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Organometallic complexes for nonlinear optics.
X. ' Molecular quadratic and cubic hyperpolarizabilities of
systematically varied ( cyclopentadienyl) bis( phosphine) ruthenium

o-arylacetylides: X-ray crystal structure of
Rul( E)-4,4-C = CC,H,CH=CHCH,NO,)(PPh,) (-C H )

Ian R. Whittall *, Marie P. Cifuentes *, Mark G. Humphrey **, Barry Luther-Davies °, Marek
Samoc °, Stephan Houbrechts ¢, André Persoons ©, Graham A. Heath ¢, David C.R. Hockless ¢

* Department of Chemistry, Australian National University, Canberra, ACT 0200, Australia
® Australian Photonics Cooperative Research Centre, Laser Physics Centre, Research School of Physical Sciences and Engineering, Australian
National University, Canberra, ACT 0200, Australia
€ Centre for Research on Molecular Electronics and Photonics, Laboratory of Chemical and Biological Dynamics, University of Leuven,
Celestijnenlaan 200D, Leuven B-3001, Belgium
4 Research School of Chemistry, Australian National University, Canberra, ACT 0200, Australia

Received 7 May 1997; received in revised form 2 July 1997

Abstract

The complexes Ru(4,4'-C = CC¢H,C H,NO,XPPh,),(n-CsH;) and Ru(4,4-C = CCcH,C = CC4H,NO, XPPh,),(n-CsH,) have
been prepared and the latter structurally characterized; they belong to a series of organometallic donor-bridge—acceptor compounds
containing (cyclopentadienyl)bis(phosphine)ruthenium(I1) centres as donors, conjugated arylacetylide bridges, and nitro acceptor groups.
Electrochemical data for the series of complexes Ru(C = CRXPR,),(n-C;Hs) (R=Ph, 4-C,H,NO,, R'=Ph, Me; R=44"-
C H,C H,NO,, (E)44-C,H,CH=CHC H,NO,, 44-C4H,C = CC(H,NO,, 44-CH,N=CHC,HNO,, R =Ph) are consistent
with an Ru""™" couple whose oxidation potentials vary strongly with chain-lengthening from one-ring to two-ring acetylide ligand, but
show little variation with changes at the bridging unit of the two-ring acetylide ligand. The molecular quadratic and cubic optical
nonlinearities of the series of complexes have been determined by hyper-Rayleigh scattering (HRS) and Z-scan techniques, respectively.
Molecular first hyperpolarizabilities by HRS at 1064 nm are dispersively enhanced; experimental and two-level corrected data suggest an
increase in nonlinearity on chain-lengthening of the bridge, in proceeding from C;H, to CcH,C(H, and then C;H,C = CCH, and
CcH,CH=CHCH,, a general trend that is reproduced by semiempirical ZINDO computations. Cubic hyperpolarizabilities by Z-scan at
800 nm are negative for complexes with nitro acceptor groups, probably a result of two-photon dispersion, with absolute values (up to
850 X 1073 esu) large for small organometallic complexes; as with quadratic nonlinearities, cubic nonlinearities increase substantially on
bridge lengthening, with little variation on phosphine substitution. © 1997 Elsevier Science S.A.
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1. Introduction organometallic complexes [1-5]; a combination of fast
response time, low-lying intense MLCT or LMCT tran-
sitions, and the potential of variable oxidation state,
d-electron count and ligand environment in tuning NLO
performance suggests that organometallics or metal-
organics may have an advantageous combination of

