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of the orthorhombic and monoclinic crystalline polymorphs
of the ionic liquid 1-n-butyl-3-methylimidazolium chloride
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Themelting point, enthalpyof fusion,andthermodynamistability of two crystalpolymorphsof the
ionic liquid 1-n-butyl-3-methylimidazolium chloride are calculated using a thermodynamic
integration-base@tomistic simulationmethod.The computedmelting point of the orthorhombic
phaserangesfrom 365 to 369 K, dependingon the classicalforce beld used. This compares
reasonablywell with the experimentalvalues,which rangefrom 337 to 339 K. The computed
enthalpyof fusion rangesfrom 19 to 29 kJ/mol, comparedto the experimentalvaluesof 18.5
—21.5 kJ/mol. Only oneof the two force Peldsevaluatedn this work yieldeda stablemonoclinic
phasedespitethe fact that both give accuratdiquid statedensitiesThe computedmelting point of
the monoclinicpolymorphwasfoundto be 373K, whichis somewhatigherthanthe experimental
rangeof 318D340K. Thecomputedenthalpyof fusionwas23 kJ/mol, whichis alsohigherthanthe
experimentavalueof 9.3-14.5 kJ/mol. The simulationspredictthatthe monoclinicform is more
stablethanthe orthorhombicform at low temperaturein agreementvith onesetof experimentdut
in conBBictwith another The differencein free enegy betweenthe two polymorphsis very small,
due to the fact that a single trans-gaucheconformational difference in an alkyl sidechain
distinguisheghe two structuresAs a result, it is very difbcult to constructsimple classicalforce
peldsthatareaccurateenoughto depbnitivelypredictwhich polymorphis moststable A liquid phase
analysisof the probability distribution of the dihedralanglesin the alkyl chainindicatesthatless
than half of the dihedral anglesare in the gauche-transonbgurationthat is adoptedin the
orthorhombiccrystal. The low melting pointandglassforming tendencyof thisionic liquid is likely
dueto theenepy barrierfor conversiorof theremainingdihedralanglesinto the gauche-transtate.
The simulation procedureusedto perform the melting point calculationsis an extensionof the
so-calledpseudosupercriticgdathsamplingprocedureThis studydemonstratethatthe methodcan
be effectively appliedto quite complexsystemssuchasionic liquids andthatthe appropriatechoice
of tethering potentialsfor a key stepin the thermodynamicpath can enableprst order phase

transitionsto be avoided.© 2007 Americanlinstitute of Physics [DOI: 10.1063/1.2801539

I. INTRODUCTION

Most inorganicmoltensaltshaveextremelyhigh melting
points,which limits their practicaluse.By carefulchoiceof
cationandanion,however it is possibleto preparesaltsthat
have melting points that are below 100 j C; in somecases,
melting pointssignibPcantlylower thanambienttemperatures
are possible. Thesematerialshave beendubbedOioniclig-
uidsOand have attracteda great deal of interestin recent
years% lonic liquids canbe madewhich haveextremelylow
volatility, high thermal stability, and favorable solvation
properties.This makestheminterestingfor a numberof po-
tential applications,including use as solvents,electrolytes,
separatioragents,and lubricants.Interestingly low melting
salts have beenknown for sometime. One of the earliest
reportedionic liquids is ethylammoniurmitrate,which hasa
melting point of 12 j C.2% Only in the last 15 yearsor so,
however hasthe potentialof this classof materialcaughtthe
attentionof industryandthe research:ommunity4
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Given that an ionic liquid is differentiatedfrom a con-
ventionalmoltensalt by its melting point, it is apparenthat
understandinghe link betweenchemicalstructureand melt-
ing point of ionic liquids is crucial. Generallyspeakingjt is
desirableto haveaslow a melting point as possible,which
maximizesthe rangeoverwhich the materialmay be usedas
a liquid. For someapplications,however it may be prefer
able to have melting points at intermediatetemperatures.
Thereare no completelyreliable methodsavailablefor pre-
dicting how melting points will dependon the chemical
structureor compositionof an ionic liquid, which is unfor
tunatebecausat is knownthatsmallchangesn the structure
of anionic liquid can havedramaticeffects on the melting
point. For alkylimidazolium cations, it has beenobserved
thatmelting pointsdroprapidly asthealkyl chainattachedo
the 1-positionon the ring increasesn lengthfrom oneup to
about six to eight carbons.As the alkyl chain length in-
creasedurther, melting temperaturesncrease althoughthe
actualtrenddepend®n the natureof the associate@nion? It
hasalso beenobservedhat the more asymmetricthe cation
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andthe largerthe anion,the lower the melting point tendsto
be.Theseheuristicsare not alwaysreliable,however andso
often efforts to synthesizenewionic liquids arefrustratedby
the fact that the target compoundmay turn out unexpectedly
to be a high-meltingsolid.

There have been a number of computational efforts
aimedat making a quantitativelink betweenmelting point
and structure. Chief among these are the quantitative
structure-propertyelationship(QSPR modeling efforts. In
QSPR,a limited amountof experimentabatais usedto de-
velop correlationsfor a property(in this case melting point)
using molecularbaseddescriptorsThis correlationcanthen
be usedto make limited predictionsof melting points for
moleculesnot too dissimilar from thoseusedin developing
the correlation. QSPR has been used to correlate/predict
melting pointsfor pyridinium andimidazolium-basedalts®
as well as quaternaryammoniun% and triazolium salts'®
Theseapproacheglo a reasonablgob correlating melting
points and making limited predictions,but the natureof the
descriptorausedin the correlationsoftenlimits theamountof
physicalinsight one obtainsinto why a particularcompound
hasa high or low melting point. The biggestdrawback how-
ever is that a fairly large amountof experimentaldata is
requiredbeforea correlationcanbe developed.

Atomistic-levelsimulation$® areanothempowerful com-
putationaltool that canbe usedto gain physicalinsightinto
how the compositionand structureof an ionic liquid is re-
lated to its properties.Unlike QSPR,thesesimulationsare
predictivein thatlittle or no experimentadataare required
to developthe parameterghat go into the models. Using
classicalpotentialfunctionsderivedfrom a mix of ab initio
calculationsand previous liquid-state simulations, several
groups®® haveshownthat liquid phasepropertiesof ionic
liquids can be accuratelymodeled.Far fewer studieshave
beencarried out on the solid phaségml and, to our knowl-
edge, only Thompsonand Alavi?®** have used atomistic
simulationsto computethe melting point of anionic liquid.
Melting point calculationsareextremelydemandingevenfor
simple systems,and the added complexity involved with
ionic liquids makesthesesystemsa real challengefor mod-
eling, which is one reasonthere have beenfew studiesto
date.

