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The electronic structure of a class of compounds based on the bis(biuretato)cobaltate(lll) ion has been investigated
by spectroscopic methods (UV-vis, CD, MCD), magnetic susceptibility, and ligand field theory. The concept of
molecules in molecules has been introduced to account for the conjugated sz system of the whole ligand entity and
its perturbation of the metal ion 3d orbitals. The Slater-Condon—Racah scheme was fully exploited; in particular,
differences in occupation numbers of the spin orbitals have been used in the spectral assignments of the d—d
transitions. The energy calculations used one ¢ parameter, two st parameters, and two Racah parameters. The &
parameters, which were derived from Orgel orbitals of y and 1 type, were found to be positive. The observed
charge-transfer transitions are metal <— ligand. The results of our calculations are in agreement with available
experimental data, including the spin triplet ground state and the position of the lower d—d transitions. The approach
is general and, for example, applicable to heme iron(ll).

Introduction In the seventies, two remarkable experimental works
appeared. The first one by A. Thomson et deduced, from
the ligand<— metal charge transfer in MCD of (phthalo-
cyaninato)iron(ll), the sequence of the d-orbitals shown in
our eq 1 below. The important issue is that theodbital is

An important class of iron(Il) and cobalt(lll) complexes
has a four-coordinate planar coordination geometry. This is
quite unusual for metal ions with a 8electron configuration

which are most often octahedrally coordinated. It has proven double-occupied and lies energetically lower than the single-

surprisingly difficult to_exp!am the electronic structure of occupied ¢; and dyorbitals. In the second work, La Mar et
such compounds, but in this paper, we present new experi-_,, . |
. . al* deduced the same sequence of d-orbitals from'ithe
mental results and show how ligand-field theory leads to a ; . .
. . . NMR spectra of (porphyrinato)iron(ll) through a series of
consistent interpretation of the known data. .
Th | electroni i fagst first very delicate arguments. It has been generally accepted that
di N unudsgatﬁ ec ron|I(|: prope | €s 0 &?ﬁ emﬁ V}/ere Irs such planar four-coordinate species owed their existence to
|s(;:overer:1 n 2f![ron( ) corrfn_a exe? Wlt' P K? ocyagtlnfs m-bonding and attempts have been made to include this in
and porphyrins. After years ot investigations, Kiemm et al. -y, ligand-field calculations. However, recent works have

in 1939 determined the magnetic susceptibility of (phthalo- not concentrated on symmetry adaptation of ligand orbitals

cyanlnat_o)lron(ll) to be”eff - 3'7.4‘ T.h's indicates that the but have instead attempted to adapt the 3d-orbitals to the
electronic ground state is a spin triplet, usually called an ligand 7-orbitals567

“intermediate spin” because the val8e= 1 lies “between”
that of the singlet and quintet states. Dale et al. determined (2) (a) Dale, D. W.; Williams, R. J. P.; Johnson, C. E.; Thorp, TJL.
Ueit 10 be 3.71 in 1968 and made a Skbauer-effect study gi‘eg’ngF;?é';l%éaRﬁgjgﬁﬁiggf‘éf‘g%hgﬁf'P?]'y\s’lvge\’g"ﬂ'grgj'gJ'

of this compound, but they were not able to deduce correctly 3449,
the energetic sequence of the d-orbifals. (3) Stillman, M. J.; Thomson, A. J. Chem. Soc., Faraday 11974 70,

790-804.
(4) Goff, H.; La Mar, G. N.; Read, C. AJ. Am. Chem. Sod.977, 99,

* To whom correspondence should be addressed. E-mail: harnung@ 3641-3646.
kiku.dk. (5) (a) Ceulemans, A.; Dendooven, M.; Vanquickenborne, LIn@rg.

T Department of Chemistry. Chem.1985 24, 1153-1158. (b) Ceulemans, A.; Dendooven, M.;

* Department of Natural Sciences Vanquickenborne, L. Glnorg. Chem.1985 24, 1159-1165.
(1) Senff, H.; Klemm, W.J. Prakt. Chem1939 154, 73—81. (6) Schdfer, C. E.; Yamatera, Hinorg. Chem.1991, 30, 2840-2853.
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Bis(biuretato)cobaltate(lll) lons

Much work has been concentrated on the explanation of Scheme 1. [(6S79)-Diphenyl-1,3,5,8,10,12-hexaazadodecane-

. . . 2,4,9,11-tetraonatoM)-«* NL,N° N8 N2 Jcobaltate(t-), Abbreviated
the triplet ground state within accepted theoretical frame- [Co(S Sstien(biury)] . |

works and with plausible parameters. A few papers have tried -
to include other data, in particular Uwis absorption o H o_I
spectra, but the results have been meager. X NN ZF

A complete crystal-field computation on a®electron H | |
configuration assumind., symmetry showed that & _N NH

- - - - CeH; - C N /

ground state is possible but only for utterly unrealistic choices | o
of the parameterBq, Ds, andDt.8 This kind of calculations H o C AR
was later modified as shown in Table 3 but without a 7/ N NH
satisfactory result. In this connection, we note that the CoHs | |
parameter®s and Dt have no direct relation to the- and S /C o
m-bonding properties and that square planar, four-coordina- H
tlor! descnb.ed bybs and Dt requires a huge distortation of Scheme 2. Biuretate, 1,3,5-Triazapentane-2,4-dionate)2
a six-coordinated octahedron, describedOuy Abbreviated bit-, 11 2

