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The linear TiCH molecule is studied bgb initio quantum mechanical calculations using
quantitative basis sets and highly correlated computational methods. Potential energy curves along
the Ti— CH coordinate have been computed to obtain a better understanding of molecular formation
in eight low-lying states of the molecule. Total energies, dissociation enggitsrespect to Ti

+CH), equilibrium distances, and dipole moments are reported. Simple valence bond Lewis
diagrams are used to interpret the nature of the bonding in all of the states studi2@03©
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. INTRODUCTION v,(bend=578 cnr ?,

Transition metal compounds are conceptually interesting  ,,(Ti—C stretch=855 cm %,
and technologically important. In particular, the importance

of transition metals in catalysis, which is caused in part byt€y are valuable benchmarks for the present theoretical
the high density of low-lying states of the participating metalStudy- _ _ _
atom(s), is well recognized. Modern electronic structure Ve can consider the linear TICH molecule to be formed
theory is one of the best approaches for obtaining a detailefiom the interaction T CH or TiC+H. These asymptotic
understanding of these complex systénBespite the tre- fragme_nts_ are essc_antlally |s:10energ_et|c,2lgecause the ground
mendous progress of the last 30 yearalirinitio all-electron ~ State binding energies of-6H" and Ti-C, ' 83.7 and 82.3
quantum mechanical calculations, quantitative prediction&Cal/mol, respectively, are nearly equivalent. We can visual-
are still not easily made even for the simplest diatomicx iz& the Ti-CH and TiC+H interactions by using simple
or triatomic MXY molecular systems, where M is a first row Valence bond LewigvbL) diagrams, taking into account the
transition metal atom andX, Y) are main group elements. lOwest states of the fragments.
The fundamental difficulty of accurately solving the nonrel- _ Tg‘e Zelgctronlc structure. of the ground states of
ativistic Schialinger equation for such systems is due, 1(4s°3d%a’F) and CHK"II) is not expected to give rise
mainly, to the aforementioned multitude of low-lying states!O & Strong attractive interaction in the linear configuration.
of the M atoms or cations (V) coupled with significant However, a “triple” bond can be naturally forr;\e(g from the
differential electron correlation effects among the states. ~ Interaction of the first excited states of T¢8d*;a’F) and

In the current paper, we investigate one of the isomers ofH(@*= "), which are just 18.6Ref. 5 and 17.2 kcal/mdl
the triatomic molecule titanium methylidyne, TiCH. TiCH is above thzelr ground states, respectlvely. Thls results in linear
one of the simplest organometallic systems, which, neverthe=  ©f “A states. The following vbL diagram represents
less, can be used as a stepping stone to the study of mol@ese configurations:
complex molecules. In addition, some recent experimental Iz,
findings obtained by laser-induced fluorescence spectroscop
are available for the F CH molecule® Although experi-

mental results on th¥ 23" state are limited, namely, 3d, or 3d; = TiSC—H
ro(Ti—CH)=1.7277-0.0003 A,
ro(TIC—H)=1.085+-0.002 A, Ti@F; M,=0,42)  CH(a'T) (" or’A)
and @
aAuthor to whom correspondence should be addressed. Electronic mailt IS Worth noting that the CH fragment is isoelectronic with
dunning@jics.utk.edu nitrogen and itsa*>.~ state is “isovalent” with N¢S). In-
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deed, the ground state of TIN & with a binding energy  (CASSCF+1+2=MRCI) level. Close to the equilibrium
of D=99.6 kcal/mol atr,=1.613 A, as obtained at the jyternuclear separations, 925+ and the first?A states

multireference leve. were also calculated using the restricted singles and doubles

~ The ground state of TiC is ofs. " symmetry with the  ¢qypjed cluster metho€CCSD with a perturbative correc-
first excited state d*> ") just 1.55 kcal/mol higher at the tion for triples, i.e., the RCCS@) method®

multireference configuration interaction lev®). The next The zeroth “valence” space contains 12 orbitals corre-

states of TiC of°A and 'A symmetry are 18.8 and 23.7, |ating to the valence space of the three atoms Fi4p,
keal/mol higher;"™ and therefore they will not be considered +3d) + C(2s+2p) + H(1s). By distributing the nine active
further. From the vbL diagram of the’s * states of TiC (valence electrons in 12 orbitals, the CAS zeroth order wave
3, functions range from 3700 to 48 000 configuration functions
~2s (CFs, according to the spatial-spin symmetry of the state.
3d, - TiEC (1’3Z+) Symmetry and equivalence restrictions were imposed on the
~ orbitals in the CASSCF wave function. For the construction
of the potential energy curves, stated-averaged CASSCF or-

3d, bitals were used. For the geometry optimizations, CASSCF
s R wave functions were individually optimized for all but the
Ti(a’F; M=0) C(P; M=0) @ two4A states.

