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teractions of organic nitrates with
the surface and bulk of organic films: implications
for particle growth in the atmosphere†

A. C. Vander Wall, a P. S. J. Lakey, a E. Rossich Molina,c V. Perraud, a

L. M. Wingen, a J. Xu, a D. Soulsby, b R. B. Gerber, *ac M. Shiraiwa *a

and B. J. Finlayson-Pitts *a

Understanding impacts of secondary organic aerosol (SOA) in air requires a molecular-level understanding of

particle growth via interactions between gases and particle surfaces. The interactions of three gaseous

organic nitrates with selected organic substrates were measured at 296 K using attenuated total reflection

Fourier transform infrared spectroscopy. The organic substrates included a long chain alkane (triacontane,

TC), a keto-acid (pinonic acid, PA), an amorphous ester oligomer (poly(ethylene adipate) di-hydroxy

terminated, PEA), and laboratory-generated SOA from a-pinene ozonolysis. There was no uptake of the

organic nitrates on the non-polar TC substrate, but significant uptake occurred on PEA, PA, and a-pinene

SOA. Net uptake coefficients (g) at the shortest reaction times accessible in these experiments ranged from

3 � 10�4 to 9 � 10�6 and partition coefficients (K) from 1 � 107 to 9 � 104. Trends in g did not quantitatively

follow trends in K, suggesting that the intermolecular forces involved in gas–surface interactions are not the

same as those in the bulk, which is supported by theoretical calculations. Kinetic modeling showed that

nitrates diffused throughout the organic films over several minutes, and that the bulk diffusion coefficients

evolved as uptake/desorption occurred. A plasticizing effect occurred upon incorporation of the organic

nitrates, whereas desorption caused decreases in diffusion coefficients in the upper layers, suggesting

a crusting effect. Accurate predictions of particle growth in the atmosphere will require knowledge of uptake

coefficients, which are likely to be several orders of magnitude less than one, and of the intermolecular

interactions of gases with particle surfaces as well as with the particle bulk.
Environmental signicance

The size and composition of atmospheric particles affects their light-scattering properties and ability to act as cloud condensation nuclei, which in turn affects
Earth's radiative balance. Understanding how gases are taken up into particles to grow them to larger sizes is essential for accurately predicting their effects. This
study shows that net uptake coefficients for unreactive gases such as organic nitrates into model organic substrates can be several orders of magnitude less than
unity. Despite these small uptake coefficients, signicant partitioning into organic semi-solids can occur, but trends in uptake do not necessarily follow those for
partitioning. A comprehensive understanding of the interactions of gases with the surface compared to the bulk will help advance the current understanding of
gas–particle interactions.
Introduction

Atmospheric aerosol particles are known to negatively impact
air quality1–4 and human health,5–14 as well as to affect
alifornia, Irvine, Irvine, CA 92697, USA.

; m.shiraiwa@uci.edu; Fax: +1 949 824-

ands, 1200 East Colton Ave, Redlands, CA

Center, Hebrew University of Jerusalem,

tion (ESI) available. See DOI:

hemistry 2018
climate.1,2,5,15 Organic aerosols are major contributors,
including both primary emissions as well as secondary organic
aerosol (SOA) particles formed in the oxidation of volatile
organic compounds (VOC). Particles with sufficient size (�100
nm) scatter light signicantly and act as cloud condensation
nuclei, and their diameters strongly affect lung deposition.16

However, mechanisms of nucleation and growth of organic
particles to this size are not yet understood well.17–26

Particle growth has oen been assumed to be governed by
equilibrium partitioning between the gas and particle pha-
ses.17,19,27–30 However, recent studies indicate that under some
conditions, SOA particles may be of relatively high viscosity and
hence subject to diffusion limitations and long equilibration
Environ. Sci.: Processes Impacts, 2018, 20, 1593–1610 | 1593
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timescales.31–49 In this case, the mechanism may not be gov-
erned by quasi-equilibrium growth,50 but rather by a kinetically-
controlled, diffusion limited mechanism.51–56 For example,
Perraud et al.39 showed that for particles formed by the oxida-
tion of a-pinene by ozone and NO3 radical, the nitrate concen-
tration in the particles was not consistent with equilibrium
partitioning between the gas and particle phases. Additionally,
Zaveri et al.57 showed that both the growth and evaporation
kinetics of bimodal SOA particles were best reproduced by
a semi-solid scenario. A recent study by Wang et al.58 showed
that the dynamics of SOA formation and growth should take
into account a number of processes that occur simultaneously,
rather than a quasi-equilibrium approach.

Slow diffusion throughout the particle due to a glassy or
semi-solid phase state is believed to limit the rate of uptake of
incoming gas phase into the underlying layers of the particle,41

and it is also expected to change the evaporation kinetics of
molecules back into the gas phase. For example, Vaden and co-
workers33 investigated the adsorption of insoluble hydrophobic
compounds including pyrene and dioctylphthalate (DOP) onto
dry SOA generated from the ozonolysis of a-pinene. Single
particle measurements showed that these compounds coated
the SOA particle surface, forming either a solid nodule and
aspherical particles (pyrene) or layered particles (DOP). In both
cases, the evaporation of underlying SOA was slowed down.
Effects of viscosity and diffusion were also observed in
a number of recent studies involving uptake onto organic
aerosol and aerosol model systems or proxies using atmo-
spherically relevant gases including organics such as levoglu-
cosan (C6H10O5)59 and polycyclic aromatic hydrocarbons,60–62

water (H2O),49,63–66 ozone (O3),41,67–70 hydroxyl radicals (OH),70–72

nitrate radicals (NO3),73 hydroperoxyl radicals (HO2),74 ammonia
(NH3)75–77 and amines.78–81
Fig. 1 Structures of the gas phase organic nitrates b-hydroxyhexyl nitrate
and the organic thin film substrates triacontane (TC), poly(ethylene adipa
mixture.

