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Abstract. Data of the Infrared Space Observatory 1ISO have Introduction

strongly influenced the current view of interstellar ice chem- . L
9y éerstellar ices coat the dust grains inside cold dense clouds.

. . |
istry. 1ISO and ground-based results have confirmed that télround-based observations have revealed solfd &hd CO as
most abundant ice species in warm regions close to massive

protostars are 4D, CO,, and CHOH. Ice segregation in € most abundant ice species in the interstellar medium (ISM).

those environments reflects the extensive thermal processl#g%iiipfoclﬁzasroeu??:r(\;ed tgvr\:?ar:jer;lgrig);g)ps;gztnirsgi\r'ﬁ"
of grains over the lifetime of protostars. We present here 3 9 9: ' ' 9

systematic set of laboratory infrared spectra of ice mixturggsed observations showed thatChH and N, are abundant

. . nthe line of sight toward some massive protostars (Dartois et al.
dominated by HO, CO, and CH,OH which have been exposeo‘
to thermal and UV irradiation processing. It is shown th ]tggga, Lacy etal. 1998). The Infrared Space Observatory ISO

the infrared bands of COand of CHOH are particularly ar‘1as provided extraordinary results concerning the nature of dust

sensitive to the ice composition, temperature and applied %?rtmles (see special issue alA 315, 1996 and d'Hendecourt

irradiation. The laboratory data suggest partial crystallizatio Ie‘ilé12%??622{('9??33?&%??? giiseg%:izzﬂ;e?n:‘r? com-
of interstellar ices in the protostellar environment. We present a P = 2.3-43 y

detailed laboratory study of the G®ending mode at 15,2m protostellar regions, free from telluric contamination. ISO led
The observed mlzlltipeai structure of thg Chending mooie to new insights into the composition of interstellar ices, thermal

is a result of thermal processing and can not be producedwcessmg in the protostellar vicinity and gas-grain chemistry

. L hittet etal. 1996, d’Hendecourtetal. 1996, Ehrenfreund et al.
UV irradiation in the laboratory. Laboratory results show thai : ! !
annealed CQice has a lower stability against UV irradiation 998, Gerakines etal. 1999, Boogert et al. 1999a). Abundances

than cold amorphous GQce. Annealed ice mixtures contain-Of many ice species in bright star-forming regions have been de-

ing H,O, CO, and CHOH show that the multipeak structure”;/:rd(fsr\?vn;)o bservations with the Short-Wavelength Spectrom-

of the CQ. bending mode is not destroyed by UV fluxes of A major discovery of ISO was the ubiquitous presence of

< 10" photonscm™2. Detailed analysis of kKD, CO, and ) s : .
- - . ’ : Cpg ice, with arelatively high abundance, namely 12—-20% rela-
CH;OH bands show that their profiles can be effectively us‘?ive toH,Oice (de Graa);wget al. 1996 d’HendeC())/urt et al.ol996

to trace the line of sight conditions and the origin and evolutiaq.. . . )
of the ice composition in dense clouds. The datafiles discuss(%c{tler etal. 1996, Whittet etal. 1998). In addition to solid £O

in this paper can be retrieved from the Leiden observatosy?v.eral other ice compon_ents could be identified in protostars.
database (www.strw.leidenuniv.aliab/isodb). §O|Id CH, was detected with an abundance.d—4% and OCS
with an abundance of 0.04—-0.2% relative tgdHice toward pro-
tostars (Boogert et al. 1996, Dartois et al. 1998, Palumbo et al.
ISM‘L995,1997). ISO observations of @@nd CH, in the gas phase
d_hdicate low abundances (Dartois et al. 1998, van Dishoeck et
al. 1996, van Dishoeck 1998, Boogert et al. 1998). Observations
of the 6um absorption band of NGC7538 IRS9 by ISO-SWS
showed that this feature cannot be matched using only the OH

bending mode of KO ice. A good match was obtained by adding
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the carbonyl C=0 stretching mode absorption of organic acids, 2
CO, stretch in CO,/CH,0H mixtures at 10 K

specifically formic acid (Schutte et al. 1996).

Recent ISO observations indicate that@® CO, and
CH3;OH ices dominate the grain surface close to massive proto-
stars, where volatile ices are already sublimed (Gerakines et al.
1999, Boogert etal. 1999a). Extensive ice segregation involvigg
CO, and CH,OH was observed in the protostellar environmerit
and is currently used as a sensitive tracer to investigate the eyo-
lution of ices in such environments (Ehrenfreund et al. 19955.
It has been shown that solid GBH and CQ exhibit specific =
intermolecular interactions which can be readily identified wit
infrared spectroscopy (Dartois et al. 1999b).

In this paper we present a database of laboratory studieszof
ice mixtures dominated by GQCHsOH and HO. We report
the results of C@ in polar mixtures and focus on the inter-
molecular interactions monitored during annealing, in order to
constrain the processes occurring during ice segregation. This
extends earlier studies of laboratory ice analogs containing CO
inapolarices (Ehrenfreund et al. 1996a, 1997). Infrared spectro- 2380 2360 2340 2320 2300 2280
scopic studies on CQOand CHOH ices have been previously Wavenumber (cm™)

performed by a number of authors. Sandford & Allamandolgy 1 infrared absorption spectra of tHeCO stretch in CQ/CH; OH
(1990) studied the spectral properties of solidd® apolar mixtures at 10K. Addition of 10% CEOH to CO, strongly broad-
and polar ices. The physical and spectral properties of annealgé the band (FWHM of 37 ciit) and results in a redshift of about
ices containing CKHOH were studied by Sandford & Allaman-10cni~!. Increasing the amount of GI®H shows a decrease in band
dola (1993). Palumbo et al. (1998) investigated the effectswitiths of the CQ band. The band shifts at the same time toward
annealing and ion irradiation on the bands of solid,@@xed higher frequencies. The difference in band position and width be-
in apolar and polar ices. Recent studies of solidsOH in- tween CQ:CH;OH =3:1 and 1:3 shows that the interactions between

frared band profiles in ion irradiated ices have been reported s OH and CQ are strongly related to their abundance ratio and that
Palumbo et al. (1999). a higher abundance of G@see Tabl&l1) leads to stronger perturbation

aggregate formation) reflected in a large band width.

CO,:CH,0H = 10:1 ]

CO,:CH,0H = 3:1 -

CO,:CH,0H = 2:1 |

CO,:CH,0H = 1:1 |

aIlre

CO,CHOH = 1:2 |

sorb

CO,CH,OH = 1:3 |

CO,:CH,0H = 1:10 |

pure CO,

In Sect. 3.1 we discuss the spectroscopic charac:teristicéacﬂ‘OI
binary ices containing COand CHOH. In Sect. 3.2 we add
H,O to these binary mixtures and study the infrared spectrum icrowave-excited hydrogen flow lamp. This source has a sharp
Sect. 3.3 we discuss the stability of ice mixtures containing C@mission peak at 1214 (Lyman «) and additional bands cen-
and CH,OH against UV radiation. The discussion of the resultgred at 1360, 1450, 1600 and 2880 which produce a total
is presented in Sect. 4. The laboratory point of view is discussg¥ flux of approximately 1&° photonscm—2.s~! (Weber &
in Sect. 4.1.1 and the observational constraints in Sect. 4.1.2Gfeenberg 1985). Values for the infrared cross sections have
Sect. 4.2 we report additional evidence for ice segregationtigen taken from Gerakines et al. (1995) fofGHand CQ and
the ISM and in Sect. 4.3 we summarize the current view of them Kerkhof et al. (1999) for CEOH.
evolution of icy grains according to the new laboratory results.

