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Abstract: To shed light on the interaction in molecule-based magnetic materials, the decamethylmetallo-
cenium hexafluorophosphates, [(CsMes):M]t [PFg]~ with M = Cr, Mn, Fe, Co, and Ni, as well as the
tetracyanoethenides, [(CsMes):M]" [TCNE]~ with M = Cr, Mn, Fe, and Co, have been investigated in the
solid state by using tH, 2C, °F, and 3P NMR spectroscopy under magic angle spinning (MAS). The isotropic
13C and 'H NMR signals cover ranges of about 1300 and 500 ppm, respectively. From the shift anisotropies
of the ring carbon signal of the [(CsMes).M]* cations, the total unpaired electron spin density in the ligand
m orbitals has been calculated; it amounts up to 36% (M = Ni) and is negative for M = Cr, Mn, and Fe. The
radical anion of [(CsMes),M]" [TCNE]~ shifts the 3C NMR signals of all [(CsMes),M]" cations to high
frequency, which establishes transfer of positive spin density from the anions to the cations. The '°F and
3P NMR signals of the paramagnetic salts [(CsMes).M]* [PFg]~ are shifted up to 13.5 ppm relative to
diamagnetic [(CsMes).Co]" [PFg]~. The signs of these shifts are the same as those of the s spin density in
[(CsMes),M]*. After consideration of interionic ligand- and metal-centered dipolar shifts, this establishes
cation—anion spin delocalization. The mixed crystals [(CsMes).M,Co1—,]" [PFs]~ have been prepared for M
= Cr and Ni. They are isostructural with [(CsMes).Co]" [PFs]~ whose single-crystal structure has been
determined by X-ray diffraction. The 3C, '°F, and 3P MAS NMR spectra of the mixed crystals show that
the respective two closest paramagnetic ions in the lattice delocalize spin density to [(CsMes).Co]*, [(Cs-
Mes)2Ni]*, and [PFg]~. In [(CsMes)M]*, about 10~* au per carbon atom are transferred.

Introduction orbital overlap) is weak, it is known as antiferromagnetic

In many magnetic materials that are derived from neutral INteraction; if it is strong, we have a bond like that of the H
molecules or from ions, the interactiobetween discrete molecule. By analogy to the bonding model of, Hnagnetic

paramagnetic species plays an important role for the bulk interaction is hence Qescribed by a spin exchange model, the
magnetic properties. Prominent examples of neutral moleculesMcConnell-l mechanisr. o ,

are organic radicals, which in the solid state and at low This model does not only explain intermolecular antiferro-
temperature experien,ce spontaneous magnetizaioe. mag- magnetic but also ferromagnetic interactions, when delocaliza-
netic interaction between two adjacent radicals is particularly ion of unpaired electron spin density from the spin center to
simple if it is reduced to the interaction between two unpaired the Periphery of the engaged species is t.ak-en into account. The
electron spins. When two independent spins (each localized intW,0 scenarios are |!Iustrateq in Figure 1: (i) If In molecéle

an orbital) are brought in close proximity, they line up (Figure 1a), the spin occupies a molecular orbital (MO) that

antiparallel to yield a spin singlet. If the interaction (through €Xt€nds to sité\’, positive spin density is delocalized directly
to site A'. Positive spin density means that the associated

* Address correspondence to this author. E-mail: F.H.Koehler@ magnetic moment is parallel to the net spin moment of the

Irz.tu-muenchen.de. o
(1) (a) New address: Max-Planck-Institute for Biophysical Chemistry, Am molecule (arrows pointing up). When two moleculesare

Fassberg M, D-37077 Giingen, Germany. (b) Single-crystal structure ~ arranged as in Figure 1b and when they approach so that sites

analysis. 1 ; ; _
(2) (a) Magnetic Properties of Organic Materigléahti, P. M., Ed.; Marcel A Inter‘_"wt’ the _Spln eXCha_nge model YVOUId lea_d to antiferro

Dekker: New York, 1999. (bMolecular Magnetismitoh, K., Kinoshita, magnetic coupling (assuming a negative coupling conétant

M., Eds.; Kodasha: Tokyo and Gordon and Breach Science Publishers: /:: . . . . . 4
Australia, 2000. (c)Magnetism: Molecules to MaterialsModels and (") Ifin molecule B (F'gure 1C)' direct delocalization to sii

(EBXperimengséyli"?&)ej S, Drigor:, M., Ed%\sf\/gexﬁ-\zlgokg zgliTh%m, is negligible, spin polarization may dominate. In this case, the
ermany, . eclana, J.; lwamura, ik ull. , 41—40. . : H H
(e) Nakatsuji, S.; Anzei, HJ. Mater. Chem.1997, 7, 2161-2174. (f) unpaired electron oB polarizes a bonding electron pair that

Kinoshita, M. In Handbook of Organic Conduet Molecules and connectsB and B'. The net effect is an increase of positive
Polymers Nalva, H. S., Ed.; Wiley: Chichester, U.K., 1997; Vol. 1, pp

781-800. (g)From Molecular Assemblies to the Biees Coronado, E., spin density atB and negative spin density (arrow pointing
Delhass, P., Gatteschi, D., Eds.; Kluver: Dodrecht, The Netherlands, 1996.

(h) Neshide, HAdv. Mater. 1995 7, 937-941. (i) Rajca, AChem. Re. (3) (a) McConnell, H. M.J. Chem. Phys1963 39, 1910. (b) Novoa, J. J.;
1994 94, 871-893. Deumal, M.Struct. Bonding (Berlin001, 100, 33.
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a b

Figure 2. Model of a [(GMes),M] * [TCNE]~ stack showing two formula
units. The rectangular planes representitidouds at TCNE (nonshaded)

Bl L] Bl
c D_@ . [ and at the periphery of the_metallo_cenium ion_s (shaded); the arrows reflect
the sign of the electron spin density. Open circles are CN groups.
B B B
distribution might be visible because the paramagnetic sandwich
A" B ion [(CsMes).M] ™ would be less influenced by its surrounding
d when the counterion Xis PFs~ 6 rather than tetracyanoethenide,
A B [TCNE]-, or a similar planar radical anion. The solid-state
Fi 1. The McConnell-I mechanism of spin alignment. (a) Delocal structure of KGMeS)ZMF [TCNE]” " consists of stacks made
igure 1. - . - . . . . . . .
ization of positive spin to the peripheral si&éof moleculeA. (b) Decrease up from alternating anions and.catlons as VIsuallzgd n F'Qu,re
of the distance between the sit@Sleads to antiferromagnetic interaction. 2. The structural model emphasizes the fact that spin-containing
(c) Induction of negative spin to the peripheral diteof moleculeB. (d) areas of neighboring species lie on top of one another, thereby
Intermolecular ferromagnetic interaction between two molecélesdB, realizing a scenario, which is required by the McConnell-|
fter d ing the dist betw siteandB'. . ' . . .
atter decreasing fhe distance between sean mechanism to generate ferromagnetic interaction. This follows
L o from the comparison of Figures 1 and 2. Siein Figure 1d
down) at siteB’. As shown in Figure 1d, moleculé may be corresponds to ther system of [TCNE] or the nonshaded
combined with moleculé in such a way that positive spin at  pjanes in Figure 2, while sitB' corresponds to the systems
site A" interacts with negative spin density at sBe Then the  f the metallocene ligands or the shaded planes in Figure 2. It
spin exchange model would lead to ferromagnetic coupling. In | pe discussed below that the spin density ats|(s),M] *
a more detailed treatment, additional contributions to the can also be inverted.
interaction must be consideréd. _ o Compounds of the type [@es),M]* [TCNE]~ have inspired
With these two scenarios in mind, the first question is the 5,y research groups because they do not only experience
following: How can sites with negative spin density be foromagnetic interaction but also spontaneous magnetization
determined in discrete molecules? The perhaps best-studiedy; 1o,y temperatur8 While this has been one of the triggers of
radicals in terms of spin density distribution are nitronylnitrox-  {ha ongoing quest for molecular magnetic matefathe

