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ABSTRACT

lonic liquids (ILs), theclass of salts with melting points below 100, arepromising
alternatives to moleculasolvents Their great chemical tuneabilitypens the possibility of
tailoring ILs for specific tasks; howevatata fromsystematic structurproperty studie®f ILs,
as well asa more complete understanding of the liquid structure and interionic interactions
within ILs, arerequired for the rational design of ILs.

In this thesis,a systematic sdy of the effect ofalkyl chain length andalkyl chain
branching onthe transport propertieand carbon dioxideolubility in trialkyltriazolium ionic
liquids is described The vscosities, diffusion coefficients, and conductivities X8 1,2,4
trialkyl-1,2,3triazolium bis(trifluoromethylsulfonyl)imidelL s are reported, andre found ¢ be
greatly reducedin ILs that incorporate multiple branched alkyl groups on the catiorhe
interrelationships among the transportgediesareanalyzed by comparing tlteviationsof the
transport properties of each iLr o m Wa | d ¢he Stekedtngtéire equation, anthe
NernstEinstein equationPreliminary evidence is given for a connection between the formation

of polar and no#polar nanodomains within ILs, and tNernstEinstein deviationratio Henr y 0 s

iv



Law constants for the solility of carbon dioxide inthe ILs are reported and found to be most
stronglycorrelated to the molamlume of the IL;evidence supporting a relationship between the

NernstEinstein deviatiomatio 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 satltsmelting points
of 100°C or lower: RTILs generally consist of a bulky organic cation and allemarganic or
inorganic anion; examples of common cations and anions for ILs are shdiguie 1 below?
They are able to ream liquid at lower temperatures than conventional salts due to their bulky
and asymmetrical structures, which frustrate efficient crystal paékifite presence of the
Coulomb forcesamong ionsimparts a number of features to litkat are absenin most
molecular liquids, including the formation of local heterogeneibes intermediateange

ordering within the solutiafionic conductivity and wide electrochemical windows.
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tetrafluoroborate hexafluorophoshate trifluoromethylsulfonate bis(trifluoromethylsulfonyl)imide
(BF4) (PFg) (TFO, triflate) (TF,N, triflamide)

Figure 1. Representative exangd of cation and anion structures used in 1[R&= alkyl group.

The use of ILs as replacements for molecular solvents has attracted great attention in
recent years. As alass,they exhibit many properties that make their es&ironmentally
favorable such agheir very low volatility and notflammability. The potential to tailor ILs to
producespecificphysical or transpogtroperties, oto enhancepecific interactions with solutes,
through thethrough the choice of ionic structuréms led to thelesignationoflLs as fAdesi gn
s ol v.2 s ae already in use in a number of commercial processd#sding acid
scavengingjand compressed gas handlih@nd show greafuture promise in the processing of
cellulose®** carbon dioxide®*” and spent nuclear materiatd among many other applications.

It is estimated that fOunique ILs could be produced through combination and
functionalization of existing cation and anion structuakme’® Given the enormous number of

possible ILs, there is a great impetussistematically study theelationships among ionic



structures, irdrmediaterange orderingf the structures, and bulk IL properties, in order to more
rationally degyn taskspecific ILs. Studies intdhe specific interactions of ILs with molecular
solutes are also critical to developing the use of ILs as solvEmsresearch presentedthis
work details thesystematicstudy of aspecific family ofILs, the 1,2,4rialkyl-1,2,3triazolium
bis(trifluoromethylsulfonyl)imidesin an attempt to understand thae that ion structure and
inter-ionic interactions playn determiningt h e s ephybidalsadd transpofroperties and

abilitiesto solvate carbon dioxide.

1.1.1 Structural Order in Alkyl -Functionalized ILs

Critical to the understanding of IL sefiteractions and interactions with solute® the
unusual behaviar of these compounds at the ionic level due to the density of electrostatic
chargesThe existence of local ordering withlas was first predicted by molecular dynamics

simulations?®>?®

and later confirmed by smadingle Xray scattering (SAXS), widangle Xray
scattering (WAXS), and smadingle netron scattering (SANS) experiments in akkyl
functionalized imidazoliuni®** ammoniun®* and piperidiniun® ILs. In ILs with short alkyl
chains, the Coulomb forces are dominant, and alternation of charge creates a structur® similar
a disordered lattic® 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 themselv
polar and nospolar nanodomainsSuch behavior has only been observed in a few molecular
solvents, namelp-alkyl alcohols”’ The size of the nanodomains formed, as well as the specific

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

the both the structure of the cation and the size of the Zhion.



1.1.2 ILs as Carbon Dioxide Capture Materials

One of thesolutes whose interactions withs haveattracted great attention in recent years
carbon dioxi@ (CQ). The development of new materials for the pa®nhbustion capture of
CO, from industrial flue gases is a critical element of mitigating the buildupisfgreenhouse
gas in the atmosphere. The low volatility and high thermal stabilitiedLaf male them
especially attractie potential candidates for flue gas applicatiBhsiowever, much work
remains to be done in the optimization of ion structures for £o@bent ILs, as those developed
thus far suffer from high viscosities compared to conventional solvents, and theupG®e
capacities are not yet greater than conventional @Pture solvent¥ Both ILs that complex
chemically with CQ and ILsthatact only as physical sorbents have been reported; within the
context of this thesis, only physically absorbing ILs will be discussed.

The absorption of CQinto ILs produces minimal volume expansion, suggesting that the
CO, is accommodated within the existing free volume of the liquichus far, a number of
studies have found that the most important predictor of €&bility in ILs is the total molar
volume of the liquid”* However, evidence of an anion effect has also been repdrted
studies of specific cation families, méj the 1,3dialkylimidazoliums.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 £®lubility.*® In general, anions with greater steric bulk,
greater conformational flexibility, and more distribditeharges tend to promote carbon dioxide
solubility within the IL*® Fluorinated anions ougpform their norfluorinated analogue®.

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 opecific favorable or unfavorable 4§as interactiond®
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2.0 METHODS AND MATERIAL S

Our methodoloy for studying the underlying solution organization and understanding
the interactions amongmic properties was the study of three of their transport properties:
viscosity, seHdiffusion, and ionic conductivityThe theoretical relationships between ske
properties for ions in theleal case of infinite dilution are well establishedwever,in the
purely ionic environment of an ILthe strong Coulomb interactionand thepresence of
nanoscale heterogeneities will cause deviations from the behavidictpte by such
relationships. When such deviations are compared among a class tife magnitudes of these
deviations from idealityas well as their relationships to the physical properties of thenills,

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

2.1 SELF DIFFUSION MEASUREMENT BY PFG-NMR

The selfdiffusion coefficient is the diffusion coefficient of a species in the absence of a
chemical potential gradient. In isotropic homogeneous systems it is related rmotineean

square displacement of the particle by the Einstein equation

wO £0 (1)



wherex is displacement) is the diffusion coefficients is diffusion time, andhis 2, 4, or 6 for
a one, two-, or threedimensional system, respectivély.

While the frst measurements of the sdlffusion coefficients of highemperature
inorganic molten salts and aluminochloradtes were carried out by means of measuring the
diffusion of radioactive isotopomers of the ions through a capjffdR/the low melting
temperatures of RTILs allow the usetbé pulsedfield-gradient NMR (PF&@MR) methodfor
this purpose. The NMR technique has Huvantages of much greater ease of use, as well as not
requiring corrections for isotope effects.