3. Results
2. Experimental 3.1. CQ/CH3OH binary mixtures
Ices were condensed as pure gas or gas mixtures in a high Vg CQ ice

uum chamber on the surface of a Csl window, cooled by &

closed cycle He refrigerator to 10 K. Gases and gas mixturBise spectrum of solid COshows a strong stretching mode
have been prepared in a glass vacuum manifold. The purityadf2342 cnt! (4.27um) which was recently detected ubiqui-
the used compounds are as follows@{liquid), triply distilled; tously in the dense interstellar medium with the ISO satellite
CO,(gas), Praxair, 99.996%; G@H(liquid), Janssen Chimica (de Graauw et al. 1996). Also the isotop¥CO,, situated at
99.9%. The deposition rate and sample thickness growth rag80cnr! (4.38um), was detected with ISO, allowing the es-
were about 1& moleccm=2.s~! and 1um-hr=!, respectively. timation of the carbon isotope ratio in the Galaxy (Boogert et
Infrared transmission spectra were obtained with a BioRad Fa&5 1999a). The other active infrared bands of solid,G@®e
40A spectrometer at a resolution of 1th Stepwise anneal- the bending mode at 650 crth (15.2:m) and the combination
ing in temperature intervals of a few Kelvin showed substanti@odes at 3700 cm' (2.70:m) and 3600 cm'® (2.78um), re-
changes in the infrared spectra. Thermal processing was Egrectively.

formed in a careful and slow manner to avoid local explosive Fig.[d shows the stretching mode 8ICO, in binary mix-
sublimation of the ices. UV irradiation was performed usingtares with CHOH at 10 K. Surprisingly, at concentrations of
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——— —_————
*C0, stretch in CO,/CH,0H mixtures | '"®Co, stretch, CH,0H:CO, = 1:1

CO,:CH,0H = 10:1

CO,:CH,0H = 3:1 |
C0,:CH,OH = 2:1

C0,:CH,0H = 1:1

C0,:CH,0H = 1:2

Absorbance (arbitrary units)
Absorbance (arbitrary units)

CO,:CH,0H = 1:3 |

CO,CH,0H = 1:10 |

pure CO,

2380 2360 2340 2320 2300 2280 ]
Wavenumber (cm™) 2400 2380 2360 2340 2320 2300

Fig. 2.Infrared absorption spectra of thieCO; stretch in CQ/CH3; OH
mixtures at~ 60 K. All spectra show exactly the same profile as thEig. 3. Infrared absorption spectra of th&CO, stretch in a
10K measurements (compare Fig. 1). Only the,@H;OH = 10:1  CO.:CH3zOH = 1:1 mixture during warm-up to 125K. At 10K we
mixture shows a change in profile. This mixture is rather volatile arbserve a single peak centered-a2340 cm ' which is characterized
the ice matrix is rearranged at low temperatures. by a large band width of 26 crit. During warm-up a second peak starts
to arise and becomes dominant at 125 K. As comparison we show pure
CO; centered at 2345 cit with a band width of 12 cm’.

Wavenumber (cm™')

10% CH;OH diluted in CQ ice, the spectrum of the GQtretch
shows a band width of 37 cn, the largest ever measured for ~ Strong complexes between GBIH and CQ are evident in
this feature. Large band widths are also observed in mixturesio# CG, bending mode displayed in F[d. 4. At 10K only pure
CO, and H,O when CQ dominates (Ehrenfreund et al. 1997)CO, shows a narrow and pronounced double peak at 660 cm
H,O-CQ, interactions have been studied in nitrogen matricesid 655 cm! (15.2:m and 15.3:m) due to the degeneracy of
and indicate that those molecules form a 1:1 complex where the transition. The addition of G}DH in the ice produces a
C, axis of H,O is orthogonal to the COmolecule, with the O of broad second peak centered at 648 ¢r(il5.4,m). Warm-up
H2O pointing toward the C@carbon (Fredid: Nelander 1976). to 60 K shows changes only in the most volatile mixture, namely
An explanation for the large band width in G@H;OH mix- CO,:CH30OH = 10:1. Warm-up to higher temperature$00 K
tures might be that COmolecules encage GI®H molecules shows the formation of double and triple-peak structures for the
and form a unique structure in the ice. €@ixtures which CO, dominated mixtures. We discuss the £fending mode
contain small amounts of 40 or CH;OH show, in addition to in detail in Sect. 3.2. The spectroscopic characteristics of the
the large band width, a strong redshift to 2330¢niThe band 2CO, stretching mode, thé*CO, stretching mode and the
width decreases when the @BIH concentration is enhanced2CQO, bending mode in 30 different mixtures are listed in Ta-
(see Figl). Spectroscopic studies of £i® Argon matrices ble[d.
indicate a feature around 2333 tiwhich is ascribed to CO
polymers, dimers and monomers (van der Zwetetal. 1989). T
indicates that the wing at 2330 crhmay have a similar origin.
During warm-up of the mixture COCH3;OH = 10:1 to~60K The spectrum of CKOH shows a wealth of bands in the near
the ice structure is rearranged and a band similar to purg C&hd mid-infrared region (Sandford & Allamandola 1993). The
becomes visible. Only the red shoulder indicates the remaininfrared CH stretching modes and the combination modes of
interaction between CQOand CH,OH (see Fig.R). CH3;OH, as well as the strong CO stretching mode of;OHi

Fig.[3 shows the C@stretching mode during warm-up in ahave been measured and are listed in Table 2. IfiFig. 5 we display
mixture of CG;:CH3OH = 1:1. The band position of the GO the CH stretching modes of GB®H in binary mixtures with
stretch in such a mixture is relatively close to pure,Got the COs.
width is twice as large. During the annealing process the band The mixture CQ:CH3;OH = 10:1 shows very sharp features.
shows a strong change in the profile, indicating that, @®d By increasing the CEOH concentration theg CH stretching
CH3OH strongly interact. modes of CHOH merge into a broad feature due to H-bonding.

S 2. cHOH ice
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Table 1. Positions and widths (in cit) of 12CO, and!3CO; infrared absorption features in binary and multicomponent ice mixtures. (s)

indicates band shoulders.

