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Abstract: The geometric structure and electronic properties of thecsimplex protactinocene, Pa(CQT)
(COT = 78-CgHg), have been investigated using gradient-corrected density functional methods with the inclusion
of spin—orbit coupling. The calculated structure of Pa(C@ith scalar relativistic corrections is intermediate
between those of Th(COTand U(COT). Spin—orbit effects are essential for the calculation of state energies
of Pa(COT). UnderDg,* double-group symmetry, the ground state is found to besan &ate that corresponds

to an (f)! electron configuration. The first excited state;6f lies only about 0.05 eV above the ground
state. The low-lying states follow the ordering afid& (f¢) < Eijou (fo+fr) < Egpy (fr) ~ Ezou (fp) < 2E120
(fr+fo) < Eupg(do) < 2Esiou (fO) < 2Esi2u (fO). The lowest-energy electric-dipole-allowee-fd electronic
transition is calculated to occur at 368 nm, which is in excellent agreement with the experimental estimation
of 365 nm. The first 20 vertical ionization energies and the magnetic moment of Pa(B8&YE)been predicted

as based on the spiorbit calculations. A comparison of the calculated infrared vibrational frequencies and
absorption intensities of Pa(CQMWith the available experimental data is presented, and the vibrational spectra
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Introduction

The theoretical predictidnand subsequent experimental
discovery of the actinide sandwich complex uranocene, U(GOT)
(COT = 58-CgHg), was a milestone in the organometallic

(COT), is an f complex and should provide the most direct
data about the influence of the (CQT)gand field on a 5f
electron. Indeed, at the end of his classic review paper on the
ligand field theory of f-orbital sandwich complexes, Warren

chemistry of actinides. This chemistry has since expanded to Proposed that “high upon the list of desirable experimental
include the synthesis of a wide variety of other actinocenes, information must however be a study of the magnetic and

ANn(COT), (An = Th, Pa, Np, Pu, Am), and actinocene aniéns.

electronic spectral properties of thé 6bmplex, Pa(COTE) ESR

Several theoretical methods have been used to elucidate thénvestigation of ¥ and £ systems, measurement of anisotropic
electronic structures, bonding, and electronic spectra of variousSuSceptibilities, and further spectral and MCD studies of all the

actinocenes and lanthanocenes.

actinocenes.® However, because of the small quantities of

The actinide atom in a neutral actinocene is in the formal Protactinium available and its pronounced radioactivity, the
+4 oxidation state. As a consequence, protactinocene, Pa-chemistry of protactinium compounds is still largely undevel-
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oped, thus hampering a systematic comparison across the early
actinide series. Although more than two decades have passed
since Warren’s review, the available data on protactinocene are
scant; only X-ray powder diffraction data and some vibrational
and visible spectra have been experimentally reported for
protactinocene or its analogue with 1,3,5,g4tMe4 (TMCOT)
ligands!0:11

Because of the experimental difficulties inherent in the study
of Pa(COT), high-quality theoretical methods can play a
particularly important role in elucidating the electronic properties
of this unique compound. Thé &lectron configuration and
high symmetry of the protactinocene simplify the theoretical
interpretation of its bonding, electronic spectral properties, and
magnetic data, thus providing the opportunity to carry out
benchmarking theoretical studies. Prior calculations of the
electronic structure of protactinocene were performed by using
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relativistic extended Hekel 2 DV-X 0,13 Hartree-Fock—Slater Table 1. Optimized Geometries for Pa(COTyith Different DFT

(HFS)7 and spin-orbit configuration interaction (SOCI) meth- ~ Functionals

ods®14 The HFS calculations by Boerrigter et al. were the first HFS LDA BLYP BP86 PW91 expt &v

SyStemati-C denSity functional Study of the a(;tinocdne%l.— ) Pa—XP (A) 1.937 1.915 2.040 1.984 1.975 1.9640.010

though this excellent study surveyed the bonding and electronic pa-c (A) 2.667 2.650 2.755 2.711 2.702 2.6%0.004

ground states in actinocenes, the electronic transitions of C-C Eﬁ; 1404 1402 1417 1413 1412 1.389.013
i ; C-H 1.100 1.097 1.092 1.093 1.092 1.090

protactinocene were not considered. Further, becausg the OXCH (deg) 1738 1743 1714 1727 1727

experimental geometry of Pa(CQWas unknown and theoreti-

cal optimization of the geometry was not possible, these previous 2 The listed experimental values are averages of the corresponding

calculations were based on nonoptimized geometries. crystallographic parameters of Th(CQBnd U(COT) (ref 27). X is
. L . . the centroid of the COT ring.

In this contribution, we will report the geometric and

electronic structure of Pa(COJ s calculated by relativistic . o . N

. . ) e - during the geometry optimizations by use of the quasi-relativistic
density functional theory (DF_T) with th,e utilization _Of gradient- method?® The relativistic spir-orbit (SO) effects have been included
corrected exchange-correlation functionals. Excited-state cal-qugh double-group calculations based on the geometries determined
culations have been carried out with the explicit inclusion of i the scalar relativistic optimization.
relativistic spin-orbit effects, which are very significant in The geometry of Pa(COThas been fully optimized under restriction
heavy-element complexés® These DFT studies provide the  of Dg, symmetry using the analytical energy gradient method imple-
first calculations of the optimized structure and vibrational mented in ADF 2.3. Electronic transition energies were calculated as
properties of Pa(COZF)and will also provide direct comparisons the difference in total energy between excited states and the ground
to previous calculations of its optical transition energies by the State, whereas the ionization energies are determined by Slater's
DV-X a2 and SOC%14 methods. transition-state methatt.

Computational Details Results and Discussion

All calculations were carried out using the Amsterdam Density ~ G€ometry. The theoretical determination of metaing
Functional (ADF) code Version 2.3 (Theoretical Chemistry, Vrije distances in sandwich compounds is a significant challenge in
Universiteit, Amsterdam, The Netherlands), developed by Baerends etelectronic structure calculations on transition metal complexes,
al.® which incorporates the relativistic extensions first proposed by such as ferrocer®®, and in actinide complexés® The pro-
Snijders et al’ The code was vectorized by Raveriékand the tactinocene molecule is generally assumed to have the same
numerical integration scheme applied for the calculations was developedpg, structure as the other actinocenes. Our PW91-optimized
by te V_elde et a_}.g Th_e frozen core approximation has been applied gtrctures of the eclipse®§,) and staggeredsg) conformers
f/‘;lt:fcénr:)‘zsgbggj lIJ'Sé'd[lfz]r fgr gnznﬁ [&js] c‘;g%gg;jggﬁ_;;g of Pa(COT) indicate that the energy difference between the

two conformers is less than 0.1 kcal/mol. Thus, the Pa(GOT)

olarization function (DZP), and the valence basis sets for the . . .
Brotactinium are triplei-((TZ).)ZO molecule is expected to exhibit free rotation of the two COT

To evaluate the effect of different density functionals on the geometry 'iNgS relative to one another. We will therefore consider only
and transition energy, the geometry optimization and state energy the Den structure in this paper.
calculations employed a variety of exchange and correlation functionals, Table 1 lists the PaX (X = COT centroid), PaC, C—C,
from the HFS and local density approach (LDA)o the gradient- and C-H distances an@IHCX angles optimized using the HFS,
corrected methods using exchange-correlation functionals of Becke DA, BLYP, BP86, and PW91 density functionals. Although
Lee-Yang-Parr (BLYP), Becke-Perdew (BP86), and PerdewVang the experimental geometry of Pa(CQTiy unavailable for
(PW91)?? Most of the calculations were accomplished with the PW91 comparison, the PaX distance optimized by the gradient-
method, which is known to be one of the best generalized gradient corrected methods, except BLYP, lies between the experimental
approaches. The scalar relativistic effects were taken into accountAn_x distances 01: Th(COTB)(2 0’04 A) and U(COT)(1.923

