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The titanium boride cation system, TiBhas been examined by ab initio MRCI (CASSEF+2) methods.

In addition to the ground, 3\ state, 23 low-lying excited states are reported with symmetfgs, 13-,

L3, 135, 138D, and3T, spanning an energy range of 35 kcal/mol. All reported states are bound with
respect to thgroundstate atoms Ti(a*F) + B(?P), with binding energies ranging from 47.6%%) to 13.8

(2311) kcal/mol. The state with the highestternal bond strengti{120 kcal/mol) and the shortest bond
length (1.866 A) is the first excitetE* state, binding via a “genuinely” triple bond. For all states studied we
report total energies, bond lengths, harmonic frequencies, and full potential energy curves, while an effort
has been made to interpret bonding interactions by employing simple valence-bond diagrams.

1. Introduction 2. Computational Approach

The challenging problems entailed in the ab initio electronic ~ For the Ti atom the ANO basis set 21s16p9d6f4g of
structure calculations of transition metal containing compounds Bauschlicheérwas selected but with the functions of g symmetry
are well-knownt They stem, mainly, from the high density of removed. This set was generalized contracted to 7s6p4d3f. For
low-lying atomic states of the transition metal aton®(g)hich the B atom the correlation consistent basis set cc-pVTZ
in turn are due to the similarity ofd, (n+1)s, and §+1)p 10s5p2d1f of Dunningwas used, contracted to 4s3p2d1f. The
orbitals both in spatial extension and enefgifhe combining resulting contracted basis set space contains 96 spherical
effect of low-lying high angular momentum (atomic) states gives Gaussian functions (5d and 7f functions).
rise to an extremely complex manifold of entangled molecular ~ As was already mentioned, the complete active space SCF
states with a variety of binding mechanisms. The importance + single + double replacements MRCI method was used,
of the transition metal containing molecular systems is reflected perhaps the only practical method available that is variational
in the corresponding vast literature, experimental and/or theo- and, due to the relatively small number of active electrons,
retical? It is indeed the purpose of this paper to examine by essentially size consistent and size exter¥leide infra).
high-level ab initio techniques the binding modes and dissocia-  The (reference) CAS space selected is composed of 10 orbital
tion energies of a number of states of the diatomic molecule functions, six of which correspond asymptotically to the valence-
titanium boride, TiB". The present report can be considered occupied space of T{4s+3d), and the rest to the valence space
as a continuation of our recent work on the Sc§stent, while of the B atom (23-2p). The number of configuration functions
work is in progress for the VBand CrB" systems. (CFs) ensuing from distributing six electrons among 10 orbitals

The states examined presently trace their origin to tffe a ranges from about 600 to 1700 CFs according to the symmetry
and &F states of the Ti cation and to théP state of the B of the state. Although all our calculations were performed under
atom. The total number of states resulting from the asymptotic C2, symmetry restrictions, the CASSCF wave functions display

fragments are given by the prodqﬁ‘HL' M., Md#+ ® |2SH1L, axial angular momentum symmetry, vizA| = 0, 1, 2, 3, and
M., Md8, or Tit(aéF, b*F, &F) + B(2P) — 420 states ofSt1A, 4 or =+, I1, A, @, andT’, respectively.

Mssymmetry. Disregarding thdsdegeneracy, the 420 states Valence correlation energy was extracted by single and double
collapse into the following 72, case (a) Hund stat&st, 1=7(2), excitations out of the reference CAS space (MRCI). To keep
33%(3),3=7(6), 5=(2), 5=~ (4), U1(3), 3I1(9), °T1(6), 1:A(3), °A- the computations under control, the approach of “internal
(9), 2A(6), 1®(2), 3®(6), 3®(4), 1T, °'(3), and°I'(2). Prelimi- contraction” was also employed (icMRCH;thus our largest
nary calculations at the CASSCF level were employed to select Cl expansion did not exceed the number of half a million CFs.
the first 23 out of the above 72 states, naméyy;, 1=, 3=+, Due to the involved nature of the PECs, we were forced to
337, 52, MI(3), 3M1, 511, 1A(2), 3A(2), °A(2), 1@(2), 3@, 5P, use the state-average (SA) technigb& Numerical experi-

I, 3, and®T". An additional state of=" symmetry has been  ments for the ground () and for the first excited ¢E*) state
calculated correlating to T{&?D; M=0) + B(?P; M=0) frag- performed with and without the SA method showed total energy

ments. For these 24 states full potential energy curves (PEC)losses of 0.6 and 1.2 mhartrees and differences in bond lengths
were constructed at the multireference configuration interaction of 0.004 and 0.015 A, respectively, with the SA bond distances
level (MRCISD= CASSCF+ single+ double replacements).  always being longer. Energy losses of about 1 mhartree were
Henceforth and for all states examined we report total energies,also found due to the internal contraction methodology employed
dissociation energies, equilibrium bond distances, harmonic here. Judging as adequate the basis set functional space, no
frequencies, and energy gaps. superposition effects were taken into account.

S1089-5639(98)01088-3 CCC: $15.00 © 1998 American Chemical Society
Published on Web 06/19/1998



Titanium Boride Cation, TiB J. Phys. Chem. A, Vol. 102, No. 29, 199983

TABLE 1: Total Energies of the a*F, b*F, a?F and b?D Ti ™ TABLE 2: Energies E (hartree), Bond DistancesR. (A),
States and of the?P and “P States of B Atom in Different Dissociation EnergiesD, (kcal/mol), Harmonic Frequencies
Methodologies we (cm™1), and Energy GapsT. (kcal/mol) of the X°A, 3*®,
-y 453, 7°I0, 1PA, and 22T States of TiB" in Ascending
Energy Order
method & biF & b’D state methotP —-E R De We T
NHF2  —848.203 401
SCF  —848.205 050 —848.188 433 —848.178 839 X°A  CASSCF 87281217 2121 311 528 00
CISD  —848.219 503 —848.214 373 —848.200 178 ICMRCISD ~ 872.89134 2102 476 519 0.0
sa-SCP —848.202 973 —848.186 613 —848.176 882 —848.146 098 ; ICMRCI+Q 8728957 ~ 2.104 49.0 507 0.0
CISD —848.217 562 —848.212 684 —848.198 192 —848.173 758 ¥®  CASSCF  872.79774 2346 200 400 9.1
icMRCISD 872.86818 2.344 33.0 414 145
B icMRCI+Q  872.8720 2.345 343 417 149
p n 453 CASSCF 872.79384 2219 186 392 115
method P P iCMRCISD  872.86740 2210 322 445 150
NHF¢ —24.529 061 icMRCI+Q  872.8715 2218 335 437 152
SCF —24.528 147 —24.451 286 7511 CASSCF 872.79209 2.338 16.7 442 126
CISD —24.596 634 —24.467 237 icMRCISD 872.86334 2.345 30.2 417 17.6
sa-CASSCF —24.559 329 icMRCI+Q  872.8673 2.346 316 413 17.8
MRCISD —24.598 396 1A CASSCF 872.76815 2.223 3.7 504 276
aNumerical Hartree Fock, ref 15b® Spherically averaged SCF or :gmsg:i% 3;5328599 2211882 Zlfg 552277 2233
CASSCF.c Numerical HF, ref 16 : ' ; ' )
! : 220 icMRCISD 872.83682 2.384 13.7 262 34.2

icMRCI+Q 872.8441 2371 17.0 343 32.4

ﬁ” faalcu?tlo?s tW erel dlo?ienwn\?v trhe l\l/IOLer? Svlv'lilttﬁ 3: 2The CASSCEF results have been obtained by the state-average
codes,” some test calculations were also done € method.b +Q refers to the multireference Davidson correction, ref 18.

