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Solid-State NMR Spectroscopy of Paramagnetic Metallocenes1
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The paramagnetic metallocenes and decamethylmetallocenes
(C5H5)2 M and (C5Me5)2 M with M = V (S= 3

2 ), Mn (S= 5
2 or 1

2 ),
Co (S = 1

2 ), and Ni (S = 1) were studied by 1H and 13C solid-
state MAS NMR spectroscopy. Near room temperature spinning
sideband manifolds cover ranges of up to 1100 and 3500 ppm,
and isotropic signal shifts appear between −260 and 300 ppm
and between −600 and 1640 ppm for 1H and 13C NMR spec-
tra, respectively. The isotropic paramagnetic signal shifts, which
are related to the spin densities in the s orbital of ligand atoms,
were discussed. A Herzfeld–Berger spinning sideband analysis of
the ring carbon signals yielded the principal values of the para-
magnetic shift tensors, and for metallocenes with a small g-factor
anisotropy the electron spin density in the ligand π system was de-
termined from the chemical shift anisotropy. The unusual features
of the 1H and 13C solid-state NMR spectra of manganocene were
related to its chain structure while temperature-dependent 1H MAS
NMR studies reflected antiferromagnetic interaction between the
spin centers. C© 2001 Academic Press

Key Words: solid-state NMR; paramagnetic metallocenes; spin
density distribution; rotational sideband analysis.
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INTRODUCTION

In molecular paramagnetic compounds it often happens
the unpaired electrons are not concentrated at one center su
a transition metal. Rather they are partly transferred by direc
localization and spin polarization to remote atoms where pos
and negative spin density, respectively, can be detected. The
density distribution within a molecule (1) is of particular inter-
est for the understanding and the design of molecular magn
materials (2–6), because intermolecular magnetic interactio
depend on spin densities located at neighboring molecular
(7, 8).

Competing methods for the investigation of spin densities
(mostly polarized) neutron diffraction and magnetic resonan
Neutron diffraction is unique as it yields three-dimensional s
1 Taken from the dissertation of H.H.
2 New address: Department of Chemistry, University of California—Berkel
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3 To whom correspondence should be addressed. Fax: +49/89/2891376
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maps of molecules (9). However, high experimental effort an
thus costs do not allow the method to be applied routin
The most common magnetic resonance method is EPR s
troscopy (10), which is well suited for the indirect detection o
medium to large spin densities from experimental hyperfine c
pling constants. Unfortunately, determination of the spin sig
not straightforward (cf. double- and triple-resonance meth
(11)), and nonequivalent nuclei manifest themselves in mu
plet splittings of the electron resonance, which are often
well resolved. For many compounds with suitable electron
laxation these weaknesses can be overcome by applying N
spectroscopy (12, 13), because the sign of the signal shift is t
same as that of the spin density at the nucleus and becaus
resolution may be better than 10−6.

The hyperfine interaction probed by magnetic resonance
second-rank tensor,̂A, with an isotropic contribution from the
electron spin density located directly at the nuclear site, i.e
thes orbital of the atom, and a traceless anisotropic contribu
from unpaired electrons inp and d orbitals (14). In solution
anisotropic parts of the hyperfine interaction are averaged
by random molecular reorientation, and valuable informat
about spin density in other orbitals is lost. In contrast, so
state NMR spectroscopy also detects spin density inp andd
orbitals that contribute to the total anisotropy of the signal sh
If the geometry of the molecule is known, a tensor analysis
the signals can give information about unpaired electrons out
thes core of the molecules (15, 16).

In this context we were interested in applying solid-st
NMR spectroscopy to open-shell bis(cyclopentadienyl)m
compounds (metallocenes), because they are promising bui
blocks for magnetic materials (17, 18) and because intermolec
ular magnetic interactions depend on the sign and the magn
of the electron spin density in theπ system of the cyclopenta
dienyl ligands (8, 19–22). It follows that determination of the
π spin density is of considerable interest. A theoretical p
diction can be made considering the frontier orbitals of th
sandwich compounds (23) (Fig. 1). In metallocenes with mor
than 18 valence electrons (i.e., cobaltocenes and nickeloce
the unpaired electrons occupye∗1g orbitals, which have consid
erable ligand contributions, and the spin density in the liganπ
system must therefore be positive. In low-spin metallocenes
8
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SOLID STATE NMR SPECTROSCOPY

