mzuriCh ETH Library

Phase transition dynamics of
single optically trapped aqueous
potassium carbonate particles

Journal Article

Author(s):
Esat, Kivang; David, Grégory; Poulkas, Theodoros; Shein, Mikhail; Signorell, Ruth

Publication date:
2018-05-07

Permanent link:
https://doi.org/10.3929/ethz-b-000268286

Rights / license:
In Copyright - Non-Commercial Use Permitted

Originally published in:
Physical Chemistry Chemical Physics 20(17), https://doi.org/10.1039/c8cp00599k

Funding acknowledgement:

172472 - Phase Transitions of Ultrafine Aerosol Particles: Condensation, Freezing, and Metal Formation in Confined
Systems (SNF)

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://orcid.org/0000-0003-1111-9261
https://doi.org/10.3929/ethz-b-000268286
http://rightsstatements.org/page/InC-NC/1.0/
https://doi.org/10.1039/c8cp00599k
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

Cite this: DOI: 10.1039/XXXXXXXXXX

Received Date
Accepted Date

DOI: 10.7039/XXXXXXXXXX

www.rsc.org/journalname

Phase transition dynamics of single optically trapped
aqueous potassium carbonate particles’

Kivang Esat, Grégory David, Theodoros Poulkas, Mikhail Shein, Ruth Signorell*

Fast dynamics (down to 10 ms) during exposure to changing relative humidity of single optically
trapped K,CO; particles were observed in the submicron to micron size range with time-resolved
broadband light scattering and Raman spectroscopy. The study shows that complex multiple
processes accompany efflorescence and deliquescence of unsupported aerosol particles. Ef-
florescence can occur in a single process in less than 10 ms (prompt) or proceed via multiple
successive processes (multistep) that can last up to more than 10 seconds. The efflorescence
relative humidity lies in the range of 9 to 25 %. Raman spectra of the effloresced particles reveal
that the final state of the particle is independent of the pathway. Deliquescence cycles start with
an initial uptake of water followed by multiple complex processes which end at the deliquescence
relative humidity (44-50 %). The study reveals that complex multiple processes during phase
transitions are not limited to deposited particles where heterogeneous processes may occur or

large particles in the upper micrometer size range as previously observed.

1 Introduction

The phase of aerosol particles affects their interaction with the
surrounding atmosphere, including their ability to scatter or ab-
sorb light. Hence the particles’ phase behavior can have an impact
on cloud formation -2 and radiative transfer3, not only on Earth
but also on other planets*. The phase behavior of powders is
also crucial for applications in food industry® and pharmacy®. A
major focus of studies on hygroscopic aerosols (mostly inorganic
salts) has been measuring the critical relative humidities (RH) at
which the liquid particles become solid upon dehydration (efflo-
rescence relative humidity, ERH) and the solid particles become
liquid upon hydration (deliquescence relative humidity, DRH).”-8
This information has given valuable insight into the phase state of
aerosols at atmospheric conditions. %1% Nonetheless, such critical
relative humidity measurements do not provide information on
the dynamics of the particle efflorescence and deliquescence. Re-
cent observations suggest that both phase transitions can be more
complex than previously thought and occur in multiple steps with
intermediate states.!! However, the path and dynamics of the
particle phase transitions remain unclear, especially for unsup-
ported aerosol particles smaller than a few millimetres in size.
The main objective of this work is to capture the phase transi-
tion dynamics of single, optically trapped particles during dehy-
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dration and rehydration experiments by using time resolved light
scattering methods in combination with Raman spectroscopy. Sin-
gle particle studies avoid potential issues with the interpretation
of multistep processes that may arise for particle ensemble stud-
ies. Our measurements focus on unsupported, submicron- and
micron-sized aerosol particles that are much more relevant to at-
mospheric processes than millimetre-sized particles.

The phase behavior of unsupported aerosol particles (i.e. iso-
lated in air) can differ from those of particles deposited on sub-
strates. For example, the absence of heterogeneous nucleation
sites from the substrates provides access to highly supersaturated
metastable states upon drying. The supersaturation of the aerosol
particles, which depends on the RH, allows the solute to aggre-
gate to small clusters (nuclei). In the classical picture, the volume
Gibbs free energy becomes more dominant than the interfacial
free energy if the size of a cluster exceeds a critical value, re-
sulting in spontaneous cluster growth. 214 Classical nucleation
theory seems insufficient to explain observations showing more
complex pathways that involve multiple steps to form the final
most stable crystal form. Such “nonclassical” nucleation path-
ways have been observed 1°-1° and new theoretical frameworks
have been formulated to overcome the limitations of classical nu-
cleation theory11-20-26, In addition to multistep processes, multi-
ple (simultaneous) pathways of crystallization in the same system
have recently been observed.27-28

Deliquescence occurs at a substance-specific DRH, which gives
the RH where the phase transition is complete and which is typi-
cally followed by rapid droplet growth. 7:8:29:30 However, the DRH
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does not provide information about processes at lower RH and
earlier stages of the transition. 7-20-30:31 Wise et al. 31 showed that
NacCl particles deposited on a substrate are being coated gradu-
ally by water before the RH reaches the deliquescence point. The
surface coating was detected through changes in the particle mor-
phology observed prior to deliquescence. 3236