properties. Despite this, few investigations correlating

Investigations of the nonlinear optical (NLO) re-
sponses of materials have recently focused on
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quadratic or cubic NLO response with systematically
varying structural elements have been promulgated [2].
Metal o-acetylide complexes have the metal in the
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same plane as the extended m-system of the ligand;
strong charge transfer transitions between the metal and
acetylide ligand may result in large optical nonlineari-
ties. In addition, metal o-acetylide complexes are fre-
quently more oxidatively stable and thermally robust
than complexes containing other o-bound carbon lig-
ands, factors which are important considerations for
potential applications in devices. We have recently been
studying the NLO performance of systematically varied
metal o-acetylide complexes [6-14] and report herein
synthetic details for the ‘extended chromophore’
acetylides Ru(C = CRXPPh,),(n-C;H;) (R=44"-
C(H,C,H,NO,, 44'-C;H,C = CC(H,NO,), their ex-
perimentally-derived quadratic optical nonlinearities at
1064 nm by hyper-Rayleigh scattering (HRS), their
computationally-derived molecular first hyperpolariz-
abilities at 1907 nm from ZINDO, an X-ray structural
study of the yne-linked complex Ru(4,4-C = CC,H,C
= CC,H,NO,)XPPh,),(n-CH,), and a comprehensive
investigation of the electrochemical behaviour and cubic
optical nonlinearities at 800 nm by Z-scan and degener-
ate four-wave mixing (DFWM) of the series Ru(C =
CRXPR,),(n-CsH;) (R=Ph, 4-C;H,NO,, R =Ph,
Me; R=4,4-C,H,C,H,NO,, (E)-4,4'-
C,H,CH=CHC H,NO,, 44-C(H,C=CC;H,NO,,
44-CqH,N=CHC(H,NO,, R =Ph); some of the
molecular second hyperpolarizabilities have been com-
municated previously [8].

2. Results and discussion

2.1. Syntheses of terminal alkynes and o-acetylide com-
plexes

The acetylene 4,4-HC = CC(H,C H,NO, (1) was
prepared from 4,4'-bromonitrobiphenyl, the latter ob-
tained from commercially available 4-nitrobiphenyl by
bromination following the method of Le Févre and
Turner [15]; subsequent ethynylation of the bromo com-
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pound by palladium(Il) /copper(I)-catalyzed coupling
with trimethylsilylacetylene, followed by removal of the
trimethylsilyl protecting group with base, afforded the
product (Scheme 1). The acetylene 4,4-HC = CC,H,C
= CC,H,NO, (2) was prepared by a similar
palladium(II) /copper(]) coupling of 4-iodonitrobenzene
with an excess of diethynylbenzene (the product of an
analogous coupling of trimethylsilylacetylene with di-
iodobenzene and deprotection with base) [16] (Scheme
2). Both new terminal alkynes were characterized by a
combination of IR, 'H, and "C NMR spectra and
satisfactory microanalyses. The ruthenium acetylide
synthetic methodology successfully utilized for the
preparation of Ru(4,4'-C =
CC H,C4H,NO,)(PPh,),(n-C;H;) (7) and Ru(4,4-C
= CC,H,C = CC(H,NO,)PPh,),(n-C;H;) (9)
(Scheme 3) has been described in detail elsewhere
[6,7,17].

Complexes 7 and 9 were characterized by IR, 'H,
BC and P NMR spectroscopies and satisfactory mi-
croanalyses. Characteristic »(C = C) in the solution IR
spectra show some solvent dependence [2074
(cyclohexane), 2068 (CH,Cl,) cm™', 7; 2070, 2065
cm ™!, 9]; as with the related complexes Ru(( E)-4,4'-C
= CC H,X=CHC¢H,NO,)PR,),(n-C;H,) (X =CH,
N: R =Ph, Me) [7], the shift to lower energy in the
more polar solvent is consistent with increased stabiliza-
tion of a charge-separated vinylidene contributor [Ru-C
= C-Ar o Ru*=C=C=Ar"]. The 'H (4.33 ppm, 7,
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Table 1 .
Important bond lengths (A) and angles (°) for complex 9
Ru-P(1) 2.300(1) C(6)-C(7) 1.383(7)
Ru-P(2) 2.283(1) C(6)-C(15) 1.449(6)
Ru—(n-CsH) 2216(5)  C(7)-C(8) 1.361(6)
2213(5)  C(9)-C10) 1.38%(7)
2.230(5) C(9)-C(14) 1.372(7)
2.221(5) C(9)-C(16) 1.433(6)
2.231(5) cao)-c(11) 1.398(8)
Ru-C(1) 1.986(4) C(1D-C(12) 1.366(8)
C(1)-C2) 1.211(6) C(12)-C(13) 1.333(8)
C(2)-C(3) 1.440(6) C(12)-N(1) 1.480(8)
C(3)-C(4) 1.379(6) C(13)-C(14) 1.373(7)
C(3)-C(8) 1.387(6) C(15)-C(16) 1.167(6)
C(4)-C(5) 1.385(6) N(1)-0(1) 1.251(8)
C(5)-C(6) 1.391(6) N(1)-0(2) 1.148(9)

