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Aerosol particles composed of co-crystalline CO2 · C2H2 were generated in a bath gas cooling cell at
cryogenic temperatures and investigated with infrared spectroscopy between 600 and 4000 cm−1.
Similar to results obtained for thin films of the co-crystal [T. E. Gough and T. E. Rowat,
J. Chem. Phys. 109, 6809 (1998)], this phase was found to be metastable and decomposed into
pure CO2 and pure C2H2. These decomposed aerosols were characterized through (i) a compar-
ison to experimentally prepared aerosols of mixed CO2 and C2H2 of known architectures and
(ii) the modeling of infrared spectra. A likely architecture after decomposition are C2H2-CO2 core-
shell particles with a disk-like shape. The co-crystalline CO2 · C2H2 aerosols prior to decomposition
are modeled and analyzed in detail in the subsequent paper (Part II). © 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.3690063]

I. INTRODUCTION

Aerosol ice particles, such as C2H2, CO2, and mixed
C2H2/CO2 particles play an important role in the atmospheres
of a number of planets and moons.1–6 They can directly in-
fluence the radiative balance and thus the climate by absorb-
ing and scattering the solar radiation.2, 7 They are involved
in cloud formation either as a major cloud component or
as cloud condensation nuclei. Furthermore, the large surface
area of aerosol particles can provide reactive sites for vari-
ous chemical processes.8 As atmospheres will contain many
molecular species, multicomponent aerosols are often of par-
ticular interest.9–11 Condensation of different compounds usu-
ally happens at various altitudes in planetary atmospheres.
This leads to a wealth of possible multicomponent aerosol
particle structures such as core-shell structures, inclusions, or
in rare cases even the formation of particles with mixed crys-
talline structures.

C2H2 is known to form a wide range of co-crystals when
paired with other small molecules.12 As CO2 and C2H2 both
exhibit similar sublimation pressures over a wide range of
temperatures,13 form cubic crystalline phases (Pa3),14, 15 pos-
sess electric quadrupole moments,16 and are linear molecules
of similar dimensions, these two molecules could potentially
form a co-crystal. This CO2 · C2H2 phase has indeed been
observed. By condensing mixtures of the two gases onto a
zinc selenide window, Gough et al. were able confirm the
formation of the CO2 · C2H2 co-crystal using infrared (IR)
spectroscopy.17–19 This was possible due to the sensitivity of
the vibrational frequencies of C2H2 and CO2 to the crystalline
environment in which they are found. Significant shifts in
most of the IR active bands led to the identification of a mixed
CO2 · C2H2 phase. However, the structure of this co-crystal

a)Fax: +1 604 822-2847. Electronic mail: signorell@chem.ubc.ca.

was not established. A surprising observation from this work
was that this CO2 · C2H2 phase was metastable and over time
would decompose into domains of its pure components.18, 19

This decomposition was also studied using IR spectroscopy.
The observed metastability explains why in a recent x-ray
diffraction study of various C2H2 co-crystals presented by
Kirchner et al. it was not possible to prepare CO2 · C2H2 co-
crystals.12 In that work, samples were annealed prior to mea-
surements and this process likely decomposed the CO2 · C2H2

phase before it could be properly characterized.
In the current and subsequent20 contributions (hereafter

referred to as Part I and Part II, respectively) we study
CO2 · C2H2 aerosols. In this work (Part I), we focus on the
experimental formation and decomposition of the CO2 · C2H2

aerosols and the analysis of the spectra after decomposition.
Similar to Gough et al. we rely on IR measurements for char-
acterization. As we are studying aerosols not thin films, mea-
surements are performed directly in the bath gas cooling cell
where the aerosol particles are formed. These in situ mea-
surements avoid any potential complications that might be
introduced if the samples were collected on substrates. Fur-
thermore, this setup allows us to record spectra with differ-
ent architectures (core-shell and mixed) that may be of in-
terest in planetary atmospheres. IR spectra of three different
types of aerosol particles are discussed: pure CO2 and pure
C2H2 aerosol particles (Sec. IV A), CO2 · C2H2 aerosol par-
ticles formed by the condensation of gas mixtures of C2H2

and CO2 (Sec. IV B), and mixed aerosol particles containing
domains of pure C2H2 and pure CO2 formed either by the de-
composition of the CO2 · C2H2 co-crystal or by the sequential
condensation of the two gases (Sec. IV C). Our discussion pri-
marily focuses on the conditions that allow for the formation
of CO2 · C2H2 particles and the type of domains present in the
particles after the CO2 · C2H2 phase decomposes into its pure
components.

