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pH 1
15 I 13
N NMR 6c i C NMR
| cr NI
e — I A N
‘ |f __sg.-cl-.‘ . | |\ A |I V \/\
"L | TR | by |
( o || | |I || \
II( " I‘ l ' [ § | ',I I'. B I\ J I"' Loy
-v.a/"‘\..—.m"ﬂ-\._.‘_-‘wl L—-—J Ul A.-...nJ.-»u'l u'.._.J..U.. "\._—.‘-JI\-...»--... L sty v v b vV II'--.” J‘\.,.-«.M.
ppm 1800 1000 200 -600 ppm -5600 -6400 -7200

ABSTRACT: With the aim of probing the spin density distribution in the open-shell cyanometallates Cs,K[M(CN)s] (M = Cr,
Mn, Fe), Ks[M(CN)s] (M = Mn, Fe), K,[M(CN)4] (M = Cr, Mn), and K,[V(CN),] have been studied by solid-state '*C and
>N NMR spectroscopy. The signals appear in strongly shifted and broad ranges (**C, —2100 to —8900 ppm; "°N, —1900 to
2400 ppm) except K,[V(CN),], which is NMR-silent. Analysis of the isotropic signal shifts yields negative spin density in all
carbon 2s orbitals (up to 12.2% at the six ligands of [Mn(CN)4]*") and positive spin density in all nitrogen 2s orbitals (up to
1.1% at the six ligands of [Mn(CN)4]*" and [Fe(CN)]*"). This is in accord with the induction of alternating spin at the CN
ligands by successive polarization of ¢ bonds triggered by the spin center M"*. The signal shift anisotropies are related to spin in
the carbon and nitrogen 2p, and 2p, orbitals. In the case of Cs,K[Cr(CN),] and K,[Cr(CN),] much positive spin is found in
the nitrogen 2p,, orbitals, which corresponds to direct M — N spin transfer. On Cs,K[M(CN)] (M = Mn, Fe), the 2p,, spin
density at nitrogen is negative. The results are in accord with and extend the data of polarized neutron diffraction and EPR
spectroscopy. Owing to high signal resolution, small deviations of the [M(CN),]"" ions from octahedral symmetry and disorder
of crystal layers have been detected. This corresponds to the crystal symmetry and to Jahn—Teller distortion. The disorder entails
a scatter of spin densities. In the case of K,[Mn(CN)g] it reaches 19% for the C 2s orbitals and 80% for the N 2s orbitals with

regard to the respective smallest spin population.

B INTRODUCTION

The chemistry of paramagnetic hexacyanometalates has
experienced a renaissance, because these ions feature in many
novel magnetically attractive materials. Prototypes are the bulk-
magnetic Prussian blue analogues where spin alignment
remains stable up to relatively high temperature and that can
exist even above room temperature.1 In recent studies,
cyanometalate fragments have been used for building ionic
clusters of paramagnetic transition metal centers, for designing
nanomagnets in a bottom-up approach to superparamagnets
and ferromagnets by selectively introducing CN bridges,” for
assembling small clusters® as well as low-dimensional (in
particular, 1D) magnets,4 and for creating extended frameworks
of bulk magnets.” Examples are molecular squares® and cubes’
where CN ligands link various paramagnetic metal ions. These
are approaches to new single-molecule magnets, which show
magnetic ordering albeit at low temperatures or which are
superparamagnets as in the case of ligand-protected Ni** ions
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linked to a Cr** center by CN bridges.® Recently, mixed-valent
behavior has been established in molecular squares,” and CN-
linkage isomerism has been found in a tetradecametallic
cluster.'® There are also photomagnetically active cyanometa-
lates such as CsFe[Co(CN)4],"" [Mn(bipy)2]4[Mo(CN)8]2,12
CsCu,[Mo(CN),],(H,0)s" and RbMn[Fe(CN)],'* which
are generally promising for the application in magneto-optical
devices. High-spin clusters are another topic where cyanome-
talates play an important role.'” Cyanide bridges in one-
dimensional assemblies of transition-metal fragments furnish
novel chain magnets,'® and they are the key ligands in materials
featuring spin crossover'~ or coexisting ferroelectric and
ferromagnetic behavior.'®

For designing and optimizing materials that are assembled
from paramagnetic building blocks by systematically making
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use of the arsenal of known magnetic interactions, key
information is the distribution of unpaired electrons in the
starting compounds. Of particular interest is the fraction of
unpaired electrons, that is, the spin density, at ligand atoms,
which are envisaged to figure as links to neighboring spin
centers of a new magnetic material. This is also true for the
cyanide-bridged materials mentioned above.”'* However, there
are not many choices for experimentally studying spin density
distributions in genuine materials that are magnetically
undiluted solids. X-ray magnetic circular dichroism is a
powerful method for determining the spin structure of the
metal ions in molecule-based magnetic materials having a
macroscopic magnetic moment.”* But the spin distribution in
building blocks, in particular the spin transfer to ligands, is not
accessible. When single crystals are available polarized neutron
diffraction (PND) is particularly well suited for spin density
studies, and examples of cyanometalates studied so far are
[Fe(CN)¢J*~* [Cr(CN)s)*~** [Mo(CN),]*"** and [Mo-
(CN)g]®" besides other fragments in
MngMog(CN),s(CH;0H),0(H,0),."* But unfortunately, the
PND data are often limited as will be discussed below. An
alternative method is solid-state NMR spectroscopy because
the signal shifts are a measure of the spin density at the nucleus
under investigation.”* Given the advantage that powder samples
can be used in a relatively inexpensive experimental setup, we
have started a research program for testing the method with the
basic building blocks [Cr(CN)s]*", [Mn(CN)¢]*", [Cr-
(CN)¢]*7, [Mn(CN)¢]*~, and [Fe(CN)¢]*~. A preliminary
report on the dicesium—potassium salts of the latter two anions
has appeared.”® In the present paper, we first resume the
background of the method. Subsequently, the experimental
results with emphasis on the NMR spectra are discussed
followed by sections on the spin density distribution.

