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Abstract

In the presenfhesis, a molecular simulation methodology has kagmgiied
for the study of imidazolium-based bis-trifluoromgbsulphonyl ([Gmim™][Tf,N7)
and tricyanomethanide (f@im‘][TCM) ionic liquids (ILs). The main goal of the
Thesis was the investigation of the properties afepil,s and the study of their
permeability and selectivity properties to gases #re present in the gas stream of a
coal-fired power plant and, most importantly, theapability to capture CQOwhich is
the most important greenhouse gas. Optimized iclEsatomistic force fields have
been employed and very long molecular dynamics (BiBylations were performed
in a wide temperature range and at atmosphericsyresin order to predict the
thermodynamic, structural and transport propedfdbe pure ILs and to analyze their
complex microscopic behavior. Imidazolium-based MICILs, in particular, were
studied for the first time using a classical atdiniforce-field that was optimized in
order to accurately predict density and diffusiarefticients. Gas diffusivity was
studied by performing additional very long MD simtibns while gas solubility was
calculated using the Widom test particle insertioethod. The predicted absorption
selectivities for the two imidazolium-based (Nf] and [TCM]) families confirm
that the [TCM] ILs are very promising candidates for use in ga&paration
technologies and, in particular, for the captur€@g from a gas stream of coal-fired
power plants. The influence of the anion, the caticalkyl chain length and the
temperature on the above properties was studiddpth and a wealth of microscopic
information was extracted on the underlying molacuhechanisms that control the
macroscopic behavior of these materials. In allesaghe agreement between

available experimental data and the results frorfreocutar simulation is very good.






Iepiinyn

Ymv  moapovoa  Awoaktopiky  Awrpinn o peBodoroyion  poplakng
TPOGOUOI®mOoNG €PAPUOGONKE Yio TNV HEAETN 1OVIIKOV VYPOV TOL TEPAapBdvouy
Katovto pe Péomn 1o 1oalOAo Kot dV0 SLAPOPETIKA OVIOVTO, TO JITPLPAOVOPOuEDL-
LocovApovoio ([ChmimJ[Tf2NT) kot to tpucvavopedavidio ([Chmim’J[TCMT). O
KOPLOGg 6TOY0C ™S AdaKkTopikng Atatpifrg nTav n diepehivnon Tov 1010THTOV TOV
KaBopdV DMKOV Kol 1 HEAETN TOV 1O10THTOV SOITEPATOTNTOS KOl EKAEKTIKOTNTAG
TOVG G€ TOPAYOYO AEPLLL LOVAI®MV TOPAY®YNG NAEKTPIKNG eVEPYELNG KaHoNs dvOpaka
Kot 18101tépme, TG KavOTNTAS TOVg va despuedovy 010Eeid1o tov dvBpaka (COy), to
TAEOV VIEVBVVO 0€plo Yo To Qouvopevo Ttov Bgpuoxmmiov. XpnoyomomOnkov
Beltiotomomuéva medion SLVARE®Y Yo TV OLEVEPYELD TPOCOUOLDGEDYV HOPLOKNG
duvopikng (MA) oe peydAo Oeprokpactokd gVPOG KoL GE OTHOCPAPIKY THECT] MOTE
va. TpoPrepBodv ot S1dpopeg Bepproduvapkés, SOUIKES Kot SUVOLUKEG 1010TNTEG,
KaBmg emiong Kot yio va, yivel 1 avaAvon g cVVOETNG MKPOGKOTIKNG CUUTEPIPOPES
Tov Vo perétn vAKov. Elvor n mpot) @opd mov ovtikd vypd pe yudalolMxd
Katovto Kot aviov 1o [TCMT] peketdvrar pe xpnon evog KAOoGIKOD OTOUIGTIKOD
nediov dvvdpemv to omoio Kot PerticTomoOnke dote va TpoPfAémovtal pe axkpifeta
N TOKVOTNTO KOl Ol GUVTEAESTEC ALTO-01dVoNG TOV WOVTIOV. Ot dLTOTNTEG TWV
aepiov vmohoyiotnkav pe oe&aymyn emmpdcbetmv mpocopoidoemv MA evd ot
SAVTOTNTEG TOVG T LTO UEAETN LAIKG LRoAoyicOnkav pe ypnon g peBdSov
évbeong copatidiov eréyyov tov Widom. Ot mpoPremdueves EKAEKTIKOTNTEG OTOP-
pPOENONG Y TIG 0V0 OIKOYEVELES 1OVTIKMV VYPAV KATAOEIKVOOLV To OaLOoAIKA
[TCM] 1oviikd vypd ®g moAd vrooyOueva VAIKA yio yprion o€ SlepYacies dloym-
PIoUOD 0EPIOV Kol 1OONTEPWS, O EPAPUOYEC TOL GOTOYXEVOLV OTNV OEGUEVON
dro&ediov tov dvBpoaka amd HOVAOEG TOPAY®YNG MAEKTPIKNG EVEPYEWNS KAOONG
dvBpaxa. H emidpacn tov avidvtog, TOvG UNAKOVS TNG OAKVLAIKNG OALGISOS TOV
KATIOVTOG Kot TG Beppokpaciog otig vd perétn W0t reg peketdnke oe fabog, evad
e€dyOnke éva mAN00G GLUTEPAGUATOV TOV APOPE GTOVG LOPLAKOVG UNYOVIGHLOVE TOV
EAEYYOLV TNV LOKPOCGKOTIKY] GUUTEPIPOPA TV VIO PEAETN VAIK®OV. Ta amoteAéopota
™G LOPLOKNG TPOoGOopoimong ival o€ kdbe Tepintwon o€ TOAD KA GUUEOVIN e T

TEPOLOTIKA OEOOUEVAL.
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Chapter 1

Introduction

The term “ionic iquids” (ILs) refersto salts that are in the liquid phase
room temperature and, by convention, below °C*2 The anion can t inorganic or
organic, while the cation is usue organi¢c symmetric or asymmeti and large
leading therebyo lower melting temperatures than ordinary < Overthe last two
decades/Ls have attracted increasing interest for extengedly aiming at the
potential use in a broad range of applications wuéhe unique combination of
number of propertie®One of their rostimportant attributes is their nligible vapor
pressure which results in minimal vapor emissidreg tmakes them odorless, I
flammable and therefore, excellent candidates fee in “green chemistry” ¢

environmentally friendly material

1.1 Characteristics and Propertie: of lonic Liquids

The first IL was synthesized in 1914 by Paul Waldemo reported th
characteristics ofin IL with a melting point of 1 °C, namely the ethylammoniu
nitrate’ ([EtNH5][NO5]; see Figure 1.1). Walden synthesizdtNH3[NO3] by
neutralizing ethylamine with nitric ac However, the systematic study of ini-
tiated after 1990 anglarious new compounds were synthesized and (cterized.
The first work of this period w: reported in 1992 by &. Wilkes and M. Zaworot}*
who synthesized and characterized two ILs basatiel-ethyl-3methylimidazoliumr
cation ([Gmim']), namely [Gmim'][BF 4] and [Gmim*][CH3CO;]. During the sam:
period E.I. Cooper and EJ. M. O’Sullivan reported the synthesis of tl-ethyl-3-
methylimidazolium ILs, namely [Gmim‘][CFsSOs] and [Gmim‘[CH3SO;]°. In
betweenthe first report of Widen and the early 90'snly few studies and pater
concerning ILsappeared iithe literature An informative outlook in te history of ILs

can be found in Ref. 6.

H

\—r:\l’iH NO-’

H

Figure 1.1: Ethylammonium nitrat ([EtNH5][NO31), the first IL ever reportec
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The synthesis of ILs generally comprises two stépdirst, the desired cation
is synthesized and subsequently, an anion exchanogedure takes place in order to
form the target IL. The various synthetic methaalslEs can be generally categorized
into two groups: one based on metathesis reactindsanother based on acid-based
neutralization reactiodsThe great interest in ILs has lead to the optitian of the
various synthetic methods in order to efficientipguce ILs in a laboratory or even in
a larger scale. Additionally, the need for pure poomds has led to the design of
improved purification methods and to the developim@nsynthetic procedures that
yield pure products. It is generally accepted tihat better to remove as many
impurities as possible from the initial materialsdause synthetic methods that
produce as few side products as possible or abh@mtto be easily removed from the
final IL. Extensive reports on the synthetic andifpzation methods of ILs can be

found in the literaturé®.

The great number of anions and cations that camdmebined leads to a
plethora of possible IL structures. It has beeimeged that if all the currently known
anions and cations were to be paired it would tésudimost 167 ILs. This diversity
in the chemical structure of ILs is also reflectts the vast variety in their
physicochemical properties. A great number of expental investigatiorts-***have
been conducted in order to measure a wide rangl qdroperties (volumetric,
thermal, transport etc.). However, there is a paldr interest in elucidating the link
between the chemical structure of an IL and itgprtes since this knowledge will
enable the tuning of the material’s properties. &ample, it has been reportetiat
imidazolium-based ILs (see Figure 1.2a) have lowslting points than 1-alkyl-
pyridinium ILs (see Figure 1.2c) and for this reaghey are chosen as cations for

many ILs.

Despite the diversity in the physicochemical prtips of ILs there are some
common characteristics in many IL families. It haen reporteli™’, for example,
that the liquid range of ILs is higher than the @ieeommon molecular solvents. In
comparison to molten salts, the ion pairing obsiérive ILs is weaker due to the
reduced Coulomb interactions. This fact inhibitsatibzation that requires tight ion
pairing and results in very low vapor pressures manmed to non-ionic solverifs This
negligible vapor pressure results in having theenpimit of the liquid phase being

that of thermal decomposition rather than vapoiazat.
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Figure 1.2: Commonly used cations: (a) 1-alkyl-3-methylimidiaam ([C,mim']),
(b) 1,1-dialkylpyrrolidinium ([GCnpyr']), (c) 1-alkylpyridinium ([Gpy']),
(d) tetraalkylphosphonium ({£']), () tetraalkylammonium ([]N’]), and commonly used
anions: (f) bis(trifluoromethanesulfonyl)amide (JWf]), (g) trifluoromethane-sulfonate
([TfO7Y), (h) tosylate ([OTos-)), (i) alkylsulfates (fJOSGs]), (j) dicyanimide ([(CNINT).

The determination of the properties of ILs is calidor their characterization
and for their optimum utilization in many applicats. Their microscopic structure is
of great importance since it provides insight itihe@ structural characteristics that
control their macroscopic behaviour. The oppoditrged ions have been found to be
strongly correlated in space while they retain rthgpatial organization in long
distance¥***° unlike simple molecular liquids. Additionally, mascopic heteroge-
neities that are reported in the literaftif€ are considered to be the result of the
interplay between the polar and the non-polar domaf the ions. For instance, in
alkyl-methylimidazolium ILs the non-polar cationalkyl tails are found to form
clusters while the polar imidazolium rings and #Hr@ons are found to be strongly
correlated forming a charged network. This phenamehas been observed both
experimentall{?** and in simulation studi&5® and has been attributed to the

interplay between the Coulomb and the van deer $\iatdractions.

The dynamic behaviour of ILs has been reportedetanibich more complex

compared to conventional fluffs°. Their dynamics resembles the one of polymers,
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especially at low temperatures where their behavoalmost glassy-like, spanning a
wide range of time scales for the relaxation of theous modes of the system. The
viscosity of ILs is reported to be higher compat@gimple liquid&’, thus limiting the
possibility for their potential use in many induskrapplications that involve mass
transfer operations, pumping or mixing. The tempeeadependence of viscosity
deviates from the Arrhenius behaviour that simpieitls exhibit*®* and is better
represented by the Vogel-Fulcher-Tamman (VFT) eqnaflhis deviation classifies
ILs in the “fragile or intermediate glass formeesid not in the “strong glass formers”
category of the Arrhenius type behaved ligtidBynamic heterogeneity phenomena,
similar to the ones reported for glass-forming miate and super-cooled liquitf&®

have been observed in ILs both in experim&dfsand in molecular simulatiors
52,54-56,58,75-77

1.2 Applications of lonic Liquids - Capture of CO,

A number of important properties reported for Ikach as their ability to dis-
solve organic and inorganic substances, the higinthl and electrochemical stability
and the wide liquid temperature range, renders thdgal candidates for use in a
plethora of applicatiod$®""®%® from electrochemistry and catalysis to separation
processes and environmental engineering (see Fig8je For instance, due to their
high viscosity they are ideal candidates for Iuditn application¥®” while at the
same time this inhibits their use in applicatiomattinvolve mass transfer procedures.
They are used in polymer sciefit®®°as polymerization media in various processes
of polymerization or in biotechnological applicat®”® like enzymatic biocatalysis.
There are also a number of reports that focus asira@mmental applications that

incorporate ILs. They are used in dye-sensitizédrsell$*%1%

in applications for
the capture of carbon dioxide (§&"**> as dissolution media of wood biomH§3*’
or in biomass pre-treatment proceddtedn particular, [TCM| ILs that incorporate
an imidazolium-based cation have been consideredl ifor use in separation

e 1%gr aromatic/aliphatic separatidh$ as electrolytes in

processes like CQcaptur
dye-sensitized solar celf®’’ or in batterie¥°, as lubricants of hard coatings and

ceramic8’.
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Figure 1.3: Applications incorporating ionic liquids. (Adaptédm Ref. 121)

Carbon dioxide (Cg@) is the gas that is primarily responsible for treen-
house effect. In most countries, its emissions w@u&@nly attributed to power
generation: it has been estimdt8dhat the 26% of the total G@missions (23 Gton-
COylyear) is generated by the operation of coal-fpeder plants. It is, therefore, of
great importance to reduce these emissions in tst efficient possible way. Carbon
capture and storage (CCS) technologies focus orapture of CQ@in the source of
its emissions and then store it, for example, & geospheré®, thus avoiding its
emissions to the atmosphere. The most promising @8&nologies are being
reviewed in detail in Refs. 111-112 while some néceviews'**'* have focused
solely on the use of ILs for carbon capture. Thessnologies can also be also
applied for the removal of Grom natural gas since it is very important to &xg

the availability of clean-burning and efficient fsiesuch as Cldor GHg 24

The study of the permeability properties of ILsverious gases is, therefore,
of great importance for the choice of the optimunidr a gas separation process. For
example, the post-combustion capture o, @Om a gas stream of a coal-fired power
plant using an IL technology requires a compounthwiigh CQ and low N

solubility and, thus, a high GO\, selectivity*212412>

1.3 Theoretical Studies of lonic Liquids
For the design of task-specific ILs at the molecidael computational studies

can play a vital role in establishing the link beem the chemical structure and the
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macroscopic properties of the material since its-@se performance directly depends
on the molecular structure of the constituent 16is* 1% Additionally, compu-
tational studies can provide information for théndn@our of a system under extreme
conditions where the experimental investigationt®fproperties is inhibited. Group

g/128.138-1483nd molecular simulatiéfi

contribution methodd’**’ equations of stat
45.47-48,51.149-16%13ve been widely used for the study of the progexf various fami-
lies of ILs. At all cases, the cooperation amongptly, simulation and experimental

studies has been proven crucial for the understgnafithe observed phenomena.

1.3.1 Molecular Simulation

Molecular simulatioff***°has been widely us&tf®>*/ 485115218054 far to
study the underlying molecular mechanisms that gotlee macroscopic properties of
ILs, giving insight into the microscopic behaviotlmat controls the experimentally
observed phenomena. The reliability of the calooest from a molecular simulation
study largely relies on the ability of the forceldi to accurately model the intra- and
inter-molecular interactions. The vast majority tbé molecular simulation studies
have used all-atom force fields incorporatatyinitio parameterization of single ions
in the gas phase. Coarse-grained models have edsoused to accelerate calculations
and access longer length and time scales for thly stf I1Ls'®**%* whereas lately, the

role of polarizability is being investigated'°>-

It is well known that classical force fields witixéd partial charges and a total
ionic charge equal to +1enderestimate the transport properties of'tf§'2 One
important conclusion drawn from simulation studiesthat incorporating polariza-
bility and charge transfer effects in the forcddibas a substantial influence on the
calculated physical propertigg6>166.169.173-17%¢ || 5 Nevertheless, taking polariza-
bility explicitly into account entails the use ofrauch more complicated simulation
scheme and dramatically increases the required gt@tgnal time. An alternative
and much simpler approach that has been used widelimulation studies of
|Ls>1°9152173175-181 +4 se reduced total ionic charge. A very cahpnsive review

on this topic is given in Ref. 169.

1.3.2. Equations of State for lonic Liquids
The first studies that have used equation of st@EeS) for the estimation of
the properties of ILs were published in 266333 and reported the performance of the
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Peng-Robinson Ed¥ for the calculation of vapor-liquid (VLE) and sbliquid
(SLE) equilibria of various mixtures of imidazolidbased ILs with CQ CHF; and
other organic solvents. Different EoSs have besad since then for the study of ILs,
among which are the Redlich-Kwofig the non-random Lattice-fluttf™®’ the
square well chain fluld®, the Cubic Plus Association (CPA}and various versions
of the statistical associating fluid theory (SAFH9S %1%

Sophisticated extensions of the SAFT EoS have pegposed to account for
the polar interactions. In 2001 the perturbed cl8AFT (PC-SAFT)* was deve-
loped for a better representation of chain molectieough the incorporation of the
chain-length dependence of the dispersive tern20B6 Karakatsargt al*® propo-
sed an extension of PC-SAFT to model the polaraatens, namely the polar PC-
SAFT (PC-PSAFT). This model was very accurate htitar complicated for calcula-
ting the properties of real mixtures. For that, thencated PC-PSAFT (tPC-PSAFT)
was later proposé®® where an adjustable parameter was incorporateatdar to
extend the range of the polar interactions beydwdfirst coordination shell of the
polar molecule. In 2006 Krooet al'*” were the first to use a SAFT EoS and, more
particular, the tPC-PCSAFT, for the calculatiorttug CQ solubility in imidazolium-
based ILs. An detailed review of the various stsgierformed on ILs using equations

of state is given in Ref. 138.

1.4 Motivation and Outline of the Thesis

The present work focuses on the study of six izotlam-based ILs: three
incorporating the anion bis(trifluoromethylsulfopy[Tf,N]) and three incorporating
the anion tricyanomethanide ([TCM Imidazolium-based cations consist of an imi-
dazolium ring and, in our case, one alkyl chairhwitcarbon atomsn(= 2, 4, 8, 12).
Molecular dynamics (MD) simulations are performedorder to study the thermo-
dynamic, structure, transport and permeability props of these families of ILs in a

wide temperature range and at atmospheric pressure.

The main goal of the present thesis is to use MBukitions to, firstly,
investigate the properties of the pure ILs and tistuindy their permeability properties
to gases that are present in the gas stream ofalafi power plant and most
importantly, their capability to separate £®hich is primarily needed to be captured
and not released to the atmosphere. Among theestteof this work is to study in
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depth the effect of temperature, the anion andc#t®n’s alkyl chain length on the
properties of interest using well validated anddyperforming force fields in order to

reassure the validity of the calculated properties.

The present thesis is comprised of four chaptedsome concluding section. In
Chapter 2, results from MD simulations of imidamali-based [TAN] ILs are shown
and the effect of the temperature and the catiaikgl chain length is thoroughly
investigated. More precisely, results concerningicstiral properties (radial distri-
bution functions between the centers of mass ofahe and between individual sites,
radial-angular distribution functions), thermodynanproperties (density, thermal
expansion, isothermal compressibility), and dynaprigperties (relaxation times of
the reorientation of the bonds and the torsionesgelf-diffusion coefficients, shear
viscosity) are presented as a function of the teatpee and the cationic alkyl chain
length.

In Chapter 3, the influence of polarization is istigated and a further
optimized force field of the same pN] ILs is proposed and used for the calculation
of thermodynamic, structure and transport propgriimgproving the agreement with
the experimental data. These new MD simulation® lzso been subject to a detailed
analysis of dynamic heterogeneity phenomena thatstudied through the calcu-
lation of the non-Gaussian parameter, the self-plathe van Hove function and the
analysis of the anisotropy in the translational ioratSpatial correlations of dynami-

cally distinguishable ions are also presented.

In Chapter 4, imidazolium-based ILs that incorpertite [TCM] anion are
studied. The lack of an optimized force field farstanion is being treated with the
parameterization of a new atomistic force fielddzhen experimental measurements
of density and the cation’s self-diffusion coeféiot. The performance of the proposed
force field is being validated at higher temperasuand for ILs with different cationic
alkyl chain lengths. Results on density, structangl transport properties together
with an analysis of the heterogeneous nature oflyin@mics are also reported.

In Chapter 5, the permeability properties of théINl] and [TCM] ILs to
CO,, Ny, CHs, Ar and Q are being studied through the calculation of gasbslity
and diffusivity as calculated from new long MD silaiions. Comparison between the

selectivity of CQ over N has been made in order to choose the most apatepki
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for CO, capture. Simulation results presented in ChaptaeSound to be in excellent
agreement with experimental observations, and #eM] IL family has been
identified as a very attractive candidate for usgas separation procedures that will
be directly used in a small-scale pilot plant wittihe European project IOLICAP —
Novel lonic Llquid and supported ionic liquid sohis for reversible CAPture of
CO,**® (funded by the European Commission under the=iamework Programme

for Research, Technology and Innovation).
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Chapter 2

Structure, Thermodynamic and Transport Properties d
Imidazolium-Based [Tf,N7 lonic Liquids

In the present chapter, ionic liquids (ILs) frone this(trifluoromethylsulfonyl)
imide ([Tf,N]) family with n-alkyl methylimidazolium-based cations (j@im‘]) are
studied using molecular simulation. These ILs haeeived significant attention both
experimentally and computationally due to the thett [TLN'] has been selected by
the International Union of Pure and Applied ChemigtUPAC) as a benchmark

anion in ILs for extensive investigation.

