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tive humidity on CaCl2
nanoparticles studied by soft X-ray absorption
spectroscopy
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Marko Huttula,a Olle Björneholmb and Minna Patanen *a

Ca- and Cl-containing nanoparticles are common in atmosphere, originating for example from desert dust

and sea water. The properties and effects on atmospheric processes of these aerosol particles depend on

the relative humidity (RH) as they are often both hygroscopic and deliquescent. We present here a study of

surface structure of free-flying CaCl2 nanoparticles (CaCl2-NPs) in the 100 nm size regime prepared at

different humidity levels (RH: 11–85%). We also created mixed nanoparticles by aerosolizing a solution of

CaCl2 and phenylalanine (Phe), which is a hydrophobic amino acid present in atmosphere. Information of

hydration state of CaCl2-NPs and production of mixed CaCl2 + Phe nanoparticles was obtained using

soft X-ray absorption spectroscopy (XAS) at Ca 2p, Cl 2p, C 1s, and O 1s edges. We also report Ca 2p and

Cl 2p X-ray absorption spectra of an aqueous CaCl2 solution. The O 1s X-ray absorption spectra

measured from hydrated CaCl2-NPs resemble liquid-like water spectrum, which is heavily influenced by

the presence of ions. Core level spectra of Ca2+ and Cl� ions do not show a clear dependence of % RH,

indicating that the first coordination shell remains similar in all measured hydrated CaCl2-NPs, but they

differ from aqueous solution and solid CaCl2.
1 Introduction

Inorganic ions and salts are essential for life on Earth. They play
key roles in biological processes of living organisms, e.g. Cl�

regulates the osmotic pressure in the cell and Ca2+ is essential
for intracellular signaling.1 They have also possibly been vital
for the emergence of life on Earth: the prebiotic condensation
reaction where the amino acids combine into peptides is not
thermodynamically favorable in the presence of water.2 Deli-
quescent salts like CaCl2 are suggested to mediate the oligo-
merization via wet-dry cycling.3,4 Furthermore, these inorganic
ions participate in various atmospheric processes from ozone
depletion5 to cloud condensation.6 Ca2+ and Cl� form a large
portion of water-soluble ions present in the atmospheric aero-
sols, with seasonal and geographical variation.7–9 In these bio-
logical, prebiotic, and atmospheric processes, the presence and
interaction with water is central. CaCl2 is an exceptional inor-
ganic compound that grows hygroscopically from CaCl2$2H2O
to CaCl2$6H2O until 20% RH, rather than experiencing
it, Faculty of Science, University of Oulu,

ail: abdul.abid@oulu.; Tel: +358 46

ppsala University, Ångströmlaboratoriet,
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the Royal Society of Chemistry
deliquescence.10–12 CaCl2 deliquescence starts from 20% RH
aer the hydrate phase change.13 According to a recent study by
Gough et al.,14 upon drying, CaCl2 can stay as a metastable
supersaturated brine at RH values well below 10%. The same
study reported also that the low temperature (223–273 K) deli-
quescence point of CaCl2 particles in the micrometer size
regime depends strongly on the crystal structure of the particle,
being on average 15.8 � 3.5% RH for dihydrate and 63.3 �
12.5% RH for hexahydrate forms. The efflorescence and deli-
quescence points of salts have been reported to be size-
dependent, for example NaCl particles with dry diameters
smaller than 40 nm deviate from macroscopic behavior by
exhibiting increasing deliquescence relative humidity (DRH)
and efflorescence relative humidity (ERH) with decreasing
particle size.15 To the best of our knowledge, similar size-
dependent data does not exist for CaCl2 particles, but in
contrast to pure NaCl, the data reported for marine chloride
mixtures (including Ca2+ as one of the cations) reports lower
DRH and ERH values for 100 nm particles compared to super-
micrometer particles.16 The reason for such behavior remained
unclear. Especially while studying particles generated from
aerosolized suspensions or solutions, drying of the aerosol
stream is an important (pre)conditioning step. It is oen per-
formed using diffusion dryers, and the state of the aerosol
particles are concluded from a RH measurement of the particle
stream. However, water may remain in the particles even if they
RSC Adv., 2021, 11, 2103–2111 | 2103
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are dried, which would lead to inaccuracies in their dry-size
determination and subsequent conditioning.17 Thus, from
this point of view as well it is important to probe the state and
chemistry of nanoparticles aer drying the aerosol with diffu-
sion dryers to different RHs.

