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The Ti2 and Ti2 + molecular systems have been studied through multireference variational and single reference coupled-cluster methods coupled with large basis sets. Potential energy curves have
been constructed for 30 (Ti2 ) and 2 (Ti2 + ) states and the usual spectroscopic parameters have
been extracted. The main feature of the potential curves is the existence of van der Waals minima
(Ti2 ) around 7 bohr irrespective of the molecular symmetry, and 4s2 –4s1 interactions (Ti2 + ) around
6 bohr. Numerous avoided crossings lead to stronger covalent bonds emanating from 4s1 –4s1 atomic
distributions. The X-state of the neutral species is formally a 3 g state with the first excited state
lying within 1 kcal/mol. The removal of the symmetry defining e− leads to the X2  g + state of Ti2 + .
© 2011 American Institute of Physics. [doi:10.1063/1.3643380]
I. INTRODUCTION

The purpose of the present study is to paint a comprehensive picture on the electronic structure and bonding of the Ti2
and Ti2 + molecules. The severe computational and conceptual
difficulties of the 3d–transition metal (M) containing compounds and, in particular, of the M2 systems are well known
(Refs. 1 and 2); but see also below.
The first experimental observation on Ti2 was reported
almost half a century ago by Kant and Strauss,3 via a combination of Knudsen equilibrium effusion techniques with
mass-spectrometric analysis at high temperatures. By assuming an electronic state of 1  symmetry, a bond distance twice
the Pauling radius of Ti,4 and a harmonic frequency 1.25
times the Debye frequency of the element (ω = 331 cm−1 ),
an upper limit to the dissociation energy was obtained, D00
< 52 kcal/mol.3 Five years later, Kant and Lin5 assuming as
well a 1  ground state gave a new set of indirectly obtained
experimental values: r0 = 2.65 Å, ω = 288 cm−1 (using Badger’s rule), and D00 = 28.3 ± 4 or 32.8 ± 5 kcal/mol depending on the approach followed, i.e., the second or third law,
respectively. By considering a 7 (7 ) ground state the third
law D00 value becomes 32.8 ± 5 (36.7 ± 5) kcal/mol.5 Using
resonance Raman spectroscopy in Ar matrices, Cossé et al.6
reported the harmonic and anharmonic frequencies of Ti2 , ωe
= 407.9 and ωe xe = 1.08 cm−1 .
Bier et al.7 recalculated the dissociation energy of Ti2
by employing more accurate re and ωe values using the experimental results of Ref. 3. They obtained D00 = 33.9, 48.4,
or 24.2 kcal/mol depending on the approach used, i.e., the
second-law, the third-law, or the Leroy–Bernstein method, respectively, a set of quite different values in conflict also with
previously reported D00 results; see also Ref. 8.
Through “mass-resolved resonant two photon ionization
spectroscopy in a jet-cooled molecular beam (R2PI),” and
assuming a 3 g ground state as suggested by theoretical
a) Electronic mail: kalemos@chem.uoa.gr.
b) Electronic mail: mavridis@chem.uoa.gr.
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calculations by Bauschlicher et al.,9 Doverstål et al.10 were
able to assign the observed rotational lines as the 0–0 band of
the 3 0u ← X3 1g transition of Ti2 . They obtained r0 (3 g )
= 1.9422 ± 0.0008 Å, r0 (3 u ) = 1.997 ± 0.009 Å, G1/2
= 394.14 cm−1 , and D00 ≥ 1.349 eV (=31.1 kcal/mol). In addition, based on the latter D00 value and an approximate value
of the ionization energy (IE) of Ti2 , IE = 6.125 eV,9 they
estimated a lower limit of the dissociation energy of Ti2 + ,
D00 ≥ 2.052 eV. This value is consistent with an experimental
D00 (Ti2 + ) result of 2.37 ± 0.07 eV measured by Armentrout
and co-workers.11 In 1991, Russon et al.12 obtained an
accurate dissociation energy of Ti2 + , D00 = 2.435 ± 0.002 eV
(=56.15 ± 0.05 kcal/mol). The latter value combined
with a better estimate of the ionization energy of Ti2 , IE
= 5.93 ± 0.19 eV,12 gives D00 (Ti2 ) = 1.54 ± 0.19 eV (=35.5
± 4.4 kcal/mol). Three years later Doverstål et al.13 through
the R2PI method extracted spectroscopic parameters for an
upper 3 u state, namely, r0 = 2.0425(14) Å, T(3 u ← X)
= 9092.91(1) cm−1 , and A(spin-orbit constant)
= 38.79 cm−1 . Recently, Himmel and Bihlmeier14 employing UV–visible and resonance Raman spectra of Ti2 in
noble gas matrices, reported De (D0 ) = 27.2 (26.6) kcal/mol,
considerably lower than the 35.5 ± 4.4 kcal/mol of Russon
et al.12 Finally, Hübner et al.15 in a combined experimental
(visible absorption spectroscopy)–theoretical work, gave
experimental ωe , ωe xe , and Te values for the upper 13 u ,
13 u , 23 u , and 23 u states of Ti2 .
The first non-empirical calculations on the 3d–M2
(M = Sc–Cu) series at the Hartree–Fock level were done by
Wolf and Schmidtke,16 who reported re (X1  g + ) = 1.87 Å and
ωe = 580 cm−1 for the Ti2 dimer. A few years later, Walch
and Bauschlicher performed multireference configuration interaction (MRCI) calculations on Ti2 .17 In 1991, Bauschlicher
et al.9 reinvestigated the Ti2 molecule; they examined four
states 7  u + , 1  g + , 3 g , and 3  u + by valence MRCI and
ACPF (averaged coupled pair functional)/[6s6p4d2f1g] methods. Core correlation effects of the 3s2 3p6 subvalence electrons were estimated through MCPF (modified coupled
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pair functional)/[8s8p5d2f] and CCI (externally contracted
CI)/[8s7p4d1f] techniques. At the valence MRCI and ACPF
levels the ground state appears to be of 7  u + symmetry, but
the inner shell correlation seems to favor a 3 g ground state.9
Eight years later, Suzuki et al.18 studied 27 states of Ti2
3
of g symmetry by the state-averaged complete active space
self consistent field (SA-CASSCF)/[8s5p3d2f – Slater type
orbitals] methodology. A potential energy curve (PEC) of the
lowest 3 g state was constructed at the MRCI level applying a 0.05 threshold. At the MRCI+Q (Davidson correction)
level it was found that D0e = 0.96 eV (=22.1 kcal/mol), re
= 2.096 Å, and ωe = 320 cm−1 .
The last ab initio work on Ti2 is that of Hübner et al.15
These workers examined a total of 17 states (3 gerade and
14 ungerade) at the MRCI/[7s6p4d3f2g] level around equilibrium. For certain states the 3p6 subvalence correlation
and/or scalar relativistic effects have been taken into account,
whereas for the 3 g state a single point calculation has been
performed including the 3s2 3p6 correlation along with relativistic effects. Their results will be contrasted with ours later
on. Finally, from 1979 to 2006 a series of eleven articles appeared in the literature based on the density functional theory
(DFT),19 with results varying wildly depending on the functional employed.
It is proper at this point to synopsize the most reliable
experimental results on Ti2 , accepting that the ground state is
3
g , although this was never proved definitely either experimentally or theoretically:
X3 g :

