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On the Possibility of a Pseudo Atomic Ground State for Crk: Ab-Initio and Crystal Field
Calculations Including Spin—Orbit Coupling
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Ab-initio and crystal field calculations including spiorbit coupling suggest that the ground state of the
CrF, complex might have characteristics of an atomic type ground state. It is shown that the crossing of the
52+ and®IT can be compared to ¥ spin-orbit split atomic state.

1. Introduction components iD2n symmetry®=t = 5Ag, 5TI, = 5Byg, and®A,

= 5B,4. This gives the excitation energies before spinbit
coupling.

The CASSCF wave function optimized for one component

In a recent review paper of nonadiabatic effects in spectros-
copy and chemical reactions, it has been shown that conical

intersections probably are far more common n molecular ¢ jegenerate states does not necessarily transform according
systems than was expected a couple of years'ago. to the irreducible representation d.n. This symmetry

In the course of systematic ab-initio investigations of the breaking can be partly avoided by the supersymmetry option
transition metal d.ifluori_des from Seffo Cuk,,2two cases were  in the CASSCF program. The orbitals then form reducible
found where spirorbit coupling effects seemed to be of gpresentations i« of the same dimension as the number of
importance for the ground state: Grid Colz. The investiga- orbitals in each representation. Under tBe, symmetry
tions showed that CeFmight have a triple conical intersection  operations, orbitals within the same representation mix but
connected to its ground state, as a result of a level crossing of 5 pitals of different representations do not.

a®Il and a°Z" state. For the spir-orbit coupling calculations one unique set of

In the present paper we discuss the ¥sults, which show  orbitals for each distance was needed. Separate CASSCF
that this peculiar level crossing may give rise to a pseudo atomic calculations for each component of all states were performed.
ground state. Experimentally it has not been possible to The 5T and theSA states have two components and e
determine if the molecule in gas phase is linear or Befihe state has one, which results in five CASSCF wave functions.
ab-initio results we present in this paper could be helpful for Since these orbitals do not differ very much we could average
further experimental studies. the five sets to one, by averaging the respective density matrices.

We use extensive correlation treatment together with an In this way all the correct degeneraciesihf,, were obtained.
effective spir-orbit coupling operator to calculate tRE™, °I1, The spin-orbit operator can be introduced at various levels
and®A states and the spirorbit interactions between them.  of approximation; see refs 7 and 8 and references therein. Here,
The one-dimensional potential curve along the symmetric stretchwe have chosen a simple one-center one-electron operator with
with and without spir-orbit coupling is presented, and the an effective charge scaled to reproduce experimental ionic
implications for the ground state are discussed. splittings of the heavy center. The one-center character of the

A crystal field type calculation of the spirorbit couplings spin—orbit coupling is due to the closed shell structure of the
is also presented. The spinrbit splitting pattern can be  fluorine ligands and the ionic structure of the @rFrhe ionic
explained in terms of pseudo angular momenta of the d-orbitals. structure is evident from the Mulliken composition analysis of

the 3d-type orbitals; here the percentage is at most 2% F mixing
2. Computational Details into the Cr 3d-orbitals. Therefore spiorbit coupling through
F~ must include either excitingFor charge transfer from+

a. Ab-Initio Calculations. CASSCF and CASPT2 calcula- to C2t. Both of these processes are h|gh in energy and thus
tions were performed with the MOLCAS program packdge. do not contribute to the lower states. The spimbit operator
We employed ANO type basis sets of the following sizes, Cr: g
(17s12p9d4f/7s6p4dZf)and F:(14s9p4d3f/5s4p2dFf). For
details on the optimization of the basis sets, see refs 5 and 6.

We tried four different levels of computation. The same
CASSCEF active space was used in all calculations, four electrons

in five orbitals: (I) CASPT2 correlating the 3d electrons on Cr 7.4 is the effective charge of the heavy center and is determined
and the 2s and 2p electrons on F; (Il) CASPT2 correlating 3s, by comparing experimental and calculated atomic splittings. In
3p, and 3d on Cr and 2s and 2p on F (lIl) and (IV) same as in our case the first order spirorbit splitting of theD(d*) ground
methods | and Il but adding relativistic mass-velocity and state of C# was chosen. With the same basis set as for the
Darwin corrections obtained at the CASSCF level. From these CrF, calculations, we calculated the spiarbit coupling matrix
four different types, method IV was chosen for reasons discussedelements inside th@®(d*) multiplet. The best matching splitting

in the following section. was obtained with an effective charge of 14.0.

