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S1. Film Preparation

Different types of secondary organic material were produced in aerosol form by the
reactions of precursor gaseous compounds in an oxidation flow reactor (OFR) (1, 2), as
described previously (3). a-Pinene was oxidized by ozone in the dark. Isoprene, toluene, and m-
xylene were primarily oxidized by hydroxyl (OH) radicals, which were produced by
photochemical reactions of ozone and water vapor under ultraviolet illumination (254 nm).
Reaction conditions were 293 + 2 K and 15 + 3% RH. The aerosol particle populations were
characterized by a Scanning Mobility Particle Sizer (SMPS; TSI Inc.) (4) and an Aerosol Mass
Spectrometer (HR-ToF-AMS; Aerodyne Research Inc.) (5). Experimental conditions, mass
concentrations, and elemental ratios for the different types of SOM are listed in Table S4.
Organic films were grown by passing the various aerosol particle populations exiting the OFR
into an electrostatic precipitator (TSI 3089). A QCM quartz crystal was mounted inside the
precipitator (6). By particle deposition, a uniform organic film grew and coated the crystal
surface. A continuous thin film morphology (rather than single particles) was confirmed
previously using atomic force microscopy and optical microscopy (6). Film thickness and mass
ranged from 30 to 200 nm and 4 to 20 ug, respectively (Table S4). The maximum mass
contributed by absorbed water is estimated as 20% of the film mass at the highest RH values of
this study, and a correction is included in the reported vapor mass concentrations.
S2. Vapor Mass Concentrations

After film preparation, the quartz crystal was removed from the precipitator and sealed in
a covered Petri dish using Teflon tape. Within 10 min, the sample was mounted into a flow cell
of a Quartz-Crystal Microbalance (Biolin Scientific Q-sense QSX 303 and Q-sense E4). The

schematic diagram for the QCM apparatus is illustrated in Fig. S1. The operating principle is that



changes Af in the resonant frequency of the quartz crystal, are proportional by a sensitivity factor
{'to changes Am in mass of material on the sensor. The equation is written as Am = — { Af.

The cell allowed an RH-regulated nitrogen gas flow to pass across the surface of the film.
A flow Q of 6 to 8 cm® min™ was used from <1% to 60% RH at 293.15 + 0.1 K, resulting in a
plug-flow-equivalent residence time of 0.3 to 0.4 s in the cell. By comparison, SVOC molecules
evaporating from the film diffused across the cell headspace within 0.05 s. These time scales did
not depend on the mass accommaodation coefficient, or the surface area of the sample (cf. Table
S5). The headspace of the flow cell became saturated and reached local equilibrium with respect
to the composition of the surface region of the film.

The vapor mass concentration C in the flow exiting the QCM was related to the mass lost

from the organic film during a time interval At, as follows: C = ‘Am(Q At)fl‘ . For fixed C and At,

the mass loss was proportional to the flow rate. In a control experiment, this relation was
confirmed for a flow rate from 1 to 15 cm® min™ of n-octadecane (Fig. S4). This experiment also
verified that the obtained C of (2.1 + 0.2) x 10° pg m™ was within the uncertainty of the
literature value of (1.4 to 2.0) x 10° ug m™ for the equilibrium vapor mass concentration of n-
octadecane (7, 8). For ¢ = 17.7 ng cm™ Hz* (provided by crystal vendor), mass changes on the
order of 1 ng could be detected. This mass change corresponded to a vapor mass concentration of
0.1 pg m or above for the employed experiment conditions of Q and At.
S3. Infrared spectroscopy.

In a complementary set of experiments, infrared spectra were recorded during
evaporation using an attenuated total reflectance (ATR) accessory (Pike Technologies) in a
Fourier transform infrared spectrometer (FTIR, Nicolet 670). For spectroscopic characterization,

particles were first collected onto a Teflon filter, which was then pressed onto the surface of a



germanium crystal (9). The SOM-laden germanium element was housed within the ATR
accessory, which served as a flow cell. The cell was continuously purged by 20 cm® min™ of RH-
regulated nitrogen. Infrared spectra were recorded at 3-min intervals. The initial spectra of
different types of SOM at <5% RH are shown in Fig. S5. From the spectra, absorption bands of
functional groups were identified and integrated for area (3).