0021-9606/2012/136(9)/094509/9/$30.00 © 2012 American Institute of Physics136, 094509-1
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In the subsequent paper (Part II), we analyze the spectra
of the CO2 · C2H2 co-crystalline phase and we examine how
the CO2 · C2H2 unit cell influences the position and strength
of the IR bands using density functional theory. Dielectric
functions that describe CO2 · C2H2 are constructed from these
parameters and incorporated into model particle shapes. This
process allows for the spectra of CO2 · C2H2 particles to be
modeled (and provides additional verification that co-crystals
are formed). A major goal of the work in Part II is the de-
termination of possible crystal structures for the CO2 · C2H2

phase.

II. EXPERIMENTAL

Mixed CO2 · C2H2 aerosols were generated in a low tem-
perature bath gas cooling cell and spectroscopically character-
ized in situ in the aerosol phase by rapid-scan Fourier trans-
form infrared spectroscopy between 600 and 4000 cm−1. The
cell had an optical path length of 16 m. The experimental
setup has been described in detail in Ref. 21. Briefly, aerosol
particles were formed via injection of warm sample gas mix-
tures (0.1%−0.3% CO2 (99.998%) and C2H2 (99.6%) diluted
in helium (99.999%)) into a pre-cooled bath gas (helium gas
at pressures between 500–900 mbar and at a temperature of
78 K). All gases were further cleaned before use in a liquid
nitrogen trap. Injection of warm sample gases into the pre-
cooled bath gas leads to supersaturation, which in turn re-
sults in the formation of aerosol particles. The injection was
controlled by magnetic valves, with typical injection times of
500–1000 ms. Particle sizes were roughly 50 nm and the par-
ticle number density was approximately 106 particles/cm3.
This low density ensures that no aggregates were formed.
All infrared spectra were recorded with a spectral resolution
of 0.5 cm−1.

For the mixed particles, we employed two different in-
jection schemes. Homogeneously mixed binary aerosols were
formed by co-condensation of premixed CO2 and C2H2 gas
samples. Core-shell aerosols were generated by sequential in-
jection of the two gases. The time delay between the two se-
quential injections was 500 ms. This delay was adjusted to en-
sure optimal coating of the core but avoid any homogeneous
mixing of the two substances.

III. COMPUTATIONAL METHODS

In Sec. IV C, the ν2 and ν3 bands of crystalline CO2 par-
ticles are modeled using the bulk optical properties of cubic
CO2 and classical electrostatics.22 The dielectric function of
CO2 was constructed using the following expression:

ε(ω) = ε′(ω) + iε′′(ω), (1)

where

ε′(ω) = ε∞

(
1 +

N∑
m=1

(
ω2

Lm
− ω2

Tm

)(
ω2

Tm
− ω2)

(ω2
Tm

− ω2
)2 + (ωγm)2

)
, (2)

ε′′(ω) = ε∞
N∑

m=1

(
ω2

Lm
− ω2

Tm

)
(ωγm)(

ω2
Tm

− ω2
)2 + (ωγm)2

. (3)

The number of optical modes was set to three (N = 3). The
transverse optical (TO) frequencies (ωT) of these modes were
655, 661, and 2345 cm−1 with corresponding longitudinal op-
tical (LO) frequencies (ωL) at 660, 672, and 2377 cm−1, re-
spectively. These modes were based on a fit to refractive index
data from a thin film study.23 The high-frequency dielectric
constant was also taken from that work (ε∞ = 1.54). When
calculating spectra, the damping of each mode (γ m) is listed
in the corresponding figure caption.

All modes and spectra were calculated within the elec-
trostatic approximation. With this approach, the wavelength
of light is assumed to be much larger than any of the parti-
cle dimensions that it is impinging on.22 This limit is satisfied
for all of the experimentally prepared particles that are con-
sidered here. One advantage of using this method is that, in
some cases, analytical expressions for the surface modes of
an object can be derived. This allows for the concise evalu-
ation of the surface modes over all possible parameters that
define an object. The objects considered here are (i) a spher-
ical shell, (ii) a prolate and oblate ellipsoid, and (iii) clusters
of spherical particles. These are used as models for the three
types of particles that are of experimental interest: (i) core-
shell particles, (ii) various elongated or anisotropic particles,
and (iii) clusters of closely spaced particles.

