Downloaded via UNIV OF CALIFORNIA SAN DIEGO on November 2, 2021 at 17:13:00 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCA

Low-Temperature Water Uptake of Individual Marine and
Biologically Relevant Atmospheric Particles Using Micro-Raman
Spectroscopy

Published as part of The Journal of Physical Chemistry virtual special issue “125 Years of The Journal of
Physical Chemistry”.

Liora E. Mael, Heidi L. Busse, Gordon Peiker, and Vicki H. Grassian*

Cite This: https://doi.org/10.1021/acs.jpca.1c08037 I: I Read Online

ACCESS | il Metrics & More | Article Recommendations

ABSTRACT: The interaction of water vapor and the water uptake
behavior of atmospheric particles are often investigated as a function of o

relative humidity (0—100% RH) at ambient temperature. However, Q & Q T I
lower temperature studies are important to understand how ‘ ] ol
atmospheric particles nucleate ice through various mechanisms & g
including immersion freezing. Immersion freezing requires the o .
formation of a condensed water droplet at lower temperatures prior § T

to freezing. To better understand low-temperature water uptake
behavior of marine and biologically relevant atmospheric particles, we ‘ i
have investigated water uptake of single atmospheric particles using a T EE———— ‘ ,»:::::"
micro-Raman spectrometer coupled to an environmental cell for > T
measurements at lower temperatures and as a function of relative RH
humidity. These particles include sodium chloride, sucrose, Snomax,

lipopolysaccharide, and laminarin. Particles range in size from 2 to 3 pm in diameter and can be monitored by using optical
microscopy and Raman spectroscopy as a function of relative humidity at temperatures between 253 and 298 K. From the Raman
spectra collected, we can determine a Raman growth factor defined as an increase in the intensity of the O—H stretch as a measure of
the integrated water content of a particle compared to the dry particle. These data show that for lipopolysaccharide, laminarin, and
Snomax, unlike simple saccharides such as sucrose and other soluble organics, as temperature decreases, water uptake begins at lower
relative humidity and does not follow a solubility temperature dependence. This suggests that at lower temperatures the particles are
adsorbing water on the surface rather than dissolving and absorbing water. Furthermore, repeated water uptake cycles cause a change
in the morphology of some of these particles, which is shown to promote water uptake at lower relative humidity. These results give
new insights into water uptake of these different marine and biologically relevant particles at low temperature at subsaturation
relative humidity prior to droplet formation and immersion freezing.

100

Bl INTRODUCTION immersion freezing, in which an INP takes up water to form a
supercooled droplet prior to freezing."”” Though ice nucleation
has been extensively studied, there is ongoing work to identify
the chemical and physical properties that control the activity of
marine and biologically relevant INP.*~"" Mixed-phase clouds
are particularly impactful in the southern hemisphere in remote
marine environments, where sea spray aerosol (SSA) derived
INPs are the greatest contributors to these clouds.'”™"*

Mixed-phase clouds are important to the hydrological cycle
and radiative budget of the earth.' ™ They have been observed
and measured year-round across the globe, but their complex
composition of supercooled water and ice crystals makes them
difficult to model.* The formation, composition, size,
precipitation, and density of mixed-phase clouds and thus
their effect on the hydrological cycle and radiative balance are
all affected by aerosol composition." A small but important
subset of these aerosols act as ice nucleating particles (INPs)
which provide a heterogeneous substrate to glaciate clouds.
INPs induce ice formation before water homogeneously
freezes in the atmosphere around 235 K, contributing to ice
and mixed-phase cloud formation.’~” The predominate
pathway for the formation of ice in mixed-phase clouds is
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The defining feature of immersion mode freezing is the
inclusion of INPs in a droplet prior to freezing. Therefore, the
water uptake behavior of an aerosol as a function of
temperature determines the ice nucleating pathway of an
INP in the atmosphere, ultimately impacting cloud formation,
the hydrological cycle, and the radiative budget. Herein we
probe the temperature dependence of water uptake of different
micrometer-sized particles to elucidate how marine and
biologically relevant particles interact with water vapor under
subsaturation conditions. Exposure to increasing relative
humidity (RH) for inorganic particles, for instance sodium
chloride, can lead to phase transitions such as deliquescence at
a distinct, thermodynamically determined RH."*"' This
transition from a crystalline particle to a droplet occurs at a
substance specific deliquescence relative humidity (DRH) and
is followed by the rapid, continuous growth of the
droplet.">"®'” In contrast, organic and biologically relevant
particles can grow gradually, taking up water even at low
RH.'®'”?" Estillore et al. suggest that one possible reason for
the continuous water uptake of these organic particles is the
presence of physical defects within the particles."® These
cracks, pores, and grainlines on the surface of particles may
play a role and promote water adsorption and absorption at
lower RH. Taken together, these processes define the water
uptake of these different types of atmospherically relevant
particles.

