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Small Carbon Clusters Doped with Early Transition Metals: A Theoretical Study of ScG,,
ScG*, and ScG,~ (n = 1—-8) Open-Chain Clusters
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A theoretical study of the SGCScG™*, and ScG (n = 1—-8) open-chain clusters has been carried out.
Predictions for their electronic energies, rotational constants, dipole moments and vibrational frequencies
have been made using the B3LYP method with different basis set including effective core potentials, ECPs.
For the Sc@ open-chain clusters the lowest-lying states correspond to quartet state®ddr members,
whereas fon-even species the ground state is found to be a doublet. In the cationic and anionic species, the
electronic ground state is found to be a singlet for ewemd a triplet for oddh. An even-odd parity effect
(n-even clusters being more stable thandd ones) is observed in neutral and charged clusters. lonization
energies and electron affinities also exhibit a clear parity alternation trendnsweitlen clusters having higher
values tham-odd ones.

Introduction calculations on transition metals clusters, such as,,*C
LaC,,1012 NbC,,12 PdG*, PtG",*15 or CrG,' have been
performed. Recently, we have carried out a theoretical study of
the CaG, CaG™", and CaG™ (n = 1-8) species’18 In the
periodic table scandium is located after calcium atom, making
ScG, and ScG* systems isoelectronic with CaCand CaG
systems, respectively, and therefore, it appears to be interesting
to compare the results of both systems. To the best of our
knowledge, theoretical studies of scandium-carbides have been

The study of the structure and properties of transition-metal
carbides is one of the most interesting subjects of study in the
last years. Carbon interacts with transition metals in different
ways. Early transition metals have been found to form stable
gas-phase metakarbon clusters ions, known as metallocarbo-
hedrene$met-cars’, with a MgCy,™ steichiometry:~> Transition
metals can also be incorporated into the carbon cage to form

networked metallofullerene$.On the other hand, late transi- performed at different levels of theory only for SEC2!

tion metals are catalysts for carbon nanotubes formatioil ScG,22-%4 and ScG?systems. In the present work we provide

e e apeg e LT 9% teoretical sy of he SGCSCGy' and Se& (1= 1-9)
open-chain clusters, reporting their equilibrium structures and

e o . o e e SOTe SPECIOSCOPI dta.Because o he presence of 4 el
transition metals and carbon, which dictate what type of in the scandium atom the.number Qf Iow-lyl.ng electronic stat.es
structures is formed Therefor’e theoretical investigations of nereases for these species, a_md information on the Iow-Iylr_lg

: ’ electronic states provided in this work could be helpful for their

?nn;?allll Cf;rbboonnCilgf;f;it;rﬁsvev%iléiegjrletoirgb;ar't';r']?f?]rorp?noln (t)(? eventual experimental detection. In addition, the systematic
' P y behavior for their stability, ionization energy, and electron

understand the growth mechanisms of the various mesbon affinity will be discussed. The present work is restricted to open-

nﬁnomatlerlals bqt also to obtalln insight into their physical and chain structures. Nevertheless, we should point out that cyclic
chemica properties in general. . ., . structures may be important for S¢€usters, as has been found

It is well-known that linear and cyclic structures coexist in in previous works on Sc2-24 and ScG2425 where a cyclic
pure carbon clustefsThe addition of a_foreign atom to small jsomer has be predicted as the grouna state. However, we are
carbon (_:Iusters can lead to changes in both th? geometry an urrently carrying out a systematic study of cyclic Gollisters
electronic properties of the_se systems. In this respect, thein order to identify possible systematic behaviors, as well as to
knowledge about the behavior of binary carbon clusters as 3discuss the competitions between open-chain and cyclic struc-

function of the size of the cluster will allow the identification
. X . tures for the ground state of SgCScG,t and ScG~ systems.
of possible systematic trends, which could help one understand g Sk y

the structure of these systems and could be useful to makecomputational Methods

extrapolations for some properties (stability, ionization energy, ] ]

..) and therefore predictions for larger clusters. Whereas pure W€ have employed the same theoretical approach than in our
carbon clusters and heteroatom-doped carbon clusters containiné’reV'OUSGEEUd'eS. on second-row heteroatom-doped carbon
first- and second-row elements have been extensively studiedclusters;®"*° and in particular in our previous works on GaC

by theoretical methods, only a few works are devoted to the System:"*8Therefore, all our calculations have been made using

study of transition-metal-doped carbon clusters. In the last yearsthe density functional theory (DFT). In particular, we selected
the B3LYP exchange-correlation functiof&F?which has been

*To whom correspondence should be addressed. E-mail: Widely applied to the study of many medium-sized heteroatom-
predondo@qf.uva.es. Fax: 34-983-423013. doped carbon clusters, providing structures in good agreement
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with the experimental resul& This consists of the LeeYang— TABLE 1: Electronic Energies, [$?0Values, Binding
ParB4 correlation functional in conjunction with a hybrid Energies (for the Ground States), Dipole Moments, and

: : ; Relative Energies for Linear ScG, Clusters with the B3LYP/
exchange functional first proposed by BeéRdhe latter is a 6-311+G(d) (First Line), B3LYP/LAN-6(d) (Second Line),

linear combination of local density approximation, Becke's and B3LYP/LAN-6-+(d) (Third Line) Methods
gradient correctioR® and the HartreeFock exchange energy somer state —E (au) [F0 BE(eV) u(D) AE (kealmol?)