FIG. 1. Front orbitals of metallocenes. As the ligand centered part of
a1g ande2g orbitals is negligibly small, the Cp rings are not displayed in
figure.

less than 18 valence electrons (i.e., vanadocenes, chromoc
and highly alkylated manganocenes) the unpaired electron
located in the metal-centerede2g anda1g orbitals. In these com
pounds no virtually positive spin density is transferred to the
andπ system. Instead, polarization of the fully occupied bon
ing e1g orbitals induces negative spin density in theπ system.
These features have been established experimentally for
ous substituted neutral and cationic metallocenes by solu
NMR spectroscopy (19, 20). After some initial solid-state MAS
NMR studies of chromocenes (24) and vanadocene (25) we now
report on detailed studies of neutral paramagnetic first-row m
allocenes and their permethylated analogues.

BACKGROUND

The interaction between an electron spinESand a nuclear spin
EI in an external magnetic field,He,n, consists of two contribu
tions: the hyperfine interaction with electron spin density loca
directly at the atom under study,Hhf, and the dipolar interaction
Hdip, with spin density well separated from the nucleus:

He,n = Hhf + Hdip. [1]

The hyperfine interaction is given by
Hhf = EI Â ES. [2]
OF PARAMAGNETIC METALLOCENES 199
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The hyperfine interaction tensor̂A consists of an isotropic con
tribution, Âs, (12, 13), which is proportional to the spin densit
in thes orbital of the atom,

Âs = µ0

3S
· geβeγnρs · 1

3
· 1̂, [3]

and an anisotropic contribution,̂Ap (14), which describes the
dipolar interaction between a nuclear spin and the spin den
in the atomicp orbital:

Âp = µ0

4π
· geβeγa

〈
r−3

p

〉
ρpâ. [4]

Hereµ0 is the vacuum permeability,ge is the electrong factor
(considered isotropic, see below),βe is the Bohr magneton,γn is
the gyromagnetic ratio of the nucleus,ρs is the spin density in the
s orbital (given in electrons per spatial unit),1̂ is the unit matrix,
〈r−3

p 〉 is the expectation value ofr−3 (r is the electron–nuclear
distance) over thep orbital (for a 2p orbital of a carbon atom
〈r−3

p 〉 is 13.5Å−3 (14)), ρp is the fraction of the electron spinS
located in thep orbital of the atom under consideration, anda
is an axially symmetric tensor with the main valuesa|| = 4/5
anda⊥ = −2/5 for the main axis of the orbital parallel an
perpendicular to the external field, respectively.Âp is traceless as
the orbital contribution at the nucleus is zero. The total hyperfi
shift tensor (in ppm) is

δ̂hf = 106 · ge · βe · S · (S+ 1)

γn · 3kBT
· (Âs + Âp), [5]

wherekB is the Boltzmann factor andT is the absolute temper
ature.

According to the point-dipole model, the dipolar interactio
between the magnetic moments of an electron and a nuclear
at a distancer is given by (15)

Hdip = − 1

r 3
· 〈 Eµe〉D̂ Eµn = − 1

r 3
· γn〈 Eµe〉D̂ EI , [6]

where〈 Eµe〉 is the averaged magnetic moment of the electr
spin,

〈 Eµe〉 = β2
e S(S+ 1)

3kT
ĝĝ EB0,

Eµn is the magnetic moment of the nuclear spin,D̂ is an axially
symmetric tensor with the main valuesD|| = 2 andD⊥ = −1, ĝ
is the electrong tensor, andEB0 is the external magnetic field
The anisotropic dipolar shift (in ppm) is given by

δ̂dip = 106 · µ0 · 1 · β
2
e S(S+ 1)

ĝĝD̂. [7]

4π r 3 3kT

If the g tensor is isotropic, the mean electron magnetic moment



L

]

i
o

a

e
i

h
n

2

n
t

o
s

t

mi-
pen-

m

on-

in
py
ce

sor
200 HEISE, KÖH

is always parallel to the external magnetic field; the dipolar s
tensor is then traceless and axially symmetric. An anisotropg
tensor leads to an isotropic contribution to the dipolar shift,
so-called pseudocontact shift (26), and to a deviation from axia
symmetry ofδ̂dip. In addition, theÂs tensor defined in Eq. [3
becomes anisotropic (26, 27).

