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Abstract. A prediction method based on group contribution to have the highest emission rates and to be the most abun-
principles is proposed for estimating the vapour pressure oflant Guenther et al.1995. The vapour pressures of its
a-pinene oxidation products. Temperature dependent conexidation products range from t8torr to 10~ torr (Hal-
tributions are provided for the following chemical groups: Iquist et al, 1997 Hoffmann et al. 1997 Bilde and Pan-
carbonyl, nitrate, hydroxy, hydroperoxy, acyl peroxy nitrate dis, 2001). The least volatile of these products can enter
and carboxy. On the basis of observed vapour pressure dithe aerosol phase and form secondary organic aerosol (SOA)
ferences between isomers of diols and dinitrates, a simpléKanakidou et al.2005. The partitioning of a compound
refinement is introduced in the method to account for the in-between the gas and aerosol phases has been parameterized
fluence of substitutions on the vapour pressure for alcoholdby Pankow(1994gb):

and nitrates. The vapour pressures predicted with this new 760RT

method have been compared with the predictions from UNI-K , ; = —""”0, 1)
FAC (Asher et al., 2002). Given the large uncertainties of the MWon10°¢; py ;

vapour pressure dgta for the least volatile compounds, f“rth%hereR is the ideal gas constar: is temperatureM W,
experimental studies of subcooled vapour pressures of multi-

functional ds at ambient t t ~"Is the mean molecular weight of the absorbing mediugy;
unctional compounds at ambient lemperatures are requirefy ¢, q weight fraction of the total suspended particulate mate-
for better parameterizations. Among thepinene products

. - o ) b . rial that constitutes the absorbing: phasey; is the activity
identified to date, pinic acid and hydroxy pinonic acid are oefficient of compound in the particulate phase, generally

predicted to be the least volatile compounds, with estlmatecgssumed to be close to unitgdmens et 21999 andpg,i is

—6 ~7 )
vVapour pressures ohal0~ torr and 610 t_orr, FESPEC  the subcooled vapour pressure of compoiatitemperature
tively. The vapour pressure of the other primary productsT

range from 10° to 10-*torr, with hydroxy hydroperoxides .The vapour pressure of a compound measures its abil-

preientllr_]g th.z onvest yaIlJIes. _l\_lotlngdthat rtr:ull_nfun(;:tlont?l ity to escape from the condensed phase, which depends on
carboxylic acids, In particular pinic acid, are believed to be strength of the intermolecular forces existing between

mostly present as dimers in laboratory condi.ti(')ns, W€ SU9%ne condensed molecules. The relatively weak dispersion
gest that the partial vapour pressure of the pinic acid dlmelrforces (resulting from temporary dipoles formed in adja-

should be_ c_Iose_to the_ experlmentab! Subcooled Vapour préSeq molecules) are the sole cohesive agent in liquid alkanes,
sure for pinic acid (estimated at10~° torr) due to its large

ibuti h I . di . . which explains their high vapour pressures. In oxygenated
contribution to the total concentration (dimer+monomer) in compounds, cohesion is reinforced by the hydrogen bonds
experimental conditions.

existing between the polar groups of the molecukeslifg

et al, 2001). Due to the important role played by these hy-
drogen bonds, the vapour pressure of an oxygenated organic
1 Introduction compound is strongly dependent on the number and type of
oxygenated functionalities, as well as on the carbon structure

Monoterpenes are important constituents of biogenic VOC(€.g. carbon number, nature and positions of the branchings)

emissions. Among the monoterpenespinene is observed ©f the molecule.
The products of the oxidation of-pinene by OH Peeters

Correspondence tavl. Capouet et al, 200% Capouet et al.2004 and G (Saunders et al.
(manu.capouet@aeronomie.be) 2003 bear one or several oxygenated groups among them
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1456 M. Capouet and J.-FiMer: Estimating the vapour pressures of alpha-pinene oxidation products

carbonyl, hydroxy, nitrate, hydroperoxy and carboxy func-to differentiate between isomers by considering, to some

tionalities. Experimental data are lacking for the thermody-extent, the interactions among functionalitie&sher et al.

namic properties of a large majority of these products. In this(2002 developed a method based on the principles of UNI-

paper, we describe a semi empirical extrapolation method=AC (Universal Functional Group Activity Coefficientsre-

for predicting the vapour pressure of taeinene oxidation  denslund et a]1977). It provides vapour pressure estimates

products. Given their large number, this method is meant toof mono- and multifunctional oxygen-containing species us-

be relatively simple and straightforward to apply. It is baseding only 12 group contributions.

on the so-called “group contribution” principles. Vapor pressure estimates of monofunctional species by
current methods are reasonably accurate. An evaluation of
several methods performed #®sher et al.(2002 shows

