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Polycyclic Aliphatic Hydrocarbons: Is Tetrahedrane
Present in UIR Spectra?†

Brent R. Westbrook,a Griffin M. Beasley,b and Ryan C. Fortenberry∗a

The smallest Platonic hydrocarbon, tetrahedrane, has been subject to frequent theoretical and exper-
imental study for 50 years, but its infrared spectrum and synthetic pathway remain a mystery. The
recent partial attribution of the ultraviolet extinction bump observed in the interstellar medium (ISM)
of the Milky Way galaxy to hydrogenated T-carbon, a larger tetrahedral cluster formed from tetra-
hedrane and C4 monomers, has brought renewed interest to the molecule. Similarly, as a polycyclic
hydrocarbon, tetrahedrane is similar in structure to the molecules proposed to be responsible for
the so-called unidentified infrared bands (UIRs) observed in all kinds of astronomical environments.
Furthermore, tetrahedrane’s ν2 and ν7 fundamental vibrational frequencies, with values of 3210.6
cm−1 (3.11 µm) and 752.5 cm−1 (13.29 µm) as computed in the present quantum chemical study,
have substantial intensities of 59 and 183 km mol−1, respectively. These come tantalizingly close to,
but potentially distinct from, the 3.3 and 13.2 µm regions of the infrared spectrum typically included
in the UIRs. As such, tetrahedrane or related clusters of these polycyclic aliphatic hydrocarbons may
have a role to play in both of these sets of observations and could even help to explain the relation
between them. Regardless, if tetrahedrane is present in the ISM, the highly-accurate theoretical data
reported herein should help to aid in its identification and may assist in guiding future synthetic
experiments as well.

1 Introduction
The unidentified infrared bands (UIRs) are a series of
unattributed spectral features found in the infrared range to-
wards virtually all kinds of astronomical objects1. They were
first recognized in the 8-13 µm region in 1973 around the plan-
etary nebulae NGC 7027, BD+30◦3639, and NGC 65722, but
they have since been observed around hydrogen-rich emission
nebulae, post-asymptotic giant branch stars, other planetary neb-
ulae, young stellar objects, in the diffuse interstellar medium
(ISM), and in galaxies1. Since the original detection, the num-
ber of spectral features included under the UIR name has been
expanded to include those around 3 µm3,4 and between 5 and 8
µm5 with the major groups falling around 3.3, 6.2, 7.7, 8.6, 11.2,
12.7, 13.2, 14.5 and 16.4 µm1,6,7. Despite this ubiquity, very lit-
tle is known about the particular molecules responsible for the
spectra. Early hypotheses for their identities pointed to mineral
grains composed of molecules like MgCO3
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of small molecules on the surface of icy grains8. However, since
19849,10, polycyclic aromatic hydrocarbons (PAHs) have become
the widely-accepted explanation for the majority of the UIR spec-
tral features.

PAHs, as the name indicates, are molecules composed of fused,
aromatic rings consisting of carbon and hydrogen atoms. These
molecules, as a class, share several characteristics that make them
likely carriers of the UIRs. First, even quite large PAHs are still
“small species” relative to dust grains and minerals, and such
species have the low heat capacity required to emit in the mid-
IR even when absorbing a single photon7. Second, the exten-
sive π conjugation of PAHs makes them very stable11, lending
credence to their broad ubiquity in the universe. Finally, and ar-
guably most importantly, the few PAHs that have been examined
thus far either experimentally or theoretically have spectral pro-
files that correspond very well to the UIR features11. However,
in light of more recent evidence and the ever-greater quantity
of observational spectra available, the pure PAH hypothesis has
been revised to include related molecules like substituted PAHs
and aliphatic hydrocarbon structures12,13. Such molecules are
hypothesized to contribute directly to the UIRs12,14–18 and may
also help to account for the original formation of PAHs, even if
PAHs are still responsible for the major spectral features them-
selves.

