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a b s t r a c t

The complex [Fe(H2O)6]SiF6 is one of the most stable and best characterized high-spin Fe(II) salts and as
such, is a paradigm for the study of this important transition metal ion. We describe high-frequency and -
field electron paramagnetic resonance studies of both pure [Fe(H2O)6]SiF6 and [Zn(H2O)6]SiF6 doped with
8% of Fe(II). In addition, frequency domain magnetic resonance spectroscopy was applied to these sam-
ples. High signal-to-noise, high resolution spectra were recorded which allowed an accurate determina-
tion of spin Hamiltonian parameters for Fe(II) in each of these two, related, environments. For pure
[Fe(H2O)6]SiF6, the following parameters were obtained: D = +11.95(1) cm�1, E = 0.658(4) cm�1,
g = [2.099(4), 2.151(5), 1.997(3)], along with fourth-order zero-field splitting parameters:
B0

4 ¼ 17ð1Þ � 10�4 cm�1 and B4
4 ¼ 18ð4Þ � 10�4 cm�1, which are rarely obtainable by any technique. For

the doped complex, D = +13.42(1) cm�1, E = 0.05(1) cm�1, g = [2.25(1), 2.22(1), 2.23(1)]. These parameters
are in good agreement with those obtained using other techniques. Ligand-field theory was used to ana-
lyze the electronic absorption data for [Fe(H2O)6]SiF6 and suggests that the ground state is 5A1, which
allows successful use of a spin Hamiltonian model. Density functional theory and unrestricted Har-
tree–Fock calculations were performed which, in the case of latter, reproduced the spin Hamiltonian
parameters very well for the doped complex.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Iron is among the metal elements most important to all life on
Earth. It is present in innumerable biochemical cycles, starting
with the breathing cycle of mammals. During those cycles, it forms
a variety of coordination complexes that are present primarily in
two oxidation states: Fe(II) (ferrous, 3d6) and Fe(III) (ferric, 3d5).
While the Kramers-type (half-integer spin number) ferric ion is
generally amendable to Electron Paramagnetic Resonance (EPR)
at conventional frequencies (9–95 GHz) and fields (0–3.5 T), the
non-Kramers (integer spin) ferrous ion presents a considerable
challenge to spectroscopists. When in the low-spin form (S = 0),
it is diamagnetic and thus not amenable to EPR; however, even
in the paramagnetic intermediate (S = 1) spin, or more commonly,
high (S = 2) spin (HS) state it is difficult, or impossible to detect by
EPR. This is because in reduced symmetry environments aniso-
tropic orbital angular momentum contributions cause the phe-
ll rights reserved.

rowski).
Universität Stuttgart, Pfaffen-
nomenon of zero-field splitting (zfs). Zfs removes the degeneracy
of the hS, MS| levels, even in the absence of an applied magnetic
field, and, in the case of HS Fe(II), can reach tens of cm�1. It is often
possible to employ EPR at conventional frequencies (X- or Q-band)
to observe a nominally forbidden (DMS = 4, enhanced in parallel
mode EPR) transition within the slightly split |S, MSi = |2, ±2i
non-Kramers doublet, which usually occurs at very low applied
magnetic field (below 1=4 of the resonance field for g = 2). This ‘‘X-
band active’’ transition has been productively investigated in cer-
tain HS Fe(II) systems [1–3]; however, it is of limited use in obtain-
ing the complete set of spin Hamiltonian parameters.

To overcome the effect of zfs, either high frequencies or high
magnetic fields are generally necessary for a successful detection
of allowed (DMS = ±1) resonances. This was recognized early on
by several researchers and resulted in a series of remarkable pa-
pers which were well ahead of their time [4–7]. Those impressive
early works were not immediately continued, presumably because
of persisting instrumental difficulties. It is only with recent techno-
logical progress, both in the development of easy-to-use, stable
sub-THz wave sources and ‘‘user-friendly’’ sweepable supercon-
ducting and resistive magnets, that a series of papers on HS Fe(II)
in various coordination environments has come out [8–11]. Most
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notable of the recent work is that of Barra et al. on an actual metal-
loenzyme, reduced rubredoxin [12].

