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Fourier transform infrared (FTIR) spectroscopy combined with a long-path collisional cooling cell was used
to investigate the temporal evolution of CO2 nanoparticles and binary H2O/CO2 nanocomposites in the aerosol
phase at 80 K. The experimental conditions for the formation of different CO2 particle shapes as slab, shell,
sphere, cube, and needle have been studied by comparison with calculated data from the literature. The H2O/
CO2 nanoparticles were generated with a newly developed multiple-pulse injection technique and with the
simpler flow-in technique. The carbon dioxideν3-vibration band at 2360 cm-1 and the water ice OH-dangling
band at 3700 cm-1 were used to study the evolution of structure, shape, and contact area of the nanocomposites
over 150 s. Different stages of binary nanocomposites with primary water ice cores were identified dependent
on the injected CO2 portion: (a) disordered (amorphous) CO2 slabs on water particle surfaces, (b) globular
crystalline CO2 humps sticking on the water cores, and (c) water cores being completely enclosed in bigger
predominantly crystalline CO2 nanoparticles. However, regular CO2 shell structures on primary water particles
showing both longitudinal (LO) and transverse (TO) optical mode features of theν3-vibration band could not
be observed. Experiments with reversed nucleation order indicate that H2O/CO2 composite particles with
different initial structures evolve toward similar molecular nanocomposites with separated CO2 and H2O regions.

I. Introduction

The binary system of water and carbon dioxide is of
importance in different research topics as biochemical, atmo-
spheric, extraterrestrial, or technical systems. For example,
typical interstellar ice consists of a polar (mostly water) and a
nonpolar (often carbon monoxide or carbon dioxide) phase.1

The nanoparticles compounded of both components could serve
as a model system for interactions of carbon dioxide with
relatively large ice surfaces. While theoretical studies on binary
water/carbon dioxide complexes are scarce,2,3 experimental
investigations have been performed on carbon-dioxide clathrate
hydrates as surface deposits with films4,5 and nanocrystals
supported on infrared windows6 at about 120 K. Yet up to now,
experimental investigations on composite water/carbon dioxide
nanoparticles suspended in the aerosol phase have not been
carried out to our knowledge.

Recently, we have developed a new technique for the
generation of multilayered molecular nanoparticles and have
observed self-diffusion in core-shell composite12CO2/13CO2

nanoparticles.7 In the present work, this multiple-pulse sample-
gas inlet technique and other techniques have been applied to
the generation of binary H2O/CO2 and CO2/H2O nanoparticles.
This initial study will mainly focus (a) on the evidence that the
CO2 and H2O molecules form composite (and not homogeneous)
nanoparticles, (b) on the structure and shape of the nanocom-
posites, and (c) on their temporal evolution.

We start our presentation with some results of the temporal
evolution of pure CO2 nanoparticles to visualize the spectro-

scopic distinction to the composite H2O/CO2 nanoparticles.
Although CO2 nanoparticles are well-studied van der Waals-
bonded systems under different aspects8-15 as optical properties,
particle structure, and shape, there exists only a little information
on processes of the particles as shape evolution, phase transi-
tions, and self-diffusion.7 Combined with a 20-m White-cell
cooling device, our system is sensitive enough to resolve such
processes in the time scale of seconds and minutes.

Some of the spectroscopically relevant facts of CO2 nano-
particles formed by collisional cooling are summarized: The
size is manageable between 1 nm and 1µm (102 and 1011

molecules per particle), predominantly by variation of sample
gas concentration and buffer-gas temperature;12 the structure is
crystalline face-centered cubic (Pa3)15,16,35-37 for generation
temperatures above 50 K;21 the cubic structure even builds up
easily at small sizes of about 102 molecules per particle;38 the
amorphous phase can be reached and kept at temperatures below
approximately 30 K;11,17,21 at least smaller particles (<103

molecules per particle) are comparable to those generated in
supersonic jet expansions.17 The discussion of particle size and
shape follows in section IIIA.