For the RH dependence of C observed for toluene-derived SOM (cf. main text), an
alternative explanation can be that the oligomers in the SOM were hydrolyzed at elevated RH.
Consequently the intrinsic volatility decreased. This hypothesis was tested using infrared
spectroscopy. For toluene-derived SOM thin films, changes of organic functional groups during
evaporation were observed at different RHs (Fig. S6). The results indicate that the RH-dependent
mass loss rates measured by the QCM were mostly explained by the evaporation of carbonyl
groups (C=0) (Fig. S6a). The RH dependence was less pronounced for other functional groups,
such as ether (C—0), alcoholic and phenolic hydroxyl (O—H), and carboxylic hydroxyl
(carboxylic O—H) (Fig. S6 b to d). Given a similar carbon number, organic compounds with
carbonyl groups, such as aldehydes and ketones, were typically more volatile than other
oxygenated compounds (10). For the suggestion that the volatile carbonyl compounds were
produced from hydrolysis of non-carbonyl compounds, an increase in the C=0 band in the
infrared spectra after hydration would be expected. However, the C=0 band decreased with
increasing RH (Fig. S7). Alternatively, if the volatile carbonyl compounds were converted from
the less-volatile carbonyl compounds, a significant shift of the position of C=0 peak would be
expected. This shift, however, was not observed. As the RH increased from < 5% to 54%, a
small blue shift of peak position from 1730 to 1735 cm™ were observed (inset of Fig. S7). This

small shift in peak position was consistent with an effect of hydrogen bonding associated with



the hydration (9, 11). The nature of the carbonyl, however, was not significantly changed. In sum,
no evidence of chemical decomposition was found from the infrared datasets.
S4. Kinetic Modeling

A slab model to numerically simulate diffusion was developed to retrieve an effective
self-diffusivity Dorg Of organic species. The primary data constraint was the relationship between
vapor mass concentrations and remaining mass fractions for the different types of films (main
text, Fig. 2). Gas, surface, and interior concentrations were dynamically updated according to the
gas flow rate and assuming local equilibrium at the gas-surface interface. The model treatment
assumed that diffusivity did not change as local composition was altered by mass transport and
evaporation. Volatility changes during evaporation due to changes in the composition of the
surface region were modeled by assuming that Raoult’s law for an ideal solution was obeyed.
Particle diameters and mean free path in the gas phase corresponded to the transition regime (i.e.,
Knudsen number between 0.1 and 10). As described in the main text, two models were compared
(Models 1 and 2) to describe composition. The model was developed for geometries
corresponding both to an infinite horizontal slab, which was used for the film data sets, as well as
for a sphere, which was used to model implications for atmospheric particles. For the latter, the
characteristic time for evaporation in scenarios for atmospheric particles were calculated based
on the retrieved Dy values (main text, Fig. 3). Further details of the model are presented below.
S4.1 Model framework

The model framework is developed based on both the thermodynamic and the kinetic
considerations. The secondary organic material (SOM) is a mixture of different organic species.
The vapor mass concentrations of these species in pure form span many orders of magnitude.

Thermodynamically, these species can be modeled as a set of N lumped volatile components, X,



Xa, ..., Xn. The overall vapor mass concentration C over the surface region of the SOM can be

expressed as:
C=> xfC/ (S1)
i=1

The term x; denotes the mole fraction of component i in the SOM surface region at the film-
vapor interface. In the simulation, different components are assumed to have the same effective
molecular weight of 0.15 kg mol™, following Riipinen et al. (12) and Vaden et al. (13) In this
case, Xj also denotes the mass fraction of component i. The value of effective molecular weight
can vary among different chemical systems. The simulation results, however, are largely

insensitive to the absolute value of the molecular weight. The term f; is the activity coefficient.
An ideal solution assumption is used herein (fi= 1). The term Ci0 is the vapor mass concentration

of component i in pure form.