The water uptake and deliquescence of both organic and
inorganic single particles have been studied at ambient
temperatures across a broad range of instruments, giving
insights into chemical and physical properties of these different
systems.'”*°~** However, the majority of these measurements
are made at ambient temperature, at or near 298 K. Clearly,
lower temperature measurements are important as this is
where mixed-phase and ice cloud temperature regimes are
relevant, that is, the temperature range where an aerosol may
act as an INP. Previous temperature-dependent studies have
focused on the deliquescence of inorganic salts and water
uptake of small organics. This includes work from Martin and
Gysel et al. that show minimal variation in deliquescence with
temperature for NaCl and sulfate salts, respectively.'>"> Guo et
al. report an increase in DRH values of nitrate salts with
decreased temperature consistent with the temperature
dependence that can be approximated from the Clausius—
Clapeyron equation (as related to solubility) but minimal
temperature dependence on the chloride salts were meas-
ured.”” Similarly, the results of low-temperature organic water
uptake vary. Zamora et al. have shown little to no temperature
dependence of saccharides, mono/dicarboxylic acids, and
humic-like substances between 273 and 303 K.** Conversely,
Baustian et al.”” measure a clear negative temperature
dependence of sucrose, glucose, and citric acid (used as
small organic secondary organic aerosol (SOA) proxies)
between 200 and 273 K, which can be related to the solubility
of these SOA proxies, similar to what was observed for nitrate
salts.”” Ganbavale et al. measured the water activity temper-
ature dependence of a range of soluble organic systems also
between 200 and 273 K using multiple techniques including an
electrodynamic balance and differential scanning calorimetry,
finding the behavior of these organic systems different from the
predicted temperature dependence, and indicated a need for
further measurements at low temperatures to improve
predictions of the ice nucleation ability of mixed aqueous
systems.*?’1