Tetrahedrane, as shown in Fig. 1, is a rather exotic example of
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Fig. 1 Visual depiction of tetrahedrane

such an aliphatic hydrocarbon. As the smallest of the Platonic hy-
drocarbons, tetrahedrane has been the subject of vigorous investi-
gation for more than the past 50 years19,20. Despite its obviously
high angle strain, it has been shown to be a local minimum on
the C4H4 potential energy surface21, 58.7 kcal mol−1 above the
global minimum of vinlyacetylene. More recently, hydrogenated
T-carbon (HTC, C40H16), a larger tetrahedron composed of tetra-
hedral C4 monomers like tetrahedrane, has been proposed as a
contributor to the ultraviolet (UV) extinction bump observed in
the interstellar medium (ISM) of the Milky Way22,23. Between
the hypothesized formation of PAHs from UV processed aliphatic
species12 and this attribution of the UV extinction bump to HTC,
the tetrahedrane monomer may have a substantial role to play in
these spectral mysteries.

Unfortunately, efforts to synthesize tetrahedrane have thus far
been unsuccessful24, despite the successful synthesis of its Pla-
tonic relatives cubane and dodecahedrane25. As a result, a
plethora of theoretical investigations have sought to predict the
spectral features of tetrahedrane19,20,26,27. However, because
of the substantial size of tetrahedrane, these investigations have
been limited to density functionals like BLYP28,29 or methods like
MP230 with small basis sets26,27. On top of the level of theory,
even the most recent of these previous studies relies on scaled
harmonic vibrational frequency values rather than explicitly-
computed, fundamental anharmonic frequencies27. The difficulty
of synthesis has likely played a role in the cooling of theoretical
interest in tetrahedrane, but with the recent launch of the James
Webb Space Telescope (JWST) and the aforementioned potential
for this molecule to play a role in unidentified spectral features of
the ISM, more accurate theoretical data are warranted to exam-
ine the role that this molecule may play in astrophysical environ-
ments.

To this end, quartic force fields (QFFs) combined with vibra-
tional perturbation theory at second order (VPT2) provide an ef-
ficient means of computing highly-accurate theoretical rovibra-
tional spectral data31. QFFs are fourth-order Taylor series ap-
proximations to the internuclear potential portion of the Watson
Hamiltonian31. Computing the energies composing the QFF with
coupled cluster theory at the perturbative triples level of theory32

within the F12b explicitly correlated construction33,34 [CCSD(T)-
F12b] and with the corresponding cc-pVTZ-F12 basis sets35,36

strikes the desired balance between accuracy and computational
cost. Such a scheme is often abbreviated as F12-TZ and typically
achieves agreement to within 5 to 7 cm−1 of gas-phase experi-
mental IR frequencies37–41. Contributing to this good agreement
is the fact that VPT2 can also account for type-1 and -2 Fermi reso-
nances, Fermi polyads, Coriolis resonances, and Darling-Dennison
resonances. Handling these contributions has been shown to be
highly important for obtaining accurate spectral data42,43 and, as
such, is one of the strengths of the QFF approach described here.

Nevertheless, QFFs are not entirely without their weaknesses.
Most formulations of QFFs rely on the construction of internal
coordinate systems, which helps to reduce the cost of the com-
putation31. However, these coordinate systems can be difficult
to derive uniquely for highly symmetric and cyclic molecules like
tetrahedrane. Fortunately, recent work44 has demonstrated the
efficacy of a direct Cartesian QFF for handling such highly sym-
metric molecules. Thus, the same Cartesian QFF approach is
herein applied to tetrahedrane to generate highly accurate fun-
damental frequencies that can be used by NASA missions such
as the ongoing Stratospheric Observatory for Infrared Astronomy
(SOFIA) and the recently launched JWST to shed some light on
new possible carriers of the UIRs. In turn, such data may also
help to explain the UV extinction bump and the interplay between
these two heretofore unexplained phenomena.

2 Computational Details
The geometry optimization and single point energies composing
the QFF are performed at the CCSD(T)-F12b/cc-pVTZ-F12 level
of theory32–35,37,45 within the MOLPRO 2020.1 software pack-
age46. For these calculations, the one- and two-electron integrals
are converged to 1× 10−22 Eh, the Hartree-Fock energy is con-
verged to 1 × 10−10 Eh, and the CCSD(T)-F12b portion is con-
verged to 1× 10−8 Eh. The double-harmonic infrared intensities
are computed at the MP2/aug-cc-pVDZ level of theory30,47 us-
ing the Gaussian16 program suite48. Previous work has shown
semi-quantitative accuracy can be achieved in even the harmonic
infrared intensities at this level of theory49–51 for a very low com-
putational cost.