12CcQ, stretch 13CO, stretch 12c0o, bend

Position FWHM Position FWHM Position FWHM
Ice composition cm? cm™! cm™! cm™! cm™! cm™!
H-0:C0,=10:1 2342.4 16.7 2277.9 8.8 653.6/ 28.6
H>0O:CO,=1:1 2338.4 34.3 2279.3 8.6 655.2 27.6
COz:CH30H=10:1 2333.5 37.2 2279.2 8.4 655.5 15.5
C0O;:CH30H=3:1 2337.8 34.3 2277.8 8.9 656.4/641.8(s) 20.9
CO,:CH30H=2:1 2339.1 31.1 2277.0 8.3 657.0/643.1(s) 24.8
C0O;:CH30H=1:1 2339.8 25.7 2276.1 7.4 658.3/647.5 13.1/20.3
C0O;:CH30H=1:2 2339.6 18.4 2275.2 6.7 658.2(s)/646.1 11.6/23.4
CO,:CH30H=1:3 2339.8 16.9 2275.1 6.6 657.2(s)/645.8 10.6/22.8
CO2:CH30H=1:10 2339.8 10.0 2274.6 5.8 656.7(s)/644.7 28.0
H>0O:CH;0H:C0,=90:10:20 2342.0 19.4 2277.9 8.4 653.0 29.7
H>O:CH3OH:C0,=20:60:100 2339.6 28.2 2276.9 7.8 657.3/644.6(s) 29.3
H>O:CH30OH:C0,=40:60:100 2339.7 28.4 2277.2 7.8 656.9/645.2(s) 28.5
H>0O:CH3;0OH:C0,=100:60:100 2340.9 25.7 2277.5 7.9 656.4/645.9(s) 28.3
H>O:CH3OH:C0O,=50:70:100 2341.3 25.6 2277.1 7.9 657.5/645.8(s) 31.9
H>0O:CH30OH:C0,=80:90:100 2341.3 24.0 2276.9 8.4 657.7/646.8 14.9/21.6
H>0O:CH30OH:C0O,=100:100:100 2341.4 24.3 2277.1 7.7 657.8/644.6(s) 33.7
H>O:CH3OH:C0O,=70:100:100 2341.2 23.6 2276.7 7.7 658.1/649.6 14.0/21.4
H>O:CH30OH:C0O,=60:100:80 2341.1 21.6 2276.3 7.2 659.2/648.8 13.3/23.7
H>0O:CH3;0OH:C0,=120:70:100 2342.2 26.0 2277.8 7.9 657.3 32.3
H>O:CH3OH:C0O,=70:90:100 2341.3 24.9 2277.2 7.8 658.0 31.8
H>0O:CH30OH:C0,=50:100:100 2339.4 21.6 2276.6 7.6 654.8/648.6 19.1/23.2
H>0O:CH3;0OH:C0,=90:140:100 2339.3 19.8 2276.0 7.6 658.6/647.3 10.9/18.9
H>O:CH3OH:C0O,=20:50:100 2337.8 26.6 2277.5 8.2 656.9/643.7(s) 24.7
H>0O:CH30OH:C0,=30:50:100 2337.6 27.0 2277.5 8.1 649.9/643.6(s) 24.6
H>0O:CH30OH:C0O,=30:70:100 2339.0 24.1 2276.9 8.0 657.4/649.3(s) 14.0/15.4
H>O:CH3;OH:C0,=110:120:100 2341.9 21.8 2277.1 7.8 656.7 33.8
H>O:CH30OH:C0,=90:30:100 2341.8 29.7 2276.8 8.4 656.4 31.1
H2O:CH30OH:CO,:NH3=70:70:100:70 2341.6 24.4 2277.1 7.4 658.3/649.4(s) 14.3/18.8
HyO:CH3OH:CO;,:CH,=60:70:100:10 2341.0 26.4 2276.8 7.3 657.9/650.2(s) 15.0/15.8
H>O:CH3;0OH:CO,:CH4=40:60:100:23 2340.5 25.8 2288.5 7.2 658.1/649.6(s) 13.5/16.2

Thevs CH stretching mode is rather stable in band position awd this feature upon increasing dilution with @@oincides

band width in all the displayed mixtures. with the growth of a feature at 3634 crh This latter band
Fig[8 shows distinct differences for the,, vs, vg, can be clearly ascribed to the OH stretching mode ofGH

v10 CHs deformation modes of CHDH around 1460cm'  monomers or dimers in an apolar matrix. The isolation causes a

at various mixing ratios with C® in pure CHOH ice. strong blueshift of the feature relative to the position in the fully

The deformation mode consists of three narrow peaks Hibonded network. This behaviour is very analogues to that ob-

~1475¢cnm!, 1465cm! and 1447 cm! and a broad shoul- served for the OH stretching mode of@ in apolar matrices

der at~1420 cnt!. Upon dilution with CQ additional bands (Ehrenfreund et al. 1996b).

appear at 1380cnt, 1340cnt! and 1276 cm'. The bands For gas phase C{DH the g transition splits in two fea-

at 1380cntt and 1276 cm! are attributed to infrared inac-tures at 1339 cm* and 1332 cm!, respectively (Serrallach et

tive CO, modes which are activated by perturbing interactiorss. 1974). Thus the 1340 cm band falls very close to the gas

with neighbouring molecules. We compared these inactive CPhase position of theg band, confirming the assignment to iso-

bands in the mixture COCH3;OH = 1:1 with the CQ stretch lated CH;OH. We compared the 1340 crhband in the mixture

and derived their band strengths; -1&2° cm-molecule! CO,:CH3;OH = 1:1 with the CO stretch in CH{OH and derived

for the 1380 cm! band and<6.910-2! cmmolecule* for the bandstrength (per molecule @bH): 1.210-2° cm-mol—*.

the 1276 cmm! band. The band strength increase in the mixrhis value is dramatically enhanced by a factor of 280 in the

ture CQ:CH3;OH = 10:1 is~1.810"2°cmmolecule’! and CO,:CH;OH = 10:1 mixture, resulting in a band strength of

~9.010~2! cmmolecule! for the 1380 and 1276 cm fea- 3.2.10~ '8 cm:molecule.

tures, respectively. The peak at 1340¢mis ascribed to

CH3;OH isolated in the apolar COmatrix. The appearence
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Table 2. Position and widths (in cm') of CH;OH infrared absorption features in binary and multicomponent ice mixtures. (s) indicates band
shoulders.