The water uptake and deliquescence of supermicrometer
particles have been measured by multiple techniques, ranging
from suspended particles (electrodynamic balance, hygroscopic
tandem differential mobility analyzer) to single particles on
substrates (Raman, atomic force microscopy, atomic force
microscopy—infrared spectroscopy).”® In this study Raman
spectroscopy is used as it can detect the vibrational signature of
condensed water molecules.””** The broad spectral region of
interest between 3000 and 3800 cm™ is associated with the
O—H stretching vibration of water. We monitored this region
to investigate a range of micrometer-sized particles that include
NaCl, sucrose, lipopolysaccharide (LPS), laminarin, and
Snomax. For these different particles, there is a range of
immersion freezing ice nucleation onset temperatures. NaCl
was chosen as a purely inorganic salt representative and control
as it is well characterized across a range of instruments and
temperatures. Additionally, NaCl does not freeze until very low
temperatures ca. 215 K, outside of the temperature range
reached by the environmental cell used in this experiment
(vide infra).">*%*** Sucrose was chosen as a simple, well-
characterized saccharide whose water uptake across a broad
range of temperatures has been previously studied.””*"***
Sucrose, similar to NaCl, is a poor INP, previously shown to
freeze between 205 and 235 K.*? In addition, saccharides are
known to comprise a large portion of the dissolved organic
carbon in the ocean.”® LPS and laminarin were chosen because
they have both been identified as marine relevant biological
particles. LPS has a moderate immersion ice nucleation ability
(249.4 + 0.7 K) and is composed of polysaccharide chains
found on the surfaces of Gram-negative bacteria.'** Previous
work from Maeda et al. has determined LPS to be an indicator
of biomass blooms which have been observed in the South
China Sea and Pacific Ocean.”” Laminarin is a complex sugar
produced during cell wall degradation that has poor ice
nucleating abilities, measured here to freeze within the same
range as water in our studies (246.6 + 1.1 K).'® Additionally,
laminarin has been found to make up a significant fraction of
particulate organic matter found in ocean waters and to play a
significant role in the marine carbon cycle and ocean carbon
sequestration.”” Finally, Snomax, a commercial product
derived from proteins in the bacteria Pseudomonas syringae,
was chosen as an excellent ice nucleating particle (268.2 + 0.8
K).>>*" In this work, the Raman spectra associated with these
different micrometer-sized particles were characterized as a
function of relative humidity at several temperatures within the
range of ca. 250—300 K to further reveal potential connections
of subsaturation water uptake and ice nucleating behavior. The
overall goal of this study is to gain an improved understanding
of the chemical and physical properties of marine and
biologically relevant particles that contribute to INP and
mixed-phase clouds, and thus contribute to reducing
uncertainties in global and regional climate models.**

B EXPERIMENTAL METHODS

Materials, Chemicals, and Sample Preparation. All
chemicals were purchased directly from the manufacturers and
used without further sterilization or purification and included
sodium chloride (NaCl, >99% Fisher Scientific), sucrose
(>99%, Sigma-Aldrich), Pseudomonas syringae (Snomax, York
Snow Inc.), lipopolysaccharide (LPS, L4130, extracted from
E. coli 0111:B4, purified by trichloroacetic acid extraction,
Sigma-Aldrich), and laminarin (Alfa Aesar). Aqueous solutions
were prepared with Milli-Q ultrapure water. Samples were
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generated by passing aqueous solutions of compounds listed
above first through an atomizer (TSI Inc., Model 3062) and
then two silica diffusion driers (RH < $%) before they were
collected on hydrophobically coated (Rain-X) quartz sub-
strates (Ted Pella Inc., part no 16001-1).

Water Uptake and Ice Nucleation Measurements. A
Raman microscope with a 532 nm laser (Horiba, LabRam HR
Evolution) combined with an environmental cell (Linkam,
LTS 120) was used to study water uptake and ice nucleation as
described in Mael et al.*® Substrates with different individual
particle samples were placed inside the environmental cell to
equilibrate at 298 K for ~20 min under dry N,, where the
relative humidity (RH) was monitored with a hygrometer
(Buck Research Instruments, CR-4). The temperature of the
cell was then set for a specific temperature, and an additional
20 min was given for the system to stabilize to the temperature
of interest. After this, a mixture of dry and humidified N, was
introduced to the cell to increase RH to ~10% RH followed by
an additional 15 min calibration period following the
stabilization of the RH. A Raman spectrum was then taken
between 2600 and 4000 cm™' with five exposures of seven
seconds each. This was continued, increasing the ratio of
humidified N, to dry N, flowing into the cell systematically,
until an RH of ca. 100% was reached. Following water uptake
measurements, ice nucleation measurements were made as
described in Mael et al.”

Following each experiment, the cell temperature was
returned to 298 K and the ratio of humidified to dry N,
flowing into the cell was decreased. Once the hygrometer had
reached equilibrium, the particles and environmental cell were
dried out for an additional 10 min. Subsequent water uptake
measurements were performed on the same particle at different
temperatures. To investigate potential phase changes or
templating that may occur from repeated measurements on
the same particle, multiple temperature “cycles” were probed in
at least triplicate. The three temperature cycles were (1) 298 K
—283K—>273 K—>263K— 253K, (2)253 K-> 263K —
273 K — 283 K — 298 K, and (3) 273 K — 253 K — 283 K
— 298 K — 263 K. With each new temperature cycle, a new
particle was interrogated. For Snomax, because of its low ice
nucleation onset temperature, measurements were only
collected to a low temperature of 273 K.

