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Abstract

The nonlinear optical (NLO) properties of metal acetylide and vinylidene complexes are summarized, and molecular structure–NLO
property trends are developed. The origin of NLO effects in molecules is presented, and the advantages and shortcomings of experimental
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procedures that have been used to measure optical nonlinearities for these complexes are discussed. Attempts to “switch” optical nonlinearities
of acetylide or vinylidene complexes are summarized.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Acetylide complexes; Alkynyl complexes; Vinylidene complexes; Nonlinear optics; Hyperpolarizabilities; Quadratic nonlinearities; Cubic
nonlinearities

1. Introduction

While an overview of the theory of nonlinear optics
and experimental procedures to measure nonlinear optical
(NLO) responses is a necessary prerequisite to the survey of
NLO properties of acetylide and vinylidene complexes that
follows, excellent reviews of the field of nonlinear optics,
and of the NLO properties of organic[1–6] and, particularly,
organometallic molecules[7–12] are available elsewhere,
so the present introduction to the field is abbreviated. When
light interacts with materials possessing NLO properties the
incident light can be changed and new electromagnetic field
components produced (e.g. with differing phase, frequency,
amplitude, polarization, path, etc.). NLO materials have po-
tential applications in optical signal processing, switching
and frequency generation (making use of processes such as
harmonic generation, frequency mixing, and optical para-
metric oscillation), and may also contribute to optical data
storage, optical communication, and image processing.

Current NLO materials are mostly inorganic salts
(LiNbO3 and KH2PO4 (KDP) are used for frequency mix-
ing and electrooptic modulation) or glasses such as silica
(for applications involving third-order nonlinear processes).
In inorganic salts the purely electronic NLO effects are
often accompanied by those arising from lattice distortions,
with response times in the order of nanoseconds; the latter
can be useful for relatively slow NLO processes (e.g. the
electrooptic effect), but not for frequency conversions which
require a purely electronic NLO response. Inorganic salts
possess a large transparency range, are robust, are available
as large single crystals, and suffer very low optical losses.
The frequency doubling of lasers and optical parametric
amplification require synchronization of the phases of the
interacting optical fields (phase matching) which is not easy
to satisfy, severely limiting the application of some materi-
als. Semiconductors possess NLO effects originating from
saturable absorption[13]. Their third-order NLO responses
are amongst the largest known[14], but NLO processes
based on such resonant interactions may be relatively slow.

The limitations identified above spurred investigation
of organic and, more recently, organometallic compounds.
Many organic molecules have been examined for their
NLO responses[1–6,15–22], the main source of which is
usually the electronic nonlinearities. Organic materials can
possess a number of advantages, including a higher optical
damage threshold than inorganic crystals, ease of synthe-
sis and fabrication, structural diversity and architectural
flexibility (permitting molecular design and engineering),

and facile use in thin films for which electric field poling
can introduce the asymmetry needed for the appearance of
second-order NLO effects. Organics have several disadvan-
tages: low energy transitions in the UV-Vis region enhance
the NLO efficiency, but result in a trade-off between non-
linear efficiency and optical transparency, they may have
low thermal stability and (in poled guest–host systems) they
may undergo a facile relaxation to random orientation.

Organometallic complexes are similar to organic
molecules in that they can possess large NLO responses,
fast response times, ease of fabrication and integration into
composites. However, they possess the advantage of much
greater design flexibility, e.g. by variation in metal, oxida-
tion state, ligand environment and geometry, and can be
strong oxidizing or reducing agents. The metal center may
be an extremely strong donor or acceptor, a requirement for
electron asymmetry and hence second-order nonlinearity.
Unusual and/or unstable organic fragments (e.g. vinyli-
denes) may be stabilized on metals, allowing the NLO
properties of these species to be assessed. The NLO prop-
erties of organometallic compounds have been reviewed
previously together with those of some related coordination
complexes[8,12,23–26].

Metal acetylide complexes were first reported in the 1950s
[27], and have recently attracted significant interest because
of possible materials applications[28,29]. This review fo-
cuses on the NLO properties of metal acetylide (alkynyl)
complexes and their derivatives; they form an important sub-
set of organometallic complexes for nonlinear optics, in that
they can have high optical nonlinearities and have recently
been shown to undergo facile NLO switching.

2. Theory and processes

2.1. Theory of nonlinear optics

Optical nonlinearities can be explained by considering the
interaction of strong electric fields with matter. A local elec-
tric field Eloc acting on a molecule will distort its electron
density distributionρ(r), a result that can be described in
terms of changes in the electron distribution moments. The
first electron distribution moment, the dipole momentµ, is
the most important moment from the perspective of opti-
cal properties. Changes in the dipole moment induced by a
weak field are linear with the magnitude of the field. This is
not the case whenEloc is comparable in strength to the in-
ternal electric fields within the molecule, at which point the
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distortion and the induced dipole moment should be treated
as nonlinear functions of the field strength, usually being
presented as a power series:

µ = µ0 + αEloc + βElocEloc + γElocElocEloc + · · · (1)

The tensorsα, β and γ defined by the above equation
are the linear polarizability, the second-order or quadratic
hyperpolarizability (the first hyperpolarizability) and the
third-order or cubic hyperpolarizability (the second hyper-
polarizability), respectively. Bothµ and Eloc are vectors,
so the relation between the three Cartesian components of
µ and the three Cartesian components ofEloc needs nine
proportionality factors, and henceα is a second-rank tensor
(or a 3× 3 matrix). Analogously,β is a third-rank tensor
(or a 3× 3 × 3 matrix) andγ is a fourth-rank tensor (or a
3× 3× 3× 3 matrix). Fortunately, many of the tensor com-
ponents ofα, β, andγ are equivalent by various symmetry
rules or equal to zero. The most straightforward simplifi-
cation comes from permutation symmetry[30]. Additional
simplification comes from polarizabilities being invariant
with respect to all point group symmetry operations, this
rule being especially important when consideringβ: all
the components ofβ must vanish in centrosymmetric point
groups.

The electric field of a light wave can be expressed as:

E(t) = E0 cos(ωt) = 1
2E0[exp(iωt) + exp(−iωt)]

soEq. (1)can be written as:

µ(t)= µ0 + αE0 cos(ωt) + βE2
0 cos2(ωt)

+ γE3
0 cos3(ωt) + · · · ,

µ(t)= µ0 + 1
2αE0 exp(iωt) + 1

2βE2
0 + 1

4βE2
0 exp(2iωt)

+ 3
8γE3

0 exp(iωt) + 1
8γE3

0 exp(3iωt) + cc+ · · ·
(2)

where cc stands for complex conjugate terms. It is readily
apparent from the above expansions in terms of exponen-
tial factors or, equivalently, trigonometric relations such as
cos2(ωt) = 1/2+ 1/2 cos(2ωt) that the effect of the nonlin-
ear terms in the dipole moment expansion has been to intro-
duce contributions at different frequencies: the second-order
(β) term has introduced a time-independent (dc) contribu-
tion as well as a term oscillating at the frequency of 2ω (the
second-harmonic generation component). The quadratic
term also provides a frequency mixing phenomenon if the
input field is a sum of two components with different fre-
quencies. It is also readily apparent that a constant (dc) field
may influence an oscillating field if the two are combined
in a medium containing second-order nonlinear molecules
[this is known as the linear electrooptic (Pockels) effect].
The cubic term inEq. (1) leads to several nonlinear optical
effects, one being oscillation of the induced dipoles at 3ω

(third-harmonic generation).
Eq. (1)is, strictly speaking, not suitable for optical fields,

which are rapidly varying in time. For linear polarization,

the oscillation of the induced dipole moment may be damped
(by material resonances) and thereby phase shifted with re-
spect to the oscillation of the external electric field. This is
usually expressed by considering the relationship between
the Fourier components of the induced effect (oscillation of
the induced dipole) and the stimulus (the electric field), with
the damping and phase shift conveniently expressed by treat-
ing the terms involved as complex. The linear polarizability
can then be written as:

�µ(1)(ω) = α(ω)E(ω)

whereα(ω) is complex,E(ω) is the Fourier amplitude of the
field at frequencyω and�µ(1)(ω) is the linear component
of the oscillation of the dipole at the same frequency. The
real part ofα changes rapidly and the imaginary part ofα

increases in value near to the resonance frequencies of the
molecule. Similarly, frequency dependent hyperpolarizabil-
ities can be defined as complex quantities by considering
the relations between the nonlinear (quadratic and cubic)
components of the induced dipole moment oscillations
at particular frequencies, a complication being that more
than a single field frequency is usually involved. The usual
notation is:

�µ(2)(ω3) = β(−ω3;ω1, ω2)E(ω1)E(ω2)

and

�µ(3)(ω4) = γ(−ω4;ω1, ω2, ω3)E(ω1)E(ω2)E(ω3)

for the quadratic and cubic NLO effects, respectively. The
first frequency in the brackets describing the frequency
dependence of the hyperpolarizability corresponds to the
output frequency, the remaining frequencies being those of
the input fields. Positive and negative signs of the frequen-
cies can occur, depending on the type of interaction: for
example, theβ responsible for second-harmonic generation
(SHG) is represented asβ(−2ω; ω, ω) whereasβ for optical
rectification is written asβ(0; −ω, ω). Resonant behavior of
the hyperpolarizabilities (a rapidly changing real part and
enhanced imaginary part) is expected not only when one of
the frequencies inβ(−ω3; ω1, ω2) or γ(−ω4; ω1, ω2, ω3)
approaches a resonance but also for some combination of
the input frequencies being close to a resonance.

Description of macroscopic NLO phenomena is analo-
gous to the microscopic approach presented above. The
macroscopic quantities of interest are the susceptibilities of
various orders defined by:

P = χ(1)E + χ(2)E2 + χ(3)E3 + · · ·
χ(i) are tensors of the same ranks as their molecular ana-
logues and, similarly, the equation relating the polarization
to the macroscopic optical field is rewritten in terms of
the Fourier components of the polarization and of the in-
put fields. The macroscopic NLO properties are treated as
the sum of molecular contributions, allowing for orienta-
tion of the molecules and for differences between the local
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field and the macroscopic electrical field. Tensor properties
are usually transformed from one coordinate system to an-
other using matrices of orientational cosines. Following this
approach, the second-order susceptibilityχ(2) of a crystal
composed of organic molecules with second-order hyperpo-
larizability β is equal to[31]:

χ
(2)
IJK(−ω3;ω1, ω2)

= LI(ω3)LJ(ω1)LK(ω2)

p∑
t=1

Ntb
t
IJK(−ω3;ω1, ω2)

where theL factors are the local field factors (usually approx-
imated by the Lorenz–Lorentz expressionL = (n2 + 2)/3,
wheren is the refractive index), and for which:

btIJK(−ω3;ω1, ω2)

= 1

Ng

∑
ijk

Ng∑
s=1

cosθ(s)Ii t
cosθ(s)Jjt

cosθ(s)Kkt
βijk(−ω3;ω1, ω2)

whereijk denotes the Cartesian coordinates of a molecule,
IJK those of a crystal (a unit cell),Nt is the number of
molecules in a unit volume occupying each particular in-
equivalent site in the unit cell,p is the number of inequiv-
alent positions of a molecule in a unit cell andNg is the
number of equivalent positions in a unit cell. The directional
cosines are used to transform each of the molecularβ com-
ponents to those of the new coordinate system (bIJK) and
the contributions are summed.

Owing to statistical orientation of molecules, orientation
averaging can be performed; for fourth-rank tensors; this
leads to substantial simplification. From symmetry consid-
erations, theχ(3) tensor for an isotropic medium can only
have two independent components, namelyχ

(3)
1111 andχ(3)1122.

The componentχ(3)1111 can be related to components of the
molecular hyperpolarizability tensor as follows:

χ
(3)
1111(−ω4;ω1, ω2, ω3)

= Lω1Lω2Lω3Lω4N〈γ(−ω4;ω1, ω2, ω3)〉
whereLωi is the local field factor at frequencyωi (usu-
ally approximated by the Lorenz–Lorentz expressionLω =
(n2

ω + 2)/3) and

〈γ〉 = 1
5(γ1111+ γ2222+ γ3333+ 2γ1122+ 2γ1133+ 2γ2233)

The simplest case is that of an isotropic medium con-
taining molecules with a single dominant component ofγ,
sayγ1111 (a realistic approximation for linear�-conjugated
molecules, for which the hyperpolarizability component
along the molecular axis is likely to be dominant);〈γ〉 =
1/5(γ1111) is then a reasonable approximation.

The two common unit systems employed for the descrip-
tion of nonlinear optical properties are the SI (or MKS) and
Gaussian (or cgs) systems. We have discussed conversions
between these systems of units elsewhere[10,11]. The Gaus-
sian system (in which properties are described in terms of

esu) has been used in almost all reports of metal acetylide
or vinylidene complexes thus far.

2.2. Nonlinear optical processes

The major use of second-order nonlinearities is for a va-
riety of frequency mixing schemes. Among the possible
processes, there are several which have specific technologi-
cal applications and are therefore of significant interest: (i)
second-harmonic generation, i.e. theω + ω → 2ω mixing
process which doubles the energy of photons (e.g. to convert
infrared into visible light); (ii) the linear electrooptic (Pock-
els) effect, i.e. theω + 0 → ω process which is often used
to modulate the phase or amplitude of a light wave (to make
it carry information); and (iii) parametric generation, i.e. the
ω → ω1 +ω2 process which involves splitting an energetic
photon into a sum of two less energetic ones (a popular way
of generating laser beams at tunable wavelengths).

There are many possible third-order nonlinear processes,
some of which are important as valuable tools for nonlinear
spectroscopy, while others have technological significance.
The presence ofχ(3) in any substance (even air) means that
all materials exhibit third-harmonic generation of laser fre-
quencies. The direct process of third-harmonic generation is,
however, not usually exploited for generation of short wave-
length laser beams, a cascade of two second-order mixing
processes (ω+ω → 2ω and 2ω+ω → 3ω) being preferred
for generation of 3ω fromω (one reason for this is that phase
matching is virtually impossible to obtain for third-harmonic
generation). From the technological point of view, the most
interesting applications ofχ(3) are those which correspond to
all-optical interactions of light beams. For interacting fields
of the same frequency (the degenerate case), the frequency
mixing scheme isω − ω + ω → ω, which means that the
interaction of three fields of the same frequency generates a
fourth field of the same frequency.

Optical power limiting has attracted considerable inter-
est with applications such as the protection of sensors from
damage resulting from exposure to high energy laser pulses.
In principle, the direct two-photon absorption process is suit-
able for optical limiting, but practical estimates show that
power limiting properties of existing materials (even those
with the largest two-photon absorption coefficients such as
ruthenium acetylide dendrimers—see later discussion) are
insufficient for the most important applications, namely the
protection of sensors from laser pulses of duration of the
order of nanoseconds.

3. Experimental techniques

A large number of techniques have been employed to mea-
sure quadratic and cubic nonlinearities of organic molecules,
excellent descriptions of which can be found elsewhere[32].
The discussion that follows is restricted to techniques uti-
lized with metal acetylide and vinylidene complexes.



C.E. Powell, M.G. Humphrey / Coordination Chemistry Reviews 248 (2004) 725–756 729

Fig. 1. Particle size dependence of the second-harmonic intensity. Reprinted by permission of the American Institute of Physics from S.K. Kurtz and
T.T. Perry, J. Appl. Phys. 39 (1968) 3798.

3.1. Kurtz powder technique

In this procedure a laser beam is directed onto a pow-
der sample and the emitted second-harmonic light is col-
lected, filtered, detected and compared with a standard
(usually urea). As the magnitude of the response depends
on particle size, samples are commonly sieved to ensure
a narrow particle size range. Materials can be classed as
phase matchable or non-phase matchable (Fig. 1). For
the latter, second-harmonic generation is effective over
distances smaller than the coherence length (the coher-
ence lengthLc for a second-harmonic process is given by
Lc = [λω/4(n2ω − nω)] for fundamental wavelengthλω
and the refractive indices of the material at the fundamen-
tal nω and second-harmonicn2ω). When the light path is
smaller than the coherence length the second-harmonic in-
tensity increases with the square of the interaction distance.
However, when the crystal sizes are similar to the coher-
ence length, there is no further increase of second-harmonic
intensity with the propagation distance and the signal ac-
tually decreases, due to the number of crystals sampled
decreasing. In contrast, there is a direction of propagation in
phase matchable materials for which the second harmonic
intensity increases quadratically without a limit. The SHG
intensity does not decrease because the decrease in the num-
ber of crystallites as they become bigger is compensated
by the contribution from phase-matched interactions.Fig. 1
demonstrates the differing behavior of non-phase matched
and phase-matched materials.

