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Most existing studies assign a polyynic and cumulenic character of chemical bonding in carbon-
based chains relying on values of the bond lengths. Building on our recent work, in this paper we
add further evidence on the limitations of such an analysis and demonstrate the significant insight
gained via natural bond analysis. Presently reported results include atomic charges, natural bond
order and valence indices obtained from ab initio computations for representative members of the
astrophysically relevant neutral and charged HCox/2xk+1H chain family. They unravel a series of
counter-intuitive aspects and/or help naive intuition in properly understanding microscopic pro-
cesses, e.g., electron removal from or electron attachment to a neutral chain. Demonstrating that
the Wiberg indices adequately quantify the chemical bonding structure of the HCax/21+1H chains
— while the often heavily advertised Mayer indices do not — represents an important message
conveyed by the present study.
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I. INTRODUCTION

With 46 members astronomically observed, linear carbon-based chains represent the most numerous class among
the 204 molecular species reported in space X They made the object of numerous experimental and theoretical inves-
tigations in the past#32 For obvious topological reasons, the chains XC, Y wherein the terminal atoms X and Y are
monovalent and/or trivalent (e.g., HC,H, HC, N, and NC,,N) possess the following property: if even parity members
(n = 2k) are “normal” closed shell molecules, then odd parity members (n = 2k + 1) are open shell diradical species
and vice versa. Closed shell species are spin singlets, and single and triple bonds alternate in their polyynic-type
carbon backbone. By contrast, open shell diradcals are spin triplets exhibiting an intermediate structure switching
from polyacetylenic bonding between outermost carbon atoms to cumulenic-like bonding between midmost carbon
atoms.

In closed shell chains bond lengths between neighboring carbon-carbon pairs substantially vary. Lengths’ difference
amount to ~ 0.15 A (cf. Table. The alternation of single and triple bonds is fully consistent with chemical
intuition. It is the direct consequence of the tetravalent carbon atom in the ideal Lewis picture. Still, assigning
bonds’ multiplicity merely based on bond length values is problematic. The longest single C—C bond ever reported
(1.806 A%%) is much longer than “typical” single C—C bonds (~ 1.43 — 1.54 ABT59) " These are, in turn, substantially
longer than the experimental value d (Co—C3) = 1.3633 A in triacetylene (cf. Table . The latter is in fact closer
to the double bond length in ethene (1.3305 A). Unless further microscopic details are known, reliable information on
bond multiplicity cannot be derived merely from bond lengths. It is especially the nontrivial non-intuitive character
of the structure of the open shell diradicals that makes the analysis of chemical bonding by merely inspecting the
values of the bond lengths highly questionable.

Building on our recent work wherein bond order indices were introduced in studies on carbon chains of astrophysical
interest, 424044 we will present below a very detailed natural atomic orbital (NAO) and natural bond order (NBO)
analysis*? with emphasis on HCgH and HC5H as representatives of the even-numbered and odd-numbered members
of the HC,,H family. The results for the natural atomic charges are particularly interesting. They provide valuable
information on the charge redistribution upon electron removal (ionization) and electron attachment.

Importantly, our results clearly demonstrate that Wiberg valence and bond order indices?® represent an adequate
basis for the quantitative understanding of chemical bonding in carbon chains. By contrast, Mayer index values*” are

* The author gratefully acknowledges financial support from the German Research Foundation (DFG Grant No. BA 1799/3-2) in the
initial stage of this work and computational support by the state of Baden-Wiirttemberg through bwHPC and the German Research
Foundation through Grant No. INST 40/575-1 FUGG (bwUniCluster 2.0, bwForCluster/MLS&WISO 2.0, and JUSTUS 2.0 cluster)



completely at odds with chemical intuition.

II. THEORETICAL METHODS

The results reported below were obtained from quantum chemical calculations using the GAUSSIAN 1648 suite of
programs. To ensure compatibility with our previous studies3?442:9453l gingle-point calculations for chemical bond
and electronic properties were done at the CCSD(T) level of theory, wherein coupled-cluster expansions include single
and double excitations along with perturbations due to triple excitations®®. For these calculations, we used basis sets
of triple-zeta quality augmented with diffuse functions (Dunning aug-cc-pVTZ2®8). Unless otherwise specified (see
Tables and the molecular geometries used for single point calculations were relaxed via the B3LYP
three-parameter hybrid DFT/HF exchange correlation functional®® %2 and 6-311++G(3df,3pd) Pople’s largest basis
sets0H04,

For reasons explained elsewhere,** we employed unrestricted DFT (UB3LYP) methods and restricted open shell
coupled-cluster (ROCCSD(T)) methods to handle open shell species. The cis-trans anion splitting and the electron
attachment energies (Table were estimated as zero-temperature limit of differences of the pertaining enthalpies
of formation computed by compound model chemistries — G468 W1BD% and using complete basis set meth-
ods (CBS-QB3 and CBS-APNO)¢408770._ hecause they are more reliable than the computationally inexpensive A-
DFT#* values. For natural atomic orbital (NAQO) and natural bond analysis (NBA),** we used the package NBO
6.0.7 on top of GAUSSIAN 16 runs.

Figs. [1] and [5] were generated with XCRSYDEN /™ and Figs. [2] and [6] with GABEDIT ™

III. RESULTS AND DISCUSSION
A. Preliminary remarks

The numerous tables and figures presented below aim at providing the interested reader with a very detailed char-
acterization of the electronic structure and chemical bonding of the specific molecular species considered. Comprehen-
sively analyzing every data reported would make the paper disproportionately long. For this reason, in the discussion
that follows we confine ourselves to emphasize the most relevant aspects which are “normally” not documented in
existing literature studies.

Although not essential from the present perspective of gaining insight into the chemical bonding in carbon-based
chains of astrophysical interest, to avoid misunderstandings, let us start with a technical remark. As previously
demonstrated22335HT and also illustrated by our results presented in Table geometry optimization for molecu-
lar sizes like those presently considered can be performed at the computationally demanding CCSD(T) level of theory
with good basis sets. Nevertheless, most of the electronic and chemical bonding properties reported below were
obtained at the CCSD(T)/aug-cc-pVTZ//B3LYP/6-311++G(3df,3pd) level of theory, i.e., CCSD(T)/aug-cc-pVTZ
single point calculations at geometries optimized via B3LYP/6-3114++4G(3df,3pd). This rationale is backed by calcu-
lations done by us®®2l and others™; they revealed that bond metric and related rotational constants’ data obtained
via computationally inexpensive DFT-based optimization better agree with experiment than more sophisticated ab
initio approaches.

In our study, special attention was paid to whether molecular vibrations (read Renner-Teller instability) lower the
symmetric equilibrium geometry intuitively expected for HC,H chains. Because too loose geometry relaxation may
mask this possibility, we carried out calculations imposing very tight optimization conditions and various exchange-
correlation functionals. Results like those presented in Tables and rule out this possibility for the HCgH and
HCsH neutral chains and their cations.

B. Wiberg indices versus Mayer indices

Except for the ideal cases wherein the electron charge transfer between atoms is complete (ideal ionic bond) or
the neighboring atoms equally share an electron pair (ideal covalent bond), assigning numerical values to the bond
multiplicity(=bond order), valence or charge of atoms forming a molecule from the wave function/density matrix
obtained by quantum chemical calculations is a highly nontrivial task; the computed electron density is extended over
the entire molecule rather than belonging to individual atoms™

In our recent studies 2489404l we demonstrated the utility of Wiberg’s bond order indices?® in quantitatively
analyzing the chemical bonding in carbon-based chains of astrophysical interest. They are preferable to the more



TABLE I: Wiberg and Mayer bond order N and valence V indices for the HC2H® neutral singlet chain computed at the
RCCSD(T)/BS//RB3LYP/6-3114++G(3df,3pd) level of theory for the HC2H® neutral singlet chain (H;—~C;=Cs—Hs). The
basis sets (BS) employed are indicated below.

Type of index Basisset N (C1C2) V(Ci) =V (Cs)

Wiberg cc-pVTZ 2.9956 3.9429
Wiberg aug-cc-pVTZ  2.9950 3.9435
Mayer cc-pVTZ 2.7851 3.7374
Mayer aug-cc-pVTZ  1.6260 2.1109

TABLE II: Wiberg and Mayer bond order indices ' computed at the RCCSD(T)/BS//RB3LYP/6-311++G(3df,3pd) level of
theory for the HCGH® neutral chain (Hi—C1=C2-C3=C4s—C5=Cs—H2). The basis sets (BS) are indicated below.

