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ABSTRACT: The structure of hexakis(urea-O)iron(IIl) nitrate is found to be incommensurately ~Modulation: & . gaispiacive
@displacive ‘ @occupational

modulated. It is described in (3 + 1)-dimensional superspace adopting the superspace group C2/
¢(6,005)00 with the modulation wavevector q = —0.7394(7)a*+0.9390(8)c*. Up to the third-order

o
satellite reflections are observed in the diffraction data collected at 100 K. Consequently, there is B )
an anharmonic displacive modulation present in the hexacoordinated iron(III) complex. Nitrate B
ions are found in two symmetrically independent sites in the unit cell and form two disordered ‘a [Fe(urea)sJ(NOs);

ensembles with three disordered components and two disordered components, respectively. The

latter site is located near a 2-fold axis, resulting in a total of four disorder components for this molecular site. Along with the
displacive modulation for the nitrate ions, there is also a complex occupational modulation present. Possible origins of the
modulation are discussed.

H INTRODUCTION essence of the lack of 3-dimensional translation symmetry in
incommensurately modulated phases.

Because the translational periodicity is present in superspace,
it is practical to describe the structure using so-called t-plots. In
such a plot, all occurring values of a certain parameter are
summarized in a manner that encompasses the long-range

Modulated crystal structures have long been known to exist’
and the formal description of such structures within the
superspace framework is well established.”” Nevertheless, the
occurrence of modulated phases is rare and sometimes

ignored. . .

’ Unlike ordinary crystal structures, incommensurately modu- order 1:)1 a modulated f)rystal structure. For example, by plotting
) . .

lated phases lack 3-dimensional translational symmetry. This Xy =%+ uy(t +qx) versus ¢ of a certain atom will

symmetry is, however, present in a higher-dimensional space. summarize all possible (infinitely many) fractional y

For example, for a (3 + 1)-dimensional structure, there is an coordinates found in the crystal structure for the atom in

question. In addition to the description of the displacive
modulation of the atoms, all occurring distances or angles
between two chosen atoms or any other geometrical
parameters derived from the atomic positions, such as torsion
angles, can be summarized in t-plots. Furthermore, modulation
function parameters for atomic displacement parameters can
be refined if the data allow it. Finally, an occupational
modulation can be present, meaning that at different ¢ values,

additional dimension X, € [0, 1) present. The structure is
described in a 3-dimensional unit cell with atomic positions x°
(basic positions) and modulation functions u(x,). The basic
position of an atom has little physical meaning since the real
position with respect to the unit cell is obtained by adding the
modulation function values to the basic position coordinates at
a specific argument value % in superspace:

x=L+x"+ u(x,), where L are lattice vectors of the basic the occupation of an atom differs. Summarizing such an

structure, u is the periodic modulation function with the incommensurately modulated structure in t-plots allows us to

argument %, = t + q-(L + x%), which includes the modula- ripres.ent it in a concise manner and analyze the crystal
chemistry.

tion period t and the dot product of the modulation
wavevector q and the basic position L + x°. The actual
structure model can be created by setting ¢ = 0 and calculating
the atomic positions from x” and u for the unit cell L = (0, 0,
0) and advancing L in each of the three spatial directions. In Received:  October 22, 2024
addition, unit cell symmetry is taken into account. Such a Revised:  January 28, 2025
structure description is not practical since the components of L Accepted: January 29, 2025
are not bounded. Furthermore, a different t value can be Published: February 4, 2025
chosen for the structure model construction starting from the

“origin” unit cell L = (0, 0, 0). This demonstrates the very

We report here a (3 + 1)-dimensional structure of
hexakis(urea-O)iron(III) nitrate that was found to be
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incommensurately modulated, displaying displacive and
complex occupational modulation. This compound is exten-
sively studied, for example, for obtaining magnetic nano-
powders.* ® Nevertheless, the structure has not been
previously published despite some attempts to determine it.”

