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The state of the art concerning the design of octupoles, a new familly of NLO 
active molecules is presented here. 2D and 3D based architectures with higher 
symmetries lead to high efficiencies for SHG. 

KevwordS; Non Linear Optics, Second Harmonic Generation, Octupoles, 
organometallic complexes. 

Organic materials for Non-Linear Optics have been intensively investigated 
during the past 20 years in view of numerous applications in the field of 

However, studies have been mainly restricted to the 
design of organic and organometallic molecules displaying a one dimension 
dipole structure. Optimisation of the structural parameters such as the strength of 
the donor and acceptor group, lenght and nature of the spacer has led to high 
values for the quadratic hyperpolarisabilities p. Considerable efforts 
consequently been made to built new materials by inserting NLO active dipolar 
molecules in solid matrix in  non-centro symmetric arrangements. Some 
drawbacks however arise from the dipolar nature of ID chromophores such as 
poor solubility and strong absorption of the second harmonic by the 
chromophore, thus leading to reduced efficiency-transparency trade off. One 
possibility to get over this limitation is to increase the degree of symmetry of the 
molecule in order to improve the transparency of the molecule. It was indeed 
shown that a new family of 2D and 3D chromophores called Octupoles could fit 
the required properties for efficient SHG while displaying a non dipolar 
structure. The first example of such molecules, namely TATB, was described in 
1990 by Lehn, Zyss et an3] (Scheme 1). 
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DIPOLAR 
axial symmetty 

OCTUPOLAR 
D,,,syrnmetry 

Scheme 1 

As compared to PNA, a true dipolar molecule, TATB can be regarded as a 
superposition of three molecules of PNA, each showing a rotation of nx120° 
(n=0-2) leading to a D3h overall symmetry. This prototype shows the 
requirement for a octupole which combines the cancellation of vectorial 
properties and a non-centrosymmetric structure. SHG for TATB was evaluated 
by powder measurement and it was later shown that the arrangement in the 
crystal was due to a non-centrosymmetric polymorph in the bulk[4]. 

At this point, one can wonder what advantages can be expected for octupolar 
architectures compared to pure dipolar ones. As it was already pointed out, 
working with higher-order symmetry should lead to improvement of 
nonlinearity/transparency trade-offlsl, a crucial parameter to consider while 
designing NLO devices. It could be also expected that working with molecules 
displaying higher-order symmetry as well as a lack of dipole moment might lead 
to preferential non-centrosymmetric crystallisation. thus making octupolar 
molecules good candidates for crystal engineering of efficient NLO rnaterialf61. 
On the other hand parametrisation of SGH properties was made difficult for 
octupoles as their lack of dipole moment precluded their studies by traditional 
methods such as EFISH. However. it was found that a method discovered in 
1965 by Maker et al.[’I, called hyper-Rayleigh scattering (HRS) could be used 
for measurement of hyperpolarisabilities p of molecules devoid of dipole moment 
such as octupole~[~] as well as for ionic molecules[9l. This method was proved to 
be very efficient for measurement of non linear efficiencies p, however it should 
be pointed out that great care should be taken when using it as spurious results 
were often encountered, leading to overestimation of p[lo1. Those overestimation 
were due to parasitic phenomenon such as two-photon induced fluorescence and 
some p values have been recently restated[ll]. 
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NEW OCTUPOLAR MOLECULES FOR SHG 31 

Since the first publication on TATB in 1990, many octupoles with 2 and 3D 
structures have been prepared and their efficiencies measured. The theoretical 
aspect of multipoles has been already reviewedI1*1 and we whish here to focus 
on the state of the art concerning the design of octupolar molecules by a 
classification according to the structure and the nature of the octupole. - 

1 2 3 4 

1 2  K. Clays eial(1994) 1,3 Wortmann era/(1997) 4 P.C. Ray and P.K. Das(1995) 

Scheme 2; first generation of 2D octupoles 

Various D3h hexasubstituted benzenes such as 1-3 and msubstituted hiazines 
4 have been prepared[13], after the prototype TATB and in some cases their 
efficiency was compared to the dipole analogue. A careful measurement of p was 
performed o n  1 and 4 by Wortmann et ~ f I 1 3 ~ 1 ,  showing an equivalent order of 
magnitude for the values obtained for 1 ( p ( 0 ) = 8 . 1 ~ 1 0 - ~ 0  esu measured at 
h=1064 nm) and p-nitroaniline PNA (f3(0)=13.5~10-30 esu). When the nitro 
group was replaced by the stronger CF3SO2 group, a decrease of the 
p(0)=4.8x10-30 esu was observed. The decrease in the values observed for 1 

and 2 compared to PNA could be explained by the strong steric hindrance on the 
benzene ring, leading to decrease of the overall conjugation due to non planar 
conformations. 

Extended D3h planar structures have also been prepared in view of 
optimisation of “LO efficiencie~[~3c~~4-1~] (Scheme 3). In chromophores such as 
5[13cl and 7[141, a donor (amino) or acceptor (mazine) core is connected by three 
conjugated bridges to three acceptor (cyano) or donor (amino) groups. As this 
situation favours planar comformation and therefore improved electronic 
communication between the different groups, increased efficiencies were 
measured by HRS. An organometallic octupole 611’1 in which three metal atoms 
are connected to a central benzene ring has been described. A high p(0) value 
was also reported for a boron subphtalocyanine 8Il6I. In this later case, 
measurement of the efficiency was performed on a mixture of ClIC3 isomers. 
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Wortmametid (1997) 

A 

NC f&@,"s, N CN 

f3( 1 . 0 6 4 ) - 1 2 6 ~ 1 0 ~ ~ ~  ew 
Gompper el  a/ (1 99s) 

8 

Torres, AgullbLdpez. 