Surface modes were determined by examining the ex-
pression that defines the polarizability of an object in a uni-
form electric field. The frequency at which the denominator
of the polarizability vanishes corresponds to a surface mode.
In the limit of the electrostatic approximation, these surface
modes dominate the absorption spectrum of an object. For
spherical shells and ellipsoids polarizability expressions are
well known.22 In the case of a spherical shell with an inner ra-
dius of a and an outer radius of b the condition that the dipole
modes satisfy is

(ε(ω) + 2εm)(εc + 2ε(ω)) + (a/b)3(2ε(ω)

− 2εm)(εc − ε(ω)) = 0, (4)

where εc and εm are the dielectric functions for the core and
medium, respectively. In all calculations these were simply
set to one. For an ellipsoid, dipole modes satisfy

3εm + 3L(ε(ω) − εm) = 0, (5)

where the geometrical factor L is dependent on whether or not
the ellipsoid is oblate or prolate, the direction of the incident
polarization of light, and the length of the various ellipsoidal
axes. Expressions for this factor are given in Ref. 22.

For clusters of spheres, analytical expressions only exist
for a few simple arrangements.24 In more complicated situa-
tions, which are of interest here, a more general method needs
to be used. This can be developed as follows: in a distribution
of spheres the dipole moment of each sphere is

Pi = εmαiEloc(ri), (6)

where Eloc(ri) is the electric field at sphere i and the polariz-
ability of each sphere, αi , is

αi = 4πa3
i

ε(ω) − εm

ε(ω) + 2εm

, (7)
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where ai is the radius of the sphere. In the absence of an ex-
ternal field, a system of coupled equations for N spheres can
be defined by

Pi = εmαi

N∑
j �=i

Aij Pj , (8)

where

Aij = 1

4πεm

(3r̂ij r̂ij − I)

|rij |3 , (9)

and rij is the center-to-center distance vector between spheres
i and j, r̂ij is the corresponding unit vector, and I is a 3 × 3
identity matrix.

The system of equations generated by Eq. (8) can be writ-
ten as an eigenvalue problem in the form of

BP = �P, (10)

where

� = ε(ω) + 2εm

ε(ω) − εm

, (11)

and the elements of B are defined by

Bij =
{

0, i = j

4πεma3
i Aij , i �= j

. (12)

Although there are 3N modes in a system of N spheres,
only the strongest optically active modes are considered
here (these have been called “in-phase” modes for one-
dimensional assemblies).24 These modes can easily be deter-
mined by examining the dipole moments from an eigenvector
P. It is important to note that other modes (associated with
higher order moments) can be important in systems of clus-
tered spheres even if the overall dimensions of the cluster sat-
isfies the electrostatic limit.25 Therefore, several calculations
using the above approach were compared to results obtained
using Mie theory for coupled spheres.26 The differences be-
tween the coupled Mie theory and electrostatic calculations
were found to be minor and, as an approximation, the electro-
static results were judged to be satisfactory.

IV. RESULTS AND DISCUSSION

A. Pure CO2 and pure C2H2 aerosols

Prior to considering aerosol particles composed of the
CO2 · C2H2 co-crystal, we first summarize the results for pure
C2H2 (Fig. 1(a)) and pure CO2 (Fig. 1(g)) aerosols. Our re-
cent study on C2H2 aerosols revealed that pure C2H2 prefer-
entially forms orthorhombic, polycrystalline particles under
conditions similar to those studied here.27 This polycrystalline
phase makes analysis of the particle shape through the exam-
ination of the IR active fundamental modes—the ν5 bend and
the ν3 anti-symmetric stretch—difficult (see Ref. 27 for a dis-
cussion on this issue). However, these polycrystalline parti-
cles are likely globular in shape.27 The bands also show little
change in shape over time, suggesting that the particles retain
their globular shape over the course of the measurements. In
the C2H2 orthorhombic phase, the ν5 vibration has three op-
tical modes and the ν3 vibration has two optical modes. For a

particle that is roughly spherical in shape there should there-
fore be three peaks for the ν5 band and two peaks for ν3 band.
For the ν5 band, the approximate locations of the three peaks
are indicated in Fig. 1(a), although the polycrystalline nature
of the material makes a precise assignment difficult as the
peaks overlap more so than those of the pure crystal. For the
ν3 band, the frequencies of the two optical modes are nearly
identical (see Part II). Therefore, only one observable peak is
expected for this band. Its location is also indicated in Fig. 1.

Pure CO2 aerosols have been extensively studied,28–37

and the particles formed under the conditions used here have
the same cubic crystal structure as bulk, crystalline CO2

for similar temperatures (T = 78 K). When studying par-
ticles of this phase it is important to note that the two IR
active fundamental modes of CO2—the ν2 bend and the
ν3 anti-symmetric stretch—possess significant LO-TO split-
tings. Consequently, the peaks found in these bands will have
a strong dependence on particle shape. This effect has its
molecular origin in strong transition dipole coupling (vibra-
tional exciton coupling).35, 38, 39 As we have discussed and
verified by modeling in previous publications,34, 36 the time
evolution of these bands is the result of a shape change from
cube-like particles to particles with increasingly elongated
shapes. The ν3 band of the cube-like particles features a
strong central peak (2361.0 cm−1) with a weak, higher energy
side peak (2371.2 cm−1). In the case of elongated particles,
a lower energy peak dominates the spectra while a smaller,
higher energy peak remains. This lower energy peak is al-
ready present in Fig. 1(g) at 2346.9 cm−1. At longer times the
absorbance of this peak increases relative to the other peaks in
this band. The smaller LO-TO splittings found in the optical
modes of the CO2 ν2 vibration means that shape-dependent
features are more compressed than in the ν3 band. However,
the overall band shapes are similar to those found in the ν3

band. In Fig. 1, only the dominant peaks for each optical mode
are indicated.