Because the light intensities measured in the powder
technique depend on several factors, results from Kurtz
SHG studies should not be considered as quantitative. The
magnitude of the tensor components of the molecular hy-
perpolarizabilityβ is only one of these factors. A critical
issue is the molecular packing in the unit cell of the crystal.
The unit cell hyperpolarizability tensor components are all
identically equal to zero in a centrosymmetric arrangement.
In noncentrosymmetric arrangements, substantial differ-
ences in the nonlinear coefficients may result from packing

nonlinear molecules in different ways. Unit cell hyperpo-
larizability is transformed into macroscopic second-order
susceptibility with the contribution of local field factors;
this can modify the properties also. SHG efficiency is crit-
ically dependent on the coherence lengths, which depend
in turn on crystal optics. The measured second-harmonic
intensities also depend on other factors: reflection coeffi-
cients at the crystal/air interfaces, absorption and scattering
of fundamental and second-harmonic light, etc. All of the
foregoing is consistent with the powder technique affording
qualitative information at best about the molecular prop-
erties of molecules in the crystals being investigated. In
particular, observation of high power SHG is consistent
with large β for a compound, while its absence does not
necessarily preclude high molecular nonlinearities.

A major shortcoming of the technique is that materials
which crystallize in centrosymmetric space groups theo-
retically cannot exhibit SHG, so the Kurtz method is only
applicable to the ca. 20% of complexes that crystallize
noncentrosymmetrically. However, despite the requirement
for noncentrosymmetric crystal packing and the lack of a
quantitative significance of the results, the Kurtz technique
has been widely used because one can rapidly screen a
large number of samples, and because one can conveniently
study SHG without access to large single crystals.

3.2. Electric field-induced second-harmonic generation

Electric field-induced second-harmonic generation
(EFISH) was used to measure molecular quadratic nonlin-
earities of metal acetylide complexes in early studies, but it
has been largely superceded by the more widely applicable
hyper-Rayleigh scattering technique. In the EFISH tech-
nique, the molecules in a solution of the complex are aligned
using a high voltage dc pulse, which is synchronized with
the laser beam pulse; this permits observation ofχ(2) in what
was previously an isotropic medium. EFISH is formally a
third-order nonlinear process described by the susceptibility
χ(3)(−2ω; ω, ω, 0), so all materials will produce an EFISH
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signal. There are two contributions to this susceptibility,
one arising from the sum of the orientationally-averaged
third-order hyperpolarizabilitiesγ(−2ω; ω, ω, 0) of the
medium, and another due to the vectorial sum of the compo-
nents of the second-order hyperpolarizabilities. Molecules
with a permanent dipoleµ partially align with the dc field.
The net second-order effect is dependent on theµ·βvec
product whereµ is the dipole moment of the molecule and
βvec is the vectorial component of the second-order hy-
perpolarizability (the hyperpolarizabilityβ is a symmetric
third-rank tensor that can be treated as being composed of a
vector part and a septor part)[33]. In general, the directions
of βvec and of µ are not coincident. The effective hyper-
polarizability measured by the EFISH technique,βEFISH,
is given byµ·βvec = µβEFISH. For dipolar molecules con-
taining strong electron donor and acceptor groups,βCT (the
hyperpolarizability along the charge-transfer axis) usually
accounts for most ofβEFISH.

The solution of the sample is contained in a wedge
shaped cell which is translated in a direction perpendicu-
lar to the incident laser beam. This creates Maker fringes
whose periodicity is related to the wedge design and to the
coherence length; the latter can therefore be determined. A
measurement on a pure solvent is usually used to calibrate
the system. The EFISH-derived third-order susceptibility
Γ = 3χ(3)(−2ω;ω,ω,0) is related to the molecular second
hyperpolarizabilityγ ′ by local field factors and the molecule
number density, andβ can then be obtained fromγ ′ = γ +
µβEFISH/(5kbT), whereγ ′ is the effective second hyperpolar-
izability, γ is the intrinsic second hyperpolarizability (con-
sisting of electronic and vibrational parts),kb is Boltzmann’s
constant andT is the temperature in K. Comparison against
a reference enablesΓ values to be determined. EFISH
measurements are usually performed as a function of con-
centration in a well-characterized solvent, a concentration
dependence study being necessary to resolve ambiguities
because theµβEFISH products for the solvent and the solute
may be of the same or of opposite signs, and the SHG signal
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Fig. 2. Schematic diagram of the HRS experiment. Reproduced by permission of the American Institute of Physics from K. Clays and A. Persoons, Rev.
Sci. Instrum. 63 (1992) 3286.

is proportional to the square of the EFISH susceptibility.
Several other quantities may be required for the interpre-
tation of the results: the dielectric constant, the permanent
dipole moment, and the intrinsic second hyperpolarizabil-
ity of the solute (found from a separate experiment or
ignored).

EFISH has only been used to evaluate nonlinearities of
neutral metal acetylide complexes, the presence of ionic
species rendering it impossible to apply high electric fields
to a solution. From the aforementioned description, it is clear
that it is also not possible to utilize EFISH when the com-
plex has no net dipole moment.

3.3. Hyper-Rayleigh scattering (HRS)

Hyper-Rayleigh scattering (HRS) has been (by far) the
most widely utilized technique that has been employed
to measure molecular quadratic nonlinearities of metal
acetylide and vinylidene complexes. The HRS technique in-
volves detecting the incoherently scattered second-harmonic
light generated from an isotropic solution in order to deter-
mine the first hyperpolarizability. HRS arises from orienta-
tional fluctuations of unsymmetrical molecules in solution,
resulting in local asymmetry in an isotropic liquid [34]. The
scattered light can have a second-harmonic component that
depends only on the first hyperpolarizability of the solute
molecules, and varies quadratically with the incident inten-
sity. The solute concentration is proportional to the square
of the nonlinearity of all species in solution, and so varying
the concentration of solutes allow β2 to be extracted.

A schematic diagram of the HRS experiment is shown in
Fig. 2. A seed injected, Q-switched laser pumps the HRS
cell, the incident intensity and polarization being controlled
by a half-wave plate polarizer combination and monitored
by a photodiode or energy meter. The incident beam is fo-
cussed into the sample solution. A concave mirror, with its
focus at the interaction focal volume, and a lens are used
to collect the scattered light which is filtered to isolate the
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second-harmonic light, detected by a photomultiplier tube
and averaged by a gated integrator.

HRS has a number of advantages compared to EFISH: it
is simpler (a dc field is not required, and neither are measure-
ments of µ or γ), it is sensitive to non-vector components
of the β tensor, and one can measure octupolar molecules
and ionic species, the last-mentioned being particularly im-
portant for organometallics with more than one accessible
oxidation state. However, the need for sensitive detection
and high intensity of the fundamental (due to the low in-
tensity of the second-harmonic light) are disadvantages, the
need for high intensity of the fundamental being particularly
detrimental due to stimulated Raman or Brillouin scattering,
self-focussing, or dielectric breakdown. Other disadvantages
of HRS are that it is only possible to find the magnitude of β
(this results from the quadratic dependence on the HRS sig-
nal) and that unreliable results are obtained when the com-
plex fluoresces at the frequency-doubled wavelength.

3.4. Degenerate four-wave mixing

Degenerate four-wave mixing (DFWM) was used to mea-
sure molecular cubic nonlinearities of metal acetylide com-
plexes in early studies, but it is now much less popular than
the experimentally simpler Z-scan technique. In DFWM,
two coherent “pump” beams interact within a material cre-
ating an interference pattern of light intensity. Because the
change in refractive index of a third-order material depends
on the intensity of the applied field, a refractive index grating
results, which, in the simplest case, can be described by the
dependence �n(r) = n2I(r). When a third beam is incident
on this grating, a fourth beam is generated, the intensity of
which is proportional to the product of all the input intensi-
ties and to the square of the absolute value of the complex
third-order susceptibility, i.e. I4 ∼ |χ(3)|2I1I2I3. In prac-
tice, one laser is used and the beam is split to provide the
pump beams and the probe beam. DFWM has several ad-
vantages: one can measure all of the independent χ(3) tensor
components of an isotropic medium by using various com-
binations of polarizations for the four beams employed in
the experiment, absolute and relative measurements of χ(3)
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Fig. 3. Schematic diagram of the Z-scan experiment. Reprinted with permission from M. Skeik-Bahae, A.A. Said, T. Wei, D.J. Hagan and E.W. van
Stryland, IEEE J. Quantam Electron. 26 (1990) 760. Copyright © 1990 IEEE.

are possible [32], and the time dependence of the nonlinear
response can be studied; the last-mentioned is significant
because off-resonance electronic nonlinearities show a prac-
tically instantaneous response, and these can be separated
from slower processes that also contribute to the nonlinear
refractive index. One difficulty with DFWM is that, in order
to distinguish between contributions from the real and imag-
inary part of the third-order susceptibility, one must perform
a series of measurements on solutions of a compound with
varying concentrations in a non-absorbing solvent. The con-
centration dependence of the DFWM signal is:

IDFWM ∝ |χ(3)|2 ∝ [Nsolventγsolvent + NsoluteRe(γsolute)]
2

+ [NsoluteIm(γsolute)]
2

it being assumed that the solvent contributes only to the
real part of the solution susceptibility, whereas the solute
can contribute to both the real (refractive) and imaginary
(absorptive) components.

Despite its experimental complexity, DFWM forms a
complementary technique to the technically less difficult
Z-scan, in that it can be used to verify that the origin of the
observed nonlinearity is electronic in nature.

3.5. Z-scan

Z-scan is the technique that has been used to measure the
cubic NLO merit of the vast majority of metal acetylide com-
plexes studied thus far. It involves examining self-focussing
or self-defocussing phenomena in a nonlinear material, from
which one can derive the nonlinear refractive index intensity
coefficient n2 and thereby χ(3) and γ [35]. Using a single
Gaussian laser beam in a tight focus geometry (Fig. 3), the
transmittance of a nonlinear medium through a fixed aper-
ture in the far field is measured as the position of the ma-
terial is varied. At the start (A) (and finish (E)) of the scan
the sample is far removed from the focal plane. As a conse-
quence, the intensity of the beam is low and lensing is not
observed. As the material approaches the focal plane (B),
lensing results in the beam focussing earlier, and the mea-
sured transmittance is thereby reduced. At the focal plane
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(C), there is no change in transmittance, because a thin lens
at the focus causes no change in the far-field. After the focal
plane (D), focussing of the beam by the lensing of the ma-
terial results in an increase in measured transmittance. The
measured, normalized energy transmittance from a Z-scan
experiment is numerically fitted to equations derived from
theory, permitting the determination of n2, χ(3) and γ .

The shape of the Z-scan curve can be modified if non-
linear transmission (absorption bleaching) or nonlinear ab-
sorption occur, e.g. due to an imaginary component of χ(3)

of the material. The curves are then unsymmetrical because
of increased transmission or absorption close to the focal
plane. The nonlinear absorption coefficient β2 or the related
imaginary part of χ(3) can be determined by analyzing the
shape of such a modified Z-scan curve. An alternative ex-
periment (usually referred to as an “open aperture Z-scan” )
can be used to determine the nonlinear absorption proper-
ties of a sample. In this experiment, the total intensity of
the transmitted beam is measured without an aperture, as
a function of the sample position with respect to the fo-
cal plane. Materials with potential optical limiting proper-
ties are often investigated by this means. For solutions, the
nonlinearity changes on varying the concentration are de-
termined, and hence measurements performed in an abso-
lute manner, or, alternatively, results can be referenced to a
standard.

There are several advantages of the Z-scan technique: the
sign and magnitude of the nonlinear refractive index can be
determined, both the real and imaginary parts of χ(3) can
be determined, and the single beam configuration results in
simplicity (compared to DFWM). Z-scan also has disadvan-
tages: a high quality Gaussian beam and good optical quality
of samples are necessary, and the experiment does not af-
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Fig. 4. Schematic diagram of an optical Kerr gate experiment. Reprinted from R.L. Sutherland, Handbook of Nonlinear Optics, Marcel Dekker, New
York, 1996, p. 429, by courtesy of Marcel Dekker.

ford information about the temporal nature of the nonlinear
response.

3.6. Third-harmonic generation (THG)

Third-harmonic generation is employed to measure the
electronic molecular second hyperpolarizability of cen-
trosymmetric materials, because no process other than
nonresonant electron cloud distortion responds sufficiently
rapidly to produce a nonlinear polarization oscillating at the
third harmonic [32]. All materials exhibit THG, including
any glass used for a sample cell, or even air, so this experi-
ment is technically difficult. One can avoid some problems
by placing the sample in a vacuum sealed cell inside a vac-
uum chamber, but a simpler method involves using thick
glass windows, permitting the contribution from air to be
ignored; in this procedure, though, the third-order suscepti-
bility of the glass and solvent must be known. THG has been
used to study χ(3) for several group 4 metal acetylides—it
has not approached the popularity of the experimentally
simpler Z-scan technique.

3.7. Optical Kerr gate

Optical Kerr gate (OKG) has been used less frequently
than Z-scan for studies of metal acetylide complexes. In this
experiment (Fig. 4), the sample is subjected to a linearly
polarized pump beam which induces optical birefringence
[32]. A probe beam of known linear polarization which is al-
most collinear with the pump beam then passes through the
material, and the resultant light intensity through a crossed
polarizer is measured. The Kerr gate transmittance is pro-
portional to the square of the nonlinear phase shift between
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the slow and fast axes of the induced birefringence, with the
phase shift itself being proportional to (χ

(3)
xxyy+ χ

(3)
xyyx)Ipump.

Both the real and imaginary parts of χ(3) contribute to the
signal in the Kerr gate experiment, but a slightly modified ex-
periment, heterodyne Kerr gate, can be used to resolve these
two contributions. For electronic nonlinearity, the measured
sum of the tensor components is equal to 2

3 (χ
(3)
xxxx). An aux-

iliary experiment, polarization ellipse rotation, can be used
to fully characterize the χ(3) tensor. The Kerr gate exper-
iments are slightly simpler than DFWM (although not as
simple as Z-scan), both the real and imaginary parts of χ(3)

can be measured, and the temporal dependence of the non-
linear response can be studied, but the necessity to run two
independent experiments to determine all the tensor compo-
nents of χ(3) has resulted in these techniques being signifi-
cantly less popular because Z-scan and DFWM reveal more
information from one experiment.

3.8. ZINDO (for calculating optical nonlinearities)

Computational techniques can afford insight into the
structure–property relationships of molecules and materi-
als, because the often time-consuming syntheses may be
avoided by predicting responses computationally. Perhaps
more importantly, otherwise inaccessible structural varia-
tions (such as bond length variation) may be probed. Un-
fortunately, though, modeling environmental interactions
(intermolecular or solvent/molecule) is difficult [26,36,37],
and so all calculated NLO responses of acetylide com-
plexes are of individual molecules in the gas phase rather
than of bulk materials. The only calculations of acetylide
complexes thus far have employed ZINDO, which is a
semi-empirical intermediate neglect of differential over-
lap/spectroscopy (INDO/S)-based routine. ZINDO utilizes
a sum over excited particle hole states (SOS) method to
calculate second-order nonlinear optical coefficients, and
is parameterized to accommodate transition metal calcula-
tions. To achieve computational efficiency, some terms are
replaced by empirical data or neglected. The SOS treatment
is then used with the mono-excited state configuration inter-
action (MECI) approximation [38,39]. The values reported
are βvec, the value of β that lies along the dipolar axis (this
is the value sampled by the EFISH technique), and βtot, the
total quadratic hyperpolarizability, which is defined as:

βtot =
√
(β2

x + β2
y + β2

z )

4. Second-order nonlinearities

4.1. Group 8 acetylide complexes

Complexes of the group 8 metals comprise the largest
group of acetylide complexes to have been assessed for
quadratic NLO merit, the results of these studies being col-

lected in Table 1, and the structural formulas of some of the
more efficient compounds being displayed in Fig. 5.

At this point it is apropos to mention that one must
be very cautious in comparing results from differ-
ent laboratories (perhaps obtained using different tech-
niques and at different wavelengths); for example,
[Fe(C≡CC6H4-4-NO2)(dppe)(�5-C5H5)] was measured in
two laboratories in differing solvents and with differing
references, and afforded data differing by up to a factor
of two [50,95]. Dispersion is a serious concern: results are
influenced by material resonances and the degree of this
resonance enhancement is difficult to quantify. Dispersion
of β for linear charge-transfer molecules can be described
by a two state model, but such a model is probably not
sufficient for metal acetylide complexes, and particularly
octupolar examples. The two-level corrected β values (β0)
are available from:

β0 = β

(
1 −

(
λmax

λ

)2
)(

1 −
(

2λmax

λ

)2
)

where λmax is the optical absorption maximum and λ is the
fundamental wavelength of the laser. The β0 values are listed
in Table 1 and subsequent tables, but these data should be
treated cautiously: three complexes in Table 1 have been
examined by HRS at two wavelengths, the varying β0 val-
ues testifying to the lack of applicability of the two-level
model. The other major concern is that the various exper-
imental techniques can sample different tensorial compo-
nents or combinations thereof. Two complexes in Table 1
have been examined by both HRS and EFISH, the equiva-
lent β values (within the experimental error margins) sug-
gesting that there is one dominant tensor component (βvec =
βEFISH = βHRS = βzzz).