II. Experimental Section

The nanoparticles were formed in a long-path collisional
cooling cell, which is described in detail by Bauerecker et al.12

The experimental setup is schematically shown in Figure 1. In
the present investigation, the cooling cell was operated in the
stationary mode; that is, no buffer-gas flow was used. The
infrared spectra were recorded with a Nicolet Magna 550 FTIR
spectrometer equipped with a Globar light source, a KBr beam
splitter, KBr windows, and an external InSb detector. The f/16
White optics, integrated in the cell, allows maximum absorption
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path lengths up to 20 m. Temperatures can be adjusted between
4 and 400 K, but in this study we focused on temperatures of
approximately 80 K. All spectra were recorded with an optical
resolution of 1 cm-1, a zero filling level of two, and Happ-
Genzel apodization. The optical path length was 2.5 m (Figures
2 and 5) and 12.5 m (Figures 4, 6, and 7). The sampling time
per spectrum was 120 s (Figures 2 and 4), 3.8 s (Figure 5), and
6.4 s (Figures 6 and 7). In Figures 2, 4, 5, 6, and 7, the spectra
are scaled to the bottom spectrum. A number of further spectra,
measured within the time series, are not shown for clarity.

Several sample-gas inlet techniques were used in this work.
First, the sample gas was introduced as a laminar flow via mass-
flow controllers (for results, see Figures 2 and 6). Here, the
sample-gas inlet was stopped at the final pressure. Second, the
sample gases were injected by separate pressure pulses using
magnetic valves and a pulse generator that controls duration,
repetition frequency, and phase differences of the single pulses.
Here, the single gases were injected through the same inlet tube
(and therefore being premixed in case of several components)

before reaching the inner cooling cell (for results, see Figures
4 and 5). Finally, the different sample gases were separately
injected through thinner inlet pipes (for results, see Figures 6
and 7). Using this multiple-tube sample gas inlet technique, the
gas components are not mixed before reaching the inner cold
area of the cell. In contrast to the continuous inlet, the pulsed
injection of the sample gas has the advantage of avoiding gas
deposition in the inner inlet tube.

The infrared band intensities of pure H2O ice (symmetric and
antisymmetric O-H stretch mode at 3280 cm-1) and of pure
CO2 ice (antisymmetric CdO stretch mode at 2343 cm-1) are
2.0× 10-16 and 7.6× 10-17 cm molec-1 (ref 1 and references
therein). The CO2 ice band intensity only varies by about 5%
in the temperature interval between 14 and 100 K.1 We use
these band intensities to estimate the mole fractions in binary
H2O/CO2 nanocomposites.

III. Results and Discussion

A. Carbon Dioxide Nanoparticles.Particle-Size Estimation.
The average size of the observed particles, shown for example
in Figure 2, was estimated by adapting a method presented by
Disselkamp and Ewing.9 If the particles are assumed to have
approximately a spherical shape, their average radius can be
calculated by comparing the extinction cross section coefficient
derived from Mie’s theory with the extinction cross section

Figure 1. Experimental setup (schematic). For scale: the distance
between field mirror (7) and focusing mirrors (13) is 0.625 m.

Figure 2. The ν3-vibration band of CO2 nanoparticles at 83 K at
different sample gas pressures. The sample gas, 91 ppm CO2 in He,
was filled into the empty cell up to the target pressure for each spectrum.

Figure 3. Average cluster radius in relation to the sample gas pressure
computed from Mie theory using an adapted algorithm; compare text.
For sampling conditions, see Figure 2.

Figure 4. The ν3-vibration band of CO2 nanoparticles at 79 K at
different buffer-gas pressures. A single pulse of 1002 ppm CO2 in He
was injected into the cell at a buffer-gas pressure between 20 and 900
mbar. Recording started 5 s after pulse injection in each case. The
evolution of spectral band structures and band positions indicates a
particle shape transformation from cubic-like toward longish particles
(or toward particles with longish structures on their surfaces) with
decreasing pressure; compare Table 1.
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coefficient determined from the spectral data. For a numerical
calculation of the particle radius, we applied a source code
published by Bohren and Huffman.16 We used no additional
optical equipment and extracted the scattering data from the
spectra at 5000 cm-1.

