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Measurements of the third-order nonlinear optical responses of solutions of the metal−metal multiply bonded
complexes Mo2(OPri)6, W2(OBut)6, M2(NMe2)6, M2(O2CBut)4, and M2Cl4(PMe3)4 (M ) Mo, W), using picosecond
degenerate four-wave mixing at 1064 nm, are reported. These complexes display only very small instantaneous
electronic polarizations when excited with cross-polarized beams. When the excitation beams are similarly polarized,
a significant third-order optical response is detected, which is attributable to the formation of bulk thermal excitation
gratings. Time-dependent measurements support this view.

Introduction

The nonlinear optical responses of a variety of organo-
metallic and coordination compounds have been examined.1,2

Large second-order susceptibilities have been reported for
compounds showing charge separation in the excited state.2

Much of this work seems to have been inspired by a report
by Green et al. on substituted ferrocenyl compounds.3

Alkynes and conjugated organic molecules show large third-
order nonlinear susceptibilities,4 and we have for some time
wondered whether M-M multiple bonds might show
similarly large responses. We were thus particularly inter-
ested in the 1997 report by Mashima et al. of the large third-
order nonlinear optical susceptibilities of quadruply and triply
bonded M2L4 and M2L4Pd2Cl2 (M ) Mo, Cr; L ) 6-diphe-

nylphosphino-2-pyridonate) complexes, as dichloromethane
solutions, by picosecond degenerate four-wave mixing
(DFWM).5 These measurements were conducted at 532 nm,
with supporting measurements of the femtosecond optical
Kerr effect (OKE) of one complex (Mo2L4Pd2Cl2) at 790
nm. The reported microscopic hyperpolarizabilities,γijkl

(-3ω; ω, ω, ω), were (Mo2L4) 6.9 × 10-31 esu, (Cr2L4)
e10-33 esu, (Mo2L4Pd2Cl2) 1.5× 10-30 esu, and (Cr2L4Pd2-
Cl2) 5.2 × 10-31 esu. The study was conducted exclusively
using like-polarized excitation beams,6 with no supporting
time-dependent measurements. On the basis of the agreement
in magnitude of the OKE (790 nm) and DFWM (532 nm)
results, the authors suggested that the 532 nm hyperpolar-
izability was primarily due to nonresonant nonlinearity
(instantaneous electronic polarization). The authors men-
tioned that the lowest energy electronic absorption band of
Mo2L4Pd2Cl2 peaked at 640 nm.
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We decided to investigate the mechanism of the reported
nonlinearity by studying a series of multiply bonded metal
dinuclear compounds7 (see Figure 1) in which the bond order
and ligand sets were systematically varied. We employed
picosecond DFWM at 1064 nm, a position far from the
visible absorption maxima. We tested bothyyyy and xyyx
beam polarizations (see the Experimental Section), with
additional time-dependent measurements in the former con-
figuration.

We began our study by reexamining the electronic
absorption of these series (see Figure 2).7 The lowest energy
band of the Mo2(O2CR)4 compounds, which peaks at 430
nm, has been assigned to a1(δ2 f δδ*) (metal-based)
electronic transition. The lowest energy band of the analo-
gous tungsten species peaks at 360 nm, and is assigned to
two coincident electronic transitions, a1(δ2 f δδ*) transition
which is masked by a much more intense metal-ligand
charge transfer. The1(δ2 f δδ*) band of Mo2Cl4(PMe3)4

peaks at 585 nm. A less intense, higher energy1(δ2 f πδ*)
band peaks at 435 nm. The analogous tungsten complex has
low-energy maxima at 660 and 500 nm (again, the former
is more intense). The lowest energy UV/vis absorption
maxima of the triply bonded complexes fall at the following
wavelengths: Mo2(OR)6, 360 nm; W2(OR)6, 420 nm; Mo2-
(NMe2)6, 360 nm; W2(NMe2)6, 330 nm. The lowest energy
band of all of the above complexes has a tail that extends
into the near-IR region and is responsible for a small amount
of absorption even at wavelengths as long as 1064 nm.

Experimental Section

Sample Preparation.Dichloromethane and hexane were distilled
over the appropriate drying agents under nitrogen and degassed

under reduced pressure prior to use. Solutions of the dimetal
complexes (in dichloromethane or hexane) were prepared in a
nitrogen-filled glovebox. Each was passed by syringe through a
0.1 Å filter, transferred into a dry cuvette, and capped with a greased
Teflon stopper.

Laser Characteristics and DFWM Configurations. DFWM
susceptibilities were measured in the forward scattering folded box
geometry using an active passive mode-locked YAG laser at 1064
nm with a temporal resolution of 50 ps and a repetition rate of 4
Hz, as described in detail in previous work.8 Quartz cuvettes of 1
mm path length were employed. Measurement of the (reference)
signal from the pure solvent was performed in tandem with the
measurement of each solution. Measurements were made using both
thexyyxandyyyybeam polarizations. (Herex andy are orthogonally
polarized beams.) In each case, two beams (xyor yy) create a grating
across which a third beam (y) diffracts, leading to the production
of the nonlinear signal (ofx or y polarization). The intensity of the
diffracted beam provides information on the amplitude of the optical
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Figure 1. Structural representations of the investigated dimetal complexes.

