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ABSTRACT: The surfaces of secondary organic aerosol particles are
notoriously difficult to access experimentally, even though they are the key
location where exchange between the aerosol particle phase and its gas
phase occurs. Here, we overcome this difficulty by applying standard and
sub- 1 cm−1 resolution vibrational sum frequency generation (SFG)
spectroscopy to detect C−H oscillators at the surfaces of secondary organic
material (SOM) prepared from the ozonolysis of α-pinene at Harvard
University and at the University of California, Irvine, that were subsequently
collected on Teflon filters as well as CaF2 windows using electrostatic deposition. We find both samples yield comparable SFG
spectra featuring an intense peak at 2940 cm−1 that are independent of spectral resolution and location or method of preparation.
We hypothesize that the SFG spectra are due to surface-active C−H oscillators associated with the four-membered ring motif of
α-pinene, which produces an unresolvable spectral continuum of approximately 50 cm−1 width reminiscent of the similar, albeit
much broader, O−H stretching continuum observed in the SFG spectra of aqueous surfaces. Upon subjecting the SOM samples
to cycles in relative humidity (RH) between <2% RH and ∼95% RH, we observe reversible changes in the SFG signal intensity
across the entire spectral range surveyed for a polarization combination probing components of the vibrational transition dipole
moments that are oriented parallel to the plane of incidence, but no signal intensity changes for any other polarization
combination investigated. These results support the notion that the C−H oscillators at the surfaces of α-pinene-derived SOM
deposited on CaF2 windows shift back and forth between two different molecular orientation distributions as the RH is lowered
(more ordered) or raised (less ordered). The findings thus point toward the presence of a reversible surface switch for hindering
(more ordered, <2%RH) and promoting (less ordered, ∼95%RH) exchange between the aerosol particle phase and its gas phase.

I. INTRODUCTION

The propensity of atmospheric organic particles to undergo
growth and participate in chemical reactions is thought to be
influenced by the ambient relative humidity (RH).1−4

Specifically, water has been proposed to act as a plasticizer,3

with its presence leading to decreases in the viscosity of
secondary organic material (SOM) by orders of magnitude
under high compared to low RH. By means of illustration, one
can think of SOM as either “marble-like” under low RH,
“honey-like” under intermediate RH, and “liquid-like” under
saturated conditions.1,2 Given the importance of organic
particles in the climate system,4−14 and the dynamic nature
of relative humidity in most environmental settings,15,16 it is
reasonable to consider SOM as suspended nanoscale reaction
vessels in which atmospherically significant chemical and
physical processes can occur for time durations dictated by
the material viscosity. Compounds formed inside the particles
under high RH conditions are therefore expected to be “locked

in” under low RH conditions until the RH rises again,
effectively turning organic particles under low RH conditions
into time capsules of chemical composition, with high and low
RH acting as a switch. Likewise, reports of increased ozonolysis
of CC double bond containing species with increasing RH17

and further increased reactivity in the presence of water18 point
toward the possibility that RH-dependent changes of SOM
properties may influence heterogeneous reactions as well.
Here, we hypothesize that particles transitioning from

“marble-like” to “honey-like” present molecules to the external
world that are subject to RH-dependent differences in
molecular orientation distributions. Similar to reports of
orientation-dependent heterogeneous reactions of olefin stereo-
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isomers,19,20 such differences could influence heterogeneous
processes occurring at the particle surfaces, and subsequently
the particle interior. Reflecting on this situation is important, as
one could consider interfacial environments characterized by
highly oriented C−H groups as largely impenetrable to gas
phase species, while a disordered array of C−H groups may
permit more efficient surface accommodation and absorption
into the bulk.21−23

