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The ground state, singlet, and triplet excited states, and ionized states of ferro(€gidsfrewere

studied by the symmetry adapted clust&AC)/SAC—configuration—interaction method. The
calculated ionization energies and intensities fairly well reproduced the observed photoelectron
spectrum in the wide region of 6-14 eV. In particular, the first two pedks @nd?A}) were
assigned to the ionizations from the occupiet@bitals of Fe, mixed already with the two-electron
shake-up processes. This is the fiat initio quantitative assignment that is consistent with the
experimental data. For the singlet states, tlikegtransitions were calculated at 2.12, 2.26, and 4.02

eV, which correspond to the experimental peaks observed at 2.69, 2.97, and 3.82 eV. We propose
possible assignments for other absorption bands in the range of 2.12—-6.57 eV. In another three
triplet d—d transition states we calculated, we found that the energy order of these staEs, (1
13g}, 23E}) differs from that of singlet states (E5, 1'E], 2'E]). © 2002 American Institute

of Physics. [DOI: 10.1063/1.1504709

I. INTRODUCTION lowestE; (meta) andA; (meta) states, either qualitatively
. ) 12 or quantitatively.
Since the discovery of ferrocene, (BgHs),,“ a num- For ultraviolet-visible absorption spectra of ferrocene,

ber of studies have clarified its structure, reactions, an@n the other hand, Rohmast al?° proposed a theoretical
properties* Ultraviolet and visible absorption spectra, in assignment based cab initio singly excited configuration
particular, have been studied extensively to clarify the elecinteraction(SEC)) calculations. Zerneet al?! also proposed
tronic_structure of ferrocene in its ground and exciteda different assignment based on semiempirical INDO—-SECI
states>™™ Photoelectron spectra of various ferrocene-typecalculations. The calculated results did not satisfactorily
compounds have also been observed and are Wwelgree with the experimental transition energies due to the
documented:® Armstronget al.'® and Sohret al* reported  small basis sets and/or the lack of electron correlations. More
that ferrocene exhibits at least 11 absorption bands in theeliableab initio studies are necessary to truly understand the
range of 18000-53 000 cM (2.2-6.5 eV. Using the electronic structures of the ground, excited, and ionized
ligand-field theory, threel—d transitions were expected for states of ferrocene.

d8-ferrocene, though there is considerable ambiguity in the  This paper addresses this subject using the symmetry
location of these three transitions. Further, the positions ofdapted clustefSAC)?? and SAC—configuration—interaction
the spin-forbiddend—d transitions are unclear because of (SAC-C|)?® methods, which have been applied successfully
their small intensities. In the ionization spectrum, the firstto the spectroscopies of various molecéftdacluding tran-
and second peaks were inferred from experimental data to bgtion metal complexe® 2’ We assign the photoelectron
the ionizations from the @orbitals®? spectra and the ultraviolet-visible absorption spectra of fer-

A number of theoretical studies reported the bondingrocene, F&C-Hs), by calculating the ground state, singlet,
character of the ferrocene ground stafhe bonding nature and triplet excited states, and ionized doublet states of this
between Fe and two cyclopentadieri@p) rings is reason- molecule.
ably understood as the dative bond betweertFand
Cp .22 Recently, the mechanism of the protonation of fer-
rocene in the ground state has been studied using thﬁa_ METHOD
CCSDT) method*?

For ferrocene ionization energiesASCF calcula- We used the Gaussian basis functions of triple-zeta qual-
tions*® X« scattered-wave calculatioh&!’ and intermedi- ity for Fe and double-zeta quality for C and H; Huzinaga’s
ate neglect of differential overladNDO) Green’s function  (533111/52111/3)1basis set is used for P& Huzinaga's
calculatiort® have been done. Ohnet al!® calculated the (5121/41 set for C?® and Huzinaga—Dunning€31) set for
ionization energies with thab initio third-order algebraic H.2° The basis set for Fe was augmented with Hay’s flexible
diagrammatic constructionf]ADC(3)] Green’s function d function (=0.1133°° and the augmented double-zeta
method and proposed the lowest four peaks t&pémeta),  ANO f functions of Rooset al3! The basis set for C was
E; (ligand), E; (ligand, and A; (meta). All calculations augmented with a polarizatiod function ((=0.6)* and
have contradicted with the experimental assignment, théhat of H with a polarizatiorp function (¢ = 1.0).2° On the
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TABLE I. Orbital energies and orbital characters of some important occupied and unoccupied MOs.

