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Victor W. Or a, Armando D. Estillorea, Alexei V. Tivanskic∗, and Vicki H. Grassianab∗

New developments in nanoscale analytical techniques have paved the way for detailed spec-
troscopic and microscopic measurements of substrate-deposited aerosol particles on a single
particle basis. Atomic force microscopy based photothermal infrared (AFM-PTIR) spectroscopy
is a technique that combines the nanometer spatial resolution of AFM with the chemical anal-
ysis capabilities of vibrational IR spectroscopy. Herein we demonstrate the capability of AFM-
PTIR to investigate single and multi-component systems comprised of inorganic salts and organic
compounds relevant to the atmosphere. Chemical and microscopic characterization of individual
particles as small as 50 nm in diameter is shown. Moreover, single particle spectro-microscopic
characterization as a function of relative humidity using this technique is shown for the first time.
These new measurements as a function of relative humidity allow for the simultaneous and in-
dependent acquisition of photothermal IR spectra, contact resonance frequency shifts, and water
uptake growth factors, providing insight on changes in the composition, stiffness, and size of the
particles, respectively. These results lay the foundation for more detailed AFM-PTIR studies of
multicomponent aerosol particles under a range of environmental conditions.

1 Introduction
Earth’s atmosphere contains suspended liquid and solid parti-
cles called aerosols, which are directly emitted from a variety of
sources (primary aerosols) or formed in the atmosphere through
gas-to-particle conversion processes (secondary aerosols).1–3 The
interaction of atmospheric aerosols with solar radiation is com-
plex, and the quantitative impacts of aerosols on climate and en-
vironment have many uncertainties due to different physicochem-
ical properties such as their size, reactivity, and affinity to interact
with water vapor to form clouds.4–7 In addition, human expo-
sure to aerosol particles have been linked to a variety of health
effects.8–12

Several recent field campaigns report variation in the chem-
ical composition and morphology of individual particles, which
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reflects diversity in the particle emission sources.13–17 A single
aerosol particle typically consists of a mixture of components;
with many aerosols containing both organic compounds and inor-
ganic salts. The presence of organic compounds within inorganic
salt aerosols in a mixed state can strongly alter the chemical re-
activity and physical properties of the aerosol.18 Thus, increas-
ing interest has been placed on studying the composition, mor-
phology, and phase state of aerosol particles comprised of both
organic compounds and inorganic salts. Adding to this complex-
ity, the components within the particle can vary in mixing states,
resulting in different internal and external morphologies and cor-
responding phase states.19–21 Morphology, phase, and chemical
composition are the vital links to understanding the impacts of
aerosol particles in the atmosphere, and there is a need for de-
tailed studies of individual particles under realistic atmospheric
conditions.

Atomic force microscopy (AFM) is an attractive and non-
destructive method that permits visualization of the microscopic
details of a particle with nanoscale spatial resolution at ambient
conditions.22,23 Table 1 summarizes some of the important re-
cent advances by Tivanski, Grassian and co-workers in using AFM
to investigate atmospherically relevant particles including accu-
rate measurements of particle size, three-dimensional (3D) struc-
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Table 1 Aerosol particle properties that can be measured using AFM compared to AFM-PTIR spectroscopy

ture, morphology, phase, 3D growth factors, organic to salt vol-
ume fraction ratio for mixed particles, and surface tension force
measurements as a function of relative humidity.24–27 While AFM
can probe the structural detail and physicochemical properties of
individual atmospheric particles, it cannot directly provide chem-
ical information about the particle. What remains a grand chal-
lenge in aerosol research is the simultaneous measurements of
the chemical composition, morphology, and properties of indi-
vidual aerosol particle especially in the nanometer size range, a
size regime important for atmospheric chemistry,28 health and
climate.29,30

Atomic force microscopy based photothermal infrared (AFM-
PTIR) spectroscopy is a photothermal induced resonance (PTIR)
technique that combines the high spatial resolution of AFM
with the chemical analysis capabilities of vibrational spec-
troscopy.31–33 Briefly, the technique converts thermal expansion
which originates from the absorption of infrared radiation, into
cantilever displacement, generating a signal proportional to the
amount of IR light absorbed. Because the displacement measured
is localized to the cantilever tip, AFM-PTIR allows chemical anal-
ysis with spatial resolution well below the diffraction limit. AFM-
PTIR has been successfully employed in various fields, including
polymers, life, medical, and material sciences.31 More recently,
Bondy et al. have demonstrated AFM-PTIR spectroscopy to in-
vestigate atmospherically relevant aerosol particles, but noted is-
sues such as low deflection signal from photothermal particle ex-
pansion, especially for small particles below 200 nm, and differ-
ing peak-to-peak ratios compared to Fourier Transform Infrared
(FTIR) spectroscopy.34