CH3;OH CO stretch CHOH CH stretch ¢3) CH3OH combinations

Position FWHM Position FWHM Position
Ice composition cm! cm™! cm! cm™! cm!
C0O,:CH30H=10:1 1020.8 26.4 2847.3 29.8 2668.9/2611.1
CO,:CH3;0H=3:1 1025.1 31.6 2835.3 42.0 2590.3/2529.0
CO,:CH30H=2:1 1025.8  31.6 2834.2  43.0 2590.0/2526.0
CO,:CH30H=1:1 1025.7 32.6 2831.4 42.2 2591.6/2526.9
CO,:CH3;0OH=1:2 1025.8 32.3 2829.7 40.3 2592.8/2528.0
CO,:CH30H=1:3 1026.0 32.2 2829.4 405 2591.9/2527.5
C0O,:CH30H=1:10 1026.1 31.0 2827.9 32.3 2592.0/2528.2
H50O:CH;OH:C0,=90:10:20 1015.9 27.3 28335 38.9 2600.6/2542.6
H2O:CH;0OH:C0,=20:60:100 10249 325 2833.7 457 2592.1/2528.3
H»O:CH;OH:C0,=40:60:100 1023.0 33.2 2833.7 444 2592.5/2531.4
H20O:CH3OH:C0,=100:60:100 1018.7 335 2833.2 46.6 2597.3/2536.7
H»O:CH;OH:C0,=50:70:100 10235 35.1 28325 42.6 2593.5/2532.4
H»O:CH;OH:C0,=80:90:100 1024.1 355 2832.0 457 2594.0/2533.5
H20O:CH3sOH:C0O,=100:100:100 1023.7 355 2832.3 447 2594.2/2534.4
H20:CH;OH:C0,=70:100:100 1025.1 353 2831.7 44.2 2593.6/2531.5
H»O:CH;OH:C0,=60:100:80 10258 35.2 2831.1 437 2592.4/2531.3
H20O:CH3OH:C0,=120:70:100 1022.2 354 2832.6 49.4 2597.7/2535.9
H2O:CH;OH:C0,=70:90:100 1025.3 355 2831.6  45.0 2595.5/2532.6
H»O:CH;OH:C0,=50:100:100 1019.3 335 2758.6  45.0 2594.3/2528.9
H20O:CH3OH:C0,=90:140:100 1025.0 32.7 2830.0 43.3 2594.5/2530.8
H20:CH;OH:C0,=20:50:100 1025.8 32.2 2833.4  45.2 2595.4/2527.7
H20:CH3;OH:C0O,=30:50:100 1026.2 32.3 2833.7 44.9 2591.2/2529.9
H20O:CH3OH:C0O,=30:70:100 1025.2 331 2832.9 43.4 2594.3/2529.7
H2O:CH;OH:C0,=110:120:100 1024.2 36.4 2831.8 41.6 2596.1/2536.4
H»O:CH;OH:C0,=90:30:100 1018.7 311 2834.1 515 2599.0/2538.4
H2O:CH3OH:CO;,:NH3=70:70:100:70 1026.9 30.9 2827.2 43.8 2618.4/2594.4(s)/2537.6
H2O:CH;OH:CO;:CH,=60:70:100:10 1024.6  33.4 2832.2  39.0 2593.0/2532.8
H,O:CH;OH:CO,:CH,=40:60:100:23 1025.1  33.1 28325 404 2595.9/2531.1
3.2. H,bO/CO,/CH3OH mixtures (15.4um) disappears only at higher temperature, at which the

L . 665cnT! (15.01m) peak becomes broad and dominant. The
Parameters of the GyOH gnd cQ b_ands In mixtures to_wh|ch shoulder is produced by the Lewis acid-base interaction be-
H,O has been added are included in Tables Té&nd ZJFig. 7 shows
. . . ) ween the carbon atom of GGnd the oxygen atom of a spe-
the CQ, stretchmg mode during warm-upina m|xtu.r§ of®), cific polar molecule such as G®H (Dartois et al. 1999b). Polar
CH3OH and CQ in equal proportions. The band position of the

) . . . molecules such as#D and NH; in abundance inhibit the com-
CQO;, stretch in such a mixture is relatively close to puresCO 30 H

but the width is twice as large. During the annealing proce%e;rtgrsnﬁt;?nlggzg their efficient hydrogen bonding ability
the band shows strong changes in the profile, indicating that the _. ' ' :

. Fig[d shows the effect of the GKDH concentration on the
three molecules strongly interact. ' .

In Fia.B we show the bending mode which appears rat rofile of the CQ bending mode &af'~105 K. The shoulder at
broad a:?io\ll<v(v34 (anrl) Durirl1 gthe Warvr\r/1-:1 a Ft)r? le-peak 8cnr! (15.4um) increases when the GBH concentration
structure is formed Whéreas ie double pepak hat)s bgen increases. The triple peak structure remains after recooling to
cussed by Ehrenfreund et al. (1996a), the shoulder at 648 cri K. For a detailed chemical view of the molecular complexes

(15.4.m) has been identified with GECH;OH complexes in such ices and their chemical properties the reader is referred
. 3

. .~ to Dartois et al. (1999b).
(Ehrenfreund et al. 1998, Dartois et al. 1999b). Warming up The effect of the varying KO content on the profile of

to even higher temperatures of 120K in the laboratory give . A . .
double peak profile. The triple-peak is stable in laboratory snga}e CQ bending mode is displayed in FigI10 which shows

. ) X a comparison of laboratory measurements with each other and
tra during a temperature interval ef15—40 K depending on P Y

. o . o ; with astronomical data of the massive protostar W33A. The as-
the exact ice composition. In comparison with binary m|xtur%s

of CO, and CHOH. addition of HO enhances the tempera—JOphySICzl |n_1pllcat|((j)ns will behd|scusse|d_ in Skect.4. A water
ture interval over which the triple-peak is stableb250% and hommalte m|xtL_|re V?/E;]S nort]s EOW amu Epea structure upon
also decreases the width by10%. The shoulder at 648 cmh thermal processing. When the & content becomes compara-
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e e I A
t CH stretch modes of CH;OH at 10 K

L L A B B B
€0, bend in CO,/CH,0H mixtures at 10 K

(a)

CO,:CH,0H = 10:1

CO,CH,O0H = 3:1

CO,CH,0H = 21

CO,:CH,0H = 10:1

CO,.CHOH = 1:1

CO,.CH,0H = 1:2

CO,:CH,0H = 1:3 CO,:CH,0H = 3:1 |

CO,:CH,0H = 1:10

pure CO, CO,:.CH,OH = 2:1 |

|

CO,CHOH = 1:1 |

T

@
© —_
E
-~

Absorbance (arbitrary units)

CO,:CH,0H = 1:2
C0,:CH,0H = 10:1 B

CO,:CH0H = 3:1 C0,:CH,0H = 1:3 1

CO,:CH,OH = 2:1

CO,CH,0H = 1:1
CO,CH,0H = 12

CO,:CH;0H = 1:10 7

CO,:CH,O0H = 13

pure CH,0H

CO,:CH,0H = 1:10

3100 3000 2900 2800 2700 2600
Wavenumber (cm™')

Absorbance (arbitrary units)

Fig. 5. Infrared absorption spectra of the CH stretching modes of solid
CH3;OH mixed with CQ. For thevg stretch 4 peaks centered around
2960 cn1 ! are observed. The narrow band at positions varying between
[ o5k cogomon = 31 4 2847cmt and 2827 crm’® corresponds to thes stretch. The latter

- shifts toward lower frequencies as the £0OH3;OH ratio decreases
(see also Tablel 2). At the same time the multipeak structure ofg¢he
stretch at 2950 cm' (3.39:m) becomes less pronounced.

T

2

o o~
%
NI

CO,CH,0H = 10:1

CO,CH,0H = 21

CO,:CH,OH = 1:1

CO,:CH,0H = 1:2
CO,.CH,O0H = 13

;I;zi :ic}iZH = 13CQ, stretch in the laboratory and in the ISM see Boogert et
e YN e ) (1999a),
680 660 640 620 600 In Fig[12 we show the OH stretching mode of®l and
Wavenumber (cm™) CH30OHinan H,O:CH3;OH:CO, = 1:1:1 mixture during warm-

