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Ferrocenyl cobaltocenium hexafluorophosphate (1) and ferrocenylene cobaltocenylenium hexafluorophosphate (2)
are investigated by a range of spectroscopic methods. Both compounds are diamagnetic, in contrast to an earlier
report indicating a temperature-dependent paramagnetism of 2. Electronic absorption spectra of 1 and 2 are presented
and fully assigned up to 50 000 cm™ on the basis of electronic structure (DFT) calculations and spectral comparisons
with ferrocene and cobaltocenium. The lowest-energy bands, I, of both 1 and 2 correspond to metal-to-metal CT
(MMCT) transitions; further intermetallocene charge-transfer bands are identified at higher energy (bands Il and
V). On the basis of the spectroscopic properties, a trans geometry and a twisted structure are derived for 1 and
2, respectively, in solution. Analysis of the | bands gives orbital mixing coefficients, a., electronic-coupling matrix
elements, Vg, and reorganization energies, A. Importantly, o. and Vg are larger for 1 than for 2 (0.07 and 1200
cm~t vs 0.04 and ~600 cm™, respectively), apparently in contrast to the presence of one bridge in 1 and two
bridges in 2. This result is explained in terms of the respective electronic and geometric structures. Reorganization
energies are determined to be 7600 cm~* for 1 and 4600 cm~* for 2, in qualitative agreement with the analogous
Fe(I)—Fe(lll) compounds. The general implications of these findings with respect to the spectroscopic and electron-
transfer properties of bimetallocenes are discussed.

biferrocenium triiodide, for example, is charge localized at

Mixed-valent (MV) bimetall d heterobimetal low temperatures, exhibiting two discrete quadrupole dou-
ixed-valent (MV) bimetallocenes and heterobimetal- blets for Fe(ll) and Fe(lll). At a characteristic transition

locenes have been of continuing interest as mode_l SYStem%emperatureTc = 275 K, it becomes charge delocalized, as
for the study of electron transféOne of the most fascinating evident from the appearance of a single quadrupole dofiblet.

E)hhenor;lwegg assort]:latedl W'tP tfll_;;lé}ss (I)'f ct(_)mptounqts_ IS theNo line broadening is observed in the intermediate temper-
ermaly driven charge localizatisiuelocalization transtion -~y range which indicates that electronic relaxation is

Ef ferrpcbeinet ferrocetnluml\ggers wh|cr1 can ge .mt?]mltored always fast on the Mssbauer time scafeThese phenomena
y variable-temperature auer spectroscopyiethyl- have been interpreted on the basis of various theoretical

approache3®’The most comprehensive physical description
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treatment attributes the charge localizatiaelocalization

transitions to cooperative interactions between the bimetal-

Warratz et al.

The singly bridged bimetallocene FcCeP@) and the
analogous dibridged complex, BFFeCgRBE), were syn-

locene molecules in the crystalline solid which modulate the thesized according to published rodfé§ and investigated

energy differenceWV, between the minima of the double-
well potentials of the individual dimers. At low temperatures,
these potentials are asymmetric, anglis large compared

with a range of spectroscopic methods. In terms of the Robin
and Day classification schenfieferrocene-ferrocenium
dimers are class Il MV compounds which exhibit intense

to kT, corresponding to a charge-ordered state. Upon anand broad intervalence charge-transfer (IVCT) transitfons

increase of the temperatul&y decreases, eventually becom-
ing zero atT.. The situation at this temperature and above

in the VIS or NIR region of the absorption spectrdm.
Similar low-energy metat- metal charge-transfer (MMCT)

thus corresponds to a symmetrical class Il mixed-valent transitions should be observable for the Fe(Il)/Co(lll) het-

dimer (according to the Robin and Day classification

erodimetal compoundd and 2. It is known thatl is

scheme},leading to a charge-averaged state in the presencesolvatochromicd? but (as for2) no visible spectra have been

of fast relaxation.

The cooperative interactions determinifig sensitively
depend on the substituehtand the counteriod$ of the
FcFc™ dimers. To systematically modify these interactions
and thus obtain further information on their physical nature,
we are planning to dilute the ferrocenferrocenium (FcFt)
dimers in a matrix of the analogous ferrocemebaltocenium
(FcCc") compounds and investigate the charge localization
delocalization transitions of the resultingxedsystems. The
present paper is a first step in this direction, dealing with
the electronic structure of neat Fe(ll)/Co(lll) heterobi-

metallocenes. To this end, we investigate the two compounds,

ferrocenyl cobaltocenium hexafluorophosphate (FcGcBF

reported. A major goal of this study is therefore to present
and interpret these spectra, with particular emphasis on the
Fe(Il) — Co(lll) MMCT transitions. The corresponding band
positions, intensities, and widths are analyzed on the basis
of the Hush formula&® and orbital mixing coefficientsy,
electronic-coupling matrix elemenig,s, and reorganization
energies4, are determined fot and2. These spectroscopic
results are correlated to the electronic structures of both
compounds which are determined by DFT calculations, and
the general implications with respect to electron-transfer
phenomena in bimetallocenes are discussed.

Il. Results and Analysis

and ferrocenylene cobaltocenylenium hexafluorophosphate  NMR, Md'ssbauer, and Magnetic Characterization of

(BFFeCoPE, 2),'! containing singly {) and doubly bridged

1 and 2. The *H NMR parameters of ferrocenyl cobalto-

(2) ferrocene/cobaltocenium units. These heterobimetallic c€nium hexafluorophosphate (FcCePE) have been re-

MV molecules, composed of two closed-shéit-d® metal

ported beforé®> Well-resolved!H and 3C NMR spectr&®

centers, should be inactive with respect to electron transfercould also be obtained for ferrocenylene cobaltocenylenium

(i.e., the Fe(ll)— Co(lll) metal-to-metal charge-transfer

hexafluorophosphate (BFFeCaf?B), in contrast to an earlier

(MMCT) state should be thermally inaccessible with respect reporF.lz This suggests the is diamagnetic, analogous to
to the electronic ground state, at least below 300 K). In this 1. Mossbauer spectra df and 2 were recorded at 300 K

respect it is noteworthy that compouBdvas reported to be
paramagneti¢z**Magnetic moments Qi = 2.37 and 1.03

and low temperature’$.Quadrupole splittings ohAEq = 2.20
mm/s at 300 K and 2.27 mm/s at 10 K, as well as 2.47 mm/s

Gouy balance. This was interpreted in terms of a temperature-/Someric shifts and their temperature dependence are typical
dependent Fe(I Co(lll) < Fe(lll)—Co(ll) charge averaging for_thls class of compounds.The Moss_bauer data thus
process? The paramagnetism was also invoked to explain indicate the presence of an Fe(ll) low-spin state, as for other
that alH NMR spectrum of could not be obtained. Further ~ ferrocene derivative¥:?*Magnetic measurements on purified
support for the assumption of a valence-averaged system wa§amples of2 on a Faraday balance showed no detectable

derived from the crystal structure of BFFeCgPkhich
exhibits a remarkably similar lattice compared to that of the
analogous, valence-delocalized Fef()il) compound?® and

temperature-dependent magnetic moment within the tem-
perature range of 366100 K.
The combined NMR, Mssbauer, and magnetic suscep-

from the fact that electronic-coupling phenomena have also tibility data thus confirm an Fe(IyCo(lll) d°~d° closed-
been observed in other members of the bisfulvalene dimetalShell electronic ground state 2fwell isolated from the Fe(ll)

family .24
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Figure 1. Molecular orbital scheme of FcCcPFE) based on the optimized structure FeCl) along with internal coordinates. Arrows show the possible
transitions within the dimer from bands-lll and V (bands IV and VI are omitted for clarity).

