oligomers can still be increased by a struc-
tural control of molecular organization, as
shown in recent work (8). The solubility
of these oligomers in chlorinated sol-
vents, such as dichloromethane or 1,1,2,2
tetrachloroethane, is high enough to pro-
duce thin films by spin-coating or casting
techniques (9), which widens the techno-
logical access to such all-polymer devices.
Any kind of substrate can be considered
in step 2, depending on the mechanical
properties desired for the device. Con-
cerning the gate, source, and drain elec-
trodes, a silver paste—based polymer ink
(Acheson) has also been successfully used
in this work. However, other organic-
based materials could be used, such as
conducting polyaniline polypyrrole or
polythiophenes (10-12), with achievable
resolution as the goal. Although the
present device is largely oversized, con-
ventional printing techniques would al-
low us to reach some 50 wm for channel
length, which means that channel widths
of 0.5 to 1 mm would be required to effect
significant amplification. These dimen-
sions may appear large, but recent reports
have pointed out that an interesting po-
tential exists for macrosized chips in the
display area (13). It must also be stressed
that patterning techniques applied to or-
ganic conducting polymers have been
shown to allow the realization of mi-
crometer-sized electrode arrays, which
should extend the possibilities of such
all-polymer devices to a readily usuable
device (10). This work has shown that
devices fully based on polymer materials
can be fabricated by only the use of print-
ing techniques, and the interesting results
appear promising for the development of
large-area, low-cost plastic electronics.
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The Unidentified Interstellar Infrared Bands:
PAHs as Carriers?

S. Schlemmer, D. J. Cook, J. A. Harrison, B. Wurfel,
W. Chapman, R. J. Saykally*

Infrared emission spectra of gas-phase naphthalene and pyrene have been measured in
the range of 3 to 7.5 micrometers with ultraviolet laser desorption-excitation and a
spectroscopic technique featuring single-photon counting in the infrared. The spectra
were compared with the unidentified infrared emission bands that are observed in many
astronomical objects. Marked discrepancies between those observations and the labo-
ratory emission spectra in the wavelengths and relative intensities of principal spectral
features led to the conclusion that small neutral unsubstituted polycyclic aromatic hy-
drocarbons cannot be the carriers of the unidentified infrared emission bands.

Ohe of the most intriguing current prob-
lems in astrophysics is to identify the carri-
ers of the visible diffuse interstellar absorp-
tion bands (DIBs) (1) and the unidentified
infrared emission bands (UIRs) (2). These
emission bands are observed from a variety
of astronomical objects, including planetary
nebulae (3), reflection nebulae (4, 5), HII
regions (6), and galactic nuclei (7), all of
which exhibit the same principal spectral
features, which seem to correlate with the
abundance of carbon (5). The identifica-
tion of the carriers is important because
they could account for a significant fraction
of carbon in the interstellar medium. The
hypothesis that the carriers of the UIRs are
polycyclic aromatic hydrocarbon (PAH)
molecules (8) has received much attention,
supported by the identification of these spe-
cies in interplanetary dust particles (9). Ac-
cording to the PAH hypothesis (2), indi-
vidual PAHs absorb ultraviolet (UV) radi-
ation emitted from nearby hot stars, un-
dergo internal conversion or intersystem
crossing followed by internal vibrational re-
distribution on a time scale shorter than
UV fluorescence, and finally, emit infrared
(IR) radiation characteristic of the aromatic
C-H stretch [3.3 wm, (3040 cm™1)], C-C
stretch [6.2 wm (1615 cm™!) and 7.7 pm
(1310 ecm™1)], C-H in-plane bend [8.6 pm
(1160 cm™1)], and C-H out-of-plane bend
[11.3 pm (885 cm™!) and 12.7 pm (785
cm™!)]. These six features correspond to
the major UlRs.

