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Abstract. To predict atmospheric partitioning of organic compounesMeen gas and aerosol particle phase based on explicit
models for gas phase chemistry, saturation vapor presstites compounds need to be estimated. Estimation methedslba
on functional group contributions require training setsmhpounds with well established saturation vapor pressti@wvever,
vapor pressures of semi- and low volatile organic molecategmospheric temperatures reported in the literatusndafiffer

by several orders of magnitude between measurement tedmidhese discrepancies exceed the stated uncertaingglof e
technique which is generally reported to be smaller tharceofaf two. At present, there is no general reference tegli

for measuring saturation vapor pressures of atmosphigricevant compounds with low vapor pressures at atmogpher
temperatures. To address this problem we measured vapsupes with different techniques over a wide temperaturgera

for intercomparison and to establish a reliable training ¥ée determined saturation vapor pressures for the hornakg
series of polyethylene glycol$l(-(O—CH,—CH,),,—OH) for n=3 ton=8 ranging in vapor pressure at 298 K fromfPa

to 5-102 Pa and compare them with quantum chemistry calculations. &uwtmologous series provides a reference set that
covers several orders of magnitude in saturation vapospresallowing a critical assessment of the lower limitsettdtion of
vapor pressures for the different techniques as well asigigrgthe identification of potential sources of systematiror. Also,
internal consistency within the series allows to rejectydng data more easily. Most of the measured vapor presagesd
within the stated uncertainty range. Deviations mostlyuoed for vapor pressures values approaching the lowectitate
limit of a technique. The good agreement between the measuntetechniques (some of which are sensitive to the mass
accommodation coefficient and some not) suggest that the a@m®mmodation coefficients of the studied compounds are
close to unity. The quantum chemistry calculations weraiaboe order of magnitude higher than the measurements. d/e fin
that extrapolation of vapor pressures from elevated to spmeric temperatures is permissible over a range of ab@uiKX6r
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these compounds, suggesting that measurements shouldfber@e best at temperatures yielding the highest accudaty
allowing subsequent extrapolation to atmospheric tentpes.

1 Introduction

Atmospheric oxidation of organic vapors can lead to low- aadhivolatile organic compounds (LVOCs and SVOCs) which
are multifunctional in nature with molar masses typicalgtieen 150z - mol~' and 300g-mol~! and saturation vapor
pressures between 0Ph and 1077 Pa (Jimenez et al., 2009; O’'Meara et al., 2014). In this rangeapbr pressures individual
compounds partition dynamically between the gas and peupicases depending on total aerosol loading and temperatur
Recently, highly oxidized organic compounds with even log&turation vapor pressures (ELVOCSs), which are esshntial
non-volatile, have also been detected in both laboratargias and in the atmosphere (Ehn et al., 2012). These cordpoun
are also produced primarily in the gas phase and their seturegapor pressures are needed to constrain their flux deto t
atmospheric particulate phase. However, not all highlydi@ed multifunctional compounds (HOMs) show extremely low
saturation vapor pressures and hence HOMs may still partitetween gas and particle phase (Kurtén et al., 2016).

If we aim to predict atmospheric partitioning using a bottomapproach using explicit or near explicit models for gazge
oxidation of volatile organic compounds (VOCS), reliabledrl estimations of saturation vapor pressure for ind&idom-
pounds are needed. Most estimation methods are constitayndatabases heavily biased toward monofunctional congmun
with saturation vapor pressures more in the range af® - 10° Pa (Bilde et al., 2015). Experimental data of multifunctibn
compounds are required to improve estimation methods foospheric applications. However, even for the straiglatith
dicarboxylic acids the experimental saturation vapor suess reported in the literature deviate by up to four ordéreag-
nitude between different measurement techniques (Bildé,e2015) and the difference can become as large as sixsoodler
magnitude when adding additional functional groups to thaight-chain dicarboxylic acids (Huisman et al., 2013)e3e
differences are strikingly larger than the error estimédeshe individual techniques, which are at most stated asceof of
two. A very interesting observation of the Bilde et al. (2P&&dy when comparing different data sets was: “...thatehger-
ature dependence of the saturation vapor pressure, essldpes of the individual data sets (the enthalpies of sation and
vaporization), agree almost always better with each otieer the reported saturation vapor pressures themselVegd @ly,
there are systematic biases of the different techniqueshveane neither fully understood nor characterized.