ides? and the most suitable methods are EPR and NMR jheraction mechanism has been under debate for quite some
spectroscopies as well as polarized neutron diffraction. The_ time 10 Besides the McConnell-l mechanism already mentioned
strengths and weaknesses of these methods have been disyyq worked out in detail for the metallocenium ions by Kollmar
cussed”c The often small spin densities at the periphery of .4 Kahn'%cddthere is also the McConnell-ll mechani&h
radicals, which are still relevant for the McConnell-l mechanism, jiscussed by Miller and Epstéftand adequately implemented
cannot be resolved by polarized neutron diffraction. As for EPR by Tchougreeffifef The latter mechanism implies the back
spectroscopy, spin d?stributions of radicals in the p_seudo-gascharge transfer from [(§Mes),M]* [TCNE]~ to an excited high-
phase can be determinéthut usually electron relaxation does i state which is admixed to the ground state. Strong evidence
not allow s_tudylng pure radlcals_ln the magnetically interesting ¢y the McConnell-l mechanism came from NMR experiments,
state, that is, the solid state. This problem can be overcome byypich in the case of metallocenium cations were limited to
solid-state NMR spectroscopy, which has afforded precise spin go|tionstt From the sign of the paramagnetically induced signal

maps of, for example, nitronylnitroxides including the spin  gpifts it was concluded that the spin density on the cyclopen-
signs? From the signsintramolecular spin delocalization can

be analyzed. (5) (a) Blimel, J.; Herker, M.; Hiller, W.; Kaler, F. H.Organometallics1996
: ; f : 15,3474-3476. (b) Kdnler, F. H.; Xie, X.Magn. Reson. Chem 997, 35,
A second question that comes to mind when considering the 487-492. (c) Heise, H.. Kbier, F. H.. Xie, X.J. Magn. Reson2001,

McConnell-I mechanism is the following: What are the 150, 198-206.

. . (6) Robbins, J. L.; Edelstein, N.; Spencer, B.; Smart, JJ.&m. Chem. Soc.
intermolecular effects between pairs of molecules such as 1082 104 1882-1893,

A----A andA----B in Figures 1b and 1d? Is the spin density of  (7) Miller, J. S.; Calabrese, J. C.; Rommelmann, H.; Chittipeddi, S. R.; Zhang,
: . . . J. H.; Reiff, W. M.; Epstein, A. J. Am. Chem. Sod987 109, 769-781.

a g“’_en rad'_cal Ch"f‘nge_d by adjacent rad_'ca|3? The ab_ove' (8) (a) Miller, J. S.; Calabrese, J. C.; Epstein, A. J.; Biegelow, R. W.; Zang,

mentioned nitronylnitroxides are not well suited for answering J. H.; Reiff, W. M.J. Chem. Soc., Chem. Comm@886 1026-1028 (b)

. . . : Miller, J. S.; Epstein, A. 3JJ. Am. Chem. S0d987, 109, 3850-3855. (c)
these questions, because referencing the data of interacting wiler 3. S} Epstein. A. J.; Reiff, W. MChem. Re. 1088 88, 201220

radicals to those of isolated radicals fails; the latter do not yield (9) Recentreview: (a) Miller, J. Snorg. Chem200Q 39, 4392-4408. Recent
relevant metallocenium compounds: (b) Da Gama, V.; Belo, D.; Rabaca,

NMR signals owing to slow electron relaxation. S.; Santos, I. C.; Alves, H.; Waerenborgh, J. C.; Duarte, M. T.; Henriques,

i i i i R. T.Eur. J. Inorg. Chem200Q 2101-2110. (c) Kaul, B. B.; Sommer, R.
Better candidates for the study of intermolecular interactions D' Noll. B. C - Yoe G, Tinorg. Chem2000 29, 865568, (d) Ye6. G,

are the paramagnetic decamethylmetallocenium salts- [(C T.; Whitton M. J.; Sommer, R. D.; Frommen, C. M.; Reiff, W. Morg.
+y— i id- Chem.200Q 39, 1874-1877.

Mes)oM]™ X~ These compounds were expected to yield solid- ) ' 0E 00 % 0B 2" A Welch Found. Chem. Reg67 11, 144.

state NMR spectra as do neutral metallocenége reasoned (b) Miller, J. S.; Epstein, A. 1. Am. Chem. S0d.987, 109, 3850-3855.

(c) Kollmar, C.; Couty, M.; Kahn, QJ. Am. Chem. S04991, 113 7994~
8005 (d) Kollmar, C.; Kahn, QJ. Chem. Physl1992 96, 2988-2997. (e)
Tchougreeff, A. LJ. Chem. Physl992 96, 6026-6032. (f) Tchougreeff,

that with this method intermolecular changes of the spin

(4) (a) Schweizer, J.; Ressouche, E. in ref 2c, pp-328b. (b) Heise, H.; A. L.; Misurkin, I. A. Phys. Re. B: Condens. Mattel992 46, 5357—
Kohler, F. H.; Mota, F.; Novoa, J. J.; VecianaJJAm. Chem. S0d.999 5365. (g) Kollmar, C.; Kahn, QJ. Chem. Phys1993 98, 453-472.
121, 9659-9667. (c) Cirujeda, J.; Vidal-Gancedo, J.rgens, O.; Mota, (11) (a) Blimel, J.; Hebendanz, N.; Hudeczek, P:jter, F. H.; Strauss, WI.
F.; Novoa, J. J.; Rovira, C.; Veciana, . Am. Chem. SoQ00Q 122 Am. Chem. Sod 992 114 4223-4230. (b) Gattinger, |.; Herker, M. A,;
11393-11405. Hiller, W.; Kéhler, F. H.Inorg. Chem.1999 38, 2359-2368.

10824 J. AM. CHEM. SOC. = VOL. 124, NO. 36, 2002



Inter- and Intramolecular Spin Transfer ARTICLES

Cp,Ni CpNi

T N

200 100 0 - -
(ppm) 100 200
100 0 -100 -200 -300
(ppm)
B Ci
y T T T r E— c C ring
1200 800 400 0 e
(ppm)

Figure 3. H (a) and!3C (b) MAS NMR spectra of [(EMes)2Ni] * [PFs]~
(temperature: 310.5 K, spinning rate: 14.5 kHz). Spinning sidebands are

marked by asterisks, B is the background signal of the probehead. The proton

NMR signal of the internal temperature standaraNigs marked by an
arrow.

tadienyl ligands is negative when the metal is Cr, Mn, and Fe,
while it is positive for Ni. This corresponds to what has been
claimed®d9for ferro- and antiferromagnetic interaction, re-
spectively, between [(Mes),M]* and [TCNE]. The NMR
analysis may suffer from errors because of dipolar signal shifts

Cring

Cmethyl

1600 1200 800 400

(ppm)
Figure 4. 'H (a and b) and®C (c and d) MAS NMR spectra of [£

0 -400 -800

discussed in more detail below. These errors were avoided byMes)Cr]™ [PFg]~ (a and c) and of [(Mes),Cr]* [TCNE]~ (b and d)

introducing ethyl'2and bicyclid? spectator substituents in the
metallocenium cations. A drawback was that the compounds
were slightly different from those showing spontaneous mag-

netization and that the spin density was not analyzed quantita-

tively.
For decamethylferrocenium ion, the McConnell-I mechanism

has been confirmed very recently by Schweizer et al. who used

polarized neutron diffractiot? They were able to directly

observe negative spin density on the ring carbon atoms of both

ligands of the cation [(§Mes).Fe]", which corresponded to 5%
of an unpaired electrol#2A calculation that allowed interaction
with positive spin density at the central carbon atoms of
[TCNE]~ (33% of an unpaired electréf¥) gave an interaction

constant, which was ferromagnetic albeit somewhat smaller than

found experimentally.

In the present study, we demonstrate thatitttieamolecular
spin transfer to the ligands of metallocenium ions can be
determined quantitatively (and independently from the isotropic
shift procedur#) with the help of solid-state NMR spectroscopy.
This is accompanied by switching from magnetically isolated

species studied previously to molecular solids that are more

appropriate from the materials’ point of view. In particular, it
will be shown that everintermolecular effects on the spin
distribution can be studied quite generally by observing nuclei
1H, 13C, 19, and®P in the decamethylmetallocenium saltsg{(C
Mes),M] ™ [TCNE]~ and [(GMes),M] " [PFg] .

