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Diamonds in Dense Molecular Clouds: A Challenge
to the Standard Interstellar Medium Paradigm

L. J. Allamandola,* S. A. Sandford, A. G. G. M. Tielens,
T. M. Herbst

Observations of a newly discovered infrared C—H stretching band indicate that interstellar
diamond-like material appears to be characteristic of dense clouds. In sharp contrast, the
spectral signature of dust in the diffuse interstellar medium is dominated by —CH,— and
—CH, groups. This dichotomy in the aliphatic organic component between the dense and
diffuse media challenges standard assumptions about the processes occurring in, and
interactions between, these two media. The ubiquity of this interstellar diamond-like ma-
terial rules out models for meteoritic diamond formation in unusual circumstellar environ-
ments and implies that the formation of the diamond-like material is associated with
common interstellar processes or stellar types.

Weak infrared absorptions characteristic
of the C-H stretching vibrations of the
carbonaceous component of interstellar
dust and ices have long been expected to be
present in the spectra of dense molecular
clouds. A high-resolution spectral study of
these features is important because peak
frequencies and relative strengths are char-
acteristic of specific molecules and chemical
classes, and such a study has the potential
to reveal much about the composition of
the dust.

The infrared spectra of protostars em-
bedded in dense interstellar clouds general-
ly show deep ice absorption features (1-3).
We recently obtained high-resolution (2.5
cm™!) spectra of four protostars in the C-H
stretching region from 3100 to 2600 cm™!
(3.2 to 3.9 pm) in order to classify and
quantify the hydrocarbon components of
dense clouds. Besides the C-H stretch of
methanol ice at 2825 cm™! in two of the
spectra, the spectra of all four objects also
revealed an absorption feature centered at
~2880 cm™! (full width at half maximum
height = 90 cm™!) (4) (Fig. 1).

This band occupies a unique position in
the aliphatic C-H stretch region. Absorp-
tions falling within 15 cm™! of 2890 cm™!
(3.46 pm) are characteristic of stretching
vibrations of tertiary CH:
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A tertiary aliphatic C atom is one in which
three of its four single (sp®) bonds are to
other C atoms; the remaining bond is to a
different species, such as hydrogen (5).
Absorptions due to -CH; and —-CH,-
groups fall shortward and longward of 2880
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cm™! (6, 7). Thus, we attribute the 2880-
cm~! band to the tertiary CH group (4).
Because the integrated absorbances per
C-H bond are comparable for —CHj,
—CH,~, and tertiary CH (8), the predomi-
nance of the 2880-cm™! (3.47 wm) band
places significant constraints on the struc-
ture of this hydrocarbon. If there were equal
numbers of each type of hydrogenated C
atom in the interstellar material, there
would be prominent bands at ~2960 cm™!
(-CH,) and 2925 cm™! (-CH,-), a mod-
erate band at 2880 cm™! (tertiary CH), and
weak to moderate features at 2870 cm™!
(-CH,) and 2860 cm™! (tertiary CH). This
is not the case (Fig. 1). Instead the spec-
trum shows that tertiary CH groups are
more abundant than -CH,- and -CH,
groups in dense molecular clouds by factors
of at least 3 and 10, respectively. The
smallest molecular structure that satisfies
the CH:CH,:CH; = 10:3:1 requirement
consists of a three-dimensional cluster con-
taining more than 30 sp>-bonded, intercon-
nected C atoms with the surface atoms
bonded to H atoms. This is the diamond
structure of C. Realizing that one infrared
band is generally insufficient for a secure
assignment, we tentatively attribute this
new feature to interstellar “microdiamonds”

because of its spectral position and predom-
inance, in conjunction with the lack of
other aliphatic bands.

The optical depth of the 2880-cm™! band
toward the protostar NGC 7538 IRS 9 (Fig.
1) places a lower limit of ~5% on the
amount of cosmic C in the material (4).
This is only a lower limit because it considers
only those tertiary C atoms that are bound to
H. Additional skeletal C atoms must also be
associated with this diamond-like material,
as well as C in nonhydrogenated m-bonded
surface atoms and in —-CH; and -CH,—~
groups. If -CH; and —CH,- groups are
responsible for all the absorption at 2960 and
2925 cm™! in Fig. 1, the additional C
content in these groups would be as much as
40% of the measured tertiary C abundance.

