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Ab initio computations using both single-reference and multireference techniques that included electron
correlation effects are carried out on Sc’he atomization, dissociation (S€;) energies, and the enthalpy

of formation for ScG are computed. Theoretical results are in excellent agreement with available experimental
data. The experimental Gibbs energy functions (GEF) are compared with theoretically computed GEF for
the ground state structure.

Introduction proceduré?20 The vibrational frequencies were calculated at
» ) the MP2 level.

Gaseous rare earth and transition metal carbides have been All the calculations described here were made using the
|sola_ted since the pioneering work of ChUpkE_‘ et zSubsequen_t relativistic effective core potentials (RECPs) with thé3p8-
to this work, a large number of metal and mixed-metal carbides 4 1< shells included in the valence space for scandiand
have been studietfincluding the extensive study of group I11B. ity 52512 valence shells for the carbon atof&sThe most
metal carbides by Gingerich _and c_o-v_vorkérﬂecen_t studies diffuse exponents in the original basis sets have been left
of metallofullerene_s ha¥ehra|sed Intriguing gusestllohns OR the yncontracted leading to (7s4p3d) and (3p3s) valence basis sets
nature and properties of the metglarbon bond:=> Althoug for Sc and C, respectively. The carbon basis set was supple-

there are many experimental mass spectroscopic studies of mete}lnented with a six-component 3d Gaussian function adopted
carbide cationd®7there is little insight available into the nature from Dunning and Hay3 The above choice of basis set leads
of metal-carbon bonding and the molecular structures of these , 73 atomic basis funétions for the ScCluster

species even for small systefh<Our recent theoretical studies

of yttrium®~11 and lanthanui¥ carbides have provided insight
into the structure and energetics of these species. Thes
theoretical studies also revealed that the geometries assume
in the experimental second or third law determination of
thermodynamic properties are not correct. Thus, the theoretical

computations provided improved thermodynamic parameters Oforbitals (PNO) for pair correlation energies and pair coupling

these species through correction of the partition functions. terms. Using developed asymptotic forms, the correlation

Scandium carbides, however, have not yet been studied theoreti- . . b -
cally despite available experimental d&%al® Since there are energy in the complete basis set is extrapolated from finite PNO

h ) basis set calculations. A minimum of 10 PNO's for each pair
no spectroscopic data available for-8g,, molecular data are has been selected in this calculation
not available for these species. '

. . . . . In the complete active space multiconfiguration self-consistent-
The aim of this study is to determine the equilibrium structure, e cajculations, we included all orbitals of Sc and C that
spectroscoplc.c_o.nstants,.and the hature of bonding of G&ifig . correlated into the Sc(4s), Sc(4d), and C(2p) at infinite separa-

high-level ab initio techniques that include electron correlation 45, The calculations were performed in t8g, group € axis
effects at both single-reference and multireference levels. The being theC, axis). The active space comprised six&o by,
dissociation and atomization energies as well as thermodynami-y,, by, and two a orbitals for the bent €Sc—C structure and
cal functions, such as the Gibbs energy and heat contentg e o' three ly, three b, and one aorbital for the linear Se
functions, were .computed. Us'lng the computed molecular -_c girycture. Seven electrons were distributed in all possible
structures, experlme_ntal enthalple_s have been corrected for thG{Nays in the above active spaces. The Sc(3s) and Sc(3p)
assumed incorrect linear geometries. semicore and C(2s) valence orbitals were allowed to relax at
the CASSCEF stage, but no excitations from these orbitals were
Theoretical Methods and Computational Details allowed. The lowest energies were obtained for #ig
electronic state, and this state has been chosen for further studies.

This choice of active space leads to 14 298 configuration spin
approaches, namely, second (MP2) and fourth (MP4) order functions (CSF) for théA; state. The wave function for this

Mﬂller—Plgsset perturbation theotycomplete basis_set (CBS) state is mostly single determinental. The square of the coef-
extrapolation of the MP2 enerdy, complete active space ficient of the leading configurationtd) 4a5a22b26a is 0.908

r_nult|conf|gu_r ation self-con3|stent-f|_eld (QASSC@)and mul- compared to 0.014 for the second largest configuratioi- 4a
tireference singles and doubles configuration interaction meth0d52b123t>225341

(MRSDCI). Geometry searches were done at the MP2, MP4,
and CASSCEF levels of theory by the quasi-Newtdtaphson

The MP2/MP4 calculations were performed using the spin-
unrestricted HartreeFock (UHF) method? All 19 electrons

ere correlated in these methods. The MP4 calculations were

erformed including single, double, triple, and quadruple
excitations. The complete basis set extrapolation of MP2
energy’ was based on an asymptotic convergence of pair natural