NMR signal shifts obtained from paramagnetic compounds
provide access to spin densities, because they are related to the
scalar (Fermi contact) coupling between the nucleus under
study and the unpaired electrons.** Owing to fast electron
relaxation, the coupling pattern to each nonequivalent nucleus
is reduced to one signal whose shift is usually much larger than
that known for diamagnetic compounds. The electron—nuclear
coupling is also related to the spin density at the respective
nucleus so that, in the end, the spin density at any nucleus of an
open-shell compound can be expressed by the NMR signal shift
as outlined in more detail below.

The access to spin densities via NMR spectroscopy is
indirect, because (hyperfine) couplings are measured that are
then linked to molecular orbitals. By contrast, the PND method
more directly gains information on spatial spin distributions
from diffraction patterns, but there are also limitations. The
pros and cons of the magnetic resonance approaches have been
discussed.>*? Since then, progress has been made in
theoretically reproducing the NMR signal shifts of para-
magnetic compounds.

Relaxation may be a constraint of the NMR method. An
important parameter acting on the line broadening is the
distance, r, of the nucleus under study from the spin center (in
this work, the transition metals, M). From the simple relation
Av o 1/7°% where Av is the signal half width, one expects that
for [M(CN)4]"" ions, the signal resolution of "N NMR spectra
would be better than that of *C NMR spectra, because the N
atoms are about 1.15 A more distant from M than are the C
atoms. Checking the impact of these distances was hence
another reason for studying both nuclei. Generally, the M—C
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bonds and the M:-N distances seem unfavorably short. This
disadvantage may be compensated by other parameters
determining Av, and a short electron relaxation time, 7,
would be most helpful. Since 7, cannot be well predicted in
many cases, another aim of the study was to test the limit of

NMR access of cyanometalates.

B RESULTS AND DISCUSSION

Hexacyanomanganate(lll) and -ferrate(lll). The syn-
thetic effort was mainly determined by the signal-to-noise ratio
of the NMR spectra. Though solid-state *C NMR spectra at
natural abundance could be obtained, the signal-to-noise ratio
and the resolution were not satisfactory and prevented
spectrum analysis. An example is given for K;[Mn(CN),] in
the Supporting Information (Figure S1). Therefore, com-
pounds selectively enriched in *C or SN were prepared. In
order to keep the nuclear dipole interaction at a negligible level,
K"CN and KCPN rather than K*CN were used as starting
compounds. After optimization of the syntheses by use of
isotopically nonenriched KCN, relatively good yields (40—
95%) were obtained.

The powder samples of K;[Mn(CN)s] and K;[Fe(CN)g]
used for solid-state NMR spectroscopy were made by grinding
crystals. Typical magic angle spinning (MAS) spectra of
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Figure 1. N MAS NMR spectrum of K;[Mn(CN)]: bottom,
experimental, v, = 15 kHz, T = 331.8 K; inset v/, = S kHz, T = 328.6 K;
isotropic signals are framed; top, simulated (see data in Table S3,
Supporting Information). For signal assignment, see text; polytype 1,
CJNN; polytype 2, O@®®; open and filled labels correspond to axial

and equatorial CN ligands, respectively.

K;[Mn(CN)4] are shown in Figures 1 and 2. The isotropic
SN NMR signals appear between 1150 and 1470 ppm and are
better resolved at a spinning frequency, v, of S kHz (two

mm O
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Figure 2. ®C MAS NMR spectrum of K;[Mn(CN)y]: bottom,
experimental, v, = 35 kHz, T = 326.4 K isotropic signals are framed;
top, simulated with the data given in Table S3, Supporting
Information. For signal assignment, see text and Figure 1.
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signals near 1420 ppm) than at 15 kHz (Figure 1). The spectra
at these and other spinning frequencies could be well simulated,
whereas attempts to reproduce the *C NMR spectra up to v, =
17 kHz were not satisfactory. Running the spectra above 30
kHz was a crucial improvement, and results as shown in Figure
2 were obtained. The simulation of spectra at different spinning
frequencies yielded six isotropic signals with shifts between
—7590 and —=7990 ppm. For the signal assignment, the
sideband spectra were integrated giving intensities that could be
grouped in sets of three signals. For a given set, the intensities
were similar although some scatter occurred, which was
attributed to the limitations of signal deconvolution. The signal
sets were assigned arbitrarily to different types of distorted
hexacyanometalates. Each set had a pair of more or less
adjacent signals, which were attributed to the equatorial CN
ligands and the third signal was left for the axial CN ligand.
This corresponds to what has been established for the Cs,K
salts.”® This assignment procedure was also applied successfully
to most of the other spectra below.

The MAS NMR spectra of K;[Fe(CN)y] were similar to
those of K5[Mn(CN)], but there were also differences. Again
the resolution of the "N NMR spectrum (Figure 3) was better

800 Puh? 00

1600 1200 800 400 0 ppm

Figure 3. N MAS NMR spectrum of K;[Fe(CN)g]: bottom,
experimental, v, = 15 kHz, T = 326.3 K; inset v, = 7.5 kHz, T = 326.4
K; isotropic signals are framed; top, simulated with the data given in
Table S4, Supporting Information. For signal assignment, see text and
Figure 1.

at lower spinning frequencies, and five isotropic signals were
obtained. The intensities were in accord with two sets of signals
for distorted [Fe(CN)4]* ions; one of the low-intensity signals
coincided with the high-intensity signal at 1107 ppm. By
contrast, in the *C NMR spectrum (Figure 4) only one broad
signal appeared, which showed some structure when the sample
was spun faster than 30 kHz. Signal deconvolution (Figure S2,
Supporting Information) pointed to more than four signals, but

S~
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Figure 4. C MAS NMR spectrum of K;[Fe(CN)g]: bottom,
experimental, v, = 30 kHz, T = 326.3 K; isotropic signals are framed;
top, simulated with the data given in Table S4, Supporting
Information.

only those clearly visible as shoulders were considered for the
data summary of K;[Mn(CN),] and K;[Fe(CN),] in Tables S3
and S4, Supporting Information. Further assignment to axial
and equatorial CN ligands of different [Fe(CN)¢]*~ ions was
too speculative.

