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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 @@anoparticles and binary,B/CQO, nanocomposites in the aerosol
phase at 80 K. The experimental conditions for the formation of differentga@icle shapes as slab, shell,
sphere, cube, and needle have been studied by comparison with calculated data from the literatw@/ The H
CO, nanoparticles were generated with a newly developed multiple-pulse injection technique and with the
simpler flow-in technique. The carbon dioxidgvibration band at 2360 cm and the water ice OH-dangling

band at 3700 crt 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 C@portion: (a) disordered (amorphous) £€€labs on water particle surfaces, (b) globular
crystalline CQ humps sticking on the water cores, and (c) water cores being completely enclosed in bigger
predominantly crystalline C£nhanoparticles. However, regular @€hell structures on primary water particles
showing both longitudinal (LO) and transverse (TO) optical mode features oftvibration band could not

be observed. Experiments with reversed nucleation order indicate $@HCH, composite particles with
different initial structures evolve toward similar molecular nanocomposites with separaeth€ &0 regions.

I. Introduction scopic distinction to the composite,&/CO, nanoparticles.

. L Although CQ nanoparticles are well-studied van der Waals-
_ The binary system of water and carbon dioxide is of 1),nqeq systems under different asptdfsas optical properties,
importance in different research topics as biochemical, atmo- 4 icje structure, and shape, there exists only a little information
sph.enc', extraterrgstnal, or technical systems. For example, 5, processes of the particles as shape evolution, phase transi-
typical interstellar ice consists of a polar (mostly water) and a tions, and self-diffusiorf. Combined with a 20-m White-cell

nonpolar (often carbon monoxide or carbon dioxide) pHase. ¢,jing device, our system is sensitive enough to resolve such
The nanoparticles compounded of both components could SeNVe&yrocesses in the time scale of seconds and minutes

as a model system for interactions of carbon dioxide with

relatively large ice surfaces. While theoretical studies on binary

water/carbon dioxide complexes are sc@éeexperimental

investigations have been performed on carbon-dioxide clathrate

hydrates as surface deposits with filisand nanocrystals

suppqrted on _infrargd V\{indO\ﬁlat about 120 K. Yet up to now, crystalline face-centered cubi®43)!>16:3537 for generation

expenmental investigations on composite water/carbon dioxide temperatures above 50 the cubic structure even builds up

nanpparncles suspended in the aerosol phase have not bee@asily at small sizes of about Atholecules per particlé® the

carried out to our knowledge. ) amorphous phase can be reached and kept at temperatures below
Recently, we have developed a new technique for the approximately 30 Ki11721 at |east smaller particles<(L03

generation of multilayered molecular nanoparticles and have mojecules per particle) are comparable to those generated in

observed self-diffusion in core-shell composif€0,/**CO; supersonic jet expansio#&The discussion of particle size and

nanoparticleg.In the present work, this multiple-pulse sample- shape follows in section IlIA.

gas inlet technique and other techniques have been applied to

the generation of binary #/CO, and CQ/H20 nanoparticles. | Experimental Section

This initial study will mainly focus (a) on the evidence that the ) ) o

CO, and HO molecules form composite (and not homogeneous) The nanopatrticles were formed in a long-path collisional

nanoparticles, (b) on the structure and shape of the nanocom-c00ling cell, which is described in detail by Bauerecker é¢al.
posites, and (c) on their temporal evolution. 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
* Corresponding author, E-mail: s bauerecker@tu-bs.de. speptrometer ngpped with a Globar light source, a KBr beam
t Technische UniversitaBraunschweig. splitter, KBr windows, and an external InSb detector. The /16
* GKSS-Forschungszentrum GmbH. White optics, integrated in the cell, allows maximum absorption
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Some of the spectroscopically relevant facts of,@@no-
particles formed by collisional cooling are summarized: The
size is manageable between 1 nm angri (1 and 16*
molecules per particle), predominantly by variation of sample
gas concentration and buffer-gas temperatéitee structure is