The recurrent motive of the early EPR papers on HS Fe(II) was
the use of a ferrous salt, [Fe(H2O)6]SiF6, in which Fe(II) exists in
the form of hexaaquaferrous ion, as a standard [2,4,6,7,13]. This
is a chemically relatively stable (resistant towards oxidation) form
of HS Fe(II), and apparently, this salt produces a particularly strong
and well defined EPR response both in conventional X- and Q-band
EPR, and at frequencies in the sub-THz and THz region. The funda-
mental interest in [Fe(H2O)6]SiF6 as a model system has not been
limited to EPR spectroscopists; its electronic structure and partic-
ularly the magnetic properties of its lowest electronic state were
investigated by an impressive variety of experimental methods:
magnetometry [14–18], magnetic circular dichroism (MCD) [19],
electronic absorption spectroscopy [20], electronic Raman spec-
troscopy [21], Mössbauer spectroscopy [22,23], and nuclear mag-
netic resonance [23]. These experimental studies spurred in turn
several theoretical works [24–26]. That the interest in the mag-
netic properties of the basic [Fe(H2O)6]SiF6 system has not waned
with time is witnessed by a very recent paper [27]. With several
other HS Fe(II) complexes now characterized in the literature by
high-frequency and -field EPR (HFEPR), we decided to return to fer-
rous fluorosilicate to check the accuracy of the spin Hamiltonian
parameters reported in the literature, compare them to other
known Fe(II) complexes, and relate the most recent HFEPR technol-
ogy to that available to the researchers back in the 1970s and
1980s. Since the literature covers experiments on both pure
[Fe(H2O)6]SiF6 salt and one in which Fe(II) was doped into diamag-
netic [Zn(H2O)6]SiF6, we prepared and investigated samples of both
pure (100%) salt, and a doped system with 8% Fe(II): [Fe0.08Zn0.92-
(H2O)6]SiF6. We also have used computational methods not readily
accessible in those times to further understand the electronic
structure of the hexaaquaferrous ion.
2. Experimental

2.1. Samples and crystal structures

Metallic iron was dissolved in hot 25% hexafluorosilicic acid
(both from Acros). The product which crystallized upon cooling
the solution was filtered and dried under nitrogen to yield poly-
crystalline [Fe(H2O)6]SiF6. A similar procedure was used to prepare
[Zn(H2O)6]SiF6. A hot solution containing both salts at a ratio 8:92
yielded upon quick cooling the doped product [Fe0.08Zn0.92(H2O)6]-
SiF6. The crystal structure of [Fe(H2O)6]SiF6 at room temperature
has been determined using X-ray diffraction [28] and refined by
neutron diffraction [29]. According to the latter, there are two ran-
domly distributed lattices, related by mirror planes belonging to
the space group D5

3dðR�3mÞ and the iron(II) ion is positioned in a tri-
gonally distorted octahedron of water molecules. Later studies sug-
gested that upon lowering the temperature, a phase transition to a
new structure characterized by a lower symmetry occurs [23]. The
low-temperature phase was identified by X-ray diffraction [30,31]
as belonging to the space group C5

2hðP21=cÞ, and the transition tem-
perature estimated to occur at about 240–255 K – a temperature
well above what can be employed for HFEPR in this system. How-
ever, the molecular structure of this low-temperature, low-sym-
metry phase of [Fe(H2O)6]SiF6 has not been reported to our best
knowledge. This information would be desirable, derived from
low temperature both X-ray and neutron diffraction, but is outside
the scope of the present study.

The structure of [Zn(H2O)6]SiF6 was published by Ray et al. [32].
It is typical of the [MII(H2O)6]SiF6 series (space group R�3;No:148),
and has not been observed to undergo a phase transition to a
low-symmetry, low-temperature phase. Thus the structure of the
doped material studied by HFEPR at low temperature is that crys-
tallographically determined.

2.2. Apparatus

HFEPR spectra were obtained using two spectrometers de-
scribed in detail in the literature: one based on a set of backward
wave oscillators operating in a 150–700 GHz frequency range,
and a resistive 25-T ‘‘Keck’’ magnet [33], and another based on a
superconducting 17-T magnet, described in [34], and using a Vir-
ginia Diodes Inc. source operating at a base frequency of 12–
14 GHz, increased by a cascade of multipliers. X-band EPR was per-
formed on a commercial Bruker Elexsys 680X instrument equipped
with a dual-mode resonator. Frequency-domain magnetic reso-
nance spectroscopy (FDMRS) spectra were recorded at Stuttgart
University on a plane parallel pressed powder sample of
[Fe0.08Zn0.92(H2O)6]SiF6 at frequencies m = 250–530 GHz at T = 5 K,
using a continuous-wave (cw) THz spectrometer that has been de-
scribed in the literature [35]. A similarly pressed powder sample of
[Fe(H2O)6]SiF6 was studied at m = 200–515 GHz at T = 1.5 K in a
newly assembled zero-field FDMRS spectrometer at NHMFL, Talla-
hassee, FL, which is built upon the same principles as the Stuttgart
instrument.

Diffuse reflectance UV–Visible–NIR spectra of [M(H2O)6]SiF6,
M = Fe, Zn, were recorded at room temperature on a Jasco V-570
spectrometer using MgO as a diluent at Roosevelt University.

2.3. Data analysis

To analyze the EPR spectra of [Fe0.08Zn0.92(H2O)6]SiF6, we ap-
plied the usual spin Hamiltonian for an S = 2 spin state including
the second-order zfs terms [36]:

H ¼ bB � g � Sþ DðS2
z � SðSþ 1Þ=3Þ þ EðS2

x � S2
yÞ ð1Þ

where b is the Bohr magneton and the other symbols take their
usual meanings. The data quality for pure [Fe(H2O)6]SiF6 were high
enough to add fourth-order terms into the spin Hamiltonian, which
thus becomes:

H ¼ bB � g � Sþ DðS2
z � SðSþ 1Þ=3Þ þ EðS2

x � S2
yÞ þ B0

4O0
4

þ B2
4O2

4 þ B4
4O4

4 ð2Þ

The spin Hamiltonian parameters were simultaneously fitted to
a 2-dimensional map of resonances vs. transition frequency (or en-
ergy) as opposed to single-frequency spectra. More details on the
tunable-frequency EPR method used in this work can be found
elsewhere [11,37].