In Figure 3, the estimated cluster sizes are shown in relation
to the sampling conditions of Figure 2. These particles can be
assumed to be approximately spherical (compare next section).
It is obvious that the particle size correlates and increases with
the sample-gas pressure. The sizes range from about 300 nm at
a sample gas pressure of 900 mbar to about 100 nm at 50 mbar.
Particles formed at sample gas pressures below 50 mbar should
be even smaller. Their size could not be calculated by this
method due to the insignificantly small slope of the baseline
and the low signal-to-noise ratio at 5000 cm-1.

The CO2 nanoparticles that show spectra with the typical TO-
mode “hook” feature at 2344 cm-1 (Figures 4, 5b, 6c, and 7b,d)
were estimated to have a size in the range of 50-100 nm with
roughly 107-108 molecules per particle.11,17

Particle-Shape and Structure.Meanwhile, it is well known
for CO2 (and N2O) that the shape of the nanoparticles has a
considerable influence on the intense vibration bands of the
infrared spectra. The vibrational exciton approach,9,18-20 which
recently has been extended to bigger particles (n > 1000) by
Signorell et al.,13,15has essentially contributed to the assignment
of particle-shape and spectral structure. While the absorption
intensity of the strongest vibrational bands for crystalline CO2

(and N2O) nanoparticles is distributed between the transverse
optical (TO) and the longitudinal optical (LO) modes for
different particle shapes,16 the absorption range is extended to

the red side (beyond the TO mode) for the amorphous
(disordered) state of spheroidal particles11,17,21 and films.22,23

In Table 1, band positions and shapes of theν3-vibration of the
most important particle shapes as slab, sphere, cube, and needle
are compiled as a basis for discussion of the measured spectra
of Figures 3-7.

Influence of Buffer-Gas Pressure.We start the discussion of
the spectroscopic results with the demonstration of the buffer-
gas pressure influence on the CO2 nanoparticleν3-vibration
band. In a first experiment, 91 ppm CO2 in helium was filled
into the empty cell at 83 K up to a total pressure of 10-900
mbar; see Figure 2. The particle size increases with the filling
pressure from below 100 nm (lower trace) up to more than 300
nm (upper trace); compare Figure 3. The spectral shape and
band positions indicate that the particles have a spheroidal shape
(lower trace) and change toward a cubic shape with edges and
corners (upper trace) with higher filling pressures; compare
Table 1 and references therein, especially ref 15. The spectra
of Figure 2 are in correspondence with spectra of CO2

nanoparticles generated by pulse-injection at similar tempera-
tures (compare Figure 5 in ref 12).

In a second experiment, only one single pulse of 1002 ppm
CO2 in He was injected into the cell, prefilled with helium buffer
gas at a pressure between 900 and 20 mbar, see Figure 4. The
main result is that the sideband increases strongly with decreas-
ing buffer-gas pressure exactly at the TO mode wavenumber.
Here, the interpretation is clear: at 900 mbar, the spectrum is
dominated by one main peak at 2360 cm-1 with shoulders in
accordance with a cubic-like particle shape. At 200-20 mbar,
the spectra evolve toward a two-peak structure with positions
at 2344 and 2363 cm-1, which exactly meet the conditions for
longish particles as needles or columns, see Table 1.

Temporal EVolution. Further investigations were carried out
with respect to the temporal development of the CO2 nanopar-
ticles inside the cooling cell after injection of one single sample-
gas pulse at various buffer-gas pressures. Two selected spectra
series for a high and a low buffer-gas pressure at 900 and 3
mbar are depicted in Figure 5. A profile analysis of the first
spectrum of Figure 5a shows at least five different peaks at
wavenumbers being in good agreement with results of Barnes
et al.;24 compare Table 2.

