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We have studied 40 states of the diatomic iron carbide catiori BgCGnultireference methods coupled with
relatively large basis sets. For most of the states, we have constructed complete potential energy curves,
reporting dissociation energies, usual spectroscopic parameters, and bonding mechanisms for the lowest of
the studied states. The ground state i¢/®fsymmetry, with the first excited state*gx) lying 18 kcal/mol

higher. The XA state displays a triple-bond character, with an estim&tedralue of 104 kcal/mol with

respect to the adiabatic products or 87 kcal/mol with respect to the ground-state fragments.

I. Introduction in square brackets indicate the number of states studied in each
particular spacespin symmetry. It is interesting to mention,

at this point, that the two channels which give rise to the 27
and 36 possible states have an experimental energy separation,
AE[Fe™(*F) — Fe*(®D)], of just 0.284 eV £6.55 kcal/moly?
Following the philosophy of our previous work on Fe@e
nceforth report potential energy curves (PEC), binding
energies, bond distances, electronic separation energies, and
common spectroscopic parameters. Some emphasis has been
placed on interpreting the bonding process with the help of
atomic Mulliken distributions and simple valence-bond-Lewis
RlbL) diagrams for the lowest of the states examined, for which
we are rather certain of their relative ordering.

In section Il, we delineate our computational strategy; in
section Ill, we present relevant atomic numerical results; in
section 1V, the results of a total of 17 states are discussed in
some detail; and in section V, some final conclusions and
comments are presented.

The present study is a continuation of our work on the
electronic structure of the diatomic metal carbides (MC) (neutral
or cations)t where M is a first row transition metal, and
especially of our previous study on F&€In ref 2, we report
electronic properties, potential energy curves, and binding he
characteristics for 41 states of FeC.

Despite the obvious interest in the diatomic metal carbides,
which among other things could be considered as conceptual
stepping stones for the comprehension qfQV clusters, they
have not been studied systematically enough, perhaps becaus
of the increased complexity induced to every molecular system
containing first row transition-metal atork4.

Concerning the FeCcation, we are aware of three experi-
mental work8&~7 and only one theoretical study based on density
functional theory (DFT}.In 1986, Hettich and Freisénising
gas-phase photodissociation of FeCHletermined the binding
energy of FeC to be 94.5+ 7 kcal/mol, and more recently,
Angeli et al® obtained a value of 84.2- 4.1 kcal/mol,
employing threshold photoionization of Fe(GO) addition,
FeC" was observed in the photodissociation and photoionization The averaged atomic natural orbital (ANO) basis set of
mass spectrometry of Fe(C£).” Bauschliche¥® for Fe, 20s15p10d6f4g, and the quadruple

In their very recent theoretical DFT study of &g FeC™, correlation consistent basis set of Dunniigcc-pVQZ =
and FgC~ clusters i = 1-6), Gutsev and Bauschlicfer =~ 12s6p3d2flg, for C were used and were both generally
calculated the ground @4) and two excited state$¥~ and contracted to [7s6p4d3f2g/hs4p3d2flgf spanning a 139 one-
5TT) of FeC'. For the X state, they reported a dissociation energy electron Gaussian space.

[I. Computational Strategy

of 4.86 eVE112 keal/mol) and a bond distanag)(of 1.53 A The inherent multireference character of the Fattes, their

at the DFT(BPW91)/6-31£G* level. diversity of spacespin symmetry, and our desire to construct
Presently, through high-level multireference variational cal- complete PECs, deemed crucial for a better understanding of

culations, we examine a total of 40 states of the Fe&tion bonding, leaves us with only one choice of approach: the

covering an energy range of about 3.9 eV, correlating adiabati- complete active space self-consistent field (CASSCF) method
cally to Fe'[a®D(3dP4s"), &F(3d'), 22G(3d")] + C(CP). In partic- coupled with single and double replacement configuration
ular, from a total of 27 states emerging from the ground-state interaction (CASSCFH- 1 + 2 = MRCI) to account for

atoms Fe(®D) + C(3P), 25 were computed, nameKE 1], additional correlation. The CASSCF wave function is con-
437[2], “TI[3], *A[2], *D[1], 6=T[1], 5=[4], ®I1[3], CA[2], 6d[1], structed by allotting the 11 “valence” electrons (7 on' Fad
83[1], 8=[1], 8I1[3], 8A[2], and®®[1]. A bundle of 14 from 4 on C) to 10 valence orbital functions (4s and 3d on Fe and 2s
a total of 36 states were also examined correlating to(4 and 2p on C). The zeroth-order spaces thus created a range from
+ C(P), i.e.,2="[1], 2=7[1], A1[3], 2A[2], 2D[2], AT[1], *T'[1], 104 €=") to 6996 E=") configuration functions (CF) with

63*[1], ®A[1], and 6IT1]. Finally, a single2H state is also  corresponding MRCI spaces of about810° (8Z7) to 134 x
reported, tracing its lineage to FEG) + C(3P); the numbers  10° (3=") CFs. By enforcing the internal contraction technitfue
(icMRCI), the Cl spaces are reduced drastically, ranging from
* Corresponding author. E-mail: mavridis@chem.uoa.gr. 241 x 10 to 2 x 10° CFs, thus making the computations
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TABLE 1: Total Energies (Ey) of Fe™(®D, “F) and C(P), Energy Separation of*F — D (eV), lonization Energy (IE, eV) of Fe,

and Atomic Spin—Orbit Splittings (SO/J, cm™1) of Fe"(°D, 4F) at Di

fferent Levels of Theory

method Fe™(°D) Fe"(*F) F—D IE C(P)
MRCI —1262.37096 —1262.35721 0.374 7.388 —37.78493
MRCI+Q —1262.3762 —1262.3660 0.277 7.66 —37.7879
C-MRCI —1262.71439 —1262.69984 0.396 7.145
C-MRCIHQ —1262.7435 —1262.7350 0.231 7.49
MRCI+DKH —1271.25637 —1271.23126 0.683 7.482
MRCI+Q+DKH —1271.2618 —1271.2403 0.585 7.76
C-MRCIHDKH —1271.65075 —1271.62386 0.731 7.218
C-MRCIHQ+DKH —1271.6826 —1271.6618 0.565 7.57
MRCI+CG —1271.16158 —1271.13483 0.728 7.464
MRCI+Q+CG —1271.1668 —1271.1436 0.631 7.74
C-MRCHCG —1271.50379 —1271.4767 0.737 7.225
C-MRCHQ+CG —1271.5329 —1271.5119 0.572 7.57
exptP 0.248 7.90t 0.01