Charge density studies on (phthalocyaninato)iron(ll) and z
on (tetraphenylporphyrinato) iron(ll) have been performed, T
and while the charge density of the former compound is in o
agreement with &A,4 ground stately,), the results are less |
clear for the latter on&. N Y ~ez°

In the present paper, we concentrate on cobalt(lll) | |
coordination compounds derived from bis(biuretato)cobal- H/N_ _N\H

tate(l11)(1-).2° The ligands are entities where two biuret units

have been bridged by one diamine, dedhe complexes /| >

are well defined anions, and in comparison with the iron(ll)

entities men_tlone_d aboye, they are easy to_stUdy from & aThe anion is placed in thezplane of a coordinate system, whasexis

spectroscopic point of view. From a computational point of coincides with the 2-fold axis of the point groups,. The irreducible

view. the four negative charges from the Iigand apparently representation Bis defined to have the character equal 4 under
’ Lo . reflection in thezxplane.

augment the likeliness for a planar four-coordinate structure,

and the combined effect of the two plamasystems simplify Scchime 3. l?lilsgbiuretatO(ZL)-Gle,N5]coba|tate(}), Abbreviated

the choice of ligand-field parameters. Our experimental [Cofbiurk]™,

studies can be rationalized if we assume that the ground state . A - _I -
in Do, Symmetry is O\\ \ //O
I s R N—¢
& (5byy)” (5by)° (3de-)” (3d)° (3d,)' (3d,)" (3dL,)" N S T A
3 C— N === frmmme- N—cC
B1g(Dan) (1) V4 \ / N\
o H H e}

L_JSII’]g the coordinate system uf . Here, 5r denotes the a2 The coordinate axes coincide with the three 2-fold axes of the point
ligand HOMO's, the 3d’s are metal one-electron orbitals, groupDa.

and the symbolé embraces all the additional quantum

numbers that are necessary for the full characterization of The compound (& 79-diphenyl-1,3,5,8,10,12-hexaazadodecane-
the state. The filled gorbital explains why two more ligators ~ 2,4.9,11-tetraone which was prepared froi§ 28)-diphenylethane-

are not taken up by the metal ion. 1,2-diamine (stilbenediamine, stien) by reaction with nitrobiuret is
abbreviatedS S-stien(biurk),.11 Analogously, the abbreviation
Experimental Section R-pn(biurH,), is used for the compound which was similarly

prepared fromR-propane-1,2-diamine,H)-bn(biurH,), for that
Biuret is 1,3,5-triazapentane-2,4-dione. The dianion coordinates prepared from racemic butane-2,3-diamine, emdn(biurH,), for
with N*and N as ligators, seb . The dianion forms a bis(didentate)  that prepared fronmesebutane-2,3-diamine.

coordination compound with cobalt(lll), sek . The coordination compound between cobalt(Ill) and the anion
S,Sstien(biury*~, that is, the complex anion which is abbreviated
(7) Schimher, T.; Atanasov, M.; Adamsky, H. IBomprehensie Coor- [Co(SSstien(biur})]~ is drawn ad. Analogous short names are
dination Chemistry flLever, A. B. P., Ed.; Elsevier: Oxford, UK., used for the cobalt(lll) compounds derived from the other tetraden-

2004; Part 2.36, pp 443455. ANIL NI5 NIS NI12 [ :

(8) () Kénig, E.- Schnakig, Rinorg. Chim. Actal973 7, 383-396. () &< “NL NN N* ligands mentioned above. .
Kénig, E.. Kremer, SLigand Field Energy Diagram#lenum Press: The cations tetrabutyl ammonium and tetraethyl ammonium are
New York 1977; p 305. abbreviated ByN* and EiN™, respectively.

(9) (a) Coppens, P.; Li, LJ. Chem. Phys1984 81, 1983-1993. (b) Preparations. EtN[Co(biur);]. This compound was prepared
Tanaka, K.; Elkaim, E.; Li, L.; Jue, Z. N.; Coppens, P.; LondonJ. J.

Chem. Phys1986 84, 6969-6978. according to the procedure of Birker et al. for the analogous
(10) Birker, P.J. M. W. L.; Bour, J. J.; Steggerda, Jndrg. Chem1973
12, 1254-1259. (11) Davis, T. L.; Blanchard, KJ. Am. Chem. S0d929 51, 1801-1806.
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potassium salt using FOH instead of KOHL! Similarly, CsOH
was used to prepare cesium safts.

BusN[Co(S,S-stien(biur),)]-H,0O. CoCk-6H,O0 (4.4 g, 18.4
mmol), KOH (8 g, excess), BNl (6.8 g, 18.4 mmol), an6S
stien(biurH), (7 g, 18.4 mmol) were successively dissolved in 200
mL of water. The mixture was aerated for 16 h while being
vigorously stirred. The red precipitate was dissolved in 300 mL of
methanol and recrystallized by the additidri2d. of diethyl ether.
Yield: 9.0 g (13 mmol, 73%). Found: C, 58.4; H, 7.78; N, 14.0.
Calcd. for G4Hs4N;OsCo: C, 58.3; H, 7.97; N, 13.9. The
compounds derived from butane-2,3-diamine and propane-1,2-
diamine were prepared from [Co(NJd]®" by a method published
earlier!?

Instruments. All spectra were measured at room temperature.
Absorption spectra were recorded on Cary 118C and 5E spectro-
photometers. CD/MCD spectra in U\Wis were obtained using a
Jasco 710/720 spectropolarimeter. MCD was measured with a 1.6
T electromagnet and wWita 4 T superconducting magnet, Spec-
troMag Ill from Oxford Instruments. Each MCD spectrum was
obtained as a difference between two recordings, namely, one with
the magnetic flux density parallel to the direction of the light beam
minus one with thé3-field antiparallel. NIR-CD was measured on
a home-built instrument, and bulk magnetic susceptibilities were
obtained by the Faraday meth&d.