Type of bond index Basis sets HiC; CiCy C3Cs CuCs CuCs Cs5Cg CeHo

Wiberg cc-pVTZ  0.9323 2.7715 1.1637 2.5967 1.1637 2.7715 0.9323
Wiberg aug-cc-pVTZ 0.9319 2.7675 1.1646 2.5926 1.1645 2.7676 0.9319
Mayer cc-pVTZ  0.9855 2.3864 1.2513 2.8632 1.2513 2.3864 0.9855
Mayer aug-ccpVTZ 0.9522 -0.3728 0.4486 2.8862 0.4486 -0.3728 0.9522

rudimentary Coulson bond order indices®” introduced in conjunction with the Hiickel theory or Mulliken’s8Y which
do not properly describe the bond strength and formal bond multiplicity (“chemist’s bond order”, i.e., half of the
difference between the number of electrons occupying bonding and intending orbitals).

To avoid confusion, a comment on the Wiberg indices used here and in our previous studies is in order. Historically,
they were introduced within the semi-empirical framework of complete neglect of differential overlap (CNDOQ)4¢
However, the values reported by us via GAUSSTAN+NBO combination are not obtained from the CNDO-based one-
particle reduced density matrix (as initially done by Wiberg%). They are “Wiberg” indices only in the sense that
they are computed using Wiberg’s expressions of these indices in terms of the one-particle reduced density matrix.
The latter is computed from the ab initio CCSD-based wave function, it is not based on CNDO.

Wiberg indices are not the only valence and bond order indices employed in the literature to quantify chemical
bonding in molecules. In our earlier studies3#3240%4 we did not motivate our preference for Wiberg indices. To
justify this preference, we also show below values of the heavily advertised ab initio Mayer bond order indices4” In
Table [ we compare Mayer and Wiberg bond order indices A computed for acetylene H-C=C—-H. Atomic valencies
V (obtained by summing elements of the bond index matrix in the NAO basis) are also presented there. As visible
in Table [l the Wiberg values are completely satisfactory. The estimated A- and V-values (extremely closed to three
and four, respectively) are in excellent agreement with the Lewis representation. The very small deviation (< 0.06)
from the ideal Lewis value (V¢ = 4) is due to the weak polar character of the C—H bond tracing back to the different
electronegativity of the H and C atoms (see numerical values below) also reflected in the natural atomic charges
(g ~ 4+0.22,9c = —qy ~ —0.22).

It is especially the independence of the basis sets of the Wiberg values emerging Table [I] that makes the strongest
contrast with the Mayer values. As seen there, the Mayer values computed with aug-cc-pVTZ basis sets are completely
at odds with elementary chemistry. We chose aug-cc-pV'TZ to illustrate the disastrous impact of employing basis sets
augmented with diffuse functions on the Mayer values. Still, we showed*” that employing augmented basis sets in
studies on carbon chain anions of astrophysical interest is mandatory. E.g., calculations without properly including
diffuse functions fail to correctly predict both the structure and spin multiplicity of the C4N~ anion'®2 TableI] is just
one example that Mayer valence and bond order indices are completely unacceptable for carbon chains. The Mayer
bond order indices for the non-problematic triacetylene HCgH molecule (Table , for the pentadiynylidene HCsH
diradical (Table as well as the Mayer valencies included in other tables presented below convey the same message.

Parenthetically, even if they are not so disastrous, the Mayer - and V-values (2.79 and 3.74, respectively) computed
with cc-pVTZ basis sets without diffuse functions inadequately describe the triple C=C bond and the tetravalent
carbon in the elementary textbook HCCH molecule.

C. Chemical bonding in HCgH chains

More to the main point, let us first consider the HCgH chains. The Cartesian coordinates for equilibrium geometries
of the neutral and charged species are presented in Tables [A4] [A5] [A6] [A7] Important insight into their ground state
electronic structure can be gained at the MO picture level. The pertaining electronic configurations read as follows:

HC6HO|DO@h : 12; =.. .603703 lwﬁ 177327r3, (1a)



TABLE III: Wiberg and Mayer bond order indices N computed at the ROCCSD(T)/BS//UB3LYP/6-311++G(3df,3pd) level
of theory for the HC5H neutral triplet chain (H;C;C2C3C4CsHs). The basis sets (BS) are indicated below.

Type of bond index Basisset Hi;C; CiC2 C3Cs CuCs CuCs CsHa

Wiberg cc-pVTZ  0.9345 2.4965 1.4120 1.4120 2.4965 0.9345
Wiberg aug-cc-pVTZ 0.9343 2.4939 1.4109 1.4109 2.4939 0.9343
Mayer cc-pVTZ  1.0133 2.1123 1.4543 1.4543 2.1123 1.0133
Mayer aug-cc-pVTZ 1.5979 0.2629 1.9935 1.9935 0.2629 1.5979

TABLE IV: Results of BBLYP/6-3114++G(3df,3pd) very tight geometry optimization for HC¢H chains without imposing sym-
metry constraints. Bond lengths [ between atoms XY (in angstrom), angles « between atoms ZXYZ (in degrees) and Wiberg
bond order indices N.

Species  Property H1C; ZH1C1C2 C1C2 ZC1C2C3 C2C3 £C203Cy C3Cy4 ZC3C4Cs C4Cs £CyCs5Ce Cs5Ce £ZCs5CeH2 CeHa

singlet I, o 1.0614 180.0 1.2068 180.0 1.3539 180.0 1.2147 180.0 1.3539 180.0 1.2068 180.0 1.0614
Expt.” 1.0639 180.0 1.2092 180.0 1.3633 180.0 1.2179 180.0 1.3633 180.0 1.2092 180.0  1.0639

N 0.9319 2.7675 1.1646 2.5925 1.1646 2.7675 0.9319

cis anion l, o 1.0764 138.1 1.2560 1729 13212 1789 1.2543 178.9 1.3212 1729 1.2560 138.1 1.0764
N 0.9223 2.6780 1.2365 2.4755 1.2365 2.6780 0.9223

trans anion [, o 1.0764 138.1 1.2560 1729 13212 179.1 1.2543 179.1 1.3212 1729 1.2560 138.1 1.0764
N 0.9228 2.6779 1.2366 2.4756 1.2366 2.6779 0.9228

cation l, a 1.0693 180.0 1.2222 180.0 1.3213 180.0 1.2393 180.0 1.3213 180.0 1.2222 180.0 1.0693
N 0.9182 2.4990 1.3461 2.1096 1.3461 2.4990 0.9182

“ Cited after ref.[33

HCeH'| I, = ...60,70, 1, 1m,2m,, (1b)
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cis HCgH™ |, : 2By =...6b3 Taj 8af 1b7 7b3 1a3 9af 2b7 8b3, .

trans HCOGH | 0, 2Ag=...6b% T2 1a3 Tb2 8a2 162 202 8b2 9a). (1c)
The neutral HCgH® molecule is a typical closed-shell linear polyyne (cf. Fig. |1)) whose paired valence electrons in the
completely filled HOMO 27 (cf. Eq. ) determines a singlet ground state. As depicted in Fig. |2 the calculated
HOMO spatial density of the neutral linear HCgH® chain is concentrated between atoms, or more precisely, on every
second carbon-carbon bond starting from the molecular ends. This makes the HCgH® a quantum chemistry textbook
example wherein carbon-carbon bonds alternate between almost perfectly tetravalent carbon atoms.

Mathematically, this is expressed by the numerical values of the atomic valencies collected in Tables [V] and [A3]
and the bond order indices included in Table For all carbon atoms, the computed values for the Wiberg valence
depicted in Tables and [V] are only very slightly different from the value of four in the idealized Lewis representation
H-C=C-C=C-C=C-H. Similar to the aforementioned HCyH, the small differences from the Lewis value (< 0.07),
which are comparable with that for the hydrogen atoms, reveal a very weak polar character of the bonds. These slight
departures from the localized Lewis picture arise from the small values of the Rydberg natural bond orbitals and the
small differences from the core electrons of the isolated atoms presented in Tables [V] and

In accord with the different electronegativity y (x5 41em = 2.20,2.300 < y5*moAlen — 9 55:9.544), the
hydrogen atoms are assigned a positive charge (qm, , 2 +0.23). This value is roughly twice the negative charges
of the nearest and next nearest carbon neighbors (¢o, = qc, ~ qc, = qc, ~ —0.1), which are much larger than
those of the inner, almost neutral carbon atoms (¢c, = go, ~ —0.01). This is visualized in Fig. . For comparison
purposes, where appropriate, we will also refer to the case of the neutral benzene molecule CgHg. To make the
paper self-contained, we computed and present all relevant data for C¢Hg in Appendix. In benzene all carbon and
hydrogen atoms (Wiberg valencies 3.9769 and 0.9666, respectively) have the same charge: ¢o ~ —0.19,qy = +0.19
(cf. Table and Fig. [A2).

