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Quadratic Hyperpolarizabilities of Some
Organometallic Compounds

L.-T. CHENG, W. TAM and G. R. MEREDITH

Central Research and Development Department, E. |. Du Pont De Nemours & Co., Inc.,
Experimental Station, P.O. Box 80356, Wilmington, Delaware 19880-0356

and

S. R. MARDER

Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA
91109

The nonresonant quadratic molecular hyperpolarizabilities of several classes of organometallic aromatic
compounds were studied with DC electric-field-induced second-harmonic generation (EFISH) exper-
iments using fundamental radiation at 1.91 um. Our goal is to survey and assess various strategies by
which electron densities from metal centers can be exploited for quadratic nonlinear optics. Relying
on optimized experimental techniques, systematic studies on structure-property relations concerning
metal centers, bonding patterns, conjugations, and effects of ligands were conducted. Results on some
arene metal carbonyl w-complexes, metal carbonyl pyridine derivatives, square-planar metal aromatics,
and metallocene derivatives are included.

INTRODUCTION

Owing to the molecular nature of organic solids, questions concerning their bulk
properties, such as the technologically important nonlinear optical properties, can
often be addressed at the molecular level. Early realizations of large nonlinear
optical polarizabilities in many molecules, prospects of optimization through mo-
lecular engineering, possibilities in developing non-crystalline bulk structures, and
the potential ease of fabrications have all been motivating factors for much research
activities on nonlinear optical organic materials worldwide. Despite their diversity
in structures and compositions, as well as being congenial to all the considerations
just mentioned, interest in organometallic compounds for nonlinear optics has been
quite limited. Initial efforts’~7 to evaluate the potential of organometallic com-
pounds for quadratic nonlinear optics have been restricted to using Kurtz second-
harmonic generation test on powdered material. Results obtained from powder

137



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:52 19 February 2013

138 L. T. CHENG et al.

testing are almost entirely determined by crystallographic, linear optics (i.e. bire-
fringence), and dispersive factors and carry limited information on the molecular
hyperpolarizabilities of organometallic molecules. Since molecular structure mod-
ification is often accompanied by crystallographic changes, powder testing cannot
be used to probe structure-property relations.

Solution-phase DC electric-field-induced second-harmonic (EFISH) generation®
is a more appropriate method for hyperpolarizability studies. It allows extraction
of a vectorial projection (B) of the hyperpolarizability tensor along the molecular
dipole () direction. When experiments are carried out with radiation of sufficiently
long wavelength, EFISH provides direct information on the intrinsic nonlinearity
of a molecule. However, there remain important limitations which should be men-
tioned. First, because of the rich coordination patterns and ligand structures of
organometallic compounds, interpretation of EFISH results may not be possible
if the molecule lacks a clear charge-transfer (CT) axis. Other tensorial components
only partially active in EFISH may also be important in determining bulk properties
for such compounds. Second, since the EFISH response is comprised of a rotational
dipolar part which is due to the up product and an intrinsic deformational part
which is due to the molecular 2nd hyperpolarizability (vy), the electronic vy contri-
bution to EFISH signal may be significant as a result of the large polarizability of
metallic composition. An estimate of this electronic contribution can be obtained
from third-harmonic generation experiments only when material absorption per-
mits. Last, the requirement of a high DC electric field precludes studies of charged
organometallic pieces, many of which offer interesting structural possibilities.

A logical approach to finding quadratically nonlinear organometallic molecules
is to adopt the successful strategies used in organic materials where large asymmetric
polarizability is achieved by biasing the highly polarizable  electrons of a con-
jugated structure with donor and acceptor groups. For organics, structure-property
trends concerning donor-acceptor strengths and the effectiveness of different con-
jugated backbones have been topics of many studies.® Our recent efforts have
provided an extensive set of internally consistent results on many of the important
molecular classes.'® With organometallic compounds, new molecular building blocks,
such as a diversity of transition metal elements at various oxidation states, filled
and vacant d orbitals, and new bonding geometries and coordination patterns,
create new possibilities for the engineering of asymmetric polarizability. In the
present contribution, nonresonant EFISH measurements will be used to examine
different structural approaches where a metal center can serve as either electron
donor or acceptor across simple aromatic conjugations. The importance of ligand
environment, metal oxidation states, and bonding patterns will be illustrated with
systematic structural variations. The overall effectiveness of the organometallic
approach will be contrasted with structurally similar organics.

