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CaG, CaG, and CaG (n= 1—-8) monocyclic clusters have been studied using the B3LYP density functional
method. Predictions for several molecular properties that could help in possible experimental characterization,

such as equilibrium geometries, electronic structures, dipole moments, and vibrational frequencies, have been

reported. For the Ca@dnonocyclic clusters, the electronic ground state is found to be a singletdaen
clusters, whereas in the casensbdd, singlet and triplet states are predicted to lie very close in energy. Both
anionic and cationic clusters have doublet ground states, with the only exception ¢f tba€Chas &B;
ground state. An evernodd parity effect, withn-even clusters being more stable thandd ones, is found

for both neutral and anionic species, whereas in the case of cationic species this effect is slight and reversed.

lonization potentials exhibit also a clear parity alternation trend, wigtven clusters having larger values
thann-odd ones. In the case of the electron affinities, a slight variation is found. It is also predicted that all
neutral clusters prefer cyclic arrangements, with cyclic isomers being more favoredefan clusters.
Monocyclic ground states are also predicted for the first members of the series in the case of anionic and
cationic monocyclic clusters.

Introduction extrapolations for some properties (stability, ionization potential,

Considerable interest has been paid in the last years to theetc.) and therefore predictions for larger clusters. As a conse-

structure and properties of small heteroatom-doped carbonduence the systematic study of heteroatom-doped carbon clusters

clusters containing second-row elements. This has been partlycontalnlng second-row elements has received considerable

due to their potential relevance in both solid state chemistry Zﬁf?k?oosr:a ';Jg;inég;ﬁ]rs'\ﬁﬁl ?ﬁert'crﬂaéé%g‘g??:ﬁefgaig';_‘gg”; d
and in gas phase chemistry, particularly in astrochemistry. A 9 prop P

number of binary compounds corresponding to the general carbon clusters containing metallic elements, such,8s€17

18 19 20
formula XG, have been detected in space. Up to date, this family ﬁl((:ann’-chl\:li%cins’om(grsl\l ce)lfc;t]heggJ ifﬁgérlg hr:l\?:tb(;?eieibr?snigetgg In
of molecules includes compounds such as S8&C,?, SiG?, P )

SiCy4 SC5 SG,° SCy7 and PCS and it is expected that, as addition, systematicz:lstudieszzof cyclic igg)mers have also been
structural data for other binary carbides become available, newcarned out for AlG, MQC”’ and NaG ) compounds.
molecules could be detected in the interstellar medium. Some We have recently carried out a theoretical study of the £aC
new candidates of this type include binary compounds contain- clusters considering only open-cham isomers. Nevertheless,
ing metallic elements such as aluminum, magnesium, sodium, Usually these compounds have low-lying cyclic states, and even
or calcium. In fact a number of molecules containing these IN SOmMe cases the ground state is cyclic. Theoretical studies
metals (mainly cyanides and isocyanides) have already beenh@ve shown that Ca€ has a cyclic ground state and that G&C
detected in space .12 Calcium has a similar cosmic abundance has a rhombo_ldal ground state. In addition, a recent theoretical
to aluminum or sodium, and calcium carbides compounds haveStudy for the isovalent Mgg clusters has found that neutral
been proposed as possible carriers of interstellar radioastro-clusters prefer cyclic structures over open-chain isomers,
nomical linest314Nevertheless, no calcium bearing molecules especially for hlgh_n. Therefore, cyclic structures could be
have been observed to date. relevant for these kinds of compounds. In the present work, we
In addition, metal carbides corresponding to the same generalPrésent a theoretical study of the GaCaG,", and CaG™ (n
formula are also relevant in solid-state chemistry, since they = 1—8) monocyclic clusters, to study possible systematic trends
correspond to the basic structural units of potentially interesting In their properties. In addition, the competition between open-
new materials. Substitution of heteroatom into a pure carbon ¢hain and cyclic structures for the ground state of C&aG,",
cluster results in significant changes on the electronic structure,@nd CaG™ clusters will be discussed.
which may eventually be used to elaborate new types of
materials with interesting applications. In this respect, the Computational Methods
knowledge about the behavior of binary carbon clusters as a
function of the size of the cluster will allow the identification
of possible systematic trends, that could help us to understan
the structure of these materials and could be useful to make

We have employed the same theoretical approach than in our

gPrevious studies on heteroatom doped carbon clu8téfsand

in particular in our previous work on Ca@pen-chain clusters.

Therefore, all our calculations have been made using the density
*To whom correspondence should be addressed. E-mail: predondo@ functional theory (DFT), in particular, we selected the B3LYP

gf.uva.es. Fax: 34-983-423013. exchange-correlation function##?” This consists of the Lee
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Yang—Par#®8 correlation functional in conjunction with a hybrid
exchange functional first proposed by Be@R&he latter is a
linear combination of local density approximation, Becke’s
gradient correctiof? and the HartreeFock exchange energy 2519
based on Koh#tSham orbital$! In these calculations, we used A1 2214)
both the triple split-valence d-polarized 6-311G(d) basig?set
and the 6-311&(d) basis set, which has an extra set of diffuse
functions.

