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ABSTRACT

If the “11.3 um ™ emission feature seen in the spectra of many planetary nebulae, H 11 regions, and reflection
nebulae is due to polycyclic aromatic hydrocarbons (PAHs), then additional features should be present
between 11.3 and 13.0 ym (885 and 770 cm™!). Moderate-resolution spectra of NGC 7027, HD 44179, IRAS
212824 5050, and BD +30°3639 are presented which show that the “11.3 um” feature actually peaks at 11.22
pm (891 cm™!). The spectra also show evidence for new emission features near 11.9 and 12.7 um (840 and 787
cm ') These are consistent with an origin from PAHs and can be used to constrain the molecular structure
of the family of PAHs responsible for the infrared features. The observed asymmetry of the “11.3 um” band is
consistent with the slight anharmonicity expected in the C—H out-of-plane bending mode in PAHs. Labor-
atory experiments show that the intensity of this mode relative to the higher frequency modes depends on the
extent of molecular “clustering.” The observed strengths of the “11.3 um” interstellar bands relative to the
higher frequency bands are most consistent with the features originating from free molecular PAHs. The inten-
sity and profile of the underlying broad structure, however, may well arise from PAH clusters and amorphous
carbon particles. Analysis of the 11-13 ym (910-770 cm™!) emission suggests that the molecular structures of
the most intensely emitting free PAHs vary somewhat between the high-excitation environment in NGC 7027
and the low-excitation but high-flux environment close to HD 44179. Finally, a previously undetected series of
regularly spaced features between 10 and 11 um (1000 and 910 cm™1) in the spectrum of HD 44179 suggests

that a simple polyatomic hydride is present in the gas phase in this object.
Subject headings: infrared: grains — interstellar: grains — line identifications — nebulae: H 11 regions —

nebulae: planetary

I. INTRODUCTION

Emission features are often seen at roughly 3.3, 6.2, 7.7, 8.6,
and 11.3 um (3030, 1610, 1300, 1160, and 885 cm™Y) in the
spectra of planetary nebulae, H 11 regions, reflection nebulae,
and other objects (Russell, Soifer, and Merrill 1977; Russell,
Soifer, and Willner 1977; Sellgren, Werner, and Dinerstein
1983; Aitken and Roche 1982, 1983; Sellgren et al. 1985;
Cohen et al. 1986). These features have been attributed to emis-
sion from vibrationally excited polycyclic aromatic hydrocar-
bons (PAHs) and PAH-related materials (Duley and Williams
1981; Leger and Puget 1984; Allamandola, Tielens, and Barker
1985). A mixture of free molecular PAHs in both neutral and
ionized forms, as well as PAH clusters and particles of amor-
phous carbon (which are built up from PAHs), is thought to be
responsible.

Within the framework of the PAH hypothesis, the “11.3
pm” interstellar feature is attributed to out-of-plane bending
vibrations of peripheral hydrogen atoms attached to aromatic
molecular units. These structures may consist of free molecular
PAHs, PAH clusters, or parts of larger amorphous carbon
particles. The precise frequency (and perhaps the intensity per
H atom) of each C—H out-of-plane bending mode depends on
the number of adjacent H atoms on each edge ring (Bellamy
1958). Depending on the molecular geometry, fully hydro-
genated aromatic hydrocarbons can have between 1 and 6 H
atoms per ring and produce bands in the 11-15 ym (910-670
cm ') range (Fig. 1). The position of the bands fall to progres-
sively longer wavelengths as the number of adjacent hydrogens
per ring increases.

The position of the prominent interstellar feature near 11.3
pm (885 cm ™) is characteristic of aromatic rings having only
nonadjacent peripheral hydrogen atoms, i.e., edge rings with
only one hydrogen atom. Based on this, Duley and Williams
(1981) initially postulated that the interstellar aromatic
material responsible for the interstellar infrared emission fea-
tures is only partially hydrogenated. Subsequently, the IRAS
low-resolution spectrometer (LRS) revealed that an emission
“plateau,” which rises at about 10.5 um (950 cm ™), underlies
the “11.3 um ™ feature and extends beyond the telluric window
to about 13 um (770 cm ™) (Cohen, Tielens, and Allamandola
1985). Figure 1 illustrates that the extent of this plateau is
consistent with PAHs having nonadjacent, as well as two and
three adjacent, peripheral H atoms per edge ring, but not four
or five. Thus, higher quality spectra in this region should reveal
some substructure. Evidence for such structure can be found in
previous observations of NGC 7027 (Aitken et al. 1979). The
observations described here were carried out to search for
structure in the 11-13 pm (910-770 cm™?) spectra of objects
known to produce the interstellar emission bands and thereby
test this implication of the PAH hypothesis.