To the best of our knowledge, more complex multiple processes
during efflorescence and deliquescence have not yet been investi-
gated for unsupported, micron- and submicron-sized aerosol par-
ticles, even though unsupported particles in this size range are
relevant to atmospheric processes. We have performed dehydra-
tion and hydration experiments on single K,CO;3 particles, which
were isolated in air with a counter propagating optical tweezer
(CPT) inside an environmental cell. Two different types of elas-
tic light scattering, namely two-dimensional angular optical scat-
tering (TAOS)37-3% and broadband light scattering spectroscopy
(BLS) 4942 were used to retrieve information about the particle
size, shape (morphology) and refractive index. TAOS measure-
ments are reported in the literature for the study of the phase
transitions of micron-sized particles.37-38 However, TAOS pat-
terns of submicron-sized particles do not contain sufficient infor-
mation to detect changes in the particle properties during phase
transitions. Ultraviolet BLS, by contrast, has been demonstrated
to be an accurate, precise and fast characterization technique for
single submicron particles. ! Our current setup allows us to study
the phase transition dynamics of single particles with a time res-
olution of 10 ms and resolve multiple intermediate processes. In
addition to elastic scattering, Raman spectroscopy was employed
to gain information about the particle’s chemical composition via
monitoring the OH band and CO%’ vibrational modes. The lower
sensitivity of single particle Raman spectroscopy limits the time-
resolution so that fast intermediate processes cannot be resolved.

2 Experimental

Contact free dehydration-hydration of single, submicron- and
micron-sized particles was studied in a counter propagating
optical tweezer (CPT) using TAOS, BLS and Raman scattering
(Fig.1). A continuous wave laser (Laser Quantum, OPUS 532,
532 nm) was used to generate the two cross-polarized, counter-
propagating Gaussian beams of the CPT (see schematics in+1:43).
Each beam was focused with a 56.6 mm working distance, aspher-
ical lens (CVI, BFPL-25.4-50.0-UV) to a beam waist of ~5.6 um
in the trapping region. The laser power of each Gaussian beam
was around 1 W. Maximum displacements of liquid or solid par-
ticles in the trap were less than 50 um, which ensured that BLS
and Raman measurements could be performed. The stable trap-
ping of efflorescing or deliquescing submicron-sized particle is a
challenge, in particular when particles change their shape from
spherical to non-spherical upon efflorescence. The advantage of
the CPT is that the strong gradient forces reduce particle loss in
comparison with other simple optical traps.

Particles were generated by atomizing (TSI 3076 atomizer) a
solution of K;CO3; (Acros >99 %) in high purity water (miliQ,
18.2 MQ cm™!). The generated particle plume was carried into
the airtight trapping cell (Fig.1) by a humid N, flow. A single
particle from the plume was trapped, while the remaining parti-
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cles were flushed out of the cell with a N, flow of a few seconds
duration. The airtight trapping cell allowed us to control the cell
atmosphere. The cell temperature was kept at 20+1 °C for all
measurements. The relative humidity (RH) in the cell was con-
trolled by mixing two gas streams of dry and humidified nitrogen
(Pangas, 5.0), respectively, using two flow meters (Bronkhost,
EL-FLOW, F-201CV) to control the two streams. The RH was
measured every second with a Sensirion SHT31 capacitive sen-
sor (RH accuracy +2% and temperature accuracy +0.3 °C) that
was placed only a few millimeters away from the trapped particle
(Fig.1). Measurement of the RH close to the particle is crucial to
ensure sufficient accuracy. We have also recorded the RH at the
inlet and outlet of the gas flow into the cell, but these measure-
ments were typically biased by 10 % (e.g. measuring RH = 60 %
instead of 50 %). The equilibrium relative humidity of saturated
aqueous potassium carbonate at room temperature is 43.2+0.3 %
(molality 8.1 mol.kg~")#4. Hence, aerosol droplets can become
supersaturated at lower RHs. Before the start of each drying ex-
periments (lowering of RH), the RH was kept at a higher value
(50-65 %) than the saturation RH for a sufficiently long time for
the droplets to equilibrate.

Raman spectroscopy
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Fig. 1 Scheme of the trapping cell, the counter propagating tweezers
(CPT) and the optical methods for single particle characterization. A sin-
gle aerosol particle is isolated in the center of the trapping cell by the two
532 nm trapping beams of the CPT. The trapped particle is characterized
with broadband light scattering spectroscopy (BLS), two-dimensional an-
gular optical scattering (TAOS) and Raman spectroscopy. The relative
humidity (RH) and temperature (T) are measured with a sensor placed a
few mm away from the trapping position.

