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I(" Abstract:

) " Secondary organic aerosols (SOA) account for a large fraction of submicrarepairt the

I* " atmosphereSOA can occur in amorphous solid or sesnlid phase states depending on
#+" chemical composition, relative humidifRH), and temperaturel'he phasetransition between
#!'" amorphoussolid and semisolid states occurs athe glass transitn temperatureTg). We have
##" recentlydeveloped a method to estimdigof purecompounds containing carbon, hydrogen, and
#$" oxygen atoms@HO compoundswith molar mass less than 450 g fhdlased ortheir molar
#% mass and atomic O:C ratim this study we refine andextendthis methodfor CH andCHO
#&' compoundswith molar mass up te1100g mol®* using the number of carbon, hydrogen, and
# " oxygen atomsWe predictviscosity from theT4-scaled Arrhenius plodf fragility (viscosityvs.
#(" TgT) as a function othe fragility parameteiD. We compiledD valuesof organic compounds
#)" from literature and foundthat D approaches a lower limit of ~10 (+1.7) as the molar mass
#*" increases We estimatedviscosity of !-pinene and isoprene SOA as a function of BH
$+" accountig for hygroscopic growth of SOA and applying the Gordaylor mixing rule
$!'"  reproducingpreviously publishe@xperimental measuremenisry well. Sensitivity studies were
$#" conducted to evaluatenpactsof Tg, D, hygroscopicityparameter (), and the GordonTaylor
$$" constant on viscositpredictions Viscosity of toluene SOA was predicteding the elemental
$% composition obtained by highresolution mass spectromet@RMS), resulting in a good
$&' agreement with the measured viscositie alsoestimatedriscosity ofbiomass burning particles
$' " using the chemical composition measublsdHRMS with two different ionization tectiques
$(" electrospray ionization (ESI) and atmospheric pressure photoionization (APPI). Due to
$)" differences in detected orgardompounds and signaitensity, predictedviscositiesat low RH

$*" based onESI and APPI measurementsffer by 2-5 orders of magnitudeComplementary
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measurements of viscosity and chemical compositiondasredto further constrain RH

dependent viscosity in future studies.

1. Introduction

Secondary organic aerosols (SGa#count for a large fraction of submicron particles in the
atmospherand they play an important role in climate, air quality and public h€@ltihdstein
and Galbally,2007; Jimenez et al., 2009)raditionally, SOA particlesvere assumed to be
liquid with dynamic viscosity’ below 10° Pa s buta number ofecent studies have shown that
they canalsoadoptamorphoussemisolid (1G " " " 10*? Pa s), omlassysolid (' > 10" Pa s)
states depending orchemical compositiomnd temperaturgZobrist et al., 2008; Koop et al.,
2011;Huang et al., 2018; Reid et al., 2018he phase state is also strongly affected by relative
humidity, as water can act as a plasticizer to lower viscbtiihailov et al., 2009) Ambient
and laboratorygeneratedSOA particles havebeen observed to bounce off the smooth hard
surface of an inertial impactat low RH, implying a nonliquid state(Virtanen et al., 2010
Saukko et al.,, 20t2Bateman et al., 2015ain and Petrucci, 20),5whereaspredominantly
biogenicSOA particles in the Amazdmasindid not bounce off the impactor surfaaghigh RH,
implying they areprimarily liquid (Bateman et al., 2016)Jpon dilution or heating, SOA
particles were observed &vaporate unexpedly slowly (Cappa and Wilson, 2011; Vaden et
al., 2011) and recent modeling studiesviesevaluatedthe contributions ofdw diffusivity and
volatility to slow evaporatiomates(Roldin et al., 2014; YiJuuti et al., 2017)Measurementsf
viscosity ofSOA bulk materialderived fromoxidation of! -pinene(RenbaurmWolff et al., 2013;

Zhang et al., 2015; Hosny et al., 201Bnonene(Hinks et al., 201f isoprene(Song et al.,
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2015, ard tolueng(Song et al., 201§dave confirmed thaBOA particles adopt a wide range of
viscosities.

Theparticlephase state has been shown to affect gas uptakehemicalransformatiorof
organic compounds due to kinetic limitations of bulk diffusiShiraiwa et al., 2011; Abbatt et
al., 2012; Kuwata and Martin, 2012; Zhou et al., 2013; Slade and Knopf, 2014; Arangio et al.,
2015; Davies and Wilson, 2015; Wang et al., 2015; Berkemeier et al., 2016; Marshall et al.,
2016;Liu et al., 2018; Pratap et al., 28 Zhang et al., 20}8Molecular motion can be hindered
in a highly viscous matrixslowing downphotochemical reactiong particles(Lignell et al.,
2014 Hinks et al., 2016 Water diffusioncan be still faseven in an amorphous solid matrix
under room temperature, but it can be hindered significantly under low tempe(&tikiesilov
et al., 2009; Zobrist et al., 2011; Bones et al., 2012; Berkemeier et al., 204ePaic, 2014)
affecting homogeneous vs. heterogeneous ice nucleation patfiMiayay et al., 2010; Wang et
al., 2012a; Wang et al., 2012b; Baustian et al., 2013; Schill and Tolbert, 2013; Berkemeier et al.,
2014; Schill et al., 2014, Lienhard et al., 2015; Ignatius et al., 2016; Knopf et al., DEpjite
the substantial implications of the SOA particle phase state, its effects gpargjae
interactionshave notyet been consideredxplicitly in currentclimate andair quality models
(Shrivastava et al., 2017)

Partitioning of semvolatile compounds into viscous particles may result in kinetically
limited growth in contrast to quasguilibrium growth (Perraud et al., 2012; Shiraiwa and
Seinfeld, 2012; Booth et al., 2014; Zaveri et al., 2014; Mai et al., 2015; Liu et al., 2016)
also affects the evolution of particle size distribution upon SOA gr¢8hiraiwa et al., 2013;
Zaveri et al., 2018)Chamber experiments probimgixing timescales of SOA particleerived

by oxidation of various precursors such as isoprene, terpene, and tbawenebserved strong
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kinetic limitationsat low RH, but not at moderate and high Rtbza et al., 2013; Ye et al.,
2016; Ye et al., 2018)Y50rkowski et al. (20173lid not observe significant diffusion limitations
for glycerol and squalene In-pinene SOAQuastequilibrium versiskinetically-limited or non
equilibrium SOA growthremains an open issue and warrants further investigations

