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Abstract:

We generate water-rich aerosols containing 1-propanol and 1-pentanol in a supersonic nozzle
to study the effects of these solutes on the freezing behavior of water. Condensation and freezing
are characterized by two complementary techniques, pressure trace measurements and Fourier
Transform Infrared spectroscopy. When 1-pentanol and 1-propanol are present, condensation
occurs at higher temperatures because particle formation from the vapor phase is enhanced by the
decrease in interfacial free energy of mixed aqueous-alcohol critical clusters relative to those of
pure water. FTIR results suggest that when ~6 nm radius droplets freeze, the tetrahedral structure
of the ice is well preserved up to an overall alcohol mole fractions of 0.031 for 1-propanol and
0.043 for 1-pentanol. In this concentration range, the ice nucleation temperature decreases
continuously with increasing 1-propanol concentration, whereas the onset of freezing is not
significantly perturbed by 1-pentanol up to a mole fraction of 0.03. Furthermore, once freezing
starts the ice nucleation rates in the aqueous-alcohol droplets are very close to those for pure water.
In contrast, at the highest mole fractions of either alcohol it is not clear whether droplets freeze to
form crystalline ice since the final state of the particles cannot be adequately characterized with
the available experimental techniques.

I. Introduction:

Ice freezing from supercooled water droplets is ubiquitous in the atmosphere, and plays an
important role in ice cloud formation, precipitation, and climate forcing.!” Investigations of ice
formation in droplets include those that characterize nucleation rates of pure water,® 13 to those that
examine the role of contaminants including inorganic materials,' !> biological materials,'®'® and
long-chain alcohols!'®-?3 resembling atmospheric oxidized organic compounds.?*2?° The variable
chain-lengths of n-alcohols make them appealing model solutes for quantifying the influence of
such amphiphilic molecules on the freezing temperature and the kinetics of ice nucleation. Here
we investigate freezing in aqueous-alcohol nanodroplets formed in supersonic expansions, by
combining pressure trace and FTIR measurements. Our results reveal the delicate interplay of
solute size and concentration on ice-nucleation.
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To date, most ice-nucleation experiments have been carried out using bulk samples or droplets
that have characteristic length scales of tens of micrometers to millimeters. Thus, enrichment of
the surface by amphiphilic species does not significantly change the overall composition of the
sample. To our knowledge, there are no published studies reporting ice freezing of aqueous-alcohol
mixtures in nanodroplets. Such studies are interesting from a fundamental point of view, because
partitioning of surface active molecules in small aqueous droplets®®- 3! may play an important role
in determining the degree to which the presence of these species influences the freezing process
of water. In particular, as the droplet curvature increases the surface/volume ratio is no longer
negligible and it becomes necessary to account for the molecules lost from the bulk to the surface,
i.e. the interior or “bulk” composition of the droplet and the surface composition both differ from
the overall composition.3> The rapid decrease in surface tension of aqueous mixtures upon the
addition of alcohol, even for soluble short-chain alcohols,3* 34 and the mutual enhancement
observed during vapor phase nucleation in water-alcohol systems3> 3¢ both confirm that surface
enrichment occurs on all length scales for aqueous n-alcohol solutions. Furthermore, as the
alcohol’s chain length increases, its propensity to reside at the vapor-liquid interface increases,
consistent with the lower aqueous solubility of long-chain alcohols?” reducing the mixture surface
tension more rapidly on a molar basis.>3> Consequently, other phase transition behavior, in
particular freezing, may be strongly affected by the partitioning mechanism of alcohols in
nanoparticles.

Previous studies have shown that short chain alcohols suppress water freezing in bulk aqueous
solutions. For n-alcohols containing up to four carbons, Oguni and Angell found that the -CH,
groups had an additive effect on the homogeneous freezing temperature 7;, depression at low
alcohol concentrations.’® A complementary study also showed that there is a linear correlation
between T7;, and the number of -OH groups in the alcohols and a systematic decrease in freezing
temperature as the alcohol molarity increases.’® In contrast, some aliphatic long-chain alcohols
(C>14) are good ice nucleators because their interfacial structure matches that of the crystal
embryo of hexagonal ice, and thereby reduces the cost of forming a critical ice nucleus.!?-23

In this paper we are interested in exploring how low concentrations of two relatively short-
chain alcohols, with different alkyl chain length and aqueous miscibility, influence ice freezing
behavior in nanodroplets. Note that 1-propanol is totally miscible with water near ambient
temperature, whereas 1-pentanol exhibits a miscibility gap and is only soluble to a mole fraction
of x,~0.005. At low concentrations both of these surface-active alcohols are expected to enrich the
interface of the water droplets, yielding core-shell like structures.*%4! Much higher concentrations
would be required for the aqueous-n-pentanol droplet to adopt the more complex phase separated
lens-on-sphere structure, or to revert to a well-mixed alcohol rich phase.*!

The paper is organized as follows. In Section II, we briefly review the potential effects n-
alcohols can have on water freezing and use established models to estimate the surface enrichment
of alcohol in nanodroplets. Section III describes the experimental and data analysis methods.
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Section IV contains a summary and discussion the results, leading to the conclusions described in
Section V.

IL. Freezing of Aqueous-alcohol Solutions and Aerosol Surface Partitioning

Pure water has an equilibrium melting/freezing point of 273.15 K at atmospheric pressure. In
an ideal aqueous solution, for which the solute-water and water-water interactions are
indistinguishable, the equilibrium freezing temperature is lower than that of the pure solvent in
keeping with the corresponding colligative properties. Water, however, can be supercooled
significantly before freezing occurs, and for micron sized droplets the limit of homogeneous ice
nucleation 7, is ~235 K at 1 atmosphere.*? For aqueous-alcohol solutions 7;, further decreases, in
keeping with the corresponding decrease in water activity.?* At high solute concentrations, glass
formation, rather than ice nucleation may occur even at moderate cooling rates. The vitrification
temperature 7, in turn, depends on molar mass and hydrophobicity of the solute species, and
increases as the solution becomes more concentrated.>* Finally, experiments also show that for the
water-1-propanol system, when the propanol mole fraction X,opanot <0.078, pure ice forms as the
mixture is cooled below the equilibrium melting temperature, and is in equilibrium with a solution
enriched in 1-propanol.** However, as the temperature drops below the peritectic point ~263.05
K, the two phases in equilibrium are the water ice and propanol clathrate hydrate.** Thus, even the
relatively simple aqueous -alcohol systems are expected to exhibit a rich range of freezing and
phase-separation behaviors as the droplets cool.