The principles of the broadband light scattering spec-
troscopy (BLS) measurements are described in detail in*!, and
are only shortly summarized here. A trapped particle is illumi-
nated by a broadband Xe lamp (Energetiq EQ-99XFC LDLS) and
the light scattered by the particle is recorded as a function of the
wavelength with a spectrometer (Ocean Optics, Maya2000 PRO
with a long pass order filter, 200-1100 nm, 25 pum slit, 1.1 nm
spectral resolution, down to 10 ms time resolution). BLS spec-
tra exhibit irregularly spaced peaks with different shape and in-
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tensity (see Fig.1, BLS Spectroscopy). This ripple structure is
also referred to as morphology dependent resonances (MDRs) or
whispering gallery modes (WGMs). In the present work, we ex-
ploit the high sensitivity of the ripple structure (peak positions,
shapes and intensities) to particle properties (shape, dimensions
and refractive index) as a probe to monitor temporal changes in
particle properties during efflorescence and the deliquescence ex-
periments with high time resolution (10 ms). The BLS spectrum
of a liquid, spherical particle (before efflorescence or after del-
iquescence) can further be analyzed by Mie theory, which pro-
vides information about the particle radius R and its wavelength
dependent refractive index m(24). Best estimates of R and m(A)
within their 95 % credible intervals are determined with a global
optimizer that compares the whole BLS spectrum (peak positions,
intensites and line shape) with model spectra. 14> m(1) is repre-
sented by two Cauchy parameters, my and m; (Eq. (1)). my is the
non-dispersive contribution, which is the particle’s refractive in-
dex at the reference wavelength A= 400 nm (m(Ay) = myp), and
m is the dispersive part. Typical absolute accuracy for particle
radii and refractive indices are several nm and 0.01, respectively.
Note, however, that the precision of relative changes in radius or
refractive index are an order of magnitude better. K,COj3 is non-
absorbing or very weakly absorbing in the wavelength range of
interest (300 nm to 500 nm) with imaginary parts of the refrac-
tive index (k(2)) well below 10~3. The influence of such low k(2)
values on the BLS spectra recorded with 1.1 nm spectral resolu-
tion is negligible. 41

m(A) = mgy+m (l‘)z/p*l) €]

For a non-spherical particle (e.g. an effloresced particle), the
determination of particle shape, dimensions, and refractive in-
dices is not possible from BLS spectra. The retrieval of particle
dimensions and refractive indices, for example, would require a
priori knowledge of the particle shape, which, however, is not
known in the present study (see conclusions). %4’ Even though
BLS spectra of non-spherical particles cannot provide detailed in-
formation on particle properties they still serve as a probe to
monitor fast temporal changes in particle properties after efflo-
rescence or before deliquescence.

A microscope objective (Mitutoyo M Plan Apo 20x, numerical
aperture (NA) = 0.42) and a CCD camera (Thorlabs DCC1645C)
with a maximum sampling rate of 25 Hz (400 ms) was used
for the two-dimensional angular optical scattering pattern
(TAOS) measurements. The scattering angle, 6 defines the an-
gle between the incident light (trapping laser) and the direction
where the scattering pattern is observed. The described setup
can image the scattering pattern within the angular range of
90 +24.8°. The scattering pattern of spherical particles is az-
imuthally symmetric and hence a regular fringe pattern is ob-
served (see Fig.1, TAOS Pattern). The TAOS of non-spherical
particles by contrast is not azimuthally symmetric. Diagnosis of
phase transitions with TAOS has been demonstrated for micron-
sized particles, for example in refs.37-38 where the change in the
particle’s morphology from a liquid to a solid state that accom-
panies the phase transition was detected through changes in the
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scattering fringes (spherical shape: regular fringe pattern; non-
spherical shape: irregular fringe pattern). However, as will be
shown in section 3.2, this method is not applicable to submicron-
sized particles because the number of fringes and the scattering
intensities are typically too low to provide useful information.
Hence, in the present work we used TAOS of submicron-sized
particles mainly to monitor the particle position in the trap.

