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The electronic and geometric structures of TiH' and TiHl have been studied 
by ab initio MCSCF and MCSCF-CI techniques. The ground state of TiH' 
is '@, but within 2 kcal mol-', three states 'B, 'A' and *Al compete for the 
ground state of the TiHt cation. At the MCSCF+1+2 level, the 'A, 
potential-energy surface with respect to the HTiH angle presents two almost 
symmetrically located energy minima with an energy barrier between them 
of CQ. 1.3 kcal moi-'. 

Recently, there has been a surge of interest in the gas-phase chemistry of transition-metal 
elements with small organic and inorganic molecules. A b  initio quantum-chemical 
techniques provide an excellent tool especially suited for small systems in the gas phase, 
and it would be profitable' to study the experimental data already in existence with a 
view to interpreting  trend^.^,^ 

The purpose of the present study is to obtain structural information on the cations 
TiH+, T i H l  and to speculate about the energetics of the reaction, TiHT -+ products. 

Basis Sets and Molecular Codes 

The basis set for the Ti atom is Wachters's4 14s9p5d one-electron Gaussian basis 
augmented with two additional p functions,' to represent the 4p space and an extra d 
function as recommended by Hay.6 The resulting 14sl lp6d primitive set was contracted 
to [5s4p3d] according to Raffenetti.' The hydrogen atom basis was the 4s Huzinaga 
basis,' augmented by a set of p polarization functions with an exponent of 1.0. The 
resulting 4slp basis set was contracted to [2slp] according to Raffenetti.' The final 
basis set contains 37 and 42 contracted Gaussians for TiH+ and TiHf,  respectively. Our 
experience with the previously described basis concerning the first half of the first-row 
transition-metal elements for a variety of chemical systems is quite 

All calculations were performed on an FPS-164 jointly supported by the Michigan 
State University Chemistry Department and the office of the Provost, using the Argonne 
National Laboratory collection of  QUEST-^^^ codes. 

Results and Discussion 

The TiH+ System 

The ground state'' of the Ti' ion is a 4F  state which comes from a 4d24s' valence 
configuration. A 4P state'' which arises from the same configuration is 1.21 eV above 
the 4F ground state (average over MJ values). At the SCF level we compute a 

= 1.29 eV, in good agreement with the experimental value. 
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As the H atom in its ’S ground state approaches the Ti’ ion along the 2 axis, four 
low-lying states (triplets or singlets) are possible, owing to the breaking of spherical 
symmetry: Z, It, A and @. We find, in agreement with recently published calculations 
on charged monohydride~,’*~’*~~ that the ground state is ’a. Here we focus our attention 
on this ’a ground state. The most chemically intuitive way to understand the bonding 
in this system is to imagine the 4s electron of the metal to be coupled in a valence-bond 
fashion with the oncoming 1s electron of the hyd;ogen atom. Thus, our simplest 
description of the bond formation between Ti+ and H ( 5 )  is described by a GVB-PP( 1/2) 

with the two non-bonding d electrons triplet-coupled: 
3@=(Ar)(ah+hu)d,d,-(ap+pa)aa ( 1 )  

where, at large interatomic distances, a and h represent the 4s orbital on Ti’ and the 
hydrogen 1s function, respectively. Because the calculations are done under C2, sym- 
metry dA- is an orbital of a2 symmetry. (Ar) = ( l s ) ’ ( 2 ~ ) ~ ( 2 p ) ~ ( 3 ~ ) ’ ( 3 p ) ~ .  This GVB 
(generalized valence bond,15 i.e. a traditional Heitler-London function with the relevant 
bonding orbitals self-consistently optimized), describes the (assumed) single bond accur- 
ately enough, taking into account the left-right correlation of the bond and separating 
in many cases to the ground, SCF states, of the two fragments. However, in the present 
case, owing to the character of the in situ description of the Ti’ atom in the ’@ ground 
state, the Ti+ ion at infinity is described by the mixture Z/fi1“F)-l/&1“P), which is 
0.0185 hartree higher than the “F pure state. Of course this is taken into account in 
calculating the dissociation energy by this method. If we replace the GVB description 
by an essentially equivalent MCSCF function consisting of all configuration state 
functions (CSFs)l6 of symmetry arising from three active orbitals of u symmetry and 
two of 7r and dA- symmetry (the last two being triplet-coupled and always singly 
occupied) we have in Czv symmetry five CSFs. The dissociation curve ( D )  versus the 
interactomic distance ( R )  calculated from this MCSCF function is shown in fig. 1, along 
with the MC-CI results generated from all single and double excitations from this 
five-configuration reference space (MCSCF+ 1 +2, 1510 CSFs). 