For paramagnetic metallocenes the total shift tensor obta
by solid-state NMR spectroscopy for a ring carbon atom is c
posed as

δ̂tot = δ̂dia+ δ̂para= δ̂dia+ δ̂hf +
∑

i

δ̂
dip
i . [8]

Hereδ̂dia is the chemical shift tensor of the isostructural diam
netic ferrocene. Due to rapid reorientation of ferrocene and
camethylferrocene about the fivefold symmetry axis these ch
ical shift tensors are axially symmetric (28). The diamagnetic
shift contribution for a given orientation defined by the anglχ
between the external field and the molecular symmetry ax
given by

δdia(χ ) = δ̂dia
iso +

1

3
1δdia · (3 cos2 χ − 1), [9]

where1δdia = (δdia
|| − δdia

⊥ ).
The effect of the unpaired electrons on the total s

anisotropy,δ̂para, consists of two contributions: the hyperfi
interaction tensor̂δhf and the sum of all dipolar interaction
with electron spin density at neighboring atomsi,

∑
i δ̂

dip
i . For a

ring carbon nucleus of a paramagnetic metalloceneδ̂hf is axially
symmetric with respect to the main axis of thepz orbital, which
is parallel to the fivefold symmetry axis of the molecule (Fig.

δhf(χ ) = δhf
iso+

1

3
1δhf · (3 cos2 χ − 1)

= δhf
iso+

2C

5
· 〈r−3

p

〉 · ρp · (3 cos2 χ − 1), [10]

where1δhf = (δhf
|| − δhf

⊥ ) andC (in ppm· Å3) is

C = 1036 ·
(µ0

4π

)
· β

2
e · S(S+ 1) · ḡ2

3kT
. [11]

For the calculation of
∑

i δ̂
dip
i the fractions of electron spi

at the centers of the metal (1–10· ρp) and of the two adjacen
ring carbon atoms (ρp at each neighbor) are considered as p
dipoles. This is an approximation that neglects the spatial
distribution around these centers; it is further discussed be
As the magnitude of dipolar coupling decreases withr−3, dipo-
lar interactions with spin density at more distant atoms or o

molecules are neglected. Theg factor is considered isotropic
throughout this study. This assumption is justified for nick
locenes (29), vanadocenes (30), and cobaltocenes (31) with g
ER, AND XIE
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FIG. 2. Angles relevant for hyperfine and dipolar contributions to the che
cal shift tensor of paramagnetic metallocenes. The sideview shows the cyclo
tadienyl ligands as black bars, the metalM , and one selected ring carbon ato
C. See text for details.

factor anisotropies<5%, so that in these cases the pseudoc
tact shift and the anisotropy of the contact shift (26, 27) can be
neglected. It follows that the dipolar shift tensorsδ̂dip

i can be
considered to be proportional to the dipolar tensorD̂ (Eq. [7]).
Furthermore, it follows that all̂δdip

i are axially symmetric with re-
spect to the electron–nuclear distance vectorsri , and the dipolar
interaction,δdip

M , of a ring carbon nucleus with the electron sp
at the metal atomM can be expressed by the tensor anisotro
1δdip and the angleθ between the electron–nuclear distan
vectorEr and the external magnetic field:

δ
dip
M (χ ) = 1

3
·1δdip

M · 〈3 cos2 θ − 1〉

= r−3
M · C · (1− 10 · ρp) · 〈3 cos2 θ − 1〉

= 0.5 · r−3
M · C · (1− 10 · ρp) · (3 cos2 β − 1)

· (3 cos2 χ − 1). [12]

Due to rapid rotation about the fivefold symmetry axis the ten
2

e-
is scaled by the factor 0.5 · (3 cos β − 1) (32) whereβ is the
angle between the vectorr M and the fivefold symmetry axis of
the molecule (Fig. 2). Therefore, the resulting dipolar interaction
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C NMR signals are shifted to−234 and 1590 ppm, respec-
SOLID STATE NMR SPECTROSCOPY

tensor has the same main axis as the chemical shift tenso
the hyperfine shift tensor. Analogously, the dipolar interact
with the electron spin density at each adjacent ring carbon a
δ

dip
C , is given by

δ
dip
C (χ ) = 1

3
·1δdip

C · 〈3 cos2(90◦ − χ )− 1〉

= −0.5 · r−3
C · C · ρp · (3 cos2 χ − 1). [13]

Note thatrC is perpendicular to the fivefold symmetry axis a
hence its angle with the external magnetic field is 90◦ − χ ,
while 〈3 cos2(90◦ − χ ) − 1〉 becomes 0.5 · 〈3 cos2 90◦ − 1〉 ·
〈3 cos2 χ − 1〉.

