Molecular Origin of the Sign Preference ofl on- InducedHeterogeneoudNucleation in a

Complexlonic Liquid-Diethylene Glycol System

FatemehKeshavar?',Ja k u b KluNbichél Attaui?, HannaVehkamékt, Theo Kurtér, Juha
Kangasluom&™

! Institute for Atmospheric and Earth System Research / Physics, Faculty of Science, University of
Helsinki, P.O. Box 64, 00014 Helsinki, Finland
2 LISA, UMR7583, Université PariEstCréteil, Université de Paris, Institut Pierre Simon Laplace
(IPSL), Créteil, France
3 Department of Chemistry, Faculty of Science, University of Helsinkd@®14, Finland
4 Aerosol and Haze Laboratory, Beijing Advanced Innovation Center for Soft Matter Science and

Engineering, Beijing University of Chemical Technology, 100029 Beijing, China

* Corresponding authars
(Equal contributions)

JuhaKangasluomajuha.kangasluoma@helsinki.fi

FatemerKeshavarzfatemeh.keshavarz@helsinki.fi



mailto:fatemeh.keshavarz@helsinki.fi

ABSTRACT: Heterogeneous nucleatimm charged seedsas been shown tioequentlyprefer a
given sign of electricalcharge(anion or cation), at constant seed size @uparent)chemical
compositionFor some systesnthis sgn preference can breadily understood in terms widividual
chemicalinteractions However,experiments are in general unable to proadegying molecular
level explanatios for the sign preferencef chemically complex systemblere we experimentally
demonstrate positive sign preference faharged ionic liquid seed€ILS) with diethylene glycol
vapor (DEG), and explain the physicochemical origiosthis preferenceria quantum chemical
calculations. The computational results show #ilaénthalpies anéree energiegor adsorption of
DEG ontothe CILS clusters are lower ftie positively charged seedonpared to the negatively
charged seed9'he main reason for this differenisethe stronger hydrogen bonds in the cationic
clustersoriginated from the ability of imidazoliushased cations in acting as a hydrogen bond

acceptaos.



INTRODUCTION

Heterogeneous nucleation is a phase change process in which a new phase forms onto an existing
seed. These processes are important for examphatarial sciencek?, in atmosphéc cloud and

ice nuclei formatior®” and for fundamental understanding of physics and chenfidfryin the

specific case of ga®-particle conversionnew solid particles or liquid droplets form via
heterogeneous nucleation and subsequent condensation of Vdpt®sogeneous nucleation is
governed by the interactiotetweernthe seed and the condensing vapdrich are affected byhe

sizg charging state andhemical compositiomf the seed*!4, the supersaturation and chemical

compositionof the vapor>1®, andnucleationtemperaturé 18,

Classical theoretical treatment of heterogeneous nucleabasés othe Kelvin equatiofor neutral
seeds, andhe Kelvin-Thomson model for charged seed$ie later modeldoes not distinguish
betweenpositive and negative chargeBoth theoriesncorporate bulk properties of the seeds and
vaporto treat moleculalevel processesSeverakxperiments have tested these theories, often finding
the critical supersaturatiorequiredfor a chosen threshold particle formatiosteto be lower than
thetheoreticdly predicted oné® 1824 On the other handauber, et al** hasreporedion-induced

nucleation experiments on siggiharged atomsvhichfollow well the Kelvin Thomsonprediction.

An unresolved question in the process of heterogeneous nucleatibeinterlinked roles of electric

charge and seed chemical compositigiore than hundred years gg&ilson 2° conducted cloud
chamber experiments by condensing water vapor onto unipolar ionic seeds, notictpulat
formation takes place more readily wheegative ions are present in the chami@mnpared to
positive ionsThi s observation has been called fAnegat
experimentseportechegativeor positivesign preferencgn various systems. In some of them, small
ionswereproduced in a chamber, atitk number of nucleated particlegascounted after the ions
wereexposed to supersatuedtvapor®3l. Suchtechniquelack control oveion size as well aseed

chemistry. Other experiments proddagens of controlled size and charging state using differential
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mobility analysiSDMA), and probd the heterogeneous nucleation probability as a function of seed
size.Also such experiments haweportedmore significantseedactivationat constant seed size at

one polarity comparedo the other polarityindicative ofsign preferenc&® 2223, 3234,

