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ABSTRACT
The interaction of water with different substances in the earth’s atmosphere lies at the heart of many processes that influence our climate.
However, it is still unclear how different species interact with water on the molecular level and in which ways this interaction contributes to
the water vapor phase transition. Here, we report the first measurements of water–nonane binary nucleation in the 50–110 K temperature
range, along with unary nucleation data of both. The time-dependent cluster size distribution in a uniform post-nozzle flow was measured by
time-of-flight mass spectrometry coupled with single-photon ionization. From these data, we extract experimental rates and rate constants for
both nucleation and cluster growth. The observed mass spectra of water/nonane clusters are not or only slightly affected by the introduction
of the other vapor, and the formation of mixed clusters was not observed during nucleation of the mixed vapor. Additionally, the nucleation
rate of either substance is not much affected by the presence (or absence) of the other species, i.e., the nucleation of water and nonane
proceeds independently, indicating that hetero-molecular clusters do not play a role during nucleation. Only at the lowest temperature of our
experiment (i.e., 51 K) do the measurements suggest that interspecies interaction slows water cluster growth. The findings here are in contrast
to our earlier work in which we showed that vapor components in other mixtures, e.g., CO2 and toluene/H2O, can interact to promote
nucleation and cluster growth in a similar temperature range.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0138628

I. INTRODUCTION

The phase transition of water vapor plays a critical role in
the earth’s atmosphere, e.g., through cloud formation, which has
profound impacts on the earth’s radiative forcing and hydrolog-
ical cycle.1–4 During the past few decades, the unary nucleation
of water vapor has been extensively studied for a wide range of
temperatures.5–7 These measurements suggest that the nucleation
process of pure water vapor could be reasonably explained by the
(modified) classical nucleation theory,8,9 or modeled by the accu-
rate determination of the dimerization rate constant.10 However,
in realistic systems (e.g., planetary atmospheres), water vapor coex-
ists with other (trace) gaseous species. Water vapor nucleation can
be strongly enhanced by these species, e.g., by sulfuric acid at
near room temperature and by CO2 at lower temperatures.11,12 The
degree of the enhancement depends on the ambient temperature, the
concentration, and the molecular structure of the other species.

On a macroscopic level, water is immiscible with non-polar
substances. It is of interest to examine if the immiscibility correlates
with a lower strength of the non-polar substance’s ability to enhance
water nucleation (or vice versa, water’s ability to enhance nucleation
of the non-polar substance), which starts on a microscopic scale that
involves small molecular clusters. n-Nonane is a non-polar organic
species (in the following, n-nonane is simply referred to as nonane),
and its liquid mixture with water has a pronounced miscibility gap.13

Hence, the water–nonane vapor mixture can serve as a model sys-
tem in which the intermolecular interactions between molecules of
the same species are relatively strong but interspecies interactions
are comparatively weak.

The nucleation of the water–nonane vapor mixture was system-
atically investigated by Wagner and Strey.13 They observed a “two-
pathway” behavior at 230 K, i.e., both substances nucleate along
their unary nucleation pathway despite being in a vapor mixture.
This observation is distinct from water–alcohol binary nucleation
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in which mutual nucleation enhancement was observed,14,15 but it
is closer to nucleation of nonane mixtures with short chain alcohols
in which the co-nucleation seems rather reluctant.16 Additionally,
at low gas phase activities of nonane, they observed a two-step
behavior in which water clusters nucleate first and then serve as
heterogeneous nuclei for the condensation of nonane; once nonane
condenses on the particle, continued condensation of water is inhib-
ited. Pathak et al.17 studied binary water–nonane nucleation in a
Laval expansion. They found a decrease of the water cluster con-
centration in the presence of nonane vapor, which they partially
attributed to incomplete thermalization of the water clusters due
to nonane condensation. Similar to the observation by Wagner
and Strey,13 they also observed the inhibition of water condensa-
tion onto nucleated particles, likely caused by increased droplet
temperature due to nonane condensation and the formation of a
hydrophobic surface layer. Chen and co-workers18–20 calculated the
nucleation free energy surface of the aforementioned mixtures via a
specifically developed type of biased Monte Carlo simulation. They
confirmed the two-pathway mechanism for the water–nonane sys-
tems in their simulation, noting that water and nonane exhibit
a microscopic immiscibility. These works show that nonane does
not enhance water nucleation in the investigated temperature range
(196–230 K), and the condensation of water on nucleated particles
could be hindered by nonane.