Computations. Ligand field computations were performed on
ordinary computers using the program Ligfiéfé Other programs
are on the market, according to the descriptions, can perform such
calculations equally wel

Spectral and Magnetic Data.The absorption spectra (ABS) of
[Co(SSstien(biur})]~ over the range 0.4m™* - 4.5um™tis shown
in Figure 1, together with the associated natural circular dichroism
(CD) and magnetic circular dichroism (MCD) of [Cb)-bn-
(biur)y)]~. Our experimental data are collected in Table 1, together
with recent CD-dat& around 0.4um1,

The magnetic susceptibilities of BM[Co(SS-stien(biur})]-H.O
and BuN[Co(R-pn(biur))] were determined at varying magnetic
flux densities, 0.26< B < 1.30 T, and temperatures, ST < 300
K. For both compounds, a normal CutigVeiss behavior was

Harnung and Larsen
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Figure 1. Spectra of [CdBS-stien(biury)]~ and [Cof:)-bn(biury] . Left
scales refer to left part of a spectrum, and right scales refer to the right part
of a spectrum. Upper panel: Absorption spectrum of CsgSegtien(biur)]

in H20. Middle panel: Circular dichroism of the same compound }®H
Lower panel: Magnetically induced circular dichroism spectrum of
Cs[Cot)-bn(biur)] in H20; magnetic inductionB = 4 T.

Table 1. Experimental Data

found. The values gf. and the Weiss constart, were determined

from the linear range (room temperature (RT)I > 35 K) of the
inverse susceptibility,~* versusT. For BuN[Co(SS-stien(biur})]+
H20, uet was found to be 3.386, ariwas found to be-11.6 K.
For BuN[Co(R-pn(biur))], we found uer = 3.27 andf to be
—5.8 K.

Discussion

The objective of this discussion is to interpret the
experimental results using a modern approach to ligand-field

(12) Langkjeer, M.; Larsen, E.; Larsen, Acta Chem. Scand.985 A39,
187-197.

(13) (a) Trabjerg, I., Trabjerg Consulting, Vedbaek, Denmark. (b) Pedersen,
E. Acta Chem. Scand.972 26, 333—-342 and with later instrumental
improvements.

(14) (a) Bendix, J. I'Comprehensie Coordination Chemistry JlLever,

A. B. P., Ed.; Elsevier: Oxford, U.K., 2004; Part 2.55, pp6B3 6.
The software progranhigfield. (The program is available from the
author at Department of Chemistry, University of Copenhagen,
e-mail: bendix@kiku.dk). (b) Adamsky, H.; Safieerr, T.; Atanasov,

M. In Comprehengie Coordination Chemistry jlLever, A. B. P.,
Ed.; Elsevier: Oxford, U.K., 2004; Part 2.52, pp 66364. The
software programAOMX. (c) Bridgeman, A. J.; Deeth, R. J. In
Comprehensgie Coordination Chemistry jlLever, A. B. P., Ed.;
Elsevier: Oxford, U.K., 2004; Part 2.54, pp 66652. The software
programCAMMAG

(15) Johannessen, C.; Thulstrup, P. Dalton Trans.Published online
January 30, 2007.
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wavelength  wavenumber abg CDe MCDf
0.3 +0.0002
0.4 —0.002
950 1.05 +0.024
895 1.12 4
774 1.29 +0.21
765 1.31 12 —0.007
556 1.80 —0.5 (sh)
545 1.83 +0.33
525 1.90 —0.66
494 2.02 560
480 2.08 —0.29
454 2.20 +0.13
417 2.40 320 (sh)
400 2.50 —0.25
359 2.79 —0.34
353 2.83 —0.08
324 3.08 317 (sh)
300 3.33 +0.11
258 3.85 663

aData of the spectra of Cs[Ce{stien(biur}] in H,O at room tem-
perature (RT); Cs[Caf)-bn(biury] in H,O at B = 4T, RT; CD of
Cs[Co(-)stien(biur}] in DMSO and NaBr at RT in IR> bWavelength
(nm). ¢ Wavenumbergm™1). ¢ Absorption coefficient (fimol=1). € Circular
dichroism (n# mol~1). f Magnetic circular dichroism (fimol=1 T-1).

methods. It turns out that a combination of DFT calculations,
ligand-field calculations in the full SlatetCondon-Racah
scheme, and interpretations using a molecular-orbital ap-
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Table 2. Symmetry Labeling of d-Orbitals in Three Point Gro#tips

bR? =2 dz dyz dax dxy d><2—y2
€Cy, alongz o 7 sin 7T COS o sin o cos
9D, Scheme 3 El bsg bg byg &

aThe three groups are all defined with respect to the same Cartesian \ .

coordinate system, as shown ifi . ®Marked as the solid spherical
harmonics. In the grous;, they are all even under the inversion, that,
gerade, g¢ Marked after the character under the operattad We shall
use the abbreviatiomrs andxc for the components of the irreducible
representationr. 9 Marked after the irreducible representations of the
holohedric orthorhombic group.