(12) PyykKq P.; Laaksonen, L. J.; Tatsumi, knorg. Chem.1989 28, A),27 which augurs well for the validity of these gradient-
1801. o corrected density functional methods. The-Xedistances from
19'(13) Kaltsoyannis, N.; Bursten, B. H. Organomet. Chenml997 528 the HFS and the LDA are, as is typical, too short. By using

(14) Zhao, K. Ph.D. Dissertation, The Ohio State University, Columbus, the average geometric parameters of Th(CQand U(COT)

Ohio, 1996. as a gauge, the PW91 exchange-correlation functional seems

(15) See, for example: (a) Kaltsoyannis,NChem. Soc., Dalton Trans ; ; ;
1997 1. (b) PyykKo P.Chem. Re. 1988 88, 563, (c) Desclaux, J. Phys. to be the best choice for this system, while BLYP and BP86

Scr.198Q 21 436. generate slightly longer bond distances. The PW91-optimized
(16) (a) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2, 42. geometry undeDg, symmetry is presented in Figure 1. In
(b) Baerends, E. J.; Ros, Bhem. Phys1973 2, 51. (c) Baerends, E. J,;
Ros, P.Int. J. Quantum Chen1978 S12 169. (22) (a) BLYP exchange functional: Becke, A. Bhys. Re. A 1988
(17) (a) Snijders, J. G.; Baerends, EJJMol. Phys 1978 36, 1789. 38, 3098. (b) BLYP correlation functional: Lee, C.; Yang, W.; Parr, R. G.
(b) Snijders, J. G.; Baerends, E. J.; RosMel. Phys 1979 38, 1909. Phys. Re. B 1988 37, 785. (c) BP86 correlation functional: Perdew, J. P.

(18) Ravenek, W. Ii\Igorithms and Applications on Vector and Parallel ~ Phys. Re. B 1986 33, 8822; 1986 34, 7406 (erratum). (d) PW91
Computeste Riele, H. J. J., DeDekker, Th. J., van de Vorst, H. A., Eds.; functional: Perdew, J. P.; Wang, Phys. Re. 1992 B45 13244,

Elsevier: Amsterdam, 1987. (23) Ziegler, T.; Baerends, E. J.; Snijders, J. G.; Ravenek]) Wwhys.
(19) (a) Boerrigter, P. M.; te Velde, G.; Baerends, Hnd.J. Quantum Chem.1989 93, 3050.

Chem.1988 33, 87. (b) te Velde, G.; Baerends, E.J.Comput. Phys (24) Slater, J. CAdv. Quantum Cheml972 6, 1.

1992 99, 94. (25) (a) Koch, H.; Jgrgensen, P.; HelgakerJTChem. Phys1996 104

(20) (a) Snijders, J. G.; Baerends, E. J.; VernooijsAR.Nucl. Data 9528. (b) Pierloot, K.; Persson, B. J.; Roos, B.JOPhys. Chenil995 99,
Tables1982 26, 483. (b) Vernooijs, P.; Snijders, J. G.; Baerends, E. J. 3465. (c) Park, C.; Alnilf J. J. Chem. Phys1991, 95, 1829. (d) Lihi, H.
Slater Type Basis Functions for the Whole Periodic Systeternal Report, P.; Siegbahn, P. E. M.; AlmfpJ.; Faegri, K., Jr..; Heiberg, AChem. Phys.
Free University of Amsterdam, The Netherlands, 1984. Lett. 1984 111, 1. (e) Taylor, T. E.; Hall, M. BChem. Phys. Lett1985

(21) (a) The HFS method uses Slater'st Xa. = 0.7) pure-exchange 114, 338.
electron-gas formulation with no correlation functional. (b) LDA exchange (26) See, for example: Li, J.; Bursten, B. E.Am. Chem. S0d.997,
functional: see, for example, Ziegler, Them. Re. 1991 91, 651. (c) 119 9021.

LDA correlation functional: Vosko, S. H.; Wilk, L.; Nusair, MCan. J. (27) Avdeef, A.; Raymond, K. N.; Hodgson, K. O.; Zalkin, morg.
Phys.198Q 58, 1200. Chem.1972 11, 1083.
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Table 2. Correlation of the Symmetry Species of tbe, Single
Group and théDg,* Double Group

T'i (Dgn) Pa basis (CO®)basis I x €2g(Den*)
ag s, Tog €129
g €1/2g
big Tlag €712g
bzg e7/29
ey dr T1g €1/29 1+ €312g
&4 ds Tog €312+ 65129
€3 Tr3g €529+ €729
auy €1/2u
Bou po, fo TTou €i/2u
by €7/2u
bay T4y €7/2u
ew pr, fr T €120+ €320
(M fo TT2u €320+ E5/2u
€ fo T3y €520+ €720

—  buimg) @
e 30

e te:

Figure 1. Ball-and-stick representation of the optimized PW91
geometry of Pa(COT)under the constraint dbDg, symmetry.

agreement with previous theoretical predict®dihe H atoms

on the GHg ring are found to be tilted inward (toward the Pa
atom) by 6-9°. This calculated nonplanarity of the COT rings
may call into question the assumption of planar COT rings that
has been made in previous calculations on Pa(GOT)

In our experience, the scalar relativistic effects dominate the — ey (m) @ @
effects of relativity on the geometries of actinide complexes;
our benchmark calculations on similar organoactinide complexes .
indicate that the inclusion of spirorbit effects has minimal o ) @
effects on the calculated bond distances or arjleBherefore,
no effort has been made to optimize the geometry of Pa(€OT) Pa Pa(COT); (COT), COT

with spin—orbit effects included. . - N
. - . . Figure 2. Qualitative molecular orbital diagram for Pa(CQTinder

Electronic States aﬁd Spir-Orbit Effects. Since the the Dgh single group, showing the principal interactions of the Pa 6d
ground-state electronic structure of the Pa(COfias been  ang sf orbitals with ther orbitals of the two COT rings.
previously discussed in detdit314we will only briefly sum-
marize here some results that will facilitate our subsequent have a more diffuse radial distribution. A qualitative molecular
d'SCUSS'O”- The eight C ﬂp_)rbltals O_f a p!anaDsh CgHg Ilgand_ orbital diagram for Pa(COFunderDg, Ssymmetry is presented
form eightz molecular orbitals, which, in order of increasing iy Figure 2.
energy, are bases for the,aeq, €u, €35 and by representa- The Pa & and  orbitals are low-lying and comparable in
tions We will denote ther MOs aso, 71, 72, 713, andza. energy, largely because these 5f orbitals interact only minimally
In aDan M(COT)ZEompIex, theser MOs form geraderng and with the ligand orbitals. Consideration of only thénteractions
ungeradezrn, (n = 0—4) group orbitals of (gHg)2. The between the Pa atom and the COT ligands would lead to the
symmetry matches of these ligand group orbitals with the Pa e giction that thed orbitals are the lowest in the 5f manifold
valence orbitals are listed in Table 2. Without sporbit of Pa(COT), as shown in Figure 2. By contrast, our DFT
coupling, the 6d orb|tals are split inBex field as a4 (do) < calculations in the absence of spiarbit coupling predict that
€29 (d0) = €q (dn); the d and dr orbitals are considerably  yhe ground state of Pa(COTis the2A,, state that corresponds
dt_ast.ablllzed by strong mteractlon.Wlth the ligand orbitals. , on (&) outer configuration; i.e., the combination of all
Similarly, the Pa 5f orbitals are split asudf¢) ~ &u (fo) < metat-ligand interactions serves to destabilize tiedkbital
ew (f7) < € (f0), where the strong destabilization of the f  gjiahtly more than thed. The near degeneracy of the &nd

orbitals from the f-manifold is an indication of their strong ¢, "o ritals suggests that the nature of the ground state will be
interaction with the filleds,, orbitals of the COT ligands. strongly dependent on spimrbit effects.

