
This is a repository copy of Magnetic Shielding Studies of C2 and C2H2 Support Higher 
than Triple Bond Multiplicity in C2.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/119180/

Version: Accepted Version

Article:

Karadakov, Peter Borislavov orcid.org/0000-0002-2673-6804 and Kirsopp, Josh John 
Mellor (2017) Magnetic Shielding Studies of C2 and C2H2 Support Higher than Triple 
Bond Multiplicity in C2. Chemistry : A European Journal. pp. 12949-12954. ISSN 1521-
3765 

https://doi.org/10.1002/chem.201703051

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



Magnetic Shielding Studies of C2 and C2H2 Support Higher

than Triple Bond Multiplicity in C2

Peter B. Karadakov�[a] and Josh Kirsopp[a]

Abstract: The carbon-carbon bonds in the ground states of C2 and C2H2, at their equilibrium ge-

ometries, are compared by analysing the changes in the off-nucleus magnetic shielding tensor within

the space surrounding each of these molecules. A wide range of quantum-chemical approaches, in-

cluding full-valence CASSCF-GIAO, CCSD(T)-GIAO and CCSDT-GIAO, all with the cc-pVQZ

basis set, as well as HF-GIAO and MP2-GIAO, with the cc-pVQZ, cc-pV5Z and cc-pV6Z basis

sets, show that the surroundings of the carbon-carbon bond in C2 are more shielded than those of

the carbon-carbon bond in C2H2. The additional shielding of the carbon-carbon bond in C2 is found

to be due to a larger paramagnetic contribution to component of the shielding tensor which is per-

pendicular to the molecular axis. The analysis of the off-nucleus shielding data indicates that the

carbon-carbon bond in C2 is “bulkier” and, therefore, of a higher multiplicity, but weaker than the

corresponding bond in C2H2. According to the results of the shielding calculations, the carbon nu-

clei in C2 should be much more shielded than those in C2H2, with 13C isotropic magnetic shieldings

in the ca. 224–227 ppm and ca. 123–125 ppm ranges for C2 and C2H2, respectively.

Introduction

The question whether or not dicarbon, C2, involves a quadruple carbon-carbon bond has become a major

point of contention in quantum chemistry. [1–11] According to Shaik et al., [1–4] in its X1†C
g ground state

C2 features a quadruple bond comprised of two � bonds and two � bonds. However, despite its higher

multiplicity, this quadruple bond is weaker than the triple carbon-carbon bond in ground-state ethyne,

C2H2, which has a higher force constant and a shorter bond length. A succinct account of the continuing

debate surrounding the quadruple bond model of C2 can be found in a recent review by Shaik. [12]

In this paper we compare the carbon-carbon bonds in the ground states of C2 and C2H2 by analysing

the changes in the off-nucleus magnetic shielding tensor, � .r/, within the space surrounding each of
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these molecules. As previously observed, [13] the off-nucleus isotropic magnetic shielding, �iso.r/ D

1
3
Œ�xx.r/ C �yy.r/ C �zz.r/�, exposes the differences between carbon-carbon bonds of different mul-

tiplicities in much greater detail than the total electronic density. We show that for linear molecules

such as C2 and C2H2 further insights are provided by the behaviour of the magnetic shielding tensor

components �?.r/ D �xx.r/ D �yy.r/ and �k.r/ D �zz.r/ which are perpendicular and parallel to

the molecular axis, respectively, and the diamagnetic and paramagnetic contributions to these magnetic

shielding tensor components. Additionally, we report and discuss a wide range of theoretical estimates

for the carbon and proton shieldings in C2 and C2H2.