Albeit HCgH™ preserves both the linear D conformation of the neutral parent (Fig. (1) and the 2, character
of its HOMO (cf. Eq. ), the bond lengths are not similarly affected by electron removal. The single bonds of
the cation become shorter while the triple bonds become longer (Table V] and Fig. ) Most affected is the central
C3=C4 bond whose Wiberg bond order index decreases by almost 0.5 (Fig. ); this is more than two times larger
than in the case of CgHg™ (Table and Fig. ) In accord with intuitive expectation regarding the Coulomb
repulsion minimization, our calculations found that the C; and Cg atoms, which are most distant of each other,



acquire the largest positive charge (Fig. ) In the same vein, the Coulomb repulsion due to the additional positive
charge on the C3 and C, atoms correlates with the increase in the C3=C4 bond length. Likewise, the shortening of
the Co—Cj3 (or C4—Cs) bond is compatible with the Coulomb attraction due to the extra charges of opposite sign on
the C3 and Cy4 atoms (or Cg and Cy4 atoms). Nevertheless, our calculations reveal that variation of the bond lengths
is not merely an electrostatic effect. The triple bonds C;=Cy and C;=Cg become longer although the atoms involved
acquire extra charges of opposite sign which would imply an additional bond squeezing. Calculations also show that
chemical intuition may be problematic even in a closed shell molecule like HCgH; inspection of Fig. B and Fig. B
reveals a decreasing in the valence state of all carbon atoms although the extra negative charge of Co and Cs has
opposite sign to the extra (positive) charge of the other C atoms.

It might be tempting to relate the opposite change of the Wiberg indices of the adjacent carbon-carbon bonds
driven by ionization to the alternation of the single and triple bonds in HCgH. If this held true, one could expect
a more democratic impact of electron removal in molecules with similar carbon-carbon bonds. To demonstrate that
this is not the case, let us refer again to C¢Hg. Notwithstanding the equivalent carbon-carbon bonds of the neutral
molecule, ionization only shortens two opposite carbon-carbon bonds (C2C3 and C5Cg in Fig. ) Their bond order
indices in C¢Hg™ are larger than in CeHg' (Fig. ) The other four carbon-carbon bonds are stretched and the
corresponding bond order indices are reduced. That is, the process starting with equivalent (aromatic) carbon-carbon
bonds in C¢Hg" ends with nonequivalent carbon-carbon bonds in CgHg'. Two carbon-carbon bonds acquire partial
double bond character and four carbon-carbon bonds acquire partial single bond character.

Switching to the HCgH ™~ chain, we should first reiteraté®¥4 that, contrary to what previously claimed,®? the anion
is not linear. Calculations***? yielded two nonlinear conformers— more precisely, a cis and a trans isomer (cf. Eq.
and Fig. [5) — stable both against molecular vibrations (i.e., all computed vibrational frequencies are real) and against
electron detachment (i.e., positive electron attachment energy EA> 0). The cis-trans energy separation is smaller
than the “chemical” accuracy (~ 1kcal/mol) expected for the various compound model chemistries used in our
calculations (cf. Table. Therefore, it is reasonable to assume that in fact they are quasi-isoenergetic and coexist.
This should be the more so especially in extraterrestrial environments where dedicated paths of synthesis to generate
a given (preferably, cis) conformer are unlikely. We said “preferably” because only the HCgH ™~ cis isomer possesses
a permanent dipole moment (cf. Table . This makes it a potential candidate for astronomical observation via
rovibrational spectroscopy*® The HCgH  trans isomer does not have a permanent dipole (z = 0) and cannot be
detected by radio astronomy. Inspection of Tables [[V] [VII] and [VII] reveals that, apart from the different atom
location with respect to the molecular axis, the cis and trans HCgH ™ isomers possess properties that do not notably
differ from each other. They could be hardly distinguished from each other within the drawing accuracy in Figs.
and Figs.[d] For this reason, only results for the cis anions are depicted in those figures.

While agreeing with the intuitive expectation that electron addition makes the anion longer than the neutral parent,
inspection of the bond metric data (Table and Figs. [3p and ) reveals that electron addition does not stretch all
chemical bonds. Interestingly and unexpectedly at the same, electron addition and electron removal have similar bond
squeezing and bond stretching effects. That is, the same bonds that are, e.g., elongated upon electron removal are
also elongated upon electron attachment. As depicted in Fig. [dh, the single Co—C3 and C4—Cj bonds are squeezed
by virtually the same amount. Albeit more pronounced than for cation, the C—H and triple C;=Cy, C3=Cy, and
C5=Cg bonds of the anion are longer than in the neutral. Counterintuitively, the quantitative changes in the Wiberg
bond order indices do not follow the changes in the bond lengths. Notwithstanding the virtually identical squeezing
of the single Co—C3 and C4—Cjs bonds, the increase in anion’s bond order indices only amounts one third from
that in cation. Moreover, although the stretching of the C—H and triple C;=C,, C3=C,4 and C5=Cg bonds is more
pronounced in anion than in cation, the reduction in the corresponding bond order indices in anions is substantially
smaller than in cation (cf. Fig. [dk).

As intuitively expected, the extra electron migrate towards the HCgH ™ chain ends (cf. Fig. ) This increases the
fractional valence of the H atoms in the anion while leaving the valence of the C atoms unchanged from the ideal
Lewis value of four (cf. Fig. [d).

The comparison between the HCgH ™ chain the CgHg ™ ring is also interesting. In the latter, the excess electron also
migrates towards the outermost H atoms (cf. Fig. [A2k) reducing thereby the Coulomb repulsion. Still, while being
stable against molecular vibrations (i.e., all computed vibrational frequencies are real), C¢Hg ™ is not stable against
electron detachment; i.e., its electron attachment energy is negative (EA < 0). This behavior can be rationalized in
terms of electrostatic repulsion. In the longer HC¢H ™ the Coulomb repulsion is overcompensated by stabilization due
to m-electron delocalization, a fact impossible in the C4¢Hg ™ anion whose shorter diameter makes repulsion too strong.



TABLE V: Natural atomic charges, numbers of core and Rydberg electrons, and Wiberg and Mayer valencies computed via
RCCSD(T)/aug-cc-pvtz//RB3LYP/6-311++G(3df,3pd) for the HCgH singlet neutral chain.

Atom Nat. Charge Core Rydberg Wiberg Mayer
Hi 0.23347  0.00000 0.00269 0.9487 0.8490
Ci -0.11511  1.99852 0.00784 3.9359 1.0953
Co -0.10769  1.99860 0.02228 3.9777 -0.1837
Cs -0.01067  1.99837 0.02266 3.9855 3.6110
Ca -0.01067  1.99837 0.02266 3.9855 3.6110
Cs -0.10769  1.99860 0.02228 3.9777 -0.1837
Cs -0.11511  1.99852 0.00784 3.9359 1.0952
H, 0.23347  0.00000 0.00269 0.9487 0.8490

TABLE VI: Natural atomic charges, numbers of core and Rydberg electrons, and Wiberg and Mayer valencies computed via
ROCCSD(T)/aug-cc-pvtz//UB3LYP/6-311+4G(3df,3pd) for the HCgH™ cation.

Atom Nat. Charge  Core Rydberg Wiberg Mayer

H, 0.27071 0.00000 0.00232 0.9291 0.7702
C1 0.21701 1.99863 0.00690 3.6241 1.0100
Cs -0.20647 1.99876 0.02359 3.8956 0.0574
Cs 0.21875 1.99859 0.02112 3.6623 3.1369
Cy 0.21875 1.99859 0.02112 3.6623 3.1369
Cs -0.20647 1.99876 0.02359 3.8956 0.0574
Cs 0.21701 1.99863 0.00690 3.6241 1.0100
Ho 0.27071 0.00000 0.00232 0.9291 0.7702

D. Chemical bonding in HCsH chains

Let us now examine the HCsH chains, whose Cartesian coordinates at energy minimum are presented in Tables
[A9] [AT0] [ATT} [AT2] The relevant ground state electronic configurations read as follows:

HC5H° ’Doch : 32; =... 603 502 1mt 177;1 o2, (2a)
HCsHY |, ¢ ?IL, =...607 507, 1m, 17y 27, (2b)
unstable HCsH™ ‘D = I, = .. .603 502 1mt 171';1 273 s
cis HC;H™ |, ¢ ?Bi =...5a] 5b3 6af 167 1a3 6b3 2b1 7af, (20)
trans HC5H |, ¢ 24, =...6a2 562 1a2 6b2 152 Ta2 2al, 202.