A noticeable result of Figure 5b is that the sidebands evolve
strongly in the course of 100 s. Especially the TO mode band
at 2344 cm-1 increases at 3 mbar in addition to a blue-shift of
the main band position by 5 wavenumbers, whereas at 900 mbar
only a minor evolution of the spectra can be observed. A
possible interpretation is that the particles evolve from cubic to
needle shapes (or toward those particles with needlelike
structures on their surfaces) at the low buffer-gas pressure
(Figure 5b), but remain at the cubic structure at the higher
pressure (Figure 5a). This behavior corresponds with the
temporal evolution of the infrared absorption spectra of N2O
nanoparticles generated under similar conditions.11,17 Further-
more, it is remarkable that the temporal behavior of the spectra
shown in Figure 5b is very similar to the pressure dependence
of the spectra in Figure 4. It seems that at higher buffer-gas
pressures the particles are increasingly inhibited from changing
their structure.

B. Composite Water-Ice/Carbon Dioxide Nanoparticles.
Composite H2O/CO2 nanoparticles were formed by use of
different sample-gas inlet techniques. Apart from the OH-
dangling bands, which are depicted in Table 3, the CO2

component has only marginal influence on the water parts of

Figure 5. Temporal development of theν3-vibration band of CO2
nanoparticlesx seconds after one single pulse-injection of 1002 ppm
CO2 in He at a buffer-gas pressure of 900 mbar (series a) and 3 mbar
(series b) at 81 K each. For the arrows a-e in series a, see text and
Table 2. Note that the shape evolution within 185 s toward longish
particles only takes place at low buffer-gas pressures.
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the infrared spectra. The water ice spectra are not shown in the
present work.

In a first experiment, the cooling cell was prefilled up to 200
mbar with a water/helium mixture containing 100 ppm H2O.
To the water-nanoparticle aerosol that had been formed by
homogeneous nucleation in this way at 81 K, further sample
gas mixtures of 11 ppm CO2 in helium (Figure 6a,b) and 1002
ppm CO2 in helium (Figure 6c) were pulse-injected every 10 s,
15 times in total in each case. So the ratio of CO2 to H2O
molecules in the cell increased with time up to a CO2 mole
fraction of about 8% (Figure 6a,b) and up to about 90% (Figure
6c). In Figure 6a and c, the temporal development of theν3-
band of 12CO2 is shown. In both cases, the first trace at 2 s
after the first CO2 injection clearly shows the triangle band shape
of amorphous films extending with the steeper edge beyond
the TO mode wavenumber;22,23 also compare Table 1. That
means the CO2 monomers aggregate on the surface of the
suspended primary water particles and form part of a disordered
film. In the course of further CO2 injection and subsequent
further CO2 adsorption on the particles, the band shape and band
position evolve toward different final spectra.

At the low CO2 sample gas concentration (Figure 6a,b), the
final band shape and position corresponds to a crystalline sphere.
This conclusion is supported by the corresponding band
evolution of the13CO2 molecules (which have no dipole-dipole
coupling with12CO2 neighbors, only about 13% of the13CO2

molecules have equal neighbors and therefore show resonant
coupling9); see Figure 6b. Here, the second and third trace at
21 and 40 s show very large bandwidths (fwhm, full width at
half-maximum) of about 10 cm-1 caused by a disordered
structure. After approximately 80 s, the bandwidth decreases

to about 2 cm-1 and the transition to the typical invariant
crystalline structure9 is almost completed. We assume that the
CO2 molecules cover only a (small) part of the water particles.
This assumption is supported by the fact that no considerable
shift or broadening of the dangling-OH band of the correspond-
ing water spectrum has been observed; compare Table 3.
Otherwise, that would be the case because adsorbates as N2 or
CO2 on water ice surfaces cause a red-shift of the dangling-
OH band by more than 20 cm-1 and increase the bandwidths
by several tens percent,25,26 as compared to a band position at
3699 cm-1 and a bandwidth of about 12 cm-1 for bare water
nanoparticles.27

