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Abstract: Polycyclic aromatic hydrocarbons (PAHs) have long been postulated as constituents of the
interstellar gas and circumstellar disks. Observational infrared emission spectra have been plausibly
interpreted in support of this hypothesis, but the small (or zero) dipole moments of planar, unsubstituted
PAHs preclude their definitive radio astronomical identification. Polar PAHs, such as corannulene, thus
represent important targets for radio astronomy because they offer the possibilities of confirming the
existence of PAHs in space and revealing new insight into the chemistry of the interstellar medium. Toward
this objective, the high-resolution rotational spectrum of corannulene has been obtained by Fourier transform
microwave spectroscopy, and the dipole moment (2.07 D) of this exceptionally polar PAH has been
measured by exploiting the Stark effect.

Introduction

Fundamental questions concerning the nature and composition
of interstellar space, circumstellar envelopes, and planetary
atmospheres manifest themselves at a fascinating intersection
of astronomy, spectroscopy, and chemistry.1-6 The combination
of laboratory spectroscopy and radio astronomy provides a
powerful capability for the detection and identification of
molecular species in the interstellar medium (ISM). Rotational
transitions for molecular species occur across an extremely wide
frequency range (1-1000 GHz), and the transitions can be
measured with remarkably high precision (one part in 108). As
a consequence, the detection of just a few rotational transitions
by radio astronomy represents a unique “fingerprint” and the
basis for a secure spectroscopic assignment.7 A total of 129
molecules have been detected in interstellar space; 114 have
been detected by radio astronomy and the remaining 15 by

infrared or ultraviolet astronomy.8 The majority of these species
are organic molecules, and these molecules comprise a diverse
representation of organic functionality. Unfortunately, radio
astronomy is not amenable to the detection of nonpolar, or
weakly polar, species because microwave signal strength is
proportional to the square of the molecular dipole moment.
Notable blind spots, therefore, compromise our picture of the
organic species in the interstellar medium. Despite the fact that
numerous (polar) carbon-rich molecules have been detected in
space, simple aromatic hydrocarbons, polycyclic aromatic
hydrocarbons (PAHs), and fullerenes remain inaccessible to
radio astronomy.

Infrared emissions have been detected from a variety of
astronomical sources. One widely held, albeit controversial,
interpretation ascribes some of these features to aromatic
hydrocarbons.3,6,9 For example, an emission feature at 14.8374
µm (673.9732 cm-1), recently observed using the Infrared Space
Observatory (ISO), has been assigned as theν4 deformation
mode of benzene.10 Careful laboratory spectroscopy of selected
larger aromatic hydrocarbons, however, has not furnished
agreement with astronomical observational data.11 Fits of
infrared emission spectra from mixtures of PAHs with obser-
vational data are persuasive, but infrared emission data are
inherently less precise than those obtained by high-resolution
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(9) Léger, A.; Puget, J. L.Astron. Astrophys.1984, 137, L5-L8.

(10) Cernicharo, J.; Heras, A. M.; Tielens, A. G. G. M.; Pardo, J. R.; Herpin,
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rotational spectroscopy. Although the spectroscopic detection
of aromatics, PAHs, and fullerenes may be equivocal, these
species represent logical targets for study on the basis of the
known, or presumed, chemistry of interstellar clouds and
circumstellar environments. It is also worth noting that
fullerenes12-14 and PAHs15 obtained from meteorites and
interplanetary dust particles are unequivocally extraterrestrial
in origin.

Against this backdrop, we initiated a series of investigations
to develop the high-resolution laboratory rotational spectroscopy
required to conduct astronomical searches for aromatic com-
pounds and/or their chemical precursors or degradation
products.16-18 In the current investigation, we describe the
rotational spectrum of corannulene (Figure 1), a C20H10 PAH
in which a unique combination of structural features is predicted
to confer on the molecule an exceptionally large dipole moment
of µ ≈ 2.1 D.19 The polarity of this molecule arises from strain-
induced pyramidalization of the carbon atoms in the central five-
membered ring, which causes the polycyclic network to adopt
a nonplanar, bowl-shaped geometry (Figure 1C). The carbon
atoms comprising the outer rim of the bowl lie 0.87 Å above
the plane of the central ring.20,21 Superimposed on this curved
geometry, an electronic structure of corannulene derived from
simple organic resonance theory pictures the molecule as an
anionic five-membered ring core, with sixπ electrons, and a
cationic 15-membered outer rim, containing 14π electrons
(Figure 1B).22 The two oppositely charged conjugated cycles
in this picture both satisfy the classical definition of Hu¨ckel
aromaticity (4n+ 2 π electrons).