In this work, we utilize X-ray absorption spectroscopy (XAS) to
study the hydration state of atomizer generated free-ying CaCl2-
NPs in the 100 nm size regime. XAS is a widely utilized element
specic probe of the electronic structure and local chemical
environment.18–21 The development of tuneable and high brilliance
light sources like synchrotrons and free-electron lasers opens new
avenues for the study of dilute systems using XAS. It has been
applied to a variety of non-supportedmicroparticles and NPs, such
as electrodynamically trapped SiO2,22 Au-coated SiO2,23 levitating
droplets,24 in situ generated soot,25 and atomized salt solutions.26,27

Compared to X-ray-based photoelectron and photoabsorption
spectroscopies nowadays available also with RH control for
deposited nanoparticles28 and salt surfaces,29 using a continuously
renewed nanoparticle beam we ensure that there are no substrate
effects, radiation induced changes, and no further growth or
change of particles aer deposition. Here we apply XAS to study
the hydration state of CaCl2-NPs by comparing XAS spectra of NPs
generated at different RH to those obtained fromwater in different
states, aqueous CaCl2 solution, and solid CaCl2. Ca 2p and Cl 2p
XAS spectra were found to be insensitive to changing RH, albeit O
1s indicated that liquid-like water was present in particles. More-
over, we added phenylalanine (Phe) to the solution as a model
biomolecule, representing an amino acid with a hydrophobic side
Fig. 1 Schematic diagram to illustrate the generation of a free standing

2104 | RSC Adv., 2021, 11, 2103–2111
essential for many processes in the human body,30,31 and also
found in atmosphere.32–34 By using X-ray photoelectron spectros-
copy, we recently observed that the addition of an organic acid to
an aerosolized salt solution can drastically change the surface
composition of dried NPs.35 Here, we observed that Phe and CaCl2
create mixed hydrated NPs. The XAS recorded at C 1s and O 1s
edges agree in shape with previously reported solid state spectra of
Phe, but relative energy shis in bound and continuum resonance
energies indicate interaction with a high ion concentration solvent
and shortening of bond lengths.
2 Experimental details

The NP experiments were carried out at the PLEIADES (Polarized
Light source for Electron and Ion Analysis from Diluted Excited
Species) beamline, SOLEIL synchrotron radiation facility.36

Detailed descriptions of the beamline instrumentation can be
found in ref. 37–41. A schematic of the used experimental setup
can be seen in Fig. 1. The time-of-ight (TOF) spectrometer of the
beamline's permanent EPICEA end-station was used in Total
Electron Yield (TEY) mode to measure the absorption spectra of
the free-ying NPs.36 Photon energy calibration was done with
carbon dioxide gas, using the C 1s ðsgÞ/p*

u resonance at
290.77 � 0.05 eV (ref. 42 and 43) and the O 1s ðsgÞ/p*

u reso-
nance at 535.4 � 0.1 eV.43,44 The photon energy offset is assumed
to behave linearly between these two points. The XAS spectra are
normalized to the photon ux (diode current) and particle ux
(Faraday cup current). To ensure that the RH ismaintained at the
nanoparticle beam.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Comparison of CaCl2-NPs average particle sizes at different
humidity levels. (b) Comparison of CaCl2-NPs with and without Phe
(the particle count rate is presented in particles per cm3 (dN/dlog D)).
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same range throughout the acquisition, the number of scans
recorded for each spectrum was kept low (1–3).

