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ABSTRACT
Organotransition metal complexes have much to offer as nonlinear
optical (NLO) chromophores since they allow large hyperpolariz-
abilities to be combined with various other physical properties in
an unparalleled diversity of molecular structures. This Account
summarizes our synthetic chemistry driven investigations in the
NLO research field, which have focused primarily on complexes
of ruthenium, and to some extent iron. A number of fascinating
discoveries are described, including the first demonstration of
redox-induced switching of NLO behavior and chromophores
which disobey the otherwise universal rule that elongation of
polyene systems leads to continual increases in quadratic NLO
responses.

I. Introduction
The inbuilt limitations of current semiconductor-based
electronics in terms of speed, scale, and mode of operation
have inspired much research in the areas of molecular
electronics and photonics.1 Because they can combine the
already attractive properties and synthetic tailorability of
purely organic molecules with extra functionalities, transi-
tion metal complexes have much to offer within this broad
and exciting scientific field.2 As an example of the use of
bulk-level molecular electronic/photonic properties, non-
linear optical (NLO) materials are especially interesting.3

NLO effects allow the manipulation of laser beams and
can therefore be used in electro-optical data processing,
and also revolutionary all-optical technologies. Second
harmonic generation (SHG) or frequency doubling is the
most readily understood and widely used NLO phenom-
enon, which allows for example the production of high-
intensity green laser pointers. The dazzling light at a
wavelength of 532 nm corresponds with the peak sensitiv-
ity of the human eye and arises from the SHG of a 1064
nm Nd3+-based laser which is pumped by a 808 nm diode
laser. Although the materials currently used in this and
related devices are inorganic crystals such as potassium
titanyl phosphate (KTiOPO4) or lithium niobate (LiNbO3),
molecular compounds are also promising for NLO ap-

plications.3 The attractive features of organic NLO materi-
als include very large and ultrafast responses, high optical
damage thresholds, and facile processability, and recently
attention has focused increasingly on organotransition
metal complexes.4

The creation of new molecular NLO materials begins
with synthetic chemistry, and this area provides an
excellent example of “molecular engineering” which can
be guided by clear design principles. For purely organic
chromophores, these rules are now well-established;3 large
molecular first hyperpolarizabilities â, which govern second-
order (quadratic) NLO effects, are generally displayed by
molecules having a strongly electron-donating group (D)
connected to an electron-accepting unit (A) via a π-con-
jugated bridge. Such a polarizable dipolar compound also
exhibits DfA intramolecular charge-transfer (ICT) excita-
tions, and molecules with especially large â responses
appear strongly colored because their ICT absorptions lie
in the visible region of the electromagnetic spectrum. For
purposes of comparison it is necessary to derive static first
hyperpolarizabilities â0 which are the intrinsic â responses
in the absence of any resonance (note that actual absorp-
tion must be avoided in applications). Values of â0 can
be determined by using a two-state model for dipolar
chromophores.5 The salt trans-4′-(dimethylamino)-N-
methyl-4-stilbazolium tosylate (1) is an appropriate refer-
ence, and we have used hyper-Rayleigh scattering (HRS)
measurements to determine a â0 value of 110 × 10-30 esu
for the PF6

- counterpart of this compound.6 As an indica-
tion of the upper attainable limits, the polyene compound
2 is among the most active NLO chromophores known,
with a â0 of 1470 × 10-30 esu derived from electric-field-
induced SHG measurements.7