The situation changes at higher CO2 sample gas concentra-
tions (Figure 6c). Here, theν3-band evolves toward a band shape
of crystalline needlelike nanoparticles as discussed above. In
contrast to the spectra of Figure 6a, the TO mode feature at
2344 cm-1 occurs. Furthermore, in the corresponding water
spectra, an additional broader red-shifted OH-dangling band
occurs at 3661 cm-1 with increasing CO2 mole fraction in the
aerosol. It reaches the same integrated absorbance as the
“regular” OH-dangling band at 3699 cm-1 after about 50 s. The
latter band disappears in the course of further CO2 injection,
and the red-shifted OH-dangling band evolves; compare Table
3. Our interpretation is that, as compared to Figure 6a, here the
higher amount of CO2 molecules is sufficient to cover the whole
surface of the suspended primary water particles. Note that the
12CO2 molecules obviously form no regular shell around the
H2O cores as they do in the case of13CO2 cores.7 We do not
observe the LO mode band in addition to the TO mode feature,
which otherwise should complement the tub structure of hollow
spheres; compare Table 1.

Figure 6. Temporal development of theν3-vibration band of composite H2O/CO2 nanoparticles during repetitive injection of 11 ppm CO2 in He
(series a) and 1002 ppm CO2 in He (series c) into water-ice aerosol at 200 mbar and 82 K. The mole fractionxCO2 increases with time from 0.06%
to 8% (series a) and from 0.8%, 34%, ..., to 92% (series c). Series b focuses on theν3-vibration of the13CO2 isotopomers in the H2O/CO2 nanoparticles
of series a.

3340 J. Phys. Chem. A, Vol. 109, No. 15, 2005 Taraschewski et al.



Figure 7 describes the experiments using the multiple-tube
sample-gas inlet-technique at 80 K. Series a and c show the
temporal evolution of theν3-vibration of binary H2O/CO2 and
CO2/H2O nanoparticles over 140 s. A single pulse-injection of
1% H2O in He has been followed 0.5 s later by a further pulse-
injection of 1002 ppm CO2 in He and vice versa. In any case,

water is the major component in the system. We suppose
homogeneous nucleation of the first and heterogeneous nucle-
ation of the second injected component.

Series b and d show the spectral results of control experiments
in contrast to series a and c. Here, the experimental conditions
were the same as in series a and c with the exception that the
H2O pulse injections were replaced by injections of pure He.
The spectra series b and d are very similar to the series in Figure
5b and show that the presence of a pure He pulse 0.5 s before
or after the CO2 injection (and thus the heat input of the gas
pulse) has only marginal influence on the spectra and therefore
on the particle shape and its evolution. The comparison between

Figure 7. Temporal development of theν3-vibration band of H2O/CO2 composite and bare CO2 nanoparticles at 80 K with 100 mbar He buffer-gas
pressure. The multiple-tube inlet technique was used. Series a: one pulse-injection of 1% H2O in He and 0.5 s later one pulse-injection of 1002
ppm CO2 in He. Series c: one pulse-injection of 1002 ppm CO2 in He and 0.5 s later one pulse-injection of 1% H2O in He (reversed injection
order). Series b: one pulse-injection of pure He and 0.5 s later one pulse-injection of 1002 ppm CO2 in He (control experiment for series a). Series
d: one pulse-injection of 1002 ppm CO2 in He and 0.5 s later one pulse-injection of pure He (control experiment for series c).

TABLE 1: Shape and Position of theν3-Vibration Band of CO 2 (and N2O) Nanoparticles in the Size Range ofd ) 10-200 nm,
Dependent on Particle Structure and Shapea

structure, shape band-maxima positions band shape, qualitatively refs

Crystalline
film, disk, slabb x ) ωTO Gaussian 9, 16, 22, 23
film, disk, slab x1 ) ωTO, x2 ) ωLO two Gaussians 9, 16, 22, 23
hollow sphere, shell x1 ) ωTO, x2 ) ωLO tub, two Gaussians 7, 32
sphere x ) (2ωTO + ωLO)/3 Gaussian 15, 16, 20, 23, 33
sphere withd ) 2 nm x ) (2ωTO + ωLO)/3 Gaussian, sideband structures 34
sphere withd ) 1000 nm broader, red-shifted Gaussian