For a selected set of symmetric-cF distances we calculated The value of the effective charge may seem large. The reason
the CASSCF, CASPT2 energies with method IV, for three is that the largest contribution to the spiarbit integrals comes
from the region close to the nucleus because of th& 1/
€ Abstract published ilAdvance ACS Abstractguly 1, 1997. dependence. Our spitorbit operator partly lacks the two-
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TABLE 1: Symmetries of the Spin—Orbit Components transformation properties. Thus we make a decomposition of
under the D, Double Group the spin-orbit operator into components with symmetry adap-
state  orbital ® spin _ spinr-orbit tion to the rotational group.
DA S ImA A N o Llra1 2121 21 20
SIT 1 S OIA ST A S @ Hso—i(fz['Ty—Ter'Ty +T,1+T;] (23)
A A I A St I A X @& T

with

electron part from the BreitPauli operator. The difference
between the real charge 24 and the effective 14 can be explained .

. 1_
as the screening of the nucleus by core electrons. The number To=-—
of core electrons is 28g2pf323pF = 18, so it might be
expected that the effective charge would be about 6. However

L& +iS)

-

2

due to the fact that the d-orbitals penetrate the charge cloud all T 2 =L (2.4)
the way to the nucleus and ther3factor in the spir-orbit

operator, the resulting screening is smaller and the effective T1= if_ S - iéy)

charge is larger. N 2

In the correlated calculations it is possible to introduce spin . ) )
orbit coupling in various ways (see ref 8 and references therein). , La is the Cartesian orbital angular momentum operator and
Most experience points to the fact that the correlation energy Sn is the spin operator in spherical basis. The Wigrteckart

is usually more difficult to calculate than the spiorbit theorem is now used to achieve a relation between the matrix
coupling. In Crl; we assume that the sphorbit coupling is elements and a quantity known as the reduced matrix element.
small enough to exclude interactions with higher excited statesThe general expression _fOf matrix elements in a basis of
other than thé=", 5T1, and®A. eigenfunctions o and$, is

The spin-orbit coupling matrix elements were calculated N
from a CAS type CI expansion of Slater determinants in the [BMEITFIS ME =
d-orbital space. The eigenvectors from this small Cl expansion smS 1S
form the basis of the spinorbit coupling matrix ¥, 5I1, and (=1 —Ms m M
5A = 25 states). In this matrix the diagonal elements give the A ) .
vertical excitation energy without spirorbit coupling. These ~ WNherel3E||T:l|S E'Lis the reduced matrix element without any

energies are not very accurate. Therefore these were substituteg§ePendence of thkl, The matrix elements expressed in this
with the more accurate CASPT2 results. Diagonalizing the form greatly simplify the calculations since the spin symmetry
resulting 25 x 25 matrix gave us the eigenvectors and €an be separated out from the problem and is contained |n_the
eigenvalues corresponding to the double-group-spibit states 3= Symbol. In total there are only three reduced matrix
of Den expressed in the basis of tRE", °I1, and®A states. elements that need to be evaluated.

To assign the eigenvectors to the different double-group
representations, we used the fact that different irreducible
double-group representations mix only certain spin states. This

)E&Entns,E'D(ZS)

(21| T)1211,00 = (2,2]1,[T712,211,0= —24i

can clearly be seen in Table 1. For example the -spiit RJILJ|T /123 0w = 2,212,235 0= 21iv/3  (2.6)

stateA consists of components from each®af", 51, and®A,

while X~ is a mixture of only°IT and °A components. Q!Hb||Ty||212+DN= m,znb|'|'3|2,22+|j: 22iv3

Sometimes, however, it was necessary to look into the coef-

ficients of the wave function to distinguish, for exampk, o 19 5

andIT. w= ( )= \/> (2.7)
b. Crystal Field Calculations. For a better understanding =202 15

of the spin-orbit results, additional crystal field calculations Here we note the interesting fact that there is a geometrical
were performed on the manifold formed by thld and °=* factor differing in the matrix elements. The factor-@B is a
states. These states were constructed from Slater determinantsonsequence of the spherical harmonic d-functions. ;Taed
including the four valence electrons. Thstate was excluded  the o+ orbitals can be represented either¥asy?,, and Y2 or

as compared to the above ab-initio calculations. xz, yz and 22 — x2 — y2. See refs 1612 for discussions of
The valence orbitals were defined agi(2 x* — y?), (v2, the properties of the real solid and spherical harmonics.