Results

IH and 13C MAS NMR Spectra. Figure 3 shows théH (a)
and3C (b) MAS NMR spectra of solid [(EMes)-Ni]* [PFs]~
(S= 1/2). The proton NMR spectrum exhibits a single signal

(12) (a) Schweizer, J.; Bencini, A.; Carbonera, C.; Epstein, A. J.; Golhen, S.;
Lelievre-Berna, E.; Miller, J. S.; Ouahab, L.; Pontillon, Y.; Ressouche, E.;
Zheludev, A.Polyhedron2001, 1771-1778. (b) Zheludev, A.; Grand, A.;
Ressouche, E.; Schweizer, J.; Morin, B. G.; Epstein, A. J.; Dixon, D. A.;
Miller, J. S.J. Am. Chem. S0d.994 116, 7243-7249.

(temperatures: 308 K (a and ¢) and 309 K (b and d), spinning rates: 14.5
kHz (a and c¢) and 15 kHz (b and d)). Spinning sidebands are marked by
asterisks, B is the background signal of the probehead. The proton NMR
signal of the internal temperature standar@Nigs marked by an arrow.

with a large positive shift of 95.9 ppm at 310 K. The half-
width of the signal Avy,, is 850 Hz, and the spinning sidebands
cover a range of about 200 ppm. THE MAS NMR spectrum
has two signals at 590 ppm{12 = 840 Hz) and at-208 ppm
(Avy2 = 380 Hz). While the'3C NMR signal at low frequency
is not accompanied by spinning sidebands at the spinning speed
of 14.5 kHz, the high-frequency signal exhibits a large spinning
sideband manifold covering a range of about 1500 ppm. The
intensities of the spinning sidebands reflect an anisotropic
powder pattern characteristic for an axially symmetric shift
tensot3 with the isotropic line at the center of mass of the
anisotropic signal. The signal assignment is based on the spin
delocalization mechanism and the spinning sideband patterns.
This will be outlined in the Discussion; it applies for all other
spectra. Temperature-depend&a MAS NMR spectra showed
that from ambient temperature up to about P@the signal
shifts follow the Curie law (Figure SI1, Supporting Information)
The !H and3C MAS NMR spectra of solid [(Mes).Cr]*
[PFe]~ (S = 3/2) (Figure 4a and 4c) featured signals, which
were much broader than those of the nickel analogue. When
the counterion [P§~ was replaced by [TCNE] (S = 1/2)
(Figure 4b and 4d), the proton signal shifted from 13.6 to 10.0
ppm, the ring carbon signal from309 to—289 ppm, and the
methyl carbon signal from 800 to 824 ppm. In addition, a
striking signal narrowing by factors of 4, 11, and 17, respec-
tively, was observed. As will be outlined later, the mechanism
of the spin delocalization changes on going from the nickel to
the chromium derivative (and likewise to the manganese and
iron derivative, see below). Therefore, the shift signs of the
carbon signals of [(§Mes).Cr]* are opposite to those of [(€

(13) Herzfeld, J.; Berger, A. El. Chem. Phys198Q 73, 6021-6030.
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Figure 5. 13C CP MAS NMR spectra of [(§Mes).Co]" [PFe]~ (a) and e A
[(CsMes),Col" [TCNE]™ (b).

Mes),Ni] ™, and no sideband patterns are visible in traces ¢ and 40 80 -120 160 200 -240 -2r80ﬁ
d of Figure 4. (ppm)

The [(GMes):Mn]* (S= 1) and [(GMes)zFel" (S = 1/2) Figure 6. 3'P MAS NMR spectra of [(@Mes),M]* [PFg] - with M = Ni
cations as [Pg~ and [TCNE] salts, respectively, gave similar ggzé,ccl"l(g)’kﬁg).(c)’ Mn (d), Cr (e) (temperatures: G5 K, spinning
spectra (Figures SI2, SI3, Sl4, and SI5, Supporting Information).

Thus, at spinning speeds higher than 13 kHz, spinning sidebands
were only observed in théH MAS NMR spectra, and
substitution of [PE]~ for [TCNE]~ led to changes of the signal
shifts and half-widths, although the signal narrowing was less

pronounced than for the chromium derivative. The compound
[(CsMes)oMn] ™ [TCNE]™ is thermolabilé* while it is more RN

Qo |T|

stable when the counterion is [R}F.6 This was confirmed by e N\

the 13C MAS NMR spectra, which showed signals of decom-

position products for the [TCNE]but not for the [PE~ salt. 20 0 40 80 120 -160 !
When the cation of [(€Mes),M] " [X] ~ was diamagnetic, the (ppm)

replacement of [X] = [PFs]~ by the radical anion [TCNE] Figure 7. 1% MAS NMR spectra of [(GMes):M]* [PFs]~ with M = Ni

also entailed changes of the solid-state NMR signal shifts. This (&), Co (b), Fe (c), Mn (d), Cr (e) (temperatures: 3G15 K, spinning
is illustrated by thé*C MAS NMR spectra of [(GMes).Co]* rate: 14.5 kHz).
salts in Figure 5. The methyl and ring carbon signals of the
[PFs]~ salt appear at 8.1 and 95.3 ppm, respectively, the latter
signal featuring second-order dipolar coupling to the quadrupolar
nucleus®Co 1% In the [TCNE] salt at 298 K, these signals are
shifted to high frequencies by 18.8 and 26.3 ppm, respectively.
A variable-temperature MAS NMR study revealed that the shifts
are inversely proportional to the absolute temperature as
expected from the Curie law (Figure SI6, Supporting Informa-
tion). This is a clear indication that these signal shifts are due
to interactions with unpaired electrons (see Discussion).

31p and 1°F MAS NMR Spectra. In Figure 6, the’!P MAS
NMR spectra of the decamethylmetallocenium compounds [(C
Mes),M]* [PFg]~ with M = Ni, Co, Fe, Mn, and Cr are
displayed. For the diamagnetic salt §@es).Co]" [PFs]~
(Figure 6b), the spectrum consists of a well-resolved septet at
144.1 ppm Avy, = 150 Hz) because of scalar coupling to six
equivalent!®F atoms with the coupling constad®!P, 1%F) =
720+ 10 Hz, which is in accord with literature datain the
3P NMR spectrum of [(eMes)Ni]* [PFs]~ (Figure 6a), the
septet structure of the signal is maintained, the half-width of
the signal has increased to 450 Hz, and there is a signal shift of
11 ppm to high frequency with respect to the diamagnetic signal
of the cobaltocenium salt. When the metal M in §§@s),M] *
[PRe]~ is Fe, Mn, and Cr, thélP MAS NMR spectra in Figure

6¢c, 6d, and 6e, respectively, show broad isotropic sigals{
=4.8,4.1, and 1.7 kHz, respectively) without multiplet structure.
These signals are shifted to low frequency relative taM(&5).-
Co]" [PRg] ™.

Thel%F MAS NMR spectra of all [(GMes),M] * [PFg] ™ salts
(Figure 7) exhibit a single isotropic signal. In @es)>Ni] "
[PFs]~ and [(GMes),Co]* [PFs]~ (Figure 7a and 7b, respec-
tively), it is split into a doublet, thus confirming th@p, 1°F
coupling. When going from the diamagnetic cobalt to the
paramagnetic nickel compound, the signal half-width roughly
doubles, while the signals of [(Mes),Fel" [PFg]~, [(CsMes)2-
Mn]* [PFs]~, and [(GMes).Cr]* [PFs]~ are too broad to observe
the coupling (Figure 7c and 7d, respectively). A high-frequency
shift of 10.7 ppm was found for th€F NMR signal of [(G-
Mes)oNi]t [PFg]~ relative to [(GMes),Co]t [PFs]~, whereas
the signals of [(GMes).Fe]" [PFg] ™, [(CsMes)Mn]™ [PFe]
and [(GMes),Cr]* [PFg]~ are shifted to low frequencies by
amounts proportional to those of the corresponditiyNMR
signals.

Mixed Crystals [(CsMes),MxCo;—4] T [PFg]— (M = Ni, Cr).

