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ABSTRACT: The '**Cs magic-angle spinning NMR spectra of

the paramagnetic compounds CsM"[M™(CN)¢], M" = Nj, Co,
Fe, Mn; M = Co, Fe, yield unusually large and temperature-
dependent signal shifts (up to —950 ppm relative to CsCl at 298
K). Comparison with the spectra of the diamagnetic analogues
CsM[Co(CN)4], M = Zn, Cd, shows that the shifts are largely
due to the unpaired electrons. This is ascribed to through-bond

transfer of spin to the Cs* ions, while the through-space effect of

the magnetic moments on the signal shifts is shown to be virtually
negligible. The mechanism inducing negative spin at Cs® is
discussed. The magnitude of the spin density (average: 5.8 X
1073 (a.u.) ~3) suggests that Cs" is involved in magnetic exchange
interactions of corresponding Prussian blue derivatives.
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B INTRODUCTION

Do the putatively innocent alkali ions of paramagnetic Prussian
blue analogues sense the unpaired electrons with potential
impact on the overall magnetic behavior? The interest in this
question becomes obvious when recalling some basic facts. The
genuine Prussian blue, Fe'™,[Fe"(CN)4];(H,0),, is the
eponym of polynuclear hexacyanometalates that have a cubic
crystal structure." The structure (cf. Figure 1) derives from the

Figure 1. Idealized unit cell of the Prussian blue analogues
AMY[M™(CN),] (coordination spheres of the [M™(CN),]*~
octahedra completed), the alkali ions A" are turquoise. Adapted
from ref 2.
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fact that M™ jons (blue, here Fe™!) are coordinated by the
nitrogen corners of six hexacyanometalate octahedra,
[M"(CN)¢]"~ (dusky rose, here [Fe"'(CN)¢]*"), and that
hence the atom alignment ~-N—M"~N—C—M"—C-- extends
in three dimensions forming a supramolecular network. The
charge difference of M" and M™ may be compensated by alkali
ions, A* (turquoise), sitting in cubic holes of the lattice. An
example is MA'[B"(CN)4] whose structure” is illustrated in
Figure 1.

When M" and M™ are paramagnetic transition metal ions
this often entails intriguing magnetic characteristics such as
ferri->* and ferromagnetism.* Spontaneous alignment of the
electron spins can occur up to slightly more than 100 °C for
Prussian blues containing alkali ions® and to 42-57 °C
without.”” Hence these materials are known as room-
temperature Prussian-blue magnets. Because of the promising
properties and the prospect to design similar materials,
theoretical concepts were developed. It has early been
suggested that magnetic ordering can be effected by super-
exchange,8 and this has been applied to Prussian blues.>® Thus,
the CN ligands function as mediators of the exchange
interaction between the spins at the metal ions M" and M™
whose distance would be too large to significantly contribute to
the magnetic interaction without CN. The superexchange has
been ascribed to two mechanisms: (i) some spin population
exists at all atoms that share singly occupied molecular orbitals
(MOs) containing the spin sources M" and M™ (direct
delocalization, positive spin throughout) and (ii) successive
polarization of the paired electrons in ¢ bonds departing from
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M" and M™ (spin polarization, alternating spin signs).'® How
efficient these mechanisms are is reflected in the signs of the
spin density at the atoms that are involved. Experimentally, the
resulting spin densities have been determined for the Prussian
blues themselves or for appropriate model compounds by using
polarized neutron diffraction (PND),"" X-ray magnetic circular
dichroism,"* and electron paramagnetic resonance’> as well as
NMR'* spectroscopies. The access to the spin densities is more
or less direct, and the resolution varies, partly to the point of
just qualitative results.'> But it is clear that if M is the
dominating spin source, the map of isotropic spin of the
fragment -~-M"-N—C—M"- looks as shown in Figure 2,
which reflects spin polarization. It has been amended by
anisotropic components.llb_d’14b

LRI

Figure 2. Qualitative distribution of isotropic spin in the Prussian blue
fragment -~-M™—C—N-M"---.

