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Abstract: The nonresonant quadratic molecular hyperpolarizabilities of several ferrocene and ruthenocene derivatives were
studied by dc electric-field-induced second-harmonic generation (EFISH) experiments using fundamental radiation at 1.91
um. Hyperpolarizabilities approaching that of 4-(dimethylamino)-4’-nitrostilbene (DANS) were observed, indicating that
the ferrocene moiety can act as an effective donor. It was found that the dipole projections of the § tensors of ferrocene complexes
are comparable to those of methoxyphenyl systems with similar acceptors. Thus, (E)-ferrocenyl-4-(4-nitrophenyl)ethylene
(5) has a 8 value of 31 X 10730 esu whereas 4-methoxy-4’-nitrostilbene has a value for 8 of 29 X 1079 esu. Replacement of
the iron atom with ruthenium, which has a higher ionization potential, leads to a reduction in 8 relative to 5. Replacement
of a cyclopentadienyl ring with a pentamethyicyclopentadienyl ring leads to increased nonlinearity.

Introduction

There is considerable interest in the synthesis of new materials
with large second-order optical nonlinearities because of their
potential use in device applications related to telecommunications,
optical computing, optical storage, and optical information pro-
cessing.!"3 Materials with large second-order hyperpolarizabilities
(B) are needed in order to realize many of these applications.
Large second-order hyperpolarizabilities are associated with
structures that have large differences between ground-state and
excited-state dipole moments.* Furthermore, 8 is largest when
the transition dipole moments between these states are large and
the energy gap between them is small.#® Molecules with =-
donor-m-acceptor interactions are promising candidates to fulfill
the above requirements. For organic compounds, structure~
property trends concerning donor—acceptor strengths and the
effectiveness of different conjugated 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.® Organometallic and coordination compounds
allow us to explore new variables for the engineering of nonlinear
optical (NLO) hyperpolarizabilities. We can change the tran-
sition-metal element, is oxidation state, and the number of d
electrons to examine the differences between diamagnetic and
paramagnetic complexes and the effect of new bonding geometries
and coordination patterns. There are several reasons to speculate
that organometallic and coordination compounds may give rise
to new and enhanced optical nonlinearities:

(1) These compounds can have metal to ligand or ligand to
metal charge-transfer bands in the UV-visible region of the
spectrum. These optical absorption bands are often associated
with large second-order optical nonlinearities.

(2) Chromophores containing metals, such as phthalocyanines,
are among the most intensely colored materials known. The
strength of the optical absorption band (that is related to its
transition dipole moment) is also associated with large optical
nonlinearities.

(3) Organometallic and coordination compounds are often
strong oxidizing or reducing agents, since metal centers may be
electron rich or poor depending on their oxidation state and ligand
environment. Thus, the metal center may be an extremely strong
donor or acceptor.
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(4) Metals can be used to fine-tune the electronic properties
of organic fragments.

In contrast to the wealth of information available regarding
the NLO properties of organic molecules, there are few data on
organometallic compounds. Initial efforts®'® to evaluate the
potential of organometallic compounds for quadratic nonlinear
optics have been restricted to the Kurtz second-harmonic-gen-
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eration (SHG) powder test.'® We found that (Z)-1-
ferrocenyl-2-(4-nitrophenyl)ethylene (1) has an SHG efficiency
62 times that of urea'!'® and the related salt (E)-1-ferrocenyl-
2-(N-methylpyridinium-4-yl)ethylene iodide (2) has an SHG
efficiency roughly 220 times that of urea, the largest efficiency
known for an organometallic compound.!’ These results dem-
onstrate that organometallic compounds can exhibit large x®.

The magnitude of the SHG signals obtained from the Kurtz
powder test is largely determined by crystallographic, linear optical
(i.e. birefringence), and dispersive factors; therefore, little insight
into molecular structure—property relationships can be inferred.!
Solution-phase dc electric-field-induced second-harmonic gener-
ation.!” (EFISH) is a more appropriate method for hyperpo-
larizability studies. EFISH provides direct information on vectorial
projection (8) of the hyperpolarizability tensor along the molecular
dipole (i) direction. When the dominant charge-transfer (CT)
axis and the dipolar axis are roughly collinear, the 8 determined
by EFISH is a measure of the intrinsic nonlinearity of a molecule,
assuming experiments are carried out with radiation of sufficiently
long wavelength, such that dispersive contributions to the observed
SHG signal are negligible. However, there remain important
limitations that should be mentioned. First, the rich coordination
patterns and ligand structures of organometallic compounds may
make interpretation of EFISH results impossible if the molecule
lacks a clear CT axis. However, tensorial components only
partially active in EFISH may be important in determining bulk
properties for such compounds. Second, the EFISH response
comprises two parts:

uB
YRR = af + 4t + o= (1)
where i = | and 2, denoting the solvent and solute contributions.
There is a rotational dipolar part, which is due to the u8 product;
however, there is a second part, v° + 4", which is the deformational
term summing electronic and hyper-Raman contributions to the
EFISH signal. This second term may be significant as a result
of the large polarizability of metal-containing compounds.
Correction for this electronic contribution can be made by using
data obtained from third-harmonic generation experiments, when
material absorption permits.?