The effect of thevaporchemical compositiohas been studietiore tharthe chemical compasion

of the seedikely due to the laclof experimental and computational methods capable of tretdteng
complexity of the seedccuratelyBy usingmass spectrometric techniques for seed characterization
it wasrecentlyshown thaseedformedfrom thesamesource materiabut with differentpolarities

do not necessarily have the sathemicalcompositionbecause of thpresence of impuritie@nd/or
differencesin thechemical reactionforming them®>36, This observatiohighlights the challenge of
distinguishng the effect of seed compositioimom that of thecharging statewithout direct
measurement dhe cluster corposition asdiscussed also irthetheoretical studypf Kathmann, et

al. ®’. Other theoretical examinations of sign preference Havexamplefoundthatnegativepure
water clusters nucleate more readily thapositiveones®® while sulfuricacid-water clusterslisplay

a strongnegative sign preferené& The latter can be explained in terms of agébe interactions:
strong acids such as sulfuric acid prefer anionic chsstgince anions act as bad&snhat is quite
well experimentallyestablished is thatharged seed®specially at cluster sized few nm are
generallypreferred over neutral seeds farcleationt**? 41 thoughcomputational studies suggest

a few exceptions even to this rule: for exampl&S®k prefers neutral amines over protonated
aminium catios 4° i again because ajreater basicity of the neutral molecubgpart from these
exceptional cases of strong acids and/or strong bases, our understanding of the molecular origins
behind thesign preferencesobserved forspecific chemistries and charging statespecially in

complex systemgemains limited.

Here we explain the experimentally observed heterogeneous nucleation sign prefefeace
chemically complex systemhrough first principles quantum chemical modelig study thdirst

steps of diethylene glycol (DEG) nucleation on singly charged clusters of 3ibutyl-3-methyl
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imidazolium tetraboroflorate  QgN2H1sBFa4, BMIBFy4), 1-ethyl3-methylimidazolium
tris(pentafluoroethyl)trifluorophosphate (CeN2H11(C2Fs)sPFR,  EMIFAP) and  1-ethyl3-
methylimidazolium trifluoromethanesulfonat€CeN2H1:CFRSCG;, EMITFMS) ionic liquids (ILs;
FigureS1) of the (AC)nA" or (AC)nC" type (A: anion;andC: cation) We haveselectedhis system
for our theoretical study, as the exactchemicalcompositionof theseclusterscan be determined

experimentally.

METHODS

Experimental Measurement. To generatehe seedsthelLs weredissolvedin methanolandthe
resultant20 mM solutionswereelectrosprayedsinga bipolar electrospraysource(Fernandezle la
Mora andBarriosCollado2017).Thetwo needlesvereflushedwith particlefree compressedir at
theflow rateof 6 L min™, the mobilities and crosssectionswvere measuredn air at 101325Paand
298K. The generategbolydispersecloud of ionsin the sampleflow wasguidedinto a Half-mini p-
type differential mobility analyzefDMA; Fernandézde la Mora 2017)to separatea close to
monomobileunipolarion distributionfrom the initial sample.The absoluteion concentratiorwas
measurediownstreanof the DMA usinganaerosoklectrometewith aflow rateof 2.5L min?, and
parallelto thattheflow reactorwasoperatedvith anequalinlet flow of 2.5L mint. Thereactorwas
a two-stagecommercialmixing type condensatiomarticle counterAirmodusAll (Vanhaneret al.
2011), typically called a particle size magnifier (PSM). In the first stage,the aerosolflow was
adiabaticallyandturbulentlymixedwith aheatedlow thatwassaturatedvith diethyleneglycol DEG
to createDEG supersaturatiarm heoperatioml temperaturesereasfollows: saturatoB82°C, growth
tube 2 °C andinlet 40 °C. The DEG flow rate was scannedrom 0.1 to 1.3 L min to vary the
supersaturatiofevel. The particlesthat were grown by DEG reachedhe size of about90 nm, and
theywerefurther enlargedby butanolcondensatiomndfinally countedby an optical detector.The

supersaturatiotevel of thereactorwasscannd in a 2-min cyclefor eachselectedon mobility from



0% to 100% activation probability. The describedexperimentalsetupis schematicallyshownin

FigureS2.To plot Figures2 and3, the datawereselectedo presenjustthe clusterswith activation
probabilities closeto 100%at the highestsupersaturatioffiltering out the very small clusters),and
no backgroundtountsdetectedtthelowestsupersaturatioariginatinglikely from multiply charged

ionsoverlappingwith the sampleclusterdfiltering out the largeclusters).