Computational Procedure

All calculations on C2 and C2H2 were carried out in the gas phase, at the D1h geometries from ref-

erence [14], featuring a C–C bond length of 1.2425 Å for C2, and C–C and C–H bond lengths of

1.203 Å and 1.060 Å, respectively, for C2H2. Contour plots showing the variations of the off-nucleus

isotropic magnetic shielding in the electronic ground states of C2 and C2H2 were generated by evalu-

ating � .r/ at regular 5 Å by 4 Å rectangular grids of points, centred on the midpoints of the respective

C–C bonds, with longer sides parallel to the respective molecular axes and a spacing of 0.05 Å. The off-

nucleus shielding tensors required for the contour plots were calculated using full-valence ground-state

complete-active-space self-consistent field (CASSCF) wavefunctions constructed from gauge-including

atomic orbitals (GIAOs), with ‘8 electrons in 8 orbitals’ for C2, and ‘10 electrons in 10 orbitals’ for

C2H2, in the standard cc-pVQZ basis set. All CASSCF-GIAO calculations were carried out using the

MCSCF-GIAO (multiconfigurational SCF with GIAOs) methodology described in references [15, 16]

and implemented in the Dalton program package. [17] For comparison purposes, similar contour plots for

the total electron density, �.r/, in C2 and C2H2, were drawn from the respective CASSCF(8,8)/cc-pVQZ

and CASSCF(10,10)/cc-pVQZ data obtained using GAUSSIAN09. [18]

In order to study the method and basis set dependence of the off-nucleus shielding tensors in C2 and

C2H2, the changes in � .r/ along the respective molecular axes were examined using several additional

levels of theory: MP2-GIAO (second order Møller-Plesset perturbation theory with GIAOs), in combina-

tion with the standard cc-pVQZ, cc-pV5Z and cc-pV6Z basis sets, as well as CCSD(T)-GIAO (coupled-

cluster with GIAOs including all single and double excitations, and a perturbative estimate of the con-

nected triples) and CCSDT-GIAO (CC with GIAOs including all single, double and triple excitations),

both with the standard cc-pVQZ basis. All MP2-GIAO calculations were performed by means of GAUS-

SIAN09; [18] each of these calculations also furnished corresponding HF-GIAO (Hartree-Fock with GI-

AOs) results. All CCSD(T)-GIAO and CCSDT-GIAO calculations were carried out using CFOUR. [19]
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Figure 1. Isotropic shielding and total electron density contour plots in planes passing through the

molecular axes of C2 and C2H2. Full-valence CASSCF(8,8) (C2) and CASSCF(10,10) (C2H2), cc-

pVQZ basis (GIAOs for the shielding calculations), contour levels at �10(5)80, 90, 100, 120, 140, 160,

180, 200, 220 ppm for �iso.r/, 0.05, 0.1, 0.2, 0.25, 0.3, 0.35. 0.4, 0.5, 1, 2.5, 5, 10, 25, 50, 75 e Bohr�3

for �.r/, axes in Å.

Results and Discussion

The isotropic magnetic shielding and total electron density contour plots for C2 and C2H2 are shown in

Figure 1. Looking at the total electron densities for the two molecules, it is obvious that dicarbon has

less total electron density than ethyne in the region between the two carbon atoms which, of course, is an

indication that C2 has a weaker C–C bond. Somewhat surprisingly, the isotropic magnetic shielding dis-

tributions reveal a different picture: Clearly, the surroundings of the C–C bond in C2 are more shielded

than those of the C–C bond in C2H2. In order to link this observation to bond multiplicity, we can

use the findings of a comparative study of bonding in ethane, ethene, ethyne and s-trans-1,3-butadiene,

based on the analysis of the variations in �iso.r/ around these molecules, which established that higher
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C–C bond multiplicity is accompanied by increased shielding within the bonding region. [13] As a conse-

quence, the higher shielding of the C–C bond in C2 suggests that the multiplicity of this bond is higher

than triple. The valence bond (VB) arguments in favour of a quadruple C–C bond in dicarbon assume

that the molecule is formed from two sp hybridized carbon atoms, and involves an “inner” triple C–C

bond similar to that in ethyne, as well as an “outer” forth � bond between the second pair of “exo” sp hy-

brids which, in ethyne, are engaged in the two C–H bonds. The isotropic magnetic shielding distribution

around C2 (see Figure 1) shows significant shielding increases in two regions just outside the C–C bond,

which are very much in the places where VB theory would put the “exo” sp hybrids. These regions are

more compact than the shielded regions surrounding the C–H bonds in C2H2 and closer to the carbon

atoms. In fact, our CASSCF(8,8)-GIAO/cc-pVQZ calculations indicate that the most shielded locations

in C2 are not at the carbon nuclei, but at points along the molecular axis at ca. 0.03 Å outside the C–C

bond, at which �iso.r/ reaches 232.7 ppm. From a VB viewpoint, these observations can be interpreted

as an indication that the “exo” sp hybrids in C2 remain mostly on the exterior of the C–C bonding region

and have a smaller contribution to the overall C–C bond.

