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We have measured and analyzed the first combined 151Eu and 57Fe nuclear resonant vibrational spectroscopy 
(NRVS) for naturally abundant KEu(III)[Fe(II)(CN)6] and Eu(III)[Fe(III)(CN)6] complexes. Comparison of the 
observed 151Eu vs. 57Fe NRVS spectroscopic features confirms that Eu(III) in both KEu(III)[Fe(II)(CN)6] and 
Eu(III)[Fe(III)(CN)6] occupies the position outside the [Fe(CN)6] core and coordinates to the N atoms of the 
CN- ions, whereas Fe(III) or Fe(II) occupies the site inside the [Fe(CN)6]4- core and coordinates to the C atoms 
of the CN- ions. In addition to the spectroscopic interests, the results from this study provides invaluable 
insights for the design and evaluation of the nanoparticles of such complexes as potential cellular contrast 
agents for their use in magnetic resonance imaging. The combined 151Eu and 57Fe NRVS measurement is also 
among the few first expedition on bi-isotopic NRVS experiments.

1. Introduction
Magnetic resonance imaging (MRI) has become a prominent 
non-invasive tool for the diagnosis of various diseases 1. 
Frequently, a contrast enhancement agent is required for 
obtaining sufficient image contrast in the clinical diagnosis 1-
4. One of the most popular commercial MRI agents in use 
today is Gd-DTPA (Magnevist®, Schering AG, Germany), which 
contains a single paramagnetic gadolinium (III) (Gd3+) ion 
coordinated by the octadentate ligand and a water molecule 

[Figure 1(a)] 5. Although the complex has a high formation 
constant, even a trace amount of dissociated Gd(III) 5 can 
disrupt the normal function of calcium ion channels, as Gd3+ 
and Ca2+ have a similar ionic radius. In extreme cases, 
disruption of calcium channels by Gd (III) can lead to 
nephrogenic systemic fibrosis (NSF) 6, 7 8, 9, a serious and 
sometimes fatal disease. Therefore, use of Gd-DTPA and other 
Gd-based complexes as MRI contrast agents is considered 
harmful in general 6, 7, 10 8, 9, and the development of new-
generation MRI contrast agents remains an unmet medical 
need.

The toxic sides effects of these paramagnetic ions (e.g. Gd 
or Eu) released from their complexes into the human 
bloodstream can be addressed via the incorporation of such 
metal ions  into the crystal lattice of Prussian blue (PB) to form 
water-dispersible nanoparticles 11, 12. The prototypical PB 
with the chemical formula of Fe(III)4[Fe(II)(CN)6]3.xH2O is a 
dark blue pigment that is currently listed as one of the 
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essential medicines by the World Health Organization 13. In 
the structure of PB, the Fe(II)(CN)6 core has a low-spin (ls) Fe(II) 
(S=0) coordinated to the C atoms of the six C N- ligands (i.e., ≡
the inner Fe(II) hereafter). Notably, PB also has a high-spin (hs) 
Fe(III) (S=5/2) located outside the core that is coordinated to 
the N atoms of six C N- ligands (i.e., the outer Fe(III) ≡
hereafter). Together, the inner and outer Fe centres along with 
the C N- ligands form the three-dimensional coordination ≡
network structure as shown in Figure 1(b). Please note that 
the inner vs. outer positions are in reference of the core 
[Fe(CN)6] structure. For example, the inner Fe(II)s are 
illustrated with grey color while the outer Fe(III)s are 
illustrated with dark red in Figure 1(b). The inner Fe(II) and 
outer Fe(III) occupy alternate points of a cubic lattice, while 
the C N- ion is in the connecting line to link two different Fe ≡
sites. In order to maintain electroneutrality, an 
Fe(III):[Fe(II)(CN)6]4- ratio of 4:3 is required. As a result, a 
quarter of [Fe(II)(CN)6]4- units must be missing from the 
structure with the vacancies filled by H2O [Figure 1(b)].

In the PB analogues 14-16, the inner Fe(II) inside the 
Fe(II)(CN)6 core can be substituted by a different transition 
metal ion to form M(CN)6 (e.g. M = Co or Mn). On the other 
hand, the outer Fe(III) can be substituted by many different 
metal ions from the main group, d-block and f-clock as long as 
the 1:1 ratio of M to Fe is maintained. Additional monovalent 
ions, such as Li+, Na+, K+ Rb+, Cs+, and Tl+, are sometimes 
required to balance the charge. For example, in 
KEu(III)Fe(II)(CN)6, one K+ ion is necessary to balance the 
residual -1 charge for KEu(III)Fe(II)(CN)6, while there is no K+ 
ion in Eu(III)Fe(III)(CN)6.