Alavi and Thompsof®?? useda method pioneeredby
their group called Ovoid-inducedneltingOto computethe
melting point of anionic liquid. In this method,which mim-
ics an actualmelting experiment,constantpressuremnolecu-
lar dynamics(MD) simulationsare run on the crystal phase
atincreasingemperatureuntil evidenceof a brstordermelt-
ing transition is observed.Typically, an abrupt changein
densityis a signatureof a meltingtransition.Dueto the short
time scalesaccessibleby MD and the free enegy barrier
required to observehomogeneousiucleationin a perfect
crystal, however the melting transitions(or, more properly
point of thermalinstability”®) occursat higher temperatures
thanthe true melting point. In somecasesseveralhundred
degreef superheatre requiredfor melting to occur®® To
overcomethis, the void inducedmelting methodsystemati-
cally createsvoids in the crystal by graduallyremoving at-
oms or ion pairs from the lattice. As the void density in-
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creases,the apparent melting point obtained from the
constantpressuresimulationsdecreasesit a void densityof
between6% and 10%, it is observedhatthe apparenimelt-
ing pointlevelsoff andthis valueis takenasthetrue melting
point. At void densitiesabovel0%, the crystalbecomesne-
chanicallyunstable.This approachhasbeenapplied by the
Thompsongroupto a wide rangeof materials>*°

Besidesvoid-inducedmelting, a numberof other tech-
niguescanbe usedto computethe melting point of crystals.
Thesecanbe placedinto oneof two categoriesdirect meth-
ods and free enegy methods.Direct methodsgenerallyin-
volve the formation of an interfacebetweencrystallineand
liquid phaseswith the melting point determinedfrom the
temperatureand pressurethat yields a stableinterface?™°
This methodworks becausehe free enegy barrier for het-
erogeneousiucleationis muchlower thanthat for homoge-
neousnucleation.While interfacial methodsare successful
and relatively straightforwardto apply, somequestionsre-
main aboutwhetherbnite-sizeeffectsareproperlyaccounted
for,* anddifferentcrystalsurfacesnay havedifferentappar
ent melting points. In addition, mostinterfacial simulations
havebeencarried out on systemswith little to no intramo-
leculardegreef freedom.For molecularcrystalswhereco-
operativeorientationaldegreef freedomareboth slow and
important,interfacialMD simulationsmay not be capableof
adequatelyprobing heterogeneousiucleationon MD time
scales.This issueneedsto be probedfurtherin future work.

The secondype of melting point simulationapproachs
basedon satisfyingthe phaseequilibrium condition, namely
equality of temperaturepressureand Gibbs enegy. Within
this broad category there are a numberof particulartech-
nigues, including thermodynamicintegratior?2 and phase
switch®® approachesiVhile thesemethodsrovidea rigorous
way of calculatingmelting points, they are generallymore
difpcultto implementthaneitherinterfacialmethodsor void
inducedmelting, and no systemas complicatedas an ionic
liquid hasbeenexaminedwith thesetechniquesRecently
we have extended a thermodynamic integration
proceduré™® originally proposedby Grochola®®*” and ap-
plied it to molten sodium chloride and the LennardbJones
Ruid3* Subsequentlywe extendedthe method to handle
multiatom moleculessuch as benzeneand triazole®® The
method,alternativelyreferredto asconstrained3uid \ inte-
gration or pseudosupercriticapath sampling, overcomes
someof thelimitations of traditionalthermodynamiéntegra-
tion methodsbecausat doesnot require3uid and solid ref-
erencestateabsolutefree enegies. In the presentwork, we
apply the methodto computethe melting point and free
enegy differences of two stable polymorphs of 1-
n-butyl-3-methylimidazolium chloride ([C,mim][ClI]), a
complexionic liquid containingmanyRexibleintramolecular
degreesof freedom.

[C,mim][ClI] is an ideal systemto study with atomistic
simulation. The most widely investigatedionic liquids to
datecontainimidazolium cationsandthe [C,mim] cationis
perhapsthe most widely studiedwithin this category The
melting point and crystal structureof two polymorphsof
[C,mim][CI] (orthorhombicand monoclinig have beenin-
dependentlymeasuredy two groups®®* Interestingly al-
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thoughthereis experimentabgreemenbn the crystal struc-
tures,thereare conf3ictingreportsasto which polymorphis
the mostthermodynamicallystable.Holbrey and co-workers
reportedthat the orthorhombicphaseis moststable® with a
melting point of 66 j C. They observedthat the monoclinic
form displayeda transitionat 41 j C characteristiof a plas-
tic crystaltransition.Hamaguchiet al. reportedthe melting
point of the orthorhombicphaseas 64 j C*in good agree
mentwith the value given by Holbrey et al. For the mono-
clinic phasetheyreportedthatthe melting pointrangedirom
47 to 67 i C, dependingon the particular crystal. Interest-
ingly, they observedthat the orthorhombicphaseinterco-
vertedto the monoclinicphasevhenheldatdry ice tempera-
turesfor 24 h,** suggestinghat the orthorhombicphaseis
metastablendthatthe monoclinicphases actuallythe ther
modynamicallystableform of the crystalatlow temperature.
Both groupsagreethat a subtletrans-gaucheonformational
differencein the butyl chainis responsibldor the differences
in crystal structuresMoreover liquid phaseRamanstudies
have suggestedthat both alkyl chain conformationsare
presentin the liquid state?’

Il. METHODOLOGY
A. Simulation procedure

To computethe melting point and free enegy differ-
encesf thetwo polymorphsof [C,mim][Cl] ata pressuref
1 atm, the temperatureat which the liquid and crystalline
stateshave equal free enegies was computed using the
pseudo-upercriticgbath samplingmethod.Extensivedetails
of the methodare providedelsewheré**® so only thosede-
tails specibcto this particularsystemare providedhere.We
also take this opportunity (seelater) to correcttwo typo-
graphicalerrorsthat appearedn our previouswork.35

The calculationprocedurénvolvestwo parts.First, rela-
tive free enegy curvesarecomputedor theliquid andcrys-
talline phasedyy carryingout a seriesof isothermal-isobaric
(NPT) MD simulations.The enthalpyof eachphaseis com-
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FIG. 1. (Color online) A schematicof the thermody-
namic cycle usedin this method.

putedasa functionof temperatureandthe GibbsbHelmholtz
equationis integratedto obtain Gibbs free enegiesrelative
to an arbitrary referencetemperaturer ¢,

T
S (&) o[ M W
RT \RT/ Jg, RT

The secondpart of the calculationinvolves the use of
thermodynamidntegrationto computethe free enegy dif-
ferencealonga thermodynamigath betweenthe liquid and
crystalline phasesat the referencetemperature Note that
oncethis differenceis known for eachpolymorph,the free
enepy differencebetweerthetwo crystalpolymorphsis also
known. Essentiallythis stepgivesthe constanof integration
(G/RT),efin Eq. (1). Fromthis, the temperatureat which the
liquid and crystallinefree enegies are equal can be found,
which is the melting temperature.This procedurediffers
from commonIyusedreferencestateapproachegz, wherethe
absolutefree enegy of the liquid andcrystalis obtainedby
integratingalong two separatepathsto referencestatesof
known free enepy.

Thereare bve separatestatesalong the thermodynamic
path,all at the referencaemperature(l) theliquid at a den-
sity correspondingo the pressureof interest;(2) a weakly
interactinglBuid attheliquid density;(3) aweaklyinteracting
RBuid at the crystallinephasedensity; (4) an orderedweakly
interactingstateat the crystal density;and (5) the crystal at
the pressureof interest.This is illustratedin Fig. 1.

