Structure, covalence and spin polarisation in tris(acetylacetonato)-
ruthenium(1i) studied by X-ray and polarised neutron diffraction
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A polarised neutron diffraction (PND) experiment on [Ru(acac),] at 4.18 K and 5 T along the b and ¢ axes yielded
28 and 17 flipping ratios respectively. Single-crystal X-ray structure determinations at 293, 92 and 10.5 K, together
with powder neutron diffraction experiments, provided auxiliary data allowing magnetic structure factors to be
deduced from the PND experiment. The structure is disordered at all temperatures. There are ordered stacks of
molecules along b, which stacks are arranged in the ac plane in two sites of relative displacement 0.4 A along

b. The molecular geometries at the sites are similar and approximately D, in symmetry, but the magnetisation data
indicate C, symmetry. The PND data showed significant spin delocalisation by covalence onto the acetylacetonato
rings, dominated by spin-polarisation effects, and of C, symmetry. However the two data sets differed, with the
field along b indicating a 2A and that along ¢ a 2B dominated state. This cannot be explained in the ligand-field
model which fits the magnetic susceptibility data, indicating that vibronic effects must be explicitly considered.
Good-quality ab-initio local density calculations reproduced the molecular geometry but grossly underestimated

the spin correlation between metal and rings.

Studies of bonding in metal complexes have predominantly
been based on spectroscopic techniques. Since magnetic proper-
ties arise mainly from the valence electrons they are very sensi-
tive to changes in bonding. Spectroscopic techniques which
examine magnetic behaviour, especially ESR, are particularly
informative. On the other hand, polarised neutron diffraction
(PND) probes the spatial rather than energetic aspects of the
wavefunction and highlights different features of the bonding.
This has proved useful for complexes of the first transition
series in defining the balance of factors such as covalence, elec-
tron correlation, and the influence of spin—orbit coupling, even
in some quite ionic systems.! Relative to this transition series,
metal ions of the second and third series have more diffuse
valence electrons, which consequently do not lie so low in
energy. Their energies and radial extents may match better
those of the valence orbitals of potential ligand donor atoms
and so covalence in the metal-ligand bond may be expected to
be higher than for the first series. The higher electric polaris-
abilities and greater spin—orbit coupling may also produce
further differences from the lighter-metal complexes.

In investigations of bonding in heavy transition-metal com-
plexes we have previously used PND to study the [TcNCl,]™
ion in [AsPh,][TcNCl,]? and the [Mo(OH,),** ion in cesium
molybdenum alum.® We saw high degrees of covalence, particu-
larly in the former case. Here we examine a further example
from the second transition series to help establish the degree to
which strong covalent effects in the bonding extend to more
complex ring systems containing 7 electrons. The complex is
tris(acetylacetonato)ruthenium(imr), [Ru(acac);], a member of
a wide series of M(acac); complexes which have been much
studied by other physical techniques since they are represent-
ative in their properties of many complexes. The crystal
structure at room temperature has been determined by X-ray
diffraction for the A-A racemic mixture in two polymorphs*
and for the pure A enantiomer.’ The magnetic properties of the
racemic crystal have been examined by ESR,® *C7 and 'H
NMR spectroscopy,® and its single-crystal magnetic susceptibil-
ity measured down to 90 K® and also recently to 2.5 K along

+ Non-SI unit employed: au ~ 4.36 x 1078 ],

with the magnetisation up to 5 T.* The optical properties of the
crystal have been studied in the near IR, and of the molecule
in the UV region,'! and by photoelectron spectroscopy.'?

In this paper we present the results of a PND study of the
racemic compound, with the necessary additional measure-
ments of three improved X-ray diffraction crystal structure
determinations at 10.5 and 92 and 293 K, and powder neutron
diffraction measurements at 10 and 94 K. Comparison is
made with the results of a good-quality ab-initio theoretical
calculation.

Experimental and Modelling

The complex [Ru(acac),] was prepared by a standard method."
Single crystals were grown by evaporation of a solution of the
compound in benzene. Brown plates up to 70 mg in weight were
obtained, with {001} the major faces and {011} and {100}
minor faces.

Single-crystal X-ray diffraction

A single crystal of [Ru(acac);] was mounted on a Syntex P4
diffractometer of the Crystallography Centre at the University
of Western Australia and data measured at 92 K with filtered
Mo-Ka (L=0.71073 A) radiation. The diffractometer was
equipped with a locally developed nitrogen gas flow low-
temperature device. The experimental details and crystal data
are summarised in Table 1. Siemens P3/P4-PC software* was
used for data collection. The data were processed by fitting peak
profiles using the program suite PROFIT." Initial models for
the structure was taken from ref. 4, and the refinements were
carried out with SHELXL 93.' Neutral atomic scattering
factors were used. The models were refined on data
having F? > 26(F?), minimising using full matrix the quantity
2‘[W(F‘c)bs2 - Fcalc2)]2/WFobsz’ with W71 = [Gz(Fobsz) + (AP)2 + BP]a
where P=(F,> + 2F.,>)/3. Corrections for absorption and
extinction {secondary, with F,*=kF_.[1 + (0.001F,,>*/sin
20)%, where k is an extinction coefficient} were carried out. The
values of R = 2 || F gl = |Feyre ||/Z|Fopsls goodness of fit [Ew(F oy —
F. ) (n — p)IF, where n is the number of reflections and p the
total number of parameters refined, and other coefficients are
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listed in Table 1. Independent anisotropic displacement param-
eters were refined for all non-hydrogen atoms, while all hydro-
gen atoms had isotropic thermal parameters, and those within
each methyl group were constrained to be equal. Oxygen and
carbon atoms [O(1), O(2), C(1)-C(5)] in the ring which lies
nearly perpendicular to the b axis apparently have unusually
large values of thermal motion along that axis. We call this ring
1, those involving O(3) plus O(4) and O(5) plus O(6) being
respectively rings 2 and 3. In the treatment of the present data
ring 1 was split into two parts. The individual site occupation
factors of the atoms of the split ring were refined. We obtained
average site occupation factors of 0.50(2). These were sub-
sequently fixed at a value of 0.5 during further refinement.
Identical thermal parameters were assigned to all six half-
hydrogen atoms of each Me group in the disordered acetyl-
acetonato group. Significant bond angles and distances are
listed in Table 2.

Further data sets at 293 and 10.5 K were collected on a com-
mon crystal with a locally assembled X-ray diffractometer and
a type 512 Huber goniometer equipped with a Displex DE-202
cryorefrigerator, patterned after the machine of Larsen and co-
workers."” It uses filtered Mo-Ka X-ray radiation. Details are
also collected in Table 1. Locally written diffractometer soft-
ware was used for data collection and PROFIT and SHELXL
93 for data reduction and structure refinement. Limited search-
ing for superlattice peaks arising from a phase change found
none.

The structure at 92 K was used for initial atomic coordinates
in the 10.5 K data analysis, but it was quickly found that all
atoms not already separated into two sites had extremely aniso-
tropic thermal parameters. Splitting all atoms into two sites
produced a stable and improved fit to the data. All non-
hydrogen atoms were refined independently with anisotropic
displacement parameters. All C-H bond distances were fixed
at 0.96 A, and refined with isotropic displacement parameters
constrained equal within each methyl group. The result is two
molecules, approximately parallel but separated enough in dis-
tance to be resolvable by our data which extend to (sin 0)/A 1.06
A~'. The final significant bond angles and distances are given in
Table 2. The molecule and the labelling of atoms at 92 K is
shown in Fig. 1 and the ac unit-cell projection at 10 K in Fig. 2.