It is intuitive to suggest that the strong inorganic core of 
[Fe(II)(CN)6]4-, provided from the starting material 
K4[Fe(II)(CN)6], can retain its original Fe(II) (S=0) state, while it 
is possible to tune the total spin of each PB-like complex via 

varying the electronic spin of the “introduced” metal. Suitable 
metal candidates for forming potential MRI agents must have 
a high number of unpaired electrons, a long electronic 
relaxation time, and a stable oxidation state under 
physiological conditions concomitantly. Some of such 
candidates include Gd(III) (S=7/2), Eu(II) (S=7/2), Eu(III) (S=3), 
Mn(II) (S=5/2), Fe(II) (S= 3) and Fe(III) (S=5/2), with Eu(II) 
(S=7/2) or its counterpart Eu(III) (S=3) being the closest to 
Gd(III) (S=7/2).

For example, KEu(III)[Fe(II)(CN)6] has a total spin of S=3 
because the [Fe(II)(CN)6]4- core has a total spin of S=0 and the 
“added” Eu(III) has a total spin of S=3. For similar reasons, the 
ls-Fe(III) in [Fe(III)(CN)6]3- has a spin of S=1/2, whereas the 
whole molecule of Eu(III)[Fe(III)(CN)6], has a total spin of S=7/2 
because the magnetic coupling does not readily occur 
between an f-block metal ions and a transition metal ion. Then 
the Eu(S=3) and Fe(S=1/2) are paramagnetically aligned to 
form a S=7/2 in a magnetic field at the human body 
temperature (37Co). In addition, nanoparticulated materials of 
PB can be best viewed as multinuclear clusters, and thus each 
superparamagnetic nanoparticle (i.e., a single magnetic 
domain) has a much higher total spin than the chemical 
formula suggests, as illustrated in Figure 1(c). Meanwhile, such 
nanoparticles are small enough to be transported within 
human blood vessels to be delivered to the intended organ for 
the diagnostic applications. Consequently, these 
nanoparticulated complexes are potential candidates for the 
next-generation of MRI contrast agents as their PB-like 
structure 11, 12 is extremely stable and their total electronic 
spin per magnetic domain are high. Although it seems obvious 
with theoretical intuition, use of modern X-ray spectroscopies 
17-27 to clarify whether the “introduced” Eu(III) takes the 
outer Fe(III) position or the inner Fe(II) position and to confirm 
their oxidation states remains an important but unfulfilled 
task.

   
Figure 1. (a) Molecular structure of the commercial MRI contrast agent Gd-DTPA; (b) Unit-cell structure of the prototypical PB; (c) 
Comparison of electronic spin centres in a mononuclear metal complex vs. a nanoparticulated cluster with a single magnetic 
domain; (d) simplified one-dimensional diagram of KEu(III)Fe(II)(CN)6 and Eu(III)Fe(III)(CN)6; (e, f) nuclear resonant vibrational 
spectroscopic transitions of 57Fe (e) and 151Eu (f).

Nuclear resonant vibrational spectroscopy (NRVS) is a 
synchrotron radiation (SR)-based modern X-ray spectroscopic 
technique that measures the vibrational modes associated 

with Mössbauer-active nuclei 17-19, 28. In comparison with 
conventional vibrational spectroscopies, such as infrared 
absorption spectroscopy 29, Raman spectroscopy 29 or laser 
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induced fluorescence spectroscopy 30 31 32, 33, NRVS has 
several distinct advantages. The most prominent advantages 
include (but are not limited to) being isotope-specific for 
studying complicated systems 20-24, 34, having almost zero 
background 22, 23, 28, and having a partial vibrational density 
of states (PVDOS) that are deductible from the measured raw 
NRVS spectra 17-20, 28, 35. This modern X-ray spectroscopic 
technique has become more widely available since the mid-
1990s due to the development of third-generation SR sources, 
advanced X-ray optics, and modern detectors. Overall, the 
development has made NRVS a valuable tool in physics, 
geophysics, chemistry, biochemistry, and materials science, 
for more than 25 years 17-24. It becomes the third most 
popular modern X-ray method for biochemical research, 
following X-ray crystallography and X-ray absorption 
spectroscopy [for example, extended X-ray absorption fine 
structures (EXAFS) 27].

Since the nuclear scattering spectroscopy (including NRVS) 
is isotope-specific, and therefore site-specific 28 36 23, it can 
be used to survey specific metal sites within the same system. 
For NRVS, one pioneering example is the 57Fe/125Te NRVS for 
a 125Te-modified iron-sulphur complex - 
(Et4N)3[57Fe4

125Te4(SPh)4], which was published in 2019 37. In 
addition to highlighting the potential of sulfur/tellurium 
exchange as a method to isolate the iron-only motion in 
enzymatic systems, this study revealed and well-
demonstrated the differences and the correlation between 
57Fe and 125Te NRVS profiles – providing insights from two 
points of view. In another example, a combined bi-isotopic 
(163Dy and 57Fe) NRVS on DyFe2 material 38 was successfully 
measured at APS 03ID. However, no measurement on 
unenriched chemical complexes has been reported thus far.