In accord with earlier reports,33° the present quantum chemical study confirmed the Do), symmetry of the HC;HC.
Our calculations comprise very tight geometry optimization with the widely employed B3LYP, %62 PBE(,* and M06-
2X8 functionals (cf. Tables and . The triplet character of the ground state X 32; obtained from calculations

TABLE VII: Natural atomic charges, numbers of core and Rydberg electrons, and Wiberg and Mayer valencies computed via
ROCCSD(T)/aug-cc-pvtz//UB3LYP/6-311++G(3df,3pd) for the HC¢H ™ cis anion.

Atom Nat. Charge  Core Rydberg Wiberg Mayer

H -0.20424 0.00000 0.44961 1.1812 -1.6284
C1 -0.16160 1.99864 0.03167 3.9158 1.4547
Ca -0.10529 1.99883 0.03230 3.9765 -1.2703
Cs -0.02888 1.99856 0.03819 4.0027 -0.8041
Cy -0.02888 1.99856 0.03819 4.0027 -0.8041
Cs -0.10529 1.99883 0.03230 3.9765 -1.2703
Ce -0.16160 1.99864 0.03167 3.9158 1.4547

Ha -0.20424 0.00000 0.44961 1.1812 -1.6284




TABLE VIII: Natural atomic charges, numbers of core and Rydberg electrons, and Wiberg and Mayer valencies computed via
ROCCSD(T)/aug-cc-pvtz//UB3LYP/6-311++G(3df,3pd) for the HCgH ™ trans anion.

Atom Nat. Charge  Core Rydberg Wiberg Mayer

Hy -0.20318 0.00000 0.44886 1.1819 -1.7028
Ci -0.16077 1.99864 0.03078 3.9160 1.9272
Co -0.10689 1.99883 0.03444 3.9788 -0.1883
Cs -0.02916 1.99856 0.03889 4.0040 -2.2379
Ca -0.02916 1.99856 0.03889 4.0040 -2.2379
Cs -0.10689 1.99883 0.03444 3.9788 -0.1883
Cs -0.16077 1.99864 0.03078 3.9160 1.9272
Ho -0.20318 0.00000 0.44886 1.1819 -1.7028

linear neutral singlet HC,H’
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5

FIG. 1: Geometries of HC¢H chains investigated in the present paper. Like the HC¢H® neutral parent, the HC¢H™ cation is
linear and therefore not shown here.

confirms the physical intuition. According to Hund’s rule, the two electrons in the half-filled HOMO (272, cf. Eq. )
should have parallel spin. Inspection of the HOMO depicted in Fig. 2] reveals that its highest density is concentrated
on every second carbon atom starting from the chain ends and not between the carbon atoms, as the case of the HCgH°
even member chain. “On atoms” and not “on bonds”; this is the reason why, in general, odd members HCy;,1H are
less stable than even members HCoj, H44

The comparison between the various panels of Fig. [3] reveals that the differences between the properties of the
diradical open shell HC5H? triplet and those of the non-radical closed shell HCgH® singlet are substantial. The most
salient qualitative difference is, of course, the absence of bond alternation in HCsH, but other differences are also
notable. For instance, the fact that, unlike other C atoms, the central Cs atom in the HC5H® neutral is positively
charged (Fig. [3f).

As visible in Fig. Bh, the most substantial deviation from the Lewis valence value is exhibited by the C3 atom,
which is nominally almost trivalent in the HC5H? triplet. In fact, our NBO calculations for the triplet state found

neutral singlet HC,H HOMO

neutral singlet HC;H LUMO
R +

cation HC,H HOMO

cis anion HC;H" HOMO

1H1:

trans anion HC,H HOMO

FIG. 2: MO spatial distributions of the HCgH chains investigated in the present paper: neutral singlet, cation, cis anion, trans
anion.



1.4 1.4+ X
] neutral singlet b neutral triplet
] @ anion ] (b) neutral singlet
] cation Bl anion
—~ 1.3 ~1.34 cation
ot ] < 7]
= ] = ]
8 1.2 9 1.2
=} ] = ]
=] =) ]
] ) B
/A m ]
1.14 115
Bond location of various HC H species * Bond location of various HC,H species
l—IICI C()HZ H]CI CSHZ
2.8 neutral singlet 263 tral triplet
E ] neutral triple
2.6 © anion 2.4+ @ neutral singlet
y 2’4E cation w2 25 anion
_8 2 2{ _g : B cation
E 2.0
2,07 5207
_§ 1.82 § 1.8;
) 1'62 & 1'62
2 214
R CEE
1.04 12 1
0.8 1.04
0.6 : : : m : : .
Bond location of various HC H species Bond location of various HC_H species
H]C] C(JHZ H]Cl CSHZ
0.6
034 () 1 ® neutral triplet
E 04- neutral singlet
[0} 3 (5] A anion
en 0.24 oh ] cation
g ] 2 0
© 0.15 © V.o
N ER
=] E [=} ]
.2 -0.14 2 04
% g 0.2
2 -0.25 neutral singlet = _ E
anion 04
—0.34 cation ]
? —0.6-
H ¢ (¢ ¢ ¢ ¢ C H, H ¢ ¢ ¢ ¢ C H,
Atoms of HC H chains Atoms of HC_H chains
4| neutral singlet 4+ neutral triplet
janion ® 1 neutral singlet (h)
o ]caton © 7 anion
S 9 1 cation
53- 531
< | < ]
> ] > 1
E g ]
=27 527
20 o0 ]
o | 0] ]
= ] 2 ]
= 10 =1
OH ¢ ¢ C C C C H 'R C ¢ C ¢ C H
1 1 2 3 4 5 6 2 1 1 2 3 4 5 2
Atoms of HC H chains Atoms of HC_H chains

FIG. 3: (a, b) Bond lengths, (¢, d) Wiberg bond order indices, (e, f) natural atomic charges, and (g, h) Wiberg valencies of
neutral and charged HCgH and HCsH chains investigated in the present paper. Because differences between cis and trans anion
isomers would be indistinguishable within the drawing accuracy, only properties of the cis isomers are depicted here.



<
< 0.065 5 0.06 :
—~ ] i El neutral singlet
Té (a) ‘g E (b) anion
=t 004’E = 00475 cation
Q 3 — 9
= E = i
£ 002 2 0.027 IL |
AT I - U ST Y S W
< E 5] E|
5 ] g : |'
= —0.024 =-0.024
) 2 ]
= E < E
=2 —0.04 anion B0—0.04-
= ] cation 5 E
S i = E
= —0.06 Bond location of various HC H species 5 0.06 Bond location of various HC,H species
H,C; CH, M H,C; CH,
= ] R 3 anic
2 047 © anion s 0.6 7 @ rlll;luzi]al singlet
§ 1 cation E 0.4 7 cation
] = E|
Z 027 J J 2 021
5 ] 5
x 004~---gp--—-"---gq-—--"--- —= = ¥ 03—y ---J|I‘----|'[----‘-
Q 9 E|
= ] '2 E|
k= = —0.21
2 —0.2 .
g 2041
Ee] fn s
o0 =
3 —0.44 2067
= Bond location of various HC H species = Bond location of various HC,H species
HIC] C6H2 HICI CSHZ
E 3
3 0.5+ £
2 5 tral singlet
S04 © £ 04] O anion T
2 E z i cation
o 03’% & ]
2 021 £ 027
£ <= ]
3} 01’; 3 ]
() 3 1
PRt | L B 2 Ot
£-01- O
s -027 ‘2021
§ _0_3—; anion é
5 -04- cation 2 -04-
E0SF ¢ ¢ ¢ ¢ ¢ ¢ W £ W ¢ ¢ ¢ ¢ ¢ H
Z 1 1 2 3 V4 5 6 2 Z 1 1 2 3 4 5 2
Atoms of HC H chains Atoms of HC,H chains
E ke
2 045 2 0.8
a E = E h
§ 037 anion ® g 067 ®
5 02 cation 2 0.4-
=] E % E
= 0.14 5 024 l
o E o E
o . —_—— e - - 3 - - - _—— - _——— ]
% 0 ] T T % 0 ""‘- p -
= —0.14 s -0.21 .
> El > E neutral singlet
g -0.24 g -0.44 anion
% = ] cation
op—0.33 50 —0.63
5 3 8 ]
S —0.4- =2 -0.8-
= H ¢ G Cs G, Cg Cs H, Z H ¢ G C3 G, ) Cs H,
Atoms of HC H chains Atoms of HC.H chains

FIG. 4: Changes relative to the most stable neutral isomer (singlet HC¢H® and triplet HCsH®) of the properties depicted in
Fig. |3t (a, b) bond lengths, (¢, d) Wiberg bond order indices, (e, f) natural atomic charges, and (g, h) Wiberg valencies of
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TABLE IX: Natural atomic charges, numbers of core and Rydberg electrons, and Wiberg and Mayer valencies computed via
ROCCSD(T)/aug-cc-pvtz//UB3LYP/6-311++G(3df,3pd) for the HCsH triplet.