1594 | Environ. Sci.: Processes Impacts, 2018, 20, 1593–1610
A number of approaches have been developed to parame-
terize both physical and chemical interactions of gases with
atmospherically relevant particle systems.41,68,82–85 The strength
of the initial interaction of the gas with the surfacemust depend
at a fundamental level on both the structures and functional
groups of the gas and the surface, and such properties must
ultimately provide the bedrock for model parameterizations.
For example, to a rst approximation, it is expected that a polar
gas with hydrogen-bonding potential would be taken up on
a polar surface with similar functional groups more readily than
on a non-polar surface.

The interaction of a gas with a condensed phase where no
reaction occurs involves a number of individual steps:23,86 (1)
diffusion of the gas to the surface; (2) adsorption at the surface;
and (3) incorporation into the bulk via mass transport from the
surface layer. The second step is oen referred to as surface
accommodation and the third as bulk accommodation. The
efficiency of each step is generally expressed in terms of
accommodation coefficients. The surface accommodation
coefficient (as) is the number of molecules adsorbed to the
surface for times longer than a single scattering event divided
by the number of gas–surface collisions, while the bulk
accommodation coefficient (ab) is the ratio of the number of
molecules taken up into the bulk to the number of gas–surface
collisions. Experimentally, a net gas uptake coefficient (g) is
usually measured, where g is the ratio of the total number of
molecules removed from the gas phase (or the total number
incorporated into the condensed phase) to the number of
gas–surface collisions. This net uptake coefficient reects
a combination of all of the processes above, and in the case of
reactive uptake, the chemistry as well.

In any event, there should be a range of uptake coefficients
reecting the gas–surface attractive forces. It should be noted
(HHN), b-hydroxypropyl nitrate (HPN), and 2-ethylhexyl nitrate (2EHN),
te) (PEA), and pinonic acid (PA). SOA is not shown since it is a complex

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Schematic of the ATR uptake apparatus.
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that the intermolecular forces between an incoming gas and the
surface of a particle may not be the same as those experienced
by the gas when taken up into the bulk. A comprehensive
parameterization involving detailed gas–surface intermolecular
interactions remains challenging, in part due to the lack of
available experimental data.

The goal of the present experiments was to probe the rela-
tionship between different gas–surface interactions and net
uptake coefficients as well as the bulk solubilities of the gas.
Organic nitrates are known to be formed by the OH radical
oxidation of VOCs in the presence of NOx and are also known to
be important products in NO3 radical oxidation reactions.87–98

Alkyl and multifunctional organic nitrates, including
hydroxynitrates, have also been measured in both ambient air
and particles.99–105 Three different organic nitrates with varying
functionalities, structures, and vapor pressures, as well as
various organic lm substrates were studied. The nitrates,
shown in Fig. 1, include two isomeric b-hydroxynitrate
mixtures, b-hydroxypropyl nitrate (HPN) and b-hydroxyhexyl
nitrate (HHN), and 2-ethylhexyl nitrate (2EHN, an alkyl nitrate).
Organic nitrates are spectroscopically unique, exhibiting strong
absorptions in the infrared region (specic –ONO2 stretches are
at 850 cm�1 for the N–O stretch, 1280 cm�1 for the symmetric
NO2 stretch, and 1630 cm�1 for the asymmetric NO2

stretch).90,106 This facilitated following uptake and desorption of
the nitrates in situ and in real time using attenuated total
reection Fourier transform infrared spectroscopy (ATR-FTIR).
The substrates (Fig. 1) include a non-polar long chain alkane
(triacontane, TC), an amorphous ester oligomer (poly(ethylene
adipate) di-hydroxy terminated, PEA), a keto-acid (pinonic acid,
PA), and SOA from a-pinene ozonolysis. The alkane might be
considered a model for primary organic aerosol,107 while the
keto-acid and ester are representative of functionalities found
in SOA.108–113 Both net initial uptake and partition coefficients
were measured to provide insight into interactions of gases with
surfaces compared to the bulk, and desorption was also
captured to understand diffusivity back into the gas phase.
Kinetic modeling and quantum chemical calculations were
applied to provide additional molecular level insight into these
interactions.

Experimental
Methods

Fig. 2 shows a schematic diagram of the ATR-FTIR cell. For each
uptake experiment, a Ge crystal coated with the target substrate
was placed in the cell (total volume � 2 cm3) in the sampling
compartment of an FTIR spectrometer (Nicolet 6700). The
spectrum of each sample was acquired using 4 co-added scans
with a resolution of 8 cm�1, yielding a time resolution of 1 data
point approximately every 3 seconds. The lm alone was rst
exposed to 60 � 5 cm3 min�1 clean, dry air from a purge air
generator (Parker-Balston, model 75-62) for 15–300 seconds to
dry the lm and to bring any spreading that might occur under
a gas ow to a steady-state before the addition of the nitrate.
The organic nitrate (RONO2) was then introduced into the ATR
cell by owing clean, dry air at a ow rate of 60 � 5 cm3 min�1
This journal is © The Royal Society of Chemistry 2018
over the pure liquid of each organic nitrate contained in a glass
trap at room temperature. The gas-phase concentrations were
assumed to be equivalent to the saturation vapor pressure of the
organic nitrate. The trap was replenished daily with fresh
organic nitrate (synthesized hydroxynitrates were stored in
a freezer under N2 (g)). In some cases, the organic nitrate signal
in the IR decreased over the course of a day, indicating there
may have been some decomposition in the trap. When
decomposition was observed, only data from the rst run of the
day were used. Additional experiments where the time the lm
was exposed to the organic nitrate was doubled also showed
stability of the organic nitrate signal, indicating decomposition
was minimal over the length of the experiments.

