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Abstract

Molecules with second-order nonlinear optical (NLO) properties have received a lot of
attention in the last twenty years due to their potential use in photonic devices. In order to have a
large second-order NLO response, a compound should not be centrosymmetric, it should have low
energy charge-transfer transitions and there should be a large difference between the excited state
and ground state dipole moments. Organic compounds with an electron-donor group and an
electron-acceptor group connected via a m-conjugated polarizable spacer can reach a good NLO
response. Metal complexes have also shown promise due to their accessible low-energy and high
intensity ligand-to-metal due to their accessible low-energy and high-intensity ligand-to-metal,
metal-to-ligand, ligand-to-ligand, and intraligand charge transfer (LMCT, MLCT, LLCT, and
ILCT) excited states. The energy of these charge transfer states can be readily tuned as a function of

the nature and the oxidation state of the metal centre and by the ligands that surround it. Among



them, iridium complexes are particularly fascinating, not only for their attractive second-order NLO
properties but also for their remarkable two-photon absorption (TPA) properties, a third-order NLO
process which is of interest for a number of photonic and optoelectronic applications.

The goal of this review is to show the potential of iridium compounds as molecular materials
with NLO-activity. First, the principles of second-order nonlinear optics will be briefly introduced,
then the review will illustrate the main families of second-order NLO iridium complexes, producing
examples of iridium(l) complexes with monodentate nitrogen donor ligands (substituted pyridines
and stilbazoles, azaphenanthrene and azachrysene), iridium(l11) complexes with terpyridines, bis-
cyclometalated phenylpyridine iridium(lll) compounds with p-diketonate ligands, tris-
cyclometalated phenylpyridine iridium(l1l) compounds, bis-cyclometalated phenylpyridine
iridium(111) complexes with diimines or aryl isocyanides. Through this survey of NLO-phores we
show how it is possible to tune the second-order NLO response by a suitable choice of the
substituents about the ligands. The emphasis is on second-order NLO properties determined in
solution at the molecular level, but examples of nanoorganization of some NLO-active iridium
complexes in polymeric matrices to give second-order NLO-active thin films are presented as well.
Further, some iridium complexes have shown potential as versatile NLO redox-switching materials
and these are described in this review. Finally, a few examples of iridium complexes with TPA
properties are given in the last section of the review. The coverage is not comprehensive but
provides a suitable introduction to NLO-active iridium complexes and a framework for

understanding their potential.

Keywords: iridium complexes, nonlinear optics, second harmonic generation, two-photon
absorption
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The versatile properties of iridium complexes make them appealing for nonlinear optics
(NLO)
Iridium complexes with suitable ligands have interesting second-order NLO properties

Iridium complexes with suitable ligands have interesting two-photon absorption properties
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1. Second-order nonlinear optics

An introduction to second-order nonlinear optics (NLO) is briefly given. Greater details are

presented in a number of books [1-3] and reviews [4-23].

In the presence of a strong electric field E, there is a perturbation of the electrons of a bulk

material and the induced polarization can be written according to equation (1):



P:E+X‘I)E+Z(2)E+ ............... + yWE" (1)

where P, is the intrinsic polarity, y* the electrical susceptibility or linear polarizability x®, y® and

™ tensors are, respectively, the second-, third- and n-order electrical susceptibilities, which

correspond to nonlinear polarizabilities responses of the material.

At the molecular level, equation (1) becomes equation (2):

P=pty+0E+ fE2+)E> + oo, (2)
where p is the ground state electric dipole moment, o the linear polarizability,  the quadratic

hyperpolarizability and y the cubic hyperpolarizability. ﬂEZ corresponds to the generation of a
second-order emission of light, with a frequency of the electromagnetic field corresponding to

double of the incident one whereas 7E3is a third-order emission of light with a triple frequency
with respect to the incident one. The emission decreases in intensity when the order increases, and
both B and x(z) fall off when the environment is centrosymmetric. An important NLO effect is the
so-called Second Harmonic Generation (SHG). This occurs when two incident waves characterized
by a frequency w interact with a compound to give a new wave with frequency 2.

In order to be characterized by a large second-order NLO response, a molecule must have high
values of . Supposing that in asymmetric linear-shaped organic molecules the second-order NLO

response is mainly due to one charge-transfer process, 3 can be calculated by means of equation (3):

2 2
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In this equation, which is known as the "two level” model, z is the direction of the charge transfer,
leg 1S the transition dipole moment, veg is the frequency of the charge transfer transition, v, is the
frequency of the incident radiation and Apg is the difference between the excited state and the

ground state dipole moment [24-25]. Equation (3) shows that in order to have a high B value, a
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compound must have charge-transfer transitions at low energy and huge Apeg and req values.
Clearly, in order to have a 3 value, the molecule must not be centrosymmetric, otherwise Apeq is
zero. As expected from the “two-level model”, push-pull 1D dipolar organic molecules, in which an
electron donor group (D) is separated from an electron acceptor (A) group by means of a =-
conjugated polarizable spacer, are characterized by good quadratic hyperpolarizabilities. The
prototypical example of a push-pull organic molecule is p-nitroaniline. As a general rule, the use of
strong electron donors and acceptors and the incorporation of a bridge with a large conjugation
length lead to a stronger second-order NLO response [26-30]. Compounds with up values superior
to 500 x 10% esu, the wvalue reached by Disperse Red One [trans-4,4’-
0,NCgH4N=NC¢H4NEt(CH,CH,0H)], which has been used in electrooptic polymeric poled films,
[31] are of particular interest from an application point of view.

Coordination compounds have attracted growing interest, in the panorama of molecules for
second-order nonlinear optics because they offer a more flexible molecular design when compared
to organic chromophores due to the presence of a wider number of distinct charge-transfer
transitions at relatively low energy and of high intensity that are tunable by virtue of the nature,
oxidation state, and coordination sphere of the metal center. Many metal complexes, particularly 4d
and 5d complexes, have low-energy metal-to-ligand charge-transfer (MLCT), ligand-to-metal
charge-transfer (LMCT), ligand-to-ligand charge-transfer (LLCT) or intraligand charge-transfer
(ILCT) excitations, the metal can effectively be the donor or the acceptor moiety or the polarizable
bridge of a push-pull system that can act as a dipolar NLO chromophore [5-23]. The presence of the
metal is also a desirable feature that has been exploited in efficient redox-switching of the NLO
properties, which is of great interest for application in photonics [17].

Various methods exist to calculate 5. The “Sum Over States” (SOS) approach, and Density
Functional Theory (DFT) and Time-Dependent DFT (TD-DFT) calculations are all particularly

useful [26, 32].



Experimentally, in order to determine B in solution, one can use the Electric Field Induced
Second Harmonic generation (EFISH) technique and the Hyper-Rayleigh Scattering (HRS)
technique, also called Harmonic Light Scattering technique (HLS). The EFISH technique [33] can
be used for dipolar molecules, providing information on the molecular NLO properties by means of
equation (4):

Yerisn = (UPBA/BKT) + v (-20; ©, o, 0) 4)
In this equation, up,/5kT is the dipolar orientational contribution while y (-2w; ®, ®, 0) is the
electronic cubic contribution, which is negligeable for dipolar molecules. B, is the projection along
the dipole moment axis of Bvec, which is the vectorial component of the tensor of the quadratic
hyperpolarizability, working with an incident wavelength A of a pulsed laser. The EFISH technique
gives the product pfp, where p is the ground state dipole moment of the molecule, which can be

calculated or determined experimentally with the Guggenheim method [34].

In the HLS technique [35-38], after irradiation of the molecule in solution with a laser of
wavelength A, the incoherently scattered second harmonic generated by the molecule is detected,
leading to the mean value of the Bxp tensor product. By the analysis of the polarization dependence
of the second harmonic signal, one can obtain the components of the quadratic hyperpolarizability
tensor. Unlike EFISH, HLS can be used for the study of non dipolar molecules. In this review, we
will call B,(EFISH) and B,(HLS), the p values determined with an incident wavelength A by the
EFISH and HLS techniques, respectively.

In the solid state, second-order susceptibility values, %, can be determined by means of the
second harmonic generation (SHG) of noncentrosymmetric single crystals, thin films of poled
polymers, or thin films of engineered acentric molecular assemblies [1-3].

As we previously mentioned, coordination complexes with second-order NLO properties have
attracted increasing attention in the last two decades, often reaching an NLO response superior to

that of the prototypal Disperse Red One, making them competitive materials with respect to organic



chromophores [5-23]. Complexes using group 6 and groups 8-12 metals have been investigated
with a variety of ligands. Particularly large quadratic hyperpolarizabilities have been reached with
Ru, Ir, and Zn complexes. Although reviews have appeared documenting the second-order NLO
properties of ruthenium [39] and zinc [40] complexes, to the best of our knowledge no review has
been dedicated to NLO-active iridium complexes. Although iridium is a more expensive metal than
zinc, its complexes are more thermally stable and kinetically inert. Iridium complexes also can
access a wide number of distinct CT excited states while zinc complexes are limited to LLCT and
ILCT states. Moreover, iridium complexes have been shown to act as building blocks for the
preparation of hybrid polymeric films with a significant second harmonic generation response [41].
Photoactive iridium(I11) complexes have been exploited in a wide number of different applications,

including in electroluminescent devices, as bioimaging reagents, in photodynamic therapy, in

sensing, as dyes in solar cells, as photocatalysts and as photosensitizers in solar fuels

[42]. These same complexes can also be used in the field of nonlinear optics. These observations
prompted us to write an overview on iridium-containing second-order NLO active complexes which
is reported in the following sections, with a focus on important aspects of each family of iridium
complexes. This review therefore does not provide an exhaustive account of all NLO-active iridium

complexes.