The larger surface-to-volume ratio of multicomponent aerosol nanodroplets is also expected to
lead to different surface partitioning behavior than the corresponding macroscopic solutions. Thus,
one expects the changes in freezing temperature and freezing rate in nanodroplets to differ from
those in a macroscopic solution and to depend strongly on the amphiphilic solute.

There are a number of models available to estimate the partitioning between the surface and
the interior. These include models based on the Gibbs adsorption isotherm3® 44, the monolayer
model where the organic compound is assumed to only aggregate in the surface phase, and the
compressed film model where surface tension is related to the surface coverage.*> Here we present
a more-detailed description of predictions obtained using the model proposed by Malila and
Prisle.* In this model, a spherical droplet of radius r is treated as if it were composed of two phases
with different compositions and properties: the interior or bulk (superscript b) and a surface
monolayer (superscript s) that covers the core. The distribution of the surface active species
between the bulk and the surface is determined by equating the surface tension of the droplet, as
determined by the interior mole fraction x”, with the volume fraction weighted surface tensions
of the pure components in the surface layer, i.e.

o1v1x] + oav2x5

o(xbT) = (1)

v1x] + vx5
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Here, the subscripts 1 and 2 refer to water and the alcohol, respectively and v; represents the
molecular volume of species i. Equation (1) may be solved iteratively and must also satisfy the
mass balance constraints imposed by the size and overall composition of the droplet. A more
detailed description of this model, as well as the data used to fit o(x?T), at the temperatures of
interest, is provided in the Supporting Information (Sections S.I and S.V, respectively).

Fig. 1 shows the resulting surface partitioning predictions for droplets of » = 6 nm, plotted as
a function of the overall droplet composition. The calculated bulk mole fraction of pentanol when
the overall composition Xpentanot = 0.061 (xlz’ =0.0029) is still well below the solubility limit of the
water-rich phase at 298 K37 (x3 = 0.0044). Furthermore, as detailed in the Supporting Information
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Fig. 1 (a) Mole fraction of alcohols in the surface (x3) and bulk (x3) calculated with the Malila and
Prisle#6 model at 220 K for droplets with 7 = 6 nm. (b) The surface enrichment factor x3/x3 at 220 K.
Varying the droplet radius by £0.5 nm, changes the surface enrichment factor by less than +4% for both
alcohols and these changes are well within the symbol size.

(Section S.V.B, Figure S13), the solubility of 1-pentanol increases as temperature decreases and
there may be a lower critical solution temperature below ~200 K. Hence, it is safe to assume that
at the 1-pentanol concentrations used in this study there is no additional liquid-liquid phase
separation within the droplet beyond surface partitioning. Based on the diffusivity of alcohol in
aqueous-alcohol mixtures (section S.II1.C), we also estimated that the time required for the droplet
structure to equilibrate is in the order of ~1 ps. This timescale is comparable to that found in MD
simulations of aqueous-butanol nanodroplets (» = 3 nm, 7= 250K) where stable droplet structures
were established well within the 100 ns simulation time whether the initial droplet structure was
well-mixed or core-shell.#!

Both the surface phase mole fraction x$, and the surface enrichment factors x3$/x5 for 1-
propanol and 1-pentanol are consistent with the fact that interfacial adsorption is more favorable
for pentanol than propanol due to its longer alkyl chain. The trends for x5/x5, shown in Fig. 1 (b),
agree with the X-ray photoelectron spectroscopy (XPS) measurements on bulk C4-C6 aqueous-
alcohol mixtures at low alcohol concentrations.4” In particular, for 1-pentanol at 7= 283 K and x3

4
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= 0.003 (solubility limit is ~0.005 at 7= 283 K)*’, Walz et al.*’ reported a maximum surface
enrichment of ~130, a value that is somewhat lower than that predicted here but still of the same
order of magnitude.

The more rapid levelling-off of x$/x5 for 1-pentanol also reflects the more rapid decrease in
surface tension for 1-pentanol relative to 1-propanol at comparable mole fractions. The simulations
reported by Ballal and Chapman?* also showed that interfacial tensions decrease more drastically
and level off earlier for aqueous solutions of alcohols with longer chain lengths.

Given the low concentrations of 1-pentanol in the droplet interior, an alternate approach of
calculating surface-bulk partitioning in the partially miscible aqueous-pentanol droplets, is to
assume that all 1-pentanol molecules reside at the air-water interface and only dissolve in the
interior after the surface becomes saturated. If one assumes that a 1-pentanol molecule occupies*®
32 A? and that » = 6 nm, full occupancy of the droplet surface corresponds to an overall pentanol
concentration of x,~0.046.

The Malila and Prisle*® model, experiments, and simulations, all suggest that 1-pentanol
segregates more strongly to the surface than 1-propanol, and, therefore, 1-propanol should affect
water freezing more significantly than 1-pentanol at comparable overall molar concentrations.
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Fig. 2 Schematic of the flow system.
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III.  Experiments and Methods
A. Flow System and Pressure Trace Measurements (PTM)

All experiments are performed in the supersonic nozzle apparatus illustrated in Fig. 2. The
nozzle (nozzle C) has a rectangular cross section with flat sidewalls separated by 1.27 cm, and
converging-diverging top and bottom blocks (see Fig. S1 for more details). The area of the nozzle
throat A* is 0.635 cm? and the effective expansion rate d(A(z)/A*)/dz is ~0.086 cm’!, where
A(z) is the cross-sectional area z cm downstream of the effective throat (z = 0). This expansion
rate leads to cooling rates on the order of 5x10° K/s. Each sidewall contains a 14.5 cm long x 1.2
cm high X 3 mm thick CaF, window for optical access. As the gas mixture flows through the
nozzle, rapid cooling first creates a highly supersaturated vapor phase since the equilibrium vapor
pressure peq,; of the condensable material decreases far more rapidly than its partial pressure p;.

At high enough supersaturation § = Pi/ Deq,i» the vapor condenses to form nanodroplets, releasing

heat to the flow and quenching further particle formation. Once particle growth is complete, the
mixed flow again cools as it continues to expand. If low enough temperatures are reached the
liquid droplets can freeze.