Kinetically, the model explicitly simulates the species diffusion of different components
using a multi-slab framework. The shrinkage or growth of the system because of evaporation or
condensation is considered in modeling. Herein, a nonvolatile component X, is introduced as a
reference compound, and the coordinate system is constructed based on the mass of X, (14, 15).
This treatment avoids the complication of a moving boundary problem for conventional space
coordinate systems because the mass of nonvolatile reference component does not change with
time. By defining a geometry factor v, a universal diffusion equation is derived. It can be used

for a slab (thin film; v = 0), a cylinder (v = 1), or a sphere (particle; v = 2), as follows (14):

0 (1 yag U
5—&/}[&2 v) an (S2)

where u; is defined as the ratio of the mass concentration of the migrating component c; (kg m™)

to that of the reference compound ¢, (kg m™):



Ui:Ci/Co: Xi/Xo (33)

7 is the dimensionless time, which is defined as:

DyCs (0)
=T a2
Pl

t (S4)

for the initial mass concentration co(0) of the nonvolatile reference component (kg m™), the
reference diffusivity Do (m”s™) (can be any value), and the material density po (kg m™) for the
reference component. For a supported thin film, L, is the thickness of the film consisting only the
reference component. For a spherical particle, Lo = do / 2, where dg is the diameter of the particle
consisting only of the reference component. Lo does not change with time. Ly is related to the

initial film thickness L(0) by:

0 1/ (v+1)

%=fﬁiq L(0) (55)
Po

The dimensionless space coordinate ¢ is defined as:
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where L is the thickness of the film. For a spherical particle, L is the particle radius (L =d / 2).

The value of ¢ ranges from 0 to 1. The dimensionless diffusivity D, is defined as:

_ Dorg Cg (t)
" Dyl (0)

(S7)

The dimensionless geometry variable Z(v) is defined as:

Z(v)= (v+l){ (1+Z P ]d¢} (S8)



Finally, for an assumption that the volumes of water and solute are additive, the mass
concentration co can be related to u, as follows:
1 &)
o{52s) >

The equations S8 and S9 can be further simplified by using the same material density for
all components (p; = po, for i = 1, 2, ..., N). The material density value is calculated from the HR-
ToF-AMS measured elemental ratios for each SOM using the equation in Kuwata et al. (16) (cf.
Table S4). The initial film thickness is calculated using the material density and the mass
measured by the QCM (cf. Table S4).

S4.2 Evaporation of SOM thin films in the gas-saturation flow cell (v = 0)

Evaporation of SOM thin films in the QCM flow cell is simulated using the model
framework described above for the geometry configuration of a slab (cf. Fig. 2 and Fig. S2). The
simulation assumes saturation of the nitrogen carrier gas by evaporating substances from the
surface layer of the thin film. To test this assumption, an analysis of characteristic time scales is
performed and presented in Table S5. The analysis indicates that the plug-flow-equivalent
residence time s Of the carrier gas is significantly longer than the characteristic time required to
reach gas saturation. The characteristic time for gas saturation, determined by the mass
accommaodation of gas molecules at the gas-surface interface and diffusion and mixing in the cell
headspace, is independent of the saturation vapor mass concentration C° of the volatile
component. For a component of low C°, the mass flux between the surface and gas can be low
because it is proportional to C°. However, the absolute amount of molecules required for
saturation in the cell headspace is also low. For this reason, the gas-saturation time scale can still
be very short given the geometry and flow rate of the apparatus for this study. This gas-

saturation assumption was confirmed by experiments for a pure compound. The experiment
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shows that the mass loss is proportional to the flow rate and a constant value of vapor mass
concentration is obtained at different flow rates (Fig. S4). The timescale analysis also confirms
that particle-phase diffusion can be slower than the residence time for a sufficiently low
diffusivity (Table S5), indicating that the diffusivity can be retrieved for these conditions (cf.
54.3).