If there is a connection between the
carrier of the band we observed and the
interstellar microdiamonds found in mete-
orites (9—11), additional constraints can be
placed on the amount of cosmic C tied up
in the interstellar carrier. Electron-energy
loss spectra show that the meteoritic dia-
monds contain mainly sp> C—C bonds with
some Tr-type (sp?) C=C bonds (9-11). The
relatively constant ratio of the w-bonded
(sp®) C to o-bonded (sp?) C in meteoritic
diamonds has been taken to imply that the
Tr-bonded C is part of the surface (11). If we
assume that the interstellar diamonds have
the same surface properties and size distri-
bution as those of the meteoritic diamonds,
then for every tertiary CH we detect, there
could be as many as three additional C
atoms bound only to other skeletal C at-
oms. Considering these possibilities, the
tertiary CH abundance could be an under-
estimate of the total C abundance of this
carrier by a factor of as much as 4; thus, 10
to 20% of cosmic C could be associated
with the 2880-cm™! band carrier. This
compares with 10 to 20% in the form of
CO, 10 to 50% in CH,OH, 10% in poly-
cyclic aromatic hydrocarbons, and about
25% thought to be in amorphous C. This
10 to 20% abundance in microdiamonds is
similar to the amount predicted to be pro-
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Fig. 1. The interstellar 2880-cm~"
band of NGC 7538 IRS 9 as-
signed principally to the tertiary
CH stretch of diamond-like C in
dense molecular clouds. This is
the residual spectrum obtained
after removal of the local continu-
um and the solid methanol feature
- for the source with the best de-
fined 2880-cm~"' feature, NGC
7538 IRS 9. See (4) for details
— and the spectra of the protostars
W33A, S140, and W3 IRSS.
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duced by shock waves in the interstellar
medium (ISM) (12) and is consistent with
the suggestion that microdiamonds should
be stable in space (13) while graphite may
be rare (14). This range is also similar to
the 25% value for all (including aliphatics)
of the sp> carbon proposed to be associated
with amorphous carbon particles, suggest-
ing that interstellar amorphous C may be
associated with the microdiamonds (15).

The present observations also bear on
questions concerning the origin of interstel-
lar microdiamonds recovered from meteor-
ites. These diamonds contain nonsolar iso-
topic abundances of Xe, Ne, N, and H,
indicating an interstellar origin (16). In
contrast to the prominence of the tertiary
CH feature (2880 cm™!) in the interstellar
spectra, the infrared spectra of meteoritic
microdiamonds are dominated by -CH,
and -CH,- bands in the aliphatic C-H
stretch region (10). These meteoritic -CH,4
and —CH,— groups could result from hydro-
genation of surface sites during the exten-
sive chemical processing required to sepa-
rate the microdiamonds from the other
meteoritic components. Similarly, surface-
modifying effects are also expected for nat-
urally occurring and industrial-grade syn-
thetic diamonds (17, 18). The predomi-
nance of the tertiary CH feature in the
interstellar spectra emphasizes the unique
character of the interstellar diamond-like
material observed in dense clouds.

Our detection of the 2880-cm™! band in
all four of the dense clouds that we studied
indicates that interstellar diamond-like ma-
terial is abundant and ubiquitous in the
interstellar medium. Thus, hypotheses that
attempt to explain the isotopic anomalies
by invoking rare formation sites for the
meteoritic diamonds (19, 20) can be ex-
cluded on the basis of abundance consider-
ations. This conclusion is also supported by
the almost solar 2C/'3C ratios found in
meteoritic diamonds. Both '2C and 13C are
injected into the ISM by many different
stellar sources, each characterized by a non-
terrestrial 12C/'3C ratio (21). The nearly
solar 12C/13C ratio of meteoritic diamonds

(2C/1C ~ 89) is difficult to reconcile with
an origin in a single type of stellar source.
In contrast, highly anomalous *C/13C ra-
tios have been measured in SiC grains
isolated from meteorites. These grains, be-
cause of this anomaly and other s-process (a
type of nucleosynthetic pathway) abun-
dance anomalies, are thought to have orig-
inated only from C-rich giants. Although
the measured Xe anomalies in meteoritic
diamonds are at variance with the argu-
ments against a diamond origin from rare
stellar sites, only 1 in 10° diamonds needs
to contain a Xe atom in order to account for
the Xe abundances. The possibility that a
small contribution of diamond stardust from
type II supernovae is responsible for the Xe
anomaly is not excluded by our observa-
tions.

