
Coordination Chemistry Reviews 250 (2006) 1210–1233

Review

Coordination and organometallic compounds and inorganic–organic
hybrid crystalline materials for second-order non-linear optics

Elena Cariati, Maddalena Pizzotti, Dominique Roberto, Francesca Tessore, Renato Ugo ∗
Dipartimento di Chimica Inorganica, Metallorganica e Analitica dell’Università di Milano, Centro di Eccellenza CIMAINA,
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Abstract

This review concerns the main results obtained in the last few years by our research group at the Dipartimento di Chimica Inorganica Met-
allorganica e Analitica of the Università degli Studi di Milano, in the field of non-linear optics. After a brief introduction on the basic concepts
of non-linear optics (NLO), we report our investigations on the second-order NLO properties of one-dimensional (1D) and 2D coordination and
organometallic compounds and hybrid inorganic–organic crystalline materials. Our research has allowed to define some general rules for the design
of new appealing NLO compounds and to isolate and identify some new interesting photonic materials.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In the early part of the 1990s, some people in our laboratory
made an unusual decision: to leave the area of research on catal-
ysis, both homogeneous and heterogeneous with the exception
of surface organometallic chemistry, and to deal “ab initio” with
an unknown (for us), but extremely attractive area of research
on new materials for photonic and electrooptic applications.

It was not an easy decision since we were quite well known
in the area of catalysis while we were absolutely new comers in
this specific area of new materials.

In particular, our knowledge on optical physics, on photoe-
mission processes and on the various advanced optical tech-
niques was very limited. However, we were confident in our
ability to design complex molecular architectures, either organic
or organometallic or of coordination, and in our understanding
of the chemistry of the surfaces, layers, etc., at molecular level.

In particular, it appeared to us that in the area of new molec-
ular and crystalline materials for photonic and optoelectronic
applications the impact of organometallic and coordination
chemistry and the understanding of the role of the nature of
metal centers were still limited.

This review describes what we have been able to produce
in the last few years after a rather long induction period. Now
the scientific production is increasing, since we have at least
10–12 new papers to be published in the next few months in
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developed, due to the possibility to generate potentially inter-
esting new NLO materials for optical or electrooptical devices
[1].

When a bulk material experiences an oscillating external
electric field (light), there is a perturbation of its electrons and
therefore of its polarity, expressed by Eq. (1):

�P = �P0 + �Pind = �P0 + χ(1) �E (1)

where �P0 is the intrinsic polarity, �Pind is the induced polariza-
tion and χ(1) the electrical susceptibility or linear polarizability
tensor. If the applied electric field strength �E is very high, as it
happens in the case of laser pulses, the perturbation is not any
more linear with respect to the electric field and the induced
polarization is better expressed by a power series according to
Eq. (2):

�P = �P0 + χ(1) �E + χ(2) �E2 + · · · + χ(n) �En (2)

where χ(2), χ(3) and χ(n), which are tensors, are, respectively,
the second-, third- and n-order electrical susceptibilities, which
correspond to non-linear responses of the bulk material.

If instead of a bulk material, the applied electromagnetic field
is interacting with a molecule, the perturbation is expressed by
Eq. (3):

�P = µ0 + α �E + β �E2 + γ �E3 + · · · (3)
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he area of materials for non-linear optics (NLO). We are thus
onfident that the results and information that we will publish in
he near future will integrate and reinforce what reported in this
eview.

Our research interests are now shifting slowly from the inves-
igation of molecular NLO chromophores to the design and
reparation of bulk NLO materials. A similar effort was made in
he 1970s when we shifted from homogeneous to heterogeneous
atalysis and to surface organometallic chemistry.

Finally, we found extraordinarily the open and easy col-
aboration of many laboratories and people, experts in the
rea of electrooptic and photoemission phenomena, which
elped us build up our knowledge in this new field and to
roject and assemble our laboratory of optical physics and
hotonics.

We feel that such spirit of collaboration is the strength of
cientists, which make them unique people. We wish also to
hank the Editor for giving us the opportunity to present the
esults obtained up to now in this adventure.

. Basic concepts of second-order non-linear optics

.1. Introduction to second-order non-linear molecular and
ulk materials

Non-linear optics represents optical phenomena, caused by
he interaction of an oscillating electromagnetic field (light) with
pecific molecules or bulk materials, with emission of new elec-
romagnetic fields (new light), which differ particularly not only
n frequency, but also in phase or other optical properties from the
ncident ones. In the last decades, the research has been widely
here µ0 is the molecular ground state electric dipole moment,
the linear polarizability, β and γ the quadratic and cubic

yperpolarizabilities, respectively. The terms β �E2and γ �E3 cor-
espond to the generation, by a non-linear polarization process,
f a second-order and third-order emission of light, with wave-
ength corresponding to 1/2 or 1/3 of that of the incident light.
he intensity of the emission decreases by increasing the order;
sually above the third-order it is too low to observe a signifi-
ant effect. In conclusion, non-linearity is a secondary process
f emission of light related to the intensity of the incident light
nd to the electronic properties controlling the polarizability of
olecules or of bulk materials. In particular, both β and χ(2)

anish in a centrosymmetric structural environment so that, to
ave a second-order NLO emission, the acentricity requirement
ust be fulfilled. This is not the case for γ and χ(3).
In our laboratory, in the last 10 years, we have investigated

he design of molecules and crystalline materials with non-linear
ptical properties both at molecular and at the bulk level, with
particular attention to frequency doubling, called Second Har-
onic Generation (SHG). This latter effect is due to the mixing

f three waves. Two incident waves with ω frequency interact
ith the molecule or the bulk material, characterized by a given
alue of quadratic hyperpolarizability value β or of the second-
rder electrical susceptibility χ(2), to produce a new wave, or
H, with frequency 2ω (Fig. 1).

Fig. 1. Second Harmonic Generation (SHG).
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To obtain molecular materials displaying significant second-
order NLO effects it is necessary to have high values of the
molecular quadratic hyperpolarizability β. In 1977, Oudar pro-
duced a theoretical interpretation of the electronic origin of β

and therefore of the main electronic factors acting on SHG, thus
providing a simple model for the design of second-order NLO
molecular materials [2]. Since NLO properties are related to the
polarizability of the electrons under the effect of the electric field
�E of the light, second-order NLO properties are dependent on
electronic transition with high charge-transfer character. Oudar
assumed that in asymmetric 1D organic NLO chromophores the
second-order NLO response is dominated mainly by one major
charge-transfer process, so that it is possible to assume that:

βzzz = 3

2h2c2

ν2
egr

2
eg �µeg

(ν2
eg − ν2

L)(ν2
eg − 4ν2

L)
(4)

where z is the direction of the charge-transfer, νeg (cm−1) the
frequency of the charge-transfer transition, reg its transition
dipole moment, �µeg its difference between the excited state
and ground state molecular dipole moment (µe − µg) and νL is
the frequency of the incident radiation.

Eq. (4) represents the so-called “two level” model, a simple
way to estimate from spectroscopic data the frequency depen-
dent quadratic hyperpolarizability βzzz or βCT, when a single
charge-transfer dominates the NLO response. Extrapolation to
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In this specific case, the charge-transfer process occurs
between the donor and the acceptor group through the polar-
izable π system, thus producing large �µeg and reg and a value
of λmax controlled by the polarizability of the π system. By
increasing polarizability, it shifts to lower energy.

Recently, on the basis of group theoretical and quantum
mechanical studies, multipolar systems, such as octupoles, have
attracted increasing attention, because it was shown that not only
dipolar structures may be of interest for SHG [3]. For molecules
belonging to purely octupolar space groups, such as D3, D3h,
Td, D2, the vectorial part of the quadratic hyperpolarizability
β is cancelled and only the octupolar contribution remains.
The advantages of using non-dipolar chromophores include
easier non-centrosymmetric arrangements and an improved non-
linearity-transparency trade-off.

2.2. Measure of SHG of molecules and bulk materials

To investigate the second-order NLO response of molecu-
lar and bulk materials, we have introduced in our laboratory
both EFISH and solvatochromic techniques for molecules, and
the Kurtz–Perry method for bulk powders. Less frequently, we
also used, for molecular measurements in solution, the Hyper-
Rayleigh Scattering (HRS) technique, being at the moment not
available in our laboratory.

Electric Field Induced Second Harmonic generation (EFISH)
[
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ero frequency (νL = 0.0 eV; λ = ∞) allows estimation of the
tatic quadratic hyperpolarizability β0, useful figure of merit to
valuate the basic second-order NLO properties of a molecular
aterial, according to Eq. (5):

0 = βλ

[
1 −

(
2λmax

λ

)2
][

1 −
(

λmax

λ

)2
]

(5)

here βλ is the quadratic hyperpolarizability value at λ incident
avelength and λmax is the absorption wavelength of the charge-

ransfer transition considered.
The molecular quadratic hyperpolarizability β and the

econd-order susceptibility χ(2) can be expressed both in the cgs
cm4 statvolt−1 and cm statvolt−1 = esu, respectively) or in the
I (C m3 V−2 and m V−1, respectively) unit systems; the con-
ersion from the SI to the cgs system is given by the relation:
0−50 C m3 V−2 = 2.694 × 10−30 esu.

The “two level” model allows to evaluate the necessary
lectronic requirements that a molecule must fulfil in order
o show a significant second-order NLO response. It must be
on-centrosymmetric, with charge-transfer transitions at rela-
ively low energy and characterized by large �µeg and reg. This
an be achieved in a linear organic chromophore by connect-
ng an electron donor and an electron acceptor group through
π-conjugated polarizable spacer, as it occurs in classical 1D

rganic dipolar so called push–pull systems (Fig. 2).

Fig. 2. Scheme of a push–pull chromophore.
4] is an optical technique, which provides information on the
olecular quadratic hyperpolarizability through Eq. (6):

EFISH = µβλ(−2ω; ω, ω)

5kT
+ γ(−2ω; ω, ω, 0) (6)

here µβλ(−2ω; ω, ω)/5kT represents the molecular dipolar
rientational contribution and γ (−2ω; ω, ω, 0), a third-order
erm at frequency ω of the incident light, is the molecular elec-
ronic contribution which is negligible for molecules with a
imited electronic polarizability. βλ is the projection along the
ipole moment axis of βVEC, the vectorial component of the
ensor of the quadratic hyperpolarizability, working with an
ncident wavelength λ of a pulsed laser. Therefore, in order
o obtain the value of βλ it is necessary to know the ground
tate dipole moment µ of the molecule. To avoid overestima-
ion of the quadratic hyperpolarizabilty value due to dispersion
ffects producing resonance enhancements, it is necessary to
ork with an incident wavelength λ whose second harmonic
/2 is far enough from λmax of any absorption of the molecule

nvestigated.
The Hyper-Rayleigh Scattering [3a,5] technique involves the

etection of the incoherently scattered second harmonic gener-
ted by the molecule in solution under irradiation with a pulsed
aser of wavelength λ, leading to the mean value of the β × β

roduct. By the analysis of the polarization dependence of the
econd harmonic signal, which can be evaluated selecting the
olarization of the incident and scattered radiation, it is possi-
le to obtain information about the single components of the
uadratic hyperpolarizability tensor β. Unlike EFISH, HRS can
easure β also for non-dipolar (octupolar) molecules, because

t works without a strong applied external electric field.
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The solvatochromic method gives access to the evaluation of
the quadratic hyperpolarizability along the major charge-transfer
direction (βCT), using UV–vis absorption spectra recorded in
a series of solvents covering a large dielectric constant and
refraction index range and applying Oudar’s “two level” model
(Eq. (4)). In particular, the solvatochromic method allows to
determine �µeg, while νeg and reg are easily obtained from spec-
trophotometric measurements, given that the former is the fre-
quency of the charge-transfer transition and the latter is related
to its oscillator strength f, obtained from the integrated absorp-
tion coefficient of the charge-transfer transition band. The value
of �µeg can be inferred from the McRae Eq. (7) [6]:

(νeg)s,a = (νeg)0
g + δa −

(
D + µ2

e − µ2
g

2hc

)
2(n2 − 1)

a3(2n2 + 1)

− 2µg(µe − µg)

hca3

(
ε − 1

ε + 2
− n2 − 1

n2 + 2

)
(7)

where (νeg)s,a and (νeg)0
g are, respectively, the frequencies of the

absorption maximum in a given solvent s and in the gaseous
phase without vibrational excitation; δa the difference between
the vibrational energies of the molecule in the excited and in
the ground state; a the radius of the cavity (supposed spher-
ical) occupied by the solute molecule in the solvent; ε and n
the solvent dielectric constant and refractive index and D is a
t
e
o
i
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T
a
w

R

To have a better indirect estimation of a, for fluorescent com-
pounds a methodology has been developed which combines
absorption and emission solvatochromisms [6b]. The βEFISH and
βCT values can be compared only when the dipole moment axis
and the charge-transfer transition are close in direction, while
β obtained by HRS measurements cannot be easily compared
with βEFISH or βCT.