Group contribution methodsave been used to predibe viscosities of pure compnods
when the functionality and molecular structare known (Sastri and Rao, 1992; Rothfuss and
Petters, 2017)Song et al. (2016) showed thegtimatonsfrom group contribution approaches
combined with either nonideal or ideal mixing reproduttee RH-dependent trendsarticularly
well for the alcohol, di and tricarboxylic acid systemith viscosiy of up to 10* Pa s. By
contrast,model calculation®verestimate the viscosityof more viscous compounds including
mona, di-, and trisaccharidgby many orders of magnitud8ong et al., 2016bA recent study
compiled viscosity oforganic compounds with atrepherically relevant functional grups
investigating the influence ofthe number and location of functional groups on viscosity
(Rothfuss and Petters, 2Q1These studies provide important insigim®stimating the viscosity
of individual organic compounds

Particle phase state can be characterizedddgss transition temperaturgy), whichis a
characteristic temperaturepresentinga nonrequilibrium phase transition from a glassy solid
state to a sensolid stdae as the temperature increagésop et al., 201}l Recently,we have
developed a method to estim&igof pure organic compound®mprisedof carbon, hydrogen,
and oxygen (CHO compoundsjth molar mass less than 450 g rhblased on tHe molar mass
and atomic O:C ratio (Shiraiwa et al., 2007 It has been applied successfully in a global
chemistryclimate modeto predictTy andthe phase state of atmospheric S@Aich indicatel

that SOAparticlesare mostly liquidor semisolid in the planetary bodary layer while they



I4+) " should beglassyin the middle and upper troposphdfhiraiwa et al., 2007 A recent study
I+* " provideda consistent resylsuggesting that ixing timescale of organic moleculesithin SOA

Il+ " are often < h in a global planetary boundary lay&taclean et al., 2037

mn It has been showthat SOA particles contain oligomeric compounds with molar masses
li# " higher than 450 g mol(Gao et al., 2004; Tolocka et al., 2004; Nizkorodov et al., 2011; Nozisre
I1$ " etal., 2015)which makes the previously developed parameterization incomiridtas study
%" we extend the parameterization o to higher molar massompounds, and apply it to high
1& " resolution mass spectrometry data for toluene S&@ biomass burningarticles The

" " Arrheniusapproach and the Gorddraylor mixing ruleswere applied to estimate viscosity of
I " SOA bulkmaterialsto compare withthe literature reportedrziscosity measurements. This method
I " will be useful for estimations of viscosity ofganicparticles for which highresoldion mass
I* " gpectra are availablét. can also beppliedin global or regionamodelsto evaluatempacts of
I#+"  the particlephase statenthe role ofSOAIn climate and air quality.

I# "

## " 2. Parameterization development

#$" 2.1 Glass transition temperature

1#%" Figure 1la shows the dependencdobn the molar mass\) of organic compounds. Solid
I#&" markers represent measurggof 258 CHO conmpounds(Koop et al., 2011; Dette et al., 2014;
I#' " Rothfuss and Petters, 201Ayhile open markers represe6b4 CHO commundsin SOA
#( " (Shiraiwa et al., 2014Markers are colecoded by atomic O:C ratio.h&r melting points Tn)

I#) " were estimatetdy the Estimation Programs Interfa@&”l) Suite softwareversion 4.1(US-EPA,
I#* " 2012)andtheir Ty were estimated usinte BoyerKauzmann ruleTy = gal'm with g = 0.7 (Koop

I$+" et al.,, 2011 Shiraiwa et al., 2007 This rule can provide goodstimates oflTy, as has been
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validatedin previous work(Koop € al., 2011)andalso shown in Fig. AZ). A subset of data
shown in Figure as aiginally publishedin Shiraiwa et al. (2017or compounds withM <
450 g motf'. This version of the figure has been updatedhtude a number ofxperimentay
measuredTy values of larger compoundswith M up to 1153 g ma!, including aliphatic
compunds containing OH and/or COOH groupgecifically, data for6 aliphatic alcohols, 39
carbohydrats and their derivatived, carboxylic acids, and 4 hydroxy acids compled by
Rothfuss and Petters (201%ave been added to Figure Bight of these compoundsre
carbohydrates witM > 450 g mof". These updates are critical for reliaplErametrization of Tg
based onM. When M increasesabove ~500 g mol*, the slope ofT, g decreasesmaking it
challenging to extrapolatée low-M data from the origingbhiraiwa et al. (2017) studg higher
M values WhenM increases te-1000 g mol*, the correspondindy appears to level around
420 K

Such dependencen M has been deribed for ptymers with the FoxFlory equation
e, !!I#(Fox Jr and Flory, 1950WwhereKn, is a constant an@lyx is the agymptotic

value of Ty specific to the polymeMe conductea literaturesearch and founthat mostof the
reportedTy« values fell below ~50& (Fox Jr and Flory, 1950; Onder et al., 1972; Montserrat
and Colomer, 984; Polymer handbook, 1999; Papadopoulos et al., 2004; Matsushima et al.,
2017) The FoxFlory equationworks very well for high molar mass compounds @dlso
generally applicabléo smaller compound@oop et al., 201}, assupportedy an approximately

linear dependence @§, on the inverse molar mass in Figl(&). Figure 1bplots the values ofy

as a function ofthe atomic O:C ratio of organic moleculesrigures la and 1llelearly
demonstrat¢hat Tg depends primarily on the molar mass vatlweakdependence othe atomic

O:C ratio.
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A parameterizatiorior Ty calculationbased on the molar mass aatdmic O:C ratiowas
developed in ourecentwork, which is applicabléo CH and CHOcompounds withiM < 450 g
mol ™ (Shiraiwa et al., 2097

