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MOLECULAR ORBITALS AND NONLINEAR OPTICAL PROPERTIES 

DEFUVATIVES 
FOR TEREPHTHAL-BIS-(4-N,N-DIETHYLAMINO ANILINE) 

YUHEI MORI, TAKASHI KURJHARA, TOSHIKUNI KAINO, SATORU 
TOMARU 
NTT Opto-electronics Laboratories, Nippon Telegraph and Telephone 
Corporation, Shirakata, Tokai, Ibaraki 3 19- 1 1, Japan 

Abstract Molecular orbitals and third-order susceptibility for terephthal-bis-(4- 
N,N-diethylamino aniline) are calculated. The electronic mechanism is explained 
approximately by a three level system. The effect of orbital shape upon the 
susceptibility is analyzed. It is found that molecular orbital distortion due to 
substituted nitrogen atoms, enhances the transition moment of 1Bu - 2Ag and 
contributes to the third-order susceptibility. 

INTRODUCTIO N 

Various works have been carried out to search for an organic molecule that has a large 
third-order susceptibility x(~) .  In general, the longer the conjugation length, the larger 
the x ( ~ )  becomes. This has been shown with theoretical models', and molecular orbital 
calculation of finite polyenes2~3, and measurement of ~ ( 3 )  for various length 
molecules4. Flom etA5, however, have measured x ( ~ )  for some polyacene quinones, 
and have found that some short-conjugated molecules have a larger x ( ~ )  than longer 
ones. He insists that third-order susceptibilities are not simply correlated with 
conjugation length. Substitution effects are dominant for some molecules even if they 
are centrosymmemc. To obtain centrosymmetric short-conjugated molecule which has 
large x(3), theoretical6 and e ~ p e r i m e n t a l ~ . ~  works have begun. We have reported 
symmetrical molecule SBA and SBAC as a new materials. Their ~ ( 3 )  value compares 
well with those of conjugated polymers even though they are short-conjugated 
molecules*. It is important to look into the electronic mechanism of these molecule in 
order to find out the substitution effects and to search for molecules with larger ~ ( ~ 1 .  
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54/[322] Y. MORI ET AL. 

In this work, molecular orbitals and third-order susceptibility for SBA and 
SBAC are calculated. These are terephthal-bis-(dN,N-diethylamino aniline) and 23- 
dichloro-terephthal-bis-(4-N,N-diethylaminoaniline), and are shown in Fig. la. We 
have also calculated phenylene vinylenes, shown in Fig. lb, i.e. p-bis-(styry1)benzene 
and p-bis-@-vinyl styryl)benzene, which are PVl and PV2 for short in this report. It 
is useful to study these molecules, to compare the effect of substituted nitrogen atoms or 
that of N(Et)2 donors at each end of SBA and SBAC. The shape of molecular orbitals 
for these molecules are compared and the effect of the shape upon third-order 
nonlinearity is investigated. 

FIGURE 1 Calculated molecules: (a) SBA and SBAC, (b) PV1 and PV2. 

CALCULA "ION 

The geometry of these molecules has been optimized by a MNDO program to obtain 
bond lengths and angles. With the optimized structures, the excitation energies and the 
transition moments have been obtained by CNDO/S-SDCI. Using the obtained 
parameters, third-order susceptibilities have been calculated by the ~ ( 3 )  expre~siong-~l 
which has been derived from time dependent perturbation. According to the x ( ~ )  

expression, one sequence of four non-zero transition moments, which starts and ends 
at the ground state, contribute to the third-order susceptibility. As all the molecules 
mentioned above have C2h symmetry, the process is g - Bu - A, - Bu - g. The Ag and 
BU excited states that contribute to the third susceptibility through the sequence of 
transition moments, are extracted. 
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MOLECULAR ORBITALS AND OPTICAL NONLINEARITY FOR SBA (323 1/55 