While it is currently not possible to selectively probe the
surfaces of suspended particles under ambient conditions using
molecular spectroscopy, one can do so by applying vibrational
sum frequency generation (SFG) spectroscopy to particles
immobilized on Teflon filters or optical windows. Using this
approach, we have provided the first molecular spectra of
SOM,14,24−25 identified trans-β-IEPOX to be the majority
species on the surfaces of isoprene-derived SOM,26 and
reported 20 ng per filter limits of detecting α-pinene-derived
SOM.27 SFG spectroscopy is also a well-established surface
analysis method for determining molecular orientation
distributions of organic ligands on nanomaterials28−32 and of
organic materials undergoing phase transitions33 or being
submersed in environments of varying dielectric constant.34 For
instance, Shen and co-workers reported spectral intensity
reductions in the methylene C−H stretching region upon
freezing eicosane (C20H42) and attributed this observation to a
reduction in gauche (−CH2−CH2−) defects.33 Concomitant
with this change in the SFG spectra was a substantial SFG
signal increase in the methyl C−H stretching region, consistent
with an increase in molecular order upon freezing of eicosane.
Likewise, Chen and co-workers reported SFG spectra from C−
H oscillators on polymer side chains that identify changes in
their molecular orientation as the polymer is placed in water
versus air.34 Most recently, Richmond and co-workers35 clearly
showed increases in the SFG signal intensities from C−H
stretches of a charged polymer as the extent of molecular order
within the surface-localized polymer increased by the addition
of Ca2+ ions.
Our current study presents the first RH-dependent vibra-

tional SFG spectra obtained from the surfaces of α-pinene-
derived SOM deposited on as well as transferred on to optical
windows and reports that “marble-like”1,2 and “honey-like”1,2

SOMs present more ordered and less ordered C−H oscillators,
respectively, to the external world. We find fully reversible
changes in the SFG responses as we subject the SOM to < 2%
RH and ∼95% RH and discuss the atmospheric implications of
our findings in the context of the propensity of atmospheric
organic particles to undergo particle growth, participate in
chemical reactions, and cloud condensation nuclei (CCN)
activity.

II. EXPERIMENTAL SECTION
II.1. α-Pinene-Derived SOM. Aerosol particles were

prepared by ozonolysis of the volatile precursor α-pinene in a
flow tube reactor at Harvard University27 and in a smog
chamber at the University of California, Irvine.36 At the
Harvard flow tube reactor, α-pinene and ozone were injected
via two different inlets into a flow tube maintained at ambient
temperature and pressure under conditions that can lead to
condensational and coagulative growth. The particles were
grown without seed particles and ranged in mode diameters
from 35 to 105 nm, depending under what conditions they
were prepared and collected. The aerosol particles were
collected on Teflon filters following our previously published

methods, with a collection efficiency of 98%.14,24,26,27, In the
chamber case, a SOM particle sample was prepared from 137
ppb of (-)−α-pinene and 400 ppb of ozone and collected on a
Teflon filter (Whatman, 46.2 mm diameter, part # 7592-104)
for about 34 minutes using a home-built Teflon impactor. The
smog chamber has been described in detail previously.36

Additionally, an electrostatic precipitator (TSI 3089) at
Harvard was employed in this work in order to distribute
aerosol particles uniformly on CaF2 optical windows (ISP
Optics), which were used directly for the spectroscopic
analyses.37 The window was placed on the high voltage
electrode of the electrostatic precipitator; particles charged by
the neutralizer were deposited for 30 min to 2 h onto the
substrate with a flow rate of 2 L min−1. The CaF2 windows
were first cleaned in methanol and then in Millipore water and
dried in an oven, followed by a plasma cleaner (Harrick
Plasma) at Northwestern, and using a UV/ozone cleaner
(Windsor Scientific, model ProCleaner-Plus) at Harvard, to
avoid contamination with organic species deposited from lab
air. The SOM-containing Teflon filters collected at Harvard, on
the other hand, were pressed by hand against clean CaF2 optical
windows to transfer SOM onto them, followed by removal of
the filter from the windows and subsequent analysis. The mass
of the particles collected on the filter was estimated by using
the following equation:

η=m ft cmass (1)

Here, f is flow rate, t is collection time, η is collection efficiency,
and cmass is the particle mass concentration obtained from a
scanning mobility particle sizer, assuming a particle density of
1200 kg m−3 and a collection efficiency near unity. Table SI in
the Supporting Information lists the pinene and ozone
concentration used for preparing the SOM (at Harvard) for
the samples studied here for relative humidity experiments, the
particle collection time, and whether the particles were
collected on a Teflon filter or an optical window.