Missing in prior studies are nucleation experiments at lower
temperatures and the direct measurement of the composition of
the nucleating cluster at the molecular level. The former is valu-
able as the interspecies interaction—although weak between water
and nonane—could potentially play a more important role in nucle-
ation as its relative magnitude compared with the thermal energy
increases. Consequently, experimental results conducted at higher
temperatures cannot be simply extrapolated to low temperature
regimes. The measurement of the composition of nucleating clusters
helps clarify the nucleation pathways and provides direct molecular
evidence on interspecies interactions by identifying heteromolec-
ular clusters. In this work, we set out to investigate the binary
water–nonane system on the molecular level with a special setup
based on mass spectrometry,21 which was designed to measure the
composition of weakly bound molecular clusters during nucleation
events. The experiments are conducted in the temperature range
of 50–110 K, which is significantly lower than the temperature
of previous experimental investigations. Binary and unary nucle-
ation measurements are compared in order to elucidate the role of
heteromolecular water–nonane clusters during nucleation.

II. EXPERIMENTAL METHODS
The experimental setup has been described in detail in our

previous publications.5,12,21 A brief summary is given here. We use
a pulsed supersonic Laval expansion to produce a supersaturated
vapor in the post-nozzle flow, which is uniform in temperature and
pressure. The vapor is diluted in a carrier gas, which is argon (Pan-
Gas 5.0) or nitrogen (PanGas 5.0), and whose expansion determines
the temperature of the post-nozzle flow. A small amount of methane
(Air Liquide 5.5) is also added as an internal standard to deter-
mine absolute cluster concentrations. Water vapor is introduced via
a liquid flow meter, and nonane vapor is added via a temperature
regulated bubbler, where nonane vapor is picked up by the flowing

TABLE I. Experimental parameters at three different flow temperatures, the nucle-
ation rate J, and the net dimer formation rate constant k1,1. The nozzles are labeled
by their nominal Mach number, consistent with our earlier publications. The actual
Mach number depends among others on the type of carrier gas and is also given.
ln(S) is the natural logarithm of the supersaturation, calculated with the Wagner
equation.27 C1 denotes the monomer number concentration. The superscripts of J
and k1,1 indicate the substance, and the subscript indicates whether the nucleation
rate was evaluated during nucleation of the unary system or the binary water–nonane
system.

Flow temperature (K) 51 ± 1 88 ± 1 108 ± 2

Nozzle/Mach number M4.0/3.8 M4.0/3.4 M3.0/2.9
Carrier gas Ar N2 N2
Flow pressure (Pa) 40 42 75
ln(SH2O) 94 40 28
ln(SC9H20) 117 49 32
CCH4