Atom Nat. Charge Core Rydberg Wiberg Mayer
Hi 0.23331  0.00000 0.00293 0.9486 1.1108
Ci -0.12417  1.99870 0.01046 3.5024 0.8651
Ca -0.16472  1.99879 0.02153 3.9666 1.5530
Cs 0.11118  1.99867 0.02815 2.8980 -1.7531
Ca -0.16472  1.99879 0.02153 3.9666 1.5530
Cs -0.12417  1.99870 0.01046 3.5024 0.8651
Ha 0.23331  0.00000 0.00293 0.9486 1.1108

TABLE X: Natural atomic charges, numbers of core and Rydberg electrons, and Wiberg and Mayer valencies computed via
RCCSD(T)/aug-cc-pvtz//RB3LYP/6-311++G(3df,3pd) for the HCsH singlet.

Atom Nat. Charge Core Rydberg Wiberg Mayer
H, 0.18012  0.00000 0.00386 0.9727 0.9097
Ci -0.09139  1.99899 0.03055 3.0827 1.2855
Ca -0.16042  1.99892 0.02314 3.8824 2.5210
Cs 0.06271 1.99858 0.02771 3.6583 1.0890
Cy -0.14690 1.99871 0.02283 3.9427 1.9299
Cs -0.07936  1.99861 0.00944 3.7977 2.3121
H» 0.23524  0.00000 0.00289 0.9482 1.0012

TABLE XI: Natural atomic charges, numbers of core and Rydberg electrons, and Wiberg and Mayer valencies computed via
ROCCSD(T)/augce-pvtz//UB3LYP/6-311++G(3df,3pd) for the cis HCsH ™ anion.

Atom Nat. Charge Core Rydberg Wiberg Mayer
H, 0.17941  0.00000 0.00898 0.9791 0.9378
Ci -0.51439  1.99883 0.03490 3.4528 1.8919
Cs -0.00713  1.99888 0.02443 3.9458 2.6770
Cs -0.31578  1.99858 0.03811 3.4170 1.5040
Cy -0.00713  1.99888 0.02443 3.9458 2.6770
Cs -0.51439  1.99883 0.03490 3.4528 1.8919
Hz 0.17941  0.00000 0.00898 0.9791 0.9378

TABLE XII: Natural atomic charges, numbers of core and Rydberg electrons, and Wiberg and Mayer valencies computed via
ROCCSD(T)/aug-cc-pvtz//UB3LYP/6-3114++G(3df,3pd) for the trans HCsH  anion.

Atom Nat. Charge Core Rydberg Wiberg Mayer
H,y 0.17996  0.00000 0.00850 0.9782 1.0234
Ci -0.51330  1.99884 0.03299 3.4508 2.3621
Co -0.00700  1.99888 0.02529 3.9475 2.9195
Cs -0.31932  1.99857 0.04100 3.4196 1.0419
Cy -0.00700  1.99888 0.02529 3.9475 2.9195
Cs -0.51330  1.99884 0.03299 3.4508 2.3621
H, 0.17996  0.00000 0.00850 0.9782 1.0234

TABLE XIII: Natural atomic charges, numbers of core and Rydberg electrons, and Wiberg and Mayer valencies computed via
ROCCSD(T)/aug-cc-pvtz//UB3LYP/6-311+-+G(3df,3pd) for the HCsH™ cation.

Atom Nat. Charge Core Rydberg Wiberg Mayer
H, 0.27408  0.00000 0.00231 0.9272 1.0069
C1 0.28358  1.99868 0.00766 3.4812 0.6909
Cq -0.30517  1.99882 0.02342 3.9285 1.7308
Cs 0.49503  1.99867 0.02187 3.2572 -1.1691
Cy -0.30517 1.99882 0.02342 3.9285 1.7308
Cs 0.28358  1.99868 0.00766 3.4812 0.6909
H, 0.27408  0.00000 0.00231 0.9272 1.0069
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linear neutral triplet HC H°

-~

2 CS 4 5

nonlinear neutral singlet HCSH0
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cis anion HC,H™
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FIG. 5: Geometries of HCsH chains investigated in the present paper. Like the HCsH® neutral triplet parent, the HCsH*
cation is linear and therefore not shown here.

neutral triplet HC,H HOMO Osoﬁo
neutral triplet HC;H LUMO %‘s’%
neutral singlet HC,H HOMO &%
cation HC,H" HOMO - §Bo &P~

cis anion HC,H™ HOMO 3’%‘%
trans anion HC,H” HOMO m

FIG. 6: MO spatial distributions of the HC5H chains investigated in the present paper: neutral triplet, neutral singlet, cation,
cis anion, trans anion.

the lone pair residing on the central C3 atom according to the idealized Lewis structure
H-C=C-C—C=C—H — H,~C,=Cy—Cy—Cy=Cs—H,. (3)
A significant role of the configuration with unpaired electrons on the peripheric C; and Cs atoms
H-C=C=C=C=C—H — H,~C,=Cy=C3=C,=C5—H, (4)

was previously claimed ™8 Our NBO analysis does not substantiate this claim. In the same vein, we also examined a
potential contribution to the HCsH triplet from asymmetric Lewis structures that can a priori come into question

H-C=C—C=C—C—H — H;—C,=Cy—C3=C,4—Cs—Ha, or (5a)

H-C-C=C—C=C—H — H,—C,—Cy=C3—Cy=Cs—H,. (5b)

This possibility was also ruled out by our NBO analysis.
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By contrast, Eq. appeared to contribute to the electronic configuration of the singlet HC5H chain computed
at the triplet optimum geometry. However, that configuration, which is an admixture of Egs. and , renders
the linear singlet chain unstable. It eventually evolves into the nonlinear conformer (a'A’, Cy symmetry) depicted
in Fig. , which is stable against molecular vibrations (i.e., vibrational frequencies are all real). The bent chain
end (LH;C1Cy ~ 125°, cf. Table @ appears to stabilize the antiparticle spins in the lone pair residing on the
terminal C; atom. It is then understandable that this asymmetric lone pair significantly weakens the H;C; and
the C1Cs bonds. In the bent HC5H singlet, the corresponding bond lengths become significantly longer than in the
linear HC5H triplet (cf. Fig. ) The reduction with respect to the triplet of the C;Cy bond order is considerable; it
amounts to about 0.7 (cf. Fig. [i{).

As the case of longer carbon-based chains, a terminal C—H function confers the adjacent carbon-carbon
bond (C;=Cs and C4=Cj in the HC;H° triplet) a triple bond character. In their turn, triple C=C bonds enforce
single bonds in their vicinity. This is visible in Fig. Br. C2—Cs and C3—Cy are basically single bonds. The values
of the bond order indices of these Co—C3 and C3—C,4 bonds are very similar to those of the Co—C3 and C4—Cs
single bonds of the HCgH® polyynic chain (Fig. ) In this way, all carbon-carbon bonds are exhausted, and there
is no room for double carbon-carbon bonds in HC5H®. A cumulenic character can only set in sufficiently deep inside
sufficiently long HCQ}C+1H0 triplet chains. The shortest HCQk+1HO triplet chain exhibiting some cumulenic character
onset is therefore HC7HY (cf. Fig. ) We said “some cumulenic” because not even the longer HCoH® triplet chain

exhibits a true cumulenic bonding %Fig. [Tk).