Figure 1(d) provides a simplified one-dimensional 
“structure” for KEu(III)[Fe(II)(CN)6] or Eu(III)[Fe(III)(CN)6], in 
which the Fe and Eu can be studied alternately with 57Fe and 
151Eu NRVS. The energy diagrams for 57Fe and the 151Eu NRVS 
transitions are shown in Figure 1(e) and Figure 1(f), 
respectively. The 57Fe NRVS is the most frequently studied 
NRVS. It has been utilized to reveal Fe-S/P/Cl 20, 21, 39, 40, Fe-
CO/CN/NO 22, 24, 41 42 and Fe-H/D 22, 23 vibrational modes 
inside various chemical complexes and enzymes. 
Nevertheless, NRVS with other isotopes 28 is also possible as 
long as their nuclear transitions have “low” transition energies 
and “long” excited state lifetimes 28, 36. For example, the 
isotope 151Eu 43 has a nuclear transition energy of 21.5 keV, 
that can be obtained using a third generation SR source, and 
an excited state lifetime of 13.8 ns that is long enough for 
detection with avalanche photodiode (APD) detectors (which 
have a time resolution ~ 1 ns). Another preferred feature of 
151Eu is that it has a natural abundance of 48%, making 
enrichment with 151Eu unnecessary during sample 
preparation for most cases. In comparison, 57Fe only has a 
natural abundance of 2%. As a result, 151Eu is one of the most 
active isotopes researched with NRVS and other synchrotron-
based nuclear scattering techniques in recent years for a 
variety of applications ranging from simple complexes to high 
pressure systems 44-51. 

For the two complexes used in this study, it is important 
to compare the information obtained via 57Fe and 151Eu NRVS 
to understand, for example, whether the “introduced” Eu(III) 
occupies the outer Fe(III) site or the inner Fe(II) site in the PB-
like structure, and to observe any subtle differences in the 

complexes containing either Fe(II) or Fe(III). These issues are 
the central tasks of this publication.

2 Experimental Aspects
2.1 Sample preparation and characterization

Samples of KEu(III)[Fe(II)(CN)6] (1), Eu(III)[Fe(III)(CN)6] (2), and 
K57Fe(II)[Co(III)(CN)6] (3) were prepared at Kent State 
University with a standard procedure similar to the one 
previously published 52. Samples of 1 and 2 were not enriched 
with either 57Fe or 151Eu. Sample of 3 was enriched with 57Fe.

The following samples were prepared or purchased and 
studied as references for comparison. The 57Fe-enriched PB 
(4) and Fe2O3 (6) were purchased from Isoflex, USA and used 
without further purification. (NH4)2Mg(II)[57Fe(II)(CN)6] (5) 
was the calibration standard normally used at ESRF ID18. 
Aqueous solutions of K4[Fe(II)(CN)6] (7) and K3[Fe(III)(CN)6] (8) 
were prepared at 680 mM (corresponding to ~14 mM 57Fe by 
assuming a natural abundance of 2%) and 1 M (~20 mM 57Fe), 
respectively, at The University of Alabama. The Eu(III)2O3 
(99.99% in purity but non-enriched) (9) was purchased from 
Sigma Aldrich. All the samples 1-6 and 9 were delivered in 
solid state (powders) while the samples 7 and 8 were 
prepared as water solution.

2.2 57Fe NRVS measurements 
57Fe NRVS spectra were recorded using a published procedure 
20, 21, 28, 39, 41, 53 26, 54 at SPring-8 BL09XU 55 (for samples 
1-3) / BL19LXU 56 (for 7, 8), APS 03ID 36 (for 4 and 6) and ESRF 
ID18 19 (for 5). A high heat load monochromator (HHLM) 
produced 14.4 keV radiation with ~1.0 eV energy resolution, 
and a high energy resolution monochromator (HRM) for 
further monochromatizing the beam bandwidth to 0.8 meV 
(SPring-8 BL09XU and BL19LXU), 1.0 meV (APS 03ID) or 0.6 
meV (ESRF ID18 at time of our measurement). During the 
NRVS measurements, the samples were maintained at a 
cryogenic temperature using a liquid helium (LHe) cryostat 
maintained at 10K. However, the real sample temperatures 57 
were derived from the anti-Stoke/Stoke intensity ratios and 
often fell in the range of 40-80K depending on the 
measurements and the measuring locations. As illustrated in 
Figure 1(e), while an incident X-ray beam (green) scans 
through an interested energy region to cover the nuclear 
transition (e.g., 14.4 keV for 57Fe) and the associated 
vibrations (e.g. Fe-CN), the extremely narrow linewidth for the 
nuclear fluorescence (h1) can be used as an excellent intrinsic 
“spectrometer” to “define” the scattered energy with 
precision. NRVS thus does not need a low-throughput 
spectrometer for filtering the electronic scattering beam and 
has a much higher photon in and photon out efficiency, e.g.in 
comparison with inelastic X-ray scattering (IXS) 28 58.