II.2. Relative Humidity Flow Cell and SFG Experi-
ments. The SOM-deposited and SOM-pressed windows were
used in a home-built relative humidity (RH)-controlled flow
system (Figure 1A). We sent helium gas across the SOM-
containing optical windows via a dry and a humidified flow line,
with the latter consisting of a bubbler containing Millipore
water . Mass flow control lers (MKS, model no .
M100B14CS1BN) connected to an A/D converter (MKS,
type 247) were used to regulate the helium flow through the
two lines under the constraint of constant He flow such that a
desired RH value, measured by a calibrated RH meter (Omega
Engineering, RH-USB, 2% to 98% RH range, uncertainty of ±3
percentage points), was reached. Measured relative humidity
values of 91% to 95%, termed “wet”, and below 2%, termed
“dry”, were employed in this study, and RH jumps between
these values took about 2 min using our sample cell, which had
an internal volume of approximately 7 cm3.
Our previous studies have shown SFG to be a nondestructive

and a sensitive technique for analyzing nanogram amounts of
SOM under ambient conditions.14,24,27 For the samples studied
here, we employed standard resolution (10−15 cm−1) SFG
spectroscopy and directed a broadband infrared and a visible
beam through the CaF2 window at incident angles of 60° and
45°, respectively, and overlapped them in time and space to
generate SFG signals that oscillated at the sum of the two input
frequencies (Figure 1B). After accounting for refraction of the
beams through the CaF2 window, the incident angles of
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infrared and visible beams at the SOM/CaF2 interface were 38°
and 30°, respectively. The infrared light field was tuned to the
C−H stretching region to probe the SFG signal arising from
the C−H oscillators located at the SOM/air interface, with
negligible signal contributions from internal interfaces, should
any exist within the particles.38 Given that the Fresnel
coefficients that determine how many SFG signal photons are
transmitted from the interface to the detector depend on the
difference in refractive index, the SFG signal detected here was
mostly due to the interfacial regions characterized by the largest
refractive index changes, which was the interface between the
gas phase and the particle material on the window.
We collected the SFG spectra using the ssp (s = light field

plane-polarized perpendicular to the plane of incidence, p =
light field plane-polarized parallel to the plane of incidence,
listed in the order of the SFG, the upconverter, and the infrared
frequencies) polarization combination to probe those vibra-
tional mode components that were orientated parallel to the
plane of incidence. ppp-Polarized SFG spectra were recorded as
well to probe for molecular orientation changes. A complete
description of the standard (10−15 cm−1) and sub-1 cm−1

resolution SFG spectrometers used here was provided
earlier.14,24,27,39,40 The main difference between the 10−15
cm−1 resolution and the sub-1 cm−1 resolution SFG spectra is
that the latter can provide a nearly intrinsic spectral line shape
and can resolve much finer spectral features if any are present.41

The sub-1 cm−1 resolution SFG spectra were collected with the
incident angles of infrared and visible incident angles on the
CaF2 window at 55° and 45°, respectively.
The square root of the SFG signal intensity, ISFG, is

proportional to the SFG electromagnetic field, ESFG, which is
equal to the second order nonlinear susceptibility, χ(2), and the
energies of the incident upconverter pulse, Eω, and the infrared,
Eν.

42−45 The second order nonlinear susceptibility depends on

the number of SFG-active C−H oscillators on the SOM
surface, Nsurf, and the average molecular orientation distribution
of their molecular hyperpolarizability, βC−H, according to

χ β∝ = = ⟨ ⟩ω ν ω ν−I E E E N E ESFG SFG
(2)

surf C H (2)

Given that the visible pulse energy was less than 1 μJ and held
constant, and given that the number of SOM-containing
particles in the laser spot was constant under most conditions
(vide inf ra for exceptions), any changes in the SFG spectra were
attributable to changes in the average molecular orientation
distribution of the C−H oscillators at the SOM surface. ssp-
Polarized SFG spectra were collected for a given SOM sample
at a particular RH value for at least 10 min, with each spectral
acquisition time lasting 2 min. The acquisition time for each
ppp-polarized spectrum was 4 min long. Following our
previously described data workup procedures,14,24,27 we report
here the average of five SFG spectra for each RH condition
(wet or dry).

II.3. Characterization by Atomic Force Microscopy
(AFM) and Raman Spectroscopy under Ambient
Conditions. AFM imaging was carried out in tapping mode
using a Dimension FastScan atomic force microscope. A 10 μm
× 10 μm section of the sample was scanned at a rate of 1 Hz.
Height mode images of a clean CaF2 window and a window
containing SOM collected using the Harvard flow tube for
about 7 h by electrostatic precipitation shown in Figure 2
clearly demonstrate the presence of individual particles that
have dimensions expected for condensationally grown particles.