2 Group contribution principles that the vapour pressures of volatile compounds having

o 090 pg ;>—3 at ambient temperature are predicted by cur-

Grolup fontr|but|or_1 me(;hods_ attempt Lo corLeIate _Strtltf:turalrent methods to within a factor 2 on average. For less volatile

molecular properties (descriptors) with mathematical func- ; ; ;

tions repreZenR[ing a éhemiczl prgperty of a molecule for agomp_ognds (ofter_1 multifunctional), i.e. lggpgif_& un-

o ertainties are estimated to a factor 3 for the UNIFAC method
category of compounds by means of statistical methods. Theq up to an order of magnitude for other methods. This ex-
descriptors are usually atom groups. Their “contributions” j2ins the broad use of UNIFAC in SOA modefriffin et
are obtained by fitting an adopted mathematical/physicaly 5005, The failure to provide more accurate predictions
function to a set of experimental data. These estimatiory,, 1o,y yolatile compounds is related in part to experimen-
methods are therefore essentially empirical. A group Conyy gifficulties. Measurements of low vapour pressures are
tribution method expresses the thermodynamic property of asily contaminated by impurities or biased by adsorption
chemical compound such as its vapour pressure as a functiogy the organic on the reactor walls. The literature reports
of a sum of contributions; (7") of small groups of atomé oy harimental vapour pressure measurements for only about
constituting the molecule: one hundred multifunctional compounds. The relative un-

. , certainty of their measurements, when known, ranges from
p=1 (Xi: u () (@) 2506 t0 50% Hallquist et al, 1997 Bilde and Pandis200%:
Bilde et al, 2003. Another important cause for the inaccu-
A large variety of group contribution methods have been de-racy in the predictions for multifunctional compounds is the
signed in the past years, differing in their field of applicabil- poorly quantified role of interactions between the chemical
ity and in the set of experimental data they are based on.  functionalities. Although they appear to have a large impact
Jensen et al1981), Joback and Reid198%, Tu (1999 on the vapour pressure, their quantification remains difficult
andLi et al. (1994 proposed such methods for the predic- in part because of the scarcity of data for these compounds.
tion of a variety of thermodynamic properties (e.g. vapour A major drawback of the methods described above is the
pressure, critical temperature, critical pressure, boiling point)absence of parameterization for chemical classes believed to
of organic compounds. These predictive methods are baseglay an important role in SOA formation (e.g. organic ni-
on different data sets and provide estimations for specificrates). The vapour pressure estimation method described
or various classes of compounds including alkanes, alkenesp this work is intended to provide vapour pressure predic-
aromatics, halogenated hydrocarbons, oxygen-, sulfur- ofions for broad categories of-pinene degradation products
nitrogen-containing monofunctional compounds. Other ap-including alcohols, carboxylic acids and carbonyls (classes
proaches have been proposed to estimate the vapour preghich were considered by the methods cited above) as well
sure of a component: e.jlakar(2001) adopted an approach as nitrates, peroxy acyl nitrates (PANs) and hydroperoxides
where the vapour pressures are directly estimated from poly¢which were ignored by these methods).
nomials, functions of the carbon number and temperature,
defined for 39 structural classeddyrdal and Yalkowsky
(1997 proposed a method which requires the knowledge of3 Method proposed in this work
the normal boiling point as well as structural information re-
lated to the molecule flexibility. The literature sources for experimental data of liquid vapour
In recent years, the experimental identification of mul- pressure used in this study are listed in Tab{st column).
tifunctional compounds in secondary organic aerosols ha3he vapour pressures at 298 K for a selection of compounds
strengthened the need for new prediction methods dedicatedre shown as a function of carbon number in Figand
to these complex speciesMarrero and Gan(2001) and 2. Both figures distinguish between linear (single-chained)
Olsen and Nielse(2001) developed methods which perform compounds, denoted by the prefix-" or “«,w-", and the
estimations at different levels. While the primary level de- other compounds, including cyclic species, alkyl substituted
scribes a wide variety of simple, monofunctional groups, species and/or species with a functionality not positioned at
the higher levels treat multifunctional structures and allow one extremity of the molecule. The “tri-O-acids” (Tallg

Atmos. Chem. Phys., 6, 1455467, 2006 www.atmos-chem-phys.net/6/1455/2006/
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Fig. 1. Subcooled vapour pressures of linear monofunctional and difunctional compounds at 298 K. Species prefixedr By ;w-" are
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butanone (9.0E01 torr)
3—methyl-2—hexanone (7.13 torr)
2-nonanone (4.2E-01 torr)

t—butyl hydroperoxide (5.5 torr)

cumene hydroperoxide (3.3E—-03 torr)

1,2—dinitrotes C4 (4.7E-01 torr)
1,2—dinitrotes C6 (6.2E-02 torr)
1,2—dinitrates C10 (8.3E—04 torr)

Fig. 2. Subcooled vapour pressures of a selection of monofunctional and difunctional compounds at 298 K. Black curves indicating the

Carbon number

+ 2,3—butanedione (5.6E01 torr)
2,4—pentanedione (7.6 torr)
pinonaldehyde (3.8E-02 torr)