B. CO2 · C2H2 aerosols immediately after formation

The initial formation of the CO2 · C2H2 co-crystal in
the aerosol phase was confirmed through the examination of
the positions of several of the fundamental and combination
bands of both C2H2 and CO2 (Figs. 1(b)–1(f)) and the mod-
eling of IR spectra (Part II). Note that all of these spectra
show features arising from pure CO2 and pure C2H2 in ad-
dition to the features from the co-crystalline phase. Relative
to their positions in the respective spectra of the pure aerosols
(Fig. 1(a) for pure C2H2 and Fig. 1(g) for pure CO2), the C2H2

ν3 band was shifted by +28.5 cm−1 while the CO2
13C-ν3,

2ν2 + ν3, and ν1 + ν3 bands were shifted by −5.3, −11.4, and
−9.8 cm−1, respectively. The wavenumbers of these peaks are
consistent with what has been reported by Gough et al. for the
CO2 · C2H2 co-crystal,17–19 confirming the formation of the
same CO2 · C2H2 phase that was found in the thin films from
that work. For the optical modes with larger LO-TO split-
tings in their pure crystalline phases (the CO2 ν2 and C2H2

ν5 bands), the band positions of the CO2 · C2H2 aerosol dif-
fer somewhat from those reported by Gough et al. for thin
films. This difference is almost certainly due to a dependence
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FIG. 1. Experimental IR spectra for aerosols composed of CO2 and C2H2 mixed in various ratios. The mole fraction of CO2 present in each sample is indicated
next to its corresponding trace. The location of peaks associated with pure CO2 and pure C2H2 are indicated with a dashed line while the location of peaks
associated with CO2 · C2H2 are indicated with a solid line. Details of the exact composition of (a) through (g) are summarized in Table I. All spectra are recorded
at time t = 0 s.

of band positions on particle shape, indicating that a large
LO-TO splitting is also present in the CO2 · C2H2 phase. The
role of this effect is discussed in detail in the subsequent pa-
per (Part II). A large LO-TO splitting should also be present
in the CO2 ν3 band of the co-crystal which, in the cubic CO2

phase, has the largest LO-TO splitting of any of the modes
discussed here. However, this band is not discussed by Gough
et al. so there is no thin film reference for comparison (pre-
sumably this band was saturated in their spectrum).

In Fig. 1, the mole fraction of injected CO2 is indicated
on each trace and Table I lists the mole fractions of the pure
and complexed (co-crystalline) components for each trace.
All of these fractions were calculated using the relative ab-
sorbance intensities of the C2H2 ν3 band and the CO2 ν1 + ν3

band for both the pure and complexed substances. These in-
tensities were converted into mole fractions using the relative
extinction coefficients calculated by Gough et al.18

Figure 1 and Table I both show that while it was possi-
ble to prepare CO2 · C2H2 aerosols with nearly no pure CO2

(Fig. 1(c)) it was not possible to prepare CO2 · C2H2 aerosols
without a significant amount of pure C2H2. This is true even

TABLE I. Mole fractions of the injected gases and of the components
present in the mixed CO2 · C2H2 aerosols.

Aerosol fraction
Injected fraction χCO2 χCO2 χC2H2 χC2H2

χCO2 χC2H2 pure complexed pure complexed
a 0.00 1.00 0.00 0.00 1.00 0.00
b 0.26 0.74 0.18 0.08 0.64 0.10
c 0.35 0.65 0.03 0.32 0.28 0.37
d 0.52 0.48 0.46 0.06 0.40 0.08
e 0.68 0.32 0.67 0.01 0.30 0.02
f 0.77 0.23 0.76 0.01 0.22 0.01
h 1.00 0.00 1.00 0.00 0.00 0.00
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for the cases where a slight (Fig. 1(d)) or large (Figs. 1(e) and
1(f)) excess of CO2 is injected. Despite the expectation that
all of the C2H2 would be complexed in these situations, there
is actually a decrease in the amount of CO2 · C2H2 relative to
the total amount of C2H2 present. This result is similar to what
was reported by Gough et al.18 In that work, the authors spec-
ulated that pure, crystalline CO2, which will simultaneous be
formed when an excess of CO2 is used, inhibits the forma-
tion of the CO2 · C2H2 phase.18 This type of effect also occurs
when attempting to use an excess of C2H2 to ensure that all of
the CO2 is complexed, although it is not as significant (com-
pare the amount of complexed CO2 · C2H2 present in Fig. 1(c)
with Fig. 1(e)). In this case, pure C2H2 would need to inhibit
the formation of the CO2 · C2H2 phase.