Surprisingly, K5[Mn(CN),] and K;[Fe(CN)¢] gave up to six
isotropic signals although only up to three were expected for
distorted octahedra as actually found for Cs,K[Mn(CN)] and
CsZK[Fe(CN)ﬁ].25 Also, the signal intensities did not
correspond to the 1/1/1 pattern expected for two different
equatorial and one axial CN group or to the 1/2 pattern of an
axial and nonresolved equatorial CN groups. These features
actually portray the crystal structure of the series Ky[M(CN);]
where M is Cr,”® Mn,?® Fe,*® and Co*! (for a more complete
listing, see ref 9a). These compounds exhibit polytypism with
the basic structure being monoclinic. The polytypes result from
stacking layers®™® of monoclinic unit cells as shown for the
simplest case in Figure 5. When two unit cells of alternating

Figure S. The origin of polytypism in the series K;[M(CN)4]:
Stacking of, for instance, two monoclinic unit cells (left) yields an
orthorhombic unit cell (right).

adjacent layers (Figure S, left) are fused as shown in Figure S
on the right, an orthorhombic two-layer unit cell is created.
Further stacking of layers would ideally lead to monoclinic
three-layer, orthorhombic four-layer, and monoclinic five-layer
structures and so forth. However, although one- through four-
and seven-layer structures have been established, real samples
are often more complicated, because twinningng'29b and layer
disorder”®®*** may interfere. Also, if polycrystalline samples are
prepared they would probably contain more than one polytype.
For K;[Mn(CN)s] and K;[Fe(CN)¢] investigated here, only
monoclinic one-layer and orthorhombic two-layer polytypes
have been observed at room temperature.’®*® Hence we
conclude that these two polytypes are seen in the MAS NMR
spectra. When the signal resolution is sufficient, the polytypes
may be distinguished as in the case of K3[Mn(CN)]. There are
two sets of sideband spectra whose intensity ratio is roughly 2/
1 with some scatter owing to signal overlap (Table S3,
Supporting Information). It follows that one polytype is more
abundant than the other. While further assignment to one-layer
and two-layer polytypes is unclear, their axial and equatorial
CN ligands can be distinguished as mentioned above.

Hexacyanochromate(lll) and Heptacyanovanadate-
(Il). After optimization of the syntheses by use of nonenriched
KCN, microcrystalline Cs,K[Cr(**CN),], Cs,K[Cr(C"*N)¢],
and K,[V(C'N),] were obtained in good to moderate yield
(52% and 21%, respectively). Single crystals of the vanadium
compound have been reported to contain two molecules of
water, but compounds with less water and even free of water
have also been obtained.** The sample used for the present
study analyzed as K,[V(C"N),](H,0),,.
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3C MAS NMR experiments were performed in ranges up to
about +50000 ppm relative to the diamagnetic signal shift
range, but no signals could be found for Cs,K[Cr(CN)4]. The
same applied for the "N MAS NMR spectrum of K,[V(CN),].
Obviously, the [Cr(CN)4]*~ and [V(CN),]*" ions suffer from
fast nuclear relaxation, which broadens the signals beyond the
detection limit. This is surprising, because useful "H and "*C
NMR spectra have been obtained previously for other
compounds featuring Cr(Ill) § = 3/2% and V(III) S = 1**
ions. The discrepancy is thought to be due to different electron
relaxation times, 7,, which determine the nuclear relaxation*2°
and which are strongly modulated by the molecules’ different
excitation energies. A detailed study of the relaxation of our
Cr(Ill) S = 3/2 and V(III) S = 1 compounds is beyond the
scope of this paper, but as a rule of thumb, it would be difficult
if not impossible to observe NMR signals of a compound that
yields a well-resolved EPR spectrum at a given temperature.
Surprisingly, in the case of K,[V(CN),] neither EPR signals
could be observed,*** nor were we able to see ’N MAS NMR
signals. The [Cr(CN)¢]*~ ion is a borderline case. On the one
hand, it has been studied successfully by EPR spectroscopy
even as bulk material;*® on the other hand, it also gave the N
MAS NMR spectrum represented in Figure 6, which was
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Figure 6. "N MAS NMR spectrum of Cs,K[Cr(CN)]: bottom,

experimental, v, = 10 kHz, T = 311.6 K; top, simulated with the data
given in Table S5, Supporting Information.

obtained from Cs,K[Cr(CN)]. The isotropic signal near 630
ppm had a signal width at half height of 2540 Hz, which is too
large to resolve the different CN ligands of the slightly distorted
[Cr(CN)4]*™ ion.

Hexacyanochromate(ll). The synthesis of alkali salts of
[Cr(CN)4]* has been reported to be demanding® because
they are rather unstable in air and water owing to the low redox
potential of the Cr(II) species.’” K,[Cr(CN)s] has been
claimed to exist anhydrous or as K,[Cr(CN)] (H,0),,**® while
the dark green-blue sample studied here contained three H,O
per K,[Cr(CN),] according to elemental analysis. Incomplete
drying of the sample could accidentally account for one water
molecule in excess, or the structure could be analogous to that
known for K,[Fe(CN),](H,0),.®

The synthesis of K,[Cr(CN)¢](H,0); was repeated with
KCN enriched in "N and "*C, respectively, and microcrystal-
line samples were studied by MAS NMR spectroscopy (Figures
7 and 8). There are six isotropic "N NMR signals, which point
to two different distorted [Cr(CN)s]* ions. Two signals
appear around 500 ppm well separated from four others
between 740 and 820 ppm. This fits well into the assignment
strategy mentioned above: the signals around 500 ppm belong
to the axial CN ligands and those between 740 and 820 ppm to

I ,AJI | _ GL_JLA_J;__‘_ .

-6'60 ppm

2600 1800 1000 200

Figure 7. "N MAS NMR spectrum of K,[Cr(CN)s](H,0): bottom,
experimental, v, = 15 kHz, T = 304.9 K; isotropic signals are framed; *,
KCN; top, simulated with the data given in Table SS, Supporting
Information. For signal assignment, see text and Figure 1.

4800  -5600  -8400  -7200  ppm

Figure 8. *C MAS NMR spectrum of K,[Cr(CN)¢](H,0);: bottom,
experimental, v, = 13 kHz, T = 300.3 K; isotropic signal is framed; top,
simulated with the data given in Table SS, Supporting Information.

the equatorial CN ligands. The integration of the sideband
spectra of all isotropic signals suggested to assign the high- and
low-intensity signals to [Cr(CN)]*~ ions of two different sites
in the lattice. The assignment is in part tentative because the
intensities suffer from some scatter (Table SS, Supporting
Information). The crystal sites will be discussed below together
with the manganese analogue.