The NPs were generated with a constant-output atomizer
(no. 3076, TSI Inc, MS, US) using nitrogen as a carrier gas from
23 � 0.1 mM aqueous solutions of CaCl2. A further 6 � 0.1 mM
of Phe was added to generate the mixed NPs. The solutions were
prepared with CaCl2$6H2O purchased from Sigma Aldrich
(Merck Group, St. Louis, US) and Phe purchased from Alfa Aesar
(Thermo Fisher Scientic, Ward Hill, US), both with 99% purity.
The humidity level was controlled with silica-lled diffusion
dryers (model 3062, TSI Inc, MS, US). With two dryers a RH of
20% (measured with Sensirion AG, kit EK-H5) and with one
drier a RH of about 50% was achieved. The highest RH
measurement was obtained without drying. The RH measure-
ments are taken aer the diffusion dryers and before entering
into the aerodynamic lens. The NPs were introduced inside the
interaction chamber through an aerodynamic lens system,36,45

producing a narrow beam of NPs which intersected the
synchrotron radiation beam at a right angle. A commercial
differential mobility analyzer (DMA) together with a condensa-
tion particle counter (DMA 3081 & CPC 3786, TSI Inc, MS, US)
was used to measure the particle size distributions.

For comparison of the NP spectra, XAS spectra of an aqueous
CaCl2 solution at the Ca 2p and Cl 2p absorption edges were
measured at the newly commissioned FlexPES (Flexible Photo-
electron Spectroscopy) beamline at the MAX IV synchrotron
radiation facility, Sweden. The XAS spectra were measured as
partial electron yield (PEY), by collecting low kinetic energy
electrons using a hemispherical electron analyzer (VG-Scienta
R4000). The photon energies of the liquid jet experiment have
not been calibrated to any standard reference, and the inten-
sities have not been normalized to photon ux.

XAS spectra of solid CaCl2 (at Ca 2p,46 Cl 2p47) and H2O (ice,
liquid, and gas at O 1s48,49) are taken from literature and were re-
plotted with the help of online soware.50 The XAS spectra of
solid Phe (at C 1s, and O 1s) are taken from Zubavichus et al.,51

where the data les are given as supplementary material.
Table 1 Comparison of the average particle size of CaCl2-NPs at
different % RH levels and with added Phe

Salt Number of dryers RH%
Average particle
size (nm)
3 Results & discussion
3.1 Particle size analysis

The size distributions of CaCl2-NPs at different RH and of mixed
CaCl2 + Phe-NPs measured with the DMA are presented in Fig. 2.
Table 1 summarises the results. The aerodynamic diameter of
CaCl2-NPs increases as a function of RH and upon the addition of
Phe. The signicant increase in particle size (150 nm to 180 nm)
indicates a corresponding decrease in the internal concentration
of the CaCl2-NPs. The number density of NPs decreases with
increasing relative humidity. This decrease can indicate that the
more humid stream contains larger droplets or their agglomer-
ates, which are lost to the impactor or in the DMA cavity.52,53 The
particle number density was lowered also with the addition of Phe.
CaCl2 0 82 180
CaCl2 1 47 165
CaCl2 2 20 150
CaCl2 + Phe 2 21 200
3.2 O 1s XAS – estimation of presence and state of water

XAS spectra were measured at the O 1s edge to characterise the
presence and state of water in the particles. The NP spectra
© 2021 The Author(s). Published by the Royal Society of Chemistry
obtained at 16%, 62%, and 85% RH are shown in Fig. 3,
together with XAS spectra of ice, liquid and gas-phase water
replotted from Fransson et al.48 The pre-edge feature in the
liquid water spectrum has been interpreted to indicate distor-
tion in the hydrogen bonding network between water mole-
cules,48,49,54 whereas the strong post-edge feature in ice
originates from long-range tetrahedral structure.18,55,56 The NP
spectra do not fully resemble the spectrum of solid nor liquid
water, but are evidently more liquid like in all three regions (pre-
edge, main-edge & post-edge), implying the absence of long-
range tetrahedral networks. The main edge feature especially
at 62 and 85% RHs show a sharper feature than liquid water.
The increase in main edge at the cost of decrease in post-edge
intensity has been previously reported to be related to the
increased single-donor water congurations induced by the
ions in the aqueous solution,57 and thus, the discrepancies to
pure liquid water, namely at �538 eV and at �540 eV, are likely
related to ions distorting the network of water molecules.58,59

From high to low % RH, the increase in the intensities of pre-
edge and main-edge along with a decrease in the post-edge
RSC Adv., 2021, 11, 2103–2111 | 2105
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Fig. 3 Comparison of the X-ray absorption spectrum of pure water in
(a) gas, (e) liquid, (f) solid (ice) state at O 1s replotted from Fransson
et al.,48 (b) CaCl2-NPs at 16% RH, (c) CaCl2-NPs at 62% RH, and (d)
CaCl2-NPs 85% RH at O 1s.