The effect of employing high-level theoretical methods and ¢
extension of the basis set on the results of this type of @513
compounds have been analyzed in our previous studies on
CaG?* and CaG® systems. In general, a good agreement
between the results obtained with the B3LYP/6-311G(d) level
and other more expensive theoretical methods is observed. Iny
addition, other authors have shown that the B3LYP method
appears well adapted to medium-sized impurity-containing
carbon-clusterg?

Harmonic vibrational frequencies were computed for all
structures using analytic gradient techniques. These frequencies
were employed to estimate the zero-point vibrational energy
(ZPVE) correction and enable us to check the nature of
stationary points. Other properties, such as dipole moments, 2.4s0
calculated taking the center of mass as origin, or rotational “**®
constants were also computed.

All calculations reported in this work were carried out with
the Gaussian 9&rogram packagé

1.247 1.364
(1.248) (1.383)

1.288 2.355
(1.288) (2.358)

Results and Discussion

CaC,, Monocyclic Clusters.We have searched for different

monocyclic CaG species on bc_)th the singlet and _triplgt surfaces. Figure 1. Equilibrium geometries of Ca@nonocyclic clusters at the
We have also made explorations of other possible isomers (forg3| yp/6.311G(d) and B3LYP/6-314G(d) (in parentheses) levels of
example structures with an exo-cyclic calcium atom) for the theory. Distances are given in angstroms and angles in degrees.

smaller clusters of the series and they were found to lie higher
in energy, and it is expected that for small-size clusters they
will not be competitive. Nevertheless, one of the purposes of

this work is to carry out a systematic study of some properties ¢ ,sters singlet and triplet states are very close in energy, and

as a function of the size of the cluster, and consequently, we .o have found that fan = 3 and 7 the ground state corresponds
should compare isomers of the same type. In Table 1, We 535, | the case of CagaA; state is predicted to lie only
provide the electronic energiesi?lexpectation values, har- ¢ 7 caimol lower in energy than the corresponding triplet one.

monic vibrational frequencies, rotational constants, dipole neyertheless, fon-odd clusters, both states should be quite close
moments, binding energies, and relative energies at the B3LYP/;, energy, and therefore, both could be accessible to experi-

6-311G(d) and B3LYP/6-31G(d) levels of theory for the o045 detection. The effect of cyclation preven CaG linear
lowest-lying cyclic Cag species on the singlet and triplet  o,qters is a destabilization of the triplet states with respect to
potential surfaces. These molecular properties might be helpful ¢ ginglets ones, whereas singlet states lower their energy with
in an experimental search for these species. In addition, in Flgurerespect to triplet states forodd CaG linear clusters. On the

1, the optimized geometries for the most stable structures areqo, hand, the isovalent Mg@yclic clusterd have singlet

shown. ground states (except far= 3), and therefore, the substitution
It can be readily seen in Table 1 that for all cyclic species of magnesium for a calcium atom favors triplet statesnfodd
reported in this work the B3LYP wave functions hal®[  clusters, whereas the effect is the opposite in the casewén
expectation values close to the pure spin values. Therefore, spingnes.
contamination should not be a problem in these cases. It can There are some interesting features of the geometrical
also be seen that all of the reported structures have all of theirparameters for Ca,a:ychc clusters. It can be seen in Figure 1
frequenCies real, thus Confirming that they are true minima on that all C—C bond distances are between the range—]_:]239
the respective potential surface. On the other hand, geometricalA following a pattern that resembles the behavior found in the
parameters, and other properties, such as vibrational frequenciegase of open-chain isome#&with a clear alternation of €C
or dipole moments, computed with both basis sets, 6-311G(d) bond distances (§Gg—Ceven distances shorter thaneei—Coqq
and 6-31#G(d), are virtually coincident for all species. ones). On the other hand, the €@ distances are in general
Therefore, it can be concluded, as in the case of open-chainjonger for the cyclic structures. An analysis of the -@2
isomersZ3 that inclusion of diffuse functions is not essential for  distances shows that there is a sortref/pe interaction between
the description of cyclic CaCstructures. the calcium and the entire carbon unity, except in the case of
As can be seen in Table 1, alleven cyclic clusters have a  CaG where the main interaction is with the terminal carbons.
singlet ground state, and the energy difference between singletFor example, it is clear in CaChat the Ca-C;, Ca—C,, and
and triplet states has a slight tendency to decrease as the numbeZa—Cs; distances (2.492, 2.488, and 2.522 A, at the B3LYP/6-

of carbon atoms increases, except for the first member of the
series (=2), that shows a small difference. Forodd cyclic
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TABLE 1: Electronic Energies, [$?(Values, Vibrational Frequencies, Binding Energies (for the Ground States), Dipole
Moments, Rotational Constants, and Relative Energies for Monocyclic CagClusters with the B3LYP/6-311G(d) (First Line)
and B3LYP/6-311+G(d) (Second Line) Methods

u rotational constants AE,
isomer  state —E(a.u) 520 vibrational frequencies (cm) BE (eV) (D) (GHz) kcal mol?
CaG A, 753.693216 391/554/1827 10.85 10.62  52.706/7.510/6.573 0.00