Electronic Structures. More information on the electronic
structures oflL and2 is obtained through a combination of

dz orbital, and the metalligand bonding combinations of
Fe d. and g4, cpd; and cpg, Below these orbitals (all of

optical absorption spectroscopy and DFT calculations per- which are centered at the ferrocene subunit), the highest-

formed on modeld andll, respectively. A section of the
MO scheme of optimized structutecontaining all orbitals
with significant metal d contribution is given in Figure 1.
The coordinate system is oriented such thaithgis is along
the central G-C bond of the fulvalenide ligand and tlze
axis is perpendicular to the ligand plane. The HOMO and
HOMO-—1 of | are the nearly degenerate, predominantly
iron-centered orbitals,d 2 and dy ((B4Cand850), followed

at lower energy by a set of ligand functions (¢pé* the Fe

occupied orbital of the cobaltocenium moiety, one member
of the cpe set of ligand-type orbitals, is found. At even
lower energy, the almost degenerate Ce.d and d
functions are located. These four orbitals, completed by the
second cpg ligand-type function, are closely spaced in
energy. The lowest MOs of the cobaltocenium moiety

(24) The orbital designations are derived from those of the isolated subunits
ferrocene and cobaltocenium, respectively, haidagsymmetry (cf.
Supporting Information Figures S7 and S8).
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Figure 2. Molecular orbital scheme of BFFeCoPFB) pased on the optimized structure BFFeC@I ) along with internal and molecular coordinates.
Arrows show the possible transitions within the dimer arising from bandl &nd V (bands IV and VI are omitted for clarity).

considered here are the quasidegenerate set gfanpticpgl, and dz-) are occupied and two metal-type orbitals (i.e.,

metak-ligand bonding orbitals and the Cg @rbital. dy, and ¢, are unoccupied, abed® low-spin Fe(ll)-Co-
The LUMO and LUMOt+1 of 1 are formed by the metal (Il configuration results, in full agreement with the

ligand antibonding combinations cgdand cpgd,* of the experimental results.

cobaltocenium subunit@6]and [B7[) respectively. On the The MO scheme o2, based on the optimized structure

ferrocene side, the analogous combinations correspond to(ll) of its cation, shows that the addition of the second bridge
LUMO-+2 and LUMO+3 (880 and B9 respectively). leaves this overall picture more or less unaffected (Figure
Therefore, the MO scheme of the ferrocenyl cobaltocenium 2). The orientation ok, y, andzin Il is analogous to that in
dimer| can be considered to be a superposition of the MO [; for further reference, we also define a molecular coordinate
schemes of ferrocene and cobaltocenium (which are verysystem with X in the fulvalenidefulvalenide and Z in the
similar to each other; cf., Supporting Information for the metal-metal direction. The HOMO and HOM€EL of Il are
molecular orbital schemes), with all cobaltocenium functions again the iron-centered orbitalg gz [B3Cand dy, [B4L which
(occupied and unoccupied) shifted to lower energy because . — ,

of the higher effective nuclear charge of the central atom. tThge r'ﬁ&j”fﬁg}’;gg Olfsth%%o ﬁrg}\tﬂag pingle fg%’;%ggﬁ?ug‘eum?wgr
As on both subunits, three metal-type orbitals (i.e,, dly, therefore calculated to be of ligand type.

2534 Inorganic Chemistry, Vol. 45, No. 6, 2006
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Figure 3. UV-vis spectra of FcCcPF6) and BFFeCoPF&, along with

25000 15000 10000

those of the parent compounds, ferrocene (Fc) and cobaltocenium hexafluo-

rophosphate (CcPF6). See text for band assignments.

are close to degenerate. At lower energy, ligand-type MOs
corresponding to the ferrocene gperbitals are located
(HOMO—-2, HOMO—3). HOMO—4 represents the iron-
centered d orbital, whereas the bonding combinations of
the bisfulvalenide orbitals with the iron.gand d, orbitals

are almost degenerate, forming HOM6 and HOMG-6.
Below these mainly ferrocene-type orbitals, the cobalt-

centered functions are located, the energetic sequence of

which is slightly different. In particular, the Co(lll) d orbitals
are shifted to lower energy than the ¢pkgand orbitals,
such that one of the latter orbitals is at highest energy (vide
supra). Moreover, thedorbital is at lower energy than the
cpd,; and cpg, metal-ligand bonding combinations.

The LUMO and LUMOG*H1 of Il are the metatligand
antibonding combinations of the Cg,dnd g, orbitals (850
and [B6L] respectively). Like their metalligand bonding

5000 -

/A —— BFFeCoPF,

4000 - : [ A - == Fe

€ [M'lcm"]

1
10000

T
25000
Wavenumbers [cm'l]

20000

Figure 4. Detailed plot of the UV-vis low-energy region of FcCcPF6

(1) and BFFeCoPF62), along with those of the parent compounds,
ferrocene (Fc) and cobaltocenium hexafluorophosphate (CcPF6). See text
for band assignments.

Table 1. UV—Vis Data for FcCcPF (1) and BFFeCoP§(2), as well
as for the Parent Compounds, Ferrocene (Fc) and Cobaltocenium
hexafluorophosphate (CcBPF

Ama{nM] (€max[M 7lcm71])

acetonitrile dichloromethane

compound

FcCcPR 192 (33 000), 210 (25 000), 354 (4570), 425 (1200),
230 (15 500), 255 (1300), 580 (2440)
284 (15 600), 347 (4650),

424 (1270), 552 (2480)

BFFeCoPE 192 (21 000), 206 (18 000), 274 (8700), 405 (780),
220 (14 500), 272 (8200), 691 (320)
412 (1000), 659 (420)

Fc 199 (26 000), 237 (3550),  327(68), 442 (88)
326 (70), 442 (90)

CcPR 192 (6550), 217 (1674), 302 (910), 405 (200)

263 (30 000), 301 (1000),
404 (210)

counterparts, these orbitals are nearly degenerate; this alsindividual transitions. Although the absolute values of the

applies to the metalligand antibonding g and g, orbitals
of the iron subunit (LUMG-3 and LUMGO+4). In summary,
three metal-type orbitals &l dy, and d2-?) are occupied
both in the iron and the cobalt subunit. Theahd g, orbitals
of the metals interact with the bisfulvalenide ligands to form
two (predominantly ligand-type) bonding combinations
which are occupied and two (metal-type) antibonding
combinations which are empty. Compl2xherefore can be
described by an Fe(Il)édCo(lll) d® low-spin configuration,
analogous td and again in agreement with the experimental
results.