Bl RESULTS AND DISCUSSION

For these water uptake measurements, a deposited dry particle
was subjected to increasing RH within the environmental cell
at each temperature. The particle morphology was observed
with an optical microscope. As can be seen in Figure 1, there is
a transition of the initial, dry-deposited particle to a dark circle
with a characteristic white center, indicative of a liquid droplet.
This white dot at the center of the liquid particles is due to
illumination by a white light source above the sample used for
imaging. Additionally, this transition was monitored with
Raman spectroscopy by observing growth in the band
associated with the O—H stretching motion, #(OH), from
3000 to 3800 cm™ (as seen in Figure 2). Following one cycle
of increasing and decreasing RH, NaCl and Snomax visually
return to their original dry-deposited structure. Similarly,
sucrose particles returned to their initial dry deposited
morphology following several cycles, although the initial
“dry” particles appear droplet-like but much smaller. The
impact of these increasing and decreasing RH cycles is
different for laminarin-containing particles. Following the first
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Figure 1. Images corresponding to the morphologies of particles at
different stages of increasing and decreasing RH. The left column
shows images of the initial dry deposited particle. The middle column
shows the particles after droplets have formed at 100% RH. The right
column shows the particle morphology after being re-dried.

increase in RH, upon drying, the particle adopts a rounded,
more amorphous morphology, different from the dry-deposited
initial structure. For each subsequent water uptake and loss
cycle, laminarin particles returned to this amorphous state
rather than the initial dry-deposited structure as seen with
NaCl, sucrose and Snomax. In the case of LPS particles, these
particles predominantly returned to their original dry-
deposited morphologies following decreasing RH, but in fact
a very small fraction (<5%) of the particles show a morphology
change to a more rounded amorphous shape, as shown in
Figure 1. Following an additional RH cycle, amorphous LPS
particles return to their original, dry-deposited morphologies.
Interestingly, these different morphologies did not impact the
particles water uptake behavior (Figure 2). Although these
morphology changes are not completely understood, LPS has
been observed to change its morphology due to the
coordination of different cations in its structure.**

In addition to monitoring the optical images, the details of
water interaction with these particles are monitored by
integration of the O—H Raman stretching band (between
3000 and 3800 cm™"). For NaCl (Figure 2a), the spectra as a
function of RH can clearly be clearly seen to increase at the
deliquescence relative humidity (DRH) of 75 + 2%, in
agreement with literature.”>*® This transition from solid to
liquid is followed by the rapid, continuous growth of the
particle as seen in the sustained increase in Raman intensity at
RH values above the DRH. For sucrose, Snomax, laminarin,
and LPS, there is no distinct transition from solid to liquid, but
instead there is a gradual increase in intensity of the O—H
stretching region across a range of RH values. This can initially
be seen as an increase in Raman intensity at low- to mid-RH
and more rapidly at higher RH values (Figure 2b—e).

For water uptake measurements across a temperature range,
the same particle is probed repeatedly through increasing and
decreasing relative humidities at each temperature. The same
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Figure 2. Raman spectra taken at 298 K for (a) sodium chloride
(black), (b) sucrose (blue), (c) Snomax (orange), (d) laminarin
(teal), and (e) LPS (purple) as a function of %RH from 2 to 96 %RH.
These spectra have all been baseline corrected and normalized to the
highest intensity peak in the 2800 to 3800 cm™" region.

particle for NaCl, sucrose, LPS, and Snomax showed no
change in water uptake behavior between cycles. Additionally,
when different morphologies of LPS particles were observed,
the water uptake behavior was also the same. However, for
laminarin, there was a significant difference in water uptake
between the initial dry deposited particle and the particle
following the first increasing/decreasing RH cycle. Subsequent
cycles show no significant variation in water uptake when the
particle was present as a rounded amorphous morphology.
Changes in the O—H stretching region as a f(RH) were used
to create plots of a Raman growth factor as a function of

temperature for each of these different micrometer-sized
particles as shown in Figures 3 and 4. The Raman growth
factor (GF) has been previously defined as*

