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1. Introduction

X-ray photoelectron spectroscopy of surfactants
on sub-micron aqueous aerosols
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Organic molecules at the aqueous interfaces of droplets and aerosols can influence multiphase
chemistry and cloud condensation nuclei activity. While surface tension measurements on flat surfaces
are commonly used to quantify organic partitioning and structure, extending these measurements to
more realistic aerosols that might exist in metastable, supercooled and supersaturated states remains a
challenge. Here, we use aerosol velocity map imaging X-ray photoelectron spectroscopy (A-VMI-XPS), a
surface-sensitive and in situ technique, to study the partitioning and structure of a model surfactant
(n-octyl B-p-thioglucopyranoside, OTG) in submicron aqueous aerosols with a mean radius of 116 nm.
After accounting for finite size effects and evaporative cooling, we find the bulk concentrations of OTG
in the aerosol are depleted 600-fold relative to macroscopic solutions. At the low temperatures of the
experiment (ca. ~188 K), we obtain a Langmuir equilibrium constant of 700 m® mol™}, which
corresponds to 4.9 m® mol™! at room temperature; a value that is consistent with prior literature
reports. Analysis of photoelectron angular distributions, peak areas, and secondary electron escape
barriers indicates a transition from a disordered surfactant layer at low [OTG] to a more structured layer
at high [OTG]. These results link macroscopic surface tension measurements to nanoparticle surfactant
behavior and demonstrate the utility of A-VMI-XPS in probing surfactant coating structure on free
aerosols, with implications for understanding the impact of organic coatings on cloud formation and
atmospheric chemistry.

11,12 13,14

reflection-absorption, nonlinear, and photoelectron
spectroscopies'>'® provide additional structural insights.

Droplets and aerosols have important roles in atmospheric pro-
cesses, including cloud droplet formation, new particle genera-
tion, gas uptake, heterogeneous reactions, and ice nucleation.
Surfactants that accumulate at the interfaces of these particles can
significantly impact the role of aerosols. For example, surfactant
partitioning to droplet surfaces can lower surface tension and
enhance the ability of droplets to act as cloud condensation nuclei
(CCN).* In addition, surfactant coatings may create interfacial
barriers between liquid and gas phases, thereby affecting multi-
phase transport and reactivity.>” Each of these processes may
influence Earth’s energy balance, or radiative forcing, highlighting
the importance of accurately quantifying surfactant behavior—a
topic that has garnered increasing attention.*™°

Surface tension measurements are commonly used to quan-
tify surfactant partitioning,® while techniques such as
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These methods are typically applied to flat, macroscopic water
surfaces, and results are often extrapolated to atmospheric
droplets. Drawing insights from macroscopic surfaces can be
challenging, however, since aerosols often exist in metastable,
supercooled, and supersaturated states with much higher sur-
face area-to-volume ratios—factors that recent studies suggest
can significantly affect surfactant partitioning and surface
tension.>*'%'718 In fact, the presence of surfactants in small
droplets has been proposed as a reason for discrepancies
between CCN activity predicted by Kohler theory and experi-
mental observations.* Hence, there is a critical need for surface-
sensitive, droplet-specific measurements to better understand
surfactant behavior in atmospheric particles.®**>°

Aerosol photoelectron spectroscopy combined with velocity
map imaging (VMI) is one of the few techniques capable of
probing free droplet surfaces in situ. Photoelectron spectro-
scopy is inherently surface-sensitive and has been used to study
surfactants at aqueous interfaces of microjets,'>>" Langmuir
troughs,'® aerosol streams,”® and droplet trains.>® Applying
photoelectron spectroscopy to aerosols is challenging as
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plumes are typically dilute, leading to low sample volume and
poor signal-to-noise ratios (SNR) in traditional photoelectron
spectrometers.”>** To address this, Ahmed and co-workers**
developed an aerosol photoelectron spectrometer incorporat-
ing VMI coupled to a synchrotron based tunable soft X-ray
source.>> % This instrument captures all photoelectrons with
kinetic energies below 60 eV, greatly improving the SNR com-
pared to hemispherical analyzers, which only detect electrons
over a narrow angular range. Since its development, the VMI-
based aerosol photoelectron spectrometer has been used to
study a variety of aqueous solutions and nanoparticles.>*™*
A persistent challenge remains, however, in accurately charac-
terizing the physical state of aerosols and nanoparticles trans-
mitted through vacuum to the point of detection, particularly
their temperature and the concentration of aerosolized solu-
tions after evaporation. Moreover, the structural characteristics
of surfactant coatings have yet to be directly investigated in free
aerosol particles.

Here aerosol velocity map imaging X-ray photoelectron
spectroscopy (A-VMI-XPS) is used to investigate the surface
adsorption and interfacial structure of a model atmospheric
surfactant, n-octyl B-o-thioglucopyranoside (OTG), in submicron
aerosols (20-250 nm radius). We characterize the aerosols at
detection using mathematical models that quantify bulk phase
depletion resulting from aerosolizing a macroscopic solution, as
well as evaporative cooling as droplets enter the vacuum environ-
ment of the A-VMI-XPS instrument. Incorporating these correc-
tions enables a direct comparison of OTG adsorption in aerosol
droplets with that observed in bulk-phase studies. Furthermore,
we demonstrate that A-VMI-XPS provides structural insights into
surfactant layers on droplets through analysis of photoelectron
angular distributions and secondary electron profiles, which
reflect interfacial organization. The results of this work not only
validate A-VMI-XPS as a robust technique for probing aerosol
surfaces but also establish new approaches for connecting
macroscopic surface studies to droplet-scale behavior, including
in atmospheric contexts.

