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Revisiting Prussian Blue Analogues with Solid-State MAS NMR
Spectroscopy: Spin Density and Local Structure in

[Cds{Fe(CN)g}. - 15 H,O**

Alexandrine Flambard, Frank H. Kohler, and Rodrigue Lescouézec*

Prussian blue analogues (PBAs) are three-dimensional inor-
ganic solids whose apparently simple composition (cyanide
ligands connecting metal ions) and structure (cubic) cover a
large family of (often nonstoichiometric) compounds. Beyond
the general formula [A,M',{M(CN)},]-z H,O (M,M' = transi-
tion metal ions, A =optional alkali-metal ion), the infinite
variation of composition leads to a wide variety of physical
behaviors and potential technological applications."! For
instance, the porous character of PBAs makes them candi-
dates for waste recovery,” hydrogen storage,” and heteroge-
neous catalysis.) Molecular magnetism is a recent topic in
which the hexacyanometallate precursors [M(CN)y]*~ have
proven successful, because the ambidentate cyanide ligand is
suitable for the assembly of heterometallic compounds and
has a remarkable ability to transmit an effective magnetic
exchange interaction. The tuning of the Curie temperature,”!
Fe—Co photoinduced!® or Cr—Cr electroinduced” switchable
magnetism, and Fe—Mn multiferroic behavior® are striking
results achieved with magnetic PBAs. In these compounds,
the structural parameters, such as the number of vacancies,
the alkali-metal-ion content, and the M'-N-C angle, play an
important role in the physical properties of the material.
X-ray diffraction is the technique of choice for structural
characterization of these highly insoluble coordination poly-
mers. However, most of the powder studies afford only
general data of the lattice, while single crystals are difficult to
obtain and lead to an average structure. By applying
techniques such as extended X-ray absorption fine structure
(EXAFS)®! and Mossbauer spectroscopy,'” precious local
structural information has been gained, leading to better
insight into the physical properties. Nevertheless, these two
techniques either require elaborate instrumental setup or are
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limited to iron in routine studies. These limitations may be
overcome by NMR spectroscopy, which has become a
common technique in modern laboratories, even for para-
magnetic compounds.'' Herein, magic-angle spinning (MAS)
solid-state NMR spectroscopy has been chosen as a novel
approach complementary to X-ray diffraction for the study of
magnetic PBAs. On the one hand, the NMR spectroscopic
response can be used as a local probe to extract structural
information, as the chemical shift of the observed nucleus is
very dependent on its environment. On the other hand,
paramagnetic NMR spectroscopy studies give insight into
how spin density extends from the paramagnetic source
toward the periphery. Indeed, the chemical shift depends on
the hyperfine coupling (the interaction between the unpaired
electron and the observed nucleus), which is related to the
amount of spin density on the nucleus. Overall, MAS NMR
spectroscopy can help us deduce the local metal coordination
and the spin-transfer mechanism, both of which affect the
magnetic properties.

Preliminary studies on hexacyanometallate building
blocks have shed light on the mechanism of spin transfer
onto the cyanide ligand by accurately measuring the spin
density on the carbon and nitrogen atoms."? However,
related studies on how spin extends over the cyanide bridge
onto the second metal center M’ in the resulting PBAs has
never been reported. Herein, we present a MAS NMR
spectroscopy study on a series of mixed PBAs of formula
[CA"{Fe™ Co™,_,(CN)4,]-15H,0 with x =0 (1), 0.25 (2), 0.5
(3), 0.75 (4), and 1 (5). Cadmium has been selected as a
diamagnetic probe because the '*Cd isotope has a '/, nuclear
spin and sufficient receptivity. By using low-spin Fe™ (S ='/,)
as a paramagnetic source, we have been able to determine for
the first time the spin-transfer mechanism at work in these
PBAs. More importantly, an alternative picture to the well-
known structural model of PBAs based on common X-ray
diffraction techniques has been established.