Becausef thecomplexstructureof thereactor exactdeterminatiorof the supersaturatiotevel was
uncertainandwe usedtheflow mixing ratio, calculatecasQd/(Qs+Qa), WhereQ:s is the saturatediow
rateand Qa. the aerosolflow rate,asa tracefor supersaturationlhis is sufficientfor examiningthe
sign preference.The heterogeneousucleationprobability was obtainedas the ratio of particle
concentratiordetectedby the PSM to the concentratiordetectedby the aerosolelectrometerThe
critical flow mixing ratiorequiredfor nucleatiorwasdeterminedastheflow mixing ratio giving 50%
probability of heterogeneousucleation.Thecritical mixing ratio wasmeasuredor CILS filling the
two previouscriteria (of ca.100%nucleationprobabilityanddetectionof no backgrounctounts)for
both polarities of the three ILs by varying the selectedmobility in the mobility analyzer.Sign

preferencevasidentified asthe smallercritical mixing ratio betweerpositiveandnegativeseeds.
The classificationvoltagesof the DMA weretranslatedo collision crosssectiong CCSs) usingthe
MasonrSchampequation

66— — — (1)

wheree = mmg/(mi+my) is thereducedmassks is Boltzmanmd sonstant;T is temperatur¢298K), z

is the chargingstate,e is unit charge No is LoschmidtnumberandZo is the reducedmobility given

by
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whereTo is 273.15K, T is 298K, po is 100000 pa, p is 101325pa,andZ is the measureanobility.
Thevoltagesweretranslatednto mobility usingtherelationVa/Vies = (1/Z1)/(1/Zrer), whereZret is the
mobility of the EMI* ion takenfrom Larriba, et al. *2, andVier is the peakvoltagemeasuredor the

EMI* ion in our measurements.

Computational Modeling. Theinitial steps of the heterogeneowgcleation process of charged
(AC)A" and(AC)C" clusterswith two cations or anions of the same ionic liquids as in the experiments
weremodel | ed by DFT c alDiBllartgi( @n s aBltef2TZB®OVEIXIB/O 7 X
Gaussian 16 (ref?). Our working hypothesis is th#tte results obtained for th@AC)A-and(AC)C*
clusterscanshed lighton the mechanisnof the nucleation process over the whole range of cluster
sizes as the individual vapeseed interactions are likely to be similarcorollary hypothesis is that

the alsorption of the first few DEG moleculssnilarly provides at least qualite¢ insights into the

overall DEG condensation process, including especially the relative differences between seeds of
different composition and charge stakbis hypothesis is based on the fact that if the binding of the
first few vapor molecules to a seed of some particular polarity is very weak, then the seed in question
will never nucleate, as the molecules will always evaporate before further vapor me®leallide

with the seed. Also, the formation free energy of the critical cluster is ultimately determined by the
same types of chemical interactions (seador, vapoiwvapor) already present in the small clusters

with 2-3 vapor molecules. Thus, if enornsodifferences are found in the favorability of adsorption

of the first vapor molecules to two different seeds, this will inevitably translate into a large difference
also between the corresponding critical clust@terefore, theassociation of the firseew vapor
molecules with two different seeds is sufficient for determiningelegive sipersaturations required

for heterogeneousucleation onto those two seeBisrthermore, this hypothedigs been previously
demonstratedcceptable.g.for the cas@f water condensation onto charged sulfuric acid clusters

and is also supported by the similarities in the trends ofdm@ption energies for the first three DEG

molecules, as discusserthe resultsQuantitative modelling of the heterogeneous nucleation rate or



probability would requirghat the simulated set of clusters includes the critical cliistenich is

often rendered impossible by computational limitations. As the number of DEG molecules in the
critical cluster (for a given seed) depends on the supeasiaty this criterion is metfor some
supersaturatiorsven for our relatively small cluster dataset. However, as we cannot directly quantify
the experimental supersaturation in our setup, a quantitative comparison of modelled and

experimental rates isiany case outside the scope of this study.

