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1. Introduction

The nonlinear optical (NLO) properties of molecular materials
have been of considerable interest since the advent of the laser
[1]. Studies of the NLO properties of organometallics commenced
ca. twenty-five years ago and, in the interim, sufficient progress
has ensued to permit the development of molecular structure-NLO
activity relationships [2]. The two classes of organometallics that
have been the subject of most scrutiny are ferrocenyl and metal
alkynyl complexes, for reasons of facile syntheses, ease of func-
tionalization, oxidative, thermal, and photochemical stability, and
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significant NLO activity. Several years ago, we reviewed the NLO
properties of metal alkynyl complexes, and concluded “switch-
ing the quadratic and cubic nonlinearity is an area that is likely
to undergo further developments in the near future” [3]. In this
review, and following brief overviews of NLO materials, the theory
of nonlinear optics, and molecular switching stimuli and read-outs,
we summarize the progress thus far in NLO switching employing
metal alkynyl complexes. While the present work is intended to be
“stand-alone”, the coverage of metal alkynyl complexes is restricted
to those for which the possibility of NLO switching has been
assayed; the reader is directed to our earlier review [3] for a more
broad-ranging treatment of metal alkynyl complex structure-NLO
activity relationships.

2. Nonlinear optics
2.1. Materials considerations

NLO effects arise when intense electromagnetic fields, typically
those present in a laser beam, interact with matter. The ability
of NLO materials to generate new field components (differing in
amplitude, phase, frequency, path, polarization, etc.) is of enormous
technological importance in optical devices, with applications in
data storage, telecommunications, switching, image processing,
computing, biological imaging, and nanofabrication. These appli-
cations have generated a need for materials with exceptional NLO
properties and satisfactory materials properties (processing, stabil-
ity, etc.).

Materials currently employed for their NLO properties are
mostly inorganic salts such as LiNbO3; and KH,PO4 that are used
in frequency mixing and electro-optic modulation applications,
which rely on second-order NLO properties, and glasses such as
silica, chalcogenides and fluorides used for third-order NLO appli-
cations. Inorganic salts have desirable properties for materials
applications, including a large transparency range, high optical
damage threshold and the fact that they can be grown as large crys-
tals. However, they have restricted structural diversity and can be
difficult to fabricate. In these materials, the purely electronic NLO
effects, which are effectively instantaneous, are often accompanied
by slower (e.g. nanosecond time scale) responses, and the high val-
ues of the dielectric constant of some of them impose limitations on
the speed of devices employing the electro-optic effect. Semicon-
ductors such as gallium arsenide and cadmium sulfide, particularly
species with reduced dimensions (quantum wells, quantum wires,
and quantum dots), are attractive because of sizeable third-order
NLO effects that arise from resonant interactions such as saturable
absorption. Materials using resonant NLO effects suffer, however,
from limitations due to strong absorption losses and a relatively
slow response time. Some semiconductors such as AlyGa;_yxAs have
reasonably high non-resonant nonlinearities, but there is limited
architectural flexibility in these materials.

Organic molecules have much greater design flexibility than
inorganic compounds, which allows for the fine-tuning of NLO
responses, and they can be much cheaper and easier to fabri-
cate. The NLO effects in organic molecules are usually electronic in
nature, which leads to fast nonlinear response. The architectural
flexibility allows for precise molecular design and the determi-
nation of structure-property relationships. Low-lying electronic
transitions in the UV-visible region improve the NLO efficiencies of
organic systems, but lead to a disadvantageous trade-off between
nonlinear efficiency and optical transparency. Another disadvan-
tage of organic compounds is that they often have lower thermal
and photochemical stability than inorganic compounds. Organic
chromophores have, however, a definite advantage as efficient non-
linear absorbers [1e].

Organometallic complexes can possess large NLO responses, fast
response times, ease of fabrication and integration into compos-
ites, as well as having greater design flexibility than purely organic
compounds. Organometallic complexes can be formed using a wide
range of metals with different oxidation states, ligands and geome-
tries. The metal may act variously as a donor or acceptor group,
and mixed-metal systems are also readily accessible. Organic frag-
ments that would otherwise be too unstable to examine may be
stabilized by complexation to a metal (e.g. carbenes). For all of
the aforementioned reasons, organometallics have attracted sig-
nificant attention as possible NLO materials.

2.2. Theoretical considerations

For materials composed of organic or organometallic molecules,
itis convenient to consider NLO interactions at the molecular level.
When a local electric field E;,. acts upon a molecule it distorts
the molecule’s electron density distribution p(r). When the elec-
tric field is weak (in comparison to the internal electric fields of a
molecule), the dipole induced by the field is in a linear relationship
to the field strength. However, if the field is strong then the relation-
ship becomes nonlinear. This dependence of the dipole moment on
the electric field is usually represented as a power series:

Mm= o+ aEloc + ﬂElocEloc + yEchElocEloc +ee (1)

where g is the static dipole moment, « is the linear polarizabil-
ity, B is the second-order polarizability, and vy is the third-order
polarizability. The second-order polarizability is often referred to
as the first hyperpolarizability or quadratic hyperpolarizability and,
similarly, the third-order polarizability is the second hyperpolariz-
ability or cubic hyperpolarizability. As p and E,,. are vectors, the
polarizabilities are tensors of appropriate ranks: « is a second-rank
tensor (with 9 components), § is a third-rank tensor (27 compo-
nents), and v is a fourth-rank tensor (81 components). Fortunately,
many of the tensor components of e, 3, and -y are equivalent by var-
ious symmetry rules or equal to zero [4]. Macroscopic parameters
describing the NLO properties of a material built of NLO chro-
mophores are denoted x(2) and x(3) for the quadratic and cubic
susceptibility tensors, respectively. The components of the x(2) and
x3) tensors can be obtained by appropriate summing of the 8 and
v tensor components, transformed taking into account the orien-
tations of the individual molecules. This complicated procedure
is simplified considerably with isotropic materials (e.g. solutions
or glasses) or systems with relatively high symmetry (e.g. electric
field-poled polymers), for which averaging procedures can be used
to describe an NLO response of a statistically disordered assembly
of NLO chromophores. In particular, in an isotropic material com-
posed of randomly oriented molecules, all tensor components of
%2 have to be equal to zero, while the diagonal components of
x3) can be calculated as:

1
X;IBII) =NL*(y) = NL4§(V1111 + Y2222 + V3333 + 2V1122

+2y1133 + 2¥2233) (2)

where N is the concentration of molecules, L is the local field factor,
often approximated as (n? +2)/3, n being the refractive index, and
(y) is the orientationally averaged cubic hyperpolarizability.

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

E(t) = Eg cos(wt) = EZ—O[exp(ia)t) + exp(—iwt)] (3)
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Substituting this into Eq. (1), one obtains (neglecting the vector and
tensor character of the variables):

u(t) = o+ aEy cos(wt)+ BE2 cos?(wt) + yES cos(wt) + - --

1 . 1 1 .
= o + 5 Eg exp(iot) + iﬁE(Z) + Z,BE(Z) exp(2iwt)
3 (4)
+§yE8 exp(iwt)

Jr%yE?J exp(3iwt) + c.C.+ - - -

where c.c. denotes complex conjugate terms. From the above equa-
tion it is clear that the presence of higher order terms leads to
generation of new frequencies of molecular dipole oscillation. It
should be noted that the ‘8 term’ in Eq. (1) causes the appearance of
frequency doubling (2w) (second-harmonic generation) while the
‘y term’ yields frequency tripling (3w) (third-harmonic generation).
In addition, the second-order term generates a time-independent
contribution to the dipole (called ‘optical rectification’) and there
is also a cubic term due to y, oscillating at the frequency w, which
is responsible for nonlinear refraction (intensity-dependent refrac-
tive index).

Eq. (4) describes the behavior of the induced dipole if the fre-
quency of the optical field is far from any material resonances. If this
is not the case, one needs to take the damping of the dipole oscil-
lation into account, which results in a change in amplitude and a
phase lag with respect to the field. This is accomplished by con-
sidering Fourier components of the field and the dipole oscillation
at particular frequencies. To account for the damping, one needs to
treat the linear and higher order frequency-dependent polarizabili-
ties as being complex (that is, composed of real and imaginary parts,
both being frequency dependent). The linear Fourier component of
the induced dipole is then written as:

A (w) = a(w)E(w) (5)

where Au(1)(w) is the linear component of the oscillation of the
dipole at the frequency w, E(w) is the Fourier amplitude of the field
at that frequency, and o(w) is the linear polarizability, which is a
complex quantity in which the real part is responsible for refrac-
tive properties of matter and the imaginary part is related to the
absorption coefficient. The frequency dependence of the higher
polarizabilities may be written as:

ApP(w3) = B(~w3; 01, 02)E(w1)E(ws) (6)
AP w4) = Y(~04; 01, w2, ©3)E(01)E(w2)E(w3) (7)

The nonlinear polarizabilities corresponding to different combina-
tions of input frequencies are different, and one therefore needs
to specify all the input frequencies explicitly, together with a sign
denoting how a given frequency enters the combination giving
the output frequency. For example, the nonlinear polarizability
responsible for the electro-optic effect is specified as f(—w; w, 0)
while that for the second-harmonic generation process is f(—2w;
w, w). The important case of a degenerate cubic hyperpolarizability
(responsible for nonlinear refraction and nonlinear absorption) at
a frequency w is denoted as y(-w; o, —w, ®).

Strong dispersion of the real parts of the polarizabilities and
large values of the imaginary parts are expected when input
frequencies or the output frequency (or, in some cases, certain com-
binations of the frequencies) approach resonance frequencies of
the molecule. In particular, for the degenerate case of the cubic
nonlinearity described by y(—w; w, —w, w), the imaginary part of
¥, Yimag> 18 related to nonlinear absorption, often defined as two-
photon absorption and expected to be significant for 2w in the
vicinity of molecular two-photon-allowed transitions. It should be
noted that two-photon absorption of molecules is often quantified

using the so-called two-photon absorption cross-section o, which
is thus related to yjmae. The significant frequency dependence of
nonlinearity implicit in the foregoing discussion suggests that NLO
spectral dependence studies are mandatory, a requirement that
was not satisfied in earlier studies due to the lack of appropriate
wavelength-tuneable lasers, but which is now being addressed.