B EXPERIMENTAL SECTION

Synthesis and Growth of Single Crystals. Synthesis of
hexakis(urea-O)iron(III) nitrate was done as described in the
literature.” An 8.08 g (0.02 mol) of iron(IIl) nitrate
nonahydrate and a 7.21 g (0.12 mol) of urea were mixed
together in a 25 mL beaker and dissolved in 9.50 mL of
distilled water. The resulting orange solution was left to
evaporate. After 2 days, the compound had crystallized in a few
millimeters of large light blue crystals. The formed crystals
were filtrated off on a G2 glass filter and washed with cold
(0°C) distilled water, absolute ethanol, and diethyl ether,
respectively, and left to dry in a desiccator containing P,Oy for
12 h. The yield was 93%. The crystals were cut, and a crystal
with a size of (0.14 X 0.10 X 0.06) mm?® was chosen for X-ray
diffraction measurements.

Méssbauer Spectroscopy Measurements. The meas-
urements were carried out on a WissEl type spectrometer, in
the speed range of 12 mm sL operating in constant
acceleration mode and at liquid nitrogen temperature. The
radiation source was *’Co in a Rh matrix with an activity of
0.74 GBq. The samples were kept in an SVT-400-MOSS
cryostat. The isomer shift is given relative to that of a-iron.
The Mossbauer spectra were evaluated using MossWinn
software’ that provide standard computer-based statistical
analysis methods. This included fitting the experimental data
by a sum of Lorentzians or relaxation line shapes using a least-
squares minimization procedure.

Collection of the Diffraction Data. The data were
collected at the PETRA III synchrotron facility at the DESY in
Hamburg, Germany. A Huber 4-circle diffractometer equipped
with a Lambda detector from X-Spectrum (CdTe, pixel size:
(0.055 X 0.055 mm?) was used at the Experimental Hutch
EH2 at beamline P24. The synchrotron radiation was set to a
wavelength of 4 = 0.500016 A and operated in a 40-bunch
mode. ¢)-Scans were performed in the range of 0°—360° with
0.1° steps and an exposure time of 0.4 s. The single-crystal
sample was maintained at a temperature of 100 K using a
nitrogen gas jet cryostat.

Diffraction Data Integration and Structure Solution.
The diffraction data of the title compound [Fe(CO(NH,),),]-
(NO;); show a C-centered monoclinic lattice with satellite
reflections. Up to the third-order satellite reflections (0 < Iml <
3) can be observed in the reciprocal space reconstruction
layers (see Figure 1). The modulation wavevector can be

Figure 1. Reconstruction of the hll reciprocal layer showing a C-
centered lattice and satellite reflections.
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chosen and refined as q = [—0.7394(7), 0, 0.9390(8)], which
is consistent with a decreasing average intensity of the satellite
reflections with increasing Iml. Furthermore, q is consistent
with the monoclinic symmetry.

Data were integrated using CrysAlisPro version
1.171.41.115a software. The C-centered lattice setting was
used, and Laue class 2/m was applied for outlier detection. The
data were imported into JANA2006 software'® and averaged.
The Ry, values are listed in Table 1.

Table 1. Statistics on Reflection Averaging

Satellite index 0 (main) +1 +2 253
Obs. R/ % 4.58 6.40 11.51 2332
Number 2939 5723 4379 1545
Averaged from 16287 31825 25288 9315
All R/ % 4.88 7.42 16.69 67.91
Number 4514 9006 9003 8943
Averaged from 25177 50290 51210 51460

The structure solution was performed with the SUPERFLIP
software."!

Structure Refinement. The structure was refined using
the JANA2006 software suite.'” Initially, the iron atom and
ligands were located, and their basic positions were refined
based on the main reflections. Furthermore, refinement in the
superspace was advanced. For the iron atom, positional and
anisotropic atomic displacement parameters (ADPs) were
refined together with modulation function coefficients for
displacive modulation and modulated atomic displacement (up
to third-order harmonics).

There are three urea ligands in the asymmetric unit for
which the rigid-body model was used. The basic positions and
ADPs of all four non-hydrogen atoms of the urea molecule
were refined freely. A riding model was used for the hydrogen
atoms. Translational and rotational parameters for the two
additional positions of urea molecules were refined. Parameters
for a displacive modulation (up to third-order harmonics) were
refined for all three urea molecules. TLS parameters were
refined to model the thermal displacement of the rigid body in
superspace (first-order harmonics).