Thus, there remains a need to further develop AFM-PTIR spec-
troscopy as a quantitative tool for analysing substrate-deposited

aerosol particles. Herein, we use AFM-PTIR to measure the par-
ticle morphology and the associated chemical information of sev-
eral model aerosol particles on a single particle basis. We present
results for the infrared spectroscopic characterization of single
component aerosol particles, including ammonium sulfate (AS)
particles as small as 50 nm in diameter. Such small size range
is important due to relatively high abundance of particles below
100 nm in the troposphere and their importance as cloud conden-
sation nuclei and ice nucleators.29,35,36 In addition, we provide
similar characterization of particles as large as 2.6 microns in di-
ameter. Previous studies have shown supermicron sized particles
contribute to a significant fraction of total ice nucleators (IN).35

To further demonstrate AFM-PTIR as a technique for studying par-
ticles comprised of components that vary in both chemical and
physical properties, we present results for two component model
aerosols comprised of an organic compound, (pimelic acid (PA)
and glucose) and an inorganic salt, (sodium chloride and ammo-
nium sulfate). These were selected as important model systems
of tropospheric aerosol particles which are majorly comprised of
sea salt, inorganic sulfates, dicarboxylic acids, and saccharides.
We also show results for collecting AFM-PTIR images and spec-
tra of a single particle as a function of relative humidity for the
first time. A summary table of the advancement in capabilities
for aerosol studies using the AFM-PTIR method is provided in
Table 1. When compared to a stand-alone AFM, AFM-PTIR spec-
troscopy gives information on the samples mechanical and spec-
troscopic changes that can be coupled with the imaging and tip-
probe measurements from AFM to give a more complete picture
of the behaviour of aerosol particles in the submicron size regime.
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2 Experimental
2.1 Materials
All chemicals used were purchased directly from the manufac-
turers, utilized without further purification, and included am-
monium sulfate ((NH4)2SO4, >99%, Fischer Scientific), sodium
chloride (NaCl, ≥99%, Fischer Scientific), glucose (C6H12O6,
≥99.0%, Sigma-Aldrich), sodium nitrate (NaNO3, ≥99%, Sigma-
Aldrich), pimelic acid (C7H12O4, ≥99.0%, Sigma-Aldrich). Sin-
gle component aerosol particles were generated from a 0.5 or
1% wt/v aqueous solution using ultrapure water prepared on site
(Thermo, Barnsted EasyPure- II; ≥18.2 MΩ cm resistivity). Aque-
ous solutions of compounds (and 1:1 %wt mixtures) listed above
were atomized (TSI Inc., model 3076) to generate the aerosol
particles. The aerosol particles were then sent through two dif-
fusion dryers (TSI Inc., model 3062) at a flow rate of 1.5 lpm to
reduce the RH to ca. 5% RH. Zinc sulfide (ZnS) and Si wafer
sampling substrates (Ted Pella) were used to collect the aerosol
particles by mounting the substrate in front of an electrostatic
classifier (TSI Inc., model 3080) for 1-10 min. Due to the thick-
ness of the ZnS substrate, samples could not fit in a MOUDI or
CASCADE size selector. For relative humidity studies, hydropho-
bic substrates were prepared by cleaning Si wafer sampling sub-
strates with isopropanol and coating in commercially available
Rain-X.37,38

2.2 Atomic Force Microscopy - Photothermal Infrared Spec-
troscopy

Samples were analyzed using a commercial nanoIR2 microscopy
system (Anasys Instruments, Santa Barbara, CA, USA). The in-
strument consists of an atomic force microscope integrated with a
pulsed, tunable infrared optical parametric oscillator (OPO) laser
source with repetition rate of 1 kHz, tuning range of 850 to 2000
cm-1and 2235 to 3600 cm-1, and an average spectral resolution of
4 cm-1. The sample is irradiated with a pulsed IR laser radiation in
a top-down fashion, as shown in Fig. 1a, with a spot size of ~30
µm. The pulsed radiation is selectively absorbed by the sample,
causing rapid and transient thermal expansion, which is locally
detected by the resulting mechanical deflection change of the
AFM probe . The deflection signal is divided by the background
level of the IR source at each wavenumber to remove effects of
power variation, and PTIR spectra are produced by plotting the
resulting signal as a function of wavenumber. Under these typical
conditions, acquiring a single PTIR spectrum over an individual
particle takes approximately 10 minutes. For this study, to mini-
mize damage to the particle, the OPO laser was operated at the
lowest power that provided resolvable spectra, up to a maximum
of 0.08 mW (0.9 - 3.0% power). Particle damage in a pure or-
ganic particle was not spectrally observable until the laser power
reached 0.16 mW, as shown in Fig. S1 (See the ESI†).

