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Abstract

The organo-transition metal complexes (Ni or Pt)bis(3,4-toluenediimine), Ni-bis(3,4-benzophenonediimine) and Ni-
bis(1-phenyl-2-butyl-1,2-dithiolene), which are generally considered to be good candidates for third order nonlinear optical
(NLO) applications, have been examined by sub-picosecond induced transparency measurements. The electronic decay times
are around 2 ns for each of the compounds, while the orientational relaxation happens in the 100 ps range. High third order
NLO parameters have been previously reported from degenerate four wave mixing experiments, but not confirmed by
several other techniques. This disparity in results is clarified here in terms of noninstantaneous contributions from real

electronic excitations.

1. Introduction

The transition metal diimine and dithiolene com-
plexes studied here have recently attracted consider-
able attention because of their interesting third order
nonlinear optical {(NLO) properties. Due to their
strong charge transfer (CT) bands in the region from
700 to 800 nm they are expected to show a strong
near-resonant enhancement of the third order NLO
polarisability (y) for wavelengths in the near in-
frared. By varying the substituents, the donor groups
(S or NH) or the central metal atom, the position of
the absorption band can be tuned to achieve the
optimum ratio between near-resonant enhancement
of x® and absorption losses [1,7]. In this way
similar transition metal complexes have been synthe-
sized with absorption maxima varying from 633 up

to 1400 nm [4.5]. Indeed, it was concluded from a
series of experimental studies using the degenerate
four wave mixing (DFWM) technique [1,4,7] that for
some of the compounds the figures of merit are
acceptable for all-optical switching devices, espe-
cially for Ni-bis(1-phenyl-2-butyl-1,2-dithiolene) [9].

However, very different results have been ob-
tained by different techniques. While DFWM yielded
y values up to 2 X 10™** m> V™2 for some of these
compounds [9,4,7] (and even 8.6 X 10”** m*> V™2
for excitation near the absorption maximum [13]),
results obtained with third harmonic generation
(THG) are typically three orders of magnitude smaller
[6], and quadratic electro-optic measurements also
indicate much smaller values [11,12]. Experiments
performed by Oliver et al. [1] using DFWM have
shown that the measured y® depends strongly on
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the pulse width of the laser. The results are one to
two orders of magnitude larger when 10 ns laser
pulses are employed instead of 100 ps pulses. This
difference was ascribed to a slow orientational con-
tribution which would dominate the signal for 10 ns
pulses, while the values obtained with 100 ps pulses
were assumed to be dominated by the instantaneous
x® contribution. This interpretation relies strongly
on the timescale of the orientational effect (and other
dynamical processes), more precisely on the assump-
tion that this effect is slow compared to the laser
pulse durations.

The measurements presented here show the time
dependence of the noninstantaneous contributions to
x® directly. By measuring the optically induced
change in absorption and /or refractive index with a
sub-picosecond time resolution we obtain detailed
information on the physical processes that occur
after excitation. In particular, the orientational relax-
ation of the molecules can be identified and the
timescales of both the orientational relaxation and
the electronic decay turn out to be much shorter than
assumed in previous DFWM studies [1,10]). There-
fore, these results form a new basis for the interpreta-
tion of the many nonlinear optical measurements
performed on this type of organo-transition metal
complexes.

2. Experimental

The optical apparatus used for the time resolved
pump probe measurements is described in detail in
references [2,3], except that the excitation source is a
cw mode locked Ti:sapphire laser giving 50 fs pulses
with a repetition rate of 82 MHz. In brief, the
Ti:sapphire laser beam is split into a pump and a
probe beam. The probe beam is subject to a variable
delay with respect to the pump beam in the range
from — 300 to 1600 ps, using an air bearings transla-
tion stage. The pump and probe beams are modu-
lated at frequencies of 10 MHz and 560 Hz, respec-
tively. The parallel beams are focused and cross
under a small angle inside a 2 mm path length liquid
cell. The transmitted probe beam is sent to a detec-
tor, and intensity changes down to 10~ of the probe
beam, induced by the pump beam, can be detected
by means of a double lock-in amplification. Contrary
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Fig. 1. Chemical structures and absorption spectra (normalised)
of: (a) [Ni(tdi), ], (b) [Pt(tdi), ], (c) [Ni(bpdi), ] and (d) [Ni(pbdt), ).

to many NLO experiments using low repetition rate
Nd:YAG-lasers, here the pulse energies incident on
the sample are so small (~ 100 pJ) that they cause
only a small perturbation on the state populations.
The time resolution is limited to a few hundred
femtoseconds due to the pulse broadening by disper-
sion in the optical components of the apparatus.