Molecular dynamics (MD) simulations have been penfed in order to
investigate the behaviour of J@im*][TfoN7] (n=4, 8, 12) ionic liquids in a wide
temperature range (298.15 — 498.15 K) and at athewgp pressure (1 bar). The
partial charges for the classical molecular simoiet were calculated with a
previously developed methodoldgywhich incorporatesb initio quantum mecha-
nical calculations based on density functional thig®FT). The wide range of time
scales that characterize the segmental dynamicthesfe ILs, especially at low
temperatures, requires very long MD simulationstha order of several tens of
nanoseconds, to reliably calculate the thermodyoahensity, thermal expansion,
isothermal compressibility), structural (radial tdisution functions between the
centers of mass of ions and between individualssitadial-angular distribution
functions) and dynamic (relaxation times of theriedation of the bonds and the
torsion angles, self-diffusion coefficients, shecosity) properties. The influence of
the alkyl chain length on the thermodynamic, stritadt and transport properties is
thoroughly investigated. Moreover, the temperatffect is analyzed and the beha-
viour of these ILs is examined at high temperatmeditions where no experimental

data exist.

The calculated thermodynamic (primary and derivgtivand structural
properties are in good agreement with the experiahegdata, while the extremely
sluggish dynamics renders the calculation of ttramsport properties a very compli-

cated and challenging task, especially at low teatpees
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2.1 Simulation Details

Long MD simulations were performed in different irim@dynamic ensembles
at temperatures ranging from 298.15 to 498.15 K6K increments and 1 bar
pressure using NAMB". Each system consisted of 100,f@m‘][Tf,N7 (n = 4, 8,
12) ion pairs which were initially placed in a silaion box according to a target
density. The value of the initial density used éach system was extracted from the
experimental data, either directly when availablke for the case of [@im*][Tf,NT]
and [Gmim'][Tf,N7] at 298.15 K**2 or indirectly by interpolating and/or extra-
polating the available data at various temperatufes the case of [Gmim'][Tf,N]
no experimental data were initially found in thedature, and so, a different approach
was followed: first, all the experimental data &maller alkyl chain lengtfs®*2%
33.198-19\yere gathered and for each alkyl chain lengthvidiees of the density at all
desired temperatures were determined by extrapglati interpolating the available
experimental data. Afterwards, for each specifrogerature under consideration the
target density for [@mim®][Tf,N] was calculated by extrapolating the existing data

for smaller alkyl chain lengths.

The initial structures were built using the Rotatib Isomeric State (RIS)
modef® as modified by Theodorou and Sat&r® available in MAPS* Then, a
10° steps conjugate gradient energy minimization mtooe was applied to eliminate
the atomic overlaps and a 5 ns simulation in theooeal ensemble (NVT) was
conducted in order to equilibrate the system. Smlosatly, simulations in the
isobaric-isothermal ensemble (NPT) of the ordeR®f 60 ns, depending on the sy-
stem, were carried out to further equilibrate tlysteam and the thermodynamic
properties relevant to this ensemble were caladilagng the last 15 - 30 ns of the
NPT runs, having first adequately equilibrated slystem. Next, a 10 - 20 ns NVT
simulation was carried out in order to calculate dlynamic and structural properties
of the system. Snapshots were stored every 1 pegdeach simulation and the
Lorrentz-Berthelot mixing rules were used for ualikpecies. A Langevin piston
method was used for the temperature control wishpa' damping factor, while the
Nosé-Hoover barostat was used for the pressureoctamth oscillation period equal

to 200 fs and damping factor 100 fs.

Electrostatics were handled by means of particlehriewald method while
the reversible reference system propagator algorittRESPAJ®?**was used as a
28



multiple time step algorithm with a 1 fs refererizee step in order to speed up the
MD simulations. Short-range non-bonded van der Wadkractions were calculated
every 2 fs, while full electrostatic interactionene computed every 4 fs. A cutoff
distance of 12 A was used to truncate the van dmalS\interactions.

2.2 Force Field
The all-atom force field used to model the potdrgigergy of the ILs under

investigation is based on the following expression:

U= k(b-B)+ Y k(0-6,'+ ¥ 3 k[1+cos np-5)]

bonds angles dihedrals=A

F Y K w3 4, “ﬁ}lz[iﬂ+ﬂ (2.1)

impropers El pi ru I’ij 4‘c"orij

whereb, 6, y andy denote bond length, bond angle, dihedral angle iamtoper
angle respectively and the subscript “0” refershi® equilibrium values. Parameter
in the expression for the dihedral potential is theltiplicity of the dihedral angle
while ¢ is the phase shift of the dihedral potential otrex full range of rotation.
Partial charges are denoted &yy while & is the vacuum permittivity and, o the
Lennard-Jones parameters. Bonded and Lennard-Juar@sneters were obtained
from Cadena and Magintf and from Cadenat al?® for the cations and Canongia
Lopes and Paddé¥ for the anion. For atoms separated by three covadlends,
Coulomb interactions were scaled by a factor ofv@tdle Lennard-Jones interactions
were fully included. The partial charges were dedifrom quantum calculations
performed by Dr. Javier Ramos at Institito de Esfma de la Matéria in Madrid,
Spain on an isolated [@im'][TfoN] (n=4, 8, 12) ion pair using a Density
Functional Theory (DFT) methodology according toickhthe atomic charges were
calculated by taking into account the relative posiand orientation of the anion
with respect to the cation. For that, six minimunemgy configurations of the ionic
pair were used and the atomic charges at the diftaonic pair conformations were
calculated by electrostatic surface potential fitmre information on the procedure
followed can be found in Refs. 45 and 59. Subsetyethe mean value of each
atomic charge from the six different distributiomas calculated and assigned to the
cation’s atoms. An additional modification to th@an’s atomic charges was applied
in order to preserve the symmetry of the anion bgigning to each group of
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symmetric atoms the mean valif the charges estimated by the quantum mechs

calculations. All foce field parameters can be foun Appendix A.

2.3. Results and Bcussior
In this section the results for the thermodynansictuctural and transpc
properties as calculated from the MD simulations aresented. The chemic

structure of the three ILs ions and the labelinthefr atomsareshown in Figur 2.1.

Figure 2.1:lons (a) [Gmim'], (b) [Csmim'], (c) [C;2mim™] and (d) [TEN'] and labelling of
the atoms.

2.3.1. Thermodynamic Propertie:
In Table 21, MD calculations for the mass density of the¢hitesat 1 bar are
presented. @lculations resulted to less than 2% deviation fréime available

experimental measureme***??%” which are limited to 288.15328.2(K for the
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cases of [@im’][Tf.N] and [Gmim'][Tf,N]. For a given temperature, the density

decreases as the length of the alkyl chain in #tierc increases.

Table 2.1: Mass density calculations for the three ILs dedént temperatures at 1bar. In all

cases, the statistical uncertainty is less tha®l10g®/cni.

T(K) mass density (gr/cth

[Camim[TFNT  [Cemim[TFoNT  [Coomim][TFoNT
298.15 1.461 1.331 1.250
348.15 1.406 1.278 1.205
398.15 1.354 1.228 1.158
448.15 1.303 1.180 1.113
498.15 1.252 1.131 1.068

Furthermore, MD data were used to calculate théaiso thermal expansion

coefficient,a,, given by the expression:

() ) e

as well as the isothermal compressibilky, through the expression:
1(oV 1 (A(V)
=== = 7| —= 2.
“ v(apl (v)[ APl (@3)

In Tables 2.2 and 2.3 the estimated valuesy@fnd kr for all ILs are shown. They
exhibit less than 15% deviation, on average, from dvailable experimental d&ta
for [Csmim*][TfoN]. No data have been found in the literature fogni@®n’][TfoNT]
and [Gomim™][TfoN7.

Table 2.2: Thermal expansion coefficierd,, for the three ILs at different temperatures and 1

bar.
T(K) a, (10%/K)
[Camim|[TEN]  [Comim'][TfaN]  [Coamim J[TFoNT

298.15 7.4 7.2 7.02
348.15 8.% 8.48 8.%
398.15 7.5 8. 8.5
448.15 7.9 8.% 8.9
498.15 8.1; 9.9 9.2,
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Table 2.3: Isothermal compressibilitk;, for the three ILs at different temperatures and

1 bar.
T(K) kr (10/MPa)
[CamimI[TFaN]  [Comim][TfaN]  [Coamim J[TF2NT

298.15 47, 4.54 45,
348.15 5.9, 6.3, 6.5,
398.15 7.4, 7.9, 8.3
448.15 9.6, 9.9, 10.7,
498.15 12.3 14.1, 13.6,

2.3.2. Microscopic Structure

The ions’ organization in space was examined bynsi@ radial distribution
functions (RDFs) between the ions’ centers-of-masswell as, between specific
atoms of the ions. In Figure 2.2 the RDFs of thateeof-mass for anion-anion,
cation-cation and cation-anion interactions fogri@n*][Tf,N] at 398.15 K and 1 bar
are shown. The anion-anion RDF exhibits a firstkpaaapproximately 8 A with a
second, less intense peak appearing at 17 A. Thenemion RDF has a first
maximum at around 5 A and a second one, less mtand2.5 A, while the cation-
cation RDF exhibits one small but broad maximum@A. In all three ILs, the ions
are found to retain their spatial organizationoaiger distances compared to ordinary
molecular liquids. The comparison of the three RD#geals a stronger cation-anion
interaction which is attributed to the ions’ opgesiharges. This is also observed for
[Csmim™][TfoNT] but becomes less evident in the case affm’][Tf,N7 a fact that
can be attributed to the existence of additionalna parts in the system as the alkyl
tail becomes longer. This behaviour has been regddr a number of ILs both in

experimentdf***°and simulation studig&'>*1¢720>208-210

In Figure 2.3 the anion-cation RDF is plotted fioe three ILs at 398.15 K. A
drop in the value of the first maximum is obserasdhe alkyl chain becomes longer
while the second and less intense maximum tendsé&ppear. Additionally, a longer
alkyl chain causes a higher delocalization to th&oo’s center of mass and an
increase in the distance where the maximum valpeag. Changing the temperature
does not significantly affect the RDFs betweenitms’ centers of mass, apart from
298.15 K where some characteristics of the RDFs moge pronounced. More
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specific, at 298.1K the maximums of all RDFs are found at shortetagises ani

have higher values, dicating a more intense ionic spatial organizati

2.0 \
B ——- Anion - Anion |
- -—- Cation - Anion
LN Cation - Cation
1.5+ i \ -
lf‘ ‘\‘ //’_\\\
[ ! \‘ / \\\ |
h W/ Ay
—~ : Iy N e ST ~.
— | i g e
— 1.0 ; PN PRt G
o0 I'! l‘ “\ N - 4 \\\\ /’//
h } ~ ~————
[ I' ‘f i
f K
!
0.5+ ! ! i
! i
.’I ’I
L ; ] |
7 7
B s
g /
0.0 e e |
0 2 4 6 8 10 12 14 16 18
r[A]

Figure 2.2: Radial distribution functioig(r) for the anioranion (black), anic-cation (red)

and cationeation (green) center of mass Cgmim'][Tf,N] at 398.1! K.
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Figure 2.3: Radial distribution functioig(r) for the cation anion centers of mass of t
[Comim™][Tf,NT, [Cemim™][Tf.NT] and [G.mim'][Tf,N] at 398.1!K.
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A more detailed insight into the liquid bulk struc can be obtained fro
RDFs between specific sitof the ions. In Figure 2, the RDFs between the termil
carbon atoms of the alkyl chain for each 1.298.15 K and bar are shown. For ¢
ILs there is a first peak at approximately A and a second one that starts to ap
at around 8.5 A as thekgl chain becomes longerhe temperature increase res in
a drop in the value of the first maximum while teecond oneis less affected.
Interestingly enough, the intensity of the firstakeincreases as the alkyl chi
becomes longer although it alys appears at the same distance. This indicateé:
the almost neutrally charged and -polar alkyl chains tend to aggregate and fi
domains while the charged groups of the cations taedanions create a charg
network by retaining their structures to long distances, a trend that has k
reported in previous stud on similar systenf§* An appropriatemechanism to

1#° and is based on trco-

explain this behaviour has been suggested by Vet a
existence of competinglectrostatic and van der Waals interactions inltsethat
dominate different parts of the ILs. Electrostatiteractions are lor-ranged and
strong, so the charged groups retain their locatsires and form continuous charg
domains. On the other hand, in the -polar regions of the ILs, i.e. the almost nel
cationic alkyl chain, the short ranged van der Waals intevas are domirnt thus

leading to the tail aggregation phenom
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Figure 2.4: Radial distribution functioig(r) between the terminal carbon atoms in
cation’s alkyl chain of [@gmim*][Tf,N7], [Cemim™][Tf,NT] and [G.mim'][Tf,N] at 298.15 K.
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Detailed analysi®f the relative configurations of the polar groups, the
anions and the imidazolium rings, canobtained based oRDFs between specif
atoms in these groups. The RDFs between the casbmms C2 and C4 on tl
imidazolium and the atoms S1, O2 and N:the anionhave bee calculated. In
Figure 25, the RDFs between the C2 carbon on the imidaxoting and the S1, C
and N4 of the anion of theCymim*][Tf,N7] at 398.15 K and bar are shown. Tt
C2-02 RDF has a first peak at around A and a less iense one at arounc A,
Since O2 is covalently bonded to S1 with a douloled) the RDF between C2 and
is of similar form to that of the (-O2 pair with the first peak appearingslightly

longer distances (A) and the second one much less intenapproximately 6. A.
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Figure 2.5: Radial distribution functioig(r) between the £carbon in the imidazolium rin

and the S1, O2 and N4 in the anion of IC;,mim’][Tf,N] at 398.15 K

The RDF between (-N4 indicates that at small distances, where CS1 are
most likely to be found close to the C2 carbon atdid can be found anywhe
between 3—-@& as the value of RDF at these distances is highan one
Nevertheless, thevo peaks show that there épreferablerelative positions and t
peak at 3\ may be indicative of a configuration where the N#&ogen of the anio
comes close to the C2 carbon atom on the imidanohng, while the second at
more intense peak may correspond to the most pi®lzalse where the O2 and
atoms are closer the C2 carbon. The nitrogen , which is covalently bonded 1S1,

Is mostly found to éonger distance
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The RDFs between the C4 and the 02, S1, N4 ofrilenat all ILs highligh
this preferential conformation between the C2 and tlevalmentioned anic atoms.
An example of such RDFs is shown in Fi¢ 2.6 where the RDFs between the C4
the imidazolium ring and the N4 of the anion of f[Csmim*][Tf,NT], [Cemim™][Tf N
] and [Gomim*][Tf,N] at 398.1! K and 1bar are shown. For all ILs there is one p
that appears at approximatel A and becomes more intense as the alkyl chain te

increases.
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Figure 2.6: Radial distribution functioig(r) between the C4 in the imidazolium ring anc
N4 in the anion of the [nim*][Tf,N7, [Cemim’][Tf,N] and [G.mim'][Tf,N] at 398.15 K.

Additional informatior on the microscopic structure of ILs can be obta
from the calculation of thr-dimensional radiagngular distribution functior
(RADF). In Figures 2.&, 2.7b and 2." the RADFs between the C2 carbon aton
the imidazolium ring and the N4 nitrogen of thecanfor the three ILs arshown.
The angled is the angle formed by the main plain of the immam ring and the
vector that connects thetom: C2 and N4. At all cases, the main peaks appe
about 4-5 and at symmetrical positions above and below ghain of the
imidazolium ring. A second peak is also observedratnd -8 A and at 0° angle fc
all ILs. Extra RADFs calculated meaing the distance between the geometr
center of the imidazolium ring and the N4 nitrogeinthe anion indicate that th

second peak corresponds to the case where thetidgem of the anion lies on tl
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plane of the imidazolium ring but is situated nlmse to the C2 carbon atom but on
the other side of the imidazolium ring, that imsdr to the C4 and C5 carbon atoms.
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Figure 2.7: Radial Angular Distribution Functions (RADF) fa)([C,mim‘][Tf,N7], (b)
[Cemim*][Tf,NT] and (c) [G.mim™][Tf,N] at 298.15 K withr being the distance between the
C2 carbon atom of the imidazolium ring and the N¥bgen atom of the anion adds the
angle formed by the main plain of the imidazoliumgrand the vectar.

For the case of the longest alkyl chain, i.e. @emhim'][TfoN] IL, there is
also a third peak appearing in shorter distandesh@ut 3 A, which spans over almost
the whole range o#. This is consistent with the results obtained friva RDFs
between the terminal carbon atoms of the catiolkyd ahain where the most intense
peak in the RDFs corresponded to the IL with thegést cationic alkyl chain
(Figure 2.4). These two findings clearly confirmathas the alkyl chain becomes
longer not only do the non-polar alkyl tail groupsme closer but also the anion
approaches the imidazolium ring and, more precigbly C2 carbon atom. Generally,
a temperature increase resulted in a small decrieaiee maximum values of all
atom-atom RDFs and RADFs studied with no particateange to the overall spatial

organization of the ions.
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Insight into theconformations of the catior alkyl chains can be obtain
from the calculation of the distribution of the ~to-end distanc&.. This was chosen
to be calculated as tlistance between the geome center of the imidazolium rin
and the terminal carbonom of the alkyl chain. In Figure&the distribution of th
end-toend distance for each IL at 398 K and at Ibar is shown. The e-to-end
distance distributionfor each Il is a right-shiftednormal distributiol with the
variance around the mean value becoming highehasltyl chain becomes long:
indicating that a longer alkyl chain is more fleeib Temperature increa
systematically decreases the mean value of th-to-end distance and increases

variance around the mean value. These data wetetfie expressio
(R N* (2.4)

whereN is the number of carbon atoms of the alkyl chaid v is was found equal 1

0.74, 0.76 and 0.8 for ¥298.15, 398.15 and 498.Kk5respectivelyand are in very
211-212

good agreement with simulation calculatidfor low molecular weight alkan
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Figure 2.8: Alkyl chain enc-to-end distance distribution of the J@im*][Tf,NT,
[Cemim*][Tf,NT] and [G.mim'][Tf,NT] at 398.15 K.

2.3.3 SegmentaDynamics
The local dynamics was examined thro the estimation ofhe decorrelatiol

of the orientation of various vectors defined bgnas on the ions as well as throt
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torsion angle decorrelation. The reorientation etters is quantified by a second-

order autocorrelation function of the foth

1

P (0)=5{3([u (00, (O )~ (25)

where uaﬁ(t) is the unit vector along the vector under studtimae t. The calculated

data indicate that there is a large deviation i@ tlecorrelation rates of different
vectors defined by atoms of the cation and theranithe vectors defined by atoms
close to the imidazolium ring, such as N1-N3 and@@l are found to decorrelate
much slower than vectors defined by atoms at tlteadrithe cation’s alkyl chain due
to the higher flexibility of the alkyl chain compat to the bonds attached to the
imidazolium ring. In the anion, the bond that cortseatoms C42 and S2 also
decorrelates much faster than the vector definedtbsns S1 and S2 as can be seen
from the different rates with which thelP,(t) function decays to zero. These
behaviours are observed in all three ILs. Tempegdtas a strong impact on the rates
of decorrelation of all vectors: as the temperatum@eases there is a significant
increase on the decorrelation rate of all vectefndd on the ions, even for the
stiffest ones as the one defined by the N1 andthi®@s of the imidazolium ring.

These observations can be quantified by calculatimgmean decorrelation
time zc of each vector under study, defined by integratireP,(t) function which can
accurately described by the modified Kohlrauschhéfils-Watts (mMKWW)

functiorf**
t t Y
P t) :aexp{—(r—]}( I-a) ex _(r } (2.6)

The mKWW function consists of two terms. The fidsscribes a fast exponential

decay with characteristic time and amplitude o that is associated with small
perturbations of torsion angles around skeletaldsoand with the bond and bond-
angle bending vibrations of skeletal and pendemtdboaround their equilibrium
values. The second term is a slower stretching mxmioal decay (KWW) associated
with cooperative conformational transitions in thens, with www being the

characteristic correlation time agdthe stretching exponent. By fitting the MD data
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of Py(t) to the Pmkww(t) function one can calculate the mean decorrelatiime zc

through the expression:

o © 1 (1
re = R(tdt=] PmKW(t)dtzaro+(1+a)rKW\NEF(E] 2.7)
The calculated relaxations timesfor various vectors in the ILs at each temperature
are reported in Table 2.4. It is also quantitativeVident that vectors defined by
atoms near the imidazolium ring are much stiffantlothers defined by atoms at the

end of the alkyl chain. This behaviour is obsera¢dll temperatures whereas it is

more intense at the two lower temperatures, 298rikb 348.15 K. In Figure 2.9 the

values ofrc for various vectors defined by atoms on thef@m'][Tf,N] are plotted

in logarithmic scale versus the inverse of the terapre. Figure 2.9 clearly

demonstrates the wide range of relaxation times$ tharacterizes the segmental

dynamics of these ILs, especially at room tempeeatu

Table 2.4:Mean decorrelation times, for various bond vectors defined onfi@m*[Tf,N],
[Cemim*][Tf,NT] and [G.mim™][Tf,N], as calculated from the mKWW fit to tiig(t) data.
Relaxation time for N1-N2 at 298.15 K for f@im‘][Tf N is too large to be accurately

estimated by simulation.