Occupied Unoccupied
Orbital energy Orbital energy

No. Symmetry (eV) Character No. Symmetry (eV) Character

47,48 4e] -9.11 Cp(m) +Fe(dy,,dy,) 49 9a; 0.29 Fe6) + Cp(Ryd(s,d,,))

45,46 6e; -9.25 Cpm)+Fe(py,py) 50 Tayn 0.44 Fep,) +Cp(Ryd(s,p,,d,,))

43,44 de; —11.44 Fedy, .dyo—y2) 51,52 5e] 0.79 Fel,,,d,,) +Cp(Ryd(py,py))

42 63 -13.31 Cym)+Fe(p,) 53 10a; 0.80 Fe6) + Cp(Ryd(s,d,,))

41 8a; -13.82 Fef,,,s) 56,57 7e; 0.94 Fepy,py) +Cp(Ryd(px,py))

39,40 3P, —14.04 Cipo) 63 1la; 131 Feé) + Cp(Ryd(s,p;,d,))

37,38 3e, —14.30 Crio) 64 9a,n 1.49 Fep,) +Cp(Ryd(s,p,.d,;))

35,36 5e; —14.95 Cibo) 65 12a; 2.03 Fe6) + Cp(Ryd(s,p,,d,»))

33,34 3e] —15.10 Cio) 66,67 6e] 2.14 Fel,,,d,,) +Cp(Ryd(px,py))

32 7a) —-15.24 cpm 78,79 7¢] 3.90 Fed,,,dy,) + Cp(Ryd(p, .p,))
83,84 7e, 5.28 Cper") +Fe(dyy ,dya—y2)
86,87 8e] 6.18 Ci7+Ryd(py,py)) +Fe(dy,.dy,)
92,93 9¢e] 7.43 Fefl,,,d,,) + Cp(7+ Ryd(py,py))

center of each Cp ring, thg p, andd Rydberg functions ligand-field picture, three singly excitedi-d transitions are
were added in double-zeta qualfifyThe total number of expected in this electronic configuration. The total energy at
basis functions is 315. the HF level was—1646.4843 hartree and the ground state

Experimental geometrical parameters of GgHs), for  correlation energy obtained by the SAC method was
the ground state are used throughout the present calculations0.8361 hartree.
2.064 A for Fe—C, 1.440 A for C—C in the Cp ring, and
1.104 A for C—H> The Cp ring is assumed to be planar and
the two Cp rings are in an eclipsed conformatidgf), as
observed in a gas pha¥tThe z-axis is defined to be parallel Figure 1 shows the calculated SAC—CI ionization ener-
to the Cp—Fe-Cp axis. gies compared to the observed spectfutogether with the

The Hartree—FockHF) calculations were carried out us- HF orbital energies shown as Koopmans ionization energies.
ing the GAUSSIAN 98 program:> The electron correlation in  The observed spectrum in Fig. 1 has three bands below 16
the ground state was taken into account by the SAC theorgV. First and second bands have two peaks, and the third one
and those in the singlet and triplet excited states and ionizeHas several peaks. The present SAC—CI result satisfactorily
doublet states by the SAC-CI theory. The active space ifeproduces the observed first two bands including four ion-
SAC and SAC-CI calculations involves 285 HF orbitals; thejzed states. The SAC—CI method predicts the third band to
1s, 2s, and 2 orbitals of Fe and dorbital of C were treated have six electronic states. The ionization energies calculated

as frozen-core orbitals. To reduce the configuration numbegy the SAC—CI method agree well with the observed ones.
perturbation selection technigifés used with energy thresh-

olds of 1.0<10 ° for the ground state, 1:010 ° for the
doublet ionized state, and @0 ° for singlet and triplet
excited states.