Moving beyond simple 1D dipolar species, the intro-
duction of multiple D and/or A groups can generate a
range of interesting chromophores, including octupolar
species, but noncentrosymmetry is a universal require-
ment for a nonzero value of â. In a similar manner, bulk
quadratic NLO effects can only be observed from materials
which have a noncentrosymmetric structure. The quantity
responsible for third-order (cubic) NLO effects, exempli-
fied by third harmonic generation or frequency tripling,
is the molecular second hyperpolarizability γ. The key
requirement for large values of this parameter is an
extensive π-conjugated system, with no symmetry restric-
tions at either the molecular or macroscopic levels.
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The first investigations into the NLO properties of
transition metal complexes were reported in the 1980s,
and since then this field has burgeoned.4 Because coor-
dinated metal centers often engage in π-bonding with
organic ligating groups and with each other, they can be
involved in several types of strongly allowed ICT processes,
i.e., metal-to-ligand charge transfer (MLCT), ligand-to-
metal charge transfer (LMCT), or metal-to-metal/inter-
valence charge transfer (MM/IVCT). Complexed metals
can also participate in less directional πfπ* electronic
excitations. As in purely organic chromophores, such
transitions are often associated with large values of â and/
or γ. Furthermore, an unparalleled structural and elec-
tronic diversity makes metal complexes especially attrac-
tive for the creation of novel NLO materials. This Account
summarizes our curiosity-driven investigations in the NLO
research field, which have focused primarily on the
quadratic NLO properties of ruthenium complexes. The
intention is to highlight the key developments and dis-
coveries which make this area especially fascinating and
rewarding from a synthetic chemist’s perspective.

II. Tuning the Optical Properties of Simple
Dipolar Chromophores
Our initial studies focused on 1D dipolar complexes, using
data obtained from HRS experiments with a 1064 nm laser
in acetonitrile to derive structure-activity relationships
for â. The HRS technique8 has recently become widely
applied and is particularly useful because it directly probes
the quadratic NLO properties of various compounds,
including charged species. Early experiments with com-
plexes trans-[RuII(NH3)4(LD)(LA)]n+ (LD ) an electron-rich
ligand; n ) 2 or 3) involved species where LA is one of the
electron-accepting ligands 4-acetylpyridine, ethylisonico-
tinate, or N-methyl-4,4′-bipyridinium (MeQ+).9 These
complexes display intense, solvatochromic visible RuIIfLA

MLCT absorptions which dominate the â responses.9 Rela-
tively large â0 values are observed, in the range 10-130 ×
10-30 esu, with the largest for trans-[RuII(NH3)4(MeQ+)-
(dmap)][PF6]3 [dmap ) 4-(dimethylamino)pyridine].9 Ex-
tended π-conjugation causes the MeQ+ complexes to have
larger â0 values than their analogues with monopyridyl
LA ligands.9 Compound 3 crystallizes noncentrosymmetri-
cally in the hexagonal space group P63, with the complex
cations producing a strong projected component along
the polar z axis, but twinning produces a net dipole
cancellation at the macroscopic level.9

We have subsequently tuned and enhanced the mo-
lecular NLO responses of complex salts trans-[RuII(NH3)4-
(LD)(LA)][PF6]3.10-12 Consistent with the two-state model,5

a reasonable linear relationship is observed between â0

and 1/(Emax)2 (Emax is the MLCT energy; Figure 1).11 A key

discovery emerging from these studies is that N-arylation
of pyridinium A groups decreases Emax and increases â0.
The same effect is observed in purely organic chro-
mophores, affording several new salts with large SHG
activities.6,13 The most active RuII-based chromophore
revealed by these experiments is 4 (â0 ) 410 × 10-30 esu).11

More recently, we have also used electronic Stark effect
(electroabsorption) spectroscopy in butyronitrile glasses
at 77 K to complement and rationalize the HRS results.14

Applying the two-state equation â0 ) 3∆µ12(µ12)2/(Emax)2

(∆µ12 is the dipole moment change accompanying the
MLCT transition, and µ12 is the transition dipole moment)
with the Stark-derived ∆µ12 values gives estimated NLO
responses which are free from any complications due to
resonance effects implicit in HRS studies. INDO/SOS
calculations on the pentaammine complexes predict the
dipole properties reasonably well, but do not reliably
reproduce Emax or â0.14 However, Lin et al. have found that
time-dependent density functional theory (TD-DFT) af-
fords good agreement with the HRS-derived â0 values for
some of our complexes.15 Further UV-visible and cyclic
voltammetric experiments show that replacing a neutral
LD ligand like dmap with a (probably N-coordinated)
thiocyanate anion enhances the electron-donating ability
of the RuII center (Figure 2).16 As expected, larger â0 values
result (e.g., for 5 â0[HRS] ) 513 × 10-30 esu; â0[Stark] )
553 × 10-30 esu), which can be twice those of the
analogous N-methylimidazole (mim) complexes.16

