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ABSTRACT: Organic molecules at the gas-particle interface of atmospheric aerosols
influence the heterogeneous chemistry of the aerosol and impact climate properties. The
ability to probe the molecules at the aerosol particle surface in situ therefore is important
but has been proven challenging. We report the first successful observations of molecules
at the surface of laboratory-generated aerosols suspended in air using the surface-sensitive
technique second harmonic light scattering (SHS). As a demonstration, we detect trans-4-
[4-(dibutylamino)styryl]-1-methylpyridinium iodide and determine its population and
adsorption free energy at the surface of submicron aerosol particles. This work illustrates a
new and versatile experimental approach for studying how aerosol composition may affect
the atmospheric properties.

P articulate matter in Earth’s atmosphere, also known as
atmospheric aerosols, plays critical roles in air quality,

climate, and atmospheric chemistry.1−4 Organic materials
comprise a significant fraction of small particle mass world-
wide.5−7 There is abundant indirect evidence that naturally
occurring surface-active organic material resides preferentially
at the gas-aerosol interface.8 Atmospheric aerosols containing
organic materials tend to consist of one or more liquid,9,10

although solid or semisolid particles have also been observed.11

Evidence also exists for liquid−liquid phase separation in mixed
inorganic−organic aerosols, with an organic-rich outer layer
surrounding an inorganic-rich inner core.12 Organic materials at
the gas−particle interface can influence atmospheric composi-
tion and climate by altering the heterogeneous chemistry,
optical properties, and ice and cloud nucleating ability of
atmospheric aerosols.8,13 However, despite its importance, the
chemical composition of the gas−particle interface has not been
probed directly in situ due to a lack of suitable surface-sensitive
analytical techniques.
Nonlinear optical methods such as second harmonic

generation (SHG) and sum frequency generation (SFG) have
been proven effective for investigating liquid or solid planar
surfaces,14−22 and more recently, in the form of second
harmonic scattering (SHS) and sum frequency scattering (SFS)
for surfaces of micro to nanometer size particles suspended in
liquids.23−27 These techniques have been applied to study
liquid planar surfaces for mimicking atmospheric aerosols.28−31

Recently, Geiger and co-workers used SFG to characterize the
surface of atmospheric aerosols deposited on Teflon filters.32

However, the use of these nonlinear optical techniques to
probe the surface of aerosols suspended in gases has not been
demonstrated yet. Observing aerosol interfacial composition in
situ is desirable since collecting particles onto substrates for
offline analysis can alter particle morphology and chemical

properties due to relative humidity and temperature changes,
loss of semivolatile material, or physical contact with other
particles or the substrate itself.
The challenges in probing suspended aerosol particles using

techniques such as SHS lie in the following: (1) the relatively
low number density of particles gives low SHS signal, (2) the
size of aerosols is typically around 100 nm, which is much
smaller compared to the light wavelength and causes
cancellation of the second harmonic light scattered off the
particle surface, resulting in smaller collection efficiency; and 3)
SHS from organic molecules without resonant enhancement is
usually too low to be detected. Despite these challenges, we
show in this report the first experimental detection of organic
molecules at the surface of laboratory generated aerosols
suspended in air.
A detailed description of our SHS experimental setup is

found in the Supporting Information Sections S1 and S2.
Briefly (see insert in Figure 1), a femtosecond (fs) 80 MHz
Ti:sapphire oscillator (Coherent, Micra-5) was used to generate
50 fs fundamental light centered at 800 nm with an average
power of 300 mW. The laser beam was tightly focused onto an
aerosol flow with a focal length of 5 cm. The SHS signal was
collected in the forward direction with a lens (2′ aperture, a
focal length of 5 cm, 6 cm away from the aerosol flow). A blue
glass filter and a spectrometer (PI, ACTON SP2300i) were
used for wavelength selection for detection by a single-photon
photomultiplier tube (PMT) and a single photon counter.
Aerosols were generated by compressing liquid solutions
through a constant output atomizer (TSI 3076) at a 4 L/min
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speed of pure N2 gas. A PTFE tube introduces the aerosol flow
into an enclosed chamber for SHS detection. A mechanical
pump was used to evacuate the aerosol particles out of the
chamber, and the flow rate of the pump was higher than the
aerosols input rate to ensure that there were no residue aerosols
left inside. A scanning mobility particle sizer (SMPS, TSI 3936)
was used to measure size distribution of the aerosols. The
average diameter of aerosols generated from 1 M NaCl solution
was ∼100 nm (see Supporting Information Section S3), and
typical number densities were 107 particles per cm3. As such,
only 15−20 aerosol particles were collected in our experiments
(see Supporting Information Section S4). The humidity in the
chamber was maintained at 100% so that particles were not
dried and remained aqueous after atomization until detection.
trans-4-[4-(Dibutylamino)styryl]-1-methylpyridinium iodide
(DiA4) was added into the 1 M NaCl solution to achieve
desired concentrations.
DiA4, a SHG-active hemicyanine nonlinear chromophore,33