2. Iridium(l) complexes with monodentate nitrogen donor ligands

In 1994, Bruce and Thornton reported that the quadratic hyperpolarizability of a stilbazole,
trans-4(S-(+)-2-methylbutoxy)-4'-stilbazole, increases upon coordination to a “cis-Ir(CO),CI”
moiety [43]. Following this brief report, various iridium(l) metal complexes with pyridines (1) [44],
stilbazole-related (2-4) [44-45], azaphenanthrene (5) [46] and azachrysene (6) [46] ligands (Fig. 1)
were prepared, mainly by Ugo et al, in order to understand, using the EFISH technique, the effect
that coordination to an iridium(l) metal center has on the second-order NLO activity of

monodentate nitrogen donor ligands. In all cases there is an augmentation of the absolute value of
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uB(EFISH) upon coordination caused by an augmentation of both u and . From these studies it
appeared that iridium may have a donor or an acceptor role, controlled by the existence, in the
nitrogen-based ligand, of an electron acceptor or donor group R.
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Fig. 1. Iridium(l) complexes with monodentate nitrogen donor ligands

Thus, the quadratic hyperpolarizability, measured by EFISH at 1.067 um, of cis-
[Ir(CO).CI(4-R-Pyridine)] (1) (R = electron donor or acceptor group) depends on the identity of R:
(1) B > 0 when R is a strong electron-donor group such as NMe;,; upon coordination, the quadratic
hyperpolarizability goes from 0.07 x 10°°° esu to 9 x 10™° esu due to the acceptor role of the metal;
(ii) B is very small when R is a weak electron-donor group such as t-butyl; upon coordination, the
quadratic hyperpolarizability goes from 0.19 x 10 esu to 0.1 x 10" esu; (iii) p < 0 when R is a
strong electron-acceptor group like CN; upon coordination, the quadratic hyperpolarizability goes

from 0.33 x 10°° esu to -9 x 10 esu due to the donor role of the metal (Table 1) [44]. The
negative sign of 3 when R is a strong electron-acceptor group is due to a decrease of the dipole
moment upon excitation since, according to the “two-level” model, equation (3) [24-25], B is

directly proportional to Apeg. Similarly, for [W(CO)s(4-MeCO-Pyridine)], a negative Apq leads to a



negative value of 3 [47]. The dipole moment is reduced upon excitation due to the donor behavior
of the metal in the presence of n-accepting ligands with a metal-to-ligand charge transfer (MLCT)
transition vectorially opposed to an LMCT transition [48]. By contrast, when R is a strong electron-
donor group, B remains positive and its augmentation is dominated by an intraligand charge transfer
(ILCT) transition, with the metal behaving as an electron-acceptor, which intensifies the acceptor
capacity of the pyridine and therefore produces a bathochromic shift of the ILCT transition. The
mechanisms, proposed by Ratner and Marks to explain the acceptor or donor role of a metal moiety,

can be rationalized as follows:

R — R
R =donor, ILCT R = acceptor, MLCT
Aeg>0,5>0 Mleg<0,B<0

In a general manner, coordination leads to a very strong enhancement of the absolute value
of B1os(EFISH) of the pyridines, putting into evidence the important and positive role of the
iridium(l) center.

The effect of coordination to iridium(l) of 4,4-trans or trans,trans-NMe,-
CeH4(CHCH)qpyridine (n =1, 2) (2, 3) has been investigated [44]. In dipolar =-organic
chromophores, it is known that an increase of the length of the w-delocalized bridge between the
acceptor and the donor groups leads to a large augmentation of the quadratic hyperpolarizability
[27-28]. Surprisingly, there is a much smaller increase in the case of coordination compounds.
Thus, substitution of 4-Me,;N-Pyridine (L1a) with 4,4’-trans-Me;N-CgH4(CHCH)Pyridine (L2)
leads to a 900-fold enhancement of B, 0s(EFISH) (Table 1) while substitution of cis-[Ir(CO),Cl(4-
Me,N-Pyridine)] (1a) with cis-[Ir(CO),CI(4,4’-trans-Me,;N-CgH4(CHCH)Pyridine)] (2) leads to a
27-fold enhancement [44].

The effect due to coordination is less significant when the length of the n—delocalized bridge
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of the nitrogen donor ligand is increased. For example, coordination of 4,4’-trans-NMe,-
CsH4(CHCH)Pyridine to “cis-Ir(CO),CI” causes a 4-fold enhancement of B, 0s(EFISH) (Table 1,
L2 and 2), small if compared to the huge increase observed when 4-NMe,-Pyridine is coordinated
(B1.0s enhancement factor of ca. 130, L1a and 1a) [44]. The increase upon coordination of 4,4’-
trans,trans-NMe,-CsH4(CHCH),Pyridine is even lower, being only 2 (L3 and 3). Interestingly,
according to the poorer acceptor strength of the iridium center, the quadratic hyperpolarizability is
reduced when the carbonyl ligands of cis-1r(CO),CI” are replaced by cyclooctene ligands (2 and 2°)

[44].

Table 1 Dipole moments and quadratic hyperpolarizability of 4-R-Pyridine, 4,4’-trans or

trans,trans-NMe,-CsH;(CHCH),Pyridine (n = 1, 2) and related iridium(l) compounds [44]

HP1os” Hb B1.os

(x10% esu) | (x10™ esu) | (x10°* esu)
Lla | 4-NMe,-Pyridine 0.25 3.5 0.07
la cis [Ir(CO),Cl(4-NMe,-Pyridine)] 58 6.4 9
L1b | 4-CMes-Pyridine 0.54° 2.87° 0.19°
1b cis-[Ir(CO),Cl(4-CMe3-Pyridine)] 0.49 4.9 0.1
Llc |4-CN-Pyridine 0.54° 1.63 0.33°
1c cis-[Ir(CO),Cl(4-CN-Pyridine)] -31 34 -9
L2 | 4,4'-trans-NMe,-CgH4(CHCH)Pyridine 246 3.9 63
2 cis- [Ir(CO),Cl(4,4'-trans- NMe,-CeH4(CHCH)Pyridine)] 1452 6 242
2’ cis- [Ir(COT),Cl(4,4'-trans- NMe,-CgH4(CHCH)Pyridine)] 1110 8.1 137
L3 | 4,4'-trans,trans- NMe;,-CgH4(CHCH),Pyridine 558 4.5 124
3 cis- [Ir(CO),Cl(4,4'-trans,trans- NMe,-CgH4(CHCH),Pyridine)] 2508 8.8 285
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®EFISH values determined in CHCl; working with an incident wavelength of 1.06 pm.
PExperimental values in CHCI3, measured by the Guggenheim method. “Computed values obtained

with the MNDO-CPHF method.

Interestingly, complexes of *“cis-Ir(CO),CI” with 4,4’-trans- or trans,trans-NMe,-
CeH4(CHCH)qpyridine (n = 1, 2) show a uB(EFISH) value greater than that of Disperse Red 1
(uB(EFISH) = ca 500 x 10™* esu), which has found application in electrooptic polymers [31]. This
can be explained by two factors: (i) an intensification of the ground state dipole moment upon
coordination to the iridium center and (ii) an intensification of § due to a large bathochromic shift
of the ILCT transition [44].

In the early 1990s, it was thought that conjugation planarity was necessary to boost
quadratic hyperpolarizabilities because a decrease of m—electron overlap due to a non-planar
geometry should have reduced the communication between the donor and the acceptor groups,
leading to a decrease of the quadratic hyperpolarizability [28]. Remarkably, fifteen years later, it
was observed that the B values of planar N-methyl-N-hexadecyl-aminostilbazole (B1.907(EFISH) =
55 x 10 esu™) and related “cis-1r(CO),CI” complex (B1.oo7(EFISH) = 101 x 10°*° esu™) are very
close to that of  twisted (E)-4-[(5,6,7,8-tetrahydro-5isoquinolylidene)methyl]-N-methyl-N-
hexadecylaniline (Broo7(EFISH) = 47 x 10 esu™) and related “cis-1r(CO),CI” complex (4,
(BLoo7(EFISH) = 81 x 10 esu™), respectively, putting in evidence that in traditional dipolar
organic chromophores a planar structure is not necessary to reach a large quadratic
hyperpolarizability [45]. In fact, density functional theory and time-dependent DFT calculations
showed that the two aromatic rings of the stilbazole, linked by the double bond, are coplanar
whereas the two rings of (E)-4-[(5,6,7,8-tetrahydro-5-isoquinolylidene)methyl]-N-methyl-N-
hexadecylaniline form an angle of -56.1° [45]. It was suggested that the HOMO (highest occupied

molecular orbital) and LUMO (lowest unoccupied molecular orbital) energies of the two ligands are
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not strongly affected by the twisting of the C=C bond, due to the fact that the two orbitals are
mostly localized on the donor and acceptor fragments, respectively [45].

The preparation of NLO-active molecules characterized not only by high quadratic
hyperpolarizabilities but also by good chemical, thermal and photochemical stability is important
from a technology point of view. Although stilbazole-based chromophores can present a high NLO
response, they have two problems: (i) cis—trans photoisomerism around the C=C bond and (ii)
possible oxidation of the isolated double bond, which would disrupt the m-conjugation between the
acceptor and the donor groups. A solution to these problems would be the inclusion of the double
bond within a rigid polyaromatic moiety that would guarantee both stability and high electronic =
delocalization [46]. For this reason, 7-N,N-dibutylamino-2-azaphenanthrene and 8-N,N-
dibutylamino-2-azachrysene were prepared, along with the related “cis-Ir(CO),CI” complexes (5, 6,
Fig. 1), and their NLO properties were studied by the EFISH method [46]. The B1907(EFISH) value
of 7-N,N-dibutylamino-2-azaphenanthrene (123 x 10 esu™) was two-fold that of N-methyl-N-
hexadecyl-aminostilbazole whereas that of the more n—delocalized 8-N,N-di-n-butylamino-2-
azachrysene was even higher (429 x 10°° esu™) [46]. Upon coordination to the “cis-1r(CO),CI”
moiety (5, 6), a slight increase of upig97(EFISH) was observed (enhancement factor = 1.3) [46].
The high NLO activity and good thermal stability of 8-N,N-di-n-butylamino-2-azachrysene make it
particularly appealing as a material for downstream applications.