The basis of pulsefield gradient NMR is the brief application of a magnetic gradient
along the zaxis to apply phase labeling to nuclei dependent on libeation the NMR tube. The
most basic PFG pulse sequence is illustrateBlignre 2. In the rotating frame, the position
dependence of the phase shift caused by the gradient pulse is expressed as

%G 1 AQ4 2
whered is the gyromagnetic ratio of the nucleus obsenigd,the length of the gradient pulse,
g(z)is the magnetic field strength of the gradient at positj@and( is a correction factor for the
shape of the gradient pul se. After apRpsl i cat i
passed, before thagn of the phase shift is reversed by the application of & g88e and a
second gradient, equal t d2istapae pdssed te allow thespina p p | i

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

W %o Yo G %0 G MNAQ G QG ()]

Thus,as pictured irFigure2 below,the effect of seldiffusion will be to create spread in

the distribution of phase angles of the nuclei, reduth@gsignal intensity. The relationship



between the difision coefficient of a speciesd the attenuation of the signal intensities for the
resonances ahe species is given by the StejsKanner equatioti*®

‘0 0OQ 4)
where | is the observed intensityy is the intensity at zero gradient strengtp,s the free
diffusion time, and all other symbols are as in EquaBoBy fitting a series of experiments
obtained with systematically variad, , or, it is possible to obtain the diffusion coefficient
through fitting of the signal intensitiés Equation 4In modern usaget is the gradient strength
g is varied whilethe freediffusiontimeqp and gr adi ent pul se width @
the need for introducing corrective factors for the intensity lost dug and T, relaxation of the

nuclei.
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Figure 2. Pulse sequence and schemagipresentation ahe effect of pulsed field gradients and diffusion

on nudear spinsReproducedrom Reference38 with permission



2.2 IONIC CONDUCTIVITY M EASUREMENT BY ELECTR ICAL IMPEDANCE

ANALYSIS

The measurement of the conductivity of an electrogdgiition must be conducted using an

alternating ptential to avoid polarization of the solutionlowever, such measurements are

complicated by the fact that the response of an electrolyte solutionaiteamating potential is

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

impedanceAdditional complications arise from the fact that the electr@detrolyte interface
itself exhibits an additional capacitive respemns the alternating potentidl.

The problem of frequency dependenakthe observed resistan@an be overcome
through he use of drequency responsenalyzerin conjunction with the voltage sourcghichis
capable of measuring bothetmagnitude of a current and the phase difference between
applied voltage and the current, and tlsugble to separate timeagnitude and phas®mponents
of theof the complex impedanc&.>® Thesepolardata arehen transformethto their Cartesian
representation and displayed visually on thecaled Nyquist plot,7Im(Z) vs. Re(Z). Some
software packages alseferred tothese axess Z0 and Z60n sucleaspgog the
point of lowest phase shift, i.ehe point with thesmallest magnitude eim(Z), represents the

resistancef the liqud;>* an example of such a plot is showrFigure3 below.

the

i vel

Y
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Figure 3. A representativé&\yquist plot The diameter of the loop near the origin represents the electrical

resistance of the electrolyte soluti®eproducedvith permissiorfrom Referencé&1.

The explanation of the coincidence thfe minimum ofi Im(Z) with the resistance of the
electrolyte carbe understood by ththeoreticalequivalent electrical circuibf an electrolyte
solution®®> As shownin Figure 4, the solution is represented as an RC circuit having a
geometrical capacitanceg@nd a electrolyte resistance Rin series with R the electrode
effectsare represented agarallelcircuit consisting of tha capacitance resulting from tleeal
polarization of the electrod&3; and theFaradic impedance arising from the electrsdition
interface.The capacitancé&, is very smallsuch that thelominantimpedanceesponse at higine
frequencies is dominated by the electrolyte. Thus, the minimurngi) 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. th@ac#dor G is acting as an open circuit and
Cq asa closed circuit; thus, the only contributionitapedanceacross the cell is the electrolyte

resistance R

10
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Re |
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Figure 4. Diagram of an equivalent circuit of an electrolyte solution and cell capacitGheeslements of
the outer circuit represent behavior arising from response of ions in the bulk solution to an applied current, while the

inner circuit represents electrodafage processesReproducedvith permissiorfrom Refrences0.

The conductivity is then calculated from resistabgehe relation
C=- )
wherek is a correction fetor for the surface area and spacing of the electribdés calibrated

for a specific cell using an electrolyte solution of known conductivity

2.3 NERNST EINSTEIN DEVI ATION PARAMETERS

Thelimiting ionic conductivity of a electrolytespeciess related to its selfliffusion coefficient

by theNernstEinsteinrelationshiff®

- —
where<is theionic conductivity, n issthe number densityR is the gaconstant, ks theFaraday

constantz is the valence of the ioand Dis theself-diffusion coefficientof thespecies

11



At infinite dilution, the Kohlrausch Law of Independent Migrat&iates that the specific
conductivity of a solution is the sum of the contributions of the specific conductivities of each
ionic specieg® that is for a binary electrolyte with both speciesvatent,

- - -

where<is the specific conductivity of the electrolytg,s the specific conductivity of the cation,

and<is the specific conductivity of the anio@ombiningEquations 6 and And convertg the
ionic condudwity to molar conductivity by the conversiolQ — in terms of the molar

conductivity,we obtain
Q — )
whea e s i s t he ramulalbother symibold are as in Equatign
For ILs, the molar conductivity measured experimentallyalg/ays less than that
predicted by the Nerndfinstein equation. A number of eqalent parameters to describe this
deviation have been developeResearchers of molten inorganic salts in the-2affi century

traditionally reported deviation from Nerrsinstein behaviousing a modified NerndEinstein

equatior>*3°3
Q ——p Y
An alternative methodeveloped by Watanabe and coworkefseporting such deviationsas

become widespread in the study of modern RTilLsvhich thequantityis expressedsthe ratio

—— 8 with the subscriptseferring to the experimental techniques used; they were also the

first to applyt he name @i oni ci Thed &-9-d pamneters @ timlyne t er .

related by the expressiesR— p Y .
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The major origin of the deviation is the neindependence of thmotions of cations and
anions, is simultaneous eelated motion of oppositely charged ions in the same direclios.
correlated motion of an anion and catieiti contributeto the measurediffusion, butwill have
zero contribution to thaet currentTwo models for thenechanism of the correlated difionof
anion and cation motion have been proposed; in the first, the IL is considered to be an
incompletely dissoaited electrolyte; that ighe solutionis assumed to consisf individual
aniors and catios in equilibrium with long-lived ion pairstha constitute athird, chemically
distinct, species in the solutiot! The second is the pairagicancy mechanism. In this model,
the structure of thél is considered to be lattidéke, and the diffusion of ions is considered to
occur by a jumgike processinto cavitiesthat arise from the thermal fluctuation of the free
volume within the liquid. If the dimensions of the cavity formed are great enangionmay
jumpinto a vacancwith one of the counteipns of its solution sheff’

Thus far, spectroscopic studieslbf have detected specific intetiaos between anions
and cations interactions, but nibtte presence of lonlived ion pairs. No separate resonasce
identifiable as belonging to paired ionan be detected by 1D NMR experiments; nor do the
diffusion data indicate multiple diffusion coefients.A terahertz dielectric spectroscogyudy
of thelL 1-methyl3-butylimidazolium tetrafluoroborattiled to find evidence foreorientation
of stable ion pair& Additionally, in one casdLs were reported tshow increased deviation
from NernstEinstein behavior at high temperatsifé> which is consistent with the paired
vacancy mechanism, but contrary to the expected resulteofotiic association hypothesis.
However, even if not directly responsible for the decrease in conduciivisyexpected that
favorable catioranion interagons will reduce themeasuredonicity ratio by increasinghe

energy required for aion to diffuse avay separately from its partner. Increased free volume and
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flexibility of free volume will also decreasenicity, as the formatiormf cavitiesof suitabe size

to accommodate a paired jump will increase.
2.4  TRIALKYLTRIAZOLIUM B IS(TRIFLUOROMETHYLSULFO NYL)AMIDE ILS

e AN \\/ \//\
/T/\\ // T\

)]
I

Figure 5. Generalized structure of trialkyltriazolium cation and structure of th@l Tnion. Atom

numbering on the catiowill be used throughouR = alkyl group.

