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Abstract: A combination of cyclic voltammetry (CV), UV—vis—NIR spectroscopy and spectroelectrochem-
istry, hyper-Rayleigh scattering (HRS) [including depolarization studies], Z-scan and degenerate four-wave
mixing (DFWM) [including studies employing an optically transparent thin-layer electrochemical (OTTLE)
cell to effect electrochemical switching of nonlinearity], pump—probe, and electroabsorption (EA) measure-
ments have been used to comprehensively investigate the electronic, linear optical, and nonlinear optical
(NLO) properties of nanoscopic z-delocalizable electron-rich alkynylruthenium dendrimers, their precursor
dendrons, and their linear analogues. CV, UV—vis—NIR spectroscopy, and UV—vis—NIR spectroelectro-
chemistry reveal that the reversible metal-centered oxidation processes in these complexes are accompanied
by strong linear optical changes, “switching on” low-energy absorption bands, the frequency of which is
tunable by ligand replacement. HRS studies at 1064 nm employing nanosecond pulses reveal large
nonlinearities for these formally octupolar dendrimers; depolarization measurements are consistent with
lack of coplanarity upon s-framework extension through the metal. EA studies at 350—800 nm in a poly-
(methyl methacrylate) matrix are consistent with the important transitions having a charge-transfer exciton
character that increases markedly on introduction of peripheral polarizing substituent. Time-resolved pump—
probe studies employing 55 ps, 527 nm pulses reveal absorption saturation, the longest excited-state lifetime
being observed for the dendrimer. Z-scan studies at 800 nm employing femtosecond pulses reveal strong
two-photon absorption that increases significantly on progression from linear complex to zero- and then
first-generation dendrimer with no loss of optical transparency. Both refractive and absorptive nonlinearity
for selected alkynylruthenium dendrimers have been reversibly “switched” by employing the Z-scan technique
at 800 and 1180 nm and 100—150 fs pulses, together with a specially modified OTTLE cell, complementary
femtosecond time-resolved DFWM and transient absorption studies at 800 nm suggesting that the NLO
effects originate in picosecond time scale processes.

Introduction organic in composition, and organic dendrimers continue to

. . i i i 3
Dendrimers are monodisperse hyperbranched molecules thaflominate the field, but msgrgarﬁcl and, more recently,
have attracted significant interest recently as novel materials °'ganometallic dendrimers* have been the focus of interest
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because the metal may imbue the dendritic material with specific generation are comparatively r&f46776 the scarcity having

optical, electronic, magnetic, catalytic, and other properties;
indeed, hybrid inorganicorganometallic dendrimers have
recently been reported. The great majority of metal-containing
dendrimers are peripherally metallated organic dendriief§;
organometallic dendrimers with transition metals in every
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been suggested to derive from the intrinsically lower stability
of most organometallic complexes compared to organic com-
pounds, coupled to the need to build up the dendrimer by
successive organometallic reactidis.

We have been examining the nonlinear optical (NLO)
properties of alkynylmetal complexes and have noted an
enhancement of NLO response upon increasing the metal
valence electron count in linear (rodlike) alkynylmetal com-
plexes’’~81 NLO materials with a dendritic construction may
have enhanced nonlinearities, coupled to favorable transparency
and processing characteristics, because the 1,3,5-trisubstituted
benzene branching points in arylalkynyl dendrimers may permit
extensiver-delocalization without appreciable red-shift of the
important linear optical absorption band(s). Electron-rietie-
localizable organometallic dendrimers are therefore of consider-
able interest, but the vast majority afdelocalizable organo-
metallic dendrimers have employed 16-electron metal centers.
We recently reported synthetic procedures leading to bis-
(diphosphine)ruthenium-containing arylalkynyl dendrimers con-
taining 18-electron metal centers, including systematically varied
dendrimer examples peripherally functionalized by electron-
donating (NEj) or electron-withdrawing (N§ substituent§?

We report herein the electrochemical, linear optical, and
spectroelectrochemical properties of these electron-rich alkynyl-
ruthenium dendrimers, their quadratic NLO properties as
determined from hyper-Rayleigh scattering (HRS) at 1064 nm,
their cubic NLO properties as determined from femtosecond
Z-scan at 800, 1180, and 1300 nm and degenerate four-wave
mixing (DFWM) studies at 800 nm, their third-order NLO
susceptibilitieg,® determined by electroabsorption (EA) spec-
troscopy in resonance at ca. 450 nm, electrochemical switching
of both refractive and absorptive molecular cubic nonlinearity,
picosecond pumpprobe studies at 527 nm to determine
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absorption saturation properties, and an assessment of the effecicattered light®*° All compounds were additionally checked for

of “dimensional evolution” [in progressing from linear (1D)

fluorescence using a commercial spectrometer and exciting at 355 nm

molecules to 2D octupolar and dendritic molecules] upon these (28 200 cm*) and 532 nm (18 800 cm); no emission was detected

important properties; some of these results for selected com-
plexes lacking peripheral substituents have been reported in

preliminary form?3.83-85

Experimental Section

Synthetic Procedures.The complexesrans[Ru(C=CC¢Hs-4-C=
CPh)X(dppej] [X = CI (7a),8¢ C=CPh (7b), 4-C=CCsHsNO; (7¢),
4-C=CCgHsNEL, (7d)], 1-(MesSiC=C)CsHs-3,5{4-C=CCsH,C=C-
trans[RuX(dppe}]}. [X = Cl (2a), C=CPh @b), 4-C=CC;H4NO>
(20), 4-C=CGCH4NEL, (2d)], 1-(HC=C)CsHs-3,5{4-C=CCsH,C=C-
trans[RuX(dppe}]} . [X = C=CPh @a), 4-C=CC;HsNO- (3b)], 1,3,5-
CeHs{ 4-C=CCsH4C=C-trans[RuX(dppe}]}. [X = CI (5a), C=CPh
(5b), 4-C=CCsH4NO; (5¢), 4-C=CCsH4NEL, (5d)], 1,3,5-GHa{ 4-C=
CGsH4C=C-trans[RuCl(dppm}]}s (8), [1,3,5-GHs{ 4-C=CCsH4,CH=
C-trans-RuClI(L,)2} 3][PFe]s [L2 = dppm Qa), dppe Ob)], and 1,3,5-
CgH3(4-C=CGCGsH,C=C-rans|[Ru(dppe)] C=C-3,5-GH3{ 4-C=CCsH.,C=
C-trans[RuX(dppe}]}2)s [X = C=CPh ©a), 4-C=CC;HsNO, (6b)],
and the alkynes 1,3,5s83(4-C=CCsH,C=CSiMey); (4) and 1-Me-

a

in the range 356700 nm (28 606-14 300 cm?) for any complex
reported herein. All measurements were performed in THF using
p-nitroaniline (3 = 21.4 x 10°%° esu) as a reference. To perform
depolarization measuremefits?* the condensor system was omitted
and a rotating analyzing polarizer was placed in front of the photo-
multiplier.

Z-Scan Measurements Measurements at 800 nm (12 500 ¢in
used 100 fs pulses from a system consisting of a Coherent Mira Ti-
sapphire laser pumped with a Coherent Verdi continuous-wave pump
and a Ti-sapphire regenerative amplifier pumped with a frequency-
doubled Q-switched pulsed Nd:YAG laser (Spectra Physics GCR) at
30 Hz and employing chirped pulse amplification. THF solutions were
examined in a 0.1 cm path length cell. The closed-aperture and open-
aperture Z-scans were recorded at a few concentrations of each
compound, and the real and imaginary parts of the nonlinear phase
shift were determined by numerical fitting using equations given in
ref 95. The real and imaginary parts of the hyperpolarizability of the
solute were then calculated assuming linear concentration dependencies.
The nonlinearities and light intensities were calibrated using measure-