A 1,3-butonediol (1.8€-2 torr)
2-methyl—1,2-propanediol (1.3E—1 torr)
1,2—butanediol (7.3E-2 torr)
1,4—cyclohexanediol (6.5E—4 torr)
1,2—hexanediol (3.8E-3 torr)
2,3—dimethyl-2,3—butonediol (2.3E—1 torr)

vapour pressures of linean*” and “«,w-' compounds (see Fid.) are shown for comparison.
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class follows the definition biylakar (2003). This class rep- to be 100J moitK~1 for the carboxylic acids on the basis
resents three-oxygen-carboxylic acids, i.e., carboxylic acidof the data available from the NIST website, and assuming
with a carbonyl or hydroxy functionality. an experimental error of 50%, Edt)(could overestimate the
The vapour pressure data for volatile compoundsvapour pressures of dicarboxylic acids by a factor 3 on aver-
(logqg ch)’iZ—3) are usually direct measurements performedage.Bilde et al.(2003 have shown that the vapour pressures
at the temperatures of interest. However, the vapour presef solid C3—-C9«,w-dicarboxylic acids depend strongly on
sures of less volatile compounds are often made at highethe parity of the carbon number. The high stability of the
temperatures. The error caused by the extrapolations to anmerystal structure of even-numberw-dicarboxylic acids (re-
bient temperatures depends on the method used but can tselting in lower vapour pressures) is believed to be due to
larger than the experimental uncertainties. We have comtheir increased symmetry. This is confirmed Rgsenorn
pared the vapour pressures data of diols provided by threet al. (2003 who reported that the solid vapour pressures
sourcesYaws (1994 andDaubert and Danne1989 inter- of methyl substituted dicarboxylic acids show no depen-
polate the data using different modified equations of Antoinedence on parity. The higher stability of even-numbep-
with five-parametersESDU (2001) provides data under the dicarboxylic acids is not observed in the liquid state at tem-

form of the Wagner equation: peratures higher than 400 K. This behaviour is not expected

0 15 25 in the subcooled liquid state either, although the vapour pres-

In(pp) =IN(P) +(ax Q+bx Q7 +cxQ sure of suberic acid (C8) is lower than azelaic acid (C9) at
+d x Q%) /(T/T,), (3) 298K (Fig.1). This anomaly is likely to be a result of the

_ - large uncertainties on the subcooled vapour pressures.
with 0=1-T/T.. T. and R are the critical temperature and  The vapour pressure data for the dinitrates constitute di-
pressure, respectl\(ely. The parameters a, b, c, d are detefect measurements. Their experimental uncertainties are not
mined by a constrained fit to the data. The comparison showgnown.
that in the temperature range of 290 K-320K, the interpola-  Note that all species listed in Tableare either mono- or
tion methods lead to differences reaching a factor of 2 on avyifunctional. Based on the group contribution principles, and
erage. The Wagner equation is believed to be more accural@y ahsence of data for species bearing more than two func-
than usual other fits because of its larger number of correlategignajities, we assume the method to be applicable to all mul-
parameters, and is particularly recommended for extrapolatifunctional species. Figurg shows that there is a roughly
tion to lower temperatures$>pling et al, 2001). The ESDU |inear relationship between the logarithm of the vapour pres-
data have been therefore preferred in this work for the diols.gyre and the carbon number, with an approximately constant

When the vapour pressure of low volatility compounds is sjope for all classes, especially for#. Figure2 also shows
measured at ambient temperatures, it may also be requireghat the vapour pressures of different isomers of dinitrates
to transform the vapour pressure data from the soify (0 and diols sometimes cover several orders of magnitude, with
the subcooled state. This conversion is obtained using th@nea,w-compounds presenting the lowest values. Our pre-

equation described iRrausnit1969: diction method aims at reproducing to some extent the dif-
A Stus ferences in vapour pressure between different isomers.
InpY =Inp? — T(l —-T1:/T) The proposed method to estimate the vapour pressure of a

compound at temperatur& has the following form :

), (4)

AC, T,—T_ AC, T
— In(—
R T )+ R (T

where T, is the temperature of the triple poim,Ssys is the
entropy of fusion and\C, is the difference of heat capacity
between the liquid and solid states. The subcooled vapouHere pg,hC(T) is the vapour pressure of the alkane “par-
pressures o&,w-dicarboxylic acids and & «,w-diols used  ent” hc, where all oxygenated functionalities in compound
in this study have been deduced using E).¢n the ba- i are replaced by hydrogen atoms (e.g. -CH(OH)- is re-
sis of the measurements of their solid vapour pressures bgslaced by -CH-, etc), v; is the number of oxygenated
tween 290 and 320 K. The use of the normal melting pointfunctionalities of typek in the compound, » is the num-
instead of the triple point introduces little difference, and the ber of defined types of oxygenated functionalities, gndre
experimental uncertainty on the entropy change is at mosthe group contribution parameters. The first pressure term
2% for these categories of compounti8{T, 2004). More- (pghc(T)) is obtained from experimental measurements for
over, when T and [Tare not far apart as in the case of the di- alkane compounds available in the literature. When no ex-
ols, the two last terms tend to cancel each other and only th@erimental value of the vapour pressure for the parent com-
first term has to be considered. However, the melting pointgpound can be found, the group contribution methotaf-

