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Carbon dioxide (CO,) gas is known to strongly accelerate nucleation of other gas phase components, such
as water and toluene. The acceleration was attributed to the formation of transient heteromolecular
dimers and referred to as the chaperon mechanism. In this work, we investigate this phenomenon for
butane—CO, gas mixtures with mass spectrometry in the post-nozzle flow of a Laval expansion at a tem-
perature of 51 K and a pressure of 40 Pa. At moderate CO, and butane concentrations, we observed an
acceleration of butane nucleation by the chaperon mechanism, albeit only by a factor of about two com-
pared to unary butane nucleation. The fact that the chaperon mechanism is less important for butane than
for water and toluene can be rationalized by the weaker intermolecular interactions between butane and
CO,. At higher CO, and butane concentrations, nucleation and cluster growth overlap in time, which leads
to saturation of the measured total butane concentration. Using a kinetic model, we show that saturation
is caused by the formation of heteromolecular butane—CO, clusters of different sizes and compositions.

rsc.li/pccp

1 Introduction

Supersonic expansions and cryogenic cooling have emerged as a
promising method for flue and natural gas separation.' ® In both
processes, condensation of target components is induced by gas
phase nucleation. Supersonic separation relies on the expansion
of a gas mixture through a Laval nozzle where the gas is
accelerated to supersonic speeds, resulting in a sudden pressure
drop and rapid cooling. The successful implementation of such
removal methods would benefit from a better molecular-level
understanding of the complex nucleation dynamics of multi-
component vapors and molecular nucleation models. Conven-
tional nucleation modeling approaches are often based on the
limited predictability of classical nucleation theory (CNT) to
explain experimental findings.”™"* Recent advances also include
atomistic approaches, with molecular dynamic simulations and
quantum chemistry calculations, which yield more reliable
results than CNT.®**° Comparable conditions in experiments
and models are often difficult to realize.

Laval supersonic expansion is a widely used tool to experi-
mentally study gas-phase nucleation.”’” The Laval setup at
ETH Zurich®>**°?! has allowed the determination of nucleation
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Studies on nucleation at low temperatures in such systems are relevant for flue or natural gas separation.

rates directly from time-dependent, cluster-size resolved mass
spectra recorded during nucleation. Nucleation is induced in
the uniform post-nozzle flow of the Laval expansion, and the
nucleating clusters are detected after soft photoionization by
time-of-flight mass spectrometry. Previously, the nucleation of
pure propane, pure CO, and pure H,O gases - all key compo-
nents of natural gas - have been studied.’®***® In this
work, we report unary nucleation rates for butane at 51 K and
40 Pa at different monomer concentrations (we refer to
nucleation in single-component gases as unary nucleation).
The result shows a linear increase in the nucleation rate with
the square of the concentration, as expected from a simple
‘monomer association’ model.**** However, the linear fit
implies that a minimum monomer concentration is required
for nucleation to occur.

Numerous studies have demonstrated that the introduction
of a second gas component can accelerate sulfuric acid nuclea-
tion e.g. by acid-base chemistry.***® More recent research
shows that CO, can accelerate nucleation of species such
as toluene, water, propanol, hexane, and butane in two-
component mixtures without chemical modification.*>*° wWe
refer to this as binary nucleation. These studies suggest that the
observed rate enhancement arises from the catalytic effect of
CO,, which is based on the formation of a transient hetero-
molecular dimer, called a chaperon complex.*>*° The binary
nucleation rate, Jp,;, can be expressed as

]bi :]un + ﬁCnucCacc (1)
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where J,, is the unary nucleation rate, Cp,. and C,.. are the
concentrations of the nucleating (butane, toluene. . .) and accel-
erating (CO,) species, respectively, and f represents the effec-
tive rate constant associated with the formation of the
chaperon complex. Here, we explore the binary nucleation of
Bu and CO, under the same conditions as the unary butane
nucleation. Our experiments show that CO, accelerates butane
nucleation, but to a significantly lesser extent compared to that
of water and toluene.?**? At higher CO, contents, we further
observed that the total number concentration of the homomo-
lecular butane clusters does no longer increase with increasing
growth time but instead levels off, ie that the growth of
homomolecular butane clusters is hindered. Kinetic modeling
along with the experimental results suggests that this is caused
by an increasingly dominant contribution of heteromolecular
clusters with varying CO, and butane content that grow at the
expense of the homomolecular butane clusters. This observa-
tion might have implications for gas separation technologies,
highlighting how sensitively separation can depend on changes
in the concentration of a component.