Ty= A + BM+ C*M? + D (O:C) + EM (O:C) (1)

whereA = £21.57 (¥13.47) [K], B = 1.51 (¥0.14) [K rhg™], C = B1.7X 10° (+3.0X 10 [K
mol® g?], D = 131.4 (+16.01) [K] and E £0.25 (+0.085) [K mol g], respectively These values
wereobtainedby fitting the measuredy of 179 CH and CHO compoun#sth M < 450 g mof
with multi-linear least squaresnalysis Note that application of Eq. (1) may provide
unreasonablé&y valuesfor compounds witiM > 500 g mol* because it does not account for the
strong curvature in th&, vs.M dependence shown in Figure la

In this study wehavedevelogd an improvel parameterizatiortio predictTy of CH and
CHO compoundsising the number afarbon(nc), hydrogen (1), andoxygen(no) that canalso
be applied to higtr molar mass compoundslotivated bya good correlation betweély and
volatility (Fig. 1a in Shiraiwat al.,(2017), we use an equatiomith a similar formulationto the
equationused to predicthe saturation mass concentrationvolatility (Donahue et al., 2011
et al., 201%

Tg=(' 2 +In(nc)) be + In(nw) by + In(nc) In(nk) ber+ In(no) bo + In(ne) In(No) beo 2
wheren! is the reference carbon numplag, by andbo denote the contributioof each atonto
Ty, andbcy andbeo arecoefficients that refleatortributions fromcarbonhydrogen andarbon
oxygenbonds respectively These alues were obtained by fitting theeasuredly of 42 CH
compounds and258 CHO compoundswith multi-linear least squares analysith 68%

prediction and confidence intervalhe besffit parameteraresummarizedn Table 1.



¢ " Note that theevaluationdataset used to derive H&) contains CH compunds withM <

I(( " 260g mol* (see Fig. AB for comparison of measured and predictgd Thus, he application of
I0 " Egq. @) to higher molar mass compounagy require furthemvestigationsvhen measuredy

I(* " for higher molar massompounds becomewailable.We plan to continue to refine our method
N+ " as additional glass transition data on high molar mass compounds become avagabtelc
Nt " shows that thely values predict using Eq. (2) are in good agreementith the Ty vaues
N# " measured in experimen{see also Fig. Al(b)pr estimated by the Boydfauzmann ruleas
N$ " indicaed by thehigh correlation coefficientof 0.%. Ty of individual compands can be
N%" predicted within 21K asindicatedby the prediction band (dotted lina@s Fig. 1c); however,

N& " this uncertainty may be much smaller for multicomponent SOA mixtures under ideal mixing

) " conditions as indicated in the confidence band (dashed lines, almost overlapping with the 1:1
N " line).
n " Theseresuls are noteworthygiven that the parameterization (EQR) does not consider

N* " either explicitmolecular structuior functional groups. Previous studies have shownThaan

I*+ " be especially sensitive tthe number of OH growgp which interactstrongly through hydrogen
I*I " bondng. For exampleNakanishi et al., (2011) found a direct relationship betwigeandthe
I*# " number of hydroxyl groups in a molecdte sugar alcoholsTy increases as the number of OH
I*$ " groups increases. They reported that theetation betweerly and the number of OH groups
*%" was much stronger than the correlation betw&gand the number of carbons in a molecule.
*& " Such a trend is implicitly included in E€L) and(2), which containthe O:C raticand number of
¥ " oxygen atomsas paametes, respectively Recently,Rothfuss and Petters (2013howed an

*( " approximately linear relationship between thenber of OH groups arif}; for compounds with

I*) " up to eight OH groupssrayson et al. (203&8howed that addition dfydroxyl functional groups



I** " increasesviscosily, a conclusion supported Hyoth the experimental data and quantitative
#++"  structureproperty relationship modelThe correlationbetweenTy and the number of carbon
#+1" atomsis consistenwith the free volumeheory,in which molecular motion is restricted liye
#+#" difference between the space required for a molecule to vibrate versus the space in which the
#+$" molecule resides (i.ethe free volumelWhite and Lipson, 2016)The correlation &tweenT,
#+9% and the number of OH groups is more consistent with the topological constraint thieerg
#+&' the primary influence is the three dimensional structure of the molecule as determined by
#+'" molecular bonds and hydrogeonding networkgNakanishi and Nozaki, 2011; van der S$ma
#+(" 2013) Future experimenttargetingmore comprehensivéy data, especially for higdn molar
#+)" masscompounds, woultead tofurtherrefinemens of our Ty parameterizations.

#+*" Comparing Eq (1) and(2), the two parameterizations give similar performance for
#1+"  compounds wittM < 450 g mof-as shown in FigA2c. The statistical measuresf correlation

#11 " coefficient (R),mean bias (MB)and root mean square error (RMSE) are O0EB345 K, and
#l#"  25.64 K, respectively, for the performancekbaf (1), while for Eq. (2), they are 0.8, 3.15 K,
#!1$" and 21.11K, respectivelylt should be noted again that K@) cannot be usetb predictTy for
#19%" compounds wittM > 450 g mof. For exampleTy of stachyosgM = 667 g mol) predicted by
#1&" Eg. (1) is 198K, while that by Eq(2) is 394K, which agreesnuchbetter with the measured
#I' " meanTy of 396 K(Rothfuss and Petters, 2Q1Eq. (2) is more flexible thaifEg. (1) and can be
#1( " potentially expandedo include compounds containirfgetereatons (e.g., nitrogen or sulfuy)
#!) " once substantial sets @xperimentalvalues of Ty for such compounds become available.
#1* " Regarding the application in air qualignd climate nodels, Eq (1) can be applied inthe
##+" volatility basis set (BS) (Donahue et al., 2006; Donahue et al., 2044y the molecular

##!" corridor approach(Shiraiwa et al., 2014, Liteal., 2016)to predict theT, of SOA particles



###"  (Shiraiwa et al., 2007 while the new parameterization may be suitdbtecoupling withthe
##$" statistical oxidation model which characterizes the SOA evolution as a functimnaoid no
##% (Cappa and Wilson, 2012; Jathar et al., 2015)