Keeping the $22s?2p®3s23p® configuration of Ti and

it is clear that the formation of the FiCH isomer arising 1s? configuration of carbon always fully occupied, the size
from the interaction of the HS) atom with TICKX33 ™) of the contracted MRCI wave functions consists of about 6
from the carbon-end requires excitation of thesitu C atom. < 10° CFs. Because the Ti€33p) orbitals are of nearly the
The natural approach would be from the Ti-end, resulting insame spatial extent as the Td)8 orbitals, freezing the
the formation of the linear H Ti—C(° ™) isomer. Ti(3s?3p°®) configuration will introduce an error in the cal-

The above discussion clearly suggests that the groungulated relative energies of the states of the Ti atom and
state of TICH is linear with a ground state & " or A TiCH molecule. This will be investigated in later studies.
symmetry. Indeed, our calculations confirm, in agreement The choice of our reference spaces ensures proper de-
with the experimental resulfsthat the X" state is the scription of the fragments at infinity, i.e., our computational

ground state. approach is size-consistent but with a size-extensivity error
The interaction of Ti&%F,a°F)+ CH(X?IL,a*> ") gives  of 6.8 (2.9) millihartree at the MRCI¢ Q) level of theory.
rise to the following molecular states: For all calculations thevoLPrRO 2002.3 package was
10
Ti(4s23d2;a%F) + CH(X?IT) used.

=243+ 11(2),A(2),®,I'},
Ti(45%30%a%F) + CH(a"3 ")

Ill. THE FRAGMENTS (Ti, CH)

Table | collects the total energies of the ground and se-

=2483* T1,A,®}, lected excited states of the Ti atom that are involved in the
s ) formation of TiCH, along with the atomic energy separations
Ti(4s°3d%;a°F) + CH(X-II) with respect to thea®F(4s?3d?) ground state. For the CH
— 463 * T1(2),A(2),®. T, molecular fragment we report results on the grouXdI{)
= (2),4(2) ' state and its first excitecht ") state, the latter being thie
Ti(4s'3d%,a%F)+ CH(a*s 7)=24%83 = T1,A,®}. situ fragment of all of the molecular TiCH states presently

In the current article, we report potential energy curves forStUd'ed' Although the CH moiety is well described by the

. . S oc+ 2417 2.4 electronic structure method/basis set chasee also Ref. 4
”'”92(2) Ti+CH states of symr_netry)_() E ’ H_’ A(2),  the Ti atomic separations show a significant discrepancy
and ©*®. Multireference configuration interaction methods from the experimental valuésianging from 3.1(2.6) to 5.5
in conjunction with quantitative basis setgide infra) are i o '

s . (4.5 kcal/mol at the MRCI@ Q) level of theory. These er-
employed. All calculated states correlate adiabatically to th(?OrS are due to a number of approximations invoked in the
ground state fragments, &tF)+ CH(X?II).

current study, especially truncation of the basis set, requiring

double occupancy of thes3and 3 core orbitals, and neglect
Il. METHODOLOGICAL DETAILS of scalar relativistic effects.

For the Ti atom we use the ANO (816p9d6f4Q) basis
set of Bauschlicher contracted[tds6p4d3f2g].” Forthe C  |v. RESULTS AND DISCUSSION
and H atoms the correlation consistent basis sets of qua- _
druple and triple zeta quality, respectively, were employed: ~ In what follows we first examine the groun? ",
C(126p3d2 f1g) contracted to (5s4p3d2flg] and state of TICH along with the first excited state, tA&A
H(5s2pld) contracted to H3s2pld].® The total one- state. We then examine the quartet and doublet statéb of
electron space contains 153 spherical Gaussian functions. and® symmetry and, finally, two states &4 symmetry. Our
Potential curves were constructed at the complete activaumerical results, i.e., total energids)( equilibrium geom-
space-self consistent fieldsinglet+ double replacements etriesr(Ti—CH) andr(TiC—H), bond dissociation ener-
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giesD(Ti—CH), dipole momentgu) calculated as expec- Ti atom is a mixture of thea®F(4s'3d®); M, =0) and
tation values, and energy separatiofig)(with respect to the  |a®P(4s'3d3); M, =0) spectroscopic terms, 0.948.920
groundX 23 state, are collected in Table II. Figure 1 is a €V and 1.954(1.910 eV higher than the ground TafF)
plot of the potential energy curve®EC$ for all of these state at the MRCH Q) level of theory(Table . The triple
states along the FiCH coordinate. For all states the PECs bond (scheme 1 between the Ti and CH moieties is prima-
have been constructed by keeping the Fig bond length at  fily due to the low-lyinga®s ™~ state of CH, while the ab-

ther, value (=1.089 A) for thea®S ~ state of CH(Table . sence of such electronic character in the €S " state is
due to the large energy gapf the isomorphic carboiS

A. X2, AZA states state, AE(°S—a®P)=96.4 kcal/mol®

The ground X23* state correlates adiabatically to _ 5 From Table !I we see that the.t3)|nd|ng entzargy o_f the
Ti(aF; M_=+1)+CH(X2II). The most important con- X" state with respect to TaF)+CH(X"II) is
figurations atr . are: D.=104.8 (100.) kcal/mol atr,=1.742(1.735 A at the
_ MRCI(RCCSOT)) level, the latter being 0.0140.008 A
X252 ) ~|10°20%30 0.9 171 ) longer than the experimental internuclear distah@ore-
o 9 on o correlation effects can be estimated by considering our re-

—01A2mdmy+1m2m)])., sults on TiC (X2 ), where it was found that the inclusion

where the orbital numbering refers to the active electron®f the 3s?3p® Ti core electrons in the MRCI calculation
only. So, the CASSCF wave function is dominated by aincreasesD, by about 4.5 kcal/mol while decreasing the
single reference function. The Mulliken population analysisbond distance by more than 0.02?R. Therefore, our best

(Ti/CIH) estimates foD, andr are 110 kcal/mol and 1.72 A, respec-
0.84/ ~0.233 40.505 10.97, -0.045 10.97, -0.04 tively. It is interesting to note that in the FICH™ (X '3 %)
4"y 3z 3dyap) “ady 4py state at the GVB 1+2/Ti[5s4p3d]+C[3s2pld]
2514300 9% 0915095 +H[2s1p] level M the correspondin®, andr, values are

o . 95.9 kcal/mol and 1.758 A, respectively, showing the similar
reveals the exciteth situ character of both the Ti and CH electronic character of the two species.

fragments. The CH moiety is in tha'S ~ state, 16.4 kcal/ At the MRCI level the dipole moment) is 1.965 D
mol higher than its ground state at the MRCI level of theory(expectation value as opposed to 2.506 Difinite field

. 1.04 41. . ; ; :
(Table )), while the 45-%3d > 3d,;3dy; configuration of the  method, reflecting mostly missing valence correlation ef-

TABLE |. EnergiesE (hartre¢ of the Ti a®F(4s?3d?), a®F(4s'3d®), a®P(4s?3d?), anda®P(4s'3d®) atomic states and corresponding energy splittihs
(eV), and of the CH X?I1 anda*3, ) molecular states along with their equilibrium geometryA) and energy gaps, (kcal/mol in different methodologies.

Ti
Method a®F(4s%3d?) a®F(4s'3d?) a®P(4s?3d?) a®P(4s'3d°) a’F—a’F  a’P—a’F  a’P—a’F
sa-SCE —848.405776 —848.385871 —848.348214 —848.337913 0.542 1.566 1.847
CISD —848.460215 —848.428050 —848.414332 —848.390 165 0.875 1.249 1.906
CISD+Q —848.465 1 —848.429 4 —848.4239 —848.3925 0.971 1.121 1.976
sa-CASSCREP 848437374 —848.386781 —848.382287 —848.340676 1.377 1.499 2.631
MRCI —848.463256 —848.428635 —848.420337 —848.391439 0.942 1.168 1.954
MRCI+Q?  —848.4638 —848.4300 —848.4218 —848.3936 0.920 1.143 1.910
Expt® 0.806 1.032 1.715
CH
State Method E le Te
X211 CASSCE —38.314 375 1.137 0.0
MRCI —38.415 159 1.122 0.0
MRCI+ Q¢ —-38.4194 1.122 0.0
RCCSOT) —38.417 522 1.121 0.0
Expt? 1.119 786 0.0
a*s " CASSCHE —38.307 651 1.091 4.22
MRCI —38.389 002 1.089 16.41
MRCI+Q? —38.3917 1.090 17.42
RCCSOT) —38.3912 1.090 16.52
Expt! [1.0977 [17.11+0.18]

@Spherical average SCF or CASSCF.

bThe active space of the CASSCF wave function contains the4p+3d orbitals.
“Valence MR-CISD wave function.

4+ Q refers to the multireference analog of the Davidson correction.

°Experimental values averaged ovep MRef. 5.

The active space of the CASSCF wave function contains tise- @)+ (1s)y orbitals.
9See Ref. 4.

"The numbers correspond tg and T, values; see Ref. 4.
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40000-

ro=1.712A 2V is practically the same as in the HTRY")
molecule, suggesting that the electronic structure of the TiC
fragment stays essentially intact upon bonding with the
H(?S) atom. The dipole moment is practically quenched in
the HTIC= ) case u=0.24 D).

The first excited stateA ?A, retains the triple bond but
the overall symmetry changes froli" to A=2. Its elec-
tronic character is mirrored by both the CASSCF equilibrium
configurations tA; symmetry

112A)~|10°20°1 5% [0.9X 1751 7))

350004
300004

25000

Energy(cm)

o —0.1927 7+ 1mg2m))])

FIG. 1. Potential energy curves of the linearTtH molecule at the MrRcl ~ @nd its Mulliken atomic distributions:

level of theory. Ther (CH) bond distance fixed at the equilibriuan®s, ~ 03 1.0
value of CH. 4s°2%4p 033" 3d0; 4 p) *3dy 4py *3d, of

231.412pg.942pi.042p)1l.04/130.98.
fects. The nature of this difference is discussed in Ref. 12. Aithough the Ti@®F; M, = +2) component, which is re-

, Considering +thex32+ state of TiC (scheme 2 the  sponsible for the bonding in the present state, is not a mix-
HCES)+TIC(X°X ") reaction should yield the H ¢ yith theaSp state as in th& 25 * state, théh?A lies
—TiC(“2™") isomer in a barrierless process. In that form the20_9 kcal/mol higher than the ground stdfable II), sug-

TiC f i [ h f is in th . . = .
T:i Cra_g|_r|n igtselsarr]%[ tehxem;i?maesr tsr?eiiaer:iﬂrrie(‘gr?senr:olts ;r; t egestmg that ther electron in theX X * state contributes to

stable as the latter (C—H). Indeed, the present study the stabilization qf this~s;tate whereas #helectron does not
reveals an energy difference of 4040.5 kcal/mol at the ~ Play such arole in thé A state. 5
MRCI(+Q) level of theory between the two forms. The  From Table Il we see that the dipole moment of &\
equilibrium distances in HTiC ane,(H—TiC)=1.882 A and  state is exceptionally high, 7.24 D, as contrasted to 1.96 D in
re(HTi—C)=1.723 A at the MRCI level. It is interesting to the X 23 * state. In both statesX(S " andA 2A) TiCH has
note that the equilibrium distance in the T)GE ) species, a high ionic contribution with a positive charge of 0.4-0.5

TABLE Il. Total energiesE (hartreg, dissociation energie3, (kcal/mol), bond distances,(Ti-CH), r(TiC-H) (A), dipole moments: (D), and energy gaps
T (kcal/mo) of the calculated states of TiCH.

State Method E De re(Ti-CH) re(TiC-H) ) Te
X23,* MRCI —887.036 569 104.8 1.742 1.093 1.96 0.0
(2.50°
MRCI+Q —887.0451 103.1 0.0
RCCsSOT) —887.041 766 100.1 1.735 1.093 0.0
Expt? 1.7277:0.0003 1.085:0.002 0.0
A2A MRCI —887.003 203 83.9 1.792 1.095 7.24 20.9
MRCI+Q —887.0147 84.1 19.0
RCCSOT) —887.013 364 82.3 1.785 1.096 17.8
4D MRCI —887.002 693 83.5 1.894 1.092 1.35 21.3
MRCI+Q —887.0131 83.0 20.1
yil MRCI —887.001 337 82.7 1.879 1.093 1.55 22.1
MRCI+Q —887.0122 82.4 20.7
2P MRCI —887.001 282 82.7 1.912 1.091 1.30 22.1
MRCI+Q —887.0114 82.0 211
1 MRCI —886.992 246 77.0 1.895 1.091 1.31 27.8
MRCI+Q —887.003 4 76.9 24.1
4A(1) MRCI —886.968 519 62.1 2.049 1.092 0.05 42.7
MRCI+Q —886.9795 62.0 41.2
4A(2) MRCI —886.964 504 59.6 2.172 1.096 0.23 452
MRCI+Q —886.9717 57.0 46.1

#Experimental results refer tq, values, Ref. 3.
bThis value has been calculated using the finite field approach.
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on Ti and a corresponding excess of electrons on the C ator[] states suggests a broad band fortHe—X 23" transi-
In theA-case a localized electron on the metal atom creates tion. Thus, it appears that ti&l state studied here is not the
a rather large dipole moment while in thecase ther elec-  one observed experimentally. Previous wdrkuggests that
tron responsible for both the spatial and spin symmetryin the experimentally observed] state the TiC triple bond
~0.61(4s) —0.25(3,2) —0.43(4p,), counterbalances the is preserved and the electron is in a Ti 4 orbital. We were
negative C region and drastically reduces the dipole momentinable to calculate a highéil state because of technical
problems(convergence problems in the CASSCF calcula-
B. 4®. *II. 2®. and 2II states tions as well as root flipping problems in the MRCI calcula-
o tions). Itis also likely that titanium #, , orbitals would need
All of these states correlate adiabatically 1o to be included in the CASSCF calculations to properly de-

Ti(a®F; M =*2)+CH(X?II), with bonding similarities scribe the experimentally observédl state; this was not
around equilibrium. In each of these states there is a doublggsible in the current work.

bond between the Ti and C atoms and three unpaired elec-
trons that couple into doublet and quartet symmetries. The
atomic distributions of thé® state at infinity

431.914pg.093di-203d0-50 zsdg.ySO/ZSlJQZ pi..ZlZ p0.522 p3.52/150.90

x2—y X

C.*A(1) and “A(2) states

The asymptotic character of bofA states is described
are characteristic of theafF; M, = +2)® (X2II) configura- by the|a®F, M| =+ 3, +1)® | X?II) ¢y product with corre-

tions as dictated by symmetry, while at equilibrium sponding atomic distributions of
45084400 373025300540 %30 pd 3% 3005 45904 p0103425%3405%3¢%%, 3005
251'482p§'°92p2'892p8'89/150'93 231'792p§'222p2'522p3‘52/130'90 (*A(1))

reveals then situ excited character of the parental speciesgnd
Ti(a®F; M =+2—a°F; M =+3) and CHK2I1

—a*3 ™). The CASSCF equilibrium configurations 451'90492'093dgés%d2'2503d3'z5%d2'23_1y23d2y31/
[*D)~0.64|10°2030 L7l my15" ) 2sH72p;?2pR%%2p) 41290 (*A(2)).
+]10%20%301168% 1m175)] The equilibrium molecular distribution is dictated by the ex-

2 P 1 24 1q4 ol cited CH fragment; the Ti atom should consequently adjust
—0.14[10°20°30"2m1my15-) itself in order to carry théA |=2 symmetry. The equilibrium
+]10220230'1 511”)%2#@] configurations and population analysis for both states are

are in agreement with the above mentioned electronic chat*A(1))~0.8010720?30”1my1my15")
a_cter change and graphically presented by the following vbL ~0.37 10220'240'2177')1(1771151)
diagram y
—0.3410°20%30 40 1 w1 mi16%)

2 (@) -0.1410%20%30 40 1 i1 w1 6Y)