The 293 K data were processed similarly, except an absorp-
tion correction was not considered necessary given the small
effect calculated for the 10.5 K data on the same crystal. The
model used at 92 K was found to be appropriate, although the
improvement in fit obtained by splitting ring 1 was less marked.
Fig. 3 illustrates the evolution of the molecular structure at the
three temperatures.

CCDC reference number 186/822.

See http://www.rsc.org/suppdata/dt/1998/559/ for crystallo-
graphic files in .cif format.

Powder neutron diffraction

The sample was hydrogenous, so the multiple scattering effects
due to the large proton incoherent scattering cross-section were
significant. The sample (1 g) was placed in an annular can
space, of can diameter 16 mm, but sample thickness only 1 mm
so as to reduce multiple scattering. The multidetector medium
resolution powder diffractometer at the Australian Nuclear
Science and Technology Organisation nuclear reactor HIFAR
was used to obtain diffraction patterns at 10.3 and 94.3 K,
using a cryorefrigerator. The wavelength used was 1.992(1) A,
and the scattering angular range 2-110°. Each run was of 3 d
duration to obtain the good statistics necessary to define the
Bragg peaks above the large incoherent background. The data
were fitted using scale factor, background, peak profile par-
ameters, unit cell and an overall hydrogen thermal motion
parameter as variables, and employing the program GSAS.'
All other structural parameters, viz. atomic unit-cell positions
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and thermal parameters, were taken from the 10.5 and 92 K
X-ray determinations respectively. The hydrogen parameters
were modified to give 1.05 A C—H bond lengths. We obtained at
10 K a fit with R, 0.0068, wR,, 0.0087 and x?0.93, and at 94 K
respectively 0.0077, 0.0097 and 0.98. The overall hydrogen
thermal parameters obtained of 330(60) pm? at 10 K and
700(100) at 94 K are at about the expected values, and the unit
cells agree well with those determined by X-ray diffraction. The
fit of the 10.3 K data is shown in Fig. 4.

Ligand-field modelling

For [Ru(acac),] the magnetic susceptibility data have been fitted
assuming a t,, basis-set description of the 2Tzg d’ ruthenium(im)
term with a rhombically distorted trigonal ligand field.” We
define in the usual way 7, =|0), £, = (2/3)4F2)  (1/3)}%1). The
local axes were chosen so that the trigonal axis is along the
weighted mean of the oxygen positions O(1), O(3) and O(5),
with the rhombic distortion axis along the mean of O(1) and
O(2), ring 1. The minor distortion axis is fixed from the single-
crystal magnetisation data.” Saha® showed that the projection
of this onto the ac plane makes an angle of 56° with ¢ and 23°
with a. As we will show below, one of the acetylacetonato rings
behaves differently to the others, and its projection onto ac
makes angles of 71 and 10° with the axes ¢ and a. Thus struc-
tural and magnetic data both point to this as the minor axis of
rhombic distortion. There are four parameters which were used
to account for the magnetic data.” They are: {, the effective
spin—orbit coupling constant; A and ¢, the trigonal and rhom-
bic ligand-field splittings; and k, the Stevens orbital reduction
factor." Positive A corresponds to a ?E ground state (split by €)
and a 2A first excited state, in the absence of spin-orbit
coupling.

The temperature dependence, together with the anisotropy,
of the magnetic results can be fitted with only one crystal-field
solution (Fig. 5). This is the set of parameters CF1: A =475
cm™!, £=—-50 cm™!, {=875 ecm™!; k=0.7.¥ This model gives
the first three states at 0, 1195 and 1546 cm ™! and moduli of
principal values of the g tensor of 2.30, 1.29, 1.12. At any given
temperature a second crystal field, CF2, can fit the data with
parameters ca. (depending slightly, but significantly, on tem-
perature) A =2900 cm™'; e= —700 cm ™!, { =500 cm ™!, k= 0.3,
with energies 0, 882 and 3401 cm ™! and g values varying from
2.33,1.69, 1.58 at 300 K to 2.33, 1.70, 1.35 at 10 K. The experi-
mental principal g values are ca. 2.45, 2.16 and 1.45. However
the temperature variation of magnetic moments predicted by
such a fixed crystal field is about three times less than their
observed temperature dependence.

A last point to mention is that the magnetic data show evi-
dence of a small intermolecular antiferromagnetic magnetic
coupling as shown by a downturn of all susceptibilities at
temperatures approaching 2.5 K.%

DeSimone® has pointed out that for many tris(bidentate
ligand) complexes of Fe™, Ru™ and Os™ there are differ-
ent acceptable ligand-field model fits to the ESR data. For
[Ru(acac);] there is better agreement with the CF2 model from
the magnetic results than with the CF1 case.

Polarised neutron diffraction

The PND experiment was performed at the HFIR reactor of
the Oak Ridge National Laboratory (ORNL), USA, on the
diffractometer HB1, with a neutron wavelength of 1.068(1) A.
Neutron polarisation was achieved by use of an iron—
silicon monochromator, which gave a polarisation efficiency of
0.901(1). Two ca. 50 mg crystals were used, mounted respect-
ively with their b and ¢ crystal axes parallel to the vertical
applied field of 5.00(1) T, at a temperature of 4.18(1) K. Each
Bragg reflection was centred manually before counting for the
flipping ratio, R, was commenced. The unit cell is consistent
with, although less accurate than, the X-ray result, due to the



relaxed resolution of HB1. The parameter R, is the ratio of
observed diffracted Bragg intensities with neutron spin, respect-
ively, parallel and antiparallel to the applied magnetic field.
Flipping ratios were obtained for thirty six 40/ and thirty sk0
reflections of high nuclear intensity. After averaging symmetry
equivalents, we obtained twenty eight b-axis and seventeen
c-axis unique values of R,

In this centrosymmetric structure if we know the nuclear
structure factors then we can calculate values for the z compon-
ent of the magnetic structure factor for these reflections in the
basal plane of the diffractometer.?® For this complex, a struc-
ture determined by unpolarised single-crystal neutron diffrac-
tion at very low temperatures is not available to give the nuclear
structure factors, so we estimated them by use of the 10.5 K
X-ray data supported by the powder neutron diffraction results.
Recent papers have shown that at these low temperatures a
good-quality structure derived from X-ray data can give, within
the errors, the same positional and thermal parameters for non-
hydrogen atoms as those derived from neutron diffraction data,
which fact is generally not true at higher temperatures for a
number of reasons amongst which are inadequate treatment
of thermal diffuse scattering.! The C—H bond lengths were
increased to 1.05 A to correct for the well known apparent
shortening observed by X-ray diffraction, and a single isotropic
displacement parameter derived from the powder refinement
was used. The error introduced by this procedure, which
replaces the more usual use of experimental single-crystal
neutron data, is consistently less than the uncertainties in the
flipping ratios. This is because the major defect, not using indi-
vidual anisotropic displacement parameters for the hydrogens,
becomes serious only at (sin 0)/A values higher than measured
by this PND experiment. The z components of the magnetic
structure factors for the two orientations are listed in Table 3.
The error estimates include the uncertainty in the nuclear
structure factors.

Related crystals, isomorphous at room temperature, such as
those of [Al(acac);] and [Co(acac);], develop superlattices at
low temperatures.”* We searched for superlattice nuclear Bragg
peaks in the present compound in the 40/ data at 4.18 K in
positions suggested by the results for such other crystals and
found only count rates below 1 s, in the noise, compared to
our maximum rate for a peak of 4000 s . We conclude that our
[Ru(acac);] crystal did not show such a phase transition when
cooled to 4.18 K.