We studied four transition metal complexes (Fig.
1): (Ni or Pt)bis(3,4-toluenediimine), Ni-bis(3,4-ben-
zophenonediimine) and Ni-bis(1-phenyl-2-butyl-1,2-
dithiolene), respectively abbreviated as [M(tdi),]
(where M = Ni or Pt), [Ni(bpdi),] and [Ni(pbdt), }.
The synthesis and characterisation of these com-
pounds is reported in Refs. [4,7]. The three diimine
compounds are studied in a dimethylformamide
(DMF) solution, while [Ni(pbdt),] is studied in
dichloromethane (DCM) because it is not stable in
DMF. Concentrations are of the order of 10"
molecules /cm’. For each compound, time resolved
measurements were performed at a series of wave-
lengths from 700 to 850 nm.

3. Results and discussion

The time dependence of the induced transparency
in the four compounds, obtained with perpendicu-
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Fig. 2. Typical decay curves measured for (top to bottom) [Ni(tdi), ]
at 777 nm, [Pt(tdi),] at 707 nm, [Ni(bpdi),] at 827 nm and
[Ni(pbdt),] at 802 nm.

larly polarized pump and probe beams is shown in
Fig. 2 for a selected wavelength near the absorption
maximum, A, . These results show two or three
decay components : a very fast one with a decay
time between 0.6 and 11 ps (not clearly observed for
[Pt(tdi)*] and [Ni(pbdt)?]) which is not fully under-
stood and will be further investigated, a component
with a negative amplitude, on the 75-250 ps
timescale, and finally the relatively slow decay to the
electronic ground state. This final electronic decay to
the ground state possesses time constants close to 2
ns for the diimine compounds (in DMF solution) and
2.7 ns for [Ni(pbdt), ] (in DCM solution), which is in
good agreement with the lifetime (3.6 + 0.5 ns) re-
ported by Magde et al. [8] for a similar complex
(BDN) in 1,2-dichloroethane. We ascribe the nega-
tive exponential contribution with the intermediate
time constants to the orientational relaxation of the
NLO molecules in the liquid, on the basis of the
difference in sign for parallel and crossed polariza-
tions of pump and probe beams (Fig. 3). Indeed, the
induced transparency signal expected for reorienting
molecules is of the form [14]

Sy=A(1+ e f(1),

S, =A(l = e /™) f(1), (1)
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Fig. 3. Time resolved pump—probe measurements for [Ni(bpdi), ]

in DMF solution at A =827 nm for parallel and perpendicular
polarizations of pumps and probe beams.

where 7, is the orientational decay time, f(r) is the
decay curve of the molecules in the absence of
rotation, and S, and S, are the signals for parallel
and for crossed polarizations respectively. The exper-
imental data were fitted to a function of form (1),
where f(t) is a sum of 1 or 2 exponentials, depend-
ing on the presence of a fast component. As an
additional check the prefactors 2/5 and 4/5 were
replaced by parameters & and 2k, respectively. Fit-
ted values of k smaller than 2 /5 can indicate contri-
butions from several electronic transitions with dif-
ferent polarisation properties, rather than the case
with only a single polarised transition. The experi-
mental data were fitted well by Eq. (1), for k values
close to 2/5. The fitting results are summarized in
Table 1. As expected the orientational decay times
increase with increasing molecular size [13], varying

Table 1

Electronic (7,,) and orientational (7,,) decay times obtained from
the time resolved pump-probe measurements for the four com-
pounds. The estimated experimental error in the decay times is
10%

Compound Solvent Ay, (nm) 7, (ps) 7, (ps)
[Ni(1di), ] DMF 790 1750 85
[P1(1di), ] DMF 718 1700 100
[Ni(bpdi),]  DMF 832 2100 210
[Ni(pbd),]  DCM 799 2750 75




W. Wenseleers et al. / Chemical Physics Letters 254 (1996) 410-414 413

from about 76 ps for [Ni(pbdt), ] to more than 200 ps
for [Ni(bpdi), ].

Considering that all previous NLO measurements
on these compounds have been performed under
resonant or near-resonant conditions, other processes
than the instantaneous electronic hyperpolarizability
of the molecules are likely to contribute to the
DFWM signal. The intensity dependence of both the
refractive index and the absorptivity is measured in
DFWM experiments, and can be caused by popula-
tion of an excited state as well . These real excita-
tions can give rise to high x'® values for DFWM,
but such contributions are not desirable for applica-
tions since their response times are determined by
the excited state lifetimes, which are much too long,
as shown here. Moreover, these population changes
cannot contribute directly to the measured x** in
THG or quadratic electro-optic experiments, so the
large differences between the results from different
techniques form another (indirect) indication of such
noninstantaneous contributions to the DFWM signal.