As all contributions to the shift tensor of a ring carbon ato
are axially symmetric with respect to the fivefold symmetry ax
the shift tensor is fully characterized by its isotropic contribut
δ,

δtot = δdia+ δpara, [14]

and its anisotropic contribution (1δ = δ|| − δ⊥),

1δtot = 1δdia+1δpara.

With Eq. [8] applied to the metal and the adjacent two carb
atoms this yields

1δtot = 1δdia+1δhf +1δdip
M + 2 ·1δdip

C . [15]

According to Eq. [12] the term1δdip
M is always positive, becaus

ρp is smaller than 0.1. Furthermore, the sign of1δhf andρp is
the same (see Eqs. [4] and [5]). As an important conseque
the 13C chemical shift anisotropy of metallocenes depe
on the sign of the spin density in the ligandπ orbitals: If the
sign is positive1δhf adds to1δdip

M , and the width of the spinning
sideband manifold is broad; if the sign is negative,1δhf (partly)
compensates1δdip

M , and the width is narrow. The magnitude
ρp can be calculated from1δtot if the molecular parametersrC,
r M , andβ are known.

ρp =
[
1δpara

C
− 1.5r−3

M (3 cos2 β − 1)

]/[
1.2
〈
r−3

p

〉
− 15r−3

M (3 cos2 β − 1)− 3r−3
C

]
. [16]

Both the isotropic paramagnetic shiftδparaand the paramagneti
shift anisotropy1δpara depend on the sample temperature
cording to the Curie law. Therefore, a meaningful compari
of data requires conversion of these values to the reduced
magnetic shift and shift anisotropy at the standard tempera

of 298 K:

ϑ
para
298 = δpara

T · T/298 K and ϑ
para
298 =1δpara

T T/298 K. [17]
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EXPERIMENTAL

Samples were prepared by standard literature methods30).
All 1H and 13C NMR measurements were carried out wi
a Bruker MSL 300 spectrometer operating at 300.13 a
75.47 MHz, respectively, and with a 4-mm standard Bruker M
probehead.

ZrO2 and Si3N4 rotors were packed under inert gas wi
about 50 mg of sample and sealed with Kel-F caps. Althou
all compounds are strongly sensitive to oxygen and partly
moisture, no decomposition was observed during repeated m
surements. The FIDs were sampled after applying single pu
(duration 4µs). Delays of 8–10µs for detector recovery were
used, and repetition times were 200–400 ms. The signa
noise ratio was improved by exponential multiplication up
the matched filter, and baseline correction was applied. Sig
shifts were measured relative to the external standard ada
tane (δ(1H) = 2.0, δ(13CH2) = 29.5). The temperature wa
determined by adding to each sample about 10 mg of n
elocene whose1H NMR signal shift was used as an inte
nal thermometer. The procedure was analogous to that
lished for vanadocene (25); for nickelocene the data fit gav
T = −79477/(δexp− 12.89 ppm), the error was±1 K. Identi-
fication of the isotropic signal in spinning sideband manifo
was hampered, because the paramagnetic signal shifts de
on the sample temperature, which in turn depends on the s
ning rate. Therefore, the sample temperature was kept con
at a value somewhat higher than that measured for the hig
spinning rate,vrot, while changingvrot. As references for the
isotropic diamagnetic shifts the solid-state MAS NMR spec
of ferrocene (δ(1H) = 4.2 ppm,δ(13C) = 69.5 ppm) and de-
camethylferrocene (δ(1H)= 1.8 ppm,δ(13Cring) = 78.8 ppm,
(δ(13CH3)= 10.4 ppm) were recorded.

Sideband analyses according to Herzfeld and Berger33)
were carried out with the program Wsolids, HBA 1.2 (34).
By using the tensor values so obtained the MAS NMR sp
tra were simulated with the program Wsolids 1 (35). The spin
densitiesρp given in Table 2 were calculated by using the fo
lowing geometrical parameters andg factors: Cp2V and Cp∗2V:
r M = 2.27 Å, rC = 1.42 Å, β = 32.1◦ (36), g = 1.9918 (30);
Cp2Co: r M = 2.10 Å, rC = 1.41 Å, β = 34.9◦ (37), g = 1.764
(38); Cp2Ni and Cp∗2Ni: r M = 2.16 Å, rC = 1.38 Å, β = 32.9◦

(39), g= 2.074 (29).