Specibctransitionsbetweenall adjacentstatesi and |
(except2— 3) are accomplishedoy changesin a coupling
parametei, with the Helmholtzfree enegy changebetween
statescomputedby

t/ou
AAi_”'—JAO <R>Ad)\, (2)

whereU is the potentialenegy of the systemandthe pointed
bracketsindicatean ensembleaverageThe coupling param-
eter\ is dePnedsuchthatat A =0 state(i) is recoverecandat
A=1 state(]) is recovered.The free enegy changeassoci-
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atedwith moving from states(2) to (3) is given by the ther
modynamicidentity

AAz_,3: J;:: - (P}dV, (3)

where V¢ and VS are the molar volumesof the liquid and
solid phasesrespectively

State(4) is orderedby turning on an externalpotential
that tethersthe ion centersof massand selectedatomsto
lattice sitescorrespondingdo the structureof state(5). There
is a greatdeal of Rexibility asto how the tetheringpotential
is chosenAs shownlater, the strengthof the tetheringpo-
tentials affect the numericalaccuracyand efpciencyof the
integration betweenstates(3) and (4). This issuewill be
addressedin detail later Consistent with our previous
work,*® we haveusedthree-dimensionatarmonicoscillators
to order the Ruid, where the probability distribution of an
atomor centerof massof anion aboutits averagepositionis
given by

BK_ 3/2
P(r) = <7> 4712 exp(— Bkr?)dr. (4)

Note that the factor dr was missingin our previouswork.*®
The total potentialenegy function usedin moving between
states(3) and(4) is given by

U3_>4()\) - ﬂmUVDW + ﬂnUELEC+ UNS
- xE 2 a; exp(- byjr?), (5)
i

whereUYPW and UE-EC arethe unscaledvan der Waalsand
Coulombicintermolecularenegies. UNS is all the nonscaled
potentialenegy terms,which in this caseconsistsof all in-
tramolecularpotential terms. Parametersn, n, and » were
chosenas 1, 2, and 0.1, respectively The well depth and
width are controlledby the parametersy; andb;;.*°

In moving betweenstates(4) and (5), the tetheringpo-
tential is turnedoff and full intermolecularinteractionsare
restored.The potentialenegy expressiorfor this stepis

Ug sV =[7+ N1 - 7)]"UYPW + [+ N (1 - ) ]"UE-EC
+UNS— (1-0)2 D &y expl-byrf).  (6)
i

Note that this differs slightly from Eg. (7) in Ref. 35, which
containeda typographicalerror.

B. Simulation details

Two differentforce Peldswere testedfor the ionic lig-
uid. The brstforce beldwastakenfrom the work of Canon-
gia Lopesand P+dud’ andis designatedas CLP. Updated
parametersfor the CLP potential were obtainedfrom the
internetas of February2007f13 A secondforce beld consist
ing of cation parametersrom Cadenaand Maginrf* and
chloride parametersrom Jensenand Jogensefi* was also
consideredor this study This force beldwill be designated
as CMJJ. The CLP potential is basedon the OPLS force
Peld,with someof the torsionalinteractionsof the imidazo-
lium ring and alkyl side chainsdeterminedfrom ab initio
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calculationson the gasphasecation. The cation torsion pa-
rametersn the CMJJpotentialarefrom the CHARMM force
peld.

The CLPforce beldis a partially Rexiblemodelin which
the C-H bondsof the cationare held rigid. The CMJJforce
peldis fully Rexible.For the NPT simulationsof the CLP
model, the integratordevelopedby Melchionnaet al.** was
usedto simplify the implementationof constraintsA time
stepof 1 fs was usedfor the NPT simulationsconducted
using the CLP force beld. The NPT simulationswith the
CMJJmodeluseda standardNosZBHoovealgorithmi'® with
a1 fstime stepfor all forces.Cutoffs of 11 « wereusedfor
both LennardbJonesnd the real-spaceelectrostatianterac-
tions. The smoothparticle meshEwald method” was used
for handling long-range electrostatic interactions with a
dampingparameternf 0.2992 ¢« and 32 meshpointsin all
directions All simulationswere carriedout usinglocally de-
velopedsoftware.This code has beenvalidatedagainstthe
widely used molecular dynamicspackagesoL_poLy*® and
NAMD . *

To obtainthe relative free enegy curvesfor the crystal
andliquid via Eqg. (1), NPT MD simulationswereconducted
on 108 ion pairsfor the orthorhombiccalculationsand 144
ion pairs for the monoclinic calculationsat 1 atm pressure
and temperaturesarying from 300 to 400 K. The crystal
phasesimulationswere carriedout on a 3 X 3X 3 supercell
for the orthorhombicphaseand on a 3X 3 X 4 supercellfor
the monoclinic phase.A larger systemwas used for the
monoclinic simulationsso asto accommodatehe choice of
LennardbJonesutoff distance For the liquid phasesimula-
tions, volume Buctuationswvereisotropic,while for the crys-
talline phasean anisotropic Rexible cell algorithnt® was
used.The starting conbgurationgor the orthorhombicand
monoclinic phaseswere taken from the experimentalunit
cell obtainedfrom x-ray diffraction measurement®. Once
relative free enegy curveswere generatedthermodynamic
cycle calculationswere carried out in the canonical(NVT)
ensembleat a referencetemperatureof 380 K.

It is importantwhen computingquantitiessuchas melt-
ing pointsto be ableto quantify the error. The uncertaintyin
the quantity(dU/d\) in Eq. (2) or averagegressuren Eq. (3)
for eachpoint on the thermodynamidntegrationcycle was
estimatedas the standarddeviation of the mean obtained
usinga 20-blockaverageFor any quantity A, the averageof
eachblock i was calculatedas

20
1
A=—r 2> A, (7)
' N/20j-00i-1)41

whereN is the total numberof observationof A available.
The ensembleaverageor meanof A is given by

1 20
= — A.’
Zoz s (8)

A ~R
where & is the averageof the 20-block sample.The uncek
tainty is takenasthe standarddeviationof the mean,which
is given by
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TABLE I. Comparisorof experimentaindsimulationcell parametersit 173K and1 atmfor the orthorhombic
phaseof [C,mim][Cl]. Cell lengthsa, b, andc arein angstromge ) andcell anglesa, 8, and y arein degrees.
Subscriptedraluesdepictstatisticaluncertaintyin the Pnaldigit.
a b c a B y
Experimentdl 10.113 11.41 8.3285 90.0 90.0 90.0
Simulatior? 9.745, 11.73Q 8.504, 90.0Q 90.0Q, 90.0Q,
Simulatiorf 10.19 11.55 8.68% 90.1% 89.90, 90.00,
“Valuesobtainedfrom Ref. 38.
P\/aluesobtainedfrom presentstudy using CLP force peld.
“Valuesobtainedfrom presentstudy using CMJJforce beld.
dA(A) at 300K and1 atmusingthe CLP and CMJJpotentialmod-
o(A) = 19 (9 els. Surprisingly whenthe CLP potentialwas usedonly the
orthorhombicform was found to be stableat thesecondi-
wherethe varianceof the sampleis tions; the monoclinicphaseslowly distortedandbecameme-
1 2 chanicallyunstableWhenthe CMJJpotentialwasused both
aA) = E)E A? - 2, (10)  the orthorhombicand monoclinic phaseswere found to be
i=1 stable.