Raman GF = A/A, (1)

in which A is the integrated area of the O—H stretching region
between 3000 and 3800 cm™" of the particle and A, is the
integrated area at the lowest RH measured. The Raman growth
factors for these different particles as a f(RH) were fit with a

parametrized function modified (Figure 3) from Dick et al."’
1/3
2 Ay
GF= |1+ (a+ba, +ca,)——
1—a, (2)

where 4, b, and ¢ are adjustable parameters and a,, is the water
activity, equal to RH/100."® The parameters for the organics
(a, b, and c) are given in Table 3. This GF fit was developed for
use with tandem differential mobility analyzer (TDMA) RH-
dependent particle growth measurements. The parametrized fit
function was applied to our Raman GF data as measurements
from Laskina et al. have shown comparable GF behavior is
observed between the humidified tandem differential mobility
analyzer (HTDMA) and Raman GF measurements for single
particles or inorganic salts and mixed organic and inorganic
systems.”” It should be noted that while the GF curves are
comparable, the absolute GF values are not. As such, these
Raman GF data can be compared at different temperatures for
a single particle. The X* values associated with the fits for the
different particles across the temperature range can be found in
Table 3 and were used to confirm the “goodness” of the fit.
While the X* values reported are small, indicating a good fit,
the error associated with the individual parameters is fairly
large. One reason may be that the GF of the lower RH region
at temperatures below 298 K show a small local maximum
before the initial water uptake begins. This is a product of the
fit rather than an indication of a trend in the data, as these low
RH GF values do not deviate significantly from the initial
values.

Figure 4 shows the dry deposited water uptake behavior of
laminarin as compared to the amorphous particles in terms of
the Raman spectra, optical images, and the calculated Raman
GF values. Beyond the physical changes in the samples
between the dry deposited and the amorphous particles
following an increasing/decreasing RH cycle, there is a
difference in the water uptake behavior of laminarin, though
not LPS, which can also be seen in Figure 4. Water uptake
onset, highlighted in blue, begins 5—30% higher when the
particle is dry deposited (Figure 4a,c,e) than when it is
amorphous (Figure 4b,d,f). For these particles where there is
no clear DRH as there is for a pure inorganic salt (like NaCl),
we define water uptake to begin when the calculated Raman
GF is significantly different from several values taken at the
lower RH, (as determined by a one-tailed ¢ test, @ = 0.025).
The spectra highlighted correspond to the first RH for these
higher Raman GF values.

Previous work by Baustian et al. has shown variation in
morphology associated with changes in the Raman spectrum.””
The particles measured in this work do not show any spectral
differences between the dry deposited and amorphous
particles, indicating that this difference in laminarin morphol-
ogy may be due to initially drying the suspended atomized
particles via diffusion dryers versus drying the deposited
particles in the environmental cell following increasing/
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Figure 3. Temperature-dependent water uptake curves, as measured by a Raman growth factor (eq 1), as a f(RH). Water uptake curves between
low temperature (darker data points) and higher temperatures (lighter data points) for (a) NaCl (black), (b) sucrose (blue), (c) Snomax (orange),
(d) laminarin, amorphous (teal), and (e) LPS (purple). Lines represent fits to the data using eq 2 (see text for further details). Notably, pure NaCl
shows no temperature dependence, sucrose shows water uptake occurs at lower %RH with increasing temperature, whereas the better INP,
Snomax, laminarin, and LPS all show water uptake occurs at lower relative humidity with decreasing temperature.