In order to systematically study the effects of cation functionalization on the properies df

is desirable to have a cation structtiratcan be simply and efficiently synthesized with a wide

variety of functional groups. To this end, the OCapture Group at the NETL lalbesbeen
studying the development of ILs based on the itf2adkyl-1,2,3triazolium catior?®® The
structure of the cation is shown fgure 5 below. This family of cations can be conveniently

synthesized via the atom efficient and higéld Copper(ljcatalyzed AzideAlkyne

Cycloaddition reactiofi* The triazolium structure is also convenient in that is similar to the best

studied family of cations, the X@substituted imidazolius) for which physical properties and
transport properties have been extensively reported.

The bisfrifluoromethylsulfonylimide (Tf,N) anion has been found to promotée

solubility of CQ, in ILs; this property has been attributed to its conformational flexibility,
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fluorination, and norcoordinating naturé’ ILs based on the T anion, particularly thoseitt
alkyl-functionalized cations, tend to be immiscible in water, a desirable property for flue gas
application$* Use of the TN anion avoids problems of undesired aise reactions inherent

to other anionsit does not produce aciddakdown products in the presence of water as purely
inorganic ions like tetrafluorobordfedo, nor, as the conjugate base of aesagid, does it

deprotonate Lewis acid cations or solutes, as more basic anions like acetfte may.
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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 chapterthe selfdiffusion coefficients, ionic conductivities, and ionicity ratios are
presented for 15 novel trialkyltriazolium Hisfluoromethylsulfony)imide ILs. The relationships
among these trapso r t properties, and the densities, v
carbon dioxide dability are discussedThe results are discussed in terms of possible
relationships with the free molar volume in the ILs, which is calculated using compatigtio
determined ionic volumes and experimentally determined molar volumes.

The work presented in thhapterwas carried out as a collaborative effort between the
DamodararGroup at the University of Pittsburgh and the Carbon Capture Group at the National
Energy Technology Laboratory at Pittsburgh, FA. cases wherexperimental work was
performed by a researcher other than the author, the name and affiliation of thehezsaa

given at the beginning of the section.
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3.2 PHYSICAL PROPERTIES

3.2.1 IL Structures

Fifteentrialkyltriazolium TEN ILs were prepared by Dr. Michael Lartey at the Pittsburgh
NETL Laboratory. For convenience, a system of short names similar to those fotimel in
literature for di and trialkylimidazolium ILs has been developed for this family of cations, in
which the letters ATzo indicate the triazol i
indicate the number of carbons contained in the 1, 3, afid/Mchains, respectively. The letter
Ano foll owing a nrradnkbyer gdeosuipg n aatne sfiiadmanchingi cat e
on a given chainThe structuresf the ionsand molar weights of theesulting ILs are shown in

in Tablel below.
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Table 1. Numbering of thdLs and CatiorStructures

Compound Cation Cation Structure Short Molar
Name Weight /
g mol*
1 1-propyt3,4- SoNeA N [Tz3n1] 420.39
dimethyt1,2,3 _ [TfoN]
triazolium
2 1-butyl-3,4- NN N [Tz4n1] 434.41
dimethyt1,2,3 \_{ [TfoN]
triazolium
3 1,3,4tripropyl- SN N [Tz3n3n3h 476.49
1,2,3triazolium o [Tf2N]
4 1,3-dipropyh4-(2- NG N N [Tz3n3n3] 476.49
methyl)ethyt1,2,3 __ [TfoN]
triazolium
5 1,3,4tri(2- )\ )\ [Tz3i3i3i] 476.49
methyl)ethyt1,2,3 W [TfoN]
triazolium \=S7
6 1,4-dibutyl-3- NN N [Tz4n14y  476.49
methyt1,2,3 _ [Tf2N]
triazolium
7 1,3-dipentyt4- o /N~ [Tz5n5n1  504.55
methyt1,2,3 r\/\ _ [Tf2N]
triazolium
8 1,3,4tributyl - AN N [Tz4ndndh  518.57

1,2,3triazolium \=<x [Tf2N]
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9 1,4-di(1- \/k [Tz4idi4i] 518.57
methyl)propyt3- ‘VN\N/H/ [Tf2N]
(2-methyl}1,2,3 —
triazolium

10 1-(6- O\ N [Tz8i3n]] 518.57
methyl)hepty3- \_( [Tf2N]
propyt4-methyt

1,2,3triazolium
11 1,3,4tripentyl - 2N [Tz5n5n5 560.65
1,2,3triazolium r\/\ LQ [Tf2N]

12 1-(2-methyl)hexy} [Tz7i7n]] 560.65
3-heptyt4-methyt @/ \ [TfoN]
1,2,3triazolium

13 1,3-diheptyt4- @/ \ [Tz7n7n3n 588.71
propyk1,2,3 [Tf2N]
triazolium
14 1-(6- 2N [Tz8i8n1]  588.71
methyl)hepty3- (F/\ \_< /D [Tf2N]

octyl-4-methyt
1,2,3triazolium

15 1,3,4triheptyl - W [Tz7n7n7h  644.81
1,2,3triazolium C/\ _ /\Q [Tf2N]

3.2.2 Density and Molar Volume

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

PA. Detalils of the experimental conditions are provided iredperimental sectiol.he data are
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listed in Table 2 below, abng with the total number of carbon atommcits incorporated in the

ILs alkyl chainsn, and the molar volumes, of the ILs.

Table 2. Density and Molar Volumof thelLs studied.

IL Cation n Density ? Molar Volume ° /
/gmL? cm®mol™
1 Tz3nl1l 5 1.4723 285.53
2 Tz4nl1l 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 Tz4n4n4dn 12 1.2992 399.15
9 Tz4i4i4i 12 1.288 404.25
10 Tz8i3n1 12 1.3112 395.49
11 Tz5n5n5n 15 1.2430 451.05
12 Tz7i7nl 15 1.226 458.57
13 Tz7n7n3n 17 1.2259 480.23
14 Tz8i8n1 17 1.1983 491.29
15 Tz7n7n7n 19 1.1579 556.88

3Density dtaprovided by Dr. Michael LarteyError of the density measuremést: 0.5% ° Calculatedrom density values

The van der Waals volumes, ) of the ions were calculatddom the volume of the
electron density isosurfaces of the idrysDr. James Mao. The excess molar voluwgees3 Was

calculatedfrom the molar volumew,) as \&xcess= Vim - Vuaw @nd fraction free volume (FFV) was

calculated as FFV =——. These values are listedTiable3 below.
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Table 3. CalculatedExcesaMolar Volumesand Fraction of Free Volunw ILs Studied

: Vvdw 2 Vexcessb b
IL Cation /em®molt  /em®*mol? FFV
1 Tz3nl1l 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 Tz4nl14n 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 Tz8i3n1l 290 105.49 0.267
11 Tz5n5n5n 325 133.57 0.291
12 Tz7i7nl 325 126.05 0.279
13 Tz7n7n3n 349 142.29 0.290
14 Tz8i8n1l 349 131.23 0.273
15 Tz7n7n7n 396 160.88 0.289

2van der Waals volumezrovided by Dr. James MabCalculated fronvi,andvyaw as detailedibove

As observed previously falialkylimidazolium ILs, the densitgnd molar volumesf the
solution areto a good approximation linearly related to tiegal number of methylene units
incorporated in the cation alkyl chaiffsLinear regression over the whole data set produced the
empirical relabnship} = - 0.0197+9 x 10°)n + 15412+0.007) where} is density The
coefficient of determination Rfor the fit was 0.9571The decrease in density with increasing
alkyl chain length can be attributed to the gre#iexibility of the alkyl chains compared to the
triazolium coresas well as the weaker nature of the van der Waals interactions between the alkyl
chains as compadgo theCoulombinteractions of the anion and cationic triazolium group.

