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Abstract. A selection of models for estimating vapour pres-  Reliable experimental vapour pressure data for a wide
sures have been tested against experimental data for a setnge of compounds are available from established databases
of compounds selected for their particular relevance to thgle.g. Dortmund Databank (DDBttp://www.ddbst.de/new/
formation of atmospheric aerosol by gas-liquid partitioning. frame DDB.htm). However the vast majority of these data
The experimental vapour pressure data (100 Pa) of 45  have been collected by or on behalf of the chemical indus-
multifunctional compounds provide a stringent test of thetry for chemical plant design improvement, with a particular
estimation techniques, with a recent complex group contri-emphasis on production and purification of products by dis-
bution method providing the best overall results. The ef-tillation. Most of the data are therefore collected for struc-
fect of errors in vapour pressures upon the formation of or-turally simple compounds (particularly hydrocarbons) with
ganic aerosol by gas-liquid partitioning in an atmospheri-intermediate vapour pressures 320 Pa) and few data are
cally relevant example is also investigated. The mass of orcollected at pressuresl Pa. Most of the compounds found
ganic aerosol formed under typical atmospheric conditionsin the atmosphere will not have vapour pressure data avail-
was found to be very sensitive to the variation in vapourable in the standard databases. Those atmospheric com-
pressure values typically present when comparing estimatiopounds most likely to condense into an aerosol will be rela-
methods. tively complex, high molecular weight (150-300) multifunc-
tional compoundsYaxena and Hildemanh996 with ambi-
ent vapour pressures0.1 Pa Barsanti and Pankqw2004);
in many cases, orders of magnitude below 0.1Pa. These
1 Introduction compounds are very poorly represented in collections of ex-
perimental vapour pressure data and there are very few or-
The atmospheric aerosol is important for the understandingianic compounds for which experimental vapour pressure
of climate change and for human health. The formationvalues have been measured below 0.01 Pa.
of condensed organic aerosol (OA) component mass from The aim of the current work is to evaluate a number of
volatile organic compounds (VOCSs) in the atmosphere is fre-vapour pressure estimation techniques against those reliable
quently described by a gas-liquid partitioning modghfley  primary data of most relevance to prediction of vapour pres-
et al, 2009 and references therein, eankow 1994, in  sures of likely OA components. The sensitivity of OA for-
which vapour pressure is a primary determinant. Whethemmation to variation in estimated vapour pressure values will
the goal is to model OA composition using explicit methods also be investigated
(e.g.Aumont et al, 2005andBIloss et al. 2005 or by non-
arbitary selection of model compounds from real candidateq .1 Experimental measurement of vapour pressures
compound ensembles, accurate estimates of the vapour pres-
sures for all the thousands of organic compounds at ambienthe accurate experimental measurement of low (3PH)
temperatures will be required. and very low &1 Pa) vapour pressures is a significant chal-
lenge. The use of modern pressure gauges means that it
is theoretically possible to use the static method down to

Correspondence td5. McFiggans very low pressures but adsorption of volatiles (especially wa-
BY (9.mcfiggans@manchester.ac.uk) ter) onto the surface of the apparatus and the presence of
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impurities in the sample make this method difficult to use For some of the models, particularly the more complex
in practice at low pressures. Well established methods thagjroup contribution methods, there is a significant danger of
do provide good results at low pressures are the transpiraeverfitting. This is a problem that is well understood by the
tion method Verevkin et al, 2000 and Knudsen effusion chemometrics and cheminformatics communigal§er and
(Dekruif and Vanginkel1977 Hallquist et al, 1997). In the Rajko, 2007); and occurs when a model starts to describe
transpiration method a stream of inert gas (usually nitrogen}the noise in the data rather than the underlying trend in the
is used to slowly purge the headspace above a sample of thdata. An overfitted model will give very good results for the
compound. The material picked up by the stream of nitrogendata used to fix the adjustable parameters but much worse
is then trapped (usually cryogenically) and determined afteresults for new data outside the training set. The potential
several hours purging. From the mass of compound transfor overfitting depends upon the amount of training data, the
ferred by the flowing gas stream the vapour pressure can beumber of adjustable parameters in the model and how well
calculated. Good results are claimed for this method down tahe mathematical form of the model relates to the true trend
0.005 PaVerevkin et al, 2000. In Knudsen effusion a small of the data. As group contributions models for vapour pres-
sample is placed in a closed container with a small hole insures (and other physical properties) become more complex
the side. The vapour in equilibrium with the sample (which then the ratio of independent data points to adjustable pa-
is often a solid) effuses out of the small hole into a vacuum.rameters is reduced. This results in a significant number of
The rate of mass loss allows the calculation of the vapourtthe parameters being fitted to small subsets of the data be-
pressure. For solid samples the experimental vapour pressucause the relevant structural feature is poorly represented in
(sublimation pressure) needs to be corrected to a sub-cooletthe overall data set. In these circumstances there is a danger
liquid vapour pressure (see below) before comparison withthat a statistically significant non-zero parameter value may
estimated values; or use in atmospheric models. The usbe incorrectly obtained. To take a hypothetical example: a
of Knudsen effusion linked to mass-spectrometry (KEMS) specific group contribution may be obtained by the fitting of
is well established for the measurement of partial pressuresapour pressure data, for say 3 or 4 structurally related com-
above alloy and intermetallic systems at high temperaturepounds (eg C4, C5, C6 dicarboxylic acids) all measured by
(Copland and JacobspR00L Bencze et a).2004; and has  the same researcher, using the same equipment over a period
recently been used for the determination of vapour pressuresf one year. As experimentalists often report results for struc-
of organic compounds at ambient temperatuBzoth et al, turally related compounds together in a paper this scenario is
2009. Within the atmospheric community several measure-quite possible but it does raise the question as to the defini-
ments have been made at ambient temperatures on montien of “independent” data. The fitted parameter may reflect
and di-carboxylic acids using a variety of techniques basediases in the work that would disappear if the data could be
upon the rate of evaporation of a compound under controlleccombined with that for a more structurally diverse range of
conditions Bilde et al, 2003 Koponen et a].2007 Tao and  dicarboxylic acids produced by a variety of researchers using
McMurray, 1989 Cappa et aJ2007). However itis not clear  different techniques. Hence the best way to avoid the danger
at this time how these methods compare to more establishedf overfitting in group contribution models is to ensure that
techniques such as transpiration and Knudsen effusion. as many independent data points as possible are contributing
to the fit for all the adjustable parameters.
1.2 Estimation of vapour pressures Furthermore few, if any, of the vapour pressure estimation
) . methods claim much accuracy below 100 Pa, and the errors
Many methods for the estimation of vapour pressures havg,.rease significantly at lower pressures. Most of the estima-
appeared in the literature and they have been periodicallyion methods reported in the literature require a normal boil-
reviewed Poling et al, 200]). However most of the meth- .4 hqint (71,) which, for multifunctional compounds, will
ods are aimed at the requirements of the chemical industry,q,5|ly have to be estimated. Hence many estimation meth-
a'md typlgally prowdp good re;plts fo'r vqlatlle 'f|UIdS, Par- ods have two parts: estimation @, followed by extrapola-
ticularly if an experimental boiling point is available. The ion from 73, down to the temperature of interest. For some of
databases used to c_levelop these methods are hea\{lly blaSﬁLQ3 compounds of atmospheric interest, the estim#ezn
towards mono-functional (or indeed non-functional i.e. Ny- e i excess of 700K so a relatively small error in the slope
drocgrbon) compounds with relatively few examples o_f b|—.or of the line betweerl}, and 25 C can make a large difference
multi-functional compounds present. Hence the estimationy, the predicted vapour pressures. Estimation methods of this
methods tend to work best for compounds with one (or zeroyy e that have been used within the atmospheric science com-
functional groups and the relatively few compounds v_wth two munity includeT}, estimation by the method dfannoolal
or more functional groups may well end up as outliers un-¢; 5| (2004 (used in E-AIM: Extended Aerosol Inorganics
less specific provision is made by the model to accommoyqqe| http:/mww.aim.env.uea.ac.uk/aim/ddbst/pcaiain.
date them (e.g. by including interactions between funcnonalphIJ seeWexler and Clegg2002); and the older group con-
groups). tribution method ofStein and Brown(1994), used in both
E-AIM and EPI-Suite EPA, 2009. This last method is a
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modification of the method afoback and Rei{lL987) which the best vapour pressure method to use for compounds of
has recently been used in the studyaimredon and Aumont atmospheric interestClegg et al.(2008 reviewed the pre-
(2006. E-AIM provides vapour pressure data either by us- dictions made by a wide range of vapour pressure estimation
ing Ty, by Stein and Browr{1994 combined with the vapour methods of a limited humber of surrogate compounds of at-
pressure equation dflyrdal and Yalkowsky(1997); or with mospheric interest and showed that the methods could give
Ty estimated byNannoolal et al(2004 coupled with ei-  very divergent predictions for the same compound. The cur-
ther the vapour pressure equatiorNzfnnoolal et al(2008); rent work specifically aims to identify the estimation method
or that of Moller et al. (2008, using the ARTIST software likely to provide the most accurate vapour pressure predic-
from the DDB.Camredon and Aumor{2006 reported use tions for the degradation products of atmospheric volatile or-
of the Myrdal and Yalkowsky(1997 equation while EPI-  ganic compound (VOC) oxidation, thereby providing a rec-
Suite uses a modified version of tl&ain (1982 equation = ommendation for the method most suitable for vapour pres-
with a Fishtine factorlfyman 1985 Fishting 1963. Pre-  sure prediction for the purposes of ambient gas-particle par-
diction of the absorptive partitioning of large-numbers of titioning. The sensitivity of aerosol formation to variation
compounds requires automation of the methods for the esin vapour pressure values will also be investigated. It is as-
timation of vapour pressuregimont et al, 2005 Johnson  sumed that the organic compounds most likely to contribute
et al, 2006. EPI-Suite can provide estimated boiling points to OA will be multifunctional and have low vapour pressures
and vapour pressures rapidly in batch mode using SMILES <100 Pa) at ambient temperatures. This includes any com-
strings EPA, 2009 as input. However the vapour pressure ponents which may be present in OA by virtue of properties
equation used by EPI-Suite has limited ability to predict theor processes other than their low volatility (e.g. reversible
slope of a vapour pressure curve with respect to temperaer irreversible reactive uptake or significant condensed phase
ture due to the small number of values (6 in total) that thereactions).
Fishtine factor can take. Also, apart from polyols, the appli-
cation of the Fishtine factor to multifunctional compounds is
undefined. In contrast thdannoolal et al(2008 method 2 Methodology
provides 130+ group contributions plus group interactions
(all derived from experimental data) to predict the slope of Vapour pressure estimation methods based upon the principle
the vapour pressure curve with temperature. To test whethedf corresponding states seem unlikely to be able to give good
this large number of fitted parameters (133 required for ourpredictions for complex multifunctional compounds of atmo-
test set of multifunctional compounds) clearly improved the spheric importance. This is because these models require val-
vapour pressure predictions, a simplified form of ten- ues for the compound’s critical temperatufg)(@nd pressure
noolal et al.(200§ equation in which all group interactions (Pc). These methods can give good results for volatile fluids,
were dropped, and the number of structural groups requiregbarticularly if experimental’; and P are available Roling
to describe the test set was reduced to 15, was created ar@d al, 2001). However for the compounds of interest in this
tested against the other methods. This simplified equatiowork critical values would have to be estimated, and the esti-
was expected to produce inferior results to the full model al-mation methods (e.g. methods by Joback and AmbReiel
though it does retain the functional form with temperature ofet al, 1987 typically use a7}, value; which will also be es-
the full method. timated. Hence there is considerable scope for an accumu-
Some recently reported estimation methods providelation of errors. Also the database for experimental critical
vapour pressure values at low temperature without usingproperties is much smaller than that for boiling points, and
a boiling point. In this latter category there are a numberwill contain even fewer multifunctional compounds. This
of methods that have been developed specifically for com-suggests that any critical property estimation method will
pounds of atmospheric interest, although in some cases therovide rapidly poorer estimates @ and P; as the molec-
range of functionality is limited. These include the estima- ular functionality increases and the volatility decreases. De-
tion method ofCapouet and Mullef2006 which uses the es-  spite the logic of these arguments it is important to note that
timated vapour pressure of a homologous hydrocarbon whictCamredon and Aumor{2006 obtained very acceptable re-
is then corrected for the functionality present; and the groupsults using the Lee-Kesler equation withand P estimated
contribution method fronPankow and Ashe2009 specifi- by the method of AmbroseReid et al, 1987); although it
cally aimed at atmospherically important compounds. is noticeable that the scatter of their data increases markedly
The selection of a vapour pressure estimation method foat lower volatilities in agreement with the above argument.
use in the modelling of aerosol formation is always going Despite our reservations about corresponding states methods
to be a compromise between accuracy, complexity and covwe decided to test the same method against our test set of
erage of all the required functional groups. Increasing the45 multifunctional compounds to see how our results com-
complexity of a model by adding in more adjustable param-pared to those of Camredon and Aumont.
eters to improve accuracy can result in overfitting if taken The bulk of this work will consider combined estima-
too far. It is clear that there is no general agreement as tdion methods wherdy, is first estimated and then a vapour
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pressure value at the required temperature is obtained by exse obtained from the latent enthalpy of vapourisation if it is

trapolation fromT}, using a vapour pressure equation. To known:

assess the accuracy of the vapour pressure equations it is AHuyap

necessary to use low or very low vapour pressure data (belSvap = T

low 100 Pa) to ensure a significant extrapolation fr@m b

While vapour pressure data below 100 Pa are available fopr can be estimated by a group contribution method:

a range of multifunctional compounds, only a small num- €.9.Joback and Rei(L987).