The calculations were performed using extensive ab initio

Configuration interaction calculations were carried out fol-
lowing the CASSCF calculations, using the first-order (FOCI)
and multireference singles and doubles (MRSDCI) methods to

T Permanent address: Institute of Physical and Theoretical Chemistry, include the higher-order electron correlation effects. The FOCI
Technical University of Wroclaw, Wyb. Wyspianski 27, 50-37 o X o X
Werf,c?;\j\? p%g\r/ﬂs'ty of Wroclaw, Wyb. Wyspianskiego 27, 50-370 calculations included all configurations in the CASSCF and the

€ Abstract published ilAdvance ACS Abstractddarch 15, 1997. configurations obtained by distributing six electrons in the
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TABLE 1: Calculated Geometries and Total Energies for TABLE 2: Optimized Geometries and Energy Separations
the Symmetrical (Cy,) and Linear (C.,) Structures of the for the Excited Electronic States of the Scg Calculated
Ground Electronic States of ScG? within the CASSCF Approach?
method Ca(®A1) ScG  Cuy(=%) Sc-C-C electronic geometry energy
MP2 R(Sc-C) 2.037 1.900 state R(Sc—C) R(C-C) 0OC—-Sc-C separatioh
R(C—-C) 1.283 1.278 C,, Structure
JC—Sc-C 361 2A, 2.135 1.278 34.8 0.234
E —57.45712 —57.42372 2B, 2.105 1.282 35.4 1.277
CBS(MP2) —57.60343 —57.56923 apn, 2431 1.278 30.5 1.842
MP4 R(Sc-C) 2.059 1.934 g, 2.480 1.315 30.7 1.875
R(C—C) 1.287 1.284
0C—Sc—C 36.4 Cw, Structure
E ~57.50822 ~57.48168 2t 1.919 1.278 0.131
CASSCF  R(Sc-C) 2.063 1.919 I 2.178 1.308 0.918
R(C—C) 1.283 1.278 1 2.245 1.237 1.673
0C—Sc—C 36.2 i+ 2.289 1.244 1.747
E ~57.05520 ~57.05037 A 2.301 1.295 1.885
2A 2.303 1.295 1.917

a Distances in angstroms, angles in degrees, and energy in hartrees. A Distances in angstroms, angles in degrees, and energy in electron-

volts. ? Relative to theC,,(%A;) ground state.

internal (active) and one electron in the orthogonal external , . . .
spaces in all possible ways. The FOCI included up to 550 000 A1 €lectronic state with &, structure (Table 1) is found to be
CSFs. All configurations in the CASSCF with coefficients the grou_nd state. Table 2 ShQWS the optlmlzed_ equmbnum_
>0.07 were included as reference configurations in the MRS- geometries and energy separations of several equted electronic
DCI. All possible single and double excitations were allowed States Of ScE As evidenced from Table 2, there exist a number
from these reference configurations. The MRSDCI calculations ©f 10W-lying excited states, especially two states close in energy
included up to 750 000 CSFs. These computations as well asto the ground state. Ten electronic states are separated by less
Mp2 and Mp4 computations included excitations from C(2s). than 2 eV from the ground state (Table 2). )

On the basis of the CASSCF wave functions, it is seen that , +Althoug_h at the CASSCF level the energy separation of the
the leading configuration makes a significant contribution. = (Cw:) linear Se-C—C structure is only 0.13 eV above the
However, the CASSCF method is somewhat less accurate as i€nt C2.) state, the CASSCF method does not include dynamic
includes only the zeroth-order electron correlation effects and lectron correlation effects. Therefore, higher-order FOCCI and
no dynamic correlation effects. Therefore, correlation effects MRSDCI computations were carried out which include electron
were also incuded based on a single-reference teChniqmecorrelatlon effects to a higher degree. At the FOCI level the

; o P : O :
namely, the MP2 method for computing the vibrational frequen- -2 (Ce:) linear Se-C—C structure is 0.71 eV above the bent
cies. structure, while at the mRSDCI level the linear structure is 0.82
The calculations of the thermodynamic functions have been 8V above the bent structure. Thus, the bent structure is
performed at the MP2 levels of theory by applying ideal gas, Unambiguously above th@,, linear structure. As noted earlier,
rigid rotor, and harmonic oscillator approximatics. The we also carried out MP2, CBS-MP2, and MP4 computations,

contributions of the low-lying excited electronic sttaes were and the results at these levels for the linear to bent energy
included in the computation of the partition functions and Separations are 0.90, 0.94, and 0.72 eV, respectively. We thus
thermodynamic properties. conclude that the bef,, structure is decisively lower in energy