Spin-density modelling

We used the program ASRED? to model the observed mag-
netic structure factors. Since all the data are in the basal plane,
only the z component of the magnetisation is observed. Neither
this PND experiment nor the magnetic susceptibilities tell us
anything about possible canting of magnetic moments relative
to the applied magnetic field direction. That would require, for
example, the observation of PND reflections which lie out of
the basal plane, an experiment that is not possible with the
diffractometer HBI.

The number of PND flipping ratios which we measured is
limited, and the number of unique atoms in [Ru(acac);] is large
compared to it, so constraints are necessary in the models used.
The first constraint is that both half-molecules are the same and
unaffected by the molecular stacking disorder. We then assume
a spherical magnetisation density on the ruthenium site com-
posed of orbital and spin components. The data are limited in
extent in (sin 0)/A, so the resolution of anisotropy on any of the
atom sites is too poor to be worthwhile. The orbital part of
the magnetisation density was modelled in amount and radial
extent using the dipole approximation® (see also below in
polarised neutron diffraction results section) and an ESR g ten-
sor.* The radial dependence of the spin part is modified from
an ionic Ru** 4d dependence by a k expansion, which linearly

expands or contracts in (sin 0)/A the form factor derived from
this radial dependence.”* On the ligands we assume that spin
occurs only in the 7 system on the rings, in 2p,, orbitals of O and
C, with no magnetisation density on the methyl groups. In all
cases, we assume mm symmetry in each acetylacetonate ring. In
each case the fitted data are two-dimensional. This defect has
two consequences. First, as already mentioned above, the loss
of information related to possible magnetic canting. Secondly,
we must assume, and cannot prove, that the magnetisation con-
tributions are atom centred. We are effectively fitting to the
Fourier components of a two-dimensional projection of the
magnetisation density. In this system this is not serious, because
as a molecular insulator, we expect atom-centred contributions
to dominate, and also, fortunately, in both crystal orientations
the projections of the various ruthenium and ring centres
remain well separated; overlap would cause correlation prob-
lems between our parameters.

Thus there are three parameters for each acetylacetonate
ring, one for each of oxygen and two carbon atoms. Initial
refinement of the resultant 11 parameter model gave a satisfac-
tory fit on each data set, with the exception of the total mag-
netic moments, a point to which we shall return. Examination
of the results showed ring 1 differed from 2 and 3, with the
latter two similar. We therefore subsequently constrained the
ring 2 and 3 populations to be equal giving an eight-parameter
model. The results of this model are given in Table 3 for both
data sets. The experimental data in Table 3 have been corrected
for orbital magnetisation on the Ru using the dipole approxi-
mation and normalised, so that all populations refer to spin
populations, and total one. This fit gave %> 1.31 and a weighted
reliability factor, R, (F), of 0.034 for the 40/ data when the bulk
magnetisation was NOT included in the data. A model which
required all magnetisation to be located on the ruthenium
atom, with none on the rings, raised > substantially, to 2.74,
and R, (F) to 0.138. For the 4£k0 data the corresponding values
for y? and R,(F) are 1.13 and 0.046 for the covalent model, and
1.60 and 0.106 for the wholly ionic model. Models for covalence
requiring three-fold magnetic symmetry, or a pattern of spin
density on the ligands suggested by the theoretical calculations
[spin on O, C(1) and C(2) in the fixed ratio 1: —0.5:2], were both
some improvement on a purely ionic model, being about mid-
way between the purely ionic model and the best spin model.
Inclusion of the bulk magnetisation data® as a constraint
on the total magnetisation very severely degraded the fit. We
believe that this is because at the experimental temperature and
field the paramagnet is only ca. 2/3 saturated, and the remaining
magnetic disorder significantly depolarises the neutron beams
within the crystal. The refinements compared with bulk mag-
netic data suggest depolarisations of 29 and 68% for the 40/ and
hk(0 data sets respectively. We have observed a comparable
degree of depolarisation in cobalt phthalocyanine.® In most
other systems we have worked at lower temperatures and/or
with higher spin quantum numbers, giving a much closer
approach to magnetic saturation. In this case the observed
magnetic structure factors are thus on a relative scale only.

Ab-initio calculations

We performed calculations using the Amsterdam density func-
tional (ADF) package® for [Ru(acac);] molecules in both D,
and C, symmetries. These were unconstrained wavefunctions
with the Vosko—Wilks—Nusair local density approximation,
Becke—Perdew gradient correction, and frozen relativistic
atomic cores. We used the atomic bases Dirac Ru 3d, C 1s, O 1s
and H in which relativistic core pseudo-potentials are generated
from atomic solutions for cores extending to 3d for Ru and 1s
for O and C. The remaining valence electrons are fitted using a
Slater-type basis of approximately triple-zeta quality. The com-
plete molecular geometry was optimised in D; symmetry for the
ground 2E state, excepting only that the three independent C—H
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bonds in the methyl group were constrained of equal length,
and to make an equal H-C—C angle. The three torsional angles
were independently refined. A selection of the geometrical
results is given in Table 4. Wavefunctions for the first four
excited states (two 2A and two *B) were also calculated in D,
symmetry. The Ru—O bond lengths were optimised using the
final D, structure as starting point, but in C, symmetry for the
two lowest states A and *B and a third transition state with
occupation midway between these (i.e. the ?E state in D;). A full
geometry optimisation in this low symmetry was not feasible
for us. Mulliken spin populations of those atoms involved in
bonding of free acac m orbitals, i.e. Ru and the five atoms in
each acetylacetonato ring, are given in Table 5 and the lower
symmetry C, optimisation in Table 6. Spin on the hydrogens
and methyl groups is generally small and we neglected it,
although it is noticeable in the excited *B state and first excited
2A state that there is ca. 0.015 spin on methyl carbons.

Photoelectron spectroscopy combined with theoretical cal-
culations has shown that, in the valence region, we are con-
cerned with the = interaction of the ruthenium 4d® electrons
with the third acac™ © orbital, labelled m;, each doubly occu-
pied.’> The HOMO molecular orbitals are 4d, ruthenium
dominated, while the LUMO is =n,. Our theoretical ADF cal-
culations support this view, and quantify some aspects. How-
ever, here we note that the spin populations in Table 5, in
which a labelling of states in C, symmetry is used, reflect the
covalence in the unpaired molecular orbital quite well, and
the state energies also reflect the molecular orbital energies.
There is some evidence of spin polarisation in the calculation
but it is slight. The spin distribution in the unpaired-spin
orbital in the ground state is 68% on ruthenium and 32% on
the ligand. Spin polarisation increases the ruthenium spin
from 68 to 83%, a small, but not negligible effect. In descend-
ing from D; to C, symmetry, A, correlates with B, A, with A,
and E splits into A + B.

We calculate that the octahedral ruthenium(m) ion T, state
splits in D; to give a *E ground state, with some 2600 cm™’
above it a ?A, excited state. The spin density in both states is
ruthenium dominated, in the #, orbitals occupied in the ?E state
and t, in the 2A,. Above these three states there are the two
further states, 2E and ?A,, which are metal to ligand r, charge-
transfer states, the *E 16 500 cm ™! above the ground state, 2A,
just above it. Above these at 26 000 cm ™! is the E state associ-
ated with the 4d, spin state. About 8000 cm™! below the 4d,
HOMO states there is a band of fully occupied m; dominated
states, which we shall see may be important in spin-polarisation
effects.