Electronic Transitions. The MO schemes dfandll and

theoretically determined transition energies differ appreciably
from the experimental data, they provide information regard-
ing the energetic sequence of the electronic transitions.
Gaussian fit analysis of the spectraloAnd?2 are presented

in the Supporting Information.

The singly bridged compound, exhibits characteristic,
intense colors in various solvents. The solvatochromism of
this compound is already evident from the fact that the
compound gives a blue solution in dichloromethane which
turns purple when a more polar solvent is added. With respect
to the constituent complexes, compouhdnost conspicu-
ously exhibits two new absorption features at 18 115%tm

the optical absorption spectra of ferrocene and cobaltocenium(552 nm, band 1) and 28 782 crh (347 nm, band I,

form the basis for a detailed analysis of the electronic
transitions ofl and2. Figure 3 gives the absorption spectra
of FcCcPFk (1) and BFFeCoP§(2) along with those of the

acetonitrile solution), both of which exhibit solvatochromic
behavior (cf. Figure 5). In contrast, there are other bands in
the spectrum of (i.e., band Il) which are not solvatochromic

constituent monomeric metallocenes, ferrocene and cobal-and most likely correspond to transitions of the individual

tocenium hexafluorophosphate; a blow-up of the lower-
energy region is shown in Figure 4. It should be mentioned
that there are no further transitions at lower energy in the
NIR region. Band positions and intensities are collected in
Table 1. Table 2 contains results of time-dependent DFT
(TDDFT) calculations together with assignments of the

constituent metallocenes, ferrocene and cobaltocenium. At
higher energy, ferrocene and cobaltocenium salts have intense
absorption bands at 50 000 ci(exhibiting two shoulders

at 37 700 and 41 700 cr®) and 38 000 cmt, respectively,
which have been assigned to transitions from the (metal
ligand nonbonding, ligand-type) cperbitals to the (metat

Inorganic Chemistry, Vol. 45, No. 6, 2006 2535
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Table 2. Band Assignments and TDDFT Predictions for the Optimized Structures'F¢€and BFFeCo ()

FcCCr (1) BFFeCd (Il)
exptl energy TDDFT energy exptl energy TDDFT energy

band (cm™) assignment (cm™1) (oscillator strength) (cm™) assignment (cm™?) (oscillator strength)

| 18115 MMCT 12 674 (0.0015) 15174 MMCT ~10 000 (0)
HOMO—-LUMO HOMO—-LUMO

1] 23181 intraMc-LF ~16 500 (0.0010) Fc 24 813 intraMe-LF ~16 100 (0.0001) Fc
transitions ~17 400-20 900 transitions ~18 000-22 000

(0.0002-0.0034) C¢ (0.0004) C¢

1] 28782 interMc-LMCT 23000 (0.0114) 34 055 interMdLMCT 18 900 (0.0003)
cpe'Fe— LUMO cpe'Fe— LUMO

Vla 34738 intraMc—LMCT - 36 692 intraMc—LMCT N

Vi 3891 cpe’®— LUMO 18000 (0) 4167 cpa’®— LUMO 21000 (0)

\% 43 145 MMCT 26 000 (0.0030) 45734 MMCT 28900 (0.0078)
cpde— LUMO cpdSe— LUMO

Vla 46 895 intrMc—LMCT 49 641 intrMc—LMCT

Vi 51 572} cpe’Fe— LUMO+2 not calcd 5267 cpe'Fe— LUMO+2 not calcd

ligand antibonding, metal-type),dand d, orbitals (i.e., The absorption spectrum of the doubly bridged compound

LMCT transitions)?®?” These transitions appear at compa- 2 is analyzed in a similar fashion. A new feature appears at
rable energies in the spectrum hfin agreement with the 15 174 cnt? (659 nm, acetonitrile solution) which is likely
molecular orbital scheme shown in Figure 1 which indicates of the same origin as band | dfand is therefore denoted
an energy difference of about 40 000 chbetween these  similarly. The presence of this absorption band is already
orbitals (somewhat less for the Co unit, somewhat more for evident from the fact that the color of BFFeCeR§ deep

the Fe unit). However, both the ferrocene and cobaltoceniumgreen, whereas cobaltocenium hexafluorophosphate is yellow
LMCT bands are split in the spectra bfand2 because of  and ferrocene is yellow to orange. Further investigation of
the symmetry lowering in the dimer (cf. Figure 3). We the absorption spectrum @fin different solvents reveals a
assume that band IMocated at about 34740 cthin 1 gjight solvatochromism of this band. A red-shift of about
represents thg Iowest—energy component of this set of700 cnrt is observed, for example, upon changing the
transitions. This feature and its counterparp lcated at  gqyent from acetonitrile to dichloromethane. The higher-
somewhat higher energy (38 910 cihare assigned to the  gnergy hand Il is in principle consistent with transitions of

split LMCT .transmons within the cobaltocenium subunit. the individual parent metallocenes, slightly shifted in energy

Corresponldlngly, bgnds ¥and V.Ib located at.46 900 and in the coupled system. Gaussian fit analysis (see Supporting
51572_cm , respectively, are a53|gned to the ligand-to-metal Information) reveals the presence of an additional band at
transitions of the ferrocene subunit. Between bands IV and about 34 050 ¢ which probably corresponds to band Ill

VI, at 42 130 cm?, is an additional feature (band V) which . . . o
. . o e . in the spectrum of and is assigned to the respective interMc
is attributed to a new transition within the dimer. On the " . :

transition from the iron to the cobalt moiety. Further

basis of the molecular orbital scheme and TDDFT calcula- transitions at 36 700 and 41 680 chare assigned to the

tions (cf. Table 2), this band is assigned to an intermetal- ~ =~ : .
locene (interMc) transition from the occupied gptlorbital split intrametallocene (cobaltocenium) LMCT transition
bands, I\4 and IV,. The same applies to bands,\And Vi,

into the empty cpg*©° orbital, the LUMO of1 (cf. Figure i i ) .
1). Another interMc transition is associated with band Il which are assigned to the corresponding ferrocene transitions.
Band V at 45740 cm, finally, corresponds to a new