In table 1 we have collected all our pertinent numerical results in all three different 
methods used in this study. For comparison, the results of two different studies published 

are also included. Although the geometry ( R e )  and the vibrational 
frequency (0,) obtained from the MCSCF+ 1 + 2 results of the present study are in 
good agreement with the previously reported r e s u l t ~ ~ ” ~ ~ ~ ~  (table l ) ,  the following observa- 
tions are in order. At the MCSCF+ 1 + 2  level we extract much more correlation energy 
associated with the 4s and 3d orbitals compared with the GVB-DCCI calculations. In 
the light of this, we think that the perfect agreement between the exerimental dissociation 
energy, Do,” and that calculated by the GVB-DCCI is somewhat fortuitous. 
The MCPF t e c h n i q ~ e l * > ~ ~  is a single reference+ 1 + 2 CI (CISD) which takes into account 
unlinked clusters; it is size consistent but not variational. Results obtained with the 
MCPF method are in very good agreement with experiment.’ The reported’ result in 
table 1 concerning Do (the only experimental results available for TiH+) strengthens 
this claim. Our reported Do value can only be considered in fair agreement with the 
experiment. Notice, that the MCSCF+ 1 + 2 calculations are practically size constant,6 
particularly in this case where the number of active electrons is only four. 

Finally, from the Mulliken” population analysis, as obtained from the GVB-PP 
wavefunction (table l ) ,  we find that at Re the Ti’ ion retains almost all of its charge 
and that the character of the Ti-H bond is a mixture of ca. 45% s, ca. 15% p and ca. 
40% d orbitals in agreement with previous r e s u l t ~ . ” ” ~ ” ~  

The TiHl  System 

TiH,’ ion has five valence electrons. Constraining TiHl  to have C,, symmetry with the 
metal at the origin, the 2 axis (a , )  being the symmetry C2 axis, and defining the molecular 
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R(Ti- H)/bohr 

Fig. 1. Binding energy, D,, of TiH' in the '@ state as a function of the distance RT,--H, in both 
the MCSCF and MCSCF+1+2 level of calculations. Note that the zero level of the MCSCF 

curve has been shifted to lower energy by 11.7 mhartree. 

Table 1. Energies ( E J ,  equilibrium bond distances ( R e ) ,  vibrational frequencies ( w e )  and dissoci- 
ation energies (D, ,  Do),  of TiHf in the electronic state 

method EJhartree f?JA w,/cm.-' De/ kcal mol-' D,/kcal mol-' 

GVB-PP( 1 / 2 ) "  -848.741 02 1.796 1563 32.8 
MCSCF" -848.741 62 1.797 1558 33.2 
MCSCF + 1 + 2" -848.770 33 1.755 1643 58.9 46.6 
GVB-DCCP -847.827 88 1.73 1696 56.4 54.0 
MCPF' 1.740 1705 51.0 
exptl" 55.1 *2 

This study. GVB-dissociation consistent CII5, results from ref. (12), (13). The GVB-PP energy 
reported in ref. (13), as well as the GVB-DCCI energy, are more than 0.9 hartree higher than our 
GVB-PP energy which reflects on the energetics of the "F atom: for the "F of Ti' we calculate an 
energy -848.189 46 hartree, consistent with that of ref. (4), while the corresponding GVB enegy 
of ref. (13) is -847.238 03 hartree, a difference of ca. 0.95 hartree. Considering that the two basis 
sets used are essentially equivalent, we cannot account for this discrepancy. ' Modified couple 
pair formalism,'' results from ref. (3), no energies are reported. " Ref. (17). 



1394 Electronic and Geometric Study of TiH+ and TiHzf 

Table 2. SCF equilibrium energies, equilibrium bond angles (8,) 
and dissociation energies (17) of T iHi  in various states 

state ' I  E,/ hartree 8, h / "  D, ' /kcal mol-' 

?A' -849.2247 97 22.6 

'AI -849.23 18 120 27.2 
2 B 1  -849.2333 120 28.1 

'B' - 849.1 840 180 -2.8 

" States 'A?, 'B2 are the two 'II components of the linear symmetry 
( 8  = 180"); 'A, and 'B, are the 'A components. ' RTi-H fixed at 
3.30 bohr (= 1.746 A).  ' With respect to Ti+(4F) + 2H('S). 

plane to be YZ(b2) the Ar 18-electron core has the description: 

(core) = laf2af3a:4af5aflb:2btlb;2b;. 