Fig. 4 The X-ray absorption spectrum at Ca 2p of (a) powdered
CaCl2$2H2O (replotted fromNaftel et al.46) (b) CaCl2-NPs at 11% RH, (c)
CaCl2-NPs at 61% RH, (d) CaCl2-NPs at 82% RH, and (e) CaCl2-
aqueous solution. The solid and aqueous state spectra have been
shifted tomatch themain 2p3/2/ 3d peak at 349.1 eV in NPs for easier
comparison.
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imply that the water content is reduced in the particles.58 A
more detailed description of the structure and amount of water
in the particles could be obtained by comparing their spectra to
O 1s XAS spectrum of CaCl2$6(H2O), but unfortunately, we were
not able to nd that from the literature. Two scans were recor-
ded for each NP spectra. The 16% RH NP spectrum suffers from
instability of the particle beam due to the start of the clogging of
the ow limiting orice at the end of the second scan, which is
seen as large uctuations of signal at high energies of the post-
edge region.

The % RH was measured from the aerosol stream before it
enters the aerodynamic lens through a limiting orice. Evapo-
ration of water takes place when the NPs travel in vacuum to the
interaction region. For a similar aerodynamic lens setup, Chang
et al.60 estimated that evaporative cooling reduces the diameter
of 100 nm water droplets to roughly 94 nm and the temperature
of the water droplets is about 193 K, leaving them in a super-
cooled state. This estimation supports also our observation that
CaCl2-NPs can have water in liquid state. However, based on
O 1s XAS, Kostko et al.27 concluded that water is in both liquid
and ice form in NPs produced via aerosolization of 38 mM NaI
solution. They measured XAS using a Velocity Map Imaging
(VMI) spectrometer collecting the partial electron signal from
electrons with kinetic energy below 10 eV. Based on models for
electron inelastic mean free path (IMFP) in water, the probing
depth when collecting <10 eV electrons is more than 10 nm.61 In
our experiment also higher kinetic energy electrons are
2106 | RSC Adv., 2021, 11, 2103–2111
collected, including the resonant and normal Auger electrons
(kinetic energies > 500 eV). The IMFP for 500 eV electrons in
water is 2–5 nm,61–63 and therefore our experiment can be
somewhat more surface sensitive compared to the measure-
ment by Kostko et al. using a VMI spectrometer.

To conclude, the results indicate the presence of liquid or
liquid-like water within the probe depth in the CaCl2-NPs, the
amount of which increases with higher % RH values.
3.3 Ca 2p XAS – decrease in crystal eld splitting with water

Fig. 4 shows a comparison of the Ca 2p X-ray absorption spectra
of CaCl2, obtained from solid,46 aqueous solution, and non-
supported NPs at different % RH levels. The overall shape of
all the spectra is similar, exhibiting transitions from the
2p1/2(L2) and 2p3/2(L3) orbitals to the 3d orbital64 which are
further split by crystal eld effects. The two main peaks are
assigned as 3d electrons in t2g and the two smaller peaks
(labeled “A” and “B”) in eg symmetry in the rst coordination
sphere.65,66 According to calculations carried out by De Groot
et al.67 the crystal eld effects arise from octahedral symmetry
(coordination number ¼ 6. Although, in liquid water Ca is
coordinated to 6–8 water molecules58) with a positive crystal
eld parameter. The features A and B are less pronounced in the
aqueous state compared to the spectrum obtained from the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Comparison of the X-ray absorption spectra at Cl 2p, of (a) pure
CaCl2 (thin film solid phase) from Sato et al.,47 (b) CaCl2-NPs at 32% RH,
(c) CaCl2-NPs at 80% RH, (d) mixed CaCl2 + Phe, and (e) CaCl2-
aqueous solution.
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solid.68 This indicates a decrease in the crystal eld due to
coordinated water molecules with specic geometric arrange-
ments being dominated by steric effects.69 The crystal eld
effects in the CaCl2-NPs seem to be in between the solid and
aqueous solution, indicating decreasing Ca2+–Cl� ion interac-
tion or increasing distorted solvation shells70 in NPs compared
to solid state and aqueous solution. In addition to a decrease in
relative intensity between A and L3, and B and L2, there is
a small shi of the crystal eld split peak B towards a lower
photon energy in relation to the L2 peak from solid to NPs, and
from NPs to aqueous solution XAS spectra, as shown in Fig. 4.
The Ca L-edge spectrum of CaCl2$6H2O was not found in the
literature, but the K-edge XAS spectra of the CaCl2 aqueous
solution and CaCl2$6H2O are similar apart from a more intense
pre-edge for CaCl2$6H2O.71 They differ from CaCl2 and CaCl2-
$2H2O, which in turn are similar to each other.71 The calcula-
tions done for aqueous solutions of CaCl2 by Badyal et al.72

