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Abstract: 

Materials exhibiting multi-photon absorption (MPA) are of significant interest for a range of 
applications including microfabrication, bio-imaging and sensing, and photodynamic therapy. 
Amongst the possible MPA materials, metal alkynyl complexes have attracted significant 
recent interest because the collinear metal and alkynyl ligand promote strong electron 
delocalization and intra-molecular charge transfer, resulting in complexes that can display 
outstanding MPA behavior. This review summarizes recent progress with metal alkynyl 
complexes as potential MPA materials, with an emphasis on structure-MPA property 
relationships that signpost the route to efficient multi-photon absorbers. A brief introduction to 
the theory of nonlinear optics that underpins MPA and an overview of the key experimental 
techniques to determine molecular MPA properties are also provided. 
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2PA two-photon absorption 

2PEF two-photon excited fluorescence 
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4PA four-photon absorption 
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DC direct current 
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MOFs 

MPA 

metal-organic frameworks 

multi-photon absorption 

MPEF multi-photon excited fluorescence 

NLO nonlinear optical 

nPA 

OPE 

n-photon absorption for an integer n 

oligo(p-phenyleneethynylene) 

OPV oligo(p-phenylenevinylene) 

PE p-phenyleneethynylene 

PV p-phenylenevinylene 
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1. Introduction 

Nonlinear optics is the discipline that describes fundamental interactions between matter and 
light, especially intense light; it is important for applications in signal processing, optical 
computing, ultrafast switching, sensing, laser amplification, etc. [1-3]. Nonlinear optical (NLO) 
effects were first recognized in the late 19th century, when the refractive indexes of certain 
solids and liquids were observed to change on application of a strong DC field; the samples 
became birefringent, with different light polarizations (parallel or perpendicular to the applied 
electric field) [4,5]. This Kerr electro-optic effect is described by: 

∆n = λKE2 (1) 

where Δn is the difference in the refractive indexes of the material in the absence of a field and 
the presence of the DC field, λ is the wavelength of the light, K is the Kerr constant, and E is 
the strength of the applied electric field. A similar effect, the Pockels electro-optic effect, 
corresponds to birefringence changes proportional to an electric field [6]. These studies 
highlighted the unexplored world of nonlinear optics before the invention of the laser [7]. The 
first laser-based NLO experiment used the intense monochromatic light from a ruby laser, 
producing a second-harmonic response from crystalline quartz [8], and marking the origin of 
nonlinear optics as a new separate scientific subfield [7].  

The increasing availability of lasers paved the way for the demonstration of many NLO effects 
including multi-photon absorption (MPA), and then drove the subsequent application of NLO-
active materials in a wide range of fields. For example, materials possessing strong nonlinear 
absorption properties have great potential as optical limiters in personal protection equipment 
[9-13] and in the protection of delicate devices [14-17], in the control of the pulse duration of 
lasers [18,19] and in mode-locking lasers [20-22], and in the provision of spectroscopic 
information [23,24]. MPA-active materials are also increasingly important in technologies such 
as three-dimensional imaging, printing, switching, and fabrication [25,26], because the 
intrinsic spatial confinement of MPA enhances contrast and resolution. MPA can proceed by 
excitation at wavelengths in the near-infrared region in the vicinity of 800 nm, which 
corresponds to the maximum transparency of biological materials such as tissue, and this is 
beneficial to imaging [27,28], sensing, and therapy applications [29-38]. MPA materials can 
also be used in signal attenuation and telecommunications, including up-conversion and down-
conversion [39], because a quadratic or higher-order dependence on the incident light intensity 
leads to tight spatial control of the excitation volume. In symmetric species, even-order MPA 
can access different excited states to those accessed from linear absorption, due to different 
selection rules. Furthermore, because visible or ultraviolet photons can initiate certain chemical 
reactions, MPA has been applied in ultra-fast surface reactions, surface dynamics, surface 
magnetization, and photocatalysis [40]. 
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With most organic and coordination complex chromophores, two-photon absorption (2PA) 
occurs in the visible or near-infrared region, which is frequently a spectroscopic “window”, 
greatly facilitating measurement. However, longer wavelengths are also of applications interest, 
and with the advent of dedicated optical parametric amplifiers and high energy/short pulse 
length laser technology, studies of three-photon (3PA), four-photon (4PA), five-photon (5PA), 
and even higher-order nonlinear absorption have increased [41,42], with both theoretical [43-
48] and applied emphases [49-55]. In this review, we focus on the nonlinear absorption 
properties of metal alkynyl complexes, with an emphasis on progress with 2PA over the past 
twelve years and a summary of multi-photon absorption (nPA, n > 2) studies. A brief overview 
of the underpinning theory is also provided to clarify the discussion. The advantages and 
disadvantages of the key techniques employed to characterize the performance of MPA-active 
molecules are also described. 

  

2. NLO theory 

Nonlinear optical (NLO) effects result from the interactions of intense light with media or at 
the interface between media. The electromagnetic fields of the incident radiation interact with 
matter and other light waves, resulting in changes in frequency, phase, polarization, or path of 
the incident light [1,56,57]. Electromagnetic radiation interacts with matter via its electrical 
and magnetic fields, but in most cases, only the electrical component is important. At the 
molecular level, when the electrical field of the radiation is incident on a molecule, it can distort 
the electron density distribution of the molecule. This instantaneous change, which is the 
polarization of the molecule (μ), can be described as: 

Polarization (μ) = μ0 + αEloc + βElocEloc + γElocElocEloc +… (2) 

(where Taylor series factorials have been absorbed into the coefficients (the perturbation series 
or B convention)). The polarization of a molecule is a vector and is a function of the local 
electric field Eloc. The tensor α is the linear polarizability and the tensors β and γ are the 
quadratic hyperpolarizability (a 3⨯3⨯3 matrix) and the cubic hyperpolarizability (a 3⨯3⨯3⨯3 
matrix), respectively, while μ0 is the static dipole (the dipole in the absence of an electric field) 
[56]. For a relatively weak electric field, the polarization of a molecule varies approximately 
linearly with changes in the local field. However, this approximation does not remain valid 
with increasing electric field strength, as the higher-order terms become important. These terms 
beyond αEloc are not linear with the electric field; they result in nonlinear polarization and NLO 
effects, but because α >> β and γ, few NLO effects were observed before the invention of the 
laser. 
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From the macroscopic perspective, the nonlinear polarization of a material can be written as: 

Polarization (P) = P0 + χ(1)E + χ(2)EE + χ(3)EEE + … (3) 

where P0 is the intrinsic polarization of the material, χ(n) is the n-th order susceptibility, and E 
is the electric field [56]. For media that display inversion symmetry, even-order susceptibilities 
vanish under the electric dipole approximation, so when the electric field of light is a single 
input frequency, and employing a trigonometric functional expression, E(t) = E0cos(ωt), to 
account for the oscillating electric field of a light wave, equation (3) can be rewritten for a 
centrosymmetric and isotropic material as: 

P (t) = P0 + χ(1)E0cos(ωt) + χ(3)E0
3cos3(ωt) + χ(5)E0

5cos5(ωt) + … (4) 

where the imaginary part of χ(3) is related to the 2PA process and the real part is related to the 
nonlinear refraction process. The fourth term in equation (4) involves the fifth-order nonlinear 
susceptibility, χ(5), which is also a complex quantity with its imaginary part related to the three-
photon absorption (3PA) process. In general, n-photon absorption (nPA) corresponds to a 
resonant (2n-1)-th order nonlinear process. 

2PA is a third-order NLO phenomenon, in which a molecule simultaneously absorbs two 
photons and is excited from the ground state to a higher energy state (the excited state). 2PA 
can only be achieved if the energy of the photon is at least half the energy-gap between the 
ground state and the excited state. 2PA was predicted theoretically thirty years before its 
experimental verification in the 2PA-induced frequency-upconversion fluorescence of a 
europium-doped crystal [58,59]. The unit for the molecular 2PA cross-section is the Göppert-
Mayer (GM), where 1 GM = 10-50 cm4 s photon-1 [60]. Due to the advantages of high 
directionality, high monochromaticity, high intensity, and the tunability of coherent radiation 
from various types of laser devices, it is now in principle possible to observe not only 2PA, but 
also 3PA, 4PA, 5PA, and higher-order MPA-related processes; the key requirement remains the 
need to engineer sufficiently high molecular MPA cross-sections. 

 

3. MPA measurements 

As previously discussed, the MPA properties of materials are of rapidly increasing interest for 
a number of photonic and optoelectronic applications, so considerable effort has been made to 
determine the MPA cross-sections of chromophores in order to develop structure-property 
relationships that could be applied to the rational design of novel MPA-active materials. The 
determination of the order (the “n” in nPA) and the magnitude of MPA can be conducted by 
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either a direct method or an indirect method [42]. In an MPA process, a certain number of 
photons is absorbed simultaneously to excite a molecule or a material from the ground state to 
the excited state (Fig. 1). The direct method involves probing the transmitted pulsed energy as 
a function of wavelength, to determine the MPA cross-section and the number of photons. 
Indirect methods such as multiphoton-excited fluorescence (MPEF) rely on measuring an 
observable quantity in the system (in this case fluorescence) to ascertain MPA. During MPEF, 
the power relationship between the output intensity of the fluorescence and the input light 
intensity is examined, to determine the number of photons absorbed in the process; MPEF is 
only possible with materials exhibiting significant fluorescence and minimal scattering [61-63]. 

(insert Figure 1 here) 

 

3.1 Direct methods 

The imaginary part of the NLO process, nonlinear absorption, can be considered as the optical 
loss with the propagation of light, during which a number of photons have been absorbed by a 
medium. The direct method of determining MPA cross-section is to measure the deviation in 
material absorption from linearity as the light intensity is increased. There are a few approaches 
to conduct such measurements (e.g. the nonlinear transmission technique). However, the most 
common way of quantifying the nonlinear absorption properties is the Z-scan technique, which 
measures the absolute values of the nonlinear absorption and nonlinear refraction in a single 
experiment [64-67]. 

Multi-photon absorption occurs when intense light passes through an MPA-active medium, 
during which two or more photons are simultaneously absorbed by the material. For an 
absorptive nonlinearity, the light field induces an intensity-dependent absorption that can be 
expressed as: 

α = α0 + α2I + α3I2 + α4I3 + α5I4 + … (5) 

where α0 is the linear absorption coefficient of the medium, and α2, α3, α4, and α5 are the two-, 
three-, four- and five-photon absorption coefficients, respectively. If only one nonlinear process 
takes place, which can be achieved by selecting an appropriate excitation wavelength in a 
spectral region in which the sample exhibits negligible linear absorption, the change in 
irradiance with distance in the sample can be described as: 

dI(z,r,t)/dz = -αnIn(z,r,t) (6) 

where I is the light intensity at the sample surface, z is the propagation distance, αn is the n-
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photon absorption coefficient, and n is the number of absorbed photons. In a simplified 
formulation, equation (6) can be integrated over area and time for a homogeneous sample and 
a temporally Gaussian pulse (TEM00), allowing the determination of the normalized energy 
transmittance for the 2PA, 3PA, 4PA, and 5PA processes. The normalized open-aperture Z-scan 
transmittance, T(z), can be calculated according to: 

T(𝑧𝑧) =
∬ I(𝑧𝑧, 𝑟𝑟, 𝑡𝑡)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
∬ Ii(𝑧𝑧, 𝑟𝑟, 𝑡𝑡)𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

 
(7) 

By fitting the Z-scan experimental curves, the nonlinear absorption coefficient, αn, can be 
obtained and converted to the n-photon absorption cross-section, σn, via the following equation: 

σn = αn(hv)n-1/N0 (8) 

with N0 being the concentration of absorbing species per cm3, and hv the photon energy. 

In a typical Z-scan setup (Fig. 2), a wavelength-tunable laser beam is passed through a neutral 
density filter (to attenuate the laser beam, and thereby avoid damage to the sample solution), 
and is then split into two beams via a beamsplitter, with one beam reflected to the reference 
detector that monitors and records the incident light intensity (Sr) and the second beam directed 
towards a focal lens to generate the nonlinear effects. The sample cell (with pathlength 
normally ca. 1 mm) is sited on a motorized linear translation stage, so that it can change its 
position with regards to the focal plane of the lens which is located at position z0. In the far 
field after passing through the focal point, the transmitted light through the sample solution is 
split into two parts. One part is reflected towards a focal lens, collected, and then focused onto 
the open-aperture detector to record the transmittance (So). The second part is passed through 
a pinhole and then to the closed-aperture detector to record the transmittance (Sc). As the 
sample solution travels along the beam path and through the focal region, the corresponding 
transmittances (reference signal and open- and closed-aperture transmittances) are recorded as 
Z-scan traces for data analysis. The laser intensity reference signal (Sr), open-aperture 
transmittance (So), and closed-aperture transmittance (Sc) are recorded as a function of the 
sample solution position (z) relative to the laser beam focal point z0. 

(insert Figure 2 here) 

The traces shown in Fig. 2 are idealized; measurements of intensity as a function of position z 
should ideally appear similar to these model traces. The measurements start far from the focus 
(negative z), where the transmittance is relatively constant; the sample then moves towards the 
focal point, and then to positive z. With closed-aperture detection, if the material has a positive 
nonlinear refraction (n2 > 0), the transmittance (Sc) graph has a valley first and then a peak (see 
self-focussing trace). If the material has a negative refractive nonlinearity (n2 < 0), then the 
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graph is the opposite, with first the peak and then the valley (see self-defocussing trace). With 
open-aperture detection, if the sample displays nonlinear absorption, the graph of the 
transmittance (So) shows a symmetric valley. From the Z-scan data, one can construct two 
normalized transmittances, To and Tc: 

To = So(z)/Sr(z); Tc = Sc(z)/So(z) (9) 

where To is associated with nonlinear absorption and Tc is associated with nonlinear refraction. 

As mentioned before, the Z-scan technique is often used to measure the third-order nonlinear 
susceptibility of materials, χ(3). There are two components to the χ(3) tensor, namely, the real 
part χr

(3) from the nonlinear refraction, and the imaginary part χi
(3) that is linked to the nonlinear 

absorption: 

χ(3) = χr
(3) + iχi

(3) (10) 

In SI units, the above parameters are related to χ(3) via: 

χr
(3) = 4/3n0

2ε0c0n2; χi
(3) = λ/(3π)n0

2ε0c0α2 (11) 

where λ is the wavelength, ε0 is the permitivity of the medium in free space, c0 is the speed of 
light in a vacuum and n0 is the linear refractive index of the medium. The units of χ(3), n2, and 
α2 are m2/V2, m2/W, and m/W, respectively. If described in electrostatic units (esu or cgs), the 
imaginary and real components of χ(3) can be expressed as: 

χr
(3) = n0

2n2/0.039; χi
(3) = λn0

2α2/(0.156π) (12) 

where the units of  λ, n2 and α2 are cm, cm2/W, and cm/W, respectively. The molecular cubic 
hyperpolarizability γ can be expressed as: 

γ = χ(3)/(CF4NA) (13) 

where NA is Avogadro’s constant, C is the number of moles in solution (per cm3), and F is the 
local field factor, which is approximated by the Lorentz formula, F = (n0

2 + 2)/3, with n0 being 
the linear refractive index of the solvent. 

If the sample thickness L is far smaller than the distance between the sample and aperture d, 
the nonlinear phase shift is small (Δɸ << π), and the laser beam possesses a Gaussian profile, 
the nonlinear refraction Tc(x) can be approximated as: 
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Tc(x) = 1 - 4xΔɸ/[(1 + x2)(9 + x2)] (14) 

where x = z/z0, z0 = kω0
2/2, k = 2π/λ, ω0 is the beam waist at the focal point, z0 is the Rayleigh 

length, λ is the wavelength, and Δɸ is the nonlinear phase shift. Now: 

Δɸ = kn2I0Leff (15) 

for I0 the on-axis intensity at the focus and Leff the effective sample thickness. By fitting 
experimental Tc(z) data using equation (14), one obtains Δɸ and ω0. Given I0, λ, Leff, and Δɸ 
are all known, one can then calculate n2 from Δɸ using equation (15). 

For a laser beam with a Gaussian profile and a nonlinear absorption process dominated by two-
photon absorption, To(x) can be approximated as: 

To(𝑥𝑥) = (1 − R)2e−αL
ln(1 + q)

q
 

(16) 

where R = (n0 - 1)2/(n0 + 1)2, q = q0/(1 + x2), and q0 = α2I0Leff. 

Calculating the nonlinear absorption cross-section from the Z-scan experiment requires fitting 
the open-aperture and closed-aperture traces with the known values of λ, ω0, and Leff. 

 

3.2 Indirect methods 

The most common indirect method of determining MPA is by nonlinear absorption-induced 
fluorescence. The nonlinear absorption spectrum of a given MPA-active material can be 
obtained by measuring the output fluorescence intensity following two-, three-, four- or five- 
photon excitation. In a typical two-photon excitation setup (Fig. 3), ultrashort pulse-length 
high-power coherent light is passed through the 2PA-active fluorophore. This results in two 
photons being absorbed simultaneously, and the molecule being excited from the ground state 
to the excited state. For 2PA, the wavelength of the excitation light source is around twice that 
of the gap between the ground state and the first excited state of the molecule for dipolar 
molecules, for which the S0 → S1 transition is allowed for both 1PA and 2PA. With quadrupolar 
molecules, the S0 → S1 1PA-allowed transition is two-photon forbidden, and the lowest energy 
two-photon allowed transition is S0 → S2. The fluorescence emission intensity is proportional 
to the population of the relevant excited singlet state: 

Ifluo = AIpump
n (17) 
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where Ifluo is the fluorescence emission intensity from the MPA process, Ipump is the input power 
energy from the laser, A is the relative conversion efficiency, and n is the number of photons 
for the MPA process [68,69]. The 2PA spectrum is related to the 2PA cross-section of a molecule 
and its fluorescence quantum yield, with the latter usually assumed to be equal to that measured 
under ordinary one-photon excitation. MPEF offers the advantages of high sensitivity, broad 
wavelength coverage, and speed. However, it cannot be used to measure non-fluorescent 
chromophores, and unfortunately many strongly MPA-active organic and organometallic 
compounds show little or no fluorescence [70]. 

(insert Figure 3 here)  

 

4. MPA-active metal alkynyl complexes 

The MPA properties of a wide variety of materials, including organic molecules, polymers, 
metal-organic frameworks (MOFs), perovskite nanomaterials, carbon-based materials, and 
inorganic and organometallic complexes have been reported. For the last-mentioned, metal 
alkynyl complexes have attracted especial interest; the polarizable metal centre and the directly 
bound alkynyl ligand facilitate high electron mobility, and strongly-allowed metal-to-ligand or 
ligand-to-metal charge transfer. Furthermore, metal alkynyl complexes offer flexibility in the 
tuning of the structural and electronic properties of both their organic and inorganic 
constituents, which is ideal for the design and optimization of novel NLO-efficient materials. 

The first examples of 2PA-efficient metal alkynyl complexes were reported in the mid-1990s 
[71-76], and this area continues to attract interest, with recent advances in ultrashort-pulse high-
powered lasers permitting extension to higher-order nonlinear absorption phenomena. In early 
studies, molecular design rules for efficient quadratic NLO-active materials were developed 
for small organic molecules, and these were then propagated to the coordination and 
organometallic complex and macromolecular realms [77-79]. Structure-cubic NLO property 
correlations have also been established with organic molecules and then applied to 
organometallics, but limitations remain in our understanding [8,56,70]. Models derived from 
perturbation theory have been beneficial in cubic NLO-material design of small uniaxial 
organic molecules, for which the third-order hyperpolarizability can be approximated as: 

γ ≈ −
μge4

Ege3
+
μge2 μee′

2

Ege2 Ege′
+
μge2 (μee − μgg)2

Ege3
 

(18) 

where μee’ and μge are transition dipole moments, μgg is the ground-state dipole moment, μee is 
the dipole moment at an excited state, and Ege and Ege’ are optical absorption energies. Negative 
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γ results when the first term is dominant, such as with cyanines and squarylium dyes. With 
centrosymmetric polyenes, the second term dominates and the third term is zero, and a positive 
γ results. Polyenes with donor and acceptor groups at the termini exhibit a larger γ than their 
centrosymmetric parents due to contributions from the third term. Viewed more broadly, this 
expression suggests that molecules with large, polarizable π-electron structures have potential 
for strong cubic NLO responses, and this prediction has been used to develop cubic NLO-
active molecules of more complex geometries. The extrapolation from 2PA-active molecules 
to molecules that may exhibit significant higher-order NLO effects is assisted by the general 
observation that large π-electron delocalization, accompanied by strong intramolecular charge 
transfer, is expected to afford strong MPA. Molecules with dipolar, quadrupolar, and octupolar 
ground-state charge distributions have all been found to be NLO-efficient [63,80-82]. 

