
Infrared spectroscopy and modeling of co-crystalline CO2·C2H2 aerosol particles. II.
The structure and shape of co-crystalline CO2·C2H2 aerosol particles
Thomas C. Preston and Ruth Signorell 
 
Citation: The Journal of Chemical Physics 136, 094510 (2012); doi: 10.1063/1.3690064 
View online: http://dx.doi.org/10.1063/1.3690064 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/136/9?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
CO2 and C2H2 in cold nanodroplets of oxygenated organic molecules and water 
J. Chem. Phys. 141, 18C506 (2014); 10.1063/1.4895549 
 
Infrared spectroscopy and modeling of co-crystalline CO2·C2H2 aerosol particles. I. The formation and
decomposition of co-crystalline CO2·C2H2 aerosol particles 
J. Chem. Phys. 136, 094509 (2012); 10.1063/1.3690063 
 
Phase, shape, and architecture of S F 6 and S F 6 ∕ C O 2 aerosol particles: Infrared spectra and modeling of
vibrational excitons 
J. Chem. Phys. 128, 184301 (2008); 10.1063/1.2913535 
 
Simulations of structure II H 2 and D 2 clathrates: Potentials incorporating quantum corrections 
J. Chem. Phys. 128, 064506 (2008); 10.1063/1.2825618 
 
A density-functional theory investigation of 3-nitro-1,2,4-triazole-5-one dimers and crystal 
J. Chem. Phys. 121, 12523 (2004); 10.1063/1.1812258 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

132.206.197.48 On: Tue, 03 Nov 2015 14:48:30

http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/701402136/x01/AIP-PT/JCP_ArticleDL_092315/AIP-2639_EIC_APL_Photonics_1640x440r2.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Thomas+C.+Preston&option1=author
http://scitation.aip.org/search?value1=Ruth+Signorell&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.3690064
http://scitation.aip.org/content/aip/journal/jcp/136/9?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/141/18/10.1063/1.4895549?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/136/9/10.1063/1.3690063?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/136/9/10.1063/1.3690063?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/128/18/10.1063/1.2913535?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/128/18/10.1063/1.2913535?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/128/6/10.1063/1.2825618?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/121/24/10.1063/1.1812258?ver=pdfcov


THE JOURNAL OF CHEMICAL PHYSICS 136, 094510 (2012)

Infrared spectroscopy and modeling of co-crystalline CO2 · C2H2
aerosol particles. II. The structure and shape of co-crystalline
CO2 · C2H2 aerosol particles

Thomas C. Preston and Ruth Signorella)

Department of Chemistry, University of British Columbia, 2036 Main Mall, Vancouver,
British Columbia V6T 1Z1, Canada

(Received 28 September 2011; accepted 3 December 2011; published online 6 March 2012)

Infrared absorption spectra of co-crystalline CO2 · C2H2 aerosol particles were modeled using a com-
bination of two methods. Density functional theory was used to model several bulk CO2 · C2H2

co-crystal structures and to calculate their lattice energies and frequency-dependent dielectric ten-
sors. This was necessary as there currently exists no crystallographic or refractive index data on
co-crystalline CO2 · C2H2 due to its metastability. The discrete dipole approximation was then used
to calculate infrared absorption spectra of different model particles using the dielectric tensors cal-
culated using density functional theory. Results from these simulations were compared to the exper-
imental spectrum of co-crystalline CO2 · C2H2 aerosol particles. The aerosol particles after the de-
composition of the co-crystalline phase were studied in Part I. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.3690064]

I. INTRODUCTION

It has previously been established that C2H2 and CO2

can form a co-crystal with a 1:1 stoichiometry.1–3 In that se-
ries of thin film experiments, this co-crystal was demonstrated
to be metastable and decomposed into the solid phases of its
pure components. We have recently studied the same system
as aerosols (hereafter referred to Part I) and found a similar
behaviour: co-crystalline CO2 · C2H2 particles initially form
and decompose over time into particles with domains of pure
C2H2 and pure CO2.4 In all of this work, it has been possi-
ble to monitor decomposition and formation due to the differ-
ences in the infrared (IR) bands of the three phases.

Our aim here is to understand the origin of the IR
bands of co-crystalline CO2 · C2H2 aerosol particles. There
are two principle points to consider: (i) How the type of
crystal structure of CO2 · C2H2 affects the optical modes of
the crystal, and (ii) how particle morphology influences the
IR band shapes. The main difficulties are the lack of any
crystallographic information and refractive index data for co-
crystalline CO2 · C2H2. In the absence of experimentally mea-
sured indices of refraction, one must rely on a molecular
model to calculate the IR absorption spectra for small parti-
cles. For that purpose, knowledge of the phase of the particles
is essential. However, attempts to obtain crystallographic in-
formation on this substance have not been successful.5 This
failure is almost certainly due to the metastability of the co-
crystal. Despite this lack of information, there has been spec-
ulation on the nature of the phase. It was initially thought that
C2H2 and CO2 formed a 2:1 C2H2:CO2 phase.1 Additional
experiments revised this ratio to 1:1 and the unit cell of the co-
crystal was proposed to be face-centered cubic.2 Aside from
some hints obtained from IR spectra, the justification for this

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

structure was based on the fact that both C2H2 and CO2 (i) can
form cubic crystals (Pa3 symmetry), (ii) are similar in size,
(iii) share the same set of symmetry operations, and (iv) pos-
sess electric quadrupole moments without possessing electric
dipole moments.

Based on the observations that were mentioned it is rea-
sonable to restrict our attention to unit cells with a 1:1 sto-
ichiometry that are constructed by replacing molecules in
either cubic CO2 cells or cubic C2H2 cells. To find energet-
ically favourable crystal structures for CO2 · C2H2, we have
investigated such cells using density functional theory (DFT),
as implemented with the ABINIT code.6–8 From optimized
crystal structures, dielectric functions were calculated. These
dielectric functions were then incorporated into a model of
the CO2 · C2H2 aerosol particles in order to simulate IR spec-
tra. This step was implemented using the discrete dipole ap-
proximation (DDA).9–11 These simulated spectra were then
compared to experimental spectra and the validity of modeled
crystal structures were evaluated.