Raman spectra were collected using an Acton TriVista
Confocal Raman System (Princeton Instruments), which
employs a 514.5 nm gas laser. A particle sample prepared
from the ozonolysis of a 50:50 mix of (+) and (−)-α-pinene
and collected for ∼10 h by electrostatic precipitator on a CaF2
window was placed on the sample stage, and the laser beam was
focused onto it using a 10× objective lens. The Raman signal

Figure 1. Experimental setup. Panel A shows the flow/RH control
system. Panel B shows the SFG cell geometry.

Figure 2. AFM and Raman data. Panels A and B show AFM images of
a clean window and a window containing deposited particles,
respectively. Panel C shows Raman spectra of a blank CaF2 window
(bottom) and the deposited material (top); spectra are offset for
clarity.
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was then dispersed using a triple spectrograph (Acton) and
detected with a liquid-nitrogen-cooled charged coupled device.
Spectra were acquired for 1 min from 1450 to 3300 cm−1,
calibrated to poly(methyl methacrylate) (PMMA) and back-
ground subtracted. Figure 2C shows Raman spectrum for a
blank CaF2 window (bottom) while the top spectrum in the
same figure shows that most of the spectral intensity for the
SOM occurs in the carbonyl stretching region and the C−H
stretching region is associated with approximately 10 times
lower signal intensity when compared to the carbonyl
stretching region, and that aromatic or vinylic C−H stretches,
expected above 3000 cm−1, are not observed.

III. RESULTS
Figure 3 shows the SFG spectrum of α-pinene-derived SOM
collected using the Harvard flow tube reactor and recorded

using Northwestern’s SFG spectrometer matches the one from
the α-pinene-derived SOM collected using the Irvine smog
chamber (as stated in section II.1.that was recorded with a sub-
1 cm−1 spectral resolution SFG spectrometer located at Pacific
Northwest National Laboratory (PNNL). The SOM sample
used here from Harvard was prepared under the same reaction
conditions as listed for Sample 1 in Table S1 but collected for
265 minutes. In both SFG experiments, the SOM sample on a
Teflon filter had been pressed against a CaF2 window. Similar
to our prior reports,14,24,27 the SFG spectra show a dominant
peak between 2930 and 2950 cm−1 and a small peak between
2850 and 2870 cm−1 for both spectral resolutions. Just like the
Raman spectra, signals above 3000 cm−1, which would indicate
the presence of aromatic or vinylic C−H stretches, are not
observed. SFG spectra collected at both NU and PNNL are
qualitatively similar to the Raman spectrum (see Figure SI).
Unlike the case for pure α-pinene adsorbed on the CaF2 or
SiO2 windows, whose sub-1 cm−1 resolution spectra contains
10 well resolved spectral features in the 2800−3000 cm−1

region, the 1 cm−1 resolution spectrum of the α-pinene-derived
SOM sample shows broad spectral features that cannot be
resolved nearly as clearly as the adsorbed pure α-pinene.46 As
we discuss below, this result may be a reflection of considerable
chemical complexity of the α-pinene-derived SOM sample
resulting in a large number of chemically different species
contributing to the band shape on the one hand, or spectrally

broad contributions of the oscillators of just a few surface-active
species on the other. This latter situation is reminiscent of what
is observed for SFG spectra of aqueous surfaces, whose
complexity is due to coupled oscillators of just one molecular
species, namely water.44,47,48 Given the similarity in the two
spectra, and despite their dramatically different spectral
resolving power,41 we conclude that the standard resolution
of the Northwestern University SFG system is appropriate for
analyzing the surfaces of α-pinene-derived SOM and further
that SOM prepared at Harvard and Irvine produce comparable
SFG spectra.
Figure 4 shows the SFG spectra obtained from SOM sample