The first steps of éterogeneous nucleatiovere modelled by calculating the enthalpies and Gibbs

free energies of DEG adsorption onto the clusters. Due to the presence of multyyendpw
vibrational modes, the qualsarmonic approximatioff**® was used to correct for the errors in the
standard rigid rotof harmonic oscilladr approximation [see section $/5ince therate of vapor
evaporation from the clusters depends exponentially on the adsorption free energy (with lower free
energies giving slower evaporation), the free energy is directly related to heterogeneous nucleation
probability. In particular, if the free esrgy of adsorption of the first few DEG molecules to some
seed are too high, leading to high evaporation rates compared to the collision rates corresponding to
some given supersaturation, heterogeneous nucleation will not @itferences in adsorption
energiesof the first few vapor moleculdsetween anion and catiseeds of similar siz@aythusbe

linked tothe experimentally observesign preference Full details of the calculations can be found

in Section & of the supporting information.

Briefly, the calculations started with computational level validation (Figure S3) and
conformational/configurational analysis of EMI, BMI and FAP. We used the lesvesgy gas

phase conformer of DEG in the simulations. While this introduces a minor aintgrive note that

this conformer is welkuited for adsorption, as it has both OH groups on the same side (see Figure
S5), and is able to bond to a seed. After selection of several representative anion and cation
conformers/configurations (see Figure S#&)systematic configurational sampling techniffueras

used to create a total of 16 arhed ionic liquid seeds (CILSs; see Sectidd &out their
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conformational diversity) and CI-BEG clusters. In this technique, a large set of seed and seed
DEG configurations was generated using-owst calculations. Then, the structures were optimized

a a higher level of theory and filtered based on their uniqueness and energy profiles: The re
optimization and filtering steps were repeated until we reached the global minimum structure for each
cluster.After that natural bonebrbital (NBO) analysis waperformed to understand the bonding

patterns of the most stable CHCEG clusters.

In the end,we selected théowest energy CILS$rom the quantum chemical calculatiores)d
calculated theicollision cross sectiorQCS usingthe lon Mobility Softwaré*°, whichmodek the

drag force induced by then-neutral collisionsin the IMOS softwarewe used the trajectory method
with LennardJones potentialeind quadrupole interactions included in the collisionsing the
CHelpGpartialchargegCHarges fronmelectrostatigotentials using grid based methodjalculated

at t h eD/deBZY Kvelandlisted inSection SCIn IMOS, the Lennardones potentials have
been optimized against experiments only for the collisions witmdlecues®, therefore wean the

CCS simulation both in Nand air (which was the carrier gas in our experiments but for which the LJ
have not been optimized). We report only the results withd\the modeled CGSarecloser to the
experimental CCS as compared to CCS modeled in air with unoptimized LJ paraiffeee@®CS
valuesof the modeled CILSs werbrectly compared to the measu@@Sat 273 K and 100000 Pa
allowing us to both validateuo structural results, and also connect the modelling results on DEG

absorption to a particular size range of seeds studied in the experiments.

RESULTS AND DISCUSSION

Figure 1 presents the mobility spectrum of the positively and negatively chakligd-MS seeds
The sgnals from the individual clusters are well separatedh@mobility spaceandwe canthus

assume that the cluster populations downstream of the DMA consist of only one cluster type. At



around 706800 V and larger voltages thescillating signalsincreasingly deviate from 0 a.u.,
suggesting some contribution of multiply charged droplets to the measured Sigiiésl lists the

reduced mobilities Zand CCSfor the ten smallest ions for each sample.
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Figure 1. Mobility spectrum of EMITFMS
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Table 1.Experimental masseseduced mobilitiesZo, cn? V1] and CCSs [A] for the ten smallest
CILSs of each sampldasedon DMA classification voltagesAn ion pair numben corresponds to

anions of the typ€AC)nA" andcationsof thetype (AC)nC".

