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A series of RuII or FeII trischelate complex salts containingN-methyl/aryl-2,2′:4,4′′:4′,4′′′-quaterpyridinium
ligands that has previously been subjected to quadratic nonlinear optical studies (Coe, B. J. et al.J. Am.
Chem. Soc.2005, 127, 13399) has now been investigated for two-photon absorbing behavior. Z-scan
measurements using a 750 nm laser afford reasonably large two-photon absorption (2PA) cross-sectionsσ2

of ca. 62-180 GM for the RuII complexes, but only very weak 2PA is observed for the FeII compounds. The
excited-state and 2PA properties of the representative chromophore [RuII(Me2Qpy2+)3]8+ (Me2Qpy2+ ) N′′,N′′′-
dimethyl-2,2′:4,4′′:4′,4′′′-quaterpyridinium) have also been investigated by using semiempirical intermediate
neglect of differential overlap/multireference-determinant single and double configuration interaction
computations with the optimized geometry obtained via density functional theory. The calculatedσ2 value of
ca. 624 GM at 1.70 eV for this metal-to-ligand charge-transfer chromophore is about 10 times larger than
that obtained from the Z-scan studies.

Introduction

Organic nonlinear optical (NLO) materials have been exten-
sively investigated over recent years, largely because of their
promise in a wide range of interesting technological applica-
tions.1 Quadratic (second-order) NLO effects are suited to
various opto-electronic applications, while cubic (third-order)
phenomena are relevant to all-optical data processing and
applications in nanophotonics and biophotonics. A broad range
of chromophores has been found to display large molecular NLO
responses, represented by first and second hyperpolarizabilities
(â and γ), from which derive quadratic and cubic effects,
respectively. Beyond purely organic NLO compounds, transition
metal complexes are particularly interesting because of their
structural diversity and multifunctional nature.2 The promise of
metal complexes in this field is exemplified by recent demon-
strations of the reversible switching of both quadratic and cubic
NLO responses via metal-based redox processes.3

Molecules with large two-photon absorption (2PA) cross-
sectionsσ2 are of major interest for a wide range of potential
applications, including optical power limiting, two-photon
upconversion lasing, and photodynamic cancer therapy.4 The
quantityσ2 is related to the imaginary part of the cubic NLO
responseγ. It is established that largeσ2 values require extended
conjugatedπ-systems and recent studies have featured a number
of branched structures, including octupolar chromophores.5 Only

very few 2PA studies have involved octupolar metal complexes,3i,6

but Liu et al. have recently used INDO/SOS calculations to
predict extremely largeσ2 values for octupolar CuI and ZnII

2,2′-bipyridyl (bpy) complexes with tetrahedral or octahedral
geometries.7 One of the reasons for the relative scarcity of
reports ofσ2 measurements on octupolar metal complexes is
that they are often not fluorescent and thus cannot be studied
by the convenient technique of two-photon induced fluorescence.
We have previously reported studies on the quadratic NLO
properties of RuII trisbpy derivatives,8 and describe here the
results of 2PA measurements and computational studies on these
complex species.

Experimental Section

Materials. The complex salts1-7 were prepared as described
previously,8 and the complex salt [RuII(Qpy)3](PF6)2 (8, Qpy
) 2,2′:4,4′′:4′,4′′′-quaterpyridyl) was synthesized according to
a published procedure.9

Z-Scan Measurements.All compounds were investigated
as DMF solutions placed in 1 mm path length glass cells. The
measurements were carried out at 750 nm (1.652 eV). This
wavelength was chosen in such a way as to provide the optimum
possible enhancement of the NLO properties of the compounds
while avoiding excessive one-photon absorption. The laser
system used for the measurements used a Clark-MXR regenera-
tive amplifier operating at 250 Hz and generating ca. 700µJ
pulses at 775 nm, which were used to pump a Light Conversion
TOPAS travelling wave optical parametric amplifier. The
wavelength for the present measurements was obtained by
doubling the OPA signal.

