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Abstract. We present laboratory measured infrared spectragsite molecules and allows to study the gas-grain interactions in
mixtures containing CO and G@t low temperatures. The pro-interstellar clouds (see review by Whittet 1993).
files and peak position of the absorption features due to these
species are very sensitive to molecular environment, tempera-Water and CO ice are the most abundant molecules in grain
ture, irradiation history and particle shape. lllustrative examplgsantles as studied by ground based observations (Smith et al.
of these variations are briefly discussed. 1991, Chiar etal. 1995). CDas been detected by d’'Hendecourt
We have compiled datafiles containing the laboratory spe&Jourdain de Muizon (1989) through its bending mode at 15.2
tra, derived optical constants, as well as extinction efficiengyn in IRAS-LRS spectra. ISO-SWS observations of the 4.27
calculations for small grains. These files can be retrievesh and 15.2um bands show that solid GQs ubiquitous in
from the WWW in various formats after November 1st, 1996nolecular clouds (de Graauw et al. 1996, this volume). Theo-
under http://www.strw.leidenuniv.fi-ehrenfreundisodb. To- retical models and current observations propose the presence of
gether with astronomical spectra taken by the ISO satellite thelistinct layers on grain mantles and the existence of polar and
laboratory data will be valuable for the determination of thapolar ices (Sandford et al. 1988, Tielens et al. 1991). The solid
grain mantle composition and grain evolution in dense cloudSO band of interstellar ice mixtures shows a two-component
structure at 2140 cm'. In comparison with laboratory data it
Key words: ISM: molecules — dust —infrared: interstellar: linesas been deduced that a narrow CO band orginates in apolar ices
(CO, CQ, Oy, Ny), whereas a broad component s attributed to
CO in polar ices, dominated by.B ice. Due to their volatil-
ity apolar ices are observed far away from luminous sources,
whereas polar ices are also present close to protostars. The ex-
1. Introduction istence of separate individual grain mantle components or per-

Interstellar dust plays animportantrole in physical and chemihqpS ‘onion-fike" structures on grains has been suggested by
. play P . nphy &¥servations of solid CO and provide strong constraints for the
processes in the interstellar medium. Different dust populatiof

Volution and lif le of grains in interstellar cl Tielen
are found in circumstellar envelopes, the diffuse and denseinergluaggf) d life cycle of grains terstellar clouds (Tielens

stellar medium (see Dorschner & Henning 1995 for a review).
Within dense clouds grains accrete an ice mantle, consisting of . .
simple molecules such as@, CO, CHOH, O, (d’Hendecourt The infrared spectral signature of CO and {dtve been

et al. 1986). Energetic UV processing of icy grain mantles Crgrewouslystumed|ntheIaboratory(Sandford etal. 1988, Sand-

ates new molecules and radicals which are potential targets %Id & Allamandola 1990, Palumbo & Strazulla 1993). We

astronomical observations. The comparison of laboratory Spg{:esent here a summary of 80 different apolar mixtures and

tra of astrophysically relevant ice mixtures with interstellar Or%tandard polar mixtures measured at temperatures of 10 K, 30

servations have led to the detection of several interstellar so % nd BOK. Furthermore’. we have calculatgd the optical con-
stants and performed particle shape calculations. The presented

Send offprint requests 1®. Ehrenfreund results are a part of an extensive laboratory program at the Lei-
*  Based on observations with ISO, an ESA project with instrumergen Observatory dedicated to the solid state database for ISO.
funded by ESA Member States (especially the PI countries FranBesides CO and CQthis database also contains spectroscopic

Germany, the Netherlands and the United Kingdom) and with the patudies of CH, H,CO, CH,OH, SG,, as well as UV photolysed
ticipation of ISAS and NASA. ices.
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2. Experimental CO-stretch in CO/CO, mixtures at 10 K

Ices were condensed as pure gas or gas mixture in a high vacuuin ]
chamber on the surface of a Csl window, cooled by a closed cy-|  "**® A
cle He refrigerator to 10 K. Infrared transmission spectra were| =~ JL
obtained with a BioRad FTS 40A spectrometer at a resolution} o ;
of 1cm 1. Gases and gas mixtures have been preparedin a g@ss C0:00,=100:6 A
vacuum manifold. The purity of the used gases CO,0® 2

and Q was 99.9997 % (Messer Griesheim). The deposition raie " €0:C0,=100:16

and sample thickness growth rate were abotit fiblec cnt? § n 3
s~ and 1um hr-!, respectively. Sample thickness of 0.05 tg |  coco,-toozs /L
approximately 0.5xm have been estimated. A detailed descrigf

tion of the experimental setup has been given by GerakinesZeL
al. (1995).