A desire to obtain more readily crystalline materials,
often elusive with ammine species, led us to study RuII

FIGURE 1. Plot of â against the inverse square of the MLCT energy
for a series of salts trans-[RuII(NH3)4(LD)(LA)][PF6]3. Adapted from
ref 11.
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complexes of the ligand 1,2-phenylenebis(dimethylarsine)
(pdma).17,18 These appear to be the only arsine species to
have been investigated for NLO purposes. As expected,

the decreased electron-richness of a trans-{RuIICl(p-
dma)2}+ center when compared with a {RuII(NH3)5}2+

group produces higher RuIII/II potentials and MLCT ener-
gies, but varying the structure of the pyridinium-substi-
tuted ligand affords the same trends in both types of
complex.17 According to Stark results, the â0 values of the
pdma complexes are only slightly smaller than those of
their {RuII(NH3)5}2+ counterparts, partly due to unexpected
changes in the relative magnitudes of µ12 upon freezing.18

Data obtained from extensive crystallographic studies with
the arsine species provide no evidence for ground-state
charge transfer.17 However, 6 crystallizes noncentrosym-
metrically in the orthorhombic space group Pna21 (Figure
3),17 and with a â0[Stark] of 170 × 10-30 esu may show
substantial bulk NLO behavior.18

III. The First Demonstration of Redox
Switching of NLO Responses
As already discussed, there are various good reasons for
incorporating metal centers into NLO chromophores. The
development of strategies for the molecular-level modula-
tion of NLO behavior has attracted considerable interest
recently,19 and transition metals provide an ideal means
to achieve this via their redox properties.

Having demonstrated that we can create dipolar RuII-
based chromophores with very large NLO responses, we
carried out a series of HRS experiments with pentaam-
mine complexes to show that RuII f RuIII oxidation causes
â to decrease very substantially.20 Attenuations of the NLO
responses exceeding an order of magnitude are ac-
companied by complete bleaching of the MLCT absorp-
tions (Figure 4), and both processes are fully revers-
ible, in keeping with cyclic voltammetric studies.20

While a {RuII(NH3)5}2+ center is a powerful π-electron
donor, the corresponding RuIII moiety can act only as a
σ-electron acceptor. The low reduction potentials of the
{RuII(NH3)5}2+ complexes (ca. 0.5 V vs Ag-AgCl in aceto-
nitrile) mean that this switching occurs at only a small
energetic cost.

Although Sakaguchi et al. had previously attributed a
30% photoswitching of SHG from Langmuir-Blodgett
films of a [RuII(bpy)3]2+ (bpy ) 2,2′-bipyridyl) derivative
to the change in â on MLCT excitation,21 our report was
the first convincing demonstration of redox switching of
NLO effects. Similar effects for both quadratic and cubic
optical nonlinearities have subsequently been reported by
other workers using several types of metal complexes,22

including RuII σ-acetylides. Of course, it is also important

FIGURE 2. Tuning of (a) the MLCT wavelength and (b) RuIII/II

reduction potential in the salts trans-[RuII(NH3)4(LD)(MeQ+)][PF6]3 at
295 K in acetonitrile. LD ) pyridine (py) (blue); NH3 (green); NCS-

(red). Adapted from ref 16.

FIGURE 3. Crystal packing diagram of 6, showing the noncen-
trosymmetric arrangement of the complexes (acetone solvent and
anions omitted). The arrows approximate to the directions of the
molecular dipolar axes. Adapted from ref 17.

Switchable Nonlinear Optical Metallochromophores Coe

VOL. 39, NO. 6, 2006 / ACCOUNTS OF CHEMICAL RESEARCH 385



to remember that our proof-of-principle results are ap-
plicable to various related systems, including multidimen-
sional RuII complexes (see later).

In very recent HRS and Stark studies with complexes
containing {FeII(CN)5}3- D centers, we have discovered
that acidification causes large blue-shifts in the MLCT
bands, accompanied by substantial decreases in â0.
Such complexes are therefore novel examples of chro-
mophores which are amenable to protic switching as well
as metal-based redox switching (according to cyclic vol-
tammetry).

