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bstract

The structures and stabilities of TiCn
+/− (n = 1–8) clusters have been studied by density functional theory (DFT) using the hybrid B3LYP

unctional. Molecular properties for three different isomers, linear, cyclic and fan species have been computed. The fan isomers, where the titanium
tom interacts with the whole carbon chain, are predicted generally, to be more stable than both linear and cyclic structures. For linear and fan
iCn

+/− isomers an even-odd alternation in stability is found, isomers with n-even being in general more stable than the adjacent n-odd numbered.

he ionization potentials and electron affinities of linear and fan TiCn clusters also show an even–odd parity effect. Generally n-odd clusters have
igher ionization potentials than the n-even ones whereas the electron affinities show an opposite alternation trend, n-even systems having higher
alues than the adjacent n-odd ones.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Carbon clusters have been the subject of extensive theoretical
nd experimental studies [1–3] because they present impor-
ant interest in several fields. For example, carbon clusters have
ttracted attention in Astrophysics, since their detection, a cen-
ury ago, in astrophysical sources. In addition it is well known
hat carbon chains are related to the chemistry of carbon stars,
omets and interstellar molecular clouds [4–10]. Highly unsatu-
ated hydrocarbons were proposed as potential carriers of some
iffuse interstellar bands [11,12]. On the other hand, in gas-phase
hemistry, carbon clusters can act as intermediates in chemical
apor deposition systems for the production of silicon carbide
lms and thin diamond [13,14].

From a structural point of view carbon clusters also deserve
ttention. These systems may exist in both open-chain and cyclic
orms and at a later stage the fullerene cage will dominate [3]. It
s well known that carbon chains present important parity effects.

or instance, the ground electronic states of linear Cn clusters
15] depend on the parity of the carbon chain and alternate with
ach new added carbon atom. In particular small pure carbon

∗ Corresponding author. Fax: +34 983 423013.
E-mail address: cbb@qf.uva.es (C. Barrientos).
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stability

lusters (n < 10) produced by various experimental techniques
uch as secondary ion mass spectrometry (SIMS), spark source
ass spectrometry (SSMS), laser vaporization, or observed in

nterstellar clouds, show a very markedly parity effect with alter-
ations in the emission intensities of Cn

+ ions (maxima for odd
) or Cn

− ions (maxima for even n) [16].
Carbon clusters with a heteroatom, XCn, have also become

he focus of recent research interest [17–19] after the discovery
f these species in the interstellar medium and in the atmosphere
f some planets [20–23]. Some of these systems have been syn-
hesized in the laboratory [24] and they are mostly stable under
ormal conditions [25].

Similar to pure carbon clusters, heteroatom-doped clus-
ers also present interesting parity effects. These systems are
roduced from carbides by various experimental techniques,
specially SIMS, and show strong alternations in their emission
ntensities according to the parity of the carbon atom number.
t has been shown that this effect can be related to the Pauling
lectronegativity of the heteroatom [26].

In order to explore these interesting experimental observa-
ions, a lot of theoretical investigations on neutral and charged

eteroatom-carbon clusters have been carried out. Most of the
urrently available data for these systems refer to XCn clus-
ers in which the heteroatom belongs to a first- or second-row
lement in the periodic table [27–51]. However, the informa-
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ion about carbon clusters doped with transition metal is scarcer
52–62].

One of the most interesting heteroatoms, from several points
f view, in transition-metal doped carbon clusters is titanium.
irstly, from an interstellar chemistry point of view, this ele-
ent presents a relatively large cosmic abundance [63]; in

act, a binary compound containing titanium, TiO, was iden-
ified almost a century ago in cool starts [64]. Even though
o metal-containing carbon chain species have been detected
n the interstellar or circumstellar media to date, it has been
oncluded that TiC should be formed in regions of enhanced
ensity in asymptotic giant branch carbon stars [65]. Sec-
ndly, from a structural point of view, the interaction between
ransition metal and carbon is important in understanding differ-
nt clusters materials, including endohedrofullerenes, catalytic
rowth of carbon nanotubes, and metallocarbohedrenes (met-
ars). Met-cars, containing 8 metal atoms and 12 carbons,
ere found to form particularly for the early transition met-

ls, Ti8C12 being a prototypical example [66–68]. Despite
he intensive research on met-cars the structure and bonding
f these unique clusters are still not well understood. There-
ore, a systematic understanding of the detailed structure and
onding of the small-metal carbide clusters would lead to valu-
ble insight into the growth and formation of the met-cars
69–77].

The increasing interest in the growth pattern of Ti8C12 has
riggered different studies focused on the structure and stabi-
ization energies of small TiCn clusters. The smallest member
n the series, titanium carbide, TiC, has been studied at dif-
erent levels of theory. Hack et al. [78] carried out an ab
nitio study of TiC. In their study, a comparison of various
b initio methods, including density functional methods, was
ade. In particular the results obtained with the hybrid density

unctional B3LYP were in good agreement with high level ab
nitio approaches. More recently Kalemos and Mavridis [79]
ave reported accurate multireference variational calculations
n the ground and different excited states of titanium carbide.
n the other hand, different neutral and charged TiCn clusters

n = 1–4) have been the subject of several theoretical studies
80–84]. In addition, vibrationally resolved photoelectron spec-
ra were obtained for TiCn

− (n = 2–5) clusters by Wang et al.
85].