(vide supra), which on the basis of the MO schemé of
assigned to the transition from the ferrocene ligand orbitals
cpe'™ to the cobaltocenium LUMO. The ferrocene-to-
cobaltocenium charge-transfer character of this band is also
evident from its solvatochromism (Figure 5). Solvatochromic
behavior is also observed for the lowest-energy transitions
of 1 (band I) which is assigned to transitions from the
ferrocene-centered HOMO to the cobaltocenium-centered <= 3w
LUMO. This low-energy MMCT transition corresponds to -
the IVCT bands of homometallic MV dimers. The remaining
band Il can be attributed to ligand-field (LF) transitions
within the ferrocene and the cobaltocenium subunits which
obviously are little affected by the coupling of the two 10009
subunits (vide infra).

dichloromethane

~~~~~ acetonitrile

4000 .

0 . T . . : T - ]
30000 25000 20000 15000 10000

(26) Sohn, Y. S.; Hendrickson, D. N.; Gray, H. B.Am Chem. So0d 971, W b .
93, 3603. avenumbers [em ]

(27) Like the ferrocene CT transition, this band has an additional shoulder Figure 5. Solvatochromism of the low-energy bands | and Ill of FcCcPF6
(at ~32 500 cnr?). (2) upon going from acetonitrile to dichloromethane.
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transition within the dimer and is assigned to the,gj5d¢~ Scheme 1. Schematic Representation of the MO Schemes of a
cpd.*©° interMc transition, in analogy td. Closed- and Open-Shell M(F)M(IIl) Mixed-Valent Dimer

To conclude, the spectra éfand2 can be fully assigned, - -
based on the spectra of the constituent metallocenes and the — —, - #— - %
MO schemes ofl and Il, respectively. Apart from the
intrametallocene (intraMc) ligand-field transition Il and the % % . % %

split intraMc LMCT transitions IV and VI, new intermetal- % % % % % = % % $—%%

locene (interMc) bands |, 1ll, and V are identified for both

1 and2 which in turn can be of MMCT (bands | and V) or

of LMCT type (band Ill). Each of these interMc bands can % % %
be used to evaluate specific orbital interactions between the
two metallocene subunits dfand2, as shown in the next
section.

Evaluation of the Electronic Interaction (Vg4,) and
Orbital Mixing Coefficient ( a) for 1. As an example, we —_— — _— —
analyze band | of compouridwhich is associated with the
HOMO—-LUMO transition. In the Cs symmetry of the +< .......... % _ﬂ_ _ﬂ_ ﬂ_ ‘T‘
optimized structurd (Figure 1), the @2 and d, orbitals —

mix so that the Fe,d ,>-type HOMO has a contribution from %

_ﬂ.
the Co d,type LUMO and vice vers&?° % -ﬂ' 'ﬂ' ‘ﬂ‘

Co(Ill) - Fe(ll) Co(ll) - Fe(Il)

_ 2 F C
HOMO =+v1 - a’d, *—ad,, 1) Felll) -  Fe(Il) Fe(l) -  Fe(lll)
LUMO = V1 - od,° + ad,, ;" ° %) with the full width at half-maximum (fwhm), frequency (in

wavenumbers), and maximum intensity (in units of '™
The transition dipole matrix element between these two cm2) of band | denoted byA1/, Pmax andemay respectively.
orbitals is approximately given by Combining egs 6 and 7 and solving faryields

[HOMOJx|LUMOT= v 1 — oa(Md, . luld, . T Vo= 2,055 102 [cmaiye ®
. [~z
r Vmax

@, %luld, ) ~ ar (3)

with the metat-metal distance being denoted byThe same  or, with the electronic coupling matrix eleme¥fs, between
holds for the HOMG-1 [B40and the LUMOF1 B70(Fe de-2¢ and d.°° being related to the orbital mixing coef-
dy and Co ¢, respectively) both of which have "A ficient, a, by

symmetry. In this case, howevéBALis totally localized on

the Fe and870totally on the Co subunit-¢o = 0) such o= Vasl _ [Hasl _ |,y H| ] ©
that the transition dipole matrix element vanishes. Now, the Vmax  NPmax g[e7
electronic ground state is given by
—2oV EmaxA1/21~/max
s 4 . V2V,g =2.05% 100 == (10)
P=>=| HOMO HOMO| 4) r
and the singlet HOMGLUMO excited state by These expressions differ from those given by Hégly the

factor v/2 which derives from the fact that the excited state

WES = i{ |HO+MO LUMO| — [HOMO LUI\7IO|} () corresponds to a linear combingtipn_of two Slater determi-

J2 nants (eq 5, cf. Scheme 1). This is in contrast to an open-

shell mixed-valent dimer where both involved states are

such that single determinants and, upon the IVCT transition, the

s Es location of the SOMO shifts from one metal to the other.

Y ®S|u| W= v2[HOMOu|LUMO = v2ar () Similar to the IVCT state of a homometallic MV dimer,
however, the HOMG-LUMO excited state of compount

has the same symmetry as the ground state and thus mixes

with this state. In a valence-bond configuration interaction

On the other hand, the intensity of band | is given by
(Gaussian band shape)

Bandl _ ~S\AS — —

I = f;aandle(v)dv =1.06% Ay, = (28) The orbital mixing coefficienty, is defined as being positive; the

GS ES - particular phases irl and 2 derive from the fact that the two
| | W [l]22-511>< 103Vmax = metallocene units are connected via the cp rings and not via a direct

~ metal-metal interaction.

2|EH'IOMOW|LUMOD]22'511X 1031"maxz (29) It is assumed that thé"dand ¢° orbitals are admixed with ligand

22 ~ (cp) orbitals as in ferrocene and cobaltocenium, respectively (i.e., we
20°1°2.511x 103Vmax ) are effectively considering subunit MOs).
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(VBCI) type formalismi®3!the (unperturbed) Fe(I)Co- Table 3. Symmetries of Involved Frontier Orbitals for the Optimized

(I) singlet excited state is admixed with the coefficient Structures FeCe(l) and BFFeCo (II)

V2a to the (unperturbed) Fe(H)Co(lll) ground state, FcCcPR(1) BFFeCoPE (2)

which can be seen by inserting the MOs (1 and 2) into the Cs Co Co (twisted)

GS wave function (4) and expanding the Slater determinant, Homo A Aq A

giving LUMO N o 5
HOMO-1 A" B. B
LUMO+1 A" A, A

+ —
1
WS = (1 - o?)|dy, . °dp ) — V20— . . :
( Jde-ye " deye J2 orbitals are located at different metal centers. The matrix

+ elements in the two intermediate terms are about equal

+ - - + -
{l dxz_yzFe dxzco| _ |dx2—y2Fe dXZCo|} 4 0‘2|dxzco dXZCo| ~
+ Fe N Fe, 1 + Fe 7C0 |i’XZ—yZ':eL[’{|dxz':e[l;§$ Eﬂ><2—y200|;u|dxzco|:|E |]jXZ—yZM|/"|d)<zM|:| (15)
|dxzfyz dxzfyz | — ‘/Ea_“dxz—yz dxz | —
V2 . (M = Fe or Co). Omitting quadratic terms, eq 13 thus can
| dxz—yzFe 4. @11 be reduced to
M M
Evaluation of Vag and a for 2. Application of the HOMO|LUMOTR —(& + n)lte-e” I, "0 (16)
treatment of the previous section to compo@ns somewhat  Therefore (cf. eq 7)
more involved. The symmetry of the optimized structlire
