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Tris(acetylacteonate) iron(in) is a relatively ubiquitous mononuclear inorganic coordination complex. The

bidentate nature of the three acetylacteonate ligands coordinating around a single centre inevitably leads

to structural isomeric forms, however whether or not this relates to chirality in the solid state has been
questioned in the literature. Variable temperature neutron diffraction data down to T = 3 K, highlights the
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Introduction

Tris(acetylacetonate) iron(m), Fe(acac); where acac = OC(CH3)
CHC(CH;)O, is a staple coordination complex of undergradu-
ate studies the world over. Relatively easy to synthesise in high
quality crystalline samples having a rich red coloration,"™ it
continues to be a useful tool for the teaching of elementary
coordination chemistry and molecular magnetism.* It is
maybe surprising therefore that it has recently been the topic
of several works, with some debate over the precise crystal
structure. As with all tris-bidentate systems based upon octa-
hedral coordination, Fe(acac); is inherently chiral at the mole-
cular level. However in 1967 the structure was first refined
using Weissenberg images into the centrosymmetric ortho-
rhombic Phca space group.” Indeed, unlike other members of
the first row transition metal tris-acetylacetonates, Fe(acac); is
not readily resolved into enantiomerically pure samples, in
accord with this space group setting. However, in 1996, a ‘re-
interpretation’ of the structure assigned it to one of the 65
Sohncke space groups that can support a chiral structure,®
orthorhombic P2,2,2,.” A curiosity of this space group setting
is that the asymmetric unit contains two independent mole-
cules, one of each enantiomer. Crystallographically this would
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dynamic nature of the ligand environment, including the motions of the hydrogen atoms. The Fourier
transform of the molecular dynamics simulation based on the experimentally determined structure was
shown to closely reproduce the low temperature vibrational density of states obtained using inelastic

be an extremely rare situation, whereas in Pbca the pseudo-
inversion centre that relates the two enantiomer molecules
corresponds to a real crystallographic inversion. Indeed, this
interpretation was later shown to be inaccurate in two sub-
sequent low temperature X-ray structure determinations at 7' =
20 and 150 K,*° both placing it once again in the centro-
symmetric space group Pbca as recently as 2007. Enantiomeri-
cally pure samples of Fe(acac); were prepared for the first time
in 2011 by co-crystallising the molecule with CCl,, to yield
[Fe(acac);](CCl,) in the trigonal Sohncke space group R3.'° It
must be noted that almost all batches of these crystals were
twinned by inversion such that most individual crystals essen-
tially contained a racemic mixture. Only one batch out of very
many was ever found with crystals giving a Flack parameter of
X = 0 representing enantiometrically pure crystals."" Sub-
sequent solvent-based stability studies displayed a relaxation
in the optical activity, thereby demonstrating the highly labile
ligand environment in solution. So what is it to be — do race-
mates of Fe(acac); crystallise in a chiral crystal structure in
which the unit cell consists of a single enantiomer under an
achiral space group, or does it crystallise in a truly achiral
crystal structure consisting of a racemic mixture of the two
enantiomers? Further, a recent report makes claim of an
additional Fe(acac); polymorph, although the reported struc-
ture appears to largely be a lower symmetry monoclinic repre-
sentation based around one half of the unit cell of the
orthorhombic structure.'” In order to elucidate the various
questions that persist around the structure of this familiar
small molecule, we have undertaken single crystal neutron
diffraction studies at temperatures down to 3 K, directly deter-
mining the positions of all atoms in the molecules for the first
time. By studying the evolution of the atomic displacement
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parameters as a function of temperature, an insight into the
molecular dynamics was obtained, which was then compared to
inelastic neutron scattering (INS) data obtained on the same
material. Finally, making use of the high quality crystal structure,
we were able to perform detailed molecular dynamic modelling
to arrive at a simulated INS spectrum, providing for the first time
a complete picture of the molecular packing and dynamics of
pure Fe(acac);. Our findings are fully in accord with those recently
reported by one of us (UAJ) investigating the iron-weighted
density of states using nuclear inelastic scattering (NIS)."

