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1. EXECUTIVE SUMMARY 

This three year project was concerned with the chemical synthesis 
of nanometric particles, related structures, and their application in 
nonlinear optics. 

Significant progress was made in all areas, i.e. 

1.1      Chemical Synthesis 

(i)       Routes were developed to novel heterometallic assemblies.  For 
details see 6th Interim Report (March 1993). 

(ii) Synthesis of polymers with nonlinear properties enhanced by 
incorporating metal units. For details see 5th Interim Report 
(August 1992) and earlier reports. 

(iii)     Fullerenes were synthesised by recessive heating of graphite, 
and the apparatus and techniques modified to optimise yields 
and separation. See 3rd Interim Report (August 1991). 

(iv)     Metallo Fullerene species have been synthesised, characterised 
(see attached publication in press) and their nonlinear properties 
measured; see 9th Interin Report (January 1994). 

(v)      Well defined nanometric gold clusters (in the range 50-400A) were 
prepared and characterised using the citrate/PVP technique. For 
details see 7th Interim Report (October 1993). 

1.2      Nonlinear Optical Measurements 

(i)       Ultrashort pulse techniques were developed to study the optical 
nonlinearity of metal particles down to the fentosecond time 
domaine.  In the course of the work the following general 
observations were made. 

The nonlinearity is indeed faster than any pulse applicable, i.e. 
rises and relaxes below 20fs. 

Contrary to previous theories by Flytzanis et al., the nonlinearity 
is not size dependent, but scales with the square of the absorption 
coefficient in agreement with a hot electron origin of the effect. 

The size of the nonlinearity per particle is of order 10~15 m2/V2 

(10~8 esu), and hence substantial, the imaginary part of the non 
linearity is dominant and positive, whereas the real part is negative, 
(see 7th interim report - October 1993) 



(ii)       The incorporation of metal centres into the backbone of rigid rod 
conjugated polymers affords materials with reproducable ultrafast 
nonlinearity.  In the near infrared/ enhancement factor up to two 
orders of magnitude could be observed, with the first row transition 
elements showing the greatest enhancement,   (see 2nd Interim 
Report - March 1991), and attached reprints. 

(iii)     Our group was amongst the first to observe optical nonlinearity 
in Fullerenes, both off-resonant at 1064nm and resonant optical 
in the visible (see 5th Interim Report - August 1992).  A review 
of the area by the principal investigators is attached. In addition, 
basic spectroscopic characterisation of carbon nanotubes was 
reported, and other optoelectronic effects in fullerenes were 
studied (see 8th Report - November 1993). 

2. Staffing 

During the course of the project, nine graduate students and one 
post doc were associated. Of these, five have already been awarded 
PhD's, two obtained MSc, and two others are in the final stages of 
preparing doctoral theses. Two of these, Dr Andrew Davey and 
Dr Declan Weldon are now employed as postdoctoral research 
fellows. The initial Chemistry postdoc on the project, Dr Sylvia 
Draper, has proceeded to a permanent lectureship of inorganic 
chemistry in Trinity College Dublin.  Finally, since the finish of 
the project, Professor David J Cardin has been appointed to the 
chair of inorganic chemistry in Reading University, UK. 

3. Conferences and Reports 

The principal investigators and their associates have reported 
results obtained on thte project on numerous occasions at 
conferences, laboratory visits and seminars.  This includes 
several invited talks. 

Locations include: Oxford, UK (2), Manchester, UK, Cambridge (2-3), 
London, UK (3), Athens, G, Essex, UK, Barcelona, E, Warwick, UK, 
Sussex, UK, Southampton, UK, Austin, USA, U. Davis, Ca, USA, 
Yale, CT, USA 

Santiago - Chile, Punta Arenas - Chile, Dayton - OH, Pulman - WA, 
Honolulu - HI, Senday - JAP, Jakarta - Indones, Dayton - NT, AUS, 
Sydney - AUS, Allied Syn - NJ, Moscow - RUS, San Diego - CA, 
Chicago - IL, Vienna - A, Kirchberg - A, Paris - F, Brussels - B 
Oxford (2) - UK, Cambridge (1) - UK, London (2) - UK, Edinburgh 
Glasgow, Turbingen, Regensburg, Essen, Gieben, Berlin, Jena, 
Potsdam, Bielefeld, Hamburg, Mainz, Stuttgart 

4. Financial 

All financial statements have been submitted independently by the 
Finance Office at Trinity College Dublin. 
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The third order optical nonlinearitie %0) of porous silicon (PS) 

was measured using Z-scan technique. The intensity dependent 

absorption was observed and attributed to a two photon 

absorption process. The enhancement of%(3) over is crystalline 

silicon reported. The real and imaginary parts of %(3) have been 

measured at 665 nm and found to be 2.5 x 10" 17 m2 V-2 and 

-8.8 x 10" 18 m2 V-2 respectively. 



Porous silicon (PS) has generated enormous interest in the view of 

the possible applications in optoelectronics. The most interesting feature 

of this material is the strong visible luminescence[l,2]. Several authors 

attribute the enhanced luminescence of PS compared with the bulk Si to 

a radiative recombination of carriers spatially confined within 

nanostructures   (quantum   wires   and   quantum   dots)   [1,3-5] 

PS is a promising material for optical switching. It has a 

nonlinearity characterised by a relatively high and fast third order 

nonlinearity %(3) [6,7,8]. It has been shown in [9] that in semiconductor 

crystallites of nanometers size a limited number of processes lead to a 

strong nonlinearity compared with two and three dimensional 

semiconductors. We suggest that the mechanism involved here, near the 

lowest resonance of the quantum dots and wires, are state filling and 

multiphoton absorption. Both mechanism have been already observed in 

PS [ 6,8,10]. 

In this paper we report to the best of our knowledge the first direct 

measurements of the sign and magnitude of both the real and imaginary 

parts of the third order nonlinearity %(3) 0f porous silicon. Experiments 

were performed at a wavelength of 665 nm with 500 ps laser pulses 

using  the Z-scan  technique. 

The sample used in this experiment was a n-type silicon (111) 

wafer with resistivity 0.01 n. cm. It was anodised in a solution of 

HF(49%): ethanol solution. The thickness of the sample was measured 

using an electron microscope and found to be 36 pm. The UV- excited 

photoluminescence (PL) of the PS sample was recorded by a 355 nm 

Argon ion laser at room temperature. The PL intensity was so high that it 

could be seen with the naked eye. Such high intensities can be utilised 

for the fabrication of LED's.    The PL spectrum is shown in Fig.(l), where 



the broadband PL centred at 660 nm with FWHM of 160 nm. i.e 

excitation via 355 nm (3.5 eV) band contributed to the luminescence 

around 660 nm (1.78 eV). 

The Z-scan technique [11] was used to measure the nonlinear 

susceptibility of porous silicon (PS). The technique relies on the fact that 

the intensity of a focused laser beam varies along the axis of a convex 

lens and is a maximum at the focus. By moving the film through the 

focus, the intensity dependent absorption can be measured as a change 

of the transmission through the sample (open aperture). The nonlinear 

refraction is determined by the spot size variation at the plane of a finite 

aperture and detector combination (closed aperture). The sample itself 

acts as a thin lens with varying focal length as it moves through the 

focal plane. 

The laser used in this experiment was a PRA N2 pumped dye laser 

operating at a wavelength of 665 nm, with pulse width of 500 ps. The 

laser output was adjusted to give 12 uJ. The laser beam was focused to a 

waist of 25 jim with a lens of focal length 60 mm giving a typical power 

density of 4.0x10^ W/cm^. Each data point plotted corresponds to an 

average   of   10   independent  measurements. 

The transmission with and without the aperture was measured in 

the far-field as the sample was moved through the focal point; this 

enables the separation the nonlinear refractive index from nonlinear 

absorption. Fig(2) shows the normalised transmission without an 

aperture as a function of the distance along the lens axis. The 

transmission is symmetric with respect to the focus (z=0 mm) where 

there is a minimum. Thus an intensity dependent absorption effect is 

observed. The intensity dependent absorption effect in this case can be 

considered to be a two photo absorption (TPA) effect. In a three level 

system, TPA can be described by[12] 



R   1 Hoc  (1) 
(En-hco)(E     -2ti(0-ir) ' gn /v gm ' 

where T is the state width, g and n are the lower and upper 

fundamental levels respectively, m is the intermediate level. The single 

photon incident energy tico approaches the energy difference Eg n 

between the lower and upper level as demonstrated by a strong 

absorption of the UV radiation at 355 nm. The two photon absorption 

proceeds through the intermediate state m as confirmed by a PL peak at 

660 nm. The middle level probably arises from exciton localisation and 

exciton-exciton   interaction  due  to  quantum  confinement. 

The   normalised   transmittance   for   the   open   aperture   condition   is 

given by [11] 

T^ = 1-^k forl^Kl, (2) 

where 

<lo 

2V2 

(l + z2/z2
0)a 

Here, a is the absorption coefficient, L is the thickness of the sample, I0 

is the intensity of the laser beam at the focus (z=0), and z is the 

Rayleigh range of the beam. A fit of Eq.2 to the experimental data is 

depicted in Fig.2 and yields a value of ß= 8.7 m/GW. This value should be 

compared to the value of 0.37 m/GW for crystalline silicon[13]. The 

former is an order of magnitude higher which is consistent with a 

quantum confined material  such as  PS. 