To probe site-selective effects on the NMR spectra of solid
paramagnetic metallocenium ions, §Mes).Ni]* [PFs]~ and
[(CsMes),Cr]* [PRg]~ were cocrystallized with diamagnetic KC
Mes),Co]" [PFs]~. The ratios were Ni/Ce= 9/1 and 3/2 leading
(14) Yee, G. T.; Manriquez, J. M.; Dixon, D. A.; McLean, R. S.; Groski, D. 1O [(CsMes)2NixCor—] * [PRg]~ (x = 0.9 and 0.6, respectively)

'i"éé';”gpggéf‘éfif Narayan, K. S.; Epstein, A. J.; Miller, JA8l. Mater. as well as Cr/Ce= 4/1 and 3/7 leading to [(§Mes),CrCor,]

(15) Heise, H.;thIer, F. H.; Brouwer, E.; Harris, R. K.; SteuernagelMagn. [PFes]~ (x = 0.8 and 0.3, respectively). Figure 8 demonstrates
Reson. Chenl999 37, 573-578. 1 + —

(16) (@) Latscha, H. FZ. Naturforsch,, B1968 23, 139-144. (b) Jander, . NOW the*C MAS NMR spectrum of [(@Mes),Co]" [PFe]
Borner, D.; Engelhardt, ULiebigs Ann. Cheml969 726, 19-24. (Figure 8c) is affected by the presence of{&s)-Ni] * [PFe]~

10826 J. AM. CHEM. SOC. = VOL. 124, NO. 36, 2002
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Table 1. 13C, 19F, and 3P MAS NMR Signal Shifts and Intensities of the [(CsMes).Co]* and [PFs]~ lons in the Mixed Crystals
[(CsMes)2MxCo1- " [PFe] ™

paramagnetic center M X nucleus signal shift?, exptlitheor intensity® Ady?
Ni 0.9 13C 13.8,0.81/0.817.0,0.19/0.18&, ¢/0.01
19F —58.0,0.8/0.81 —62.6,0.2/0.18¢, ¢/0.01
31p —133.4,0.8/0.81 —139.2,0.2/0.18¢, ¢/0.01
0.6 13C 13.8,0.32/0.366.9,0.47/0.480.0,0.21/0.16 6.9
19F —57.5,0.3/0.36 —62.6,0.5/0.48 —67.0,0.2/0.16 4.6
31p —132.0,0.4/0.36 —137.9,0.5/0.48 —143.5,0.1/0.16 5.8
Cr 0.8 15C —8.2,0.64/0.64 —4.2,0.27/0.320.0,0.09/0.04
0.3 13C —9.4,0.10/0.09 —5.1,0.45/0.42 —0.4,0.45/0.49 —4.4

aln ppm relative to pure [(§Mes).Co]* [PFs]~.  Normalized valuesS Not observedd Change of the signal shift per paramagnetic neighboring cation,
average of all measured shift differences of a given nucleus.

An—_——
@ ] Cmethyl
S a

Cring
a
c AN
LIAN Ma
d Jvk
20 40 60  -80  -100
c ' (ppm)
Figure 9. 1% MAS NMR spectra of the mixed crystals f{@es)NixCoj— "
[PFe]~ with x = 0.0 (a), 0.6 (b), 0.9 (c), and 1.0 (d) (temperatures: -307
d /\ /\/\ 315 K, spinning rate: 14.5 kHz).
e /\ A respectively, which corresponds to an average shift of 7.5 ppm
’ - - . to high frequency per paramagnetic neighbor. Because of large
100 80 60 40 20 0 signal widths, the expected splittings of other signals of the
(ppm) paramagpnetic cations in the two mixed-crystal series could not
Figure 8. 13C CP MAS NMR spectra of the [¢Mes),Co]" cation in the be observed.
mixed crystals. Traces a and b: j@es),NixCoy|* [PFe]~ with x = 0.9 Corresponding signal splittings were observed in'fireand

(a) and 0.6 (b). Tlace c: pure [{&es),Co]" [PFs]~. Traces d and e: 31p MAS NMR spectra of [(@\/Ies)zNixCChﬂd*' [PF]~ while
[(CsMes)oCrCor-d™ [PFe]™ with x = 0.3 (d) and 0.8 (). in the chromium analogue the signal widths were too large (cf.
Figures 6 and 7). In Figure 9, tA& MAS NMR spectra of the
(Figure 8a and 8b) and [(®es).Cr]* [PFs]~ (Figure 8d and mixed crystals [(GMes):NixCoi—] " [PFs]~ are compared to
8e). The signals of the methyl and ring carbon atoms are boththose of the pure [(€Mes).Co]* and [(GMes) Ni]* salts. The
broadened, but the most striking feature is the splitting of the doublet signal of [(GMes),Co]* [PFs]~ splits into a feature of
methyl carbon signal. For instance, three signals at 22.5, 15.6,three not completely resolved doublets that are equidistant in
and 8.7 ppm with an intensity ratio of 0.32/0.47/0.21 were found the error limits. Again, the intensity distribution agrees well
whenx was 0.6. Similar signal splittings were observed for other with the binomial distribution (Table 1). ThEéP MAS NMR
mixed crystals (Table 1). All patterns can be explained by signal of [(GMes)2NigeCn 4™ [PFs]~ (Figure SI8, Supporting
assuming that the shift of the methyl signals is perturbed by Information) appears as a nine-line multiplet, which results from
two nearest-neighbor cations and that each paramagneticthree overlapping heptetsatl32.0,—137.9, and-143.5 ppm,
neighbor leads to mean shifts of 6.9 ppm anél4 ppm for the respectively. Accidentally, at the magnetic field of 7.05 T, the
salts containing [(€Mes) Ni] ™ and [(GMes).Cr]", respectively. signal shift differences of 5.9 ppm correspond to roughly half
When [(GMes).Ni]™ and [(GMes),Cr]™ occupy random cation  the 3P, 1% coupling constant. Analysis of the data for= 0.6
positions in the crystal lattice, the probability of finding two, and 0.9 confirms thé3C and°F NMR results (Table 1).
one, and no paramagnetic neighbor next tosf€s).Co]" The *H MAS NMR signal widths of [(GMes) NixCor— "
corresponds to the binominal distribution, that isx#2x(1— [PFs]~ prevented the resolution of the expected signal splitting
X)/(1—x)?, respectively. The theoretical signal intensities, which (Figure SI9, Supporting Information). The effect of the para-
are also given in Table 1, are in good agreement with the magnetic next-neighbor cations was however obvious from the
experimental ones. As for the signal of the ring carbon atoms, signal shifts. Thus, at 308 K the signal of [{@es).Co]™ moved
the splitting pattern near 95 ppm (because of second-orderfrom 2.1 to 1.3 ppm and 0.9 ppm wherwas 0, 0.6, and 0.9,
dipolar coupling) is smeared out and prevents a reliable analysisrespectively. The signal shifts of [{®les),Ni]* were 97.8 and

of chemical shift changes. 97.0 ppm forx = 0.6 and 0.9, respectively.
The methyl carbon signal of [@Mes),Ni]"™ was narrow Crystal Structures. For the interpretation of intermolecular
enough to observe a corresponding signal splitting fos\€).- paramagnetic signal shifts, the arrangement of anions and cations