Locally written programs employing a ligand-field theory (LFT)
model with the full d6 basis set were used to analyze the optical
transitions reported for [Fe(H2O)6]SiF6.

2.4. Quantum chemistry calculations

The known crystal structures of [Fe(H2O)6]SiF6 [29] and
[Zn(H2O)6]SiF6 [32] were used in the density functional theory
(DFT) and unrestricted Hartree–Fock (UHF) calculations employing
the freely available ORCA 2.8 software designed by Neese [38]. The
calculations utilized the Ahlrichs type basis sets [39] VDZ and TZV
[40] combined with the BP86 functional [41–45].

3. Results and discussion

3.1. HFEPR spectroscopy of [Fe(H2O)6]SiF6

As expected, pure [Fe(H2O)6]SiF6 produced a strong EPR re-
sponse in the 150–700 GHz frequency range at low temperatures.
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Fig. 1. An HFEPR spectrum of pure [Fe(H2O)6]SiF6 powder at 321.6 GHz and 20 K
(black trace) accompanied by simulations using the zfs parameters of Champion
and Sievers [6] (S = 2, |D| = 11.67, |E| = 0.67 cm�1) and adjusted g-values: g\ = 2.15;
g|| = 2.00. Colored traces are simulations using a positive (red trace); or negative D
(blue trace). Single-crystal linewidth: 75 mT (isotropic). The resonance at 11.5 T
(g = 2.00) originates from impurities (Mn(II) and presumably Fe(III)) and is not
simulated. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 1 shows a representative spectrum of a powder sample at
321.6 GHz and 20 K, recorded in a superconducting magnet,
together with simulations. The spin Hamiltonian parameters used
in the simulations were those of Champion and Sievers [6], which
reproduce the spectra very well when g-values of g\ = 2.15;
g|| = 2.00 are assumed. Despite the obvious artifacts observed at
low field due to an imperfectly random distribution of crystallites
in the sample, the simulations agree better with experiment when
a positive sign of D is assumed. This was more convincingly con-
firmed at other frequencies, and temperatures (see Fig. S1 in the
Supplementary Information).

Because spin Hamiltonian parameters optimized for single-
frequency simulations are often frequency-dependent, we have
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Fig. 2. Field/frequency map of resonances in pure [Fe(H2O)6]SiF6 powder at 10 K.
Squares are experimental points while the curves were calculated using the best-
fitted spin Hamiltonian parameters as in Table 1. Red traces: resonances with B0 || x,
blue traces: with B0 || y, black traces: B0 || z. The lone square at 9.4 GHz is the ‘‘X-
band active resonance’’ shown in Fig. 3. The vertical dashed line at 321.6 GHz
represents the frequency and field range of the spectrum shown in Fig. 1, while that
at 635 GHz represents the parameters of the spectrum shown in Fig. S1 in the
Supplementary Information. The effect of the fourth order term, B0

4, is shown in
Fig. S2 in the Supplementary Material. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
performed HFEPR at multiple frequencies, and combined the
results into a single set of resonances, which we then used to fit
the parameters [37]. The resulting 2-D map (field vs. frequency,
Fig. 2) is characteristic for a quintet (S = 2) state with D � 12 cm�1,
and a small rhombic zfs parameter E. In particular, the two zero-
field resonances indicated near 300 and 415 GHz correspond to
the |D � 3E| and |D + 3E| transitions and by themselves could yield
the second-order zfs parameters. However, a computer fit to the
complete 2-D map yields parameters (Table 1) of superior quality,
and it also delivers the g-matrix, which is not possible in zero field.
Additionally, including the 4th order parameter B0

4 of 17(2) �
10�4 cm�1 improved the fit quality as seen by the 46% smaller fit
error. The effect of this fourth order term is not readily seen in
Fig. 2; to demonstrate this, we present in Supporting Information
(Fig. S2) a comparison of experimental and calculated points both
with and without the B0

4 term. The sign of B0
4 must be the same as

that of D, namely positive.
Fig. 2 presents experimental data and calculated lines corre-

sponding only to the canonical (x,y,z) orientations. Off-axis (non-
canonical) turning points do contribute to the observed powder
spectrum; however, the effective orientation of these turning
points depends on frequency and thus it is very difficult to use
them in fitting the spin Hamiltonian parameters using the 2-D
maps. Therefore only those features in the powder spectra which
can be assigned to the axial turning points have been taken into ac-
count in such fits in the present paper. We have in other cases seen
off-axis transitions and occasionally used them in fits [46]. The
Supporting Information presents simulations that show the rela-
tions between the powder spectrum patterns and the axial as well
as off-axial turning points, for rotations about the x (Fig. S3) and y
(Fig. S4) axes for a representative experimental spectrum
(216 GHz, 50 K).