To carry out the integrationsgiven by Egs. (2) and (3)
for eachstepalongthethermodynamicycle, the free enegy
curvesmustbe smoothandintegrable Hermite polynomials
were usedto interpolatebetweendiscrete(dU/d\), and(P)
valuesand then the integrationswere carried out using the
MATLAB (version 7.3.0.298 package.The uncertainty of
eachof the discretepoints was usedto estimatethe uncer
tainty of the integralsin Egs. (2) and (3) in the following
manner It was assumedhat the discretepoints (dU/d\),
and (P) were normally distributed about their mean, with
variancegiven by Eq. (10). A Monte Carlo samplingproce-
durewasthenusedto randomlygeneratel 000representative
pointsat eachA from this normaldistribution.Hermitepoly-
nomialswere bt to the 1000 setsof datapointsgeneratedn
this mannerandtheneachbt wasintegratedandtakenasan
independentestimateof the free enegy change.The esti-
matedfree enegy changeof a particulartransformatiorwas
takenasthe averageof theseindividual free enegy changes
andthe uncertaintywas estimatedas the standarddeviation.
The total uncertaintyin the free enepgy differencewas ob-
tained by propagatingthe uncertaintiesof eachtransforma-
tion step.Finally, this total uncertaintywasusedto estimate
the uncertaintyof the computedmelting point.

lll. RESULTS
A. Crystal phase simulations

Before beginning the melting point calculations,NPT
MD simulationswerecarriedout on both crystalpolymorphs

A comparisorof the computedand experimentalattice
parametergor the orthorhombicphaseat 173K is givenin
Table |, while Table Il showsthe samecomparisonfor the
monoclinic phase. Note that, regardlessof the potential
model, agreementbetween simulation and experimentis
generallygood,with no lattice parametedeviatingfrom ex-
perimentby morethana few percent.

Experimentalevidencesuggest&®* that the conversion
betweerthe orthorhombicandmonoclinicforms of the crys-
tal is dueto trans-gaucheonformationathangesn thealkyl
group attachedto the 1-position of the imidazolium ring.
Specibcally the monoclinic form hasa trans conformation
for the dihedralangle betweenthe brst and secondcarbon
atomsfrom the nitrogenatomof the ring, while this angleis
in the gaucheconformationin the orthorhombicform. The
CLP andCMJJforce beldsdiffer in how this dihedralangle
is modeledand this may be the reasonthey yield different
stabilitiesfor the monoclinic form.

NPT simulationswere then conductedon the liquid and
orthorhombiccrystalphasest elevenuniformly spacedem-
peraturesdetween300 and 400 K usingthe CLP and CMJJ
potentials.Monoclinic simulationswere also conductedus-
ing the CMJJpotential. Eachsimulationwascarriedout for a
total of 1 ns,with enthalpiegecordedoverthe Pnal0.75ns.
As anexampleof why direct MD simulationsareineffective
at estimatingmelting points,Fig. 2 showshow the densityof
the orthorhombiccrystal varieswith temperatureusing the
CLP potential. Although the experimentalmelting point of
this crystalis about339 K, a brstorderphasetransitionwas

TABLE II. Comparisorof experimentahndsimulationcell parameterat 173K and1 atmfor the monoclinic
phaseof [C,mim][Cl]. For this crystallinephase pnly the CMJJ potentialgavea stablecrystal.Cell lengthsa,
b, and c arein « andcell anglesa, B, and y arein degreesSubscripted/aluesdepictstatisticaluncertaintyin
the bnaldigit.

a b c a B v
Experimentdl 9.943 11.481 9.658 90.0 118.740 90.0
Simulatior? 10.399 11.55 9.49 90.0G 120.46 90.0Q

Valuesobtainedfrom Ref. 38.
P\/aluesobtainedfrom presentstudy
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FIG. 2. Calculatedcrystal densitiesas a function of temperaturefor the
orthorhombicform of [C,mim][CI] using the CLP potential. Notice that
very large superheatings required before an observedphasetransition
occurs.

not observeduntil a temperatureabove700 K. This is con-
sistentwith the previouslymentionedobservatiorthat exten-
sive superheatings requiredto melt crystalsin direct MD

simulations,due to the large homogeneousucleationfree
enepgy barriers.A qualitatively similar result was obtained
with the CMJJ potential, althoughthe phasetransitionwas
observedat about500 K. As discussedater, this is most
likely dueto differencesn how the dihedralanglepotentials
were parameterized.

Figure3 is anexampleof how —H/RT? varieswith tem-
peraturefor the orthorhombicand liquid phasesusing the
CLP potential. Similar resultswere obtainedfor the other
systemsThe resultsof thesecalculationswere bt to a cubic
spline andintegratedaccordingto Eq. (1) to obtainrelative
free enegies. The reference temperaturewas arbitrarily
takenas 300 K. An exampleof the resultingrelative Gibbs
free enegy curves betweenthe liquid and orthorhombic
crystalfor the CLP potentialis shownin Fig. 4. Notethatthe
curvesare almost parallel, which meansthat the computed
melting temperaturas very sensitiveto the free enegy dif-
ferencebetweenthe solid andliquid.

Having obtainedthe relative free enegy curvesfor each

0.4 : . : . T :
| A—a [iquid | |
| = solid

0.35 —

A

HRT (K
3 o

=4
to

0.15—

04 . | . | . | . | . !
00 320 340 360 380 400
T

FIG. 3. Plotof —H/RT? againsfT for the orthorhombiccrystalandthe liquid
phaseusingthe CLP potential.
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FIG. 4. Plotof G/RT-(G/RT),es againstT for the orthorhombiccrystaland
liquid phaseusing the CLP potential. Similar resultsare obtainedfor the
CMJJpotential.

system,the free enepgy differencebetweenthe liquid and
crystalphasesvasdeterminedby carryingout the thermody-
namicintegrationcycleat 380K. The choiceof this tempera-
ture is arbitrary as long asit is within the rangein which
relative Gibbsfree enegieshavebeencalculatedandnot too
far from the anticipatedmelting point. The prststepin this
processrequiresthat crystaland liquid simulationboxesbe
generatet the appropriatedensity Thusa Rexiblecell NPT
simulationof a 3 X 3 3 orthorhombiccrystalline supercell
was carriedout at 1 atm pressureand 380 K. The resulting
averagesupercellparametersverea=28.82 » , b=36.08 ¢ ,
c=25.95¢, «=90.05;, B8=89.99; and y=90.03; for the
CLP potentialanda=29.98 » , b=35.68 ¢ , c=26.97 ¢ , «
=89.94;, 8=90.06;, and y=90.01; for the CMJJ potential.
These results correspond to crystalline densities of
1.16 g/cm® and 1.09 g/cn?, respectively The unit cell
angleswere idealizedto 90j, which had a negligible effect
on the lattice enegy. For the monoclinic solid phaseusing
the CMJJ potential,the 3 X 3 X 4 supercelldimensionsvere
a=32.32¢, b=36.09¢, ¢=39.53¢, «=90.00;, B
=122.00; and y=90.00j and the density was found to be
1.07 g/cm?. Thesesupercellboxeswere then usedfor the
calculationsinvolving states(3)BX5). To obtainthe boxesin-
volved in states(1) and (2), liquid phaseNPT simulations
werecarriedout usingcubicboxesat 1 atmand380K. Once
liquid densitieswere determinedfor each potential model,
liquid simulationboxeshavingthe sameshapeastherespec-
tive crystalline boxeswere constructed.The use of a box
having the sameshapeas the crystalline box facilitatesthe
transformatiorbetweerstates2) and(3). TheresultingCLP
liquid phase simulation box had edge lengths of 30.03,
37.58, and 27.03 ¢, resulting in a liquid density of
1.03 g/cm®. For the CMJJ potential, the dimensionsof the
liquid phaseboxesusedfor conductingthe thermodynamic
integration cycle on orthorhombicand monoclinic crystal
phaseswere 31.48, 37.46, 28.32« and 33.55, 37.46,
41.03 » with B=122j, respectively The CMJJliquid den-
sity was0.95 g/cne.