EXPERIMENTAL

To extract the molecular hyperpolarizability B, a lengthy set of physical and optical
measurements needs to be carried out. These include, on a series of solutions with
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graded concentrations, measurements of density, refractive index at several wave-
lengths, solution capacitance, THG, and EFISH amplitudes as well as their co-
herence lengths for harmonic generations. These measurements respectively de-
termine the specific volume of a solute molecule in solution, solution dispersion,
solution dielectric properties, and the THG and EFISH nonlinear susceptibilities
for each solution. The details of our experimental methodology and data analysis
have been given elsewhere.!®!! We briefly describe a few key features of our
experiments in this section.

The experimental setup consists of a 20 Hz Nd:YAG laser with 10 ns pulses of
0.4 J in energy. The 1.06 pm output pumps a hydrogen Raman shifter, providing
up to 120 mW of Stokes-shifted radiation at 1.91 pm. This radiation serves as the
fundamental frequency for both the EFISH and THG experiments, with the har-
monic wavelengths at 954 nm and 636 nm respectively. For most lightly colored
compounds with absorption edge at wavelengths below 500 nm, the measurement
can be considered as nondispersively enhanced. THG and EFISH experiments are
carried out with an unconventional technique in which the harmonic amplitudes
and coherence lengths are measured separately. The laser beam is divided three
ways; an intensity normalization reference branch, a coherence length measurement
branch, and a harmonic amplitude measurement branch. The second and third
harmonic signals from all three branches are separated with dichroic mirrors, de-
tected with photomultiplier tubes, and collected through gated integrators.

For the determination of harmonic amplitudes, we adopted a tight focusing
geometry with which the focal region of the laser beam is placed at the window-
liquid interface of a “single interface” sample cell. The sample cell is equipped
with a thick (2 cm) front optical window and two adjacent liquid chambers (3 cm
path length) holding a reference liquid and a sample solution for comparative
measurement. Electrodes are fabricated at the front window-liquid interface so
that both THG and EFISH measurements can be carried out concurrently. The
coherence lengths for the harmonic generations are determined with a wedged
liquid cell consisting of two crystalline quartz windows, which generate sufficient
second and third harmonic radiations for easy measurement. Our goal is to eliminate
possible environmental contributions, which are known to be important in THG
and, to a lesser extent, EFISH measurements'?; and to increase the measurement
precision by eliminating the necessity of simultaneously extracting several param-
eters from data fitting as is the case for the conventional Maker’s fringe or wedge
techniques. All experimental procedures and data acquisition scheme have been
optimized to allow efficient and accurate measurements.

Figure 1 shows typical EFISH/THG amplitude (top) and dispersion (bottom)
data. The amplitude data show the EFISH (©) and THG (<) signals for an organic
solution in the left chamber and for toluene in the right chamber. Clearly, the
signal level (abscissa) is independent of the cell position (coordinate within each
chamber, demonstrating the lack of interference arising from harmonic generations
at other interfaces. The solid lines are calculated signal averages. The ratio of the
harmonic intensities generated in the two chambers can be precisely determined.
The dispersion data show the oscillatory periods from which coherence lengths can
be extracted knowing the wedge angle of the liquid cell. The SHG coherence length
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FIGURE 1 EFISH/THG amplitude (top) and dispersion (bottom) data.



Downloaded by [Tomsk State University of Control Systems and Radio] at 10:52 19 February 2013

QUADRATIC HYPERPOLARIZABILITIES 141

is much longer than that of THG as expected. The nonzero background is a result
of the focusing and finite spot size of the laser beam. The gradual rise in signal is
a result of a slight wedge on one of the quartz windows. Solid lines are least square
fits to determine the periods. With the known THG and EFISH nonlinearities and
coherence lengths of the window material and the reference liquid (BK7-grade A
glass: XPrug = 4.7 X 107" esu, lryg = 16.7 pm, XPgpsy = 3.5 X 107" esu,
and lgpsy = 38.8 um; toluene: x®ryg = 9.9 x 107 esu, lyyg = 18.3 um,
XPgpsy = 9.1 X 1071 esu, and 1ggpsy = 73.5 pm)," as well as the coherence
lengths of the sample solution, the solution nonlinear susceptibilities can be com-
puted.