We also undertook to check how the zfs parameters obtained
from a multi-frequency fit reproduce the ‘‘X-band active transi-
tion’’. The corresponding spectrum is shown in Fig. 3, using
parallel-mode detection. It is accompanied by two simulations:
one using the spin Hamiltonian parameters determined from
HFEPR experiments and seen in Table 1 but ignoring the fourth-
order zfs parameter B4

4, the other including B4
4 ¼ 18� 10�4 cm�1.

Despite the presence of impurities (specifically, HS Co(II) which
is responsible for the partly resolved hyperfine structure near
0.1 T) and some possible artifacts due to an imperfect powder,
the agreement between the experiment and simulations obtained
with HFEPR parameters is very good but only when a finite value
(positive, as with B0

4) of the fourth-order zfs parameter B4
4 of

18 � 10�4 cm�1 is taken into account, which makes the calculated
peak maximum correspond exactly with experiment (see Fig. 3).
Since B4

4 O4
4 mixes the nominal MS = ± 2 states, B4

4 has the greatest
effect on the position of the ‘‘X-band active transition’’ of all spin
Hamiltonian parameters. Rubins and Black also found the need
to include this fourth order zfs term [13], although fourth-
order zfs terms were not taken into consideration by Hendrich
and Debrunner [1,2]. The fourth order term, B2

4, could also be
present, but its inclusion changes the other parameters very
slightly and only marginally improves (by 1%) the average
deviation between the calculated and experimental points, while
the estimated error in B2

4 is comparable to its magnitude
ðB2

4 ¼ �0:005ð3Þ cm�1Þ.
This combination of the X-band data with multi-frequency

high-field spectra allows one to determine an essentially unique
set of spin Hamiltonian parameters, including fourth order
terms. The reverse procedure, however, i.e., obtaining depend-
able values for the complete set of spin Hamiltonian parameters
from the ‘‘X-band active transition’’ alone is not feasible as it is
not possible to separate the contributions of second and fourth
order zfs. Some of us have earlier demonstrated this difficulty



Table 1
Spin Hamiltonian parameters for pure [Fe(H2O)6]SiF6. All zfs values are in cm�1.

D |E| B0
4 B4

4
gx gy gz Technique

+11.95(1) 0.658(4) 17(1) � 10�4 18(4) � 10�4 2.099(4) 2.151(5) 1.997(3) HFEPR, this work a

+11.93(2) 0.662(6) 0 18(4) � 10�4 2.09(1) 2.15(1) 2.003(5)
11.88 0.68 FDMRS, this work
11.78 0.67 FDMRS b

11.88 0.67 1.96 FDMRS, HFEPR c

12.3(2) 0.53 Magnetization d

10.9 2.12 2.12 2.00 Magnetization e

�10.4 2.14 2.14 2.00 Magnetization f,
11.95 0.68 Raman g

a Two sets of fit parameters are presented. The first is with B4
4 fixed at 18 � 10�4 (this value is based on fitting the X-band signal; its error is estimated visually; all other

errors are based on statistical analysis of the fits (Hessian matrix)) with all other parameters variable; the second set is with B0
4 fixed at zero, all other parameters variable. The

average (rms) deviation of the calculated resonance fields from experimental values is 1.8 times higher in the second fit than in the first.
b Ref. [6].
c Ref. [7].
d Ref. [16].
e Ref. [14].
f Ref. [15].
g Ref. [21].

0 100 200 300
Magnetic Field (mT)

Fig. 3. Parallel-mode X-band EPR spectrum of [Fe(H2O)6]SiF6 powder recorded at
9.415 GHz and 10 K (black trace). Simulation using same parameters as in Table 1
ignoring the fourth order zfs parameter B4

4 (blue trace) and including
B4

4 ¼ 18� 10�4 cm�1 (red trace). The dashed vertical lines mark the maxima of
the respective simulated resonances; the field difference between them is ca. 6 mT.
Isotropic single-crystal linewidth of 17 mT was used in the simulations. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

0 2 4 6 8 10 12

D < 0

Magnetic Field (T)

D > 0

Exp.

Fig. 4. HFEPR spectrum of [Fe0.08Zn0.92(H2O)6]SiF6 at 321.6 GHz and 20 K. The black
trace is experiment while the colored traced were simulated using: |D| = 13.1 cm�1,
E = 0, g\ = 2.18; g|| = 2.00. Red trace used a positive sign of D while blue trace – a
negative sign of same parameter. Single-crystal linewidth: 200 mT (perpendicular)
and 150 mT (parallel). The sharp peak near g = 2.00 (�11.5 T) belongs to impurities
(including Mn(II) and presumably Fe(III)) and was not simulated. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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in analyzing the ‘‘X-band active signal’’ of a rhombic Mn(III)
(3d4) complex [47].