1 (1014 cm−3) 2.4 1.5 2.1
CH2O

1 (1014 cm−3) 1.0 2.5 5.1
CC9H20

1 (1012 cm−3) 2.9 7.6 17
JH2O

unary(1015 cm−3 s−1) 4.1 4.2 7.2
JH2O

binary (1015 cm−3 s−1) 3.3 5.2 6.6

JC9H20
unary (1015 cm−3 s−1) 0.53 0.97 2.0

JC9H20
binary(1015 cm−3 s−1) 0.61 0.86 2.4

kH2O
1,1,unary(10−14 cm3 s−1) 41 6.5 2.8

kH2O
1,1,binary(10−14 cm3 s−1) 32 8.1 2.5

kC9H20
1,1,unary(10−11 cm3 s−1) 6.5 1.7 0.72

kC9H20
1,1,binary(10−11 cm3 s−1) 7.4 1.5 0.90

carrier gas. The vapor concentrations and experimental parameters
for the different measurements are listed in Table I. We verify exper-
imentally that nucleation and cluster growth of water and/or nonane
take place in the uniform post-nozzle flow. The core of the flow,
which contains the molecular clusters formed during nucleation,
is sampled with a skimmer and transferred into high vacuum for
cluster detection via soft single photon ionization (with an energy
of 13.8 eV) coupled with time-of-flight mass spectrometry. We
integrate the ion signal and calculate the absolute number concen-
trations of individual clusters with the methane signal as a reference
using the known flow composition and the ionization cross sections
of the different species at 13.8 eV. For water, nonane, and methane,
the used ionization cross sections are σH2O = 42 Mb (based on Had-
dad and Samson22), σC9H20 = 200 Mb (estimated by extrapolating the
data from Kameta et al.23), and σCH4 = 16.6 Mb (based on Kameta
et al.23), respectively. The ionization cross section for a cluster com-
posed of n molecules of a certain species is assumed to be n times
the cross section of the respective monomer (based on theoretical
considerations). Upon ionization, a fast proton transfer takes place
for water clusters, and an OH-radical is ejected from the cluster.24,25

The detected water cluster mass peaks are thus shifted down by
∼17 m/z, which was taken into account in the assignment of the
cluster sizes. The vacuum ultraviolet (VUV) ionization is expected
to produce singly charged ions, and no sign of multiple charges was
found in the spectra.

We track the evolution of the cluster mass spectra as a func-
tion of nucleation time, which was varied by adjusting the distance
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between the nozzle exit and the skimmer. The nucleation time t is
determined by dividing this distance by the speed of the post-nozzle
flow, with t = 0 set to the onset of nucleation, i.e., the point in time
when the first cluster signal is detected. The nucleation rate is exper-
imentally determined from the slope of a linear fit of the summed
cluster number concentrations with respect to time,

J = d∑∞n=n0
Cn

dt
, (1)

where Cn is the concentration of cluster n. The dimer formation
is considered as the nucleation step for both water and nonane.
Therefore, n0 is set to 2 in the calculation of the nonane nucle-
ation rate. For water, however, a complicating factor arises as the
nonane monomer fragments upon ionization and the fragment sig-
nals overlap with cluster signals of (H2O)n<9. The overlap makes a
quantitative evaluation of (H2O)n<9 cluster concentrations unfeasi-
ble. For consistency, the water nucleation rate is thus reported for
n0 = 9 (at 51 K) or 10 (at 88 and 108 K) in both unary and binary
nucleation experiments. From unary water nucleation experiments,
in which water cluster measurements are not affected by nonane,
we found that the nucleation rate for n0 = 9 is ∼20% lower than the
nucleation rate for n0 = 3 when all detectable clusters were included
in the calculation. Equation (1) neglects the influence of cluster coag-
ulation. As the cluster concentration increases, cluster coagulation
might play a role and thus affect the accuracy of Eq. (1). At the high-
est cluster concentration observed in our experiments (i.e., 110 K
with t = 91 μs), we estimated that the coagulation rate is about 20%
of the nucleation rate. To exclude the influence of coagulation on
J, we selectively fit the cluster number concentrations measured at
shorter nucleation times (t < 60 μs) when the cluster concentrations
are comparatively low and the effect of coagulation is negligible.

In addition to the nucleation rate, two other quantities are cal-
culated and discussed: one is the net dimer formation rate k1,1 and
the other is the cluster growth rate enhancement factor η. The nucle-
ation rate is related to the net dimer formation rate constant k1,1

26

by

J = k1,1C2
1. (2)

Compared with J, k1,1 is a better indicator for the influence of tem-
perature on the nucleation process since it normalizes the nucleation
rate by the vapor concentrations squared, which is proportional to
the monomer–monomer collision frequency at a given tempera-
ture. The cluster growth rate enhancement factor η is cluster size
dependent and is given by

ηn =
k1,n

kHS
1,n

, (3)

where kHS
1,n is the hard sphere (HS) collision rate constant between the

monomer and cluster n, and k1,n is the experimental cluster growth
rate constant calculated with10

k1,n = ∑
∞

i=n+1 Ci(t = tmax) − Ci(t = 0)
∫ tmax

0 C1Cndt
. (4)

Our previous study12 has shown that ηn can be increased by intro-
ducing a second, growth enhancing species into the system. Here,

we use ηn to indicate the extent to which the introduction of nonane
can enhance water cluster growth and vice versa.

