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Our recent work reported in situ observations of the che-
mical composition of laboratory-generated aerosol par-
ticle surfaces1. In a Matters Arising (MA) Article we are

here replying to, Marchioro et al. raised an issue regarding the
system’s detection limit in terms of particle density for the given
particle sizes in our measurements. Their means for supporting
this claim contains postulates based on a system not identical to
ours. Our work1 does not claim that the vibrational sum-
frequency scattering (VSFS) signals are generated explicitly from
40 to 100 nm diameter particles; instead, we stated, “The density
of particles was estimated to be ca. 3.8 × 106 cm−3, with a dia-
meter centered at near 40 nm, and size distribution spanning
from 10 nm to 300 nm.” We feel that due to incompatible com-
parisons, the MA Article made incorrect assumptions and con-
clusions about the detection limit of our system in terms of
particle density based on the Rayleigh–Gans–Debye (RGD) the-
ory. We believe that the issues raised in the MA Article we here
reply to are inapplicable to our work as demonstrated below.

(1) Density-dependent non-resonant second-harmonic scat-
tering (SHS) measurements are limited to background
Hyper–Rayleigh signals of D2O: the MA Article showed non-
resonant SHS with a high-repetition rate laser, which is not
relevant to our study. The key difference between their system
and ours is the fact that they use a liquid–liquid system while we
use a liquid–gas system. Such differences are expected to modify
the (1) physical-chemical environment, and (2) the molecular
orientation and distribution at the aerosol-ambient interface. For
their system, ISHStotalðNÞ ¼ ISHSD2O

þ ISHSparticleðNÞ, where N is the density
of the particles and I is the intensity at the double frequency.
Although the SHS signals are linearly dependent on the particle
density, the detection limit of non-resonant SHS signals is limited
by the background signal from D2O. Thus, the non-resonant SHS
of the 100 kHz system in the MA Article does not provide strong
evidence against the detection limit of our system.

(2) Resonant sum-frequency scattering (SFS) measurements with
a 1 kHz laser are limited to low collection efficiency: first, the col-
lection efficiency in the MA Article (1–10 kHz) is at least 10× lower
than that in our recent work (100 kHz laser system)1. In addition,

the fluence of the visible pulse plays a vital role in signal intensity:
ISFS / IVisIIR, where Ii are the fluences of the relevant beams2. As
this metric was not reported in the MA Article, it is unclear if it was
accounted for in the calculations. Further affirmation of the effect of
incident fluence is the difference between the IR fluence in our
recent work versus those reported in Table 1 of the MA Article,
which results in a 16-fold amplification of the SFS signal. Second,
the MA Article investigated deuterated hexadecane droplets, with a
109 ± 1 nm average hydrodynamic radius, stabilized with 8mM
sodium dodecyl sulfate in D2O, with a path length of 200 μm. Based
on the infrared transmission spectrum acquired for D2O by Car-
penter et al.3, the transmission of the IR pulse energy is <18% at
2900 cm−1. The high absorption of D2O and the materials
attenuates the IR pulse, resulting in a significant decrease in the
generated SFS signals. On the other hand, our system consists
simply of water droplets in nitrogen, for which the transmission of
all relevant wavelengths involved in the SF process in our system is
>99%. This contrast easily brings signals up by one to two orders of
magnitude. Together, the signal levels in our case could be at least
103–104 higher than those in the MA Article. The use of a gas
environment not only significantly improves the optical transmis-
sion but also removes contributions arising from interactions of the
particle surface with its environment. Such interactions could
substantially modify the surface nonlinear susceptibility of the
particle as well as generate higher-order nonlinear optical con-
tributions arising from, e.g., double-layer or field-induced effects.

(3) Size-dependence of nonlinear scattering signals: our group
has been working on developing a theoretical understanding of our
experimental results of VSFS from aerosol particles since it was first
observed that they did not align with previous theories1, 4. However,
there are still a few details that need addressing, so for now, we will
continue to use the available theoretical works in order to address
the remarks in the MA Article. Aerosol particles used in the original
communication span the size range of 10–300 nm, with a density of
3.8 × 106 cm−3. Our recent size-dependent SFS measurements have
shown that the majority of the signal comes from particles from 10
to 300 nm in diameter, as discussed below. For this considered size
range, the size parameter ka varies from 0.08 to 2.38, and
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consequently, the nonlinear scattering theory for small particle,
which predicts a signal dependence of (ka)6 would not be applic-
able. Based on Figure 1B in the MA Article (reproduced in Sup-
plementary Note 1 and Supplementary Fig. S1), it shows that a
particle density of 1014 cm−3 would be required to observe an SFS
signal from particles with 40 nm diameter. Supplementary Note 1
also shows how our experimental data would fit into this plot: the
solid blue diamonds denote the size range for our experiments,
whereas the open blue diamonds represent the proposed necessary
density from the MA Article. It is shown that this highly con-
tributing region between the solid blue diamonds overlaps with the
range previously observed (red squares), which means that the
density required for our experiments would be on the order of
1010 cm−3. The four orders of magnitude difference between the
observed 106 and supposed 1010 cm−3 values, the discussed dis-
crepancy in Supplementary Note 1, is made up for by the advan-
tages of pulse fluence, repetition rate, and optical transmission as
discussed herein. Together, the signal level from our system is
readily attainable.