of the C3-C9 dicarboxylic acids are much higher (aroundrero and Gan{2001) is used to calculate the boiling point,
400K). The lack of experimental data faxC, implies a  the critical temperature and the critical pressure of the com-
larger uncertainty fomg in this case. If we assumaC, pound c. p(z’hC(T) is then obtained using the Lee and

logio PP i (T) =10019 PP 4e(T) + Y viite(T). 5)
k

Atmos. Chem. Phys., 6, 1455467, 2006 www.atmos-chem-phys.net/6/1455/2006/
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Table 1. Literature data used in this work, and standard error (as defined ) Between the experimental and estimated vapour pressures,
using the method developed in this work and using UNIFAC.

Class of compounds 0(298K) 0(298K) 0(320K) o(320K) Sources

Thiswork  UNIFAC  Thiswork  UNIFAC
Monocarbonyls 0.21 0.36 0.16 0.29 Lide (2001, ESDU(200))
Dicarbonyls 0.26 0.56 0.15 0.65 HSDB (2004, Lide (200J),

Hallquist et al.(1997)

Primd mononitrates 0.33 h 0.22 b Lide (2001)
Primd n-monoalcohols 0.34 0.21 0.34 0.18 Poling et al(2001)
Secd monoalcohols 0.29 0.29 0.29 0.24 Poling et al.(200)
Tertd monoalcohols 0.12 0.27 0.06 0.27 Poling et al.(200)
PAN-like compounds a b -2 b Bruckmann and Willne(1983
Monohydroperoxides 0.21 b_ A _b Lide (2001), HSDB (2004
(prim.)? &, o-dinitrates 0.11 b -c b Fischer and Ballschmit¢1 9989
1,2-dinitrates 0.35 b - b Fischer and Ballschmitgf.998
Secd dinitrates 0.11 b < b Fischer and Ballschmitgf.998
(prim.)d o, w-diols 0.21 0.40 0.23 0.31 ESDU(2001)
Secd diols 0.20 0.26 0.15 0.22 ESDU(200)
Tertd diols 0.14 0.89 0.13 0.78 ESDU(200))
OtheF diols 0.28 0.38 0.29 0.43 ESDU(2001)
n-carboxylic acid 0.27 0.11 0.04 0.11  Poling et al(2009)
a,w-dicarboxylic acid 0.26 0.65 0.45 0.48 Bilde et al.(2003
Hydroxy ketones 0.43 0.58 0.34 0.50 Lide (2001, Asher et al(2002
Tri-O-acids’ 0.42 0.50 0.61 0.60 HSDB (2004, ESDU (200

a0nly one experimental valué. Not parameterized® No experimental datad Refers to the degree of substitution of the
carbon(s) to which the functionality(ies) is(are) attached. Read “prim.” as “primary”, “sec.” as “secondary”, and “tert.” as
“tertiary”. € The carbons bearing the functionalities have different degrees of substitutfoasid compounds with a
carbonyl or hydroxy functionality.

Kesler formulation, function of these propertid2o(ing et  pends on the location of the chemical functionalities and the
al,, 2001). The choice of the method dflarrero and Gani  distance between each other in the molecules. This relatively
(2007 is motivated by its good performance for alkanes. A minor influence of the dispersion forces explains the smaller
comparison study by these authors shows that their methodrror expected in the prediction pﬁ’hc(T) compared to the
performs better than th@oback and Reiq1987) method  second term of Eq5) representing the influence of the func-
which is commonly used for the prediction of these thermo-tionalities. The effect of distance between functionalities has
dynamic parameters. We estimate that the errqvgqpc pre- been investigated binauth and Sabbal{1990ab,c). They
dicted usingMarrero and Gan{2001) does not exceed 50%, have shown that, when the hydroxy functionalities are po-
even in the case of the most complex structures of VOC.  sitioned close to each other in linear diols, intramolecular
. o hydrogen bonds between the hydroxy functionalities are fa-
. 'I_'able_2 “St_s the temperature dependent contrlbufuons OP-yored, resulting in less intermolecular cohesion and there-
t|m|ze_d in this work. Note tha_t the_group contributions for fore in higher vapour pressures. Parameterizing both effects
the nitrate an_d hydroxy functionalities erend on th-e de_(presence of substitutions and distance between functional-
gree .Of SUbSt'tu“Qn of the carboq be_ar!ng _the funCt'or.]al'ities) simultaneously would require more data than is cur-
ity (Fig. 3). The importance of this distinction can be il- rently available. Our choice to take into account the effect

Iustrated_ by the observed Iqwer Vapour pressures of 1’§bf alkyl substitutions on the carbon of the functionalities
hexanediol and 1,2-butanediol, compared to their substi-

iIs motivated by the large number of substitutions in éhe
tuted isomers 2,3-dimethyl-2,3-butanediol and 2-methyl-1,2- y d

diol (Fia2). Onl . f this diff T~ pinene oxidation products. Furthermore, this approach al-
propanediol (Fig2). Only a minor part of this difference is lows to include also some influence of the distance between