based on KohaSham orbital$’

Computations are performed using five different basis set. S¢C n 732-332%33 i;ggg g'gg %g’g
First, as in our previous works we employed both the triple 84335538 1.7799 391 591
split-valence d-polarized 6-311G(d) basis set (the Wactiters 41 798.592960 3.7626  3.09  3.90 0.00
and Hay® with the scaling factor of Ragavachari and Trutks 84.336110 3.7661 3.18 3.74 0.00
is used for scandium and the conventional 6-311G(d) bagfs set < . 8223%?)32% g-;g‘é; ﬁﬁ 35;-882 %-%%
for carbon atoms), and the 6-311@l) basis set, which also G 122491907 07541 1124 855 0.00
includes diffuse functi.on_s. The use of effective core potential 122.497550 0.7540 11.32  8.90 0.00
methods for the description of clusters reduces significantly the 4\ 836.700047 3.7679 4.12 31.82
computational time. In particular, we selected Los Alamos ECP 122.444929 3.7684 3.92 29.39
plus DZ, LanL2DZ42-44 Finally we employed two mixed basis s %A égi';‘ggégg ﬂggi g'ég iggg
set formed by the LanL.2DZ for scandium atom in conjunction 160.528775 1.1795 8.67 11.89
to the 6-311G(d) or the 6-311G(d) basis set for carbon atom, 160.536187 1.1715 9.13 12.16
denoted as LAN-6(d) and LAN-B(d), respectively. 4T 874.807391 3.7745 16.45  9.43 0.00

An analysis of the harmonic vibrational frequencies was igg'gggigé 2;;3? ig'gg g'gj 8'88
carried_out f_or all structures. This allows an estimate of the zero- g,  2x 912026424 07553 2341 12.96 0.00
point vibrational energy (ZPVE) correction for each structure, 198.666456 0.7562 23.52 1251 0.00
as well as to assess the nature of the stationary points and 198.674380 0.7565 23.58 12.97 0.00
therefore to characterize if they are true minima on the respective I 912.887206 3.7640 9.01 23.88

otential surface 198.630266 3.7637 8.66 21.85
P e o _ _ 198.637583 3.7636 9.10 22.49

All calculations reported in this work were carried out with  scG,  2A  950.97568 1.2527 12.09 9.42

the Gaussian-98 program packdge. 236.717050 1.2739 11.73 8.74
236.725214 1.2723 12.25 9.01
. : 4 050.991431 3.7936 28.94 12.96 0.00
Results and Discussion 236.731782 3.7939 29.08 12.30 0.00
We have studied different linear or quasi-linear isomers with 5 236.740307 3.7943  29.14  12.83 0.00
; . a0 ScG 2= 989.101299 0.7592 35.64 16.63 0.00
the scar}dlum sited at the.end.of position. We have a}lso made 274.840990 0.7607 35.76 16.03 0.00
explorations of other possible isomers with the scandium in an 274.849640 0.7613 35.81 16.63 0.00
intermediate position, but are not presented here since they lie ‘1 989.071222 3.7724 11.16 18.03
higher in energy, according to the fact that aCbond is much 274.813831 3.7723 10.70 15.85
. ) 274.821713 3.7721 11.24 16.50

stronger than a SeC one. In this work we only provide
geometri_cal parameters and other properties, su_ch as vibratior_1a| ScG  2A  1027.159269 1.3245 14.96 7.55
frequencies or dipole moments, computed with three basis 312.900131 1.3501 14.52 6.70
sets: 6-31%G(d), LAN-6(d), and LAN-6+(d). The results 312908826 1.3493 15.13 7.06
calculated with both 6-311G(d) and LanL2DZ basis sets can > 1027172024 38127 41.33  16.39 0.00
. ; X 312.911902 3.8133 41.46 15.62 0.00
be available upon request. In general, bond distances differences 312.920847 3.8139 4151 16.25 0.00
between 6-311G(d) results and 6-311G(d) or LanL2DZ ones  ScG 25 1065.277018 0.7647 47.95 20.23 0.00
are between 0.01 and 0.02 A. However, we include results of 351.016395 0.7671 47.97 19.49 0.00
properties, such as relative stability or ionization energies . 351.025542 0.7683 48.12 20.19 0.00

Iculated with the five basis sets in order to analyze systematic Tl 1065253020 3.7802 13.12 1558
ca yze sy 350.995182 3.7802 12.56 11.55
trends. 351.003673 3.7798 13.20 12.08

ScG, Open-Chain Clusters.We have studied different open-
chain isomers on both the doublet and quartet Sa@ential clusters, the employment of effective core potentials, in