ber (e.g. some diols, polyethers, anisaldehyde and glycerol)

also have an experimentally-determin@gl value. Unfor- A Hap = 1530+ ZNi Hi. )

tunately, it is therefore not possible to assess the accuracy l

of the vapour pressure equations independentlyiptal-  Where N;H; are the contributions for each group) @nd

ues using a diverse set of multifunctional compounds. InAHvapis in kJmof* (Poling et al, 2003).

this work, vapour pressure equations were first screened us- Alternatively, various expressions based upon Trouton’s

ing low vapour pressure data for those multifunctional com-Rule have been suggested d.gman (1983 proposed:

pounds for which experir_nentab values are _available, sup- ASyap =KiR In(82.06.Tp), )

plemented by a more diverse set of additional compounds

(mainly monofunctional); in combination referred to as Test whereKs is a structural factor ofishtine(1963.

Set 1. From this screening process, four independent equa- The EPA software EPI-Suite uses the GW equation Q.

tions were selected to be combined with thi&eestima-  with a very similar expression to the above 6y, to cal-

tion methods and evaluated against vapour pressure data feulate vapour pressure values. Unfortunately the Fishtine

45 multifunctional compounds; referred to as Test Set 2. factor is only defined for a very limited range of functional
The boiling point estimation methods selected were allgroups and this form of the expression may not work well for

group contribution methods mentioned in SdcRand span  complex multifunctional compound¥etere(1995 has pro-

a wide range of complexity. The simplest method is thatposed equations fak Syap that are polynomials ify, (Poling

of Joback and Reid1987 (JR method — 41 groups); the et al, 200J):

3

method ofStein and Browr{1994) (SB) is adapted from the 172
JR method with additional groups (85 in total) and a cor- ASvap= A + B 10g;o(Ts) + Ty . (6)
rection for high boiling point values. The third method is M

that of Nannoolal et al(2004 (N-Tb) which includes both  Where A, B and C take different values for hydrocarbons,
primary and secondary groups along with group interactionsalcohols/acids and all other polar compounds afids the

(207 terms in total). molecular weight (modified for halogen and phosphorus
) o compounds).
2.1 Selection of vapour pressure estimation methods The equation oMyrdal and Yalkowsky(1997) (MY) re-

. . . lates the latent entropy of vaporisation to the rigidity of the
The number of vapour pressure equations reported in the lit- Ry b giaity

erature that could be combined with estimafgdvalues is molecular structure and the number of hydrogen bonds:
large, although several equations are variations on each othen Sy = 86 + 0.4t + 1421xHBN. @

Two vapour pressure equations that have been widely quoted . ) i
in the environmental literature are the Grain-Watson (Gw)Wheret is the effective number of torsional bonds and HBN

equation Lyman, 1985 Grain 1982 and a simplified ver- IS the hydrogen bond numbe_\r. The vapour pressure equation
sion quoted bBaum(1998. The GW equation has the form: takes account of heat capacity terms and has the form:

In(pf) = @)  logio(p?) = ®)
ASvap (B=2T,)" 1 ASvap(Th—T) ~ [90.0+2.17] Tb—T_l Tp
R [1_ T, —2m@=20,)" () |- 1917 191 T "7 )

WhereT,=T /T, andm=0.4133-0.2575T,,. In this section ~ The most complex method considered here is thaaf-
calculated vapour pressur(ap?) are in atmospheres, arfd noc_)IaI et al(2008 (will be r_eferred to as the N-VP equation) .
andTy are the temperature and normal boiling point (both in Which uses a group contribution method (same groups as in

K), respectively. the N-Th method mentioned above) to predict the slope of
The simplified expression from Baum is: the vapour pressure curve:
AS. Ti Ti -1
0y _ 2°vap gy b lo 9)=(4.1012+dB)| —2——|. 9
In(pf) = — [1.8( 7 1) 08In=; ] ) 910(p7)=( +d B) 70125 ©)

Both expressions require a value for the latent entropy ofWhereT), is the reduced temperaturel(#7;) and is referred
vapourisation 4 Syap) at the normal boiling point. This can to asTy, in Nannoolal et al. (2008). The paramedi; which
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Table 1. The reduction of Nannoolal primary group parameters contributing to dB down to 15 values used to represent the compounds in

Test Set 2 in the N-Sim estimation method.

Functional group

Nannoolal groups

Range ofc;? Mean contrit?

Alcohol 33-36 0.7007-0.7584 0.7336
Aldehyde/Ketone 51, 52, 90, 92 0.1583-0.2558 0.2125
Ester 45-47 0.2928-0.3557 0.333
Ether 38 0.1085 0.185
Carbonate 79 0.3182 0.3182
Amine-aliphatic 40, 42, /3 —0.1027-0.2519 0.1143
Nitro 68, 69 0.2382-0.3758 0.3070
Chloride 25-29 0.0460-0.0937 0.0697
Hydrocarbon 1-18, 58-62, 88,'89 —0.0318-0.1121 0.0435

a0Other functional groups (Nannoolal group in brackets N&enoolal et a.2008: phenol (37), carboxylic acid (44), amine-aromatic (41),
nitrate (72), bromide-aromatic (31) and nitrile/cyanide (57) all transferred from the full method without modification.

b Al parameters rounded to 4 significant figures.

¢ Excludes group 65 — an aromatic O in an aromatic ring as found in furan.

d Excludes cyclic carbonates.
€Excludes group 97 — secondary amine in a ring.

f Hydrocarbon group includes all groups in the section headed carbon except those for triple bonds and cumulative double bonds.

adjusts the slope of the vapour pressure curve, is estimated This work will also consider some variants on the Nan-
from the structure of the molecule using group contributions:noolal method; a corresponding states method (Lee-Kesler),

dB = (ZNiCi—}—GI) — 0.176055 (10)

and two methods that do not require a boiling point. The ac-
curacy of these methods will be compared to the accuracy of

where the first term in the brackets is the sum of group contri-the best combined methods once these have been found using
butions for both primary and secondary groups and the secl€St Set 2.

ond term refers to a group interaction contribution:

m m

1 Ci_;
Gl= ;ZZm—i’

i=1j=1

(11)

whereC;_;=C;_;; andm, n are the total number of inter-

The full N-VP model has primary and second order group
contributions and group interactions (Gl in EGf.and 11);
some 133 parameters are required to describe the compounds
of Test set 2. To test whether all these parameters are impor-
tant for the estimation of the vapour pressures of the 45 mul-
tifunctional compounds a simplified vapour pressure equa-

acting groups and the number of (non-hydrogen) atoms ir}ion was created with 15 parameters (see Tahlg his sim-

the molecule, respectively.

In summary the seven vapour pressure equations that we

assessed in the first screening were:

(a) The GW equation (EdL) with ASyap given by the for-
malism of Vetere (Eg6).

(b) The equation of Baum (E@) with ASyap given by the
formalism of Vetere (Eq6).

(c) The GW equation (EdL) with
ASvap=K;iRIN(82.06x Tp) (EQ.5).

(d) The equation of Baum (E@) with
ASvap=KiR In(82.06xTh) (EQ.5).

(e) The GW equation (EdL) with ASyap given by a group
contribution method foA Hyap (Eq. 4).

(f) The MY equation (Eqst, 8).
(9) The N-VP equation (Eq&-11).

www.atmos-chem-phys.net/10/749/2010/

Iplified Nannoolal model (referred to in this work as the N-

§im method) was designed to be a version without second
order group contributions or group interactions and with a
minimal number of primary group contributions. The aim
was to find out if these addition parameters, which might be
very important for determining the vapour pressures of the
relatively volatile hydrocarbons and monofunctional com-
pounds which will dominate the experimental data used in
the parameter fitting, had a detectable impact upon the pre-
dictions for the low volatility multifunctional compounds of
primary interest to this work. The primary groups are re-
quired to describe the molecule and it is important that all
heavy atoms (C, O, N, Cl) are accounted for. However the
use of 31 groups to describe hydrocarbon structures is prob-
ably driven by detailed vapour pressure data for these com-
pounds and we decided to simplify the method by taking an
average value (see Tabl®. We retained all the main non-
hydrocarbon functional groups (with some averaging, e.g. for
alcohols) to account for all heavy atoms and because the size

Atmos. Chem. Phys., 1078422010
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of the group contributions for the functional groups were soandw is estimated from th&}, and critical properties using
much larger than those for the hydrocarbon groups (see Tathe following three equationg&egid et al, 1987— Sect. 2.3):
ble 1). The second order groups are corrections for specific o

structural features and generally give small group contribu-w = — a7)
tion values. Although the group interactions could poten- p

tially be important for our test set and some of the group

contributions are quite large it should be noted that theircon-, _ ' » 5957144 6.09648
tribution to the slope of the vapour pressure curve is inversely
proportional to the number of heavy atoms in the molecule.— 0.16934%°

Hence their impact upon the vapour pressures of the rela-

tively large molecules in Test set 2 may be limited. On thisﬂ —15.2518— 15~6875_ 134721 19 + 0.4357%° (19)
basis the second order group contributions and group inter- 0

actions were dropped from the N-Sim method. whered=Ty/ Tt.