Lelgted tobthe Weaker: dlspir5|%n forceﬁ zgflfstmg n Sggos/t'tmg%e functionalities, since this distance is usually larger in pri-
y ro(cj:at: (t)ns, aihs own by the sma |fetLence (30%) %, ‘mary diols and dinitrates from the data set than in their sec-
served between the vapour pressures of the corréspon In(9{1dary isomers. An exception to this rule is provided by the

alkane isomers. The rest can be attributed to the interactioné . L .
ase of thepara-diols andpara-dinitrates cyclic compounds.
produced by the hydroxy functionalities. Their strength de- P P 4 P

www.atmos-chem-phys.net/6/1455/2006/ Atmos. Chem. Phys., 6, 1463-2006
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R—CH;OH (—0No,) Primary hydroxy (nitrate) functionality are npt ta}ken into accqunt inthe Qetermination of thg cgrboxy
contribution, since their symmetric structure (resulting in ab-
R normally low vapour pressures) is not characteristic of the
R—CH-OH (—ONO,)  secondary hydroxy (nitrate) functionality a-pinene oxidation products. Vapor pressure data are scant

for the hydroperoxides and peroxy acyl nitrates (PANS). The
contributions shown in Tabl2for these classes are based on
data for only three monofunctional hydroperoxides and one
peroxy acyl nitrate (peroxy acetyl nitrate).
% . The principles of our prediction method are illustrated
HO—CH;-C—OH ?;‘:Itr:‘]);'r; fr;zr?eprf‘igf;’f;dmxy by the two following examples. In both cases, Marrero
functionalities) and Gani(2001) method combined with the Lee and Kesler
equation is used to predict the vapour pressure of the alkane
ONO, parent (Fig3). Consider first APINANOS, a hydroxy nitrate
OH produced from the oxidation af-pinene by OH $aunders
et al, 2003. Given the presence of a tertiary nitrate and a
secondary hydroxy functionality in APINANOS, its vapour
APINANO3 pressure at 298 K is estimated as:
(tertiary nitrate and secondary parent compound of APINANO3
hydroxy functionalities) IOglO pg,hc =0.4232
—1 x ToNnO2t —1.2793
—1x1toHs —2.0374

R
R,éiOH (*ONOZ) tertiary hydoxy (nitrate) functionality
\

R

OH
0 _
10910 P apiNaNOs  =—2-8935

o
o 6\/\ The second example is provided by pinic acid, a low volatil-
ity product formed in the ozonolysis of-pinene Saunders

et al, 2003. The vapour pressure of pinic acid at 320K is

Pinic acid parent compound of pinic acid estimated as:
(two carboxy functionalities)

OH

logi0p? . =1.6135
Fig. 3. (a)Examples illustrating the degree of substitution of the hy- —ZXch;OH —6.1732
droxy and nitrate functionalities as defined in this wafix) Struc-
ture of APINANO3 and pinic acid with their respective alkane par- 10g;q pg,pinic acia ——4.5597
ent.

As for the linear diols, the effect of intramolecular interac- 4 Minimization and comparison with the UNIFAC
tions between two hydroxy groups can be seen in the vapour method
pressure data for cyclic diols and dinitrates. For example,
the vapour pressure of cyclohexanediol isomers is seen tdhe parameters; are determined by the minimization of a
increase when the distance between the hydroxy groups de&ost function/ defined as
creases. .1,_4—cyclohexanediol and 1,6—h9xanediol are found 1 N (log,, p%’rinod_ logyo pgv’?xp)z
to have similar vapour pressures, reflecting the fact that the/ = - (E)2 .
hydroxy groups are situated at the respective opposites of the i !
carbon structure in both molecules. Therefore, although thel'he cost function/ measures the bias between the model
hydroxy groups of 1,4-cyclohexanediol are, strictly speak-and the entire set of available dafsl pecies) listed in Ta-
ing, secondary, they are considered as primary in our paramble 1. Being a quadratic function aof, its minimization is
eterization of group contributions. Note that, in absence ofstraightforward. The minimization has been performed at
vapour pressure data for tertiary and secondary (di)nitrates dwvo temperatures (298 K and 320 Kj; represents the as-
different temperatures, the temperature dependence of thefumed error associated to the data of compauridis pri-
contributions is derived from the primary dinitrate contribu- marily related to the observational uncertainty, but also to
tion. the expected ability of the model to reproduce these data.
Since linear monoaldehydes and monoketones of sam&he uncertainty on log, p(L)’)?Xp(T) range from 0.1 to 0.5,
carbon number show very close vapour pressures, both funaepending on the volatility of the compounds. Note that,
tionalities are treated using a single contribution parameteas discussed previously, the data for the diols and dicar-
Tcarb The linear dicarboxylic acids of even carbon number boxylic acids are not direct measurements. However, they

(6)

Atmos. Chem. Phys., 6, 1455467, 2006 www.atmos-chem-phys.net/6/1455/2006/
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Table 2. Optimized group contributiong(), as functions of the temperature (T). The last column reports the number of species for which
experimental data are available in each class.