ments d a 1 mmthick silica plate, for which the nonlinear refractive
were prepared according to previously reported procedures. indexn, = 3 x 1072 cnm? W~ was assumed. Z-scan measurements
Linear Optical, Electrochemical, and Spectroelectrochemical were also performed at 1180 nm (8470 ¢jrand 1300 nm (7690 cr)
Studies UV—vis spectra were recorded as tetrahydrofuran (THF) using a 775 nm Ti-sapphire regenerative amplifier (Clark-MXR CPA-
solutions in 1 cm cells using a Cary 5 spectrophotometer. Cyclic 2001A) pumping a Light Conversion Topas optical parametric amplifier.
voltammetric measurements were recorded using a MacLab 400 This system provided tunable, approximately 150 fs pulses with a
interface and MacLab potentiostat from ADInstruments (using Pt disk repetition rate that was set at 1 kHz (or 250 Hz in some measurements).
working, Pt auxiliary, and AgAgCl reference mini-electrodes from ~ For both femtosecond systems, the energy per pulse used in the
Cypress Systems). Scan rates were typically 100 mVEectrochemi- experiments was limited (using a half-wave plate/polarizer combination
cal solutions contained 0.1 M (NB{)PF; and ca. 103 M complex in and/or neutral density filters) to approximately ), resulting in
CH,Cl,. Solutions were purged and maintained under an atmospherenonlinear phase shifts not exceeding about 1 rad for the system
of argon. All values are referenced to an internal ferrocene/ferrocenium containing two optical cell walls and the 1 mm path solution. Vige
couple E° at 0.56 V). Spectroelectrochemical data were recorded on a parameter of the beam (the radius at the? Ihtensity point) was
Cary 5 spectrophotometer (228500 nm, 45 0064000 cnT?) in CH,- typically chosen to be in the range-350 um. The Rayleigh lengtZz
Cl,. Solution spectra of the oxidized species at 253 K were obtained = W74, wherew is the Gaussian beam waist ahi the wavelength,
by electrogeneration (Thompson 401E potentiostat) at a Pt gauzeWas thus taken to b&z > 3 mm (which corresponds e, > 30 um
working electrode within a cryostatted optically transparent thin-layer for 4 = 0.8 um), and a “thin sample” assumption was therefore
electrochemical (OTTLE) cell, path length 0.5 mm, mounted within considered to be justified. In effect, one can then treat the total effect
the spectrophotomet8f The electrogeneration potential was ca. 300 Of the third-order nonlinearity of all the components of the system, the
mV beyondEy, for each couple, to ensure complete electrolysis. The solution (solvent and dissolved materials) and the glass walls of the
efficiency and reversibility of each step were tested by applying a Cell, as being an additive quantity.
sufficiently negative potential to reduce the product; stable isosbestic ~ Picosecond Pump-Probe Studies at 527 nmMeasurements were
points were observed in the spectral progressions for all the transforma-performed with 55 ps, 527 nm (19 000 cHn laser pulses obtained
tions reported herein. from a laser system using a Nd:YLF Coherent Antares mode-locked
Hyper-Rayleigh Scattering MeasurementsA beam from a Nd: oscill_a_tor and a Nd:YLF regenerative amplifier providing 2_0 Hz
YAG laser [Q-switched Nd:YAG Quanta Ray GCR130-10, 1064 nm 'epetition rate pulses at 1054 nm (9500 €mAfter frequency doubling,
(9400 cn1?), 8 ns pulses, 10 Hz] was focused into a cylindrical cell the 527 nm pulses of energies up to B0/pulse were split and
(14 mL) containing the sample. The intensity of the incident beam was 2ftenuated to provide a pump beam and a much weaker probe beam
varied by rotation of a half-wave plate placed between crossed that could be mechanically delayed with respect to the pump. The
polarizers. Part of the laser pulse was sampled by a photodiode toSa@mples were in the form of chloroform solutions placedil mm
measure the vertically polarized incident fundamental light intensity. 91ass cell. The pump beam spot size on the sample was aboun100
The frequency-doubled light was collected by an efficient condenser N diameter, and so intensities on the order of gigawatts per square
system and detected by a photomultiplier. The harmonic scattering andCentimeter were used.

linear scattering were distinguished by appropriate filters; gated (gg) cClays, K.; Persoons, ARhys. Re. Lett. 1991, 66, 2980.
integrators were used to obtain intensities of the incident and harmonic (89) Clays, K.; Persoons, Rev. Sci. Instrum.1992 63, 3285.
(90) Clays, K.; Persoons, A.; De Maeyer, Adv. Chem. Phys1993 85, 455.
91) Heesink, G. J. T.; Ruiter, A. G. T.; van Hulst, N. F.; BolgerFBys. Re.
(83) McDonagh, A. M.; Humphrey, M. G.; Samoc, M.; Luther-Davies, B.; Lett. 1993 71, 999.
Houbrechts, S.; Wada, T.; Sasabe, H.; Persoons]. Am. Chem. Soc. (92) Verbiest, T.; Clays, K.; Persoons, A.; Meyers, A.; Bredas, Dpt. Lett.
1999 121, 1405. 1993 18, 525.
)
)
)
)

SIC=C-3,5-(4-XGH4C=C),CeHs [X = Br (1a), | (1b), C=CH (10)]®2

(84) Cifuentes, M. P.; Powell, C. E.; Humphrey, M. G.; Heath, G. A.; Samoc, (93) Verbiest, T.; Clays, K.; Samyn, C.; Wolff, J.; Reinhoudt, D.; Persoons, A.
M.; Luther-Davies, BJ. Phys. Chem. 2001, 105 9625. J. Am. Chem. S0d.994 116, 9320.
(85) Powell, C. E.; Humphrey, M. G.; Cifuentes, M. P.; Morrall, J. P.; Samoc, (94) Morrison, I. D.; Denning, R. G.; Laidlaw, W. M.; Stammers, M. Rev.
M.; Luther-Davies, BJ. Phys. Chem. 2003 107, 11264. Sci. Instrum.1996 67, 1445.
(86) Powell, C. E.; Cifuentes, M. P.; Morrall, J. P. L.; Stranger, R.; Humphrey, (95) Sheik-Bahae, M.; Said, A. A.; Wei, T.; Hagan, D. J.; van Stryland, E. W.
M. G.; Samoc, M.; Luther-Davies, B.; Heath, G. A. Am. Chem. Soc. IEEE J. Quantum Electrorl99Q 26, 760.
2003 125, 602. (96) Samoc, M.; Samoc, A.; Luther-Davies, B.; Humphrey, M. G.; Wong, M.-
(87) Duff, C. M.; Heath, G. Alnorg. Chem.1991, 30, 2528. S. Opt. Mater.2002 21, 485.
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Electroabsorption Studies. The complexes were dissolved in a Results and Discussion
chloroform solution of poly(methyl methacrylate) (PMMA) and spin-

coated onto an indiumtin oxide (ITO)-coated glass substrate. The Linear Optical, Electrochemical, and Spectroelectro-
thicknesses of the films were in the range 4380 um, and the chemical Behavior.The complexes and compounds chosen for

concentrations of the complexes were ca. 4 wt %, excep?dand the present study are shown in Figure 1. The systematic variation
7d, for which the concentrations were 1.0 and 2.0 wt %, respectively, inherent in these compounds permits assessment of the effects
due to their low solubility. The number densities of the complexes in of sequential replacement of chloro by alkynyl ligand, chain
the films were (7.8-8.7) x 10'® cm™* for 5a—d, 2.8 x 10 cm™* for lengthening of alkynyl ligand, introduction of ligated metal
6aand6b, 2.5 x 10°cm™* for 7aand7b, 5.5 x 10 cm™* for 7¢, and centerz-system lengthening through the metal center, peripheral
1.1 x 10" cm*for 7d. To form a sandwich _stru_cture, semltransp_are_nt group modification, and progression from linear to octupolar
gold electrodes were evaporated onto the film in each case. Whlte light and dendritic compounds on the electrochemical, linear, and
from a tungsterrhalogen lamp was monochromated and incident to . . . . .

nonlinear optical properties. Cyclic voltammetry studies revealed

the film, and the transmitted light was detected by a photodiode. A h h | d ibl idati . uti
low-frequency (137.5 Hz) electric field of ca. 2 1° V cm™* was that the complexes undergo reversible oxidation in solution

applied normal to the film, and modulation in the transmitted light (Table 1), assigned to the Rt couple [pdipa~ 1, AEH(RU")

intensity at the doubled frequency (275 Hz) was detected by a lock-in ~ AEg(ferrocene/ferrocenium)]. As expected, introduction of a

amplifier, so that the third-order NLO response, which is proportional peripheral acceptor group (proceeding fr@mto 7c, 5b to 5c,

to the square of the applied electric field, was probed. Measurementsand6a to 6b) results in an increase i, and introduction of

were performed in the regions 35650 or 356-800 nm, depending a peripheral donor group (proceeding fr@mto 7d, and5b to

on the specific complex. 5d) results in a decrease in the B oxidation potential;
Electrochemical Switching of Cubic Nonlinearity. Argon-saturated electron density at the metal center is therefore tunable.

dichloromethane solutions containing ca. 0.3 M (Nf}Fs supporting Replacing chloro by phenylalkynyl ligand (proceeding fréan

electrolyte were examined in an OTTLE cell (with Pt auxiliary, Pt g 7b, and5a to 5b) results in little change iy, consistent

working, and Ag-AgCl reference electrodes), path length 0.5 mm, with with the phenylalkynyl ligand behaving as a pseudo-halide.