Structure–NLO activity trends revealed from the data in
Table 1 and subsequent tables in many cases mimic those
found for organic molecules. It is helpful to note that the
relationship between hyperpolarizabilities and linear optical
absorption bands can be described by perturbation theory:

β ≈ 3(µee − µgg)

(
µ2

ge

E2
ge

)

γ ∝ −µ4
ge

E3
ge

+ µ2
geµ

2
ee′

E2
geEge′

+ µ2
ge(µee − µgg)

2

E3
ge

where µgg is the ground state dipole moment, µee is the
excited state dipole moment, µee′ and µge are transition
dipole moments, and Ege and Ege′ are optical absorption en-
ergies. This provides a useful indication of factors influenc-
ing NLO merit to which the synthetic chemist can readily
relate. For example, the former expression suggests that an
intense (large µge) charge-transfer (large µee −µgg) transi-
tion at long wavelength (low Ege) will correspond to a sig-
nificant β coefficient. Not surprisingly, organic molecules
containing conjugated � systems with unsymmetrical charge
distribution have been shown to exhibit large second-order
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Table 1
Molecular quadratic NLO measurements for group 8 acetylide complexes

Complex λmax

(nm)
βa

(10−30 esu)
β0

a

(10−30 esu)
Technique Solvent Fund.

(�m)
Ref.

[Fe(C≡CPh)(dppe)(�5-C5Me5)] 348 52 24 HRS CH2Cl2 1.064 [52]
1,3-C6H4[(C≡C)Fe(dppe)(�5-C5Me5)]2 349 210 98 HRS CH2Cl2 1.064 [52]
1,3,5-C6H3[(C≡C)Fe(dppe)(�5-C5Me5)]3 351 175 87 HRS CH2Cl2 1.064 [52]
1,4-C6H4[(C≡C)Fe(dppe)(�5-C5Me5)]2 413 180 60 HRS CH2Cl2 1.064 [52]
(−)436-trans-[Fe(C≡CC6H4-4-NO2)Cl{(R,R)-diph}2] 543 440 14 HRS thf 1.064 [55]
[Fe(C≡CC6H4-4-NO2)(CO)2(�5-C5H5)] 370 49 22 HRS thf 1.064 [50]
[Fe(C≡CC6H4-4-NO2)(dppe)(�5-C5H5)] 498 665 64 HRS thf 1.064 [50]

504 1160 92 HRS CHCl3 1.064 [95]
[Fe(C≡CC6H4-4-C6H4-4-NO2)(dppe)(�5-C5H5)] 479 1150 173 HRS CHCl3 1.064 [95]
[Fe(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)(dppe)(�5-C5H5)] 506 2315 171 HRS CHCl3 1.064 [95]
[Ru(C≡CPh)(PPh3)2(�5-C5H5)] 310 89 45 HRS thf 1.064 [46,56]
[Ru(C≡CC6H4-4-NO2)(PPh3)2(�5-C5H5)] 460 468 96 HRS thf 1.064 [46,51]
[Ru(C≡CC6H4-4-NO2)(PMe3)2(�5-C5H5)] 477 248 39 HRS thf 1.064 [46,51]
[Ru(C≡CC6H4-4-C≡CC6H4-4-NO2)(PPh3)2(�5-C5H5)] 448 560 134 HRS thf 1.064 [46,56]
[Ru(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)(PPh3)2(�5-C5H5)] 476 1455 232 HRS thf 1.064 [46,51]

476 1464 234 EFISH thf 1.064 [46,51]
484 2270 310 HRS CHCl3 1.064 [95]
478 186 105 HRS CH2Cl2 1.560 [43]

[Ru(C≡C-2-C5H4N)(PPh3)2(�5-C5H5)] 331 18 10 HRS thf 1.064 [40]
[Ru(C≡C-2-C5H3N-5-NO2)(PPh3)2(�5-C5H5)] 468 622 113 HRS thf 1.064 [40]
[Ru(C≡CC6H4-4-C≡CC6H4-4-NO2)(PPh3)2(�5-C5H5)] 446 865 212 HRS thf 1.064 [46,56]
[Ru(C≡CC6H4-4-N=CHC6H4-4-NO2)(PPh3)2(�5-C5H5)] 496 840 86 HRS thf 1.064 [46,51]

496 760 78 EFISH thf 1.064 [46,51]
[Ru(C≡CC6H4-4-(E)-CH=CH-2-C4H2S-5-NO2)(PPh3)2(�5-C5H5)] 533 294 138 HRS CH2Cl2 1.560 [43]
[Ru(C≡C-2-C4H2S-5-(E)-CH=CHC6H4-4-NO2)(PPh3)2(�5-C5H5)] 522 333 163 HRS CH2Cl2 1.560 [43]
[Ru(C≡CC6H4-4-C≡C-2-C4H2S-5-NO2)(PPh3)2(�5-C5H5)] 505 210 109 HRS CH2Cl2 1.560 [43]
[Ru{C≡C-(2-C4H2S-5-(E)-CH=CH)2C6H4-4-NO2}(PPh3)2(�5-C5H5)] 536 419 195 HRS CH2Cl2 1.560 [43]
[Ru(C≡CC6H4-4-N=CH-2-C4H2S-5-NO2)(PPh3)2(�5-C5H5)] 562 308 129 HRS CH2Cl2 1.560 [43]
[Ru(C≡C-4-C5H4NMe)(PPh3)2(�5-C5H5)][PF6] 460 80 16 HRS CH2Cl2 1.064 [57]
[Ru(C≡CC6H4-4-(E)-CH=CH-4-C5H4NMe)(PPh3)2(�5-C5H5)][PF6] 582 1600 154 HRS CH2Cl2 1.064 [57]
[Ru(C≡CC6H4-4-C≡C-4-C5H4NMe)(PPh3)2(�5-C5H5)][PF6] 558 1400 102 HRS CH2Cl2 1.064 [57]
[Ru(C≡CC6H4-4-NO2)(PPh3)2(�5-indenyl)] 476 746 119 HRS CH2Cl2 1.064 [46,47]
[Ru(C≡CC6H4-4-NO2)(dppe)(�5-indenyl)] 459 516 107 HRS CH2Cl2 1.064 [42]
[Ru(C≡CC6H4-4-NO2)(dppm)(�5-indenyl)] 456 540 117 HRS CH2Cl2 1.064 [42]
[Ru(C≡C-(E)-CH=CHC6H4-4-NO2)(PPh3)2(�5-indenyl)] 507 1257 89 HRS CH2Cl2 1.064 [42,47]
[Ru(C≡C-(E)-CH=CHC6H4-4-CN)(PPh3)2(�5-indenyl)] 427 238 71 HRS CH2Cl2 1.064 [42,47]
[Ru(C≡C-(E)-CH=CH-(E)-CH=CHC6H4-4-NO2)(PPh3)2(�5-indenyl)] 523 1320 34 HRS CH2Cl2 1.064 [42,47]
[Ru(C≡C-(E)-CH=CH-4-C5H4N)(PPh3)2(�5-indenyl)] 399 100 37 HRS CH2Cl2 1.064 [46,47]
[Ru(C≡CC6H4-4-C≡CC6H4-4-NO2)(PPh3)2(�5-indenyl)] 463 1027 202 HRS CH2Cl2 1.064 [42]
[Ru(C≡CC6H4-4-N=CHC6H4-4-NO2)(PPh3)2(�5-indenyl)] 509 1295 85 HRS CH2Cl2 1.064 [42]
[Ru(C≡C-(E,Z)-CH=CH-2-C4H2O-5-NO2)(PPh3)2(�5-indenyl)] 550 908 43 HRS CH2Cl2 1.064 [42]
[Ru(C≡C-(E)-CH=CH-2-C4H2S-5-NO2)(PPh3)2(�5-indenyl)] 598 487 88 HRS CH2Cl2 1.064 [42]
[Ru{C≡CCH=C(C6H4-3-NO2)2}(PPh3)2(�5-indenyl)] 345 48 25 HRS CH2Cl2 1.064 [42]
[Ru{C≡C-(E)-CH=CH-4-C5H4N-1-Cr(CO)5}(PPh3)2(�5-indenyl)] 451 260 60 HRS CH2Cl2 1.064 [42,47]
[Ru{C≡C-(E)-CH=CH-4-C5H4N-1-W(CO)5}(PPh3)2(�5-indenyl)] 462 535 71 HRS CH2Cl2 1.064 [42,47]
[Ru{C≡C-(E)-CH=CHC6H4-4-C≡NCr(CO)5}(PPh3)2(�5-indenyl)] 442 465 119 HRS CH2Cl2 1.064 [42,47]
[Ru{C≡C-(E)-CH=CHC6H4-4-C≡NW(CO)5}(PPh3)2(�5-indenyl)] 456 700 150 HRS CH2Cl2 1.064 [42,47]
[Ru{C≡C-(E)-CH=CHC6H4-4-C≡NRu(NH3)5}(PPh3)2(�5-indenyl)]

[CF3SO3]3

442 315 80 HRS Acetone 1.064 [42,47]

[Fe(�5-C5H5){�5-C5H4-(E)-CH=CHC≡CRu(PPh3)2(�5-indenyl)}] 345 273 141 HRS CH2Cl2 1.064 [42]
trans-[Ru(C≡CPh)Cl(dppm)2] 308 20 12 HRS thf 1.064 [41]
trans-[Ru(C≡CC6H4-4-NO2)Cl(dppm)2] 473 767 129 HRS thf 1.064 [41]
trans-[Ru(C≡CC6H4-4-C6H4-4-NO2)Cl(dppm)2] 465 933 178 HRS thf 1.064 [41]
trans-[Ru(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl(dppm)2] 490 1964 235 HRS thf 1.064 [41]
trans-[Ru(C≡C-2-C5H4N)Cl(dppm)2] 351 35 19 HRS thf 1.064 [41]
trans-[Ru(C≡C-2-C5H3N-5-NO2)Cl(dppm)2] 490 468 56 HRS thf 1.064 [41]
trans-[Ru(C≡CC6H4-4-C≡CPh)Cl(dppm)2] 381 101 43 HRS thf 1.064 [48]
trans-[Ru(C≡CC6H4-4-CHO)Cl(dppm)2] 405 106 38 HRS thf 1.064 [48]
trans-[Ru(C≡CC6H4-4-C≡CC6H4-4-NO2)Cl(dppm)2] 464 833 161 HRS thf 1.064 [48]
trans-[Ru(C≡CC6H4-4-C≡CC6H4-4-C≡CC6H4-4-NO2)Cl(dppm)2] 439 1379 365 HRS thf 1.064 [48]
trans-[Ru(C≡CPh)Cl(dppe)2] 319 6 3 HRS thf 1.064 [48]
trans-[Ru(C≡CC6H4-4-CHO)Cl(dppe)2] 413 120 40 HRS thf 1.064 [48]
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Table 1 (Continued)

Complex λmax

(nm)
βa

(10−30 esu)
β0

a

(10−30 esu)
Technique Solvent Fund.

(�m)
Ref.

trans-[Ru(C≡CC6H4-4-NO2)Cl(dppe)2] 477 351 55 HRS thf 1.064 [48]
trans-[Ru{C≡CC6H4-(E)-4-CH=CHC6H4-4-NO2}Cl(dppe)2] 489 2676 342 HRS thf 1.064 [48]
[Ru{C≡CC6H4-(E)-4-N=NC6H4-4-NO2}(PPh3)2(�5-C5H5)] 565 1627 149 HRS thf 1.064 [45]
trans-[Ru{C≡CC6H4-(E)-4-N=NC6H4-4-NO2}Cl(dppm)2] 583 1649 232 HRS thf 1.064 [45]
[Ru{C≡CC6H4N=CCH=CButC(O)C(But )=CH}(PPh3)2(�5-C5H5)] 622 658 159 HRS thf 1.064 [44]
[Ru{C≡CC6H4N=CCH=CButC(O)C(But )=CH}Cl(dppm)2] 645 417 124 HRS thf 1.064 [44]
1,3,5-{trans-[RuCl(dppe)2(C≡C-4-C6H4C≡C)]}3C6H3 414 94 18 HRS thf 1.064 [53]
1,3,5-{trans-[Ru(C≡CPh)(dppe)2(C≡C-4-C6H4C≡C)]}3C6H3 411 93 18 HRS thf 1.064 [53]
trans-[Ru(C≡CPh)(C≡CC6H4-4-C≡CPh)(dppe)2] 383 34 8 HRS thf 1.064 [53]
trans-[Ru(C≡CPh)Cl(dppe)2] 319 6 2 HRS thf 1.064 [53]
[1-(HC≡C)-3,5-C6H3{trans-C≡CRuCl(dppm)2}2] 323 <42 <24 HRS thf 1.064 [58]
trans-[Ru(C≡CC6F4-4-OMe)Cl(dppm)2] 337 26 14 HRS thf 1.064 [59]
trans-[Ru{C≡CC6H4-(E)-4-CH=CHPh}Cl(dppm)2] 397 200 ± 40 44 ± 9 HRS thf 1.064 [54]

397 920b 5 HRS thf 0.800 [54]
1,3,5-(trans-[RuCl(dppm)2{C≡CC6H4-(E)-4-CH=CH}3C6H3 415 150 ± 92 28 ± 14 HRS thf 1.064 [54]

415 577 ± 19 16 ± 1 HRS thf 0.800 [54]
(−)578-trans-[Ru(C≡CPh)Cl{(R,R)-diph}2] 292 too low too low HRS thf 1.064 [55]
(−)589-trans-[Ru(C≡CC6H4-4-NO2)Cl{(R,R)-diph}2] 467 530 97 HRS thf 1.064 [55]
(−)589-trans-[Ru(C≡CC6H4-(E)-4-CH=CHC6H4-4-NO2)Cl{(R,R)-diph}2] 481 2795 406 HRS thf 1.064 [55]
[Ru(C≡CC6H4-4-NO2)(CO)2(�5-C5H5)] 364 58 27 HRS thf 1.064 [50]
[Ru(C≡CC6H4-4-NO2)(dppe)(�5-C5H5)] 447 664 161 HRS thf 1.064 [50]
[Ru(C≡CC6H4-4-NO2)(PPh3)2(�5-C5H5)] 468 96 9 HRS thf 1.064 [50]
[Ru(C≡CC6H4-4-CH{OC(O)Me}2)(PPh3)2(�5-C5H5)] 326 68 38 HRS thf 1.064 [49]
[Ru(C≡CC6H4-4-CHO)(PPh3)2(�5-C5H5)] 400 120 45 HRS thf 1.064 [49]
trans-[Ru{C≡C-4-C6H4CHO(CHO(CH2)3O}Cl(dppm)2] 320 61 35 HRS thf 1.064 [49]
trans-[Ru(C≡CC6H4-3-CHO)Cl(dppm)2] 321 58 34 HRS thf 1.064 [49]
(−)365-trans-[Os(C≡CC6H4-4-NO2)Cl{(R,R)-diph}2] 326 68 38 HRS thf 1.064 [55]
[Os(C≡CC6H4-4-NO2)(dppe)(�5-C5H5)] 461 929 188 HRS thf 1.064 [50]
[Os(C≡CC6H4-4-NO2)(PPh3)2(�5-C5H5)] 474 1051 174 HRS thf 1.064 [50]

a β values have uncertainty of 10% unless otherwise noted.
b Upper bound only. No complete demodulation of the fluorescence contribution could be achieved.

NLO properties; thus, donor–acceptor substituted azo dyes,
Schiff bases, and stilbenes, which are all molecules with
easily polarizable �-electrons, all show large second-order
nonlinearities. Nonlinearities can be enhanced by either
increasing the conjugation length (improving delocaliza-
tion) or increasing the strength of donor or acceptor groups
(improving electron asymmetry). These NLO chromophore
improvements result in a red-shift in the important linear
optical absorption band, which reduces optical transparency,
so octupolar molecules have been investigated in a bid to
overcome this NLO efficiency/transparency trade off—the
lack of a molecular dipole also improves the prospects of
noncentrosymmetric crystal packing, required to manifest
bulk susceptibility.