At the bulk level, the most used method to determine SHG for
powder samples is the Kurtz–Perry technique [7]. A powder is
irradiated with a pulsed laser and the second harmonic emitted
light is collected by a photomultiplier and compared to that of a
reference compound such as urea or quartz. Considering that the
measured efficiency depends upon bulk electric susceptibility
χ(2), this method gives an indirect evaluation of the order of
magnitude of χ(2). This technique is therefore useful for a first,
fast screen of the second-order NLO activity of bulk materials
as powders.

3. The effect of coordination to a metal center on the
second-order NLO response of mono-, bi- and
tri-dentate π-delocalized nitrogen donor push–pull
ligands

In the last few years, organometallic and coordination com-
plexes have emerged as interesting molecular chromophores for
s
o
o
o
d
m
n
s
h
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p
p
d

gen d
erm representing the dispersion interactions. When the McRae
quation is evaluated for two different solvents, by subtraction
f the two expressions a linear equation results, whose intercept
s given by Eq. (8):

= −2µg(µe − µg)

hca3 (8)

his intercept allows the evaluation of �µeg value. The radius
of the cavity can be tentatively evaluated from the molecular
eight of the compound, using Eq. (9):

=
(

3M

4πNd

)1/3

(9)

Fig. 3. π-Delocalized nitro
econd-order non-linear optical applications, because they may
ffer a great diversity of tunable electronic properties by virtue
f the metal center [1]. Since the second-order NLO response
f various π-delocalized push–pull systems acting as nitrogen
onor ligands seems to be enhanced upon coordination to a
etal center, we first focused our investigation on the role of the

ature of the metal center (electron configuration and oxidation
tate) and of its coordination sphere on the molecular quadratic
yperpolarizability, βλ, measured by the EFISH method using an
ncident radiation λ [4], of metal coordinated para-substituted
yridines [8], stilbazoles [8–11], phenanthrolines [9] and ter-
yridines [12,13] (in Fig. 3 are reported the various nitrogen
onor ligands investigated). In all our investigations, measure-

onor ligands investigated.
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ments were carried out in CHCl3 solution with incident radiation
of a sufficiently low energy (λ = 1.064 or 1.34 or 1.907 �m), in
order to generate a second harmonic with a wavelength quite
far from any significant optical transition so that dispersive res-
onance enhancement of the EFISH response could be avoided
[14].

3.1. The ambivalent donor or acceptor role of the metal
acting on the second-order NLO response of push–pull para
substituted pyridines and stilbazoles

Initially, we investigated the second-order NLO responses of
various organometallic complexes ((1)–(11); Table 1) such as
cis-[M(CO)2ClL1] (M = Rh, Ir) and fac-[Os(CO)3Cl2L1] (see
Fig. 3, L1 = 4X–C5H4N; X = NMe2, CMe3, H, COMe, CN) [8].
EFISH β1.06 values showed that the metal carbonyl moieties may
play, in the excitation processes controlling the second-order
NLO response, an ambivalent acceptor or donor role related to
their intrinsic softness and to the presence in the pyridine ligand
of an electron donor or acceptor group X. For instance, the sign
and value of β1.06 of cis-[M(CO)2ClL1] (M = Ir(I) (5d8), Rh(I)
(4d8)) are dependent upon the nature of X (Table 1):

(i) β > 0 with strong electron-donating groups (e.g. X = NMe2:
M = Rh, (1), β1.06 8.7 × 10−30 esu; M = Ir, (2), β1.06

T
E

M

L
c
c
f
L
c
c
[
L
c
f
[
L
f
[
L
c
c
f

o

t

i
(

(ii) β positive but very small with weak electron-donating
groups (e.g. X = CMe3: M = Ir, (5), β1.06 0.1 × 10−30 esu);

(iii) β < 0 with strong electron-withdrawing groups (e.g.
X = CN: M = Rh, (9), β1.06 −4.3 × 10−30 esu; M = Ir, (10),
β1.06 −9 × 10−30 esu).

The same trend, although less evident, is given by Os(II) (5d6)
complexes fac-[Os(CO)3Cl2L1] (Table 1). Independently from
the strong electron-donating or electron-withdrawing properties
of the X group, a very strong enhancement of one or two orders of
magnitude of the absolute value of β1.06 of the pyridine ligands
occurs upon coordination.

When X is a strong electron-withdrawing group, the negative
sign of β1.06 is the result of a reduction of the dipole moment
upon excitation (�µeg < 0), according to the two level model [2].
This reduction was first suggested for the related pyridine com-
plexes with zerovalent d6 metals such as [M(CO)5L1] (M = Cr,
W; X is an electron-withdrawing group such as CHO or 4′-trans-
CH CHC6H4CHO) [15]. The origin of such a reduction of the
dipole moment upon excitation is attributed to a dominating
effect of a metal-to-ligand charge-transfer (MLCT) transition,
which corresponds to an electron shift in the excitation process
vectorially opposed to the dipole moment [15].

In our work, we have shown that even a metal carbonyl center
with an oxidation state different from zero can act, through the
same MLCT excitation process, as an electron-donor toward
t
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9 × 10−30 esu);

able 1
FISH β values of ligands L1 and their Rh(I), Ir(I), Os(II) and W(0) complexes

olecule X β1.06

(10−30 esu)a
β1.91

(10−30 esu)b

1 NMe2 0.07c 0.06c

is-[Rh(CO)2ClL1] (1) NMe2 8.7 6.4
is-[Ir(CO)2ClL1] (2) NMe2 9 6.5
ac-[Os(CO)3Cl2L1] (3) NMe2 6 4.4
1 CMe3 0.19d 0.17d,e

is-[Rh(CO)2ClL1] (4) CMe3 ca. 0 –
is-[Ir(CO)2ClL1] (5) CMe3 0.1 –
W(CO)5L1] CMe3 – −3.4f

1 H −0.17d −0.13d

is-[Rh(CO)2ClL1] (6) H 2.6 –
ac-[Os(CO)3Cl2L1] (7) H ca. 0 –
W(CO)5L1] H – −4.4f

1 COMe −0.029d −0.032d

ac-[Os(CO)3Cl2L1] (8) COMe ca. 2 –
W(CO)5L1] COMe – −9.3f

1 CN 0.33d –
is-[Rh(CO)2ClL1] (9) CN −4.3 –
is-[Ir(CO)2ClL1] (10) CN −9 –
ac-[Os(CO)3Cl2L1] (11) CN ca. 2 –

a EFISH values measured in CHCl3 at 1.064 �m.
b β1.06 �m converted to β1.91 �m by the two-level expression (Eq. (5)), unless
therwise stated.
c β measured by EFISH at 1.34 �m and converted to β1.06 �m or β1.91 �m with
he two-level expression.
d Computed values by using the MNDO-CPHF methodology.
e For X = nBu instead of CMe3.
f Experimental values from reference [16b]; β1.91 �m measured by EFISH

n dioxane ([W(CO)5L1] (X = nBu)), toluene ([W(CO)5L1], X = H), or CHCl3
[W(CO)5L1], X = COMe).

a
f
l
d
I

he pyridine ring. This donation effect becomes less relevant by
ncreasing the oxidation state of the metal, as it can be inferred
hen comparing the β value of the Os(II) complex with L1

X = COMe, (8)) with the β value of the related W(0) complex,
lthough both metals have the same 5d6 electron configuration
see Table 1).

The metal centers investigated may act also as electron-
cceptors toward pyridines substituted with strong electron-
onor groups. According to Marks and co-workers [15], EFISH
values of metal complexes with L1 (X strong donor) are dom-

nated by the red shift of the intraligand n → π* charge-transfer
ILCT) transition of the pyridine. This red shift is controlled by
he increased electron accepting properties of the metal center
hich favour the acceptor strength of the π* orbitals of the pyri-
ine. Therefore, we have shown that we can modulate the NLO
esponse by an increased acceptor strength of the metal centers
hich is controlled by their oxidation states: e.g. coordination of
1 (X = NMe2) to “cis-M(CO)2Cl” (M = Rh(I) 4d8, (1) or Ir(I)
d8, (2)) and to “fac-Os(CO)3Cl2” (Os(II) 5d6, (3)) produces an
ncrease of the EFISH β value 10-fold higher than coordination
o the less accepting center “Cr(CO)5” (Cr(0) 3d6).

In conclusion, we have shown that by controlling the nature
nd properties of the metal center it is possible to tune the
ffects on the second-order NLO response of para-substituted
yridines. For instance, the EFISH β value of [W(CO)5L1]
X = COMe) is large and negative, even if COMe is not a strong
cceptor, because of the good donor properties of the “W(CO)5”
ragment [15,16], while for the complex of Os(II) with the same
igand, (8), the lower donor properties of the metal center pro-
uce an EFISH β value positive although very low (see Table 1).
n this latter case, both MLCT and ILCT excitations (corre-
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Table 2
Electronic spectra and EFISH βλ of Rh(I), Ir(I), Os(II), Zn(II) and Pt(II) complexes with ligands L2

Molecule X λmax (nm)a µβ0 (10−48 esu)b βλ (10−30 esu)c

β1.06 β1.34 β1.91

L2 (n = 1) NMe2 374 137 63 55d 35b

L2 (n = 2) NMe2 396 211 124b 80 48b

L2 (n = 1) CMe3 362 54 – – 20
L2 (n = 1) CF3 303 62 – – 36
[Rh(CO)2ClL2] (n = 1) (12) NMe2 421 427 177 111 61b

[Ir(CO)2ClL2)] (n = 1) (13) NMe2 431 402 242b 128 67b

[Os(CO)3Cl2L2] (n = 1) (14) NMe2 435 318e 160 83e 43e

[Rh(CO) 2ClL2] (n = 2) (15) NMe2 442 442 262b 131 66b

[Ir(CO)2ClL2] (n = 2) (16) NMe2 449 580 285b 135 66b

[Os(CO)3Cl2L2] (n = 2) (17) NMe2 456 440 260b 116 55b

[Rh(COD)ClL2] (n = 1) (18) NMe2 397 308 119b 77 46b

[Ir(COT)2ClL2] (n = 1) (19) NMe2 413 373 137b 82 46b

[Ir(COT) 2ClL2] (n = 2) (20) NMe2 430 576 280b 152 80b

[Os3(CO)11L2] (n = 1) (21) NMe2 431 441 – – 65
[Os3(CO)11L2] (n = 1) (22) CMe3 338 (sh), 376 82 – – 20
[Os3(CO)11L2] (n = 1) (23) CF3 312, 385 (sh) −558 – – −78
[Os3(CO)11L2] (n = 2) (24) NMe2 451 633 – – 98
cis-[PtCl2L2

2] (n = 1) (25)f NMe2 375 – – 41 –
[Zn(CH3CO2)2L2

2] (n = 1) (26)f NMe2 376 – – 48 –
[ZnCl2L2

2] (n = 1) (27)f NMe2 410 – – 84 –
[Zn(CF3CO2)2L2

2] (n = 1) (28)f NMe2 420 – – 97 –

a Experimental values in CHCl3.
b β measured by EFISH at 1.34 �m and converted to β0 or β1.06 or β1.91 with the two-level expression (Eq. (5)).
c β1.06, β1.34 and β1.91 measured by EFISH in CHCl3 at 1.064, 1.34 and 1.907 �m, respectively, unless otherwise stated.
d βCT at 1.34 �m, obtained from solvatochromic data, is 61, 175 and 230 × 10−30 esu for L2 (n = 1, X = NMe2), (25) and (26), respectively; however by using only

the projection of µg along the charge-transfer direction βCT is 123 and 132 × 10−30 esu for (25) and (26), respectively.
e β measured by EFISH at 1.06 �m and converted to β1.34 or β0 or β1.91 with the two-level expression (Eq. (5), see Section 2).
f β, measured by EFISH at 1.34 �m cannot be converted to β1.06 or β0 or β1.91 with the two-level expression (Eq. (5)).

sponding to two vectorially opposed charge-transfer processes)
contribute in a similar but opposite extent, while in the much
softer W(0) center the MLCT excitation dominates the second-
order NLO response, therefore producing negative EFISH β.