Recently, we have carried out a theoretical study of the
eutral TiCn (n = 1–8) system [86]. To our knowledge, there
xist no theoretical data on TiCn

+/− (n > 4) systems, hence the
resent study complete our previous work on carbon–titanium
lusters. We shall focus especially on the structure of the
ifferent TiCn

+ and TiCn
− (n = 1–8) isomers, as well as in

he possible regularities that could be observed along the
eries. The energy calculations of the cationic and anionic
pecies will allow us to estimate some properties as ion-
zation potentials and electron affinities for neutral TiCn

lusters, as well as to discuss their systematic behavior with

he size of the cluster. Finally, the competition between
he different structures of cationic and anionic systems as

function of the number of carbon atoms will be ana-
yzed.
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l
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. Computational methods

We have employed the same theoretical approach than in our
revious study of neutral TiCn clusters [86].

All calculations were performed using Pople’s basis set, 6-
11 + G(d) for carbon atoms. This basis set includes diffuse and
olarization functions, and is constructed employing the triple
plit-valence 6-311G(d) [87]. For titanium, we have used the
achters [88] and Hay [89] basis set, with the scaling factor of
aghavachari and Trucks [90].

The density functional theory (DFT), in particular the B3LYP
xchange-correlation functional [91,92] was used throughout.
he acronym stands for Lee et al. [92] correlation functional in
onjunction with Becke’s hybrid exchange functional [93].

Energetics are addressed at the B3LYP/6-311 + G(d) level.
revious studies have shown that this level provides results for
edium-sized heteroatom-doped carbon clusters in good agree-
ent with experimental results [94].
All these calculations were carried out with the Gaussian-98

rogram package [95].

. Results and discussion

We have carried out a study of the charged TiCn
+/− (n = 1–8)

somers, on the doublet and quartet potential energy surfaces.
t must be pointed out that in general sextuplet states are not
ompetitive because they lie higher in energy with the excep-
ion of linear TiCn

− clusters. Thus, for these systems we have
lso included results for the sextuplet potential energy surface.
n particular, we have found three conformations on each poten-
ial energy surface: (a) linear structures with the titanium atom
ited at the end position; (b) cyclic structures, where titanium
s bonded essentially to the two terminal carbon atoms of the

n unit; (c) “fan” structures, where titanium interacts with the
hole carbon chain.
In order to analyze systematic trends in the different proper-

ies considered, we will discuss the data for each type of structure
eparately giving results for some properties considered as the
lectronic energies and dipole moments. Other molecular prop-
rties which might be helpful in possible experimental studies,
ibrational frequencies or rotational constants, are provided as
upporting Information (Tables S1–S6).

.1. Structure and molecular properties of TiCn
+ clusters

The results for linear TiCn
+ clusters, namely total energies

electronic plus zero point vibrational energy, ZPE), S2 expec-
ation values, binding energies, dipole moments and relative
nergies at the B3LYP/6-311 + G(d) level are listed in Table 1.
he corresponding geometries of the predicted lowest-lying
pecies are shown in Fig. 1. All reported linear structures are
rue minima on their respective potential energy surface, since
ll of them have real vibrational frequencies (see Table S1).
From Table 1 it can be seen that the ground state of linear
iCn

+ clusters alternates between 2� (even n) and 4� (odd n),
xcept the first member in the series (TiC+, 2�+). These lowest-
ying states can be related to their electronic configuration. TiCn

+
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Table 1
Electronic energies (including ZPE correction), 〈S2〉 values, binding energies,
dipole moments, and relative energies, for linear TiCn

+ clusters at the B3LYP/6-
311 + G(d) level

Isomer State −E (au) 〈S2〉 BE (eV) μ (D) �E (kcal mol−1)

TiC+ 2�+ 887.093607 0.764 3.45 4.70 0.00
4� 887.072967 3.756 2.88 4.50 12.95

TiC2
+ 2� 925.191109 0.852 9.98 8.67 0.00

4�− 925.156336 3.811 9.04 6.83 21.82

TiC3
+ 2� 963.243785 1.076 15.30 10.79 18.79

4� 963.273737 3.786 16.11 9.52 0.00

TiC4
+ 2� 1001.364037 1.209 22.46 12.45 0.00

4� 1001.337083 3.778 21.72 13.22 16.91

TiC5
+ 2� 1039.419938 1.272 27.86 15.15 18.98

4� 1039.450191 3.822 28.69 13.03 0.00

TiC6
+ 2� 1077.536365 1.450 34.91 15.94 0.00

4�− 1077.521299 3.812 34.50 16.74 9.45

TiC7
+ 2� 1115.610419 1.804 40.81 17.86 7.81

4� 1115.623123 3.861 41.16 16.42 0.00

TiC8
+ 2� 1153.707694 1.634 47.34 19.28 0.00

4� 1153.669154 3.790 46.30 22.95 24.18

Fig. 1. Optimized geometries of linear TiCn
+ isomers at the B3LYP/6-

311 + G(d) level. Distances are in angstroms.
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lusters have 4n + 3 (n being the number of carbon atoms in the
luster) valence electrons which are distributed over the valence
rbitals as follows:

core}1�2 . . . 1�4 . . . (n + 1)�2
(n

2

)
�41�1 n-even clusters

core}1�2 . . . 1�4 . . . (n+1)�2
(

n+1

2

)
�21�1 n-odd clusters

xcept for TiC+ (2�+: {core}1�21�42�1).
Thus cationic TiCn

+ clusters are obtained by removing a �
lectron from frontier (n + 2)� orbital of neutral TiCn [86].