The tetheringpotentialsusedin Egs.(5) and(6) consist
of a three-dimensionaharmoniccenterof masspotentialfor
the cation and anion, as well as additionalweak harmonic
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TABLE lIl. Baselinewell strength parametersobtained from btting a
Gaussiarto the vibrationsaboutthe centersof massand subsequentlyscal-
ing themdown for both the CMJJand CLP force belds.

K/kgT,* 2
Forcebeld Polymorph
COM Cations Anions
CLP Orthorhombic 11.24 5.62 2.98
CcMIJ Orthorhqmblc 8.49 4.25 2.71
Monoclinic 7.67 3.84 2.79

potentialsfor the heavyatomsof the cation. The hydrogen
atomsof the cation were not tethered.The parameterdor

these tethering potentials were obtainedin the following

manner Probability distributionsfor eachatomandthe cen-
ter of massof eachion aboutits averagdattice positionwere
collectedduringa NVT simulationof the solid and bt to Eq.
(4). A completelisting of all centerof-massandheavyatom
tetheringforce constantss givenin Tablelll . Thewell width

parametersvere Pxed at b;;=0.9 - -2, with the well-depth
parametergiven by a;=«/b for all i andj.

In our previouswork,* it was recommendedhat the
actualharmonicforce constantusedshouldbe somefraction
of the value computedfrom the NVT simulations,sincethe
additionalatom-specibpotentialswill helpinduceordering,
aswill the weak nearesteighborinteractions.Therefore,a
ObasdineOvalue of «/kgT was chosento be 70% of the
computedvaluefor the centerof massof the cationand35%
of the computedvalue for the anion and the heavy atoms.
Forexamplethebaseline centerof masstetheringpotentials
for the CLP orthorhombiccation and anion is 11.24 and
2.98 « 2, respectively As shown later, the use of overly
strongtetheringpotentialscanleadto weak prstorderphase
transitionsvhenmovingbetweerstateq3) and(4) aswell as
betweenstates(4) and(5). Therefore severalweakertether
ing potentialstrengthswere alsoinvestigated We will refer
to the baseline caseas the 0108 well potentialOcase.
Weakertetheringpotentialsthatwere 50%, 25%, and10% of
the baseline valueswere also examinedand will be called
the 0506,00256,0and 01060Ocasesyespectively

B. Thermodynamic cycle calculations for C;mimaCla

Theresultsof the calculationsalongthe brsttwo stepsof
the thermodynamidntegrationcycle are shownin Figs. 5(a)
and5(b) for the orthorhombicCLP simulations.The curves
are smoothand integrationof the free enegy presentsno
problem. The uncertaintyin each (dU/d\), point is very
small, while the uncertaintiesn the pressureare somewhat
larger. Each point along the curve was obtainedfrom an
independeng ns simulation,with datacollectedthe bnall1.7
ns. The lines are Hermite polynomial btsto the data,which
were integratedto obtain the free enegy changes.Similar
resultswere obtainedfor both polymorphsusing the CMJJ
potential.

Integrationto stateg4) and(5) presentsnoredifpculties
for the [C,mim][CI] system.Figures6(a)b6(d) showthe ef-
fect of decreasingthe strengthof the tethering potentials
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FIG. 5. Resultsof the thermodynamidntegrationsfrom a liquid to a weak
Ruid (a) andfor the weak 3uid betweenthe liquid and crystallinedensities
(b). Lines are a guide for the eye. Resultsare for the orthorhombicCLP
case.

from 100% of the baseline value(a), to 50% of the baseline
value (b), to 25% of the baseline value (c), andto 10% of
the baseline value (d) for the transformatiorbetweenstates
(3) and(4). Notethatthe resultsshownherearefor the CLP
potentialandthe orthorhombiccrystal,but similar resultsare
observedfor other systemsA Prstorder phasetransitionis
clearly evidentfor the brstthreecaseshput not for the fourth
(weakestethering case.For the strongestethering(100%),
the transitionoccursearly in the transformationat roughly
N=0.2. For the weakercouplings,the transitionoccursfur-
ther to the right, at about\ =0.38 for the 50% caseand at
aboutA=0.73 for the 25% case.In the region of the phase
transition, convegenceof the individual (dU/d\), values
was unreliabledue to strong3uctuationsthe opensymbols
show approximatevaluesfor thesecaseswhile blled sym-
bols show resultswhere convegencewas possible.lt is in-
terestingthat the transitionoccursat roughly the sametotal
couplingstrength.In the 100% case the transitionoccursat
atotal couplingto the cationcenterof massof approximately
Mk/kgT)=0.2X11.2 « ~2=2.2 « 2 while for the 50% case
the transition occurs at A=0.38 or M\(«/kgT)=0.38
X 5.6 « 2=2.1 « ~2, Similarly, for the 25% case the transi-
tion occurs at N=0.73, or A(k/kgT)=0.73xX2.8 ¢ 2
=2.04 « 2. Using a coupling strengthof just 10% of the
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and(d) (3)— (4), 10% tether

baseline causesthe transition eventto occur beyondthe

point at which A =1. Assumingthe transitionwould occurat

Mk/kgT)=2.1 « 2 suggestghat a transitionwould not oc-

cur until A=1.9, well beyondthe integrationlimit. There-
fore, a smoothintegration of the 10% casewas possible.
Notice alsothatasthe couplingstrengthdecreaseshe mag-

nitude of the free enegy changealong the path also de-

creasesThe netresultis thatthe appearancandlocation of

phasetransitionscanbe controlledby adjustingthe tethering
potentialstherebyenablingaccuratehermodynamidntegra-
tion along the transitionpath and avoiding brstorder phase
transitions.

The strengthof the tetheringpotentialsalso affects the
integrationfrom states(4) to (5), althoughno sharptransi-
tions were observedalongthis pathfor any of the tethering
potentials.Figure 7 showsthe resultsof this simulationfor
the 10% caseithe curveis smoothanda Hermite polynomial
was bt to the dataandintegratedto estimatethe free enegy
changefor this transition.

The sameprocedurewasusedto obtaintetheringpoten-
tials for the CMJJ potential. The tetheringpotentialusedfor
the cation centersof massin the monoclinic crystal was
0.747 « ~2, while for the anioncentersof massthe valuewas
foundto be 0.279 « ~2. For the orthorhombicphasethe val-

ueswere0.849and0.271 « ~2, respectivelyNo discontinui-
ties or brstorder phasetransitionswere observedalong the
thermodynamiccycle in either case.Hence,it appearsthat
the useof very weaktetheringpotentialsfor the orderinduc-
ing stepis a robust meansof obtaining smoothintegrable
free enegy changecurves.
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FIG. 7. Thermodynamidntegrationfrom weaktethered3uid (4) to unteth-
ered,fully interactingsolid (5). Thetetheringpotentialwas 10% of the base
line case.Theline is a guide for the eye.
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FIG. 8. The computedsolid-liquid free enegy differenceas a function of

temperaturefor the orthorhombicform of [C,mim][CI] at 1 atm usingthe

CLP potential.Thedashedines showthe upperandlower boundscomputed
by usingthe standarddeviationof the mean[Eq. (9)]. The dot-dashedines
showa larger uncertaintyrange,which is obtainedby estimatingthe uncer

tainty asthe standarddeviationof the sums.

