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ABSTRACT: We report the rotationally resolved gas phase spectrum of pyrene
(C16H10), which is now the largest molecule to be observed with rotational
resolution using absorption spectroscopy. This represents a signiﬁcant advance in
the application of absorption spectroscopy to large carbon-containing molecules
of fundamental chemical and astronomical importance. Such spectra will facilitate
the search for large and highly symmetric molecules in interstellar space, where
they may be abundant but cannot be detected without the support of highresolution laboratory spectra. Detailed assignment and analysis of our spectrum
indicates that pyrene is the most rigid rotor yet observed, and that a supersonic
expansion cools both the rotational and vibrational temperatures of pyrene vapor
produced in an oven source.
SECTION: Spectroscopy, Photochemistry, and Excited States
he ﬁeld of astrochemistry seeks insight into the rich,
diverse, and unique chemistry occurring in remote regions
of the universe where environmental conditions diﬀer radically
from those encountered in a terrestrial laboratory. Understanding the possible chemical pathways that can lead from
simple molecular precursors, such as acetylene, to large
potentially prebiotic molecules in space is an important
challenge in the ﬁeld. To piece together this puzzle, it is
necessary to identify molecules in space through observation of
their unique absorption or emission features. The identity,
temperature, and density of the surrounding chemical environment can be obtained from astronomical spectra, but only after
molecules are identiﬁed with the aid of laboratory spectra. In
particular, high-resolution gas phase molecular spectroscopy is
an invaluable tool that can enable unequivocal detection of
molecules in space. While many small (e.g., H2, H3+, and
CO)1−3 and intermediate size molecules (e.g., C2H2, CH4, C5,
and C6H6)4−7 have been detected in space and identiﬁed with
the aid of laboratory spectra, there is a lack of high-resolution
spectra of large potentially prebiotic molecules; this presents a
signiﬁcant challenge to identifying such molecules in space, and
the ﬁeld of high-resolution molecular spectroscopy must rise to
this challenge. High-resolution studies of large molecules are
also important from a fundamental chemical standpoint, as
analysis of such spectra can provide insight into the structure
and dynamics of large molecules.
A majority of astronomical observations of molecules are
made using microwave or millimeter-wave spectroscopy of pure
rotational transitions of molecules with permanent electric
dipole moments. However, there are many large carbon
containing molecules of potential prebiotic signiﬁcance, such
as linear carbon chains, symmetric fullerenes, and polycyclic
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aromatic hydrocarbons (PAHs) that lack a permanent dipole
moment and can only be observed by vibrational or electronic
spectroscopy. Linear carbon chains have already been detected
astronomically in space, and PAHs of extraterrestrial origin
have been identiﬁed in meteorites.8 However, acquiring highresolution gas-phase spectra of large molecules using direct
absorption spectroscopy is challenging because these molecules
tend to have low vapor pressures at room temperature, and
usually require direct heating or laser ablation techniques to put
a suﬃcient number density of the sample into the gas
phase.9−14 The rotational and vibrational temperatures of
these hot molecules can be cooled using the well-developed
supersonic expansion technique. Large symmetric PAHs, such
as pyrene (C16H10) or coronene (C24H12), present ideal
challenges for pushing the limit of these experimental
techniques and enabling new astronomical detections. Although
laser-induced ﬂuorescence (LIF) studies have shown the
eﬀectiveness of vibrational cooling of large organic molecules
using pulsed sources,9,10,24 there is little information about the
degree of vibrational cooling achievable using a heated cw
supersonic expansion source for absorption spectroscopy
studies.
In this Letter, we present the rotationally resolved absorption
spectrum of a C−H bending mode of pyrene, which is the
largest molecule to be observed with rotational resolution by
absorption spectroscopy. The necessity of good vibrational
cooling in the supersonic expansion is also discussed, and an
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matrix and hot gas phase measurements. Additionally, the shift
in the vibrational band center due to interactions with the raregas matrix can be on the order of several wavenumbers, and in
the astronomical environment where spectral congestion can be
high, such an uncertainty in the vibrational band center is
unacceptable. The resolution of the current study is <0.001
cm−1, providing more resolution than is necessary to meet the
requirements for astronomical searches.
The ν68 C−H bending mode was probed using a quantum
cascade laser-based continuous-wave cavity ringdown spectrometer coupled to a heated supersonic expansion source that
was operated continuously while collecting experimental
spectra. Details regarding the spectrometer have been
presented in two prior publications,18,19 and details regarding
the heated supersonic expansion source can be found in the
Supporting Information. Brieﬂy, argon gas was passed through
a heated (420 K) oven containing pyrene, and the mixture was
supersonically expanded through a slit nozzle. The expansion
was overlapped with the ringdown cavity axis 6 mm
downstream from the nozzle.
Through temperature and current tuning of the laser, it was
possible to record the pyrene vibrational band from 1182.77 −
1185.06 cm−1, as displayed in Figure 2. Our spectra were
calibrated to an accuracy of 0.00049 cm−1 (15 MHz) using SO2
absorption line features and a wavemeter; further information
on the calibration procedures is in the Supporting Information.
The observed line width for transitions in the supersonic
expansion was 0.0004 cm−1 (12 MHz), which is suﬃcient to
resolve the detailed rotational structure of the vibrational band.
To extract quantitative information on the structure of
pyrene, we assigned the line center frequency positions for 694
observed lines (representing 2222 rotation−vibration transitions). The line center assignments were then used in a leastsquares ﬁtting optimization routine to a model asymmetric top
Hamiltonian using PGOPHER.20 Initially, we constrained the
values of the ground state rotational constants to those
obtained from a ﬂuorescence excitation study of an electronic
band of pyrene.21 However, this failed to produce good
agreement over the entire spectrum (see Supporting
Information), so it was necessary to ﬁt both ground and
excited state rotational constants. The derived molecular
constants are listed in Table 1, and the standard deviation of
the residuals to the ﬁt is only 0.00053 cm−1 (16 MHz). The