Nucleation measurements were conducted at three different
temperatures, i.e., 51, 88, and 108 K (determined via Pitot tube
measurements, see Table I for more experimental details). At each
temperature, cluster mass spectra during unary water nucleation,
unary nonane nucleation, and binary water–nonane nucleation were
recorded. At a given temperature, the vapor concentrations of water
and nonane in the binary experiments are the same as the vapor
concentration used in the respective unary nucleation experiments.

III. RESULTS AND DISCUSSION
Figure 1 shows example mass spectra measured at 88 K at

four different nucleation times, i.e., four different distances between
the nozzle exit and the skimmer. The mass spectra of water and
nonane clusters from unary nucleation experiments are superim-
posed (“superimposed”) to facilitate comparison with the mass
spectra from the binary nucleation (“binary”). The blue and red ver-
tical lines show the position of homomolecular water and nonane
clusters, respectively. Any mass peaks not on these lines would cor-
respond to heteromolecular clusters, but none are detected. Figure 1
shows that the “superimposed” spectra match well with the “binary”
spectra, with deviations of the two traces within our measurement
uncertainty. Such close agreement was observed for experiments
conducted at 88 and 108 K. At 51 K, the deviations between
“superimposed” and “binary” spectra are slightly more pronounced
than shown in Fig. 1; we will come back to that in the quantitative
discussion below.

We next compare the nucleation rates to discuss quantitatively
whether water and nonane nucleation can be regarded as being inde-
pendent from each other. Figure 2 (left axis) shows the nucleation
rate at different temperatures for both unary and binary nucleation.
For the binary nucleation, the nucleation rate of water and nonane
can be evaluated separately since heteromolecular clusters are not
observed (see Fig. 1). As nucleation transitions from unary to binary,
the water nucleation rate changes by −20%, +24%, and −8.3% at 51,
88, and 108 K, respectively (see Table I for the absolute values of
the nucleation rates). The corresponding change of nonane nucle-
ation is +15%, −11%, and +20%. This change of the nucleation rates
does not appear systematic, rather pointing to experimental scatter
as the source of variation than to any apparent nucleation enhancing
or suppressing effects. The extent of the variation is also within our
measurement uncertainty, which could be caused by fluctuations of
the flow temperature, the vapor concentrations, and the ionization
laser intensity. The minor differences between the nucleation rates
of the unary and binary systems indicate that water and nonane
nucleation can be regarded as mutually independent. This indepen-
dence is in line with the study by Wagner and Strey13 conducted
at 230 K with higher vapor concentrations but is in stark contrast
to our previous investigations of the CO2-containing systems where
the addition of CO2 drastically increases the nucleation rates of sev-
eral species (toluene, water, etc.) even though CO2 does not nucleate
by itself.12

While the nucleation rates of water and nonane change by no
more than a factor of four from 51 to 108 K, this does not reflect
the influence of temperature on the nucleation process because we
use higher vapor concentration at higher temperatures to keep the
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FIG. 1. (a) The mass spectra measured in the unary and binary nucleation experi-
ments at T = 88 K. The spectra from the unary experiments are superimposed for
comparison with the binary spectra. (b) A zoomed-in version of the green area in
(a) for clearer visualization. The blue and red dashed lines show the position of the
water and nonane clusters, respectively.

cluster signal above the instrument’s detection limit. Figure 2 (right
axis) shows the net dimer formation rate constant k1,1, which is
a better indicator of the temperature effect (see Sec. II). Figure 2
shows that for both water [Fig. 2(a)] and nonane [Fig. 2(b)], k1,1
decreases by approximately an order of magnitude with the increas-
ing flow temperature over the temperature range of our experiments.
Although quite pronounced, the decrease of k1,1 observed here is
still considerably weaker than the one observed for more weakly
bound molecules, such as CO2, where k1,1 drops by several orders

FIG. 2. The nucleation rates J (left axis, red symbols) and the net dimer formation
rate constants k1,1 (right axis, blue symbols) of water (a) and nonane (b) for both
unary and binary nucleation.