A surprising result is that the equimolar mixture of CO2

and C2H2 (Fig. 1(d)) contained such a large fraction of pure
components relative to those that are complexed. This differs
from Gough et al. where the spraying of equimolar mixtures
led to the nearly exclusive formation of CO2 · C2H2 in thin
films.18 Therefore, the injection of equimolar mixtures into
the bath cooling cell was investigated further. It was found
that when the pressure of the gas mixture was increased, so
too did the amount of co-crystalline CO2 · C2H2 that initially
formed. For instance, when this pressure was doubled from
the conditions used in Fig. 1, a three- to four-fold increase
in the amount of CO2 · C2H2 formed in the aerosol occurred
(spectra not shown). An explanation for this dependence may
lie in the formation kinetics of the co-crystalline phase. How-
ever, these kinetics were not studied in detail. Finally, an anal-
ysis of the co-crystalline phase with a 1:1 mixing ratio of
C2H2:CO2 is provided in Part II.

C. CO2 · C2H2 aerosols after the decomposition of the
CO2 · C2H2 co-crystalline phase

1. Overview

Similar to Gough et al., we observed the decomposition
of the co-crystalline CO2 · C2H2 phase into pure C2H2 and
pure CO2 in all of the prepared CO2 · C2H2 aerosols (over
a time period of about 12 min). Figure 2 shows spectra of
CO2 · C2H2 aerosols recorded at different times during de-
composition. The mole fraction of injected CO2 for this sam-
ple is 0.35. We focus on this sample as, of all the aerosols
that were prepared, it contained the largest mole fraction of
co-crystalline CO2 · C2H2 (Table I). Over the period of time
studied in Fig. 2 the decomposition of CO2 · C2H2 proceeds
to near completion. In this section, we focus on the analysis
of the IR spectra of the decomposed aerosols at t = 730 s. As
the optical properties of the crystalline phases of pure CO2

and pure C2H2 under similar conditions have been previously
studied (Sec. IV A), this is simpler than studying the aerosols
immediately after formation (studied in Part II) or prior to the
completion of decomposition.

As the decomposition of co-crystalline CO2 · C2H2 pro-
ceeds, so too must the phase separation of pure CO2 and pure
C2H2 in the aerosol particles. Gough et al. hypothesized that
this process results in the formation of “microcrystallites of
CO2 embedded in a softer, deformed matrix of C2H2.”19 One
interpretation of this type of structure, for aerosol particles, is
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FIG. 2. Time-dependent IR spectra for an aerosol composed of CO2 and
C2H2. The mole fraction of CO2 is 0.35.

depicted in Fig. 3(a). However, there exist many other pos-
sible architectures aside from this. For example, core-shell
structures (Figs. 3(b) and 3(c)). As these structures can in
principle be experimentally prepared through the sequential
injection of C2H2 and CO2, it is straightforward to compare
the decomposed aerosol spectra to those of actual core-shell
particles. These results will aid in characterizing the decom-
posed products.

Figure 4 compares the spectra of core-shell structures
prepared through the sequential injection of the pure compo-
nents to the spectrum of the decomposed (t = 730 s) aerosols.
Two different types of core-shell particles were prepared:
(i) CO2 shell–C2H2 core particles (Fig. 4(b)) and (ii) C2H2

shell–CO2 core particles (Fig. 4(c)). As expected the C2H2

ν5 and ν3 bands give little information on particle archi-
tecture. For these bands, shapes and peak positions across
Figs. 4(a)–4(c) are too similar to allow for any differen-

(a) (b)

(c)

C2H2

CO2

FIG. 3. Diagrams for possible architectures of aerosol particles after decom-
position of the co-crystalline CO2 · C2H2 phase: (a) CO2 domains embedded
in a C2H2 matrix, (b) CO2 shell on a C2H2 core, and (c) C2H2 shell on a CO2
core.
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formed on a CO2 core. As the decomposition of CO2 · C2H2 in (a) was not
100% complete (see Fig. 2 at t = 730 s), small bands associated with residual
co-crystalline CO2 · C2H2 were subtracted using an appropriate CO2 · C2H2
spectrum.

