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Abstract: Second-row dicarbides C,X (X = Na—Cl) are investigated with quantum mechanical techniques.
The cyclic—linear competition in these systems is studied, and the bonding scheme for these compounds
is discussed in terms of the topological analysis of the electronic density. C,Na, C;Mg, C,Al, and C,Si are
found to prefer a C,,-symmetric arrangement corresponding to a T-shape structure. On the other hand, for
C,P, C;S, and C,Cl the linear isomer is predicted to be the ground state. A detailed analysis of the variation
of the electronic energy and orbital energies with the geometry has been carried out. A simple theoretical
model, taking into account the main interactions between the valence orbitals of both fragments, the X
atom and the C, molecule, allows an interpretation of the main features of these compounds.

Introduction

C,X compounds containing second-row atoms £XNa—

Cl) are molecules of interest in astrochemistry. In fact, some of
them have already been detected in space, such%is €and
C,S5 8 and it is thought that quite likely other members of the
same family could be eventually detected in interstellar clouds
or circumstellar envelopes.

A milestone in the study of £ compounds was undoubtedly
the discovery of the structure of8i in 1984. In that year, Grev
and Schaef@rand Smalley et al° conducted parallel theoretical
and experimental, respectively, investigations on silicon dicar-
bide. The theoretical study predicted that the lowest-lying isomer
of silicon dicarbide is a ring structure, with the linear SiCC
structure lying about 5 kcal/mol higher in energy. This cyclic
ground state was confirmed by the experiméngnd im-
mediately the radioastronomical detection of silicon dicarbide
was possible Since then many experimental studies on silicon
dicarbide have been carried ddt18 From the theoretical side
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a number of studies on Si has also appeared in recent
years!t®-26 most of them dealing with the energy difference
between the linear and cyclic arrangements at different levels
of theory. The theoretical studies confirmed the prediction of
Grev and Schaeférthus obtaining aC,,-symmetric ground
state. However, it is also shown in these works that the potential
surface for the cyclic-linear interconversion is rather flat, and
therefore that the system behaves as a molecular pinwheel. Also,
as discussed by Nielsen et &lthe theoretical description of
C,Si has remained as a challenge to ab initio methods, because
it requires both large basis sets and high-order correlation
treatments for an accurate description.

Following the interest on £5i, other second-row dicarbides
were theoretically studied.;S, mainly because of its interstellar
relevance, has also been the subject of different theoretical
works?72% Much effort has been devoted to the theoretical
prediction of structural properties of other dicarbides in order
to aid in their possible identification in astronomical sources.
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Theoretical predictions for £1g,30-32 C,Al,33-3°9 C,P 2041 and A key feature of GX compounds containing second-row
C,Cl*2=44 have also appeared. atoms is the competition between linear and cyclic arrangements,
There is another reason for the relevance of second-row atomand even the nature of the apparently cyclic isomer, because
dicarbides. Carbon clusters mixed with heteroatoms have the C;,-symmetric species could be in fact best described as a
attracted a growing interest in recent years because of theirT-shape structure. The main purpose of the present paper is to
interest for new materials science, and this has stimulated analyze in detail the factors governing this competition between
different studies on X compounds. Since small heteroatom- linear and cyclic species for & (X = Na—Cl) molecules,
doped carbides, such as)C are the basic structural units for  trying to rationalize the structure of these compounds.
these clusters, it is of utmost importance to have a detailed
knowledge of the structure and properties eiXGnolecules.
Much of the interest has focused on nonmetallic elements, and
therefore differe4r;£4t§1eor<_e?9c_a;ll Worléf_?4ave StUdiSeSd the neutral we will only report those that we consider more representative. We
and Chgrged 65 CnSi CnP; and GCl (_:IL_JSterS' . have employed two different theoretical approaches in order to obtain
In addition heteroatom-doped carbon clusters containing metallic . geometrical parameters obXCcompounds. One of the levels
elements, such as,8l,%° C,Mg,°"**and GNa* have also been  gmpioyed corresponds to the density functional theory (DFT) formalism,
studied in last years. All these works tried to identify systematic which has proved in recent years to be a relatively low-cost approach
trends on the properties of these compounds as a function ofwith a reasonable performance. In particular, we have used one of the
the cluster size. Of particular relevance is a comprehensive most popular DFT methods, namely the B3LYP approach, which is
analysis of the properties of linear carbon clusters doped with extensively employed in chemical computations. The B3LYP level
second-row elements by Li and TaffgLaboratory detections consists of the LeeYang—Parf® correlation functional in conjunction
of second-row heteroatom-doped carbon clusters have also beeiith a hybrid exchange functional first proposed by Bete.addition,
reportec! as well as experiments concerning charged spe- We have aiso employed the so-called QCISD methdduadratic
cies263 We should also recall thatA& compounds are also _conflgur_atlon interaction including single an.d double (_ax_c_ltatlons),whlch
- . is considered to be one of the most reliable ab initio methods for
relevant as building blocks for metal carbides and metallocar-

. . predicting geometrical parameters. In both cases, the 6-G13df)
bohedrengs (metcars), a subject that has attracted Cons'derau@asis s€f was employed, thus including three sets of d polarization
attention in recent yeaf$:68

functions, one set of f polarization functions, and diffuse functions as
well. We chose this basis set because it has been shown that in certain
C.X compounds, such as;8i,?® a good theoretical level is required
for a proper description. Harmonic vibrational frequencies were also
computed at both levels, B3LYP and QCISD, with the 6-8GI3df)
basis set. These calculations allow not only an estimate of the zero-
point vibrational energy (ZPVE), but also to assess the nature of the
stationary points and therefore characterize if they are true minima on
the respective potential surface. To improve the computation of relative
energies we have carried out single-point calculations on the QCISD

121, 10193, geometries with the CCSD(T) approdekcoupled-cluster single and
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98 3985. ) _ ) triple excitations) with the 6-3HG(3df) basis set. All these calcula-
(1) ézBI-l\gazal, J; Martin, J. M. L; Francois, J. .Phys. Chem. A997 101, tions were carried out with the Gaussian 98 program pacKage.