lon BMIBF4- BMIBF4*
pair Mass CCs Zo Mass CCS Zo
0 87.00 108.44 2.12 139.12 127.82 1.71

1 313.13 172.95 1.20 365.25 190.49 1.09
2 539.26 215.76  0.95 591.38 233.59 0.87
3 765.38 255.13 0.79 817.50 273.03 0.74
4 991.51 299.43  0.67 1043.63 317.35 0.64
5 1217.63 334.84  0.60 1269.76 348.24 0.58
6 1443.76  370.36  0.54 1495.88 379.26 0.53
7 1669.89 401.44  0.50 1722.01 414.86 0.48
8 1896.01 43257 0.46 1948.13 446.00 0.45
9 212214 463.74 0.43 2174.26 472.67 0.42

EMIFTMS EMIFTMS?

Mass CCSs Zo Mass CCS Zo

0 148.95 117.57 1.85 111.09 115.51 1.93

1 409.00 185.17 1.11 371.14 181.09 1.14

2 669.04 22385 0.91 631.18 224.10 0.91

3 929.08 263.40 0.77 891.22 263.55 0.77

4 1189.13 307.78  0.65 1151.27 303.36 0.66

5 1449.17  347.77  0.58 1411.31 338.82 0.59

6 1709.22 37431 0.54 1671.36 369.86 0.54

7 1969.26  409.93 0.49 1931.40 405.48 0.49

8 2229.31 441.09 045 2191.45 436.63 0.46
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9 2489.35 47227 042 2451.49 467.81 0.43

EMIFAP EMIFAP*

Mass CCSs Zo Mass CCS Zo

0 444.95 150.67 1.36 111.09 11551 1.93

1 1000.98 249.05 0.81 667.13 210.13 0.97

2 1557.02 318.11 0.63 1223.17 305.48 0.66

3 2113.06 374.14 0.54 1779.20 411.40 0.49

4 2669.09 440.32  0.45 2335.24 474.05 0.42

5 3225.13 489.91 041 2891.28 560.18 0.36

6 3781.17 539.54  0.37 3447.32 599.71 0.33

7 4337.21 585.88 0.34 4003.35 639.32 0.31

8 4893.24 62559  0.32 4559.39 682.31 0.29

9 5449.28 668.65 0.30 5115.43 722.00 0.28

Figure 2 presents the activated fraction of the EMITFMS clusters in the flow reactor as a function of
the DEG mixing ratio. Large open circles are thd clusters which are further modeled for DEG
adsorption. We can observe that as expected, the laugters are activated at lower mixing ratios,

and that the positively charged clusters require smaller mixing ratios to be activated relative to the
negative clusters of similar CCS (compare for example the open circle symbols for clusters with CCSs
of 303and 307 &). This observation can be interpreted as positive sign preference in-DEGL
system, and is observed for the three different IL samples. From these data we infer the critical mixing

ratio for each cluster as the mixing ratio at which thevation probability is 50%.
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Figure 2. Activation probability as function of the flow mixing ratio for EMITFMS. Red data is for
positive and blue for negative clustetsrge open circles are the clustensX) for which vapor

adsorption modeling isonducted.

Figure 3collects the critical mixing ratios for each clustgpe plotted against the experimental
CCSs, while Table2 verifies the structures of the modeled CILSs by comparing the experimental
and modeled CCSs and giving the maximal CCS differencé.3#6, and Table 3 reportsthe
nucleatiormodelng resultsIn Table3, the positively and negatively CILSs conttie rame of the
base ionic liquid and the second anion/cation, in addition to the total charge of ti#redadCILSs

with different cation/anion conformational/configurational compositions are distinguished by
numbering thenbased ortheir Gibbs free eneyg &) gf formation(y b 9 -Def2TZVP level,
neglectinghequastharmonic treatment). For instaneeong the three negatively charged EMIFAP

seeds(EMIFAP)FAP-1 and(EMIFAP)FAP-3 are the most and least stable seeelspectively
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Figure 3.DEG fl ow mi xing ratios of the CILSs as
EMIFAP with n=1 was modeled even though heterogeneous nucleation walsseoved for it in our

experimental conditions.