The carrier gas, N,, is drawn from the gas side of liquid Dewars ensuring a highly pure, particle
free, source. Carrier gas is essential in these experiments because it ensures that the fluid
mechanics within the nozzle are accurately described by the supersonic flow equations that
incorporate heat addition. The carrier gas does not condense because its partial pressure is always
well below the equilibrium vapor pressure even at the lowest temperatures. Nor does it interfere
or directly participate in nucleation at these low pressures.*> Water and alcohol are vaporized
separately in the presence of carrier gas, and their flow rates are controlled by two peristaltic pumps
and monitored by two balances. The vapor rich stream is mixed into the main carrier gas stream
and the combined gas mixture flows continuously into the plenum before it enters the supersonic
nozzle. The stagnation pressure is maintained at p;=60.0 kPa, and is determined by measuring the
static pressure at a sidewall pressure tap near the nozzle entrance and correcting for the kinetic
energy of the flow. The stagnation temperature, maintained at 7y=35 °C, is controlled by a water
bath and monitored by a platinum resistance temperature detector in the plenum. The water flow
rate is fixed to yield an initial mole fraction of water yopn,0 = 0.0166+3x10* with respect to all
of entering materials, i.e. nitrogen, water, and alcohol, or equivalently to maintain an initial partial
pressure po o= 0.99 + 0.02 kPa. The alcohol flow rate is controlled to yield different vapor phase

Yo0,alcohol

mole fractions, so that the alcohol mole fraction of the total condensate x, = ranges

Yo,alcohol t Yo,H,0

from roughly 0.005 to 0.08. After the flow traverses the nozzle it is exhausted to atmosphere by two
rotary vane vacuum pumps.

In a PTM, a movable pressure probe measures the local static along the center line of the nozzle.

As noted above, z = 0 corresponds to the effective nozzle throat that is ~ 0.12 cm downstream of
6
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the physical throat due to boundary layer development along the nozzle walls. Pressure
measurements are taken every 0.1 cm in the subsonic region (-1.0 cm <z < -0.2 cm), every 0.04
cm near the throat (-0.2 cm <z < 0.2 cm) every 0.1 cm up to z = 2.6 cm, and then every 0.2 cm to
the end of the nozzle (z~10.3 cm). When the mixed vapor condenses in the supersonic portion of
the nozzle, the latent heat released by the phase transition leads to a deviation in the static pressure
from the expected isentropic expansion. This deviation is detected by comparing the position-
resolved static pressure p measured for carrier gas alone (dry trace) with that measured for a
condensable-carrier gas mixture (wet trace). The dry trace also characterizes the effective area
ratio of the nozzle A(z)/A*. The other variables of the flow, including temperature 7, flow
velocity u, density p, and mass fraction of condensate g, are calculated by solving the compressible
flow equations with heat addition using p and A(z)/A”", as the known variables.’® As part of the
integration scheme the raw pressure measurements are interpolated to provide data points every
0.01 cm.

The analysis detailed above assumes A(z)/A™ is not affected by condensation. However, this
is not strictly true as the boundary layers that develop along the nozzle walls can be compressed
as condensation occurs.’! Under our experimental conditions, the temperature can be
systematically underestimated by about 4 K when boundary layer compression is ignored. To
correct for this effect, we therefore use g values determined from an integrated analysis of small
angle X-ray scattering and PTM data collected under similar operating conditions and water partial
pressures (pon20 = 1.05 kPa) in the same nozzle.” Using the values of g and p as input, the other
flow properties — in particular the temperature — can be estimated more accurately. The small angle
X-ray scattering experiments also found that the average particle sizes for water — 1-pentanol
aerosols produced from initial conditions of pg,0= 1.05 kPa and X,entanol Values between 0 and
0.062, had average radii (r) ranging from 5.6 — 7.0 nm (See Fig. S15).52 Thus, we assume that
for all the particles in the current study (r) ~6 nm. As noted in Fig. 1, our partitioning analysis is
not significantly affected by changing the size from 5.5 nm to 6.5 nm.

B. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a powerful approach to interrogate the H-bonding network in water and to follow the
liquid-solid phase transition of water via changes in the O-H stretch band. Thus, aerosol freezing
is probed by observing changes to the position-resolved IR spectra within the O-H stretch region
3000-3600 cm!. The C-H stretch bands in the 3000-2800 cm™! range contributed by the alcohols
are also monitored as a reference.

In our setup the IR beam, guided by two focusing mirrors and one plane mirror, passes through
the nozzle and is detected by a liquid nitrogen cooled MCT detector. At each position in the nozzle,
32 spectra are measured with a resolution of 1 cm’!, no apodization, and with the software
suppression of the H,O/CO, vapor lines turned on in order to minimize the contribution of these
species in the room air to the final spectra. A spectrum of the carrier gas alone is taken as

7
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background at each position before measuring the absorption due to the sample. Since the density
of the gas mixture varies as a function of position in the nozzle and the mass fraction of the
condensate changes during the vapor to liquid phase transition, the measured absorbance is
normalized using

I5(v) m
ea(v) = —log(7 o) * 1og )

where I;(v) denotes the measured intensity of light passing through the mixture (the sample) as
a function of the wavenumber v, [,(v) is the measured intensity of light passing through the
carrier gas only (the background), m denotes the molecular weight of the condensate, / is the
beam path length, i.e. the nozzle block width in our case, p is the flow density calculated from

2

the PTM, and g is the mass fraction of the condensate. The units of &,(v) are %

C. SMCR analysis

To further quantify the O-H stretch band of the IR spectra, a self-modelling curve resolution
(SMCR) analysis was performed on each set of spectra corresponding to a fixed alcohol mole
fraction. The SMCR procedure decomposes a set of spectra into linear combinations of two non-
negative, linearly independent underlying component spectra without any constraints on the
corresponding spectral shapes.®®>* One may, however, constrain the shape of one of the SMCR
components to match the experimental spectrum of a particular solution, as has previously been
done in treating temperature dependent Raman spectra of water as mixtures of high and low
temperature spectral components.’>>’ Here we employ a similar strategy to analyze the
temperature dependent FTIR spectra of nanodroplets composed of aqueous alcohol solutions.
Specifically, in the first round of SMCR, the spectrum at the highest temperature (here ~231 K) is
taken as the “high temperature liquid” reference component spectrum (HTL), and a pairwise
SMCR analysis is performed with each of the other measured spectra to decompose those spectra
into a linear combination of the HTL and the corresponding SMCR second component spectrum.
Prior to the onset of freezing, SMCR yields a series of very similar second component spectra,
which we refer to as the “low temperature liquid” component (LTL). The amplitude of the LTL
component increases with decreasing temperature, but the shape is approximately temperature
independent. The fact that a continuous distribution of water structures can be accurately
approximated as a linear combination of two components was explained theoretically by
Geissler.’® When droplets start to freeze, however, the shape of the LTL spectra begins to change
significantly, signaling the appearance of a new structural component, due to the corresponding
solid phase. After completing the initial pairwise analysis, a global estimate of the LTL can be
made by a joint analysis of all of the “liquid-like” spectra.

