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Abstract

Atmospheric droplets exhibit heterogeneity due to their distinct mixing states and phases. Ice
nucleation is a common and stochastic atmospheric process that potentially enhances differences
between individual droplets. In this study, we investigated the distribution of chemical moieties
within micron-size droplets by recording spatial maps of sulfate, ice crystals, and gold
nanoparticles (AuNPs) via Raman imaging at 293K and 223K. We observed a spatially even
distribution of sulfate in ammonium sulfate (AS) solutions and droplets at 293K, as well as in
supercooled AS droplets at 223K. Spatially enriched sulfate, expelled from ice crystals, appeared
in frozen droplets and bulk solution at 223K. Interestingly, a fraction of the frozen droplets
exhibited spatially enriched sulfate distributions, while others froze evenly. A higher percentage
of more evenly distributed droplets were found for higher initial AS concentrations. We
differentiated the droplets as supercooled or frozen according to the brightness of the collected
optical images. Using Raman images of the AS droplets, we determined that >93% of the
supercooled droplets were evenly distributed, while >90% of the frozen droplets were spatially
enriched due to ice nucleation. We suggest that localized ice nucleation, within supercooled
droplets, and glass formation, within completely frozen droplets are the major factors contributing
to the remainder of the droplets (~10%). The different component distributions reflect the
stochastic nature of ice nucleation. We also investigated the distribution of functionalized pH
sensing AuNPs within frozen AS droplets and observed an independent distribution of AuNPs that
differed from either the AS distribution or the ice nucleation sites. The relative peak intensity of
the Raman spectrum of AuNPs changed at 223K compared to its room temperature spectrum,
which suggests that the formation of ice crystals in the vicinity of AuNPs at 223K altered the

spectral behavior of the functionalized nanoparticles.
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Introduction

Particles and droplets dictate cloud radiative properties by scattering and absorbing solar and
terrestrial radiation;' by serving as cloud condensation nuclei;>* and through their involvement in
atmospheric chemical processes.*> Atmospheric ice particles, which can serve as cloud
condensation nuclei and atmospheric reaction sites, form either through homogeneous nucleation
of supercooled droplets or by heterogeneous nucleation from ice nuclei (e.g., immersion freezing,
contact freezing, deposition nucleation).!*’ Due to the relative rarity of airborne ice nuclei,
supercooled droplets are atmospherically ubiquitous and are found from the surface layer to the
upper troposphere.®® Accordingly, homogeneous nucleation is important for the formation of

mixed-phase clouds as it occurs in supercooled aqueous droplets when the ice saturation (S; =

PHzO

) is high (where Pu,o is the equilibrium partial pressure of water at the freezing temperature

lce

and Pic. is the vapor pressure of ice at the freezing temperature).!-!?

Individual aerosols and droplets can be subjected to different atmospheric processes and thus
exhibit unique properties that reflect their prior histories. Atmospheric aerosols and droplets with
the same composition can have differential properties depending on differences in mixing state.'*
The phases within individual aerosols and droplets may be solid or liquid, or may be a mixture of
both as a result of their composition, the ambient conditions, and the stochastic nature of nucleation
and crystallization.>"' Accordingly, even for consistent environmental conditions and droplet
compositions, droplets can stabilize in various states and phases. For example, nucleation and
crystallization can be hindered in some droplets thus resulting in formation of an amorphous solid

or ‘glassy’ state instead of ice crystal formation.?
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Ammonium sulfate (AS) particles and droplets are important constituents of upper tropospheric
clouds.?! Accordingly, understanding the supercooling and nucleation behavior of AS particles and
droplets is important. Previous studies have investigated ice formation temperature and nucleation
kinetics;!?2 however, the exact distribution of AS in droplets upon freezing requires study since
the AS internal distribution can affect droplet properties, such as pH, and in turn alter droplet-