The intense trapping laser beams (532 nm) were also used as
the excitation source for the Raman spectroscopy. The scattered
light was collected with a Mitutoyo M Plan Apo 20x objective and
focused onto a fiber of 200 um core size with a second objective
(Olympus M-10X, NA = 0.25). The Rayleigh scattering of the
excitation laser (532 nm) is partially filtered with a notch filter
(Edmund Optics, 86120, Optical density(OD) 6). To avoid elastic
scattering in the range of the Raman measurements, the Xe lamp
light was filtered between 500 and 700 nm with a 500 nm short
pass filter (Edmund optics, 84693, OD 4). The Raman scattering
was measured with an Andor spectrometer (SR303iA with New-
ton camera DU970p-UVB) with a resolution of 0.2 cm ™! using a
600 lines/mm grating (SR3-GRT-0300-0500) and a 10 um slit.
The spectrometer was calibrated with a Stellar Inc. SL2 calibra-
tion lamp and the Q-branch of gas phase N; at 2329 cm~!.48 The
reproducibility of the peak positions was 4+ 0.5 cm~!. The ma-
jor limitation of the Raman measurement was the requirement of
long exposure times to obtain appropriate signal-to-noise ratios
for single particle experiments. Typical exposure times between 1
s to 60 s made the observation of very fast processes impossible.
The analysis of the Raman spectra concentrates on the symmetric
C-O stretching vibration of CO%‘ (] (CO%‘)) around 2053-2064
em~! and on the O-H stretching vibration of H,O (v3(OH)) in the
region of 2800-3600 cm~'. The peak position of the v, (CO%’)
mode is concentration dependent and shifts to lower wavenum-
bers with increasing salt concentration. 4°->2 Hence, the peak po-
sition can be used to determine the particle concentration. For
calibration purposes, we performed additional Raman measure-
ments of bulk solutions of different concentration (see | for de-
tails), which, however, are limited to the region where the so-
lutions are undersaturated. Isolated particles, by contrast, can
easily form supersaturation solutions. While we could record par-
ticle Raman spectra in the supersaturated regime, we could not
properly calibrate them due to the lack of bulk data. Sometimes
the analysis of Raman spectra of spherical particles was compli-
cated by the occurrence of MDRs, which are additional features in
the Raman spectra that arise from stimulated Raman scattering.
Their positions change with changing droplet radius and concen-
tration (refractive index). While the shape of the sharp v, (CO%’))
band was hardly affected by MDRs, the shape of the v3(OH) band
of H,O was more or less strongly distorted by these additional
resonance features essentially excluding this band from a quan-
titative analysis. The spectra of submicron-sized, spherical par-
ticles show much fewer and less intense MDRs compared with
spectra of micron-sized, spherical particles. Raman spectra of the
effloresced particles are not affected by WGMs because of their
irregular shape.
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3 Results

3.1 Dehydration-Hydration cycle

Fig.2 presents a typical dehydration-hydration cycle of a single
trapped, aqueous K,CO;3 particle. Panel a shows the temporal
change in the RH while the panels b-g summarize the various
results obtained from the BLS and Raman measurements. Indi-
vidual BLS spectra were measured every 0.5 s over a total obser-
vation time of 250 min. The color-coded scattering intensity of
the BLS spectra is shown as a function of wavelength and time in
panel b. Yellow, green and blue colors indicate high, medium and
low scattering intensity, respectively. The temporal evolution of
the particle radius R (panel c¢) and the non-dispersive (panel d)
and dispersive (panel e) contributions m, and m; to the refractive
index (Eq. (1)) were extracted from Mie fits to the individual BLS
spectra. Panel f displays the temporal evolution of the v, (CO%‘)
band recorded in the Raman spectra. The molality in panel g was
determined from the position of the v, (CO%’) band before the
saturation using a calibration curve (see section 2).

The BLS spectra in Fig.2 b reveal five distinct time windows
with a characteristic temporal behavior. The RH in panel a in-
creases slightly from 60 to 67 % between the initial time 0 min
and #; = 75 min. This results in a slow but continuous drift of the
peak positions in the BLS spectra to longer wavelengths (panel
b). Panel ¢ shows that this drift comes from a 55 nm growth of
R due to the uptake of water into the droplets caused by the 7 %
increase of the RH.

The drying process, which starts at #;, leads to evaporation of
water from the droplet and to a total decrease in R by ~250 nm
up to the time denoted 7z when the particle efflorescence sets
in. Consistently, the particle refractive index at 400 nm increases
over time (panel d) because the salt concentration (panel g) in-
creases steadily. Note that in the wavelength region that is of
interest here the refractive index of pure water is lower than that
of solid K,COs3. In panel g, we only provide values for molalities
up to the bulk saturation point (8.140.7 mol kg~! at 43% RH)
because of the lack of proper calibration data for the vl(Cog’)
band position. Wavelength dependent refractive indices (panels
d and e ) and Raman peak positions (panel f ), by contrast, are
reported over the whole saturation regime. To the best of our
knowledge, this is the first time that such data in the supersatu-
rated regime are reported for aqueous K,CO3 solutions. The peak
positions in the BLS spectra (panel b) show slow and more or less
continuous drifts to shorter wavelengths in the time window from
titotg.

This behavior changes completely at #z when an abrupt change
in the BLS peak positions/intensities is observable that is faster
than our time resolution. We identify the onset of the efflores-
cence by the first abrupt changes in the BLS spectra upon dry-
ing and denote the RH at this point as the efflorescence relative
humidity (ERH). For the example in Fig.2, the ERH is 12.5 %.
Abrupt changes in the BLS peak positions/intensities must arise
from abrupt changes in the particle’s properties (shape, size, and
refractive index). The fact that we can no longer properly fit the
BLS spectra at tg with a Mie model further hints to the loss of the
perfectly spherical shape of the particle. The difficulties with Mie
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fitting in the time window between . to tp f are indicated in pan-
els c-d by larger error bars or missing data. We use the last BLS
spectrum recorded just before 1z where Mie fitting still provides
good results to retrieve what we refer to as “particle efflorescence
onset properties” (R and m(A)). The time resolution in Fig.2 is
insufficient to unravel the dynamics during the efflorescence (i.
e. in the time window 7z to #p;). Details of these dynamics are
addressed in section 3.2 based on BLS spectra recorded with high
time resolution (10 ms).
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Fig. 2 Dehydration-hydration cycle of a single K,CO; aerosol parti-
cle. See text for explanations of the green dashed lines and times
ti,tg,tptp.s. @) Temporal evolution of the RH. The red dotted line in-
dicates the saturation RH of the bulk solution. b) Color-coded intensities
in the BLS spectra as a function of wavelength and time. Yellow, green
and blue colours indicate high, medium and low scattering intensity re-
spectively. ¢) Temporal evolution of the particle radius (R). d) Temporal
evolution of the refractive index m at 400 nm (non-dispersive part). e)
Temporal evolution of the dispersive part m;. The error bars in panels
c-e indicate 95 % credible intervals. f) Temporal evolution of the CO3~
band position. g) Temporal evolution of the molality of the particle. The
red dotted line indicates the saturation molality of the bulk solution. The
error bars in panel g are determined from the spread in the CO3~ band
positions.