SASHIAAITT

As expected on the basis of Eq. (2al), calculations confirmed that the cation HCsH™ possesses a 21, ground state
whose electronic configuration expressed by Eq. (2b]). Electron removal does not have much impact on the geometry.
Unlike the terminal C—H bonds, which become slightly longer, the carbon-carbon bonds are altogether slightly shorter
in the HC5H™ cation, which preserves the linear geometry of the neutral parent (Fig. ) Still, counterintuitively,
in spite of the bond length changes with respect to the neutral smaller than those of HCgH (cf. Figs. and ),
the changes in the bond index orders are larger than for HCgH (cf. Figs. 4k and ) Figs. [4f depicts that, similar
to HC¢H™, the hole created by ionization is also delocalized over the HCsH™ chain. Overall, changes in the atomic
charges upon electron removal are larger in HC5H than in HCgH (cf. Figs. 4 and ) Regarding the valence of the
carbon atoms, nontrivially, ionization merely impact on the valence of the central C3 atom which effectively behaves
as trivalent in the neutral HC5H" triplet chain (Fig. )

The anions of the HC5H chain are interesting for several reasons. Prior to our recent work 2344 the existence of
a cis HCsH™ anion chain was also claimedY In addition, we reported that a trans HC5;H ™ anion chain also exists
(cf. Fig. .43‘44 Like the cis isomer, the trans HCsH™ chain is also stable both against molecular vibrations (all
calculated vibrational frequencies are real) and against electron detachment.****4 Similar to the case of HCgH ™, apart
from the different position of the H atoms relative to the carbon backbone, the structural and bond metric data of
the HCsH™ cis and trans isomers are very close to each other (cf. Table .

As evident from the data for the cis-trans isomerization obtained by several composite models (Table , the cis
and trans HC5H ™~ chains are, like the cis and trans HC4H  chains discussed above, also almost isoenergetic. So, one
can also expect that they coexist.

Table and Fig. reveal that the differences between the lengths of adjacent bonds in the HCsH ™ chain are
significantly smaller than in the HC5H? triplet chain: d (C2C3) —d(C1Cq) =~ 0.03 A versus ~ 0.07 A. Based on this
similarity between adjacent anion’s bond lengths markedly contrasting with the neutral triplet, ref. [16 claimed that
HCsH ™ exhibits cumulenic character. Nevertheless, the inspection of Fig. along with the underlying values from
Table [XIV] conveys a different message. The differences in the Wiberg bond order indices of the anion’s adjacent
carbon-carbon bonds are substantial (N (C1Cz) ~ 2.25, N (C2C3) ~ 1.57, cf. Table and do not substantiate a
homogeneous cumulenic picture, contrary to what the small differences between adjacent bond lengths may suggest.

The comparison between Figs. [fh and @b unravels an interesting difference between the HC;H and HCgH chains.
As already noted, the carbon-carbon bonds of HCgH elongated/compressed upon electron removal are also elon-
gated /compressed upon electron attachment (Figs. [4h). This is no longer the case in HCsH. Removing an electron
from HC5H squeezes all carbon-carbon bonds. Adding an electron merely squeezes the midmost CoCs and C5Cy
bonds; the farthest C;Cy and C4Cs bonds get longer (Figs. ) And still: amazingly, electron removal and electron
addition have a virtually perfect (anti)symmetric impact on the individual charges of the HC5H chain (Figs. ) That
is, if ionization yields a variation d¢; of the charge of atom X; (X=C, H), electron attachment gives to a variation
—Jdq; of the same atom.

The inspection of Fig. [3f reveals what is perhaps the most striking difference between the HCsH™ and HCgH ™ anion
chains. Confirming straightforward intuition, we found in Sec. | J|that the spatial distribution of the excess electron
in HCgH  is concentrated on the two terminal H atoms (Fig. By contrast, Fig. [3f shows that the extra electron
preferentially goes to the C1, C3, and Cs atoms, a process that is furthermore accompanied by electron depletion on
the Cy and C4 atoms.
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FIG. 7: Wiberg bond order indices of (a) HCsH°, (b) HC;H®, and (c) HCoH triplet chains illustrating that the carbon backbone
can acquire a cumulenic character only in sufficiently long odd-numbered members, too long to be among the candidates to be
searched for is space in the next future.

IV. CONCLUSION

We believe that this investigation on the chemical bonding in HC, H chains was rewarding for several reasons.

The present results reiterated and added further support to the fact that monitoring bond lengths alone does not
suffice to adequately characterize chemical bonding in carbon chains. Changes in bond order indices upon electron
removal or electron addition do not simply (not even monotonically) follow changes in bond lengths.

Our NBO analysis does not substantiate general and undifferentiated claims often made previously in the literature
that odd-numbered chains HCsj 1 H are cumulenes. Fig. Ek depict that not even the HCoH chain (that is, a chain whose
length is comparable with the longest chain HCgH ever observed astronomicallym) possesses a genuine cumulenic
character.
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TABLE XIV: Results of B3LYP/6-311++G(3df,3pd) very tight geometry optimization for HCsH chains without imposing
symmetry constraints. Bond lengths [ between atoms XY (in angstrom), angles a between atoms ZXYZ (in degrees) and
Wiberg bond order indices .
Species Property chl AHlCng 0102 4010203 0304 4C2C304 C4C5 4030405 C4C5 ZC4C5H2 C5H2
linear triplet l, a 1.0612 180.0 1.2362 180.0 1.3017 180.4 1.3017 180.0 1.2362 180.0 1.0612

N 0.9343 2.4939 1.4109 1.4109 2.4939 0.9343

singlet@triplet N 0.9355 2.3281 1.5090 1.5090 2.3280 0.9355
bent singlet [, 1.0833 125.2 1.2922 171.8 1.2646 179.3 1.3206 179.9 1.2217 1794 1.0615
N 0.9335 1.8070 1.9279 1.3272 2.5482 0.9330

anion cis l,a 1.0729 1381 1.2687 173.8 1.3006 169.4 1.3006 173.8 1.2687 138.1 1.0729
N 0.9433 2.2545 1.5701 1.5701 2.2545 0.9433

anion trans l,o 1.0747 1353 1.2716 173.3 1.2981 180.0 1.2981 173.3 1.2716 135.3 1.0747
N 0.9426 2.2547 1.5711 1.5711 2.2547 0.9426

cation [, 1.0706 180.0 1.2328 180.0 1.2938 180.0 1.2938 180.0 1.2328 180.0 1.0706

N 0.9176 2.3455 1.5062 1.5062 2.3455 0.9176

Overall, the present results for charge redistribution upon ionization and electron attachment unraveled a sub-
tle interplay between electrostatic interaction and w-delocalization in HC,,H chains that definitely deserves further
consideration. As of now, monitoring the natural atomic charges in anion chains turned out to be particularly useful:

i) Inspection of the natural atomic charges unraveled that electron attachment to the HCgH® chain has an impact
on charge redistribution that qualitatively differ from that on the HC5H chain.

ii) Based on naive intuition, one may expect that the excess electron attached to a neutral chain migrates towards the
chain ends. Sometimes NAO calculations do not confirm this expectation; this happens in HC5H (Fig. ) Sometimes
NAO calculations support the intuitive expectation. CgHg belong to this category. This behavior is depicted by the
changes in natural atomic charges (Fig. [A2kg); it is also understandable by inspecting the benzene’s LUMO shape
(Fig. ). The changes in natural atomic charges calculated for HCgH also substantiate the aforementioned intuitive
expectation; see Fig. . However, the LUMO shape of HCgH (Fig. [2)) can hardly be taken as confirmation of the
intuitive expectation in spite of the fact that, after all, HCgH is a “normal” (i.e., non-radical) closed shell molecule.

iii) Noteworthily, electron removal and electron addition have a virtually perfectly symmetric impact on the individ-
ual atomic charges of the HC5H chain: (Fig. |3f). This points towards an unexpected charge conjugation invariance.
Invariance properties under particle-hole transformation were previously reported in other one-dimensional systems
with strong electron correlations (e.g, refs. 8788 and citations therein) but not in carbon-based chains. This is an
important point to be addressed in detail in a separate publication.

With regards to anions, we still want to make the following remark. Basically, a HCgH ™ chain is a valence anion
created by putting an extra electron into a higher unoccupied valence (27, cf. Eq. ) orbital of a molecule whose
highest shell (272, cf. Eq. ) is fully occupied. Such an orbital possesses an anti-bonding character, and in most
cases the equilibrium geometry of the valence anions strongly departs from that of the neutral parents®? Therefore,
although contradicting previous work® claiming that HCgH ™~ chains preserve the linear shape of the neutral parent,
our finding that stable HCgH chains are nonlinear while linear HC4H  chains are unstable should not be too
surprising. On the contrary, a HCsH chain amounts to put an extra electron into a partially occupied valence orbital
(272, cf. Eq. ) It would not be too surprising if this anion inherited the (linear) conformation of the neutral
molecule. However, calculations showed that the contrary is true.