The synthesis of corannulene by Barth and Lawton in 1966
was a landmark in aromatic hydrocarbon chemistry;22,23 that
preparation of the first geodesic polyarene preceded, by more

than 20 years, developments associated with other “curved
aromatics” (fullerenes, carbon nanotubes, and buckybowls).
More recently, corannulene has been discovered, along with
dozens of planar polycyclic aromatic hydrocarbons and fullerenes,
in a variety of hydrocarbon flames.24,25 In contrast to planar
polycyclic aromatic hydrocarbons and fullerenes, however, the
nonplanar corannulene is polar and thus amenable to charac-
terization by high-resolution rotational spectroscopy. A polar
PAH represents a profoundly significant target for astronomical
detection, one that offers the possibility to fill an important void
in our understanding of the chemistry of interstellar space and
an opportunity to confirm the existence of extraterrestrial PAHs.

Methods

Spectral survey scans of the rotational spectrum of corannulene were
obtained using a high-resolution Fourier transform microwave (FTMW)
spectrometer, a pulsed-molecular-beam Fabry-Pérot cavity spectrom-
eter of the Balle-Flygare design.26,27 The sample of corannulene was
prepared by the method described previously.28 Corannulene is a solid
at room temperature; it sublimes at 170°C (0.02 Torr) and melts at
268-269°C (under nitrogen).22 To obtain sufficient vapor pressure to
record the rotational spectrum, the sample was heated in a reservoir
nozzle installed in the backside (atmospheric pressure side) of the
integral end flange-mirror of the FTMW spectrometer at NIST.27 Most
measurements were carried out at a nozzle temperature between 220
and 250°C and at a carrier gas pressure near 140 kPa (80%/20%
mixture by volume of neon and helium). All frequency measurements
were referenced to a rubidium frequency standard. The spectrometer
used for the Stark-effect measurements at Hannover also utilizes a
coaxially oriented beam-resonator arrangement (COBRA), that is, the
molecular jet expands coaxially to the axis of the near-confocal Fabry-
Pérot-type resonator.29 The principal advantage of the longer transit
time of the molecular jet in the coaxial arrangement becomes applicable
for Stark-effect experiments where very narrow line widths are desired.30

The direction of the electric Stark field is perpendicular to the polarized
microwave field, leading exclusively to the selection rules∆MJ ) (1.
The electric field,E, was determined by calibration measurements with
the OC36S and18OCS isotopomers of OCS using a dipole moment of
µ ) 0.71519(3) D.31

The initial survey search scans were carried out in the frequency
range of 12.0-12.4 GHz, starting at a nozzle temperature of∼180°C
and repeating the scan at higher temperatures up to 240°C. For each
spectral scan, 25 free induction decays were averaged and Fourier
transformed at stepped frequency intervals of 0.5 MHz and pulse
repetition rates of 5 Hz. The frequency range was chosen for optimum
sensitivity of the spectrometer, with a foreknowledge of the predicted
frequency for theJ ) 12 r 11 transition. The rotational constant
calculated from the structure reported by Hedberg et al.32 guided the
search:B ) 508.192 MHz. TheJ ) 12 r 11 transition was observed
near 12 236 MHz and was readily verified by observing the nearly
equally spaced transitions above and below this frequency. All of the
observed transitions are listed in Table 1. The four lowest frequencies
were obtained in Hannover during the course of Stark-effect measure-
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Figure 1. Corannulene, C20H10. (A) Line-bond structural representation.
(B) Polar resonance structure. (C) Three-dimensional geometry determined
by gas-phase electron diffraction.32
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ments. Since corannulene is an oblate symmetric top, it could exhibit
K structure; however, no splittings were observed.

Results and Data Analysis

The energy levels of an oblate symmetric top may be
described by eq 1:

and the transition frequency is described by eq 2:

whereJ is the lower state rotational quantum number,B the
rotational constant, andDJK and DJ are centrifugal distortion
terms. Since noK structure was observed,DJK cannot be
determined.33 The measurements listed in Table 1 were the least-
squares fit to two parameters of eq 2 with the resultingB and
DJ values shown at the bottom of Table 1. Table 1 also includes
calculated frequencies for all transitions up toJ ) 25 (25 GHz)
as a convenience for subsequent laboratory or astronomical
measurements. Table S1 (Supporting Information) carries the
calculations up toJ ) 154 (158 GHz).