decreasing RH. This difference in dry deposited and
amorphous particle morphology water uptake may be due to
hysteresis effects where the addition of water to an already
solubilized sample requires less energy and occurs at lower RH
than adding water to a crystalline, or in this case, a dry
deposited sample of the same material at the same temper-
ature."” The water uptake curves for laminarin in Figure 3c
report the water uptake of the amorphous particles, which
following the initial increasing/decreasing RH cycle did not
deviate significantly between repeated cycles. Notably, this
difference in water uptake behavior does not affect the
immersion freezing behavior of either LPS or laminarin. Table
1 compiles IN onset temperatures measured for these different
particles. These IN onset values agree with earlier measure-
ments made (see ref 33 for full details). As reported in Table 1,
there is no statistical difference between the dry deposited and
amorphous particle freezing temperatures. This is not to say
that the different morphologies (crystalline vs glassy or
amorphous) would not affect depositional freezing at lower
temperatures where a particle does not form a droplet prior to
freezing.

An analysis of the value of the initial water uptake RH for
sucrose, Snomax, LPS, and laminarin at different temperatures
is given in Table 2. These values were determined to be
statistically significant relative to the values at lower RH (as
determined by a one-tailed ¢ test, @ = 0.025). In accordance
with the literature, sucrose shows an increase in the RH for
initial water uptake with decreasing temperature.*>*"*%%
Conversely, Snomax, LPS, and laminarin show the opposite
correlation between the initial RH and temperature, i.e., where
water uptake begins at higher RH with increasing temper-
atures. Additionally, the water uptake onset RH is consistently
higher for Snomax than for laminarin and LPS (Snomax >
laminarin > LPS). Snomax only shows water uptake above 75%
RH, significantly higher than any of the other organic systems
investigated. This is most likely due to the insolubility of

Snomax and is consistent with other measurements of the
behavior of proteins as a function of RH.** LPS, which has a
saccharide component, and laminarin, which is a highly
branched polysaccharide, are fairly insoluble and show very
similar water uptake behavior. Interestingly, these differences
in the onset relative humidity have a similar trend with ice
nucleation onset temperatures for laminarin, LPS, and Snomax.
Laminarin and LPS, which nucleate ice ca. 248 K, take up
water beginning at a much lower RH (between 44% and 73%
RH) than Snomax, which has a much warmer ice nucleation
onset temperature (268 K) and does not take up water until
above 75% RH.

While the water uptake as a function of temperature follows
a similar trend for Snomax, laminarin, and LPS, it differs from
the water uptake of the more soluble saccharide, sucrose, and
the pure inorganic NaCl. For both NaCl and sucrose, our
measurements follow previously reported data. Therefore,
measurements of more complex organic and biological species
showing quite different behavior is not due to any artifact of
the experimental technique but instead due to very different
temperature-dependent behavior.

Raman GF values for sucrose, LPS, laminarin, and Snomax
can be calculated by using eq 2 at 85 + 2% RH, as shown in
Table 4. As discussed earlier, Raman GF values can be used to
assess trends in water uptake behavior across different
temperatures of the same particle type. The measured
Raman GF values for sucrose decrease with decreasing
temperature, in accordance with the trends seen in initial
water uptake behavior measured here experimentally, the
literature, and as predicted by the Clausius—Clapeyron
equation.ZI’M_46 Unlike sucrose, Snomax, LPS, and laminarin
show a clear positive trend with decreasing temperature,
indicating that at the same RH, particles had more water
associated with them at lower temperatures. The opposing
trends in water uptake behavior for sucrose versus other
organic particles at a fixed relative humidity further support

https://doi.org/10.1021/acs.jpca.1c08037
J. Phys. Chem. A XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.jpca.1c08037?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c08037?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c08037?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c08037?fig=fig3&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c08037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

a)

—
Q
3
>
QU
=
>
N
O
[¢5)
=
Q
=

<
Q
]

°
o
7]
-
0]
Q

b) Laminarin 298K amorphous

98% 97%

88% 91%
87% 89%
6% 80%
74% 3%
63% 63% I
52% 51%
24% 20%

8% 9%

W

T

| A& AAS LT |
fejelelelol | ] 1 |

2600 2800 3000 3200 3400 3600 3800
Wavenumber (cm”')