Fe" (°D) Fe" (“F)
SO/ MRCI C-MRCI exptP MRCI C-MRCI exptP
9/2 0.0 0.0 0.0 0.0
712 —385.5 —408.3 —384.77 —567.4 —592.9 —557.48
5/2 —299.8 —317.5 —282.87 —441.4 —461.1 —407.86
3/2 —214.2 —226.8 —194.99 —315.3 —329.5 —279.54
1/2 —128.5 —136.0 —114.40

a+Q, +DKH, and +CG refer to the Davidson correction and scalar

relativistic corrections via the Detl{flab—Hess and CowanGiriffin

approaches, respectiveyReference 9¢J refers to the spatial spin angular momentum.

feasible, and with affordable losses in total energies. To estimate
core-valence correlation effects, icMRCI calculations were
performed including the eight semicore {3¢°) electrons of

Fe" in the ClI procedure. These calculations will be referred to
as C-MRCI and were done only for the ground state and around
the equilibrium geometry. Needless to say, upon inclusion of
eight more electrons in the CI, size-nonextensivity errors
increase significantly with a synchronous dramatic increase of
CFs included in the Cl expansion: 1x810° (uncontracted) to
31.5 x 1P (contracted) CFs for the 24 state. Moreover, for
the ground state only, scalar relativistic corrections using both
the Douglas-Kroll —Hess (DKH) one-electron integrals and the
perturbative approach using the Cowaariffin (CG) operator
were obtained, with (C-MRGtrel) and without (MRCH-rel)

the 323p° Fe" semicore electrons for the2X state. Finally,

the spin-orbit splitting for the XA state AE(X2As;, — X2A3)),

was calculated via the BreitPauli operator.

All calculations were done undé&,, symmetry constraints,
but all our CASSCF wave functions display correct axial angular
momentum symmetry, i.ejA| = 0 (Z%), 1 (I1), 2 (A), 3 (D),

4 ('), and 5 H). This means tha\ andI" states are linear
combinations of Aand A symmetries, wheredd, ®, andH
states are combinations of Bnd B symmetries=" and =~
correspond to the Aand A symmetry species, respectively.
Moreover, the state average apprddchas applied to those
excited states showing interaction with states of the s@me
symmetry nearby. Because of the relatively large number of
active electrons, we encountered significant size-nonextensivity
problems: 6.5-9 mhartree at the MRCI level, reduced te 1.5
mhartree after including the Davidson correctionQ).X* The
MRCI basis set superposition error (BSSE) was calculated only
for the ground XA state of FeC.

Finally, and only for the ground state, restricted coupled
cluster singles and doubles with perturbative connected triples
calculations were performed with [C-RCCSD(T)] and without
[RCCSD(T)] the Fe semicore 38p° electrons based on
CASSCF orbitals.

All calculations were done with the MOLPRO 2000 packdge.

[ll. Fe * and C Species

The end fragments of the FéQlecomposition are clearly
Fe" and C in all three channels considered herée (88, a'F,
&2G) + C(®P). Table 1 displays the total energies of E®,
4F) and C®P), the Fé energy term splitting?F < ®D, and the
ionization energy (IE) of Fe, [F&D) — Fe"(°D)], at different
levels of theory, along with experimental valifeSbserve that
the theoreticatF — 6D energy separation is in good agreement
with the experimental one at the MREQ and C-MRCHQ
levels, but the same is not true when scalar relativistic correc-
tions are included in either DKH or CG approximations. Con-
cerning the IE of Fe, the best agreement with experimental
values is obtained at the MREQR+DKH level, 7.76 vs 7.90
+ 0.01 eV.

IV. Results and Discussion

Table 2 lists CASSCF, MRCI, and MRER total energies
(E), equilibrium bond distancesd, and dissociation energies
(De) with respect to the adiabatic fragments, total Mulliken
charges on Fe harmonic frequencies and anharmonic correc-
tions (e, weXe), rotationat-vibrational couplingsde), centrifu-
gal distortions De), and energy gapsT§) of forty states with
spatial-spin symmetrie§46.&+ 24691 2468\ 246.8p 240
and?H. Subscripts G and L refer to global and local minima,
respectively. Figure 1 contrasts relative energies of all states
studied of Fe€and FeC covering an energy range of 3.7 and
3.9 eV, respectively, and Figure 2 displays a panorama of all
PECs. Each excited state has been labeled with a serial number
in front of the symmetry symbol, revealing its absolute energy
order with respect to the ground state (X), and a number in
parentheses, indicating its absolute order within the same-space
spin symmetry manifold. Figures—-3 show, separately, the
PECs according to their spin multiplicity, doublets, quartets,
sextets, and octets.

We analyze first the doublets, followed by the quartets, the
sextets, and finally, the octets.

A. Doublets. All doublets correlate to the first exitedF state
of Fe', with the exception of the 28 state which correlates
to Fe"(3G), experimentally, 1.993 eV above the gro§bdterm?
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Figure 1. Comparison of the relative energy levels of FeC and*FeC
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Figure 2. Potential energy curves of 40 states of the Fe@tion at the
MRCI level of theory. All energies have been shifted %300 Ep.

We have obtained results for 11 doublets, 5 of which are
discussed in some detail below.
X2A. The ground state of neutral FeC¥X) is described fairly
well by two configurations; see ref 2.
IXPALL 4 p, ~ 0811V 2(16°20°30 12 1m2) (16316 +
163101 0= |A,TH |A,0
(Thenceforth, only valence electrons are counted.)
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The XPA state of FeC correlates {8D; M = +2[3 x |°P;
M = 0[¢ but, because of an avoided crossing at about 4.5 bohr
with the BA(2) state, the in situ atoms are FE@d, 5F; M =
+2) 4+ C(CP; M= 0). The two atoms interact attractively through
a genuine triple bond db. = 86.7 kcal/mol and. = 1.581 A
at the C-MRCI levelDiabatically, D¢ is 86.7+ AE(°F — °D)
= 109.6 kcal/mol or about 107 kcal/mol after BSSE and scalar
relativistic correctiong. The singly occupied @ orbital is
practically a 4s atomic function localized on Fe. Removing the
3o(~4s) €7, yields the XA state of FeC, correlating, of
course, to F&d’, 4F; M = £2) + C(P; M = 0) and maintaining
this character up to equilibrium. The triple-bonded structure of
FeCf can be faithfully represented graphically by the following
vbL (valence-bond-Lewis) icon in accordance with the leading

Fe'('F; M=t2) C(P; M=0)
CAS configurations and atomic Mulliken distributions (Fe/C)

IX?A glﬂLA2 ~
0.891V2(10°20° 112 (10}16° + 16510")0

480.164p(z).1130%23]3&.234@).023®.234R/0.02
(SdXZ—yZ‘?’dxy)&OO/ZSLHZp(z)‘692pg-732R(/).73

The populations above indicate that 0.40aze donated to the
empty 2 carbon orbital, and 0.50 &eturn to the Fe cation
through ther route.