with sideband structures
34

cube ωTO < x < (2ωTO + ωLO)/3 Gaussian with substructures
at the blue side

9, 15, 16, 33

needle, rod, column x1 ) ωTO, x2 ) (ωTO + ωLO)/2 two Gaussians 16, 23, 33

Amorphous
film, slab x < ωTO triangle with the steeper

edge at the red side
22, 23

sphere ωTO < x < ωLO broad Gaussian 11, 17, 21

a Transverse and longitudinal optical modes of the CO2 crystal are20,23,31ωTO ) 2344 cm-1 andωLO ) 2381 cm-1, and (2ωTO + ωLO)/3 ) 2356.3
cm-1 and (ωTO + ωLO)/2 ) 2362.5 cm-1 for CO2 nanoparticles.b Sample oriented perpendicular to the light beam.

TABLE 2: Absorption Frequencies of ν3-Vibration Band
Substructures of CO2 Nanoparticles Generated under the
Conditions of Figure 5a, in cm-1

this work
(Figure 5a)

2372.0 2369.6 2367.7 2363.5 2358.7

Barnes et al.24 2372.1 2369.8 2367.5 2364.4 2360.0 2342.9
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the spectra of the binary system and the control experiments
clearly indicates the influence of water on theν3-band of CO2

and again gives strong evidence for the formation of binary H2O/
CO2 particles. In contrast to the control experiments, the
presence of water inhibits the development of the TO mode
feature at 2344 cm-1 in Figure 7a and c.

Dependent on the temporal order of the injected components,
series a and c show different “start” spectra. They develop over
about 140 s to similar “end” spectra. This indicates a change in
particle structure toward a thermodynamically stable state. (In
series a, the maximum is blue-shifted from 2353 to 2358 cm-1,
and the band’s half width (fwhm) decreases from 29 to 23 cm-1.
In series c, the maximum is red-shifted from 2362 to 2361 cm-1,
and the band’s half width increases from 10 to 15 cm-1.)

In the case of series a, there is no indication that the CO2

molecules form any kind of mantle or hollow sphere around
the primary water nuclei. Similar to the results depicted in Figure
6a, a tub structure with two band maxima at the TO and LO
mode wavenumbers (compare Table 1) is completely missing.
The dangling-OH band gives more quantitative information to
the extent of water-particle surface covering by CO2 molecules;
compare Table 3. From the presence of both the regular OH-
dangling band at 3694 cm-1 and a broader red-shifted OH-
dangling band at 3665 cm-1, which show comparable integrated
absorbances, it can be deduced that less than 50% of the total
water particle surface is covered. It has to be taken into account
that adsorbates on the water particle surface increase the
integrated absorbance of the OH-dangling band.

In the case of series c, there is only a very weak red-shifted
OH-dangling band at 3670 cm-1 over the whole time range, in
contrast to the regular OH-dangling band; see Table 3. This
indicates that the CO2 molecules seem not to spread on the water
particle surfaces and consequently form no shell around it at
80 K. Devlin and Buch classified CO2 as a “weak” adsorbent
that is not able to penetrate ice nanocrystals at cryogenic
temperatures in the range of 70-140 K.28 Therefore, we
conclude from our experiments that water and carbon dioxide
aggregate in separated phases and form nanocomposites.

IV. Conclusions

In the present study, we have investigated CO2 and especially
binary H2O/CO2 nanoparticles at about 80 K in a long-path
collisional cooling cell. FTIR spectroscopy was used to study

the time-dependence of the carbon dioxideν3-vibration band
of the particles and composites in the aerosol phase and their
temporal evolution. Different sample-gas inlet techniques have
been applied. For the pulse-injection technique, the most
important parameters to adjust the average particle size are
temperature and sample-gas concentration. For the simpler flow-
in technique, the particle size showed a root-function dependence
on the sample-gas pressure in the cell (Figure 3). Both
techniques combined allow us to cover the size range of below
1 to more than 1000 nm for molecular nanoparticles as (CO2)n

or (N2O)n; compare refs 11, 12, and 27.
The shape of the investigated CO2 nanoparticles ranges from

globular or cubic-like to apparently longish, needlelike. The
particle shape is mainly determined by the buffer-gas pressure
and by the progress of the temporal evolution. Both dependences
are very similar to those we obtained for N2O nanoparticles.11,17