Bond 7. (NS)
Vector 298.15 K 348.15 K 398.15 K 44815 K 498.15K
[@nim™][Tf,N]
N1— N3 12.7 0.644 0.161 0.069 0.038
N3 — C7 48.1 0.572 0.142 0.062 0.034
C9-C10 1.03 0.055 0.017 0.0062 0.0035
S1-S2 4.03 0.432 0.108 0.044 0.027
[@nim™][Tf,N]
N1— N3 98.42 0.907 0.209 0.082 0.050
N3 — C7 8.674 0.667 0.201 0.078 0.047
C13-C14 0.423 0.068 0.018 0.0071 0.0040
S1-S2 1.543 0.292 0.078 0.035 0.020
[GMim*][TfNT
N1— N3 - 3.9 0.5 0.2 0.08
N3-C7 24.7 1.6 0.5 0.2 0.08
C17-C18 1.1 0.2 0.03 0.009 0.004
S1-S2 6.2 0.7 0.2 0.07 0.04
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Figure 2.9: Relaxation times of vectors between atoms of C;,mim"][Tf,N7 IL, plotted in

logarithmic scale, as a function of the inversegerature

Additionally, thedecorrelation of thtorsional anglesan be studied using 1

autocorrelation function defined?*®:

(cos(¢ ¢)) coge (0)—( cosp (Q)°
<C0$((p (0))2>—< cogp (0))>2

R.(0)-

(2.8)

whereg(t) is the value of the torsial angle at time. As expected from thanalysis
on the decorrelation of the vectorworientation, torsion angleat the end of th

cationic alkyl chain decorrelate much faster than the onefined near th

imidazolium ring. TheP,(t) data can be repreged by the mKWW functio and the
mean correlation time: for the torsional motion can also be calculatednfEq. 2.7.

In Table 25, the mean decorrelation times for tor: anglesclose to the imidazoliur

ring and at the end of tralkyl chain are reported for dlLs. As expeted, the mean
decorrelation times reported for the torsion defimeear the imidazolium ring a

higher than the ones for the torsion defined bytémminal atoms of the alkyl chai

As the alkyl chain becomes lon, thezc of the stiffest torsion whicis closer to the
imidazolium ring ncreases in contrast to the term torsion of the alkyl tail the

relaxes faster (see Figu2el0).

Temperaturehas an important impe on the torsion decorrelation rate:
higher the temperature the faster the torsionabmelation rate ar, for that, the

mean relaxation timdecreass as can be seen in Tablé.ZThe time scale separati
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that governs the segmental dynamics of It low temperatures has been obser

both in experimental and simulation studies aneénmgses the complex dynamic

behaviour of polymeric syste/'*#1%%7

1.0 \
— [C,mim"|[T£,N]
0.8 — [Cymim J[TENT |
[C,,mim"][TE,N]

P,

0.0 | | | |

0 0.2 0.4 0.6 0.8 1
t [ns]

Figure 2.10:TheP,(t) function for the decorrelation of t torsion defined by the atol
N3 — C7 — C8 — C9 of [fnim"][Tf N7, [Cemim*][Tf,N] and [C12mim][Tf,N] at 298.15 K.

Table 2.5:Mean decorrelation time,, for various torsion angles defined [C4mim*][Tf N’
], [Csmim™][Tf,NT] and [Gmim*][Tf.N7, as calculated from the mKWW fit to tIP,(t) data.

_ 7 (NS)
Torsion Angle
298.15 k 348.15K 398.15K 448.15k  498.15K
[nim[TFN]
N3-C7-C8-C9 0.21 0.05 0.02 0.008 0.005
C7-C8-C9- C10 0.24 0.03 0.01 0.007 0.004
[Enim][TfN]
N3-C7-C8-C9 1.8 0.1 0.04 0.02 0.01
C11-C12-C13-C14 0.1 0.03 0.01 0.007 0.007
[GMIM™][Tf.NT]
N3-C7-C8-C9 2.6 0.3 0.07 0.04 0.02
C15-C16-C17- C18 0.2 0.03 0.01 0.006 0.004
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2.3.4. Self-Diffusion Coefficients

The self-diffusivity of the ions can be calculatedthe Einstein relation:
b =Liim i<\ri (). (2.9)

wherer(t) is the position of the-th ion’s center of mass at timteand the brackets
denote the mean-square displacement (MSD) overidhse’ centers of mass.
Equation 2.9 is valid only when the diffusivityiis the Fickian regime which can be
identified by the slope being equal to unity irog(MSD) versus lodj plot. ILs have

much more complex dynamics than conventional fldde to the different times
cales that are involved in the local dynamics asaghin the previous section. Due to
this, extremely long MD simulations are required reach the Fickian regime,
especially at low temperatures. In short timescaleballistic motion, the slope is
higher than unity, while in intermediate times kxhibit glass-like behaviour and the

slope in that regime is less than unity.

The calculated diffusivites for the three ILs, 4f@m’][Tf.NT,
[Cemim™][TfoN] and [Gomim*][Tf.N] are shown in Figures 2.11a, 2.11b and 2.11c
respectively as a function of temperature. Addaibn experimental
measurementd’#'® in the temperature range 263 — 353 K are also shdWhe
cation’s self-diffusion coefficients are higher ththe anion’s for [@nim*][TfoNT]
and [Gmim‘][Tf.N] at all temperatures being in agreement with olzens
reported for most imidazolium-based ILs both fromperiment** and from
simulatiorf>1°3152219220The increase of the alkyl chain length leads teduced
cationic mobility and to smaller differences in ibas’ self-diffusivities so that in the
case of [Gumim'][TfoN7] the two ions have comparable self-diffusion ciméghts
(see Figure 2.11c). This can be partially attridute the interplay between the
weights of the counterions as the mass ofNMfis 280.1469 amu, while [@mim']
weights 251.4295 amu.
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The self-diffusion coefficients calculated from MMBor all ILs were
underestimated at low temperatures compared toexperimental valué®"*® a
problem that is generally reported in most cladsicaolecular simulation
studiedt17%%% The lack of experimental data at higher tempeeatthinders the

verification of the predicted values.

The self-diffusion coefficients were also calcuthtesing the Green-Kubo

formula:

D :%j:dt<vi (1), (0)) (2.10)

wherevi(t) is the velocity of the center of mass of then at timet and the term
inside the brackets is the velocity autocorrelafiomction (VACF). The self-diffusion
coefficients for each IL at every temperature weakulated using the last 2 ns of
each trajectory with the information on velocityirge stored every 10fs. The
self-diffusion coefficients obtained from the Greeubo method are systematically
higher than the ones calculated using the Eins&ation with the difference between
the two methods being larger at low temperaturegu(Es 2.11a, 2.11b and 2.11c).
Although Green-Kubo diffusivity coefficients appearbe closer to the experimental
values at low temperatures, results obtained fioenBinstein relation are considered
more reliable as the Green Kubo method is moreetorerrors in cases of systems
with complex local dynamics and modes of motiort ta&e place in a wide range of
time scale$® The values obtained from the two methods progrelysconverge for
all ILs as the temperature increases possibly duthd fact that as the temperature
increases the time scale separation phenomenanlanger present in the segmental
dynamics.

Diffusivity calculations using the Einstein relatiovere used to calculate the
activation energies for diffusion shown in Tablé 2y fitting to an Arrhenius
expression. The activation energy for the aniogreater than the one of the cation as
expected by the values of diffusivity from MD, bgimn agreement to activation

energy calculations reported in the literatfire>*
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Table 2.6: Activation energies obtained from fitting an Arrlienexpression to the self

diffusivities calculated by the Einstein relation.

Activation energy (kJ ma)

Ep.- Ep+
[Camim ][TfoNT 30.0 29.1
[Cemim™][Tf,N] 28.9 28.3

2.3.5. Shear Viscosity
Calculations of the shear viscosity were performsithg the following Green-

Kubo relation:

1= g s (R ()R (0)) @11)

whereP;(t) is theij-element of the pressure tensor at tinfesj). The shear viscosity
is a collective quantity and its calculation is pecto errors due to the sensitivity of
the stress correlation function to the intra-molacwibrational modes. The stress
correlation function was integrated at the lastisacof each productive run during
which the information of the pressure was storeche@fs and the viscosity was
estimated by an integral plateau value. In Fig@ré8a, 2.12b and 2.12c the values
for the viscosity are plotted for [@im‘][TfoN], [Csmim™][Tf,N] and
[C1:mim'][Tf,N] respectively and are compared to experimenta tf"*** %2 No
value of the shear viscosity was included for.fim*][Tf,N7] at 298.15 K as the
integral of the pressure tensor autocorrelationction failed to reach a smooth
plateau at that temperature. As expected, simulabierestimates viscosity being
consistent with the underestimation on calculateéfusivities; whereas the
temperature dependence of viscosity reproducegrmratbll the experimental results

for all ILs.

The fact that molecular simulation underestimategfusivity and
overestimates viscosity at low temperatures mayathebuted to the fixed atomic

charges that cause formation of long-living cagesrder to achieve charge neutrality
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among groups of ions which results in a slower dyicd®. It is proposetP®¢>1

that taking into account polarizability effects deato better low-temperature

predictions of transport properties in comparismexperimental values.

2.4 Conclusions

Long MD simulations of several tens of nanosecondse performed at a
wide temperature range, from 298.15 to 498.15 Khva0 K increments, and at
atmospheric pressure in order to study the thermawchyc (density, thermal
expansion, isothermal compressibility), structui@hdial distribution functions
between the centers of mass of ions and radiailaision functions between different
sites of the ions, radial-angular distribution ftioes, end-to-end distance
distributions) and dynamic (relaxation times in reegtal dynamics, self-diffusion
coefficients, shear viscosity) properties of theidazolium-based ILs, namely
[Camim][Tf,N], [Csmim™][Tf N7 and [Gomim][Tf,N]. The temperature effect was
thoroughly studied, as well as, the influence ef&mion and the cation’s alkyl chain’s

length in the properties under investigation.

A wealth of information on the microscopic mechamsthat govern the
spatial organization and the dynamical behaviouhete systems was revealed. The
calculated radial distribution and radial-angulastribution functions between the
ions’ centers of mass reveal that ILs exhibit omgaton at much longer distances
than conventional liquids with the anion-cationenatction being stronger than the
other two interactions at all temperatures. Thexeclear indication of alkyl tail
aggregation which becomes more evident for thedomgdkyl chain lengths, while the
anions were found to localize near the cation’sdemblium ring where the positive
charge is located. The dynamics of these ILs wewad to be extremely sluggish as
indicated by the wide range of relaxation timest tblaracterize their segmental
dynamics, a fact that makes the calculation ofrtlieinsport properties a very
complicated task, especially at low temperaturds|eathe lack of experimental data
at high temperatures hinders the verification oflenolar simulation diffusivity
predictions. However, molecular simulation reswits/iscosity were consistent with
the ones for diffusivity and the temperature depewe of these properties was
captured well. Optimization of existing force fisldr development of new ones that

will effectively incorporate the polarizability dhe systems is expected to improve
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the agreement between experimental data and siongafor the transport properties

of ionic liquids, especially at low temperatures.
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Chapter 3

Analysis of the Heterogeneous Dynamics of Imidazaln-Based
[Tf,N] lonic Liquids and Prediction of their Transport Properties
Using a Further Optimized Force Field

In the present chapter, the force field for imidara-based [TN'] that was
used in Chapter 2 is optimized in order to attaimody agreement with the
experimental data for the transport properties@iim*][TfoNT], n = 4, 8, 12. The
effect of charge transfer and polarizability in tin@nsport properties is investigated
and two different ways to incorporate polarizapildre being tested. The Drude
polarizable model is implemented and compared $olte obtained by simulations
performed using charge distributions scaled to towtal ionic charges. Furthermore,
new results on densities, ion self-diffusivitiesdaviscosities are reported and the
complex dynamics of these systems is analyzed wamingptimized force field. The
ions’ translational motion is analysed into speckixes dictated by their geometry,
and anisotropy in the diffusion is detected forhbains. The heterogeneity in the
dynamics is thoroughly investigated by calculatthg non-Gaussian parameter and
the self-part of the Van Hove function. lons thaiva faster or slower than expected
are being detected through deviations from the abrdistribution, while these
dynamically distinguishable ions are found to b@rsgly spatially correlated. The
effect of the temperature and the alkyl chain lengh the above properties is

examined in depth.

3.1 Simulation Details

Long MD simulations of 100 [@im‘][TfoN] (n = 4, 8, 12) ion pairs were
performed at 298.15 K, 348.15K and 398.15 K anghoapheric pressure using
NAMD softwaré®’. The initial configuration for each run was thstlanapshot of the
well equilibrated trajectories (~80 ns) of ChafledAt first, a 15-25 ns simulation in
the isobaric-isothermal ensemble (NPT) was perfdrimeorder to relax the system
and calculate the density. Subsequently, simulatiorihe canonical ensemble (NVT)
of the order of 20-40 ns -depending on the enedyjlieration- were performed at
the mean density obtained from the NPT simulatiansorder to calculate the

transport properties. Snapshots were stored ev@y during each simulation. The
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Lorentz-Berthelot mixing rules were used to caltilghe force field parameters
between unlike atoms. A Langevin piston was useddwtrol temperature with a
5 ps* damping factor and the Nosé-Hoover barostat wed & the pressure control
with oscillation period equal to 200 fs and a damgpfiactor of 100 fs.

Electrostatics were handled by means of particlehmiewald method while
the reversible reference system propagator algorftRESPA®?*) was used as a
multiple time step algorithm with a 1 fs referericee step in order to speed up the
MD simulations. Short-range non-bonded van der Wasdkractions were calculated
every 2 fs and full electrostatic interactions we@mputed every 4 fs. A cutoff
distance of 12 A was used to truncate the van dmal$\Minteractions using a switching
function beyond 10.5 A. A long-range correction veaplied to the system’s energy
and virial to account for the neglected van der Wdarces due to switching and
cutoff of the Lennard-Jones potential.

3.2 Force Field Optimization

The formalism of the all-atom force field used todel the potential energy of
the systems is given by Eqg. 2.1. Bonded and Lenrdangs parameters were obtained
from Cadena and Magin¥ and from Cadenat al?® for the cations and Canongia
Lopes and PAadd¥ for the anion. For atoms separated by three cavalends,
Coulombic interactions were scaled by a factor of @Qvhile Lennard-Jones
interactions were fully included. The partial chesgwere derived from quantum
mechanical calculations performed on an isolategnj@ ][Tf.N] (n =4, 8, 12) ion
pair using a Density Functional Theory (DFT) metblody. Further details on the
procedure followed for the calculation of the parttharges can be found in Ref. 45
and>®. The calculation of the charges based on the minirenergy conformations of
the ionic pair results in reduced total ions’ clegrg fact that is attributed to the
charge transfer and polarization efféf8 Additionally, charge distributions
obtained by quantum mechanical calculations peréorran isolated ions have also
been used. These calculations have been performé&t.bJoerg Rudriger Hill. The
effect of polarizability has been tested by perfioign simulations using the
polarizable Drude oscillator model and by usingssieal force fields with rescaled
charge distributions to lower total ionic charges a simpler way to implement

polarizability and charge transfer effects.
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As shown in Chapter 2, the use of charges basednmimum energy
conformations of the ionic pair resulted in goodeggnent with the experimental data
for the thermodynamic properties whereas thereav@gstematic underestimation and
overestimation by an order of magnitude of the-d#éftision coefficients and the
viscosity, respectively. It has been shdWri®?® that taking into account
polarizability and charge transfer effects improvwks predictions of the transport
properties for ILs. In 3.2.1 and 3.2.2 below, tdifferent strategies to account for
polar interactions are presented.

3.2.1 Implementation of the Classical Drude Osciltar Model
The Drude Oscillator Model is based on the incamfion of virtual sites
(Drude particles) that carry partial electrical e and are attached to individual

atoms by a harmonic spriff§?*®(see Figure 3.1).

9o kp dc
(L@
Drude Atom

Figure 3.1: The Drude particles are attached to atoms witarenanic string of force

constankp.

The movement of a Drude patrticle serves as a meamchanging distribution
of the electric charge associated with the cornedpmy atom. Drude particles are
manipulated as atoms during simulation and so, emphtation of polarizability
effects is straightforward, without major modifigats in the functional form of the
potential energy. The term that corresponds tcctireribution of the Drude particles

to the system’s potential energy is given by:

N,Np

U Drude — Z

A<B

B(AEB & G(AGB | 1d ) ,
At (B =LA, (B 22k TAl @Y

wherekp is the Drude force constamf(A) is the partial atomic charge of the atom A,

0, (A) =4k, & A is the charge of the Drude particle that is cotewto the ator,

a(A) is the polarizability of the ators, 0.(A = A— q,( A is the atomic charge of

the core and(A) is the position of the atol. Recently, the use of the Drude model
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has become available in NAMB. However, its implementation is in relatively kyar
stage and the necessary input files for the sinmmatare not provided by the
developers. So the implementation of the Drude I@sar Model in NAMD requires
that the user incorporates the Drude particlestimosystem of interest before starting

the simulations.

The [Gmim'][Tf,N] IL was chosen as a test system and simulations we
performed mainly at 298.15 K using NAMY in order to examine the agreement
with the experimental values for the ions’ selffaiéivities. Atomic polarizabilities
were found in the literatuf& and the charge distribution used for the impleraiomn
of the Drude Model was obtained by quantum meclahmalculations performed by
Dr. Jorg-Rudiger Hill of Scienomi€¥ on the isolated ions in order to have total ionic
charges equal to +leThe different schemes used for the implementatbrihe
Drude model are shown in Table 3.1 and extractdtusivities are shown in

Figure 3.1 in comparison to results obtained intie@.2.2.

One major drawback of this method is the incredsthe computational cost
due to the lower integration step. As can be saehable 3.1, the use of the Drude
Model required a decrease of the integration steprder to have a stable simulation.
Another important issue is that one needs to caleulL specific polarizabilities in
order to obtain a realistic representation of poédility effects into the system.

Table 3.1: The different schemes used for the implementaifdhe Drude model.

Drude Charge Simulation Integration Step
-05e 30ns NPT, 10ns NVT 0.5fs
-le 10ns NPT, 20ns NVT 0.5fs
2e 5ns NPT 0.2fs

Atom-specific Drude charge
by setting 10ns NPT 0.5fs
ko=500kcal/(mol*A)

3.2.2 Use of Reduced Total lonic Charge
Scaling the ionic total charge to values lower thhdrhas been widely used in

|i13169' 175-176,179

molecular simulation studies of as an alternative to using

complicated polarizable force fields and it has rbeeported to result in better
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predictions for transport properties. In this as@ythe charge distributions obtained
both by quantum mechanical calculation of the igaldons (abbreviated “ISO”) and
by calculation on the six minimum energy conforrmasi, were uniformly scaled to

give lower values of total ionic charge.

Different charge models have been tested: ISO, t®@rge scheme with
Drude charge 0.5eISO scaled to 0.8ewith Drude charge of 0.5elSO charge
scheme scaled to 0.8and 0.75¢ 6RC scaled to 0.8and 0.75e In Figure 3.1 results
on self-diffusion coefficients of the ions’ centes§ mass are shown as calculated
using different charge schemes and are plottechagekperimental dt¥. As can be
seen in Figure 3.1, the lowest self-diffusivitiegrer obtained with the ISO charge
scheme. On the other hand, the ISO scheme perfegoedly well with the 6RC when
is uniformly scaled to a total charge of 0.75€he scaling of the partial charges
results in significant improvement of the predicteghsport properties, whereas the
density is very weakly affected and there is noaht impact in the structural

properties.

The charge scheme chosen to be used for the ramgadhithe calculations is
the 6RC scaled to 0.75&nce it is directly related to the force fieldedsn Chapter 2.
Calculations performed with the force field usedGhapter 2 will be referred to as
“6RC” since the charge distribution was derivednirab initio calculations on six
minimum energy conformations of the ion pair, whidsults using the new force field

will be referred to as “6RC scaled0.75e".

B 1 T .
5 3 § E
. ® Tokuda ct al. 2006 = v ® Tokuda et al. 2006
S - m ISOscaled 0.82 g « m ISO scaled 0.8e
L 4 IS0 L] L ¢ ISO |
01 A 6RC scaled 0.8¢ 0.1 A 6RCscaled 0.8 E
¥ G6RC ¥ 6RC
@ 4 IS0, Drude 05¢ ] [ © « 1SO, Drude 0.5¢ ]
ISO scaled 0.8e, Drude -0.5¢ | r ISO scaled 0.8e, Drude -0.5¢ |
ISO scaled 0.75¢ B r ISO scaled 0.75e 1
B 6RC scaled 0.75¢ B 6Rc scaled 0.75¢
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Figure 3.1: Self-diffusion coefficients of (a) the cation aff) the anion of [@nim*][TF,N]

against experimental valif€susing various charge schemes.
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3.3 Results on Density, Self-diffusivity and Viscaty

MD predictions for the density of the three ILs gotted in Figure 3.2
against experimental datd*?*°"#°as a function of temperature. Our previous
calculations are also shown for comparison (6R&alll cases, the deviation between
the calculated values and the experimental measumsms less than 1%. There is a
systematic decrease of the values compared to r@wiopis calculations, primarily
driven by the reduction in the intensity of therattive electrostatic interactions. The
values of the density using the scaled chargesatse given in Table A8 of

Appendix A.
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Figure 3.2: MD predictions for the density of [@im*][TF.NT], n=4, 8, 12. Full points
correspond to the optimized force field (6RC scated.756), open points to previous
calculations using the 6RC charge distribution #igdlines are interpolation/extrapolation of

experimental data for [@im[TFNT""*2 [Cemim[TF.N] %" and [G.mim [TF,N]?%.