Interestingly, an attempt to coordinate [W(CO)3(1,10-phenanthroline)(pyrazine)] to “cis-
Ir(CO),CI” led to the loss of the pyrazine ligand with formation of [(CO)s(1,10-phenanthroline)W-
Ir(CO),Cl], characterized by a negative value of B1.oo7(EFISH) (-25.8 x 10 esu™) due to MLCT
transitions (from W to ©* of the phenanthroline, with a negative Apeg) governing the second-order

NLO response [49].

3. Iridium(111) complexes with terpyridines
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The second-order NLO activity of iridium(lll) compounds with 4'-(Ph-p-R)2,2":6'2"-
terpyridine (R = NBu,, NO,, -(E)-CH=CHPhp-NBuU,) ligands (7, Fig. 2) have been investigated [50-

52].

Fig. 2. Iridium(I11) complexes with terpyridines

In a first study, 4’-(Ph-p-NBu,)2,2":6',2"-terpyridine was coordinated to “IrCls” and “ZnCl,”
moieties, demonstrating the important role of the identity of the metal ion on the value and sign of
the quadratic hyperpolarizability. In both complexes the ILCT transition of the coordinated
terpyridine is red-shifted because of an intensification of the m-acceptor capacity of its 7* orbitals,
and there is a large increase (enhancement factor of ca 4, Table 2) of the permanent dipole moment
[50]. The B value of the terpyridine upon coordination to 3d™ zinc(I1) increases (B134(EFISH) goes
from 22 to 67 x 10 esu) and remains positive, similar to observations for various zinc(Il)
compounds with nitrogen donor ligands [53-56]. Remarkably, upon coordination to a 5d°
iridium(111) metal center, there is a large increase of the absolute value of Berisy but its sign is
negative (Table 2, 7a and 7a’) [50,51]. A solvatochromic study showed that whereas in zinc(ll)

13



complexes the increase is caused by the bathochromic shift of the ILCT transition of the terpyridine,

in iridium(I11) complexes, the second-order NLO response is governed by the negative contribution

of a MLCT transition at lower energy [50]. This MLCT transition becomes more important when

the terpyridine bears an electron-acceptor substituent (B134(EFISH) value of -64 and -230 x 10

esu for R = NBu; and NO,, respectively; Table 2, 7a’ and 7b’), affording a higher absolute value of

B [51].

It appeared that, for NBu,-substituted terpyridines, an increase of the length of the m-

conjugated spacer between the NBu, group and the terpyridine rings causes a large augmentation of

B134(EFISH) (Table 2, L7a and L7c) [51], as previously observed for stilbazole ligands (Table 1).

By contrast, for iridium(l11) complexes there is a reduction of the absolute value of B13(EFISH)

because of a decrease of the NLO importance of the MLCT transition with respect to the ILCT

transition (7a and 7c).

Table 2 Dipole moments and quadratic hyperpolarizability of 4’-(Ph-p-R)2,2':6",2"'-

terpyridine and related iridium(111) complexes [50,51]

b

upi 34 n Bisa

(x10* esu) | (x10™esu) | (x10% esu)
L7a | 4'-(Ph-p-NBuU,)2,2":6',2"-terpy 46 2.1 22
7a [IrCl3(4’-(Ph-p- NBu,)2,2":6',2"-terpy)] -861 7.9 -109
7a’ [Ir(4-EtPhCOy)3(4'-(Ph-p- NBuy)2,2":6',2"-terpy)] -563 8.8 -64
L7b 4'-(Ph-p- NO,)2,2":6',2"-terpy -20 1.7 -12
70" | [Ir(4-EtPhCO,)5(4'-(Ph-p- NO,)2,2":6',2""-terpy)] -2093 9.1 -230
L7c 4'-(Ph-p-(E)-CHCHPhp-NBuU)2,2":6",2"-terpy 187 3.6 52
7c [IrCl3(4'-(Ph-p-(E)-CHCHPhp-NBuU,)2,2":6",2"-terpy)] -327 10.9 -30

*EFISH values measured in CHCI; at 1.34 um. "Experimental values in CHCIs, measured by the

Guggenheim method.
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Interestingly, x® values of ca 5.2 pm V™ were obtained for monolayer Langmuir-Blodgett
films of an IrCl; compound bearing a 4'-(1-Ph-p-NMe(Ci6H33)-2,2":6',2"-terpyridine when

measuring their second harmonic generation at 1.064 um incident wavelength [52].

4. Neutral bis-cyclometalated phenylpyridine-containing iridium(l11) complexes with pB-
diketonate ancillary ligands

Coordination compounds characterized by luminescent and second-order NLO properties
are fascinating as multifunctional molecular materials [20-22]. The impressive quadratic
hyperpolarizability of iridium(I1l) complexes bearing terpyridines (see Section 3) acted as
springboard to study the NLO activity of another family of iridium(l11) complexes having two
cyclometalated 2-phenylpyridine ligands (ppy) coupled with a chelated B-diketonate ligand (8, Fig.

3), known for its luminescence properties (Table 3) [57].

X =Me, Ph

8
Fig. 3. Iridium(lll) complexes with two cyclometalated phenylpyridines and pB-diketonate as

ancillary ligand.

The uP1.907(EFISH) values of these luminescent cyclometalated iridium(I1l) compounds are
large and negative, ranging from -910 to -1340 x 10 esu (8a-8c, Table 3). Remarkably, their NLO
response can be reached without a relevant cost in transparency, because these complexes do not

have strong low energy absorption bands [57]. [Ir(ppy).(PhCOCHCOPh)] is characterized by the
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highest B1.o07(EFISH) value (-268 x 10 esu), in agreement with the higher polarizability of the
phenyl compared to the methyl substituent; the lowest quadratic hyperpolarizxability is observed for
the iridium(ll1) complex bearing a B-diketonate functionalized with the electron acceptor 2,4-

dinitrophenyl group (Table 3).

Table 3 Dipole moments and quadratic hyperpolarizability of [Ir(ppy).(RCOCR’COR)] (R =
Me, Ph; R’ = H, 2,4-dinitrophenyl) [57] and [Ir(ppy-4-CHCHPhR),(MeCOCHCOMe)] (R =

OMe, NEt,, H, NO,) [41]

P 1007 u Br.907

(x10* esu) | (x10™ esu) | (x10% esu)
8a [Ir(ppy)2(MeCOCHCOMe)] -910° 4° -228
8b [Ir(ppy)2(PhCOCHCOPh)] -1340° 5P -268
8c [Ir(ppy)2(MeCOC(2,4-dinitrophenyl)COMe)] -975° 6° -163
9a [Ir(ppy-4-CHCHPhNEL,),(MeCOCHCOMe)] -550° 3.73° -147
9b [Ir(ppy-4-CHCHPhOMe),(MeCOCHCOMe)] -570° 5.90° -97
9c [Ir(ppy-4-CHCHPh),(MeCOCHCOMe)] -408° 3.55¢ -115
od [Ir(ppy-4-CHCHPhNO,),(MeCOCHCOMe)] -895° 3.77° -237

*EFISH values determined in CHCI; with an incident wavelength of 1.907 um. ® Values measured
in CHCI; by the Guggenheim method. °EFISH values determined in CH,Cl, at 1.907 pm. ¢ DFT

computed dipole moments.

A Sum-Over-States-TDDFT investigation was carried out to better understand the electronic
factors dominating the NLO activity. This study showed that the large quadratic hyperpolarizability
of these complexes is mainly due to ILCT transitions involving the cyclometalated ligands whereas
transitions involving the acetylacetonate ligand do not contribute significantly [57]. The SOS
contribution of each excited state to the quadratic hyperpolarizability  of

[Ir(ppy)2(MeCOCHCOMe)] was calculated, putting in evidence counteracting positive and negative
16




contributions, the latter being responsible for the negative sign of the quadratic hyperpolarizability
[57].

For complexes with the acetylacetonate and the dinitrophenyl acetylacetonate ligand, the
difference of the dipole moment (Table 3) is attributed to a component due to the nitro group at the
2-position of the aromatic ring that lies almost perpendicularly with respect to the acetylacetonate-
metal axis. Because this component is not aligned with the transition vector of the excitations
governing the overall B1.907(EFISH) value, a lower value of the quadratic hyperpolarizxability is
observed for the complex with the dinitrophenyl acetylacetonate ligand [57].

It should be stated that the role of cyclometalation and thus of the iridium center is important
to increase the quadratic hyperpolarizability; in fact, the absolute value of [31.907(EFISH) of the free
2-phenylpyridine is much lower (35 x 10°%° esu) than that of [Ir(ppy).(MeCOCHCOMe)] (-228 x
10 esu) [57].

The fact that cyclometalated iridium(l11) compounds with a B-diketonate ligand have an
unexpectedly huge second-order NLO activity, dominated by n—=* ILCT transitions involving
mainly the cyclometalated ligands, suggested that an appropriate functionalization of the
phenylpyridine ligands could improve the quadratic hyperpolarizability. This observation was the
springboard for an EFISH study on the second-order NLO activity of iridium(lll) acetylacetonate
compounds with a number of substituted cyclometalated 4-styryl-2-phenylpyridine (ppy-4-

CHCHPhR, with R = NEt,, OMe, H, NO>; 9, Fig. 4) [41].
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NEt,

Fig. 4. Iridium(lll) complexes with two cyclometalated substituted phenylpyridines and

acetylacetonate as ancillary ligand.

The up1.907(EFISH) values of complexes [Ir(ppy-4-(E)-CHCHPhR),(MeCOCHCOMe)] (R
= NEt;, OMe, H) are comparable, whereas the absolute value obtained for the complex with R =
NO; is larger and comparable to that observed for [Ir(ppy).(MeCOCHCOMe)] (Table 3). The same
tendency is found for the quadratic hyperpolarizability. In these iridium(l11) complexes, the second-
order NLO activity is governed by various charge transfer transitions that contribute positively or
negatively to the quadratic hyperpolarizxability, leading to the observed negative value of
B1oo7(EFISH) [41,57].