T 4sl.074 p(z)423d(z)29%d22074 p2043d32074 p8043d Z;O/

’ ()
2514811008710

Therefore, the*® state is formally described as (@,7)-  and
bonded system. 4 2y 2o AA An—ds 1n el
The “I1 state is in every respect similar to thé state *A(2))~0.7010"°20°30 40 L, 1y 157)

(Table 1) with the same equilibrium atomic distributions and +0.49 10220230140117r11F1151)
CASSCF configurations. The only difference, as dictated by x>
the spatial A|=1 symmetry, is a sign chandg&—" instead -0.279 102202301401177)1(17731/135

of a “+”) to the*d expression and vbL diagram.

The 20 and?Il states are analogous to thé and*Tl  4s%®%4p?°3d"3d % pd*%3d9 % p)%3d5Y
states, respectively. The electronic characteristics remain in- 149 1.105.-0.8% 0891 091
tact with a recoupling of the spins of the electrons in the 25 2p;1%2py gZPy' 11575
openo, m, and & orbitals. Experimentallj,a 2[1—X°Y"  The Mulliken atomic distributions reveal an excited Ti atom
transition is observed in the range 13815-15 0801:rrThe which cannot be of g13d3 Conﬁguration since thd\/[L
2I1 state found in the current work lies just 27.8 kcal/mol = + 2 component of such distribution is  of
(=9728 cm ) higher than th&-state at the MRCI level of 4s%3d;.%3d}3d3°, inconsistent with the present data.
theory (12098 cm* higher for the vertical transition en- The Ti atom should be in a $%pl®d;’3d%°
ergy). Further, the substantial change in theof the X and  (4s*4p*3d?, °G; M= +2) state giving rise to the follow-
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ing situation schematically described by but four states, namelf 2A, *®, *IT, and?®, are practi-
) cally degenerate within the accuracy of our calculations. The
- . lowest 21 state is characterized by a TiC double bond as

(A) opposed to the experimentally obsen?&H state which most

likely has a triple bond and is higher in energy. Note that we
(4) reportT, values as opposed My, values, because of techni-

cal problems in obtaining the harmonic frequencies.
The T, energy values of both statéSable 1), 42.7%A(1)] . . .
and 45.2%A(2)] kcal/mol, are in harmony with this highly Finally we would like to mention that for all states and

. . . . within interatomic Ti- CH distances of 9—10 bohr van der
excited Ti state to which these molecular states correlate dlzvv . . . -
batically. aals interactions in the range 20 to 140 chwere calcu-

lated.

V. SYNOPSIS AND REMARKS

. . ~owt 2 See, for instance, E. R. Davidson, Chem. R0, 351 (2000.
We have studied eight molecular state&:> ™, <A, 2(a) A. Kalemos, A. Mavridis, and J. F. Harrison, J. Phys. Chenl05,
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by MRCI methods and nearly quantitative basis sets. All D: Tzeli and A. Mavridis, J. Chem. Phys16 4901(2002; (d) I. S. K.

. . . . Kerkines and A. Mavridis, Collect. Czech. Chem. Commé&8g, 387
states dissociate adiabatically to the ground states afFF)( (2003.
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Y 2% + X2 6J. F. Harrison, J. Phys. Cherh00, 3513(1996.
For two statesX“%" andA A, we also reporD. andre 7C. W. Bauschlicher, Jr., Theor. Chim. Ac®, 183(1995.

Va|U95_ at the RCCSD) level of theory- _ 8T. H. Dunning, Jr., J. Chem. Phy80, 1007 (1989. Basis sets were ob-
It is found that the ground state is 68 % symmetry in tained from the Extensible Computational Chemistry Environment Basis
accord with recent experimental resuitat the MRCI level Set Database, Version 7/30/02, as developed and distributed by the Mo-

T . : lecular Science Computing Facility, Environmental and Molecular Sci-
the bmdlng energies for the states studied range from 105ences Laboratory which is part of the Pacific Northwest Laboratory, P.O.

(X?27) t0 57 (*A(2)) kcal/mol with respect to ground state  Box 999, Richland, WA 99352, and funded by the U.S. Department of
fragments TiCH. Taking as a benchmark the results on Energy. The Pacific Northwest Laboratory is a multi-program laboratory
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