4.32 ppm, 9) and *C NMR spectra (85.3 ppm, 7; 85.3
ppm, 9) contain resonances for the cyclopentadienyl
groups which, as we have found previously [7], do not
vary with subtle changes to the acetylide ligand. The
metal-bound acetylide a-carbon (124.2 ppm, 7; 126.6
ppm, 9) shows a small variation (2.4 ppm) on acetylide
modification.

2.2. X-ray structural study of 9

We have completed an X-ray diffraction study of 9
to compare it with the data from cognate
(acetylide)ruthenium complexes we have crystallograph-
ically characterized previously [6,7], and to provide

Ru-C(1)-C(2) 174.1(4) C(6)-C(15)-C(16)  174.3(6)
P(1)-Ru-P(2) 99.25(4)  C(O)-C(16)-C(15) 174.2(6)
C(1)-Ru-P(1) 9t.2(1) C(12)-N(1)-0(1)  112.2(8)
C(1)-Ru-P(2) 89.8(1) C(12)-N(D-0(2)  119.7(9)
C(D-C(Q)-C3)  175.1(5) O(1)-N(1)-0(2) 128.1(9)

Fig. 1. Molecular structure and atomic labeling scheme for 9. 20% thermal ellipsoids are shown for the non-hydrogen atoms; hydrogen atoms

have arbitrary radii.

Table 2

reliable input data for the semiempirical computational
work detailed below. Important bond lengths and angles
for 9 are given in Table 1 and data from related
complexes displayed in Table 2. An ORTEP plot of 9 is

displayed in Fig. 1.

Selected structural data for (cyclopentadienyDbis(phosphine)ruthenium acetylide complexes

Ru-C(1) C()-C2) CQ2)-C(3) Ru-C(D-C(2) C(1)-C(2)-C(3)

Ru(4,4'-C = CC4H,C = CC4H,NO, XPPh,),(n*-CsH;) (9) 1.986(4) 1.211(6)  1.440(6)  174.1(4) 175.1(5)
Ru(C = CPh)(PMe,),(n°-C;H;) (4b)* 1.989(7)  1.224(10) 14309  177.7(6) 174.5(7)
Ru(4-C = CC4H,NO, XPMe,),(n*-CsH;) (6b)” 1.992)  1.23(2) 1.43(3) 178(2) 177(3)
[Ru(C = CFcXPMe;),(n*-CHIIPE I 1.99(2)  1.193) 1.38(3) 173(2) 178(3)
Ru(4-C = CC4H ;NO, XPPh,),(n’-CH;) (6a)” 1.994(5) 1.202(8)  1.4327)  175.9(4) 175.0(9)
Ru(( E)-4,4'-C = CC4H,CH=CHC4H,NO,)XPPh,),(n>-C;H,) (8)¢ 2.008(6) 1.199(7)  1.438(8)  174.2(6) 177.6(7)
Ru(C = CPhXdppe}(n°-CsH,)* 2.009(3) 1.204(5)  1.444(5)  178.1(3) 176.3(4)
Ru(C = CPhXPPh,),(n°-C,H;) (4a)’ 2.016(3) 1.215(4)  1.456(4)  178.0(2) 171.9(3)
Ru(C = CPh)PPh,),(n’-CsH,)N4a)* 2017(5) 1.2147)  1462(8)  177.7(4) 170.6(5)
Ru(C = CPh)(Ph,CHMeCHMePPh, X7>-CsH;)* 2.038(7)  1.172(9) ! b h

“This work. "Ref. [6]. “Ref. [18). “Ref. [7]. “Ref. [19]. /Ref. [20]. *Ref. [21]. *Not reported.