With the measured solution properties, following the full Onsager local field
model™ for both static and optical fields and taking the infinite dilution limit'> for
all concentration dependent quantities, the relevant molecular properties including
the dipole moment, p., the low frequency linear polarizability, o, the hyperpolar-
izability, B, and the second hyperpolarizability, vy, can be calculated. The effective
refractive indexes for the solute molecule in solution, as required by the Onsager
model, are deduced from the solute specific volumes and high frequency polariz-
abilities. The vectorial component, B, of the molecular hyperpolarizability tensor
along the dipole moment is calculated according to y5FSH = y° + ¥ + uB/SkT
where y¢ + v¥, denoting a purely electronic and a hybrid vibrational contributions,
is scaled with yTHG. Where optical absorptions do not permit THG measurements,
the electronic and vibrational contribution is taken to be 10% which is a typical
value found for the more quadratically nonlinear molecules.

RESULTS AND DISCUSSION

Organometallic aromatic compounds offer several topics of interest in hyperpo-
larizability studies. From a structural point of view, metal arene -complexes, where
the metal center binds with all or part of the arene = electrons from one side of -
the arene symmetry plane, represent bonding patterns that are not found in or-
ganics. For metal pyridine complexes, coordination is achieved through the nitrogen
lone pair, bearing resemblance to substituted organic aromatics. In the case of
square-planar metal benzenes, the metal-carbon bond is known to be covalent in
nature, providing direct organometallic analogues to the organic substituted ben-
zenes. The sandwiched metal coordination of metallocene derivatives offer yet
greater diversity in structure.

From the point of view of engineering quadratically nonlinear molecules, the
generic donor-conjugation-acceptor structure which provides for high B in organic
molecules can be replicated with donor or acceptor substituted aromatic ligands.
The metal-carbon w-bond in arene w-complexes is a result of overlaps between
metal d orbitals (d,, and d,,;) and arene = orbitals (e, for benzene), with the metal
center acting as a w-acceptor (see Figure 2). The arene ligand thus functions as
both a conjugation and a w-donor. The effectiveness of interaction between arene
substituents and the metal center is unclear for such a bonding arrangement. For
metal pyridine complexes, the metal-nitrogen bond is largely o in character with
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FIGURE 2 Schematic MO diagram for benzene chromium tricarbonyl w-complex.

the nitrogen lone pair flowing into the metal d orbital (d,,) (see Figure 3). Coupling
between 4-position substituent and the metal center should be quite effective since
d-m mixing is geometrically favored. The analogy with organics is most clear with
square-planar metal benzenes where the metal center is bonded covalently with a
ring carbon. With metallocene derivatives, the role of the cyclopentadienyl anion
may be complicated because of its formal charge which may serve as an effective
donor.

Questions concerning the electronic affinities of different metal centers and how
they can be influenced by their ligand environments as well as bonding geometries
can also be examined. From energy consideration, metal center with d orbitals of
low quantum number are expected to mix better with the = electrons of arene
ligands. For metal carbonyl clusters, the strong w-accepting ability of the carbonyl
ligands should enhance the status of the metal center as a m-acceptor towards the
arene ligand in the ground state. Electron rich ligands such as triethylphosphine
and halides should have an influence on the donating strength of a metal center.
The well known trans-effect seen in chemistry involving square-planar organo-
metallics should also be observed in hyperpolarizability studies. The redox potential
of a metallocene moiety can be manipulated by different metal center and cyclo-
pentadienyl substituents. Variation in hyperpolarizability and redox potential is
expected to show correlation. In what follows, we present measurement results on
the different classes of organometallic aromatic compounds just mentioned. Since
our approach is empirical, we rely on chemical concepts to understand the observed
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FIGURE 3 Schematic MO diagram of tungsten pentacarbonyl pyridine.

trends. Simple molecular orbital (MO) arguments and available spectroscopic evi-
dence will be used to discuss the possible origin of nonlinearities in these structural
classes. Comparison with results obtained on organics of relevant structures will
be made where possible.

1. Arene metal carbonyl complexes:

Table I presents molecular parameters deduced from our solution measurements
for two series of compounds: chromium tricarbonyl benzene w-complexes (w-CTCB)
and tungsten pentacarbonyl pyridines (o-TPCP) o-complexes. Values for organics
of comparable structures are also included. All quantities are given in electrostatic
units as is the case throughout this paper. The peak wavelength (Acr) of the low
energy and presumably charge-transfer absorption band is determined in p-dioxane.
Error bars estimate the experimental precision of our measurements but do not
include uncertainty inherent in absolute calibrations, local field, and other theo-
retical models involved. For both series, we have investigated the consequence of
donor/acceptor substitution on the benzene or the 4-position of the pyridine ligands.
Several structure-property trends are evident from the measurement results. (1) The
dipole moments of both series are found to increase with the donating strength of
aromatic substituents. Acceptor substituted species, 1.5 and 1.11, have the lowest
dipole moments. (2) The Acy of a well resolved peak bathochromically shifts with
electron donating and accepting substituents for the w-CTCB series. The low energy
spectra of the o-TPCP series are complicated by other spectral features. (3) The
signs of 8 are found to be invariably negative. The magnitudes of B decrease with
donor strength for both series but increase sharply with acceptor substitution only
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TABLE I