Throughout this study, we strongly rely on the previous
work that has been performed on both pure CO2 and pure
C2H2 in their crystalline phases and pure CO2, pure C2H2,
and mixed CO2 · C2H2 in their gas phases. These systems
have been extensively studied due to the simplicity of the
molecules involved, their relevance to a broad range of fields
and their importance as model systems. As was mentioned
above, both C2H2 and CO2 exhibit no permanent dipole mo-
ments yet possess quadrupole moments. Measurements put
the values of these moments at 4.2 × 10−26 to 8.4 × 10−26

esu for C2H2 and –4.3 × 10−26 to –4.57 × 10−26 esu for
CO2.12 With pure CO2, quadrupole-quadrupole interactions
can be used to explain the cubic structure of its crystalline
phase as this arrangement is the lowest in energy for such
moments.13 This is not true for C2H2 whose low temper-
ature crystalline phase is orthorhombic. Therefore, higher

0021-9606/2012/136(9)/094510/10/$30.00 © 2012 American Institute of Physics136, 094510-1
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order electric moments are needed to describe the electro-
static portion of the intermolecular potential of C2H2.14–16

When these are included, the optimized geometry is based
upon the donor-acceptor interaction between a C2H2 carbon-
carbon triple-bond and a C2H2 hydrogen. This is clearly seen
in the orthorhombic primitive unit cell which consists of two
C2H2 molecules arranged in a T-shape.

These electrostatic interactions also largely define the
molecular configurations seen in gas phase studies of the
van der Waals dimers of CO2-CO2, C2H2-C2H2, and CO2-
C2H2.17–25 The configuration of CO2 dimers is slipped
parallel17, 18, 25 while the configuration of C2H2 dimers is
T-shaped.19–21, 25 These configurations are both favorable
quadrupole-quadrupole interactions and in either of the ho-
modimers, the energy difference between the two states is
small.25 The CO2-C2H2 heterodimer has a structure which is
completely predicted by electrostatics—both molecules are
parallel with their centers of mass being joined by a per-
pendicular line.22–25 All of these examples illustrate that it
should be possible to qualitatively understand the results of
CO2 · C2H2 optimized cells in terms of electrostatics with
an emphasis on quadrupole-quadrupole interactions. The im-
portance of electrostatics in this co-crystal means that the
semilocal DFT functional used here should be appropriate for
describing structural effects and IR spectra.6 However, this
functional does not capture dispersion interactions so that cal-
culated lattice energies are not expected to be accurate.26

II. EXPERIMENTAL

The experimental conditions used for the formation of the
CO2 · C2H2 aerosols were described in detail in Part I. The IR
spectra shown here were measured immediately after the in-
jection of the gases into the bath gas cooling cell. The mole
fraction of CO2 in the aerosol particles is 0.35. As was dis-
cussed in Part I, for this fraction, nearly all of the CO2 is found
in the co-crystalline phase. This greatly simplifies analysis of
these bands.

III. COMPUTATIONAL METHODS

The procedure used to calculate the IR absorption spec-
tra of particles is described in detail below but can be summa-
rized as follows: the bulk crystal structure of the substance
of interest is optimized using ABINIT. With this optimized
structure a dielectric tensor is then calculated. This tensor is
then incorporated into a model of the shape of the CO2 · C2H2

aerosol particles and, using a discretization method (in our
case DDA), the absorption cross-section of the particle is cal-
culated.

A. ABINIT

Solid-state DFT calculations were performed with
the ABINIT software package6–8 using Troullier-Martins
pseudopotentials,27 the Perdew-Burke-Ernzerhof parameter-
ization of the exchange-correlation functional28 within the
generalized gradient approximation (GGA), and a kinetic en-
ergy cutoff for planewaves of 70 Ha. Crystal structures were

relaxed using Broyden-Fletcher-Goldfarb-Shanno (BFGS)
minimization.29

As implemented with ABINIT, dynamical matrices, high-
frequency dielectric tensors, and Born effective charges were
calculated using optimized unit cells.30 From these values
frequency-dependent dielectric tensors were constructed and
diagonalized. The form of the dielectric tensors are30

εαβ(ω) = ε∞
αβ + 4π

�0

∑
m

Sm,αβ

ω2
Tm

− ω2 + iωγm

, (1)

where ωTm
is the transverse optical (TO) mode, ε∞

αβ is the
high-frequency dielectric constant, �0 is the unit cell volume,
Sm, αβ is the mode-oscillator strength, and γ m is the damping
constant for the optical mode m. For a diagonal dielectric ten-
sor, the real longitudinal optical (LO) modes of the lattice will
be the roots of Eq. (1).31

B. DDA

Absorption spectra for particles were calculated using
DDA as implemented with the DDSCAT code.11 This method
is described in detail in Ref. 9. Particles modeled here were
constructed using an inter-dipole separation, d, of 0.2 nm.
This spacing was chosen so that all particles satisfy the valid-
ity criterion for DDA.10 These are (i) the number of dipoles
chosen is sufficient to accurately represent the shape of the
particle chosen and (ii) the condition 2πd|m|/λ < 1, where m
is the complex index of refraction and λ is the wavelength of
light, is always true. The dimensions of any particle modeled
here are much smaller than the wavelength of light impinging
on them (e.g., if a particle with a cubic shape was modeled
the length of its sides would be less than 100 nm).