The 2EHN was purchased and used as received. The HHN
and HPN were synthesized by scaling up the method of Cavdar
and Saracoglu.114 In brief, epoxyhexane or epoxypropane were
reacted with bismuth(III) nitrate$5H2O in a 1 : 2 mole ratio
(typical amounts were on the order of 10�2 moles), in
dichloromethane as the solvent. The reaction was carried out
with constant stirring for 16–24 hours at room temperature
under N2 (g), aer which the solvent was evaporated off in vacuo
(Wheaton, SPIN-VAP). The liquid product was then puried
using a silica gel column, with a solvent system of 2 : 1 ethyl
acetate : hexanes, and again the solvent was removed using
a roto-vap. As shown in the ESI,† the resulting liquid product
was characterized using FTIR (Nicolet 6700, Fig. S1†), GC-MS
(Agilent 7890a GC system with a 5975C MS detector, Fig. S2†),
and 1H NMR (Bruker DRX500, 500 MHz, in CDCl3 with 0.05%
tetramethylsilane, Fig. S3†), with nal purities of �87–90% for
both HPN and HHN estimated from the NMR data. Impurities
were identied as residual solvent and the corresponding di-
alcohol by comparison to pure standards.

In addition, the purity of the gas-phase organic hydroxyni-
trates (HHN and HPN) from the headspace of the trap was
examined by direct analysis in real-time mass spectrometry
(DART-MS) using a triple quadrupole mass spectrometer
(Waters, Xevo TQ-S) with a DART ionization source (Ion-Sense,
DART SVP with Vapur® Interface). Since DART is an ambient
ionization method, quantication is difficult but identication
of the nitrates and some impurities using this method is reli-
able. Conditions used were the following: helium gas ow, 3.1
L min�1; grid electrode voltage, 350 V; DART temperature,
Environ. Sci.: Processes Impacts, 2018, 20, 1593–1610 | 1595
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25 �C. DART-MS measurements were performed at low
temperature to minimize thermal decomposition of the organic
nitrates.115,116 All mass spectra were recorded in the positive ion
mode for m/z ranging from 25 to 400 amu. The mass spectra for
both HPN and HHN, as well as the mass spectra for the corre-
sponding di-alcohols, are shown in Fig. S4.† The predominant
peaks in the DART spectra are due to [2M + H�NO2]

+ atm/z 197
and 281 for HPN and HHN, respectively. There was little to no
evidence for the corresponding di-alcohol in the gas-phase
above the liquid.
FTIR analysis

These organic nitrates were chosen because of their range of
vapor pressures, different functional groups and spectral
signatures in the IR. The characteristic peaks of the nitrate
were monitored over time (1280 and 1630 cm�1) along with
the carbonyl peaks of the organic lm (1700–1730 cm�1)
while the gas-phase nitrate owed over the lm. For TC,
which has no carbonyl functional group, the C–H peak at
2915 cm�1 was followed. Aer the organic nitrate signal
reached equilibrium, the ow was replaced with 60 � 5
cm3 min�1 clean, dry air to follow the desorption of the tracer
as a function of time.

To quantify the amount of nitrate taken up into the lm in
units of molecules per cm2, FTIR cross-sections for the organic
nitrate tracers (1280 cm�1) and the organic substrates (–C]O
stretch at 1700–1730 cm�1) were obtained using solution stan-
dards of known concentrations. Details on the cross-section
calculations are found in the ESI,† and the cross sections for
all compounds are listed in Table S1.† Pinonic acid gives
a different signal in the solid phase (lm) than in the liquid (see
Fig. S5†), and details on this quantication are given in the
ESI.†

To calculate the mole ratio of nitrate to carbonyl groups for
each substrate, eqn (1) was used:

Anit

AC]O

� lC]O � sC]O

lnit � snit

¼ nnit

nC]O

(1)

In eqn (1), Anit and AC]O are the IR absorbances for the
organic nitrate and the carbonyl of the substrate, respectively, s
is the absorption cross-section (cm2 mol�1, base 10), and l is the
pathlength (cm) probed in the lm at the selected wavenumbers
for the carbonyl and the organic nitrate. In eqn (1), nnit and nc¼o

are the number of moles of nitrate and carbonyl, respectively.
The pathlength determination for the ATR beam is described in
the ESI, Section 2.† Substrate lms were prepared to allow
penetration of the IR beam throughout the entire lm if evenly
spread over the crystal, but due to inhomogeneity in the
distribution of the lms over the crystal surfaces (Fig. S6†), this
may not be the case in some regions of the lm.

For uptake coefficients, the amount of nitrate taken up was
determined from the organic nitrate peak height using eqn (2),

Anit

snit

�NA ¼ f�ONO2g (2)
1596 | Environ. Sci.: Processes Impacts, 2018, 20, 1593–1610
where Anit is the absorbance of the organic nitrate, snit is the
cross section of the organic nitrate in cm2 mol�1 (base 10), NA is
Avogadro's number, and {–ONO2} is the amount of nitrate in the
lm. Although {–ONO2} is expressed as the number of –ONO2

per cm2, it is the column integrated nitrate and includes both
surface and bulk contributions. By plotting the concentration
over time as the lm is exposed to the organic nitrate and
subsequently taking the initial slope of the initial data points
(t < 20 s), the initial net uptake coefficient (g) was quantied by
eqn (3):

g ¼ R0

½gas� �
ffiffiffiffiffiffiffiffiffiffiffi
RT

2pM

r (3)

where R0 is dened as the initial rate of uptake. Lastly, partition
coefficients K were calculated using eqn (4),

K ¼ ½�ONO2�film
½�ONO2�air

(4)

where [–ONO2]lm and [–ONO2]air are the concentrations of
organic nitrate in the lm and in air, respectively, in units of
moles per L. The concentration in air was estimated using the
saturation vapor pressure. The concentration of nitrate in the
lm, [–ONO2]lm, takes into account the swelling of the lm (see
below) on uptake of the organic nitrate, eqn 5:

Anit

lnit � snit

AC]O

lC]O � sC]O

þ Anit

lnit � snit

¼ nnit

nC]O þ nnit
(5)

The nC¼O (moles of C¼O) is converted into nSub (moles of
substrate) using the number of carbonyl groups in each
substrate molecule (NC¼O/NSub ¼ 2 for PA, 12 for PEA, and
assuming 2 for SOA):108,109

nC]O � NSub

NC]O

¼ nSub (6)

Moles of substrate and moles of nitrate are converted to
volume (in units of L) using the molecular weight (M, assuming
200 g mol�1 for SOA),108–110 and the densities in units of g L�1

(using 1.2 � 103 g L�1 for SOA):117

nnit

nSub � MSub

rSub
þ nnit � Mnit

rnit

¼ ½�ONO2�film (7)

Organic lm preparation and secondary organic aerosol
generation/impaction

Films were created by dissolving the pure solid in solvent
(hexanes, dichloromethane, methanol, or acetonitrile) and
spreading a known volume (5–20 mL) of the solution onto the
exposed face of the ATR crystal. The solvent was removed using
a ow of dry N2 (g) until only the dry solid remained.