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




3338 J. Phys. Chem. A, Vol. 109, No. 15, 2005 Taraschewski et al.

I E 350-
= | S
— 2l| TRANSFER- @ 300 .
- I [ 1
OPTICS @ 250-
1 ‘ 3 v)‘ 4q
T 1 S
5 4 5 © 200
%5 J
g 1504
3 J
S 100
1 FTIR spectrometer 3 [ ]
2 FTIR beam ¥ & 50
3 Transfer optics :>:) 0 |
+  Sanpiegas i 0 200 400 600 800 1000
5 CaF,windows
6 Buffer-gas flow Pressure p / mbar
7 Field‘mirrclir . Figure 3. Average cluster radius in relation to the sample gas pressure
8 Heating wire + computed from Mie theory using an adapted algorithm; compare text.
9 Buffer-gas inlet h2 For sampling conditions, see Figure 2.
10 Buffer-gas outlet
11 Outer cylinder LO TO
12 Inner cylinder
with boreholes - i :
13 Focusing mirrors [=1:F—
14 Cooling agent f
20 mbar
15 Dewar vessel g o — /-
th e L A 50 mbar
g o L AL 100 mbar
Figure 1. Experimental setup (schematic). For scale: the distance § S 200 mboar
between field mirror (7) and focusing mirrors (13) is 0.625 m. < 500 mbar
\__ 700 mbar
TO 900 mbar
T T
2400 2300

Wavenumbers / cm™

Figure 4. The vs-vibration band of C@ nanoparticles at 79 K at
different buffer-gas pressures. A single pulse of 1002 ppm i6®le

was injected into the cell at a buffer-gas pressure between 20 and 900
mbar. Recording startle5 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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! 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

path lengths up to 20 m. Temperatures can be adjusted betweef{i€ction of the sample gas has the advantage of avoiding gas
4 and 400 K, but in this study we focused on temperatures of d€POSition in the inner inlet tube. . .
approximately 80 K. All spectra were recorded with an optical "€ infrared band intensities of pure®tice (symmetric and
resolution of 1 cm?, a zero filling level of two, and Happ- antisymmetric OH stretch mode at 3280 cm) and of pure
Genzel apodization. The optical path length was 2.5 m (Figures €©z ic€ (?Qtlsymmetrlc %170 stretch mlode at 2343 crt) are

2 and 5) and 12.5 m (Figures 4, 6, and 7). The sampling time 2.0 ><_1Cf and 7'_6X 10° cm mqlec (ref 1_and references
per spectrum was 120 s (Figures 2 and 4), 3.8 s (Figure 5), anoFhereln). The C@|ce_ band intensity only varies by about 5%
6.4 s (Figures 6 and 7). In Figures 2, 4, 5, 6, and 7, the spectraIn the temp(.aratur(.a.mterval petween 14 and 109 We.use.

are scaled to the bottom spectrum. A number of further spectra,these band intensities to estimate the mole fractions in binary

2400 2350 2300

Wavenumbers / cm

Figure 2. The vs-vibration band of CQ nanoparticles at 83 K at
different sample gas pressures. The sample gas, 91 ppminCGde,
was filled into the empty cell up to the target pressure for each spectrum.

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

H,0/CO, nanocomposites.

Ill. Results and Discussion

A. Carbon Dioxide Nanoparticles.Particle-Size Estimation.

sample-gas inlet was stopped at the final pressure. Second, th& he average size of the observed particles, shown for example
sample gases were injected by separate pressure pulses using Figure 2, was estimated by adapting a method presented by
magnetic valves and a pulse generator that controls duration,Disselkamp and Ewing.If the particles are assumed to have
repetition frequency, and phase differences of the single pulsesapproximately a spherical shape, their average radius can be
Here, the single gases were injected through the same inlet tubealculated by comparing the extinction cross section coefficient
(and therefore being premixed in case of several components)derived from Mie’s theory with the extinction cross section
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LO TO the red side (beyond the TO mode) for the amorphous
(disordered) state of spheroidal partiéfe’s:21and films2223

In Table 1, band positions and shapes ofitg@ibration 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.