RESULTS AND DISCUSSION

1H and13C MAS NMR Spectra of Metallocenes

The 1H and13C NMR spectra of nickelocene are shown
Figs. 3a and 3b, respectively. At a spinning rate of 16.1 k
(associated with a sample temperature of 322.5 K) the1H and
13
tively, and the rotational sidebands cover a ranges of about 250
and 3000 ppm, respectively (see also Table 1). The spin density
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FIG. 3. 1H (a) and13C (b) MAS NMR spectra of Cp2Ni (322 K, spinning
rate 16.1 kHz). In spectrum (a) spinning sidebands are marked with∗· B is the
background signal of the probehead.

at the13C nuclei and thus in the ligandπ system is positive,
while at the protons it is negative. The negative1H NMR sig-
nal shift is due to spin polarization, which induces negat
spin density at the protons. Generally, positive paramagn
shifts were found for the13C MAS NMR signals of ring carbon
atoms when the metallocenes had 20 and 19 valence elec
i.e., for (C5Me5)2Ni, (C5H5)2Co, and (C5Me5)2Co (Table 1).
13C NMR signals of the methyl groups of the decamethylme
locenes (C5Me5)2Ni and (C5Me5)2Co and the1H NMR signal of
(C5H5)2Co have negative paramagnetic shifts while the pro
NMR signal shifts of the methyl groups are positive. The sig
of the spin density as derived from the signal shifts are in

TABLE 1
Paramagnetic NMR Signal Shiftsa and Linewidthsb

of the Isotropic 1H and 13C NMR Signals of Metallocenes

Cring CH3 H 1-5 CH3

(C5H5)2V −491 302.5
(1.0) (1.0)

(C5Me5)2V −680 1340 118
(6.0) (15.0) (5.2)

(C5Me5)2Mn 17 −156 −1
(1.1) (1.0) (3.3)

(C5H5)2Co 618 −56.0
(1.2) (1.0)

(C5Me5)2Co 556 −168 45
(1.3) (0.5) (0.6)

(C5H5)2Ni 1640 −257
(5.0) (2.1)

(C5Me5)2Ni 1430 −594 224
(2.5) (0.7) (1.8)

−578
(0.7)
a In ppm at 298 K.
b In kHz, in parentheses.
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with the predictions mentioned in the Introduction and outlin
in more detail in Refs. (1, 19, 40).

The 1H and13C MAS NMR spectra of (C5Me5)2V are dis-
played in Fig. 4. The ring carbon signal is shifted to−580 ppm
with a sideband manifold spreading over 600 ppm. The13C NMR
signal of the methyl group has a large high-frequency shift
1340 ppm and is extremely broad with a half-width of 15 kH
Finally, the1H NMR signal appears at 118 ppm. The signs
the paramagnetic signal shifts correspond to those expecte
metallocenes with less than 18 valence electrons (1, 19, 40).
Quite strikingly, the positive signal shift of the methyl carbo
signal is roughly twice as large as the negative signal shif
the neighboring methyl ring carbon atom. This phenomeno
ascribed to delocalization into suitableσ orbitals of the Cp∗

ligand, which transfers positive spin to all nuclei (20). It adds
to π polarization, which entails negative and positive spin
the ring and methyl carbon atoms, respectively. The net
sults are small and large signal shifts of the ring and met
carbon atoms, respectively. Similarly,σ delocalization is re-
sponsible for the small positive signal shift of the ring ca
bon signal of decamethylmanganocene. Comparison of the13C
MAS NMR spectra of nickelocene (Fig. 3b) and decameth
vanadocene (Fig. 4b) clearly shows the difference between
shift anisotropies of the ring carbon signals of metallocenes w
more (nickelocene) and less (decamethylvanadocene) tha
valence electrons. Despite the larger electron spin momen
vanadocene (S= 3

2), the shift anisotropy of its ring carbon sig
nal is only roughly one-third as large as that of the nickeloce
(S= 1) ring carbon signal. This is in keeping with the interpr
tation of Eq. [16] (vide supra).