Results on arene metal carbonyl complexes

Cr(CO0)s
—O

Aer w1018 al0-2 B 103 v 10-3%
Compound X solvent (nm) (esu) = 0.1 (esu) (esu) = 10% (esu)
Anisole Neat 275 14 14 <02 5
Aniline Neat 284 1.5 1.3 0.55 5
N,N-Dimethylaniline Neat 293 1.6 1.7 1.1 8
Benzaldehyde Neat 320 2.8 1.3 0.8 5
1.1 H Toluene 310 4.4 23 -0.8 2
1.2 OMe Toluene 310 4.7 i -0.9 3
1.3 NH, p-Diox 313 5.5 2.7 -0.6 12
1.4 NMe, Toluene 318 5.5 2.9 -04 10
1.5 COOMe Toluene 318 40 29 -0.7 6
1.6 trans-Phenylvinyl p-Diox 410 4.0 4.0 -2.2 21
X—@N—W(CO)s
Acr w108 al0-® g 10-3% v 10-3
Compound X solvent (nm) (esu) (esu) (esu) (esu)
Pyridine Neat 256 23 1.0 0.3 4
4-Acetylpyridine CH(l, 276 2.7 1.5 <0.2 5
4-Aminopyridine CHCl, 260 4.3 1.3 12 4
1.7 H Toluene 332 6.0 33 -4.4 8
1.8 Pheny! CHCl, 330-340 6.0 4.6 -45 12
1.9 Butyl p-Diox 328 7.3 4.2 -34 15
1.10 NH, DMSO 290 8(x1) 35 -2.1(+.3) 15
1.11 COMe CHC(l, 420-440 4.5 4.0 -93 14
1.12 COH CHCl, 420-440 4.6 3.7 -12 -

for the o-TPCP series. The a-complexes are found to be much more nonlinear and
their properties highly sensitive to the 4-pyridine substituents.

As noted earlier, proper interpretation of EFISH results requires knowledge on
the ground-state dipole moment. The bonding in 7-CTCB compounds is comprised
of electron donation from the ring to the metal center via d-m interaction, o electron
donation from the carbonyl groups, and strong back-donation from the metal to
the carbonyl  orbitals. In fact, the carbonyl groups are such effective mw-acceptors
that despite the charge flow from the ring, the metal center is positively charged,
as indicated by semiempirical MO calculations.!® Excess electron densities were
found to reside at the carbonyl oxygen atoms. Thus, the ground state dipole moment
is a consequence of a net CT from the ring to the metal carbonyl cluster and aligns
along the molecular three-fold axis for the parent compound (1.1). For the sub-
stituted species, the dipole moment (and ) due to the ring substituent is presumably
directed prepenticular to the ring-metal axis. Time averaged three-fold symmetry
is preserved by a relatively free rotation about this axis. The extent of CT should
be enhanced by electron donating substituents and restricted by electron with-
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drawing groups on the ring. Such expectation is largely borne out by our dipole
moment results (p: 1.5 < 1.1 < 1.2 < 1.3; 1.11 < 1.7 < 1.9 < 1.10). However,
as shown by MO calculation on the amino derivative,'® perturbation by the benzene
substituent is quite weak for m-complexes.

For the o-TPCP series, a square-pyramidal (C,,) structure is known for the parent
compound (1.7). The nitrogen lone pair donates in the empty d,, of tungsten,
forming a o-linkage. Efficient overlap of the pyridine m orbitals with the d,, or d,,
orbitals also allows = donation toward the metal center which acts as a potent
ground state m-acceptor as a result of the pentacarbonyl ligands. It is therefore
reasonable to expect that the ground-state dipole moments of the o-TPCP deriv-
atives are directed along the molecular two-folded axis with excess charge on the
carbonyl oxygen atoms. The higher dipole moment of this series can be understood
as the vectorial sum of contributions from the pyridine fragment and the metal
cluster. The pyridine contribution is clearly significant when properties of pyridine
and 4-pyridine derivatives are examined (see Table I). The sensitivity toward 4-
position substituents is a consequence of several factors including this additive
effect, the strength of the pentacarbonyl tungsten acceptor, and the importance of
d-m overlaps involving the conjugated para position. Low solubilities as a result of
the large increase in dipole moment with para donor substituents prevented mea-
surements in low polarity solvents, thus introducing uncertainty from differing
solvent interactions.