Table 2. Experimental and modeled CCS?]Aanddifference of thenodeled valuerelative to the

experimental valu@s] for CILS clusters of the typfAC)A™ and(AC)nC".

BMIBF4~ BMIBF4* EMIFTMS EMIFTMS" EMIFAP EMIFAP

Model 173.71 193.73 186.82 190.79 249.68 225.49
Experiment 172.95 190.49 185.17 181.09 249.05 210.13
Difference 0.44 1.70 0.89 5.36 0.25 7.31
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At constantCCS a smallerDEG mixing ratio is required for heterogeneous nucleatato the
positive seedsompared tdhe negative ones faill CILS sizes and compositionslearly exhibiting
positive sign preference in our test systeithe computed thermodynamiparametersn Table 3
generally support this, ash & vatpes clearly indicate that DEG prefers adsorption on the positively
charged EMITFMS and BMIBF4 seeds the case of EMIFARhea d s or pt i dpenthalpgr gy
( B) a n dG vgluesindicate only slight positive seed preferenaghile the experiments suggest
EMIFAP shows thehighestdifference in mixing ratio at consta@CS (i.e. the strongessign
preference) Note worthily, EMIFAP was quite computationally demanding and its harmonic
frequency calculations yielded matow frequenges and a fewimaginaryvibrations(which were
eliminated as described in Section SA of the supporting informatitm)efore, thaeliability of our
computations is lower faEMIFAP, and the EMIFAP results are more sensitive to ghasinonic

corrections relative to the EMITFMS and BMIBF4 CLISs.

Table 3. Thermodynamics of one DEG molecule adsorptionsidering quagharmonic correction
(see section SBt 29815K .  TH qH aguqG values are inkJ mdlw h i | eSvaluesaredn
J moft. The bolded, italicized and underlined values respectively highlight the most efficient seeds

for DEG nucl eatG, den dcargggad on t he @

¥ b 9 -DK-31+G* ¥ b 9 -Didef2TZVP

CILS G oH o5 o g oH g5 ob

(EMITFMS)TFMS  -94.0 -95.9 -28.4 -2265 -83.1 -83.7 -17.9 -220.5
(EMITFMS)EMI*  -104.€ -105.3 -43.4 -207.4 -102.0 -102.8 -34.6 -228.8
(BMIBF4)BF4-1 -86.8 -87.7 -24.2 -212.8 -84.9 -856 -19.5 -22138
(BMIBF4)BF4-2  -105. -109.3 -37.0 -242.3 -89.7 -90.5 -21.3 -232.0
(BMIBF4)BF4-3  -85.3 -86.2 -23.6 -209.9 -82.1 -82.3 -19.5 -210.6

(BMIBF4)BMI*-1  -87.0 -87.9 -229 -2179 -829 -839 -15.6 -228.8
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(BMIBF4)BMI*-2 -82.6 -84.8 -16.6 -228.8 -804 -815 -13.5 -228.0
(BMIBF4)BMI*-3  -91.8 -93.8 -26.1 -226.8 -87.1 -87.2 -224 -217.4
(BMIBF4)BMI*-4  -88.8 -90.3 -22.6 -227.0 -86.4 -86.7 -19.5 -225.6
(BMIBF4)BMI*-5 -104.€ -106.5 -40.2 -222.2 -98.8 -99.7 -31.9 -2275
(BMIBF4)BMI*-6 -97.2 -98.3 -32.1 -222.2 -92.7 -92.7 -27.4 -219.1
(EMIFAP)FAP-1  -625 -61.9 -0.2 -206.9 -72.8 -71.6 -87 -211.1
(EMIFAP)FAP-2  -74.6 -73.9 -14.2 -200.0 -71.6 -725 -3.6 -231.2
(EMIFAP)FAP-3 -65.4 -64.9 -3.8 -2050 -66.2 -66.1 -0.9 -218.6
(EMIFAP)EMI*-1  -79.2 -78.9 -15.6 -212.3 -74.0 -73.0 -9.2 -214.0