€0:C0,=100:23

€0:€0,=100:26

3. Results i 7
H,0:0:C0,=1:50:55

3.1. Laboratory spectroscopy

The variations in peak position, FWHM and profile structure areseg 750 "m0

the result of a complex interplay of the interaction between the Vavenumber (cm™)

molgcglc(ajs pr((ajsené n thle !ce.- A m_clude; dlsperlsévsed e:SCtEID_. 1. Infrared absorption spectra of solid CO in CO/Caixtures.
static, induced and repulsive interactions (Barnes ). Pro harp transition in the CO band width occurs when the amount of

variations are also observed during warm up of the ices ag@), in the mixture exceeds 22 %. This concentration initiates a strong
after UV irradiation. Broadening of features can reflect theggange in the steric configuration of the ice matrix.

molecular interactions as well as the presence of a distribution

of trapping sites. The nature of interaction (repulsive or attrac-

tive) determines the band shift as compared to the gas phasg.3. CO and C@

The Q branch of CO, inactive in the gas phase, occurs_at . .
2143.3 cmt. Gas phase COpeaks at 2349.1 cnt for the F@lepresentatlve spectra of the CO and,G®etching mode are

stretching mode and at 667.4 cinfor the bending mode. TheShOWn in Figures 1 and 2. The 2340 cfrsymmetric stretching

- : . . ode of pure CQis rather unique, showing a large FWHM and
fundamental transitions of the infrared inactive molecules (5n . . . .
and N fall at 1551 et and 2335 cm, respectively. These wings on the high and low frequency side at 10 K (see Fig. 2).

. . ; -~ The precise profile of this band is very sensitive to the molecu-
modes become weakly infrared active due to the interaction 0 ) . . . .
. . . lar environment, reflecting the importance of multiple trapping
the surrounding molecules in the solid state (Ehrenfreund et : . .
. . . sites and the ease with which g@rms complexes with a va-
al. 1992). Astrophysically, we expect that apolar ices will be

. : : . riety of species. The CObending fundamental falls near 650
dominated by CO, @ N, and CQ, while polar ices are likely cm~! (15.2 um). This vibration is doubly degenerate and the

H20 and/or CHOH-rich. We have concentrated in our StUOIIeEand splits when the axial symmetry of the molecule is broken

on the interactions of the 4 above mentioned molecules in ice .
. . . ) . and pure C@shows a clear double peaked structure in the bend-
mixtures of binary and multicomponent mixtures in order to de Al d doubl h he hiah
constrain the role of apolar ices. The results are presentec#rll mode. eis_ pronounce rc])u Ide structure (W. ere the hig

: . requency peak is seen as a shoulder) appears in £O0D
detail by Ehrenfreund et al. (1996). guency p : ulder) app in &

mixtures, as shown in Fig.3. The G®end is especially sen-

. . sitive to the ice composition. The presence of other species in
3.2. Particle shape calculations a CQ, matrix leads to a general blending of the two separate
Interaction of an electromagnetic radiation field with thBeaks as seenin CO/G@nd many multicomponent mixtures.
molecules in small grains can change the absorption profile dAdnost polar mixtures only one peak remains. The presence
peak position. It induces an electric charge near the surface®bCO also influences the detailed profile of bands by other
the grain, and therefore the oscillators in the grain are subjec&gcies. This is particularly pronounced for the CO fundamen-
to applied and induced electric field components. The strend@h(cf. Fig. 1). A strong change in FWHM (3 cm) is observed

of the induced component depends on the polarizability of théen the concentration of GGn the mixture changes from 21
grain, which in turn depends on the grainshape and the dielt&23 % indicating the importance of steric interactions induced
tric or optical constants of the ice (Bohren & Huffman 1983JY the presence of GO

The optical constants of all our spectra have been calculated Besides the physical and chemical environment these spec-
using the Kramers-Kronig analysis as described in Hudginsteg may also contain information on the chemical history of
al. (1993). A more detailed description of the determination 8#e ice. In particular, C@is readily formed by UV photolysis
the optical constants and subsequent particle shape calculatifrtd20/CO mixtures. The CO band (at 2136 th), shows a

for our ice mixtures can be found in Ehrenfreund et al. (1998yhoulder, centered near 2152 chin all binary ice mixtures in
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Fig. 2. Infrared absoption spectra of the €®and in multicompo- Fig. 3. Infrared absorption spectra of the €®ending mode in
nent mixtures. This figure illustrates the strong dependence of the QTD:0,:CO, mixtures. The double structure is evident for pure;@@d
stretching mode on the ice composition. When more than a few %aah be well distinguished in a CO:@0,=100:50:8 mixture. When
water ice are included in the mixture strong profile changes may ocdine concentration of C£n the matrix increases, the formation of com-
as observed for a G£H,0=10:1. plexes leads to a general blending.