Because of the pseudoaxial symmetry of Bwg ligand field, Th - . . L

S . e effects of spirorbit coupling on an ¥ ion is well
the splitting of the d and f orbitals preservgm| as a good developed! The ch))rbitaIs are Epli'?into a low-lying 6-fold
quantum number, with, 7T, 6, and¢ corresponding ton = 0, degenerate level witj = 5/2 and a higher-lying 8-fold

+1, +£2, and +3, respectively. As is typically the case in - :
organoactinide complexé&8the splitting of the 6d orbitals is gﬁgir;e;arl;erlgv%r\]/gg: ggézd' cﬁ;rutjl:ﬁ Eﬁ?ﬁg;gf’sm Sgghsé?th ef

much greater than that of the 5f orbitals because the formerorbitals are indexed by thejiandm quantum numbers asn

(28) Elian, M.; Chen, M. M. L.; Mingos, M. P.; Hoffmann, Raorg. eigenstates. Table 3 presents the Clebggbrdan vector
Chem 1976 15, 1148. _ coupling coefficient® that express the free-igj+mCspin—
(29) Li, J.; Bursten, B. E. Unpublished results. bit ei ith th Oei : hes f f
(30) Bursten, B. E.; Strittmatter, R. Angew. Chem1991, 103 1085; orbit elgensta.tes with thg, =mUeigenstates, "e': t @, ‘7['_
Angew. Chem., Int. Ed. Engl991, 30, 1069. fo, and f orbitals. These ClebsetGordan coefficients will

(31) For a discussion of spirorbit coupling of f electrons, see, for
example: Abragam, A.; Bleaney, Blectron Paramagnetic Resonance of (32) Slater, J. CQuantum Theory of Atomic Structyiéol. II; McGraw-

Transition lons Clarendon Press: Oxford, 1970. Hill: New York, 1960.
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Table 3. Expansions of théjmCEigenstates in Terms of
Clebsch-Gordan Coefficients for theof(m = 0), fx (m = +1), f6
(m = £2), and ® (m = £3) Orbitals and Spin Functionst(or j3)

ljmyC) ljm; 0

1512411200 /37t + VAT, 15121120 /3718 — AT 0
5243120 — /217,100 + /51T, 151273120 (/27718 — /BITH- o0
151251200 — /1778, p0 + /61715 151275120 /1778 o — /671 a1
1724120 /a7t + V3THap 17127 Y20 /ar71,8 + V317110
171243120 /57 10+ V2ITHop 171273120 /57781 + V/2I7F o0

[71245120 /678,00 + ~UThap 171275120 (/677 o8 + /1T a0
71247120 F 50 [712~7120 48

expansion expansion

allow us to analyze the relative effects of spiorbit coupling
and the ligand field on the intermediate coupling states of Pa-
(COT).38

We will now combine the splitting of the f orbitals under a
Dgn field with the spin-orbit splitting of an # ion. The
electronic structure of Pa(COFith the inclusion of spir-
orbit coupling requires that the molecule be treated under the
Dgn* double group’* The correlation of the irreducible
representations of thBg, single group and th®g,* double
group can be derived by taking the direct product of the single-

J. Am. Chem. Soc., Vol. 120, No. 44, 199
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Figure 3. Correlation diagram showing the combined effects of the

ligand field and spir-orbit coupling on the state energies of Pa(COT)

group representations with the one-electron spin representationthe wwo left columns show the splitting of tiE term due to spir

(e1g), as listed in Table 2. Because of the half-integer spin
angular momentums(= /), all the doubly degenerate spatial

orbitals, which are 4-fold spin degenerate under the single group,

are split into two doubly degenerate spiorbitals (spinors);
these Kramers doublétyesult from the degeneracy of orbitals
with the same value ofm|.3! The splitting of the|jmC
eigenstates when the spherical symmetry is lowerddgtd is

j =5/2:

j=T712:

Q./ZU + %IZU + e5/2u
€out o0t G50 T €712

Figure 3 shows the correlation between the ligand-field and
spin—orbit splitting in Pa(COT), leading to the spinors under
Dgh* symmetry in the center column. As we have seen for other
f! actinide complexes, the ultimate splitting pattern of the 5f-
based orbitals is a compromise between the splitting of the 5f
orbitals by spir-orbit coupling and the splitting induced by
the ligand field3® Spin—orbit coupling leads to considerable
splitting of the predominantly 5f-based degenerate single-group
MOs of Pa(COT), namely the 3g, (81% fp), 5e1, (92% fr),
and 4e, (80% ) orbitals. Among the ligand-based orbitals,
the 4g, and 4e4 MOs, which have significant contributions
from the Pa 5f and 6d orbitals, respectively, experience large
splitting as well. Figure 4 shows the correlation of the low-
lying Pa-based orbitals of Pa(CQTjrom the scalar-relativistic
atomic orbitals of a Pa atom, to the spiorbitals of the
molecule, labeled under thHeg,* point group.

Because Pa in Pa(COihas an ¥ configuration with only
one unpaired electron, the states that result from various
configurations will have the same symmetry as the orbital in
which the unpaired electron resides. At the PW91-optimized
geometry, the calculated PW91 ground state of Pa(G@T)
the Esjpy State that arises from thesg)? configuration. This
Es/ou State is derived predominantly from tBEs, L—S state,

(33) For a discussion of intermediate coupling, see, for example: Gerloch,
M. Orbitals, Terms and Statpdohn Wiley & Sons: Chichester, 1986.

(34) An extensive compilation of all the point groups can be found in,
for example: Altmann, S. L.; Herzig, FRoint-Group Theory Tables
Clarendon Press: Oxford, 1994.

(35) Kramers, H. AProc. Acad. Sci. Amsfi93Q 33, 959.

(36) See, for example: Kaltsoyannis, N.; Bursten, Blrtorg. Chem.
1995 34, 2735.

orbit coupling, and the right two columns show the splitting of #he
term under &g, ligand field such as provided by two COT ligands.
The central column shows the intermediate coupling case under the
Dgn* double group in which both spinorbit and ligand-field effects

are significant. The states connected with a dashed line are due to the
excited d electron configuration.

1

0.5

Orbital Energy (eV)

25

Pa(SR)

Figure 4. Correlation of the orbitals of Pa and Pa(C@With the
inclusion of scalar-relativistic (SR) corrections undgy, symmetry
and of spir-orbit (SO) corrections undddg,* symmetry.

Pa(COT), (SR}

Pa(COT), (SO)

which corresponds to thegf! configuration. Although théEy,
state of the () configuration could, by symmetry, contribute
to the By ground state, the high energy of thé ) configu-
ration makes it a negligible contributor to the ground state. An
analysis of théjm;Ceigenstate contributions to the ground state
is also consistent with this description. The ground state is
nearly entirely derived from thg/2 £5/2ffree-ion eigenstate,
with only a 6% contribution from th&7/2 +5/2eigenstate. The
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Table 4. Comparison of LDA, BLYP, PW91, and SOCI State Energies (eV) for Some Low-Lying States of Pg(COT)

state configuration LDA BLYP PW91 PW(TS) PW(Nopt} SOCF AE

Es/2u esu (fY) 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Eizu au+ e (fh) 0.131 —0.036 0.049 0.041 0.101 0.166 0.065
Esou ew (fY) 0.460 0.274 0.369 0.375 0.395 0.477 0.082
E7r2u e (fh) 0.354 0.408 0.379 0.378 0.362 0.362 0.000
2B e+ au (f1) 0.601 0.472 0.541 0.523 0.567 0.569 0.002
S ug (dY) 0.633 0.735 0.685 0.598 0.651 0.925 0.274
2Es104 e (fY) 1.307 0.953 1.122 1.141 1.227 1.222 —0.005
2Es)2u e (fh) 1.545 1171 1.350 1.383 1.463 1.427 —0.036
3Es/2u (e20)%(e30)? (73 2) 2.916 2.838 2.896 2.956 2.873

3Es2u (e20)%(e30)? (752 2.946 2.865 2.924 2.982 2.901

aThe PW(TS) calculations employ the PW91 functional and use the transition-state method for excited-state eibegle®/(Nopt) energies
are PW91 energies calculated at the geometry assumed in the SOCI calcufalioaspin-orbit Cl results are taken from ref 14.

