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On the dipole moment of the ground state  X3A of iron carbide, FeC
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In the light of experimental results on the dipole moment of the Ke@ state, we have
re-examined our recent theoretical numbers of this property, by increasing our basis set size and
calculating also the dipole moment by the finite field method. Our best result is 1.94 D as compared
to the experimental value of 2.36 D, signifying that care should be exercised in obtaining
one-electron properties even from highly correlated wave functions20@8 American Institute of
Physics.[DOI: 10.1063/1.1545680

Despite the clear progress of theoretical and/or compua nice property of the energy but which does not hold for
tational chemistry in the last 30 ye&ind the claims that we other properties. Therefore, for the calculation of the dipole
are entering the era of quantum biology, there are still somenoment, formula2) is to be recommended in general.
simple and well defined molecular properties that certain  Although all the above are well recognized, it never oc-
times defy our calculational prowess, even for small systemgurred to the present authors that the expectation value rela-
such as the diatomics MX, where Mirst row transition  tjonship(1), and for certain molecular systems, could lead to
metal atom ad X a main group element. What we have in completely erroneous values of the dipole moment even for
mind is the dipole moment vectgr of a neutral MX species.  highly correlated wave functionwide infra). This is exactly

The dipole moment is defined either as an expectatiogynat motivated the present report.
value Recently we have publisheab initio results on the iron

pu=(0| D), (1  monocarbide FeCGRef. 3 using CASSCR-singlet+double

) ) ) replacements(CASSCH-1+2=MRCI) methods coupled
where® is aﬂnormahzed exaot=) or approximate wave i tha ANO{ 7s6p4d3f] and cc-pVTZf4s3p2d1f] ba-
function, andu is the usual dipole operator, or as the gradi-Sis sets for the FéRef. 4 and C[Ref. 5a)] atoms, respec-
ent of the total electronic en_erdjyof the_ system at hand with tively. For the ground state onlyX(A) the basis’ set was
respect to arexterng) electric fieldz, i.e., extended to[ 7s6p4d3f2g/H5s4p3d2flg/c]. The zeroth
pn=V:E, order spacd CASSCH was composed of 10 “valence” or-
Whereve=(0/9&,0/0¢,,010&,). , ggi:iscoargdeliitriztévif feFlgztjggg). actalﬁl:al\t/llgzjsl :gsgdﬁr;%ethe

In practice, and for a diatomic say molecule whose in- i -
ternuclear axis defines tredirection, been refe3rred to as C-MRCI. In that wotky addition to the_
ground X A state, we also reported results on 40 excited

— lim OE @ states(see also Ref. )6
Ha 58,0087 Results of the above work for thé3A state are repro-
duced in the first two entries of Table I, namely, total ener-
where SE the energy difference of the system calculated be‘gies (E), bond distancesr(), dissociation energiesD(,),
fore anc_i after the application of an electric fielf) along  parmonic frequenciesd(,), and dipole moment&w)) in dif-
the z axis. o S ferent methods, including the coupled cluster singles and
Although definitions(1) and (2) [finite field method doubles with perturbative triples approach, CQED It

(FP)] are _eq_uivalent to the "mit’ tha_1t is wheh=y andE should be mentioned that in the CC8I) method CASSCF
= Eqyact Within the method applied, in most other cases re-

. . . : bital loyed due to the i ibility of obtaini
sults can differ appreciably. This is because @gis a func- girngl]li Src:::rr:nir:f)robﬁal fulimitignse 'Mmpossiiity of obtaining
tional of the wave functionb, where in Eq.(2) the wave '

LT . Most of the numbers of Ref. 3 were in fair agreement
function is indirectly involved through the energy How- . . o . -
o . with the totality of existing experimental findings when the
ever, and as a result of the variational theofeifn,

paper was submitted for publication. For instance, for the
O=y+eX X 3A state at the C-MRCI levekee second entry of Tablg |
we obtainr,=1.581 A, D.=86.7 kcal/mol, w,=877 cm !

and assuming that )
as compared to, perhaps the best experimental resuylts,

E=Eqygacit €EEV+ ?E?, =1.5889 A D,=91.2+7 kcal/mol**® »,=867 cm .10

then So it came as surprise to us when Steimle and Virgi-
R tained by optical Stark spectroscopy and for the first time,

E=(®|H|D)=Egyacit €E?, the experimental permanent dipole moment of %héA,
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TABLE I. Absolute energie& (hartreg, bond lengths , (A), binding energie®, (kcal/mol), harmonic frequencies, (cm™1), dipole momentg. (Debyse,
at CASSCF, MRCR MRCI+Q,° and CCSI¥T) level of the ground statX A of the FeC molecule. Experimental and other theoretical results are also