The data in Table 1 are consistent with an increase
in β value upon increasing acetylide ligand chain length
(proceeding from one-ring to biphenyl-, imino- and
yne-linked two-ring acetylide ligand, with the azo- and
ene-linked acetylide complexes the most efficient, and,
indeed, more efficient than the complex with the three-ring
yne-linked ligand); not surprisingly, an increase in β

and β0 value is seen on increasing n from 0 to 2 for
trans-[Ru(C≡C(C6H4-4-C≡C)nC6H4-4-NO2)Cl(dppm)2],
although the β value for n = 0 and 1 are the same within

the error margins. Ease of delocalization is enhanced upon
replacing phenyl rings with heterocycles; however, nonlin-
earities do not consistently increase on replacing phenyl
by pyridyl [40,41] and in fact, decrease on incorpora-
tion of an furanyl ring [42], while the location of the
thienyl ring and phenyl ring in two-ring acetylide ligands
was found to be unimportant in influencing NLO merit
[43]. The use of iodoanilinoacetylide ligands such as in

has been examined, because in the charge-transfer excited
state the ring closer to the metal center becomes quinoidal,
but the ring remote from the metal center becomes aromatic
(Fig. 6), eliminating loss of aromatic stabilization energy
and thereby enhancing nonlinearities. While the quadratic
nonlinearity for this complex is large [44], it is not as large as
similarly-sized two-ring azo- or ene-linked complexes [45].

Increasing the donor and/or acceptor strength gener-
ally results in an increase in nonlinearity. The 18 electron
readily oxidizable ruthenium(II) centers in these com-
plexes are very efficient donors—where direct comparison
to related organic compounds is possible, it appears that
the Ru(II) center is a stronger donor, resulting in large
NLO coefficients. The efficient nitro group has been the
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Fig. 5. Group 8 acetylide complexes with large β values.

most widely used acceptor across this series of com-
plexes, replacement with other acceptor groups (CHO, CN)
generally resulting in a decrease in nonlinearity, while
alkylation of the 4-pyridylacetylide ligand to afford a
4-methylpyridinium acceptor afforded a complex with sim-
ilar optical transparency to the 4-nitrophenylacetylide ana-
logue, but greatly reduced nonlinearity. The 4-pyridyl group
in [Ru{C≡C–(E)–CH=CH-4-C5H4N}(PPh3)2(�5-indenyl)]
has been metallated with Cr(CO)5 and W(CO)5 units, the

Ru N

O

Ph3P
Ph3P Ru C

Ph3P
Ph3P C N

O

+

-

Fig. 6. Ground state (left) and charge-transfer excited state (right) representations of an indoanilinoacetylide complex.

products possessing considerably red-shifted linear ab-
sorption bands and significantly enhanced nonlinearities.
Similarly, the nitrile group in [Ru{C≡C–(E)–CH=CH-4-
C6H4CN}(PPh3)2(�5-indenyl)] has been metallated with
Cr(CO)5, W(CO)5 and [Ru(NH3)5]3+ groups, with ad-
dition of the group 6 metals proving the more effec-
tive route to enhancing nonlinearities. In both cases,
the tungsten-containing complexes are the more efficient
[42,46,47]. It is also important to maintain conjugation



C.E. Powell, M.G. Humphrey / Coordination Chemistry Reviews 248 (2004) 725–756 737

pathway, replacement of C6H4-4-CHO with C6H4-3-CHO
resulting in a decrease of the nonlinearity [48,49].

One advantage of organometallic complexes over organic
compounds is the possibility of tuning NLO response by
co-ligand modification. For the group 8 metal acetylide com-
plexes, varying co-ligand should modify donor strength or
delocalization possibilities. Replacing two CO ligands by
dppe results in a significant increase in nonlinearity [50],
while subtle variations (replacing dppe by dppm or two PPh3
ligands) have no effect within the error margins. Interest-
ingly, the nonlinearity for the triphenylphosphine complex
is greater than that of the trimethylphosphine complex in
the pair [Ru(C≡CC6H4-4-NO2)(L)2(�5-C5H5)], suggesting
that the greater delocalization possibilities of the former are
more important for NLO merit than the greater basicity of
the latter [46,51]. Replacing the cyclopentadienyl by the in-
denyl ligand generally results in increased quadratic non-
linearity, while for metal variation the limited data thus far
are unclear—some studies suggest increasing nonlinearity
as �(iron complex) ≤ β(ruthenium complex) ≤ β(osmium
complex) [42,46,47,50], whereas a further report suggests
β(iron complex) > β(ruthenium complex) [95].

Recently, several octupolar acetylide complexes have
been examined; their nonlinearities are modest [52–54], but
none thus far incorporate acceptor groups at the core, intro-
duction of which would be expected to enhance nonlinearity
significantly. The “best” dipolar group 8 acetylide complexes
represent the most efficient organometallic compounds with
respect to quadratic NLO response, the β values being
the same order of magnitude as the most efficient organic
compounds.

4.2. Group 10 acetylide complexes

The molecular quadratic nonlinearities of a systematically
varied series of (cyclopentadienyl)(triphenylphosphine)nickel
acetylide complexes have been determined by hyper-Rayleigh
scattering at 1.064 �m, the results being given in Table 2 and
the structural formulas of some of the more efficient com-

Table 2
Molecular quadratic NLO measurements of group 10 acetylide complexesa

Complex λmax (nm) βb (10−30 esu) β0
b (10−30 esu) Ref.

[Ni(C≡CPh)(PPh3)(�5-C5H5)] 307 24c 15 [60]
[Ni(C≡CC6H4-4-NO2)(PPh3)(�5-C5H5)] 439 221 59 [60]
[Ni(C≡CC6H4-4-C6H4-4-NO2)(PPh3)(�5-C5H5)] 413 193 65 [60]
[Ni(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)(PPh3)(�5-C5H5)] 437 445 120 [60]
[Ni(C≡CC6H4-4-(Z)-CH=CHC6H4-4-NO2)(PPh3)(�5-C5H5)] 417 145 47 [60]
[Ni(C≡CC6H4-4-C≡CC6H4-4-NO2)(PPh3)(�5-C5H5)] 417 326 106 [60]
[Ni(C≡CC6H4-4-N=CHC6H4-4-NO2)(PPh3)(�5-C5H5)] 448 387 93 [60]
[Ni(C≡C-2-C5H4N)(PPh3)(�5-C5H5)] 415 25 8 [40]
[Ni(C≡C-2-C5H3N-5-NO2)(PPh3)(�5-C5H5)] 456 186 41 [40]
[1-(HC≡C)-3,5-C6H3{C≡CNi(PPh3)(�5-C5H5)}2] 316 94 55 [58]

a HRS, thf solvent, 1.064 �m.
b β values have uncertainty of 10% unless otherwise noted.
c Uncertainty of 20%.
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Ph3P

NO2
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β = 326 x 10-30 esu
β0 = 106 x 10-30 esu

Fig. 7. Selected group 10 acetylides with high second-order optical non-
linearities.

pounds being shown in Fig. 7. As with results for the ruthe-
nium examples summarized above, dispersion-enhanced
and two-level corrected nonlinearities increase upon in-
troduction of acceptor substituent (nitro group), chain
lengthening of acetylide ligand, and replacing Z by E stere-
ochemistry at the acetylide ligand alkene linkage [40,60].
The nonlinearities for these 18-electron complexes are
smaller than those for their 18-electron (cyclopentadi-
enyl)bis(phosphine)ruthenium analogues, suggesting that
the greater ease of oxidation of the latter is an important de-
terminant of NLO merit in metal acetylide complexes [60].

4.3. Group 11 acetylide complexes

All group 11 acetylide complexes to have been exam-
ined thus far are (phosphine)gold complexes by HRS at
1.064 �m, the results of which are summarized in Table 3,
while structural formulas of some of the more efficient com-
plexes are displayed in Fig. 8. Unlike the other extensively
investigated series (the ruthenium acetylide complexes),
all of the gold complexes possess optical transitions in the
UV and are optically transparent at the second-harmonic
frequency. This is important as it permits a realistic eval-
uation of intrinsic off-resonance hyperpolarizabilities, and
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Table 3
Molecular quadratic NLO measurements of group 11 acetylide complexesa

Complex λmax (nm) βb (10−30 esu) β0
b (10−30 esu) Ref.

[Au(C≡CPh)(PPh3)] 296 6 4 [46,61]
[Au(C≡CC6H4-4-NO2)(PPh3)] 338 22 12 [46,61]
[Au(C≡CC6H4-4-C6H4-4-NO2)(PPh3)] 350 39 20 [46,61]
[Au(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)(PPh3)] 386 120 49 [46,61]
[Au(C≡CC6H4-4-(Z)-CH=CHC6H4-4-NO2)(PPh3)] 362 58 28 [46,61]
[Au(C≡CC6H4-4-C≡CC6H4-4-NO2)(PPh3)] 362 59 28 [46,61]
[Au(C≡CC6H4-4-N=CHC6H4-4-NO2)(PPh3)] 392 85 34 [46,61]
[Au(C≡CC6H4-4-(E)-N=NC6H4-4-NO2)(PPh3)] 398 180 68 [45]
[Au(C≡C-2-C5H4N)(PPh3)] 300 7 4 [40]
[Au(C≡C-2-C5H3N-5-NO2)(PPh3)] 339 38 20 [40]
[Au(C≡C-2-C5H3N-5-NO2)(PMe3)] 340 12 6 [40]
[1,3,5-C6H3(C≡CAuPPh3)3] 298 6 4 [58]
[Au(C≡CC6H4-4-CHO)(PPh3)] 322 14 8 [49]
[Au(C≡CC6H4-4-CHO)(PMe3)] 322 c [49]
[Au(C≡CC6H4-4-CHO(CH2)3O)(PPh3)] 296 15 10 [49]
[Au(C≡CC6H4-4-CHO(CH2)3O)(PMe3)] 292 48 31 [49]
[Au(C≡CC6H4-3-CHO)(PPh3)] 318 c [49]
[Au(C≡CC6H4-3-CHO)(PMe3)] 322 c [49]
[Au(C≡CC6H4-4-NO2)(PCy3)] 342 31 16 [62]
[Au(C≡CC6H4-4-NO2)(PMe3)] 339 50 27 [62]
[Au(C≡CC6H4-4-OMe)(PMe3)] 339 44 25 [59]
[Au(C≡CC6H4-4-OMe)(PPh3)] 296 20 14 [59]

a HRS, thf, 1.064 �m.
b β values have uncertainty of 10% unless otherwise noted.
c Too low to measure.

thereby reliable development of structure–NLO property
relationships. The quadratic nonlinearities of these com-
plexes show a similar dependence on the nature of the
acetylide ligand as has been reported previously for organic
chromophores. The efficiency sequence for acetylide ligand
bridge variation C6H4 < C6H4C6H4 < C6H4C≡CC6H4
< E-C6H4CH=CHC6H4 was rationalized from �-bridge
lengthening, torsion effects at the phenyl–phenyl link-
age (of the biphenyl compound), and orbital energy mis-
match of p orbitals of sp-hybridized acetylenic carbons
with orbitals of sp2 hybridized phenyl carbons (for the
diphenylacetylene compound) [61]. Bridge stereochem-
istry affects quadratic nonlinearities as β(Z isomer) <

β(E isomer), explained from a combination of greater
dipole moment and more intense optical transition for
the latter [61]. Quadratic nonlinearities are also observed
to increase with increasing acceptor strength, viz. β(H)
< β(CHO) < β(NO2) and for acceptor substitution site
β(3-CHO) < β(4-CHO) [49]. The most efficient complex
[Au(C≡CC6H4-4-(E)-N=NC6H4-4-NO2)(PPh3)] possesses
the same acetylide ligand as one of the most efficient ruthe-
nium acetylide complexes of similar size [45]; the efficiency
of this ligand was predicted (before its synthesis) in earlier
semi-empirical ZINDO studies [51].

4.4. Vinylidene complexes

Study of the quadratic NLO merit of vinylidene
complexes is comparatively recent, significant impe-

tus to this development being given from the interest
in switching NLO properties coupled to the facile in-
terconvertibility of acetylide and protonated vinylidene
complex pairs via protonation/deprotonation sequences.
Thus far, all reports are of ruthenium vinylidene com-
plexes assessed by hyper-Rayleigh scattering at 1.064 �m,
the results from which are collected in Table 4. The
vinylidene complexes were not designed to have large
quadratic NLO responses and, perhaps not surprisingly,
nonlinearities for the monoruthenium vinylidene com-
plexes are mostly low. Introduction of a nitro acceptor
group results in increased β values. The octupolar com-
plex [1,3,5-(trans-[RuCl(dppm)2{C=CHC6H4-(E)-4-CH=
CH}])3C6H3](PF6)3 was examined by HRS with ns pulses at
1064 nm and fs pulses at 800 nm, the β values at the shorter
wavelength being much greater, consistent with significant
resonance enhancement resulting from close proximity of
the optical absorption maximum to the second-harmonic
wavelength of the latter (400 nm) [54].

The aryldiazovinylidene complexes are derivative of
[Ru(C≡CPh)(PPh3)2(�5-C5H5)] for which β = 16 ×
10−30 esu (β0 = 10 × 10−30 esu); an increase in β is ob-
served upon introduction of functionalized aryldiazo group,
but not upon incorporation of phenyldiazo unit. Complex
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]I was ex-
amined in three different solvents, nonlinearities varying as
β(acetone) = β(CH2Cl2) > β(thf). The molecular variation
across these vinylidene complex salts affords trends in β

consistent with the introduction of polarizing substituents
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Fig. 8. Group 11 acetylide complexes with large β values.

(NO2, OMe) and location of nitro substituent (4-NO2 cf.
3,5-(NO2)2) making a significant contribution to the ob-
served responses [63].

4.5. Kurtz powder measurements

The SHG efficiencies of more than forty acetylide or
vinylidene complexes have been assessed using the Kurtz
powder method, the results being listed in Table 5 and the
structural formulas of the more efficient compounds being
shown in Fig. 9.

In general, the bulk second-order data for vinylidene and
acetylide complexes are disappointingly modest in compar-
ison with literature-extant data for ferrocenyl complexes,
for example, despite the fact that molecular quadratic non-
linearities for the more efficient acetylide complexes are
significantly larger than those for the more efficient fer-
rocenyl complexes. The majority of the gold acetylide
complexes to have been examined by the Kurtz technique
decomposed. Strategies to engineer sizable χ(2) values have
been developed. For example, Marder et al. have shown
that variation of counterions is a highly successful and very
straightforward method to rapidly sample different lattice

arrangements and thereby obtain materials with large non-
linearities [64]. This idea was utilized with the vinylidene
complex cations, and proved its utility, but data for these
salts of varying anion are uniformly low [65]. This strategy
is not applicable to neutral complexes, although alterna-
tive procedures for organizing favorable lattice alignment
have been developed, namely formation of guest–host in-
clusion complexes, and incorporation of chiral ligands.
The former idea has not been pursued with vinylidene or
acetylide complexes. The latter approach has been utilized
using diph (1,2-bis(methylphenylphosphino)benzene) as
the chiral ligand. For a variation in group 8 metal across
the series trans-[M(C≡CC6H4-4-NO2)Cl{(R,R)-diph}2],
the iron-containing complex has the largest Kurtz powder
SHG efficiency, but its molecular nonlinearity is the low-
est of the three complexes [55], emphasizing the fact that
the usefulness of the Kurtz technique is to rapidly identify
SHG activity; structure–NLO property correlations are not
justified. The most SHG-efficient acetylide or vinylidene
complex, [Ni(C≡C-2-C5H3N-5-NO2)(PPh3)(�5-C5H5)],
was shown to have a non-centrosymmetric crystal lat-
tice, in a complementary X-ray diffraction study [40], but
the acetylide chromophores were not aligned favorably.
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Table 4
Molecular quadratic NLO measurements of vinylidene complexesa

Complex λmax

(nm)
βb

(10−30 esu)
β0

b

(10−30 esu)
Solvent Fund.

(�m)
Ref.

trans-[Ru(C=CHC6F4-4-OMe)Cl(dppm)2]PF6 334 32 17 thf 1.064 [59]
trans-[Ru(C=CHC6H4-2-CHO)Cl(dppm)2]PF6 555 27 2 thf 1.064 [49]
trans-[Ru(C=CHC6H4-3-CHO)Cl(dppm)2]PF6 320 45 26 thf 1.064 [49]
trans-[Ru{C=CHC6H4-4-CHO(CH2)3O}Cl(dppm)2]PF6 317 64 38 thf 1.064 [49]
trans-[Ru(C=CHPh)Cl(dppm)2]PF6 320 24 16 thf 1.064 [48]
trans-[Ru(C=CHC6H4-4-C≡CPh)Cl(dppm)2]PF6 380 64 31 thf 1.064 [48]
trans-[Ru(C=CHC6H4-4-CHO)Cl(dppm)2]PF6 403 108 39 thf 1.064 [48]
trans-[Ru(C=CHC6H4-4-NO2)Cl(dppm)2]PF6 470 721 127 thf 1.064 [48]
trans-[Ru(C=CHC6H4-4-C≡CC6H4-4-NO2)Cl(dppm)2]PF6 326 424 122 thf 1.064 [48]
trans-[Ru{C=CHC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl(dppm)2]PF6 369 1899 314 thf 1.064 [48]
trans-[Ru(C=CHC6H4-4-CHO)Cl(dppe)2]PF6 412 181 61 thf 1.064 [48]
trans-[Ru(C=CHC6H4-4-NO2)Cl(dppe)2]PF6 470 1130 180 thf 1.064 [48]
trans-[Ru{C=CHC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl(dppm)2]PF6 473 441 74 thf 1.064 [48]
[Ru(C=CHC6H4-4-NO2)(PPh3)2(�5-indenyl)]PF6 379 116 50 CH2Cl2 1.064 [42,46,47]
[1,3,5-(trans-[RuCl(dppm)2{C=CHC6H4-(E)-4-CH=CH}])3C6H3](PF6)3 396 165 ± 33 36 ± 7 thf 1.064 [54]

396 101 ± 62c 22 ± 14 thf 1.064 [54]
396 483 ± 100 4 ± 1 thf 0.800 [54]
396 298 ± 62c 2 ± 1 thf 0.800 [54]

[Ru(C=CPhN=NPh)(PPh3)2(�5-C5H5)]BF4 363 14 6.6 Acetone 1.064 [63]
[Ru(C=CPhN=NC6H4-2-OMe)(PPh3)2(�5-C5H5)]Cl 373 22 10 Acetone 1.064 [63]
[Ru(C=CPhN=NC6H4-3-OMe)(PPh3)2(�5-C5H5)]BF4 382 23 10 Acetone 1.064 [63]
[Ru(C=CPhN=NC6H4-4-OMe)(PPh3)2(�5-C5H5)]Cl 370 26 12 Acetone 1.064 [63]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]BF4 413 184 62 CH2Cl2 1.064 [63]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]Cl 413 137 46 CH2Cl2 1.064 [63]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]Br 413 136 45 CH2Cl2 1.064 [63]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]I 417 150 48 Acetone 1.064 [63]

415 101 33 thf 1.064 [63]
413 134 45 CH2Cl2 1.064 [63]

[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)](4-MeC6H4SO3) 413 164 55 CH2Cl2 1.064 [63]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]NO3 413 181 61 CH2Cl2 1.064 [63]

a HRS.
b ±10% unless otherwise stated.
c √

(β2).

Crystal engineering to convert large molecular nonlinear-
ities into significant bulk nonlinearities remains a major
challenge.

4.6. ZINDO-derived computational results

Table 6 contains data for computationally-derived
second-order nonlinearities, obtained using ZINDO. Al-
though ZINDO has been unsuccessful in reproducing ab-
solute values of nonlinearities for acetylide complexes, a
not-unexpected result when comparing resonance-enhanced
solution-phase measurements in dipolar solvents with
computationally-derived gas phase measurements far from
resonance, it generally reproduces experimental trends. For
example, for the acetylide complexes studied thus far, in-
corporation of a strong acceptor group and acetylide ligand
chain lengthening both serve to increase nonlinearity, as ex-
pected [67,68]. The greatest utility of computational meth-
ods is in probing the effect of structural modifications that
are not easy to accomplish experimentally. For example,
Figs. 10 and 11 show the effect of Ru–C bond length varia-
tion and acetylide phenyl ring rotation upon ZINDO-derived

βvec values for [Ru(C≡CC6H4-4-NO2)(PMe3)2(�5-C5H5)],
the calculations suggesting that one should minimize the
Ru–C distance in order to maximize βvec, and that the
orientation of the phenylacetylide ligand with respect
to the metal center is not an important concern for op-
timizing βvec—the latter is a key result given difficul-
ties in controlling ligand orientation in the crystal lattice
[67].

5. Third-order nonlinearities

5.1. Group 4 acetylide complexes

The cubic nonlinearities of a series of group 4 metallocene
acetylide complexes have been assessed by THG at 1.91 �m,
results being displayed in Table 7. Although absolute values
are low, some interesting trends in the data can be seen. In-
creasing nonlinearity is observed on replacing chloride by
an acetylide ligand, butyl by phenyl substituent (acetylide
variation), and in proceeding up the group upon metal re-
placement. The last-mentioned result was ascribed to two
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Table 5
Kurtz powder measurements of acetylide or vinylidene complexes

Complex SHG Ref.

(−)436-trans-[Fe(C≡CC6H4-4-NO2)Cl{(R,R)-diph}2] ∼2 [55]
(−)589-trans-[Ru(C≡CC6H4-4-NO2)Cl{(R,R)-diph}2] None detected [55]
(−)365-trans-[Os(C≡CC6H4-4-NO2)Cl{(R,R)-diph}2] �1 [55]
[Ru(C≡C-2-C5H3N)(PPh3)2(�5-C5H5)] �1 [40]
[Ru(C≡C-2-C5H3N-5-NO2)(PPh3)2(�5-C5H5)] �1 [40]
[Ni(C≡C-2-C5H3N)(PPh3)(�5-C5H5)] �1 [40]
[Ni(C≡C-2-C5H3N-5-NO2)(PPh3)(�5-C5H5)] 8 [40]
[Au(C≡C-2-C5H3N-5-NO2)(PPh3)] �1 [40]
[Au(C≡C-2-C5H3N-5-NO2)(PMe3)] �1 [40]
[Au(C≡CPh)(nmdpp)] 0 [66]
[Au(C≡CC6H4-4-NO2)(nmdpp)] 2 [66]
[Au(C≡CC6H4-4-C6H4-4-NO2)(nmdpp)] <1, fluoresced, decomposed [66]
[Au(C≡CC6H4-(E)-4-CH=CHC6H4-4-NO2)(nmdpp)] <1, fluoresced, decomposed [66]
[Au(C≡CC6H4-(Z)-4-CH=CHC6H4-4-NO2)(nmdpp)] <1, fluoresced, decomposed [66]
[Au(C≡CC6H4-4-C≡CC6H4-4-NO2)(nmdpp)] <1, fluoresced, decomposed [66]
[Au(C≡CC6H4-4-N=CHC6H4-4-NO2)(nmdpp)] <1, fluoresced, decomposed [66]
[Au(C≡CPh)(PPh3)] 0 [66]
[Au(C≡CC6H4-4-NO2)(PPh3)] 0 [66]
[Au(C≡CC6H4-4-C6H4-4-NO2)(PPh3)] Fluoresced, decomposed [66]
[Au(C≡CC6H4-(E)-4-CH=CHC6H4-4-NO2)(PPh3)] Fluoresced, decomposed [66]
[Au(C≡CC6H4-(Z)-4-CH=CHC6H4-4-NO2)(PPh3)] Fluoresced, decomposed [66]
[Au(C≡CC6H4-4-C≡CC6H4-4-NO2)(PPh3)] Fluoresced, decomposed [66]
[Au(C≡CC6H4-4-N=CHC6H4-4-NO2)(PPh3)] Fluoresced, decomposed [66]
[Ru(C=CPhN=NPh)(PPh3)2(�5-C5H5)]BF4 0.48 [65]
[Ru(C=CPhN=NPh)(PPh3)2(�5-C5H5)](4-MeC6H4SO3) 0.50 [65]
[Ru(C=CPhN=NPh)(PPh3)2(�5-C5H5)]NO3 0.57 [65]
[Ru(C=CPhN=NPh)(PPh3)2(�5-C5H5)]Cl 0.50 [65]
[Ru(C=CPhN=NPh)(PPh3)2(�5-C5H5)]I 0.53 [65]
[Ru(C=CPhN=NC6H4-4-OMe)(PPh3)2(�5-C5H5)]BF4 1.05 [65]
[Ru(C=CPhN=NC6H4-4-OMe)(PPh3)2(�5-C5H5)](4-MeC6H4SO3) <0.05 [65]
[Ru(C=CPhN=NC6H4-4-OMe)(PPh3)2(�5-C5H5)]NO3 <0.05 [65]
[Ru(C=CPhN=NC6H4-4-OMe)(PPh3)2(�5-C5H5)]Cl <0.05 [65]
[Ru(C=CPhN=NC6H4-4-OMe)(PPh3)2(�5-C5H5)]I <0.05 [65]
[Ru(C=CPhN=NC6H4-2-OMe)(PPh3)2(�5-C5H5)]BF4 0.63 [65]
[Ru(C=CPhN=NC6H4-2-OMe)(PPh3)2(�5-C5H5)](4-MeC6H4SO3) <0.05 [65]
[Ru(C=CPhN=NC6H4-2-OMe)(PPh3)2(�5-C5H5)]NO3 <0.05 [65]
[Ru(C=CPhN=NC6H4-2-OMe)(PPh3)2(�5-C5H5)]Cl <0.05 [65]
[Ru(C=CPhN=NC6H4-2-OMe)(PPh3)2(�5-C5H5)]I <0.05 [65]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]BF4 <0.05 [65]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)](4-MeC6H4SO3) <0.05 [65]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]NO3 <0.05 [65]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]Cl <0.05 [65]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]I <0.05 [65]
[Ru(C=CPhN=NC6H3-3,5-(NO2)2)(PPh3)2(�5-C5H5)]BF4 <0.05 [65]
[Ru(C=CPhN=NC6H3-3,5-(NO2)2)(PPh3)2(�5-C5H5)](4-MeC6H4SO3) <0.05 [65]
[Ru(C=CPhN=NC6H3-3,5-(NO2)2)(PPh3)2(�5-C5H5)]NO3 <0.05 [65]
[Ru(C=CPhN=NC6H3-3,5-(NO2)2)(PPh3)2(�5-C5H5)]Cl <0.05 [65]
[Ru(C=CPhN=NC6H3-3,5-(NO2)2)(PPh3)2(�5-C5H5)]I <0.05 [65]

factors: the involvement of ligand-to-metal charge-transfer
transition for these complexes, and increasing electron ac-
cepting ability of the metal [70].

5.2. Group 8 acetylide complexes

Group 8 acetylide complexes have been intensively
studied for their third-order NLO properties; the results
of studies, almost all on ruthenium acetylide compounds
and all but one by Z-scan at 0.80 �m, are collected in

Table 8, while structural formulas of some of the more
efficient examples are displayed in Fig. 12. One complex,
[Ru(C≡CC6H4-4-NO2)(PPh3)2(�5-C5H5)], has been exam-
ined by both Z-scan and DFWM; the latter study revealed
an equivalent γ value (within the error margins) to the
Z-scan-derived response, and confirmed an electronic origin
for cubic NLO response in this molecule [73].

While less is known of molecular structure–NLO activity
relationships for third-order properties than for second-order
properties, it has been established with organic compounds
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Table 6
Computationally-derived optical nonlinearities by ZINDO for acetylide complexesa

Complex βvec (10−30 esu) Ref.

[Ru(C≡CPh)(PPh3)2(�5-C5H5)] 2 [67]
[Ru(C≡CPh)(PMe3)2(�5-C5H5)] 5 [67]
[Ru(C≡CC6H4-4-NO2)(PPh3)2(�5-C5H5)] 29 [67]
[Ru(C≡CC6H4-4-NO2)(PMe3)2(�5-C5H5)] 31 [67]
trans-[Ru(C≡CPh)Cl(dppm)2] −13 [68]
trans-[Ru(C≡CC6H4-4-NO2)Cl(dppm)2] 34 [68]
trans-[Ru(C≡CC6H4-4-C6H4-4-NO2)Cl(dppm)2] 45 [68]
trans-[Ru(C≡CC6H4-(E)-4-CH=CHC6H4-4-NO2)Cl(dppm)2] 60 [68]
trans-[Ru(C≡CC6H4-4-NO2)2(dppm)2] 0 [69]
trans-[Ru(C≡CPh)(C≡CC6H4-4-NO2)(dppm)2] 32 [69]

a 1.91 �m.

Pri

Me

P
Ph2

Au

NO2

Fe NO2

PMePh

PhMeP PMePh

PhMeP

Cl

Ru C
N

C
Ph

Ph3P
Ph3P N

OMe

SHG = 2 x urea

SHG ~ 2 x urea

BF4

SHG = 1.05 x urea

Ni

Ph3P N

NO2 SHG = 8 x urea

Fig. 9. Acetylide or vinylidene complexes with the largest χ(2) values
measured by the Kurtz powder technique.

that increase in �-delocalization possibilities (e.g. pro-
gressing from small molecules to �-conjugated polymers),
the introduction of strong donor and acceptor functional
groups, controlling chain orientation, packing density, and

Table 7
Molecular cubic NLO measurements of group 4 acetylide complexesa

Complex λ (nm) γ (10−36 esu) Ref.

[Ti(C≡CBun )2(�5-C5H4Me)2] b 15 ± 2 [71]
[Ti(C≡CBun )2(�5-C5H5)2] 390 12 ± 2 [72]
[Ti(C≡CPh)2(�5-C5H5)2] 416 92 ± 14 [70,71]
[Zr(C≡CPh)2(�5-C5H5)2] 390 58 ± 9 [70,71]
[Hf(C≡CPh)2(�5-C5H5)2] 390 51 ± 8 [70,71]
[Ti(C≡CPh)Cl(�5-C5H5)2] 510 31 ± 5 [70,71]

a THG, 1.91 �m.
b Not reported.

Fig. 10. The effect of varying Ru–C bond length on ZINDO-derived
quadratic nonlinearity for [Ru(C≡CC6H4-4-NO2)(PMe3)2(�5-C5H5)].
Reprinted with permission from I.R. Whittall, M.G. Humphrey, D.C.R.
Hockless, B.W. Skelton and A.H. White, Organometallics 14 (1995) 3978.
Copyright © 1995 American Chemical Society.

Fig. 11. The effect of nitrophenylacetylide ligand rotation on ZINDO-
derived quadratic nonlinearity for [Ru(C≡CC6H4-4-NO2)(PMe3)2-
(�5-C5H5)]. Reprinted with permission from I.R. Whittall, M.G.
Humphrey, D.C.R. Hockless, B.W. Skelton and A.H. White, Organome-
tallics 14 (1995) 3978. Copyright © 1995 American Chemical Society.
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Table 8
Molecular cubic NLO measurements of group 8 acetylide complexes

Complex λmax (nm) γ real (10−36 esu) γ imag (10−36 esu) γ (10−36 esu) Technique Solvent Fund. (�m) Ref.

[Fe(C≡CC6H4-4-NO2)(dppe)(�5-C5H5)] 497 −410 ± 200 580 ± 200 710 ± 280 Z-scan thf 0.80 [95]
[Fe(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)(dppe)(�5-C5H5)] 499 −2200 ± 600 1200 ± 300 2500 ± 670 Z-scan thf 0.80 [95]
[Ru(C≡CPh)(PPh3)2(�5-C5H5)] 311 ≤150 ≤150 Z-scan thf 0.80 [73]
[Ru(C≡CC6H4-4-Br)(PPh3)2(�5-C5H5)] 325 ≤150 ≤150 Z-scan thf 0.80 [73]
[Ru(C≡CC6H4-4-NO2)(PPh3)2(�5-C5H5)] 461 −210 ± 50 ≤10 −210 ± 50 Z-scan thf 0.80 [73]

461 −260 ± 60 −260 ± 60 DFWM thf 0.80 [73]
[Ru(C≡CC6H4-4-NO2)(PMe3)2(�5-C5H5)] 480 −230 ± 70 74 ± 30 240 ± 76 Z-scan thf 0.80 [73]
[Ru(C≡CC6H4-4-C6H4-4-NO2)(PPh3)2(�5-C5H5)] 448 −380 ± 200 320 ± 160 500 ± 260 Z-scan thf 0.80 [73]
[Ru(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)(PPh3)2(�5-C5H5)] 476 −450 ± 100 210 ± 100 500 ± 140 Z-scan thf 0.80 [73]
[Ru(C≡CC6H4-4-C≡CC6H4-4-NO2)(PPh3)2(�5-C5H5)] 447 −450 ± 100 ≤20 −450 ± 100 Z-scan thf 0.80 [73]
[Ru(C≡CC6H4-4-N=CHC6H4-4-NO2)(PPh3)2(�5-C5H5)] 496 −850 ± 300 360 ± 200 920 ± 360 Z-scan thf 0.80 [56]
trans-[Ru(C≡CC6H4-4-NO2)Cl(dppm)2] 466 170 ± 34 230 ± 46 290 ± 57 Z-scan CH2Cl2 0.80 [75]
trans-[Ru(C≡CC6H4-4-C6H4-4-NO2)Cl(dppm)2] 448 140 ± 28 64 ± 13 150 ± 31 Z-scan CH2Cl2 0.80 [75]
trans-[Ru(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl(dppm)2] 471 200 ± 40 1100 ± 220 1100 ± 220 Z-scan CH2Cl2 0.80 [75]
trans-[Ru(C≡CC6H4-4-NO2)2(dppm)2] 474 300 ± 60 490 ± 98 570 ± 110 Z-scan CH2Cl2 0.80 [75]
trans-[Ru(C≡CC6H4-4-C6H4-4-NO2)2(dppm)2] 453 ≤800 2500 ± 500 2500 ± 500 Z-scan CH2Cl2 0.80 [75]
trans-[Ru(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)2(dppm)2] 367 ≤1100 3400 ± 680 3400 ± 680 Z-scan CH2Cl2 0.80 [75]
1,3,5-{trans-[RuCl(dppe)2(C≡CC6H4-4-C≡C)}3C6H3 414 −330 ± 100 2200 ± 500 2200 ± 600 Z-scan thf 0.80 [53]
1,3,5-{trans-[Ru(C≡CPh)(dppe)2(C≡CC6H4-4-C≡C)}3C6H3 411 −600 ± 200 2900 ± 500 3000 ± 600 Z-scan thf 0.80 [53]
1-(Me3SiC≡C)-C6H3-3,5-{C≡CC6H4-4-C≡C-trans-[RuCl(dppe)2]}2 411 −510 ± 500 4700 ± 1500 4700 ± 2000 Z-scan thf 0.80 [74]
1-(Me3SiC≡C)-C6H3-3,5-{C≡CC6H4-4-C≡C-trans-[Ru(C≡CPh)(dppe)2]}2 407 −700 ± 100 2270 ± 300 2400 ± 300 Z-scan thf 0.80 [74]
1-(HC≡C)-C6H3-3,5-{C≡CC6H4-4-C≡C-trans-[Ru(C≡CPh)(dppe)2]}2 408 −830 ± 100 2200 ± 300 2400 ± 300 Z-scan thf 0.80 [74]
1,3,5-C6H3-(C≡CC6H4-4-C≡C-trans-[Ru(dppe)2]C≡C-3,5-C6H3-{C≡CC6-

H4-4-C≡C-trans-[Ru(C≡CPh)(dppe)2]2})3

402 −5050 ± 500 20100 ± 2000 20700 ± 2000 Z-scan thf 0.80 [74]

trans-[Ru(C≡CPh)(C≡CC6H4-4-C≡CPh)(dppe)2] 383 −670 ± 300 1300 ± 300 1500 ± 500 Z-scan CH2Cl2 0.80 [53]
trans-[Ru(C≡CPh)Cl(dppe)2] 319 −170 ± 40 71 ± 20 200 ± 50 Z-scan CH2Cl2 0.80 [53]
trans-[Ru{C≡CC6H4-(E)-4-CH=CHPh}Cl(dppm)2] 397 −600 ± 400 700 ± 400 920 ± 600 Z-scan thf 0.80 [54,76]
trans-[Ru{C≡CC6H4-(E)-4-CH=CHPh}Cl(dppe)2] 404 300 ± 400 300 ± 100 420 ± 350 Z-scan thf 0.80 [54,76]
1,3,5-(trans-[RuCl(dppm)2{4-C≡CC6H4-(E)-4-CH=CH}])3C6H3 415 −640 ± 500 2000 ± 500 2100 ± 600 Z-scan thf 0.80 [54,76]
1,3,5-(trans-[RuCl(dppe)2{C≡CC6H4-(E)-4-CH=CH}])3C6H3 426 −4600 ± 2000 4200 ± 800 6200 ± 2000 Z-scan thf 0.80 [54,76]
1,3,5-(trans-[Ru(C≡CPh)(dppe)2{C≡CC6H4-(E)-4-CH=CH}])3C6H3 421 −11200 ± 3000 8600 ± 2000 14000 ± 4000 Z-scan thf 0.80 [54,76]
[Fe{�5-C5H4-(E)-CH=CHC6H4-4-C≡CRuCl(dppm)2}2] 396 −3000 ± 1200 2300 ± 800 3800 ± 1400 Z-scan thf 0.80 [77]
[Fe{�5-C5H4-(E)-CH=CHC6H4-4-C≡CRuCl(dppe)2}2] 388 −7100 ± 3000 10600 ± 2000 13000 ± 3000 Z-scan thf 0.80 [77]
trans,trans-[RuCl(dppm)2(-�-C≡CC6H4-4-C≡C)RuCl(dppm)2] 354 −3200 ± 500 1400 ± 300 3500 ± 600 Z-scan thf 0.80 [62]
trans,trans-[RuCl(dppm)2(-�-C≡CC6H4-4-C6H4-4-C≡C)RuCl(dppm)2] 360 −1100 ± 300 300 ± 60 1100 ± 300 Z-scan thf 0.80 [62]
trans,trans-[Ru(C≡CPh)(dppe)2(-�-C≡CC6H4-4-C≡CC≡CC6H4-4-C≡C)-

Ru(C≡CPh)(dppe)2]
438 −4000 ± 1500 12000 ± 2000 13000 ± 2400 Z-scan thf 0.80 [62]

trans-[Ru(C≡CPh)Cl(dppm)2] 308 <120 0 <120 Z-scan thf 0.80 [48]
trans-[Ru(C≡CC6H4-4-C≡CPh)Cl(dppm)2] 381 65 ± 40 520 ± 200 520 ± 200 Z-scan thf 0.80 [48]
trans-[Ru(C≡CC6H4-4-CHO)Cl(dppm)2] 405 <120 210 ± 60 210 ± 60 Z-scan thf 0.80 [48]
trans-[Ru(C≡CC6H4-4-C≡CC6H4-4-NO2)Cl(dppm)2] 464 −160 ± 80 160 ± 60 230 ± 100 Z-scan thf 0.80 [48]
trans-[Ru(C≡CC6H4-4-C≡CC6H4-4-C≡CC6H4-4-NO2)Cl(dppm)2] 439 −920 ± 200 970 ± 200 1300 ± 300 Z-scan thf 0.80 [48]
trans-[Ru(C≡CC6H4-4-CHO)Cl(dppe)2] 413 −300 ± 500 <200 −300 ± 500 Z-scan thf 0.80 [48]
trans-[Ru(C≡CC6H4-4-NO2)Cl(dppe)2] 477 −320 ± 55 <50 −320 ± 55 Z-scan thf 0.80 [48]
trans-[Ru{C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2}Cl(dppe)2] 489 40 ± 200 <100 40 ± 200 Z-scan thf 0.80 [48]
[Ru(C≡CC6H4-4-CH{OC(O)Me}2)(PPh3)2(�5-C5H5)] 326 100 ± 100 0 100 ± 100 Z-scan thf 0.80 [49]
[Ru(C≡CC6H4-4-CHO)(PPh3)2(�5-C5H5)] 400 −75 ± 50 210 ± 50 220 ± 60 Z-scan thf 0.80 [49]

trans-[Ru{C≡CC6H4-4- }Cl(dppm)2] 320 50 ± 50 0 50 ± 50 Z-scan thf 0.80 [49]
trans-[Ru(C≡CC6H4-3-CHO)Cl(dppm)2] 321 150 ± 150 0 150 ± 150 Z-scan thf 0.80 [49]
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conformation, and increasing dimensionality can all result
in increased cubic nonlinearity. Where applicable, similar
trends are seen with the ruthenium acetylide complexes, al-
though in many instances error margins are large (note that

Ru

Ph2P PPh2
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γ       = 3000 ± 600  x 10-36 esu

Fig. 12. Group 8 acetylide complexes with large γ values.

many of the small donor–acceptor acetylide complexes were
designed for optimizing second-order rather than third-order
NLO response). Negative real components of the nonlinear-
ities (γ real) are observed in many instances and significant
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Fig. 12. (Continued).

imaginary components (γ imag) are seen for almost all com-
plexes, consistent with two-photon effects contributing to
the observed molecular nonlinearities. Two-photon absorp-
tion (TPA) is a third-order NLO property that is of interest
for applications in multiphoton microscopy, optical limiting,
and optical data storage, and for which structure–activity
trends are identical with those for γ imag. Cubic nonlinear-
ities for these acetylide complexes increase significantly on
progression from monometallic linear (“one-dimensional” )
complex to bimetallic linear complex, trimetallic octupolar
(“ two-dimensional” ) complex [53,54], and nonametallic
dendritic complex [74] without significant loss of optical
transparency. For these complexes, TPA similarly increases
substantially on progression to larger �-delocalizable com-
pounds, TPA cross-sections for the dendritic examples
being of the same order of magnitude as the best organic
compounds.

5.3. Group 10 acetylide complexes

The molecular cubic nonlinearities of group 10 acetylide
complexes for which nonlinearities are reported in cgs units
are listed in Table 9, structural formulas of some of the more
efficient compounds being shown in Fig. 13. (Cyclopentadi-
enyl)(triphenylphosphine)nickel acetylide complexes were
examined by Z-scan at 0.80 �m, the negative γ real and signif-
icant γ imag data being suggestive of two-photon dispersion
contributing to the observed responses; as noted with the re-

lated (cyclopentadienyl)bis(triphenylphosphine)ruthenium
complexes, these two-photon states become important for
an 800 nm irradiating wavelength when complexes posses
λmax > 400 nm [60]. The γ real values for the nickel com-
plexes are the same (within the error margins) as those of
their ruthenium analogues, ease of oxidation and greater de-
localization possibilities with the additional triphenylphos-
phine ligand making no significant difference to cubic NLO
merit (in contrast to the situation with quadratic optical
nonlinearities).

Cubic nonlinearities for palladium and platinum acetylides
have been determined by four-wave mixing or optical Kerr
gate techniques, with γ real values uniformly small and γ imag
values significant—the data are similar in magnitude to the
monoruthenium and nickel acetylide complexes discussed
above.

Measurements made by DFWM on group 10 bis(acetylide)
complexes for which results have been reported in SI
units are listed in Table 10. Although results cannot be
directly compared to those mentioned earlier, internal
comparisons within the series are valid. These reveal
that hyperpolarizability decreases progressing down the
group for phenylacetylide and butadiynide complexes.
The complexes exhibit a high-order intensity dependence,
characteristic of multiphoton resonant enhancement; for
these complexes this is possibly due to three-photon res-
onant enhancement, as λmax is, in all cases, close to 3ω
[80–82].
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Fig. 12. (Continued).

The results for the group 10 acetylide complexes listed in
Table 11 have been given as nonlinear refractive indices n2;
once again, these data are available for internal comparison
only, because other experimental parameters are needed to
derive γ values that are required for comparison to the re-
sults given earlier. The results are consistent with increased
nonlinearity on chromophore chain lengthening (as observed
with acetylide complexes cited earlier) and with a metal ef-
ficiency series nickel > platinum > palladium [83].

Many applications in nonlinear optics require materials
that are processable, e.g. as thin films, so acetylide polymers
are clearly of interest. Group 10 acetylide polymers have
proven a fertile area of study. In many of the acetylide poly-
mers of square planar nickel, palladium, and platinum listed
in Tables 12 (SI units) and 13 (cgs units), the imaginary
part of the nonlinearity is the major contributor, implying
significant two-photon absorption. Some of the polymers
have nonlinearities that are significantly larger than related
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Table 9
Molecular cubic NLO results for group 10 acetylide complexes

Complex λmax (nm) γ real (10−36 esu) γ imag (10−36 esu) γ (10−36 esu) Technique Solvent Fund. (�m) Ref.

[Ni(C≡CPh)(PPh3)(�5-C5H5)] 307 15 ± 10 <10 15 ± 10 Z-scan thf 0.80 [60]
[Ni(C≡CC6H4-4-NO2)(PPh3)(�5-C5H5)] 439 −270 ± 100 70 ± 50 280 ± 110 Z-scan thf 0.80 [60]
[Ni(C≡CC6H4-4-C6H4-4-NO2)(PPh3)(�5-C5H5)] 413 −580 ± 200 300 ± 60 650 ± 210 Z-scan thf 0.80 [60]
[Ni(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)(PPh3)(�5-C5H5)] 437 −420 ± 100 480 ± 150 640 ± 180 Z-scan thf 0.80 [60]
[Ni(C≡CC6H4-4-(Z)-CH=CHC6H4-4-NO2)(PPh3)(�5-C5H5)] 417 −230 ± 50 160 ± 80 280 ± 94 Z-scan thf 0.80 [60]
[Ni(C≡CC6H4-4-C≡CC6H4-4-NO2)(PPh3)(�5-C5H5)] 417 −640 ± 300 720 ± 300 960 ± 420 Z-scan thf 0.80 [60]
[Ni(C≡CC6H4-4-N=CHC6H4-4-NO2)(PPh3)(�5-C5H5)] 448 <120 360 ± 100 360 ± 100 Z-scan thf 0.80 [60]
trans-[Pd(C≡CPh)2(PBun3)2] a 110b FWM a 0.63 [78]
cis,cis-[PtCl(PBun3)2(-�-C≡CC6H4-4-C≡C)PtCl(PBun3)2] a 11 ± 3 224 ± 56 224 ± 56 OKG/IDAc thf 1.06/0.53 [79]
trans,trans-[PtCl(PBun3)2(-�-C≡CC6H4-4-C≡C)PtCl(PBun3)2] a 19 ± 5 827 ± 207 827 ± 207 OKG/IDAc thf 1.06/0.53 [79]
trans,trans-[PtCl(PBun3)2(-�-C≡CC6H4-4-C≡C)-

Pt(PBun3)2(-�-C≡CC6H4-4-C≡C)PtCl(PBun3)2]

a 45 ± 11 1196 ± 299 1196 ± 299 OKG/IDAc thf 1.06/0.53 [79]

trans,trans-[PtCl(PBun3)2(-�-C≡CC6H4-4-
C≡CC≡CC6H4-4-C≡C)PtCl(PBun3)2]

a 88 ± 22 2167 ± 542 2167 ± 542 OKG/IDAc thf 1.06/0.53 [79]

trans-[Pt(C≡CC6H4-4-C≡CH)2(PBun3)2] a 53 ± 13 759 ± 190 760 ± 190 OKG/IDAc thf 1.06/0.53 [79]
trans,trans-[Pt(C≡CC6H4-4-C≡CH)(PBun3)2(-�-C≡CC6H4-4-C≡C)-

Pt(C≡CC6H4-4-C≡CH)(PBun3)2]

a 66 ± 17 1328 ± 332 1328 ± 332 OKG/IDAc thf 1.06/0.53 [79]

trans,trans-[Pt(NCS)(PBun3)2(-�-C≡CC6H4-4-C≡C)Pt(NCS)(PBun3)2] a 30 ± 8 1134 ± 284 1134 ± 284 OKG/IDAc thf 1.06/0.53 [79]
trans,trans-[PtCl(PBun3)2(-�-C≡CC6H4-4-C≡C)PtCl(PBun3)2] a 350b FWM a 0.63 [78]
cis-[Pt(C≡CC6H4-4-C≡CH)2(PBun3)2] a 230b 260b 290b FWM a 0.63 [78]

a Not reported.
b Error not reported.
c IDA, intensity dependent absorption.
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Fig. 13. Group 10 acetylide complexes with large γ values.

monometallic acetylide complexes. There does not seem to
be a consistent trend in nonlinearity resultant upon increas-
ing polymer size. Although it is hard to compare data across
metal (because the polymers vary in length as well as com-
position), the platinum polymers are in many cases more
efficient than the analogous palladium polymers. The non-
linearities of these polymers do not depend dramatically on
aromatic ring substitution, but increasing the number of di-

Table 10
Molecular cubic NLO measurements of group 10 acetylide complexesa

Complex λmax (nm) γ real (10−44 m5 V−2) γ imag (10−44 m5 V−2) γ (10−44 m5 V−2) Ref.

trans-[Ni(C≡CPh)2(PEt3)2] 370 −27.5 14.6 31.1 [80,81]
trans-[Ni(C≡CC≡CH)2(PEt3)2] 336 −7.87 17.2 18.9 [80,81]
trans-[Pd(C≡CPh)2(PEt3)2] 370 −21.0 3.39 21.3 [80,81]
trans-[Pd(C≡CC≡CH)2(PEt3)2] 290 −3.85 0.919 3.96 [80–82]
trans-[Pt(C≡CPh)2(PEt3)2] 332 −11.2 2.15 11.4 [80,81]
trans-[Pt(C≡CC≡CH)2(PEt3)2] 318 −1.93 0.771 2.08 [80–82]

a DFWM, 1.064 �m, CHCl3.

Table 11
Nonlinear refractive index measurements for group 10 acetylide
complexesa

Complex n2 (10−18 m2 W−1) Ref.

trans-[Ni(C≡CPh)2(PBun3)2] −16 ± 5 [83]
trans-[Pd(C≡CPh)2(PBun3)2] −0.5 ± 0.1 [83]
trans-[Pd(C≡CC6H4-4-C≡CPh)2(PBun3)2] −25 ± 3 [83]
trans-[Pt(C≡CPh)2(PBun3)2] −3.0 ± 0.1 [83]
trans-[Pt(C≡CC6H4-4-C≡CPh)2(PBun3)2] −209 ± 27 [83]

a Z-scan, thf, 0.53 �m.

ethynylarenes in the repeat unit increases the nonlinearity
[79,84,85].

5.4. Group 11 acetylide complexes

Most of the group 11 acetylide complexes to have been
examined thus far are gold complexes, probed by Z-scan
at 0.80 �m; the results of these studies are collected in
Table 14, with structural formulas of some of the more ef-
ficient examples being displayed in Fig. 14. Cubic nonlin-
earities for many of these 14 electron gold complexes are
larger than those of their 18 electron ruthenium analogues,
the opposite trend to that observed with β [89]. Replacing
PMe3 by PPh3 and extending the acetylide ligand both in-
crease �-delocalization possibilities and both result in an
increase in |γ | values. Introduction of polarizing nitro sub-
stituent has a similar effect, but progression from the most
efficient monometallic complexes to the iron-digold com-
plexes [Fe{�5-C5H4-(E)-CH=CHC6H4-4-C≡CAu(L)}2] (L
= PMe3, PPh3, PCy3) does not result in significant further
increase in |γ | [77].

Three silver phenylacetylide complexes were examined by
heterodyned optical Kerr gate (OHD–OKE) measurements;
the data for polymeric compounds are presented in Table 15
([Ag(C≡CPh)(PPh3)]4 exhibited negligible third-order non-
linearity). The nonlinear responses are in the femtosecond
domain and follow the trend silver phenylacetylide polymer
> silver phenylacetylide-silver tert-butylthiolate double salt
> (triphenylphosphine)silver phenylacetylide tetramer [91].
The cubic nonlinearity for the polymer is the largest for
acetylide-containing materials, but the uncertainty over ex-
tent of polymerization renders impossible a comparison on
a “per monomer” basis with the acetylide molecules tabu-
lated above.
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Table 12
Molecular cubic NLO results for group 10 acetylide polymersa

Complex λmax (nm) γ real (10−42 m5 V−2) γ imag (10−42 m5 V−2) γ (10−42 m5 V−2) Solvent Ref.

[Ni(C≡CC≡C)(PBun3)2]n 412 −2.63 −2.41 3.57 CHCl3 [80,81,86]
410 −2.63 −2.41 3.57 [82]

[Ni(C≡CC6H4-4-C≡C)(PBun3)2]n −10 20 20 CHCl3 [86]
[Ni(C≡CC6H4-4-C≡C)(POcn 3)2]n −40 100 100 CHCl3 [86]
[Ni(C≡CC≡C){P(C8H17)3}]n −40 30 50 CHCl3 [86]
[Pd2(C≡CC6H4-4-C≡C)(�-dppm)2]n −20 20 20 CHCl3 [86]

[Pt(C≡CC≡C)(PBun3)2]n 364 −1.48 1.74 2.28 CHCl3 [80,81,86]
360 −1.48 1.74 2.28 [82]

a 1.06 �m, DFWM.

5.5. Vinylidene complexes

All reports of cubic nonlinearities for vinylidene com-
plexes thus far are of ruthenium complexes assessed by
Z-scan at 0.80 �m, the results from which are collected in
Table 16. As with many ruthenium acetylide complexes,
the real components of the cubic nonlinearities for the aryl-
diazovinylidene complexes are negative and the imaginary
components are significant, suggestive of two-photon ab-
sorption contributing to the observed response. The data are
consistent with incorporation of nitro substituent resulting in
a significant increase in |γ |, but nonlinearities for the other
monometallic vinylidene complexes are uniformly low. In

Fe

Au

NO2

Ph3P

AuPh3P NO2

AuPh3P

Au PPh3AuPh3P

γreal   = 1200 ± 200 x 10-36 esu

γimag  = 470 ± 150 x 10-36 esu

γ      = 1300 ± 250  x 10-36 esu

γreal   = 1300 ± 400 x 10-36 esu

γimag  = 560 ± 150 x 10-36 esu

γ      = 1400 ± 430 x 10-36 esu

γreal   = -900 ± 400 x 10-36 esu

γimag  = 0 ± 100 x 10-36 esu

γ      = 900 ± 400 x 10-36 esu

γreal   = -1100 ± 300 x 10-36 esu

γimag  = 300 ± 60 x 10-36 esu

γ      = 1140 ± 310 x 10-36 esu

Fig. 14. Gold acetylide complexes with large γ values.

contrast, the two trimetallic vinylidene complexes to be ex-
amined thus far display large cubic NLO efficiencies [54,77].

6. Switching optical nonlinearities of acetylide or
vinylidene complexes

There has been considerable success achieved with
preparing organic, inorganic, and organometallic com-
pounds with large intrinsic nonlinearities. As a result,
attention has recently focused on reversibly modulating
(“switching” ) nonlinearities [92], an area of research in
which acetylide complexes have considerable potential. A
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Table 13
Molecular cubic NLO results for group 10 acetylide polymers

Complex γ real (10−36 esu) γ imag (10−36 esu) γ (10−36 esu) Technique Solvent Fund. (�m) Ref.

[Pd(C≡CC6H4-4-C≡C)(PBun3)2]n 390 380 490 FWM 0.63 [78]
[Pd(C≡CC6H4-4-C≡C)(PBun3)2]n, n = 112 102 3401 OKG/IDAa thf 1.06/0.53 [84]
[Pd(C≡CC6H2-2,5-Me2-4-C≡C)(PBun3)2]n, n = 4 19 1169 OKG/IDAa thf 1.06/0.53 [79]
[Pd(C≡CC6H3-3-NH2-4-C≡C)(PBun3)2]n, n = 12 15 1753 OKG/IDAa thf 1.06/0.53 [79]
[Pd(C≡CC6H2-2,5-(OMe)2-4-C≡C)(PBun3)2]n, n = 67 22 2432 OKG/IDAa thf 1.06/0.53 [79]
[Pd(C≡CC6H4-4-C≡CC≡CC6H4-4-C≡C)(PBun3)2]n oligomer 66 2094 OKG/IDAa thf 1.06/0.53 [79]
[Pd(C≡CC6H2-2,5-Et2-4-C≡CC≡CC6H2-2,5-Et2-4-C≡C)(PBun3)2]n, n = 16 106 3490 OKG/IDAa thf 1.06/0.53 [79]
[Pt(C≡CC6H4-4-C≡C)(PBun3)2]n, ∼32,000 amu 1470 THG benzene 1.06 [87]
[Pt(C≡CC6H4-4-C≡C)(PBun3)2]n, n = 112 37 1906 OKG/IDAa thf 1.06/0.53 [79]

[Pt(C≡CC6H2-2,5-Me2-4-C≡C)(PBun3)2]n, n = 26 29 1200 OKG/IDAa thf 1.06/0.53 [79]
56 1199 OKG/IDAa thf 1.06/0.53 [88]

[Pt(C≡CC6H2-2,5-Et2-4-C≡C)(PBun3)2]n, n = 15 43 956 OKG/IDAa thf 1.06/0.53 [79]
[Pt(C≡CC6H3-3-F-4-C≡C)(PBun3)2]n, n = 18 56 1260 OKG/IDAa thf 1.06/0.53 [79]
[Pt(C≡CC6H2-2,5-(OMe)2-4-C≡C)(PBun3)2]n, n = 111, 105, 62 48, 65, 43 1724, 1330, 1586 OKG/IDAa thf 1.06/0.53 [79]
[Pt(C≡CC6Me4-4-C≡C)(PBun3)2]n oligomer 28 1324 OKG/IDAa thf 1.06/0.53 [79]
[Pt(C≡CC6H3-3-NH2-4-C≡C)(PBun3)2]n, n = 76 18 1342 OKG/IDAa thf 1.06/0.53 [79]
[Pt(C≡CC6H3-3-CF3-4-C≡C)(PBun3)2]n, n = 44 34 2148 OKG/IDAa thf 1.06/0.53 [79]
[Pt{C≡C(1-naphthyl)-4-C≡C}(PBun3)2]n, n = 62 19 2474 OKG/IDAa thf 1.06/0.53 [79]
[Pt{3-C≡C(C5H3N)-2-C≡C}(PBun3)2]n, n = 47, 35 33 2263 OKG/IDAa thf 1.06/0.53 [79]
[Pt(C≡CC6H4-4-C≡C)(PBun3)2]n 890 130 1450 FWM 0.63 [78]
[Pt(C≡CC6H4-4-C≡CC≡CC6H4-4-C≡C)(PBun3)2]n, n = 223, 97 90, 121 4558, 4025 OKG/IDAa thf 1.06/0.53 [79]
[Pt(C≡CC6H4-4-C≡CC≡CC6H4-4-C≡C)(PBun3)2]n, n > 144 856 3570 OKG/IDAa thf 1.06/0.53 [84]
[Pt(C≡CC6H2-2,5-Me2-4-C≡CC≡CC6H2-2,5-Me2-4-C≡C)(PBun3)2]n, n = 52, 38 116 2432 OKG/IDAa thf 1.06/0.53 [79]

[Pt(C≡CC6H2-2,5-Me2-4-C≡CC≡CC6H2-2,5-Me2-4-C≡C)(PBun3)2]n, n = 52 181 4366 OKG/IDAa thf 1.06/0.53 [84,85]
120 ± 30 5400 ± 500 OKG thf 0.53

[Pt(C≡CC6H2-2,5-Et2-4-C≡CC≡CC6H2-2,5-Et2-4-C≡C)(PBun3)2]n, n = 146 79 4933 OKG/IDAa thf 1.06/0.53 [79]
[Pt(C≡CC6H4-4-C≡C)(PBun3)2Pt(C≡CC6H4C6H4-4-C≡C)(PBun3)2]n, n = 66 4466 OKG/IDAa thf 1.06/0.53 [79]

a IDA, intensity dependent absorption.
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Table 14
Molecular cubic NLO measurements of gold acetylide complexesa

Complex λmax (nm) γ real (10−36 esu) γ imag (10−36 esu) γ (10−36 esu) Solvent Ref.

[Au(C≡CPh)(PPh3)] 296 39 ± 20 – 39 ± 20 thf [75]
[Au(C≡CC6H4-4-NO2)(PPh3)] 338 120 ± 40 20 ± 15 120 ± 40 thf [75]
[Au(C≡CC6H4-4-C6H4-4-NO2)(PPh3)] 350 540 ± 150 120 ± 50 550 ± 160 thf [75]
[Au(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)(PPh3)] 386 1200 ± 200 470 ± 150 1300 ± 250 thf [75]
[Au(C≡CC6H4-4-(Z)-CH=CHC6H4-4-NO2)(PPh3)] 362 420 ± 150 92 ± 30 430 ± 150 thf [75]
[Au(C≡CC6H4-4-C≡CC6H4-4-NO2)(PPh3)] 362 1300 ± 400 560 ± 150 1400 ± 430 thf [75]
[Au(C≡CC6H4-4-N=CHC6H4-4-NO2)(PPh3)] 392 130 ± 30 330 ± 60 350 ± 70 thf [75]
PPN[Au(C≡CC6H4-4-NO2)2] 376 −800 ± 30 115 ± 50 810 ± 60 CH2Cl2 [90]
NPr4[Au(C≡CC6H4-4-NO2)2] 374 90 ± 150 190 ± 50 210 ± 160 CH2Cl2 [90]
[Au(C≡CC6H4-4-NO2)(CNBut )] 332 ≤130 ≤50 ≤130 CH2Cl2 [90]
[Au(C≡CC6H4-4-C6H4-4-NO2)(CNBut )] 343 20 ± 100 70 ± 50 70 ± 110 CH2Cl2 [90]
[Au(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)(CNBut )] 381 390 ± 200 1050 ± 300 1120 ± 360 CH2Cl2 [90]
[Au(C≡CC6H4-4-C6H4-4-NO2){C(NHBut )(NEt2)}] 354 10 ± 100 160 ± 40 160 ± 110 CH2Cl2 [90]
[Au(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2){C(NHBut )(NEt2)}] 389 −200 ± 360 610 ± 200 640 ± 410 CH2Cl2 [90]
[Au{C≡CC6H4-(E)-4-CH=CHPh}(PPh3)] 338 0 ± 300 0 ± 50 0 thf [76]
[Au(C≡CC6H4-4-C≡CPh)(PPh3)] 336 −900 ± 400 0 ± 100 900 ± 400 thf [76]
[Au(C≡CC6H4-4-C≡CPh)(PMe3)] 335 −200 ± 150 0 ± 50 200 ± 150 thf [76]
[Fe{�5-C5H4-(E)-CH=CHC6H4-4-C≡CAu(PCy3)}2] 468 −500 ± 500 500 ± 100 640 ± 390 thf [77]
[Fe{�5-C5H4-(E)-CH=CHC6H4-4-C≡CAu(PPh3)}2] 465 −1100 ± 300 300 ± 60 1140 ± 310 thf [77]
[Fe{�5-C5H4-(E)-CH=CHC6H4-4-C≡CAu(PMe3)}2] 463 200 ± 150 0 ± 30 200 ± 150 thf [77]
[Au(C≡CC6H4-4-NO2)(PCy3)] 342 100 ± 50 – 100 ± 50 thf [62]
[Au(C≡CC6H4-4-NO2)(PPh3)] 338 120 ± 40 20 ± 15 120 ± 40 thf [62]
[Au(C≡CC6H4-4-NO2)(PMe3)] 339 150 ± 50 – 150 ± 50 thf [62]
[(PCy3)AuC≡CC6H4-4-C≡CAu(PCy3)] 325 ≤250 – ≤250 thf [62]
[(PCy3)AuC≡CC6H4-4-C6H4-4-C≡CAu(PCy3)] 324 −300 ± 200 0 ± 30 300 ± 200 thf [62]
[Au(C≡CC6H4-4-CHO)(PPh3)] 322 300 ± 50 0 300 ± 50 thf [49]
[Au(C≡CC6H4-4-CHO)(PMe3)] 322 35 ± 20 45 ± 30 60 ± 35 thf [49]

[Au(C≡CC6H4-4- )(PPh3)] 296 −300 ± 200 0 ± 30 300 ± 200 thf [49]

[Au(C≡CC6H4-4- )(PMe3)] 292 Too low Too low thf [49]
[Au(C≡CC6H4-3-CHO)(PPh3)] 318 Scattered Scattered thf [49]
[Au(C≡CC6H4-3-CHO)(PMe3)] 322 Scattered Scattered thf [49]

a Z-scan, 0.80 �m.

variety of approaches to achieve switching have been sug-
gested, with photoisomerization, protonation/deprotonation,
and oxidation/reduction the most popular methods of mod-
ifying NLO properties. This section provides a summary of
attempts to achieve switching with acetylide and vinylidene
complexes.

6.1. Switching of quadratic nonlinearities

The results of studies directed at switching quadratic
nonlinearities of acetylide or vinylidene complexes are sum-
marized in Table 17, with the most dramatic effect depicted

Table 15
Molecular and bulk cubic NLO measurements of silver acetylide polymersa

Complex λmax (nm) χ(3) (10−14 esu) γb (10−36 esu) Solvent Ref.

[AgC≡CPh]n 260 2.40 90700 1:1 DMSO/CHCl3 [91]
271 −1.11 −105900 1:1:1 DMSO/CHCl3/CH2Cl2 [91]

[AgC≡CPh·AgS(But)]n 264 1.10 74400 1:1 DMSO/CHCl3 [91]
271 −0.68 −64900 1:1:1 DMSO/CHCl3/CH2Cl2 [91]

a Optically heterodyned optical Kerr effect, 0.647 �m.
b Calculated with the assumption that n = 7.

in Fig. 15. While switching via protonation/deprotonation
sequences can be effective, the chemical manipulations in-
volved may render this of academic interest only. Many of
the vinylidene and acetylide complex pairs in Table 17 have
similar nonlinearities, but a five-fold increase in β and β0
values is observed on deprotonating the vinylidene com-
plex trans-[Ru(C=CHC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl-
(dppe)2]PF6 to afford trans-[Ru(C≡CC6H4-4-(E)-CH=
CHC6H4-4-NO2)Cl(dppe)2] [48]. Chemical oxidation and
reduction sequences have also been assayed—once again,
such chemical manipulations mitigate against possible de-
vice applications, but this does afford the opportunity to
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Table 16
Molecular cubic NLO measurements of vinylidene complexesa

Complex λmax (nm) γ real (10−36 esu) γ imag (10−36 esu) γ (10−36 esu) Solvent Ref.

[Fe{�5-C5H4-(E)-CH=CHC6H4-4-CH=CRuCl(dppm)2}2](PF6)2 383 −3000 ± 1200 2300 ± 800 3800 ± 1400 thf [77]
[Ru(C=CPhN=NPh)(PPh3)2(�5-C5H5)]BF4 363 −160 ± 60 75 ± 25 180 ± 65 CH2Cl2 [63]
[Ru(C=CPhN=NC6H4-2-OMe)(PPh3)2(�5-C5H5)]Cl 377 −220 ± 150 70 ± 30 230 ± 150 CH2Cl2 [63]
[Ru(C=CPhN=NC6H4-3-OMe)(PPh3)2(�5-C5H5)]BF4 389 −310 ± 60 90 ± 30 320 ± 65 CH2Cl2 [63]
[Ru(C=CPhN=NC6H4-4-OMe)(PPh3)2(�5-C5H5)]Cl 374 −20 ± 40 80 ± 40 80 ± 50 CH2Cl2 [63]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]BF4 413 −320 ± 100 160 ± 40 360 ± 110 CH2Cl2 [63]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]Cl 413 −630 ± 200 160 ± 50 650 ± 210 CH2Cl2 [63]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]Br 413 −570 ± 150 150 ± 40 590 ± 160 CH2Cl2 [63]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]I 413 −460 ± 50 140 ± 50 480 ± 60 CH2Cl2 [63]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)](4-MeC6H4SO3) 413 −580 ± 200 210 ± 50 620 ± 210 CH2Cl2 [63]
[Ru(C=CPhN=NC6H4-4-NO2)(PPh3)2(�5-C5H5)]NO3 413 −460 ± 150 200 ± 50 500 ± 160 CH2Cl2 [63]
trans-[Ru(C=CHPh)Cl(dppm)2]PF6 320 <440 <50 <440 thf [48]
trans-[Ru(C=CHC6H4-4-C≡CPh)Cl(dppm)2]PF6 380 <500 0 <500 thf [48]
trans-[Ru(C=CHC6H4-4-CHO)Cl(dppm)2]PF6 403 0 <20 <20 thf [48]
trans-[Ru(C=CHC6H4-4-NO2)Cl(dppm)2]PF6 470 <50 <30 <50 thf [48]
trans-[Ru(C=CHC6H4-4-C≡CC6H4-4-NO2)Cl(dppm)2]PF6 326 <500 420 ± 60 420 ± 60 thf [48]
trans-[Ru(C=CHPh)Cl(dppe)2]PF6 317 380 ± 400 <50 380 ± 400 thf [48]
trans-[Ru(C=CHC6H4-4-CHO)Cl(dppe)2]PF6 412 <260 0 <260 thf [48]
trans-[Ru(C=CHC6H4-4-NO2)Cl(dppm)2]PF6 476 250 ± 300 <50 250 ± 300 thf [48]
trans-[Ru{C=CHC6H4-4-(E)-CH=CHC6H4-4-NO2}Cl(dppe)2]PF6 473 650 ± 500 <50 650 ± 500 thf [48]

trans-[Ru{C=CHC6H4-4- }Cl(dppm)2]PF6 317 75 ± 75 0 75 ± 75 thf [49]
trans-[Ru(C=CHC6H4-3-CHO)Cl(dppm)2]PF6 320 200 ± 200 0 200 ± 200 thf [49]
trans-[Ru(C=CHC6H4-4-CHO)Cl(dppm)2]PF6 403 0 <20 <20 thf [49]
[1,3,5-trans-[RuCl(dppm)2{C=CHC6H4-(E)-4-CH=CH}3C6H3](PF6)3 396 −900 ± 500 700 ± 400 1100 ± 700 thf [54]

a Z-scan, 0.800 �m.

Table 17
Switching of molecular quadratic NLO propertiesa

Complex λ (nm) β (10−30 esu) β0 (10−30 esu) Switch Solvent Ref.

[1,3-C6H4{(C≡C)Fe(dppe)(�5-C5Me5)}2] 349 210 98 CH2Cl2 [52]
[1,3-C6H4{(C≡C)Fe(dppe)(�5-C5Me5)}2]PF6 650 150 21 Chem. oxid. CH2Cl2 [52]
[1,3-C6H4{(C≡C)Fe(dppe)(�5-C5Me5)}2](PF6)2 662 200 30 Chem. oxid. CH2Cl2 [52]

[1,3,5-C6H3{(C≡C)Fe(dppe)(�5-C5Me5)}3] 351 175 87 CH2Cl2 [52]
[1,3,5-C6H3{(C≡C)Fe(dppe)(�5-C5Me5)}3]PF6 710 190 35 Chem. oxid. CH2Cl2 [52]
[1,3,5-C6H3{(C≡C)Fe(dppe)(�5-C5Me5)}3](PF6)2 688 170 29 Chem. oxid. CH2Cl2 [52]
[1,3,5-C6H3{(C≡C)Fe(dppe)(�5-C5Me5)}3](PF6)3 662 53 8 Chem. oxid. CH2Cl2 [52]

[1,4-C6H4{(C≡C)Fe(dppe)(�5-C5Me5)}2] 413 180 60 CH2Cl2 [52]
[1,4-C6H4{(C≡C)Fe(dppe)(�5-C5Me5)}2]PF6 702 400 72 Chem. oxid. CH2Cl2 [52]
[1,4-C6H4{(C≡C)Fe(dppe)(�5-C5Me5)}2](PF6)2 702 200 36 Chem. oxid. CH2Cl2 [52]

trans-[Ru(C≡CPh)Cl(dppm)2] 308 20 12 thf [41]
trans-[Ru(C=CHPh)Cl(dppm)2]PF6 320 24 16 +H+ thf [48]

trans-[Ru(C≡CPh)Cl(dppe)2] 319 6 3 thf [48]
trans-[Ru(C=CHPh)Cl(dppe)2]PF6 317 b b +H+ thf [48]

trans-[Ru(C≡CC6H4-4-C≡CPh)Cl(dppm)2] 381 101 43 thf [48]
trans-[Ru(C=CHC6H4-4-C≡CPh)Cl(dppm)2]PF6 380 64 31 +H+ thf [48]

trans-[Ru(C≡CC6H4-4-CHO)Cl(dppm)2] 405 106 38 thf [48]
trans-[Ru(C=CHC6H4-4-CHO)Cl(dppm)2]PF6 403 108 39 +H+ thf [48]

trans-[Ru(C≡CC6H4-4-CHO)Cl(dppe)2] 413 120 40 thf [48]
trans-[Ru(C=CHC6H4-4-CHO)Cl(dppe)2]PF6 412 181 61 +H+ thf [48]

trans-[Ru(C≡CC6H4-4-NO2)Cl(dppm)2] 473 767 129 thf [41]
trans-[Ru(C=CHC6H4-4-NO2)Cl(dppm)2]PF6 470 721 127 +H+ thf [48]

trans-[Ru(C≡CC6H4-4-NO2)Cl(dppe)2] 477 351 55 thf [48]
trans-[Ru(C=CHC6H4-4-NO2)Cl(dppe)2]PF6 476 1130 180 +H+ thf [48]
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Table 17 (Continued)

Complex λ (nm) β (10−30 esu) β0 (10−30 esu) Switch Solvent Ref.

trans-[Ru(C≡CC6H4-4-C≡CC6H4-4-NO2)Cl(dppm)2] 464 833 161 thf [48]
trans-[Ru(C=CHC6H4-4-C≡CC6H4-4-NO2)Cl(dppm)2]PF6 326 424 122 +H+ thf [48]

trans-[Ru(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl(dppm)2] 490 1964 235 thf [41]
trans-[Ru(C=CHC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl(dppm)2]PF6 369 1899 314 +H+ thf [48]

trans-[Ru(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl(dppe)2] 489 2676 342 thf [48]
trans-[Ru(C=CHC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl(dppe)2]PF6 473 441 74 +H+ thf [48]

a HRS, 1.064 �m.
b Scatters.

access more than two NLO “states” in a system. For ex-
ample, stepwise oxidation of [1,3,5-C6H3{(C≡C)Fe(dppe)-
(�5-C5Me5)}3] affords, in a stepwise fashion, FeIIFeIIFeII,
FeIIFeIIFeIII, FeIIFeIIIFeIII, and finally FeIIIFeIIIFeIII com-
plexes, with a three-fold difference in β value the largest
variation across these states [52].

6.2. Switching of cubic nonlinearities

Studies aimed at switching cubic nonlinearities are sum-
marized in Table 18, with an example illustrated in Fig. 16.

Table 18
Switching of molecular cubic NLO propertiesa

Complex λ (nm) γ real (10−36 esu) γ imag (10−36 esu) γ (10−36 esu) Switch Solvent Ref.

trans-[Ru(C≡CPh)Cl(dppm)2] 308 <120 0 <120 thf [48]
trans-[Ru(C=CHPh)Cl(dppm)2]PF6 320 <440 <50 <440 +H+ thf [48]

trans-[Ru(C≡CPh)Cl(dppe)2] 319 −170 ± 40 71 ± 20 180 ± 45 CH2Cl2 [11]
trans-[Ru(C=CHPh)Cl(dppe)2]PF6 317 380 ± 400 <50 380 ± 400 +H+ thf [48]

trans-[Ru(C≡CC6H4-4-C≡CPh)Cl(dppm)2] 381 65 ± 40 520 ± 200 520 ± 200 thf [48]
trans-[Ru(C=CHC6H4-4-C≡CPh)Cl(dppm)2]PF6 380 <500 0 <500 +H+ thf [48]

trans-[Ru(C≡CC6H4-4-CHO)Cl(dppm)2] 405 <120 210 ± 60 210 ± 60 thf [48]
trans-[Ru(C=CHC6H4-4-CHO)Cl(dppm)2]PF6 403 0 <20 <20 +H+ thf [48]

trans-[Ru(C≡CC6H4-4-CHO)Cl(dppe)2] 413 −300 ± 500 <200 300 ± 500 thf [48]
trans-[Ru(C=CHC6H4-4-CHO)Cl(dppe)2]PF6 412 <260 0 <260 +H+ thf [48]

trans-[Ru(C≡CC6H4-4-NO2)Cl(dppm)2] 473 170 ± 34 230 ± 46 290 ± 60 CH2Cl2 [68]
trans-[Ru(C=CHC6H4-4-NO2)Cl(dppm)2]PF6 470 <50 <30 <50 +H+ thf [48]

trans-[Ru(C≡CC6H4-4-NO2)Cl(dppe)2] 477 320 ± 55 <50 320 ± 55 thf [48]
trans-[Ru(C=CHC6H4-4-NO2)Cl(dppe)2]PF6 476 250 ± 300 <50 250 ± 300 +H+ thf [48]

trans-[Ru(C≡CC6H4-4-C≡CC6H4-4-NO2)Cl(dppm)2] 464 −160 ± 80 160 ± 60 230 ± 100 thf [48]
trans-[Ru(C=CHC6H4-4-C≡CC6H4-4-NO2)Cl(dppm)2]PF6 326 <500 420 ± 60 420 ± 60 +H+ thf [48]

trans-[Ru(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl(dppm)2] 490 200 ± 40 1100 ± 220 1100 ± 220 CH2Cl2 [68]
trans-[Ru(C=CHC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl(dppm)2]PF6 369 b b b +H+ thf [48]

trans-[Ru(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl(dppe)2] 489 40 ± 200 <100 40 ± 200 thf [48]
trans-[Ru(C=CHC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl(dppe)2]PF6 473 650 ± 500 <50 650 ± 500 +H+ thf [48]

trans-[Ru(C≡CPh)Cl(dppm)2] 318 <300 <200 <300 CH2Cl2 [93,94]
trans-[Ru(C≡CPh)Cl(dppm)2]+ 833 1300 ± 500 −2200 ± 1000 2600 ± 1000 echem CH2Cl2 [93,94]

trans-[Ru(C≡CC6H4-4-C≡CPh)Cl(dppe)2] 388 −100 ± 100 450 ± 200 460 ± 200 CH2Cl2 [93,94]
trans-[Ru(C≡CC6H4-4-C≡CPh)Cl(dppe)2]+ 893 2900 ± 1000 −1200 ± 600 3100 ± 1000 echem CH2Cl2 [93,94]

[1,3,5-[trans-[RuCl(dppe)2(C≡CC6H4C≡C)]3(C6H3)] 413 −330 ± 100 2200 ± 500 2200 ± 600 CH2Cl2 [93,94]
[1,3,5-{trans-RuCl(dppe)2(C≡CC6H4C≡C)}3(C6H3)]3+ 893 13500 ± 3000 −4700 ± 500 14000 ± 3000 echem CH2Cl2 [93,94]

a Z-scan, 0.80 �m.
b Scatters.

Attempts thus far have used protonation/deprotonation and
redox methods. The low nonlinearities and significant error
margins frustrated most attempts to demonstrate switching
with vinylidene/acetylide complex pairs—perhaps the most
clear-cut example afforded a five-fold increase in γ value
on proceeding from trans-[Ru(C=CHC6H4-4-NO2)Cl-
(dppm)2]PF6 to trans-[Ru(C≡CC6H4-4-NO2)Cl(dppm)2]
[48,68].

Facile switching using an optically-transparent thin-layer
electrochemical cell has recently been demonstrated [93,94],
a procedure that avoids the chemical transformations remote
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Fig. 16. Example of switching cubic NLO response by an oxidation/reduction sequence.

from the optical bench employed in other studies. The
complexes trans-[Ru(C≡CPh)Cl(dppm)2], trans-[Ru(C≡
CC6H4-4-C≡CPh)Cl(dppe)2], and [1,3,5-[trans-[RuCl-
(dppe)2(C≡CC6H4-4-C≡C)]3(C6H3)] are transparent at
wavelengths >500 nm, but following oxidation the resultant
cationic complexes have strong absorption bands at long
wavelength with appreciable intensity at the fundamental
wavelength of a Ti-sapphire laser (800 nm). The nonlin-
earity of the first-named complex was too low to measure
at 800 nm, and the other two complexes are significant
two-photon absorbers at this wavelength, but the strong
one-photon absorption conditions in the oxidized form re-
sult in all three complex cations being saturable absorbers.
The first-named complex therefore has third-order nonlin-
earity “switched on” upon oxidation, while the other two
complexes have the sign and magnitude of γ real and γ imag

changed upon oxidation. This electrochemical switching in
solution is diffusion controlled, the ca. 5 min required for
each complete oxidation or reduction process mitigating
against applications.

7. Conclusions

The studies of the NLO properties of acetylide and vinyli-
dene complexes summarized above have resulted in develop-
ment of structure–NLO response relationships for quadratic
optical nonlinearities, while low nonlinearities and large er-
ror margins for many of the studies with small acetylide
complexes have resulted in less success at developing rela-
tionships for cubic nonlinearities. To illustrate the optimum
combination of metal and ligands, Tables 19 and 20 collect
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Table 19
Quadratic NLO-efficient molecules by metala

Complex λmax (nm) β (10−30 esu) β0 (10−30 esu) Ref.

[Fe(C≡CC6H4-4-NO2)(dppe)(�5-C5H5)] 498 665 64 [50]
(−)589-trans-[Ru(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)Cl{(R,R)-diph}2] 481 2795 406 [55]
[Os(C≡CC6H4-4-NO2)(PPh3)2(�5-C5H5)] 474 1051 174 [50]
[Ni(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)(PPh3)(�5-C5H5)] 437 445 120 [60]
[Au(C≡CC6H4-4-(E)-N=NC6H4-4-NO2)(PPh3)] 398 180 68 [45]

a HRS, thf solvent, 1.064 �m.

Table 20
Cubic NLO-efficient molecules by metala

Complex λmax (nm) γ real (10−36 esu) γ imag (10−36 esu) γ (10−36 esu) Ref.

[Fe(C≡CC6H4-4-(E)-CH=CHC6H4-4-NO2)(dppe)(�5-C5H5)] 499 −2200 ± 600 1200 ± 300 2500 ± 670 [95]
1,3,5-C6H3-(C≡CC6H4-4-C≡C-trans-[Ru(dppe)2]C≡C-3,5-C6H3-

{C≡CC6H4-4-C≡C-trans-[Ru(C≡CPh)(dppe)2]}2)3

402 −5050 ± 500 20100 ± 2000 20700 ± 2000 [74]

[Ni(C≡CC6H4-4-C≡CC6H4-4-NO2)(PPh3)(�5-C5H5)] 417 −640 ± 300 720 ± 300 960 ± 420 [60]
[Au(C≡CC6H4-4-C≡CC6H4-4-NO2)(PPh3)] 362 1300 ± 400 560 ± 150 1400 ± 430 [75]

a Z-scan, thf solvent, 0.80 �m.

data for the most efficient molecules for each metal (be-
cause of the aforementioned difficulty in comparing results
from differing laboratories and using different techniques,
data from the most active laboratory and standard conditions
have been tabulated).

Some of the acetylide complexes are amongst the most
efficient organic or inorganic quadratic NLO molecules
thus far, while the ruthenium acetylide dendrimers possess
two-photon absorption cross-sections of the same order
of magnitude as the best organic performers. The recent
progress with switching the quadratic and cubic nonlinear-
ity of acetylide complexes using oxidation/reduction pro-
cesses is an area in which these complexes may well prove
superior to organic molecules, due to the readily available
oxidation states of the acetylide complexes. This area is
likely to undergo further development in the near future.
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