IV. RESULTS AND DISCUSSION

A. The optical modes of orthorhombic C2H2
and cubic CO2

Prior to considering CO2 · C2H2 co-crystals, we first ex-
amined the applicability of solid-state DFT to molecular crys-
tals composed of either pure CO2 or pure C2H2. The phases
chosen for these crystals corresponded to those found in
aerosol particles of the respective pure substances (when pre-
pared under similar conditions to the CO2 · C2H2 particles dis-
cussed here). The phases are cubic (CO2) and orthorhombic
(C2H2).32, 33

Unlike the metastable CO2 · C2H2 co-crystal, there exists
crystallographic and refractive index data for both cubic CO2

(Ref. 32 and 34–37) and orthorhombic C2H2.33, 38 Cubic CO2

has been extensively studied and several thin film experiments
have extracted refractive index data in the mid-IR. In Table I,
we have listed LO and TO modes for the two IR active funda-
mental modes of CO2—the ν2 bend and the ν3 anti-symmetric
stretch. These were taken from the most recent of the studies
listed above.34

Crystalline C2H2 has two phases (orthorhombic and
cubic) that have been characterized using x-ray39, 40 and
neutron33 diffraction. These phases have also been studied
using IR (Ref. 38 and 41–45) and Raman45 spectroscopy. De-
spite this breadth of work, only Khanna et al.38 have presented
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TABLE I. Experimental and calculated longitudinal optical and transverse optical modes (cm−1) and high-frequency
dielectric constants for crystalline C2H2 and CO2. Experimental and calculated modes (cm−1) for gas phase C2H2

and CO2. For the calculated crystalline modes, values without brackets are harmonic while values inside of brackets
are corrected. See Sec. IV A for details on the procedure used to calculate this correction. For orthorhombic C2H2,
all optical modes within a band are orthogonal. The high-frequency dielectric constant for CO2 does not contain any
subscripts as ε∞

11 = ε∞
22 = ε∞

33 .

C2H2 gas phase C2H2 orthorhombic phase CO2 gas phase CO2 cubic phase

Expt.56 Calc. Expt.38 Calc. Expt.56 Calc. Expt.34 Calc.

ν3 3289 3344.7 ωT1 3223.1 3273.1 (3217.4) ν2 667 650.9 ωT 654.8 643.4 (659.4)
ωL1 3228.1 3287.4 (3231.6) ωL 660.0 645.0 (661.0)
ωT2 3223.1 3273.3 (3217.5) ωT 661.0 647.1 (663.2)
ωL2 3228.1 3287.5 (3231.8) ωL 670.5 657.9 (674.0)

ν5 730 736.5 ωT1 745.4 791.6 (785.1) ν3 2349 2344.3 ωT 2345.0 2345.2 (2349.9)
ωL1 753.4 806.7 (800.1) ωL 2377.0 2373.9 (2378.6)
ωT2 756.2 766.1 (759.5)
ωL2 787.8 802.6 (796.0) ε∞ 1.54 1.73
ωT3 769.2 793.5 (787.0)
ωL3 777.0 807.4 (800.9)

ε∞
11 1.96 1.98

ε∞
22 1.96 1.98

ε∞
33 1.96 1.69

refractive index data for orthorhombic C2H2 (no refractive in-
dex data exists for cubic C2H2 in the mid-IR). C2H2 has two
IR active fundamental modes and in the orthorhombic phase,
the ν5 bending vibration gives rise to three optical modes
(all orthogonal) and the ν3 antisymmetric stretching vibration
gives rise to two optical modes (both orthogonal).

The experimental wavenumbers of the optical modes of
the solids listed in Table I were determined by fitting refrac-
tive index data from the referenced thin film experiments. In
this fitting process each optical mode was modeled with a sin-
gle Lorentzian oscillator (e.g., the ν2 band of CO2 was fitted
with two oscillators). For CO2, this process was straightfor-
ward as its cubic crystal structure leads to an isotropic di-
electric tensor (ε11 = ε22 = ε33). This is not the case for or-
thorhombic C2H2 which is a biaxial crystal (ε11 �= ε22 �= ε33).
Furthermore, the thin film measurements of Khanna et al.
were performed on polycrystalline samples. Therefore, it was
necessary to use a directionally averaged index of refraction
when fitting that data.46 Additionally, we have listed the high-
frequency dielectric constants for cubic CO2 and orthorhom-
bic C2H2 in Table I so that the summarized data can readily be
used to construct dielectric functions with damping constants
being added in an ad hoc manner, as is typical.47

The parameters for the dielectric function of cubic CO2

and orthorhombic C2H2 were calculated using the known
crystallographic coordinates (after the structure was relaxed
with ABINIT).32, 33 Except for the optical modes associated
with the C2H2 ν5 band, the error between the calculated and
observed frequencies was always less than 3%. As all of the
ABINIT calculated frequencies are harmonic, correction terms
were determined by taking the difference between the ob-
served and calculated gas phase frequencies. This difference
was then used to correct the calculated crystal frequencies.
After this correction the error between the calculated and ob-
served crystalline modes was lowered to less than 1%. This
meant that the C2H2 ν3, the CO2 ν2, and the CO2 ν3 bands

would be able to satisfactorily reproduce both position and
shape in the modeled IR spectra of particles. The larger er-
ror in C2H2 ν5 modes (up to 5.8%, even after the correction)
meant that any dielectric function constructed using the cal-
culated frequencies may not satisfactorily reproduce the band
shape, although the band position will be within the listed
errors. This discrepancy likely originates from the fact that the
prepared C2H2 samples are not perfectly orthorhombic and
contain a significant amount of disorder (see Ref. 48 for a dis-
cussion of this problem). This effect is more noticeable in the
C2H2 ν5 band than the C2H2 ν3 band due to the larger transi-
tion dipole moment of ν5 vibration. Therefore, it appears that,
after correction, the optical modes associated with all but the
C2H2 ν5 band should be reliable in gauging the validity of
a modeled crystal structure against measured IR spectra. In
Sec. IV C, the correction terms determined here are also used
to correct the calculated modes for the various CO2 · C2H2

co-crystals.