1 (Table Supporting Information) on a CaF2 window, which

was collected on a Teflon filter using the Harvard flow tube,
then pressed against the window and subsequently removed
from the filter. In contrast to the spectra shown in Figure 3,
where the entire IR range shown in the x-axis was covered by
the incident IR light, the spectrum shown in Figure 4 was
collected by centering the spectral range of the IR light around
2940 cm−1 with a bandwidth of approximately 120 cm−1 to
cover the strong and weak modes at 2940 and 2870 cm−1. The
advantage of this approach is that the spectrum can be recorded
in 2 min, whereas covering the entire spectral range of the C−
H stretching region takes about 10 times longer. Below, we use
this “narrow-band” approach as the 2 min spectral acquisition
times enable us to track the SFG response during RH jumps in
close to real time.
Figure 4 shows that ssp-polarized SFG signal intensity

decreases in the narrow-band spectral range probed upon
increasing the RH from <2% to 95% RH. Under “wet”
conditions, the SFG signal from the O−H oscillators of water
molecules adsorbed to the SOM surface could interfere
deconstructively with the C−H oscillators of the SOM surface
species, thus leading to the observed SFG signal intensity
reductions at high RH. Such spectral interference has been
reported for a variety of air/water interfaces containing
surfactant monolayers.49,50 We thus replaced the water in the
bubbler with deuterium oxide and repeated RH experiments
using the RH meter calibrated for H2O. Given that D2O has a
slightly lower saturation vapor pressure (2.0 kPa) than water
(2.3 kPa) at 20 °C,51,52 the D2O experiments were carried out
at 86% to 91% (as read by the RH meter). The SFG responses
observed for H2O persist when using D2O; the average percent
increase (from 6 high to low RH jumps) in the integral of the
SFG signal intensity computed from 3200 cm−1 to 2700 cm−1

for two different particle samples is 21% (range: 12% to 30%)

Figure 3. ssp-Polarized SFG spectra of secondary organic material
prepared from the ozonolysis of α-pinene using the UC Irvine smog
chamber (top) and the Harvard flow tube reactor (bottom). The
spectra are collected using a CaF2 window and recorded using
standard (10−12 cm−1, bottom) and sub-1 cm−1 (top) spectra
resolution at Northwestern University (bottom) and Pacific Northwest
National Laboratory (top). Spectra are normalized to their maximum
SFG intensity and offset by 1.0 for clarity.

Figure 4. ssp-Polarized SFG spectra of sample 1 collected in “narrow-
band” mode during exposure to <2% RH (gray) and ∼95% RH (blue).
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while the average percent decrease (from 3 low to high RH
jumps) is 27% (range: 20% to 32%). Only those RH jumps
showing "majority response" (discussed later in this section) are
employed in the above calculations.. These results provide
conclusive evidence that change in the SFG signal intensities
are not due to spectral interference between O−H/O−D and
C−H oscillators at the SOM surface (see Figure SII).
As a second important control, we calculated if possible

changes in the refractive index of air could influence the
magnitudes of the Fresnel coefficients, which are the optical
parameters that quantify the amount of light entering and
exiting the surface region in an SFG experiment. The refractive
indices based on Ciddor equation of air at 633 nm and 20 °C
are 1.000271800 and 1.000267394 at 0% RH and 100% RH,
respectively (see Table SII).53 Liu et al. reported a refractive
index for pinene-derived SOM of 1.49−1.52 at 550 nm.37 By
employing Snell’s law of refraction54 and by calculating the
Fresnel coefficients55 at 100% and 0% RH using the known
refractive index values, we estimate the ratio of the ssp-
polarized SFG intensities at high RH and low RH to be close to
1.00, indicating that refractive index changes in air for the two
different RH conditions are not large enough to rationalize the
differences in the SFG signal intensities observed in Figure 4.
We conclude from these control studies that the observed
changes in the SFG signal intensity that occur when SOM is
subjected to dry versus wet conditions are due to changes in the
molecular orientation distributions of the various SFG-active
C−H oscillators.
Given that no new spectral features appear upon changing