3.2. HFEPR spectroscopy of [Fe0.08Zn0.92(H2O)6]SiF6

Since the hexaaquaferrous ion was also investigated in the liter-
ature in mixed systems where Fe(II) was doped into a diamagnetic
host, we prepared and investigated a sample of [Fe0.08Zn0.92(-
H2O)6]SiF6. This sample, measured as a powder, produced a simi-
larly strong and well-defined HFEPR response relative to the pure
(undoped) system. Fig. 4 shows a representative spectrum of
[Fe0.08Zn0.92(H2O)6]SiF6 at 321.6 GHz and 20 K accompanied by
simulations, which substantiate the positive of sign of D even bet-
ter than in the undoped system. Fig. S5 in the Supplementary Infor-
mation shows a similar spectrum and simulations at 635 GHz and
20 K. Somewhat surprisingly, the linewidth of the observed reso-
nances is increased rather than decreased in the magnetically di-
luted sample, which suggests that the spin–spin interactions
between the Fe(II) ions are not the determining factor for that
parameter. (The behavior of the impurities, on the other hand,
shows the expected line narrowing upon magnetic dilution.)
The simulations suggested that the second-rank zfs parameters
in the doped system are different from those in the pure complex.
In order to determine them accurately, we followed our usual ap-
proach, and generated a 2-D map of resonances as a function of fre-
quency (energy), shown in Fig. 5.

The striking feature of the 2-D map for [Fe0.08Zn0.92(H2O)6]SiF6

is the presence of only one zero-field resonance at about
400 GHz, whereas in the pure [Fe(H2O)6]SiF6 there are two; at ca.
300 and 415 GHz (Figs. 2 and 6). Since those two resonances in
the latter case are separated by 6E, this immediately suggests that
the zfs tensor in [Fe0.08Zn0.92(H2O)6]SiF6 is close to axial. However,
E cannot be strictly zero, since Hendrich and Debrunner [1] re-
ported an observation of the ‘‘X-band active transition’’ in
[Fe0.04Zn0.96(H2O)6]SiF6, which can occur only when E – 0. Indeed,
even if we could not observe the corresponding splitting of the
perpendicular turning points into x and y components, our best fits
yielded an E value of 0.05 cm�1 in addition to D = 13.42 cm�1

(Table 2), which agrees well with the X-band value of 0.04 cm�1

[13].
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Fig. 5. A field/frequency map of resonances in [Fe0.08Zn0.92(H2O)6]SiF6 at 10/20 K.
Squares are experimental points while the curves were calculated using the best-
fitted spin Hamiltonian parameters as in Table 2. Red traces: resonances with B0 || x,
blue traces: with B0 || y, black traces: B0 || z. The vertical dashed line at 321.6 GHz
represents the frequency and field range of the spectrum shown in Fig. 4 while that
at 635 GHz represents the parameters of the spectrum shown in Fig. S5 in the
Supplementary Information. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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3.3. FDMRS of [Fe(H2O)6]SiF6 and [Fe0.08Zn0.92(H2O)6]SiF6

To further investigate the rhombicity of the zfs tensor in
[Fe0.08Zn0.92(H2O)6]SiF6, we took a better look at the zero-field
transition near 400 GHz by performing a zero-field FDMRS experi-
ment in the 250–530 GHz frequency range. The resulting spectrum
displays a doubling of the zero-field transition as shown in Fig. 6
(lower part). A best fit resulted in two Lorentzian-shaped absorp-
tion curves centered on 397.4 and 423.4 GHz, i.e., distanced from
each other by 26 GHz. Assuming this value to represent 6|E|, it
translates into E = 0.144 cm�1. For comparison, we also show a
FDMRS spectrum of the pure (undoped) sample of [Fe(H2O)6]SiF6

and its simulation using two Lorentzian-shaped absorption curves
centered on 295 and 418 GHz, respectively.

3.4. Comparison among experimental techniques

A comparison of spin Hamiltonian parameters extracted from
multiple techniques for [Fe(H2O)6]SiF6 highlights the remarkably
high quality of the early HFEPR and FDMRS work on this system.
The parameters obtained from our FDMRS spectra using BWOs as
sub-THz sources (D = 11.88, E = 0.68 cm�1) are identical to those
Table 2
Spin Hamiltonian parameters for [FexZn(1 � x)(H2O)6]SiF6.

D (cm�1) |E| (cm�1) gx gy

+13.42(1) 0.05(1) 2.25(1) 2.22(1)
13.68 0.144

0.04 2.26 2.26
+20.2 2.26 2.26

14.3
15.3
�0.12 0.0016 2.00 2.00

a Fourth order terms (B0
4, B4

4) were not obtainable from the dataset for the doped com
b Refs. [1,13].
c Ref. [4].
d Ref. [16].
e Ref. [27], averaged parameters from presumed two crystal sites. We have no good e

doping level may have been too low to be effective and the observed resonances could h
omnipresent in the starting materials.
of Rubins and Fetterman [7], who used a Far-Infrared (FIR) Fourier
Spectrometer and a BWO, and are virtually identical to those of
Champion and Sievers [6], who employed exclusively FIR spectros-
copy. The advantage of using solid-state sources and BWOs is the
ease, and sensitivity, of experiments at sub-THz frequencies. On
the other hand, the power emitted from both kinds of sources de-
clines with increasing frequency, so that the sensitivity above 1
THz becomes problematic. In contrast, in FIR spectroscopy the sen-
sitivity generally improves upon going to higher frequencies. This
is why both FIR studies were also able to observe transitions from
the excited |S,MSi = |2,±1i spin sublevels, which in [Fe(H2O)6]SiF6