The normalised transmission for the closed  aperture Z-scan  is  given 

by [11] 



wherex= zl Z0 and A(j) is a phase change. The solid line in Fig.3 is 

obtained from fitting the above equation using A(j)= 0.92. The value of 

A(f) can also be calculated from the peak-valley transmission difference 

using equation ATp_v = 0.406-(l - Sr^\A(/)\ where S  is the normalised 

aperture  size (S=0.08). 

The nonlinear index   y  is given by [11] 

_       A(f)Xa 
r=n_r,:   -oL. ■ (4) 

The real part of the third-order nonlinear susceptibility %0) is related to 

Y     through 

Re*(3) = 2tt2£oa> (5) 

and the imaginary part is related to the TPA coefficient ß by 

T     (3)    n
2e0cXß 

toiX{-      °       , (6) 
IK 

where n is the linear refractive index, £0 is the permittivity of free 

space and c is the velocity of light. The experimentally determined 

values of Re^C3) and Im %0) at the wavelength 665 nm are + 2.5 x 10" 
17 m2 V-2 and -8.8 xlO"18 m2 V-2 respectively. By comparing the 

value of Im %0) and Re%(3) one can conclude that the Re%(3) >3 lm%0) 

i.e. the Re %0), which gives rise to refractive index changes, is dominant. 

The value of Re%(3) and Im %0) nonlinearities of PS reported here are of 

the same order of the nonlinearities of artificial materials such as 

microcrystalline   glasses[14],   (10"17 - KH8 m2 V"2). The absolute value 



of %0)  was calculated from {  ( Re%(3) )2 + (im x(3) )2 } 1/2 t  and gives 

+2.7  xlO-17   m2 V-2 . 

In conclusion, the sign and the magnitude of both real and 

imaginary parts of %(3) have been directly determined in PS, using the 

Z-scan technique. The enhanced /(3) over the crystalline silicon is 

reported, which is probably due to quantum confinement. This large %0) 

effect will renew interest in the use of this material in nonlinear optical 

devices such as optical limiters and switching. 

The   authors   acknowledge   the   help   of   the   members   of   Professor   J. 

Hegarty's group in particular Jiang Xing for using the PL set-up. 



Figure  Caption 

Fig 1 : PL spectrum of PS excited by UV radiation. 

Fig 2.: Normalised transmittance (open aperture) at 665 nm of PS 

The solid line is a fit data of Equation 2 with ß = 8.7 m/MW 

Fig.3  : Normalised transmittance (closed aperture) of PS. The solid 
line is a fit of data to Equation 3 with A<)> = 0.92 and aperture 

size S = 0.08. 
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1 

the value of ß obtained from open aperture exper- 
iments by one order of magnitude and indicates 
that at higher intensities there is indeed an 
additional contribution from excited state absorp- 
tion to the non-linear measurement. 

The normalised transmission through the closed 
aperture is shown in Fig. 4. The peak-valley 
sequence of this z-scan is indicative of a self- 
focusing effect, i.e. C6o has a positive refractive 
non-linearity. 

The normalised transmission for the closed 
aperture z-scan is given by6 

4A<£x , 
Zi7-(z,A0) = 

(x2 + 9)(x2+l) 

where x= z/zo and A<f> is the phase change. The 
solid curve in Fig. 4 is obtained by fitting Eqn 3 
using A<£ = 0.92. The value of A<j> can also be cal- 
culated from the peak-valley transmission 
difference using the equation ATP-V = 0.406 
(1 -S)°'25| A<t>\, where S is the aperture size 
(S = 0.08). 

The non-linear index 7 is given by6 

7: 
A4>(t)\a 

e-a£) 2T/O(1 

The real part of the third-order non-linear suscep- 
tibility x(3) is related to 7 through 

Rex(3) = 2n2e0cy 5 

and the imaginary part is related to the TPA 
coefficient ß by 

(3)     n
2e0c\ß , 

Im x     =—z  6 

where n is the linear refractive index, c0 is the per- 
mittivity of free space and c is the velocity of 
light. The experimentally determined values of 
Rex(3) and Imx(3) at the wavelength 665 nm are 
2.8 x 10"8 and -3.2x 10~8 esu respectively. By 
comparing the values of Imx(3) and Rex(3) in the 
wavelength region, one concludes that ImxjE 

^V > 1.5Rex<3), i.e. Imx(3), which is due to a 
two-photon process, is dominant. The absolute 
value of x(3) was calculated from [(Rex(3))2 + 
(Imx(3))2] 1/2 as 4.2xl0~8esu. The value of 
Rex<3) reported here is slightly larger than that 
quoted for DFWM measurements of COO made at 
1.064 nm (3.3 x 10~9 esu)4 owing to the different 
electronic resonance conditions. The relative 
value of Imx(3) for COO agrees with measurements 
made with 5 ns pulses at 610 nm using the z-scan 
technique.10 

In conclusion, the sign and magnitude of both 
the real and imaginary parts of x(3> have been 
directly determined in Qo cast films using the 
z-scan technique. Two-photon absorption for COO 
at 665 nm is the dominant contributor to the non- 
linear process with 500 ps pulses. Results indicate 
that the third-order1 non-linearity is enhanced by a 
nearly resonant two-photon absorption transition 
with a band gap energy of 3.67 eV. 
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Fig. 4. Normalised transmittance (closed aperture) of C6o cast 
film. The solid curve is a fit of data to Eqn 3 with Acj> = 0.92 

and aperture size S = 0.08 
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Abstract. The third-order nonlinearity of a low-bandgap conjugated organic 
polymer has been assessed. Degenerate four-wave mixing experiments (at 
1-064 um using picosecond pulses from a passively mode-locked neodymium- 
doped yttrium aluminium garnet laser) on solutions of the polymer have 
permitted the determination of the microscopic third-order nonlinearity y. The 
polymer exhibits unusual behaviour which is solution concentration dependent. 
This behaviour is thought to be due to aggregation effects and strongly suggests 
that the bulk response of the material is large, the third-order nonlinearity being 
of the order of ten times greater than that of polythiophene. 

Following preliminary studies, a sample of the same polymer with a greater 
average molecular weight was also measured and was found, within an order of 
magnitude, to possess the same third-order nonlinearity. 

1.    Introduction 
The third-order nonlinear optical properties of conjugated organic semicon- 

ducting polymers has been the subject of intense investigation for the past 15 years. 
It is hoped that such materials will find use in optical switching devices based on 

planar waveguides [1]. 
Many different classes of such polymers have been investigated [2] in the search 

for a material which exhibits a sufficiently large third-order nonlinear optical 
response for use in all optical switching devices. To date, a material which meets all 
device requirements has still not been identified. 

Our own work has focused on the development of semiconducting polymers 
for use in devices which would operate in the near-infrared region. Such devices 
would find application primarily in optical telecommunications systems. The 
Kramers-Kronig relationship states that the magnitude and sign of the nonlinear 
refractive index at a fixed wavelength are strongly dependent on the position of 
resonance for any sample to be investigated. For the purposes of our own work, 
this has involved the investigation of narrow-gap semiconducting polymers whose 
band edge tails into the near-infrared region. In the past, investigations have avoided 
such systems, concentrating on polymers which exhibit optical transparency in the 
near infrared. Loss measurements in waveguides have demonstrated, however, that 
absorption forms only a small fraction of overall losses, scattering in waveguides 
proving to be a far greater problem. 

The work reported here describes investigation of the microscopic third-order 
nonlinear optical response of a narrow-gap semiconducting polymer based on the 
polyisothionaphthene (PITN) family (figure 1). 

0950-0340/94 S10-00 © 1994 Taylor & Francis Ltd. 
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I-iRurc 1.     The chemical structure of PITN. 

-\'.'\'\ j''i,;'■;>viT7',■:;■•;^^^:;s;';'^;■! 

Figure 2.     Synthesis of poly(3-/m-butyl)isothionaphthcnc. 

The electrical properties of this polymer have been extensively investigated 
however, tts lack of solubility has prevented any study of the nonlinear optical' 

properties since no form of high optical quality sample has been available   The 

(Tgu^r 1S 3 f°rm °f PITN Whlch iS SO,UbiC m COmm°n 0r8anic SO,VCnts 

The fact that this material is soluble permits the investigation of its nonlinear 

optical properties ,n solution and the fabrication of thin film waveguide structures 

using spin-coat.ng techniques. This investigation of the microscopic third-order 

nonhneanty of two different forms of this material in chloroform solutions is 
described herein. 

2.    Synthesis of poly(^rf-butylisothionaphthene) 

2.1.  Synthesis of -I'-ten-butyl 1,2,dunethylbenzene 

2.1.1.  By the method of Lanier and Peters [J]. 

106-2g (1 mol) 0-xylene and 921 g (1 mol) ter,-buty\ chlor.de were well mixed 

(magnetic sfrrer). M g of anhydrous ferric chloride was added slowlv (30 min) at 

room temperature. When the evolution of HC1 had stopped, excess ,„,-butvl 
chlor.de (20-5 g) was added and the mixture stirred for a further hour. It was then 

heated ,n a water bath for 15 min (turning brown at approximate!v 650°C) and 

filtered through charcoal (125 g). The resulting yellow solution was'distilled and 
various fractions of colourless liquid  were collected (boiling points    155-1750 

85  2000 and 205-2100'C, The highest boihng fraction was folnd to belibutvi 
l.Adimethylbcnzene with a yield of 90-6 g (558%). 