The nature of bonding for the differenpXCspecies was characterized
through the topological analysis of the electronic denSitfhese
calculations were performed with the MORPHY progr&employing
the QCISD/6-31+G(d) electronic density. An analysis in terms of
natural bond orbitals (NBG) has also been carried out.

Theoretical Methods

Although we have carried out computations at several levels of theory
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Table 1. Electronic Configurations, Geometrical Parameters, and Harmonic Vibrational Frequencies for Linear C,X Species Obtained with
the B3LYP/6-311+G(3df) and QCISD/6-311+G(3df) (second line) Methods

electronic linear geometry (A) vibrational frequencies
linear C,X configuration R(X-C) R(C-C) (cm™)
CNa ) {corg 6027022780 2.214 1.238 188if), 3810), 19480)
2.249 1.246 90if), 371¢), 1943¢)
CMg (5) {core 6027022714802 1.938 1.251 76f), 556(7), 19186)
1.995 1.234 171if), 587(), 1944¢)
CAl (%) { corg 6027028022790 1.878 1.245 75¢), 511¢), 1850¢)
1.828 1.259 102if), 578¢), 1805¢)
CSi () {corg 6052702802277902 1.693 1.276 23if), 7976, 1928¢)
1.687 1.281 74if), 816@), 19256)
C,P @) { corg 60270280227790%3t 1.606 1.301 162f), 275(z), 8520), 1726()
1.604 1311 231), 279(r), 8500), 1694¢)
C.S 65) { corg 60270%8022719023n 1.566 1.308 287), 868(), 1727¢)
1.564 1.315 298f), 8790), 1746())
C.Cl (1) { core 602702802277°90233 1.615 1.283 334if), 297(1), 7420), 1890¢)
1.620 1.289 292(), 7196r), 7510), 19040)

Table 2. Electronic Configurations, Geometrical Parameters, and Harmonic Vibrational Frequencies for Cyclic C,X Species Obtained with
the B3LYP/6-311+G(3df) and QCISD/6-311+G(3df) (second line) Methods

electronic cyclic geometry (A degrees) vibrational
cyclic C,X configuration R(X-C) R(C-C) acxe frequencies (cm™?)
CzNa (A1) { corg 5a,%62,23b,221,?7a;* 2.359 1.260 31.0 225¢) 371(a), 1831(a)
2.390 1.276 30.9 224} 360(a), 1769(a)
CoMg (*Aq) { coreg 5a,%3h,?62122b1% 72,2 2.013 1.265 36.6 417¢h 613(a), 1773(a)
2.040 1.271 36.3 417¢h 538(a), 1781(a)
CoAl (?Aq) { corg 5a,%62,%3b,221,%72,?8a;* 1.932 1.261 38.3 373 625(a), 1802(a)
1.922 1.272 38.7 419¢p 652(a), 1773(a)
C5Si (*A1) { core 5a1%62,231,°2b,%72,?834° 1.844 1.260 40.0 123¢p 794(a), 1838(a)
1.836 1.270 40.5 153¢p 822(a), 1806(a)
C2P @Bz) {COI’Q 531263123b222b12761128&124b21 1.749 1.327 44.6 3909} 794(@), lSlO(a)
1.748 1.336 44.9 2448 802(a), 1497(a)
C2S CA2) { corg 5a126a123b,22b1%72,?8a124b,'3b; 1.780 1.297 42.7 616igh 729(a), 1644(a)
1.775 1.308 43.3 55¢h 746(a), 1614(a)
C2C| (ZB]_) {COI’Q 581263123b2276122b124b2283123b11 1.901 1.364 42.0 2679} 564(@), 1404(@)
1.893 1.372 42.5 287¢h 577(a), 1418(a)
Results and Discussion should be very similar employing any of these states, given their

Overview of the Molecular Structure of C,X Compounds. pzroximity in energy. Furthermore, the lowest-lying cyclic state
We have carried out calculations for the lowest-lying linear and (*By) correlates_wnh theéll state. o )
Co,-symmetric GX species (theD., isomers with G-X—C The geometrical parameters and vibrational frequencies for
connectivity lie in all cases much higher in energy). In most the linear isomers of the differentX species are given in Table
cases the electronic states correspond to low spin states (singlet, Whereas in Table 2 the corresponding data for e
for closed-shells, doublet for open-shells). There is only one Symmetric structures are shown. There is an overall reasonable