§ a) Influence of Buffer-Gas Pressund/e start the discussion of
E \%1% the spectroscopic results with the demonstration of the buffer-
§ 51s gas pressure influence on the £@®anoparticlevs-vibration
< % band. In a first experiment, 91 ppm G@ helium was filled
5s into the empty cell at 83 K up to a total pressure of-B0D0
— abc d e i . . . . . -
2400 2380 360 2340 2320 1 mbar; see Figure 2. The particle size increases with the filling
» pressure from below 100 nm (lower trace) up to more than 300
Wavenumbers / cm nm (upper trace); compare Figure 3. The spectral shape and
LO iTO 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
o of Figure 2 are in correspondence with spectra of,CO
é nanoparticles generated by pulse-injection at similar tempera-
i tures (compare Figure 5 in ref 12).
a8 In a second experiment, only one single pulse of 1002 ppm
< COz in He was injected into the cell, prefilled with helium buffer
os gas at a pressure between 900 and 20 mbar, see Figure 4. The
main result is that the sideband increases strongly with decreas-
: : : — , ds ing buffer-gas pressure exactly at the TO mode wavenumber.
2400 2380 2360 2340 2320 Here, the interpretation is clear: at 900 mbar, the spectrum is
Wavenumbers / cm’™ dominated by one main peak at 2360 ¢nwith shoulders in
Figure 5. Temporal development of thes-vibration band of C@ accordance with a cubic-like particle shape. At 2@0 mbar,

nanoparticle seconds after one single pulse-injection of 1002 ppm the spectra evolve toward a two-peak structure with positions
CQ; in He at a buffer-gas pressure of 900 mbar (series a) and 3 mbar gt 2344 and 2363 cm, which exactly meet the conditions for

(series b) at 81 K each. For the arrowseain series a, see text and  |5nqish particl n | r column Table 1
Table 2. Note that the shape evolution within 185 s toward longish ongish particles ?S eedles 0, co u. S see Table ;
particles only takes place at low buffer-gas pressures. Temporal Rolution. Further investigations were carried out

with respect to the temporal development of the,@@nopar-
coefficient determined from the Spectral data. For a numerical ticles inside the Cooling cell after injection of one Sing|e Samp|e_
calculation of the particle radius, we applied a source code gas pulse at various buffer-gas pressures. Two selected spectra
published by Bohren and Huffmdf.We used no additional  series for a high and a low buffer-gas pressure at 900 and 3
optical equipment and extracted the scattering data from the mpar are depicted in Figure 5. A profile analysis of the first
spectra at 5000 cm. spectrum of Figure 5a shows at least five different peaks at

In Figure 3, the estimated cluster sizes are shown in relation yayenumbers being in good agreement with results of Barnes
to the sampling conditions of Figure 2. These particles can be g al.24 compare Table 2.

as_sume_d to be approxmfately _spherlcal (Compar¢ next sectlo_n). A noticeable result of Figure 5b is that the sidebands evolve
It is obvious that the particle size correlates and increases with : .

- trongly in the course of 100 s. Especially the TO mode band
the sample-gas pressure. The sizes range from about 300 nm aZt 2344 cmt increases at 3 mbar in addition to a blue-shift of
a sample gas pressure of 900 mbar to about 100 nm at 50 mbar he main band position by 5 wavenumbers. whereas at 900 mbar
Particles formed at sample gas pressures below 50 mbar shouI(.Ii : positi y > wavenu » W

be even smaller. Their size could not be calculated by this only a minor evoIL_Jtlor_l of the spectra can be observeo_l. A
method due to the insignificantly small slope of the baseline possible interpretation is that the particles evolve from cubic to

and the low signal-to-noise ratio at 5000 ¢ needle shapes (or toward those particles with needlelike

The CQ nanoparticles that show spectra with the typical TO- str.uctures on their su.rfaces) at the low buffer-gas pressure
mode “hook” feature at 2344 cth (Figures 4, 5b, 6¢, and 7b,d) (Figure 5b),_but remain at_ the cub_lc structure at the _hlgher
were estimated to have a size in the range 6f 500 nm with pressure (Figure Sa). This behavior corresponds with the
roughly 10—10° molecules per particl&:17 temporal_evolutlon of the mfrare(_j gbsorptm_n_ spectra gON