2. Methods

2.1. Experimental

Sodium chloride (>99%, Sigma-Aldrich) and n-octyl f-p-
thioglucopyranoside (OTG, >95%, Thermofisher) were used
without further purification. Eight OTG solutions with nominal
concentrations of 0.600 mM, 0.750 mM, 0.850 mM, 1.00 mM,
1.25 mM, 2.50 mM, 5.00 mM, and 10.0 mM were made with
ultrapure water (Milli-Q, 18.2 MQ). Each solution also con-
tained 0.500 M NaCl to ensure approximately constant water
activity across all solutions.

Polydisperse nanodroplet aerosols were generated from the
macroscopic bulk OTG solutions using an atomizer (TSI Model
3076). The size distributions of the aerosols produced by the
atomizer were measured offline using a scanning mobility
particle spectrometer (SMPS) consisting of a condensation par-
ticle counter (CPC 3025A, TSI Inc.) and a differential mobility
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analyzer (DMA 3071, TSI Inc.). Note that evaporation during
SMPS measurements likely does not significantly affect the ana-
lysis presented here, see Section S11. Particle size distributions for
aerosols generated from a 0.50 mM OTG solution and a 10 mM
OTG solution are shown in Section S1. Both solutions result in
aerosols with r = 20-250 nm. Since XPS is surface-sensitive, the
particle size distribution is weighted by surface area, resulting in a
surface-area weighted mean radius of 116 nm. During photoelec-
tron spectroscopy experiments, aerosols traveled ~2 m in humi-
dified air within copper tubing to reach the spectrometer inlet
(Fig. 1), and we assume there is negligible evaporation during this
time due to the high humidity.

XPS measurements were performed at the advanced light
source (ALS) beamline 9.0.1 using an aerosol velocity map
imaging X-ray photoelectron spectroscopy (A-VMI-XPS) instrument
that has been described in detail previously.>*> A schematic is
shown in Fig. 1. Aerosols enter the spectrometer via a 200 um
diameter nozzle and travel through an aerodynamic lens (ADL)
comprised of a series of apertures designed to focus the droplets
into a beam with a diameter <1 mm (see Section S2). At the inlet
there is a significant pressure drop from atmosphere (760 Torr) to
~5 Torr, and two differential pumping regions immediately after
the outlet of the ADL further reduce the pressure in the instrument
to 10° Torr. We assume that the aerosols are in vacuum as soon
as they pass the nozzle, and they travel a total of ~50 cm in
vacuum before reaching the interaction region, where the particle
beam interacts with the X-rays from the synchrotron. The stream
of aerosols entering the spectrometer is constantly refreshed,
avoiding artifacts due to X-ray damage. The photoelectrons gener-
ated when the aerosols are exposed to X-rays are directed toward
the detector using VMI ion optics. The ion optics direct the
generated photoelectrons toward the detector, which consists of
microchannel plates, a phosphor screen, and a camera. Images are
collected for 60 seconds with aerosols present, and a second set is
collected without aerosols—using a particle filter—for gas phase
background subtraction. The reconstructed velocity map images
are obtained from the raw images using the pBASEX’® algorithm.
The scaling between radius in the reconstructed image and
electron kinetic energy is calibrated using photoelectron spectra
of gas-phase N, taken with 415-450 eV incident photons.

2.2. Modeling

The evaporative cooling of aerosols entering the spectrometer is

calculated using the Hertz-Knudsen equation,®”**
1dv _ avPo 1)
A dt  \2mmke T’

where the evaporative molecular flux from the droplet surface,
1 dN

adr ¢
sure, Py, at the interface. In the present model, P, is parame-
trized with respect to temperature using the Arden Buck
equation for pure water’® leading to, for example, P, = 3.17
kPa at 298 K and P, ~ 1 x 102 kPA at 200 K. Eqn (1) also
considers the mass m and temperature T of the evaporating
species. This form has been used for evaporative cooling in

molecules cm™? s~ ), is proportional to the vapor pres-
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Fig. 1 Experiment schematic. (A) Bulk solutions with concentration C§'2<"®

r=20-250 nm; ¢/~ uM

r | 6%; T =170-200 K; CZ°t ~ yM

are aerosolized by the nebulizer. (B) The plume consists of 20-250 nm radius

aerosols. The increase in surface-area-to-volume ratio results in bulk depletion and effective concentration, CE". Aerosols are transferred ~ 2 m in humid
air to the inlet of the spectrometer where they (C) pass through the aerodynamic lens (ADL), which collimates the plume. The aerosols undergo rapid
evaporative cooling, and at the detection point (D), the radii have reduced by ~6%, increasing the concentration to CZ', and the temperature has
dropped to 170-200 K. The VMI apparatus schematic is adapted with permission from Kostko et al., . Chem. Phys., 147, 013931. Copyright 2017 AIP