surfaces. In Table 1, we provide the electronic enerdf#) particular LanL2DZ, for the scandium atom gives similar results
expectation values, dipole moments, binding energies, andto the obtained with the 6-3#G(d) basis set. Another general
relative energies at the B3LYP/6-31G(d), B3LYP/LAN-6(d), comment that we should make is that all reported structures
and B3LYP/LAN-6+(d) levels of theory, for the lowest-lying  correspond to true minima on their respective potential surfaces
open-chain Scf species on both potential surfaces. These (as can be seen in Table S1), with the only exception of the
molecular properties might be helpful in an experimental search ScG system. In this case the lowest-lying doublet and quartet
for these species. In addition, in Figure 1 the optimized isomers correspond, in fact, to saddle points on their respective
geometries for the most stable structures are shown. Resultgotential surfaces (corresponding to the transition state for the
for the computed harmonic vibrational frequencies and rotational degenerate rearrangement of the cyclic isomer).
constants are given as Supporting Information in Table S1. Theoretical studies of diatomic carbide, ScC, have previously
As can be seen in Figure 1, the three basis set consideredoeen reported at different levels of thedfy?! The most
lead to very similar equilibrium geometries. Furthermore, other complete study of this system is that carried out by Kalemos et
properties, such as vibrational frequencies, dipole moments oral.2° where they have studied nine molecular states of ScC
relative energies, computed with the three basis sets are alsawithin an energy range about 1 eV by ab initio multireference
very close for all the species, especially the calculated with the method (MRCI). The ground state has been determined to be
6-311-G(d) and LAN-6+(d) basis sets which are virtually  2IT and the first excited statélI, being 1.2 kcal/mol higher in
coincident. Therefore, it can be concluded that, for neutra,ScC energy. In this study, they pointed out the difficulty to identify
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Figure 1. Equilibrium geometries of Sg@inear clusters at the B3LYP/
6-3114+G(d), BALYP/LAN-6(d) (in parentheses) and B3YP/LAN-6

Redondo et al.

and B3LYP levels using relativistic effective core potentials.
The B3LYP results agree with our own results in the prediction
of a2A as the lowest-lying doublet state, but CASSCF predicts
a2l as the most stable one. We have found #&h&ties 6.89
kcal/mol above the?A state. Nevertheless, according to our
results (see Table 1) for this systerfSastate could be predicted
as the ground state.

Itis readily seen in Table 1 that Sg€lusters show a clearly
alternation in stability between doublet and quartet states.
Neutral clusters witm-odd have quartet ground states, whereas
n-even neutral clusters present doublet ground staté®ihg
the number of carbon atoms). The doublet-quartet energy
difference is large fon-even, and in both cases-éven and
n-odd species) it decreases withwith the only exception being
ScC, where the behavior is different since carbon is only bonded
to scandium. This alternation between doublet and quartet states
for ScG, clusters can be related to their electronic configuration.
Neutral scandium-doped carbon clusters hawet43 valence
electrons, and the corresponding electronic configurations can
be generalized as

{corg 102...1714...(2)714(n +2)s' n-even clusters

n+ 1) “(n+ 2)0* n-odd clusters

{corg 102...1314...(7 s
except for ScC:{coreg 106220217330
Thus, the Scgclusters contain2+ 3 valenceo-electrons
and 2 valences-electrons, with the only exception of the

(d) (in brackets) levels of theory. Distances are given in angstroms. Smallest member, ScCn2t 2 of the totalo-electrons fully

occupyn + 1 orbitals, and the valence-electron remaining

the ground state due to the complexity, and the near degeneracyead to a half-filledo-orbital, (1 + 2)o®. For the species with
of their first four states. Our results predict two doublet states, evenn, the 2h valencer-electrons constitute a closed shell and
°IT and?Z, very close in energy (energy differences are 0.39, the configurations result iA= electronic states. However, for

—2.52, and—1.48 kcal/mol at the B3LYP/6-311G(d), B3LYP/
LAN-6(d), and B3LYP/LAN-6t(d) levels, respectively), and
the ground state is predicted to be #ig lying only 1.53 kcal/
mol lower in energy than théll state (see Table 1). These

the clusters with odd, two of the 21 z-electrons are distributed
over a pair of degenerate-orbitals, corresponding to a half-
filled m-orbital, ((n + 1)/2)7% so that the lowest energy state
of this configuration is*=. For n-odd clusters this electronic

discrepancies can be attributed to the multiconfigurational configuration also results in the lowest-lying doublet state,
character of théIl wave function and the fact that correlation \whereas in the case ofeven clusters the lowest-lying quartet
energy favors doublet states over quartet ones. More recently,state is obtained upom/2)7z* — (n + 3)o or 15 promotion.
Gutsev el aPlin their study on the similarities and differences This fact is consistent with the larger doublet quartet energy
in the structure of 3d-metal monocarbides provide results for differences (in absolute values) found feeven clusters. It is
ScC on the doublet surface, using different DFT methods, that interesting to comment that in the case of the isoelectronic
are similar to those shown in this study. CaG,~ species, the same lowest-lying electronic states have been
According to previous studies of Sg€ysten?223which have obtainedt?
been carried out at the MP2, MP4, CASSCF and MRSDCI|  As can be seen in Figure 1, the Sc€usters withn-even
levels, in the case of ref 22, and using local and non local spin present smaller SeC distances (1.906 A for Se@o 1.935 A
density functional theories in ref 23, doublet states are most for ScG) than these withn-odd ones (1.973A for ScCto
stable that quartet ones, and linear structures on the doublet] 967A to ScG). The G-C bond distances are all in the range
potential surfaces correspond to transition states. In addition, 1.25-1.31A, and can be assimilated to moderately strong double
we have also performed a calculation at the QCISD level with honds typical of cumulene structures. Nevertheless, it can be
different basis sets for tH& state of Scg and the results agree  observed a clear alternation in the-C bond distances, dg—
in that the linear geometry corresponds to the transition state C,,.,being shorter than &ei—Cogs SUggesting that there is some
for the cyclic rearrangement. The most stable quaitetshown poliacetylenic character in these compounds.
in Table 1, also corresponds to a saddle point at the B3LYP  |n the case of-even ScG clusters the unpaired electron is
level. MP2 results show that this state corresponds to a truemainly located at the scandium atom and the dominant valence
minimum on the quartet surface, whereas at the QCISD level structure contributing to their description could be summarized
this isomer corresponds to a transition state as in the case ofgg
B3LYP results. However, we have located a quasi-linear

structure,*A’, lying about 4 kcal/mol abovéA, that is a true
minima. This minimum can be related to %" state provided
by Jackson et &8 in their study of Sca