exception, namely £, which is known to have a linear triplet ~agreement between the B3LYP and QCISD geometrical pa-
ground stat&”-2° Consequently, we will report the results for rameters, with mean deviations between both levels of theory
the linear®s state and the corresponding lowest-lying cyclic for the X—C and G-C distances of 0.018 A and 0.010 A,
triplet state $A,). Nevertheless, we have also considered the respectively. As expected the>C distance in the linear species
lowest-lying singlet states (linear and cyclic) 0f& and we decreases as one moves toward the right side of the periodic
will also refer to their results when needed. The caseafIC  table, with the only exception of LI, where it is increased
deserves also some comments. A recent combined experimentalVith respect to its sulfur counterpart. The same is true for the
and ab initio stud{f suggests that this should be a bent molecule, cyclic isomers, but in this case the inversion in the trend occurs
with a bond angle near 157although the linear structure should for C2S. The G-C distances for the linear isomers are all
lie very close in energy (less than 500 chabove the bent  intermediate between those of typical double and triple bonds,
species) according to the theoretical calculations. Furthermore,and are shorter for Na, Mg, Al, and Si compounds than for P,
in the linear limit there are two different electronic statés, S, and Cl species. The same is true for the cyclic isomers. In
and2I1 lying very close in energy. The recent multireference fact, for Na—Si dicarbides the €C bond distances are quite
study* predicts that theS state should lie lower in energy ~ close to the bond length inxCnamely 1.247 A and 1.250 A,
(about 200 cml), whereas previous studi@g3 placed thellT respectively, at the B3LYP and QCISD levels with the
state about 400 cr below the?S one. We have adopted the  6-311+G(3df) basis set.

21 electronic state in linear geometries because at the levels of Concerning the vibrational frequencies there are some
theory employed in the present work it is found to lie below important qualitative differences between the B3LYP and
theZ state by 1585, 165, and 164 chat the B3LYP, QCISD, QCISD levels. Whereas for linear,8a and GSi both levels

and CCSD(T) levels, respectively. In any case, the conclusionsprovide imaginary frequencies associated to the bending modes,

J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004 14613
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Table 3. Relative Energies (Ecycic— Eiinear) (kcal/mol), for Cyclic
C,X Species at Different Levels of Theory Including ZPVE
Corrections?

level AEcuvr(l_C)

CX HF B3LYP QCISD ccsD(T) CCsD(T)

C:Na —4.01 —9.05 —10.28 —9.44 5.49

C:Mg —26.31 —1590 —12.87 —12.03 —13.98

CoAl —-17.71 —9.35 —16.90 —14.98 —2.07

C.Si —0.38 0.20 —4.81 —3.80 3.48
CP 11.38 6.32 4.28 3.37 7.50
CS(1P 9.22 9.64 6.77 5.74 2.82
CoS(3F 44.94 35.89 33.68 31.50 12.29
C.Cl 35.14 32.29 31.30 30.32 2.84

a1n the case of CCSD(T) calculations, QCISD ZPVE values have been
employed. The difference between the correlation energies (in kcal/mol),
computed at the CCSD(T) level, for linear and cyclic isomers is also given
in the last columnP Singlet state¢ Triplet state.

in the cases of @g and GAl the B3LYP level produces real

Another interesting feature is the type of interaction that takes
place between the heteroatom and the carbon atomsXn C
compounds. To characterize this interaction, as well as to
establish what is the bonding scheme in these dicarbides, we
have carried out a topological analysis of the electronic density
in terms of Bader’s theor{f This analysis allows to characterize
the chemical nature of the bonding. Extrema or critical points
in the one-electron densityg(r) computed at the QCISD/6-
311+G(d) level were identified. In our case, oridpnd critical
points’® (corresponding to a minimum value pfr) along the
line linking the nuclei and a maximum along the interatomic
surfaces) anding critical points™ (p(r) being a minimum in
two directions and a maximum in one direction) are relevant.
We will only focus on a few important properties of critical
points which are the most relevant for our purposes, namely
the electronic density(r) at the critical point, the Laplacian of
the charge density?p(r), and the total energy density(r).

7 frequencies, thus predicting that these linear species are truelhe chemical nature of the bonding can be determined according

minima. In these last two cases, when we tried to follow the
bending mode and optimize a possillestructure at the QCISD

to the values of the charge density and its Laplacian at the bond
critical point. There are basically two limiting types of atomic

level all our attempts failed, and therefore, there seems that thereinteractions, namely shared and closed-shell interactiogs.

is not a bent minimum for these dicarbides. A different behavior

course, there is a whole spectrum of intermediate interactions

is observed for the other linear species where there is alying between the two extreme casés.

discrepancy in the vibrational frequencies at the B3LYP and
QCISD levels, namely £I. In this case, it is possible to obtain
a bent minimum at both levels of theory which lies slightly

Shared interactions are in general characterized by large
electronic densities and negative values of the LaplaGiangd
are characteristic of covalent compounds. On the other hand,

below the corresponding linear species (about 0.7 and 3.2 kcal/closed-shell interactions correspond to relatively |ofn) and

mol at the B3LYP and QCISD levels, respectively), despite at

positive values oV2p(r),”® a situation which is usually found

the QCISD level the latter has all its frequencies real. The bond for ionic and van der Waals compounds. Nevertheless in some
angle for the bent structure is close to that found in a recent C@Ses, to characterize the covalency degree of a bond, the total

theoretical study¥ namely 165.3 and 169.8, respectively, at
the B3LYP and QCISD levels of theory. Therefore, it seems

energy densityH(r), which is the sum of the potential and
kinetic energy density at a critical point, might be useful. If

that this is the only case where a bent ground state is predicted,H(r) = 0 the system is stabilized by accumulation of electronic

in agreement with the previous study at different levels of
theory#4 For the cyclic isomers, there is only one discrepancy
in the vibrational frequencies. At the B3LYP level, cycligSC
(A, electronic state)
the QCISD level it is predicted to be a true minimum, although
it has a very low bfrequency (55 cmt). For the rest of cyclic
species, the agreement in the vibrational frequencies compute
at both levels is reasonably good.