(x2), (X}é) and & —y%). The d_*-conilgur?tlon gives rise toan Since we are interested in an explanation of the -spitbit

atomic°D term that resolves inté=" + I + A cylindrical effects all the Coulomb interactions were included as diagonal

terms. To calculate the spirorbit interactions, let us define  elements in the Hamiltonian, the same way as above. In total
the following Slater determinants of d-orbitals all with spin  \ye have three parameters: the energies offHetheSII states,

projectionMs = 2. and the spir-orbit coupling constant. For the diagonal energies
we used the CASPT2 results obtained in the ab-initio calcula-
ITT,0= |(xy) € — ) (x9) (27 — ¥ — y)O tions for different distances. An isotropic spinrbit coupling

constant that reproduced the ab-initio sparbit splittings was
ITT,C= | (xy) 06—V (yd (22 - X —yAO (2.2 chosend = 48 cnt!. With this crystal field approach all the
spin—orbit couplings are constant and independent of the
distance in contrast to the ab-initio calculations.

0= |(xy) (¢ — ¥) (x2) (y2D

It is not necessary to calculate all the spin projectibhs= 2,
1,0,—1,—2. Instead we can use the Wignéckart theorer® First let us comment on the ab-initio results without spin
and write the spirorbit operator in a form with suitable  orbit coupling. For the different methods-IV (see Compu-

3. Results



A Pseudo Atomic Ground State for GrF J. Phys. Chem. A, Vol. 101, No. 32, 199%815

TABLE 2: CASPT2 Energies and Geometries

without core with core correlation
state method Rmin (A) Emin (hartrees) method Rmin (A) Emin (hartrees)
Ho D) () 1.841 —1243.086 052 (D) 1.838 —1249.491 987
SA 1.846 —1243.042 765 1.835 —1249.451 991
1 1.808 —1243.077 457 1.798 —1249.486 648
Ho + Hrel D) (D) 1.833 —1243.402 984 (Iv) 1.830 —1249.808 959
SA 1.833 —1243.364 017 1.822 —1249.773 475
1 1.792 —1243.399 631 1.782 —1249.809 148
tational Details), the total energies for the minima of the different Eflem™}| 5 A
states are given in Table 2. The most important fact is that 8000 |
only when both relativistic terms are included and the core is

correlated doed1 become the lowest state. Going from method
| to method IV the’= " state increases its energy relative to the
5TT and®A with about 0.01 au (1 a&r 219 474.625 cmt) or 6000 F
about 2000 cm!. The energy gap between tPH and the’A
remains constant within a few hundred inverse centimeters for
all four methods. However the change in equilibrium distance
is large: 0.027 A fofIl, 0.024 A for5A, and 0.01 A fors+. 4000 |
The general trend for the three states is that both relativistic
effects and core correlation decrease the equilibrium distance,
especially for the’IT and 5A; further the effects seem to be

additive, which also applies for the relative energy increase of 2000 1

the 5Z* state. At the CASSCF level the energy difference St

between théX*" and the’IT is much larger; about 10 000 crh z

with the 5= lowest. Obviously theIl state recovers more 0 | S11

correlation energy than thiRE™ state in going from CASSCF . . L

over CASPT2 to CASPT2core. This trend suggests that the 176 180 1.84 {A]

51 is the ground state, and it can be expected that the mostFigure 1. Ab-initio potential energy curves for thdl, 5=+, and5A
reliable results are obtained with method IV. In comparison to states as a function of the symmetrical stretch. The dotted lines refer
the experimental equilibrium distance 1.79 A (ref 3), we can to the CAS_PTZ results with core-correlated _anq relativistic mass velocity
see that for all methods-dIV) the 5[T state is closest. These and Darwin t_erms (_meth_od V) gnd the solid lines to the effect of one-
. . . . - center effective spirorbit coupling on the CASPT2 states.
experiments refer to diffraction measurements in gas phase; they
are not a direct measurement of the distance, and it could not
be excluded that the structure of the grRight be bent or
distorted as an effect of RenneFeller coupling. 1000
Next we comment on the effects of the spiorbit coupling.
In crystal field calculations of transition metal complexéthe
spin—orbit coupling constant is reduced from its free ion value 5 L
(typical reduction is 1630%). The reduction depends on the
ligands and the nature of the bond. In our calculations we see 400 +
the following reductions of orbital angular momenta: from free

fem™]

Ab-initio (a)
800 [

Cr?* to CrR, the matrix element between th&)¢ and the x2)- 200 [
orbital is reduced to 85%; the matrix element betweenxhe (
y3)- and the xy)-orbital is reduced to 95%; the matrix element or

between thex?- and the y2)-orbital remains constant.