The MP2, MP4, and CBS calculations were made using the c0mpared to th&., linear Se-C—C structure. o
Gaussian-9% code. The CASSCF computations were made  'he formation of Scgweakens the €C bond, which is
using the GAMESY program package and also a modified demonstrated by the-€C bond length increase from 1.260 A
version of ALCHEMY I8 to include the RECP¥ The (C2 molecule) to 1.278 AC..,) and 1.283 A C2,) at the MP2

MRSDCI computations were made using ALCHEMY II. level. The Se-C bond distance of 1.900 A in the linear structure

corresponds to a double bond, while two-S& bonds (2.037
Molecular Structure of ScC, and the Nature of the A) in the C,, structure are longer by 0.137 A, thus corresponding
Chemical Bond to single bonds.

. . . The ground state of S¢ds formed, as indicated by the
Since the geometry of the gaseous $sot yet determined Mulliken population analysis, by electron transfer from Sc

experimentally, a previous thermodynamic estimation of the 0.915 electron) to the dragment (Figure 1). The aross atomic
properties from experimental data had assumed, $3e®ave E)dpulations on)C (s 1?702 p= 2(.625 dz).o.loo)gand Sc (s

an asymmetric linear structure with a-S€ distance of 1.65 = 3.059 6.045. d= 0.981) indi :
13 . ; . = 3.059, p= 6.045, d= 0.981) indicate that the bond is formed
Af' 5 I;; zyallg]blesthgﬁenc?l vrg(l)qe fqr th]?—SE tklnolnd distance due to theo donation from the ¢fragment (0.596 electron)
0 TH S an Ie IC' _tca 10 dIS ts'?n'. |cfan ydopger.m and significantz-back-donation of 1.019 electrons from the 3d
€ SCh molecule In 1ts ground staté IS formed from orbitals of Sc to the 2p orbitals of carbons. These ionic bonds

state Otf Scand'%m anciha trlpleft or s&nfgletdstag(la th (ghe . tresult in an equilibrium dipole moment of 7.49 D for ScC
geometry search was thus periormed Tor doublet and quartely, large electron transfer within Sg@ consistent with the

electronic states. Geometry optimizations have been performed oo ; PR

. . proposed! qualitative picture of the S¢(C=C)?~ ionic bond-
for b_oth the ele_ctronlc states using the CASSCF I_evel of th(_eory, ing. The nature of SeC chemical bond is akin to the-YC
starting from different nuclear arrangements that included linear 12

: . and La-C bonds?

and bent structures of symmetrical and unsymmetrical geom-
etries. Optimizations starting from symmetrical and bent
unsymmetrical geometries resulted in the symmetriCal
structure. As seen from Table 1, which shows the equilibrium  The theoretically calculated values of atomization and dis-
geometries of the ben€g,) and linear Se:C—C structures, the  sociation (Se-C,) energies are compared in Table 3 with

Thermodynamic Stability of ScS
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is surprisingly good (Table 4). The theoretical MP2 calculations
for the bentC,, structure gaver; = 662 cnt! andv, = 1388
cm™! for the deformation modes and = 1120 cn1? for the
unsymmetrical stretching mode. The accuracy of the MP2 level
theory together with the RECPs and the basis sets was gauged
using the same basis set and RECPs for Sc and a comparable
basis set and RECPs for O and computing the vibrational
frequency of the ScO diatomic at the MP2 level. Our computed
result for the ground state of ScO is 859 cncompared to the
experimental valu® of 964 cntl. The C,, linear Se-C—C
structure is a saddle point in the potential energy surface as
this structure can be converted into a more stable knt
structure through deformation. Therefore, the vibrational
frequencies of theC., linear Se-C—C structure are not
meaningful as this structure is not observable. We note that
subunits (Set C,) in the ScG molecular plane. The map was derived Haqu.e and Glngerllch have reported 1792, 761, and 534 cm
from the CASSCF natural orbitals. The spacing between the contours fOr this structure using an assumed geometry and force constants.
is 0.005 electron/boRrThe contours with no density change are labeled Our computations reveal that tkk,, linear Se-C—C structure
with zeros, solid lines indicate enhancement of electronic density, and is above theC,, structure and is convertible into the bent
dotted lines indicate depletion of electronic density. structure.