The diffusion coefficients were calculated using #instein relation (Eq. 2.9)
in the Fickian regime, which is identified by a@oequal to unity in the log(MSD)
versus log) plot. The self-diffusion coefficients of [@im*][Tf,NT], [Cemim™][Tf N
] and [Gomim™][Tf,N7 calculated using the optimized force field (6R&8sd0.75¢)
are plotted in Figure 3.3a, 3.3b and 3.3c respelgtias a function of temperature,
together with experimental dat4*'® For comparison, our previous results on self-
diffusivity are also plotted (6RC). The calculatself-diffusivities using the scaled
charges are also given in Table A9 of Appendix A.
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Figure 3.3: Selfdiffusion coefficients of the center of mass of anion (sgsleaad catiol
(circles) using the 6RC scaled +0.” charge scheme (full points) for (a),@m*][Tf,N7, (b)
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[Cmim'][Tf,NT**® (green points).
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There is a clear improvement in the accuracy ofctileulations with the new
force field while simulation captures quite wellettemperature dependence of the
self-diffusivities as well as the fact that theicats self-diffusion coefficient is higher
than the anion’s for [@nim'][TfoN] as reported in past simulation studies of
imidazolium-based 115%°1°3152219220 155 As the alkyl tail becomes longer, the
cation’s mobility is reduced and the ions attaimparable self-diffusivities, as can be
seen in Figures 3.3b and 3.3c for the case gh[@][Tf,N7] and [Gomim™][Tf.N].

Calculations of the shear viscosity were performesthg the Green-Kubo
relationship (Eq. 2.11). Shear viscosity is a atilee property of the system and,
therefore, its calculation is prone to errors doethe sensitivity of the stress
correlation function to the intra-molecular vibmatal modes. At the same time,
experimental measurements of viscosity are alsg gensitive to impurities of the
testing material; consequently, even experimergallts obtained using the same
method deviate from each otfiefThe stress correlation function was calculatetthet
last section of each productive NVT run during whibe information of the pressure
was stored each 8 fs and the viscosity was estthiatehe integral plateau value after
reassuring that the pressure autocorrelation fanctvas fluctuating around zero.
In Figures 3.4a, 3.4b and 3.4c, the values for \tseosity of [Gmim*][Tf.NT,
[Cemim™][TfoN] and [Gomim'][Tf.N7, respectively, are plotted against our previous
calculations and are compared to experimental *4&ta’?*?*?> The calculated
viscosities using the scaled charges are also givdiable A10 of Appendix A. The
simulations using the optimized force field resnla much better agreement between
the calculated viscosity values and the experintedtda, and the temperature

dependence is captured very accurately.
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3.4 Dynamic Behaviour of lonic Liquids

Computational studies found in the literature conicey the heterogeneous
nature of the dynamics of ILs have focused on thantfication of the non-Gaussian
character of the dynamics by calculating the nongSen parameter and by
analyzing the deviations of the self-part of then\Hove correlation functidfi* from
the expected Gaussian form. Del Pépolo and Yostudied the dynamics of
[C.mim*][NO3] and identified spatial correlations between iofissimilar mobility.
Hu and Marguli®™® conducted molecular dynamics (MD) simulations on
[Csmim*][PFs] and investigated the coupling between translaficand rotational
diffusion and the connection of dynamic heteroggnphenomena to the “red-edge
effect”. Kdddermanret al’® examined the connection between dynamic heterdtyene
phenomena and the non-validity of the Stokes-Einsted the Stokes-Einstein-Debye
relations by simulating [€nim*][TF.NT] and its mixtures with chloroform. Liu and
Maginr®® analyzed the non-Gausian behaviour ofsi@n][TF.N] at various
temperatures and studied the anisotropy in the’ itasslational motion, while
Urahata and Ribeifd focused on the investigation of the link betwegmainic
heterogeneity and the conformations of the alkgis in [Gmim*][CI]. Moreover,
mutual diffusion of anions and cations and the nrftdictal nature of the
heterogeneous dynamics have been thoroughly stbgiethbasaki and Ng#i’®

3.4.1 Analysis of the lons’ Translational Motion

In an effort to investigate the origin of the faleat in many cases cations are
found to have an enhanced diffusivity compared rimres, Urahata and Ribeftb
studied the anisotropy in the cation’s diffusiom fioe case of imidazolium-bases ILs
with small-sized anions. They analyzed the catiotranslational motion along
specific axes, namely along the vector that is rano the imidazolium ring, along
the vector NN that connects the two nitrogens efithidazolium ring and along the
vector NNp that is perpendicular to the other twexters (see Figure 3.5a). They
identified an enhanced movement of the cation atbegNNp vector that lies on the
plane of the imidazolium ring and is almost perpeuldr to the alkyl chain. Liu and
MaginrP* performed a similar analysis for the case ofi@n*][Tf,N7] and also found
anisotropy in the diffusion, detecting in their edke direction along the NN vector as
being the most favourable one.
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Figure 3.5: The directions along which the translational moticas analyzed for (a) the

cation and (b) the anion.

We further investigated this phenomenon and exadnine effect of the alkyl
tail length by analyzing the cations’ translatiomabtion along the three axes
mentioned above and, additionally, along the N3#&ittor that connects the terminal
carbon atom of the alkyl tail (Ct) and the N3 nifeo of the imidazolium ring (see
Figure 3.5a). At the same time, the anions’ trarmial motion was analysed along
the axes:ij SS that connects the two sulphuiig, $Sp that is perpendicular to SS and
lies on the plane defined by the two sulphur atams the nitrogen of the anion, and,
(iif) the vector normal to the plane that is definedh®/SS and the SSp vectors (see
Figure 3.5b). The mean square displacement (MSDthefions’ center of mass in
each specific axis is compared to the 1/3 of tha tdSD of the ions’ center of mass.

In Figure 3.6, the MSD along each axis is showntlfier cation and the anion
of [CamIimT[TfNT, [Cemim™][TfoN] and [Gomim™][TfoN] at 298.15K. In
accordance with Liu and Maginh all the cations exhibit an enhanced movement
along the NN vector that lies in the plane of tmédiazolium ring. In fact, for the case
of [C,mim’][Tf,N7] where the cation’s alkyl tail is rather shortetMSD along the
N3-Ct vector is the same as the MSD along the N&toreHowever, as the alkyl tail
becomes longer, the MSD along the alkyl tail (N34€tmuch larger compared to the
MSD along the NN vector. For the case offim'][Tf,N7] at 298.15 K (Figure 3.5c)
the MSD along N3-Ct at 8 ns is almost 50% highantthe 1/3 of the total MSD,
whereas for the case of {fnim’][Tf,N7] that has the longest alkyl tail, this deviation
reaches almost 100% (Figure 3.6e). This behavisypreéserved at very long times
and is present even at time scales that corresmiite Fickian regime of the total
MSD at 298.15 K.
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Figure 3.6: Mean square displacement (MSD) at 298.15 K caledlatong the direction of
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[C4mim*][Tf,N7, (c) cation and (d) anion of f@im‘][Tf,N] and (e) cation and (f) anion of

[Comim*][Tf,NT.
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The analysis of the anion’s diffusion also reveafavorable motion along the
SS vector, which is more pronounced for the twoWith the longest alkyl tails (see
Figure 3.5b, d, f). As the temperature increadss,difference in the MSDs is only
present at very short timescales, for example[@mim*][Tf,N7] at 398.15 K, this
preferential translational motion is observed belbws for the cation and below

0.5 ns for the anion (see Figure 3.7).
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Figure 3.7: Mean square displacement (MSD) at 398.15 K analyzsgecific axes on the

ions for (a) cation and (b) anion of J&M"|[Tf,N7.

3.4.2 Dynamic Heterogeneity

The ions’ translational motion is further analyzedorder to investigate the
presence of heterogeneitiy in the dynamics by detpceviations from the expected
Gaussian behaviour. The global non-Gaussian belmavad a system can be
quantified by analyzing the time dependence of nba-Gaussian parametes(t)
defined a&*

a,(t) = | ' -1 (3.2)

where |ri (t)-r; (t0)| is the displacement of an ion’s center of massina¢ t with

respect to its position at timg In the case of a Gaussian distributiorjr,((ft)—ri (t0)|,

ao(t) is equal to zero, while any deviation from zemo indicative of dynamic

heterogeneities in the system revealing simultasigothe time scale at which the
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non-Gaussian behaviour is present. The time atlwhit) reaches a maximum value

indicates the time interval of the most intenseagit heterogeneity.

The self-partG,(r,t) of the van Hove correlation functiotiis given by:

G,(r,1) =%<Z§[r + (0), (t)]> =%<Z§[A (t)]> (3.3)

and corresponds to the probability that a par{jctehe center of mass of a molecule)
Is at positiorr; (t) at timet given that it was located g(0) at time 0. Note that for all

timest:
jo°°4m2css(r Hd =1 (3.4)

The probability density that a particle moves bstacer is given by the solid angle

integraf®*

- [ 2 sinddgpd
gs(r,t)_J'a:OJ'w:0 J(r,t)r*sinddepdo (3.5)

In case of isotropyG.(r,t) = G,(r,t) and so,g.(r,t) = 4zr°G_(r t).

When heterogeneous dynamics is present, the self@dr,t)of the van Hove

correlation function deviates from the expected €3@an distribution that is given by
the following expression:
%
3 ~3r?

2x {lar 0] = 2(jar ) o

G,(r,t)=

Where<|Ar(t)|2> is the mean square displacement (MSD) of thegesti

In Figure 3.8, the non-Gaussian parametgt) is plotted against time for the
cation and the anion of the three ILs at 298.18, B4 and 398.15 K.
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For both ionswuy(t) maximizes at intermediate times and as the teatypes
decreases, the maximum a,(t) tends to appear at longer times reaching a hi
value. Cations systematically exhibit a higher e@egof heterogeneity than ani,
which is reflected to a higher peak ay(t). These findings are in agreement w
previous analysis of dynamic heterogeneities o foundin the literatur®*®* It is
evident, especially at low temperatures, that a&s dlkyl tai becomes longer tr
heterogeneity in the dynamics is present for maciyér time intervals for both iol
since the norGGaussian parameter starts to decay at much lomges.This indicates
the existence of a cage regime of longer duratadiact that an be directly related 1
the MSD behaviourand the time scales involved for reaching in eaabecthe
Einstein regime of diffusion. For example, for thmase of the cation «
[Comim'][TF,NT] at 298.1! K (Figure 3.8€)a,(t) starts to decay at abou ns, that is,

the time at which the cation’s diffusion reachess fickian regim¢see Figure 9).
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F |— Anion 298K
| |-— Cation 298K

— Anion 348K
10*E |- Cation 348K
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Figure 3.9: Mean square displacement (MSD) of the anion (fo#4) and the cation (dott
lines) of [G.mim][Tf,N7] calculated at 298.15 K (black), 348.15 K (red)l &98.15 K

(blue).The slope of the dotted green lines is equal toywmd indicatsthe Fickian regim

The selfpart of the van Hove functio4rr2G_(r t)calculated at = 10, 300,

1000 ad 3000 ps is plotted in Figur3.10 as a function of distancr and in
comparison to the corresponding expected Gausssanibdtion for (a) cation and (t
anion of [Gmim™][Tf,N7, (c) cation and (d) anion of gmim™][Tf,N7] and (e) cation
and (f) anion of [Gmim™][Tf,N7] at 298.15 K.
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These plots clearly show that there are deviatinosn the Gaussia

distribution and that heterogeneity phenomena egsemt at time intervals from a fe
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ps up to several ns depending on the ionic liqUids is more pronounced for the two

ILs with the longest alkyl tails, for which the ¢ag regime involves longer times.

In agreement with thex(t) results, theG4(r,t) of the cations exhibit greater
deviations from the Gaussian distribution, a faett tis attributed to the non-uniform
way that anions surround the cations, while themsiexperience a more uniform
neighborhoodf. At all cases, the deviations from the Gaussiastribution are

reduced as the temperature increases (see for éxaangure 3.11).
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Figure 3.11:Self-part of the Van Hove functiong@,t) at 398.15 K compared to the expected

Gaussian distribution for the cation of,f@im*][Tf,N7.

Following the approach of Kobt al®® on super-cooled liquids, ions can be
classified according to their mobility (the distangach ion has travelled at tif)eln
many cases(r,t) andGy(r,t) intersect both at short, say and at long distances, say
rp, indicating the existence of ions with low andtigobility, i.e.G(r,t) > Gy(r,t) for
r <rpandGg(r,t) > Gy(r,t) for r >r,, respectively (see for example Figure 3.10e). The
spatial correlation between the groups of ions wlifferent mobility is examined by
calculating all the relevant pair distribution faiens g(r). The formation of clusters
with ions of high mobility has been previously rejed in other imidazolium-based
ILs as [GMIm][NO3]>* [Camim™][CI']>? and [Gmim'][PFs]%.

Figure 3.12 shows the radial distribution functiomstween the centers of
mass of dynamically distinguishable cations andmsicalculated at 298.15 K and
t =500 ps for (a) [GmIM™][TfoNT, (b) [Csmim][Tf2N] and (c) [Gomim™][Tf2N7, in
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comparison with theverdl g(r)between aniormation centres of mass in the b
The term “bulk” refers to the total radial distriban function calculated without ar
discrimination on the ions’ mobilit The subsets of ions considered in

calculations ofg(r) consist of the -10 % most immobile (if preseréind mobile ion:
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Figure 3.12:Radial distribution functions between the centénsass of dynamicall
distinguishable cations and anions calculated &t12Z0K for t = 500 ps. (a) |smim*][Tf,NT],
(b) [Cemim™][Tf,NT and (c) [Gomim™[Tf,N].

These plots clearly depict that therea strong spatiatorrelatior between
anions and cations of the same mobility (-fast or slowslow) as indicated by tr
higher peak of thg(r) in comparison with thg(r) in the bulk, while ions of differer
mobility (fast-slow)are less correlated ispace.Clusters consisting of either mob
or immobile ions are formed in the bulk, whilestless likely to find a mobile ion |
the neighbourhood of an immobile counterion. Subs#t immobile and mobil

cations are present in asystems at intermeate times and even at higt
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temperatures, while no immobile anions are deteirtezhse of [C;mim‘][Tf,N7 at
all time scales and temperatures. The pair coroaldunction between fast anio—
fast cations exhibits a much higher peak than te tha corresponds to tl g(r) in
the bulk [CGmim*][Tf,NT] (Figure 3.12a),and as the alkyl tail becomes longer
peak becomes wider but in all cases it is obseatethe same diance with the
corresponding onef the bulk. Similarbehaviouris observed for slow anio- slow
cation pair correlation functions for gmim‘][Tf,N] (Figure 3.12b) and
[C1omim™][Tf,NT] (Figure3.1X), in which slow anions are also present. Furtloeey
the anionanion pair distribution function shows similar caeteristics: fa-fast and
slow-slow anion correlation is more intense that the onthe bulk, while it is les
likely to find anions oflifferent mobility close to each other, as showifrigure3.13.
These observations are much weaker when calculdhiagcorresponding cati-

cation correlation functions as depicted in Fig3.14.
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Figure 3.13:Radial distribution functions at 298.15for t = 500 ps between the center:

mass of fast and slow anions ot,mim][Tf,N7.
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Figure 3.14:Radial distribution functions at 298.15 K for t 8(Gbps between the centers

mass of fast and slow cations omim*][Tf,N7.

The time evolution of the spatial organization o mobile cations and anio
is shown in Figure 3%a and 3.15b for [@nim‘][TfoN] and [Cgmim®][Tf.NT,
respectively, at 298.1% andt =10-1000 ps. The tendency of fast ions to apprc
their fast counterions is already present at 1@musthe peak has reached its higl
value in a time interval of 1(ps. At the same time, the probability of fast asioo
be in the neighbourhood of er fast anions maximizes at approximately 300 ¢
the case of [@im*][Tf,N7], as shown in Figure 3.16.
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Figure 3.15:Radial distribution functions between the centdémhass of fast cations and fi
anions calculated at 298.15 K it = 10, 50, 100, 300 and 1000 ps. (a)ii@n’][Tf,N] and
(b) [Cemim™][Tf NT.
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Figure 3.16:Radial distribution functions between the centémhass of fast anions
[C4mim*][Tf,N7] calculated at 298.15 K f¢t = 10, 50, 100, 300 and 1000

3.5 Conclusions

The force field for [Cumim*][TfoN7], [Cemim™][TfoNT and [Comim™][TfoN]
was further optimized in order to attain good agreet with the experimental data
transport propertiedyy uniformly scaling the charge distribution to Igiea +0.75¢
total ionic charge. Long MD simulations of several tens of @eonds wer
performed in order to calculate the transport prige of the three ILs mention
above and analyze their complex dynabehaviourfocusing on the investigation
microscopicheterogeneity phenomena. The results of the optidnibrce field or
density, ion selfdiffusion coefficients and viscosity exhibiisignifican improvement
in the agreement with the experimental daDetailed analysis of the ion
translational motiorreveals anisotropy in the ions’ diffusion: thereaigpreferentia
movement along the direction of the alkyl tail fbe cation and along the direction
the vector that connects the two sulfurs for themmnThe heterogeneous nature of
dynamics isquantified by the nc-Gaussian parameter and is further analyzes
comparing the selpart of the Van Hove function to the expected Giansslistr-
bution. For the longest alkyl tails, the heteroggnm the dynamics becomes mc
pronounced and is prased for several nanoseconds at low temperatundssess o
“fast” and “slow” ions are defined by the deviatibetween the van Hove functi
and the Gaussian distribution. Dynamically distisbable ions are found to |

strongly correlated in space faing clusters of ions of the same mobili
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Chapter 4

Imidazolium-Based [TCM] lonic Liquids: Optimization of an All-
atom Force Field and Prediction of Thermodynamic, 8ucture and

Transport Properties

Imidazolium-based tricyanomethanide ([TGMILs are reported to be
excellent candidates for use in a number of apjtina since the strong charge
delocalization leads to a weak ion pairing and,cleemo low viscosities and melting
temperatures®’. Computational studies of this IL family are liett to one study of
1-ethyl-3-methylimidazolium [TCM performed by Boroditf® using an efficient but
very complex and computationally expensive manyyhoalarizable force field. Only

Martin et al?3*

performed simulations of a [TCMIL that incorporated a phospho-
nium-based cation, namely 1-ethyl-1-methylphosphiom, using a classical all-atom
force field. On the other hand, over the last decacidazolium-based cations have
been largely studied computationally and therefareariety of well-validated force

fields can be found in the literatgpg*® 167205219

The present chapter focuses on the optimizatioa dfssical force field for
the molecular simulation of imidazolium-based [T¢Ms. The IL [Camim*][TCM]
was used as test system for the optimization praeedhich mainly concerned the
determination of the [TCM Lennard-Jones (LJ) parameters and the appropriate
charge distribution and scaling factor for the adaic charge. The proposed optimi-
zed force field is validated against experimentthdoy performing MD simulations
of the [GmIM'][TCM] ILs, with n = 2, 4, 8 being the number of carbon atoms in the
alkyl tail, at various temperatures and at atmosphmessure. Results on density and
transport properties, namely self-diffusivities amdcosities, are in very good
agreement with experimental data revealing theitpbdf the new force field to
reliably reproduce the behaviour of imidazoliumd$TCM] ILs in a wide tempe-
rature range. Structural properties were calculsaed the complex dynamical
behaviour was thoroughly investigated.
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4.1 Simulation Details

Results presented in this chapter were obtainelbry classical MD simula-
tions of 100 [GmiM'][TCMT], n=2, 4, 8, ion pairs performed with the software
NAMD **’ using a classical all-atom force field of a funo@bform given in Eq. 2.1.
The initial structures were built using the Rotatiblsomeric State (RIS) mod® as
modified by Theodorou and Sut€r?®?available in MAPE. The ions were placed in
the simulation box at the experimental densitygvéilable, or at the value calculated
by extrapolating the available experimental datacoAjugate gradient energy mini-
mization procedure of PGteps was applied to eliminate the atomic overlaps
Afterwards, a 20-50 ns simulation in the isobasiathermal ensemble (NPT) was
performed in order to calculate the density andx¢he system. Finally, simulations
in the canonical ensemble (NVT) of the order ofS20ns were performed at the mean
density as obtained from the NPT simulations, ideorto calculate the transport
properties. Snapshots were stored every 1 ps deaoch simulation and the Lorentz-
Berthelot mixing rules were used to calculate thecé field parameters between

unlike atoms.

Control of the temperature was performed using ageain piston with
a 5 ps damping factor while the Nosé-Hoover barostat wasd for the pressure
control with oscillation period equal to 200 fs aadamping factor of 100 fs. Electro-
static interactions were handled by means of gartreesh Ewald method, while the
electrostatic interactions between atoms connestddthree bonds were scaled by a
factor of 0.5. The reversible reference system agagor algorithm (rRESPA?%)
was used as a multiple time step algorithm withfa feference time step in order to
speed up the MD simulations. Short-range non-bongad der Waals interactions
were calculated every 2 fs and the full electrostateractions were computed every
4 fs. A cutoff distance of 12 A was used to truectite van der Waals interactions
using a switching function beyond 10.5 A. A longrge correction was applied to the
system’s energy and virial to account for the netglé van der Waals forces due to
switching and cutoff of the Lennard-Jones potential

System size effects were investigated by simulagygiems with 100 and 300
ion pairs of [Gmim'][TCM at 298.15 K and 363.15 K at various ensemblesrder

to calculate the density and the self-diffusionffioents. At both temperatures, the
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calculations oflensity and se-diffusion coefficient were statisticallhe same for th

two different system size

4.2 Force Field Optimization

The [Gmim'][TCM] IL was chosen as a benchmark system and al
simulations at this stage were performed at 2¢ K and atatmospheric pressurThe
cations’ bonded and Lparameters were obtainddom Cadena and Magi'®
Cadenaet al?® and Liu et al?*®. Bondedand LJ parameters for the [TC] anion
were available onlyor the case ca [TCM] IL that incorporated the cati 1-ethyl-1-
methylphospholiniumThese were four in atechnical report by Martiet al?** of a
project thataimed at the development of a genemethodologyfor the param-
terization of classical force fields for I, which, however, failedDirect use of the
[TCMT] LJ and bondedparameters from this report resulted in two ordef:
magnitude from experimental results on diffusi, as will be shown belc. The
force field optimzation procedure focused oi) calculationof the effect of the
charge distribution on the propertiof interest, i) the appropriate choice of tl
charges’ scaling factor to effectively incorporgtelarizability and charge transt
effects and, at theame time (iii) the necessary modificatioreeded fc the anion’s
LJ parameters in order to attain good agreemerh the experimental data ' the
density and the setfiffusivity. The experimental data for density olymim‘][TCM]
used for compasibn were taken from Rel07, whereas experimental measuremer
the selfdiffusion coefficien of [Cymim’] was performedn the Institute of Chemic:
Reaction Engineeriri® of the University of Erlange-Nuremberg following the p-
cedure that is described in R156.