According to the contour plots shown in Figure 1, the most significant changes in �iso.r/ and �.r/

for C2 and C2H2 occur along the respective molecular axes. More detailed information about the ways

in which �iso.r/ and �.r/ behave as functions of distance along these axes is presented in Figures 2, 3

and 4.

Looking at the �iso.r/ curves in Figure 2, we observe that the molecular axis of dicarbon is more

shielded than that of ethyne not just along the C–C bond, but over a much wider interval between

ca. �1 Å and 1 Å. Outside this interval, the �iso.r/ values for ethyne become higher over the regions

corresponding to the C–H bonds, and then both �iso.r/ curves tail off to zero in a similar fashion. While

it was not unexpected that the carbons in C2 would be more shielded than those in C2H2, the magnitude

of the difference at the full-valence CASSCF-GIAO/cc-pVQZ level, 226.62 ppm vs. 132.87 ppm, comes

as a surprise. Another interesting related feature of the isotropic magnetic shielding distribution in C2

(see Figures 1 and 2) is the absence of deshielded “halos” such as those observed previously around

carbon atoms which are sp or sp2 hybridized [13,20–23] (this effect does not occur around sp3 hybridized

carbon atoms [13]). Clearly, �iso.r/ in C2 shows some depressions along and around the C–C bond, close

to each carbon atom, but these depressions are not deep enough to give rise to regions of negative �iso.r/

values (or, deshielded “halos”) as in C2H2.

The �?.r/ and �k.r/ components of the magnetic shielding tensors for C2 and C2H2 show rather

different types of behaviour along the respective molecular axes (see Figure 2). The shapes of the

�?.r/ curves resemble those for �iso.r/, but the distinction between C2 and C2H2 is more pronounced,

especially along the C–C bonds where the higher C2 curve emphasizes the greater “bulk” of shielding
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Figure 2. Isotropic shielding and components of the shielding tensor along the molecular axes of C2

and C2H2 (wavefunctions as for Figure 1, vertical lines denote the positions of the carbon and hydrogen

atoms, dotted lines for C2).

around the respective bond; this is consistent with the notion of a bond of higher multiplicity than in

C2H2. For each of C2 and C2H2, �k.r/ is a positive function along the corresponding molecular axis,

with sharp peaks at the positions of the carbon atoms only. Except for a narrow interval next to each

carbon and outside the C–C bond, �k.r/ in C2H2 is higher than in C2. This finding can be explained

by the additional shielding along the molecular axis caused by the presence of the hydrogen atoms.

Our CASSCF(10,10)-GIAO/cc-pVQZ �iso.r/, �?.r/ and �k.r/ curves for C2H2 are qualitatively very

similar to those obtained by Wolinski at the HF-GIAO/6-311G** level of theory; [24] the higher level of

theory used in the current work introduces only relatively minor quantitative changes.

It is also instructive to examine the plots of the components of the diamagnetic and paramagnetic

contributions to the magnetic shielding tensors for C2 and C2H2, � .r/ D �
d.r/ C �

p.r/, along the

respective molecular axes, shown in Figure 3. Note that Figure 3 does not include �
p
k
.r/ plots as this

quantity is equal to zero in linear molecules; as a consequence, in C2 and C2H2 �
k
.r/ D �d

k
.r/ and

the corresponding plots in Figures 2 and 3 are identical. As emphasized by Wolinski, [24] the partition-

ing of the magnetic shielding tensor into diamagnetic and paramagnetic contributions is not a unique

procedure; our CASSCF-GIAO results utilize the “natural connection” [25,26] implemented as default in