IV. Unusual Effects of π-Conjugation Extension
in Polyenes and Polyynes
Because extending conjugated systems normally causes
red-shifting of ICT bands and increases ∆µ12,3 causing
D-A polyenes such as 2 to possess large â0 values,7 we
prepared some extended dipolar RuII complexes.18,23-25

Initial studies with ammine species revealed very unusual
optical behavior.23,24 Within three series (e.g., 7-14), the

MLCT band unexpectedly blue-shifts as n increases from
1 to 3.23,24 The â0 values derived from HRS and Stark
measurements are very large and maximize at n ) 2, in
complete contrast to all other known D-A polyenes in
which â0 increases steadily with n.23,24 TD-DFT and finite
field (FF) calculations generally predict the observed
trends in both the linear and NLO properties.24 The TD-
DFT results show that the degree of π character of the
HOMO increases with n and hence the lowest energy
transition gains in intraligand charge-transfer (ILCT)
character (Figure 5).24 The Emax and ∆µ12 values for this
transition are therefore respectively larger and smaller
than would be the case for a pure MLCT excitation,
causing â0 to decrease.24 Selected data for 7-14 are shown
in Table 1.

Stark spectroscopic studies on the trans-{RuIICl(p-
dma)2}+ analogues of 7-14 show that these also display
unusual MLCT blue-shifting as n increases beyond 1.18 A
severalfold increase in â0 is observed on moving from n
) 1 to 2, and a further increase appears to occur for the

FIGURE 4. Redox switching of (a) MLCT absorption and (b)
molecular quadratic NLO response in ruthenium pentaammine
complexes. Adapted from ref 20.

FIGURE 5. TD-DFT-derived 0.05 contour surfaces of the MOs
involved in the lowest energy (nominally MLCT) transition for the
complex in 10. Adapted from ref 24.
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n ) 3 complex, but this is only small and within the
experimental errors (Figure 6).18 Very recently, we have
turned our attention to related ethynyl-containing com-
plex salts (e.g., 15 and 16).25 In acetonitrile solutions at

295 K, the MLCT bands of these complexes blue-shift with
conjugation extension, as for their ethenyl analogues.25

However, at 77 K in butyronitrile, the MLCT bands of the
ethynyl chromophores display more normal red-shifts as
n increases.25 The latter observation provides a marked
contrast with the polyene complexes which show consis-
tently unusual optical behavior.23,24 While the â0[Stark]
values for the ethynyl systems generally increase on

moving from n ) 0 to 2, â0[HRS] maximizes at n ) 1 for
two of the ammine series, but increases on moving from
n ) 1 to 2 for the pdma complexes.25 In keeping with
studies on purely organic chromophores,26 both HRS and
Stark data show that these ethynyl-containing complexes
generally show smaller â0 values than their ethenyl
counterparts. The inferiority of the ethynyl systems in
terms of NLO response is most evident when n ) 2,
principally due to larger increases in µ12 (and hence D-A
π-electronic coupling) on extension in the ethenyl chro-
mophores.25

V. Comparisons with Purely Organic
Chromophores
A key objective of our research is to draw detailed, quan-
titative, and systematic comparisons between the optical
properties of transition metal complexes and closely
related purely organic chromophores. Rather surprisingly,
very few other such studies have been reported by other
workers,27 and these are of limited scope in terms of the
variety of data considered.

Experiments with molecules having 4-(dimethylamino)-
phenyl or pyridyl-coordinated {RuII(NH3)5}2+ D units
linked directly to pyridinium A groups show that the RuII

center is the more effective π-electron donor, yielding
enhanced â0 responses.28 Although π-orbital overlap is
stronger in the purely organic chromophores, this is more
than offset by the much higher energy of the RuII-based
HOMO.28 Subsequent studies including TD-DFT and FF
calculations show that extending polyene bridges in purely

Table 1. Selected Experimental and Calculated Data
for Salts 7-14 and 17-2024,29

salt n
λmax

a

(nm)
λmax

b

(nm)
Emax

b

(eV)
µ12

b

(D)
∆µ12
(D)

Hab
(cm-1)

â0
c

(10-30

esu)

â0
d

(10-30

esu)

â0
e

(10-30

esu)