NixCo—]* [PFe]™ (Figure SI7). At 313 K, the signal shifts were in the crystal lattice and the interion distances were of interest.
—222,—214, and—207 ppm whenx was 0.6, 0.9, and 1.0, Therefore, [(GMes).Co]" [PFs]~ was investigated by single-
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Table 2. Paramagnetic Shifts? and Half-Widths? of the Isotropic
1H, 13C, 8!P, and °F MAS NMR Signals of Solid
Decamethylmetallocenium [TCNE]~ and [PF¢]~ Salts Compared to
the Paramagnetic Signal Shifts of Corresponding [PFg]~ Salts in
Acetone Solution

compound Ciing CH, H P F
[(CsMes)2Ni] * [PFg]~ 519 —227 98 10.8 107
(0.8) (0.4 (0.9 (0.4) (0.5)
solution 528 —250 102
[(CsMes).Co]" [TCNE]~  26.3 18.8 0.7
(03) (02 (0.7
[(CsMes)Felt [PF|~ 173 —-25 —30 —125 -13.0
. ; _ 27 @7 @10) (4.8) (8.0
Figure 10. Crystallographic unit cell of [(€Mes),Col* [PFs]~ showing [S(%l:lsloer;)zFe}* [TCNE]- 1153 45 :ig :ig
two selected ion pairs. 2.1) (2.0) 6.7)
[(CsMes)oMn]* [PFg]~  —108 572 —57 135 -13.4
crystal X-ray analysis as a representative example of the (2.4) (24) (6.7) (41) (48

i olution -118 580 —64
decamethylmetallocenium hexafluorophosphates. The compoun (CeMeg)oMn]* [TCNE]" 79 002 —60

crystallizes in the monoclinic space groGg/mwith two anions (1.3) 13) (3.4)

and cations per unit cell (Figure 10). The cell parameters at [(CsMes),Cr]* [PFs]~ —410 818 12 -03 -08
199 K area = 14.05 A,b =890 A,c = 9.12 A, andp = _ (10.00 (1000 (41 (@17 (35
112.72 A. A comparison of the powder X-ray diffractograms [S(Oclu&%”) CiJ* [TCNE]- :ggg gig g

of all compounds [(GMes),M] " [PFs]~ (M = Ni, Co, Fe, Mn, S (0.9) 0.6) (L1

Cr) and of the mixed crystals proved that they crystallize in the
same space group. The maximal variations of the edge lengths ?In ppm it 298_Kbrelative to the diamagnetic signal shifts of solid
are 0.7 A @), 0.2 A (b), and 0.01 A ¢), that is, less than 5% of [(CsMes)oCol” [PF]™. ® In kHz in parentheses.

the total value. Therefore, we feel justified to use the interionic gjgna| shifts of ferrocenium ions in solution are contaminated
distances of [(Mes).Co]" [PFe]~ for the evaluation of the  py jarge positive dipolar shifts (236820 ppm)i! When these
intermolecular dipolar signal shifts discussed below. A more 5re removed, the remaining contact shift, and thus the spin
detailed description of the structure, which is needed for the gensity in the ligandr orbitals, is negative. Whether thisspin
calculation of the dipolar NMR signal shifts, is given in the gensity is positive or negative depends on the delocalization
Supporting Information. mechanisni’¢ If the metal d-electron count id > 6, direct
metal-ligand spin transfer yields positive spin density because

Discussion
the unpaired electrons are in MOs which have considerable
Spin Distribution in [(C sMes),M] *. The experimental NMR  |igand contents (cf. Figure 1a, sig). If the electron count is
signal shifts, 0", of paramagnetic molecules are composed of ( < g, the unpaired electrons are in MOs which are essentially
two contributions: the diamagnetic Contributi(ﬁﬁi:a, which is metal orbitals, so that polarization of the methgjand bonding

due to the Shleldlng by closed-shell electrons, and the para-electrons y|e|ds negative Spin density (Cf Figure 1c, Bfw
magnetic contributiongP®? which is due to the interaction of  when the NMR data in Table 2 are compared with the
the nuclear spin with the mean magnetic moment of the electron experimental finding® and to the theoretical mod&&d9perfect
spin!’ The paramagnetic signal shifts depend on the absolute agreement is found: The spin density in the ligandrbitals
temperatureT, and are hence usually reportedé®33. Since of the cations [(@Mes):M]* is negative for M= Cr, Mn, and
the spectra were recorded at slightly different temperatures, Fe, and ferromagnetic interaction is found (cf. Figure 1d) for
mostly a few degrees above room temperature, all data werethe [TCNE] salts. In contrast, for M= Ni the corresponding
converted to signal shifts at the standard temperature 298 K byspin density is positive, and the interaction with [TCNE$
following the relationdPa2 0 T-1, The shifts summarized in antiferromagnetic (cf. Figure 1b).
Table 2 aredP¥"%qg values that allow proper comparison. Quantitative information on the spin distribution in metallo-
The paramagnetic signal shift, in turn, is composed of a cenium ions is obtained from the spinning sideband patterns
through-bond contribution, the contact shif", and a through-  associated with the isotropic signals of the five-ring carbon

space contribution, the dipolar shift{*. Because only<"is atoms. The total chemical shift tensor of a NMR signal of a
proportional to the spin densitg'» must be subtracted from  paramagnetic compound comprises the diamagnetic shift tensor,
oraa In the Supporting Information, it is shown thitP is small the anisotropic hyperfine interaction tensor (due to dipolar

in most cases so that the data of Table 2 reflect the spin densitiesnteractions with electron spin density in a p, d, and f orbital at
except for cases that are discussed below. In particuladP#fe  the atom under considerat® and the dipolar interactions
values of the five-ring carbon atoms correspond to the spin between the nucleus and the electron spin density located at
densities in ther orbitals at the ligands. Obviously (Table 2), remote positiond2 All tensor contributions of the ring carbon
this spin density is positive for [§Mes),Ni] ~ and negative for  signals of the cations [§Mes),M] * are axially symmetric with
[(CsMes),Cr]* and [(GMes),Mn]* in accordance with solution-
state data. It has been shown previously that the corresponding8) BN%”? éhe%abs'%fagﬁn% ch;mMma&ggg' 1397@{*9*‘8%?90“' A. L. Miller,

(19) Darkwa, J.; Richardson, J. F.; Sorensen, TA&a Crystallogr., Sect. C
(17) (@)NMR of Paramagnetic MoleculekaMar, G. N., Horrocks, W. DeW., 199Q 46, 745-747.
J -

r., Holm, R. H., Eds.; Academic Press: New York, 1973. (b) Drago, R. (20) Miller, J. S.; Epstein, A. JAngew. Chem., Int. Ed. Engl994 33, 385—
S. Physical Methods for ChemisSaunders College Publishing: Ft. Worth, 415.
TX, 1992; Chapter 12. (c) Kder, F. H. in ref 2c, p 379430. (21) Morton, J. R.; Preston, K. B. Magn. Reson1978 30, 577-582.
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Table 3. Results of the Herzfeld—Berger Analyses Obtained for the 13C MAS NMR Signals of the Five-Ring Carbon Atoms of
Metallocenium Cations

compound TIK] Vot [kHZ] o' AO? v Aoparae AP e [%]
[(CsMes) Ni] Tt [PFe] ~ 310.5 14.5 590 1091 0.43 1205 1254 3.6
304.5 12.0 601 1176 0.36 1290 1318
310.5 9.5 609 1175 0.31 1289 1302
[(CsMes) Fe]t [PRe]~ 298.5 5.0 269 223 0.281 337 338 f
[(CsMes)Mn]* [PFs] ~ 300 6.0 —14 —237 0.35 —123 —124 -1.3
[(CsMes),Cr]t [TCNE]™ 293.6 5.0 —308 —153 0.65 39 38 -11

AAO = 07z — (Oxx + Oyy)I2. P17 = (Oyy — 0x)/(02z — Jiso) With the tensor main valug®,; — disol = [Oxx — Jisol = [dyy — Oisal. © AIPIE = Ao — Ad%a,
d AParags = AGPa3-T/298 K. © py, is the spin density in one carbon p orbital of the ligand (see eq 2). For the calculatigrtief following geometric
parameters were taken: [{iles),Ni]*:18rM = 2.105 A rc = 1.42 A, 8 = 35.0%, [(CsMes),Mn]* (crystal structure not available, estimated values):=
21 A rc=14A 8 =35, [Cp*Cr":19rM = 2.15 A rc = 1.42 A, = 33.2. T Not calculated, see text.

