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Crystalline Phase of the Cyclopalladated
4-4'-bis(hexyloxy)azoxybenzene
Acetylacetonate Complex
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An EXAFS study of the mononuclear nematogenic cyclopalladated 4,4'-bis(hexyloxy)azoxy-
benzene complex in its liquid-crystalline phase is reported, aimed at exploring the metal co-
ordination environment and confirming either the nature of intermolecular correlations or the
presence of polar multimers. The interatomic distances between the palladium center and the
atoms of the first coordination shell have been determined with an accuracy better than 1072 A.
The results of the data analysis also indicate that the intermolecular interactions, if any, are very
weak and do not involve the palladium(IT) coordination sphere. In addition, they suggest that
the aggregation model previously proposed to account for the ferroelectric behavior of this
compound has to be revised to consider the possibility of either van der Waals and/or polar
intermolecular interactions or a peculiar packing mode imposed by the P-shaped molecular
geometry.
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INTRODUCTION

The design of new molecular structures is a topical approach to materials
for electrooptical and optoelectronic applications [1]. In pursuit of this end,
we are currently concerned with the preparation of metal-containing
liquid crystalline compounds [2]. In this field we have reported the synthesis
of a mononuclear nematogenic complex, [LPd(acac)], Azpac in Figure 1,
obtained by orthopalladation of the mesomorphic ligand 4,4’-bis(hexyl-
oxy)azoxybenzene, HL [3].

Azpac is featured by an asymmetric ““P-shaped” molecular geometry and
unusually low transition temperatures (the nematic temperature range is
90°C-105°C), which allow extensive and unprecedented studies. Investiga-
tions on optical [4], viscoelastic [5], dielectric [6,7], and flexoelectric [8,9]
properties were indeed carried out and, to gain a deeper knowledge of the
structural and orientational properties in the mesophase, ’H NMR spec-
troscopy measurements were performed [10].

With reference to practical applications, the electrooptical response and
its thermal behavior, when subjected to different depolarization currents,
were studied [11]. The results obtained revealed an unexpected transitory
ferroelectric state normal to the molecular director. In order to explain this
very interesting phenomenon, the existence of polar multimers was assumed.
Accordingly, a simple model was suggested wherein the molecules are
brought about by intermolecular interactions through the palladium center
and the nitrogen-bonded oxygen atom of the azoxy group.

The most suitable experimental method to detect intermolecular interac-
tions, both in the solid state and in the mesophase, is the extended X-ray

FIGURE 1 Molecular structure and atomic numbering scheme of Azpac.
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absorption fine structure (EXAFS) technique. In this paper we report on
the EXAFS study that we performed on the Azpac complex in order to
explore the metal coordination environment and possibly confirm either
the nature of intermolecular correlations or the presence of molecular
multimers. Remarkably, this study represents one of the very few applica-
tions of the EXAFS analysis to metallomesogenic systems. In fact, it has
been applied so far only to zinc and palladium alkoxydithiobenzoates
complexes, where intradimer M-S interactions were investigated [12], to
some dinuclear copper and rhodium carboxylates, for which a pseudopo-
lymeric aggregation due to intermolecular M-O interactions was found both
in the solid and in the discotic phases [13,14], and finally to copper salicy-
laldiminate complexes exhibiting intermolecular Cu-Cu correlations in the
smectic B mesophase [15].

EXPERIMENT AND DATA ANALYSIS

Samples (about 50 mg) of Azpac were put into glass cells of lateral dimen-
sions 10 x 15mm? and thickness 1 mm and carefully compressed with a
small spatula until no cracks or holes were visible. The cells were inserted in
a heating unit designed for X-ray absorption measurements [16]. The tem-
perature was regulated within 1°C.

The EXAFS experiments were run on the XAFS beamline (BM29) [17]
at the European Synchrotron Radiation Facility, Grenoble. The X-ray
beam was obtained from the storage ring under the usual running
conditions: 6.0 GeV, a maximum stored current of 200mA, and a (311)-
Si-double crystal monochromator. Data were collected in transmiss-
ion mode. The sample was submitted to a monochromatic beam flux
>~ 10°Ph/s. In order to assess possible radiation damage, spectra under
the same temperature conditions were acquired as a function of time.
They showed no modifications, thus implying no degradation of the
samples. This was also confirmed by visual inspection of the samples. The
direct and transmitted beam intensities were measured with ion chambers
filled with argon, which is suitable for studies at the Pd K-edge. The
spectral resolution AE/E during the experiments was estimated to be
about 7.0 x 107> for a 0.2mm slit aperture. The energy calibration was
monitored using a palladium foil in conjunction with the samples of our
palladium complex.