In order to speculate on the origin of quadratic hyperpolarizabilities in these two
classes of compounds, the charge-transfer properties of their excited states must
be examined. The UV-VIS absorption spectra of metalcarbonyl arene complexes
are known to be dominated by metal to ligand charge-transfer (MLCT) excitations®’
(see Figures 2 and 3). In particular the prominent spectral feature of benzene
chromium tricarbonyl at about 310 nm has been assigned® as a MLCT excitation
in which charge densities flow from a MO of largely chromium d character to a
MO of largely benzene ©* character. Similarly, d-=* transition appears as a poorly
resolved shoulder (332 nm) in the tungsten pentacarbonyl pyridine spectrum. These
low lying excitations return electron densities from the metal center to the ring
thus reducing their excited-state dipole moments from their ground-state values.
Since, according to a simple two-state approximation,® a reduction of dipole mo-
ment upon excitation leads to a negative sign for the hyperpolarizability, our ob-
served negative B values provide strong indications of the importance of the MLCT
excitations for the quadratic nonlinearity of these compounds.

The decreasing trend of B (magnitude) with increasing donating strength of ring
substituents for both series can also be rationalized since strong donating groups
should restrict the back transfer of charge in a MLCT excitation. In parallel with
the dipole moment behavior, the o-TPCP series shows much stronger dependence
on para pyridine substitution. The expected enhancement of electron withdrawing
substituent is however not observed with the methyl ester acceptor (1.5) for mr-
CTCB, probably because of the substantial positive contribution from the ben-
zoester fragment (see values for benzaldehyde in Table I). In fact, the B values of
substituted benzene chromium tricarbonyls are found to be quite insensitive to the
electronic affinities of the substituents. This is perhaps not surprising since the
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metal donor is not truly “in conjugation” with the benzene substituents. The weak
bathochromic shift of the CT band in both donor and acceptor substituted m-
complexes also indicates poor CT interactions. Much stronger structure-property
variations, in CT band positions (290-430 nm), dipole moments (4.5-8.0 Debye),
and B values (—2.1 to —12 x 1073 esu), are found for the pyridine tungsten
pentacarbonyls, reflecting the greater structural similarity of this class of compounds
to donor-acceptor conjugated organics. The filled d,, and d,, orbitals have the
proper nodal patterns (sign change across the pyridine plane) to participate in the
4-substituted pyridine 1 system. The substantially higher nonlinearity of this series
over the m-CTCB series can be rationalized with the same considerations of the
charge back transfer. (The low value of the amino derivative (1.10) is probably
also influenced by the substantial positive contribution from the 4-aminopyridine
moeity.) Their CT bands are seen to hypsochromically shift with 4-substituted donor
strength and bathochromically shift with acceptor strength for a range of over 40
nm. Negative solvatochromic behaviors are also known for these compounds'®
indicating a lower excite-state dipole moment, in agreement with the observed
negative sign of 8 as interpreted via the two-state model.

The electronic properties of the metal carbonyl cluster appear to be those of an
effective ground-state acceptor and excited-state donor, a characteristic not found
in common organic substituents. This characteristic allows for highly nonlinear
molecular structure with low ground-state dipole moment; thus favoring acentric
crystal packing for bulk nonlinearity, at least in principle. However, the ¢-TPCP
series did not yield any appreciable bulk response according to powder testing.! It
is instructive to note that for the more nonlinear of the two series, the magnitude
of their B values are comparable to conventional nonlinear organics such as p-
nitroaniline (. = 6.2 X 1078 esu and B = 9.2 x 1073 esu). With stronger
accepting group such as cyano, the B value can be further enhanced.

2. Square-Planar Metal Aromatics

Table Ila shows measurement results on several square-planar platinum and pal-
ladium benzene derivatives. Since the metal-carbon bond is covalent in nature,
these compounds represent an organometallic analogue to the highly nonlinear
donor-acceptor para-disubstituted benzenes. Powder SHG testing revealed that
this class of compounds is indeed nonlinear and show a propensity to crystallize in
noncentrosymmetric forms, yielding powder-SHG signal as high as 14 times urea.®
Our interests in this series of compound arise from the knowledge that —MX(PEt;),,
where M = Ni, Pd, and Pt; X = I, Br, Cl, and others, are good electron donors.
Their donating strengths also have marked dependence on the nature of the trans
ligand. The inductive and resonance substituent parameters, as determined by '°F
Nmr studies,'® are reproduced in Table IIb. Notice that the square-planar metal
groups are both inductive and resonance donors. The inductive contribution is
quite strong and is sensitive to the nature of the trans ligand. Spectroscopic studies®
have also revealed a cis influence which is comparable in strength but opposite in
sign to the trans-effect.