In push–pull 1D π-organic chromophores, an increase of
the delocalized π-electron bridge between the donor and the
acceptor groups can lead to a significant increase in the second-
order NLO response [17,18]. We have found on the contrary
a buffering of the second-order NLO response, which occurs
upon coordination. While by going from L1 (X = NMe2) to
L2 (L2 = 4,4′-trans or trans,trans-NC5H4(CH CH)nC6H4X, see
Fig. 3; n = 1, X = NMe2) the enhancement factor of the quadratic
hyperpolarizability EFISH β is of the order of 103, by going
from (1)–(3) (Table 1) to (12)–(14) (Table 2) this enhancement
factor is about 10 only. Therefore, this kind of metal chro-
mophore, independently from the nature and properties of the
metal, cannot display the strong π conjugation length depen-
dence of their quadratic hyperpolarizability typical of organic
1D chromophores [18].

In agreement with this latter statement, the effect due to coor-
dination becomes less and less relevant by increasing the length
of the π-delocalized bridge of the push–pull ligand. Thus, coor-
dination to “cis-M(CO)2Cl” (M = Rh, Ir) or “fac-Os(CO)3Cl2”
of L2 (n = 1, 2; X = NMe2) causes an increase of EFISH β

(β1.34 enhancement factor = 1.5–2.3 for (12)–(17); Table 2) quite
insignificant when compared to the large increase produced on

the related pyridine L1 (X = NMe2; β1.34 enhancement factors
of ca. 100 for (1)–(3); Table 1).

Since the balance of the donor–acceptor properties of metal
centers seems to be relevant for tuning the second-order NLO
response of coordinated pyridines, we investigated also the effect
of substitution of CO by olefinic ligands, which should lead to an
increase of the electron density on Rh(I) and Ir(I) metal centers
and therefore to lower acceptor properties as confirmed by the
relatively small red shift of the ILCT transition for olefin Rh(I)
(18) and Ir(I) (19) complexes with L2 (n = 1, X = NMe2; see
Table 2). According to lower acceptor properties, EFISH β1.34
decreases by a factor of ca. 0.7 upon substitution of the carbonyl
ligands of cis-[M(CO)2ClL2] (M = Ir, Rh; n = 1, X = NMe2) with
cyclooctadiene (COD) or with two cyclooctene ligands (COT)
(Table 2). This effect becomes negligible when the length of the
π-delocalized electron bridge is increased, as with the ligand
L2 (n = 2, X = NMe2; (20) Table 2), as expected for a buffering
effect.

Interestingly, comparison of EFISH β1.91 of (13) (67 ×
10−30 esu) with EFISH β1.91 of 4,4′-trans-NMe2C6H4CH
CHC6H4NO2 (73 × 10−30 esu) [18] would suggest that the cis-
[Ir(CO)2Cl] moiety behaves as a strong electron-acceptor group
similar to the C–NO2 fragment in the push–pull organic moiety.

Finally, various complexes show µβ0 values between 400
and 600 × 10−48 esu, comparable to those of an organic chro-
m ′
ophore such as Disperse Red One (trans-4,4 -O2NC6H4N =
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NC6H4NEt(CH2CH2OH), µβ0 = 500 × 10−48 esu) currently
proposed for electrooptic polymers [19]. Such excellent µβ0
values are due to two electronically related factors: an enhance-
ment in the dipole moment µ generated by coordination to the
metal center acting in the ground state always as an acceptor,
and in parallel an enhancement of β0 due, for instance, to a
significant red shift of the ligand ILCT transition.

3.2. The effect of coordination to a metal cluster carbonyl
core on the second-order NLO response of 4,4′-trans or
trans,trans-NC5H4(CH CH)nC6H4X (L2; n = 1, X = NMe2,
CMe3, CF3; n = 2, X = NMe2)

Although metal nanoparticles are known to display inter-
esting NLO properties, due to the “softness” of their electron
structure, nothing was reported on the interaction of push–pull
organic chromophores like those based on para-substituted stil-
bazoles with potentially electron rich polynuclear metallic frag-
ments such as “soft” metal carbonyl clusters. Therefore, we
investigated the effect of coordination of the para-substituted
stilbazoles L2 (n = 1, X = NMe2, CMe3, CF3; n = 2, X = NMe2)
to a metal carbonyl cluster core such as “Os3(CO)11” in order
to investigate if the cluster moiety introduces additional relevant
effects (Table 2, (21)–(24)) [20].

The ILCT n → π* transition of push–pull organic ligands,
containing an electron donor NMe group, is red-shifted upon
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β0 values, calculated by the two level approach [2] suggest
that the “Os3(CO)11” core displays acceptor properties closer to
Os(II) in “fac-Os(CO)3Cl2” than to W(0) in “W(CO)5”. Coordi-
nation of L2 (n = 2; X = NMe2) to the “Os3(CO)11” core induces
a perturbation leading to higher β0 value than coordination to
“cis-M(CO)2Cl” (M = Rh(I), Ir(I)) or to “fac-Os(CO)3Cl2” [8].
There are no second-order NLO measurements of W(0), Rh(I),
Ir(I), Ru(II) and Os(II) carbonyl complexes bearing the ligand L2

(n = 1, X = CF3), but a comparison of β1.91 of its complex with
“Os3(CO)11” (23) with β1.91 of [W(CO)5L2] (n = 1, X = NO2)
[16b] (respectively, −78 and −20 × 10−30 esu) suggests that the
potentially electron rich “Os3(CO)11” cluster core behaves as a
very good donor to the π* levels of L2 (n = 1; X = CF3).

In summary, our investigation reached the conclusion
that a zerovalent trimeric cluster core such as “Os3(CO)11”
shows an ambivalent “acceptor–donor” behavior more rele-
vant than that of monomeric metal carbonyl moieties such as
“M(CO)5” (M = W(0)), “cis-M(CO)2Cl” (M = Rh(I), Ir(I)) and
“fac-Os(CO)3Cl2”, but it does not introduce additional effects
due only to the cluster electrons.

3.3. The role of the metal and of the ancillary ligands on
the second-order NLO response of π delocalized nitrogen
donor push–pull ligands

The remarkable increase of EFISH β of the flexible chelat-
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oordination ((21), (24): �λmax = 55–57 nm); the amount of
he shift suggests unexpectedly an acceptor strenght of the
Os3(CO)11” core comparable to that of Os(II) or Ir(I) metal
enters such as “fac-Os(CO)3Cl2” and “cis-Ir(CO)2Cl” [8]
Table 2). On the contrary, the absorption band attributed to a
→ π* ligand transition of L2 (n = 1, X = CMe3) is only slightly

ed-shifted upon coordination ((22) �λmax = 14 nm) and also the
bsorption spectrum of L2 (n = 1, X = CF3) displays upon coor-
ination (23) a slightly red-shifted π → π* internal transition
ith respect to the free ligand (�λmax = 9 nm), but together with
shoulder at about 385 nm attributed to a MLCT transition from

he “Os3(CO)11” core to the π* levels of the stilbazole ligand
earing the electron-withdrawing CF3 group.

These observations, together with similar trends of the
ncrease of the dipole moment upon coordination, would sug-
est that the interaction of these push–pull ligands with a cluster
ore of a zero valent metal, is quite similar to that with M(I)
M = Rh, Ir) or Os(II) carbonyl complexes.

As expected, if the osmium cluster core does not play a rel-
vant additional effect, ligands with a donor group (NMe2) dis-
lay by coordination (compounds (21) and (24)) an enhancement
f EFISH β1.91, which decreases by increasing the length of the
-delocalized bridge. Besides, coordination of a ligand with a
oor electron donor like the t-butyl group (compound (22)) does
ot produce a relevant effect on EFISH β1.91, while coordina-
ion of a ligand carrying an electron acceptor group (compound
23)) produces a negative sign of EFISH β1.91 (Table 2), since
n this latter case the second-order NLO response is dominated
y the MLCT transition. This latter result confirms that the
Os3(CO)11” core behaves also as an electron donor by a MLCT
rocess.
1.34
ng ligand 4-(p-dibutylaminostyryl)-4′-methyl-2,2′-bipyridine
pon coordination to the Zn(II) Lewis acids [21] (enhancement
ith respect to the free ligand of about 10 times) prompted us

o investigate the effect of coordination on the second-order
LO response of structurally related push–pull ligands, such

s the non-chelating stilbazole L2 (n = 1, X = NMe2), in order
o define the role of chelation and of more rigid chelating
igands 5-X-1,10-phenanthrolines (L3, X = donor group such
s OMe, NMe2, trans-CH CHC6H4-4′-NMe2 and trans,trans-
CH CH)2C6H4-4′-NMe2; see Fig. 3) in order to define the
ole of ligand rigidity [9]. The choice of position 5 of the 1,10-
henanthroline ring was based on a preliminary MNDO-CPHF
heoretical investigation for the identification of the best posi-
ion (2, 3, 4 or 5) on the 1,10-phenanthroline ligand, for the
ubstituent “trans-CH CHC6H4NMe2” in order to produce a
ush–pull phenantroline ligand with significant second-order
LO response.
As shown in Table 2, the EFISH β1.34 value of L2 (n = 1,

= NMe2) is almost not affected by coordination to the rel-
tively soft “cis-PtCl2” moiety and strangely enough to the
Zn(CH3CO2)2” less soft Lewis acid, in agreement with the
rrelevant red shift of the ILCT transition upon coordination
f L2 to “cis-PtCl2” ((25): �λmax = 1 nm) and “Zn(CH3CO2)2”
(26): �λmax = 2 nm). However, this red shift increases sig-
ificantly upon coordination to harder “ZnY2” (Y = Cl (27),
F3CO2 (28)) Lewis acids, with a β enhancement factor (β
F) function of the ancillary Y ligands (for (27) and (28), β

F = 1.5 and 1.8, respectively), in agreement with a large red
hift of the ILCT transition (�λmax = 36 and 46 nm for (27)
nd (28), respectively). Chelation seems to have a positive
ffect on the second-order NLO response because the µβ1.34
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value (1420 × 10−48 esu) reported for [ZnCl2(4,4′-bis(trans-
CH CHC6H4-4′-NBu2)-2,2′-bipyridine)] [22] is much higher
than that of the structurally related non-chelated complex with
two stilbazole L2 ligands (27) (706 × 10−48 esu). This is due to
the more planar arrangement of the chelated ligand and there-
fore to a stronger perturbation of the π* orbitals and therefore
to a more facile ILCT n → π* transition.

The lack of a significant increase upon coordination to “cis-
PtCl2” or “Zn(CH3CO2)2” of the quadratic hyperpolarizability
of L2 (n = 1, X = NMe2; (25) and (26)) was confirmed by a
solvatochromic study (see footnotes in Table 2) [9]. As above
mentioned (Section 2), the quadratic hyperpolarizability βCT,
obtained by solvatochromic measurements, can be compared
to EFISH β only when the charge-transfer transition involved
in the NLO response is close in direction to the axis of the
dipole moment [6b]. Thus, for square planar Pt(II) (25) and
tetrahedral Zn(II) (26) complexes, βCT at 1.34 �m (175 and
230 × 10−30 esu, respectively) results to be much higher than
EFISH β1.34 (41 and 48 × 10−30 esu, respectively) because the
dipole moment axis is not coincident with the direction of the
ILCT transition located on the stilbazole ligand. Of course in the
free stilbazole ligand, which shows a good agreement between
βCT at 1.34 �m and EFISH β1.34, the dipole moment axis and
the ILCT direction are coincident. According to this observation,
when only the component of the dipole moment along the ILCT
charge-transfer direction is considered for both “Zn(CH3CO2)2”
and “cis-PtCl2” complexes, the resulting value of βCT (123
and 132 × 10−30 esu, respectively) becomes only slightly higher
than twice that of the stilbazole ligand itself, confirming the
irrelevant perturbation of the free ligand upon coordination to
“Zn(CH3CO2)2” or “cis-PtCl2”, already suggested by the irrel-
evant red shift of the ILCT transition in both complexes and the
comparable value between EFISH β1.34 of (25), (26) and that of
the free stilbazole ligand [9].