estimate for the vibrational temperature is presented. This work
represents a signiﬁcant step in high-resolution absorption
spectroscopy of large carbon-containing and potentially prebiotic molecules.
Pyrene is a planar asymmetric rotor of D2h point group
symmetry, and the ν68 vibrational mode studied here has B3u
symmetry and involves C−H bending in concert with an inplane displacement of the two central carbon atoms in the
fused-ring structure (see Figure 1). Low-resolution absorption

Figure 1. The structure and principal axes (a,b,c) of pyrene with
arrows illustrating the displacement of the nuclei associated with the
observed ν68 C−H bending mode.

spectra of this C−H bending mode have been obtained15,16 in
rare gas matrices and in high-temperature gas phase samples.
These data predict that the vibrational band center for the C−
H bending mode will be near 1184 cm−1 (8.44 μm), and this is
close to a widely observed astronomical feature at 8.6 μm, part
of the so-called unidentiﬁed infrared bands.17 While the matrix
and hot gas phase spectra of pyrene are helpful for guiding a
high-resolution spectroscopic search, they are inadequate for
deﬁnitive comparisons to high-resolution infrared astronomical
spectra. The best mid-IR spectrographs are capable of 0.01
cm−1 resolution in comparison to the 1 cm−1 resolution of the

Figure 2. Cavity ringdown spectrum of the ν68 band of pyrene (top trace, in black) in units of fractional loss per-pass (ppm) versus frequency
(cm−1), compared with simulated spectrum (lower trace, in red).
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Table 1. Derived Molecular Constants (in cm−1, with
Uncertainties in Last Digits in Parentheses)
ν0
A
B
C

ground state

excited state

percent change

0.03372547(66)
0.01855623(43)
0.01197350(33)

1184.035595(20)
0.03372116(67)
0.01855635(43)
0.01197172(34)