(4) The observed VSFS signal has negligible contributions from
particles larger than 1 μm in our measurements1: additional
experiments were conducted to demonstrate this fact using par-
ticles generated by the same methods as reported previously, using
6M ethanol in 0.5M NaCl1, 4. To check if our signals were from
particles larger than 1 μm, we introduced an impactor (MOUDI™
100-R, MSP Corp.) to filter out larger particles, as shown sche-
matically in Fig. 1a and Supplementary Note 2, and Supplemen-
tary Fig. S2. The MOUDI™ is an industry standard for studying
particles and their size distribution which has been well developed
for decades5. It is noted that only particles larger than 200 nm in
diameter were measured in this case (GRIMM Dust Monitor
1.100, Grimm Technologies Inc.), since we focused only on how
large particles contribute to our observations. First, we tested the
sensitivity of particle size measurements. Figure 1b shows particle
distribution up to 5 μm from ambient air in our laboratory. Such
measurements indicate that the particle sizer is capable of

detecting tens of particles per liter in the given size range, as
specified by the manufacturer. Second, we used the impactor to
filter particles larger than 350 nm. The resulting VSFS spectrum
and corresponding particle distribution are shown in Fig. 1c, d,
respectively. Observing particles in this size range, we were still
able to see a clear VSFS spectrum, with an intensity of 20% less
than that without the filter. Third, we used the particle impactor to
selectively decrease the density of smaller particles and introduce
larger particles. Unlike the conjecture suggested in the MA Article,
our VSFS signal was, in fact, lower for these size-selected particles,
as shown in Fig. 1e. The corresponding size distribution data for
this test are shown in Fig. 1f Moreover, we utilized a 90° VSFS
collection geometry, which preferentially selects signals from
particles much smaller than the relevant wavelengths6. Together,
the VSFS signal observed in our recent work was not from par-
ticles larger than 1 μm and comes from the broad distribution of
aerosol particle sizes of 10–300 nm.

(5) Crystal formations on the aerosol surface are unlikely1: the
MA Article suggests that our VSFS signals might also be
explained by a semicrystalline layer on the surface of the aerosol
droplets. However, the humidity surrounding the aerosols was
greater than the deliquescence point of NaCl aerosol particles7–9.
The high solubility of the organics used in our work also invali-
dates the claim of a crystalline presence1. In addition, n-alcohols
(C= 1–4) used in our follow-up report4 provided similar VSFS
signal intensities to those in our recent work, and we believe that
there is no reason to expect alcohol species to form crystalline or
semicrystalline layers on the aerosol surface under high-humidity
conditions. Previous experiments by Qian et al. investigating the
effects of salt concentration and relative humidity on particle
surface properties demonstrate some of the possible effects that
crystalline formation can have on SHS intensity7. Figures 3B and
D in the original article compare the SHS signals from aerosol
particles at different humidities, above and below the deliques-
cence point of NaCl, respectively. Observing the first points for
the different isotherms, we find that there is an approximate 2×

Fig. 1 Size-dependence of vibrational sum-frequency scattering (VSFS) signals. a Schematic of the experimental setup. b Size distribution of particles
from ambient air in our laboratory. c VSFS spectrum of particles with 10–350 nm diameter. d Size distribution of particles less than 350 nm after filtering.
e VSFS spectrum of particles with diameters >265 nm. f Size distribution of particles >265 nm. All beams are horizontally polarized.
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increase in the SHS intensity for crystalline NaCl particles over
the aqueous species. It is, however, unclear if the dye molecules
used in these experiments were crystalline under these conditions.
Based on this observation, and the humidity surrounding the
particles in our recent work, it is unlikely that crystalline for-
mation contributed to our SFS signals.

(6) Signal-to-noise ratio (SNR): the SNR is an effective measure
of the sensitivity of an instrument. However, it is highly depen-
dent on the laser system, detection system, molecular system,
ambient environment, and, most importantly, spectral acquisition
time; and is therefore typically an intrasystem quantity10. For this
reason, a more suitable comparison would be to calculate the
generated photons/s and then complete the comparison by
accounting for the quantum efficiency of a given detector at the
appropriate wavelength. It is necessary to find a common ground
with which to compare the instrumental systems that accounts
for all variables, especially acquisition time.

In summary, our measurements of the vibrational features from
laboratory-generated aerosol particle surfaces have been carried
out in a rigorous, meticulous, and well-calibrated fashion, and
thus, we believe are accurate. Although our preliminary results are
promising, there is still yet much to be explored about the fun-
damental physics behind the interesting observations from aerosol
particles. At this point, we do not yet have a clear understanding
of the physical and chemical mechanisms governing nonlinear
scattering from water droplets in the air. To gain further insights
into the scattering mechanism in our system, we plan to carry out
angle-dependent VSFS experiments for a narrow distribution of
aerosol particle sizes in the future. Meanwhile, a common ground
needs to be established as a benchmark for other researchers who
wish to conduct SFS experiments on aerosol particles, a common
ground that is not optically and chemically different.

The VSFS signals in our case originate from the broad dis-
tribution of aerosol particle sizes of 10–300 nm, i.e., a system of
nanoparticles suspended in the gas. We believe that the reasons
for our SFS signal being above the calculated detection limit in the
MA Article are valid and significant, and affect the detection limit
as follows: 4× difference in IR fluence contributes to 16× differ-
ence in signal level (assuming that the fluence difference in the
visible beam is similar, however, this was not reported); repetition
rate of 100 not 1–10 kHz gives 10–102 increase in signal; study of
particles in a dispersive medium leads to strong IR absorption
which gives 10–102 lower signals; using RGD scattering theory
based off ka gives signal proportionality to a3 not a6 which leaves
the discussed discrepancy of 104 cm−3 which is accounted for by
the other factors above. Based on these estimates, the observation
of a clear SFS signal from aerosol particles with the specifications
in our recent work is quite feasible.

Data availability
All relevant data for this work have been uploaded and can be accessed through https://
doi.org/10.6084/m9.figshare.2268488811.
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