Initial and boundary conditions are needed to solve the generalized diffusion equation.
The initial components are assumed to be well mixed. For evaporation of SOM thin films in the

QCM flow cell within gas saturation regime, the initial and boundary conditions are as follows.

ui(0) = xi(0) / xo(0) (S10)
DyC, (0) (D Z(V)%j _ Q (=1 co (S11)
Poly 0 Ny S 1+Zui(¢=1)
ou; B
(DrZ v) @j - 0 (S12)

Q is the flow rate and S = 7.85x10™ m? is the area of the QCM sensor. The partial differential
equation (Eqg. S2) is numerically solved by an algorithm implemented in MATLAB.
S4.3 Retrieval of Dorg from the evaporation of thin films

Evaporation of SOM thin films is simulated using the kinetic model described above with
two different volatility schemes (cf. main text). The first scheme (Model 1) assumes that SOM

consists of (i) a volatile fraction having a mass vapor concentration C. and an initial mass

fraction of x;(0) and (ii) a nonvolatile reference component having an initial mass fraction of x(0)
= 1-x4(0). This volatile/nonvolatile model has three free parameters, u(0) = x(0) / [1-x1(0)], C°,
and Doyg. For a set of parameters, the evolution of the mass of the thin film can be simulated. An

alternative model assumed a mixture consisting of a non-volatility fraction and four volatile



fractions with decadal volatility bins. Herein, the free parameters are the mass fractions x;(0) (i =
1, 2, 3, and 4) for these volatility bins. Except for Do, parameters are obtained based on the
datasets of C observed above the threshold RH (Table S1). Do values are simultaneously
optimized. Because these observations are dominated by thermodynamic factors, the Do Values
cannot be accurately determined, and lower limit values are reported (Table S2). In contrast, the
obtained volatility parameters do not strongly depend on Do and thus are robust. These
volatility parameters are held constant for datasets below the threshold RH (e.qg., toluene-derived
material at <1% and 33% RH), and Do values are optimized. The Doy Values obtained in this
region are well constrained, and the uncertainties are within a factor of 2 (Table S2).
S4.4 Evaporation of SOM particles in the infinite, clean air (v =2)

The kinetic model is also used for modeling evaporation of spherical particles. Herein L
in diffusion equations (cf. S4.1) represent the radius of the particle: L =d /2 where d is the

diameter of the particle. The mass flow (kg s™) for component i is given by (17):

3, =—27dD,Fry | — 90D cop ¢ (S13)
1+ X U ($=1)
i=1
where Dy = 5x10° m? s is the gas-phase diffusivity (12, 13), and C., = 0 is the gas-phase
concentration of volatile component infinitely far from the particle. Fg is the correction term for

Kelvin effect:

Fe = exp( doM ] (514)

A surface tension value of ¢ = 0.05 N m™ is used for calculating Fx (12, 13). p is the material
density of the particle. Fgs is the Fuchs-Sutugin correction for noncontinuum effect and

imperfect mass accommodation, given as follows:
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£ 0.75a(1+ Kn)
P Kn?+Kn+0.283aKn +0.75¢

(S15)

where « is the mass accommodation coefficient and Kn is the Knudsen number, defined as:

Kn = Zd—’1 (S16)

and 4 is the mean free path.

For evaporation of a SOM particle, the initial and boundary conditions are given as

follows.
ui(0) = x;(0) / xo(0) (S17)
DyC5 (0) )
250 oz aﬂﬁ‘ﬂdz o
ou; B
(DrZ (v) %J y =0 (S19)

S4.5 Diffusivity-limited and volatility-limited kinetic regimes

Without kinetic limitation of Do, an intrinsic evaporation time scale can be calculated as:

__mO__ pd’

T =
*~ 3,000 12D,FFC’

(S20)

where m;(0) is the initial mass of volatile component, and J;i(0) is the initial mass flow of volatile
component.