Among isomer pairs in whicharied in their number of branchedkyl chairs but not in
the total number of carbon atones each chain, the densiof the branched isomergere 0.02
g/mol lower than then-alkyl isomers whether one or threbranched chains were included.
Zheng et al®” showed that for isomeric dialkylimidazolium cations with a total nundfer

carbonsn, densitywas greater for I& havingthe C,.;C; isomer than theorrespondindC,2Cr/2
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isomer®’” Although the presence of a third alkyl substitution makesh a comparison between
trialkyltriazolium cations more complicated, the enhanced packing of longer alkyl abains
illustrated by the greater density of [Tz4n14Tf],N](6) compared to [Tz3n3n3{f,N](3).

Isomeric cations showed little differen@mong their calculated vy, values; the
differences invexcessamong isomeric ILsvere thereforeequal to theirdifferences in their y,
with branched cations ILs having larger, \and \icess Values than their straigichain
counterpartswWhile the substitution of one propyl group for an isopropyl group in [Tz3n388n]
and [Tz3n3n3i}4) increased the molar volume 15 cm® mol™, further substitution of all three
propyl groups for isopropyl groups to give [Tz3i3(8i) increased molar volume by less than 1
cm® mol™t. Theincrease invygw and v, with the addition of branching was larger for the longer
alkyl chain catbns, with molar volume increasing 7cBn® mol™* between [Tz5n5n5(]1) and

[Tz7i7n1)(12) and 11cm®mol™* between [Tz7n7n31]3) and [Tz8i8n1{14).

3.3 TRANSPORT PROPERTIES

3.3.1 Results

Thevalues ofv i s c o s i tdiffusiondcdefficiestsfl tife cation () andanion (D),
specific conductivity (a), mol ar conductivity
in Table4 below. The selfdiffusion coefficients othe cation and anion were measuat@0°C
by PFGNMR seltdiffusion measurements. The ionic conductivities oflthewere measured at
30 °C by electrical impedance spectroscopy. Viscosity @at22 °C were provided by Dr.

Michael Lartey at the NETL Usoratory in Pittsburgh, PA. Details of the experimental
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conditions for viscosity, selfiffusion, and conductivity measurements may be found in the

experimental section.

Table 4. Viscosity, SelfDiffusion, Conductiviy, and lonicityRatios of thdlLs Studied

: d°/cP 1?+ 2 1 1|13_ 21 10/ 1 5 s/ 1 lonicity

IL Cation (22°C) /110 m?st 710 m?st 10'sm! 10°S nfmol Ratio
(30°C)° (30°C)° (30°C)° (30°C)

1 Tz3nl1l 54.5 3.82 2.80 5.22 14.9 0.61
2 Tz4nll 57.6 3.47 2.90 451 13.5 0.58
3 Tz3n3n3n 57.6 2.58 2.76 3.19 11.1 0.57
4 Tz3n3n3 66.1 2.36 251 2.77 9.82 0.55
5 Tz3i3i3i 103.5 1.73 1.74 2.14 7.56 0.59
6 Tz4nl4n 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 Tz4n4ndn 72.0 1.85 2.23 1.79 7.16 0.48
9  Tz4ididi 214.5 0.67 0.85 0.88 3.42 0.63
10 Tz8i3nl 79.3 1.68 2.02 1.57 6.19 0.45
11 Tz5n5n5n 924 1.29 1.65 1.05 4.72 0.44
12 Tz7i7nl 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 Tz8i8nl 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

3Viscosity data provided by DMichael Lartey of NETLError of the viscosity measurements was + Z%rror of the dffusion measurements
was * 3%ZCError of the conductivity measurements was + 4@alculated from ionic conductivity and molar volurfi€alculated from molar
conductivity and seltliffusion coefficients bfEquations8 and 9

3.3.2 Dependence oViscosity onAlkyl Chain Length and Branching

As shown inTable 4 above, the viscosity of the ionic trialkyltriazoliuths increased
with increasing alkyl chain length, dms beerpbservedfor other alkytunctionalizedILs.®®
Such behavior can be rationalized on the basis ofintkeeased alkyhlkyl interactions.
Combined SAXS and viscosity studiéd®’ of dialkylimidazolium ILs have found tht the
viscosities of ILs are closely rett to the size of the ngwolar domains formedFrom the
SAXS studies it has been demonstrated thatians in which allalkyl chainsare shorter than

three carbon unitdo notparticipate in the formation of the n@olar domainsdue to the steric
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hindranceof the aniorf®®* A SAXS investigation on isomeridialkylimidazoliumILs that, like
the trialkyltriazoliumILs in this study varied only in the distribution ®CH.i units between
their alkyl chains, showethat for two cations with a given number of methylene umjtthe
viscosity is greater for the,GC, isomer than for the coesponding G.C, isomer.
The viscositiesof the ninetrialkyltriazolium ILs in this studywhose cations were
functionalized withonly n-alkyl chainswere fitted to a linear regression using threparameter.
Due to the nosparticipation oftheiCH,i uni t s U and b t ovantdér&Vaalsr i a z o |
interactions severaladjustedotal alkyl chain lengtm,q weretested in the linear regression. The

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

3 ¢ ORE¥E ®
¢ TEE & (10

where n;, p, and n refer to the alkyl chains at the 1, 2, and 4 positions of the cation,

respectively.Values ofc, between 0 and 4, c@&sponding tominimum chain lengths from

methyl to pentyl, were evaluatedhe fittings for the regressions are showrfFigure 6 below;

resultsof the fittingsare summarized ifableb.

Table 5. Fitting Parameters fd€orrelations of Viscosity to Adjusted Alkyl Chain Length

Minimum Cutoff Slope Standard Intercept Standard R?
Chain Parameter Error Error
Length Slope Intercept
Methyl ch=0 5.25 0.615 19.8 7.78 0.826
Ethyl ch=1 5.24 0615 35.6 6.12 0.900
Propyl Ch=2 6.10 0516 42.3 3.96 0.9%6
Butyl ch=3 6.98 0.510 531 2.81 0.959
Pentyl Ch=4 8.45 0.883 62.2 3.3 0.919
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Figure 6. Plot of viscosity vs. g;for ¢,values from O to 4, corresponding to a minimum alkyl chain length
of methylto propyl. Best fittings are found fop equal to 2 or 3; fittings with smallef, show a low slope region at
low ¢, showing that CH,I units close to the triazolium ring do not contribute much to viscosity. The plot fod c

shows a poorer Rralue due to the exclusion of mah@H,i unitsthatcontribute to viscosity.

The maximum of R is obtainedfor ¢, = 3; the R parameter for = 2 is similar. These
results are in reasonable agreement with XS data of other alkylunctionalizedILs,
suggesting that very short alkyl chains in thelkyitriazolium ILs areunable to participate in
the formation of nofpolar domains.