COLUMBUS! code. ¢1 hartree= 627.51 kcal/mol.
3. The Atoms 4.1. Quintets. Ground, XA State. At equilibrium the
. ] leading configuration (Acomponent) is given by, RAC~ 102
The spherically averaged SCF energy of the Ti grotii{ds- (~ 2%)20117Iil7t)1,151_ , or in terms of the asymptotic fragments

3cP) state is—848.4057 76 hartrees, 0.40 mhartree higher than x|SA0= |a&F: M = +200® [2P; M = O[J Schematically, the
the numerical result?® with corresponding CISD value of  pinding interaction can be represented by the valence-bond-
—848.458 670 hartree. Table 1 reports total energies of the Ti | ewis (vbL) icon

a'F(4s3d), b*F(P), 22F(4s3d), and BD(4s3d) states, as well

as for the?P(2%2p) and“P(2s2p) states of the B atom in
different methodologies. Notice the1.65 mhartrees energy
difference between the numerical HF and our SCF of the Ti
system due to the contaminated angular momentum (spatial
polarization) of the SCF vectots. This symmetry contamina-
tion is removed at the spherically averaged SCF, with the energy
at this level being 0.43 mhartréégherthan the numerical value.  which suggests that the two atoms are held together by two
From Table 1 it is seen that the Tatomic energy separations half & bonds originating from the metal cation and a half
b*F < &F, &F — b, I’D — &2F at the CISD (spherically ~ bond originating from the B atom. Th&- orbital has a pure
averaged) level are 0.132, 0.394, and 0.665 eV respectively, as3d character with no participation in the binding mechanism;
compared to the corresponding experimental (averageMyer  in essence, thé_ is a spectator electron carrying the| = 2
valueg of 0.107, 0.458, and 0.490 eV. For the B atom the symmetry. The situation here is in striking similarity to the
calculated energy splittintP < 2P of 3.569 eV is in excellent ~ ground 4=~ state of the ScB systen? and this is clearly
agreement with the experimental number of 3.571%2eVhe reflected in the numerical results: from Table 2 we see that the
not so good agreement between the experimental and calculate®e, Re, andwe values of TiB" are 47.6 kcal/mol, 2.102 A, and
values of the metal cation splittings can be attributed to€ore 519 cnt?, as compared to 44.9 kcal/mol, 2.160 A, and 513tm

valence interaction correlation effects. of the ScB species at the MRClI level. At equilibrium the CAS
atomic populations are (first entry Ti, second entry B)
4. Results and Discussion
4SO254p(z)0%022443(£2603c(/)2603diy0/231572p§)632[:£382R(,)38
Tables 2, 3, and 4 present total energiE} pond lengths
(Re), dissociation energie®g), harmonic frequenciessg), and giving full support of the previously reported vbL icon. The

energy gapsTe) of the six quintets, seven triplets, and 11 population analysis suggests tha.8 e are transferred from
singlets of 3*, II, A, @, and I" spatial symmetry, at the  the B atom to the Ti atom via the frame, with a concomitant
CASSCEF, icMRCI, and icMRCHQ (icMRCI + multireference  transfer of~0.8 e from the Ti to the B atom via the frame.
Davidson correctiolf) methods. An overall picture of the 24 |n addition, the in situ metal finds itself in an excited¥(b*F;
PECs morphology is shown in Figure 1, while Figure 2 presents M==+2) configuration, but the PEC (Figure 3) ends up in the
a level state diagram; notice that the energy range in which all &F state of the Ti cation due to an avoided crossing around 6
24 states are embedded is 1.5 eV, with some of the statespohr between twéA states: the ground and the one originating
differing by less than 1 mhartree. Numbers in front of the state from the HWF state of the Ti. This was confirmed by
symbols refer to absolute energy ordering with respect to the constructing the XA PEC in two ways, with and without state
ground-X state. average (SA): the SA-PEC among the first thfde states

In the discussion that follows the quintets are presented first, (weighting vectorw = 0.8, 0.1, 0.1) results in the PEC shown
followed by the triplets and finally by the singlets. in Figure 3, while the without-SA PEC results in théFbP)
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TABLE 3: Energies E (hartree), Bond DistancesR. (A),
Dissociation EnergiesD. (kcal/mol), Harmonic Frequencies
we (cm™1), and Energy GapsT, (kcal/mol) of the 23[1, 5°A,
6°T, 8%, 103®, 113%*, and 12A States of TiB" in
Ascending Energy Order

Kalemos and Mauvridis

TABLE 4: Energies E (hartree), Bond DistancesR. (A),
Dissociation EnergiesD, (kcal/mol), Harmonic Frequencies
we (cm™1), and Energy GapsTe (kcal/mol) of the 11X+, 911,
13, 14x+, 15'A, 16'd, 17°A, 1811, 20, 21'd, and 2311
States of TiB" in Ascending Energy Order