is used as a probe molecule at the aerosol surface. The ground
state absorption spectrum of DiA4 in water shows a strong
absorption peak located at 475 nm corresponding to S0 − S1
absorption, and another band around 265 nm is also visible in
the spectrum, which is attributed to S0 − Sn absorption (see
Supporting Information Section S5). Since properties of aerosol
surface are different from those at the air/water interface, a
majority of the commonly used SHG probes at the air/water
interface were found not to be an effective SHS probe at
aerosol surface.
Figure 1 presents the emission spectra detected from the

laboratory-generated aerosols illuminated with an 800 nm light.
The peak at 400 nm, the wavelength where the SHS signal is
expected, shows up from aerosols generated from 20 μM DiA4
in 1 M NaCl solution (red circle), whereas no peak is seen from
aerosols without DiA4 molecules (gray triangle). We attribute

this 400 nm peak to coherent SHS signals from the DiA4
molecules at the aerosol surface. To support the assignment of
the SHS peak to the surface DiA4 molecules, we measured the
SHS signal from aerosols generated from a DiA4 in NaCl
solution in which another surface-active surfactant, cetyltrime-
thylammonium bromide (CTAB), is added. The addition of
CTAB with a concentration of 20 μM is expected to replace
DiA4 at the aerosol surface and subsequently causes a decrease
in the SHS signal. This was indeed the observation. In addition,
we have ruled out the possibility of reaction between DiA4 and
CTAB that may lower the concentration of DiA4 molecules in
bulk; signals at 400 nm detected from the bulk solutions of 20
μM DiA4 molecules dissolved in 1 M NaCl with and without
CTAB were observed to be the same.
Upon irradiation of the 800 nm light, DiA4 would give a 400

nm SHS signal with resonance enhancement as well as two-
photon excitation induced fluorescence (TPF). The DiA4
molecules at the aerosol surface should have similar
orientations. Consequently, their second-order polarization
will constructively interfere and give detectable SHS signal.
For the DiA4 molecules in the bulk of the aerosol or a liquid
solution, they are randomly orientated. Their second-order
polarizations will sum up as zero in the coherent SHS process
and subsequently no coherent SHS signal is expected. On the
other hand, hyper-Rayleigh scattering (HRS), as an incoherent
process, may still generate a detectable signal at 400 nm.34,35

Both the HRS and the TPF signals are linearly proportional to
the number of DiA4 molecules in the bulk solution.
We now examine the emission spectra in the range of 350 to

600 nm from aerosols and a bulk solution, which may consist of
signals from SHS, HRS, or TPF. In Figure 2, the emission
spectrum (gray triangles) detected from a bulk liquid solution
of 20 μM DiA4 in 1 M NaCl solution in a quartz cuvette shows
two peaks: A narrower band centered at 400 nm assignable to
HRS from the DiA4 molecules in the bulk solution and a

Figure 1. Emission spectra in the range of 350 to 520 nm collected
from aerosols, under 800 nm light illumination, generated from three
different solutions, including seeded aerosol, seeded aerosol with
DiA4, and seeded aerosol with mixed DiA4 and CTAB. The emission
spectrum of aerosols generated from 1 M NaCl solution (gray
triangle) shows no peak at 400 nm. The emission spectrum of aerosols
generated from the 20 μM DiA4 in 1 M NaCl solution (red circle)
displays a peak centered at 400 nm. The spectral width is due to a
broad fundamental 800 nm. After adding 20 μM CTAB into the DiA4
in NaCl solution, the SHS signals (blue square) decrease due to
replacement of DiA4 by CTAB at the aerosol surface.