Discussion
Crystal disorder and phase behaviour

In this racemic form of the compound the two enantiomers,
related by the crystal inversion centre, are defined by the
different sign of the twist in their propeller-like molecular con-
formation. The molecular structure has been fully discussed
elsewhere.*> The molecules are of approximately D, symmetry,
with enantiomeric molecular pairs nested together such that
ring 1 of each molecule [O(1)-C(1)-C(2)-C(3)-0O(2)] is almost
in the ac plane and provide the closest intermolecular contacts.
This corresponds to an interacting molecular stack along b. The
ring 1 axis [Ru—C(2)] points roughly along « while the molecu-
lar approximate three-fold axis points along [—0.12, 1.0, 0.25]
or equivalent, i.e. rotated about 31° from b.

Our 10.5 K data set has sufficient resolution to show that at
each molecular site, on average, there are two distinctly resolved
molecules, each of half occupancy, which we label A and B. The
Bragg scattering shows the average content of the unit cell, and
contains no direct information on the contents of individual
cells, which must contain either A or B alone. The difference
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Fig. 1 The [Ru(acac);] molecule at 92 K; thermal ellipsoids (exclud-
ing H) are at the 50% probability level

Fig. 2 An ac projection of the unit-cell contents at 10 K. For clarity
only a single half molecule (molecule A) is shown at each site

between A and B molecules is mainly associated with motion
of ring 1, a flapping with respect to the rest of the molecule,
together with a smaller rotation of the whole molecule approxi-
mately around an axis close to ¢*. Thus the angle between the
two Ru—C(2) vectors is 18°, while the angle between the mean of
Ru—C(7) and Ru—C(12) is less at 8°. This change is mainly along
b, with only smaller ac components. At 92 K the root mean
thermal motion at each site has increased significantly, for
example the ruthenium ac components increase from ca. 8 to 13
pm. Thus the Ru(1A) - - - Ru(1B) separation at 10.5 K of ca. 26
pm can no longer be meaningfully resolved, since it is now just
twice the root-mean-square (r.m.s.) thermal motion. This ther-
mal motion is just sufficient to wash out an effectively bimodal
probability distribution for Ru and quite sufficient for rings 2
and 3. Thus at 92 K we can model the molecule as single Ru,
ring 2 and ring 3 sites with an anisotropic displacement par-
ameter elongated along b. However ring 1 still requires two sites
adequately to model the data. The 10.5 K C(2A) - - - C(2B) dis-
tance of ca. 90 pm would predict this necessity. At 295 K a



(2a)

Fig. 3 Projection down a* of the molecular motion and disorder at
(@) 295, (b) 92 and (¢) 10K

predicted root mean square thermal motion of ca. 30 pm for the
C(2) sites renders these only just resolvable in our data, and not
resolvable at all in the less extensive data of Knowles et al*
Thus the X-ray data are consistent with a model in which there
are two well defined molecular sites whose nature changes little
with temperature, but only become resolvable as the temper-
ature, and thus thermal motion, is lowered. This is illustrated in
Fig. 3, where the geometry and thermal motion of the mol-

ecules projected down a* are depicted. The converse model of
a single site increasingly splitting into two as the temperature is
lowered is not supported.

Complete disorder at each site between A and B molecules
would imply several close carbon—carbon contacts of 2.7-2.8
A, all between molecules of the same orientation, both A -+ A
and B:--B [ie. C(2B)---C(2B)]. Such short contacts are
energetically unacceptable. This shows that the disordered mol-
ecules are highly correlated in occupancy. The simplest such
correlation is to assume the stacks of molecules along b are all
alternating in orientation, ABABAB... This makes all inter-
molecular atom—atom contacts acceptably long. It is possible to
arrange such stacks in the ac plane in either a long-range dis-
ordered or ordered way, and there are many such ordered
ways. The compounds [Al(acac);] and [Co(acac),] have been
observed? to undergo phase transitions at 140 and 30 K
respectively. For [Al(acac)s] this involves a tripling in the « unit-
cell length, but no change in space group. Chromium doping in
[Al(acac);] and EPR spectroscopy shows three sites below, but a
single site above, the transition. The three sites below the transi-
tion differ in g-tensor orientation by 20-30°. These molecular
orientational differences and superlattice formation of the other
systems in the ac plane suggests the disorder in [Ru(acac),] is of
similar origin.

‘We observe two orientations but no obvious phase transition,
although we searched for the tripled cell explicitly by single-
crystal neutron and X-ray diffraction. Given the low [Co-
(acac);] phase-transition temperature, it is possible that this
phase of [Ru(acac);] does not order at any temperature. To
examine this more systematically we performed a powder
neutron diffraction experiment. Unlike a conventional single-
crystal experiment this surveys all reciprocal space inside a
limiting sphere. The difference between A and B sites is so large
that long-range ordering in the ac plane would dramatically
alter the powder neutron diffraction pattern. We observe an
excellent fit of experiment and the ac disordered structure at
both 10.5 and 94 K. Various simulations involving ac order
produced very poor fits, as expected. This included the simplest
situation of simple removal of the centre of symmetry to pro-
duce a P2, symmetry crystal of unchanged cell size. In addition
the absences observed in the single-crystal structure also
exclude this possibility. A final point is that if we compare the
molecule in the present structure with the two independent ones
in the pure A enantiomer® we find that rings 2 and 3 super-
impose well, but ring 1 does not. This is further evidence that
in the A—A racemic crystal there is interaction between rings 1
due to crystal-packing effects which causes distortion and
disorder.

We conclude that at all temperatures [Ru(acac);] consists of
molecules whose positions, A or B, alternate along b, but that
there is no long-range ordering, commensurate or incom-
mensurate, in the ac plane. Such a conclusion is testable since it
would imply sheets of diffuse intensity in the ac plane between
the Bragg peaks observable by either single-crystal X-ray or
neutron diffraction. The pattern of intensity within the sheets
would define local ac correlation, which is likely to be present.

Molecular geometry

We discuss first the average values of geometrical parameters of
the two molecules. Apart from the ring 1 flap difference between
A and B sites, deviations in geometry from D, symmetry are
significant and well defined. We have collected together data
from the 10 K X-ray experiment on the A-A racemic mixture
and from the A isomer, averaged into D; symmetry, mainly for
comparison with theoretical calculations. The room-temper-
ature structure determinations are of lesser accuracy. These
experiments illustrate that, while the various independent mol-
ecules are approximately of D; symmetry, they are significantly
distorted. Although for a ?E ground state we may predict Jahn—
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Table 1 Crystal data and structure refinement parameters for [Ru(acac);]*

TIK 10.5(5)

Crystal size/mm 0.30 %< 0.30 x 0.20

D./Mgm™} 1.634

wmm™! 0.993

alA 13.758(2)

blA 7.410(1)

clA 16.095(3)

p/° 99.34(1)

UIA? 1619.1(4)

0 Range/® 2.56-30.0, 38.75—
40.0, 47.50-48.75

hkl Ranges —29t00, —15to
15, =29 to 33

Reflections collected 12 357

Independent reflections 6359

R 0.0170

int

Maximum, minimum
transmission

Data, parameters

Goodness of fit on F?