In order to obtain further information regarding the emergence of the solid phase below the
pure liquid region, we performed a second round of SMCR on second component spectra. In this

8
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second round SMCR analysis, the LTL component spectrum obtained from the global first round
SMCR analysis of the liquid-like spectra is used as the reference spectrum, and the new component
spectrum obtained from the second round SMCR analysis is assigned to emergent frozen species,
and referred to as the “ice component” (IC).

The fractional area of the IC relative to the LTL component at each temperature provides a
quantitative measure of the apparent ice fraction of each spectrum, Fic. Multiplying Fic from the
second round SMCR by the LTL component fraction from the first round SMCR, yields an
estimate of the fraction of the IC spectrum in the full spectrum, Fic. Moreover, if we assume that
the IR absorption cross section for the ice and liquid are identical, then we may approximately
equate Fic with the corresponding mole fraction of ice in the aerosol. However, since the IR cross
section water decreases with decreasing hydrogen-bond strength, the latter estimate is expected to
represent an upper bound estimate of the true mole fraction of ice.

Finally, to derive the ice nucleation kinetics we first normalize Fic to 1. This normalization is
equivalent to assuming that the aerosol is fully frozen at the lowest temperatures. Thus, the time
evolution of the normalize Fic can be used to obtain information about ice-nucleation kinetics
under the usual assumptions that (1) the normalized Fic is equivalent to the fraction of aerosol
droplets that have frozen FF, (2) that a single nucleation event within a drop initiates freezing, and
(3) that freezing of a single droplet occurs much faster than the time required to freeze the entire
aerosol.!3 3% 60 Here time and position in the nozzle are related by dt = dx/u where u is the local
velocity derived from the PTM. For pure water, the ice nucleation rates derived using SMCR
analysis are entirely consistent with those determined using our earlier approach.!?

D. Chemicals

The carrier gas nitrogen is boiled off from liquid nitrogen (purity of 99.998%) purchased from
Praxair. The deionized water had a resistivity of ~18 megohm. The 1-propanol and 1- pentanol
(purity >99%) were purchased from Sigma-Aldrich Corporation and used without further
purification. The physical properties of the pure materials and their mixtures are listed in Physical
Properties section in the Supporting Information (S.V.A and S.V.B, respectively).

E. Experimental Conditions
The base experimental condition corresponds to pure water expanding from an initial partial

pressure pp,o= 1.01 kPa, py = 60.0 kPa and T, = 35 °C. All other experiments matched this initial

partial pressure of water and added alcohol so that the mole fraction of alcohol with respect to the
total condensable material was between 0.005 and 0.08. In two additional control experiments,
extra water was added at mole fractions of 0.024 and 0.068 relative to the base case. Approximately
25 FTIR position resolved measurements were made for the base water case and each aqueous-
alcohol experimental condition.
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IV. Results and discussion

A. Pressure trace measurements

PTM provide the position resolved temperature, density, and velocity profiles of the flowing
gas mixture, as well the mass fraction of the condensate. The robustness of these techniques has
been tested in earlier work,’! and based on those results, the estimated accuracy of the reported
temperature is ~ £2 K. PTMs are used to characterize the conditions required to initiate
condensation in the supersonic nozzle and to determine when particle growth is essentially
complete. The flow velocity lets us translate between position and time, and, in the nozzle used
here, the time required for the flow to pass from the throat to a point 10 cm further downstream is
~210 ps.
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Fig. 3. (a) Pressure and temperature profiles for H,O with 1-propanol and (b) 1-pentanol at the indicated
overall mole fractions of alcohol (x,). Condensation occurs further upstream as the alcohol concentration
increases, and the change is more rapid for 1-pentanol than 1-propanol. All temperatures have been
corrected for boundary layer compression associated with condensation.

Table A-1 summarizes all of the results of PTM and Fig. 3 illustrates representative
temperature and pressure traces for water co-condensing with 1-propanol and water co-condensing
with 1-pentanol. In both figures, the position z is with respect to the effective throat, and the base
case (solid curve) that condenses at the lowest pressure and temperature, corresponds to that of
pure water. The other curves are labeled with the mole fraction of alcohol x; used in the experiment.
In all cases the condensing flow curve closely follows the curve predicted for an isentropic
expansion of the same gas mixture (dotted curve labeled isentrope) until the abrupt increase in
pressure and temperature indicates the onset of condensation. Here we characterized that onset by
the minimum temperature 7,,;,, reached by the flow in the nucleation zone, since at 7,,, both
supersaturation and nucleation rates should be maximized. For the pure water base case, T,

1
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corresponds to ~220 K and occurs ~2 cm downstream of the effective throat. Once condensation
is complete, the temperature begins to decrease again. Downstream of condensation, the pressure
traces do not show any obvious bumps corresponding to freezing because little heat is released
when ice crystallizes from supercooled water. The pressure traces corresponding to the remaining
conditions are available in Fig. S2.

When extra water is added to the system at comparable molar amounts (Fig. S2), condensation
only moves upstream by ~ 0.1 cm due to the slight increase in supersaturation. In contrast, the
onset of condensation moves upstream rapidly and occurs at increasingly higher temperatures
when equivalent moles of propanol or pentanol are added. The changes in T},;, with composition
indicate that vapor phase nucleation occurs more readily for the water-alcohol mixtures than for
pure water. It is well established that in aqueous-alcohol systems, nucleation at a fixed rate occurs
at lower activities than expected based on a linear interpolation between the activities required to
nucleate the pure components, leading to the conclusion that there is mutual enhancement in the
nucleation process for these species.?> 30 ¢! The mutual enhancement is consistent with a rapid
decrease in the free energy required to form new clusters as the presence of alcohol in the clusters
decreases the interfacial free energy. These ideas are supported by simulations of vapor-liquid
nucleation in the short-chain alcohol — water system by Nellas et al. that found significant
enrichment of alcohol at low alcohol activity on the cluster surface.®> The more rapid decrease in
surface tension when adding a normal alcohol with longer chain length, as proposed by
simulations,? and the relative vapor pressures of water, 1-propanol and 1-pentanol (Fig. S10), are
consistent with our results that at equal vapor phase partial pressures it is easier for water and
pentanol to co-condense at higher temperature than for water and propanol to do so. Since the
alcohol comprises only a few mole percent of the total condensable flow, and water is the major
source of the released heat, the temperature after the burst of particle formation does not change
significantly between the different experiments. Although it may not be strictly true, we assume
the condensate always has the same composition as the condensable in the initial vapor mixture.
As detailed in section S.II1.B, this assumption is however quite consistent with the expected vapor
pressures of water and alcohol above a 6 nm droplet at the temperature and pressure in the flow
near the onset of freezing.
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B. Fourier Transform Infrared spectroscopy: trends and basic interpretation
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Fig. 4 FTIR spectra for (r) ~ 6nm aerosol droplets (particles) of pure water. (a) Liquid water droplets. (b)

During the transition from liquid water to ice, the peak shifts to lower wavenumber as temperature decreases.