Cationic TiCn
+ clusters contain 2n + 2 valence �-electrons,

n valence �-electrons and a valence �-electron. The valence
-electrons fully occupy n + 1 �-orbitals. When n is even, the
n �-electrons fully occupy n/2 �-orbitals and the resulting con-
gurations �2�4�1 lead to 2� states. For the species with odd
, however, two of the 2n �-electrons are distributed over a
alf-filled �-orbital, so that the lowest energy states are 4�.

According to the bond lengths given in Fig. 1, two types of
ehaviors can be distinguished. For even n clusters, C–C bond
engths tend to average out (in the range 1.272–1.299 Å) along
he straight Cn chains, the last C–C bond of the Cn chain being
he longest one. Consequently n even TiCn

+ clusters show some
egree of cumulene character. For n odd species, there is a weak
lternating short and long pattern in C–C lengths (Codd–Ceven
istances being slightly shorter than Ceven–Codd ones) reflecting
ome sort of polyacetylene character.

The Ti–C bond distances show a short/long alternation with
ven/odd n. Thus, for even n the bond lengths are within
.800–1.892 Å, and we can observe a slight increase with
ncreasing number of carbon atoms. On the other hand, for

odd clusters (except TiC+) bond distances are in the range
.964–1.971 Å and slightly decrease with increasing n. In addi-
ion the Mulliken population analyses show that the positive
harge is located at the titanium atom (as an example, the net
harges are +1.11 and +1.13 for TiC4

+ and TiC6
+, respectively).

n n-even clusters, the unpaired electron is located at the titanium
tom. Consequently, the dominant valence structures contribut-
ng to the description of n-even TiCn

+ clusters could be depicted
s:

whereas in n-odd species the unpaired electrons are dis-
ributed between titanium and the terminal carbon atom, and
he valence structures are intermediate between:

There are two previous studies of the first member of the
eries, TiC+. Kerkines and Mavridis [84] carried out a com-
lete study on the ground and low-lying states of titanium
arbide cation using multireference methods coupled with quan-

itative basis sets. In their work, they constructed potential
nergy curves for the ground and twelve low-lying excited
tates for TiC+ and predicted a ground state of 2�+ symme-
ry with the first excited state, 2�, located 14.6 kcal/mol above
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Table 2
Electronic energies (including ZPE correction), 〈S2〉 values, binding energies,
dipole moments, and relative energies for cyclic TiCn

+ clusters at the B3LYP/6-
311 + G(d) level

Isomer State −E (au) 〈S2〉 BE (eV) μ (D) �E (kcal mol−1)

TiC2
+ 2A2 925.219849 0.791 10.77 6.05 0.00

4A′′ 925.189192 3.768 9.93 5.90 19.24

TiC3
+ 2A2 963.284373 1.171 16.41 7.30 0.00

4B2 963.280723 3.761 16.31 6.11 2.29

TiC5
+ 2B1 1039.425340 0.765 28.01 6.16

TiC6
+ 2A′′ 1077.541944 0.798 35.07 6.39 0.00

4A′′ 1077.506726 3.776 34.11 5.08 22.10

TiC7
+ 2A2 1115.622408 0.776 41.14 5.09 1.53

4A1 1115.624849 3.857 41.21 4.17 0.00

T + 2

a
8

a
a
(
a
i

L. Largo et al. / International Journa

he ground state. They also found two practically degener-
ted states, 4� and 4�, located 17.7 and 17.8 kcal/mol (at the
RCI level), respectively, above the ground state. Their MRCI

MCRI + Davidson correction) binding energy was estimated to
e D0 = 85.2 (86.7) kcal/mol in good agreement with the exper-
mental data of 93.39 ± 5.53 kcal/mol [96]. On the other hand,
utsev et al. [97] carried out a systematic study of the structure

nd properties of different charged and neutral XC (X being a
d-metal) systems using density functional theory (DFT) and
ybrid DFT methods.

Our calculations predict a 2�+ ground state with a 4� state
ying about 13 kcal/mol higher in energy. We obtain a binding
nergy, D0 = De − (ωe)/2, for 2�+ of 79.33 kcal/mol, and a Ti–C
istance of 1.633 Å, not too far from the MRCI (1.696 Å) and
RCI + Q (1.70 Å) values [84]. Obviously, there is a rather close

greement between our results for monocarbide cation and those
omputed by Gutsev et al. [97].