The similarity of the observed UIRs to
the absorption spectra of several PAH mol-
ecules has been described (2). However,
emission and absorption spectra can differ
markedly, especially if the vibrational ener-
gy content of the molecule is high and
many overtones and combination bands are
excited. Therefore, only laboratory emis-
sion experiments can test the PAH hypoth-
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esis in a rigorous way. Previous emission
measurements were confined to the 3- to
4-pm wavelength range, characteristic of
aromatic and aliphatic C-H stretch vibra-
tions (10-14). The 3.3-pm features ob-
served in previous experiments were found
to coincide with essentially all astronomical
UIR observations. Moreover, the emission
spectra observed for different PAHs excited
by different UV wavelengths are strikingly
similar. Thus, the general notion that
PAHs are responsible for the interstellar IR
emission features seems supported by the
available evidence. However, the 3.3-pm
C-H stretch is ubiquitous to a wide variety
of hydrocarbons; an identification of the
UIR carriers from observation of the 3.3-
pm emission alone is impossible.

In this report we describe the measure-
ment of IR emission spectra for two repre-
sentative small neutral PAHs—naphtha-
lene and pyrene—in the extended range of
3 to 7.5 pm with the use of an infrared
photon counting technique that we have
developed. In these experiments we simul-
taneously monitor several of the principal
UIR features, which allows us to assess the
identification of their carriers in a more
definitive manner than has been possible
before.

Previous laboratory emission experi-
ments addressing the PAH hypothesis have
involved a direct simulation of the proposed
mechanism with UV excitation of small
PAH molecules under collision-free condi-
tions (10, 11, 13). PAHs larger than ben-
zene or naphthalene have vapor pressures
suitable for spectroscopy only at high tem-
peratures. Thermal sources of gaseous PAHs
therefore emit intense blackbody radiation,
which limits the sensitivity of conventional
IR emission experiments and renders mea-
surements beyond 4 pm extremely difficult.

Our experimental approach is to use
UV-laser-induced desorption (UV-LID) to
vaporize PAH molecules adsorbed on a
77K sample plate. The 248-nm excimer
laser light also provides the requisite elec-




tronic excitation. IR fluorescence of the
desorbed molecules is then collected with
the IR single-photon counting fluorescence
spectrometer (IRSPCFS) we developed,
which will be described elsewhere (15). In
this experiment, an IR photon counting
detector (16) is used in conjunction with a
liquid helium—cooled Czerny-Turner mono-
chromator. The detector is exposed only to
the emission from the excited PAHs and
the 77-K blackbody background radiation
emitted by the cold sample Dewar, thus facil-
itating IR emission measurements at longer
wavelengths.

With this technique, several important
questions must be addressed before a mean-
ingful comparison of laboratory emission
spectra with the UIRs can be made. First,
we carefully demonstrated that the emission
actually originates from gas-phase mole-
cules rather than from molecules adsorbed
on the sample plate. Another possible con-
cern is that the PAHs may photodissociate
upon UV photolysis. Using a quadrupole
mass spectrometer, we measured the pho-
todesorption yield on the parent mass and
on the masses of the most likely photofrag-
ments. At the laser fluences used in this
experiment, the intensity ratios of all frag-
ment masses observed with laser desorption
to the parent mass correspond to the same
ratios observed for a quiescent background
of gaseous naphthalene and pyrene. We
cannot rule out the production of ions in
the UV-LID method. However, a compari-
son of the intensity ratios for several differ-
ent emission features with ab initio predic-
tions shows that they do not account for a
significant fraction of the emission. There-
fore, the emitters in these experiments are
predominantly neutral parent molecules.

Finally, it must be shown that UV-LID
approximates the proposed UV excitation
of the PAH molecules in the interstel-
lar medium. According to Leger and
d’Hendecourt (17), internal conversion
followed by internal vibrational redistri-
bution is the dominant process in the
photophysics of the PAHs in the inter-
stellar medium. Therefore, one may think
of the carriers of the UIRs as hot ground-
state molecules. In our LID experiments,
a 10- to 15-ns laser pulse at 248 nm
(typically 1 MW cm™2 to 10 MW cm™2)
is absorbed by a thin, solid film of the
sample molecules. This absorbed energy is
dissipated by reflection, fluorescence of
the excited monomer and dimer (exci-
mer), heat conduction into the solid, and
vaporization of the sample.