The two Ti-H bonds are of 6a, and 3b2 symmetry and the non-bonding electron which 
defines the overall symmetry can be allotted to any of the four representations of the 
CZv group. Therefore, in principle, four low-lying doublets are feasible, 'A1, 'A2, 'B, 
and 'B2 with the following Hartree-Fock description: 

a t a p a p a  = 2A2 
b : a p a p a  ='B1 

(core)6af3b:-- 

As it turns out, the 'A1, ,A2 and 'B1 states are degenerate within the resolving power 
of our computations. 2B, is formally the ground state, while 2B2 is 43.9 kcal mol-' above 
the 'B1 state [in the energy diagrams we use mhartree (= 0.627 51 kcal mol-I)]. Qualita- 
tively, the energy location of the four states is not unexpected: avoiding the bonding 
electron densities, the non-bonding eletron would rather occupy the a,  or b, symmetry 
blocks, being in both cases perpendicular to the molecular plane. The fact that the 'B2 
state is much higher than the 'A, state can be attributed to te fact that the a, symmetry 
orbital block is much more flexible than b2. In table 2,  we present the SCF equilibrium 
energies and angles (8, = <HTiH), while keeping the bond distances fixed at R = 
3.30 bohr (= 1.746 A), i.e. close to the Ti-H bond distance in the '@ state (table 1). 
With the exception of the 'B2 state this bond distance is close to the equilibrium distance 
(vide infra). The SCF results, table 2, are given not so much for the chemical information 
they conve but rather as a reference point. Correlating the two bonds in a GVB-PP(2/4) 
fa.~hion~~."we would write for instance for the 2A2 state: 

'A2(GVB-PP) = (core) (6af - A7a:) (3bz - p4bt)a:cwpapa. (2) 

Eqn. ( 2 )  is the natural orbital form of the GVB wavefunction; A, p > 0, and if A = p = 0 
the SCF description obtains. The 'B2, 2Al and 2B1 states are clearly obtained from eqn 
( 2 )  by changing the occupation of the (spatial) symmetry-carrying orbital a, to the 
symmetries bZ,  a,  and b l  . 

We obtain a better description than the GVB 19 CSFs MCSCF description by allotting 
the five valence electrons among five orbitals and allowing for the appropriate spin 
couplings, at the same time keeping the symmetry-defining orbital singly occupied. For 
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Table 3. MCSCF and MCSCF-t 1 + 2 equilibrium energies ( E e ) ,  bond distances 
( R e )  and bond angles (0,) as obtained from the surface optimization of TiHt 

in four states 

state CSFs" E,/ hartree R e /  bohr (A)  % / O  

MCSCF 
ZA' 19 - 849.2860 3.267 (1.729) 76.6 
IB* 19 -849.2189 3.381 (1.789) 180 
?A, 19 -849.2883 3.31 (1.75) 83 
? B ,  19 - 849.2884 3.28 (1.74) 106.2 

MCSCF-t 1 + 2  
?A? 8578 - 849.3 23 7 3.23 (1.71) 72.6 
lB' 9501 -849.25 52 3.357 ( 1.776) 180' 
'A, 9526 -849.3228 3.23 (1.71) 61 
IB ,  8588 - 849.3 252 3.23 (1.71) 107.0 

' I  Number of configuration state functions.I6 'See text. 

the *A2 state, for instance, the following five orbitals define the valence space: 

6a, ,7a1(a?),  3b2, 4b,(b;) and la,. 

The correspondence with the GVB-PP description is obvious. 
To improve upon the MCSCF-19CSFs wavefunction we have constructed the MR-CI 

descriptions, i.e. MCSCF+ 1 + 2 wavefunctions for all four states, and we have optimized 
the geometry of the system in both MCSCF and MCSCF+ 1 + 2  schemes. 

Table 3 gives a condensed presentation of our results. A first glance reveals that the 
'A,, 'Al and 'B, states are very close in energy, with *B, being the ground state and 
lower in energy than *B2 by 43.9 kcal mol-I. Note that 'B, is calculated to be the lowest 
state in all levels of calculations, even SCF. The MCSCF brings the *Az and 2A, states 
closer together, but still retains the order of the SCF. The MCSCF+ 1 + 2  flips the two 
levels so that 'A2 becomes the lower of the two states by ca. 0.6 kcal mol-I. 