SOA from the ozonolysis of a-pinene was generated in a large
volume, slow ow, stainless steel aerosol ow reactor described
This journal is © The Royal Society of Chemistry 2018
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in detail elsewhere118 using initial concentrations of 250 ppb a-
pinene and 250–350 ppb O3. The details on a-pinene SOA
generation are presented in the ESI† and an example of the size
distribution of the particles generated in the ow reactor is
shown in Fig. S7.† The polydisperse SOA particles formed in the
ow reactor were collected onto a Ge ATR crystal using
a custom-designed impactor with a 50% cut-off diameter of
240 nm.38 The particles were sampled at a total ow of 30
L min�1 for 10–20 minutes at the end of the reactor corre-
sponding to a reaction time of 31 minutes.

Theoretical calculations

Relevant physical properties of these organic nitrates (molec-
ular weight, vapor pressure, and dipole moment) are given in
Table 1. The dipole moment of each organic nitrate (including
both OH-terminated and nitrate-terminated isomers for HHN
and HPN) was calculated as described below. Their vapor
pressures were estimated using two group contribution
methods.119–121 The vapor pressures for 2EHN and HPN are on
the border between VOC and intermediate VOC (IVOC), while
the lower vapor pressure of HHN classies it as an IVOC.122 Note
that for HHN and HPN there are two isomers generated in the
synthesis (hydroxy-terminated and nitrate-terminated). Because
these have different vapor pressures, the average of the two
isomers was used to calculate gas phase concentrations for the
hydroxynitrates. While the predicted vapor pressures differ
slightly between the two methods, these differences are rela-
tively small and do not change the general trends in the re-
ported results.

Geometry optimization, frequency calculations, and dipole
moments for the organic nitrates were performed at the level of
B3PW91 (ref. 123 and 124)/aug-cc-pVDZ.125 To test the adequacy
of the method for the dipole moments, isobutyl nitrate (IBN)
was used as a test compound. The dipole moment of IBN ob-
tained here (3.7243 D) is in excellent agreement with a previ-
ously reported value (3.6806 D at the level of B3PW91/6-
31G(d)),126 and the values for the studied organic nitrates also
agree reasonably well with calculated dipole moments for other
organic nitrate species.127 All calculations were performed using
the Q-CHEM 4.3 program package.128

The structures of the nitrate–PEA complexes were built using
Packmol129 soware. These structures were optimized using
Gaussian09 (D 0.1) soware130 and the geometries were
Table 1 Molecular properties of the organic nitrates at 25 �C

Organic
nitrates

MW
(g mol�1)

r

(g mL�1)
Vapor press
Moller120,12

HHN 163 1.1 0.35a

0:65 b

Averagec ¼
HPN 121 1.2 12a

35 b

Averagec ¼
2EHN 175 0.96 14

a Hydroxy-terminated isomer. b Nitrate-terminated isomer. c Error bars ar

This journal is © The Royal Society of Chemistry 2018
conrmed as minima by the absence of imaginary frequencies.
Counterpoise correction131was included to account for the Basis
Set Superposition Error (BSSE) in binding energies nitrate–PEA
calculations. Density functional theory with the hybrid func-
tional B3LYP132,133 using the 6-31+G(d) Pople basis set,134 and
with Grimme's D3 correction for dispersion135 were employed
for the energetics and structure calculations of the complex.
This method has the capability to describe both the electrostatic
interactions due to the partial charges on the atoms and the very
signicant dispersion interactions.

KM-GAP model

The uptake of organic nitrates into the three different substrates
(PA, PEA, and SOA) was investigated using the kinetic multi-layer
model of gas–particle interactions in aerosols and clouds (KM-
GAP).136 This model is based on fundamental physical processes
and explicitly treats the adsorption and desorption of the organic
nitrate to and from the surface of the substrate, partitioning of
the adsorbed organic nitrate into the bulk of the substrate, and
bulk diffusion of the substrate and nitrate. The bulk was treated
with 100 layers which could each grow and shrink as molecules
diffused in and out of them, consequently the total thickness of
the bulk increased and decreased due to condensation and
evaporation. The bulk diffusion coefficient of the nitrate (Db,nit)
and substrate (Db,sub) were treated to be composition-dependent
using Vignes-type equations64,67 as described in the ESI, Section
4.† The partition coefficients from the experiments were used as
xed model inputs and the best t lm thicknesses were calcu-
lated from the model. The model-predicted thicknesses are con-
strained to a small range of values based on the experimental data
provided. For PA and PEA, they are larger than those calculated
assuming the substrate is distributed equally over the entire
surface of the crystal. This is reasonable since the solutions of PA
and PEA did not dry uniformly, with more material located in the
center of the crystal (Fig. S6†). The model-predicted thickness for
SOA is smaller than if spread equally. The impactor deposits SOA
unevenly,38 being weighted towards the center (Fig. S6†), and the
amount deposited to give sufficient carbonyl signals was about an
order of magnitude greater than for PEA and PA. The absolute
number of nitrate molecules measured in the SOA may therefore
have been underestimated, which would lead to an underesti-
mate of the model-predicted lm thickness. However, this does
not change the conclusions.
ure using
1 (Pa)

Vapor pressured using
SIMPOL.1 (ref. 119) (Pa)

Dipole
moment (D)