B. Structure of CO2 · C2H2 co-crystal

Currently, there exists no crystallographic information
on the CO2 · C2H2 co-crystal. Knowledge of this phase is, of
course, essential when modeling the optical properties of par-
ticles using a microscopic model. As Part I shows clear evi-
dence that a co-crystalline phase is formed under the present
experimental conditions, possible crystal structures were in-
vestigated using ABINIT and the proposed 1:1 mixing ratio of
C2H2:CO2.2

For the starting structure, half of the C2H2 molecules in a
cubic C2H2 cell were replaced with CO2 molecules (Fig. 1(a),
α-P21/c). This structure was chosen as both CO2 and C2H2

form cubic crystal structures.32, 33 Both the position of the
center of mass and the alignment of the principle axes of the
CO2 molecules were identical to the C2H2 molecules that they
replaced in the unit cell. Six different cells can be prepared
using this procedure. However, all are equivalent so choosing
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FIG. 1. CO2 · C2H2 co-crystals that are formed when cell (a) is relaxed. The details and restrictions used in the various optimization procedures are discussed
in Sec. IV B. After this process, the unit cells were rebuilt using the highest possible symmetry. These cells are shown in Fig. 2.

which C2H2 molecules are replaced is unimportant and only
one unit cell needs to be considered. Additionally, it was
found that replacing half the CO2 molecules in a cubic CO2

cell with C2H2 molecules gave equivalent final structures to
the C2H2 cubic cell starting point. The C2H2 and CO2 lat-
tice parameters for the starting structures were taken from the
literature.32, 33

The results of all the optimizations are summarized in
Table II and the final unit cells are depicted in Fig. 2. The
lattice energy, Elattice, was calculated using the relation

− Elattice = 1

N

⎛
⎝Ecrystal −

N∑
j=1

Ej

⎞
⎠ , (2)

where N is the total number of molecules in the unit cell, and
Ecrystal and Ej are the static total DFT energy at T = 0 K for the
molecules in the unit cell and the free molecule j, respectively.
The calculated energies and cell parameters for cubic CO2,
cubic C2H2, and orthorhombic C2H2 are also listed in Table II.
Experimental values for the lattice energies of the pure sub-
stances are typically two- to three-times greater than the val-
ues listed in Table II.14, 16, 49 This discrepancy was expected
as it is well-known that GGA functionals provide a poor de-
scription of van der Waals interactions.6, 26 Despite this de-
viation, these functionals do provide a very good descrip-
tion of vibrational properties,6 our primary interest in this
work.
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TABLE II. Cell parameters and lattice energies calculated using density functional theory within the generalized gra-
dient approximation. See text for details on how the CO2 · C2H2 cells were obtained. Illustrations of the CO2 · C2H2

unit cells are shown in Fig. 2.

Lattice energy
Lattice parameters (Å) Cell angles (◦)

Phase (kJ/mol) Space group a b c α β γ Cell volume (Å3)

Orthorhombic C2H2 13.3835 Cmca 6.8138 6.1743 6.2192 90 90 90 261.65
Cubic C2H2 12.0100 Pa3 6.3543 6.3543 6.3543 90 90 90 256.57
Cubic CO2 9.9677 Pa3 6.0457 6.0457 6.0457 90 90 90 220.97
β-P21/c CO2 · C2H2 8.2271 P21/c 6.5098 6.5098 6.5098 90 90 90 275.87
γ -P21/c CO2 · C2H2 10.8429 P21/c 7.3479 6.1736 6.1987 90 108 90 267.33
α-P21 CO2 · C2H2 10.9326 P21 6.9066 6.6240 5.6905 90 108 90 247.59
α-P4/mbm CO2 · C2H2 10.9695 P4/mbm 6.2077 6.2077 7.1157 90 90 90 274.20

In the first optimization (Fig. 1(b), β-P21/c), lattice pa-
rameters could only change under the restriction that they
remained equal (a = b = c). Cell angles were simply held
constant (α = β = γ = 90◦). The purpose of this restricted
optimization was to ensure that the originally proposed 1:1
C2H2:CO2 face-centered cubic cell2 was maintained. In the
second optimization (Fig. 1(c), γ -P21/c), no restrictions were
placed on the cell. This unit cell remains in the same space
group as both α-P21/c and β-P21/c, however the lattice con-
stants are now all unequal and one of the cell angles is no
longer equal to 90◦. This unit cell is obviously no longer face-
centered cubic.

In both β-P21/c and γ -P21/c, C2H2 is located on sites
with Ci symmetry. Therefore, we anticipate that the ν2

mode of C2H2 (the symmetric stretch) will not be IR active.
This means that these cells alone cannot explain the actual
CO2 · C2H2 cell as this band is experimentally observed to be
IR active (see Sec. IV C). To address this issue, cells with
different symmetries were examined by “breaking” the sym-
metry of either α-, β-, or γ -P21/c and relaxing the cells for

FIG. 2. CO2 · C2H2 unit cells obtained by relaxing the cell shown in
Fig. 1(a). Unlike the corresponding cells in Figs. 1(b)–1(e), these unit cells
satisfy the symmetry requirements and cell parameters listed in Table II.

a second time. This was done by either displacing molecules
from their equilibrium positions or by changing the primitive
cell vectors. The amount of change introduced with either of
these methods was typically small. Also note that this pro-
cedure was by no means comprehensive. Of all the structures
that were obtained during this process only two had higher lat-
tice energies than γ -P21/c. These were α-P21 and α-P4/mbm.
The unit cell of α-P21 was the lowest in symmetry (mono-
clinic, P21) and C2H2 is now located on sites with C1 sym-
metry. Consequently, the C2H2 ν2 mode is IR active. The unit
cell of α-P4/mbm actually had a higher symmetry (tetragonal,
P4/mbm) than the other cells studied here. While its C2H2 ν2

mode is not IR active, this co-crystal is included here as it had
a similar lattice energy as γ -P21/c and α-P21 (it is slightly
higher).