Finally, the linear isomer of Se¢Csystem on the doublet
surface has been studied by Roszak a#®aht the CASSCF

‘Sc=C(=C),_,—~C: n-even clusters

Forn-odd Sc@ clusters ( = 3), the spin density for scandium
atom is found to be close to 1.7eand the rest of the spin
density is distributed among the odd carbon atoms, mainly at
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Figure 2. Incremental binding energies (eV) for the SdiDear clusters vs the number of carbon atoms.

the terminal one. Consequently, the valence structures contribut-more stable than-odd ones. This parity effect can be attributed
ing to the description of these clusters can be depicted as  to the number of available valence electrons. As we pointed
out before, the Sc{xlusters contain2+ 3 valences-electrons

'Sc—(CEC)(n_l),Z—C: and 2 valencer-electrons. The occupation of tlveorbitals is
. . the same forn-even andn-odd, and therefore the stability
"Sc—C(=C), ,=C: n-odd clusters alternation is associated with the number of availablelec-
. . N trons. Fom-even, the 8 valencer-electrons fully populate/2
Sc=C(—C=C)(,_5,,—C=C zr-orbitals, resulting in ar electronic configuration, whereas

. . ) for odd n the highest occupied molecular orbital withsym-
The population analysis shows that the-Szbond has ahigh ey is half-filled, resulting in ar? electronic configuration.

lonic character, as has been discussed in previous Wofks.  agiitis well-known, the fully filledz-orbitals are energetically
There is a substantial charge transfer from scandium to the y,ch more stable than the half-filledorbitals, and therefore,
carbon chain, although this is in part compensated by a certain,_oven clusters are more stable than the adjanestd ones.
degree of p — d. back-donation. This delocalization of the The isoelectronic CaC clusterd’ exhibit a rather similar

electrons toward the scandium atom contributes to the linearity behavior, and in both systems the incremental binding energies

of th;se Sﬁ)eugs.blrgwfaec;b gzse pgil(t;vg% chargt(aj. be?rlng thedifference decrease monotonically when the number of carbon
scandium atom IS betweeno.bo an -ou, according to our - 44ms - increase. This shows that the parity effect is less

g ; 9 ScG," Open-Chain Clusters. The molecular properties

dipole moments are found for the ground states and this might . . . .
help in their possible detection. In Table 1, we can see that the(absolute afnd rﬁla':lve enelrg|e§,g§p(|actat|prl1 valuzs, apd dipole
dipole moments increase with the number of carbon atoms. g?rgigi)ooga-ihgmeilt;gg?ssg;g eti’vtgrllo ient ?’gblgu;ta}hséizz
To discuss the relative stability of the Sg€lusters with th P di ibrational f givel d rot t | i
different sizes, we will employ, as we made in previous € corresponding vibrational frequencies and rotational con
works171826-30 the concept of incremental binding energy. star!tfs are mt;luded as Supportlng Information in Table S2. In
Pascoli and Lavend§ suggested that this magnitude could be addition, in Figure 3 the geometrical parameters for the ground
useful for studying this kind of compounds. In our case, the ;tates are sh_oyvn. I_n gen_eral, al th_e structures reported in Table
incremental binding energy is defined as the change in energy are true minima in their respective potential energy surface,
associated with the process: ywth the only exception of the singlet state of StQNhlch,.as
in the case of neutral system, corresponds to the transition state
ScG,—ScG_,+C (1) of cyclic rearrangement (see Table 2S). The same behavior was
found employing wave function-based methods. As can be seen
and can be computed as the consecutive binding energyin Table 2, spin-contamination does not seem a problem for
differences between adjacent Sc&d ScG-; clusters. studying Sc@' state with the B3LYP method, because TH#J
In Figure 2, the incremental binding energies for the different values of the wave functions are relatively close to the pure
neutral Sc@ clusters calculated with the five basis sets are spin values. The results computed with the different basis sets
shown as a function of the number of carbon atoms. It is readily show the same behavior than for the neutral clusters.
seen in Figure 2 that we obtain a similar behavior with the  Only the first member of the series, SgChas been
different basis sets employed in this work, and the results are theoretically studied?2! Kerkines and Mavridi¥ found that
virtually the same with the only exception of LanL2DZ basis the ground state of ScCis a®IT and the lowest-lying singlet
set where incremental binding energies are systematically lowerand quintet states correspond té&aand®A symmetry and are
along the series (about0.5 eV). The same trends are found in located 14.9 and 12.7 kcal/mol, respectively, above the ground
the computed incremental binding energies with the different state, computed at the MRCGt Davison correction level of
basis sets for S and ScG™ clusters. From Figure 2 we can  theory. As shown in Table 2, our results for the Sc&ystem
see that there is an evendd alternationn-even clusters being  at the B3LYP level of theory predict the same order for the
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TABLE 2: Electronic Energies, [$?(IValues, Binding
Energies (for the Ground States), Dipole Moments, and
Relative Energies for Linear ScG," Clusters with the
B3LYP/6-311+G(d) (First Line), B3LYP/LAN-6(d) (Second
Line), and B3LYP/LAN-6 +(d) (Third Line) Methods

isomer state —E (au) [0 BE(eV) u (D) AE (kcal mol?)
ScCt ¥ 798.327970 4.88 17.98
84.073551 4.87 17.65