The EXAFS signal y(k) corresponding to the atomic shell around the
metal atom was extracted from the experimental absorption spectra u(k)
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using the following normalization relation:

1(k) = (1 — po)/ 1o, (1)

where p, is the absorption coefficient of the isolated metal atom,
k= +/2m(E — E,)/h is the modulus of the photoelectron wave vector, E is
the photon energy, and E, the energy edge (i.e., the threshold). The energy
edge value was defined as being the energy corresponding to the maximum
of the u(E) derivative.

Data analysis was performed by using the GNXAS package [18,19],
which takes into account the multiple scattering (MS) contributions. The
GNXAS method is based upon a decomposition of (k) into a sum of
different contributions:

1K) = 730,04+ 30,00+ D> 90,0 m) L (2)
i ij Ipf,,n

Each contribution in this equation is associated to a n-atom configuration
of the environment of the photoabsorber (0 indicates the photoabsorber and
i,j,...,n, the surrounding atoms). The y signals are the central quantities
in the GNXAS approach and can be calculated by expanding them into
appropriate MS series. In order to simulate the EXAFS signal of a given
cluster of atoms using Eq. (2), a preliminary analysis of the main n-body
configurations around the photoabsorber must be performed. An ab initio
structural model is necessary to establish the most significant paths of the
photoelectron.

The GNXAS approach for EXAFS data analysis is based on a fitting
procedure that optimizes the matching between a model absorption signal
Umod (E) and the experimental signal u(E). The model absorption signal, as a
function of the photon energy E, is described in Filipponi and Di Cicco [19].
It should be mentioned here that p,,.4(E) includes a smooth polynomial
spline background accounting for the pre-edge region. The refinement of the
structural parameters (bond lengths, bond angles, Debye-Waller-type fac-
tors) is done in the program using the following standard square residual
function for the statistical analysis of the results [19]:

qu({/l}) — i [H(EI) - :umod(Ei;}“] 9 ;°27 Tt j'/7)]2 ) (3)

=1 g;

In Eq. (3) {4} = (41, 42,...,4p) is the set of p parameters on which g4
depends. It is assumed that the spatial distribution of the neighboring atoms
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of Gaussian type. This procedure allows one to obtain reliable information
on the atomic structure in the neighborhood of the photoabsorbed atom.

RESULTS AND DISCUSSION

EXAFS spectra of the Azpac complex at the Pd K-edge were recorded at
different temperatures between 90°C and 105°C, the temperature range
wherein the nematic phase occurs. As an example, Figure 2 shows the ab-
sorption spectrum measured at 98°C. No appreciable differences were ob-
served among the spectra taken at different temperatures in the investigated
range. The same could be stated for data collected at temperatures lower
than 90°C, i.e., not in the nematic phase.

The data analysis required first the definition of an ab initio structural
model in order to establish the most significant paths of the photoelectron.
This was done by exploiting structural data concerning relevant bond
distances, bond angles, and torsion angles around the photoabsorber in the
isolated molecule that have resulted from the literature on model com-
pounds, since a single crystal X-ray analysis of the Azpac molecule is not
available. In particular, a set of reliable bond lengths and angles was ob-
tained from the structural data of the related mononuclear cyclopalladated
p-azoxyanisole 8-hydroxy-quinolinate and bis(acetylacetonate)palladium(II)
complexes [20-21]. From these data, the distances between the Pd atom and
the first neighboring atoms in the isolated Azpac (N1, C9, O1, O3) appear to
be in the range 1.98-2.1 A. On the other hand, based on the structural data

Absorption (arb. units)

24 24.5 25 25.5 26
E (KeV)

FIGURE 2 K-edge palladium EXAFS spectrum of Azpac at T=98°C.
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reported in Table 1 it is also possible to estimate the distances between
the Pd core and the atoms of the same molecule which form the second
coordination shell, with values ranging between 2.7 and 3 A.