Fig. 2 shows the energetics of the reaction T i H l - +  products at the MCSCF+ 1 + 2  
level of calculation. The following conclusions can be inferred. The reaction 

TiH+('@) + H('S) --+ TiHf('B,) 

(or for that matter any of the states 'B, ,  -Az, -A,) is exothermic by 34.7 kcal mol-', 
while the reaction 

Ti'(4F) +2H('S) - TiHi(*B,) 

7 7  

is exothermic by 83.5 kcal mol-I. On the other hand, the two reactions 

TiH2f('B1) -+ Ti+(4F) + H2('Xi) 

TiHl('B,) - Ti+('F) + H2( 'Xl)  

are exothermic by ca. 20 kcal mol-' and ca. 16 kcal mol-I, respectively. The first is 
spin-forbidden but the second is not, so once TiHi  is formed it can easily dissociate 
on the Ti(*F)+ H2('Z,f)  surface. The direct leaking of TiHT to the Ti'(4F)+ H2('Z;) 
surface is also plausible through spin-orbit coupling, but the first channel is more 
efficient . 

Fig. 3 shows the MCSCF angular energy dependence curves for all four states. The 
third dimension of those surfaces. i.e. the Ti- H bond distance has been fixed to 3.30 bohr. 
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Fig. 2. Energetics of the system TiH: -products at the MCSCF+ 1 +2  level. 

As the molecule opens up, eventually becoming linear and lying along the Y axis, the 
*A1,  *B2 and 'A1, *B1 states converge to the doubly degenerate 'TI[ and 'A states, 
respectively (fig. 3). The 'Al surface is extremely floppy, thus rendering the determination 
of a single 8, value almost lacking in physical meaning. In table 3, the value reported, 
83", is the mid-point of the flat portion of the 'A, curve. At the MCSCF+ 1 + 2 level 
the topology of the 'A2 and 'B1 surfaces ( RTi-" = 3.30 bohr) remains the same, but that 
of the 'B2 and 'A, surfaces changes (fig. 4). The flat portion of the 'A, surface at the 
MCSCF level (fig. 4) develops two minima at ca. 60 and ca. 120", with an energy barrier 
between tem of ca. 1.3 kcal mol-'. We can envisage that the molecule in that state can 
find itself in any of these minima, rolling easily from one to the other. An energy barrier 
of 1.3 kcal mol-' is close to or smaller than the zero-point energy of the system. The 
'B2 surface, on the other hand, at the MCSCF+ 1 + 2 level develops a shallow minimum 
around 160" instead of 180" ('n) which was the MCSCF (and SCF) value. The energy 
at 160" is ca. 3 kcal mol-I lower than that of the corresponding linear geometry. This 
could be an artefact due to the basis set. In table 3 the reported optimized Ti-H bond 
distances of the 'B2 and 'Al states correspond to 8 values of 180 and 61" respectively. 

Alvarado-Swaisgood and Harrison2' carried out similar calculations on the ScHi  
'A, (ground) state. Assuming that the two systems TiH;('B,) and ScH;('A,) have 
similar bonding character (they differ by a single electron added to the closed-shell 
system of ScHr in a symmetry which does not interfere with the bonding), a comparison 
between the two is appropriate. At the MCSCF+ 1 + 2 level and with an identical basis 
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/ 

Fig. 3. Dependence of the TiH; total energy in the 'B , ,  'A, and 'B2, 2A2 states at the MCSCF 
level as a function of the HTiH(0) angle. The Ti-H bond distance has been fixed at 

3.30 bohr( 1.746 A), i.e. the equilibrium bond distance found for TiH+(3@). 

set with ours (spd), Alvarado-Swaisgood and Harrison" obtained Re = 1.757 A and 
6,= 103.6" for ScHl,  values not very different from those of TiHl(2B1) (table 3). They 
also reported" a D, value of 106.4 kcal mol-' with respect to SC'(~D) + 2H(2S), using 
a basis set augmented by a single set o f f  functions [spdf set in ref. (21)] on the metal. 
From results on SCH+(~A)'  the effect of f functions on D, is CQ. 4 kcal mol-', therefore 
the D, value of ScH,' should be very close to 100 kcal mol-' in the spd basis set. This 
number should be contrasted to our D, value of 83.5 kcal mol-' (fig. 2), with respect 
to Ti'(4F) + 2H(2S). In addition, the reaction Ti+(4F) + H(2S) -, TiH+('@) is exothermic 
by 48.9 kcal mol-' (D,, table 1). The bonding of a second hydrogen to TiH' increases 
the exothermicity by 34.6 kcal mol-'. The corresponding numbers for ScH'('A) and 
ScH,'('A,) are 50.7 and ca. 50 kcal mol-I. In the light of the above discussion we can 
qualitatively describe the bonding in TiHl(2B,) as primarily due to hybridized Ti 4s 
and 3d,,, atomic orbitals which then interact with the incoming hydrogen atoms, quite 
similar'to those of the ScHi  system.2' 