Experimental section
Synthesis

All materials used are of reagent grade and were used without
further purification.

Iron(m) chloride anhydrous (5 g, 30.8 mmol) was dissolved
in water (50 mL) and the 0.1 M KOH was added with vigorous
stirring until the pH reached 8."* The precipitate was collected
by vacuum filtration and washed with copious amounts of dis-
tilled water. The solid was dried in a desiccator overnight
forming the dried iron hydroxide. Acetylacetone (5 mL,
48.7 mmol) was heated with stirring and the iron hydroxide
was added slowly with stirring, until the added iron hydroxide
no longer dissolved. The mixture was then filtered hot through
cotton wool and the eluent was allowed to cool slowly over
several days, crystallizing the crystals for this study. The crys-
tals were collected by vacuum filtration and washed lightly
with cold ethanol and finally were dried under vacuum.

Single crystal neutron diffraction

Single-crystal neutron diffraction patterns were collected at 3,
50, 100 and 150 K on the Koala Laue diffractometer at the
Open Pool Australian Light-water reactor operated by the Aus-
tralian Nuclear Science and Technology Organisation. This
Laue diffractometer uses polychromatic thermal neutrons
coupled with a large solid-angle (8 steradians) cylindrical
image-plate detector. An Fe-acac crystal of approximate dimen-
sions 1.5 x 1.5 X 1.5 mm was mounted on an aluminum pin
with silicone grease. The diffraction patterns were indexed
using the program LAUEGEN'>'® and the reflections inte-
grated using a 2D version of the o(I)/I algorithm described by
Wilkinson et al.’” and Prince et al.'® No absorption correction
was found to be necessary. The reflections were normalized to
the same incident wavelength using a curve derived by com-
paring equivalent reflections and multiple observations via the
program LAUENORM.' Only reflections with wavelengths
between 1.0 and 2.9 A were accepted for the normalization pro-
cedure because those outside this range were too weak or had
too few equivalents to allow determination of the normalization
curve confidently. The structure was determined using Jana
2006 *° with the starting model derived from single-crystal X-ray
diffraction.>" The program VESTA** was used for 3D visualiza-
tion of the difference Fourier maps to identify structural dis-
order. The crystallographic data have been deposited in the
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CCDC and can be obtained from The Cambridge Crystallo-
graphic Data Centre by quoting: CCDC 1471349-1471352 for
the data at the four temperatures measured.

One disadvantage of the Laue method is the inability to
accurately determine the cell dimensions due to the quasi-
polychromatic beam. However in this case this is irrelevant as
literature determinations have shown that the cell dimensions
are invariant as a function of temperature from 20-293 K,>”~°
presumably due to the flexible nature of the molecular units.
Indeed, the dimensions quoted in the structural models used
herein are those determined from the neutron Laue method
and are within 3% of the mean of the reported cell volumes.

Inelastic neutron scattering

INS measurements were performed on the IN4 thermal time-
of-flight spectrometer at the Institut Laue-Langevin, France.”?
A polycrystalline sample (0.75 g of Fe-acac) was placed into a
cylindrical torroidal Al can of sample thickness 1 mm (93%
transmission) and inserted into a cryostat to obtain the low
sample temperatures at 135° to the incident beam at two wave-
lengths 4, = 1.17 A and 1, = 1.53 A, (E} = 59.6 meV and E? =
34.9 meV). The data were collected over scattered angles of 15°
< 26 < 120° at a range of temperatures, 1.5 < 7' < 30 K and
manipulated using the LAMP routine.”*