The method ofMoller et al. (2008 (will be referred to The two methods for the estimation of vapour pres-
as the M-VP method) is an improvement of tNannoolal  gyres that don't require a boiling point value are SIMPOL.1
et al. (2008 (N-VP) method. It features an additional term (Pankow and Ashe2008 and the method o€apouet and
to improve predictions for aliphatic alcohols and carboxylic pyiler (200§. The SIMPOL.1 method is a group contribu-

acids; new size dependent groups to improve predictions fofion method where each group has a specified temperature
several functional groups, and new hydrocarbon groups. Regependance:

writing Eq.9 and adding the extra term gives;
I—Ti r log10(p?) = bo(T) + Y _vr.ibk(T). (20)
logyo(P?) = B ———— 4+ D'In (-) (12)
T—C(Tp) Tp Wherek takes the values 0, 1, 2,. up to 30 and the term

where the second term on the right side is the new term fotVith k=0 is the zeroeth group or constant term. The non-zero
carboxylic acids and alcohols anfd’ is set to zero when k values refer to structural features in the molecule (aromatic

they are not present. In the N-VP meth@(7,)=T/8 (see ring, non—ar_omatic ring, aldehyde, ketone etc.) apgdis the
Eq.9), but this is replaced with the following term: number of times each structural feature occurs. Bg¢h)
is a polynomial in temperaturd'{:

+1.28862 19 (18)

1,485
Tp) = —2.65 13

C(Tv) + 135 (13)

and B’ and D’ are obtained by the summation of the appro- o

priated group contributions, including size dependant groups T he estimation method @apouet and Mullef200§ (CM

and group interactions. All group contributions were refitted method) uses the vapour pressure of a homologous hydro-

B
bi(T) = % + Bok + BaxT + Bay In(T). (21)

to the above equations. carbon (estimated if required) which is then corrected for the
The Lee-Kesler method (or LK methocReid et al, 1987  functionality present:

— Sect. 7.2) requires the critical temperatufg) @nd critical n

pressure g.) for each compound, and these properties werelogyo(pf) = logyo(p5.) +Zuk,,-rk(T). (22)

calculated by the estimation method of AmbroReif et al. k=1

(1987 Sect. 2.2) using the best available estimdlgdalues
(provided by the N-Tbh method — see below). The vapour
pressure equation is:

Where the first term on the right refers to the vapour pressure
of the hydrocarbon in atmospheres and the second term is the
correction due to the functional groups. Unfortunately the
|npi? = fOT) + 0O (14) authors only providey (7) for a limited range of functional
groups (carbonyl, nitrate, hydroperoxy, hydroxyl, carboxylic
acid and PAN) so this CM method could only be used on
a small number of multifunctional compounds. SIMPOL.1
covers a wider range of functionality and a better comparison
could be made with the other estimation methods.

wherePi? is the reduced vapour pressureP(&P. with P and
P¢ both in atmospheres) arif} is the reduced temperature
(=T/T; with T and T both in K). o is Pitzer's acentric
factor, while £ and f® are polynomials irf;:

6.09648
1 =5.92714— - 1.28862 Iri; (15) 2.2 Selection of vapour pressure data
+ 0~1693‘Wrr6 Several sets of vapour pressure data have been collected
by the atmospheric community and used to develop estima-
O = 152518— 156875 134721 IrfT; (16) tion methods Pankow and Ashe2008 Asher and Pankow
Ty 2006 Camredon and Aumon200§ Capouet and Muller
+ 0435778 2009. However these sets often contain data from a mixture
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of sources, including secondary sources that provide vapour Compounds in Test Set 2, shown in TaBJevere used to
pressure correlations rather than original experimental datatest the accuracy of the combinefi, (and vapour pressure
Secondary sources typically provide little or no information equation) estimation methods when applied to multifunc-
about the primary data upon which the correlations are basedional compounds. In selecting experimental vapour pressure
In the current work two sets of vapour pressure data were coléata for this test set the following criteria were followed:
lected solely from the primary literature. )

Test Set 1 was used to choose the best vapour pressurkt) The compounds must contain two or more non-
equations from the seven (A to G) listed in S&t, and the hydrocarbon functional groups.

selected compounds had to meet the following criteria: (2) The vapour pressure data should consist of two or more

(1) Experimental vapour pressure data at pressures below consistent points below 100 Pa.

40 Pa are available. In most cases several points col- o
lected as part of a set were required. A few values above(3) The paper describing the measurement of the vapour
40 Pa have been included pressures should make it clear that the measurements

were done on a liquid. If there is any ambiguity or

(2) An experimental melting point is available; either from if it was clear that the measurements were made on a
the primary literature, or from the Detherm database solid then an experimental melting point from a primary
(www.dechema.de/en/detherm.hindnd demonstrates source is required.

that the measurements in (1) were made on a liquid. _ _
4) If the compound is a solid at the temperature of mea-

(3) An experimental boiling point is available and in most surement then either the melting point should be within
cases is supported by at least one set of experimental 30K of the measurement temperature or a reliable ex-
vapour pressure data approaching atmospheric pressure; perimental value for the latent enthalps Ksus) or en-

or at least close to atmospheric pressur®% 10* Pa) tropy (ASis) of fusion at the melting point should be
so that the boiling point can be confidently obtained by available.

extrapolation. ) L
Members of this test set were selected with the aim of. Using these criteria, data for 47 compounds were found

N : in the primary literature. Two compounds were eventu-
maximising the number of functional groups represented. . o
ally dropped because estimated predictions for these com-
In general no more than two examples were used for each

functional group, although multifunctionality was counted pounds were closely correlatgq to those for sevgral othgr
compounds. The 45 remaining compounds with their

separately (so there are two alcohols, two diols and a triol ; .
o . . melting points and vapour pressure data (temperature and
in this test set). Very few multifunctional compounds have . . .

pressure ranges after correction) are listed in Tahle

both well-established boiling points and experimentally de_l?ata sources for Tabl@ are provided in the Supple-

termlned very low-vapour pres.sure.data S0 most members Omentary materialhttp://www.atmos-chem-phys.net/10/749/
this test set were mono-functional; two hydrocarbons were
. 2010/acp-10-749-2010-supplement.pdti a few cases the
included for completeness.

Lo T . authors represent their data as a correlation, rather than quot-
These criteria inevitably excluded a wide range of Com-. " ihe measured raw data (elgei et al, 1999, In these
pounds from this test set. In addition to the exclusion of 9 ; ’

most multifunctional compounds the selected molecules tend 233 each dataset is usually represented by two points at the

to have a low molecular weight and the criteria that they neeqextremes of the experimental temperature range. For those

. - ) compounds where the vapour pressures quoted are that of
to be stable at the experimental boiling points may exclude ) : L
i . . the solid (see Tabl8) the corresponding sub-cooled liquid

some functional groups (e.g. nitrate, some nitro compounds ; .
: - vapour pressures (SCL-VP) were obtained by applying the

and some aldehydes) which encourage decomposition at ele- : ) )
. S correction ofPrausnitz et al(1989:

vated temperatures. The requirement of liquid phase vapour

pressure data below 40 Pa means that very regular molecules o, _ AStus

are excluded because they will have relatively high melt-(?n(pi) =In(psct) =In(ps) - A= Tw/T) (23)
ing points (an extreme example is camphor). In the case of AC, AC, Tm

aromatics, alkyl substituents disrupt the crystal packing and™ “p7 (Im=T) + R In T

lower the melting point so several of these appear in the list
but more regular aromatics (e.g. benzoic acid) are excludedVhere psc. and ps are the SCL-VP and experimental
because of this requirement. solid (sublimation) vapour pressure (in atmospheres), respec-
The compounds of Test Set 1 are listed in Tablalong  tively; ASss is the entropy of fusion; andC), is the best
with their vapour pressure data, normal boiling point and estimate of the underlying change in heat capacity between
melting point. Data sources are provided in the supple-the liquid and solid state at the melting point, ahglis the
mentary materialhttp://www.atmos-chem-phys.net/10/749/ melting point temperature (used instead of the triple point
2010/acp-10-749-2010-supplement.pdf temperature).

www.atmos-chem-phys.net/10/749/2010/ Atmos. Chem. Phys., 1078492010
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Table 2. The compounds of Test Set and their properties.

Compound name Th Tm Exp.T range Expp range

(K) (K) (K) (Pa)
1,7-Oxobisbenzene 531.2 3004  309.15-329.55 5.33-33.46
1,7-Oxobisethane 307.58 156.85 163.15-187.95 1.08-44
1,2 Ethanediol 470.79 260.6  263.59-313 0.474-41.9
1,2,3-Propanetriol 563 291.05 291.18-319.19 0.0095-0.228
1,2-Dichlorobenzene 453.63 256.4 256.51-283.47 7.06-67.1
1,6 Hexanediol 525.95 314.6  327-365 2.31-51.5
1-Methyl-2-nitrobenzene  495.3 269 274-303.5 2.371-29.66
2-Butanone 352.74 186.5 208.83-215.51 18.62-36.29
2-Ethyl phenol 477.67 269.8  278.13-302.68 3.35-30.8
2-Octanone 446.2 229.85 243.15-298.15 1.5-187
3-Methyl phenol 475.42 284 284.15-306.4 5.87-36.8
Benzyl alcohol 478.6  257.6  282.9-308.15 3.06-28
Cyclohexyl formate 435,55 201 248.25-268.44 5.59-40.7
Heptanoic acid 496.15 266 270.4-328.2 0.1-28.29
Hexanoic acid 479 269.15 271.4-313.2 0.4-25.73
Limonene 450.8 177.1  243.5-273.2 1.91-31.02
Linalool 47135 M 273.35-303.14  2.49-42.2
n-Decanal 489 268 282.8-307.2 4.83-35.41
n-Octanenitrile 478.4  227.6  283.2-298.2 11.92-38.98
Phenethyl alcohol 492.05 246.2 288.15-318.15 2.8-40
Propylbenzene 432.39 173.6 223.15-263.15 0.61-36.2

@For data sources see the Supplementary matétigk:{/www.atmos-chem-phys.net/10/749/2010/acp- 10-749-2010-supplemgnt. pdf
b Tim unknown but low (below 273 K).

This correction has been discussed at some length bgntropic term but for phloroglucinol and 2-hydroxybenzoic
Capouet and Mulle2006 who pointed out that iffy, is acid it is quite substantial; in part because of the high melt-
close to the experimental temperatui® (hen the last two ing points of these substances.
terms in Eq. 23) tend to cancel. In this work, i’ was within A basic error analysis was done for several compounds to
30K of Tr, then it was considered that the last two terms estimate the impact of potential errors in the key parameters
could be ignored and an estimatadi,s (using the method of Eq.23. Assuming potential errors af40% for estimated
of Myrdal and Yalkowsky 1997 could be used; though an quantities A Cp and someA Sis values —see Tabl®); +20%
experimental value was preferred if available. For those comfor experimentalA Sf,s and+2 K for Ty, then for most com-
pounds wherdy,,—T was greater than 30K, an experimen- pounds the calculated error in the final sub-cooled vapour
tally derivedA Ssys was required: pressure values was withih50%; although for a couple of

AHiss compounds (Phloroglucinol and 2-Hydroxbenzoic acid) the
(24) potential error was substantially higher (up to a factor of
T three). For most compounds these potential errors are of the
where A Hyys is the enthalpy of fusion and is usually ob- same order as the experimental scatter in low vapour pressure
tained by differential scanning calorimetry. The heat ca-values, e.g. seBooth et al.(2009, and are small compared
pacity terms were also included withC,, obtained either to the differences between the estimated and experimental
by a simple linear extrapolation of experimental heat ca-vapour pressures seen in this work; but for Phloroglucinol
pacity data for both the solid and liquid phase up to theand 2-Hydroxbenzoic acid the errors may be more signifi-
melting point; or estimated from liquid heat capacity val- cant and could influence the results for these compounds.
ues obtained using the group contribution methodRak-
icka and Domalsk{1993 and solid heat capacity data from
the power law ofSoodman et al2004). Details for all com-
pounds requiring these corrections are provided in the Sup-
plementary material:http://www.atmos-chem-phys.net/10/
749/2010/acp-10-749-2010-supplement.pbif general the
heat capacity correction was very small compared with the

ASfys =

)

Atmos. Chem. Phys., 10, 749867, 2010 www.atmos-chem-phys.net/10/749/2010/


http://www.atmos-chem-phys.net/10/749/2010/acp-10-749-2010-supplement.pdf
http://www.atmos-chem-phys.net/10/749/2010/acp-10-749-2010-supplement.pdf
http://www.atmos-chem-phys.net/10/749/2010/acp-10-749-2010-supplement.pdf

M. H. Barley and G. McFiggans: Critical assessment of vapour pressure estimation methods

Table 3. Vapour pressure data and physical properties of the 45 compounds of Test Set 2.

