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/Abstract: The intrinsic bond strength of C, in its 'S,”
ground state is determined from its stretching force con-
stant utilizing MR-CISD + Q(8,8), MR-AQCC(8,8), and single-
determinant coupled cluster calculations with triple and
quadruple excitations. By referencing the CC stretching force
constant to its local counterparts of ethane, ethylene, and
acetylene, an intrinsic bond strength half way between that
of a double bond and a triple bond is obtained. Diabatic

MR-CISD +Q results do not change this. Confinement of Cz\

and suitable reference molecules in a noble gas cage leads
to compression, polarization, and charge transfer effects,
which are quantified by the local CC stretching force con-
stants and differences of correlated electron densities. These
results are in line with two m bonds and a partial o bond.
Bond orders and bond dissociation energies of small hydro-
carbons do not support quadruple bonding in C,. )

Introduction

The C, molecule is one of the most investigated molecules,
both experimentally and theoretically. It plays an important
role in the catalyzed formation of fullerenes and carbonano-
tubes,"* is a frequent intermediate in combustion processes
(the blue glow of hydrocarbon flames of Bunsen burners and
gas hops results from C,**), and is found in interstellar space
where it is emitted from comets and the atmospheres of
carbon stars.” The spectrum of C, varies with temperature,
thus making it a helpful compound for studying the tempera-
ture of stars. C, undergoes simple reactions with hydrogen to
form radicals and carbenes”® or is formed in combination—de-
composition processes of radicals such as CH or CCL” Dicar-
bon exists only as a gas above 3600°C (e.g., in electric arcs)
below which it quickly condensates to graphite."” Its proper-
ties are peculiar in so far as its first excited state, a’I1,, is just
2.05 kcalmol™' above the X'Z,* ground state,"” so that any
metal catalyst facilitating intersystem crossing increases the re-
activity of C,. Several reviews have discussed the properties of
C, and its higher homologues.['* '

Theoretically, C, is important in two ways. The first has to do
with its peculiar bonding properties, which, according to ele-
mentary molecular orbital (MO) theory, suggest a double bond
made up of two m bonds (occupation of degenerate 17, orbi-
tals) that are not supported by a ¢ bond, as the bonding effect
of a doubly occupied 20," orbital is formally annihilated by
a doubly occupied 20, " orbital." A detailed analysis of the 20
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orbitals reveals that the antibonding effect of the occupied
20," is smaller than the bonding effect of 20,* MO. Accord-
ingly, some partial o-bonding results that increases the bond
order (here, defined as the difference between bonding and
antibonding contributions to the multiplicity of a bond) to
a value somewhat larger than 2, but keeping it smaller than
that in acetylene."*'™™ Any orbital description of the C, bond
has to consider its multireference character, which implies that
the ground state wave function is better described by a linear
combination of configuration state functions rather than by
a Hartree-Fock (HF) single determinant wave function.

Because of its multireference character, C, has become
a benchmark in connection with method development and
high accuracy calculations, which establishes its second way of
importance in theoretical chemistry. Studies on C, include den-
sity functional theory,"® coupled cluster,"”-?" FCI (full configu-
ration interaction),"®****! multireference configuration interac-
tion,">'8262 myjltireference perturbation theory,”®* quantum
Monte Carlo,®**" variational reduced-density-matrix,*? valence
bond (VB),?*?*) and density matrix renormalization group calcu-
lations.®™ There is no doubt that the character of the bond in
C, should be described in terms of natural orbitals with frac-
tional occupation numbers, rather than the MOs of the HF ap-
proach. This has also to be considered when calculated molec-
ular properties, such as force constant, electron density, orbital
populations, Wiberg or Mayer bond indices,**>” and so forth,
are used as tools for the description of bonding in C,.

There are recent efforts to get an improved conceptual un-
derstanding of bonding in C,, which were triggered in a some-
what uncommon way by means of a post in the chemistry
blog of Rzepa. The post dealt with the cyonium cation CN*
and dicarbon as potentially quadruply bonded species.® Since
then, Shaik and co-workers have published three articles*?>3%
in which they postulate a quadruple bond for C, utilizing the
results of VB and FCI calculations and combining them with
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a new interpretation of the two CH bond dissociation energies
(BDEs) of acetylene. Their suggestion of a fourth, although
weak (15-20 kcalmol™), bond in C, has triggered a wave of
partly supporting and partly critical follow-up investiga-
tions.'>24") Especially, the critical comments by Frenking
and Hermann on the postulate of a quadruple bond in C, as
well as the counter-arguments by Shaik and co-workers!>*"
reveal the bandwidth of interpretation possibilities based on
the same experimental or computational facts.

The debate between quadruple bond believers and disbe-
lievers centers on 1) the definition of an in situ bond energy of
C,, which is essential for determining the energy equivalent of
fourfold bonding, 2) the interpretation of the weights and
nature of the components of the VB and FCl wave functions,
3) the stepwise dissociation of acetylene into C, as a measure
for determining the CC bond strength, and 4) the descriptive
value of a relatively low CC stretching force constant. This last
point can be analyzed in connection with the Badger rule (the
shorter bond length indicates a stronger bond)“* using acet-
ylene as a reference, emphasizing an avoided crossing be-
tween the X'=;* ground state and the B"'S;" doubly excited
state of C,, and a partitioning of the force constant into o- and
mt-contributions or, alternatively, HF and correlation contribu-
tions.[15'24'25]

The current work does not make any attempt to interpret
the VB and FCl results of the previous studies as these have al-
ready been excessively discussed using different bonding
models.>2*%442 |nstead we focus on the intrinsic bond
strength of C, and possible experimentally verifiable descrip-
tors so that the comparison between different CC bond types
can be facilitated. In particular, the following objectives ex-
pressed in form of questions will be pursued:

1) Does a clean set of CC stretching force constants obtained
for suitable reference molecules (ethane, ethylene, acety-
lene) lead to a different insight into bonding of C,? Such
a clean set of local CC stretching force constants is ob-
tained by eliminating mode-mode coupling,”**~" which
normally contaminates frequencies and force constants of
normal vibrational modes (see Section 2).

2) Is there a possibility of obtaining a C, stretching force con-
stant that is no longer affected by the avoided crossing be-
tween the C, ground and doubly excited state of 'S, sym-
metry?

3) What does the Badger rule give away about C, bonding?
Or is this a dead-end as Shaik and co-workers® pointed
out?

4) Can a correlation corrected electron density p(r) and/or
energy density distribution H(r)®>** in the bond region pro-
vide an insight into CC bonding?

5) Do electron-correlation-corrected bond orders support
quadruple bonding?

6) Are there other means to probe CC bonding in G, in a non-
destructive and electron-structure-conserving manner so
that additional information on the nature of the bond can
be gained? In this connection, we will apply a new way of
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analyzing the electronic structure of C,, which is based on
space confinement.

The results of this investigation and the answers to ques-
tions 1)-6) will be presented herein.