7 0 566 611 2.03 6.1 16.2 4900 171 192
11 0 590 645 1.92 5.2 13.8 4700 120 112
17 0 420 423 2.93 7.7 13.2 9000 108 74
8 1 563 638 1.94 6.0 19.3 4100 218 259
12 1 595 681 1.82 5.5 16.2 4100 175 112
18 1 470 480 2.58 9.1 16.3 7700 236 150
9 2 552 631 1.97 8.2 25.1 4300 514 565 271

356 370 3.35 6.5 11.7 10000 51
13 2 584 675 1.84 7.9 22.4 4300 482 546 156

354 377 3.29 6.8 12.7 9700 64
19 2 487 503 2.47 9.1 20.4 6600 328 269
10 3 542 625 1.98 7.0 28.6 3500 412 546 212

392 404 3.07 9.3 12.5 10300 134
14 3 568 669 1.85 7.2 27.1 3500 475 576 134

392 408 3.04 7.4 14.5 8700 101
20 3 500 523 2.37 11.8 24.0 6700 694 609

a In acetonitrile at 295 K. b In butyronitrile at 77 K. c Calculated
from 3∆µ12(µ12)2/(Emax)2 ((20% error). d Sum of the â0 values for
the MLCT and ILCT bands (where present). e From FF calcula-
tions.

FIGURE 6. Stark-derived â0 values as a function of n for complexes
of pyridyl polyene ligands (only dominant MLCT transitions consid-
ered); green ) py series (7-10); pink ) analogous series with trans
mim ligands; blue ) pentaammine series (11-14); red ) trans-
{RuIICl(pdma)2}+ series.

FIGURE 7. (a) UV-visible absorption spectra of salts 7 (green),
10 (pink), 17 (blue) and 20 (red) at 295 K in acetonitrile. (b)
Photographs of the solutions for the two series 7-10 and
17-20.
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organic chromophores (e.g., 17-20) affords normal optical

behavior, i.e., decreasing ICT energies and increasing ∆µ12

and â0.29 The marked contrast with our RuII pyridyl
polyenyl complexes (e.g., 7-10; see Figure 7 for repre-
sentative UV-visible spectra) arises from variations in the
degree of D-A electronic coupling, which is shown by
electrochemical, 1H NMR, and Stark measurements to be
more effective in the organic compounds.28,29 Further-
more, the D-A communication in the complexes falls off
with distance, so that â0, µ12, and Hab (the electronic
coupling matrix element) all decrease above n ) 2.29 The
benefits in terms of NLO response of replacing a 4-(di-
methylamino)phenyl group with a more electron-rich RuII

pyridyl ammine center are therefore lost when n ) 3.29

The HOMO and LUMO for the cation in 20 and for the
related complex in 14 are shown in Figure 8, and selected
data for 17-20 are shown in Table 1.

VI. Two-Dimensional V-Shaped Complexes
As well as 1D dipoles, various multidimensional chro-
mophores can possess NLO properties, including C2v

symmetric 2D dipolar species.30 In a 1D molecule, the
dipolar axis is normally taken as z and the âzzz tensor
component is then dominant. In contrast, C2v dipoles
display electronic transitions having µ12 perpendicular to
the C2 axis, leading to significant off-diagonal â compo-
nents âzyy. Such unusual compounds are attractive for
avoiding the well-documented NLO efficiency-transpar-
ency tradeoff (because the second/third harmonic pho-
tons generated via âzyy are polarized perpendicular to the
transition dipole and cannot be reabsorbed), and also offer
new possibilities for achieving phase-matched SHG.

We have investigated complexes with cis-{RuII(NH3)4}2+

centers coordinated to monodentate 4,4′-bipyridinium
ligands (21-24)31 and related chelating derivatives of
2,2′:4,4′′:4′,4′′′-quaterpyridyl,31,32 which are the first re-
ported charged 2D NLO metallochromophores. These

complexes show multiple MLCT bands, with energies
decreasing in the order R ) Me > Ph > 4-AcPh > 2-Pym
(Figure 9), as the pyridinium groups become more electron-

FIGURE 8. TD-DFT-derived 0.05 contour surfaces of the MOs involved in the lowest energy transitions for the cations in 20 and 14. Adapted
from ref 29.