Publishing.

liquid microjets, droplet trains, and within an ADL.**™*> An
additional term for water activity, ay, is included to address
potential solute effects. Given the low concentrations of OTG
(<10 mM), we approximate the water activity as the mole
fraction of water in the NaCl solution,

nH,0
Ay = —— 20— (2)
N0 + NN + Hcl

Mass loss at the interface is coupled with the aerosol

temperature by,

d_T _ aw Py AH 312 3)
dt V2mmko T Cp <r3 (- 5)3>PH207

where AH,,;, is the latent heat of vaporization for water, C,, is
the heat capacity of water at constant pressure, and py,o is the
density of liquid water. The term (* —(r — 6)*) accounts for the
volume of the interface, where we assume an interfacial thick-
ness (6) of 1 nm. For the aerosol size range investigated here
(r < 300 nm), heat transfer across the entire droplet volume is
rapid, and temperature gradients can be neglected. This is
illustrated by estimating a timescale for heat diffusion across
a particle with an upper-bound radius » = 300 nm. Using the
thermal diffusivity of water at 0 °C of D =1.32 x 10 % cm® s/,
we find an approximate timescale for heat transport across the
particle, At ~ r?/D = 680 ns. Since the rate of evaporative
cooling is on the ps-ms timescale, the effect of thermal
gradients can be reasonably neglected for this size range. For

This journal is © the Owner Societies 2025

micron-scale droplets, however, thermal gradients will form and
could significantly impact evaporation rates. These dynamics
can be resolved by introducing additional spatial compartments.
Eqn (1)-(3) are solved simultaneously using numerical methods
to compute aerosol size and temperature for evaporative life-
times on the order of 1-10 ms.

3. Results and discussion
3.1. Accounting for aerosol effects

Aerosolized solutions of 0.60-10 mM n-octyl B-p-thiogluco-
pyranoside (OTG) were studied in the A-VMI-XPS instrument
as depicted in Fig. 1. Accurate interpretation of the photoelec-
tron spectra requires understanding the final concentration in
the aerosols at the detection point. For this, we consider the
bulk concentration of the nebulized solution (Cy@°), the
effective bulk concentration in the aerosols after nebulization
(C£M), and the bulk concentration in the detected aerosols after
evaporation in vacuum (CE®). Note that these concentrations
are related to, but distinct from, the concentrations of adsorbed
surfactant (C,qs) at each stage.

3.1.1. Bulk depletion. During aerosolization, there is a
dramatic increase in the total surface area compared with the
macroscopic sample (Fig. 1A and B). For example, if we com-
pletely aerosolize a cubic centimeter (1 cm x 1 cm x 1 cm) of
solution forming aerosols with 100 nm radii, approximately 2 X
10" aerosols will be formed. These aerosols will have a total
surface area of 3 x 10° cm?, much larger than the 1 cm? surface

Phys. Chem. Chem. Phys., 2025, 27,17521-17532 | 17523
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area of the macroscopic solution. When aerosolizing solutions
containing low concentrations of surface-active molecules, a
larger portion of the molecules adsorb to the surface, but the
substantial increase in surface area results in reduced concen-
trations in the bulk and at the surface. This effect, termed bulk
depletion, can be calculated using previous models.®** Here,

we use the form derived by Alvarez et al.:**

oo, 01 SR
G5 (meg) v o

where,

3K; Mo
f= )
and
3@ max
(= C]ch:or (6)

Ky, is the Langmuir adsorption equilibrium constant at
298 K, I'hax is the maximum adsorbed concentration, and r is
the mean radius. Macroscopic values of K, and Iy, for OTG on
a 0.5 M NaCl solution are taken from Bain et al.** (Keq = 5.9 £
0.7 m> mol " and Iy =4.8 X 107° 4 0.2 x 10 ® mol m™2.) The
XPS signal intensity is proportional to the concentration of
species adsorbed to the interface rather than the number of
particles. Representative size distributions are shown in Fig. 2A
as particle count with respect to radius (closed circles) and total
surface area with respect to radius (open triangles). We use the
particles distribution expressed as total surface area (Fig. 2A
open triangles) to determine the surface area weighted mean
radius, 116 nm, which we use in Eqn (4)-(6). For comparison,
the particle number (Fig. 2A closed circles) weighted mean
radius, 59 nm, would underestimate the average size repre-
sented in photoelectron spectra.

elnitial 02ms X6 ms ATotal Surface Area
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Using eqn (4)-(6), we find that for the droplet sizes studied
here (mean r = 116 nm), the effective bulk concentration is
approximately two orders of magnitude lower than the macro-

macro

b
600
other words, prior to aerosolization, the macroscopic bulk

concentration is on the order of mM (Fig. 1A), but once
aerosolized, partitioning to the surface reduces the bulk
concentration in the aerosols to uM levels (Fig. 1B).