r0 = 1.9422 ± 0.0008 Å, (Ref. 10);
D00 = 35.5 ± 4.4 kcal/mol, (Ref. 12),
ωe = 407.9 cm−1 , ωe xe = 1.08 cm−1 (Ref. 6).

3

u :

r0 = 1.997 ± 0.009 Å,

G1/2 = 394.14 cm−1 (Ref. 10).
3

u :

r0 = 2.0425(14) Å, T = 9092.91 cm−1 (Ref. 13).

As to the existing literature now on the Ti2 + dimer, we are
aware of two experimental works11, 12 both converging to D00
= 2.435 ± 0.002 eV (=56.15 ± 0.05 kcal/mol) and IE(Ti2 )
= 5.93 ± 0.19 eV (Ref. 12) (vide supra). Concerning the
ground state of Ti2 + it has been suggested to be of 2 g
symmetry.12 Theoretically, there is only a DFT/(BPW91,
PW91PW91, BLYP, BPBE) publication on the 3d–M2 +
series, M = Sc–Zn, by Gutsev and Bauschlicher (Ref. 19g).
The above exposition testifies to the necessity for a more
thorough examination of the Ti2 and Ti2 + species. To that end
we have performed multireference variational and single reference coupled-cluster (CC) calculations for 30 and 2 states
of Ti2 and Ti2 + , respectively, using quantitative basis sets.
For most states we have constructed complete potential energy curves, reporting energetics and common spectroscopic
parameters. It is proper to say at this point, however, that although this is the most extensive and systematic work on Ti2
so far, our results cannot be deemed as satisfactory due to
the egregious problems inherent in the 3d–M2 transition metal
dimers.

J. Chem. Phys. 135, 134302 (2011)

II. METHODOLOGY

The basis sets employed belong to the correlation consistent family by Balabanov and Peterson,20 namely, the
valence cc−pVQZ (=Qζ ) and the corresponding weighted
core-valence sets of quadruple cardinality, cc−pwCVQZ
(=CQζ ) both generally contracted to [8s7p5d3f2g1h]
and [10s9p7d4f3g2h], respectively. For scalar relativistic
Douglas–Kroll–Hess21, 22 calculations, the cc−pVQZ−DK
and cc−pwCVQZ−DK sets were used re-contracted according to Ref. 23.
The calculational methods used are the MRCI (CASSCF
+ single + double replacements), ACPF (averaged coupled
pair functional),24 and RCCSD(T) (restricted coupled-cluster
+ single + double + perturbative connected triplets).25 All
calculations were done under D2h symmetry restrictions. For
most states the CASSCF reference wave functions are constructed by distributing the 8 “valence” electrons (4s2 3d2
× 2) to 14 orbitals [(4s + 4pz + 3d) × 2]. Internally contracted valence (ic)MRCI calculations were done through
single and double excitations out of the reference spaces.26
Core-valence (3s2 3p6 ) effects at the CI level were unfeasible due to the enormous ensuing spaces. The size of the
valence (ic)MRCI expansions range from ∼4.5 × 106 (quintets) to 9.5 × 106 (triplets) configuration functions. Size nonextensivity errors estimated to be less than 10 mEh were accounted for through the Davidson (+Q) correction.27 Four
states 3 g , 1  g + , 7  u + , and 3  u + were also examined at
the valence and core-valence (3s2 3p6 ) coupled-cluster level of
theory, RCCSD(T)/Qζ , and C-RCCSD(T)/CQζ , respectively.
Scalar relativity was taken into account through the second
order Douglas−Kroll−Hess (DKH2) approximation.21, 22 All
calculations were performed by the MOLPRO program.28