A standard Z-scan measurement system was used with the
beam from the OPA being first attenuated and spatially filtered
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by a pair of apertures and then focused with a lens to form a
w0 ) 60 µm spot at the focal plane (i.e.,z ) 0). The cell was
mounted on a travelling stage that was moved fromz ) -47.5
to z ) 47.5 mm. The beam transmitted through the sample was
probed with a beam splitter to provide an “open aperture” signal
and with an iris aperture in the far field to provide the “closed
aperture” signal simultaneously. The Z-scans were analyzed
using home-written software implementing the calculations of
Z-scans as presented by Sheik-Bahae et al.10

By comparing the shapes of computed curves with the
experimental ones, we obtained the values of the nonlinear phase

shift ∆Φ0 [) Re(∆Φ̂0)] and theT factor defined here according
to the equation

where∆Φ̂0 stands for the complex phase shift. All measure-
ments were performed in the range of intensities at which the
phase shifts were below ca. 1 rd. The Z-scans were measured
for three concentrations of each compound in DMF (the highest
concentration being typically about 4 wt %) as well as for the
solvent itself, and the NLO properties of the solute were
determined assuming linear dependences of the phase shift on
concentration. The data were calibrated against the nonlinearity
of fused silica that was taken to ben2 ) 3 × 10-6 cm2 W-1.

Computational Methodology.As described previously,8 the
geometry of the representative complex cation in salt1 was
optimized at the B3P86/LanL2DZ level, restricted toD3

symmetry, implemented in the Gaussian 03 program.11 The
standard orientation of the molecule places thez-axis aligned
to theC3 axis and they-axis aligned to one of theC2 axes.

The semiempirical intermediate neglect of differential overlap
(INDO)12 Hamiltonian with Mataga-Nishimoto (MN)13 poten-
tial was used to investigate the excited-state properties as well
as the 2PA coefficients. On the basis of the ZINDO parameters,
we have implemented a multireference-determinant single and
double configuration interaction technique (MRD-CI)14 scheme.

Figure 1. Chemical structures of the complex salts investigated.8,9

TABLE 1: Nonlinear Optical Parameters at 750 nm

salt γreal (10-36 esu) γimag (10-36 esu) σ2 (GM)a

1 -4300( 600 220( 30 62( 8
5 -7400( 800 48( 15 13( 4
2 -5800( 1500 420( 100 120( 25
6 -6400( 1500 13( 6 3.6( 2
3 -6700( 2000 660( 150 180( 30
7 -6600( 2000 21( 10 5.8( 3
4 -5600( 1500 330( 80 92( 20
8 -380( 150 18( 10 5.0( 3

a 1 GM ) 10-50 cm4 s.

Figure 2. Examples of closed-aperture Z-scans for compound1 in
DMF. Sol. #1) 3.13%, Sol. #2) 1.50%. Beam parameters: w0 ) 65
µm.

Figure 3. Examples of open-aperture Z-scans for compound1 in DMF.
Sol. #1) 3.13%, Sol. #2) 1.50%. Beam parameters: w0 ) 65 µm.

T ) 4π
Im(∆Φ̂0)

Re(∆Φ̂0)
(1)
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The CI active space in our MRD-CI calculation consists of 11
HOMOs and 11 LUMOs and 5 references, amounting to a total
of about 130 000 configurations. A Davidson diagonalization
algorithm is followed to obtain a few hundred lowest-lying
excited states. We note that in the standard ZINDO calculations,
only 2 occupied and 2 unoccupied MOs have been considered
in such calculations for the 2PA properties and only 200
configurations are included in the CI calculations, meaning that
many important molecular orbitals as well as configuration
contributions have been ignored.15 Previously an extended
version of the ZINDO program has been successfully applied
to calculate the NLO properties and multiphoton absorptions,
which allowed up to 6000 configurations or 6 occupied-6
unoccupied active MO space.16