3.1.2. Evaporative cooling. Droplets with effective concen-

scopic bulk concentration, or C& ~

, see Table 1. In

trations of C{" enter the spectrometer through the aerodynamic
lens (Fig. 1C) and undergo evaporative cooling, decreasing the
droplet volume and increasing the bulk concentration by the
point of detection (Fig. 1D). Once the aerosols enter, they travel
~50 cm before reaching the detection point. The speed of the
aerosols is determined by the aerodynamic lens (ADL) design
and can be calculated using the ADL calculator published by
Wang and McMurry.*® For the ADL used here, we calculate
particle velocities of 102-236 m s~ (see Section S2), resulting in
2-6 ms of evaporative cooling time prior to detection.

The method described in Section 2.2 is used to calculate
changes in temperature and size for aerosols with a range of
initial radii. A representative temperature profile for an aerosol
with the average initial radius (r= 116 nm) is shown in Fig. 2B and
final temperatures after 6 ms of evaporative cooling are shown in
Fig. 2C. Importantly, evaporative cooling plateaus before 2 ms as
indicated by the sharp drop in temperature shown in Fig. 2B. This
results in a maximum radius reduction of approximately 6%, a
minimal size change as demonstrated by the similar final radii at
2 ms and 6 ms, shown in Fig. 2A (open circles and red X’s).
Predicted temperatures at detection are between 170-200 K
depending on the initial radius as shown in Fig. 2C. As discussed
above, weighting the particle distribution by surface area is more
appropriate for interpreting surface-selective photoelectron spec-
tra, and we use the surface area weighted mean temperature,
188 K, for the remainder of this analysis. For reference, the
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< . = °
3 o X [
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Fig. 2 (A) Particle count (black closed circles) and surface area (blue open triangles) with respect to droplet radius for OTG in 0.5 M aqueous NaCl.

Particle count is plotted against the left y-axis and total surface area is plotted against the right y-axis. Note that particle count distributions were
measured for both 0.5 mM OTG and 10 mM OTG solutions, but the distributions were indistinguishable (see Section S1). Error bars represent one
standard deviation across three measurements of particle count. The predicted shifts in droplet radii after undergoing evaporative cooling for 2 ms (open
circles) and 6 ms (red exes) are minimal. (B) Temperature profile for a 116 nm radius aerosol undergoing evaporative cooling in vacuum. (C) Predicted
temperatures after 6 ms of evaporative cooling relative to initial particle radii. Horizontal dashed lines indicate the number averaged final temperature,
183 K, and the surface area averaged final temperature, 188 K. Shaded areas in (A) and (C) represent the particle radii, 70-190 nm, with total surface areas
above the half maximum (i.e., the most relevant sizes for analysis).
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Table 1 Bulk concentration of OTG before nebulization (CI'?<"°), after
nebulization (CE™, and after evaporation in vacuum (CE€Y

e (mm) G5 (mM) G (M) G (M)
10 1.5 x 1072 15 17.8

5.0 71 %1073 7.1 8.6

2.5 3.5 x 10° 3.5 4.2

1.3 1.7 x 103 1.7 2.1

1.0 1.4 x 1073 1.4 1.7
0.85 1.2 x 1073 1.2 1.4
0.75 1.0 x 1073 1.0 1.2
0.60 8.2 x 1074 0.82 1.0
0.50 6.8 x 10°* 0.68 0.82

number weighted mean temperature, 183 K, would underpredict
the average temperature represented by the photoelectron spectra.

Finally, we calculate the bulk concentration at detection,
Ciet by accounting for the volume decrease due to evaporation,
shown in Table 1. The concentration at detection will be used
for all further discussion.

3.2. X-ray photoelectron spectroscopy (XPS) results

Core level C (1s) XPS spectra of OTG aerosols with Ci¢* = 0.82-
17.8 pM (see Table 1 for corresponding macroscopic solution
concentrations) were obtained using 310 eV incident photon
energy. Note that the macroscopic solutions also contained
0.50 M NaCl to reduce the variability in aerosol sizes with
changes in the macroscopic bulk OTG concentration. Spectra
were collected as measured intensity with respect to electron
kinetic energy (KE) and converted to intensity with respect to
binding energies (BE), calculated by BE = 310 eV — KE. Binding
energies are corrected by adding a constant offset such that the

View Article Online
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photoelectron peak assigned to the hydrocarbon tail is coin-
cident with the nominal binding energy for a saturated hydro-
carbon chain (285.0 eV).*® Each spectrum was obtained in
triplicate and representative spectra are shown as raw data in
Fig. 3A and after baseline subtraction in Fig. 3B.

The raw data in Fig. 3A shows a significant contribution from
secondary electrons, which are formed when primary electrons,
including the photoelectrons discussed below, interact with the
surrounding media. These interactions, or inelastic collisions,
result in decreased kinetic energy and can cause secondary
ionization, such as the ionization of the surrounding water. This
contribution mainly appears at low kinetic energies that peak
around 1 eV, but has a broad higher kinetic energy contribution,
especially at higher OTG concentrations. Baselines, including
contributions from secondary electrons, were subtracted by
fitting cubic splines to the spectra, excluding the C 1s photo-
electron peak region (BE = 282.6-288.6 eV). Sample baseline
subtracted photoelectron data are shown in Fig. 3B. While this
method over subtracts at the edges of the photoelectron peaks,
this corresponds to a minimal reduction in overall intensity.