is close toC,,. As f(_)r compound., the frontier orb!tgls which 1Bandl = 2(2.511x 10%,,,)(E + ;7)2|ij27sz luld 0P (17)
have to be considered for the MMCT transition are the
HOMO and HOMO-1 as well as the LUMO and the This expression can be evaluated by comparison with that
LUMO+1. Both pairs of orbitals are nearly degenerate, accounting for the intensity of band II. In the fully symmetric
having A (HOMO), B, (HOMO—-1), B; (LUMO), and A dimer, this absorption feature is the result of the combined,
(LUMO+1) symmetries (cf. Table 3). As mixing between intraMc LF transitions from the ,d 2/dy, set of highest-
the ground and excited state can only occur within wave occupied to the gd,, set of lowest-unoccupied orbitals of
functions of the same symmetry, a ground-to-excited-state the ferrocene and the cobaltocenium subunitsCinsym-
interaction is impossible for compour2dn the point group ~ metry, only the ¢z — di; and the ¢, — dy; transitions are
Ca, excluding the possibility of an intense low-energy ED-allowed; therefore
MMCT transition to account for band I. Bandil o o o
Nevertheless, there are two electric-dipole-allowed (ED- 1 = 2(2.511x 10,5, " {1 o ueldy, TIF +
aIIoweltlj) trafnsitiotr;]s fﬁg J&H[ggﬂm?ﬁo trsbtéhﬁ?ggg I@Xz_wc‘)l /4|dsz°[U2 + mxyFelﬂl dyZFe[uz 4
as well as from the o the Co Cory IO
both of which are X-polarized (i.e., in the fulvalenide [y~ luelly, T} =2(2.511x 103vmax ) x
fulvalenide direction). In practice, however, the HOM® {2/, " |uld'OF + 2|0 |uld,, 'O} (18)
[B30— LUMO-+1 [B6ltransition will be of vanishing ED o . .
intensity asB3Jis almost totally localized on the Fe and | € relative intensities of thed— dy, with respect to the
[B6Calmost totally on the Co side. Thus only the HOMO ~ 9¢-y — Gx transitions are unknowdt.For an estimate of an
LUMO transition (84— [85Cneeds to be considered for UPPer limit of the intensity of band I, however, it can be
band I. To this end, the composition of the HOMO and the Stated (asSUMiNGmax ~ Tmax')
LUMO in terms of the subunit orbitals is explicitly formu- &+ ’7)2

lated® {Bandi _ : |Bandl (19)

HOMO = V1 - £d, ,"°— &d, ,"° (12) The valuest andy as derived from the DFT calculation are
0.12 and 0.34, respectively.In Cy, symmetry, the ED
and intensity of band | thus should be less than 10% of the
intensity of band II. As the observed intensity of band | of
LUMO =1 — 5%d,>°— nd,/® (13) compound?2 clearly is above this limit, the remaining
intensity must be the result of an IVCT-like MMCT transition
The electric dipole matrix element for the HOMQUMO

transition within the dimer thus can be expressed as (30) Tuczek, F.; Solomon, E. I. I@omprehensie Inorganic Chemistry
II; Lever, A. B. P., Ed.; Elsevier: New York, 2003; Vol. 1.
(31) Tuczek, F.; Solomon, E. Coord. Chem. Re 2001, 219-221, 1075.

HOMO|u|LUMO= V1 — 52\/ 1-— ;72|]sz_ 2F9|‘u|dXZC°|:]— (32) The ED intensity of all of these transitions is the result of the admixture
\/_ \/_ y of ligand (cp) orbitals and the loss of inversion symmetry in the
_ g2 Fe Fe_ 2 Co Co coupled system.
1-¢ ﬂ@xz_yz |ﬂ|dxz T 1=m Em”‘z—y2 |‘u|dXZ LH (33) These values have been derived from the ratio of the coefficients of
5,7@ ) 2C°|/¢|d FED (14) the pure Fe and Co d orbitals (see Supporting Information for these
Xy xz values) in the HOMO and the LUMO, assuming that these coefficients

. . are proportional to the coefficients of the corresponding mdigand
The first and last terms can be neglected because the involved  admixed subunit orbitals, in the sense of ref 29.
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which only can occur in a symmetry lower than,COn the Table 4. Results of the Hush Analysis of the | Bands for FcCeRH
basis of the X-ray structure informati&nof compound2, and BFFeCoP§&(2) in Acetonitrile and Dichloromethafe

we assume that this is the twisted geometry which lowers acetonitrile dichloromethane
the symmetry oR to C,. In this point group, the symmetries FcCcPk BFFeCoPE FcCcPlk BFFeCoPk
of the HOMO, HOMO-1, LUMO, and LUMO+1 are Pmax (CM™)/ 18 115 15174 17 241 14 471
modified to A, B, B, and A, respectively, such that totally ~ (emax(M~*cm™))  (2480) (420) (2440) (320)
symmetric excited states result from HOM® LUMO+1 Aufexptl 4670 5060 4550 4580
and HOMGO-1— LUMO transitions (cf. Table 3). The latter Ao 10564 10564 10644 10644

interaction will be stronger because of overlap considerations, (cm™)

and corrgspondingly, the IVC_ZT-Iike _I\/_IMCT_ transition will (cmY) 7551 4610 6596 3826
be more intense. Note that this transition will be Z-polarized A, ,(theo) 4176 3263 3903 2972
(i.e., along the metalmetal vector), in contrast to the ED-  (cm™)

allowed HOMO-LUMO transition which is X-polarized z/c’*r%,l) 1301 671 1243 543
(i.e., along the fulvalenidefulvalenide direction) a 0.07 0.04 0.07 0.04

For both compound and 2, the parameters. and Vag
therefore can formally be evaluated from eqgs 8 and 10, with
the understanding that the values obtainedZXaoepresent (a)
upper limits (i.e., some of the intensity of band | in compound
2 may be due to the X-polarized ED-allowed HOMO
LUMO transition, which is not accounted for by this
evaluation). For, the metat-metal distance can be taken
from the crystal structuté (3.879 A) as the cation is very
rigid. For compoundL, an estimate of is more difficult.
Although for bimetallocenic compounds trans configurations
have been shown in the solid stétef is possible that in /
solution a cis configuration is present. In this case, a >

. . . . nuclear coordinate Q nuclear coordinate Q.
distribution ofr values ranging from 3.9 to 5.1 A would . . . . ,
. . 2 . . Figure 6. Potential-well diagram representing (a) a symmetrical and (b)
have to be considered, being limited by the possible distancesan unsymmetrical class Il mixed-valent dimer.

in the cis and trans conformers &f From the solvato- ) ]
chromism of band I, on the other hand, it can be determined Monomeric unsubstituted metallocenes (ferrocene/ferroce-

that 1 exhibits a trans configuration in solution (see below). Nium vs cobaltocene/cobaltocenium) this difference is 1.31

Therefore a metaimetal distance of 5.1 A is applied for V' in acetonitrile and 1.32 V in dichloromethaffeBased
the evaluation ofx. on these values, the reorganization enerdieare 7551 and

collected in Table 4. The values of the delocalization !N dichloromethane] values of 6596 and 3826 cthfor 1