Re-humidification starting at 7p; is accompanied by multiple
complex changes of the BLS peak positions/intensities until the
particles becomes again spherical (liquid) at 7p ;. The RH at
tp,r is the deliquescence relative humidity (DRH), which typically
spreads over the range from 44 % to 50 % RH in our measure-
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ments. Details of the kinetics during the deliquescence (i. e. in
the time window #p; to tp ) will be discussed in section 3.4. Af-
ter time 7p_r, the particle behaves as an hygroscopic droplet which
takes up water from the environment and thus increases in size.
In this region where proper Mie fitting is again possible, the peak
positions in the BLS spectra drift continuously to longer wave-
lengths.

3.2 Multiple processes during efflorescence

The phase transition dynamics during the efflorescence of single
particles was studied with BLS with a time resolution of 10 ms. All
individual particles investigated experienced identical trapping
and drying conditions (see section 2). A series of single particle
studies revealed that at least two different types of efflorescence
pathways can occur under otherwise identical conditions. The
first pathway consists of a single process that is complete within
the timescale of our resolution of 10 ms. It is hereafter referred to
as “prompt efflorescence”. The second pathway consists of mul-
tiple successive processes that occur until the efflorescence is fi-
nalized. This pathway is referred to as “multistep efflorescence”.
The total time of multistep efflorescence processes can vary by 3
orders of magnitude between different particles from only a few
10 ms to more than 10 seconds.

5644 7525 9407
Time(s)

0 1881  3.763

te
Time dependent BLS spectra b

Intensity (a.u.)

—tE- 0.5ms _tE+ 0.5ms
350 370 390 410 430 450 470
Wavelength (nm)

Fig. 3 Prompt (faster than 10ms) efflorescence of a submicron, aqueous
K,COj particle (R = 954 [882.5, 969.5] nm). a) Color-coded intensities in
the BLS spectra as a function of wavelength and time. Yellow, green and
blue colours indicate high, medium and low scattering intensity respec-
tively. b) BLS spectra recorded before (£ - 0.5 ms; blue) and after (tz +
0.5 ms, black) efflorescence. c) TOAS patterns recorded before (1z - 0.5
s; upper) and after (/z + 0.5 s, lower) efflorescence.

Fig.3 shows a typical example for prompt efflorescence for a
particle with an efflorescence onset radius of R = 954 [882.5,
969.5] nm. (The numbers in the square brackets indicate the 95
% credible interval.) The wavelength- and time-dependent colour

This journal is © The Royal Society of Chemistry [year]

map of the BLS intensities (panel a) exhibits a single abrupt
change at t. No further changes in the BLS spectra were observed
before or after (measurement continued for at least 30 minutes
after the efflorescence) this fast efflorescence process under con-
stant RH conditions. The ERH for this particular example is 10.9
%. For illustration; panel b shows two example BLS spectra that
were recorded before (t - 0.5 ms) and after (¢ + 0.5 ms) the
efflorescence event at 7x. The two spectra clearly differ from each
other. The BLS results reveal that efflorescence in this system
can happen faster than within 10 ms. As mentioned in section
2, TAOS is usually not fast and characteristic enough to unam-
biguously probe phase transitions of submicron particles. Never-
theless, we have recorded TAOS spectra at lower time resolution
together with BLS spectra. Two example TAOS patterns recorded
before (7g - 0.5 s) and after (g + 0.5 s) the transition are provided
in panel c. The regular fringe pattern before efflorescence at 7 -
0.5 s is consistent with a spherical, liquid particle. The pattern af-
ter efflorescence looks less regular, which could hint at deviation
of the particle shape from a sphere in the solid state. Typically the
scattering by a non-spherical particle is not azimuthally symmet-
ric which causes the irregular pattern. However, disturbances in
the TAOS patterns can also arise from the particle motion in the
trap. Especially within the time resolution of our TAOS measure-
ments fast particle motion could cause blurred images.