Class of compounds Abr. Contribution Nb. of Species
Carbonyl Tcarb —0.8937+0.0032(T-298) 16
Primary? nitrate TONO2p —2.0897+0.0063 (T-298) 16
Secondary nitrate TONO2s —1.6711+0.0062 (T-298) 14
Tertiary? nitrate TONO2t —1.2793+0.0062 (T-298) 0
Hydroperoxy TOOH —2.9942+0.036%(T-298) 3
Primary? hydroxy TOHp —2.6738+0.017%(T-298) 28
Secondar§ hydroxy TOHs —2.0374+0.0124 (T-298) 22
Tertiary? hydroxy TOHt —1.4418+0.0103(T-298) 7
Carboxy TCOOH —3.2516+0.007%(T-298) 13
PANs TPAN —3.0372+0.0133(T-298) 1

@ Refers to the degree of substitution of the carbon(s) to which the functionality(ies) is(are) attached.

are the best measurement-based data available. Since ti@ur method performs as well as UNIFAC for monoalcohols
less volatile multifunctional compounds are expected to con-with a slight improvement for substituted compounds. We
tribute most to organic aerosol formation, the errffsare obtain better predictions for the diols, giving support to the
adjusted in order to favour the ability of the method to re- parameterization used to distinguish between isomers. How-
produce their vapour pressure&mon=0.5 for the mono- ever, in view of the relatively large uncertainties in the data,
functional compounds anély;=0.3 for the multifunctional  the improvement might not be conclusive, except for very
compounds. Using these values, we obtain after minimizasubstituted diols (e.g. 2,3-dimethyl-2,3-butanediol in Big.
tion, J(298/N=0.43 andJ(320/N=0.45 for both cate- The poor performance of UNIFAC for dicarbonyls is due
gories, i.e., the modeled vapour pressures fall well withinto its large error €~0.8) for pinonaldehyde, pentanedione
the range of uncertainty adopted for the observations. Theand butanedione. The values of the averaged standard error
vapour pressures of the alkane parents “hc” of the data sdbr alcohols (including monoalcohols and diols) are 0.22 and
used for the derivation of the parametetg(T)” are exper-  0.37 for our method and for UNIFAC, respectively.
imental measurements except in the case of pinonaldehyde The validity of a group contribution method depends on
and caronaldehyde. The vapour pressures of the alkane pathe number and diversity of data it is based on. A draw-
ents for these two compounds were estimated using the Maback of the vapour pressure data set used here is the scarce-
rero & Gani/Lee & Kesler method. ness of information for heterofunctional species (compounds
The vapour pressure predictions can be approximated byearing different oxygenated functionalities): vapour pres-
assuming a linear dependencegfl’) with 7', deduced from  sure data are known for only 4 hydroxy ketones and 2 tri-
their values at 298 and 320 K. Comparisons between predicO-acids species. Both our method and UNIFAC provide
tions and experimental data have been conducted at 290 arfdirly good predictions for hydroxy ketones, wit<0.5 (Ta-
310K. They show that the prediction uncertainty at 310K ble 1). However, they both fail to predict the vapour pres-
is close to the average of their values at 298 K and 320 K.sures of tri-O-acids. For example, opﬁ’l. prediction for
Predictions at 290K are found to be of similar uncertainty pyruvic acid (CHHCOCOOH) is excellent at both tempera-
as those at 298 K. Meaningful comparisons at lower tempertures (Fig.4), but a bias of one order of magnitude is ob-
atures are difficult due to the lack of experimental data fortained in the case of levulinic acid (GBO(CH,)2COOH)
multifunctional compounds at low temperatures. at 320K. A good agreement with the experimental data is
The experimental data of vapour pressures are comparedbtained with our method for 2-hydroxy propanoic acid at
with the predictions using this method and using UNIFAC 298 K. Tobias et al.(2000 deduced the subcooled vapour
(Asher et al. 2002 in Figs.5 and6, respectively. Tabld pressure of-hydroxytridecyl hydroperoxide on the basis of
shows the standard prediction error for both methods and fotemperature-programmed thermal desorption (TPTD) anal-

each compound class calculated as in UNIFAC as ysis (3x10-%*1torr). The value predicted by our method