We are developing a detailed understanding of structural factors
that govern intrinsic molecular hyperpolarizabilities of organic
and organometallic compounds using EFISH and third-har-
monic-generation (THG) measurements.®!® The low oxidation
potential generally observed for ferrocene complexes and the
stability of a-ferrocenyl-substituted carbocations lead us to
speculate that ferrocene would be an effective charge-transfer (CT)
donor for NLO systems.!%2® These factors and the large observed
powder efficiencies of several ferrocene complexes!!'4!* motivated
us to characterize 8 for a series of metallocene complexes. A
preliminary communication has been published.?! In this full
paper, we report the details of our EFISH measurements,
syntheses, and molecular orbital calculations of ferrocene and
ruthenocene derivatives. We emphasize that our goal was to probe
the effect of systematic structural variations on 8, not to find
optimized high-8 molecules.

Resuits and Discussion

The donor strength of the metallocene naturally will be de-
pendent on the oxidation potential of the metal center and ad-
ditional substituents on both five-membered rings. We therefore
have studied structural variations including different metal centers,
Z and E isomers, symmetric electron-donating substituents in the
form of pentamethylcyclopentadienyl rings (Cp*) as well as ex-
tension of conjugation, and variation of the acceptor group; the
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Table I. Summary of Linear and Nonlinear Optical Data for
Metallocenes of the Form (CsXs)M(CsH,Y)*

H, a, 8, T
compd M X Y 107 esy 10°Pesu 1070 esu  107% esu

3 Fe H COCH, 3.0 26 03+£02 27
4 Ru Me NO, 5.5 3.9 0.6 £0.2

9 All values of u are %0.3 X 10°!® esu. The uncertainties in the values of
a, B, and v are £10% of the reported values.

Scheme I
NaCp-CHO
Fe(acac); + LiCp* Cp*Fe Cp-CHO
NaCp-CHO
[Cp*Ru(CHCN)3ICF4SO4 Cp*Ru Cp-CHO
Cp*M Cp-CHO
Cp*MC
Q/\Moxom)2
NOj

formulations of the compounds studied and 8 values are sum-
marized in Tables I and II. Compounds 3 and 4 (Table I)
represent the cyclopentadienyl analogues of acceptor-substituted
benzenes. Compounds 1 and 5-10 (Table II) have structural
resemblance to some previously studied acceptor-substituted
stilbenes.?

Preparation of Metallocenes. New metallocenes prepared for
this study are compounds 4, 6, 10, and 11 (see Tables I and II).
The reaction of diethyl (p-nitrobenzyl)phosphonate with (Cp—
CHO)M (Cp = cyclopentadienyl) yielded for Cp* (6), Ru (10),
and Cp*Ru (11) analogues of 5. The syntheses are summarized
in Scheme I. Cp*FeCp—CHO was generated in situ from the
reaction of Fe(acac), (acac = acetylacetonate) with LiCp* and
NaCp-CHO.2 Reaction of Cp*FeCp—CHO with diethyl (p-
nitrobenzyl)phosphonate yielded compound 6. Compound 11 was
similarly prepared from the reaction of the diethyl (p-nitro-
benzyl)phosphonate with the analogous Ru compound. The mixed
metallocenes, Cp*RuCp—CHO and Cp*RuCp-NO,, were pre-
pared by treating [Cp*Ru(CH;CN)]CF,SO,» with NaCp-
CHO? and LiCp-NO,,2 respectively. Compound 4 can also be
prepared from the reaction of LiCp—-NO, with {Cp*RuCl],.
Preparation of mixed metallocenes from [Cp*Ru(CH;CN),]-
CF,S0; has been reported.?® Compound 10 was prepared from
the reaction of CpRuCp—CHO with diethyl (p-nitrobenzyl)-
phosphonate.

