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I . I n t r o d u c t i o n 

Our fundamental knowledge of interstellar grain composition has grown substantially during 
the past two decades thanks to significant advances in two areas: astronomical infrared 
spectroscopy and laboratory astrophysics. The opening of the mid-infrared, the spectral 
range from 4000-400 cm"* (2.5-25 \im), to spectroscopic study has been critical to this 
progress because spectroscopy in this region reveals more about a material's molecular 
composition and structure than any other physical property. 

Infrared spectra which are diagnostic of interstellar grain composition fall into two 
categories: absorption spectra of the dense and diffuse interstellar media, and emission 
spectra from UV-Vis rich dusty regions. The former will be presented in some detail, with 
the later only very briefly mentioned. This paper summarizes what we have learned from 
these spectra and presents "doorway" references into the literature. Detailed reviews of 
many aspects of interstellar dust are given in [1]. Reviews of the IR spectra of dense 
clouds, emphasizing observations, can be found in [2,3] and those emphasizing laboratory 
and theoretical considerations in [4-9]. 

2. A b s o r p t i o n Spec t roscopy 

2.1 DENSE INTERSTELLAR MEDIUM 

IR spectroscopy shows that dust in dense molecular clouds is comprised principally of 
mixed molecular ices and silicates. This conclusion is based on the direct comparison of 
astronomical spectra with the spectra of laboratory analogs as illustrated in Figure 1. The 
ice compositions and abundances derived from these spectra for several molecular clouds 
are summarized in Table 1. The major conclusions drawn from each spectral region 
comprising the mid-IR are discussed below. 

2.1.1. The 4000-2500 cm'1 (2.5-4 pm) Region. The deep 3250 cm" 1 (3.08tim) band, a 
common characteristic of molecular cloud spectra, is attributed to the OH stretch in frozen 
H2O, the most abundant interstellar ice constituent known. Small contributions from O-H 
(alcoholic) and N-H (amine) stretches are also likely. In dense clouds this band has a low 
frequency wing, [10-14] in contrast to the more symmetric profile associated with OH IR 
stars [15,16]. The wing, which extends from approximately 3000 to 2700 cm~l (3.3 to 
3.7 | im), has been attributed to H20-base interactions, hydrocarbons, and scattering [4, 
17,18]. Spectral observations tend to support the first two [13,10] while polarization 
studies seem marginally inconsistent with the latter [19]. Theoretical discussions of this 
band are in references [17, 4, 20]. 

Spectral features associated with aliphatic hydrocarbon C-H stretches were long 
expected on the wing [4] and have recently been found. The importance of methanol [5] 
has been confirmed by detection of a band at 2825 c m _ l (3.5 |im) [21,14]. When present, 
CH3OH is the second most abundant ice constituent (-10-50% wrt H2O). A broader 

feature peaking near 2880 cm" 1 (3 .4 jxm) has also been found. This frequency is 

65 

P. D. Singh (ed.), Astrochemistry of Cosmic Phenomena, 65-72. 
© 1992 IAU. Printed in the Netherlands. 

https://doi.org/10.1017/S0074180900089725 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900089725


66 

characteristic of C-H stretching vibrations for H on "tertiary carbon", i.e. aliphatic carbon 
atoms which are bound to three other carbon atoms and one hydrogen atom. The 
dominance of this feature over primary and secondary CH stretching features suggests that a 
material with a diamond-like carbon skeleton is ubiquitous in dense clouds [14]. 

2.1.2 The 2500-2000 cm:1 (4-5pn) Region. Frozen CO is responsible for the band 
near 2140 cm~l found in many, but not all, clouds [22-24]. The peak position of this band 
shows that the solid CO is distributed between two forms of interstellar ice, one dominated 
by H2O, the other by some non-polar material [25,26]. When CO is present, the CO/H2O 
concentration of interstellar ices is typically about a few percent 

The broad feature near 2165 c n r * (4.6|im) in Figure 1 has also been detected in one 
or two other objects (Tielens, Teglar-private communications). Laboratory experiments 
show that the peak position and profile indicate a CN stretch [22]. The initial assignment to 
a nitrile (-C=N) or iso-nitrile (C^N-) has recently been questioned. The CN stretch in the 
OCN~ ion [27], and the Si-H stretch [28,29] have been suggested in its place. In the 
author's opinion, the initial assignment remains the most attractive. Further experiments 
are needed to settle this. 

Figure 1. The mid-infrared spectrumof W33Acompared with spectraof laboratory
analogs.
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A weak feature at 2040 c n r 1 (4.9 pm) in the spectrum of W33A suggests that OCS is 
a lsaan interstellar ice constituent [30]. 