Particle-Shape and Structurdleanwhile, it is well known ~ nanoparticles generated under similar conditigri$ Further-
for CO, (and NO) that the shape of the nanoparticles has a More, |t. is rgmarkab!e that thg tgmporal behavior of the spectra
considerable influence on the intense vibration bands of the ShOwn in Figure 5b is very similar to the pressure dependence
infrared spectra. The vibrational exciton appro&&#2° which of the spectra in Figure 4. It seems that at higher buffer-gas
recently has been extended to bigger partictes (1000) by pressures the particles are increasingly inhibited from changing
Signorell et al1315has essentially contributed to the assignment their structure.
of particle-shape and spectral structure. While the absorption B. Composite Water-Ice/Carbon Dioxide Nanoparticles.
intensity of the strongest vibrational bands for crystalline,CO Composite HO/CO, nanoparticles were formed by use of
(and NO) nanoparticles is distributed between the transverse different sample-gas inlet techniques. Apart from the OH-
optical (TO) and the longitudinal optical (LO) modes for dangling bands, which are depicted in Table 3, the,CO
different particle shapé$,the absorption range is extended to component has only marginal influence on the water parts of
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Figure 6. Temporal development of the-vibration band of composite #/CQO, nanoparticles during repetitive injection of 11 ppm 0 He
(series a) and 1002 ppm G@ He (series c) into water-ice aerosol at 200 mbar and 82 K. The mole fragiigincreases with time from 0.06%
to 8% (series a) and from 0.8%, 34%, ..., to 92% (series c). Series b focusesgwithation of the'*CO, isotopomers in the 0/CO; nanoparticles
of series a.

the infrared spectra. The water ice spectra are not shown in theto about 2 cm! and the transition to the typical invariant

present work. crystalline structurgis almost completed. We assume that the
In a first experiment, the cooling cell was prefilled up to 200 CO, molecules cover only a (small) part of the water particles.
mbar with a water/helium mixture containing 100 ppraCH This assumption is supported by the fact that no considerable

To the water-nanoparticle aerosol that had been formed by shift or broadening of the dangling-OH band of the correspond-
homogeneous nucleation in this way at 81 K, further sample ing water spectrum has been observed; compare Table 3.
gas mixtures of 11 ppm CGOn helium (Figure 6a,b) and 1002  Otherwise, that would be the case because adsorbatesas N
ppm CQ in helium (Figure 6c) were pulse-injected every 10 s, CO, on water ice surfaces cause a red-shift of the dangling-
15 times in total in each case. So the ratio of {0 H,O OH band by more than 20 crhand increase the bandwidths
molecules in the cell increased with time up to a Q@ole by several tens percefftZé as compared to a band position at
fraction of about 8% (Figure 6a,b) and up to about 90% (Figure 3699 cnT! and a bandwidth of about 12 cthfor bare water
6c). In Figure 6a and c, the temporal development ofithe nanoparticleg?
band of2CQ; is shown. In both cases, the first trace at 2 s The situation changes at higher €&€ample gas concentra-
after the first CQinjection clearly shows the triangle band shape tions (Figure 6c). Here, the-band evolves toward a band shape
of amorphous films extending with the steeper edge beyond of crystalline needlelike nanoparticles as discussed above. In
the TO mode wavenumbét?3 also compare Table 1. That contrast to the spectra of Figure 6a, the TO mode feature at
means the C®monomers aggregate on the surface of the 2344 cnt! occurs. Furthermore, in the corresponding water
suspended primary water particles and form part of a disorderedspectra, an additional broader red-shifted OH-dangling band
film. In the course of further C@injection and subsequent occurs at 3661 cmi with increasing C@mole fraction in the
further CQ adsorption on the patrticles, the band shape and bandaerosol. It reaches the same integrated absorbance as the
position evolve toward different final spectra. “regular” OH-dangling band at 3699 crhafter about 50 s. The