staté@ methodc —-E R De We Te staté@ methodc —-E R D We Te
2%[1, CASSCF 872.79463 1945 20.0 616 11.0 1=+ CASSCF 872.81569 1.856 48.9 3848 2.2
icMRCISD 872.87368 1953 36.6 578 11.1 icMRCISD 872.87803 1.866 51.7 728 8.4
icMRCI+Q  872.8775 1.959 378 562 114 icMRCI+Q 872.8811 1.875 519 714 9.2
2910, CASSCF 872.79528 2.849 204 192 91 CASSCF 872.78203 1990 284 550 189
icMRCISD 872.85952 2711 27.8 276 icMRCISD 872.86209 1993 41.7 534 184
icMRCI+Q  872.8629 2.672 28.6 236 icMRCI+Q 872.8663 2.003 426 512 184
5%Aq CASSCF 872.79063 2.170 17.6 499 135 13 CASSCF 872.78047 2215 27.1 525 199
icMRCISD 872.86719 2.168 324 506 15.2 icMRCISD 872.85767 2204 38.8 524 21.1
icMRCI+Q  872.8717 2.172 34.0 483 15.1 icMRCI+Q 872.8621 2.208 40.0 524 21.1
53A, CASSCF 872.79403 2.896 19.7 278 14+ CASSCF 872.776 82 2.086 448 721 22.2
icMRCISD 872.85892 2.749 27.2 291 icMRCISD 872.85636 2.093 528 722 220
icMRCI+Q  872.8627 2.741 28.3 287 icMRCI+Q 872.8601 2.096 552 678 223
6T CASSCF 872.786 13 2.144 150 521 16.3 15A CASSCF 872.77512 2.181 23.7 463 233
icMRCISD 872.86454 2141 31.0 530 16.8 icMRCISD 872.85443 2.180 36.8 475 23.2
icMRCI+Q 872.8682 2.145 32.0 494 17.3 icMRCI+Q  872.8585 2.185 37.6 481 234
8%y CASSCF 872.81864 2.836 26.3 255 4.1 16'® CASSCF 872.76823 2.011 199 608 27.6
icMRCISD 872.86211 2.686 28.7 282 18.3 icMRCISD 872.85074 2.010 347 592 255
icCMRCI+Q  872.8648 2.665 293 282 194 icMRCI+Q  872.8551 2.020 35.7 673 255
83 CASSCF 872.78196 2.011 17*A CASSCF 872.766 64 2.135 18.6 459 28.6
icMRCISD 872.85854 2.011 icMRCISD 872.84761 2131 327 476 274
icMRCI+Q  872.8623 2.011 icMRCI+Q 872.8516 2.147 352 436 27.7
103CI)g CASSCF 872.79751 2.807 219 320 9.2 181 CASSCF 872.76504 2.236 18.1 468 29.6
icMRCISD 872.86188 2.688 29.3 283 185 icMRCISD 872.84649 2230 31.8 473 28.1
icMRCI+Q  872.8654 2.690 30.3 284 19.0 icMRCI+Q 872.8514 2.231 331 513 27.8
1063, CASSCF 872.78006 2.033 109 503 20'=- CASSCF 872.76185 2230 148 499 31.6
icMRCISD 872.86002 2.025 28.1 538 icMRCISD 872.84555 2205 30.8 542 28.7
icMRCI+Q 872.8648 2.032 299 519 icMRCI+Q  872.8525 2.206 334 551 27.1
113+ CASSCF 872.78005 2.162 11.2 493 20.2 211 CASSCF 872.75991 2.184 149 828 328
icMRCISD 872.86156 2.150 29.1 495 18.7 icMRCISD 872.83943 2207 274 765 32.6
icMRCI+Q 872.8671 2.155 31.3 497 18.0 icMRCI+Q 872.8446 2.210 288 760 32.1
128A, CASSCF 872.78240 2.093 12.7 533 18.7 2371y CASSCF 872.75183 2.132 10.1 595 37.9
icMRCISD 872.86125 2.108 29.0 448 189 icMRCISD 872.836 61 2.109 259 531 343
iCMRCI+Q  872.8669 2.137 31.3 436 18.1 icMRCI+Q  872.8423 2117 27.7 542 335
128A, CASSCF 872.776 73  2.434 9.1 237, CASSCF 872.74715 2.646 7.2
icMRCISD 872.85450 2.493 24.7 icMRCISD 872.82550 2559 18.9
icMRCI+Q  872.8598 2,532 26.8 icMRCI+Q  872.8309 2.548 20.5

a“g” and “1” refer to “global” and “local” minimum, respectively;

a“g” and “I” refer to “global” and “local” minimum, respectively;

see text? The CASSCF results have been obtained by the state-averagesee text? The CASSCF results have been obtained by the state-average
method.c +Q refers to the multireference Davidson correction, ref 18. method.c +Q refers to the multireference Davidson correction, ref 18.

state of the metal, an effect due to the instability of the MCSCF

and/or MRCI equations.
3P State (2nd of the Quintets)At equilibrium the leading
terms (B component) are, |3p0~ |10220%30%10% 1,01+

1162201301716 [] with the asymptotic representation given

by the product

3PP |a'F; M = £30® [°P; M = 0]

The binding mode can be represented by the superposition of

two vbL pictures,
Sy &

3o

with a half ¢ bond, a halfz bond, and a spectator ef 6.
symmetry. The CAS atomic populations are

4§)694p2073£2893(_£2233062233£22323(£y50/251662p26b|:£262|:€26

in agreement with the vbL icon. At infinity we start with a d
distribution of 3¢,*3d;*, resulting in 3¢;*3d;”* at equilibri-

dDe is with respect to the adiabatic products.

T T
-0.80 Tit(@®F)+B(PY]
082 Ti*(a*F)+B(P}|
@ -0.84 ]
>
o
5]
£ -0.86 4
-0.88 i
-0.90 1 1 ! I
4 6 12 14

8 10
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Figure 1. MRCI potential energy curves of all 24 TiBstates examined
in the present paper.

um, while 0.52 € are tranferred to the 2p2p, boron orbitals,
resulting in the halfr bond. In theo frame~1 e is distributed

to the 3r orbital, with the 3g(0.89)+ 4p,(0.07) Ti populations
steming from the By frame (0.7= 3 — 1.66 — 0.63), plus 0.3
e~ from the Ti 4s orbital. Finally, thé.. electron maintains
its integrity along the whole of the PEC, Figure 3. Overall a
transfer of 0.15 & occurs from the B to the Ti atom. From
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Figure 2. Relative energy level diagram of the TiBystem.
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Figure 3. Potential energy curves of six quintet states; MRCI level of
theory.

Table 2 we see that tHe. and R values are 33 kcal/mol and
2.344 A at the MRCI level, the latter value being longer by
0.24 A as compared to theSX state, consistent with the
reduction of bonding order by a haif bond from the XA to
the 2@ state.

453~ State (3rd of the Quintets)At equilibrium the leading
configurations of the &~ are

41°2" O~ 0.8810°20'30 L, L, -

0.2210%20"30™M10% 160
in essence differing from the®A state by an orbital interchange,
0-to 30. Asymptotically, we have the product’Z-[= |a'F;

M = 0I® |°P; M = 0] The binding scheme is very similar to
that of the XA state with the following vbL picture:

with two half x bonds and one half bond. The CAS atomic
populations

4308l4pg063d32743(£1723(:€z723c£29;23c£y07/2Sl662p26%p2242[£24
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corroborate the above bonding mode. In theframe ap-
proximately 0.5 g is transferred from the metal to the B atom,
with a synchronous migration ef 0.7 € from the B to the Ti
atom via theo frame. As a result, the B atom is losing0.2
e toward the metal.

In every respect this state is similar to th&2 state of the
ScB" molecule® the binding mode between the two states is
identical, while the numerical results are in practical agreement
with Dg(internal bond strength= 34.9 kcal/mol,R. = 2.168
A for the ScB', as compared t®. = 32.2 kcal/mol andR. =
2.210 A of the TiB" (Table 2), at the MRCI level.

7°11 State (4th of the Quintets)The difference between this
state and the previously reportedP®state is a sign flip
between the two leading configurations, namel§TI{>B) I~
110201361163 1,0 — 10203611161 [] with the asymp-
totic fragments described by the product wave functitiiI7]
= |aF; M = +£10® |?P; M = 0L From Figure 3 we observe
that the Pd0and 7IIOPECs are “parallel”, with Table 2
revealing the close agreement between the corresponding
numerical findings.