Let us look at the effect of spirorbit coupling on the ground —200 1 e L
state. In Figure 1 we have displayed the CASPT2 energies of 1.76 178 1.80 1.82 1.84 [A] 176 1.78 1.80 1.82 1.84 [A]
the®=*, 511, and®A states before and after spiorbit coupling Figure 2. (a) Lower part of Figure 1 enlarged. It contains a curve

with the effective spir-orbit operator. The distance is expressed crossing between tH&I and>=* states (dotted). Each of the solid lines
in angstroms on th&-axis. The minima of the dotted curves represents spiﬁorbit states afte( inclusion of spiorbit coupling and
relate to method IV, i.e., relativistic corrections core is labeled with the corresponding double-group symboisII, X-,

: : o o 5 A, and®. (b) Crystal field type calculations of the spinrbit couplings
Tg;iagﬁgg Alnfggpgéﬁ,& r,:ict)c; ?ﬁefgsggbﬁ;ﬂ'ﬁggg’ the"A with 4 = 48 cn™. The diagonal energies of tREl and the’=* states

are the CASPT2 energies from the ab-initio calculations.

In Figure 2a,b, two different calculations are presented. In
both parts of the figure the dotted lines refer to the CASPT2 inclusion of spir-orbit coupling to 1.787 A. The change in
energies of thélT and®z* states. The figures show the lowest distance of 0.005 A is small, and the total energy is lowered
part of the potential surfaces of tAE*—SI1 crossing including  about 100 cm! for the lowest spir-orbit statell. Since the
spin—orbit interaction for ab-initio (Figure 2a) and crystal field  experimental work could not really differentiate between a linear
calculations (Figure 2b). Both calculations yield virtually or a bent structure, it is tempting to consider a RenfTaller
identical results, indicating the validity of a d-only model for type distortion of the spirorbit coupled doubly degenerafe
the spin-orbit coupling. state. We performed some trial calculations of the bent

The 5T ground state is characterized by a calculated equi- structure, but the effect turned out to be small. The bending of
librium distance of 1.782 A. This distance is changed after the molecule reduces the symmetry@g, and the states are
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resolved as foIIows:52;r — SA1g, 5Tl — (PAzg + 5Bag), and but there is an anisotropy differentiating theyj- and the
8Ag — (°A1q + 5B1g). As a result orbital mixing between the  z-directions. In the earlier studies of octahedral complé%es,
Ag andSz;r states via the commotA 4 component becomes  the bg shell is considered as separate from other orbitals; all
possible. The mixing leads to a discontinuity in the potential orbitals below are doubly occupied and all above empty. In

surfaces, which precludes a further study of possible Renner CrF the situation is more complicated. The and thex
Teller activity. orbitals can be considered as one shell, butdtebitals are

Looking in detail at the spinorbit states in Figure 2 we see  NOW half-filled and have a spin-angular momentum contribution
some interesting features. The ordering of the spirbit states ~ although their orbital-angular momenta add up to zero. As we

coming from the’I1, before and after the crossing with &+ will show it is possible to apply the pseudo angular momentum
state, are from belowll, =+, =~ II, A, ®. For the split5II theory®*also for this case.

the lower states seem to have the lower projection of angular ~ First we consider the CsPX* and I states as composed
momenta in the-direction. Before and after crossiif and of two coupled spin systems. This is possible considering that
>~ change place. This can be expected sincé3Hecontains in both cases thé orbitals are singly occupied and high-spin
a >t state but N~ state. Therefore thE* states fronP=+ coupled to the remaining two electrons residing in three
andSTI will be repelled through the spirorbit interaction. orbitals: the two degenerateand theo*. We thus can perform

There are three “multiplet crossings” (with near accidental @ decomposition of the four electrons in the five d-orbitals into
degeneracies) occurring at three different distances, a patterriwo triplet systems high-spin coupled to give a quintet.
that is nicely reproduced with the crystal field type Hamiltonian. ~ Secondly we will have to couple the resulting spin to the
It is possible to draw a line that will intersect all three crossings orbital angular momentum.  In view of the correspondence with
as well as the crossing before spiorbit coupling. We the atomic B system, the coupling at the crossing point can be
suspected this to be reminiscent of atomic spherical symmetry.described as a LS-coupled pseudo state. We just add up the
It has been showf!1that there are indeed cases in octahedral Spin-angular momenta and the orbital angular momenta sepa-
complexes where spherical type transformation properties of rately. This gived' = 1 andS = 2; thereforeJ' = 1, 2, 3.
the isolated 4, shell will give spin-orbit splitting patterns ~ The normal Hund's rule seems to apply for our pseudo state
analogous to atomic splitting patterns. More precisely looking °P. The ordering is)' = 1, 2, 3 from below, which is expected
at the effect of the spinorbit operator acting within the space  as the sign of the isomorphism is positive unlike in the
of the by d-orbitals in octahedral symmetry, usually defined as octahedral case.
Xy, Xz, yz an analogy to atomic p-orbitals can be observed. To  The reason that the crossings occur at different distances is