2.1.3 The 2000-1000 cm"1 (5-10/Jm) Region. The main ice bands here peak near 1670 
and 1470 c n r 1 (6.0 and 6.8 pm). These are evident in several clouds and are fit quite well 
by H20 (1670 cm" 1 ) and CH3OH (1670 cm" 1 ) [5]. 

The column densities of both H2O and CH3OH derived from these bands exceeds 
those derived from their corresponding OH and CH stretches near 3000 cm" 1 (Table 1). 
This inconsistency can be rationalized in the following ways: 1 - Other species may 
contribute significantly to the 1470 c m - 1 (6.8 pm) band [21]. NH4+ has been suggested 
[31]. However, if this were the case, clearly resolved features which correspond to the 
NH stretching vibrations should be evident in the 3500-3000 cm" 1 (2.8-3.3 pm) region ; 2 -
The 2825 cnr* CH stretch blends with other features and its optical depth is a lower limit 
[14]; and 3- Higher frequency (-3000 c m - 1 , 3 |im) radiation reaching the telescope 
includes scattered light which fills in the absorptions in this region whereas lower 
frequency radiation (<2000 c n r 1 ; >5 pm) does not [18,32]. 

Recently, weak features in the 1400-1250 c n r 1 (7-8 pm) region have been detected 
[33]. That at 1301 cn r *( 7.685 pm) is attributed to methane, implying rather low solid 
state abundances for this molecule. Frozen CH4 appears to be approximately 100 times 
less abundant than solid CO [33] which in turn is typically a few percent the abundance of 
H2O ice. 

2.1.4 The 1000-500 cm'1 (10-20 pm) Region. This region is dominated by the broad 
"SiO" stretch near 1000 c m - 1 (10 pm) [2,3,34]. This interstellar material had been 
thought to be amorphous due to the lack of spectral structure on the band. However, recent 
higher resolution spectroscopic and polarization measurements imply that crystalline 
material is also present [35,36]. 

As with the ices, laboratory studies give important insight into the molecular nature 
of this interstellar refractory material [37-43]. Laboratory experiments show that the band 
profile reveals much about the material's formation conditions and subsequent processing 
[40, 42,43]. Unfortunately, although this feature was extensively studied in the 70's , 
high resolution spectroscopic studies utilyzing modern astronomical instruments have not 
been carried out. In view of the wealth of information one can extract from such studies, it 
is hoped that a significant amount of observing time with the new generation of 
astronomical, high resolution, IR spectrometers is devoted to measuring this feature, 
looking specifically for substructure. In particular, crystalline silicates can produce 
resolvable structure near 890 cm -1(11.2 pm). Furthermore, space-borne spectrometers 
will provide the frequency, strength, and profile of the bending modes near 400 c m - 1 (20 
|im). Such complete coverage can provide important insight into the interstellar material's 
history [36,43] and degree of crystallinity. 

In addition to these features which have long been known to be associated with 
refractories, absorptions due to ice constituents have recently been reported in this region. 
There is good evidence for the librational band of H2O (and probably some alcohols) at 830 

cm" 1 (12 pm) [44] and the 667 cm" 1 (15 pm) band of CO2 [45] in IRAS-LRS spectra of a 
few clouds. For the objects studied, the solid CO2 abundance seems comparable to that of 
solid CO. 
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MATERIAL OBJECT 

NGC7538 IRS 9 W33A W3IRS5 S140 IRS 1 

Hydrogen.* 1.6 x 1023 2.8 x 1023 2.7 x 1023 1.4 x 1023 

H 2 0 

3250 cm-Id >5.3 x 10!8 >8.6 x 1018 3.7 x 1018 2.1 x 1018 

1650 cm-Id 1.1 x 1019 4.2 x 1019 4.3 x 1018 8.8 x 1018 

C H 3 O H 

2825 cm- 1 b 9.1 x 1017 3.9 x 1018 <5.3 x 1017 <3.8 x 1017 

2600+2540 cm-lc 2.5 x 1018 

1470 cm-Id 7.1 x 1018 2.3 x 1019 3.5 x 1018 

CO (non-polar i c e ) e 6.4 x 1017 1.1 x 1017 1.1 x 1017 

CO (polar i c e ) c 3.2 x 1017 2.8 x 1017 5.4 x 1 0 l 6 

CO ( g a s ) e 1.4 x 1 0 1 9 2.0 x 1019 2.2 x 1019 

"Diamonds" 1 ' 3.8 x 1 0 l g 1.5 x 1018 2.8 x 1018 2.8 x 1 0 1 8 

a)From N H = 1.9 x 1021 A v ; b), c) [14]; d) [5], except for S140 IRS 1 from [2]; e) [26]. 

2.2 DIFFUSE INTERSTELLAR MEDIUM 

Mid-IR spectra of the diffuse ISM are dominated by the SiO stretch. As mentioned above, 
high resolution spectroscopic studies of this feature, searching for substructure, are very 
important to carry out. 