1%A State (5th of the Quintets)The leading configurations
are

19°ACA )0~ 0.8610°20 Ly 10" (-
0.1610"20'36 117161 O

while asymptotically we have 19\[= |a*F; M = +3[I® |P;
M = F1[ The CAS equilibrium atomic populations are

450554p2063(£2643(£24%(£2453(ﬁy0/251642p2112R(3532RC,)53

suggesting the following vbL icon for the bonding interaction:

In this case an analysis of tleorbitals is in order 2 ~ 0.6-
(4s)— 0.8(3d), 30 ~ {[0.5(4s)+ 0.3(3d)]+i — [0.5(2s)+ 0.7-
(2p»)]s} with the 25 “hybrid” localized on the metal and the
3o clearly being thes bond. The 18A PEC shown in Figure
3 presents an avoided crossing around 5 bohr, due to the
interaction of anothetA state originating from the first excited
4P(2s2p) state of the B atom. This is also evident from the
equilibrium electron distribution reported above: the in situ B
atom finds itself in its'P, M = O projection, thus giving rise to
two half sz bonds with a transfer 6£0.90 € from B to Ti; the
half ¢ bond stems from th& = +2 (M = £3 at infinity) of
the metal cation with the transfer of 0.75 &#om Ti to B.

22°T State (6th of the Quintets)This is the last of the
quintets, lying 34.2 kcal/mol above the théAstate, with a
binding energy of 13.7(17) kcal/mol at the MREIQ) level,
Table 2. The twice as large difference between the MRCI and
MRCI+Q D¢'s of this state and the rest of the quintets is
attributed to the nonoptimal character of the one-particle
molecular basis set. This state was obtained as the third root
of the MRCI matrix of°A; symmetry. The leading equilibrium
configurations are

22T (°A) O~ (116°20™10* 12—
11672016 1 27m,) + (|10°20" 2L, 16" O
|110°20" 1,216 1)
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Figure 4. Potential energy curves of the triplet manifold; MRCI level
of theory.

with the asymptotic wave function ZZ0= |a'F; M = £3[I®
|2P; M = £10J Visualizing the equilibrium configurations with
the aid of the vbL diagrams, we obtain

3dxz 5,
5, _
3dyZ
+
2m, In,
&_
87 -
17[}’ 27[y

with 20 ~ 0.6(4s)+ 0.3(3d,) — 0.5(2s), I ~ 0.7(3d,) + 0.6-
(2py), 27 ~ 0.7(3d;) — 0.7(2p;). The above vbL picture shows
the difficulty of describing the chemical bonding process in a
conventional manner.

4.2. Triplets. We report seven triplet states the PECs of

which are shown in Figure 4; numerical results are presented

in Table 3.

2311 State (1st of the Triplets)The ZI1 PEC presented in
Figure 4 shows two minima, a “locall)(around 5.1 bohr and
a “global” (g) around 3.7 bohr, due to the interaction among
three PECs asymptotically described by the fragmgibis=
|aF; M = 41, 42, 00® |?P; M = 0, F1, £10 At the MRCI
level, only theM = £1[08 |M = OOPEC has been constructed
(Figure 4). At the " minimum the leading configurations are

2°TI(°B,) [ ~ 0.43(10°20°1m, 16" O~ [10°20°16 1m,0) +
0.4010°20%30™ 1700
The CAS atomic populations at thé&' ‘min are
4S’L.084p(z).0730(272.403c£.ZG73C€.Z333c£2.ii;3l23(£933/251.842p(z).842pg.062R(/).OG
and entirely reflect the Tication representation at infinity:

TiT(@'F; M = +£1) = V4/104s'3d.3d., [+
V3/1014s'3d 3, [+ +/3/104s'3d) 3,0

Indeed, the 0.67 epopulation of 3¢, (+v4/10Y + (+~/3/10¥,
plus the 0.33 e of dy,, (v/3/10%, sum to 1.0 d e, indifferent
to the bond, with a second spectatorddéstributed to the 3g
(0.40), 3d2-,#(0.33), and 3¢(0.33) orbitals, in accordance

Kalemos and Mauvridis

with the asymptotic coefficients v{4/10¥, (v/3/10f, and
(+/3/10Y, respectively. The two atoms are held together by a
pureo bond, while 0.20 e is transferred from the B to the Ti
atom. The following vbL icon succinctly summarizes the
bonding mode,

3dx

e

From Table 3 we see that the energy value of thisond
amounts to 27.8 kcal/mol at the MRCI levelRt= 2.711 A.
Essentially the same binding energies and bond distances are
observed in all triplets where the binding is caused by a single
o bond (vide infra), i.e., ¥\, (27.2 kcal/mol, 2.749 A), &
(28.7 kcal/mol, 2.686 A), and 2®, (29.3 kcal/mol, 2.688 A),
Table 3.

It is interesting to note that the 3dspectator) electron does
not “diffuse” into the 2p empty orbital of the B atom. Perhaps
the reason is that this electron results from the 06¥®.33d,,
distribution, dictated by the symmetry of the*Tatom (d4F;
M==1) alone, which is responsible for the molecular symmetry,
the B atom always being in it¥ = O projection. In other
words, an electron redistribution would change drastically the
(v4/10, +/3/10, +/3/10) vector with a concomitant change of
the 3@ and 3¢k-y2, 3d,, populations and finally to an energy
gain and/or to a symmetry contamination.

At the “g” minimum the leading configurations are

2°TI(°By) ~ 0.8416°20 L L2 H- 0.19
110°1m 1,10 O |10°10} Lyl

which, diabatically, correlates to th¢h*F; M = 00® |2P; M =
+10with a switch ofM values as compared to thi finimum.
The CAS atomic populations are

450214p(z)1]3012)2703(£2663(£2183

08 3025 g8 208 35207
The binding scheme can be represented by the following vbL
diagram.

VAR +
20 =<1 N B

where 2s~ 0.70(3¢) — [0.20(2s)+ 0.70(2p)]s. The bonding
is due to ar bond (2 e distributed in ther, frame~1.18+
0.67) and a halfr bond (1 € distributed in ther, frame~0.66
+ 0.35). Also, a strong hybridization between the 2s and 2p
boron orbitals occurs, giving rise to a putatiwebond, while
the in situ Ti atom appears to be by about 70% in3¢b%F)
configuration, the rest being in its 4S8a'F) configuration.
Notice the very large 0.76 A difference in bond length between
the “g” and “I” minima. No charge transfer is observed.

5%A State (2nd of the Triplets)The two minima shown in
Figure 4 of this 5A PEC, a local I and a global ¢’ around
5.2 and 4.1 bohr, respectively, are the result of an avoided
crossing at about 4.6 bohr, mainly between fostates, the
fifth and the 12th, in ascending energy order. THearfinimum
traces its ancestry t@'F; M = +£20® |2P; M = O[] with an
equilibrium configuration of BA(GA)Q ~ 0.8410%20%30%-
1610 and CAS atomic populations 4¥4p)°%3d;;*3d};° /
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258200 %21 %21 %, Both the 3¢¥(30) and 3¢k ,2(d+) elec-
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From the atomic populations it is rather obvious that the bonding

trons have spectator character without any participation in the character of this state can be pictured by the vbL diagram

bonding. Thus at thel® minimum the bonding can be clearly
pictured by

8,

+

20

3o ="I:i_B

Overall,~0.20 € is transferred from B to Tivia theo frame.