We have clearly shown that the emis-
sion observed upon UV-LID originates from
the vaporized parent molecules, which we
take to be hot ground-state species. There is
no absolute proof that this mechanism is
comparable to the proposed interstellar UV

excitation mechanism. However, we can
compare the 3.3-pm feature obtained by
UV-LID with similar results obtained in a
collisionless free jet. Two IR spectra of
naphthalene in the range of 3 to 4 pm are
shown in Fig. 1A (left). One spectrum (dot-
dash line) was taken in a free jet experi-
ment involving the direct simulation of the
PAH hypothesis, as described elsewhere
(13), the other was taken with UV-LID
(solid line). Both spectra exhibit the 3.3-
wm feature; the linewidths and the shapes
of the lines are essentially the same. The
principal difference in the two spectra is a
blueshift of the LID spectrum (AN = 0.030
pwm). Coupling between the various modes
of these highly excited molecules leads to
anharmonicity; emission from cooler mole-
cules is therefore blueshifted relative to
more energetic molecules. Brenner and
Barker (10) observed such a blueshift due to
gas kinetic collisions. In the case of ben-
zene, they observed this blueshift to be a
roughly linear function of internal energy.

In earlier UV-LID work it was reported
that the vaporizing molecules undergo en-
ergy-exchanging collisions and actually
form slightly supersonic molecular beams

S REPORTS |

(18). In the free jet experiments, the entire
energy of the absorbed UV photon is con-
verted into vibrational excitation. For 248-
nm (40,000 cm™!) excitation, we observed
a 0.020- to 0.030-pm blueshift of the naph-
thalene 3.3-pm feature with respect to 193-
nm (51,800 cm™!) excitation, due to the
lower degree of vibrational excitation. As-
suming the peak position is linear with
internal energy, we estimate that in the
UV-LID experiment, the average vibration-
al energy per naphthalene molecule is
around 30,000 cm™!. Therefore, the IR
emission in the UV-LID experiments orig-
inates from molecules that are colder than
those in the collisionless, free jet experi-
ment. We interpret the similarity of the
types of spectra as evidence that both UV
excitation mechanisms nevertheless leave
the molecules very hot (vibrationally) in
the S, ground state.

An IRSPCFS spectrum of pyrene in the
3- to 4-pm region is shown in Fig. 1B (left).
The 3.3-pwm emission feature is very similar
to that of naphthalene. This similarity
clearly shows that a carrier identification
from the C-H stretch region alone is im-
possible. Moreover, all PAH spectra mea-
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Fig. 1. Mid-IR emission spectra of (A) naphthalene and (B) pyrene obtained with the Berkeley IR
single-photon counting fluorescence spectrometer (IRSPCFS). The corresponding stick diagrams indi-
cate band positions and intensities of absorption spectra of the measured species in cryogenic matrices
(20). IR fluorescence from UV laser—desorbed PAHSs is imaged into the 0.5-m, liquid helium—-cooled, /7
monochromator. The wavelength-dispersed and time-resolved signal is collected with a solid-state
blocked impurity band detector. For the spectra shown here the signal is integrated for 10 to 100 s after
the UV laser pulse. The resolution is about 20 nm throughout the entire spectral range. The spectra are
not corrected for the instrument response function, which is estimated to vary by a factor of 1.3
throughout the 5- to 7-pm region. In (A) (left), IR fluorescence from UV laser—excited naphthalene in a free
jet (dot-dash line) is compared with the corresponding emission from the UV-LID source (solid line). The
similarity of the 3.3-um features from different methods indicates that UV-LID, as used in the remaining
three panels, is a reasonable simulation to test the proposed PAH hypothesis. The appearance of
emission in the 5- to 6-pm regime is in agreement with the positions from matrix work but disagrees with
the UIR observations. Relative intensities of the 3.3-pm feature and the emission in the range of 6 to 8 um
are further evidence that small neutral PAHs cannot be the carriers of the UIR emission.”
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sured in this range, with both the free jet
and UV-LID approaches, exhibit the same
asymmetric line shape as do the naphtha-
lene measurements of Brenner and Barker
(10), Williams and Leone (14), and the
unsubstituted PAH measurements of Shan,
Suto, and Lee (12). In earlier benzene ex-
periments, Brenner and Barker attributed
shoulders to the red of the main feature to a
progression of anharmonically shifted Av =
—1 transitions in the C-H stretch modes
(such as Avg y =3 —2,2 —1) (10). The
positions of these less intense transitions
coincide with several minor UIR features.
However, computer modeling (19) indi-
cates that this effect should diminish for
larger PAHs because the excitation energy
is partitioned into more vibrations, thus
leaving less energy for the requisite multi-
quantum excitation. Because both naphtha-
lene and pyrene exhibit a similar asymmetry
to the red of the 3.3-pm feature, and no
distinct peaks are observed, we attribute
this asymmetry to the presence of a multi-
tude of sequence bands (Av = 1 — 0, with
other modes simultaneously excited); this
conclusion was independently reached by
Williams and Leone (14). Alternatively,
the minor UIR bands have been attributed
to substituted PAHs with aliphatic side
groups (methyl, ethyl, and others) (2). This
notion is supported by the experiments of
Shan and co-workers in which distinct
bands to the red of the 3.3-pum feature are
observed from methyl-substituted PAHs
(12).