Molecular dynamics calculations

In order to rationalise the measured INS data to the deter-
mined crystal structure, detailed solid-state molecular
dynamics simulations were performed based upon optimised
structural models. A single unit-cell was used for the density
functional theory (DFT) geometry optimisations which were
carried out with VASP***® using the project augmented wave
potential®® (PAW) and the Perdew-Burke-Ernzerhof*® (PBE)
exchange correlation functional, with the unit-cell parameters
being constrained to the experimental values. The atomic posi-
tions for all cells were optimised by minimising the forces
acting on the atoms using VASP with high precision: energy
cut-off of 500 eV, a convergence condition of 10~ eV and a 3 x
3 x 6 Monkhorst-Pack®" k-point mesh. These minimisations
were in excellent agreement with the experimentally deter-
mined crystal structures other than slight changes to the
methyl-group orientations. These minimised structures were
used as the start-point for the MD simulations that were
carried out at lower precision with an energy cut-off of 300 eV
and a single k-point. All MD simulations used a time-step of
1 fs with a target temperature of 40 K. An initial isokinetic run
with velocity scaling of 4 ps was made followed by a thermali-
sation run in the microcanonical ensemble of 8 ps and a pro-
duction run of 17 ps. Trajectories from the production run
were stored for analysis.

Results and discussion

The crystal structure was refined into the achiral orthorhombic
space group Pbca, with 8 molecules in the unit cell (@ =
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15.254 A, b = 13.436 A, ¢ = 16.465 A, @ = # = y = 90°). The Fe
atoms sit in layers in the ab plane that stack into columns
running along the c-axis, in accord with most of the literature
and effectively eliminating the assignment of a Sohncke space
group. This was found to be invariant with temperature. As
neutron diffraction provides an accurate determination of all
of the atoms present, including hydrogens, the evolution of
the atomic displacement parameters as a function of tempera-
ture, Fig. 1, provides a unique insight into the thermally
excited dynamics present in the molecule that has not been
available to previous diffraction studies. As the heaviest atom,
Fe sits at the centre of the molecular framework and its dis-
placements are very small, even at 150 K. Most of the atomic
displacements are centered on the acetylacetonate ligands,
with the methyl groups dominant and their motions evolving
more rapidly with temperature, Fig. 2. Here, the dominant dis-
placements are found for the hydrogen atoms of the terminal
methyl groups and the hydrogen atoms of the apical site of the
acac ligand. This is replicated in the behaviour of the carbon
atoms associated with these hydrogens, the methyl and apical
carbons having significantly greater displacement parameters
than the carbon atoms directly bonded to the coordinating
oxygens. Indeed the mean of the anisotropic displacement
parameters for these two atoms types are inseparable. The
emergent picture is then of a highly floppy ligand environment
around the hydrogen positions, with the Fe coordination
sphere more rigidly pinned.

g

T=100K

T=150K

Fig. 1 Molecular structure of Fe(acac)s obtained at the indicated temp-
eratures. All ellipsoids are shown at the 50% occupation level; orange =
Fe, red = oxygen, grey = carbon and white = hydrogen.
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Fig. 2 Temperature dependence of the averaged anisotropic displace-
ment parameters for each of the different types of atom in Fe(acac)s.
The error bars represent the standard deviation across the individual
values.

Analysis of the Hirshfeld surface using the CrystalExplorer
software, Fig. 3,°*** shows that the dominant intermolecular
interactions are essentially H---H in nature, making up around
62% of the surface, with hydrogen-bonding O---H interactions
accounting for 24% of the contacts, Fig. 4. The temperature
dependence of these contacts is consistent with thermally-
activated dynamics which populate excited states in the low-
lying hydrogen-bonded configurations.