respect to the main molecular axis because the cations are 5|
rotating rapidly about their 5-fold symmetry axis. In this case,

the total shift tensor is given by the isotropic shift and the total a l B
shift anisotropy Ao (Ad = ;) — dp). The latter has diamagnetic
and paramagnetic contributionsgda and AdPaa respectively,

and is given &% b

SO

Ad = AOM+ A6 = AG™P + A + Ay, TP + 2:A0 TP g

1) c N A’\AM

Here,Ao" is the anisotropy of the hyperfine interaction tensor,

and Aoy@P and AdcdiP are the anisotropies of the dipolar d
interaction tensors associated with spin density at the metal
center and at the two neighboring ring carbon atoms, respec- e

tively. If the r spin density of a metallocenium ion is positive,
the two leading termsASh and AdydP, have the same sign, f
thus giving rise to a large total shift anisotropy. If thespin
density is negative, these terms have opposite signs, and the T T r T v T T .
total shift anisotropy is small. For metallocenium ions with 1400 1200 1000 800 600 400 200 0
known geometry and smajttensor anisotropy, the spin density, (Ppm)
Figure 11. 13C MAS NMR spectra (a, ¢, ) and simulated spectra (b, d, f)

pp, in one p orbital of the pentamethycyclopentadienyl ligand of [(CeMex)sNi1* [PRo|- at spinning rates of 14.5 kHz (a and b), 12 kHz (c

can be calculatet? and d), and 9.5 kHz (e and f). Temperatures: 310 K (a), 305 K (c), and

para 301 K (e). The isotropic signal (at the center of mass of the anisotropic

A0 _ signal) is marked by an arrow, B is the background signal of the probehead.
=A% 1533 c0dp - 1) gna) y ground sig P

Pp C
3, it follows that the fitting parameters are quite reliable; for

instance, the deviation of the paramagnetic shift anisotropy
APPA3ee = AOPA-T/298 K obtained from the three spectra of
[(CsMes)2Ni] T is only 2.9% of the mean value of 1291 ppm.
FromA9Pa395and eq 2 the electron spin density in one p orbital
of the ring carbon atoms of [@®es)2Ni] ™ is calculated to be
3.6% of the unpaired electron. This is in keeping with multiple
scattering X« calculations which gave a value of 4.1% for the
parent nickelocenium iof? There is a deviation of the shift
ﬂz gS+1)- gz tensors from total axial symmetry that can be ascribed to a small
P e (3) g-factor anisotropy (neglected in this approach), to dipolar

3KT carbon-proton coupling, and to distortions due to susceptibility
mismatch?*

For [(CsMes)-Fel", [(CsMes).Mn]*, and [(GMes).Cr]* the
total shift anisotropies are significantly smaller than fors{(C
Mes)2Ni]* (Table 3), so that spinning sideband analyses had to
be carried out for MAS NMR spectra obtained at low spinning
rates. Negative spin densities in the ligandorbitals were
¢ calculated from the shift tensor anisotropies forg@s),Cr]*™
and [(GMes),Mn] ™, as expected for a sandwich compound with
less than six d electrons (vide supra). For the cations mentioned

[1.20,°0- 15r,° (3 cod B — 1) — 31 (2)

In eq 2,rv is the distance between a ring carbon atom and the
metal,rc is the distance between two neighboring ring carbon
atoms,f is the angle between the vectgr and the 5-fold axis

of the metallocenium ion, anstr,j3> is the expectation value

of r=2 of the p orbital (for the carbon atomrg3> is 13.5
A-32) and the constar€ (in ppmrA3) is given by

.

In eq 3,uo is the vacuum permeability, is the Bohr magneton,
Sis the electron spin quantum numbaey, is the mearg factor,

k is the Boltzmann factor, ant@lis the absolute temperature. A
Herzfeld-Berger spinning sideband analySisas carried out
for the ring carbon signals of four decamethylmetallocenium
ions, among them [(§Mes).Ni]* [PFs]~ at three different
spinning ratesyo;. As can be seen in Figure 11, the agreemen
between experimental and fitted spectra is good. From Table

(22) (a) Brough, A. R.; Grey, C. P.; Dobson, C. M. Am. Chem. Sod.993

115 7318-7327. (b) Nayeem, A.; Yesinowski, J. .Chem. Phys1988 (23) Goursot, A.; Penigault, E.; Weber,New J. Chem1979 3, 675-681.
89, 4600-4608. (c) Kolbert, A. C.; Vesel, R.; De Groot, H.; Almeida, M. (24) Grey, C. P.; Dobson, C. M.; Cheetham, A. X.Magn. Reson1992 98,
Mol. Phys.1997 91, 725-730. 414-420.
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so far, theg-factor anisotropy is sm&fabso that the analysis
is a good approximatio?f. A different case is the cation [¢€
Mes).Fe]t where theg-factor anisotropy is large and where the

of the methyl carbon atoms of [¢®les),Co]" in the mixed
crystals of [(GMes)2NixCo—* [PFs]~ and [(GMes).Cr,Cor] *
[PFe]~ is less than 0.3 ppm. Therefore, the shifts of 6.9 ppm

guantitative analysis is hampered because additional anisotropicand —4.3 ppm are intermolecular contact shifts which are
shift contributions come into play. However, the result agrees ascribed to spin transfer from the [@es),Ni] ™ and [(GMes)-
well with the fact that the paramagnetic shift anisotropy o&f(C  Cr]™ cations, respectively, to [@Mes),Co]". The solid-state
Mes) Fel" [PFg] ™ is only about one-fourth of that of [¢®es),- structure (Figure 10) suggests that spin density is transferred
Ni] ™ [PFe]~ (while both haveS= 1/2). This is in line with the from the ligandx orbitals of one metallocenium cation to the
fact that negative and positive spin densities on the ligands causemethyl groups of the next. Since the spin in the liganotbitals
small and large shift anisotropies, respectively. Independently, of [(CsMes)2Ni] T and [(GMes),Cr]" is positive and negative,
the analysis may be restricted to the isotropic signal shifts. For respectively (see previous section), both cations must produce
the [PF]~ salt, a mean dipolar shift of 348 ppm is calculated intermolecular contact shifts with different signs. This has
(eq SI1, Supplementary Information) wih? — g-? = 17.8— actually been observed.
18.55¢ and the distances F&€ = 2.09 A and G-C = 1.40 So far, the effect on the signal shifts of [{@es),Co]* has
A.26 Subtraction from the shift value given in Table 2 yields a been discussed. As for [(®les),Ni] T, dilution by [(CsMes),-
contact shift of~175 ppm, which corresponds to the solution-  CoJ* results in a low-frequency shift of its methyl carbon signals
state dati and qualitatively shows that the spin in the ligand (Figure SI7). The same was found for pure f{&s),Ni] "
ot orbitals is again negative. [PFs]~ when passing from the solid state to solution (Table 2).