The characteristic timescale of in-particle diffusion is given by (17):

d 2
z-mix = 472'2D (821)

org
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The diffusivity-limited kinetic regime is defined as 7, > 7,, and an otherwise condition

is?
is the volatility-limited regime. For a critical value ., = z,;, the boundary between the two

kinetic regimes is defined as follows (18):

org

. D 3D, FF
_ _SHersK (S22)

- C’ 7’p
The specific & value is plotted in Fig. S4 for a range of particle diameters d and mass

accommaodation coefficients o.
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Nonvolatile/

SOM type Parameter volatile Five-component decadal volatility basis set
components
Ci0 0, 2800 0, 10, 100, 1000, 10000
Toluene + OH
(Morg = 90 pg m*) xi(0) 0.862, 0.138 0.653, 0.130, 0.070, 0.090, 0.057
Dorg depends on RH depends on RH
Ci0 0, 8500 0, 10, 100, 1000, 10000
Isoprene + OH
(Morg = 90 pg m) xi(0) 0.667,0.333 0.124,0.247,0.124, 0.247, 0.259
Dorg depends on RH depends on RH
Ci0 0, 4000 0, 10, 100, 1000, 10000
a-Pinene + O3
(Morg = 140 pg m*) xi(0) 0.833,0.167 0.214,0.310, 0.227, 0.192, 0.058
Dorg depends on RH depends on RH

Table S1. Volatility distributions derived from evaporation of SOM thin films, as represented
by volatility bins C” (ug m) and initial mole fractions xi(0) of each component i.
Bold shows a priori quantities. Italics shows quantities retrieved from the model
based on constraints to the collected data sets. All terms in this table, except Do, are
taken as independent of relative humidity. They are derived for data sets at high
relative humidity that are not kinetically limited. At lower RH values, Dorg is the

optimized quantity while other quantities are held constant (Table S2).
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SOM type Relative Retrieved Dorg (M®s™)
humidity
Model 1 Model 2
Toluene + OH <5% 3% x 10 1%, x 10
Toluene + OH 33% 37 x10% 277 x 107
Toluene + OH 54% > 19, x10™07 > 2'8x 107
Isoprene + OH <5% > 19, x 10 > 19, x 10
a-Pinene + O; <5% > 1%, x 10" > 1%, x 107

Table S2. Retrieved effective diffusivities Dorg for different types of organic films. Models 1

and 2 are described in the main text. *Lower limits to diffusivity were obtained when

the observed vapor mass concentrations were not kinetically limited.
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Morg range

type arameter alue escription (ug m) eference
SOM P Val Descripti Refi
c?o 1, 10, 100, 1000 Decadal volatility
' derived from particle
Toluene + OH mass Yield of toluene 30 100 Hildebrandt
(Morg = 90 ug m) o 0.01,0.24,0.7,0.7  photooxidation at 293 etal., 2008
0,
<) 0.016, 0.346, K, <20 /oNROH, and low
! 0.542, 0.096 x
CO 0.01,0.1, 1, 10,
i 100, 1000, 10000
0.001, 0.012, Decadal volatility
i o 0.037, 0.088, derived from particle
(Ma lenfzg :gor?ﬁ) 0.099, 0.250, 0.800  Yield of a-pinene dark 0.1 to 400 Pathzel(I)<0e7t al.,
org ozonolysis at 298 K, <
0.004, 0.052, 10% RH, and low NO,.
xi(0) 0.159, 0.354,

0.250, 0.133, 0.048

Table S3. Volatility parameters reported in literature, as presented by volatility bins C° (ug

m™®) and relative mass yields a;. The initial mass fractions x;(0) of the particle

composition are calculated and listed for the My values of this study (listed in the

first column). Literature sources are selected for which the ranges of Mo Overlap

with the Mo,y measured in this study. The calculated evaporation rate and vapor

concentration are shown in Figs. 2 and S2 as a function of mass fraction of remaining

material.
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Aerosol Form

Organic
particle mass Material ~ Initial film Initial film
Precursor Oxidant concentration 0:C° H:C° density mass (ug)  thickness
Mog (kg m®)° (nm)
(ug m™)
toluene OH 90 + 10 1.08 169 155x10° 3.8-6.1 31-50
m-xylene OH 70+ 20 088 1.70 1.45x10° 17.1 150
a-pinene O3 140 + 30 043 170 1.19x10° 19.1 204
isoprene OH 90 + 40 082 190 1.36x10° 15.3 143

#Values derived from number-diameter distributions measured by a Scanning Mobility Particle
Sizer (SMPS) and analyzed using the listed material density.