The resolution of the *C MAS NMR spectrum (Figure 8) of
K,[Cr(CN)¢](H,0), is not as good as that of the "N MAS
NMR spectrum. There is one isotropic signal at —6140 ppm,
which seems to be composed of several resonances. But signal
deconvolution gave random results depending on the starting
conditions. The signal overlap is also reflected in the sideband
pattern the intensities of which could not be reproduced very
well. This must be due to the fact that the positions and the
intensities of the overlapping resonances are not known. Note
that all other simulations of this work were satisfactory, in
accord with better signal resolution.

Quite strikingly, [Cr(CN),]*" does give *C NMR signals,
whereas [Cr(CN)4]*” does not. This is useful for detecting
low-spin Cr** ions in the presence of Cr’* ions, and it is in
accord with the electron relaxation time of Cr** ions being
shorter than that of Cr** ions.”**® However, the spin state also
plays an important role; for instance, high-spin Cr** ions in

dx.doi.org/10.1021/ic401830f | Inorg. Chem. 2013, 52, 12634—12644
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octahedral and tetrahedral environments relax more slowly so
that they can be detected by EPR methods.*
Hexacyanomanganate(ll). Before turning to the synthesis
of the "*N- and "*C-enriched derivatives, we optimized the yield
by modifying the procedure of Fi§§is who has formulated the
product as K,[Mn(CN)¢](H,0);.*" While this corresponds to
K,[Cr(CN)4](H,0); described above and to the known
K,[Fe(CN)s](H,0);,*® the sample subjected to elemental
analysis contained less crystal water than required for
K,[Mn(CN)4](H,0), probably because of prolonged drying.
The *N and C MAS NMR spectra were obtained from
isotopically enriched compounds, which were dried more
cautiously, but they tend to lose water so that a content of n =
2—3 H,O0 is realistic. As can be seen in Figure 9, there are 13

2000 1500 1000 500 O  -500 ppm
Figure 9. "N MAS NMR spectrum of K,[Mn(CN),](H,0),: bottom,
experimental, v, = 13 kHz, T = 326.4 K; isotropic signals are framed; *,
KCN; top, simulated with the data given in Table S6, Supporting
Information. For more details, see Figure S3, Supporting Information,
and text.

isotropic "N NMR signals in the range 410—810 ppm, more
signals than for any other cyanometalate studied so far. Two
signals appear as shoulders, which can be well-defined via
deconvolution (Figure S3, Supporting Information). But
further signal overlap is indicated by the fact that multiples of
three signals would be expected for distorted octahedra. Based
on the integration of the deconvoluted sideband spectra, groups
of signals for two equatorial and one axial CN ligands per
distorted [Mn(CN)4]*" ion were tentatively assigned to four
different crystal sites (Table S6 and Figure S3, Supporting
Information).

The isotropic *C MAS NMR signals (Figure 10) were
localized between —2640 and —2830 ppm. Although the
resolution is not as good as for BN, the corresponding number
of 13 signals could be obtained after spectrum deconvolution
(Figure S4, Supporting Information). Nine of them were
assigned as described for the SN NMR signals, while for the
remaining ones further analysis seemed too speculative.

The different NMR signal sets establishing nonequivalent
[Cr(CN)g]* and [Mn(CN)]*" ions is obviously related to
their solid-state properties, which in turn give rise to
crystallographically different [M(CN)¢]*" octahedra (called
octahedra 1 to 4 in Table S6, Supporting Information). In the
series K,[M(CN)4](H,0), single crystal diffraction studies
seem to exist only in the case of M = Fe.”® For interpreting the
NMR results, it is therefore assumed that the analogues with M
= Cr and Mn studied here behave virtually the same way.
Crystals of K,[Fe(CN)¢](H,0); have been reported to be
monoclinic or tetragonal at room temperature, twinning is a
common feature, and all properties may be observed in one
crystal.>® There are two types of disordered water molecules,

L

ppm -2000 -2800 -3600

Figure 10. 3C MAS NMR spectrum of K,[Mn(CN):](H,0),:
bottom, experimental, v, = 15 kHz, T = 326.7 K; isotropic signals are
framed; top, simulated with the data given in Table S6, Supporting
Information. For more details, see Figure S4, Supporting Information,
and text.

as established by neutron diffraction®™ as well as by solid-state
'H and 2H NMR stud.ies,38b’41 and three different CN ligands
per [Fe(CN)s]*" ion have been found. In a careful study,
Wasylishen®* has shown that even grinding of the crystals may
change the structure. Clearly, these various structural features
(which differ from those of K;[M(CN)] described above)
would give rise to many *C and "N NMR signals as actually
found for K,[Cr(CN)4](H,0);, K,[Mn(CN)](H,0),, and the
diamagnetic reference compound K,[Fe(CN)4](H,0); (Sup-
porting Information, Experimental Section and Figures S5—
S$8). In some cases, the structural features could not be resolved
by NMR spectroscopy. Examples already mentioned are the
scatter of the signal intensities and the fact that the spectra
could not always be grouped in sets of three signals expected
for distorted [M(CN)¢]*" ions. These problems might be
overcome by characterizing single crystals before grinding and
investigating them by MAS NMR spectroscopy, a task that was
outside the scope of this work where we were mostly interested
in the spin delocalization.