The ground state of the titanium-carbide cation results
rom interaction of the ground state of the titanium cation
i+(4F, 4s13d2) and the ground state of carbon C(3P, 2s22p2).
hus, two covalent � bonds can be formed, and in addition

he bonding may be enhanced by donation of the nonbonding
d� electron of Ti+ into the empty p� orbital on the carbon
tom. Then the overall bond order for TiC+ is approxi-
ately 2(1/2) (two � bonds and a half � bond) [84]. This

round state could be represented by the following valence bond
icture:
It is also interesting to compare the predicted vibrational fre-

uency with the available theoretical result. We have obtained a
alue of 984 cm−1 for the Ti–C stretching mode in reasonable

f
q
j

Fig. 2. Optimized geometries of cyclic TiCn
+ isomers at the B3LYP/6-3
iC8 B1 1153.735369 0.775 48.10 3.37 0.00
4A′′ 1153.685139 3.780 46.73 0.30 31.52

greement with that reported by Kerkines and Mavridis [84] of
59 cm−1 (MRCI level of theory).

Data for the cyclic TiCn
+ clusters are provided in Table 2

nd the geometries for the corresponding lowest-lying species
re displayed in Fig. 2. It must be noted that for some clusters
TiC4

+ and quartet TiC5
+) we do not report data, since all our

ttempts to obtain cyclic structures for these species collapsed
nto the corresponding fan structures.
From Table 2 we can see that in general doublet states are
avored over quartet ones, with the exception of TiC7

+ where a
uartet ground state is predicted, although the doublet state is
ust 1.53 kcal/mol higher in energy and both structures have been

11 + G(d) level. Distances are in angstroms and angles in degrees.
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Table 3
Electronic energies (including ZPE correction), 〈S2〉 values, binding energies,
dipole moments, and relative energies for fan TiCn

+ clusters at the B3LYP/6-
311 + G(d) level

Isomer State −E (au) 〈S2〉 BE (eV) μ (D) �E (kcal mol−1)

TiC3
+ 2A2 963.285174 0.757 16.43 5.59 0.00

4B1 963.275215 3.800 16.16 5.11 6.25

TiC4
+ 2A1 1001.399120 0.759 23.41 3.90 0.00

4A2 1001.339874 3.778 21.80 4.45 37.18

TiC5
+ 2B1 1039.447797 0.777 28.62 2.27 0.00

4A′ 1039.439154 3.824 28.39 3.08 5.40

TiC6
+ 2A1 1077.547227 0.758 35.21 0.14 0.00

4A′′ 1077.499964 3.803 33.92 1.30 29.66

TiC7
+ 2A′ 1115.602766 0.764 40.60 2.58 0.23

4B1 1115.603136 3.854 40.61 1.53 0.00

T

t
c
a
s
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ncluded in Fig. 2. As it can be seen from Table 2, the quartet-
oublet energy difference is greater for n-even clusters than in
he case of n-odd ones. The dipole moments, also shown in
able 2, are relatively high but decrease significantly for TiC8

+.
It can be observed from Fig. 2 a clear alternation in C–C bond

istances, in general Codd–Ceven distances being shorter than
even–Codd ones, following a similar pattern than that observed

or n-even linear TiCn
+ clusters.

The molecular properties, namely, absolute, binding and rel-
tive energies, S2 expectation values and dipole moments for the
ow-lying doublet and quartet states of fan-type TiCn

+ clusters
re reported in Table 3. In Fig. 3, the geometries of the ground
tates of fan TiCn

+ species are displayed.
All the structures showed in Table 3 are true minima on their

orresponding potential energy surfaces (see Table S3).
It is readily seen in Table 3 that all fan TiCn

+ clusters present
oublet ground states. However, in the case of TiC7

+ our B3LYP
esults show that both states, doublet and quartet, are virtually
soenergetic (differing by just 0.23 kcal/mol), consequently both
tructures are shown in Fig. 3. For the quartet state of TiC8

+

e only found the cyclic structure, all our attempts to find the
an arrangement led to the cyclic conformation. In n-even fan
iCn

+ clusters quartet states are not competitive, since they lie

onsiderably higher in energy.

The Ti–C bond distances for fan structures are, in general,
onger than in both linear and cyclic conformations. In fan clus-
ers there exists a �-type interaction between the titanium and

A
f
a
f

Fig. 3. Optimized geometries of fan TiCn
+ isomers at the B3LYP/6-31
iC8
+ 2A′ 1153.703197 0.757 47.22 3.50 0.00

4A′ 1153.647941 3.795 45.72 2.58 34.67

he entire Cn unit; consequently all the Ti–C distances are very
lose. In some cases the distances between titanium atom and
non-terminal carbon are even slightly shorter than the corre-

ponding distances between Ti and the terminal carbon atoms.

s a consequence of the interaction with the entire carbon unit,

or the largest species, TiC7
+ and TiC8

+, the titanium atom is
lmost embedded in the carbon chain. On the other hand, we
ound the same alternation in C–C distances for fan clusters than

1 + G(d) level. Distances are in angstroms and angles in degrees.
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Table 4
Electronic energies (including ZPE correction), 〈S2〉 values, binding energies,
dipole moments and relative energies for linear TiCn

− clusters at the B3LYP/6-
311 + G(d) level

Isomer State −E (au) 〈S2〉 B (eV) μ (D) �E (kcal mol−1)

TiC− 2�+ 887.388088 0.754 4.38 1.71 0.00
4� 887.371175 3.780 3.92 3.03 10.61
6� 887.339480 8.813 3.05 0.75 30.50