1. Melting point, enthalpy of fusion and polymorph
stability for C,mima Cla

By addingup the free enegy changesalongthe thermo-
dynamiccycle, the absolutefree enegy differencebetween
the liquid and the crystal phasesat 380 K and 1 atm was
computed This givesthe integrationconstantin Eq. (1) and
enableghe coexistencéemperatureo be determinedThisis
easiesto do by plotting AG/RT versusT andlocatingwhere
the curve crossesxero. This hasbeendoneandthe resultis
shownin Fig. 8 for the orthorhombiccrystal usingthe CLP
potential.Similar resultswere obtainedfor the CMJJ poten-
tial.

The enthalpiesof fusion of the crystalswere calculated
by taking the differencebetweenthe averageenthalpiesof
the crystallineandliquids phasesTableV providesa com-
parison betweenthe computedand experimentalmelting
pointsandenthalpiesof fusionfor thetwo polymorphsNote
thatif Eq. (9) is used,the estimateduncertaintyin the melt-
ing pointis roughly 1 j C. Theactualuncertaintyin the com-
puted melting point is likely larger than what this analysis
indicates,however becausehe liquid and solid free enegy
curvesare nearly parallel. This meansthat very small free
enepy differencesetweenhe solid andliquid phasesesult
in large variationsin the estimatedmelting point. The dot-
dashedlines in Fig. 8 are uncertaintiesestimatedfrom the
standarddeviationsof the sumsin Eq. (7) insteadof the
standarddeviationof the mean.This uncertaintyis likely a
much more realistic estimateof the true uncertaintyin the
calculationsand so wasusedwhenreportingmelting points.

The resultsin Table IV show that both the CMJJ and
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CLP potentialsoverestimatehe melting point of the ortho-
rhombic crystal by about30 j C. The enthalpyof fusion of
the orthorhombiccrystal is capturedquantitatively by the
CMJJ potential,but the CLP potentialoverestimateshe en-
thalpyby 7-10 kJ/mol. Overall,however bothmodelsdo a
reasonabhgoodjob capturingthe solid-liquid equilibrium of
this crystalpolymorph,especiallyconsideringthe sensitivity
of the melting point to small differencesn free enegy. The
major differencebetweenthe two modelscomeswhen ana-
lyzing the monoclinic polymorph.As mentionedbefore, it
was not possibleto obtaina mechanicallystablemonoclinic
crystalwith the CLP potential,evenat 173 K, the tempera-
ture at which the experimentatrystalstructurewasreported.
It was thus not possibleto computea melting point or en-
thalpy of fusionfor this model. The CMJJpotentialdid give
a stablecrystalphase put the estimatedmelting temperature
was on the orderof 30-40 j C higherthan experimentand
the enthalpy of fusion was about 10 kJ/mol higher than
what was observedexperimentally It thus appearghat the
CMJJforce Peld OoverstabilizestBe monoclinic phase.

While thereis consensuamongthedifferentexperimen-
tal groupsasto the melting point of the orthorhombicpoly-
morph, there are signibpcantdiscrepanciedbetweenthe re-
portedmelting points of the monoclinic phase Holbrey and
co-workers? reporta Oplasticcrystal transitionOat 314 K,
Nishikawa et al.** report a range of melting temperatures
between320 and 330 K, while Hamaguchiand Ozawd” re-
port that melting points rangedfrom 320to 340 K, depend-
ing on the crystal investigated.Nishikawa and co-workers
suggesthatthis may be dueto the presencef defectsin the
monoclinic phasewhich would tendto reducethe observed
melting point when comparedto a defect-freecrystal. This
would explain why different melting points were obtained
for differentsamples.

The relative stability of the differentpolymorphsis also
not resolved.Holbrey and co-workersreport that the ortho-
rhombic phaseis most stable,which is consistentwith the
overalltrendin melting points. Hamaguchiand Ozawa’? on
the other hand, observedthat the orthorhombicpolymorph
spontaneouslgonvertedto the monoclinicform overa 24 h
period at dry ice temperaturessuggestingthat the mono-
clinic phaseis the most thermodynamicallystableat these
temperaturesTo investigatethis, the free enepgy difference
betweenthe two polymorphswascomputedasa function of
temperaturdor the CMJJpotential.Figure9 showstheresult
of this calculation. The CMJJ potential predicts that the
monoclinic phaseis indeed the thermodynamicallystable
phaseat low temperatureThe orthorhombicphasedoesnot
becomethe stable polymorph until about390 K, which is
abovethe melting point of both polymorphs.Thus, the cal-
culationssuggestthat the orthorhombicphaseis metastable

TABLE IV. Comparisorof computecandexperimentamelting pointsandenthalpief fusionfor the two polymorphsof [C,mim][Cl]. Experimentaimelting
pointsaretakenfrom Refs. 38, 41, and 42, while enthalpyof fusion dataare from Ref. 41

Polymorph TEPH(K) TEP (K) TEMI (K) AHEP! (kJ/mol) AHEEP (kd/mol) AHEM (kJ/mol)
Orthorhombic 337D339 3656 3697 18.5921.5 28+3 19+4
Monoclinic 3189340 NA 3734 9.3D14.5 NA 23+3
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FIG. 9. The computedGibbsfree enepgy differencebetweerthe monoclinic
and orthorhombicpolymorphsof [C,mim][CI] using the CMJJforce beld.
The simulations predict that the monoclinic form is thermodynamically
stablerelativeto the orthorhombicform at all temperaturedelow the melt-
ing point of eitherpolymorph.

with respecto the monoclinicphaselt mustbe pointedout,

however thatthe differencesn free enegy betweenthe two

polymorphsare small and probablywithin the accuracythat
canbe expectedf classicalforce beldbasedcalculationslt

is interestingto note,however thatthe lower entropymono-
clinic polymorphcontainingall transdihedralanglesis pre-

dicted to be favored at low temperatureshile the higher
entropy gauche-transorthorhombic phase becomesmore
stable as temperatureincreases.This may explain why

Hamaguchiand co-workers observedthe transition from

orthorhombicto monoclinic at dry ice temperaturesSuch
transitionswould mostcertainly be kinetically limited, how-

ever which mayexplainwhy othergroupshavenot observed
this transition.

Due to the importanceof the alkyl groupdihedralangle
distributionson crystal stability, an analysiswas performed
on the distribution of dihedralanglesin the liquid phase.It
has beenobservedthrough Raman spectroscop‘ﬁ? that the
two cationalkyl chainrotationalisomerspresentn the crys-
talline phaseare alsopresentn the liquid phaselt hasbeen
postulatedthat the presenceof thesetwo isomershinders
crystallization, thus lowering the melting point. The liquid
phasesimulations conbrm the presenceof theseisomers.
Figures10(a) and 10(b) showthe computedprobability dis-
tributions for the dihedralanglesbetweenthe brstand sec-
ond(debPnedasC; andCg) andsecondandthird (Cg andCy)
carbonatomsfrom the imidazolium ring, respectively By
integratingthe areabeneaththe different peaks,an estimate
of the relative probability of eachrotationalisomerwas ob-
tained.