AFM imaging of the laboratory generated aerosol particles were
conducted at T = 298 K, and relative humidity (RH) of ~10-20%
at ambient pressure. AFM images at a scan rate of 0.5 Hz using
gold-coated silicon nitride probes (tip radius < 30 nm) with 0.07-
0.4 and 1-7 N m-1 spring constants, and 13 ± 4 and 75 ± 15 kHz
resonant frequencies, in contact mode or tapping mode, respec-

Fig. 1 a) An illustrative representation of the main AFM-PTIR
components is shown in the overhead configuration. b) Schematic of the
environmental chamber used for relative humidity studies: top
panel-side view, and bottom panel-top view.

tively. Both probes have a lateral resolution of greater than 30 nm
and allow for PTIR spectra acquisition, but vary in their imaging
potential. In contact mode, the probe is left in contact with the
sample and moved to a user-defined region, whereas in tapping
mode, the probe is moved to a user defined location and then
brought into contact with the sample . The probe is held in con-
tact with the sample throughout the PTIR spectrum acquisition
(loading force ~0.3 - 6.0 nN.) The contact mode probe allows for
chemical and contact frequency mapping, whereas the tapping
mode probe generates phase images. Photo-thermal IR spectra
were collected with a spectral resolution of at least 8 cm-1, aver-
aging 128 laser pulses per wavenumber. All spectra shown were
taken on a single point on the particle, without any averaging
of spectra or smoothing filters applied. Unless denoted other-
wise, spectra were collected at the highest point of the particle.
Single wavenumber chemical maps are obtained by fixing the IR
source to a single wavelength and irradiating the sample as the
AFM raster scans. Chemical maps were collected at a scan rate of
0.05 Hz, averaging 16 times per pixel. For the water uptake mea-
surements, the AFM head and the aerosol sample were contained
within an environmental chamber system (Anasys Instruments,
Santa Barbara, CA, USA) equipped with humidity and tempera-
ture sensor, a schematic of which is shown in Fig. 1b. The RH
was adjusted by varying the ratio of wet and dry air controlled
by a commercial dry air generator(Nano Purification Solutions,
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model NDC-600), across the range from 0 to 90% RH. RH sensor
(Sensirion) inside the sample chamber was used to monitor the
RH to within ±1%.

2.3 FTIR Measurements: Multi-Analysis Aerosol Reactor.
The FTIR extinction measurements of aerosol particles were per-
formed on a Multi-Analysis Aerosol Reactor System (MAARS). De-
tails of this apparatus have been described previously.39,40 Briefly,
the instrument is equipped with an aerosol generator, RH sensors,
an IR extinction chamber with a pathlength of 78 cm which is po-
sitioned along the path of the IR beam (Thermo-Nicolet spectrom-
eter, Nexus Model 670) equipped with a nitrogen liquid cooled
MCT-A detector.

2.4 Volume Equivalent Diameters for Substrate Deposited
Particles and Three-Dimensional Growth Factors

To account for any particle deformation from impaction, aerosol
particles sizes are reported as the diameter (D) of a sphere with
equivalent volume (V).

D =
3

√
6V
π

Following the method used by Morris et al.41 volume growth fac-
tors determined by AFM were quantified by taking the ratio of the
volume equivalent diameters for the particle at a particular RH to
that of the dry particle.41

GFvol(RH) =
Dvol(RH)

Dvol(Dry)

3 Results and Discussion
3.1 Single-Component Aerosols
3.1.1 Ammonium Sulfate.

Fig. 2a shows the 3D AFM height image of an ammonium sulfate
particle (RH ~10%) with a volume equivalent diameter of 50 nm
on an IR inactive ZnS substrate. Fig. 2b shows the spectral region
extending from 850 to 3600 cm-1, the important spectral regions
for ammonium sulfate infrared bands. The blue, red, and green
spectra show the AFM-PTIR spectra obtained on single particles
of 2.7 µm, 180 nm, and 50 nm in volume equivalent diameter,
respectively. The black spectrum shows a comparison spectrum
taken using FTIR extinction spectra of an ensemble of AS par-
ticles. A PTIR spectrum of the ZnS substrate is shown in pur-
ple. Both AFM-PTIR and FTIR spectra shows three of the four IR-
active vibrational modes of the ammonium sulfate salt: ν3(NH +