Now in the “g” minimum of the PEC the dominant configu-
rations are

5°ACAYD ~ 10°20™M L 1n;16 (0.5% B0 +
0.55100,8 + 0.33n0,8a) — 0.1216°20'16% (1% + 175)0

resulting in a dramatic change of bonding mechanism as

compared to thel® minimum. The atomic distributions are
430.254pg.l13@313@2(13@503@2.075;/23@995/251.522p(z).782R(3.302R(,).30

The in situ metal is in a ¥Yb*F;, M=42) configuration; the
3d.(6-) e~ does not participate in the bonding, while<20.30

e~ are transferred from the 3(Ti) to the 2p(B) orbitals,
creating two halfr bonds. Via the strongly hybridized 2s,2p
orbitals of B~ 0.7 € migrate to the 4s4d(20) hybrid of

the Ti atom. These findings can be captured by the vbL picture

with two half 7z bonds and a halé bond. The binding in this
5%A state is identical to that of the®X state; the 15 kcal/mol
difference inDg is the result of the different spin coupling
between the two states.

6°T" State (3rd of the Triplets)At equilibrium the prevailing
configurations are

6/°T(°A O~ 10°20* L Ly 16 (0.5 ot —
0.30Baw) — 0.4310°20" 10} (17, — 172)0)

Our CAS reference one-electron basis is not optimum for this
symmetry, as resulting from a state-average process on thre
states ofA symmetry. Table 3 lists our numerical results, and
Figure 4 shows the PEC which correlates 6= |a*F; M =
+30® |°P; M = +10fragments. The inherent multiconfigu-

3dy, 5.
\ﬁ4/5) Q}@%@ -ﬁl/S);@@%@
3dy, -

with ~0.20 e transferred from B to Ti via theo frame. The

two d densities are spectator electrons along the PEC until the
“g” minimum, each composed of 0.8Q¢d+ 0.20(d>-y?), and
0.80(d,) +0.20(dy) €, respectively. This 0.80/0.26- 4/1
electron allocation of the in situ Ti atom reflects 6 = 0
projection of the & state at infinity: v/4/5/4s'3d3d,0+
V1/5/483d;, ,3d,[] Certainly the atoms are held together by
a singleo bond, but no delocalization of the density occurs
due to thex/FS|é+6,Dcomponent.

As the two atoms come closer passing tgérhinimum, the
character of the wave function changes drastically, becoming
83204 ~ 0.8010%20%1m,Lr,Owith CAS atomic populations
as follows:

450274p(z)133(£21%(£2663(£2663

10 0.31

10 31028 o 2o f

Our populations are consistent with the following bonding
scheme:

Ti = Bt

[

with two half 7 bonds and ar bond; overall~0.13 € is
transferred from B to Ti via ther frame. The very abrupt
morphological change of the PEC around 3.8 bohr, along with
the population allotment, suggests that the metal correlates to a
d® distribution, namely, gd.dy,, Two atomic Ti" states are
theonly candidates carrying the appropriate spatial distribution,
the |b*F0and |a*PO~ 0.1 and 1.1 eV above the grounaFO
state?

Ib*FC= v/4/53d,:3d,,_,,3d, /[0~ v1/53d,3d, 3]
|a*PLi= v/4/5/3d,,3d, 30, H v/1/5)3d,,3d,, ,,3d,,]

The interaction of these two atomic states leads to a practical
expulsion of the dd,z_2dy, component, rendering the delocal-

Qzation of the 3¢ Ti electrons toward the B atom and the

creation of two halfr bonds possible.
10°® State (5th of the Triplets)The PEC shown in Figure
4 presents two minima, &" and a ‘1", differing in energy by

ration nature of this state renders its visual representation by ajasg than 2 mhartrees at the MRCI level. Table 3. The dominant

vbL illustration difficult.

8%z~ State (4th of the Triplets)The PEC shown in Figure
4 presents two minima, a globag™ and a local 1” at about

5.1 and 3.8 bohr, respectively, due to an avoided crossing. At

the “g” minimum the dominantly contributing configurations
are 835§ ~ 0.7710%20%m, 1m0 — 0.3910%20216316™ [
correlating to $=-0= |aF, M = 00® |2P; M = 0l The
equilibrium CAS atomic distributions are

451104p2063(£2043ngs%cﬁzs%cﬁzz_(;ﬂS(ﬁyzolzsl842p2822p2062[£06

configurations (B component) at thed” minimum are given
by the combination:

10°®[] ~ [10°20°10} Lm0+ |10°20° 1,161 0
The asymptotic wave function is represented by the product

10PP 0= |&F; M = £30R |?P; M = 0l At the “g” equilibrium
the CAS atomic populations are

4874 )03 3 3,5 325 248 24 2y
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The binding mode is succinctly represented by the vbL icon

3dx

3d§ 20 * +

We have a pure bond and two spectator symmetry defining
electrons (d, ds) indifferent to the bonding. The bonding
mechanism strongly resembles ti&lXstate (vide supra); as in
that case;~0.20 € is transferred from B to Ti via the frame.
At the “g” minimum the in situ metal mirrors perfectly its
asymptotic distribution, as it should, due to thé = +3
symmetry commitment.

As we approach thel™ minimum around 4 bohr (Figure 4),
the electronic milieu transforms drastically. The leading
configurations (B component) are 18P0 ~ [16%16} 17}
1750+ |10%171m,161 [ with corresponding CAS populations

4SO154pg093022173£ZB2S£2823£25323C€)/50/251562p(z)092R(36]2R(/)61

The in situ metal finds itself in its%&(M==3) ground state,
with the B atom in its'P(M=0) first excited state. The bonding
is represented by the vbL picture

5. [ 5
+ =Ti

composed of a bond, ax bond, and a halfr bond; thed.
density is a spectator electron. In thdrame we have 3e~
(0.82+0.61)x 2 e, with0.6 € =1 — (0.15+ 0.09+ 0.17)
transferred from the Ti 4s to the B 2s. Notice the large
difference between the bond lengths, 0.7 A at the MRCI level
(Table 3), between theg" and “I” minima, reflecting the
difference in binding character, a singiebond vs 2.5 bonds,
respectively. Although the binding energy is practically the
same for both thed” and “I” minima, ~29 kcal/mol (Table 3),
the latter has amternal bond strengthviz., with respect to
Ti™(a*F) + B(*P) products, of 110.4 kcal/mol, not a surprising
value for 2.5 bonds.

1133+ State (6th of the Triplets)This is a state very similar
to the previously reported®b state, something that can also be
seen from its leading configurations,

+

—B

. B
~e-

11P°5 O~ 16°20™ 11,16 (0.490,8a. — 0.28xB00) +
0.4110°20™16% (1 — 17)0

the only difference being thglusinstead of theminussign in

the second term. Exactly the same approach was followed as

Kalemos and Mauvridis
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Ti*(a%F)+B(P) |

Energy(E,)

-0.86 |-
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Figure 5. Singlet potential energy curves Bf, A, andl” symmetries;
MRCI level of theory.