The energy differences between cyclic and linear species at

the three levels of theory employed in the present work,
including ZPVE corrections, are given in Table 3. There is in
general a reasonable agreement between the QCISD and CCS
(T) values, with discrepancies of about 2 kcal/mol in the worst
cases. In fact, the rather affordable B3LYP method performs
not too badly. Although the largest discrepancy with CCSD(T)
values is about 5 kcal/mol, the B3LYP results predict the correct
energy ordering with the only exception of,, which is
recognized to be a difficult cag&:26 From the results shown

charge in the internuclear region, showing the characteristics
of a covalent interactiof® Conversely, ifH(r) is positive,
accumulation of electronic charge would lead to a destabilization

has an imaginary frequency, whereas atOf the system, a typical feature of van der Waals and ionic

bonding systems.
In Table 4 we provide the(r), V2o(r), andH(r) values at

4he bond critical points obtained with the QCISD/6-313(d)

electronic density. First it should be noted that in the case of
the C,,-symmetric isomers of fla, GMg, C,Al, and GSi there

is no ring critical point, and, together with the-C bond critical
point, only a bond critical point between the heteroatom and
the middle point of the g€unit was found. Therefore these
species are in fact T-shape compounds rather than truly cyclic
molecules. On the other hand, for the nonmetal dicarbigés C
C.S, and GClI the topological analysis of the electronic density

of the Cy,-symmetric species allows to characterize two
individual X—C bond critical points, along with a ring critical
point. These features evidence that these compounds are truly

cyclic species. Nevertheless, we must point out that for cyclic

n Tfable 3 .and takfen Into acfc%unt the Previous theoretlcgl C,P the two P-C bond critical points are rather curved and are
studies carried out for most of these systems, it seems quite|geateq relatively close (and wih(r) values very close to that

safe to conclude that metal dicarbides havg-symmetric

of the ring critical point), indicating that this species is not far

ground states, whereas nonmetal dicarbides have linear (org,, a T-shape description.

slightly bent, as in the case of,Cl) ground states. £5i is at

the borderline between both behaviors, with linear &g
symmetric species lying very close in energy, although the
higher levels of theory confirm that it behaves as the metal
dicarbides.
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From the data shown in Table 4 it can be concluded that the
Na, Mg, and Al linear dicarbides exhibit mainly ionic->C
bonds, since they are characterized by low valuggrf always

(78) Bader, R. F. WChem. Re. 1991, 91, 893.
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Table 4. Summary of Critical Point Data for the Linear and Cyclic Isomers of C,X Species, Using the QCISD/6-311+G(d) Electronic
Density

isomer type Na Mg Al Si P S Cl
linear X—C bond o(r) 0.03199 0.05860 0.09134 0.14618 0.19514 0.24798 0.25018
V2o(r) 0.17623 0.35512 0.45253 0.64993 0.64959 0.29964 —0.48829
—H(r) 0.03969 0.08679 0.13664 0.24574 0.33541 0.38688 0.10636
C—C bond o(r) 0.34775 0.38189 0.36486 0.38210 0.35881 0.34533 0.34728
V2p(r) —0.90098 —1.16399 —1.09206 —1.3115 —1.20394 —1.14156 —1.07232
—H(r) 0.25833 0.27386 0.21290 0.17513 0.15536 0.17938 0.23396
cyclic X—C, bond o(r) 0.02466 0.05399 0.08056 0.11656
V2p(r) 0.14006 0.35605 0.43913 0.42333
—H(r) 0.02977 0.08418 0.12567 0.17108
X—C bond o(r) 0.16192 0.17772 0.13803
V2p(r) 0.24926 0.01311 0.18465
—H(r) 0.21352 0.12295 0.10716
C—C bond o(r) 0.34235 0.36727 0.38247 0.40064 0.35832 0.38044 0.35180
V2p(r) —0.91664 —1.07126 —1.18807 —1.33783 —1.09669 —1.25260 —1.15070
—H(r) 0.21110 0.21867 0.21716 0.21676 0.17059 0.18295 0.13065
Table 5. NBO Atomic Charges at the B3LYP/6-311+G(3df) Level occupied

atomic
isomer charge  Na Mg Al Si P S cl DQO OC’—DO

linear Q(X) 0.935 1.223 1.006 1.109 0.750 0.414 0.248
Q(Cy) —0.859 —1.188 —1.165 —1.300 —0.942 —0.517 —0.264 20, 20, Im,
Q(C,) —0.076 —0.045 0.159 0.191 0.192 0.103 0.016 HOMO
cyclic Q(X) 0.918 1.282 1.086 1.002 0.754 0.470 0.150 virtual
Q(C) —0.459 —0.641 —0.543 —0.501 —0.377 —0.235 —0.075

H
lower than 0.1 au, and positive values of the Laplacian

(compared with the corresponding values ef€bond critical 30,

points, typical of a covalent interaction). Nevertheless, the LUMO

negative (although low) value ®1(r) suggests a small degree Figure 1. Schematic representation of the molecular orbitals for the C
i lecule.