757

No. Compound name CAScode Tm(K) T range (K} p range (P& nf Method ASps" Final p range (Pd)

1 1,2-Pentanediol 5343-92-0 ard 289.2-336.2 1.35-98.44 13 TR 1.35-98.44

2 1,2,3-Trihydroxypropane 56-81-5 291.8 298.75-341.35 0.0249-1.97 14 KE 0.0249-1.97

3 1,4-Butanediol 110-63-4 9? 329.2-351.2 13.85-84.55 9 TR 13.85-84.55

4 2-(Methylamino)ethanol 109-83-1 268.6 274.9-296.3 13.94-92.12 9 TR 13.94-92.12

5 2,4-Pentanediol 625-69-4 o 297.2-330.5 4.8-87.35 12 TR 4.8-87.35

6 2,6-Dinitrotoluene 606-20-2 329.55 277.15-323.15 0.00342-1.718 6 TR €58.50.0127-1.974

7 2-Aminoethandl 141-43-5 283.8 279.0-306.3 8.48-83.66 7 TR 8.48-83.66

8 2-Aminonitrobenzene 88-74-4 3425 313.5-342.3 0.71-12.33 7 TR ]M7.041.20-12.37

9 2—Ch|or0—3,5—dimeth0xy—4—HBBA 76341-69-0 469.65 293.15-323.15 0.046-0.9 2 GCRTY - 0.046-0.9

10 2-Chloropropionic acid 598-78-7 266.2 287.4-308.4 13.36-82.72 8 TR 13.36-82.72

11 2-Hydroxybenzoic acid 69-72-7 431.8 307.05-323.71 0.0682-0.468 7 KE €56.970.443-2.434

12 2—Phenylbr0mide—TEGMME 929259-37-0 333.2-369.9 0.061-1.446 19 TR 0.061-1.446

13 3—(2—MethoxyphenyI)P¢‘ 6342-77-4 360.46 331.156-347.165 0.156-1.096 9 KE $0.27 0.329-1.514

14 3—(3,4—DimethoxyphenyI)I3A 2107-70-2 370.85 352.178-366.163 0.0664-0.4115 20 KE 87.310.1159-0.4707

15 3,4-Dichloronitrobenzene 99-54-7 314.1 316.3-346.5 9.1-74.69 11 TR 9.1-74.69

16 3,4-Dihydroxychlorobenzene 2138-22-9 364.15 293.15-323.15 0.6-8.7 2 GCRft - 0.6-8.7

17 3,5-di-tert-Butylcatechol 1020-31-1 372.8 313.2-346.2 0.0732-3.17 11 TR €64.69.270-5.58

18 3,7-Dimethyl-7-hydroxyoctanal 107-75-5 €2 283.355-332.65 0.117-15.87 5 KE 0.117-15.87

19 3-Chloro-2,6-dimethoxyphenol 18113-22-9 308.65 293.15-323.15 0.52-7.1 2 GC-RY - 052-7.1

20 3-Chloroaminobenzene 108-42-9 262.8 291.2-325.3 6.02-76.82 10 TR 6.02-76.82

21 3-Hydroxypropanenitrile 109-78-4 180.4 306.3-331.4 15.64-91.47 13 TR 15.64-91.47

22 3-Nitro-3-(4-nitrophenyl)-pentane  204189-06-0 ©??  321.4-358.1 0.063-1.920 8 TR 0.063-1.920

23 3-Nitrobenzoic acid 121-92-6 413 347.16-361.16 0.215-0.905 9 KE %1.820.604-2.03

24 3-Nitrophenol 554-84-7 370 357.2-369.3 12.05-35.13 7 KE %6.764.74-35.51

25 4-Aminobenzoic acid 150-13-0 461.4 359.14-382.56 0.1-1.0 2 KE 95.300.28-2.31

26 Anisaldehyde 123-11-5 272.25 283.95-322.95 1.32-30.4 11 KE 1.32-30.4

27 Benzyl salicylate 118-58-1 295.15 295.45-342.95 0.016-1.24 11 KE 0.016-1.24

28 Dibutyl phthalate 84-74-2 238.15 293.05-317.15 0.00191-0.0335 9 KE 0.00191-0.0335

29 Ethyl vanillin 121-32-4 351.2 323.35-337.45 0.47-2.75 6 KE 2.49).96-3.78

30 Eugenol 97-53-0 262.8 285.45-326.75 0.64-20.00 16 KE 0.64-20.00

31 Glutaric acid 110-94-1 371 348.15-363.15 0.224-1.19 8 KE b62.0 0.366-1.397

32 Glycerine carbonate 981-40-8 C?? 330.2-398.5 0.29-46.94 20 TR 0.29-46.94

33 Heliotropin 120-57-0 310.2 293.45-326.85 0.39-11.60 10 KE 356.5 0.58-11.60

34 Isoamyl salicylate 87-20-7 ©? 287.95-328.55 0.22-8.93 20 KE 0.22-8.93

35 Ketol 28746-99-8 303.13 308.22-330.4 1.23-6.64 7 KE 1.23-6.64

36 Methyl anthranilate 134-20-3 298.65 299.45-319.15 2.32-13.73 16 KE 2.32-13.73

37 Musk ambrette 83-66-9 358.15 328.55-345.45 0.141-0.973 5 KE 270.3 0.303-1.33

38 N-methyldiethanolamine 105-59-9 252.2 293.69-353.0 0.61-80.9 15 ST 0.61-80.9

39 p-Acetylanisole 100-06-1 311.65 313.55-333.45 5.60-25.5 13 KE 5.60-25.5

40 Phloroglucinol 108-73-6 491.8 381.31-404.58 0.1-1.0 10 KE ?0.15 0.82-5.06

41 Pimelic acid 111-16-1 377.5 358.15-371.66 0.126-0.675 8 KE 80.260.212-0.786

42 Pinonaldehyde 2704-78-1 ? 263.15-278.15 0.09-0.6 4 KE 0.09-0.6

43 Tetraethylene glycol 112-60-7 263.8 323.23-398.23 0.173-44.7 12 TR 0.173-44.7

44 Triacetin 102-76-1 276.4 284.2-318.2 0.0512-2.08 8 PM 0.0512-2.081

45 Triethylene glycol dinitrate 111-22-8 @2 303.4-348.0 0.025-2.21 9 PM 0.025-2.21
@Data as reported in the literature — see supplementary materkatp:/fwww.atmos-chem-phys.net/10/749/2010/

acp-10-749-2010-supplement.pétr data sources.

b Full names: compounds No=2-chloro-3,5-dimethoxy-4-hydroxybenzaldehyde; No={2-phenylbromide)-triethyleneglycol-
monomethylether; No. £33-(2-methoxy phenyl)propionic acid; No. #43,4-dimethoxyphenyl)propionic acid.

¢ Melting point unknown, but from the vapour pressure source it is clear that the measurements were made on a liquid.

d Authors note that some vapour pressure measurements were made on a sub-cooled liquid aided by very slow cryst&diptetitm (

et al, 20095.

€ Melting point unknown but there is circumstantial evidence that the measurements were made on a liquid — see supplementary material for

details pttp://www.atmos-chem-phys.net/10/749/2010/acp-10-749-2010-supplemgnt.pdf

f Number of datapoints.

9 Experimental method: KEKnudsen effusion; TRtranspiration; GC-REgas chromatography-retention time; Sdtatic method;

PM=piston manometer.

h ASfys at Tm in J/molK; correction of sublimation pressures to SCL-VP values: (a) correction ignoring the last two terms R8EQ. (
and using an estimated Ss,s; (b) correction ignoring the last two terms in EQ3] and using an experimental Sg,s; (C) correc-
tion using the full Eq. 23) with an experimentalA S;,s, see supplementary materidittp://www.atmos-chem-phys.net/10/749/2010/
acp-10-749-2010-supplement.pétr details; (d) no correction required as experimental method provides SCL-VP values directly.

I Final pressure range after any corrections.

www.atmos-chem-phys.net/10/749/2010/
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Table 4. Results ATy, values in K) for the screening of seven vapour pressure models against Test Set 1.

Compound name A B

Vapour pressure equation

C D E F G

1,7-Oxobisbenzene

13.1 7.6

6.2 0.8 13.1 55 7.1

1,7-Oxobisethane 4.9 1.3 6.3 2.4 3.7 -75 2.8
1,2-Ethanediol -10.6 -139 -44 -83 -16 -1109 4.8
1,2,3-Propanetriol -103 -16.7 -31 -106 -21 44 -11.4
1,2-Dichlorobenzene —-2.2 —6.5 -6.2 -105 -3.0 —-7.8 1.6
1,6 Hexanediol 7.1 3.5 15.9 115 21.9 26.2 20.3
1-Methyl-2-nitrobenzene 5.9 2.6 1.0 -43 -37.0 0.2 1.6
2-Butanone 19 -14 0.0 -34 31 -45 0.9
2-Ethyl phenol -20.4 -23.6 23 =22 20 -10 8.3
2-Octanone 8.9 4.2 33 -14 116 -5.8 -04
3-Methyl phenol -17.0 -20.0 5.9 1.7 195 15 12.7
Benzyl alcohol -136 -16.7 -54 -9.1 69.3 5.7 9.0
Cyclohexyl formate -30 -70 -03 47 68 -38 -16
Heptanoic acid -34 -78 46.7 38.8 97 18.2 9.9
Hexanoic acid -43 -85 41.8 34.8 84.2 14.1 8.7
Limonene 5.8 0.6 32 -22 150 -6.5 3.9
Linalool -16.6 -19.9 -111 -149 -174 1.0 0.6
n-Decanal 15.5 10.5 8.7 3.8 19.8 —-1.8 0.9
n-Octanenitrile 7.0 2.5 33 -13 80 -38 0.6
Phenethyl alcohol -181 -21.3 -96 -135 -1.6 2.9 2.0
Propylbenzene 44 -09 -42 -93 92 -99 -16
Bias -2.13 -6.25 4,78 —-0.09 14.41 0.73 3.84
Standard Dev. 10.88 10.42 14.6 13.79 32.46 9.44 6.45

aModels tested (see text): (A) the GW equation witByap given by Vetere's equations; (B) the Baum equation wit§yap given by Vetere’s
equations; (C) the GW equation withSyap=Kt RIN(82.06-T}); (D) the Baum equation with Syap=K+ RIn(82.06 Th); (E) the GW equation
with A Syap given by the Joback group contribution method; (F) the MY method; (G) the N-VP method.

3 Results

3.1 Evaluation of vapour pressure equations against
Test Set 1

Approach G (see SecR.l), using the N-VP equation
(Egs.9-11), gives the lowest standard deviation, while the
smallest bias is provided by method D (vapour pressure cal-
culated using the Baum equation — Eg= with A Syap from
Eq.5). The best three methods with regard to bias are D,

For each compound in Test set 1 the predicted vapour press and A; while the best three methods as judged by scatter
sure was calculated for each point in the dataset using thestandard deviation) are G, F and B. This provided five meth-
experimentall, value. Thel}, value was then changed to the ods that were better than the remaining two based on either

value giving the closest fit of estimated vapour presspge)(
to experimental vapour pressurgefp), as defined by min-
imising the objective function — EQ5. The experimentdl},
was then subtracted from the fitt@gd (to give ATj) and the

bias or scatter. However th&T}, values of those methods
using a common expression fArSy,p with the GW equation
(Eq.1) or the Baum equation (EQ) were very closely corre-
lated. ATy values calculated using methods A and B showed

resulting values analysed statistically for each method acrosgorrelation coefficients 0.99, as did values from methods C

all the compounds (see Tablg

1 n
OF=1_ _Z<Pest>’
=1 \Pexp

where the summation is over theexperimental points in the
dataset for the specific compound being considered.

(25)

and D. There is no benefit in testing both Edy. 4nd @)
against the multifunctional compounds. As the methods us-
ing Eq. @) gave smaller standard deviations than the corre-
sponding methods using Edl)(the Baum equation (EQ)

was selected for further comparison and methods B, D, F and
G were chosen to be evaluated against Test Set 2.

