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I Introduction

Organometallic materials have recently
received considerable attention due to
possible applications in nonlinear op-
tics and quantum electronics [1]. The
used of organometallic films in textron-
ic systems also may be of the highest
importance in order to achieve the pos-
sibility of creation micro-electro-opti-
cal sensors and circuits incorporated in
textiles

It was shown that ruthenium deriva-
tive chromophores incorporated into
the PMMA polymer matrix easily un-
derwent optical poling [2]. This work
is a joint study of the NLO and struc-
tural properties of a novel series of
donor-acceptor bis-alkynyl ruthenium
chromophores transformed into thin
films. First, these thin films were ori-
ented by a corona poling technique
and were optically characterized using
SHG and THG [3]. Next, the X-ray dif-
fraction (XRD) technique was used to
correlate the NLO properties and di-
rectly observe the structural order of
the studied materials.

M Materials

Organometallic complexes

The syntheses of alkynyl complexes
(trans-[Ru(4-C=CC,H,N=NCH,-N
(C,H,),)Cl(dppe),] (A), trans-[Ru(4-C=
CC(H,N=NC(H,-N(C,H,),)(4-C=
CC(H,CHO)(dppe),] (B) and trans-
[Ru(4-C=CC(H,N=NC(H,-N(C,H,),)
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(4-C=CCH,SCHO)(dppe),] (C)) were
carried out according to previously re-
ported procedures [4]. Bis-alkynyl ruthe-
nium chromophores were asymmetrical-
ly functionalized around the ruthenium
centre, as shown in Figure 1.

The m-conjugated spacer, which con-
sisted of an azo and an organometallic
bis-alkynyl-ruthenium group, provided
a long conjugation between the donor
group (N,N-dibutylamine) and three dif-

ferent acceptors. A very important fea-
ture of these complexes was their ability
of film formation through casting from
the solution. This route was followed in
the present study with dichloromethane
as the solvent.

I Experimental

Corona poling

Thin films prepared from the studied
compounds were subjected to corona
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Figure 1. Chemical structures of the studied organometallic complexes.
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Figure 2. Thin films made of the studied compounds were subjected to corona poling. This
technique is commonly used for orienting NLO chromophores confined in an optically inert,
transparent matrix. We used home-made apparatus, which enabled heating up to 180 °C
and delivered 12 keV of static electric field.
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Figure 3. WAXS profiles of powders A, B, C. Curves were shifted

vertically for clarity.

poling. This technique is commonly used
for orienting the NLO chromophore con-
fined in an optically inert, transparent
matrix [4]. We used home-made appara-
tus, which enabled heating up to 180 °C
and delivered 12 keV of static electric
field. The samples were conditioned in
these conditions for a given period then
cooled down to room temperature. Final-
ly, the field was turned off (see Figure 2,
see page 89).

X-ray diffraction

Wide-angle X-ray diffraction (WAXS)
measurements were carried out in the
parallel beam reflection geometry and
the classical Bragg-Brentano geometry
using Cu Ka radiation (1.542 A) [5]. The
PanAlytical X Pert PRO diffractometer
was equipped with a parallel beam para-
bolic Gdbel mirror to improve the scat-
tering intensities from the film samples.
The scan step varied from 0.05 to 0.1 (in
20) with counting times from 15 to 60 s
per step. In general, raw data have to be
folded with the instrumental resolution of
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the diffractometer. However, in our case,
the broadening of peaks due to disorder-
ing is much larger than that of the instru-
ments. We decided to use all the experi-
mental curves as measured, just modified
by a scaling factor accounting for the dif-
ferences in size of the samples.

¥ Results and discussion

The WAXS diffractograms obtained for
the powders indicated differences in the
crystallinity degree. The powders of A and
B were partly ordered like typical molec-
ular crystals and their coherence length
neighboured c.a. 300 A, whilst sample C
was virtually amorphous (see Figure 3).
Once the powders had been transformed
into thin films, the order disappeared (see
Figure 4). A first inspection of the pat-
terns obtained for films revealed exclu-
sively the presence of quasi-amorphous
peaks. In addition, these diffraction pat-
terns were almost identical for all three
compounds; in other words, they did
not depend on the acceptor substituent
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Figure 5. 2D X-ray scattering patterns of A (left) and B (vight); q z and q xy stand for
perpendicular to the plane and in-plane components of the scattering vector, respectively.
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Figure 4. WAXS profiles recorded for the thin films A, B, C.

(Cl, benzene or thiophene). The observed
differences in intensities were attributed
to the statistics and the film thickness.
All these diffraction patterns can be de-
scribed as consisting of one somewhat
sharp reflection at a smaller 20 value
(26 = 8.5°) and a broader one with an in-
tensity maximum centred at 20 =20°, both
imposed on an exponential background.
The positions of these two peaks at
20 = 8.5° and 20 = 20° correspond to or-
dering repeat distances d = 10.5 A and
4.5 A, respectively. The coherence length
(average dimensions of ordered regions)
estimated from the broadening of the first
reflection maxima is around 30A — the
order is very poor — at a distance compa-
rable to the molecule dimensions.