#HE' These parameterizatiofggs. 1, 2)calculateTy based on the elemental composition of
##' " organic compound$SOA particles contain a number of organic compounds as wallasable
##(" amountof liquid water which haslow Ty (136 K)and can act as a plasticizéikhailov et al.,
##)" 2009; Koop et al., 2011YJnder humid conditions, SOA particles take up water by hygroscopic
##*"  growthin response to RHlowering Tq and viscosity of SOAparticles Estimations ofTy for
#$+" SOA-water mixtures were discussbkg Shiraiwa et al. (2017), whapplied the GordorTaylor

#$! " equationvalidated for a wide rangef mixturesof organic, polymer,and water(Roos, 1993
#$#" Hancock and Zografi, 1994obrist et al., 2008Dette et al., 2014Dette and Koop, 2035
#$3$" Briefly, Ty of mixtures of SOA compounds under dry conditiolg ) were calculated
#3$% assuminghe GordonTaylor constantksr) of 1 (Dette et al., 2004 Ty org=2;! ;! 1, Wherew; is
#$&' the mass fraction of organic compoundvhich can be derived using mass concentrations of
#$'" SOA productsThe GordonTaylor equatiorcanalsobe appliedo calculae Ty of organicwater
#$(" mixturesconsideringtie massractionof organics Worg) in SOA particle{Koop et al., 201}t

1
R e

#$) " Ti(trg!! 3

UL g 1 g
#$*"  Worg can be calculated using the mass concentrations of waigs) (@nd SOA fsoa) asWorg=
#%+ msoa/ (Msoa + Mu,0). Mu,0 Ccan beestmatedusingthe effective hygroscopicity paramete) (

#%!" (Petters and Kreidenweis, 2007

#Ho%0#t mpyyg = & (4)

Py (#' !)



#%$ The density of water#,) is 1 g cn, the density of SOA particlegdpa) is assumed to be2lg

#%% cm* (Kuwata et al., 2012)msoa is the total mass concentrations of SOA, apds the water

#%¢& activity calculated aa,, = RH/100.Pajunoja et al. (2015) found that water uptake in subsaturated
#%'" conditions is inhibited until RH is high enough for dissolution of water in SOA particles with
#%(" relatively low O:C ratios. As oxidation of SOA increases, solubility of water increases and
#%)" dissolution occurs at lower RH values. In both cases, the use of subsaturated hygroscopicity
#%* measurements was supported.

#&H"

#&!" 2.2 Viscosity

#E&H Temperature dependence oiscosity () was predicted using the modified Vogel

#&$' TammannFulcher(VTF) equation(Angell, 1992:

HE& Nyt g 1T (5)
#&& where!, is viscosity at infinie temperaturgTy is the Vogel temperaturel is the ambient
#&'" temperature The fragility parameterD, characterizes how rapidly the dynamics of a material
#&(" slow down asT approachedy, reflecing to what degree the tempeareg dependence of the
#&)" viscositydeviates from Arrhenius behaviohenT is close toTy (T¢/T $ 1), smallerD values
#&*" indicate that viscosity is sensitive to temperature change (fragile behavior); whileDargleies

#+ " indicate that viscosity is less sensitive to temperature change (strong or Arrhenius behavior).

#" Assumingn, =10° Pa s(Angell, 1992:

## " Mgl rorrr e !'!0!!! (6)

#$" WhenT=T," = 10" Pas,whichleads to/Angell, 1991 Angell, 2002:

o
i .l

#%" Tl @)

P



#&" As can be seen in E(), bothTy andD are required to calculatefrom Eq. (4) at a given

#' " temperature.

#(" Figure 2shows thely-scaled Arrhenius plot dfagility (viscosity versudy/T) referred to
#) " as an Angell plotAngell, 1995. D valuesof organic compounds atgpically in the range of
#* " ~5B80 (Angell, 1997) To estimateD valuesthat could be appliedo SOA mmpounds we
#(+" compiled measured fragility values. Fragility was often measured in the form of the fragility
#(! " steepness indexnj, which represents the slope of the Arrhenius plot at the point \iherg,
##" (Boehmer et al.,, 1993Compounds with lowem exhibit highker D values, indicating stronger
#($" glass formersThe measurech of 95 organic compounds are included in the Supplenmeran
#(%' Dbe converted td using the following equationséethe full derivation of this equatiom
#(&" Appendix A:

#C" -y IIT (8

#(( " Figure3 showsthe measured as a function of (a) molar mass &) atomicO:C ratio
#() " of organic moleculesThe molar masgxerts a stronger effect on fragilitwhile there islittle
#(* " dependence dD on the O:C ratio. As molar mass increasespproaches a lower limit of 10.3
#)+" (x 1.7), consistent with the value of 1@edin our recent studyShiraiwa et al., 2007 To
#)!' " evaluate thempact of the variations dD on viscosity predictionsensitivity calculationsvere
#)#" conductedhs describeth Sect. 3.

#)$" Besides the VTF equation,nather commonly used equation fordescribing the
#)%' temperature dependence\a$cosityis the Williams-LandetFerry (WLF) equation!"# _.! .!.! !| !

#)&" ————, where empirical paramete@ andC, are adopted as 17.44 and 51.6 K, respectively

#)' " (Williams et al., 1955; Schill and Tolbert, 2013; Wang et al., 20Thg twoequations are
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mathematically equivalen both defined with respect to a reference temperaamd, the

parameters are related through! — ' and! Uy ULy For the WLF equation, glis

LIyl
the referencaemperature and there is a linear dependence assumed between temperature and
free volume(OOConnell and McKenna, 1999; Huang and McKenna, 2001; Metatla and Soldera,
2007) For the VTF equation, the reference is tegel temperature To)Pa hypothetical
temperature at which all nenbrational motion ceases and viscosity becomes infemig he
theoretical foundation of the VTF equation includes both thermodynamic and kinetic
considerations(OOConnell and McKenna, 1999; Huang and McKenna, 2001; Metatla and
Soldera, 2007)The calculations of viscosity in this study are based mainly on the VTF equation
and the difference betweealculated results frorthe two equations will & briefly discussed in

the following section.