Fig. 4a—c.Infrared absorption spectra of the @®ending mode in up. During warm-up to 136K the OH stretching mode Wh_'Ch
CO,/CH5OH mixtures at 10 K60 K and~100K. In pure CQ the falls at 3290cm! (3.0um) at 10K shows a large redshift
spectrum of the bending mode shows a double peak at 660 amd  Of 37 cnm ! and isolated HO and CHOH bands, visible at
655 cni !, respectivelya At 10 K the addition of 10% CKOH shows 10 K between 3700-3660 cm, disappear. This indicates a re-
asingle peak at 655 cm. When increasing the G}OH contentinthe arrangement of the $0 and CHOH molecules in the ice ma-
mixture, a second peak appears-é648 cni ! due to the formation of trix. The overtones of C@at 3700 cnt! and 3600 cm?, re-
complexesb Attemperatures 0£-60 K we observe the same behaviorgpectively, show a decrease in band width and a blueshift of
The 10% CHOH mixture_ show_s a double pgak indicating interaction, 1 cnt 1, as observed for pure GO
between C@ molecules in the ice segr_egatlon prpcecsAI temper- Fig[I3 displays the region of the,® bending mode
_atures of~ 100K we obs_erve pea_k splitting for r_nl)_(tures V\_/hereﬁoat 1660cm! (6.02um) and the CHOH deformation mode
is abundant. CEOH-dominated mixtures show similar profiles for all 1 . . .
temperatures, due to their higher stability during thermal processing/ound 1460cm™ (6.8um) during annealing of a mixture
50:CH;OH:CO, = 1:1:1. The deformation mode of GBH
consists of 4 peaks: three narrow peaks~atl477cnr!,
1462cnt! and 1450cm! and a broad shoulder at
ble to CQ, and CH,OH, the band is shifted to the blue and th@420cnT! corresponding to the,, vs, v6 andv;y CHs de-
triple substructure starts to appear since,€@mplexes with it- formation modes. For the 1450 cthpeak we find a redshift of
self and with CHOH are now able to form. Further lowering of~ 5 cm! during warm-up, whereas the other bands are stable
the H,O ice concentration (£KD/CO,<30%) causes a generalin position. The slope of the three narrow peaks is however in-
redshift of the band and an enhancement of the broad.&b.4 versed during warm-up. TheJ@ bend appears broad at 10 K
shoulder of C@-CH3;OH complexes. and decreases in width during warm-up. At 112 K a second band
Fig[11 shows thé*CO, band in various mixtures contain-developes at the blue wing at 1720cth(5.81:m).
ing CH;OH and H 0. In all cases th&CO, band is broad and In Fig.[14 we show the CO stretching mode of {bH at
shifted relative to pure C9 For a detailed discussion of thelOK in various mixtures. The CO stretch is rather stable in
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‘ ‘ ‘ ——
CH,0H deformation in CO,/CH,0H mixtures at 10 K I 12C0O, stretch, H,0:CH,0H:CO, = 1:1:1

C0,:CH,0H

C0,:CH,0H

Absorbance (arbitrary units)
Absorbance (arbitrary units)

CO,:CH,OH =
C0,:CH,O0H =
CO,:CH,O0H =

CO,:CH,OH = 1:10 |

pure CO, 10 K-

pure CH,OH
T

|
1500 1400 1300
Wavenumber (cm™)

2400 2380 2360 2340 2320 2300
Wavenumber (cm-!

Fig. 6. Infrared absorption spectra of the @BH deformation in Fig.7. Infrared absorption spectra of th&CO, stretch in a

CO,/CH30OH mixtures at 10K. The deformation mode consists qf . . o . . -
three narrow peaks at 1475cnt?, 1465cm ! and 1447 cm® and F20:CH;OH:CO; = 1:1:1 mixture during warm-up up to 136K. At

. 10K wi rve a singl k center 41 cmv ! which is char-
a broad shoulder at- 1420 cnT'. The structure of the triple-peak 0 . € observe asing € peak cente eftm ¢ chischa
h the relati tof OH i The ext K acterized by a large band width of 24th At 117 K a second peak

Smoo enffls ere "",'}’e amounto ) Increases. 'he extra peakiarts to arise as a blue wing probably due to aggregate formation. With
at1380cm, 1276 cm ~ and 1340 cm ™ are particularly strongin the . . - -

. ) o . 4 ncreasing temperature the 2341cthpeak decreases in strength. As
mixture CG,:CH3OH = 10:1. They may be attributed to the infrare . AP
. . ) : comparison we show pure GQ@entered at 2345 cit with a band
inactive CQ modes and isolated GIDH, respectively.

width of 12 cnt.

position and width in the mixtures reported here. The band widtiay be protected in such an amorphous ice structure. However,
varies between 26.4 cm and 35.5 cm! and the band position inherent instabilities in the lamp flux cannot be excluded and
varies between 1026 cmh and 1016 cmi!. The peak appearing be partly responsible for differences in destruction rates. After
at 1080cnt! in CO,:CH3;0H=10:1 likely corresponds to thel hour UV irradiation of the annealed ice mixture at 85K we
CO stretching mode of CHDH isolated in the apolar matrix. observe about 33% decrease of£3 well as of CHOH. After
Finally Fig[T5 displays the combination modes of {LH 2 hours we measure a decrease of 60% 0§ GH, CO, main-
at 2600 (3.84:m) and 2526 cm! (3.96um) at 10K. These tains at the same level because an equilibrium of formation and
CH30OH bands can be observed with ground based telescogestruction is reached. Thus the annealed ice mixture is more
and are used to estimate @BIH abundances in the ISM. Asvulnerable to UV photons, leading to faster destruction of CO
shown in the figure, they are rather stable in shape in thowed CHOH.
mixtures. A strong blueshift is observed for mixtures with a In Fig[I1 we show the C© bending mode of a
low CH3OH abundance compared tg@. H,0O:CH;OH:CO, = 0.5:0.8:1.0 mixture at 10 K. The destruc-
tion of CH;OH and CQ in such a mixture leads to the forma-
tion of CO, H,CO and other photoproducts (cf. Gerakines et al.
1996). Only slight modifications in the G@rofile are observed
We have subjected G¥DH-CO,-H,O mixtures to UV irradia- after 2 hours of UV irradiation. In particular the shoulder around
tion in order to study their stability in the protostellar environé48 cn! (15.4m) is diminishing over time. Since this peak is
ment. In Figl_Ib we display the destruction of §bH and CQ attributed to CHOH-CO, complexes, the efficient destruction
ina H,O:CH;OH:CO, = 0.5:0.8:1.0 mixture at 10 K and 85 K.of CH30OH by UV light leads, obviously, to a decrease of this
The thickness of the samples is less than/rl(see Sect. 2) band.
to allow full penetration of UV photons. Also displayed is the Irradiating a mixture of HO:CH;OH:C0,=0.5:0.8:1.0 at
destruction of CHOH in the pure phase. After 1 hour UV irradi-10 K does not produce a triple-peak structure. We also inves-
ation at 10 K the abundance of GBH and CQ has decreasedtigated the stability of this ice mixture, thermally processed to
by 26% and 8% respectively and about twice as much afteB2K, by irradiating the annealed ice which displays the triple-
hours irradiation. These values are rather low compared to 1@#&ak structure in the C{bend. This is shown in Fig.18. After
measurements of pure ices, indicating that;OH and CQ 1 hour UV irradiation the shoulder at 648 ci(15.4m) has

3.3. UV radiation
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T e
CO, bend, H,0:CH,0H:CO, = 1:1:1 | | CO, bending mode at 105 K

mixtures of

H,0:CH,0H:CO, =

0.7:0.7:1.0

Absorbance (arbitrary units)
Absorbance (arbitrary units)

700 680 660 640 620 600 700 680 660 640 620 600

Wavenumber (cm-1) Wavenumber(cm™")