atmosphere interactions.??*

Vibrational spectroscopies, such as infrared (IR)?!?°2¢ and Raman,?’-* have recently been shown
to be useful tools for the investigation of ice nucleation and phase transitions in cloud droplets.
Raman spectroscopy specifically, provides abundant chemical detail and higher spatial resolution
compared to IR.3° Using single-particle Raman spectroscopy, researchers have characterized
mixing-states, phase transition, and ice nucleation of atmospherically relevant particles and
aerosols.*35 The studies rely mainly on Raman spectral variations (e.g., peak location, peak
intensity) which provide chemical information about the system. Raman images, compared to
Raman spectra, contain additional information that reflect the spatial distribution of the collected
spectra. Schill and Tolbert applied Raman line-mapping to investigate heterogeneous ice
nucleation on simulated sea-spray aerosol.** Such line-maps can be further expanded to 2-D and
3-D Raman images to obtain detailed spatial distribution and chemical variation of the interested
species. Functionalized gold nanoparticles (AuNPs) enabled surface enhanced Raman
spectroscopy can provide steady and intense Raman signals with high enhancement factor;
moreover, the spectra of functionalized AuNPs are responsive to chemical changes (e.g., pH) in
their vicinity.?*78 Particles in the atmosphere are important as they can serve as cloud
condensation and ice nuclei, and recent studies have shown the formation of gold nanocrystals in

supersaturated solutions.” Accordingly, the addition of AuNPs to micron-size droplets may provide
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information with respect to the crystallization of droplet components. In this study, we explored
the feasibility of using confocal Raman and surface-enhanced Raman spectroscopic (SERS)
imaging to characterize the heterogeneity of individual micron-scale droplets, to probe droplet
component distribution, and to examine the correlation between the distribution patterns of

chemical constituents, ice crystals, and AuNPs in both supercooled and phase-transitioned droplets.

Experimental Methods

Droplet generation and collection. Micron-size droplets were generated from prepared solutions
(0.1-3M ammonium sulfate (AS); 1M ammonium nitrate (AN); and 1M phosphate buffer (PB))
using a commercial atomizer (TSI 3076, TSI Inc.). Suspensions and droplets containing pre-
synthesized pH nanoprobe - 4-mercaptobenzoic acid (4-MBA) functionalized AuNPs* - were
studied separately. The atomizer was operated in a custom chamber at 95% RH.*® Mixtures
containing 2 mL of probe suspension and 3 mL of experimental solution were aerosolized and then
collected for 2 minutes on a superhydrophobic filter fixed = 0.5 cm away from the atomizer outlet.
The superhydrophobic filter was prepared by coating 100 L. of AEROSIL-acetone suspension (4
g/L) onto a PVDF filter (Millipore Sigma) via air-drying. The contact angle of droplets collected
on this substrate was =147° (Figure S1). The filter was transferred into a Linkam THM600

thermostage for temperature control and Raman imaging.

Freezing solution and droplets. The freezing of solutions and droplets was characterized using a
Linkam THM600 thermostage. The accuracy of the temperature control of the thermostage was
evaluated using a thermogun (Figure S2). The rate of temperature decrease provided by the
thermostage can vary from 0.1 to 100K/min with 173K the lowest temperature possible. A

temperature change rate of 10K/min was elected for this study.



103

104

105

106

107

108

109

110

111

112

113

114

115

116

Raman imaging and image processing. Raman imaging was conducted at both 293K (20°C, 95%
RH) and 223K (-50°C) to observe both solutions and droplets. All frozen droplets were
equilibrated at 223K for 20 min prior to Raman imaging, as the observed optical images showed
negligible change with either longer freezing times or lower temperatures (down to 193K, Figure
S3). Raman images were collected using a confocal Raman microscope (WITec Alpha 500R) and
a 50x objective lens and a 633 nm laser. The laser spot has a lateral size of 0.68 um, a vertical size
of 3.2 um, and an excitation volume of 1.5 um?. The spatial resolution of each Raman image was
1 um?/pixel with each pixel containing the averaged Raman signal from the excitation volume.
The laser was initially focused at the droplet centroid and the integration time was 1 s for all
measurements. All Raman images were denoised and smoothed using a Gaussian filter. This image
processing method was selected out of three common methods (median filter, Gaussian filter, and
fast and flexible denoising convolutional neural network) based upon having the lowest mean

square error (MSE) and highest peak signal-to-noise-ratio (PSNR) (Figure S4).