(EMIFAP)EMI*-2  -77.9 -80.3 -12.1 -228.7 -69.6 -685 -4.2 -215.6

To uncoverthe actual moleculaevel interactions behind the patterseen in Figur8 and Table3,

we performedNBO analysis.Table 4 shows the key results of this analys? is seconebrder
perturbatiorenergy whichlguantifesthe strength ofariousdonoracceptor interactia As indicatedby
Table4 and Figure S6, the main type of interaction thates DEG adsorption is hydrogen bonding
between the hydroxyl groups of DEG and .S ions The hydrogen bonding interactions are
represented by charge transfer from the lone pair orbital (LP) of an electronegatiy® atodnF atoms,
here)to the antibonding orbital(f) of a hydrogen bond acceptor (OH and CH). In line with the
thermodynamiaesults, the positively charged seeds can establish stronger hydrogen bondingsnetwork
with more hydrogen bondelative to their negatively charged forni$is is somewhat surprising and
counterintuitive, since simple (e.g. nmatomic) anions are typically better hydrogen bond acceptors than
simple cationsThis would likely be the case for the isolated EMI/BMI cationsTfdS/BF4/FAPanions
alonei however their composite clusters behave differently. For the EMITFMS and BMIB&#érs,
DEG actually prefesto bind to the anionic constituents of the clugbarsly becauseP(F) tol*(OH)pec
hydrogen bonding is very effeefi in DEG adsorptionon BMIBF4 and influential on DEG
(EMIFAP)EMI*-1 cluster formationHowever, the cations act to stabilize the bindiggroviding more

hydrogen bond acceptdimaking the Hbondng networkstronger), leading to a positive sign preference.
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In the case of EMIFAP, DEG actually prefersatdsorb on the catianconstituentdecause oF AP 6 s
inefficiency in acting as a hydrogen bonding accepidrich results in the low potency of negative
EMIFAP seeds for DEG adsorptidvioreover, the larger size of the FAP anion limits its adsorption ability,
relative to the BF4 and TFMS amis, which is consistent with the observations of Maisser and Mpgan
whose ion mobility measurements indicated that smaller ions are more effidieatfanmation of ion
vapor complexes betweerbutanoland thek*, Rbr, Cs, Br, and 1 ionsunder suksaturated conditions.
Neverthelesswhile the ether oxygen of DEG is not involvedD&G adsorptiononto EMITFMS and
BMIBF4,itassistsDE st abi |l i zat. the EMI FAPG6s cat

on over

Table 4. Summary of the secoratder perturbation energieE? stabilization energy; kJ mlrelated

to charge transfer from/to DEG NBOs in the form of NBO type(atom/b@ndet)unit- A threshold

of 1 kcal mott (= 4.2kJ mot*) has been used (i.e. interactions with smaller perturbation energies are not
reported). The units and unit moietes e numbered t o make them dist.i
imidazolium ring of EMI and BMI. The ether and hydroxyl oxygen atoms of DEG are distinguished as

Oon and @, respectively.

From To E® From To E®@

(EMITFMS)EMI* (EMITEMS)TFMS

LP(Oor1)oes  0*(CNeye2)emia 4.4 LP(Oon1)oec U* (CHeyc2)em 20.7
LP(Ook2)oec  U*(CHeyco)emi-2 23.5 LP(Oon1)oec {* (CHeyo)em: 51
LP(Qor2)oee 0¥ (CHethyr)emi-2 5.3 LP(Oos2)tems2 0* (OHow-2)oeG 48.6
LP(Oos1)tems 0% (OHow1)oes 11.8 LP(Oos3s)trms2 0* (CHcr2)oeG 4.4
LP(Qos1)tems 0% (OHow2)oee 9.2 0*(OSos2)trms2  U*(OHow2)oes 8.4
LP(Oos1)tems  0* (OHow-1)pEc 14.5 0*(OSos3)tems2 &* (CHch1)oEG 7.8
LP(Oos1)tems U (OHow-2)oeG 12.0
LP(Oos1)tems  U* (OHow-1)oEG 10.0
LP(Qos1)tems  0*(OHow2)oes 11.6