RH conditions in our experiments, we integrate the SFG signal
intensity from 3200 cm−1 to 2700 cm−1 to determine the
change in the SFG response for 37 RH jumps, while reducing
the effect of noise in the SFG spectra. Of 23 "wet" to "dry" and
14 "dry" to "wet" RH jumps for 4 different particle samples
(Table SI), 29 lead to a change of at least 10% in the SFG
response irrespective of the jump direction. This type of
response is termed as the "majority response" provided the
integrated value under "dry" RH is greater than that under "wet"
RH. For those RH jumps exhibiting a "majority response", the
average percent increase in the integral of the SFG signal
intensity and its standard deviation calculated from 18 "wet" to
"dry" RH jumps is 47 ± 19 % while the average percent
decrease in the integral value and its standard deviation
estimated from 11 "dry" to "wet" jumps is 38 ± 11%. The
average percent increase and decrease computed for the RH
jumps that showed "majority response" using the maximum
peak intensity at ~2940 cm−1 as opposed to the integral
between 3200 cm−1and 2700 cm−1 are statistically identical,
namely 41 ± 20% and 34 ± 13%, respectively. For the purpose
of this paper, we focus on the integral values. Furthermore,
SFG signal changes of less than 10%, irrespective of the jump
direction, and larger integral values at "wet" RH compared to
"dry" RH are considered "minority responses". As shown in
Figure 5A, only 5 of the 23 "wet" to "dry" jumps and 3 of the 14
"dry" to "wet" jumps exhibit a "minority response". Time-
dependent experiments (Figure 5B) show the change in the
SFG "majority response" is instantaneous in terms of the fastest
spectral acquisition time we employed (2 minutes). As shown
in the Supporting Information (Figure SIII), the ppp-polarized
SFG spectra show no signal intensity change upon changing
RH, irrespective of whether ssp-polarized response fall into the
"majority response" or "minority response" category.

IV. DISCUSSION AND ATMOSPHERIC IMPLICATIONS
Equation 2 indicates that there may be two causes for any
observed change in the SFG signal intensity of a system of C−
H oscillators. First, we consider the number of C−H oscillators
probed by our system. Given that the number of particles
remains constant in the experiments, and assuming that organic
material does not get lost from a given particle during the
humidification-drying cycles, we can consider the total number
of C−H oscillators per particle to remain constant. To estimate
how many of the oscillators present at the surface of a dry
particle remain at the interface upon humidification we have to
account for the hygroscopic growth of the particle. As shown in
Figure 6, the total number of C−H oscillators per particle does

not change during the hygroscopic growth but the particle
volume and the exposed surface area both increase. The
published hygroscopic growth factors for α-pinene-derived
SOM range from 1.05 to 1.12 at 95% RH,56,57 leading to a
potential reduction in the density of the C−H oscillators by a
factor ranging from 1.16 to 1.40 under wet conditions when
compared to dry conditions. However, it is probably incorrect

Figure 5. (A) Total number of SFG experimental outcomes resulting
in the majority and the minority response for RH jumps from wet to
dry (left) and dry to wet (right) conditions. (B) Time-dependent
experiment conducted that shows the increase in signal intensity as the
RH is transitioned from ∼95% to <2%.

Figure 6. Cartoon representation of RH-dependent changes in
orientation distributions of C−H oscillators at the surfaces of SOM
studied in this work used to rationalize the majority response of the
SFG spectra. SFG-active oscillators are represented in red, and the
assumption is that their number at the interface does not decrease
under elevated RH conditions.
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to assume that the number of the C−H oscillators in the SFG-
probed surface layer should drop by the same factor because
the surface-active α-pinene oxidation products may cover the
surface nearly as densely as they do in a dry particle. Along the
same line of thought, increased water content in the particles is
unlikely to drive surfactant-like compounds from the particle
bulk to the surface when compared to dry conditions, as that
scenario would result in SFG signal increases at high versus low
RH. Conversely, if the increased water content in the SOM
under “wet” conditions was to result in the displacement of
organic species from the SOM surface, where they are SFG
active, to the SOM interior, where they would be SFG inactive,
the resulting SFG signal intensity decreases would occur across
all polarization combinations surveyed. This scenario is unlikely
as the ppp-polarized SFG spectra, shown in the Supporting
Information (Figure XIII), do not change as the RH is cycled
between ∼95 and <2%.
The second factor in eq 2 describes the molecular orientation

distributions of the SFG active C−H oscillators. Given that the
SFG signal intensity reductions are generally associated with
increased surface disorder and concomitant loss in net polar
alignment of oscillators under conditions of mass conservation,
we attribute the SFG signal decreases observed under dry
versus wet conditions to substantial changes in SOM surface
disorder.58 This interpretation of our observations is supported
by reports of marble- versus honey-like properties of SOM, in
terms of its viscosity, under low versus high RH conditions.1,2