A dozen single crystal X-ray analyses have been reported
for [M";{M"™(CN)g},]*H,O compounds,™ including the
diamagnetic compound [Cd";{Co™(CN)},]-15H,0 (1)!'4
and the paramagnetic sample [Cd™{Fe™(CN)g,]-15H,0
(5).°! Their structure can be described as a cubic lattice in
which alternating octahedral divalent and trivalent metal
centers are linked through cyanide edges along the three
crystallographic axes (Figure 1). According to their stoichi-
ometry, only two thirds of the [M"™(CN),]} sites are occupied,
leaving one third vacancies ([J). Each vacancy contains six
water molecules coordinated to six nearest M" ions and a
variable amount of crystallization water. The unit cell can

SR, WWILEY R
) InterScience*

Chemie

1673


http://dx.doi.org/10.1002/anie.200805415

Communications

1674

Figure 1. Idealized cubic structure of [Cd;{M(CN)¢},]-xH,O (interstitial
water omitted). Octahedra: (Fe/Co)C, moities; large light gray
spheres: Cd" ions; small black spheres: coordinated H,O; small dark
gray spheres: C; small light gray spheres: N.

thus be formulated as [M",{M™(CN)¢}gsa5]-x* H,O (x =12-
20), and the average M" coordination sphere is M"(NC),-
(OH,),. From this general description of the structure derived
from X-ray and elemental analyses, two different microscopic
views can be proposed: 1) Vacancies are ordered in the solid
such that only divalent sites with neutral charge Cd"(NCFe),-
(OH,[), are present. 2) Vacancies are randomly distributed
so that up to seven different M" environments Cd"(NCFe);_,-
(OH,[0), with x = 0-6) are present.'®y NMR spectroscopy has
been used to gain a better view of the local structure of PBAs.

The "*Cd MAS NMR spectrum of the diamagnetic cobalt
compound [Cd";{Co™(CN)},]-15H,0 (1, Figure 2) exhibits
two overlapping signals at 6 =463 and +81 ppm in the
expected diamagnetic range (0 =+ 500 to —125 ppm).[" At
first glance, this result could be attributed to a Cd(NCCo),-
(OH,), site exhibiting isomeric environments with either two
cis or two trans water molecules. This situation would agree
with an ordered distribution of vacancies in the solid. As
expected, the spectrum of the paramagnetic iron derivative
[Cd";{Fe™(CN),},]-15H,0 (5, Figure 2) is strongly affected by
the hyperfine interaction. It shows four main '*Cd peaks
strongly shifted out of the diamagnetic range, which corre-
spond to four distinct cadmium sites. Interestingly, these
observations do not match with an ordered distribution of the
vacancies in the lattice, for which one peak would be
expected, as for the Co™ sample. The central pair of signals
at 0 = —1275 and —1327 ppm could be attributed to isomeric
cadmium environments Cd(CNFe),(OH,),, as suggested for
the diamagnetic sample. The additional peaks, appearing
equidistant on both sides of the central resonance at 6 =
—1000 and —1537 ppm, are necessarily due to cadmium ions
lying in very different environments. As the amount of
unpaired electron density (or electron spin density) on the
observed nucleus has a major influence on the chemical shift,
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Figure 2. "*Cd MAS NMR spectra of [Cd;{Fe,Co;_,(CN)¢}]-15 H,0. Iron
contents are x=0 (1), 0.25 (2), 0.5 (3), 0.75 (4), and 1 (5). Dotted
lines refer to six different cadmium surroundings having a variable

number of neighboring iron ions. The spectra were recorded at 310 K
at a MAS frequency of 10 kHz.

we may assume that cadmium ions surrounded by either three
or five paramagnetic iron ions are responsible for these two
additional resonances. The more iron ions in the environment
of the cadmium center, the more spin density is delocalized on
the cadmium nucleus and the more shifted are the signals. The
resonance at 0 =—1000 ppm may thus be assigned to a
Cd(CNFe);(OH,); site, whereas the resonance at &=
—1537 ppm may be attributed to a Cd(CNFe)s(OH,) site.