A study was conducted on the Second Harmonic Generation (SHG) of films containing
[Ir(ppy)2(MeCOCHCOMe)] and [Ir(ppy-4-CHCHPhR),(MeCOCHCOMe)] (R = NEt;, NOy)

dispersed in a polymethylmethacrylate (PMMA) matrix [41] and oriented by corona poling [58].
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The films based on both [Ir(ppy)2(MeCOCHCOMe)] and [Ir(ppy-4-
CH=CHCgH4NO,),(MeCOCHCOMe)] showed a low and unstable second harmonic signal that
rapidly degraded upon turning off the electric field. Unexpectedly, the use of complex [Ir(ppy-4-
CHCHPhNEt,),(MeCOCHCOMe)], which has a lower second-order NLO response in solution, led
to a composite PMMA film with a stable and relatively high SHG response (x® values of ca 3.04
pm V). Clearly this family of iridium(Ill) compounds can be used to prepare NLO active

polymeric films [41].

5. Neutral tris-cyclometalated phenylpyridine iridium(l11) complexes

We showed in section 4 that phosphorescent -diketonate iridium(I11)) compounds with a simple
cyclometalated 2-phenylpyridine are characterized by a large second-order NLO activity due mostly
to ILCT transitions involving the cyclometalated ligand, as shown by a SOS-TDDFT study [57].
Simple tris-cyclometalated iridium(l1l) compounds are also potentially good candidates as NLO-
active chromophores. The up;0:(EFISH) of a series of complexes containing substituted 2-
phenylpyridinato ligands were determined (see Table 4). A selection of compounds featuring a
diversity of functional groups (Fig. 5), Irf[(Ph-4-R)py-Me]s; (R = Br, I, CHO; 10-12), Ir[(Ph-4-
CH=CH-CgH4-CN)py]s (13), Ir[(th-CsHs-CN)py]s (th = 2-thienyl) (14), Ir[(ppy-Me)]s (15), Ir[(Ph-
4-C=N-CgH4--NEty)py]s (16), were chosen to evidence how substitution of the cyclometalated

phenyl moiety can modulate the NLO activity of this class of complexes [59].
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Br | CHO
10 1 12 {(R=Me}; 12' (R = H}

CN

Et,N

7 TNE

NEt,
16

Fig. 5. Tris-cyclometalated iridium(111) complexes with three 2-phenylpyridines variously

substituted on the phenyl group or with substituted 2-thienylpyridine
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The significant dipolar second-order nonlinear optical properties of these complexes are
easily controlled by ligand modification, such as incorporation of appropriate electron-
accepting substituents on the aryl ring (complexes 10-12, Table 4), the NLO activity being
governed by MLCT transitions. These complexes display a negative value of up;.q1(EFISH),
as a result of the negative value of Apeg resulting from the direction of the charge transfer
from the Ir(111) center to the cyclometallated C*N ligand that is in an opposite direction with

respect to that of the ground state dipole moment [48].

Table 4 puB1o1(EFISH) and u values of tris-cyclometalated iridium(l11) complexes 10-16
[59]

uP1or®® Hiot” Bro1
(x 10 (%10 esu) (x10% esu)
esu)
10 |If[(Ph-4-Br)py-Me]s 487 16.9 229
11 [ Ir[(Ph-4-)py-Me]s 465 16.3 29
12 | Ir[(Ph-4-CHO)py-Me]s -240 22.8 -10
13 | Ir[(Ph-4-CHCH-Ph-CN)pyls 430 23.4 18
14 |Irf[(th-Ph-CN)py]s 275 253 11
15 Ir[(ppy-Me)]s 1047 11.8 89
16 |Ir[(Ph-4-C=N-Ph.NEt)pyls 1430 10.2 140

%In CH,Cl,. "By using 10°M solutions. *Calculated in solution.

It turned out that ILCT transitions, due to the presence of a n-delocalized donor group and
vectorially opposed to MLCT transitions, play a dominant role in the control of the NLO
response, giving rise to positive upiq1(EFISH) (13, 14, 16, Table 4). The greatest value of
uB1e1(EFISH) is found for compound 16 (1430 x 10™® esu) featuring an electron-donating
group in position 4 of the phenyl ring. Notably, the methyl-substituted tris-cyclometalated
Ir(111) complex Ir[(ppy-Me)]s (15, Table 4) exhibits a good up;9:1(EFISH) value of 1047 x

1078 esu.
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Another family of Ir(111) complexes was investigated. In this family, the cyclometalated ppy
derivatives possessed a donor-containing n-conjugated moiety at the 4-position of the pyridine [60].
The styryl complexes Ir[(ppy-(CHCH)-(Ph-D)]s (17, a, D = H; b, D = OMe, ¢, D =NEt,) and the
related unsaturated complexes, in which (butadienyl)dianilino (17d), dimethylaminothienyl (17e),
and ferrocenyl (17f) substituents were investigated (Fig. 6). All these complexes are readily
accessible from fac-Ir[(ppy-Me)]s. 15, used as the reference complex, and thus all have a facial

configuration [61].

e e
| Q)

NaOnlE e ik A i

Fig. 6. Tris-cyclometalated iridium(l11) compounds with three 2-phenylpyridines variously
substituted on the pyridine ring 17a-f and the reference complex 15
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Their second-order NLO activity was studied by EFISH and HLS techniques. Their
uP1.007(EFISH) values are reported in Table 5. To obtain f1.907(EFISH), the dipole moments (u)
were DFT-computed. The impact of terminal groups on the NLO response of the complexes was
demonstrated by EFISH studies. The selected compounds 17a-f present a large absolute value of
uB1g07(EFISH) (430-830 x 10™ esu). ILCT transitions give rise to a positive sign of the NLO
response (17c-e) while the sign is negative when MLCT transitions prevail (17a, 17b and 17f).
Replacing the methyl substituent in the 4-position of the pyridine (15) by a styryl moiety (17a,
Table 5) inverts the sign of B1907(EFISH) without affecting significantly the ground state dipole
moment. The incorporation of a methoxy group in the 4-position of the styryl substituent (17D,
Table 5) also gives a negative quadratic hyperpolarizability but with a lower absolute value,
because ILCT transitions vectorially opposed to the MLCT transitions contribute to the NLO
response [48]. The importance of ILCT transitions prevails over the MLCT ones and the
B1.907(EFISH) becomes positive when the methoxy substituent is substituted by diethylamino, a
stronger donor moiety (17c, Table 5). Complex 17e, having NMe,-thienyl group instead of a NEt,-
phenyl group, displays a higher positive P1907(EFISH) (Table 5), in agreement with the
bathochromic shift of the ILCT on going from 17c to 17e. These studies demonstrate that, in these
cyclometalated iridium(lil) complexes, ferrocene donor ability is similar to that of the

methoxyphenyl group (compare 17b vs 17f).

Table 5. puBerisH, 1, Berisy, and Puis of the iridium(I11) complexes 17a-f and the reference complex
15 [60].

wBeris® | W° B EFisH (Bus)?
(Xlo-48 (x10-18 (x10-30 HLS-30
esu) esu) esu) (10" esu)

15 | Il(ppy-Me)]s 1050 75 140 =

17a | Ir[(ppy-(CHCH)-Ph]s 640 8 - 80 250

17b Ir[(ppy-(CHCH)-(Ph-OMe)]s - 700 128 54 200
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17c Ir[(ppy-(CHCH)-(Ph-NEt,)]s 480 145 33 400
17d Ir[(ppy-(CHCH),-(Ph-NEty)]s 620 17.11 36 460
17e Ir[(ppy-(CHCH)-(thienyl-NMe;)]3 830 14.3 58 330
17f Ir[(ppy-(CHCH)-(ferrocenyl)]s - 430 8.5 -51 330

*Values measured in CH,Cl,, at 10~ M. "Calculated dipole moment. “Could not be determined due
to sparking.

Complexes 17a-17f are multipolar compounds with both dipolar (’*") and octupolar (§’=)
contributions to the second order NLO response, since they are 3D chromophores having Cj
symmetry. The EFISH method only provides the dipolar component and therefore complexes were
also studied by the HLS method, which reflects both the dipolar and octupolar contributions [35-
38]. The identity of the end group and the m-conjugated moiety have a strong effect on the NLO
activity. In all cases, a large value of <Bnis1.007> (see Table 5) is observed for complexes 17a-f.
Comparative studies of the three complexes 17a-c show that By s increases in the order 17a (H) <
17b (OMe) < 17c (NEt,) (Table 5), due to the increasing electron-donating ability of the terminal
group, in agreement with strong ILCT transitions. Similar NLO responses were obtained for
complexes 17c and 17e (Table 5) featuring an amino-aryl and -thienyl group, respectively. This
result contrasts with the general behaviour that is a higher NLO activity by replacing the phenyl
ring with a thienyl one [62]. As expected, the addition of two strong electron-donor groups
associated with a unsaturated spacer gives rise to the highest NLO activity, found for complex 17d
having a (butadienyl)dianilino substituent (Table 5).

The Buys values are comparable to those measured for iridium(l1l) compounds bearing two
cyclometalated 2-phenylpyridines and a 2,2’-bipyridine or 1,10 phenanthroline ancillary ligand
(vide infra, section 6) where the the octupolar part controls the total quadratic hyperpolarizability.
As for C; symmetry subphthalocyanine chromophores [63], all these tris-cyclometalated Ir(l111)

complexes bearing a m-conjugated substituent in the para position of the pyridyl ring of the ppy-
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type ligands have larger Buis vs Perisn, because the octupolar contribution to the total quadratic
hyperpolarizability is more important than the dipolar contribution.