The possible presence of intermolecular interactions is expected to modify
both the spatial extent and the coordination numbers of the first two co-
ordination shells. In particular, a strong interaction that could bring the
nitrogen-bonded oxygen of a molecule very close to the Pd core of the ad-
jacent molecule at a distance comparable with those involved in the first
coordination shell has to be considered. Indeed, based on the structural data
of Table 1, as well as on steric considerations and on the literature data
concerning non bonding M—O interactions [22], the minimum Pd—O(N)
intermolecular distance should be comprised between 2.2 and 2.5A.

To prove the existence of such an interaction and also considering the
complexity of the molecule that is mainly due to its high anisotropy, we have
carried out the data elaboration as follows. First we restricted the analysis to
a small cluster of atoms around the photoabsorber, including only the atoms
of the first coordination shell of the isolated molecule. Accordingly, we set
n = 4 for the coordination number, corresponding to the two oxygen atoms
O1 and O3, the nitrogen N1, and the carbon C9 (Figure 1). The square
residual function Ry, was then minimized with respect to the distances of the
above four atoms from the Pd center. The results are reported in Table 2.
The values of R and ¢ represent the mean and variance for the bond length
distributions of the atoms of the first coordination shell. The different
components of the corresponding structural signal in k space are presented
in Figure 3. The specific contributions to the overall y(k) signal coming from
the different atoms of the first shell are displayed from top to bottom and
refer to the two-body Pd-O1 and Pd-O3 contributions 2 x y$2>, the Pd-C9

contribution y<22>, and the Pd-N1 contribution ygz). The occurrence of the

double term 2 x y§2> in the upper curve of Figure 3 comes from the two
indistinguishable oxygen atoms O1 and O3, thus resulting in the sum of two
identical oxygen contributions. The two lower curves represent the com-
parison between the total model (sum of the four y(® contributions), and the
experimental signal, and the calculated residual, respectively. The model
signal is able to account for the low frequency part of the experimental
EXAFS signal. The small residual values over essentially the whole k range
being investigated strongly indicate that the EXAFS signal is mainly
dominated by the contribution of the first coordination shell. This is con-
firmed by the result shown in Figure 4 where the Fourier transform of the
experimental signal is compared with the theoretical Fourier transform
calculated for the model cluster corresponding to Figure 3. In this figure
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TABLE 2 Results of the structural analysis of the Azpac EXAFS

spectrum

R(A) 02(A )
Pd-0 1.99(1) 4+1x1073
Pd-C 1.95(1) 441x%1073
Pd-N 2.08(1) 4+1x1073

R and ¢? are mean and variance, respectively, for the bond length
distributions of the atoms of the first coordination shell. The figures
in parentheses represent the statistical errors from the least-square
refinement and refer to the least significant digit. The value of the
square residual function is Ry = 0.2251 x 107°

the continuous line represents the Fourier transform of the experimental
(k) signal, the broken line is the theoretical Fourier transform given by the
sum of the transforms of the signals of Figure 3 associated to the single
atomic contributions, and the dashed line gives the residual [18,19]. The

LA S S L S S L N L B B B S

k2% (k) (A

». A Residual
1 I A 1 l 1 1 S l ) I 1 l 1 1 1 I
0 5 10 15 20

k (A™Y

FIGURE 3 Prediction of the palladium K-edge EXAFS signal y(k) of Azpac at T = 98°C, as
obtained following the GNXAS approach for data analysis, considering a cluster including only
atoms of the first coordination shell and assuming a coordination number n = 4. From top to
bottom are reported: twice the two-body Pd-O contrlbutlon (Pd O1 and Pd- 03) ,1 s ). the Pd-C9
contribution y;”. the Pd-N1 contribution /3 , the comparison between total model and
experimental signal (dots), and finally the residual. The residual function contains essentially
only statistical noise.
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Experiment

----- Theory
--------- Residual

Fourier transform amplitude (arb. units)

R A)

FIGURE 4 Fourier transform of the experimental EXAFS signal, compared with the theo-
retical Fourier transform as calculated from the model cluster corresponding to the spectrum of
Figure 3. The continuous line is the Fourier transform of the experimental (k) signal, the
broken line is the sum of the transforms of the signals of Figure 3 associated to the single atomic
contributions, and the dashed line is the residual, i.e., the difference between experimental and
theoretical curve.

satisfactory agreement between calculated and experimental spectrum,
especially in the low-frequency region, indicated that the first shell model is
essentially correct. However, it should be noted that the signals from the
three shells have very similar frequencies, as all atoms considered are at
approximately the same distance from the Pd atom. This entails a strong
correlation between the fit parameters, suggesting that one must be ex-
tremely cautious while adding other parameters to the model, in as much as
the error control in this case is likely to become problematic.