The infrared spectrum (in the C-H
stretch region) of dust in the diffuse ISM is
dramatically different from the spectrum of
dust in the dense medium (Fig. 2). The
hydrocarbon dust component of the diffuse
ISM contains aliphatic hydrocarbons rich
in methyl (-CH;) and methylene (-CH,-)
groups in a ratio ~2.5:1 (22). These are
present as short chains, two to three C
atoms long, attached to perturbing elec-
tronegative groups such as OH. The spectra
of the diffuse ISM material suggest that it is
similar to meteoritic kerogen (23, 24).
Thus, it appears that diamond-like material
is ubiquitous in dense clouds whereas
methyl- and methylene-rich material is
dominant in the diffuse ISM. This differ-
ence, which does not depend on the actual
carrier of the 2880-cm™! band, is surprising
in view of the thorough mixing expected
between the dense and diffuse media.

It is difficult to understand the absence
of the -CH,~ and -CH, bands in the
spectra of embedded protostars. The follow-
ing illustrates the remarkable extent of this
bifurcation of hydrocarbons between the
dense and diffuse media. If we scale by the
visual extinction (A,), a measure of the
total amount of material present, the C-H
stretching band observed toward Galactic
Center source IRS 7 (which primarily sam-

Fig. 2. The spectra, in the C-H T T T T T
stretch region, of NGC 7538 IRS 9
(representative of dust in the F Scaled NGC 7538 IRS 9 |
dense ISM) and of Galactic Cen- oS g
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dustin the diffuse ISM). The spec- £
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ples diffuse ISM dust) to that of NGC 7538
IRS 9 (which primarily samples dense ISM
dust), a feature with a peak optical depth of
about 0.6 at 2960 cm ™! would be expected
in the spectrum of NGC 7538 IRS 9. This
is three times the depth of the new inter-
stellar band at 2880 cm ™! shown in Fig. 1.
Indeed, if it were present, it would likely
obscure the 2880-cm™! feature. Its absence
implies that C-rich materials in the diffuse
medium do not become incorporated into,
or do not survive incorporation into, dense
molecular clouds. Neither destruction by
shocks (which are weak in dense clouds),
nor ultraviolet photolysis (mild as a result of
dust extinction), nor H-atom attack (which
would make ~CH; and ~CH,~ groups rath-
er than destroy them) can explain the
apparent lack of the C-rich diffuse-cloud
component in dense clouds.

Various explanations have been pro-
posed to explain the aliphatic C associated
with the features of the diffuse ISM, includ-
ing direct deposition of hydrogenated amor-
phous C films (25) and ultraviolet photol-
ysis of ice mantles in dense clouds (22, 26,
27). In view of the expected fast exchange
of material between the diffuse and dense
media (28) and the rather benign condi-
tions in dense clouds as compared to those
in the diffuse ISM, the predominance of the
2880-cm™! signature and the absence of
clear -CH; and —CH,- absorption features
in the dense medium are puzzling. This
conclusion is independent of the identity of
the 2880-cm ™! interstellar absorption band
carrier.
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Strong, Pure, and Uniform Carbon Fibers
Obtained Directly from the Vapor Phase

Frederick T. Wallenberger and Paul C. Nordine

With laser-assisted chemical vapor deposition, strong and flexible carbon fibers were
obtained at high reaction chamber pressures (>1 bar) with growth rates >0.3 millimeter
per second; their tensile strength (3 gigapascals) approaches that of commercial inter-
mediate modulus carbon fibers made by conventional process routes. With the process
described here, carbon fibers can be produced with superior chemical purity and structural
uniformity. They may become the material of choice in currently emerging premium end
uses, including carbon fiber infrared detection elements.