Another important aspect of the differences observed letvdiferent datasets was identified to be caused by the galysi
state of the compound studied (Soonsin et al., 2010; Bildé €015). As multicomponent aerosol particles are exqubaften
to be liquid or amorphous (glassy) under atmospheric camdit(Marcolli et al., 2004), the reference state for atnhesic
applications is in general the subcooled liquid. If the vape@ssure is measured in the solid crystalline state, ilsiée be
converted to that of the subcooled liquid by taking the epthaf fusion and the change in molar heat capacity upon the
crystalline solid to liquid transition into account (e.gld® et al. (2015)), introducing corresponding unceriastlin addition,
it is not always certain that a solid crystalline compoungligely crystalline without any amorphous content. Any gohous
material present can enhance the vapor pressure signlifi¢&oonsin et al., 2010), as the saturation vapor pressigean
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amorphous solid resembles more that of the subcooled lityaid that of the crystalline solid. Therefore, a referenegemal
for instrument testing should be preferable in liquid sttthe temperatures at which the measurements are performed

At present, there is no reference instrument nor technidquehweould serve as a “gold standard” for measuring the attur
vapor pressures of atmospheric multifunctional compouwdhout such a standard the lower limit of detection of dipafar

technique is difficult to access with reference materialilakile only with saturation vapor pressures above theestady

pressure range. Reference data of a homologous series loelpldo assess measurement techniques and instruments, and

allow to establish detection limits. Internal consistemdthin a series increases its trustworthiness for estaibigstraining
sets needed for developing estimation methods.

Here, we use five different experimental setups based oa thiferent techniques as well as high temperature datategho
in the literature to build such a reference data set. We ahiter saturation vapor pressures and enthalpies of vapiorzar
the homologous series of polyethylene glycdls{((O—CH,;—CHs),,—OH) for n=3 ton=8 ranging in vapor pressure at 298 K
from 107 Pato 5-10°2 Pa. Polyethylene glycols are chosen for three reasons: fiesy,dre liquids at room temperature, so one
of the potential sources of disagreement between diffetatat sets identified by Bilde et al. (2015) is removed. Sechigth
temperature saturation vapor pressures have been reforteaime of the compounds in the literature and can be cordbine
with our measurements performed at room temperature. Tthiey span over a large range of saturation vapor pressures

relevant for atmospheric applications.

2 Materials

Polyethylene glycols with an oligomer purity of > 98% (pert@moctaethylene glycol from Polypure AS, Oslo, Norway) and
an oligomer purity of > 98.5% (tri- and tetraethylene glyc®igma-Aldrich), were used as received without any additio
purification. Clearly, oligomer purity poses a potentiabllem for evaporation measurements: impurities of moratilel
oligomers will lead to faster evaporation, while oligomerish lower volatility will bias toward lower evaporation.agples

of the same batch were shared for measurements with all fperiexental systems. Melting points measured by diffeadnti
scanning calorimetry and refractive indices measured avitAbbe-type refractometer are given in Table 1 as well asuored
(Crespo et al., 2017) and estimated (Poling et al., 20013itles. Also given are estimations for the gas phase difitysin

air. Gas phase diffusivities of the organics are neededltolege vapor pressures from measured evaporation ratiee DB
setups as well as the FT-TDMA technique. Since data are osmlijadle for triethylene glycol, diffusivities were estited
following Bird et al. (2007) and using.Tffrom UManSysProp (Topping et al., 2016). In addition, watetivity measurements
of a PEG400 mixture with mean molecular weight of 40@nol~! have been performed with a water activity meter (AquaLab,

Model 3B, Decagon Devices, USA) to estimate PEG activitesafjueous PEG-mixtures, see Figure 1.
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Table 1. Physical properties of the polyethylene glycdis{(O—CH2>—CH;),—OH) used in this study: n, molar mass M, melting temper-
ature T,,, gas phase diffusivity in air, [3.s, estimated as described in Bird et al. (2007) usingrdm UManSysProp (Topping et al., 2016),

refractive index, ». If not indicated otherwise, the data are from this study.

n Mlg-mol™'] T [K] Dyas [m?-s7'] np plg-cm™]

at25C, 1013hPa  at25C at25C

triethylene glycol 3 1502 266.0 5.95107° 1.4557 1.108
(5.90+0.059)1076 ¢ 1.120

tetraethylene glycol 4 19472 267.6 5.2010°°¢ 1.4593 1.132
1.120°

pentaethylene glycol 5 2384 270.3:t 1.0 4.6610°° 1.4592 1.155
1.4617 1.12r

hexaethylene glycol 6 2823 281.2+1.0 4.2610°° 1.4623 1.180
1.4637 1.127

heptaethylene glycol 7 3264 289.2£ 1.0 3.9410°° 1.4636 1.206

1.4653
octaethylene glycol 8 37074 297.4£ 1.0 3.6810° 1.4643 1.234

@ Sigma-Aldrich,” Curme and Johnston (1952)Gallaugher and Hibbert (1936) at 2€, ¢ Lugg (1968),° Crespo et al. (2017), Oakwood
Chemical,? Polypure AS, Norway.