The IR spectra of naphthalene and
pyrene at wavelengths longer than 4 pm
are shown in Fig. 1 (right panels). These
are the first such emission spectra of these
molecules measured under conditions that
approximate the astrophysical environ-
ment. Whereas naphthalene shows strong
emission throughout the 5- to 7.5-pm
region, pyrene emits principally near 5.2
to 5.7 wm. All emission features in these
spectra are attributed to C-C stretch vi-
brations, the C-H in-plane bending vi-
brations, overtones, and combination
bands of these vibrations with C-H out-
of-plane bending motions as well as with
cyclic C-C ring vibrational motions. The
stick diagrams in each figure indicate the
spectral assignment and band intensity
found in recent IR absorption work car-
ried out in 12-K argon matrices (20). For
naphthalene, the present emission fea-
tures largely coincide with the matrix ab-
sorption spectra; however, most emission
bands are broader and extend to the red of
the band positions found in (20), indicat-
ing that the emission originates from hot
gaseous parent molecules. Accordingly,
the intensities of the overtones and com-
bination bands found in the present work
are greatly enhanced with respect to the
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fundamental frequencies, as compared
with the ratios found in the cold matrix
work. For pyrene, this same trend is even
more apparent.

The emission spectra measured in the
present work were taken under conditions
which approximate the astrophysical en-
vironment; therefore, a meaningful com-
parison of these spectra with the UIR
bands is possible. All UIR spectra exhibit
the same principal features at 3.3, 6.2,
7.7, 8.7, and 11.3 wm; although the bands
appear slightly shifted in different sourc-
es, all six bands appear very consistently
as a group. Leger and d’Hendecourt point-
ed out that all PAH molecules show ab-
sorptions between 5 and 6 wm (17); ob-
servations of some UIR sources reveal a
distinct, albeit weak, band at 5.25 pm (2,
21). The dominance of the 5- to 6-pm
bands over the 6- to 7.5-pwm bands in our
laboratory emission spectra is in stark
contrast to the UIRs in which features
between 5 and 6 pwm are sometimes barely
discernable and are considerably weaker
than the consistently intense 6.2-pm UIR
band, which did not appear in our exper-
iments at all. Therefore, we interpret this
as a strong indication that small PAH
molecules are not the carriers of the UIRs.