Under this interpretation, well-ordered SFG-active C−H
oscillators are described by a narrow molecular orientation
distribution of the molecular hyperpolarizability tensor, β,
under dry conditions, whereas wet conditions broaden the
orientation distribution, and thus lower the second order
susceptibility, χ(2) (Figure 6). A broadening of the molecular
orientation distribution could also coincide with a shift to
higher or lower angles in the whole distribution when
compared to the narrow orientation distributions; both
possibilities would lead to decreased SFG signal intensity
under wet conditions. The observation of ssp-polarized SFG
spectra that change intensity with RH in a fully reversible
fashion while the ppp-polarized SFG spectra remain invariant
with RH indicates for the vast majority of the experimental
outcomes that the C−H oscillators of α-pinene-derived SOM
deposited on CaF2 windows switch back and forth between two
different molecular orientation distributions in a reversible
fashion as the RH is lowered or raised. Rationalizing our
observations requires more detailed knowledge about how the
SOM shape and location on the CaF2 windows change with
RH. To this end, future studies will focus on interfacing our
tapping mode AFM instrument with an RH controlled cell, and
we will report results from those studies in due course.
In conclusion, we have shown that SOM prepared from the

ozonolysis of α-pinene and collected on Teflon filters at the
Harvard flow reactor and at the Irvine smog chamber produce
comparable SFG spectra in the C−H stretching region. This
result indicates that the surfaces of both types of SOM are
comparable, at least as viewed by SFG spectroscopy. Yet, the
finding that the SFG spectra are comparable even when probed
with at least 10 times improved spectral resolution compared to
standard resolution SFG spectroscopy indicates that the SFG
responses of the C−H oscillators at the surfaces of the SOM
studied here are too congested to be resolved. This finding is in
stark contrast to the sub-1 cm−1 resolution SFG spectroscopy
of α-pinene vapor in contact with a CaF2 window, which is

much richer in information content than its standard-resolution
SFG spectrum46 and is dominated by one sharp peak at 2930.9
± 0.1 cm−1 that features a bandwidth of just 1.40 ± 0.04 cm−1,
and a second contribution at 2939.1 ± 0.2 cm−1 that exhibits a
bandwidth of just 0.59 ± 0.07 cm−1. The question then arises
why the spectral features in the SFG spectra are not resolvable,
even when using the highest spectral resolution available in
SFG spectroscopy to date. This question highlights the need for
spectroscopic studies of SOM constituents, including com-
pounds featuring the four-membered rings often reported in
mass spectroscopic studies9,59,60 that may be further linked
through ester and/or anhydride bridge motifs to form so-called
extremely low-volatility organic compounds consisting of C20

compounds.61,62 Preliminary results indicate that SOM formed
from α-pinene, which we deuterated to spectroscopically
silence two of its three methyl groups, shows no significant
changes in the SFG responses, indicating that the SFG signals
are due to other C−H oscillators. These oscillators appear to
produce a 50 cm−1 broad continuum that is reminiscent of the
similar, albeit much broader, O−H stretching continuum
observed in the SFG spectra of aqueous surfaces that is caused
by a variety of intra- and intermolecular interactions among the
oscillators of a single molecular species (H2O).

48

All the work presented here supports the notion that the C−
H oscillators of α-pinene-derived SOM deposited on CaF2
windows switch back and forth between two different molecular
orientation distributions in a reversible fashion as the RH is
lowered or raised. The orientation distribution at high RH,
along with the possible decrease in C−H oscillator density (but
not number) per particle, is likely to represent a less dense
arrangement of organic compounds at the particle surface,
through which the transfer of molecular species exchanging
between the aerosol particle phase and its gas phase is more
facile at 95% RH when compared to <2% RH. This situation is
similar to reports of extensive CO adsorption to dendrimer
encapsulated Pt nanoparticles when they are present in a liquid
versus gas phase63 and is likely to be applicable to other classes
of atmospheric aerosol particles as well, including sea spray
aerosol.64,65 The absence of a reliable and definite assignment
of the SFG spectral features currently precludes an analysis
regarding molecular orientation angles and their distributions
from the ratio of the SFG amplitudes obtained from the ssp-
and ppp-polarized spectra. Likewise, the 50 cm−1 broad
continuum that cannot be resolved even with the best currently
available spectral resolution (sub-1 cm−1) remains enigmatic.
However, access to deuterated α-pinene, from which
deuterium-labeled SOM can be prepared, will allow us to
take steps toward understanding the SFG responses of SOM,
which will be reported in due course.
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Section, paragraph 3, sentence 1; paragraph 4, sentence 3,
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