3. Molecular switches

Molecular switches are molecules that are reversibly switchable
between at least two forms that have different “readable” prop-
erties (e.g. optical, electrical, magnetic), and are stable in these
forms for at least as long as the measurement time for the readout.
Although the change in any readable property can form the basis
for a switch, the majority of switches involve changes in the optical
and/or the electrical properties of the compound [5]. Light is also
the most common stimulus used to bring about such changes. Other
common stimuli include electricity, pH control, and magnetism [6].
The field of molecular switches is large and rapidly expanding [7],
and a brief summary of the major types of molecular switches and
their characteristic properties follows, of interest inter alia because
these switching species can be functionalized and incorporated into
metal complexes.

3.1. Optical switches

Optically switchable compounds are of potential interest in the
growing areas of molecular electronics and optical communication.
The main types of photochemical switches involve either a cis—trans
photoisomerization or a photoinduced ring-closure/ring-opening
reaction. Azobenzenes and overcrowded alkenes can undergo a
photo-induced cis-trans isomerization [6¢,8], often with a distinct
change in their optical absorption in the visible region; most of
these switches are not thermally stable and revert to the ground
state at room temperature in the dark. Rhodopsin and bacteri-
orhodopsin [6d,9] are biological proteins used in vision and energy
generation, respectively, that undergo cis-trans photoisomeriza-
tion. Bacteriorhodopsin has seven a-helical bundles encasing a
retinal residue; these bundles control the environment, allowing
only an all-trans to 13-cis isomerization.

Recently, there has been much interest in photochemical ring-
closure or ring-opening switches. These switches may differ in the
wavelength of light required to switch the molecule, the physi-
cal properties of the two forms, the thermal and chemical stability
of the forms, and the fatigue resistance of the switch. There have
also been reports of switches combining more than one type of
ring-closure unit, allowing access to more states. Dihydroazulenes
(DHA) can be converted to vinylheptafulvenes (VHF) on exposure
to light (Fig. 1(a)) [10]. The strongly coloured VHF form is then con-
verted back to the DHA form at room temperature in the dark.
Changing the R group affects the time taken to convert and the
formation of by-products [11]. Spiropyrans and the related spirox-
azines [6b,12] undergo a ring-opening reaction on exposure to
UV light, cleaving a C-0 bond (Fig. 1(b) and (c)). The ring-opened
form converts back to the closed form at room temperature in the
dark, a process that can be accelerated by a different wavelength
of light. These switches have been studied for potential use in a
three-dimensional optical memory [13] and as an optical control
of protein activity by covalently bonding the switching unit to the
protein [14]. Naphthopyrans [15] are ring-closure switches that
operate via a C-O bond formation (Fig. 1(d)). These compounds
undergo a ring-closure reaction when exposed to one wavelength
oflight, and are subsequently opened by exposure at another wave-
length, or at room temperature in the dark. Naphthopyrans are
currently in commercial use in plastic ophthalmic lenses [16].
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Fig. 1. (a) The photo-induced ring-opening of dihydroazulenes (DHA) [10]. (b)
The photo-induced ring-opening of spiropyrans [6b]. (c) The photo-induced
ring-opening of spirooxazines [6b]. (d). The photo-induced ring-closure of naph-
thopyrans [15].

Dihydropyrenes (DHP)[17] are generally ring-opening switches
(Fig. 2(a)); however, with some substituents, the ring-open form
(metacyclophanediene, CPD), is more stable. The compound slowly
reverts to the more stable form in the dark, or can be rapidly

a - o2+
O
_nCigHg; | 2C104
N
H
§
“nC1gHaz
(6]
luminescence hv (UV)
B ] o2+
2 ClOy4

iy
T

Fig. 3. (a) A ruthenium-containing Langmuir-Blodgett film optical switch [21]. (

Fig. 2. (a) The photo-induced ring-opening of dihydropyrenes [17]. (b) The
photo-induced ring-closure of fulgides [6f]. (c) The photo-induced ring-closure of
diarylethenes [6e].

switched with light. The ring structure of the open CPD form
means that there is less molecular motion involved in the switching
than with most other ring-closure/opening molecules. The con-
fined structure also limits the number of possible side reactions,
making it more stable. Fulgides (Fig. 2(b)), fulgimides and related
compounds undergo a ring-closure reaction, fusing the side of an
aromatic ring to form a 6-membered ring, and in the process losing
the aromaticity [6f]. Although the original fulgides were thermally
reversible, their structure has since been modified to form a variety
of thermally irreversible fulgides and related compounds. Modi-
fications have also been made to improve other desirable switch
properties such as thermal stability, fatigue resistance, and high
efficiency of the photoreactions. These improvements have made
fulgides and related compounds of great interest in optical mem-

n,, nC18H37
~
nC1gHz7
Br

Soxy
5

b) A platinum phthalocyanine complex employed as an optical switch [22].
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Fig. 4. (a) Ruthenium ammine complexes used as redox switches [24]. (b) Ferrocene-based redox switches (T,MeMe = tris(3,5-dimethylpyrazolyl)borate) [26]. (c) Surface-
supported ferrocene-based redox switches [28]. (d) A three-state ferrocene-based redox switch [29].
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Fig. 5. A porphyrin-tetrathiafulvalene redox switch [31].