Two distinct photoelectron peaks are observed in Fig. 3B
with BE = 285.0 eV and 286.6 eV, which are assigned to carbons
in the hydrophobic tail and hydrophilic head, respectively (see
Fig. 3B inset). A detailed description of this assignment is in
Section S4. Baseline subtracted spectra are fit with two Gaus-
sians to determine the signal intensity for each population of
photoelectrons with respect to an increasing concentration of
OTG in the aerosol bulk (Ci"); representative fits are shown in
Fig. 4A-G. See Section S5 for details regarding fitting procedure
and parameters.

A B.[ on
O Saoa
HO OH
OH
\ A )
286.6eV ; 285.0eV
Hydrophilic : : Hydrocarbon
- Head i Tail
s
2
[}
o
[}
-
=

0 5 10 15 20

Excess Kinetic Energy, KE (eV)

288 286 284 282
Binding Energy, BE (eV)

25 30

Fig. 3 Representative C 1s photoelectron spectra of aerosols with increasing OTG concentrations. (A) Raw data with respect to excess kinetic energy
(KE) showing secondary electrons and photoelectrons. Inset focuses on photoelectrons. (B) Background subtracted photoelectron data with respect to
corrected electron binding energy (BE) showing two populations of C 1s photoelectrons which can be assigned to the hydrocarbon tail (BE = 285.0 eV)
and the hydrophilic head (BE = 286.6 eV). A second data set demonstrating repeatability can be seen in Section S3. (Inset) shows OTG structure.
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Fig. 4 Photoelectron analysis. (A)—(G) Representative fits to photoelectron spectra. Note that the representative 8.6 uM spectrum (F) is the average
spectrum for clarity given the larger standard deviation in integrated intensities as shown in (H). (H) Integrated C 1s signal intensity with increasing bulk
concentration of OTG at the detection point. Experimental intensities of photoelectrons emitted from the hydrocarbon tail (BE = 285.0 eV) are shown as
closed circles and experimental intensities of photoelectrons emitted from the hydrophilic head (BE = 286.6 eV) are shown as open squares. Points are
averages of fits to 2 or 3 spectra taken at each concentration. Error bars represent one standard deviation for each set. Lines represent the fit to the
Langmuir adsorption model assuming T = 188 K (solid) and 298 K (dashed) as described in the main text. The integrated values from the second data set
demonstrating repeatability can be seen in Section S3. (1) Ratios of the integrated peak areas. Ratios are calculated as the integrated area of the peak
representing the hydrophobic tail divided by the integrated area of the peak representing the hydrophilic head. The expected ratio, 4: 3, is indicated by
the horizontal dashed line. (J) Beta asymmetry parameters representing the photoelectron angular distribution for electrons detached from tail carbons
(closed circles) and head carbons (open squares). (K) and (L) Aqueous OTG droplet schematics (not to scale). (K) At low bulk concentrations the surface is
not fully saturated, and all OTG molecules are likely disordered as shown. (L) At higher concentrations, a complete layer of OTG will be formed at the
droplet surface, and the hydrocarbon tails likely extend beyond the condensed phase. The effective attenuation length (EAL) which represents the depth
represented in the photoelectron spectra shown here, is indicated by the darker blue ring and arrows.

Integrated intensities for the 285.0 eV and 286.6 eV peaks We also examine the relative intensities of the two C 1s

are shown with respect to Ci* in Fig. 4H for the primary data
set and Section S3 for the secondary data set. The y-intercept of
a linear fit to the first four data points was subtracted from all
intensities to account for background signal. This ensures there
is 0 intensity with 0 M OTG. Intensities increase with increasing
cdet and plateau at cff > 2 pM, consistent with Langmuir
adsorption behavior.

17526 | Phys. Chem. Chem. Phys., 2025, 27, 17521-17532

peaks, which should reflect the ratio of the number of carbons
that each peak represents. Here, the 285.0 eV peak consists of
photoelectrons ejected from the 8 carbons in the hydrophobic
tail and the 286.6 eV peak consists of photoelectrons ejected
from the 6 carbons in the hydrophilic head (Fig. 3B inset),
resulting in a tail to head intensity ratio of 4: 3. This expected
ratio is compared to measured intensity ratios in Fig. 4L
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Interestingly, experimental ratios are consistent with the
expected ratio for Ci®* < 3 uM, but increase beyond 4:3 at
[OTG] > 3 pM where adsorption appears to plateau. This is

discussed further in Section 3.4.

3.3. Adsorption behavior

As previously discussed, direct interrogation of surfactant
adsorption at droplet interfaces presents significant challenges.
Here, we exploit the surface-selectivity of A-VMI-XPS and quanti-
tatively probe OTG adsorption at the surface of aerosols by fitting
the integrated peak areas with a Langmuir adsorption isotherm,

r K Cl

0= =L 7
Fmax 1 + KLCget ( )

where 0 is the surface coverage expressed as a unitless value
between 0 (no coverage) and 1 (full coverage), K, is the Langmuir
adsorption equilibrium constant in m* mol™*, and cdet is the
bulk concentration at detection. As shown in eqn (7), 0 is
typically expressed as the surface excess I" divided by the max-
imum surface excess I',.x. Here, we assume that I, would
lead to a maximum observable photoelectron peak intensity,