parametersy, reflect a small, but significant, communication @nd2, respectively, are obtained.

2Values of AG° were taken from ref 35.

b (b)

free energy
free energy
3

between the metallocene subunits, withbeing larger for The reorganization energy,, has an inner-sphere and
the singly bridged dimer than for the doubly bridged dimer. Outer-sphere pait
Nevertheless, both systems can be regarded as essentially A=A+ (22)

I (o]

being localized on the Fe(HCo(lll) side, in agreement with
the NMR, Mtssbauer, and magnetic susceptibility data. ~ The outer-sphere reorganization energy can be evaluated,
Evaluation of Reorganization Energies.According to using a dielectric continuum model for the solvent, according
HusH® the optical transition energy to eq 23 where the values, a, andr represent the radii of
E —ho. . —hcl 20) the two _redox-active moieties and the distance be_twe_en them,
op max respectively, angy andDs are the solvent’s refractive index

: : and dielectric constant, respectivel
of a symmetric homonuclear mixed-valence system corre- P y

sponds to the reorganization energy, (cf. Figure 6). 2 1 1 1\/1 1
Introduction of an inequivalency in the coordination spheres Ao = (gl + a, F)(ﬁ_z N SJ (23)
leads to the expression
According to eq 23 there should be a linear relationship
Ve = A + AG® (cm ™) (21) between the outer sphere reorganization energy and the

_ _ _ _ solvent function (1> — 1/Ds). As the variation oAG® with
where AG® is the difference in zero-level energles of the the solvent is very small, a linear re|ationship is also
ground and excited electronic state as shown in Figure 6.
The value ofAG® can be estimated from the difference in ggg garlotw, giljnorg-IChem éﬁol fgé;%?i

. . . reutz, rog. Inorg. em , L.
the redox potentials of the isolated subunits. For the (37) The electrochemically derived values &6° as taken from ref 35

are nearly solvent independent, therefore a mean value of 10 600 cm
(34) MacDonald, A. C.; Trotter, JActa Crystallogr 1964 17, 872. for AG® has been taken.
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Figure 7. Variation of the maximum of bands | vs solvent function. See
text for more details.

expected betweebnaxand (14?2 — 1/Ds), with the intercept
corresponding tali + AG® (cf. eq 21). Figure 7 shows a
plot of the frequency of band Py versus (1% — 1/Dy)
for several solvent® Linear regression analysé®f these
data give inner-sphere reorganization energlesof 6193
cm! for 1 and 3562 cm! for 2 (cf. biferrocenium 3530
cmY)*%and outer-sphere reorganization energigspf 1358
and 1048 cm! for 1 and 2, respectively!

Within a series of ions having identical anda, values,
the slope of the transition energy versusyflt 1/Dg) is
correlated with the distance between the two redox centers
In the case of the very rigid cation BFFeC(2), the metat-

metal distance can be taken from the crystal structure (vide

supra)!® The linear regression analysis gives a slope of 1959
cm! for 2. With a value of 2550 cm, the slope is about
1.3 times larger for FcCc (1). From this information a
metametal separation of 5.04 A between the two redox
centers ofl can be inferred. This value is very close to that
expected for a trans conformation and has been used in th
evaluation ofo. for compoundl (vide supra).

In the Hush treatment, finally, the value bfs related to
the theoretical line width of the IVCT band according to

A1~’1/2(theo)= V23101

Gaussian fit analysis of band | reveals experimental line
widths of 4670 cm? for ferrocenyl cobaltocenium hexafluo-
rophosphatel) and 5060 cm! for ferrocenylene cobalto-
cenylenium hexafluorophosphat®);( both measured in
acetonitrile solutiorf? The theoretical values as derived from
eq 24 are 4176 and 3263 cirespectively. Thus, in both

(24)

(38) The values ofy andDs were taken from the following: (a) Chang, J.
P.; Fung, E. Y.; Curtis, J. norg. Chem 1986 25, 4233. (b)CRC
Handbook of Chemistry and Physi€&th ed.; CRC Press, Inc.: Boca
Raton, FL, 1987.

Warratz et al.

cases, the theoretical bandwidths are smaller than the
experimental values (deviation 10 and 35%, respectively).
A possible reason for the larger discrepancy between the
theoretical and experimental line widths 2ncould be the

fact that band | in this system is the result of a low-symmetry
distortion (twisting), giving rise to a distribution of transition
energies and therefore an inhomogeneous broadening of the
optical absorption band.

I1l. Discussion

In the preceding sections, the electronic structure and
spectroscopic properties of ferrocenyl cobaltoceniung PF
(FcCcPE, 1) and ferrocenylene cobaltocenylenium sPF
(BFFeCoPE, 2) have been determined. On the basis of the
results of the Mesbauer and NMR spectroscopy, as well as
the magnetic measurements, it is concluded that both
FcCcPFk and BFFeCoP§are diamagnetic low-spin Fe(H)
Co(lll) ds—d® systems. Nevertheless, there are appreciable
electronic interactions within the metallocene subunitg of
and?2, which can be inferred from the presence of intermet-
allocene (interMc) transitions in the VIS/NIR region of their
optical absorption spectra (bands I, lll, and V). The respective
lowest-energy components of these new absorption features,
band I, have metal-to-metal CT (MMCT) character and
correspond to the IVCT transitions of homonuclear class Il
mixed-valence (MV) systems. It is shown in this paper that
the former bands can be analyzed in a manner similar to
that for the latter ones, applying a formalism related to Hush

‘theory!® The resulting orbital delocalization parameters,

and electronic-coupling matrix elementsg, are associated
with individual orbital interactions in the dimer, analogous
to the IVCT transitions of MV systems which provide
information on the respective HOMESOMO interaction.
This way,a parameters of 0.07 and 0.04 are obtainedifor
and 2, respectively, which reflect the HOMELUMO
interactions of these systems. In principle, the other interMc

eoands, Il and V, can be analyzed in a similar manner,

providing information on other orbital interactions.

Thea values obtained from the analysis of the | bands of
1 and2 are on the same order of magnitude as those found
by application of the Hush model for the corresponding diiron
(Fe(I)—Fe(lI) cations, biferrocenium (FcF¢ 0.09) and
bisfulvalene diiron (BFD, 0.09)*3 This is surprising as the
Fe(I)—Co(lll) systems exhibit large differences in zero-point