appear at 33.7 and 38 cm�1.
Although both Champion and Sievers [6] and Rubins and Fet-

terman [7] reported HFEPR results on [Fe(H2O)6]SiF6, the ease of
performing this type of experiment has dramatically improved
with the introduction of a new generation of sweepable supercon-
ducting magnets as illustrated by spectra shown in Figs. 1 and 4 as
well as by use of EPR-quality resistive magnets illustrated by spec-
tra shown in Figs. S1 and S5. When tunable-frequency sources
(BWOs) are used in conjunction with a rapidly-swept (7 T/min)
resistive magnet, it is possible to obtain within a reasonable time
detailed 2-D maps of resonances in the field/frequency domain,
such as those shown in Figs. 2 and 5. These maps enabled us to ob-
tain second-order zfs parameters and g values to a high precision,
with the additional advantage of obtaining the fourth-order zfs
parameter B0

4 for [Fe(H2O)6]SiF6. Finally, adding the result of paral-
lel-mode X-band EPR to the data set allowed us to determine the
fourth-order zfs parameter B4

4. It appears that the optimal method-
ology of obtaining accurate spin Hamiltonian parameters in a high-
spin complex such as [Fe(H2O)6]SiF6 is performing a zero-field
FDMRS experiment to obtain seed zfs parameters followed by a
multi-frequency high-field EPR experiment. The 2-D map of reso-
nances obtained from the latter can be then fitted starting with
the seed parameters obtained from former, and adding g-matrix
elements. Eventually, all parameters can be varied to obtain an
optimal fit. Also, parallel-mode X-band EPR is always useful for
S = 2 systems as an independent control (and a widely available
technique), and possibly to obtain additional fourth-order zfs
parameters.

Magnetic resonance methods may not be always applicable to
HS Fe(II) systems, particularly characterized by zfs parameters
much larger than those of [Fe(H2O)6]SiF6, or having negative D.
In the first case, many transitions may not be observed within
the 1 THz limit characterizing current sources. In the second case,
resonances would be pushed up into yet higher fields than those
easily generated with the current generation of magnets (see
Fig. S1 for the case of negative D). It is therefore worth evaluating
the quality of alternative techniques. Of those, magnetic measure-
ments are always necessary on a previously uncharacterized
gz x Ref., technique

2.23(1) 0.08 This work, HFEPR a

0.08 This work, FDMRS
2.40 0.04 X-band EPR b

2.38 0.02 X- and K-band EPR c

0.15, 0.30 Magnetization d

0.15, 0.30 Mössbauer d

2.00 0.002 HFEPR e

plex due to lower S/N.

xplanation as to why these results differ so much from the others in the table; the
ave originated from species other than HS Fe(II), for example from Mn(II), which is
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Fig. 6. FDMRS spectra of pure [Fe(H2O)6]SiF6 at 1.5 K (top) and [Fe0.08Zn0.92(H2O)6]-
SiF6 at 5 K (bottom). Squares are experimental points while the lines were drawn
using two best-fitted Lorentzian curves in each case (center frequencies given in the
text).
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system, and if performed and analyzed properly, may deliver rea-
sonably good data, although not as accurate and consistent as mag-
netic resonance. MCD appears to produce more dependable results,
as discussed by Campochiaro et al. [19] and by some of us [48,49].
Quite interestingly, Raman scattering has also been able to detect
the magnetic transitions in [Fe(H2O)6]SiF6 [21] and deliver results
that are virtually identical than those obtained by magnetic reso-
nance, particularly in high field. The electronic Raman results are
less precise than those from HFEPR, but have the advantage of a
much higher energy range; Gnezdilov et al. observed electronic
transitions at 47.6 cm�1 [21] involving the excited |2,±2i spin sub-
levels. We presume that in Raman, as with FIR spectroscopy, higher
frequencies (i.e., further from the excitation band) are easier to
observe.

3.5. The effect of crystal symmetry on the spectra

The most obvious difference in spin Hamiltonian parameters of
the [Fe(H2O)6]2+ ion in the pure crystal, and those in the doped
[Zn(H2O)6]SiF6 system is the rhombicity of the zfs tensor, amount-
ing to about |E/D| = 0.06 in the pure compound. Although such a
rhombicity appears in other hexaaqua ions of nominally high sym-
metry such as [Mn(H2O)6]3+, where it was shown by Tregenna-
Piggott et al. [50] as originating from the anisotropy of p-bonding
between the metal ion and water molecules, the obvious and most
intuitive reason for the rhombicity of the zfs tensor in [Fe(H2O)6]-
SiF6 is the crystal symmetry lowering from axial at room tempera-
ture to rhombic (monoclinic) at low temperatures. This is best
shown by the almost perfectly axial zfs tensor in the doped
[Fe0.08Zn0.92(H2O)6]SiF6 crystal, as [Zn(H2O)6]SiF6 does not undergo
symmetry lowering. The rhombicity in that case is not exactly zero
(the rhombicity factor |E/D| � 3 � 10�3 was measurable by inde-
pendent techniques) but is still very small and likely caused by
the factors similar to those identified in [Mn(H2O)6]3+.