Results and Discussion



117

118
119
120
121
122
123
124

125

126

127

128

a. Raman spectra b. Raman images @ 293K c. Raman images @ 223K
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Figure 1. a) Raman spectra of 0.5M ammonium sulfate (AS) at 293K and 223K, and Raman
spectrum of 0.5M AS + 4MBA functionalized AuNP at 223K. The peaks used to generate the
Raman images in b) and c) are indicated. b) Raman images of sulfate (980 cm™), O-H (3230 cm
1), and AuNP (1076 cm'from 4-MBA) collected at 293K. Raman images are created based upon
the peak intensities indicated in panel a). Each image contains 50x50 pixels that cover a 50x50
um? area. c) Raman images of sulfate (980 cm™), O-H (ice crystal, 3150 cm™), and AuNP (1076
cm!) at 223K.

Bulk ammonium sulfate solutions.

We collected Raman images of bulk AS in both liquid and frozen form at 293K and 223K to
investigate the spatial variation of chemical moieties before and after freezing. The Raman signal

intensity is proportional to the number density of molecules for conditions with controlled laser
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intensity and integration time;* accordingly, a Raman image of a particular vibrational mode

reflects the spatial distribution of a given ion or molecule within the imaged area.

We initially collected Raman spectra to determine how the AS spectrum changes following ice
nucleation. As shown in Figure 1a, the AS solution spectrum at 293K has two major peaks: one
peak at 980 cm’!, corresponding to the sulfate symmetric stretch,**#! and another broad band at
3050-3300 cm!, which reflects the water molecule O-H vibration. The width of a Raman band,
represented by the full width at half maximum (FWHM), can reflect molecular crystallinity;**43
therefore, the measured changes in the Raman spectrum of AS system at 223K reflect ice
crystallization upon freezing. A sharp band at <3150 cm™!, with a lower FWHM compared to the
broad O-H vibration band in aqueous solution, appeared upon freezing of AS solution. This sharp
band is consistent with the previously reported vibration of O-H in crystalized ice, and the shape
of the band (from 3050 cm™ to 3500 cm™') reflects hexagonal ice crystals that formed as aqueous
water freezes.?’# Using a deuterated AS/D,O solution, we observed a similar, but shifted, peak,
further suggesting the origin of the peak is the O-H/O-D vibration (Figure S5). Importantly, the
FWHM of the 980 cm™! peak changed negligibly between 293K and 223K (Figure S6) and thus
sulfate crystallization cannot be discriminated by monitoring the FWHM at 980 cm™'. Yeung et al.
observed a peak shift of the sulfate band following sulfate crystallization after efflorescence;

however, no well-resolved shift of the sulfate peak location was observed in this study.

Changes in the Raman maps following freezing events in the AS/H,O system provide additional
information about crystallization. Figure 1b&1c display Raman maps of sulfate and the O-H
vibration intensity at 293K and 223K respectively. These images were generated based upon the
intensities of the characteristic peaks of sulfate (980 cm™) and O-H (3150 cm) and show the

distribution of sulfate and water molecule within the imaged area. Both the sulfate and O-H maps
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collected at 293K show the homogeneous spatial distribution of sulfate and water in the aqueous
phase. When the temperature was decreased to 223K at a rate of 10 K/min, below the apparent
freezing point observed in this study(~253K), the sulfate and O-H peak intensities exhibit obvious
spatial variations as reflected in the Raman maps (Figure 1c). In particular, the low temperature

Raman maps exhibit spatially enriched sulfate and O-H distributions.

In some images, the sulfate and O-H enriched areas are completely complementary, while in other
images, their distribution overlaps (Figure 1b&lc, Figure S7). The difference in the overlap
between the sulfate and the O-H distributions indicates different freezing processes in the AS
system. To quantify the difference in the overlap between the sulfate and O-H distributions, we
defined the overlap ratio:

Overlap ratio (OR)
_ overlapped pixels with above — average O — H and sulfate signal

pixels with above — average O — H signal

OR reflects the overlapping regions of ice crystal and sulfate within a Raman image, and
numerically represents the ratio of pixels with O-H and sulfate signals that are greater than the
mean intensity divided by the pixels with O-H signals that are greater than the mean O-H intensity.
A detailed explanation of OR can be found in the Supporting Information. Low OR suggests sulfate
expulsion from the ice crystal structure. Previous studies have shown that sulfate and other salts
are excluded from ice crystals due to the mismatch between the crystal structure of AS and ice.
Ions in frozen electrolyte system, in the absence of supercooling, tend to enrich at the interfaces
between individual ice domains.*-! Sulfate expulsion from ice would suggest that the majority of
ammonium ions have the same spatial distribution, even though the two ions can be imbalanced

within interfacial areas when ice crystals form.>'*2 The orange patterns in Figure 2a show the OR
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distribution of various concentration AS bulk solutions. OR values are represented using a
probability distribution since they can vary for a given AS concentration due to the stochastic
nature of ice nucleation; however, in general, higher initial concentrations of AS have greater
probability of higher OR values. This result is represented by the shift in the width of the
probability distribution: the majority of OR values are lower than 0.5 at 0.1M&0.5M AS whereas
IM&3M AS showed a higher probability of OR values above 0.5. The enhanced probability of
high OR values reflect coexisting regions of sulfate and ice. Figure 2b provides example Raman
images that show virtually identical distributions of sulfate and ice crystals. The increase in AS
concentration enhanced the sulfate signal intensity uniformly in the sample. The greater probability
of high OR values in high AS concentration bulk systems reflects a reduction in sulfate expulsion
from newly formed ice crystals following nucleation and the inhibition of AS crystallization due

to the greater viscosity of higher AS concentrations.!749-53:54

a. b. Sulfate
I Map

Overlap Ratio

BLIlk Dro;‘)lets Bllllk Drop‘)lets Bl.‘l"( Droplets Bulk Droplets
0.1M AS 0.5M AS 1M AS 3MAS

Figure 2. a) The distribution of overlap ratio (OR) calculated for Raman images of ammonium
sulfate (AS) solution and droplets at 223K. The patterns denote the distribution of the OR
represented by 8-10 Raman maps collected for corresponding AS bulk solutions and 10-15 Raman
maps for droplets, wider parts represent higher probability of the corresponding OR. b) Raman
images of 3M AS bulk system at 223K with identical distribution of sulfate and ice crystal that are
denoted by high OR values.

Ammonium sulfate droplets.
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The observed changes in the spatial distribution measured by Raman spectroscopy following
freezing of AS demonstrate our general approach. We applied a similar imaging procedure to 10-
40 um AS droplets to investigate ice crystallization within droplets and to probe the differences
between individual droplets. The findings of our previous study show that the atomization process
preserves droplet composition compared to original bulk solutions and that the droplets remain
stable under 293K and 95% RH.*?® For Raman imaging during droplet freezing, the low
temperature limits the diffusion of water molecules thus leading to elongated equilibration
times.»¢ The change in the droplet size was negligible according to the optical images at 223K
(Figure S3). Therefore, we assume that AS concentrations in droplets are identical to the original
bulk solutions for Raman imaging at both 293K and 223K in this study. The droplets studied herein
were =~ 13 + 3.9 um on average. This average approximates the average diameter of droplet
clouds and cirrus clouds of =10 pm.>". The droplet temperature was decreased at a rate of 10 K/min
to minimize mass transport from supercooled droplets to ice particles due to vapor pressure
differences and to suppress heterogeneous nucleation.? Ice particles possess a lower equilibrium
vapor pressure relative to supercooled water droplets due to their greater stability. This vapor

pressure difference can induce ice crystal growth.”8

According to the collected optical images, about 10-80% of the AS droplets exhibited a visible
change in their appearance from bright to dark at 223K. This change was dependent on the initial
AS concentration (Figure 3a&3c). This temperature is comparable with literature-reported values
for the freezing of AS droplets.>26475° The occurrence of different brightness levels at 223K
suggests that the droplets are in different states or phases under the same temperature condition.
To characterize the difference between the bright and dark droplets, we collected Raman images

of aqueous AS droplets at room temperature as well as bright and dark AS droplets at 223K. The
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averaged Raman spectra from various AS droplets at 223K showed shifts in O-H peak location
and variations in O-H peak shapes that indicate the different states of droplets after freezing (Figure
S6). Moreover, Raman images of aqueous AS droplets at 293K consistently exhibited evenly
distributed sulfate and O-H (Figure S8). In contrast, low temperature Raman maps of AS droplets

showed two distinct patterns: evenly distributed or spatially enriched sulfate (Figure 3a).