™)

um

N
3
3
3
N
2
S
3
@
S
3
3
@
I
S
3
@
r
S
3
@
3
3
3
@
&
3
3
IN]
3

i
Wavenumber (cm')

c¢) Laminarin 253K dry deposited d) Laminarin 253K amorphous

95% 96%

)

80% 87%
3

|

69% 79%

62% 1%

58% 60%

51% 57%

42% 54%

31% 30%

” 12% 18%

I

T 1
2600 2800 3000 3200 3400 3600 3800 2um 2600 2800 3000 3200 3400 3600 3800 2um
Wavenumber (cm™') Wavenumber (cm™')
e) f)
2.4 A 253K dry deposited 2.4-] ® 253Kamorphous i
A 273K dry deposited a2 ® 273K amorphous E
A 298K dry deposited r, 298K amorphous P

224 N 222+ .
< <
£ 204 a 8 204 } ]
& ' £ '
v ; A i
3 18 e 5 18 R
<] S <] ;o
< L H S
516 i 816 Yo
5 5
@ PR « .

14 S 1.4 ’

o i g
1.2 9 124 ,' ’,f
ey S - xé '55 el ‘ﬂé‘i!“
1.0-.3'5--44~----:§§-§.."-' 1048 §°E

T T T
0 25

1
0 25 100

&
3
8

7

3

50 7 50
Relative Humidity (%) Relative Humidity (%)

Figure 4. Raman spectra of laminarin at 298 K with increasing relative
humidity for a (a) dry deposited particle and (b) amorphous particle
and at 253 K for a (c) dry deposited and (d) amorphous particles.
The corresponding Raman growth factor curves between low
temperature (darker data points) and higher temperatures (lighter
data points) for (e) the dry deposited laminarin (open triangle
markers) and (f) amorphous laminarin (closed circles) are shown
below. The blue spectra are highlighted for each of these
morphologies to show the relative humidity where water uptake
begins and, for the dried deposited particle, where the morphology
changes.

that the water uptake mechanisms are different between the
two types of organics.

Based on previous work,>**"* we would expect water
uptake to be suppressed at lower temperatures, with the onset
of water uptake occurring at higher RHs. This is what is
observed for sucrose which follows the temperature-dependent
solubility approximated by the Clausius-Claperyon equa-
tion.””*>*" Laminarin, LPS and Snomax all show an opposite
temperature dependence. This indicates that particles

Table 1. Summary of Experimental Measurements of
Immersion Freezing Onset Temperatures of Micrometer-
Sized Droplets of Water, NaCl, Sucrose, Laminarin, LPS,
and Snomax

ice nucleation onset temp (K)

water 246.3 £ 1.0
NaCl <246

sucrose <246

laminarin (amorphous) 246.6 + 1.1
laminarin (dry deposited) 246.8 + 0.9
LPS (amorphous) 2499 + 1.1
LPS (dry deposited) 249.5 + 0.8
Snomax 268.1 + 0.9

Table 2. Summary of Water Uptake Onset Relative
Humidities (as %RH) at Different Temperatures for
Sucrose, LPS, Laminarin, and Snomax between 298 and 253
Ka

temp (K) sucrose Snomax larminarin LPS
298 37 +2 97 +3 73 +2 69 +3
283 45 + 3 96 + 2 71 £ 3 60 + 2
273 50 +3 89 + 4 67 +£3 5§ +2
263 58 +2 60 + 2 48 +3
253 67 +2 S7+3 44 + 3

“Values are not available for Snomax below its freezing temperature of
269 K.