At the C-MRCI (C-MRCHQ) [C-RCCSD(T)] levels, the
dissociation energieg) with respect to Fe(“F) + C(P) are
101.4 (103) [96.7] kcal/mol ate = 1.553 (1.557) [1.530] A.
Taking into account scalar relativistic effects via the DKH
approximation, we obtaiD. = 106 (107) kcal/mol with respect
to the F€(*F) + C(P); correcting for ZPE= w¢/2 (Table 2)
and a BSSE of 0.5 kcal/mol, we obtain, finaly = 104 (105)
kcal/mol. Practically the sani®. andD, values are also obtained
via the CG perturbational correction.

With respect to the ground-state fragments;,(fie) + C(P),
the estimated C-MRCI (C-MRGIQ) [C-RCCSD(T)]Do values
are reduced by 9 (6) [5] kcal/mol, becoming 89 (94) [88] kcal/
mol. These values are in relatively good agreement with the
gas-phase experimental resiy,= 94 + 7 kcal/mol, of Hettich
and Freisé,assuming that they refer to ground-state products.
We believe that th®o = 84.2+ 4.1 kcal/mol value of Angeli
et al® underestimates the dissociation energy of Fe@h the
other hand, in the very recent DFT(BPW91)/6-313* study
by Gutsev and Bauschlich&the binding energy of the 2A
state of FeC is rather overestimated by about 10 kcal/mol.
Finally, the MRCI spir-orbit coupling for the?A state is
AE(RAzp — 2Asp) = A = 729 cntl, with re = 1.5690 and
1.5675 A for the?As, and2As, components, respectively.

As expected, the binding energies and bond distances between
FeC (€A, diabatic) and FeC (X2A) are similar; indeed, they
do not differ by more than 8 kcal/mol and 0.03 A at the same
level of computatior.
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TABLE 2: Absolute Energies (Ep), Bond Lengths ., A), and Binding Energies De, kcal/mol) with Respect to Adiabatic
Fragments, Harmonic Frequencies @, cm~1) and Anharmonic Corrections (mexe, cMm1), Rotational Vibrational Couplings (a.,
cm™1), Centrifugal Distortions (De, cm™1), Mulliken Charges on Fe (1— gre), and Energy Separations e, kcal/mol) of FeC™

staté method&°® -E le De We WXe 0e(1078)  De(107°9) OFe Te
X2A CASSCF 1300.01216 1.576 86.4 860.2 8.41 7.75 1.75 0.07 0.0
MRCI 1300.29428 1.563 100.8 903.7 5.64 6.43 1.67 0.11 0.0
MRCI+Q 1300.3136 1.568 101 0.0
RCCSD(T) 1300.30796 1.542 94.9 970.4 0.0
MRCI+DKH 1309.19114 1.558 105.7 920.1 5.86 6.40 1.64 0.01
MRCI+Q+DKH 1309.2108 1.562 106
MRCI+CG 1309.09447 1.561 105.6 910.2 5.75 6.51 1.65 0.11
MRCI+Q+CG 1309.1138 1.566 106
C-MRCH 1300.63103 1.553 101.4 944.2 0.11 0.0
C-MRCI+Qd 1300.6840 1.557 103.3 0.0
C-RCCSD(TY 1300.68834 1.530 96.7 1026 0.0
C-MRCI+DKH¢ 1309.57344 1.551 106.0 928 0.00
C-MRCI+Q+DKH¢ 1309.6296 1.555 107
C-MRCI+CG 1309.43004 1.552 107.8 932 0.11
C-MRCIHQ+CG? 1309.4830 1.555 109
DFT/BPW9E 1.53 112 1027
exptf 9447
expte 842+ 4.1
1*(1) CASSCF 1299.99246 1.675 45.6 740.7 8.06 7.06 1.64 0.08 12.4
MRCI 1300.26406 1.667 72.2 789.2 5.05 5.43 1.49 0.12 19.0
MRCI+Q 1300.2842 1.671 76 18
DFT/BPW9E 1.64 831 16.6
2°27(1) CASSCF 1299.98194 1.695 67.4 759.1 4.14 4.81 1.45 0.07 19.0
MRCI 1300.25002 1.670 73.1 801.6 4.14 4.92 1.42 0.13 27.8
MRCI+Q 1300.2694 1.672 73 28
3*A(L)s CASSCF 1299.96590 1.827 28.9 659.6 2.57 3.76 1.23 -0.11 29.0
MRCI 1300.23941 1.764 56.7 772.8 3.70 3.59 1.11 -0.02 34.4
MRCI+Q 1300.2601 1.763 61 34
3*A(L)L CASSCF 1299.94180 2.461 13.8 275.9 0.12 44.1
MRCI 1300.18574 2.264 23.0 334.6 0.13 68.1
MRCI+Q 1300.2031 2.229 25 69
44T1(1) CASSCk 1299.94672 2.367 16.2 278.4 3.37 3.63 1.46 0.13 41.1
CASSCk 1299.93905 1.767 11.4 510.1 —0.33 9.99 2.51 —-0.13 45.9
MRCI 1300.22810 1.669 49.5 765.9 2.28 5.17 1.57 —0.04 41.5
MRCI+Q 1300.2528 1.658 56 38
511(1) CASSCF 1299.94612 1.844 45.97 588.3 1.11 2.73 1.46 —0.16 41.4
MRCI 1300.22355 1.740 56.6 717.2 2.45 3.20 1.39 —0.06 44.4
MRCI+Q 1300.2456 1.733 59 43
65=7(1) CASSCF 1299.94560 1.913 16.2 566.5 12.4 6.91 1.27 —0.09 41.8
MRCI 1300.21216 1.852 39.7 662.9 7.85 5.29 1.13 —-0.04 51.5
MRCI+Q 1300.2334 1.847 44 50
7*®(1) CASSCF 1299.94696 2.355 16.4 275.9 3.44 3.37 1.53 0.13 40.9
MRCI 1300.20746 1.826 36.5 607.2 23.9 8.84 1.47 0.09 545
MRCI+Q 1300.2307 1.818 42 52
85A(1) CASSCk 1299.93836 1.945 12.5 605.9 6.16 5.09 1.00 -0.17 46.3
CASSCk 1299.93461 2.474 10.2 253.1 6.66 4.83 1.35 0.12 48.7
MRCI 1300.20482 1.888 35.2 716.8 4.46 3.88 0.85 —0.09 56.1
MRCI+Q 1300.2258 1.889 39 55
9TI(1)s CASSCF 1299.93258 1.913 7.37 530.4 9.03 5.44 1.44 —0.14 49.9
MRCI 1300.20392 1.811 34.3 724.1 10.1 4.97 1.07 —-0.05 56.7
MRCI+Q 1300.2257 1.808 39 55
DFT/BPW9E 1.80 672 54.9
9OTI(1). CASSCF 1299.93908 2.468 115 263.8 4.61 5.11 1.26 0.13 45.9
MRCI 1300.18287 2.243 21.1 345.6 10.3 0.80 1.31 0.13 69.9
MRCI+Q 1300.2010 2.204 24 71
10°=7(2) MRCI 1300.20330 1.858 345 765.2 28.1 8.76 0.81 0.03 57.1
MRCI+Q 1300.2247 1.857 39 56
11°T1(2) MRCI 1300.20311 1.849 34.2 550.0 14.3 9.83 1.66 0.08 57.2
MRCI+Q 1300.2257 1.830 39 55
12°I(1) MRCI 1300.19345 1.627 38.5 890.3 3.1 4.8 1.4 0.16 63.3
MRCI+Q 1300.2142 1.630 39 62
13A(2)s MRCI 1300.18937 1.727 26.1 771.5 3.66 5.29 1.26 0.02 65.8
MRCI+Q 1300.2136 1.728 32 63
1AL MRCI 1300.18563 2.237 23.8 0.12 68.2
MRCI+Q 1300.2036 2.15 26 69
14£3+(1) MRCI 1300.18857 1.645 35.5 893.6 7.0 3.8 1.3 0.14 66.3
MRCI+Q 1300.2109 1.647 37 64
15°A(2) MRCI 1300.18484 1.92 23 0.03 68.7
MRCI+Q 1300.2077 1.87 28 66
16T1(3) MRCI 1300.18457 2.073 22.9 ~800 0.11 68.8
MRCI+Q 1300.2047 2.037 26 68
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TABLE 2: Continued