753.695883 382/551/1823 10.86 11.01  52.673/7.483/6.552 0.00
SA1 753.649432  2.0130  201/381/1859 3.11  53.067/5.821/5.245 27.00
753.651069  2.0134  197/375/1857 3.35 53.052/5.789/5.219 27.65
CaG A, 791.724919 221/408/520/973/1064/1384 13.06  41.676/3.922/3.585 5.04
791.731206 230/405/520/989/1033/1421 13.37  41.483/3.915/3.577 4.39
B, 791.732829  2.0540  322/456/490/613/1224/1411 15.74 10.13  13.107/6.282/4.247 0.00
791.737990  2.0522  315/449/482/609/1223/1427 15.78 10.47  13.094/6.232/4.223 0.00
CaG A, 829.891249 272/329/412/442/480/598/1002/ 23.78 8.60 5.977/5.794/2.942 0.00
1885/2014
829.895595 268/321/406/440/482/597/1002/  23.77 8.81 5.955/5.767/2.930 0.00
1881/2012
SA” 829.813649  2.0110  69/147/220/315/395/524/990/ 3.33 5.423/4.454/2.447 47.16
1698/2004
A, 829.816969  2.0096  52/147/217/317/391/523/987/ 3.50 5.401/4.444/2.438 47.81
1697/2011
CaG A, 867.941408 143/210/304/304/332/370/549/652/29.00 7.36 5.154/3.369/2.037 0.00
901/1328/1777/1845
867.946239 147/205/302/305/331/370/546/649/28.95 7.55 5.128/3.369/2.033 0.00
900/1327/1781/1847
By 867.940818  2.0777  76/232/320/372/380/441/488/601/ 6.49 5.115/3.471/2.068 0.20
923/1408/1599/1756
867.944784  2.0763  61/230/313/366/380/438/485/598/ 6.62 5.105/3.458/2.062 0.70
922/1407/1601/1757
CaG A, 906.071935 119/256/264/295/315/387/418/467/36.29 3.75 4.771/2.246/1.527 0.00
516/577/850/1197/1894/
1996/2101
906.075930 114/255/260/289/313/386/412/468/36.19 3.80 4.768/2.238/1.523 0.00
514/565/849/1197/1893/
1995/2099
B, 906.001469  2.0316  9/134/216/251/409/420/424/542/ 7.32 3.080/2.671/1.430 43.26
550/673/904/1067/
1622/1867/1892
SA” 906.005448  2.0315  35/137/221/252/411/412/420/539/ 7.47 3.032/2.738/1.445 43.29
542/664/902/1071/
1616/1857/1876
CaG A, 944.118476 72/80/101/207/287/336/370/375/ 7.28 2.204/2.007/1.050 3.34
485/502/516/641/899/
1044/1399/1727/
1942/1955
944.123494 74/78/100/209/296/346/366/372/ 7.57 2.208/1.992/1.047 2.90
481/496/524/638/900/1044/
1399/1726/1942/1955
3B, 944.122750 2.1014 94/121/142/164/288/320/347/355/ 41.54 1.64 3.648/1.709/1.164 0.00
432/453/453/597/817/1092/
1530/1573/1838/1861
944127119  2.0999  92/123/140/163/284/314/349/356/41.41 1.61 3.643/1.703/1.161 0.00
431/451/484/606/816/1092/
1529/1577/1838/1863
CaG A, 982.237755 80/81/103/149/270/290/309/387/ 48.38 4.39 1.663/1.603/0.816 0.00
394/410/439/483/490/505/
797/996/1300/1980/
2026/2107/2152
982.242472 77/83/103/149/267/290/303/367/ 48.23 4.65 1.637/1.611/0.812 0.00
389/407/435/473/483/498/
798/996/1302/1976/
2023/2101/2148
B, 982.184164  2.0332  23/102/105/146/235/271/357/361/ 1.19 2.604/1.372/0.899 32.52
374/414/423/494/582/618/
794/1018/1281/1629/
1857/1866/2030
982.188773  2.0327  27/101/103/145/238/269/355/358/ 1.20 2.590/1.370/0.896 32.75
390/410/428/507/581/620/
795/1019/1291/1629/
1858/1866/2030

311+G(d) level, respectively) are all very close, suggesting that carbon atoms. Therefore, for Ca€Clusters ( = 2—7), there
in fact there is a similar interaction between Ca and each of the seems to be a certain trend for calcium to interact with the entire
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Figure 2. Incremental binding energies (eV) for the GaCaG",
and CaG~ monocyclic clusters vs the number of carbon atoms.

carbon chain, rather than just with the carbon atoms at the end Gih(CCCO) = 172.7(172.4)
of the chain.