2.1.2. By the method of Nightengale et al. [4] 

12-5g anhydrous ferric chloride was dissolved in 150ml dry o-xvlene in a 1 1 

dL"nsLtlv( I8 feqU,HPCd With
f" 

reür COndCnSCr- 25ß ^-^tyl chloride was 
with a .      T .r°PPing fUnnd While thC mixtUrC was stirred ™« kept cool 

(u.th an ,ce and salt bath at approximately 00°C). It was stirred under reflux for a 
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further 6h and the temperature was not allowed to rise above 100°C. It was poured 
into 100g of ice in 100g HC1 (to decompose it). The top layer was extracted with 
petroleum ether (30-400°C) and washed and dried. The solvent and excess o-xylene 
were distilled off (in vacuo) and the product collected by vacuum distillation (500°C; 
17mbar) with a yield of 19-6g (44-7%). 

^Ks^i/iis^f^iii^iiife&gfss;;; <SvK*»5*   >si« 

2.2. Preparation of 1,2-bis(bromomethyl)-4-tert-butylbeuzene 

2.2.1.   Using the method of Pini et al. [5] 
8125 g tert-buty\ o-xylene (0-05 mol), 17-8g ./V-bromosuccinimide (01 mol), 

0-2g 2-(4-biphenyl)-5-phenyloxazole (BPO) and 50 ml of dry CCU were placed in 
a 250 ml round-bottomed flask and refluxed with stirring (magnetically) in the dark 
under nitrogen for 3 h. The mixture was left overnight at room temperature (under 
the same conditions); then it was filtered (to remove the succinimide) and the solvent 
removed (in vacuo). The product was collected by vacuum distillation (116—1180°C 
at 0-12 Torr) with a yield of 4-66 g (29%). 

2.3. Preparation of 1,3,dihydro-4-tert-butylisothionaphthene 

2.3.1.   Using the method of Cava and Deana [6] 
105g (0013 mol) sodium sulphide dehydrate was dissolved in 75 ml of dry 

ethanol in a 250 ml round-bottomed two-necked flask fitted with a magnetic stirrer 
and condenser. 3-98g (0012mol) l,2-bis(bromomethyl)4-te»t-butylbenzene was 
added dropwise during 30 min. The solution went from pale blue to bright yellow. 
It was refluxed for 1 h and the ethanol removed in vacuo. The remaining brown-black 
oil was dissolved in methylene chloride and filtered to remove sodium bromide. The 
CH2CI2 was removed in vacuo and the final product obtained by vacuum distillation 
(p = 6X 10"2Torr; T=880°C) with a yield of l-53g(64%). 

2.4. Polymerization of 4-tert-butyl-l,3,dihydroisothionaphtherie 

2.4.1.  Oxygen-promoted solid-state polymerization 
1 g of the monomer (4-£er£-butyl-l,3-dihydroisothianaphthene) was left un- 

covered in air in a glove-box for 3 weeks. Infrared spectra were taken at regular 
intervals and finally ultraviolet and nuclear magnetic resonance (NMR) spectra 
after washing with methanol to remove monomer. Gas-phase chromatography 
(GPC) indicated a polymer of weight-averaged molecular weight 13 091 and 
number-averaged molecular weight 5569. 

2.4.2. Chemical cationic oxidative polymerization with ferric chloride (using the method 
of Pomerantz et al. [7]) 

3-6mmol thiophene (0-7g) was placed into a three-necked flask equipped with 
a condenser and drying tube, a dropping funnel and an inlet for dry air. 05 g 
anhydrous FeCU, dissolved in 50 ml chloroform was added (20 min). The solution 
was then warmed to 500°C and stirred for 24 h, with air bubbling through. The black 
solution was then washed with water to remove the FeClj. 20 ml concentrated NH3 
was added and the solution stirred for 30 min at room temperature. It was then 
washed several times with water and dried over MgSO-i. The solvent was removed 
in vacuo and the low-molecular-weight fractions removed by Soxhlet extraction with 
methanol, giving a yield of 0-25 g (36-48%). 
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The experiment was repeated using monomer recovered from the methano! 
wash, giving a total yield of 53-1 1%. 

GPC showed a high-molecular-weight polymer of weight-averaged molecular 
weight and number-averaged molecular weight 10 842 Thestructur 
bv XMR. ire was confirmed 

,-««{**>>,.J 

2.4.3.^ Chemical catinnic free-radical polymerization 

0-75 g 4-/r,/-butvl-1,3-d,hydro,sothionaPhthene was dissolved in 200ml CC|, 
A pinch (0-1 g) of BPO was added and the mixture heated under reflux (in a nitrogen 
atmosphere) for 24 h. Upon filtration a black powder was obtained. This was washed 
with methanol and dried in racuo. 

GPC indicated a polymer of weight-averaged molecular weight 3901 and 
number-averaged molecular weight 3862. 

3.     Experimental details 

The experimental method employed in these studies was that of forced light 
scattering from laser-induced gratings, a technique which mav be viewed as a 
degenerate four-wave mixing process in the forward direction [8]. The light source 
is an amplified, passively mode-locked Xd1 +-doped yttritum aluminium garnet 
laser emitting linearly polarized pulses of 50 ± 25 ps duration and of wavelength 
/. - 1 -064 urn at a repetition rate of 3 Hz. Peak powers of up to 50 MW were readilv 
available. I he experimental method is described in detail elsewhere [9] and the 
set-up ,s dep.cted schematically in figure 3. It is based on the interference at the 
sample of two spatially and temporally overlapped beams, producing a spatial 
modulation of the intensity dependent refractive index of the material This 
modulation acts as a diffraction grating from which the pulses may self-diffract 
Under thin-grating conditions [8], satisfied experimentally bv keeping the angle 
between the two beams small (less than 1°), an expression relating the diffraction 
efficiency, ,, mto the first order, to the third-order material nonlinearitv mav be 
derived: 

.,(3)i _-W«2;y/2 

l/,3,l 
3ndln (1) 

where r ,s the speed of light, ,„ is the permittivity of free space, „ is the refractive 
index of the sample, d is the sample thickness and /„ is the input pulse intensity In 
the experiments reported here, d= 1 mm and „ is taken to be the refractive index of 
the solvent because of the low fractional volume of solute. Equation (1) holds for 
materials which are transparent at the operating wavelength. Although there is some 

Beamsplitter Delay Line 

Photodiode 

Figure 3.     Experimental set-up for the self-diffract ion techn lque. 
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small absorption at the operating wavelength, the effective refractive index and thus 
the effective sample thickness may be considered to be that of the refractive index 
of the solvent and the sample cell path length respectively. 

It can be seen from equation (1) that verification of the presence of a true 
third-order nonlinear process may be performed by monitoring the intensity 
dependence of the diffraction efficiency. For a true third-order process, 

I] = -0.1   , 
•»0 

(2) 

where /, is the intensity diffracted into the first order. Such verification is important 
as fifth- and seventh-order processes, originating in two- and three-photon resonant 
enhancement of the material nonlineanties, have been observed in organic 

conjugated materials [9,10]. 

I/ ,(3)| „ i may have both real and imaginary components originating from the solute 
as well as a contribution yfl from the solvent, which is purely real and positive in 
the case of most organic solvents, including chloroform [11]. For the concentration 
range employed in this work the solute fractional volume is negligible. Thus, 

(3) „(3K2-.1/2 
|/<3)| = [(zio!, + Rez(s«!)2 + (im£!)2] 

where Re/(
S
3J and Im/(

s
3! are the real and imaginary components of the material 

nonhnearity. Bv monitoring the concentration dependence of \y} >|, the contribution 
-/3! due to the solvent may be extracted and the magnitudes of Re*sol and Imjg 
may be determined. Furthermore the sign of Rej&! may be determined from the 
concentration dependence of the real part of |x(3)|- 

The second molecular hyperpolarizability y is given by 

Ix ,(3)| 

NxCLl 
(4) 

where C is the oligomer concentration, NA is Avogadro's constant and LL is the 
Lorentz local field factor, which for practical purposes is taken to be that of a linear 

molecule and is given by LL = 1 [12]. 

4.    Results 

4.1. Linear absorption . 
Two different types of sample were studied: one of low molecular weight (with 

an average of five repeat units per chain), and one of far h.gher molecular weight 
(of the order of 80 repeat units on average) [13]. The absorption spectrum of the 
higher-molecular-weight sample is shown in figure 4. 

4 2   Nonlinear optical response of the low-molecular-weight sample 
Figure 5 shows the concentration dependence of diffraction efficiency. As already 

described theory predicts a parabolic behaviour. It is clear, however, that there is 
a deviation from such behaviour in this case. At low concentrations the dependence 
of the diffraction efficiency is parabolic. At a certain limit, however, this dependence 
begins to deviate before returning at higher concentrations to a second parabolic 
behaviour Such behaviour is not well understood but is clearly due to some 
form of interaction between polymer chains. However, this behaviour has been 
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F.gure 6.     Fit of concentration to the diffraction efficiency for the low-molecular-weight 
sample (a.u., arbitrary units). 
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Compound 

Poly(3-te«-butyl)isothionaphthene 
(low molecular weight) 

Poly(3-ie^-butyl)isothionaphthene 
(high molecular weight) 

Polythiophene [15] 

y values. 