2 Experiment and modeling

2.1 Experimental setup

The details of the experimental setup are given elsewhere, >

and only a brief description is provided here. A schematic of the
experimental setup is shown in Fig. 1. We used gas mixtures of
condensable gases (butane and CO,), carrier gases argon and
nitrogen, and an internal standard methane. The specific mixing
ratios of the gas were regulated using mass flow controllers
(Bronkhorst EL-FLOW Prestige). The total flow rate was kept fixed
at 950 SCCM (standard cubic centimeters per minute). The flow
rates of the individual gas components as a fraction of this total
flow are proportional to their partial pressure and thus their
respective number concentrations (ideal gas law).

The gas mixture was pulsed into the stagnation volume of
the Laval nozzle using solenoid valves (Parker). In the stagna-
tion volume, gas pressures p, were in the range of 1.7 bar and
2.1 bar at a temperature T, of approximately 294 K. Supersonic
expansion by the Laval nozzle resulted in post-nozzle flow
temperatures and pressures of 7r 51 K and pr 40 Pa, respec-
tively. Ty was controlled by adjusting the ratio of the carrier

Nozzle-to-skimmer distance (L)
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gases argon and nitrogen. This was especially important when
using high concentrations of CO,, as higher CO, concentra-
tions would change Ty without adjustment of the carrier gas
composition.*? pr and Ty in the post-nozzle flow were deduced
from the measured impact pressure using an impact pressure
transducer (Omega PX170) as described in ref. 25 and 30.

The isentropic core of the gas beam was sampled by a
skimmer into the home-built time-of-flight (TOF) mass spectro-
meter, where the clusters were photo-ionized and detected.
Cluster fragmentation was largely avoided by softly ionizing
using photoionization with 13.8 eV.** The ionized clusters were
then accelerated with a six-plate stack of extraction plates**
with up to 20 kv and detected with a micro-channel plate
detector (MCP; Photonics). The high monomer concentrations
of the condensable gases would induce detector ringing, mak-
ing cluster detection difficult. To prevent this, a short electric
pulse was applied using a mass gate (DEI PVX-4140 Pulse
Generator) to deflect the monomers and prevent them from
hitting the detector.”’

2.2 Determination of experimental nucleation rates

The experimental nucleation rate Je,, was determined from the
temporal derivative of the measured total number concen-

tration of butane clusters Cgy or(t):" """
dCpy 1ot (t
oy = 2100, @)

¢ is the nucleation time, which is determined from the velocity
of the post-nozzle flow and the nozzle-to-skimmer distance L.
CBu,tot(t) iS

max

CBu,lot(t) = Z CBu,i(t) (3)
i=2

Cry,{(?) is the concentration of pure butane clusters with i butane
molecules. Note that we only observed pure butane clusters in
the mass spectra for both unary and binary nucleation. Cg, ()
was determined from the measured integrated ion signal I; from:

Ii ome I;

o
- Cyme = M Cme (4)

C = -
Ive i - 0By

IMC g

where Cye, Ive and oye = 16.6 Mb*® are the known concen-
tration, the measured ion signal, and the photoionization cross
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Fig. 1 Schematic of the Laval setup. pp and Ty are the pressure and temperature in the stagnation volume and pg and Tr are the pressure and
temperature in the flow region. Nucleation and growth take place in the post-nozzle flow of the Laval expansion. The formed clusters are detected in the
time-of-flight (TOF) mass spectrometer after soft photoionization. A variation of the nozzle-to-skimmer distance (L) corresponds to a variation of the

nucleation/growth time (t).
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section of the internal standard methane, respectively. g; is the
photoionization cross section of a butane cluster containing i
butane monomers. It is approximated as i times the butane
ionization cross section, o, = 91.7 Mb.*® Under our conditions,
we can neglect monomer depletion, cluster coagulation and
cluster evaporation.'®***® Note that the monomer concentration
(~10%*° m™?) is orders of magnitude higher than the cluster
concentrations (~10" m™?).