. . . oy 1
Imax, and instead express 6 as a ratio of intensities, —.
max

Eqn (7) was fit to both C 1s peaks simultaneously with I,ax
and K; as the adjustable parameters. Note that while K,
represents Langmuir adsorption for the entire molecule, the
intensity of the photoelectron signal (I and I,,) has a linear
relationship with the number of atoms that contribute to that
signal. To account for the different number of atoms contributing
to the tail (8 carbons) and head photoelectron peaks (6 carbons),
we use I,y for the tail peak and 0.75 x I,y for the head peak. A
Langmuir equilibrium constant, K, of 700 m® mol " is obtained
from the fit shown in Fig. 4H. Fitting eqn (7) to the second set of
data shown in Section S3 resulted in a calculated experimental
equilibrium constant of 900 m® mol ", which shows reasonable
agreement given experimental uncertainties and fit sensitivities,
which are discussed further below. Notably, the experimental
peak intensities shown in Fig. 4H diverge from the fit intensities
after the onset of surface saturation around 2 pM—especially
for the photoelectron peak corresponding to the hydrophilic
head group—suggesting that the structure of the adsorbed layer
affects the observed Langmuir behavior (discussed further in
Section 3.4).

Few studies have directly compared surface adsorption in
droplets to macroscale adsorption.®®** Here, we compare the
equilibrium constants determined for supercooled nanoscale
droplets to equilibrium constants determined for room tem-
perature macroscale flat surfaces, using the thermodynamic

relationship:
KL 0 _ _AGads
. C 7exp< RT ), (8)

where AG,qs is the Gibbs free energy of adsorption, R is the
universal gas constant, T is temperature, y is the activity
coefficient, and C° is the concentration of the standard refer-
ence solution, 10° mol m>.*” Note that there is extensive
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debate in the literature regarding the correct method for resolving
unit discrepancies when converting between Langmuir equili-
brium constants and Gibbs free energies of adsorption.*”*® Here,
we use the formulation in eqn (8) as it can be directly derived from
the Langmuir definition of equilibrium.”” Rearranging to solve for
AG,qs and assuming that AG,qs is the same in the supercooled
nanoscale droplets and room temperature macroscale flat sur-
faces, we can compute K;, at room temperature:

Y T C?
KK = o SxP [298 X In (KLT)} , )

where T = 188 K, the surface area-weighted average temperature
determined by the evaporative cooling model discussed in Section
3.1.2, and y is the activity coefficient. There is some evidence
that the activity coefficient of supercooled water may be less than
1,"%° but there are no direct measurements of water activity at
the temperatures and pressures studied here. Additionally, a
lower activity coefficient does not significantly affect the calcu-
lated K29, see Section S10. We thus use the activity coefficient at
room temperature, y = 1, for consistency with macroscopic
measurements.

We find Keq"< values of 4.9 m®> mol ' from the data shown in
Fig. 4H and 5.7 m® mol™" from the data in Section S3. These
values are consistent with macroscopic surface tension mea-
surements for 0.5 M NaCl solutions containing varying con-
centrations of OTG.>** A Langmuir fit to the literature surface
tension data® yielded Ky = 5.9 + 0.7 m®> mol ", though the
reported uncertainty only reflects the fit error, not the error that
would arise from uncertainty in I'y., discussed below.** In
practice, Langmuir equilibrium constants can span several
orders of magnitude depending on the surfactant’s surface
activity—for example, ki > 500 m® mol ' for Tween20 and
Ky > 35000 m® mol "' for C14E6, a linear poly(oxyethylene)
alkyl ether.** Additionally, changes in Ki, within the same order
of magnitude still adequately represent the experimental data
from Bain, et al.° when the maximum surface concentration,
I'max, is allowed to vary, as shown in Section S6. Varying I'ax
between 4 x 10”° mol m~> and 6 x 10~° mol m~? adequately
recreates the Bain, et al® macroscopic surface tension
data. These values correspond to molecular footprints between
28 A% per molec. and 42 A% per molec., which are both physically
realistic. The K values reported here (4.9 m®> mol™' and
5.7 m®> mol ') and the mean value reported in the literature**
(5.9 m® mol™") are in reasonable agreement considering the
uncertainties of both experiments. This agreement between
nano- and macroscale Langmuir equilibrium constants required
quantitatively accounting for the substantial bulk depletion and
lowered temperatures in the aerosols studied here.

Predicted intensities based on the room-temperature Lang-
muir equilibrium constant (4.9 m® mol ') are shown in Fig. 4H
(dashed line), representing expected surfactant adsorption
assuming only bulk depletion. The substantial underprediction
of intensity aligns with the two-order-of-magnitude decrease in
the equilibrium constant—from 700 m® mol™" at 188 K to
4.9 m® mol ™" at room temperature. Notably, atmospheric aerosols
can encounter temperatures as low as —60 °C (213 K), particularly
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in the upper troposphere and stratosphere, indicating that surfac-
tant adsorption in natural environments may be significantly
greater than what is typically observed under room-temperature
laboratory conditions.