For the CLP force Peld, it was found that the gauche-
trans(or GT) conbguratioroccurred4 7% of the time at 380
K. The next most probable conformation was trans-trans
(TT), which occurred26% of the time. Finally, the gauche-
gauche (GG) and trans-gauche(TG) conbgurationswere
presentl 7% and10% of thetime, respectivelyThis suggests
thatin orderto crystallizeinto the orthorhombicphase the
alkyl chainson over half of the cationsmust exhibit a con-
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FIG. 10. (a) N;-C;-Cg-Cq dihedral,(b) C;-Cg-Co-C,q dihedral.Distribution
of the dihedralangle betweenthe brstand secondcarbon(a) and between
the secondandthird carbon(b) of the butyl chainof the cationin the liquid

phaseat 380 K for the CLP and CMJJ potentials.Notice that the CLP

potentialhasa higher probability of having gaucheconformationsfor the
dihedralnearesthe ring, while both potentialsgive nearly identical distri-

butionsfor the otherdihedral.

formationalchangeo the GT state.Thus,the calculationsare
consistentwith the postulatethat the melting point of this
ionic liquid is low dueto the conformationadegreeof free-
dom of the alkyl chain. For the CMJJ force beld, the GT
conbguratioroccurs22% andTT conbguratioroccurs43%.
The TG and GG conbguration®ccurred23% and 12%, re-
spectively Theseresultsprovide a likely explanationas to
why the CMJJ potentialpredictsthe monoclinic phaseto be
the more stable one. It OfavorsT conbgurationsn the
liquid phaseandthusfewer moleculesneedto undego dihe-
dral rearrangemenb convertto the monoclinicphase Con-
versely the CLP force beld favors GT conbgurationsthus
stabilizingthe orthorhombicphaseto a greaterextent.Figure
11 showsa plot of total dihedral enegy for the dihedral
angleaboutthe C,-Cg bond. The plot showsthat the CMJJ
force beldis trifold symmetricin 360j. This meansthat the
enegy barriersto go from the trans conbgurationto the
gaucheconbguratiorand vice versaare the same.This im-
plies that the CMJJ potential should predict similar melting
points and free enegies for both the polymorphs,which is
conbrmedby the calculations.On the other hand,the CLP
force beld hasa high enegy barrierto go from the gauche
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FIG. 11. Comparisorof the CLP and CMJJ dihedral potentialenegy pro-
blesfor the dihedralangleswith C; andCg asthe centralatoms.This enegy
doesnot include 184 LennardbJondateractions.

conbguratiorio thetransconbgurationT his meanghatonce
a moleculegetsinto a gaucheenegy Owell,Gt will remain
there for a long time. This appearsto stabilize the ortho-

rhombic crystal to a greaterextent than what is observed
with the CMJJ potential. This explainswhy direct simula-
tions of the orthorhombiccrystal doesnot lead to homoge-
neousnucleationuntil 700K for the CLP potential(seeFig.

2) but the CMJJ crystal nucleatesat 500 K. Moreover the

large dihedralenegy barrierin the CLP potentiallikely in-

hibits the stability of the monoclinic phase.Thesebndings
are puzzling, becausehe CLP potential was developedby

carefully parameterizingthe alkyl chain dihedral potential
againsthigh-level quantumcalculations while the CMJJ di-

hedralpotentialparametersvere adoptedfrom similar com-
poundsin the CHARMM force beld>® It is possiblethat
moreaccuratenodelscould be developediy conductingpa-

rameterizationsn the condensecphaseratherthan on iso-

lated gas phaseions. This issuecertainly requiresmore at-

tention.

IV. ANALYSIS OF THE EFFECT TETHERING
POTENTIALS HAVE ON COMPUTED MELTING POINTS

The calculationsoutlined earlier point out the impor-
tanceof the adjustingthe tetheringpotentialsto avoid brst
order phasetransitionsin the thermodynamigoath between
the weak Buid [state(3)] and orderedweak Ruid [state(4)].
Although the systemawith the 100%, 50%, and 25% tether
ing potentialsexhibitedPrstorder phasetransitionsbetween
states(3) and (4), it is interestingto see how much this
affectsthe estimatednelting point. In otherwords,is it pos-
sible to Ointegraté¢hroughGhe phasetransitionandstill get
a reasonablestimateof the melting point? To examinethis
question Hermite polynomialswere bt to the curvesin Figs.
6(a)b6(c), assumingthe unconveged points were valid. In-
tegrationswere also performedfrom the weak tetheredsys-
tem to the solid for thesethree cases;ithesecurvesdid not
showa phasetransitionregardlesf the tetheringpotential.
TableV showsthe resultsof the calculationsalongwith the
estimatederrorfor the orthorhombicCLP case It is remark-
able that, despitethe presenceof a clear brst order phase
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TABLE V. Comparisonof melting points acrossdifferent well strengths
againstexperimentfor [C,mim][Cl].

Well strength(%) TSM (K) oA (K)
339

100 3556

50 3486

25 359+6

10 365+6

%From Ref. 38.

transition in the strongly tethered systems,the estimated
melting pointis nearlythe samein all caseslin fact, thethree
strongly tetheredcasesagreeslightly betterwith the experi-
mentalmelting point than doesthe weakly tetheredsystem,
althoughthis is probablyfortuitous. The appareninsensitiv-
ity of the melting point to the accuracyof the integration
from weakfBuid to a tetheredveaksystemcanbe understood
by looking at the relative magnitude of the free enegy

changesalong each step of the thermodynamiccycle, as
shownin TableVI. Thereis a signibPcantamountof cancel-
lation amongthe different stepsof the cycle, suchthat the

sumof AAz, and AA,5 is roughly constantregardlesf the

tetheringpotential.This is encouragingthoughit is not clear
thatall systemswill exhibit this type of behavior

The fact that nearly the samemelting point is found for
[C,mim][ Cl] despitevastly differenttetheringpotentialssug-
geststhatthe methodintroducedhereis relatively insensitive
to the choiceof theseempiricaltetheringpotentialsandthus
is a robustmethodfor determiningmelting points. Sincethe
presentstudyis the brsttime the melting point of [C;mim]
X[CI] hasbeeninvestigatedby simulation,however it is not
possibleto validatethis claim againstotheracceptedsimula-
tions.To do this, modelsystemanustbe examinedor which
thereis consensu®n the melting point. The pseudosuper
critical pathsamplingapproactusedin the presenstudyhas
beenvalidatedon the LennardbJonesysteni* for which the
melting pointis known.However no parametricanalysishas
beenperformedon this testsystemto seehow the computed
melting point might changewith different tetheringparam-
eters.