showed that high concentrations up to 6 M had minimal effects
on the coordination geometry of the rst solvation shell of Ca2+,
and there was no Ca2+–Cl� contact ion interaction. The
concentration did not show any effect on the solvent coordi-
nation of Cl� either. Calculations of Megyes et al.70 found that at
4 to 6 M concentrations the solvation shell gets more distorted,
but they neither found signs of ion interaction. It seems that in
our case, even upon drying the NPs by two dryers and by further
evaporation of water in-ight in vacuum, the water content at
the surface is sufficient to avoid Ca2+–Cl� contact ion interac-
tion, and the rst solvation shell around Ca2+ ions remains
unchanged despite the % RH in which the NPs were prepared.
3.4 Cl 2p XAS – indication of solvated Cl� ions

The Cl 2p XAS spectra of CaCl2-NPs measured at different % RH
are shown in Fig. 5 together with spectra of aqueous solution
and in situ evaporated, dried solid lm CaCl2 (from Sato et al.47).

Concerning the solid CaCl2, based on the temperature
independence and shape of the spectrum with less distinctive
peaks aer a sharp onset around 201 eV, Sato et al. concluded
that their sample was amorphous.47 The aqueous spectrum
suffers from strong noise, but we can get an overall idea of the
shape of the spectrum: a pre-peak slightly above 200 eV, main
absorption edge at around 202 eV followed by strong enhance-
ment of the signal starting from around 211 eV. The worse
signal-to-noise ratio in low kinetic energy PEY liquid jet Cl 2p
XAS compared to Ca 2p XAS can be at least partially explained by
the fact that the kinetic energies of Auger electrons are much
lower in case of Cl 2p compared to Ca 2p, and thus the amount
of subsequent secondary low kinetic energy electrons per ioni-
zation is correspondingly lower. The NP spectra agree in general
shape with the solid state spectrum, but features between 200
and 205 eV seem to be better resolved in NPs. In addition, there
is a sharp pre-peak around 200.5 eV in 80% RH (with some
ambiguity also in the 32% RH spectrum) and the aqueous
solution spectra, which is missing from the amorphous solid
spectrum. The pre-peak structure resembles the sharp peak
observed for Cl� ions in an experiment by Bournel et al.73 and
Parent et al.74 where HCl was dissociatively adsorbed at 120 K on
© 2021 The Author(s). Published by the Royal Society of Chemistry
a crystalline water-ice lm. Thus, as this peak is present in the
high % RH spectra for the NPs and the aqueous solution and
not in the amorphous solid spectrum, it is an indication of
change in local coordination geometry and formation of dis-
solved Cl� species.

The aqueous spectrum shows very similar post-edge behav-
iour as the Cl� ion TEY spectrum,74 with a maximum at 215 eV.
In CaCl2-NP spectra this maximum is shied towards lower
photon energies, reaching maximum at 211 eV andminimum at
215 eV. Amorphous solid does not exhibit a clear maximum but
rather a broad continuum starting from 205 eV. The post-edge
region is dominated by complex multi-electron and multiple
scattering processes, and theoretical modelling would be
needed to analyse these changes further. In general, the
behaviour of CaCl2-NP Cl 2p edge spectra is in line with the
observations at O 1s and Ca 2p edges, supporting the picture
that the probed surface layer of CaCl2-NPs consists of Ca

2+ and
Cl� ions separated by solvent water molecules.