These tris-cyclometalated iridium compounds represent an interesting class of
complexes with a second-order NLO response easily controlled by rational ligand design.
Ir(ppy)s compounds with w-extended vinyl-aryl appended moieties at the 4 position of the
pyridine ring are multipolar molecules with a strong NLO activity. Higher By_s value were
found for compounds having the strongest donor as terminal groups and the longest =-
conjugated system: the (butadienyl)dianilino derivative (17d) displayed the largest value.
The quadratic hyperpolarizability is governed by the octupolar part as evidenced by EFISH
and HLS studies. Their known robustness makes these neutral Ir(111) complexes particularly

appealing for NLO applications.

6. Cationic bis-cyclometalated phenylpyridine iridium(l11) complexes with diimine or aryl
isocyanide ancillary ligands

In 2006-2007, a large number of heteroleptic iridium(lll) complexes bearing two
cyclometalated phenylpyridines and an ancillary diimine ligand such as bipyridine [64-65] or
phenanthroline [66-68] were reported to act as emitters in electroluminescent devices. DFT
calculations on this family of phosphorescent iridium(ll1) compounds showed that the HOMO is
mostly an antibonding combination of Ir (tyg) orbitals and = orbitals of the cyclometalated ligand
whereas the LUMO is localized on the n* antibonding orbitals of the ancillary ligand [64-68].
Therefore, transitions between HOMO and LUMO have a mixed MLCT and ligand-to-ligand
charge tranfer (LLCT) character. The CT nature of the emissive excited state implies that these
compounds could have an NLO activity with the cyclometalated moiety behaving as a donor moiety
towards the m-accepting ancillary ligand. This observation was the inspiration for the study of the

second-order NLO properties of this kind of complexes [69].
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The quadratic hyperpolarizability of [Ir(ppy)2(5-R-1,10-phen)][PFs] (ppyH = 2-
phenylpyridine; phen = phenanthroline; R=H, Me, NMe,, NO,; 18, Fig.7) and [Ir(ppy).(4-R’,7-R’-
1,10-phen)][PF¢] (R’=Me, Ph, 19) was determined in 10 M CH,Cl, solution by the EFISH method
working at 1.907 um [69]. It is worth noting that the use of a low polarity solvent such as CH,Cl,

permits tighter ion-pairing and therefore the study of ionic compounds is possible [70].

| PFe | PFe

18 19
R =H, Me, NMe,, NO, R'= Me, Ph

Fig. 7. Bis-cyclometalated phenylpyridine iridium(111) complexes with phenanthroline ligands

These heteroleptic iridium(I1l) complexes are characterized by impressive pfi.01(EFISH)
values, going from -1270 to -2230 x 10™ esu (Table 6, 18a-18d, 19a-19b). The highest absolute
uP101(EFISH) value is observed with the iridium compound bearing a 1,10-phenanthroline
substituted with a NO, group (18b), as expected for the increased m—acceptor character of the
ancillary ligand [69]. An increase of the n-delocalization of the 1,10-phenanthroline ligand causes
an enhancement of the second-order NLO activity (compare [Ir(ppy)2(4-Ph,7-Ph-1,10-phen)][PFs]
(19b, Table 6) and [Ir(ppy)2(4-Me,7-Me-1,10-phen)][PFg] (19a). It is worth pointing out that in
[Ir(ppy)2(5-NMe,-1,10-phen)][PF¢], the 1,10-phenanthroline acts as an acceptor site even though it
bears the strong electron-donor group NMe,. A SOS TD-DFT investigation was carried out in order
to understand the factors controlling the second order NLO properties of these iridium complexes

[69]. For the complex with a NO, substituent on the ancillary ligand, B is the sum of negative
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contributions (due to MLCT/LLCT transitions from a dmy,y-based HOMO orbital to n* levels of the
phenanthroline with an increase of the excited state dipole moment compared to the ground state),
affording an overall negative value of B. For the compound with a NMe; substituent, there are
counteracting positive (due to ILCT transitions from a = phenanthroline orbital involving the NMe,
group to a 7* antibonding of the phenanthroline ring) and negative (due to MLCT/LLCT transitions
from a dmnypy-based HOMO orbital to n* levels of the ancillary ligand) contributions, with a negative
converged final value. These counteracting contributions (due to the positive or negative difference
between ground and excited states dipole moments) explain why the absolute value of
uP1.01(EFISH) of the compound with NMe; is lower than that with NO,.

In summary, in these iridium(I1l) compounds the NLO response is mostly governed by
MLCT/LLCT transitions from the dmp,,-based HOMO donor orbital implicating the cyclometalated
fragment to the LUMO r-acceptor orbitals of the 1,10-phenanthroline, regardless of the nature of
the substitution on the phenanthroline ligand [69].

Later, it was observed that replacement of the cyclometalated 2-phenylpyridine by 2-
phenylquinoline [71], benzo(h)quinoline [72] or by 4,5-diphenyl-2-methyl-thiazole [73] affords
complexes with similar up1.01(EFISH) values. The latter depend on the nature of the R substituents
on the 1,10-phenanthroline where the highest absolute value is obtained with the NO,-substituted
phen ligand [74]. The related complexes with a cyclometalated 3’-(2-pyridyl)-2,2’:5,2’-
terthiophene have poorer second-order NLO properties due to a significant stabilization of the
HOMO energy [71].

The discovery that this family of heteroleptic iridium complexes can reach an impressive
second-order NLO response was particularly fascinating and led to further investigations [74]. By
using both experimental (EFISH method and *H and *°F pulsed field gradient spin echo diffusion
NMR techniques) and theoretical (DFT, TDDFT, SOS approach) investigations, it was found that

ion pairing that is controlled by the identity of the counterion and by the concentration when
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working in CH,Cl, may tune the upi0(EFISH) values of these compounds. For example, in the

case of [Ir(ppy)2(5-NO,-1,10-phen)][Y], if Y is PFg’, a weakly interacting anion, there is an increase

of the absolute value of pp1.01(EFISH) as a function of dilution in CH,Cl; solution (18b, Table 6)

due to a reduction of the extent of ion pairing. In fact, an increase of 3 was calculated by shifting

from the ion-pair to the cationic species [74]. With C1,H25SO3°, which forms tight ion-pairs, the

absolute value of up19:(EFISH) is lower and less dependent on the concentration (18b’) [74]. These

results demonstrate that concentration must be taken into account when studying the NLO activity

of ionic species in CH,Cl, with the EFISH technique.

Table 6. pP1gi(EFISH) of some bis-cyclometalated phenylpyridine Ir(I11) complexes with

phenanthroline or bipyridine ligands [69, 74, 76, 77, 86].

Y Solvent, 1B 1907
Concentration (x10™ esu)
18a [Ir(ppy)2(5-R-1,10-phen)][Y] (R=Me) PFes CH,Cl,, 10°M -1565
18a’ [Ir(ppy)2(5-R-1,10-phen)][Y] (R=Me) C12H25503 | CH,Cly, 10°M -1350
18b [Ir(ppy)2(5-R-1,10-phen)][Y] (R=NO,) PF¢ CH.Cl,, 10°M -2230
18b [Ir(ppy)2(5-R-1,10-phen)][Y] (R=NOy) PFe CH.Cly, 10°M -4990
18b’ [Ir(ppy)2(5-R-1,10-phen)][Y] R=NO,) Ci2H25S03° CH,Cly, 10°M -1430
18b’ [Ir(ppy)2(5-R-1,10-phen)][Y] (R=NOy) Ci2H25S03 CH,Cly, 10*M -1770
18c [Ir(ppy)2(5-R-1,10-phen)][Y] (R=H) PFe CH.Cl,, 10°M -1270
18d [Ir(ppy)2(5-R-1,10-phen)][Y] (R=NMey) PFe CH.Cl,, 10°M -1330
19a [Ir(ppy)2(4-R’,7-R’-1,10-phen)][Y] (R’=Me) PFes CH.Cl,, 10°M -1454
19b [Ir(ppy)2(4-R’,7-R’-1,10-phen)][Y] (R’= Ph) PF¢ CH,Cl,, 10°M -1997
20 [Ir(ppy)2(4,5-diazafluorene)][Y] PF¢ CH,Cl,, 10°M -1640
20’ [Ir(ppy)2(4,5-diazafluorene)][Y] C1yH25805 | CH,Cly, 10°M -1035
21 [Ir(ppy)2(9-fulleriden-4,5-diazafluorene)][Y] PF¢ CH,Cl,, 10°M -2190
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21’ [Ir(ppy)2(9-fulleriden-4,5-diazafluorene)][Y] C12H25805 | CH,Cly, 10°M -1901

22 [Ir(ppy)2(9-fulleriden-4-monoazafluorene)] CH,Cl,, 10°M -601

23R [Ir(ppy-Me)2(bpy-(Me)2)][Y] PF¢ CH,Cl,, 10°M -1420

23a [Ir(ppy-Me).(bpy-(CHCHATIR),)I[Y] (ArR = PhNEL,) PFs CH.Cl,, 10°M -2770

23a’ [Ir(ppy-Me),(bpy-(CHCHAIR),)][Y] (ArR = PhNEt;) | CioHp5SO5 | CH,Cly, 10°M -1015

23b [Ir(ppy-Me)2(bpy-(CHCHATIR),)][Y] (ArR = PhNO,) PFg¢ CH.Cl,, 10°M -2770

23b’ [Ir(ppy-Me)2(bpy-(CHCHArIR)2)][Y] (ArR = PhNO,) C12H25S03 CH.Cl,, 10°M -1250

23c [Ir(ppy-Me)2(bpy-(CHCHAIR))][Y] (ArR = PhOOctyl) PFe CH,Cl,, 10°M -2430

23d [Ir(ppy-Me).(bpy-(CHCHAIR))I[Y] (ArR = PFe CH.Cl,, 10°M -2386
ThienylMe)

23e, open | [Ir(ppy-Me),(bpy-(CHCHAIR),)][Y] (ArR = DTE- PFe CH.Cl,, 10°M -2190
PhNMe,) with opened DTE

23e, closed | [Ir(ppy-Me),(bpy-(CHCHATIR),)][Y] (ArR = DTE- PFe CH,Cl,, 10°M -2000
PhNMe,) with closed DTE

24 [Ir(ppy-4-CHCHPhNETt;),(bpy-(CHCHPhNEt,),)][ Y] PFs CH,Cly, 10°M -960

values [69, 71-74] along with the reported positive effect of fullerene on the quadratic
hyperpolarizability of metal complexes [75], was at the origin of an EFISH investigation of a new
class of iridium compounds bearing a diazafluorene ancillary ligand, functionalized or not with a

fullerene (20, 21, Fig. 8), and of the related [Ir(ppy)2(9-fulleriden-4-monoazafluorene)] complex

The observation that this family of heteroleptic iridium compounds has large pp1.01(EFISH)

(22) [76].
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Fig. 8. Bis-cyclometalated phenylpyridine iridium(l1l) complexes with diazafluorene ligands and

related complex with monoazafluorene.