Since the increase of the quadratic hyperpolarizability of
L2 (n = 1, X = NMe2) is clearly a function of the ancillary Y
ligands which tune the acceptor properties of the Zn(II) cen-
ter (CH3CO2 < Cl < CF3CO2), we investigated the second-order
NLO response of [Zn(CF3SO3)2L2

2] (X = NMe2; n = 1 (29),
n = 2 (30)) complexes, since CF3SO3

− is a very weak donor
ancillary ligand (Fig. 4).

At concentrations higher than 1 × 10−4M, the value of EFISH
β1.91 is increased by a factor of ca. three to six times with respect
to that of related acetate (26) or trifluoroacetate (28) complexes,
in agreement with a much higher Lewis acidity of the Zn(II) cen-
ter (Table 2). However, at concentrations lower than ca. 10−4 M,
the β1.91 value of these triflate complexes increases abruptly by
decreasing concentration, up to huge values, while this effect is
not observed for the related acetate or trifluoroacetate complexes
(Fig. 4).

This behavior was attributed to an increased concentration
(although very low because EFISH measurements are still pos-
sible) of the ion pair with the cation [Zn(CF3SO3)L2

2]
+

(n = 1 or
2, X = NMe2), produced by solvolysis of the triflate ligand, as
confirmed by electrical conductivity measurements, which evi-
denced a sharp conductivity increase at concentrations below
10−4 M for triflate complexes (Fig. 5) [10].

Fig. 4. Dependence of β1.91 upon concentration c for various [ZnY2L
2
2]

complexes (n = 1, X = NMe2) (ref. [10], with copyright permission). (©)
[Zn(CH3CO2)2L2

2] (26); (�) [Zn(CF3SO3)2L2
2] (29); (�) [Zn(CH3SO3)2L2

2]
(31); (�) [Zn(p-CH3C6H4SO3)2L2

2] (32).

By working at relatively high concentration (>3 × 10−4 M)
with other less electron-withdrawing non-fluorinated sulfonate
ligands, such as methanesulfonate or para-toluenesulfonate, the
second-order NLO response is unexpectedly comparable to that
of the related complexes with acetate or trifluoroacetate as ancil-
lary ligands, despite the significantly higher red shift of the ILCT
transition of the push–pull L2 (n = 1, X = NMe2) ligand. Such
unexpected low value of the second-order NLO response of
Zn(II) complexes of L2 with methanesulfonate (31) or para-
toluenesulfonate (32) as ancillary ligands was attributed to a

F
o
c
(
[

ig. 5. Dependence, in CHCl3 at 298 K, of molar conductance Λ of vari-
us [ZnY2L2

2] complexes (n = 1, X = NMe2) vs. the square root of the con-
entration c (ref. [10], with copyright permission). (©) [Zn(CH3CO2)2L2

2]
26); (�) [Zn(CF3SO3)2L2

2] (29); (�) [Zn(CH3SO3)2L2
2] (31); (�)

Zn(p-CH3C6H4SO3)2L2
2] (32).
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process of association which occurs at high concentration, orig-
inated by their rather high dipole moment. This process of
association does not play a relevant role on the NLO response
of complexes with the triflate ancillary ligand, since for these
latter conductivity evidence supports already some solvolysis,
even at high concentration. However, when working at diluted
conditions (less than 10−4 M), all the sulfonate Zn(II) com-
plexes behave in the same way with a huge increase of β1.91
(Fig. 4). Therefore, ionic dissociation by dilution in anhydrous
CHCl3 remains a typical behavior of all Zn(II) complexes car-
rying an ancillary sulfonate ligand, independently from their
electron-withdrawing character and therefore of their nucle-
ophilic properties.

Interestingly, with this investigation on Zn(II) complexes
with sulfonated ancillary ligands, we have evidenced for the first
time that the effect of the concentration should not be neglected
when investigating the second-order molecular NLO properties.

We have also investigated the second-order NLO response
of some phenanthroline complexes [M(CH3CO2)2L3] (M = Zn,
X = OMe (33) NMe2 (34), trans-CH CHC6H4-4′-NMe2
(35) and trans,trans-(CH CH)2C6H4-4′-NMe2 (36); M = Cd,
X = trans-CH CHC6H4-4′-NMe2 (37)) [9].

EFISH β1.34 values of L3 ligands increase with the electron-
donating strength of the X substituent, and as expected, more
significantly with the introduction of a π-conjugated electron
bridge linking the NMe group to the phenanthroline ring, in
a
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enhancement factor of EFISH β1.34 (β1.34 EF) upon coordina-
tion of 5-X-1,10-phenanthrolines to “Zn(CH3CO2)2” is higher
for the better donor group (X = NMe2, (34): β EF1.34 = 4.6)
than for a lower donor group (X = OMe, (33): β EF1.34 = 3.2).
It becomes less and less relevant by increasing the length of
the π-delocalized bridge between the donor group NMe2 and
the phenanthroline moiety ((35), (36)), as it occurs with 4-
X-pyridines [8], but the EFISH β1.34 value of L3 (X = NMe2;
7.2 × 10−30 esu) is much higher (by a factor of 102) than that of
L1 (X = NMe2; 0.07 × 10−30 esu), as expected for the larger π-
conjugated electron network of the phenanthroline system which
acts as a better π* acceptor in the n → π* ILCT transition than
the pyridine ring.

The second-order NLO response of the various phenanthro-
lines and related complexes was also investigated by the solva-
tochromic method. A very good correspondence between βCT
at 1.34 �m and EFISH β1.34 was found (Table 3), suggesting a
satisfactory coincidence of the direction of the ILCT charge-
transfer and of the dipole moment axis. The solvatochromic
investigation allowed also a more subtle investigation of the
origin of the second-order NLO response [9]. When the donor
group NMe2 is not directly linked to the phenanthroline ring
(L3 with X = trans- or trans,trans-(CH CH)nC6H4-4′-NMe2;
n = 1 or 2) the appreciable increase of βCT upon coordination
to “Zn(CH3CO2)2” is due to a high oscillator strength and to the
low energy of the ILCT transition, rather than to an increase of
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greement with the increased red shift of λmax of the ILCT
→ π* transition (Table 3) major origin of the second-order
LO response, with the phenanthroline π* orbitals acting as

lectron acceptors. However, although the red shift of the
LCT of L3 (X = trans-CH CHC6H4-4′-NMe2) upon coordi-
ation to “Cd(CH3CO2)2” (37) or “Zn(CH3CO2)2” (35) is
omparable, this is not reflected by the EFISH β1.34 value
hich is almost unaffected by coordination to the relatively soft

Cd(CH3CO2)2” acid whereas it is significantly increased by
oordination to the harder “Zn(CH3CO2)2” acid (Table 3). The

able 3
lectronic spectra, EFISH β1.34 in CHCl3 and βCT of ligands L3 and their com

olecule

3

3

3

3

Zn(CH3CO2)2L3] (33)
Zn(CH3CO2)2L3] (34)
Zn(CH3CO2)2L3] (35)
Zn(CH3CO2)2L3)] (36)
Cd(CH3CO2)2L3)] (37)
-(trans-CH CHC6H4-4′-NBu2)-4′-CH3-2,2′-bipyridinef

Zn(CH3CO2)2(4-(trans-CH CHC6H4-4′-NBu2)-4′-CH3-2,2′-bipyridine)]f

a Experimental values in CHCl3.
b λmax (ILCT) mainly involved in the NLO response [9].
c β measured by EFISH at 1.34 �m and converted to β0 with the two-level ex
d Obtained from solvatochromic data at 1.34 �m [9].
e A similar β1.34 value (3.7 × 10−30 esu) is obtained by carrying out the EFIS

Eq. (5)).
f Ref. [21].
he �µeg, which on the contrary decreases upon coordination,
hile when NMe2 is directly linked to the phenanthroline ring

X = NMe2), the relevant enhancement of βCT is mainly due to
large increase of �µeg. In the Cd(II) complex (37), the lack

f increase of EFISH β1.34 by coordination despite the red shift
f the ILCT transition is explained by the too small decrease
f the energy of this latter transition and by the relatively small
ncrease of its oscillator strength which do not compensate the
nexpected high decrease of �µeg, thus, finally producing in
otal an irrelevant enhancement of βCT [9].

with “Zn(CH3CO2)2” and “Cd(CH3CO2)2”

λmax

nma,b
µβ0

(10−30 esu)c
EFISH β1.34

a

(βCT)d (10−30esu)

272 9.6 4.0e

2 328 20 7.2 (9.3)
-CH CHC6H4-4′-NMe2 371 127 41 (58)
-(CH CH)2C6H4-4′-NMe2 399 215 75

284 74 13

2 344 175 33 (32)
-CH CHC6H4-4′-NMe2 419 338 77 (71)
-(CH CH)2C6H4-4′-NMe2 432 450 112
-CH CHC6H4-4′-NMe2 411 202 46

388 41 14
447 450 116

ion (Eq. (5)).

asurement at 1.06 �m and converting it to β1.34 with the two-level expression
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Table 4
Electronic spectra, EFISH β1.34 and βCT,1.34 of ligand L4 and its complexes with Zn(II), Ru(III) or Ir(III)

Molecule λmax nma λmax (em) nma,b EFISH β1.34 (β0)c 10−30 esu β1.34 EFd fa,e �µeg Df βCT, 1.34 10−30 esug

L4 360h 449 22 (15) – 0.40 8.0 43
ZnCl2L4 (38) 425h 503 67 (36) 3.0 0.33 10.8 98
Zn(CF3CO2)2L4 (39) 427h 512 88 (47) 4.0 0.34 8.2 79

IrCl3L4 (40) 465h,i 624 −109 5.0 0.81 −0.1 −4
533j 0.31 −2.9 −79

–
−83

Ru(CF3CO2)3L4 (41) 416h 590 −70 3.2 0.15 12.7 48
508k 0.20 5.4 75
911k 0.04 15.8 −208

–
−85

a In CHCl3 solution.
b λmax of the emission.
c In parentheses β0 calculated by the two-level approach (Eq. (5)).
d β1.34 EF is β1.34 enhancement factor that is β1.34 complex/β1.34 free terpyridine.
e f is the oscillator strength obtained from the integrated absorption coefficient.
f ��eg is the difference between excited and ground state molecular dipole moments, obtained from solvatochromic data; see ref. [6].
g Quadratic hyperpolarizability tensor along the charge-transfer direction.
h Attributed to the ILCT of the ligand.
i Due to the anomalous high intensity and the unexpected slightly negative �µeg, an expected MLCT transition is located under the strong ILCT transition.
j Tentatively assigned to MLCT.
k Tentatively assigned to LMCT.

We finally investigated the effect on the second-order NLO
response of coordination to various metal ions in relatively high
oxidation state of polychelated push–pull nitrogen donor π-
delocalized ligands carrying an electron donor substituent such
as 4′-(C6H4-p-NBu2)-2, 2′: 6′, 2′′-terpyridine (L4, complexes
(38)–(41); see Fig. 3) [12]. In this latter case, since the free lig-
and is probably in a transoid configuration, as suggested by its
low dipole moment, coordination produces a double effect due
to both chelation and perturbation of the electronic π system.

In all complexes, the ILCT transition at about 416–465 nm is
red-shifted (�λmax = 56–105 nm) with respect to that of the free
ligand, due to the increased acceptor properties of its π* orbitals
upon chelation (Table 4) [15]. The enhanced EFISH β1.34 value
of the terpyridine L4 upon coordination to “ZnY2” ((38), (39))
remains positive as it occurs in all the Zn(II) complexes with
similar nitrogen donor push–pull chelated ligands [9,21]. The
enhancement factor is higher for the more electron-withdrawing
ancillary ligand CF3CO2. However, upon coordination of L4 to
IrCl3 or Ru(CF3CO2)3 (compounds (40) and (41)), the absolute
value of EFISH β1.34 increases significantly, in agreement with
a relevant red shift of the ILCT transition, but the sign becomes
negative (Table 4).

Therefore, our investigation has shown for the first time that
different metal centers, which all behave as strong Lewis acids
according to the red shift of the ILCT transition of the ligand,
can influence not only the absolute value but also the sign of the
q
p
v
f
a

way to define the electronic origin of these effects. The large
enhancement of the quadratic hyperpolarizability of L4 upon
coordination to Zn(II) is due, as in other Zn(II) complexes [9,21],
to both a significant red shift of the ILCT transition and a pos-
itive �µeg (Table 4). However, for the Ir(III) complex (40) the
second-order NLO response is not dominated by the ligand ILCT
transition only but there is a contribution of two other bands at
533 nm and ca. 465 nm tentatively assigned to MLCT (metal-
to-ligand charge-transfer) transitions according to literature [23]
and to their negative �µeg (Table 4).