As a result of the above computations, the Gibbs energy
function obtained using the third law method and the resulting
atomization energy should be corrected by

Figure 1. Electron density difference map between $add its

TABLE 3: Atomization Enthalpies (AHZ) of ScG and
Sc—C,; Dissociation Energies Dg§)?

method structure AH30 D§

HF Ca 658 A = —T(GER,, — GEFyp))
Cov 615

MP2? gz” iégg 88%‘; 590 (581) where GEFRy, is the Gibbs energy function estimated from

CBS(MP2) Con 1259 (1240) 666 (657) molecular parameters shown in Table 4 and fakHs our
Con 1168 (1151) calculated Gibbs energy function. Experimental data, especially

CASSCF Co 1195 (1176) 602 (593) Gibbs energy functions and equilibrium constants, are avaifable
Coo 1182 (1158) for the reaction

MP4 Cuns 1103 (1084)

MP4 Ca 1173 (1154) 580 (571)

FOCI Ca 1226 (1163) 632 (624) Sc(g)+ 2C(graph)= ScC(g)

FOCI Co 1157 (1094)

MRSDCI Co 1242 (1223) 649 (640) Consequently, it was possible to recompute the experimental

exptl %élfgi %‘l‘rz ggg enthalpiesAHg by replacing the estimated GEF with those

11561 212 654 21e calculated for the computationally determined molecular struc-

tures. Enthalpies for the representative temperatures are shown
a Results with applied zero-point vibrational energy correction are in Table 5. Averaged correction leads Adi§ of 233 kJ/mol
girvei'l;nlgﬁrégﬁgf;fé 1%Qgg¥eizggekigﬁg;?&2‘iteeddf%'\rﬁ'zﬁfgf}; compared to an uncorrected value of 237 kJ/mol. Although
d e i 20 S o
applying heat of formation of 2CEC2(g), AHS — 829.3 kJ/mol, Lh? cc>|rrec§|on is not large, it is larger than t_he error bqrs (3.2
and C(s=C(g) AHgs = 709.5 kd/mol (ref 32). J/mol) estimated for the enthalpy. Other available exper!mental
works lead toAH§ of 209'° and 2644- 20 kJ/mol. Theoretical
experimental data evaluated from the third and second law values at various levels, namely, MRP2259, CASSCF= 247,
methods. As seen from Table 3, the overall agreement betweenMP4 = 269, FOCI= 216, and MRSDC 200 kJ/mol, are all
our computed results and experiment is excellent. The experi-reasonably close to the experimentally deduced values. The

mental results were evaluated assuming aGeC linear enthalpy of the reaction
geometry with the SeC bond distance being too short.
However, the agreement between the Gibbs free energy func- M(g) + 2C(graph)= MC,(9)

tions and heat content functions estimated with the experimental

data with this incorrect geometry and the thermodynamical was found to be decreasing for the # Sc, Y, La group, as
functions calculated form theoretical data using the correct one goes down the group. The calculated ionization potential
geometry by the standard methods of statistical thermodynamics6.4 eV (CBS-MP2) correlates well with an experimental
(ideal gas, rigid rotor, and harmonic oscillator approximafipn ~ appearance potentldlof 7.6 &= 1 eV.

TABLE 4: Gibbs Energy Functions, GEF = (G} — H§)/T, and Heat Content Functions,AH = H$ — H§, Calculated by Various
Methods (GEF in J/(K mol), AH in kd/mol, and Temperature in K)

temperature, K

method structure 298 1800 2000 2200 2400 2600
MP2 Cy, GEF —221.2 —297.1 —302.8 —307.8 —312.4 —316.7
AH 10.3 88.6 100.0 111.4 122.9 134.3
Cor GEF —206.8 —267.5 —271.6 —275.3 —278.7 —281.9
AH 9.0 68.8 77.6 86.4 95.3 104.2
exptp Cor GEF —216.3 —296.6 —302.1 —307.2 —312.0 —316.4
AH 10.8 95.2 107.4 119.2 131.9 144.2

a Reference 13, based on estimated structural parameters.
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TABLE 5: Estimated and Theoretical Gibbs Energy We thank the San Diego Supercomputer Center for providing
FUQCtrI]OHS (in J/(*fj mol)), the En}halpr)]/ ?Ofr?tlgnf(A(ﬁAHS)), computer time on a Cray C90 system. S.R. thanks the
g” the Corrected Experimental Enthalpy (AH3) for the Department of Chemistry, Technical University of Wroclaw,
c(g)+ 2C(graph) = ScGy(g) Reaction (in kJ/mol) for . . . .
Selected Temperatures (in K) for a leave of absence which made this cooperation possible.
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