Nitrate ions were treated as rigid bodies, and their treatment
was similar to that of urea molecules, i.e. the displacive
modulation was refined using up to the third-order harmonics.
Up to the third-order harmonics were also used for the
occupational modulation.

Relevant crystallographic parameters are summarized in
Table 2.

Models with Alternative Symmetry and Possible
Twinning. We have considered alternative superspace groups
and possible twinning. There are two superspace groups based
on the basic symmetry C2/c, namely C2/c(0,006;)00 (used in
this study) and C2/c(0,00,)0s. The latter superspace group
was not considered because 1930 satellite reflections
(including 391 observed reflections) violated this superspace
group symmetry, with the strongest absent reflections having
an I/o(I) > 20.

The absence of inversion symmetry was considered. The
superspace group Cc(6,003)0 led to a satisfactory refinement
but with R values slightly higher than for the monoclinic model
presented in the study. This means that the presented model
fits better to the data than does this Cc model (with around
200 more parameters to refine). Furthermore, the superspace

https://doi.org/10.1021/acs.cgd.4c01457
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Table 2. Crystallographic Data of the Hexakis(Urea-
O)Iron(II) Nitrate Structure in (3 + 1)-Dimensional
Superspace

fraction is indeed 1:1 or the data represent a monoclinic
structure.

Formula
Formula (refined)

Formula weight/g mol-1

t/K
Crystal system
Superspace group
q

a/ A

b/ A

Cc/ A

pl°

v/ A3
z,7
F(000)
D,/ g cm™

1

3

p#/ mm~
A A
Measured reflections
Unique reflections
Observed reflections

Refinement method

Feos C3 Hy, Ny5 O
Fegs C3 Hip Nyysg O7373
298.47

100

monoclinic
C2/c(6,005)00
—0.7394(7)a* + 0.9390(8)c*
11.1534(4)

18.6443(6)

12.1716(5)

112.380(4)

2340.40(15)

4, 0.5

1233

1.6942

0.279

0.500016

178137

31466

14586

Full-matrix least-squares on F

No. of parameters 600

R, (obs.) 0.0887
R, (obs., m = 0) 0.0762
R, (obs., m = +1) 0.0833
R, (obs, m = +2) 0.0998
R, (obs.,, m = £3) 0.1840
wR (all) 0.1103
wR (all, m = 0) 0.1086
wR (all, m = +1) 0.1033
wR (all, m = +2) 0.1091
wR (all, m = +£3) 0.2424

GoF (all) 3.08
H-atom treatment riding model

Weighting scheme w = 1/(c*(F) + 0.0001F?)
A,/ A 1.85

A/ A7 -1.32

Condition for obs. rflns. I > 30(I)

‘min.

group C2(0,003)0 was considered, but refinement did not
converge well and led to distorted geometry and unrealistic
atomic displacement parameters.

Finally, pseudomerohedral twinning was considered, which
is commonly observed for modulated structures. The highest
metric symmetry is monoclinic in this case, and only triclinic
superspace groups must be considered. We did not find any
peak splitting in the data, indicating a deviation from
monoclinic symmetry. This is, of course, not the definitive
proof for the lack of pseudomerohedral twinning since the
deviation of the metric symmetry can be infinitely small.
Alternatively, only a single twin domain could have been
present, i.e., the structure is triclinic with no twinning,

Therefore, we considered the structure to be triclinic and
performed a refinement in the superspace group C —1-
(610,03)0, but the R values were a few percentage points
higher than those of the best monoclinic model. Additionally,
the refined twin volume for the second domain was 0.498,
which is close to 0.5 and means that either the twin domain

1150

B RESULTS AND DISCUSSION

Insights from the Md&ssbauer Spectroscopy Studies.
Elucidating the structural model of the studied compound is
challenging for several reasons. Both molecular entities,
namely, urea and nitrate ions have similar shapes and are
composed of atoms with similar scattering power. Iron is
known to coordinate with both urea molecules and nitrate
ions."*™'* Both ligands are considered weak field ligands, and
the resulting octahedral iron(III) high-spin complexes would
be substitutionally labile. Furthermore, the structure is
modulated, and preliminary studies revealed the presence of
substantial disorder. Finally, the compound was crystallized
from an aqueous solution, meaning that water molecules could
potentially be included in the structure. To guide the structure
elucidation, valuable information was obtained through
Mossbauer spectroscopy studies.