(BMIBF4)BMI*-5

(BMIBF4)BF4-3
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LP(Oona)oec 0¥ (CHeyoo)Bmi-1 5.6 LP(Oon1)oes 0* (CHmethy)ami 55
LP(Oor1)oes  0*(CHeyco)ami-1 31.3 LP(Fer3)era1 U* (OHow-2)pEG 8.0
LP(Oon2)oec  0*(CHeyco)ami2 9.8 LP(Fer3)srs1 U* (OHow-2)oec 46.6
LP(Qom2)pec 0% (CHouty1)smi-1 7.7

LP(Oon2)oec U (CHeyco)ami-2 15.1

LP(Ferg)era  U*(OHow1)oes 9.3

LP(Fera)era  0*(OHoh2)oes 6.3

LP(Fera)era  0*(OHow1)pec 13.5

LP(Fera)era  0*(OHon2)oEs 9.3

LP(Fera)ersa  U*(OHon1)oes 11.6

LP(Fera)ersa  U*(OHon2)oEs 17.4

(EMIFAP)EMI*-1 (EMIFAP)FAP-1

LP(Oo)oec 0* (CHeyc0)emi-1 5.8 LP(Oo)oec 0* (CHeyc0)emi 9.4
LP(Qonzoee {1 (CHeyoo)emi-1 17.4 LP(Oo)oes 0* (CHeyc0)emi 6.7

LP(Fer1)Fap U* (OHoh-2)oec 8.9

After initial DEG adsorptionywe studiedhe growth of the DEG clusters on the ClUS8sfocusing
onthe most stableegatively and positively charged IL seebote that thessrenotalwaysthe seeds
leadingto thdoest CILSDE G a d s oG Hotw eovne rqp s i condfoematiommakconipasgiant o
with resgect to DEG adorption is likely to be different for each number of DEG, we selected the
mo s t st abd e ONtD¥eSe tthes comparison consistefith e 0 b tGavaluesfar @
adsorption of 43 DEG moleculesregivenin Table 9 and the CILSDEG structures are shown in
Figure 4 Thecharge preference trersgéen in Table& continues with theddition offurther DEG
molecules corroboratingour hypothesis that singlaolecule adsorption studies are representative
for the whole proess.For boththe positively and negatively charged EMITFMS and BMIBF4 seeds,
nucleation starts by binding afsingleDEG moleculeto the TFMS and BF4anions but subsequent

DEG molecules are then boundhe cations. For EMIFARhefirst andsubsequernDEG molecules

areall bound to thecations For all CILSs,the intamolecular hydrogendnding between the DEG
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moleculesfurther promotes théheterogeneousucleationprocess, with the addition of the second

DEG molecule often (in 5 of 6 cases) being eneme favorable than the firgdee Table §.
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Figure 4. The starting steps of DEG nucleation on the CILSs at1Z9® and t hDd6- v b 97
31+G*level of theory. The vieilng anglesarechosento bestclarify the interaction networks. The

blue dotted lines represent the hydrogen bonds.

CONCLUSION

In general, both experimental and theoretical results indicate that DEG nucleation on the CILSs
displays apositive sign preferenceThe quantum chemical calculatiomse able to generate CILS
models with CCSsery close to that of thexperimentdy produced seeds. Also, modelismgle
molecules adsorbing to the smallest possible charged saedapturethe sign preferencandthe

overall differences in the nucleating abilities of the different ionic liquids. This suggests that such
relatively simpe model calculations can be immensely useful in predicting and explaining nucleation
of complex seedapor mixtures. The experimentally observed differences between the &S
caused by the hydrogen bonding patterns. For example, positive seeddoemdaoth stronger and

more numerous hydrogen bonds with DEG. This leads to lower adsorption free energies, and

consequently lower onset supersaturations for heterogeneous nucleation onto the cationic seeds.
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SUPPORTING INFORMATION

Details of the experimental and computational methods, structures of the ionic liquids, diethylene
glycol, the selectedaniontation conformersonfigurations and theCILSs effect of
conformational/configurational diversity on the CILSs, NBO results eftiDEGCILS systems,
adsorption energies for the addition of two and three DEG molecules to the CILSs, g@ontietry

and frequencies (dput fileg of all seeds and DEGILS complexes.
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