A typical example for multistep efflorescence is shown in Fig.4.
The number of the different processes that occur during efflores-
cence, their characteristics (abrupt changes, slow drifts) and the
total time the whole transition takes (between a few 10 ms and
more than 10 s) vary from particle to particle. For the example
in Fig.4, the phase transition starts at the onset time 7z ; = 1.06 s
and finalizes at ¢ y = 13.3 s. The RH stays at a constant value of
12 % during the whole process. Hence, the ERH for this partic-
ular example is 12 %. The BLS spectra in Fig.4a summarize five
distinct time windows with characteristic temporal behavior:

e The BLS spectra do not exhibit any changes in the time win-
dow before the onset of efflorescence at t£ ;, where the BLS
spectra change abruptly. In this time window, the particle
consist of a supersaturated liquid , which is consistent with
the regular fringe pattern observed in the TAOS in panel ¢
att = 0 s. A typical BLS spectrum recorded at the time in-
dicated by the blue dashed line in trace a is shown as a blue
line in trace b. The efflorescence onset radius determined
just before the onset of efflorescence is R = 2160 [2150,
2220] nm.

e Between tg; and tg, all peaks in the BLS spectra shift
slightly to shorter wavelengths by approximately 2 nm,
while the peak intensities and width remain fairly similar. A
typical BLS spectrum recorded at the time indicated by the
red dashed line in trace a is shown in the red line in trace
b. This behaviour suggests that the particle slightly shrinks
over time.

e Asecond and a third abrupt change are observed at 7z ; = 3.8
s and 1 » = 4.4 s, respectively. During the 0.6 s in between
these two abrupt changes, the peaks in the BLS spectra be-
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come less structured. An example BLS spectrum recorded
at the time indicated by the black dashed line in trace a is
shown in the black line in trace b.

e At1p o, the particle settles in an intermediate state that lasts
for a few seconds until efflorescence is complete at 7z . The
BLS spectra are fairly stable in this time widow. A typical
BLS spectrum recorded at the time indicated by the green
dashed line in trace a is shown in the green line in trace b.

e After time fz y, no further changes in the BLS spectra are
observed as long as the RH is constant, hence the particle
remains in this state. In this particular example the mea-
surement continued at constant RH condition for 35 min-
utes after 7z y (data not shown). An example BLS spectrum
at this final state is shown in the gray line in trace b.

Time(s)

eyt
76 4 §5519 8279
490 prpter—s

Wavelength (nm)
N
>
|

Wavelength (nm)

8.279 11.039 13.798

5.519

Fig. 4 Multistep efflorescence of a micron-sized aqueous K,COj3 particle
(R=2160 [2150, 2220] nm). #£; and t¢ ; indicates the onset and the end,
respectively, of the efflorescence process. a) Color-coded intensities in
the BLS spectra as a function of wavelength and time. Yellow, green and
blue colours indicate high, medium and low scattering intensity respec-
tively. The time resolution was 10 ms. b) Example BLS spectra recorded
at different times, which are indicated in panel a by the dashed lines. c)
Example TAOS recorded at different times. TAOS measurements were
performed once per second. The RH was unchanged at 12% over the
time window shown.

The TAOS in panel c recorded at different times after the on-
set of efflorescence at 7z ; show less regular patterns compared
with the one recorded at r =0s; i. e. before the onset of efflo-
rescence. As mentioned before these irregular patterns hint at
deviations from perfect spherical particle shapes. With unknown
shape, however, a further analysis of the spectra is not possible
at this point. The comparison of TAOS and BLS spectra again re-
veals that BLS is superior when it comes to the detection of phase
transitions because it is much faster and more characteristic. The
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complexity of the whole process with multiple intermediate steps
is only uncovered in the BLS spectra.

The significant differences between BLS spectra recorded
within only 20 ms around the onset of efflorescence is visualized
in Fig.5 for the example of a submicron particle (R= 626.9 [617.0
633.5] nm). Blue, black, and red show spectra at 7z ;- 10 ms, tz ;,
and 7z ;+ 10 ms, respectively. This suggests significant differences
in the particle properties (i.e. particle phase, shape) at 7 ; - 10
ms, 1g ;, and 1g ;, tg; + 10 ms. Hence, at the onset of efflorescence
tg; the particle is in an intermediate state that is different from
both the previous supersaturated liquid state and the subsequent
state. It is thus clear that the phase transition exemplified by Fig.5
is a very fast multi-step rather than a prompt process. Continu-
ous changes in the particle properties (e.g. its size) would not
produce the pronounced spectral changes observed in Fig.5. This
finding could only be revealed by the high sensitivity and time
resolution of our BLS measurements. The fact the TAOS shown
in Fig.5 just before and after 7¢; are hardly distinguishable illus-
trates the limitations of TAOS in detecting very fast multi-step
processes.

Intensity (a.u.)

360 380 400 420 440 460 480
Wavelength (nm)

Fig. 5 BLS spectra recorded at 7z ;- 10 ms (blue), 7z ; (black), and 1z ;+
10 ms (red) for a submicron K,COj3 particle (R= 626.9 [617.0 633.5] nm).
Inset: TAOS patterns before 7z ;- 0.5 s and after 7z ;+ 0.5 s the onset of
efflorescence.