Clebsch-Gordan coefficients in Table 3 indicate that the
|5/2+5/200eigenstate is derived predominantly from thge f
orbitals.
primarily derived from the ¢)* configuration.

The first excited state, anifz, state, is calculated to lie only
ca. 400 cm?! above the ground state, which is only slightly
higher than thekT value (207 cm?) at ambient temperature.
This Eyp, State is a nearly pur®/2 +1/2eigenstate, with only
1% contribution from|7/241/200 The fact that this state is a
nearly purefjm;,Ceigenstate is in accord with the strong mixing
of the (fo)! (41%) and (fr)! (55%) configurations (Table 3),
consistent with the relative energetic proximity of fide, and

It is evident from Table 4 that the state energies calculated
by the LDA and PW91 methods are quite comparable to those

Therefore, the ground state can be described asof the more expensive spitorbit Cl calculations. The con-

sistency of the LDA results might be somewhat fortuitous
considering its much shorter calculated2OT distance. The
results using the BLYP functional are also comparable to the
others, with the major deviation being that the,Estate is
predicted to be the ground state. This difference is likely related
to the longer optimized PaCOT distance obtained from this
method. Note that the PW91 and BLYP calculations with the
optimized geometries predict that theJgstate is slightly higher

in energy than the &z, whereas the LDA and SOCI calculations

2E,y single-group states. The second and the third excited stategpredict the opposite. This discrepancy is likely the result of
are calculated to be quite close to each other in energy. Thethe too-short PaCOT distance employed in the LDA and SOCI
second excited state is an/f Sstate, which can be described as calculations. In fact, the PW(Nopt) calculations, which use the
a strong mixture of thesf (43%) and & (50%) orbitals. This same geometry as used in the SOCI calculation [i.e. the
state exhibits strong mixing between %2 +3/200(55%) and crystallographic experimental geometry of U(CQT predict
|7/2+£3/200(38%) free-ion eigenstates. This mixing between the same ordering of state energies as the SOCI calculation.
[jmdand j+1,mOstates is quite common in the ground state The relative energies calculated by the PW(Nopt) and SOCI
of some actinide compounds and usually results in significant methods are in excellent agreement, with the exception of the
effects on the ground-state magnetic propefieg.he third d* Eijpg State. The reason for this discrepancy is unclear, and
excited state is anfp, state. This state is derived entirely from no experimental value is available for comparison. We note,
the |7/2 £7/20eigenstate, which in turn corresponds to a pure however, that the SOCI energies calculated for thed excited
(f¢)* configuration. states of uranocene are ca. 45% too high compared to the
Note that the ordering of the states does not follow the same experimental oneswhile the SOCI energy for protactinocene
ordering as the spinorbitals. For example, consider the & is 42% higher than our PW91 energy for the-f d energy
state, which is derived from the &t configuration and difference. Inasmuch as these high-lying diffuse d-states require
corresponds to occupation of the relatively low-lying,gg a more flexible basis set, we suspect that this difference could
orbital. Despite the low energy of the orbital, the-gstate is be attributed to the smaller d-orbital basis set (doulesed
higher in energy than all of the states that arise from occupationin the SOCI calculatiod® This comparison suggests that the
of the fo, f¢, and fr orbitals. This effect is a consequence of gradient-corrected DFT methods, especially PW91, can be used
differential electron-electron repulsion between different states as a reliable theoretical method for large actinide molecules
that is not reflected entirely in the orbital energiés. where a spir-orbit Cl calculation is too expensive to be carried
To compare the calculated state energies from DFT and from out.

spin—orbit Cl methods, we list in Table 4 the calculated LDA, It is worth noting that the energy difference determined by
BLYP, PW91, and spirorbit Cl state energies for the important  ysing the transition-state method including spimbit effects
low-lying states of Pa(CO%) In addition to the E;y ground is within +0.08 eV of that calculated by the state energy
state, we also include excited dnd (d)* states arising from  difference, thereby confirming the applicability of the former
the 2F and 2D terms as well as two ligand-to-metal charge method to heavy-element systems when spirbit effects are
transfer (LMCT) states with?fconfigurations. The principal  included. Table 4 also shows that the states from the f
electron configurations in the single-group representations areconfigurations are much higher in energy than those from the

also included in Table 4 in order to facilitate analysis. The f1 configurations or (d)! configuration. Therefore, protacti-
LDA, BLYP, and PW91 state energies in Table 4 are calculated nocene is, indeed, best described aslac[)fnpound_

at the geometry optimized for each of these density functionals.
The state energies labeled PW(TS) are calculated using th
PW91 method with Slater’s transition state (TS) metfbaind
those labeled PW(Nopt) use the nonoptimized geometry that
was used in the SOCI calculatiéf.

(37) Lam, D. J.; Chan, S. KPhys. Re. B 1972 6, 307.

(38) Thornton, G; Edelstein, N.; Roh, N.J. Chem. Phys1979 70,
5218.

Electronic Transitions. The electronic spectra in actinide
€compounds usually involve a combination offf, f — d, and

(39) We have undertaken benchmark PW91 calculations with a much
more extended basis set (triplefunctions on all atoms, with d and f
polarization functions on C, and p and d polarization functions on H). The
calculated state energies match those in Table 4 very closely; e.gythe E
state is still 0.245 eV closer to the ground state than it is in the SOCI
calculations.
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Table 5. PW91 Excitation Energies for the Transitions from the which results from excitation of the electron from the,&ago

6es2 Orbital to Excited Orbitals of Pa(COZF) the 7epq spin-orbital. This transition corresponds to an
excited excited transiton  AE AE excitation from the @)! ground configuration to the ¢!
orbital  state type (cm)  (nm)  polarizatiof excited configuration, with slight mixing of thewdbrbitals. The
9eu Eiou f—f 393 25459 calculated transition energy, 27 200 cthor 368 nm, is in near-
8e12g Eirg f—d 5528 1809 perfect agreement with the experimental estimate of 365 nm
Serau B f—f 3059 3269 by Streitwieser and co-workets. The nearly quantitative
?g‘gu EW“ ;:; iggi ggg? agreement between the calculated value and the experimental
9e;/2/u2u E;ZE ff 0049 1105 estimate may be somewhat fortuitous; nevertheless, we believe
765 (= f—f 10890 918 that the closeness of the calculated value is not surprising, given
9e1/2g Eir2g f—s 18567 539 that DFT methods have previously been found to reproduce
66512 Esizg f— 3 25158 397 z experimental excitation energies quite well.
ge”z‘-’ Evzg f—ms 25162 397 X) In addition to the excitations of the 5f electron discussed
&/2u E5/2u f— JT3 24027 416 3 ~
6emu  Erpu f—m 24660 406 above, we have also calculated the energies of LMCT transitions
1lem  Eusu 29278 342 from filled COT orbitals into empty metal-based orbitals. Table
10&20  Eszu 29573 338 6 lists the calculated transition energies for all the electric-dipole-
1280 Bya 29421 340 allowed excitations from the four CO¥,-based orbitals, 5,
Teng B f—d 27166 368 Xy) 76321, 5624 and 6epg to the virtual f, d, andrs orbitals
10@/24 =P f—d 30071 333 . :
8eyzg Earzg f—d 31427 318 Xy) between 65).2&J and 10gyyq (see Flgur'e 4). Wg find iny two
76512 Esrzg f—d 30664 326 z LMCT transitions that should occur in the visible region (430
9e3124 Earzg 41763 239 XY) 435 nm), corresponding to the transitions fromd®sed ligand
8es129 Esizg 42059 238 z orbitals (5., and 7gjz,) to the Pa d orbital (8g/,9). All other
613;?2/29 EZQ P igg;g gi% %) dipole-allowed transitions, including those in Table 5, are
10%/929 Emg 44673 oo }(:y) predicted to occur in the UV region, suggesting that the

protactinocene should have a rich UV spectrum.