0.85 4.6220a

2.8393b

0.50 � 0.21
16 4.6191a

4.7683b

24 � 16
18 3.9216

e �1s. d SIMPOL.1 does not distinguish between isomers.
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Reagents

Reagents and sources were as follows: dodecane (Sigma Aldrich,
$99%), methanol (EMD Millipore, $99.9%), acetonitrile (EMD
Millipore, $90%), epoxyhexane (Sigma-Aldrich, 97%), epoxy-
propane (Sigma-Aldrich, $99%), bismuth(III) nitrate$5H2O
(Sigma-Aldrich, 98%), dichloromethane (EMD Millipore,
$99.9%), chloroform-D (with 0.05% by volume tetramethylsi-
lane, Cambridge Isotope Laboratories Inc., 99.8%), (+)-a-pinene
(Sigma-Aldrich, $99%), hexanes (VWR Analytical, >98.5%),
dichloromethane (Macron, $99.5%), ethyl acetate (EMD
Chemical Inc., >99.5%), triacontane (Sigma-Aldrich, 98%),
L-(+)-tartaric acid (Sigma-Aldrich, $99.5%), poly(ethylene adi-
pate) di-hydroxy terminated (Sigma-Aldrich, average MW 1000),
cis-pinonic acid (Sigma-Aldrich, 98%), 2-ethylhexyl nitrate
(Sigma-Aldrich, 97%), valeric acid (Sigma-Aldrich, $99%),
2-nonanone (Sigma-Aldrich, $99%), propanediol (Sigma-
Aldrich, $99.5%), hexanediol (Sigma-Aldrich, 98%), N2

(Praxair, 99.999%), and O2 (Praxair, 99.993%).
Results and discussion
ATR-FTIR spectra

Fig. 3a shows the ATR-FTIR spectra for the solid lm substrates
before exposure to the organic nitrates, and Fig. 3b shows
typical spectra for each substrate aer exposure to 5 ppm
gaseous HHN. Similar spectra showing each substrate aer
exposure to 250 ppm HPN or 140 ppm 2EHN can be found in
Fig. S8.† Note that the saturation vapor pressure of HHN is
much lower than that of HPN or 2EHN, limiting the HHN
concentration that can be generated in the gas phase. Despite
the two orders of magnitude lower concentration, uptake of
HHN is still clearly evident onto SOA, PA and PEA. As seen in
Fig. 3 and S8,† there was no observed uptake onto TC, and
uptake onto the Ge crystal itself was minimal for all three
organic nitrates.
Fig. 3 ATR-FTIR spectra for (a) SOA, pinonic acid (PA), poly(ethylene) adip
(5 ppm) once equilibrium was reached (450–1050 seconds), as well as t
spectra weremultiplied by a factor of 0.25, and PEA spectra by a factor of
indicate the –ONO2 signals characteristic of organic nitrates. The region b
in the sampling compartment.

1598 | Environ. Sci.: Processes Impacts, 2018, 20, 1593–1610
The lack of uptake of all the organic nitrates on TC is not
surprising. With the absence of polar interactions or hydrogen-
bonding between the gas and the hydrocarbon surface, the
dispersion forces may simply be too weak to result in any
signicant uptake onto the TC (we use here the terminology of
“van der Waals' interactions” for all weak non-covalent forces,
including hydrogen-bonding, and use “dispersion interactions”
specically for forces due to induced dipoles).137 In contrast,
there was signicant uptake observed for the organic nitrates
onto PA, PEA and SOA.

Fig. 4 shows typical data for the time-dependent uptake of
the three organic nitrates on SOA, PA and PEA respectively,
calculated using eqn (2) above. The curves are best ts from the
KM-GAP model,136 discussed in detail below. In all cases, there
is a rapid initial uptake which then rises to a plateau, at which
point there is no further net uptake. The concentrations of the
organic nitrates are signicant, reaching as high as 3 � 1016

molecules per cm2 for HHN on PA. The amount taken up is
much larger than a monolayer (�1014 molecules per cm2),
which suggests either (a) that the organic nitrates adsorbed and
created a lm along the surface approximately 100 monolayers
thick, or (b) that the organic nitrates are not simply adsorbed
onto the surface but are penetrating and diffusing throughout
the organic lm. The former seems unlikely, and diffusion
through the organic lms is feasible given the timescales of the
experiments and estimated thicknesses of the lms. As dis-
cussed below, this is also supported by relatively slow desorp-
tion of the nitrates out of the lm.
Net uptake coefficients

From the initial rapid uptake, a net uptake coefficient g can
be obtained. These are summarized in Table 2, and shown in
Fig. 5. In the framework proposed by Pöschl, Rudich and
Ammann86 and Kolb et al.,23 these would be equivalent to
bulk accommodation coefficients (ab) because the nitrate in
the entire lm is interrogated by IR. In the application of the
ate (PEA), and triacontane (TC), and (b) after exposure to gaseous HHN
he spectra for exposure of the clean crystal to the organic nitrate. TC
0.5 to display them on the same scale as the other spectra. Dashed lines
etween 2500–2000 cm�1 is not shown due to variations in the CO2 (g)

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Concentrations of organic nitrates {–ONO2} from eqn (2) in
number per cm2 after exposure of (a) SOA, (b) PA and (c) PEA to
gaseous HHN (5 ppm), HPN (250 ppm), and 2EHN (140 ppm). The
dashed black line indicates the experimentally-determined limit of
detection for the nitrates. Solid lines are best fits from the KM-GAP
model. Error bars are �2s on the experimental data points deter-
mined from the uncertainty in the measured absorption cross
section of HHN, HPN and 2EHN.

Table 2 Average net uptake coefficients (g) and partition coefficients (K

Organic nitrates Substrates Average u

HHN SOA (2.5 � 0.2
PA (2.9 � 0.3
PEA (2.8 � 0.8

HPN SOA (1.0 � 0.3
PA (1.3 � 0.6
PEA (5.8 � 1.3

2EHN SOA (9.0 � 4.3
PA (3.2 � 1.6
PEA (1.8 � 0.3

a Error bars are statistical �1s from the average of multiple experiments.