Besides, in the terpyridine Ru(III) complex (41), the neg-
ative sign of β originates from the high contribution to the
second-order NLO response of an absorption band at 911 nm,
in opposition to the positive contribution of another absorp-
tion band at 508 nm and to the expected positive contribution
of the ILCT transition at 416 nm (Table 4). The new transi-
tions, both characterized by a positive value of �µeg (Table 4),
were tentatively assigned to LMCT (ligand to metal charge-
transfer) transitions [24,25]. However, the absorption at 911 nm
is located at lower energy then the second harmonic (λ = 670 nm)
and therefore produces naturally a negative contribution to the
quadratic hyperpolarizability when this latter is measured at an
incident wavelength of 1.34 �m. Recently, we confirmed by a
Time-Dependent Density Functional Theory (TD-DFT) inves-
tigation that the band at 911 nm can be attributed to a LMCT
transition, whereas the absorption band at 508 nm is not origi-
n
o
c

t

uadratic hyperpolarizability of a nitrogen donor π-delocalized
ush–pull ligand bearing a strong electron-donor group. A sol-
atochromic investigation confirmed that also βCT is positive
or Zn(II) complexes ((38) and (39)) and negative for Ir(III)
nd Ru(III) complexes ((40) and (41); Table 4) and has been a
ated by a single transition, but is composed by three transitions
f mixed character with a predominant ILCT character and some
omponent of MLCT character [13].

In conclusion, with a series of strongly connected investiga-
ions we have shown that a metal center can perturb in a very
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efficient and sometimes predictable way the second-order NLO
response of π delocalized nitrogen donor push–pull ligands. The
fine-tuning can be achieved by working on the nature of the metal
center, its oxidation state and its coordination sphere.

4. Organometallic counterparts of push–pull aromatic
chromophores for non-linear optics: push–pull
heteronuclear bimetallic complexes with pyrazine and
trans-1,2-bis(4-pyridyl)ethylene as linkers

The body of investigations reported in Section 3 prompted
us [26] to investigate the second-order NLO response of
some asymmetric heteronuclear push–pull bimetallic complexes
with pyrazine (pyz) (complexes (42)–(44)) and trans-1,2-bis(4-
pyridyl)ethylene (BPE) (complexes (45)–(47)) as π polariz-
able linkers, between the “W(CO)5” fragment (acting as donor
group) [15] and “cis-Rh(CO)2Cl”, “cis-Re(CO)4Cl” and BF3
(acting as acceptor groups) [8,27,28] (Table 5). These molecu-
lar systems can be considered as organometallic counterparts
of classical 1D push–pull organic chromophores, where the
donor or acceptor groups are organometallic moieties or metal
complexes. The second-order NLO response of these bimetallic
complexes was initially compared to that of related monomeric
[W(CO)5L] complexes (L = para-substituted pyridine or trans-
stilbazole para substituted with strong organic acceptor groups)
and then to that of classic organic push–pull chromophores.

t
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Table 5
EFISH β1.91 and �µeg for some pyrazine and BPE complexes

Moleculea Complex
no.

β1.91 �µeg

−6b,c <0

(42) 38d >0

(43) ≈0b,d ≈0

(44) −33d <0

−28b

−7b <0

(45) −49d <0

(46) −41b <0

(47) −79d <0

12c –

73c –

a The straight arrows give the direction of the charge distribution in the ground
state (by convention opposite the dipole moment vector).

b Experimental values obtained by means of the EFISH technique, using
CHCl3 as solvent.

c Ref. [16b].
d Experimental values obtained by means of the solvatochromic methodology,

with determination of the cavity radius a from structural data.

an increase of the quadratic hyperpolarizability from −5.6
to −20 × 10−30 esu [16b], comparable to that from −7 to
−49 × 10−30 esu induced by coordination of BF3 to the free
nitrogen atom of [W(CO)5BPE]. However, coordination of
[W(CO)5BPE] to BF3 produces an inversion of the sign of
the ground state dipole moment [26], which does not occur by
substitution of X = H with X = NO2 in [W(CO)5L2] complexes
[16b].
Coordination of “(CO)5W(pyz)” to “BF3” and “Rh(CO)2Cl”
o generate a bimetallic push–pull system leads to an increase of
he absolute value of the quadratic hyperpolarizability EFISH
1.91, dominated by the MLCT (W → π∗

L) transition of the
W(CO)5(pyz)” moiety (Table 5), red-shifted by coordination
f the free nitrogen atom of pyrazine to “cis-Rh(CO)2Cl” (44),
cis-Re(CO)4Cl” (43), or BF3 (42), acting as acceptor groups.
his latter interaction stabilizes the π∗

L acceptor orbitals of the
yrazine bridge. In the case of (42), the charge-transfer is in the
irection of the ground state dipole moment leading to a posi-
ive quadratic hyperpolarizability, while in the case of (44) the
harge-transfer is in the opposite direction, leading to a nega-
ive response. For (43), the second-order NLO response becomes
egligible probably because the electronic structure 5d6 of Re(I)
n “cis-Re(CO)4Cl” is similar to that of W(0) in “W(CO)5”, so
hat we have not really a push–pull system. Recent theoretical
D-DFT calculations have confirmed both the above discussed
rigin and trends of second-order NLO response [26,29].

The second-order NLO response of monomeric and het-
ronuclear dimeric complexes with BPE as ligand or linker
onfirms that it is dominated by the MLCT (W → π∗

L) transi-
ion of the “W(CO)5BPE” moiety [15]. In heteronuclear dimeric
omplexes, the negative quadratic hyperpolarizability remains
egative in agreement with the significant negative �µeg value
f the MLCT (W → π∗

L) transition of [(CO)5W(BPE)BF3]. Its
alue increase is due to the enhancement of acceptor properties
f the π∗

L orbitals of BPE upon coordination, as supported by
he red shift of the MLCT transition [26].

It is worth mentioning that the introduction of an electron
cceptor nitro group in the para position of trans-stilbazole
n [W(CO)5L2] complexes (L2 with X = H or NO2) produces
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When compared to structurally related push–pull aromatic
1D chromophores there are some relevant differences. The
MLCT process (W → π∗

L), which is the major origin of the
second-order NLO response in the asymmetric organometallic
push–pull chromophores investigated [1c,f], remains localized
on the part of the π bridge close to the push donor center (e.g.
“W(CO)5”) even after coordination at the other end of the bridge
of an inorganic or organometallic center acting as pull electron
acceptor center. Therefore, the electronic process dominating
the second-order NLO response never assumes a MMCT (metal
to metal charge-transfer) character, with the charge-transfer pro-
cess involving both the donor and acceptor inorganic centers via
the polarizable bridge as it occurs between the donor and accep-
tor groups in structurally related classical push–pull aromatic
1D chromophores [18a].

It follows that when the distance between the “W(CO)5”
donor group and the acceptor group (for instance, “cis-
Rh(CO)2Cl” or BF3) is small, such as when pyrazine is the
bridge, the perturbation on the pull group and therefore on
the MLCT (W → π∗

L) is strong enough to generate a change
of the sign of the second-order NLO response, while the abso-
lute value of the quadratic polarizability assumes values higher
than in structurally related classical para-substituted push–pull
benzenic chromophores [18]. However, this effect becomes less
relevant by increasing the length of the π delocalized bridge
between the push and pull groups, as when BPE is the bridge,
w
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ative second-order NLO response (β1.91 = −31.7 × 10−30,
−25.8 × 10−30, −76 × 10−30 and −75.6 × 10−30 esu, for (48),
(49), (50) and (51), respectively). The increase of the absolute
value is probably due to an additional negative contribution of
an absorption band at 385–450 nm, with a MLCT character, as
confirmed by a solvatochromic investigation [30].

5. Inorganic–organic hybrid crystalline materials

Requirements for non-linear optical materials to be appli-
cable in specific devices include not only significant SHG but
also mechanical, thermal and chemical properties. Molecular
NLO chromophores such as organic, organometallic or coor-
dination compounds must be transformed into layers, films or
crystals, where they are highly ordered in a non-centrosymmetric
way, to produce bulk materials, which must be characterized by
the above properties. This microscopic order can be induced
by different techniques or may spontaneously be obtained by
mechanism of self-organization as, for instance, during a crys-
tallization process. This latter aspect was investigated in our
laboratory in the new area of hybrid inorganic–organic crys-
talline NLO materials.

5.1. New ionic layered compounds of Cu(I)

Although the design of organic molecules with large
q
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hile in structurally related organic π-delocalized push–pull
D chromophores the second-order NLO response increases by
ncreasing the length of the π-delocalized bridge [18a].

Therefore, we have organometallic push–pull chromophores
ith a much larger second-order NLO response when the length
f the bridge is limited (compare the value of 38 × 10−30 esu
f [(CO)5W(pyz)BF3] (42) with 12 × 10−30 esu of para-nitro
imethyl aniline) [16b], while it is less significant and of
ifferent sign when the length of the bridge increases (com-
are the value of −49 × 10−30 esu of [(CO)5W(BPE)BF3] (45)
ith 73 × 10−30 esu of trans-4-dimethylamino, 4′ nitro stilbene)

18a].
In a second time, in order to enhance the second-order

LO response of this kind of bimetallic heteronuclear chro-
ophores with the pyrazine bridge, we tried to increase the

onor properties of the “W(CO)5” moiety by substitution of
wo carbonyls with a 1,10-phenanthroline (phen) [30]. How-
ver, the “(CO)3W(phen)” moiety is a too weak acceptor and
relatively strong base, therefore, when [(CO)3(phen)Wpyz]

nteracts with soft acidic fragments like “cis-M(CO)2Cl”
M = Rh(I), Ir(I)), pyrazine is lost, whereas “(CO)3W(phen)”
nteracts as a base, producing a new class of heteronu-
lear bimetallic complexes of the type [(phen)(CO)3W cis-
(CO)2Cl] (M = Rh(I) (48), Ir(I) (49)) and [(phen)(CO)3W

ac-M(CO)3Cl2] (M = Ru(II) (50), Os(II) (51)). All these new
eteronuclear bimetallic complexes show in their electronic
pectra a new solvatochromic absorption band at around
85–450 nm in addition to the MLCT (W → π∗

phen) absorp-
ion band typical of [W(CO)3(phen)L] complexes (L = CO, pyz,
H3CN) and an increase, in comparison to [W(CO)4(phen)]

β1.91 = −13 × 10−30 esu), of the absolute value of the neg-
uadratic hyperpolarizabilities β is now quite well studied,
ittle is known about the criteria needed in order to obtain a
on-centrosymmetric crystalline packing arrangement, conditio
ine qua non, to get a non-zero second-order non-linear optical
esponse for crystalline materials [31]. A large molecular dipole,
hich favours high β values, is actually a potential driving

orce toward centric crystals. In salts, however, Coulombic
nteractions could overwhelm the deleterious dipole–dipole
nteractions and allow an asymmetric assembly of polar ionic

oieties. This concept, proposed by Meredith [32], was
uccessfully applied by Marder et al. [17e] and resulted in
ne of the most active (1000 times urea) second harmonic
enerator organic crystalline materials ever reported, that is
trans-4-(4-dimethylaminostyryl)-1-methylpyridinium][para-
oluenesulfonate], hereafter [DAMS+][PTS].

Following this approach, interest for new crystalline mate-
ials with very high SHG has been recently focused on
norganic–organic hybrids, capable to merge the advan-
ages of the organic NLO chromophores (appreciable NLO
esponse speed and intensity in a wide spectral range,
traightforward synthetic approach) to those of an inor-
anic network (chemical, thermal and mechanical stabili-
ies). High second-order NLO responses have been reported
o occur in highly ordered hybrid inorganic–organic salts,
uch as the intercalated species [DAMS+]-MPS3 (M = Mn,
d, Zn) [33,34] and the layered mixed oxalates [DAMS+-like
ations][MIICrIII(C2O4)3] (M = Mn, Fe, Co, Ni, Cu) [35] or
he species [DAMS+]PbI3·2DMSO [36]. In all these materi-
ls, the very high SHG is originated by a specific high ordered
rrangement of the organic chromophore [DAMS+] within the
rystalline structure.
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Fig. 6. XRPD pattern of [DAMS+][Cu5I6] (ref. [37], with copyright permission).