The LMCT transitions that promote an electron from the
strongly bonding orbitals, ,g-5f0 or ey6dd, to Pa—COT
enonbonding or antibonding orbitals will increase the- €T
distance in the excited states, thus suggesting strong Franck
Condon effect4? A reoptimization of one of the LMCT excited
state with the (3g)3(f¢)%(do)! configuration indicates that the
Pa—COT distance is lengthened by about 0.02 A. An exhaus-
tive discussion of the FranelCondon effects on these LMCT
The PW91 transition energies for all the excitations from the transitions V\.’OUId r_equirg reo.pt!mizatio.n of the geometries for
66520 level to the virtual levels up to 1@gq are listed in Table gach state, |nclyd|ng spfmrbn interactions. This procedure
5. The transitions are listed in the order of the virtual orbital 'S "t computatl_o_nally_pract|cab_le at present. Furth_er, most of

the LMCT transitions involve triple open-shells, which create

energies, which emphasizes the deviations of the excited-sta’ref ited K doublets f h i i Th
energy ordering from the orbital energy ordering. our excited Kramers doublets for each configuration. €

Because of the high symmetry and thecbnfiguration of energy splitting of these excited states belonging to the same

Pa(COT), only a small number of the electronic transitions are open-shell configuration IS usually sm_all, and_ we have not
dipole-allowed. First, because of the centrosymmetry of the pursued a further calculation of the multiplets arising from each

molecule, allowed transitions must involve a parity chatfge. conflgurgtlon. ) . . .
More specifically in theDg,* double group, for an electric- We will conclude our discussion of the electronic transitions

dipole-allowed transition from thesfz, ground state, the excited ~ ©f Pa(COT} by summarizing our results and comparing them
state has to be one of they, Espg OF Erpg States. As a to the available experimental data and to previous theoretical
consequence of these selection rules, all of theffransitions, galcula'glons. Our calculatl_ons have probed the likely allowed
which are predicted to occur in the IR (infrared) or near-IR ligand-field (LF), metal-to-ligand charge transfer (MLCT), and
region, are forbidden because they do not involve a parity LMCT transitions in the molecule. Of the_se, we find only_a
change. We include these transitions in our tabulation because>Mall number that are expected to contribute to the optical
of the possibility that they could gain some intensity via vibronic SPeCtroscopy of protactinocene at wavelengths 350 nm:

coupling. In addition, although the d-based states have gerade® — d LMCT (430, 435 nm; visible), £~ 3 MLCT (397 nm;
(9) symmetry, all of the Eay — nEypq transitions are still UV-visible edge), and#f — do LF (368 nm; near-UV).

aTransitions are listed in the order of the spin-orbital energies.
b Transitions with no polarization listed are electric-dipole-forbidden.

charge-transfer transitions. These spectra are generally quit
complicated, not only because of the large number of states
derived from a single"fconfiguration, but also because of the
splitting of these states by the ligand-field and spimbit
coupling. Fortunately, the electronic transitions in protacti-
nocene are relatively straightforward because it is'@orplex.

forbidden. Only the £~ d and f— 75 transitions By — Ea/zg Unfortunately, there is a paucity of experimental spectra for
(x,y polarization), &y — Esizg (z polarization), and B, — Pa(COT) to which these results can be compared. Protacti-
Ez12 (% polarization) are allowed. nocene itself is a golden yellow soltfl. Although there are no
The lowest-energy allowed excitations of the Pa 5f-localized '€POrts of the optical spectrum of Pa(CQ@Tthe wavelengths
electron in Pa(COB)are the By — Esipg and oy — Evizg of the optical transitions of the octamethyl derivative Pa-

transitions, which are both predicted to occur at 397 nm. These (TMCOT). have been reported as tabular data; neither extinction
excitations promote the Pa 5f electron to the strongly antibond- coefficients nor a reproduction of the actual spectrum was given.

ing 3eyq (7r3) orbitals of the ligands, which should significantly (41) See, for example: (a) Daul, C.. Baerends, E. J.. Vemooijsorg.
increase the PaCOT distance. The lowest-energy allowed f chem.1994 33 3538. (b) Bellafrouh, K.; Daul, C.; Guedel, H. U.;

— d transition is predicted to be thesfx — Esjzq transition, Gilardoni, F.; Weber, JTheor. Chim. Actal995 91, 215. (c) Dickson, R.
M.; Ziegler, T.Int. J. Quantum Cheni996 58, 681.
(40) See, for example: Douglas, B. E.; Hollingsworth, C.S¥mmetry (42) Haken, H.; Wolf, H. CMolecular Physics and Elements of Quantum

in Bonding and Spectra. An IntroductipAcademic Press: Orlando, 1985.  Chemistry Springer-Verlag: Berlin, 1995.
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Table 6. PW91 Transition Energies for the Electric-Dipole-Allowed Excitations fromsthkdased Orbitals of Pa(COF)

transition type excited states AE (cm™) AE (nm)
5650 861/29 m,—d 2E1/29 + E5/2g + E7/zg 22964 435
56500 gel/zg TS 2E1/29 + Es/zg + E7/2g 34451 290
5650 6&,/29 Tl — T3 El/zg + 3E5/zg 40786 245
56500 — 567/29 T2 = 713 E]_/zg + E3/zg + 2E7/2g 40791 245
56520 78129 m,—d 33129+ Evr2g 45591 219
T€30— 891/29 7,—d El/zg + E3/29 + 2E7/zg 23252 430
70— 9e1/zg g S El/zg + E3/zg + 2E7/zg 34829 287
T€320— 665129 T~ 713 3Esi2g t Erig 41171 243
70— 567/29 JTp — 73 2E1/29 + Es/zg + E7/zg 41175 243
7&;/2u i 7&3/29 Tl —> d Ellzg + 3E5/zg 45899 218
565129 665120 7w, — f Es/ag 29090 344
56;,/29 — ey o —f 2E1/zg + Es/zg + E7/zg 28742 348
595/29 — 5er04 m,—f E]_/zg + E3/zg + 2E7/2g 31276 320
5&,/29 — 8e3u 7, — f 3E3/2g + E7/zg 31291 320
59_;/29 — 10,5 7, — f 2E1/zg + Es/zg + E7/zg 32328 309
56529 983124 7, — f 3Esg+ Eizg 38247 261
5&,/29 — 7620 7, — f E]_/zg + 3E5/2g 40036 250
56529 865120 T2~ 713 E1/2g+ 3Es/2g 47603 210
5&,/29 — 6€7/24 JTp — 73 El/zg + E3/zg + 2E7/2g 49113 204
663729 665120 my—f Earzg 29618 338
6Q3/2g - 961/2u T — f E1l2g + E3/zg + 2E7/29 29267 342
GQ;/zg - 5&/2u T —> f 2E1/zg + Es/zg + E7/zg 31813 314
6&3/29 — 8eyu g —f E]_/zg + 3E5/zg 31813 314
6Q;/zg — 10a/u 7 — f El/zg + E3/2g + 2E7/zg 32854 304
633/29 — 9e34 mp— f E]_/zg + 3E5/2g 38767 258
GQ;/zg e 765/2u Tl —> f 3E3/zg + E7/zg 40559 247
693,/29 — 86524 JTp — T3 3E3/2g + E7/2g 48186 208
663729 6€7/24 JTp — JT3 2E1/2g+ Espog+ Eziog 49678 201

aTransitions are listed in the order of the spwrbital energies.