We present new 10.1-13.2 um (990-760 c¢m~!) spectra of
four objects, NGC 7027, HD 44179, IRAS 21282+ 5050, and
BD +30°3639. These data build on previously reported work
(Sandford et al. 1987). The spectra of all the objects show the
11-13 um plateau and three of them show evidence for super-
posed substructure. These spectra place strong constraints on
the geometries of the PAHs responsible for the infrared emis-
sion features. When combined with spectra of comparable
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F1G. 1.—Schematic spectra in the 11-15 pm (910-670 cm™*) region of a
number of PAHs in salt pellets, each having different numbers of hydrogen
atoms on their peripheral rings. The number of hydrogen atoms per ring are
indicated at the center of each ring and under the corresponding absorption
band. The upper portion of the figure indicates the ranges over which different
ec ge structures produce bands. This figure demonstrates that the C—H out-of-
plane bending mode of PAHs falls at longer and longer wavelengths as the
number of adjacent H atoms per edge ring is increased.

resolution at shorter wavelengths, they can be used to limit the
number of possible molecular PAH candidates.

II. OBSERVATIONS

Spectra were obtained at the NASA/Steward Observatory
60 inch (1.5 m) telescope on Mount Lemmon using a 24-
detector, liquid helium cooled, grating spectrometer. The per-
formance and original configuration of this instrument are
described by Witteborn and Bregman (1984). This instrument
currently incorporates externally selectable apertures and
grating tilt angles. The grating has 135 grooves per mm and
was used in first-order. Since the detector spacing leaves the
spectrum undersampled by a factor of 2-3, each spectrum was
repeated at a second grating angle which displaced the spec-
trum by half a detector width. This procedure provides sam-
pling at 0.03 um intervals near 12 um (A/AA ~ 400). Each pair
of grating settings covers about 1.4 um and three pairs of
settings were required to cover the 10.1 to 13.2 um range
reported here. Each pair of spectra was taken at grating set-
tings that ensured overlap with adjacent pairs.

The “slit,” a 1.5 mm diameter, circular aperture, subtended
12" on the sky. It enclosed all of the infrared-bright com-
ponents of HD 44179, BD +30°3639, and IRAS 21282 + 5050,
and most of the infrared-emitting portion of NGC 7027.

Wavelength calibration was achieved by comparison with
an ammonia gas cell whose absorption spectrum was obtained
each time the grating was moved. Correction for atmospheric
absorption was accomplished by comparison with standard
stars whose spectra were measured through similar air masses
on the same night that the object was observed (usually within
an hour). The standard stars were also used to determine the
flux at each wavelength. Thus, if we denote the measured (raw)
object spectrum by F(4), the measured standard spectrum by
S(7), and the standard star can be characterized by a blackbody
B(4, T)'in the 10.1 to 13.2 um range, then the true spectrum
G(4)is

F(3) x B(i, T)

G() = 50) ,

ey

where T is the color temperature of the star near 8.7 um and
B(8.7 um, T) is determined from broad-band photometry.

The standard stars used were a Tau, whose flux at 8.7 um is
33 x 107* Wem ™2 um !, and « Her, whose flux at 8.7 um is
7.28 x 10715 W cm~2 um~!. Both fluxes are based on the
magnitudes of Hanner et al. (1984) and a 0.0 magnitude flux of
210 x 107 W cm™ 2 um~! (IRTF Photometry Manual,
1986). Temperatures of 4000 and 3600 K, respectively, were
used for these stars. To check the assumptions that these stars
are featureless blackbodies in the spectral region of interest, the
spectrum of a Lyr was obtained over the same wavelength
range. The a Lyr spectrum is thought to follow that of a
smooth 9650 K blackbody over the 10-13 um range to within a
few percent (Schild, Peterson, and Oke 1971). The ratio of the «
Tau spectrum to that of « Lyr is flat (since both are in the
Rayleigh-Jeans part of the spectrum) and devoid of features (of
any width between 0.05 and 2.0 um) greater than +5% of the
continuum between 10 and 12 ym and +10% between 12 and
13 um. The ratio of the a« Tau spectrum to that of « Her is flat
and similarly devoid of features throughout the entire 10-13
um range to +5%. Features attributed to the objects studied
in this paper are reported only if they are evident when refer-
enced to two different standard star spectra.
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a) The Bands between 11 and 13 um and Identifications