Cation—Cation Interaction in Solid [(C sMes),M] * [PFg] . Unfortunately, no signal splittings could be observed for other
The X-ray powder diffractograms of the mixed crystals paramagnetic cations because of large signal widths. Neverthe-
[(CsMes)oMyCo—] ™ [PFg]~ (M = Cr, Ni) showed only one less, it is reasonable to suggest that other signal shift differences
set of reflexes, thus indicating that the different cations are for solution and the solid state seen in Table 2 are to a large
randomly distributed within the crystal lattice and not in extent due to intermolecular spin transfer. Intermolecular contact
separated domains. As can be seen from Figurésahd Tables shifts have been observed previously for rare-earth compétinds
1 and 2, the paramagnefiel and13C NMR signal shifts of all in the solid state and for noncoordinating ion pairs such as
[(CsMes)M] T cations are influenced by adjacent cations in the [(nNC4Hg)N] T2 [MX 4]2~ in solution and in molten salts.
lattice. For [(GMes)M] " [PFg] ~ in the solid state and in acetone  Cation—Anion Interaction in Solid [(C sMes),M] * [PFe] .
solution the paramagnetic signal shifts differ by amounts of up The 19F and3P MAS NMR signals of [(GMes),;M]+ [PF]~
to 25 ppm, while the deviations of the corresponding diamag- were also shifted when paramagnetic metallocenium cations
netic signal shifts are below 1 ppm. These differences can havewere present. Studies of the mixed crystals (Figures 9 and SI7)
two origins: First, the geometry of the cations in the solid state show signal splitting patterns, which are expected when two
are likely to differ to some extent from those of dissolved paramagnetic cations contribute to the signal shifts. The crystal
cations, causing a change of the intramolecular spin distribution. structure (Figure 10) reveals that there are two next-neighbor
A related example is the effect of the host lattice on the spin cations in theac plane of the unit cell.
distribution in cobaltocene which has been disclosed by ENDOR  cajculation of the ligand- and metal-centered intermolecular
spectroscopy§’ Second, the influence of adjacent paramagnetic dipolar shifts including the nearest eight §{@s),M]* cations
cations in the crystal lattice can contribute to the total NMR (sypplementary Information) gave 0.4, 5:815.8 ppm, and 0
signal shifts as well. A selective probe of the latter shift ypm for M= Cr, Mn, Fe, and Ni, respectively (Table SI3). It
contributions are the MAS NMR signals of the [{@es),Co]" is concluded that in the case of nickel the averaeNMR
cation in the mixed crystals [@Mes):NixCoi—] " [PFe] - and  signal shift of 5.8 ppm (Table 1) per paramagnetic cation in
[(CsMes)oCrCor- ™ [PRe] ~ (Figure 8), where the methyl carbon  [(CyMes),Ni,Cor—]* [PFs]~ is a contact shift and that this
atoms showed the most pronounced effect. FOEN{€z)2Nix- proves spin density transfer from [{@es),M]* to [PRs]~. The
Co " [PRg]~ and [(GMes),CrCor] * [PF] ™ the interionic  signal shift of 10.8 ppm for pure [@Mes)oNi]* [PFg]~ (Table
paramagnetic signal shifts caused by each of the two nearesb) js in line with these results. In [@es),Fe]" [PF]~ and
cations were 6.9 ppm and4.4 ppm, respectively. Origins of  [(CsMes),Cr]* [PFs]~ the experimental and dipolar shifts are
the shifts that must be discussed are intermolecular transfer ofgjmjjar, so that cationanion spin transfer is less clear. By
spin density and dipolar interactions resulting in intermolecular contrast, in [(GMes),Mn]* [PFs]~ subtraction of the dipolar
contact shifts and dipolar shifts, respectively. shift from the experimental shift yields a contact shift-€f9.3

The intermolecular dipolar shifts are composed of ligand- and ppm. Thus, théP contact shift is negative when the spin density
metal-centered contributions whose calculation is described inin the ligands orbitals is negative and vice versa. This is in
the Supplementary Information. The total dipolar shift amount keeping with the"*C NMR results and the fact that the ligand

- - — 7t orbitals of the two nearest [(®es),M] ™ cations point toward

(25) (a) Nickelocenium and chromocenium ions: Ammeter, JJHMagn.

Reson1978 30, 299325 and ref 6. (b) Since no data for manganocenium the [PFG] anion (Flgure 10)v thereby favorlng catieanion
ions are available, the isoelectronic chromocene serves for an estimate:spin transfer.

Konig, E.; Schnakig, R.; Kanellakopulos, B.; Klenze,Ghem. Phys. Lett.
1977, 50, 439-441. (c) Duggan, D. M.; Hendrickson, D. Morg. Chem.

1975 14, 955-970. (d) Materikova, R. B.; Babin, V. N.; Solodovnikov,
S. P.; Lyatifov, A. T.; Petrovsky, P. V.; Fedin, E. Z. Naturforsch., B
1980 35, 1415-14109.

(26) Reis, A. H., Jr; Preston, D. L.; Williams, J. M.; Peterson, S. W.; Candela,

G. A.; Swartzendruber, L. J.; Miller, J. 8. Am. Chem. Sod 979 101,
2756-2758.

(27) Rudin, M.; Fauth, J. M.; Schwaiger A.; Ernst, R. R.; Zoller, L.; Ammeter,
J. H.Mol. Phys.1983 49, 12571275.
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(28) (a) Grey, C. P.; Dobson, C. M.; Cheetham, A. K.; Jakeman, R.JJABn.
Chem. Soc1989 111, 505-511. (b) Brough, A. R.; Grey, C. P.; Dobson
J. Am. Chem. S0d.993 115 7318-7327.

(29) (a) Fritz, H. P.; Gretner, W.; Keller, H. J.; Schwarzhans, K.ZE.
Naturforsch., BL97Q 25, 174-176. (b) Brown, D. G.; Drago, R. S. Am.
Chem. Socl197Q 92, 1871-1875. (c) Lim, Y.-Y.; Drago, R. SJ. Am.
Chem. Socl972 94, 84—90. (d) Bertini, I.; Luchinat, C.; Borghi, Hnorg.
Chem.1981, 20, 306-308.
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The%F MAS NMR spectra of the [(§Mes),M] * [PFg] ~ salts
showed equivalent fluorine atoms, which means that the] [PF
anions are rotating fast on the NMR time scale. We have not
calculated motionally averaged intermolecular dipé%&rNMR
shifts, but it can be assumed that they are similar to the dipolar
31P NMR shifts. Then the signs and the magnitudes of'tke
NMR data in Table 2 confirm that the [BF anions receive
spin density from paramagnetic [{kes),M]* cations at least
for M = Cr and Ni.

The transferred spin density of a given nucleup), can
be calculated from the contact shiftsen, byl7c

p(N) = 9KTOV[uodl oa5(S + 1)] (4)

All symbols have been mentioned above exceptagmwhich

is the Bohr radius. For an estimate, it is assumed that the signal

shifts are pure contact shifts and tlgagis 2. In [(CGMes),Ni] ™
[PFe]~, 19F and®P NMR signal shifts of about 10 ppm (Table
2) andS = 1/2 yield p(*%F) ~ p(®1P) ~ 8-107° atomic units.

Anion—Cation Interaction in [(C sMes),M]* [TCNE] ~. A
good indication of the interaction between the ions ofsf(C
Mes)oM] ™ [TCNE]™ is the nuclear relaxation. As can be seen
in Figure 5, the radical anion [TCNE]broadens thé*C MAS
NMR signals of the diamagnetic cation f@es),Co]". More
strikingly, when the cation [(§Mes),M] " is also paramagnetic,
the nuclear relaxation is slowed by electron spin exchahge,
and the signals become much narrower (Figure 4 and Table 2).
This has been observed previously for metallocenes after linking
them by covalent bondd whereas in the present cases interionic
interaction is responsible.

All attempts to detect th®C NMR signals of [TCNE} were
unsuccessful even for [(Mes),Cr]t [TCNE]~ whose nuclear
relaxation is most favorable. From the spin density distribution
in [TCNE]~,*?"it can be estimated that the signal shift and its
anisotropy (see eq 2) would prohibit detection of thé lspt
not the sp carbon atofi.However, even for the latter carbon
atoms nuclear relaxation is still too fast. So, there is no direct
proof for the delocalization of spin density from a paramagnetic
cation to [TCNE}. Yet, the delocalization should exist by
analogy to [(GMes):M] " [PFg] .

Clear evidence for the transfer of spin density from [TCNE]
to the counterion was found for [(®les),Co]" [TCNE]~. The
two 13C NMR signals of the cation (Figure 5) were shifted by

26.3 and 18.8 ppm, and these shifts were temperature-dependent

(Figure S16). As expected from positive spin in the antibonding
m orbital of [TCNE], the sign of these shifts is positive. Unlike
in the preceding two sections, intermolecular dipolar shifts can
be neglected here, because thfactor anisotropy (cf. eq Sl1,
Supplementary Information) is generally very small for organic
radicals. Thus, spin density of up tel®* au per carbon atom

is delocalized to [(EMes).Co]*. About the same transfer of
positive spin density from [TCNE]to the cations [(gMes),M] *
occurs when they are paramagnetic€MCr, Mn, and Fe). This
was calculated from the shift differences of-430 ppm between
the3C NMR signals of the [TCNE] and [PF]~ salts by using

eq 4.

(30) Molin, Yu. N.; Salikhov, K. M.; Zamaraev, K. Spin ExchangeOxford
University Press: New York, 1980.

(31) Atzkern, H.; Bergerat, P.; Beruda, H.; Fritz, M.; Hiermeier, J.; Hudeczek,
P.; Kahn, O.; Ktler, F. H.; Paul, M.; Weber, Bl. Am. Chem. S0d.995
117, 997-1011.

(32) Heise, H., Ph.D. Thesis, TU Mghen, 1999.