(m5V2) 

-9X 10~45 

- 1 X 10"45 

-6X10-46 

Wim 

(m5V~2) 

6X10~45 

3X 10"45 

1 X1(T45 

(m5V"2) 

1 X10-44 

4X10-45 

1X10"45 

oncentration (g/1) 

Figure 7.    Concentration depende,ce of the dtffract.on efficiency for the high-mo,ecular- 
weight sample (a.u., arbitrary units). 
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4.3.  Nonlinear optical response of the high-molccular-weight sample 
Figure 7 shows the variation in diffraction efficiency with concentration. As 

before, there is a significant deviation from the behaviour predicted by theory. 
It is interesting to note that the deviation is quite similar to that of the 
low-molecular-weight sample. 

Figure 8 shows the fit employed to calculate the values of y for the 
high-molecular-weight sample. The y values obtained (given in the table) are similar 
to those for the other polymers listed. It should be noted, however, that for this 
sample the wavelength of measurement lies in the band edge, whereas for the other 
compounds in the table the measurement may be considered to have been performed 
off resonance. 

5.    Conclusions 
Nonlinear optical properties of high- and low-molecular-weight narrow- 

bandgap conjugated organic polymers were studied. The concentration dependence 
of the diffraction efficiency shows an unusual behaviour. In the sample where the 
primary absorption is shifted towards the wavelength of measurement, no increase 
in the real and imaginary components of nonlinearity was observed. Further work 
aims to probe the change in nonlinearity through the wavelength region of 1 -0-1-5 m. 
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Introduction 

In the investigation of nonlinear optical materials for application to all- 
optical signal processing, the incorporation of transition metals into conjugated 
organic systems has recently been demonstrated as a possible route towards 
considerably increased off-resonant nonlinear optical response [1]. The pres- 
ence of polarizable transition metals which possess occupied d-orbitals in 
a conjugated backbone should increase the density of polarizable electrons. 
Furthermore, the linear structure imposed on the molecule by the incorporation 
of selected square-planar metal systems as well as the increased processabUity 
provided by solubilizing phosphine groups must be viewed as favourable, 
äs must the environmental and photochemical stability of these systems. In 
our previous study, the incorporation of Group 10 transition metal complexes 
into alkynyl systems was shown to enhance considerably the nonlinear optical 
properties of the organic system [1]. The nature of the interaction of the 
metal centre with the conjugated organic system is as yet unclear, as is the 
trend of metal dependence although a strong dependence on metal size is 
apparent. In an effort to elucidate further the nonlinear optical nature of 
such systems, thiophene and benzothiophene complexes incorporating the 
Group 10 transition metals have been synthesized and studied. As a reference 
point, the terthiophene oligomer (an organic analogue of comparable con- 

1 

T^^^^s^JM^*^»^ 

Abstract 

«rarw-Square-planar Group 10 metal thienyl complexes were synthesized and characterized. 
The linear and nonlinear optical properties were studied in solution, the latter by forward 
degenerate four-wave mixing at 1.064 fim. A strong dependence of the linear and nonlinear 
optical properties on the metal centre was observed, both the lowest energy absorption 
wavelength and second hyperpolarizability decreasing down the metal group. A benzothienyl 
analogue of the nickel complex was similarly synthesized and characterized, both structurally 
and optically. The fused ring is seen to have a favourable influence on the second 
hyperpolarizability. Polymeric analogues of the two nickel complexes were prepared by 
copolymerization. The lowest energy optical transitions are substantially higher than those 
of purely organic analogues and the measured second hyperpolarizabilities compare very 
favourably, being up to 25 times larger than poly[(3-butyl)thiophene]. 

m 
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jugated length) is also studied and measured nonlinearities of the metal 
complexes are found to compare favourably. 

Polythiophene is of interest as a stabilized form of cis-polyacetylene 
[2], but both the linear and nonlinear responses are diminished by the 
influence of free rotation about the inter-ring <r-bond. One approach to limiting 
this free rotation is the inclusion of a benzene ring on the thiophene moiety, 
in the form of polyisothionaphthene [3J. The fused ring acts to reduce the 
electron density of the 2,3-Tr-bond inducing an increase in 7r-character of 
the bond connecting adjacent rings. In order to investigate the influence of 
such a fused ring on the optical and nonlinear optical properties of the 
Group 10 thienyl systems, a nickel benzothienyl analogue was synthesized 
and characterized. This system should provide an understanding of the degree 
of 7r-character of the metal-carbon bond in this family of compounds. 

In order to study larger metal-containing systems, polymers of thiophene 
and benzothiophene incorporating nickel centres in their backbone were also 
synthesized and investigated. The purposes of this exercise were twofold; 
first, to extend the understanding of the nature of the nonlinear optical 
processes of the monomer complexes, secondly to determine the magnitude 
of their third-order nonlinear response and hence evaluate the potential of 
such systems in terms of device applications. 

Chemical synthesis 

The thienyl complexes were synthesized by the reaction of lithiothiophene 
(formed by the reaction of n-butyllithium with thiophene at 0 °C) with the 
appropriate dihalometal phosphine compound to afford the product complexes 
in reasonable yields according to 

2R + 2n-BuLi > 2RLi + n-BuH 

|(PR'3)2C1,M] 

trans-[(PR' 3)2R2M] 

for R = thiophene, R' = ethyl, M = Ni (1), Pd (2) and Pt (3); R = benzothiophene, 
R' = n-butyl, M = Ni (4). 

Single crystal X-ray analysis reveals that these complexes are square- 
planar [4]. Whereas 7r-coordination of thiophene to transition metals has 
been reported [5], this constitutes the first structural data for Group 10 
metal 2-thienyl species. Comparison of X-ray structural data [4] of the 
thiophene and benzothiophene complexes shows that the metal-carbon a- 
bond distance is greater in the case of the benzothienyl complex, indicative 
of a lesser degree of -ir-character. 

Polymers 5 and 6 were also prepared via lithium reagents according to 

[(Bu3P)2Cl2Ni] +RLi2 > [Ni(PBu3)2R]71 
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for 5, R = thiophene and for 6, R = isothionaphthene, the stoichiometry being 
1:1 with respect to conjugated ligand and bis(phosphine)dichlorometal com- 
plex [2]. Although yields of both polymers were poor (of the order of 4-5% 
[4]), 5 proved to possess a remarkably high average degree of polymerization 
(c. 1100 repeat units) [4]. This represents the largest known example (in 
terms of average number of repeat units) of a conjugated organometallic 
polymer. 31P NMR in solution [4] indicates that both polymers are linear 
with respect to the metal centre and hence are considered to be essentially 
one dimensional. 

Nonlinear optical studies 

The experimental method employed for nonlinear optical studies was 
that of forced light scattering from laser-induced gratings, a technique which 
may be viewed as a degenerate four-wave mixing process in the forward 
direction [6] and the experimental conditions are described in detail elsewhere 
[7]. The light source is an amplified, passively mode-locked Nd3+:YAG laser 
emitting linearly polarized pulses of 70 + 25 ps duration and of wavelength 
A = 1.064 /xm at a repetition rate of 3 Hz. Under thin grating conditions [6], 
the diffraction efficiency 77 to the first order may be related to the third- 
order material nonlinearity, \xi3)\ [6]. For a true third-order process, \xi3:i\ 
is a bulk material constant and the diffraction efficiency TJ is proportional 
to the square of the input intensity I0. Verification of the nature of the 
nonlinear process is important as fifth- and seventh-order processes, originating 
in multiphoton resonant enhancement of the material nonlinearities, have 
been observed in organic conjugated materials [7, 8]. 

\xi3:>\ may possess both real and imaginary components originating from 
the solute as well as a contribution from the solvent, xillv, which is purely 
real and positive in the case of most organic solvents including the solvent 
used in this study, chloroform [9]. For the concentration range employed 
in this work, the solute fractional volume is negligible. Thus 

kC3)| = {(Ä + Re xmf + ilmxiW2 CD 
where Re^^l and Im^^ are the real and imaginary components of the 
solute nonlinearity. By monitoring the concentration dependence of \xi3\ 
the contribution xilh due to the solvent may be extracted and the magnitude 
of Re xil\ and Im x^>\ thus determined. Furthermore the sign of Re xS>\ may 
be determined from the concentration dependence of the real component 
of \xca\ 

For the purposes of comparison of material nonlinearities, the third- 
order molecular hyperpolarizability, given by 

kC3)l 
171 = NACLS 

(2) 

should be used, where C is the solute molar concentration, NA is Avogadro's 
constant and LL is the Lorentz local field factor, which for these compounds 
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is taken to be that of a rigid rod, one-dimensional system given by L, = 1 
1101. \y\ may similarly be resolved into real and imaginary components y, 
and ylt and as already mentioned provides the most accurate means of 
comparing the nonlinearities of systems on a molecular scale. When considering 
the polymeric systems, y is calculated per repeat unit 

Results and discussion 

;WA^->:-f,;v^5^!jw.;^^\i!^v;;^;j--: 

Optical properties of the monomer complexes 
All of the metal systems were found to be soluble in chloroform as 

was the terthiophene oligomer. In Fig. 1, the UV/Vis absorption spectra of 
the complexes are plotted along with that of terthiophene. Of interest is the 
positioning of the longest wavelength absorption maximum, which is seen 
to vary from 374 nm for 1, through 330 nm for 2, to 320 nm for 3 It 
should be noted that this trend of decreasing maximum absorption wavelength 
with increasing metal atomic number has also been observed in alkynyl 
complexes of the Group 10 metals [ 1 ]. Terthiophene has its longest wavelength 
absorption maximum at an intermediate value of 355 nm 

A series of chloroform solutions of graded concentration was prepared 
tor each metal complex. Maximum concentrations used were 0 93 3 5 and 
J.4 g/1 for 1, 2 and 3, respectively, and 0.9 g/1 for 4. Solutions of terthiophene 
were prepared in chloroform to a maximum concentration of 2 2 e/l Mea- 
surements of diffraction efficiency as a function of pump intensity and solution 
concentration were performed by monitoring the pump and first-order dif- 
fracted beams with calibrated photodiodes and a digital storage oscilloscope 

Lambda (nm) 500 

Fi^l. UV/VLs absorption spectra of the thienyl complexes (1, 2 and 3) and terthiophene 



;^#^$^*^^ 

165 

resonance enhancement flt\Z° the
9
irlmear Process of a multiphoton 

dependence ofr^^L^^^^™^ 
exhibits a slope of approximated^M hit § U°n °f * Which 

influence of the mSZ? 5g       concentrations, however, the 

of the intensity dependence ol the ntf?',aStronSvariation™th concentration 

Intensity (W/m2) 

Fig. 2. InPut intensity dependence of action efficiency for a 0.0675 g/l solution of 1. 



1G(> 

0.4 0.6 

Concentration (g/1) 

Fig. 3. Variation of the order a of input intensity (/") dependence of diffraction efficiency 
with concentration in solutions of 1. 
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Fig. 4. Concentration dependence of normalized diffraction efficiency for solutions of 2. 

This observation tends to suggest that aggregation effects shift the energy 
positioning of the multiphoton absorption. 

For the other metal complexes as well as solutions of terthiophenc, 
although no influence of multiphoton effects are apparent, the concentration 
dependence of diffraction efficiency is far from the parabolic dependence 
predicted by a sum over the response of individual molecules. Figure 4 
shows, for example, the concentration dependence of normalized diffraction 
efficiency (77//2) of solutions of 2. A dependence close to parabolic may be 
seen at low concentrations, the initial decrease indicating a negative real 
component of the nonlinear susceptibility of the solute, but with increasing 
concentration the dependence deviates strongly from the theoretically pre- 
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dieted parabolic behaviour  A similar- K U    - 

for polymers [12J our re^tsfnX e thaT0" ^ ^ ^^ °bse™d 

role in these mönomeric svterns ^ ^^on ^ P^ * significant 
associated with interch™ ZtZ i ^ ***** anaI°gous to th°se 
greater detail elsewhere^] ?   ^^ ™S P°int is discussed in 

estimlTo^ complicates matters, an 

concentration dependenc^T^ 
no multiphoton effects are observed The ^Z™***™ regions where 
components of the nuHeSTSSrS^SE JT*8 ^ ** rGSpeCtive 

are given in Table l.Clearlv a trend nHn °r Gach metal complex 

r decrease «cmUc^Ä "g££^™*™*»^ 
the mcrease in maximum absorption wal    1   K i   1S consistent with 
spectra, indicating that thepTsiZlJ   f 5

h °bserved « the linear optical 
correlated with thf offi«S °f ^ ,Primaiy resonance may be 
in a similar way to puxely oXicTcTn   T? Pr°PeitieS °f the moIecule 
be noted that the m^LesT^ZT*     * SyStemS [13]" R should also 
are large despite thffeSthat noTI^ C°mponent of th* nonlinearity 
observed and, where it i f tlZ^T^ abso^tion * necessarily 
»thefitäi«proce8S.TlLo^^bS       *" n0nlineari* * extract J 
by the fact that any polarizaZ hXH' UnC°™°n and ma^ be explained 
tron-lattice coupling gSngrTseto LsiS W * ****" WU1 rGSUlt fa elec" 
imaginary component! arei^b^     Z™^ HenC6' ^ciable 
the degree of polarization Z^telrge " ^^ SySt6mS where 

nonÄÄ °f ^th the *near and 
observed in previous studies ofthTl? I ^^ C°nfilTO the trend« 
of Group 10 metal aCyl spec "s Ti Aul T^ °PtiCal Properties 

CNDO/SCF, may eaSily^ccOUnt for the H^^ '"^ m°de,S' Such ** 
of nickel complexes and thoseothe tr2 Tf betWeen the proPerties 

from size effects, a oonaü^Ä^^^J1 

Propert.es of conjugated organic systems «C^ÄT^ 

TABLE 1 

Experimentally deduced values of y for the thienyl systems 

1 
2 
3 
4 

Terthiophene 
5 
6 

Poly [ (3-butyl)thiophene ] 

-5.IX10-46 

-6.9X1CT47 

-2.5X1CT47 

-2X1CT46 

-3.4X10-"7 

-1.7X10-44 

-3X10~45 

-6X1CT46 

4.6X10-46 

1.3X10"46 

6.0X10"47 

1X10"45 

7.8X10"47 

2.0X10-"4 

lxlO-45 

IXICT45 

6.8xi(T46 

1.5X1CT46 

6.5 X10-47 

1X10-45 

8.5X1CT47 

2.6X10"44 

3X10-45 

1X10"45 

L 
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mum. Such differences may not simply be accounted for by size effects and 
an understanding of the trends in the metal dependence of the linear and 
nonlinear optical properties of these systems may be central to a complete 
understanding of the incorporation of metal centres into conjugated organic 
systems.  Future modelling will be based  on Fenske-Hall calculations of 
crystallographic data which should provide an insight into the transitions 
winch provide the origin of the nonlinear behaviour of this family of systems 
I he value of |y|  for terthiophene is one order of magnitude lower than 
previously reported [14], probably due to the fact that the original mea- 
surements were performed closer to resonance (602 nm). In terms of magnitude 
of response, 3 compares well with the purely organic terthiophene system 
although the lower value of its longest wavelength absorption would suggest 
a lesser degree of electron delocalization in the d^ system. Both 1 and 
2 exhibit second molecular hyperpolarizabilities which are significantly higher 
than that of terthiophene. Indeed that of 1 is almost one order of magnitude 
greater. ° 

The absorption spectrum of 4 is shown in Fig. 5. The longest wavelength 
absorption maximum is at 395 nm. This is consistent with a decrease in 
the d -pw character of the metal-carbon bond compared to 1, also manifest 
as a longer bond in the X-ray structure [4]. In terms of nonlinear behaviour 
the response of 4 is seen to be purely third order in nature over the 
concentration range employed. It is somewhat surprising that no multiphoton 
influence is observed in solutions of 4 and emphasizes the fact that the 
origin of such multiphoton phenomena are not well understood. The second 
hyperpolanzability was measured and is given in Table 1. Significantly the 
value is higher than that of 1 despite the reduction of Tr-character in the 
metal-carbon bond. This points to an origin of the nonlinear process in 
these materials similar to that suggested by Cheng et cd. [15] whereby the 
third-order nonlinear optical response of transition-metal corrugated organic 

Ijmbda (nm) 

Fig. 5. UV/Vis absorption spectrum of 4. 
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complexes is dominated by a metal-ligand charge transfer. The effect of the 
electron-withdrawing fused ring therefore seems to be to increase the degree 
of charge transfer to the most proximate antibonding T7-orbital and, thus, 
increase the polarizability of the complex. |y| for complex 4 is in excess of 
one order of magnitude greater than terthiophene and possesses a remarkably 
high third-order nonlinearity approaching that of poly[(3-butyl)thiophene] 
[2j. 

;^Ä^M(*:^^^j^'>^^^^^^p^>^;W-.:; 

Optical properties of the polymeric systems 
Polymer 5 
The polymer was dissolved in chloroform; the maximum concentration 

studied was 1.63 g/1. Figure 6 illustrates the visible absorption spectrum of 
5 and 6. The spectrum exhibits a broadband absorption with the maximum 
wavelength peak situated at 515 nm. This would suggest that, compared to 
1, the polymer possesses a far greater degree of ir-conjugation. Polymer 5 
does not, however, strongly absorb at longer wavelengths where, for example, 
poly[(3-butyl)thiophene] (a comparable totally organic polymer) absorbs, 
suggesting that at least in the ground state, the presence of the transition 
metal centres in the organic backbone seems to act as a defect to extended 
•^--conjugation. It should be noted, however, that a similar observation has 
previously been made in the case of Group 10 metal alkynyl polymers [1], 
where it was found that the third nonlinear optical properties of a conjugated 
polymeric system were significantly enhanced compared to analogous totally 
organic systems by the presence of Group 10 metal centres, particularly 
nickel, in the backbone despite relatively shorter maximum absorption wave- 
lengths. 

In contrast to complex 1, monitoring the pump intensity as a function 
of diffraction efficiency revealed that polymer 5 exhibits no behaviour char- 

580 680 
Lambda (nm) 

Fig. 6. Visible absorption spectra of polymers 5 and 6. 
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actens ,c of concentration-dependent multiphoton resonance effects Tins is 
Probably not altogether surprising since the energy positioning of uch 
resonanccs 1S thought to be strongly dependent on the electron dhtrLtion 
withm a system, this distribution being likely to differ dramaticalThen 
comparing monomer to polymer. 

in TaNeT5,0110 *•♦? <:0ncentration to l*(T for 5 leads to values of y listed 
SI'IWlth those of poly[C3-butyDthiophene] [16] for comparison. 
Clear ly, the presence of nickel centres in the conjugated backbone of the 

'™:H
S
 
thC Hhird'°rdCr ^polarizability of the system, h sho Id 

be noted that this enhancement of nonlinearity occurs despite a smaller 
relative maximum absorption wavelength in the UV/V.s spectrum ^haUs to 
say the metal would appear to behave as a defect to electronic corfiuLtion 

Told (l
grOUnd,StatC- In thG GXCited StatC' the reverse situation apTefrs" 

Hold the me al centre acting as an efficient conjugation linkage. This noim 
emphases the need for excited state spectroscopic study of fhese systems 
using techniques such as pump and probe experiments £ order to achieve 

Ä "sding °f thC natUrC °f thC — P— which^Z 

Polymer 6 

en Zt T TnS °f thC P°lymer of ««Kimum concentration 1 05 
g/1 were prepared and measured in the normal manner. As was the case for 
5, the visible spectrum of 6 consists of a broadband absorption wTth a 
maximum absorption wavelength peak at 580 nm (see Fig   6) 

The four-wave mixing experiment was performed in the usual manner 
Monitoring of diffraction efficiency as a function of pump intensity Thowed 
hat the nonlinear behaviour of the polymer was close to third Se^tZS 

^h,e0snofT^n rge eTPl°yed fa thC e*P«*™nt. Parabolic fitting prodded 
vah,es of third-order molecular nonlinearity given in Table 1. U for 6 is 
somewhat lower than that of 5 implying that the presence of the fused 
benzene moiety does not enhance the hyperpolarizLity of the polder 
The large imaginary component of the nonlinearity of 6 is in agreement w.^h 
observations of the behaviour of 4 and would again perhaps suggest" l^c 

ddÄlTÄ^e polarization to vibronic stetcs ^ ^ ~ 
In terms of extrapolation of monomer nonlinearity to the polymer  the 

latter would appear to behave optically as a system somewhat smaller than 

K 4°) NT" IS HkCly t0 bC dUC t0 a HmitCd dCgrCC °f P^rizaUon 

Conclusions 

meta IcomoTexe;^ ^ °f ^ facoiPoration of Group 10 transition 
t^elucrstudied   h     ramC COiyUgatcd s^tems h-e been extended to 
the much studied thiophene system. This illustrates the scope available for 
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the incorporation of metal centres into well-characterized organic conjugated 
systems. The study of the metal dependence of molecular hyperpolarizabilities 
of the metal thiophene complexes confirms the trends observed in previous 
studies, indicating that optimum interaction of metal d-electrons with the 
organic conjugated system occurs in the case of nickel. The magnitudes of 
the nonlinear response for both the nickel and palladium thiophene complexes 
are substantially larger than that of terthiophene, a purely organic conjugated 
analogue. This result is also consistent with previous studies and confirms 
that, in the search for organic materials for nonlinear optical applications, 
incorporation of metallic centres is a worthwhile pursuit. The effect of the 
fused benzene ring in the benzothienyl complex (4) is seen to reduce the 
degree of -^-character of the metal-carbon bond. The observed increase in 
the nonlinear optical response points towards transfer of charge from a non- 
bonding metal d-orbital to the most proximate antibonding ligand 7r-orbital 
as dominating the third-order nonlinear process and provides a guideline for 
the optimization of the nonlinear optical characteristics of these materials. 
Studies on two thiophene-based polymers incorporating nickel centres into 
the backbone have shown that very large nonlinearities are possible for such 
systems, values obtained comparing very favourably with similar organic 
systems. 
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Abstract 

The second molecular hyperpolarizabilities (y) of a group of conjugated organometallic systems have been 
measured off-resonance (1.064 Mm) using forward degenerate four-wave mixing. The effect on the optical properties 
ol introducing more than one metal centre into a conjugated organic backbone was studied. The effect of changing 
the size of solubihzing substituents was also investigated. Results demonstrate that the presence of two metals 
in the backbone of a conjugated organic compound serves to enhance the third-order nonlinearity in comparison 
to monometallic systems. v 

Introduction 

The nonlinear optical properties of organometallic 
compounds have recently attracted a great deal of 
attention [1]. The presence of transition metals in the 
backbone of conjugated organic systems has already 
been shown to enhance substantially the electronic 
third-order nonlinearity [2]. In this paper we present 
a study of mono- and bimetallic compounds similar in 
structure to those studied previously. Group 10 tran- 
sition-metal compounds are probably the most well- 
studied organometallic systems for electronic third-order 
nonlinearity. It is therefore possible to compare the 
second molecular hyperpolarizabilities (y) of these com- 
pounds with values for those reported in the literature 
for structurally related species. 

The geometry of these molecules (with respect to 
the metal) is fra/w-square-planar. The conjugated or- 
ganic fragments utilized here are the diethynyl and p- 
diethynylbenzene moieties. The structures of the com- 
pounds are illustrated in Fig. 1. 

The chemical synthesis and characterization of these 
compounds are reported elsewhere [3]. Due to the 
geometry of the metal coordination and the conjugated 
organic ligands employed, the electronic structure in 
these molecules is linear or quasi-one-dimensional. This 
is an important consideration in the context of correction 

,™3 
-|-Ni-0=c- 

For Compound 1; R = n-Butyl 
For Compound 2; R = n-Octyl 

\      / 
O^C-fc- 

,P(C8H17), 
-f-Ni-O=0— CsEC-t 
P(C8H17)3 

Compound 3 

(C6HS)2I<     NP(C6H5)2 

H3C-Pd Pd-CH3 

(C6H5)2P     /P(C6HS)2 

CH2 

Compound 4 

yc\2 
(C6H5)2/    x 

Pd Pd-CssC- XI o=c-fc- 
(C6H5)2P      /P(C6H5)2 

CH2 

Compound 5 

Fig. 1. Structures of the compounds studied. 

for local field effects in calculation of hyperpolariza- 
bilities. 
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The compounds were studied for two purposes: com- 
pounds 1, 2 and 3 in order to assess the effect of larger 
solubilizing substitucnts (PR3 groups); and compounds 
4 and 5 in order to assess the effect of two metal 
centres (bonded to each other) present in a conjugated 
organic polymer backbone. 

Experimental 

The experimental method employed for nonlinear 
optical studies was that of forced light scattering from 
laser-induced gratings, a technique which may be viewed 
as a degenerate four-wave mixing process in the forward 
direction [4] and the experimental conditions are de- 
scribed in detail elsewhere [5a]. The light source is an 
amplified, passively mode-locked Nd3 + :YAG laser emit- 
ting linearly polarized pulses of 70 ±25 ps duration and 
of wavelength A =1.064 /xm at a repetition rate of 3 
Hz. Under thin grating conditions [4], the diffraction 
efficiency (77) with respect to first order may be related 
to the third-order material nonlinearity, |A'

<3)
| [4]. For 

a true third-order process, |^<3)| is a bulk material 
constant and the diffraction efficiency, 77, is proportional 
to the square of the input intensity, I0. Verification of 
the nature of the nonlinear process is important as 
fifth- and seventh-order processes, originating in mul- 
tiphoton resonant enhancement of the material non- 
linearity, have been observed in conjugated materials 

[5]. 
|A"

<3)
| (the measured bulk susceptibility) possesses both 

a real and an imaginary component originating from 
the solute (IA^UI) as well as a contribution from the 
solvent (IA'SIVI). which is purely real and positive in the 
case of common organic solvents including the one 
used in this study, chloroform [6]. For the concentration 
range employed in this work, the solute fractional volume 
is negligible. Thus: 

,(3)\2ll/2 
|A-(3)| = [(A + Rc^302+(Im^02] 

where RCA'S and Im*S are the real and imaginary 
components of the solute nonlinearity. By monitoring 
the concentration dependence of |A-

(3)
|, the contribution 

xill may be extracted and the magnitude of |Re x?J\\ 
and |Im A'SI thus determined. Furthermore, the sign 
of Re xil\ may be determined from the concentration 
dependence of the real component of \x(3)\- 

For the purposes of comparison of molecular non- 
linearities, the nonlinearity per molecule, i.e., the second 
hyperpolarizability: 

M= r 
NACLt. 

(2) 

should be used, where C is the solute molar concen- 
tration and NA is Avagadro's constant. The Lorentz 

local field factor, LL, is taken to be that of a rigid rod, 
one-dimensional system given by L^=\ [7]. Similarly 
to IA^'LI. M may bc separated into real and imaginary 
components, yR and y„ and, as already mentioned, 
provides the most accurate means of comparing the 
nonlincarities of systems on a molecular scale. When 
considering the polymeric systems, y is calculated per 

repeat unit. 

Results 

All of the compounds discussed here arc soluble in 
chloroform and so, for the sake of consistency, this 
solvent was employed throughout the experiments. A 
series of solutions of graded concentration was prepared 
for each compound. 

Nonlinear optical properties of compounds 1, 2 and 3 
For these compounds, the maximum concentrations 

employed were: compound 1, 0.95 g l"1; compound 2, 
0.22 g l"1; compound 3, 1.00 g 1_1. 

The intensity dependence of diffraction efficiency was 
monitored for the compounds throughout their con- 
centration ranges. The behaviour of all three was found 
to be purely third order. This observation agrees with 
previously reported work [2, 8] on similar polymeric 
systems and is discussed in greater detail therein. 

First, the concentration dependence of \x(3)\2 for all 
three compounds reveals a negative real component of 
the nonlinearity indicated by an initial decrease of IA^I

2 

induced by a negative real component initially cancelling 
a positive contribution from the solvent (see Fig. 2). 
Secondly, the minima of these plots for all three com- 
pounds are found to be non-zero indicating that all 
three possess a finite imaginary component. All three 
compounds exhibit a non-ideal conccntration-dcpcn- 

(1)       dent behaviour. At low concentrations, |A-
(3)

|
2
 varies 

o. 1 0.2 0.3 

Concentration 

Fig. 2. Concentration (g l"1) dependence of |*(3)|2 (m4 V~") for 
compounds 1, 2 and 3. 
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parabolically as a function of concentration (as theory 
predicts, see eqn. (1)). At higher concentrations, how- 
ever, a saturation of the nonlinearity is apparent (Fig. 
2). This behaviour has been reported for both organic 
polymers and for organometallic molecules [2]. This 
saturation is thought to arise from molecular aggregation 
and represents a severe limitation for practical appli- 
cation in solid devices because it implies a reduction 
of the nonlinearity in the solid state compared to the 
case of a low-concentration solution where there is no 
interaction. 

A fit to the low-concentration regions (where par- 
abolic behaviour is observed) of the concentration de- 
pendence of |AT

(3)
|
2
 gives values of second molecular 

hyperpolarizability (y) for the three compounds. These 
values are listed in Table 1 along with values reported 
for similar compounds. It can be seen by comparison 
of the y values of 1, 2 and 3 and of the previously 
reported [Ni(PBu3)2C4]„ that an increase in the size 
of the PR3 substituent leads to an increase in the 
magnitude of the third-order nonlinearity. This is some- 
what surprising since the size of the solubilizing sub- 
stituent should not affect the electronic structure. It 
is possible that, by increasing the bulk of the substituent, 
there is some form of reduction of intermolecular 
interaction. Further studies are in progress which aim 
to extend the understanding of the nature of inter- 
molecular interaction in the nonlinear regime for such 
systems. 

Nonlinear optical properties of compounds 4 and 5 
As already mentioned, the purpose of studying com- 

pounds 4 and 5 was to establish whether the presence 
of a bimetallic moiety in the backbone of a conjugated 
organic polymer serves to enhance the third-order non- 
linearity to a greater degree than for monometallic 
systems. In this case, a comparison of the nonlinearity 
of 4 with 5, and of 5 with related monometallic polymeric 

TABLE 1. Second molecular hyperpolarizabilities3 for the com- 
pounds studied along with those of related polymers for com- 
parison 

Compound 7Re lrin.1 Irl 
(m5 V"2) (m5 V"2) (m5 V-2) 

1 -1X1(T45 2X10"45 2X1CT45 

2 -4X10-"5 lXlO-44 lXlO-44 

3 -4X10-45 3xl(T45 5X10"45 

4 -lxHT46 2X1CT46 2xl0-46 

5 -2X10"45 2xirr45 2X1(T45 

[Pt(PBu3)2C4]„ [8] -1XKT45 2X10_4S 2X10"45 

[Ni(PBu3)2C4]„ [8] -3XKT45 2xifr45 4X10"45 

4BCMU (polydiacetylene- 
chloroform solution [5a] 2X1CT45 

"To convert values to e.s.u., divide by 1.4X10" 

systems provides a reasonable relative measure of the 
nonlinearity arising from the bimetallic palladium unit. 

The samples were measured in the same manner as 
already described for 1, 2 and 3. The values of y for 
the two compounds are listed in Table 1 along with 
values (previously measured and reported [8]) for two 
related monometallic polymers. It seems from these 
values that the bimetallic unit contributes significantly 
to the real component of the electronic nonlinearity. 
The values of y for 5 are significantly greater than 
those of 4. This indicates that the nonlinearity of 5 
arises from electron delocalization in the excited state 
which may be enhanced by the presence of the bimetallic 
palladium moiety. Ideally, one would like to be able 
to compare the nonlinearity of 5 with the purely organic 
equivalent, poly(para-phenylene ethynylene). Unfor- 
tunately, this polymer is intractable which explains the 
absence of any measurement of nonlinearity in the 
literature. The synthesis of an alkyl-substituted soluble 
form is a major synthetic task which is beyond the 
scope of this paper. 

In comparing the nonlinearity of compound 5 with 
the monometallic nickel-containing polymers, it should 
be noted that previous work [8] has shown that, in 
general, the latter tend to exhibit a greater real com- 
ponent of the nonlinear response than equivalent pal- 
ladium-containing compounds. The nonlinearity of com- 
pound 5 does, however, compare favourably with a 
monometallic platinum-containing polymer, suggesting 
that the presence of more than one metal centre in 
the polymer backbone may well enhance the third- 
order nonlinearity. 

Conclusions 

Two factors which affect the third-order nonlinearity 
of conjugated organometallic polymers have been in- 
vestigated; first, the effect of larger polymer side groups 
and, secondly, the effect of the presence of bimetallic 
(as compared to monometallic) moieties in the polymer 
backbone. The results of four-wave mixing experiments 
indicate that the presence of bulkier substituents en- 
hances the third-order nonlinearity, perhaps by reducing 
the degree of intermolecular interaction. Also, it seems 
clear that bimetallic units serve to increase the non- 
linearity in such systems when compared to related 
monometallic polymers. 

In view of these results, studies on conjugated 
metal-organic polymers which employ small cluster 
frameworks with large substituent groups should be 
studied, with a view to further increasing the third- 
order nonlinearities of such systems. 
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ABSTRACT 
The optical properties (both linear and nonlinear) of a series of conjugated group 10 transition- 

metal (Ni, Pd, and Pt) organometallic systems have been studied. A strong dependence of the 

maximum absorption wavelength (kmax) on metal centre for a fixed conjugated organic system is 

observed in the visible absorption spectrum. The same trends are observed for the values of second 

molecular hyperpolarisability (y) measured using forward degenerate four wave mixing at 1.064p.m. 

A strong dependence of yon conjugated organic system for a fixed metal is also observed. Larger 

organometallic polymeric systems have been shown to possess large second molecular 

hyperpolarisabilities which are remarkably large and compare very well with analogous organic 

systems such as polydiacetylene or polythiophene. The established trends in optical properties have 

led to a good understanding of the nature of the interaction of metal with organic system in this family 

of compounds in the nonlinear regime. 

INTRODUCTION 
Over the last few years, as an extension to studies of conjugated organic systems for potential 

application in the field of nonlinear optics, conjugated organometallic systems have begun to be 

investigated [1]- Intuitively, one would expect that the presence of low oxidation state transition- 

metals situated in the backbone of a conjugated organic polymer might serve to enhance the 

polarisability of such systems as compared to purely organic analogues. One family of such • 

organometallic systems are the group 10 transition metal diethynyl polymers first synthesised by 

Hagihara et al [2]. In these polymers, a group 10 transition metal (nickel, palladium or platinum) is 

o-bonded to a carbon-carbon triple bond. The coordination geometry with respect to the metal is trans 

square-planar leading to a linear, rigid-rod conjugated polymer backbone. 

Elsevier Sequoia 
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As an extension to this series, we have produced and studied a family of group .0 meta./2-thienyl 

systems whose structure is depicted in Figure 1 which are similarly linear in structure to the 

organometallic diethynyl system:, previously produced. 
PR 3 

X 

 R' M—R'  

PR3 

For Monomers ([M(PR3)2R'2 
R' = C8H5 (Phenylethynyl); M = Ni, Pd, Pi; R = C2H5 

R' = C, (Diethynvl); M = Ni, Pd, Pi; R = C2H5 

R' = C4H3S (Thienyl); M = Ni, Pd, Pt; R = C2H5 

and R' = CSH5S (Benzothienyl); M = Ni, R = C4H„ 

For Polymers ([M(PR3)2R'U = R = Q (Diethynyl); M = Ni  P.; R = C4H9 
R' = C4H3S (Thienyl); M = Ni; R = C4H9 

R' = CSH4S (Benzothienyl); M = Ni; R = C4Hy 

Figure 1. Structure of the group 10 transition-metal polymers. 

The question then is what is the precise nature of the metal centre and conjugated system required 

,o optimise the third order nonlinear response of ,h,s family of systems. In order to establish tins, we 

have investigated series of such systems where, firstly the metal and secondly the conjugated organic 

fragment is systematically varied in order .0 gain an understanding of the nature of the interaction 

between the metal centre and the conjugated system in the nonlinear regime. The second molecular 

hyperpolarisabilities (T) of these systems have been probed off-resonance (at 1.064iam) using the 

technique of forward degenerate four-wave mixing. The absolute values of nonlineari.y obtained are 

presented here along with the observed trends linking linear absorption .0 third order nonlinear optical 

response. 

RESULTS 
1 .incar Optical Properties of the OnumornetaJlic^wtenis 

The principal features of the electronic absorption spectra of such systems are a) absorptions 

associated with electron transfer within the organic l.gand (K-K* transitions) and b) absorptions 

associated with transfer of charge from the metal to the conjugated organic ligand. 

Monomer.O^pto In general, for the monomer complexes, a clear trend of increasing 

maximum absorption wavelength (Xm:„) with decreasing metal atomic number may be seen for a 

fixed conjugated organic ligand. Figure 2 illustrates this point; the electronic spectra of the b.s(2- 

thienyl) complexes \M(PE^CAU,S)2\ are given along with terthiophene (a thiophene ohgomer of 

comparable size). 
The most reasonable assignment for this transition is to the transfer of charge from metal .0 

ligand If one assumes such an assignment then i, is clear that the energy associated with this 

transition increases with increasing atomic number. This is perhaps not surprising s.nce as the s.ze of 

the metal increases, so to does the degree of back-bonding between the metal and the conjugated 
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organic ligand [3]. This higher degree of back-bonding in turn leads to a relative increase in the 

energy of the 7t* molecular orbital and hence greater energy associated with transfer of charge from 

the metal to the ligand 71* orbital. This point will be further discussed later in the correlation between 

the linear absorption and the third order nonlinear response of the monomer systems. 