Due to the paucity of structural information on nitrocyclo-
pentadienyl-metal complexes, the X-ray structure of 4 was de-
termined. The Cp—-NO, group is not perfectly planar; the torsion
angle between the plane formed by the Cp ring and the nitro group
is 2.3°. Additional information on the structure of 4 is available
in the supplementary material.

Nonlinear Optical Studies. The low-energy spectra of simple
metallocenes are dominated by two weak bands at 325 and 440
nm (the 440-nm band is actually two unresolved bands) for
ferrocene and 277 and 321 nm for ruthenocene.?2” The spectrum
changes dramatically upon substitution of the Cp ring with
conjugated and/or acceptor groups. For example, in the spectrum
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Table . Summary of Lincar and Nonlinear Optical Data for Metallocenes of the Form (CiXM{(CsH)-(CH=CH},—p-CsH,Y*

compd M X n isomer Y Acr, Nm u, 1078 esu a, 10Pesu B, 100 esu®  «, 10 esu
5 Fe H ] E NO, 356/496 4.5 3.9 31
1 Fe H 1 zZ NO, 325/480 4.0 38 13
6 Fe Me | E NO, 366/533 44 5.3 40
7 Fe H 1 E CN 324 /466 4.6 38 10
8 Fe H 1 Z CN 308/460 39 38 4.0
9 Fe H 1 E CHO 338/474 39 38 12
10 Ru H 1 E NO, 350/390 5.3 42 12 114
11 Ru Me 1 E NO, 370/424 5 | 5.0 24 140
12 Fe H 2 E.E NO, 382/500 4.5 4.6 66
@A)l values of u are £0.3 X 1078 esy. The uncertainties in the values of a, 8, and y are £10% of the reported values.
-8
51 Cp+dx?-y2dxz+ C=C
a;- -9 - -
=
R .
g e _ SHEESNEIOR | nitro + phenyl B
‘5 i H 53 d,2
= : — 54,55 dy1.y1,dyy
Al 3 56 c:C 1
5 R =
———T5760 Cp+ dyg,dy;
-12 &

Figure 1. Energy level diagram for the frontier molecular orbitals of §
from extended Hiickel molecular orbital calculations.

of 2 in acetonitrile, there are two bands in the visible region: one
at Apay = 380 nm (e = 29000 M~! cm™); the second at A, =
550 nm (e = 8000 M~ cm™).% Similar bathochromic shifts are
observed for the ruthenocene derivatives, but they are, in general,
less pronounced. These changes are best understood in terms of
the changes of the molecular orbital picture upon substitution of
the Cp with conjugated acceptors. The bonding in ferrocene is
well understood.??” Eight electrons reside in four strongly bonding
orbitals that are largely = ring-orbital in character. Four electrons
occupy two bonding orbitals, which provide the key d-= inter-
actions between the ring €,; and the metal d,, and d,, orbitals.
The remaining six electrons fill the largely nonbonding MOs,
which are essentially the d: (a;;), and the d,, and d,2 2 (ey,)
orbitals of the metal center. Although there remains disagreement
on their refative order, d,: is generaily accepted as the HOMO
of ferrocene. The LUMO is a combination of the metal d,, and
d,, (e)g) orbitals, and above this lie metal Cp antibonding orbitals
derived from Cp =* orbitals. The low-energy bands in the
electronic spectrum of ferrocene are assigned to a 'A;~'E,, and
two 'A~'E,; ligand field transitions.?#” Upon substitution of
the Cp with conjugated acceptors, qualitatively one would expect
the low-lying =* ligand orbitals to shift to lower energy and there
would be increased mixing of the ligand orbitals with the metal
d orbitals. Extended Hiickel molecular orbital calculations on
§ provide insight into the nature of these optical bands and the
chemical bonding in substituted metallocenes. Figure 1 shows
an energy level scheme for the frontier orbitals, and Figure 2 shows
selected orbitals of 5. The HOMO (orbital 53) is almost com-
pletely d.: in nature, with the next lower energy occupied orbitals
(54 and 55) being d,2_,2 and d,,. These orbitals are essentially
nonbonding. ITmmediately below the d orbitals lie several orbitals
(56-60) that are closely spaced in energy and have substantial
w-ligand character, with some metal character. Though the ex-
tended Hiickel calculation is expected to provide a good model
for the general localization of orbitals, the calculated orbital
energies are very sensitive to the parametrization and are not
expected to be more than a very approximate guide to the energies
of transitions. The spacing of the occupied orbitals corresponds

(28) Marder, S. R.; Perry, J. W.; Schaefer, W. P.; Tiemann, B. G. Or-
ganometallics 1991, 10, 1896.