At the low CQ, sample gas concentration (Figure 6a,b), the latter band disappears in the course of further, @@ection,
final band shape and position corresponds to a crystalline sphereand the red-shifted OH-dangling band evolves; compare Table
This conclusion is supported by the corresponding band 3. Our interpretation is that, as compared to Figure 6a, here the
evolution of the'3CO, molecules (which have no dipetelipole higher amount of C@molecules is sufficient to cover the whole
coupling with12CO, neighbors, only about 13% of tHéCO, surface of the suspended primary water particles. Note that the
molecules have equal neighbors and therefore show resonant?CO, molecules obviously form no regular shell around the
couplind); see Figure 6b. Here, the second and third trace at H,O cores as they do in the case €O, cores’ We do not
21 and 40 s show very large bandwidths (fwhm, full width at observe the LO mode band in addition to the TO mode feature,
half-maximum) of about 10 cm caused by a disordered which otherwise should complement the tub structure of hollow
structure. After approximately 80 s, the bandwidth decreasesspheres; compare Table 1.
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Figure 7. Temporal development of thg-vibration band of HO/CO, composite and bare G@anoparticles at 80 K with 100 mbar He buffer-gas
pressure. The multiple-tube inlet technique was used. Series a: one pulse-injection eO1#t He and 0.5 s later one pulse-injection of 1002
ppm CQ in He. Series c: one pulse-injection of 1002 ppm G®He and 0.5 s later one pulse-injection of 1%CHin He (reversed injection
order). Series b: one pulse-injection of pure He and 0.5 s later one pulse-injection of 1002 ppmH&Jcontrol experiment for series a). Series
d: one pulse-injection of 1002 ppm G@ He and 0.5 s later one pulse-injection of pure He (control experiment for series c).

TABLE 1: Shape and Position of thev;-Vibration Band of CO , (and N,O) Nanopatrticles in the Size Range ofl = 10—200 nm,
Dependent on Particle Structure and Shap®

structure, shape band-maxima positions band shape, qualitatively refs
Crystalline
film, disk, slat® X= wTo Gaussian 9,16, 22,23
film, disk, slab X1 = w10, X2 = WLO two Gaussians 9, 16, 22, 23
hollow sphere, shell X1 = W70, X2 = WLO tub, two Gaussians 7,32
sphere X = (2wto + wL0)/3 Gaussian 15, 16, 20, 23, 33
sphere withd =2 nm X = (2wto + wL0)/3 Gaussian, sideband structures 34
sphere withd = 1000 nm broader, red-shifted Gaussian 34
with sideband structures
cube w10 < X < (2wto + wL0)/3 Gaussian with substructures 9, 15, 16, 33
at the blue side
needle, rod, column X1 = W7o, X2 = (w10 + WLO)/2 two Gaussians 16, 23, 33
Amorphous
film, slab X < wTo triangle with the steeper 22,23
edge at the red side
sphere w10 <X < wLo broad Gaussian 11,17,21

aTransverse and longitudinal optical modes of the,C@stal aré®?33twro = 2344 cnt! andw o = 2381 cn1?, and (2v1o + wLo)/3 = 2356.3
cmt and @ro + wLo)/2 = 2362.5 cmi! for CO, nanoparticles? Sample oriented perpendicular to the light beam.

TABLE 2: Absorption Frequencies of vs-Vibration Band
Substructures of CO, Nanoparticles Generated under the
Conditions of Figure 5a, in cnT?

2372.0 2369.6 2367.7 2363.5 2358.7

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

Figure 7 describes the experiments using the multiple-tube H,O pulse injections were replaced by injections of pure He.
sample-gas inlet-technique at 80 K. Series a and ¢ show theThe spectra series b and d are very similar to the series in Figure
temporal evolution of thes-vibration of binary HO/CO, and 5b and show that the presence of a pure He pulse 0.5 s before
CO,/H20 nanoparticles over 140 s. A single pulse-injection of or after the CQ injection (and thus the heat input of the gas
1% H,O in He has been followed 0.5 s later by a further pulse- pulse) has only marginal influence on the spectra and therefore
injection of 1002 ppm C@in He and vice versa. In any case, on the particle shape and its evolution. The comparison between

this work
(Figure 5a)