In 1972, Nelson and Richardson (1) were
able to fabricate short carbon rods from
methane and ethane with diameters >200
wm by laser-assisted chemical vapor depo-
sition (LCVD) using a CO, laser and low
reaction chamber pressures (<1 bar). Their
process, which used laser heating of the
growing fiber tip as the heat source to
decompose the gaseous reactants, was slow
(<10 wm s~1); the carbon rods were weak
and brittle because of considerable structur-
al nonuniformities. Between 1981 and
1988, Biuerle and others (2) made short
carbon fibers from methane, ethylene, and
acetylene by a similar LCVD process. Using
an efficient Ar™ laser, they obtained small
fiber diameters (<25 wm), but because they
also used low reaction pressures (<1 bar)
they too obtained low growth rates (<20
wm s~1).

In 1992, Westberg et al. (3) documented
the structural complexity of small diameter
catbon lines (<20 wm) that had been
deposited from ethylene by a low-pressure
LCVD process (<1 bar) under hot- and
cold-wall conditions like those reported by
Biuerle (2). As shown with scanning ‘elec-
tron microscopy (SEM) (3), a hot-wall
material, for example, had a relatively
smooth but nodular surface. Cleavage,
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however, showed that it had a layered and
perhaps brittle core structure. Short carbon
fibers were recently also obtained by metal-
(versus laser-) catalyzed vapor deposition
with a hot metal particle as the heat source
to decompose hydrogen-hydrocarbon gases
(4). Cylindrical hollow-core fibers result
that are not visible with optical microsco-
py- They can be thickened and lengthened
by further, vapor deposition. Lengthening
ceases when a metal particle is covered by
pyrolytic carbon. The best summary of this
technology, which yields structurally com-
plex materials, is found in a recent review
article by Tibbetts (4). Here, we describe
the fabrication of highly uniform carbon
fibers by LCVD with up to 30 times the
previously documented (1-3) growth rates
and tensile strength values that approach
those of commercial intermediate modulus
(IM) carbon fibers. This result was made
possible through the use of an LCVD pro-
cess with a reaction pressure >1 bar.
Laser-assisted chemical vapor deposition
uses the focal point of a laser beam as the
heat source to decompose the gaseous reac-
tants rather than a hot reaction chamber or
a hot substrate surface, as in a conventional
chemical vapor deposition process. For our
experiments, reaction pressures >1 bar
were used. Figure 1 shows the LCVD
growth of a fiber with time. Under these
conditions, the hot focal point of the laser
is continually adjusted in the reaction
chamber (Fig. 2) to coincide with the tip of
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the growing fiber and to support the con-
tinuous growth of fibers directly from the
vapor phase. The fabrication of micro-
springs and microsolenoids was recently
viewed (5) as well as the formation of
strong, small-diameter boron fibers (6).
The experimental apparatus (6) for
growing the carbon fibers consisted of an
optical bench with a continuous 5-W Nd-
yttrium-aluminum-garnet (YAG) laser, a
small reaction chamber in an enclosed lab-
oratory hood, a system for delivering the
feed gases, a microscope attached to the
reaction chamber to observe and record the
growth of individual fibers, and computer-
operated laser power controls and stepper
motors to drive the fiber pulling rate. The
fiber diameters that were achieved in this
process are nearly equal to the diffraction-
limited laser focal spot size. The size of laser
focal spot, in turn, depends on the wave-
length of the laser. A small reaction cham-
ber served as a research tool. It is suitable
for producing, side-by-side, several 1.4-cm-
long fiber specimens along the edge of a
common substrate, a carbonized cardboard.
The diameters of high-pressure-LCVD
(HP-LCVD) carbon fibers made so far range
from less than 10 pm to more than 30 pm.
In this apparatus, any process variable
(such as pressure, feed rate, or pulling rate)
can be changed within minutes, while all
the others are kept constant. A simple
modification of this chamber facilitates the
growth of fibers up to 2 m long and the
growth of potentially endless fibers directly
from the vapor phase. In our experiments,
carbon fibers were grown from methane and
from ethylene. When grown from methane,
the reactant pressures ranged from 3.4 to
>7.1 bar. Individual fibers grew at a rate
ranging from 9 to 331 wm s~! and with
diameters ranging from 20 to 170 pm.
Much smaller diameter fibers may be grown
at reduced laser power and increased reactor
pressure. The fibers grown from ethylene
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Fig. 1. Fiber growth by LCVD.