Another striking feature of the doped [Fe0.08Zn0.92(H2O)6]SiF6

complex is an increased linewidth of both zero-field, and high-field
spectra compared to pure [Fe(H2O)6]SiF6. This is counterintuitive,
as magnetic dilution should in principle make the linewidth de-
crease rather than increase. At this point we do not have a ready
explanation of this effect other than noting that evidently spin–
spin interactions do not play a decisive role in determining the
linewidth in this case. Speculatively, we may think of an inhomo-
geneous distribution of dopants in the host crystal as a possible
reason for this phenomenon.

3.6. Optical spectra and ligand-field theory analysis of [Fe(H2O)6]SiF6

Diffuse reflectance UV–Vis–NIR spectra of [Fe(H2O)6]SiF6 quali-
tatively confirmed the original, higher resolution, multi-tempera-
ture optical studies by Agnetta et al. [20] and the more recent
MCD work by Campochiaro et al. [19]. Comparison with spectra
for the Zn analog showed no evidence for other than vibrational
modes over the range 1400–2200 nm. [Fe(H2O)6]SiF6 exhibits
bands at 9600, 10,800, and 13,700 cm�1 [19,20]. The higher and
lower of these have been assigned as transitions to (unspecified)
triplet excited states and the middle one to the spin allowed
5T2g ?

5Eg (in Oh point group symmetry; t4
2e2 ! t3

2e3 in a strong
field representation) transition. We felt that a more quantitative
analysis could be made. The two spin-forbidden bands can be
simultaneously fitted to within �150 cm�1 (with the allowed band
fitted exactly) using the following d6 octahedral ligand-field
parameters [51]: B = 850(5) cm�1, C = 3650(25) cm�1,
Dq = 1080 cm�1. These Racah parameters are each �95% of their
free-ion values [52,53], which is reasonable for a relatively non-
covalent complex. This analysis shows that the band at
9600 cm�1 corresponds to 5T2g ?

3T1g and that at 13,700 cm�1 cor-
responds to 5T2g ?

3T2g. Both triplet states correspond to t4
2e2 in a

strong field representation (i.e., the same as the ground state)
which may make them more allowed. The calculation indicates
that the LS d6 singlet state, 1A1gðt6

2e0Þ is at �8800 cm�1, and the
next 3T1,2g states are at �19,000–20,000 cm�1. Our UV–Vis data
suggest that there may be the onset of weak absorption at
�19,000 cm�1, although the dominant feature is a charge transfer
band extending into the UV region.

The complex is obviously not perfectly octahedral; however, we
have no estimate for the magnitude of the trigonal distortion (i.e., a
transition within the 5T2g ground state is not observable). There is,
however, one important point to make which relates to the mag-
netic resonance studies. Trigonal distortion of the 5T2g ground
state, whether from the Jahn–Teller effect, from p-bonding effects
of the aqua ligands, from inter-ionic effects in the crystal, or any
other source(s), splits this state into 5A1(g) and 5E(g) (in D3 or D3d

symmetry; the g subscript is for the latter). If the ground state is
5E, then it is highly unlikely that an S = 2 spin Hamiltonian would
successfully describe the ground state electronic structure [54].
Unquenched orbital angular momentum in 5E would give ten low
lying states whose energies and spin behavior would not match
those observed, which instead fit almost perfectly to an S = 2 spin
Hamiltonian with zfs as described above. Use of the Ballhausen
[51] parameter Dt > 0 gives a trigonal distortion with a 5A1(g)

ground state and 5E(g) next excited state. In principle, it should
be possible to include both trigonal splitting and spin–orbit cou-
pling to reproduce the observed zfs. However, this is too uncon-
strained a parameter space. We therefore fixed the trigonal
splitting somewhat arbitrarily and allowed B (with C � 4.3B, as in
the purely octahedral model), Dq, and f to vary. With
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Dt � 150 cm�1 [55], the fit yields (all values in cm�1): B = 814,
C = 3500, Dq = 954, and f = �400, which gives D = +13.2 cm�1

(based on the first excited state doublet energy) in excellent agree-
ment with experiment [56].

The calculation also finds 5E centered at 10,875 cm�1, in exact
agreement with experiment, and the states originating in 3T1g in
the range 9860–10,400 cm�1 (a barely significant discrepancy from
experiment: �50 nm in this poorly resolved NIR region) and those
originating in 3T2g in the range 13,100–14,400 cm�1 (i.e., centered
at exactly the observed band). While this is by no means a unique,
or ideal, solution, it demonstrates that with reasonable input (the
Racah and SOC parameters are all �90% of the free-ion values)
the optical and EPR characteristics of the [Fe(H2O)6]2+ ion in the
hexafluorosilicate salt can be successfully modeled by LFT.
3.7. Quantum chemical calculations

Having established highly precise and accurate values of the
spin Hamiltonian parameters from HFEPR and FDMRS, and mod-
eled them using a simple LFT approach, we then proceed to corre-
late these parameters with the available crystallographic data by
quantum chemical calculations. This method directly addresses
the structural distortion of the complex from ideal symmetry that
was only approximated above. An attempt was thus undertaken to
evaluate the g values and zfs parameters by both DFT and simple
ab initio methods. The resulting zfs parameters from DFT (Table 3)
are smaller than those obtained from experiment, as are the calcu-
lated deviations of g from ge, indicating underestimation of spin–
orbit coupling effects. The positive sign of D is reproduced, how-
ever. The failure of DFT to properly predict zfs in transition metal
complexes and the superior performance of ab initio methods have
been noticed previously [57].