FIGURE 9. UV-visible absorption spectra of salts 21 (blue), 22
(green), 23 (gold), and 24 (red) at 295 K in acetonitrile.

Switchable Nonlinear Optical Metallochromophores Coe

388 ACCOUNTS OF CHEMICAL RESEARCH / VOL. 39, NO. 6, 2006



deficient.31,32 This trend mirrors that observed in re-
lated 1D dipoles.12 We have subjected our 2D com-
plexes to HRS with an 800 nm laser and Stark studies,
using Gaussian fitting to deconvolute the MLCT tran-
sitions.31,32 These chromophores display two substantial
â components, âzzz and âzyy, the difference between
which is most pronounced for the nonchelated sys-
tems.32 TD-DFT shows that the lowest energy MLCT
transition is associated with âzyy and the higher energy
transition with âzzz (Figure 10), with the former component
being the larger.32 Selected data for 21-24 are shown in
Table 2. It is noteworthy that the electrochemistry of these
compounds indicates that they possess potential for
redox-induced switching of optical properties over mul-
tiple states.

Further studies with these 2D complexes have revealed
that 21‚H2O and the BPh4

- analogue of 23 crystallize
noncentrosymmetrically in the respective space groups
P21 and Fmm2. However, it appears that the dipoles
largely cancel each other out (Figure 11), so these materi-
als may exhibit only limited bulk NLO effects.

VII. Three-Dimensional Octupolar Complexes
Various studies with octupolar NLO metallochromo-
phores have been reported, in particular derivatives of
[RuII(bpy)3]2+ and closely related species.33 However, all
such chromophores bear electron-donating substituents,
so their dominant electronic transitions correspond with
ILCT excitations which are directionally opposed to the
MLCT transitions. We have prepared the complex salts

25-31 which are fundamentally different from existing
species because they feature electron-accepting pyri-
dinium substituents. Their optical properties are therefore
associated almost exclusively with MLCT processes, in-

FIGURE 10. TD-DFT-derived 0.06 contour surfaces of the MOs involved in the two lowest energy (MLCT) transitions for the complex in 21.
The red arrows represent the y-polarized transitions corresponding with âzyy, while the blue arrows represent the z-polarized transitions
corresponding with âzzz.

Table 2. Selected Experimental and Calculated Data
for Salts 21-24 and 25-3132,34

salt
λmax

a

(nm)
λmax

b

(nm)
Emax

b

(eV)
µ12

b

(D)
∆µ12
(D)

â0
c

(10-30

esu)

â800
d

(10-30

esu)

â0
e

(10-30

esu)

21 570 628 1.98 6.7 10.1 137 139 âzyy ) 70
502 518 2.39 5.2 11.3 62 âzzz ) 18

22 606 632 1.96 7.4 13.8 231 127
528 512 2.42 4.6 9.9 42

23 620 684 1.81 7.6 12.1 248 142
536 558 2.22 5.6 13.0 95

24 644 731 1.97 7.9 11.7 298 143
558 589 2.10 5.9 12.3 110

25 486 496 2.50 4.2 7.9 26 170 âyyy ) -âyxx
394 396 3.13 5.8 10.3 41 ) 25.3

26 496 502 2.47 4.2 10.0 34 270
410 407 3.04 6.7 13.5 76

27 498 506 2.45 3.7 11.5 31 281
416 416 2.98 5.1 12.8 44

28 498 507 2.45 4.0 11.1 35 290
416 414 2.99 5.5 14.1 56

29 574 581 2.14 4.4 6.1 30 78 âyyy ) -âyxx
440 444 2.79 5.8 11.2 56 ) 11.4

30 584 590 2.10 4.5 7.4 39 80
454 461 2.69 6.1 13.9 82

31 586 596 2.08 4.3 7.9 39 110
460 469 2.64 6.4 16.4 112

a In acetonitrile at 295 K. b In butyronitrile at 77 K; data for
the two fitted Gaussian components. c Calculated from 3∆µ12(µ12)2/
(Emax)2 ((20% error). d Measured with a 800 nm Ti3+:sapphire
laser, assuming a single major tensor component ((15% error).
e From FF calculations.
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troducing greater scope for rational maximization and
metal-based redox switching of â.