All compounds have a huge negative value of B (EFISH) (-601 to -2190 x 10™ esu;
Table 6, 20-22), at 1.907 pum in 10° M CH,Cl, solution [76]. Complex [Ir(ppy)2(4,5-
diazafluorene)][PFs] (20) shows a much higher absolute value compared to the analogous complex
with C1,H25SO3™ (20°, Table 6), as expected for a looser ion-pair and in agreement with a much
higher percentage of free ions (57% compared to less than 5%, as determined by *H and *°F pulsed
field gradient spin echo diffusion NMR techniques). The NLO activity is enhanced in the presence
of fullerene (21 and 21’), an effect that can be attributed to a reduction of the electrostatic forces
between the anion and cation of the ion pair that leads to an increase of free ions. Remarkably, the
presence of fullerene weakens the ion pair even when Ci,H2sSO3  is the counterion. The
uP101(EFISH) value of [Ir(ppy)2(9-fulleriden-4-monoazafluorene)] (22) is lower than that of other
heteroleptic cationic iridium(l1l) compounds, but similar to the values of bis-cyclometalated
phenylpyridine iridium(l11) compounds with (3-diketonate ligands (see Section 4) [76].

Le Bozec et al. designed and prepared various m-delocalized 4,4'-disubstituted-[2,2]-
bipyridines and related dipolar and octupolar metal complexes with large second-order NLO
properties [15]. Therefore, it was particularly appealing to investigate related complexes bearing a
substituted bipyridine (bpy) as the ancillary ligand.

A family of Ir(I111) complexes, [Ir(ppy-Me).(bpy-(CHCHAIR)2)][Y] (Y =PFg or C1,H25SO5
; 23, Fig. 9), incorporating a methylated cyclometalating phenylpyridine and an arvinyl « system on
each pyridine ring of the bipyridine (Ar = benzene or thienyl ring functionalized with acceptor or
donor substituents) was investigated for their NLO activity [77]. The complex with the simple 4,4’-
dimethyl-[2,2’]-bipyridine, namely [Ir(ppy-Me) (bpy-Me,)][PFs] (23R) was studied for comparison
whereas a bipyridine incorporating a photochromic dimethylaminophenyl-dithienylethene (DTE)

group was also used to investigate the photoregulation of the luminescence and nonlinear optical
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properties of the resulting iridium complex [77]. In fact, when irradiated with a suitable
wavelength, DTE compounds undergo reversible interconversion between a non-conjugated open

form and a m-conjugated closed form, which can tune the photonic properties [78-85].
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Fig. 9. Iridium(I11) complexes containing n-delocalized 4,4'-disubstituted-2,2'-bipyridine ligands.

The second-order NLO activity of these iridium(I1l) compounds were studied by the EFISH
method (Table 6, 23R, 23a-23e) [77]. The uPB101(EFISH) value of [Ir(ppy-Me).(bpy-Me;)][PFs]
(23R) is similar to that of the related complex with a 4,7-dimethyl-1,10-phenanthroline (19a)
demonstrating that substitution of phenanthrolines by bipyridines does not influence the second-
order NLO activity of these Ir(111) complexes nor does the presence of a methyl substituent on the
cyclometalating ligand. Keeping PFg as the counterion, the absolute value of ppi91(EFISH) is
increased upon an augmentation of the © delocalization of the 2,2'-bipyridine, with values larger
than that found for [Ir(ppy)2(5-NO,-1,10-phenant)][PFs] (18b). The absolute values of
up1e:(EFISH) become larger upon dilution from 10° M to 10 M, a behaviour that can be
attributed to an increase in the numnber of free ions as shown by 'H and °F PGSE NMR
spectroscopy. Also, the absolute value, measured at 10~ M in CH,Cl,, is lowered with C1o,H25S05
than with PFs, attributed to an enhancement of the ion-pair strength for C1,H,5SO3~ with respect to

PF¢~ (compare 23a with 23a’ and 23b with 23b’ in Table 6) [77].
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The dipole moment of [Ir(ppy)2(5-NO--1,10-phen)][C12H25503] (18 x 1078 esu) and [Ir(ppy-
Me),(bpy-(CH=CH-PhNO,),)][C12H25503] (12 x 10 esu) were measured by the Guggenheim
technique [34] using CHCI; as solvent because it has a low dielectric constant that ensures a tight
ion pairing. The absolute value of 191 (EFISH) is larger for the complex with the bipyridine having
two electron-acceptor NO, substituents (-104 and -79 x 10°° esu, for the bipyridine and
phenanthroline complex, respectively), as expected for a second-order NLO response mostly
governed by MLCT/LLCT transitions [77]. Although the introduction of a DTE moiety onto the
bipyridine permits the luminescence to be switched on or off, no substantial modulation of the
quadratic hyperpolarizability is observed upon photocyclization (23e, open and 23e, closed),
confirming that the second-order NLO activity is not governed by intraligand excited states
localised on the bipyridine [77].

The Harmonic Light Scattering (HLS) method revealed that all these heteroleptic
iridium(111) complexes have a huge <By.s 107> value (375-550 x 10 esu, in CH,Cl,), which does
not depend on the identity of the anion (PFs or C12H25SO37) because the HLS response of these
compounds is not influenced by the strength of the ion-pairs [77]. A combination of HLS and
EFISH methods showed that in these systems the quadratic hyperpolarizability is controlled more
by the octupolar component than by the dipolar one [77].

As reported in Section 4, [Ir(ppy-4-CHCHPhNEL,),(acac)] shows a strong pf31.907(EFISH) (-
550 x 108 esu; 9a, Table 3) and is a convenient compound for the development of polymeric films
characterized by a good second harmonic generation [41]. This observation was at the origin of an
investigation on the influence of the replacement of the acetylacetonate ligand by a charge-neutral
bipyridine substituted with an electron-donor group on the second-order NLO properties [86]. The
complex [Ir(ppy-4-CHCHPhNELt,),(bpy-(CHCHPhNEL,),)][PFs] 24 (Fig. 10) has a negative value
of pProo7(EFISH) (-960x10* esu, Table 6), about two-fold that of  [Ir(ppy-4-
CHCHPhNEt,),(acetylacetonate)] [86]. This complex has also significant two-photon absorption

properties, as will be discussed in Section 7.
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Fig. 10. Bis-cyclometalated iridium(ll) complex with two substituted 2-phenylpyridines and a

substituted bipyridine

Recently, an investigation was carried out on the second-order NLO activity of a new class
of heteroleptic cationic iridium(llIl) complexes bearing cyclometalated 2-phenylpyridines with a
triphenylamino substituent either in position 3 or 4 of the phenyl ring (2-(3-triphenylamino-
phenyl)pyridine and  2-(4-triphenylamino-phenyl)pyridine, called 3-TPAppy and 4-TPAppy,
respectively) or in postion 4 of the pyridine (4-triphenylamino-2-phenylpyridine, called ppy-4TPA),
where nt-delocalisation could enhance the NLO response [87]. 4,4’-ditertbutyl-2,2’-bipyridine (bpy-
(tBu),) and 5-NO,-1,10-phenanthroline (5-NO,-1,10-phen) were chosen as the ancillary ligands to
give six complexes: [Ir(4-TPAppy).(bpy-tBu,)][PFs] and [Ir(4-TPAppY)2(5-NO,-1,10-phen)][PFs]
(25, Fig. 11), [Ir(3-TPAppY)2(bpy-tBuy)][PFs] and [Ir(3-TPAppY)2(5- NO,-1,10-phen)][PFs] (26),

[Ir(ppy-4TPA)(bpy-tBuy,)][PFe] and [Ir(ppy-4TPA),(5-NO,-1,10-phen)][PFs] (27).
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Fig. 11. Heteroleptic cationic iridium(lll) complexes bearing cyclometalated 2-phenylpyridines

substituted with a triphenylamino group

Remarkably, and contrary to the previously studied heteroleptic cationic complexes with
PF¢ as counterion, these complexes are very soluble in CHCIs. This is of particular interest for the

determination of uf values by the EFISH technique. As mentioned above, when using CH,Cl, as
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the solvent, the counterion and the concentration must be suitably chosen in order to have a tight

ion-pair. By contrast, the use of CHCI3 ensures tight ion-pairing, due to its lower dielectric constant

[88].

The up values of these six complexes were determined by the EFISH method working in

CHCI3; the dipole moments of the complexes were calculated with the Polarizable

Continuum Model-Density Functional Theory (PCM-DFT), allowing determination of the

quadratic hyperpolarizability (Table 7) [87].

Table 7 Dipole moments and quadratic hyperpolarizability of diimine cyclometalated

iridium(l111) complexes decorated with a triphenylamino substituent [87]

b

1P1.907" u B1.907

(10" esu) | (x10™esu) | (x10% esu)
25a [Ir(4-TPAppY)2(bpy-tBuz)][PFs] -1260 19.8 -64
25b [Ir(4-TPAppY)2(5-NO,-1,10-phen)][PFe] -1370 14.2 -96
26a [Ir(3-TPAppY)2(bpy-tBu,)][PFe] -1560 23.6 -66
26b [Ir(3-TPApPPY)2(5-NO,-1,10-phen)][PFs] -1730 19.6 -88
27a [Ir(ppy-4TPA)2(bpy-tBu,)][PFe] -1880 12.0 -157
27b [Ir(ppy-4TPA)2(5- NO,-1,10-phen)][PFe] -1890 6.4 -295

*EFISH values measured in CHCIs at 1.907 um. "Computed dipole moments of the cationic iridium

complex by means of PCM-DFT calculations.