Common NMR Features. The characterization of the
hexacyanometalates benefits strongly from the good signal
resolution as evident from the unusually large signal shifts and
the relatively small signal widths. It is worth noting that this
applies for undiluted solids, that is, conditions under which
compounds are studied preferably by magnetic measurements.
Previous NMR work dealing with the ligands of paramagnetic
alkali hexacyanometalates*” is limited to few solid-state studies
and to "*C giving only very broad signals.42d Now it turns out
that detailed information is available under MAS conditions.
The best nucleus is '*N with a signal half width, Av,,(**N),
that is smaller by a factor of about 3—26 compared with
Av,,(**C). Here we profit by the fact that '*N does not suffer
from quadrupolar signal broadening like N.*?® Generally, the
signal half width mainly depends on the electron relaxation
time, 7, and the nuclear gyromagnetic ratio of the nucleus X,
y(X), such that Av,, « [y(X)]>. In the case of dipolar
relaxation, it also depends on the distance r between X and the
transition metal (Av;,, « r°), while in the case of contact
relaxation, the spin density at the nucleus X, p,(X), (Av), «
[p{(X)]?) must be considered.**** The respective ratios
Av,,(PC)/Av,,(PN) are 6.15 for y(X), about 14—17
depending on r(M—C) and #(M--N) (cf. Table S1, Supporting
Information) and about 15—110 for p(X) of the hexacyano-
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metalates (Tables S3—S7, Supporting Information). The latter
theoretical ratios of the squared spin densities are much larger
than the experimental ratios of the signal half widths, which
means that dipolar rather than contact relaxation is
predominant. With the numbers given above, the width of
the missing *C NMR signal of Cs,K[Cr(CN)] can be
estimated. If only the factor [y(X)]* = 6.15 is applied to the
width of the unresolved N NMR signals (2540 Hz),
Av,,(*C) > 15 kHz is expected, and this would be hard to
detect by MAS NMR. If in addition the atomic distances are
considered, Av, ,(**C) would increase to about 1.3 MHz. The
most important parameter is 7, which proved favorable
throughout except for the borderline case [Cr(CN)¢]*~ and
for [V(CN),]*".

The spinning sideband spectra are unusually large, which is a
signature of anisotropic interaction between the spin source M
and the CN ligand nuclei. As expected from the local symmetry
at the C and N atoms (see below), the shift tensors proved to
be axial or close to axial unless signal overlap 1nterfered This
pointed to only small bulk susceptibility contributions™ to the
sideband pattern as could be expected from the relatively small
magnetic volume susceptibility (3 X 1076 to 7 X 107°). The
deviation from axial symmetry of the shift tensors of
overlapping signals decreased upon signal deconvolution. But
because the procedure suffered from arbitrariness, these
patterns were not considered further. Another contribution to
the spectral pattern is the internuclear dipole interaction due to
the nuclear and quadrupolar moments. For the "N NMR
spectra, it is negligible because of the high isotopic dilution of
the adjacent "*C nuclei. The amount of the *C,"*N dipole—
dipole coupling in the CN ligand is close to 2 kHz, that is,
about 2% of the width of the pattern, and has been neglected,
while most of the quadrupolar coupling is spun away.** Hence
the spinning sidebands can be analyzed as being due to the
magnetic contributions, which are discussed in the next
sections.

Access to the Spin Densities. The spin density felt by a
nucleus X originates from the electron—nuclear interaction and
is described by the hyperfine (hf) coupling constant, A(X),
which in turn determines the NMR signal shift, 57(X), at the
temperature T.”** It may be expressed as the (dimensionless)
fraction (of time), f(X) < 1, of the unpaired electron in the
respective orbital or quoted as p(X) in atomic units, (au)>. For
solid samples, as studied here, two experimental parameters are
of interest.* First, there is the isotropic shift, O760(X), which is
related through the isotropic hf coupling, A (X), to the spin
density in the s orbital of the ith electron shell, Iy (0)*f(X):

Ho 2
A(X) = — Iy (0)I°f (X
{(X) 3SgeﬂJn w (0)If (X) W
Second, there is the shift anisotropy, which is related through
the anisotropy of the hf coupling, AA,(X), to the spin density
in the p orbitals of the ith electron shell (rp ) fp(X):

AA(X) = "SA ag iy )f, (X)

2)
In eqs 1 and 2, p, is the magnetic constant, S is the electron
spin quantum number, g, is the electron g factor, j, is the Bohr
magneton, and ¥, is the nuclear gyromagnetic ratio. The
function y;; describing the semioccupied orbital and the spin
density, ly;(0)I* (given in A™3), refer to the ith s orbital of the
nucleus, while the average of the spatial distribution of the
unpaired electron, (r,, "), refers to the ith p orbital. Since both

are one-electron terms, the normalization factor 1/2S included
in egs 1 and 2 accounts for the number of unpaired electrons
per molecule. Finally, the factor Aa in eq 2 accounts for the
axially symmetric case, that is, the orientation of a p orbital in
the local axis system. In the following, f; will be called fractional
spin density and the label for the nucleus X in eqs 1 and 2 will
be dropped for convenience; it shall be reintroduced below
when proceeding to specific results.

The isotropic and anisotropic hyperfine interactions are
related to the corresponding components of the chemical shift
tensor,”” which can be determined from the MAS NMR
spectrum™® by spinning sideband analysis.* The analysis
provides the experimental isotropic shift, 678, = (6%, +
67%x + 07%y)/3, with the principal components of the chemical
shift tensor, 0, §XX, and dyy (ordered as 1675, — 6781 > 167%

OThol > 167 67%,1). Further common parameters of
characterlzatlon are the amsotropy, AST? = 075, — (5TJ£X +
7%y)/2, and the asymmetry, n7® = (67%y — 07%x)/ (678,
Tlso) 59 The hyperfine coupling constants of eqs 1 and 2 are
related to the through-bond or contact part of the electron—
nuclear interaction, and for a powder this is given by
1

57" = Spon, + EA5T°°“(3, cos’y — 1) 3)
where 0T}, is the isotropic contact shift. The second term
represents the anisotropy where y is the angle that the principal
axis system of the tensor can adopt relative to the external field.