RESULTS AND DISCUS SION 

It is found that following two terms contribute to the third-order susceptibilities most 
effectively in this calculation for SBA and SBAC. 
g -  1Bu-g-  1BU-g (term 1) 

where lBu and 2A, are the lowest excited states within each respective symmetrical 
representaiton. The conmbution of the term 2 has positive sign, while the term 1 has 
negative sign, in a long-wavelength off-resonant region. Several other sequences of 
transition moments, where higher Ag excited states are used, also contribute to the 
third-order susceptibility. These contributions have positive signs. To have large third 
susceptibility, either the positive summation value due to several Ag excite states or the 
nagative value due to term 1 must be much larger than the other. In this calculation, the 
positive contribution is greater for all the molecules mentioned above. The calculated 
values of third susceptibility at 0.656 eV are y(SBAC) = 7.7 x 10-35 esu, %SBA)=6.4 x 
10-35 esu, y(PV1) = 3.8 ~ 1 0 - 3 5  esu and %PV2) = 6.8 x10-35 esu. The y values per unit 
length of SBA and SBAC are greater than those of PV1 and PV2, as the conjugation 
length of PV2 is longer than that of SBA. This reason is studied with respect to the 
transition moment between excited states. In the result of SBA and SBAC, the term 2 is 
most effective. So, the contribution from the transition moment of lBu - 2A, is 
important, because this moment causes the difference between term 1 and term 2. 

In the sequence of term 2, the transition g - lBu is mainly composed of a 
HOMO-LUMO transition. As for the intermediate transition lBu - 2Ag, three kinds of 
orbital transitions are used, for the 2Ag state is expressed mainly as linear combination 
of three configurations according to the result of CI. The three orbital transitions are 
HOMO-1 to HOMO, HOMO to LUMO and LUMO to LUMO+l. Here, HOMO-1 
represents the orbital level just under the HOMO, and LUMO+l represents the level 
over the LUMO. The BU - A, transition moment is expressed by the moments between 
molecular orbitals which exchange in the Slater matrix when the transition occurs. We 
can estimate the transition moment by looking into these orbitals. The LCAO 
coefficients of the orbitals for SBA and PV2 are shown in Fig. 2, where horizontal axis 
represents the position of the carbon atoms. In this figure, the signs of the first and 
second coefficients of every four coefficients are reversed so as to visualize the shapes 
easily. Comparing the orbitals between LUMO and LUMO+l for SBA, most of the 
respective LCAO coefficients of the atoms on the left side of the molecule have the 
opposite signs, while most of those on the right side have same signs. This also 

g -  IBu-ZAg- 1Bu-g (term 2) 
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FIGURE 2 Molecular orbital LCAO coefficients of SBA and PV2. The signs of 
the first and second coefficients of every four atoms are reversed. 
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applies to the relationship between HOMO-] and HOMO for SBA. These are significant 
reasons for large transition moments between BU and Ag states. The relationships 
described here are also applicable to SBAC, PV1 and PV2O;ig. 2). And also applicable 
to polyene and its derivatives12. 

Next, let us regard the difference between SBAs and phenylene vinylenes. For 
the pai-conjugation like phenylene vinylene where only carbon atoms make up pai- 
conjugation, electron hole symmetry appears, in which the coefficients of the i-th 
highest occupied orbital are equal to those of the i-th lowest unoccupied one on 
reversing the sign of the coefficients of alternate carbon atoms. This kind of symmetry 
was found in polyacetylene13-15. This symmetry is also obviously observed between 
HOMO and LUMO for phenylene vinylenes, and also observed between HOMO-1 and 
LUMO+l as is shown in Fig. 2. So, the electron distributions are approximately the 
same between an occupied orbital and the corresponding unoccupied one. But in the 
case of SBA and SBAC, where the pai-conjugation does not consist only of carbon 
atoms but also of nitrogen atoms, the electron-hole symmetry does not hold. On 
comparing occupied orbitals with unoccupied ones, around HOMO and LUMO, the 
distribution for the occupied ones somewhat moves towards the extremities while that 
for the unoccupied ones somewhat moves towards the center. 

