 

suite.  

5.5.2 Representative 
1
H and 

19
F Spectra and Fits of Diffusion Data to Stejskal-Tanner 

Equation 

Typical fittings for four ILs appear below; the red line represents the Stejskal-Tanner 

equation for the diffusion coefficient calculated, and the open circles represent the observed 

intensity. 
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Figure 12. 
1
H NMR spectrum of [Tz3n11][Tf2N].  

 

 

Figure 13. 
19

F NMR spectrum of [Tz3n11][Tf2N].  
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Figure 14. Fit of 
1
H (cation) diffusion data to Stejskal-Tanner equation for [Tz3n11][Tf2N].  

 

Figure 15. Fit of 
19

F (anion) diffusion data to Stejskal-Tanner equation for [Tz3n11][Tf2N].  
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Figure 16. 
1
H NMR spectrum of [Tz8i3n1][Tf 2N].  

 

 

Figure 17. 
19

F NMR spectrum of [Tz8i3n1][Tf2N].  
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Figure 18. Fit of 
1
H (cation) diffusion data to Stejskal-Tanner equation for [Tz8i3n1][Tf2N].  

 

 

Figure 19. Fit of 
19

F (anion) diffusion data to Stejskal-Tanner equation for [Tz8i3n1][Tf2N].  
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Figure 20. 
1
H NMR spectrum of [Tz7n7n7n][Tf 2N].  

 

  

Figure 21. 
19

F NMR spectrum of [Tz7n7n7n][Tf 2N].  
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Figure 22. Fit of 
1
H (cation) diffusion data to Stejskal-Tanner equation for [Tz7n7n7n][Tf 2N].  

 

 

Figure 23. Fit of 
19

F (anion) diffusion data to Stejskal-Tanner equation for [Tz7n7n7n][Tf 2N].  










