4 )
(3230, 3064, 2868 cm-1), ν4(NH +

4 ) (1424 cm-1), and ν3(SO 2–
4 )

(1120 cm-1), with peak comparisons summarized in Table 2.42

The fourth vibrational mode of AS occurs at a frequency inacces-
sible by the tuning range of the OPO laser (below 850 cm-1).

Table 2 compares peak intensity ratios between ν4(NH +
4 ) and

ν3(SO 2–
4 ) vibrational modes across the various sized particles in

PTIR and the FTIR spectra. The PTIR spectra for submicron par-
ticles yields ν4(NH +

4 ):ν3(SO 2–
4 ) peak ratios of 1:3.1, 1:2.1, and

1:1.9 for the 180, 110, and 50 nm diameter particles, respec-
tively. The ratios for the submicron particles (1:2.4 ± 0.9) are

Fig. 2 a) 3D height image of an ammonium sulfate particle on ZnS
substrate with a volume equivalent diameter of 50 nm b) Comparison of
the spectra obtained by FTIR (black) to PTIR for particles with volume
equivalent diameters of varying sizes and the ZnS substrate. The peak
frequencies in the figure correspond to the 180 nm sized particle. There
is some variability in the peak frequencies, detailed in Table 2.c) 3D
height image of a glucose particle on ZnS substrate with a volume
equivalent diameter of 270 nm. d) PTIR spectra of glucose particles of
varying sizes, denoted by the volume equivalent diameter.

Table 2 PTIR and FTIR of Ammonium Sulfate particles and peak
intensity ratios between ν4(NH +

4 )and ν3(SO 2–
4 )

ν (cm-1)

PTIR

Vibration 2.7 µm 180 nm 110 nm 50 nm FTIR
ν3(SO 2–

4 ) 1100 1120 1109 1112 1124
ν4(NH +

4 ) 1412 1424 1426 1420 1420
ν3(NH +

4 ) 2864 2868 2860 2860 2860
3074 3064 3074 3064 3036
3224 3220 3224 3216 3230

ν4(NH +
4 ):ν3(SO 2–

4 ) 1:5.0 1:3.1 1:2.1 1:1.9 1:2.4

comparable to the peak ratio of 1:2.4 obtained for the FTIR spec-
tra of an ensemble of particles. However, when examining the
supermicron size regime, the 2.7 µm diameter particle gives a
ν4(NH +

4 ):ν3(SO 2–
4 ) peak ratio of 1:5.0, much larger than that of

the submicron sized particles. Because PTIR signal depends on
both the sample thickness and the absorbed energy per unit area
(Uabs),43 this deviation may be attributed to the nonlinearity of
the PTIR technique beyond 1 µm in sample thickness and also
differences in the power absorbed by the AS particle between the
two wavelengths. Signal intensity at a given wavelength has been
found to increase linearly with sample thickness up to ~1200 µm,
and continues to increase nonlinearly with increasing thickness
until reaching a wavelength dependent maximum.44 The nonlin-
ear behavior has been attributed to the exponentially decaying
electric field in the sample at greater thicknesses. Additionally, in
the supermicron particle, deviations in ν4(NH +

4 ):ν3(SO 2–
4 ) peak

ratios may arise from differences between the Uabs by the two vi-
brational modes, where Uabs is expected to be greater at ν3(SO 2–

4 )
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mode due to a larger absorption coefficient and penetration depth
relative to the ν4(NH +

4 ) mode.45 Thus, even in the size regime
where peak intensity growth is linear, the rate of growth may dif-
fer between the two vibrational modes. Comparing the relative
intensities of these peaks with the ν3(NH +

4 ) mode is less straight-
forward due to the difference in the pulsed laser sources used in
the two different regions.

Examining the PTIR spectrum for the 50 nm diameter AS par-
ticle, distinct peaks are present at ν3(NH +

4 )(3230, 3036, 2860
cm-1), ν4(NH +

4 ) (1420 cm-1), and ν3(SO 2–
4 ) (1112 cm-1). The

high signal from all vibrational modes suggests that chemical
characterization can be conducted for particles on the sub-50 nm
scale. AFM-PTIR spectroscopy is highly suitable for morpholog-
ical and chemical characterization of particles around the size
regimes necessary for both cloud condensation nuclei (CCN) and
IN studies, where we demonstrate the capability to image and
characterize particles across several magnitudes of atmospheri-
cally relevant size ranges.