An analysis of the arrangement of the molecules in these
unit cells is essential for identifying which intermolecular in-
teractions are primarily responsible for changes in bond force
constants. This will aid in understanding the shifts in modes
that occur between the pure and mixed crystal phases as it will
help identify the key interactions that are likely present in the
true CO2 · C2H2 cell. For simplicity, we will focus on the sim-
ple electrostatic interactions discussed in the Introduction for
homo- and hetero-dimers of C2H2 and CO2.

The quadrupole moments of C2H2 and CO2 are oppo-
site in sign, so the chosen starting structure α-P21/c, which
is optimal for the case of all molecules having moments of
the same sign, should not be at an energy minimum. Indeed,
during all of the optimizations, molecules rotate out of their
initial alignments and attempt to form alternating sheets of
pure C2H2 and pure CO2. These sheets are constructed as
pairs of molecules attempt to form the energetically favorable
T-shape, homodimer configuration. When no restrictions are
in place (γ -P21/c, α-P21, α-P4/mbm) these sheets also slide
against each other as C2H2 and CO2 from adjacent sheets at-
tempt to form the energetically favorable parallel heterodimer.

The result of these dilational and rotational motions are
clearly seen in Fig. 1. When viewed down their b-axes in
Fig. 1, the angle between the a and c axes has substantially
changed from 90◦ for γ -P21/c, α-P21, and α-P4/mbm. The
molecules in these cells have all rotated towards the plane de-
fined by b and c axes. If the formation of T-shape homod-
imers and parallel heterodimers truly is driving the transfor-
mation of the cells forward, then cell α-P4/mbm represents the
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FIG. 3. Experimental infrared spectra for aerosol particles composed of (a) pure CO2, (b) pure C2H2, (c) CO2 · C2H2, and (d) CO2 · C2H2 where bands
associated with pure C2H2 have been subtracted. Infrared spectra calculated using a truncated cube particle model (see inset) and the dielectric functions
generated using (e) β-P21/c, (f) γ -P21/c, (g) α-P21, and (h) α-P4/mbm. For each optical mode damping was set to a percentage of the ωT of that mode. These
were: 0.45%, 0.40%, 1.00%, 0.15%, and 0.04% for the CO2 ν2, CO2 ν3, C2H2 ν5, C2H2 ν3, and C2H2 ν2 bands, respectively.

completion of this process. The molecules in this unit cell are
in both of these arrangements with little distortion. This co-
crystal also has a higher lattice energy than β-P21/c, γ -P21/c,
or α-P21. In contrast, for the molecules in γ -P21/c and α-
P21 this motion appears to become hindered during the trans-
formational process as the arrangement of molecules into the
T-shape homodimers and parallel heterodimers is not optimal.
From the IR response calculated below it becomes clear that
the amount of distortion has a large influence on the positions
of the modes.

C. Analysis of IR spectra and optical
modes of CO2 · C2H2

Due to the absence of index of refraction measurements
from the previous CO2 · C2H2 thin film studies, a direct com-
parison between calculated and experimental dielectric func-
tions was not possible. Instead, the validity of the CO2 · C2H2

unit cells discussed above was evaluated through (i) a compar-
ison of the calculated and experimental spectra of particles
(Fig. 3) and (ii) a comparison of the calculated and experi-
mental TO modes (Table III). The experimental TO modes
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TABLE III. Experimental and calculated transverse optical modes (cm−1) for CO2 · C2H2 co-crystals (see Fig. 2 for unit cells). Modes in brackets have been
corrected (see Sec. IV A). Italicized modes are not infrared active. The experimental ν3

12CO2 mode, which was not reported in Ref. 1–3, was determined from
the position of the 13CO2 mode in CO2 · C2H2 and the observed isotopic frequency ratio between the ν3 modes in 13CO2 and 12CO2 in crystalline CO2. % Error
is equal to (|Calc. − Expt.|/Expt.) × 100%.

β-P21/c γ -P21/c α-P21 α-P4/mbm

Expt.1–3 Calc. % Error Calc. % Error Calc. % Error Calc. % Error

C2H2 ν2 1964 1983.9 (1957.0) 1.01 (0.36) 1977.7 (1950.8) 0.70 (0.67) 1981.4 (1954.5) 0.89 (0.48) 1974.8 (1947.9) 0.55 (0.82)
1990.8 (1963.9) 1.36 (0.00) 1987.9 (1961.0) 1.22 (0.15) 1988.5 (1961.6) 1.25 (0.12) 1986.4 (1959.5) 1.14 (0.23)

C2H2 ν3 3256 3305.4 (3249.7) 1.52 (0.19) 3282.6 (3226.9) 0.82 (0.89) 3296.2 (3240.5) 1.23 (0.48) 3274.3 (3218.6) 0.56 (1.15)
3305.6 (3249.9) 1.52 (0.19) 3282.8 (3227.1) 0.82 (0.89) 3296.5 (3240.8) 1.24 (0.47) 3274.3 (3218.6) 0.56 (1.15)

C2H2 ν5 740 739.4 (732.9) 0.08 (0.97) 752.4 (745.8) 1.67 (0.79) 758.8 (752.3) 2.54 (1.66) 757.9 (751.4) 2.42 (1.54)
753.2 (746.6) 1.78 (0.89) 769.4 (762.9) 3.97 (3.09) 767.3 (760.8) 3.70 (2.81) 783.8 (777.3) 5.92 (5.04)