The 13C NMR spectrum of (C5Me5)2Ni (Fig. 5) shows two
13C NMR signals for the methyl groups, while there is on
one for the ring carbon atoms and for the protons, respectiv
Most probably, this is due to two nonequivalent molecules in
asymmetric unit of the crystal, a feature that has been obse
FIG. 4. 1H (a) and13C (b) MAS NMR spectra of (C5Me5)2V (307 K,
spinning rate 15.0 kHz). Spinning sidebands are marked with∗. Cp2Ni is the
internal temperature standard, and B is the background signal of the probehead.
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FIG. 5. 13C MAS NMR spectrum of (C5Me5)2Ni (315 K, spinning rate
16.1 kHz). Nonassigned signals are spinning sidebands. The inset is an exp
of the methyl signal. B is the background signal of the probehead.

previously for decamethylchromocene (24). In the present case
the signal splittings expected for the ring carbon atoms as
as for the protons are not resolved at the given linewidths.
the decamethylmetallocenes (C5Me5)2Co, (C5Me5)2Mn, and
(C5Me5)2V only one set of signals was observed. This me
that either these compounds crystallize differently or the sig
splitting is not resolved.

In our previous publication on temperature-dependent N
studies of solid vanadocene the reduced paramagnetic shiftϑ

para
298

of the13C NMR signal of Cp2V was reported as−651 ppm (25).
Now a thorough reinvestigation of the NMR spectra revea
that the largest spinning sideband was mistaken for the isotr
signal and that the true value is−491 ppm.

Tensor Analysis

The chemical shift tensor anisotropy for the ring carbon ato
of paramagnetic metallocenes is related to the spin density i
FIG. 6. 13C MAS NMR spectra (a and c) and simulated spectra (b and d
Cp2Ni at 322 K and spinning rates of 16.1 kHz (a and b) and 14.5 kHz (c and
OF PARAMAGNETIC METALLOCENES 203
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ligandπ system (Eqs. [7] and [12]). If theg-factor anisotropy
is negligibly small, the fraction of the total unpaired electro
spin density located in one carbonp orbital of the ligand can
be estimated with the help of Eq. [16]. Herzfeld–Berger spi
ning sideband analysis of the13C MAS NMR spectra of nicke-
locene obtained at spinning rates of 16.1 and 14.5 kHz (Figs
and 6c) and at 322 K yielded a shift anisotropy of 2640 pp
and asymmetry parametersη of 0.19 and 0.20, respectively
(η = |δxx− δyy|/|δiso− δ|||); further fitting results are collected
in Table 2. The spinning sideband patterns of nickelocene sim
lated with the tensor values from Table 2 are displayed in Figs.
and 6d. There is good agreement between calculated and ex
imental patterns between about 600 and 2600 ppm, while
higher and lower frequencies the experimental intensities
too small. This may be explained by insufficient signal excit
tion far away from the irradiation center (at about 1600 ppm
even with pulse lengths as short as 4µs. Slight errors may have
been also introduced by nonideal baseline correction. The d
ation of the shift tensors in Table 2 from axial symmetry ma
result from a smallg-factor anisotropy, heteronuclear dipola
coupling, and distortions due to the anisotropy of the magne
susceptibility (41). As for the effect ofg-factor anisotropy, this
would introduce errors via both the pseudocontact shift and
anisotropy of the contact shift (26, 27). The axial and equato-
rial g-factor components,g|| andg⊥, of solid nickelocene are
2.0023 and 2.11, respectively (29). This corresponds to ag-
factor anisotropy of 5% and justifies the estimation ofρp from
the shift tensor anisotropy. Another deviation may arise from t
fact that the spin density is not localized strictly at the centers
the atoms as assumed by the point-dipole model mentioned
der Background. Nonperfect localization would render the sp
density estimated by Eq. [16] too small. More accurate resu
require full-space integration, an approach that is beyond

TABLE 2
Results of Herzfeld–Berger Analysis of the Ring Signals of Some

Metallocenes from 13C MAS NMR Spectra Obtained at Different
Spinning Speeds

T νrot δiso 1δa 1δ
para
T

c 1ϑ
para
298

d ρe
p

(K) (kHz) (ppm) (ppm) ηb (ppm) (ppm) (%)

(C5H5)2V 306.0 14 −398 828 0.352 904 928 −0.43
304.0 12 −408 795 0.000 871 889 −0.45

(C5Me5)2V 307.0 15.0 −595 814 0.224 881 908 −0.44
(C5H5)2Co 304.0 12 667 443 0.025 519 529 1.2
(C5H5)2Ni 322.0 14.5 1594 2640 0.188 2716 2935 2.4

322.3 16.1 1579 2641 0.201 2717 2939 2.4
(C5Me5)2Ni 315.0 14.0 1436 2877 0.164 2944 3112 2.6

315.0 16.0 1436 2943 0.095 3010 3182 2.7

a1δ= δzz− (δxx+ δyy)/2.
b η= (δyy− δxx)/(δzz− δiso) with the tensor main values|δzz− δiso| ≥ |δxx−

δiso| ≥ |δyy− δiso|.
para
) of
d).