3.1.2 Glucose.

To demonstrate AFM-PTIR’s ability to analyze organics, glucose
particles deposited on a ZnS substrate were used. Fig. 2c shows
the height image of a glucose particle with a 270 nm volume
equivalent. Fig. 2d is the PTIR spectra taken on particles of
various sizes, with the peak assignments described in Table 3.46

The peak around 1640 cm-1in the 270 nm sized particle can be
attributed to residual water from the particle. In pure organics
like glucose, the compounds are more viscous relative to inor-
ganic salts,26 making imaging in contact mode AFM more difficult
as the sharp AFM tip will result in stronger particle tip-particle
interactions that can lead to tip-induced particle movement or
even tip-induced particle destruction. Some organic particles that
have stronger intermolecular forces, or readily oligomerize, such
as methylglyoxal can be imaged and studied using contact mode
probes, shown in Fig. S2 (see the ESI†). For more fragile sam-
ples, operating AFM-PTIR in tapping mode is preferred to pre-
vent damaging the sample. However, the spring constants dif-
fer by roughly one order of magnitude, with 0.07-0.4 and 1-7 N
m-1 spring constants for contact and tapping mode probes, re-
spectively. The larger spring constant in the tapping mode probe
means that the cantilever deflection sensitivity to the photother-
mally induced particle expansions will be much lower than that
for the more flexible contact mode tip.

Table 3 Peak assignments for glucose vibrational modes observed in
AFM-PTIR spectroscopy

ν (cm-1)

Vibration PTIR Literature 46

ν(CO) + ν (CC) 1046, 1074, 1102 1025, 1050, 1111
δ(CH2) + δ(OCH) + δ(CCH) 1425, 1458 1382
νas(CH) 2896 2913
νs(CH) 2952 2944
ν(OH) 3144, 3408 3003, 3410

3.2 Two-Component Aerosols: Mixed Inorganic Salts and
Organic Compounds

3.2.1 Glucose Mixed with Sodium Chloride.

Fig. 3 a) 3D height image of a cluster of NaCl/glucose (1:1 mass ratio)
particles on ZnS substrate, with a volume equivalent diameter of 480 nm
b) Phase image c) PTIR spectra taken at NaCl-rich (red) and
glucose-rich (blue) regions with the corresponding locations marked in
panel a).

Fig. 4 a) 3D Height image of a NaCl/PA (1:1 mass ratio) particle with a
volume equivalent diameter of 510 nm b) Chemical map of the glucose
rich regions of the particle taken at 1090 cm-1.

Shown in Fig. 3a and Fig. 3b is the height and phase image of
a cluster of particles comprised of NaCl and glucose, wherein the
particles exhibit a partially engulfed phase separated morphology
at a 1:1 NaCl:glucose mass ratio.26 Fig. 3c shows the PTIR spec-
tra taken at two phase separated locations on the particle. The
spectrum corresponding to the glucose-rich core corresponds well
with the PTIR spectrum of the 270 nm glucose particle in Fig. 2d.
Similar to the glucose particle, the broad peak at 1660 cm-1is in-
dicative of water content in the glucose-rich shell. The spectrum
for the IR inactive NaCl-rich core shows significantly less intensity
than that of the IR active glucose-rich shell. However, some signal
from the core can be attributed to a thin layer of organic coating.
Detection of thin organic coatings is possible, albiet less intense
peaks are much less resolvable. While point spectra are useful for
identifying species, it does not provide an explicit description of
the spatial distribution of chemical species. AFM-PTIR provides
single wavenumber chemical maps of materials with nanometer
spatial resolution by irradiating the sample with the IR source
tuned to a single wavelength throughout the AFM scan. Mapping
wavenumbers were selected by examining PTIR spectra for ab-
sorption frequencies exclusive or predominant for one region. A
separate particle was imaged (Fig. 4a) and a chemical map was
acquired at 1090 cm-1, shown in Fig. 4b. In the chemical map, a
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majority of the signal at 1090 cm-1arises from the ν(CO) + ν(CC)
modes of the organic-rich glucose crown of the particle, while
the IR inactive ZnS substrate and sodium chloride rich core re-
main relatively inactive. Compared to single-point spectra, chem-
ical maps have far lower S/N, which is due to the significantly
lower co-averaging used in chemical mapping, and thus was un-
able to detect any thin film organic coating on the NaCl-rich core.
To obtain monolayer level sensitivity, more sophisticated meth-
ods such as resonance-enhanced AFM-PTIR are required.47 AFM-
PTIR chemical maps excel by providing nanoscale spatial distri-
butions of chemical species. In previous studies, AFM analysis of
organic volume fractions from AFM phase images operated under
the assumption that the particle core is the inorganic component
and the shell is the organic component.26 With chemical maps,
we explicitly demonstrate the organic and inorganic richness of
the core and partially engulfing shell respectively.