84.075825 4.78 17.59

S[I  798.356346 2.0343 322 5.62 0.00
84.101355 2.0439 3.65 5.60 0.00

84.103560 2.0404 3.67 555 0.00

SA  798.341232 6.0027 5.28 9.27
84.088543 6.0024 5.33 7.84

84.089688 6.0025 5.29 8.49

ScGt ¥ 836.487119 10.56 10.25 0.00
122.232676 11.04 9.85 0.00

122.235401 11.04 10.04 0.00

SA  836.462604 2.0256 7.66 15.63
122.211028 2.0256 7.48 13.80

122.212575 2.0255 7.57 14.59

5A  836.360015 6.0148 2.82 79.56
122.106858 6.0141 3.33 78.96

122.110083 6.0143 3.30 78.35

ScG" A 874.532387 12.06 15.09
160.278283 11.69 15.56

160.252259 11.91 15.54

SY  874.556397 2.0316 16.19 11.88 0.00
160.303061 2.0330 16.74 11.47 0.00

160.306977 2.0328 16.73 11.69 0.00

SA  874.506994 6.0647 8.06 31.07
160.255581 6.0638 7.89 29.94

160.257811 6.0641 7.98 30.93

ScCt ¥ 912.663941 22.84 15.09 0.00
198.408866 23.38 14.53 0.00

198.413332 23.35 14.85 0.00

SA’ 912.641079 2.0435 13.80 13.57
198.388471 2.0464 13.43 11.50

198.391701 2.0438 13.78 12.26

SIT  912.574810 6.0299 8.12 54.24
198.320791 6.0290 8.73 53.89

198.325559 6.0294 8.29 53.67

ScGt A 950.721015 16.66 12.86
236.466280 16.14 13.29

236.471170 16.49 13.29

S¥  950.741416 2.0613 28.72 16.29 0.00
236.487496 2.0643 29.33 15.74 0.00

236.492294 2.0638 29.25 16.08 0.00

SA  950.696814 6.1163 11.28 27.66
236.445051 6.1154 11.06 26.47

236.447943 6.1157 11.20 27.38

ScG = 988.842194 35.16 19.48 0.00
274.586882 25.79 18.76 0.00

274.592046 25.67 19.21 0.00

SA’  088.828125 2.0374 18.52 7.73
274.574693 2.0462 18.20 6.75

274.579000 2.0378 18.68 6.95

SIT  988.776360 6.0447 11.48 39.46
274521578 6.0436 12.20 40.80

274.526998 6.0441 11.71 39.64

ScG*t A 1026.905763 21.10 11.50
1A' 312.650443 20.45 11.70
312.655930 20.92 11.91

S¥  1026.923833 2.0929 41.15 20.52 0.00
312.669338 2.0979 41.85 19.84 0.00

312.674707 2.0971 41.70 20.31 0.00

SA  1026.883291 6.1634 14.63 24.94
312.631010 6.1626 14.33 23.97

312.634479 6.1629 14.52 24.75

ScG" = 1065.020990 4759 23.69 0.00
A" 350.765377 48.21 22.83 0.00
350.771155 48.02 23.40 0.00

S[1 1065.013104 2.0463 22.56 4.53
350.759056 2.0471 22.69 3.35

350.764060 2.0469 23.11 3.40

STT 1064.970311 6.0584 14.73 30.24
350.714821 6.0572 15.57 33.82

350.720595 6.0574 15.10 29.28
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Figure 3. Equilibrium geometries of Sg€ linear clusters at the
B3LYP/6-311-G(d), B3LYP/LAN-6(d) (in parentheses) and B3YP/
LAN-6+(d) (in brackets) levels of theory. Distances are given in
angstroms.

lowest-lying states. Gustev et &l.in their systematic study of
XC* (X = 3d-metal), also agree in the assignment of the ground
state for ScC€ employing a DFT method. Finally, the binding
energy that we have calculated at the B3LYP/6-8GL(d)
(74.25 kcal/mol) is very close to the experimental value given
by Clemmer et at/(77.0+ 1.4 kcal/mol).