To calculate the 2PA cross-sections, we have used the tensor
approach including the 130 lowest lying excited singlet states
in the perturbative description. The 2PA cross-section,σ2(ω),
can be expressed according to the relationship17

wherec is the speed of light in a vacuum,L denotes a local-
field correction (equal to 1 for vacuum),pω is the photon energy
of the incident light (a degenerate 2PA process is assumed),
and Γ is a Lorentzian broadening factor (set to 0.1 eV in the
calculations).Sgff corresponds to the two-photon transition
amplitude from the ground state to a final three-photon state
|f〉, with tensorij component defined as

whereEgm corresponds to the excitation energy from the ground
state|g〉 to excited state|m〉, µi is the component of the electric
dipole operator along the molecular axisi and Pij denotes a
complete permutation of the indicesi and j. For linearly
polarized light, the average 2PA cross-section can be written
as18

Results and Discussion

Experimental Studies. The real and imaginary parts ofγ
obtained for all of the compounds studied (structures shown in
Figure 1) are listed in Table 1. Figure 2 shows examples of
closed aperture Z-scans (for compound1) and Figure 3 shows
examples of open aperture scans. Strong negative refractive
nonlinearities (γreal) of all compounds are likely to be related
to the presence of absorption: one-photon absorption in the case
of the FeII complexes in5-7 and 2PA in the case of the RuII

complexes in1-4 and8. Within the experimental error, there
is only a very weak signature of any 2PA for the FeII

compounds, whereas all of the RuII compounds are relatively
efficient two-photon absorbers.

The data in Table 1 reveal a 2-fold increase inσ2 for the
ruthenium complexes on moving from1 to 2, most likely

attributable to extension of the size of the conjugated system.
The addition of substituents on the terminal phenyl rings further
modifies the value ofσ2. However, from comparison of the
results for3 and4, it is not clear if the observed variations in
σ2 for 1-4 are due to changes in the conjugation or changes in
the multipolar character of the complexes. The comparison
between1-4 and8 accentuates the role of the multipolar charge
distribution in the complex in attaining strong cubic NLO
behavior, because all of the pyridinium compounds show 2PA
that is at least an order of magnitude stronger than that in the
unquaternised complex in8. In contrast, no significant 2PA is
detected for the iron complexes in5, 6, and7 and no trend in
cubic optical nonlinearity is evident for these three compounds.
The refractive component of the cubic optical nonlinearity of
5, 6, and 7 is the same for the three complexes within the
experimental error. The much weaker 2PA behavior of the iron
complexes when compared with their ruthenium analogues may
be attributable at least in part to the higher polarizability of the
latter due to the greater radial extension of the 4d as opposed
to 3d orbitals.

σ2(ω) )
4π3(pω)2L4

n2c2p
∑

f

|Sgff
ij |2 ‚ { Γ

(Egf - 2pω)2 + Γ2}
(2)

Sgff
ij ) ∑Pij ∑

m

< g|µi|m > < m|µj|f >

(Egm - pω - iΓ)
(3)

σ2(ω) )
4π3(pω)2L4

n2c2p(15)
∑

f

| ∑
ij

Sgff
ii (Sgff

jj *) +

2 ∑
ij

Sgff
ij Sgff

ij *| ‚ { Γ

(Egf - 2pω)2 + Γ2} (4)

Figure 4. The INDO/MRD-CI calculated linear absorption spectrum
of the complex cation in salt1.

TABLE 2: INDO/MRD -CI Calculated Excitation Energies,
Transition Dipole Moments, Dipole Moment Changes, and
the Most Significant CI Contributions to the Excited States
for the Complex in 1

Emax(eV)
theo

[exp]a
excited state
(energy, eV)

CI description
(weights> 0.3), character

Mge
(D)

|∆µge|
(D)

2.21 S1 (2.21) 0.93|H f L〉, MLCT 5.40 1.06
[2.55] S2 (2.22) 0.93|H - 1 f L〉, MLCT 5.23 1.42
2.57-
2.66

S6 (2.56) 0.75|H f L + 1〉 +
0.47|H - 1 f L + 2〉

3.47 1.92

[3.15] - 0.31|H - 2 f L + 2〉, MLCT
S7 (2.67) 0.93|H f L + 2〉, MLCT 3.07 8.04
S8 (2.69) 0.95|H -1 f L + 1〉, MLCT 2.75 8.78