The coldest liquid water spectrum (~220 K) appears quite symmetric, and spectra become increasingly

asymmetric as the aerosol freezes. For clarity, not all spectra measured are illustrated here.

Fig. 4 summarizes the normalized FTIR spectra for the base case water experiments. Strictly
speaking, the temperatures reported in the legend are those flow. As reported in our earlier work,%*
% however, once condensation slows the temperature of the droplets is very close to to the flow
temperature. As droplets freeze they also heat up very briefly, but as outlined in Section S.III.D
the stochastic nature of the freezing process and the time required to freeze the entire aerosol
ensures that the average temperature of the aerosol is still within the stated temperature uncertainty.
As illustrated in Fig. 4 (a), at higher temperatures, the broad shape of the liquid phase droplets
reflects the dipole interactions and couplings of different OH bonds.®> As the temperature
decreases the O-H stretch band narrows, the peak intensity increases, and the entire spectrum red
shifts, suggesting an increasingly ordered structure. After freezing starts, at ~219 K, the spectra
exhibit rapid changes in shape down to ~ 205 K. Below this temperature the band retains basically
the same shape and the slight changes in peak intensity and location are consistent with further
cooling of the crystals. When the aerosol is completely frozen, the spectral peak lies near 3250
cm!, in good agreement with both with the results of Manka et al.?, Medcraft et al.¢ and those of
Amaya and Wyslouzil.!3

For the 1-alcohol experiments, all of the measured spectra not presented in the main text are
available in Fig. S3 and S4 of the Supporting Information whereas Figs. S5 and S6 summarize the

1
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changes in peak intensity and position with temperature for all the data. Only selected cases that
illustrate the breadth of the data collected are discussed in detail here. In particular, Fig. 5 and 6
present spectra corresponding to alcohol mole fractions x, ~0.02 and ~0.06, where the liquid
spectra (a & c¢) have been separated from those for which we observe a transition to a frozen state
(b & d). For x; ~ 0.02, both the liquid and frozen spectra for the two alcohols are very similar in
appearance to the pure water spectra. There is a slight decrease in the peak intensities, but the band
shapes remain very similar to that of pure water. We attribute this behavior to strong partitioning
of the alcohols to the surface of the droplets. The low level of alcohol within the droplet interior —
estimated as x3 = 0.004 for 1-propanol and x3 = 0.0005 for 1-pentanol (see Section IT) when x,
~0.02 — appears to have little influence on the freezing of the bulk phase. Even if we take into
account the relative size of the alcohol and water molecules, the estimated bulk mole fractions
correspond to bulk volume fractions of only 0.014 and 0.003, for 1-propanol and 1-pentanol,
respectively.

In contrast, the spectra measured for aqueous-alcohol nanodroplets with x, ~0.06 are distinctly
different from those for pure water even at temperatures for which pure water or composite
droplets at low alcohol concentrations freeze. There is a strong decrease in peak intensities, a blue
shift in peak positions and a broadening of the O-H stretch band relative to the coldest frozen
spectrum of pure water. Furthermore, where in pure water the band position and intensity change
rapidly within a ~15 K temperature range as ice nucleation proceeds, for aqueous-alcohol solutions
with x, = 0.06, the transformation of the spectra is much less obvious over a comparable decrease
in temperature. This indicates at best a much slower phase transition rate in the presence of the
alcohols. At worst, it is not clear that these samples ever form crystalline ice. Since each water
molecule is able to form 4 H-bonds with two donors and two acceptors while an alcohol molecule
can form at most 2 H-bonds, the changes of the band features suggest that the solvated alcohol
molecules interrupt the tetrahedral hydrogen bonding network of ice in the interior of the droplet
and the structure of aqueous-alcohol particles is less ordered than that of pure water ice.



Physical Chemistry Chemical Physics Page 14 of 32

e o N
(a) 1-propanocl x,=0.020

b) 1-propanol x,=0.020 T

20

2

normalized absorptivity (m /mol)

— 192K
— 193K

— 219K
— 221K
— 226K
231K
235 K

— 200K
— 202K
— 203 K

205 K
— 206 K
— 208K
— 208K

211K

213K
— 215K

— 218K

f

|
|

YT

d) 1-propanol x,=0.063

=T
=

c) 1-propanal x,=0.063

2

normalized absorptivity (m /mol)

— 183K

22K - 196 K

— 215K
— 217K
222 K
226 K
231K

— 199K
201K
202K
204 K
205K
— 207K

— 210K

-
[=]
LI s I e B L

uuuuuuu | T T Tl o e i .. T

4000 3600 3200 2800 400 B 3600 3200 2800
-1 -1
wavenumber {(cm ) wavenumber (cm )
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Fig.6 FTIR spectra for (r)~ 6nm aqueous 1-pentanol aerosol droplets (particles) (a&b) x, = 0.019 (c&d)
x=0.061.

All the mixed droplets also contain features near 2800 cm’! that correspond to the C-H stretch
bands. At equal mole fraction, those for 1-pentanol are more visible and more intense than those
for 1-propanol, in line with the increase in alkyl chain length. Fig. 7 compares the C-H peaks
observed for the pure vapor, pure liquid nanodroplets, and the aqueous alcohol nanodroplets at x,=
0.06. For the water-1-propanol nanodroplets, the methyl and methylene peaks are blue shifted by
~5 —7 cm! relative to those of pure propanol liquid and are more in line with those of vapor phase
propanol. Max et al.%” attributed a similar shift in the peaks of the C-H stretch bands observed in
bulk 1-propanol-water mixtures, to the formation of 1-propanol hydrate. = Thus, the spectra
suggest that the 1-propanol molecules in the mixed droplets are more likely to be isolated or
interacting with water molecules, rather than interacting with other propanol molecules. In contrast,
for the 1-pentanol-water nanodroplets, the C-H peaks are less shifted from the pure liquid peaks,
consistent with a picture in which most of the pentanol molecules reside together on the surface,
and fewer are isolated or in a hydrated environment.
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C-H stretch in the aqueous — alcohol nanodroplets. Note the scales on the left and right axes differ by about
a factor of 7.