3.2.2 Pimelic Acid Mixed with Sodium Chloride.

Fig. 5 a) 3D height image of a NaCl/PA (1:1 mass ratio) particle with a
volume equivalent diameter of 280 nm on ZnS substrate with markers
identifying PTIR spectra locations b) Phase image c) PTIR spectra
obtained for PA rich (blue), NaCl rich (red) and ZnS (black) regions at
the corresponding locations marked in panel a).

Fig. 5 in panels a and b show the height and phase image,
respectively, for a single 280 nm particle comprised of both PA
and NaCl, with a partially engulfed phase separated morphology.
Fig. 5c shows the IR spectra taken at the particle’s different phase
regions and on the ZnS substrate. The blue marker/spectrum is
indicative of a region rich in pimelic acid, most identifiable by the
distinct carbonyl stretch (1706 cm-1). The red marker/spectrum
corresponds to a region rich in sodium chloride, characterized
by the lack of IR active bands. The small peak at around 1700
cm-1likely due to a thin coating of pimelic acid. In the parti-
cle shown, no peaks corresponding to the sodium carboxylate
salt were be observed. However, in a similar sized, homoge-
neous particle shown in Fig. S5 (See the ESI†), peaks corre-
sponding to symmetric and asymmetric -COO stretches of the
sodium-carboxylate salt48 at 1410 and 1622 cm-1respectively are
observed. AFM and other microscopy techniques can probe the
physical properties, morphology, and topography of aerosol parti-
cles, but AFM-PTIR adds the capability of correlating differences
in physical properties or morphology with differences in chemical
composition.

3.2.3 Pimelic Acid Mixed with Ammonium Sulfate Particles.

AS/PA particles were used to demonstrate AFM-PTIR’s ability to
study systems comprised of IR active inorganic salt and IR active
organic compound, in contrast to the NaCl/glucose and NaCl/PA
particles, which consisted of an IR inactive salt and IR active or-
ganic. Fig. 6a shows the AFM-PTIR spectra taken at different
parts a particle comprised of pimelic acid and ammonium and on
the ZnS substrate 280 nm away, with markers in Fig. 6d The
PA and AS particle shows two distinct IR signatures at different
regions. The red marker/spectrum corresponds to ammonium
sulfate-rich regions while the blue marker/spectrum is a region
enriched with pimelic acid.

AFM-PTIR provides single wavenumber chemical maps of ma-
terials with nanometer spatial resolution by irradiating the sam-
ple with the IR source tuned to a single wavelength throughout
the AFM scan. Mapping wavenumbers were selected by examin-
ing PTIR spectra for absorption frequencies exclusive or predom-
inant for one region. The asymmetric sulfate stretch (1136 cm-1)
and carbonyl stretch (1696 cm-1) were used to map for regions
rich in pimelic acid and ammonium sulfate respectively, shown
in Fig. 6b and Fig. 6c The most intensely absorbing regions
arise from two distinct regions within the particle. This separa-
tion is more visible with an RGB overlay of the two maps in Fig.
6d which reveals a partially engulfed morphology. This chemical
separation is consistent with cryo-TEM observations that observed
phase separation between two species, but could not provide di-
rect chemical distinction.49 Chemical maps provide information
on the distribution of chemical species and morphological assem-
blies, giving chemical context to the morphological and physical
properties observed in other microscopy techniques.32

Fig. 6 a) PTIR spectra obtained on a AS/PA particle for PA rich (blue)
AS rich (red) and ZnS (black) regions at the corresponding locations
marked in panel d. b) Chemical image of the particle at 1136 cm-1c)
Chemical image of the particle at 1698 cm-1d) RGB overlay of chemical
images in panels c and d. e) Ratio image of the frequency map at 1136
cm-1and height.