To better visualize and determine the chemical moiety distribution within droplets, we transformed
the Cartesian coordinates of a droplet image into distance from the droplet center (similar to polar
coordinates) and Raman peak intensity to present our collected Raman images (Figure 3b). This
method was used to simultaneously compare multiple collected maps and objectively differentiate
evenly distributed and spatially enriched analyte distributions (Figure S9). The x-axis of the
transformed graph represents the distance (d) of each pixel from the pre-defined droplet center,
while the y-axis represents the relative intensity at a given distance. We used a normalized distance
(d/Ro; where Ry is the equivalent radius of a droplet) to denote the droplet edge (d/Ry=1) and to
generate comparable length scales when overlaying transformed images because the chemical
species distribution was independent of droplet size (Figure S10). In a typical droplet Raman map,
pixels outside the droplet have low intensity, whereas pixels inside the droplet have higher signal
intensities. We applied a threshold to set the droplet area by counting the pixels inside droplets.
The as produced intensity-distance profiles succinctly categorize the homogeneity in the droplet
signal intensity and its components. The signal intensity of an evenly distributed droplet, such as
an aqueous AS droplet, should be flat when the normalized distance (d/Ry) is less than one and
then decrease sharply near the droplet edge (d/Ry~1), thus resulting in a clearly defined reverse-S

shape as illustrated in Figure 3b. In contrast, spatially enriched droplets have less defined patterns,
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with the highest signal appearing at the most concentrated area in the droplet; however, similar to

homogeneous droplets, the signal intensity decreases at the droplet edge.

Across all AS droplets, >93% of the bright droplets had evenly distributed Raman images while
>90% of the dark droplets showed spatially enriched Raman images (Figure 3c). According to the
observed change in the Raman image for the bulk AS system from evenly distributed at 293K to
spatially enriched at 223K, which reflect ice nucleation and crystallization during the freezing, the
same change in Raman images for AS droplets should also correlate with the ice nucleation and

crystallization in AS droplets.

Droplet percentage (%)

b.

=y e Evenly distributed droplet

% 0.85 e Spatially enriched droplet

€ R 20+ —o— Bright droplet percentage

5 06[ - ninEk -

) » .- - )

% 0.4f . == Evenly distributed bright droplets
[ I —e— Spatially enriched dark droplet

§ 0.2 %ﬁiﬁ}?iﬁ sﬂql'ddwe-: . ol patially enriched dark droplets
[ X2 Hy s 1501 o o L ! ! ‘

2008, 01 05 1 3
0.0 0.5 1.0 1 5 2-0 Ammonium sulfate concentration (M)

d/Ro
Figure 3. a) Example optical images (upper panel) and example Raman images of bright and dark
droplets; b) the intensity-relative distance profile of droplets generated from the Raman images
for evenly distributed droplet and spatially enriched droplet. c) The bright droplet percentage
obtained from optical images (cyan line, more than 100 droplets were counted for each
concentration) at 223K and the percentile of evenly distributed bright droplets (black line) and
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spatially enriched dark droplets (red line) according to the intensity-relative distance profile
transformed from the collected Raman images of >20 droplets for each concentration at 223K.

The droplet brightness change reflects the phase transition in the AS droplets. Our confocal Raman
imaging system uses a reflected light microscope (incident light is transmitted through the
objective); therefore, less absorption (more transmitted light), and greater forward-scattered or
backscattered light will cause a brighter droplet image. Previous studies on ice and water droplets
with similar sizes to those here (e.g., 10-40 um), have shown that the infrared light absorption
efficiency of ice droplets is >5x greater than that of water droplets.®® The same study also showed
a comparable extinction efficiency for ice and water droplets; however, the specific direction of
scattered light needs to be taken into account. The side scattering of ice clouds is stronger than that
of water cloud droplets in the range of 60-130°, whereas water cloud droplets exhibit greater
forward (10 - 60°) and backscatter (> 160°).! We calculated greater backscattering of water
droplets at higher angle via Mie-scattering calculations at 532 nm using previously reported
refractive indices for water and ice (Figure S11).9> The lower absorption efficiency and greater
forward-scattered and backscattered light collectedly suggest that the brighter droplets observed

in this study are in a supercooled aqueous state.