of covalency. On the other hand for lineasGT all parameters "0 core

(relatively largep(r) and a negative Laplacian) are compatible b A(;I_'heoretlgall tl\;:o?el. Itlé\’%u'd b%deti'r?gf to have da S||r:nple
with a standard covalent interaction. Finally for the Si, P, and onding modet that could describe the.compounds. =or

S linear dicarbides the critical points data (relatively lap@g example, the model developed by Dei#zand by Chatt and

0 i : ey
and a positive value d¥p(r)) suggest intermediate interactions. Dunpansorﬁ*, originally dewsed.for metal 0 lefin sy stems, al§9
For the Cy,-symmetric species a similar behavior is generally provides a reasonable explanation for the interaction of transition

- : metals and strained rings, and has been applied in different three-
observed, except in two cases. The most evident casels C o o o ring systenfs:2e An approximation to a theoretical
where now the Laplacian for the-XC bond critical point is gsy ) P

" . . . - . _model for GX compounds can be developed bearing in mind
positive and it seems more appropriate to classify the interaction . . .
A . ; the form of the molecular orbitals of the,@nit, which are
in this case as an intermediate one. The much lower value of . . - : .

. i . schematically depicted in Figure 1. The main relevant interac-

p(r) found in the cyclic isomer (0.13803 au) compared with . . .

. . . . . tions between these orbitals and the corresponding valence
the linear one (0.25018 au) points also in the same direction.

ore ot ar he changes obsered or - Ghen o7 L o e X o sre gt e 2 g
compared with the linear species. For the T-shape isomer the P y

electronic density is lower (0.11656 au, compared with the value sy.mmetrlc interactions. Basically, these |r.1teract|o.ns f:orrespond
. ; . to: (a) charge transfer from an appropriate orbitali(aCs,

of 0.14618 au for the linear isomer), and not much different symmetry,o in linear geometry) from the X atom to the LUMO

from the value observed for8I (0.08056 au), which suggests y y 9 y

that auite likely the interaction could be more broperly classified of the G moiety; the atomic orbital should be either the 3s
as aqilcj)lniclong ! : u properly MeA orpital for Na and Mg, or the 3prbital for the rest of atoms;

] o ] (b) back-donation from the HOMO of theQunit to the
Another clue for analyzing the ionic nature of the bonding corresponding 3p atomic orbital; (c) charge transfer from an

in CoX compounds is provided by the net atomic charges, even occupied atomic p orbital gbin Cp, symmetry,x in linear

though these values should be taken with caution and only aSgeometry) to the €next LUMO, that is the 44 antibonding

tentative indicators. In Table 5 we have collected the atomic pjtal.

charges of the different linear and cycligXCspecies obtained For Na and Mg atoms, with high-lying valence orbitals

through a Natural Bond Orbital (NBO)analysis at the B3LYP/  rg|ative to those of the Lunit, the dominant interaction is the
6-311+G(3df) level. It is clearly seen in Table 5 that for both )
(79) Dewar, M. J. SBull. Soc. Chim. Fr1951 18, C71.

linear and cyclic species containing Na, Mg, Al, and Si the net (80) Chatt, J.: Duncanson, L. A. Chem. Socl953 2939

9)
)
i (81) Bishop, K. C.Chem. Re. 1976 76, 461.
charge at the heteroatom is neatte. In other words one can (82) Cremer, D.; Kraka, E). Am. Chem. S04985 107, 3800,
)
4)

Imtg

see that there is net transfer of one electron from X toward the (83) Cremer, D.; Kraka, EJ. Am. Chem. Sod.985 107, 3811.

i i (84) Grev, R. S.; Schaefer, H. B. Am. Chem. S0d.987, 109, 6577.
C, unit. For the P, S, and Cl compounds it is obser_ved aS (85) Liang, C.. Allen. L. G.J. Am. Chem. Sod991 113 1878,
expected that the net charge at X decreases monotonically. (86) Byun, Y. G.; Saebo, S.; Pittman, C. l.Am. Chem. Sod991, 113, 3689.
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Figure 2. Schematic representation of the main interactions between the
valence orbitals of the X and,@ragments. The coordinate axes are for the
cyclic structures. For linear isomers th@xis corresponds to the molecule
axis.

first one, taking place from the 3s orbital, that is a 3sX)
30¢(Cy) charge transfer (HOMC— LUMO). Back-donation
from G, is rather small due to the high energy of the 3p(X)
orbitals. In any case thend(C,) — 3p(X) interaction forC,
symmetry can take place in this case not only through
overlapping (as represented in Figure 2), but also thramgh
overlapping due to the vacant B)Y) orbital (az symmetry)
which can interact with the in-planeri(C,) orbital. In both

which could interact with the appropriate, orbital (a;
symmetry) of the @unit is half-occupied in the case of Al and
doubly occupied for Si. Therefore, an inversion in the trend
observed for the cyclic-linear energy separation (see Table 3)
is observed at the B3LYP level (and at the HF level, although
the values are not shown in Table 3) fosAT

The higher electronegativity of P, S, and Cl compared with
Na, Mg, Al, and Si makes that 3p(X) 304(C,) charge-transfer
play a somewhat smaller role. This is in part compensated by
the possibility of 3p(X)— 1ry4(Cy) interaction, since now the
appropriate 3p orbitals (the 3p orbitallef symmetry for cyclic
geometries, bothr orbitals inC., symmetry) are either partially
or completely occupied. Of courser{C,) — 3p(X) back-
donation is now also more favorable because the energy gap
between both sets of orbitals has narrowed as compared with
the situation for the more electropositive atoms. Therefore the
general view is an enhancement of peripheralC(bonding in
C,, symmetry accompanied by a decreasing electronic density
through the line connecting the X atom with the middle point
of the C-C bond. This is compatible with the previous
observation of truly cyclic structures for,B, GS, and GCI.
Nevertheless the most important feature is that linear structures
are favored since again @, symmetry both 3p orbitals of
symmetry may take part in both interactions. It should be noted
that for the 3p(X)— Lry(Cy) interaction inC,, symmetry one
of thesrg orbitals is ofa, symmetry, and therefore no interaction
with a 3p orbital can be established.