For Stark-effect measurements, it is desirable to limit the
number ofMJ components such that an assignment and analysis
becomes feasible. Thus, lowJ transitions are preferred, which

also coincides with the boundary conditions introduced by the
rotational temperature of the species in the supersonic jet expan-
sion. With a temperature as low as 1 K, only rotational levels
with very low J values are occupied. Transitions involving low
J values are especially valuable when using coaxially aligned
electrodes for Stark effect applied in resonators (CAESAR) since
the selection rule of∆MJ ) (1 gives rise to approximately
twice the number ofMJ components as compared to the common
parallel plate arrangement with∆MJ ) 0. On the other hand,
the small B constant (509.8 MHz) means that the lowJ
transitions will occur at frequencies where the diffraction losses
of the Fabry-Pérot resonator are not negligible. This limits the
usableJ transitions to a very narrow range. In these experiments,
the J ) 9 r 8 transition was inaccessible, while the intensity
of theJ ) 8 r 7 transition was weak. TheJ ) 6 r 5 andJ )
7 r 6 transitions, which both lie within the sensitive frequency
range of the instrument, are predicted to exhibit strongMJ

components (one and two, respectively) that display a large Stark
shift toward higher frequency (positive shift), as well as one
strongMJ component that displays a positive, but rather small
effect upon the application of an electric field. All other
components with positive shift are rather weak, while the
components with negative shift show only a small displacement
from one another and, thus, are poorly resolved. Figure 2 depicts
the predicted Stark-splitting pattern for theJ ) 6 r 5 transition.

An analysis of the Stark effect of the selected components
turned out to be straightforward even though the total number
of MJ components is still large. Figure 3 provides amplitude
spectra of the observed Stark-split and -shiftedMJ ) 6 r 5
andMJ ) 5 r 4 components of theJ ) 6 r 5 transition for
different electric fields. OtherMJ components seen in the
spectrum have not been analyzed either because of their much
smaller intensity or because individual components were not
resolved. The analysis is based on eq 3, giving the Stark shifts,
∆ν, that are valid forK ) 0 and the selection rule∆MJ ) (1.

(33) Details available as Supporting Information.

Table 1. Calculated and Measured Rotational Transitions for
Corannulene (C20H10)

transition
J ′−J ′′

calculated
frequencya

(MHz)

measured
frequencyb

(MHz)

energy lower
state

(cm-1)

1-0 1019.6854(1) 0.000
2-1 2039.3706(1) 0.034
3-2 3059.0556(2) 0.102
4-3 4078.7404(2) 0.204
5-4 5098.4247(2) 5098.4246(5) 0.340
6-5 6118.1084(3) 6118.1081(5) 0.510
7-6 7137.7916(3) 7137.7916(5) 0.714
8-7 8157.4740(3) 8157.4739(5) 0.952
9-8 9177.1556(3) 9177.156(2) 1.224
10-9 10196.8363(4) 10196.838(2) 1.531
11-10 11216.5159(4) 11216.517(2) 1.871
12-11 12236.1943(4) 12236.197(2) 2.245
13-12 13255.8715(5) 13255.872(2) 2.653
14-13 14275.5473(6) 14275.549(2) 3.095
15-14 15295.2217(7) 15295.222(2) 3.571
16-15 16314.8945(8) 16314.894(2) 4.082
17-16 17334.5657(10) 17334.564(2) 4.626
18-17 18354.2350(12) 18354.234(2) 5.204
19-18 19373.9025(15) 19373.903(2) 5.816
20-19 20393.5680(18) 6.462
21-20 21413.2314(21) 7.143
22-21 22432.8926(25) 7.857
23-22 23452.5515(29) 8.605
24-23 24472.2080(33) 9.388
25-24 25491.8619(39) 10.204

Parameters:a

B 509.842684(27) MHz
DJ 0.004356(76) kHz
µ 6.908(60)× 10-30 Cm

2.071(18) D

a Uncertainties shown in parentheses are type-A expanded uncertainties37

with a coverage factork ) 2 (two standard deviations).b Uncertainties
shown in parentheses are estimated type-B with a coverage factork ) 1.

W ) BJ(J + 1) + (C - B)K2 - DJJ
2(J + 1)2 -

DJKJ(J + 1)K2 - DKK4 (1)

ν(∆K ) 0, J f J + 1) ) 2B(J + 1) - 4DJ(J + 1)3 -

2DJK(J + 1)K2 (2)

Figure 2. Predicted second-order Stark pattern forK ) 0 of theJ ) 6 r
5 transition of the symmetric top C20H10 with the selection rule∆MJ )
(1.