3. Comparison of predict ed viscosity with measurements
3.1. SOA formed from ! Bpinene and isoprene

The purpose of this section is to demonstrate that viscosity of SOA material can be
predicted over a broad rg@ of RH values from four parametefg:of dry SOA {Tgorg, fragility
(D), hygroscopicity {), and the GordoiTaylor constant for mixing SOA and watéeis{).
Viscosity of !-pineneSOA has been measured as a function of B¥Hseveral groupsising
multiple experimental techniques as shown in B(@) (Abramson et al., 2013; RenbauWolff
et al., 2013; Kidd et al., 2014; Pajunoja et al., 2014; Bateman et al., 2015; Zhang et al., 2015;
Grayson et al., 2016)'he widerange of experimentally measured viscosities reported -for
pinene SOA, particularly from 360% RH is most likely a consequence of the different

experimental approaches, mass loadings and O:C ratios for each experiment. For instance,

1%"



$!1+" Grayson et al. (2016) used mass loadiofyd21to 14000ug n and observed thaviscosity

$!I' " decreased as mass loading increakkgher mass loadings would lead to greater partitioning of
$#" semivolatile and lower molar mass compounds into the particle phase, which would lead to the
$!$" decrease offy and viscosity of the resulting SOA mixe. They concluded that their results
$!1%" should be considered a lower limit for viscosity! epinene SOA in the atmospheteshould
$!&" also be noted that the viscosityeasurementBom RenbaumWolff et al. (2013)werefor the

$!I" " watersoluble portion of the S@ Thesedataset suggest that viscosity df-pinene SOA

$!( " approaches veritigh values(~>10° Pa s)below 2030% RH anddecreasewith anincreasen

$!) " RH reachinga value of~10 Pa s at 80% RH\s can be seem Fig. 4(b), isopreneSOA isless

$!* " viscous with'!" 10° Paseven under dry conditionandergoing a phase transition from a semi
$#+"  solid phase to a liquid phase at ~55% (@dteman et al., 2015; Song et al., 2015)

S The solid lines with the shaded aseia Figure 4are viscosityvaluespredicted using
$##"'  Tgorg D, !, Ket. Tgorg Valueswereadopted byBerkemeier et al. (20)4vho estimatedTy org With
$#$" the BoyerKauzmannrule using the melting point of representative SOA oxidation products
$#9% Note that Eq(1) or (2) were not used to estimdigo,g Which should be done in future studies
$#&' by obtaining their elemental composition using high resolution mass spectroruettypinene,

$#' " Tgogwasassumed to b878 K corresponding t@n O:C ratio of 0.5(Berkemeier et al., 20}4
$#(" which is a typical O:C ratio df-pinene SOA(Aiken et al., 2008Chen et al., 20%1Putman et
$#)" al., 2012.

SHr" The Tgy,0rg Selected for isopreneC\ was 255 K,corresponuhg to the O:C ratio of 0.6.
$$+" Although no measurements dhe O:C ratio for the experimental isoprene SOA data were
$$!'"  reported, Song et al. (2015) estinth€@:C of 0.64-1.1 based on literature valuess O:C ratios

$$#" are useful in estiming Tgyor, We encouragene measurment ofthe O:C ratio of SOA when

1&"
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conducting viscosity measurements. contrast to! -pinene SOA, there arelimited viscosity
measurements for isopren8OA. While the predicted viscosity is consistent with the
experimemal data, comparison of our model predictions to additional measurements is strongly
recommended. Song et al. (2015) prepared their samples in a potential aerosol mass (PAM)
reactor while those investigated by Bateman et al. (2015) were generatsdhogchamber It

has been suggested that under ambient conditions, the majority of isdpraseel SOA can be
derived through heterogeneous interactions with acidic sulfate particles forming oligomers (Lin
et al.,, 2013; Surratt et al., 2010; Gaston et all420which may increase viscosity. Further
studies are warranted to compare laboragmyerated and ambient isopre8®A, and to
investigate the effect of the acidic seed on the viscosity

For both !-pinene and isoprene SOBR,was set to 10 based on thealysis presented in
Fig. 3(a) /! was set to 0.1 based on field aathoratory measuremen{&unthe et al., 2009;
Lambe et al., 2011b; Pajunoja et al., 2014, Petters et al., 208Kk was assumed to &5
(Zobrist et al., 2008Koop et al., 2011 Using these parametethe predictedviscosites match
well the magnitude anthe RH-depanderce of the measuredscosty of ! -pinene and isoprene
SOA Figure 4also showspredicted viscosities (dotted lines) using the WLF equatidrich
shows similar values @ke VTF equationbut slightly underestimatdle viscosity oft -pinene
SOAatlow RH and overestimates the wstty of isoprene SOAthigh RH.

Sensitivity studies were conducted to examine the effectgff D, / andkgr, onthe
calculatedviscosity. In these studieslyorg Of ! -pinene and isoprene SOA were varied within
229328 K and 25816 K, respectivegl, representingTyog Of different oxidation states
(Berkemeier et al., 20)4D was variedbetween 5 an@0, which is the range characteristic for

organic compoundg¢see Fig.3a). / of 0.050.15 were used fof -pinene and isopren8OA
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(Lambe et al.2011h Pajunoja et al., 20)5For the GordoiTaylor constant, values of 2.551.
were consideredZobrist et al., 2008Koop et al., 2011Dette et al., 2014Dette and Koop,
2015.

The effect of varying each pan@teron the calculated viscosity of -pinene SOA is
illustrated in Fig.5. Variations of +50 K inTg o result in 36 orders of magnituddifferencein
calculatedvaluesat dry conditions, indicating thalyorg is @ critical parameter for viscosity
estimaions Decreasind from 10 to Sledto a decrease afalculated valueby more than one
order of magnitude. Thealculatedresultswere within the upper limit of measurements when
increasingD from 10 to 20, and the predicted values were only slightly enhanced when further
increasingD from 20 to 30.Calculated valuesvith variations in/ from 0.05to 0.15 and kg
from 1.0to 4.0 were all within theneasuredanges.