3.5 Mixed hydrated NPs of CaCl2 and Phe

The production of mixed CaCl2 + Phe NPs from aerosolized
solution of CaCl2 and Phe was probed using Cl 2p, C 1s, and
O 1s XAS. Cl 2p XAS spectrum of CaCl2 + Phe NPsmeasured with
RH < 25% is presented in Fig. 5. This spectrum also shows a pre-
peak like aqueous CaCl2 and humid CaCl2-NPs. CaCl2 + Phe NPs
show similar broad post-edge structure as the amorphous solid
RSC Adv., 2021, 11, 2103–2111 | 2107
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Fig. 7 Comparison of O 1s XAS spectra from thin solid film Phe (from
Zubavichus et al.,51 black solid line), aerosolized pure Phe aqueous
solution (red solid line and circles), and mixed CaCl2 + Phe-NPs (black
line with circles). The spectra have been normalized to the highest
peak by shifting the solid state spectrum.
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spectrum, but differs from CaCl2-NP spectra. The change in the
post-edge back-scattering region upon addition of Phe can
indicate that some Cl� anions are in the vicinity of Phe, which
has a positively charged amine group in the zwitterionic form.

The C 1s XAS of CaCl2 + Phe NPs and aerosolized aqueous
solution of pure Phe are compared to a solvent-free poly-
crystalline powder lm of Phe51 in Fig. 6. Three consecutive
scans were recorded for nanoparticle and pure Phe spectra. The
signal of aerosolized pure Phe solution was remarkably lower
than from aerosolized mixed CaCl2 and Phe solution, indicating
that Phe most likely does not form large agglomerates which
would be effectively focused with the aerodynamic lens (highest
transmission for approximately 100 nm diameter particles), and
in fact the signal of pure Phe represents mostly isolated mole-
cules or small clusters of Phe. Thus, while aerosolization of
mixed CaCl2 and Phe solution may produce also pure Phe
aerosols, their contribution to the CaCl2 + Phe NPs spectra is
very small. Despite the small concentration of Phe in the initial
solution (6 mM), the signal at C 1s level in CaCl2 + Phe NPs is
relatively strong. Even if we cannot deduce any absolute values
of absorbance, Phe seemed to be well abundant within the
probing depth. Based on observations of pure CaCl2 NPs, the
surface layer consists of liquid-like water, and since Phe has
a hydrophobic benzene ring, it may lead to the enrichment of
the molecule on surface with benzene rings avoiding the water.

All the C 1s spectra have a sharp, slightly asymmetric feature
at 285.02 eV (solid at 285.13 eV), labelled “A” in Fig. 6, origi-
nating from the C 1s / p* transition in the benzene ring. The
second sharp peak, labelled “B” in Fig. 6, is located at 288.57 eV
for aerosolized Phe, at 288.67 eV for mixed NPs, and at 288.58 eV
for solid Phe (note that spectra in Fig. 6 have been aligned with
respect to peak “A”). This peak has been assigned to the C 1s/
p* transition in C]O.51,75–77 It is noteworthy that the energy
separation between peaks A and B is the same for the solid
sample and aerosolized Phe, but larger in the CaCl2 + Phe NPs
case. The difference in energy separation with respect to peak A
becomes even larger when looking at the features “C” and “D”:
while the statistics of the aerosolized Phe makes it difficult to
dene these features accurately, there is no doubt that a clear
Fig. 6 Comparison of C 1s XAS from thin solid film Phe (from Zuba-
vichus et al.,51 black solid line), from aerosolized pure Phe aqueous
solution (blue solid line and circles), and from mixed CaCl2 + Phe NPs
(red line with circles). The spectra have been normalized to the highest
peak by shifting the solid state spectrum. Letters (A)–(D) indicate the
main features, whose shifts are discussed in the text.