. 0,exp 0.mod for this hydroxy hydroperoxide is two orders of magni-

oi(T) = i 10910 pp i (1) —10gs0 Py (1) (7)  tude higher (see Fig). This difference being much larger
n than the standard prediction errors calculated for the com-

wheren is the number of compounds in classThe vapour  pounds containing hydroperoxy and/or hydroxy function-
pressures predicted by both methods for a selection of comality(ies) (monohydroperoxides, monoalcohols, diols, hy-
pounds are compared with the experimental data in &ig. droxy ketones, hydroxy carboxylic acids), this compound
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was omitted from the dataset used for the minimization. Theentropy) of vaporization. The vapour pressure calculated by
low measured vapour pressure is surprising since, as notedenkinfor pinic acid at 298 K using this equation is about
previously, the closeness of functionalities tends to increaséwo orders of magnitude higher than the experimentally de-
the vapour pressure. Experimental artefacts are not excludedluced value at that temperature. This discrepancy could orig-
Further studies are required to better quantify the interacinate from the group contribution methoddfback and Reid
tions between functionalities, as well as the role of molec-(1987) used to estimate the boiling point of pinic acid. This
ular structure (e.g. presence of substitutions, of cycles) irmethod appears unappropriate for predicting thermodynam-
multifunctional compounds in order to provide satisfactory ical properties of dicarboxylic acids. For examplenkin
predictions for the products originating from the oxidation estimates the melting point of pinic acid to be 542 K using

of biogenic hydrocarbons. this method, 200 K above the experimental valBéde and
Figure5 shows that our calculated Igg pg,i for monoal-  Pandis2001) .
cohols are underpredicted ly=0.3, while the predictions It is important to note that carboxylic acids are known to

for the monocarboxylic acids are roughly overpredicted byform dimers in the gas phas8ifigleton et a].1987 Orlando
o= 0.2. These systematic biases for monofunctional classeand Tyndall 2003. For example, at 298K, the vapour pres-
are related to the oversimplified functional form adopted for sure of the dimer represents about 90% of the total vapour
parameterizing the vapour pressures. These biases are of lipressure of acetic acid in equilibrium with its pure liquid
tle consequence in the context of secondary organic aerosgihase Qrlando and Tyndall2003. Recently,Kuckelmann
modeling, however, since the least volatile multifunctional et al. (2000 observed pinic acid dimers as well as adducts
compounds are expected to contribute most to the aerosaif pinonic acid and pinic acid. The dimers of pinic acid
mass. were observed to be abundant. The stability of these dicar-
boxylic acid dimers can be expected to be high, due to the
strong hydrogen bonds formed between the carboxy groups
5 Vapor pressure estimations for«-pinene oxidation of the monomers. As in the case of acetic acid, we can ex-
products pect the partial vapour pressure of the dimer form to con-
tribute significantly to the total vapour pressure for many
Figure7 shows the variation with temperature of the vapour (di)carboxylic acids, and in particular for pinic acid. It fol-
pressure of several importamtpinene degradation products lows that the vapour pressure of the dimer should be close
(see MCM 3 Baunders et gl2003 for identification of the  to the experimental total (dimer+monomer) vapour pressure
compound), as estimated using the method developed in thifor these compounds. In the pinic acid/pinonic acid adduct,
work. It is also compared with vapour pressures estimateshe carbonyl site in one carboxy group in pinic acid is not
derived from previous studies, when available. H-bonded and therefore able to form an hydrogen bond with
Bilde and Pandis(2001) measured the melting point another component (Fi@). Therefore, the vapour pressure
and the evaporation rate of solid pinic acid and deducedf the pinic-pinonic acid adduct should then be on the same
its vapour pressure over the range 290-323K. The fu-order, or even lower, than the vapour pressure of the pinic
sion entropy changeASws(T,,)) necessary to deduce the acid dimer (1x10-®torr) at ambient temperature.
corresponding subcooled vapour pressure is unknown for The vapour pressure estimated by our method for pinon-
pinic acid. HoweverNIST (2004 reported the values for aldehyde agrees well with the measurementsla@fquist et
ASus(Ty,) for azelaic acid (86 Jmolt K—1) and nonanoic  al. (1997 (experimental uncertainty: 25%Bilde and Pan-
acid (69 Jmot! K—1). Given the presence of two carboxylic dis (2001) measured the vapour pressure of pinonic acid to
functionalities and the non-linear carbon structure of pinicbe ~5.3x10~" torr at 296 K, but they did not consider this
acid, we can assume thatSq,s(7,,) of pinic acid lies be- value as reliable, due to experimental problems. UNIFAC
tween these two values. Introducing their average in . ( predicts vapour pressure values which are an order of mag-
we obtain an estimation of the dependence of the subcooleditude higher than our estimations for these two compounds.
vapour pressure with temperature for this compound (solid Bonn et al.(2004) is, to our knowledge, the only previous
line in Fig. 7). The overall uncertainty due to experimental study providing vapour pressure estimations for hydroperox-
errors and to the conversion into the subcooled state is estides, organic nitrates and PANs generated by the oxidation of
mated to a factor 2. Both our method and UNIFAC calculatea-pinene. They provided temperature dependent estimations
values which are about a factor of 3 higher than this estimafor the vapour pressure of APINANO3 (Fi@). Their esti-
tion over the range of ambient temperatures. The agreememhation uses the group contribution relationship established
is fair given the uncertainty of 50% on the measurements perby Nielsen et al(1998 which relates the vapour pressure of
formed byBilde and Pandis Jenkin (2004 and Yu et al.  organic nitrates to their number of carbons and their number
(1999 estimated the vapour pressure of thginene oxi-  of carbonyl, nitrate and hydroxy functionalities. The opti-
dation products based on a modified form of the Clausius-mization of the contributions is based on a data set including
Clapeyron equationScharzenbach et all993. This equa- hydrocarbons, alcohols, diols, carbonyls, alkyl nitrates, small
tion is function of the boiling point and the molar heat (or hydroxy nitrates and dinitrates of different structures. The
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influence of the carbon structure on vapour pressure is not
taken into account. For {g hydroxy nitrates, this method
calculates a vapour pressure of B0~*torr at ambient tem-
perature. The vapour pressures we calculate for such com-
pounds, assuming a moderately substituted carbon structure,
are ~5x 10 °torr (primary functionalities),~5x10*torr
(secondary functionalities) and7x 102 torr (tertiary func-
tionalities). The value oNielsen et al.falls therefore well