Computational Methods

Local CC stretching force constants and frequencies were calculat-
ed by solving the Wilson equation of vibrational spectroscopy®™
and then using the normal vibrational modes to set up the kine-
matically decoupled Wilson equation, which directly leads to local
vibrational modes and their properties.*=" In this way, the local
CC stretching force constants k. and frequencies w,’ of the refer-
ence molecules ethane, ethylene, and acetylene in their equilibri-
um geometry (subscript e) have been obtained. In the case of
measured vibrational frequencies, the corresponding local mode
properties were calculated using the procedure described by
Cremer and co-workers® and utilizing normal modes from
CCSD(T) (coupled cluster with all single and double excitations im-
proved by a perturbative treatment of the triple excitations)®® cal-
culations. In all normal mode calculations, the harmonic approxi-
mation was used. In some cases, anharmonically corrected CC
stretching force constants were calculated numerically or, at lower
levels of theory analytically employing vibrational perturbation
theory at second order.”” These results suggested that the trends
discussed in this work are only slightly affected by anharmonicity
corrections and that the general conclusions drawn in this work
are not changed. Therefore, the discussion will be preferentially
based on harmonic stretching force constants.

Energy, geometry, and vibrational frequency calculations were car-
ried out at the MR-AQCCSD (multireference averaged quadratic
CCSD)®*** and the MR-CISD+Q (multireference configuration in-
teraction with all S and D excitations and a quadruple size-consis-
tency correction) levels of theory;®*? for both cases an (8,8)
active space based on the 8 valence electrons and orbitals of C,
was used. MR-CISD +Q(8,8) was applied to describe the potential
energy curves for the X'S,* ground state and the B"'S," doubly-
excited state in the range from 1.0 to 2.2 A. Diabatic potential
energy curves were obtained by using the theory of Cederbaum
and co-workers® in the simplified version of Werner and co-work-
ers.®¥ For acetylene, ethylene, and ethane, the active space was ex-
tended to (10,10), (12,12), and (14,14), respectively, which includes
also the 1s orbitals of the hydrogen atoms. Reference calculations
were also carried out for N, in its 'S,* ground state using MR-
CISD+Q(10,8).

In the multireference calculations of ethane, the reference configu-
ration state functions were selected according to a coefficient of
>0.02 in the starting CASSCF(14,14) (complete active space self-
consistent field with 14 electrons and 14 orbitals) wavefunction,
that is, only those configuration state functions contributing to the
wavefunction of the ground state with coefficients > 0.04% were
included in the MR-AQCCSD(14,14) or MR-CISD +Q(14,14) calcula-
tions. Various single-determinant coupled cluster methods were
also applied to obtain reference data for comparison:
CCSD(T),*%>¢) BD(T) (Brueckner doubles with perturbative tri-
ples), > CCSD(TQ),’*® CCSDT,* CCSDT(Q)," and CCSDTQ.™

Geometry optimizations and vibrational frequency calculations
were carried out, where possible, with analytical gradients”"” and
analytical Hessian.”? Numerical calculations had to be carried out
for MR-AQCC, MR-CI, BD(T), CCSD(TQ), and CCSDT(Q) for both vi-
brational frequency and force constant calculations. At all levels of
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theory, Dunning’s cc-pVTZ basis [4s3p2d1f/3s2p1d]”>7¥ was used
to have a consistent description for both the hydrocarbons, C,, the
reference molecules X, as well as He-caged C, and X (see below).
In the correlation calculations, the core electrons were frozen.

To determine molecular properties under the situation of space
confinement, C, was caged up in an octahedron of six He atoms,
in which two He atoms were positioned on the axis of C, (z direc-
tion) at a distance of 1.4+1.7=3.1 A, corresponding to the sum of
the van der Waals radii of He and C.”® The He atoms in the x and
y directions were positioned so that O, symmetry for the empty
cage was fulfilled. A similar cage was constructed for acetylene
and dinitrogen in their ground states (van der Waals distance of H:
1.2; N: 1.55 A7),

The confinement analysis was carried out by reducing the box in
defined directions, always keeping D,, symmetry for the endohe-
dral complex. The increase of cage, X interaction energies (X=GC,,
N,, HCCH) during space confinement was kept within reasonable
limits so that electron excitations could be excluded. The total
electron density distribution p(r) of a confined molecule X always
complied with the overall D,, symmetry of the X@He, endohedral
complex. Any change in the force constant contains two effects:
1) Compression of the bonding density (including all polarization
effects) and 2) the charge transfer from the He atoms into a low-
lying unoccupied orbital(s).

All confinement studies were carried out at the MR-CISD + Q/cc-
pVTZ level of theory in which the noble gas cage was compressed
in z direction by reducing the van der Waals distance between He
and C by 10%, 20%, and so forth, and then optimizing the CC dis-
tance for a constant van der Waals distance in z direction and fixed
(non-compressed) positions of the He atoms in the xy plane. For
a compression in the x or y directions or xy plane by 10%, 20%,
and so forth, the CC distance was reoptimized for fixed He-X van
der Waals distances in z direction. Bond lengths and bond stretch-
ing force constants were calculated numerically. In the case of the
HCCH confinement studies, the local CC stretching force constant
was determined to exclude any HC-CC coupling effects. Results of
the confinement studies were analyzed by calculating electron dif-
ference density distributions Ap(r) =p(X@Heg, r)—p(Heg, r)—p(X, 1),
in which X corresponds to the confined molecule (C,, N,, HCCH).
Since the CC bond length changes under the impact of compres-
sion, the difference density in the bond region was slightly flawed
by position errors (as reference point the bond midpoint was
used), which can be ignored in the bonding region but become
larger at the nuclei.

All calculated properties obtained at the MR-CISD+Q level of
theory for six different boxes are summarized in tables given in the
Supporting Information. Additional X@He, cages with larger di-
mensions were also calculated to clarify at which van der Waals
distance the confined molecule adopts the properties of the free
molecule. There are slight differences at the reference van der
Waals distance (0% space reduction); however, these are so small
that they can be neglected for the discussion.

With the help of the calculated local CC stretching force constants,
a bond strength order (BSO) n was determined by using a power
relationship of the type*®7®7” n(CC)=a k2(CC)°. For this purpose,
the CC bond in ethane (n=1.00) and that of acetylene (n=3.00)
were selected as suitable reference bonds. For a k. value of zero,
a BSO value of zero was imposed. In this way, the following values
for constants a and b were obtained: 0.30673, 0.82091 (MR-AQCC),
0.30244, 0.82622 (MR-CISD+Q), 0.30801, 0.81747 (CCSD(T)), and
0.32968, 0.79943 (measured frequencies). All experimental geome-
tries and frequencies of C,H,,, (m=0, 1, 2, 3) were taken from the
NIST library.787
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Electron density and energy distributions were calculated either as
response properties or were derived from natural orbitals and de-
termined at the bond critical point r, using the MultiWFN pro-
gram.®? In addition, Wiberg®* and Mayer bond indices®*>® were
calculated at the MR-AQCCSD, MR-CISD+Q, and CCSD(T) levels of
theory.