tiation between the various aerosols. The CO2 bands, by
contrast, show distinct differences in band shapes and peak
positions. Examination of the CO2 ν3 band of the two core-
shell structures that were prepared (Figs. 4(b) and 4(c)) re-
veals that, in terms of overall band shape, the spectrum of the
CO2 shell–C2H2 core structure apparently provides the bet-
ter match to Fig. 4(a). However, the position of the dominant
peak in the spectrum of the C2H2 shell–CO2 core structure
(2361.0 cm−1) shows slightly better agreement with that of
the decomposed aerosol (2357.2 cm−1) than that of the CO2

shell–C2H2 core (2351.1 cm−1). As discussed in Sec. IV A,
all of the shape-dependent information that is found in the ν3

band is also present in ν2 band. However, due to the smaller
LO-TO splitting it is more compressed. Therefore, through-
out the remaining discussion we focus entirely on the CO2 ν3

band.

2. CO2 shells with C2H2 cores

For CO2 shells, the sensitivity of peak positions to shell
thickness was studied previously.40 It is possible that the dif-
ference in peak positions between the CO2 bands of Figs. 4(a)
and 4(b) is a consequence of a small difference in thickness.
Note that the mole fraction of CO2 is smaller in the aerosol
whose spectrum is shown in Fig. 4(b) than the aerosol whose
spectrum is shown in Fig. 4(a). This means that, in this case,
shells prepared through sequential injection are thinner than
any shells formed through decomposition of the CO2 · C2H2

phase.
When dealing with the IR absorption spectra of dielec-

tric shells, it is well known that for constant core size an in-
crease in the shell thickness causes the splitting between the

two dominant absorption peaks to decrease.40 Therefore, it
is possible that the CO2 shells whose spectrum is shown in
Fig. 4(b) are too thin to give a good match to the spectrum
in Fig. 4(a). Unfortunately, experimental attempts to prepare
thicker shells through sequential injection were unsuccessful.
Simply increasing the mole fraction of injected CO2 in order
to prepare thicker shells resulted in spectra which were best
characterized as being a mixture of pure CO2 particles and
CO2 shell–C2H2 core particles. Therefore, the possibility of
thicker shells was explored through calculations using the an-
alytical expressions for the surface modes of a spherical shell.
These calculations allow the ratio of CO2 to C2H2 to be easily
varied.

For the spherical shell, the two surface modes of the CO2

ν3 band are plotted on the left side of Fig. 5 as a function of the
scale parameter b/a, where b is the radius of the outer sphere
and a is the radius of the inner sphere. On the right side of
Fig. 5 the calculated spectrum for a ratio of b/a = 1.26
illustrates where two of these surface modes would be
found in a spectrum. Next, we assume that the spectrum in
Fig. 4(b) is that of a spherical shell whose core and shell vol-
umes are determined by the amount of injected C2H2 and
CO2, respectively. When the molar volumes for cubic CO2

and orthorhombic C2H2 are used,14, 15 this assumption yields
a scale parameter of b/a = 1.08. In order for the lower energy
surface mode in Fig. 5 to shift by 6.1 cm−1 (similar to what is
observed when going from Fig. 4(b) to 4(a)), b/a would need
to change from 1.08 to 1.47. Such a change would require
that the mole fraction of CO2 present in the aerosol increase
from 0.24 to 0.72. When moving from Fig. 4(b) to 4(a), the
actual increase is from 0.24 to 0.35. Such a large discrep-
ancy between the modeled and experimental results means
that the formation of a CO2 shell-like structure through de-
composition is unlikely. Even if other factors are taken into
consideration with this model (e.g., using a shell model that is
non-spherical or altering the dielectric constant of the core),
the requirements of using CO2 shells to account for the band
shapes in Fig. 4(a) will always demand differences in thick-
nesses that far exceed experimental errors. Therefore, this
structure seems unlikely.
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FIG. 5. Left side: position of surface modes for the ν3 band of a spherical
CO2 shell. These modes are plotted as a function of the outer radius, b, di-
vided by the inner radius, a. Right side: a sample spectrum for b/a = 1.26.
For the calculated spectrum, the damping constant in the dielectric function
was set to 0.2% of ωT.
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3. C2H2 shells with CO2 cores

