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A series of Rt or Fé' trischelate complex salts containibgmethyl/aryl-2,2:4,4":4' 4"'-quaterpyridinium
ligands that has previously been subjected to quadratic nonlinear optical studies (Coe, B. J. énal.
Chem. Soc2005 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) crossesections
of ca. 62-180 GM for the Rt complexes, but only very weak 2PA is observed for thé dampounds. The
excited-state and 2PA properties of the representative chromophdi@&Qpy>")s]®" (MeQpy?t = 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 caleglaedde 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 very few 2PA studies have involved octupolar metal compléXes,
. . . . but Liu et al. have recently used INDO/SOS calculations to
Organic nonlinear optical (NLO) materials have been exten- predict extremely large, values for octupolar Cuand Zr!
sively investigated over recent years, largely because of theirz,z-bipyridyl (bpy) complexes with tetrahedral or octahedral
promise in a wide range of interesting technological applica- goometried. One of the reasons for the relative scarcity of
tions: Quadratic (second-order) NLO effects are suited 10 o415 of, measurements on octupolar metal complexes is
various opto-electronic applications, while cubic (third-order) ¢ they are often not fluorescent and thus cannot be studied

pherllom.ena.are relevant o aII-op.ticaI datg processing andbythe convenient technique of two-photon induced fluorescence.
applications in nanophotonics and biophotonics. A broad range e have previously reported studies on the quadratic NLO

of chromophores has been found to display large molecular NLO roperties of Rl trisbpy derivative€ and describe here the

responses, represented by first and second hyperpolarizabilitieggg 15 of 2PA measurements and computational studies on these
(8 and y), from which derive quadratic and cubic effects, complex species.

respectively. Beyond purely organic NLO compounds, transition
metal complexes are particularly interesting because of their
structural diversity and multifunctional natuA@he promise of

metal complexes in this field is exemplified by recent demon-  yiaterials. The complex salté—7 were prepared as described

strations of the reversible switching of both quadratic and cubic previously8 and the complex salt [R¢Qpy)](PFe)2 (8, Qpy

NLO responses via metal-based redox proce$ses. =2,2:4,4":4 A"-quaterpyridyl) was synthesized according to
Molecules with large two-photon absorption (2PA) cross- a published procedufe.

sectionso, are of major interest for a wide range of potential
applications, including optical power limiting, two-photon
upconversion lasing, and photodynamic cancer thetapye

quantity o, is related to the imaginary part of the cubic NLO

Experimental Section

Z-Scan MeasurementsAll 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
response. Itis established that large values require extended

X ) possible enhancement of the NLO properties of the compounds
conjugatedr-systems and recent studies have featured a number,

! - while avoiding excessive one-photon absorption. The laser
of branched structures, including octupolar chromophofsly system used for the measurements used a Clark-MXR regenera-

tive amplifier operating at 250 Hz and generating ca. #00
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Figure 2. Examples of closed-aperture Z-scans for compofnd
DMF. Sol. #1= 3.13%, Sol. #2= 1.50%. Beam parameters:ow 65
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Figure 3. Examples of open-aperture Z-scans for compaumdDMF.
Sol. #1= 3.13%, Sol. #2= 1.50%. Beam parameters:ow 65 um.

shift A®q [= Re(Ad¢)] and theT factor defined here according
to the equation

Figure 1. Chemical structures of the complex salts investigéfed.

Im(AD,)
TABLE 1: Nonlinear Optical Parameters at 750 nm T=dx Re(Aﬁ)O) @
salt Vreal (10738 esu) Yimag (10736 esu) 02 (GM)2
1 —4300+ 600 220+ 30 62+ 8 where Ad, stands for the complex phase shift. All measure-
5 —74004+ 800 484 15 13+ 4 ments were performed in the range of intensities at which the
2 —5800+ 1500 420+ 100 120+ 25 phase shifts were below ca. 1 rd. The Z-scans were measured
6 ~6400+ 1500 13+6 3642 for three concentrations of each compound in DMF (the highest
3 —6700+ 2000 660+ 150 180+ 30 . . .
7 6600+ 2000 21+ 10 58+ 3 concentration being typically about 4 wt %) as well as for the
4 —56004 1500 330+ 80 924 20 solvent itself, and the NLO properties of the solute were
8 —380+ 150 18+ 10 5.0+ 3 determined assuming linear dependences of the phase shift on
a1 GM = 1050 cntt s. concentration. The data were calibrated against the nonlinearity

of fused silica that was taken to e = 3 x 1075 cn? W1,
Computational Methodology. As described previousKthe
by a pair of apertures and then focused with a lens to form a geometry of the representative complex cation in &aftas
Wp = 60 um spot at the focal plane (i.ez,= 0). The cell was optimized at the B3P86/LanL2DZ level, restricted [
mounted on a travelling stage that was moved foom —47.5 symmetry, implemented in the Gaussian 03 progtamihe
to z=47.5 mm. The beam transmitted through the sample was standard orientation of the molecule places #axis aligned
probed with a beam spilitter to provide an “open aperture” signal to the Cz axis and they-axis aligned to one of th€, axes.
and with an iris aperture in the far field to provide the “closed = The semiempirical intermediate neglect of differential overlap
aperture” signal simultaneously. The Z-scans were analyzed(INDO)? Hamiltonian with Mataga Nishimoto (MN)'3 poten-
using home-written software implementing the calculations of tial was used to investigate the excited-state properties as well
Z-scans as presented by Sheik-Bahae &} al. as the 2PA coefficients. On the basis of the ZINDO parameters,
By comparing the shapes of computed curves with the we have implemented a multireference-determinant single and
experimental ones, we obtained the values of the nonlinear phaselouble configuration interaction technique (MRDI)'4scheme.
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The CI active space in our MRBCI 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 ignoréd.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 0l
unoccupied active MO spacé. . 10 15 20 25 30 35 40 45
To calculate the 2PA cross-sections, we have used the tensor
. . . . R photon energy (eV)
approach including the 130 lowest lying excited singlet states h el | )
in the perturbative description. The 2PA cross-sectinfi), Figure 4. The INDO/MRD-CI calculated linear absorption spectrum
- . - of the complex cation in salt.
can be expressed according to the relationghip

800 MLCT

MLCT
600

400
MLCT

200

linear absorption (arb.units)

A3 (hew)?L* ) r TABLE 2: INDO/MRD —CI Calculated Excitation Energies,
o(w) =—— |Sé_f|2 . Transition Dipole Moments, Dipole Moment Changes, and
n2c?h (E, — 2hw)? +T'? the Most Significant Cl Contributions to the Excited States
of @) for the Complex in 1
EmaxeV) . L
wherec is the speed of light in a vacuurh, denotes a local- theoa excited St&{}e ) ﬁil (ie(S)CéIptI%n l\/l:lge \Aggel
field correction (equal to 1 for vacuunfjw is the photon energy [expl (energy,eV)  (weights> 0.3), character (D) (
of the incident light (a degenerate 2PA process is assumed), 2-21 §(221)  0.93H—LOMLCT 5.40 1.06
andT is a Lorentzian broadening factor (set to 0.1 eV in the [22'55751] g‘;(éé?) ggg: ;|1_: ES_NLCT gfg 1‘32
calculations).Syt corresponds to the two-photon transition 2 66 ' 0.47H—1—L+20 ' '
amplitude from the ground state to a final three-photon state [3.15] —0.3yH —2— L+ 20JMLCT
[f0) with tensorij component defined as $(2.67)  0.93H—L +2[MLCT 3.07 8.04
Ss(2.69) 0.95H —1—L+1MLCT 275 8.78
3.38 3.34) 0.85H— L + 5[+ 4.40 2.08
i < glylm > < migglf > 80339 O@QH—»L—O—lODMLCT
S+=>P Y : () [3.83] S1(3.35) —0.83H — 1—L +50H 464 117
w  (Egn— ho —iI) 0.28H — 2—L + 40JMLCT

S12(3.37)  0.89H —2—L + 30MLCT 290 7.96

whereEgn corresponds to the excitation energy from the ground Si3(3.37) 086 — 2L +4MLCT - 2.38  7.80

; ; X S14(3.44) 0.72H— L+ 40+ 553 0.72
state|g[to excited statéml]y; is the component of the electric 0.60H — 1—L + 30MLCT
dipole operator along the molecular axisind P; denotes a 4.61 $5(4.60) OI%QS-'H?—}'@D—FLD 3.64 0.62
comp_lete permutation of the indicesand j. For Ilnearly_ [481]  So(4.60) —0.64H—3 L0 363 014
polarized light, the average 2PA cross-section can be written 0.55H — 9— Lz — 7*

8
as a Experimental data for acetonitrile solutions at 295 K taken from
3 24 ref 8.
Ar°(hw)L i
O v AD L RC RN,
n’c’h(15) ]

attributable to extension of the size of the conjugated system.
i it r The addition of substituents on the terminal phenyl rings further
2 Z sg"f Sg'f I ) modifies the value obr,. However, from comparison of the
g (Ey — 2iw)? + T2 - 002 o parison o1 ™
g results for3 and4, it is not clear if the observed variations in
o, for 1—4 are due to changes in the conjugation or changes in
the multipolar character of the complexes. The comparison
Experimental Studies. The real and imaginary parts ¢f betweerl—4 and8 accentuates the role of the multipolar charge
obtained for all of the compounds studied (structures shown in distribution in the complex in attaining strong cubic NLO
Figure 1) are listed in Table 1. Figure 2 shows examples of behavior, because all of the pyridinium compounds show 2PA
closed aperture Z-scans (for compoub)cand Figure 3 shows  that is at least an order of magnitude stronger than that in the
examples of open aperture scans. Strong negative refractiveunquaternised complex @ In contrast, no significant 2PA is
nonlinearities frea) Of all compounds are likely to be related detected for the iron complexes %16, and7 and no trend in
to the presence of absorption: one-photon absorption in the casecubic optical nonlinearity is evident for these three compounds.
of the F¢ complexes ir6—7 and 2PA in the case of the Ru The refractive component of the cubic optical nonlinearity of
complexes inl—4 and8. Within the experimental error, there 5, 6, and 7 is the same for the three complexes within the
is only a very weak signature of any 2PA for the"Fe experimental error. The much weaker 2PA behavior of the iron
compounds, whereas all of the 'Ronompounds are relatively  complexes when compared with their ruthenium analogues may
efficient two-photon absorbers. be attributable at least in part to the higher polarizability of the
The data in Table 1 reveal a 2-fold increasecinfor the latter due to the greater radial extension of the 4d as opposed
ruthenium complexes on moving frorh to 2, most likely to 3d orbitals.

Results and Discussion
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Figure 5. The electronic density distribution of the frontier molecular orbitals of the complex cation ih. &t the sake of clarity, the electronic
density is magnified by a relative ratio of 10, except for the HOMO, HOMQand HOMG-2 orbitals.

Theoretical Studies: Linear Absorption. The INDO/ The relevant orbitals are depicted in Figure 5. Unfortunately,
MRD—CI calculated linear electronic absorption spectrum of at present we cannot generate meaningful theoretical results for
the complex in sall is shown in Figue 4 , and in Table 2 the  complexes such as that ibecause the INDO parametrization
excitation energies and transition dipoles and the most significantfor iron is very poor. Test calculations on this chromophore
contributions to the ClI description of the excited states are listed. have been carried out, but these could not reproduce the low-
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Figure 6. INDO/MRD—CI calculated 2PA spectrum of the complex
cation in saltl.
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lying excitation behavior. To use this approach to reliably
calculate the linear absorption and 2PA properties of iron Figure 7. Chemiclal structure of a complex chromophore investigated
complexes, reparameterization will be necessary, which is a Py other workers!
majqr undertaking and therefore outside the scope of our Presenknergy one at ca. 2.10 eV. The energy of the latter is close to
studies. the one-photon energy of the first linear absorption peak (2.21
The calculations on the complex in salindicate that four  ev): this band overlaps with the linear absorption and therefore
major peaks dominate the spectrum: (i) The first peak at 2.21 js not useful for practical applications. Hence, we will only
eV is associated with:32.21 eV) and $(2.22 eV), two nearly  discuss 2PA in the spectral region below linear absorption, i.e.,
degenerate excited states, which are dominated by excitationghe low-energy peak at ca. 1.70 eV, which is associated with
from the degenerate occupied HOMO and HOMDto the five close-lying excited states;$S11, Si2 Si3, and S, located
unoccupied LUMO. The HOMO and HOMEL are mainly  at ca. 3.4 eV. The electronic transitions for these five excited
localized on the Rucenter, while the LUMO is concentrated  states are of MLCT character with no — 7* intraligand
on the bipyridyl rings, indicating that this first peak has metal- charge-transfer (ILCT) contributions due to the presence of the
to-ligand charge-transfer (MLCT) character. (i) The second electron-accepting pyridinium substituents. The calculated
peak with a shoulder around 2:52.66 eV arises from thesS  value at 1.70 eV is ca. 624 GM, and is about 10 times larger
S, and $ excited states. These excitations are mainly from the than that obtained from Z-scan studies (see above) at 1.652 eV,
degenerate HOMO and HOM¢&L to the degenerate LUMEL but still relatively small when compared with those of previously
and LUMO+2, meaning that these three transitions also have jnyvestigated 2PA chromophores containing largelectronic
MLCT character. (iii) The third peak at ca. 3.38 eV corresponds system$b<19 For the sake of comparison, we also have
to the So, S11, Sz, Si3, and S4 excited states, also possessing  computeds, from the SOS expressidAwhich amounts to ca.
MLCT character. (iv) The fourth peak at ca. 4.61 eV involves 640 GM at a photon energy of 1.70 eV. Therefore, the two
the degenerate®and Sg excited states and has intraligamd theoretical approaches give very similar results.
— z* character. The CI descriptions for both of these states |t js worth considering the reasons why the octupolar complex
are dominated by one-electron excitations to the LUMO from catjon in saltl has only a relatively smat, value despite its

the degenerate pairs HOMG/HOMO-4 and HOMG-9/ polyaromatic nature. Because this chromophore has no inversion
HOMO-10. HOMO-3, HOMO-4, HOMO-9 and HOMG- symmetry, there is no parity restriction for either one- or two-
10 are distributed on the ligands with significant electron density photon absorption so the one-photon excited states may become
on the pyridinium rings. two-photon active. The detuning enerdsge — Aw of ca. 1.7

The experimentally measured absorptionslfar acetonitrile eV is quite large, and the transition dipole momeMtg from
solution are found at 2.55, 3.15, 3.83, and 4.81 eV, with the the ground state to these five excited states are relatively small
two lowest energy bands assigned as having MLCT char&cter. (i.e., 4.40 D for $—Sy, 4.64 D for $—S;1, 2.90 D for $—S12,
There is hence a reasonable level of overall agreement betweer® .38 for $—S;3, and 5.53 D for §—S;4 (Table 2)). In contrast,
the measured and INDO/MRECI calculated data, with the  similar calculations predict that the related complex chro-
main difference being that the calculated excitation energies aremophore9 (Figure 7), which has been studied for its quadratic
all substantially smaller than the experimental ones. This result NLO properties by Le Bozec and co-workétshould possess
may be because of solvent and vibronic coupling effects that a much largero, value of ca. 20 000 GM. The electronic
are not considered in the present calculations. Interestingly, time-absorption spectrum of this and related complexes are dominated
dependent density functional theory predicts energies of 2.78 by intense ILCT transitions that arise from the presence of
and 3.26 eV for the MLCT transitions of the complex in salt peripheral electron-donating substituents. Hence, it is apparent
1,8 showing a closer agreement with the situation observed in that such species display much greater promise for potential
acetonitrile solution when compared with the present INDO/ 2PA applications than related MLCT-based chromophores.
MRD—CI calculations. The difference between the magnitudes of the compuated

Theoretical Studies: Two-Photon Absorption.The INDO/ values and that obtained from Z-scan measurements od salt
MRD—CI calculated 2PA spectrum of the complex cation in (Table 1) may originate from several factors. As discussed
salt1is shown in Figure 6. This spectrum is dominated by two previously?? calculateds; values may be substantially overes-
absorption peaks, a low-energy peak at ca. 1.70 eV and a high-timated if Franck-Condon factors of the vibrational transitions
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and the related broadening of the absorption profiles are notJ.-M.; Ward, M. D.; McCleverty, J. AJ. Chem. So¢Dalton Trans.2001,

properly accounted for. In addition, 2PA measurements per-

formed at only a single wavelength do not provide certainty
that the maximum value af, in a given 2PA band has been

3025. (e) Cifuentes, M. P.; Powell, C. E.; Humphrey, M. G.; Heath, G. A.;
Samoc, M.; Luther-Davies, Bl. Phys. Chem. 2001, 105, 9625. (f) Paul,