The salts 25-31 all display two resolved MLCT bands,
the energies of which show rather less sensitivity to R than
is the case in related 1D or 2D chromophores.34 The MLCT
bands of the FeII complexes are less intense and red-
shifted when compared with those of their RuII counter-
parts (Figure 12), due to increased electron density at the
FeII centers.34 We have studied 25-31 using 800 nm HRS
and Stark spectroscopy, the latter revealing that these
ground-state octupolar D3 chromophores exhibit two
substantial â components which are associated with
transitions to dipolar excited states.34 The HRS â values
are larger for the RuII complexes (but resonantly en-

hanced), while the Stark analyses afford larger â0 values
for the FeII complexes, in contrast to FF predictions.34 TD-
DFT calculations on the cations in 25 and 29 reveal pairs
of orthogonally(x,y)-polarized degenerate transitions; the
most intense low energy MLCT transitions involve LUMOs
that are concentrated on the coordinated pyridyl rings,
while the LUMOs involved in the next lowest energy MLCT
transitions also have important contributions from the
pyridinium rings (Figure 13).34 These results agree with
the empirical observation that the higher energy MLCT
bands are more sensitive to changes in R (Figure 12).34

Selected data for 25-31 are shown in Table 2.

VIII. Conclusions and Outlook
Our studies to date afford several key conclusions. Perhaps
most importantly, the large â0 responses of 1D dipolar RuII

ammine complexes compare favorably with those of all
but the very best known purely organic species, and RuIII/II

FIGURE 11. Crystal packing diagram of 21‚H2O, showing the noncentrosymmetric arrangement of the complexes (water and anions omitted).
The arrows approximate to the directions of the molecular dipolar axes.

FIGURE 12. UV-visible absorption spectra of salts 25 (blue), 27
(green), 29 (gold), and 31 (red) at 295 K in acetonitrile.
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redox allows facile reversible switching of â. However,
extending polyenyl/ynyl systems is only partially reliable
as an approach to increasing the NLO responses of RuII

pyridyl complexes, in contrast with related purely organic
pyridinium chromophores. Hence, while RuII ammine
centers can act as better electron donors when compared
with a classical 4-(dimethylamino)phenyl unit in relatively
short molecules, the benefits of using a RuII-based donor
are lost in extended systems. Moving to multidimensional
species, we have found that connecting cis-{RuII(NH3)4}2+

centers to pyridinium groups produces unusual charged
2D dipoles in which the off-diagonal âzyy component
dominates over âzzz. Finally, ground-state octupolar D3

chromophores comprising [MII(bpy)3]2+ (M ) Ru or Fe)
cores with six peripheral pyridinium groups exhibit two
substantial â components of equal magnitude but op-

posite sign (âyyy ) -âyxx) which are associated with
transitions to dipolar excited states.

So, what comes next? Currently there is still scope for
further molecular-level studies, with the overall aim of
optimizing the NLO properties of metallochromophores.
An accompanying major objective will be to investigate
further the possibilities for switching optical behavior in
such compounds, especially multidimensional systems,
via redox or protic changes. Of course, any real applica-
tions will require materials; these could be pure crystalline
solids, but more likely ordered thin films or doped
matrices, etc. Furthermore, other issues such as thermal/
photochemical stability and transparency at technologi-
cally important wavelengths will have to be addressed.
Whether such practical challenges can be met remains to
be seen, but further intriguing fundamental scientific

FIGURE 13. TD-DFT-derived 0.05 contour surface diagrams of the MOs involved in the MLCT excitations for the complex in 25. The red
arrows represent the dominant x- and y-polarized transitions corresponding with the low energy band, while the blue arrows represent the
pairs of dominant x- and y-polarized transitions corresponding with the high energy band. The z axis is aligned with the C3 axis, and the y axis
is aligned with one of the C2 axes. Adapted from ref 34.
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discoveries undoubtedly await. It is also worth noting that
NLO-based studies with metal complexes may have un-
forseen spinoff relevance to other areas of molecular
electronics/photonics, e.g., photovoltaic devices. Certainly,
our work has helped to establish ruthenium complexes
as versatile and fascinating NLO compounds with a
promising future.
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