TiC2
− 2� 925.539841 1.006 12.39 4.38 0.00

4� 925.535284 3.761 12.27 7.69 2.86
6A′ 925.457433 8.762 1.15 0.66 51.71

TiC3
− 2� 963.586888 1.616 17.55 6.30 2.95

4� 963.591593 4.188 17.68 8.14 0.00
6A′′ 963.583614 8.778 17.47 6.54 5.01

TiC4
− 2� 1001.722906 1.115 25.14 7.44 0.00

4� 1001.722126 3.768 25.12 11.54 0.49
6� 1001.658681 8.763 23.39 4.69 40.30

TiC5
− 2� 1039.769272 1.107 30.29 6.70 10.15

4� 1039.785446 4.289 30.73 11.31 0.00
6� 1039.777692 8.800 30.51 10.53 4.87

TiC6
− 2� 1077.898691 1.153 37.69 10.25 2.88

4� 1077.903276 3.770 37.82 15.32 0.00
6� 1077.847683 8.773 36.30 7.90 34.88

TiC7
− 2� 1115.945415 0.789 42.85 10.18 14.62

4� 1115.968712 4.355 43.48 14.36 0.00
6� 1115.963032 8.821 43.33 14.04 3.56

TiC8
− 2� 1154.022032 0.761 48.82 19.82 39.19

i
C

3

e
l
t
o
f
p
c
c

t
i
s
e
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s
n
o
t
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d
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F
3

i
d

e
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e

s

4� 1154.084482 3.770 50.51 18.58 0.00
6� 1154.033393 8.787 49.12 11.17 32.06

n the linear and cyclic species, Codd–Ceven distances shorter than
even–Codd, especially in n-even clusters.

.2. Structure and molecular properties of TiCn
− clusters

The molecular properties, absolute, relative and binding
nergies, S2 expectation values and dipole moments for the
owest-lying doublet and quartet states for linear TiCn

− clus-
ers are given in Table 4, and the geometries of the ground states
f TiCn

− species are shown in Fig. 4. We must point out that
or linear TiCn

− systems we have included results for sextu-
let states because they are located very close in energy to the
orresponding ground states, especially in the case of n odd
lusters.

All the linear structures reported in Fig. 4 are true minima on
heir respective potential energy surface (see Table S4). It is read-
ly seen in Table 4 that linear TiCn

− clusters present 4� ground
tates, excepting the two first members in the series. In n-odd lin-
ar TiCn

− clusters the first excited state corresponds in general
o a 6� symmetry and the sextuplet-quartet energy differences
lightly decreases along the series being just 3.56 kcal/mol for
= 7. In n-even TiCn

− clusters the first excited states are mainly
f 2� symmetry, and in the case of TiC4

− our results show

hat both doublet and quartet states are virtually isoenergetic.
s we mentioned in linear TiCn

+ clusters the stability of the
ifferent states will be explained in terms of their electronic con-
guration. TiCn

− clusters present 4n + 5 valence electrons, and

m
a
t
s

ig. 4. Optimized geometries of linear TiCn
− isomers at the B3LYP/6-

11 + G(d) level. Distances are in angstroms.

n 4� states the corresponding electronic configuration can be
epicted as:

{core}1�2 . . . 1�4 . . . (n + 1)�2(n + 2)�1
(

n + 1

2

)
�31�1

n-odd clusters

{core} 1�2...1�4... (n + 1) �2 (n + 2) �1
(

n + 2

2

)
�11�1

n-even clusters

xcept for TiC− (2�+: {core}1�22�21�43�1) and TiC2
−

2�:{core}1�22�21�43�24�21�1).
Consequently, anionic clusters are obtained by adding an

lectron to frontier � orbital of neutral TiCn [86].
In the case of n-odd TiCn

− clusters the lowest-lying 6�

tate can be obtained upon a [(n + 1)/2]� → [(n + 3)/2]� pro-

otion. Both orbitals are mainly located at the titanium atom

nd the energy difference between the resulting configura-
ion �1�2�1�1 and the ground state one �1�3�1 is really
mall.
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Table 5
Electronic energies (including ZPE correction), 〈S2〉 values, binding energies,
dipole moments and relative energies for cyclic TiCn

− clusters at the B3LYP/6-
311 + G(d) level

Isomer State −E (au) 〈S2〉 BE (eV) μ (D) �E (kcal mol−1)

TiC2
− 2A2 925.539248 1.469 12.37 0.96 7.28

4B1 925.550845 3.758 12.69 2.91 0.00

TiC3
− 4B2 963.605053 3.763 18.05 2.97

TiC5
− 4B2 1039.777731 3.766 30.52 2.99

TiC6
− 2A′ 1077.863911 1.524 36.74 6.82 19.81

4A′′ 1077.895477 3.770 37.60 3.17 0.00

TiC7
− 2B1 1115.991410 0.833 44.10 5.95 3.65

4B2 1115.997228 3.780 44.26 2.37 0.00

T

T
b
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There is only one available theoretical result for the first mem-
er of the series TiC−. Gutsev et al. [97] found a 2�+ ground
tate in good agreement with our results for this species.