The “11.3 um” feature is asymmetric in all the spectra. The
peak is at 11.22 + 0.1 um (891.3 £+ 8 cm ™ ?) in all four objects
SIv NGC 7027 (Fig. 2). The spectra of NGC 7027, HD 44179, and IRAS
21282+ 5050 show evidence for several new emission bands on
the 11-13 pm (910-770 cm ™ !) plateau. In addition, the spec-
trum of HD 44179 shows regular structure between 10 and 11
um (1000 and 910 cm ™ 1).

In NGC 7027 and HD 44179, there is a broad component
between about 11.7 and 12.1 um (855 and 826 ¢cm™!) and
g another between 12.5 and 12.9 um (800 and 775 cm~!). These
features are evident in the earlier spectrum of NGC 7027 mea-
sured by Aitken et al. (1979). In NGC 7027, the long-
wavelength limit of the 12.7 um (787 cm ™ !) feature is uncertain

12 ! ' ' ' ' due to overlap with the [Ne 1] line at 12.8 ym (781 cm ™ !). The
1k i IRAS LRS spectrum of this object also shows the 12.7 ym
feature (Cohen, Tielens, and Allamandola 1985), but the LRS

10| HD 44179 - resolution was not sufficient to determine if there is a contribu-
tion from [Ne 1] at 12.8 ym (781 cm™*). The 11-13 um (910

9r . 770 cm ™ ') spectrum of IRAS 21282 4 5050 also shows evidence

of features near 11.9 ym (840 cm ') and 12.7 um (787 cm ™ 1).

8 7 However, the lower signal-to-noise of this spectrum precludes

a detailed analysis of these features. Recently, Roche, Aitken,

Uy 7 and Smith (1988) have observed the 12.5-12.9 um (800-775

6 i cm~!) feature in Orion. The band is most intense south of the

Orion ionization front and appears to be tightly correlated
. L L L I | spatially with the “11.3 um” feature.

As illustrated in Figures 1 and 3, the 11-15 um (910-670
cm™!) region is diagnostic of the number of peripheral H
atoms attached to the edge rings in PAHs. The new interstellar
features fall in the range expected for PAHs which have non-
adjacent, as well as two and three adjacent, H atoms per edge

-
)
T
|

IRAS 21282 + 5050

FLUX (10" 16 wem=2,-1)
»

14 . ring, but not four or five. Thus, the detection of these new

interstellar emission features where they would be expected on

12} . the basis of the PAH hypothesis strengthens the identification

of the interstellar emission bands with PAHs and provides a

10l § powerful probe of the molecular geometry of the PAHs
responsible.

| Bands from different PAHs can blend to some extent,

B producing a quasi “continuum” which makes quantitative

] . . l l . . analyses uncertain. Blending may be partially responsible for

the relatively smooth, structureless plateau in BD +30°3639. If
6 T T T T T a continuum can be defined and removed, it will be possible to
Nell make a rough comparison of the emission intensity in each of
the bands associated with the hydrogen out-of-plane bending
modes corresponding to different edge structures. In the PAH
interpretation, the ratio of “above-continuum” flux from
al- - about 11.7 to 12.6 um (855-790 cm~!) and from 12.4 to 13.1

um (810760 cm ~ ') (not including the [Ne 1] contribution) to
that from about 10.8 to 11.6 um (925-860 cm ~!) is a measure
3 of the ratio of the number of edge rings with two and three

5 BD + 30°3639 7]

2 L Fic. 2—The spectra of (a) NGC 7027, (b)) HD 44179, (c) IRAS

21282+ 5050, and (d) BD +30°3639. The reference standard for the spectra in

1 ) . ) . . \ (a), (b), and (c) is « Tau. The reference standard for the spectrum in (d) is « Her.