staté@ methodg° -E le De e wXe 0e(1079) De(10°9) OFe Te
1727(1)s MRCI 1300.18453 2.274 224 304.3 8.59 15.4 1.59 0.12 68.9
MRCI+Q 1300.2026 2.235 25 70
17= (1) MRCI 1300.17503 1.785 16.5 —0.03 74.8
MRCI+Q 1300.2015 1.787 24 70
1811(1)s MRCI 1300.18306 1.992 21.2 578.2 6.79 4.85 0.95 —0.15 69.8
MRCI+Q 1300.2012 1.991 24.0 71
18°11(1) MRCI 1300.15661 2.871 4.84 122.0 4.02 6.31 2.39 0.10 86.4
MRCI+Q 1300.1714 2.848 5.26 89
19®(1) MRCI 1300.18280 2.244 21.0 344.1 3.95 2.99 1.31 0.13 70.0
MRCI+Q 1300.2009 2.206 24 71
20°21(1) MRCI 1300.18235 2.171 21.13 301.1 9.69 0.10 70.2
MRCI+Q 1300.2019 2.160 24 70
215T1(2)s MRCI 1300.18199 2.117 21.0 —0.03 70.5
MRCI+Q 1300.2031 2.119 25 69
215T1(2). MRCI 1300.17368 2.323 15.8 0.12 75.7
MRCI+Q 1300.1917 2.275 18 77
22T(1) MRCI 1300.17994 1.775 20.2 820.7 7.24 2.10 0.952 -0.04 71.8
MRCI+Q 1300.2071 1.780 28 67
2Fd(1) MRCI 1300.17738 1.815 29 594.2 11.5 6.61 1.58 0.18 73.4
MRCI+Q 1300.2005 1.821 30 71
282A(2) MRCI 1300.17664 1.696 28.0 821.3 6.1 3.4 1.2 0.13 73.8
MRCI+Q 1300.1988 1.702 29 72
25°57(1) MRCI 1300.17649 2.037 17.1 528.8 8.06 5.48 0.997 -0.15 73.9
MRCI+Q 1300.1945 2.032 20 75
26°A(1) MRCI 1300.17568 2.023 16.9 575.9 9.63 5.76 0.873 -—-0.13 74.4
MRCI+Q 1300.1968 2.017 21 73
26°A(1). MRCI 1300.15538 2.933 4.19 105.1 5.97 5.20 2.86 0.08 87.2
MRCI+Q 1300.1703 2.877 4.6 90
2711(2) MRCI 1300.17476 1.820 27 528.8 1.79 1.08 1.96 0.17 75.0
MRCI+Q 1300.1980 1.825 29 73
287T1(3) MRCI 1300.17215 2.207 15.1 0.06 76.6
MRCI+Q 1300.1919 2.220 18 76
28T1(3). MRCI 1300.15866 1.833 6.68 —0.07 85.1
MRCI+Q 1300.1838 1.835 13.4 81
29H(1) MRCI 1300.16868 1.641 65.5 830.9 2.88 4.97 1.48 0.00 78.8
MRCI+Q 1300.1918 1.638 68 76
30°11(3) MRCI 1300.16800 1.707 23 1054.1 23.6 7.08 7.21 0.06 79.2
MRCI+Q 1300.1928 1.709 25 76
3120(2) MRCI 1300.16381 1.655 20 807.9 5.22 3.22 1.49 0.01 81.9
MRCI+Q 1300.1874 1.653 22 79
32T(1) MRCI 1300.16181 1.901 17.7 677.3 2.50 2.26 0.918 0.02 83.1
MRCI+Q 1300.1881 1.911 22 79
33F=(2) MRCI 1300.15706 1.971 14.7 681.6 12.9 2.23 0.738 0.05 86.1
MRCI+Q 1300.1830 1.979 19 82
3480(1) MRCI 1300.15652 2.875 4.82 121.6 2.99 6.10 2.38 0.10 86.4
MRCI+Q 1300.1712 2.852 5.2 89
35°T1(2)e MRCI 1300.15592 2.647 4.60 482 0.14 86.8
MRCI+Q 1300.1711 2.680 51 89
35°01(2). MRCI 1300.15435 3.089 3.61 96.1 1.82 4.85 2.47 0.07 87.8
MRCI+Q 1300.1693 3.039 3.9 91
36°=27(1) MRCI 1300.15503 2.987 3.97 104.0 1.93 5.43 2.59 0.08 87.4
MRCI+Q 1300.1699 2.946 4.4 90
37A(2) MRCI 1300.15381 2.630 3.38 435 0.09 88.1
MRCI+Q 1300.1699 2.668 4.5 90
38IT1(3) MRCI 1300.15348 2.782 2.63 419 50 0.06 88.4
MRCI+Q 1300.1686 2.780 3.6 91
3FA(3) MRCI 1300.15103 2.020 10.9 761.3 1.84 0.734 0.505 0.10 89.9
MRCI+Q 1300.1760 2.022 15 86