Typical exposure times between 1 s to 60 s required for Raman
spectroscopy made Raman observation of fast processes during
efflorescence (tz; and ¢ ) in general impossible, so that we fo-
cused the Raman studies on the analysis of particles before and
after the efflorescence during which no changes were observed.
We observed very similar Raman spectra for all particles investi-
gated. As the efflorescence pathways differ between particles, this
suggests that the final state of the effloresced particles is indepen-
dent of the efflorescence pathway. Typical Raman spectra before
and after the efflorescence are shown in Fig.6 in the region of the
v3(OH) and the v, (CO%’) band (R = 954 [883 970] nm). In order
to compare our single particle efflorescence measurements with
crystalline samples we measured the Raman shift of solid powder
samples (Anhydrate: Acros, > 99.0 % and sesquihydrate: Sigma-
Aldrich, >99.995%). The supersatured liquid state before efflo-
rescence is characterized by a broad unstructured v3(OH) band
with a maximum at 3300 cm~!. After efflorescence, the v3(OH)
band does not vanish but it becomes more structured and its max-

imum shifts to 3185 cm~!. This spectrum compares well with

This journal is © The Royal Society of Chemistry [year]



the sesquihydrate solid powder (see Fig.6) suggesting the forma-
tion of a crystalline K,CO3 particle with remaining water con-
tent. This is also supported by the position of the v, (CO%‘) band,
which after effloresence (1060 cm™") lies closer to the band po-
sition of the crystalline powders (1060.5 cm~!) than to the po-
sition of the liquid before efflorescence (1056.0 cm~!). In addi-
tion, the v; (CO%’) band widths of the effloresced particle is much
narrower than for the liquid particle (FWHM* of 16.9 cm~! and
23.3 em~ !, respectively). However, the FWHM after efflorescence
still remains ~2 times larger than for the solid powder samples.
This difference shows that the effloresced particle does not form
the same crystal structure as the powder. The peak area analy-
sis is done by determining the ratios of the areas of v3(OH) and
Vi (CO%’) bands. This ratio is ~ 25 % smaller for the effloresced
particle than the sesquihydrate. Although this result is suggest-
ing a lower water content in the particle after efflorescence than
in the sesquihydrate, quantitative analysis is not possible for lack
of experimental data for the Raman scattering cross-sections of
crystalline K,COs.

—— After efflorescence
Solid powder (Sesquihydrate)

Before efflorescence
—— Solid powder (Anhydrate)

r 3(O'H)

N
o

-
o

Intensity (a.u.)

o
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Raman shift (cm™)

F T T
2.,
150}-1(C03)
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[=]
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Intensity (a.u.)

0
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Raman shift (cm™)

Fig. 6 Single particle Raman spectra in the region of the v3(OH) and the
v1(CO3%™) band. Blue and red lines show single particle measurements
of a particle in the supersaturated liquid state before efflorescence at
ERH = 10.94 % and in the solid state after efflorescence, respectively.
Anhydrate and sesquihydrate powders of K,CO3 are measured with the
same spectrometer as the single particle measurements. See the text for
details. The points represent the raw data. The full lines correspond to
smoothed raw data

3.3 Efflorescence relative humidity
From efflorescence studies of 22 individual particles, we have de-
termined the ERH and the particle efflorescence onset radius R.

« FWHM: Full width at half maximum

This journal is © The Royal Society of Chemistry [year]

We observed a wide range of ERHs from 9 % to 25 % with typ-
ical absolute errors of 2 % (Fig.7). Fig.7 shows a tendency of
large particles to effloresce at lower ERH, while for small parti-
cles the ERH varies over the whole range. The different mea-
surement points in Fig.7 are classified according to the type of
efflorescence transition (see section 3.2): prompt, multistep, and
n/a. n/a referres to BLS experiments that were performed with
lower time resolution (> 10 ms) for which it was not possible to
distinguish between prompt and multistep. Fig.7 suggests that
particles larger than ~ 2 um seem to have a preference for multi-
step transition. Prompt transition were only observed for particles
with radii smaller than ~ 2 um. However, the limited number of
measurements is insufficient to decide whether these are robust
trends.

[ ~~ Prompt i Multi Step +~ n.'al
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0.5 L i i i i
10 15 20 25
ERH (%)

Fig. 7 Efflorescence onset radius R as a function of the ERH retrieved
from 22 single particle efflorescence experiments. The error bars indicate
95 % credible intervals for the absolute error.