Of course, we have highlighted the main interactions active
in CoX compounds. Nevertheless there are other interactions
that play a somewhat smaller role, but are also worthwhile to
mention. For example, the role of d orbitals is obviously more
important as one moves from sodium to chlorine. In the case
of linear isomers, the d populations of the X atom vary form
0.04 (Na) to 0.12 (CI). For the cyclic isomers, the lowest d
population is also found for sodium (0.04), whereas the highest
one is found for sulfur (0.20).

Let us focus now on some of the geometrical parameters. As
can be seen in Tables 1 and 2, the-©C carbon distances
increase considerably when passing from the more electropos-
itive atoms to the more electronegative ones, and this can be

cases therefore accumulation of electron density takes placeinterpreted in terms of the theoretical model. In those cases

through the line connecting atom X with the middle point of

where there is a low degree ofr{C;) — 3p(X) back-donation

the G moiety, and therefore T-shape structures should be found (€SS electronegative atoms), the-C bond distances are close
for Cy, interaction, in agreement with the previous topological O the corresponding-€C bond length in €(1.247 Aand 1.250

analysis of the electronic density. It is also worth pointing out
that, since this interaction is more favorable €&, symmetry
than for C.., symmetry, the linear isomers are expected to be
less stable than the cyclic ones.

A, respectively, at the B3LYP and QCISD levels), whereas for
those elements where this interaction is relatively high (P, S,
and CI) the C-C distance is considerably increased.

Therefore, this simple picture in terms of interactions between

For atoms such as Al or Si, charge transfer takes place mainlythe orbitals of both fragments, X and,Gs in good agreement

from the 3p orbital. This 3p(X)— 304(C>) interaction is still
the dominant one, althoughzl(C,) — 3p(X) back-donation

with the observations about the molecular structure gk C
compounds. The competition between linear and cyclic arrange-

starts to be significant. As a consequence the main features ofments, the formation of truly cyclic isomers or T-shape
the electronic density are similar to the sodium and magnesiumstructures inCp, symmetry, as well as some basic features of

compounds (T-shape structures are foun@insymmetry), but
some new features appear. For examplg(T;) — 3p(X)

interaction in these cases is more favorable for linear geometries,

the geometrical parameters can be interpreted through this
model.

Detailed Analysis of the Variation of Total Energy and

because there are two different vacant 3p orbitals of appropriateOrbital Energies with the Geometry in C,X Compounds.

o symmetry, whereas in the case ©f, symmetry interaction
can only take place with the 3prbital (b; symmetry), because
the correspondingi@rbital (coming from the 3patomic orbital)

14616 J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004

Despite a simple model might help to understand the basic
features of GX compounds, it would be interesting to have a
detailed knowledge of one of their most important features, that
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Figure 3. Variation of the total energy (in kcal/mol, relative to the linear ]

geometry), computed at the B3LYP/6-3&G(3df) level, for the different
CoX compounds with the anglef between the line connecting the X atom
and the middle point of the-€C bond. The curve denoted Si(B) corresponds

to the B3LYP level, whereas Si(C) has been obtained at the CCSD(T)/6- g ; ;
311+G(3d) level on the B3LYP geometries, S(1) and S(3) denote e C a smoother variation in the energy. This result suggests that

singlet and triplet, respectively, curves. the linear SICC species should not be considered as a true
minimum, and also confirms the need for high-order ab initio

is the competition between linear and cyclic isomers. For that methods for a reliable prediction on$l. It is also interesting

reason, we have analyzed the variation of the total energy andto point out that theoolytopism® of C,Si is not only related to

Figure 4. Variation of the molecular orbital energies (a.u.) with the
angle for the GNa system.

the orbital energies with the geometry. the ionic character of the bonding in this molecule, which can
The total energy as a function of the angl® petween the be described as composed offSind G~ fragments. The
line connecting the X atom with the middle point of the-C polytopic character of a molecule was first introduced by
bond for the different € species is shown in Figure 3. In  Clementi et af’ when studying the extremely flat potential
these representations the linear isomer is placeg &t O, surface found in lithium cyanide for the pinwheel motion of
whereas theC,,-symmetric structure corresponds ¢o= 90. Lit around CN. C;Na, GMg, and GAl can be described in a
The curves have been obtained optimizing theGCand X—(C— similar way as X bonded to a € moiety, but only in the
C) distances for various fixeg angles at the B3LYP/6-3H#G- case of GSi the flatness is so extreme. It seems that this is due

(3df) level of theory. In the case of sulfur, we show the curves to the limiting character of silicon, since the ionic character of
obtained for the singlet and triplet states, which are denoted asthe bonding tends to favor the cyclic species but also covalent
S(1) and S(3), respectively. interactions begin to be important. The balance of both trends