1δT =1δ−1δ .
d 1ϑ

para
298 =1δpara

T · T/298 K.
eρp: spin density in one carbonp orbital of the ligand (Eq. [16]).
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scope of this paper. According to Eq. [16] the reduced pa
magnetic shift anisotropy of nickelocene (1ϑ

para
298 = 2940±

10 ppm) corresponds to a population ofρp = 2.4% of the total
electron spin in each carbonp orbital of the cyclopentadieny
ligands. In total, 24% of the unpaired electrons is transfer
from the metal to the ligands. This is in reasonable accord w
multiple-scatteringXα calculations (42), which gave an over-
all ligand contribution of 34% to the spin-containing orbitals
nickelocene.

For (C5H5)2V, (C5Me5)2V, (C5H5)2Co, and (C5Me5)2Ni,
spinning sideband analyses of the ring carbon signal were
carried out (Table 2). It is gratifying that the maximal variati
of the reduced paramagnetic shift anisotropies obtained f
13C MAS NMR spectra at different spinning rates is 70 ppm
(C5Me5)2Ni, which corresponds to only 3% of the total sh
anisotropy; for Cp2V the deviation is 30 ppm or 3.3%. Th
positive spin density in the ligandπ orbitals of permethylated
nickelocene amounts to 27%, which is somewhat more than
parent nickelocene. This corresponds to the increase of sol
NMR signal shifts with an increasing number of methyl grou
(19) and demonstrates that the solid-state NMR method
vides rather detailed information as well. For cobaltoceneρp =
1.2% was found, which is again less than the theoretical v
of 2.47% obtained by multiple-scatteringXα calculations (43).
Within the error limits the same spin density ofρp = −0.44%
of the total spin in eachp orbital was found for both vanadocen
and decamethylvanadocene. This agrees with theory, which
dicts negative spin density in the ligandπ system as a result o
electron spin polarization (1, 19, 40).

Special Case: Solid Manganocene

Solid manganocene is unique among the metallocenes o
first transition metal period as it forms linear chains with termi
penta-hapto cyclopentadienyl ligands, and bridging cyclope
dienyl ligands that are di- and trihapto with respect to nei
boring Mn atoms (see Fig. 7) (44). The metal-to-ligand bond
are weaker than in the case of other first-row transition m
metallocenes, and hence it is a high-spin compound (S = 5

2).
Magnetic measurements have revealed antiferromagnetic i
action between the spins (45).

The 1H MAS NMR spectrum (Fig. 7a) of (C5H5)2Mn, ob-
tained at a spinning rate of 15 kHz, consists of one broad
nal at 125 ppm (half-widthW = 2.1 kHz) and a narrow one
at−13 ppm (W = 1.0 kHz). The associated spinning sideba
manifolds cover ranges of about 1100 and 600 ppm, respecti
Based on comparison with solution-state proton NMR spe
of mono- and dinuclear high-spin manganocene (46, 47) the
signals at−13 and 125 ppm must be assigned to the proton
the terminal and bridging ligand, respectively. Since only o
signal was found for the di- and trihapto moiety of the bridgi

ligand, it must be concluded that rapid haptotropic rearrang
ment occurs. While these findings confirm the chain structu
of manganocene, more details follow from the fact that the p
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FIG. 7. (a)1H and (b)13C MAS NMR spectra of Cp2Mn (308 K, spinning
rate 15.0 kHz). Nonassigned signals are spinning sidebands. (c) Simulati
the13C MAS NMR spectrum. B is the background signal of the probehead

ton shift anisotropy and linewidth of the terminal ligand a
smaller than those of the bridging ligand. This points to sho
metal carbon distances of the bridging ligand, which leads
stronger electron–nuclear dipolar interactions and hence to
hanced shift anisotropy as well as to a faster nuclear relaxa
(48, 49). Indeed, the average carbon–manganese distance o
bridging ligand is about 0.3̊A shorter than that of the termina
ligand (44). However, a reliable tensor analysis of the prot
spectra is not possible, because strong homonuclear dipola
teractions render the line broadening homogeneous.