aNumbers in parentheses refer to the ordering of states within the same symmetry manifold; G and L subscripts refer to global and local minima.
b Internally contracted MRCE +Q, +DKH, and +CG refer to the multireference Davidson correction and scalar relativistic corrections via the
Douglas-Kroll—Hess and CowanGriffin approaches, respectivelyThe semicore 38p° of Fe' is included in the CI proceduréReference 8.
fReference 5D, value.9 Reference 6D, value.

Finally, for the ionization potential of the FeC molecule, we |2227Q2 ~ |10°20°30"17517,[0.67(161 161) + 0.39
obtain 6.81 (7.10) [7.38] eV at the C-MRCI (C-MR€Q) 1,351 1 —1o-1q_2
[C-RCCSD(T)] levels of theory, as compared with the experi- (1010)] 0+ 110°20°30 [0.20(1nx2nxlny *
mental value of 7.74: 0.09 eV Lp17,27,)163 167 — 0.19(Irlmy 27, +

2257(1). This is the second excited state of Felocated 1”)1(2”){1%5)151 15 —o. 18(]:152.715 4 zﬂilﬂi)lgi 16110
27.8 (28) kcal/mol above the?A state at the MRCI (MRCGHQ)
level. It is a truly multireference state, as can been seen from At infinity, it correlates to|*F; M = £1[g. x |°P; M = F11g,
the most important CASSCF equilibrium CFs: maintaining this character up to equilibrium. Despite its mul-
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Figure 3. MRCI PECs of the doublet states of the Fe€ation.

Tzeli and Mavridis

. %??%@ = Fe=Cr

Fe'('F; M=21) C(’P; M=0)

STI(1)

122I°(1). This state correlates to F¢F; M = £3) + C(P;
M = +1), carrying this character down to the equilibrium bond
distance. The dominant equilibrium CASSCF CFs, considering
both spatial symmetries ¢At+ A,) and the atomic populations,
are

12T (D) 1, ~ 1V2]10°20°30 13172[0.62(17 +
162) + 0.76(10%151) + 0.44(11161)]10

58, ,:0.085 {1645 .38, 0.025 1.381 0.025 4.0 0
tireference description, we can attempt a graphical representatiorf1rso 54pz 83ng 43diz an, 23(&2 4p, 3 2—%/23(£y il

of the bonding:

dj(y py
das [ Q) + = {Fe=C:
dxz'yz A

d,,
Fe ('F; M=21) CCP; M=71) 221

The following CASSCF atomic populations indicate a charge
migration from Fé& to C via theswr system and from C to Fe
through thes system, in agreement with the qualitative picture
above.

‘1SP.BQ4F§.OZ3(ﬁ§6%3c¢22%4pg.O%3c622%4pﬁ.0%3cﬁ59323(tg?(7
255"7%2Fg.8%2F£.6ﬁ2F£.64

De = 73.1 kcal/mol andre = 1.670 A at the MRCI level,
reflecting the loss of &0 bond relative to the XA state; see
Figure 3 for the PEC of this state.

52I1(1). This state correlates to FE¢F; M = +2) + C(P;
M = F1), but near 4.5 bohr an avoided crossing with th& 7
(2) state changes its equilibrium character to e, M = £1)
+ C(CP; M = 0). As in the 22(1) case, the CASSCF

2§.752pg.912R?.592®).59

About 0.35 € are donated from the C 2prbital to the empty

4s orbital of Fé, resulting in al/,0 bond, with a concomitant
transfer of 0.20 & from Fe" to C via thex skeleton. The
bonding can be described graphically by the vbL icons below
suggesting 2r and?/, o bonds.

dae

= {Fe&Cr

Fe'('F; M=+3) C(CP; M=71) 12°T(1)

The MRCI (MRCH-Q) interaction energy (F) and bond
length (g) are 38.5 (39) kcal/mol and 1.627 (1.630), respectively.
This state of Fe€Cis completely analogous to the 341) state
of (neutral) FeC; the latter state has a MREIbinding energy
and bond length of 28 kcal/mol and 1.79 A but witly Aand¥/,

7 bond charactet.
29H(1). This state correlates adiabatically to'f@, 2G; M

equilibrium vector spreads thin among many CFs, a sample of _ +4), the fourth excited state of Fet CCGP; M = +1).

which up toY|Ci|? = 0.6 is given below.

|5°TI(1), ~ |10°20°16%[0.50(LrLry27,161) —
0.32(m 2w, 1n527,16") — 0.29(Ir1ns2m, 16 )| O+
1[0.23(16°30%16* 16*) — 0.20(1?26*30'161 16) —
0.19(10%20'30'16% 161 (1nzln’27,) 0]

Taking into consideration the configurations as well the
CASSCF Mulliken atomic distributions (F£C),

zlsg).3]zlri3.]J%g(jiélEtg(jié?(Llriz.01%3(i$;3521Fi3.0123(jiésliazg(ji;Plf
:ZE§L.6222Fig.S]:ZFiz.77:2Fia.95

However, an avoided crossing with a high@i(2) state
stemming from the#d atomic state of Feimparts its character
to the in situ equilibrium atoms, Féd’, 2H; M = £5; sixth
excited state of F& + C(P; M = 0). The leading CASSCF
CFs and Mulliken atomic distributions (FkC)