The strong correlation between the evenly distributed Raman images and the bright optical droplet
images, as well as the correlation between the dark droplets and the spatially enriched Raman
images (Figure 3c), suggest that bright evenly distributed droplets are supercooled droplets while
the dark spatially enriched droplets are frozen droplets that experienced ice crystallization and the
expulsion of AS upon phase transition.!” We note that we also observed <7% of spatially enriched
bright droplets, and a low percentage (<10%) of evenly distributed dark droplets. We interpret the

spatially enriched bright droplets to reflect the coexistence of crystalized ice and supercooled
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viscous water within a droplet, as reported previously.??# The evenly distributed dark droplets
suggest that a phase transition occurred within the AS droplets without crystallization. The evenly
distributed Raman images reflect the amorphous solid state of these dark AS droplets. Prior studies
have shown that atmospheric droplets can form glasses, an amorphous state that behaves
mechanically like a solid, when droplet viscosity is high or when organic matter is present.!”% As
the temperature decreases, the viscosity of the supercooled droplets increases and that may hinder
nucleation and crystallization; therefore, we suggest the evenly distributed dark droplets are

droplets that underwent glass formation.!”¢*

Following the classification of the two major droplet states at 223K, we investigated how the AS
concentration affected supercooling and crystallization in droplets. We evaluated the OR of
collected Raman images for both supercooled and crystallized AS droplets for AS concentrations
ranging from 0.1-3 M. The distribution of AS and water molecules in supercooled droplets should
be evenly distributed as observed for the aqueous phase, resulting in overlapping sulfate and O-H
Raman images. Micron-size AS droplets can separate into ice crystals and freeze-concentrated AS
domains below the eutectic temperature (< 254.5 K)* that result in compensating Raman images
of O-H and sulfate. We observed a greater OR for higher AS concentrations which suggests that
more droplets were supercooled under high AS concentrations.! Herein, we assumed homogenous

ice nucleation as the dominating process for AS droplets. Because homogeneous nucleation occurs

more readily when the ice saturation (S; = PHZO) is high, droplets with high AS exhibit a decrease

Pic
in S; and are more likely to be supercooled. We considered heterogenous nucleation as negligible
for the following reasons. First, the estimated relative humidity (RH, equivalent to ice saturation

Si) of AS aerosols at equilibrium at 223K using the E-AIM model is 61.7%.% At this moderate

RH, the temperature change rate we used (10K/min) should suppress mass transfer that may initiate
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heterogeneous nucleation.® Second, the chamber environment within our thermostage contained
pure air and sample droplets with no source of dust or particles that potentially serve as nuclei for
heterogeneous nucleation, which can suppress the probability of heterogeneous nucleation. Third,
our substrate is superhydrophobic which minimizes the effect of the surface on heterogeneous
nucleation.*® Surface roughness can promote heterogeneous nucleation;**¢’ therefore, we further
sought to evaluate the probability of surface-induced heterogeneous nucleation by testing two
other hydrophobic filters (PTFE filter and silane-coated aluminum). We observed similar

phenomenon for the three substrates (Figure S12).

The bright droplet percentage denoted by the cyan line (indicated by circles) in Figure 3¢ shows
an increasing percentage of bright droplets with an increase in the AS concentration that reflects
the higher probability of droplet supercooling at high AS concentration as the bright droplet
percentage is strongly corelated with the percentage of supercooled droplets. This result agrees
with the droplet results in OR in Figure 2a. This bright droplet percentage is equivalent to the

frozen fraction commonly defined in ice nucleation studies.’>® We also determined the bright