3.38 S10 (3.34) 0.85|H f L + 5〉 +
0.30|H f L + 10〉, MLCT

4.40 2.08

[3.83] S11 (3.35) -0.83|H - 1fL + 5〉 +
0.28|H - 2fL + 4〉, MLCT

4.64 1.17

S12 (3.37) 0.89|H - 2 f L + 3〉, MLCT 2.90 7.96
S13 (3.37) 0.86|H - 2 f L + 4〉, MLCT 2.38 7.80
S14 (3.44) 0.72|H f L + 4〉 +

0.60|H - 1 f L + 3〉, MLCT
5.53 0.72

4.61 S28 (4.60) 0.64|H -4 f L〉 +
0.55|H - 10 f L〉, π f π*

3.64 0.62

[4.81] S29 (4.60) -0.64|H - 3 f L〉 -
0.55|H - 9 f L〉, π f π*

3.63 0.14

a Experimental data for acetonitrile solutions at 295 K taken from
ref 8.
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Theoretical Studies: Linear Absorption. The INDO/
MRD-CI calculated linear electronic absorption spectrum of
the complex in salt1 is shown in Figure 4 , and in Table 2 the
excitation energies and transition dipoles and the most significant
contributions to the CI description of the excited states are listed.

The relevant orbitals are depicted in Figure 5. Unfortunately,
at present we cannot generate meaningful theoretical results for
complexes such as that in5 because the INDO parametrization
for iron is very poor. Test calculations on this chromophore
have been carried out, but these could not reproduce the low-

Figure 5. The electronic density distribution of the frontier molecular orbitals of the complex cation in salt1. For the sake of clarity, the electronic
density is magnified by a relative ratio of 10, except for the HOMO, HOMO-1, and HOMO-2 orbitals.
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lying excitation behavior. To use this approach to reliably
calculate the linear absorption and 2PA properties of iron
complexes, reparameterization will be necessary, which is a
major undertaking and therefore outside the scope of our present
studies.

The calculations on the complex in salt1 indicate that four
major peaks dominate the spectrum: (i) The first peak at 2.21
eV is associated with S1 (2.21 eV) and S2 (2.22 eV), two nearly
degenerate excited states, which are dominated by excitations
from the degenerate occupied HOMO and HOMO-1 to the
unoccupied LUMO. The HOMO and HOMO-1 are mainly
localized on the RuII center, while the LUMO is concentrated
on the bipyridyl rings, indicating that this first peak has metal-
to-ligand charge-transfer (MLCT) character. (ii) The second
peak with a shoulder around 2.57-2.66 eV arises from the S6,
S7, and S8 excited states. These excitations are mainly from the
degenerate HOMO and HOMO-1 to the degenerate LUMO+1
and LUMO+2, meaning that these three transitions also have
MLCT character. (iii) The third peak at ca. 3.38 eV corresponds
to the S10, S11, S12, S13, and S14 excited states, also possessing
MLCT character. (iv) The fourth peak at ca. 4.61 eV involves
the degenerate S28 and S29 excited states and has intraligandπ
f π* character. The CI descriptions for both of these states
are dominated by one-electron excitations to the LUMO from
the degenerate pairs HOMO-3/HOMO-4 and HOMO-9/
HOMO-10. HOMO-3, HOMO-4, HOMO-9 and HOMO-
10 are distributed on the ligands with significant electron density
on the pyridinium rings.

The experimentally measured absorptions for1 in acetonitrile
solution are found at 2.55, 3.15, 3.83, and 4.81 eV, with the
two lowest energy bands assigned as having MLCT character.8

There is hence a reasonable level of overall agreement between
the measured and INDO/MRD-CI calculated data, with the
main difference being that the calculated excitation energies are
all substantially smaller than the experimental ones. This result
may be because of solvent and vibronic coupling effects that
are not considered in the present calculations. Interestingly, time-
dependent density functional theory predicts energies of 2.78
and 3.26 eV for the MLCT transitions of the complex in salt
1,8 showing a closer agreement with the situation observed in
acetonitrile solution when compared with the present INDO/
MRD-CI calculations.