MO 56

Figure 2. Orbital diagrams showing (top) orbital 56, (middle) orbital 52,
and (bottom) orbital 51, from extended Hiickel molecular orbital cal-
culations on 5.

well with ionization energy data on these materials,?® so we are
reasonably confident of the presence of two significant low-lying
occupied molecular orbitals with the localizations shown for or-
bitals 51 and 52 (Figure 2). The LUMO (orbital 52) is largely
localized on the nitro group, and the next highest unfilled orbital
(51) has coefficients distributed throughout the = Jigand with some
metal character. We therefore tentatively assign the lowest energy
transition in these systems as a metal (53-55) to ligand (51) CT
band and the higher energy transition as being effectively a ligand
w (56-60) to =* (52) transition, with some metal character.
Although it is possible that the lowest energy transition may be
from orbitals 53-55 to orbital 52, we believe that this is rather
unlikely since the overlap between these orbitals is rather small.
Electron density is substantially redistributed in both transitions,
and therefore botrh transitions are likely to contribute to S.
Solvatochromic behavior has been observed for compounds § and
6. The iower lying bands are bathochromically shifted about 8-10
nm, and the higher lying bands are shifted somewhat less between
p-dioxane and acetonitrile solutions, indicative of increased polarity

(29) Bunting, H. E. D. Phil. Thesis, Oxford University, 1989.



7230 J. Am. Chem. Soc., Vol. 113, No. 19, 1991

W Cp to nitro band (nm)
Woeta 10°%° (esu)

&l MLCT band (nm)

40

20 T

o

-40

-60

AL,

-80

T T T

Change In Value Relatlve to 5

=100 [

7
I

-120

6 10 12 7 9 1
Compound Number

Figure 3. Bar graph representation of the changes in the absorbance
maxima and § values for selected metallocenes, relative to compound §.

in the Franck-Condon excited state. The #—=* CT transition is
analogous to the CT transition in donor/acceptor-substituted
benzenes where electron densities move from a filled, bonding =
orbital of benzene perturbed by the donor (here the iron atom)
to an empty low-lying orbital of the substituent. The lowest energy
MLCT transition is fundamentally different because an electron
almost completely localized in one orbital is transferred upon
excitation. The donated electron density involved in both
charge-transfer (CT) bands depends strongly on the metal center,
and it is not valid to consider the metal center as a counterion
merely providing a full electron to form a five-member aromatic
Cp anion. We expect the higher energy band to be more sensitive
to variations in the extended = system and the lower energy band
to be more sensitive to changes at the metal center. With com-
pound 5 as a reference, pentamethyl substitution of one ring leads
to 36- and 10-nm bathochromic shifts of the lower and higher
energy bands, respectively (Figure 3). Replacement of iron by
ruthenium lowers the energy of the nonbonding d orbitals, thus
increasing the metal’s oxidation potential and lowering its donating
strength. As expected, the lower energy band is hypsochromically
shifted by 106 nm but the higher energy band is only shifted by
6 nm. In contrast, the higher energy band of (E.E)-1-
ferrocenyl-4-(4-nitrophenyl)butadiene (12) is shifted batho-
chromically (26 nm) relative to § and the lower energy band shifts
slightly (4 nm) (Figure 3). Variation of the acceptor strength
affects both the m—=* CT and the MLCT transition, as expected
(see compounds 7 and 9 in Figure 3).

Compounds 3 and 4 show somewhat larger dipole moments but
substantially lower 8 values compared to their benzene analogues.
The dipole moment of the ruthenium compound 4 is particularly
high, given a value of only 4.0 D for nitrobenzene. Two inde-
pendent factors could contribute to the large dipole moment of
this compound. First, the electron-releasing Cp* enhances the
donor strength of the metal center and therefore to the accep-
tor-substituted Cp as well.*® The importance of this effect is not
clear for compounds § vs 6 and 10 vs 11, as they have the same
dipole moments within experimental error. The second factor is
the greater orbital extent of ruthenium 4d vs iron 3d orbitals, which
could perhaps stabilize more charge transfer in the ground state
(10 vs S and 11 vs 6). This latter rationale has been used to explain
the increased stability of a-ruthenocenyl cations relative to a-
ferrocenyl cations.?