Table 3. Comparisons between One-Electron Energies Leading to Spin
Triplet Ground State’s

present work Konig and Kremet Komorita et ald
Oy 2.1 @ 1.9 dy 3.65
d, 11 dy 1.0 d, 0.50
dax 1.0 Ohx 0.38
dz 0.7 de—y 0.2 de—y 0.23
they? 0.0 dz O 0.0 a2 0.00

aRelative orbital energies of d-orbitals m~1; coordinate system
is as shown inlll . P Fit of parameters to the spectra of BLCo(—)p-
stien(biur}]: e, =0.7um % e, = 1.1um™%; e, = 1.0um™1. See Figure
5. ¢ Ligand-field calculation: Dg = 0.08 um™%; Ds = 0.10um™%; Dt =
0.10um~185 dExtended Hakel MO calculatior?®

proach greatly improve the chemists understanding of
chemical bonding in coordination compourifis.

As pointed out in the introduction the parametBrg Ds,
andDt of crystal-field theory are not useful, despite the fact
that the calculations were carried out using the Stater
Condon-Racah scheme with the two-electron parameters
Bracanand Cracan® The angular overlap model, AOM,can
successfully treab-bonding and simpler-bonding, but it
does not work for four-coordinate planar complexes with
multidentater-conjugate ligands.

The theory of this type of ligand was first attacked by
Orgel in 19618 He studied tris-complexes of symmetric
ligands with conjugatea-systems such as 1,10-phenantro-
line. In such ligands the-MQO'’s may be classified according

i C = Ngz====m=nz N C/O 0\(‘ — Npommmmeoms N —— C/O
/ R & N\ / R N
N ' (,Oj—" Y N N E (o—i—b Y N
— O™ 2
o \ / \
0 x (8] 0 x 0
d, (Dy) blg (Dy,)

Figure 2. Ligand o-orbitals. Only the lone pairs of nitrogen are drawn.
The ligators are numbered, starting from the upper left and running with
the clock. The two gerade functions aredy + o2 + 03 + 04)/2 which
transforms asg@and (o1 — 02 + 03 — 04)/2 which transforms asi

phasize that the two didentate-conjugated ligands are
electronically isolated.

Schdfer and Yamatera (1991) made a thorough study of
the binding modes of “Orgel-ligand$”In the case of bis-
didentate compounds, they moved the focus from the ligands
to the d-orbitals. In fact, they usdigand-adapted d-orbitals
and did not arrive at usefull expressions for the ligand field
matrix (see eq 7 below).

Gerloch et al. (1997) reviewed this discussion, in particular
Schdfer and Yamatera’'s contribution. However, they con-
tinued the use of ligand-adapted 3d-orbitals and did not reach
a workable solution in their article.

To overcome these difficulties, we now introduce the
molecules-in-moleculesoncept. By this we mean théte
total ligand system is treated as one entlty the language
of ligand-field theory, we consider the perturbation of the
complete ligand onto the unperturbed d-orbitals. This per-
turbation is divided into two parts. One is that@bonding
which is treated equivalently to the AOM. The other one is
that of thesr-bonding which is treated differently such that
it takes into account the symmetry of the whalesystem.

Model. Any ligand-field scheme requires a model for the
one-electron matrix (eq 2), which represents the effect of
the ligand on the partially filled d-shell of the metal. A main

to their symmetry with respect to reflection in the symmetry Point in this discussion is that the word ligand is singular,

p|ane perpendicu|ar to the p|ane of the molecule. Those meaning that all |Igatlng entities are treated as one |igat0r.
which remain unchanged under this Symmetry Operation areThe orbitals which give rise to the one-electron matrix are
given the labeky (Figure 3). The reason for the symbgl supposed to be linear combinations of metal d-orbitals and
is that the frontier orbitals have the positive lobes pointing ligand o- andz-orbitals.

in the same direction and thereby look like that letter. For ~ Although no experimentally determined structure is avail-

similar reasons, the labglmarks thez-MO’s which change ~ able for [Co(biur)]~, we shall use the point groupzn to

sign under the reflection (Figure 4). We follow this custom characterize the various orbitals. Thus, we assume the
in the present paper. structure shown aBl, and the aim is to create the five by

Ceulemans et al. (1985) called this kind of coordinating Ve matrix
ligand for “phase-coupled” ligands, thereby indicating the

MO character of the interaction. However, in a subsequent
work on planar coordination compounds, the authors em-

{3dV(all p; r)|3d} 2)
where|3d} is the row vector (3g, 3d, 30, 3d,y, 3de-y?)

and {3d is the transposed vector (a column vector). The
ligand field operatol is an one-electron operator which is
a function of the type and position of gllligands and of
the electron coordinatg.?®

(16) Atanasov, M.; Daul, C.; Giel, H. U.; Wesolowski, T. A.; Zbiri, M.
Inorg. Chem.2005 44, 2954-2963.

(17) (a) Jargensen, C. K.; Pappalardo, R.; Schmidtke, H.-Bhem. Phys.
1963 39, 1422-1430. (b) Jgrgensen, C. K.; Stfes, C. E.Mol. Phys.
1965 5, 401-412. (c) Sch#er, C. E. Struct. BondingBerlin) 1968
5, 68—-95. (d) Larsen, E.; La Mar, G. NI. Chem. Educ1974 51,
633-640. (e) A brief account of the AOM is given in Supporting
Information, section S4. (f) Derivations of parameters are shown in
Supporting Information, section S3.

(18) Orgel, L. E.J. Chem. Socl961, 3683-3686.

(19) Bridgeman, A. J.; Gerloch, MProg. Inorg. Chem1997, 45, 179~
281.