Subsitution of a methybranched chain for an-propyl groupalkyl chainof the same
overall number otarbon atomseaulted increased viscosifycompared to theorrespondingn-
alkyl substitutedL. The increase in viscosity was not linear with the numbdrrafched alkyl
chains as can be seen by the much smaller increase in viscosity between [TzBR3N3(E)

and [Tz3n3n3i[Tf,N](4) than between [Tz3n3n3Ji]f.N](4) and [Tz3i3i3i[Tf.N](5). The great
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increase in viscosity observed for the [Tz3iJiBipN](5) and [Tz4i4i4i[Tf,N](9) ILs may arise

from multiple factors, which will be discussed in the followingtgms.

3.3.3 Self-Diffusion

The selfdiffusion coefficientdisted inTable4 for the cation(D.) andof the anion(D-) ranged
between 6.67H2 and 3.72EL1; very similarto those observedat this temperaturen
dialkylimidazolium Tf2N ILs>® Cation and anion diffusion vats were both slightly greater for
the triazolium ILs when compared on the basis oftti@ number of arbon atoms in the alkyl

chains, probably due to both the increased viscasitised by théonger maximum alkyl chain

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

triazoliumring.The #Acr ossover pointo at which the
greater than that of the cation occurs betwee® andn=9, consistent with the imidazolium

cation behavior>

3.3.4 StokesEinstein Analysis

The StokesEinstein relationshiEquation 1) relates the radius of a diffusing particle to

its diffusion coefficient anthe viscosity of the solutiof.
o — (11
WhereD is the sekdiffusion coefficient of the speciek,i s Bol t z ma nrnsd s

the absolute temperaturg s the viscosity, and is the hydrodynamic radius of the particle in
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solution. The factoc is a coefficient describing the microscopic frictiogtween the particle and
the solventjn classical hydrodynamitheory,it may take alues betweerd and 6.

The StokesEinstein equatioms based on the assumption of Stokes flow of the solution
surrounding the diffusion particle; that is, that the plexperienceshie 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 soludatvever, the StokeEinstein
equation has been reqped to give aagrate hydrodynamic radéven in situations far away from
Stokes flow conditionsincluding theseli-diffusion of neat substances, and even solutions in
which the solute:solvent diameter ratiaislow as 0.5

Due to instrumental limitations, acquisition of viscosity and diffusion coeffisignthe
same temperature for the trialkylimidazolidbs was not possible, preventiagplication of the
StokesEinstein equation to the data to calculdite 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 shoultebgreted with care, however, as
manyILs show fragile and glassy dynamics; it is possible that some df henay be close
enough to their glass transition temperatures to exhibHAmdrenius temperature dependence of
one or the othgoroperties anthus violate this assumption.

Assuming a constant shgtick parameter c, the diffusion behavior of the ions should thus

be proportional to B® 1 / d. Assuming a spherical radius, the hydrodynamic radius may be

estimated from the calculated van der Vaablume of the cation as — . As

shown inFigure7, the relative dependence of theth the cation and aniahffusion coefficients
is well descibed by the StokesEinsteinequation.The hydrodynamic radii of the two smaller

cations, [Tz3nl1i]l) 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 interdettoreen the very

short alkyl chains of these @ats, as described in Section 3.3.2
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Figure 7. Seltdiffusion coefficient D v s .. In thé ahse 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 anioblumbering of the ILs is given inTable 1.

Although the above analysis establishes the relationship between Dsandu# to the
temperature discrepancy between the viscosity and diffusion data, it is sttl@de know
whether the hydrodynamic ionic radii are systematically larger or smaller than their
computationally predictedalues.However, the use of a common anion among all ILs allows

this comparisonFrom equation 11, @hratio of the hydrodynamic da of the ionswill be the
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inverse of the ratio of thediffusion coefficients— —; this ratio can then beompared with

thecomputationally determineahe.As shown inFigure8 below, the experimental— is always

smaller than the calculated ratio. As the total numb&iCét,i units rises from 5 to 12, the ratio

of experimentatomputational— rises with a slope of about.2 This suggests that the

increased alkyhlkyl interactions at longer chain lengths slow the cation diffusion more than
anion diffusion. The experimentalcalculated from measured seliffusion coefficientsyy./ry.

ratio plateaus at about 1.25 for n of 15 methylene units or gredités. effect has been observed
previously in thedialkylimdazolium ILs, where it was attributed to greateerdigitationof the

alkyl chains in the nopolar domains®*>® Recent SAXS experiments have also suggkttat at

a total alkyl chain lengths of 13 CH,i units or greater, the intensity of the SAXS peak
corresponding to anieanion ordering in the liquid plateaus at igaero; indicating that anions

in such ILs have increased motional freedom and thusegnedative diffusion coefficients
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Figure 8. Experimental vs. calculated,./ry. ratios of thelLs. 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 diffusbn of the cation in these ILBlumbering of the ILs is given ifablel.

The wide range of the plot in Figure 7 made difficult the comparison of the small
variations of the viscositgiffusion between isomeric cations. To better show ttiece of
isomerizatiornon the sekdiffusion d theILs, data from the same experiments are presented in a
slightly different formatin Table 6 below To provide a relative numerical valuef
hydrodynamic radius for each species, the valugB.1and 15D. are listed for each ILSince
the calculated ionic volumes were near identical for all isomeric cations, the relative
hydrodynamic radius is not used as a normalization factor. The da#blie 6should be treated
with the sameaveatghatapply to comparing the viscosity and seiffusion coeffcients of the

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

11 11 1/ D 1/ C

n|IL caion P07 D/107 D./D. /1oss|c=’ll /108557ll
m- s m- s m.2 m-z
9 3  Tz3n3n3n 256 278 0.92 6.78 6.25
4 Tz3n3n3i 235 2.50 0.94 6.44 6.05
5 Tz3i3i3i 1.74 1.74 1.00 555 5.55
6  Tz4nldn  2.16 221 0.98 6.22 6.08
12 |8  Tzandnan  1.85 2.22 0.83 751 6.26
9 Tzaididi 0.67 0.82 0.78 6.99 5.69
10 Tz8i3n1 1.68 2.02 0.83 751 6.24
15 |11 Tz5n5n5n  1.34 1.69 0.79 8.08 6.40
12 Tz7itnl 1.25 1.59 0.79 7.52 5.01
17 [13  Tz/n7n3n  1.26 1.56 0.81 716 579
14 Tz8i8n1 0.99 1.7 0.78 7.78 6.06

On the basis of their lower 1D values for both cation and aniolbs containingthe
cationswith three branched alkyl chaing,z3i3i3i][Tf,N](5) and [Tz4i4i4i[Tf,N] (9) seem to
experience abnormally fast diffusioalative to their viscosityThis observiéon is unexpected,
given thatthe calculatedvan der Waals volunseof [Tz3i3i3i][TfoN](5) and[Tz4i4i4i][Tf,N](9)
are equal to those of thegomers.n the absence of data regarding the melting temperatures and
crystallization omglass transition temperatures, the possibility that the anomalously fast diffusion
is due to the onset of vitrification in these ILs cannot be ruledHmwever their faster diffusion
is also consistent with the greater ionicity ratiobserved for thesé_s (see 8ction 3.3.7). A
greater fraction of the diffis motions in the triphbranchedILs occur as singlkon
displacements rather thas correlated dispcements of an anion and cati@ompared to their
isomers. Thdiffusion coefficient of theiagle iontransport proceswould be expected to be
greaterrelative to viscosity than that & corrdated catioranion displacement, which could

explain the greater relative values of these ILs.
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The IL [Tz7i7nl][TfoN] (15) shows faster diffusion relativdo viscosity than
[Tz5n5n5n]Tf,N](11); however, [Tz8i8n1]Tf,N](14) shows slower diffusion than
[Tz7n7n3n]Tf,N](13), perhaps because of its greater ionicity ratio. The relationship between
hydrodynamic radius, ionicity, and diffusion coefficient is thess clear for relatively long total

alkyl chain length.