100 105 110 115 120 125 130 135 The original spectra are oversampled by a factor of 2. In these plots the

WAVELENGTH, um interleaved data points have been smoothed by averaging three adjacent chan-
nels. Representative error bars are shown for every tenth point. They indicate
+1 o for the data prior to smoothing, or + 1.7 ¢ for the smoothed data in this
figure. In addition to the emission features discussed in the text, emission at
10.52 ym (950.6 cm~*) from [S 1v] is apparent in NGC 7027 and at 12.78 ym
(782.5cm ™) from [Ne 1] in BD +30°3639 and NGC 7027.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1989ApJ...341..270W&db_key=AST

No. 1, 1989
FREQUENCY, cm™"
900 850 800
T T T
NGC 7027
.‘é
3
e
8
;‘é‘
©
z
[=}
[72}
w
s } f f }
w
- IRAS 21282 + 5050
3
-l
w
[
[72]
o
w
5
z VA

CORONENE (Co4H1p)

H H @

nO%
oS08
H H

H H

<«———— PERCENT TRANSMITTANCE, arbitrary units

PYRENE (CqgH1q)

RANGE FOR NO. H ATOMS PER RING

I I 1 I
10.5 1 115 12 125 13
WAVELENGTH, um

FI1G. 3.—Comparison between the 11-13 ym (910-770 cm™') emission
spectra from NGC 7027 and IRAS 21282+ 5050 with schematic absorption
spectra of PAHs in salt pellets. The PAHs shown contain isolated as well as
doubly and triply adjacent H atoms on their peripheral rings.
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adjacent hydrogen atoms, respectively, to the number of edge
rings with just one hydrogen atom. This ratio will place strong
constraints on the types of PAHs present. The correct interpre-
tation of these ratios will require laboratory determination of
the integrated absorption strengths per H atom for each type
of edge structure.

Nonadjacent as well as doubly and triply adjacent periph-
eral H atoms tend to be a characteristic of symmetric, highly
condensed structures. In contrast, four and five adjacent H
atoms are possible only in less condensed PAHs (see Figs. 1
and 3). In general, for a given number of rings, the most stable
PAHs are those with the most condensed configuration pos-
sible (Stein 1978; van der Zwet and Allamandola 1985; Craw-
ford, Tielens, and Allamandola 1985). Thus, it is not surprising
that the interstellar emission is dominated by PAHs with non-
adjacent and doubly and triply adjacent peripheral H atoms.
Figure 3 shows that the spectra of symmetric PAHs have
bands which fall in the range of the new interstellar bands.
Remarkably, these new observations suggest that even among
the most stable group, the relative contributions of different
edge structures do not seem to vary dramatically from object
to object. This indicates that PAHs which have peripheral
rings with one, two, and three adjacent H atoms are sufficiently
stable to survive under a wide range of excitation conditions.
This conclusion is supported by the strong correlation of the
11.3 and 12.8 um (893 and 781 cm ~!) features in Orion (Roche,
Aitken, and Smith 1988).

These moderate-resolution spectra in the C—H out-of-plane
bending regions probe objects which are experiencing very dif-
ferent levels of UV excitation. NGC 7027 is a high-excitation
planetary nebula, BD +30°3639 is a very low excitation plan-
etary nebula with a [WC9] nucleus, and HD 44179 is a prob-
able protoplanetary nebula. IRAS 21282+ 5050 is a planetary
nebula with a [WC11] nucleus (Cohen and Jones 1987).