When working in this research area, we have isolated
and structurally characterized a new layered salt of formula
[DAMS+][Cu5I6] (52) which shows a huge SHG efficiency
(same order of magnitude of [DAMS+][PTS] working with an
incident 1.907 �m non-resonant wavelength) [37]. We were
unable to prepare suitable single crystals, consequently we
resorted to ab initio X-ray powder diffraction (XRPD) methods
to retrieve its structure [38]. The characterization via powder
diffraction data was possible because the inorganic host struc-
tural features could be retraced to a “unique” crystallographic
model, to which the specific nature of the organic guest imparts
secondary modifications, since powders of (52) show a very
simple XRPD pattern (Fig. 6).

The structural motif consists of polymeric CuI slabs stacked
along the trigonal axis (Fig. 7). The slabs are formed by two par-

F
c

allel, slightly corrugated sheets. [DAMS+] cations fill the empty
space within the slabs and are organized in J-type (or Scheibe)
aggregates [39]. In fact, as in [DAMS+]-MPS3 intercalates
[32,33], [DAMS+][Cu5I6] shows, as KBr pellets (Fig. 8), the
superposition of two absorption bands: a broad and strong band
centered around 510 nm, resembling that of solid [DAMS+]I
(Fig. 8), and a strong, narrow signal at 580 nm, indicative of J-
aggregates of the [DAMS+] cation. These aggregates, according
to the original formulation by Scheibe, consist of densely packed
domains of chromophores characterized by a peculiar, more nar-
row, and red-shifted visible absorption band, with respect to the
parent monomeric chromophore. We concluded thus that the
very high SHG is due to this self-arrangement, within two host
slabs, of the intercalated [DAMS+] cations, which are edge-on
oriented (the interslab spacing being 12.75 Å), dipole ordered
and densely packed (as J-aggregates).

Trying to rationalize the origin of the self-organization pro-
cess we tentatively suggested that it is the guest ([DAMS+]) that
drives the microscopic interlayer dipole ordering and therefore
the overall crystal order. The factor controlling the formation
of macroscopic ordering is the intrinsic polarity of the “first”
[DAMS+] guest layer that imparts a definite “order” to the host
vacancies, which therefore determines the orientation of the next
guest add-layer.

F
i

ig. 7. The wavy and Cu-defective slabs of the Cu5I6 host lattice. Each [DAMS+]
ation extends over three adjacent cells (ref. [37], with copyright permission).
ig. 8. Electronic absorption spectra; (a) [DAMS+]I in CH3CN; (b) [DAMS+]I
n KBr; (c) [DAMS+][Cu5I6] in KBr.
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5.2. Polymeric coordination compounds of Cu(I)

Among the inorganic–organic hybrid materials, the adducts
between Group 11 metal halides (MX, with X = Cl, Br or
I) and mono-hapto Lewis bases (such as pyridines) with a
donor nitrogen atom (L) are particularly intriguing for both
the variety of structural motifs and the related optical emis-
sion displayed [40]. Actually, structural motifs such as [CuX(L)]
monomers [41], [CuX(L)2]2 dimers [42], [CuX(L)]4 tetramers
[43], [CuX(L)]n single-stranded ‘zig-zag chain’ [44] and double-
stranded ‘stair’ polymers [44a,d,45] have been reported. Pho-
toluminescence properties have been systematically analyzed
only for CuI tetramers [46]: their solid state, room temperature
low energy (LE) yellow emission (centered around 580–625 nm)
has been interpreted as a decay from a triplet ‘cluster cen-
tered’ (3CC*) excited state. The latter involves the I4 and
Cu4 tetrahedra and has mixed halide-to-metal charge-transfer
(3XMCT*) and dCu → (s,p)Cu character. Copper· · ·copper dis-
tances lower than the sum of the van der Waals radii (2.80 Å)
have been invariably found and considered as an indirect proof
of the dCu → (s,p)Cu contribution, for which a significant over-
lap among the orbitals of the Cu4 core is required. At variance,
the solid state room temperature emissive behavior of polymers
has been investigated just for a few double-stranded ‘stairs’
(namely [CuI(pyridine)]n, [CuI(3-methylpyridine)]n [47] and
[CuI(4-methylpyridine)] [47]). For the high energy (HE) blue
e
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Fig. 9. Representation (with 50% probability, Ortep) of the double-stranded
stair, structural motif for (53a) (ref. [48], with copyright permission).

few studies on the photoluminescence of CuI/L ‘stairs’ adducts
(Table 6).

Both crystalline materials proved to be second harmonic gen-
erators as powders: SHG efficiencies about 1 and 14 times that
of urea have been recorded for (53a) and (53b), respectively.
To rationalize such a different second-order NLO behavior, we
carried out a comparison of their experimental SHG’s to the

F
s

n

missions observed (respectively, centered at 437, 454 and
37 nm), a decay from a triplet halide-to-ligand charge-transfer
3XLCT*) excited state has been invoked. In this latter case
ny contribution from metal-delocalized orbitals has been dis-
arded on the basis of copper· · ·copper distances greater than
.80 Å.

Despite these significant charge-transfer processes, no sys-
ematic investigations have been performed on the solid-state
econd-order NLO responses of oligomeric and polymeric
uX/L adducts. Only recently, we have reported [48] the synthe-

es, the crystal structures, the emissive and solid-state second-
rder NLO properties of two new non-centrosymmetric ‘chain’
nd ‘stair’ polymeric adducts between CuI and 4-acetylpyridine
(53a)–(53b)). In compound (53a), with [Cu:I:acpy] = [1:1:1]
toichiometry, the [CuI(acpy)] asymmetric units arrange in poly-
eric [CuI(acpy)]n double-stranded ‘stairs’ (Fig. 9); in (53b),
ith [Cu:I:acpy] = [1:1:2] stoichiometry, copper and iodine

toms are arranged alternately along ‘zig-zag single-stranded
hains’ (Fig. 10) originating the rare [CuX(L)2]n motif, encoun-
ered previously just in [CuCl(HNA)2]n (HNA = nicotinic acid)
49].

(53a) shows a single intense emission centered at 612 nm,
ather red-shifted with respect to the 3XLCT* emission of the
tructurally related [CuI(pyridine)]n ‘stair’, centered at 437 nm.
uch bathochromic shift, unexpectedly pronounced to be com-
letely attributed to the energetic stabilization of the π∗

L levels
f the organic ligand, did not allow to discriminate between a
ecay from a 3XLCT* or a 3MLCT* excited state at the origin of
he emissive behavior. (53b) shows an emission band centered
round 700 nm. We suggested that the excited state responsi-
le for this emission is 3XLCT* in character, in analogy to the
ig. 10. Representation (with 50% probability, Ortep) of the zig-zag single-
tranded chain, structural motif for (53b) (ref. [48], with copyright permission).
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Table 6
Halide, ligand, stoichiometry, structural motif, photoluminescence emission
maximum and powder efficiency in second harmonic generation for compounds
(53)–(59)

X La Stoichiometry Motif λmax(em)

(nm)
SHG

(53a) I acpy [CuX(L)]n ‘Stair’ 612 1b

(53b) I acpy [CuX(L)2]n ‘Chain’ ca. 700 14b

(54) Cl quin [CuX(L)]n ‘Stair’ 602 Negligiblec

(55) Cl quind [CuX(L)]n ‘Chain’ 590 2.3c

(56) Br py [CuX(L)]n ‘Stair’ 509 Negligiblec

(57) Br trimeth [CuX(L)]n ‘Chain’ 418, 536 22.5c

(58) Br quind [CuX(L)]n ‘Chain’ 645 7.5c

(59) I trimeth [CuX(L)]n ‘Chain’ 443, 535 45.0c

a py, pyridine; acpy, 4-acetilpyridine; quin, quinoline; quind, 2-
methylquinoline; trimeth, 2,4,6-trimethylpyridine.

b Measured at an incident wavelength of 1.907 �m with respect to urea.
c Measured at an incident wavelength of 1.064 �m with respect to quartz.

phase-matchable components of beff using Zyss’ formulas [50].
This resulted in beff(53a) of about 0.050βCT(53a) and beff(53b)
of about 0.300βCT(53b). This assuming that the origin of the
second-order NLO response is a metal-to-ligand charge-transfer
3MLCT* process and that the molecular quadratic hyperpolar-
izability along the metal-to-ligand axis βCT is almost identical
in (53a) and (53b) (an acceptable approximation considering
that M and L are in both materials the same). Comparison of
the experimental SHG(53b)/SHG(53a) ratio (about 14) to the
calculated beff(53b)/beff(53a) one (about 6) produced an indi-
rect evidence of the inadequacy of a 3MLCT* process alone to
explain the electronic origin of the second-order NLO response
for (53a) and (53b). Thus, in order to attempt a rationaliza-
tion of both second-order NLO activities and emissions of this
kind of polymeric inorganic–organic hybrid Cu(I) crystalline
materials, we investigated the emissive and second-order NLO
properties of some structurally related non-centrosymmetric
[CuX(L)]n ‘chains’ and ‘stairs’ adducts with a series of pseudo-
aromatic ligand with a nitrogen donor atom (L), namely
[CuCl(quinoline)]n (54) [45f], [CuCl(2-methylquinoline)]n

(55) [44c], [CuBr(pyridine)]n (56) [45d], [CuBr(2,4,6-
trimethylpyridine)]n (57) [44c], [CuBr(2-methylquinoline)]n

(58) [44c] and [CuI(2,4,6-trimethylpyridine)]n (59) [44c].
The ‘stairs’ [CuBr(pyridine)]n (56) and [CuCl(quinoline)]n

(54) show a broad emission centered at 509 and 602 nm,
respectively, quite red-shifted with respect to that at 437 nm
o
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showed solid state emission bands at 590 and 645 nm, respec-
tively. The Cu· · ·Cu contacts (3.80 and 3.90 Å for (55) and (58),
respectively) seemed to preclude, even in this case, a ‘metal clus-
ter centered’ contribution to the emission process, however, a
well founded discrimination between the 3XLCT* and 3MLCT*

processes is not possible, although in favour of the first, we
noted that, L being the same, the wavelength of the emission
for (55) and (58) varies with the nature of X. Finally, two dis-
tinct emissions were observed for the two structurally related
‘chains’ [CuBr(2,4,6-trimethylpyridine)]n (57) and [CuI(2,4,6-
trimethylpyridine)]n (59) (λmax

em = 418 and 536 nm, ‘structured’,
and 443 and 535 nm, respectively). Their low energy (LE) emis-
sion is comparable in energy to that of the ‘stair’ structures (55)
or (58) but it is at much higher energy than that of the ‘chain’
(53b).

In conclusion, the emissive behavior of (54)–(59), alone, did
not allow a well founded definition of the charge-transfer elec-
tronic transitions involved in the second-order NLO response,
although a certain sensitivity of the wavelength of the emis-
sion to the nature of the halide X would suggest participation
of halide-based orbitals to the major charge-transfer process,
while inter-metal distances invariably greater than the sum of
the van der Waals radii allowed to exclude a dCu → (s,p)Cu
contribution from Cu-delocalized orbitals. Moreover, the inade-
quacy of the involvement of a 3MLCT* transition alone emerged
from the investigation on the second-order NLO responses via
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f [CuI(pyridine)]n. Given both the structural motif and the
arge Cu· · ·Cu distances (3.07 and 2.91 Å, for (54) and (56),
espectively), it seemed reasonable, in both cases, to discard
ny participation of a cluster type metal-delocalized orbitals. In
ddition, being the wavelength of the emission modulated by
he nature of X, an influence of the halide on the charge-transfer
rocesses controlling the emissions of either [CuI(pyridine)]n,
r (54) and (56) appeared plausible, so that the decay processes
ould be originated from a 3XLCT* excited state involving the
alide.