NO,

ory applications. The final important photochemical switches are
diarylethenes, which undergo a reversible ring-closure reaction in
which both forms are thermally stable and are inter-converted by
different wavelengths of light (Fig. 2(c)) [6e,18]. The ring-closure
creates a conjugated pathway through the molecule, resulting in
a strongly coloured closed form and some interesting optical and
electronic properties. The most common form of these switches has
two thiophenes as the heteroaryl rings and perfluorocyclopentene,

NO,
74
ﬂ,oC
LR
i

NO,

Fig. 6. A Schiff base magnetic spin crossover switch [34].

maleic anhydride or maleimides as the bridge. These compounds
have high fatigue resistance.

3.2. Chemical, electrochemical, and magnetic switches

Chemical switches have attracted significant interest due to
their potential applications as sensors for a varied of neutral and
charged compounds [19]. The structure of such compounds gen-



KA. Green et al. / Coordination Chemistry Reviews 255 (2011) 2530-2541

Table 1

2535

Switching of molecular NLO properties by oxidation/reduction at a single wavelength (Hyper-Rayleigh scattering, 1064 nm, electric field-induced second-harmonic generation,

1907 nm, and Z-scan, 800 nm).

Ph,R

Complex A (nm) B(10-3%esu) Bo (1073 esu) Stimulus Technique, solvent Ref.
[1,3-CsHa{(C=C)Fe(dppe)(1°-CsMes )} 349 210 98 HRS, CH,Cl, [35]
[1,3-CsHa4 {(C=C)Fe(dppe)(1°-CsMes )}> |PFe 650 150 21 Redox HRS, CH,Cl, [35]
[1,3-CsH4 {(C=C)Fe(dppe )(1°-CsMes )}> |(PFs )2 662 200 30 Redox HRS, CH,Cl, [35]
[1,3,5-CsHs {(C=C)Fe(dppe)(1°-CsMes )}s] 351 175 87 HRS, CH,Cl, [35]
[1,3,5-CeHs {(C=C)Fe(dppe)(1°-CsMes )} 3 |PFs 710 190 35 Redox HRS, CH,Cl, [35]
[1,3,5-CHs {(C=C)Fe(dppe)(1°-CsMes )}3 |(PFs )2 688 170 29 Redox HRS, CH,Cl; (35]
[1,3,5-CsHs {(C=C)Fe(dppe)(n°-CsMes )}3 ](PFs )3 662 53 8 Redox HRS, CH,Cl, [35]
[1,4-CsH4 {(C=C)Fe(dppe )(1°-CsMes )}>] 413 180 60 HRS, CH,Cl, [35]
[1,4-CgH4{(C=C)Fe(dppe)(n’-CsMes )}» |PFg 702 400 72 Redox HRS, CH,Cl, [35]
[1,4-CHa{(C=C)Fe(dppe)(1°-CsMes )12 |(PFs )2 702 200 36 Redox HRS, CH,Cl, [35]
[Fe(C=CCsH,-4-NO; )(dppe)(n3-CsMes)}2 ] 595 168.9 93.0 EFISH, CH,Cl, 136]
[Fe(C=CCsH4-4-NO, )(dppe)(n®-CsMes )} |PFs 650 0.04 >0.02 Redox EFISH, CHCl3 [36]
[Fe(C=CCsH4-4-CN)(dppe)(m>-CsMes )12 ] 445 69.8 51.0 EFISH, CH,Cl, [36]
[Fe(C=CCsH4-4-CN)(dppe)(n°-CsMes )} |PFg 652 -1.8 -0.8 Redox EFISH, CHCl3 [36]
[Fe(C=CPh)(dppe)(m>-CsMes )] 350 54.2 453 EFISH, CH,Cl, [36]
[Fe(C=CPh)(dppe)(n>-CsMes )}, |PFs 662 ~05 ~02 Redox EFISH, CHCl; [36]
[Fe(C=CCsH4-4-OMe)(dppe)(n>-CsMes)] 333 10.9 92 EFISH, CH,Cl, [36]
[Fe(C=CCsH4-4-OMe)(dppe)(m®-CsMes )|PFs 718 _188 ~6.9 Redox EFISH, CHCl3 [36]
[Fe(C=CCsH4-4-NH; )(dppe)(n3-CsMes )] 322 178 153 EFISH, CH,Cl, [36]
[Fe(C=CCsH4-4-NH, )(dppe)(1°-CsMes ) |PFg 789 220 _5.7 Redox EFISH, CHCl3 [36]
Complex A(NM)  Yrea (10736 esu)  Yimag (1073 esu) |y | (10736 esu)  Stimulus Z-scan, solvent  Ref.
trans-[Ru(C=CPh)Cl(dppm), | 318 <300 <200 <300 CH,Cl [37,38]
trans-[Ru(C=CPh)Cl(dppm), ]+ 833 13004500 22001000 260041000  Electrochemical ~CH,Cl, [37,38]
trans-[Ru(C=CCsHa-4-C=CPh)CI(dppe), ] 388 ~100+100 4504200 460+ 200 CH,Cl, [37,38]
trans-[Ru(C=CCgH4-4-C=CPh)Cl(dppe), ]+ 893 2900 + 1000 —12004+ 600 31004+ 1000 Electrochemical CH,Cl, [37,38]
[1,3,5-[trans-[RuCl(dppe)2(C=CC6HAC=C)]5(CsH3)] 413 ~330+100 2200+ 500 2200+ 600 CH,Cly [37,40]
[1,3,5-{trans-RuCl(dppe)2(C=CC6H4C=C)}3(CsH3)]3+ 893  13,500+3000  —4700+500 14,00043000  Electrochemical ~CH,Cly [37,40]
g = "
F F Fel P
Fe—= X Fe ®~pph ~p
2 PhoP~ 47 A 2 Ph,
PhoP X Ph,P. ’ I
k/PPhg X=NO,, CN, H, \_PPh;
OMe, NH2
PPh, PPh,
: D Ph<;\‘ 7 A r:P?h
Fe—== =-Fe_ 2rTFe Fe 2
, ) )
Phop” b 4 gen, /@ @