UHF calculations were therefore performed followed by calcula-
tion of zfs through the ‘coupled perturbed’ treatment of the spin–
orbit coupling contribution [58]. That method proved to be more
successful than DFT, resulting in significantly larger calculated D
values, while also giving more realistic g values. Consistent with
LFT (Table 3), UHF gives one g value = 2.00 and two values >2.00,
Table 3
Comparison of the results of theory calculations to the experimental spin Hamiltonian
parameters.

Complex/method D (cm�1) |E| (cm�1) gx gy gz

FeSiF6�6H2Oa

Experiment +11.97 0.65 2.08 2.13 2.00
DFT +3.54 0c 2.04 2.04 2.00
UHF +7.77 0c 2.12d 2.12d 2.00d

Fe0.08Zn0.92SiF6�6H2Ob

Experiment +13.42 0.05 2.25 2.22 2.23
DFT +4.43 0.02 2.05 2.05 2.00
UHF +12.33 0.02 2.22d 2.22d 2.002d

LFT e +13.2 0 2.29 2.29 2.00

a Using [Fe(H2O)6]SiF6 high-temperature phase structure [29].
b Using [Zn(H2O)6]SiF6 structure [32].
c We used the high-temperature, high-symmetry phase for calculations, details

of the low-temperature phase remaining unknown. This explains the calculated
axial zfs tensor.

d The ORCA output assigns the g value = 2.00(2) as gx, but also associates it with
the principal (parallel) direction of zfs (Dzz) and thus the correct assignment is
actually as gz (g||); the g values = 2.12 (2.22) are associated with the perpendicular
zfs direction and are thus gx (g\ ).

e Ligand-field theory calculation using the d6 basis set with (all values in cm�1):
B = 814, C = 3500, Dq = 954, Dt = + 150, f = �400 (negative for d6), which necessarily
gives an axial zfs. The isotropic orbital reduction parameter, k = 0.9, was also used
so as to correspond to the �90% reduction from the free-ion values for the Racah
and SOC parameters. Addition of a magnetic field (0–10 T) along each of the x (same
as y) and z directions allowed calculation of g values as described in the Supple-
mentary Material. These results directly associate g = 2.00 as gz.
and the value g = 2.00 is oriented in the same direction as z (Dzz)
and is thus gz (g||).

Indeed, the parameter match for the doped complex is excellent
(see Table 3), which is significant since in this case the structure of
the material examined by HFEPR is that determined crystallo-
graphically. The discrepancies for the pure complex may well be
due to the difference in structure, although we have no way of
proving this except to note that the relatively larger E value is cor-
roborated by the proposed lower symmetry of the low temperature
phase [23,29,31]. As pointed out by Carver et al. in their study of
[CsFe(H2O)6]PO4 [59], very small structural distortions can have a
strong effect on the zfs. We believe that more sophisticated ab ini-
tio methods, such as CASSCF and SORCI [57] should be applied to
[Fe(H2O)6]2+, but such efforts are beyond the scope of this primar-
ily spectroscopic study.

4. Conclusions

The high spin hexaaquaferrous ion in the form of the pure com-
plex [Fe(H2O)6]SiF6 and the doped complex [Fe0.08Zn0.92(H2O)6]SiF6

can be readily examined by HFEPR and FDMRS to give high quality,
easily interpreted spectra, which in turn give precise and accurate
information on the spin Hamiltonian parameters of this ion,
including fourth order zfs terms for the pure complex. These re-
sults are corroborated by pioneering studies using these and other
techniques such as electronic Raman spectroscopy. Slight struc-
tural differences between the pure complex and the Zn host are re-
flected in the spin Hamiltonian parameters. Both classical LFT and
modern quantum chemistry computations can be applied to this
complex as a paradigm for HS Fe(II). LFT suggests that the ground
state is 5A1, which allows the successful application of the spin
Hamiltonian model. We speculate that it is this orbitally non-
degenerate ground state that has contributed to making [Fe(-
H2O)6]SiF6 more amenable to study by magnetic resonance tech-
niques than other HS ferrous salts. LFT was also able to
reproduce the optical and EPR parameters of the complex although
the parameter set, while quite reasonable, cannot be considered as
the definitive solution. DFT is only moderately successful at repro-
ducing the parameters; however, UHF is quite successful in this ef-
fort. We hope that the methods used in this study will inspire
similar experimental work on HS Fe(II) in other systems, especially
those in bioinorganic chemistry.
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