Following the geometry optimization, displacements of 0.005
Å are taken along the Cartesian x, y, and z coordinates to map out
the QFF. At each of these 242704 displaced geometries, single-
point energies are obtained, and central finite differences of these
energies yield the second-, third-, and fourth-order force con-
stants. These force constants are then used by the second-order
rotational perturbation theory52 and VPT253,54 implementations
in the SPECTRO55 program. Type-1 and -2 Fermi resonances and
polyads, Coriolis resonances, and Darling-Dennison resonances
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are handled to increase the accuracy of the resulting anharmonic
spectral data42,43. In particular, the Type-1 Fermi resonance
2ν7 = ν3, and the Type-2 Fermi resonances, ν8 + ν6 = ν3 and
ν8 +ν7 = ν4, are addressed.

3 Results and Discussion

3.1 Vibrational Frequencies

Mode Symm. Desc. Int. F12-TZ MP2a

ω1 a1 symm. C-H stretch 0 3380.2 (2.96)
ω2 t2 anti-symm. C-H stretch 59 3344.1 (2.99)
ω3 a1 breathing 0 1439.2 (6.95)
ω4 t2 anti-symm. C-C stretch 14 1149.0 (8.70)
ω5 t1 H wag 0 888.7 (11.25)
ω6 e C trapezoidal deformation 0 837.2 (11.94)
ω7 t2 H wag 183 774.9 (12.90)
ω8 e H trapezoidal deformation 0 562.6 (17.77)

ZPVE 12836.7 (0.78)
ν1 a1 symm. C-H stretch 3242.6 (3.08) 3215
ν2 t2 anti-symm. C-H stretch 3210.6 (3.11) 3180
ν3 a1 breathing 1425.1 (7.02) 1277
ν4 t2 anti-symm. C-C stretch 1095.6 (9.13) 1053
ν5 t1 H wag 849.7 (11.77) 877
ν6 e C trapezoidal deformation 808.1 (12.37) 767
ν7 t2 H wag 752.5 (13.29) 758
ν8 e H trapezoidal deformation 489.8 (20.42) 564

aScaled harmonic MP2/6-31G∗ results from Ref. 27

Table 1 F12-TZ harmonic and fundamental frequencies, zero-point vibra-
tional energy (ZPVE, in cm−1), and MP2/aug-cc-pVDZ double-harmonic
intensities (in km mol−1) of tetrahedrane. The F12-TZ frequencies are
additionally shown in µm in parentheses.

Tetrahedrane’s Td symmetry leaves very few IR-active vibra-
tional modes, as shown in Table 1. Nevertheless, its ν4 anti-
symmetric C-C stretch at 1095.6 cm−1 (9.13 µm) has a non-zero,
computed double-harmonic intensity of 14 km mol−1. More ex-
citingly, the ν2 anti-symmetric C-H stretch at 3210.6 cm−1 (3.11
µm) has an intensity of 59 km mol−1, which is just below the
anti-symmetric stretch of water at about 70 km mol−1. However,
the most intense mode, the ν7 H wag at 752.5 cm−1 (13.29 µm),
has a very high intensity of 183 km mol−1. Such a large intensity
in both of these latter frequencies suggests that tetrahedrane may
be observable even in fairly low concentrations. Further, both of
these frequencies fall close to, but just outside of, the 3.3 and
13.2 µm spectral features typically attributed to PAHs, suggesting
that tetrahedrane or some kind of tetrahedrane-substituted PAH
may be contributing to the UIR spectra. If this is the case, the
lower intensity ν4 C-C stretch could help to provide unique iden-
tification of tetrahedrane in the ISM or even in a laboratory or
combustion environments, where other PAH peaks could overlap
with its more prominent vibrational frequencies.