Next, we consider whether or not the spectrum of the
C2H2 shell–CO2 core (Fig. 4(c)) can be reconciled with that
of Fig. 4(a). As discussed in Sec. IV A, when pure CO2 is in-
jected into the cell the shape of the CO2 ν2 and ν3 bands show
a strong temporal dependence believed to originate from the
formation and growth of elongated particles. In the sequential
injection of CO2 followed by C2H2 it was found that this type
of evolution would halt once C2H2 was injected. This was pre-
sumed to be due to the coating of CO2 particles with C2H2.
During the decomposition of the co-crystalline CO2 · C2H2

phase, any growth of CO2 particles inside a C2H2 matrix
would be similarly blocked. However, obtaining experimen-
tal IR spectra similar to the one in Fig. 4(a) using a sequential
injection method again proved difficult. The main discrepancy
is that the low energy peak at 2346.9 cm−1 in Fig. 4(c) is not
found in Fig. 4(a). As the position of this lower energy mode
is very sensitive to the aspect ratio of the elongated particle,
it is possible that the aspect ratio of the particles whose spec-
trum is shown in Fig. 4(c) is simply too large in comparison
to the particles whose spectrum is shown in Fig. 4(a). If the
aspect ratio was decreased the low energy peak, located at
2346.9 cm−1 in Fig. 3(c), could shift into the region between
2355 and 2361 cm−1. This would lead to a better correspon-
dence with Fig. 3(a).

As it was difficult to experimentally produce particles
with specific aspect ratios, the influence of this parameter
was modeled using the electrostatic solution to an ellipsoid.22

Rod-like particles were modeled using a prolate spheroid
(Figs. 6(a) and 6(b)) while disc-like particles were modeled
using an oblate spheroid (Figs. 6(c) and 6(d)). The pure CO2

aerosol whose spectrum was shown in Fig. 1(g) primarily con-
sists of cube-like particles (i.e., not elongated). Within this
ellipsoidal model, these can be taken as a reference for par-
ticles with an aspect ratio of one. For the CO2 ν3 band, the
difference in peak position between the dominant peak in the
spectrum shown in Fig. 1(g) and that of Fig. 4(a) is about
3.8 cm−1. For the rod-like particles, such a change occurs
when the aspect ratio is increased from 1 to 1.5, while for
the disc-like particles the aspect ratio needs to increase from
1 to 2.1. The spectra for these two aspect ratios are plotted
in Figs. 6(b) and 6(d), respectively. For the disc-like parti-
cle, the ratio of peak heights associated with the two ellip-
soidal modes fits much better to the experimental spectrum in
Fig. 4(a) than the rod-like particle shape. Furthermore, the
splitting between the two surface modes of the disc-like el-
lipsoid (10.6 cm−1) shows a better correspondence to the
observed splitting of 12.5 cm−1 than the rod-like ellipsoid
(5.5 cm−1). Therefore, disc-like CO2 particles with an axis ra-
tio of around 2.1 coated with C2H2 could explain the spectrum
in Fig. 4(a).

4. CO2 domains in a C2H2 matrix

Next, we consider the possibility that the aerosol parti-
cles resemble the situation shown in Fig. 3(a). Unlike the case
of the core-shell particles, where sequential injection pro-
vides a means to experimentally produce the structures de-
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FIG. 6. (a) Position of the surface modes for the ν3 band of a prolate
CO2 spheroid (rod-like particle). (b) A sample spectrum for a prolate CO2
spheroid defined by b/a = 1.5. (c) Position of surface modes for the ν3 band
of an oblate CO2 spheroid (disc-like particle). (d) A sample spectrum for an
oblate CO2 spheroid defined by b/a = 2.1. For the calculated spectra, the
damping constant in the dielectric function was set to 0.2% of ωT.

picted in Figs. 3(b) and 3(c), there is no obvious experimen-
tal method that allows for the direct formation of a particle
similar in structure to Fig. 3(a). Therefore, we have to rely
entirely on modeling for such particles. As a model we use
clusters/assemblies of spherical CO2 particles. Figure 7 shows
the wavenumbers of the strongest optically active modes for
one-, two-, and three-dimensional assemblies of spheres. As
discussed in Sec. III, these modes dominate the spectrum
when a cluster of spheres is much smaller than the wavelength
of light impinging on it.
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FIG. 7. Position of the dominant optically active modes for one-, two- and
three-dimensional assemblies of CO2 spheres. As the three-dimensional as-
semblies contain many optically active modes only the position of the domi-
nant peak of each overall spectrum is listed.
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The one- and two-dimensional examples in Fig. 7 il-
lustrate that interparticle coupling can easily account for
the difference in peak position between an isolated particle
(Fig. 1(g)) and a system that potentially contains particles that
are clustered together (Fig. 4(a)). Furthermore, the band shape
of the two-dimensional structure (not shown) is very similar
to that of the disc-like ellipsoid, which was shown to have a
good correspondence to the shape in Fig. 4(a). However, the
ordered structures in Fig. 7 are not satisfactory models of the
particle depicted in Fig. 3(a). Placing the spheres into ran-
dom positions within a large geometric domain (representing
the C2H2 matrix) is a more suitable approach. This was ex-
amined by randomly packing CO2 spheres into either (i) a
larger C2H2 sphere or (ii) a larger C2H2 cube. These larger
structures had dimensions that were 10 to 20 times the radii
of the spheres packed inside. When spheres were packed in-
side at low densities the CO2 bands resembled that of isolated
CO2 spheres while at high packing densities CO2 spectra be-
gan to resemble those of the domain that the randomly placed
spheres were chosen to fill. Therefore, unless these spheres
are tightly packed into a disc-like structure, they will not be
able to account for the overall band shape and peak position
observed in Fig. 4(a). This means that a particle model similar
to that depicted in Fig. 3(a) is unlikely as a random distribu-
tion of separated CO2 crystallites is insufficient to cause the
observed shift.