2.3 Modeling of unary nucleation rates

We have shown in previous studies that the unary nucleation
rate is governed by the dimerization rate:'®*'°

k
Bu+Bu —% (Bu),. (5)

ki, is the rate constant for the formation of butane dimers.
This results in a modeled unary nucleation rate,

]un = kl,l'(CBu)2 + é; (6)

where Cg,), is the concentration of the butane monomer. ¢ is a
constant negative shift that accounts for the fact that unary
butane nucleation was only observed above a minimum butane
monomer concentration (minimum concentration; see
Section 3.1).

2.4 Modeling of binary nucleation rates

As in our previous binary nucleation studies,**"*’

also for binary CO,-butane nucleation that the dominant
nucleation step (rate determining step) is the formation of
the heteromolecular CO,-butane dimer, referred to as cha-
peron complex (eqn (7), rate constant f3). Collision of this
complex with a butane monomer results in fast butane dimer
formation (eqn (8); rate constant y) and in the subsequent
growth to larger, homomolecular butane clusters, which are
observed in the mass spectra.

we assume

B

Bu+CO, = (Bu — COQ) (7)

(Bu — CO,) + Bu 4 Bu, + CO,. (8)

The above mechanism is a CO, catalyzed butane dimerization.
In this simple model, the binary nucleation rate J;,; is the sum
of the unary nucleation rate J,, and an acceleration term due to
the chaperon effect, as given in eqn (1). For Bu-CO,,

Jvi =Jun T BCBuCco, = k11(Cpo)® + &+ BCruCco,
(9)
Cco, is the CO, monomer concentration. In the following, we
will also use this equation in the linearized form:

(Joi — &)
(CBU)2

Cco,
CBu

=kii+p (10)

It is important to mention that all rate constants (e.g. k, 4, §) are
effective rate constants that effectively include the cooling effect
by the bath gas.

This journal is © the Owner Societies 2025
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3 Result and discussion
3.1 Unary nucleation of butane

For the analysis of the acceleration of butane nucleation in the
presence of CO, gas (Section 3.2), we must know the unary
butane nucleation rates k;, recorded under the same condi-
tions (pressure of 40 Pa, temperature of 51 K). We extracted k; ;
(Table 1 for butane) from a fit of eqn (6) to a series of
measurements of J.., as a function of Cp, (Fig. 2 and Table
S1 in the SI). As expected from the simple model in eqn (5), Jexp
increases linearly with Cg,” with k,, representing the slope
(Table 1 for butane). However, the linear fit does not intersect
the ordinate at zero, but instead at a negative value of £ (eqn (6),
Table 1). This implies that a minimum monomer concentration

Choy = (g) is required for unary nucleation to occur.

Compared to the unary nucleation of other compounds we
have previously studied (see, for example, the unary water
nucleation in Table 1 and Fig. S1A in the SI), where the
minimum concentration is negligible for the kinetics within
uncertainties, it turns out that it is clearly not negligible in the
case of unary butane nucleation.

We have not yet found a conclusive explanation for the
minimum concentration. It could arise from the presence of
cluster decay processes (not accounted for in eqn (5)), with &
representing an effective decay rate. The intermolecular inter-
actions between two butane molecules are weak, for example
compared with those between two water molecules, which
might explain why this phenomenon is particularly pro-
nounced for butane. According to the simulations we per-
formed in the SI (Fig. S2), experimental artifacts, such as
cluster loss during ionization or limitations due to detection,
can be ruled out as the reason since they would not result in a
negative axis intercept.

3.2 Acceleration of butane nucleation by CO,

Fig. 3 shows the effect of CO, on butane cluster formation in
the mass spectra for three different nucleation times (labels on
upper abscissa) for 0.19% butane and at 7 = 51 K. Note that all
cluster peaks correspond to pure butane clusters. The upper
row shows unary butane nucleation in the absence of CO, (right
ordinate). Almost no butane cluster peaks are observed under
these conditions. This changes systematically with the addition
of more and more CO, (from top to bottom for each nucleation
time in Fig. 3): the higher the CO, content in the gas mixture
the more butane clusters are observed. Obviously, butane

Table 1 Rate constants for unary and binary nucleation of butane—-CO,
and water—CO,*° (see eqn (6), (9), and (10))