Isotropic Spin Density. The isotropic hyperfine coupling
due to the through-bond interaction is obtained from the
isotropic NMR signal shift by>'

BS(S + 1)
sn = 80T 4 p(g, D)
31 ksT ’ @)

where kg is the Boltzmann factor, T is the absolute temperature,
and F(g;,D) is a function of the components g; of the g tensor
and the zero-field splitting D. In the case of S = 1/2, one gets
F(g;,D) = 1, while for the hexacyanometalates with S > 1/2, the
g tensor is often virtually isotropic so that the function is
negligibly small. After combining eqs 1 and 4, the
dimensionless fractional spin density in the ith s orbital of a
S = 1/2 compound is derived from the contact shift by

kT
fis = 2n2
Ho8. B (S + Dl (0)

con
298,is0

gaVZ(S + Dy (0)F (s)

In eq 5, the respective constants®> and the standard
temperature 298 K have been inserted, g, has been replaced
by the average experimental g factor, g,,, and the shift (at 298
K) is given in ppm. It is worth noting that f;; depends on the
wave function ;(0), which should be known for the
compound under study. Alternatively, and preferred in this
work, the fractional spin density may be given in atomic units,
(au)73. It is then often cited as p(X).

con
|2 T,iso

= 3.426 x 107*

9kBT’aO3 con
T,iso
’u()gavzﬂez(s + l)h//zs(o)l2

P (X) =

con
298,iso

gavz(S + l)h//l,s(O)l2 (6)

= 5077 X 107°
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con

In order to obtain Jyg3;, values, the experimental isotropic
shifts, 57%,, must be corrected as indicated by eq 7.

62%,8n,iso = (5;(11;0 - 51;13)3 - 5'151:{)50)T/298 (7)
Here 532 is the shift the signal would have if the compound
were diamagnetic, and 6‘%‘1’50 is the shift due to the through-
space (or dipolar) effect of the unpaired electrons on the
nucleus. It follows from eq 7 that each paramagnetic signal has
its own reference signal. For spectra consisting of several
signals, this would entail several 6" scales, and therefore, they
are usually represented relative to references like TMS for *C
and CH;NO, for "*N as in this work. By application of eq 7,
some errors may be introduced which, as will turn out, are
usually small compared with the large overall signal shifts. Thus,
for 632 the 3C and N MAS NMR spectra of the
corresponding diamagnetic compounds K,[Fe(CN),](H,0),
(Figures S5—S8, Supporting Information) and Cs,K[Co-
(CN)¢] were recorded (Supporting Information, Experimental
Section and Figures S5—S8 and S9 and S10). Their signal shifts
may differ by several ppm from the genuine diamagnetic (or
orbital) contribution.*” In addition, in the spectra of K,[Fe-
(CN)4](H,0);, the signals arising from the structural diversity
mentioned above could not be assigned. Therefore, a mean
diamagnetic reference shift was applied entailing an error of up
to about 10 ppm or <0.5%. For the temperature scaling, it was
assumed that 522 is temperature independent as usual and that
in the case of 67k, and 5%® the Curie law is valid. Since the
spectra were recorded close to the standard temperature, 298
K, the potential error is small. The conventional calculation of
the dipolar shifts follows eq 8,*'

2
Ho ﬂezS(S +1) 3cos” 6 — 1 )
k Z 3 F (gii’ D)

4 9kgT i g (8)

where r; are the vectors joining the respective ligand atom and
the paramagnetic centers of the lattice, 6, are the angles
between 7; and the principal magnetic axis of the molecule, and
F'(gyD) is a function (different from that in eq 4) of the
components g; of the g tensor and of the zero-field splitting D.
Equation 8 had originally been derived for solutions, but it is
also valid for the solid state.”® Since the g tensors are almost
isotropic, the dipolar shifts are negligibly small. Exceptions are
the ion [Fe(CN)]*>~ with 5‘%}’50(13C) and 5%§SD(ISN) up to 2%
and 1%, respectively, of the total shift, as well as the ion
[Mn(CN)]*™ with 82 (*C) and 8$%,(*N) up to 10% and
7%, respectively. It must be noted however that the g factors
result from low-temperature experiments, while in this study,
the NMR data were obtained at ambient temperature. Actually,
the g factors may change with the temperature owing to, for
instance, the spin population of higher states and phase
transitions. An example is K;[Fe(CN)q] whose g factor
anisotropy is much smaller at 100 K than at 20 K.>***
Likewise, with the g factors given for Cs,K[Fe(CN)4],>° the
dipolar shifts differ by >10%. The parameters used for
calculating the dipolar shifts are collected in Table S1 and
the resulting values in Table S2, Supporting Information. In
some cases, it was not possible to fully assign the signals so that
the application of eq 7 to axial and equatorial CN ligands was
not meaningful. In these cases, only the paramagnetic shifts,
o and O, are given.

The contact shifts obtained with eq 7 were converted to the
spin densities by way of eqs 5 and 6. The details are listed in the
Supporting Information, Tables S3—S7, while a summary is

dip _
ort =

given in Figure 11. The fractional spin densities of eq S are
given in percent for the average total spin at the ligand C and N

M“ c N
-@ _‘[T
; ®
% 1.1%
104 0g% 1%
06%
ﬂt.r
RN N N N O
p e Cr* Cr* Mn* Mn?> Fe¥
=8 S=32 S=1 S=1 S=12 S=12
0-_
210
ps(C)
2.0
-30
7.1% |
-4.0 1 7.9%
8.9%
-50

122%

Figure 11. Transfer of isotropic spin density to and induction in ligand
orbitals of the hexacyanometalates [M(CN)4]"~ with M = Cr**, Cr*,
Mn?*, Mn*, and Fe®*: top, spin signs in the M—C—N fragments;
bottom, maximal amount of the spin densities p,,(C) and p,(N) per
CN ligand (dark gray bars) and scatter of the spin densities (light gray
bars). The fractional spin densities are given in % for a set of six
ligands.

atoms of [M(CN)¢]"". They despend on the wave function used
for the calculation of Iy (0)%.>® For an estimate, those of ref
56b were employed, and it was assumed that the spin is in the
valence s orbital. We cannot exclude the involvement of 1s
orbitals (through cross terms with 2s orbitals),*>” but this
does not affect the following general conclusions. It turns out
that all compounds have negative spin density in the 2s orbital
of the C atoms, while at the N atoms the spin is positive. This is
in line with the fact that the hexacyanometalates studied have
no unpaired electrons in d, (e,) orbitals (apart from little spin
due to polarization, see below) and that a singly occupied d,
(tzg) orbital interacts with the ligand 7 and 7* orbitals such that
the MO coefficient at C is small while at N it is big. Actually,
the positive spin at C is so small that it is largely
overcompensated by negative spin resulting from electron
exchange interaction in the M—C and (less so) the C—N
bonds. As a result, spin polarization is dominating, which has
been discussed for cyanometalates previously.'”*® Remarkably,
the average amount of spin is larger at the carbon atoms than at
the nitrogen atoms (ranging from a factor of 7.4 for
[Fe(CN)¢]*~ up to 14.0 for [Cr(CN)4]*" for spin fractions),
while both spin delocalization and induction reach a maximum
for [Mn(CN)¢]*". The spin density at C and N varies
considerably as indicated by the light gray subareas of the bars
in Figure 11. This can be understood as structure-induced
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disorder of the spin densities, a phenomenon that is expected to
have an impact on the magnetic ordering™’ and photo-
magnetic switching''™'* occurring in Prussian blue-type
materials.