Dalton [17] and cannot be compared to those from reference [24] which were obtained using a differ-

ent partitioning. In general, the diamagnetic contribution to the magnetic shielding tensor depends on
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Figure 3. Diamagnetic and paramagnetic contributions to the components of the shielding tensor along

the molecular axes of C2 and C2H2 (wavefunctions as for Figure 1, other details as in Figure 2).

the total electron density of the unperturbed wavefunction only, whereas the paramagnetic contribution

involves the first-order correction to the wavefunction in response to the perturbation caused by the ex-

ternal magnetic field (for a more detailed analysis, see e.g. reference [25]). As the total electron density

of the full-valence CASSCF/cc-pVQZ wavefunction for C2H2 along the molecular axis is higher than

that of the corresponding wavefunction for C2, except for a narrow interval next to each carbon and

outside the C–C bond (see Figure 4), we can expect similar behaviour of the �d
?.r/ and �d

k
.r/ curves

for the two molecules; Figure 3 confirms that this is, indeed, the case. Thus, the extra shielding of the

C–C bond in C2 can be attributed to the �
p
?.r/ contribution to the magnetic shielding tensor. This is

an indication that the wavefunction for C2 is easier to perturb by an external magnetic field than that

for C2H2, in a direction perpendicular to the C–C bond, which is in line with the idea of a weaker but

“bulkier” C–C bond in C2.

The shapes of the total electron density plots for C2 and C2H2 along the respective molecular axes

(see Figure 4) are very much as expected, with high peaks over the positions of the carbon atoms and

much lower peaks over the positions of the hydrogen atoms in ethyne. Interestingly, the �.r/ values

at the positions of the carbon atoms in C2 are slightly higher than the corresponding values in C2H2,

124.21 against 123.77 e Bohr�3, respectively, and, as noted earlier, �.r/ for C2 remains higher than that

for C2H2 over short intervals outside the C–C bond region.

The more general features of the magnetic shielding distributions in C2 and C2H2, calculated at the
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Figure 4. Total electron density along the molecular axes of C2 and C2H2 (wavefunctions as for Fig-

ure 1, other details as in Figure 2). The �.0/ values (at the midpoints of the C–C bonds) are 0.42 and

0.34 e Bohr�3, respectively.

respective full-valence CASSCF-GIAO/cc-pVQZ levels of theory, are also reproduced at other levels

of theory. In Figure 5, we compare the full-valence CASSCF-GIAO/cc-pVQZ curves for the isotropic

magnetic shielding along the molecular axes of C2 and C2H2 to the corresponding curves obtained

at the HF-GIAO, MP2-GIAO, CCSD(T)-GIAO and CCSDT-GIAO levels of theory, within the same

basis set. The more pronounced differences between the �iso.r/ curves shown in Figure 5 are at and

around the carbon nuclei, and at and around the �iso.r/ local minima near either end of each C–C

bonding region. Once outside the interval between ca. �1 Å and 1 Å, the differences between the �iso.r/

curves become very small (this is also true of the regions surrounding the positions of the hydrogens

in C2H2). The differences between the �iso.r/ curves become smaller also around the midpoints of the

C–C bonds but the HF-GIAO curves for both C2 and C2H2, and the MP2-GIAO curve for C2 can be

seen to pass noticeably higher than the remaining three curves. This is an indication that inclusion of

certain types of correlation effects can be required for obtaining accurate magnetic shielding results not

only at nuclear positions, but also along multiple bonds. The HF-GIAO and MP2-GIAO �iso.r/ curves

obtained using the cc-pV5Z and cc-pV6Z basis sets are not shown in Figure 5 as these curves are almost

indistinguishable from the corresponding curves in the cc-pVQZ basis set everywhere except at and very

close to the positions of the carbon and hydrogen atoms.