Inelastic neutron scattering, INS, is a well established tech-
nique with numerous manuscripts describing the theory and
applications.*® Hydrogenous systems provide INS spectra that
are dominated by the scattering from the hydrogen atoms.
This is because of first, the incoherent neutron scattering
cross-section of hydrogen (ca. 80 barns) is about 20 times
greater than that for most other atoms and second, hydrogen,
being the lightest atom, tends to have the largest amplitude of
motion in the normal mode. The dynamic structure factor that
is measured in an INS experiment at low temperature (<20 K)
is given by the expression,*

1
S(Q, ) = EQZUH exp(—rQ*) Znuiz

where "u;?> is the mean square displacement of atom n in
mode i; oy is the incoherent cross section for a hydrogen

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Hirshfeld surface of Fe(acac)s at T = 3 K. All interactions are
shown on a common scale in which close interactions are shown in red
(-0.005 A relative to the Hirshfeld surface) and interactions at the
surface are shown in blue.
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Fig. 4 Temperature evolution of the dominant intermolecular contacts,

H---H and O---H. The insets show the fingerprint plots of the Hirshfeld
surface, specific to the particular interactions.
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atom, and Q is the momentum transfer vector. The empirical
parameter y is an average mean square amplitude of all
motions of the hydrogen atoms.

The fact that the INS spectrum is dominated by hydrogen
modes is demonstrated in Fig. 5 in which the cross-section for
each atom type is calculated based upon the mean square dis-
placement being congruent with the anisotropic displacement
parameters obtained from the NPD experiments. The total
cross-section summed over all Q, S(w), can be seen to be domi-
nated by the hydrogen atom motions, >99%, ca. 90% of which
is due to the methyl hydrogen motions. As such the experi-
mental data is predominantly methyl-weighted, with only
around 8% contribution from the single hydrogen atoms at
the apical positions of the acetylacetonate ligand.

The main validation of the MD simulations coupled to the
measured structures, is the ability to reproduce the measured
INS spectra, achieved using the program nMoldyn.*® The
measured dynamical structure factor, S(Q,w) is related to the
simulated trajectories via a Fourier transform of the incoher-
ent intermediate scattering function:

F(Q,t) = ) _ bi(exp[~iQRi(0)] exp[iQR;(1)))

! I ! I ! I ! I ' I ' I '
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Fig. 5 Contribution to S(Q,w) as determined for thermally-activated
dynamics based upon the anisotropic displacement parameters
obtained from neutron diffraction. The energy scale assumes equal
Boltzmann populations at the temperature at which the structure was
obtained.
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Fig. 6 INS spectra obtained at 1.5 K at two incident energies, E; = 34.9
(filled squares) and 59.6 meV (open circles). The simulated spectrum
obtained from MD calculations is superimposed as a solid line.

where the momentum transfer, Q, and time, ¢, are on a regular
grid, R(0) is the atomic position at ¢ = 0 and b is the total scat-
tering cross-section (in the incoherent approximation). The
summation is over all atoms, 7, but approximates to a sum over
only the hydrogen atoms due to the very large incoherent cross
section of H. A comparison of the calculated spectra of the
analogues with the spectra measured on IN4 (Fig. 6) shows a
reasonable agreement, and is certainly adequate for an assign-
ment of the regions of spectral intensity. It must be noted here
that no fitting of the model to the data was performed, Fig. 6
represents a straight comparison of the calculated S(Q,w) con-
voluted with an instrument resolution function. In particular,
the dominant region of intensity between 13-35 meV is satis-
factorily reproduced, along with the acoustic phonons to lower
energy. The agreement, without energy scaling, between the
measured INS spectrum and that calculated from the MD
simulation, which is based solely upon the determined struc-
ture and accepted interatomic interactions, provides additional
validation of the structural model - this is found to not only to
best reproduce the measured diffraction data, but also the
molecular dynamics.

Conclusion

Fe(acac); has been shown to crystallise in the achiral space
group Pbca. There are no structural phase transitions down to
3 K. The molecular dynamics are dominated by the flexibility
of the acetylacetonate ligands, with the coordination environ-
ment about the Fe centre more rigidly defined. A molecular
dynamics simulation was used to reproduce the inelastic
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neutron scattering spectrum, essentially validating the struc-
tural model as determined from the neutron diffraction data.
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