IV. IONIZED DOUBLET STATES

Ill. GROUND STATE

The bonding nature of the ground state of ferrocene has
been well documented as described above. Table | summa-
rizes the energies and their characters of some important oc-
cupied and unoccupied orbital obtained by the present
Hartree—Fock calculation. The highest occupied molecular
orbital (homo 4e€] and the next homod are essentially the
7 orbitals of the Cp ringgCp—m) and have small compo-

nents of the 8,, and 3, or 4p, and 4, orbitals of Fe. We | | /I SAC<CI
may consider that ferrocene has dative bonds betwe&h Fe A

and Cp , electron donation being from Cpto F€* through //Z/// (L/

these orbitals. Occupiedddrbitals of Fe (€5 and &) are [ |/| Koopmans

lower in energy than the Cprorbitals (47 and €e;). The
4e; orbitals are essentially thed3, and 3,,_,, atomic 16 14 12 10 8 6
orbitals of Fe with a small Cp# character, while the &, lonization Energy (V)

orbital has 312_2 and 4s character of Fe. The unQCCUpIQdé FIG. 1. SAC-CI and Koopmans ionization energies in comparison with the
and 3, orbitals appear ase§. Therefore, in a simple experimental photoelectron spectriRef. 9 of ferrocene.
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TABLE Il. lonized doublet states and ionization energie¥) of ferrocene obtained by SAC-CI, ADB),
Hartree—Fock, and experiment.

State Main configurations SAC-tI ADC(3)° Koopman$§ Expt.
12E,  0.85(4ep)+0.39(4e] 4e;—9¢€])  6.261.499 7.85 11.44 6.86 6.88°
1%2A]  0.82(8;)+0.41(4e] ,8a;—9¢])  7.270.747 9.36 13.82 7.2%°
1%E] 6e;] 8.791.917 8.70 9.25 8.7%° 8.87
1%} 4¢) 9.051.919 9.08 9.11 9.1% 9.3¢!, 9.3¢
12A; 6aj 11.860.919 12.13 13.31 129 12.3
22E, 3e) 12.631.910 13.08 14.30 139 13.6
12g, 3e) 12.651.887  12.96 14.04 139 13.¢
22A; 7a; 13.340.920 13.71 15.24 13.4613.6¢
2% 5e; 13.461.956  13.89 14.95 13.4613.6'
22g] 3e] 13.691.916  14.07 15.10 13.4513.6

&/alues in parentheses indicate intensities.
bReference 19.

‘Our work.

YReference 8.

®Reference 9.

Table Il lists the ionization energies and the intensitiesionizations from thel orbitals of Fe, due to the strong orbital
(in parenthesegscalculated by the SAC—CI method and the relaxation and/or large electron correlation effects. This is
HF method(Koopmans. The ionization energies calculated seen from the main configurations of théB, and 1%A;
by theab initio ADC(3) Green’s function methddand those ionized doublet states shown in Table III.
observe® are also shown for comparison. The first peak  For the next broad band in 11-14 eV, six ionized states
observed at 6.86 eV was calculated at 6.26 e¥H4) as the were calculated by the SAC—CI method. The fifth peak cal-
ionization mainly from 4, MO. The second peak observed culated at 11.86 eV corresponds to the peak observed at 12.2
at 7.23 eV was calculated at 7.27 eV44,) as the ioniza- — 12.3 eV and originates from the orbitals of the Cp rings
tion from 8a; MO. These states have significant componentsnixed with thep orbital of Fe. The next higher two pairs of
of two-electron shake-up processes, which are frogfi,4 peaks calculated at 12.63, 12.65, and 13.46, 13.69 eV origi-
4e) to 9¢7, and from 47, 8a; to 9], respectively, as nate from theo orbitals of the Cp rings, and the peak at
shown below: 13.34 eV, which lies median between these two pairs of
9e1 9e” peaks, is the ionization from the orbital of the Cp rings.
(: ( Note that the ordering of these six ionized states is quite
( —0—0—4e” o7 00—ty O—dor” different from that of the Koopmans picture, as seen from
oy + toy ( OOty + ( O—Otey Fig. 1 and from the comparison between Tables | and II.
Electron correlations are certainly very important for de-
scribing the electronic structures of the ionized states of fer-
ene.