R(F), wR2 [I > 2c(1)]

(all data)

0.8370, 0.8062

5798, 422
1.163

0.0280, 0.0640
0.0322, 0.0677

92(1) 293(2)
0.23x0.23 x 0.18 0.30 x 0.30 x 0.20
1.616 1.545

0.982 0.939
13.819(4) 14.071(4)
7.442(2) 7.534(2)
16.137(5) 16.363(5)
99.25(2) 99.05(2)
1638.0(8) 1713.1(8)
2.75-30.0 2.57-25.0
—17to0 17, —16to 16,
-9t09,0-20 0-8,0-19
7433 3141

3782 3023

0.0275 0.0097
0.8295, 0.7519 Not applied
3338, 367 3018, 367
1.107 1.063

0.0364, 0.0688
0.0442, 0.0723

0.0278, 0.0626
0.0357, 0.0705

Weighting coefficients 4, B 0.0226, 1.29
Extinction coefficient 0.0005(1)
Prmax> Pminf€ A3 0.598, —1.096

0.0181,2.27 0.0356, 0.47
0.0004(1) 0.0042(3)
0.842, —1.570 0.473, —0.434

* Details in common: C,sH,;O4Ru, M 398.39; monoclinic, space group P2,/c; Z =4; F(000) 812.

Teller effects, for this weakly n-bonding system, as expected, we
observe no static Jahn-Teller distortion. The stereochemistry of
the RuQg4 octahedron can be defined by the normalised bite of
the bidentate ligand and the angle of twist between the upper
[O(1), O(3), O(5)] and lower [O(2), O4), O(6)] triangular
faces.”” The corresponding parameters of normalised bite and
twist angle are 1.45(2) A and 32(2)°. Other significant con-
formational parameters of the RuO4 octahedron, the bite angle
O-Ru-0 93(3)° and the bite distance O -+ -0 2.91(2) A, are in
good agreement with those for A-[Ru(acac),],® 93.0(3)° and
2.906(8) A. Other geometrical characteristics such as C-O, C-C
bonds and corresponding valence angles have normal values
(Table 2). The average apparent C—H bond distance is 0.92(6)
A, as expected.

The geometries for the A and the A-A structure, both aver-
aged over 12 independent half-ligand acetylacetonato frag-
ments, agree well with each other. The theoretical ADF calcu-
lation results, Table 4, while close, are noticeably different from
these averaged values. However we cannot ascribe this differ-
ence to a defect in the calculation method, since the spread in
the individual observed values, reflected by the maximum and
minimum values listed in Table 4, is larger than all these differ-
ences. Indeed, given the large ring flap, we should expect this.
This is evidence that crystal-packing forces are sufficient signifi-
cantly to distort the molecule from D; symmetry. This is par-
ticularly so for the methyl group dihedral rotation angles. This
rotation is expected to be of small energy barrier, and is calcu-
lated to be so. The observed dihedral angles do not cluster near
the global D; calculated energy minimum, and are thus domin-
ated by crystal-packing forces.

Bulk magnetism and the ligand field

It has been shown elsewhere?? that ligand-field models can
summarise much data, even in very low-symmetry situations,
and so provide physical insight. In this case we wish to
identify the approximate nature of the ground and low-lying
excited states, and subsequently compare with our PND results
and theoretical calculations, particularly in the light of the
temperature-dependent structural disorder outlined above.

Of necessity we assume both molecular sites have the same
properties, although there is some evidence that we are dealing

564 J. Chem. Soc., Dalton Trans., 1998, Pages 559-569

with a weak dimer. Both the structure, with short ring 1-ring 1
interactions distances along b, and the orientation of the
rhombic component of the ligand field indicate that inter-
molecular magnetic interactions can be regarded as an alter-
nating chain along . The Ru - - - Ru distances alternate between
3.4 and 4.0 A. These are sufficiently different that the magnetic
interaction is probably closer to dimeric than that of a uniform
chain. The observability of an ESR signal in the pure crystal,
when the magnetic susceptibility around 2.5 K shows some
small intermolecular antiferromagnetic interaction, further
suggests a localised, perhaps dimer, magnetic interaction. How-
ever at higher temperature this weak interaction can be
neglected in the discussion of ligand fields.

The magnetic susceptibility down to 90 K shows considerable
anisotropy,”* as do the ESR g values.® Some ESR data have
been interpreted to show that (in D, symmetry) either a 2A or *E
ground state can produce suitable principal g values. However,
earlier, Saha® showed that the magnetic data unambiguously
indicated a ?E ground state for [Ru(acac),], consistent with the
sign of the d-orbital energy splitting deduced for [Ti(acac);]®
from ESR and for [Os(acac);] from near IR spectra,'® that
weakly indicated by PES spectra for various acac complexes '2
and our theoretical ADF calculations. In addition, the ESR g
values are very dependent on the crystal environment. Those of
Jarrett (2.82, 1.74, 1.28),% from [Ru(acac);] doped in [Al(acac),],
differ considerably from those (ca. 2.45, 2.16, 1.45) of the pure
racemic material or various glasses® and values for the pure
crystal at particular temperatures are not quoted. It is clear that
’E is the approximate ground-state label in D, for [Ru(acac),],
with orbital energies A positive, and that the ESR values require
a more subtle interpretation.

Given the single-crystal magnetisation data alone, we would
choose the ligand-field model CF1 in which all the data are
fitted within a single model with a A of 475 cm™!. However
the g tensor it produces is very different from the observed, with
g, 1.20 versus the observed 1.51-1.80. The model CF2, with A
of 2900 cm ™! gives g, of 1.52-1.60. In addition this size of the
energy A agrees much better both with the ADF calculation
and the data on [Os(acac);]. Given the substantial observed
temperature dependence of the structure itself, a temperature-
dependent crystal field might be expected. An increasing rhom-
bic distortion as the temperature is lowered and as the crystal
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Table2 Bond lengths (A) and angles (°) for [Ru(acac)] at different temperatures

We thus prefer the ligand field CF2.