3.4. Surfactant coating structure

The A-VMI-XPS results also provide insight into the structure of
the surfactant coating, offering additional context for atmo-
spheric aerosol behavior and helping to explain the previously
noted deviations in photoelectron peak intensities. At high
surfactant concentrations, the photoelectron peak ratios
diverge from the expected values (Fig. 41), and the headgroup
photoelectron intensities deviate from those predicted by the
Langmuir fit (Fig. 4H). We offer a physical picture for the
expected structure of OTG on droplet surfaces to explain these
deviations. The structure of organic monolayers on flat aqueous
surfaces has been well characterized in the literature, and
amphiphilic molecules like OTG are expected to align with
their hydrophilic head groups pointing towards the water and
their hydrophobic tails pointed away. At low bulk concentra-
tions, when surface coverage is low, molecules disperse, and
the hydrophobic tails adopt more disordered configurations
(Fig. 4K). As the bulk concentration increases, more molecules
adsorb to the air-water interface, eventually reaching full sur-
face coverage and forcing the hydrophobic tails into more
ordered configurations, which may extend beyond the con-
densed phase (Fig. 4L).

In photoelectron spectroscopy, the photoelectron peak
intensities are related to the likelihood that an electron can
reach the detector, which is often defined by the electron’s
effective attenuation length (EAL). The EAL accounts for elec-
tron loss due to scattering, and most of the detected electrons
can be assumed to originate from within this depth. In the
dilute case (Fig. 4K), photoelectrons emitted from the hydro-
philic head group and hydrophobic tail likely experience simi-
lar scattering and have similar EALSs, resulting in experimental
relative intensities that are consistent with the expected value
of 1.33 (4:3). As the monolayer becomes more packed, how-
ever, the hydrocarbon tails extend into the vacuum, decreasing
scattering and increasing the EAL for photoelectrons ejected
from the tail and increasing the relative number of tail photo-
electrons that reach the detector. Meanwhile, the photoelec-
trons ejected from the hydrophilic head group would
experience the same EAL as in the dilute monolayer case,
resulting in a plateau in the detected head photoelectron
intensity above 3 uM as observed in Fig. 4H (open squares).
Taken together, this would cause the ratio of tail to head
photoelectron intensities to increase above 1.33 as observed
for Ci* > 3 uM (Fig. 41).

To further explore this hypothesis, we examine the photo-
electron angular distribution, which can be used as a qualita-
tive indicator of elastic scattering.">*" Briefly, the electron
emission angles are expected to be anisotropic due to the
interaction with the p-polarized incident X-ray radiation. This
anisotropy is quantified by f, calculated from the angle-
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dependent intensity,

10)=1 +§(3coszf)— 1). (10)

A 1s electron emitted from a single atom in the gas phase
with high kinetic energy will have increased intensity along the
incident radiation’s polarization axis and decreased intensity
perpendicular to the polarization axis resulting in f = 2.
However, photoelectron emission angles become more isotro-
pic for photoelectrons that scatter from other molecules or
photoelectrons with lower kinetic energies, which allow for
greater interaction with molecular orbitals. At = 0, the angular
distribution is fully isotropic. See Section S7 for further details
about fitting f to the data presented here.

The anisotropy parameters for both head and tail photoelec-
tron populations are shown in Fig. 4]. As the bulk concen-
tration increases below the surface saturation point (3 uM), f8
for both populations increases, which can be attributed to less
scattering as more OTG molecules are pushed to the interface.
The slight differences between the f values for each population
at Ci* < 3 pM likely arise from the different kinetic energies,
but the differences become much larger at Ci* > 3 uM. This
can be attributed to a shift in molecular morphology such as
that shown in Fig. 4K-L. OTG molecular disorder at low bulk
concentrations would result in head and tail photoelectron
emissions at similar depths from the interface, while the
straightened hydrocarbon chains at higher bulk concentrations
would result in a lower effective depth for the tail photoelec-
trons and a higher effective depth for the head photoelectrons.
Previous studies’>* on amphiphilic organic molecules have
shown that the lower f values of hydrophilic head photoelec-
trons can be associated with the head group being submerged
further from the interface, and the higher f values of hydro-
phobic tail photoelectrons can be associated with the tail being
closer to the air-water interface. Thus, the separation between
B values for C¢® > 3 uM shown in Fig. 4] is consistent with the
ordered monolayer structure depicted in Fig. 4L.