the 800 nm (12 500 o) laser beam passing through a focusing lens Progression from linear fragment to octupolar compléx t

and directed along the axis passing through a 1.5 mm diameter hole |n5a 7b to 5b, 7c to 5¢, and7d to 5d), and replacing octupolar

the Pt sheet working electrode. The electrochemical cell was mounted d by dendriti | ding frdin
on a computer-driven translation stage, as usual in Z-scan measure.COMPound by dendritic complex (proceeding fréb to 6a,

ments% The beam waisty, was chosen similar to our standard Z-scan @nd5cto 6b), also result in little change in the ease of oxidation.
measurements (3045 xm). The beam “cropping” by the aperture was T he octupolar and dendritic compourtis-d and6ab evince
therefore negligible over the range of travel of the cek=(—3 to +3 one oxidation process only, consistent with the extended
cm from the focal plane), the beam radius growing by roughly a factor z-system and meta substitution at the central ring resulting in
of 10 (i.e., to about 308450 um) over the distance of 10 Rayleigh  non-communicating metal centers.

lengths, but still providing for almost complete transmission. The beam  The Uvy—vis—NIR absorption data are listed in Table 1. All
transmitted through the electrochemical cell was split in two, one part non-nitro-containing complexes are optically transparent at
being focused on an “open aperture” detector, the other part being frequencies <20 000 cm?, whereas spectra of the nitro-

transmitted throulg a 1 mmaperture to provide the “closed aperture” taini d tai | band with. at
signal. Z-scans were collected with the appropriate potential applied containing compounds contain a low-energy band Wi a
a. 20300 cm! and vonset at ca. 17 500 cmt. We have

to this electrochemical cell. The electrogeneration potential was 0.8 V ¢ ) A .
to ensure complete electrolysis; this required approximately 5 min. €mployed density functional theory (DFT) calculations on
Z-scan measurements were carried out during the electrolysis and werenodels of the linear compounds to assign the low-energy bands
continued while the electrode potential was cycled from 0 to 0.8 V of the phenylalkynyl complexes as MLCT, and specifically Ru
and back to zero again. The real and imaginary parts of the nonlinear dy, — C;R, in nature?® introduction of a nitro substituent will
phase change were determined by numerical fitting using equations |ower the energy of the alkynyl-centered orbital, consistent with
given in the literatur@ assuming that the absorption saturation process the optical spectra. Progression from the linear compléaesl
can be modeled by a linear dependence of the absorption coefficient;y the octupolar complexeSa—d results in little change in
2;ig;zt"a'gh;;meﬁgisir;?ngﬁg;ia;“;;iiEdsi'l'iggt 'I’:;”zg'zzc‘)"\’/‘:e optical absorption maxima. A small gain in transparency is seen

e 9 P "~ on proceeding from octupoldb to dendritic6a, which may
A similar setup was employed at other wavelengths (1.18 angrh.3 N o

indicate that the dendritic complega has a non-planar

were used). . o . .
Femtosecond DFWM and Pump-Probe Studies at 800 nmThe geometry._ This Onset of non_COpla.n.amy IS ConSISten.t Wlt.h an
increase in the size of a dendritic system resulting in a

amplified Ti-sapphire laser system was used to supply 800 nm . . .
femtosecond pulses at 30 Hz. The beam from the laser was split into Progression from planar to globular disposition.

three beams. Two beams (beams 1 and 2) were timed to arrive at the The Ru!' complexes can be conveniently generated electro-

sample (a hole in the Pt electrode) simultaneously, while the delay of chemically in dichloromethane using an OTTLE cell. A

a third beam (beam 3) was scanned with a computer-controlled delay representative progression (for conversion5afto 5a3") is

line. The folded BOXCARS geometry was uséd’he phase-matched  depicted in Figure 2, while relevant spectroscopic data for all

DFWM signal, appearing in the fourth corner of the rectangle defined complexes and their oxidized forms are collected in Table 1.

by the three incident beams, was monitored as a function of the beamA” Ru'' complexes are essentially transparent at frequencies
3 delay. The intensity of beam 3 transmitted through the sample was below 17 000 cm?, while the RU' complex cations have a

also monitored: this provided a pumprobe (transient absorption, TA) strong absorption band in the NIR: we have assigned this band

signal, where beams 1 and 2 were pumps and beam 3 was the prob% DET calculations on model C'Om lexes B and 7b 1o

monitoring transmission changes induced by the pump beams. a|>|/(yny|-t0-RLl” charge transfef® As e)?pected the ligand set

(97) Sutherland, R. LHandbook of Nonlinear OpticdMarcel Dekker: New _abOUt the ruthenium influences the optical absorption maximum
York, 1996; Vol. 52. in the RUY'" complexes; the chloro-alkynyl complexga®*" and
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[Ru] = trans-Rudppe),

SiMeg
I
5 z & N o B
R R R O=C)—=[Ru—R
R R X R R
Br 1a Cl SiMe; 2a SiMe; 4 Cl 7a
| 1b C=CPh SiMe; 2b [Ru]Cl 5a C=CPh 7b
C=CH 1c 4-C=CCeH,NO, SiMe, 2¢ [RuJ(C=CPh) 5b 4-C=CC4H,NO, 7c
4-C=CCgH,NEt, SiMe, 2d [RuJ(4-C=CC4H,NO,) 5c 4-C=CCgH,NEt, 7d
C=CPh H  3a [Ru](4-C=CCH,NE;) 5d
4-C=CCH,NO, H  3b trans-RuCl(dppm), 8
R. .
[Rul_ (Ruf

C=CPh 6a
4-C=CC4H,NO, 6b

Figure 1. Alkynylruthenium complexes examined in this work.

Table 1. Cyclic Voltammetric and Linear Optical Data in CH,Cl,
for Complexes 5a—d, 6a,b, and 7a—d

Eip [ipc/ipay AEp]va Vimax [dvb Vmax [G]vb

RuH/IH RU" RUIH ref
7a 0.55[1, 0.06] 25760 [3.6] 11 160 [2.0] 86
7b 0.56 [1, 0.07] 25540 [6.8] 8440[2.9] 86
7c 0.66 [1, 0.07] 20 300 [2.6] 8720[2.8] this work
7d 0.23[1, 0.06] 25100 [4.3] 8840[3.3] this work
5a 0.51[1, 0.06] 24200 [12.2] 11 200 [7.8] this work
5b 0.54[1, 0.06] 24000 [13.1] 8430[7.6] this work
5c 0.66 [1, 0.06] 21800 [8.9] n.d. this work
5d 0.23[1, 0.06] 24 340[10.1] 8800[69] thiswork
6a 0.58[1, 0.07] 24200 [39.6] 8340 [30.1] this work
6b 0.67[1, 0.08] 21400 [16.0] n.d. this work

a Ag/AgCI reference electrodes (ferrocene/ferrocenium couple located
at 0.56 V,AE, = 0.06 V); Exj, AEp in V. P vmacin cm?, [e] in 104 M~2
cm~L ¢ Oxidation carried out using 4.5 equiv of ferrocenium at room
temperature; sample was decomposing. s=dot determined.

7a" evince maxima at ca. 11 200 ci whereas spectra of the

dialkynyl complex cations possess maxima at ca. 8500'cm
Quadratic Hyperpolarizabilities. We have determined the

molecular quadratic nonlinearitigs, of the non-diethylamino-

Cl_
R
PRGH o PR
<
ft
Z @ X
H KD ¢
3 S=-=[RuFCI
i H
[Rul
Cl
fRul

Ru(dppm), 9a
Ru(dppe), 9b

or Doy symmetry, the only non-zero hyperpolarizability tensor
component isf123 For the Dg,-symmetric complexes in the
present study3 = +/(8/21)3125 No 8 values could be collected
for 7c because of insufficient solubility. Complexa was
measured at both Leuven and RIKEN, with consistent results
at the two laboratories.