CCSD(T) calculations were performed with the program package
CFOUR®" (CCSDT, CCSDT(Q), and CCSDTQ with MRCC, k28
CCSD(TQ) with ACES 11, whereas the MR calculations were per-
formed with MOLPRO.®¥ Local mode calculations were carried out
with the program package COLOGNE2015,%¢ whereas bond order
calculations were performed with the programs Molden2 AIM and
MOLBO of Zou and co-workers.®”

Results and Discussion

For C, in its X‘E‘.g+ ground state, measured bond length, and
vibrational frequency have been converted to equilibrium
values (Table 1) and therefore can be directly compared with
the calculated data for which the theoretical value of the fre-
quency is given in the harmonic approximation. The NIST
tables”®” contain a fairly complete data collection of calculat-
ed bond length and harmonic vibrational frequency values so
that only a few comments are needed here. High accuracy re-
sults (MR-AQCC(8,8), MR-CISD+Q(8,8), and CCSDTQ) give the
CC bond about 0.01 A too long (larger basis sets lead to the
expected contraction of the bond"), which causes a 10-
30 cm™' underestimation of the experimental vibrational fre-
quency (1855 cm™, Table 2). Deviations become smaller if an-
harmonicity effects are considered. The calculated harmonic
CC stretching force constants are in the range 11.784-12.063
(exception: CCSD(TQ): 12.244) and thereby smaller than the ex-
perimental value of 12.161 mdyn A" (Table 1). Anharmonically
corrected CC force constants obtained at the MR-AQCC(8,8)
and MR-CISD+Q(8,8) (adiabatically and diabatically) levels of
theory are 12.176, 12.118, and 12.314 mdynA~" and thereby in
better agreement with the experimentally based value.

For acetylene, ethylene, and ethane, agreement between
theory and experiment is equally satisfactory confirming that
target and reference molecules are reasonably described by
the quantum chemical methods used for this study. If just the
reference molecules ethane, ethylene, and acetylene are con-
sidered, bond length and local stretching force constant are re-
lated by a Badger relationship“®’® of the type k.2=al(r.)® (MR-
AQCC: a=48.690, b=-5.775; MR-CISD+Q: 47.502, —5.667;
exptl: 45.339, —5.633). The experimental bond length of G, is
0.021 A shorter than predicted by the power relationship
based on the reference CC bonds. Alternatively, one could say
that the C, bond stretching force constant is too small by
1.199 mdyn A~". Clearly, the Badger relationship is just qualita-
tive and there have been many discussions why deviations are
found therefrom 876890 A hond shortening by 0.021 A can
be related to a decreased covalent radius in line with the in-
creased electronegativity of a sp-hybridized C in C, that, con-
trary to the C atoms in acetylene, has not to accommodate
charge obtained from a substituent atom. Alternatively, one
could argue that a too small force constant reflects the avoid-
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and energy density at bond critical point, o, and H(o,,).”

Table 1. CC bond properties: Bond length R, local stretching force constant and frequency, k. and . (CC), coupling frequency w.°*®, electron density

Molecule, Method® R(CC) k2(CQ) BSO 02(CC) 0P O H(py)

symmetry [A] [mDynA™] n [em™] [em™1 [eBohr~] [Hartree (Bohr®)™"]

Cy Do MR-AQCC(8,8) 1.2523 11.924 2.35 1837 0 0.324 —0.472
MR-CISD +Q(8,8) 1.2527 11.784 232 1826 0 0.324 —0.471
diabatic 1.2485 12.043 2.36 1846 0 0.327 —0.479
CCSD(T) 1.2507 12.041 2.35 1846 0 0.329 —0.480
BCCD(T) 1.2502 12.057
CCSD(TQ) 1.2472 12.244
CCsSDT 1.2506 12.063
CCSDT(Q) 1.2531 11.816
CCSDTQ 1.2523 11.875
exptl9 1.2425 12.161 243 1855 0 - -

CoH,, Doy MR-AQCC(10,10) 1.2105 16.085 3.00 2133 —139 0.412 —0.651
MR-CISD +Q(10,10) 1.2106 16.072 3.00 2132 - 0.41 —0.648
CCSD(T) 1.2097 16.191 3.00 2140 —139 0.413 —0.654
exptl™ 1.203 15.836 3.00 2217 —243 - -

C,Ha Dyp MR-AQCC(12,12) 1.3379 9.137 1.89 1608 - 0.352 —0.464
MR-CISD +Q(12,12) 1.3379 9.137 1.88 1608 - 0.353 —0.465
CCSD(T) 1.3371 9.201 1.89 1613 58 0.353 —0.467
exptl? 1.339 8.924 1.90 1589 34 - -

C,Hg, D3y MR-AQCC(14,14)* 1.5265 4219 1.00 1092 - 0.246 —0.223
MR-CISD +Q(14,14)®! 1.5308 4252 1.00 1097 - 0.246 —0.221
CCSD(T) 1.5289 4223 1.00 1093 —-79 0.245 —0.221
exptl 1.536 4,007 1.00 1065 —243 - -

are taken from the NIST tables.”®7%)

[a] Basis set: cc-pVTZ. Core orbitals are frozen. [b] Threshold of reference configuration state functions (CSFs) selection: 0.02, that is, only the reference
CSFs of CASSCF(14,14) with weight >0.04% are included in the MR-AQCC(14,14) and MR-CISD + Q(14,14) calculations. [c] All experimental values of C,H,,

Table 2. Vibrational frequencies of molecules C,H,, (n=0, 1, 2, 3).”!

Molecule Method Frequency [cm™'] (IR intensity if IR active [kmmol™"])
symmetry
Cy Doy MR-AQCC(8,8) 1837 (0,7)
MR-CISD +Q(8,8) 1826 (04 ")
diabatic 1846 (04 ")
CCSD(T) 1846 (04 ")
expt|™ 1855 (0, ")
CHa Doy MR-AQCC(10,10) 574 (), 745 (m,), 1994 (0,"), 3410 (0,"), 3509 (0, ")
CCSD(T) 578 (mg), 746 (m,; 179), 2001 (Og+), 3410 (0, "; 83), 3511 (0;)
expt|™ 612 (1), 730 (m,; 195), 1974 (0, "), 3295 (0,"; 76), 3374 (0, ")
C,H,, Dy, CCSD(T) 823 (by), 942 (byg), 967 (b,,; 89), 1047 (a,), 1242 (byg), 1369 (ay), 1479 (bs,; 8), 1672 (ag), 3139 (by,; 14),
3157 (ag), 3219 (by), 3246 (b,,; 21)
expt|[b] 826 (b,,), 943 (bzg), 949 (b,,; 84), 1023 (a,), 1236 (b1g), 1342 (ay), 1443 (by,; 10), 1623 (ag), 2989 (byy; 14),
3026 (a,), 3103 (by), 3105 (by,; 26)
GHe Dy CCSD(T) 310 (ay,), 821 (e,; 5), 1014 (a,), 1225 (e,), 1407 (ay,), 1427 (ay,), 1511 (&), 1513 (e,; 15), 3038 (az,; 53),
3040 (a;g), 3097 (eg), 3120 (e,; 121)
exptl[b] 289 (ay), 822 (e), 995 (a;g), 1190 (&), 1379 (ay,), 1388 (a,y), 1468 (e,), 1469 (e,), 2896 (a,,), 2954 (a;4), 2969 (ey), 2985 (e,)

C,H,, are taken from the NIST tables.”®””

[a] Calculated vibrational frequencies in the harmonic approximation. Basis set: cc-pVTZ. Two C 1s orbitals are frozen. [b] All the experimental values of

2425 This has to be clarified in the follow-

ed crossing at 1.6 Al
ing discussion.