[_PPhe

Fig. 7. Iron alkynyl complex switches [35,36].

erally involves a ‘detection’ part, which should selectively bind
to the desired chemical, a linker, which must allow communi-
cation between the detector and the reporter, and a ‘reporter’
section, which should have at least one readable property that
is changed on binding with the detector. The readout from
the reporter may be optical, electronic, magnetic, or chemical,
with fluorescence being one of the most common outputs. The
simplest chemical switch, protonation/deprotonation, has been
employed to switch nonlinearity in several organic systems (e.g.
dimethylamino-functionalized azafulleroids [20]).
Electrochemical switches are of great interest for informa-
tion processing. Most electrochemical switches involve the redox
switching of a metal centre that causes changes in the optical prop-
erties or the molecular geometry. As well as the redox switching
of small molecules, there has also been much interest recently in
the electronic switching of macromolecular assemblies, for which

a change in the oxidation state of a metal centre may result in large
movements within the assembly.

Although magnets have been in use for a long time for infor-
mation storage and electronic devices, there are relatively few
molecular magnetic switches. The majority of magnetic switches
involve spin crossover (SCO) materials [7b]. Many SCO materials,
however, use light rather than a magnetic field to switch the mag-
netic properties.

4. Switching NLO properties of metal complexes

The molecule-based switching of nonlinear optical proper-
ties is of great interest in the growing fields of optoelectronics
and photonics. The NLO properties of a variety of organic opti-
cal switches, such as the azobenzenes, bacteriorhodopsin, and
dithienylethenes described above, have been investigated [6a,b,f].
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Fig. 8. Ruthenium alkynyl-based redox switches [37-40].
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Fig. 9. A triiron alkynyl redox switch. Fe''s Amax 460 nm, Yreas —3300 4800 x 10736 esu, Yimag 28004700 x 10736 esu, |y| 4300+ 1100 x 10736 esu; Fell's Apax 1864 nm, Yreal
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Fig. 10. A ruthenium-iron alkynyl three-state redox switch. Fe'Ru"" Amax 378 nm, Yrea <100 x 10736 esu, Yimag <100 x 1030 esu, |y| ca. Oesu; Fe'Ru" Amax 1124nm,
Vieal —450+£100 x 1036 esu, yimag 1600+200 x 10-36 esu, |y| 1700+£250 x 10-36 esu; Fe"Ru™ Amax 914NM, Yreq <300 x 1036 esu, yimay —970£200 x 1036 esu, |y|
1000 + 300 x 1036 esu (Z-scan, 790 nm, CH, Cl; solvent) [42].

While metal-containing molecules often have larger NLO responses 4.1. Optical NLO switching

than analogous organic molecules, and also offer the possibility

of redox switching, relatively few examples of metal-containing The first switching of the NLO properties of a metal-containing
molecular NLO switches exist. compound was reported in 1992 [21]. A tris-bipyridine ruthenium
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derivative was incorporated into a Langmuir-Blodgett (LB) film
(Fig. 3(a)), and its second-harmonic generation (SHG) response
from irradiation by a 590 nm laser was reduced by 30% follow-
ing irradiation of the film by 378 nm light; similar results were
seen with a 1064nm laser and 355nm irradiation. The switch-
ing effect results from a metal-to-ligand charge-transfer (MLCT)
excitation. Cubic NLO properties have also been switched. Excita-
tion of the platinum phthalocyanine complex shown in Fig. 3(b)
with a 514nm laser beam results in the population of a triplet
state which has high absorption at the probe wavelength of
632 nm, resulting in a one-third increase in nonlinear absorption
[22].