Finally, by and large the results presented in this paper unambiguously demonstrated that the appropriate frame-
work to deal with chemical bonding in carbon chains is Wiberg’s; Mayer’s valence and bond order indices turned out
to be totally inappropriate.

89
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TABLE Al: Results of very tight geometry optimization of the HCgH singlet chain (* E;) without imposing symmetry con-
straints. Bond lengths (in angstrom) and maximum force per atom (in meV/A) obtained using the exchange-correlation
functional indicated and the maximum Pople basis sets 6-311++G(3df,3pd).
Method H1C; Ci1Cz C3Cs C4Cs; CyuCs Cs5Cs CgHo Fmam/atom
B3LYP 1.0614 1.2068 1.3539 1.2147 1.3539 1.2068 1.0614 3.4 x 10~ °
PBEO 1.0636 1.2063 1.3543 1.2139 1.3543 1.2063 1.0636 1.3 x 1073
M06-2X 1.0626 1.2008 1.3679 1.2067 1.3679 1.2008 1.0626 1.2 x 10°

TABLE A2: Results of very tight geometry optimization of the HCsH triplet chain (3 ¥, ) without imposing symmetry con-
straints. Bond lengths (in angstrom) and maximum force per atom (in meV/A) obtained using the exchange-correlation
functional indicated and the maximum Pople basis sets 6-311++G(3df,3pd).
Method H;C; Ci1Cz C3C4 Cy4Cs CuCs CsHo F,,mw/atom
B3LYP 1.0612 1.2362 1.3017 1.3017 1.2362 1.0612 5.4 x 10~ °
PBEO 1.0633 1.2367 1.3018 1.3018 1.2367 1.0633 1.8 x 1073
MO06-2X 1.0625 1.2306 1.3075 1.3075 1.2306 1.0625 0.13
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TABLE A3: For comparison purposes, in this table we present the same properties of the HCgH singlet neutral chain as those
of Table [V|but computed via RCCSD(T)/cc-pvtz//RB3LYP/6-3114++G(3df,3pd).

Atom Nat. Charge Core Rydberg Wiberg Mayer
H,y 0.23355  0.00000 0.00179 0.9473 0.9875
Ci -0.11997  1.99849 0.00926 3.9364 3.4520
Co -0.10552  1.99853 0.01309 3.9765 3.7604
Cs -0.00806  1.99830 0.01303 3.9823 3.7087
Cy -0.00806  1.99830 0.01303 3.9823 3.7087
Cs -0.10552  1.99853 0.01309 3.9765 3.7604
Cs -0.11997  1.99849 0.00926 3.9364 3.4520
H» 0.23355  0.00000 0.00179 0.9473 0.9875
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TABLE A4: Cartesian coordinates (in angstrom) of the atoms in the HCgH neutral singlet computed via RB3LYP/6-
3114++4G(3df,3pd) optimization.

Atom X Y V4
H; 0.000000 0.000000 -4.229416
C;  0.000000 0.000000 -3.168040
Cs  0.000000 0.000000 -1.961272
Cs  0.000000 0.000000 -0.607352
C4 0.000000 0.000000 0.607352
Cs  0.000000 0.000000 1.961272
Cg  0.000000 0.000000 3.168040
Hs 0.000000 0.000000 4.229415

TABLE A5: Cartesian coordinates (in angstrom) of the atoms in the HCgH* cation computed via UB3LYP/6-311++G(3df,3pd)
optimization.

Atom X Y 7
H; 0.000000 0.000000 0.001143
C; 0.000000 0.000000 1.070418
Cs  0.000000 0.000000 2.292591
Cs  0.000000 0.000000 3.613878
C4 0.000000 0.000000 4.853180
Cs 0.000000 0.000000 6.174467
Cs 0.000000 0.000000 7.396640
H2 0.000000 0.000000 8.465915

TABLE A6: Cartesian coordinates (in angstrom) of the atoms in the HCg¢H™ cis anion computed via UB3LYP/6-
3114++4G(3df,3pd) optimization.

Atom X Y 7
H;: 0.000000 0.509362 -4.068471
C;  0.000000 -0.122855 -3.197356
Cz  0.000000 0.007350 -1.948075
Cs 0.000000 -0.019817 -0.627139
C4 0.000000 -0.019817 0.627139
Cs 0.000000 0.007350 1.948075
Cg 0.000000 -0.122855 3.197356
H2 0.000000 0.509362 4.068471

TABLE AT7: Cartesian coordinates (in angstrom) of the atoms in the HC¢H™ trans anion computed via UB3LYP/6-
3114++4G(3df,3pd) optimization.

Atom X Y 7
H; 0.000000 -0.429711 -4.080977
C;  0.000000 0.179676 -3.193675
Cs  0.000000 0.017526 -1.948160
Cs 0.000000 0.012033 -0.626986
C4  0.000000 -0.012033 0.626986
Cs 0.000000 -0.017526 1.948160
Cg 0.000000 -0.179676 3.193675
H2 0.000000 0.429711 4.080977

TABLE AS8: Cartesian coordinates (in angstrom) of the atoms in the HCsH° triplet neutral computed via UB3LYP/6-
311++G(3df,3pd) optimization

Atom X Y Z
H; 0.000000 0.000000 0.000000
C: 0.000000 0.000000 1.061186
C2 0.000000 0.000000 2.297429
Cs  0.000000 0.000000 3.599176
C4 0.000000 0.000000 4.900923
Cs  0.000000 0.000000 6.137165
H> 0.000000 0.000000 7.198351
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TABLE A9: Cartesian coordinates (in angstrom) of the atoms in the HC3H singlet neutral computed via RB3LYP/6-
3114++4G(3df,3pd) optimization.

Atom X Y 7
H; 4.811035 4.838928 0.000000
Cy  3.727736 4.838916 0.000000
Cy  2.981864 3.783719 0.000000
Cs 2.111344 2.866432 0.000000
Cy  1.216872 1.894966 0.000000
Cs 0.391722 0.994037 0.000000
Hs -0.335058 0.220346 0.000000

TABLE A10: Cartesian coordinates (in angstrom) of the atoms in the HCsH' cation computed via UB3LYP/6-
3114++4G(3df,3pd) optimization.

Atom X Y V4
H; 0.000000 0.000000 0.000000
C;: 0.000000 0.000000 1.070615
Cs  0.000000 0.000000 2.303385
Cs  0.000000 0.000000 3.597140
Cs4 0.000000 0.000000 4.890895
Cs 0.000000 0.000000 6.123665
H> 0.000000 0.000000 7.194280

TABLE All: Cartesian coordinates (in angstrom) of the atoms in the cis HCsH™ anion computed via UB3LYP/6-
3114++4G(3df,3pd) optimization.

Atom X Y 7
H; 0.495120 -3.398917 0.000000
C;  -0.180633 -2.563296 0.000000
Cy  -0.056201 -1.298012 0.000000
Cs -0.080103 -0.000000 0.000000
Cs -0.056201 1.298012 0.000000
Cs -0.180633 2.563296 0.000000
H> 0.495120 3.398917 0.000000

TABLE A12: Cartesian coordinates (in angstrom) of the atoms in the trans HC;H™ anion computed via UB3LYP/6-
3114++4G(3df,3pd) optimization.

Atom X Y V4
H; -0.389640 -3.424168 0.000000
Cy;  0.241108 -2.553977 0.000000
Cy  0.047397 -1.297268 0.000000
Cs -0.000000 0.000000 0.000000
Cy -0.047397 1.297268 0.000000
Cs -0.241108 2.553977 0.000000
Hz 0.389640 3.424168 0.000000

TABLE A13: Cartesian coordinates (in angstrom) of the atoms in the cis HCsH™ anion computed via ROCCSD(T)/cc-pVTZ
optimization.