3 Methods

We used five experimental systems based on three differeimitpies to determine saturation vapor pressures. Detdde
scriptions of the instruments have been published preljohbat we provide brief descriptions here focusing on thearn
tainties of vapor pressures derived in the following sextiorhree systems use single, micrometer-size particliatied in

an electrodynamic balance (EDB) to measure diffusionfotletl evaporation rates, namely the EDB setup at ETH Zurich
(see Sect. 3.1), the EDB setup at Union College (see Segtald2the EDB setup at the University of Bristol (see Sect).3.3
Besides slightly different electrode configurations, th&inrdifference of the EDB setups is the injection procedtire,ac-
cessible temperature range and how the particles are sizadjebvaporation. For deducing vapor pressures from eadipa
rates, all make use of Maxwell's quasi-stationary appration (Maxwell, 1877) for evaporation of a motionless sjtedr
particle relative to a uniform gaseous medium, with theipla's radius being large compared to the mean free patheof th
evaporating species, referred to as the continuum regime fduth setup, the Aarhus FT-TDMA instrument (see Sec). 3.4
uses a differential mobility analyzer (DMA)to select moisperse particles in the accumulation mode size range aglais
scanning mobility particle sizer (SMPS) to measure the digiibution of the particles before and after partial ewation in

a laminar flow tube. A key parameter needed for quantitatiadyasis for the EDB experiments as well as the FT-TDMA setup
is the diffusivity of the evaporating species in the gaseoeslium. In the FT-TDMA setup the particles radii are of sanil
magnitude as the mean free path of the evaporating mole(natfesred to as the transition regime). In this case, obtgin
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Figure 1. Water and PEG activities versus mole fraction of PEG for PEGs with thriszetit mean molar masses: PEG200 (black), PEG400
(red) and PEG600 (purple). Filled data points are from this study, op@bas from Ninni et al. (1999). The dashed lines black lines
illustrate ideal behavior, the short dashed lines are van Laar fits to theaesitety data, the solid lines are the PEG activities obtained from

the van Laar fits using the Gibbs-Duhem relation.

vapor pressures from measured evaporation rates requioggdddge of the mass accommodation coefficient (e.g. Bildé e
(2015)). The fifth instrument, the University of Manched{&MS, measures the gas phase concentration of the vapsireffu
from a macroscopic sample in a Knudsen cell using mass gpeetry, see Sect. 3.5. Here, it is assumed that the sample
establishes an equilibrium within the cell.

In a Knudsen cell the mean free path is so large that maspuesan be described using kinetic gas theory, again with

mass accommodation being a key parameter.
3.1 EDB setup ETH Zurich

The electrodynamic balance setup at ETH Zurich uses a doingjeconfiguration (Davis et al., 1990) to levitate a charged
particle in an environmental cell with a gas flow free of thawating species under investigation, but allowing [gecon-
ditioning of temperature and relative humidity (Zardine&t 2006; Soonsin et al., 2010; Huisman et al., 2013). Eratjzm
rates are measured at fixed temperature and relative hymiglitg optical resonance spectroscopy in backscatteeogg
etry with a broadband LED source and applying Mie theory far analysis (Zardini et al., 2006). The accuracy of the rate
measurement is estimated tohé-10°% pm?s~!. Huisman et al. (2013) did a detailed error analysis for e and evalu-
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ation scheme for determining vapor pressures from the med®vaporation rates and concluded that the largest sgstem
uncertainty arises from estimating the gas phase diffiys{#t20% uncertainty in vapor pressure), while possible drifts i
relative humidity could lead to some error (2%) when meaguét higher humidity. Obviously, the uncertainty assadat
with a measurement depends also on the total time span ahgéme evaporation. Previously, we estimated the loweit lirin
quantification for our setup to be about 4-1(Pa for a 24 h measurement period. Conservatively, we estimagedncertainty
for each individual measurement to £:85% plus the lower limit of quantification based on the tatakt spent to measure the
rate. To avoid being biased by impurities of higher volgtiimeasurements were started typically 6 hours after timgdhe
particle in the EDB.