−0.0128(28)%
+0.0006(33)%
−0.0149(40)%

the source temperature of ≈420 K is consistent with the wellknown eﬃciency of rotational-to-translational energy transfer in
expansions.9
A driving motivation of the current work was to explore the
eﬃciency of vibrational relaxation of such a large molecule in a
supersonic expansion from a heated source. Vibrational cooling
is critical because absorption from the ground vibrational state
to an excited state is most relevant for enabling astronomical
detections of molecules in the low temperature conditions of
interstellar space. Adequate vibrational cooling is also
experimentally important because of the strong temperature
dependence of the vibrational partition function for large
molecules. This occurs because large molecules have many
vibrational modes and even at modest vibrational temperatures
a signiﬁcant portion of the molecular population can be
partitioned into excited vibrational states. The concomitant
depletion of population from the ground vibrational state
reduces the absorption signal, potentially rendering observation
of the spectrum technically infeasible even with sensitive
absorption spectroscopy techniques. However, transfer of
energy from vibrational degrees of freedom into rotation and
translation is generally less eﬃcient than rotation-translation
transfer. For pyrene, with 72 vibrational normal modes, if there
were no vibrational relaxation from the initial source temperature of 420 K, only 1 in 3000 pyrene molecules would be in
the ground vibrational state. At a vibrational temperature of 50
K, in contrast, most of the pyrene molecules in the expansion
are in the ground state.
To evaluate the vibrational cooling of pyrene, we used the
quantitative absorption strength information from the cavity
ringdown spectra. By calculating the total number density of
pyrene in the cavity, and comparing the expected absorption
intensity with that observed (see Supporting Information for
details), we were able to infer the vibrational partition function
(Qvib) to be 1.41 ± 0.17. This corresponds to a 3σ upper bound
on the vibrational temperature of 111 K; we consider the
rotational temperature of 23 K to be the lower bound of the
vibrational temperature. This is consistent with vibrational
temperature estimates from LIF studies of large organic
molecules seeded in heated supersonic expansion sources.9,10,24

ﬁnal simulation is in excellent agreement with the recorded
spectrum, as seen for the entire band in Figure 2 and for a few
select regions in Figure 3 (an expanded view of the entire
spectrum is available in the Supporting Information).
One important result of this work is that the change in the
rotational constants upon vibrational excitation is quite small:
the relative changes for A, B, and C are −0.0128%, 0.0006%,
and −0.0149%, respectively. The change in B is so small that it
is not statistically signiﬁcant, given the uncertainties in the ﬁt.
Molecules similar to pyrene, such as pyrazine and naphthalene,
have been observed to have small changes in rotational
constants when vibrationally excited,22 but pyrene is remarkable
in that all three constants change by less than 0.02% in the
excited vibrational state. The rotational constant of adamantane, which has a more compact structure than pyrene but the
same number of atoms, also exhibits larger changes in its
rotational constant upon vibrational excitation.23
Another exceptional aspect of this result is that no centrifugal
distortion constants were required to ﬁt the spectrum. In a trial
ﬁt, we added a DK constant, but the standard deviation only
decreased by 0.00004 cm−1, which we do not consider
signiﬁcant given the accuracy of our frequency calibration
using SO2. The fact that the spectrum can be ﬁt without any
distortion constants, combined with the very small changes in
rotational constants upon vibrational excitation, shows that
pyrene comes close to behaving like an ideal rigid asymmetric
rotor.
By comparing the relative intensities of the observed spectral
lines with simulations at various temperatures, we were able to
estimate the rotational temperature of the pyrene in our
supersonic expansion to be ≈23 K. (for more details, see
Supporting Information). This eﬀective rotational cooling from

Figure 3. Expanded views of the observed (top traces, blue) and simulated (lower traces, black) spectrum near the band center (panel A), and in the
R-branch (panel B).
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In summary, pyrene is now the largest molecule to be studied
with rotational resolution by absorption spectroscopy, and this
work illustrates the feasibility of high-resolution large molecule
spectroscopy using a simple heated oven supersonic expansion
source. Analysis of the spectrum led to extraction of rotational
constants for the ground and vibrationally excited states,
revealing the extraordinarily rigid molecular structure of pyrene,
in agreement with previous knowledge regarding the relative
stiﬀness of PAHs. Larger PAHs, like coronene (C24H16), are
ideal targets to continue to test the limits of high-resolution
absorption spectroscopy of large molecules, and to study the
eﬀectiveness of vibrational cooling in a slit nozzle supersonic
expansion. Knowledge gained from these studies will oﬀer
insight into the feasibility of rotationally resolved infrared
absorption spectroscopy of large potentially prebiotic molecules
and fullerenes such as C60 and C70. The resulting rotationally
resolved spectra of PAHs and fullerenes will enable the ﬁrst
high-resolution astronomical searches for these large molecules
in the interstellar medium.
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