The Mossbauer spectra of the studied compound were
recorded at 90 K (see Figure 2). The spectra are similar to the

c\olOO* ~

S 99 -

5

£ 98 -

€

2 97 -

o

F 96 ; L
A AL B R S
-12 -8 -4 0 4 8 12

v/ mm-s1

Figure 2. M0Ossbauer spectra of the studied complex were recorded at
90 K.

previously studied hexakis(urea-O)iron(III) complexes.”>~"" Tt

contains one broadened Lorentzian singlet with a line width of
0.63 mm s~ Based on the isomer shift 5, the sample exhibits
only one high-spin iron(III) complex chemical environment.
There is no quadrupole splitting present; therefore, the ligand
field is symmetric around the central Fe** ion. These results
indicate that the iron atom is indeed coordinated by six urea
ligands, and for the charge balance, three nitrate ions per one
iron atom are present in the structure.

Displacive Modulation of the Iron—Urea Complex
Moiety. The irrational components of the modulation
wavevector q and the strong second-order satellite reflections
visible in the diffraction data indicate an anharmonic
incommensurate modulation present in the structure of the
title compound. Indeed, the iron atom is displaced from its
basic position in the unit cell anharmonically, as can be seen in
Figure 3.

The iron atom is found on the 2-fold axis (2,) which induces
constraints on the modulation function parameters. The
resulting symmetry of the displacive modulation in superspace
can be best noted in the x,-plot in Figure 3. The modulation
function u,(%,) is therefore even, but modulation functions

u,(%,) and u,(x,) are odd (note that X, = t + q-x"). For the
iron atom, the largest displacement range of around 0.8 A
occurs along the unique axis (b) of the monoclinic unit cell.
The displacement range along the a- and c-axes is
approximately 0.4 A.

https://doi.org/10.1021/acs.cgd.4c01457
Cryst. Growth Des. 2025, 25, 1148—1154
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Figure 3. Displacive modulation of the Fe atom. Top: t- and x,-plots
of the Fe atom displacement along each unit cell axis. Bottom: de
Wolff’s sections of the Fe atom showing the electron density contours
based on F, and calculated in a 2 A scope.

The iron in the studied complex is octahedrally coordinated
by six urea ligands. The coordination occurs through the
oxygen atoms, which is typical also for other hexakis(urea-O)-
iron salts.”” There are three urea molecules in the asymmetric
unit, while the rest are related by 2-fold symmetry (see Figure
4).

Figure 4. Basic structure of the [Fe(CO(NH,),)s]>" complex
(hydrogen atoms are omitted for clarity). Left: the octahedral
geometry is shown indicating parameters that are explored along the
additional dimension in the superspace (Fe—O distances, O—Fe—O
angles, and Fe—O—C—N torsion angles). Right: the 2-fold (Zy)
symmetry of the complex is shown.

The geometry of the complex moiety was explored along the
additional dimensions in the superspace. Specifically, the Fe—
O distances, the O—Fe—O angles, and the Fe—O—-C-N
torsion angles were explored. The Fe—O distances of the three
symmetrically independent fragments were found to be very
rigid (see Figure S top left). The distances do not deviate
considerably from around 2.0 A. Indeed, the structure must be
chemically and physically plausible. A survey in the Cambridge
Structural Database (v 5.45”" indicates that Fe>*—O distances
in octahedrally coordinated nonmodulated complexes show a
narrow distribution centered around 2.0 A (Figure S top right),
which means that such coordination bond is not affected by
the crystal field. This fact means that also in modulated
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structures, the particular distance should not display any
notable variation along additional dimensions in superspace.
The survey in the database corroborates that iron is indeed in
its +3 oxidation state in the studied complex. Note that a
separate distribution centered at 2.1 A is present for other iron
complexes. For those, the oxidation state of iron is reported to
be +2.