10.5K 92 K 293 K
Molecule A Molecule B Molecule A Molecule B Molecule A Molecule B
Ru(1)-0(1) 2.017(2) 2.010(2) 1.965(13) 2.076(12) 1.91(3) 2.13(3)
Ru(1)-0(2) 1.984(2) 2.008(2) 2.003(10) 2.007(11) 1.99(2) 2.01(2)
Ru(1)-0(3) 2.003(2) 1.994(2) 1.999(2) — 2.005(2) —
Ru(1)-0(4) 2.005(2) 2.005(2) 2.005(2) - 2.006(2) -
Ru(1)-0(5) 1.994(2) 2.031(2) 2.007(2) — 2.007(2) —
Ru(1)-0(6) 2.030(2) 2.007(2) 2.020(2) - 2.019(2) -
o(1)-C(1) 1.281(4) 1.282(3) 1.32(2) 1.25(2) 1.35(4) 1.21(4)
C(1)-CQ) 1.411(5) 1.397(4) 1.421(14) 1.378(12) 1.45(4) 1.36(4)
C(1)-C(4) 1.516(5) 1.503(4) 1.529(11) 1.501(10) 1.42(4) 1.60(4)
C(2)-C(3) 1.388(5) 1.398(4) 1.362(12) 1.385(10) 1.22(5) 1.49(5)
C(3)-C(5) 1.514(5) 1.503(4) 1.511(13) 1.496(11) 1.48(4) 1.60(4)
0(2-C(3) 1.277(4) 1.280(3) 1.291(12) 1.282(10) 1.46(4) 1.10(5)
0(3)-C(6) 1.311(4) 1.257(3) 1.279(3) — 1.271(4) —
C(6)-C(7) 1.380(4) 1.415(4) 1.394(4) - 1.390(5) —
C(6)-C(9) 1.528(4) 1.470(4) 1.503(5) — 1.498(5) —
C(7)-C(8) 1.416(4) 1.368(5) 1.399(4) - 1.385(5) —
C(8)-C(10) 1.529(4) 1.487(4) 1.508(4) — 1.501(5) —
0(4)-C(8) 1.288(3) 1.275(3) 1.280(3) - 1.273(4) —
0(5)-C(11) 1.271(4) 1.302(3) 1.280(4) — 1.276(4) —
C(11)-C(12) 1.423(5) 1.367(4) 1.396(4) - 1.382(5) -
C(11)-C(14) 1.400(4) 1.607(3) 1.495(5) — 1.505(6) —
C(12)-C(13) 1.367(4) 1.430(4) 1.392(5) - 1.393(5) -
C(13)-C(15) 1.509(5) 1.499(4) 1.509(5) — 1.505(5) —
0(6)-C(13) 1.277(3) 1.274(3) 1.266(4) - 1.260(4) -
O(1)-Ru(1)-0O(2) 93.39(9) 92.64(8) 96.1(5) 88.5(5) 96.9(10) 88.7(9)
O(1)-Ru(1)-0(3) 87.71(9) 87.73(8) 93.7(2) 82.6(2) 91.6(8) 84.9(8)
O(1)-Ru(1)-O(4) 177.42(9) 176.67(8) 172.1(2) 175.8(3) 174.7(8) 176.5(8)
O(1)-Ru(1)-0(5) 90.82(9) 89.47(8) 91.7(5) 89.1(4) 92.3(9) 88.2(9)
O(1)-Ru(1)-O(6) 88.81(9) 89.86(8) 83.4(2) 94.6(2) 85.7(8) 92.4(8)
0O(2)-Ru(1)-0(3) 90.70(9) 89.38(8) 95.1(2) 84.8(2) 90.0(7) 88.6(6)
0(2)-Ru(1)-0O(4) 87.02(9) 90.54(8) 83.5(2) 93.8(2) 82.3(3) 94.5(3)
O(2)-Ru(1)-0(5) 175.78(9) 176.58(7) 171.0(2) 173.5(2) 170.7(3) 176.1(5)
0O(2)-Ru(1)-0(6) 88.60(9) 90.01(8) 84.5(3) 94.3(2) 89.4(7) 90.1(6)
O(3)-Ru(1)-0O(4) 94.84(8) 93.27(8) 94.15(8) . 93.66(9) .
0(3)-Ru(1)-0(5) 89.29(8) 88.01(8) 88.93(9) - 88.87(9) -
O(3)-Ru(1-0(6) 176.39(8) 177.48(8) 177.00(9) — 177.09(8) —
O(4)-Ru(1)-0(5) 88.78(8) 87.39(8) 88.21(8) - 88.63(9) -
O(4)-Ru(1-0(6) 88.65(8) 89.19(8) 88.76(9) — 89.07(9) —
0(5)-Ru(1)-0(6) 91.68(8) 92.68(8) 91.92(9) - 92.20(9) -
C(1)-O(1)-Ru(1) 123.2(2) 123.2(2) 119.7(10) 127.4(10) 128(2) 1202)
C(3)-0(2)-Ru(1) 124.6(2) 123.7(2) 122.1(7) 126.7(6) 117(2) 129(2)
O(1)-C(1)-C(2) 126.2(3) 126.4(3) 128.1(9) 123.909) 118(3) 132(3)
O(1)-C(1)-C(4) 114.9(3) 113.6(2) 112.6(10) 115.0(9) 119(3) 108(3)
CQ2)-C(1)-C(4) 118.9(3) 120.0(3) 119.2(8) 121.1(8) 123(3) 119(3)
C(3)-C(2)-C(1) 126.3(3) 126.1(3) 126.2(7) 127.6(8) 133(3) 122(2)
0(2)-C(3)-C(2) 126.1(3) 126.0(3) 126.4(9) 125.2(8) 127(3) 125(3)
0(2)-C(3)-C(5) 113.6(3) 115.3(2) 113.5(9) 114.9(7) 106(3) 125(4)
C2)-C(3)-C(5) 120.3(3) 118.7(3) 120.1(8) 119.9(7) 127(4) 109(3)
C(6)-0(3)-Ru(1) 122.1(2) 125.2(2) 123.6(2) - 123.7(2) -
C(8)-O(4)-Ru(1) 121.1(2) 124.7(2) 123.002) — 123.2(2)
0(3)-C(6)-C(7) 128.8(3) 122.5(3) 125.7(3) - 125.2(3) —
0(3)-C(6)-C(9) 109.7(3) 118.3(2) 114.1(3) — 114.4(3) —
C(7)-C(6)-C(9) 121.5(3) 119.1(2) 120.1(3) - 120.4(4) —
C(6)-C(7)-C(8) 123.0(3) 131.4(3) 127.3(3) — 128.2(3) —
O(4)-C(8)-C(7) 130.1(2) 122.8(3) 126.1(2) - 125.9(3) —
O(4)-C(8)-C(10) 110.0(2) 119.8(3) 114.8(3) — 114.4(3) —
C(7)-C(8)-C(10) 119.9(2) 117.42) 119.0(3) - 119.7(3) —
C(1-0(5)-Ru(l)  126.3(2) 121.0(2) 124.2(2) — 123.7(2) —
C(13)-0(6)Ru(l)  121.7(2) 127.1(2) 124.6(2) - 124.6(2) -
0(5)-C(11)-C(14)  119.8(3) 109.5(2) 115.0(3) — 114.3(4) —
0(5)-C(11)-C(12)  123.93) 128.0(2) 125.4(3) - 125.5(3) -
C(14-C(11)-C(12)  116.3(3) 122.3(2) 119.6(3) — 120.2(4) —
C(13)-C(12)-C(11)  124.7(3) 128.2(2) 127.0(3) - 127.9(3) -
0(6)-C(13)-C(12)  129.8(3) 121.9(2) 125.6(3) — 124.9(3) —
0(6)-C(13)-C(15)  112.5(3) 116.6(2) 115.0(3) - 115.3(4) -
C(12)-C(13)-C(15)  117.7(3) 121.5(2) 119.5(4) — 119.9(4) —
becomes more locally ordered is expected. The stack sequence As usual, in [Ru(acac)s], ligand-field models provide a useful
ABABAB becomes clearer as A and B become more differenti- method of summarising the ESR and bulk magnetisation data.
ated. It also agrees with the increasing rhombic distortion of Their physical significance is often to provide a plausible esti-
the ligand field seen by Andriessen? in Cr-doped [Al(acac),]. mate of the symmetry, of energy spacings in a magnetic field,

and of the overall magnetic nature of states thermally access-
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Fig. 4 Neutron diffraction data and fit for powder of [Ru(acac),] at 10 K
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Fig. 5 Single-crystal magnetic susceptibility data for [Ru(acac);]. The
solid lines are the fit of crystal-field model CF1. Solid symbols are the
present data, open symbols those of Saha;* pp ~9.27 x 107#J T!

ible and with changing populations in the usual 2-300 K
experimental temperature range. In [Ru(acac);] the models
indicate that, while the molecular three-fold axis is dominant,
there is a substantially broken symmetry defined by ring 1 dif-
fering from rings 2 and 3. This is consistent with the fact that
ring 1 is different in the structure from rings 2 and 3 in that it is
more strongly disordered. This symmetry conclusion is import-
ant in that it provides a framework within which more realistic
calculations should be made. For example, ab-initio calculations
in orthorhombic C, molecular symmetry may possibly provide
a reasonable representation of the situation for the true absence
of symmetry, but those like D; which assume a three-fold inver-
sion axis certainly will not, at least without some modification.
However the PND results below throw considerable doubt on
the use of a purely electronic model, such as CF1 or CF2, which
does not explicitly include vibronic effects.