Figure 2. Electronic absorption spectra of the investigated dimetal
complexes: top, quadruply bonded compounds; bottom, triply bonded
compounds.
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grating and thus the magnitude of the induced nonlinearity. Time-
dependent data were obtained by delaying one of the pump beams.

Results and Discussion

Values ofγeff, measured using theyyyyconfiguration, are
collected in Table 1. These were calculated as described in
previous work,9 employing corrections for solution absorption
and assuming equal refractive indices of the solution and
solvent. Although there is some overlap among the two sets
of compounds, in general the quadruply bonded complexes

had higher responses. We were unable to detect a nonlinear
signal above that of the solvent for any of these complexes
using thexyyxconfiguration. This indicates10 that instanta-

(9) Thorne, J. R. G.; Kuebler, S. M.; Denning, R. G.; Blake, I. M.; Taylor,
P. N.; Anderson, H. L.Chem. Phys.1999, 248, 181.

(10) Andrews, J. R.; Hochstrasser, R. M.Chem. Phys. Lett.1980, 76,207.
Andrews, J. R.; Hochstrasser, R. M.Chem. Phys. Lett.1980, 76, 213.

Figure 3. Normalized nonlinear optical response of a 28 mM solution of a representative dimetal complex, Mo2(O2CBut)6 (upper data), together with the
response of the solvent, CH2Cl2, and cubic fits to both data sets.

Figure 4. Time dependence of the nonlinear optical response of a 20 mM solution of a representative dimetal complex, Mo2(O2CBut)6. The delay time of
one of the excitation beams was varied.

Table 1. Effective Third-Order Optical Responses at 1064 nm
Measured UsingyyyyPolarized Beams

γeff/10-33 esu γeff/10-33 esu

Mo2(O2CCMe3)4 13 Mo2(NMe2)6 2.7
W2(O2CCMe3)4 5.6 W2(NMe2)6 8.8
Mo2Cl4(PMe3)4 2.6 Mo2(OPri)6 2.4
W2Cl4(PMe3)4 5.2 W2(OBut)6 2.1
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neous electronic polarization makes a negligible contribution
to the (yyyy) observed nonlinear responses. It should be
emphasized, then, that the values ofγeff reported in Table 1
are not true molecular hyperpolarizabilities, but are rather
bulk phenomena due to spatial modulation of the linear
susceptibility.10,11 Such grating formation can occur by a
number of mechanisms, including (1) molecular orientation,12

(2) formation of excited electronic states,13 (3) thermal effects
(formation of thermal and thermal acoustic gratings),14 and
(4) electrostriction.15 Studies of the nature of the time-
dependent response facilitate differentiation between these
various mechanisms.

A representative plot of input laser intensity versus
generated nonlinear signal intensity is presented in Figure
3. Fits of both the solution and solvent data toy ) mx3 are
also shown, confirming the cubic dependence of the mea-
sured signal on the input laser intensity. The concentration
dependence of this nonlinear signal confirms that it is real
and positive, with two-photon absorption making a negligible
contribution.9

Time-dependent data for these solutions, as shown in
Figure 4, consists of two components, an initial pulse-width-
limited spike, attributable to the solvent response, and a
longer lived signal which grows over a nanosecond time
scale. The simplest means to account for this latter signal is
to attribute it to the buildup of a thermal grating during the
nonradiative decay of an excited electronic state. (A thermal
background is also generally present, with an intensity of
about 15% of the solvent spike.)

We detected fifth-order behavior for one of the dimetal
complexes, Mo2(OPri)6. This seems to suggest that two-
photon absorption makes a significant contribution to the

measured optical nonlinearity in this case, although why this
particular complex should be more prone to this response
mechanism than the other dimetal species is unclear.

Conclusions

This study casts doubt on claims of an especially high
nonresonant nonlinearity (instantaneous electronic hyper-
polarizability) of simple group 6 dimetal derivatives. It is
far more likely that measured nonlinearities of such simple
molecular species are due to resonant contributions, such as
the formation of excited-state gratings and subsequent
thermal effects. Only a very small absorption cross-section
is needed to produce such gratings. (The authors of the 1997
report5 drew their conclusions from studies conducted
relatively close to the absorption maxima, only employed
the yyyy beam configurations, and did not include time-
dependent information. The noted nonlinearities almost
surely result from resonant effects such as the ones suggested
here.)

The luminescence lifetimes (upon excitation of the low-
energy visible band) of the M2Cl4(PMe3)4 species have been
previously measured to be 140 ns for M) Mo (in
2-methylpentane,φ ) 0.26)16 and 41 and 50 ns for M) W
(in dichloromethane and benzene, respectively),17 while we
suspect that the electronic excited states of the other dimetal
complexes decay at a faster rate.18 The data presented above
do not distinguish between these two classes of compounds,
and suggest that all these dimetal complexes have a
significant nonradiative (thermal) contribution to their (1064
nm generated) excited-state decay.

To obtain a pure molecular electronic hyperpolarizability,
it would be useful to study a neat material. Clearly, such a
study would be advantageous in that the detected nonlinear
signal would be due entirely to the compound of interest;
solvent responses would not be present. Our initial studies
indicate that 1 mm thick (solid-state) samples of these species
absorb too strongly at 1064 nm to permit the collection of
meaningful data. To pursue this work further, thin films of
a high degree of homogeneity and of well-defined density
and thickness would be needed. On the basis of our study,
however, we expect that the measured nonlinear responses
would be fairly small.
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