2108 | RSC Adv., 2021, 11, 2103–2111
shi between the solid and CaCl2 + Phe NPs exists. The feature
C at 290.47 eV for CaCl2 + Phe NPs and at 290.28 eV in solid Phe
has been assigned to mostly originate from transitions from a-
carbon C 1s to s*-type of orbitals, oriented between the C and N
atoms. The broad feature D with a maximum at around
294.47 eV for mixed NPs and at 293.48 eV for solid Phe has been
assigned to C 1s / s* transitions in benzene rings.78 In gas
phase Phe, this resonance has been found at same energy as in
solid state.78 Changes between XAS of solid Phe and CaCl2 + Phe
NPs in the energy range of bound state transitions indicate
interaction with solvent with high ion concentration, whereas
blue shi in continuum s* resonances of benzene have been
shown to qualitatively correlate with shortening in bond
length.79

The O 1s absorption spectra (three scans each) of pure Phe
and CaCl2 + Phe NPs were also measured (as shown in Fig. 7).
The rst prominent feature at 533.1 eV correspond to the O 1s
/ p* antibonding transition in the C]O group. Several over-
lapping O 1s / s* transitions contribute in the region 535–
550 eV of Phe.77 CaCl2 + Phe NPs seem to have signicant
contribution from the liquid water-like spectrum, and the
region above 535 eV is a superposition of water and Phe spec-
trum. The aerosolized Phe spectrum is very weak, and can have
a contribution from water as well.

To conclude, the aerosolization of mixed CaCl2 and Phe
solution can produce NPs with liquid-like water within the
probing depth and strong X-ray absorption signal from Phe. The
C 1s XAS spectrum from CaCl2 + Phe NPs is different from solid
Phe, originating from solvent effects and high salt concentra-
tion in the NPs.
4 Conclusions

Free-ying CaCl2-NPs were produced from an aqueous CaCl2
solution using an atomizer and the effect of RH of the aerosol
stream (�11–85%) on the CaCl2-NPs was investigated. This
study demonstrates novel use of so X-ray absorption spec-
troscopy to investigate hydration of free-ying salt NPs and their
mixtures with amino acids.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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The O 1s XAS spectra show that within the 2–5 nm probing
depth, water is present in a distorted liquid-like state
throughout the investigated RH range. The increase in the
amount of free water as a function of RH would change the
relative intensity of pre-, main-, and post-edge regions, and we
observe a slight relative increase in post-edge region intensity
when RH gets higher. The Ca2+ and Cl� ions remain fully
hydrated and no crystalline salt is observed in the NPs, and no
major changes are observed in the Ca 2p & Cl 2p edges implying
similar primary hydration layers at all RH-values.

So X-ray absorption spectroscopy was also carried out for
mixed nanoparticles aerosolized from a solution of CaCl2 and
hydrophobic amino acid Phe. The differences in post-edge
features in the Cl 2p edge of CaCl2 + Phe NPs compared to
CaCl2 NPs can originate from the presence of Cl� in vicinity of
Phe. The energy shis of the spectral features at the C 1s
absorption edge were observed for both aerosolized Phe and
mixed CaCl2 + Phe compared to solid Phe. The blue shi of the
continuum resonance region indicates changes in the bond
lengths of Phe from solid to aerosolized Phe and mixed CaCl2 +
Phe. Further work is needed to understand how Phe is oriented
on the surface of the hydrated CaCl2-NPs, but our present work
demonstrates that we can produce hydrated mixed aerosol
particles as an interesting platform for such studies. In addi-
tion, future experiments with fully dried NPs and complemen-
tary techniques with larger probing depth such as high-kinetic
energy X-ray photoelectron spectroscopy will provide further
information on the overall structure of the CaCl2-NPs.
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We thank Gunnar Öhrvall and the other staff of FlexPES
beamline for assistance in aqueous solution experiments. The
research leading to this result has been supported by the
European Union's Horizon 2020 research and innovation pro-
gramme under the Marie Skłodowska-Curie I4Future (Grant
agreement no. 713606). This project was also granted travel
funding from CALIPSOPlus from the EU Framework Pro-
gramme for Research and Innovation Horizon 2020 (Grant
agreement no. 730872) and the Magnus Ehrnrooth Foundation,
Finland. MR, MP, EP, and MH acknowledge the Academy of
Finland funding. EP further acknowledges the nancial support
from the Finnish Cultural Foundation. OB acknowledges
funding from the Swedish Research Council (VR) for the project
VR 2017-04162.
Notes and references

1 S. J. Lippard and J. M. Berg, Curr. Opin. Chem. Biol., 2000, 4,
137–139.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2 D. Deamer and A. L. Weber, Cold Spring Harbor Perspect.
Biol., 2010, 2, a004929.