The difference between the boiling point value required to3.2  Evaluation against data for multifunctional

fit the experimental vapour pressure and the true (experimen-
tal) boiling point is a measure of the accuracy of extrapola-

compounds (Test Set 2)

tion from the boiling point to the experimental temperaturesThe four estimation methods above were selected for their

and is recorded in TabKunderAT;, for all seven methods.
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around ambient temperatures. This section describes thkandling groups such as carbonate in group contribution es-
identification of the preferred combined method of estimat-timation methods. In the JR method this group is considered
ing vapour pressures for a test set of multifunctional com-as a combination of an ester and an ether group, while in the
pounds (Test Set 2). EPI-Suite implementation of the SB method it is considered

Normal boiling point {},) values were calculated by three as two ester groups. Hence the JR method underestimates the
methods for all 45 compounds. Values calculated by the N-Tj, value (giving the high estimated vapour pressures clearly
Tb method were verified against the E-Aim website; thoseseen in all four panels of Fid), while the SB methods over-
calculated using the SB method were verified against EPl-estimates th&, giving vapour pressures that are too low (see
Suite and the JR values were verified against calculated dathable5 for the MBE values). The N-Th method has a spe-
from Chem-Draw Ultra version 10.@ambridgesoft2005. cific group contribution for cyclic carbonates obtained from
As the published descriptions of the latter two methods doexperimental data and gives a better estimate of the experi-
not include all the groups required to cover the structural fea-mental vapour pressures (comparedidy the SB method)
tures for the 45 compounds these checks were useful for enwhen used with 3 out of the 4 vapour pressure equations.
suring that the more complex functional groups (such as car- It is clear from Figs.1 and2 (and Tables5 and 6) that
bonate) were represented in a way that was consistent witthe combined method using the N-VP equation withby
these readily available implementations. Each séf,ofal- N-Tb gives the most accurate values; based upon minimum
ues were used as input for the prediction of vapour pressurestandard deviation in TabBand bestR? value (for the full
at the experimental temperatures for each dataset. The accaet of 45 compounds) in Tab& The MY vapour pressure
racy of the prediction for each compound was summarisedequation is the second best out of the four vapour pressure
by calculating a mean bias error (MBE; s€amredon and equations; but this method does have a bias towards overes-
Aumont 2006 Eq.26). timating vapour pressures (note the relatively laBjeoef-
ficient in Table6 for the N-Tb/MY method compared to the
N-Tb/N-VP method).

Figure 3 displays the results for those methods that did
not require &y, value: SIMPOL.1 and the CM method. The
Where the summation is over all the datapoints for thatformer method could be used on 36 of the 45 compounds
compound. Hence a single parameter is calculated fomainly resulting from a lack of group contributions for halo-
each dataset independent of how many datapoints are in thgen, carbonate and nitrile) and gave results much more scat-
dataset. The MBE values are summarised for all 12 com+ered than, either the N-VP equation or the M-VP equation
bined methods in Tablé along with the calculated means with 7, by N-Tb (seeR? values in Tablé).
and standard deviation. The CM method could only be used on 9 compounds (con-

The different estimation methods are compared in the scattaining alcohol, carbonyl or acid groups) out of 45 and and
ter plots shown in Figuré (regression coefficients are tabu- gave more scatter (as judged by #@values in Tabl&) than
lated in Table6) and in Fig.2 where the data in Tableare  the N-Th/M-VP combined method and very similar scatter to
summarised in box-whisker plots. In this box-whisker plot the N-Th/N-VP method for this limited subset of compounds.
(and in Figs5 and6) the central line of the box marks the me-  Figure4 compares selected vapour pressure equations us-
dian value with the upper and lower bounds of the box mark-ing the besftr}, estimation method identified from the above
ing the upper and lower quartiles, respectively. The notch in-analysis of the performance of the combined methods on
dicates the 95% confidence limit for the median value. HenceTest set 2 (the N-Th method). Despite the reservations about
if the notches of two estimation methods don't overlap thenthe suitability of vapour pressure methods requiring critical
the median values are different at the 95% confidence levelproperties for low volatility multifunctional compounds out-

In this plot (and in Fig.1) it is clear that the four meth- lined above (see Sed), the LKA method gave quite rea-
ods that included the estimation @§ using the JR group sonable results although the vapour pressure equation clearly
contribution method have a significantly different distribu- contributes more to the scatter of the data than the N-VP or
tion from the other methods. The JR method is consistentlyM-VP equations (leading to a reduction&? from more than
over-estimatingl}, leading to a substantial underprediction 0.79 to about 0.74 — see Tal#¢ Figure4, panel b shows

of vapour pressure. The most meaningful comparison ighat the N-Tb/LKA model data does become more scattered
with the SB method which was derived from the JR methodat lower experimental vapour pressures but the effect is less
but with a correction for high temperature boiling points. marked than that seen iamredon and Aumor2006 (see
This work shows that the correction introduced by Stein andtheir Fig. 4, panel a).

Brown is definitely required for these low volatility multi- The other conclusion that may be drawn from Higs that
functional compounds. In contrast to this general trend it isfor Test set 2 there is little difference in the accuracy of the N-
clearly seen in Figl that the JR method gives unreasonably VP, M-VP and N-Sim vapour pressure equations when used
high vapour pressures for one compound in Test set 2: comwith the N-Tb estimation method. This strongly suggests
pound 32, Glycerine carbonate. This reflects the difficulty inthat the differences between the estimated and experimental

1 n
MBE — - ;[Ioglo Pest— 10099pexpl (26)
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Fig. 1. PestVs. Pexp plots for the 12 combined methods applied to Test Set 2. Each panel uses a different vapour pressure guation:
N-VP, (b) MY, (c) BV and (d) BK with the symbols colourcoded according to the boiling point estimation method used:- Blue: N-Tb,
Red: SB and Green: JR; where N-Th= Nannoolal, SB= Stein and Brown, JR= Jdpaktimation methods. The coloured lines are
regression lines for each dataset (for coefficients see Blaled the black line is %Y. The key to the vapour pressure equations is: N-VP=
Nannoolal equation, BK= Baum equation wittfyap=K R In(82.06 T,), BV= Baum equation with Vetere equations, and MY=the Myrdal
and Yalkowsky equation.

vapour pressures for the N-Tb/N-VP, N-Tb/M-VP and N- their database had experimerifglvalues below 550 K. They
Th/N-Sim methods shown in Figl are dominated by the reported an average factor error of about 2 for all compounds
errors in theTy, estimation method. The errors in predicting and 3 for di- and tri-functionalised compoundsannoolal
T, dominate any differences in performance between theset al. (2008 claim a very low average factor erroe{.1) for
three vapour pressure equations leading to the greatly sima test set of 396 compounds using N-VP equatiBankow
plified N-Sim model giving similar results to the full N-VP and Asher(2008 quote an average error factor of about 2.2
method. for the SIMPOL.1 method. By contrast the average error fac-
Myrdal and Yalkowsky(1997) reported that their method tor for Test Set 2, calculated from the MBE values in Tehle
(MY) fitted their experimental database with an average fac-was 2.7 forTy by N-Tb and vapour pressure estimated by the
tor error (as defined bamredon and AumonR00§ of  N-VP equation; 3.5 forT, by N-Tb, with the MY vapour
1.62. Camredon and Aumor(®006 reported good results pressure equation; 5.2 for the SIMPOL.1 method; and 12.3
using the JRI}, estimation method with the MY vapour pres- for Ty by JR coupled with the MY vapour pressure equa-
sure equation, and did not report any significant biag,n tion. These error factors are significantly higher than those
from using the JR estimation method in contrast to the result$juoted by the various authors for their respective methods
noted above. This may be because most of the compounds iand highlight how demanding the calculation of very low
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Table 5. Results (MBE valued for the different vapour pressure estimation methods against Test Set 2.

Vapour pressure estimation metRod

No  Compound 1 2 3 4 5 6 7 8 9 10 11 12 €13 14 15 16 17

1 1,2-Pentanediol 0.197 0.492-0.153 -0.007 0.318 -0.395 -0.084 0.274 —0.517 0.267 0.564 —0.085 -0.181 —0.335 0.072 -0.013 0.503

2 1,2,3-Trihydroxypropane 0.001 1.300 0.226-0.008 1.338 0.225 —0.167 1.335 0.097 0.391 1.611 0.601 0.616 0.4260.217 —0.456 1.187

3 1,4-Butanediol 0.173 0.960 0.822-0.011 0.858 0.706 —0.153 0.812 0.645 0.177 0.986 0.844 0.716 0.418 0.0951.117 0.622

4 2-(Methylamino)ethanol 0.117 0.807 0.728-0.142 0.636 0.548 —0.301 0.572 0.475 —0.015 0.723 0.639 0.583 0.218-0.180 -0.119

5 2,4-Pentanediol 0.539 0.761-0.307 0.396 0.640 —0.538 0.637 —0.659 0.642 0.864 —0.202 -0.337 0.056 0.440 0.442 0.786

6 2,6-Dinitrotoluene 0.173 0.245 —2.754 —-0.034 0.042 —3.000 0.187 0.264 —2.956 0.164 0.236 —2.646 —0.212 —0.296 -0.280 -1.063

7 2-Aminoethanol 0.031 1.044 0.853 0.081 1.122 0.9280.131 1.052 0.835 —0.089 0.979 0.779 1.189 0.458-0.122 0.015

8 2-Aminonitrobenzene —0.263 0.179 -1.185 0.087 0.509 —0.792 0.140 0.584 —0.802 0.144 0.556 —0.709 0.447 —0.104 -0.151 -0.543

9 2-Chloro-3,5-dimethoxy-4-HBA  —1.345 —0.899 —2.464 -1.112 -0.678 -2.185 —2.671 -2.085 —4.144 -0.774 -0.369 -1.771 —1.545 -1.164 -1.909

10  2-Chloropropionic acid 0.003 0.206 0.216 0.406 0.594 0.6040.418 —0.160 —0.147 0.120 0.322 0.332 —0.005 -0.074 0.110

11 2-Hydroxybenzoic acid 0.201 -0.918 -2.024 0.723 -0.311 -1.322 -0.112 -1.483 -2.862 0.698 —-0.314 -1.296 -1.656 0.133 -0.060 -0.015

12 2-Phenylbromide-TEGMME 0.912 0.728 —0.597 1.086 0.903 —0.403 1.396 1.219 —0.059 0.966 0.777 —0.571 0.610 0.540 0.319
13 3-(2-Methoxyphenyl)PA —0.103 -0.004 -1.002 0.730 0.816 —0.048 -0.698 -0.574 -1.835 0.522 0.611 —0.281 -0.482 —0.130 -0.696 -—0.106

14 3-(3,4-Dimethoxyphenyl)PA 0.136 0.415 -1.137 1.193 1.426 0.137 —0.292 0.045 -1.851 1.016 1.256 —0.068 —0.324 0.143 —-0.469 0.156

15  3,4-Dichloronitrobenzene 0.007 0.056-1.133 -0.111 -0.058 -1.335 0.023 0.076 —1.242 0.047 0.097 —-1.112 —0.116 -0.062 -0.274

16  3,4-Dihydroxychlorobenzene —0.421 -0.063 -0.795 -0.739 -0.346 -1.146 -1.446 -0.960 -1.957 -0.384 -0.026 -0.754 —0.505 -0.623 -0.967

17 3,5-di-tert-Butylcatechol —0.780 -0.708 —-3.403 —-0.890 -0.815 -3.584 -1.679 -1.586 -5.127 -0.261 -—0.196 —-2.592 —2.540 —0.888 —0.883 —0.974

18  3,7-Dimethyl-7-hydroxyoctanal 0.477 0.366-0.897 0.213 0.091 —-1.295 -0.052 -0.193 -1.821 0.695 0.586 —0.641 -0.623 0.476 0.458 0.183 0.778
19  3-Chloro-2,6-dimethoxyphenol  —0.578 -0.283 -1.064 -0.686 —0.378 -1.191 -1.801 -1.393 -2474 -0.459 -0.168 -0.934 —0.818 —0.404 —0.947

20  3-Chloroaminobenzene 0.285 0.310 0.232 0.258 0.285 0.202 0.305 0.333 0.246 0.265 0.292 0.210 0.230 0.292 0.148
21 3-Hydroxypropanenitrile —0.183 0.551 0.354 —0.145 0.614 0.411 -0.433 0.450 0.217 0.008 0.721 0.529 0.197-0.335 0.031

22 3-Nitro-3-(4-nitrophenyl)-pentane 0.000 0.182-3.667 0.294 0.470 —3.146 0.558 0.733 —3.005 0.390 0.562 —2.946 —0.234 —0.068 —0.042 -0.583

23 3-Nitrobenzoic acid 0.064 0.229 -1.859 0.766 0.913 -0.928 -0.635 -0.422 -3.163 0.644 0.793 —1.060 —0.002 —0.031 -0.284 -0.208

24 3-Nitrophenol 1.414 0.857 —0.241 1.362 0.759 —0.442 0.952 0.184 —1.399 1.438 0.863 —0.272 1.852 1.359 1.378 1.080
25  4-Aminobenzoic acid 0.871 1.151 0.252 1.569 1.814 1.030 0.372 0.720.421 1.318 1.575 0.753 0.990 0.845 0.673 0.798
26  Anisaldehyde 0.348 0.562 0.761 0.356 0.578 0.784 0.478 0.705 0.914 0.462 0.676 0-87837 0.331 0.278 0.062
27  Benzyl salicylate —0.359 -0.959 -3.229 -0.137 -0.721 -2.876 -1.466 —2.253 -5.234 0.160 —0.386 —2.388 —1.856 —0.390 0.057 —0.635