T kyy [10°m® £[107"m™? B0 m?
—1

K] s™] s ] kua/p
Butane- 51 160 + 30 —19 + 3 1.7 £ 0.5 94 + 33
CO,
Water- 57 70 + 20 —4 + 2 11+ 3 6.4 + 2.5
CO,

Phys. Chem. Chem. Phys.
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Fig. 3 Mass spectra recorded during butane nucleation in the absence (unary nucleation, top row) and in the presence of CO; gas (binary nucleation, all
other rows). All spectra were recorded at a butane monomer concentration of Cg, = 0.19% and a temperature of T = 51 K. The CO, to butane monomer
ratio in the gas mixture increases from the top spectra to the bottom spectra (right ordinate) from 0 to 10, 20 and 30. The left, middle and right panel are
recorded at three different nucleation times t (upper abscissa) corresponding to three different nozzle-to-skimmer distances L distances of 20, 30, and
40 mm. m/z is the mass-to-charge ratio. The vertical dashed gray lines denote the different pure butane clusters, starting at the dimer.

nucleation is accelerated by the presence of CO, gas - a
phenomenon we had observed for other binary gas mixtures as
well.>*%9

Using eqn (2), we extracted (Cpyot(t)) from these spectra,
which are shown as a function of the nucleation time ¢ and for
all measured CO, to butane monomer ratios (CCOZ/CBU) in

Fig. 4A. For each Cco,/Cpy ratio, we extracted Jey, from these

Phys. Chem. Chem. Phys.

data from eqn (2) (reported in Table S2 in the SI). Only ¢ up to
60 s were used for these fits as the data quality decreases for
longer times, where fluctuations and deviations from linear
behavior were observed (Fig. 4A). The acceleration rate constant
p (Table 1) was then extracted from a linear fit to eqn (10)
(see Fig. 4B), assuming Jex, = Jbi and using the rate constants
ki1 and ¢ as determined from the unary butane nucleation

This journal is © the Owner Societies 2025
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(A) Binary butane—CO, nucleation. Symbols: experimentally measured total number concentrations of pure butane clusters, (Cgytot). as a

function of the nucleation time t for binary nucleation for thirteen different CCOZ/CBu ratios. All spectra were recorded at a butane monomer
concentration of Cg, = 0.19% and a temperature of T = 51 K. Full lines: linear fits of Cg,tot(t) for t up to 60 ps. (B) Linear fit to determine f from the
experimental data in panel A using egn (10) and Jex = Jbi. The red data point denotes kfl. The values of kfl and ¢ were taken from the unary

measurements as shown in Table 1.

(Section 3.1, Table 1). There is an acceleration due to the
chaperon mechanism (eqn (7) and (8)) of butane nucleation
when CO, is present. However, it is less pronounced than for
the binary mixtures we studied before.?>*° At the higher CO,
concentration, the additional chaperon term in eqn (9) results
in about a doubling of the reaction rate compared with unary
butane reaction (see eqn (9) and Tables S1, S2 in the SI).

Table 1 compares the rate constants retrieved for binary
butane-CO, nucleation with binary water-CO, nucleation (see
also butane-CO,). Fig. S1B in the SI shows a graph for the
binary water-CO, system which is equivalent to the one for
butane-CO, in Fig. 4B. The comparison of the two graphs
reveals that the fit is better constrained for the water-CO, case,
as a consequence of the more pronounced acceleration in this
case. The fact that the acceleration effect of CO, is stronger for
water—CO, than butane-CO, can directly be seen from the ratio
of k;1/f, which is much higher (about 15 times) in the latter
case (Table 1 and eqn (9)). This clearly suggests that the
chaperon mechanism is less effective in the butane-CO, case.
A likely explanation is the comparatively weak intermolecular
interactions (dispersion and induction interactions) between
butane and CO, compared to the stronger intermolecular
interactions (additional dipole-induced dipole interactions)
between H,O and CO,. This increases the collision cross
section (e.g. long range capture cross section) for the formation
of the chaperon complex in the water case compared with the
butane case, and therefore the effectiveness of the chaperon
mechanism (eqn (7) and (8)).