C. Fourier Transform Infrared spectroscopy: SMCR analysis

From the discussion of the IR spectra above, it is clear that at high enough concentration
alcohol perturbs the development of a highly-ordered ice structure. To determine whether the ice
that forms in the presence of alcohol differs from that formed from pure water, and to better
quantify how the kinetics of ice nucleation may be altered by the alcohols, we apply the SMCR
analysis outlined in Section III. Two rounds of SMCR yields the respective LTL and IC for each
data set.
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Fig. 8 HTL reference spectra and LTL component from SMCR analysis for water and two propanol
experiments. The temperature corresponding to the HTL is noted in the figure and is ~231 K. Peak intensity

is arbitrarily scaled to 1 for easy comparison of the shape of the spectra.

C.1 Low temperature liquid water and Ice

The O-H stretch band of liquid water is known to be quite temperature sensitive.>-7 In our
SMCR decomposition of the temperature dependent droplet spectra, we take a measured HTL (7T
~ 231K) as one of the components, and obtain a LTL component from SMCR decomposition of
the lower temperature spectra. The LTL spectra for pure water and selected 1-propanol mole
fractions are shown in Fig. 8 together with their respective HTL reference spectra. The LTL
component spectra for the other 1-propanol cases and all of the 1-pentanol experiments are
summarized in Fig. S7. All LTL component spectra peak near the same frequency ~33014+4 cm’!
and have remarkably similar band shapes. The major differences are in the C-H stretch regions
where new peaks emerge that reflect the changing level of alcohol in the sample.

The IC spectra extracted from two rounds of SMCR analysis are plotted in Fig. 9. For pure
water, 0.012-0.031 1-propanol and 0.011-0.043 1-pentanol, the IC spectra all have essentially the
same shape. Fig. S8 confirms that two independent analyses using different choices for the
temperature range yield essentially the same IC spectra. Furthermore, Fig. S9 confirms that the
either analysis yields very similar Fc versus temperature curves. The ice band peaks at ~3250
cml, consistent with the O-H stretch band peak position of ice nanoparticles at 205 K reported by
Medcraft et al.%6 and the earlier results of Manka ef al.” and Amaya and Wyslouzil.'* Although the
peak position for ice is sensitive to temperature, particle size and experimental set up, Medcraft et
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al. reported that for particles with radii between 4 and ~100 nm, it is largely size independent.
Thus, the lower O-H peak ~3220 cm™! reported by Devlin et al. for 12 nm diameter particles reflects
the much lower temperature (5 K) in their experiments.®> The fact that the IC spectra derived from
different data sets measured here agree so well, suggests that ice formed in the aqueous alcohol
nanodroplets is composed of essentially pure H,O ice, up to overall alcohol mole fractions of 0.031
for propanol or 0.043 for pentanol. As the alcohol concentrations increase further, however, the IC
peaks shift to higher frequencies and the spectra broaden. This suggests that at high alcohol
concentration, above that at which the surface becomes saturated with alcohol (estimated earlier
as x, > ~0.046), the solid that is formed is no longer identical to pure H,O ice, but rather has a
structure that is disordered by the presence of alcohol molecules. Note that this disorder could be
due to the incorporation of alcohol into the solid crystal or perhaps to alcohol-induced vitrification
to form a glassy H,O solid that may (or may not) contain alcohol molecules. The broader IC
spectrum observed for 1-propanol at comparable overall 1-pentanol concentrations, suggests that
propanol perturbs ice freezing more drastically than pentanol, despite its shorter chain length,
perhaps linked to its higher solubility in water. This result is not unexpected in light of the
partitioning calculations in section II, which indicate that the bulk concentration of propanol
should be almost an order of magnitude higher than that of pentanol for the same overall mole
fraction.

L L B e B B L L L L B B L B B B
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Fig. 9 IC spectra derived from SMCR analysis. (a) For pure water, 0.012 < Xyopanor < 0.031 and 0.011

< Xpentanol < 0.043; (b) For pure water, Xyropanol = 0.043, and Xpenianot = 0.047.
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Fig. 10 The normalized spectrum measured for pure water at 205 K (purple, right axis) is well described by
a linear combination (green) of the HTL reference, the LTL, and the IC spectra (left axis), with the fraction

of each component included in parenthesis.

For pure water, Fig. 10 illustrates how well the measured and reconstructed spectra agree for
a partially frozen aerosol at 205 K. The relative contributions from the HTL reference spectrum,
the LTL component and the IC spectrum are also shown. The question remains whether any ice is
forming within the particles at higher alcohol concentrations or not? In an effort to address this
question, we first tried to fit all of the intermediate spectra where alcohol is present (i.e. those
spectra between the onset and completion of ice nucleation from which the HTL component has
been removed) to a linear combination of the LTL and the IC spectra for pure water. As illustrated
in Fig. 11, for Xpentanol = 0.030, this approach works well. Furthermore, as shown in Fig. 12, for the
intermediate spectra the apparent fraction of the IC Fj¢ derived this way is very close to that
derived directly from the SMCR analysis. This is not surprising given the good agreement between
both the LTL and IC spectra derived from SMCR at lower alcohol concentrations.

For the higher alcohol concentrations (e.g. 0.063 mole fraction of propanol), however, the
measured spectra are no longer satisfactorily fit to a linear combination of the pure water LTL and
IC spectra, as there are significant deviations between the least squares best fit and the actual
spectra (Fig. 11b). The poorer fitting — despite a low temperature liquid component that is very
close to that for pure water — suggests that the end state is no longer highly-ordered ice. The final
state may be closer to an amorphous or glassy one due to perturbations to the water network caused
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by the alcohol molecules within the interior. Alternatively, if ice is forming, the remaining liquid
will be enriched in the alcohol and may, therefore, differ enough from pure water’s LTL that the
spectra cannot be fit by these two components alone. In the absence of other characterization
methods, in particular wide angle x-ray scattering, it is not possible to state definitively whether
crystalline ice domains form at the highest alcohol concentrations. Despite these uncertainties,
when we apply the pure water spectral fitting procedure to the high alcohol concentration data we
find that for xpropanol = 0.063 the apparent ice fraction approaches ~20% at the nozzle exit. MD
simulations of aqueous-alcohol nandroplet freezing could be very insightful here.
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Fig. 11 The low temperature aqueous-alcohol spectra derived from the first round SMCR analysis (red
curve) are fit to a linear combination of the LTL and IC for pure water (black). (a) The fit to the 1-pentanol
data at x, =0.03 is very good. (b) For 1-propanol at x,=0.063, neither the band shape nor the peak position
are well fit using this approach.
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Fig. 12 The apparent ice fraction Fic (IC fraction of spectrum after HTL component has been removed) is
shown as a function of temperature. The pentanol results correspond to (1) direct SMCR analysis of the
aqueous-alcohol data (open squares), or (2) fits of the intermediate spectra to a linear combination of the
LTL and IC derived from SMCR for pure water (filled squares). The X;opanol = 0.063 data were fit using the
LTL and IC derived from SMCR for pure water (filled circles).
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Fig. 13 The IC of pure water (Our data: black dash-dotted; Medcraft et al. data: grey dash-dotted) derived
from the SCMR analysis is distinctly narrower on the high frequency side than the pure water spectrum
measured for the (r)~ 6 nm particles (red solid line) at 192 K or the (r)>25 nm particles (blue dotted line)
at 205 K measured by Medcraft et al. On the low frequency side, the spectra overlap and this is the sign of