The extent of charge flow from the metal center tothe ring through the o-linkage
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TABLE Ila

Results on square-planar metal benzenes

w10-18 ald-® B 10-3% y 1073
Compd A M L X  solvent (esu) = 0.2 (esu) (esu) = 15% (esu)

2.1 CHO Pt PEt; Br CHCL, 2.5 5.8 2.1 37
2.2 NO, Pd PEt, 1 CHCL, 3.6 6.2 0.5 36
2.3 NO, Pd PPh, 1 CHCL, 5.5 1.05 1.5 50
24 NO, Pt PEt, 1 CHCL, 3.0 6.2 1.7 36
2.5 NO, Pt PEt;, Br CHCL, 34 6.1 3.8 55
TABLE IIb
Inductive and resonance substituent parameters for trans-MX(PEt,), groups
RO
trans-Ligand o 7
Ni Pd Pt Ni Pd Pt
CH, -0.50 ~-0.46 -0.51 -0.28 -0.24 -0.25
CeH, -0.42 -0.40 -0.44 -0.28 -0.24 -0.25
Br -0.20 -0.11 -0.24 -0.32 -0.27 -0.26
I -0.16 —-0.08 -0.20 -0.32 -0.27 -0.26

is determined by the o-donating strength of the trans ligand and the accepting
strength of the para benzene substituent. d- interaction also exists for d orbitals
of proper symmetry. For a d® square-planar complex (with the z-axis perpendicular
to the ligand plane), the HOMO is largely d,, in character (see Figure 4). Single
crystal x-ray® reveals that for Pt(PET,),(I)( p-nitrophenyl), compound 2.4, the li-
gand plane is oriented perpendicular to the nitrophenyl mirror plane, allowing
effective d-m overlap between the metal d,, orbital and the benzene 7 system. Such
interaction is not possible if the two planes are in a parallel arrangement. Thus,
para substituent should be in conjugation with the metal center and is expected to
have significant effect on hyperpolarizability.

Overall, measurement results in Table I1a is in agreement with expectation based
on substituent parameters. All B values are found to be positive showing the analogy
with disubstituted aromatics. Platinum compounds are found to be more nonlinear
than palladium compounds (2.2 vs 2.4), reflecting the substantial difference in
inductive donating strength between the two metal centers (see Table IIb). The
trans influence is also evident with the bromo ligand significantly better than iodo
ligand for nonlinearity (2.5 vs 2.4). The strong cis influence is seen by replacing
the triethylphosphine ligands with the less electron rich triphenylphosphine. Since
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FIGURE 4 Ligand-field splitting of d orbitals for square-planar d®-metal complex.

the cis influence is opposite in sign with the trans-effect, a reduction in cis donation
actually leads to a strengthening of charge-transfer for the trans ligands; thus re-
sulting in significant increases in both dipole moment and hyperpolarizability (2.2
vs 2.3). The importance of the benzene acceptor is also evident. Both dipole
moments and B values are found to increase with acceptor strength, giving the
higher values for the nitro derivatives (2.5 > 2.1). Based on the current findings,
nonlinearity optimization of this class of compound requires nickel as the metal
center to maximize resonance donation, good donor such as methyl or methoxy
as the trans ligand, poor donor for the cis ligands, and strong acceptor for the para-
phenyl substituent.