The low 8 values for compounds 3 and 4 may be due to the
poorly defined CT axes since the metal-ring bond is perpendicular
to the ring-substituent bond. Other derivatives (Table 1I) that
have well-defined charge-transfer axes along the (4-nitro-

(30) Richmond, H. H.; Freiser, H. J. Am. Chem. Soc. 1938, 77, 2022.
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phenyl)vinyl group show respectable nonlinearities, in comparison
to roughly analogous organic compounds, e.g. nitrostilbene (8 =
9.1 X 1073 esu), 4-methoxy-4’-nitrostilbene (8 = 2.9 X 107% esu),
and 4-(dimethylamino)-4’-nitrostilbene (8 = 75 X 10720 esu) e
Since these compounds have long-wavelength absorption bands,
the measured nonlinearity has a small dispersive enhancement.
Compound 1 (Z isomer) is found to be less nonlinear than com-
pound 5§ (E isomer); likewise, 8 has a smaller 8 than 7. It is
expected that the Z isomer would exhibit lower 8 for two reasons:
(1) the steric interactions between the Cpa and benzene ortho
hydrogens preclude the two rings being coplanar (this was seen
in the crystal structure of 1''*), resulting in a diminution of
coupling between the donor and the acceptor; (2) the through-
space distance between the donor and the acceptor is less in the
Z isomer than in the E isomer; therefore, the change in dipole
moment per unit charge separation will be less. Compound 1
crystallizes in space group F2dd; in this space group, phase-
matched SHG will be optimized when the angle between the
largest tensor component of 8 and the polar crystallographic axis
is 54.74°.3' The modest value of 8 for 1 (8 = 13 X 1039 esu)
suggests that the herringbone pattern formed by the crystallo-
graphically related Fe to nitro vectors in the solid state is largely
responsible for the relatively large observed powder SHG value.!'®

Recently, Zerner intermediate neglect of differential overlap
(ZINDQ) calculations were performed on several of the com-
pounds in this study and the calculated values of 8 were in excellent
agreement with those EFISH-determined values. Interestingly,
the authors suggest that only the #—=* CT transition contributes
to the observed nonlinearity,32 If this is the case, one might not
expect structural changes that only affect the characteristics of
the lower energy MLCT band to have a substantial effect on the
magnitude of the observed nonlinearity. Yet the permethylated
compounds 6 (Figure 3) and 11 exhibit a significant increase in
nonlinearity as compared to their Cp analogues, 8 and 10. These
trends may result from the destabilization of the high-lying oc-
cupied orbitals as evidenced by the large spectral red shift of the
MLCT transition and lowered oxidation potentials.® Furthermore,
despite the fact that the #—x* CT bands of the ruthenium com-
pounds 10 (Figure 3) and 11 shift 6 nm or less relative to those
of their iron analogues, 5 and 6, the former compounds are less
nonlinear than their iron counterparts. These observations are
consistent with the higher energy MLCT transitions and oxidation
potential?® of ruthenocene compounds (vs ferrocene compounds).
Thus, these structural modifications, which have a large effect
on the MLCT transition and a much smaller effect on the higher
energy m-n* CT transition, appear to influence the magnitude
of the observed nonlinearity. In agreement with structural trends
observed in stilbene derivatives, the effect of increased conjugation
length is dramatic, with compound 12 exhibiting significantly
higher 8 than § (Figure 3). The changes in 8 as a function of
acceptor strength parallel those observed for donor/acceptor-
substituted stilbenes, with stronger acceptors leading to higher
B. For a given metallocene fragment, 8 appears to correlate with
the oxidation potential of the complex.3* This is reasonable, since
increasing the strength of the acceptor is expected to both increase
the nonlinearity of the complex and decrease the electron density
of the metal center in the the ground state. However when the
acceptor (p-nitrophenyl) is kept constant and the metallocene
fragment is varied, 3 scales inversely with the redox potential of
the complex. This suggests that the energy of the filled metal
orbitals correlates with 8.

Our conclusions may be summarized as follows: (1) Structural
variations that affect the m—m* CT and the MLCT transitions
lead to changes in 8. Since both transitions appear to make
substantial contributions to the observed nonlinearity, it is not
appropriate to use the two-state model, when considering me-
tallocenes, such as those discussed here. The energy and extinction

(31) Zyss, J.; Oudar, J. L. Phys. Rev. 4 1982, 26, 2028.
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coefficients of both bands are sensitive to changes about the metal
center (the MLCT band being more sensitive). The results
therefore demonstrate that the metal center plays an important
role in determining the nonlinear polarizabilities of these mole-
cules. (2) The dipole projections of the 3 tensors of ferrocene and
ruthenocene complexes are compared to those of methoxyphenyl
systems with like acceptors. (3) On the basis of binding energies
and redox potentials alone, the molecular hyperpolarizabilities
might be expected to be larger than the observed values. We
believe that poor coupling between the metal center and the
substituent because of the = geometry most likely lowers the
effectiveness of the metal center as a donor. We therefore suggest
that future studies of organometallic systems for both second- and
third-order hyperpolarizabilities should focus on improving the
coupling between the metal center and the organic fragment by
incorporating the metal in the same plane as the = system and
perhaps introducing some metal to carbon multiple-bond character.