130 L.R. Whittall et al. / Journal of Organometallic Chemistry 549 (1997) 127-137

Ru-P distances for 9 (2.300(1), 2.283(1) A) are
comparable to Ru(4-C = CC H,NO, )(PPh,),(n-C,H,)
(6a) (2.297(2), 2.301(2) A) [6] and Ru(( E) 4.4~ C =
CC(H,CH=CHCH ,NO,)PPh;),(n-C,H;) (8)
(2. 292(2) 2.280(2) A) [7], and substantlally longer than
those in Ru(C = CPh)(PPh,),(n-CH;) (4a) (2.229(3),
2.228(3) A) [19]; with no srgmflcdnt steric differences
between these complexes, substantial electronic differ-
ences deriving from the presence of the strong acceptor
acetylide ligands can be considered responsible for Ru—P
bond-length variations. The Ru-C(1) vector in 9
(1.986(4) A) is the shortest thus far in a (cyclopenta-
dienyDruthenium o-acetylide complex, and one of the
shortest thus far observed in a ruthenium o-acetylide
[6]. The C(1)-C(2) and C(2)-C(3) bonds (1.211(6) A
and 1.440(6) A, respectively) are similar to those in
other (cyclopentadienyDruthenium o-acetylide com-
plexes. Ru-C(1)-C(2) and C(1)-C(2)-C(3) angles
(174.1(4) and 175.1(5)°, respectively) are close to lin-
earity, with deviations probably due to packing effects.
Bond and angle data for the phenyl rings in the acetylide
ligand are consistent with the retention of aromaticity in
the ground-state structure, with distances in the alkyne
linkage consistent with a fully bond-alternated (C-C =
C-C) form rather than a cumulenyl (C=C=C=C) form.
The phenyl rings are close to coplanarity (dihedral angle
18.80°), consistent with an extended m-system. Dis-
tances and angles within the phosphine and cyclopenta-
dienyl ligands are not unusual.

2.3. Electrochemical studies

The electrochemical results obtained for complexes
7-10 are gathered in Table 3, together with previously
reported data for related (cyclopentadienyl)ruthenium
acetylides. We have previously noted that (i) ruthenium

is oxidized at potentials approximately 0.2 V lower
upon replacement of PPh; by PMe;, i.e., upon increas-
ing the donor strength of the phosphine, and that (ii)
ruthenium is oxidized at potentials 0.2 V higher upon
replacement of C=CPh by 4-C=CC.H,NO,, ie.,
upon increasing the acceptor strength of the acetylide.
These data are consistent with a Ru"/" couple suscepti-
ble to variation in the electron-donating properties of
the ligands [6]. The present work augments the earlier
report by evaluating the effect of chain-lengthening
upon electrochemical behaviour, for which a substantial
decrease in oxidation potential at ruthenium (up to 0.2
V) is observed on proceeding from 6a to 7-10. More
subtle variations (changing the bridging unit in the
‘extended chain’ acetylide complexes) do not affect the
Ru"/Ru"™ couple significantly, with oxidation poten-
tials at 0.54 V (7), 0.55 V (8), 0.61 V (9) and 0.57 V
(10). Trends in the electrochemical data thus mirror the
"C NMR spectra (RuC, RuC = C shifts), with appre-
ciable changes in oxidation potential and chemical shifts
upon ligand substitution (PPh; versus PMe,), introduc-
tion of nitro-substituent (4-H versus 4-NO, pheny-
lacetylide), and chain-lengthening (one-ring acetylide
ligand versus two-ring acetylide ligand), but little varia-
tion in these data upon bridging unit modification across
complexes 7—-10. Mulliken population analyses (Fig. 2)
of complexes 7 and 9 employing ZINDO [23] are
consistent with the spectral and electrochemical data,
with differences in charge density localized at the vary-
ing bridging unit; charge density at both ruthenium and
nitro group are similar for these two complexes. All
Ru' /Ru™ oxidation waves for 7-10 are quasire-
versible; we have previously noted an increase in re-
versibility in proceeding from PMe; to PPh, [6]. Com-
plexes 7-10 also contain reduction waves, assigned to
reduction of the nitro substituent, which are signifi-