Fig. 8. Infrared absorption spectra of the @®ending mode in an Fig. 9. Infrared absorption spectra of the @®ending mode in an-
H20:CH3;OH:CO;, = 1:1:1 mixture during annealing to 136 K. At 10 Knealed HO:CH3; OH:CO, mixtures. The profiles consist of two peaks
the bending mode is characterized by a broad asymmetric profile wait~ 660 cn ! (15.15.m) and 656 cm* (15.24;:m) and a shoulder
two shoulders at 658 crit and 648 cm*. The peak at 658 cnit starts  at~ 648 cni * (15.4 micron). For increasing amounts of §BH rela-
to split symmetrically at-90 K. The magnitude of the low frequencytive to H,O and CQ, this shoulder grows and becomes equal or larger
shoulder decreases with increasing temperature and disappears sfpam-the other two peaks. This implies that the absorption at 648 cm
taneously at 121 K. is due to complexes between ¢@nd CHOH (Ehrenfreund et al.
1998, Dartois et al. 1999b). A smaller abundance gbténhances the

N Ider at 15. dleads t i d band width.
decreased significantly and cannot be observed anylongera?[]é)ru er at 15.4m and leads to an increased band wi

2 hours UV irradiation. This provides additional evidence that
the 15.4um feature is due to CEOH-CO, complexes, which
are destroyed by photolysis. In contrast, the double peak struc-
ture becomes more prominent with increased photolysis. Ae laboratory gives a double peak profile, which is observed in
parently, the photolysis stimulates the ice segregation processirm protostellar regions such as S140 (Gerakines et al. 1999).
The implications for the interpretation of astronomical data have
been extensively discussed by Boogert et al. (1999a,b) and Ger-
akines et al. (1999).
4.1. Ice segregation Jenniskend: Blake (1994) defined with X-ray diffraction
studies several structures of amorphous and crystallg@ H
ice. In cold dense clouds with temperatures of 10 KOHce
exists apparently in the high density amorphous form. Con-
Extensive and detailed studies of annealed binary and multipkrsion of HO ice from the high density amorphous to the
ice mixtures containing C§ CH;OH and HO allow us to low density amorphous form occurs in the laboratory between
monitor the motion of molecules and the overall changes in tB8—68 K. During this phase the ice will rearrange and allow pre-
ice matrix. viously spatially separated species to interact. The presence of
Recent ISO data display a very distinct triple-peak structucathrate hydrates in cometary ices has been suggested to be re-
for the CG, bending mode (Gerakines et al. 1999). In compasponsible for gas releases at large radial distances from the Sun.
ison with laboratory results it was shown that the astronon@lathrate structures are nonstoichiometric solutions of small
cal profile can only be reproduced when £BH is added to molecules within an ice-like ¥#D network. CHOH as guest
CO, and HO ice. The best fit could be obtained using amolecule in BO leads to the formation of type Il clathrates.
annealed mixture of equal proportions of®, CH;OH and It has been shown that also €@ capable of “stabilizing” the
CO, (see FigllID). The shoulder at 648Ttm(15.4um), ap- type Il clathrate hydrate through interactions within the small
pearing during the annealing process has been identified witlges (Fleyfel and Devlin 1991). The cubic type Il clathrate
CO,-CH30H complexes (Ehrenfreund et al. 1998, Dartois et dlydrate is a polyhedral clathrate efL7 A size. The unit cell
1999b). Warming up to even higher temperatures of 120 K @ontains HO molecules in a closest packing, linked together

4. Discussion

4.1.1. Amorphous versus crystalling® —
clathrates in the ISM?
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[ CO, bend in mixtures with varying H,0 content

H,0 OH stretch, H,0:CH,0H:CO, = 1:1:1

W33A

[T =107 K H,0:CH,O0H:CO, = 100:10:20

[ T =102 K H,0:CH,0H:CO, = 120:70:100 |

H,0:CH,0H:CO, = 100:100:100

Absorbance (arbitrary units)
Absorbance (arbitrary units)

H,0:CH,0H:CO, = 70:70:100 |

H,0:CH,0H:CO, = 20:70:100

CH,OH:CO, = 100:100

700 680 660 640 620 600 580 3800 3600 3400 3200 3000 2800 2600

-1
Wavenumber (cm™) Wavenumber (cm™')

Fig. 10. Infrared absorption spectra of the ¢®ending mode in Fig-12. Infrared absorptlon spectra of the OH stretching mode of
annealed HO:CH;OH:CO, mixtures with varying HO content H20 at 3290cm’ (3.0um) in an HO:CH;OH:CO, = 1:1:1 mix-
(H20/CO; =0-10) are compared to the spectrum toward the high mdyse during warm-up. Annealing to 136 K results in a redshift of the
protostar W33A. The best it is obtained using a mixture witfori OH stretch of HO of 37cm . Isolated HO and CHOH bands
CH;OH and CQ in similar proportions. The shoulder a667 cn! ~ around 3600cm’ disappear durlng warm-up. The overtones of;CO
is partly due to C@ gas in the line of sight of W33A. at 3700cn! and 3600 cm’, blended at low temperature with iso-
lated HO and CHOH bands, become sharper during warm-up and

L ‘ show a blueshift of-10 cn !, At the red wing of the 3.@m band are

3C0, stretch in various matrices at 10 K | the CH stretching modes of GIOH (see Fidb).

by hydrogen bonds, which can encage molecules of appropriate
sizes (Mak & McMullan 1964).

Phase separations and microporous textures have beeniden-
tified with electron microscopy in annealeg ®CH;OH ices
(Blake et al. 1991). Clathrate hydrates of type Il have been un-
ambiguously identified in mixtures where the ratio of thgCH
and guest molecule (G}¥DH) was as high as 2:1. The excess
CH3;OH was segregated into grain boundary layers of nearly
pure CHOH, which remained amorphous. In addition to the
electron optical studies, Blake etal. (1991) recorded the infrared
absorption spectra of #D-CH;OH ices doped with a small
amount of CQ to act as a sensitive local probe. During warming
upto 125 K thé2C0O, asymmetric stretching mode, peaked near
1 2340cnt!, was replaced by a blueshifted peak at 2346 tm
- The blue shift indicates that some of the £@olecules were

CO,:H,0 =1:10

CO,:CH,0H = 10:1

CO,:CH,O0H = 3:1

CO,:CH,0H = 1:3

CO,:CH,0H = 1:10

Absorbance (arbitrary units)

H,0:CH,0H:CO, = 90:10:20 |
H,0:CH,0H:CO, = 20:60:100 |

H,0:CH,0H:CO, = 80:90:100 |

B | ‘ pore CC?Z —— transferredinto smaller, repulsive sites (Blake etal. 1991). These
2290 2280 2270 2260 new sites were probably associated with the clathrate hydrate
Wavenumber (em™) structure. We have observed a similar behavior of @0,

Fig. 11. Infrared absorption spectra of tH&CO, stretch in various St_retch profile d_urlng War_m-up of #0:CH;OH:CO; = 1:1:1_ .
matrices at 10 K. The addition of other molecules to,Ge results in MiXtures (see Figl7), which are however also observed in bi-
an increased band width varying between 5.8 and 9:8'cifihe mix-  nary ice mixtures of Coand CH,OH without H,O (see Fig.B).
tures containing CEOH in abundance display a redshiftefscm~!  An indication for the presence of “boundary phases” of pure ice
compared to pur&CO,. Pure'*CO, is known to have a very narrow could be the symmetric splitting of the G®ending mode. The
band width of 2.4 cm’. double-peak profile of the Cbending mode in annealed mul-
ticomponent mixtures is much broader than the profile of pure
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Absorbance (arbitrary units)