The emissive behavior of the ‘chain’ structures was found to
e more complex. The two structurally related ‘chains’ [CuCl(2-
ethylquinoline)]n (55) and [CuBr(2-methylquinoline)]n (58)
yss’ model [48]. As a consequence, the charge-transfer pro-
ess involved in the excited state 3XLCT* appeared as having a
ossible role in the SHG. This latter assumption was confirmed
y the SHG efficiencies of compounds having the same struc-
ural motifs and organic ligands but differing for the halides (e.g.
ompounds (55) and (58) with SHG of 2.3 and 7.5 times that of
uartz, respectively). In addition, we observed that the strength
f second-order NLO activities was retraceable to the structure
f the polymeric framework. As observed for (53a) and (53b),
chains’ always show larger second-order NLO efficiencies than
stairs’ (Table 6), suggesting that in the two structural motifs
ipole–dipole interactions occur not only through space but also
hrough bonds, in particular within the polymeric framework.

Pursuing the investigation on the emissive and second-order
LO behavior of CuX/L adducts, we have successively reported

he results obtained for a series of CuI adducts with some para-
ubstituted pyridines and para-substituted trans-stilbazole [51].
he presence of a bulky tert-butyl group in the pyridine stabi-

izes the tetrameric structure of [CuI(4-tert-butylpyridine)]4 (60)
Fig. 11) with a Cu· · ·Cu non-bonding interaction of 2.72 Å. As
xpected (60) showed in the solid state a broad LE structureless
mission, centered at 602 nm [46].

By substitution of the tert-butyl group with a less bulky
ut more electron donor dimethylamino group (61), the struc-
ural motif changed and resulted in the first example of a hex-
meric [CuI(L)]6 oligomer (L = para-dimethylaminopyridine)
Fig. 12), which could be viewed as a ‘cut’ portion of a ‘stair’.
he structural motif of (61) was neither reported, nor photo-
hysically studied before, so that its emission, characterized by
low energy maximum at 580 nm, was tentatively attributed, as

or all the adducts with a ‘stair’ polymeric network, to a 3XLCT*
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Fig. 11. Representation, with 30% probability Ortep, of the tetrameric structural
motif [CuI(4-tert-butylpyridine)]4 (60) (ref. [51], with copyright permission).

excited state, since the Cu· · ·Cu distance of 2.84 Å, higher then
the sum of the van der Waals radii (2.80 Å), allowed discard-
ing any contribution from excited states involving a cluster type
metal-delocalized orbitals. However, a 3MLCT* process could
not be excluded.

The trans-4-stilbazole adduct, [CuI(trans-4-stilbazole)]n

(62), showed the well known double-stranded ‘stair’ motif
(Fig. 13). On the other side, completely new is the poly-
meric helicoidal motif of the related adduct [CuI(trans-4′-
dimethylamino-4-stilbazole)]n (63). Within its asymmetric crys-
talline unit, each copper coordinates the nitrogen donor atom
of one organic ligand, while the iodine atoms simply bridge
two metal centers (Fig. 14). In agreement with its non-
centrosymmetric crystallization, (63) affords a discrete SHG
when irradiated at 1.064 �m (with efficiency of 22.5 times that of
quartz). The significant change of structural motif on going from
(62) to (63) was suggested as originated by the steric hindrance

of the dimethylamino group, which, in the latter compound,
prevents the stacking of the ligands on both sides of the CuI
skeleton, although electronic factors cannot be discharged tak-
ing into consideration the strong electron donor properties of the
dimethylamino group.

Rather surprisingly, both (62) and (63) are not lumi-
nescent at room temperature. In (62), being a typical
‘stair’ with a Cu· · ·Cu distance (2.85 Å) higher than the
sum of the van der Waals radii, a high energy emission
due to 3XLCT* charge-transfer process was expected as it
was reported for [CuI(pyridine)]n, [CuI(3-methylpyridine)]n,
[CuI(4-methylpyridine)]n and [CuI(4-acetylpyridine)]n [47].
Being both the metal and the halide in (62) identical to those
in the above pyridinic ‘stairs’ adducts, the presence, in (62), of
trans-stilbazole inevitably drove the attention on the role of π-
conjugation extension, since calculations on cofacial stilbenic
arrangements have suggested that for intermolecular distances
below the critical value of 7 Å, the mixing of HOMO and LUMO
orbitals produces excited states characterized by a potentially
reduced efficiency of the emission process [52]. In (62), the
organic trans-stilbazole ligands stack at a distance of only 4.15 Å
(Fig. 13), but being totally absent the expected 3XLCT* emis-
sion typical of a CuI ‘stair’ structure, the quenching of the
emission was suggested to involve both the π systems of trans-
stilbazoles and the orbitals of the CuI skeleton involved in a
non-emissive 3MLCT* charge-transfer process. The involve-
m
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ig. 12. Representation, with 50% probability Ortep, of the hexameric structural
ent of both metal and ligand orbitals in the quenching was
uggested also by the solid state emission spectrum of trans-
tilbazole itself, characterized by a stacking distance of 6.33 Å
etween the stilbazole molecules which shows an intense emis-
ion in the blue spectral region plus a broad and much weaker
and in the 500–700 nm region [53].

In the case of (63), the quenching process takes place even
f the consecutive trans-stilbazolic moieties stack at a distance

in [CuI(4-dimethylaminopyridine)]6 (61) (ref. [51], with copyright permission).
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Fig. 13. Representation, with 50% probability Ortep, of the double-stranded ‘stair’ of compound [CuI(trans-4-stilbazole)]n (62) (ref. [51], with copyright permission).

of 7.57 Å above the critical value of 7 Å [52], while crystalline
trans-4′-dimethylamino-4-stilbazole itself, whose molecules in
the crystal structure are stacked at a distance similar to that in
(63) (7.66 Å) [54] shows two emission peaks at 477 and 503 nm.
Therefore, since, as for (62), any expected emission attributed to
the presence of the CuI polymeric network is completely lacking
(based on the rather short Cu· · ·Cu distance, 2.63 Å, an emis-
sion due to a charge-transfer process involving the Cu skeleton,

would be expected), even for (63), the role, in the quenching
process, of orbitals belonging to the CuI polymeric skeleton in
addition to π orbitals of the trans-stilbazolic ligands is probably
relevant.

In conclusion, we have not only shown that the ‘chain’
arrangement of the Cu/halide skeleton produces a higher SHG
than the ‘stair’ arrangement, but also that the extension of the
π delocalization in pyridinic ligands may produce quenching of

F
p

ig. 14. Representation, with 50% probability Ortep, of the structural motif of compo
ermission).
und [CuI(trans-4′-dimethylamino-4-stilbazole)]n (63) (ref. [51], with copyright
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any emission process, although maintaining a SHG in crystalline
asymmetrical structures.

6. Porphyrins as two-dimensional push–pull
second-order NLO chromophores

Significant second-order non-linearities in organic molecules
arise from one-dimensional highly π delocalized systems [18].
Two-dimensional π delocalized systems like porphyrins, with
their extensive two-dimensional 18 π electrons core, have been
only recently investigated as third- and second-order NLO
molecular materials [55,56] While large part of the investi-
gations have been devoted to the study of third-order NLO
properties [56], and in particular to applications for optical
limiting [57], our group has been involved, in the last few
years, in the less investigated area of the second-order NLO
response of asymmetric push–pull porphyrins and their metal
complexes.

These latter may be interesting molecular materials since
they offer good thermal and chemical stability, acceptable sol-
ubility for the determination of molecular properties such as
dipole moments and non-linear optical responses and relatively
easy synthetic pathways for the preparation of various archi-
tectures [58–60] together with potential processability as layers
[61].
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because the cubic contribution γ(−2ω; ω, ω, 0) to the intrinsic
EFISH response γEFISH cannot be neglected in Eq. (6).

In addition, we have evidenced that in these porphyrins and in
their metal complexes, due to their strong absorption bands in the
region 0.400–0.650 �m [62], their second-order NLO response
must be measured working with a non-resonant incident wave-
length of 1.907 �m, because, when working with an incident
wavelength of 1.340 �m or even 1.064 �m, the second-order
NLO response is affected by relevant resonance enhancements.
We reached also experimental evidence that in the porphyrinic
push–pull system of Fig. 15 the coordination to a metal ion
does not perturb too much the intrinsic γEFISH response, when
working with a non-resonant incident wavelength of 1.907 �m.
This result differs from what reported for other π-delocalized
macrocycles such as octasubstituted phthalocyanines [67] or
triazolohemiporphyrazines [68], but working with an incident
wavelength of 1.064 �m. In these latter cases, the dependence
of �EFISH on metal coordination was attributed to a ω resonance
enhancement, due to some weak d–d absorptions occurring only
in some metal complexes.

Therien and co-workers [69a,b] and Ng and co-workers
[69c] have investigated the second-order NLO response of
structurally more sophisticated push–pull porphyrinic chro-
mophores such as a 10,20-diphenylporphyrin and its Zn(II)
[69a,b], Cu(II) [69a,b] and Ni(II) [69c] complexes, carrying
in meso 5- and 15-positions, respectively, an electron releasing
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.1. The porphyrin ring as a π linker of a push–pull system

The highly polarizable π porphyrin ring, characterized by
trong π → π* transitions [62], has been proposed as a π

inker of asymmetrical pseudo-linear push–pull porphyrinic
hromophores [63,64a].

However, for asymmetrical tetraarylporphyrins carrying in
pposite meso positions donor and acceptor groups bound to
he para positions of the aryl rings, the electronic exchange
ithin the push–pull system and therefore the second-order
LO response was reported to be low both experimentally

64b] and theoretically [65] due to the poor π conjugation
etween the porphyrin and the phenyl rings, which are not
oplanar.

We have confirmed [66], for such kind of asymmetrically sub-
tituted chromophores (Fig. 15), a limited second-order NLO
esponse but we have evidenced also a substantial third-order
LO response and therefore we have pointed out that the
uadratic hyperpolarizability β, when measured by the EFISH
echnique, could be also affected by a significant overestimation,

Fig. 15. Asymmetric porphyrins investigated.
ystem (p-Me2NC6H4–C C–) and a series of different electron-
ithdrawing systems like p-NO2–C6H4–C C– [69a] or –CHO,
CH C(CN)2, –CH C(COOEt)2, trans-CH CH–CHO [69c].
ue to the planar arrangement of the ring and of the pseudo-

inear push–pull system, an effective electron charge-transfer
etween the donor and acceptor groups by an asymmetric excited
tate derived from a strong bridge mediated electronic cou-
ling was suggested [63]. In agreement with this latter sugges-
ion an exceptionally high quadratic hyperpolarizability β was
eported by Therien and co-workers [69a] for the Cu(II) (65) and
n(II) (66) complexes (Fig. 16), measured by Hyper-Raleigh
cattering [69a] working with a probably resonant incident
avelength of 1.064 �m (β1.064 1501 × 10−30 esu for (65) and
933 × 10−30 esu for (66), respectively).

In a second time, the value of the quadratic hyperpolar-
zability, deduced from both absorption and electroabsorption
Stark effect) data [69b], was reported to be lower, although
till high (for instance, β1.064 1710 × 10−30 esu for (66), when
orking with an incident wavelength of 1.064 �m. However, a
uch lower value of the quadratic hyperpolarizability (around

00 × 10−30 esu) was reported later for structurally related

Fig. 16. M = Ni (64), Cu (65), Zn (66).
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Ni(II) porphyrinic chromophores, when measured by the EFISH
technique working with a non-resonant incident wavelength of
1.907 �m [69c].

Starting from this latter result, we evaluated, by different tech-
niques, the second-order NLO response of the push–pull Ni(II)
porphyrinic chromophore (64), structurally related to Therien’s
chromophores (65) or (66) (Fig. 16), working under similar
and well controlled experimental conditions in order to define
a consistent value of its quadratic hyperpolarizability. We thus
investigated the second-order NLO response of (64) using the
EFISH technique, working with a non-resonant incident wave-
length of 1.907 �m [70]. We have also evaluated the quadratic
hyperpolarizability βCT by the solvatochromic method [6] and
the static hyperpolarizability β0 by a vibrational method [71]
totally not affected by fluorescence or resonance interferences,
which may occur in HRS or EFISH measurements.