b) The Asymmetry of the“ 11.3 um” Band

It is apparent from Figure 2 and many other published
spectra that the “ 11.3 um” interstellar band is asymmetric and
has a “wing” extending to longer wavelengths. This asym-
metry has a natural explanation in terms of emission from
PAHs (or any molecular species). The potential energy wells of
most C—H bonds are generally anharmonic, and successive
vibrational quantum levels are separated by slightly different
energy spacings (the spacing decreases as the quantum number
increases). The precise anharmonic spacing in the case of the
C—H out-of-plane bending mode in PAHs is not known, but
is expected to be on the order of a few wavenumbers based on
the anharmonicity of benzene and related molecules (R.
Eggars, J. Pliva, and S. Cyvin, 1985, private communications).
The features due to emission from the different transitions
should overlap since the natural width of the feature produced
by any given transition in a typical PAH is expected to lie in
the 2040 cm™! range (due to intramolecular vibrational
energy redistribution lifetimes), a width greater than the
separation between the features due to the sequential hot band
vibrational transitions in this region. The resultant super-
position of the hot bands should produce a long-wavelength
“wing” on the “11.3 um” feature. Indeed, assuming the differ-
ence in spacing between adjacent transitions is about 5 cm ™!
and the bands have Lorentzian line widths of 20 cm ™!, the
expected overall profile is very close to that observed in most
interstellar spectra (Barker, Allamandola, and Tielens 1987). In
this regard, the hint of structure on the long-wavelength wing
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FIG. 4—Normalized “11.3 um ” band profiles of NGC 7027, HD 44179, IRAS 21282+ 5050, and BD +30°3639. The “continuum ” under the features has been
removed by drawing a straight line from minima near 10.9 ym (917 cm™ ') to minima near 11.65 ym (858 cm ~!). Note the excess emission in the spectrum of HD
44179 near 11.28 ym (887 cm ~*) and the excess emission in the spectrum of IRAS 21282 + 5050 near 11.4 um (877 cm™Y).

of the “11.3 um™ feature, with a spacing of about 10 cm ™!,
may be significant. Additional observations are required to test
the existence of these features.

There are indications, however, that the shape of the “11.3
um” band is not determined solely by anharmonic effects.
Figure 4 shows a plot in which the profiles of the normalized
“11.3 um?” features of NGC 7027, HD 44179, BD +30°3639,
and IRAS 21282+5050 are superposed. The profiles were
determined by subtracting out the “continuum” under the
features. The continuum was estimated by a straight line
drawn from minima near 10.9 um (917 cm ™ !) to minima near
11.65 um (858 cm~'). All four objects exhibit a very steep rise
between 11.1 to 11.2 um (900 to 893 cm™!), followed by a
slower decline between 11.25 and 11.6 um (889 and 862 cm ™ 1).
While the general shape of the features is similar in all the
objects, there are distinct differences. In particular, HD 44179
shows excess emission near 11.08 and 11.28 um (903 and 887
cm ') and IRAS 21282 + 5050 shows excess emission near 11.4
pm (877 cm ™). These excesses cannot be explained in terms of
anharmonicity. Rather, they imply that these objects contain
slightly different populations of PAHs, some of which have
fundamental bands at the positions of these excesses. This sug-
gests that observations in other wavelength regions should
show similar small differences. Such differences may ultimately
place stronger constraints on the molecular structures
responsible.

¢) Free Molecular PAHs versus Grains

For the simple aromatic molecules benzene, naphthalene,
and anthracene in the gas phase, the intensity ratios of the
C—H stretch to the C—H out-of-plane bend range from about
0.8 to 1.2 (Bishop and Cheung 1982; H. Niki, 1985, private
communication). However, in the laboratory spectra of larger

PAHs in the solid state, the features due to the C—H out-of-
plane bending modes are often far more intense than either the
C—C stretching bands or the C—H stretching bands (see, for
example, the Aldrich and Sadtler indices; Leger and
d’Hendecourt [1987], and Allamandola, Tielens, and Barker
[1987]). The C—H out-of-plane bending vibrations also
produce the strongest features in the mid-infrared absorption
spectra of amorphous carbons (Morterra and Low 1983;
Angus, Koidl, and Domitz 1986) and other aromatic-
containing solids (Sakata et al. 1987). The relative band
strengths for these solid PAH samples are in marked contrast
to the interstellar emission spectra, in which the “11.3 ym”
band is typically 3—-12 times weaker than the broad band near
7.7 pm (1300 cm™') (Donn, Khanna, and Salisbury 1986;
Cohen et al. 1986, 1988).