Numerical data about the isotropic magnetic shieldings for the carbon and hydrogen nuclei and
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Figure 5. Isotropic shielding along the molecular axes of C2 and C2H2, calculated using the CCSDT-

GIAO, CCSD(T)-GIAO, CASSCF-GIAO, MP2-GIAO and HF-GIAO methods, within the cc-pVQZ

basis (other details as in Figure 2).

the midpoints of the C–C bonds in dicarbon and ethyne, �iso(13C), �iso(1H) and �iso.0/, respectively,

calculated at the various levels of theory employed in the current work, are collected in Table 1. The

data highlight the differences in performance between the methods we used in the shielding calculations

on the two molecules; most of these differences can be attributed to the well-known fact that, while the

single-determinant closed-shell HF wavefunction works reasonably well for ethyne, it does not provide

a particularly good description of the electronic structure of dicarbon.

Looking at the calculations performed within the cc-pVQZ basis set, it is clear that the HF-GIAO es-

timate for the isotropic magnetic shielding of a carbon nucleus in C2 is way too high; the corresponding

MP2-GIAO value shows some improvement but the adverse effect of using a closed-shell HF reference

is eliminated only in the CCSD(T)-GIAO and CCSDT-GIAO results, which are reasonably close and in

good agreement with their CASSCF(8,8)-GIAO counterpart. It is somewhat unexpected to observe that,

in this case, the full-valence CASSCF(8,8)-GIAO and CCSDT-GIAO methods introduce very similar

electron-correlation corrections to �iso(13C), adjusting the HF-GIAO value downwards by �20:23 ppm

and �20:67 ppm, respectively, the CCSD(T)-GIAO result is even lower (electron-correlation correction

of �23:02 ppm), whereas MP2-GIAO manages a much more modest electron-correlation correction of

only �11:47 ppm. The method dependence of the theoretical estimate for the 13C isotropic magnetic

shielding in ethyne is more conventional: HF-GIAO and full-valence CASSCF(10,10)-GIAO underes-
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Table 1. Isotropic magnetic shieldings for carbon and hydrogen nuclei and the midpoints of the C–C

bonds in dicarbon and ethyne (in ppm).

C2 C2H2
Method

�iso(13C) �iso.0/ �iso(13C) �iso(1H) �iso.0/

CASSCF-GIAO/cc-pVQZ a 226.62 76.49 132.87 30.66 69.77

CCSD(T)-GIAO/cc-pVQZ 223.83 77.27 124.87 30.22 69.50

CCSDT-GIAO/cc-pVQZ 226.18 77.20 124.56 30.23 69.51

HF-GIAO/cc-pVQZ 246.85 80.00 116.41 30.36 72.38

HF-GIAO/cc-pV5Z 246.56 80.07 114.93 31.21 72.42

HF-GIAO/cc-pV6Z 246.60 80.08 114.68 31.20 72.42

MP2-GIAO/cc-pVQZ 235.38 78.87 125.17 30.16 69.38

MP2-GIAO/cc-pV5Z 234.85 78.97 123.25 30.97 69.48

MP2-GIAO/cc-pV6Z 234.76 78.99 122.85 30.95 69.51

a CASSCF(8,8)-GIAO for C2; CASSCF(10,10)-GIAO for C2H2.

timate and overestimate, respectively, this quantity, in a manner similar to that observed in HF-GIAO

and CASSCF(6,6)-GIAO shielding calculations on benzene. [27] The MP2-GIAO, CCSD(T)-GIAO and

CCSDT-GIAO results for �iso(13C) in ethyne are very close, spaced by just ca. 0.3 ppm, with MP2-

GIAO yielding the largest and CCSDT-GIAO the smallest value. Our MP2-GIAO and CCSD(T)-GIAO

13C isotropic magnetic shieldings for ethyne are in good agreement with the value of 123.5 pm obtained

by Auer et al. [29] for both the MP2-GIAO and CCSD(T)-GIAO methods, using a quadruple-� basis set

denoted as qz2p at the CCSD(T)/cc-pVTZ optimized geometry.

Method choice affects the �iso.0/ results for both C2 and C2H2 less than those for �iso(13C): The

differences between the highest and lowest �iso.0/ estimates amount to 3.51 ppm for C2, between the

HF-GIAO and CASSCF(8,8)-GIAO results, and to 3.00 ppm for C2H2, between the HF-GIAO and

MP2-GIAO results, respectively. The method dependence of the proton isotropic magnetic shieldings in

C2H2 is even weaker: The largest difference of 0.50 ppm is observed between the results obtained using

the CASSCF(10,10)-GIAO and MP2-GIAO methods.