The complexes bearing no nitro substituents have absorption
bands relatively far from the second-harmonic wavelength of
532 nm, permitting assessment of the impact of structural
variation on quadratic NLO merit. Incorporation of the ligated
metal fragment in proceeding from the organic acetylehasd
1c to the organometallic complexésa and 2a leads to a
significant increase ifiurs. Extending the delocalized-system
through the metal in progressing froba to 5b and2a to 2b,
though, is ineffective in increasing indicating that theérans
phenylalkynyl ligand is acting largely asmadonor ligand (we
have previously reported that phenylalkynyl ligands are pseudo-
halides in complexes of this typ&;a similar lack of B
enhancement on extending thesystem through a metal has
been reported in a dipolar systéfReplacing diphosphine co-

functionalized complexes and relevant organic compounds usingligand dppe by dppm in proceeding froba to 8 or 9b to 9a

the HRS technique at 1064 nm, the data from which are
presented in Table 2. The first hyperpolarizability data are

results in a significant decrease fihvalue, consistent with a
decrease in extinction coefficient of the low-energy optical

reported as the square-roots of the rotational averages. In theabsorption band. Converting these alkynyl complexes to the
HRS experiment, measurements of the rotational averages areorresponding vinylidene complexes in proceeding fiato

made, wherelB?(results from averaging over all possible
orientations in an isotropic solution. Hence, in geneiBdllis

a function of all non-zero hyperpolarizability tensor components.
For one-dimensional purely dipolar molecules, only the diagonal
tensor component along the molecular 3-gfiss, is significant,

so that = +/(6/35)3333 For octupolar molecules witBa, Tg,

9b or 8 to 9aresults in a slight decrease fhvalue, but not of
sufficient magnitude for these complexes to be of interest as

(98) McGrady, J. E.; Lovell, T.; Stranger, R.; Humphrey, M.@GBganometallics
1997, 16, 4004.

(99) Coe, B. J.; Harris, J. A.; Harrington, L. J.; Jeffery, J. C.; Rees, L. H.;
Houbrechts, S.; Persoons, lorg. Chem.1989 28, 3391.
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T
40107

30

Wwavenumper
Figure 2. UV —vis—NIR spectra of a CkCl, solution of5ain an OTTLE cell, path length 0.5 mm, during oxidationEapp ~ 0.80 V at 248 K.

Table 2. Linear and Quadratic Nonlinear Optical Data at 1064 nm
in Tetrahydrofuran

The measured values of the nitro-containing complexes are
an order of magnitude greater that those of their non-nitro

Ao €8 NVIBE VRO y— Vipn o VBen analogues. Thg values of the nitro-containing complexes are,
la 311,7.6 6 4 5a 413,9.9 94115 32/39 however, strongly resonance enhanced due to the proximity of
ib g;g g-é g g gb iég’lglf 519320 3%54 the absorption band associated with the MLCT transition

c , 8. c , 8. . . .
2a 412,73 101 34 6a 402421 160 59 (assigned to the metal-to-n|tfophenylalkynyl ligand charge
2b 408,75 105 37 6b 467,16.0 1880 350 transfer) to the second-harmonic wavelength of 532 nm (18 800
2c 461,59 900 182 7b 382,38 34 14 cm1). Complexe<2c and3b each contain two metal centers,
Sa 407,81 104 37 8 404,56 31 11 and they possess simildrvalues. Only a small increase firis
3b 463,6.2 1120 220 9a 415,09 19 6 X
4 34205 g 4 ob 414.2.4 84 28 observed on progressing to the three-metal-center confulex

@ Amaxin NM, € in 10* M~ cm2, ®In 10730 esu, measured at 1064 nm,
values+10%. ¢ Measured at RIKEN, Japdf.
protically switchable NLO material®° Complex7b is a linear
fragment of the octupolar compléb, and also of the wedge
complexe2b and3a. Not surprisingly, progressing froifb to
5bresults in a 3-fold increase in oscillator strength of the-V
vis band assigned to the MLCT transition, while progressing
from 7b to 2b or 3aresults in a 2-fold increase in the same
parameter. Importantly, the quadratic NLO merit of two-
dimensional complexb is significantly improved compared
to the one-dimensional complésb, with little loss of optical
transparency (in progressing frorb to 5b) accompanying the
large increase irB. A similar increase inj is also seen in
complexes2b and 3a, although these complexes contain only
two metal centers, compared with three Hi.

The dendrimei6a results from the coupling oba and 3a.
While its 5 value is larger than that of either of the component

similar to the trend observed for the non-nitro analogues. A
50% gain ing is found on progressing froric to the nine-
metal-center dendrimegb. The 8 value of 1880x 1073C esu
for the latter is large for an octupolar molecule (cf., for example,
the inorganic octupolar complex reported by Dhenaut et®.),
but as mentioned above, this is due in part to resonance
enhancement.

The method used to calculate staficvalues for dipolar
complexes is based on the two-level descriptiof$ 69 It has
long been recognized that the simple two-level m#§el” is
inadequate when an absorption band approaches either the
second-harmonic or fundamental incident radiation wavelengths,
because one does not adequately account for damping éffects.
One approach to refine the two-level model considers the impact
of vibrational sub-states of the electronic ground and excited
statest?8-110 Other attempts to more correctly describe the
dispersion of the first hyperpolarizability take the damping and
the resulting imaginary part of the hyperpolarizability into

complexes, it is not substantially so, bearing in mind that it zccounfl98-113 None of these approaches has been shown to
contains nine metal centers, compared to three or two for the accyrately predict the experimental dispersion effects of a simple

components. Improvements in nonlinearity in dipolar systems charge-transfer chromophore having a single CT absorption
are usually accompanied by a loss in optical transparency. The

present “multipolar” system is significant, in that there is no
loss in transparency on progressing frémto 6a. The absolute
values of Surs for 5b and 6a are very large for multipolar

compounds that are optically transparent at the second-harmonic
for which resonance enhancement is much less important. The

are also very large for multipolar compounds lacking a formal

(101) Wortmann, R.; Glania, C.; Knzer, P.; Matschiner, R.; Wolff, J. J.; Kraft,
S.; Treptow, B.; Barbu, E.; Trgle, D.; Gulitz, G. Chem. Eur. J1997,
3, 1765.

(102) Hennrich, H.; Asselberghs, I.; Clays, K.; Persoons].Org. Chem2004
69, 5077.

(103) Dhenaut, C.; Ledoux, I.; Samuel, I. D. W.; Zyss, J.; Bourgault, M.; Bozec,

Yy H. L. Nature 1995 374, 339.

(104) Di Bella, S.New J. Chem2002 26, 495.
(105) Oudar, J. L.; Chemla, D. S. Chem. Physl977, 66, 2664.

acceptor moiety at the core (results with organic compounds (106) Oudar, J. LJ. Chem. Physl977, 67, 446.

suggest that a further increasedris likely upon replacing the

(107) Willetts, A.; Rice, J. E.; Burland, D. M.; Shelton, D. P.Chem. Phys.
1992 97, 7590.

central arene ring with an electron acceptor such as 2,4,6-(108) Pauley, M. A.; Wang, C. HRev. Sci. Instrum1999 70, 1277.

trinitroaryl or 2,4,6-triazine groupgp1-102

(100) Hurst, S.; Cifuentes, M. P.; Morrall, J. P. L.; Lucas, N. T.; Whittall, I. R.;
Humphrey, M. G.; Asselberghs, I.; Persoons, A.; Samoc, M.; Luther-
Davies, B.; Willis, A. C.Organometallics2001, 20, 4664.
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(109) Wang, C. HJ. Chem. Phys200Q 112 1917.

(110) Woodford, J. N.; Wang, C. H.; Jen, A. K. ¥hem. Phys2001, 271,
137.

(111) Berkovic, G.; Meshulam, G.; Kotler, 4. Chem. Phy200Q 112, 3997.

(112) Meshulam, G.; Berkovic, G.; Kotler, Rev. Sci. Instrum200Q 71, 3490.
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band. The situation for octupolar molecules is even more 6.0
complex. The termAu, which is the difference between the

ground- and excited-state dipole moments, must be zero for g
octupolar molecules. A three-level model has been proposed—~
that incorporates a doubly degenerate excited state with a dipole-;s_
allowed transition between the ground and the excited stites. 2

Due to the degeneracy of the excited states, an expression foig
Bo is obtained that resembles the two-level expression, so that-g 8.0

4.0

boo® 4
clgsed apgrture i

(excluding constant’)®116 =
E
a 2.0
0 wegf/"ﬂ E
B 2 2 2 _ (20
(weg w )(weg ( ('U) ) 1.0
where weg is the frequency of the optical transitiohjs the 0
oscillator strengthe is the frequency of the exciting radiation, -40.0 -20.0 0.0 20.0 40.0
and uji is the transition dipole moment between the two z(mm)

degenerate excited states. The resonant term is the simple ¢ 0%(pure THF) = 0.658%