In those cases in which the normal and local mode frequen-
cies have been calculated analytically, coupling frequencies®™”
can be given that measure the amount of kinematic coupling
for the normal modes of a given molecule. For the reference
molecules, the CC coupling frequencies range from 34 to
243 cm™', which corresponds to a 6-23% change in the fre-
quency. Hence, the error in the local CC stretching force con-

Chem. Eur. J. 2015, 21, 1-14 www.chemeurj.org

stants based on measured frequencies is 0.3 mdynA~" (ethane)
and <0.1 mdynA™" (acetylene), which implies a BSO error of
0.13 for ethane. This has to be considered when using normal
mode force constants rather than the local stretching force
constants to describe the intrinsic bond strength of C,.

When the BSO values are determined with CC(ethane) and
CC(acetylene) as suitable reference bonds (n=1.00 and 3.00),
one obtains the intrinsic BSOs given in Table 1. For C,, the BSO
values are in the range 2.32-2.43, for which the largest value is
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derived from the experimentally based local CC stretching
force constant. On this scale, ethylene has a somewhat lower
BSO than 2.00 (1.90; due to weakening by CH bond eclipsing),
which suggests that the C, intrinsic bond strength is by 0.4-
0.5 units larger than that of ethylene.

The electron density distribution in the bonding region
should also provide a means for the intrinsic strength of
a bond.®" Often it is assumed that electron density and energy
density at the bond critical point (for the target and reference
molecules of this work, always the midpoint of the CC bond) is
representative of the density in the zero-flux surface and there-
fore an alternative means of the intrinsic bond strength.
Cremer and Gauss®” emphasized that this can only be the
case for non-polar bonds with similar density distributions in
the non-bonding region and therefore a similar exponential
decay in the directions perpendicular to the CC bond.

In this work, response densities were used to determine the
electron and energy density at the bond critical point, p,=
p(r,) and H,=H(r,) (see Table 1). BSO and p, values of the CC
bonds of the three reference molecules correlate according to
a logarithmic relationship (p,=0.350 log(BSO)+0.250; R2=
0.991, MR-AQCC(8,8) calculations). Taking the C, value (o,=
0.324eBohr™), a BSO much smaller than 2.0 results (1.7) indi-
cating that the electron density at the bond critical point of C,
is 0.05 eBohr™ too small to indicate a bond stronger than
a double bond. This confirms that the p, values are just of
qualitative value.®" A similar result is obtained when analyzing
calculated energy densities H,. We conclude that even highly
correlated electron densities at the bond critical point are not
suited to assess the intrinsic bond strength of C,, unless one
integrates over the zero-flux surface or, better, the bond
region, which is difficult to define.””

The local stretching force constant provides so far the only
direct measure for determining the intrinsic strength of the
bond in C,. However, the reliability of the stretching force con-
stant can be questionable in the case of diatomic molecules
such as C, by the fact that an avoided crossing is possible,
which changes the curvature of the potential energy func-
tion.”*®! |n the following, we will determine changes in the
force constant caused by an avoided crossing.

Impact of the avoided crossing on the properties of the
ground state

In Figure 1, adiabatic (dashed) and diabatic (solid lines) repre-
sentations of the C, dissociation curves of the X'S;* ground
state and the B''S;" excited state as calculated at the MR-
CISD+Q(8,8) level of theory are shown. There is an avoided
crossing at 1.6 A, which changes the potential energy curve in
such a way that, close to the equilibrium, it becomes broader
and slightly flatter, thus invoking a somewhat smaller CC
stretching force constant, which is in line with previous re-
sults.['820.2425331 This implies that for diatomic molecules, in
contrast to polyatomic molecules, stretching force constants
have to be used with care when analyzing the intrinsic
strength of a bond, because their values might be flawed by
the effects of an avoided crossing. The observation made in
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Figure 1. Adiabatic and diabatic representation of the C, dissociation curves
of the X'S,* ground state (lower set, dashed line: adiabatic, full line: diabat-
ic) and the B"'%, " excited state (upper set, dashed line: adiabatic, full line:
diabatic). The avoided crossing close to 1.6 A changes the value of the
stretching force constant. MR-CISD +-Q(8,8)/cc-pVTZ calculations.

this work is in line with the thorough investigations carried out
by Shaik and co-workers®*?' or Sherrill and Piecuch.'® We
have followed two different strategies to quantify the lowering
of the CC stretching force constant: 1) carrying out diabatic
MR-CISD+Q(8,8) calculations, which provide a potential
energy curve no longer hampered by the avoided cross-
ing;***¥ 2) confinement of the molecular space of C, which
can shift the position of the avoided crossing to higher energy
values thus leading to a corrected stretching force constant.
The latter approach can also be used to probe the electron
density distribution of the caged molecule in different direc-
tions.

The diabatic calculations correct the potential energy func-
tion of the X'Z," ground state (Figure 1, solid curves). The dis-
sociation curve becomes somewhat steeper, the equilibrium
distance is shifted to a 0.04 A smaller value (1.248 A, Table 1),
and the CC stretching force constant is corrected from 11.784
to 12.043 by 0.26 mdynA~", which corresponds to a 0.04 in-
crease of the BSO value to 2.36 at the MR-CISD + Q(8,8) level of
theory. This implies that the experimentally based BSO value is
0.57 larger than that of ethylene, thus suggesting an intrinsic
bond strength halfway between that of the CC bond in ethyl-
ene and that in acetylene. This confirms that bonding in G, is
more complex than described by a simple MO picture, but still
far away from the BSO value of a typical triple bond,"® let
alone a quadruple bond.

Confinement of molecular space

A possibility of directly investigating the bonding situation in
G, is given by a confinement analysis. A molecule changes its
electronic structure and thereby its intrinsic bond strength
under the impact of increasing space confinement. The
changes in bonding can be quantitatively assessed via the
local stretching force constant.”” Confining the space in either
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z direction (o direction: along the molecular axis) or x and y di-
rection (;t direction: perpendicular to the molecular axis, Fig-
ure 2a) leads to two basically different effects. 1) Any compres-

Figure 2. a) Helium cage He, with C, stretched along b) the z direction. Heg
is used to analyze electronic structure changes of C,, N,, and HCCH under
the impact of space confinement. Difference density distribution Ap(r) for

a movement of the He-atoms in z-direction along the red arrows: c) C,; €)
N,; f) HCCH. In the case of d) the difference density of the free N, molecule
for a bond length reduction is shown. See text for details. Solid contour
lines indicate an increase dashed contour lines a decrease of the electron
density upon increased space confinement (reduced bond length). MR-CISD
calculations.

sion of the electron density within the bonding region causes
the bond to strengthen as the bond becomes shorter and
a larger bond stretching force constant results.*? 2) Apart from
density compression, there can be a charge transfer from the
He atoms to the confined molecule where a low-lying unoccu-
pied orbital(s) can accept negative charge. By analyzing the
difference density distributions Ap(r) shown in Figure 3, the or-
bital of X involved in the charge transfer can be identified,
which is confirmed by the analysis of the fractional occupation
numbers of the natural orbitals of the MR-CISD calculations.