The difference in the strength of the C—H out-of-plane
bending mode between PAHs in the gas and solid phases
depends upon whether or not the molecules are isolated
(Allamandola and Sandford 1988). A PAH in the gas phase is
not influenced by neighboring molecules and its spectrum
depends solely on the electron distribution within the molecule
itself. Samples prepared using the standard salt pellet tech-
nique, on the other hand, do not contain truly isolated PAHs.
Instead, these samples contain PAH clusters in which each
PAH is strongly influenced by its neighbors.

Figure 5 shows an example of how clustering affects C—H
vibration bands in the spectrum of the aromatic molecule
naphthalene (C,,Hg). Naphthalene was mixed with argon in
the gas phase at a ratio of 1:500. This mixture was depos-
ited onto a 10 K substrate in a vacuum chamber, producing a
solid in which the naphthalene molecules were isolated from
each other within the argon matrix (top spectrum in Fig. 5).
The matrix was then warmed to 25 K at 2 K per minute and
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FiG. 5—Comparison of the absorption strength of the C—H stretch with the C—H out-of-plane bend in the aromatic hydrocarbon naphthalene (CoHg) as a
function of molecular clumping. In the top spectrum, the molecules are isolated from one another in an argon matrix at 10 K. Subsequent spectra were taken after the
matrix had been warmed to higher temperatures (25, 35, 45, 110 K) and then recooled to 10 K. The warming rleased more argon than naphthalene and resulted in
increased clumping of the naphthalene. The ratio of the integrated band strength of the C—H bending feature to the C—H out-of-plane stretch feature is given after
each spectral pair. Note that the strength of the out-of-plane bending mode becomes greatly enhanced as clumping increases. Tick marks on the left vertical axis
(C—H stretch) represent 0.5% differences in transmission while those on the right vertical axis (C—H bend) represent 10% differences in transmission.

subsequently recooled to 10 K before taking a second spec-
trum. This process was repeated for warm-ups to 35, 45, and
110 K. During each warm-up, argon, and to a lesser extent,
naphthalene, sublimed away. As the argon evaporated, the
average distance between the remaining naphthalene mol-
ecules decreased and clustering occurred. The strength of the
C—H out-of-plane bending and stretching bands of isolated
naphthalene decreased as the Ar matrix was warmed (due to
clumping and loss of naphthalene). Simultaneously, an intense
new band grew in the out-of-plane bending region. The new
band is blueshifted from the original band and is due to C—H
out-of-plane bending vibrations of naphthalene in clusters. A
similar effect does not occur for the C—H stretching mode in
the 3.3 um (3000 cm ™) region. In the case of naphthalene, the
cluster-induced enhancement in the out-of-plane bending
mode intensity relative to that of the C—H stretching mode
exceeds a factor of 5.

We suspect that as the naphthalene molecules stick together,
the oscillating, small positive charge associated with the hydro-
gen atom moving perpendicular to the molecular plane
induces an oscillation of the IT electrons in adjacent molecules.

As IT electrons are loosely bound, the dipole change and effec-
tive distance over which the dipole oscillates are greatly
enhanced and the intensity of the absorption is increased. This
effect gives rise to the enhancement of the intensity of the
out-of-plane C—H bend. The other C—H vibrations occur in
the plane of the molecule and thus presumably do not induce
such oscillations in neighboring molecules.

This behavior of the out-of-plane C—H bending mode
places an important constraint on the nature of the carrier of
the interstellar emission bands. The intensity of the interstellar
3.28 um (3050 cm ~ ') emission band relative to the intensities of
the longer wavelength bands implies that the emitters are mol-
ecules rather than particles (Leger and Puget 1984; Allaman-
dola, Tielens, and Barker 1985). It has also been speculated
that individual PAHs in clusters, or PAH structural units in
amorphous carbon particles, if they are sufficiently decoupled
from their neighbors, might behave as free species
(Allamandola 1987; Duley 1987, 1988). However, since clus-
tering can produce an enhancement of at least a factor of 5 in
the out-of-plane bending mode, PAH-units inside larger grains
cannot be responsible for the interstellar emission features
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unless they are isolated in such a manner that less than about
1/10 of all their peripheral H atoms interact with neighboring
aromatics. It is conceivable that such isolation could be
achieved by bridging the aromatics with aliphatic chains, but
the absence of dominant 3.4 um (2940 cm ~?) aliphatic features
in the interstellar spectra argues against this possibility. Thus,
the low intensity of the “11.3 um” band relative to the other
bands in the interstellar spectra strongly suggests that free
PAHs are responsible for the narrow infrared emission fea-
tures.