Thus, while the NMR access to spin at the lattice atoms is
now established, the next step would be to look into the
interstices, in particular at the alkali ions therein. Therefore, we
undertook an exploratory NMR study of some representative
Prussian blue analogues AM"[M"(CN),].

B BACKGROUND

If there is any spin density at the alkali ions A of
AM"[M™(CN)4] the most suitable nucleus to detect it by
NMR spectroscopy is '**Cs. Apart from lithium, which is not
relevant for this type of compound, '**Cs has by far the smallest
quadrupole moment (vide infra) of the alkali nuclei, and its
NMR receptivity is close to the best value."® Also important is
the fact that the parameter of interest, the spin density in the ith
s orbital of some nucleus N, p(N,), is obtained from the

isotropic contact shift of N at the temperature T, 5%’;;0(N):16
292
Ho8 A (S + 1)
5P (N) = e’ =~ (N.)-F(g, D
T,lSO( ) 9kBT p( xs) (g” ) (1)

The spin density depends on ly;(0)I* where y;; describes the
relevant s orbital of N. In the series of alkali ions Na*, K*, Rb*,
and Cs* the parameter ly,(0)/* amounts to 3.6, 5.0, 8.7, and
11.3 A73, respectively; when the next lower s orbitals are
concerned (due to spin polarization) the numbers are 158, 129,
197, and 220 A3 In any case, it is optimal for the cesium ion.
As for the other parameters in eq 1, i, is the magnetic constant,
g. is the electron g factor, 3, is the Bohr magneton, S is the
electron spin quantum number, and kz is the Boltzmann
constant. In the following N = *3Cs, and the label (N) will be
partly dropped. The last term of eq 1 is a function of the g
tensor values and the zero-field splitting D; it is outlined in the
Supporting Information.

B RESULTS AND DISCUSSION

Spectral Features. A representative example is the § = 1
compound CsNi[Co(CN)¢]. Its '*Cs magic-angle spinning
(MAS) NMR spectrum (Figure 3) shows a strongly shifted
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Figure 3. **Cs MAS NMR spectrum of CsNi[Co(CN),] at 75 °C,
spinning rate 4 kHz, shift scale relative to CsClL

center band accompanied by spinning sidebands that span a
range of ~30 kHz. The signal is 530 ppm more shifted to low
frequency than that of the diamagnetic analogue CsZn[Co-
(CN)¢], which is a clear indication that the Cs* ion senses the
paramagnetism of CsNi[Co(CN),]. This is confirmed by the
dependence of the signal shift on the temperature, which
follows the Curie law; that is, I8l &~ 1/T"° (Figure 4). The **Cs
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Figure 4. Temperature dependence of the '**Cs NMR signal shifts of
CsNi[Co(CN)], CsZn[Co(CN)], and CsCd[Co(CN);] relative to
that of CsClL

MAS NMR spectra of CsCo[Co(CN),], CsFe[Co(CN);], and
CsMn[Fe(CN),] are similar. In particular, due to the
paramagnetism, the half widths of their center bands are ~2
to S times larger than that of CsZn[Co(CN)g], thus blurring
any potential fine structure that might arise from quadrupole
interaction and nonideal stoichiometry and symmetry. Details
are listed in Table 1 below.

According to eq 1 the spin density is obtained from the
contact shift, which is a component of the shift resulting from
the paramagnetism 65, which in turn is a component of the
experimental shift (measured relative to the signal of solid

CsCl) 59%:'6
5;xp — 5Tgara + 5dia — 5;on + 5Tdip + 5dia (2)

The dipolar shift §3F shall be considered below, while the
diamagnetic shift, that is, the shift that the compound had if it
were diamagnetic, 6*, was taken from CsZn[Co(CN)4] and
CsCd[Co(CN)4]. The diamagnetic shift is usually considered
to be constant with temperature. But, surprisingly, in the

present case it turned out to be temperature-dependent as well,
although much less than that found for CsNi[Co(CN)g]
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Table 1. "**Cs Nuclear Magnetic Resonance Signal Shifts (§ in ppm) and Signal Half Widths (A in Hz) as well as Total Spin
Densities (p in (au)™) at Cs* of Selected Prussian Blue Analogues