3.3 Behavior at high CO, concentrations

At higher butane concentrations and longer nucleation times ¢,
Cgutot(t) starts to deviate from the expected (Fig. 4A) linear
increase with ¢. This is shown in Fig. 5 for a butane monomer
concentration of 0.21%. For Cco,/Cpy ratios of 0 and 5, the

This journal is © the Owner Societies 2025

increase is still more or less linear, following the behavior
expected for unary nucleation (eqn (6)) and binary nucleation
with a chaperon mechanism (eqn (9)). However, at higher Cco /
Cg, ratios of 20 and 30, a linear increase is only observed for
short ¢, which then saturates at longer ¢. For the highest Cco,/Cpy
ratio of 60 saturation is reached almost from the beginning on
and Cgy o(f) becomes even somewhat smaller at longer ¢. The
deviation from the expected linear behavior clearly hints at early
cluster growth, reducing the number of pure butane clusters and
thus the amount of Cgyot(f), due to the formation of hetero-
molecular butane-CO, clusters. Under these conditions, nuclea-
tion and growth can no longer be separated in time.

This hypothesis is confirmed by the cluster peaks we observe
in the mass spectra. Fig. 6 shows the baseline-corrected mass
spectra for the case Cco,/Cpy ratio of 60 (= 12.70% CO0,/0.21%
butane, middle panels) together with the corresponding unary
butane (0.21% butane; top panels) and unary CO, (12.70% CO,;
bottom panels) case for two different ¢ of 77 us and 173 ps. Both
binary spectra in panels C and D show heteromolecular
butane-CO, clusters (see also Table S3 in the SI for peak
assignment for panel C). Interestingly, the abundance of the
heteromolecular butane-CO, and pure butane clusters (vertical
dashed gray lines) are weaker in panel D than in panel C. This
is even more surprising when looking at the unary butane cases
in the top traces. More butane clusters are formed by unary
nucleation at ¢ = 173 us compared to ¢ = 77 ps, but less of those
pure butane clusters survive as pure butane clusters when CO,
is added (panels D and C, respectively). Furthermore, the
bottom spectra for CO, only show that under these conditions
unary CO, nucleation takes place and forms pure CO, clusters
(vertical dashed-dotted gray lines). The fact that heteromolecu-
lar butane-CO, clusters are observed (panels C and D) and that
the number of pure butane clusters is reduced in the binary
case (panel D) compared to the unary case (panel B) clearly

Phys. Chem. Chem. Phys.
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Fig. 5 Binary butane—CO, nucleation at a higher butane concentration (0.21%) than in Fig. 4A for CCOZ/CBu ratios up to 60 (see legend). Symbols:

experimental data. Lines: linear interpolations to guide the eye.

hints that under these conditions growth phenomena domi-
nate the mass spectra.

To support this more quantitatively, we constructed a
detailed sequential kinetic model which simulates unary
nucleation of butane and CO,, binary nucleation of butane-
CO, and early cluster growth. Details of the model will be
published in a forthcoming article where growth processes in
the present and other systems will be the focus. Here, the
model only serves to support the above hypothesis. For nuclea-
tion, we used the experimentally determined rate constants

according to eqn (6) (without &) and eqn (9). Growth was
modeled to be due to monomer association of butane and
CO, monomers. The corresponding growth rate constants were
derived from the time-dependent information in the experi-
mental cluster spectra for the unary butane and CO, measure-
ments and a suitable interpolation for the formation rates of
the mixed clusters. Cluster coagulation, evaporation, and frag-
mentation were not considered in the simulation.

Fig. 7 shows the result of the simulations for Cco,/Cgy ratios
of 0, 5 and 50, respectively. Panel a shows the total cluster

77 ps 173 ps

A 0.21% Bu B 0.21% Bu
:; PP o l t l A A ' N Y W A
—C% C 0.21% Bu; 12.7% CO4 D 0.21% Bu; 12.7% CO»
=
3l
%0 FRITON WP N TN B W Or U W ¢ Aok A A ey L, - . I -
§§ E 12.7% COgy F 12.7% COq
S