Barnes etat* 2372.1 2369.8 2367.5 2364.4 2360.0 2342.9
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TABLE 3: Overview of Positions and Widths (fwhm) of the Dangling-OH Bands of the Binary H,O/CO, Nanopatrticles
Presented in This Work?

figure number, experimental conditions, position/width in cn* position/width in cn*
order in series schematically of “uncovered” OH band of “covered” OH band

Figure 6a HO — little CO,, CO,, ...

first spectrum 3697/12 not visible

last spectrum 3697/12 not visible

Figure 6¢ HO — much CQ, CO,, ...

first spectrum 3699/14 not visible

middle spectrum 3699/14 3661/18

last spectrum not visible 3661/18

Figure 7a HO — little CO,, time evolution

first spectrum 3694/12 3665/25

middle spectrum 3694/12 3665/25

last spectrum 3694/12 3665/25

Figure 7c little CQ — H20, time evolution

first spectrum 3693/12 (3670) very weak

middle spectrum 3693/12 (3679) very weak

last spectrum 3693/12 (3679) very weak

aThere are two different dangling-OH band positions observed in the infrared spectra at approximately 3665 and-3685utting from
surface regions of the particles’ water parts being covered or uncovered witm@i€cules. The uncertainties of position and width arel cnr?
and +5%.

the spectra of the binary system and the control experimentsthe time-dependence of the carbon dioxidevibration band
clearly indicates the influence of water on theband of CQ of the particles and composites in the aerosol phase and their
and again gives strong evidence for the formation of bing®/H  temporal evolution. Different sample-gas inlet techniques have
CO, particles. In contrast to the control experiments, the been applied. For the pulse-injection technique, the most
presence of water inhibits the development of the TO mode important parameters to adjust the average particle size are
feature at 2344 cnt in Figure 7a and c. temperature and sample-gas concentration. For the simpler flow-

Dependent on the temporal order of the injected components,in technique, the particle size showed a root-function dependence
series a and ¢ show different “start” spectra. They develop overon the sample-gas pressure in the cell (Figure 3). Both
about 140 s to similar “end” spectra. This indicates a change in techniques combined allow us to cover the size range of below
particle structure toward a thermodynamically stable state. (In 1 to more than 1000 nm for molecular nanoparticles asy{£O
series a, the maximum is blue-shifted from 2353 to 2358%cm  or (N2O),; compare refs 11, 12, and 27.

and the band’s half width (fwhm) decreases from 29 to 23'cm The shape of the investigated g@anoparticles ranges from
In series ¢, the maximum is red-shifted from 2362 to 2361%¢m  globular or cubic-like to apparently longish, needlelike. The
and the band’s half width increases from 10 to 15 & particle shape is mainly determined by the buffer-gas pressure

In the case of series a, there is no indication that the CO and by the progress of the temporal evolution. Both dependences
molecules form any kind of mantle or hollow sphere around are very similar to those we obtained foMnanoparticles®?
the primary water nuclei. Similar to the results depicted in Figure The experimental results concerning spectral band positions and
6a, a tub structure with two band maxima at the TO and LO band shapes support the theoretical picture as gained by classic
mode wavenumbers (compare Table 1) is completely missing. scattering theory, the electrostatic model, or the exciton ap-
The dangling-OH band gives more quantitative information to proach; compare Table 1.
the extent of water-particle surface covering by Gblecules; More revealing conclusions can be drawn from the binary
compare Table 3. From the presence of both the regular OH-,0/co, particle spectra presented in Figures 6 and 7. From
dangling band at 3694 crh and a broader red-shifted OH-  the spectra of the carbon dioxidgvibration band and the water
dangling band at 3665 cm, which show comparable integrated  oH-dangling band and their temporal behavior, we conclude
absorbances, it can be deduced that less than 50% of the totajnat the molecules of both components aggregate to composite
water particle surface is covered. It has to be taken into accountparticles in each case. Otherwise, for example, in Figure 7c,
that adsorbates on the water particle surface increase thehere would remain a significant amount of homogeneously
integrated absorbance of the OH-dangling band. nucleating C@ molecules forming pure COnanoparticles in