F+10 Following the PEC from infinity, at around 5 bohr, a
drastic change of configurations is observed as a result of the
Tit d¥(b*F; M=42) intervention at thel” minimum. Here the
dominating presence of the chetal configuration is obvious
from the CASSCF atomic populations

450.394p2.073(£él73(£.z7]3(£.z7]3 .0623C£}./93/251.632pg.712QO(.ZQZR(}ZQ

2y

leading unequivocally to the following vbL icon

The bonding is due to three half-bonds, enand twou, with

~0.6 € moving from Ti to the B atom via the frame and an

equal e transfer from B to a 4s3dhybrid on the Ti atom. The

symmetry carrying)— density is a spectator electron with no

participation in the bonding. Thid™123A state is “naturally”

similar to the ‘4" 5%A state due to the avoided crossing (vide

supra), while the observed numerical difference®iand Re

are the results of the forced orthogonality between the two states.
The “g” minimum has practically the same character as the

“1”, as it appears from the dominant configurations

12°ACA ) ~ 10°20" L1, 10" (0.4500a8 —
0.4518a0 — 0.2600,8a) — 0.3910°20'16% (15 + L73)0

1

The CAS atomic populations at thg™minimum are

4SO214p§)l]3(£2583({22573({32573({22?:7)/23({2)/61/2SlSap2532g(34]2®)41

in the €T state, with the numerical results and the PEC reported 0 binding scheme is the same as in thiecase, the only

in Table 3 and Figure 4; the PEC correlategat-; M = 4100
® |?P; M = F10

12°A State (7th of the Triplets)The PEC shown in Figure
4 presents two minima, the first from the righit and the second

difference being the allotment of thé spectator electron
between the); and - functions.

4.3 Singlets. We report 11 singlet states, the PECs of which
are shown, for reasons of clarity, in FiguresZ+, A, )

“g"at 4.7 and 4.0 bohr, respectively, and an energy difference 5nq g t11, 1) numerical results are presented in Table 4.

between them of 6.8 mhartrees. We focus first at tHe
minimum with leading configurations

12°PACA )T ~ 10°20" 1w 116 (0.5 7oy +
0.5208a0x + 0.300Ba) — 0.1216°26™16% (1 + 1)

and tracing its origin to 12A0= |a*F; M = £30® |°P; M =

1=+ State (1st of the Singlets)his is the first excited state
lying 8.35 kcal/mol above the ground®X state at the MRCI
level of theory (Tables 2 and 4). At equilibrium the leading
configuration is~0.90 10?1, 1;[] with the asymptotic wave
function represented by the product

1}5"0= |8F; M = £10R |°P; M = F1[0
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= |&F; M = £1[I® |?P; M = 0] The PEC presented in Figure
6 is the result of three strongly interactitg states, all shown

in Figure 6. Around 5 bohr the mixing of the thréH states
gives rise to a switching of the asymptolitvalues Ti (M=0),
B(M==+1), while around 4.5 bohr an avoided crossing between
the third of thellT states (2¥T) and a fourth!IT state (not
shown in Figure 6) of the Tid3(&2G) distribution is responsible

1 for introducing the 0.22 component3dn the leading equilib-
rium configurations previously mentioned. The CAS atomic
populations are

0861 4/ ] 24, 0.11n 054y .71 L1645 0.11 o 0.115 150, 0.465 0.32, 0.66
! . . . - . 4924001353, j3q}f3 2,y23d2y 128-°%p> 420 22@
Ryp.p(bohr)

\ T ' T T T with the asymptotic wave function given by the produfE]

Ti*(a’F)+B(*P)

-0.82 |

Energy(E,)

-0.84 |

Taking into account only the “0.75” component of the leading
configurations, the nature of the bonding can be more or less
represented by the vbL icon

Figure 6. Singlet potential energy curves of and ® symmetries;
MRCI level of theory.

Notice that the metal fragment is in its second excited state, as

dictated by the spin symmetry. All binding energid3g)(

reported in Table 4 are with respect to the asymptotic products; =Ti B;
binding energies with respect wroundstate fragments are ~
obtained by substracting the (calculated) 12.1 kcal/mo] @&F

— &F excitation energy.

The CAS equilibrium atomic populations are implying az bond, a halfz bond, and a halé bond, with no
net charge transfer from one atom to the other. Our populations
450'204p2'113022'203cﬁ'2273ct}f7/231'442pg'OGZpg'GBZpB'GB suggest that the in situ Ti atom is a linear combination of two,

M = 0, configurations,
suggesting the following binding scheme
|0C= sin ¢|(4s3d), b°F; M = OCH

2p, cosg|(3d®), &#G; M = 00
N
=Ti N2 B Although thesr-bonding character cannot be questioned,ahe
2p, interaction is rather ambiguous; we can only ascertain a strong

(sp)?C hybridization on the B atom with 3 eentailed in thes
frame of the system.

13T State (3rd of the Singlets)This is not an easily
analyzable state due to the large number of significantly
contributing configurations in the CASSCF wave function. For
instance, some of the main contributing configurations are

that is, a full triple bond. About 0.5 eare transferred from

Ti™ to B through theo frame with a synchronous transfer of

~0.5 e from B to Ti* through ther frame. Due to the triple

bond the 1=t state has a remarkably short bond length as

compared to all other 23 states. For instance, all states

characterized by a single bond (2I1;, 53A,, 83, 106® 11 10 1a 14 <l

have a bond Ie)rqgth ofgabout 2.§ Ao0.8 A Ionge? than ?r)we 13'T('A)C 10°20 17, 1,16-(0.31o o5 +

present state. In Table 4 we reporDa= 51.7 kcal/mol (or 0.53x06) + 0.43 10220115i(1n§ + lﬂ)z,)D

51.7— 12.1= 39.6 kcal/mol with respect to the ground-state

atoms), not in congruence with its binding order. However, with the asymptotic wave function being

theinternal bond strengttthat is the binding energy with respect

to thediabatic products, Tt(a®F; M=0) + B(*P; M=0), is 120 13'= |8%F; M = £30® |°P; M = +10

kcal/mol, reflecting the triple-bond character of tH&'1 state.

That the in situ B atom finds itself in tH® is clearly suggested ~ The equilibrium atomic CAS populations are

by the equilibrium electron distributions: the Zpnction carries

only 0.06 e (its GVB correlation), with 1.95eallotted among 450'364P2'133022'263({226%(&6%(&5323‘%50/251 AGZPS'WZR?'%ZPS'%

the 2s+ 4s4p3dz orbitals, while the remaining 2 eof B are ] )

distributed in ther frame, 2(0.68+ 0.27). It is revealing to ~ The vbL representation of the bonding,(éomponent) can be

constrast the binding mechanism of this state with the ground Writtén as

13+ states of the isovalent triple-bonded speciesNT19 and

Ti=C—H".20 For these molecules tHe.'s and Re's are 120 8- 3

kcal/mol, 1.586 A (Tt(&*F) + N(4S)) and 113 kcal/mol, 1.758

A (Tit(&@F) + CH(#=")), with corresponding experimentBl

values of 116.3: 2.8 and 114.2+ 1.3*2kcal/mol, respectively.
9T State (2nd of the Singlets)The equilibrium configura- +

tions for this state are

20 +

>
+

=]
+

9I'TI(*B,) O 0.7510%20 L, 1w~ -
0.22(10%16% 1,1, - |10° 1 L, 161 1)
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e Ti"(2F; M=0)+B(‘P; M=0)

2377 eV

|

Ti'(a’D; M=0)+B(*P; M=0)

Energy

Ti'(a’F; M=t1)+B(°P; M=% 1)

RTi—B
Figure 7. Schematic representation (not in scale) of ¥&8¢& interacting manifold. Dotted curves have not been calculated.

with corresponding pictures for the ,Acomponent. The state (dotted line) is schematically drawn (not calculated) in

presence of a 2por 2p, electron on the B atom, not obvious  Figure 7, correlating to Ti(?D; M==+1) + B(*P; M=F1)

from the population distributions, is dictated by s = +1 fragments.

value due to thd'(|A| = 4) symmetry. Grossly speaking, we The equilibrium CAS atomic populations, admittedly not very

can claim that the bonding is comprised of #ond and a half  revealing, are 424 3> 3,3, 3>}, 3>V 2548

o bond. In theo frame 0.25 e is transferred from the (4s4p 2p>92p> 42004, with no net charge transfer.