From Fig. 4, it can be seen that the straight Cn chains of
iCn

− clusters show in general cumulene-like character:

However in the case of n-even linear TiCn
− clusters the

arbon–carbon distances indicate certain polyacetylenic char-
cter. Consequently in these clusters the valence bond picture
ill be intermediate between the cumulene-like scheme and the

ollowing one:

The dipole moments of linear TiCn
− clusters are in all cases

igh and increase with the number of carbon atoms.
The different molecular properties studied in this work cor-

esponding to cyclic and fan anionic isomers are given in
ables 5 and 6, respectively. The corresponding vibrational fre-
uencies and rotational constants are provided as Supplementary

aterial in Tables S5 (cyclic TiCn

− isomers) and S6 (fan TiCn
−

lusters). As can be seen from Tables S5 and S6, all reported
yclic and fan structures for the anionic clusters are true minima
n their respective potential energy surface.

T
f
s
f

Fig. 5. Optimized geometries of cyclic TiCn
− isomers at the B3LYP/6-3
iC8
− 2A′ 1154.091369 0.771 50.70 2.23 0.00

4B1 1154.076609 3.772 50.30 2.08 9.26

From Table 5, we can conclude that, except for TiC8
−, cyclic

iCn
− clusters present quartet ground states. However it should

e noted that we have not found doublet states for TiC3
− and

iC − clusters because they evolved towards the corresponding
5
an structures. In the case of fan structures (Table 6), we can
ee that doublet states are favored over quartet states. However
or n = 8 both doublet and quartet are practically isoenergetic.

11 + G(d) level. Distances are in angstroms and angles in degrees.
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Table 6
Electronic energies (including ZPE correction), 〈S2〉 values, binding energies,
dipole moments and relative energies for fan TiCn

− clusters at the B3LYP/6-
311 + G(d) level

Isomer State −E (au) 〈S2〉 BE (eV) μ (D) �E (kcal mol−1)

TiC3
− 2A2 963.631973 0.764 18.78 1.48 0.00

4A2 963.614923 3.772 18.32 0.45 10.70

TiC4
− 2A1 1001.772321 1.588 26.48 0.85 0.00

4B1 1001.738681 3.764 25.57 1.36 21.11

TiC5
− 2A′ 1039.826990 0.763 31.86 2.05 0.00

4A1 1039.814033 3.779 31.50 1.31 8.13

TiC6
− 2A1 1077.914296 0.769 38.12 0.62 0.00

4A2 1077.905802 3.769 37.88 0.96 5.33

TiC7
− 2A 1116.011140 0.758 44.64 2.56 0.00

4B2 1115.987344 3.781 43.99 2.52 14.93

T

A
a

a
a
o
i
w

c
C

3

w
t
f
e
e
t
f
e
c
s
T
s
i
r

o
a

iC8
− 2B1 1154.071272 1.790 50.16 3.12 0.42

4A′′ 1154.071937 3.777 50.17 3.18 0.00

s expected, dipole moments for cyclic and fan structures are
lways lower than those found for linear isomers.

In Figs. 5 and 6, the geometries for the ground states of cyclic
nd fan anionic clusters are shown. In general, the Ti–C distances

re larger for fan structures than for the corresponding cyclic
nes and in both structures these distances are larger than those
n linear TiCn

− species. Concerning the C–C bond distance,
e observe a behavior quite similar to that found for cationic

i
b
s

Fig. 6. Optimized geometries of fan TiCn
− isomers at the B3LYP/6-31
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yclic and fan clusters: an alternation of C–C bond distances,
odd–Ceven bond distances being shorter than Ceven–Codd ones.

.3. Stability of TiCn
+/− clusters

As in previous works in heteroatom-doped carbon clusters we
ill employ the concept of incremental binding energy [2,39]

o discuss the relative stability of the TiCn
+/− clusters with dif-

erent sizes. The relative stability of TiCn
+/− clusters can be

stimated by computing the consecutive binding energy differ-
nces between adjacent TiCn

+/− and TiCn−1
+/− clusters. In order

o obtain meaningful results we must compare clusters of dif-
erent size but corresponding to the same type of isomers. For
xample, incremental binding energies for linear TiCn

+ clusters
an be computed from the values shown in Table 1 as the con-
ecutive binding energy differences between adjacent TiCn

+ and
iCn−1

+ clusters taken in each case the lowest-lying state. The
ame procedure employing the values in Tables 2 and 3 provides
ncremental binding energies for cyclic and fan TiCn

+ isomers,
espectively.

In Fig. 7a the incremental binding energies for the three types
f TiCn

+ clusters, namely, linear, cyclic and fan, are displayed
s a function of the number of carbon atoms.
From Fig. 7a we can observe a slight odd–even alternation
n stability for linear TiCn

+ clusters especially in the first mem-
ers in the series, with even n members being slightly more
table than those with odd n − 1 and n + 1 carbon atoms. How-

1 + G(d) level. Distances are in angstroms and angles in degrees.
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species correspond to fan structures, except for n = 8 where a
cyclic structure is preferred. In general, it seems that linear and
especially cyclic structures are preferred for larger clusters in
both cationic and anionic systems.
ig. 7. Incremental binding energies (eV) for the different isomers vs. the num-
er of carbon atoms. (a) TiCn

+ clusters; (b) TiCn
− clusters.

ver the last members do not show this pattern. This difference
n stability between n-odd and n-even clusters can be attributed
o the electron number in �-type and �-type highest occupied

olecular orbitals. A ground state corresponding to a �4�1 elec-
ronic configuration (n-even) is energetically more favorable
han a �2�1 one corresponding to n-odd clusters. In the case of
an clusters, the incremental binding energies follow the same
eneral pattern as their linear analogues. Clusters with even n
ppear more stable than those with odd n and the differences
n stability are larger than in the linear clusters. For cyclic iso-

ers, incremental binding energies can only be computed for
ome members in the series, and therefore we cannot extract
ny conclusions about the parity effect in the stability of these
lusters.