It is generally observed in Table 2 thabdd clusters (except
for ScCt, where the scheme is different since carbon is only
bonded to scandium) have triplet ground states, whereagn
ones present singlet ground states. The energy difference (in
absolute value) between singlet and triplet states decreases
slightly along the series as the corresponding triptgtintet
energy difference fon-odd clusters. However, the singtet
quintet energy difference decreases significantly whein-
creases in the case pfeven cationic clusters. This alternation
in stability between singlet and triplet states in $tClusters
can be related to their electronic configuration. The electronic
configuration for the cationic clusters can be obtained from that
of the neutral by removing an electron from their frontier orbital.
In both casesn-even andh-odd cationic clusters, the electron
is subtracted from then(+ 2)o orbital of the corresponding
neutral system. The electronic configurations for §c€an be
summarized as

{cor&15°.. 17" ..(n + 1)<72(g)n4 n-even clusters

{corg 10®.. 17" ..(n + 1)Oz(n + 1) )

5 7° n-odd clusters
except ScC: {corg 1022¢%175.
There are B + 2 valenceo-electrons and 2 valence

m-electrons. Whem is even, the & sw-electrons fully occupy
(n/2) z-orbital and corresponds to'a state. In the case ofodd
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Figure 4. Incremental binding energies (eV) for the S¢ScG™, and ScG linear clusters vs the number of carbon atoms.

two of thesr-electrons are distributed over a pair of degenerate Compared with the isoelectronic CaClusters, n-even
s-orbitals, leading to a half-filled-orbital and &% electronic clusters have the same ground state, whereakl CaG clusters
state. Singlet states farodd cationic clusters correspond to have a1 ground state corresponding to the electronic config-
the same electronic configuration than triplet states, and the urations'o®. The stabilization of the HOMGr-orbital respect

lowest-lying quintet state is obtained from triplet upon-« to o-orbital in scandium clusters is related to the fact that in
1)o — 16 excitation. In the case a@f-even ScG' clusters, with the m-orbital there is a participation of the 3dype atomic
the only exception of ScC, triplet states havelll ((A’) orbital of scandium atom.

symmetry, and quintet states correspondliosymmetry and The incremental binding energies for the different §cC
are obtained from singlet configuration uponré2jz — (n + ScG/ScG, clusters as a function of the number of carbon

2)o or (W2)r — (n+ 2)o ((n + 2)/2)r promotion, respectively.  atoms calculated at the B3LYP/6-3#G(d) are shown in Figure
The main difference in the geometries with respect to their 4. It is readily seen that there is a clear evexd alternation
neutral counterparts is that the-S€ bond decreases fareven in stability, n-even ScG' clusters being more stable thamdd
ScG" clusters, whereas in the casersbdd cationic clusters  ones. This behavior resembles very much the situation for the
increases slightly. The €C distances have values close to neutral clusters, but with small variations in incremental binding
typical cumulenic structures and some acetylenic character, energies between consecutive species for the cationic clusters.
which is reflected in the alternation of-€C distances, mainly As in the case of neutral SgGystem, this parity effect can be
in n-odd clusters. In the case of thesven cationic clusters the attributed to the number of available valencelectrons, mainly
most important valence structure is a cumulene-type structure:the electron number in-type highest occupied molecular orbital
+ (HOMO). As we pointed out before;even ScG" clusters result
Sc=C(=C), ,=C: n-even clusters in azr# electronic configuration, while far-odd ones the highest
occupiedr-type orbital is half-filled 72 electronic configuration.
Therefore, the fully filledrz-orbitals f-even cationic clusters)
are energetically more stable than the half-filled onesdd
cationic clusters). The addition of an electron in theH 2)o
orbital to give neutral clusters, makes the parity effect larger
for ScG, than in the case of cationic SgCclusters.
ScG,~ Open-Chain Clusters. The main properties for the
lowest-lying singlet, triplet and quintet states of open-chain
ScG,™ clusters are given in Table 3, whereas geometries for

where the short SeC bond lengths can be assigned to a double
bond.

In the case ofh-odd cationic clusters we have found a spin
density for scandium close to 1.0,eand the rest of the spin
density is distributed among the carbon chain, mainly at the
terminal carbon atom, which bears an electron density about
0.5 €. Consequently, the most important valence bond struc-
tures contributing to their description are

+SC—(CEC)(n_l)/2—C: n-odd clusters the gr_ouno_l states are sho_wn in Figure 5.As in previous sections,
the vibrational frequencies and rotational constants for the
+Sc—C(=C)n,2=C: lowest-lying singlet triplet and quintet states of anionic clusters

are given as Supporting Information in Table S3. The effect of
In the ScG* clusters our results of the Mulliken population  employing effective core potentials to describe scandium atoms
analysis show that the scandium atom bears a positive chargeon the geometrical parameters, harmonic frequencies, dipole
in the range+1.30 to+1.45, related to the higher electrone- moments, and binding energies is not particularly important.
gativity of carbon respect to scandium atom. As in the case of Similar results are found in the case of neutral and cationic
neutral systems, dipole moments (taking the center of mass assystems. However, relative energies for anionic clusters are most
the origin) are very high and increase with the number of carbon sensitive to the inclusion of effective core potentials in the basis
atoms. sets, as can be seen in Table 3.
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TABLE 3: Electronic Energies, [$?(1Values, Binding
Energies (for the Ground States), Dipole Moments, and
Relative Energies for Linear ScG,~ Clusters with the
B3LYP/6-311+G(d) (First Line), B3LYP/LAN-6(d) (Second
Line), and B3LYP/LAN-6 +(d) (Third Line) Methods

isomer state —E(au) [0 BE (eV) u (D) AE (kcal mol?)
ScC 1= 798.623556 1.35 9.90
84.366850 0.82 8.90