Fig. 5 Initial uptake coefficients for the organic nitrates into SOA, PA,
and PEA. Error bars are �1s from the average of multiple experiments
for each nitrate.

This journal is © The Royal Society of Chemistry 2018
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KM-GAP model discussed below, the surface mass accom-
modation coefficients (as) were taken to be one, and
diffusion of the gas to the surface is not limiting under our
conditions.

The limited number of data points in this initial time frame
gives rise to signicant error bars, and may underestimate the
rate of uptake as the lms begin to take up the organic nitrate
and some re-evaporation from the lm occurs. As discussed
earlier, the gas-phase organic nitrate concentrations may be
overestimated and the substrate lmsmay not be homogeneous
in thickness, which would also result in underestimates of the
uptake coefficients. However, this approach should provide
reliable relative rates for the different organic nitrates and
substrates, as well as order-of-magnitude absolute values that
can be used to provide insight into molecular interactions
between the gas and the surface lms.

As seen in Fig. 5, HHN has by far the largest net uptake
coefficient for all three substrates, with values over an order of
magnitude higher than those of HPN and 2EHN. This is not
surprising as HHN has the largest capacity for intermolecular
interactions, possessing both the additional hydroxyl group for
hydrogen bonding and the longer carbon backbone for disper-
sion interactions. In sharp contrast, uptake of HHN is minimal
on TC as well as on the clean crystal (Fig. 3). Hence, hydrogen
bonding and other van der Waals' forces with specic
)

ptake coefficienta (g) Average partition coefficienta (K)

) � 10�4 (1.5 � 0.2) � 107

) � 10�4 (1.8 � 0.2) � 107

) � 10�4 (7.3 � 1.8) � 106

) � 10�5 (3.4 � 1.2) � 105

) � 10�5 (2.4 � 0.7) � 105

) � 10�6 (9.5 � 3.5) � 104

) � 10�6 (1.7 � 0.1) � 105

) � 10�5 (3.3 � 1.1) � 105

) � 10�5 (1.1 � 0.1) � 105
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functional groups on the substrates must play a signicant role
to anchor the incoming gas phase molecule onto PA, PEA and
SOA.

These measured uptake coefficients are orders of magni-
tude less than one. This is reasonable given the range of
previously reported uptake coefficients for both reactive and
non-reactive uptake. For an example of reactive uptake, Fair-
hurst et al.78,79 reported that for the uptake of various amines
and ammonia with a series of dicarboxylic acids, net reactive
uptake coefficients ranged from 0.7 to less than 10�6. Addi-
tionally, a previous study by Donaldson et al.138 showed that
the unreactive uptake of a range of organic vapours onto
organic lms of oleic acid or squalene ranged from �10�2 to
less than 10�5.

Calculations of the structures and binding energies for
complexes of the nitrates with the substrates can lend insight
into the forces that provide the initial anchor for the
incoming nitrate. Binding energy calculations were carried
out for complexes of one or two gas phase nitrate
molecules (2EHN, HPN and HHN) with one PEA substrate
subunit. While PEA has an average molecular weight of 1000 g
mol�1 and thus contains 5–6 subunits, one PEA subunit was
used to represent the substrate due to computational
constraints.

Fig. 6 shows the optimized structures for one nitrate mole-
cule interacting with one PEA subunit for all the organic
nitrates. The binding energies are summarized in Table S3.† As
seen in Fig. 6a, 2EHN is positioned horizontally over the PEA
subunit where there are weaker dispersion forces between its
alkyl chain and that of PEA, whereas HPN forms one hydrogen
bond with the carbonyl group on the PEA (Fig. 6b). This is
consistent with binding energies of 11.8 kcal mol�1 and
Fig. 6 The optimized structure for (a) one 2EHNmolecule binding to one
one HHN molecule binding to one PEA subunit. Hydrogen bonds are la

1600 | Environ. Sci.: Processes Impacts, 2018, 20, 1593–1610
13.5 kcal mol�1 for 2EHN and HPN, respectively. For HPN to be
taken up, the HPN molecule must nd a carbonyl with which
to form a hydrogen bond, which introduces a steric compo-
nent to the uptake. The interaction of 2EHN with the surface
through dispersion interactions is less sterically demanding.
Thus, although the binding energy for 2EHN is smaller, the
higher net uptake coefficient for 2EHN is consistent with the
lack of a signicant steric effect. Like HPN, HHN is also able to
form a hydrogen bond with PEA to anchor it to the substrate
molecule (Fig. 6c) with a binding energy of 14.5 kcal mol�1,
and prefers to orient itself vertically with the carbon tail away
from the PEA.

Further insight was gained by carrying out calculations for
two nitrate molecules interacting with the PEA subunit. Fig. S9†
shows the optimized structures. The binding energies for these
structures are also found in Table S3.† The binding energies for
2EHN and HPN are similar (18.0 and 18.5 kcal mol�1, respec-
tively) and higher than for one organic nitrate on one PEA
subunit. The binding energy for two HHN molecules with one
PEA subunit is much higher, 30.0 kcal mol�1. This is due to
a contribution from hydrogen bonding between the HHN
nitrate functional group and the PEA terminal hydroxyl group.
Since only one PEA subunit was used to represent the substrate,
and the polymer itself does not have repeating internal hydroxyl
groups, the importance of binding to the terminal hydroxyl and
the binding energies may be overestimated. However, the
structure in Fig. S9c† shows both HHN molecules assemble
vertically, indicating the HHN molecules may be able to
assemble along the surface of PEA similar to a self-assembled
monolayer, allowing for some dispersive interactions between
the HHN carbon backbones.
PEA subunit, (b) one HPNmolecule binding to one PEA subunit, and (c)
beled with their bond length and bond angle.