As far as the studied structure is concerned, the urea ligands
are modulated completely with the already described displacive
modulation of the iron atom. Furthermore, the octahedral
geometry is also rigid along the additional dimensions in the
superspace. The O—Fe—O angles are approximately 90° along
the modulation period ¢ (see Figure S bottom left). Notable
modulation, however, is present for the torsion angles
associated with the orientation of the urea ligands with respect
to the coordination octahedra. The particular torsion angles
are modulated in a range from around 10—25° (see Figure S
bottom right). This observation is consistent with similar
iron—urea complexes, where the particular torsion angles are
found to be in the range of 10—40°. The orientation of the
urea ligands is apparently easily influenced by the crystal field,
as there is no constant value found for other (nonmodulated)
iron-urea complexes. In the studied modulated structure, the
chemical environment depends on the modulation period f,
which results in the respective torsion angle variation.

Displacive and Occupational Modulation of the
Nitrate Anions. The Mossbauer spectroscopy data indirectly
indicated that 1.5 nitrate jons must be present in the
asymmetric unit to ensure the charge balance. Nitrate ions
were found in two sites in the unit cell. In site 1, there are three
disorder components present (a, b, and c). This site should
account for one full nitrate ion. The remaining half a nitrate
ion in the asymmetric unit is a crystallographic formality since
molecules exist as individual discrete entities. The symmetry of
the nitrate ion is compatible with the 2-fold axis present in the
unit cell. However, no nitrate ion was found on the 2-fold axis.
Instead, two nitrate ions were found in the close vicinity of the
2-fold axis with all atoms at general positions. This leads to the
second disorder ensemble (site 2) with two symmetrically
independent disorder components. Taking into account the 2-
fold axis, this results in four disorder components for the
molecular site in question (see Figure 6).

Initially, crenel functions were considered for refinement
because each disorder component was found at a different ¢
interval, and no clear overlap of two or more disorder
components at a specific ¢ value could be observed. In such a
model, in its simplest form, all disorder components with full
occupancy would be found at different ¢ intervals so that
individual intervals do not overlap but cover the full
modulation period. However, such refinement did not give
satisfactory results. Instead, occupational modulation was
considered with occupation modulation function maxima
centered at t values, where each individual nitrate ion was
most clearly visible in the Fourier difference maps. The
refinement converged, resulting in a chemically sensible
structure model.

In Figure 7, t-plots of the occupational modulation of the
nitrate ion disorder components are shown for sites 1 and 2.
The occupational modulation was refined without any
constraints. Yet, it resulted in a chemically sensible model for
sites 1 and 2. For site 1, the sum of all three modulation
functions should not exceed 1.0 at any given t. Unless a
vacancy is considered, the sum of the three occupational

https://doi.org/10.1021/acs.cgd.4c01457
Cryst. Growth Des. 2025, 25, 1148—1154
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Figure 5. t-Plots showing modulation of the [Fe(CO(NH,),)s]** complex geometric parameters and distribution of Fe—O distances in similar
octahedrally coordinated iron compounds with oxygen-containing ligands.
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Figure 6. Representation of the nitrate ion disorder ensembles, as
found in the basic structure. The atoms of the nitrate ions are
numbered as follows: N3, 031, 032, and 033 with added letters g, b,
¢, d, or e to specify the actual disorder component.
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Figure 7. t-Plots showing the occupational modulation of the nitrate
ion disorder components in sites 1 and 2. For site 2, occupancy
functions of the symmetry-related (—x + 1, y, —z — 1/2) nitrate ions
are given. The green curves are sums of the depicted occupancy
modulation functions.

modulation functions should be 1.0, indicating that there is
one full nitrate anion in site 1 throughout the crystal structure.
As can be seen in Figure 7, the sum for site 1 is indeed close to
1.0 at any given t.

For site 2, the 2-fold axis needs to be taken into account. In
the t-plot in Figure 7, the modulation functions for both
disorder components d and e are depicted together with the
symmetry-related nitrate moieties (symmetry code: —x + 1, y,
—z — 1/2). The sum of all four modulation functions is very
close to 1.0 at each t, even though no constraints were used.
These results show that despite the complex disorder and no
constraints used for the occupancy refinement in superspace, a
correct charge balance is reached for the structure model
Further evidence for validity is given in Figure 8 where
electron density maps at selected ¢ values for nitrate sites 1 and
2 are depicted.
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Site 1 (nitrate a, b, )
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el? A
Figure 8. Electron density map projections (summed along e;)
calculated based on F, in a 4 X 4 X 4 angstrom scope for selected ¢
values. The density maps are centered at the basic position of the N3
atom of each nitrate entity with atoms N3, O31, and O32 being in the
plane eje;.