752 782.9 (776.4) 4.11 (3.24) 792.1 (785.6) 5.34 (4.47) 773.5 (766.9) 2.86 (1.99) 798.0 (791.5) 6.12 (5.25)
783.4 (776.9) 4.18 (3.31) 794.7 (788.1) 5.68 (4.81) 777.4 (770.9) 3.38 (2.51) 798.0 (791.5) 6.12 (5.25)

CO2 ν2 649 640.0 (656.1) 1.39 (1.09) 636.8 (652.9) 1.88 (0.60) 637.0 (653.1) 1.84 (0.63) 636.3 (652.3) 1.96 (0.51)
640.3 (656.4) 1.34 (1.14) 637.7 (653.7) 1.75 (0.73) 638.4 (654.5) 1.63 (0.85) 637.6 (653.7) 1.75 (0.73)

658 646.0 (662.1) 1.82 (0.62) 642.3 (658.4) 2.39 (0.05) 639.9 (656.0) 2.75 (0.30) 640.1 (656.2) 2.72 (0.27)
647.4 (663.4) 1.62 (0.83) 642.6 (658.7) 2.34 (0.11) 640.0 (656.1) 2.74 (0.29) 640.1 (656.2) 2.72 (0.27)

CO2 ν3 2340 2337.4 (2342.0) 0.11 (0.09) 2336.9 (2341.6) 0.13 (0.07) 2338.1 (2342.7) 0.08 (0.12) 2342.1 (2346.8) 0.09 (0.29)
2342.7 (2347.4) 0.12 (0.32) 2343.9 (2348.6) 0.17 (0.37) 2342.0 (2346.7) 0.09 (0.29) 2342.1 (2346.8) 0.09 (0.29)

Mean % Error 1.57 (0.95) 2.06 (1.26) 1.87 (0.93) 2.34 (1.63)

used in Table III were taken from the thin film measurements
of Gough et al.1–3 For the calculated spectra in Figs. 3(e)–
3(h), dielectric functions were generated using the procedure
outlined in Sec. III A. These functions were incorporated into
a truncated cube particle model (see inset of Fig. 3 for a de-
piction of the particle shape). The experimental spectra of
pure CO2, pure C2H2, and CO2 · C2H2 particles are shown in
Figs. 3(a)–3(c), respectively. Due to the difficulty in preparing
CO2 · C2H2 particles without the presence of pure C2H2, pure
C2H2 bands were subtracted from Fig. 3(c) using Fig. 3(b).
The dip in the C2H2 ν3 band in Fig. 3(d) indicates that this
process was not ideal. Finally, the relative positions of the
wavenumbers listed on the abscissa in the experimental and
calculated spectra are such that the experimental and calcu-
lated gas phase modes coincide for each band. This position-
ing corrects the calculated wavenumbers in a manner identical
to that used in Sec. IV A for the modes of pure crystalline
CO2 and C2H2 (i.e., the upper abscissa represents the cor-
rected wavenumbers for the calculated bands while the lower
abscissa represents the harmonic wavenumbers for the calcu-
lated bands).

Previous work on pure CO2 and pure C2H2 particles has
demonstrated that particle shape can be determined through
the analysis of vibrational bands.50–54 Therefore, it should be
possible to gain insight into CO2 · C2H2 particle shape and si-
multaneously evaluate the validity of the dielectric functions
that have been calculated here. However, for CO2 · C2H2, such
an approach is complicated by several factors. First, there is
no transition with an LO-TO splitting as large as the ν3 band
of CO2 in pure CO2. This means that shape dependent fea-
tures of the spectrum will be more compressed and difficult
to interpret (within the electrostatic limit, shape dependent
peaks will have maxima in the region bound by LO and TO
modes).55 Second, the low symmetry of the CO2 · C2H2 unit
cells results in an increased number of non-degenerate op-

tical modes in the co-crystals when compared to the cubic
CO2. This will further complicate analysis as each band will
now contain a larger number of peaks. Third, the low sym-
metry of these co-crystal unit cells means that analyzing a
wide array of particle shapes with these calculated dielec-
tric functions will be an enormous task. This is because, in
general, there is no clear way to orient the polarization axes
of the dielectric tensor relative to the symmetry axes of any
arbitrary particle. However, there are cases when this is not
a concern. For instance, any spherical particle shape or any
particle shape whose symmetry group is cubic (e.g., cube,
truncated cube, octahedron, tetrahedron, etc.). In these situ-
ations, only one irreducible representation will possess a net
electric dipole moment that is non-vanishing. Consequently,
when calculating the absorption spectrum of a distribution
of such particles with random alignments, the orientation of
the polarization axes of the dielectric tensor relative to the
symmetry axes of the particle is unimportant. Finally, with
the previous work on CO2 the growth of the particles over
time and the resulting changes to the spectrum provided in-
sight into particle morphology. With CO2 · C2H2 decompos-
ing into pure CO2 and pure C2H2 over time this type of infor-
mation is not present (Part I). Due to these factors, in Fig. 3
we do not attempt to model any further CO2 · C2H2 parti-
cles beyond a truncated cube. The influence of further par-
ticle shapes is, however, considered briefly in Sec. IV D and
Fig. 4.

For the C2H2 ν3 band, the experimental difference
in peak position between pure C2H2 (3230.2 cm−1) and
CO2 · C2H2 (3258.7 cm−1) is 28.5 cm−1. This shift is the
largest among the IR active fundamental modes of both C2H2

and CO2. Furthermore, the small LO-TO splitting for the op-
tical modes in this band (typically around 5 cm−1) means that
particle shape will have little effect on peak position. There-
fore, the position and shape of this band is approximately
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FIG. 4. Infrared spectra calculated using a cube (a and d), a truncated octahedron (b and e) and an octahedron (c and f). The dielectric functions used are those
of β-P21/c (a-c) and α-P21 (d-f). Damping constants for the optical modes are identical to those listed in the caption to Fig. 3.

independent of particle morphology and predominantly in-
fluenced by the configuration of the CO2 · C2H2 unit cell.
Furthermore, the large difference in the position between pure
C2H2 (Fig. 3(b)) and CO2 · C2H2 (Fig. 3(d)) for this band in-
dicates its high sensitivity to the configuration of the unit cell
and should therefore be an excellent probe of the unit cell
structure.