Frequency maps are simultaneously collected with chemical
maps, which plot the contact resonant frequency of the cantilever
as a function of spatial position, giving insight into differences in
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viscoelastic properties across a single particle. The contact reso-
nance frequency for a given oscillation mode is dependent on the
sample’s mechanical properties, shifting to higher values as the
stiffness or viscosity of the sample increases.32 The dependency
of these shifts on the sample’s mechanical properties is similar
to that of phase shifts in AFM tapping mode. Fig. 6e shows a
ratio of the frequency to height images of the particle using the
1136 cm-1frequency mapping. The ratio of the images was taken
to show contrast the particle contact resonance frequency from
the ZnS substrate. The ZnS substrate is IR transparent, so the
substrate region shows no absorption features. Importantly, the
collection of chemical and frequency maps is simultaneous and
independent. Therefore, frequency maps can be compared di-
rectly with chemical maps to correlate chemical and mechanical
properties. However, to obtain enough signal to extract phys-
ical properties from frequency mappings, the regions of interest
must be IR active. Examining the frequency map acquired at 1696
cm-1, shown in Fig. S6 (See the ESI†), reveals contact resonant
frequencies for only the pimelic acid region of the particle. The
region corresponding to ammonium sulfate has no IR active vi-
brational modes around 1696 cm-1and gives no spectral features.

3.3 Hygroscopic Studies: Growth Factors and Spectroscopic
Signatures for Water Uptake

Extensive work has been done in measuring the water uptake
of aerosol particles by using AFM to measure physical and mor-
phological changes, such as surface tension, and growth factors.
Currently, growth factors are the most straightforward metric for
quantifying water uptake in AFM, where a single deposited parti-
cle is imaged at incrementally higher RH levels and the spherical
diameter equivalent growth is calculated. NaCl is a well-studied
system with a known deliquescence relative humidity (DRH) of
75.1 ± 1%50 For inorganic salts such as NaCl, prior to deliques-
cence there is no uptake of water vapor, and subsequently, there
should be no change in particle size. Upon deliquescing, the
phase changes from solid particle to aqueous droplet and should
be accompanied by a significant increase in size and a correspond-
ing decrease in viscosity.

Fig. 7a and Fig. 7b show a 1.3 µm dry volume equivalent
diameter NaCl particle at 2% and 90% RH, respectively. Upon
deliquescing, the particle grows in size and changes from a crys-
talline cubic solid to a droplet. Fig. 7c shows the growth factor
and contact resonance frequency as a function of RH. Before the
DRH, there is minimal change in growth factor and contact reso-
nance frequency. However, above the DRH, a significant increase
in the growth factor (1.0 to 2.2) and a concomitant decrease in
the contact resonance frequency (260 to 52 kHz), respectively,
indicating that the particle has significantly increased in size and
decreased in viscosity. Particle growth continues with increased
water uptake at higher RH levels, the growth factor increases to
5.2. However, from 76% to 90% RH, there is no decrease in con-
tact resonance frequency. Fig. 7d shows the PTIR spectra taken at
increasing RH. Prior to the DRH of NaCl, at 75%, there is no ab-
sorbance from the IR inactive NaCl. Above the DRH, we observe
the growth of two prominent absorbance bands at 1638 and 3480

cm-1, the O-H bending and stretching modes, respectively, indica-
tive of water absorption by the particle. In agreement with an
increase in growth factor, the intensity of these two modes in-
creases with increased water uptake at higher RH levels. Thus,
we can conduct hygroscopic studies via single-particle measure-
ments of particle size, stiffness, and chemical composition. While
these results are for a supermicron sized NaCl particle, they lay
the foundation for conducting similar studies in the submicron
size regime, wherein, we can simultaneously observe changes in
morphology, mechanical properties, and physical-chemical prop-
erties as a function of water vapor concentration.

To demonstrate PTIR spectra acquisition for deliquescence
studies involving submicron sized particles, Fig. 8c shows PTIR
spectra taken on a sodium chloride with a 135 nm dry volume
equivalent diameter at 5% (red) and 85% RH (blue), with cor-
responding height images in Fig. 8a and Fig. 8b respectively.
Beyond the DRH of NaCl, we still observe the stretching (3468
cm-1) modes of the absorbed water. However, the lower inten-
sity O-H bending mode was not discernible from noise. Similar
to the supermicron-sized particle, at 85% RH we observe a 3D GF
of 2.93, but no decrease in contact resonance frequency, which
may occur due to the smaller particle size or contact with the
substrate. The size dependence of this resonance frequency shift
will be examined in more detail in future studies.