Polarised neutron diffraction results

Given the uncertainty in the results of the ligand-field model-
ling of the available ESR and magnetic properties of [Ru-
(acac),], the more detailed investigation of magnetic properties
available from PND offers further insight.

In the atom-centred spin populations derived from the
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experiment, shown in Table 7, as expected, the ruthenium 4d
spin density dominates. However, significant moment also
appears on the acetylacetonato ligands. There is a tendency for
spin populations to be large on the CH carbon, smaller on the
corresponding oxygens, and of opposite sign for the inter-
mediate CMe carbon. This is an indication that we are dealing
with a combination of spin polarisation and covalence involv-
ing the ligand =, orbitals, as we describe in the next section.

A complication in the analysis of the PND data is the pres-
ence of a contribution to the magnetic scattering from the
orbital angular momentum associated with the t,,> configur-
ation. Usually, orbital scattering is accounted for using the
dipole approximation,® in which a spherical term proportional
to (g — 2) in the second-order scattering factor, (j,), is added to
the (j,» function which applies for the ‘spin-only’ case; {j,)
describes a density which is radially more contracted in real
space than is that corresponding to (j,). However, it is known
that the dipole approximation is of limited accuracy when the
orbital scattering component is large, as it may be here.

A simple experimental measure of the balance of spin polar-
isation and covalence is the net ruthenium 4d population.
Covalence reduces the ruthenium-centred spin population from
unity, while spin polarisation increases the ruthenium spin
population. As with cobalt phthalocynanine,® with H|c, the
ruthenium spin population is well above unity at 1.76(10). This
indicates that spin-polarisation effects exceed the covalence. For
H||b the population of 0.96(4) indicates that, if covalence is
substantial, as our calculation predicts, then covalence and spin
polarisation are comparable in size. This comparability has
been observed many times by PND,! but the effects here are
large. However it is also clear that the two data sets differ.

The refinements give different radial extents for the
ruthenium spin density from the two data sets, but fixing each at
unity does not change the balance of spin polarisation and
covalence significantly. The dipole approximation used for the
orbital moment correction leads to a prediction of a total mag-
netisation significantly contracted for the HJ|b data (g > 2) and
expanded for the H|c (g < 2), which indeed is what is what is
observed. It would appear that the remaining spin moment on
the ruthenium, after correction of the orbital moment, still
follows the total moment in radial extent. That is, the spin
moment is also contracted for the H||b data and expanded for



Table 3 Observed and calculated magnetic structure factors (1uB)

h k
(a) h0l data
0 0

2 0

2 0

0 0

8 0

6 0

10 0

6 0

1 0

3 0

1 0

7 0

11 0
—11 0
(b) hk0 data
2 0

3 0

0 2

2 2

3 2

5 1

7 0

8 1

5 4

2
—4
-6

—4
-10
-8
-2
-4

-2
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S oo O
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obs. calc. h
0.519(5) 0.522 2
—0.487(26) —0.485 2
—0.223(17) —0.243 0
0.033(9) 0.033 4
0.209(17) 0.208 8
—0.020(14) -0.014 0
—0.108(40) —0.008 2
—0.252(41) —0.229 2
—0.270(42) —0.284 1
—0.185(50) —0.186 3
—0.342(22) —0.340 1
—0.159(17) —0.151 7
—0.022(28) —0.011 11
0.008(26) —0.029 3
—0.229(10) -0.229 1
—0.050(8) —0.049 3
—0.253(19) -0.259 4
0.185(11) 0.184 4
0.038(14) 0.045 5
—0.095(18) —0.101 1
0.020(21) -0.022 6
—0.017(16) —0.011 4
—0.016(20) 0.013
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Fu
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—0.720(15) -0.707
—0.293(12) —0.281
0.170(14) 0.170
0.000(17) 0.009
0.030(17) 0.009
—0.040(15) —0.078
—0.520(19) —0.523
—0.059(23) —0.084
0.277(21) 0.206
0.053(25) 0.020
0.337(9) 0.339
0.017(14) 0.022
0.012(27) 0.009
—0.355(37) —0.352
—0.217(9) -0.216
0.193(17) 0.196
0.157(14) 0.157
0.050(14) 0.055
0.030(13) 0.035
0.149(26) 0.162
0.080(14) 0.065
0.073(14) 0.044

Table 4 Experimental and theoretical geometries for the [Ru(acac),] molecule. Distances are in A, angles in °

Ru-O

o-C

Ru-O-C

C—C (ring)
O-C—C (ring)
C—C (methyl)
O—C—C (methyl)
C—C (ring)-C

O—-Ru-O (three-fold)

O-Ru-O (bite)

X-Ray experimental

Racemic Resolved
2.007 2.003
1.281 1.283
123.64 122.5
1.397 1.380
125.61 125.9
1.506 1.506
114.48 114.5
126.62 127.4
88.80 88.83
93.07 93.0

Minimum

1.984(2)
1.228(11)
120.4(9)
1.341(12)
121.8(2)
1.444(19)
109.7(3)
123.03)
87.02(9)
90.6(2)

Maximum

2.031(2)
1.311(4)
127.2(2)
1.431(4)
130.1(2)
1.607(3)
119.8(3)
131.43)
90.82(9)
95.0(3)

Theory minus
experimental

ADF theory
2.056 0.051
1.285 0.003
124.26 1.2
1.408 0.020
126.31 0.6
1.513 0.007
114.29 -0.2
126.93 =0.1
88.93 0.1
91.92 -1.1

Table 5 Mulliken spin populations (electrons x 10*) for the ground and first four excited doublet states of [Ru(acac);] calculated using the ADF
method (small hydrogen populations omitted)

Approximate
State nature Elau Ru o(1) C(1)
A t. Ru4d —9.514 8343 45 73
B t: Ru4d -9.514 8307 363 —253
A t, Ru 4d —9.502 9325 -6 19
A n; Ligand —9.440 425 98 6
B n; Ligand —9.439 —32 1275 —103

Q) 0(5) ci1l  C12) 0(6) C(13)
-15 279 -163 564 290 -192
753 135 —34 191 126 2
-6 -6 19 -6 -6 -6
9 932 -170 3270 763 33
3259 787 17 237 872 -27

the HJ|c data. One explanation would be that the spin polaris-
ation, which is not constrained to be 4d-like in radial extent on
the ruthenium site, is strongly influenced by the orbital magnet-
isation. This then causes the total change in radial extent to
be enhanced over that predicted solely by use of the dipole
approximation.