Pa(TMCOT) has an absorption maximum at 380 nm, with a consistent with a stronger metdigand interaction for protac-
shoulder at 490 nrit. Based on the bathochromic shift observed tinocene than for uranocene, which owes to the greater radial
in other actinocene complexes when COT is replaced by extent of the Pa orbitals relative to those of U. We have
TMCOT, Streitwieser et al. estimate that the absorption observed this effect in other comparisons of Pa and U as
maximum in unsubstituted Pa(CQTyould occur at ca. 365  well.26.45

nm, which, as we pointed out earlier, is in excellent accord with oy calculations predict that the, — do (7e32u — 8eys o)

our calculated wavelength of the f~ dd LF transition (368 LMCT transition will be found at 430 nm, which is a

nm). considerably longer wavelength than that predicted by the SOCI
Prior calculations on Pa(COFhave led to different assign-  cajculations (341 nm). We believe that the two— do LMCT
ments of the proposed 365-nm transition. Our previous DV- transitions at 438435 nm are the likely origin for the low-
Xa calculations, which assumed planar COT ligands and a energy shoulder reported to occur at 490 nm in the spectrum of
Pa-X distance of 1.958 A, concluded that the 365-nm absorp- pa(TMCOT).!! These transitions are in the violet portion of
tion was likely due to either the-f- s MLCT or the 7, — f the visible spectrum and are likely responsible for the charac-
LMCT transitions, which were calculated to occur at 351 and (gristic golden-yellow color of protactinocene. By contrast, the
360 nm, respectivelf® The SOCI calculations of Zhao and 5o calculations find no allowed electronic transitions in the

Pitzer concluded that the absorption is due to #he— do visible region, and therefore those calculations do not readily
LMCT transition, which had a calculated wavelength of 341 explain the observed shoulder or the color of Pa(GOT)

6,14 i . i i . . .
nm. Unf_ortun_ately, neither the_ DV & nor the spir-orbit Interestingly, the SOCI calculations on uranocene overestimated
Cl calculations include the transition energy of the+ do thesr, — do transition energy by a factor of 1.45If this same

transition that is favored in our present calculations. It is factor is applied to the SOCI calculations on Pa(COMe:
there_:fore hot apparent Whgther this £~ do transition would — do transition would be expected to occur in the visible region
provide an acceptable assignment by these other methods. "at ca. 490 nm

is interesting to note that-fd transitions, such as the one
proposed here for Pa(CQOyJ are also proposed to be a prominent
feature in the electronic spectrum of U(CQT)Indeed, the
SOCI calculations on uranocene find three-fd transitions as

There are several methodological reasons for the disagreement
of the present calculations with the previous D\&-And SOCI
calculations. In our DV-X calculations, we required the use

the major absorptions in the visible regidralthough the of thermal spreaqmg near t_he _F_ermi level in_order to reach
experimental absorptions were initially proposed to be LMCT ¢onvergence, which made it difficult to consider all of the
transitions?344 The f — d transition energy in our DFT possible f— d LF transitionst® Although this procedure can
calculation for the protactinocene (27 200diis greater than ~ P& used reliably to obtain ground-state properties, the total
the experimentally determined - d transition energies €nergy and the orbital energies of the fractionally occupied
(15 170-16 270 cm?) for uranocene. This observation is Orbitals are quite sensitive to the fractional occupation number

(43) Streitwieser, A., Jr.; Harmon, C. Anorg. Chem.1973 12, 1102. (45) (a) Bursten, B. E.; Rhodes, L. F.; Strittmatter, RJ.JAm. Chem.
(44) Dallinger, R. F.; Stein, P.; Spiro, T. G. Am. Chem. Sod.978 Soc.1989 111, 2756. (b) Bursten, B. E.; Rhodes, L. F.; Strittmatter, R. J.
100, 7865. J. Less-Common Me1989 149 207.
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Figure 5. Variation of the energies of the §& and 9e,, spin—orbitals
(top) and of the total energy of the &g)*(9ew2y)* > outer electron
configuration of Pa(COT)(bottom) with the fractional occupation
numberx. The valuex = 1 corresponds to thesk, ground state of the
molecule.

(FON) that is determined by the thermal factérTo demon-

strate this sensitivity, we have performed calculations on Pa-

(COT), with a fixed geometry and variable FON electron
configurations (6€20)*(9e12)* %, with x ranging from 0 to 1.

J. Am. Chem. Soc., Vol. 120, No. 44, 1D9&3

might be expected to provide substantive information about the
nature of the unpaired electron and of the met@jand
interactions. The magnetic properties BM(COT), systems
has been previously addressed by Warren in an elegant treatment
using ligand field theory (LFT}® The pseudoaxial symmetry

of the M(COT), systems preservell; as a good gquantum
number. Warren treated the systems as axial unde€the
double group. Forlfsystems, he found that the ordering of
the spin-orbit-coupled LFT states derived from tAgs, term
follow the ordering®* (M = £5/2) < IT* (M; = +£1/2) < A*

(M; = £3/2). This conclusion is in perfect accord with our
current spir-orbit DFT results for Pa(CO%,) which predict a
state ordering Epu < Eipu < Esppy (Figure 3, Table 4). As
discussed earlier, thd,;| = 5/2 state is the ground state as a
consequence of substantial contributions of both-spiit and
ligand-field effects; i.e., the molecule is in the “intermediate-
coupling” regime®® The ground magnetic properties of pro-
tactinocene will be dominated by the characteristics of the E
ground state.

In principle, the most informative magnetic data about Pa-
(COT), would be obtained from its electron spin resonance
(ESR) spectrum. Unfortunately, thesf ground state is
expected to be ESR-silent: when tMy components of the
Esioy state are split in a magnetic field, the predicted ESR
transition fromM; = —5/2 to M; = +5/2 does not satisfy the
magnetic dipole transition selection rul&ANl; = £1)5° The
first excited state, B, is an ESR-active state that lies ca. 400
cm! above the ground state. Its thermal population at room
temperature is expected to be very small but will increase as
the temperature is elevatekil(= 400 cntl at T = 300°C). In
principle, therefore, Pa(COJ¢ould have an excited-state ESR

The dependence of the total energy and the eigenvalues of theSPectrum at elevated temperatures, although it seems unlikely
two fractionally occupied orbitals upon the FONSs is depicted that this challenging experiment will be undertaken on this
in Figure 5% The dependence is exactly what one would expect difficult-to-handle material. Thus, observations of the magnetic

in terms of the SlaterJanak relationshig; = 9E/on,.*® Because

properties of Pa(CO%)are likely to be limited to studies of the

of the dependence of the energies on the FONS, it is mostMagnetic moment of the compound. _ _
consistent to use FONSs for all states or to use pure states to The Eyand By excited states could be important contribu-
determine the transition energies, which is the case in our presentors to the observed magnetic moment of Pa(GOBy using

calculations. In the case of the spiarbit Cl calculation, some
other limitations appear to be in operation. First, it was not
possible to optimize the geometry of Pa(C@iWjth the SOCI
calculations, so the geometry of Pa(C@Was assumed to be
identical to that of U(COT) The assumed P&C bond distance,
2.647 A, is significantly shorter than our PW91-optimized-@a
distance (2.702 A; Table 1) or the average of the®lbond
distances in Th(COB)and U(COT) (2.674 A)1* Most of the
transitions in Pa(COT)would shift to lower energy if a longer

the Van Vleck equation, which incorporates the first- and
second-order Zeeman terms, one can determine the variation
of magnetic moment with temperatuie. Warren has used the
Van Vleck equation to derive expressions for the paraltgl (
and perpendicularx(y) components of the magnetic moment
of an axial f system, with inclusion of the*, IT*, and A*
states in the sum-over-statds. We have used Warren’s
formalism and the calculated PW91 state energies to determine
the temperature dependence of the magnetic moment. In Figure

Pa-COT distance were used. Second, it was noted that neither6, the calculated anisotropic magnetic momesni@arallel) and
the basis sets nor the Cl expansion used in the SOCI calculationgtxy (Perpendicular), and the average magnetic morfigt=
are adequate for a thorough treatment of electron correlation in[1/3w¢ + w? + u?)]"? are plotted vsT, the absolute

actinide complexe$. In particular, the lack of polarization

temperature. In the calculation of the magnetic moment, the

functions on the carbon atoms in the SOCI calculations may orbital reduction factor, which accounts for reduction of the
have a significant effect on the calculated transition energies angular momentum due to covalent bonding or electron delo-

involving the ligands.
Magnetic Properties. Because Pa(COT)is an f system

calization from f orbitals to the ligands, is takenkis= 0.97,
a value found empirically by Warren to give good results for

with a single metal-localized electron, its magnetic properties Uranocené? The assumption of this value & leads to a

(46) For discussions of the fractional occupation number approach, see:

(a) Wang, S.-G.; Schwarz, W. H. . Chem. Phys1996 105 4641. (b)
Averill, F. W.; Painter, G. SPhys. Re. 1992 B46, 2498. (c) Dunlap, B.
I. In Ab initio Methods in Quantum Chemistry; ILawlay, K. P., Ed.;
Wiley: New York, 1987.