All compounds show a negative up1.907(EFISH) (Table 7), as expected for Apeq < 0 [87].

Complex [Ir(4-TPAppy)2(bpy-(tBu),)][PFs] shows a large absolute value of ppi.907(EFISH)

(25a, Table 7); a slightly higher value is observed for [Ir(3-TPAppy).(bpy-tBu,)][PFs] (26a),

due to an increase of the dipole moment. An impressive NLO response is obtained for

[Ir(ppy-4TPA),(bpy-tBu2)][PFs] (27a), due to a much higher Bi1907(EFISH), which
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overcomes the reduction of u that is due to the more symmetric arrangement of the donor
groups around the iridium(lll) centre [87]. The compounds with 5-NO,-1,10-phenanthroline
(25b, 26b, 27b) have a smaller dipole moment than the related complexes with 4,4’-
ditertbutyl-2,2’-bipyridine but they have a higher upi.907(EFISH) value due to an increase of
B1.907(EFISH) caused by the electron-withdrawing strength of this phenanthroline (Table 7).
The second-harmonic generation (SHG) of [Ir(3-TPAppy)2(5-NO,-1,10-phen)][PFs]
dispersed in a PMMA or polystyrene (PS) matrix, and oriented by corona poling, were also
studied [87]. The SHG signal of films in PMMA decreased rapidly because of the loss of
orientation of the chromophores when the electric field was switched off, whereas a good
stability was obtained with PS. The x® value for the PS poled film based on this ionic
complex was 1.70 pmV™, which is modestly lower than that observed for the neutral
iridium(111) complex ([Ir(ppy-4-CHCHPhNETL,),(MeCOCHCOMe)], 3.0 pmV?, see Section
4). This result is of particular importance since it is the first example of an NLO-active
polymeric film based on an ionic organometallic complex.

Recently, Qiu et al. [89] investigated computationally iridium(l11) complexes bearing two
cyclometalating  ligands  (2,4-difluorophenylpyridine,  2-benzothienylpyridine  or  2-
phenylbenzothiazole) and two monodentate aryl isocyanide ancillary ligands [CNAr(OMe),,
CNATr(CF3), or CNArNO;]. Using a combination of DFT and TD-DFT calculations, the authors
found that the HOMO - LUMO energy gap decreases by increasing the electron-withdrawing
properties of the substituent on the aryl isocyanide ligand. As expected, the calculated total first
hyperpolarizabilities (ftot) and the projection of p on the dipole moment follows the same trend.
The complex bearing a combination of two cyclometalating 2-benzothienylpyridines and two 4-
nitrophenylisocyanide ligands (28, Figure 12) is characterized by the highest second-order NLO
response, which is dominated by an LLCT transition from the cyclometalating ligands (where the

HOMO is localized) to the isocyanide (where the LUMO is localized). This theoretical study
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beautifully shows how strong NLO response can be achieved using strongly m-accepting isocyanide

ligands.

Fig. 12. Iridium(I11) complex bearing isocyanide ancillary ligands identified by DFT calculations as

having the highest NLO response.

7. Bis-cyclometalated iridium(l11) complexes with redox-switchable second-order NLO
activity

Among NLO active molecular species those with switchable NLO properties are of
particular interest since the addition of switchable NLO behaviour increases the applications
scope in emerging optoelectronic and photonic technologies [90]. Thus, over the last two
decades a lot of work has been devoted to developing materials where the second-order
NLO response can be modulated by external stimulus. The quadratic hyperpolarizability
may be modified by reversibly manipulating the properties of specific fragments of NLO-
active molecules [80, 91-98]. For example, the donor strength of the electron-rich fragment
(D) of a typical push-pull, D-linker-A, can be reduced by either oxidation or protonation of
this moiety. Conversely, the acceptor strength of the A moiety can be reduced by either
reduction or deprotonation. Modulation of the NLO activity can occur by modification of
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the structure of the linker fragment that can result in interference with the electronic
communication between D and A fragments. Second-order nonlinear optical switches have
been achieved by pH variations, by redox processes or by interaction with electromagnetic
radiations [91-98].

Whereas efficient second-order NLO switches have been reported in the case of ruthenium
[17,18,99], zinc [40,55,100], platinum [82,83,101-103], nickel [102], and palladium [102]
complexes, to the best of our knowledge no example has been reported involving iridium
complexes. Nevertheless, iridium complexes, which have abundant valence states and rich
electrochemical properties, could be excellent second-order NLO redox-switch molecular materials,
as suggested by recent theoretical investigations [104-106].

The redox-switchable second-order NLO responses of various heteroleptic iridium(l11)
complexes bearing acetylacetonate (29) or 1,10-phenanthroline (30) as the ancillary ligand
and two cyclometalated 2-phenylpyridines (29a, 30a) or substituted analogs bearing ortho
(29b, 30b) meta (29c, 30c) or para (29d, 30d) carborane groups (Fig. 13) were studied

using DFT methods [104].
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Fig. 13. Putative Iridium(lIl) complexes studied by DFT methods predicted to show redox-

switchable second-order NLO responses.

As expected for the family of 1,10-phenanthroline-containing complexes (see Tables 3
and 6), a higher quadratic hyperpolarizability was calculated for the family of complexes 30
than for the family of complexes 29. The introduction of the carborane group slightly
enhanced the NLO response (by a factor of 1.2-1.6), due to a new MLCT transition between
the Ir center and carborane group; this effect is insensitive to the type of carborane.
Oxidation of 29 and 30 caused a large enhancement of the second-order NLO activity (by a
factor of 9 and 5, respectively), suggesting that it is possible to reach a large NLO contrast
by redox processes [104].

Qiu et al [105] used a combination of DFT and TD-DFT calculations to predict the
effect of the substituent on the ancillary ligand on the multi-state redox switchable NLO
response of a series of bis-cyclometalated iridium(lll) bearing a diaminocarbene (Fig. 14).
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They choose 2-(2,4-difluorophenyl)pyridine (for 31) and 2-phenylbenzothiazole (for 32) as
cyclometalated ligands. One-electron-oxidized complexes and one-electron-reduced

complexes were investigated along with the neutral derivatives.
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Fig. 14. Bis-cyclometalated iridium(l11) complexes predicted to show multi-state redox switchable

NLO response.

For the neutral complexes, the HOMO is localized on the cyclometalating aryl ring and the
iridium centre while the LUMO is localized on the diaminocarbene fragment. For the oxidized
complexes, the Ir/diaminocarbene now act as the electron donor (HOMO) and the cyclometalated
ligands act as the acceptors (LUMO) whereas for the reduced complexes it is the opposite. A larger
second-order NLO response is reached with the neutral complexes bearing the NO; group on the
diaminocarbene (31a and 32a) compared to the complexes with the CF3 group (31b and 32b),
suggesting that the introduction of strong electron-withdrawing groups on the diaminocarbenes
significantly enhances the NLO activity. Complexes 3la and 31b have a larger quadratic
hyperpolarizability than 32a and 32b, showing that 2-(2,4-difluorophenyl)pyridine is more suitable
than 2-phenylbenzothiazole as the cyclometalated ligand. Remarkably, an improvement of the NLO
response occurs on going from the neutral species to the oxidized or reduced ones, leading to a

multi-state NLO switch. For example, the B values of the one-electron-oxidized complex 31a* and
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the one-electron-reduced complex 31a” are 5.4 and 12.7 times larger, respectively, than that of the
corresponding neutral complex 31a, affording a three—state on/off/on redox-switch. These larger
values were attributed to the lower transition energy and to the bathochromic shift of the lowest
energy absorption band [105]. Similarly, neutral bis-cyclometalated iridium(l11) complexes with 2-
(2,4-difluorophenyl)pyridines in combination with a chelating dicarbene ancillary ligands are
characterized by large B values that can be easily modulated by redox processes [106]. The NLO
response of the one-electron-reduced complexes are larger compared to that of the oxidized
complexes, which themselves are usually larger than that of the neutral parent complex. These
theoretical studies suggest that bis-cyclometalated iridium complexes have a great potential as

versatile second-order NLO redox-switching materials.

8. Iridium complexes with two-photon absorption properties

The rich photophysical properties of iridium complexes have resulted in their use as bio-
imaging reagents [107-111]. Concerning this application, two-photon absorption (TPA) is of
great interest for non-invasive imaging of live cells since this nonlinear process involves the
simultaneous absorption of two photons allowing excitation of the iridium complex in the
red or near-infra-red region (600-1100 nm) where tissues are highly transparent [112,113].
The efficiency of TPA depends on the energy density at the excitation point. For this reason,
compounds with high TPA are suitable for high image resolution [114]. Many TPA-active
molecules have been prepared with various symmetries including dipoles (D-n-A, where ©
stands for a m-conjugated bridge), quadrupoles (D-n-A-n-D or A-n-D-n-A) and octupoles.
Among them, metal complexes are fascinating due to their large Stokes’ shift, facile colour
modulation, and long emission lifetimes, the latter of which is an important property in bio-
imaging that is exploited to bypass autofluorescence. Therefore, there is an increasing
interest in metal complexes, and in particular in iridium complexes, with TPA properties

[114].
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The molecular TPA property is described by the TPA cross-section (o1pa), Which depends on the
imaginary part of the cubic hyperpolarizability of a compound [115]. The unit of measurement of
o1ea is the Goppert-Mayer (1 GM = 1 x 10°° cm*s photon™ molecule™). The value of orpa can be
determined by the two-photon induced fluorescence method, which measures the fluorescence
intensity given by two-photon excitation [116], and by the Z-scan technique, which allows to
measure both the nonlinear refractive index and nonlinear absorption coefficient [117,118].