Relative to the calculated C2H2 ν3 TO modes in or-
thorhombic C2H2 (Table I), all of the calculated C2H2 ν3

TO modes in the CO2 · C2H2 co-crystals are blue-shifted.
This trend is consistent with what is experimentally observed.
However, the magnitude of the predicted shift was found to
vary significantly between co-crystals. The shifts for both γ -
P21/c and α-P4/mbm are small, while for β-P21/c and α-P21

they are much larger. Overall, in both Fig. 3 and Table III,
we see that the IR response of the β-P21/c co-crystal pro-
vides the best match to the experimental C2H2 ν3 mode in
the CO2 · C2H2 cell. Examination of the co-crystal cells in
Fig. 1 and 2 reveals that the structural factor of primary in-
fluence on this shift is the configuration of the T-shape C2H2-
C2H2 interaction. The greater the disruption of this T-shape,
the greater the shift. The interaction between the electronega-
tive carbon-carbon triple bond and the electropositive hydro-
gen atom has a tremendous influence on the force constant
of CH stretches. In the case of pure C2H2, the orthorhom-
bic cell is built in such a way that every hydrogen faces an
electronegative carbon-carbon triple bond in a nearly optimal
T-shape geometry (it is slightly distorted). All of the co-
crystal configurations deviate in varying degrees from this
configuration. The larger the deviation, the stronger the blue-

shift in the corresponding spectrum. Based on this analysis
and the large experimental shift it seems likely that the true
co-crystal contains C2H2 in a T-shape configuration that has
been heavily distorted from the one in the orthorhombic unit
cell of pure C2H2.

A similar analysis should be possible for the CO2

ν3 band, where the oxygen-carbon force constant is re-
duced due to the intermolecular interaction between an elec-
tronegative oxygen with an electropositive oxygen. However,
with a difference of only 11.5 cm−1 in the experimental
band positions for pure CO2 (2361.0 cm−1) and CO2 · C2H2

(2349.5 cm−1) and a much larger LO-TO splitting for the op-
tical modes found in this band (relative to those found in the
C2H2 ν3 band) this type of analysis is not straightforward.
In the calculated IR response for all of the CO2 · C2H2 co-
crystals there is a small redshift in the CO2 ν3 TO modes rela-
tive to those found in cubic CO2. Table III shows that the error
between the observed and calculated TO modes in this band
is the smallest of the bands considered here. Examination of
Fig. 3 reveals that it is very difficult to differentiate between
the various CO2 · C2H2 unit cells based on this band. All of
the changes due to unit cell configuration are simply far too
minor.

A similar result is also found when analyzing the CO2

ν2 band shifts. The calculated IR response for the CO2 · C2H2

co-crystals differs only slightly from the calculated response
for pure, cubic CO2. Relative to the calculated TO modes for
cubic CO2, the TO modes of the co-crystal are all red-shifted
(with the exception of one of the β-P21/c modes). The cal-
culated TO modes of the co-crystals are also all split. These
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two trends are consistent with what is observed. The splitting
between the ν2 modes in this co-crystal is larger than any of
the other structures and, when the spectrum of a β-P21/c par-
ticle is calculated, two distinct peaks are observed in its CO2

ν2 band (Fig. 3(e)). This splitting is consistent with the ex-
perimental band (Fig. 3(d)) and is not observed in the other
calculated CO2 ν2 bands (Figs. 3(f)–3(h)).

In Sec. IV A it was found that for orthorhombic C2H2

the amount of error in the calculated optical modes of the ν5

vibration was much larger than any of the other IR active fun-
damental bands in either orthorhombic C2H2 or cubic CO2.
This meant that, when incorporated into a particle model, a
dielectric function constructed using the optical modes of this
band would not be able to satisfactorily reproduce experimen-
tal particle spectra. Therefore, basing any conclusion solely
on this result is not advised. However, it is still worthwhile to
make some statements on the calculated wavenumbers for this
band. When the experimental spectra of pure C2H2 (Fig. 3(b))
and CO2 · C2H2 (Fig. 3(d)) in this region are compared, there
clearly must be a red-shift in the corresponding optical modes.
This is found for the TO modes of β-P21/c, γ -P21/c, and α-
P21 but not for those of α-P4/mbm, whose TO modes are
all blue-shifted from those found in pure orthorhombic C2H2

(compare the calculated TO modes in Table I to those in
Table III). Examining the C2H2 ν5 band in the CO2 · C2H2

spectra (Fig. 3), hints that the spectrum of the α-P21 parti-
cle provides the best agreement with the experimental band in
terms of overall shape and position.

Finally, we consider the C2H2 ν2 band, which is ob-
served to be IR inactive in orthorhombic C2H2 but IR active
in the CO2 · C2H2 co-crystal. Clearly, the site symmetry of
C2H2 in the actual co-crystal must allow for this mode to be
IR active. Of all the modeled co-crystals, this only holds for
α-P21. However, this does not mean the α-P21 is the correct
co-crystal, only that perfect β-P21/c, γ -P21/c, and α-P4/mbm
are not. In fact, β-P21/c, γ -P21/c, and α-P4/mbm may be
closer to the actual structure of the co-crystal than α-P21.
Simply moving one of the C2H2 molecules out of its symme-
try site in any one of the unit cells in these co-crystals makes
this band IR active without a large change to the overall unit
cell structure. Therefore, the importance of this band in char-
acterizing the crystal structure should not be overemphasized
as it is sensitive to very small changes in crystal structure.