a crystalline structure in the particles.
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Finally, in Fig. 13 we compare the spectrum for our (r)~ 6 nm ice particles at 192 K to
measurements made by Medcraft et. al/ on (r)> 25 nm radius particles at about the same
temperature®®. The spectra overlap on the low frequency side but the spectrum for the smaller
particles is significantly broader on the high frequency side. Intensity in the high wavenumber
portion of the spectrum arises from the disordered surface and the strained subsurface region.® In
nanoparticles, molecules near the surface make important contributions to the spectrum, especially
for particles with (r) < 2 nm, and a simple scaling law suggests the fraction of molecules in the
surface phase,® is ~0.9/r (r in nm). Thus, the spectrum of ice at 205 K for the (r) > 25 nm
particles® with a surface fraction < 0.04 should be narrower on the high frequency side than our
(r) ~6 nm particles with a surface fraction of ~0.15.

The consistency of the two spectra is further confirmed by SMCR. In particular, when we
analyze the Medcraft ef al. spectrum using our HTL and LTL reference spectra, SMCR yields an
IC that is extremely close to that derived from our data alone. Furthermore, the large particle
spectrum follows the SMCR IC spectrum over most of the wavenumber range, only deviating for
wavenumbers above ~ 3300 cm-!. The fact that the SMCR IC spectrum is narrower than the
measured ice spectrum is consistent with the fact that the derived IC is a lower bound for true ice.
In particular it represents the smallest area, non-negative, linearly independent component in the
input set of two (or more) spectra. Note that both the LTL and the IC spectra can be described this
way. The LTL component is, however, obtained from a two-component decomposition of pairs of
low and high temperature liquid spectra, and whereas the IC comes from a two-component
decomposition of a LTL spectrum and a spectrum consisting of a mixture of the LTL and ice.

C.2 Freezing kinetics

Fig. 14 illustrates the change in the IC fraction, Fic, with temperature for the pure water and
low alcohol mole fraction aerosols. The values of Fic in Fig. 14 are lower than the apparent ice
fraction values reported in Fig. 12 because the contribution of the HTL is now included. The
experiments where the final state of the aerosol is ambiguous (Xpentanol = 0.047 and 0.061, Xpropanol
> 0.043), are excluded from this analysis.
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Fig. 14 The change in the IC fraction, Fic, with temperature for (a) pure water and aqueous-propanol
aerosols, and (b) pure water and aqueous-pentanol aerosols. The overall alcohol mole fractions are indicated.
The top time axis corresponds to the pure water case, but relative times for the alcohol mixtures are very

similar.

For pure water, ice starts to form at ~219 K. As the flow expands and temperature decreases,
Fc increases rapidly during an ice nucleation pulse that lasts ~40 ps. Once the aerosol is fully
frozen, i.e. the spectra remain essentially unchanged, Fc plateaus at ~0.55. This value is less than
1.0 both because the surface and subsurface phase in our nanoparticles is not fully crystalline, and
because the IC spectrum is still narrower than the ice spectrum reported by Medcraft et al. for a
particle size where surface contributions should be negligible. As Xpopano increases from 0.012 to
0.031, the onset of freezing is gradually delayed relative to pure water, but the final Fic still
plateaus at values close to those for pure water, suggesting comparable levels of ice formation. In
contrast, for Xpenanol between 0.011 and 0.030, the change in Fic with temperature (or time) barely
differs from the pure water case. A large discrepancy only appears when Xyenanol InCreases from
0.030 to 0.043. As demonstrated in the theoretical calculations, Xpentanot = 0.030 corresponds to a
bulk mole fraction of 0.001, and, thus, one pentanol molecule in 1000 water molecules does not
appear to perturb the freezing process enough to be detected in our IR measurements. The rapid
change in the behavior of Fic occurs when Xpenwnot increases to 0.043, a value that is close to the
concentration, Xpentanol = 0.046, for which the surface saturation model predicts the surface of a 6
nm radius droplet is fully packed with pentanol. The latter value is expected to be an upper bound
because it assumes close packing of the alcohol molecules without vacancies. In summary, the
difference in the freezing behavior between the two alcohols clearly reflects both the aqueous
solubility and the surface partitioning of these two molecules.

To extract nucleation rates from the freezing data we start by assuming that if /¢ stabilizes by
the nozzle exit, the aerosol is fully frozen, i.e. the fraction of frozen droplets, Fr = 1. Furthermore,
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we make the usual assumption that when an ice nucleation event occurs within an individual
droplet it freezes on a timescale much shorter than the time required to freeze the entire aerosol.!*
> Thus, normalizing the values of Fic for a data set by its asymptotic value, yields Fr as a function
of temperature or time. For the low alcohol data in Fig. 14, whose behavior closely follows that of
pure water, these assumptions are reasonable and consistent with previous analysis and simulations.
For the high alcohol concentrations, where the ice fraction increases only slowly, these
assumptions may no longer hold, i.e. the Fic values may reflect a combination of nucleation and
ice growth rates.

The ice nucleation rates J;., can be derived from the Fp(¢) data via the equation'3>°

1— FF(tl)) 3)

1
.]lCE(V> = t) — tlln(l - FF(tZ)

where (V) is the average droplet volume, and ¢ is the travel time of the aerosol relative to the
effective throat.
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Fig. 15 The slopes of In(1- Ff) vs time curves reflect the ice nucleation rates J;., and the average droplet
volume. Time is relative to the effective throat. (a) water with 1-propanol, (b) water with 1-pentanol. The
black dashed lines indicate the nucleation rates consistent with the slopes for an average droplet radius of

6 nm. Varying the droplet radius by 0.5 nm, changes the value of the nucleation rate by less than £30%.