Table 3
Cyclic voltammetric data for (cyclopentadienyDbis(phosphine)ruthenium complexes

E;u (V) ipc/ipa E?\JO: (V) ipa/ipc
RuCI(PPh,),(n°-CsH;) (3a)** 0.72 1.0
RuCI(PMe;),(n3-C H;) 3b)** 0.42 1.0
Ru(C = CPhXPPh,),(n3-CsH,) (4a)** 0.55 0.7
Ru(C = CPh)(PPh,),(n°-CsH) (4a)* 0.54 0.5¢
Ru(C = CPh}(PMe;),(n°-CsH,) (4b)*< 0.37 0.2
Ru(4-C = CC4H,NO, )(PPh;),(n°-CsHs) (6a)* 0.73 1.0 —1.08 1.0
Ru(4-C = CC¢H,NO, XPMe;),(n°-CsHs) (6b)** 0.52 03 —1.10 1.0
Ru(4,4-C = CCH,C¢H,NO,XPPh;),(n’-CH,) (7)** 0.54 0.8 —-0.96 0.9
Ru(( E)-4,4'-C = CC H ,CH=CHC H ,NO,)PPh,),(n°-CsH;) (8)** 0.55 09 -092 03
Ru(4,4'-C=CC H, C CC.H NOqXPPh D) KUK C H, )(9)“ ’ 0.61 1.0 —-0.85 0.7
Ru(4,4-C = CC H,N=CHC, H NO, )(PPh ),(n° —C H ) (10)4* 0.57 1.0 —0.79 0.5
Ru(C = CPh)(dppe)(n -CsH; ) 0.48 0.5¢
Ru(C = CBu")(PPh,) (n -CsHy )¢ 0.48 0.7/
Ru(C = CBu'X(PPh,),(n*-C; H ) 0.47 0.9/

‘At —50°C v, Ag/AgCl in CH,Cl, with a rate of 100 mV s~ ' and a switching potential of 1.0 V. 0.5 M [NBu’I[PE]. ‘Ref. [6]; 0.7 M
[NBu} J[PE, ]. “Ref. [22]; room temperature measured vs. SCE at a carbon electrode. Values quoted are referenced to Ag/AgCl electrode by
applying a correction of 0.02 V. “Switching potential of 0.8 V. / Switching potential of 0.75 V.
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Fig. 2. Mulliken analyses for complexes 7 and 9.

cantly less reversible than those of the one-ring acetylide
complexes 6a,b. Reduction potentials for 7-10 are more
positive than those for 6a,b and, as noted above, oxida-
tion potentials are significantly less positive. The former
are correlated with a nitro-centred LUMO and the latter
with a metal-centred HOMO. Chain-lengthening leads
then to a decrease in HOMO-LUMO separation mani-
fested not only by an increase in UV-Vis A_,, but also
by a corresponding decrease in (Eg,1 , g n — Exo. , noy)-

2.4. Quadratic hyperpolarizabilities

We have previously utilized ZINDO [23] to derive
off-resonant quadratic nonlinearities for some (cyclo-
pentadienyl)bis(phosphine)ruthenium  ¢-arylacetylides
[6.7] and have now extended these studies to embrace
the new acetylide complexes 7 and 9 and precursor
chloride (Table 4). The optical nonlinearities for 3a,b
and 9 were calculated utilizing the crystallographically-
derived coordinates, that for 7 being determined by
using a combination of appropriate molecular frag-
ments. The computed values are consistent with an
increase in 8 upon chain-lengthening; 497 . for 7
and 9 are both larger than f,447.,. for 6a. These

Table 4

semi-empirical computation-derived data are consistent
with a quadratic NLO efficiency sequence imino-lin-
kage > E-ene-linkage > biphenyl linkage = yne-linkage.
Although Kanis et al. have shown that ZINDO can
accurately reproduce experimental nonlinearities for a
range of organometallic complexes [24], the validity of
ZINDO as a predictor of NLO merit needs to be
established for each complex type. We have therefore
determined the nonlinearities of 7 and 9 experimentally
by HRS; these data, together with the corresponding
two-level corrected values, are given in Table 4.