3.2 EDB setup Union College Schenectady

The electrodynamic balance at Union College uses a douldeconfiguration similar to that of the ETH Zurich unit. Tem-
perature and relative humidity are monitored via a preni§td 100 temperature sensor (Omega PRTF-10-3-100-1/&)3/4-
integrated into the chamber and a chilled-mirror dewpoiygrometer (General Eastern Optisonde-1-1-5-2-2-1-Aatie-
diately after the chamber. All gas transfer lines are hetdet least33°C but no more thar5°C to prevent condensation
of water vapor. Evaporation rates are measured at fixed tatype and relative humidity by optical resonance spectiog
using a broadband LEDA(= 850+:20 nm) at a 90 degree scattering angle, applying Mie theory forathalysis following
Zardini et al. (2006). Propagation of error was used to eggmncertainty in the calculated vapor pressures; egttnaicer-
tainty in temperature is set as 0.25 K; estimated unceytairttumidity is conservatively set at 2%; uncertainty in signand
diffusivity are set at 20%. The estimated uncertainty teatlts is driven almost entirely by the uncertainty in RH;ept at
low RH (e.g., <25%) when all other terms contribute appratiety equally.

3.3 EDB setup University of Bristol

The EDB instrument has been described extensively in puevpoiblications (Davies et al., 2012, 2013; Rovelli et )1&).
EDB measurements at the University of Bristol were perfatiwéh a charged droplet confined between two cylindricat-ele
trodes, in a temperature (248 to 330 K) and relative humigiiy, 0% to>90%) controlled chamber. In these measurements,
the organic droplet was always trapped in a dry flow of nitrogas (assuming an RH equal to 0%). The organic evaporating
droplet was illuminated with a 532m laser and the evaporation profile determined from the dateghase function using
the geometric optics approximatiot: {00 nm) (Glatschnig and Chen, 1981). Several evaporating droplete collected to
ensure measurement reproducibility, with a minimum of fivepdets collected for each PEG compound at each temperature
The derived vapor pressure is an a average of all measurgitaden, which have very good reproducibility. The errooass
ciated with this measurement therefore corresponds torthe estimated for the diffusion constant used in the deiggition

of vapor pressure (20%). At the temperatures studied hezejricertainty in temperature is smaller than the size optiats
shown, increasing from°C at15°C to 2°C at40°C.
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3.4 FT-TDMA setup University of Aarhus

ARAGORN (AaRhus Aerosol Gas evapORatioN flow tube) is a Tan@gfferential Mobility Analyzer (TDMA) set-up in-
cluding a laminar Flow Tube (Bilde et al., 2003; Emanuelssoal., 2016) allowing for studies under dry (e.g. (Bildelet a
2003; Frosch et al., 2010)) or humid (e.g. (Riipinen et @Q& Zardini et al., 2010)) conditions. In this work dried@sol
particles from nebulized aqueous solution were size slgct monodisperse size distributions (69 to 285 using a differ-
ential mobility analyzer (DMA), diluted with dry clean aand allowed to evaporate in a temperature controlled (2823
laminar flow tube at ambient pressure. The peaks remaineddisperse during evaporation and the initial and final pesdss
(typically after 40 s of evaporation) were measured using/i®S consisting of a DMA (Hauke Vienna short type, negative
power supply FUG HCE) connected to a condenation partiaates (CPC TSI 3776). Saturation vapor pressures for PEG5,
PEGS6, and PEG7 were derived from experimental data as Heddri Bilde et al. (2003), using a mass accommodation coeffi-
cient equal to one, gas phase diffusivities reported indfabbnd subcooled liquid densities at the correspondingéesture
using Poling et al. (2001). Surface free energies could baiméd from the data in four cases and were in the range 0.06 to
0.24Jm~2 with an average of 0.14%m 2. In three cases no surface free energy could be found fromettaeand the average
value of 0.149)m~2 was used.The relative uncertainty on the individual messsaturation vapor pressures is estimated to
be around 50% (Bilde et al., 2003).

3.5 KEMSsetup University of Manchester

The Knudsen Effusion Mass Spectrometer (KEMS) has beenqusy described in multiple publications (e.g.(Booth ket a
2009)). Errors for solid-state measurements with the KEM®ehpreviously been determined by calculating the standard
deviation of measured species using different referencwkes. For example Booth et al. (2009) used 3 different esfes
compounds to calculate the error for oxalic acid. Based emtimerous repeat runs presented in Booth et al. (2010) over a
range of 20 K, a maximum error af40% was determined in the solid state. Deriving the subcbladeid pressure from solid
state vapor pressure measurements increased the erroataraum of+75% and is representative of all previously published
measurements on solid samples. The maximum uncertaintgiatsd with the PEG series is estimated todb#%, as the
sample is measured in the liquid state where no subcooleid l@prrection is required. Additional uncertainties axpected to
increase this general error as we approach the lower lintiteoinstrument. In these regions, the mass spectrometmitpce