3.4 Sample Interactions with an IR Active Substrate

As infrared irradiation is not selective only to the aerosol particles,
whenever the particle of interest is irradiated, the substrate also
interacts with the incoming light. With an IR inactive substrate
such as ZnS, there are no spectral deformations from the sub-
strate absorbing IR light, but this differs when working with IR
active substrates. Substrate thermal diffusivity, substrate-sample
interactions, and substrate-IR radiation interactions are all poten-
tial issues that could result in particle deformations and spectral
distortions. These concerns are especially important when work-
ing with an IR active substrate and increasingly smaller substrate
deposited aerosol particles, which can be tens of nanometers in
thickness. With smaller and subsequently thinner particles, po-
tential interferences from the substrate absorbing IR light may
arise. The thickness threshold for these interferences can be ex-
pected to vary between particles (and substrates) comprised of
different chemical compositions and physical properties. As a pre-
liminary assessment, sodium nitrate particles were deposited on a
silicon wafer, SiO2, which have a known absorbance around 1050
cm-1.51 Sodium nitrate has a known absorbance at roughly 1360
cm-1,52 and was chosen due to the absence of any vibrational
modes near 1100 cm-1, making the presence of any substrate ab-
sorbances noticeably apparent.

For a reference, Fig. 9a shows the PTIR spectra of NaNO3 in
red and the substrate in black and Fig. 9b shows the PTIR spec-
tra for particles of varying thickness. Below 200 nm thickness,
there is a clear absorbance band from the substrate at 1100 cm-1.
While these impacts may be negligible for larger particles, when
probing smaller particles, interference from an IR active substrate
can produce noticeable spectral defects via substrate absorbance
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Fig. 7 a) 3D height image of a NaCl particle with a volume equivalent diameter of 1.3 µm at 2% RH and b) the same particle now with the diameter of
6.6 µm at 90% RH c) Contact resonance frequency (red) and growth factor (green) for the 1.3 µm NaCl particle as a function of increasing RH. Above
the DRH (75%) there is a sharp increase in the growth factor and decrease in the contact resonance frequency. d) PTIR spectra for the same particle
as a function of increasing RH. Above the DRH, there is the growth in of two main peaks δ (OH) at 1638 cm-1and ν(OH) at 3480 cm-1, indicative of the
absorbed water.

Fig. 8 a) 3D height image a dry NaCl particle with a volume equivalent
diameter of 140 nm on hydrophobic Si wafer substrate at 5%RH. b) The
deliquesced particle with diameter of 390 nm at 85% RH c) PTIR
spectra obtained on the particle marked in panel a) and b) at 5% RH
(blue) and 85% RH (red).

modes. In the 100 nm thick particle, the intensity of substrate and
particle modes are comparable. Interestingly, in the 50 nm thick
particle, no signatures from the particle were detectable. These
defects were avoided in this study due to use of one (or a com-
bination) of the following - an IR transparent substrate (ZnS),
particle thickness much greater than 200 nm, or irradiating in
spectral regions excluding the substrate absorption modes.

4 Conclusions
This study demonstrates AFM-PTIR spectroscopy to simultane-
ously measure the physicochemical and morphological properties
of sub- and supermicron individual aerosol particles. The spectral
information provided via single-particle AFM-PTIR spectroscopy
is in a reasonably good agreement with traditional methods such
as bulk FTIR. Moreover, we show that AFM-PTIR spectroscopy is
a useful method to study multicomponent aerosol particles via
chemical and frequency maps that provide high spatial resolution

Fig. 9 a) PTIR spectra obtained on a NaNO3 particle (red) and silicon
substrate (black), b) PTIR spectra taken for particles of varying height.

information on the spatial distribution of chemical species and
their subsequent mechanical properties. We also show the chem-
ical characterization of aerosol particles as small as 50 nm in di-
ameter, as well as larger particles above 2.5 µm in diameter. The
nanoscale resolution of AFM-PTIR allows us to study not only sub-
micron sized particles interacting with water vapor but also inter-
actions between water vapor and different regions within a single
particle, which is vital for linking chemical composition to hygro-
scopic properties that describe the ability for an aerosol particle
to act as effective CCN. Future hygroscopic studies with AFM-
PTIR will focus on examining localized changes within a single
multicomponent aerosol particle, wherein we can compare the
behaviour of different components in response to reactive gas up-
take and water vapor.
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