Experimental Section

Syntheses. The compounds 1,112 511532 71133 g 11b g 11623 13 11b
Fe(acac);,** (CsHs)Ru(CsH,CHO),* [(Cs(CH3)s)Ru(CH,CN),;]CF,S-
0,, NaCsH,CHO,” and LiCsH,NO,** were prepared according to
literature procedures. Compound 3 was obtained from Aldrich Chemical
Co. and was used without further purification.

Preparation of 6, To 1.29 g of Fe(acac), (5.08 mmotl) in 30 mL of
tetrahydrofuran (THF) was added a slurry of 0.672 g (4.74 mmol) of
LiCp* in 30 mL of THF. The mixture was stirred for 15 min, and 0.550
g (4.74 mmol0 of NaCp—~CHO in 20 mL of THF was added. The
mixture was stirred overnight and then filtered. After the solid was
washed with ether, the solvent was removed. The residue was extracted
with CH,Cl, and the mixture filtered. The solvent was removed, and 15
mL of ethanol was added. To this mixture was added 1.29 g (4.73 mmot)
of (O)P(OC,H;),CH;-p-C¢cH NO; in 10 mL of ethanol. The resulting
mixture was cooled in an ice bath, and freshly prepared NaOC,H; (from
0.110 g of Na in 10 mL of ethanol) was added. The mixture was then
warmed to room temperature and stirred for 2 days. The solvent was
removed and the residue chromatographed on silica gel eluted with 50%
CHCl,/hexane. A yellow band was collected, followed by a purple band.
The purple band yielded 0.905 g (2.2 mmol, 47%) of the product as a
blue-black solid. Anal. Calcd for C,;H,sNO,Fe: C, 68.50; H, 6.25.
Found: C, 68.07, 67.82; H, 6.30, 6.28. 'H NMR (CD,Cl,): §8.16 (d,
J = 8.8 Hz, 2H),7.55(d,J =88 Hz, 2 H), 696 (d, J = 16.0 Hz, |
H), 6.63 (d, J = 16.0 Hz, | H), 4.00 (m, 4 H), 1.83 (s, 15 H). SHG
was inactive at 1.9 um.

In a separate experiment, treatment of Fe(acac), with LiCp* and
NaCp-CHO gave a 2:1 mixture of Cp*FeCp-CHO and (Cp*),Fe. To
0.600 g (2.36 mmol) of Fe(acac), in 20 mL of THF was added 0.336 g
(2.36 mmol) of LiCp* in 10 mL of THF. After the mixture was stirred
for 0.5 h, 0.275 g (2.36 mmol) of NaCp~-CHO in 10 mL of THF was
added. The resulting mixture was stirred overnight and then filtered,
after which the solvent was removed. The residue was extracted with
CH,Cl,, the mixture filtered, and the solvent removed. For the mixture
of Cp*FeCp* and Cp*FeCp-CHO, the 'H NMR spectrum in CD,Cl,
indicates about a 2.1:1 mixture. 'H NMR of Cp*FeCp-CHO: § 9.66
(s), 4.15 (m), 4.21 (m), 1.8 (s).

Preparation of 10. To 0.500 g (1.93 mmol) of CpRuCp-CHO and
0.527 g (1.93 mmol) of (O)P(OC,H;),CH,-p-CcH,NO, in 10 mL of
ethanol, cooled in an ice bath, was added freshly prepared NaOC,H;
(from 45 mg of Na in 2 mL of ethanol). After the mixture was stirred
overnight, the product was filtered off and washed with ethanol. A yield
of 0.63 g was obtained (1.66 mmol, 86%). Anal. Calcd for
C;sH sNO,Ru: C, 57.14; H, 4.00. Found: C, 56.91; H, 4.22. 'H NMR
(CD,Cly): 68.15(m,2H),7.5(m,2H),7.0(d,J=16.1 Hz, | H), 6.7
(d, J = 16.1 Hz, | H), 4.86 and 4.63 (A,B,t,2 H and 2 H), 4.5 (s, |5
H). SHG was inactive at 1.06 um.