Figure 2. Emission spectra in the range of 350 to 600 nm detected
from aerosols (red circle) and a bulk liquid solution (blue triangle),
respectively, under 800 nm light illumination. The two-photon
fluorescence signal at 550 nm is much stronger than the incoherent
hyper-Rayleigh scattering signal at 400 nm for the bulk liquid solution.
The 400 nm signal in the spectrum for the aerosols is attributed to the
surface DiA4 molecules as the aerosol bulk DiA4 contributes negligible
amount here based on the weak intensity of the TPF band.
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broader and much stronger band peaked at 550 nm assignable
to DiA4 TPF. The intensities of the two bands are expected to
keep the same ratio in different DiA4 concentrations. Figure 2
also displays the emission spectrum (red circles) from aerosol
particles suspended in air, made from the same solution, under
800 nm illumination. There is relatively weak TPF band from
aerosol particles because the amount of solution in aerosol
particles is much less than that from the bulk solution. In
contrast to the weak TPF, the signal at 400 nm is relatively
strong. This peak should consist of contributions from both the
SHS from the surface DiA4 and HRS from the bulk DiA4. The
HRS contribution, based on the proportion to the TPF band
intensity, to the 400 nm peak is negligible. The great majority
of the 400 nm peak intensity should therefore arise from the
SHS process of the DiA4 at the aerosol surface.
The population of DiA4 at the aerosol surface can be

determined from a measurement of the SHS signal as a
function of DiA4 concentrations in the aerosol. As a
comparison, incoherent HRS signals were also measured for
the bulk liquids solution at the same DiA4 concentrations.
Figure 3 compares integrated intensities of the 400 nm peaks

detected from both the aerosols and the bulk liquid with the

same DiA4 concentrations in the solution. The 400 nm
intensity in the aerosol emission spectra, which arises primarily
from the surface DiA4, as a function of the DiA4 concentration,
was modeled according to the modified Langmuir adsorption
isotherm25 (Supporting Information Section S6). The isotherm
model gives the number density of DiA4 molecules at surface
(Ns), and the surface adsorption constant (K). A fit to the
model yields the surface adsorption free energy of −9.68 ±

0.0002 kcal/mol and a density of (2.5 ± 0.2) × 1014 molecules/
cm2 for DiA4 at the aerosol surface. On the other hand, the 400
nm intensity from the bulk solutions increase linearly with the
DiA4 concentration, as expected from its assignment to the
HRS process.
On the basis of the effect of addition of the surfactant CTAB

(Figure 1), the comparison of the aerosols and bulk liquid
solution (Figure 2), and their concentration dependence
(Figure 3), the 400 nm signal detected from the aerosols can
be clearly assigned to DiA4 molecules at the aerosol surface and
quantitatively analyzed for the determination of surface

adsorption free energy and density. The demonstration of
this experimental capability of using SHS to detect the presence
of organic molecules at the surface of aerosols suspended in air
is imperative for characterizing real environmental systems for
understanding the growth of secondary organic aerosols. This
experimental capability has the advantage, in addition to in situ
surface sensitivity, of real-time resolution and will be versatile
for directly studying structure, kinetics, dynamics, and photo-
chemical reactions at the aerosol surface.
Even though we made significant progress to improve the

collection efficiency of the SHS signal, still SHS-active
molecules have to be used as a probe for the investigation of
organic molecules at aerosol surface. SHS-active organic
molecules can be probed directly, or alternatively, the SHS-
inactive organic molecules can be probed as competition to the
SHS-active molecules in surface adsorption.36,37 Introducing
SHS-active molecules into the aerosol system, as often done in
life sciences,38 could possibly bring complexity for the analysis
at the aerosol surface. The next logical step is to develop SFG
vibrational spectroscopy as a label-free, surface-sensitive probe
to study environmentally meaningful molecules at the aerosol
surface.
In summary, we have demonstrated that organic molecules at

the surface of laboratory-generated aerosols suspended in air
have been detected by using surface-sensitive second harmonic
scattering. The adsorption free energy and density of the
organic molecules at the aerosol surface have been
quantitatively determined. This work illustrates a new approach
for characterizing the aerosol surface in the atmosphere and
represents a significant step toward establishing understandings
of the interactions at the aerosol surface in atmospheric
processes.
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