. . - ° 1.91%
expression from the two-level model, so that the equation 0815 % _ , ,
Figure 3. Z-scan measurements on solution&gfwith concentrations as
A P 22 2 % w/w. The 1&2 Gaussian beam spot size radius at the foagsis about
o= ol () ) (5

deviation from octupolar symmetry, most likely a lack of
may be used to calculate static first hyperpolarizabilitigs, coplanarity of the peripheral phenylethynyl groups with the
These have been calculated for the complexes listed above andentral z-system. A decrease in molecular symmetry would
are collected in Table 2. For the complexes containing nitro result in an increase ip because dipolar contributions to the
groups, no changes in the trends found in the experimental datdfirst hyperpolarizability are introduced. A similar observation
are seen in the calculated stgficvalues. The3o value for6b was noted with 2,4,6-tr{g}-(N,N-diethylamino)phenyl-1,3,5-
is among the largest obtained for an organometallic complex triazine and attributed to symmetry-lowering molecular distor-
to date, or indeed for any molecule with formally octupolar tions or conformational distributiori§:
symmetry!” For the complexes without nitro substituents, the Cubic Hyperpolarizabilities. We have determined third-
static 8 values for the two-metal-center complexzsand 3a order optical nonlinearities using the Z-scan technique at 800
are marginally larger than that of the three-metal complex nm (12 500 cm?); the linear complex’c was not measured
No other changes in the trends discussed above are observediecause it was insufficiently soluble in the range of suitable
The tensorial nature ¢f may be used to obtain information  solvents. Figure 3 shows experimental data plots from the Z-scan
about the symmetry of the molecule being measured. Depolar-experiment on solutions dic. The Gaussian beam spot size
ization measurements involve measuring the intensity of the radius at the focusyyo, is about 4m. The upper set of curves
scattered second-harmonic light paralléf,, and perpendicu- in Figure 3 shows the open-aperture experiment for various
lar, |§;’, to the plane of the incident polarized laser beam. The concentrations. They reveal a significant increase in absorption
ratio of these two quantities is dependent on the molecular with increasing beam intensity (i.e., there is a reduction in
symmetry?1-94118 For purely dipolar molecules withCy, transmittance as the sample approaaved). This is indicative
symmetry, of two-photon absorption (TPA). From these curves, the
nonlinear absorption coefficierit, and the related imaginary
p=12/12=5 part ofy may be calculated, and the results are given in Table
3. Values of the TPA cross sectiam, may also be calculated
and for purely octupolar molecules with symmeDy, Tg, from f32, and these are included in Table 3. [Note that the Z-scan
or Dayg, measurements were performed using low repetition rate (30 Hz),
100 fs pulses; excited-state absorption should therefore be
p=I12N2% =15 negligible.] The bottom set of curves in Figure 3 show results
from the closed-aperture experiment (performed concurrently
Depolarization measurements were undertaken for complexesyith the open-aperture experiment). The shapes of the curves
5a and5b. The depolarization ratio of 1.4 0.2 for complex (i.e., the presence of a valleyat 0, followed by a maximum
5ais within experimental error of the value expected for purely a7 > 0) indicate a positive (self-focusing) refractive nonlin-
octupolar symmetry. Complebb has a depolarization ratio of  earity of the solution, with the growing asymmetry of the curves
21+0.1,a value Iarger than that expected for a molecule with being due to the increasing Significance of two_photon absorp_
octupolar symmetry. This increased value may result from a tion. However, analysis of the concentration dependence of these
curves reveals that the refractive nonlinearity of the solution
. decreases with the concentration of the solute, and thus a self-
(115) 228/35216]9; Dhenaut, C.; Chauvan, T.; LedowCliem. Phys. Let1993 defocusing nature of the complex is found at this wavelength.
(116) Wolff, J.: Wortmann, RAdy. Phys. Org. Cheml999 32, 121. From these data, the real componentydé obtained.
(117) Lee, M.-J.; Piao, M.; Jeong, M.-Y; Lee, S. H.; Kang, K. M.; Jeon, S.-J.; The significantyimag values in Table 3 are indicative of

Lim, T. G.; Cho, B. R.J. Mater. Chem2003 13, 1030. . R .
(118) Vance, F. W.; Hupp, J. T. Am. Chem. S0d.999 121, 4047. efficient TPA. The effect becomes important as @.e., twice

(114) Joffre, M.; Yaron, D.; Silbey, R. J.; Zyss, Jl. Chem. Phys1992 97,
5607
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Table 3. Linear and Cubic Nonlinear Optical Data

complex —— Vreal’ Yinag” IylP o
la 311,7.6 53t 20 5+3 53+ 20 1+1
1b 314,8.1 7 30 4+ 3 77+ 30 1+1
1c 322,8.6 67+ 30 7+5 67+ 30 2+1
2a 412,7.3 —510+ 500 47004+ 1500 4700+ 1500 1100+ 360
2b 408,7.5 —700+ 100 2270+ 300 2400+ 300 550+ 70
2c 461, 5.9 —5200+ 1000 5200+ 1000 7400+ 1400 1300+ 250
2d 410,7.7 —3300+ 1300 4600+ 900 5700+ 1500 1000+ 200
3a 407,8.1 —830+ 100 2200+ 300 2400+ 300 530+ 70
3b 463, 6.2 —4900+ 1000 4900+ 1000 6900+ 1400 1200+ 250
4 342,0.5 95+ 20 0 95+ 20 0
5a 413,9.9 —330+ 100 2200+ 500 2200+ 500 530+ 100
5b 412,11.6 —600+ 200 2900+ 500 3000+ 500 700+ 120
5c 459, 8.9 —5000+ 1000 5600+ 1000 7500+ 1400 1300+ 200
5d 410, 15.3 —8300+ 3000 5300+ 1000 9500+ 3100 1300+ 200
6a 402,42.1 —5050+ 500 20100+ 2000 2070Gt 2100 4800+ 500
6b 467,16.0 —149004 3000 1820G+ 3000 23500t 4200 4400+ 700
7a 388, 3.6 —100+ 100 450+ 200 460+ 200 110+ 50
b 382, 3.8 —670+ 300 1300+ 300 1500+ 400 310+ 70
7d 386, 2.3 —1300+ 1000 —3200+ 500 3500+ 800 —760+ 120

@ Amaxin NM, € in 10* M~ cm~L P In 10736 esu.¢ Goeppert-Mayers= 10-50 cnf* s. Calculated using, = hwf2/N, whereh is Planck’s constant divided
by 27, w is the exciting frequencys- is the two-photon absorption coefficient, aNds the concentration.

the exciting laser frequency, in this case 25 000 twr 400

Table 4. One- and Two-Photon Absorption Cross Sections for

Selected Complexes

nm) approaches the positions of two-photon-allowed transitions

. . . b 2b 3 5b 6
to excited states. Without performing a full study of the 2 2
dispersion ofyimag! it is difficult to know if these coincide with (;Mwb g 0 234 %40 égs 209
one-photon (linear absorption) transitions. However, the close ;¢ 310 550 530 700 4800
proximity to 2w of the absorption band assigned to a MLCT /MW 0.26 0.23 0.23 0.20 0.47

transition for6a may be important for the particularly large
values ofyimagandoy for this complex. The negativgea values

in Table 3 are likely to result from two-photon dispersion effects
(resonant behavior of the cubic hyperpolarizability involves a introduction of a nitro group has a significant effect on the cubic
rapidly changing real part and an enhanced imaginary part), butnonlinearity, but the degree to which this is affected by two-
one cannot completely exclude the possibility that negative zero- photon dispersion is not readily ascertained from these data.
frequency contributions to the cubic hyperpolarizabilities are  Table 4 contains one- and two-photon absorption cross
of some importance. [Note, though, that the organic compound sections, together with these parameters divided by the molecular
4, which exhibits no TPA at 800 nm, has a positjyg, value.] weight (MW), for complexe2b, 3a, 5b, 6a, and 7b; these
While it is likely that the negative e, values result from two- complexes were chosen to examine the effect of changing
photon dispersion effects, the signyafa is quite sensitive to geometry and molecular size on linear and nonlinear absorption
small differences in the energies of absorption bands of the properties because each metal center has an almost identical
complexes. This is a reason why comparisons of values of ligand environment, and similar UWis absorption bands are
nonlinearities of two-photon-absorbing molecules are quite observed in the region close ta2The one-photon absorption
difficult. Some insight can be gained when looking at changes cross sections (which are proportional to the molar extinction
in the modulus of the hyperpolarizabilityy|, which is less coefficients) follow the expected orderitg > 5b > 2b ~ 3a
sensitive to dispersion than the componentg andyimag With > 7b, i.e., the complexes containing nine, three, two, two, and
these reservations, we note that, not unexpectedly, introductionone metal center, respectively. With the exceptioréaf the

of the ligated metal on proceeding frofto 5a or 1c to 2a one-photon absorption cross sections scale with the number of
results in significant increases jfea;, Yimag and|y|. Inspection metal centers in each complex§ x 10717 cm? per metal

of y values for7b and5b reveals a significant increase in the center). For the dendriméea, this scaling factor does not hold,
imaginary component on progressing from the linear to the a higher figure per metal center being observed. This trend is
multipolar complex, but no increase inea Both real and reflected in theo/MW values, with the complexes with one,
imaginary components of the third-order hyperpolarizability for two or three metal centers ranging from 5¢01072° to 6.0 x

the dendrimefa are much larger than those of its components 10720 cn? mol g%, but with 6a having a value of 6.9 10-20
3aand5aor the related complekb. In particular, progressing  cm? mol g~1. Examination of the TPA cross sections reveals
from 5b to 6a results in increases in bothrea and yimag the same ordering as for the linear absorption parameter, with
proportionately greater than increase in either the the numbercomplexeb, 3a, 5b, and7b havingo, values between 209

of phenylethynyl groups or the extinction coefficient. Compari- 1073°and 300x 1050 cm* s per metal center, but compléa

son of the nitro-containing complexég, 2c, and3b to their having a value of~500 x 107%° cm* s per metal center.
non-nitro analogues reveals large increases in both real andSimilarly, the g,/MW values reveal a larger TPA coefficient
imaginaryy values. Comparison of the dendrimer complexes per unit of molecular mass for the dendrimer compgexhan
shows a large increase iftea, but No change inyimag ON for the smaller related complexes. Clearly, both linear and
progressing from6a to 6b. These results suggest that the nonlinear absorption characteristics are altered upon proceeding

agin 10717 c?. b o/MW in 10720 cnm? mol g~ L. © 02, GM = 10750 cn?
s; error~15%. 9 go,/MW, 1075° c* s mol g'%; error ~15%.
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Table 5. Experimental Cubic NLO Response Parameters in Solid o 4.0 =
Solution in PMMA Measured by Electroabsorption g 3.0 4
< 3
T Im(@)INe Im()/Ne 2 2.0 3
compound (nm) [negative peak]® [positive peak]? Auc 2 '; 1.0 '
5a 414 —230[424]  200[457] 29 g2 00 3
5b 410 —200 [423] 140 [463] 27 s -1.0 3
5c  (peak-1) 406 —290 [416] 210 [448] 46 £ 204
(peak-2) 468 —150 [494] 150 [562] s 3.0 5
5d 408 —320[428] 230 [470] 56 2 40T
6a 410 —590 [423] 370 [458] 29 350 400 450 500 550
6b  (peak-1) 400 —240 [408] 180 [455] 23 Wavelength [nm]
(peak-2)  (480%  —140[501] 160 [575] 1
7a 386 —50 [400] 57 [432] 33 =
7b 384 —66 [400] 65 [430] 33 g
7c  (peak-1) 376 —47 [388] 45 [424] 31 £
(peak-2) 478 —42 [488] 34 [562] 8% OO
7d 386 —74[404] 66 [442] 38 §€ S
=S, ]
a,() was normalized by the number density of the molectgsm—3) § yi
in PMMA matrix, to remove the concentration dependencey (N is < q i
given in 1033 esu cm. P Wavelength for the peak value, given in imu, T

——r -
the difference between the ground- and excited-state dipole moments, is 350 400 450 500 550

given in D and was obtained through fitting the electroabsorption spectrum Wavelength [nm]

by the second derivative of the absorption spectréit.shoulder rather Figure 4. (a) Electroabsorption spectrum of a solid solutiorbaf(4.0%
than a peak. wiw in PMMA) (open circles) and the result of curve-fitting (full line). (b)

f th I theni Ik | | to the d First (dashed line) and second (dotted line) derivatives of the linear
rom the smaller rutheniumalkynyl complexes to the den- absorption spectrum (full line) of the same sample. The derivatives were

drimer. Both of the dendritic complexéa and 6b show o> arbitrarily scaled for comparison of the profile.

values comparable in magnitude to the highest values reported

for organic conjugated systems under conditions of low- ruthenium centers in these molecules. Compleiesand 5¢
repetition-rate femtosecond pulse excitation. [It should be noted are unusual in that the Ig@®)/N value for the former is smaller
that large discrepancies exist in the literature between the two-than that of the latter, the reason for which has not yet been
photon absorption cross section values determined using laseelucidated.

pulses of different duration and under different fluences, Electroabsorption spectroscopy affords information about the
presumably due to processes such as excited-state absorptionharacter of transitions through analysis of the spectral profile:
and saturation.] In the present case, it is likely that the size anda photoinduced polarizability change affords a profile propor-
two-dimensional nature of the-delocalized system, combined tional to the first derivative of the absorption spectrum, and a
with the strong MLCT transition, all contribute to the large photoinduced change in molecular dipole moment affords a

observeds; value. profile proportional to the second derivative of the absorption
Electroabsorption Studies.Third-order nonlinear suscepti-  spectrumt?%122A dominant second-derivative component cor-
bilities ¥ were determined fofa—d, 6a,b, and7a—d by EA responds to a polar transition (a charge-transfer exciton), and

spectral measurements. The measurement wavelength range wats absence corresponds to a nonpolar transition (a Frenkel
350-550 nm (28 606-18 200 cn1l), except for the nitro- exciton). Figure 4a shows the electroabsorption spectruba,of
substituted complexes, for which 35800 nm (28 606-12 500 and Figure 4b shows derivatives of its linear absorption
cm1) was employed due to their longer wavelength absorption spectrum. It is apparent that the second derivative component
bands. As we have already pointed &40 EA provides is dominant, suggesting that the transition is highly polar. Other
information complementary to that afforded by Z-scan. The compounds also afford second-derivative-like spectral profiles.
values of Img®)/N can be +2 orders of magnitude larger than  The differences between the ground- and excited-state dipole
the molecular cubic nonlinearitigsobtained by Z-scan, possibly ~ momentsAg, which were derived from a curve-fitting analysis,
due to resonance enhancement and local field effects. The lineaare summarized in Table 5. All compounds possess a large
optical absorption maxima and Ip#)/N values, the imaginary  in the range 2356 D, possibly due to a MLCT character of
part of the nonlinear susceptibility normalized by the number the transition$® Peripheral substitution of the octupolar com-
density of molecules in PMMA matrix, are summarized in Table plexes with highly polar groups (proceeding fr&ab to 5¢,d)

5. The values of Imf®)/N reach a negative peak at wavelengths results in an increase ifyu, but this trend is not seen with the
ca. 16-20 nm longer thanimasx and a positive peak at linear (fa—d) and dendritic §ab) complexes. Dimensional
wavelengths ca. 4060 nm longer thanimax Peripheral evolution (from7a—d to 5a—d) and generation increase (from
substitution at complexes does not seem to cause large differ-5b,c to 6a,b) also do not seem to evince a systematic trend.
ences in Im¢®)/N values. In contrast, dimensional evolution Overall, results from the EA studies suggest that each metal
(progressing from7a—d to 5a—d) and generation increase complex unit functions independently. A detailed analysis of
(progressing fronbb to 6a) both result in 3-fold increases in  the spectral profiles and anisotropy for the present series of
Im(x®)/N values, consistent with the number increase of ligated complexes will be presented elsewhere.

. Time-Resolved Picosecond Measurementghe high non-
(119) IHLgISaIySSKKPgEsnSng?)A'\ga(rs'noclscli/lsmm?h ;Dvg\ﬁgg&gn Jsselberghs, - Jinearities of the compounds investigated in this study suggest
(120) %—iot(ijétzézlgzﬁucas N. T.; Humphrey, M. G.; Isoshima, T.; Wostyn, K.;  (121) Feller, F.; Monkman, A. FPhys. Re. B 1999 60, 8111.

Asselberghs, |.; Clays, K.; Persoons, A.; Samoc, M.; Luther-Davies, B. (122) Videlot-Ackermann, C.; Isoshima, T.; Yassar, A.; Wada, T.; Sasabe, H.;
Inorg. Chim. Acta2003 350, 62. Fichou, D.Synth. Met2006 156, 154.
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Figure 5. Induced transmission ic (concentration 1.78 mg mi, pump
intensity ~3 GW cnt?).

Table 6. Excited-State Lifetimes Determined from Pump—Probe
Experiments at 527 nm

concentration lifetime
compound used (mg/mL) (ns)
5¢c 1.78 2.0
2c 1.45 0.5
7c 2.3 0.96

optical limiting as a possible application. To probe this
possibility, we have investigated nonlinear absorption in some
of these compounds at a doubled neodymium laser frequency
We find, however, that the compounds, 5c¢, and7c¢ exhibit

an absorption saturation effect when pumped at 527 nm (i.e.,

the pump beam transfers the population from the ground state

to the excited state, with the latter having an absorption cross
section lower than that of the former). The induced increase of
transmission decays relatively slowly, with decay times that can
be found by approximating the optical density change decay as
exponential [i.e.AA(t) = AA(0) exp(t/7)]. An example of the

results is given in Figure 5 and Table 6. It can be seen that the
induced transmissions for these compounds have lifetimes on

the order of about a nanosecond, which may be related to the

lifetime of an excited state (note, however, that the dynamics
of excited states may be quite complex).

Modulating Cubic Nonlinearities. Recently, the possibility
of modifying molecular structure by external means and thereby
switching the value of the nonlinearity has been noted. Attention
has focused mainly on methods to reversibly modulate quadratic
nonlinearities'®2123the most popular route involving photoex-
citation to stimulate a structural chanjéMolecular inorganic
complexes may be particularly well-suited to certain forms of
switching; their quadratic nonlinearities can potentially be
switched magneticall§2®> have been irreversibly switched upon
complexationt26-129and have been reversibly modulated by ex

(123) Coe, B. JChem. Eur. J1999 5, 2464.

(124) Delaire, J. A.; Nakatani, KChem. Re. 200Q 100, 1817.

(125) Gaudry, J.-B.; Capes, L.; Langot, P.; Marcen, S.; Kollmannsberger, M.;
Freysz, E.; Letard, J. F.; Kahn, @hem. Phys. Let200Q 324, 321.

(126) Di Bella, S.; Fragalal.; Ledoux, I.; Diaz-Garcia, M. A.; Marks, T. J.
Chem. Mater1994 6, 881.

(127) Di Bella, S.; Fragald.; Ledoux, I.; Diaz-Garcia, M. A.; Marks, T. J.
Am. Chem. Sod 997 119 9550.

(128) Di Bella, S.; Fragald. Synth. Met200Q 115, 191.

(129) Fabbrini, G.; Menna, E.; Maggini, M.; Canazza, A.; Marcolongo, G.;
Meneghetti, M.J. Am. Chem. So@004 126, 6238.

10828 J. AM. CHEM. SOC. = VOL. 128, NO. 33, 2006

situ chemical oxidation and subsequent reductdnt32 and
very recently by in situ oxidation/reductid®*3*but switching
third-order nonlinearities of inorganic complexes is little
explored?®.100

Oxidation of5a “switches on” an absorption transition that
has appreciable intensity at the frequency of our mode-locked
Ti-sapphire laser. To effect NLO switching, we have employed
a Z-scan experiment with an incident wavelength of 800 nm
(12 500 cnh), examining the materials in solution in an OTTLE
cell with a switching potential of 0.8 V. The change in
transmission of the open- and closed-aperture Z-scan experiment
during oxidation and reduction of compl®&a is illustrated in
Figure 6. Panel (a) depicts the open- and closed-aperture traces
of the neutral complex, for which strong nonlinear absorption
is readily observable; it is seen to dominate the closed-aperture
scan, too. Upon application of the oxidation potential (0.8 V),
there is a transition period [panel (b)] where the transmission
plunges (due to the growth of the strong absorption band). This
decrease in transmission levels out as the complex is fully
converted into the oxidized form [panel (c)]. After a sufficient
time has elapsed, a new equilibrium between the oxidized and
neutral complexes around the electrode is reached and the signal
stabilizes [panel (d)]. At this point, the third-order properties
of the oxidized complex can be determined by the usual
technique of numerical fitting of the closed- and open-aperture
Z-scan curves (it is assumed that the concentration of neutral
molecules in the beam is very low relative to the concentration
of oxidized molecules). The open-aperture scan shows a
maximum atz = 0, indicating clearly that the solution is now
acting as a saturable absorber. The potential is then changed to
0V [panel (e)], leading to a gradual increase in the transmission
(due to the loss of the strong absorption band) [panels (f) and
(9)]. Panel (h) shows the endpoint, at which the neutral complex
has been fully regenerated, once again showing no linear
absorption but a strong two-photon absorption effect.

Table 3 reveals that octupolar complexes, suctbasnd
chemically related dendrimers, possess significant TPA cross
sectionso, at 800 nm. The sign of the imaginary part of the
third-order nonlinearity is positive in the resting state of the
complex (due to the presence of TPA), but, under strong one-
photon absorption conditions in the oxidized form, an absorption
saturation effect is possible; it is therefore possible to reverse
the sign of the absorptive nonlinearity on oxidationSafand
related species. By also analyzing the closed-aperture Z-scans,
we find that oxidation of the molecule actually results in changes
(including changes of sign) of both the imaginary (absorptive)
part of the third-order nonlinearity and the real (refractive) part,
which changes from negative (self-defocusing) to positive (self-
focusing) nonlinearity. Importantly, cycling between the two
forms of the molecule is facile. Previously reported examples
of photochromic switchin§® suffer from the back-reaction
proceeding thermally over hundreds of seconds, too long to be

(130) Coe, B. J.; Houbrechts, S.; Asselberghs, I.; Persoon&pngew. Chem.,
Int. Ed. 1999 38, 366.

(131) Malaun, M.; Reeves, Z. R.; Paul, R. L.; Jeffery, J. C.; McCleverty, J. A,;
Ward, M. D.; Asselberghs, I.; Clays, K.; Persoons,Ghem. Commun.
2001, 49.

(132) Asselberghs, I.; Clays, K.; Persoons, A.; Ward, M. D.; McCleverty, J.
Mater. Chem2004 14, 2831.

(133) Asselberghs, I.; Clays, K.; Persoons, A.; McDonagh, A. M.; Ward, M.
D.; McCleverty, J.Chem. Phys. LetR002 368 408.

(134) Asselberghs, I.; McDonagh, A. M.; Ward, M. D.; McCleverty, J.; Coe,
B. J.; Persoons, A.; Clays, ISPIE Proc., Int. Soc. Opt. Eng005 5935
1.
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Figure 6. Change in open- (open symbols) and closed-aperture (filled symbols) Z-scan tr&@esvelr an oxidation/reduction cycle. Note that the stage
traveled from positivez values toward negative values.
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Figure 7. Closed-aperture results from the electrochromic switching of Figure 8. Simultaneous DFWM and purmprobe measurements on a
5b at 1180 nm. solution of 5a (0.3% w/w in CHCI,) in an electrochemical cell before
oxidation.

useful. The rate of reversible electrochemical switching in the ) o ) o
present work is diffusion controlled, and, unlike the photochro- Of little significance at 1180 nm. There is no indication of an
mic switching, the back-reaction proceeds at essentially the same®fficient two-photon absorption effect at this wavelength for
rapid rate as the forward process; very fast switching is therefore th€ complex in the resting state, which is not surprising because
possible by electrochromic means. this wavelength divided by 2 (590 nm) is far removed from the
Significant absorption at 12 500 cth(corresponding to our ~ 'ange of one-photon absorption. In addition, the open-aperture
laser irradiation wavelength of 800 nm) is seen in comg@iax ~ CUrveis feature]ess foIIOW|'ng conversion into the ox'|d|zed form,
with a trans[RU(C=CR)CI(L»)] (L» = bidentate phosphine) SO any absorption saturation effects must be relatively weak at
complex composition. This is of potential interest as most theé measurement wavelength. Thus, the main effect which is
biological materials, such as tissue, have maximum transparencyPbserved at 1180 nm is the “switching off” of the large positive
at this wavelength. The NIR absorption maximum of the refractive nonlinearity 06b (yrea1185 5b 5000 x 107% esu,
oxidized form, and hence the frequency at which switching the 5b>" < 500 x 1073° €SU;yimag,1186 5b 400 x 1073° esu,5b%*
absorptive nonlinearity can occur, is tunable in complexes such < 200 x 10-% esu). This Z-scan result is tentative and should
as these by appropriate molecular modification. Replacing the be confirmed by other experimental techniques. The usual
chloride with a second alkynyl ligand, to affordns[Ru(C= difficulty of interpretation of Z-scan in the presence of absorp-
CR)(C=CR)(L>),], results in complexes with enhanced tion is that the refractive nonlinearity observed in such an
(Table 3), but also results in the absorption maximum in the experiment may be contaminated by the presence of a thermal
oxidized form of the complexes being shifted to significantly component. Such a component is usually negative, due to a
lower energy (Table 1), and with appreciable absorption at 1300 negative value of tfdT for most solvents. The experiments were
nm (7700 cm?). This is a wavelength at which silica has good carried out at 1 kHz, and this higher repetition rate may
transparency, affording the prospect of electrochromic switching exacerbate the difficulty in avoiding contributions from thermal
devices at a telecommunications-relevant wavelength. This effects.
possibility was pursued with the bis-alkynyl complex#sand The Z-scan measurements at 1180 and 1300 nm can only be
6a Results obtained at longer wavelengths can only be considered qualitative at this time, and time-resolved techniques
considered preliminary at this stage, analysis indicating that they will be used in future studies to separate the electronic NLO
are influenced to some degree by additional effects which may effects from other types of nonlinearities at these wavelengths.
be due to nonlinearities of non-electronic, possibly thermal, The temporal nature of the effects giving rise to these
origin. Overtone absorption seemed to affect our Z-scans at 1300g|ectrochemically switchable NLO effects at the various wave-
nm, leading to difficulties in interpreting the Z-scans for the |engths is clearly of interest, so to afford some insight we have
electrochemical cell containing the electrolyte. Figure 7 shows jnterrogated one of the electrochemically switchable systems
the nonlinear elect_rochrom|c switching effect in a solution of 4t 300 nm (12 500 cr) (5a) with a combination of femto-
5b at 1180 nm. Circles denote the closed-aperture results of gacond time-resolved DFWM and transient absorption (TA).
thPT ne_utral species, squares show the closed-aperture results aftqupical DFWM and TA scans at 12 500 ¢ recorded on
oxidation at 0.8 V, and triangles represent the closed-apertureistine samples dgain the electrochemical cell, are presented
Z-scan results afte.r th.e potential is returnegl t0 0.0 V Thg closed-;, Figure 8. The DFWM curve is somewhat unsymmetrical,
aperture Z-scans indicate that the refractive nonlinearity of the i1, o slight “tail” for positive delays; this is typical behavior