energies AG®), which are zero in case of the homometallic
analogues; a comparable electronic-coupling matrix element,
Vg, therefore should lead to much highewalues for the
Fe(Il)—Fe(lll) systems than for the Fe({)Co(lll). In fact,
if a vibronic model (PKS; Piepho, Krausz, Schétzis
employed to analyze the IT bands of FéRand BFD™ and
the resultingl ande values are converted tq delocalization
parameters of 0.35 and 0.43, respectively, are obtained which

(39) Since in dichloromethane solution the observed transition energies in are almost 1 order of magnitude larger than those resulting

metallocenic systems often show a stronger red shift than the expected
one, this value has not been taken into account for the linear regression

(ref 1g and references therein).

(40) Powers, M. J.; Meyer, T. H. Am. Chem. Socl978 100, 4393.

(41) Only the acetonitrile data were taken into account for the known
reasons.

(42) In dichloromethane, the bandwidths are significantly smaller.
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(43) McManis, G. E.; Nielson, R. M.; Weaver, M. lhorg. Chem.1988
27, 1827.

(44) Piepho, S. B.; Krausz, E. R.; Schatz, P.JNAmM. Chem. So0d 987,
100, 2996.
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ande values indicate that FcFand BFD are at the class  of coupling between the redox centers. The homonuclear
Il —class Ill borderline and suggest that the Hush model is bimetallocenes biferrocene and bisfulvalene diiron, for
no longer applicable. Moreover, in contrast to the result example, show differences in redox potentials of the two
obtained by the Hush model, a significantly larger metal iron centers of 0.33 V for the singly bridged and 0.59 V for
metal interaction is obtained for the doubly bridged Fefll)  the doubly bridged compound, indicating a greater stabiliza-
Fe(lll) system, compared to the singly bridged one. Similar tion of the cation in the latter systethThe differences in
results have been obtained from a gas-phase photoelectrotthe electrode potentials of the corresponding Fe@p(l11)
spectroscopic investigation of biferrocene and bisfulvalene compoundsl and?2 are 1.58 and 1.64 V, respectiv&lyvs
diiron, where it was concluded that FcFand BFD™ should 1.31 V for the isolated metallocen&syide supra). These
be described as class Ill systems in the gas pffase. datawould suggest an electronic interaction within the doubly
Therefore,a values for strongly coupled MV biferrocene bridged Fe(l1}-Co(lll) dimer almost identical to that of the
systems based on the Hush model are systematically toosingly bridged one. However, the changes in half-wave
small ando values derived from the PKS treatment should potentials are due to different contributions: electronic
be used for comparison with isoelectronic heterobimetallic interactions over the bridge, possible direct metaktal
systems. This might be different for bimetallocene systems interactions, and an electrostatic interaction resulting from
with saturated carbon bridging groups which a priori are more the charge of the neighboring unit. As the sign and magnitude
localized. In that case, the value of a heterobimetallic  of the individual components is unknown, this experimental
system was in fact found to be in the same order of result also may be the result of a cancellation of opposing
magnitude as those of related (homobimetallic) diiron effects. The optical absorption features analyzed in the
systems>47 Regardless of the model applied, however, it present paper, in contrast, allow one to directly assess the

appears that electronic interactions in CotlQo(lll) bimet- strengths of individual orbital interactions in bimetallocenic

allocenes are larger than those in the corresponding Fe(ll) dimers.

Fe(lll) dimers? In summary, thex values for the Fe(I5- Reorganization energies, of 7600 and 4600 cnt were

Co(lll) dimers 1 and 2 are thus smaller than for both the found for1and2, respectively. These values are on the same

Fe(I)—Fe(lll) and Co(ll)-Co(lll) analogues. order of magnitude as those determined for the analogous
Interestingly,a. and Vag were found to be larger fot MV biferrocenes FcFt and BFD™ (5300 and 6600 cni,

than for2 (0.07 and 1200 cmt vs 0.04 and~600 cnT?, respectivelyf® The same applies to the two separate

respectively), apparently in contrast to the presence of onecomponents of, the inner-sphere and outer-sphere (solva-
bridge in1 versus two bridges i2. Closer examination of  tional) reorganization energiek,andA,, respectively, which
the electronic structures df and 2, however, clarifies the  can be evaluated by plotting the frequency of band | versus
origin of this result: Then value of compound. reflects the solvent function (32 — 1/Dy). These data givé; values

the HOMO-LUMO interaction (i.e., an interaction between of 6193 and 3562 cmt and A, values of 1358 and 1048
de_y2 e and d,°°), which is possible in th€s symmetry of cm! for 1 and2, respectively, which may be compared to
the dimer. The BFFeCocation of2 has a higher symmetry  those obtained for FcFc(4; = 3530 cmt andi, = 1770
(C2,), and direct mixing between the HOMO and LUMO is cm 1)#% and BFD" (4; ~ 6600 cmit and 1, ~ 0 cn1).50
forbidden. Orbital mixing thus can only occur in the presence Whereas in all of these cases the major part of the
of a low-symmetry distortion in compourd From the X-ray reorganization energy is the inner-sphere part, the absolute
crystal structure, this is assumed to be a twist of the complex; values, as well as their relative magnitudes, for the singly
around the metatmetal axis, leading t€, symmetry. This vs the doubly bridged systems on one hand and the Fe(ll)/
allows the (occupied).gf®orbital to interact with the (empty)  Fe(lll) versuas the Fe(ll)/Co(lll) systems on the other hand
dy~° orbital. Assignment of band | of compouritito the are hard to interpret. The fact thaf (BFFeCo) is found to
corresponding MMCT transition (as opposed to a LF be about half as large ds (FcFc") can be attributed to the
transition of the fully symmetric dimer) is corroborated by twisting of the bisfulvalenide dimer in the ground state which
the solvatochromic behavior of this absorption feature. Band acts to lower the reorganization energy by reducing the
Il which is found at higher energy for bothand2 equally degree of localization in the dimer.

exhibits solvatochromic behavior but again reflects another In summary, the electronic structure and spectroscopic