Number of bright droplets

droplet percentage ( X 100%) of 1M ammonium nitrate (AN) and 1M

Number of total droplets
phosphate buffer (PB, solution pH =7.4) droplets (Figure S13). The droplet number percentage of
IM AN was comparable to 1M AS. AS and AN solution have similar viscosity>*¢, and E-AIM
calculation gave similar equilibrium RH value (<1% difference) for AS and AN droplets which
denote similar water activity in droplets. Given that homogeneous nucleation dominates in this
study, we expect ice nucleation activity in AS and AN droplets to be similar, since the process is
primarily dictated by water activity and is affected by viscosity."”’ The phosphate droplets
exhibited a significantly higher ratio of bright droplets at the same temperature thus implying a

higher probability of droplet supercooling and lower ice nucleation activity in PB droplets. This
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difference between PB droplets and ammonium droplets suggests the effect arises from viscosity

differences,”’”2, and different ice nucleation processes in the multicomponent PB.

The ratio of bright droplets and dark droplets can be correlated with the Boltzmann distribution.

According to the Boltzmann distribution, this ratio can be expressed in terms of energy:

N, Ae
statel — e_ﬁ

Nstatez

where A€ is the thermodynamic energy difference between two states (e.g., supercooled droplet
vs. crystalized droplets, or crystallite vs. glass formation). We estimated the apparent Ae between
supercooling and crystallization for 0.1, 0.5, 1, and 3M AS to be ~2.2 kT, 1.5 kT, -0.3 kT, and -
1.3 kT respectively. These values refer to the difference in thermodynamic free energy. The droplet
number percentage of AS, AN, and PB droplets changed only after the system reached 223K
(Figure S13). Similarly, the change in the brightness of the AS droplets occurred after the system
reached a certain temperature (223K, Figure S3). These two phenomena reflect that kinetic
activation is required to initiate nucleation and cyrstalization.!> The values achieved from the
Boltzmann distribution were about 10x lower than the kinetic activation energy for bulk
homogeneous ice nucleation reported previously.'? Since freezing is a kinetically controlled
nucleation process, and previous studies have shown that larger droplets tend to crystallize at a
higher rate>*, the smaller thermodynamic energy can be attributed to: 1) the dominant kinetic
parameters during ice nucleation; 2) the lower energy requirements for micron-size droplet
freezing compared to bulk solution. We note that the Boltzmann analysis provides only a
qualitative assessment of the energy given the finite number of droplets. Moreover, we categorize

the evenly distributed dark droplets as those that experienced glass formation; accordingly, with
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additional droplet data that correlates with both evenly distributed and spatially enriched dark
droplets, we will be able to estimate the free energy difference between glass formation and

crystallization via droplet counting and the Boltzmann analysis.

Gold nanoparticle in ammonium sulfate system.

Using Raman imaging, we have shown that the distribution of sulfate and ice in droplets upon
freezing varies between individual droplets for AS concentrations < 3M. In parallel, we observed
the distribution of the 4-mercaptobenzoic acid (4-MBA) functionalized AuNPs (pH nanoprobe)
within the frozen AS system. This study was conducted to investigate the correlation between the
distribution of the pH nanoprobe and the ice crystal growth. Raman images of the pH nanoprobe
were collected according to its peak intensity at 1076 cm™ which originates from the 4-MBA
benzene breathing mode.?*-¥” Similar to the AS solution, the pH nanoprobes were evenly distributed
at room temperature, but spatially enriched after being frozen in both bulk and droplets which
reflects the previously reported nanoparticle embedded in ice (Figure 1, Figure S7).*-° We also
conducted multiple freeze-thaw cycles on the pH nanoprobe suspension, and demonstrated the
stabilization effect of polymer coating on the pH nanoprobe (Figure 4a). The collected images
show the independent distribution of AuNPs relative to the distribution of either AS or ice crystal
under the conditions of this study (Figure 1c&S7, AuNPs are enriched within both AS rich
domains and ice crystal domains). The aggregation of AuNPs without polymer coating should
have identical distribution with salt due to the exclusion by the growing ice crystal.”> The
independent distribution of the pH nanoprobes observed in this study can be attributed to the
colloidal stabilization effect of the PEG polymer coating and the hydroxyl end group of PEG. We
observed no apparent change in the droplet number ratio of the droplets that contained AuNPs

(~22% in 1M AS droplets), which suggests negligible immersion freezing and little effect on the
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kinetics of ice nucleation in the presence of relatively low concentrations of pH nanoprobes (~10°

NPs/L).
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Figure 4. a) The distribution of pH nanoprobe in the pH nanoprobe suspension after 5 freeze-thaw
cycles. b) The correlation between two peak ratios 1;7;0/1,07;s and 1,410/11076 at different solution pH
(from 2-12). The cyan region denotes the peak ratios of pH nanoprobe in suspensions of different
pH at 293K. Both peak ratios can be applied to quantify the suspension pH in aqueous phase. The
correlation of two peak ratios under 223K completely deviated from that observed in aqueous
suspension (cyan region).