—0—0—8ay’ —0—0—8ay 8a;®
1B, 12A,°
- . . roc
The extents of mixing of these shake-up configurations
are very Iar.ge as seen from the main conﬂgurgﬂop shown I SINGLET EXCITED STATES
Table Il. It is very remarkable that even the first ionization
peak already has a strong mixing of the shake-up ionizations. Table 1ll shows the singlet transition energies and the
It is for this reason that the calculated ionization energy dif-corresponding main configurations calculated by the
fers by more than 0.5 eV from the experimental value. SAC-CI method. The results calculated by tak initio
The next band at around 9 eV is assigned to be comSECI method reported by Rohmest al,?® and by the
posed of the two peaks of the ionizations from therbitals  INDO—-SECI method reported by Zerner al,?* and the ex-
of the Cp rings and thel or p orbital of Fe. The third peak perimental transition energi¥s* are also shown in the same
observed at 8.72 or 8.87 eV was calculated at 8.78 eVable. As for the experimental values, those observed in va-
(12E}), which is the ionization from the & MO. The por phas& ! and in a solutiol are shown, since they are
fourth peak observed at 9.14—-9.39 eV was calculated at 9.08omplementary with each other.
eV (12E)), which is the ionization from d;. These two As expected from the ground-state electronic configura-
peaks do not have the shake-up mixing. The present assigtion, threed—d transitions may appear in the low-lying sin-
ment of the lowest four peaks agrees with the experimentgjlet excited states of ferrocene. The present work certainly
prediction, though these peaks have not been reproducegiive the lowest three states!Bj (2.11 eV}, 1'E] (2.27
quantitatively or even qualitatively in the previous theoreti-eV), and 2'E] (4.03 eV}, to be essentially the—d transi-
cal calculations?~1°The assignment of the AD@) Green's tions in character, as expected. However, this energy order-
function method differs from ours because the first and sedng (1'E5, 11E], 21E)) is different from that given by the
ond peaks by AD(3) were not caused by the ionizations INDO—SECI method (1E, 1'Ej, 2'E}).? These transi-
from the Fed orbitals. The Koopmans picture completely tions are dipole-forbidden, so that the observed peaks are
breaks down as seen from Fig. 1; it fails to describe thevery weak. In fact, the lowest two singlet transitions were

8a,”
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TABLE Ill. Singlet excited states and their excitation energies of ferro¢eNg obtained by SAC—CI, SECI,
INDO-SECI, and experiment.

State Main configurations SAC-C&V) SECP INDO-SECP Expt. (eV)
1'E) 4e)—9e] 211 2.63 2.96 2% 2.70
11E] 0.58(4e,— 9€7)—0.54(&;—9€)) 2.27 3.31 2.69 2.81 2.9¢
2'E]  0.57(8a;—9€}) +0.54(4e,—9e)) 4.03 5.74 3.96 3%
9.05 4.58, 4.92, 4.95 4,67
11A) 4¢/9¢e] 5.25 5.11 5.02
11A; 4€79e] 5.29 5.26, 5.32, 5.54 5.23
1'E) 4¢/9¢] 5.48
21 4¢]7¢e) 5.60 10.17 5.62, 5.69, 5.91 582
6.22 6.16
1'E;  0.69(6e;—9a;)+0.53(6e;—11a)) 6.34 10.39 6.24 6.20 6.3T
21E; 6e;—9a] 6.43 6.48 6.58
11A] 6e;—9e] 6.45 7.04
11A7 6e;—9e] 6.47
218 6e;—9¢e] 6.56

aReference 20.
PReference 21.
‘Reference 10.
dReference 11.