To confirm these assumptions, mixed iron/cobalt PBAs
[Cds{Fe/Co(CN)g},]-15H,0 (2-4) were synthesized so that an
overall series with iron content of 0 (1), 25 (2), 50 (3), 75 (4),
and 100% (5) was available."® The "*Cd MAS NMR spectra
(Figure 2, traces 1-5) exhibit a total of six signal ranges
separated from each other by 0 =300-350 ppm. The relative
signal intensities depend on the Fe/Co ratio, but the shift
ranges do not change. It follows that there are six types of
cadmium sites in the samples. Their individual abundances
and chemical shifts depend on the percentage of paramag-
netic iron(III) ions in the sample and the number of adjacent
iron ions per cadmium ion. The six signals can thus be
assigned to the local coordination spheres described by
Cd(para),(dia)s_, with 5<y <0, where para and dia stand
for paramagnetic (NCFe) and diamagnetic (NCCo or OH,[])
ligand sites, respectively. We note, however, that y =6 is not
observed.

If vacancies were randomly distributed in the samples,
seven signals should be observed, and peaks corresponding to
Cd(CNFe),(OH,) and Cd(CNFe), should be seen in 5. As
they are not, it is clear that there is some restriction to a
random distribution of vacancies. This restriction is explained
by taking into account the local charge distribution. The
average coordination Cd(NCFe),(OH,[]), (see above) has
neutral balanced charge. When (NCFe) is replaced stepwise
by vacancies (OH,[]) and vice versa, cadmium sites Cd-
(NCFe),_,(OH,[),., exhibit a charge equal to 0.5y (with
—2<y<2). For compound 5, this situation would lead to
local charges of up to + 1 and to five '*Cd signals in the NMR
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spectrum. Hence, a charge imbalance of +1 has a low
probability and only £ 0.5 can be observed. In this case, —1 <
y <1, and three '*Cd signals for the moieties {Cd(NCFe);-
(OH,[)3}***, {Cd(NCFe),(OH,[1),}°, and {Cd(NCFe)s-
(OH,)}**~ with increasing shift to low frequency are
observed.

Interestingly, additional peaks are resolved within the six
cadmium signal shift areas. This finding may be ascribed to
the cis/trans and mer/fac isomeric coordination spheres of
Cd(para),(dia),, Cd(para);(dia);, and Cd(para),(dia), centers.
Finally, the assignment of the signal shift areas in Figure 2 has
been further confirmed by variable-temperature studies
(Figure 3). In fact, increasing the temperature does not

T=298K

o/ ppm

Figure 3. Temperature dependence of the '"*Cd spectrum (external
temperature: 298 and 320 K) of 3. Experimental and calculated spectra
are shown by solid and dashed lines, respectively. The spectra were
acquired at 7.1 T at a MAS frequency of 10 kHz.

affect the peaks near d=70ppm, as expected for the
moiety Cd(NCCo),(OH,[]),. In contrast, the chemical shifts
of all other signal patterns decrease with increasing the
temperature, which indicates the presence of spin in the
coordination sphere of the Cd*' ions. The chemical shift
variation is more pronounced as the number of {Fe(CN)}*~
units (and thus the amount of spin density) next to Cd*"
increases.

At this point it is worthwhile to underline the comple-
mentarity of NMR spectroscopy and other techniques. The
structural model deduced from elemental and X-ray analyses
may lead to a wrong perception of the actual local structure,
because divalent sites such as M"(NC);(OH,); and M"(CN);-
(OH,) cannot be identified, although they represent 40 % of
the total divalent sites according to the present MAS NMR
spectroscopic analysis. The accurate qualitative and quanti-
tative information available from NMR spectroscopy is due to
the paramagnetic character of the samples. This relationship
becomes obvious when the spectrum of 5 is compared with
that of its diamagnetic analogue 1, in which all cadmium sites
overlap. Thus, a small but significant amount of spin density
induces an enlargement of the spectral window, producing a
magnifying-glass effect. Consequently, unlike techniques such
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as EXAFS or Mossbauer spectroscopy, MAS NMR spectros-
copy discriminates between the different cadmium sites, and
it is even the basis of quantitative approaches.