compound N 058k B Ajog
CsNi[Co(CN),] 1 —946 1500
CsCo[Co(CN),] 3/2 —943 1900
CsFe[Co(CN)] 2 -791 34507
CsMn[Co(CN)g] s/2 —914%/ 3550°
CsMn[Fe(CN)] 5/2,1/2 -838 1200
CsZn[Co(CN),] 0 —332 750
CsCd[Co(CN),] 0 —364 850

i 5% € % P x 1078
—598 —-04 + 0.5 —599 + 16 —466 + 15
—595 +31.0—33.0 =596 + 32 =522 + 26
—443 +14.0—-15.0 —443 + 16 =523 £ 19
—566° +0.1°-0.1 —567 + 16* =718 + 12
—490 +2.5-2.7 —490 + 16 —682 + 22

“According to previous work.*>*" From fits of temperature-dependent data unless stated otherwise. “Calculated for an arbitrary Cs* displacement of

0 = 54.7° + 5° (see text and Supporting Information). YAt 324 K. “At 303 K./Shoulder at —880 ppm. #Corrected with 855 =

—346.6 (mean shift

value of CsZn[Co(CN),] and CsCd[Co(CN)4]) and converted to 298 K according to the Curie law.

(Figure 4). A temperature-dependent signal shift of diamag-
netic solids may be due to molecular oxygen in the lattice.'® It
is known that O, adsorbed in Prussian blue analogues
magnetically interacts with the host, although only at low
temperature.'” We therefore studied a sample of CsCd[Co-
(CN)¢] prepared under purified dinitrogen, but the temper-
ature dependence did not change in the relevant range (see
Figure S2, Supporting Information). Other reasons that have
been proposed or established, but which have not been
investigated in this work, are migration in the lattice,”® dynamic
behavior,”! and thermal changes of the crystal lattice
constants,”> which are known for Prussian blue analogues.23
The temperature dependence of §** was taken into account for
determining 6" (Experimental Section), and because the **Cs
signal shifts of the zinc and cadmium compounds differ by ~30
ppm, the mean value was used for 3™ It is worth noting that
calculations might give diamagnetic shifts that are more
appropriate,”* but the temperature dependence would be a
challenge.

According to X-ray diffraction studies” the Cs* ions have a
cubic environment, so the quadrupole interaction as well as the
shift anisotropy are expected to vanish; a single '**Cs NMR
signal should be seen. But actually, for all compounds a
sideband pattern appears (e.g, Figure 1), which uncovers a
lowering of the local Cs* symmetry. The symmetry lowering
may have several reasons: While Jahn—Teller distortion of the
M"(NC), units would not apply to all examples, general issues
are deviations from the ideal stoichiometry,25 disorder of the
M and M" ions,*® nonlinearity of the fragments --M"—N—
C—M"... %7 and disorder of the Cs* ions.”® In these cases the
distribution of different Cs* sites in the crystal lattice should
lead to detailed signal patterns similar to those of the *C, N,
and '*Cd MAS NMR spectra of other hexacyanometalates.'***
But so far, signal broadening has prevented further insight.
Given the large shifts, a small signal splitting due to different
Cs" sites may be neglected as long as we focus on the spin
transfer. However, the symmetry lowering might have an
impact on the dipolar shift components, which in turn might
dominate the overall paramagnetic shift and query any spin
transfer to Cs".

Dipolar Signal Shifts. These shifts arise from through-
space interactions between electron and nuclear magnetic
moments. The observed nucleus (here '**Cs) may interact with
the unpaired electron spin density localized at M" or M™ and at
the C and N atoms. For molecules this is known as metal- and
ligand-centered shifts, which have been reviewed thoroughly by
Knorr.”” The dipolar shift due to spin at the metal ions is given
by the expression'®
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2
6dip,M — & 'BE .
! 47 9k, T

3cos’ 6, — 1
D +——£,(S, ¢ D)
i fi 3)

Here r; are the vectors joining Cs* and the respective
paramagnetic metal ions M, 0; are the angles between r; and
the magnetic axis at M, and fg (S, g D) is a function of the
electron spin quantum number S, the g tensor, and the zero-
field splitting constant D. The other symbols were mentioned
above.