®Values derived from analysis of mass spectra recorded by a High-Resolution Time-of-Flight
Aerosol Mass Spectrometer (HR-TOF-AMS). Analysis was based on the approach described by
Chenetal. (19)

“Values calculated from the O:C and H:C ratios using the method of Kuwata et al. (16)

Table S4. Precursor, oxidant, organic particle mass concentrations, elemental ratios, material
densities, initial film mass, and film thickness for the different types of SOM studied

herein.
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Table S5.

Process

Equation

Time scale (s)

Plug-flow equivalent
residence time

Equilibration time scale
between the surface region
of the film and the
boundary layer

Time scale of gas
molecules diffuse in the
cell head space

Time scale of organic
molecules diffuse in the
thin film

TTBS = VQ_l

Toqs =l '\ ZmM(BKT)™

7, =V2A?D;’

r,, =L’D,;

s org

03-04

(0.04-7) x 107

0.05

9x107-9x108

Estimated characteristic time scales of different processes related to the mass loss of

the thin film in the QCM apparatus.
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Coefficient Symbol Value Unit
Volume of the QCM Vv 4% 10° m
cell
S_urface area of the thin A 7 85 x 10° 2
film
Nitrogen flow rate Q (1.0 - 1.33)x10”’ m3s?
Temperature 293.15 K
Thlck_ness of the SOM L 3% 10 -3 x 107 m
thin film
Mass_a_ccommodatlon u 01-1 1
coefficients
D|foS|V|ty_ of organic D, 5x10° m? st
molecules in nitrogen
Diffusivity of organic
molecules in the thin Dorg 10% - 107 m®s™
film
Thickness of boundary
layer at the gas-surface I 107 - 10°® m
interface
Mass of the organic m (1.7 - 5.0) x10% kg
molecules
Boltzmann constant k 1.38 x10% m? kg s? K™

listed in Table S5.
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List of Supplementary Figures

Figure S1.

Figure S2.

Figure S3.

Figure S4.

Figure Sb5.

Figure S6.

Schematic diagram of the apparatus for vapor concentration measurement
based on the quartz-crystal microbalance (QCM).

As for Fig. 2 but for decadal volatility basis set model considering particle phase
diffusion.

The critical value of the diffusivity to volatility ratio (£ that defines the
boundary of two kinetic regimes. Data are shown as a function of particle diameter
for different values of mass accommodation coefficient a.

Sublimation pressure of n-octadecane measured at 298.15 K for method
validation. (a) Evaporation rates measured at different flow rates. (b) Sublimation
pressures measured at different flow rates. Literature data are shown for comparison
(7, 8). For each data point, error bar shows the one-sigma uncertainty propagated
from the QCM measurement. Red shading shows the overall uncertainty of multiple
measurements (95% confidence interval). Gray shading represents the estimated gas-
saturation regime. The ratio between residence time zrs to characteristic time zqq Of
gas diffusion in the flow cell is marked on upper axis.

Infrared spectra for different types of secondary organic material. Spectra were
taken at dry condition (RH < 5%). Shading areas show the absorption bands of
oxygenated functional groups.

Evaporation of different functional groups for toluene-derived secondary
organic material measured by infrared spectroscopy. Data are normalized by the
initial band areas. Colors represent data measured at different relative humidities.

The determination of band areas is described in Liu et al. (3)
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Figure S7. Infrared spectra for toluene-derived secondary organic material measured at
different values of relative humidity. Inset shows an expanded view for the

carbonyl absorption band in the region of 1550 to 1900 cm™.
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Flow and relative humidity control Quartz Crystal Microbalance (QCM)
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Sublimation pressure of n-octadecane at 298.15 K
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Figure S5

Infrared absorbance (a.u.)
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Figure S6

Remaining fraction of infrared band area
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