(20) Details of the construction of the matrix, eq 2, are given in Supporting
Information, sections S4 and S5.
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Figure 3. Ligandy-orbitals in the I, 3z, 5, and % MO’s of biuretate.
Only the nitrogen p-AO’s are drawn. The right-hand ligand is cadleahd
the other one i®. They-functions are ¢ + p)/+/2 which transforms
as bgand (tya — 1p)/~/2 which transforms asib

o-Bonding. The ligando-MQ’s are shown in Figure 2.
They transform asg@big, by, and B, in the point group
Dan. The gerade orbitalyanay interact with the two metal
orbitals 4s and 3dwhich both transform asyaThe other
gerade orbital i may interact with the metat orbital 3d,
which transforms asi see Table 2. The ungerade ones
cannot interact with d-orbitals.

It follows directly from the symmetry properties of
d-orbitals that if we in the matrix, eq 2, put

[3d,, (ay)| V(all p; )] 3d, (ay)= €, ®)

then
3d,, (byg! V(@ll p; )| 3d, (b, )= 3 g, (4)

and all other elements are zero. We take this asttpgart
of the matrix, eq 2, but note that the ratio 1:3 is not required
in the groupD2n. In fact, theD2y, point group allows mixing
between the twar3d-orbitals, transforming as;aand the
metal 4s-orbitals; this must introduce an uncertainty for the
energy of thes3d-orbitals when estimated by a ligand field
method.
m-Bonding. The biuretate dianion| , contains a conjugate
ot system built up of the seven p-orbitals which are perpen-
dicular to theyzplane. According to simple Hikel theory,
they may form sevemrMOs, of which five are occupiett.
The most stable of thesegrltransforms as bin the point
groupC,, and so do all the odd-numbered1Os, whereas
all the even-numberedMOs transform asain this point
group. Thus, the sy is a HOMO, and the &y is a LUMO.
The frontier orbitals of the ligandMOs of the tetradentate
ligandlll are shown in Figures 3 and 4. They transform as
Yhsg, Wby, xb2g, andya, in the point groupDan. The yhbsg

(21) Streitwieser, A., JMolecular Orbital Theory for Organic Chemists
Wiley: New York, 1961.
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by, (Dy)

Figure 4. Ligand y-orbitals in the %, 47, and 6z MO’s of biuretate.
Only the nitrogen p-AO’s are drawn. The right-hand ligand is cadleahd

the other one ib. The geradg-function is (-7, + 7)/+/2 which transforms
as by

orbital may interact with the.d = dy, orbital of the metal to
give the collective parameter

3d,, (byy) V@l pi 1) 3d,, (b=,  (5)

and analogously, thgh,, orbital may interact with the d
= d, orbital of the metal to give the collective parameter

[3d,, (b9l V(@ll p; 1)| 3d,, (b= €, (6)

These two parameters describe the only nonvanishing ele-
ments of the matrix, eq 2, resulting frombonding.

Finally, it is noted that the & 2 orbital with g symmetry
is a nonbonding orbital. The overall result is that the one-
electron matrix, eq 2, reduces to the diagonal matrix

{3d V(all p; r)| 3d} = diag(e, €, €, 36, 0)  (7)

Calculations. Complete algorithms for ligand-field cal-
culations in the SlaterCondor-Racah scheme have been
published, and programs for personal computers have been
available in public since 1998.Recent programs have the
advantage that the aboweparametrization can be includé&d.

We have used the Ligfield progralf? which has the
possibility of a direct input of the one-electron mattbeq
7, and of calculating energy level diagrams of®aetectron
configuration with the Racah parameteBgacanand Cracan
Computations with this program gave the parameters

1

e,=0.7um " e,=11um ' e =1.0um" (8a)

BRacah: O'OSﬂm_l’ CRacah: 4BRacah (8b)

as a good guess. It fits the available experimental data for
four-coordinate planar species [Co(bir)with point group
symmetryD,,. The caption of Table 4 shows the assign-
ments, and below we have we have discussed how this result
was achieved.

The one-electron parameters, eq 8a, give rise to the
molecular orbital diagram shown in Figure 5. Téeande,
parameters embrace all the four ligating Bintities, corre-
sponding to the single nitrogen-parameters of 0.275 and

(22) (a) Harnung, S. E.; Scfiar, C. E. Struct. BondingBerlin) 1972 12,
257—-295. (b) Harnung, S. E.; Mgnsted, O. Ligand Field Calculations
on a Personal Computer, A package of software programs presented
at the 28th ICCC, Gera, 1990.

(23) In the Ligfield package these files have the extension .oem.
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Table 4. Calculated Energies and Occupation Numbers of Low Lying 4 4
Electronic States Eipm e 61y

state E(um™) dey d2 dx dy dy occ.no. pol 1

B, 2.28 1.05 1.01 193 0.95 1.06 2.0
3A 2.27 1.02 197 1.00 100 1.01 1.0

A 2.20 1.03 1.93 1.01 0.99 1.04 1.0
3A 1.98 1.03 197 1.00 100 1.00 10 z
3A 1.96 1.38 1.00 1.57 1.55 0.49 1.6

B3 1.95 1.74 035 1.03 191 0.97 1.9
3B, 1.88 1.62 062 177 1.12 0.88 1.7
3B 1.75 160 136 065 138 1.01 1.4
3B, 1.72 121 149 129 164 0.38 13
B3 1.67 1.10 1.77 179 111 0.24 1.1