Theoretical Studies: Two-Photon Absorption.The INDO/
MRD-CI calculated 2PA spectrum of the complex cation in
salt1 is shown in Figure 6. This spectrum is dominated by two
absorption peaks, a low-energy peak at ca. 1.70 eV and a high-

energy one at ca. 2.10 eV. The energy of the latter is close to
the one-photon energy of the first linear absorption peak (2.21
eV); this band overlaps with the linear absorption and therefore
is not useful for practical applications. Hence, we will only
discuss 2PA in the spectral region below linear absorption, i.e.,
the low-energy peak at ca. 1.70 eV, which is associated with
five close-lying excited states, S10, S11, S12, S13, and S14, located
at ca. 3.4 eV. The electronic transitions for these five excited
states are of MLCT character with noπ f π* intraligand
charge-transfer (ILCT) contributions due to the presence of the
electron-accepting pyridinium substituents. The calculatedσ2

value at 1.70 eV is ca. 624 GM, and is about 10 times larger
than that obtained from Z-scan studies (see above) at 1.652 eV,
but still relatively small when compared with those of previously
investigated 2PA chromophores containing largeπ-electronic
systems.6b,c,19 For the sake of comparison, we also have
computedσ2 from the SOS expression,20 which amounts to ca.
640 GM at a photon energy of 1.70 eV. Therefore, the two
theoretical approaches give very similar results.

It is worth considering the reasons why the octupolar complex
cation in salt1 has only a relatively smallσ2 value despite its
polyaromatic nature. Because this chromophore has no inversion
symmetry, there is no parity restriction for either one- or two-
photon absorption so the one-photon excited states may become
two-photon active. The detuning energy,Ege - pω of ca. 1.7
eV is quite large, and the transition dipole momentsMge from
the ground state to these five excited states are relatively small
(i.e., 4.40 D for S0fS10, 4.64 D for S0fS11, 2.90 D for S0fS12,
2.38 for S0fS13, and 5.53 D for S0fS14 (Table 2)). In contrast,
similar calculations predict that the related complex chro-
mophore9 (Figure 7), which has been studied for its quadratic
NLO properties by Le Bozec and co-workers,21 should possess
a much largerσ2 value of ca. 20 000 GM. The electronic
absorption spectrum of this and related complexes are dominated
by intense ILCT transitions that arise from the presence of
peripheral electron-donating substituents. Hence, it is apparent
that such species display much greater promise for potential
2PA applications than related MLCT-based chromophores.

The difference between the magnitudes of the computedσ2

values and that obtained from Z-scan measurements on salt1
(Table 1) may originate from several factors. As discussed
previously,22 calculatedσ2 values may be substantially overes-
timated if Franck-Condon factors of the vibrational transitions

Figure 6. INDO/MRD-CI calculated 2PA spectrum of the complex
cation in salt1.

Figure 7. Chemical structure of a complex chromophore investigated
by other workers.21
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and the related broadening of the absorption profiles are not
properly accounted for. In addition, 2PA measurements per-
formed at only a single wavelength do not provide certainty
that the maximum value ofσ2 in a given 2PA band has been
reached. Nevertheless, the present experimental and computa-
tional data provide information that should be helpful in the
future design of metal complexes displaying enhanced nonlinear
absorption properties.

Conclusions

Z-scan measurements using a 750 nm laser show that RuII

trischelate complexes ofN-methyl/aryl-2,2′:4,4′′:4′,4′′′-quaterpy-
ridinium ligands show moderate 2PA cross-sectionsσ2 of ca.
62-180 GM. In contrast, analogous FeII compounds display
only very weak 2PA behavior. Semiempirical INDO/MRD-
CI computations on the representativeN-methylated chro-
mophore in salt1 shed light on the excited-state and 2PA
properties, affording a predictedσ2 value of ca. 624 GM at 1.70
eV that is about 10 times larger than that measured. The
relatively inefficient 2PA behavior of the RuII complexes (when
considering their polyaromatic nature) can be attributed at least
in part to the modest intensities of their visible MLCT
transitions, and related chromophores in which the one-
photon absorption spectra are dominated by more strongly
allowed ILCT excitations are predicted to possess much larger
σ2 values.
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