2FPH(L)E, ~ |10°20°16", 171m[0.52(27,16%) +
0.30(27,161)] 0~ 0.4310%°20° 1.2, 175(16% — 162)0

450'194p2'1130‘;2'333&'2614@)'043(&2614@)'043 2.(2(;23(1:&)./00/

255920 %2 82 %

are pointing to @272 bonding scheme. The 2@ orbital accepts
0.34 e from the (4s4Bd2)2° Fe™ hybrid, while an equal charge

the bonding can be grasped qualitatively by the icon featuring transfer is observed from C to Fealong thex system. The

a 0.4 e donation from F&(4s4p3d2)20 to the empty 2p C
orbital and a back-transfer of about 0.25te the F& species
through ther system. At the MRCI (MRCHQ) levels,De =
56.6 (59) kcal/mol ande = 1.740 (1.733) A, respectively; see
Table 2.

bonding can be visualized by the following vbL abstractions.
The MRCI (MRCH-Q) adiabatic dissociation energids3s,

are 65.5 (68) kcal/mol at = 1.641 (1.638) A, but the intrinsic

bond strengths, i.e., with respect to'f&) + C(®P), amount

to 65.5 (68)+ AE(?H — 2G) = 78.3 (81) kcal/mol. The Z81(1)
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Energy (E)
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v

Fe'(H; M=%5) C(’P; M=0) 29°H(1) ]
-0.24 -
state is analogous to the ¥%(1) state of the neutral FeC[Fe- .
(43P, °H; M = £5) + C(PP; M = 0)], with D¢ andr, MRCI -0.26+ 1
values of 65 kcal/mol and 1.675 A, respectivéfy;see Figure 7 B T ; o P
1 t, (bohr)

_ B. Quartets. All 10 quartets, but the 22(1), trace their  Figyre 4. MRCI PECs of the quartet states of the Fetion.
lineage to the ground-state atoms; ®®) + C(P); see Figure
4.

1#7(1). This is the lowest of the quartets and the first excited
(a*=") state of FeC, located 19.0 (18) kcal/mol above théX
state at the MRCI (MRCHQ) level of theory, tracing its

ancestry to F&®D; M = £1) + CCP; M = F1). Its main « o ) .
CASSCF equilibrium configuratioflS~O= 0.8210%202351 dz + = “Fel=C:
171,16 16" Dand Mulliken atomic populations are

497403 3 a3 A 33, Fe ('F;M=#3or71) CCP; M=71) 3'A)

835.0.905 0.575 0.57
28 32[)2 OZR‘ 25 With respect to the adiabatic fragments, the MRCI (MRQ)
Through therr skeleton, the C atom gains about 0.14 but De andre v_alues_ are 56.7 (61) kcal/mol and 1.764 (1.763) A,
0.27 e migrate from the 2psingly occupied orbital of C to a  Whereas diabatically. = 66.4 (68) kcal/mol.
~(4s3d22p,) hybrid on Fé&. The resulting triple-bonded mol- 13'A(2). This state, Figure 4, correlates tOﬂﬁD} M=+2)
ecule is clearly represented by the diagram: + CCP, M= 0). It features three avoided crossings, one with
the 4A(3) state (which has not been calculated) correlating to
Fe"(*F; M = £3 or ¥1) + C(P, M = F1) around 4.4 bohr,
. the second at 4.2 bohr with thé/g1) state (vide supra) thus
= FeC acquiring the character E€D; M = +1) + CGP, M = +1),
and finally, the third one occurring at 3.7 bohr with th(3)
state, again having the character'@&; M = F3 or £1) +
C(EP, M = £1). The two minima, global (G) and local (L) at
The MRCI (MRCH-Q) D andr. values are 72.2 (76) kcal/ 1.727 and 2.237 A respectively, are conngcted through a barrier
mol and 1.667 (1.671) A, respectively, 28.6 (25) kcal/mol of 94'0 kcal/mol with respect to the G minimum. 6
smaller and 0.104 (0.103) A larger than bgandr. values of 4T1(1). The asymptotic fragments of A(1) are Fe(°D; M

the similarly bonded RA state. At the DFT level, Gutsev and = +2) + C(P; M = F1). Because of an avoided crossing
Bauschlichet reportedre = 1.64 A, we = 831 cnt?, and around 3.75 bohr with the #(2) state, which has already

T{(145 — X2A) = 16.6 kcal/mol, in relatively good agreement suffered an avoided crossing with the'lI§3) state, the in situ
with our MRCI results. atoms carry the memory of the 46(3) state, i.e., Fg(*F; M

3*A(1). This state is located 15.4 kcal/mol above tHE 1), = +1) + C(P; M = 0), Figure 4. However, it should be
correlating to[*D; M = +1[d x |3P; M = +1[3. However, the observed that the character of the'llig3) state is the result of

result of an avoided crossing at 4.2 bohr (Figure 4) with the @0 avoided crossing with a (not calculatéidlj(4) state cor-

13'A(2) state changes the in situ character of the metal atom to "€1ating, of course, to Fg'F; M = +1) + C(P; M = 0). The
Fer(*F; M = F3 or +1). The following are the first five main leading MRCI CFs in conjunction with the Mulliken densities

configurations withy;|Ci|? = 0.7, showing its intense multi-

suggest 2r and?/, o bonds and a total transfer of 0.1 #om
Fe' to C. Graphically,

Fe'("D; M==1) C(P; M=71) I's()

reference character. |441'I(1)@1JrBz ~ 0.77/\/§|102202(1717>2(17t)2,277:; +
A, ~ [{(10720"30Y[0.57(1n21r?) — 0.21(In2x + Lr2m ;) 163101 0
27217%)] — 0.36(10°20%) (L2, L + 4922400 33 dl; A %3, ) %3 3d
.61 0.6 0. .0
Irdm 2m,)} 1611620 25%%2p *2p) 2

The CASSCF Mulliken atomic populations point to ac272 bonding scheme, shown graphically below.

34, 01 094 .15, 0.0 15, _0.03~ 11.00 00 The bonding is the result of a 0.3 ¢ransfer from Fé to C
4s’ 4p; ]3d112 QSdiZ ap, %ct}z an 33di2—y23d§y ! via theo frame and from C to Fethrough ther system. With
25-%2p %200 %21)®  MRCI De andre values of 49.5 kcal/mol and 1.669 A and with
analogous types of avoided crossings, tHd(4) state is closely
in conjunction with the symmetry of the atoms at equilibrium, related to the ¥1(1) state of FeC)e = 57 kcal/mol,r. = 1.68
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Fe'('F; M=#1) C(’P; M=0) £
A).217 The latter state is obtained by attaching an electron to
the empty 4s Fe orbital of th¢H (1) state coupled into a quintet.
11#11(2) and 1611(3). These states, shown in Figure 4, are
similar to the 17I1(2) and 24I1(3) states of neutral FeC,
respectively, but with different in situ character, |/&D; M =
+2, 0)+ CCGP; M = F1)2
7*® (1). Two of the most important MRCI equilibrium
configurations of 7® (B; symmetry) are

116°26°36[(0.55)In5 1,165 16 + (0.52)Im1r216% 16%]0

Asymptotically, this state correlates to'feD; M = £2) +
C(EP; M = #1) and maintains this character uprto= 1.826
A. The equilibrium MRCI populations

4§)554pgO73d:ZL2293di2084RC<)023(52064@023(:&252)/23@%),46/
251.832pZZL.132g(().462R(3.43

imply the following bonding diagram, indicating %, = and
1 o bonding structure.