III. THE COMPLEXITY OF THE Ti2 MOLECULE

Although 3d–M2 dimers are chemically “naïve” systems,
that is, diatomic molecules with a rather small number of
electrons, the combined orbital and spin angular momenta
give rise to incredibly complex electronic molecular distributions defying all current computational methods.1, 2 The Ti2
molecule with 8 outer (4s2 3d2 × 2) and 16 subvalence (3s2 3p6
× 2) electrons, is a most characteristic case. For instance,
within an energy range of 13 000 cm−1 (=1.612 eV) there are
6 atomic 2S+1 L Ti terms, namely, a3 F(4s2 3d2 ), a5 F(4s1 3d3 ),
a1 D(4s2 3d2 ), a3 P(4s2 3d2 ), b3 F(4s1 3d3 ), and a1 G(4s2 3d2 ).29
Starting from the energetically lowest asymptote a3 F + a3 F
and up to a5 F + a5 F asymptote there are 7 dissociating channels [a3 F + (a3 F, a5 F, a1 D, a3 P, b3 F, a1 G)] resulting overall
to 762 (4984) | (| ) molecular Ti2 states, a real challenge for every existing method of solving the eigenvalue
Schrödinger equation. Considering that the energy range of
molecular Ti2 states is more-or-less the same with the asymptotic energy range E ∼ 13 000 cm−1 , the mean energy separation per state is ∼13 000/762 = 17 (|) or 13 000/4984
= 2.6 (| ) cm−1 . The symmetries of all 762 | states
resulting from the 7 channels, a3 F + a3 F–a5 F + a5 F, are (singlets to nonets)1,3,5,7,9 ( ± , , , , , H, I, K)g,u . Therefore,
it is obvious that obtaining either experimental or theoretical
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TABLE I. Energies E(Eh ), bond distances re (Å), dissociation energies De (kcal/mol), harmonic and anharmonic frequencies ωe , ωe xe (cm−1 ), and energy
separations Te (kcal/mol) of the first four states of Ti2 .
State
X3 

g

11 g+

27 u+

33 u+

Methoda

−E

re

De b

ωe

ω e xe

MRCI+Q
ACPF
RCCSD(T)
MRCI–DKH2+Q
ACPF–DKH2
RCCSD(T)−DKH2
C−RCCSD(T)
C−RCCSD(T)−DKH2
Ref. 15c
Expt.
MRCI+Q
ACPF
RCCSD(T)
MRCI−DKH2+Q
ACPF–DKH2
RCCSD(T)−DKH2
C−RCCSD(T)
C−RCCSD(T)−DKH2
Ref. 15g
Ref. 15h
MRCI+Q
ACPF
MRCI−DKH2+Q
ACPF–DKH2
Ref. 15i
MRCI+Q
ACPF
RCCSD(T)
MRCI−DKH2+Q
ACPF–DKH2
RCCSD(T)−DKH2
C−RCCSD(T)
C−RCCSD(T)−DKH2
Ref. 15g
Ref. 15h

1696.957 09
1696.955 50
1696.951 81
1705.619 97
1705.618 36
1705.613 50
1697.738 43
1706.400 30

2.009
2.008
1.976
2.019
2.018
1.965
1.899
1.907
1.954
1.9422d
2.017
2.023
2.002
2.025
2.028
2.012
1.938
1.956
2.023
1.968
2.578
2.581
2.556
2.561
2.446
2.155
2.152
2.093
2.162
2.159
2.116
1.996
2.029
2.169
2.051

18.4
19.2
15.8
14.6
14.4
10.7
30.6
26.1
37.1
35.5±4.4e
17.3
17.8
14.8
13.6
13.7
12.6
29.2
26.6

369
370
401
366
367
437
495
490
432
407.9f
431
416
449
423
416
441
513
494
422
479
207
203
214
210
244
2645
264
269
278
278
306

1.70
2.37
4.58
1.11
1.95
0.89
1.32
1.25

1696.955 34
1696.953 30
1696.950 32
1705.618 37
1705.617 27
1705.616 53
1697.736 11
1706.401 18

1696.955 58
1696.952 98
1705.623 37
1705.619 64
1696.948 23
1696.946 53
1696.940 62
1705.616 37
1705.614 64
1705.608 35
1697.719 11
1706.385 52