This journal is © The Royal Society of Chemistry 2018
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Table 3 Average mole ratiosa of –ONO2 to –C]O for PA, PEA, and
SOA after exposure to each organic nitrate for 1047 seconds where
equilibrium has been reached

Nitrates Substrates Mole ratioa

HHN SOA 0.36 � 0.06
PA 0.59 � 0.16
PEA 0.12 � 0.04

HPN SOA 0.55 � 0.29
PA 0.27 � 0.12
PEA 0.077 � 0.031

2EHN SOA 0.088 � 0.007
PA 0.24 � 0.12
PEA 0.046 � 0.006

a Error bars are �1s from the average of multiple experiments.
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Partition coefficients and mole ratios of organic nitrates

From the plateau region of Fig. 4, mole ratios were calculated
for each organic nitrate-substrate combination. Table 3 shows
the average ratio of moles of –ONO2 to moles of C]O aer
exposing SOA, PA and PEA to each organic nitrate for �1000
seconds. The mole ratios show large amounts of organic nitrate,
up to 0.59 for the case of HHN on PA. These large ratios of
nitrate to substrate suggest that the nitrate is not simply
adsorbing onto the surface of the solid lms, but is penetrating
and diffusing into the lms as discussed above.

Partition coefficients (K) were calculated as described above
(eqn (4)) and are summarized in Table 2 and Fig. 7. As shown in
Fig. 7, HHN has the largest partition coefficient (i.e., the largest
solubility), with values up to two orders of magnitude larger
than the other organic nitrates. Additionally, the K values for
HHN exhibit a clear trend across the substrates, with KSOA � KPA

> KPEA. This same trend also holds for the K values of HPN, while
for 2EHN KPA > KSOA T KPEA.
Fig. 7 Equilibrium partition coefficients for the organic nitrates into SOA
are the statistical �1s from the average of multiple experiments for each

This journal is © The Royal Society of Chemistry 2018
While 2EHN and HPN both exhibit a decrease in partition
coefficient from PA to PEA and an increase from PEA to SOA, the
relative magnitude of the partition coefficients changes. For
example, while for PA the values are within experimental error
of each other, for SOA, K2EHN < KHPN. The differences in their
intermolecular interactions provide some insight into these
trends. In the case of HPN, H-bonding will dominate as it can
both donate and accept H-bonds. In contrast, dispersion forces
will dominate for 2EHN with its larger alkyl chain. The crystal
structure of PA exhibits a head-to-tail arrangement, with the
acidic hydrogen of one molecule hydrogen bonding to the
ketone carbonyl of the next molecule.139 Although the PA in the
lmmay no longer be in the crystalline form, the FTIR spectrum
for the PA lm indicates the carbonyl-containing groups are
hydrogen-bonded (Fig. S5†), which is similar to the crystal
structure. The acid carbonyl does not participate in the self-
hydrogen bonding network, and therefore can accept
hydrogen bonds from other molecules, for example from HPN.
However, PA also has a signicant hydrocarbon backbone,
allowing the dispersion forces to contribute as well. The relative
strength of these interactions are apparently similar enough to
cause 2EHN and HPN to have similar solubilities in PA.

For SOA, the partition coefficient for HPN is about a factor of
two larger than for 2EHN, indicating stronger attractive forces
between the components of SOA and HPN. SOA is an amor-
phous mixture containing many different acids and polar
functionalities that are available to hydrogen bond to the –OH
group of HPN as well as its –ONO2 group.108 The additional
hydrogen-bonding capacity of HPN appears to play a signicant
role in enhancing its solubility in SOA compared to the solu-
bility of 2EHN.

It is important to note that vapor pressures are not neces-
sarily a good measure of incorporation of the nitrates into the
organic substrates. Thus while 2EHN and HPN have similar
vapor pressures (Table 1), the solubility of HPN in SOA is double
, PA, and PEA. The inset is rescaled to show 2EHN and HPN. Error bars
nitrate.

Environ. Sci.: Processes Impacts, 2018, 20, 1593–1610 | 1601
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Fig. 8 Uptake of HHN on PA. Points are the experimental data, where
the error bars represent the uncertainty in the nitrate absorption cross
section (�2s). The solid line shows the prediction from KM-GAP using
a changing composition-dependent diffusion coefficient scenario
with Vignes equations, while the dashed line shows the prediction
using a constant composition-independent diffusion coefficient.
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that of 2EHN. Similarly, the net uptake coefficient of HPN on
PEA is about a third of that for 2EHN.

Likewise, the O : C ratio (see ESI,† Section 3) is not a good
predictor of uptake and partitioning. The O : C ratios for PEA
and SOA are similar, 0.52 and 0.50, respectively. However the
partition coefficients for all of the organic nitrates are greater on
SOA than on PEA. The O : C for PA is smaller (0.30), yet the
Fig. 9 Contour plots for the organic nitrate concentrations in molecules
from the bottom of the film.

1602 | Environ. Sci.: Processes Impacts, 2018, 20, 1593–1610
partition coefficient of HHN is higher than in PEA and perhaps
SOA. Similarly, the solubility of 2EHN and HPN are relatively
large for PA relative to the PEA and SOA. Additionally, while the
O : C ratio for PA is smaller than that of SOA and PEA, the
uptake coefficients are similar across all three substrates. This
emphasizes the importance of understanding intermolecular
interactions both at the surface and in the bulk as fundamental
to the process of SOA growth in the atmosphere.