+

“Fe==C:

Fe'('D; M=%2) C(CP; M=21) 7'd(1)

A 4s3dz hybrid orbital on F& interacting with the 2pC orbital

is the cause of the bond; the total charge on the metal is less
than +1, indicating a small electron transfer from C to*Fe
through ther system.

The analogous 2&(1) PEC of the neutral FeC shows two
minima, a local (L) and a global (G)The L-isomer has a similar
bonding interaction with the“®(1) of FeC" but with De and
re values of 16 kcal/mol and 2.02 Aas contrasted to 36.5 kcal/
mol and 1.826 A of Fe€. In the G-minimum of the 28D(1)
state, the Fe atom is excited, with. = 19 kcal/mol ande =
1.69 A217

It is also interesting that, at the CASSCF level, both tHd-3
(1) (before crossing) and“®(l) states present a global
minimum around 4.5 bohr. Thebond is of 4g8s+—2pyc origin,
but around 3.4 bohr (MRCI minimum), the bond changes
character, becoming 3€2p, and resulting in a higher bond
strength.

C. Sextets.The PECs of the 11 sextets presently studied are
displayed in Figure 5; six of these states will be described in
some detail in the following. With the exception of theSB2
and 39A states, which correlate to F¢F) + C(P), the sextets
trace their end fragments to the ground-state atomy®Bg +
C(P).

65=~(1). The lowest of the sextets is of thE~ spatial
symmetry 6=-(1), a strongly multireference state whose
CASSCEF leading CFs are

6°= (1), ~ (10°20°30"){ 0.57 (Im2m L, +
Lridm,2m) 10116 — (Lmy2mLm,2m,)[0.27(165161) +
0.22(1316%)] — 0.21(2r 1w 2, + Lm2m,2n2)163 161} 0

Tzeli and Mavridis

-0.14 4 4
Fe'('D) + C(P)

Energy (E))
S
>

s
=
1

-0.20

10

Figure 5. MRCI PECs of the sextet states of the Fe€ation.

An avoided crossing around 4.3 bohr with an inconfilig(2)
state changes its equilibrium character from its asymptote, Fe
(®D; M = £1) + C(P; M = F1), to the corresponding M-

(0, 0) component. Ate = 1.852 A, we calculate B, of 39.7
kcal/mol, whereas the Mulliken distributions

480.664p2.073délz.783di.2154g(().04306.2154rﬁ.043 29(;/23diy00/
251'7%p2'722p2'802@,)'80

indicate the formation of &, o and azx bond, the result of
about a 0.5 & current moving from Feto C via theo frame

and a back-current of 0.4 ereturning to Fé& through ther

frame. Graphically,

da %Q‘%.n + :%@ = :l:ef..\.c:

Fe (‘'D; M=0) C(’P; M=0) 6°T(1)

85A(1). The next sextet, located 4.6 kcal/mol higher, i$A-8
(1) state comprising the following main CASSCF CFs:

I8°A(L), ~ [(10°20"30™10Y, 16%)[0.42(Im 2, L, +
24 _1q_1 1y=14_1~_1
11w, 2m,) + 0.40(dr, 27, 1w, 27,) _+
0.37(Imy2m, 1, 27,)] O+ [[0.31(16°20"'36'161 16%) +
0.26(10°20°16}16% |12y L, 2y) 0

Adiabatically, it relates to the end products™@®; M =
+1) + CCP; M = +£1). At 4.2 bohr, it suffers an avoided
crossing with the 18\ (2) state, thus, at equilibrium, acquires
the character of the $A(2) state, F&(®D; M = £2) + C(P;

M = 0); see Figure 5. Ato = 1.888 A andD, = 35.2 kcal/
mol, the attractive interaction, being the resultgfc and ax
bond, is represented schematically by the following vbL
diagrams

Fe'(D; M=+2) C(’P; M=0) A1)

and is corroborated from the Mulliken CASSCF atomic popula-
tions
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450'524p2'0%di2'043¢1'1074ge'033@2074@'033(£é_y23cﬁ900/
251..642p(z).722d().892R(/).89

The bonding is identical to that of the previously described
65=(1) sextet state.

9fTI(1). This state shows an interesting topology: adiabati-
cally, it correlates to FgfD; M = £2) + C(PP; M = F1),
whereas up to 4.05 bohr, its PEC is identical to that of tHeb19
(1) state, Figure 5. At this point, an avoided crossing occurs
with the 2PFT1(2) state, which has already suffered an avoided
crossing with the 281(3) state. Therefore, the latter imparts
its character to the global minimum of thé[¥1) state, i.e.,
Fe'(®D; M = +1) + C(P; M = 0), with its local minimum
coinciding exactly with the minimum of the 4®(1) state; see
Figure 5. We give below the leading CASSCF CFs of tid-9
(1)s and 9TI(1). minima, the latter being identical to that of
the 19®(1) state, apart from a sign change.

9°TI(1) ¢ ~ |(10°20"30")[0.58(1r; Ly 27y) —
0.43(Imy 27, Lr,27,) — 0.29(Imy2myd;27,)]| 164 16" -
1[0.31(16°26'30M16% 161 ) + 0.26(1%26*30'161 16) —
0.23(10°20°16% 161)|(Ly2m, 1n27r,)0

9°TI(1)  /119°D (1) ~ 0.5610°20°30"
(Im2mdn10516 F Imln,2m,16%16%)0
The equilibrium Mulliken distributions of the®8I(1)s state

450574p(ZJO%cﬁzo%dizwélg(gO%c62964r%(l)043c£29(;23(£y00/
231642p§)692g(()802

0.98

R

and the symmetry of the in situ atoms support the following
self-explanatory bonding diagrams.