It is readily seen that there are basically two different general results in a very flat surface. It is worth noting that theCSi
behaviors. For Na, Mg, and Al systems there is a continuous system has a similar behavior to%:.28
decreasing energy from the linear isomer to @gsymmetric To gain more insight into the bonding in these compounds,
structure, the latter being more stable. This is consistent with we have analyzed the evolution of the molecular orbitals when
the fact that linear isomers have in all these cases an imaginarypassing from the linear to the cyclic arrangements. We show in
frequency, and therefore the linear species is just the transitionFigures 4, 5, and 6 three representative cases of the different
state for the degenerate rearrangement of the T-shape structureypes of behaviors that we have observed, corresponding to
On the other hand for the systems containing P, S, or Cl, the different relative dispositions of the atomic valence orbitals and
linear isomer is the most stable one. Nevertheless ¥ &hd the molecular orbitals of the Qunit: CNa, GSi, and triplet
C.Cl the cyclic species is a true minimum (in agreement with C,S. Na has atomic 3s and 3p orbitals lying much higher than
the frequency analysis), and one can identify in Figure 3 the the molecular orbitals of the Qinit. Therefore, the interactions
location of the corresponding transition states connecting them between the orbitals of both fragments are rather small, and so
with the respective linear isomers. FoiSCa triplet in its ground are the differences in orbital energies between the linear and
state, it can be seen that the energy increases continuously and,,-symmetric arrangements. Nevertheless it can be seen in
the cyclic structure is a transition state. However, this should Figure 4 that the &5a orbital is slightly more stable for the
be considered a somewhat anomalous behavior of the tripletcyclic isomer, as a consequence of the higher overlap between
state of GS. In fact, the curve corresponding to singleSGs the s and porbitals with the G 3oy orbital following aC,,
qualitatively similar to those of £2 and GCI. The cyclic isomer approach compared with the overlap in a linear approach. Of
is a true minimum on the singlet potential surface, and the course the energy difference between the interacting orbitals is
energy difference between the linear and cyclic species lies justvery high and the stabilization is very small. A similar situation
between the corresponding values for the phosphorus andis observed for the interaction between the &pd 3p orbitals
chlorine compounds. with the 1w, set of molecular orbitals. The interaction is also

It is worth noting that GSi is a turning point in this behavior.  rather small, and is somewhat more favorable for the cyclic
In fact, at the B3LYP level, the Si(B) curve, the surface is so arrangement. Consequently, the energies of theada 2h
flat that the representation is almost coincident with the abscissasorbitals are slightly more favorable than their 2ounterparts.
axis (the energy variations are always below 0.3 kcal/mol). The On the other hand, the energy of the-3b, orbital varies only
curve denoted Si(C) has been obtained employing the CCSD-slightly with the ¢ angle. Most of the charge transfer in this
(T)/6-311+G(3df) level at the optimized B3LYP geometries.
It is now observed in the Si(C) curve that its behavior is similar (87) Clementi, E.; Kistenmacher, H.; Popkie, HChem. Physl973 58, 2460.

: X (88) Torrent-Sucarrat, M.; Luis, J. M.; Duran, M.; Sola, 8 Chem. Phys2004
to that found for its Na, Mg, and Al counterparts, although with 120, 10914.
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Figure 5. Variation of the molecular orbital energies (a.u.) with the
angle for the GSi system.
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Figure 6. Variation of the molecular orbital energies (a.u.) with the
angle for the GS system.

between the 3pand 3R orbitals with the I, set of molecular

compound comes from the interaction between the Na 3s orbital orbitals slightly favors the cyclic arrangement. The-&a

(singly occupied) and the Q304 orbital (LUMO). This is the
strongest interaction in principle, since the energy difference

molecular orbital comes from the occupation of the 3oy
orbital, which is stabilized through interaction with the corre-

between them is smaller than in the other cases. This interactionsponding sulfur 3p orbital. Again this interaction is more

is only slightly more favorable for the linear arrangement, and
therefore the 8-7a orbital increases only slightly its energy
when passing from the linear to tl@&,-symmetric geometry.
The overall balance from Figure 4 is that the cyclic (in fact
T-shape) isomer is favored.

For silicon dicarbide (Figure 5) the stabilization of the 5a
molecular orbital is higher than in the case oiNa, because
the 3s orbital of silicon is closer in energy to the Zo orbital.
Nevertheless, the main difference with the sodium dicarbide is
that the silicon 3s orbital now lies very close to thg, ®rbital
of Cy, and therefore in linear geometry they may combine to
form two molecular orbitals (7 and &). On the other hand, in
Cy,-symmetry the silicon 3s orbitala{ symmetry) cannot
interact with the 2, orbital of G, (b, symmetry), and combines
with one of the I, orbitals. The result is obviously thatis
more stable than 6abut & is less stable than its 3bounterpart
(which remains virtually at an energy quite close to that of the
20, orbital). For GSi again the interaction between the, 3pd
3px orbitals with the ir,, set of molecular orbitals slightly favors
the cyclic arrangement. Finally, as in the case gNI& there is
also a large amount of charge transfer from silicon toward the
C, moiety through the interaction of the 3prbital with the

favorable for the linear geometry and therefore the energy is
higher for the cyclic arrangement. Incidentally, it should be
stressed that occupation of this orbital implies a certain amount
of charge transfer from sulfur toward the Gnit. The singly
occupied 3p orbital (resulting from the 3plz, antibonding
combination) follows the opposite pattern than itg 2bunter-
part, and slightly favors the cyclic geometry. Finally, the second
singly occupied 4porbital (essentially of 3p20, antibonding
character) is slightly more favorable for the cyclic geometry,
that is just the opposite behavior to its bonding partner. 3b
The overall balance is that the linear geometry has lower
molecular orbital energies in this case.