3.3.5 lonic and Molar Conductivities

The ionic conductivitiesire listed inTable4 above forthe trialkyltriazolum Tf2N ILs. The ionic
conductivities ranged from 0.03 to 0.52 S “'m a similar range to that observed in
dialkylimidazolium Tf2N ILs3**® The conductivity values were slightly greater for the
triazolium ILs when compared on the basis of the number of carborsan the alkyl chains, as

with diffusion; thismay bedue 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 empiricatlgrived relationship between the ionic
conductivity and solvent viscosity for dilute electrolyte solutions, states that the limiting molar
c o n d u c tof aniinfingtelydilute electrolyte solution will be relatéal the viscosity othe
solvent by the relationsHip

so—=C (12
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where C is an electrolygpecific constant. This relationship has been used to analyze the
deviation of éctrolyte solutions from ideality through the-salled Walden Plot, an analysis
methodthat is based on the fact that in ide&l]ly dissociatingelectrolyte solutions such as
aqueou$).01M KClI, the plot of o g Ysdog(llk yields a line ofslope oneand an intercept of
0. The negative deviations of | ogdealilyoffheom t h
solution/%™

As viscosity and conductivity data could not be obtainath@tsame temperature due to
instrumental limitations, a comparisontbe data to an ideal electrolyte line such as the KCl line
could not be performed. However, a measure of the relative deviations amadhg frem ideal
Walden behavior can be obtained through the assumption used in the-EStwtes analysis
above, tht is, that the viscosities of thkes at 22°C are proportional to their 3T values. A
plot of the values of molar conductivity vssldppearsn Figure9 below. The cautiothatthe

ILs may show glassy dynamics and nr@inrhenius temperature dependenaf their transport

properties also applies to this analysis.
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Figure 9. Waldentype plot of conductivity and viscositgata In the absence of correlated catiamion
motions, a linear relationship would be expectBde conductivities of [Tz3i3i3i][f,N] and [Tz4i4i4i][Tf,N] are
aberrantly high compared to those of thalkyl and singlybranched ILsHorizontal error bas are within the point

size.Numberingof the ILs is given inrablel.

The plot shows a nedinear dependence dtiie log ofconductivity onthe log ofinverse
viscosity. The two large outliers in the positive direicn are the trbranched ILs
[Tz3i3i3i][Tf2N](5) and [Tz4i4i4i[Tf,N](9); similar to the observation made of theself
diffusion coefficients, the conductivitgf thesellLs is largr than would be expected for an
alkyl IL of the same viscosityin 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 isué 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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theselL s (see 8ction 3.3.7)The large outlier in the negative direction is [Tz7n7{VizN](15);
as this IL was not noted to have an unusual relationship between diffusion and viscosity, or in the

ratio of its i onheorigidafthidbesaviooisnotcleas.f f i ci ent |,

3.3.7 Nernst-Einstein Deviation

As discussed in the introduction, tlomicity ratio is a measure of the correlation between
the moton of cations and anionsoris may diffusesingly, thus contributing to bottonduction
and diffusion;or simutaneouslywith an oppositely chargeaounterion,thus contributing to
diffusion kut 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 specif

interactions of an ion or ion pair with their neighboring ions.
The NernstEinstein deviationparameter——, or ionicity, was calculated for the

trialkyltriazolium TN ILs. As has been found for the igalkylimidazolium catiof>>® the
ionicity decreased withncreasing alkyl chain length. The ionicity ratios of thebtanched ILs
[Tz3i3i3i][Tf2N](5) and [Tz4i4i4i[Tf,N](9) were larger than those of theiralkyl analogues
with the increase in ionicity ratio for [Tz4i4i4i|[#N](9) being much larger than for
[Tz3i3i3i][Tf2N](5) (29% vs. 7%). Iis clearthat the increased branchinguses a great increase
in viscosity, and decrease in diffusion and conductifatytheselLs. However, theself-diffusion
and conductivityprocessesre faster than would bestimated for their ILs of their viscosity,
based on the viscosityansport correlations of thealkyl and singlybranched ILs. This would

seem to indicate that the clygs to the solution structure of thdks caused by the increased
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branching arrespairedmotionsto a greater extent thasingle 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 advancdthe redution in paired motiorcan be ystified on the basis of
either the greater steric hindrance produced by the presehcanchingnear the triazolium core
weakening the specificationanion chemical interaction®r the differing distribution of free
volume within thelL decreasing theossibility of the formation of holes large enough for a
concerted catio@nion jump.

The cavity model of diffusion folLs suggests that ionicity should be correlated to the
free molar volume within the liquid. A plot of ionicity against free molar r@uis shown in
Figure 10 below. The data appear to be clustered intwo approximately linear, but
discontinuous groupsThe common feature within each group appéarbe the length of the
longest alkyl chainThe group marked by the upper curve containslLallwhose longest alkyl
chain hasless than four 1CH, units, as well as [Tz4n1f[f,N](2). The basis for the
discontinuity may be explained on the basis of alltill interactions within theéL. The buyl
chain length has been previously identified by SAXS measurements as the minimum chain
length at whichinter-cation alkytalkyl correlations begin to forwithin anlIL; linear regression
analysis of chain length for thealkyl substituted anions in this studgnfirmedt hat © and
CH.i groupsmake little contribution tdhe viscosity of the IL. On this basis, it would seem that
thediscontinuity of the twapproximately linear regions indicatéhata change in the balance of
interactionghatdetermine the balance of single ion diffusion and ion pair diffusion occurs upon

the organization of the liquid into polar and roolar domainsThe exceedingly high ioicity of
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thelL [Tz4i4i4i][Tf,N](9), however, is not explained as it has a free volume similar to that of its
n-alkyl analogue, [Tz4n4n4n][3N](8); evidently there is some anomaly in the structure of this
IL that favors single ion diffusionmechanismtha cannot be explained by free volume
considerations alond@he presence of the ngrolar domains should favor the diffusion of ion
pairs, from a free volume perspective, as the-paar domains consist of flexible alkyl chains

thatassociate with each @hon the basis of the weaker van der Waals forces
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Figure 10. lonicity ratio vs. excess afar volume Lines are included as guides to the eye oNlymbering

of the ILs is given inrablel.

The great decrease in transport properties for tHadrichedLs may thenndicate that

because their branched alkyl chains effectively onel CH,i unit shorter than the number of
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CHyi units they contain, and they thbehave as ILs with little or nfiormation of nomrpolar
domains Compared to the smaller cations such as [Tz3A)&hd [Tz4n11{2), thetri-branched
cations arebulkier and more rigid but no increase in flexible space within the liquid
compensates this bullBoth paired andsingle diffusion of the ions wliltherefore be more
unfavorableput paired diffusion especially sA.similar effect has been propostmexplain the
transport behavior of the ILs with the Imethyt3-butylimidazolium and 132
dimethylbutylimidazolium cations; upon substitution of a methyl group forhgrogenthe
transport properties of the liquid decrease gréatly.fact, a measurement of the ionicity ratios

for 1-methyl3-butylimidazolium tetraflucoborate and 1;Bimethyt3-butyl tetrafluoroborate
alsoshowed an increase in the ionicity ratio from .61 to .79; however, the purity of the latter

sample was suspeCt.