Zyss era/ (1996) 

MO) - 407 x 10-30ew 

Scheme 3; 2D octupoles with extended conjugation 

D=CHP. n-Bug 
A=CHO, CFJ. N Q ,  S O g H 3  D 

We have been interested into the design of new octupoles based on a 
hexaarylbenzene archi tect~re[*~I .  Transition metal catalysed [2+2+2] 
cyclotrimerisation of donor-acceptors bis-aryl acetylenes gave a straightforward 
access to both isomers of 9 (Scheme 4) in which various donor and acceptor 
groups can be introduced. Single crystal RX analysis on (1,3,5)-9 (D=OMe, 
A=CF3) showed a non planar helicoidal structure with a D3 chiral symmetry. 
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NEW OCTUPOLAR MOLECULES FOR SHG 39 

HRS measurement gave a p(0)=18x10-3o esu and a pj=3/pj=1=5.5, proving thus 
that this molecule behaves as a true octupole. 

10 Ar=pMe$lPh 11 Ar=pOMePh 12 

2D ionic octupoles 

As it is already well known for dipolar molecules, the introduction of a 
cationic centre in a chromophore can lead to high NLO efficiencies due to its 
strong electron-withdrawing character (Scheme 5). Application to the case of 
octupolar molecules have been early reported for violet crystal 10[13418] and the 
cyclopropenylium cation 11 C3h symmetric cyanine 13113cl displayed a 
p(0)=30x 10-30 esu and it was shown that values of hyperpolarisabilities 
increased with increasing conjugation length. The only anionic octupole 
described so far is the tricyanimethanide 12 and has been independently reported 
by two We also also prepared some mcationic octupoles 14[171 in 
which three stilbenyl pyridinium groups are linked to a central electron deficient 
aromatic core. 
3 0  octup& 

The design of 3D octupoles with higher symmetry is a fascinating challenge 
for synthetic chemists. Tetrahedral architectures have been chosen by different 
groups for the construction of such molecules (Scheme 6). Banchard-Desce er 

have recently described some tetrasubstituted biphenylene chromophores 
with D2d symmetry 15 in which ortho substitution by donor or acceptor groups 
brings the two phenylene moieties in an orthogonal conformation. NLO 
efficiencies increase for a strong donor substituent but the main advantage of 
such molecules is that they display high transparency. Another elegant tetrahedral 
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40 0. RIANT er al. 

octupole was reported by Lamben et alIzll for the tetraarylphosphonium cation 
16. PM3 geometry optimisation gave a D2 symmetry for this chromophore and 
an excellent value for the hyperpolarisability was measured by HRS. 

D2d symmetry D P  symmetry 

Ar @ Ar 

A! A r  

16 b.' 

z 
15 

NO)- 9 to 38x1 O-m esu 
Blanchard-Desa, 81 a/ (1 998) 

~ ( O ) = I ~ X I O ~ ~ ~ ~ S U  

Lamberl el a/ (1 998) 

Scheme & 3D tetrahedral octupoles 

D, symmetry T,symmetry 

18 

17 

-R \ / NMaa 

~(O)=740x1Om esu p ( 0 ) = 4 7 . 5 ~ 1 0 - ~  esu 
Le Bozec. Zyss ef a/ (1 995) Simon, Persoon ef a/(1994) 

Scheme 7; 3D orgmometallic cctupoles 

Two organometallic octupoles for which a 3D structure has been built around 
a ruthenium or a tin atom have been reported (Scheme 7). In the case of 
ruthenium complex 17[221, each bipyridine ligand is substituted by two 
aminostyryl pendants thus leading to an extended conjugated structure and a 
strong metal to ligand charge transfer. The arrangement of the three ligands 
around the central metal atom gives a chiral D3 symmetry for this original 
molecule. In the second case, introduction of four aminosubstituted phenylazo 
groups around the central tin atom gave the tetrahedral octupole 181231 with Td 
symmetry. Comparison of the measured for 18 with the 1D dipolar analog 
gave a comparable value. 
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NEW OCTUPOLAR MOLECULES FOR SHG 41 

As a last example, we wish to present here the first case of a chiral 
enantiopure octupole (S,S,S)-19 recently prepared by us[17]. In this 
organometallic compound three ferrocenyl groups are arranged at the 1,3,5 
position of a central benzene core and each ferrocene is substituted by a 
electron-withdrawing dicyanovinylene group. Chirality arises from the 
homoannular onho substitution on the ferrocenes (planar chirality) and we were 
able to prepare 19 as a single enantiomer by using an asymmetric synthesis of 
ferrocenes with planar HRS measurement of 19 gave a 
p(0)=33xlO-30 esu and it should be possible to improve this value by increasing 
the conjugation length between the electron rich ferrocenes and the acceptor 
groups and by using stronger acceptors. 

Inconclusion, we can see that despite the relative youth of octupole theory, many 
original structures as well as optimised hyperpolarisabilities have already been 
reported. Efforts should now focus on the incorporation of octupolar 
chromophores into efficient NLO active materials. As we already quoted before, 
one possibility relies on the engineering of non-centro symmemc crystals[6]. 
Another pathway relies on the orientation of octupolar molecules into solid matrix 

using optical poling technics. The first examples have been recently published i n  
the case of the molecule of violet crystal[25]. 
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