Returning to the high-intensity fundamentals, in the spectra
from Orion Bar and NGC7027 reported in12, a small but distinct
peak is present near 3.1 µm, as well as a large peak near 13.3
µm, in the NGC7027 spectrum. These may already offer exist-
ing evidence for the astrochemical presence of tetrahedrane, or
molecules like it. While larger clusters of tetrahedrane akin to
HTC will break the high symmetry and allow for observations of
more fundamentals, tetrahedrane is showing that it and poten-

tially related polycyclic aliphatic hydrocarbons show some simi-
larities with PAH IR features as well as some differences. The hy-
drogen stretches of tetrahedrane are blue-shifted relative to those
of modeled PAHs56, and such differences may enable more of the
UIR features to be modeled effectively.

Also shown in Table 1 are the previously-reported MP2/6-31G∗

scaled harmonic frequency values from27. The agreement be-
tween the two sets is quite poor, with a mean absolute error of
49.6 cm−1 across the eight frequencies and a maximum difference
of 148.1 cm−1 in ν3. The one point of agreement is ν7, which is
very fortunate for the MP2 results given that this is by the far the
most intense mode. However, the other frequencies all differ by
more than 27 cm−1. In relative terms, the closest percent differ-
ence is also in ν7 with an error of 0.73%, but the average unsigned
percent error is 5.03%, with huge contributions of 15.14% in ν8

and 10.39% in ν3. Without experimental data to support either
set of data more conclusively, the substantially greater theoretical
rigor of the F12-TZ QFF method reported herein combined with
the benchmarked accuracies for this method37–41 should be taken
as evidence for the accuracy of the F12-TZ data. Consequently,
this work further shows that explicit treatment of anharmonic fre-
quencies are necessary for even semi-quantitative prediction of IR
spectra.

3.2 Rotational Constants and Structural Parameters

Units F12-TZ MP2a BLYPb

re(C-H) Å 1.06863 1.073 1.074
r0(C-H) Å 1.06592
re(C-C) Å 1.47752 1.477 1.490
r0(C-C) Å 1.48578

̸ e(H-C-C) ◦ 144.696 144.7
̸ 0(H-C-C) ◦ 144.681

aMP2/6-31G∗ results from Ref. 27
bBLYP/6-311G(2d,2p) results from Ref. 26

Table 2 F12-TZ structural parameters of tetrahedrane

The equilibrium (e) and vibrationally-averaged (0) geometrical
parameters for tetrahedrane are given in Table 2, alongside the
MP2/6-31G∗ and BLYP/6-311G(2d,2p) values from27 and26, re-
spectively. The MP2 and BLYP results agree well with each other
for the equilibrium C-H bond length with values of 1.073 and
1.074 Å, but they both seem to overestimate this distance slightly
relative to F12-TZ, which reports a value of 1.06863 Å. In con-
trast, F12-TZ and MP2 agree well on the C-C bond length at a
value of around 1.477 Å, while the BLYP value is substantially
higher at 1.490 Å. Only Ref. 26 reports a value for the H-C-C
bond angle, but it agrees well with the F12-TZ value of 144.686
degrees determined herein. Overall, both MP2 and BLYP perform
fairly well on the structural parameters relative to each other and
relative to F12-TZ, but in light of the existing differences, the F12-
TZ results should still be the most accurate values available.

The Td symmetry of tetrahedrane means that it will not have
a permanent dipole moment and thus will not be observable
by pure rotational spectroscopy. Regardless, the equilibrium,
vibrationally-averaged, and singly-vibrationally-excited principal
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Const. Units Value
Be MHz 13773.7
B0 MHz 13667.3
B1 MHz 13641.2
B2 MHz 13645.2
B3 MHz 13638.3
B4 MHz 13680.5
B5 MHz 13764.1
B6 MHz 13663.7
B7 MHz 13732.0
B8 MHz 13644.5
∆J kHz 7.678
∆K kHz −2.974
∆JK kHz 3.263
δJ Hz 115.523
δK kHz −1.561
ΦJ mHz 5.934
ΦK mHz 531.329
ΦJK mHz 163.929
ΦKJ mHz −639.634
φ j mHz 1.502
φ jk mHz −94.420
φk mHz 255.286

Table 3 F12-TZ rotational constants of tetrahedrane

rotational constants for tetrahedrane are reported in Table 3
along with the quartic and sextic distortion coefficients. Addi-
tionally, the B2 and B7 constants will be particularly useful for
modeling the rovibrational spectra of the most intense anhar-
monic frequencies. Despite the lack of rotational activity in the
ground vibrational state and in five of the eight fundamental fre-
quencies, these spectroscopic constants may still be helpful for
accurate thermochemical analysis or kinetic rate determination
that require the full rotational partition function.