3.4 NMR CHEMICAL SHIFT D ATA

The 1D'H and**F protonspectra were recorded for all of thes; experimental details,
as well agpeak data and assignments appear in the experimental section

Theorigins of the variations in chemical shift amdhg of the same familgre complex,
arising from bothon bothinter-ionic and intraonic effects. The trialkyltriazoliunTf,N ILs
contain several moieties known to affect the chemical shifts of nearby nuclei due to their
magnetic anisotropynamely,the aromatic ring and sulfone groups create a strong shielding
cones above the ring plane and a deshielding soalng the axis of the S=O baft
Additionally, the cation and anion contain several potential hydrogen bond donor and acceptor

atoms, respectely.
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A previous study on thE€F chemical shift of th&f,N anion found thafor a given cation
family, the'*F chemical shifmoved downfield with increasing molaolame; the decrease in
was wellcorrelated withthe average interionic distanaestimaed as thanversecube root of
molar volumeand relatively insensitive to the addition-@iH groups to the alkyl groups of the
cation’® The authors attributed these findings to the dependence of the chemical shié& on t
local electrostatieenvironment; with the densitygf Coulomb chargesssumed to decrease as
interionic distancencreasedAs shown inFigurell, the same dependence is observed imthe

alkyl and singlybranchedrialkyltriazolium Tf;N ILs.
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Figure 11. 'H shift of proton H5 and®F Chemical Shift of CF; vs. (W)Y Filled squares represent the

cation; open circles represent the anidambering of the ILs is given ifiable 1.
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A similar dependence is observed for the H5 protons of the triazolium ring, as well as for
the (H, protonsa to the triazolium ring(see experim@al section) The behavior of the
chemicalshifts of the [Tz3i3i3i[Tf,N](5) and [Tz4i4i4i[Tf,N](9) cations thus seesrto indicate
greatly alterecklectricalenvironments in these IL3he [Tz4i4i4i[Tf,N](9) IL exhibitsbotha
strongly downfield H5 signaind a slightly downfield shifted®F signal relative to itsmolar
volume while [Tz3i3i3i][Tf.N](5) shows only a deshieldedF signal Such dtered magnetic
environmers in these ionic liquids may be further evidenceadliffering liquid structurevithin

thesells.

3.5 CARBON DIOXIDE SOLUB ILITY D ATA

3.5.1 Results

CO; solubility data were provided by Dr. Eric Albenze at theTNH.aboratory in
Pittsburgh, PA.Details of the experimentaetup and conditions used for the gas solubility
measurements naée found in the Experimenta¢&ion.

The solubility of a gas in alL is conventionally reported as the value of the coefficient
of Henrybdés Law,

p=kix (13)
wherep is the partial pressure of the gas above the liquid, x is the mole fraction of the gas
dissolved in the liquid, andyks theempirically determinedcconstant for a gas/solvent pair at a

given temperaturdc he Henr yés Law const ant Babld7belowt he | Ls
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Table7Henrydés Law Constants of Carbon Dioxide Solu

IL Cation Ky/ bar?
1 Tz3nll 32.0
2 Tz4nll 30.0
3 Tz3n3n3n 27.7
4 Tz3n3n3i 27.6
5 Tz3i3i3i 32.2
6 Tz4nl14n 27.9
7 Tz5n5n1 26.7
8 Tz4n4n4n 27.8
9 Tz4i4i4i 27.8
10 Tz8i3nl1 25.2
11  Tz5n5n5n 25.2
12 Tz7i7nl1 23.6
13 Tz7n7n3n 23.6
14 Tz8i8nl 21.7
15 Tz7n7n7n 21.0
*Henryds Law constant data provi de dwab¥yl1.5®r. . Eric Al benze.

3.5.2 Statistical Correlation with Physical and Transport Parameters

One of the principal aims of the collaborative project dbsdriin this thesis was to stutlye
possible relationship ofhe ionicity parameterof an IL with its ability to solvateCO,. As
described in the introduction, tipeedictive variable of greatest usefulness thus far has been the
molar volume of thelL. At the outset of the projectt was hypothesized thafiven the great
effect of the anion on carbon dioxide solubility in ILaclieasedonicity might have some
favorable effect on the solubility of carbon dioxidey lowering the strengthcationanion
interactions, making the anion marieemicallyavailable for favorablé_-gas interactionsSince

then it has become clear bothrfrdhe results reported in this thesis, as well as from reviews of
literature data, thencreased ionicity ratios are in fact negatively correlated with the solubility of

COs.
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However, given the relationshgyoposedetween ionicity and the transport peofes of
the ions within thell, it then seemed reasonable to investigate the possible relationship of
carbon dioxide solubility to ionicity, as well as the other physical paramiétatfiave been
identified as having possible correlations to the cardioride solubility, such as free volume.
The ®lubility of carbon dioxide idikely to be determinedy a number of interacting factors,
which will themselves be correlated. To understand the relative predictive value of each of the
parameters, singleand multivariate linear regressions were carried oaind the statistical
significance of each parameter wamluated by-test The adjusted Rvalues and the-palue

parameter of thetest for statistical significance reported inrable8 below.
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Table 8. Statistical Significance of Molar Volume and lonicity Parameters fpDKtermination

Ku vs. Molar Volume

Adjusted R: 82.0%

Parameter p-value
Molar Volume <0.001
Ky vs. lonicity

Adjusted R: 72.5%

Parameter p-value
lonicity <0.001
KH VS. Vexcess

Adjusted R: 80.5%

Parameter p-value
Vexcess <0.001
Ky vs. Molar Volume, lonicity

Adjusted R: 85.0%

Parameter p-value
Overall Correlation <0.001
Molar Volume 0.0
lonicity 0.084

KH VS.Vexcess |On|C|ty
Adjusted R: 86.3%

Parameter p-value
Overall Correlation <0.001
Vexcess 0003
lonicity 0.023

Among single parameters, molar volume was the jestictor of K;, with an R value
of 82.0%; the parametergaesand ionicity performed slightly wors&he addition of ionicity as
a second predictor to molar volume Qkc¥ssimproved the R however, inthe case of molar
volume thep-value ofionicity was larger tharthe .05 cutoff usually used as the maximum
threshold of statistical significancEor the regression of ionicity amdycesswith Ky the pvalue
for ionicity was improved, to 0.023. Hawer, due to the small sample size and high dedree o
correlation between ionicity andeycess it iS unclear whether this correlation represents a
relationship with an underlying physical significan€ae correlation with the greatest overall fit

was Ky VS. \xcessand ionicity; however themprovementto the R value should also be
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interpreted with cautiordue to thecorrelatiors of the predictors to each othéhe addition of a
second predictive variable often improve$ Bue to correlations between the predictive
variables.Thus, conclusive statisal evidence for an independent effect of the ionicity ratio on

the solubility of CQin a given IL.