As shown by the data included in Table 1, when using the HF-GIAO and MP2-GIAO methods,

increasing the basis set size in the sequence cc-pVQZ, cc-pV5Z, cc-pV6Z makes the midpoints of the

C–C bonds in both dicarbon and ethyne more shielded, but the changes are very small: The largest

overall change of 0.13 ppm is observed in the MP2-GIAO �iso.0/ values for ethyne. The basis set

dependence of the HF-GIAO and MP2-GIAO results for �iso(13C) in C2 and �iso(1H) in C2H2 is also
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relatively weak, but not entirely as expected: The MP2-GIAO �iso(13C) value in C2 decreases all the way

on increasing the size of the basis set, by 0.62 ppm overall, but the HF-GIAO �iso(13C) value in C2 and

the HF-GIAO and MP2-GIAO �iso(1H) values in C2H2 show small decreases on passing from the cc-

pVQZ to the cc-pV5Z basis set, but these are then followed by increases of much smaller magnitudes on

continuing to the cc-pV6Z basis set. The most pronounced basis set dependence amongst the quantities

included in Table 1 is exhibited by the 13C isotropic magnetic shielding in ethyne: The corresponding

HF-GIAO and MP2-GIAO estimates decrease, by 1.48 ppm and 1.92 ppm, respectively, on switching

from the cc-pVQZ to the cc-pV5Z basis set, and by further 0.25 ppm and 0.40 ppm, respectively, on

switching from the cc-pV5Z to the cc-pV6Z basis set.

A theoretical estimate of the 13C isotropic magnetic shielding in ethyne which agrees very well

with the experimental absolute gas-phase shielding of 117.2 ppm (at 300 K, extrapolated to zero pres-

sure) [28] can be obtained from the results reported by Auer et al., [29] by combining the CCSD(T)-

GIAO/13s9p4d3f// CCSD(T)/cc-pVTZ shielding of 122.6 ppm with the zero-point vibrational correc-

tion of �3:84 ppm, evaluated at the CCSD(T)-GIAO/qz2p//CCSD(T)/cc-pVTZ level, which yields

118.8 ppm. According to the results of the current work, in the cc-pVQZ basis set the CCSDT-GIAO

estimate for �iso(13C) in ethyne is 0.31 ppm lower than its CCSD(T)-GIAO counterpart. While this is a

change in the right direction, at this stage it is not possible to predict whether the use of CCSDT-GIAO

rather than CCSD(T)-GIAO throughout, within a very large basis set, plus a thermal correction, [30]

would be sufficient to eliminate the remaining difference between the experimental and theoretical val-

ues.

Conclusions

Off-nucleus shielding calculations on dicarbon and ethyne carried out using a wide range of quantum-

chemical approaches, including full-valence CASSCF-GIAO, CCSD(T)-GIAO and CCSDT-GIAO, all

with the cc-pVQZ basis set, as well as HF-GIAO and MP2-GIAO, with the cc-pVQZ, cc-pV5Z and

cc-pV6Z basis sets, show that the surroundings of the carbon-carbon bond in dicarbon are more shielded

than those of the carbon-carbon bond in ethyne. The off-nucleus isotropic magnetic shielding, �iso.r/,

for each of these molecules reaches a local maximum at the midpoint of the respective carbon-carbon

bond; the isotropic shielding of the midpoint of the C–C bond in C2, �iso.0/, is between ca. 9.6%

and 13.7% higher (at the full-valence CASSCF-GIAO/cc-pVQZ and MP2-GIAO/ccpVQZ levels of the-

ory, respectively, see Table 1) than its counterpart in C2H2. The behaviour of the total electron den-

sity, �.r/, evaluated at the full-valence CASSCF-GIAO/cc-pVQZ level of theory, in both dicarbon and

ethyne is rather dissimilar: Dicarbon has less total electron density than ethyne along and around the

carbon-carbon bond, and the midpoint of the carbon-carbon bond in each molecule corresponds to a
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second-order saddle point of �.r/; away from the midpoint, �.r/ increases along the molecular axis and

decreases in any direction perpendicular to the molecular axis. The difference between the total electron

densities at the midpoints of the C–C bonds in C2 and C2H2 is more pronounced than the corresponding

�iso.0/ difference: �.0/ in C2H2 is ca. 23.5% higher than its C2 counterpart (see Figure 4).