In the case of series c, there is only a very weak red-shifted the cell and at least parts of a TO mode feature should occur in
OH-dangling band at 3670 crhover the whole time range, in  the spectra. This is not the case.

contrast to the regular OH-dangling band; see Table 3. This
indicates that the C£molecules seem not to spread on the water
particle surfaces and consequently form no shell around it at
80 K. Devlin and Buch classified GCas a “weak” adsorbent
that is not able to penetrate ice nanocrystals at cryogenic
temperatures in the range of 7040 K28 Therefore, we
conclude from our experiments that water and carbon dioxide
aggregate in separated phases and form nanocomposites.

During the condensation process of @onomers on water
nanoparticles, at first, the GOnolecules 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 C@Qmolecules 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 {d®added up to a
mole fraction of more than 50%, the water particles are
completely covered by COmolecules.

In the present study, we have investigated,@@d especially In the experiment leading to the spectral series in Figure 7,
binary HO/CO, nanoparticles at about 80 K in a long-path about 10-fold more KD than CQ molecules is in the cooling
collisional cooling cell. FTIR spectroscopy was used to study system. Independently of the order of nucleation of the

IV. Conclusions
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components, the comparison of the spectral series 7a and 7c (12) Bauerecker, S.; Taraschewski, M.; Weitkamp, C.; Cammenga, H.
indicates that the binary particles evolve toward similar particle K- R&- Sci. Instrum2001 72, 3946.
Furth d b . . (13) Signorell, RJ. Chem. Phys2003 118 2707.
structures. Furthermore, we could not observe in any experiment 1) Bonnamy, A Georges, R.; Benidar, A.; Boissoles, J.; Canosa,
that the CQ molecules form regular shells around the water A.; Rowe, B. R.J. Chem. Phys2003 118 3612.
particles as they do arourddCO, cores’ (15) Signorell, R.; Kunzmann, M. KChem. Phys. Let2003 371, 260.
The molecules of the second component use the nanoparticles (16) Bohren, C. F.; Huffman, D. Rbsorption and scattering of light
he first component as nuclei for condensation, but the y small particles John Wiley & Sons: New York, 1983. ;
of the first comp for ' (17) Kunzmann, M. K.; Bauerecker, S.; Suhm, M. A.; Signorell, R.
nanocomposites do not show a significant tendency to form Spectrochim. Acta, Part 2003 59, 2855.
mixed crystals at 80 K. They rather stick together in separated 4451118) Cardini, G.; Schettino, V.; Klein, M. LJ. Chem. Phys1989 90,
regions of the. bmayy aggregates. These conclus!ons aré sup-19) pisselkamp, R.; Ewing, G. B. Chem. Soc. Faraday Trar99Q
ported by semiempirical AM 1 calculations we carried out with  gg 2369,
the Mopac moduk® for small HO/CO, systems at 80 K. First (20) Ovchinnikov, M. A.; Wight, C. AJ. Chem. Phys1994 100, 972.
results show that the GOnolecules are forced to move from g%g BFaU”fkaesﬂ tS gn%b“Sh?dsfesut'ts- 4986 31 134
P H alk, M.; seto, P. an. J. Spectros " .
inside to the surface of the cluster, certainly cagsed by the (23) Ovchinnikov, M. A.: Wight, C. AJ. Chem. Phys1993 99, 3374.
stronger H-bonding forces of water. The calculations should (24) Bames, J. A.; Gough, T. E.; Stoer, M.Chem. Phys1991, 95,

be intensified in the future. Our observations are in accordance4840.

with the picture of interstellar ice grains o8, CO, and CQ, 13%5) Rowland, B.; Fisher, M.; Devlin, J. B. Chem. Phys1991, 95,
which usually appear in polar and nonpolar phasgs. (26) Devlin, J. P.; Silva, S. C.; Rowland, B.; Buch, V. Hydrogen

Band Networks Bellissent-Funel, M. C., Dore, L. C., Eds.; Kluwer:
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K. Int. Rev. Phys. Chem2004 23, 375.
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