3.3 Singly-Substituted Isotopologues

The vibrational frequencies and rotational constants for the
singly-deuterated and singly-13C-substituted isotopologues are re-
ported in Tables S1 and S2 of the Electronic Supplementary Infor-
mation (ESI). Both of these substitutions break the Td symmetry
of the molecule and lead the formerly-degenerate e and t2 modes
to split. As expected, the deuterium substitution substantially de-
creases the frequency of the C-H stretches, especially in the case
of ν4, which splits from the relabeled ν2 and ν3 by more than
800 cm−1. The 13C substitution has less of an effect on these fre-
quencies, with ν2, ν3, and ν4 still nearly degenerate, separated
at most by 20 cm−1. Similarly, the deuterium substitution causes
more differences to arise in the H wags and deformations, while
the 13C has a greater effect on the C-C stretch and deformation.
Both substitutions dampen the breathing mode, redshifting it to
1378.4 cm−1 (7.25 µm) for the deuterium and to 1390.4 cm−1

(7.19 µm) for the 13C.
The symmetry breaking of these isotopic substitutions also in-

troduces small, but non-zero dipole moments, as shown in Ta-
ble S2 of the ESI. In the case of the deuterium substitution, the
Born-Oppenheimer dipole moment is computed to be 0.2 D. That

of the 13C isotopologue is less than 0.1 D. While these are quite
small, they may still enable the rotational observation of these
molecules, and the relative abundance of D and 13C should make
these substitutions possible, if tetrahedrane itself can form. The
decrease in symmetry for the isotopologues also splits the A and C
rotational constants in both cases, but the separation is more pro-
nounced in the case of D, with a difference between A0 and C0 of
1296.6 MHz, compared to only 311.6 MHz for 13C. In both cases,
the A0 values remain close to the B0 value for non-substituted
tetrahedrane at 13667.3 MHz, while the C0 value is farther away,
as is expected for near-oblate molecules.

4 Conclusions
This work provides the most accurate theoretical rovibrational
spectral data available for the tetrahedrane molecule. Despite
50 years of active investigation, this molecule has yet to be con-
clusively synthesized in the laboratory, and the data provided
herein should help to identify it, if it can be experimentally gen-
erated. Furthermore, tetrahedrane is a monomer of HTC, a form
of carbon recently proposed to be partially responsible for the
UV extinction bump in the ISM, suggesting tetrahedrane itself
may likely be found there as well. Tetrahedrane is also a poly-
cyclic aliphatic hydrocarbon with two of its eight fundamental
vibrational frequencies found very close to the UIR spectral fea-
tures at 3.3 and 13.2 µm. In particular, its ν2 anti-symmetric C-H
stretch at 3210.6 cm−1 (3.11 µm) has a fairly high intensity of
59 km mol−1 and its ν7 H wag at 752.5 cm−1 (13.29 µm) has
an even greater intensity of 183 km mol−1. Given these two in-
tense frequencies, if tetrahedrane is present in the ISM, it should
be observable by NASA missions operating in the IR region of the
spectrum like the recently-launched JWST and the ongoing SOFIA
mission. Such an observation would likely shed light not only on
the carriers of the UIRs, but also on the cause of the UV extinction
bump and how these two processes are interrelated. Finally, and
more broadly, tetrahedrane represents the simplest form of HTC
that could be a competitor with PAHs for carbon abundance and
IR emission spectra. This work shows that while tetrahedrane,
and HTCs by extension, share many similarities with presumed
PAH features, they exhibit a few notable differences that may help
to flesh out more completely the structure of the UIRs.
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