NC NC

v
\

CCM

i

NC

Figure 4.1: The labeling of the atoms of [TCM

The partial charges we calculated quantum mechanically using tF
different schemes. The calculations were perform&dg: (aisolated ions, (f four

minimum energy conformations of the ion pair and ¢m two ion pairs o
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[Csmim*][TCMT] in order to meaningfully estimate the scalingtéaoof the atomic
charge distribution to be used in the proposedefdiedd. The charges as calculated on
isolated ions will be abbreviated “ISO” and the rges as calculated using four
minimum energy relevant conformations of the iopar will be referred to as
“4RC”. All quantum mechanical calculations were fpenmed by Dr. Jorg-Rudiger
Hill of Scienomicé® using Mgller-Plesset perturbation theory (MP2).rmforma-
tion on the procedure followed for the calculatafithe charges can be found in Ref.
236. In all charge distributions, necessary modifans were performed in the
anion’s charges in order to reassure that atorsgnmmetrical positions have the same
charge. In Table 4.1 the four minimum energy comfions of [Gmim'][TCM]
used to calculate the 4RC charges are shown tageititethe energy values of each

conformation.

Table 4.1: The conformers of [@nim'][TCM ] and their relative energies as calculated by

Scienomic®,
Structure Relative MP2 Structure Relative MP2
energy / [kJ/mol] energy / [kJ/mol]

) oo 47
- Wﬁgw 0.0 W '

W 2.0 W 5.1

The mean total ionic charge obtained by the folevent conformations is
+0.7355ewhich is lower than Ialue to charge transfer effects. As already meaton
above, additional quantum mechanical calculatioesevperformed on two ion pairs
of [Csmim*][TCM ] in order to meaningfully estimate the scalingtéaf the atomic
charge distribution to be used in the proposedefdiedd. The total ionic charge from

the two pairs of ions resulted in £0.710121ewer than the value obtained by the
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conformations of one ionic pair, which is indicaiof the strength of the charge

transfer effects on these systems.

For each set of parameters, long MD simulationsewsrformed following
the procedure that is described at Section 4.Talole 4.2 the simulation results on
density and diffusivity as calculated using dirgdtie 4RC charges as obtained from
the quantum mechanical calculations and differetg sf LJ parameters are reported
and compared with the experimental measurementsigUtrectly the anion’s LJ
parameters of Martiret al®®* resulted in 1.3% higher density compared to the
experimental value whereas the value of the cati@®lf-diffusion coefficient is
0.05 10" cn/s, two orders of magnitude lower than the expeni@evalue which is
3.95 10" cn/s (see the first, highlighted line of Table 4.2).

Through systematic modification of only the aniorl’d parameters, an
increase by an order of magnitude of the calcula@diffusion coefficients was
achieved, which, however, is still one order of magle lower than the experimental
value. The best prediction of the cationic selfudiivity using the 4RC charge
scheme was obtained with a total 70 % reductiotihéninitial ¢ value of CCM (from
0.08 to 0.024 kcal/mol), 35 % reduction in thevalues of CN (from 0.2 to 0.13
kcal/mol) and NC (from 0.6 to 0.39 kcal/mol) (sée tsecond highlighted line of
Table 4.2) (see Fig. 4.1 for the labeling of thenad of [TCM]).

Subsequently, the effort was focused on the ingastn of the appropriate
scaling factor to reduce the total ionic chargerider to achieve better predictions of
the transport properties. Necessary modest motidita in the LJ parameters were
also performed at this stage in order to keep tna@ation from the experimental
density below 1.5%. The 4RC charge distribution wasgormly scaled to lower total

ionic charge, namely to values +0.68ad 0.6e
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Table 4.2 Simulation results for density and diffusivity [@,mim*][TCM] at 298.15 K
using the 4RC set of charges and modified Lennangg parameters for the anion. The

deviation from the experimental density is statethe parenthesis. (Note tha; =o%2).

Dan Dca
LJ for CCM LJ for CN LJ for NC P, (107 (105
(gr/lcm’)
cm?/s) cm?/s)
g Rom/2 € Rom/2 € Rum/2  Exp.t” ) Exp.?*
(kcal/mol) A (kcal/mol) A (kcal/mol) A 1.0473 3.95
1.061
0.08 1.99 0.2 1.75 0.6 1.85 (+1.3%) 0.05 0.05
0.08 2.2089 0.2 1.75 0.6 1.85 1.061 0.06 0.075
. . . . . 89 (11.30%) . .
1.0537
0.08 1.99 0.15 1.75 0.45 1.85 (+0.6%) 0.1 0.16
1.047
0.06 1.99 0.15 1.75 0.45 1.85 (-0.02%) 0.26 0.18
1.0447
0.04 1.99 0.15 1.75 0.45 1.85 (-0.2%) 0.16 0.16
1.0417
0.024 1.99 0.15 1.75 0.45 1.85 (-0.5%) 0.32 0.25
1.038
0.052 1.99 0.13 1.75 0.39 1.85 (-0.9%) 0.37 0.28
1.035
0.4 1.99 0.13 1.75 0.39 1.85 (-1.2%) 0.42 0.38
1.032
0.024 1.99 0.13 1.75 0.39 1.85 (-1.5%) 0.56 0.6
1.032
0.024 1.0 0.13 1.75 0.39 1.85 (-1.5%) 0.58 0.38
1.0417
0.06 1.99 0.15 1.75 0.24 1.85 (-0.5%) 0.3 0.3
1.0356
0.024 1.99 0.15 1.75 0.24 1.85 (-1.1%) 0.4 0.3

In Table 4.3 the simulation results for density aftLisivity are shown along
with the various anion’s LJ-parameter-sets useeéttoy with the 4RC charge distri-
bution uniformly scaled to +0.65dn the first highlighted line, the results usitig
unmodified LJ parameters for the anion are showis interesting to compare these
results to the ones shown in the first line of Babl2: only by uniformly scaling the

4RC charge distribution to give a *0.65®tal ionic charge resulted in better
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predictions for the density (only 0.5% deviatiomgdamore importantly, in two times
faster self-diffusivities. By making modifications the LJ parameters, we obtained
one and a half orders of magnitude higher diffugsiand only 0.1% deviation from
the experimental density, as shown in second lggtéd row of Table 4.3. These
results were obtained by lowering 70 % in total ¢healue of CCM (from 0.08 to
0.024 kcal/mol), by 35 % the values of CN (from 0.2 to 0.13 kcal/mol) and NC
(from 0.6 to 0.39 kcal/mol) and by reducing thgi#2 of NC from 1.85 to 1.75 A
(see Fig. 4.1 for the labeling of the atoms of [TQM

Table 4.3 Simulation results for density and diffusivity [@,mim‘][TCM] at 298.15 K
using the 4RC scaled at 0.65et of charges and modified Lennard-Jones parasetethe

anion. The deviation from the experimental denisitstated in the parenthesis.

Dan Dcat
LJ for CCM LJ for CN LJ for NC P (10 (10"
(gricm?) cm?/s) cm?/s)
£ Rumim/2 £ Rumim/2 £ Rmim/2  Exp.t% Exp.?*
(kcal/mol)  (A)  (kcal/mol)  (A)  (kcal/mol)  (A) 1.0473 i 3.95
1.0532
0.08 1.99 0.2 1.75 0.6 1.85 (+0.5%) 0.17 0.1
1.0335
0.08 1.99 0.15 1.75 0.45 1.85 (-1.3%) 0.65 0.4
1.0318
0.08 1.99 0.15 1.5 0.45 1.85 (-1.5%) 1.4 1.0
1.0288
0.08 1.99 0.15 1.85 0.45 1.85 (-1.7%) 0.62 0.47
1.0624
0.024 1.99 0.13 1.75 0.39 1.7 (+1.49%) 1.85 1.45
1.0483
0.024 1.99 0.13 1.75 0.39 1.75 (-0.1%) 1.8 1.6

In Table 4.4 the simulation results for density ariffusivity of
[Csmim][TCM] at 298.15 K and 363.14 K are shown with the wasi@nion’s LJ
parameter sets used together with the 4RC chasggebdition uniformly scaled to a
+0.6¢€ total ionic charge. Results using the data set peatormed at best with the
4RC charge distribution scaled to +0.6%ee also shown for comparison. Lowering
the ions’ total charge to 0.6and slightly modifying the anion’s LJ parameteos t
preserve accuracy in the density resulted in leas #0% deviation for the cation’s

self-diffusion coefficient as shown in the highligd row of Table 4.4. The corre-
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sponding LJ parameter set of this set of chargd#serdrom the one with the 4RC
charges scaled to 0.65@nly in the value of Ri/2 of NC which was lower and equal
to 1.7 A,

Table 4.4: Optimized Lennard-Jones parameters for [TCAhion and simulation results for
[Csmim’][TCM ] at 298.15 K and 363.14 K using charges from tRE $rocedure.

Dan

P 7 Decat
Total LJ for CCM LJ for CN LJ for NC (arfemd) C(r%]gs) (107 omefs)
T lon
K & € &
) C"(";‘.;ge (keall Rpym/2 (kcall Rym/2 (kcall Ryn2 Expl”  Exp®®
mol)  (A) mol) (R mol A 1.0473 3.95
298. 1.0483
15 0.65 0.024 199 013 175 039 1.75 (-0.1%) 1.8 1.6
363. 0.9968
14 0.65 0.024 199 013 175 039 175 (-0.8%) 124 104
298. 1.0518
15 0.6 0024 199 0.13 175 039 1.7 (+0.4%) 3.48 2.45
363. 0.9992
14 0.6 0.024 199 013 1.75 039 1.7 (-0.5%) 16.7 13.9

The performance of the set of charges obtained lgntym mechanical
calculations on the isolated ions (ISO) was alstett having them first uniformly
scaled to various values of total ionic chargehsag 0.75, 0.7 and 0.65&nd using
different LJ parameters. In Table 4.5 the optimudhdarameter sets are shown as
used with the ISO charge distribution scaled tee0and 0.65ewith the results on
density and ions’ self-diffusivities for jgim‘][TCM] at 298.15 K and 363.14 K.
The best agreement on both density and self-difiysicalculations with the
experimental data were obtained using the ISO ehdigtribution scaled to 0.65e
(see two last rows of Table 4.5): the deviationwleein the calculated and the
experimental value is less than 7% which is lowwant the uncertainty in both

experimental measurements and in simulation results

In the analysis that follows, the ISO scheme wasseh to be used aiming at
retaining a degree of transferability in the pragmbforce field. The ISO set of charges
scaled to 0.7etotal ionic charge is chosen to be used as bdiagoptimum one to
realistically represent the IL systems at hand efing to the quantum mechanical
calculations performed on a small ion cluster ofnf@n‘][TCM] that resulted in an
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average value of *0.71eor each ion (see Fig.4.2). The deviation between
experimental and calculated self-diffusivity valussreasonably low at 298.15 K
whereas the lack of experimental data for diffugidt 363.15 K hinders the valida-
tion at higher temperatures. The final values & #mion’s LJ parameters that are
proposed to be used with the ISO charge schemedstal+0.7e are shown in the
highlighted rows of Table 4.5.

Table 4.5: Optimized Lennard-Jones parameters for [TCAhion and simulation results for
[C,mim*][TCM] at 298.15 K and 363.14 K using charges from 8@ procedure.

Dan Dcat
LJ for CCM LJ for CN LJ for NC P . (10 (107
(gr/lcm’) N 5
T Total lon cm2/s)  cm?/s)
(K) Cha_rge R R R
)  (keal Rpym/2 (kcall Rpm/2 (kcall Rym2 Expl®  Exp?®
mol)  (A) mol) A mol (R 1.0473 3.95
298. 1.0556
15 0.7 0.024 199 0.13 175 039 17 (+0.8%) 2.4 2.0
363. 1.0031
14 0.7 0.024 199 0.13 175 039 17 (-0.2%) - -
298. 1.050
15 0.7 0.024 199 013 175 039 1.72 (+0.3%) 2.8 2.7
363. 0.9979
14 0.7 0.024 199 013 175 039 1.72 (-0.7%) - -
298. 1.0506
15 065 0024 199 0.13 175 0.39 1.685 (+0.3%) 3.69 3.69
363. 0.9960
14 0.65 0024 199 0.13 175 0.39 1.685 (-0.7%) 194 17.7
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Figure 4.2: The structure of two pairs of j@im'][TCM ] with charges obtained quantum
mechanically.
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4.3 Force Field Validation and Prediction of Properties

The proposed force fie that wasoptimized for the case of ;mim‘][TCM]
at 298.15 Kis validated against experimental data by perfogrD simulations a
various temperatureé\t the same time, the transferability of the newapaeters fo
[TCM7] when paired with other imidazoli-based cations having different all
chain lengths was sb studied. For this, simulations of three ILs, eby
[Comim™][TCM], [Csmim*][TCM] and [Gmim'][TCM], were performed at thre
temperatures: 298.16, 363.1< K and 398.15 K, and at atmosphgriessure

4.3.1 Density and Structure Propertie:
Simulatian results on density for the three ILs are showRigure 4.3 against

239 yersus temperatur@nd, also, in Tab B9 of Appen-

experimental dat&*°"1%%%*
dix B. The deviation between experimental data and sitiar results is below than
1.3% for [GMIM'][TCM], 0.9% for [C;mim‘][TCM ] and 1.8% for [mim‘][TCM]

at all temperatures.

— ; | m [C,mim |[TCM]
110k - T .
- A [C,mim"][TCM ]
ﬁiﬁgﬁi [Cymim*][TCM]
105 -
“g
2
&
2100 -
Z
A A
0.95 -
0.90

| I | I | I | I | I | I |
280 300 320 340 360 380 400
T (K)

Figure 4.3: MD predictions for the density of ,mim‘][TCM7, n= 2,4, 8 (full points). The
lines with open points are experimental data fomim*][TCM 12727238 [C,mim*][TCM~
]16,107,239and [lem+][TC|\/| —] 109.

Radial distribution functions (RDFs) between iore@nters of mass ai
between various atoms of the ions’ have been calet in order to study th
microscopic structure of the ILs. In Figi4.4the RDFs between the centers of ir
for anion-anion, aniogation and catiomation interactions are shown 1
(@) [CimIM'][TCM], (b) [C;mim*][TCM ] and (c) [Gmim*][TCM] at 298.1! K. Due
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to the strong interaction between ions carryingase charge, e highest maximur
is observed for the anioration RDF at 5 A. The anioranion RDF has two maxima:
small one at around 4 And a higher at 9 AThis is unlike the anic-anion RDF
calculated for [@mim*][TfoN] ILs (see Figure 2.2)hat exhibits only one maximu
at around R. The existence of this second, smaller maximunshatrt distance i

attributed to the smaller size of tfTCM’] that allows a more uniform distrikion of

the anionaround the cationcompared to the case of the J¥If] ILs.
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Figure 4.4: Radial distribution functioig(r) for the anioranion (black), anic-cation (red)
and cationeation (green) center of mass(a) [Cmim][TCM ], (b) [C;mim*][TCM] and (c)
[Cemim’][TCM ] at 298.15 K.

Interestingly, thébehaviou of the anion-catiomy(r) does not follow the san
behaviour as the [IIN] ILs (see Figure 2.3) where the peak of the a-cationg(r)

decreases as the alkgil becomes longer. In the [TC] ILs, the peak is less inten
in [Comim*][TCM] (red line in Figur 4.4a), increases in j@im][TCM] (red line
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in Figure4.4b) to decrease again [Csmim'][TCM] (red line in Figur 4.4c). This
behaviour is attributetb the location of the center of mass, which prdpabincides

with a more preferential position for the aniorthie case o[C,mim‘][TCM.

More information on the microscopic structure candbtained from RDF
between spedif atoms on the ions. In gure 4.5the RDFs between the termir
carbons of the cation’s alkyl tail are plotted the three ILs at 298.: K. For all the
three ILs there is one maximum at aroui A that becomes more intense as the &
tail becomes longer, thus indicating the existeof tail aggregation phenomena. T

44,46,48-49.5%¢ imidazoliun-based ILs

IS in accordance with previous simulation stu
and is attributef to the almost neutral charge of the alkyl tail thestults in stronge
shortranged van der Waals interactions which lead tofohmation of almost ne-
trally charged normpolar domains Comparison between the respectg(r) for the
cations’ terminal carbon atoms in the,N] ILs at 298.15 K (Figur@.4) reveals the
there is a stronger tail aggregation phenomenden[TCM] ILs (Figure 2.5): the
peak of g(r) for the case of [ymim'][Tf,N] is 1.75, whereas for the case
[Csmim*][TCM ] is 1.9 and, the peak q(r) for the case of [g@nim™][Tf,N] is 1.8,
whereas for the case ofgmim’][TCM 7 is 2.25.

2.5 T T T T

= [C,mim"J[TCM ]
2.0 -~ [C,mim][TCM]
\ [Cymim"][TCM ]
i

15

g

0.5+ ! |

0.0 L ‘ | I | I |

Figure 4.5: Radial distribution functioig(r) between the terminal carbon atoms in
cation’s alkyl chain of [@nim'][TCM] (black), [Gmim*][TCM] (red) and Cgmim‘][TCM]
(green) at 298.15 K.

At the same time, as the alky tail becomes lonigemnion is found to be mo

strongly correlated wittthe imidazolium rin that carries the highest positive cha
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as shown in Figure 4.@here the RDFs between tC2 cabon which is located o
the most charged part of the imidazolium and the most negatively charged a
of the anion, the nitrogen N are plotted for all three ILs at 298 K. The first,
intense maximum appears at all cases at arol A, whereas there are two sm

peaks at longer distances which correspond totther dwo, sam-type nitrogens N(
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Figure 4.6: Radial distribution functioig(r) between the C2 carbon of the catic
imidazolium ring and the NC nitrogen of the anion[C,mim*][TCM7] (black),
[Csmim][TCMT] (red) and [Gmim*][TCM] (green) at 298.1K.
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Figure 4.7: Radial distribution functioig(r) between the terminal carbon of the cation’s a
tail and the central carbon CCM of the anion[C,mim‘][TCM] (black), [Csmim‘][TCM]
(red) anc[Cgmim‘][TCM] (green) at 298.15 K.
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Similarly, the anion’s oxygen atoms in the {Nif] ILs, that are the most negatively
charged atoms, are found to be located near thea@n atom of the imidazolium
ring near which the highest positive charge is tedgsee Figure 2.5). The fact that
[TCMT] is stronger correlated with the charged parthsd tation for the cases of
longer alkyl tails is also established by the fHwt [TCM-] is found to be less

associated with the terminal part of the almostraalkyl tail (see Figure 4.7).

The relative configuration of the anion with regpcthe imidazolium ring is
investigated by calculation of radial angular dimition functionsg(r,0) with r being
the distance between the C2 carbon atom in theamoicdim ring and the NC nitrogen
of the anion, and being either the angle that is formed by the vectand the plane
of the imidazolium ring (Figure 4.8) or the anghat is formed by the plane of the
imidazolium ring and the mean plane of the anioigyfe 4.9). In both Figures, the
green areas correspond to values ahdé of higher probability.
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Figure 4.8: Radial Angular Distribution Functions (RADF) fa)([C;mim*][TCM], (b)
[Csmim"][TCM] and (c) [Gmim'][TCM] at 298.15 K withr being the distance between the
C2 carbon atom of the imidazolium ring and the Ni@gen atom of the anion ards the

angle formed by the main plain of the imidazoliungrand the vectar.
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Figure 4.8 can be directly compared to Figure 2t#ene the RADFs for the
[TfoN] ILs are shown withr being the distance between the C2 carbon atont émel
angle between the vectar, and the mean plane of the imidazolium ring. Unlike
[TfoN] ILs where the anion was clearly found above aeld\Ww the imidazolium ring,
the [TCM] anion is found to be more uniformly distributedand the imidazolium
ring: the areas with the highest probability spkrihee range of the angles, especially
for the longer alkyl tails as can be seen in FiguBe for the case of gghim'][TCM"

]. For the cases of fim‘][TCM ] and [Gmim‘][TCM], two areas below and above
the imidazolium ring are found to be more likelycopied by anions, but this is not as
clear as in the case of the §f] ILs (Figure 2.7).
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Figure 4.9: Radial Angular Distribution Functions (RADF) fax)([C;mim'][TCM], (b)
[C.mim*][TCM] and (c) [Gmim'][TCM] at 298.15 K withr being the distance between the
C2 carbon atom of the imidazolium ring and the Nitogen atom of the anion amds the

angle formed by the main plain of the imidazoliungrand the main plane of the anion.

The relative orientation of the anion with respecthe imidazolium ring is
analyzed by RADFs withi being the distance between the C2 carbon atonheof t
imidazolium ring and the NC nitrogen atom of théoanandé is the angle formed by

the main plain of the imidazolium ring and the maitane of the anion were
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calculated and are shown in Fig 4.9 for all ILs at 298.1K. It becomes clear fror
these plots that there is no preferential orieatatof the anion with respect to

cation’s imidazolium ring

4.3.2 Transport Properties
Then Einstein relationship (Eqg. 2.\was used for theatculation of the se-
diffusion coefficients of the ions’ center of maissthe Fickian regime which |

identified by a slopdeingequal to unity in the log(MSD) versus logplot.