A second critical test of the PAH hy-
pothesis is the comparison of the emission
strength of the C-C and C-H stretch
bands. We found the 3.3-pm feature com-
parable in strength to the 5- to 6-wm fea-
tures, and we did not measure strong emis-
sion at either 6.2 or 7. 7 wm. To obtain the
C—C to C-H stretch intensity ratio, we
therefore took our strongest bands in the 5-

Table 1. Comparison of the strength of the C-C
stretch to C-H stretch emission. The UIR value is
corrected for the fact that astronomical observa-
tions measure power densities rather than count
photons. The values listed under ‘‘current work’
include the instrument response function, and up-
per limits due to uncertainties in calibration are
given in parentheses. The theoretical predictions
of oscillator strengths for neutral and ionic naph-
thalene are given in (23). In the model for chrysene
(@), an IR emission spectrum is calculated by
weighing oscillator strengths with a 30,000-cm™~"
vibrational population distribution. Given the as-
sumptions in this model, the values for chrysene
and pyrene are expected to be similar.

Intensity ratio

Source /6.2 + 7.7”3.3

UIRs 41025
Current work

Pyrene 0.15 (0.6)

Naphthalene 0.19 (0.75)
Ab initio predictions

Neutral naphthalene 0.22

lonic naphthalene 20
Model

Chrysene 0.19
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to 8-pm range and compared those with the
strength of the 3.3-pm feature. In Table 1,
we compare our findings with the range of
values from seven other observations of
UIR sources (6, 7, 22), with ab initio pre-
dictions of the ratios of integrated band
intensities for neutral and ionized naphtha-
lene (23), and with modeling results that
include effects of vibrational excitation (2).
Our present values for pyrene and naphtha-
lene agree reasonably well with theoretical
predictions for neutral naphthalene, but not
at all for ionized naphthalene (23).

Therefore, we conclude that our emis-
sion originates from neutral species. More
importantly, our results for naphthalene dif-
fer from the UIR results by one order of
magnitude or more. This is further evidence
that small neutral PAHs are not the carriers
of the UIR emission.

The C-C to C-H stretch intensity ratio
should rise strongly as the hydrogen/carbon
ratio drops for larger PAHs, such as coro-
nene (C,,H,,), as compared with naphtha-
lene (C,yHg), assuming that both the C-C
modes and the C-H modes appear in a very
narrow frequency range. Therefore, larger
PAHs could certainly exhibit the observed
UIR ratio and thus cannot be ruled out as
possible carriers. However, even for coro-
nene, one expects strong emission in the
range of 5 to 6 wm (17), which is inconsis-
tent with the UIR observations.

Differences have also been found in the
relative band intensities of the C-C stretch
region (6.2 and 7.7 pm) and the 11.3-um
feature, which is attributed to the C-H
out-of-plane bending mode (6). These dis-
crepancies also favor a decreased hydrogen/
carbon ratio in the PAHs present in astro-
nomical sources. Therefore, it was suggested
that PAHs in the interstellar medium might
be severely dehydrogenated (2). However,
as one model (19) demonstrates, a popula-
tion of sufficiently large PAHs can also
explain this intensity ratio. Furthermore,
calculations regarding radiative recombina-
tion (24) indicate dehydrogenated PAHs
may readily accrete hydrogen without the
aid of a third body. These considerations
make the dehydrogenation hypothesis seem
less palatable. IR emission measurements of
PAH C-H out-of-plane bending modes (11
to 15 pm) would be of considerable impor-
tance in addressing this question.

The PAH hypothesis has also been ex-
tended to molecular ions of PAHs (2). This
extension seems reasonable, comparing the
predicted C-C/C-H ratios with those found
in the UIRs (see Table 1). Several groups
have investigated the IR absorption spectra
of molecular ions in cold matrices (20, 25).
The absolute oscillator strengths of these
ions are much larger (one order of magni-
tude or more) than for the corresponding
neutrals (25). Moreover, these experiments



show a favorable intensity ratio of the cor-
responding features. However, the band po-
sitions of the ionized species are shifted only
slightly [80 cm™! or less (20)] with respect
to the neutrals. It still remains to be shown
that ionized gaseous PAHs do not carry the
strong 5- to 6-pm emission.