will result in decreased signal to noise ratios, introdgarhigher error in the measurements. It is also possiblertiatrities

in the sample and the provenance of sample preparation aragystwould have an increasing impact on error as the vapor
pressure decreases. Random errors are possible as a fédselfariation in sensitivity of the mass spectrometeri@genand/or
detector). This factor is limited by ensuring that the instental background signal is consistent between both feecrece

and measured compounds. We therefore feel that this ranflect will cause very little error in final results. Systenaadrrors

can be introduced by the choice of reference compounds asumgaents, in all cases, are relative to this choice and from
calculation of the ionization cross section. For all meaments the accommodation coefficient is assumed to be édénti
between samples. Such an assumption may introduce unfigialetierrors, but it is expected that they are minimized lgy th
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appropriate choice of similar reference and sample cong®(ag (Booth et al., 2012)). These sources of uncertagafyire
further elucidation with an extended set of compounds. Riargtudy, based on the standard deviation of 4 runs of PEG7 an
associated error af29% is initially calculated, yet we prescribe a valuetgf0% based on the aforementioned issues.

3.6 Quantum chemistry calculations

Saturation vapor pressures were calculated for the the REEi€sswithn=1-5 using multiple low energy conformers. All
conformers were first obtained with MMFF force-field and BB Wensity functional (Becke , 1993a, b) using the Spartan '14
program (Spartan , 2014). For PEGs withl—3 we performed systematic conformer sampling using thd-M force-field in
order to produce a representative set of unique conforiégselected all conformers of PEG1 and PEG2 and the confermer
within 5 kcal/mol of the lowest MMFF energy conformer of PE@S3d optimized these using the B3LYP/6-31+G(d) level
of theory (Hehre et al., 1972). For PEG4 we performed full oBarlo sampling using the MMFF force-field finding over
50 000 conformers. We selected the conformers within 5 kualbf the lowest MMFF energy conformer and computed the
B3LYP/6-31+G(d) single-point energies of these strucuidext, we optimized the 100 lowest B3LYP/6-31+G(d) energy
conformations at the same level of theory. Due to the largebar of different conformers for PEG5, we set up the maximum
number of conformers to 100 000 and performed Monte Carlgiagusing the MMFF force-field. Then we selected the
100 lowest MMFF energy conformers and optimized the strestat the B3LYP/6-31+G(d) level of theory. The lowest egerg
conformers were used in gas-phase and COSMO calculatiachsBM_TZVP_C30_1701 (BP/TZVP) (Schéafer et al., 1994)
parametrization using TmoleX version 4.2 (Steffen et @1® and TURBOMOLE version 7.1 (TURBOMOLE , 2016). The
BP/TZVP refers to a B88-VWN-P86 functional with a resolutiofithe-identity (R1) approximation together the TZVP lzas
set and corresponding auxiliary basis set for the RI contipuaCalculations yielded the cosmo and energy files whiehew

used as an input for COSMOtherm (Cosmotherm , 2017; Eckeit,ét002) saturation vapor pressure calculations.

4 Resultsand discussion

Figures 2 through 9 show the pure compound saturation vapespres as a function of inverse temperature for eachtpglye
lene glycol measured with the experimental systems desti@bove together with available literature data. The vapes-
sures measured with our setups cover a range fréa tb 10~ Pa, with literature data extending this range to pressures up
to 10* Pa. Only pentaethylene glycol could be measured with all theeBniques, some instruments not being able to measure
the glycols with high saturation vapor pressures, becatigsbevaporation; other instruments reached their loveit lof
detection for glycols with larger molecular weight and loatugation vapor pressure.

Triethylene glycol was measured with the three EDB setgeskFyy. 2 and Fig. 3 for a cut-out to show our data in more detail
The setup at the University of Bristol allows measuremenedevated temperatures, which agree very well with extetpd
high temperature literature data. While the Union Colleg@&Ebow slightly larger saturation pressures the agreemigmtine
Bristol EDB data is within error for almost all data pointhelsetup at ETH Zurich requires a time span of about 30 mirtates
establish constant conditions of temperature and relativeidity after injecting a particle, which limits its alijlito measure
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Figure 2. Saturation vapor pressures versus temperature of triethylene gBEQ3). Bold open symbols: this work, open symbols: data

reported in the literature. Red line: linear regression to all data belovk508d shaded area: 95% confidence band of the regression.