Temperature-dependent measurements of the1H MAS NMR
spectrum showed some anomaly. According to Eq. [17] the
duced paramagnetic signal shift,ϑdip

298, should be constant with
temperature for simple paramagnetic molecules. By contrast
manganoceneϑdip

298(
1H ) increases as shown in Fig. 8. This

characteristic of antiferromagnetic interaction (50–53) and con-
firms magnetic measurements (45).

The 13C MAS NMR spectrum of manganocene obtain
at 15.0 kHz (Fig. 7b) also exhibits two signals at 1198 a
1116 ppm. Unlike the corresponding proton NMR signals th
have the same signal half-widthW = 1.5 kHz, and their shift dif-
ference is small, so that assignment to the bridging and term

e-
re

ro-

ligands is difficult. Both signals are associated with unusually
large spinning sideband manifolds of about 3500 ppm. A ten-
sor analysis of the spectra obtained at 13 and 15 kHz yielded
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SOLID STATE NMR SPECTROSCOPY

FIG. 8. Temperature dependence of the reduced paramagnetic proton s
shifts of solid manganocene.

shift anisotropies1δ = 2315± 40 ppm for the low-frequency
signal and1δ = 2860± 20 ppm for the high-frequency signa
with asymmetry parametersη below 0.3. The simulation of the
experimental spectrum by using these data is shown in Fig
In order to estimate the electron spin density in theπ system of
the terminal ligand according to Eq. [16] the signal at 1116 p
was assigned tentatively to that ligand. In addition, constanC
(featuring in Eq. [16] and given in Eq. [11]) was adapted to a
ferromagnetic interaction by introducing the effective magne
momentµeff,

C = 1036 ·
(
µ0

4π

)
· µeff(T)

3kT
, [18]

whereµeff = 4.673· βe at 308 K (45), rMnC= 2.413Å, rCC =
1.378Å, andβ = 29.1◦ (44).

The spin density calculated in this way wasρp = 0.18% of
the total electron spinS= 5

2 in each carbonp orbital of the ter-
minal ligand. Taking into account that direct spin delocalizat
is restricted to thee∗1g orbitals and the two unpaired electro
therein, the contribution of thee∗1g orbitals is 2.5 · ρp = 0.45%
at each carbonp orbital. This value is significantly smaller tha
that found for nickelocenes and cobaltocenes, which is ano
indication of the comparatively weak covalent character of
metal–ligand bond in manganocene.

CONCLUSIONS

Solid-state MAS NMR spectroscopy proves to be a valua
method for the characterization of paramagnetic sandwich c
pounds. As for details of thegeometricstructure, the presen
study uncovers nonequivalent molecules in the unit cell, dif
ent bonding modes of the cyclopentadienyl ligand, and dyna
behavior. Theelectronicstructure may be probed in detail b

analyzing the isotropic signal shift and the spinning sideban
The isotropic shift is related to unpaired electron density tra
ferred to or induced in ligand orbitals withs-atomic orbital con-
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tent and, therefore, gives information about spin delocalizat
mechanisms. From the spinning sidebands the spin densit
the ligandπ orbitals may be calculated. The analysis includ
determination of the chemical shift anisotropy from the spinni
sideband manifold, and its conversion to the anisotropic par
the hyperfine interaction tensor and subsequently to the s
densities. The results correspond to theoretical calculations,
limits of the method exist. Temperature-dependent studies s
manganocene to experience antiferromagnetic interaction.
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Kahn, F. H. Köhler, M. Paul, and B. Weber, Intramolecular magnetic a
electrostatic interactions in stepwise trinuclear paramagnetic metalloce
J. Am. Chem. Soc. 117,997–1011 (1995).

52. H. Hilbig, P. Hudeczek, F. H. K¨ohler, X. Xie, P. Bergerat, and O. Kahn
Ferro- and antiferromagnetic exchange in decamethylbimetallocenes,Inorg.
Chem. 37,4246–4257 (1998).
x,

n

53. P. Hudeczek, F. H. K¨ohler, P. Bergerat, and O. Kahn, Cationic decamethyl-
bimetallocenes of cobalt and nickel: Synthesis, redox behavior and magnetic
interaction,Chem. Eur. J. 5, 70–78 (1999).


	INTRODUCTION
	FIG. 1.

	BACKGROUND
	FIG. 2.

	EXPERIMENTAL
	RESULTS AND DISCUSSION
	FIG. 3.
	TABLE 1
	FIG. 4.
	FIG. 5.
	FIG. 6.
	TABLE 2
	FIG. 7.
	FIG. 8.

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES

