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Title of Project: Experimental Investigation of Optical Nonlinearities in Conjugated Polymers 

Executive Summary: 
This AASERT award has allowed us to extend our research into (1) the third order 

nonlinearities of conjugated polymers and (2) their applications in nonlinear optics. 

1. THG Spectroscopy of Polymers 
The real and imaginary parts of the third order susceptibility x \3o>) were measured by 

Third Harmonic Generation (THG) over broad spectral ranges with the fundamental wavelength 
varying from 700 to 2200 nm. Fitting the resulting spectra to 2, 3 or 4 level models, i.e. 2, 3 or 4 
electronic states participating in the transitions, identified the number of important states and the 
oscillator strengths for transitions between them. 

THG measurements were performed on PBTV, PBZT and PBTDV 1-dimensional conjugated 
polymer films. PBTDV is expected to have a larger nonlinearity than PBZT because the conjugation 
length is longer. But PBTV has only one double C-C bond and its nonlinearity would be expected 
to be smaller. In fact, the magnitude of | X(3)

(3G>) | of PBTDV is very similar to that of PBZT. As 
expected, PBTV is less nonlinear than the other two. The principal participating states were the 
ground 1A  state, the one photon allowed 1BU state and the mA two photon state. 

Sublimated films of 2-dimensional conjugated planar molecules were investigated by THG. 
Two were planar phthalocyanines, metal-free and copper substituted, and the third was an 
asymmetric (non-planar) phthalocyanine (subphthalocyanine), employed as a precursor in the 
synthesis of certain phtalocyanines. A very rich spectrum was observed in each case. For this family 
of substituted molecules we found that four states contributed to the nonlinearity. They were the 
ground state, the one photon allowed state and a pair of two photon states. 

In a close collaboration with Seth Marder and Mireille Blanchard-Desce, we have 
investigated the enhancement of the third order nonlinearity by THG when progressively stronger 
electron acceptor groups are added to one end of a ß-carotene molecule. By measuring the spectral 
dispersion of third harmonic generation, we found a maximum enhancement by a factor of 50 over 
ß-carotene, the parent molecule which itself is considered to be highly nonlinear. We found that the 
data could be fit to a four level model. Jean-Luc Bredas has successfully modeled our data. 

2. Nonlinear Optics of PTS 
In our parent grant we had measured the frequency dependence of the complex susceptibility 

X^3\-w;o),-(o,co). At high incident intensities, of order of a few GW/cm , effectively an intensity- 
dependent x^\-w;ti),-w,(i)) was found in the immediate vicinity of the strong two photon transition 
from the 1A to the dominant mA state. Our analysis of the functional dependence on the intensity 
showed that saturation of the population in the two photon state was responsible. The corresponding 
saturation intensity was found to be 2 GW/cm . 

Again in the parent grant, we had established that around 1600 nm a negative, ultrafast x 
contributes to the nonlinearity. Combined with a positive value of Realfj^ \-(o;o),-o),o))}, 
theoretical calculations have predicted that stable spatial soliton beams with two transverse 
dimensions should exist without nonlinear loss. (A spatial soliton is an optical beam which 
propagates without diffraction in a material: a 2D soliton occurs in a bulk medium.) We are not 
aware of any other material for which this is possible. In the last few months we have demonstrated 
experimentally the propagation of 2D spatial solitons. 



Detailed Research Achievements: 

THG Spectroscopy 
The third harmonic spectrum of three phthalocyanines (Pc) was measured over the spectral 

range 900 - 2000 nm. The material in sublimated film form was supplied by Professor D. Fernando 
Agullo Lopez of the "Instituto Universitario de Cienca de Materiales "Nicolas Cabrera" of the 
Universidad Autonoma de Madrid. Investigated were PcH2, PcCu and asymmetric subPc. 

Both the magnitude and phase of % (3bi) were measured. It is clear from the spectra that 
there are at least three, and possibly four strong resonances contribute. The two strongest are due to 
the Q- and B-bands, as expected. Therefore there is at least one contributing two photon state, whose 
resonance is located between the two one photon bands. Based on the phase changes, for PcH2, 
there could be at least a pair of two photon states located around 650 and 800 nm. There are also 
peaks in the THG spectrum of PcCu which correspond to these general locations. Therefore the 
number of "essential states", 4-5, is clearly larger than for linear molecular systems, polyenes and 
conjugated polymers. 