Fulara et al. (26) have measured the
near-IR, visible, and UV spectra emission
from a different class of molecules, highly
unsaturated hydrocarbons [CH, , n = 2 -
12 (even), m < 3]. They showed that the
near-IR and visible features correspond to
15 DIBs. However, the absorption lines in
the UV are inconsistent with astronomical
observations. Nevertheless, this class of
molecules also should be considered as pos-
sible carriers of the UlIRs. IR emission spec-
tra of these species as well as emission spec-
tra from large neutral PAHs (for example,
coronene or larger) and ionized PAHs must
be measured to further explore the possible
connections of these molecules with the
UIRs and DIBs.
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X-ray Variability in the Hot Supergiant { Orionis
Thomas W. Berghdfer and Jurgen H. M. M. Schmitt

Hot massive stars represent only a small fraction of the stellar population of the galaxy,
but their enormous luminosities make them visible over large distances. Therefore, they
are ideal standard candles, used to determine distances of near galaxies. Their mass loss
due to supersonic winds driven by radiation pressure contributes significantly to the
interstellar medium and thus to the chemical evolution of galaxies. All hot stars are soft
x-ray sources; in contrast to the sun with its highly variable x-ray flux, long time scale x-ray
variability is not common among hot stars. An analysis is presented here of an unusual
increase in x-ray flux observed with the roentgen observatory satellite during a period of
2 days for the hot supergiant { Orionis, the only episode of x-ray variability that has been
found in a hot star. These observations provide the most direct evidence so far for the
scenario of shock-heated gas in the winds of hot stars.

X-ray observations carried out with the
Einstein Observatory (1) and the roentgen
observatory satellite (ROSAT) (2) have
shown that all hot stars are soft x-ray sourc-
es with ~1077 (the typical range for the
solar value is 1077 to 107°) of their total
luminosity emitted as soft x-rays (1-3). Ear-
ly attempts to explain the observed x-ray
emission in hot stars by a thin, hot corona
at the base of the wind (4), similar to the
solar x-ray corona, have become untenable.
First, the absorption of the x-ray emission
by the overlying wind requires an enormous
emission measure of x-ray—emitting materi-
al (5). However, the search for the green
corona emission line (Fe XIV, 530.3 nm),
which is a direct indicator of gas at coronal
temperatures, in the optical spectra of hot
stars has been unsuccessful (6) and could
not provide any observational evidence for
the existence of hot gas in massive stars.
Second, x-ray spectra of hot stars show no
evidence for absorption at the 0.6-keV K
shell ionization edge of oxygen (7) predict-
ed in coronal models. Third, in contrast to
cool stars like our sun, with its highly vari-
able coronal activity, our long-term x-ray
variability studies provide no evidence for
x-ray time variability for hot stars over time
scales of up to several years (2, 8).
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The theory of stellar winds driven by
line radiation (9, 10), developed to explain
the mass loss from hot stars, provides a
different mechanism for the generation of
x-rays in hot stars: The winds of hot stars
are driven by the absorption of stellar radi-
ation in a multitude of ultraviolet spectral
lines, and stability analyses show that such
line-driven winds are extremely unstable
(11). In a more phenomenological way,
Lucy and White (12) postulated (as a con-
sequence of these instabilities) the presence
of hot gas (and hence the x-ray emission)
generated by shocks in the hot star winds.
Detailed time-dependent calculations (13)
show that the growth of instabilities natu-
rally leads to the production of strong
shocks that arise from the deceleration of
high-speed wind material that impacts on
slower material (thus driving a reverse
shock). The combination of this effect with
the results of our long-term x-ray variability
studies of hot stars (2, 8), which indicate
that the x-ray emission of hot stars remains
very constant over long time scales, makes
it seem likely that the observed x-ray emis-
sion is the average output from a larger
number of shocks distributed in the wind of
these stars.

A recently obtained ROSAT position
sensitive proportional counter (PSPC)
spectrum of the hot prototype star { Puppis
(14) clearly shows the “self-absorption” of
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