According to eq 3, the dipolar shift depends on the structure
of the compound. In the case of CsM"[M™(CN),] the Cs* ion
occupies the center of an octant of the unit cell with edges
M"—C—N—M" Then, in eq 3, one gets cos® @ = 1/3, and the
dipolar shift is zero. However, we saw above that the sideband
patterns of the NMR spectra point to some lowering of the
symmetry. Model calculations (Supporting Information) for
some arbitrary distortion show that, actually, the dipolar shift is
almost negligible except for CsCo[Co(CN)s] and CsFe[Co-
(CN)s] where 855 (133Cs) is still less than 6% of the
paramagnetic shifts, $53¢(***Cs) (Table 1). Dipolar shifts may
be uncovered by a 1/T* temperature dependence of the
paramagnetic shifts.'® In the present case they are too small to
be observed in the given temperature range. This is mainly due
to the rather large Cs—M distances, and consequently, arbitrary
changes of the distance r have less impact than those of the
angle 6 (Supporting Information).

When spin density is delocalized to p and d orbitals of
nonmetal nuclei adjacent to Cs* and to Cs* itself “ligand-
centered” dipolar shifts must be considered."® If any spin arrives
at Cs*, an s orbital would be concerned so that the dipolar shift
can be neglected.'®® Delocalization into the carbon p and
nitrogen p orbitals does occur, but the amount is much less
than at the metals.'"* The Cs—C and Cs—N distances are still
large (>3.8 A),” while the deviation of the corresponding angles
6 from the lattice octant’s diagonal is less than 10°.” It follows
that the ligand-centered dipolar shifts can be neglected as well.
Note that the dipolar shifts are smaller than the error due to the
diamagnetic reference shift except for CsCo[Co(CN),] (vide
infra).

Spin Transfer to the Cs* lon. The isotropic spin density
(in (au)™) delocalized from a given spin source to the cesium
ion can be calculated with eq 4, which was adapted from
previous work:'®

9ksTag 1
Mg B(S + 1) F(g, D)

con
298,is0

p(Cs) =
(4)
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Here g, is the Bohr radius, g, is the average experimental g
factor, and the other parameters were mentioned above. The
details of the calculations (Supporting Information) reveal that
F(g]-j, D) adds less than 1% to p* except for CsCo[Co(CN)]
where it is 5.5%. In Table 1 the spin values are given without
the contribution of F(gj, D). The errors are due to the
reference procedure and to the dipolar shift (CsCo[Co-
(CN)g)).

The spin density at Cs" is negative in all cases. It follows that
the spin delocalization must include one polarization step or an
odd number of more such steps. The simplest case for
discussing the delocalization is CsNi[Co(CN)¢] because only
two unpaired electrons in the e, orbitals of the Ni** ion are
engaged. From there direct delocalization along the ¢ bonds of
the --“Ni—N—C—Co-- fragments would lead to positive spin at

all atoms on the lattice edges. This is illustrated in Figure S for

0¢Q

Figure S. View on the top plane of a Cs'-containing quadrant of
CsNi[Co(CN)s] showing spin delocalization. For clarity direct
delocalization is only sketched along the bottom edge (-+-Ni—N—
C—Co-++, gray spin arrows) starting at the lower left Ni** ion. Spin
polarization is only shown starting from the upper right Ni** ion
(black spin arrows). See text for more details.

the -Ni—N—C—Co-- fragment at the bottom. The singly
occupied d,_,» orbital was selected, and the relevant spin
arrows are gray. The Cs* ion is located below the drawing
plane, and the singly occupied e, orbitals of the Ni** ion are
oriented along the bonds rather than pointing to Cs*. So any
Cs s orbital content in the spin-carrying MOs would be very
small, and the transfer of positive spin is obviously over-
compensated by spin polarization. It is worth noting that, by
contrast, in Cs,CuCl, direct delocalization along ---Cu—CIl—
Cs-+ predominates and places positive spin on Cs*.>*