Atom X Y V4

H; -0.773813 -0.749124 0.000214
C;  0.000000 0.000000 0.000000
Co  0.000000 1.281892 0.000000
Cs 0.234168 2.574505 0.000000
Cy  0.056722 3.876114 -0.000163
Cs 0.112755 5.156787 -0.000164
Hs -0.627632 5.938968 -0.000910
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TABLE Al4: Bond lengths in angstrom and angles in degrees for cis HCsH ™ anions optimized at the UB3LYP/6-
3114+4G(3df,3pd) and ROCCSD(T)/6-311++G(3df,3pd) level of theory.
HCsH™ Method HC; ZHC:Cy CiCa ZC1C2Cs CoCs LC2C3Cs C3Cys ZLC3C4Cs CuCs ZLC4CsH CsH
UB3LYP I, 1.0729 138.1 1.2687 173.8 1.3006 169.4 1.3006 169.4 1.2687 138.1 1.0729

N 0.9433 2.2545 1.5701 1.5701 2.2545 0.9433
ROCCSD(T) [, 1.0770 1341 1.2819 169.7 1.3137 162.0 1.3137 169.7 1.2819 134.1 1.0770
N 0.9428 2.2714 1.5627 1.5627 2.2714 0.9428

TABLE A15: Natural atomic charges, numbers of core and Rydberg electrons, and Wiberg and Mayer valencies computed via
ROCCSD(T)/aug-cc-pvtz//UB3LYP/6-311++G(3df,3pd) for the cis HCsH™ anion.

Atom Optimization Nat. Charge Core Rydberg Wiberg Mayer
H: UB3LYP/6-311++4+G(3df,3pd) 0.17941  0.00000 0.00898 0.9791 0.9378
ROCCSD(T)/cc-pVTZ 0.17918  0.00000 0.00849 0.9784 0.9918
C; UB3LYP/6-311++G(3df,3pd) -0.51439 1.99883 0.03490 3.4528 1.8919
ROCCSD(T)/cc-pVTZ -0.51511  1.99888 0.03460 3.4569 1.8176
Cy, UB3LYP/6-311++G(3df,3pd) -0.00713 1.99888 0.02443 3.9458 2.6770
ROCCSD(T)/cc-pVTZ -0.00506  1.99891 0.02566 3.9480 2.3972
Cs UB3LYP/6-311++G(3df,3pd) -0.31578 1.99858 0.03811 3.4170 1.5040
ROCCSD(T)/cc-pVTZ -0.31800 1.99859 0.03446 3.3983 2.6002
Cs UB3LYP/6-311++G(3df,3pd) -0.00713 1.99888 0.02443 3.9458 2.6770
ROCCSD(T)/cc-pVTZ -0.00506 1.99891 0.02566 3.9480 2.3972
Cs UB3LYP/6-3114++G(3df,3pd) -0.51439 1.99883 0.03490 3.4528 1.8919
ROCCSD(T)/cc-pVTZ -0.51512  1.99888 0.03461 3.4568 1.8176
H, UB3LYP/6-3114++4G(3df,3pd) 0.17941  0.00000 0.00898 0.9791 0.9378
ROCCSD(T)/cc-pVTZ 0.17917  0.00000 0.00849 0.9784 0.9918

TABLE A16: Wiberg valencies obtained by various methods for the HCgH singlet neutral chain.

Atom RB3LYP RB3LYP RB3LYP RB3LYP RCCSD/T) RCCSD(T)

ce-pVTZ aug-cc-pVTZ 6-311G(3df,3pd) 6-311++G(3df,3pd) cc-pVTZ aug-cc-pVTZ
H: 0.9478 0.9495 0.9498 0.9555 0.9473 0.9487
Cy 3.9419 3.9413 3.9367 3.9432 3.9364 3.9359
Ca 3.9787 3.9797 3.9660 4.0010 3.9765 3.9777
Cs 3.9834 3.9848 3.9676 4.0507 3.9823 3.9855
Cy 3.9834 3.9848 3.9676 4.0519 3.9823 3.9855
Cs 3.9787 3.9797 3.9660 3.9777 3.9765 3.9777
Cs 3.9419 3.9413 3.9367 3.9493 3.9364 3.9359
Ho 0.9478 0.9495 0.9498 0.9659 0.9473 0.9487

TABLE A17: Wiberg valencies obtained by various methods for the HCsH triplet neutral chain.

Atom UB3LYP UB3LYP UB3LYP UB3LYP ROCCSD(T) ROCCSD(T)

ce-pVTZ aug-cc-pVTZ 6-311G(3df,3pd) 6-311++G(3df,3pd) cc-pVTZ  aug-cc-pVTZ
H: 0.9494 0.9505 0.9514 0.9511 0.9474 0.9486
C1 3.3107 3.3113 3.3067 3.3057 3.5022 3.5024
Ca 3.9351 3.9354 3.9211 3.9162 3.9674 3.9666
Cs 3.2039 3.2054 3.1886 3.2270 2.8943 2.8980
Cy 3.9351 3.9354 3.9211 3.9352 3.9674 3.9666
Cs 3.3107 3.3113 3.3067 3.3178 3.5022 3.5024
Ho 0.9494 0.9505 0.9514 0.9454 0.9474 0.9486

TABLE A18: Comparison between present results of B3BLYP/6-311++G(3df,3pd) very tight geometry optimization for HCsH
chains without imposing symmetry constraints. and those previously reported*® via B3LYP /6-31G optimization. Bond lengths
[ between atoms XY (in angstrom), angles a between atoms ZXYZ (in degrees).
Species Property HICI ZH1 C1 CQ C1C2 4010203 0304 4020304 0405 4030405 0405 ZC4C5H2 C5H2
singlet T A") I, 1.0833 125.2 12922 171.8 12646 179.3 1.3206 179.9 1.2217 179.4 1.0615
1.0808 135.0 1.2850 169.4 1.2901 164.2 1.3251 177.5 1.2389 172.8 1.0648
anion cis l,a 10729 138.1 1.2687 173.8 1.3006 169.4 1.3006 173.8 1.2687 138.1 1.0729
1.0784 1379 1.2809 173.6 1.3102 173.5 1.3102 173.6 1.2809 137.9 1.0784
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TABLE A19: Results of B3LYP/6-311++G(3df,3pd) very tight geometry optimization for C¢Hg chains without imposing
symmetry constraints. Bond lengths [ between atoms XY (in angstrom), angles a between atoms ZXYZ (in degrees) and
Wiberg bond order indices N. Bond lengths for the anion expressed with more digits in order to emphasize the very small
differences between their values.
Species Property C1Co C2Cs3 C3Cy C4Cs C5Csg CgC1 C1H;1 CgoHs CsHs C4Hy CsHs CgHg
neutral l 1.3910 1.3910 1.3910 1.3910 1.3910 1.3910 1.0819 1.0819 1.0819 1.0819 1.0819 1.0819
NWiberg 1.4409 1.4409 1.4409 1.4409 1.4409 1.4409 0.9364 0.9364 0.9364 0.9364 0.9364 0.9364

NMayer 1.1449  1.1449 1.1449 1.1449 1.1449 1.1449 0.8487 0.8487 0.8487 0.8487 0.8487 0.8487

cation l 1.4256  1.3647 1.4256  1.4256  1.3647 1.4256 1.0828 1.0806 1.0806 1.0828 1.0806 1.0806
NWiberg 1.2307 1.6183  1.2307 1.2307 1.6183  1.2307 0.9305 0.9162 0.9162 0.9305 0.9162 0.9162

NMayer 0.9606  1.3380 0.9606 0.9606 1.3380 0.9606 0.7598 0.7585 0.7585 0.7598 0.7585 0.7585

anion l 1.390415 1.390417 1.390415 1.390415 1.390417 1.390415 1.0854 1.0854 1.0854 1.0854 1.0854 1.0854
NWiberg 1.4435 1.4435 1.4435 1.4435 1.4435 1.4435 0.9118 0.9118 0.9118 0.9118 0.9118 0.9118

1.5085 1.5098  1.5085  1.5085  1.5098  1.5085 0.4977 0.4965 0.4965 0.4977 0.4965 0.4965

M Mayer

TABLE A20: Natural atomic charges in benzene C¢Hg computed via B3LYP/6-311++G(3df,3pd) optimization.

Atom Neutral Cation Anion
C;  -0.20306 0.07696 -0.21410
Cs  -0.20306 -0.15660 -0.21410
Cs -0.20306 -0.15660 -0.21410
Cs -0.20306 0.07696 -0.21410
Cs -0.20306 -0.15660 -0.21410
Cs -0.20306 -0.15660 -0.21410
H; 0.20306 0.23486 0.04735
Hs  0.20306 0.25069 0.04747
Hs  0.20306 0.25069 0.04747
Hy 0.20306 0.23486 0.04735
Hs 0.20306 0.25069 0.04747
Hg  0.20306 0.25069 0.04747
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FIG. Al: Benzene molecule (CgHg): (a) geometry and atomic labels; (b) HOMO and (c¢) LUMO spatial distributions.
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