(47) The relative energy change with the FOd)dan be well represented
by E(x) = 0.5716¢ — 0.6194& + 0.0482, which gives the lowest energy
for the FON configuration (6&.)°->49ey/2,)%4C.

(48) (a) Slater, J. C.; Mann, J. B.; Wilson, T. M.; Wood, J. Phys.
Rev. 1969 184, 672. (b) Janak, J. Rhys. Re. 1978 B18 7165.

limiting (T — 0) value of(40= 2.06 Bohr magnetonsg).
It is seen in Figure 6 that, as the temperature increases from
0 K, uyxy is predicted to increase rapidly, whergaslecreases.

(49) Warren, K. D.norg. Chem.1975 14, 3095.

(50) Edelstein, N. M.; Goffart, J. IThe Chemistry of the Actinides
Elements2nd ed.; Katz, J. J., Seaborg, G. T., Morss, L. R., Eds.; Chapman
and Hall: New York, 1986; Vol. 2, Chapter 18.

(51) Van Vleck, J. HThe Theory of Electric and Magnetic Susceptibili-
ties Oxford University Press: New York, NY, 1948.
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Table 7. Spin-Orbital Energiese() and Calculated lonization
35 K Energies (1B for Pa(COT)
\ orbital —¢i (eV) IEi (eV) assignment
3.0 1 665124 2.63 5.16 H
5654 5.09 7.17 Tty + O
€ s 76304 5.13 7.21 Tty + fO
m i 565/29 5.82 7.85 Tl2g + do
= . 6€312 5.90 7.93 Tag + dO
g 20 = 6€320 7.71 9.71 iy
S 8euy 7.92 9.93 Ty
= 5632 8.45 10.51 g
T 15 Teuzg 8.47 10.53 Mg
5 Ae512q 8.68 10.69 o(C—HI/C—C)
2 derpzg 8.69 10.70 o(C—H/C—C)
1.0 46524 8.71 10.72 o(C—H/C-C)
Bay dery 8.72 10.73 o(C—HI/C—C)
7€y 8.80 10.86 TTou
0.5 5634 9.30 11.30 o(C—H/C-C)
365720 9.30 11.31 o(C—H/C—C)
365129 9.32 11.32 o(C—HI/C—C)
00 ) , v ' , ; Aeyg 9.32 11.32 o(C—HIC—C)
0 100 200 300 400 500 600 700 6e.l./2g 9.79 11.82 Tog
Temperature (K) 3eou 10.79 12.81 o(C—H/C-C)

Figure 6. Calculated values of the perpendicula) @nd parallel £y)

components of the magnetic moment, and of the average magnetic lonization Energies. The experimental photoelectron spec-
momenti4[for Pa(COT) as a function of temperature. The calculations  trum of Pa(COT) has not yet been reported. Nevertheless, we
are based on the derivations by Warren (ref 49). can use the present calculations to predict the ionization energies
of the molecule, which may facilitate the future assignment of

The average magnetic moment remains nearly constahisas . the photoelectron spectra. The ground-state spin-orbital energies
changed. The calculated anisotropic room-temperature magnetic

momentsie. andu.. are 3.33 and 0.98x. respectively. thereb € and the ionization energies i|Ecalculated via Slater’s
NG tis é‘io anﬂa)l?/(era o agnetic g%’ma{%: > ogy’ Thisy transition-state method,are listed in Table 7. For each orbital,
galcu%ated room-tem geraturg magnetic moment iét fairly close 'Ei > —¢, consistent with the removal of 0.5e from each orbital
P gr . S tairly in the transition-state method. For the ionizations listed, all
to the value of 1.96:g that was obtained via the spitorbit CI but that h OMO imarily lioand-based. Th
calculations on Pa(COT}* Both values are slightly higher than . ut thatfrom the 6g,, HOMO are primarily ligand-based. There
. : is an excellent linear correlation between #ade¢; for these
the experimental room-temperature valgé= 1.88ug for the ligand-based ionizations:
4f! sandwich anion Ce(COT).%? 9 ‘

Both the PW91- and SOCI-calculated valuesfifor Pa- IE. = 2.106— 0.99G: R = 0.9999
(COT), are much lower than the isotropic free-ion value for an ' '
f1ion (2.535us), an indication of the significant Pdigand This linear correlation with nearly unit slope suggests that the

interactions and intermediate coupling. By contrast, the value rejaxation of the ligand-based orbitals upon removal of charge
k' = 0.97 might seem to indicate only a small perturbation to s essentially the same for all orbitals.
the ligand-field values due to covalent-P@QOT interactions. As expected, the first ionization corresponds to removal of
We believe that these results are not inconsistent but ratherthe pa-localized 5f electron. The calculated ionization energy,
reflect the nature of the P&COT interaction. Our studies of 5 16 eV, is considerably lower than the first ionization energy
organoactinide complexes indicate that the covalent metal of f2 yranocene (6.20 eV%. The lower IE of Pa(COT)relative
I|gand interactions are dominated by the actinide 6d, rather thanto U(COTk reflects the more electropositive nature of Pa and
5f, orbitals3®>3and we find this to be the case for Pa(Ca} is consistent with periodic trends on the 5f orbital energies as
well.  Thus, although there is significant covalency in the one proceeds across the actinide series. The small IE of Pa-
molecule, the metal-localized electron is largely unaffected by (cOT),, comparable to that of a sodium atom (5.14 eV), suggests
the covalent interactions, and its magnetic properties arethat Pa(COT)is a highly reducing complex that will readily
amenable to ligand-field treatments. form an £ Pa(V) product. This conclusion is consistent with
Finally, we note that the calculated magnetic moments of Pa- the extreme air sensitivity of Pa(CQTyvhich has made it more
(COT), rely considerably on the relative state energies. The ifficult to synthesize and study than other actinocene com-
calculated PW91 energy differences of the first and second pjexest0
excited states relative to the ground state, 393 and 298%,cm The next lowest IEs of Pa(COTForrespond to ionization
are in reasonable agreement with Warren's estimates fromof the 7, orbitals of the COT ligands. lonization from the,
ligand-field theory, viz. 230 and 2166 ct respectively? In orbitals, which are stabilized by interaction with the Pa 6d
addition, these energy differences of the 5f-based states in Payyrhitals, is predicted to require ca. 0.7 eV greater energy than
(COT), are comparable to the corresponding values in U(GOT) jonization from thers, orbitals, which interact with the Pa 5f
(466 and 2339 cm), which were determined via Raman orpitals. This observation is consistent with the primary role
spectroscop§*>* Therefore, we are confident that the calculated of the Pa 6d rather than 5f orbitals in the-R@OT bonding, as

magnetic moment should provide a good estimate to the has been found in both experimefaind theoreticdl studies
experimental value, which is thus far unknown.

(55) Slater, J. CQuantum Theory for Molecules and Solids. The Self-

(52) Hodgson, K. O.; Mares, F.; Starks, D. F.; StreitwieserJ AAm. Consistent Field for Molecules and SoliddcGraw-Hill: New York, 1974;
Chem. Soc1973 95, 8650. Vol. 4.
(53) Burns, C. J.; Bursten, B. Eomments Inorg. Cheni989 9, 61. (56) Brennan, J. G.; Green, J. C.; Redfern, C. MAm. Chem. Soc.