84.370167 1.62 8.64

ST 798.639176 2.0823 451  0.02 0.00
84.380876 2.1074 439 054 0.00

84.383776 2.1042 4.44  0.09 0.00

ST 798.599991 6.0279 0.28 24.11
84.342362 6.0496 0.97 23.70

84.345151 6.0413 0.00 23.74

ScG™ = 836.823328 13.29 446 0.00
122.561639 13.11  3.59 0.00

122.568535 13.23 463 0.00

SA 836.803568 2.0033 7.75 12.23
122.545716 2.0035 6.39 9.80

122.553456 2.0036 7.75 9.28

ST 836.711341 6.0121 2.09 69.73
122.458205 6.0115 2.01 65.35

122.462449 6.0123 1.80 66.54

ScG™ A 874.856814 3.75 14.58
160.595307 2.76 14.26

160.604086 3.92 14.32

D) 874.879968 2.0283 1859  4.30 0.00
160.617927 2.0276 18.43 3.25 0.00

160.626829 2.0281 1856 4.44 0.00

5A 874.859840 6.0292 8.44 12.47
160.600959 6.0273 7.07 10.49

160.610423 6.0288 8.50 10.01

ScGm = 913.017507 26.05 7.53 0.00
198.753533 2587 6.28 0.00

198.764101 26.01 7.74 0.00

SA 913.004746 2.0034 11.82 7.85
198.744278 2.0038 10.12 5.57

198.755401 2.0035 11.88 5.14

5A 912.918300 6.0149 2.18 61.14
198.664914 6.0072 2.88 54.34

198.673154 6.0073 4.40 55.73

ScG™ A 951.059108 5.97 12.50
236.796284 4.70 12.10

236.806555 6.11 12.46

D) 951.078704 2.0497 3149 6.88 0.00
236.815281 2.0486 31.36 5.53 0.00

236.825826 2.0495 31.48 7.01 0.00

5A 951.065490 6.0567 11.81 8.02
236.805462 6.0511 10.08 5.64

236.816311 6.0532 11.84 5.56

ScG = 989.204586 38.61 10.36 0.00
274.939897 38.46  8.87 0.00

274.951556 38.56 10.55 0.00

SA 989.196525 2.0032 15.43 4.83
274.935320 2.0037 13.49 2.06

274.947250 2.0034 15.43 1.85

5T 989.122662 6.0219 9.07 49.91
274.862848 6.0225 7.15 46.09

274.873119 6.0247 9.18 47.10

ScG~ A 1027.252842 8.13 11.36
312.989275 6.65 10.86

313.000214 8.26 11.03

8¥  1027.270343 2.0725 44.18  9.40 0.00
313.006260 2.0710 44.06 7.84 0.00

313.017497 2.0724 44.12  9.53 0.00

SA 1027.261679 6.0790 15.04 5.04
313.001122 6.0761 13.07 1.87

313.012513 6.0784 15.02 1.74

ScG~ T 1065.389664 51.10 13.14 0.00
351.124577 50.93 11.49 0.00

351.136742 51.02 13.34 0.00

SA  1065. 384835 2.0030 18.85 2.65

351.123277 2.0034 16.76  —0.95

351.135648 2.0031 18.84 —1.04

SIT  1065.319718 6.0394 13.19 41.11
351.058797 6.0408 10.89 37.64

351.072043 6.0125 13.83 36.07
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Figure 5. Equilibrium geometries of ScC linear clusters at the
B3LYP/6-31H-G(d), B3LYP/LAN-6(d) (in parentheses) and B3YP/
LAN-6-+(d) (in brackets) levels of theory. Distances are given in
angstroms.

There are only available theoretical results for lineapSC
and ScG™. In a recent study Hendrickx and Cliffaat the
CASPT?2 level of theory predicted' as the lowest-lying linear
isomer with @A and3IT lying 22.08 and 23.31 kcal/mol above
the singlet state, respectively. We have found the same order
of states, but the energy differences between singlet and triplet
states are lowersA and [T are about 12.23 and 15.85 kcal/
mol, respectively, higher in energy thak at the B3LYP/6-
311+G(d) level). In the case of the SgCsystem, Roszak et
al?®> made a study of the different isomers of this system, but
for the linear structure, they only provide results foilhstate.

We have found that the ground state of the $c@ystem
corresponds to & symmetry. In addition we have also located
the 31 state reported by Roszak et &.but at the B3LYP/6-
311+G(d) level is lying about 13.98 kcal/mol above the ground
state.

From Table 3, it is readily seen that the clusters witbdd
have triplet ground states, whereagven clusters present singlet
ground states. This behavior can be connected with the electronic
configuration. Anionic linear clusters have one more electron
than their corresponding neutrals. The extra electron is incor-
porated to ther( + 2)o orbital of their neutral counterpart.
Consequently, the electronic configurations for linear ScC
clusters can be generalized as

{corg 102...1n4...(2)n4(n + 2)0® n-even clusters

{corg 16%.17%...(n + 2)02(n + 1) 2

5 7° n-odd clusters

except for ScC: {corg 10%20%30%17°.
The electronic distribution fon-odd clusters with a half-
filled z-type valence orbital, results in3x state, whereas the
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Figure 6. lonization energies (IP) and electron affinities (EA), in eV, of S&iGear clusters vs the number of carbon atoms.
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Figure 7. Electron affinities (EA), in eV, of Scglinear clusters vs the number of carbon atoms.