Spin polarization is conceivable to occur owing to overlap
between a Cs s and the Ni t,, orbitals. This is illustrated in
Figure 5 where the upper right Ni** ion and its d,, orbital
(black contour) were singled out. The unpaired electron in the
d,>_, orbital (gray contour) polarizes the paired electrons in the
d,, orbital such that the cesium nucleus senses some negative
spin density. There are four Ni** ions with 12 ty, orbitals
mediating the effect of eight unpaired electrons to one Cs" ion,
and yet the spin density at cesium is relatively small (vide infra).
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This would be in accord with the expected weak interaction
between the orbitals of cesium and nickel. The same reasoning
applies to all other paramagnetic Prussian blue analogues listed
in Table 1 because all have an eg configuration. However, most
compounds also have unpaired electrons in the t,, orbitals (and
at Fe** of CsMn[Fe(CN)]), and it cannot be excluded that
they modulate the spin density at cesium. Then additional
parameters come into play and, at present, further discussion of
the spin delocalization appears to be too speculative. That the
spin delocalization to the alkali ions of hexacyanometalates may
vary strongly can be seen from the PND study on
Cs,K[Cr(CN)4]* where the spin density at Cs and K is —30
x 107° and 237 X 1075 (a.u.)™3, respectively. For CsMn[Cr-
(CN)4] and CsNi[Cr(CN)¢] the magnetic moment at Cs
(which reflects the spin density) was calculated to be very small
and positive in both cases.**

Paramagnetic solids have been studied previously by '**Cs
NMR spectroscopy (including Knight shift studies, which are a
different topic). Examples are single-crystal studies of
Cs,CuCl,,***7%” Cs,CuBr,,***® Cs,CoCl,,** CsMnCl,,* and
CsMnCly(H,0),,* static powder studies of Cs,IrCly" and
CsCg** and an MAS study of a-CsO,.** Both positive and
negative hyperfine couplings (partly given as hyperfine
transferred fields) were claimed. Leading work has been
published by Vachon et al.***” Otherwise the hyperfine data
were not corrected for the dipolar and the diamagnetic shift
components of the experimental shifts although the latter may
come to ~40% (isotropic shifts of Cs,ZnCl, vs Cs,CuCl,*).
The large negative '**Cs signal shift of a-CsO, has been
assumed to be purely dipolar,” whereas our own calculations
establish predominating contact shifts (Supporting Informa-
tion) and thus spin transfer from the O, radical anion to Cs*.
Regarding other alkali ions, solid-state ¢7Li NMR is most
rewarding. While there the focus is on the properties of lithium
ion batteries, Grey et al.** have shown that it is the magnetism
of these materials that enables an unusually high NMR
resolution of local structural data. This is due to spin transfer
to Li* ions as has been established by the density functional
theory calculations of Carlier et al.*®

These findings invariably corroborate the present results: In
Prussian blue analogues such as CsM"[M"(CN),] the Cs* ions
do receive spin density. There should thus be some
contribution to the magnetic exchange interactions that follows
the path ---M:-:Cs---M-+, at least when M has semioccupied e,-
type orbitals. The familiar exchange path is ---M"'—=C—N—-M".--
(and/or vice versa) as mentioned above. Comparison of the
average of the total isotropic spin densities at cesium with those
at C and N of Cs,K[Fe(CN)¢]** and at M" of CsCd[Fe-
(CN)4] and Cd;[Fe(CN)¢],"* reveals that at Cs* it is not
much smaller (between 2 and 6 times). Hence the importance
of Cs" for the magnetic exchange in Prussian blue analogues is
worthy of being considered as well. In all probability, spin
transfer to other ions occupying the quadrants of Prussian blue
analogues and also to interstitial water can occur. The latter has
actually been reported by Takeda® to give large *H NMR
signal shifts. Beyond the compounds of the present work **Cs
solid-state NMR spectroscopy is expected to be hel};ful for the
study of similar materials, not least photomagnets.*