The experimental data reveal an efficiency sequence
E-ene-linkage > yne-linkage = imino-linkage >
biphenylene unit, but intense (&> 10000) linear optical
absorption maxima for all ‘extended-chain’ acetylide
complexes within 100 nm of 2w are consistent with
substantial dispersion enhancement of the observed non-
linearities. The quadratic nonlinearities for both 7 (560
X 107%% cm® esu™!) and 9 (865 X 1073° cm® esu™!)
are very large for organometallic complexes. It has been
suggested that the two-state model is appropriate in the
limited cases where structural change is restricted to the
molecular component responsible for the charge transfer
band contributing to the hyperpolarizability [25]. It is
likely that the higher energy bands are associated with
transitions involving other ligands, with little change in
dipole moment between ground and excited states, and
hence only a small contribution to the optical nonlinear-
ity projected onto the molecular dipole axis. The lack of
contribution from transitions involving other ligands is
also suggested by the low nonlinearity of the precursor
chloride. Given the preceding, it is possible that the
two-level corrected values may have some significance.
The corrected nonlinearities suggest an efficiency series
E-ene-linkage > yne-linkage > biphenyl > imino-
linkage, the first three paralleling relative merits in the
‘all-organic’ system [26]. Two-level adjusted values for
both 7 (134 X 107%° cm® esu™') and 9 (212X 1077
cm’ esu” ') are extremely large for organometallic com-

Experimental* and ZINDO-derived linear optical spectroscopic and quadratic nonlinear optical response parameters

A(nm) (£ (10* M~ cm™ ")) ﬁIhUb4 Biosa, corr B (11907. cale
RuCI(PPh;),(n-CsHj) (3a) 357 (0.3) br, 290 (0.5) sh <7 <4 1
RuC](PMe ),(-Cs H <) 3b) 347 (0.1) ¢ ¢ 0
Ru(C = CPh)XPPh )7(7; CH;) (4a) 310 2.0 16 10 2
Ru(C = CPh)PMe, );(n-c H ) (db) 320 (1.6) ¢ ¢ 5
Ru(4-C = CC6H4NOZ)(PPh3)3(n-C5H5) (6a) 460 (1.1), 382 (1.1) 468 96 29
Ru(4-C = CC4H,NO,)XPMe,),(7-CsH;) (6b) 477 (1.7), 279 (1.0) 248 38 31
Ru(4,4'-C = CC4H,C(H,NO,XPPh,),(n-CsH;) (7) 448 (1.6), 310 (2.3) 560 134 36
Ru((£)-4,4-C = CC4 H,CH=CHC4H,NO,)X(PPh,),(n-CsH;) (8) 476 (2.6), 341 (2.4) 1455 232 45
Ru(4,4-C = CC4H,C = CCH,NO, XPPh,),(n-CsH;) (9) 446 (1.9), 340 (2.8) 865 212 36
Ru(4.4'-C = CC4H,N=CHC,H,NO, XPPh,),(n-CsH;) (10) 496 (1.3), 298 (2.6) 840 86 55

“All measurements in thf solvent. All complexes are optically transparent at 1064 nm. "HRS at 1064 nm; values + 10%. ‘HRS at 1064 nm

corrected for resonance enhancement at 532 nm using the two-level model with B, =
factors not included. “ZINDO derived data at 1907 nm. "Not measured.

Bl — (24, /106411 — (A, /1064)7]; damping
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Fig. 3. Correlation of molecular quadratic hyperpolarizabilities of
complexes 6a, 7-10 with those of the corresponding terminal alkynes
(107%% cm® esu™'); (@) experimental; (O) two-level corrected.

plexes, the latter in particular suggesting that yne-lin-
kage may be worthy of consideration for the preparation
of longer chromophores (while the nonlinearities of 8
and 9 are comparable, complex 9 involves less trade-off
in optical transparency).