The TPA efficiency of second-order NLO-active iridium complexes cis-[Ir(CO),Cl(4-
(para-di-n-butylaminostyryl)pyridine)] (33, Fig. 15) and [Ir(ppy)2(5-Me-phen)]PFs, (18 with
R=CHgs, Fig. 7) was investigated by means of the two-photon induced fluorescence
technique [119]. The otpa value, at 910 nm, for complex 33 is 779 + 61 GM, a value four-
fold larger than that of 4-(para-di-n-butylaminostyryl)pyridine) (190 £ 34 GM) [120]. This
result demonstrates that coordination to an iridium(l) metal center enhances TPA properties
to a greater extent than coordination to a Zn(Il) metal centre [121,122]." The TPA efficiency
for the iridium(l1l) complex with 5-Me-phen (o1pa = 2.9 £ 0.5 GM at 910 nm) is much
lower than that for complex 33.

cl
[ N(nBu)
oc—llr—N’_\>—// : ?

CcO
33

Fig. 15. Molecular structure of cis-[Ir(CO).Cl(4-(para-di-n-butylaminostyryl)pyridine)]

Remarkably, coordination to “Ir(CO),CI” translates to a 4-fold enhancement of crpa,
reaching a value an order of magnitude higher than that obtained for platinum(ll) complexes
(between 4 and 20 GM) [123, 124]. This observation acts as a springboard for the use of
square planar Ir(I) complexes in bio-imaging [119].

The two-photon absorption activity of the cationic cyclometalated iridium(lIl) complex

[Ir(ppy-4-CHCHPhNEL,),(bpy-(CHCHPhNETt,),)][PFe], (24, Fig. 10), described in section 6, was
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investigated [86]. Its otpa Values are quite high (100-250 GM at 600-1000 nm) [86]. By contrast to
iridium(11l) compounds bearing two cyclometalated 2-phenylpyridines and one Ar-vinyl =n-
delocalized-substituted bipyridine ancillary ligand, that are characterized by low otpa values (45-
186 GM) [125], complex 24 has less extended n-delocalized substituents on the bipyridine but it
bears them also on the 2-phenylpyridine ligands. The match of the TPA spectrum of the latter
complex, carried out in DMSO by means of the z-scan technique on the femtosecond time scale,
with the wavelength-doubled one-photon absorption peaks shows that the TPA peaks mostly
originate from a dipolar contribution [126]. In complex 24, the asymmetric charge transfer nature of
the excited state and the extended m-conjugation over the whole compound leads to particularly
good TPA properties.

Chao et al. studied the TPA response of a series of diimine cyclometalated iridium(Il1I)
compounds for applications as biological probes, especially for specific mitochondria [127-129].
The complexes bearing a substituted 2-phenylimidazo[4,5-f][1,10]phenanthroline (Fig. 16)
displayed moderate orpa Vvalues (48.8-65.5 GM at 750 nm) and could therefore be used for

mitochondrial imaging and tracking in living cells under two-photon (750 nm) [127].
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Fig. 16. Cyclometalated Ir(Il1l) complexes bearing a substituted 2-phenylimidazo[4,5-

f][1,10]phenanthroline

In a similar manner, heteroleptic cationic iridium compounds bearing substituted bipyridine

ligands can enter cells, localize in the mitochondria and signal the excessive presence of ClIO™ or
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track mitochondrial morphological changes during cell apoptosis even under hypoxia, highlighting

the potential of such complexes as sensors of biomedically relevant analytes (Fig. 17) [128].

emissive
not emissive even with two-photon exctiation

Fig. 17. Molecular structures of the iridium(l11) probe and its oxidized product

The TPA activity of a number of other iridium(lll) complexes has been reported and
selected examples are described below. The near-infrared TPA spectra of a family of homoleptic

and heteroleptic cyclometalated iridium compounds (Fig. 18) were reported [130].
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Fig. 18. Molecular structures of some iridium(l11) complexes studied by Beeby et al.

These compounds are characterized by otpa Values of 20 GM at 800 nm. The complex Ir(4-
pe-2-ppy)z(acac), where (4-pe-2-ppyH is 4-phenylethynyl-2-phenylpyridinato, was found to display
a cross-section more than twice that of Ir(ppy).(acac) at 800 nm; the extent of charge separation
upon excitation enhances the ability of these molecules to undergo TPA.

Near-infrared excitation (via TPA) of the heteroleptic iridium complex 35, characterized by a
low cytotoxicity, was reported for in vitro Golgi imaging in HeLa and A549 cell lines (Fig. 19; otpa

of 350 GM at 750 nm in DMSO) [131].
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Fig. 19. Molecular structure of the tris-cyclometalated Ir(I11) complex 35

More recently, a series of symmetrically and unsymmetrically, para- or ortho- substituted
phenylpyridine-containing complexes with oligofluorene groups were reported to exhibit prominent
two- and three-photon absorption properties [132]. The oligofluorene was incorporated to extend
the m-conjugation length of the ligands and thus promote the NLO properties of the compounds.
The TPA response was found to be proportional to the length of the conjugated ligand. With three
fluorene units present the otpa Values are enhanced fourfold compared to the complex with only a
single fluorene. Furthermore, if a donor carbazole group were added at the periphery of the ligand,
TPA is further improved, reaching values slightly lower than 1200 GM. These oligofluorene-based

iridium complexes are among those with the largest TPA cross-sections reported in the literature.

In summary, both Ir(l) and Ir(I1l) complexes can present large orpa Values and thus large
TPA cross-section materials are accessible with tunable emission properties for applications in

photonics and biomedicine [133,134].

9. Concluding remarks
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This trip surveying the nonlinear optical properties of iridium complexes illustrates the
molecular structure-NLO activity relationship and also puts into evidence the great potential of
these coordination compounds as NLO chromophores.

Various iridium(l) complexes with monodentate n-delocalized nitrogen donor ligands along
with many homoleptic and heteroleptic iridium(l1l) complexes have been investigated as NLO-
active compounds. Several of these reported complexes are characterized by large up,(EFISH)
values, higher than 2000 x 10™*® esu, that are favourably compared to that of the organic compound
Disperse Red One ((trans-4,4’-0,NCgHsN=NCgH,NEt(CH,CH,OH), up(EFISH) = ca 500 x 10™*®
esu).

In the case of iridium(l) complexes with pyridine-like ligands, the highest second-order NLO
response is obtained when the pyridine bears a strong donor group such as an amino substituent and
there is an extended m-delocalized bridge between the pyridine ring and the donor group. Thus, cis-
[Ir(CO),C1(4,4'-trans,trans-NCsH4(CH=CH),CsH;NMe,)] stands out with a five-fold enhanced
NLO activity with respect to both the ligand itself and Disperse Red One. This is due to two factors:
an increase of the dipole moment pu upon coordination and in parallel an increase of the quadratic
hyperpolarizability due to a bathochromic shift of the ILCT transition. In this kind of complex, the
iridium(l) center plays the role of an acceptor group and for this reason the role of the n—acid
carbonyl co-ligands is important; in fact substitution of the carbonyls by cyclooctenes leads to a
significant reduction of the quadratic hyperpolarizability although it causes a slight increase of the
dipole moment.

Iridium(111) complexes with terpyridines can also show excellent NLO responses. In these
complexes the iridium center acts as a donor and the emissive state is MLCT in nature. For this
reason, a much higher response is obtained with a nitro than with an amino group on the
terpyridine; the most NLO-active complex reported is [Ir(4-EtPhCQO,)3(4'-(CeHs-p-NO)2,2":6',2"-

terpyridine)].
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Heteroleptic neutral bis-cyclometalated Ir(l11l) complexes containing a mn-delocalized p-
diketonate ancillary ligand show a good NLO response that is governed by n—n* ILCT transitions
involving mainly the cyclometalated ligands. Iridium(lll) complexes with three cyclometalated
phenylpyridine substituted with n-delocalized donor groups on the phenyl or the pyridine ring can
also reach good quadratic hyperpolarizabilities, mainly controlled by the octupolar part as
evidenced by a combination of EFISH and HLS data. The highest second-order NLO responses
occur in heteroleptic iridium complexes containing a strongly m-accepting phenanthroline or
bipyridine ancillary ligand. Incorporation of a triphenylamino group para to the pyridine ring of the
cyclometallating ligand is a productive strategy to further increase the NLO response. Theoretical
studies suggest that bis-cyclometalated iridium(l11) complexes bearing strongly w-accepting aryl
isocyanide ancillary ligands will also show high NLO activity; the presence of electron-
withdrawing substituents on the aryl isocyanide are predicted to provide the highest NLO response.
DFT and TD-DFT calculations also suggest that the use of acetylacetonate, 1,10-phenanthroline,
diaminocarbene, or chelating dicarbene as ancillary ligands in heteroleptic iridium complexes are
also avenues to produce materials with versatile second-order NLO redox-switching properties.

Clearly, the interaction with an iridium center is an elegant way to tune the second order
NLO response of organic chromophores. Through the modulation of the oxidation state of this
metal and the choice of ligands such a response can be not only increased, sometimes quite
significantly, but also its sign can be changed. The use of SOS and TD-DFT theoretical approaches
have provided a means to understand the origin of the second order NLO properties of iridium
complexes.

Excellent second-order NLO responses have been reached. Thermal and chemical stability
should now be considered. Nanoorganization of NLO-active iridium compounds, for example in
Langmuir-Blodgett films or polymeric films, has been achieved but much work remains in order to
reach large and stable SHG. Looking forward, experimental efforts will surely be dedicated to

achieving an efficient photo- or redox-switchability of the second order NLO activity. Iridium
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complexes are fascinating for their second-order NLO properties and for their potential as
multifunctional materials, for example, combining second-order NLO, two-photon absorption and
luminescence properties. At the end of our trip, we saw that both Ir(l) and Ir(I1l) complexes can
present large TPA cross-sections and thus large TPA cross-section materials are accessible with

tunable emission properties for applications in photonics and biomedicine.
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