For completeness we also consider the opposite situation:
C2H2 domains embedded inside a CO2 matrix (i.e., the ma-
terials in Fig. 3(a) are interchanged). The formation of such
particles under these experimental conditions is problematic
for two reasons. First, such a growth process would be in-
consistent with the study presented by Gough et al.19 In that
work, kinetic data were shown to fit very well with a model of
CO2 domains growing inside of a C2H2 matrix. Second, the
mole fraction of CO2 present in the aerosols whose spectrum
is shown in Fig. 4(a) is 0.35. This gives a total volume of CO2

present in a particle consisting of domains of pure CO2 and
pure C2H2 of about 31%. Such a small volume would mean
that the C2H2 domains would be very densely packed inside
such a particle. This would lead to situations where the CO2

matrix is broken up into smaller domains throughout the parti-
cle. In this case, the above analysis concerning CO2 domains
inside a C2H2 matrix would again be valid. As was already
discussed, the optical properties of this structure are not con-
sistent with the spectrum shown in Fig. 4(a).

5. Summary of analysis

Based on the above analysis, the modeled spectra of disc-
like ellipsoids consisting of a CO2 core and a C2H2 shell
provides the best match to the observed CO2 bands of the
decomposed CO2 · C2H2 aerosols (Fig. 4(a)). The observed
and modeled spectra of these particles are shown in Fig. 8.
No attempt was made to model a distribution of ellipsoids
or structural changes at the CO2-C2H2 interface although this
undoubtedly plays an important role in some of the discrepan-
cies between the two spectra. Including either of these effects
would broaden the bands in the calculated spectra. The satis-
factory correspondence between the spectrum of the disc-like
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FIG. 8. Comparison between experimental (Fig. 4(a)) and modeled spectra
after decomposition of the originally co-crystalline CO2 · C2H2 particles. The
modeled spectrum is that of an oblate CO2 spheroid (disc-like particle) with
b/a = 2.1. Damping was set to 0.45% of ωT for each mode.

ellipsoid and the experimental spectrum does not necessar-
ily mean that the CO2 domains are perfectly ellipsoidal, but
rather they can be described as being roughly disc-like.

Overall, this type of structure is also consistent with the
decomposition mechanism proposed and modeled by Gough
et al. (CO2 particles in a deformed C2H2 matrix). The hy-
pothesis of a C2H2 shell on a CO2 core is also physically
reasonable given the previous observations that, under these
experimental conditions, the C2H2 phase is disordered and
deformable while the CO2 phase is always crystalline. Fur-
thermore, the small aspect ratios mean that this model does
not require the formation of particles with unrealistic aspect
ratios during decomposition (e.g., it would only require the
coalescence of several roughly spherical crystallites of CO2

inside a C2H2 matrix). Finally, from Fig. 6 it can be seen that
the sensitivity of the peak position to the aspect ratio in this
region is small, so the presence of a distribution of particles
with varying ratios would not be expected to produce a com-
pletely broadened, unstructured peak. This is also consistent
with what is observed.

V. SUMMARY

In the present work, we have investigated the mid-IR
spectra of aerosol particles composed of mixed CO2 and C2H2

with various compositions and architectures at cryogenic tem-
peratures. For aerosol particles formed by co-condensation
of CO2 and C2H2 we have found the same CO2 · C2H2 co-
crystalline phase that had previously been observed in thin
films.17–19 An analysis of this co-crystalline phase is provided
in the subsequent paper (Part II). Similar to the thin films,
the co-crystalline particles were found to be metastable and
decomposed into pure CO2 and pure C2H2 over time. The ar-
chitecture of the particles after decomposition was analyzed.
From the different particle architectures that were proposed,
disc-like CO2 · C2H2 core-shell ellipsoids with an aspect ra-
tio of approximately 2.1 seem to be the most consistent with
the experimentally observed aerosol particles after decompo-
sition.
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