By carrying out a confinement analysis for C, four objectives
are pursued:

1) The avoided crossing is shifted as the X'S,” ground state
and the B2, " doubly excited state of C, are differently af-
fected by space confinement. More information on a reliable
stretching force constant is provided in this way.

2) Considering that up to four electron pairs are discussed in
the bonding region of C, ground state,**?****1 3 7 confine-
ment of the CC bonding region should lead to an increase
in the stretching force constant larger in magnitude than
that for the NN stretching force constant of N, or the CC
stretching force constant in HCCH.

3) Compression in x and y directions should move s density
of C, from the outer into the inner bonding region.
Through exchange repulsion, the o density will be deplet-
ed, whereby the degree of depletion should provide a mea-
sure for the importance of the o-electrons for bonding.
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Figure 3. Calculated electron difference density distribution Ap(r) showing
charge transfer and polarization effects upon compression of the He, cage
in the z direction (contour line on the left and colored diagram on the
right): a) N, (20%), b) C, (20%), ¢) HCCH 20% and 40 %) and x, y directions
(only colored diagrams): d) C, (20%), e) HCCH (20 %), f) N, (20 %). Blue color
indicates a depletion of electron density, red accumulation, and black no
density change (see color bar on the right). MR-CISD calculations.

4) Increasing space confinement should lead to a charge
transfer from the He atoms to C, with the 30,” orbital
being the suitable acceptor orbital. This should lead to
a strong increase of the CC bond strength if a quadruple
bond is given.

Hence, there are four reasons why space confinement can
lead to improved insights into the bonding situation of the
X'Z,* ground state of C,.

Table 3 contains changes in geometry, stretching force con-
stant, and charge transfer for the three confined target mole-
cules X=C,, N,, and HCCH. To discuss comparable values, the
reduction of the van der Waals distance between the He-cage
and X is given in percentage (to facilitate comparison) in cases
in which an exact agreement was difficult to obtain, because
bond length adjustments in the course of the geometry opti-
mization of the confined molecule led to changes in the rela-
tive compression distances. However, relative confinement
values for the analysis in Table 3 are close enough (about 40%
in the z direction and 20% in the x and y directions) to make
a meaningful discussion possible.

The B"'Z," doubly excited state of C, has, due to the doubly
occupied 30,* orbital, more density in the non-bonding
region and accordingly is more sensitive to z confinement
than the ground state, that is, its potential function increases
more steeply for larger CC distances than that of the ground
state, which shifts the avoided crossing to larger R values and
reduces its influence on the value of the CC stretching force
constant. At He-He distances that are 17-31% larger than the
van der Waals distance, the C, bond length is identical to that
outside the Hegz cage (1.253 A), but its CC stretching force con-
stant is 11.931 rather than 11.784 mdyn A" and thereby closer
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Table 3. Changes in bond lengths AR, changes in stretching force constants Ak.?, charge transfer, and molecular orbital accepting the charge of confined
N,, C,, and HCCH upon compressing the Heg-cage in either the z or x, y directions.”’
Molecule Compression Bond AR [A] AR AkZ Ak charge transfer MO accept.
direction: [%] [mdynA™"] [%] [melectron] charge
[value in %]
N, z:42.7 NN —0.031 —2.8 6.712 29.8 55 30,"
G z:42.8 CcC —0.017 —-13 1.710 14.3 42.6 30;
HCCH z:40.2 CcC —0.008 —-0.7 0.986 6.1 11.9 (—2.1) 30,"
z:40.2 CH —0.020 -1.9 NA NA 11.9 (-9.8) 30,
N, X;y:21.8 NN —0.003 —-0.3 0.205 0.9 0.5 30,
G X; y: 20.0 CcC —0.007 —-0.6 0.178 1.5 2.1 30,"
HCCH X; y: 20.0 CcC —0.004 —-0.3 0.139 0.9 0.8 (7.5) 30,"
X; y: 20.0 CH —0.001 —0.1 NA NA 0.8 (—8.3) 30,
[a] MR-CISD + Q/cc-pVTZ calculations. Core orbitals are frozen.

to the diabatic value of 12.043 mdynA~', which confirms that
the He-X interactions lead to a change in the avoided cross-

ing.

Compression in o direction

For 42.8% of space confinement in the z direction, the bond
length of C, in its 'S,;" ground state shortens by 0.017 A
(1.3%) triggering an increase in the CC stretching force con-
stant by 1.710 (14.3%) from 11.919 to 13.629 mdynA~' (see
Supporting Information); 42.6 melectrons are transferred from
each He atom in the z direction to C, thus increasing its densi-
ty by 85.2 melectrons. The difference density plot in Figure 3
reflects the effects of charge transfer and charge polarization
caused by the interaction between the He atoms and the con-
fined molecule X. In Figure 2c-2f the effects of charge com-
pression are illustrated in two different ways: 1) by reducing
the van der Waals distance in z-direction by 40% the He atoms
move toward the next atom of X as indicated by the arrows in
Figure 2¢, and 2) the difference density distribution Ap(cage,
r)=p(40%, r)-p(0%, r) for He atoms (depletion of density at
the old He position: dashed contour lines; accumulation of
density at the new He position: solid contour lines).

The increase of negative charge in the bonding region of C,
because of space confinement is evident in Figure 2¢, for N, in
Figure 2 e, or for HCCH in Figure 2 f. For reasons of comparison,
the difference density distribution Ap(free,r) =[p(40%,free,
r)—Zp(atom, 40 %, r)]—[p(0 %, r)—Zp(atom;, 0%, r)] of the free
N, molecule is plotted in Figure 2d (40% means a 40% reduc-
tion of the bond length). In this difference density, cage and
geometrical effects are eliminated. One can identify regions
(outer bond regions and outer lone pair regions) from where
the density is moved into the inner bond and lone pair re-
gions. As becomes evident from Figure 2e, the contraction of
the bond density is stronger if the molecule is compressed in
the cage as the density build up fills out a larger almost rec-
tangular region. Accordingly, the stretching force constant is
significantly larger for the confined molecule than for the free
molecule.