The total intensities collected from both the direct nuclear 
fluorescence at h1 and the internally converted electron K 
shell fluorescence at h2 were recorded with a single element 
APD detector and a dome-shaped vacuum window (at APS or 
ESRF) or a 2x2 APD array and a flat vacuum window (at SPring-
8) 28. A detector with a dome-shaped window is easier to 
optimize the measurement geometry while an APD array has 
a higher limit for the detection saturation. The delayed 
(nuclear) scattering signal vs. the incident X-ray energy forms 
a raw NRVS spectrum that can be further processed via 
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PHOENIX software package or a web tool at spectra.tools (a 
variant form of using PHOENIX) to obtain a partial vibrational 
density of state (PVDOS) vs. the vibrational energy (Evib) 28, 35, 

59. The detailed information about NRVS instruments, 
measurement and analysis were the same as those published 
previously 17-24, 28, 35.

Samples of 1 and 2, both are not enriched with 57Fe, have 
very weak signals (2% vs. 100% for the enriched samples) in 
their NRVS spectra, thereby precluding a full NRVS scan. 
Instead, selected narrow regions were measured around the 
nuclear resonant peak (40 cm-1 or 5 meV) and around the 
possible peaks for [Fe(II)(CN)6]4- and [Fe(III)(CN)6]3- (380-700 
cm-1). We therefore were unable to convert such measured 
NRVS spectra for 1 and 2 to PVDOS because the full scans were 
not obtained. Instead, their absorption peaks in the raw NRVS 
were used in the analysis or presentations.

2.3 151Eu NRVS measurements 
151Eu NRVS spectra (for 1, 2, 9) were recorded using a 
published procedure at APS 03ID 44-47, 51. A HHLM produced 
21.5 keV radiation with ~1.0 eV energy resolution, and a HRM 
with a “nested” Si(4,4,0)-Si(15,11,3)x2-Si(4,4,0) structure 
subsequently produced 21.5 keV radiation with 1.0 meV 
energy resolution, perfect for measuring vibrations 60. The 
beam flux was ~0.7×109 photons s−1 60. During NRVS 
measurements, the samples were maintained at a cryogenic 
temperature using a LHe cryostat maintained at 10K. The 
analyzed real sample temperature was about 80K. The total 
intensities collected from both the direct nuclear fluorescence 
at h1 and the internally converted electron L shell 
fluorescence at h2 [as shown in Figure 1(f)] were recorded 
with a single-element APD detector with a dome-shaped 
vacuum window. As for 57Fe NRVS, a dome shaped beryllium 
window was used to separate the sample at the cryogenic 
temperature and the APD at room temperature (RT) and to 
allow for a free adjustment of the detection angle of the APD 
detector. The delayed (nuclear) scattering signal vs. the 
incident X-ray energy forms a raw NRVS spectrum, which was 
then transferred to PVDOS vs. the vibrational energy (Evib) 
with the PHOENIX software at the beamline 28, 35. The 
detailed information about 151Eu NRVS instruments, 
measurement and analysis were the same as those published 
widely for other 151Eu measurements 44-50.

3 Results and discussion, Experimental 
3.1 57Fe NRVS results

Similar to other vibrational spectroscopies 24, 26, 30, 32, 61, 62, 
NRVS is sensitive to the oxidation states and the bonding 
environment of the isotopes measured. For example, NRVS 
has been widely used to assign the oxidation states for 57Fe 
inside various complexes and enzymes 22-24, 28, 34, 39-41, 63, 

64. It has also provided a wealth of information regarding the 
ligands and coordination symmetry around the 57Fe site(s) in 
these samples. 

Due to its distinct Fe(II, S=0) and Fe(III, S=5/2) sites, PB 
serves as one classical example for the evaluation of new high 
resolution spectroscopies. For example, almost 20 years ago, 
Glatzel et al. published an article 65 demonstrating site-
selective EXAFS using high-resolution Kβ fluorescence 
detection. The Kβ fluorescence lines arising from the ls-Fe(II) 

and hs-Fe(III) sites have slight differences in energy that can 
be resolved using a 1 eV resolution energy analyser. 
Fluorescence-detected absorption spectra using different 
emission energies represent different linear combinations of 
the pure ls-Fe(II) and hs-Fe(III) EXAFS. A numerical method 
was used to extract the EXAFS spectrum from the raw 
experimental data for each individual site.