included.
Methods —E° le D we () mee= OE/6E
ANO-Bauschlicherg+cc-pVTZ: —[ 7s6p4d3f . /[4s3p2d1f]/c
CASSCF 0.23382 1.640 5358.7) 622.7 1.48 1.48
MRCI 0.52803 1.605 79(68.7) 810.1 1.34 1.90
MRCI+Q 0.554 0 1.609 80(29.9) 2.01
ccsoT) 0.551 68 1.583 76.1 892 2.09
C-MRcCH 0.81366 1.596 81.3 834 1.28 1.88
C-MRCI+Q? 0.8707 1.598 84.2 2.04
c-ccsom)d 0.88108 1.569 76.7 958 2.17
ANO-Bauschlichet-cc-pVQZ: —>[7s€p4d3f29];e/[554p3d2f1g]/c
CASSCF 0.236 38 1.635 54542 1.49 1.49
MRCI 0.549 54 1.593 83(83.7) 840 8 1.34 1.90
MRCI+Q 05771 1.596 84(84.2) 2.01
ccsoT) 0.576 75 1.572 80.8 908 2.14
C-MRcCH 0.88141 1.581 86.7 877 1.25 1.87
C-MRCI+Q¢ 0.9450 1.582 90.5 2.04
c-ccsoT) 0.959 42 1.558 83.1 977 2.19
ANO-Bauschlichet-aug-cc-pVQZ: —»[736p4d3fZg]Fe/[635p4d3f29]/C
CASSCF 0.236 56 1.636 3.6 1.49 1.49
MRCI 0.550 69 1.593 83.8 841 5 1.34 1.95
MRCI+Q 0.5784 1.596 85.2 2.08
ANO-Bauschlichet- h+aug-cc-pVQZ: —>[756p4d3f2g1h]Fe/[635p4d3f29]/C
CASSCF 0.236 59 1.636 53.6 632. 1.49 1.49
MRCI 0.552 61 1.592 84.4 845.9 1.33 1.94
MRCI+Q 0.580 4 1.595 85.8 2.08
C-MRCI 0.889 27 1.578 89.5 880 1.23 1.88
C-MRCI+Q? 0.953 6 1.579 93.8 2.07
Previous work
MP4/SCFE 1.92 95.5
DFT/LDA® 1.54 143.2
DFT/NL® 1.57 107.0
DFT/LDA' 1.565 155.6
MRCI9 1.589 66.4 848 1.855
MRCI+relo" 1.585 64.3 859
MRCI' 0.5512 1.5922 1.30 1.93
MRCI+Q 0.5789 1.5931 83.1 866.0 2.07
MRCI+Q+ref" 1.5907 82.4 8715
MRCI+Q+ref" 9.5029 1.5912 81.4 868.8 2.24
ACPF 0.5783 1.5959 2.06
ACPF+ref-n 9.3698 1.5944 83.0 2.22
Expt 1.596 91.2+7%" 862.9+6.2
Expt 1.596 2% 81.7+4.6° ~804
Expt¢ 1.597 866.6+8.2
Expt 1.592 39
Expt! 1.588 845 6 867.32
Expt 1.588941 4 866.919
Expt” 2.363)

'Reference 10.

"Reference 11.

"Reference 12r,.

°Reference 13r,.

PD, values corrected for BSSE.

9Reference 14.

"The D, value has been extracted using Dg(FeC") value of Ref. 15.
"Scalar relativistic corrections included. The D, value has been extracted using g(FeC") value of Ref. 16.
iReference 6, MRGHQ/[ 8s7p5d3f 29/, aug-cc-pVQZL]. 'Reference 17.

IX3A,. “Reference 12A G, value.

X 3A

4nternally contracted MRCI.

b+ Q refers to the multireference Davidson correction.
€—1300+E.

dCore 3?3p°® of the Fe atom included at the MRCI level.
®Reference 7, no specification of the state.

'Reference 8, it is only reported that the ground state is a triplet.
9Reference 9, MRC[Bs6p3d1f/ As3pld/c].

state of FeCu=2.363) D, almost twice as large of our best while an h angular momentum Gaussian functi¢a=0.8)
value® (u)=1.25 D (Table ). was added to the previously employed basis set of Fe, there-
We decided to re-examine our calculations on the dipoldore our largest one-electron expansion includes 175 spheri-
moment of theX A state of FeC by increasing the basis setcal Gaussians. All our results at the CASSCF, MRCI, MRCI
size, and using also the finite field method for obtaining the(+Q), C-MRCI, C-MRCK+Q) (Q=the Davidson correc-
dipole moment fr) which has not been used in Ref. 3. Our tion) and CCSDT) were performed by theMOLPRO
basis set on C is now the aug-cc-pVer6s5p4d3f2g],°®  package® We do not report CCSO) results using this
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larger basis due to severe convergence problems even using TicH (X235 *): (u)=1.96, wupe=2.51 D,
CASSCEF orbitals. Our largest C-MRCI expansion contains

2.97x 10° configuration functions, reduced to 840° using TIE (X4P): (u)=254, pupe=2.85 D
the internal contraction technique. Table | lists our new re- ’ ' '
sults(thlr.d and fourth entrigsas well as previous theoretical VF (XOID): (u)=2.31, wee=2.77 D.
and pertinent experimental numbers.