The experimental results concerning spectral band positions and
band shapes support the theoretical picture as gained by classic
scattering theory, the electrostatic model, or the exciton ap-
proach; compare Table 1.

More revealing conclusions can be drawn from the binary
H2O/CO2 particle spectra presented in Figures 6 and 7. From
the spectra of the carbon dioxideν3-vibration band and the water
OH-dangling band and their temporal behavior, we conclude
that the molecules of both components aggregate to composite
particles in each case. Otherwise, for example, in Figure 7c,
there would remain a significant amount of homogeneously
nucleating CO2 molecules forming pure CO2 nanoparticles in
the cell and at least parts of a TO mode feature should occur in
the spectra. This is not the case.

During the condensation process of CO2 monomers on water
nanoparticles, at first, the CO2 molecules form a disordered
(amorphous) slab on parts of the water ice surfaces, probably
dominated by the foreign ice-surface structure (Figure 6). After
further addition of CO2 molecules up to a mole fraction of about
4%, the carbon dioxide slabs seem to show increasingly epitaxial
growth and evolve toward crystalline globular humps on the
water particles. When considerably more CO2 is added up to a
mole fraction of more than 50%, the water particles are
completely covered by CO2 molecules.

In the experiment leading to the spectral series in Figure 7,
about 10-fold more H2O than CO2 molecules is in the cooling
system. Independently of the order of nucleation of the

TABLE 3: Overview of Positions and Widths (fwhm) of the Dangling-OH Bands of the Binary H2O/CO2 Nanoparticles
Presented in This Worka

figure number,
order in series

experimental conditions,
schematically

position/width in cm-1

of “uncovered” OH band
position/width in cm-1

of “covered” OH band

Figure 6a H2O f little CO2, CO2, ...
first spectrum 3697/12 not visible
last spectrum 3697/12 not visible
Figure 6c H2O f much CO2, CO2, ...
first spectrum 3699/14 not visible
middle spectrum 3699/14 3661/18
last spectrum not visible 3661/18
Figure 7a H2O f little CO2, time evolution
first spectrum 3694/12 3665/25
middle spectrum 3694/12 3665/25
last spectrum 3694/12 3665/25
Figure 7c little CO2 f H2O, time evolution
first spectrum 3693/12 (3670/-) very weak
middle spectrum 3693/12 (3670/-) very weak
last spectrum 3693/12 (3670/-) very weak

a There are two different dangling-OH band positions observed in the infrared spectra at approximately 3665 and 3695 cm-1 resulting from
surface regions of the particles’ water parts being covered or uncovered with CO2 molecules. The uncertainties of position and width are<(1 cm-1

and(5%.
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components, the comparison of the spectral series 7a and 7c
indicates that the binary particles evolve toward similar particle
structures. Furthermore, we could not observe in any experiment
that the CO2 molecules form regular shells around the water
particles as they do around13CO2 cores.7

The molecules of the second component use the nanoparticles
of the first component as nuclei for condensation, but the
nanocomposites do not show a significant tendency to form
mixed crystals at 80 K. They rather stick together in separated
regions of the binary aggregates. These conclusions are sup-
ported by semiempirical AM 1 calculations we carried out with
the Mopac module29 for small H2O/CO2 systems at 80 K. First
results show that the CO2 molecules are forced to move from
inside to the surface of the cluster, certainly caused by the
stronger H-bonding forces of water. The calculations should
be intensified in the future. Our observations are in accordance
with the picture of interstellar ice grains of H2O, CO, and CO2,
which usually appear in polar and nonpolar phases.1,30
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