show this we transform thegshell to another form. the geometrical factor in the spiorbit matrix elements. This
geometrical factor can be understood as a squeezing of the
t;g Y2, spherical symmetry, which may be compensated by cylindrical
0 _ 2 _ 2 splitting of theS=* and®IT levels. This explains the tilting of
=|(1/V2 . : - 2
tfgl (A2) (Y22 Y= (3.1) the crossing points. It can further be noted that the tilting is
g [o, —Yi more pronounced in the crystal field approximation as compared

to the ab-initio results. This reflects the anisotropic reduction

This complex basis can be put into correspondence with the Of the spin-orbit coupling constant from its free ion value. If
p-orbitals in spherical symmetry. Expressed in this way the the crystal field spir-orbit coupling Hamiltonian is decomposed
action of the angular momentum operator is proportional to the With different values in thex-, y-, and zdirections, the
angular momentum operator for the atomic p-shell, but with anisotropy, found in Crfwith _the ab-initio calculations, would
opposite sign:L% = —(P, (= (P [ts—= _[P tran_slate to:d; < (/lx_= Ay), Wlth Azl A= 0.8(?‘. _

PP -t oy [ z Finally we would like to discuss the behavior of the crossings

vl as a function of normal mode distortions. It is clear that the
Ps ! bined anti i h and bendi d Id red
I ith (0 < 3.9 combined antisymmetric stretch and bending mode would reduce
Po [T Yo || With tg=p 3.2) the symmetry of the molecule @ If such a mode was added
p_; Y as another coordinate, we should see the three intersection points

forming the narrow troughs in three conical intersections added
diagonally on top of each other. It is interesting to speculate

h ; ; . | e - how such a ground state would behave spectroscopically (for a
§Xamp'e* W'." be split by sprﬁorblt coupllng like an m_verted review of nonadiabatic chemistry see ref 1). However it must

P(pz)' atomic state. FO".OW'ng Hund's rule this gives the be kept in mind that the accuracy of the CASPT2 method cannot
following order in the atomic state counted from the lowest state, be assumed to be better than about 1000 cmVhether or

Jh: 0.1, _2,dand n thde cl)_ctahﬁdraa, =2, JI- 0. I;|ere we use doOt the5=+ and theSII states are virtually degenerate and at
the prime index to underiine that the coupling refers to a pseudo 4,4t the same equilibrium distance can only be determined

i m# 5
fangular momentum. |n the crossing of and°II states through further spectroscopic experimental studies and more
in CrF, an analogous orbital triplet is formed that can also be refined theoretical work

related to the atomic case. If the(d2) and thes(dy,d,,)
orbitals are defined as follows 4. Conclusions

We have analyzed the ground state of the @nBlecule with

Consequently in octahedral symmetry3'ﬁlg(t§g) state, for

2
T Y1 ab-initio calculations including spirorbit coupling and crystal
oo+ = YS (3.3) field calculations. The ab-initio results indicated that the ground
- 2 state is aSIl intersecting closely with &= state. The
T1lp,, YZ1

intersection gives rise to an anisotropic pseudo atomic-spin
orbit splitting pattern. The pattern follows Hund’s rule with
we can see another relation to the atomic p-shell that we will the order) = 1, 2, 3. An earlier developed theory of pseudo
use below[ = v/3L, [ = /3P, [0 = (2. Unlike the  atomic angular momenta was adapted and applied to explain
octahedralg-shell the sign of the isomorphism is now positive, the splitting pattern.
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It might be possible that this molecule possesses an unusual (3) Zasorin, E. Z.; Gershikov, A. G.; Spiridonov, V. P.; lvanov, A. A.

ground state consisting of three conical spambit Rennet Zh. (Szlt)ru,lo\(:idﬁ?é?c}n%l? -SB?OSn(q)ber M. R. A.:Facher, M. P.. Kello V.
Teller intersections added diagonally on top of each other with Malmqist, P. A: N;)g;, 3. o|5en?’3.; Roos, B. O.: Sé’idk;j’ A Sieébahn’

a spacing of no more than 200 ciand shifted in distance  P. E. M.; Urban, M.; Widmark, P-.OVIOLCAS Version 3 User's guide

about 0.01 A along the totally symmetric stretch vibration. ~ Dept. Chem. Chem. Centre, Univ. of Lund, 1994. _
(5) Pierloot, K.; Dumez, B.; Widmark, P.-O.; Roos, B.Theor. Chim.
. Acta 1995 90, 87. )
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