The in-depth analysis of the changes in the composition of the off-nucleus magnetic shielding tensor,

� .r/, along the molecular axes of C2 and C2H2, carried out at the full-valence CASSCF-GIAO/cc-

pVQZ level of theory, reveals that the increased shielding of the carbon-carbon bond in C2 is due to two

interrelated factors: Firstly, the values of the shielding tensor component perpendicular to the molecular

axis, �?.r/, are higher in C2 and, secondly, this comes as the consequence of a larger paramagnetic

contribution to �?.r/, �
p
?.r/ (see Figures 2 and 3). Both of these factors suggest that C2 incorporates a

“bulkier” C–C bond; additionaly, since the larger �
p
?.r/ in C2 implies that its wavefunction is easier to

perturb by an external magnetic field than that for C2H2, in a direction perpendicular to the C–C bond,

the C–C bond in C2 should be weaker.

These findings, when combined with the link between carbon-carbon bond multiplicity and extent

of isotropic magnetic shielding within the bonding region established in reference [13], lend support

to the idea that the weaker carbon-carbon bond in C2 can be of higher multiplicity than the stronger

carbon-carbon bond in C2H2.

The current work makes no predictions about the individual � and � bonds that may contribute

to the multiple carbon-carbon bonds in dicarbon and ethyne. In fact, it is debatable whether the � -�

bond model should be preferred over the alternative “bent” bond model which, in spin-coupled calcula-

tions, yields a lower-energy wavefunction for ethyne. [31] On a side note, Foster-Boys localizations [32] of

the active space orbitals from the full-valence CASSCF(8,8)/cc-pVQZ and CASSCF(10,10)/cc-pVQZ

wavefunctions for dicarbon and ethyne, respectively, carried out using GAUSSIAN09, [18] produce rather

similar sets of localized orbitals consistent with the “bent” bond model.

All quantum-chemical approaches employed in the current work predict that the carbon nuclei in

dicarbon should be much more shielded that those in ethyne (see Table 1). The theoretical estimates for

the carbon isotropic magnetic shieldings in dicarbon obtained using the CASSCF(8,8)-GIAO, CCSD(T)-

GIAO and CCSDT-GIAO methods are in good agreement, within the ca. 224–227 ppm range, but the

HF-GIAO and MP2-GIAO results are considerably higher (see Table 1). On the other hand, the MP2-

GIAO, CCSD(T)-GIAO and CCSDT-GIAO methods yield similar �iso(13C) values fo ethyne, within the

ca. 123–125 ppm range, very much in-between the higher CASSCF(10,10)-GIAO and lower HF-GIAO

results. Two methods, CCSDT-GIAO and CCSD(T)-GIAO, are identified to be performing uniformly

well in the calculation of 13C shieldings for both dicarbon and ethyne.

It would be very interesting to see if the theoretical estimates for the 13C isotropic magnetic shield-
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ings in dicarbon reported in the current work could be verified by gas phase NMR measurements, as this

would provide experimental support for the conclusions made on the basis of the respective magnetic

shielding calculations. This would be an useful addition to the short list of potentially measureable ex-

perimetal properties that can be used to discuss the nature of bonding in dicarbon; another example of a

property of this type is the enthalpy of the forth carbon-carbon bond in C2 which has been estimated as

16.8 kcal�1 from the thermochemistry of the reactions HCCH ! HCC � C � H ! C2 C �H. [2]
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Is there a quadruple carbon-carbon bond in C2? Off-nucleus shielding calculations indicate that

the carbon-carbon bond in C2 is more shielded than the triple carbon-carbon bond in C2H2 and can,

therefore, have higher than triple bond multiplicity.
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