The subsequent decrease in f values for both head- and tail-
related photoelectrons with further increases in bulk concen-
tration likely occurs due to increased packing of the surface
layer beyond full surface coverage, possibly forming a concen-
trated surfactant shell around the droplet surface. This is
supported by an analysis of the secondary electrons; the popu-
lation of secondary electrons (shown in Fig. 3A as the rise in
intensity at low KE) can be fit by the Henke, et al.>* model,
providing a measure of the barrier to electron escape from the
particle. The distribution of secondary electrons (SEs) can be
qualitatively fit with the relationship 7(KE) = kix,
(KE + EA)‘
where I is the kinetic energy-dependent intensity, k is a unitless
fitting factor, KE is the electron kinetic energy, and E, is the
electron affinity energy with units of ev.**** In this context, k
represents the total intensity of detected SEs and E, represents
the barrier to escape. See Section S8 for representative fits. In
Fig. 5A, we see that there are more SEs detected with increasing
concentration up to the surface saturation point (3 uM). Given
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Fig. 5 Secondary electron fit parameters k (panel A) and electron affinity
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the constant electron affinity E, = 1.7 eV in this concentration
range, the increased signal directly correlates with more SE
formation, consistent with the enhanced photoelectron inten-
sity shown in Fig. 4H. With increasing concentration beyond
3 uM, however, the SE signal decreases and the electron affinity
energy increases, suggesting a larger barrier that prevents SE
escape for detection. Kostko, et al>* found that squalene
nanoparticles had an E, of 4.4 eV, suggesting that an organic
layer would indeed have a higher SE escape barrier. Thus, the
increasing value for E, seen in Fig. 5B supports the hypothesis
that a concentrated surfactant layer forms around the droplet.
Taken together, the divergence between predicted and mea-
sured photoelectron peak intensities (Fig. 4H), increasing
photoelectron peak intensity ratios (Fig. 41), decreasing f values
(Fig. 4]), and increasing electron affinity barriers (Fig. 5B)—all
at concentrations above 3 pM—present strong evidence for a
concentrated surfactant layer at the surface of the aerosols.
This is particularly striking when we consider that very little
surfactant would be at the droplet surface at room temperature
given the bulk depletion that occurs during aerosolization.

4. Conclusions

Accurate quantification of the impact of surfactants on atmo-
spheric processes requires surface-sensitive measurements in
droplets. Aerosol velocity map imaging X-ray photoelectron
spectroscopy (A-VMI-XPS) provides direct probing of droplet
surfaces, offering advantages over flat or cylindrical liquid
microjet setups that only model them. However, a key barrier
to broader adoption has been the uncertainty about aerosol
behavior in vacuum. Here, we studied surfactant adsorption
and structure in sub-micron aerosols (10-250 nm radius)
produced from solutions with varying concentrations of OTG,
a model atmospheric surfactant. Modeling predicted bulk
concentration reduction by a factor of 600 during aerosoliza-
tion, minimal evaporation (< 6% by radius), and rapid cooling
to an average temperature of 188 K in the A-VMI-XPS
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instrument. Kostko et al.**
meter may exist in a supercooled or mixed-phase state. While
further work is ongoing to distinguish between these two
possibilities, the agreement between the Langmuir isotherm
and the experimental data shown here may suggest that at least
the surface of the aerosol remains liquid.

We fit concentration-dependent photoelectron intensities—cor-
rected for bulk depletion—to a modified Langmuir equation,
demonstrating significant surface adsorption in the supercooled
188 K aerosols (Ki, = 700 m® mol ' and 900 m® mol " for the two
data sets). We use eqn (9) to calculate equivalent room tempera-
ture Langmuir adsorption constants, K;°®€ = 4.9 m® mol " and
5.7 m® mol ', a remarkable 2 orders-of-magnitude decrease in
adsorption with the increased temperature. Additionally, the
calculated values of K7°® show reasonable agreement with the
mean literature value of 5.9 m® mol '.** This establishes that
Langmuir adsorption constants in sub-micron droplets can be
linked to those from flat macroscopic surfaces by considering bulk
depletion and temperature effects on adsorption.

Despite its lower kinetic energy resolution compared to
hemispherical analyzers, A-VMI-XPS uniquely enables structural
studies of surfactants on droplet surfaces. VMI captures all
emitted electrons with kinetic energies below 60 eV, allowing
simultaneous detection of photoelectron and secondary electron
populations, including direct measurement of photoelectron
angular distributions. The measured changes in relative photo-
electron intensities, decreased photoelectron anisotropy (f3),
reduced secondary electron signals, and increased escape bar-
riers all indicate that aerosols develop a concentrated surfactant
surface layer at high bulk OTG concentrations. Differences in
head and tail photoelectron anisotropy at these concentrations
indicate a more ordered surfactant layer. Many studies have

suggested droplets in the spectro-

examined the structure of surfactants at flat water surfaces or
their influence on the physicochemical properties of droplets.
However, few have directly probed the surfactant structure on
free droplets with surface-specificity.'*>>>¢ To our knowledge,
this is one of the first in situ investigations of the surfactant layer
on droplets—and the first to use XPS to analyze surfactant
structure on aqueous droplets.

It is noteworthy that the temperature of the aerosols in the
A-VMI-XPS instrument (188 K) approaches the temperature of
atmospheric aerosols, which may be as low as —60 °C (213 K).
This similarity in temperatures suggests that atmospheric aero-
sols, particularly those in the upper troposphere and stratosphere,
likely also exhibit the significant increase in adsorption demon-
strated here. Consequently, the use of room-temperature adsorp-
tion equilibrium constants in atmospheric models could
substantially underpredict surfactant adsorption—potentially by
orders of magnitude. Additionally, the contactless environment in
the A-VMI-XPS instrument may facilitate the study of supercooled
aerosols, overcoming limitations in conventional lab setups where
similar studies are challenging. Analogous investigations of neb-
ulized solutions, using the A-VMI-XPS instrument or a similar
contactless and temperature-dependent technique, can serve as a
necessary complement to those performed in the room tempera-
ture laboratory environment. Aerosol photoelectron spectroscopy
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offers a valuable method to study gas-liquid interfaces, providing
detailed insights into microdroplet chemistry and surfactant
behavior with implications for atmospheric processes such as
cloud formation.
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