(54) Amberger, HJ. Less-Common Me1983 93, 235. 1989 111, 2373.
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Table 8. LDA and PW91 Calculated Vibrational Frequencies
(cm™) and Absolute Intensities (km/mol) for the Allowed Infrared
Modes of Pa(COT}

mode calcd LDA  calcd PW91 expt assignmerst
Az 238 (31.0) 240 (31.8) 245(s) X—Pa—Xstretch
695 (357) 684 (296) 695 (vs) XC—H bend
756 (3.8) 772 (76.3) 745 (s) €C stretch
3046 (33.9) 3065 (26.0) 3005(m) C—H stretch
Ex 46i (—9.0) 33(11.6) 135 X-Pa-X bend
230 (0.0) 221 (0.6) PaCOT tilt
747 (31.6) 762 (36.8) 775 (m) -€C stretch
914 (62.8) 896 (81.4) 895(s) XC—H bend
1404 (3.2) 1438 (0.0) 1310 (m) -€&C—H bend
3045 (8.0) 3063 (17.8) 2920(m) C—H stretch

aThe calculated absolute intensities in km/mol are given in
parentheses after the calculated frequencies intchExperimental

J. Am. Chem. Soc., Vol. 120, No. 44, 1D965

PWOL1 IR frequencies and absorption intensities as well as the
available experimental frequencies. The important metal
ligand vibrational modes can be obtained by assuming a linear
triatomic model, in which each COT ligand is considered as a
single center. The three vibrational modes under this model
are (1) the symmetric ringmetat-ring stretching mode (4,
Raman active), (2) the antisymmetric rinmetat-ring stretch-

ing mode (A.), and (3) the doubly degenerate ringnetat

ring bending mode (). These three modes are the lowest-
frequency Raman and IR vibrations of protactinocene.

Based on the experimental IR spectra of thorocene and
uranocené? the antisymmetric ringmetal-ring stretching
mode in Pa(COT)is expected to have a strong IR absorption
that is estimated to occur at 245 ctin Both the LDA- and
PW91-calculated frequencies (238 and 240 &mespectively)

data are from ref 10b. Experimental values in italics are estimates based,a in excellent accord with this estimate. The antisymmetric

on the experimental values for thorocene and uranoten&he

experimental intensities are given in parentheses as very strong (vs),

strong (s), and medium (mjAssignments shown are the principal

ring—metal-ring bending mode of Pa(CO7)s expected to
occur even lower in energy; based on the frequencies in

components of the calculated normal mode eigenvectors. X denotesthorocene and uranocene, we estimate that it should be observed

the centroid of the COT ligand. XC—H bends are out-of-plane
bending modes, whereas the-C—H bend is an in-plane bending
mode.

of uranocene and in our DV-X studies of protactinocerié.
The mean calculatetl,, andsyg IES in Pa(COT) (7.2 and 7.9
eV, respectively) are very comparable to the experimentally
assignedr,, and g ionizations in Th(COT) (6.79 and 7.91
eV)®*” and in U(COT}) (6.90 and 7.85 eV)%57 The remaining
IEs in Table 7 correspond to primarily ligand-based ionizations
from the i1, o, and C-C and C-H ¢ orbitals of Pa(COT)
The filled ligand-based1g, 714, 2g, andsoy, orbitals are all
subject to spir-orbit splitting under thé®g* double group. The
spin—orbit splittings of the COTr1g (7€w2g + 5€3129), T2g (63129
+ 565129), andsrzy (7€3120 + 565120 are all rather small, i.e., 0.02,
0.08, and 0.04 eV, respectively. Interestingly, the (8ei/u
+ 6632 orbitals undergo significant spirorbit splitting of 0.22
eV, based on the calculated IEs. This larger sirbit splitting

is attributed to 6p contributions to these orbitals; because the

6p orbitals undergo much larger spiorbit coupling than do

the 6d or 5f orbitals, a marked splitting results even though the

contributions of the 6p orbitals to ther;-based spir-orbitals
are only about 2%.
previously in the photoelectron spectra of Q$®
Infrared-Active Vibrations. Among the few spectroscopic
investigations of Pa(CO7)that have been carried out is an
infrared (IR) spectroscopic study by Goffart, Duyckaerts, and
co-workerst®59which showed that its spectrum was similar
to those of other actinocenes. Thus far, only a tentative

This phenomenon has been observed

at ca. 135 cm®. The potential energy surface for this mode is
so flat that the calculated frequency of this mode becomes
imaginary in the LDA calculation. The higher-level PW91
calculation leads to a calculated frequency of 33 Efior this
mode®? The most intense IR absorption of protactinocene
occurs at 695 cml, a band that was initially assigned to the
E1y antisymmetric ring-metal tilting mode?® Our calculations
suggest that this assignment is incorrect; we find an intenge A
vibration, corresponding to an out-of-plane-8 bending mode,
with a PW91-calculated frequency of 684 cthas the best
assignment of this band. This vibrational frequency is es-
sentially constant across the M(CQTeries, with M= Th,

Pa, U, and Np exhibiting experimental frequencies of 695, 695,
698, and 690 cimt, respectivelyt%* The invariance of this band

to the metal center corroborates its assignment as an essentially
purely ligand-based vibration. All of the higher-frequency
vibrations are also assigned to ligand-based QCstretching,
C—C—H bending, C-H stretching) vibrations. Overall, the
calculated vibrational frequencies and intensities at the PW91
level provide a good correlation with the experimental spectra.
The LDA calculations provide reasonably good results except
for the problems with very low frequency vibrations.

Concluding Comments

Because of the scarcity and radioactivity of protactinium,
protactinocene and other Pa-containing complexes are very
difficult to study experimentally. Thus, reliable theoretical
studies of such molecules can provide important guidance in

vibrational assignment of thorocene and uranocene, based orthe interpretation of hard-to-obtain experimental data. The

qualitative group theory analysis, is available. We will therefore
conclude our discussion with a brief comparison of our
calculated IR frequencies and intensities of Pa(CQuii)h the

gradient-corrected density functional calculations on Pa(GOT)
with spin—orbit effects included as appropriate, provide excel-
lent agreement with the limited available experimental data on

available experimental data. These calculations have beenthe complex. Among ground-state properties of the molecule,
carried out by calculating numerical second derivatives at the the calculated vibrational frequencies are in good agreement

minimum-energy geometries with both the LDA and PW91
functionals, including scalar relativistic corrections.

with the experiment, and it seems likely that the predicted
geometry will ultimately be tested via crystallographic studies.

The protactinocene molecule has 93 fundamental normal The calculated ionization energies can serve as a guide in future

modes. UndeDg, symmetry, only the four 4, and six gy
modes are |IR-activ®® Table 8 lists the calculated LDA and

(57) Clark, J. P.; Green, J. @. Chem. Soc., Dalton Tran&977 505.

(58) Bursten, B. E.; Green, J. C.; Kaltsoyannis,Ihbrg. Chem 1994
33, 2315.

(59) Hocks, L.; Goffart, J.; Duyckaerts, G.; TeyssieSpectrochim. Acta
1974 30A 907.

(60) Cotton, F. A.Chemical Applications of Group Theqr@rd ed.;
Wiley: New York, 1990.

experimental assignment of the photoelectron spectra of this
compound. With respect to excited-state properties, we note
that DFT is generally considered to be most valid for the ground

(61) Because of the flatness of the potential surfaces for these low-energy
vibrations, we have increased the numerical integration accuracy of our
calculations relative to the state energy calculations. In the ADF method,
that corresponded to an increase in the INTEGRATION parameter from
6.0 to 8.0. At the PWOL1 level, this increased integration accuracy assured
that none of the frequencies were imaginary.
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states of molecules. Nevertheless, the present calculationsgiven the success of DFT methods in dealing with the multiplet
indicate that gradient-corrected DFT methods with the explicit problem in transition metal compounéfsthese extensions of
inclusion of spin-orbit coupling can be used to predict the gradient-corrected DFT methods to many-f-electron systems
excited state properties of actinide complexes (at least thoseshould prove to be very interesting and promising.

with formally only one valence 5f electron).
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