H,0:CH,OH:CO, =

H,0 bend + CH,OH deformation

1:1:1

Fig. 13.Infrared absorption spectra of the ® bending mode and the
CH3OH deformation mode in a $#0:CH;OH:CO, = 1:1:1 mixture
during warm-up. The deformation band of @BIH consists of 4 peaks:

1600 1500 1400 1300

Wavenumber (cm™')

three narrow peaks at 1477 cnm!, 1462 cm! and 1450cm® and

a broad shoulder at 1420 cn!. For the 1450 cm® peak we find
a redshift of~ 5cm™! during warm-up, whereas the other bands are
stable in position. The slope of the three narrow peaks is inversed during
warm-up. The HO bend appears broad at 10 K and decreases in width
during warm-up. At 112 K a second band developes at the blue wing 8o

at1720cm’ (5.81um).

Absorbance (arbitrary units)

~ CO stretch in CH,OH at 10 K

€0,:CH,0H = 10:1
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H,0:CH,0H:CO, = 100:60:100-]
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pure CH,0H

1100 1050

Fig. 14. Infrared absorption spectra of the CO stretch in;OHl at
10K. The band width varies between 26.4chand 35.5cm! and

1000 950

Wavenumber (cm™')

the position varies between 1026 thand 1016 crm*.

I I
CH,OH combination modes at 10 K

| COp:CHOH = 2:1
[ CO,:CHOH = 1:3
7H20:CH30H:COQ = 90:10:20
[ H,0:CH,0H:CO, = 40:60:100

H,0:CH,0H:CO, = 100:60:100

Absorbance (arbitrary units)

FH,0:CH,0H:C0, = 70:70:100

[ Hg0:CH,0H:CO, = 90:90:100

| pure CH,0H

| | |
2700 2600 2500
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Fig. 15.Infrared absorption spectra of the combination modes of solid
CH3OH in various matrices containing also ¢é&nd H,O admixtures.

The profile shape does not change significantly for the selected mix-
tures. A strong blueshift of 20 cn! is observed in the mixture with
high H,O abundance.
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Fig. 16. Destruction of CHOH and CQ during irradiation of a
H20:CH;0H:CO, = 0.5:0.8:1.0 mixture at 10K and after warm-up
to 85 K. Also displayed is the destruction of pure £BH.

CO, at 10K. Spectroscopically we can also evidence that iso-
lated H,O and CHOH bands are strongly visible at 10K but
dissappear during the annealing process, probably joining the
polymer (see Fid.12).

To summarize, we have indications for the presence of
clathrates and therefore evidence for partial crystallization of
the ice. However, the described infrared properties may also
result from changes in the ice matrix introduced during the con-
version of high density amorphous ice to low density amorphous
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€0, bend during UV irradiation at 10 K ice. Only X-ray diffraction studies can be conclusive about the

- - ice structure during the annealing process.
H,0:CH,0H:C0, = 0.5:0.8:1.0

4.1.2. Interstellar ice processing

Our current view of interstellar ices is that prior to the formation
of the protostar rather volatile species accrete in an interstellar
ice mantle. Observations of background field stars, probing cold
dust in the general dense medium, show that the ice mantle
in such regions is segregated in a polar and apolar ice phase
(Sandford et al. 1988, Tielens et al. 1991, Chiar et al. 1998).
This segregation may be caused by selective desorption events
that separate the most volatile (CO;)Nce components, e.g.
explosive mantle desorption orimpulsive heating by cosmic rays
(Léger et al. 1985, Schutte & Greenberg 1991). This then leads
to an ice mantle showing a layered structure, i.e. with the stable
refractory ices forming an inner mantle and the volatile ices on
the outside. This layered ice mantle is thermally processed once
| | | the newly formed star warms up its environment. This then leads
700 650 600 to a spatial separation of the ices. Far from the star where the
Wavenumber(cm-1) temperatures are low, the initial volatile mantles survive and this

Fig. 17. Infrared absorption spectra of the €®ending mode of a ¢an be recognized in the solid CO profile (Tielens et al. 1991,
H20:CH;OH:CO, = 0.5:0.8:1.0 ice mixture at 10K during UV irra- Chiar et al. 1998). Closer in, the more volatile species have
diation. After irradiation of two hours 44% of the GBH and 15% evaporated, leaving behind,®, CH;OH, and CQ in a mixed
of the CQ; is destroyed and we observe a noticable decrease of thelecular ice along with the refractory ices (Ehrenfreund et al.
strength of the 648 cmi' (15.4,:m) shoulder. 1998). Even closer in, these mixed ices segregate into separate
ice components (but still on the same grain).
In this paper we have studied the spectroscopic properties of
\ \ \ \ 1 H20,CH;OH and CQ ice mixtures at 10 K and during thermal
€O, bend during UV irradiaton at 85 K | processing and UV photolysis. The unique triple-peak structure
H,0:CH,0H:CO, = 0.5:0.8:1.0 of the CG, bending mode at 15,2m which was observed to-
| ward many sources in the interstellar medium could only be
reproduced in the laboratory by adding significant amounts of
CH30H to H,O-CO, mixtures and subsequent thermal pro-
cessing (Ehrenfreund et al. 1998). Annealed binary mixtures
containing CHOH and CQ also show the triple-peak struc-
ture, but the overall position of the Grending mode is too
red to fit the interstellar data (see Higj. 4 and Fig. 10). Th®H
molecules apparently play a fundamental role in stabilizing the
CH30OH-CO, complexes and the presence of M shifts the
CO, bend to obtain a perfect fit (see Eig 10). The annealegl CO
band shows in the laboratory a stable profile over the tempera-
ture range 80-120 K, correspondingt@0-80 K in interstellar
space (Boogert et al. 1999a). Complexes betweeg@Hand
CO, lead to a shoulder at 15.4 micron which becomes too weak
to fit the astronomical data when the ® exceeds the CHOH
and CQ abundance by more than 20% (see Fig. 10). The
‘ . 1 abundances of CH¥DH and CQ have to be approximately equal
700 680 V?Si’enumber(ci‘}?) 620 600 in order to reproduce the triple-peak structure in astronomical
data.
Fig. 18. Infrared absorption spectra of the @®ending mode of an Any kind of processing, such as UV radiation, cosmic ray
annealed KO:CH;OH:CO; = 0.5:0.8:1.0 ice mixture displaying the hjombardment as well as cosmic ray induced UV radiation leads
triple peak. After_ two hours of UV irradiation 61% of the GBH and {4 the destruction of CKDH and CQ. This in turn results in the
33% of the CQ is destroyed. The shoulder at 648chcompletely  yestrction ofthe CEOH-CO, complexes and changesthe £O
vanishes and the peak splitting increases. bending mode profile. The photolysis of annealed ice mixtures
showed that this ice structure has a limited lifetime. We note

Absorbance

Absorbance
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‘ 50% (Skinner et al. 1992). The column density ratio is only

~0.1 again indicating that the GH is part of a separate ice

B - component, not well mixed in with thed® ice along the line of

L GL2136 ground-based ‘ 1 sight. Dartois et al. (1999a) observed theCH stretching mode
and combination modes of G®H using ground based obser-
vations toward the massive protostars GL7009S and W33A. The
best fit for these CKHOH bands could be obtained with a com-
bination of pure CHOH and an annealedJ®-CH;OH-CO,
mixture as mentioned above.