As shown in Fig. 15, the ice nucleation rate is somewhat lower when the ice first appears but
rapidly reaches a stable value. For the water-propanol droplets, the onset of ice freezing is delayed
as the propanol concentration increases but, as indicated by the essentially parallel slopes, the
nucleation rates are all close to the value for pure water, J;..=7.5x10?> cm3s!. For the water-
pentanol systems, the curves for Xpenanot = 0.011-0.030 show only slight deviations from that for
pure water. Not only is this consistent with the picture that pentanol resides mostly at the surface
where it does not interfere with the ice nucleation process, but the insensitivity to the presence of
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alcohol also suggests that nucleation is predominately initiated throughout the volume of the
droplet not near the surface. For pentanol mole fraction larger than 0.030, the freezing starts later
in time (at a lower temperature) and the slope decreases slightly. Finally, for estimated bulk
concentrations near 0.002, i.e. Xpentanol = 0.043 (x2° =0.0018) and Xropanol = 0.012 (x2° =0.0019), the
onset of freezing appears to be delayed by about the same amount but the pentanol droplets may
nucleate ice slightly more slowly than the propanol droplets. This result is consistent with
pentanol’s longer hydrophobic chain length disturbing more water molecules than propanol, as
evidenced by hydration shell studies.>* 68

V. Summary and Conclusions

We investigated the freezing behavior of aqueous-alcohol nanodroplets containing mole
fractions of 1-propanol or 1-pentanol up to ~0.06. The nanodroplets were produced by
condensation in a supersonic nozzle, and both condensation and freezing were characterized by
PTM and FTIR spectroscopy. Particle size estimates were available from previous small angle X-
ray scattering experiments.’”> At a fixed water concentration and equal molar alcohol
concentrations, 1-pentanol was more efficient in initiating particle formation from the vapor phase
than 1-propanol. This reflects both the lower vapor pressure of pentanol and the greater decrease
in interfacial free energy of cluster formation associated with the higher propensity of pentanol to
segregate to the surface.

For pure water and the lower alcohol concentrations (Xpropanot < 0.031, Xpentanot < 0.043),
changes in the hydrogen-bonded OH stretch region of the IR spectra showed a clear transition from
the liquid to a solid state. As the alcohol concentration increased further, there was a reduction in
peak intensity and a broadening of the band relative to the pure water spectra. At the highest
alcohol concentrations, it was no longer clear whether ice formed.

SMCR analysis was used to decompose the measured spectra into HTL, LTL, and IC spectra.
Despite different HTL reference spectra, the LTL was remarkably consistent across the entire
composition range, and the IC only changed when Xpropanot = 0.043 or Xpentanot = 0.047. The
consistency of the IC suggests that the ice formed in the aqueous alcohol droplets was the same as
that formed in pure water droplets. This finding is consistent with the physical picture that
partitioning of the alcohol to the surface of the nanodroplets reduces its ability to hinder freezing.
Partitioning calculations suggested that at equal overall molar compositions, surface segregation
of the I-pentanol is much stronger than that of 1-propanol. Indeed, at the same overall mole
fraction of alcohol, ice nucleation was more significantly perturbed by propanol than pentanol.

The kinetics of ice freezing showed that the presence of propanol delayed the onset of freezing,
whereas the onset of freezing was not significantly influenced by 1-pentanol up to Xpentanol = 0.030.
The systematic decrease in the ice nucleation temperature for propanol and the rapid change when

2
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the pentanol concentration increased from 0.030 to 0.043 are consistent with the partitioning
preference and solubilities in water of the two alcohols. Remarkably, once ice nucleation was
initiated, the rates were not strongly affected, decreasing at most by a factor of 2 for the highest
propanol concentration. The relative insensitivity of the nucleation behavior for the low
concentration pentanol droplets strongly suggests that nucleation occurs throughout the volume of
the nanodroplets rather than at or very near the surface.
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Appendix A.
(c) Water and 1-pentanol
mHzO mPenOH PoH,0 Po,PenOH T min Pmin,H,0 Pmin,PenOH
) ) XpenoH X © Y020 X 1 Yopenon X SH,0 Spenon
(g/min)  (g/min) (kPa)  (kPa) (K) (kPa) (kPa)
Table A-1 contains a summary of all of the experiments conducted and the results derived from
PTM.
Table 1: Experimental conditions and results of PTM for (a) Pure water. (b) Water with 1-propanol.
(c) Water with 1-pentanol. m is the mass flow rate, x is the mole fraction of the condensable material
(excluding carrier gas), y, is the initial mole fraction in the vapor phase (including carrier gas), p, is the
(a) Water
. . Po,H,0 Pmin,H,0
Ty,o (g/min) XH,0 X 100 Yonuzo X 100 Tmin (K) SH,0
(kPa) (kPa)
5.52 0 1.69 1.01 219.8 0.28 66.27
5.66 1.2 1.71 1.02 220.8 0.29 60.56
5.92 5.6 1.79 1.07 221.5 0.32 60.67
(b) Water and 1-propanol
mHzO mPrOH PoH,0 Po,proH T min PminH,0 Pmin,ProH
i ) xpron X 1 youz0 X 1 Yopron X 1 SH,0 Seron
(g/min)  (g/min) (kPa)  (kPa) (K) (kPa) (kPa)
5.52 0.22 12 1.62 0.019 0.97 0.011 221.5 0.28 0.003 54.46 1.52
5.53 0.38 2.0 1.63 0.034 0.98 0.020 223.1 0.29 0.006 46.19 2.23
5.51 0.59 3.1 1.63 0.052 0.98 0.032 224.7 0.30 0.010 39.68 2.93
5.52 0.83 43 1.62 0.073 0.98 0.044 226.3 0.30 0.014 33.87 3.52
5.52 0.96 4.9 1.62 0.084 0.97 0.051 227.1 0.31 0.016 31.64 3.65
5.51 1.24 6.3 1.61 0.109 0.97 0.065 228.8 0.32 0.022 27.00 4.00
5.52 1.58 7.9 1.62 0.139 0.97 0.083 230.3 0.33 0.029 23.86 4.31

initial partial pressure, 71, and p,;, are the minimum temperature and pressure within the nucleation pulse,

S; is the supersaturation of the vapor with respect to the pure liquid at 7,,;,. for species i. All expansions

started from py = 60.0 kPa and 7, = 35 °C.
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0.32
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