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Triacetylene and tetraacetylene are not as thoroughly
studied, notably in terms of rotational information. While all
of the fundamental vibrational modes of triacetylene have been
measured, there is only rotational information for the IR active
fundamental modes, 56 and the strongest IR combination band
(n8 + n11).

57…61However, theoretical studies of triacetylene do
give rotational information for the remaining modes from
CCSD(T) calculations of the vibration…rotation interaction
constants62 and the equilibrium geometry. 63 In addition, the
harmonic frequencies of triacetylene were calculated using partial
fourth-order many-body perturbation theory [SDQ-MBPT(4)].63

Conversely though, to the authors• knowledge, there is almost
no rotational information for te traacetylene. There has been only
one low-resolution spectroscopic study of tetraacetylene, which
measured three of the fundamentals (n6, n8, and n14 at 3329.4,
2023.3, and 621.5 cm�1, respectively), and one combination band
(n10 + n14 at 1229.7 cm�1), and gives an estimate for the electronic
ground state rotational constant, B0.

64 Unfortunately, the theore-
tical knowledge of tetraacetylene is equally limited, with only two
studies of the equilibrium geometry (at the Hartree…Fock65 and
B3LYP66 level of theory), and a calculation of the harmonic
vibrational frequencies at the SVWN level of theory.64 While the
two modes that are most useful for astronomical identification
(n14 and n10 + n14) were measured, the uncertainty associated with
the line positions is too large to allow for an unambiguous
assignment. Moreover, some high-resolution IR searches have
been attempted,50,61,62,67 but so far no transitions have been
assigned to tetraacetylene.

In this paper, we report the ab initio calculations for acetylene,
diacetylene, triacetylene, and tetraacetylene. Due to the centro-
symmetric nature of these molecules, observations in the labora-
tory and in space are most easily accomplished through their
infrared spectra. As such, the properties computed and presented
here are those related to that technique: fundamental vibrational
frequencies, ground state rotational constants, and intra-
molecular interactions. The compu tational approach is calibrated
using the well studied acetylene and diacetylene, and then
extended to make predictions for triacetylene and tetra-
acetylene.

2 Computational methods
All calculations were carried out at the CCSD(T) level of theory,
which with a su�ciently large basis set has been shown
to accurately reproduce experimental values of semi-rigid
molecules.52…55,68…72Equilibrium geometries were determined
using the large core-valence correlation-consistent quadruple-z
basis set (cc-pCVQZ), which features [8s7p5d3f1g] (non-
hydrogen atoms) and [4s3p2d1f] (hydrogen) of (15s9p5d3f1g)
and (6s3p2d1f) primitive basis sets, respectively.73…75All electron
(AE)-CCSD(T)/cc-pCVQZ has been shown to give very accurate
equilibrium geometries for unsaturated hydrocarbons. 54,76…78

Optimizations were done using analytic energy derivatives,79

and were considered converged when the root-mean-square
(RMS) gradient fell below 10�10 au.

However, it is well known that correlation-consistent basis
sets, such as cc-pCVQZ, tend to underestimate the vibrational
frequencies of symmetric bending modes (pg) of conjugated
molecules, e.g., polyynes, due to their susceptibility to an
intramolecular variant of basis set superposition error
(BSSE).54,80 It has been shown that one way to avoid this
problem is to use basis sets with a large number of Gaussian
primitives (particularly f-type), such as the atomic natural orbital
(ANO) basis set (with the primiti ve basis set (13s8p6d4f2g) for
non-hydrogen atoms and (8s6p4d2f) for hydrogen).52,81,82 The
basis set has two common truncations: [4s3p2d1f] for non-
hydrogen atoms and [4s2p1d] for hydrogen (hereafter known as
ANO1), and [5s4p3d2f1g] (non-hydrogen atoms) and [4s3p2d1f]
(hydrogen) (hereafter known as ANO2).74,75,81In addition, only the
valence electrons of carbon are considered in the correlation
treatment, i.e., standard frozen-core (fc) calculations. (fc)-CCSD(T)/
ANO1 has been shown to accurately reproduce experimental
frequencies and intensities for small molecules. 52,83,84 Using
the (fc)-CCSD(T)/ANO1 optimized geometry, second-order vibra-
tional perturbation (VPT2) theory calculations were determined
from full cubic and the semidiagonal part of the quartic force
fields obtained by numerical di�erentiation of analytic CCSD(T)
second derivatives.70,85 All calculations were performed with the
development version of the CFOUR program.86

3 Results and discussion
3.1 Equilibrium structure

The AE-CCSD(T)/cc-pCVQZ equilibrium geometries are shown
in Fig. 1, with comparison to experimentally derived values
(in italics) when known. 53,87,88 The theoretical equilibrium
bond lengths for acetylene, diacetylene, and triacetylene all
agree within 0.5% of the structures determined from experi-
mentally measured rotational constants. As the length of the
carbon chain increases, the C…H bond lengths stay essentially
the same, B 1.062 Å, consistent with a sp-H type C…H bond.
However, the CRC bond lengths increase (particularly the
internal C RC bonds), while the C…C bond lengths decrease,
becoming closer to that typical of CC double bonds. This
suggests that the p electrons become more delocalized over the
internuclear axis, and the polyyne•s configuration moves from a
strict triple-single bond alternation to more of a consecutive

Fig. 1 AE-CCSD(T)/cc-pCVQZ equilibrium geometries (Å) for HC2nH.
Experimentally determined equilibrium bond lengths for acetylene,87

diacetylene,53 and triacetylene88 are given in italics below.
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