3 R. Bruce Martin, Biopolymers, 1998, 45, 351–353.
4 T. D. Campbell, R. Febrian, J. T. McCarthy,
H. E. Kleinschmidt, J. G. Forsythe and P. J. Bracher, Nat.
Commun., 2019, 10, 4508.

5 R. S. Stolarski and R. J. Cicerone, Can. J. Chem., 1974, 52,
1610–1615.

6 M. J. Tang, J. Whitehead, N. M. Davidson, F. D. Pope,
M. R. Alfarra, G. McFiggans and M. Kalberer, Phys. Chem.
Chem. Phys., 2015, 17, 32194–32203.

7 A. Satsangi, T. Pachauri, V. Singla, A. Lakhani and
K. M. Kumari, Aerosol Air Qual. Res., 2013, 13, 1877–1889.

8 T. Zhang, J. J. Cao, X. X. Tie, Z. X. Shen, S. X. Liu, H. Ding,
Y. M. Han, G. H. Wang, K. F. Ho, J. Qiang and W. T. Li,
Atmos. Res., 2011, 102, 110–119.

9 T. Fosco and M. Schmeling, Environ. Monit. Assess., 2007,
130, 187–199.

10 M. D. Cohen, R. C. Flagan and J. H. Seinfeld, J. Phys. Chem.,
1987, 91, 4563–4574.

11 L. Cook, PhD. thesis, Bucknell University, 2011.
12 L. Guo, W. Gu, C. Peng, W. Wang, Y. J. Li, T. Zong, Y. Tang,

Z. Wu, Q. Lin, M. Ge, G. Zhang, M. Hu, X. Bi, X. Wang and
M. Tang, Atmos. Chem. Phys., 2018, 19, 2115–2133.

13 E. Swan, J. Text. Inst., Trans., 1926, 17, T517–T526.
14 R. V. Gough, V. F. Chevrier and M. A. Tolbert, Planet. Space

Sci., 2016, 131, 79–87.
15 G. Biskos, A. Malinowski, L. M. Russell, P. R. Buseck and

S. T. Martin, Aerosol Sci. Technol., 2006, 40, 97–106.
16 O. Laskina, H. S. Morris, J. R. Grandquist, Z. Qin, E. A. Stone,

A. V. Tivanski and V. H. Grassian, J. Phys. Chem. A, 2015, 119,
4489–4497.

17 E. Swietlicki, H. C. Hansson, K. Hämeri, B. Svenningsson,
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29 X. Kong, D. Castarède, A. Boucly, L. Artiglia, M. Ammann,
T. Bartels-Rausch, E. S. Thomson and J. B. Pettersson, J.
Phys. Chem. C, 2020, 124, 5263–5269.

30 K. H. Mortell, D. J. Anderson, J. J. Lynch, S. L. Nelson,
K. Sarris, H. McDonald, R. Sabet, S. Baker, P. Honore,
C.-H. Lee, M. F. Jarvis and M. Gopalakrishnan, Bioorg.
Med. Chem. Lett., 2006, 16, 1138–1141.

31 A. V. Glushakov, D. M. Dennis, T. E. Morey, C. Sumners,
R. F. Cucchiara, C. N. Seubert and A. E. Martynyuk, Mol.
Psychiatry, 2002, 7, 359–367.

32 M. A. Wedyan and M. R. Preston, Atmos. Environ., 2008, 42,
8698–8705.

33 M. Mandalakis, M. Apostolaki, T. Tziaras, P. Polymenakou
and E. G. Stephanou, Atmos. Environ., 2011, 45, 1003–1009.

34 P. Di Filippo, D. Pomata, C. Riccardi, F. Buiarelli, V. Gallo
and A. Quaranta, Atmos. Environ., 2014, 98, 179–189.

35 I. Unger, C. M. Saak, M. Salter, P. Zieger, M. Patanen and
O. Björneholm, J. Phys. Chem. A, 2020, 124, 422–429.
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Electron Spectrosc. Relat. Phenom., 2020, 244, 146984.

69 M. M. Probst, T. Radnai, K. Heinzinger, P. Bopp and
B. M. Rode, J. Phys. Chem., 1985, 89, 753–759.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra08943e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 7
/2

3/
20

25
 2

:0
3:

10
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
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