In our previous studies, we applied 4-MBA functionalized AuNPs with SERS imaging to achieve
pH quantification and imaging of micron-size droplets.”** The weak correlation between
aggregated AuNP and ice crystals in the AS system provided us with the potential to characterize
pH in different domains within the AS system, and to investigate the pH difference between
supercooled and crystalized droplets. Investigating pH changes that occur following droplet
freezing may provide important information on ion enrichment and potentially the imbalance of
ions caused by ice crystallization.’! We evaluated the spectral behavior of the spatially enriched
pH nanoprobes. In aqueous solutions, the Raman spectrum of the pH nanoprobe correlates well
with the surrounding pH due to the protonation and deprotonation of the carboxyl group of 4-

MBA. At low pH conditions, the higher abundance of protonated 4-MBA results in higher intensity

of 1710 cm™ peak (I;70) and reduced intensity of the 1410 cm™ peak (I;410). To minimize signal



385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

variability the pH sensitive peaks are normalized to the pH intensity peak at 1076 cm™' (I,075) which
is originated from benzene ring-breathing mode.>**"* pH nanoprobe suspensions with different
pH values (4 - 11) were prepared using 1M HCl and 1M NaOH after synthesis, and characterized
by Raman spectroscopy after pH adjustment. The correlation between the two peak ratios (I1410/I1076
and I,710/11076) In aqueous solutions are depicted by the cyan region in Figure 4b. At 223K, the
correlation between the two peak ratios of the pH nanoprobe upon freezing (represented by dots
in non-cyan colors) deviated from that obtained in the aqueous phase. Moreover, the peak ratios
changed greatly within droplets with the same AS concentration (Figure 4b). The large variance
in spectral behavior suggests that the aggregation of AuNPs alters the Raman spectra at 223K. A
previous study has shown that changes in the orientation and binding modes of a molecule on the
gold nanoparticle surface can alter its spectrum.’® Therefore, the spectral changes we observed can
be attributed to the change in molecular orientation in the aggregation of AuNPs and the change
in protonation of the carboxylic group of the pH nanoprobe in the ice crystals at 223K. The spectral
changes also indicate a state different from the aqueous state at 293K, which can be related to the
aggregation and assembly of pH nanoprobes at 223K. To achieve pH characterization in different
domains of ice, future study is needed to figure out how the functional group (4-MBA) was

affected by the assembly and aggregation of pH nanoprobes during ice crystal growth.

Conclusions

In this study we demonstrate that low temperature (223K) Raman and SERS imaging are reliable
tools to investigate molecule and ion distribution which can provide micro-meter scale resolution.
Using low temperature Raman imaging, we observed the exclusion of sulfate from ice crystal
during the freezing of AS solution. Both AS bulk system and AS droplets exhibited various

freezing processes indicated by the OR value evaluated from Raman images. The droplets at 223K
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showed different states that reflects the stochastic nature of ice nucleation. The population of
droplets in different states that are characterized by Raman imaging can provide qualitative
estimation of the thermodynamic energy difference between the states. We studied the distribution
of pH nanoprobes separately using SERS imaging, which has the same experimental setup with
Raman imaging. The distribution of pH nanoprobe are independent from either icy crystal or
sulfate distribution, which provide the potential for the pH nanoprobe on charactering pH in
different ice domains. However, the freezing processes altered the spectral behavior of pH
nanoprobe; therefore, future studies on factors affect pH nanoprobe SERS spectra is required. Our
findings in this study show the potential of low-temperature Raman and SERS imaging on micron-

level characterization that can provide fundamental physical chemistry insights.
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