The variation of the incremental binding energy for the dif-
erent linear, cyclic and fan TiCn

− clusters versus the number
f carbon atoms is displayed in Fig. 7b. For linear isomers, we
bserve a clear even–odd alternation in stability; n-even clusters
re more stables than the adjacent n-odd ones. In the case of
an structures we also found a clear even–odd alternation in the
ncremental binding energy, again clusters with an even num-
er of carbon atoms being more stables than the adjacent n-odd
umbered. However, it can be seen that the difference in stability
etween n-odd and n-even in both cases, linear and fan struc-

ures, is attenuated as the number of carbon atoms increases,
uggesting that the incremental binding energy converges to an
lmost constant value for larger clusters. In fact the incremental

F
t
c

ass Spectrometry 266 (2007) 50–61

inding energy for the largest species closely approaches a value
f nearly 6 eV. Similar to cyclic cationic clusters, it is difficult to
nd a general trend in the incremental binding energies of cyclic
nionic clusters because the lack of data for these species, but
e can see, in both cationic and anionic clusters, a stabilization
ith the size of the clusters.
The relative energies of the different linear and cyclic TiCn

+/−
lusters as a function of the number of carbon atoms are shown
n Fig. 8 (Fig. 8a contains data for TiCn

+ clusters and Fig. 8b
ncludes results for TiCn

− clusters). These relative energies were
omputed taking as reference the energy of the fan isomers, thus
negative value means that the linear or cyclic structure is more

table than the corresponding fan one. From Fig. 8a we can see
hat for the TiCn

+ clusters, in general, the lowest-lying species
re the fan isomers, except for n = 5, 7, 8. In TiC5

+ systems the
inear conformation is slightly more stable. For n = 7 linear and
yclic isomers are practically isoenergetic and both structures
re more stable than the corresponding fan one and for n = 8
he cyclic specie appears as the global minimum. In the case of
nionic clusters, we observe that in all cases the lowest-lying
ig. 8. Relative energies (kcal/mol) of the linear and cyclic isomers with respect
o the corresponding fan structures vs. the number of carbon atoms. (a) TiCn

+

lusters; (b) TiCn
− clusters.
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ig. 9. Ionization potential (IP) and electron affinity (EA), in eV, of linear, cyclic
nd fan TiCn clusters vs. the number of carbon atoms. (a) Ionization potential;
b) electron affinity.

.4. Ionization potential and electron affinity of TiCn

lusters

The ionization potential (IP) and electron affinity (EA) for the
iCn species as a function of the size of the cluster are shown in
ig. 9 (in Fig. 9a the ionization potentials are collected whereas

he electron affinities are displayed in Fig. 9b). We have com-
uted the ionization potentials and electron affinities in their
diabatic version, employing the optimized geometry for the
orresponding charged and neutral species.

From Fig. 9a it can be observed that linear TiCn clusters
resent a clear even–odd alternation in the IP for the first mem-
ers in the series, n-even members present higher IP than the
djacent n-odd ones, however, when n increases just a slight
ven–odd parity effect is found (n-odd clusters having higher
Ps than the n-even ones). In the fan and cyclic structures, the
Ps exhibit a clear parity effect, with n-odd structures having
igher values of the IP than the adjacent n-even ones. These
ehaviors can be related to the stability of linear, cyclic and fan
tructures of TiCn/TiCn

+ clusters. The alternation in the incre-
ental binding energies of linear TiCn

+ clusters is similar to
hat found in TiCn species [86] (n-even linear TiCn/TiCn

+ being
ore stable than n-odd ones). This leads to a smooth variation
n the linear ionization potentials. It can also be observed that
or the last members in the series the ionization potential for
inear TiCn show slight variations. This trend arises from the
act that TiCn

+ clusters can be obtained from the detachment

s
l
a
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f one electron located at the titanium atom, and consequently
he ionization potentials of TiCn clusters are quite similar to
hat found for titanium (6.83 eV). In the case of fan and cyclic
tructures the variation in the incremental binding energy for
he TiCn clusters is opposite to that found in the corresponding
iCn

+ clusters, this results in a clear even–odd alternation in the
Ps.

Finally, concerning the adiabatic electron affinities shown in
ig. 9b, we observe a clear parity effect in the electron affini-

ies of linear TiCn clusters. Again this tendency is related to
he stability of TiCn and TiCn

− clusters. The electron affinities
or Cn clusters [3] alternate between large values for n-even and
mall for n-odd. TiCn

− clusters can be obtained from attachment
f an electron to TiCn clusters mainly to the Cn unit. There-
ore electron affinities of TiCn clusters will be similar to that
f Cn clusters, and the effect of the titanium atom is a slight
tabilization of neutral clusters respect to anionic ones.

. Conclusions

We have performed a DFT study of TiCn
+/− clusters at the

3LYP/6-311 + G(d) level. Three different structures, namely
inear, cyclic, and fan structures in their doublet and quartet
nergy surfaces were considered.