28  Dibutyl phthalate —0.273 0.072 -2.819 0.546 0.852 —1.656 0.596 0.914 —-1.740 0.331 0.647 —1.936 —0.488 —0.213 -0.644 -0.693

29  Ethylvanillin 0.263 0.327 -0.223 0.142 0.210 —-0.374 -0.830 -0.740 -1.516 0.298 0.363 —0.192 -0.966 0.063 0.237 —0.357

30 Eugenol —-0.317 -0.239 -0.757 -0.513 -0.430 -0.983 -1.497 -1.388 -2.118 -0.377 -0.297 -0.826 -1.523 —0.480 -0.325 -0.765

31  Glutaric acid 0.799 0.920 0.108 1.574 1.678 0.982 0.399 0.549.467 1177 1.291 0.532 0.301 0.106 0.380 0.184 0.526
32  Glycerine carbonate —0.044 -0.563 2.338 —0.175 —0.730 2.355 —0.704 —1.387 2.255 0.378 —0.100 2578 0.249 —0.486 0.542

33 Heliotropin 0.458 0.330 0.261 0.518 0.387 0.316 0.661 0.527 0.455 0.655 0.529 0.462 0.147 0.342 0.299 0.246
34  Isoamyl salicylate —0.465 -1.186 -2.784 -0.341 -1.060 -2.626 -1.375 -2.324 -4.442 -0.197 -0.888 -2.383 -2.001 —0.504 —0.040 -0.835

35 Ketol —0.637 -0.731 -2.891 -1.333 -1442 -3920 -1.842 -1972 -5005 -0.429 -0519 -2560 -0.985 -0.670 -1.050 -0.571 -0.321

36  Methyl anthranilate -0.182 -0.101 -0.594 -0.199 -0.116 -0.626 -0.065 0.021 -0.507 -0.186 -0.104 -0.607 -0.315 —0.480 -0.201 -0.633

37  Musk ambrette —-1.181 -0.741 -5805 -—0.802 -0.384 -4.985 -0.472 -0.057 -4.814 -0.584 -0.186 —4.538 -—1.825 —1517 -1.374 -2.202

38  N-methyldiethanolamine 0.179 0.313 0.221-0.128 0.023 -0.081 -0.255 -0.086 -0.203 0.228 0.364 0.270 —-0.111 —0.100 -0.085 0.575

39  p-Acetylanisole 0.212 0.567 0.344 0.422 0.772 0.552 0.548 0.901 0.680 0.537 0.873 0.662 0.225 0.374 0.651 0.201
40  Phloroglucinol 1.527 1.943 1.116 1.566 1.996 1.138 1117 1.644 0.584 1.661 2.070 1-45@25 1.486 1.430 0.876
41 Pimelic acid 0.590 0.689 —0.536 1.570 1.652 0.639 0.292 0.411-1.081 1.192 1.281 0.184 0.248-0.458 0.250 0.249 0.451
42 Pinonaldehyde 0.572 0.240-0.359 0.643 0.309 —0.290 0.903 0.569 —0.036 0.717 0.391 —-0.192 -0.319 0.578 0.909 0.967 0.804
43 Tetraethylene glycol 0.038 —-0.166 -1.172 -0.013 -0.228 -1.289 -0.218 -0.463 -1.687 0.454 0.261 —0.682 —0.659 —0.357 1.102 0.301
44 Triacetin 0.494 0.720 —1.058 1.163 1.365 —-0.216 1.208 1.415 -0.231 1.086 1.292 -0.317 0.047 0.629 0.608 0.401
45 Triethylene glycol dinitrate 0.457 0.167 -4.075 1.319 1.071 -2.476 1.594 1.351 —2.239 1.157 0.897 —2.801 0.286 0.304 0.436 —0.021
Bias 0.10 023 -0.94 0.25 039 -072 -0.17 -0.03 -1.34 0.37 050 -057 -0.29 0.07 0.02 0.00 -0.06

Stg 0.56 0.66 1.60 0.74 0.80 1.53 0.93 1.05 1.83 0.57 0.63 1.37 0.94 0.46 0.62 0.59 0.74

aMBE=(1/n)Y_[log; g pest—10910rexpl-

bvapour pressure estimation methods: (1) N-Th/N-VP; (2) SB/N-VP; (3) JR/N-VP; (4)N-Tb/BK; (5) SB/BK; (6) JR/BK; (7) N-Tb/BV;
(8) SB/BV; (9) JR/BV; (10) N-Th/MY; (11) SB/MY; (12) JR/MY; (13) SIMPOL.1; (14) CM method; (15) N-Tb/N-Sim; (16) N-Th/M-VP;
(17) N-Tb/LKA. For models 1-12, and 15-17 the first term is the key forfihestimation method (N-Tb Nannoolal, SB= Stein and
Brown, JR= Joback) and the letters after the slash are the key to the vapour pressure equatios. N&vkolal equation, B Baum
equation withA Syap=K¢ RIn(82.06 T}), BV= Baum equation with Vetere equations, Mthe Myrdal and Yalkowsky equation, M-\#°
the Moller equation, N-Sim the simplified Nannoolal vapour pressure equation (see text),=£Kie Lee-Kesler equation with critical
properties by the Ambrose method, and €vhethod of Capouet and Muller.

CFull names: compounds No.=2-chloro-3,5-dimethoxy-4-hydroxybenzaldehyde; No.={2-phenylbromide)-triethyleneglycol-
monomethylether; No. £33-(2-methoxy phenyl)propionic acid; No. #43,4-dimethoxyphenyl)propionic acid.

d Stp= standard deviation.

€The SIMPOL.1 method was applicable to 36 compounds.

f The CM method was applicable to 9 compounds.

vapour pressures for multifunctional compounds is for any4 The sensitivity of the partitioning of compounds into

estimation method. As discussed below the compounds in  organic aerosol (OA) to vapour pressure values

Test Set 2 are some 100-1000 times more volatile than the

compounds expected to condense into organic aerosol (OA4.1  An atmospherically relevant example

so these errors are very likely to get worse when applied to

atmospherically relevant partitioning. To represent the partitioning of semi-volatile organic com-
pounds, it is convenient to use the volatility binning prin-
ciple of Donahue et al(2006 with the aim of modelling
amounts of OA typical of moderately polluted ambient con-
ditions (about 10 ug P see their Fig. 1a)Donahue et al.
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Fig. 4. PestVs. Pexp plots comparing the predictions of some vapour
ressure methods using the b&sestimation method (the N-Tb or
annoolal method- see text), In par(a@) the N-Tb/N-VP (Blue)

combined method is compared to N-Th/M-VP (Red) method. In

panel(b) the N-Th/LKA (Blue) combined method is compared to

N-Tb/N-Sim (Red) method. The coloured lines are regression lines

Fig. 2. Box-whisker plots of the MBE values for predicted vapour
pressures of Test Set 2. The 12 combined estimation method
are: (1) N-Tb/N-VP; (2) SB/N-VP;(3) JR/N-VP;(4) N-Th/BK; (5)
SB/BK; (6) JR/BK; (7) N-Tb/BV; (8) SB/BV; (9) JR/BV, (10) N-
Th/MY; (11) SB/MY; (12) JR/MY. The first term is the key for the

JT:;_e“f']tggsgs)na?;mgcie(tlt\g;ba:ﬁeNﬁ?lr;O;g’hi?e:tfgeézyigihirsggé lg?r each dataset (for coefficients see TaBlend the black line is
- =Y. The key for the vapour pressure equations is: N-VP= Nan-

pressure equation. N-VP= Nannoolal equation, BK= Baum equa-

Lon ih Ay RnG200 7). V= Bamecaton wih Vet o0 =S WP Melr Sabaton LG e e ten
ere equations, and MY= the Myrdal and Yalkowsky equation. d brop y

the method of Ambrose; N-Sim= simplified Nannoolal equation
(see text).

(2009 relate the formation of OA to the volatility of the
condensing species using a saturated vapour density derived
from the vapour pressure of each compongént,

. _ 106Mi)/ip?
! RT

where y; is the activity coefficient (here assumed to be

unity), M; is the molecular weight angb? is the satu-

rated liquid vapour pressure in atmospheres (sub-cooled

if necessary) of component; R is the gas constant

(=8.2057% 10> atm m? mol~1 K) and the resulting"; value

% 2 1 o 1 2% 1 0 1 2 is in ugm 3. They propose binning the atmospheric com-
19910 exp %910 e pounds based upon the logarithm of th@jrvalue. In Fig. 1a

: | ath . " of Donahue et a2006, where the formation of 10.6 ugm
Fig. 3. PestVs. Pexp plots comparing the predictions of SIMPOL.1 of OA is modelled: components in bin 1 (Iggfl?“:1 or

and the Capouet and Muller (CM) method against selected com- ., ",
bined methods for relevant compounds. The same symbol coIouFi =10) partition equally between the condensed and vapour

is used for each combined method in both panels:- N-Tb/N-VPphaseS' Qomponef‘ts !n bin 2 remain largely in the vapour
(Red), N-Tb/M-VP (Blue) and JR/MY (Green). In pan@) the ~ Phase while those in bin 0 largely condense. Hence for an
SIMPOL.1 method (in Black) was compared to these methods for€xample where 10.6 HgTd of OA is formed by partitioning

36 compounds; and in pan@l) the CM method (Black) was com- then the maximum sensitivity of the amount of OA formed
pared for 9 compounds. The coloured lines are regression lines foto vapour pressure values will be for those compounds in
each dataset (for coefficients see Ta)land the X=Y lineisgiven  bins 0, +1 and +2. Compounds in higher bins only parti-
by a thicker black dashed line. The key for the combined methodsijon to a small extent and compounds in lower bins almost
are: Tp estimation methods: N-Tb= Nannoolal, and JR= Joback; completely partition to the condensed phase so the amount
vapour pressure equations: N-VP= Nannoolal equation, M-VP=q¢ o formed will be relatively insensitive to changes in
Moller equation and MY= the Myrdal and Yalkowsky equation. .54 pressures for these compounds. However if changes

: (27)

IOglOPesl
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in vapour pressures result in compounds changing bins, the'?‘able 6. The regression coefficients for the datasets.
a much greater impact upon the amount of OA formed can

occur. For example; if a compound in bin +3 (where it would
have little impact upon the amount of OA formed) has its
vapour pressure reduced by a factor of 100 this will cause  Fig. 1, n=45

it to switch to bin +1 where it will have a large effect upon N-Tb/N-VP 1.0316X+0.1127 0.798

VP Estimation Method Regression Coeffd.  RZ?

the amount of OA formed. It is clear from Figé.and 2 ?FE:/”N\I_\\//FT i-égéiﬁ'f-olggg 00671%)563
and Table5 that changes in vapour pressures sufficient to . : ' '
cause compounds to ?:hange bﬁus arrt)a quite common among N-To/MY 0.8696X+0.4419 0.7332
. . . SB/MY 0.9462X+0.5077 0.6614
f[he compounds of Test Set 2, with a potentially substantial ;5 /1y 1.5643%0.6367 0.5845
impact upon the amount of OA formed. N-Th/BV 0.9669%-0.1209 0.5359
The 45 multifunctional compounds can be assigned to  gg/gv 1.0566X-0.0548 0.4633
bins using theirC; values as calculated using Eq7). JR/BV 1.7903X%-1.4472 0.4954
All calculations were performed at a temperature of @5 N-Tb/BK 0.8232%-0.3287 0.5922
(298.15K). Experimental vapour pressure data (subcooled SB/BK 0.9018X+0.3960 0.5351
liguid data where appropriate; see Tal@ewas extrapo- JR/BK 1.5216X%-0.7733 0.5147
Iated/interpolqted to 298.15 K hy fitting to the two coefficient Fig. 3; n=36
Antoine equation: N-Tb/N-VP 1.0916X+0.0973 0.8106
N-Tb/M-VP 1.1632%-0.0076 0.8084
In(p) = A + B/T. (28) IRIMY 1.5681%-0.7746  0.6033
SIMPOL.1 1.2567%-0.4538 0.6331