The value of the quadratic hyperpolarizability of (64) was in
all cases consistently much lower (around 80–100 × 10−30 esu)
than that reported for the corresponding Therien’s chromophores
(65) and (66) (see above). In these latter, the large difference
cannot be due neither to some strong resonance enhancement
of the NLO response due to B or Q absorption bands or to
the presence of fluorescent emission, which we have shown to
be at much higher wavelength than the second harmonic of an
incident wavelength of 1.064 �m [69a]. To confirm these views
the quadratic hyperpolarizability of the Therien’s chromophore
(
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its role as a highly polarizable π linker of an extended pseudo-
linear push–pull system, but also to its intrinsic donor or acceptor
properties as defined in an interesting paper of Ratner, Marks and
co-workers [65]. Stimulated by this latter work we have investi-
gated if the π system of porphyrins or metalloporphyrins may act
as a donor or acceptor group of a pseudo linear push–pull chro-
mophore. Depending on the number of π electrons, π orbitals
and on the heteroatom electronegativities, heterocyclic rings can
act as electron excessive (donor) or electron deficient (acceptor)
systems [73]. Pyrrole with six π electrons and five π orbitals is an
electron excessive π system. Thus, the porphyrinic chromophore
with four pyrrole rings may act as a π electron excessive sys-
tem, in which electron excessive carbon atoms such as β pyrrolic
atoms may be identified [65]. We have thus investigated the
second-order NLO response of push–pull pseudo linear chro-
mophores based on a 5,10,15,20-tetraphenylporphyrin, either as
free base or as Zn(II) complexes, carrying a push or a pull group
linked to β pyrrolic position, through a π delocalized linker
(Fig. 17) [57].

In order to avoid resonance enhancements, their second-order
NLO response was measured by the EFISH technique working
with a non-resonant 1.907 �m incident wavelength. Calculations
based on the Density Functional Theory (DFT) [74] have been
also carried out in order to define the best structural geome-
tries using the BP86 functional [75] and an all-electron valence
triple-� basis set with polarization functions on all atoms [76].
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66), obtained from both absorption and electroabsorption data
Stark effect) [67b], was reported to be about 540 × 10−30 esu
ven if working with a non-resonant wavelength of 1.907 �m.

Therefore, we suggested that the quadratic hyperpolarizabil-
ty of Therien’s chromophores like (64)–(66) may be affected
y the nature of the metal, as in some complexes of Schiff
ases [1h,72]. Work is actually in progress in our laboratory
oth experimentally and theoretically in order to define the real
rigin of such a large difference.

.2. The porphyrin ring as an ambivalent donor or
cceptor group of a push–pull system

The investigation of the second-order NLO properties of the
orphyrin ring in a push–pull system can not only be limited to

ig. 17. Asymmetric tetraphenyl porphyrins and their Zn(II) complexes with el
n ref. [57].
hese calculations have evidenced a nearly planar arrangement
f the porphyrin ring and of all the π linkers (either ethylenic
r acethylenic) carrying the donor or acceptor group, thus pro-
ucing a nearly planar chromophore characterized by facile π

nteraction between the β carbon atom of the porphyrin ring and
he π linker. Evidence for such a π interaction, which perturbs
he microsymmetry of the π porphyrin system, was deduced
or chromophores carrying an electron-withdrawing NO2 group
rom the asymmetry of the B Soret band, the increase of its band-
idth and the strong perturbation of the center of gravity of B

nd Q� bands [59].
Such π interaction between the porphyrin ring and the π sys-

em of the linker is the origin of some charge-transfer character
f both B and Q bands, as shown by a solvatochromic investi-
ation, which suggests that B and Q transitions are not anymore

donor or electron-withdrawing substituents in β pyrrolic position investigated
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Table 7
Experimental and theoretical dipole moments and EFISH β1.907 in CHCl3 solution of various porphyrins and their Zn(II) complexes

Moleculea µexp (µtheor) (D) β1.91 (10−30esu)b

2-(4-Nitrophenyl)ethinyl-H2TPP (67) 6.1 (8.55)c 30.1d

2-(4-Nitrophenyl)ethinyl-ZnTPP (68) 7.1 (8.82) 20.4d

trans-2-(4-Nitrophenyl)ethenyl-H2TPP (69) 6.6 (8.31)c 39.3d

trans-[2-(4-Nitrophenyl)ethenyl-ZnTPP (70) 7.0 (8.69) 29.7d

trans,trans-2-(4-Nitrophenyl)buta-1,3-dienyl-H2TPP (71) 6.2 (9.30)c 42.8d

trans,trans-[2-(4-Nitrophenyl)buta-1,3-dienyl-ZnTPP (72) 7.1 (9.46) 43.1d

trans-2-[4-(Dibutylamino)phenyl]ethenyl-H2TPP (73) (5.33)c,e 75.7d,f

trans-2-[4-(Dibutylamino)phenyl]ethenyl-ZnTPP (74) (5.16)e 127.5d,f

a H2TPP means 5,10,15,20-tetraphenylporphyrin.
b Obtained by Eq. (6) (see text) omitting the cubic contribution γ(−2ω; ω, ω, 0).
c The theoretical value is the semisum of the theoretical dipole moments of two isomeric structures.
d The error is about ±10–15%.
e Theoretical value calculated by an ab initio approach.
f Using theoretical dipole moment.

centered only on the porphyrin ring. Therefore, the π electronic
system is asymmetric and involves also the π orbitals of the
linker [59].

This asymmetry was also confirmed by the significant values
of dipole moments (either measured experimentally or calcu-

lated theoretically) and by the inversion of the polarity when the
electron-withdrawing nitro group is substituted by the electron
donor dibutylamino group (Table 7).

Therefore, already in the ground state the porphyrin ring,
substituted in β pyrrolic position, shows thus an ambivalent char-

F
w

ig. 18. Quadratic hyperpolarizability (β1.91) of some organic and organometallic p
avelength of 1.91 �m. (a) Ref. [18a]; (b) ref. [59]; (c) Fc = ferrocene; (d) ref. [78]; H
ush–pull systems, measured in CHCl3 by the EFISH technique at an incident

2TPP means 5,10,15,20-tetraphenylporphyrin.
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acter, acting as acceptor, according to the presence of an electron
donor or an electron-withdrawing group connected through the
π linker [59].

We suggested that the charge-transfer process involving the
porphyrin π core and the π orbitals of the linker is probably
the origin of the quadratic hyperpolarizability of these chro-
mophores when carrying a nitro group (Table 7), as in classical
1D push–pull organometallic [8,15] and organic chromophores
[18]. In chromophores (67)–(72), the porphyrin ring acts as
a donor push group comparable as strength to the ferrocenyl
group but slightly lower than the 4-dimethylaminophenyl group
(Fig. 18).

Unexpectedly, chromophores (73) and (74), carrying a
dibutylamino group, show a higher and still positive quadratic
hyperpolarizability (Table 7). The lack of bandwidth increase
of the B band, its symmetry and the lower perturbation of the
centere of gravity of B and Q� bands for both (73) and (74) do
not support an excitation process involving a significant charge-
transfer from the π porphyrin core to the π linker, as suggested
for chromophores (67)–(72). Moreover, if this charge-transfer
is the origin of the second-order NLO response, the quadratic
hyperpolarizability should be negative. The significant positive
values of the quadratic hyperpolarizability of (73) and (74) were
tentatively attributed to an effective screening of the ground state
polarization induced by the electron rich β pyrrolic position of
the porphyrin ring, which thus behaves as an acceptor increas-
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structurally similar to classical push–pull 1D organic chro-
mophores, behave in a different way from these latter. In fact,
the charge-transfer process controlling their second-order NLO
response remains located around the donor organometallic push
group without a complete charge-transfer from the push to pull
groups as it occurs on the contrary in classical organic 1D
push–pull chromophores. Our recent work on the more com-
plex 2D chromophores, based on porphyrins and their metal
complexes, is in a relatively new field of research, quite dif-
ficult both for the increasing synthetic complexity and for the
limited knowledge of the rules controlling the molecular design
and for the difficult understanding of the polarization processes
involving excitation processes in these large π delocalized chro-
mophores.

Finally, we recently have synthesized and characterized some
new hybrid inorganic–organic crystalline materials with high
SHG and we are actually investigating the origin of the self
organization processes of the organic chromophores occurring
during crystallization of these hybrid materials and also the
role of a polymeric network involving metals in defining the
second-order NLO responses of some Cu(I) adducts. The under-
standing of processes controlling and favouring the ordered
organization of organic or organometallic chromophores within
an inorganic or polymeric network to produce bulk materials
with improved NLO properties is one of the main objectives of
our research group in the next years. We plan also to study new
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ng, in the n → π* excitation process, the donor properties of the
ibutylamino push group connected by the π linker.

Although this latter hypothesis must be still proved, for
nstance, by a TD-DFT theoretical approach, which is under way
n our laboratory, we have experimentally proved with our work
hat the porphyrin ring, through its β pyrrolic carbon atom, can
how an ambivalent donor–acceptor character both in the ground
tate and in processes involving excited states like the second-
rder NLO response. We are actually extending this kind of
nvestigation to 10,20-diphenylporphyrins and their Zn(II) com-
lexes bound in the meso position to aπ delocalized linker (either
thylenic or acetylenic) carrying an electron-withdrawing nitro
r an electron donor dibutylamino group in the para position of
he phenyl ring [77].

. Conclusion

In our series of investigations, we have clearly shown that by
nteraction with a metal center we have a flexible way to tune the
econd-order NLO response of organic push–pull second-order
LO chromophores acting as ligands.
Through the modulation of the nature and the oxidation state

f the metal and its coordination sphere through ancillary ligands
r chelation, such response can be not only increased, sometimes
n a very significant way, but also its sign can be changed.

We think that our investigations have produced now enough
nformation to help the research aimed to the design of improved
ew second-order NLO organometallic or coordination chro-
ophores.
We have also shown that push–pull 1D chromophores with

rganometallic or coordination moieties as push or pull groups,
rganometallic or coordination chromophores with some spe-
ific third-order NLO properties such as two photon absorption
TPA).

In conclusion, there is a lot of room for new and enjoying
hemistry in the field of new materials for photonic and elec-
rooptical applications.
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di coordinazione con proprietà di ottica non-lineare (NLO) e
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(b) S. Di Bella, I. Fragalà, I. Ledoux, M.A. Dı̀az-Garcı̀a, T.J. Marks, J.
Am. Chem. Soc. 119 (1997) 9550.

[73] P.R. Varanasi, A.K.-Y. Jen, J. Chandrasekhar, I.N.N. Namboothiri, A.
Rathna, J. Am. Chem. Soc. 188 (1996) 12443.

[74] (a) A.D. Becke, J. Chem. Phys. 98 (1993) 5648;
(b) C. Lee, W. Yang, R.G. Parr, Phys. Rev. 37 (1998) 785.

[75] (a) A.D. Becke, Phys. Rev. A 38 (1988) 3098;
(b) J.P. Perdew, Phys. Rev. B33 (1986) 8822.

[76] A. Schafer, C. Huber, R. Ahlrichs, J. Chem. Phys. 100 (1994)
5829.

[77] T. Morotti, M. Pizzotti, R. Ugo, S. Quici, M. Bruschi, P. Mussini, S.
Righetto, Eur. J. Inorg. Chem., submitted for publication.

[78] D.R. Kanis, M.A. Ratner, T.J. Marks, J. Am. Chem. Soc. 114 (1992)
10338 (and references therein).


	Coordination and organometallic compounds and inorganic-organic hybrid crystalline materials for second-order non-linear optics
	Introduction
	Basic concepts of second-order non-linear optics
	Introduction to second-order non-linear molecular and bulk materials
	Measure of SHG of molecules and bulk materials

	The effect of coordination to a metal center on the second-order NLO response of mono-, bi- and tri-dentate pi-delocalized nitrogen donor push-pull ligands
	The ambivalent donor or acceptor role of the metal acting on the second-order NLO response of push-pull para substituted pyridines and stilbazoles
	The effect of coordination to a metal cluster carbonyl core on the second-order NLO response of 4,4´-trans or trans,trans-NC5H4(CHCH)nC6H4X (L2; n=1, X=NMe2, CMe3, CF3; n=2, X=NMe2)
	The role of the metal and of the ancillary ligands on the second-order NLO response of pi delocalized nitrogen donor push-pull ligands

	Organometallic counterparts of push-pull aromatic chromophores for non-linear optics: push-pull heteronuclear bimetallic complexes with pyrazine and trans-1,2-bis(4-pyridyl)ethylene as linkers
	Inorganic-organic hybrid crystalline materials
	New ionic layered compounds of Cu(I)
	Polymeric coordination compounds of Cu(I)

	Porphyrins as two-dimensional push-pull second-order NLO chromophores
	The porphyrin ring as a pi linker of a push-pull system
	The porphyrin ring as an ambivalent donor or acceptor group of a push-pull system

	Conclusion
	Acknowledgments
	References