40.3
40.0
41.8
41.0
12.8
13.5
8.8
12.3
12.1
7.4
18.5
16.8

341
257
315

1.08f
3.33
1.56
2.24
1.20
1.53
1.19
−3.96
1.04

0.42
0.59
0.52
0.63
0.48
0.27
−1.59
0.93
0.87
0.16
−1.44

Te

1.10
1.38
0.94
1.01
0.68
− 1.90
1.45
− 0.56
0.92
3.92
0.95
1.59
− 0.60
− 0.80
7.15
5.56
5.63
7.02
2.26
2.33
3.23
12.12
9.27
2.08
11.53

+Q, DKH2, and C – refers to the Davidson correction, scalar relativity, and core (3s2 3p6 ) correlation, respectively.
With respect to the adiabatic fragments a3 F + a3 F (X3 g , 11 g+ , 33 u+ ) and a3 F + a5 F (27 u+ ).
c
C–MRCI + scalar relativity (s.r.) + Q (based on configurations (CF) whose weight at the CASSCF level is larger than 0.01).
d
Reference 10.
e
Reference 12, D0 value.
f
Reference 6.
g
MRCI + s.r. + Q.
h
C–MRCI + Q(CFs > 0.01, 3p6 e− included).
i
C–MRCI + s.r. + Q (CFs > 0.01, 3p6 e− included).
a

b

reliable results for a Ti2 -like system is an arduous task indeed.
Even the concept of the ground state seems to lose its physical
meaning in an almost continuous manifold of states.
Presently, we have constructed PECs for 30 states at the
MRCI+Q/Qζ level, 10 singlets 1 ( g + [2], u , g , g [2],
g [2], u , g ), 13 triplets 3 ( u + ,  g − [2], g [2], u [2], g ,
g , u [2], g , Hu ), 6 quintets 5 (u , g [2], g [2], Hg ), and
one septet (7  u + ). We have calculated as well two doublets
2
( g + , g ) for the Ti2 + cation.
All examined states but the 7  u + correlate adiabatically
to the ground state atoms (a3 F + a3 F), whereas the 7  u +
correlates to a3 F + a5 F. It is interesting to mention that the
two lowest and practically degenerate states according to the
present work, 3 g and 1  g + , correlate diabatically to two excited a5 F Ti atoms (vide infra).

IV. RESULTS AND DISCUSSION
A. Ti2

Table I lists numerical results of the first four states of
Ti2 in a variety of methods, whereas Table II collects results
for 26 higher states at the MRCI+Q/Qζ level; Figures 1 and
2 display MRCI+Q/Qζ PECs and a relative energy level diagram of the 30 states presently examined. Between “infinity”
(=12 bohr) and the repulsive part of the PECs we can distinguish three interacting regions: a van der Waals (vdW) around
7.0 b, a very “messy” one between 7 and 5 b, and the equilibrium region between 4.7 and 3.6 b. The vdW PECs originate from the a3 F(4s2 3d2 ) + a3 F(4s2 3d2 ) channel, with interactions ranging from 8.0(1 g ) to 4.0(3  g − ) mEh . The number
of vdW states shown in Figure 1 is 24 (12 singlets, 6 triplets,
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TABLE II. Bond distances re (Å), dissociation energies De (kcal/mol), harmonic frequencies ωe (cm−1 ), and energy separations Te (kcal/mol) of 26
higher states of Ti2 at the MRCI+Q/Qζ level of theory.
State
4 1 g
Ref. 15c
Ref. 15d
55 u
Ref. 15c
Ref. 15d
63 u
Ref. 15e
Ref. 15c
Expt. (Ref. 15)
Expt. (Ref. 10)
73 u
Ref. 15e
Ref. 15c
Expt. (Ref. 15)
85 g
95 g
103 g
113 g
123 g
131 g
141 g
153 Hu
Ref. 15e
Ref. 15c
161 u
173 u
Ref. 15e
Ref. 15c
Expt. (Ref. 15)
185 g
195 g
205 Hg
213 g−i
221 g
231 g
243 g
251 g+
261 u
273 g−
283 u
Ref. 15e
Ref. 15c
Expt. (Ref. 15)
291 g

re

De a

ωe

Te

1.977
2.006
1.930
2.143
2.148
2.036
2.124
2.122
2.127
2.032f
1.997±0.009
2.133
2.131
2.136
2.042f
2.362
2.370
2.413
2.421
2.330
2.364
2.512
2.224
2.220
2.225
2.140
2.184
2.184
2.191
2.072f
2.342
2.324
2.358
2.320
1.973
2.084
2.516
2.327
2.075
2.176
2.172
2.185
2.179
2.186
2.072f
2.416

11.8[55.1]b

364
356
432
278
283
343
326
330
333
371.5
394.14 (=G1/2 )
313
317
320
359.5
232
240
203

6.62
7.38
7.84
8.47
7.84
10.38
10.08
9.69
9.46
11.53

9.9[53.2]b

8.3[51.6]b

7.7[51.0]b

6.1[28.9]g
5.6[28.4]g
4.9[27.2]g
4.2[26.5]g
2.8[25.2]g
2.7[35.8]h
1.8[34.9]h
1.8[45.1]b

0.87[44.2]b
0.74[44.1]b

[22.8]g
[22.4]g
[22.3]g
[42.6]b
[42.1]b
[31.6]h
[41.5]b
[41.5]b
[40.6]b
[40.6]b
[39.2]b

[35.7]b

264
228
230
244
328
259
259
270
282
277
274
259
266
296
183
265
184
279
480
261
268
278
288
238

10.69
10.15
9.92
12.45
11.83
12.32
13.50
14.21
15.57
15.67
16.62
16.62
16.14
15.91
17.51
17.64
17.07
16.83
20.30
17.96
18.38
18.40
19.07

FIG. 1. MRCI+Q/Qζ PECs of 30 states of Ti2 . Energies have been shifted
by +1696.0 Eh .

19.58
19.90
20.16
20.24
21.05
21.07
22.46
21.91
21.68
23.75
26.02

With respect to adiabatic (a3 F + a3 F) ground state [diabatic] atoms.
With respect to diabatic atoms a5 F + a5 F.
c
MRCI + s.r. + Q.
d
C–MRCI +Q.
e
MRCI+Q.
f
re values are calculated indirectly by the present authors according to the relation
re = re (X3 g )10 + re , where re are experimentally determined values in Ref. 15.
g
With respect to diabatic atoms a3 F + a5 F.
h
With respect to diabatic atoms a3 F + b3 F.
i
The 213 g− features two minima, a global, and a local.
a

b

FIG. 2. Relative energy level diagram of Ti2 of 30 states at the MRCI+Q/Qζ
level.
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6 quintets), out of a possible 84 | states correlating to
a3 F + a3 F Ti atoms. Certainly, all 84 states would show similar vdW interactions and minima close to 7 b, approximately
twice the {3d2 (3 F)}4s2 atomic Ti radius of ∼3.8 b.30
The “messy” region between 7 and 5 b is the result of
numerous avoided crossings of the repulsive part of the vdW
PECs, with incoming strongly attractive PECs of the same
symmetry emanating from higher channels; see Figure 1.We
turn now to the discussion of the first four states of Ti2 .
1. X3 g , 11  g + , 27  u + , and 33  u +

As was already discussed two ground state (a3 F) Ti atoms
lead only to non-covalent 4s2 −4s2 vdW interactions. Attractive interactions are expected from higher channels, e.g.,
4s2 3d2 (a3 F)–4s1 3d3 (a5 F, b3 F) and 4s1 3d3 (a5 F)–4s1 3d3 (a5 F).
The first two, practically degenerate states according to our
calculations (vide infra), X3 g and 11  g + , correlate diabatically to two a5 F Ti atoms, whereas the next two states, 27  u +
and 33  u + , are related to a3 F + a5 F atoms. The leading equilibrium CASSCF configurations and corresponding Mulliken
densities of the first two states are (valence electrons only)


2
2
1πy,u
1δg1
|X3 g  ≈ 0.861σg2 2σg1 1πx,u
0.92
0.92
4s 0.99 4pz0.02 3dz0.49
4px0.06 4py0.06 3dxz
3dyz
3dδ0.50
2


2
2
|11 g+  ≈ 0.811σg2 2σg2 1πx,u
1πy,u
0.90
0.90
4s 0.99 4pz0.10 3dz0.88
4px0.07 4py0.07 3dxz
3dyz
.
2

Taking into consideration that the ratio of the 4s and 3d radii is
4s/3d = 2.6,30 the bonding of the 11  g + state is captured
by the following valence-bond-Lewis (vbL) icon:

J. Chem. Phys. 135, 134302 (2011)

we obtain re = 2.019 (MRCI−DKH2+Q) − 0.077 (δre )
= 1.942 Å, identical to the experimental value (Table I).
At the C−RCCSD(T)−DKH2 level, however, re is
predicted shorter by 0.035 Å than the experimental
value. Following the same reasoning, the dissociation energy with respect to the ground state atoms is
estimated to be D0e = D0e (MRCI−DKH2+Q) + [D0e
(C−RCCSD(T))−D0e (RCCSD(T))] = 14.6 + [30.6–15.8]
= 29.4 kcal/mol vs 26.1 kcal/mol at the C–RCCSD(T)
–DKH2 level, considerably smaller than the experimental
value of 35.5 ± 4.4 kcal/mol.12 With respect to the a5 F
+ a5 F diabatic fragments, De = 61.7 (64.3) [64.8] kcal/mol at
the MRCI+Q (MRCI−DKH2+Q) [C−RCCSD(T)−DKH2]
level. It is worth mentioning at this point that scalar relativistic effects at all methods reduce the binding energy by
4−5 kcal/mol, while core effects increase the binding energy
by the surprising amount of 15 kcal/mol.
For the 11  g + state scalar relativistic and core effects
show the same trends as in the X3 g state: the former reduce
(increase) the binding energy (bond length) by 2–4 kcal/mol
(∼0.01 Å), while the latter increase the binding energy by
14 kcal/mol, decreasing at the same time the bond distances
by 0.064 Å; see Table I. Following the same line of thinking as before, we obtain re = re (MRCI−DKH2+Q) + δre
= 2.025–0.064 = 1.961 Å, and D0e = D0e (MRCI−DKH2+Q)
+ [D0e (C−RCCSD(T))−D0e (RCCSD(T))] = 13.6 + [29.2
–14.8] = 28.0 kcal/mol as compared to 26.6 kcal/mol at the
C−RCCSD(T)−DKH2 level, very similar to the D0e of the
X3 g state. This means that the X3 g and 11  g + states are
degenerate within 1 kcal/mol. This energy separation Te = 0.0
± 1 kcal/mol is corroborated at all levels of theory presently
employed. As a matter of fact at the C−RCCSD(T)−DKH2
level, the 11  g + state becomes the ground state by
∼1 kcal/mol; see Table I.
The main equilibrium CASSCF configurations and Mulliken populations of the next two states are



1
1
|27 u+  ≈ 1σg2 2σg1 1σu1 1πx,u
1πy,u
[(0.72)1δg2 − (0.45)1δu2 ]

The diagram above suggests four bonds, two σ (1σg , 2σg ) and
two π (1π x,u , 1π y,u ). However, the two π (3dπ −3dπ ) and the
one σ (3dz2 − 3dz2 ) singlet coupled distributions are energetically ineffective due to miniscule overlaps. In the X3 g state
the bonding can be represented with a similar vbL diagram,
the difference being the transfer of a 3dz2 − 3dz2 (2σg ) electron to a δ g distribution. This bonding similarity between the
X3 g and 11  g + states is reflected to the same bond distances
and bond energies (Table I).
Despite the extensive size of the present calculations
our numerical results are not, in general, very satisfactory
indicating the inherent difficulties of the 3d–M2 systems.
At the valence level the MRCI+Q (ACPF) [RCCSD(T)]
bond length is re = 2.009 (2.008) [1.976] Å; including scalar
relativity re changes by δre = 0.01 (0.01) [−0.01] Å, respectively. Calculating the correlation of the 3s2 3p6 subvalence
electrons at the MRCI level was proved unfeasible due to the
enormous size of the ensuing expansions. Core effects at the
RCCSD(T) level (C−RCCSD(T)) decrease the bond length
by δre = 0.077 Å. Assuming transferability of core effects

0.45
0.45
0.50
4px0.05 4py0.05 3dxz
3dyz
3dx0.50
4s 1.25 4pz0.25 3dz0.50
2
2 −y 2 3dxy



2
2
|33 u+  ≈ 0.871σg2 2σg1 1σu1 1πx,u
1πy,u
0.92
0.92
4px0.05 4py0.05 3dxz
3dyz
.
4s 1.31 4pz0.22 3dz0.50
2

The 33  u + correlates diabatically (adiabatically) to the mixed
channel a3 F + a5 F (a3 F + a3 F), while the 27  u + dissociates
uniquely to a3 F + a5 F. The bonding in the 33  u + state can be
captured by the vbL diagram below:

The bonding comprises three bonds, two formal ineffective
π (3dπ −3dπ ) and one strong σ (1σg ) (4s−4s), and two electrons coupled into a triplet are distributed to 2σg ≈ 0.96[3dz2
− 3dz2 ] and 1σu ≈ 0.70[4s − 4s] − 0.37[4pz − 4pz ] orbitals.
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By uncoupling the two π u bonds and distributing the four
electrons coupled into a quintet to the four singly occupied
1δg and 1δu orbitals, the 27  u + state is obtained, bound
through a single σ (1σg 2 ) bond. This bonding description is
in complete conformity with the main equilibrium configurations and the population analysis given above.
There are no experimental results for the 27  u + and
3
3  u + states. According to Table I at the valence level
the MRCI−DKH2+Q (ACPF−DKH2) bond distance of the
27  u + state is 2.556 (2.561) Å, with a Te = 0.0 ± 1 kcal/mol.
However, the results of Ref. 15 suggest that including the 3p6
subvalence electrons at the MRCI + scalar relativity + Q
level reduces the bond distance by ∼0.1 Å and increases Te by
7–8 kcal/mol. Including the 3s2 3p6 e− at the C−RCCSD(T)
level, our results indicate similar trends with those of Ref. 15,
i.e., a reduction of bond length and a considerable increase
of the Te (27  u + −3 g ) gap, although the severe multireference character of the 27  u + state (vide supra) does not allow
for quantitative conclusions at the C−RCCSD(T) level. Nevertheless, it is rather safe to conclude that the 27  u + state is
separated from the first two states by some 5−10 kcal/mol
with a recommended re = 2.45 Å.
state the MRCI−DKH2+Q
In the 33  u +
(ACPF−DKH2) [RCCSD(T)−DKH2], re = 2.162 (2.159)
[2.116] Å and Te = 2.26 (2.33) [3.23] kcal/mol. Correcting
the MRCI−DKH2+Q results for core-correlation effects obtained at the CC level, δre = −0.097 Å and δTe = +5.1 kcal/
mol, we get re = 2.162–0.097 = 2.065 Å and Te = 2.26 + 5.1
= 7.4 kcal/mol, as contrasted to 2.029 Å and 9.27 kcal/mol
at the C−RCCSD(T)−DKH2 level of theory: re and Te
values by Hübner et al.15 are comparable with the present
calculations; see Table I.

2. Higher states

Table II collects re , De , ωe , and Te values of 26 higher
states of Ti2 calculated at the MRCI+Q/Qζ level and within
an energy range of less than 20 kcal/mol. Observe that all
states are strongly bound with respect to their diabatic channels, whereas about half of them are also bound with respect
to the ground state atoms. According to the results of the
first four states previously discussed, core (3s2 3p6 ) effects reduce uniformly the bond lengths by 0.10 ± 0.01 Å; see also
Ref. 2. In addition, although core effects are of importance
to the Te separations for the first four states, their influence
seems to diminish for the higher states as is evidenced from
the results of Ref. 15 and the limited experimental values; see
Table II. Therefore, we can claim with some confidence that
MRCI+Q bond distances should be very close to reality if
reduced by about 0.10 Å; on the other hand Te separations
can be considered of a semi-quantitative value. This is corroborated by contrasting theoretical and existing experimental
values (in parenthesis) of re (after reduction by 0.10 Å) and Te
for the 63 u , 73 u , 173 u , and 283 u states: re = 2.02(2.00),
2.03(2.04), 2.08(2.07), 2.08(2.07) Å and Te = 10.1(11.5),
10.7(12.4), 17.6(20.3), 22.5(23.7) kcal/mol, respectively; see
Table II.

J. Chem. Phys. 135, 134302 (2011)

B. Ti2 +

We return now to the vbL diagram of the neutral Ti2
11  g + state, practically degenerate to the X3 g . By removing
one electron from the 2σg (3dz2 − 3dz2 ) orbital the 2  g + state
obtains, while by removing one electron from the 2σg orbital
and transferring the other to a 3dδ atomic distribution, we get
a 2 g state of Ti2 + . The decongestion of the σ frame of Ti2
by removing one electron and the resulting stabilization of the
one electron 2σg bond suggests that the ground state of Ti2 +
is 2  g + . Indeed, preliminary MRCI calculations indicate that
the ground state of Ti2 + is of 2  g + symmetry. Table III lists
numerical results for the 2  g + and 2 g states, and Figure 3
displays the corresponding PECs. The main MRCI equilibrium configurations and Mulliken populations of the X2  g +
and 2 g states are given below:


2
2
|X2 g+  ≈ 0.851σg2 2σg1 1πx,u
1πy,u
0.93
0.93
4px0.05 4py0.05 3dxz
3dyz
4s 0.93 4pz0.04 3dz0.50
2


2
2
|2 g  ≈ 0.841σg2 1πx,u
1πy,u
1δg1
0.94
0.94
4px0.03 4py0.03 3dxz
3dyz
3dx0.50
4s 0.54 4pz0.06 3dz0.44
2
2 −y 2 .

The bonding of the X-state is captured by the following vbL
diagram:

As in the X3 g state of the neutral species, the bonding
comprises of a strong σ bond (1σg ∼ 4s+4s) a weak half
σ bond (2σg ∼ 3dσ +3dσ ), and two π (1π x,u , 1π y,u ) weak
bonds. By moving the 2σg single electron to a 3dδ orbital,
the 2 g is formed some 5 kcal/mol above the X2  g + state.
Both states correlate adiabatically to the ground state fragments a3 F(4s2 3d2 ) + a4 F(4s1 3d2 ).
Following the MRCI PECs from infinity towards equilibrium, a first (local) minimum is observed at 3.3 Å for both
states due to a 4s2 (3 F)–4s1 (a4 F) interaction, amounting to a 2
center–3 electron bonding of 30 kcal/mol (see Figure 3); see
also Ref. 2. Moving to the left and after the avoided crossing
with states coming from Ti(a5 F) + Ti+ (a4 F), the global minima of the X2  g + and 2 g are reached at 2.10 and 1.85 Å,
respectively. Observe that between the local (3.30 Å) and
global (1.85 Å) minima of the 2 g state, there is a middle
minimum (2.44 Å) practically isoenergetic to the global one
at the MRCI+Q level.
Let us examine now our numerical results listed in
Table III. The C−RCCSD(T)−DKH2 binding energy is
De (D0 ) = 53.2(52.7) kcal/mol, in fair agreement with the
experimental value D0 0 = 56.2 ± 0.05 kcal/mol.12 At the
valence MRCI−DKH2+Q (ACPF−DKH2) the binding energy is 47.1 (46.8) kcal/mol. Adding core 3s2 3p6 effects
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TABLE III. Energies E(Eh ), bond distances re (Å), dissociation energies De (kcal/mol), harmonic and anharmonic frequencies ωe , ωe xe (cm−1 ), and energy
separations Te (kcal/mol) of the first two states of Ti2 + .
State
X 2 g+

1 2 g

Method

−E

re

De

ωe

ω e xe

Te

MRCI+Q
ACPF
RCCSD(T)
MRCI–DKH2+Q
ACPF–DKH2
RCCSD(T)–DKH2
C–RCCSD(T)
C–RCCSD(T)–DKH2
Expt.(D0 0 , Ref. 12)
MRCI+Q
ACPF
RCCSD(T)
MRCI–DKH2+Q
ACPF–DKH2
RCCSD(T)–DKH2
C–RCCSD(T)
C–RCCSD(T)–DKH2

1696.759 75
1696.758 07
1696.750 07
1705.426 35
1705.424 65
1705.416 93
1697.528 26
1706.193 78

2.135
2.130
2.077
2.140
2.136
2.090
1.954
1.981

258
260
296
278
282
313
343
356

0.280
0.292
− 0.210
0.321
0.956
0.351
− 2.49
2.60

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1696.745 32
1696.743 79
1696.737 51
1705.405 09
1705.403 35
1705.396 78
1697.526 94
1706.184 84

1.847
1.847
1.808
1.851
1.853
1.815
1.766
1.768

47.5
46.9
42.4
47.1
46.8
42.1
54.4
53.2
56.2
38.4
37.9
34.5
33.7
33.5
29.4
53.6
47.6

559
554
676
624
594
690
774
768

0.005
− 1.76
− 6.58
15.4
0.205
5.14
− 0.656
− 2.121

9.1
9.0
7.9
13.3
13.4
12.6
0.83
5.6

obtained through the RCCSD(T) method to the latter value
we obtain D0 0 = 59.1(58.8)–ωe /2 = 58.6(58.3) kcal/mol, perhaps slightly overestimated. Core effects reduce the bond
distance by δre = 0.123 Å at the RCCSD(T) level, therefore re (MRCI−DKH2+Q)–δre = 2.140–0.123 = 2.017 Å as
contrasted to the C−RCCSD(T)−DKH2 value of 1.981 Å.

Our recommended bond distance is re = (2.017+1.981)/2
= 2.00 Å. The experimental IE of Ti2 is 5.93 ± 0.19 eV,12
in acceptable agreement with the C−RCCSD(T)−DKH2 result of 5.64 eV.
For the 2 g state, taking into consideration the 3s2 3p6
core effects at the CC level, the recommended bond distance is re = re (MRCI−DKH2+Q)+ δre = 1.851–0.042
= 1.81 Å, as compared to 1.77 Å at the
C−RCCSD(T)−DKH2 level. According to Table III the
C−RCCSD(T)−DKH2 Te = 5.6 kcal/mol is in agreement
with the MRCI−DKH2+Q value after the inclusion of
the subvalence core effects at the CC level, Te = 13.3–7.1
= 6.2 kcal/mol.
V. FINAL REMARKS

FIG. 3. MRCI/Qζ PECs of 2 states of Ti2 + . Energies have been shifted by
+1696.0 Eh .

Using MRCI and single reference CC methods combined
with large basis sets, we have studied the electronic structure
of Ti2 and Ti2 + . In particular, we have constructed (valence)
MRCI+Q PECs for 30 (Ti2 ) and 2 (Ti2 + ) states, whereas for
the lowest 4 states of Ti2 and the 2 states of Ti2 + , scalar relativistic and subvalence (3s2 3p6 ) core correlation effects have
been taken into account. We have to confess, however, that although our calculations are the best and most systematic so far
in the literature, the results cannot be deemed as satisfactory,
in other words do not reflect our strenuous efforts put in this
project. As already stated, the almost insurmountable computational and conceptual difficulties of the 3d−M2 systems are
due to the extremely dense manifold of the − states.
The ground state of Ti2 was considered to be up to now,
rather “traditionally,” of the 3 g symmetry; the present calculations, although do not prove, suggest as well that this
is very probably true. Recommended “best” theoretical bond
distance and dissociation energy for the X3 g state are (experimental values in parenthesis), re = 1.942 (r0 = 1.9422
± 0.0008) Å (Ref. 10) and D0 0 = 29.0 (35.5 ± 4.4) kcal/mol
(Ref. 12). Formally, the two Ti atoms are held together by one

Downloaded 01 Feb 2012 to 195.134.76.74. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

134302-8

A. Kalemos and A. Mavridis

and a half σ and two π bonds. Our calculations indicate, but
again do not prove, that the first excited state, 11  g + , is within
1 kcal/mol of the X3 g state.
By removing the symmetry defining dδ electron from
the X3 g state of Ti2 , the X2  g + state of Ti2 + is obtained,
with the first excited state of 2 g symmetry about 6 kcal/mol
higher.
Finally, in addition to the first four states of Ti2 more thoroughly calculated, numerical results of quasi-quantitative accuracy for 26 higher states are also given. We believe that the
present study is a step towards a better understanding of the
electronic structure of Ti2 , and of some use to the scientific
community.
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