fast evaporation rates. Hence, the measurements for PE&3peeformed at temperatures below room temperature and at
relative humidities ranging from almost 0% at the lowestgenatures to 94% relative humidity at 288 As discussed in

3.1 measurements at elevated relative humidity increagesricertainty in differentiating between evaporation simihkage

due to drifts in humidity, which has been taken into accounalfactor of 2 increase in estimated uncertainty. However,
while the data taken at 288 agrees with the other two EDB data, the lower temperatura alat clearly below those of the
other two EDBs. The bias could arise from higher mass oliganipurities in the sample, since the measurements atrlowe
temperatures required a considerably longer time to reqaiierium with respect to temperature and humidity dunimgich

a large volume of the particle already evaporated with spoading potential enrichment of such impurities.

Jakubczyk et al. (2010) used an EDB setup as well and theiragadn vapor pressures measured at 298 K compares very
favorably with the EDB data of the University of Bristol measment at this temperature. There is one more data set at
lower temperatures available (Wise et al., 1950) obtairyeshiserving the formation of condensates of the vapor oniahmed
mirror. These data seem to significantly overestimate tipeivpressure and was discarded for the following evaluatitm
addition Grenier et al. (1981) have measured gas satuiiatéminert carrier gas, and Steele et al. (2002) using artieingtric
technique have measured the saturation vapor pressurechthigher temperatures from about 400 K up to 500 K.

The data at the highest and lowest temperatures seem taeifoia a Clausius-Clayperon temperature dependencanassu
ing the enthalpy of evaporation to be independent of tentperaNevertheless, we included a part of this data whempaihg
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Figure 3. Cut-out of Fig. 2 showing the pressure range of the experimental f#ies study.

a linear regression using the data between 260 K and 500 Hiygeh saturation vapor pressug#, of (6.68_*55%)-10‘2 Pa
at 298.15 K and an enthalpy of evaporatidnH yap, of 78.3:0.7 kJ - mol~! at this temperature, see Table 2. Here the error
marks the 95% confidence interval of the regression.

Tetraethylene glycol was measured with the three EDB sedngsthe KEMS, see Fig. 4. These measurements cover a
temperature range from 263to 318K, together with data available in the literature at highergeratures, the complete data
set covers arange from 263to 482K. All data fit well to a temperature independent Clausiusy@ésion relationship yielding
a saturation vapor pressung, of (1.69")1)-10"2 Pa at 298.15 K and an enthalpy of evaporatioiffyap, of 77.1+-0.4
kJmol~!. Fig. 5 shows a cut-out of Fig. 4 to allow closer inspectiothef data measured with our setups.

Pentaethylene glycol could be measured with all three igales used in this study, see Fig. 6. Again, our data cover a
considerable temperature range of over 50 K: from R6® 318 K. The vapor pressure measured over these temperatures
range increases from 10 Pa to 102 Pa. A number of measurements performed with the EDB setupTéf Eurich at
elevated relative humidities ranging from dry (less than 38%0% RH at a temperature of 2&Lshows that the scatter in
the deduced pure component vapor pressure increases wiasanng at elevated humidities. The data differ at up to tofac
of two, which is beyond the estimated error-685%. Of course, when measuring a binary mixture of PEG and wtiter
activity of the PEG at the relative humidity of the measuretrise needed to evaluate the vapor pressure from evaporation
rates (Krieger et al., 2012). Since the water activitiesgiolymeric mixtures with mean molecular weights of 20Qmol !
(PEG200), 40@¢ - mol~! (PEG400), and 608 - mol~! (PEG600) have been extensively measured, see Fig. 1, wéblartoa
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Figure 4. Saturation vapor pressures versus temperature of tetraethylené(§l#€4). Symbols as in Fig. 2. Red line: linear regression of
all data below 495%.

constrain the activity of the PEG in this mass range to béfiien 20%. In particular at relative humidities lower tha®¥30
the binary system is close to ideal behavior which furthduoes any potential error in the activity estimate. Alseré¢his no
systematic trend in vapor pressure with water content gb#éinicle. Hence it is unlikely that the scatter is due to theartainty
in activity. Rather, there exist other systematic errorgmvimeasuring at elevated humidities which are not yet itlediti

A linear regression for all pentaethylene data includirgtifgh temperature data of Grenier et al. (1981) yield a atitur
vapor pressurey’, of (5.297)72)-10~* Pa at 298.15 K and an enthalpy of evaporatii] ap, 0f 90.6+1.1kJmol .