3. Metallocene

Metallocene derivatives, with iron group metallocenes in particular, represent in-
teresting and novel structural variations in the studies of motecular hyperpolariz-
abilities. A ferrocene derivative, cis-1-ferrocenyl-2-(4-nitrophenyl)ethylene (3.4),
have been shown to possess rather large bulk SHG activity (62 times urea).® Given
the aromatic character of the cyclopentadienyl ring and the propensity of the metal
center to undergo redox chemistry, one may speculate on the potential for effective
charge-transfer when a metallocene is bonded in conjugation with an electron
acceptor. However, since the metal is centrally m-bonded to two cyclopentadienyl
rings (Cp), akin to the weakly nonlinear chromium tricarbonyl benzene derivatives
(see Table I), and the ring aromaticity also results in a formal divalence on the
metal center, the donating ability of the metallocene is potentially complicated.
At the least, it will be dependent on the oxidation potential of the metal nucleus
and additional substituents on both five-membered rings. To assess the effectiveness
of using metallocene donors for nonlinear optics, we have characterized the hy-
perpolarizabilities of several metallocene derivatives and have examined various
structural dependencies. Measurement results on ferrocene and ruthenocene de-
rivatives are summarized in Table III. Compounds 3.1 and 3.2 represent the cy-
clopentadienyl analogues of acceptor substituted benzenes. Compounds 3.3 to 3.11
carry structural resemblance to some nitrostilbenes whose nonlinear properties have
been previously studied.’® By comparing current results with those obtained for
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benzene and stilbene derivatives, the nonlinearities of the metallocene derivatives
can be put into perspective. Several structural variations, including different metal
centers, cis and trans conformations, extension of conjugation, symmetric electron
donating substituents in the form of pentamethyl cyclopentadienyl rings (Cp*), and
ethylenic cyano as well as 2,4-dinitro substitutions, have been implemented.
Despite some quantitative details, the electronic structure and bonding inter-
aetions of ferrocene can be considered as well understood.?! Briefly, the chemical
stability of ferrocene is partly a result of the inert gas valence of the metal center
whose 8 valence electrons are jointed by 5 « electrons from each of the Cp’s (see
Figure 5). Eight electrons reside in 4 strongly bonding orbitals which are largely
« ring-orbital in character. Four electrons occupy two bonding orbitals which are
largely m ring-orbital in character. Four electrons occupy two bonding orbitals
which provide the key d-m interactions between the ring e, and the metal d,, and
d,, orbitals, resulting in the sandwiched structure. The remaining six electrons fill
the largely nonbonding MOs which are essentially the d,,, d,,, and d,,_,, of the
metal center. Although there remains disagreement on their relative order, d,, is
generally accepted as the HOMO of ferrocene. In any case, these electrons are
weakly bound and are available for redox chemistry and CT interaction with ac-

4 H e,

2xCyclopentadienyl  Ferrocene Fe?*
Anion

FIGURE 5 Schematic MO diagram for ferrocene.
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cepting orbitals. The donated electron density for CT in an acceptor substituted
analogue is therefore largely from the metal center. This is unlike the situation
found in acceptor substituted benzenes where electron densities move from a filled
bonding m-orbital of benzene to an empty low lying orbital of the substituent. With
ruthenocene, this MO picture remains relevant. The nonbonding d orbitals may
shift in energy thus affecting its redox potential and donating strength. Clearly the
electron affinity of the metallocene depends strongly on the metal center and it is
not valid to think of the metallocene merely as a S-member aromatic anion with
the metal center providing a full electron.

The low energy spectra of metallocenes are dominated by two equally strong
bands (325 nm and 440 nm for ferrocene; 277 nm and 321 nm for ruthenocene)
that are basically ligand field transitions. Both states have some ring orbitals mixed
in thus is somewhat CT in the character. The higher energy state apparently is
more so since it gains prominence over the other band upon acceptor substitution.
This occurs to a lesser extent for the ruthenocene derivatives. Both bands batho-
chromically shift with acceptor substituents. Solvatochromic behavior has been
observed for compounds 3.3, 3.5, and 3.7. The lower lying bands are found to red
shift by about 8—10 nm and the higher lying bands by somewhat less between p-
dioxane and acetonitrile solutions. Pentamethyl, ethylenic cyano, and 2,4-dinitro
substitutions all lead to large bathochromic shift of these absorption bands. Only
the higher energy band of 4-nitrophenyl butadiene ferrocene (3.12) is significantly
red-shifted. It also becomes much stronger than the lower energy band. The im-
portance of these transitions to the observed quadratic hyperpolarizabilities awaits
full assessment by theoretical investigations.

Compound 3.1 and 3.2 show somewhat larger dipole moments but substantially
lower B values in comparison with their benzene analogues. The polar nature of
acceptor substituted ferrocene have been noted before?? and was taken as an in-
dication of a pronounced electron releasing capacity of the ferrocene rings. The
dipole moment of the ruthenium compound (3.2) is particularly high given a value
of only 4.0 Debye for nitrobenzene. This is likely a result of the electron releasing
pentamethyl substitution which enhances the donating strength of even the opposite
ring. This effect is clearly seen among all the compounds investigated (e.g. 3.3 vs
3.5 and 3.8 vs 3.9). The ruthenocene derivatives are found to be more polar than
their ferrocenyl analogues, which is somewhat surprising considering the higher
oxidation potential of ruthenocene. This may be a result of the lower energy,
relative to the acceptor orbital, and the greater spatial extent of the 4d orbitals.