We have previously correlated quadratic nonlineari-
ties of (triphenylphosphine)gold acetylide complexes
with precursor acetylenes [12]. Excluding data for
Au((Z2)-4,4-C = CC(H,CH=CHC,H,NO,)PPh;)
(which fluoresced significantly), a linear correlation for
both uncorrected and two-level-corrected data was ob-
served, with the slopes of the graphs (2.4 (R = 0.99) for
uncorrected; 2.0 (R=0.99) for two-level-corrected)
defining a ‘figure of merit” for the
(triphenylphosphine)gold unit compared to hydrogen.
We have extended this comparison to the (cyclopenta-
dienyD)bis(triphenylphosphine)ruthenium system, the
data for which are displayed in Fig. 3. The ‘figures of
merit” for the ligated ruthenium are larger than for the
ligated gold, although the correlation coefficients are
not as good (24 (R =0.98) for uncorrected; 6.7 (R =
0.69) for two-level corrected). The poor correlation
stems from the smaller-than-expected two-level-cor-
rected nonlinearities for 8 and (particularly) 10, the
complexes with A, closest to 2w, perhaps suggesting
that for 8 and 10 the two-level correction is inappropri-
ate. The two level correction neglects damping, an
approximation which becomes less tenable the closer
Apax 18 10 2. It is therefore almost certain that S,
for 10 is a serious underestimation, and S, for 8 may
be reduced somewhat also. The evidence is compelling,
though, that the Ru(PPh,),(n-CsH;) moiety is a much
more efficient donor than Au(PPh;) for enhancing
quadratic optical nonlinearity, perhaps understandable
as the 18 electron ruthenium in the former is more
electron rich than the 14 electron gold in the latter.

2.5. Cubic hyperpolarizabilities

Third-order nonlinearities were evaluated by Z-scan
with some additional experiments performed using
DFWM; the latter provides information about the tem-
poral behaviour of the nonlinearity, in the present case
confirming the electronic origin of the observed re-
sponse. Cubic optical nonlinearities by both techniques
are given in Table 5.

As with the quadratic optical nonlinearities above,
the observed cubic responses are not simply the sums of
nonlinearities for the molecular fragments; y for 6b is
much larger than that of 3b and 4-ethynylnitrobenzene
(20 X 1077¢ esu), indicating that electronic communica-
tion between the ligated metal and acetylide fragments
is important. Only one pair of complexes varying in
their phosphine (6a,b) give sufficiently large nonlineari-
ties to permit comparison. Proceeding from 6a to 6b
makes little difference to vy, although a 50% decrease in
response was noted with the corresponding (3 values.
We have recently observed differing effects on 8 and vy
values in proceeding from Au(4,4-C=CCH,C=
CC(H,NO,)PPh,) to Au((E)-4,4-C =
CC¢(H,CH=CHC,H,NO,)PPh,) (B increases
sharply, y decreases marginally) [27,12]. Thus, results
from both the gold and ruthenium systems suggest that
structural modifications which enhance 8 do not neces-
sarily increase 7y. Whereas minor variation in the
acetylide ligand (replacement of 4-H by 4-Br in pro-
ceeding from (4a) to (5)) has no effect on 7y, introduc-
tion of the strongly-withdrawing NO, (in proceeding to
(6a)) makes a significant difference and also results in a
reversal of sign.

In our preliminary report [8], we discussed the origin
of the negative nonlinearities observed with the nitro-
containing complexes. Thermal lensing and bond-
length-alternation effects were eliminated as the origin
of negative y, and two-photon dispersion was deemed
likely, but a negative static hyperpolarizability could not
be ruled out. All complexes with negative y have A,
longer than 400 nm, and all complexes with positive vy
have A_,, shorter than 400 nm. We have now deter-
mined cubic optical nonlinearities for 7 and 9, and once
again A, longer than 400 nm is associated with
negative nonlinearities. Recently, we have coupled these
nitro-containing alkynyl ligands to
(triphenylphosphine)gold(l), resulting in a series of
complexes with A_,, shorter than 400 nm and uni-
formly positive nonlinearities [27]. While these data are
not conclusive, they strongly support the contention that
the dispersion effect of two-photon states is contributing
to the observed responses, rather than the complexes
possessing frequency-independent negative nonlineari-
ties.

Not surprisingly, extension from a one-ring chro-
mophore (6a) to extended chain two-ring chromophores