The increase in the CC stretching force constant is connect-
ed with the bond length reduction, but also contains the ef-
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fects of charge transfer from cage to endohedral molecule X.
In the case of C,, this leads to the population of the 30, orbi-
tal. It is evident that the He electron density is drawn into
a more or less empty LUMO, so that the two He atoms in the z
direction are polarized toward the inside of the cage (see, Fig-
ure 3b). The reference values calculated for the confinement
and compression of N, 'S;7, and HCCH, '=,", are listed in
Table 3 and Table S1 (see Supporting Information), whereas the
difference densities caused by charge transfer and polarization
are shown in Figure 3. Compression in the z direction has
a much stronger impact on the properties of N, than those of
C,, although the charge transfer from the cage to N, is relative-
ly low with 2x5.5=11 melectrons (into the 35, NN antibond-
ing MO, Figure 3). The bond length decreases by 0.031 A
(2.8%), whereas the stretching force constant increases by
6.712 from 22.504 to 29.216 mdynA™" (29.8%; Tables 3 and
Table S1). The strong increase of the NN stretching force con-
stant is a direct consequence of having an occupied 30, orbi-
tal, the density of which is, to a large extent, outside the bond
region and accordingly polarizes the He densities in the re-
verse way than C, does: The He density is pushed partly out-
side the cage, whereas N, density is pushed toward the N nu-
cleus and into the bonding region (Figure 3), which leads to
a substantial increase in its intrinsic bond strength. Compared
to this effect, the partial population of the NN antibonding
30, orbital plays only a small role. In the case of a compres-
sion of HCCH in z direction, the CH bonds function as puffers
and a direct comparison with the situation of C, becomes
more difficult (see Figures 2 f and 3¢ and the Supporting Infor-
mation).

There have been discussions that a third and a fourth bond
in G, is established homolytically®®*?*3** or by donor-acceptor
interactions between a 2s electron pair at one C and the ac-
ceptor 2po orbital at the other C."™ The existence of significant
o-type bonding interactions increasing the C, bond multiplicity
beyond three would lead to a density distribution in the
o region comparable to or larger than that of N,. Accordingly,
z confinement of the CC bonding region should lead to an in-
crease in the stretching force constant similar in magnitude to
that found for the NN stretching force constant (29.8%). The
relatively small increase of 14.3% for C, suggests that two ad-
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ditional o-bonding interactions, provided that they really exist,
have little influence on the intrinsic bond strength. The corre-
lated energy density at the CC bond critical point is in line
with this result. The CC bond length of HCCH is shortened by
3.3%, but its p, value is 25.5% larger than that of C, (CCSD(T)
values; similar values are obtained for the other correlated
densities of Table 1).

Compression in 7 direction

The m compression of all molecules investigated leads to
charge transfer of just a few melectrons (4.2 for C,, 20% com-
pression, Table 3) and therefore can be ignored. The CC or NN
bond length decreases marginally (—0.003 to —0.007 A,
Table 3); this decrease is associated with a small increase in the
stretching force constant (maximally 1.5%). Compression of
the i density of C, leads to a shift of electron density toward
the atoms (indicated by the red 2pm regions at the C atoms of
Figure 3) and into the inner bond region where it leads to a de-
pletion of o density (blue regions in Figure 3d) as a result of
exchange repulsion. Space confinement in the s direction
should have the largest effects in regions in which the bond
density is highest. There are six electrons in the CC bond
region of acetylene and six in the bond region of N,. In both
cases, T compression leads to comparable polarization toward
the atoms as is indicated by the blue regions of charge deple-
tion and red regions of charge accumulation. The depletion of
electron density from the o-bonding region of C, is significant-
ly smaller as is indicated by the blackish-blue color in the Ap(r)
diagram for C, in Figure 3d.

For a quadruply bonded C,, the strongest of all & confine-
ment effects should be expected, if there are two o bonds be-
sides the two m bonds. However, just a relatively weak change
in the o-electron density (indicated by a blackish-blue rather
than blue color, Figure 3d to be compared with Figures 3e
and 3f) is calculated for a 20% xy-compression, whereas the
changes in the m region leading to an increase in the 2pmx den-
sities are comparable with those found for the mt bonds of
HCCH and N,. We conclude that the confinement analysis does
not provide support for a quadruply bonded C, ground state
with two significant ¢ bonds in addition to the two 7 bonds.

The nature of the C, bond

Different means have been used to describe the nature of the
C, bond.['%2":2425,39.41-43.431 | 3 simplified way, these can be con-
sidered as 1) orbital- or density-based, 2) (reaction) energy-
based, or 3) PES (potential energy surface)-based (parameters
connected with these three methods will be referred to as
type 1, 2 or 3 parameters in the discussion below). Most
common is the orbital-based approach where from the popu-
lation of bonding and antibonding orbitals a bond order is de-
rived."™ Since the electron density rather than the wavefunc-
tion (orbitals) of a molecule is an observable, various types of
bond orders have been derived by using a density matrix for-
mulation in terms of delocalized, localized, or natural orbi-
tals®*379% or directly from the calculated electron density
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distribution.” Inherent to all bond order definitions is the at-
tempt to distinguish between ¢ and &t contributions to bond-
ing and in this way predict the reactivity of a molecule (the
higher the m character the more likely ;t additions are to
occur). In the case of C,, a bond order of 2-3 would identify
a molecule comparable in reactivity to that of acetylene,
whereas a bond order of 4 would suggest extreme reactivity
because breaking one of the weak ¢ bonds would lead to high
biradical character. However, these considerations are of little
use in view of a triplet state that is almost degenerate with the
ground state, so that any means for intersystem crossing leads
to a biradical anyway.

Martin®” has calculated bond orders of 3.65 to 3.99 using
a single determinant approach. We calculate at the multirefer-
ence level of theory significantly smaller Wiberg and Mayer
bond indices of 2.799 and 2.667 (MR-CISD) as well as 2.794
and 2.663 (MR-AQCC), which underline the necessity of includ-
ing both dynamic and static electron correlation effects in the
calculation of any bond order.

The BDE (or the corresponding enthalpy, BDH) is a type 2
parameter to describe the nature of the chemical bond.*® For
several decades, BDE values have been used to predict the
weakest bonds in a reactant and the possible fragmentation
patterns resulting therefrom. As a reaction index, the BDE
value includes all changes accompanying bond cleavage, for
example, the rehybridization and electron density reorganiza-
tion of the fragments, spin decoupling and recoupling effects,
energy changes resulting from avoided crossings, Jahn-Teller
and pseudo-Jahn-Teller effects, or changes in spin-orbit cou-
pling. It can happen that the bond order predicts multiple
bonding, whereas the BDE value may be surprisingly small as
a result of an avoided crossing between ground state and an
excited state (see, for example, HgO, ' ¢ ground state®”®).
Since an avoided crossing is also encountered for the G, in its
X 'Z,* ground state, the BDE(CC) value of 144.0 kcalmol™' (D,
at 0 K), which has a ratio of 1.9:3 to the triple bond value of
acetylene (228.7 kcalmol™’, Table 4),* might be too small be-
cause of its avoided crossing with the doubly excited state at
1.6 A (Figure 1). Type 2 bond parameters are tools of limited
value when attempting to get a deeper understanding of the
nature of a chemical bond, as they focus on the dissociating
molecule rather than the bond in the equilibrium situation of
the molecule, which is at the focus of this and previous investi-
gations.?*%]

Type 3 bond parameters are also energy-based, but in
a more comprehensive manner as they relate to features of
the PES in the vicinity of the global energy minimum of
a given target molecule. Suitable response properties, such as
the stretching force constant, can be derived by just determin-
ing the curvature of the PES in the desired direction.