A 1.43 1.73 1.02 124 124 0.76 1.2 |
3B, 1.33 192 1.08 142 059 1.00 14 irietal 4 orbitals I tigand
A 121 184 101 115 115 0.85 1.1
3B, 1.04 194 192 014 1.03 0.97 1.0 x Figure 5. Molecular orbital diagram for [Co(biuref) described in the
3B, 0.95 194 194 1.03 0.11 0.97 10 vy point groupD2n. The diagram represents the ligand field splitting of the
3B, 0.40 1.97 1.02 1.01 197 0.04 1.0 X metal 3d-orbitals. The relative energies of these orbitals can be drawn to
3Bs 0.30 1.97 1.02 197 101 0.03 1.0 vy scale because the perturbation matrix, eq 7, is diagonal (see Table 3). The
3B, 0.00 1.99 197 1.00 1.00 0.03 0.0 orbital de-y2 (ag) is @ nonbonding orbital. The orbitalgdag) and dy (b1g)
. o ) . are g-antibonding. The orbitald (bsg) is z-antibonding; its energy is the
2Energies of the lowest-spin triplet states of thé 8dnfiguration of result of the odd-numbered ligand molecular orbitals, all of symmgtry

[Co(biur)y]~ as calculated with the parameters of eq 8. These states togetherThe orbital gy (bzg) is m-antibonding; its energy is the result of the even-
with a quintet state and a few singlet states are depicted in the center of nymbered ligand molecular orbitals, all of symmeiryin the ligand, the
Figure 6 at v = 1, x = 1). From left, the columns show the symmetry in  energy difference between the HOMOx(5) and the LUMO (6y) is >5.2
point groupDz, the energy of the state, the occupation number of the five ,m-1" accordingly, the latter has very little effect on the, @rbital.

d-orbitals (each accounts for two spin-orbitals), the change of occupation The arrows represent the distribution of electrons in the ground state, see
number when a state is excited from the ground state, and the polarizationTgpje 4.

of the electric transition moment with coordinate system as showih in

assignments of d-d transitions given byw =1 and 1= x = 0; for x = 0, one has no
22 Hzgl 1.9 um*(obsd) 11493&4m’1 Eca:cg; appr g“g%—f electronic repulsion, and the ground state is a spin singlet.
—3B1 .43 um~* (calc appr —dz — oy = . .
3B,—3B; 1.3um™!(obsd) 1.04um™!(calcd) appr @ dx Forw=x=1,eq 8. 'S. retrieved. . .
3B3—3B; L.lumt(obsd) 0.95um Ycalcd) appr g — dy We have used thkigfield program to test two interesting
3B2<— 3By 0.40um~! (obsd) 0.4Qum*(calcd) appr ¢ <—dz2 cases.

8B3<—3B; 0.3um™!(obsd) 0.3Qum Y(calcd) appr. e—dz

assignments of MCD transitions (for data, see Table 1) (1) If the energy difference between the ligand HOMO

1.83um* (obsd)Ae = +0.33 n? mol~X T dye— Srby, and_ LUMO is small, then the,gy) orbital may be a bonding
2.08um™* (obsd)Ae = —0.29 n¥ mol~* T2 dyz <= Sabyy orbital. The choicee, = 1.0yum™%, e, = 0.5yum, e, =
2.83um™1 (obsd)Ae = —0.08 n¥ mol~1 T-1 Oyy — 5bay _ 0.2y,um*1, BRracah= 0.08//tm71, andCracan= 3Bracanfor

0.25.m"%, respectively. This gives the ratio betwegand ~ VaYing values of the numbey, O <y, mimics this case.

7 parameters;(N-) = e /e, ~ 3, which may be compared The ensuing ground states as function of the parameter

with the following ratios which were found for a series of &€

chromium(lll)  coordination  compounds: r(H.0) 5 3 1

~ 4, 1(OH) ~ 4; r(F") ~ 4; r(ClI") ~ 7; andr(Br-) ~ B, (0 <y <0.65)"B;(0.65<y < 1.5), /A(1.5 <y)

1025 The ratio found here demonstrates that the ligand N . . ) )

in [Co(biur)] " is stronglyzr-interacting with the 3d-orbitals. ~ Showing that in thenolecules-in-moleculesodel the spin

This may well be the reason for the unusual geometry and triplet obtains a rather wide range of_ ligand-field parameters.

spin state for these cobalt(lll) coordination compounds. (2) The parameters of eq 8 but wigh = g, = 1.05um™*
Figure 6 shows an extended TanaiSigano energy-level ~ Yield @ Da, approximation to our actuaDz symmetry

diagram based on the parameters of eq 8. To create this, th@arameters. This set of parameters describes the case where

two dimensionless parametassandx are introduced the distance between the ligand HOMO and LUMO is large.
One finds the lowesiE (corresponding to the lowest pair of
e, =0.wum ' e, =1iwum e, =1.0mum* 3B; and3B,, see Table 4 and Figure 6) at 0,361~ above
0=<w=1 (%) the A, ground state. The nexXE is found at 0.9m™%.
1 1 These twdDs, transitions correspond to the infrared and near-
Bracan™ 005X um ~, Craeqn= 0.20xum infrared transitions described in this paper.
1=x=0 (9b) Determination of Parameters. It is not yet feasible to

All allowed values ofwv andx describe a planar coordination trarj[ﬁformtgll Tz/xi)etrlrpenltal data lnt(; ﬂ:ﬁ pa:cametetzrr]s na Str'ci
compound [Co(biug]~. The “weak-field scheme” is given mathematicavstatstical way, and thereiore, -the presen
analysis has been guided by comparisons with the literature

by 0 < w < 1 andx = 1; for w = 0, one has an accidental i - . .
degeneracy corresponding to spherical symmetry, and theand trial-and-error fitting to the observations. The analysis

ground state is a spin quintet. The “strong-field scheme” is (25) (a) Glerup, J.; Mansted, O.; Séfe, C. E. Inorg. Chem.1976 15,