3.4 Multiple processes during deliquescence and DRH

We have studied the deliquescence of particles with different ini-
tial sizes (600-4000 nm) over the course of several dehydration-
hydration cycles. Even though each particle and cycle showed a
unique dynamical behavior the general trend was similar. This
trend is illustrated by the example in Fig.8, which shows the BLS
spectra and the evolution of the RH over the course of a deli-
quescence experiment starting at p ;. During the initial increase
of the RH from 9.5% to 25-35 % (30 % in Fig.8) the peak posi-
tions in the BLS spectra shift slightly to longer wavelengths. This
behaviour suggests a small growth of the particle size that could
arise from an initial water uptake on the effloresced particle, pos-
sibly from the formation of a liquid layer coating the particle, as
previously observed”-30:31,33-36,53 " This initial shift of the BLS
peaks in Fig.8 is ~2.5 nm (e.g. 454.3 to 456.8 nm). Assuming
that only the size of the particle is changing, such a shift cor-
responds to an increase of the particle radius by ~10 nm (see
T for details). At an RH of 25-35 % (30 % in Fig.8), a series
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of multiple processes starts and continues until the particle com-
pletely dissolves at 7p ;. The multiple processes include abrupt
changes (faster than 10 ms) and regions of continuous shifts in
the peak positions/intensities in the BLS spectra, suggesting cor-
responding abrupt and more continuous changes, respectively, in
the particle properties. After time 7p r, the liquid particle under-
goes hygroscopic growth (see also Fig.2). The deliquescence rel-
ative humidity DRH (determined at ¢ ) varies between 44-50
%. The differences between the individual effloresced particles
just before the start of the hydration cycles certainly explain part
of the unique dynamical behaviour observed for each individual
particle and cycle. Other phenomena not related to differences
in the initial state could also contribute. However, at the cur-
rent stage we are not able to further specify these phenomena.
It has previously been observed that initial state properties such
as the particle morphology and the roughness or the porosity of
the particle surface can determine the amount of water vapor the
surface can adsorb as well as the remaining water content in the
particle. 7-30:31,33-36,53.54 geveral of these references also report
the initial formation of a few nm thick water layer, which seems
consistent with our observation (slight initial shift of the peak po-
sitions in the BLS spectra to longer wavelengths in Fig.8). Such
initial coatings can alter the particle morphology, e.g. by round-
ing corners and removing roughness. An important question for
aerosol studies concerns the effect of the particle size, i.e. its ra-
dius of curvature, on the water uptake, which in turn influences
the DRH of submicron particles. 1> In the present study, we did
not observe a systematic dependence of the DRH on the particle
size. We do, however, observe a pronounced variation of typically
40 % in the total BLS intensity, in the time window between 1p ;
and tp . The time evolution of the total BLS intensity was deter-
mined by integrating the BLS spectra over the wavelength range
320 nm < A < 490 nm at each time step. Hence, initial water up-
take and accompanying complex deliquescence processes might
be important for accurate estimations of radiative transfer in the
atmospheric studies. >°

0 1 1 1 1 L 1 1 1
0 186 372 557 743 929 1115 1300 1486
Time(s)

Fig. 8 Top: Color-coded intensities in the BLS spectra as a function of
wavelength and time during efflorescence of a single optically trapped
particle (R= 2070.5 [2052, 2086] nm). Bottom: Temporal evolution of the
RH. For the sake of clarity only a few error bars are shown.
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4 Summary

We have investigated the hygroscopic behaviour of single, opti-
cally trapped K,CO; particles using broadband light scattering
(BLS) and Raman spectroscopy. The occurrence of complex mul-
tiple processes during efflorescence and deliquescence cycles has
previously been reported for deposited particles, or single, iso-
lated particles with sizes in the upper micrometer range. The ma-
jor goal of the present work was to clarify whether such complex
multiple processes also occur in unsupported, submicron sized
particles. The isolation of single particles in air avoids issues with
the interpretation of multiple processes arising from ensemble
averaging and from heterogeneous processes involving the sup-
porter. BLS allowed us to probe the dynamics with high time
resolution down to 10 ms. The major observations can be sum-
marized as follows:

e Efflorescence and deliquescence are both accompanied by
complex multiple processes, which correspond to either
abrupt (shorter than 10 ms) or continuous changes in the
particle properties.

e Two different types of efflorescence pathways occur under
identical conditions: (i)"Prompt efflorescence" consisting of
a single process which is complete within 10 ms. (ii) "Mul-
tistep efflorescence" consisting of multiple successive pro-
cesses that can take up to several seconds in total. The Ra-
man spectra of the effloresced particles are identical and are
consistent with crystalline hydrates.

e Deliquescence begins with an initial uptake of water, possi-
bly the formation of a liquid layer coating the particle, and
continuous with a series of multiple steps until the DRH is
reached where the particle liquefies completely.

These observations clearly demonstrate the evidence of complex
multiple processes during efflorescence and deliquescence also in
unsupported, submicron sized particles. BLS is fast and very sen-
sitive to small variations in particle size (~nm), refractive index
(< 10~3) and morphology and thus fulfills many prerequisites for
the detection of multiple fast processes. The combination of sin-
gle particle trapping and BLS is also a very attractive method to
retrieve the frequency dependent refractive index of highly super-
saturated solutions, which is difficult to obtain from other stud-
ies. The only caveat is that BLS spectra alone can generally not
provide a meaningful quantification of particle size and refractive
index for non-spherical particles; i. e. in the region from the
onset of efflorescence to the completion of deliquescence. Ad-
ditional knowledge of the particle shape would be very valuable
here. We have very recently demonstrated that the missing shape
information can be retrieved by holographic imaging of single,
optically-trapped submicron sized particles with a resolution of
240 microseconds (manuscript is in preparation). We hope that
the planned combination of BLS with the new holographic imag-
ing method will open up a new way for a better quantification of
particle properties during efflorescence and deliquescence.

This journal is © The Royal Society of Chemistry [year]
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