The results of this section can be summarized as follows:
First, a 1:1 C2H2:CO2 unit cell seems very likely. Any other
stoichiometry would lead to large discrepancies between the
calculated and observed CO2 · C2H2 band intensities in Fig. 3,
specifically to the ratio of the C2H2 to CO2 intensities in the
co-crystal spectra. Second, the C2H2-C2H2 configuration in
the co-crystal unit cell is heavily distorted from the T-shape
observed in orthorhombic C2H2. Therefore, despite its high
lattice energy, a unit cell such as α-P4/mbm is unlikely. Third,
relative to how they are arranged in a cubic CO2 unit cell,
CO2 molecules are moved towards a T-shape configuration
in the co-crystal. However, comments on this change are not
as definitive as those concerning the C2H2-C2H2 interaction
as the observed and calculated frequency shifts are small.
Fourth, as expected, only the α-P21 co-crystal yields an IR
active C2H2 ν2 band. However, many co-crystals with this

property were obtained during the symmetry breaking pro-
cess (see Sec. IV B). Therefore, this property is not a defini-
tive indicator of the correct unit cell. Overall, inspection of
Fig. 3 in the region of the C2H2 ν3 and ν5 and the CO2 ν2

and ν3 bands reveals that the IR spectrum of the β-P21/c par-
ticle (Fig. 3(e)) provides the best correspondence to the ex-
perimental spectrum (Fig. 3(d)), while the α-P4/mbm parti-
cle provides the poorest correspondence. The comparison of
the experimental and calculated TO modes in Table III shows
that the corrected TO modes of the α-P21 co-crystal have the
lowest overall percent error. In summary, the β-P21/c and
α-P21 unit cells are the most promising candidates for the
CO2 · C2H2 unit cell. These two unit cells appear to correctly
capture most the molecular configurations that exist in the ac-
tual co-crystal cell. In fact, since the energies of the unit cells
are so similar, the CO2 · C2H2 particles may contain contribu-
tions from multiple unit cells (many of which could contain
imperfections).

D. Influence of shape on the IR spectra
of CO2 · C2H2 particles

We further explore the influence of particle shape on
spectra by calculating the spectra for three further shapes
with octahedral symmetry – a cube (Figs. 4(a) and 4(d)), a
truncated octahedron (Figs. 4(b) and 4(e)) and an octahedron
(Figs. 4(c) and 4(f)). As discussed in Sec. IV C, the orienta-
tion of the polarization axes within such particles is unimpor-
tant when considering a spectrum that has been averaged over
all particle orientations. This greatly simplifies analysis. We
only consider spectra generated using the dielectric function
of the β-P21/c and α-P21 phases as these gave the best overall
correspondence to the observed spectrum and TO modes (see
Sec. IV C).

Figure 4 reveals that there is little difference among the
set of spectra belonging to the same crystal phase. This was
expected for bands with small LO-TO splittings (the C2H2

ν3 and ν2 bands and the CO2 ν2 band). However, even the
CO2 ν3 band, which has the largest LO-TO splitting, only
shows a weak shape dependence when compared to particles
composed of the pure CO2. In pure cubic CO2 the calculated
LO-TO splitting is 28.7 cm−1 while for β-P21/c and α-P21 the
largest LO-TO splittings in this band are 19.6 and 23.0 cm−1,
respectively. Similar comments apply to the C2H2 ν5 band.
For the pure orthorhombic crystal the largest calculated LO-
TO splitting is 36.5 cm−1 whereas for β-P21/c and α-P21 the
largest LO-TO splittings are 19.7 and 19.9 cm−1, respectively.
These results partially reflect the fact that in the co-crystal the
densities of both C2H2 and CO2 molecules are much lower
than that of their respective pure crystalline forms. As a result
of this lower density, transition-dipole coupling is reduced.
This will lead to a decrease in LO-TO splitting and, conse-
quently, shape effects will become less important.

The presence of non-degenerate optical modes in the CO2

ν3 band of the co-crystals further complicates spectra (relative
to cubic CO2). This effect has its origin in the low symme-
try of the co-crystal unit cells. In general, it appears as if it is
very difficult to comment on particle shape using the IR active
bands of CO2 · C2H2. Unlike particles of the pure substances,
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the shape dependence is simply too weak and complicated
to gain any insight. Furthermore, as discussed in detail in
Sec. IV C, the low symmetry of the co-crystal unit cells makes
the consideration of wide array of particles shapes an enor-
mous task.

V. SUMMARY

IR spectroscopy reveals that co-condensation of CO2 and
C2H2 in a bath gas cooling cell initially leads to the forma-
tion of co-crystalline CO2 · C2H2 aerosol particles. The co-
crystalline form is metastable and decomposes over time. As
a consequence of this, its crystal structure is unknown. The
present contribution uses DFT calculations (as implemented
with ABINIT) to determine possible structures for these co-
crystals as well as corresponding dielectric functions (in the
mid-IR region). Aerosol IR spectra are calculated from these
dielectric functions using DDA. Using several different crys-
tal structures found with DFT, β-P21/c, and α-P21 (see Fig. 2
for unit cells) agree best with the experimental observations
in the IR. Both of these cells have a 1:1 ratio of CO2 to C2H2.
As the energies of the unit cells are very similar, it is pos-
sible that several polymorphs crystallize when the aerosol
particles form. A more detailed determination of the crystal
structure(s) would require a thorough crystallographic study.
However, this poses a serious challenge due to the metasta-
bility of the co-crystalline phase. Calculated IR spectra show
little dependence on the particle shape, in contrast to what
is observed for pure crystalline CO2 and C2H2 particles. The
lack of shape sensitivity has its origin in the low symmetry of
the co-crystal unit cells and the smaller LO-TO splitting when
compared to the pure crystalline CO2 and C2H2.
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