3d2)0 hybrid to the (sp>° hybrid on the B atom, while via 15'A State (5th of the Singlets)The PEC shown in Figure

thesr frame about 0.25eis transferred to the metal, so no net 5 correlates to Ti(a2F; M=+2) + B(2P; M=0) asymptotic

charge movement is found. products. As we trace the potential curve to the left, a strong
14'>* State (4th of the Singlets)This is the only state that interaction occurs around 5.5 bohr among the tHreestates

correlates to the?® state of the Tt cation. The CASSCF wave correlating to TH(a?F; M=41,4243) + B(®P; M=%1,0F1).

function contains a multitude of significantly contributing At equilibrium (2.18 A, Table 4), the CAS wave function does

configurations with coefficients of 0-20.3, so no “simple”  not contain a dominant configuration and is composed of a large
interpretation of the bonding character is possible. Atinfinity, number of significantly contributing configurations. For in-
the wave function is given by the produetD; M = 00® |2P; stance, the largest contributions to the demponent are

M = 00 In the PEC shown in Figer5 a global minimum is
observed around 3.9 bohr, while at about 5.4 bohr a local 15|1A(1A1)|]v 0_5210‘22()‘1181(1‘7[)2(—}— ]_7[5)54-
minimum appears, not clearly discerned at the MRCI PEC, 2 Amdya 2 5 2 2,0 2 2
reflecting the asymptotic charactellg M=0) of the metal. 0.2310°20"30 (1, — L) + 0.2010°20" (L, — 1) L=
For purely technical reasons we were unable to compute the 0.12|1022011ﬁ)1(1n>1,15fm
5.2 bohr-to-infinity PEC.

To further clarify the situation here, in Figure 7 we present The corresponding CAS-atomic populations are
a schematic (partial) drawing of the PECs involved; the dotted
part of the curves has not been calculated. The left (repulsive) 48>*4p)“3d};>8d) >3, >3c;"S,3c> Y2542 "2 *2p) *°
part of the 14=* PEC is dominated by the asymptotic character
of the =" state. The right part, and in particular, between While two half 7 bonds can be clearly discerned, no simple
3.7 and 5.0 bohr (overlaping curves), is controlled by the picture can be given for the and .. interactions.

asymptotic diabatic (dotted curve) part of th&1(a*F; M=0 16'® State (6th of the Singlets)The asymptotic wave
+ 4P; M=0) state, thus transmitting the triple-bond character function is represented by the produgt-; M = +30® |?P; M
of this state (vide supra) to the " state. Therefore, the = 00} with the following leading equilibrium configuration:
equilibrium character of the &+ state is amelangedue to _

the avoided crossing between tffiabatic curves 15+ — Ti- 16'®('B,) O~ 0.62(10°10% 1w, 1m0 |10°Lm,lm 161 )

(a*F; M=0) + B(*P; M=0) and the 1= — Ti*(aF; M=41)

+ B(®P; M=7F1). TheD, = 52.8 kcal/mol reported in Table 4  The PEC shown in Figure 6 presents an avoided crossing around
is with respect to Ti(a2D; M=0) + B(3P; M=0). To obtain 4.2 bohr with the 2% state, lying some 7 kcal/mol above the
the dissociation energy with respect to ground-state products,16'® state (Figure 2). Close to equilibrium the'@lstate lends

the calculated excitation energyT&D < a'F) of 27.5 kcal/ its character to the 2@ due to the avoided crossing. However,
mol should be substracted from the 52.8 kcal/mol value. Now, the character of the 2® state originates from an avoided
theinternal bond strengtlof the 14" state is calculated with  crossing at about 4.6 bohr (Figure 5) between this state and
respect to the Ti(@F; M=%£1) + B(3P; M=7F1) asymptote, or  anotherl® tracing itsdiabatic origin to Ti"(a*F; M=%£3) +

38.5 kcal/mol. For reasons of completenessa* diabatic B(*P; M=0) fragments. The equilibrium CAS atomic distribu-
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tions of this state are
450l74p2093cgz193’c£276:?’(:€z7%(£25_(;23c£y50/251502p2092p2682R(/)68

leading to the following vbL bonding icon

8s 5. 2,

with a o bond, ax bond, and a halfz bond; notice the'P
character of the in situ B atom. In tleeframe 0.5 € from the
(4s4p3d2)10 hybrid are transferred to the ZXsboron orbital,
giving rise to a purer bond. In ther frame 0.6~ 2(1 — 0.68)

VR

B:

N B
~e-

e~ are transferred from the B to the Ti atom, so no net charge

transfer occurs. Thé frame hosts one spectator electron. The

almost triple-bond character is reflected in the short bond length
(2.010 A, Table 4) of this state, almost the shortest among the

excited singlets. While thé. value with respect to the
asymptotic products is 34.7 kcal/mol, imernal bond strength
namely with respect to T(a'F) + B(*P), is 105 kcal/mol.

17A State (7th of the Singlets)The equilibrium leading
configurations are

17" ACA )~ 16°26M1m, 116 (0.6 3nBaf +
0.3703B) + 0.2010°20°(1n; — 172)00
The PEC curve is shown in Figure 5 correlating to the product

wave function,|a&?F; M = +30® |2P; M = F10 The CAS
atomic populations

450264p2123cgz643C£ZS%C€2563C£2(1§23C£),81/251512p2602pg422R(l)42

suggest the following bonding scheme:

5 +5@®

The bonding is composed mainly of two hatfbonds, with
essentially no bonding interaction along thérame and the
0— density being a spectator electron.

181 State (8th of the Singlets)lhe PEC of this state (Figure
6) traces its lineage to the atomic state$(#F; M==+2) +
B(°P; M=7F1). At equilibrium the most important contributions
are

18'TI(*B,) 0~ 0.48(10°20% 116" [H- |10°20°167 1,1} —
0.24(10%20* 116" O |10720% %10} 17,1
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Tit(a®F; M = +£1)+B(°P; M = F1), occurs. As a result the
two PECs interchange their character by switching their M
values. At equilibrium (4.20 bohr) the leading configurations
are

20'S" O~ 0.3210°20"30™ L, 177, [
0.5510°20"16", 117, 0~ 0.3910°20"16 (1 — 1n2)0]

The M = £10® |[M = F1Oasymptote in terms of atomic
functions is composed of the following leading terms:

~0.38(4s3d,3d,2n, - |4s3¢,2p3d,[) +
0.33(4s3d2p,3d,, I~ [4s3q,2n,3d,[) +
0.32(4s3d,_,,3d, 2P, [H 453d,_.3d, 2R,

clearly reflecting the equilibrium structure of this state and
ascertaining the avoided crossing. Our 4.2 bohr CAS atomic
populations are

4S0474p3093(£23&3(£z633(£26%(£2411

y2

3,28 2 T2 2

While theo bonding mode is rather obscure, it is clear that we
have two halfr bonds and a nonbondiny; electron, with no
total charge transfer between the two atoms.