Conclusions

It has been shown that solid-state NMR spectroscopy is the
method of choice for studying the mechanism that mediates
magnetic interaction in molecule-based magnetic materials of
the type metallocenium tetracyanoethenide. It provides informa-
tion on the spin distribution, which cannot be obtained from
solution NMR spectra.

The analysis of not only the sign but also the anisotropy of
the NMR signal shifts of the salts [(®es),M]* [PFs] ™~ reveals
that the spin density in the orbitals of the (GMes) ligands is
positive when M is Ni and negative when M is Cr, Mn, and
Fe. The ions interact with each other as indicated by drastic
changes of the relaxation time of the nuclei of both cations and
anions. More importantly, the interactions cause changes of the
H, 13C, 1°F, and®P MAS NMR signal shifts, most of which
establish that the spin density is not restricted to a given ion
but transferred in part to neighboring ions. Spin delocalization
has been shown to proceed from cation to cation and from cation
to anion in [(GMes)M]* [PFg]~ and from anion to cation in
[(CsMes),M]* [TCNE]". The results obtained for [¢(Mes),M] "
[PRs]~ suggest that reverse spin density transfer also occurs from
[(CsMes),M] T to [TCNE]", although slow electron spin relax-
ation did not allow detection of NMR signals of [TCNE]The
transferred spin density is about *Cau, which would be hard
to measure by using polarized neutron diffraction. The sign of
the spin density does not change on the delocalization path.

The scenario that emerges from these results matches both
requirements of the McConnell-l mechanism: First, the sign
of the spin density at the periphery of the cations;MEs),M]
in metallocenium salts is in keeping with what was derived with
Figures 1 and 2. It is negative when the magnetic interaction in
[(CsMes),M]* [TCNE]™ is ferromagnetic and positive when it
is antiferromagnetic. Second, in the solid state the ions do
interact. All paramagnetic ions experience changes of their spin
density through spin transfer from neighboring paramagnetic
ions, which points to orbital overlap.

Molecule-based magnetic materials other than the metallo-
cenium derivatives may be studied by solid-state NMR spec-
troscopy as well if the relaxation time can be adjusted properly.
It is expected that tuning of intermolecular spin transfer can be
monitored in this way.

Experimental Section

All compounds were prepared by literature meth®a%.33Except
for pure [(GMes).Co]" [PFs]~, they were handled under dry and
oxygen-free nitrogen by using Schlenck techniques and solvents that
were dried by standard methods and saturated with inert gas. Single
crystals of [(GMes),Co]* [PFs]~ were grown by slow evaporation from
a saturated acetone solution. The mixed crystalsMi@s) NixCoy—]
[PFRs]~ with x = 0.6 and 0.9 and [(§/es),CrC0—] " [PFe]~ with x =
0.3 and 0.8 were obtained by crystallization from corresponding
mixtures of [(GMes).Ni]* [PF]~ and [(GMes),Co]" [PFs]~ or [(Cs-
Mes).Cr]* [PFs]~ and [(GMes).Co]* [PFs]~ in acetone/hexane solution.
The ratios of the metals in the mixed crystals were determined by
elemental analyses.

NMR Measurements and Simulations.All NMR spectra were
recorded by using a Bruker MSL 300 spectrometer with a 4-mm
standard Bruker MAS probehead. Zr&hd SiN, rotors with a diameter

(33) (a) Eichhorn, D. M.; Skee, D. C. Broderick, W. E. Hoffman,B. Iklorg.
Chem.1993 32, 491-492. (b) Duggan, D. E.; Hendrickson, D. horg.
Chem.1975 14, 955-970. (c) Robbins, J. L.; Edelstein, N. M.; Smart, J.
C.; Cooper, S. RJ. Am. Chem. Sod.979 101, 8353-8357.

J. AM. CHEM. SOC. = VOL. 124, NO. 36, 2002 10831



ARTICLES Heise et al.

of 4 mm were packed under inert gas with about 50 mg of the sample Table 4. Crystal Data and Structure Refinement for [(CsMes),Co]*
and about 10 mg of nickelocene as an internal temperature standardPFel

and then were sealed with Kel-F caps. The FIDs were sampled after empirical formula [CoGeHad ™ [PF]~

applying single pulses (duratiorne). Delays of 8-10 us were applied formula weight 474.36

for detector recovery, and repetition times were-2800 ms for NMR crystal system monoclinic

spectra of paramagnetic compounds and42s for diamagnetic Spfce ?roupt | CZ/IrIn

compounds. For thé’C CP MAS NMR spectra of [(QVIes)zC_o]+ 3?1i?::gllggfaﬁ1eters yellow

[PFs]~ the contact pulse length was 5 ms. The spectra were improved a(A) 14.0459(9)

by line broadening up to the matched filter and by baseline correction. b (A) 8.9028(4)

Signal shifts were measured relative to the external secondary standards c(A) 9.1186(5)

adamantane)((*H) = 2.0 ppm,d (33CH,) = 29.5 ppm), (NH)HPO, f (deg) 112.724(2)

(0 (®P) = 1.1 ppm), and NaFX (**F) = —224.4 ppm), respectively. volume (&) 1051.8(1)
L . . ; temperature (K) 199(2)

The paramagnetic signal shifts of the solids were calculated relative to Z 2

those of the diamagnetic analogue f{if&s).Co]" [PFs]~ (093(*3Cring) R12 0.0332

= 095.3,094(13CHg) = 8.1,0%8(*H) = 2.1, 598(31P) = —144.1,0%4(1%F) wR2 0.0905

= —68.6). The temperature was measured internally for each sample goodness of fit 1.146

at each spinning rate by observing the calibrated temperature-dependent o . _ 5 i
proton signal shift of nickelocerfé.Sideband analyses according to R1= 3IFol = IFcll/3IFol. "WR2 = (FW(|Fol — [Fcl)73wIFo[?)*2
Herzfeld and Bergéf were carried out with the program Wsolids, HBA ]

1.23%2 MAS NMR spectra with the tensor values obtained by these ~ Acknowledgment. This work has been supported by the

sideband analyses were simulated with the program Wsol#d 1. European Union (HCM network “Magnetic Molecular Materi-
Crystal Structure. A single crystal of [(GMes),Co]" [PFs]~ was als”) and by the Fonds der Chemischen Industrie. We thank
mounted on a thin glass fiber with viscous oil and then cooled 74 Dr. E. Herdtweck and L. Jakobsmeier for assistance with the

°C. Crystal data and details of the measurements are summarized inX-ray powder studies.

Table 4 (see also Supporting Information). Data were collected on a

NONIUS CAD 4 diffractometer using>-scans. Unit-cell parameters Supporting Information Available: Variable-temperatur€C
were determined from 100 data frames collected at different sections MAS NMR spectra of [(GMes)-Ni] * [PFs]~, IH and13C MAS
of the Ewald sphere. Semiempirical absorption corrections based onnMR spectra of [(GMes),Mn]* [PFg]~ and [(GMes).Fe]
equivalent reflections were appl_ied. _The structure_ was solved by PR, variable-temperatur®C MAS NMR spectra of [(G
Patterson methods, completed with difference Fourier syntheses, an e):Col" [PF]-, 13C, *H, and 3P MAS NMR spectra of

refined with full-matrix least-squares procedures based?oAlFnon- . n B .
hydrogen atoms were treated as idealized contributions. All scattering [(CsMes)oNixCou ™ [PFe] -, crystal data and structure refine-

factors and anomalous dispersion factors are contained in the SHELXTL Ment of [(GMes).Co]" [PFg]~ (extended version), positional

5.1 program library® and thermal atom parameters of §es).Co]" [PF]~, interi-
onic distances of [(§Mes).Co]" [PFs] -, calculation of interionic
(34) (a) Eichele, K.; Wasylishen, R. BBA 1.2 Dalhousie University: Halifax, dipolar shifts, and X-ray powder data. This material is available
Canada. (b) Eichele, K.; Wasylishen, R.\Esolids1 Dalhousie Univer- . .
sity: Halifax, Canada. free of charge via the Internet at http://pubs.acs.org.
(35) Sheldrick, G. M. Program Package SHELXTL, Version 5.1; Univérsita
Gattingen. JA020026L
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