Schilling et a1.22 recently reported a6 initio GVB calculations on the dihydrides CrHT 
and M o H ~ ,  both with a reported 4B2 ground state. Their basis set for the Cr+ ion is of 
a similar quality to ours, but for Mo' the Ni core was replaced by an a6 inirio core 
potential.22 At the GVB-RCI(2/4)I5 level they obtained an HCrH angle of 107.5" and 
a Cr-H bond length of 1.635 A .  Note, though, that their angular energy diagram, AE 
versus B(HCrH) [fig. 2 of ref. (22)], is very similar to that of TiHi(2Al)  at the MCSCF 
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Fig. 4. Dependence of the TiHT total energy in the ?A, and 'B, states at the MCSCF+ 1 + 2  level 
as a function of the HTiH( 6 )  angle. The Ti-H bond distance is fixed at 3.30 bohr. Two minima 

are found at CQ. 60 and ca. 120" with an energy barrier of ca. 1.3 kcal mol-'. 

level (fig. 2), the flat portion of the <HCrH curve ranging from 70 to 120". The MOH; 
angular energy diagram [fig. 4 of ref. (22)] at the GVB-RCI(2/4) level, is strikingly 
similar to that of T i H l  2A, state at the MCSCF-t 1 + 2 level (fig. 4). Schilling et al." 
report two distinct minima at  8 values of 65 and 112", with a barrier between them at 
88", of energy less than 1.5 kcal mol-I. As already reported, our two distinct minima 
occur at 61 and 120" with an energy barrier of ca. 1.3 kcal mol-' at ca. 90" (fig. 4). 

Conclusion 

( a )  The ground state of TiH+ is of '0 symmetry with a calculated Do of 46.6 kcal mol-', 
in reasonable agreement with the experimental value of 55.1 f 2 kcal mol-'. 

(6) The (formal) ground state of T i H l  is of 'BI symmetry with two states, 'A2 and 
2Al ,  just ca. 0.95 and ca. 1.5 kcal mol-' higher. A fourth state, *B2, is above the *B1 
state by as much as 44 kcal mol-'. At the 2B1 symmetry T i H l  has an equilibrium geometry 
of 6,= 107.0" and RTi--H = 1.71 A; this geometry is very similar to that of ScHt( 'A,) .  

( c )  The bonding character is due mainly to 4s3d hybridization and overlap with the 
1s orbitals of hydrogen atoms. 

( d )  The reactions 

Ti+("F) + H(%) --+ TiH+(3@) 
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and 

TiH+( '@) + H( 2 S )  ---* TiHf('BI) 

are strongly exothermic with an average bond strength of ca. 42 kcal mol-', while the 
reactions 

TiH;('BI) -+ Ti+(4F) + H2( 'C,') 

and 

TiH;(2BI) ---* Ti+(2F)+H2('C) 

are exothermic (the former being spin-forbidden and the latter spin-allowed) with 
exothermicities of ca. 20 and 16 kcal mol-', respectively. 

Although in fig. 2 we indicate that depending on the spin of the metal, the lowest- 
energy products of the reaction TiHl---* products are either Ti+('F) + H2( 'Zg+) or 
Ti+(4F) + H2( 'C,'), in reality the lowest-energy product will be a weakly bound electrostatic 

complex of the form Ti+... I . At a Ti-H2 distance of ca. 2 A, this T-shaped complex 

has a binding energy2' of ca. 4 kcal mol-'. Interestingly enough, in this system the spin 
H 

symmetry of the metal ion is the spin of Ti'... I 
H' 

H 
H 

( e )  The 'Al surface of TiHl  at the MCSCF+ 1 + 2 level of calculation presents two, 
almost symmetrical, distinct minima with an energy barrier of ca. 1.3 kcal mol-' at ca. 
90". The topology of this surface is in striking similarity with that of M o H ; ( ~ B ~ ) .  
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