Two-dimensional scattering patterns were
obtained using a Eulerian Cradle. The
rotation of the sample around the beam
axis gives direct access to the full range
of q vector (scattering vector, where
lg| =4n sin 8/ 4, where A-X-ray wave-
length) orientations with respect to the
film surface. In others words, the whole
range of crystallographic planes present
in the sample can be observed (not only
those oriented parallel to the sample
plane). The strong anisotropy is observed
between the film plane q_xy and the scat-
tering vector parallel to the film orienta-
tions q_z. Instead of Debye-like circles (as
in polycrystalline samples), well-isolated
regions of maxima can be distinguished
(see Figures 5 and 6). This is a fingerprint
of the strong anisotropy of the supramo-
lecular structure present in the studied
samples. Another interesting observation
is the strong anisotropy of a broad amor-
phous background (see Figure 5) (which
will be discussed elsewhere). As a result
of a series of experiments, performed un-
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Figure 6. 2D X-ray scattering pattern of highly oriented film B (left) and the Patterson function calculated using this scattering pattern

(right).

der varied conditions, we found that the
substantial 2D patterns observed for films
prepared from compounds A and B re-
mained similar. The film of B was always
better oriented than the film of A, despite
the degree of crystallinity invoked by the
given treatment procedure. The result is
consistent with the measurements of SHG
collected in Table 1. The second-order
nonlinear optical susceptibility measured
from the better oriented film of B is sig-
nificantly higher compared with the result
obtained for films of A.

I Structure modelling

The procedure of modelling the su-
pramolecular structure (the order of the

Table 1. Comparison (before and after corona

poling) of second-order nonlinear optical
susceptibility (with pp-polarization) and
third-order nonlinear optical susceptibility
(with ss-polarization) for the complexes A
and B (for technical reasons, the thin film
made of complex C didn t undergo SHG and
THG measurements).

1]
]
5 2 <3>
3 Corona Z:ﬂ > e
g. poling N (x 102),
8 pm mZNZ
A Before 0.1 195
After 0.23 1.96
Before 0.17 3.01
B
After
(highly oriented) 1.02 2.98

chromophore molecules in the system)
consisted of the following steps. First,
the individual molecules were built and
geometrically optimized (see Figure 7).
An isolated, such optimized molecule
was put into a cubic periodic box that
was then geometrically optimized (cell
dimension and angles) by an energy min-
imization algorithm. Optimized triclinic
periodic boxes (“crystal unit cells”) were
used to build supercells consisting of 8,
16 or 64 independent molecules in a pe-
riodic condition. Bigger supercells were
introduced to reproduce better the statis-
tical disorder of the molecules in a real

physical structure. The stability of these
models (supercells) was examined by
100 ps long molecular dynamic simula-
tion using the NPT ensemble (constant
pressure, constant temperature). The last
frame of MD simulation is shown in Fig-
ure 8. Direct inspection of the supramo-
lecular structure modelling shows that
the chromophore packing is driven by the
geometry of the huge spacer (transmitter)
(see Figure 7) with heavy ruthenium at-
oms forming a pseudo-hexagonal lattice.
The chromophore packing obtained from
simulations was examined more quan-
titatively compared with the Patterson

transmiter (spacer)

acceptor

Figure 7. Molecule design (energy minimization optimized structure): transition metal
s-acetylide complexes have an almost linear M-CoC-R structure and give rise to an efficient
electronic coupling between the metal and the remote groups through the p-conjugated
path. Ruthenium-alkynyl fragment is a powerful donor that can compete with the strongest

organic donors.
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Figure 8. Simulated supramolecular structure of organometallic complex C, supercells
(periodic box) consisting of 64 independent molecules. (The larger grey spheres represent

the Ruthenium sites in each molecule).

function calculated from the experimen-
tal data (see Figure 6).

The Patterson function map (representing
the probability distribution of inter-atom-
ic distances) was calculated starting from
a 2D map of recorded diffraction inten-
sity. This can be interpreted in a certain
manner as the distribution electron den-
sity in the real space of the crystal.

Pw)=1/V- I, (q)-exp(-27uq)

— Patterson function where: q-> (q,.q,,)
— reciprocal space vectors; u-> (u,u,,
— real space vectors.

The calculated experimental 2D Patter-
son function map (see Figure 6) clearly
evidenced the pseudohexagonal packing
of chromophores similar to that obtained
as a result of the molecular dynamics
simulation.

@ Conclusions

We have shown that free-standing films
of a new family of functionalized alky-
nyl ruthenium complexes, subjected to
an elevated electric field at a temperature
close to the glass transition temperature,
significantly changed their structural
properties. In addition, corona poling in-
duced relatively high structural anisotropy
of the films. It was also observed that the
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magnitude of second-order nonlinear opti-
cal susceptibility X 5 could be correlated
with the directly observed chromophore
supramolecular structure and orientation
induced by corona poling.
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