Relationship between stretching force constant and intrinsic
bond strength

If the PES of a polyatomic molecule in the direction of a specific
bonding unit AB is modeled in an approximate way by
a Morse potential as is usually done for diatomic molecules,"™
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Table 4. Analysis of the BDE values of simple hydrocarbons.”
Molecule Bond A-B  BDE ABDE Predicted  ABDE(CC)
dissociated [kcalmol™'] [kcalmol™'] BDE(CC) [kcalmol™']
[kcalmol™"]
C,Hs H,C—CH, 879
H,CCH,—H  99.2
‘H,CCH,—H 349 64.3 152.2 —20.1
CH, H,C=CH, 1723
H,CCH—H  109.0
‘HCCH-H 343 74.7 247.0 18.31
CH, HC=CH 2287
HCC—-H 131.7
‘CC-H 1129 18.8 247.5 103.5
G C=C 'S," 1440
[a] ABDE gives the difference between the first and the second CH BDE
of a given hydrocarbon. Adding ABDE to the BDE value of the CC bond
leads to a predicted BDE value of the CC bond with the next higher mul-
tiplicity, which differs by the amount ABDE(CC) from the measured
BDE(CC) in column 3. All BDEs are measured values.””

then we can formulate Equation (1), in which D,' is the intrinsic
BDE (IBDE) value that would be obtained if the fragments of
a bond dissociation would be frozen in the geometry, orbital
hybridization, and electron density distribution of the original
molecule.® The Morse constant a is given by Equation (2),
which in turn leads to Equation (3), in which X.=w.y. is the
anharmonicity constant. The local AB stretching frequency w.*
is related to the local stretching force constant k2 by™”
[Eg. (4)], in which G, is an element of the Wilson's G-matrix for
bond AB and c is the speed of light. Equations (3) and (4) can
be used to derive an approximate relationship between the in-
trinsic bond strength and the local stretching force constant
[Eq. (5)] in which b=1/(16m*c*X,).

V(r) = DL[1 — e )]’ (1

a = o [2n%cG,,/ (D.h)]"? (2)
D, = v /(4X.) 3)
4w’ = kG, (4)
IBDE = D, = bkG,, = b'k’ (5)

The value of IBDE is significantly larger than that of the BDE,
because the latter is lowered by geometry and density reor-
ganization effects as well as other effects reducing its value.
The change in the IBDE upon dissociation is easier to model
by a Morse potential, because the anharmonicity effects are
smaller and changes between the vibrational states are linear
in the vibrational quantum number v for higher v than in the
case of the potential energy V(r) associated with the BDE.

The anharmonicity constant, which under normal conditions
is sensitive to reorganization effects during the dissociation, is
in the (geometry and electron density) frozen process for all
bonds a constant as the type of interactions are now almost
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electrostatic for increasing distance between the fragments.
Therefore, its values can be absorbed by constant b. In the
case that the same type of bonding is investigated, for exam-
ple, the CC bond in ethane, ethylene, acetylene, and so forth,
G,, also becomes a constant®’ and the linear relationship of
[Eq. (5)] between the local stretching force constant k. and
the IBDE results that should be applicable for any polyatomic
molecule which contains the same bond type.

In this connection, it has to be emphasized that the IBDE is
not related to the in situ bond energy used by Shaik and co-
workers in their investigations.”*?' The latter is based on a va-
lence state of the fragment (atom), which models the electron-
ic structure of the fragments (atoms) when bonded in a mole-
cule. However, it does not consider the exact density distribu-
tion (polarization) that the fragments adopt in the molecule.
Energetically, the electron density polarization leads to a large
contribution to the IBDE that is not contained in the in situ
bond energy.

The local stretching force constant describes the intrinsic
bond strength and can be used instead of the so far inaccessi-
ble IBDE. Since it probes the bond for an infinitesimal change
in the geometry it does not imply any electronic structure
change and accordingly does not include any of the effects en-
countered for an increase of the bond length during dissocia-
tion. Therefore, it is directly related to the thermochemical sta-
bility of a molecule and can be used to compare the intrinsic
strength of the same bond type occurring in different mole-
cules. For C,, it suggests an intrinsic bond strength of about
2.5, which is difficult to bring in line with a quadruply bonded
molecule.

Evidence for quadruple bonding from CH bond dissociation
energies

One major argument in favor of a quadruple bond in G, is the
fact that the C—H BDE of acetylene is 131.7 kcalmol™', whereas
that of the ethynyl radical is 112.9 kcalmol™' (Table 4 lists all
relevant experimental BDE values®) suggesting that a fourth
bond in C, adds 18.8 kcalmol™' to its BDE.”™ Following this
line of argument, the available C—H BDE values listed in
Table 4 would suggest that the t bond in ethylene adds 64.3
and the second & bond in acetylene 74.7 kcalmol™' thus lead-
ing to CC BDE values that are either too small (—20.1 kcal mol™
for ethane) or too large (18.3 kcalmol™' for acetylene). It is evi-
dent that the radicals generated in the first CH dissociation
process are more (ethyl radical) or less stabilized by hypercon-
jugation (vinyl radical) or in the case of the ethynyl radical not
at all.

Since the BDE values depend on the strength of the CH
bond being broken (increasing from ethane to acetylene be-
cause of the increase in s character from sp’ to sp) and the
possibilities of the fragment to stabilize by electronic structure
reorganization, the 18.8 kcalmol™" difference between the CH
BDE values of acetylene can be either due to the stabilization
of C, or the destabilization (lack of stabilization possibilities) of
the ethynyl radical. In view of the fact that there is no simple
relationship between BDE and IBDE values and reorganization
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energies of the fragments cannot be measured or calculated, it
is not useful to speculate on the intrinsic strength of any bond
using BDE values or differences of BDE values.

Using Badger's rule to rationalize bonding in C,

As mentioned in the previous section, C, does not fulfill the
force-constant-bond-length relationship established for the
reference CC bonds in ethane, ethylene, acetylene, and many
hydrocarbons as shown in previous work.”>””'%% The force
constant of C, is too small by 1.199 mdynA~", which could be
associated with the avoided crossing between the X'S;*
ground state and the B"X," excited state (Figure 1), for which
we disregard, for the moment, the results of the diabatic po-
tential energy calculations presented in Table 1 and Figure 1. If
the CC stretching force constant is increased by
1.199 mdynA™" to 13.360 mdynA~' so that it fulfills the k2=
fir) relationship for small hydrocarbons, the corresponding
BSO value would raise to 2.62, which does not change the
basic result of this work.