∆ν(∆MJ ) (1, J f J + 1) )

µ2E2

2h2B [ (J + 1)(J + 2) - 3(MJ ( 1)2

(J + 1)(J + 2)(2J + 1)(2J + 5)
-

J(J + 1) - 3MJ
2

J(J + 1)(2J - 1)(2J + 3)] (3)
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with J andMJ at the lower state values. Expressions for theMJ

) 6 r 5 and MJ ) 5 r 4 components of theJ ) 6 r 5
transition may be obtained from eq 3. From these expressions,
we determined a dipole moment for corannulene ofµ )
6.908(67)× 10-30 Cm (µ ) 2.071(20) D) from theMJ ) 6 r
5 component andµ ) 6.85(18)× 10-30 Cm (µ ) 2.055(54) D)
from the MJ ) 5 r 4 component. A global fit of all
measurements (Figure 4) yields a dipole moment for corannu-
lene ofµ ) 6.908(60)× 10-30 Cm (µ ) 2.071(18) D), a value
that stands in remarkably good agreement with the best
computational estimate of ca. 2.1 D.19

Discussion

The corannulene microwave spectrum is a textbook example
of a rigid oblate symmetric top. The measuredB value exhibits
good agreement (within 0.3%) with the value calculated from
the structural parameters determined in a gas-phase electron
diffraction/computational study.32 In the current study, the values
of B andDJ are determined with sufficient precision to be useful
for radio astronomy. Structural details, such as C-C bond
distances, however, cannot be obtained without additional

spectral data from isotopic species, such as a monosubstituted
13C species. Although there are 10 equivalent carbons in the
outer rim of corannulene, which increases the effective natural
abundance isotopic incorporation of13C at this site to ap-
proximately 9%, mono-13C incorporation lowers the symmetry
of the molecule to that of an asymmetric top, which splits the
transitions and consequently reduces their intensity. The modest
intensity of the spectrum of the normal isotopomer has precluded
identification of the mono-13C isotopomer in natural abundance
at this time.

Despite the pronounced deviation of corannulene from
planarity, the barrier for its bowl-to-bowl inversion is modest
(free energy barrier of 10.2 kcal/mol in solution at 209 K).21,34

The current FTMW measurements reveal no evidence for
inversion splitting in the rotational transitions of corannulene.
On the basis of the smallest line width observed experimentally,
the inversion frequency must be below 5 kHz at the temperature
of the measurement (<2 K).33 The small distortion constant (DJ

) 0.00436 kHz) is consistent with that of a rigid aromatic
structure, as opposed to a floppy (inverting) structure.

Corannulene (C20H10, molecular weight of 250 amu) is
considerably larger than any of the known interstellar molecules,
with the largest linear species being cyanopolyyne (HC11N)8

and the largest nonlinear species being benzene (C6H6).10 Thus,
observation of corannulene in interstellar sources would rep-
resent a substantial leap forward. Two types of interstellar
sources might be considered to be promising places to look for
corannulene, cold dark clouds and asymptotic giant branch
(AGB) stars. If corannulene was present in a cold dark cloud,
then the centimeter wavelength region (i.e., lowJ) would be
the logical region to prospect, whereas a hot source would likely
be more profitably examined at millimeter wavelengths (i.e.,
highJ). A preliminary survey of published radio astronomy data
from several sources8,35,36yielded no matches between any of
the unidentified lines (U-lines) and the frequencies of coran-

(34) Scott, L. T.; Hashemi, M. M.; Bratcher, M. S.J. Am. Chem. Soc.1992,
114, 1920-1921.

Figure 3. Observed line splittings of theJ ) 6 r 5 transition of C20H10 in an electric field of 0.0, 6.6, and 13.2 kV/m. Coupling bars indicate a doublet
splitting of 37.9 kHz caused by the Doppler effect of the 928 m/s molecular jet expanding along the resonator axis.

Figure 4. Observed line shifts (∆ν) versus the square of the electric field
(ε2) for the MJ ) 6 r 5 andMJ ) 5 r 4 components of theJ ) 6 r 5,
K ) 0 transition of C20H10.
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nulene, but our new data now make possible a more deliberate
search, aimed specifically at corannulene.

Summary

The existence of aromatic compounds in space remains a
great, unresolved question at this time, and it is one that must
be resolved in order to advance our understanding of the
chemistry of the interstellar medium. In this study, we articulate
a new strategy for probing the existence of polycyclic aromatic
hydrocarbons (PAHs) in interstellar space, and we provide the
laboratory spectroscopy that is required to implement this
strategy. Our strategy identifies polar PAHs as targets for radio
astronomy; plausible targets include nonplanar PAHs (“bucky-
bowls”) as well as planar PAHs that contain polar substituents
or heteroatoms. The current investigation of corannulene, a

nonplanar PAH (Figure 1), provides the gas-phase microwave
rotational spectrum and the molecular dipole moment (µ ) 2.071
D). Efforts to conduct a directed radio astronomical search for
corannulene are currently underway.
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