2n valences-electron fully occupy thern{2)x orbital, corre- are rather close and always in the range +.281 A, typical
sponding to &X state for then-even members. It can be also of cumulenic structures. In the casereeven clusters a clear
observed from Table 3, that forodd clusters energy differences alternation in the €C bond distances is observed, with values
of singlet and quintet states respect to triplet one are very similarin the range 1.241.34 A, showing that in this case there is a
and decrease along the series. According to our results, withrelatively high polyacetylenic character. Consequently, the
the only exception of the first member of the series, ScC dominant valence structure contributing to their description
quintet states are always more stable than singlet ones. On theould be summarized as

other hand, quintet states are very high in energynfeven

clusters, however the energy differences between singlet and :Sc—C(=C),_,~C: n-odd clusters

triplet states are smaller and decrease withn fact, for the

last member of the series, S€Csinglet and triplet states are :8¢—(C=C),_,—C=C: n-even clusters

very close in energy, and therefore, both states could be

accessible to experimental detection. The incremental binding energies for ScClusters shown

There are some interesting features on the geometricalin Figure 4, exhibit also a similar behavior to that found for the
parameters for SgC clusters shown in Figure 5. In the first neutral and cationic systems, with-even clusters being
place, the SeC distances for anionic clusters are larger than comparatively much more stable tharodd ones. This parity
that observed for the neutral and cationic counterparts. It is alsoeffect, as in the case of neutral and cationic clusters, can be
worth mentioning that, fon-odd species all €C bond distances  attributed to the electron number intype highest occupied
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molecular orbital (HOMO). A ground state corresponding to a Conclusions
fully occupied set ofz-orbitals ¢r,* singlet state fom-even
ScG,~ clusters) is energetically much more favorable than a s

half-filled set (z?, triplet state forn-odd ScG™ clusters). We 1 0thods. In particular, we have employed the B3LYP method
can also see in Figure 4 that ScClusters show variations in ity five different basis sets. Comparing the results obtained
the incremental binding energies for consecutive member of the it the different basis sets, it can be concluded that inclusion
series higher than their neutral analogues. In anionic clusters, of gjfuse functions in the basis set of scandium atom is relevant
the fact that ther( + 2)o orbital is fully occupied stabilize  for computing molecular properties of this system. On the other
n-even clusters respect to the neutral ones. hand, the utilization of effective core potentials for scandium
lonization Energies and Electron Affinities. The computed atom, in particular LanL2DZ, in conjunction with the 6-3tG-
energies for cationic and anionic Sg€lusters allow one to (d) basis set for carbon atoms, gives results very close to that
estimate the ionization energies (IP) and the electron affinities obtained when we employ the 6-3#G(d) for all the atoms.
(EA) of the different Sc@ clusters. These properties are  All open-chain Scg ScG*, and ScG- clusters have linear
calculated in the adiabatic form, from the total energies of the ground states, with the only exceptions of $e@d ScG* where
neutral and charged species at their optimized geometriesthe linear structures correspond to a transition state. For the
including the zero-point vibrational corrections. In Figure 6, the linear neutral clusters an alternation in stability between doublet
IP values as a function of the number of carbon atoms are and quartet states is founaodd neutral clusters have quartet
depicted. Results for the five basis set employed in this ground statess, whereas-even neutral clusters present doublet

work are included. The corresponding EA results are shown in 9round states?Z. In the case of both cationic and anionic
Figure 7. species, an everndd alternation is also found;odd clusters

It can be readily seen in Figure 6, that linear Scllisters presenting triplet ground Statés (except for ScC and ScC

-~ L . where the ground states &), andn-even ones having singlet
have IPs that exhibit only smooth variations along the series, ones.1s g ) gsing
the IPs values are all around 7 eV. lonization energies show a The relative stability of the different clusters has been

parity alternation trend, witin-even clusters having larger IP. gicyssed employing the concept of incremental binding energy.
This behavior is related to the stability of S¢ScG," clusters. A neytral, cationic, and anionic species exhibit a clear even
As has been pointed out SgClusters present a stronger e¥en o4 parity effect in stabilityn-even clusters being more stable
odd alternation stability effect than SgCones, and this i thann-odd ones. The parity effect is stronger for anionic clusters
reflected in an evenodd alternation effect in IP. When  and less pronounced for cationic ones. This alternation in
comparing the results obtained with the different basis sets, in stability can be explained in terms of the number of their valence
general, we can see that the same behavior has been found. But-electrons. The ionization energies and electron affinities also
taking as reference the results obtained with the most completeexhibit an everodd alternation effect, witm-odd clusters
basis set, 6-31G(d), we can realize that the LAN+§d) basis having both smaller ionization energies and electron affinities
set give similar values along the series, whereas the 6-311G(d)thann-even. It is also shown that the electron affinity increases
and LAN-6(d) are quite different at the first part and at the end along the series.

of the series, respectively. This fact shows the importance of In addition, predictions for several molecular properties of
the inclusion of diffuse functions in the basis set (for carbon the ScG, ScG", and ScG  clusters, such as vibrational
and scandium atoms) for the determination of ionization frequencies, rotational constants, and dipole moments, which
energies. Finally we can see that the LanL.2DZ shows a behaviorcould help in their possible experimental detection, have also
more close to that found for the 6-3tG(d) basis set than the ~ been made.

6-311G(d) and LAN-6(d) basis sets.

A theoretical study of small open-chain S¢GcG™, and
cG~ (n = 1-8) clusters, has been carried out with DFT
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