The low B values for compounds 3.1 and 3.2 may be due to the poorly defined
CT axes since the metal-ring bond is perpendicular to the ring substituent bond.
This is somewhat analogous to the chromium tricarbonyl w-complexes examined
earlier (compound 1.6 shows significant enhancement with the stilbene conjuga-
tion). Other derivatives which have a well defined charge transfer direction along
the 4-nitrophenylvinyl group, show respectable nonlinearities in comparison with
nitrostilbene (B = 9.1 x 10~% esu), 4-4'-methoxynitrostilbene (B = 29 x 1030
esu), and 4-4'-dimethylaminonitrostilbene (8 = 75 X 1073° esu). Since these
compounds have long wavelength absorption bands, the measured nonlinearity is
dispersively enhanced. The cis compound (3.4) is found to be less nonlinear than
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the trans compound (3.3) as expected, considering the lower 2nd hyperpolarizability
of cis-stilbene and the shorter conjugation length because of the bent charge-
transfer pathway. Pentamethyl substitution at the opposite ring significantly en-
hances both the dipole moment and the nonlinearity. This agrees with the intuition
that the added charge density should lower the real charge of the metal center thus
enhancing the donating strength of the metal d electrons. The HOMO is clearly
destabilized leading to a large spectral red shift. Redox potential studies also reveal
a substantial decrease? of quarter-wave potential (vs SCE) with Cp donor substi-
tuted species. Ethylenic cyano and 2,4-dinitro substitutions lead to spectral red
shifts, an increase of dipole moment, and an apparent decrease of nonlinearity.
This is similar to previous observations on stilbene derivatives.!? The lowering of
the EFISH B may partially be a result of an induced change in dipole direction by
the strong accepting side groups, deviating from the long molecular axis. The effect
on the conjugation length is dramatic with compound 3.12 exhibiting a significantly
higher B value. The dipole moment shows only a modest increase. This is again in
agreement with structural trends observed in stilbene derivatives. The ruthenium
compounds are found to be less nonlinear than their iron counter parts. If the
charge-transfer is from the metal center to the acceptor group, the higher oxidation
potential®® of ruthenocene would result in lower nonlinearity. The larger dipole
moment of the ruthenium compounds remains puzzling.

CONCLUSION

The hyperpolarizabilities of several classes of organometallic aromatic compounds
have been systematically investigated with off-resonant EFISH and THG mea-
surements. Our findings concerning quadratic hyperpolarizabilities can be sum-
marized as follows: (1) The dipole projections of the B tensors of arene tricarbonyl
chromium w-complexes are found to be small and their properties are quite in-
dependent of arene substituents. These observations are attributed to poor coupling
between the metal center and substituent because of the w geometry. (2) Tungsten
pentacarbonyl pyridine derivatives show respectable nonlinearities and are highly
sensitive to 4-position substituents. The symmetry favored addition of accepting
strengths of the metal cluster and the pyridine nitrogen leads to a highly polar
ground-state. Hyperpolarizabilities higher than that of p-nitroaniline have been
observed with acceptor substituted species because of effective d-m interactions
with substituents. (3) The B values of metal carbonyl derivatives are always neg-
ative, indicating reversal of signs for CT in the ground and excited states. This
observation is consistent with simple MO pictures for these two classes of materials
whose low energy excitations are metal to ligand CT in nature. (4) Square-planar
platinum and palladium benzenes are moderately nonlinear, with B values com-
parable to methoxy substituted benzenes. The ligand environment is seen to be a
decisive factor influencing hyperpolarizability. (5) Ferrocene derivatives provided
the highest nonlinearity found in the present study, approaching that of 4,4'-di-
methylamino nitrostilbene. The donating strengths of the metallocenes are attrib-
uted to the low binding energy of metal electrons and their effectiveness is re-
sponsive to structural modifications which also influence their redox potentials.
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(6) Overall, one can conclude that the adaptation of donor-conjugation-acceptor
strategies involving organometallic end groups are successful in engineering mo-
lecular hyperpolarizability, resulting in species with nonlinearities comparable to
those found in organics. Interesting behaviors of CT not commonly seen in organics
are observed with organometallic species. The principle disadvantage of some of
the materials examined is their chemical instabilities. This shortcoming can probably
be expected in other organometallics considering the nature of metal-ligand co-
ordinations. The metallocene derivatives are however chemically quite stable.
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