We have provided predictions for different molecular proper-
ies such as geometrical parameters, dipole moments, vibrational
requencies and rotational constants that could be useful for a
ossible experimental study.

For linear TiCn
+ clusters we have found an alternation in

tability between doublet and quartet states, n-even TiCn
+ clus-

ers present 2� ground states whereas n-odd numbered have 4�

nes, excepting the first member in the series. For both cyclic
nd fan TiCn

+ clusters doublet ground states were generally
btained. In the case of linear and cyclic TiCn

− clusters we
ound that quartet ground states are favored over doublet ones.
inally in fan TiCn

− structures we found doublet states more
table than quartet ones with the only exception of TiC8

− where
oth states are practically isoenergetic.

Concerning geometrical data, we conclude that fan TiCn
+/−

resent larger Ti–C bond distances than cyclic and linear struc-
ures. In general we have observed the same pattern in the C–C
ond distances, Codd–Ceven distances shorter than Ceven–Codd.

We have computed the incremental binding energies for the
ifferent clusters studied in order to discus their relative stabil-
ty. For linear and fan cationic clusters an odd–even alternation
n stability was found, n-even clusters were more stable than
hose with n-odd. In linear and fan anionic isomers, a clear
ven–odd alternation in stability was observed; n-even clusters
ere more stables than the adjacent n-odd ones. However as

he number of carbon atoms increases the incremental binding
nergy converges to an almost constant value. For cyclic cationic
nd anionic clusters, we could not found a general pattern in the
ncremental binding energies because the lack of data.
Concerning the competition between linear, fan and cyclic
tructures, our study suggests that for small clusters the lowest-
ying states correspond to fan type isomers and cyclic structures
re favored for largest ones.
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In addition we have computed ionization potentials and adi-
batic electron affinities for linear, cyclic and fan TiCn clusters.
onization potentials show a parity alternation effect especially
or the fan conformations: systems with an odd number of car-
on atoms present higher ionization potentials than the adjacent
ith an even number of carbons. In the electron affinities we
bserve also a clear alternation effect especially for the linear
tructures, with n-even clusters having higher values.

cknowledgements

This research has been supported by the Ministerio de Edu-
ación y Ciencia of Spain (Grant CTQ2004-07405-C02-01) and
y the Junta de Castilla y León (Grant VA 077A06).

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.ijms.2007.06.023.

eferences

[1] W. Weltner Jr., R.J. Van Zee, Chem. Rev. 89 (1989) 1713.
[2] K. Raghavachari, J.S. Binkley, J. Chem. Phys. 87 (1987) 2191.
[3] A. Van Orden, R.J. Saykally, Chem. Rev. 98 (1998) 2313.
[4] K.H. Hinkle, J.J. Keady, P.F. Bernath, Science 241 (1988) 1319.
[5] P.F. Bernath, K.H. Hinkle, J.J. Keady, Science 244 (1989) 562.
[6] A.E. Douglas, Astrophys. J. 114 (1951) 466.
[7] L.M. Haffner, D.M. Meyer, Astrophys. J. 433 (1995) 450.
[8] D.E. Woon, E. Herbst, Astrophys. J. 465 (1996) 795.
[9] R.P.A. Bettens, E. Herbst, Astrophys. J. 468 (1996) 686.
10] R.P.A. Bettens, E. Herbst, Astrophys. J. 478 (1997) 585.
11] J. Fulara, D. Lessen, P. Freivogel, J.P. Maier, Nature 366 (1993) 439.
12] P. Freivogel, J. Fulara, J.P. Maier, Astrophys. J. 431 (1994) L151.
13] H. Koinuma, T. Horiuchi, K. Inomata, H.-K. Ha, K. Nakajina, K.A. Chaud-

hary, Pure Appl. Chem. 68 (1996) 1151.
14] M.D. Allendorf, J. Electrochem. Soc. 140 (1993) 747.
15] K.S. Pitzer, E. Clementi, J. Am. Chem. Soc. 81 (1959) 4477.
16] M. Leleyter, P. Joyes, Surf. Sci. 156 (1985) 800.
17] O. Matsumoto, T. Kotaki, H. Shikano, K. Takemura, S. Tanaka, J. Elec-

trochem. Soc. 141 (1994) L16.
18] P. Botschwina, M. Horn, K. Markey, R. Oswald, Mol. Phys. 92 (1997) 381.
19] J.C. Rienstra-Kiracofe, B.G. Ellison, B.C. Hoffman, H.F. Schaefer, J. Phys.

Chem. A 104 (2000) 2273.
20] F. Pauzat, Y. Ellinger, Astron. Astrophys. 216 (1989) 305.
21] M.C. MacCarthy, M.J. Travers, P. Kalmus, C.A. Gottlieb, P. Thaddeus,

Astrophys. J. 467 (1996) L125.
22] J. Cernicharo, M. Guelin, Astron. Astrophys. 309 (1996) L27.
23] M. Guelin, J. Cernicharo, M.J. Travers, M.C. MacCarthy, C.A. Gottlieb,

P. Thaddeus, M. Ohishi, S. Saito, S. Yamamoto, Astron. Astrophys. 317
(1997) L1.
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