For the prototypical PB sample, NRVS is also capable of 
indicating whether a particular NRVS feature is from the 
[Fe(II)(CN)6]4- core or from the loose interaction between the 
Fe(III) site and the [Fe(II)(CN)6]4- core 28. Natural PB (4) has 
two major peaks [the black curve in Figure 2(a)]: a sharp peak 
at 594 cm-1, arising from strong interactions between the ls-
Fe(II) ion and the six (CN)6 ligands, and a broad hump between 
120 – 280 cm-1. Please note that the sharp peak position was 
mentioned at 602 cm-1 in several previous publications 28, 66, 

67. The NRVS for PB and all associated samples were 
“calibrated” using the 602 cm-1 peak position 67 measured for 
(NH4)2Mg(II)[Fe(II)(CN)6] at ESRF ID18. According to our 
calibration procedure, assigning the Fe-Cl stretching peak 
from (Et4N)[FeCl4] as 380 cm-1 (IR peak position) 28 68 20 36, 
the scaling factor for ESRF ID18 is 0.986, which shifts the peak 
at 602 cm-1 to 594 cm-1. Although we acknowledge that there 
is no absolute standard and we do not intend to calibrate the 
standards used by other researchers, it is justifiable to 
calibrate energies within one research group with one 
standard. We therefore “re-calibrate” the sharp peak position 
in 4 and 5 to 594 cm-1 and will use this assignment for the 
future publications from this research team.

Figure 2. (a) NRVS spectra for (NH4)2Mg(II)[57Fe(II)(CN)6] (5) 
(green), K57Fe(II)[Co(III)(CN)6] (3) (purple) and 
57Fe(III)4[57Fe(II)(CN)6]3.xH2O (PB) (4) (black); (b) NRVS spectra 
for K3[Fe(III)(CN)6] (8) (red) and the Fe(II)-CN NRVS peak 
position for K4[Fe(II)(CN)6] (7) (green bar): the NRVS spectrum 
for 7 is shown as in Figure S1; (c) partial NRVS spectra for 
Eu(III)[Fe(III)(CN)6] (2) (red) and KEu(III)[Fe(II)(CN)6] (1) (green) 
in the characteristic Fe-CN peaks region.
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To further illustrate the origins of the sharp peak at 594 
cm-1 and the hump between 120-280 cm-1, the inner ls-Fe(II) 
or the outer hs-Fe(III) site in PB can be “substituted” with 
another metal, leaving only one site labelled with 57Fe. This 
approach was realized via synthesizing two site–specific 
complexes. The first complex is K57Fe(II)[Co(III)(CN)6] (3), 
which has a [Co(III)(CN)6]3- core and an “outer” 57Fe(II) loosely 
bound to the [Co(III)(CN)6]3- core. This complex lacks the sharp 
peak at 594 cm-1 observed for the natural PB and only has the 
lower energy hump at 120 – 280 cm-1 [purple curve in Figure 
2(a)]. The second complex is (NH4)2Mg(II)[Fe(II)(CN)6] (5) 67, 
which has  an “outer” Mg ion loosely bound to the 
[57Fe(II)(CN)6]4- core. Notably, this complex has one strong 
NRVS peak at 594 cm-1 [green curve in Figure 2(a)], but it lacks 
intensity in the lower energy region. The profound difference 
among samples 3, 4, and 5 [Figure 2(a), purple, black and 
green curves] demonstrates: 1) the hump between 120 - 280 
cm-1 is due to the loose interaction between the core and the 
outer iron; 2) the sharp peak at 594 cm-1 is from the Fe-CN 
interaction inside the [57Fe(II)(CN)6]4- core; and 3) the weak 
“very low energy” features in 5 might be due to a large-scale 
motion – the lattice phonons inside the structure. 57Fe-
labelled PB 28 has a hump at 120 – 280 cm-1 region and a sharp 
peak at 594 cm-1, overlapping with the above two peaks 28.