1399-1407. (b) Schfer, C. E. Pure Appl. Chem197Q 24, 361—
(24) Larsen, E.; Thulstrup, P. Walton Trans.2006 1784-1789. 392.
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Figure 6. Modified Tanabe-Sugano energy level diagram. Left panel:
Energy levels for weak to moderate ligand fieldsOv < 1, x = 1. Right
panel: Energy levels for moderate to strong ligand figids 1, 1> x >

0. The dependence of the energy levels as functiong isfdefined in eq
9a and their dependence »fin eq 9b. The parameters describe a four-
coordinate planar species [Co(bigr);, only the lowest excited state, <
2.1um™1, are shown. The energies fav & 1, x = 1) are given in Table

Harnung and Larsen

that the observed difference in energy betwégnand®B,

is around 0.1um™* (vide infra), reflecting the difference,
0.10um™%, between ¢l and dx This observation excludes a
description using the point groupg,.

A good set of parameters is given in eq 8. Again we shall
stress thate, is not well determined from our observed
transitions. We believe from dissolving the positive CD
components in gaussians that-aditransition near 1.9m!
is seen under the charge-transfer band, and it is interpreted
as dy — de-y2 for which a CD is expected because of the
large magnetic transition momers, = 1.9/3~ 0.6 um™*
based on this assignment. From the infrared and near-infrared
transitions, we estimate, to be 0.7«um~1. The uncertainty
about the value o&, and in particular the position of the
de-y-orbital may be attributable to an interaction between
the 4s- and the set of totally symmetric 3d-orbitals:;z3d
and 3@. However, we have no experimental data that
indicate such an interaction, and we do not need it for the

4. Singlets are marked with green, quintets with blue, and triplets are shown description.

as red lines or black dashes. The red lines indicate levels to which transitions
are expected to be more intense. The heavy lines indicate ground states for

some choices of the parametevsand x. The observed triplet transitions
and the lowest spin singletB,, are labeled. Fo = 0, x = 1), one has

a spherical symmetricéelectronic system whose term symbols are shown
to the left. For (smallv, x = 1), one has the weak-field scheme, that is, the
symmetry of the complex is correct, but the ligand field is small. Here the
ground state is a spin quinté&. For (w > 0.88,x = 1), the spin triplet,
3B;, becomes the ground state. Far 1, x = 0), one has the strong-field

scheme, where the wave functions are single, normalized Slater determinants

A few are marked: (a)(de—y?)? (d2)2 (dz9? (d)° (dky)° |/+/6 giving rise to
11A, (b) [(de—y?)? (d2)? (dz)* (dyn)* (dy)° |/\/6 giving rise to 1°B; and 1
1B,, and (C)|(che—y2)? (d2)! (At (dyy)* (Oy)* |/+/6 giving rise to 1°A, 3 3A,
and 2'A. Only for (w = 1, x < 0.1), one has a spin singlet ground state,
1A,

includes experimental results of several, similar componds,
and this alone shows the qualitative nature of the fit. During
the work, we have also been guided by DFT calculatidns.
It has been pointed otétthat ligand-field theory and DFT

Electronic Ground State. The magnetic susceptibility
data show clearly that the electronic ground state is a spin-
triplet state. A general result of using the molecules-in-
molecules concept is the wide range of parameters allowing
a ground state triplet from the calculations. It is obtained by
use of quite realistic energy parameters as discussed in
connection with Figure 5 above.

" Table 3 shows a comparison of d-orbital splittings which
in each particular scheme of calculation give rise to a spin-
triplet ground state. It appears that neither the crystal-field
nor the extended Hikel MO method give a chemically
satisfactory ordering of the d-orbitals.

It is noted that there is no need to include spambit
coupling in our interpretations, but reservations to which
degree the 4s-orbital contributes to the energy of the a
orbitals must be made.

calculations stimulate one another, and we consider that one |ntensities of d—d Transitions. A necessary condition
way to pursue this point is to make analyses as done herefor an electronic transition to take place (i.e., being observ-

Parameter values in the rangespf= 0.6—0.8 um™2, Bracan
= 0.05-0.07 um™%, and CracallBracan= 3—4 are generally
accepted® and we have imposed these limits on the three
parameters. Accordingly, the following discussion is con-
cerned only with the limits of the twe, parameterse,
ande,.

All odd numberedr-orbitals in biuf~ contribute to the
ligand vy character, and all even-numbered orbitals
contribute to the ligandy character. Because the ur
HOMO (57) is of ¢ character and at a lower energy than
that of the 3d orbitals, one expectg(¢h) to be antibonding,
that is,e, > 0. Similarly, because the bitirLUMO (6x) is
of y character and of higher energy than that of the 3d
orbitals, one might expectgy) to be bonding, that isg, <

0. However, experiments indicate that the latter statement is

able) between states, whose wave functions are single Slater
determinants, is that the occupation number between the two
states differs by just onié.

Figure 6 shows part of the ligand field calculations. When
one “moves” in the “strong-field scheme”, that is, when the
parametek grows from 0 toward 1, the states become linear
combinations of Slater determinants. In this way, originally
forbidden two-electron transitions may borrow intensity and
allowed one-electron transitions may lose intensity. The most
intense of (the parity-forbidden)-et transitions are expected
to be those which have the change of occupation number
near one. Our results are shown in Table 4. Note the dramatic
reduction of the number of expected observabledd
transitions relative to the number, calculated in the ligand-

not correct. The free-biuret molecule has a strong absorption(26) Komorita, T.; Fuijita, M. B.; Kanamori, K.; Hayashi, S.; Shimura, Y.