For isoprene SOA, an increase Wforg to 287 K, which represents higher oxidation
state(Berkemeier et al., 20}4led tocalculatedvaluesto beseveral ordrs of magnitude higher
than the upper limit of measurements (Fdg). WhenTgog reaches 316 K, isoprene SOA can
occur as a solid for RH lower than ~40%. Comparet-fonene SOAa variation inD has a
larger effecton the calculatedviscosity (Fig.6b). For a range of 5 30 for D, calculationswith
theD value of 10 agreed well with the measurements, while @he&lues resulted inalculated
viscosity outside of the measured rangeFigures6¢c and6d show that decreasing and kgt
belowthe referene values, the predictions overestimate the measubgdone or two orders of
magnitude The latter is most evideat RH > 60%, where thealculated valuegere higher than
the upper limit of measurementdodeling resultswith / and kgt increasingto 0.15and 4.0,

respectively, were withithelower limit of measurements.



$0 " The above comparison betwettie measured and predicted viscosity demonstrates that
$(* " the method described in this study can reprodeesonably welthe measure®RH-dependent
$)+" viscosity of SOA formed fronh -pinene and isoprene. The sendyi calculations showed that
$)! " Tgorg cOntributedthe most to the uncertainty the viscosityestimates Previous studies have
$)#" shown thatthe experimental conditions such garticle mass concentratioii&rayson et al.,
$)$" 2016 andRH upon SOA formatior{Kidd et al., 2014; Hinks et al., 2018an impact chemical
$)%"' composition of SOA and hence tpbase ste andviscosity. Furtherefforts to constrain the
$)&" uncertaintiesare needed both in experiments and parameterizations.

$) "

$)( " 3.2. SOA formed from toluene

$) " In this and the following sections, we examine the feasibility of calculating the value of
$)* " Tgorg from mass spectrometry data on SOHWinks et al. (201y measured the elemental
$*+" composition of toluen&OA usingnanospray desorption electrospragization highresolution

$*1 " massspectrometry (nandESIHRMS) (Roach et al., 2010a, .bjoluene SOA were formeboly
$*#" OH photooxidatiorin an aepsol smog chamber at <2% Rhtass loading 23 pg m*) and75%
$*$" RH (mass loading 8 pg m?) to investigatethe effect of RHon the chemical composition of
$*%' tolueneSOA formedunderlow-NOy conditions Measurements revealed a significant reduction
$*&" in the fracion of oligomers present imoluene SOA generatecunder highRH conditions
$* " compared to SOA generated entbw RH conditions(Hinks et al., 201} The detected molar
$*(" massof individual oxidation productspanned a range of 165709 mol* at high RH which

$*) " increasedipto 726g mol® at low RH.

$rx " Figure {a) shows thdnterdependence djlass transition temperatureolatility, and

%++ molar massof the detected toluene SOA compoun@@ass transition temperatures were
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calculatedusing Eq (2). Saturation mass concentrations or volatilities dedied compounds
were estimated frorthe elemental composition by using the parameterization of Li et al. (2016).
The analysis is based on the molecular corridor appfbactwodimensional framework of
volatility and molar mass of SOA components consthibg boundary linef low and high
atomicO:C ratio, corresponding tealkaneqCyHzn+2, O:C = 0)and sugar alcohol&C\H2n+20n,

O:C =1), respectively(Shiraiwa et al., 2014; Li et al., 201d}he tolueneSOA constituentsare

well constrained by the molecular corridor ahdare higher for compounds with higher molar
mass and lower volatility.

Eq. (1) was used to calculafg for individual compoundsvith M < 450 gmol™, while
excluding compounds with molar makigher than450 g mof-. This approach was deemed
reasonablas such high molar mass compounds accourtt fld% of all tolueneSOA products
formed atlow RH, andfor < 2% formedat high RH Eq. (2) was used to calculafg, for all the
detected compound$g of dry tolueneSOA (Tg.org Wasthencomputedusing the GordofTaylor
approachwith kst = 1 (Sect. 2.1) The relative massoncentratioa of individual components
wereassuned to be proportional ttheir relative abundance in the naB&ESFHRMS spectrm.
This assumptiomasa number otaveatyBateman et al., 201 guyen et al., 20)3and as we
will see below, itresults indeviations between thgredictedand measured viscosityable 2
summarizeshe resuls of such calculations, showing that thg.gby Eg. (1) B excluding high
molar mass compoundis about 10 Kowerascompared tdgorg by EQ. (2). Tgorgat lowRH is
predicted to béigherthanTg g at highRH, whichresults froma lower abundancef highmolar
masscompounds observed htgh RH. This trend is consistent witkidd et al. (2013 who
showed that SOAnaterialformed under dry conditions is more viscous than that formed under

wet conditions.
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Figure 7(b) shows thepredictedviscosity of toluene SOA as a function of RHSs
compared tdhe measured viscositgf toluene SOAormedin an oxidation flow reactor dt3%

RH (Song et al., 2016alndirect viscosity measurements are also included in shaded boxes
(Bateman et al., 201%.i et al., 201%. Lines with shaded areas aralculatedviscosities using
Tgyorg asdescribedabove.! was assumetb be0.25 based on laboratory measuremghtsmbe et

al., 2011a Hildebrandt Ruiz et al., 20)15To achiewe good fit, D was set to 3 and kst was
assumed to b8.0 (Dette et al., 2014 Estimations withEq. (1) matchthe measurediscosity
values very well over the entire RH rangdredictionswith Eq (2) overestimated the
measurementsy one or twoordersof magnitude at moderate RH between 30% and 50%, while
theyagreed with the measurements deriveRHt% 60% and at the dry comafits.