Additional bands are appearing in the presented study which
could also be present in ISO spectra or ground-based data. An
absorption feature at 2040 crh (4.9:m) is observed toward
many lines of sight. It has been matched to the CO stretching
mode of OCS (Palumbo et al. 1997). We observed a band at
the same position in annealed30 K) H,O/CH;OH/CG,; ice
mixtures and attribute this to the overtone of {L3H. This fea-
ture may contribute-20% to the astronomical band, in good
agreement with previous results (Grim et al. 1991, Dartois et al.
1999b).

‘ ‘ Observations of RAFGL7009S and NGC 7538 IRS9 reveal

° %% avelenath 10 105 anabsorption band at 1720 ci(5.8:m) which coincides with

avelength (um)
the CO stretch of HICO and HCOOH (d’'Hendecourt et al. 1996,

Fig. 19.The CO stretch of CKOH at 9.7um (1026 cni ") observed  Schutte et al. 1996). As shown in Fig] 13 a band at this position
toward the YSOAFG_L 2136 by_Sk_inne_retaI.(1992) (dgshedline) an%ﬁpears upon heating of &8:CH;OH:CO, = 1:1:1 mixture
H20-CH; OH-CO, mixture (solid line) in equal proportions, annealedy, 150k |y astronomical spectra this feature will however be
to 107 K. The good fit indicates ice segregation and thai@Hiis not masked by the strong;ém bending mode of the bulk 0 ice.

mixed with the bulk of HO ice on grain mantles in the line-of-sight. .
The same mixture at 10 K does not fit these observations. The wings in Fig[§ shows three bands at 1380t (7.24um),

the astronomical spectrum arise from smoothing the substantial nots#$*0 C”_r_l (7.46pm) and 1276 C_ml (7.84um) appearing
at the continuum. in specific CHOH-CO, binary mixtures. The 7.24m and

7.46m bands roughly coincide with two weak bands that are
observed toward several high mass protostars (Schutte et al.

however that at the present time it is not possible to derivel899). However, the low band strength of the 1380 ¢rieature
strict quantitative upper limit for the irradiation dose, since thisect. 3.1.2), which is ascribed to a €dactive mode shows
will strongly depend on the initial quantity of GIH in the ice that its contribution to the corresponding weak band observed
(i.e., before irradiation). In this context it should be noted that iR W33A is negligible  2%).

some lines of sight the abundance of solidCHH{ can exceed ~ The 1340 cm! band of isolated CEOH is strongest in mix-
that of solid CQ by as much as afactor 1.4 (Dartois et al. 1999ajres which are rich in CO The ice with the largest apolar com-
Using such high initial CHOH abundances would allow veryPonent that is still able to fit the observed £i@ending mode is
significant UV processing equivalent ta2 hour of irradiation H20:CH;OH:CO,=70:70:100 (Fig. 10). Using the strength of
in the laboratory, i.e. a UV dose of 10photonscm~2, before the 1340 cm! feature in this ice we find that less than 8% of
the amount of solid CEOH would become too low to supportthe corresponding weak band in W33A (at 1349¢incan be
the observed strong shoulder in the Cf@nding mode due to attributed to the isolated GJOH feature.

the CG-CH3OH complexes.

| H,0:CH,OH:CO,=1:1:1 at 107 K ,

Arbitrary units

4.3. Evolution of grain composition

4.2. More spectroscopic evidence fos®/CH; OH/CO, The detection of large amounts of G@roughout the interstel-

Several other bands in the interstellar ice spectrum toward pld-medium makes it necessary to define the environment where

tostars can be well fitted using an annealed mixture containi¢s Present. From astronomical abundance measurements we

H,0, CH;OH and CQ in equal proportions. Fig.19 shows thénow that the C@/H, O ratio is rather constant at20%. How-

CO stretch of CHOH toward GL2136 observed by Skinner egver, the CHOH/H,O ratio varies strongly between different

al. (1992) compared to such an annealed mixture. objects. For massive protostars, {&bH abundances relative to
Although the CO stretch of CHDH is embedded in the H20 vary between 2-30% (Dartois et al. 1999a, Gerakines et

strong silicate band at 10m and rather noisy, the laboratoryal- 1999). Low mass protostars and field stars show low@

spectrum shows very good similarity in band position and widfipundances (CHOH/H; O <2-6%). Abundances derived from

to the astronomical spectrum. The band can also be reason&bfy data show that aratio obi:CO,:CH;OH =100:20:10isa

matched with CHOH/H,O mixtures with a ratio larger than good representative of the conditions near high mass protostars.
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As discussed, thermal processing in the laboratory,@Hom- oratory data ISO has revealed a new ice type, present in the
inated mixtures including CHOH and CQ never leads to the vicinity of massive protostars, which is partly crystallized. From
infrared signature which is observed in space. However, a mixeetailed band profile study we conclude that an ice mixture of
ture of H,O:CH;OH:CG, in similar proportions does. Thus, atH,O, CO, and CH;OH in similar proportions must be present
face value, the laboratory results seem to indicate that near higihgrains close to massive protostars. From the laboratory data
mass protostars gas condensation on grains leads to ices tiare is spectroscopic evidence for the presence of segregated
ing very similar abundances o, CO, and CHOH. Such a “boundary” phases of pure ices, which indicates the presence of
model may find some support in general observations of icesiathrates. The CObending mode as well as, and CHOH
various regions in dense clouds. The low limits for solid{CHl  bands can be efficiently used to estimate the degree of thermal
in low mass protostars and field stars indicate that most of thecessing in the protostellar enviroment. Laboratory studies
solid CH;OH near high mass protostars must have been pehtowed that annealed ices are more susceptible to UV irradia-
duced locally. In this view the composition of the ice phase tion than cold amorphous ices. A comparison of observations
which CH;OH is embedded simply reflects the chemical ciwith laboratory data indicates that we sample different grain
cumstances that are characteristic of high mass star formpapulations in the line of sight toward protostars. Therefore only
regions. a combination of laboratory mixtures at different temperatures

In space the accretion of O ensures efficieaOHorma-  will be fully representative for the overall astronomical infrared
tion in the presence of abundant atomic H. {HH may be spectrum of ices. ISO has set an important example that labo-
formed when accreted CO reacts with atomic H (Tielens & Haatory data are crucial to reveal the environmental conditions in
gen 1982). In models of surface chemistry accreted CO reagtstostellar regions.
with accreted O to form C® The CG formation occurs likely
in environments where the atomic content in the gas phasé\fknowledgementsPE is a recipient of an APART fellowship of the
important. CQ could also be formed by energetic processing.ﬁUStri""_“ Academy of Sf:ience_s. P.A.G. holds a National Research
is yet unclear how surface reactions would form ice layers wittpuncil Rese_arch Assoma?esmp at NASA/GSFC. We thank D.F. Blake
H->0O, CO, and CHOH in similar proportions in the interstellarand L. Delzeit for helpful discussions.
medium in the vicinity of massive protostars.
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