Preparation of Cp*Ru-CpCHO. To 0.614 g (1.2] mmol) of
[Cp*Ru(CH;CN),]CF,S0; in 15 mL of THF was added 0.154 g (1.33
mmol) of NaCp—CHO in 10 mL of THF. The mixture was stirred
overnight. The solvent was then removed and the residue chromato-
graphed on silica gel eluted with CHCl;. A yellow band was collected
to give 0.374 g (1.13 mmol, 93.8%) of the product. 'H NMR (CD,Cl,):
6 9.38 (s, 1 H), 4.52 (m, 2 H), 4.63 (m, 2 H), 1.86 (s, 15 H). Anal.
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Calcd for C;sH,0ORu: C, 58.34; H, 6.12. Found: C, 58.08; H, 6.01.
IR (KBr): 1677 cm™.

Preparation of 11, To 0.316 g (0.96 mmol) of Cp*RuCp-CHO in 10
mL of ethanol was added 0.260 g (0.95 mmol) of (O)P(OC,H,),CH,-
p-CqH,NO,. The mixture was cooled in an ice bath, and freshly prepared
NaOC,H; (from 21 mg of Na in 5 mL of ethanol) was added. The
resulting mixture was stirred overnight and the solvent removed. The
residue was chromatographed on silica gel eluted with CHCI, to give
0.245 g of the product as an orange-yeilow solid. Anal. Calcd for
C,3HysRuUNO;: C, 61.59; H, 5.62. Found: C, 61.70; H, 5.70. 'H NMR
(CD,Cly): 68.14(m,2H),7.5(m,2H),6.8(d,J=16Hz, | H), 6.5
(d, J=16 Hz, 1 H),4.5(t,J = 1.7Hz,2 H), 436 (t, / = 1.7 Hz, 2 H),
1.8 (s, 15 H). SHG was inactive at 1.06 um.

Preparation of 4. To 0.300 g (0.2767 mmot) of [Cp*RuCl},in |5 mL
of THF at =78 °C was added 0.150 g (1.28 mmol) of LiCp-NO,. The
mixture was warmed to room temperature and stirred overnight under
nitrogen. The solvent was removed, and the residue was chromato-
graphed on silica gel eluted with 50% CHCl;/hexane to give 0.133 g of
the product. Anal. Caled for CysHsNO,Ru: C, 52.01; H, 5.53. Found:
C, 52.22; H, 5.68. 'H NMR (CD,Cl,): §5.15 (m, 2 H), 4.5 (m, 2 H),
1.8 (s, 15 H). The x-ray structure was determined from crystals grown
from hexane.

Alternative Preparation of 4. To 500 mg (0.98 mmol) of [Cp*Ru-
(CH,CN),]CF;SO; in 15 mL of THF at -78 °C was added 0.150 g (1.3
mmol) of LiCp~NO, in 10 mL of THF. The mixture was warmed to
room temperature and stirred overnight. The solvent was then removed,
and the residue was chromatographed on silica gel eluted with 50%0
CHCl,/hexane to give 0.198 g (0.57 mmol, 58%) of the desired product.

EFISH Measurements. To extract the molecular hyperpolarizability,
B, a lengthy set of physical and optical measurements needed to be
carried out. These included measurements of density, refractive index
at several wavelengths, solution capacitance, and THG and EFISH am-
plitudes and coherence lengths (for both SHG and THG) for a series of
solutions with graded concentrations. These measurements respectively
determined 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 experi-
mental methodology and data analysis have been given elsewhere.f83¢
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
puises of 0.4 J in energy. The 1.06-um output pumps a hydrogen Raman
shifter, providing up to 120 mW of Stokes-shifted radiation at 1.91 um.
This radiation serves as the fundamental frequency for both the EFISH
and THG experiments, with the harmonic wavelengths at 954 and 636
nm, respectively. For most lightly colored compounds with absorption
edges at wavelengths below 500 nm, the measurement can be considered
as nondispersively enhanced. THG and EFISH experiments were carried
out with an unconventional technique in which the harmonic amplitudes
and coherence lengths were measured separately. The laser beam was
divided three ways: an intensity normalization reference branch, a co-
herence length measurement branch, and a harmonic amplitude mea-
surement branch. The second and third harmonic signals from all three
branches were separated with dichroic mirrors, detected with photo-
multiplier tubes, and collected through gated integrators.