Table 3. Summary of the GF Fitting Parameter Values Used
in Eq 2 of Sucrose, LPS, Laminarin (Amorphous and Dry
Deposited), and Snomax across All Temperatures Measured

temp (K) a b c 7
sucrose
298 -28 +12 14.1 + 3.9 -89 +129 0.08

283 —-2.0 + 1.6 7.6 + 49 —3.0 £ 3.5 0.05
273 —-04 + 12 09 + 39 25+29 0.08
263 03 +12 —-1.9 + 3.7 3.9+ 27 0.06
253 14 £ 1.5 —64 + 42 7228 0.08
Snomax
298 0.1 £03 —-0.5 £ 0.7 03 + 04 0.001
283 0.1 + 04 —-0.2 + 09 02+ 0.5 0.003
273 —-03 + 1.1 0.5 +26 —-0.0+ 14 0.006
laminarin (amorphous)
298 —-0.8 £ 0.5 28 + 14 —-19 + 0.8 0.05
283 0.8 + 0.6 2.0 + 1.7 1.7 £ 1.1 0.02
273 1.3+ 06 —41+19 39+ 13 0.01
263 20+ 038 =70+ 2.5 75 +20 0.01
253 22+ 04 -89 + 1.6 103 + 1.3 0.009
laminarin (dry deposited)
298 03+ 0.2 —0.7 £ 0.6 0.5+ 03 0.005
273 23 +£0.7 —=8.1+ 2.0 70 £ 1.4 0.01
253 1.1 + 0.6 —5.6 +21 7.3+ 16 0.01
LPS
298 —-0.3 +£ —0.2 1.7 £ 0.7 -1.1 + 04 0.003
283 04 + 0.2 —-1.1 £ 09 22 +£0.7 0.003
273 1.1 + 0.5 —45+ 18 6.7 + 1.5 0.00S
263 0.7 £ 0.5 —24 + 18 5.6 + 1.6 0.003
253 0.8 +£ 0.5 =3.0+22 79 £ 21 0.002

composed of laminarin, LPS or Snomax are not simply
dissolving or absorbing water as RH is increased in the same
manner as a soluble saccharide such as sucrose. Instead, these

https://doi.org/10.1021/acs.jpca.1c08037
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Table 4. Relative Raman Growth Factors at RH = 85 + 2%
of Sucrose, Snomax, Laminarin, and LPS at Different
Temperatures”

temp (K) sucrose Snomax laminarin LPS
298 255 +£02 0.82 + 0.2 1.30 = 0.2 144 + 0.3
283 241 £ 0.2 1.1 £ 0.2 142 + 0.2 191 £ 0.3
273 237 £ 02 14 £ 02 1.66 + 0.2 235 +03
263 2.11 + 02 - 2.10 + 0.2 2.54 £ 03
253 196 £ 02  =° 234+£02 286 +03

“The error reported is the largest error measured from the Raman GF
plots in Figure 3. “Below the freezing temperature.

more complex macromolecules, which behave as better INP,
are insoluble and show a different temperature dependence
that provides a surface for water adsorption within small
nanoscale pores and on the particle surface.” It is important to
note that although we are not seeing water absorption by these
particles, we do see these particles preferentially adsorbing
water on the surface at higher RH values, to form droplets, as
compared to the substrate alone. It has been shown previously
that thin films may begin to form on NaCl particle surfaces
prior to deliquescence.””>* Here we suggest that on the surface
of these porous macromolecules thin films of water are forming
and these films can become microscopically thick.

B CONCLUSIONS

In this study, we investigated the temperature dependence of
the water uptake of a range of different micrometer-sized
particles from pure salt to simple saccharides to more complex
organics and biological macromolecules. The results show a
decrease in initial water uptake RH with decreased temper-
ature for these larger more complex macromolecules. This
temperature dependence supports the fact that these macro-
molecules are insoluble, and the temperature dependence is
not related to solubility as it is for a simple soluble saccharide
such as sucrose. The data show that while droplets are forming,
it is most likely that the particles of LPS, laminarin, and
Snomax are inclusions within the droplet rather than dissolved.
Additionally, we show a difference in water uptake behavior
between dry deposited and amorphous particles, though these
different morphologies do not yield a change in the immersion
freezing behavior. Overall, this work provides insights into the
water uptake of INPs in the atmosphere over a range of
temperatures and the behavior of complex organic and
biological particles known to be important in ice nucleation
and mixed-phase cloud formation.
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