4.2. Electrochemical and magnetic switching

In 1995, Prasad’s group reported the modification of NLO prop-
erties by the electrochemical doping of a conducting polymer [23].
The first redox switching of NLO properties in a metal complex
was reported in 1999 [24]. Oxidation/reduction reactions on the
series of ruthenium ammine complexes shown in Fig. 4(a) were
carried out chemically using 1:1 30% aqueous H,0,/2 M HCI and
62% hydrazine hydrate, respectively, the oxidized forms having
effectively no second-order NLO response in contrast to the Rul'
forms. Coe and co-workers have recently incorporated a related
ruthenium ammine complex, with a long alkyl chain in the R posi-
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Table 2
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Switching of molecular NLO properties by protonation/deprotonation at a single wavelength (Hyper-Rayleigh Scattering, 1064 nm, and Z-scan, 800 nm, thf solvent) [43].

Complex A(nm)  B(107Fesu) B (10730esu)  Yrea (10736 esu)  Yimag (10~ esu)  |y| (10-36 esu)
trans-[Ru(C=CPh)Cl(dppm); ] 308 20 12 <120 0 <120
trans-[Ru(C=CHPh)Cl(dppm), |PFg 320 24 16 <440 <50 <440
trans-[Ru(C=CPh)Cl(dppe) ] 319 6 3 ~170+40° 714200 180 + 452
trans-[Ru(C=CHPh)Cl(dppe), ]PFg 317 Scatters Scatters 380+400 <50 380+400
trans-[Ru(C=CCgsH4-4-C=CPh)Cl(dppm). ] 381 101 43 65+40 520+ 200 520+ 200
trans-|Ru(C=CHCgHy4-4-C=CPh)Cl(dppm), ]PFs 380 64 31 <500 0 <500
trans-[Ru(C=CCgH4-4-CHO)Cl(dppm); ] 405 106 38 <120 210+ 60 210+ 60
trans-[Ru(C=CHCgH4-4-CHO)CI(dppm ), ]PFs 403 108 39 0 <20 <20
trans-[Ru(C=CCgH4-4-CHO)Cl(dppe), ] 413 120 40 —300+500 <200 300+500
trans-[Ru(C=CHCgH4-4-CHO)CI(dppe)» |PFs 412 181 61 <260 0 <260
trans-[Ru(C=CCgH4-4-NO, )Cl(dppm); | 473 767 129 170+ 342 230+46° 290+ 60°
trans-[Ru(C=CHCgH4-4-NO, )Cl(dppm )2 ]PFs 470 721 127 <50 <30 <50
trans-[Ru(C=CCsH4-4-NO, )Cl(dppe); ] 477 351 55 320455 <50 320455
trans-[Ru(C=CHCgH4-4-NO, )Cl(dppe); |PFs 476 1130 180 250+300 <50 250+300
trans-[Ru(C=CC¢H4-4-C=CCsH4-4-NO; )Cl(dppm); ] 464 833 161 —160+80 160+ 60 230+100
trans-[Ru(C=CHCgH4-4-C=CCgH4-4-NO, )Cl(dppm), |PFs 326 424 122 <500 420+60 420+60
trans-[Ru(C=CCqH4-4-(E)-CH=CHCsH4-4-NO, )Cl(dppm)> ] 490 1964 235 200+ 40° 1100 + 2202 1100 + 2202
trans-[Ru(C=CHCgH4-4-(E)-CH=CHCgH4-4-NO,)Cl(dppm),]PFs 369 1899 314 Scatters Scatters Scatters
trans-[Ru(C=CCqH4-4-(E)-CH=CHCsH4-4-NO, )Cl(dppe): ] 489 2676 342 40+200 <100 40+200
trans-|[Ru(C=CHCgHy-4-(E)-CH=CHCgH,-4-NO, )Cl(dppe)2 JPFs 473 441 74 650+ 500 <50 650500

2 CH;(Cl; solvent.

tion, into a Langmuir-Blodgett thin film and measured the redox
switching of the optical nonlinearity [25]. Switching a three-layer
film showed a 50% reduction in second-harmonic generation (SHG)
upon oxidation, a significantly smaller decrease than that seen in
the molecular measurements. This discrepancy has been attributed
to reabsorption of the SHG by the Ru(lII) form, together with incom-
plete oxidation due to poor counter ion migration caused by the
insulating alkyl chains.

Redox switching of second-order NLO properties in the
ferrocene-based molecules shown in Fig. 4(b) varied from less
than a two-fold change in B for the pyridine compound to
a 10-fold change in the molybdenum compound with the
shortest bridge [26]. Subsequent computational studies on the
thiophene-containing compound and its oxidized form using
a multiconfigurational reference wavefunction afforded qualita-
tively similar results [27].