Exp. Cation 298K
298 K - Cation
298 K - Anion
363 K - Cation
363 K - Anion
398 K - Cation
398 K - Anion

100:

HEQEOE®O
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® Eo E

Diffusivity (10" cm’/s)

| | | | \ |
1 2 3 4 5 6 7
Carbons in cation’s alkyl chain

@B O

Figure 4.10: Selfdiffusion coefficients of the anion (circles) ar tcation (squares) vers
the atom of carbon atoms in the cation’s alkyl agilcalculated at 298. K (black), 363.1 K
(red) and 398.1%blue). The open circles are the experimental nreasents (se

acknowledgments) of the cation’s diffusivity at 288 K.

In Figure 4.10the calculated ions’ diffusivities for the threesilat all
temperatures are plotted as a function of the nuw of the carbon atoms in tt
cation’s alkyl tail.ExperimentaNMR measuremerfts for the cations’ diffusivity a
298.15K for all ILs are also plotted for comparis and appear to be isatisfactory
agreementvith the simulation resul. It is also obvious from Figu# 1( that as the
alkyl tail becomes longer the ions’ diffusivity dease: For the case of smaller (a
lighter) cations e.g. [€nim’] (mass 111.1648mu) that has a mass comparabl
one of the [TCM anion (90.062 amu), the self-diusion coefficients of the tw
counterions are similar. As the cation’s alkyl talcomes longer, and thus the ca
heavier (mass of [fnim’] = 139.2175 amu, mass of §@im’] = 195.323! amu), the

anion’s selfdiffusion coefficient is systematically ther at all temperatures. H-
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ever, no experimental data on anions diffus are currently availableThe calcula-

ted ionic diffusivities are also given in Ta B10 of Appendix B.
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Shear viscosity calculations were performed ushey Green-Kubo relation-
ship (Eq. 2.11) by integrating the stress corretatiunction calculated at the last
section of each productive NVT run during which thisrmation of the pressure was
stored each 8 fs. The viscosity was estimated byirttegral plateau value after re-
assuring that the pressure autocorrelation funcivas fluctuating around zero. In
Figure 4.11 shear viscosity calculations for (ay@n'][TCM], (b) [Camim*][TCM]
and (c) [Gmim‘][TCM] are shown as a function of temperature and amgpeoed to
experimental datd’1%9?%2% The agreement between the experimental and e pr
dicted values is reasonably good with the tempesatiependence of the viscosity
being captured quite well for all ILs. There is ary small overestimation in the
predicted values in accordance with the slightiyhler values of the self-diffusivities;
nevertheless, this difference is acceptable simearsviscosity, being a collective
property, is prone to errors both in terms of semioh (sensitivity of the stress cor-
relation function the intra-molecular vibrationabdes) and experiment (sensitivity to
impurities). Shear viscosity calculations are gbsovided in Table B11 of Appen-
dix B.

4.3.3 Anisotropy in Cation’s Translational Motion

The translational motion of the cations’ centernodss was analyzed along
axes specified by their geometry as described cti@e3.4.1 for the [TEN] ILs. In
particular, the displacement of a center of massndua time intervalt —t, was
projected to the axes specified by the cation’snygtoy at timety: the vector NN that
connects the two nitrogens in the imidazolium ritigg normal vector to the imida-
zolium ring, the vector NNp that is perpendicularthe former and the end-to-end
vector N3-Ct of the alkyl tail (see Figure 4.12).

Figure 4.12:The vectors defined on the cation along which theglational motion of the

center of mass was analyzed.
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Figure 4.13:Mean square displacement (MSD) at 29 K calculated along the direction
the cations’ vectors Nifed), NNp (green), the normal to them vector (rad)l the alkyl ta
(blue) compared to the 1/3 of the total MSD of ¢tkeater of mass fi (a) [Cmim'][TCM ], (b)

[C,mim][TCM] and (c) [GmIm][TCM].

In Figure 4.13the mean square displacements (MS@&)ng these axes a
plotted against the 1/3 of the total MSD for theethlLs at 298.1 K. The movemel
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along the axes for the p@im’] cation, which has the shortest alky thias very small
deviations fromwhat is expected | the total MSD.However, there is a slight

enhanced movement along the NN vector, a factlibabmes more pronounced

the alkyl tail becomes longer. In the case ogmim’], the alkyl tail has becorn
heavier han the rest of the cati, and this results ia 50% higher MS along the N3-
Ct vector of the alkyl taithan the 1/3 of the total M<.

These findings are in accordance wthe results concerning the pN] ILs
presented in Chapterahd also with thisimilar observationsf Liu and Maginr* for
[Csmim*][TfoN]. This anisotropy in the cations’ translational matiis preserve:
over long timescales and is preserved even in itleah regime at 298.. K. As the
temperature increases thbehaviour is observed only in J@Im‘][TCM] and

[Cemim*][TCM] and is present only short times scales.

4.3.4 Cluster Formation of Dynamically Distinguishablelons

Following the analysis presented in Sec 3.4.2, he heterogeneity in tt
dynamics of [TCM ILs is quantified by the calculation of the n@aussian para-
meteray(t) (Eq. 3.2).
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Figure 4.14:Non-Gaussian parametas(t) for the anion (black) and the cation (red
[C,mim*][TCM] calculated at 298.15 K.

Figure4.14 depicts the presence of dynamic heterogeime[C,smim*][TCM ]
at 298.15 KlIn case of a Gaussian distributior |ri(t) —ri(to)|, a2(t) is zero while an
deviations from itindicate the presence of heterogeneities in theahyrs. As the

temperature increases;(t) reaches zeraster whereas its maximum is lestense
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and isobserved at shori timescaledeing in accordance with similar observatis
made for [TEN] ILs (Sectior 3.4.2).

The presence of dynamically distinguishable ionguantified by the dev-
tion of the selfpart of the van Hove functit G4(r,t) (Eq. 3.3)from the expecte
Gaussian distributiofEq. 36). The G4(r,t) is the probability that a particle is
positionr;(t) at timet given that it was located r;(0) at time 0From the deviation
of the G4(r,t) from the Gauss distribution at short aong distances one can ident
ions that have moved less or more thar expected. The same procedure as-
ented in detail in SectioB.4.z was followed heréor the identification of these io.

The percentage of the ions that cause the devgafiom the Gaussian dis-
bution is found to be around 8% for all ILs at 2% K. RDFs between ions that €
found to move faster and slower that the expectag tben calculated in order 1
stud howthese ions are correlated in spéln Figure 4.15 RDFsdiweerdynamically
distinguishable ions of [fnim*][TCM] at 298.15 Kare plotted against the toig(r)

4 T T T T T T T T T T T

— slow A - slow C| |
— fast A - fast C
fast - slow

3r -— total

Figure 4.15:Radial distribution functions between the centénpass of slow anior— slow
cations (black), fast aniol—- fast cations (red) and fasstew anions and cations (gree
plotted against the totg(r) (blue dotted line) as calculated without anycdmination on the
dynamic nature of the ions. Calculated fo,mim’][TCM] at 298.15 K foit = 500 ps.

as calculated with ndiscrimination on the dynamic behaviour of the ioAf the
RDFs have the same pattern and their maxima appdlae same distans. However,

the RDFs between fast anio— fast cations and slow anionslew cations exhibit
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much more intense maximum compared to the total RD&reas, on the other hand,
the RDF between fast and slow ions has a much loveximum. Same observations
have been made for all ILs under study and fordagon-cation and anion-anion
RDFs as well. These findings indicate the formatdrclusters in the bulk that are
compromised by dynamically distinguishable ionsngein accordance with similar
findings for the [T$N] ILs.

4.4 Conclusions

A classical atomistic force field is proposed faridazolium-based ILs that
incorporate the anion tricyanomethanide ([TQMThe optimization of the force field
was performed on the basis of only the density @atobn’s self-diffusion coefficient
of [Csmim'][TCM] at 298.15 K and 1 bar by tuning the Lennard-3qrerameters of
the anion and simultaneously testing various chaig&ibutions. The charge distri-
bution that is based on quantum mechanical calonkafperformed on isolated ions is
finally chosen as it has the asset of transfetgbilinlike the charge distributions
calculated on four minimum configurations of the ipair. Polarizability and charge
transfer effects are incorporated in a simplifidteaive way into the system by
uniformly scaling the atomic charges to yield ansaotal charge of £0.7e as dictated

by the quantum mechanical study performed on alsaratluster.

The performance of the optimized force field waste¢d at higher tempera-
tures, namely 363.15 K and 398.15 K, and for ILshwdations having shorter and
longer alkyl tails. The good agreement betweerptieelicted and the measured densi-
ties and transport properties of all ILs under gtadnfirms the good performance of
the force field for imidazolium-based [TCMLs. The proposed force field captures
well the temperature dependence of the densitytldiscosity, whereas the lack of
experimental data on self-diffusivities at highemperatures hinders the verification
of its predictive ability at higher temperature$ieTanion is found to be more mobile
than cations with long alkyl tails, whereas it lcasnparable self-diffusivities with the

smaller and equally heavy cation,f@m"].

Further analysis on the ions’ translational motiemealed anisotropy in the
cations’ translational motion with an enhanced nmoget along the vector that
connects the two nitrogen atoms in the imidazoliung and along the end-to-end
vector of the alkyl tail. The heterogeneity in ttignamics of the ILs under study is
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detected through the calculation of the non-Gaunsparameter. The non-Gaussian
character of the dynamics results in the existeriaynamically distinguishable ions

that are found to be highly correlated in spaceteisive study on the structural
properties of the ILs revealed a trend for aggregadf the cation’s alkyl tail that is

more pronounced for the longer chains. The aniofoumd to be more preferably
situated near the imidazolium ring and, more pedgjsthe anion’s nitrogen atoms,
which carry the most negative charge, are foundecldo the C2 carbon atom of the

imidazolium ring, that is, at the most positivehga of the cation.
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Chapter 5

Permeability Properties of [TF,N] and [TCM ] Imidazolium-Based
lonic Liquids to Gases

ILs are classified among the most attractive caatdidsorbents for CO
capture and separation from post-combustion flusegiafulfilling at the same time
many of the environmental aspects of the post-catitru CQ capture (PCCP>*4
The ultimate goal of the present thesis is the @mantation of a molecular
simulation methodology for the understanding of tieéation between the ionic
chemical structure and the material’'s macroscopicpgrties, as well as, the
prediction of permeability and selectivity propestiof technologically relevant ILs

based on the accurate molecular modeling of sodmatgent interactions. In the
present chapter, the diffusivity and solubility 6O, CHs Ar, O, and N in
[Comim™][TF2NT, n =4, 8, 12 and [@nim'][TCM], n = 2, 4, 8 are studied in a wide

temperature range and at atmospheric pressure.

5.1 Force Fields
The formula of the all-atom force field used isen in Eq. (2.1). The bonded
and the LJ parameters for the pNH ILs were obtained directly from the litera-

g0712052% ang the charges calculated quantum-mechanicalljoorpairs® were

tur
uniformly scaled to give a total ion charge of &7 as described in Section 3.2. All
bonded and the cations’ Lennard-Jones parametethdd TCM] ILs were obtained
directly from the literatur@”*°>#%#%nd the anion’s Lennard-Jones parameters were
optimized as shown in Section 4.2. The EPM2 atdmisirce field*! was used for
CO, and the TraPPE-UA? for CH,. Atomistic force field parameters were obtained
from Stanet al?*® for Ar, Riveraet al*** for N, and Miyané* for O,. All force field

parameters are given in Appendix C.

5.2 Simulation Details

Initial configurations were generated by adding tfes molecules in well
equilibrated structures of the pure ILs. A°KPeps conjugate gradient energy
minimization procedure was applied to eliminate #@wemic overlaps and MD
simulations of the order of 15 - 30 ns dependingtio@ system, in the isobaric-
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isothermal ensemble (NPT) were performed in orddutther equilibrate the energy
and calculate the density. Subsequently, simulatmithe order of 40 — 60 ns were
performed in order to calculate the diffusivitidstioe gas molecules and of the ions’

center of mass.

The Lorentz-Berthelot mixing rules were used técaate the force field
parameters between unlike atoms while snapshots stered every 1 ps during each
simulation. A Langevin piston method was used fog temperature control with a
5 ps' damping factor, while the Nosé-Hoover barostat waed for the pressure
control with oscillation period equal to 200 fs addmping factor 100 fs. Electro-
statics were handled by means of particle-mesh d&Ewadthod while the reversible
reference system propagator algorithm (rRESPR}was used as a multiple time
step algorithm with a 1 fs reference time step lideo to speed up the MD simula-
tions. Short-range non-bonded van der Waals intierescwere calculated every 2 fs,
while full electrostatic interactions were computexery 4 fs. A cutoff distance of
12 A was used to truncate the van der Waals iniers A long-range correction was
applied to the system’s energy and virial to actdanthe neglected van der Waals
forces due to switching and cutoff of the LJ poiant

5.3 Results and Discussion
In this Section results on gas diffusivities andubdities to the ILs under
study, are presented. Additionally, selectivity pedies of the ILs to the gases of

interest are shown.

5.3.1 Gas Diffusivities

At first, long MD simulations were performed atmatspheric pressure in
systems of 5 gas molecules in 100 ionic pairs i@ ][TF.NT, n = 4, 8, 12 at
temperatures 298.15, 348.15 and 398.15 K. Longlations of 10 gas molecules in
100 ion pairs of [MIm'][TCM T, n= 2, 4, 8 were performed at temperatures 298.15,
363.15 and 398.15 K. All the details about the laraand simulation parameters are
presented in Section 5.2.

The gas diffusivities in the Fickian regime weréca&ated using the Einstein
relation (see Eq. 2.9). In Tables 5.1 and 5.2 tFegivities of CO, CHy, N and Ar
are shown as calculated for the pINq and [TCM] ILs respectively. The calculated

values are of the order of #6m?/s, that is, one order of magnitude higher tharighe
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self-diffusivities, in agreement with experimentaéasurements in 1E¥%>! Densi-
ties and self-diffusivities of the ions’ centerrafiss were not affected by addition of
the gas molecules in the bulk. The gas moleculesfand to have slightly higher
diffusivity when diluted in the [TCM ILs rather than in the [T/N] ILs. However, in
each IL all gases have comparable diffusivities famdhat, the solubility is expected
to control the selectivity properties of the ILsfaat that is also supported by experi-

mentalist&®>

Table 5.1Gas diffusivities in the [@nim*][TF,N], n=4, 8, 12 at various temperatures.

D (10° cnf/s)

Temperature
(K) CO; CHa Ar N2

[Camim [T 2N

298.15 1.3 15 2.6 2.0

348.15 5.5 6.7 6.7 5.0

398.15 11.2 11.9 15.4 13.5
[Cemim™|[Tf2NT

298.15 1.1 1.2 1.7 1.7

348.15 4.4 3.8 5.2 4.8

398.15 10.2 10.5 10.1 13.9
[C1omim™][Tf2N]

298.15 1.4 1.0 1.7 1.2

348.15 3.6 4.0 5.9 6.8

398.15 12.3 9.6 11.2 11.9

In Figure 5.1 the C@diffusivities as calculated in the [N'] ILs are plotted
against experimental daf&%*°found in the literature. Additionally, in FigureZSthe
CO, diffusivities calculated in the [TCWILs are plotted against recent experimental
measurements provided by collaborating experimegraip$>32°*in the framework
of IOLICAP project® (no experimental data on diffusivity or solubiligould be
found in the literature for [TCNIILs). The temperature dependence of the gas-diffu
sivity is captured relatively well; however, thesea deviation between the calculated
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and the experimental values. Nevertheless, botlererpntal and predicted gas
diffusivities are on the same order of magnitudechs considered satisfactory with
MD results underestimating the experimental gagusivities, especially at low
pressures. Experimental measurement of low pregmasdiffusivity is itself a very
challenging task due to the sensitivity of the hssto the sample’s impurities and the
method used. This is reflected to the scatterinthénCQ experimental diffusivities
plotted in Figures 5.1 and 5.2. Estimation of ttatistical error in the predicted values
requires additional extremely long independent Mbst.

Table 5.2Gas diffusivities in the [@nim][TCM], n= 2, 4, 8 at various temperatures.

D (10°cml/s)

Temperature
(K) CO, CH Ar N2

[Comim™][TCM]

298.15 2.3 3.0 3.4 2.8

363.15 7.9 9.9 11.4 11.2

398.15 14.4 13.7 16.9 21.6
[Csmim][TCM]

298.15 2.0 2.3 3.0 3.1

363.15 7.4 9.0 10.7 9.7

398.15 11.0 18.0 16.1 15.9
[Cemim™][TCM]

298.15 1.6 15 2.0 1.8

363.15 8.5 9.1 9.6 9.6

398.15 15.7 14.6 16.8 16.7
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Figure 5.1: MD diffusivity of CC, as calculated for the [INI'] ILs plotted agains

experimental dat4®2>°
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Figure 5.2: MD diffusivity of CC, as calculated for the [TCMILs plotted agains

experimental data provided in the framework of IOAP projec’®,

5.3.2 Gas Solubility Henry’s Law Constant
The solubility ofCG,, N2, CHs Ar and Q in both IL familieshas been calcu-
lated using the Widom te-particle insertion methodolo§¥. In the infinite dilution

limit, the solubility is thenverse ¢ the Henry’s law constani, whichis defined as:

H, E"»m_. (5.1)
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wheref; is the fugacity of componentandyx; is the mole fraction ofi in the solvent.
The Henry’s law constant is related to the excéssnical potentialy®™, through the

following expressioft®

H; = pRTexp(Bu™) (5.2)

wherep is the density of the liquid anfl= /KT the inverse temperature. The excess
chemical potential can be computed using Widomss particle insertion meth6d,

in which a test gas molecule is randomly insertedhie fluid and the interaction
energy between the test molecule and the materialeiasured. The excess chemical

potential is calculated in the NVT ensemble viadRpression:
7 :—kBTlnj dsN+l<eX|:(—ﬁA U)>N (5.3)

whereAU is the difference in the potential energy after thsertion of the test gas
molecule minus the internal energy of the gas mudecFor each system 200
5x10 total insertions of one gas molecule in randomitimws and orientation, if
necessary, were performed. The last part of thecti@ies from the production NVT
run of the pure IL was used and*16tal insertions were performed at each configu-
ration. For CH and Ar, which are modeled as spheres, only rangositions were
generated and 2xiOtotal insertions were performed in a number of Fx1
configurations. For the remaining gases, & and CQ, both random positions and
orientations were generated and 3xtfal insertions in 3x1Dtotal configurations
were performed for @and N. In case of CQ 5x10 total insertions in a total number
of 5x10° configurations, were needed for the convergencth@fmean value of the
excess chemical potentiaf* and the calculation of the Henry’s law constanh A
example of such a running average is given in Edu8 where the mean value st

is plotted against the number of total inserticmstfie case of COn [Cgmim'][TCM"

] at 298.15 K.
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Figure 5.3: The mean value @f°/KT as a function of the number of total insertionsthe
case of CQin [Csmim‘][TCM] at 298.15 K.

In Figure 5.4, the Henry’s law constant of the gas gases is plotted against
temperature for (a) [@nim*][Tf2NT, (b) [Cemim™][Tf2NT] and (c) [Gamim™][Tf2NT].
Experimental measurements for £&nd CH in [C;mim*][Tf,N] obtained from the

literature 2>’

are also plotted. Results from molecular simufataze in excellent
agreement with the experimental data. In Figuretthebcalculated values of Henry's
law constant is plotted against temperature for [Ganim][TCMT],
(b) [Csmim*][TCM] and (c) [Gmim'][TCM]. Experimental measurements for £0
and N provided by MESE® are in excellent agreement with the predicted eslu
Calculated gas Henry’'s law constant for theJNTFand [TCM] ILs are also given in
Tables 5.3 and 5.4 respectively together with therdars calculated using the block

averaging method.

The gases CHand Ar are found to be similarly soluble and treslubility is
found to increase at higher temperatures in allNITIGLs, whereas in the [EN] ILs
their solubility remains almost unchangeable wimperature, apart from the case of
[C1omim][Tf,NT] where is found to decrease as the temperaturedses. Similarly,
the temperature dependence of the solubility pirndreases with temperature in the

[TCMT] ILs and remains almost unchangeable in theNTfILs.
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2N-] 249,257

Experimental measureme for CO, and CH in [Cymim’][Tf and for CG in

[Cemim'][Tf,N]%*" are also shown (open points).
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Experimental dafa®for CC, and N are also plotted for comparison (open poi
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Molecular simulation results are in excellent agreat with experimental measure-
ments of the Msolubility in the [TCM-] ILs provided by MEST® Additionally, CQ

is found to be the most soluble of the gases ih PBEM] and [TEN] ILs with the
calculated values being in agreement with all thailable experimental measure-
ment$*92°32%7 |t can be concluded from data in Figures 5.4 Bridthat at ambient
conditions the solubilities of CCGand N differ by one and a half orders of magnitude
in the [TEN'] ILs and by more than two orders of magnitudehia fTCM] ILs.

Solubility calculations for oxygen have been parfed at 298.15 K for all ILs
in order to get an indication of its solubility ambient conditions. Two solubility
values of Q at 398.15 K are shown for §@im‘][Tf,N7] and [Gmim‘][TCMT. It is
very interesting to notice that in both ILs theuwlity of oxygen increases as the
temperature rises unlike the solubility of £€@hat is found to decrease with the
increase of temperature, being in agreement wiffeemental measurements o O
and CQ solubility in [Csmim*][BF 41%%2.

Table 5.3Gas Henry’s law constant for [@im"][TF.N], n= 4, 8, 12 at various

temperatures. Error bars have been calculatedtigtblock averaging method.