An example is precise information on the spin density,
which is highly relevant to the magnetic ordering in PBAs.
The spin density has been derived from the paramagnetic
chemical shift. Remarkably, all shifts of '">Cd signals in the
NMR spectra of iron-containing samples are negative, which
indicates a negative spin on the Cd*" centers. In fact, the shifts
are related to the spin density p(N) through Equation (1),1""

9k Ta
E S — o\ 1
g ST N @

where k is the Boltzmann constant, u, is the vacuum
permeability, g,, is the mean electron g factor, 3, is the Bohr
magneton, a, is the Bohr radius, S is the electron spin
quantum number, and 67" is the contact shift at the measuring
temperature 7. The average calculated spin densities on
cadmium ions for the iron-containing samples 2-5 are
—0.0027, —0.0054, —0.0088, —0.0106, and —0.0124 a.u. (see
the Supporting Information). According to previous studies,
the spin density on the C and N atoms of {Fe(CN)¢J*~ is
negative and positive, respectively.'” Combining all data
gives a complete map of spin densities on the --M"™-C-N-M"-
N-C-M™..- backbone of [Cd;{Fe(CN)),]-15H,0 (Figure 4).
The result is a pattern of spin signs that alternate when
progressing from one atom to the next throughout the lattice.
This situation accounts for the strong role of the spin
polarization mechanism!™” in the spin transfer all the way
from iron to cadmium. The presence of small but significant
spin density at a remote position from the paramagnetic
source could lead to a weak magnetic interaction between the
iron atoms. Magnetic measurements of 2-5 down to 2K
(Figure SI2 in the Supporting Information) give y,,7 vs. T
curves that are identical after scaling (taking into account the
Co™ doping). This fact indicates that the magnetic interaction
across the Cd*" ions in [Cds{Fe(CN)g},]-15H,0 cannot be
detected by measurement of the bulk. Once again, this result

Figure 4. Spin sign pattern of [Cd;{Fe(CN)¢},]-15 H,O. For clarity, one
Cd** ion and its adjacent {Fe(CN)¢}*~ ions are selected; large circles
are Cd (white) and Fe (light gray), small circles are N (white) and C
(dark gray). The arrows represent positive (up) and negative (down)
spin densities. They represent the relative amount of spin but are not
drawn to scale.
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underlines the high sensitivity of NMR spectroscopy toward
spin density detection.

In conclusion, MAS NMR spectroscopy studies per-
formed herein give a clear-cut picture of the spin transfer
and the local structure of PBAs. The presence of para-
magnetic sources surrounding the observed nucleus has a
magnifying-glass effect on the NMR spectrum and leads to a
clear distinction and the quantification of the different
divalent sites. Indeed, the actual structure differs significantly
from the average view proposed by X-ray diffraction experi-
ments. It has been shown that the distribution of vacancies in
the lattice of PBAs is not fully random and can be quantified.
Furthermore, local resolution of the geometric structure and
the spin structure down to isomeric coordination spheres has
been obtained. Such information is important, as physical
properties of PBAs closely depend on their (local) structure.
Hence this work shows promise for further studies such as
spin mapping of other Prussian blue analogues as well as
monitoring the incorporation of molecules and ions into the
voids of dehydrated samples.

Experimental Section

[Cdi{M(CN)}]-'15H,0 (M =Fe, Co): The compounds precipitated
when an aqueous solution of K;[M(CN),] (3 mmol, 40 mL) was added
dropwise to aqueous CdCl, (15 mmol, 10 mL). The obtained precip-
itate was washed three times with distilled water and dried in air
(yield: 95%). Elemental analysis, metal content, characteristic IR
spectroscopy bands, and XRD powder patterns are given in the
Supporting Information.

XRD powder patterns were obtained with a Siemens D500
diffractometer back monochromatized using Cug, radiation. The
NMR spectra were recorded on a Bruker AV300 spectrometer. The
isotropic signal shifts 65" at the measuring temperature 7 were
determined relative to external adamantane and Cd(NO;), salt (see
the Supporting Information).
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