It is also worth mentioning that in general cyclic Gasusters
are characterized by high dipole moments, as a consequence o .
the high ionic character of the €& bond, with the calcium
atom bearing in most cases a relatively high positive charge.
As expected, dipole moments of monocyclic clusters are much
lower than the corresponding open-chain species (except for
= 3). In general, the dipole moment decreases with the number
of carbon atoms.

As in our previous studies on open-chain and monocyclic
clusterst®=23 the relative stability of monocyclic CaCcom-
pounds will be discussed, following the suggestion by Pascoli _ . ) )

Figure 3. Equilibrium geometries of Caf monocyclic clusters at

5 - AN
?_Ed Lavendy’ t'”l E?”Q.S of the '”Cremeg‘ta('j bf'.”d'gg er;ﬁrg?éhs' the B3LYP/6-311G(d) and B3LYP/6-3#1G(d) (in parentheses) levels
. € Incremental bin mg energy can € aenned as the changey theory. Distances are given in angstroms and angles in degrees.
in energy accompanying the following process:

"By(*A")

problem for studying Cag monocyclic states with the B3LYP
CaG —CaG_, +C 1) method. On the other hand, the inclusion of diffuse functions
in the basis set has no important effects on the computed
and can be computed as the consecutive binding energyproperties, including geometrical parameters.
differences between adjacent Gaghd CaG-1 clusters. The In all cases, the lowest-lying cationic species corresponds to
results for the incremental binding energy for the different cyclic a doublet electronic state. The doublet-quartet energy difference
CaG, clusters, as a function of the number of carbon atoms are in general decreases with increasimgas in the case of their
shown in Figure 2. From this figure, it can be observed that open-chain counterpart. Nevertheless, energy differences
there is a clear everndd alternationn-even clusters being more  show a clear everodd alternation for open-chain clusters.
stable tham-odd ones. This is the same behavior found for Comparing the geometries of the cationic clusters with their
open chain CagXxlusters?® As in the case of the isovalent MgC  neutral counterparts, it can be observed thatCalistances
systems? 22 the variation in the incremental binding energies are slightly lengthened (except in the case of gaCHowever
for cyclic CaG, clusters is higher than for the open-chain ones. the most important difference is the much smalleECaC
It should be remembered that the computed incremental bindingangles that are observed for the cationic clusters compared with
energies are in fact enthalpies for the corresponding processtheir neutral counterparts. This is also reflected in the lengthen-
(1), as in similar theoretical studies on related systems. ing of Ca—C distances for second next carbon atoms respect to
Nevertheless, for possible comparisons with experiments, that observed for the neutral analogues (see Ga@ CaG*
perhaps Gibbs energies could be more appropriate, since thén Figures 1 and 3, respectively). Therefore, upon ionization,
temperature could be large. However, we have estimated thethe calcium atom shows a preference to bond to the carbon
entropy change, and consequently the Gibbs energies, associategioms at the end of the carbon chain rather than to the entire
with process (1) and the conclusions are very similar. The samecarbon unit. On the other hand, the-C distances follow the
trend observed in Figure 2 is found, because in fact all values same patterns observed for the neutral Qa@sters, with values
for the different clusters decrease in a uniform way, around close to typical cumulenic structures and some acetylenic

0.38-0.42 eV. character, which is reflected in the alternation efC distances
CaC," Monocyclic Clusters. The molecular properties for  (into the range 1.248 and 1.350 A).
the lowest-lying doublet and quartet states of ga@onocyclic In Figure 2, the incremental binding energies for the different

clusters are given in Table 2, whereas the geometrical parameter€aG;* clusters are also represented. The incremental binding
for the ground states are shown in Figure 3. In general, we canenergies are very similar for cationic clusters (the values change
see in Table 2 that all of the structures reported are true minimafrom 5.95 eV (CaG') to 6.45 eV (Ca@")), except for the first

on the doublet and quartet potential energy surface, and theirpoint (h = 2) which has a very large value, in part due to the
correspondind$?d values are relatively close to the pure spin low stability of CaC". Furthermore, it is seen that there is a
values. Therefore, spin contamination does not seem to be aslight parity alternation effect, and in contrast with neutral
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TABLE 2: Electronic Energies, [$?(Values, Vibrational Frequencies, Binding Energies (for the Ground States), Dipole
Moments, Rotational Constants, and Relative Energies for Monocyclic Cag Clusters with the B3LYP/6-311G(d) (First Line)
and B3LYP/6-311+G(d) (Second Line) Methods

rotational constants AE
isomer state —E(a.u) 520 vibrational frequencies (cm) BE (eV) u (D) (GHz) (kcal molt)
CaG" A 753.431522  0.7694  248/471/1847 9.91 8.63 52.906/6.574/5.847 0.00
753.435393 0.7697  246/469/1846 9.85 8.67 52.911/6.560/5.837 0.00
A, 753.296112 3.7568  383/413/1220 7.25 41.830/6.321/5.491 84.18
753.297510 3.7570  380/405/1225 7.24  41.999/6.280/5.463 83.85
CaG" °A; 791513390 0.7555  253/368/447/883/1253/1635 15.93 9.47  37.296/3.781/3.433 0.00
791514890 0.7555  254/365/444/883/1251/1634 15.84 9.53 37.318/3.771/3.425 0.00
A, 791.385979  3.7903  193/388/533/550/1094/1280 8.25  12.172/5.378/3.730 78.81
791.387887 3.7900  190/384/534/548/1094/1282 8.29  12.163/5.360/3.720 78.55
CaG*t A" 829.593735 0.7831  186/251/300/370/460/547/ 21.90 7.51 6.236/4.852/2.740 0.00
1083/1780/1920
829.595506  0.7817  198/246/292/366/459/547/ 21.79 7.52  6.200/4.854/2.735 0.00
1080/1775/1920
A 829.513933 3.7958  211/217/307/398/405/567/ 7.91 7.260/3.833/2.509 49.18
1091/1306/1766
829.515639 3.7958  209/214/304/398/403/566/ 7.93  7.242/3.834/2.507 49.22
1089/1306/1766
CaG" °A; 867.679962 0.7853  119/191/254/263/316/398/426/ 28.06 12.27 4.616/3.415/1.963 0.00
539/947/1447/1832/1853
867.682029 0.7850  120/193/251/262/313/397/425/537/ 27.93 12.26  4.619/3.404/1.960 0.00
945/1447/1834/1853
A 867.623199 3.8224  135/160/300/373/411/492/492/612/ 7.96 5.308/2.678/1.781 35.81
1087/1252/1663/1740
867.624972  3.8221  132/159/299/371/410/488/491/611/ 7.97 5.297/2.678/1.779 35.98
1086/1252/1663/1740
CaG" 2A’ 905.764906  0.7813  117/147/232/261/286/333/407/439/ 34.13 455  4.120/2.278/1.477 0.00
463/532/888/1277/1792/
1943/2026
905.767121  0.7794  113/153/229/258/281/330/411/435/ 33.99 4.48  4.151/2.261/1.475 0.00
465/522/885/1275/1790/
1942/2026
A 905.724192  3.8205 115/127/171/246/335/372/394/525/ 8.03  3.513/2.009/1.278 25.05
581/644/958/1185/1484/
1789/1871
905.726216  3.8203  114/125/169/245/336/369/393/524/ 8.04  3.504/2.012/1.278 25.17
563/641/957/1184/1483/
1789/1872
CaG"™ ?A; 943.863330 0.7930  99/123/177/188/196/299/357/366/376/40.61 8.41  2.726/1.429/0.937 0.00
399/521/524/988/1173/1678/
1722/1890/1972
943.865794  0.7925  90/123/176/185/196/298/352/363/372/40.42 8.41  2.729/1.425/0.936 0.00
397/519/524/988/1172/1679/
1721/1888/1972
A" 943.814304  3.8422  69/113/126/159/318/354/355/394/460/ 7.79  2.492/1.548/0.955 30.30
476/478/596/945/1173/1433/
1687/1754/1835
943.816707 3.8417  68/112/125/159/316/353/459/354/394/ 7.81  2.493/1.544/0.953 30.38
474/478/596/946/1173/1432/
1686/1754/1835
CaG"™ 2B 981.956927 0.7713  32/105/113/168/169/263/277/326/36946.93 7.23  1.853/1.197/0.727 0.00

393/424/431/449/463/871/1073/
1410/1922/19932036/2061
A 981.959514  0.7710 55/106/112/168/170/262/273/325/328/46.71 7.27  1.858/1.191/0.726 0.00
391/415/431/435/465/871/1072/
1409/1919/1989/2033/2059
‘B 981.914599  3.8261  54/104/111/171/260/265/266/364/369/ 8.60  1.882/1.153/0.715 25.96
374/420/557/560/574/868/1052/
1332/1473/1821/1872/2065
981.917390 3.8258  52/104/112/171/260/265/265/361/367 8.65 1.885/1.149/0.714 25.90
/378/418/550/559/572/868/1052/
1332/1473/1820/1871/2063

clusters,n-odd clusters being more stable thareven ones. state of Ca&", which has an imaginary frequency at the B3LYP/
Linear CaG™ clusterg? also show a smooth parity alternation 6-311+G(d) level of theory. However, the quartet state of
effect, butn-even clusters are the most stable ones. CaG (“B,) lies clearly higher in energy than the corresponding
CaC,,~ Monocyclic Clusters.Finally, we have also studied doublet. Except fofB; of CaG™, the [$?[§ values, shown in
the anionic cyclic clusters. Their main properties are given in Table 3, deviate slightly from the pure spin values, always less
Table 3 and the optimized geometries for the lowest-lying than 2%, and consequently, it can be considered that spin
species are shown in Figure 4. All anionic species reported in contamination should not be significant in these cases. As
this work are true minima, with the only exception of the quartet expected, it can be seen that the inclusion of diffuse functions
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TABLE 3: Electronic Energies, [$?(Values, Vibrational Frequencies, Binding Energies (for the Ground States), Dipole
Moments, Rotational Constants, and Relative Energies for Monocyclic Cag Clusters with the B3LYP/6-311G(d) (First Line)
and B3LYP/6-311+G(d) (Second Line) Methods

rotational constants AE
isomer  state —E(a.u) 520 vibrational frequencies (cn) BE (eV) u (D) (GHz) (kcal mol)
CaG~ A 753.742790  0.7519  313/470/1847 12.36 3.61  52.846/6.778/6.007 0.00
753.749115  0.7519  300/462/1838 12.30 3.72  52.745/6.745/5.980 0.00
“B, 753.647745 3.7600 181/329/1843 1.69 52.944/5.504/4.985 59.25
753.657061  3.7609  177/326/1852 2.68  53.015/5.504/4.986 57.41
CaG~ A 791.781997  0.7508  218/352/446/980/1097/1429 3.95  41.482/3.645/3.350 2.42
791.791912  0.7504  222/349/443/1001/1080/1446 443  41.328/3.638/3.343 2.62
B, 791.785343  3.7957  238/399/444/572/1192/1452 17.33 225  12.732/5.618/3.898 0.00
791.795513  3.7937  232/398/443/566/1192/1466 17.34 240  12.721/5.559/3.868 0.00
CaG~ A 829.943537  0.7503  205/241/295/396/481/584/953/ 25.38 1.13  5.553/5.144/2.670 0.00
1891/2040
829.953297  0.7503  200/245/289/393/489/583/954/ 25.35 113  5.541/5.108/2.658 0.00
1884/2033
A 829.833439  3.7604  108/249/306/326/414/630/968/ 0.98  5.608/5.128/2.679 67.35
1380/1841
B, 829.845593  3.7593  63/289/304/299/391/519/986/ 1.75 5.508/5.175/2.668 66.19
1368/1874
CaG~ 2B, 867.993583 1.3152  90/205/217/228/387/401/508/555/ 30.59 223  4.987/3.164/1.936 0.00
878/1370/1641/1771
868.005075 1.1267  82/194/244/217/393/407/528/569/ 30.56 3.86  5.098/3.218/1.973 0.00
882/1355/1645/1772
B, 867.987697  3.8145  81/173/200/282/370/427/442/579/ 1.28  4.603/3.233/1.899 3.68
874/1387/1639/1790
867.997554  3.8137  76/173/189/277/374/429/440/572/ 136  4.619/3.194/1.888 4.62
871/1393/1640/1788
CaG~ 2A; 906.115673  0.7503  94/100/134/245/270/325/410/457/  37.29 241  4.561/1.921/1.352 0.00
470/547/785/1177/1906/
2004/2145
906.126109  0.7503  91/101/128/249/269/325/412/464/ 37.57 244  4.555/1.907/1.344 0.00
468/540/783/1177/1906/
2007/2142
Az 906.041720  3.7707  94/104/208/245/294/326/342/535/ 0.96  2.973/2.374/1.320 45.70
553/596/915/1091/1561/
1834/1877
906.052639  3.7721  91/107/201/249/289/321/353/522/ 0.90 2.960/2.377/1.318 45.37
543/591/913/1093/1561/
1836/1879
CaG~ ?A; 944.200431  0.7770  74/89/175/193/278/315/358/361/  43.79 1.67  3.957/1.666/1.172 0.00
373/502/522/679/793/1013/
1431/1686/1850/1882
944.212247  0.7767  67/94/160/185/276/312/366/372/380/43.70 1.88  3.934/1.664/1.170 0.00
500/516/675/793/1017/
1432/1683/1848/1880
‘B 944.161970  3.8368  21/66/85/132/195/203/335/353/ 3.50  3.841/1.394/1.023 23.11
383/394/419/534/753/1070/
1534/1639/1850/1889
944.173041  3.8353  8i/68/79/141/192/202/342/368/380/ 3.58  3.837/1.387/1.019 23.69
389/467/544/752/1071/
1535/1644/1853/1894
CaG~ A 982.300493  0.7697  97/136/137/179/218/245/312/349/ 50.28 0.84  2.991/1.329/0.920 0.00
394/396/407/484/556/606/
759/947/1221/1693/1907/
1927/1991
982.311677 0.7690  94/130/137/171/227/241/306/366/ 50.15 0.73  2.982/1.322/0.916 0.00
389/398/414/502/553/601/
759/950/1222/1693/1903/
1926/1987
“Bs 982.240259 3.8089  14/71/137/179/221/255/309/356/383/ 0.80  3.007/1.309/0.912 36.63
404/441/454/548/613/738/
971/1249/1348/1674/
1755/2022
982.251605  3.8084  10/68/133/175/225/250/304/365/378/ 0.73  2.997/1.304/0.909 36.53

415/457/455/547/610/738/
792/1249/1352/1673/
1756/2023

in the basis set is more important than for the neutral and inclusion of diffuse functions are comparatively more important

cationic clusters, although their effect on geometrical parameters,for linear CaG~ clusters than for cyclic ones.
harmonic vibrational frequencies, energies, and dipole moments

It is readily seen in Table 3 that all anionic clusters have

is not particularly high in this case. Therefore, it seems that doublet ground states, with the only exception being £aC
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Figure 5. lonization potentials (IP) and electron affinities (EA), in
eV, of CaG monocyclic clusters vs the number of carbon atoms.

the same trends observed for their open-chain countefparts
and magnesium isovalent clustéfs.

lonization Potentials and Proton Affinities. The computed
energies for cationic and anionic GaClusters allow us to
estimate the corresponding ionization potentials (IP) and electron
affinities (EA). The IPs and EAs for CaQyclic clusters as
functions of the number of carbon atoms are shown in Figure
5. Since these properties were computed as the energy difference
between the charged and neutral species (including zero-point
vibrational energies) at their respective optimized geometries,
the values correspond to vertical IP and EA.

As can be seen in Figure 5, there is a clear evaud
alternation in the IPsp-even clusters having higher IP than
n-odd ones. This behavior is related to the stability of gaC
Figure 4. Equilibrium geometries of CaC m_onocyclic clusters at CaG* clusters. As it was predicted out CaGusters present a
the B3LYP/6-311G(d) and B3LYP/6-3315(d) (in parentheses) levels 1,00 ayen-odd alternation effect, wit-even clusters being
of theory. Distances are given in angstroms and angles in degrees. more stable than-odd ones. On the other hand, the parity effect
Usually, the energy difference between the lowest-lying quartet in the case of Cag clusters is the opposite-{odd clusters are
state and the doublet ground state is quite high (especially for more stable than-even ones) and much less pronounced. Both
n-even clusters). Nevertheless, in the case ofCadd CaG, effects result in a clear everodd alternation in IPs, with-even
doublet and quartet states lie very close in energy, and thereforespecies presenting higher IPs tharodd ones. Cagcyclic
some of them could also be accessible to experimental observaclusters exhibit a similar behavior to that found for the open-
tions. When comparing with linear CaCclusters’® we can chain isomer&3 It is also clear from Figure 5 that the variations
see that, except for CaC in the case ofi-odd clusters doublet  found for the IPs for consecutive members in the series are much
states are stabilized upon cyclation and become the ground statehigher than for the open-chain clusters.

Concerning the geometrical parameters, it can be seen in From Figure 5, it can be observed that the EAs vary only
Figure 4 that in general there are not drastic differences in the slightly when the number of carbon atoms increases (EAs take
bond lengths between neutral and anionic species. Perhaps thgalues close to 1.5 eV). Nevertheless, this situation changes from
most important difference is that for CgCclusters the distances n = 6, and there is an everodd alternation effect in EAs, with
Ca—C between calcium atom and all of the carbon atoms of n-odd clusters having higher EA. This result is different to that
the G, unit are very similar. This fact shows that for anionic found in the case of open-chain systems and can be related to
clusters there is a certain preference for calcium to interact with the stability of Ca@/CaG,™ clusters. As it was shown in Figure
the entire carbon chain. As an example, in the case of the larges, CaG and CaG~ clusters present a similar eveodd
clusters reported in this work, CaG the Ca-C distances from alternation effect up tmm = 6 (incremental binding energies
Ca atom to @, C,, C3, and G carbon atoms are 2.556, 2.498, are very close), which is reflected in the uniformity of the first
2.783, and 2.546 A, respectively at the B3LYP/6-313(d) EAs values.
level of theory. Therefore, it seems that adding an electron in  Finally, compared to their magnesium isovalent clustérs,
cyclic Cag, clusters favors ther interaction. IPs and EAs exhibit a rather similar parity effect. The main

In Figure 2, the incremental binding energies for the anionic difference is that Mgg compounds have a small parity effect
clusters are also shown. It can be seen that incremental bindingin the EA curve for all the series.
energies for the CaC species follow the same general pattern Linear-Cyclic Stability. The energy differences between
than for the neutral clusters, with a clear eved alternation; cyclic and open-chain isomers for CaClusters and their
the n-even clusters being more stable than the correspondingcationic and anionic derivatives are shown in Figure 6. A
oddn — 1 andn + 1 ones. With the exception of the two last positive value indicates that the cyclic isomer is more stable
points @ = 7 and 8), the variations found for the incremental than the open-chain isomer. It can be seen in Figure 6 that all
binding energies for consecutive members in the same seriesneutral clusters are predicted to prefer cyclic arrangements, and
are virtually the same than for the neutral clusters. In the casetherefore, it seems that cyclic neutral species could be the most
of n= 7 and 8, the parity alternation effect is smaller than for favorable to be characterized in experimental studies. It is also
the neutral ones. The CgCcyclic clusters follow generally  clear that there is a clear evendd alternationn-even cyclic
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Figure 6. Energy separation between the monocyclic and open-chain
structures for the CafXxlusters as a function af. A positive value
indicates that the monocyclic isomer is more stable than the corre-
sponding open-chain one.

clusters being comparatively more stable thaodd ones. The
same behavior was found for Mg€lusterd? and can be related
to the stability of pure carbon clusters. The fact that for pure
carbon clusters-even species have monocyclic ground states
was explained in terms of the number ofelectronsi® The
stability of monocyclic G structures over linear forms is the
highest for those species with completely filledorbitals. In

the case of CagCclusters, there is almost a net transfer of two
electrons from the calcium atom to the carbon chain, and

J. Phys. Chem. A, Vol. 108, No. 50, 20041139

isomers lie lower in energy only when the 6-31G(d) basis
set was employed.