By putting a small aperture or beamstop in the
transmitted probe beam not only changes in the total
transmitted power are detected, but also changes in
the direction or divergence of the probe beam. This
is similar to Z-scan experiments, but the time depen-
dence of the effect is determined. In this way, apart
from an optically induced change in absorptivity we
also observed an optically induced change in refrac-
tive index. This effect was particularly strong in
([Ni(bpdi),]) when exciting in the short wavelength
tail of the absorption band (700-750 nm). In this
case the sign of the signal changes with the position
of the aperture or beamstop, which means that the
contribution from the optically induced refractive
index change [ Re( x®)] is larger than the contri-
bution from the optically induced absorptivity change
[ Im( x)]. Unfortunately with this apparatus it is
not possible to measure the ratio between the real
and imaginary parts of xy® quantitatively, as both
contributions depend in a different way on factors
like the precise relative alignment of both beams and
the aperture, the quality of the focus, thermal self
defocussing, etc. But then, in the type of DFWM
experiments applied to this class of compounds so
far, it was not possible to make any distinction
between both contributions at all. In the cases where
we observed a sizeable refractive index change we

found a similar time dependence for the refractivity
signal as for the absorptivity signal.

It should be noted that all the signals measured
with this pump probe technique will also contribute
to the x® values measured using DFWM (or Z-
scan), as both techniques measure an optically in-
duced change in absorption and/or refractive index.
In particular a direct relationship between the time
dependence of the signals S(r) measured here and
the pulse width (and pulse shape) dependence of the
x® values obtained with ordinary (i.e. not time-re-
solved) DFWM can be derived, by expressing that in
DFWM the diffracted wave at any instant in time
results from a grating whose amplitude is determined
by the prior accumulation of the population differ-
ences which the transient bleaching signal S() mea-
sures directly:

DFWM signal

A ([l A(F)S(1 t’)dt')zdt
[ P(r)de

@ ()(‘”)2 @ J

(2)

where 1(1) is the intensity profile of the laser pulse.
Assuming a rectangular pulse shape (width w) and a
simple exponential decay (decay time 7) this leads to
the following pulse width dependence of the ob-
served x® in DFWM experiments:

3

I 7 3
Xbpwm (W) & \/72_ 2w ((2—6“”/7) - 1)
(3)

Note that the ratio x{2,,/x\),, =3 for instanta-
neous contributions in idealized linear molecules is
also obtained from (1) for population induced contri-
butions if short laser pulses are employed. Eq. (3)
shows that the ratio x®w,)/x®(w,) of the ob-
served y©®N—w; o, w, —w) values for two differ-
ent laser pulse widths, as measured in Ref. [1], can
vary from 1 (for 7<w ,w,) to w,/w, (for 7>
w,,w,). So it is likely that the x® values reported
by Oliver et al. [1] for Ni-tetramethyl-dithiolene are
completely due to these population effects, as they
find a ratio for ‘(10 ns)/x®(100 ps) even larger
than 100. Taking the pulse widths used in Ref. [1]
(10 ns and 100 ps) and assuming similar lifetimes as
for the complexes studied here (= 2 ns), one finds a
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ratio of about 25. The smaller ratio (= 8) experimen-
tally found for Ni-tetraphenyl-dithiolene [1] means
either that this compound has a somewhat faster
decay (= 0.6 ns) or that there is indeed a significant
instantaneous contribution to the measured x® ef-
fect for this compound (assuming 7= 2 ns about
60% of the 100 ps pulse width DFWM signals would
be of purely instantaneous origin). However, even in
the latter case, the instantaneous x'* effect would
probably not be useful for all-optical switching ap-
plications as the repetition rate would be limited by
the accumulating population effect. The technique
used here does not allow the measurement of the
instantaneous contribution to X3, and other measure-
ments are desirable to determine the relative impor-
tance of noninstantaneous and instantaneous contri-
butions to y® quantitatively. Time resolved DFWM
is the technique of choice for this purpose [15].

4. Conclusions

Our time-resolved transparency measurements
have clarified the origin of the disparity of x©
values measured by different techniques for a series
of organo-transition metal compounds. The elec-
tronic decay times we have observed are sufficiently
fast to explain the ratio between the y® values
measured in DFWM-experiments using 10 ns pulses
and the values measured using 100 ps pulses, with-
out the need to introduce an instantaneous x® con-
tribution at all. Therefore, we conclude that the
contributions of real excitations to the DFWM sig-
nals have been underestimated so far. The much
lower x® values from THG and quadratic electro-
optic measurements are also consistent with the as-
sumption that the DFWM resuits in this type of

compound are indeed dominated by the real popula-
tion of the excited electronic states.
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