solution is positiV(_e f_or the neutral form &b but bec_:omes close when two-photon-generated excited states persist for some time
to zero for the oxidized form at the 0.8 V potential. The effect after the excitation (see, e.g., ref 136). The magnitude of the

is reve.rslllblgc:j thg clurvehafter th_e OX|datierIeduct|on cycle is I DFWM signal of the5a solution was compared with that of a
essentially identical to the starting curve. In contrast to results 4 o, ik piece of silica and found to be ca. 22 times greater.

obtained at 800 nm, nonlinear absorptive effects appear to be[Since the DFWM signal can be presented as

(135) Sekkat, Z.; Knoesen, A.; Lee, V. Y.; Miller, R. D. Phys. Chem. B997,
101, 4733. (136) Pang, Y.; Samoc, M.; Prasad, P.]N.Chem. Phys1991 94, 5282.
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whereLy is the effective length of the interaction, the signal
ratio can be used to determifng?| of the solution and hence

|y| for the solute; note, however, that one needs to account for
the nonlinearity of the solvent and the electrol\#€The value
estimated from this comparisofy( ~ 2000 x 10736 esu) is in
good agreement with our Z-scan results ((220600) x 10736
esu). The changes of transmission (a dip at the delay time close 0.01
to zero) seen in the pumyprobe signal in Figure 8 are 0 100 200 300 400 500
consistent with the Z-scan results, indicating efficient two- time (seconds)

photon absorption iba. The depth of the dip can be interpreted  Figure 9. Changes of transmission, the peak DFWM signal, and the
as AT =1 — exp(—ﬂzl pum,Leﬁ), aﬁording the tWo-photon absorption—correc_ted solut_ion nonlinearity as a function of time on oxidizing
absorption coefficien8, = 0.05 cm GW ! for the 0.3% w/w & 0-3% wiw solution obain CH,Cl..

relative |nz|

Transmission
it

[=]
-

Transmission, DFWM signal,

solution and leading to; ~ 1047 cnt* s (13 GM units), again 15
in reasonable agreement withp = 0.53 x 10747 cm* s
determined by the Z-scan studies)gfag ;‘""‘*«:,h
Oxidation and reduction cycles in the electrochemical cell o "-‘."-;;-:.‘._;'____‘:.___“
were then carried out, monitoring both the transmission signal 3 1 poowesse® .."-.,“...0‘ seve=’ I . I;FWM"‘ ‘e
and the DFWM signal. Oxidation of the 0.3% w/w solution of s J° .
L = ¢ Transmission
5ato 523" caused the transmissioif)(at 800 nm to decrease S S DFWMfit
to about 10% of that before oxidation, while the DFWM signal & 05 DA A TA fit i
decreased by a smaller amount. The changes of this signal '
should be interpreted taking into account an absorption correc- !
tion for the effective interaction length. This leads to the S/ .!'*’*":m..,.
following expression for the changes of the DFWM signal: 0 sasasaseeteste’?? Taetets
-1500  -1000  -500 0 500 1000 1500
Iprwmoxidized  [1Meloxidized (T — 1) /T\? Delay (femtoseconds)
| bEWM neutral N, heurar IN(T) Figure 10. Simultaneous DFWM and pumprobe measurements on a

solution of 5a%" (0.3% w/w in CHCl,) in an electrochemical cell after

Introducing corrections for the transmission changes, one o%idation.
finds that the modulus of the nonlinearity of the solution actually
increases on oxidation, as shown in Figure 9.

Figure 10 shows the time-resolved signals obtained for a
solution of5a% after the oxidation was completed. Two major
differences are seen compared to the signals in Figure 8: the
DFWM signal is now dominated by a delayed response, with a
characteristic time of about 1 ps, and the TA signal is now oM ) )
positive (indicating absorption saturation effects), with a decay dePolarization studies, suggests onset of a lack of coplanarity
time that is also of the order of 1 ps (the apparent difference in UPON 7-€xtension through the metal and progression to the
the decay rate seen in the figure is the result of the fact that thed&ndrimer. Quadratic nonlinearities increase dramatically on
solution extinction depends linearly on the time-dependent introduction of peripheral nitro substituents and, indeed6for
concentration of transient absorbing species while the DFWM &€ Very Iarge for a formally octupolar molecule, but Fhe
signal depends on the square of this concentration). Taking into SUSPicion exists that Bs, idealized geometry does not exist
account a suitable absorption correction, the magnitude of thefor these complexes in solution; the EA data are consistent with
DFWM signal after oxidation affords a value of ca. 201033 a strongly dipolar charge-transfer contribution to quadratic
esu forly| of 583+, about 10 times larger than that for the neutral nonlinea.rity, prgbably a dendritic arm-localized charge transfer,
molecule, and once again in good agreement with the 7-scan@nd are inconsistent with octupolar and global charge transfer.
result ((14 000+ 3000) x 1073 esu). The change in the Both real and imaginary components of the cubic nonlin-
character of the TA signal also confirms the change of sign of earities of these dendrimers are significant, the TPA cross
Yimag: sections in particular being very large. Our attempt to quantify

Discussion.The n-delocalizable linear, octupolar, and den- the increase on proceeding from linear to octupolar and then
dritic alkynylruthenium complexes in the present study comprise dendritic complexes (proceeding frob to 5b to 6a&) is
a systematically varied suite of compounds for which electron tantalizing and suggestive of a “dendritic effect” that must be
richness of the metal center (as assessed by cyclic voltammetry)confirmed by a complete wavelength dependence study. The
and linear optical behavior (from UWis—NIR spectroscopy) large nonlinearities indicate potential in optical limiting; pump
can be tuned in a rational fashion by ligand modification. While probe studies at 527 nm, however, are consistent with an
the presence of one oxidation wave for the polymetallic absorption saturation effect for which the excited-state lifetime
complexes is consistent with non-interacting metal centers, increases on proceeding to the dendrimer.

progression fronYa,b,d to 5a,b,d results in a red-shift immay
suggestive of an increasesndelocalization on proceeding from

a linear to a trigonally branched complex. Although a slight
red-shift invmaxis observed on progressing from zero-generation
dendrimerscto the first-generation exampb, a blue-shift is
seen on proceeding frorBb to 6a that, coupled to HRS
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These large TPA cross sections are noteworthy but are similarswitching of nonlinear refraction and nonlinear absorption are
in magnitude to those of the best organic compounds. One areahigher order (or nonlinear) electrochromic effects that have been
in which organometallic complexes may be superior to organic shown to originate in picosecond time scale processes in these
molecules is the electrochemically induced switching of NLO electron-rich organometallic dendrimers by a combination of
properties, because of the presence of readily accessiblez-scan, DFWM, and pumpprobe studies.
reversible redox processes at metal centers. For the present
complexes, ligand variation can be used to tune the crucial
region of nonlinear electrochromism between 800 nm (corre-
sponding to maximum transparency in tissue, and therefore of
biological interest in, for example, imaging) and 138800
nm (the latter corresponding to maximum transparency in silica,
and therefore of interest in telecommunications). Switching of
both refractive and absorptive nonlinearity has been demon-
strated in the present studies; at short wavelength, oxidation
corresponds to a change from self-defocusing to self-focusing
behavior and from a two-photon absorber to a saturable absorber
and at long wavelength, oxidation results in the loss of self-
focusing behavior. Organic compounds with enhanced NLO
properties have been intensively scrutinized in an effort to
develop materials to control and process signal-carrying light
beams, of enormous current interest in photonics. The presen
work adds a new dimension to this area: the electrochemical JA062246V
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