The nitrophenylethenyl ferrocene molecules shown in Fig. 4(c)
were attached via the sulfur atom to a gold surface and the
electrochemical switching of SHG via these monolayers was inves-
tigated [28], oxidation to ferrocenium resulting in a reversible 4- to
5-fold increase in the SHG; while this is a counter-intuitive out-
come viewed purely at the molecular level (oxidation converts
the molecule from a donor-bridge-acceptor to an acceptor-bridge-
acceptor form), the increase in nonlinearity is ascribed by the
authors to favourable reorientation at the surface (the molecule
is closer to perpendicular after oxidation). Three different redox
states of the nonamethylferrocene compound shown in Fig. 4(d)
were accessed and their second-order NLO properties were investi-
gated [28]; the central form in Fig. 4(d) has the largest second-order
NLO response, which is approximately 10-fold greater than the
reduced form, and 20-fold greater than the oxidized form. A fourth
state was also demonstrated as a protic switch accessible from the
reduced form, but its NLO response was not investigated. Protic
switching of quadratic NLO response in coordination complexes
has been demonstrated experimentally by Coe et al. [30].

Computational studies have been carried out into the redox
switching of the NLO response of the porphyrin compound con-
taining tetrathiafulvalene (TTF) shown in Fig. 5 [31]; a 3.6- and
8.7-fold increase in NLO response of the TTF** and TTF2* states com-

pared to the ground state being calculated. Calculations were also
carried out on the redox switching of the NLO response of some
Keggin-type organoimido complexes, a significant change in the
NLO response being found between some of the states in the com-
plexes [PW71039(ReN)]*™ (n=3-7) [32] and [PW;039(ReNPh)]*~
(n=2-4)[33],and into the spin crossover switching of the quadratic
optical nonlinearity of the iron Schiff base complex shown in Fig. 6
[34], the calculations suggesting that the switching should result in
a 25% increase in the response.

5. Metal alkynyl complexes as NLO switches
5.1. Electrochemical switching

The results of single wavelength electrochemical switching of
the NLO properties of metal alkynyl complexes are summarized in
Table 1, with studies focusing on iron and ruthenium complexes for
which reversible M/ processes are accessible by chemical or elec-
trochemical means. The series of mono-, bi-, and tri-metallic iron
alkynyl compounds, shown in Fig. 7, have one to three separately
addressable Fe!l[Fe!ll redox events, affording up to four differ-
ent redox states for [1,3,5-CgH3{(C=C)Fe(dppe)(n>-CsMes)}3],
although nonlinearities for the Fell/Fell/Felll and Fe!l/Felll/Fell
forms were equivalent within experimental error [35,36]. The 4-
substituted di-iron complex showed a large change in § value,
with the mixed valence state Fe!'I having double the value of
the Fell/ll and Fe!l' ! states. In the monometallic iron alkynyl com-
plexes (Fig. 7) [36], the oxidized forms have significantly smaller
second-order responses than do the Fell forms; the largest switch-
ing and the largest NLO response are both observed for the
4-nitrophenylethynyl compound, for which the extrapolated zero
frequency hyperpolarizability B is 93 x 10~30 esu for the Fe!! form
and <1 x 10~3% esu for the Fe!ll form.

Redox switching results in large changes in the third-order
nonlinearities of the ruthenium alkynyl compounds shown in
Fig. 8, the complexes switching between two-photon absorber
(Ru'') and saturable absorber (Ru'l!) states (Table 1) [37-40]. The
trimetallic ruthenium chloride complex shows the largest abso-
lute difference in value, and greatest potential for switching, with
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|| =2200 = 600 x 1036 esu for Ru!! and 14,000 + 3000 x 1036 esu
for Rulll,

Switching the third-order NLO properties of an octupolar iron
alkynyl compound (at 695 nm rather than 800 nm as above) has
been studied (Fig. 9) [41]. As with its ruthenium alkynyl complex
analogue, a change in the sign and magnitude of the two-photon
absorption and yjm,g Values is observed in switching between the
Fell; and Felll; forms, but in contrast to ruthenium, no change in
the sign of y e, is seen.

Switching of the third-order NLO properties of the bimetallic
iron-ruthenium compound shown in Fig. 10 across three states
was effected by selectively oxidizing the iron centre and then the
ruthenium centre. At 790 nm, the three states have different NLO
absorption, switching from a negligible response in the FellRull
state to a two-photon absorber in the Fe'llRu!! state, and then a
saturable absorber in the Fe'Ru!! state [42].

5.2. Protic switching

The second- and third-order NLO properties at a single
wavelength of a range of ruthenium alkynyl complexes that
can be reversibly switched to the vinylidene form with acid
(Fig. 11) have been reported (Table 2) [43]. The quadratic and
cubic nonlinearities of many alkynyl/vinylidene complex pairs
are similar, the most dramatic differences being a five-fold
increase in B8 and By being observed in proceeding from trans-
[Ru(C=CHCgH,4-4-(E)-CH=CHCgH4-4-NO, )Cl(dppe); ]PFg to trans-
[Ru(C=CCgH4-4-(E)-CH=CHCgH,4-4-NO, )Cl(dppe), | and a six-fold
increase in |y| being seen in proceeding from trans-[Ru(C=CHCgHj4-
4-NO, )Cl(dppm); ]PFg to trans-|[Ru(C=CCgH4-4-NO;)Cl(dppm), |.
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Fig. 13. UV/Vis/NIR and nonlinear absorption spectra of Ru'ly, Ru'y, and Ru",-Hs**
(see Fig. 12) in CH,Cl; [44].