For site 1 at around ¢ = 0.1, disorder component a has the
largest occupancy. This is clearly visible in the density map
projection. At t = 0.2, disorder components a and ¢ have
occupancies of 0.58 and 0.38, respectively. Both disorder
components lie in approximately the same plane. Taking into
account the additional displacive modulation at ¢t = 0.2, atoms
N3a and N3c are nearly overlapping, while the oxygen atoms
in pairs of O31a/031¢, 032a/032¢, and 033a/033c are all
shifted by around 0.9 A. The splitting of the oxygen atom
positions is clearly visible in the density map. The occupancy
of disorder component b at t = 0.2 is close to 0.0, and it is
therefore not visible in the density map projections. At t = 0.6,
however, the occupancy of disorder component b reaches its
maximum, and this is clearly visible in the electron density
map.
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For site 2, disorder components d and e are also visible in
the density maps in Figure 8. Component d is best visible at ¢ =
0.1, where its occupancy is 0.43. Component e is clearly visible
at t = 0.4, where its occupancy is 0.91.

General Organization of the Structure. The structure of
hexakis(urea-O)iron(III) nitrate can be regarded as a
monoclinic distortion of a higher symmetry trigonal structure.
Such monoclinic distortions of trigonal symmetry structures
are known.”>*? In Figure 9 left, the packing representation of

Figure 9. Packing representation of the basic structure of the studied
complex with a putative distorted trigonal unit cell shaded in blue
(left), the nonmodulated structure of a related compound [Fe(1,1-
dimethylurea)](NO,); hydrate. Iron complex moieties are repre-
sented with rods, and nitrate ions are represented with spheres.

the basic structure of the studied compound is shown along
(a~ +c7)-direction. A honeycomb pattern can be observed
where columns of [Fe(CO(NH,),)s]*" complex moieties are
surrounded by 6 columns of nitrate ions. Similar structural
organization is observed in a related compound [Fe(1,1-
dimethylurea)](NO3); hydrate** inR3R3 (see Figure 9 right).

We further discuss possible origins of the modulation related
to hydrogen bonding. First of all, hydrogen bonding can be
identified between the oxygen atoms of the urea ligands and
the hydrogen atoms of the neighboring ligand urea molecules
(see Figure 10 left).

Figure 10. Left: asymmetric unit of the complex moiety showing
hydrogen bonding in the basic structure. Right: two neighboring
complex moieties sharing faces of six amino groups, between which
hydrogen bonding is possible.

Second of all, two neighboring complex moieties are sharing
faces rich in hydrogen bond donors and acceptors (see Figure
10 right) between which hydrogen bonding of different
strengths is possible. Note that we do not analyze the exact
geometrical parameters of hydrogen bonding entities (D—H--
A) along the additional dimension in superspace since the
positions of the hydrogen atoms were not refined but added
geometrically. There is a crucial degree of freedom present, i.e.,
the rotation along each of the six asymmetric C—NH, bonds
that were not refined. We suspect that the modulation
observed in this structure is related to the optimization of
the hydrogen bonding network along the [Fe(CO(NH,),)¢]*"
moiety columns. Furthermore, we argue that the complex
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occupational and displacive modulation of the nitrate ions is
related to the hydrogen bonding between the nitrate ions and
the neighboring amino groups of the urea ligands found in the
neighboring columns.

B CONCLUSIONS

The structure of hexakis(urea-O)iron(III) nitrate displays an
anharmonic displacive modulation of the [Fe(CO(NH,),)s]**
complex entities, which is accompanied by displacive and
occupational modulation of the nitrate anions. The overall
organization of the monoclinic structure can be regarded as a
trigonal distortion with columns of the complex moieties and
columns of nitrate ions. It is suspected that the modulation,
especially the occupational modulation of the nitrate ions, is
present to optimize the hydrogen bonding network in the
channels with extensive hydrogen bond donors (amino groups
of the urea ligands) present. We found that additional
information gained from an additional method (Mossbauer
spectroscopy in this case) can be very useful to aid model
refinement of such a complex modulated structure.
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