Of course, the preceding discussion only refers to the
molecular orbital energies. There are other factors that should
be taken into account in order to obtain a conclusion about the
preferred arrangement for,X compounds. One of the most
important is of course the electron correlation energy. We have
computed the correlation energy as the difference between the
CCSD(T)/6-313%G(3df) and the HF/6-31£G(3df) electronic
energies. The differences between the correlation energies of
the linear and cyclic & species are given in Table 3 (a positive
value means that the correlation energy is higher for the cyclic

3o, orbital (in the schematic representation we have consideredisomer). It is usually assumed that electron correlation tends to

that GSi correlates with S1S) + Cy(1Z4"), but a similar
conclusion is reached considering triplet silicon and triplgt C
Again this interaction is only slightly more favorable for the
linear arrangement. The overall result fogSCis that, due to
the opposite variations with the angle of the orbital energies,
the cyclic arrangement seems to be only slightly favored.

In the case of €S (Figure 6) the interaction between the
atomic 3s orbital and the L2y orbital is stronger, since they
lie relatively close in energy, and they combine to form the 5a
and 6a orbitals in C;, symmetry (& and % for linear
geometry). Since this is a four-electron interaction the result is
destabilizing. The overlap is higher for cyclic geometries and
therefore the 6-5a orbital lowers its energy with increasing
angle, whereas for thes#6g; orbital the trend is obviously the
opposite. In summary this interaction favors the linear geometry.
The sulfur 3p orbital and the € 20, are also not too far in
energy and may combine to give a3fbital. Since the overlap
between these two orbitals is more favorable in linear geom-
etries, the result is that the Bbrbital increases its energy with
the ¢ angle. As for the other dicarbides, again the interaction

14618 J. AM. CHEM. SOC. = VOL. 126, NO. 44, 2004

favor cyclic isomers over open-chain ones. The results provided
in Table 3 show that this is certainly right for truly cyclic
species, such as;B, GS, or GCI, but not necessarily for
T-shape compounds. In the cases oN& and GSi electron
correlation favors th€,,-symmetric species, but for,lg and
C,Al the linear isomer is favored. This is particularly evident
for C,Mg.

Finally, it would be convenient to have some knowledge about
the stability of the different second-row dicarbides. The dis-
sociation energies for &Z compounds are shown in Table 6.
Dissociation energies have been computed for ¢ € X +
C, process at the CCSD(T) level including ZPVE corrections.
For GSi, GP, and singlet ¢S, we have considered the
dissociation into the corresponding ground state of the X atom
(P, *S, and®P, respectively, for Si, P, and S) and the lowest-
lying triplet state {I1,) of the G unit. In all other cases, the
dissociation process leads to the singlet ground state.oft@
general trend observed in Table 6 is that the dissociation energies
increase from both extreme atoms (Na and Cl), to the center of
the second-row (Si), where the different interactions between
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Table 6. Dissociation Energies (in kcal/mol) for the Co2X — X + Cz has been paid to the competition between linear and cyclic
Eg‘;ﬁee;?ffﬁsit the CCSD(T) Level of Theory Including ZPVE isomers. In agreement with previous studies it is found that
- C.,Na, GMg, and GAI clearly preferred asz,-sym.metric
ox o s grranggment, whereas fopl&; GS, and GCl the linear |§omer
is predicted to be the ground statexSCrepresents a limiting
gzuz gg:éi sz.g? case, and th€,,-symmetric isomer is found to lie just about
CAI 101.11 116.09 3.8 kcal/mol below the linear isomer at the most reliable level
CoSi 144.08 147.88 of theory employed. A topological analysis of the electronic
gig(lP %&g_'gg 11(())3.822 density has revealed that fopa, GMg, C,Al, and GSi the
CoS(3F 118.68 87.18 Cy,-symmetric isomer corresponds in fact to a T-shape structure,
CCl 85.56 55.24 whereas for @P, GS, and GCl it is a truly cyclic structure

aThe calculations have been made considering the lowest-lying eIectronicWIth peripheral X-C bO“P'S- The _ma'n features_ of these
state of the X atom and the corresponding €fate of the correct spin ~ compounds have been rationalized in terms of a simple model

multiplicity (°T1, for C,Si, 2P, and Singlet €5; %2 for the rest of systems). 4t incorporates the most relevant interactions between the
b Singlet state® Triplet state. .
valence orbitals of both fragments, the X atom and the C

the valence orbitals of the heteroatom anda@e relevant. In molecule. A detailed analysis of the variations of both total
any case, it can be seen in Table 6 that alk @round states energies and orbital energies for second-row dicarbides with
(cyclic for G;Na, GMg, CAl, and GSi; linear for GP, GS, the angle between X and the middle point of the € bond

and GCI) have relatively high dissociation energies, the smallest has been carried out. This study allows a deeper knowledge of
one being 85.56 kcal/mol for linear,Cl. The largest dissocia-  the factors governing the linear-cyclic competition in these
tion energy (147.88 kcal/mol) is found for cyclic8l, a value  compounds. It is hoped that this study could help understanding
which is not far from previous estimates, bearing in mind the the behavior of other small heteroatom-doped carbon clusters.
intrinsic difficulties for estimating the energetics of$E through
theoretical calculation® Nielsen et af® obtained a theoretical
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