The question remains whether the Badger relationship (origi-
nally formulated for diatomic molecules®®*®) still holds for
polyatomic molecules. Cremer and co-workers have formulated
a generalized Badger rule, which is based on local stretching
force constants and bond lengths.*®7® Here, we will show that
a generalized Badger rule can be substantiated when introduc-
ing as suggested by Badger an effective bond length that
measures the distance from atom to atom excluding impene-
trable core regions.*®*"'% For this purpose, the Morse poten-
tial of Equation (1) has to be modified to fulfill the following
conditions:

1) The potential energy V must approach infinity for r—0,
which can be enforced by introducing a hard-sphere distance
r,, which leads to V(r<r,)=o0. 2) V, when measured relative to
the separated atoms A and B, must approach zero for r—0.
3) V must approach the value of D, for r—r.. The potential
given in Equtions (6) and (7) fulfills these conditions. One can
use Equation (7) to derive a relationship between the local
stretching frequency w.? of a diatomic fragment AB and its
bond length r, [Eq. (8)]. Taking the derivative with regard to k.
leads to Equations (9) and (10):

V(r>r,) =D,(1—e*)’-D, (6)
V(r,) =V, =D.(1 — e *=)?—D| (7)
(r. = r)o; = 2h(DL/2G,,)In[1 + (v,/D, +1)"] (8)
Nre—ry) O(te —r,)0wd  @20(r.—r,)

ok~ oo ok k0wl )
r. —r,) (=Va/h)(2uX.)""?
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For the case that k. is large, the derivative of Equation (10)
varies with (k,2)~?, if the force constant is small with (k.)~', and
otherwise with (k)™ for 1<p<2. By this all possibilities of
the generalized Badger equation®’® [Eq. (11)] (r.—r, is the ef-
fective bond length) are accounted for as becomes evident
when calculating the derivative of Equation (11), which leads
to Equation (12):

K(r, —r,)P= const (11)
a(re — ra)

ok: (12)

_ (kz)*(HT/P)

Again, the exponent is between —1 and —2 depending on
the value of p. The lack of a predetermined exponent p de-
pending on the atomic number and the charges of A and B in-
dicates that the generalized Badger rule can only be quantita-
tively fulfilled for closely related bonds, whereas in other cases
it is only qualitatively fulfilled. In the case of C,, it may be used
to determine an upper bound for its intrinsic bond strength,
which turns out to be 2.62.

Conclusions

This work has presented different ways of determining the in-
trinsic strength of the chemical bond in C, in its 'Z,* ground
state.

1) The intrinsic bond strength order of C, as measured by the
(local) stretching force constants ranges from 2.35 to 2.43
depending on whether MR-AQCC(8,8), MR-CISD + Q(8,8),
CCSD(T), or experimentally based force constants are used.
The BSO values are reliable because all reference values
(also the experimental ones) are based on mode-decoupled
local vibrational modes, which lead to the correct local
force constants.

2) The influence of the avoided crossing between the X'Z,*

ground state and the B"'Z," excited state has been deter-
mined to increase the CC stretching force constant by just
0.259 mdynA~" from 11.784 to 12.043 mdynA~' according
to diabatic calculations. Utilizing an empirical method
based on the generalized Badger rule, the upper limit for
the CC stretching force constants has been found to be
13.360 mdyn A", corresponding to a maximal BSO value of
261.

3) Wiberg and Mayer bond orders calculated at the multirefer-
ence level of theory are significantly smaller (2.8 and 2.7, re-
spectively) than those obtained at the single determinant
level (3.7-4.0), thus underlining the necessity of including
both dynamic and nondynamic electron correlation effects
in the calculation.

4) A confinement analysis based on encaging C, N, and

ok3 (k2)?[(aViXeu/W2k2) + 112 {1 + [(4V,Xeu/P2k2) +1]}'7

(10)
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HCCH in He-cages and then reducing the available space
along the molecular axis (z or ¢ direction) and perpendicu-
lar to it (xy, or ; direction) provides no indication for CC
triple or even quadruple bonding. For a comparable com-
pression in the z direction, the local force constants ob-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


http://www.chemeurj.org

:@2 ChemPubSoc
e Europe

tained by MR-CISD 4 Q calculations reveal a 29.8% increase
for N,, but only 143% for C, despite the fact that the
bonding 30," orbital of the latter becomes populated by
86 melectrons, whereas 11 melectrons are transferred to
the antibonding 30, " orbital of N,.

5) Difference density studies carried out for MR-CISD densities
with and without space confinement in the & direction in-
dicate that the o-bonding region of G, is less densely popu-
lated as in the case of CC region of acetylene, which ex-
cludes the possibility of significant bonding by two o-elec-
tron pairs (or donor-acceptor interactions” between a 2s-
electron pair at one C and an acceptor 2po orbital at the
other C or, alternatively, two 2s'-2po’ interactions).

6) The analysis of the CH BDE values for ethane, ethylene, and
acetylene does not provide a convincing argument in favor
of the existence of a quadruple bond with an intrinsic
bond strength of 15-20 kcalmol™".

7) An analysis of correlated electron and energy densities
based on MR-AQCC(8,8), MR-CISD +Q(8,8), and CCSD(T) cal-
culations does not support a fully established triple or
weak quadruple bond in the X'Z," ground state of C,.

8) A linear relationship between the intrinsic BDE and the
local stretching force constants has been derived that is
based on a Morse potential.

9) Application possibilities and limits of the generalized
Badger rule for polyatomic molecules have been analyzed
for the use of local stretching force constants and an effec-
tive bond length, which is based on suitable atomic core
radii r,.

Most results and arguments discussed in this work concern
the intrinsic bond strength and the BSO-derived therefrom
(apart from the Wiberg/Mayer bond order calculations). Such
an analysis cannot confirm or exclude the possibility of a quad-
ruple bond derived from the form of a VB or FCl wavefunction
of C,. There may be a fourfold overlap in dicarbon and the ar-
guments in favor of a quadruply bonded C, molecule might
have their basic value in the light of bonding theory. The anal-
ysis carried out in this work considers the question whether
the postulated quadruple bond has any relevance for the
measurable bond properties, such as bond length, stretching
frequency, and force constant; electron density; and BDE
values. We come to the conclusion that this is not the case
and that C, can be described as molecule with a bond halfway
between that of ethylene and acetylene, which can be seen as
a reflection of its multireference character.

The study of bonding in C, has led to interesting follow-up
questions such as how the IBDE can be directly calculated or
what is a systematic way of deriving effective bond lengths.
Utilizing the methods of modern quantum chemistry we are
able to answer these questions, which will be reported else-
where.

One of the referees has given arguments in favor of a quad-
ruple bond: 1) The electron density distribution in the bond
region can underestimate the degree of ¢ bonding. 2) The
Mayer bond order may be too small because of a too large in-
fluence of the 20," orbital. 3) Reduced density matrix (RDM)
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calculations obtained with the PNOS5 functional suggest
a bond order of 3.5.%" As for argument 1), we have analyzed
the electron density and the energy density (see Table 1),
which both suggest a bond order lower than 3. 2) The Mayer
bond index has been calculated in this work for natural orbitals
and a correlation corrected density matrix at the MR-AQCC
and MR-CISD levels of theory. This should correct an improper
balance of bonding and antibonding MOs at the HF level. 3)
Any approximate functional based on the RDM methodology
has the problem of including both dynamical and non-dynami-
cal correlation in a well-specified manner. So far it is not clear
how this is accomplished by the PNO5 functional.”"
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HN-ENR
C, in a Box: Determining Its Intrinsic The C, conundrum—a never-ending Electron density and energy density to-
Bond Strength for the x‘zg+ Ground story: Multireference-coupled cluster gether with Wiberg and Mayer bond in-
State calculations of free and confined dicar- dices, all determined at the multirefer-
bon, C,, lead to a bond strength order ence level, suggest a bond multiplicity
of 2.5 relative to that of ethane accord- lower than 3 in line with the bond
ing to adiabatic/diabatic calculations strength order.
and local stretching force constants.
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