For the determination of harmonic amplitudes, we adopted a tight
focusing geometry to place the focal region of the laser beam at the
window-liquid interface of a “single-interface” sample cell. The sample
cell was 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 were
fabricated at the front window-liquid interface so that both THG and
EFISH measurements could be carried out concurrently. The coherence
lengths for the harmonic generations were determined with a wedged
liquid cell consisting of two crystalline quartz windows, which generated
sufficient second- and third-harmonic radiations for easy measurement.
Our goal was to eliminate possible environmental contributions, which
were known to be important in THG and, to a lesser extent, in EFISH
measurements®’ and to increase the measurement precision by elimi-
nating the necessity of simultaneously extracting several parameters from
data fitting as is the case for the conventional Maker’s fringe or wedge
techniques. All experimental procedures and data acquisition scheme is
were optimized to allow efficient and accurate measurements.

Figure 4 shows typical EFISH/THG amplitude (top) and dispersion
(bottom) data. The amplitude data show the EFISH (©) and THG (¢)

(34) (a) Paciello, R. A.; Manriquez, J. M.; Bercaw, J. E. Organometallics
1990, 9, 260. (b) Bunnel, E. E.; Valle, L.; Manriquez, J. M. Organometallics
1988, 4, 1680.

(35) Bublitz, D. E.; McEwen, W. E.; Kleinberg, J. J. 4m. Chem. Soc.
1962, 84, 1845.

(36) Meredith, G. R.; Cheng, L. T.; Hsiung, H.; Vanherzeele, H. A.;
Zumsteg, F. C. Materials for Nonlinear and Electro-optics. Lyons, M. H.,
Ed.; The Institute of Physics (IOP Publishing): New York, 1989; p 139.

(37) (a) Meredith, G. R.; Buchalter, B.; Hanzlik, C. J. Chem. Phys. 1983,
78, 1533, (b) Meredith, G. R. Opt. Commun. 1981, 39, 89,
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Figure 4. EFISH/THG amplitude (top), SHG dispersion (middie}, and
THG dispersion (bottom) data.

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 represent 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 by knowing the wedge angle of the
liquid cell. The SHG coherence length 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 resuit
of a slight wedge on one of the quartz windows. Solid lines are least-
squares fits to determine the periods. With the known THG and EFISH
nonlinearities and coherence lengths of the window material and the
reference liquid (for BK7-grade A glass, x®ryg = 4.7 X 10" esu, I1yg
= 16,7 um, xPgpsy = 3.5 X 10°M esu, and Jppgy = 38.8 um; for toluene,
X(J)THG =99 x |04 esu, ITHG = 18.3 pm, XG;‘EFISH =91 X 10°14 esu,
and /gpgy = 73.5 um), as well as the coherence lengths of the sample

(38) (a) Buchalter, B.; Meredith, G. R. Appl. Opt. 1982, 21, 3221, (b)
Stevenson, S. H. Unpublished results, 1988.
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Table III. Parameters Used in the Extended Hiickel Calculations
exponents ({)° energy,? eV

atom  orbital

H Is 1.300 -13.6 (-13.22 to -13.70)
C 2 1.625 -21.40 (=20.29 to -21.72)

2 1.625 ~11.40 (~10.49 to -11.07)
N 2 1.950 -26.00 (-28.91)

p 1.95 -13.40 (~12.12)
o 2 2275 -32.30 (-28.71)

2 2275 -14.80 (-12.12)
Fe 3d  5.35(0.5505) -12.6 (-10.73)

2.00 (0.6260)
4s 1.9 -9.1 (~8.93)
p 19 -5.32 (-4.84)

“Double-{ values were used for d orbitals. Coefficients are given in
parentheses. ® Values for the energies after charge interation are given
in parentheses. For C and H the range of energies is given.

solution, the solution nonlinear susceptibilities can be computed.

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, we can cal-
culate the relevant molecular properties including the dipole moment, ,
the low-frequency linear polarizability, a, the hyperpolarizability, 8, and
the second hyperpolarizability, y. The effective refractive indices for the
solute molecule in solution, as required by the Onsager model, are de-
duced from the solute-specific volumes and high-frequency polarizabil-
ities. The vectorial component, 8, of the molecular hyperpolarizability
tensor along the dipole moment is calculated according to yEFISH = ¢
+ 4"+ uB/SkT where 4* + v*, denoting a purely electronic and a hybrid
vibrational contribution, is scaled with y™0, Where optical absorptions
do not permit THG measurements, the electronic and vibrational con-
tribution is taken to be 10%, which is a typical value found for the more
quadratically nonlinear molecules.

Extended Hiickel Calculations. Extended Hiickel molecular orbital
calculations*! with charge iteration were carried out for 5. The conju-
gated ligand was assumed to be planar with distances and bond angles
taken from the crystal structure determination of 1.!'* Parameters used
for the orbitals are given in Table III.
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