B EXPERIMENTAL SECTION

The samples were prepared as described by (CsMn[Fe(CN)4] by
analogy to) Griebler and Babel.*® As for MAS NMR spectroscopy of
paramagnetic compounds a general introduction has been given by
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Pintacuda and Kervern.*® The synthesized powders were freed from
oxygen by repeated pumping down and refilling with purified
dinitrogen before adding 3—5 wt % of (air-sensitive) nickelocene (as
temperature sensor®) and packing the mixture into 4 mm ZrO, rotors
sealed with Kel-F caps. To check whether residual O, in CsCd[Co-
(CN)4] was responsible for the temperature dependence of its '**Cs
signal, the sample was heated to 400 °C for 4 h in a Schlenk tube while
branched to a high-vacuum pump. Subsequently, the sample was
brought to ambient temperature, and the tube was filled with purified
N,. The *Cs MAS NMR spectra were obtained from a Bruker
Avance 300 spectrometer by applying nonselective single pulses and
by subjecting the free induction decay to reverse linear prediction after
eliminating the first data points, to exponential multiplication up to the
matched filter, and to baseline correction. The decoupling channel was
used to record the 'H MAS NMR signal of the nickelocene for
determining the internal temperature before and after each 'Cs
measurement. The temperature proved to be stable within +0.5 °C.

All experimental chemical shifts at the temperatures T, 65%(***Cs),
were measured relative to that of CsCl powder. Second-order shift
corrections were neglected because the quadrupole moment of **Cs is
small and the Cs" sites are almost cubic, so the quadrupole coupling
constants are expected to be also small.>® The diamagnetic component
of 53(33Cs) was obtained from powders of CsZn[Co(CN)s] and
CsCd[Co(CN)g]. Their cesium signals varied with the temperature as
8d(18Cs) = (—13932/T) — 284.3 and 88 (13Cs) = (—15464/T) —
311.9, respectively, so that, at the standard temperature, the shift was
&8s (13Cs) = —331.1 and —363.8, respectively. The center bands
showed some structure, which has not been studied further, while the
sidebands did not. Therefore, the cesium shift was derived from the
first sidebands.

The paramagnetic shifts of the compounds CsM"[M"™(CN),] at
given temperatures were calculated relative to CsZn[Co(CN),] and
CsCd[Co(CN)g] using the equations

511?31'3(133(:5) — 5;‘?(133CS) _ 5Tc}ia(133cs)
= 55P(1%Cs) + (13932/T) + 2843

and

611?;“3(133(:5) — 6;xp(133cs) _ 5T@ia(133cs)
= 622("BCs) + (15464/T) + 311.6

From fits of the resulting shifts to 1/T the data at the standard
temperature, 555¢('**Cs), were obtained (Table 1). The referencing
procedure leads to an error of 58:(133¢Cs) = + 16.

B CONCLUSIONS

Paramagnetic Prussian blues of the type CsM"[M™(CN);]
yield '¥Cs MAS NMR spectra that indicate that the local
symmetry of the Cs” ions is lower than the idealized cubic
structure would suggest. On the way from the experimental
signal shifts to spin densities diamagnetic and dipolar shift
contributions must be eliminated. For the diamagnetic shift this
is complicated by the fact that both the diamagnetic and the
paramagnetic shifts are temperature-dependent. The dipolar
shifts are negligibly small.

The remaining contact shifts can be converted to spin
densities that are invariably negative. The negative sign may be
explained by some interaction between a Cs s orbital and M"
tye-type orbitals and by polarization of the electron pairs therein
through unpaired electrons in the M" e, type orbitals. The
amount of isotropic spin at Cs* is only ~2 times smaller than
that at the N atoms of Cs,K[Fe(CN)y]. Hence magnetic
exchange interaction in Prussian blues might also occur via Cs*
(and other alkali ions) besides being mediated by CN ligand
bridges. The results suggest that '*Cs solid-state NMR
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spectroscopy is beneficial for the study of related phenomena
and other cesium-containing magnetic materials.
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133Cs MAS NMR spectra of CsCd[Co(CN)4] and CsZn[Co-
(CN)], 3Cs MAS NMR data of CsCd[Co(CN),] with and
without presence of dioxygen, **Cs dipolar signal shifts of
CsM"[M"™(CN)], spin densities at Cs* of CsM"[M™(CN),],
and '#Cs dipolar signal shifts of a-CsO,. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acs.inorgchem.5b00711.
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