It is interesting to follow the results of Table I: as the Unfortunately there are no experimental values for the

basis set increases thg, D, andw, values improve mono- 5,46 systems, so a clear assessment is not possible at this
tonically as compared to the experiment, in both MRCI a”dmoment

C-MRCI level. Our best C-MRCF,, De, and we values The conclusions of the present report are, first, that the
(fourth entry are in almost complete harmony with corre- o fie|d method for the calculation of dipole moments is to
spondlng gxperlmental findings. Hovyever, this is not the casge preferred in general, and second, seemingly adequate
with the d'PO,'e moment. Ot?sefve first that the expectation, 4ve functions otherwise, can fail badly for certain, for in-
((wy) and finite field wre) dipole moment values are the stance, one-electron properties.

same 1.48-1.49 D, at the CASSCF level, because the

CASSCF wave function is exact within the chosen space. At

the MRCI level {(u) (=1.34 D is basis set independent,

while at the C-MRCI level decreases slightly as the basis set See, for instance, H. F. Schaefer IThe Electronic Structure of Atoms and

; iey i Molecules. A Survey of Rigorous Quantum Mechanical ReQudidison—
increaseg1.28, 1.25, 1.23 Ddrifting away from the experi Wesley, Massachusetts, 1972and the book of abstracts of the 6th

mental V?—'gél [:2-3a3) D]’ due to increased size- WATOC conference, 4-9 August, Lugano, Switzerland, 2002.
nonextensivity errors. 2gee, for instance, J. L. Powell and B. Crasema@nantum Mechanics
A dramatic improvement is observed using the finite _(Addison-Wesley, Massachusetts, 1961

- . : : 3D. Tzeli and A. Mavridis, J. Chem. Phy$16, 4901 (2002.
field method: theuge value increases by approximately 0.6 4C. W, Bauschlicher, Jr.. Theor. Chim. Acég, 183 (1995,

D as compared to th@’«> value in bOth MRCI and C-MRCI _*(a T. H. Dunning, Jr., J. Chem. Phya0, 1007(1989; (b) R. A. Kendall,
evels o eory, wnile It seems 10 be Inaepenaent o € DasIST. H. Dunning, Jr., and R. J. Harrison, J. Chem. PI98;.6796(1992.

levels of theory, while it to be independent of the b i d i h (1992
set size, at least within these particular series of basis set§fi55i'ltgﬁgizgogaketsugu’ T. Hirano, and U. Nagashima, J. Chem. Phys.
Our best MRC_I value is 1.94 D, §t||| about 0._4 D smaller 7B. K. Nash, B. K. Rao, and P. Jena, J. Phys. Ch#0% 11020(1996.

than the experimental value. Previous theoretical wsee 8R. M. Sosa, P. Gardiol, and G. Beltrame, Int. J. Quantum Cl65m919

last entry of Table )l confirms our findings indicating also g(1997).

that scalar relativistic effects do not play a significant role in - Shim and K. A. Gingerich, Eur. Phys. J.T) 163 (1999.

10 . . . ; -
9 B M. Fujitake, A. Toba, M. Mori, F. Miyazawa, N. Ohashi, K. Aiuchi, and K.
these system%® The (u)=1.855 D at the MRCI level of Shibuya, J. Mol. Spectros@08 253 (2001.

Shim and Gingeriéh is rather fortuitous, perhaps due to 1. ¢. Steimle and W. L. Virgo, J. Chem. Phyl7, 1511(2002.
small basis sets and limited CI. Now notice the relatively*?w. J. Balfour, J. Cao, C. V. V. Prasad, and C. X. W. Qian, J. Chem. Phys.
good ugr values obtained at the C-CC8D and MRCI +Q) 103 4046(1993.

13 H
level, 2.17, 2.19, and 2.08 D, respectiv€lpable |), notwith- m'ggé_A”en’ T- C. Pesch, and L. M. Ziurys, Astrophys. J. LelT2 LS7

standing the problems of the CCSD approach(single ref-  14p. J. Brugh and M. D. Morse, J. Chem. Phy87, 9772(1997.

erence method for a multireference problem like the presertR. L. Hettich and B. S. Freiser, J. Am. Chem. Sb08 2537 (1986.
one+symmetry problem)s 16C. Angeli, G. Berthier, C. Rolando, M. Sablier, C. Alcaraz, and O. Dutuit,

) . J. Phys. Chem. A01, 7907(1997).
Finally we would like to add that we have also encoun-i7x ajjchi K. Tsuji, and K. Shibuya, Chem. Phys. LeB0, 229 (1999.

tered the same behavior §fi) versusugr in the systems  8yoLpro 2000is a package oéb initio programs written by H.-J. Werner

titanium methylidyne(TiCH),lg and the diatomics titanium and P. J. Knowles, with contributions by R. D. Amos, A. Bernhardsson,
; ; ; 20 ; ; A. Berninget al.

and vanadium ﬂuonde&TlF’ VF)' !Emplioylng Iarge basis 197, Kalemos, T. H. Dunning, Jr., J. F. Harrison, and A. Mavridispub-

sets and MRCI methods the following dipole moment values jisheg.

are obtained for the ground states: 20ynpublished results of this laboratory.