which water is the main component. This band is assigned t0 ptice size and shape effects can affect the strong absorp-
CO-H,0 hydrogen bonded complexes in water ice (Jenmsketﬂ;n features of solid CO and GOWe have performed calcu-
etal. 1995,)' Upon irrgdiationthis fgature disappear.s rapidly, t?gt'ions for different particle shapes such as spheres, a contin-
cause CQis created in a very efficient way from this8-CO 5 gistribution of ellipsoids and core/mantle particles with
complex (Ehrenfreund et al. 1996). different mantle thickness. An example for a £8,0=10:1
From warm-up experiments we derive that CQ,@d G jce mixture is given in Fig. 4. The calculations were done in
are sublimated around 20 K under astrophysical conditions, pt{g Rayleigh limit, which is an approximation of Mie theory
CO;, is less volatile (T=56-80 K) and can survive somewhaér particles small compared to the wavelength (Tielens et al.
closer to the star. When CO is embedded in water ice it C@991). The upper panel of Fig. 4 shows the real and imaginary
diffuse through the KO lattice and is sublimed at T=65 K. Thepart of the dielectric constants of this ice mixture. The lower
evaporation of C@from polar ices occurs between T=85-15@ane| shows the normalized absorption cross section for dif-
K, depending on the C{oncentration. Large amounts of €O ferent particle shapes. The upper spectrum is measured in the
mixed with water lead to strong aggregates, complexes anghBoratory. The sphere shows a peak considerably shifted to the
fragile ice matrix, and C@evaporates around 85 K, similar top|ye, where Re{ is negative and Inj is small (Bohren &
pure CQ (Sandford & Allamandola 1990). Huffman 1983). The next case shows the broad absorption pro-
Large amounts of O and N are apparently missing from tfiee for an ensemble of particles where each ellipsoidal shape
gas phase and might be depleted on interstellar grains. Apataequally probable (CDE: ‘Continuous Distribution of Ellip-
ices might be a reservoir of £and N, in molecular clouds. soids’). For the coated grain model we assume a silicate core,
In principle, solid Q@ and N, can be detected by their weaklyand a CQ/H,0 ice mantle. The core and the mantle have equal
active fundamental transition in solid phase but those observatlume. Two peaks appear, because surface modes arise at the
tions are very difficult (Ehrenfreund et al. 1992). More likelynner and outer surfaces of the mantle. When the mantle volume
the presence of these molecules could be traced by their sglincreased with respect to the core, the separation between the
tle influence on the absorption features of CO and,Clhhe peaks decreases till they merge to the one peak for a core-less
laboratory experiments presented here form the basis for apperical grain. Finally, the bottom spectrum shows the case of
such identification. Figs. 2 and 3 show some illustrative exam-silicate grain core size distribution (MRN: Mathis, Rumple
ples of the power of this method to probe the infrared inactie Nordsieck 1977), with an ice mantle thickness of 0,01
component of interstellar ice mantles. irrespective of the core size. The peaks of the coated grain have
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datafiles exist containing the optical constants n and k. The
changes in the profiles are simulated for different particle shapes
such as spheres, ellipsoids and core/mantle particles. The link
http://www.strw.leidenuniv.nl~ehrenfreundisodb will be ac-

tive after 1.11.1996 including a help page for explanations. Us-
ing this database, observers can try to fit their measured profiles
themselves, and assess the influence of any particle shape us-
ing the optical constants. A complete paper with the physical
interpretation "Infrared spectroscopy of apolar ice analogs" is

- sphere submitted to A & AS (Ehrenfreund et al. 1996). Please refer
’g 92F ] to the present paper in the A & A special issue, when using
Er CDE ] datafiles from the database. We wish you fun and success!
O r 3
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5. Database on the WWW

This Letter is an announcement of a database of solid CO
and CQ for ISO which can be found on the World Wide

Web (WWW). This database contains more than 80 experi-
ments on apolar ices and standard polar mixtures. Additional



