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The molecular inorganic compound 1,3Bans[RuCl(dppe}]C=C-4-GH,C=C}:CsHs (1) is reversibly
oxidized in solution using an optically transparent thin-layer electrochemical (OTTLE) cell, the oxidation to
13* resulting in the appearance of a strong absorption band at 11 200rticontrast tol, which is optically
transparent at frequencies below 20 000 &nThis linear electrochromic behavior is accompanied by third-
order nonlinear optical electrochromic behavior, which has been probed by a combination of femtosecond
degenerate four-wave mixing (DFWM) and pusyrobe experiments at 12 500 cinDFWM studies ofl
and13* reveal an order of magnitude increase in the hyperpolarizabjijityupon oxidation withy| values

of 2000 x 10736 esu and 20 00x 1036 esu, respectively; the DFWM signal of the latter is dominated by
a delayed response (relaxation time ca. 1 ps). The transient absorption (TA) datet@al efficient two-
photon absorptiond, ~ 10° GM), whereas the TA data fdi®* reveal saturable absorption (decay time ca.
1 ps). The switching of third-order nonlinearity in tHé¢13"t pair represents the first demonstration of
femtosecond time-scale processes being responsible for nonlinear electrochromism.

Introduction absorber (a negative value of the nonlinear absorption coef-

Materials with optimized nonlinear optical (NLO) properties fiCient) and has a positive real partp{self-focusing behavior).
are required for the control and processing of signal-carrying These results were obtained using in-situ Z-scan at 800 nm with

light beams in the emerging photonics-based technologies. As100 fS laser pulses. Z-scan is a technique in which one
a consequence, considerable effort has been expended idnvestigates both a spatial distortion of a laser beam and the
successfully developing molecular structaLO activity changes in its total intensity. It is therefore a convenient

relationships for both quadratic and cubic NLO merit. Recently, {echnique for the determination of both the real part (the
attention has turned to the possibility of modulating the values "€fractive part) and the imaginary part (the absorptive part) of
of the optical nonlinearities in molecules. Reversibly modulating the third-order nonlinearity of various substances, but there can
(i.e., “switching”) the quadratic NLO properties of molecules be some uncertainties about the mechanisms of the nonlinear

by modifying their molecular structure has commanded signifi- Processes since, despite the use of very short laser pulses,
cant recent interest, typical procedures to achieve such switchingnformation on temporal changes of the refractive and absorptive
including protonation/deprotonation, chemical oxidation/reduc- ProPerties of a sample is not available from ordinary Z-scan
tion, or photoisomerization sequenée$Switching cubic NLO experlments. We have t_herefore Teso”.ed to a comblngtlon of
properties is equally interesting but is thus far little studied. two time-resolved techniquesprobing this nonlinear optical

We recently reported initial observations of the electrochemical €l€ctrochromic effect using a combination of degenerate four-
switching of the third-order nonlinearity in organometalffc$? wave mixing (DFWM) and pumpprobe techniques not only
This new effect is, in principle, a nonlinear analogue of &lows one to confirm the magnitudes of the effects seen
electrochromism, for which an electrically (electrochemically) Previously but, more importantly, provides critical information
induced change of a molecule (e.g., oxidation of a metal N the temporal nature of the nonlinear processes.

complex) brings about changes in the linear optical properties

of the molecule. Specifically, we accomplished switching Experimental Section

between an octopolar alkynylruthenium complex and its tricat-
ionic oxidized form (Figure 1); the former is a two-photon
absorber (a positive value of the nonlinear absorption coefficient) ously described! The time-resolved experiments were carried
and shows a negative real part of the third-order polarizability, y ) P

) ¥ . : ) out using an amplified laser system comprising a Coherent
y (i.e., self-defocusing behavior), whereas the latter is asaturableVerdi-pumped Coherent Mira 900D femtosecond oscillator and

The molecular inorganic compound 1,3 8&ans[RuCl-
(dppe}]C=C-4-GH,C=C}3CsH3 (1) was prepared as previ-
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Figure 1. Reversible electrochemical switching of 1,3ans[RuCl(dppe}C=C-4-CH,C=C}sCsHs (1) and its effect on the cubic nonlinear
optical properties determined by the Z-scan technfque.
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Figure 2. Diagram of the simultaneous DFWM and purmrobe experiments for in-situ measurements of electrochemical switching of third-

order nonlinearity. Beams 1 and 2 were timed to arrive at the sample (a hole in the Pt electrode) simultaneously, while the delay of beam 3 was

scanned with a computer-controlled delay line. The phase-matched DFWM signal appearing in the fourth corner of the rectangle defined by the

three incident beams was monitored as a function of the beam 3 delay. The intensity of beam 3 transmitted through the sample was also monitored;
this provided a pumpprobe (transient absorption, TA) signal where beams 1 and 2 were pumps and beam 3 was the probe monitoring transmission

changes induced by the pumps.