6.0- 

■u   4.0". 

v-, 
O 

2.0- 

0.0 

■ 

Tenhiophene 

■ Pd ,\ \i^n 
\  Pt i   / 

i / 
i / 

i / 
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•       ':   \    '; 
\ '■■         s         \    \ 
\ \   ••'      \ '■■ \\J      v 

\       \\ 

1         <   ■* 
- i      i       i» —i—^ 1 

250 300 350 400 450 
X (nni) 

Figure 2. Electronic absorption spectra of the group 10 metal 2-thienyl monomer complexes. 
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Organometallic polymers. The electronic absorption spectra of the polymers is broadband and red- 

shifted compared to the analogous monomer complexes due to an increase in the conjugation length. 

It is interesting to note that in comparison to related purely organic polymers, the maximum 

absorption wavelength of these polymers is somewhat shorter. This tends to suggest that at least in 

the ground state, the presence of a metal centre in the polymer backbone acts as a defect in terms of 

conjugation length. Figure 3 illustrates this, the absorption spectrum of the polymer 

[Ni(PBu3)2(C4H2S)2]n is given. In comparison, the maximum absorption wavelength for poly(3- 

Butyl)thiophene is 530 nm (see Table 2). 

The maximum absorption wavelength of related polymers has been assigned to a K-n* transition 

[4] which tends to agree with the observation that the introduction of a metal centre widens the energy 

gap of this transition and hence gives rise to a blue-shift of the Xmax compared to analogous purely 

organic polymers. 

Second Molecular Hvperpolarisabilitv (y) of the Oreanometallic Systems 

The experimental method employed for determination of second molecular hyperpolarisability (y) 

is reported elsewhere[5]. When considering the polymeric systems, y is calculated per repeat unit. 

For the sake of consistency in these studies, all samples were dissolved in chloroform . 
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X(nm) 

;trum of the polymer lNi(PBu3)2(C4H2S)2]n ftmax = 515nm). Figure 3. Visible absorption spec 

Ql£mommcMsmm^ All the monomer complexes studied were found to possess large 

values of 7 for systems of their size. In comparison to analogous organic systems of similar s.ze, the 

third order nonlinear response proves to be highly favourable. Values of the real and imagtnary 

components of these systems as well as the overall second molecular hyperpolarisability are g.ven ,n 

Table 1 along with those of analogous purely organic systems of similar size for comparison. 

*j^H^!^^^?>W'i1^Wtv%-Ji*5>,Nv*;>>iS 

TABLE 1 
Second molecular hyperpolarisabilhies (y) of the monomer complexes 

Compound (nm) YRe(m5V-2) 

lNi(P(C2H5)3)2(C4)2) 
[Pd(P(C2H5)3h(C4)2l 
[Pt(P(C2H5)3h(C4)2l 
[Ni(P(C2H5)3)2(C8H5)2l 
[Pd(P(C2H5)3h(C8H5)2] 
[Pt(P(C2H5)3)2(C8H5)2| 
Terdiacetylene   

336 
290 
318 
370 
370 
332 

-7.9xl0-47 

-3.9x10-47 

-1.9xl0-47 

-2.8x10-46 

-2.1xH)-46 

-l.lxlO-46 

lNilP(C2H5)3)2(C4H3S)2l 
|Pd(P(C2H5)3)2(C4H3S)2] 
[Pt(P(C2H5)3)2(C4H3S)2| 
[Ni{P(C4H9)3)2(CgH5S)2] 
Terthiophene        

374 
330 
320 
388 
356 

-5.1 x lO'46 

-6.9 x 10-47 

-2.5 x 10-47 

-2 x 1046 

-3.4 x lO'47 

M.m(mSV-2)    i^KmSy-2) 

1.7xl046 1.9xl046 

9.2xl0"48 

7.7xl0-48 

1.5xl0-46 

3.4xl047 

2.2xl047 

4.0X10-47 

2.1xl0-47 

3.1xl046 

2.1xl0-46 

l.lxlO"46 

l.OxlO47 

4.6 x lO'46 

1.3 x lO"46 

6.0 x 10-47 

1 x lO45 

7.8 x lO"47 

6.8 x lO46 

1.5 x lO46 

6.5 x 10'47 

1 x lO'45 

8.5 x lO47 

It is interesting to note that as well as comparing favourably to organic systems, two clear trends 

also emerge. Firstly, for a given conjugated organic ligand, the trend of decreasing y for varying 

metals is Ni > Pd >Pt. Interestingly, this trend follows that of the electronic absorption spectrum for 

each complex Secondly, for the case of nickel at leas,, varying the conjugated organic ligand g.ves 
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the trend of decreasing y as isothionaphthene (C8H5S) > thiophene (C4H3S) > Phenylacetylid, 

(C8H5) > Diacetylide (C4). Once again, the same trend is observed in the electronic absorptio, 

spectrum. These trends tend to suggest that the origin of the third order nonlinear process in these 

systems ,s dominated by the electronic transition which gives rise to absorption of maximun 

wavelength ,n the electronic spectrum. U one assumes an assignment for this absorption to metal 

hgand (**) charge transfer, then the evidence tends to suggest that the third order nonlinear proces* 

originates in transfer of charge from metal to conjugated organic ligand. Such an origin has beer 

suggested ,n work reported by Cheng « al |6| in which both the second and third order nonlinearitie^ 

of some related transition-metal systems are suggested .0 arise from metal-Iigand charge transfer 

Thts pomt ,s illustrated in Figure 4, the maximun, absorption wavelength for each monomer complex 

.s plotted as a function of the size of the real component of second molecular hyperpolarisability 

The exact nature of the relationship between linear absorption an third order nonlinearity is no. 

clear however, i, is clear that as the energy associated with metal-ligand charge transfer increases so 
to does y. 

•Ti^^jas^^J^i^iS^'iSSS^^jV®?; 

310 330 390 350 370 

X (mil) 

Figure 4. Size of real component of second molecular hyperpolarisabili 

absorption wavelength (Xmax) for the group 10 monomer systems 
ty OYReO versus maximum 

Organometallic Polymers, AH of the organometallic polymers studied here proved to possess large 

nonhneant.es which compare favourably with analogous purely organic polymers. The values of y 

for each system relative to the corresponding monomer complexes are consistently larger inferring an 

enhanced degree of conjugation with the exception of the polymer [Ni(PBU3)2(C8H5S)2]n which 

consists of rather small chains (nav = 9.5) limiting the degree of polarisation in the system Values of 

y for the polymers studied are given in Table 2 along with analogous organic polymers measured 
using the same technique for comparison. 

It is clear that despite the fact that the organometallic polymers possess relatively shorter 

maximum absorption wavelengths, their nonlinearities compare very favourably with organic 



3985 

systems. The presence of metal centres in .he backbone of extended conjugated organic backbone, 

would then seem to enhance the degree of polarisation in the excited state despite limiting it in the 
ground state. 

■ A>^(^v^iistffi«iK«^^) ^tit-i 

TABLE 2 

Uonip°ofunu0nd molecular hvperpolarisabiliiv for the group 10 metal polymers  

«m (mil) Ykc(mSV-2) Mlm (m5 V-2) J-yj (m5 y-2) 

-2.63.\I0-4S 2.41xl0"45 3.57x10-45 
-1.48x10-45        1.74xl0-45 2.28x10-45 

|N1(F(C4H9)3)2(Q)Jn     ' 
[Pt{P(C4H9)3)2(C4)]n 

P4BCMU (Yellow Form) 
P3BCMU (Blue Form) 

41Ü 
360 
440 
630 

lNi(P(C4H9)3)2(C4H2S)]n 5TT 
Poly(3-Butyl)Thiophene 530 

-4x 1()45 

lN1|P(C4H9)3J2(CgH4S)Jn 5SÖ~ 
Poly(2-t-butyl)I.sothionaphthene   945 

-1.7 x 10 44 

-5.7 x HH6 

10-44 

-3x 1045 
-9x 1()45 

2.0 x 10-44 

1.2 x 10-45 

2x 1045 
1.1 x 10"44 

1 x 1045 
6x 1045 

2.6 x 10 44 

1.4 x 10-45 
3 x 1045 
1 x 1044 

CONCLUSIONS 

A series of systematic stud.es of ,he effec, on th.rd order nonlinearity of introducing group .0 

traction meta, centres into conjugated organic systems has been undertake. Results suggest tha the 

h,rd order response ,s dependent on ,he na.ure of .he me.al-carbon bond. Studies on smaller systems 

(—nc complexes) suggest that for the case of th.s famdy of compounds at teas, the smaller the 

co iulT' 8rea,er th£ deSree °f' enhanCemem °r lhC third ^ -n.inearity. Furthermore, 
conjuga, d organic systems ,n which .he degree of back-bonding from meta. ,o carbon is minimised 

prov.de larger th.rd order non„neari„es. Both of these deductions may be rationalised 

onstderanon of molecular orb„al p.cures ,n which the smal.er the metal and the tess n-Zjl 

ack-bond^ng) there is in the metal-carbon bond, the smaller the energy associated with metal-.igand 

charge transfer (the process which appears to dominate .he origin of the third order nonlinearity) 
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