The relative values of the partition coefficients for 2EHN and
HHN, which have similar chain lengths but different functional
groups, agrees well with air–octanol partition coefficients for
some organic nitrates reported by Treves et al.140 Their coeffi-
cients showed that the addition of the hydroxyl group increased
the solubility of the organic nitrates by over two orders of
magnitude when compared to a C5 alkyl nitrate, which is attrib-
uted to the increased hydrogen bonding capacity with the octa-
nol. Additionally, when comparing different b-hydroxynitrates
(such as HHN and HPN), the solubility in octanol was also
enhanced as the length of the carbon chain increased.
KM-GAP

The KM-GAP model136 was used to investigate diffusion of
organic nitrates through the organic lm into the bulk. One
observation is that bulk diffusion coefficients need to be treated
as composition-dependent with Vignes equations to reproduce
the entire data set, and a composition-independent constant
diffusion coefficient scenario did not accurately capture the
per cm3 in the PA, PEA, and SOA films as a function of time and distance

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 An expanded view of the diffusion coefficient contour plot for 2EHN on SOA.
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data set. An example is shown in Fig. 8 for uptake of HHN on PA.
Although both parameterizations t the uptake of the organic
nitrate onto the substrate reasonably well, a constant diffusion
coefficient over-predicted how quickly HHN would diffuse back
out of the PA lm, whereas a composition-dependent diffusion
coefficient was a better match to the experimental data (Fig. 8,
solid line). The parameters and coefficients used for the
constant diffusion coefficient model are shown in Table S4.†

Fig. 9 shows the KM-GAP predicted concentration gradients
for the organic nitrates as a function of time. The y-axis of Fig. 9
indicates the distance from the bottom of the lm. These
proles indicate that the organic nitrate has indeed penetrated
through the entirety of the lm over the course of the experi-
ments. Increases in the lm thickness indicate that the organic
lm has swelled due to uptake of signicant amounts of the
organic nitrate. Fig. S10† shows the accompanying changes in
diffusion coefficients predicted by the KM-GAP model. The
proles indicate that there is a plasticizing effect upon incor-
poration of the organic nitrate, shown by the increases in
Fig. 11 (a) Initial uptake coefficients and (b) equilibrium partition coefficie
of multiple experiments for each organic nitrate.

This journal is © The Royal Society of Chemistry 2018
diffusion coefficients for several nitrate-substrate systems.
Furthermore, upon desorption, the removal of the organic
nitrate from the topmost layers of the substrate results in
decreasing diffusion coefficients in the upper layers of the lm
as they partially re-solidify without the organic nitrate. This
results in a ‘crusting’ scenario with higher diffusion coefficients
(and thus lower viscosities) in the lower layers of the lm and
a more viscous outer layer or ‘crust’ towards the surface. Fig. 10
shows an expanded view as an example of the crusting on the
surface of the lm of SOA as 2EHN desorbs from the surface
layer. This ‘crusting’ effect has been observed in previous work
by Boyd et al.141 on the evaporation kinetics of mixed limonene
and b-pinene SOA, as well as by Pfrang et al.142 on the chemical
aging and transformation of multi-component organic aerosol
particles.
Comparison of trends in uptake coefficients and partitioning

HHN exhibits the largest partition and net uptake coefficients
compared to the other organic nitrates, and also provides the
nts for all organic nitrates into SOA. Error bars are�1s from the average

Environ. Sci.: Processes Impacts, 2018, 20, 1593–1610 | 1603
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most pronounced differences in uptake versus solubility across
the three substrates. The uptake coefficient for HHN is similar
for SOA, PA and PEA (Fig. 5 and Table 2), while the solubility of
HHN in PEA is lower than that in PA and SOA (Fig. 7 and Table
2). This suggests that the interactions between the nitrate and
the substrate in the bulk are different than those controlling
uptake at the substrate surface.

Fig. 11 compares the trends in net uptake and partition
coefficients for the three nitrates on SOA. While the uptake
coefficient increases by a factor of 28 from 2EHN to HHN, the
partition coefficient increases by a factor of 88. Thus, the solu-
bility increases relatively more than the uptake coefficient,
indicating that the relative contributions of the different
attractive forces between the organic nitrates and the substrate
must differ for the surface relative to those in the bulk. This is
intuitively reasonable, given that the organic nitrates in the bulk
are surrounded by neighboring molecules with opportunities to
optimize the full range of van der Waals' interactions, including
H-bonding, electrostatic interactions between partial charges,
and dispersion interactions. On the other hand, an incoming
gaseous organic nitrate molecule is affected only by available
functional groups located on the surface, which will determine
the nature and magnitude of the attractive forces. In the case of
HHN on SOA, for example, if HHN is H-bonded to the surface in
such a manner that the interactions of the alkyl chain with the
surface are less than in the bulk where the HHN is engulfed by
SOA components, relatively smaller uptake coefficients than
expected based on the bulk behavior could result. Consistent
with this, Fig. 6c shows that HHN is predicted to be oriented
perpendicular to the PEA surface, minimizing dispersion forces
between HHN and the surface PEA. This illustrates the impor-
tance of understanding both the nature of the surface and the
nature of the gas in predicting uptake of gases into highly
viscous particles, and hence their growth mechanisms in air.

Conclusions

Intermolecular interactions between gases and atmospheric
particle surfaces play an important role in SOA particle growth.
The present results indicate that a combination of polar and
nonpolar interactions with the surface of SOA particles formed
by the ozonolysis of a-pinene play a role in gas uptake. However,
the interactions determining this uptake are not necessarily the
same as those occurring in the bulk, and hence the uptake
coefficients and partition coefficients do not always correlate.
Trends in vapor pressure and O : C ratio are also not necessarily
good indicators of uptake or partitioning. Note that these
uptake coefficients may be orders of magnitude less than one
and will certainly depend on both the nature of the gas and
surface. Gas partitioning into these substrates has the ability to
change the viscosity of the lm and thus to increase the diffu-
sion coefficients in the bulk. Furthermore, diffusion coefficients
can decrease as the nitrates diffuse back out due to the
formation of a crust near the surface. This has implications in
the kinetics of condensed phase chemistry occurring in the bulk
versus at the surface of particles. More knowledge of the nature
of the surface of SOA particles, and how gaseous species interact
1604 | Environ. Sci.: Processes Impacts, 2018, 20, 1593–1610
with these surfaces, will allow for a better understanding of SOA
particle growth to better predict their effects on Earth's climate.
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T. Koop and U. Pöschl, Kinetic regimes and limiting cases
of gas uptake and heterogeneous reactions in
atmospheric aerosols and clouds: a general classication
scheme, Atmos. Chem. Phys., 2013, 13, 6663–6686.
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