Hexaethylene glycol was measured with the EDB Zurich sethgp Manchester KEMS and the FT-TDMA setup of the
University of Aarhus, see Fig. 7. Vapor pressures were nredsaver a temperature range of 45 K covering arange in piessu
from 10°% Pa to 103 Pa. All data agree within error, but there appears to be atgfiglifferent temperature trend in the
KEMS data and the EDB data. The linear regression for all shafading the high temperature data of Grenier et al. (1981)
yield a saturation vapor pressugé, of (3.05f8f23)-10—5 Paat 298.15 K and an enthalpy of evaporatityi/y,,, of 102.H-1.5
kJmol 1.

Again, heptaethylene glycol could be measured with the EDEBEchA setup, the Manchester KEMS and the FT-TDMA
setup of the University of Aarhus, see Fig. 8. The deviatioteimperature trends between the three different measateme
setups becomes more apparent at the lower vapor pressuttéis cbmpound at about room temperature. Nevertheless, all
data seem to be consistent with the 95% confidence intenalliokar regression to all data plus the high temperature@ dat

11
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Figure9. Saturation vapor pressures versus temperature of octaethylené(§l#€a8). Symbols as in Fig. 2.

of Grenier et al. (1981). The regression yielded a saturatapor pressurey®, of (1.29_*8;§§)-10‘6 Pa at 298.15 K and an
enthalpy of evaporation) Hy,p, of 113.7:2.7 kJmol~!. Note, that a correct temperature trend is crucial for @cdiations
to lower temperatures when measuring above room tempertduatmospheric applications. Clearly, relying on one af o
datasets alone would yield unrealistic values for the dpyhaf evaporation.

The highest molecular weight compound in the homologougssef PEGs for which a saturation vapor pressure at about
ambient temperatures could be measured with our technigassctaethylene glycol. Both the KEMS instrument as well
as the EDB Zurich instrument were used to determine vapaspres with temperatures ranging from 29@&o 313 K. The
vapor pressure at these temperatures range from less tharPatto about 10° Pa. The EDB data scatter over one order of
magnitude and are about one order of magnitude smaller tivse tmeasured using the KEMS instrument. While the KEMS
data do not show scatter, they show almost no temperatuendepce, which may indicate that the lower limit of detact®
reached at these vapor pressures. Again we did a lineaissgnancluding the high temperature data of Grenier etl&I8{)
resulting in a saturation vapor pressupg, of (9.2" 3944)-10‘8 Pa at 298.15 K and an enthalpy of evaporatiyffap, of
124.2+9.7kJmol 1.

Looking at all data it is evident that the high temperatuterditure data agree quite well with our data at about room
temperature. Hence, extrapolation of experiments peddrat elevated temperatures toward atmospheric tempesaisir
possible with high accuracy as long as the temperature iseandasured accurately enough. Here, it helps tremendoinsi
data cover a large temperature range. It is obvious that eatimique used in our study has an optimal pressure range for

14
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Table 2. Saturation vapor pressures at 298KLand enthalpies of vaporization of the polyethylene glycols measured inttlolg ®gether
with the results of the quantum chemistry calculations, together with expeshtta from the literature for ethylene glycol and diethylene

glycol.

n p(exp) Pa] AHyap(exp) [kJmol '] p(calc) [Pa]  AH,qp(calc) kJmol ]

triethylene glycol 3 (6.68):2)-10°2 78.3+0.7 2.6510° 68.81
tetraethylene glycol 4 (1.691})-1072 77.1+0.4 1.8210°* 72.78
pentaethylene glycol 5 (5.2§7%%).10~* 90.6+1.1 2.101072 81.60
hexaethylene glycol 6 (3.0%753)-10°° 102.1:1.5 - -
heptaethylene glycol 7 (1.2§3%).10°° 113.742.7 - -
octaethylene glycol 8  (9:2%%)-10°% 124.2+9.7 - -
ethylene glycol 1 1120.6 65.6+0.3 3.9810 60.75
diethylene glycol 2 0.6:0.03" 59.6+0.6" 3.801¢° 67.41

@ Ambrose and Hall (1981}, Chickos and Acree Jr. (2003)

obtaining high quality data. That should be utilized in tb&ufe by rather performing measurements at elevated tetypes
with extrapolation to atmospheric temperatures and avadsure ranges where the accuracy of the derived satuxestpmT
pressures is limited.

In addition, the good agreement between the FT-TDMA dataadinother techniques points towards the accommodation
coefficient being close to one as this was assumed for theadatgsis.

A summary of the derived saturation vapor pressures anclkpigls of vaporization are given in Table 2.