There are several possible reasons for difference between the measurements and
predictions First, the relative abundanoaf high molarmasscompoundsobserved inHRMS
measurementmay be overestimatedas high molar massompounds tend to havegher (yet
generally unknownjonization efficientes compared tdower molar mass compoundSecond,
the naneDESIHRMS analysi®f tolueneSOA waslimited to m/z range 0f100-1000(Hinks et
al., 2017. Itis possible thatome SOA products witlower nolar masswerepresent in particles
but not detectedwhichwould lead toan overestimation offy. Third, the chemical composition
of toluene SOA arbkely different between Hinks et g2017)and Song et al. (2016ecause of
thedifferences in the expenental conditions. SpecificallyplueneSOA was formed in a Teflon

chamberin Hinks et al.,while Song et al. used axidation flow reactoto generateoluene

%%% SOA. The O:C ratios are 0.71 at loRH and0.63 athigh RH based ommaneDESFHRMS

%%& measuremasin Hinks et al.(2017) while it was 1.06 based dhe aerosol mass spectrometry

%%"

(AMS) measurements in Song et al. (2016)

H#+"
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In addition different mass loadings may have affected viscosigng et al. (2016)
measured viscositgt two different mass &wlings (66100 and 600.000pg m®) and compared
their results to Bateman et al. (2015) &Dug m°) and Li et al. (2015) (4425 ug m>),
observing little impact of mass loadings viscosity We carried out a sensitivity study of mass
loadings on viscsity using a set of compounds detected by HRMS8e saturationmass
concentratiorwas predicted for each component using the molecular corridor apgtoathal.,
2016. Assuming that the mass signal intensity is proportional to the totalaonassntratiorof
the compound in # mixture, and applyinthe absorptivepartitioning theory(Pankow, 1994
particlephase concentrations of each compound weeglictedto estimateTy at different
organic aerosomass loading values {000 ug m*). The glass transition temperature of the
SOA mixture decreasess mass loading incases Viscosity decreaseup to two orders of
magnitude at low RH, while at high RH they have little difference as shown in Fig. A3
Simultaneous measurements of viscosity and chemical compositiomifferent mass loadings

should be performeith future studies

3.3 Biomass Burning Particles

To further explorehe aplicability of our viscosity prediction methodusing elemental
compositionas measured biARMS, we performedsimilar calculationsfor biomass burning
organic particlesemitted from test facility burns adubalpine fir and lodgepole pine trees
conducted as a part of the FIREX 20d8npaign(Selimovic et al., 201)7 These samples were
analyzed byHRMS using two different ionization sources electr@pray ionization ESI) and
atmospheric pressurén@toionization (APPl)Mass spectrahownin Fig. §a) and (b)indicate

that a substantialnumber of compoundswere detected by both method$09 and 170

#



%(+" compounds for subalpine fur and lodgepole pine, respectivéiigwever, pronounced
%(!'" differences aralsoobserved between theSI and APPkpectraboth in terns of the identityand
%(#' signal intensitiesf thedetected compounds

%($' Glass transition taperaturedor the assigne€H and CHOcompound were computed
%(% using Eqg. (2). Nitrogen and sulfurcontaining compound$éCHON and CHO$ are not yet
%(& covered byEq. (2) andwere thereforexcluded from the analysiSHON and CHO$ompounds
%('" comprisél less thanl0% of thedetectedion intensityand <15% ofthe assignedompounds
%((" Please note that we do not intend to provide accurate estimates of ambient biomass burning
%()" particles(as inorganic components aksonot included in this analygisbut we investigatbow
%(*" the use of different ionization methods would lead to variations in our viscosity predidtjarfs.
%)+' organic mixtureqTy g Werethen calculated using the Gordaraylor approaciwith kgt = 1,
%)!" assuming thathe relative concentration of each compaus proportional to its MS signal
%)#' intensity.The calculatedy g values for the mixtures aspecifiedin the legend of Figure. %or
%)$' both types of mixtures, the calculatdg.y for the APPI MS datais lower than the value
%)% calculatedbased orthe ESIMS datawith a difference of 3X for subalpinefir and 11K for the
%)& lodgepolepine Figure 9shows thepredicked viscosity as a function of RH, assumibg= 10,/
%)'" =0.10andksT = 2.5 The difference iy g derived fromESI and APPresults ina variaton of
%)(" prediced viscosityat low RH byup to five and two orders of magnituder subalpine fir and
%))" lodgepole pine, respectively.

%)*" The differencein the calculatedTy g Valuesis attributed tothe chemical profile othe
%*+ species detectagsing differentionizationtechniquesas shown in mass spectraFiy. §a) and
%*!" (b). Van Krevelen diagrams in Fig(c) and (d) illustratehese compositional differences

%*#' between chemical species detected by ESI and AFRlis moreefficient at detection of polar

#t"
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compounds (Kiontke et al., 2015 which typically havehigher O:C ratiosand therefore would

result in higherpredictedvalues of viscosityKoop et al., 201 1Saukko et a] 2013. APPI
enables the detection of nonpolar compouwith lower O:C ratios in particular polycyclic
aromatic hydrocarbons (PAHgshat have low ionization efficiencies when analyzed by ESI MS
(Raffaelli andSaba, 2003Itoh et al., 2005 Due to the complementary nature of these ionization
methods, it is most likely that the actual glass transition temperature and viscosity of each type of
SOA aresomewhere in between the valueferred fromESI and APPdaa setsESI MS may

be viewed as providing the upper linoit viscosity, while APPI MS gives the lower limiOur

results indicatethat the use of complementary ionization techniques may help evaluate the
associated uncertainfgr the predidion of viscosty values based on tledemental composition

as measured WRMS.

4 Conclusion s

We have developed a parameterizafimncalculationof the glass transition temperature
of individual SOA compounds with molar masp to ~1100g mol* using the number ofacbon,
oxygen, and hydrogen atoméiscosity of SOAwas estimatedsingthe Ty-scaled Arrhenius plot
of viscosity versusTy/T and the GordoiTaylor approach to account for mixtures of SOA and
water. The fragility parameterD was compiled for organic componds and wedound that D
approaches a lower limit of ~10 (+1.7) as the molar mass increasé&se resulting viscosity
estimationsagree well with measured viscosity ofplnene and isoprene SOA, validating our
method. UsintHRMS data,glass transition taperatures oindividual componentandviscosity
of toluene SOA were predicted, also resulting in a good agreement with measurements.