A disappointing feature is that the magnitude of x is much less than for the polyenes (ß- 
carotene) and linear conjugated polymers (poly4-BCMU and polythiophene) that we have studied 
previously. Also note that substituting the so-called free phtalocyanine PcH2 with Cu does not 
enhance the third order response. However, going to an asymmetric structure, with a smaller 
molecular volume, gives a factor of 5 enhancement. 

Many years ago Garito predicted that attaching a donor or acceptor group to one end of a 
symmetric molecule leads to permanent dipole moments and produces electronic states of mixed 
parity. Consequently this changes the balance between the different contributions to a third order 
nonlinearity, and adds yet another nonlinear mechanism, due in this case to changes in the dipole 
moment between the ground and excited states. We have investigated the spectral dependence of 
X^\3(o;(0,o),(o) for molecules with a sequence of progressively stronger electron acceptors attached 
to one end of ß-carotene, itself a it-conjugated molecule with a large third order nonlinearity. 

A three level model produced an excellent fit to the data over the full spectral range 
investigated, yielding Au01 The third level is located at energies higher than those probed directly 
by the experiment and was needed to improve the fit at the shortest wavelengths measured. Both 
UQJ and A|^j were found to be approximately linear in the peak absorption wavelength which 
shifted to longer wavelengths with increasing acceptor strength. 

We found that increasing the acceptor strength produces huge enhancements in the 
nonlinearity. There is a 50-fold enhancement over ß-carotene, to a value 10 times that of fused 
silica. We found | x^3\3(o) | max varied approximately as A max. The optimally enhanced values 
are typical of those associated with the best conjugated polymers. Hence we conclude that this 
approach could lead to the largest third order nonlinearities yet in organic systems. 

Nonlinear Optics of PTS 
The second project dealt with the nonlinear optics of PTS and its potential impact on 

nonlinear optics. 
Experimentally we had studied both multiphoton absorption and dispersion in the refractive 

index in the wavelength range 800 to 1100 nm due to a strong two photon absorption band. The 
ultrafast nature of the optical response was verified by using lasers with multiple pulse widths of 
30 psec, 4 psec and 200 fsec. The data as analyzed in terms of An = n2(I)I and Aa = a2(I)I, that is 



both an intensity-dependent nonlinear refractive index coefficient n2(I) and two photon absorption 
coefficient a2. Clear saturation in both these quantities was observed. This has now been analyzed 
in terms of a classical model of population saturation for the upper (two photon) state of the 
transition. The agreement was found to be excellent and has allowed us to deduce the saturation 
intensity for the two photon state to be of order 2 GW/cm . This should be compared to the 
saturation intensity for the one photon transition from the ground (lAg) state to the first excited 
(1BU) state of 65 MW/cm . The relatively low value of the saturation intensity for the two photon 
transition is consistent with the huge oscillator strength associated with the two photon transition, 
the largest known. 

Near 1600 nm we had previously found n2 = 2.2xl0"12 cm2/W and n3 = -8xl0"22 cm4/W2 

at 1600 nm where the intensity (I) induced index change is An = n2I + n3I . A negative n3 is usually 
associated with a nonlinear absorption due to multiphoton absorption effects. However, none was 
observed at this wavelength in PTS leading us to believe that it's origin is not in a saturation effect 
but is an ultrafast fifth order nonlinearity, x • This has important implications for spatial soliton 
phenomena with a long term goal of implementing NxN reconfigurable interconnects. 

Spatial solitons are beams which propagate in a medium without diffraction. Normally 
spatial solitons beams with two transverse dimensions cannot exist in Kerr nonlinear optical media 
which obey An = n2I. They can however exist in media with saturating nonlinearities, i.e. An=£> 
constant as H> °° (observed before) or for higher order nonlinearities (never observed before for lack 
of an appropriate material). For PTS we found numerically that we could generate spatial solitons 
whose propagation is limited only by linear absorption. Furthermore, we found that at high powers 
new modulational instabilities should occur. Although such phenomena have been observed in the 
time domain in one dimension in optical fibers, they have never been observed in two dimensions, 
or with spatial solitons. Other interesting phenomena such as ring formation (from input Gaussian 
beams) are predicted to occur after propagation of a few mm. 

The generation of 2D spatial solitons was verified by observing the beam width after 
propagating through a 2 mm single crystal as a function of incident power. At low powers the beam 
diffracts in space to about twice its 30 urn input size. As the input power is increased, the output 
beam size collapses to its input size which it then maintains above a threshold intensity. This was 
actually observed in the laboratory. 
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