of magnitude over an even smaller increase of temperature (e.g.,
k1,1 for CO2 decreases by 4 orders of magnitude from 31 to 63 K)
due to the emergence of a nucleation barrier.26 The intermolec-
ular interaction between like molecules is stronger for water and
nonane molecules than for CO2, which might prevent the emergence
of an apparent nucleation barrier in the investigated temperature
range. The decrease of k1,1 for water/nonane at higher temperatures
might arise from an increase in the evaporation rates of the small-
est clusters, e.g., the spontaneous dissociation of a formed dimer.
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FIG. 3. Size resolved cluster growth enhancement factor ηn for water and nonane at three different temperatures. (a)–(c) Comparison of ηn for water clusters during unary
and binary nucleation at temperatures of 51, 88, and 108 K, respectively. (d)–(f) are the same as (a)–(c) but for nonane clusters.

Another possible explanation might be insufficient collisional cool-
ing of the monomer–monomer/cluster collision complex, which
results in sticking efficiencies below unity, decreasing further with
increasing temperature.28,29

Finally, we evaluated the growth rate enhancement factor ηn
calculated with Eqs. (3) and (4), which is shown in Fig. 3. Except in
panel (a), the differences of ηn between the unary and binary exper-
iments are small and non-systematic, which suggests that neither
species plays a significant role during cluster growth of the other
species. We note that the values of ηn for unary water nucleation are
in the range of 5–12 for 10 ≤ n ≤ 30, which is larger than our pre-
viously reported value of 4–5.10 The larger η might be caused by an
increase in the cluster detection efficiency as we shortened the length
of the differential pumping chamber between the skimmer and the
time-of-flight chamber after our previous publication.

Distinct from other panels, Fig. 3(a) shows a systematic
decrease of ηn for water cluster growth by up to a factor of two
for small clusters after nonane is introduced into the system at
51 K. Such a negative influence can likely be attributed to nonane
molecules adsorbing to the water cluster surface and hindering fur-
ther water condensation by making parts of the cluster surface
inaccessible to condensing water molecules. This observation is sim-
ilar to what was observed by Wagner and Strey13 as well as by
Pathak et al.17 at higher temperatures and vapor concentrations, but
with two distinctions. First, the inhibiting effect of nonane on water
condensation was observed for particles above 3 nm in previous
studies,13,17 but here, the inhibiting effect is observed for water clus-
ters containing much fewer molecules, i.e., down to 10. Second, in
previous reports, the condensed phase contains a considerable frac-
tion of nonane, but here, in our experiments, the nonane molecules

only temporarily adsorb to the water clusters since we do not observe
heteromolecular clusters in the mass spectra. The adsorption of
nonane to water clusters must be transient with its lifetime shorter
than the time scale of our experiment (∼500 μs).

IV. CONCLUSION
We have conducted molecular-level nucleation experiments

of water, nonane, and their mixtures in the temperature range of
50–110 K. Overall, our measurements suggest that the nucleation of
these two substances proceeds along independent pathways, which
is supported by the near identical nucleation rates during unary and
binary nucleation. This independence was also observed in a prior
study conducted at a temperature of 230 K. Together, these stud-
ies suggest that at atmospherically relevant conditions, water and
nonane (or alkanes with similar chain length) are unlikely to coop-
erate to enhance nucleation. For cluster growth, we did not observe
evidence of interspecies interactions influencing cluster growth at
88 K or above. At 51 K, nonane cluster growth is still not affected
by water, but the water cluster growth rate appears to be slowed by a
factor of approximately two in the presence of nonane. This might be
explained by transient adsorption of nonane molecules temporarily
blocking part of the surface of the water clusters. The water–nonane
vapor mixture is a model system in which the interspecies inter-
molecular interactions are weaker than intraspecies interactions.
This work shows that such weak interspecies interactions barely
affect the phase transition of both species at temperatures at 88 and
108 K at the investigated vapor concentration. However, its influence
on cluster growth begins to emerge at 51 K. Further investigations at
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even lower temperatures might thus reveal more complex behaviors
of the water–nonane nucleation system.
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