(6t <— 5mr) above 5um™%. This large energy separation
between the & and 6t orbitals indicates very little interac-

tion between the 6 and the 3d orbitals. We therefore take
the d,(y) orbital to be antibonding as well, and the relation
e, > e, > 0 is suggested by the MCD. Note in particular

5172 Inorganic Chemistry, Vol. 46, No. 13, 2007

Bull. Chem. Soc. Jpril989 62, 2163-2172. The data are extracted
from Figure 1.

(27) (a) Craig, D. P.; Thirunamachandran, Molecular Quantum Elec-
trodynamics Dover: New York, 1998. (b) Avery, Xreation and
Annihilation OperatorsMcGraw-Hill: New York, 1976. (c) Occupa-
tion numbers are briefly discussed in Supporting Information, section
S6.
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field scheme. (In the%klectron configuration, a total of 210  two transitions from &by, to 3d,, 3d,; might look surprising,
functions gives (135/3- 1) = 44 triplet—triplet transitions but we were forced from this fact to considgr positive,
in the point groupD, without spin—orbit coupling.) Note that is, associated with an antibonding character of the 3d
also that the one-electron transitions which emerge from this orbital, because thesginteractions dominates over ther 6
analysis are exactly those that follow from a direct use of interactions. Accordinglye, — e, ~ 0.1 um™1. The differ-
Figure 5 (see also the caption to Table 4). ence between the mean of the first two MCD components
Assignments All M[Co(biur) ;] with M* equal to K, Cs', and the third one is close to Qu8n~1. This is the difference
EuN*, and BuN" possess very limited solubility in trans- we expect between the two ,3d3d,, orbitals and the 3g
lucent solvents. Therefore, we have measured the spec-orbital, and this defines the parametgr(see Figure 5).
tral properties of derivatives such as [®gfgn(biur))] ™, The CT absorption band near 2m' has two CD
[Co((%)-bn(biurk)]~, and [Co§S-stien(biur})] . The lower- components which may be assigned to the same transitions
ing of the symmetry group fror,, to D, is supposed to be  as those which gave rise to the MCD-spectrum.
of minor significance for energy levels but much more  Final Remarks. A recent DFT study of bis(biuretato)-
important for intensities and of course decisive for CD. The cobaltate(t) coordination compounds draws conclusions on
different complexes show spectra which are very similar, the mixing of cobalt(lll) 3d-orbitals and (biyf)” z-orbitals
but they are of course not identical. The variation between which are consistent with the ideas developed Aére.
spectral maxima shows that our ligand-field treatment has a From the Koha-Sham orbitals obtained from that study
natural limiting accuracy for the data from the whole group itis very clear that 2b,q and 4rb,g both have strong overlaps
of coordination compounds. with the d,-orbital, whereas the emptyb,g-orbital has a
The assignments of the-dl transitions have been guided significantly smaller overlap; this leads to the positive value
by the change in occupation numbers being close to one forfor e, The low-lying sb,-orbitals simply dominate the
the most intense transitions, see Table 4. It turns out thatoverlap. The &bz, has a strong overlap tgdust as also
only a few transitions among the many calculated ones are Lzhsg. Both 37hsg and rhsg have negligible overlaps with
expected to have an observable intensity. Using the fact thatd,, leading to the positive,. The 4s-orbital on cobalt(lIl)
the ground state is a spin-triplet, that the transitions at 0.3, participates in the gorbitals dominated by gand dz_2. It
0.4, 1.1, and 1.3m™* are d-d transitions, and that part of is generally accepted that DFT calculations produce results
the transition at 1.2m! is d—d as well, we have arrived at  that overestimate the covalency. This, we believe, is also
the assignment shown in Figure 6vat= 1, x = 1. the case for those computations which mix up to 20% of
The natural circular dichroism dfis shown in Figure 1.  4s-orbital into the d-orbitals. However, consistent interpreta-
In the 1.0-1.3 um™! region, the spectrum exhibits two tion of our experimental data need not invoke explicitly the
positive CD components separated by a shallow trough s-influence on the energy parameters.
indicating the presence of a negative CD component. We The molecules in molecules approach is easy to extend to
consider that this CD confirms the assignments for three out a ligand-field treatment of tris(didentate) coordination com-
of the four one-electron transitions. Recerfljthe CD in pounds of planarg-conjugated ligands

the infrared region has become available, and the lowest two  acknowledgment. Support from Danish Natural Science
d—d transitions are clearly discernible, see Table 1. A weak Research Council (21-04-0089) is gratefully acknowledged,

MCD at 1.3um™* has been observed. _ and E.L. also gratefully acknowledges COST D21 chemistry
The charge transfer (CT) spectra are ligand-to-metal cojjaporation for helpful discussions (D21-007). We thank
transitions. The MCD spectrum shows clearly thBegerm Professor J. Bendix for a copy of the program Ligfi#d.

components (peaks at 1.83, 2.08, and 2:88*) which are
assigned as excitations from an ungerade ligarathbital,
5nby, to 3dy 3d, and 3dy, respectively. The absorptions
up to 5um are likewise considered to be charge transfers
from, for example, #a, 37by, and ungerade ligand
orbitals to the 3d orbitals. The closeness (@i 1) of the (28) Harnung, S. E.; Larsen, E. Unpublished work.
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