3.5.3 Effect of Isomerization

The IL [Tz3i3i3i][Tf.N](5) displayed the poorest carbon dioxide of all of the

trialkyltriazolium ILs measured.Interestingly, altbugh [Tz4i4i4i[Tf,N](9) shows greater

deviation in itstransport and spectroscopic pesties,i t s Henr yd6s Law constar
of its n-alkyl isomer [Tz4n4n4}jTf,N](8). The poor solubility of CQ in [Tz3i3i3i][Tf2N](5)

compared to its isomers is also unexpected, as the molar volume &agdess Of
[Tz3i3i3i][Tf2N](5) is greater than that of its isometdowever, he rigidity and bulk of the

isopropyl groups magyive rise to may fewer cavities within the liquithatarelarge enough to
accommodatea CQ, molecule.In contrast, the more flexible-rhethylpropyl moiety at the

terminal end of two of the alkyl chains dhe [Tz4i4i4i9) cation will have greater
conformational freedom, antiuseasily form cavitiesarge enough to accommod&€,, 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 omolar volume, viscosity, setfiffusion coefficients, and
conductivity were evaluatefbr 15 novellLs from the 1,24rialkyl-1,2,3triazolium TEN IL
family. The densities and transport properties ofstn@ight chain alkyh-alkyl chain were found
to be similar to those of the wedtudied 1,&dialkylimidazoilum T&N family, and followel the
same trends as tlmidazolium 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 ba tolar volume, thus providing
another method of tuning the properties Ib&. The diffusion and conductivity fothe ILs
[Tz3i3i3i][Tf2N](5) and[Tz4i4i4i][Tf ;N](9) showed anomalously high diffusion coefficients and
molar conductivity values on the ba%$ the viscositydiffusion and viscosityconductivity
relationships observed among the other ILs studied, as well as markedly increased ionicity ratios
compared to those of their isomeric ILs. Two possible rationalizations forehevior, glassy
dynamis within these liquids, and/atecreased average cavity size withinsthi.s even at
temperatures far from their melting or glass transition temperatueze proposedlhe ionicity
ratio was found talecrease with increasimgxcess molar volume within the ILs. The dependence

was found to belifferent for ILs with at least twao-alkyl chains ofoutyl length or longersuch a
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difference was attributed to formation of negolar domains being favorable faorrelated
cationaniondiffusion.

Henryodos | aw constants f odetermiaadfbraheILstNoo xi d e
evidence to support the hypothesis thatreased ionicity ratios enhancarbon dioxide
solubility through increased activity of the anion was found. [ChETz3i3i3i][Tf,N] 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 wapor, all sample transfers took
place in a homuilt 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 oltrbiichael Lartey at the NETL
laboratories in Pittsburgh, PA

Density of ILs were measured at ambient temperature of 22 °C on a Micromeritic
Accupyc Il 1340 pycnometer (Micromeretic Instrument Corporation, Norcross, GA, USA) under
constant flow of heliumAll density measurements were performed in triplicate and the average

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

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

5.3 CARBON DIOXIDE SOLUBILITY ME ASUREMENTS

Carbon dioxide solubilities were measuit®dDr. Erik Albenze at NETL PittsburglAll
solubility measurements were performed using aP@R000 apparatus from Setaram Inc. The
PCT-Pr o 2000 is a Sievertos appar aplabychargmgach de
leaktight sample chamber of known volume with a known quantity of.d@e CQ-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 @i&orption ito the liquid is then measured, and the
guantity of CO2 absorbed into the liquid is easily determined from an equation oirsthis,
case, the NIST Standard Reference Database 23. For allbessteen 0.9 g and 1.5 g of the
sample was loaded into tlsamplechamber. The sample was held under a dynamic vacuum for
4 hours prior to starting a test. During this evacuation, the sample was heatetCtaudd was
stirred at 300 rpm. After evacuation, testing was initiated by dosing the sample chamber with a
known amount of Cg and the sample was allowed to equilibrate for at least 4 hours. Dosing
was repeated to obtain an isotherm over a pressure rang@é®b@r. Throughout all tests, the

sample was held at 30 °C and was stirred at 300 rpm
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54 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 softwaselite. Refinement of the geometry optimization and
volume calculations were carried out using Gaussian, using the basis set B3LYP-8i. G 6

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 Ill spectrometer with a Bruker UltraShield
magnet operating at'#l frequency of 600.71MHz, equipped with a Bruker BBFO Plus probe.
Samples were loaded into 3mm outer diamBi#iR tubes to limit the effect of thermal
convection on diffusion measurements. 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 intmediumwalled NMR tubes with a sufficient amount of DMSIB
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 site, using a'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 thd and*®F spectra were determined using thetation method via
the builtin pulsecal macro.

Temperature was controlled at 30 + 0.1°C via the spectrometer variable temperature
unit and the probe thermocouple, with a constant gas flow of 670 I/h. Each sample was thermally
equilibrated for at lest 30 minutes prior to the start of acquisition. The thermocouple was
calibrated using the known temperature dependence of the difference of OH ares@thnces
chemical shift of a sample of 80% ethylene glycol in DM&D

PFGNMR spectra for seldiffusion coefficient determination were recorded using the
Bruker pulse sequence stebpgpls, which incorporatesalatied echo, bipolar gradieptilse
and one spoil gradient. The value of diffusion tidheas 1s andthe total gradient pulse widih
was 5ms. Eight spectrawith gradient strength ramped linearly from 2% to 95% of the
maximum gradient strength, were acquired with eight transients each, to produce a2ieudo
diffusion spectrum. The decays of all observed pea&re fitted to a modified StepkTanner
eqguation, incorporating the appropriate correction factors for the bipolar pulségraga@nts,
and gradient shape, using the binltrelaxation analysis module in the Bruker TopSpin software

suite.

5.5.2 Representative'H and '°F Spectra andFits of Diffusion Data to StejskalTanner

Equation

Typical fittings for fourlLs appear below; the red line represents SkegskalTanner
equation for the diffusion coefficient calculated, and the open circles represent the observed

intensity.
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Figure 13. °F NMR spectrum ofTz3n11][Tf,N].

51



e\Documents\data\ML2nmr

B MCINELEle)
 Fitting type @ - Diffusion - Variable Gradient
O Intensity E_ =if0f"exp(-D"SQAR(2*PI"gamma GI*LD) (BD-LD/3) 1e4)
@ Area Region 6 from 0.495 fo 0.402 ppm
% 1D Con.=3.718E-11m2/S
~Current Integral-
6076 1
r Brief Report i
|Region 1 from 7.723 to 7.672 ppm o
|Diff Con. = 3.726e-011 m2/s
%Region 2 from 3.980 to 3.901 ppm 4
|Diff Con. = 3.704e-011 m2/s
|Region 3 from 3.656 to 3.600 ppm 1
|Diff Con. = 3.732e-011 m2/s |
|Region 4 from 1.985 to 1.923 ppm
Diff Con. = 3.728e-011 m2/s < —
|Region 5 from 1.554 to 1.445 ppm
|Diff Con. = 3.714e-011 m2/s 1
| Region 6 from 0.495 to 0.402 ppm |
|Diff Con. = 3.718e-011 m2/s
o
ol
A B Lo o LA A e e e L e
0 5 10 15 20 25 [G/cm]

va

Figure 14. Fit of 'H (cation) diffusion data to Stejska@anner equatiofor [Tz3n11][Tf,N].
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Figure 15. Fit of °F (anion) diffusion data to Stejsk@inner equatiofor [Tz3n11][Tf:N].
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Figure 16. 'H NMR spectrunof [Tz8i3n1][Tf,N].
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Figure 18. Fit of 'H (cation) diffusion data to Stejsk@nner equation fdiTz8i3n1][Tf,N].
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Figure 19. Fit of °F (anion) diffusion data to Stejsk@ihnner equation fdiTz8i3n1][Tf,N].
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Figure 20. 'H NMR spectrunof [Tz7n7n7q[Tf,N].
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Figure 21. °F NMR spectrunof [Tz7n7n7q[Tf,N].
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Figure 22. Fit of *H (cation) diffusion data to Stejsk@ilanner equation fdiTz7n7n|[Tf,N].

Figure 23. Fit of °F (anion) diffusion data to Stejsk@ianner equation fdiTz7n77n|[Tf,N].

56































