5.3. Multi-stimuli switching

The first NLO switching of a metal alkynyl complex using two
different stimuli was reported in 2007 [44], concomitant with com-
plete spectral dependence studies, the latter highlighting ideal
wavelengths to effect switching. The specific complex possesses a
cruciform structure; Fig. 12 shows the protic switch used to inter-
change between the alkynyl and vinylidene complexes and redox
switch used to interchange between the Ru!! and Ru!” forms, while
Fig. 13 displays the wavelength dependence of linear and NLO prop-
erties of the three “states”. There are wavelengths at which there
are three distinct responses from the three states: a strong two-

Ph,P (PPhy PhoP “pPh,
Cl. Vud\pph2 PhyPa  .Cl Cl‘R'u“‘PPhZ PhoPa = .Cl
PhoPY <. 7"\ "RPh, hv A>650nm | PhoP¥ s % Z\ “PPh,
{_PPh2 ) ! thP\) (_PPh, T Rully-Hy-c2* P
HBF, NEts HBF, NEts
hv A 366 nm
-

hv A > 650 nm
2+
hv A 366 nm

_ >

-

hv L > 650 nm

Fig. 14. A ruthenium alkynyl photo-, redox-, and protic switch [45].
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Fig. 15. Linear optical and two-photon absorption spectra for Ru';-0 and Ru",-c
(see Fig. 14) [45].

photon absorber, a saturable absorber, and negligible nonlinear
absorption.

Recently, the electrochemical and protic switching possibilities
inherent in a ruthenium alkynyl complex have been combined with
a dithienylperfluorocyclopentene photochemical switch to afford
a complex with six accessible states that can be inter-converted
via seven pathways (Fig. 14) [45]. Each of the six states possesses
unique linear and nonlinear optical behavior, and so each of the
seven pathways affords the possibility of a “two-state” switch - for
an example, see Fig. 15.

6. Concluding remarks

We still await reliable theoretical estimations of nonlinearity
(particularly third-order NLO properties), so experimental studies
are essential. Initial attempts to effect the switching of nonlineari-
ties were hamstrung by the lack of tuneable light sources - whether
a pair of switchable complexes could be used as an NLO switch was
frequently due to luck. At the time of our earlier review [3], only NLO
data acquired at a single wavelength existed for metal alkynyl com-
plexes and their protic or redox/electrochemical derivatives, and so
identifying effective cubic NLO switches, in particular, necessitated
collecting data on a large number of switchable pairs and hoping for
a positive outcome; while certain guidelines as to the most likely
wavelength to effect switching were extant (e.g. probing nonlinear
absorption behavior at twice the wavelength of significant one-
photon absorption), such studies were still somewhat “hit or miss”
in nature. The possibility of acquiring the complete spectral depen-
dence of NLO properties now means that the ideal wavelengths to
effect NLO switching for a complex and its switching derivatives
are immediately apparent.

The early attempts at NLO switching of metal alkynyl com-
plexes employed one stimulus (usually protonation/deprotonation
or oxidation/reduction). It is attractive to think of the oxida-
tion/reduction, protonation/deprotonation, and photoisomeriza-
tion procedures (the independent switching stimuli) as axes in a
3-dimensional space [46]. One can then increase the number of
NLO switching states by proceeding down an axis (e.g., by incorpo-
rating iron and ruthenium into a complex (Fig. 10), Fe!'Ru"l, Fe"Ru"
and FelllRu'! states are available [42]). The alternative to increas-
ing the number of states on one axis is to leave the switching
axes. Recent studies have combined these “orthogonal” (inde-
pendent) stimuli to demonstrate “three-state” switching (in the
protonation/deprotonation, oxidation/reduction “plane”) [44], and

extended these observations by incorporation of photo-switchable
modules to demonstrate “six-state” switching (employing all three
axes) [45]. The logical steps to further increase the number of
NLO states is to incorporate alternative protonation centres into
amolecule (responding to a different pH) and addition of new pho-
toisomerizable units responding to different wavelengths of light.
The availability of new photo-switchable species that are thermally
stable in both states will accelerate this research.

While electrochemical switching of the nonlinearity of metal
alkynyl complexes has thus far been carried out only in solu-
tion, with a resultant ca. 10-20 min switching cycle, there are
prospects for success with the goal of much-more-rapid switch-
ing; a 4-ethynylphenylethynyl-functionalized derivative of the
iron-ruthenium complex in Fig. 10 has been attached to a conduct-
ing silicon surface via a hydrosilylation procedure, the resultant
nanostructure undergoing stepwise oxidation. The oxidation was
monitored by cyclic voltammetry, with the resultant cyclic voltam-
mogram being analogous to that of the complexes in solution
[47]. Despite this success, “instantaneous” surface-supported NLO
switching of metal alkynyl complexes still necessitates assembling
a sufficient number density of molecules at a surface for observable
effects. Increasing control over surface-supported nanoarchitec-
tures will accelerate this research.
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