Temperature H (MPa)
(K) CO, CHa Ar N2

[Camim™][Tf,NT]

298.15 2.7+0.6 17.3+0.8 36.9+0.4 114+14

348.15 6.3+0.4 32+3 52.4+0.9 13743

398.15 11.1+0.3 36.7+0.2 51.7+0.9 122+1
[Cemim™][Tf,NT]

298.15 2.0+0.3 2616 3615 106+12

348.15 6+1 27+1 42+1 109+2

398.15 9.0+0.6 30+2 43+1 97+2
[C1omim™][Tf2N]

298.15 4+2 1443 2714 734

348.15 5.1+0.6 20.2+0.8 31.5+0.8 7812

398.15 7.4+0.1 22.3+0.2 33.0+0.5 71+1
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Table 5.4Gas Henry’s law constant for [@im'][TCM], n= 2, 4, 8 at various temperatures.

Error bars have been calculated with the blockagieg method.

Temperature H (MPa)
(K) CO, CHa Ar N2

[Comim'][TCM]

298.15 13+4 151+1 184124 690142

363.15 13+£3 98+3 143+2 53916

398.15 17.6x0.3 108+4 14143 373+25
[Csmim'][TCM]

298.15 5.6£0.9 47+£12 8216 582146

363.15 8.7£0.2 7618 104.6+0.2 291+10

398.15 12+2 77+3 103.5+0.2 25516
[Cemim'][TCM]

298.15 53 70£19 68+11 192435

363.15 813 49+1 67.420.4 16518

398.15 102 46.0+£0.1 6612 15817

5.3.3 Permeability and Selectivity Properties of Ioic Liquids
The permeabilityP;, of a material (membrane, zeolite, etc.) to a conenti
(wherei can be either a liquid or a gas) is calculatedhgyproduct of the diffusion

coefficient ofi through the materiaD;, and the solubility of, S:
R=Dx$ (5.4)
Then, for a pair of gasesindj, the selectivityg;, is calculated by the expression:

_B_Dx3
g = P = D, xS (5.5)

and since solubilitys, and the Henry’s law constad, are inversely proportional in
the infinite dilution limit, the selectivityg;, of a material to the componemtandj is

also given by:
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DJ. X HJ.’1
Equation5.6 was used for the estimation of the selectipiyperties of the ILs to tF
gases. In Figure 5.8he selectivities of C, over Ar, CH, and N at 298.1!K are
shown for (a) the [EN'] ILs and (b) the [TCM-] ILs and are plotted a function o

thenumber of carbon numbers in the cationic alkyl oh

As shown in Sectic5.3.2, there is a great difference in the Henrgw
constant of C@and N in both IL families. However, this difference isufad to be
larger in the [TCM ILs. Given that the gas diffusivitieare simila, as shown in
Section 5.3.1the selectivity of Ct, over N is expected to be higher in the [T(]
ILs than in the [T4N] ILs. Indeed, as shown in Figt 5.6 the highest selectivity ¢
CO,/N, in the [TENT] ILs is observed fo[Cegmim™][TfoN] and is equal to 31.:
whereas the highest selectivity in the [T-] ILs is observed for ¢smim*][TCM]
and is equal to 67. Experimental selectiv®>® of CO,/N, for [Csmim*][TfoN7] are in
excellentagreement with oucalculationswhereas no experimental measurement
selectivity were foundh the literatur for the [TCM] ILs. The calculated selectivitie
of Figure5.6 are also given in Tal 5.5 for the [TEN] ILs and in Tabl 5.6 for the
[TCMT ILs.
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Figure 5.6: Selectivityfor the gas pairs C,/N,, CO,/Ar, CO,/CH, at room temperature ai
at atmospheric pressure of [C,mim‘][Tf,N], n=4, 8, 12, and (b) [@im'][TCM],
n = 2,4, 8. Experimental selectiviti’®® of CO/N, and CQ/CH, in [C;mim'][Tf,N] are also
plotted.
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Table 5.5: Selectivities for [@mim*][Tf,N7], n=4, 8, 12 at 298.15 K and atmospheric

pressure.

IL CO2/N; CO,)/CH, COJAr
[Camim][Tf,N] 26 5 7
[Cemim™][TfNT 35 12 10
[C1omi m+] [TfoNT] 22 5 6

Table 5.6: Selectivities for [mim’][TCM], n=2, 4, 8 at 298.15 K and atmospheric

pressure.

IL CO/N; CO,/CH, COJAT
[Comim][TCM ] 44 9 10
[Csmim][TCM ] 67 7 10
[Csmim][TCM ] 34 15 11

5.4 Conclusions

The permeability properties of two imidazolium-bdgamilies of ILs, namely
[Comim*][TfoNT, n=4, 8, 12, and [@nim‘][TCM], n= 2, 4, 8, to the gases G\,
O,, Ar and CH have been studied though the calculation of tleedyffusivities and
solubilities at the infinite dilution limit, sincpermeability is the product of these two
properties. For the calculation of the gas diffitg#é¢ extremely long MD simulations
were performed at various temperatures and at gineos pressure. The solubility
was calculated in the Henry’s regime using the Witotest particle insertion method

in the well equilibrated trajectories of the puks.|

Gas diffusivities were found to be of the order1@°cn’/s, one order of
magnitude higher than the ions’ self-diffusivitié®ing in reasonable agreement with
the experimental data. The gas diffusivities in {i€M7] ILs were found to be
slightly higher than the ones in the §f] ILs. The calculated solubilities were at all
cases in excellent agreement with the availableexntal data. The solubility of,O

is extremely low and is found to increase with tenapure, whereas GQolubility is
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found to decrease with temperature, being in agesé¢nwith the experimental
observations on [@nim‘][BF4]*® The solubility of CQ was found to be one and a
half orders of magnitude higher than the one girNthe [TEN] ILs, and more than
two orders of magnitude higher in the [TgNLs. As a result, both IL families have
high CQJ/N, selectivities. The C&@N, selectivity at ambient conditions was in
between 21.9 — 31.3 for the pN] ILs, with the highest value observed for
[Csmim™][Tf,N]. The [TCM] ILs have higher C&N, selectivities and are calculated
in the range 45.2 — 67, with jJ@im"][TCM7] being the most selective for G
separation. The extracted selectivities for the twadazolium-based [BN7] and
[TCM] IL families render the [TCM ILs very promising candidates for use in £0
capture and gas separation technologies.
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Chapter 6

Conclusions and Proposed Future Work

The interest for ILs has increased dramaticallyrdte last years, a fact that is
reflected to a plethora of computational and expental studies aiming at the
determination of their properties. The present ithdecused on the systematic
computational study of imidazolium-based ILs thatarporated two different anions,
namely bis-trifluoromethylosulfonyl ([EN]) and tricyanomethanide ([TCHJ. The
goal was to study the molecular mechanisms of thetems and to predict
macroscopic properties that are relevant to carmture technologies and, more
precisely, for the capture of G&om a flue gas stream of a coal-fired power plént
wealth of information has been extracted relatethéomicroscopic behaviour of the
materials and on the effect of temperature, therastructure and the cationic alkyl

chain length to the systems’ properties.

6.1 Concluding Remarks

Very long MD simulations of the order of severahdeof nanoseconds of
[Comim™][TF2NT, n=4, 8, 12, and [@nim‘][TCM7], n= 2, 4, 8, were performed in a
wide temperature range and at atmospheric pressuceder to evaluate thermo-
dynamic, structural, dynamic, permeability and sy properties of interest. The
complex dynamics of ILs required extremely long Mithulations in order to obtain

reliable results of transport properties, especiallroom temperature.

Incorporation of polarizability and charge tramstffects is crucial for the
accurate prediction of the transport properties.cbnjunction to these effects,
guantum mechanical calculations performed on iomnspand on a small cluster of
ions indicated a reduced total ionic charge. Sgdtfire total ionic charge to lower than
unity values is an effective alternative to usir@apizable force fields that involve
complex functional forms and are more computatigndemanding. Imidazolium-
based tricyanomethanide ([TCM ILs were studied for the first time using an
optimized classical force field. The optimized ferdield incorporates charges
calculated quantum mechanically on isolated ionsattain a transferable set of

parameters, with effective incorporation of polakiity and charge transfer effects
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by uniformly scaling the atomic charges to loweiatowvalues. The validation of the
new force field revealed its accuracy towards th&wation of both density and

transport properties.

The density of the [TAN] ILs was found to be higher than of the one of the
[TCMT] ILs. The spatial organization of ILs was analyzbdbugh radial and radial-
angular correlation functions. At all cases, thensscopic structure of these systems
was retained at much longer distances compareddioavy molecular liquids. Non-
polar cationic alkyl tails exhibited a tendency &ggregation, a phenomenon which
becomes more pronounced for the longer alkyl chengths. At the same time, the
anions were found to be highly spatially correlateth the cation’s imidazolium ring
where the positive charge is located. The [T{Mas found to be more uniformly
distributed around the imidazolium ring whereas [f(hie;:N'] was preferably located
above and below the mean plane of the imidazoliag r

The complex dynamic behaviour of ILs has been stidihrough the prediction
of transport properties, such as ionic self-diffite@s, the calculation of relaxation
times of different parts of the ions and the analgé$ the ionic translational motion at
different time scales and along various directioffse extremely sluggish dynamics
of these materials resembles the ones of polymath, a wide range of relaxation
times characterizing their segmental dynamics, @afpg at ambient temperature
where very long simulations were necessary in otal@btain reliable calculations of
the transport properties. The §Nf] ILs were found to have a higher viscosity than
the [TCM] ILs with the ions’ diffusivity been lower in thH@f,N7] ILs than the one in
the [TCM] ILs. The ionic translation motion was found tohighly anisotropic: there
was a preferential movement along the directionthef alkyl tail for the cation and
along the direction of the vector that connectstthhe sulfurs for the [TANT] anion.
The strong heterogeneous dynamics of ILs was cteiaed by deviations from a
Gaussian behaviour of the distribution probabibfythe mean square displacement.
These dynamic heterogeneity phenomena were momeopnced in the case of
cations with longer alkyl chains and are preserfggdseveral nanoseconds at room
temperatures. Dynamically distinguishable ions wetend to be strongly correlated
in space forming clusters of ions of the same nitgbil
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The permeability properties of the ILs to &®,, Ar, CH; and Q were studied
through the calculation of the gas diffusivitiesdasolubilities in order to identify
which of the two IL families is most suitable fonet capture of C® The gas
diffusivities were found to be of the order of®bbn/s, one order of magnitude higher
than the ionic ones, being in good agreement wifleemental measurements. All
gases had comparable diffusivities, with the orasutated in the [TCM ILs being
slightly higher than in the [EN] ILs. This fact indicates that solubility is thek
factor that determines the gas selectivity in IB®lubility calculations were per-
formed in the Henry regime using the Widom partiokertion method. The solubility
of O, is extremely low and was found to increase withgerature, while the inverse
was observed for Colubility. The solubility of C@was found to be one and a half
orders of magnitude higher than the one efilNthe [TEN] ILs and two orders of
magnitude higher in the [TCMILs. In imidazolium-based [EN] ILs the selectivity
of CO,/N; ranges from 21.9 — 31.3 while the [TQNLs exhibit much higher C&N,
selectivity with [Gmim*][TCM] performing best (C&N, selectivity = 67). Conse-
guently, imidazolium-based [TCMILs are recognized as very promising candidates

for use in CQ separation technologies.

6.2 Proposed Future Work

The diversity of ILs necessitates the unfoldingtioé link between chemical
structure and macroscopic behaviour, as well as, dbvelopment of screening
strategies for the choice of an appropriate IL dogiven application. Within this

scope, the present thesis may be the basis farefutark in various directions.

The anion [TCM has been rarely used in computational studideofHowever,
it seems to be a very good candidate for use irfdt$ower densities, viscosities and
good permeability properties. The [TCMorce field proposed in the present thesis
could definitely be used for the study of [TQMbased ILs incorporating different

families of cations.

Further investigation of the permeability propestad the [TEN] and [TCM] ILs
to different gases of various-sized molecules wadokd of great interest for their
potential use in other separation processes. Auuilly, study of the permeability

properties of ILs confined in zeolite frameworks @arbon nanotubes would give
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insight into the performance of supported ionicuidy membranes (SILM) for

separation processes.

Another promising field of research is the studytled properties of mixtures of
two or more ILs or ILs with water or other solveirisorder to examine the effect of
the composition on the various properties of irderddditionally, the present work
could also be extended to the calculation of sévatfger properties, such as ionic
conductivity. This would be of a high technologicalerest for the potential use of
these ILs to dye-sensitized solar cells. Moreoggferent methods could also be used
for the simulation of these ILs. For example, thg&e wf non-equilibrium MD
simulations for the calculation of viscosity woule very valuable towards the
estimation of the most appropriate method to safalgulate viscosity for systems

with so complex dynamics.

As far as CQ capture technologies are concerned, it is of gmaabrtance to
study more IL families, either incorporating a diént cation, an anion that can react
with CO, or even poly-ILs. For that, it would be necesstrydevelop multi-scale
modelling methods, such as, the use of hybrid gquantechanical and classical
simulations or the implementation of coarse graimedlels that would accelerate the
simulations enabling the computational study of i#h more complex chemical

structure.
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Appendix A: Force Field Parameters for the [TEN'] lonic Liquids
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Figure Al: Atomic labeling for (aJC,mim‘], n> 2 and (b) [TIN].
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Table Al: Bond force constants fkand equilibrium bond distances)b

[C4mim], [Cgmim®], [C1omim’] [All parameters from Ref. 167]

Atom 1 Atom 2 Ky, (kcal mol™ A b, (A)

CN7B NR1 220.00 1.4762
CN7B NR2 220.00 1.4762
CPH1 NR1 400.00 1.3819
CPH1 NR2 400.00 1.3819
CPH2 NR1 400.00 1.3366
CPH2 NR2 400.00 1.3366
CPH1 CPH1 410.00 1.3610
CPH2 HR1 340.00 1.0779
CPH1 HR3 365.00 1.0775
CN7B HA 309.00 1.0889
CT2 HA 309.00 1.0954
CT3 HA 322.00 1.0935
CN7B CT2 200.00 1.5308
CT2 CT2 222.50 1.5373
CT2 CT3 222.50 1.5314

[Tf,NT [All parameters from Ref. 206]

Atom 1 Atom 2 Ky (kcal mol™ A®) bo (A)

CTF2 FTF2 441.80 1.3230
CTF2 STF2 235.42 1.8180
STF2 OTF2 637.07 1.4420
NTF2 STF2 372.01 1.5700

116




Table A2: Bond angle bending parameterg) @nd equilibrium angle9).

[C4mim], [Cgmim®], [C1omim’] [All parameters from Ref. 167]

Atom 1 Atom 2 Atom 3 Ko (kcal mol™ rad™) 0, (deg)
CT2 CN7B NR1 140.00 112.34
CPH1 NR1 CPH2 130.00 108.25
CPH1 NR2 CPH2 130.00 108.25
HA CN7B NR1 30.00 109.41
HA CN7B NR2 30.00 109.41
HR1 CPH2 NR1 25.00 125.44
HR1 CPH2 NR2 25.00 125.44
NR1 CPH1 CPH1 130.00 107.28
NR2 CPH1 CPH1 130.00 107.28
NR1 CPH2 NR2 130.00 109.11
HR3 CPH1 CPH1 25.00 130.74
NR2 CPH1 HR3 25.00 122.04
NR1 CPH1 HR3 25.00 122.04
HA CN7B HA 35.50 108.44
HA CN7B CT2 33.40 111.68
HA CT2 CN7B 33.40 109.13
CN7B CT2 CT2 58.35 111.50
CT2 CT2 CT3 58.00 112.34
CT2 CT2 CT2 58.00 112.34
HA CT2 HA 35.50 106.13
HA CT3 HA 35.50 107.24
CT2 CT2 HA 26.50 108.43
CT2 CT3 HA 34.60 111.62
CT3 CT2 HA 34.60 109.47
CN7B NR2 CPH2 130.00 125.75
CN7B NR1 CPH2 130.00 125.75
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CN7B NR2 CPH1 130.00 125.67
CN7B NR1 CPH1 130.00 125.67
[Tf,NT [All parameters from Ref. 206]
Atom 1 Atom 2 Atom 3 Ko (kcal mol™ rad?) 0, (deg)
FTF2 CTF2 FTF2 93.33 107.10
STF2 CTF2 FTF2 82.93 111.80
CTF2 STF2 OTF2 103.97 102.60
OTF2 STF2 OTF2 115.80 118.50
OTF2 STF2 NTF2 94.51 113.60
CTF2 STF2 NTF2 97.51 100.20
STF2 NTF2 STF2 80.19 125.60
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[C4mim], [Cgmim®], [C1omim’] [All parameters from Refs. 167,205]

Table A3: Dihedral angle parameters.

Atom 1 Atom 2 Atom 3 Atom 4 K, (kcal mol™?) n 6 (deg)
CPH2 NR1 CPH1 CPH1 14 2 180
CPH2 NR2 CPH1 CPH1 14 2 180
NR1 CPH1 CPH1 NR2 14 2 180
NR1 CPH2 NR2 CPH1 14 2 180
NR2 CPH2 NR1 CPH1 14 2 180
HR1 CPH2 NR1 CPH1 3 2 180
HR1 CPH2 NR2 CPH1 3 2 180
HR3 CPH1 CPH1 HR3 2 2 180
CPH1 CPH1 NR1 CN7B 0 1 0
CPH1 CPH1 NR2 CN7B 0 1 0
HR3 CPH1 NR2 CPH2 3 2 180
HR3 CPH1 NR1 CPH2 3 2 180
NR1 CPH1 CPH1 HR3 3 2 180
NR2 CPH1 CPH1 HR3 3 2 180
NR1 CPH2 NR2 CN7B 0 2 180
NR2 CPH2 NR1 CN7B 0 2 180
HR1 CPH2 NR1 CN7B 0 2 180
HR1 CPH2 NR2 CN7B 0 2 180
HR3 CPH1 NR1 CN7B 0 2 180
HR3 CPH1 NR2 CN7B 0 2 180
CPH2 NR1 CN7B HA 0.195 2 180
CPH2 NR2 CN7B HA 0.195 2 180
CPH1 NR2 CN7B HA 0 3 0
CPH1 NR1 CN7B HA 0 3 0
CPH2 NR1 CN7B CT2 0.1 3 180
CPH1 NR1 CN7B CT2 0.2 4 0
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NR1 CN7B CT2 CT2 0 3 0
HA CT2 CT3 HA 0.16 3 0
CT2 CT2 CT3 HA 0.16 3 0
NR1 CN7B CT2 HA 0 3 0
CN7B CT2 CT2 CT3 0.15 1 0
HA CN7B CT2 HA 0.195 3 0
CT2 CT2 CN7B HA 0.195 3 0
HA CT2 CT2 CN7B 0.195 3 0
HA CT2 CT2 HA 0.195 3 0
HA CT2 CT2 CT3 0.195 3 0
CN7B CT2 CT2 CT2 0.15 1 0
HA CT2 CT2 CT2 0.19 3 0
CT2 CT2 CT2 CT2 0.15 1 0
CT2 CT2 CT2 CT3 0.15 1 0
[TfoN7] [All parameters from Ref. 206]
Atom 1 Atom 2 Atom 3 Atom 4 k, (kcal mol™?) n é (deg)
FTF2 CTF2 STF2 OTF2 0.1734 3 0
STF2 NTF2 STF2 OTF2 -0.0018 3 0
FTF2 CTF2 STF2 NTF2 0.1580 3 0
STF2 NTF2 STF2 CTF2 7.8329 1 |0
-2.4904 2 180
-0.7636 3 |0

120




Table A4: Improper dihedral angle parameters.

[C4mim], [Cgmim®], [C1omim’] [All parameters from Ref. 167]

Atom 1 Atom 2 Atom 3 Atom 4 k, (kcal mol* rad®) | v (deg)
CPH2 NR1 NR2 HR1 0.5 0
NR1 CPH1 CPH2 CN7B 0.6 0
NR2 CPH1 CPH2 CN7B 0.6 0
CPH1 CPH1 NR2 HR3 0.5 0
CPH1 CPH1 NR1 HR3 0.5 0
Table A5: Lennard-Jones parametelote thato = Rain 9/5
[All parameters from Refs. 167,205]
Atom ¢ (kcal mol™) Rmim/2(A)
CPH1 0.050 1.800
NR1 0.200 1.850
CPH2 0.050 1.800
NR2 0.200 1.850
HR3 0.0078 1.468
HR1 0.046 0.900
CN7B 0.020 2.275
HA 0.022 1.320
CT3 0.080 2.060
CT2 0.055 2.175
NTF2 0.170 1.824
STF2 0.250 1.992
OTF2 0.210 1.661
FTF2 0.053 1.656
CTF2 0.066 1.964
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Table A6: Partial Atomic Charges) from six minimum energy conformations of the oni

pairs.
Atomtype  [Gmim’] | Atomtype  [Gmim’] | Atomtype  [C.mim’] Numb
ering
NR1 0.146046 NR1 0.155009 NR1 0.149592 1
CPH1 -0.006432 CPH1 0.011546 CPH1 0.00518p 2
NR2 0.092254| NR2 0.027923 NR2 0.050562 3
CPH2 -0.193107 CPH2 -0.169840 CPH2 -0.175726 4
CPH2 -0.152475 CPH2 -0.160453 CPH2 -0.158008 5
HR1 0.208287| HR1 0.197022 HR1 0.207767 6
HR2 0.205544| HR2 0.198474 HR2 0.199575 7
HR2 0.184183| HR2 0.184331 HR2 0.182227 8
CN7B -0.171877| CN7B -0.186531] CN7B -0.182722 9
HA 0.119267| HA 0.123623 HA 0.121004 10
HA 0.148216 | HA 0.152725 HA 0.153862 11
HA 0.087322 | HA 0.089925 HA 0.089753 12
CN7B 0.005903| CN7B 0.155001| CN7B 0.095302 13
HA 0.054165 | HA 0.022300 | HA 0.034711 14
HA 0.045561 | HA 0.003636 | HA 0.020004 15
CT2 0.076942| CT2 0.060322| CT2 0.098184 16
HA -0.029155| HA -0.032668| HA -0.043171 17
HA 0.000652 | HA -0.003523| HA -0.007750 18
CT2 0.227458| CT2 0.062203| CT2 0.075731 19
HA -0.024423 | HA -0.000414 | HA -0.007678 20
HA -0.051806 | HA -0.027449 | HA -0.031506 21
CT3 -0.261600| CT2 0.060301 | CT2 0.002472 22
HA 0.061505 | HA -0.014134 | HA -0.004679 23
HA 0.051733 | HA -0.022204 | HA -0.013228 24
HA 0.136136 | CT2 -0.012540| CT2 0.076959 25
HA -0.012890 | HA -0.028846 26
HA -0.007224 | HA -0.023038 27
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CT2 0.031916| CT2 0.037414 28
HA -0.020670| HA -0.02637q 29
HA -0.012408| HA -0.017055 30
CT2 0.263208| CT2 0.119874 31
HA -0.068022| HA -0.04610 32
HA -0.073391| HA -0.049613 33
CT3 -0.203852 CT2 0.105810 34
HA 0.228740| HA 0.141455 35
HA -0.057544| HA -0.137253 36
HA -0.072053| CT2 -0.016077 37
HA -0.014312 38
HA -0.016138 39
CT2 0.029556 40
HA -0.019406 41
HA -0.018442 42
CT2 0.231526 43
HA -0.053892 44
HA -0.053922 45
CT3 -0.219089 46
HA 0.039365 47
HA 0.044249 48
HA 0.038943 49
Partial charges for [TfoN7 (€)
[Camim™][Tf ;N7 [Cemim™|[Tf ;N [C1omim™][Tf N
CTF2 0.348789 CTF2 0.286260 CTF2 0.286641
FTF2 -0.131010 FTF2 -0.140461 FTF2 0.139892
STF2 0.858581 STF2 1.005400 STF2 0.891159
OTF2 -0.534882 OTF2 -0.484953 OTF2 0.457205
NTF2 -0.449452 NTF2 -0.671137 NTF2 -0.674497
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Table A7: Partial Atomic Charges jerom six minimum energy conformations of the oni

pair uniformly scaled to £0.75#otal ionic charge.