However, as noted earlier, these data depart very significantly
from three-fold symmetry in ligand atom populations. More-
over, if we attempt simultaneous refinement of both the 40/ and
hk0O data sets in the same C, symmetry covalent model we
obtain a very poor fit, no better than for a purely ionic model
with no spin on the ligand rings at all. Thus the spin on the

ligands is very different in pattern for the magnetic field applied
along the b and along the ¢ axis directions. An empirical ration-
alisation is that the molecular ’E symmetry is broken. For the
H||c results the ring 1 population is greater than that of rings 2, 3
by 0.06 spins, while for the H]||b results it is less than them by
0.30 spins. Table 5 shows that the calculated covalent spin trans-
fer into ring 1 is greater than into rings 2, 3 for the *B state, while
the opposite is true for the *A state. This pattern is also what we
qualitatively expect from simple molecular orbital arguments.
Thus, if the populations from spin polarisation are relatively
uniform over the rings, the data with H]|c arise from a ?B-like
state while those with Hj|c arise from *A.
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We can quantify this pattern for each of the data sets. For
H|lc we require spin populations due to covalence in the
unpaired MO of ca. +0.6 on Ru, +0.2 on ring 1, and +0.1 on
rings 2, 3, about the same as is calculated theoretically in the
ADF calculations. To obtain the observed total spin pattern we
then require a spin polarisation of the other six bonded elec-
trons to give the ruthenium spin population of +1.2 with each
ring receiving a population of —0.4 spins. This approximates
the observed total spin by giving Ru +1.8, ring 1 —0.2 and rings
2, 3 —0.3 spins each. We can compare this to the observed
values of +1.8(1), —0.21(6) and —0.27(6) spins respectively.
Turning to the H||b data, we require the *A contribution from
covalence to the HJ|b data to be Ru +0.6, ring 1 0.0, rings 2, 3
+0.2 spins. This maintains the overall three-fold symmetry
required by the sum of the A and *B covalent contributions. If
this is modified by spin polarisation giving a contribution to the
ruthenium spin population of +0.3 and —0.1 on each ring we
obtain calculated net spin populations of Ru +0.9, ring 1 —0.1,
rings 2, 3 +0.1. Compared to the observed populations Ru
+0.96(4), ring 1 —0.19(2), rings 2, 3 +0.11(4) spins there is
satisfactory agreement.

While the spin populations quoted above cannot be regarded
as more than semiquantitative illustrations, we deduce from the
PND experiment that (1) the H||b data involve a *A state and
the H||c data a >B dominated state, (2) covalence is substan-
tial, delocalising ca. 40% of the unpaired spin and (3) spin-
polarisation effects are at least comparable to those of
covalence, and are substantially greater for the HJ|c than for the
H||b data.

Comparison of the PND results and ab-initio theory

The results of the ADF ab-initio calculation can be summarised
qualitatively as follows. In the isolated acetylacetonato ligand
the lowest two ligand © orbitals are roughly carbonyl bonding
in nature, the next higher in energy is m; with majority C-H
carbon 2p,, and the next two higher are carbonyl antibonding
in nature. The trigonal distortion is large enough, and the over-
lap small enough, that the doubly occupied ruthenium 4d¢, and
the doubly occupied A; symmetry acetylacetonato m; combin-
ation do not mix significantly. We thus accommodate four
up- and three down-spin electrons, three originating from
ruthenium and four from the ligands, in the four E symmetry
molecular orbitals formed from the ruthenium 4d ¢. orbitals
and the two acetylacetonate m; orbitals of E symmetry. We
expect the unpaired spin to reside mainly in the ruthenium 4d ¢,
orbitals, but to be delocalised to some extent onto the ligand
ring. The unpaired electron spin in the ruthenium 4d ¢, orbitals
will cause spin polarisation of the three pairs of spin-paired

Table 6 Calculated optimised geometry and energy in C, symmetry
using the ADF method

Ru-O/A
State Elau Ring 1 Rings 2, 3
2A —9.5156 2.0571 2.0552
B —9.5155 2.0555 2.0560
E —9.5145 2.0558 2.0558

electrons, causing a positive (or spin-up) build up of spin on the
ruthenium site, and negative (or spin-down) on the ligand.
Covalence and spin polarisation thus produce opposing effects.
Given that we are dealing with six spin-polarisable electrons
of the same symmetry as that of the spin-unpaired electron we
cannot ignore spin polarisation. However examination of the
molecular orbital coefficients in the theoretical calculation
shows surprisingly little spin polarisation of spin-paired
orbitals in any of the states.

If we now compare the experimental populations with the
ADF calculation we see that the spin delocalised by covalence
in the unpaired orbital is reproduced quite well; 32% is calcu-
lated and 40% observed. On the other hand the spin polaris-
ation is highly underestimated. The ADF calculation increases
the ruthenium-centred spin resulting from spin polarisation by
only 15% of the total spin, whereas we observe 36 and 110%
respectively in the two orientations of the magnetic field. It
appears that the ADF molecular calculation seriously under-
estimates the long-range spin correlations in the crystal. In the
previous case of [TcNCl,] % that was not so. There a single
unpaired spin can this time spin-polarise eight chlorine in-plane
7 electrons. In cobalt phthalocyamine we also observed by
PND that spin polarisation outweighed the covalence effects,?
as was also true on the manganese sites in [Mn;,0;,(CD;-
CO,),(D,0),]-2CD;CO,D-4D,0 observed by unpolarised
powder diffraction methods.*® Again, in the [CoCl,)*” ion in
Cs;CoCly in order to fit the PND data the theoretical wave-
function of Cassam-Chenai et al® required eight deter-
minants, with the ground state-dominated determinant having
a coefficient of only 0.44, indicative of strong correlation
effects.

The density functional calculation relies on uniform electron
gas calculations to estimate correlation effects. For long-range &
correlations as specific as those between the ruthenium 4d ¢.
and the acetylacetonate 7, orbital this may not be adequate,
although it appears to be so for the shorter-range correlations
possible in a Tc—Cl bond. The longer M—L bonds calculated
relative to experiment, 0.05 A for Ru—0 and 0.035 A for Te—Cl,
may also reflect the extra binding obtained by a proper treat-
ment of correlation. An alternative or perhaps additional factor
is that both shorter M—L bonds and extra spin correlation arise
from crystal-packing forces. Such forces will tend to compress
bonds, particularly the weak M-L bonds. In addition they will
raise the energy of the ligand m; orbitals, producing better
energy matching and thus covalence with the ruthenium 4d ¢.
orbitals. Additional covalence will produce more spin polaris-
ation, which may overwhelm the loss of ruthenium spin density
by covalence. The difference between the H||b and HJ|c data in
amount of spin polarisation suggests that crystal packing plays
some role, and there is obvious relationship to the apparent
change in symmetry of the ground state from 2A to *B.

The ground states and ligand-field theory

The ligand fields, whether CF1 or CF2, resulting from the fit to
the magnetic data have a clear prediction that the ground state
is an isolated molecular doublet in which A and B electronic
character are about equally present. Application of magnetic
fields does not substantially change this within the ligand-field
model. Thus the drastic changes in spin populations observed

Table 7 Mulliken spin populations (electrons x 10%) for the ground and first excited doublet states of [Ru(acac);] calculated using the ADF method,

compared with experimental values obtained from the PND results

Ru o(l) c(1) Q) 0o(5) ca1) C(12) K
A 834 5 7 -2 28 -16 56 -
B 831 36 -25 75 13 -3 19 —
Hlb 962(35) 7(16) —-56(15)  —87(16) 57(20)  —38(29) 73(44)  0.81(4)
Hle  1759(109)  —96(48) —1(61)  —17(87)  —62(36) 34(55)  —217(73)  1.30(14)
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in the PND as the applied magnetic field is changed clearly
contradict the ligand-field prediction.

The crystal disorder and intermolecular effects, while a com-
plicating factor, do not alter this conclusion. The resulting
slight splittings and/or dispersion within a ground-state band
will not cause a magnetic field to select A- or B-like components
from the mixed state.

An explanation in vibronic terms is probably required. It is
possible that we may have, by coupling of vibrational and elec-
tronic states, a situation in which there are several vibronic
states, some A and some B in electronic character, close in
energy but of differing magnetic behaviour. This provides a
plausible qualitative explanation of the PND observations: the
intermolecular interactions perturb the isolated D; symmetry
molecule such that a magnetic field can select vibronic states of
differing spatial electronic symmetry. We would thus have a
subtle blend of inter- and intra-molecular effects to consider in
any quantitative theory.
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