The relative resolution of spin densities is unusually high; for
example, it is higher than +2 X 107* (au)~ for [Mn(CN)4]*",
while for absolute values it would be somewhat lower because
of the small errors mentioned above. The NMR resolution is
related to the more general issue of nonequivalent atoms or
ions in the crystal lattice, which is usually probed by X-ray
crystal analysis. It is also of interest for the Jahn—Teller
distortion of the hexacyanometalates.”® For instance, the mean
scaled spread of the isotropic "N NMR signals (spread/average
of 67%,) increases in the series Cs,K[Fe(CN),] (3.2%), Cs,K
[Mn(CN)¢] (13.4%), and K,[Mn(CN)4] (39.5%). This
confirms the calculated trend of distortions, which may
however be partly due to the different crystal packing.é()b

Anisotropic Features. Because the spectra of the [M-
(CN)¢]"™ ions in Figures 1—4 and 6—10 show large sideband
patterns, the interaction between the metal and the CN ligands
must have an anisotropic contribution. When the anisotropy is
dominated by the Fermi contact interaction, part of the spin
density would therefore be in MOs to which carbon and
nitrogen p AOs are admixed, and this would corroborate the
bonding model."”*® As indicated by eqs 2 and 3, the shift
anisotropy, AJ7", is related to the fractional anisotropic spin
density, f;,, in the ith p orbital. For axial shift tensors, it is given
by AST" = 87 — 671 where 67 and 67| are the respective
components parallel and perpendicular to the principal axis.
The treatment of the hexacyanometalates follows that of the
metallocenes.*™ It can be simplified by considering cases where
the g-factor anisotropy is small so that the averaged magnetic
moment is aligned along the external field and by disregarding
small deviations of the M—C—N fragments from local axial
symmetry. Note that the site symmetry of the ligand C and N
atoms of the [M(CN)¢]"™ ions in the crystal is low, but the
experimental shift tensors are axial or close to axial unless signal
overlap prevents proper analysis. Then the principal values of
the nuclear shift tensors are parallel to the axes of the
[M(CN)4]"" octahedra and O7)| is aligned along the M—C—N
bond being defined as the z direction.

The experimental shift anisotropy at the temperature T,
AoT? = 67§ — 614, has diamagnetic and paramagnetic
contributions, Aé% and A& respectively. The latter is the
sum of the contact term, AS5™, and the dipolar term, A5%P:

A8 = ASE™ 4+ AS% = A5 + ASSP + AsH (9)

In a powder, these contributions depend on the variable angle,
% that the molecular z axis can adopt relative to the applied
field B, (Figure 12). They are described as follows.***®

(i) The contact contribution, ASF"(y), reflecting the spin
density in the 2p; orbital of the nucleus X is given by

A3 (X) = CAa(r 5, )y, (X)%B cos’y = 1) with

oo Ho g BS(S+ 1)
4r 3kgT (10)

The orientation of the p; orbital is considered by the tensor
anisotropy Aa = a; — a, with the principal values along the
M-C—-N bond (a; = 4/5) and perpendicular to it (a,= —2/
5).% Then, in the case of p, and p, orbitals, Aa becomes 6/5
and —3/§, respectively.

Figure 12. View on [M(CN),]"~ down the atom sequence NCMCN
in the y direction showing selected interactions leading to dipolar shifts
in [M(CN),]" ions (see text).

(ii) The dipolar shift, A$*(X), includes the through-space
interaction between the observed nucleus and all paramagnetic
centers in the crystal lattice. Because it decreases rapidly with
the distance (see eq 11 below), the [M(CN)]"" ions can be
regarded as being isolated. We are thus left with the interactions
AS%P(X) between the atom pairs shown in Figure 12.When an
isolated CN ligand is considered, the dipolar contribution
experienced by the atom X due to spin in the orbitals of the
metal M is described by

A5{(X) = Cry (1 = 6, ()G eos’ = 1)
(11)

where ry_y is the distance between the metal and the atom X =
C or N. The spin density at the ion M"" is diminished by the
fractions f,, (N) delocalized to the six ligand N atoms.

(iii) The remaining diamagnetic contribution

dia dia 1 2
AS(X) = AS S (3cos“y — 1) (13)
can be approximated by the shift anisotropy, Ad%*, measured
for an isostructural diamagnetic hexacyanometalate. Consider-
ing that the angular dependent factor in eqs 10—13 is the same
as that of the experimental shift anisotropy, inserting eqs 10—13
into eq 9 and solving for the fractional anisotropic spin density
in the respective 2p orbitals yields

N B
—c  ~ M-~
f, (N) = — -
o (Aa(ry %) = 6rn ) (14)
ASF™(C - _
c( )~ g +fZR(N)6’M—c ’
fZP(C) = -3
i Aafrc 5, ) (15)

For the NMR data in ppm and at the standard temperature 298
K, the constant is C = 697g,,°S(S + 1) A%,

Estimation of the spin densities at the CN ligand by using
eqs 14 and 15 yields the data of all compounds in Table S8,
Supporting Information. Two representative examples, the axial
CN ligands of K,[Cr(CN)s] and Cs,K[Fe(CN)4], are
visualized in Figure 13. The assignment is along (2p,) and
perpendicular (2p,) to the M—C—N direction.
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K4[Cr(CN)g]

sannaniC

Cs,K[Fe(CN)g]

Figure 13. Spin densities at the axial CN ligands of selected
hexacyanometalates. Qualitative representation of the data in Table S8,
Supporting Information, dark and light components represent positive
and negative spin, respectively; the arrow designates the local principal
axis.