Atom type Atom type Atom type numbering
[C,mim™] [Csmim™] [C1omim™]

NR2 0.114066 NR2 0.133613 NR2 0.113661 1
CPH2 -0.005023 CPH2 0.009953 CPH2 0.003943 2
NR1 0.072051 NR1 0.024070 NR1 0.038418 3
CPH1 -0.150818 CPH1 -0.146402 CPH1 -0.133520 4
CPH1 -0.119084 CPH1 -0.138310 CPH1 -0.120058 5
HR1 0.162674 HR1 0.169833 HR1 0.157867 6
HR3 0.160531 HR3 0.171085 HR3 0.151642 7
HR3 0.143848 HR3 0.158893 HR3 0.138461 8
CN7B -0.134237 CN7B -0.160790 CN7B -0.138837 9
HA 0.093148 HA 0.106563 HA 0.091942 10
HA 0.115758 HA 0.131649 HA 0.116908 11
HA 0.068199 HA 0.077515 HA 0.068197 12
CN7B 0.004610 CN7B 0.133611 CN7B 0.072413 13
HA 0.042303 HA 0.019223 HA 0.026374 14
HA 0.035583 HA 0.003134 HA 0.015200 15
CT2 0.060092 CT2 0.051998 CT2 0.074603 16
HA -0.022770 HA -0.028160 HA -0.032802 17
HA 0.000509 HA -0.003037 HA -0.005889 18
CT2 0.177646 CT2 0.053619 CT2 0.057542 19
HA -0.019075 HA -0.000357 HA -0.005830 20
HA -0.040461 HA -0.023661 HA -0.023939 21
CT3 -0.204311 CT2 0.051979 CT2 0.001878 22
HA 0.048036 HA -0.012184 HA -0.003555 23
HA 0.040404 HA -0.019140 HA -0.010047 24
HA 0.106323 CT2 -0.010809 CT2 0.058475 25

HA -0.011111 HA -0.021918 26

HA -0.006227 HA -0.017501 27
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CT2 0.027512
HA -0.017818
HA -0.010696
CT2 0.226885
HA -0.058635
HA -0.063263
CT3 -0.175720

HA 0.197174
HA -0.049603
HA -0.062110

CT2 0.028428
HA -0.020041
HA -0.012959
CT2 0.091083
HA -0.035033
HA -0.037697
CT2 0.080397
HA 0.107481
HA -0.104288
CT2 -0.012216
HA -0.010875
HA -0.012262
CT2 0.022457
HA -0.014745
HA -0.014013
CT2 0.175919
HA -0.040949
HA -0.040971
CT3 -0.166469
HA 0.029911
HA 0.033622
HA  0.029590

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

Partial charges for [TfoN7] (€)

[Camim*][Tf ,N]

[Cemim ][Tf ,N]

[C1omim [T NT]

CTF2 0.272407
FTF2 -0.102320
STF2 0.670558
OTF2 -0.417747
NTF2 -0.351024

CTF2 0.246756
FTF2 -0.121077
STF2 0.866655
OTF2 -0.418029
NTF2 -0.578520

CTF2 0.217797
FTF2 -0.106293
STF2 0.677125
OTF2 -0.347396
NTF2 -0.512500
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Table A8: Mass density calculations for the three ILs afiedént temperatures and 1 bar

using charges scaled to +0.7&mal ionic charge. In all cases, the statistisadertainty is less

than 0.001.
TK) Mass Density (gr/cnf)
[Camim[TTNT | [Comin][TFaNT | [Coomim[TTaN]
298.15 1.4357 1.322 1.236
348.15 1.3791 1.270 1.1886
398.15 1.3213 1.220 1.140

Table A9: Anions’ and cations’ self-diffusion coefficientgthe center of mass for the three

ILs at different temperatures and 1 bar using atssgaled to +0.75&tal ionic charge.

Self Diffusion Coefficients (10cm?/s)
T(K) T [CamimT[TFN] [Cemim][Tf,N] [Cromim [T 2N ]
Anion Cation Anion Cation Anion Cation
298.15 1.0 1.9 0.6 0.5 0.4 04
348.15 3.8 6.9 3.3 3.2 2.5 2.2
398.15 10.2 16.2 8.6 7.6 7.5 7.0

Table A10: Viscosity calculations for the three ILs at difat temperatures and 1 bar using

charges scaled to +0.73etal ionic charge.

T (K) Viscosity (Pa*s)

[C4mim™[TfoN] [Cemim™|[TfoNT] [C1omim™][TfoNT]
298.15 0.075 0.12 0.17
348.15 0.025 0.04 0.035
398.15 0.007 0.007 0.008
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Appendix B: Force Field Parameters for the [TCM] lonic Liquids
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Figure B1: Atomic labeling for (aJC,mim*], n> 2 and (b) [@Gmim’] and (c) [TCM].

127



Table B1: Charges for [TCM anion calculated as isolated ion and averaged mowdtiple

ion pair conformations.

Atom Charge for isolated ion | Average charge Standard deviation
CCM -0.5110 -0.4903 0.0095

CN 0.5653 0.4690 0.0100

CN 0.5668 0.4872 0.0046

CN 0.5654 0.4845 0.0166

NC -0.7292 -0.5625 0.0176

NC -0.7288 -0.5507 0.0129

NC -0.7286 -0.5727 0.0110

Total -1.0000 -0.7355

Table B2: Charges for [mim’] cation calculated as isolated ion and averaged owltiple

ion pair conformations

Atom | Charge for isolated ion Average charge Standard deviation
NR2 0.1110 0.1664 0.0320
CPH2 0.0054 -0.0849 0.0383
NR1 0.1124 0.1632 0.0557
CPH1 0.0025 0.0032 0.0575
CPH1 0.0353 0.0069 0.0382
HR1 0.1030 0.1326 0.0110
HR3 0.0808 0.0424 0.0402
HR3 0.0604 0.0348 0.0205
CN7B 0.4505 0.4601 0.0368
HA -0.0896 -0.1643 0.0414
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HA -0.0686 -0.1301 0.0734
HA -0.0781 -0.0270 0.0035
CN7B 0.3270 0.2498 0.1307
HA -0.0656 0.0170 0.0364
HA -0.0448 -0.0796 0.0957
CT2 0.0903 0.1861 0.0721
HA -0.0382 -0.0802 0.0504
HA -0.0667 -0.1106 0.0251
CT2 0.2489 0.2262 0.1532
HA -0.0933 -0.0988 0.0758
HA -0.0927 -0.1239 0.0482
CT3 0.3018 0.4702 0.1075
HA -0.0973 -0.1566 0.0368
HA -0.0947 -0.1748 0.0317
HA -0.0997 -0.1925 0.0198
Total 1.0000 0.7355
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Table B3: Bond force constantsgkand equilibrium bond distances)b

[Comim'], [Csmim®], [Cgmim®] [All parameters from Refs. 167,219]

Atom 1 Atom 2 Ky, (kcal mol™ A b, (A)

CN7B NR1 220.00 1.4762
CN7B NR2 220.00 1.4762
CPH1 NR1 400.00 1.3819
CPH1 NR2 400.00 1.3819
CPH2 NR1 400.00 1.3366
CPH2 NR2 400.00 1.3366
CPH1 CPH1 410.00 1.3610
CPH2 HR1 340.00 1.0779
CPH1 HR3 365.00 1.0775
CN7B HA 309.00 1.0889
CT2 HA 309.00 1.0954
CT3 HA 322.00 1.0935
CN7B CT2 200.00 1.5308
CT2 CT2 222.50 1.5373
CT2 CT3 222.50 1.5314
CT1 CN7B 309.78 1.526
CT1 HA 339.88 1.090

[TCMT] [All parameters from Ref. 234]

Atom 1 Atom 2 Ky, (kcal mol™ A#) b, (A)

CCM CN 430.00 1.408
CN NC 1210.0 1.167
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Table B4: Bond angle bending parameterg) @nd equilibrium angle$q).

[C.mim], [Csmim'], [Csmim®] [All parameters from Refs. 167,219]

Atom 1 Atom 2 Atom 3 Ko (kcal mol™ rad™) 0, (deg)
CT2 CN7B NR1 140.00 112.34
CPH1 NR1 CPH2 130.00 108.25
CPH1 NR2 CPH2 130.00 108.25
HA CN7B NR1 30.00 109.41
HA CN7B NR2 30.00 109.41
HR1 CPH2 NR1 25.00 125.44
HR1 CPH2 NR2 25.00 125.44
NR1 CPH1 CPH1 130.00 107.28
NR2 CPH1 CPH1 130.00 107.28
NR1 CPH2 NR2 130.00 109.11
HR3 CPH1 CPH1 25.00 130.74
NR2 CPH1 HR3 25.00 122.04
NR1 CPH1 HR3 25.00 122.04
HA CN7B HA 35.50 108.44
HA CN7B CT2 33.40 111.68
HA CT2 CN7B 33.40 109.13
CN7B CT2 CT2 58.35 111.50
CT2 CT2 CT3 58.00 112.34
CT2 CT2 CT2 58.00 112.34
HA CT2 HA 35.50 106.13
HA CT3 HA 35.50 107.24
CT2 CT2 HA 26.50 108.43
CT2 CT3 HA 34.60 111.62
CT3 CT2 HA 34.60 109.47
CN7B NR2 CPH2 130.00 125.75
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CN7B NR1 CPH2 130.00 125.75
CN7B NR2 CPH1 130.00 125.67
CN7B NR1 CPH1 130.00 125.67
HA CT1 HA 33.94 109.5
HA CT1 CN7B 38.00 109.5
HA CN7B CT1 38.00 109.5
NR1 CN7B CT1 70.03 112.2
[TCM7] [All parameters from Ref. 234]
Atom 1 Atom 2 Atom 3 Ko (kcal mol™ rad?) 0, (deg)
NC CN CCM 30.0 179.99
CN CCM CN 44.0 120.00
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Table B5: Dihedral angle parameters.

[Comim], [Csmim®], [Cgmim®] [All parameters from Refs. 167,205,219]

Atom 1 Atom 2 Atom 3 Atom 4 K, (kcal mol™?) n 6 (deg)
CPH2 NR1 CPH1 CPH1 14 2 180
CPH2 NR2 CPH1 CPH1 14 2 180
NR1 CPH1 CPH1 NR2 14 2 180
NR1 CPH2 NR2 CPH1 14 2 180
NR2 CPH2 NR1 CPH1 14 2 180
HR1 CPH2 NR1 CPH1 3 2 180
HR1 CPH2 NR2 CPH1 3 2 180
HR3 CPH1 CPH1 HR3 2 2 180
CPH1 CPH1 NR1 CN7B 0 1 0
CPH1 CPH1 NR2 CN7B 0 1 0
HR3 CPH1 NR2 CPH2 3 2 180
HR3 CPH1 NR1 CPH2 3 2 180
NR1 CPH1 CPH1 HR3 3 2 180
NR2 CPH1 CPH1 HR3 3 2 180
NR1 CPH2 NR2 CN7B 0 2 180
NR2 CPH2 NR1 CN7B 0 2 180
HR1 CPH2 NR1 CN7B 0 2 180
HR1 CPH2 NR2 CN7B 0 2 180
HR3 CPH1 NR1 CN7B 0 2 180
HR3 CPH1 NR2 CN7B 0 2 180
CPH2 NR1 CN7B HA 0.195 2 180
CPH2 NR2 CN7B HA 0.195 2 180
CPH1 NR2 CN7B HA 0 3 0
CPH1 NR1 CN7B HA 0 3 0
CPH2 NR1 CN7B CT2 0.1 3 180
CPH1 NR1 CN7B CT2 0.2 4 0
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NR1 CN7B CT2 CT2 0 3 0
HA CT2 CT3 HA 0.16 3 0
CT2 CT2 CT3 HA 0.16 3 0
NR1 CN7B CT2 HA 0 3 0
CN7B CT2 CT2 CT3 0.15 1 0
HA CN7B CT2 HA 0.195 3 0
CT2 CT2 CN7B HA 0.195 3 0
HA CT2 CT2 CN7B 0.195 3 0
HA CT2 CT2 HA 0.195 3 0
HA CT2 CT2 CT3 0.195 3 0
CN7B CT2 CT2 CT2 0.15 1 0
HA CT2 CT2 CT2 0.19 3 0
CT2 CT2 CT2 CT2 0.15 1 0
CT2 CT2 CT2 CT3 0.15 1 0
HA CT1 CN7B HA 0.30 3 0
HA CT1 CN7B NR1 0.3198 3 0
CT1 CN7B NR1 CPH2 -0.4718 1 0
CT1 CN7B NR1 CPH1 0.3561 1 0
[TCM7] [All parameters from Ref. 234]
Atom 1 Atom 2 Atom 3 Atom 4 k, (kcal mol™?) n 6 (deq)
NC CN CCM CN 0.00 180
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Table B6: Improper dihedral angle parameters.

[Comim’], [Csmim®], [Cgmim®] [All parameters from Ref. 167]

Atom 1 Atom 2 Atom 3 Atom 4 k, (kcal mol* rad®) | v (deg)
CPH2 NR1 NR2 HR1 0.5 0
NR1 CPH1 CPH2 CN7B 0.6 0
NR2 CPH1 CPH2 CN7B 0.6 0
CPH1 CPH1 NR2 HR3 0.5 0
CPH1 CPH1 NR1 HR3 0.5 0
[TCM-] [All parameters from Ref. 234]

Atom 1 Atom 2 Atom 3 Atom 4 k, (kcal mol™* rad™) v (deg)
CCM CN CN NC 26.7 0
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Table B7: Lennard-Jones parametelote thato = Rain \6/5

[All cation parameters from Refs. 167,205,219]

Atom ¢ (kcal mol™) Rmim/2(A)
CPH1 0.050 1.800
NR1 0.200 1.850
CPH2 0.050 1.800
NR2 0.200 1.850
HR3 0.0078 1.468
HR1 0.046 0.900
CN7B 0.020 2.275
HA 0.022 1.320
CT3 0.080 2.060
CT2 0.055 2.175
CT1 0.1094 1.0982
CCM 0.024 1.99
CN 0.13 1.75
NC 0.39 1.72
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Table B8: Partial Atomic Charges {drom isolated ions uniformly scaled to +0.Tatal

ionic charge.
Atom type Atom type Atom type numbering
[C,mim™] [C,mim™] [Cemim™]
NR2 7.913710E-02 | NR2 7.768320E-02 | NR2 6.190170E-02 1
CPH2 8.136100E-03 | CPH2 3.794700E-03 | CPH2 8.299900E-03 2
NR1 7.993650E-02 | NR1 7.871360E-02 | NR1 6.596870E-02 3
CPH1 5.217100E-03 | CPH1 1.753500E-03 | CPH1 2.936640E-02 4
CPH1 1.804740E-02 | CPH1 2.470790E-02 | CPH1 2.322880E-02 5
HR1 7.331800E-02 | HR1 7.207620E-02 | HR1 8.014580E-02 6
HR3 5.905410E-02 | HR3 5.658100E-02 | HR3 3.577910E-02 7
HR3 4.886630E-02 | HR3 4.231150E-02 | HR3 3.391850E-02 8
CN7B 2.942317E-01 | CN7B 3.153423E-01 | CN7B 3.280578E-01 9
HA -5.328260E-02 HA -6.275360E-02 HA -5.464060E-02 10
HA -3.957730E-02 HA -4.802770E-02 HA -6.730640E-02 11
HA -4.628890E-02 HA -5.465670E-02 HA -6.161330E-02 12
CN7B 2.350215E-01 | CN7B 2.288811E-01 | CN7B 2.044350E-01 13
HA -4.897480E-02 HA -4.591720E-02 HA -2.954420E-02 14
HA -3.369590E-02 HA -3.136210E-02 HA -4.034450E-02 15
CT1l 1.361640E-01 CT2 6.320860E-02 | CT2 7.145040E-02 16
HA -3.310860E-02 HA -2.674910E-02 HA -3.868270E-02 17
HA -5.320350E-02 HA -4.666690E-02 HA -3.035410E-02 18
HA -2.899820E-02 CT2 1.742440E-01 | CT2 1.474193E-01 19
HA -6.531070E-02 HA -5.246360E-02 20
HA -6.488090E-02 HA -5.276950E-02 21
CT3 2.112537E-01 | CT2 1.053262E-01 22
HA -6.813660E-02 HA -4.761120E-02 23
HA -6.630610E-02 HA -4.840010E-02 24
HA -6.978370E-02 CT2 1.391250E-01 25
HA -5.651730E-02 26
HA -5.659500E-02 27
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CT2 1.241422E-01 28
HA -5.793060E-02 29
HA -5.741540E-02 30
CT2 1.438031E-01 31
HA -6.833680E-02 32
HA -6.801130E-02 33
CT3 2.492252E-01 34
HA -8.511160E-02 35
HA -9.185680E-02 36
HA -8.608810E-02 37

Partial charges for [TCM] (€) numbering

CCM -3.576790E-01
CN 3.960887E-01
NC -5.101957E-01
CN 3.960887E-01
NC -5.101957E-01
CN 3.960887E-01

N~ o o~ w NP

NC -5.101957E-01

Table B9: Mass density calculations for the three ILs afedént temperatures and 1 bar. In

all cases, the statistical uncertainty is less thanl.

TK) Mass Density (gr/cnf)

[Comim[TCMT] | [Csmim'][TCMT] | [Cemim'][TCMT]
298.15 1.0963 1.0500 0.9918
363.15 1.0414 0.09979 0.9427
398.15 1.0125 0.9698 0.9166
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Table B10: Anions’ and cations’ self-diffusion coefficient§the center of mass for the three

ILs at different temperatures and 1 bar.

Self Diffusion Coefficients (10cm?/s)
T(K) [ CmimTem] [Camim ][TCM ] [Cemim ][TCM ]
Anion Cation Anion Cation Anion Cation
298.15 3.3 3.6 2.8 2.7 1.1 0.9
363.15 18.0 16.4 13.6 13.0 11.6 7.3
398.15 30.7 28.8 28.2 24.2 20.0 14.1

Table B11: Viscosity calculations for the three ILs at di#fat temperatures and 1 bar.

T (K) Viscosity (Pa*s)

[Comim[TCMT] | [Csmim'][TCMT] | [Cemim'][TCMT]
298.15 0.048 0.08 0.11
363.15 0.008 0.006 0.0%
398.15 0.004 0.0045 0.006

139




140



Appendix C: Force Field Parameters for Gasse

Figure C1: Labeling of the particles for (a) (3, (b) N;, (€) O, (d) Ar and, (e) Cl,.

O—O—0O  O—O

CCo2 0CO2 CCOo2 N2 N2
(a) (b)
02 02 Ar CH4
(©) (d) (e)

Table C1: Bondforceconstants (R and equilibrium bond distances).

[All parameters from Refs. 241,244

Atom 1 Atom 2 Ky (kcal mol™ A% bo (A)

CCO02 OCCO:s: 900.00 1.1490
02 02 600.00 1.2100
N2 N2 1000.0 1.0897

[All parameters from Ref. 241]

Table C2: Bond angle bending parametersy) and equilibrium angle<,).

Atom 1

Atom 2

Atom 3

Ko (kcal mol™ rad?)

0, (deg)

CCO2

0CO2

CCO2

295.40

180.00
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Table C3: Lennard-Jones parametelote thato = Rain 9/5

[All parameters from Refs. 241-245]

Atom ¢ (kcal mol™) Rmim/2(A)
CCO2 0.0559 1.5473
0OCO02 0.1600 1.7022
CH4 0.2941 2.0930
Ar 0.2385 1.9082
02 0.0956 1.7005
N2 0.0715 1.8577

Table C4: Partial Atomic Charges je

[Parameters from Ref. 241]

Atom Atomic Charge (€)
CCO2 0.6512
0CO2 -0.3256
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