211® State (10th of the Singlets)'lhe PEC shown in Figure
6 correlates to Ti(a2F; M=42) + B(2P; M=41), but around
4.6 bohr an avoided crossing intervenes wifldestate tracing
its origin to Tit(a*F; M=4-3) + B(*P; M=0) (see also the 1®
discussion). Around equilibrium (4.2 bohr), the present state
interacts strongly with the 1 state; thus the leading equi-
librium CAS configurations,

21/'®('B,y) O~ 0.45(16°20°Lr,16* [H- |16°20°16 17, 0) —
0.20(20%16°% 1L, |20° 1A, 16" )

mirror two asymptotes: The “0.45” contribution correlates to
Tit(&2F; M=43) + B(*P; M=0), and the “0.20" to Ti(a'F;
M=43) + B(*P; M=0) asymptote. The CAS atomic popula-
tions are

450424p§)143djzl203c£Z213(€1213C£25(;23c£y50/251472p2692pg402R(l)40

Certainly, no way to interpret the binding mode using simple
pictures is possible due to the particular avoided crossings
encountered in this state.

231 State (11th of the Singlets)This is the highest of the
excited states presented in this report, lying 34.3 kcal/mol above
the ground XA state. The potential curve shown in Figure 6
shows two minima, a local™ and a global §” around 4.8 and
4.0 bohr, respectively, and correlating td {&2F; M=0) + B(?P;
M==1) atoms. The I minimum owes its existence to the
strong interaction of thre€ll states correlating to Ti

not an easily interpreted state, as is also evident from the CAS(M=0,+1,£2) + B(M==+1,0F1). The leading configurations

equilibrium atomic populations
430.424p(z).143d:ZL2.073C€.2163c€2203c££0),23(£950/251.492pg.7§pg.482®).38

As in previouly reported states, the very large number of
significantly contributing configurations betrays a simple “chemi-
cal” bonding interpretation.

20'=~ State (9th of the Singlets)At infinity, the PEC of
this 20=~ state (Figure 5) correlates to{&2F; M = 0)+B-
(®P; M = 0). As we approach the equilibrium, and around 5
bohr, an avoided crossing with!Z~ state tracing its origin to

at the ‘g” minimum are

23'TI('By)[] ~ —0.45(16°16% L, 1n -
|110"171,161 [) + 0.18(10°20°1,16" T+
116720163 17,0) + 0.31|10°20™ Lt L7, ]
At about 4.6 bohr an avoided crossing due tdla state
correlating to Ti(a*F; M=41) + B(*P; M=0) gives rise to the

“0.45” contribution, similar to the “0.20” contribution of the
previously discussed 2® state; the sign change is the result
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of spatial symmetry. The “0.18” contribution comes from the
Tit(aF; M==£2) + B(?P; M=7F1) asymptote, while the “0.31”
contribution originates from the T{a2F; M=0) + B(?P; M=+1)
fragments, the asymptotic products of the'I3state. As is
expected, the equilibrium CAS atomic populations

4SO294[)2113(122323C£16%C€Z763C£2ﬁ,23Cf:yM/ZSl492p2312p2512

0.60

R

are not particularly enlightening due to the complexity of the
state.

5. Synopsis and Final Remarks

Using multireference methods (CASSEE+2) and relatively
large basis sets, we have calculated the grourtd)and 23
excited statesX*, I1, A, ®, and " symmetries) of the six
valence electron system TiB For all states we report absolute
energies, dissociation energies, bond lengths, harmonic frequen
cies, energy gaps, and full potential energy curves. In addition,

Kalemos and Mauvridis

respectively. The internal bond strength of this state,*Fi8
Tit(a*F) + B(*P), is 120.0 kcal/mol, the highest of all states.

3. For the triplets, #Tj, 5°A;, 8527, and 18®4, where the
binding can be unequivoqually described by a pmigond, all
the D¢ values are about 28 kcal/mol and the bond distances
around 2.7 A. The same behavior is observed for the purely
o-bonded states of SEB?IT;, 2A;, and?=*y where theD¢'s are
28.1, 27.2, and 24.6 kcal/mol, respectively.

4. In all states studied, the in situ B atom finds itself
significantly promoted in its’P excited state; this is very
pronounced in the’E", 163®, 16'®, and 19A states.

5. Finally, it is obvious, that we cannot be sure of the
ordering of certain states, namely, those that are practically
degenerate at the MRCI level. This is most dramatically
illustrated for the group of &~, 911, 10°®, 113=F, and 12A
states, which span an energy range of less than 1 mhartree
(Figure 2); the+Q Davidson correction completely reshuffles
their MRCI ordering within a~2 mhartree energy range. Also,
the +Q correction inverts the ordering of théXF, 5°A and

an effort has been made to decipher the bonding mechanismsl®A, 20'=~ states, differing by just 0.2 and 0.4 mhartree at

using simple valence-bond-like pictures.
Within the Born-Oppenheimer Coulombiansatzthe ac-
curacy of our results, and in particulBg values, are affected

by uncertainties caused by (a) basis set incompleteness; (b)

valence correlation energy losses intrinsic to the MRCISD
methodology; (c) size nonextensivity effects; (d) coevalence
interactions; and (e) use of “internal contraction” and “state
average” techniques.

Our basis set size can be considered as adequate enoug
judging from the Ti and B atoms’ SCF energies as compared
to numerical results, the differencies being 0.4 and 0.9 mhartree,
respectively (Table 1). Therefore, and taking into account our
previous experience, we can claim that the present work is
practically free from differential errors due to the basis set size.
The combined effect of (b) and (c) can be estimated from the
multireference Davidson correction mirrored in tbgvalues,
which on the average are about 1.5 kcal/mol (Tables 2, 3, 4).
For the present work the main effect of (d) is in the atomic
energy splitting 8 < &'F, which in turn affects the energy
levels of all the singlets because they correlate to(&F) +
B(?P). The calculated splitting isnderestimatedby 0.9 kcal/
mol (Table 1); therefore all singlet PECs should be shifted
upward by an equal amount. As a result, the relative ordering
of the 911 and 1811 states will probable change. Both internal
contraction and state-average techniques (e) influenc®ghe
values by about 1 kcal/mol, as already mentioned in section 2.
Over all we could ascertain that our MR@l, values are
underestimated by no more than 2.5 kcal/mol, or an average
error of about 5%.

Our main results can be synopsized as follows.

1. All calculated states are bound with respect to the ground-
state products, witBe's ranging from 47.6(XA) to 13.8(2311)
kcal/mol at the MRCI level. Mutatis mutandis, the’Xis
isomorphic to the ground, %€~ state of the ScB systen®

2. The first excited state, lying 8.3 kcal/mol above the\X
state, is a “genuinely” triple-bonde@* state that is perfectly
described by a GVB wave function. This is rather obvious from
the CASSCF vs MRCIDg values, 48.9 and 51.7 kcal/mol,

the MRCI level.
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