in our range. Our higher values calculated for APINANO3
(Fig. 7) result from the tertiary degree of its nitrate function-
ality and its branched carbon structure. The vapour pressure
relationship proposed bBonn et al. for a-pinonyl peroxy
nitrate @P-PAN), a product from the oxidation of pinonalde-
hyde by OH, is also partly based on the parameterization of
Nielsen et al(1998 for nitrate compounds.

As for the nitrates, our vapour pressure estimates for the
hydroperoxides APINAOOH and C960O0H are higher than
in Bonn et al. Bonn et al.based their estimations on UNI-
FAC and on vapour pressure data for small hydroperoxides
and for the Gs hydroxy hydroperoxide measured Oy-
bias et al.(2000. The exceptionally low vapour pressure
of the latter compound has not been taken into account i
our derivation of the hydroperoxy contribution, which might
explain the discrepancy between our method Badn et al.
estimations. As irBonn et al, however, we predict a lower
vapour pressure for APINAOOH than for C9600H, due to
its hydroxy functionality and its higher carbon number. Tak-
ing into account thélobias et al.data in the minimization hydroxy carboxylic acids such as pinic acid and hydroxy
would increase the magnitude of the hydroperoxy contribu-pinonic acid are the least volatile compounds, with estimated
tion (toon), with —3.5231 at 298K (instead 0f2.9942,  vapour pressures ofx3L0-% and 6<10~ torr, respectively.
cfr. Table2). The impact onrops is negligible due to the Other primary products can be considered as semi-volatile,
large amount of data used to constrain this functionality. Thewith p‘z ranging between 210> and 1x10~3 torr. Among
vapour pressures of APINAOOH predicted using this alterna-them, hydroxy hydroperoxides present the lowest vapour
tive value ofrpon coincide with those determined Bonn pressures. Compounds produced after several oxidation steps
et al. However, the standard errorfor the hydroperoxide in thea-pinene mechanism may have low volatilities due to
class becomes very large, increasing from 0.2 (Tdbpl® their increased number of functionalities. However, they are
1.3. expected to contribute less significantly to the aerosol phase

because of their lower yields. Hydroperoxides are expected

to contribute more largely to SOA formation at low tem-
6 Conclusions peratures due to the strong dependence of the hydroperoxy

group contribution with temperature. In any case, the con-
A group contribution method has been proposed to predictribution of these semi-volatile products to the aerosol phase
the vapour pressure of the products generated by the oxiis expected to be less important than predictedBoyn et
dation of a-pinene. Parameterizations are derived for theal. (2004. The dimerization of multifunctional carboxylic
influence of the carbonyl, hydroxy, nitrate, peroxy acyl ni- acids is believed to take place in laboratory experiments of
trate, carboxy and hydroperoxy functionalities. The impacta-pinene oxidation. Since dimers are expected to contribute
of alkyl substitutions is also parameterized for alcohols andlargely to the total (dimer+monomer) concentration of mul-
nitrates. The predicted vapour pressures are within a factifunctional carboxylic acids in these conditions, their par-
tor 2-3 of the experimental values for multifunctional com- tial vapour pressure is likely to be close to the vapour pres-
pounds. Further experimental studies are required to invessure measured in the laboratory for these compounds. The
tigate 1/ the effect of the substitutions, 2/ the effect of the pinic/pinonic acid adduct is likely to play a significant role
distance between functionalities on the vapour pressure anith the observed partitioning of pinonic acidu et al, 1999
3/ the vapour pressure of heterofunctional compounds. between the aerosol and gas phases, due to its low vapour

Our findings support the hypothesis that, amongdhe pressure estimated in this studg1(x10-®torr). However,
pinene products identified to date, dicarboxylic acids andthe role of dimers and adducts remains difficult to quantify

I]:ig. 8. Structure of the pinic acid/pinonic acid adduct (top) and of
the pinic acid dimer (bottom). The hydrogen bonds between nucle-
ating species are represented in blue.
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