electrochemical experiments. The solution was purged and (corresponding to beam 3 arriving at the sample after the pump

maintained under argon and placed in a homemade 0.5 mm pattbeams). Two detectors were employed, one of them monitoring

length optically transparent thin-layer electrochemical (OTTLE) the phase-matched DFWM signal appearing in the fourth corner

cell2incorporating platinum auxiliary and AgAgCl reference of the rectangle formed by the three interacting beams and the

electrodes but modified by replacing the platinum gauze working other one monitoring the intensity of the probe beam (beam 3)

electrode with a platinum sheet electrode with a 1.5 mm after the sample. With this arrangement, the DFWM signal

diameter hole to allow passage of the laser beam. A potentiostatoriginating from the formation of a transient grating and the

supplied the electrogeneration potential of 0.8 V. transient absorption (TA) signal originating from modification
The NLO measurements were performed at 12 500'dm of the sample absorptivity by the presence of high-intensity

aforward (i.e., BOXCARS) DFWM geome#$with the output pump beams could be measured simultaneously. The results

beam from the laser system split into three beams, which werewere referenced to thosé @ 1 mmthick silica glass plate, for

aligned so as to overlap on the sample (spot size cauf§0 which the nonlinear index, = 3 x 10716 cn? W~1 was

The beams were timed with optical delay lines in such a way assumed.

that two of the beams (1 and 2 in Figure 2) arrived at the sample . )

at the same time, while the delay of beam 3 was scannedResults and Discussion

between negative values (corresponding to beam 3 arriving at As we reported previously, compléxundergoes reversible

the sample before the pump beams 1 and 2) and positive valuesxidation in solution (assigned to the metal-centered/Ru
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Figure 3. Simultaneous DFWM and pumiprobe measurements on

a solution ofl (0.3% w/w in CHCI,) in an electrochemical cell before
oxidation.

Delay (femtoseconds)

Figure 4. Simultaneous DFWM and pumjprobe measurements on
a solution of1 (0.3% w/w in CHCI,) in an electrochemical cell after
oxidation.

process), UV-vis—NIR spectroelectrochemistry in the OTTLE
cell revealing that oxidation “switches on” an intense transition
centered on 11 200 cm with appreciable intensity at 12 500
cm~18 Typical DFWM and TA at 12 500 cmi scans recorded
on a pristine sample of a solution bin the same electrochemi-
cal cell are presented in Figure 3. The DFWM curve is

the first demonstrable example of nonlinear electrochromism
originating in femtosecond scale processes. It is clearly of
interest to investigate in more detail the temporal characteristics
of the relaxation of the transient absorption and DFWM
signals: the fast relaxation may be due to efficient energy
somewhat unsymmetrical with a slight “tail” for positive delays. transfer from the excited complex molecules and to solution
The magnitude of the response of the sampl# @ha. 22 times interactions (including fast reorientation of molecules). Further
that of 1 mm silica) was used to estimate an approximate value studies directed to these ends are currently underway.
of n, of the solution andy| for the solute, the valugy| ~
2000 x 10736 esu being obtained, in good agreement with that ~ Acknowledgment. M.G.H. thanks the Australian Research
from previous Z-scan results ((220D 600) x 1036 esu)!! Council for financial support and a Senior Research Fellowship
The changes of transmission (a dip at the delay time close toand Johnson-Matthey Technology Centre for a generous loan
zero) seen in the pumgprobe signal in Figure 3 are consistent Of ruthenium chloride. We thank Dr. Graham A. Heath for
with our previous results, indicating efficient two-photon access to an OTTLE cell.
absorption inL. The dip depth affords the two-photon absorption
coefficient 5 = 0.05 cm GW? for the 0.3% w/w solution,
leading too, ~ 10747 cm* W1 (10° GM units), again in
reasonable agreement with= 0.53 x 10~*" cm* W~1, which
we determined in our previous studies frgfaag obtained from
Z-scan?
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