Our NRVS spectra in Figure 2(a) have well-illustrated the 
specific feature which is attributable to the specific iron site – 
i.e., the ls-Fe(II) inside the [Fe(II)(CN)6]4- core leads to a sharp 
peak at 594 cm-1 (green), whereas the hs-Fe(III) outside the 
[Fe(II)(CN)6] core produces a hump at 120 – 280 cm-1. Since no 
PB or PB analogues with an [Fe(III)(CN)6]3- core have been 
synthesized, two more comparison samples were prepared 
and measured. Figure 2(b) illustrates the NRVS spectrum for 
the natural abundance K3[Fe(III)(CN)6] (8) (red) with a green 
bar to indicate the sharp peak position for the natural 
abundance K4[Fe(II)(CN)6] (7). Figure S1 further illustrates the 
differences between NRVS collected for 7 (green) and 8 (red). 
The characteristic peak for the K4[Fe(II)(CN)6] is at 593 cm-1 
(Figure S1), similar to that observed for PB (4) and 
(NH4)2Mg(II)[Fe(II)(CN)6] (5) (at 594 cm-1). On the other hand, 
the characteristic peak from the K3[Fe(III)(CN)6] is at 516 cm-1, 
78 cm-1 lower than that for 4, 5, 7.

The down shift in peak position for the oxidized form is 
actually common in other CN or CO containing structures due 
to strong back bonding interactions. For example, in the NRVS 
spectra for hydrogenase from Desulfovibrio vulgaris Miyazaki 
F (DvMF), the Fe-CO vibrations in the oxidized sample were 
found to shift to lower energy positions rather than shift to 
the higher energy positions 24. The authors of that work 
explained that the trend is consistent with the well-known 
inverse correlation between Fe-C and C-O in FeCO complexes 
29, 69-71. In a different example, Spiro found that the Fe-CO 
frequency for myoglobin-CO increases by a factor of 0.75 
times the magnitude of the decrease of  CO 69. The Fe(III)-
CN also has a wider peak in comparison with Fe(II)-CN. 
Although the mechanism behind is not clear, Figure 2(a and 
b) [as well as Figure S1] establishes the NRVS standard for 
[Fe(III)(CN)6]4- vs. [Fe(II)(CN)6]3- cores for our next work.

Since complexes of KEu(III)[Fe(II)(CN)6] (1) and 
Eu(III)[Fe(III)(CN)6] (2) are not enriched with 57Fe, their NRVS 
have very weak signals (2% vs. 100% for the enriched 
samples). After evaluating several 57Fe enriched PB and other 
comparison samples, we decided to scan narrow regions 

around the nuclear resonant peak at Evib=0 and around the 
characteristic regions in 380-700 cm-1 where the possible 
characteristic peaks for [Fe(II)(CN)6]4- and [Fe(III)(CN)6]3- exist. 
The peak positions for both 1 and 2 are slightly higher than 
their corresponding reference counterparts (594 cm-1 in 4, 5 
as a reference for 1 and 516 cm-1 in 8 for 2). This can be 
understood with the concept proposed in a recent manuscript 
about NRVS energy re-calibration 72. In a sectional scan or a 
skip scan, the energy should be calibrated point by point 
according to their accumulated scanning time, rather than 
scaled with a universal factor 72. When a universal scaling 
factor is used to calibrate the energy axis for a sectional (skip) 
scan, which takes very different time at different data point, 
the energy axis can be over-scaled, resulting in a slightly 
higher energy positions for the characteristic peaks 72. 

Although the exact peak position cannot be accurately 
determined due to the skip scan operation, the obtained peak 
features are sharp and clear as shown in Figure 2(c). The peak 
position for 2 is at a lower energy position and with a wider 
width in comparison with those for 1. These features are 
consistent with the observation for their reference samples 8 
[in Figure 2(b)] and vs. 4,5 [Figure 2(a)] or 7 [Figure 2(b) 
mark]. This observation shows that 1 has an ls-Fe(II) [Figure 
2(c) (green) vs. Figure 2(a) (green)], 2 has an ls-Fe(III) [Figure 
2(c) (red) vs. Figure 2(b) (red)] and both contain the inner Fe 
centres inside the [Fe(CN)6] cores. In addition, the difference 
between the peak centroids for 1 and 2 (80 cm-1) is almost the 
same as the difference between their reference samples (78 
cm-1 between 7 and 8).

3.2 151Eu NRVS results

The discussion in Sec. 3.1 illustrates the existence of Fe(II) 
or Fe(III) inside the [Fe(CN)6] cores for KEu(III)[Fe(II)(CN)6] or 
Eu(III)[Fe(II)(CN)6]. However, one may still be unable to rule 
out the possibility of Fe ions scrambling between the [Fe(CN)6] 
core and the “outer” Fe(III) site in the prototypical PB. Since 
our elemental analysis confirms the 1:1 ratio of Fe:Eu, all Fe 
ions should be found in the [Fe(CN)6] core if the Eu is 
completely confined in the loosely bound location of 
Eu…[Fe(CN)6] (Figure 1(d)). Therefore, the feature and the 
peak location information obtained from the 151Eu NRVS can 
provide additional insights into the information about the Fe 
locations.
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Figure 3 (a) 151Eu NRVS for complexes KEu(III)[Fe(II)(CN)6] (1) 
(blue) and Eu(III)[Fe(III)(CN)6] (2) (red); (b) 151Eu NRVS for 
Eu2O3 (9).