The second step of the data analysis was to repeat the data treatment
described above, considering the presence of one additional oxygen atom,
initially placed at about 2.1 A in the shell of the first neighbors, and
assuming n = 5 for the coordination number. This assumption accounts for
the possibility of an intermolecular Pd—O(N) interaction that brings the
nitrogen-bonded oxygen atom of a second molecule close to the first
coordination shell in an axial position of the reference molecule. A cut-off
distance of 3.0 A for the interatomic distances to be refined was assumed in
order to account for the possibility of an interaction weaker than the
expected one, resulting in a bond length extending up to the second
coordination shell. The corresponding best fit results for the EXAFS signal
7(k) are shown in Figure 5. The first three curves from the top refer to the
intramolecular two-body Pd-O1/Pd-O3, Pd-C9, and Pd-N1 contributions,
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FIGURE 5 Prediction of the palladium K-edge EXAFS signal y(k) of Azpac at T = 98°C, as
obtained following the GNXAS approach for data analysis, assuming a first shell coordination
number n =5 to account for intermolecular interactions. From top to bottom are reported:
twice the Pd-O contribution y(lz), the Pd-C9 contribution y(zz) the Pd-N1 contribution ygz), the
intermolecular two-body Pd-O(N) contribution y,”, the comparison between total model and
experimental signal (dots), and finally the residual (for comparison see the caption of Figure 4).

with the same notations as Figure 3. The additional curve yf) gives the inter-
molecular two-body Pd-O(N) contribution. As clearly shown by Figure 5,
the latter term is absolutely negligible; in fact it is different from zero only in
the low-frequency region k < 5A ™!, where its amplitude, however, is to be
confused with the statistical noise. In agreement with that, the best fit of the
model signal provides intramolecular Pd-O1, Pd-O3, Pd-C9, and Pd-N1
distances that do not differ significantly (i.e., more than the statistical error)
from those obtained with n = 4. In summary, the addition of a further
oxygen atom to the shell of the nearest neighbors does not introduce any
appreciable modification to the short-range structure.

It is important to observe that similar results were obtained irrespective of
the nature of the additional extramolecular atom included in the shell of the
nearest neighbors. In fact, even attempts made with palladium, nitrogen, and
carbon introduced no significant modification to the short-range structure
as obtained in the first data analysis step. This further consideration
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suggests that not only Pd—O(N) but also no other detectable intermolecular
interactions occur.

Finally, several attempts were made to determine the palladium intera-
tomic distance of the second neighbors (multiple scattering analysis) since in
the solid state single crystal X-ray investigations of dinuclear cyclopalla-
dated azobenzene mesomorphic compounds have revealed that they are
arranged in slippers pairs, with intermolecular nonbonding Pd—Pd con-
tacts ranging from 3.668 to 3.758 A [23,24]. However, these attempts did not
give reliable results. In fact, due to the high asymmetry of the Azpac mo-
lecule, too many variables are involved in the minimization procedure.
Under these conditions the probability of finding unrealistic values of the
parameters minimizing the merit function is actually very high. It should
also be reminded here that the relatively high experimental temperatures
cause a significant broadening of the spatial distributions of the shell atoms,
entailing a great uncertainty in the determination of their positions.

CONCLUSION

The interatomic distances between the palladium center and the four atoms
which form the first coordination shell have been determined for the first
time experimentally with an accuracy better than 107> A. The four atoms
are arranged in a square-planar geometry and exhibit distances from the
metal center that compare well with the corresponding bond lengths usually
detected at room temperature in similar cyclopalladated complexes. The
accord between the findings of the present investigation and the theoretical
prediction is also very good. In addition, the results of the data analysis
suggest that the intermolecular interactions, if any, are presumably very
weak and that they do not involve the palladium(II) coordination sphere.
Accordingly, the aggregation model previously proposed [11] has to be re-
vised. Either intermolecular interactions of Van der Waals and/or polar
nature involving the whole Azpac molecules or a peculiar packing mode
imposed by the “P-shaped” molecular geometry probably play a not neg-
ligible role in the formation of polar domains.
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