F.; Costuas, K.; Ledoux, I.; Deveau, S.; Zyss, J.; Halet, J.-F.; Lapinte, C.
OrganometallicR002 21, 5229. (g) Powell, C. E.; Cifuentes, M. P.; Morrall,

reached. Nevertheless, the present experimental and computal: P-; Stranger, R.; Humphrey, M. G.; Samoc, M.; Luther-Davies, B.; Heath,

tional data provide information that should be helpful in the

A.J. Am. Chem. SoQ003 125 602. (h) Asselberghs, I.; Clays, K.;
Persoons, A.; McDonagh, A. M.; Ward, M. D.; McCleverty, J. @hem.

future design of metal complexes displaying enhanced nonlinearpnys. Lett2003 368 408. (i) Powell, C. E.; Humphrey, M. G.; Cifuentes,

absorption properties.

Conclusions

Z-scan measurements using a 750 nm laser show thht Ru
trischelate complexes &f-methyl/aryl-2,2.4,4".4' 4" -quaterpy-
ridinium ligands show moderate 2PA cross-sectiop®f ca.
62—180 GM. In contrast, analogous 'Feompounds display
only very weak 2PA behavior. Semiempirical INDO/MRD
Cl computations on the representatiemethylated chro-
mophore in saltl shed light on the excited-state and 2PA
properties, affording a predicted value of ca. 624 GM at 1.70

M. P.; Morrall, J. P.; Samoc, M.; Luther-Davies, B.Phys. Chem. 2003

107, 11264. (j) Sporer, C.; Ratera, |.; Ruiz-Molina, D.; Zhao, Y.-X.; Vidal-
Gancedo, J.; Wurst, K.; Jaitner, P.; Clays, K.; Persoons, A.; Rovira, C;
Veciana, JAngew. Chem.nt. Ed. 2004 43, 5266.

(4) Selected examples: (a) He, G. S.; Lin, T.-C.; Prasad, P. N.; Cho,
C.-C.; Yu, L.-J.Appl. Phys. Lett2003 82, 4717. (b) Yang, Z.; Wu, Z.-K.;
Ma, J.-S.; Xia, A.-D.; Li, Q.-S.; Liu, C.-L.; Gong, Q.-HAppl. Phys. Lett.
2005 86, 061903. (c) Wang, C.; Wang, X.-M.; Shao, Z.-S.; Zhao, X.; Zhou,
G.-Y.; Wang, D.; Fang, Q.; Jiang, M.-HAppl. Opt.2001, 40, 2475. (d)
Zheng, Q.-D.; He, G. S.; Lin, T.-C.; Prasad, P. N.Mater. Chem2003
13, 2499. (e) Bhawalkar, J. D.; Kumar, N. D.; Zhao, C. F.; Prasad, B. N.
Clin. Laser Med. Surgl1997, 15, 201.

(5) Selected examples: (a) Lee, W.-H.; Lee, H.-C.; Kim, J.-A.; Choi,
J.-H.; Cho, M.-H.; Jeon, S.-J.; Cho, B. R. Am. Chem. So2001, 123
10658. (b) Beljonne, D.; Wenseleers, W.; Zojer, E.; Shuai, Z.-G.; Vogel,

eV that is about 10 times larger than that measured. The H.; Pond, S. J. K, Perry, J. W.; Marder, S. R.; Bredas, JAdu. Funct.

relatively inefficient 2PA behavior of the Rucomplexes (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,

Mater. 2002 12, 631. (c) Kannan, R.; He, G. S.; Lin, T.-C.; Prasad, P. N,;
Vaia, R. A.; Tan, L.-S.Chem. Mater.2004 16, 185. (d) Ray, P. C,;
Leszczynski, JJ. Phys. Chem. 2005 109 6689. (e) Zhou, X.; Feng,
J.-K.; Ren, A.-M.Chem. Phys. Let2005 403 7.

(6) (a) Kawamata, J.; Ogata, Y.; Yamagishi,Mol. Cryst. Lig. Cryst.
Sci. Techno).Sect. A2002 379, 389. (b) Hurst, S. K.; Humphrey, M. G.;
soshima, T.; Wostyn, K.; Asselberghs, I.; Clays, K.; Persoons, A.; Samoc,

allowed ILCT excitations are predicted to possess much larger m; Luther-Davies, B.Organometallics2002, 21, 2024. (c) Das, S.; Nag,

o, values.
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