The 151Eu NRVS [the NRVS derived PVDOS] for complexes 
KEu(III)[Fe(II)(CN)6] (1, blue) and Eu(III)[Fe(III)(CN)6] (2, red) 
are shown in Figure 3(a). Intuitively, if Eu(III) takes the Fe 
position inside the [Fe(CN)6] core, it should have a similar 
(sharp) peak but the heavier relative mass should locate it at 
a lower energy position, assuming both have the same 
interaction force constant. As for the degree of such shift, it 
depends on how the vibrator is composed, which will be 
discussed in detail in the next paragraph. Since we did not 
observe any sharp peak in the 151Eu NRVS, the existence of a 
possible [Eu(CN)6] core can be essentially ruled out, leaving 
all of the core “locations” for Fe.

According to previous analysis of the [Fe(II)(CN)6] 
vibrational modes 67, the sharp peak at 594 cm-1 belongs to 
two degenerate stretching modes (4), which are illustrated 
in Figure 4(a and b) or Figure S2. Inside a [Fe(CN)6] core, (CN)6 
can be considered as six point charges around the Fe ion in 
an octahedral arrangement, with each CN acting as one point 
charge of -1. In vibrational mode (a) 67, the two axial CNs 
move along (in phase) with the Fe’s motion, while the four 
equatorial CNs move opposite to (out of phase with) the Fe’s 
motion. We can further simplify this model into a “diatomic” 
stretching vibrator X—Y, where X = Fe + 2CN and Y =4CN. In 
(b) 67, the four equatorial CNs are in phase with Fe motion, 
while the two axial CNs are out of phase with Fe motion, 
resulting in the X—Y model of X = Fe + 4CN and Y = 2CN. Per 
the analysis in SI.2, the relative masses are different for the 
two modes, meaning their force constants must be different 
to maintain the degeneracy between them. Further details 
relating to this analysis are, however, out of the scope of this 
publication.

Figure 4. The two degenerated stretching vibrational mode 
(4) for [M(CN)6]4-: M=metal.

The analysis in SI.2 also shows that the relative mass for 
the X-Y vibrator in modes (a) and (b) for the [57Fe(CN)6] is 
53.2 and 39.3, respectively. For a conceptual [151Eu(CN)6], 
these relative masses increase to 68.8 (a) and 43.9 (b) 
respectively. Please note, although neither 1 or 2 is isotope-
enriched, we still used 57Fe and 151Eu to calculate the relative 
masses since the NRVS signal derives solely from the 
naturally abundant 57Fe and 151Eu in each sample. With this 
analysis, when 57Fe inside [57Fe(II)(CN)6] is replaced with 
151Eu to form [151Eu(CN)6], the resulting NRVS can have a 
peak at: 594·(53.2/68.8)1/2 = 594·0.879 = 522 cm-1 or  
594·(39.3/43.9)1/2 = 594·0.945 = 561 cm-1 using a simplified 
calculation from the diatomic vibrator model X—Y. More 
realistically, starting from the [57Fe(III)(CN)6] peak at 516 cm-

1, the [151Eu(CN)6] can have a peak at: 516·(53.2/68.8)1/2 = 
516·0.879 = 454 cm-1 or  516·(39.3/43.9)1/2 = 594·0.945 = 487 
cm-1. The overall possible region will therefore be between 
454 cm-1 and 561 cm-1, as shown with the two vertical green 
bars in Figure 3(a). This calculation might not be entirely 
accurate, but it does provide a guideline to looking for a peak 
from [151Eu(CN)6]. Importantly, we did not observe any peak 
in this region, nor in an extended region between 300 and 
700 cm-1. Therefore, we conclude that there be no [Eu(CN)6] 
structure in complexes 1 or 2 - the observation is consistent 
with chemical intuition.

On the other hand, if Eu occupies the “outer” Fe(III) 
location in PB, the 151Eu NRVS should have a hump in the 
region scaled by a factor of 0.713 as described in SI.2. There 
will be no difference between the modes (a) and (b) because 
the vibration discussed here is M…[(NC)6Fe] while M = Fe or 
Eu ( SI.2). This makes the search region from 85.6 to 199.6 
cm-1 [120*0.713 = 85.6 and 280*0.713 = 199.6 cm-1] as 
illustrated in Figure 3(a) (horizontal green bar). The observed 
151Eu NRVS for 1 and 2 have humps below 260 cm-1 which is 
qualitatively consistent with the above estimation. The mis-
match between the observed and the estimated upper edges 
(260 vs. 199.6 cm-1) may indicate the estimation model is too 
simple or may suggest the large Eu mass bring in more 
distortion to the complexes (1 and 2). The lower limit for the 
hump, on the other hand, is hard to judge in the observed 
spectra because it may overlap with lattice-phonon features. 
However, the above estimated value (85.6 cm-1) is still 
reasonable.