For the majority of compounds an extrapolation to
298.15K was required. The two coefficient Antoine is Fig. 3; n=9

known to give a reasonable approximation to known vapour  N-Th/N-VP 0.9745X+0.3363 0.8661
pressures over small temperature intervals and is thus better N-Tb/M-VP 1.0380X+0.0450 0.9182
at extrapolating vapour pressures than more complex forms JR/MY 0.9283%-0.0851  0.5168
with extra coefficientsRoling et al, 2001). These values CM 0.9121X+0.1452 0.8402
at 298.15K will be referred to as “experimentally derived” Fig. 4; n=45

vapour pressures and will form the base case for the parti-  N-Th/N-VP 1.0278X+0.1174 0.7938
tioning calculations.C; values were calculated to give the N-Th/M-VP 1.1019%-0.0273 0.7955
following distribution of the 45 multifunctional compounds N-Th/LKA 1.1031X+0.0864 0.7410
in the Donahue bins: N-Th/N-Sim 1.080X+0.0214 0.7976

Bin +6, 3 compounds; +5, 9 compounds; +4, 12 com-
pounds; +3, 9 compounds; +2, 7 compounds; +1, 4 com~ The firstterm s the key for th#, estimation method (N-Tb= Nan-
pounds; 0, 1 compound. noolal, SB= Stein and Brown, JR= Joback) and the letters after the

Only one compound (phloroglucinol) is in bin 0 slash are the key to the vapour pressure equation. N-VP= Nannoolal
and 4 compounds (4-aminobenzoic acid 3-3 4_equation; BK= Baum equation witt\S,,,=KsRIN(82.06Tp),

. L . . . . Bv=B ti ith Vet ti ; MY= the Myrdal and
dimethoxyphenyl)propionic acid, pimelic and glutaric aum equation wr'n vetere squations, e vyrda an

. L Yalkowsky equation; M-VP= Moller equation; LKA= the Lee-
acids) are in bin +1. For the example where 10.6 Hém Kesler equation with critical properties (calculated from N-Tb val-

of OA is formed, only phloroglucinol would show a high es) by the method of Ambrose; and N-Sim= simplified Nannoolal
proportion of condensation while the other four compoundsequation.

would show roughly equal partitioning between the con-P Equation of line loggPesEA 10g1gPexpt B, With X=log; g Pexp

densed and vapour phases. All compounds, outside oéndA, B are the coefficients given in the table.

these five, have been assigned to bins where only a small

proportion (for many compounds, a very small proportion) 4 5 partitioning of multifunctional compounds into OA

of the compound would partition into the condensed phase. under typical ambient conditions: the effect of

It should therefore be noted that the compounds of Test changes in vapour pressure values

Set 2, despite their selection for multifunctionality and

very low experimental vapour pressures, are still aboutThe partitioning model follows the approach described in

100-1000 times more volatile than the compounds believedBarley et al.(2009. This approach is based upon ear-

to form OA under typical ambient conditions. lier models, e.gPankow (1994 with modification. The
semi-volatile compounds are partitioned according to their
saturation concentratior€f) value:

cr_ 1rip?

= a7 (29)
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into mass based amounts by multiplying by the appropri-

20l i ; | ; | ate molecular weight. Summing the mass based condensed
: 1 s + guantities for all the compounds provides the total condensed
| + OA in mass based units.

\ + In this example theC for all 45 multifunctional com-
15r | pounds were calculated using EQ9[ and experimentally

derived vapour pressures at 298.15 K. All compounds were
assigned the same individual component concentratiph (
and this was set to a value (0.02666 pmofinsuch that the
partitioning model converged’x=0.062715 pmol m®) to

give 10.6 ug m? of OA. This formed the base case for the ef-

OA Formed (ugram/ms)

H+ HH 4+

++ -4 F -1+ +

%%?

S
R i
i+
-+
-+

|

|

|

|

|
i
+
+

T o ot fect of changing vapour pressures on the partitioning of com-
5t . I i + o I 1o pounds to OA.
i 2 3 21 5 é 7 é 9‘) 1‘0 1‘1 1‘2 If the partitioning is recalculated with the experimentally
Estimation Method derived vapour pressures replaced by estimated values then

the compounds may move between the Donahue bins (see
Fig. 5. Box-whisker plots of the predicted amount of OA formed by end of Sect4.1) and the amount of predicted OA varies
the partitioning model using estimated vapour pressures for a singlelramatically (between 0 and 110 pg#) depending upon
compound from Test Set 2. The base case uses experimentally dgvhich estimation method is used. If the experimentally de-
rived vapour pressures for all 45 compounds and gives 10.6fgm  rived vapour pressures are all doubled the amount of pre-
of OA. The vapour pressure of each compound in sequence is thegjcted OA falls to zero (from 10.6 ugmi). This demon-

changed to a value estimated by one of the following 12 meth-gi 4104 the sensitivity of OA formation to errors in estimated
ods and the amount of OA recalculated. The 12 combined esti-

mation methods are(l) N-Th/N-VP; (2) SB/N-VP; (3) JR/N-VP; vazolur pressutrefs.th_ t ity of th ¢ of
(4) N-Th/BK; (5) SB/BK; (6) JR/BK; (7) N-Th/BV: (8) SB/BV: (9) arge part of this extreme sensiivity of the amount o
JR/BV; (10) N-Tb/MY; (11) SBIMY; (12) JRIMY. The first term is ~ OA formed to the vapour pressure values used in the par-

the key for theT}, estimation method (N-Tb= Nannoolal, SB= Stein titioning calculation is a reflection of the fact that this set
and Brown, JR= Joback) and the letters after the slash are the keQf multifunctional compounds is too volatile to consistently
to the vapour pressure equation. N-VP= Nannoolal equation, BK=form atmospherically relevant amounts of OA. A different
Baum equation withA Syap=K¢ R In(82.06 T},), BV= Baum equa-  approach is required to compare the effect of the 12 vapour
tion with Vetere equations, and MY= the Myrdal and Yalkowsky pressure estimation methods shown in Figand2 on the
equation. amount of OA formed in this example. The base case de-
scribed above was repeatedly run with a single vapour pres-
sure value replaced by an estimated value. This was per-
formed for each compound in sequence to give a distribu-
tion of 45 OA masses that can then be represented on a box-
whisker plot. The results for all 12 estimation methods are
shown in Fig5. The striking feature about this plotis that de-
i i spite the fact that only 1/45th of the total number of moles in

The amount of condensed materiélda) is then calcu- o mixpure is assigned the estimated vapour pressure, some
lated by summing over all componeritensuring mole bal- 561 nds cause the predicted amount of OA to change by
ance between the two phases for each component considereg¢, .1or of two or more: and this is true for all the estimation
Defining a partitioning co:szlmera- forcompound givenits  ehods, even those that give the most accurate predictions.
saturation concentratioi; (Eq. 29). In Fig. 5 the vast majority of compounds had little effect
c* )—1 on the amount of OA formed because they are too volatile.

1

Wherep? is the saturated vapour pressure of comporment
in atmospheresR, T andy; have the same meaning as in
Eq. @7); C; is the saturation concentration in pmotfn
This can be converted to th€* (in pg n3) described by
Donahue (Eg27) by multiplying by M; .

(30) This gives a very small box and a very similar distribution
of outliers for all the estimation methods except those using
where bothC; and Coa have units of umol m3. Thetotal Tb by the JR method. As mentioned above this method sig-
number of moles of organic aerosol is the sum of the productdlificantly overestimatej, leading to many compounds that
of the individual component concentrations;) and their ~ would be assigned (on the basis of their experimentally de-

§1= <1+

Coa

partitioning coefficient;): rived vapour pressures) to bins too high to significantly im-
pact upon the amount of OA formed moving two or more
Coa = ZCi&'- (31)  bins down into the range where they do significantly affect

the amount of OA predicted.
This calculation provides the amount of each component in To better differentiate between the methods that did not
the condensed phase in umotfnand is readily converted useT}, by the JR method, the results for the 12 least volatile
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compounds, based upon their experimentally derived vapour T
pressures (bins 0 to +2: see above) were replotted ing-ig. 20} | T - T
This plot does allow some differentiation between the pre- “E | ! !
dictions of the non-Joback methods but also emphasizes how & 18 : ]
important it is to obtain accurate vapour pressures for those g 16} \ * 1
compounds that are in the critical bins (in the example used ? 14} ! |
here: bins 0 to +2) wherg (see Eq30) is in the range 0.05— g T
0.95. 5 127 - h N 1
LL
< 10'5 ﬁ [ J
O ‘ : [
5 Conclusions g & : ot .
T [ L‘ | P
The estimation method reported Mannoolal et al(2004) N A 1 L1 L
prov!de the most accurafg vaI_ues:Steln and Browr§1994) 1 2 3 4 5 6 7 8 9 10 11 12
provided the second best estimation methodZforThe pre- Estimation Method

diction of vapour pressures for the 45 multifunctional com-

pounds of Test set 2 showed that the methodahnoolal  Fig. 6. Box-whisker plots of the predicted amount of OA formed by
et al. (2008 and the method oMoller et al. (2008 were the partitioning model using estimated vapour pressures for a single
better than the other vapour pressure methods studied wheg®mpound from Test Set 2. This plot uses the same calculations to
used with theNannoolal et al(2004 T;, estimation method. those used to generate Fig. 5 but only shows data for the 12 least
However the results for both these vapour pressure equation&!afile compounds (from bins 0, +1 and +2). The base case uses
(and the simplified form of the Nannoolal vapour pressureeXpe”mema”y derived vapour pressures for all 45 compounds and

equation) are so similar that it is not possible, on the basi V&S 10-6am m3 of OA. The 12 methods arég1) N/N; (2) SIN;
9 P ' 3) JIN; (4) N/BK; (5) S/BK; (6) J/BK: (7) N/BV: (8) S/BV: (9)

of this work, to select between them. The errors in the es-ygy. (10)\/MY: (11) SIMY; (12) IMY. The first letter is the key
timation of 7, dominate the smaller differences between they,, he T, estimation method (N= Nannoolal, S= Stein and Brown,

vapour pressure equations. THeller et al. (2008 vapour 3= joback) and the letters after the slash are the key to the vapour

pressure equation may be preferred to the other methods b@ressure equation: N= Nannoolal equation, BK= Baum equation

cause the extra term for alcohols and acids potentially allowswith ASyap=K;R In(82.06:T};), BV= Baum equation with Vetere

improved accuracy for these atmospherically important com-equations, MY= the Myrdal and Yalkowsky equation.

pounds Bilde et al, 2003. This work highlights that, for

a method that combineg, estimation with a vapour pres-

sure equation, improvement in tiilg estimation method will ~ values (especially for the least volatile components) typical

yield the greatest improvement in model skill for atmospher-of the differences seen between estimation methods. The po-

ically important compounds. However the database of expertential impact of errors in estimated vapour pressure values

imentalTy, values is limited and contains few multifunctional upon the amount and composition of predicted OA should

compounds of the type seen in Test set 2 because these comet be underestimated.

pounds have sufficiently high, values that they decompose

before the normal boiling point temperature is reached. ToAcknowledgementsThis work was carried out within the UK

improve T}, estimation methods more boiling point data for NERC-funded “QUantifying the Earth SysTem” (QUEST) project

relatively involatile multifunctional compounds are required. under the “QUest Aerosol and Atmospheric Chemistry” (QUAAC)

This could be provided by extrapolating experimental vapourgrant number NE/C001613/1) and EU-funded “European In-

pressure data up to atmospheric pressure using a reliabfggrated project on Aerosol Cloud Climate and Air Quality

vapour pressure equation. These “pseudo-experimental bojfiteractions” (EUCAARI) under contract number 036833-2.

ing points” could be combined with true experimental boil-

ing point values for less structurally complex compounds an

used to improve the estimation of normal boiling points.