Most conclusions regarding other diffuse medium dust components derived from IR 
spectroscopy are based on studies in the OH/NH/CH stretch region (3500-2700 cm"*; 2.9-
3.7 | im). These studies have focused on Galactic Center sources, particularly infrared 
source number 7 (GCIRS7) [46-49]. This work has recendy been expanded to include VI 
Cyg 12 and several other objects [50,51,52]. 

Figure 2 shows that there is a reasonable match between the spectrum of GC IRS7 
and a laboratory residue produced by the vacuum-UV irradiation of an interstellar ice 
analog [51]. The match between the interstellar feature and the C-H stretch band in the 
spectrum of hydrocarbons sublimed from the Murchison meteorite is remarkable [52]. 
Based on these observations it appears that the aliphatic component of diffuse medium dust 
has a -CH2-/-CH3 ratio of about 2, with chains containing 3-4 carbon atoms that have one 
end attached to an electronegative group such as -OH, -C^N, or perhaps an aromatic 
network. About 8-20% of cosmic carbon is tied up in this component. 

Table 1. Column densities of some molecular cloud dust components. 
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Figure 2. The spectrum, in the CH stretch region, of Galactic Center source IRS 7 
compared to that of a residue produced by the irradiation of an interstellar ice analog. 

3 . Emiss ion Spec t roscopy 

A family of infrared emission bands from 3050-870 cm - * (3.28-11.5 pm) carry a 
significant fraction of the energy radiated by many different objects in which an intense 
UV-Vis radiation field is attenuated by dust. An example of a typical spectrum is given in 
Figure 3. The "resemblance" of this spectrum to spectra of polycyclic aromatic 
hydrocarbons (PAHs) and related materials such as amorphous carbon (HAC) has been 
taken as compelling evidence that these materials are responsible. Analysis of these mid-
infrared emission spectra indicates that a few percent of the cosmic carbon is tied up in the 
small (20-40 carbon atom) PAHs which are responsible for the sharp IR features, and a 
similar amount is tied up in the larger (200-500 carbon atom) PAHs, PAH clusters, and 
amorphous carbon particles responsible for the underlying broad spectral components. 

The aromatic nature of the carrier seems secure. However, there is still some debate 
as to whether or not the emitters of the discrete features are free molecular PAHs, or PAH 
units which make up HAC or other carbonaceous material. All this and more can be found 
in the following extensive reviews and papers: Molecular PAHs: [53,54] HAC: 
[55,56,57]; QCC: [58,59]. 

https://doi.org/10.1017/S0074180900089725 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900089725


70 

Figure 3. The spectrum of HD 44179 showing the family of emission bands associated 
with PAHs. These features are emitted from many different astronomical objects. 
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Q U E S T I O N S AND A N S W E R S 

B. Khare: Could you comment on the particle size distribution from the laboratory spectra? 

L. Allamandola: Apart from the interstellar 3.09 \im H2O band, these bands don't have 
wings which would arise from scattering. Thus, these spectra don't give size 
information. 

A. Leger: Comment- It is not correct to say that there is no scattering in the IR. Very nice 
polarization measurements by Capps et al. in Orion have shown unambiguously 
scattering at two different wavelengths and allow a size determination. Actually the size 
found is about 0.5 |im, definitely larger than in the diffuse medium (Rouan et al. 
-1987) 

L. d'Hendecourt: Comment- The identification of the 3.4 | im band towards IRS 7 is far 
from unique. Carbon extract from the Orguel meteorite shows, in this region, exactly 
the same spectral fit to IRS 7 as was shown during this talk to a hydrocarbon produced 
by ice irradiation (Ehrenfreund Contributed paper, this meeting). Yet, this Orguel 
material is mosdy made up of aromatic material while your material is aliphatic. This 
may shed some light on the origin of this material which might originate directly from 
carbon stars (eg CRL 618), and not from the UV photolysis of dirty ices which may 
not produce aromatic structure. 

L. Allamandola: I agree. It is important to stress that this absorption only probes the 
aliphatic component and gives no insight into what other types of hydrocarbons may be 
present. In this regard it is also important to remember that olefinic hydrocarbons 
absorb in a similar region to aromatics, and olefins are produced in irradiation 
experiments. Thus even if there were a match of the 3.3 | im band, aromatics are not 
necessarily implied. 

D. Williams: The new feature at 2880 c m - 1 is attributed by you to "diamond'-like carbon. 
Please describe this structure. 

L. Allamandola: The smallest structure possible that meets the spectral requirements must 
contain more than 30, mainly sp3 hybridized, carbon atoms which are bound to each 
other and hydrogenated on the surface. The spectra allow for a few -CH3 and-CH2-
edge groups. 
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