Nonetheless, clustering of PAHs probably occurs to varying
degrees in many environments, and amorphous carbon par-
ticles of some sort must certainly be present in many objects.
PAH clusters would be expected to show enhanced emission
between 11 and 13 um (910 and 770 cm ~!) relative to the other
emission bands arising from the same clusters. These emission
bands would be much broader than the features due to free
molecular PAHs (see Fig. 5) and would overlap more com-
pletely, producing a pseudo “continuum.” Indeed, the rela-
tively featureless plateau seen in most emission objects between
11 and 13 pm (910 and 770 cm ') may contain a substantial
contribution from the C—H out-of-plane bending mode of
PAH:s in clusters or amorphous carbon particles. This plateau
is often comparable to or more intense than the plateau under
the 6.2 and 7.7 um (1610 and 1300 cm ~!) bands which is also
thought to be due to amorphous carbon particles (Bregman et
al. 1988). The large broad emission bump centered near 12.4
pum (806 cm ~ ') in the spectrum of IRAS 21282 + 5050 (Fig. 2¢)
may well have an important contribution from PAH clusters
and amorphous carbon grains.

d) New Bands in the HD 44179 Spectra between 10 and 11
Microns

The spectrum of HD 44179 (Fig. 2b) is unique in that it
clearly shows a regular series of emission bands (or absorption
bands) extending from about 10 to 11 ym (1000-910 cm™1).
The pattern and spacing are suggestive of rovibrational (i.e.,
simultaneous rotational and vibrational) transitions of a rela-
tively simple gas-phase molecule. The observed band separa-
tion of 12-15 cm ™" is quite large and suggests simple hydrides
are responsible. However, no diatomic hydrides have funda-
mental vibration bands near 10 um (1000 cm ~!), implying that
the features must be due to the bending mode vibration of a
polyatomic hydride. Possible candidates include simple
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hydrides (neutral or ionized) containing three or more atoms
such as SiH,, SiH;, SiH,, NH;, NH;, CH,, C,H, etc. While
there is presently no evidence that the molecule responsible for
these features contains carbon, it is interesting to consider the
possibility that we may be seeing either the building blocks
from which PAHs are made or the molecular fragments
resulting from their destruction. Unfortunately, the present
data do not allow us to uniquely identify the species
responsible. Further observations at even higher resolution
will be required before a positive identification can be made.

IV. CONCLUSIONS

Moderate-resolution spectra of NGC 7027, HD 44179, BD
+30°3639, and IRAS 21282+ 5050 show evidence for several
emission features between 10.5 and 13.0 um (950-770 cm ™)
which are consistent with emission from free molecular PAHs.
The positions of these new features constrain the type of
molecular structures responsible and confirm earlier conclu-
sions that most of the infrared emission originates in PAHs
containing nonadjacent, doubly adjacent, and triply adjacent
peripheral H atoms. The asymmetric profile of the “11.3 ym”
band (which peaks near 11.2 ym, 893 cm 1) is consistent with
the slight anharmonicity expected in the out-of-plane bending
mode of PAHs. While the 11-13 uym (910-770 cm ™) spectra
suggest that the structures of the most intensely emitting PAHs
do not vary much in these very different objects, some varia-
tions are evident. These varitions imply that different objects
contain slightly different populations of PAHs. The precise
positions of the new peaks show that symmetric, highly
compact PAHs dominate the interstellar emission. These are
the most stable PAHs.

Laboratory experiments show that the strength of the C—H
out-of-plane bending mode relative to the higher frequency
modes in PAHs is a strong function of molecular “clustering.”
The strength of the interstellar “11.3 um ™ feature relative to
the other observed emission features implies that the
“narrow” interstellar features are most likely due to free
molecular PAHs.

A series of regular features between 10 and 11 ym (1000 and
910 cm ™ 1) has been found in the spectrum of HD 44179. These
features are probably due to rovibrational transitions in a gas
phase molecular species. It is not known whether the species is
neutral or ionized. The large spacing between features suggests
that a simple polyatomic hydride is responsible.
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