200 400 600

200 400 600

m/z

Fig. 6 Top rows (A, B): mass spectra for unary butane nucleation for Cg, = 0.21%. Middle rows (C, D): mass spectra recorded during binary butane-CO,
nucleation for Cg, = 0.21% and Cc02 = 12.70% (corresponding to CCOZ/CBu ratio of 60) for two different t of 77 ps and 173 ps (see Fig. 5). Bottom rows (E,
F): mass spectra for unary butane nucleation for Cco, = 12.70%. The vertical dashed gray lines indicate the mass-to-charge rations (m/z) of pure butane
clusters. The vertical dashed-dotted gray lines indicate the mass-to-charge rations of pure CO, clusters. The vertical dotted gray lines indicate the mass-

to-charge rations of heteromolecular butane-CO, clusters.
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Fig. 7 Simulations of the total cluster number concentration during nucleation and growth as a function of the nucleation time t from a kinetic model that
considers nucleation and monomer association. (A) Concentration of only pure butane clusters Cgy, ot(t) as predicted by the model. The saturation at longer t
is caused by the formation of hetermomolecular butane—CO,, the abundance of which lies often below the experimental detection limit. (B) Sum of the
concentration of pure butane clusters (Cg,ot(t) and all different hetermomolecular butane—CO, (Cgy totlt) +Crixedtot) Clusters as predicted by the model.

concentration of the pure butane clusters Cg, (oi(t) as extracted
from the simulations. This can be directly compared with the
experiment in Fig. 5, which shows the concentration of the pure
butane clusters extracted from the experimental mass spectra.
The simulations capture the experimental results at least semi-
quantitatively. A more or less linear increase with ¢ is observed
for the Cco,/Cg, ratios of 0 and 5 (Fig. 5 and 7A), while for a
Cco,/Cpy ratio of 50, saturation is observed with increasing
time. This confirms that saturation of Cgy o(t) originates from
cluster growth. The simulation also allows us to confirm that
the saturation is due to the growth to heteromolecular clusters
which depletes the number of pure butane clusters. This can be
seen by the comparison of Fig. 7A and B. In contrast to panel A,
panel B shows the sum of the total cluster concentrations of
pure butane and mixed butane-CO, clusters, ie. Cgyor(t) +
Cmixed,tot- If the contribution of the mixed clusters is consid-
ered, saturation effects disappear and the expected linear
behavior is retrieved again for the total cluster concentration.
It should be noted here that because of the detection limit in
the experimental mass spectra it is not possible to extract from
the experimental spectra data that correspond to the ones in
Fig. 7B. There are many different heteromolecular clusters with
different masses, so that the abundance of individual mixed
clusters lies below the experimental detection limit. This
experimental limitation can also be seen by the weak signals
of the heteromolecular clusters in the extreme case when the
ratio of Cco,/Cgy is 60 (Fig. 6, see also Fig. S3 in the SI).

4 Conclusion

We have investigated butane nucleation in unary butane and
binary butane-CO, gas mixtures at a temperature of 51 K and a
pressure of 40 Pa in the post-nozzle flow of a Laval expansion
using mass spectrometric detection. This provides time-
dependent molecular-level information on the chemical

This journal is © the Owner Societies 2025

composition and abundance of nucleating clusters, thus
enabling the determination of kinetic mechanisms based on
molecularly resolved information.

For unary butane nucleation, we observed butane nucleation
only above a minimum butane monomer concentration, which
could be caused by cluster decay processes which are not
considered in our simple model. For the binary butane-CO,
gas mixtures, butane nucleation rates lie in the range (2-10) x
10* m~? s7', which is only about a factor of two higher than
the rate observed for the unary butane system. Compared with
the binary mixtures water-CO, and toluene-CO, we had pre-
viously studied,***® acceleration of nucleation by CO, gas is
much less important in the case of butane; i.e. the previously
proposed chaperon mechanism?? is less effective. The weaker
intermolecular interactions between butane and CO, molecules
compared to the interactions between water or toluene and CO,
provide a plausible explanation. This might also be the reason
why we observe substantial cluster growth and temporal over-
lap of growth with nucleation already at only slightly higher
butane and CO, concentrations. In the mass spectra, growth
results in saturation effects of pure butane clusters, caused by
the formation of many different heteromolecular butane-CO,
clusters with abundances below the experimental detection
limit. We confirmed this hypothesis by simulations using a
kinetic nucleation-growth model. The reported results are
relevant for flue or natural gas separation. They demonstrated
how sensitively the effectiveness of separation by e.g. low-
temperature separation methods depends on the actual gas
composition and temperature.
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