The important thing is how this orbital distortion has an effect upon Bu - Ag 
transition moment. To understand it, we have to consider the molecular orbital 
distortion and electron comlation effect simultaneously. In the case of PVl  and PV2, 
the energy of transition from HOMO-1 to HOMO is close to that from LUMO to 
LUMO+l, and the transition dipole moments for these transitions are almost equal 
because of the electron-hole symmetry. If we take into account the perturbation due to 
electron correlation, these two transitions mix and the higher one borrows the intensity 
of transition moment from the lower one. In other words, the lowest transition lBu- 
2A, loses the quantity of transition moment among the several lBu-nAg transitions. As 
for SBA and SBAC, however, the electron-hole symmetry does not hold and the 
energy of the transition from HOMO-1 to HOMO is smaller than that from LUMO to 
LUMO+l. In this case, the lowest lBU - 2Ag transition does not lose so much of the 
quantity of the transition moment because the difference of the transition energies 
decreases the effect of the perturbation due to electron correlation. Therefore the lBU - 
2Ag transition moment for SBA and SBAC is larger than that of phenylene vinylenes. 
The calculated transition moment of lBU - 2A, for SBA is 2.83 (ei)  while that for PV2 
is 1.67. This contributes the ~ ( 3 )  value positively. This effect helps to enhance the 
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non-resonant $1. And we can presume that this effect will appear clearly over and 
around the two-photon resonant point with the 2Ag state. 

SUMMA RY AND CO NCLUS ION 

Molecular orbitals and third-order suseptibilities for SBA and SBAC are calculated. 
The effect of orbital shape on the susceptibility is analysed. The following two reasons 
are found to be responsible for the third susceptibility. 
(1) The large moments of orbital transitions from HOMO-1 to HOMO and from LUMO 
to LUMO+l contribute to the transition moment between B, and Ag excited states, and 
contribute to the third susceptibility. This explanation also applies to phenylene 
vinylenes and ftnite polyenes. 
(2) The orbital distortion occurs for SBA and SBAC. This type of distortion breaks 
electron-hole symmetry, supresses the effect of electron correlation and enhances the 
third susceptibility. 

REFERENCES 

1. K.C.Rustagi and J.Ducuing, Om. Comm., &J, 258(1974). 
2. B.A.Rerce, Mat. Res. SOC. Simp. Proc., 109,109(1988). 
3. A.F.Garito, J.R.Heflin, KY.Wong and 0.Zamani-Khamiri. Mat. Res. Soc. 

4 S.P.Hermann and J.Ducuing, J. A d .  Phys., &5100(1974). 
5 .  S.R.Florn, G.C.Walker, L.ELynch. L.L.Miller and P.F.Barbara, Chem. Phys. 

6. M.G.Kuzyk and C.W.Dirk, Rhys. Rev. A, a(9),5098(1990). 
7. L.R.Dalton, J.Thomson and H.S.Nalwa, Polymer, 28, 543( 1987); L.R.Dalton, in 

Simp. Proc., t09, 91(1988) 

Lett., 154(3), 193(1989). 

Nonlinear ODtical and Electroactive Polymers, edited by Plenum Publishing 
Co.( 1988).pp243. 

8. T.Kurihara,N.Oba,Y.Mori,S.Tomaru and T.Kaino, J. Appl. Phvs. 70(1),17(1991). 
9. R h u d o n ,  in The Quantum Theory of Light, edited by Clareneden,Oxford( 1983). 
lO.J.A.Armstrong, N.Bloembergen, J.Ducuing and P.S.Pershan, Phys.Rev., 

11.B.J.Wa.d. Molec. Phys.,20,513(1971). 
12.Y. Mori and Y Okano, Mat. Res. Soc. Symp. Proc. 173,665(1990). 
13. H-Takayama, Y.R.Lin-liu and K. Maki, Phvs. Rev. B,2l,2388(1980). 
14.K.Fesser, A.R.Bishop and D.K.Campbell, Phys.Rev.B,2J4804(1983). 
15.Y.Mo1-i and S.Kurihara, Synth. Met., 22,219(1987). 

-9 127 1918(1962). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
49

 1
8 

Fe
br

ua
ry

 2
01

3 