 

4.1 Two-photon absorption at metal alkynyl complexes 

Metal alkynyl complexes possess a beneficial structure for NLO effects because the 
incorporation of the metal atom in the plane of the chromophore π-system and strong coupling 
via the alkynyl linkage results in good electron delocalization, large polarizabilities, and fast 
responses [63,83]. The cubic NLO and 2PA properties of metal alkynyl complexes have 
consequently been the subject of considerable study, affording a number of key structure-
property correlations [80,84]. As mentioned above, dipolar, quadrupolar, and octupolar 
compounds have attracted attention as NLO-active molecules, and this has also been the case 
with organometallics and, more specifically, metal alkynyl complexes. The discussion that 
follows organizes the complexes by these broad multipolar charge distributions, with further 
organization by transition series group. Maximal values that aid structure-property correlations 
are presented in tables, where available; in the absence of such data, general comments are 
made in the text.  

Recent structure-property studies have focussed on ruthenium and platinum (and to a lesser 
extent nickel and gold) alkynyl complexes, earlier studies having highlighted the particular 
strengths of these specific metals. The ruthenium(II) complexes possess 18 valence electrons 
and can be rendered electron-rich with appropriate phosphine co-ligands. Certain complex 
classes feature two (different) alkynyl ligands at the axial sites of pseudo-octahedral ruthenium 
centres, and such building blocks can be rapidly assembled into large π-delocalizable 
(multi)metallic complexes [85-88]. The limited nickel(II) complexes possess 18 valence 
electrons and an earth-abundant metal, but the single alkynyl ligand limits structural diversity 
and the less polarizable 3d metal results in diminished NLO merit. Square planar platinum(II) 
complexes possess 16 valence electrons, frequently with two trans-disposed alkynyl ligands 
that facilitate formation of π-extended structures, and in some cases readily accessible triplet 
states that facilitate singlet oxygen generation and display cytotoxicity [89,90]. Linear gold(I) 
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complexes possess 14 valence electrons and, with one alkynyl ligand only, have less potential 
in the covalent assembly of large NLO-active π-systems; however, they frequently display 
increased optical transparency which can facilitate the development of structure-activity 
relationships, they can assemble into increased dimensionality structures via aurophilic 
interactions, and they can display biological activity [91-93]. 

 

4.1.1 Dipolar metal alkynyl complexes 

The ligated metal unit of dipolar metal alkynyl complexes has largely featured as the donor in 
D-B-A constructions targeting MPA. Earlier studies focussed on tuning the donor strength by 
varying the co-ligands and thereby modifying the 2PA merit [75]. Recent studies have 
examined the effect of modifying the bridge linking the metal donor to a fixed acceptor or, 
conversely, using a ligated metal unit as a key component of a bridge that links organic donors 
and acceptors. 

Studies that were directed at pinpointing the most efficient π-bridge in metal alkynyl complexes 
possessing a [metal donor]-[alkynyl-attached π-bridge]-[acceptor] composition have focussed 
on identifying the optimum bridge composition, length and breadth. Homoatomic (carbon-
based) bridges such as those comprised of arylenes linked by yne or ene groups have proven 
to be more efficient than heteroatomic bridges such as those linked by azo or imino groups [75]. 
Both p-phenyleneethynylene (PE)- and p-phenylenevinylene (PV)-based bridge lengthening 
have been systematically studied (Table 1, Fig. 4) [80]. The 2PA performance plateaus at a 
certain length and thereafter can diminish on further lengthening, and so there is an optimum 
length. For example, increasing the length of the alkynyl ligand (proceeding from 1 to 2 and 
then 3, 4 to 7 and then 16, 4 to 5, 7 to 8, and 14 to 15) results in an increase in 2PA cross-
section, while the further increase in bridge length from the di(phenyleneethynylene) to the 
tri(phenyleneethynylene) may lead to a decrease in σ2,max.(on proceeding from 5 to 6, and 8 to 
9). The facile rotation about the C(aryl)-C(ethyne) bonds in these OPEs, and the resultant loss 
of co-planarity, is assumed to impact deleteriously on MPA merit. Enforcing π-bridge 
coplanarity with appropriately designed alkynyl ligands has not as yet been systematically 
explored, although this is anticipated to increase the bridge length at which saturation is seen, 
and thereby improve the 2PA merit of the system.  

(insert Figure 4 here) 

 

Table 1. Linear optical absorption and 2PA data.[a,b] 

Complex λmax (nm) σ2 (GM) 
[ε (104 M-1 cm-1)] (λmax (nm)) 



16 

 

1 320 [1.9] 300 ± 100 (650) 
2 386 [3.1] 1200 ± 200 (800) 
3 413 [3.5] 2100 ± 750 (860) 
4 485 [1.6] 550 ± 100 (880) 
5 467 [2.7] 3000 ± 450 (1050) 
6 380 [3.9] 1700 ± 500 (950) 
7 483 [2.5] 850 ± 250 (950) 
8 472 [2.8] 2200 ± 700 (950) 
9 389 [6.9] 1300 ± 450 (950) 
10 482 [1.6] 250 ± 50 (900) 
11 471 [2.4] 2300 ± 350 (900) 
12 374 [2.1] 1100 ± 150 (900) 
13 481 [3.4] 2100 ± 550 (950) 
14 499 [1.5] 1500 ± 300 (880) 
15 477 [1.3] 1400 ± 350 (1100) 
16 464 [2.4] 1100 ± 150 (950) 
17 477 [2.8] 1800 ± 500 (950) 

[a] Measurements in CH2Cl2.  [b] Data from Ref. 80. 

 

The importance of the specific location of the metal in the chromophore has also been explored. 
The data for the isomers 5 and 7 and the isomers 6, 8, and 16, which possess fixed length π-
systems with varied metal location, suggest that the optimum location of the ligated ruthenium 
unit to maximize σ2,max in these OPEs is a di(phenyleneethynylene) unit away from the 
peripheral nitro group. 

The effect of bridge “broadening” has been examined with ruthenium, nickel, and gold 
complexes, on progression from 1,4-phenylene to 1,4-naphthalenylene and 9,10-
anthracenylene bridging units (Table 2, Fig. 5) [94]. In the ruthenium-containing series, 
proceeding from 18 to 19 results in an increase in maximal 2PA cross-section, but no further 
change (within the experimental error margins) is seen on proceeding to the anthracenyl-
bridged 20. There is also no improvement seen progressing from the naphthalenyl- to the 
anthracenyl-containing bridge in either the nickel or the gold system. The maximal values of 
the 2PA cross-sections increase on proceeding from the gold complexes to the nickel complexes 
and then to the ruthenium complexes (proceeding from 23 to 21 and then 19, and 24 to 22 and 
then 20), emphasizing the advantage of proceeding from a 14 valence electron metal centre 
(gold) to an 18 valence electron metal centre with a 3d less polarizable and less readily oxidized 
metal (nickel), and then to an 18 valence electron metal centre with a 4d metal that is more 
polarizable and more readily oxidized (ruthenium). 

(insert Figure 5 here) 
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Table 2. 2PA data.[a, b] 
Complex λ2PA, max (nm) σ2 (GM) 

18 740 220 ± 45 
 940 390 ± 140 

19 660 2800 ± 560 
 940 690 ± 130 

20 720 1100 ± 150 
 880 570 ± 120 

21 640 580 ± 95 
 920 230 ± 55 

22 660 460 ± 75 
 920 270 ± 60 

23 580 850 ± 130 
 820 470 ± 140 

24 700 630 ± 75 
 920 180 ± 40 

[a] Measurements in CH2Cl2. [b] Data from Ref. 94. 
 

The MPA behavior of certain platinum alkynyl complexes with diimine ligands has been 
examined by 2PEF, exciting at 790 nm; the complexes exhibit maximal 2PA values around 600 
nm, with generally low molecular cross-sections (10-20 GM) [95]. Within this system, linking 
the arylalkynyl ligands and constructing triangular metallacycles were found to afford much 
more 2PA-efficient molecules (Table 3, Fig. 6) [96]. The cyclic complex 28 exhibits a 2PA 
cross-section of 1020 GM at 680 nm while its acyclic analogous 31 has a 2PA cross-section of 
40 GM at the same wavelength, indicating that 2PA properties can be dramatically improved 
via rigidification and planarization of a metallacyclic structure; the more extended and 
polarizable π-system and more planar conformation of the OPE ligand both contribute to the 
enlargement of the 2PA cross-sections. 

(insert Figure 6 here) 

 

Table 3. Linear optical absorption and 2PA data.[a, b] 
Complex λmax (nm) σ2 (GM) 

  [ε (104 M-1 cm-1)] (λmax (nm)) 
28 338 [12] 1020 (680) 
 408 [2.5] 260 (860) 
 458 [1.1]  

29 370 [4.4] 120 (740) 
 518 [1.4] 670 (1040) 
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30 315 [5.5] 610 (700) 
 350 [4.6]  
 381 [3.7]  

31 321 [6.7] 40 (680) 
 344 [6.8] 17 (860) 
 414 [0.8]  

[a] Measurements in CH2Cl2. [b] Data from Ref. 96. 

 

Platinum-based photosensitizers are promising anticancer agents in photodynamic therapy [97], 
and this potential application has been a major reason for interest in the 2PA properties of 
platinum alkynyl complexes. For example, while 32 exhibits a moderate 2PA cross-section 
(180 GM) within the biological window (600-900 nm), it inhibits tumour growth in mice at a 
low dose with negligible side effects (Fig. 7). 

(insert Figure 7 here) 

 

As mentioned above, the one-photon absorption of gold(I) alkynyl complexes often occurs in 
the UV region, rendering them essentially optically transparent at key measurement 
wavelengths such as 532 nm [98]. Changing the ancillary ligand in three series of Au(I) 
fluorenyl benzothiazole complexes (PMe3, PPh3, PCy3) does not drastically affect the 2PA 
behavior (Table 4, Fig. 8). Proceeding from complexes with a directly bound fluorenyl unit to 
analogues with an ethynylfluorenyl-based ligand results in an unclear outcome; there is a 
substantial decrease from 33 to 34, but small increases from 36 to 37 and 39 to 40. There is 
also a general improvement in σ2 on proceeding from monometallic to bimetallic complex, 
with the exception of the anomalously 2PA-efficient complex 33 [99]. 

(insert Figure 8 here) 

 

Table 4. Linear optical absorption and 2PA data.[a, b] 

Complex λmax (nm) σ2 (GM) 
(λmax (nm)) 

33 359 3000 (590) 
36 360 210 (590) 
39 364 230 (590) 
34 366 230 (570) 
37 367 410 (590) 
40 371 360 (590) 
35 383 1440 (600) 



19 

 

38 384 1320 (600) 
41 387 1500 (600) 

[a] Measurements in aerated toluene. [b] Data from Ref. 99. 
 

4.1.2 Quadrupolar and centrosymmetric metal alkynyl complexes 

In contrast to dipolar compounds, centrosymmetric compounds do not exhibit even-order NLO 
effects, and the selection rules for 2PA-induced transitions differ from those for 1PA transitions 
in centrosymmetric compounds, so study of the 2PA properties of centrosymmetric compounds 
is complementary to studies of related dipolar examples. As with dipolar complexes, the focus 
of research with quadrupolar and centrosymmetric metal alkynyl complexes has been with 
examples containing PE- or PV-based bridges.  

Incorporating multiple PV units in the bridge of ruthenium end-functionalized complexes 
results in a red-shift in one-photon absorption (proceeding from 42 (2PV units) to 43 (4PV 
units), and then 44 (8 PV units): Table 5, Fig. 9). The increase in maximal 2PA cross-section 
proceeding from 42 to 43 is greater than the increase proceeding from 43 to 44, suggesting a 
saturation in this response parameter on OPV lengthening [100]. 

(insert Figure 9 here) 

 

Table 5. Linear optical absorption and 2PA data.[a, b] 

Complex λmax (nm) σ2 (GM) 
[ε (104 M-1 cm-1)] (λmax (nm)) 

42 463 [7.7] 2 650 (800) 
43 476 [11.8] 10 000 (725) 
44 484 [18.0] 12 500 (725) 

[a] Measurements in CH2Cl2. [b] Data from Ref. 100. 
 

Complexes 45 and 46 exhibit the lowest σ2 values of the tetraruthenium complexes 45, 46-48, 
and 49-50, consistent with their smaller molecular size and lack of polarizing substituents 
(Table 6, Fig. 10). Introduction of electron-donating or -withdrawing substituents at the 
periphery of 45, in proceeding to 47 and 48, significantly improves nonlinear absorption merit. 
The data also suggest that the electron-withdrawing nitro substituent is more effective in 
increasing σ2 than the electron-donating diethylamino substituent [101].  

Table 6. Linear optical absorption and 2PA data.[a, b] 
Complex λmax (nm) σ2 (GM) 
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[ε (104 M-1 cm-1)] (λmax (nm)) 
45 335 [13.9] 0 ± 7 (920) 
46 335 [14.1] (THF) 40 ± 40 (840) 
47 342 [12.2], 481 [8.1] 1400 ± 300 (880) 
48 342 [16.2] 900 ± 300 (880) 
49 367 [18.8] 480 ± 40 (920) 
50 462 [4.2] 5500 ± 1500 (880) 

[a] Measurements in CH2Cl2 unless otherwise specified. [b] Data from Ref. 101. 
 

(insert Figure 10 here) 

The cruciform complexes 52 and 53 display no variation in 2PA cross-section on modifying 
their peripheral groups, π-system expansion (proceeding from 51 to 52 and 53) being the key 
structural change to improve 2PA (Table 7, Fig. 11) [102,103]. An increasingly electronegative 
periphery (proceeding from 56 to 55 and then 54) increases the maximal 2PA value in the 
substituted porphyrins 54-56. 

(insert Figure 11 here) 

 

Table 7. 2PA data.[a] 
Complex σ2 (GM) Ref. 

51 2090 ± 880 @ 750 nm [102] 
52 4020 ± 1640 @ 750 nm [102] 
53 4020 ± 1640 @ 750 nm [102] 
54 6000 ± 300 @ 770 nm [103] 
55 4800 ± 500 @ 710 nm [103] 
56 4200 ± 500 @ 710 nm [103] 

[a] Measurements in CH2Cl2.  

 

Systematic studies of quasi-centrosymmetric platinum alkynyl complexes with phenylethynyl 
or (9,9-diethyl-7-(phenyl)ethynyl-9H-fluoren-2-yl)ethynyl π-bridges have explored alkynyl 
ligand lengthening, electronic effects, conformation and non-alkynyl ligand influence on 2PA 
properties (Table 8, Fig. 12) [104-107]. Complexes with simple phenylethynyl-derived ligands 
(structures a) display a general decrease in 2PA cross-section following the trend: compounds 
with electron-withdrawing groups > compounds with electron-donating groups > compounds 
with electro-neutral groups. The trans-[Pt(C≡C-1,4-C6H4X)2(PBu3)2] complexes (structures a) 
exhibit at least a doubling in 2PA cross-section (and in many cases frequently greater increases) 
in proceeding to their fluorenyl-bridged analogues (structures b).  
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The OPE-based complexes 79 and 80 display the same trend on π-bridge lengthening as their 
ruthenium alkynyl counterparts; the 2PA peaks exhibit a red-shift and the cross-sections 
increase upon π-ligand lengthening [106,107]. 

(insert Figure 12 here) 

 

Table 8. 2PA data.[a] 
Complex λ2PA,max (nm) σ2 (GM) Ref. 

57 682 15 [104] 
58 782 93 [105] 
59 668 10 [104] 
60 774 57 [105] 
61 712 16 [104] 
62 810 33 [105] 
63 672 1 [104] 
64 772 73 [105] 
65 670 1 [104] 
66 774 61 [105] 
67 672 1 [104] 
68 774 92 [105] 
69 668 1 [104] 
70 772 53 [105] 
71 752 120 [104] 
72 826 270 [105] 
73 684 2 [104] 
74 792 120 [105] 
75 702 8 [104] 
76 814 190 [105] 
77 774 120 [104] 
78 862 700 [105] 
79 570 320 (CH2Cl2 solvent) [106] 
 710 45 (CH2Cl2 solvent) 

80 610 680 (CH2Cl2 solvent) [107] 
 760 120 (CH2Cl2 solvent) 

[a] Measurements in THF unless otherwise noted.  

 

For the series of compounds 81-88, effective nonlinear absorption coefficients increase on 
metalation (proceeding from 81 to 82), proceeding from quadrupolar 82 to dipolar 83, 
replacement of electron-withdrawing peripheral groups with electron-donating (proceeding 
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from 83 to 82), and increasing metalation (proceeding from 82 to 87 or 84 to 85), while bridge 
broadening (proceeding from 85 to 86 or 87 to 88) leads to a reduction in this metric (Table 9, 
Fig. 13) [108]. 

(insert Figure 13 here) 

 

Table 9. Effective nonlinear absorption coefficients.[a, b] 
Complex β (cm/GM) 

81 9.03 
82 46.5 
83 95.3 
84 21.3 
85 100.1 
86 45.74 
87 248.1 
88 110.8 

[a] Measurements in DMF. [b] Data from Ref. 108. 
 

The effect on nonlinear absorption properties of the progression from dipolar to 
centrosymmetric platinum alkynyl complex has been explored (Fig. 14) [109]. The S0 → S1 
transition that is allowed for dipolar complexes is forbidden for centrosymmetric complexes, 
the lowest energy intense 2PA transition being S0 → S2 (for non-centrosymmetric 
chromophores (e.g. dipolar examples), the 2PA spectrum is degenerate with the one-photon 
absorption) [110]. Consistent with expectations, the trans-ligated (centrosymmetric) 
complexes 91 and 93 show 2PA peaks at ca. 640-650 nm (σ2 up to 1000 GM), red-shifted to 
750 nm progressing to 89 due to the electron-withdrawing benzothiazole ring. The (dipolar) 
cis-complexes 92 and 94 exhibit the expected, red-shifted maxima at ca. 715-755 nm which 
increase in intensity on proceeding to the benzothiazole-containing 90. 

(insert Figure 14 here) 

 

Platinum(II) complexes with triphenylamine-functionalized OPV-based alkynyl ligands afford 
strong 2PA performance over a broad spectral window [111]. The 2PA data increase with 
lengthening of the OPV segment (proceeding from 96 to 97 and then 98, from 99 to 100 and 
then to 101, and from 104 to 105). The peak 2PA values increase approximately two-fold 
proceeding from the organic chromophores 99 and 100 to the corresponding Pt-complexes 96 
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and 97, and more than two-fold from 101 to 98. Complex 98 and 103 both exhibit exceptionally 
large 2PA cross-sections (greater than 10 000 GM) at short wavelengths.  

(insert Figure 15 here) 

 

trans-Ligated platinum bis(alkynyl) complexes with N-heterocyclic carbene ligands have been 
compared to their tri(n-butyl)phosphine analogues, to assess the effect of ligand variation on 
their 2PA properties (Fig. 16) [112]. The σ2 values increase as 106 < 107 < 108 ≈ 91, consistent 
with increasing polarization (π-system lengthening and installation of donor/acceptor 
substituents on the periphery) and incorporation of peripheral donor rather than acceptor groups 
enhancing 2PA cross-section, while the co-ligand replacement has minimal impact. 

(insert Figure 16 here) 

 

2PA cross-sections of donor-acceptor-donor structures increase on proceeding from organic 
diyne to derivative gold(I) alkynyl complex and then platinum(II) alkynyl complex (Fig. 17) 
[113]. Data for the gold alkynyls are modest (ca. 150 GM), while the platinum complexes 
display stronger activity in the first biological window, exhibiting greater σ2 in the 800-900 nm 
region (200-600 GM), and with values approaching 1000 GM at wavelengths below 800 nm. 

(insert Figure 17 here) 

 

Nonlinear absorption studies of 1,4-{(Cy3P)Au(C≡C)}2C6H4 (114) and its 6-fold symmetric 
analogue {(Cy3P)Au(C≡C-1,4-C6H4C≡C)}6C6 (115) [114] reveal a dramatic increase in 2PA 
cross-section at ca. 600 nm proceeding from 114 (18 GM) to 115 (9000 GM) that persists after 
scaling the data to correct for relative molecular weights (σ2/M: 0.017 and 2.4, respectively) or 
the number of PE units in the bridge (Fig. 18). 

(insert Figure 18 here) 

 

The 2PA properties of transition metal σ-alkynyl complex-based polymers have also been 
explored [115]. Inserting transition metal elements into the main chain of polymers may 
combine the advantages of both transition metals and polymers to improve overall NLO 
performance. The NLO properties of gold(I) and platinum(II) alkynyl complexes and 
oligomers with thienyl-carbazole structure were explored to test this idea as well as further 
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examine the impact of metal variation (Fig. 19) [116]. 116, 117 and 118 show similar nonlinear 
absorptive behaviour, with low 2PA cross-sections in the S0 → S1 region (σ2 ~ 10-100 GM at 
700-800 nm). The cross-sections increase rapidly on proceeding to shorter wavelengths, 
reaching values of ca. 800-1000 GM at 550 nm.  

(insert Figure 19 here) 

 

Platinum alkynyl polymers 120 and 121 with different substituent groups (electron donor, O-
n-Bu; electron acceptor, NO2) are derived from 119 (Fig. 20); their 2PA cross-sections at 795 
nm are relatively invariant to the nature of this polarizing substituent (120: 53-89 GM; 121: 
45-70 GM) [117]. 

(insert Figure 20 here) 

 

The nonlinear properties of platinum alkynyl-based polymers lacking continuous backbone π-
systems have also been explored, in the pursuit of optical limiting materials [118]. Poly(arylene 
ether)-based 122 and 123 exhibit good optical transparency and large nonlinear absorption 
coefficients at 532 nm (122: 0.59 cm/GW, 123: 2.42 cm/GW) (Fig. 21). 

(insert Figure 21 here) 

 

4.1.3 Octupolar metal alkynyl complexes and dendrimers 

The progression from linear ruthenium alkynyl complexes to analogous stars [102,119] is an 
efficient strategy to achieve excellent nonlinear absorption in the second biological 
transmission window (1000-1350 nm). Increasing the number of PE units in the arms of the 
star results in a noticeable increase in 2PA cross-section (proceeding from 124 to 127, 130, 131, 
and 132: Table 10, Fig. 22). The effect of peripheral ligand modification has been investigated 
as well, revealing that replacing the phenyalkynyl ligands with p-nitrophenylalkynyl ligands 
generally increases σ2 (proceeding from 125 to 126, or from 128 to 129). The results from 
replacing the PE linkage with PV linkage are unclear: proceeding from 124 to 133 has little 
effect on σ2, but proceeding from 125 to 134 results in a significant increase in the 2PA cross-
section. 

 

Table 10. Linear optical absorption and cubic NLO data.[a] 
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Complex λmax (nm) σ2 (GM) Ref. 
[ε (104 M-1cm-1)] (λmax (nm)) 

124 413 [9.9] 1500 ± 140 (680) [119] 

  1050 ± 400 (845) 
125 412 [11.6] 1490 ± 200 (650) [119] 

  370 ± 80 (810) 
126 403 [11.2] 2500 ± 1000 (670) [119] 

 459 [8.9] 1100 ± 400 (800-950) 
127 424 [13.5] 9500 ± 1800 (650) [119] 

  6000 ± 1600 (875) 
128 422 [12.6] 3200 ± 1400 (900) [119] 
129 418 [11.6] 6000 ± 1200 (875) [119] 

 459 [8.8]  
130 416 [13.0] 6000 ± 1200 (875) [119] 
131 420 [14.8] 7600 ± 1300 (900) [119] 
132 412 [19.6] 5500 ± 1500 (880) [119] 
133 426 [8.7] 1000 ± 200 (800) (THF solvent) [102] 
134 421 [13.0] 2100 ± 500 (800) (THF solvent) [102] 

[a] Measurements in CH2Cl2 unless otherwise noted. 

 

(insert Figure 22 here) 

 

The cubic NLO properties of octupolar platinum alkynyl complexes have also been studied 
(Fig. 23) [11,120]. The 2PA cross-sections of 1,3,5-triazine-cored complexes (with an electron-
withdrawing core) increase with increasing electron-donating ability of the arylalkynyl 
substituent in 135-137. Among the triphenylamine-centred complexes 138-140 (with electron-
donating cores), the largest 2PA value is found with complex 140 which possesses the most 
strongly electron-withdrawing substituent on the arylalkynyl ligand. Pt(II) alkynyl complexes 
with a 1,3,5-triazine core and 3,4,5-tris(dodecyloxy)benzamide terminal units have also been 
explored [11]; the 2PA cross-section of complex 141 (707 GM at 532 nm in toluene) and its 
good gelation properties are consistent with potential as an optical limiting gelation material. 

(insert Figure 23 here) 

 

Proceeding from octupolar stars to hyper-branched dendrimers is a logical progression in the 
quest for efficient 2PA materials. Ruthenium alkynyl dendrimers have been shown to possess 
significant third-order NLO properties, greater than the sum of the linear components, and 
outperforming the building blocks when scaling for number of π-electrons or molecular weight 
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(Fig. 24) [87,88,121-124]. These two performance-scaling procedures have been employed to 
compare both similar and disparate molecules. Scaling by the appropriate power of the number 
of “effective” electrons is a rigorous procedure introduced by Kuzyk with small organic 
molecules [125]. Its application to metal alkynyl complexes has necessitated certain 
assumptions regarding the contribution of the metal centre when located between two trans-
disposed π-delocalizable ligands. Scaling by molecular weight is a simpler and more widely 
employed approach to compare molecular NLO performance, but the presence of high-mass-
unit ligated metal centres can result in unfavourable comparisons to related purely organic 
molecules. Scaling by molecular volume and cost of production have also been employed, but 
their difficulty in implementation has restricted the take-up of these procedures [126].  

Dendrimers with both OPE and OPV building blocks have been reported, their 2PA cross-
section values being collected in Table 11. There is more than an order of magnitude increase 
in σ2 on proceeding from the first-generation to the second-generation and then to the third-
generation dendrimer [124]. These ruthenium alkynyl dendrimers exhibit a cubic NLO 
dendritic effect, i.e. a nonlinear increase in nonlinearity with increase in dendrimer generation. 

(insert Figure 24 here)  

 

Table 11. Linear optical absorption and 2PA data.[a] 

Complex  λmax (nm) σ2 (GM) Ref. 
[ε (104 M-1cm-1)] (λmax (nm)) 

150 346 [222] 111 500 (700) [124] 
 424 [81] 50 600 (900)  

149 340 [206] 113 200 (725) [124] 
 418 [106] 45 900 (900)  

148 343 [119] 42 450 (750) [124] 
 421 [52] 16 000 (875)  

147 343 [118] 43 600 (700) [124] 
 415 [49] 20 000 (900)  

143 340 [43] 13 700 (725) [87, 124] 
 427 [19] 8800 (900)  

146 340 [96] 34 700 (750) [87, 124] 
 409 [46] 18 000 (900)  

142 343 [38] 14 000 (725) [87, 124] 
 412 [18] 6300 (875)  

144 333 [45] 4400 (760) [88] 
 424 [18] -  

145 311 [40] 17 000 (780) [88] 
 390 [59] -  

[a] Measurements in CH2Cl2.  
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4.2 Higher-order multiphoton absorption at metal alkynyl complexes 

Higher-order multiphoton absorption properties such as three-photon absorption (3PA), four-
photon absorption (4PA) and five-photon absorption (5PA) are of rapidly increasing interest 
because of their potential advantages compared to 2PA. MPA is more sensitive to light intensity, 
permitting even greater spatial control. Because the excitation is shifted to longer wavelengths 
with MPA (e.g. into the biological and telecom windows), MPA may have technological utility 
in various areas. Studies of the MPA efficiency of diverse materials are therefore of 
considerable interest [39,78,127], but molecular structure-property studies are sparse. 

Several systematic studies exploring higher-order MPA properties of metal alkynyl complexes 
have been reported [88,100,119]. The first such report [128] disclosed the nonlinear absorption 
properties of dendrimer 151, evaluated from Z-scan over the spectral range 625-1500 nm with 
fs pulses to minimize contributions from excited-state absorption (ESA). The maximal value 
for σ3 (1500 × 10-80 cm6 s2 photon-2) was a record for a molecule, and highlighted the potential 
of alkynyl complexes in MPA. 

(insert Figure 25 here) 

 

The organoruthenium stars [100,119] display 3PA at the high-energy end of the telecom 
window and this increases with arm lengthening, proceeding from 124 to 127, and then to 130, 
131, and 132. The data approach a saturation point, indicating that further OPE lengthening is 
unlikely to significantly improve MPA merit. The same trend appears with centrosymmetric 
OPV-based ruthenium alkynyl complexes, for which nonlinear absorption studies have 
examined bridge lengthening from 1 PV unit up to 8 PV units (proceeding from 42 to 43 to 44); 
the initial arm lengthening (proceeding from 1 PV unit to 2 PV units) results in a significant 
increase in the maximal 3PA value, but further increase in the number of PV units affords only 
a minor increase in σ3. Investigation of the effect of peripheral ligand modification reveals a 
significant increase in σ3 value for the p-nitrophenylalkynyl-containing complexes compared 
with the chlorido-/phenylalkynyl-ligated analogues (comparing 124 and 125 to 126, or 127 and 
128 to 129). Complex 129 shows a larger σ3 value than any other star complex, and also 
displays measurable 4PA activity, revealing a modest σ4 value. 

 

Table 12. Linear optical absorption and MPA data.[a] 

Complex λmax (nm) σ3 [b] σ4 [c] 
Ref. [ε (104 M-1cm-1)] (λmax (nm)) (λmax (nm)) 
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124 413 [9.9] 190 ± 50 (1290) - [119] 
     

125 412 [11.6] 100 ± 20 (1240) - [119] 
     

126 403 [11.2] 740 ± 130 (1290) - [119] 
 459 [8.9]    

127 424 [13.5] 1800 ± 300 (1200) - [119] 
     

128 422 [12.6] 2300 ± 600 (1200) - [119] 
129 418 [11.6] 5000 ± 800 (1200) 180 ± 50 (1750)  

 459 [8.8]    
130 416 [13.0] 1800 ± 300 (1200) - [119] 
131 420 [14.8] 3200 ± 500 (1250) - [119] 
132 412 [19.6] 3300 ± 400 (1250) - [119] 
42 463 [7.7] 3500 (1100) - [100] 
43 476 [11.8] 11 000 (1100) - [100] 
44 484 [18.0] 15 500 (1100) - [100] 

[a] Measurements in CH2Cl2. [b] 10-80 cm6 s2 photon-2. [c] 10-110 cm8 s3 photon-3
. 

 

Ruthenium-containing dendrimers exhibit exceptional MPA activities [87,88,128]. As shown 
in Table 13, increasing the length of the π-bridge directly attached to the dendrimer core 
(proceeding from 142 to 143 or 146 to 147) generally results in an increase in nonlinear 
absorption parameters, while introducing solubilizing alkyl groups (proceeding from 147 to 
148 or 149 to 150) has a very subtle impact on MPA cross-sections. Significant increases in 
MPA cross-sections are seen on increase in dendrimer generation, on proceeding from first-
generation dendrimers 142 and 143 to second-generation dendrimers 146 and 147-148, and 
then to third-generation dendrimers 149-150. Amongst the first-generation dendrimers, 145 
possesses the largest 3PA cross-section value, and comparison of the MPA data of 144 and 145 
clearly highlights the importance of metalation at each dendritic generation level to the 
resultant MPA properties. 

 

Table 13. 3PA, 4PA and 5PA cross-section maxima.[a] 

Complex 
σ3 

[c] σ4
 [d] σ5 

[e] Ref. 
(λmax)[b] (λmax)[b] (λmax)[b] 

150 23 200 (1250) 7300 (1650) 500 (2050) [124] 
149 22 200 (1200) 5850 (1650) 350 (2100) [124] 
148 15 000 (1250) 3700 (1650) 170 (2100) [124] 
147 13 750 (1250) 2950 (1650) 100 (2160) [124] 
146 4800 (1200) 1200 (1650) - [124] 
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143 7950 (1250) 2700 (1650) - [124] 
142 2500 (1250) 900 (1650) - [124] 
145 10 000 (1200) 2100 (1600) - [88] 
144 3500 (1100) - - [88] 

[a] Measurements in CH2Cl2. [b] nm. [c] 10-80 cm6 s2 photon-2. [d] 10-110 cm8 s3 photon-3. [e] 
10-140 cm10 s4 photon-4. 

(insert Figure 26 here) 

Figure 26 displays a typical MPA study (that of 149) and highlights the need for tuneable 
wavelength lasers (as the phenomena are wavelength-dependent). The maximal values of the 
nPA are usually seen at close to the corresponding multiple of the linear absorption spectrum, 
and so this is often supplied as an overlay in the NLA spectrum to provide an eye guide. Figure 
26 also emphasizes the need for careful intensity-dependence measurements, to discriminate 
between nPA and (n+1)PA effects, and hints at the time-intensive nature of such studies (the 
laser is tuned to each wavelength individually, data are collected, and the laser is then tuned to 
the subsequent wavelength).  

 

5. Conclusion and perspectives 

The increasing availability of high-power, ultrashort pulse, wavelength-tunable laser systems 
is making the systematic study of molecular MPA properties a realistic goal. Studies over the 
previous decade have demonstrated that metal alkynyl complexes can be engineered to possess 
very large MPA properties, frequently outperforming the best organics. Although comparing 
disparate materials is challenging, the procedures explored thus far (scaling by molecular 
volume, cost, molecular weight-, and the number of “effective” electrons) all afford results 
consistent with metal alkynyl complexes trumping purely organic compounds. 

Systematic studies of metal alkynyl complexes have explored the effect of varying the co-
ligands, alkynyl ligands, conformation, the nature of the metal, and the multipolar charge 
distribution in the ground state, and these studies have expanded to include metal alkynyl-based 
polymers and dendrimers. Exceptionally large (world-record) values of MPA cross-sections 
have been demonstrated with certain examples, highlighting the considerable potential of metal 
alkynyl complexes. The studies thus far have begun to signpost the metal alkynyl complex 
composition considerations to maximize MPA merit. The design of robust and stable materials 
with strong MPA response applicable to the construction of smart devices remains a goal for 
researchers and a challenge for future work. 
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