For reference, 151Eu NRVS for Eu2O3 (9) [Figure 3(b)] and 
57Fe NRVS for Fe2O3 (6) [Figure S3] were also measured and 

Page 6 of 9Dalton Transactions



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

compared with their corresponding Eu (9 vs. 1, 2) and Fe 
NRVS in (6 vs. 1, 2, 3, 4) complexes. 

3.3 Combined Discussion on 151Eu and 57Fe NRVS 
All the results from our 151Eu NRVS show that the Eu(III) 

takes the outer hs-Fe(III) location in a PB structure. No 
spectral feature for a possible [Eu(CN)6] structure was found. 
Since Eu:Fe = 1:1, Fe then must all be inside the [Fe(CN)6] 
core. In other words, the [Fe(II)(CN)6]4- or [Fe(III)(CN)6]3- core 
is intact from the starting materials during the synthesis of 
either 1 or 2. This conclusion is confirmed with the existence 
of sharp 57Fe-CN peaks around 594 cm-1 (for 1) and a relative 
sharp peak 516 cm-1 (for 2).

The above conclusion clearly illustrates the power of 
using combined bi-isotope (e.g. 151Eu and 57Fe) NRVS to 
resolve practical issues. If 151Eu were not measured, and only 
57Fe NRVS were measured in the narrow region around the 
sharp peak, it could have only confirmed that there is Fe 
inside the [Fe(II)(CN)6]4- or [Fe(III)(CN)6]3- core, and cannot 
rule out the situation that Fe may also exist outside the core. 
Since there is only 2% 57Fe in natural abundance, measuring 
full NRVS scan for the unenriched 1 and 2 will take a 
tremendous amount of beamtime. In addition, as 57Fe NRVS 
for unenriched samples has a low signal-to-noise ratio, it will 
be almost impossible to distinguish the subtle difference 
between the case with a partial outer Fe and the one without 
it at all (e.g. between samples 1 and 2, or unenriched 
versions of 5 and 4).

The 48% nature abundance and thus the available full 
scans for 151Eu NRVS provided a clear advantage in 
pinpointing the Eu is (only) at the outer ls-Fe(III) location in 
PB structure. This rules out a possible [Eu(CN)6] (or a possible 
Fe outside the core) since Eu: Fe = 1:1.

In addition, the minor but clear difference in the lowest 
energy peaks in the 151Eu NRVS between KEu(III)[Fe(II)(CN)6] 
(1) and Eu(III)[Fe(III)(CN)6] (2) shows even the skeleton 
structural motion (lattice phonons) can be affected by the 
oxidation states of the Fe ions (II vs. III) inside the [Fe(CN)6] 
core structure.

Summary
We have measured and analyzed the first combined 151Eu and 
57Fe NRVS for naturally abundant KEu(III)[Fe(II)(CN)6] and 
Eu(III)[Fe(III)(CN)6]. All of the observed NRVS spectroscopic 
features confirm that Eu(III) in both 1 and 2 occupies the 
position outside the [Fe(CN)6] core and coordinates the N 
atoms of the CN- ions in Figure 1(d), whereas Fe(III) or Fe(II) 
occupies the site inside the [Fe(CN)6] core. This notion is also 

consistent with the stepwise synthetic approach employed for 
preparing both 1 and 2. Specifically, K4[Fe(II)(CN)6] and 
K3[Fe(III)(CN)6] are used as the complex ligands to coordinate 
to Eu(III) using the N-donor atoms from the six CN- molecules, 
while the C-bound Fe(II) or Fe(III) remains intact during the 
synthesis. In other words, Eu(III) takes the outer Fe(III) 
position only, while Fe(II) or Fe(III) takes the position inside 
the [Fe(CN)6]4- core.

In addition to the practical evaluation of complexes 1 and 
2, this study well illustrates the many significant advantages 
of NRVS (especially the bi-isotope NRVS on one sample) in 
revealing site-specific information for nanoparticulated PB-
like complexes, which may very well serve as prime candidates 
for the next-generation MRI agents.

In the future, it will be interesting to observe whether the 
so-called coordination isomers of 1 and 2 (with the formulas 
KFe(II)[Eu(III)(CN)6] and Fe(III)[Eu(III)(CN)6]) or certain types of 
mixtures where Eu(III) ions are partitioned between the two 
possible positions can be prepared if one uses a one-pot self-
assembly synthesis involving the stoichiometric amounts of 
Fe2+ (or Fe3+), Eu3+, and CN-.
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