Evidently, much spin is transferred from the metal to the &
orbitals of the N atoms, and only a small amount is found at
those of the C atoms. This is in accord with the bonding
model.'"”*® In addition, spin appears along the M—C—N o
bonds, which complements the spin in the s orbitals (see
previous section). The 7 spin at the N atoms of K,[Cr(CN)]
and Cs,K[Cr(CN),] is negative as expected and as found in the
PND study22 of Cs,K[Cr(CN)g] (see next section). However,
on passing to Cs,K[Fe(CN),] and Cs,K[Mn(CN)], the 7 spin
becomes positive. This follows cogently from the sign of the
shift anisotropy whose change is easily inferred from the
inverted shapes of the '*N spinning sideband manifolds of, for
example, Cs,K[Cr(CN);] (Figure 8) and K;[Mn(CN)g]
(Figure 1) or, more clearly, Cs,K[Mn(CN),] (Figure 1 of ref
25). The o spin at the N atoms of K,[Cr(CN)y] and
Cs,K[Cr(CN)¢] is negative, again in accord with the PND
results of Cs,K[Cr(CN);], but it is positive for Cs,K[Fe(CN);]
and Cs,K[Mn(CN),]. The change of the spin sign deserves
further studies.

Comparison with Other Methods. Several groups have
joined forces to carry out elaborate PND studies on

Cs,K[Fe(CN)¢]*" and Cs,K[Cr(CN)¢].** By use of many-
parameter fits of the diffraction data, the results listed in Table
1 were obtained. As mentioned above, in the case of
Cs,K[Cr(CN);], the spin signs are in accord with our NMR
results, and beyond that, the numerical agreement is acceptable.
The PND method does not distinguish between spin in the 2p,
and 2s orbitals, while the NMR method does. On the other
hand, different lobes of the 2p, orbitals are visible by PND and
not by NMR.

Unfortunately, the anisotropy of the spin density at the N
atoms of Cs,K[Fe(CN),] could not be obtained from the PND
studies, so there is no independent proof of the sign of its 7
component seen by NMR. The PND data are less precise than
those of Cs,K[Cr(CN)s] because there are two unpaired
electrons less than for the chromium analogue. Note also that
for Cs,K[Fe(CN)q], fractions of the magnetization are obtained
rather than spin densities because both spin and orbital
moments must be considered.*"" Since the separation of these
contributions is difficult, the overall magnetization distribution
and not just the spin distribution is determined. In the NMR
approach, the effect of the angular moment is covered by the
dipolar signal shift, which may be calculated®" and eliminated so
that contact shifts remain and spin densities are available.
Besides, the results of PND and NMR studies are expected to
be different when excited states are thermally accessible because
PND studies are carried out near 4 K while MAS NMR spectra
are usually recorded near 300 K. Slightly different magnet-
ization densities ascribed to two nonequivalent ions in the
asymmetric unit of Cs,K[Fe(CN);] have been reported.21C
These could not be resolved by MAS NMR spectroscopy.

The EPR support of the present NMR results is very limited
owing to the relaxation constraints discussed above. The only
example seems to be Cr** in Cs,Li[Co(CN),].®" The amount
of the spin density in the nitrogen 2s orbitals is close to that
found by NMR (Table 1), but the sign was not determined
experimentally.

B CONCLUSIONS

MAS NMR spectroscopy of microcrystalline hexacyanometa-
lates yields detailed information on the delocalization of
unpaired spin from the metal center to the carbon and nitrogen
atoms of the CN ligands. Most of the [M(CN),]"" ions have
sufficiently short electron relaxation times so that, despite short
distances between the spin center and the investigated ligand
nuclei, high signal resolution is achieved. Generally, the more
distant N atoms yield better resolved spectra. There may be
borderline cases such as [Cr(CN),]*~ where only nitrogen can
be detected. In order to obtain good-quality spectra with
standard equipment and in acceptable recording times isotopic

Table 1. Spin Densities” Obtained from NMR, PND, and EPR for the 2s, 2p,, and 2p, Ligand Orbitals of Hexacyanometalates

compound S atom method ref
[Cr(CN)4J>~ 3/2 N NMR® this work
PND 22a
EPR 61
[Fe(CN)s]*~ 1/2 C NMR® this work
PND 21c
N NMR® this work
PND 21c

fas flpz + fas sz,, Zfb
0.0004 —0.014 0.055
—0.011¢ 0.029
+0.0003
—0.013 —0.006 —0.027
—0.008
0.002 0.015 —0.052
0.010

“Given as fraction per atom and per unpaired electron. *Overall magnetization per atom as a measure of the overall spin density. “Weighted mean of
axial and equatorial ligands. 9Sum of the component along the N—C bond and the lone pair.

12642
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enrichment is advisable. Proper spectrum analysis may require
high spinning frequencies.

The spin density can be assigned to the 2s, 2p,, and 2p,
orbitals of the ligand atoms. The 2s spin density ranges from
7% to 12% for a set of six C atoms and 0.2% to 1.1% for a set of
six N atoms, all compared with the spin originally localized at
the respective metal. From the signs of these spin densities, it
follows that they are induced through polarization of the M—C
and C—N bonds. Moreover, direct spin delocalization within
the singly occupied 7-type MOs can be studied. It is most
important for the N atoms and nonzero, albeit small, for the C
atoms. According to the 2p, data some spin is also found along
the M—C—N bonds including the lobes corresponding to the
lone pairs at the N atoms. The study uncovers distortions of the
[M(CN)¢]" ions, and, in most cases, strong crystal disorder,
which is accompanied by a spread of spin densities.

The average amount of the local spin density, its scatter, its
sign, and its orientation merits attention for the design and the
de facto properties of cyanide-bridged magnetic materials.

B ASSOCIATED CONTENT
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Experimental procedures, NMR spectra of K;[Mn(CN)g],
K;[Fe(CN)g], K,[Mn(CN)s](H,0),, Ki[Fe(CN)4](H,0)s,
and Cs,K[Co(CN)g], calculation of the isotropic dipolar shifts,
and tables of the solid-state 1*C NMR data, >N NMR data,
isotropic spin densities, and spin in the p orbitals of all
paramagnetic hexacyanometalates. This material is available free
of charge via the Internet at http://pubs.acs.org.
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