Compared to their magnesium isovalent clustér€aG,
CaG™, and CaG  exhibit the same pattern, and in fact, the
corresponding lines are nearly parallel. However, for the calcium
clusters, the stability of the cyclic isomers is lower than for
their magnesium analogues; therefore, substitution of magnesium
for calcium atom in heteroatom-doped carbon clusters favors
cyclic arrangements over open-chain ones.

Conclusions

Density functional theory calculations have been carried out
for CaG, CaG,", and CaG~ (n = 1—8) monocyclic clusters
by the employment of the B3LYP method with the 6-311G(d)
and 6-31#G(d) basis sets. Predictions for the geometrical
parameters and other molecular properties that could be useful
for an eventual experimental characterization have been pro-
vided. One of the most interesting features of the geometrical
parameters, especially for anionic clusters, is that there is a
certain tendency for calcium to interact with the entire carbon
chain, rather than just with the carbon atoms at the end of the
chain.

According to our calculations, all n-even cyclic Gaslusters
have singlet ground states, whereas in the casendfl clusters,
singlet and triplet states are very close in energy. In the case of
both cationic and anionic species, all structures have doublet

therefore, these species can be viewed as resulting from thedround states, except for CaCthat is found to havéB; ground

interaction of G2~ with C&2". For example, this has been studied
in detail for CaG,2* where the ionic character of the interaction
is clearly shown by a topological analysis of the charge density.
In the case of Cagxlusters, we have also analyzed the electronic
charge density in terms of Bader’s thedfyThe results also
show that the CaC, bonding is essentially electrostatic, with
bond critical points characterized by rather small electronic
density and positive values of the Laplacian of charge density.
The small degree of covalency can be mainly assigned-to
(C) — 3d(Ca) back-donation. The shape of the HOMO of the
Cn 2 unit slightly favors the cyclic arrangement foreven
clusters overn-odd ones, because for the former the fully
occupied HOMOr set has opposite signs on both sides of the
chain, thus making more favorable the overlapping with d(Ca)
orbitals. On the other hand, the partially occupied HOMO of
the G, 72 unit for n-odd clusters is mainly located at the end of
the chain and at the central atom and is also symmetric with

state. The relative stability of the different clusters has been
discussed employing the concept of incremental binding ener-
gies. For both neutral and anionic species, there is a cleareven
odd alternation in the clusters stability, witheven clusters
being more stable thamodd ones. For the cationic clusters a
slight alternation stability effect is found, although with opposite
behavior (-odd clusters being more stable thaw@ven ones).
lonization potentials exhibit a clear parity alternation trend, with
n-even clusters having the larger IPs thraadd ones. Electron
affinities vary only slightly when the number of carbon atoms
increases.

One of the most interesting results of the present work
concerns the competition between linear and cyclic isomers.
According to our theoretical calculations all neutral clusters are
predicted to prefer cyclic arrangements, with cyclic isomers
being much favored fon-even clusters. In the case of cationic
and anionic clusters the smallest members of the series are found

respect to the central carbon atom, thus making less favorablet0 be also cyclic, but open-chain and cyclic structures are, in

the side interaction with calcium than foreven clusters.

A different behavior is found for the Ca€ and CaG~
clusters, where the cyclic isomer (except in the case of;CaC
is comparatively less stable than in the case of (CelGsters.
The first two members of the Ca€series,n = 2 and 3, are

predicted to prefer cyclic arrangements, and for the rest of the

series, except CaC (where the open-chain isomer is 8.1 kcal/
mol more stable than the cyclic ones), open-chain and cyclic

isomers are very close in energy. In these cases, inclusion of
polarization functions in the basis set favors open-chain isomers

(AE for CaG*, CaG™, CaG™, and Ca@" change from 0.26,
0.29, 0.33, and 0.26 kcal/mol, at the B3LYP/6-311G(d) to
—0.71/-1.04, —1.30, and—2.79 kcal/mol, at the B3LYP/6-
311+G(d) level, respectively). Nevertheless, both structures lie

close in energy, and therefore could be accessible to experi-

mental observation. On the other hand, anionic Caflusters
are predicted to prefer cyclic isomers, exceptricr 6 and 8.
For CaG~ and CaG, the cyclic and linear isomers are nearly

general, very close in energy for high. Substitution of
magnesium by a calcium atom in heteroatom doped carbon
clusters favors cyclic arrangements over open-chain ones.
Therefore, cyclic structures are important for calcium-doped
carbon clusters, and could be possible experimental targets.
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