However, we note thahe predided viscosities were slightly higher than the measuraldies

#$"
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suggesting that additionabnsiderations may need to be taken into accdumt examplethe
ionization efficiency oboth low anchigh molar massompoundsnay have a pronounced effect
on the relative abundance of different classes of compount#RMS data The viscosity
predicton method was also applied to biomass burning particles, whose elemental composition
was measured usintgRMS with two different ionization techniquesSubstantialdifferences in
viscosityestimations were obtained using ESI and ARB$s spectra

Figure D summarizes theredicted range of viscosity bfpinene SOAjsoprene SOA,
toluene SOA, and biomass burning particles. Isoprene SOA has lower viscosity, refteeéing
glass transition temperature due to relatively foolar mass ofsoprene oxidatioproducts! -
pinene and toluene SOA hawvauch higher viscosity with a different shape of theRH
dependencalue to differences in glass transition temperatures and hygroscofmtyass
burning particles have moderate viscosity between the two extrems. €aseently, both
predictions and measurements are subject to large uncertaintiesariationsComplementary
measurements of Wiesity and chemical compositi@mploying different ionizatiotechniques
are desiredto further constrain RHlependent visusity in future studies.Current Ty
parameterizations do not consider functionality or molecular structure explicitly and further
measurements dfy and viscosity of SOA would allow us to refine the method presented in this
study. Nevertheless, current wéis offer a promising starting poinand such simple
parameterizations are practical fmediding viscosity of particles as measuredHgMS. The
developed viscosity prediction method should also be useful in recent efforts of simulating the
distribution of SOA phase state and related propeihesegional or global air quality models

(e.g.,Maclean et al., 203 Bhiraiwa et al., 2007
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Appendix A: Conversion of fragility steepness index ( m) to fragility ( D)

Fragility steepness indery is defined as:

L1y I I"#$

W () (A1)

CombiningEq. (A1) with Eq. (4) gives

N — (! Lo L) (A2)

NI T
Considering that = 10" Pas at T = Ty (Angell, 1993, and by defining&x = 1- T/T, anda
combination with Eq. (5) leads:to

m - mn mn ! ! !II !!II :
N A LR ERRRTENE T
T TTr

S ORT TR

e

 mrry (A3)

Note that Eq. (8) is derived asumingthe high temperature limit of viscosity is equal to 10
Pas (Angell, 199) in the VTF equation (Eg. 3). Similar equations for the relation betwaen
andD were given by previous studiesing different , and unis (Angell et al., 1994Angell,
2002 Bones et al., 20)2and applying those gawery similar resultsin our study.
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Table 1. Compositionclasss and the { and b values(K) for glass transition temperature
parameterizationsbtained by leastquares optimization using tmeeasurements compiled in

Koop et al., (2011 )Dette et al., (204andRothfuss and Petters (2017)

Classes ! | bc by ber bo bco
CH 1.96 61.99  B113.33  28.74
(x1.81) (£53.65) (+44.47) (+20.86)
CHO  12.13 10.95 127N K= 21.61 118.96 4.3
(22.66 (x13.60 (*¥1478 (#5.30 (29.79 (x4.21)

Table 2.Glass transition temperatureslculatedusing Eq (1) and (2) for toluee SOA mixtures

at low relative humiditylpw RH < 26) and high relative humidity (higRH = 75%) conditions.

Tg,0rg (K) low RH highRH
Equation (1)* 299 295
Equation (2) 313 303

* Compounds withtM > 450 g mof' were excluded from the analysis.
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compoundgplotted againsO:C ratia The markers are colmoded by molar masgc) Predicted
Ty for CHO compounds sing a parameterization (EB) developed in this study compared to
measured (circles) and estimatgdy the BoyerKauzmann rule (squaregjhe solid line shows
1:1 line and thedashed anddotted lines show 68%onfidence andprediction bands
respectively
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Figure 2. The Angell plot of viscosity () vs. T/T. The lines represerdifferent fragility
paramete(D) values in the range of 5100, with D = 10 (the solid lineusedasa base case for
this study A large fragility parametervalue is associated with a strogtass former, while
fragile materials ae associated with lower valuékhe black dashed line at viscosity of Ha s
indicates thepproximatehresholdbetweerliquid and semsolid states.
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Figure 4. Comparison of measured and predicted viscosity of-@héne SOA and (b) isoprene
SOA at 295 K as a function of RH. The solid lines represent base sonslatith the VTF
equation while the dotted line represents viscosity predicted using the WLF equation
[parametersglass transition temperature of dry SORy g, fragility (D), hygroscopicity {)
and GordorTaylor constantizT)]: () 2785K, 0.1, 10and 2.5; (b) 255 K0.1, 10 and 2.5The
shaded regions were determined by varying these parameters (a) upper (lowery dig#t300

K (278.5 K),! = 0.1 (0.1),D = 20 (10),ksT = 2.5 (2.0; (b) upper (lower limit)Tgorg= 255 K
(255 K),/ =0.10 0.15),D = 15 (8),ksT = 2.5 (4.0) Panel (a): Renbawwolff et al. (2013) data
represents viscosity foratersoluble portion of SOAGrayson et al. (2016) data in the panel (a)
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panel (b) represents estimated viscosity based on bounce measuadBateésnan et al. (2015).
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Figure 7. (a) Molecular corridor ofmolar mass plotted against volatility tslueneSOA formed
under dry conditiongHinks et al., 2017)color-coded by glass transition temperatuiig) (
edimated usingeq. (2). The upper dashed line indicates the low ®®ind of the molecular
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using Eg. (1) or (2) unddow and high RH conditions. The shaded regions were calculated by
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Figure Al. (a) Ty of organic compounds as measured (circles) and estimated with the Boyer
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Figure A2. (a) Comparison of measured and estimalgthy the BoyeiKauzmann rule for 251
organic compounds (Koop et al., 2011; Dette et al., 2014; Rothfuss and Petters 2017) with their
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products in Shiraiwa et al. (2014h) panel ).

%&



I+1$ "

I+1% "
I+1& "

1+

41"
l+1)
L4
l+t+

T T T
Toluene SOA
= Song et al. (2016)
Bateman et al. (2015)
Li et al. (2015)

Viscosity (Pa s)

—1!gm~ (T,=332K)
— 101 gm® (T,=327K)

—100! gm"® (T, = 323 K)
—100? rgm® 7y = 318 K) |

|
20 40 60 80

RH (%)

Figure A3. Effect of mass loading on predicted viscosity for toluene SOA. Solid lines represent
the predicted viscosity with Eq2) using chemical composition of toluene SOA formed at low
RH. Viscosity was predicted with é&rent mass loadings ranging frori@00pg mi*. Markers
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