orbital interaction (i.e., gg®—d° for 1). Importantly, each properties of FcCt and BFFeC®t have been determined.
of these orbital interactions is associated with a singlet Their optical absorption spectra have been fully assigned,
MMCT state which mixes into the electronic ground state allowing the analysis of the distinct orbital interactions in

with a coefficient ofv/2a, thus giving the Fe(IF-Co(lll) the dimeric systems. Of particular importance is the lowest-
closed-shell configuration a small amount of Fe(HGo- energy component of these transitions (band 1) which is
(I) open-shell character (cf. eq 11). associated with the HOMGLUMO interaction. As a

Electrochemical data of mixed-valence compounds often _ _
have been considered to obtain information on the magnitude(“8) %%rélslc;n,l\glég., Jr.; Krogsrud, S.; Hendrickson, D.INorg. Chem.

(49) Mueller-Westerhoff, U. T.; Eilbracht, B. Am. Chem. Sod972 94,

(45) Talham, D. R.; Cowan, D. @Drganometallics1984 3, 1712. 9272.

(46) Lichtenberger, D. L.; Fan, H.-J.; Gruhn, N. E.Organomet. Chem (50) Since the IVCT band of the bisfulvalenediiron cation has been reported
2003 666, 75. to be nearly solvent independent (see ref 43), the resulting outer-sphere

(47) Jones, S. C.; Barlow, S.; O’'Hare, Bhem. Eur. J2005 11, 4473. reorganization energy is zero.
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consequence of these orbital interactions, the FeQb-

(I ground states ofl and 2 get contributions of the
corresponding Fe(lIl-Co(ll) MMCT excited states, which
are small @< 1% for the HOMG-LUMO excitation). Both
dimers,1 and2, thus exhibit a high configurational stability
on the Fe(Il)/Co(lll) closed-shell side, in agreement with the
results from magnetic susceptibility measurements and NMR,
as well as Magsbauer spectroscopy.

IV. Experimental Section

NMR Spectra. The NMR spectra were recorded at 300 K on a

Warratz et al.

change in the density matrix between subsequent iterations was
less than 1x 1078 for single points and optimizations. All
computational procedures were used as they are implemented in
the Gaussian 98 packagEewave functions were plotted using the
visualization program Gaussview 2.1.

Ferrocenyl Cobaltocenium Hexafluorophosphate (1)Com-
pound1 was prepared according to a slightly modified variation
of the method developed by Schwarzhans and Staizolving a
nucleophilic attack of ferrocenyllithiuP onto cobaltocenium
hexafluorophosphate. Removing one hydride from the resulting
intermediate with triphenylcarbenium hexaflourophosphate gives
the product, which is purified by column chromatography giving a

Bruker Avance 400 Pulse Fourier Transform spectrometer operatingdark powder. MS (TOF)m/z 373.32. Anal. Calcd for gH:1sPFs:

at a'H frequency of 400.13 MHz an#C frequency of 100.62
MHz. Referencing was carried out using TMS as the substitutive
standard.

5"Fe Mtssbauer SpectroscopyThe 5’Fe Méssbauer spectros-

C, 46.36; H, 3.50. Found: C, 46.41; H, 3.59. Iron-to-Cobalt ratio
by EDX: 1:1.1H NMR (400 MHz, CQXCN, 300 K): ¢ 4.05 (s,
5H), 4.53 (dd,J ~ 2 Hz, 2H), 4.71 (dd] ~ 2 Hz, 2H), 5.34 (s,
5H), 5.62 (dd,J ~ 2 Hz, 2H), 5.82 (dd,) ~ 2 Hz, 2H).13C NMR

copy was carried out using a standard transmission geometry(166 MHz, CPD, CICN, 300 K): 6 71.2, 72.5, 74.3, 80.1, 84.3,

Mdéssbauer setup with a MR260A drive system and a MVT-1000
transducer (both from Wissenschaftliche Elektronik GmbH, Starn-
berg) in triangular acceleration mode with a 25 nf@Co(Rh)

100.0.
Ferrocenylene Cobaltocenylenium Hexafluorophosphate (2).
Compound 2 was prepared according to the procedure of

source. Temperature was controlled with an ITC502 temperature Schwarzhans and Schottenbetgersing the bisfulvalenedianion

controller (Oxford Instruments) within a continuous-flow cryostat,
CF 506 (Oxford Instruments). Data acquisition card CMCA-550

and the THF adducts of the metal chlorides. Further purification
was achieved by column chromatography on basic alumina with

(Wissenschaftliche Elektronik GmbH, Starnberg) was used for data acetonitrile giving a dark-green air-stable powder after evaporation

collection. Calibration was carried out using the inner four lines of
the six line pattern oft-iron at room temperature. The spectra were
fitted by Lorentzians using the EFFI (Hartmut Spiering, Mainz)
software.

UV —Vis Spectra. UV —vis spectra were recorded on a Cary 5
UV —Vis—NIR spectrometer using quartz cuvettes witkr 1 cm.
Resolution was set to 1 nm.

Elemental Analysis.The elemental analysis was performed using
a Euro Vector CHNSO-element analyzer (Euro EA 3000).

Samples were burned in sealed tin containers by a stream of oxygen. Supporting Information Available:

Semiquantitative Microprobe Analyses.The semiquantitative
microprobe analyses were performed using a Philips ESEM XL
30 scanning electron microscope equipped with an EDX analyzer.

Mass Spectrometry.A Biflex Il (Bruker-Daltonics, Karlsruhe)
time-of-flight mass spectrometer was used without any additional
matrix.

Density Functional Theory Calculations.Spin-restricted DFT
calculations using Becke’s three parameter hybrid functional with
the correlation functional of Lee, Yang, and Parr (B3LYP¥53
were performed for the singlet ground states of structleeslll .

The LANL2DZ basis set was used for all calculations. It applies
the Dunning/Huzinaga full double{D95) basis functior’$ on the

first row and Los Alamos effective core potentials plus DZ functions
on all other atom&>56Convergence was reached when the relative

(51) Becke, A. D.Phys. Re. A. 1988 38, 3098.

(52) Becke, A. D.J. Chem. Phys1993 98, 1372.

(53) Becke, A. D.J. Chem. Phys1993 98, 5648.

(54) Dunning, T. H., Jr.; Hay, P. J. IModern Theoretical Chemistry
Schaefer, H. F., lll, Ed.; Plenum: New York, 1976.

(55) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270 and 299.

(56) Wadt, W. R.; Hay, P. JI. Chem. Phys1985 82, 284.
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of the solvent. MS (TOF):nv/z 370.99. Anal. Calcd for gHis
PR: C, 46.55; H, 3.12. Found: C, 46.51; H, 3.04. Iron-to-Cobalt
ratio by EDX: 1:1.'H NMR (400 MHz, CD;CN, 300 K): 6 4.24
(dd,J ~ 2 Hz, 4H), 5.31 (ddJ ~ 2 Hz, 4H), 6.40 (ddJ ~ 2 Hz,
4H), 7.10 (ddJ ~ 2 Hz, 4H).13C NMR (166 MHz, CPD, CRCN,
300 K) 6 70.0, 80.2, 80.9, 87.6, 128.6.
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