The sensitivity of the amount of OA formed to the vapour

pressure values used in the partitioning calculation was in-References

;i/t?rg?::sd f?tr v?lgsatfrgl(jrs\ghtig(;aélgsr[?iltiv?r?(ta esxgg]cailg:r%;n t';]h(;aAsher, W E. and Pan_kow, J. _F.: Vapor pressure prediction for
. . X alkenoic and aromatic organic compounds by a UNIFAC-based

multifunctional compounds for their low vapour pressures

) . ) group contribution method, Atmos. Environ., 40, 3588-3600,
they were still some 100-1000 times more volatile than the 5ggg.

compounds expected to contribute significantly to OA. Theaumont, B., Szopa, S., and Madronich, S.: Modelling the evolu-
amount of OA predicted to form (and by extension its compo-  tion of organic carbon during its gas-phase tropospheric oxida-
sition) was extremely sensitive to changes in vapour pressure tion: development of an explicit model based on a self generating

quited by: W. E. Asher

www.atmos-chem-phys.net/10/749/2010/ Atmos. Chem. Phys., 1078492010



766 M. H. Barley and G. McFiggans: Critical assessment of vapour pressure estimation methods

approach, Atmos. Chem. Phys., 5, 2497-2517, 2005, Donahue, N. M., Robinson, A. L., Stanier, C. O., and Pandis,
http://www.atmos-chem-phys.net/5/2497/2005/ S. N.: Coupled partitioning, dilution, and chemical aging of
Barley, M., Topping, D. O., Jenkin, M. E., and McFiggans, G.: Sen- semivolatile organics, Environ. Sci. Technol., 40, 2635-2643,
sitivities of the absorptive partitioning model of secondary or-  2006.
ganic aerosol formation to the inclusion of water, Atmos. Chem. EPA: Estimation Programs Interface Suite for Microsoft Win-
Phys., 9, 2919-2932, 2009, dows v3.2, United States Environmental Protection Agency,
http://www.atmos-chem-phys.net/9/2919/2009/ Washington, DC, USA, 2009.
Barsanti, K. C. and Pankow, J. F.: Thermodynamics of the forma-Faber, N. M. and Rajko, R.: How to avoid over-fitting in multi-
tion of atmospheric organic particulate matter by accretion re- variate calibration - The conventional validation approach and an
actions - Part 1: aldehydes and ketones, Atmos. Environ., 38, alternative, Anal. Chim. Acta, 595, 98-106, 2007.

4371-4382, 2004. Fishtine, S. H.: Reliable latent heats of vaporization, Ind. Eng.
Baum, E. J.: Chemical property estimation-Theory and application, Chem., 55, 47-56, 1963.
Section 6.3., CRC Press, Boca Raton, FL, USA, 1998. Goodman, B. T., Wilding, W. V., Oscarson, J. L., and Rowley,

Bencze, L., Raj, D. D., Kath, D., Oates, W. A, Singheiser, L., and R. L.: Use of the DIPPR database for development of quantita-
Hilpert, K.: Thermodynamic properties and diffusion thermody-  tive structure-property relationship correlations: Heat capacity of
namic factors in B2-NiAl, Metall. Mater. Trans. B., 35, 867-876, solid organic compounds, J. Chem. Eng. Data, 49, 24-31, 2004.
2004. Grain, C. F.: Vapor pressure, in: Handbook of chemical property

Bilde, M., Svenningsson, B., Monster, J., and Rosenorn, T.: Even- estimation methods, edited by: Lyman, W. J., Roehl, W. F., and
odd alternation of evaporation rates and vapor pressures of C3- Rosenblatt, D. H., McGraw Hill, Chapter 14, 1982.

C9 dicarboxylic acid aerosols, Environ. Sci. Technol., 37, 1371—Hallquist, M., Wangberg, I., and Ljungstrom, E.: Atmospheric fate
1378, 2003. of carbonyl oxidation products originating from alpha-pinene

Bloss, C., Wagner, V., Jenkin, M. E., Volkamer, R., Bloss, W. J., and Delta(3)-carene: Determination of rate of reaction with OH
Lee, J. D., Heard, D. E., Wirtz, K., Martin-Reviejo, M., Rea, and NGQ; radicals, UV absorption cross sections, and vapor pres-
G., Wenger, J. C., and Pilling, M. J.: Development of a de- sures, Environ. Sci. Technol., 31, 3166-3172, 1997.
tailed chemical mechanism (MCMv3.1) for the atmospheric ox- Joback, K. G. and Reid, R. C.: Estimation of pure-component prop-
idation of aromatic hydrocarbons, Atmos. Chem. Phys., 5, 641— erties from group-contributions, Chem. Eng. Commun., 57, 233—
664, 2005, 243, 1987.
http://www.atmos-chem-phys.net/5/641/2005/ Johnson, D., Utembe, S. R., and Jenkin, M. E.: Simulating the de-

Booth, A. M., Markus, T., McFiggans, G., Percival, C. J., McGillen, tailed chemical composition of secondary organic aerosol formed
M. R., and Topping, D. O.: Design and construction of a simple  on a regional scale during the TORCH 2003 campaign in the
Knudsen effusion mass spectrometer (KEMS) system for vapour southern UK, Atmos. Chem. Phys., 6, 419-431, 2006,
pressure measurements of low volatility organics, Atmos. Meas. http://www.atmos-chem-phys.net/6/419/2006/

Tech. Discuss., 2, 893-914, 2009, Kapteina, S., Slowik, K., Verevkin, S. P., and Heintz, A.

http://www.atmos-meas-tech-discuss.net/2/893/2009/ Vapor pressures and vaporization enthalpies of a series of
Cambridgesoft: ChemDraw Ultra version 10.0, Cambridge, MA, ethanolamines, J. Chem. Eng. Data, 50, 398402, 2005.

USA, 2005. Koponen, I. K., Riipinen, I, Hienola, A., Kulmala, M., and Bilde,

Camredon, M. and Aumont, B.: Assessment of vapor pressure esti- M.: Thermodynamic properties of malonic, succinic, and glu-
mation methods for secondary organic aerosol modeling, Atmos. taric acids: Evaporation rates and saturation vapor pressures, En-
Environ., 40, 2105-2116, 2006. viron. Sci. Technol., 41, 3926-3933, 2007.

Capouet, M. and Nller, J.-F.: A group contribution method for Lei, Y. D., Wania, F., Shiu, W. Y., and Boocock, D. G. B.: Tem-
estimating the vapour pressures of a-pinene oxidation products, perature dependent vapor pressures of chlorinated catechols, sy-
Atmos. Chem. Phys., 6, 1455-1467, 2006, ringols, and syringaldehydes, J. Chem. Eng. Data, 44, 200—-202,
http://www.atmos-chem-phys.net/6/1455/2006/ 1999.

Cappa, C. D, Lovejoy, E. R., and Ravishankara, A. R.: Determina-Lyman, W. J.: Environmental exposure from chemicals, CRC Press,
tion of evaporation rates and vapor pressures of very low volatil- Boca Raton, FL, USA, vol 1, chapter 2, 1985.
ity compounds: A study of the C-4-C-10 and C-12 dicarboxylic Moller, B., Rarey, J., and Ramjugernath, D.: Estimation of the
acids, J. Phys. Chem. A, 111, 3099-3109, 2007. vapour pressure of non-electrolyte organic compounds via group

Clegg, S. L., Kleeman, M. J., Griffin, R. J., and Seinfeld, J. H.: Ef-  contributions and group interactions, J. Mol. Lig., 143, 52-63,
fects of uncertainties in the thermodynamic properties of aerosol 2008.
components in an air quality model - Part 2: Predictions of the Myrdal, P. B. and Yalkowsky, S. H.: Estimating pure component
vapour pressures of organic compounds, Atmos. Chem. Phys., 8, vapor pressures of complex organic molecules, Ind. Eng. Chem.
1087-1103, 2008, Res., 36, 2494-2499, 1997.
http://www.atmos-chem-phys.net/8/1087/2008/ Nannoolal, Y., Rarey, J., Ramjugernath, D., and Cordes, W.: Esti-

Copland, E. H. and Jacobson, N. S.: Thermodynamic activity —mation of pure component properties Part 1, Estimation of the
measurements with Knudsen cell mass spectrometry (KCMS or normal boiling point of non-electrolyte organic compounds via
KEMS), Electrochem. Soc.-Interface, 6, 28-31, 2001. group contributions and group interactions, Fluid Phase Equi-

Dekruif, C. G. and Vanginkel, C. H. D.: Torsion-weighing effusion libr., 226, 45-63, 2004.
vapor-pressure measurements on organic-compounds, J. ChemNannoolal, Y., Rarey, J., and Ramjugernath, D.: Estimation of pure
Thermodyn., 9, 725-730, 1977. component properties. Part 3. Estimation of the vapor pressure of

Atmos. Chem. Phys., 10, 74867, 2010 www.atmos-chem-phys.net/10/749/2010/


http://www.atmos-chem-phys.net/5/2497/2005/
http://www.atmos-chem-phys.net/9/2919/2009/
http://www.atmos-chem-phys.net/5/641/2005/
http://www.atmos-meas-tech-discuss.net/2/893/2009/
http://www.atmos-chem-phys.net/6/1455/2006/
http://www.atmos-chem-phys.net/8/1087/2008/
http://www.atmos-chem-phys.net/6/419/2006/

M. H. Barley and G. McFiggans: Critical assessment of vapour pressure estimation methods 767

non-electrolyte organic compounds via group contributions andSaxena, P. and Hildemann, L. M.: Water-soluble organics in atmo-
group interactions, Fluid Phase Equilibr., 269, 117-133, 2008. spheric particles: A critical review of the literature and appli-
Pankow, J. F.: An absorption-model of gas-particle partitioning cation of thermodynamics to identify candidate compounds, J.

of organic-compounds in the atmosphere, Atmos. Environ., 28, Atmos. Chem., 24, 57-109, 1996.
185-188, 1994. Stein, S. E. and Brown, R. L.: Estimation of normal boiling points

Pankow, J. F. and Asher, W. E.: SIMPOL.1: a simple group con- from group contributions, J. Chem. Inf. Comp. Sci., 34, 581-587,

tribution method for predicting vapor pressures and enthalpies 1994.

of vaporization of multifunctional organic compounds, Atmos. Tao, Y. and McMurray, P. H.: Vapor-pressures and surface free-

Chem. Phys., 8, 2773-2796, 2008, energies of C14-C18 monocarboxylic acids and C5-dicarboxylic

http://www.atmos-chem-phys.net/8/2773/2008/ and Cé6-dicarboxylic acids, Environ. Sci. Technol., 23, 1519—
Poling, B. E., Prausnitz, J. M., and O’Connell, J. P.: Properties 1523, 1989.

of gases and liquids, Chapter 7, McGraw-Hill, New York, NY, Verevkin, S. P., Wandschneider, D., and Heintz, A.: Determination

USA, 2001. of vaporization enthalpies of selected linear and branched C-7,
Prausnitz, J. M., Lichtenhaler, R. N., and de Azevedo, E. G.: Molec- C-8, C-9, C-11, and C-12 monoolefin hydrocarbons from tran-

ular Thermodynamics of Fluid-Phase Equilibria, Prentice-Hall,  spiration and correlation gas-chromatography methods, J. Chem.

Englewood Cliffs, NJ, USA, 2nd edition, 1986. Eng. Data, 45, 618-625, 2000.
Reid, R. C., Prausnitz, J. M., and Poling, B. E.: Properties of gased/etere, A.: Methods to predict the vaporization enthalpies at the
and liquids, McGraw-Hill, New York, NY, USA, 1987. normal boiling temperature of pure compounds revisited, Fluid

Ruzicka, V. and Domalski, E. S.: Estimation of the Heat-Capacities Phase Equilibr., 106, 1-10, 1995.
of Organic Liquids as a Function of Temperature Using Group Wexler, A. S. and Clegg, S. L.. Atmospheric aerosol mod-
Additivity, 2. Compounds of Carbon, Hydrogen, Halogens, Ni-  els for systems including the ionsH NH:{, Nat, SOZZ,
trogen, Oxygen, and Sulfur, J. Phys. Chem. Ref. Data, 22, 619— NO3,CI~, Br~, and KO, J. Geophys. Res.-Atmos., 107, 4207,
657,1993. doi:10.1029/2001JD000451, 2002.

www.atmos-chem-phys.net/10/749/2010/ Atmos. Chem. Phys., 1078492010


http://www.atmos-chem-phys.net/8/2773/2008/