observed at 2.70 and 2.98 eV in solution, but observed as orae also listed along with the observed excitation enerfdies,
peak at 2.81 eV in a vapor phase. The next three states calhich were assigned experimentally to be spin-forbidden
culated by the SAC—CI method are*A, (5.25 eV}, 1A} transitions. The present SAC—-CI calculations indicate that
(5.29 eV}, and 11E§ (5.48 eV}, which are the transitions the lowest three triplet excitations aded transitions in na-
from Cp—mto 3d,,, 3d,, of Fe. The experimental values are ture, as expected similarly from the case of the singlet exci-
5.02 and 5.23 eV. The next state i3/, calculated at 5.60 tations. The E] is located lower by 0.87 eV than the cor-
eV in comparison with the experimental value of 5.82 eV,responding singlet iE] state, while £E, and 23E] states
and this is ther—=* transition of the Cp ring. These transi- are lower by 0.43 and 1.43 eV than the correspondifgsl
tions are dipole-forbidden and therefore, their experimentaand 2'E] states. The large splitting of the singlet and triplet
peaks have only small intensities, but they are reasonabl§E] states implies a considerable mixing of the Gpstates
well reproduced by the present SAC—CI calculations. to thed states in the triplet state®E] . Thus, the’E] state
The first dipole-allowed transition is the'E; state that has the lowest energy of these triplet states and the energy
is calculated at 6.34 eV by the SAC—CI method; the calcu-ordering of the triplet states CE;, 13E},, 2°3E}) is differ-
lated energy well reproduces the observed ones, 6.31 eV ient from that of the singlet states &5, 11E/, 21E}). The
vapor and 6.20 eV in solution. The second dipole-allowedotal energy order, including both singlet and triplet states, is
state is 2'E state calculated at 6.43 eV, which is assigned tol °E}, 1°E5, 1'E5, 11E], 2°E], and 2'E]. We assign
the experimental peak observed at 6.58 eV. Thus, the dipolehe calculated 3E state(2.60 eV} to the observed peak of
allowed transitions in this energy region are also well repro2.29 eV considering its weak intensity and the spin-

duced by the present SAC—CI calculations. forbidden nature experimentally suggested, though the calcu-
lated 1155 state(2.11 eV in Table 1V is closer to the 2.29
VI. TRIPLET EXCITED STATES eV peak than the 2E] state.

Table IV displays three tripleti—d transition energies
calculated by the SAC—CI, SEG{,and INDO-SECH meth-
ods. The SAC-CI main configurations and their coefficientsVll. CONCLUDING REMARKS

This paper summarizes the SAC/SAC-CI study on the
TABLE IV. Triplet d—d excitation energies of ferrocerieV) obtained by  ground state, singlet and triplet excited states, and doublet
SAC-CI, SECI, INDO-SECI, and experiment. ionized states of ferrocene, {Hs),. The main results of
this paper are as follows:

SAC—CI Expt. Heas? ) o
State  Main configurations  (eV) SECP INDO-SECP (ev)® (1) The ionization spectrum in 6-12 eV energy region is
p— - reproduced reasonably by the present calculations. The first
1%E]  0.72(45—9€)) 1.40 1.81-1.87 2.54 1.74 . S
—0.33(8a]— 9¢!) and second peaks are assigned to the ionization from occu-
13 4eéﬂgelrlf Y 168  181-187 255 205 Ppied 3 orbitals of Fe. This assignment is consistent with the
2%E7  0.70(8a;—9e}) 2.60 4.56 2.55 229 experimental one. A remarkable point is the strong mixing of
+0.32(8&, — 8¢} the shake-up processegen to these lowest ionization states
showing a break-down of the Koopmans picture.
aReference 20. . . L
bReference 21. (2) The second and third broad bands in the ionization
‘Reference 10. spectrum experimentally observed are composed of the two
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