Fe'("D; M=%1) C(P; M=0) 9Ty (1)

At the MRCI (MRCH-Q) level,De = 34.3 (39) kcal/mol and
re= 1.811 (1.808) A. Note that although, formally, th@Ag1)
state was lower than thélg(1) state by 0.6 kcal/mol at the
MRCI level, with the addition of the Davidson correction this
difference becomes practically naught, i.e., the two states are
degenerate.

15°A(2) and 26=*(1). These two sextets correlate to'Fe
(6D; M = +2, F1) + CCP; 0, F1). The square well-like
potential of the 18A(2), Figure 5, is the result of an avoided
crossing with the 8\ (1) state at 4.2 bohr (vide infra) and the
character change of the incipiembond formation through the
participation of the F€ 4s orbital but replaced gradually by its
3dz orbital as we move toward the equilibrium. Certainly, the
bond length is ill-defined, an approximate value which corre-
sponds to the middle of the well, being about 2.0 A. The bonding
comprises one and oner bond withDe = 23 kcal/mol (see
below).

The in situ atomic character of the®0 (1) state is the same
as that of the 1%8A(2) state, namely, PgD; M = F1/+1) +
C(3P; &1), with its PEC presenting the same broad morphology
around equilibrium as that of the 4%(2) state and for the same

J. Phys. Chem. A, Vol. 109, No. 41, 2008257

Fe'('D; M=+1) CCP; M=%,%1) 15°AQ2), 20°S(1)
reasons. A minimum can be located around 2.17 A \Bith=
21 kcal/mol.
D. Octets. Eight octet states have been calculated, all
correlating to the ground-state atoms"E®) + C(P); Figure
6. We discuss two of them, namely, the’lI§1) state (the lowest
of the octets) and the 25-(1) state (the first excited state
among the octet manifold), 4.2 kcal/mol above th&[1@) state.
18%[1(1). This state correlates adiabatically to'&D; M =
+2) + C(P; M = F1); this character is maintained up to the
local minimum close to 5.4 bohr. At exactly 5.0 bohr, an avoided
crossing occurs with the 8H(2) state, which has already
suffered an avoided crossing with the®B§3) state, imparting
its character to the in situ atoms of the®II§1) state, F&(®D;
M = 41) + C(CP; M = 0). These interesting topological features
are very nicely shown in Figure 6. As is expected, the(@
B,) component of the 81(1) state is completely described at
the global minimum by a “single” configuration,

0.9942|16°20"30 (L 2mydn2m, +
InZ2m Ay 2m) 101100 0 g

which in conjunction with the Mulliken populations

4§)624p2083d;12033(£2014g(()043c62004[:€043(ﬁ2(3()),23d}y00/
28-Sl 1o 9%

0.95
R
points clearly to the following bonding icon:

9, T 9, L e
€D = e C:
O

(1) +
18°11(1)

ds
O

Fe'("D; M=*1) C(’P; M=0)

With the & route closed to charge transfer, about 0.2 e
migrate to the empty 2pC orbital, creating &/, o bond and
giving rise to binding energies of 21.2 (24) kcal/mol apd=
1.992 (1.991) A at the MRCI (MRGHQ) level.

25837(1). This state is also a single reference state whose
Hartree-Fock configuration,

~0.9810%20°30" 1,27, 1, 27,103 161 )
and Mulliken distributions

450'704pg'0%@2973&'2014@2'043(62014@0'043di27y23d,]<-3/
251.702p(z).542RC<).952R(/).95

lead, similarly, to the previously described state, i.el/,a0
bond and a charge transfer of about 0:2feom Fe' to the
empty 2p C orbital. With respect to the adiabatic productsfe
(6D; M = 0) + CEP; M = 0), the MRCI (MRCH-Q) binding
energies De) are 17.1 (20) kcal/mol at, = 2.037 (2.032) A;
see Figure 6 and Table 2.

26°A(1) and 378A(2). These states correlate to'feD; M
=41)+ CCP; M= 41) and Fe(°®D; M = +2) + C(°P; M =
0), respectively. At 5 bohr, an avoided crossing appears between
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Figure 6. MRCI PECs of the octet states of the Fe€ation.

them, causing the mutual exchange of their characters. As a

result, the 2BA(1) state shows two minima with the above
characters and the 8X%(2) state has its minimum on the
crossing.

V. Synopsis and Remarks

Employing multireference variational calculations, CASSCF
+ 1+ 2 = MRCI coupled with adequate basis sets, we have
constructed potential energy curves for 40 states of the"FeC
diatomic carbide cation. The ground statéAXwas also
examined by the coupled-cluster CCSD(T) approach using
CASSCEF orbitals. It should be stressed at this point that this is
the first systematic high-level ab initio work on this system,

and experimental results are also very limited. Thus, it is hoped

that the current study can be of considerable help in the
experimental investigation of this interesting molecular cation.

A synopsis of our findings and conclusions follows.

1. The binding energiedp) of the X2A state of FeC with
respect to the adiabatic fragments @€) + C(P) are 104 (105)
kcal/mol. This is éDe C-MRCI (C-MRCH-Q) value corrected
for scalar relativistic effects via the DKH approximation, zero-
point energywe/2, and BSSE. The correspondibg value, but
with respect to the ground-state species(f@) + C(P), is 87
(92) kcal/mol. The 92 kcal/madDy value compares favorably
to the experimental one of 94 7 kcal/mol® assuming that the
latter refers to ground-state fragments.

2. The first excited state/&", lies 19.0 (18) kcal/mol above
the XA state withDe = 72.2 (76) kcal/mol at the MRCI
(MRCI+Q) level and a bond distance about 0.1 A longer than
that of the X state. There is no exact analogue of the*FeC
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5. With the exception of the octets, almost all other states
are of intense multireference character, thus introducing severe
technical problems and interpretational difficulties.

6. As can be seen from Figures 1 and 2, a large number of
states are very close in energy, and therefore, we cannot be
certain of their true sequence. The MRCI order is particularly
uncertain for the pairs or group of states where The differ
by about 1 nk,. For instance, by applying the Davidson
correction (-Q), the ordering of certain states is reserved. Also,
the ordering is reversed by adding the zero-point energy
differences Aw¢/2, for the pairg 10°=7(2), 11I1(2)}, {16°I1-

(3), 17=1(2)}, {18°11(1), 19D (1)}, {24°A(2), 258= (1)}, and
{33F=*(2), 34D(1)} by 0.2, 0.7, 0.2, 0.3, and 0.5 kcal/mol.
However, we are practically certain of the relative position of
the ground state and of the first seven excited states.
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