To performthis analysis 864 LennardbJonesomswere
simulatedin the liquid and solid phase.A 3X3X 3 face-
centered-cubidfcc) unit cell was simulatedfor the solid.
RelativeGibbsfree enegy curvesweregeneratedisingNPT
MD simulationsat P =1.0and regulartemperaturéntervals
betweenT =0.5and T" =0.95. For argon, this would corre-
spondto a pressureof 417 bar and a temperaturgangeof
60014 K. TheNosZBHoovehermostat-barostaigorithni'®
was used,allowing isotropic cell Buctuations.For the ther
modynamiccycle calculations,NVT MD simulationswere
performedusing the NosZBHoovethermostatat a tempera-
ture of T =0.7. The simulationswere carriedout for 400 ps
usingatime stepof 4 fs. This time wasfoundto be adequate
to achieveequilibration and collect statistically meaningful
data. The potential was cutoff at 2.80 and standardlong
rangecorrectionswere applied.

As with [C,mim][Cl], the strengthof the tetheringpo-
tential was estimatedby carryingout NVT MD simulations
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TABLE VI. Individual contributionsto [C,mim][Cl] solid-liquid free enegy differenceat 380 K and 1 atm.
Note thatthe PV termis negligible,suchthat AA=~ AG. All enepiesarein kJ/mol. Subscriptedraluesdepict

statisticaluncertaintyin the bnal digit.

Well strength(%) AA;, AAy; AAg, AA5 AG

100 344.7, 11.3 -137.9 -208.8 9.2
50 344.7, 11.3, -53.4 -290.5 12.0;
25 344.7, 11.3, -14.06, -334.0, 7.9
10 344.7, 11.3, -1.12 -349.3 5.6

of the fcc crystal and computing the Buctuationsof each
atomic position about its mean position. The Ructuations
were bt to Eq. (4) and found to yield a force constantof
k/kg=680 K/« 2. Taking 35% of this asa baseline tethering
potential yields a value of x/kg=238 K/« 2. To examine
how the tetheringpotentialaffects the integrationpath from
weakBuid to a weakly interactingorderedsystem harmonic
tethering force constants of «/k, of 100, 400, and
2000 K/« 2 werealsoused.

As can be seenin Fig. 12, a weak coupling gives a
smoothcurve with no indication of a Prstorder phasetran-
sition. However as the tethering potential increasesin
strength,evidenceof a weaktransitionappearsAs with the
ionic liquid, the transitionshiftsto smallervaluesof \ asthe
tetheringpotentialincreasesn strengthlt is alsoobservedn

0.1 . . . . T ;
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Fig. 13 that a discontinuity appearsat very high tethering
potentialsduring the integrationfrom the tetheredsystem
[state(4)] to the fully interactingcrystal[state(5)].

Surprisingly goodestimatesreobtainedfor the melting
point of the LennardbJones/stemevenif oneintegratesghe
curveshaving discontinuities.Table VIl showsthat the cal-
culated melting point for each tethering potential is T
=0.74, andis insensitiveto the tetheringpotential strength.
Theresultsarein goodagreementwith acceptedralues.This
suggestghat the presentmethodis robust within a fairly
broad range of tetheringpotentialsand that resultsdo not
dependstrongly on the choice of tetheringparametersilt is
advised, however that tethering potentials be chosento
avoid phasetransitions.

@U/AN), (kI mol™)

@U/AN), (I mol ™)

FIG. 12. Thetransitionfrom weaklyinteractingl3uid to weakly interactingorderedstatefor the LennardbJond3uid at varioustetheringpotentials Notice the
appearancef a weakphasetransitionasthe tetheringpotentialincreasesn strength althougheachsimulationpoint convegedto a stableaverageLinesare
aguide for the eye.(a) x/kg=100 K/« 2, (b) x/kg=238 K/ 2, () x/kg=400 K/ 2, and(d) x/ks=2000 K /e 2.
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FIG. 13. Thetransitionfrom weakly interactingorderedstateto fcc crystalfor the LennardbJonéd3uid asa function of tetheringpotential.Lines are a guide
for the eye. (a) k/kg=100 K/¢ 2, (b) k/kg=238 K/* 2, (C) k/kg=400 K/* 2, and(d) x/kg=2000 K/ 2.

V. CONCLUSIONS

The melting point and thermodynamicstability of two
polymorphsof 1-n-butyl-3-methylimidazoliunchloridehave
beencomputedat atmospheri@ressuraisinga rigorousfree
enegy-basedatomistic simulation method. The computed
melting point of the orthorhombicphaseis found to be be-
tween 365 and 369 K, dependingon the force beld used.
This comparegeasonablywvell with the experimentalvalue,
whichrangesrom 337to 339K. Enthalpiesof fusionfor the
orthorhombicphasearecomputedo be 19 kJ/mol usingthe
CMJJforce beld,and28 kJ/mol whenthe CLP force beldis
used.Again, thesevaluesare in good agreementwith the
acceptedangeof 18.5-21.5 kJ/mol.

TABLE VII. Comparisonof melting points acrossdifferentwell strengths
againstexperimentfor LJ. Subscriptedvaluesdepict statisticaluncertainty
in the Pnal digit.

Kikg (K/e 2) T;sim T*mEOS a
0.77

100 0.74,

238 0.74,

400 0.74,

2000 0.74,

*Predictedoy the equationof state(Ref. 52).

Only the CMJJ force beldyielded a stablemonoclinic
phase;the monoclinic crystal was mechanically unstable
whensimulatedwith the CLP potential. The CMJJforce beld
yielded a melting point for this polymorphof 373 K, while
various experimentalmeasurementtist the value between
318 and 340 K. The computed enthalpy of fusion was
23 kJ/mol, while the experimentalvalue is reportedto be
9.3-14.5 kJ/mol.

Thereis disagreemenamongexperimentagroupsasto
which polymorphis thermodynamicallystable.Calculations
usingthe CMJJpotentialsuggesthatthe monoclinicform is
more thermodynamicallystablethan the orthorhombicform
atlow temperatureHowever the free enepgy differencesde-
tweenthe two polymorphsare on the order of the accuracy
expectedfrom classicalforce pelds,so unambiguougieter
mination of thermodynamicstability is probably not pos-
sible. Sincethe CLP potentialdid not yield a stablemono-
clinic phasethis modelpredictsthatthe orthorhombicphase
is the only stablepolymorph.

In agreementvith Ramanstudies,the simulationsshow
that the alkyl group containsboth transand gaucheconfor
mationsin the liquid phase.The simulationsbnd that just
under50% of the liquid phasealkyl group dihedralconfor
mationsare gauche-transwhile 26% are trans-trandor the
CLP potential. For the CMJJ potential, it was found that
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around22% and 43% of the moleculesin the liquid phase
arein gauche-tranandtrans-transrespectively

It was observedthat, dependingon the strengthof the
tetheringpotentialusedin organizingthe Ruid phaseduring
the thermodynamidntegration,a brstorder phasetransition
could appearThe appearancand location of this transition
could be controlledby changingthe strengthof the tethering
potential. By making the tetherssufpbcientlyweak, the tran-
sition couldbe avoided therebyenablingreliableintegration.
This phenomenonmvasalsofoundto occurwith the Lennardb
Jonessystem.Surprisingly it was found that the computed
melting point is insensitiveto whethersucha transitionoc-
cursor not. Thatis, integratingOthrough@ phasetransition
yielded essentiallythe samemelting point asdid integrating
over a smoothlyvarying transition path. This suggestghat
the pseudosupercriticgdath samplingapproachusedin this
studyis robustover a wide rangeor parametersalthoughit
is recommendedhat parameterde adjustedto avoid strong
variationsalongthermodynamigaths.
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