In Fig. 10 we plot the saturation vapor pressures on a |dgarit scale at 298.1K versus the number of PEG units. The
saturation pressures show an exponential dependence owithiger of PEG units with a reduction in pressure by a factor
of 13.8 per PEG unit added, as indicated by the linear remmre¢dashed gray line) over the complete range of PEGs in the
figure. Closer inspection reveals that there is a changepedietween PEG3 and PEG4. In particular the tetraethylgnelg
deviates from the linear relationship by a factor of threhitiher pressures, out of the 95% confidence interval uriogytaf
the derived vapor pressures. As the measurements of thigarord is particularly well constrained by numerous dataombt
from this study, see Fig. 4, we conclude that this deviattoreal. Since there is no fundamental reason for the homotogo
series to follow a strict exponential behavior, it is of gt whether computational prediction methods are ablegmduce
this behavior. In Fig. 10 we also plot the results of the COSM@M calculations given in Table 2. Clearly, these caliuhs
overpredict the vapor pressure by a factor of 3-40. Intieglgt they show a similar deviation from the linear trendtlas
experimental data, but here the change in slope occurs &B6eunit lower than what is observed in the experimental.dat

Separate linear regressions for ethylene glycol to PEG3fan®EG4 to PEGS yield regression lines within the 95%
confidence interval of the individual data for each PEG (radhe&d lines in Fig. 10). Hence, we predict a saturation vapor
pressure for nonaethylene glycol with some confidence iéj%)iO*g Pa at 298.15 K. All our instruments were not able to

measure a vapor pressure that low.

15



10

Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2017-224 Atmospheric

Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 6 July 2017 Techniques
(© Author(s) 2017. CC BY 4.0 License. Discussions

102 3 | ' 1 1 I 1 I I M 1 3
b E
104 B 3
E T @ 3
10° 4 ¢ .
? $\\\ ?
E‘101'§ \::‘®\ * }
] ° 3
107 3 -8, E
Q 3 . \“:\ ]
10”4 2 E
< S
[ee) -4 BN i
10™ ¢ RN E
& ® :
S 10 + 3
10° 4 S -
107 2 é 3
10" -

T T T T T T T T

1 2 3 4 5 6 7 8

PEG

Figure 10. Saturation vapor pressure at 298K plotted for all PEGs. Open circles: experimental results of this study. Fitekks: compu-
tational predictions from this study. Open squares: Ambrose and HlL{1 Dashed gray line is a linear regression to all the experimental

data, dashed red lines are seperate linear regressiomsifao n=3 andn=4 ton=8.

In the plot of the enthalpies at 298.1& for the homologous series in Fig. 11 there is a general trenarf increase in
enthalpy of vaporization with number of PEG units, but acstinear dependence is observed only from the PEG4 to higher
PEGs, with an average 12I& - mol~! increase per PEG unit. The lower molecular weight PEGs shomoee irregular
behavior, while the COSMOherm calculations reveal agaihamnge in slope between diethylene glycol and PEG4 while the
increase for ethylene glycol to diethylene glycol and froBG to PEG5 is similar. Again, this may be an indication that¢
is a transition occurring in the homologous series at tyletie glycol. Note that the transition does not need to betedlto
changes in the condensed phase but might also be related ¢gmshphase, e.g. internal hydrogen bonds that stabiligerlar

oligomers.

5 Conclusions

A reference data set for validating vapor pressure measnetachniques is provided, spanning a range in pressuo®at r
temperature from 5-1¢ Pa to 10~7 Pa based on experimental data and extending to’ 1@ with high confidence based on
the observed trend in the homologous series of polyethydgremls. Our data reveal clearly that (at least for the conmots
studied) extrapolations to lower temperatures are pasatblong as the temperature dependence is correctly mdashere-
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Figure 11. Enthalpies for all PEGs, open circles this study, open squares Chioloscaree Jr. (2003). Filled circles: computational predic-
tions from this study. Dashed line is a fit through the data of PEG4 to PEGS.

fore, it seems to be more appropriate to perform measurenar(slightly) elevated temperatures and pressures wggh hi
accuracy and then extrapolate to lower temperatures cadgarmeasuring at lower temperature with low accuracy. Each
of our experimental setups has a pressure range in whichduiglity data can be obtained. Future measurements should be
done preferably in the appropriate pressure range. We stigmeise our dataset of the homologous series of polyethylen
glycols to determine the lower detection limit of saturati@mpor pressures for each experimental setup, to use ih$tmui

ment calibration, for estimating systematic errors in expental setups and for comparison with vapor pressurenasitin

methods.
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