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Summary: The molecular hyperpolarizabilities of M- 
(CO),(pyridine), M(CO),( 1 , 10-phenanthroline), and M- 
(CO),(styrylpyridine) complexes (M = Cr, Mo, W) have 
been measured. The relationships between molecular 
hyperpolarizabilities and molecular modifications on the 
structures are discussed, 

Organometallic molecules should offer the same attrib- 
utes as organic molecules for nonlinear optics,' but interest 
in organometallic compounds for nonlinear optics (NLO) 
has been limited to using the second-harmonic generation 
(SHG) test on powdered  material^.^-^ Results obtained 
in this way are almost entirely determined by crystallo- 
graphic and dispersive factors and provide limited infor- 
mation on the inherent molecular hyperpolarizabilities of 
molecules. Since molecular structure modification is often 
accompanied by crystallographic changes, powder testing 
cannot be reliably used to probe structure-property rela- 
tions. Solution-phase dc electric-field-induced second- 
harmonic (EFISH) generation is a more appropriate me- 
thod to extract hyperpolarizability. I t  allows extraction 
of a vectorial projection (0) of the quadratic hyperpolar- 
izability tensor along the molecular dipole ( p )  direction. 
When experiments are carried out with radiation of suf- 
ficiently long wavelength, EFISH results provide direct 
information on the intrinsic optical nonlinearity of a 
molecule.8 In this paper, we describe EFISH results on 
group 6A metal carbonyl complexes and draw some con- 
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lacks a clear charge-transfer (CT) axis along the dipole direction; other 
tensorial components inaccessible by EFISH may contribute to the bulk 
properties for such compounds. The EFISH response is comprised of a 
dipolar part derived from the pp product and an electronic part that 
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sponse to determine 8. The electronic component is determined from 
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Table I. EFISA Results for W(CO),(4-X-pyridine) 
Complexes 

X solvent" A,.: PC ad 
H toluene 332 6.0 -4.4 
phenyl CHCI, 330-340 6.0 -4.5 
n-butyl p-dioxane 328 7.3 -3.4 

COMe CHCI, 420-440 4.5 -9.3 
CHO CHCI, 420-440 4.6 -12 

NH2 DMSO 290 8 ( i l l  -2.1 (h0.3) 

a Solvent in which EFISH experiments were run. bAbsorption 
'Dipole moment (X10-18 esu). 

esu. Error bars represent experimental precision. 
maximum (nm) in p-dioxane. 

Units are 

Table 11. EFISH Results for W(CO)6(4-X-styrylpyridine) 
Complexes" 

X hrm P B 
H (1) 302, 390 6.4 -5.7 
COH (2) 320-420 3.8 -17 
NO2 (3) 322,425 2.5 -20 

" See footnotes for Table I. The solvent is CHC13. 

clusions concerning the hyperpolarizabilities of these or- 
ganometallic~.~ 

Metal pyridine complexes are capable of SHG.28 EFISH 
is ideal for probing the effect of ligand and metal modi- 
fications on @ in M(CO),(pyridine) complexes because 
these complexes are known to have their CT axis along the 
dipole direction. The low-energy metal to ligand charge- 
transfer (MLCT) excited states have been extensively 
studied and involve the low-lying T*-acceptor orbitals of 
the pyridine ligands.l0 All measurements reported here 
have been performed a t  1907 nm to minimize dispersive 
enhancement due to low-energy electronic excitations. 
EFISH results for a series of simple substituted tungsten 
pyridines are shown in Table I. The negative sign of p 
indicates a reduction of the dipole moment upon electronic 
excitation, which is consistent with the negative solvato- 
chromism observed in this class of compounds." The 
influence of coordination to the pyridines is clearly sig- 
nificant: pyridine has a p value of only 0.3 X esu 
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whereas W(CO),(pyridine) has a 1/31 value of 4.4 X loa esu. 
The dipole moments of W(CO)5(4-X-pyridine) com- 

plexes increase with the donating strength of the sub- 
stituent, X. In the complexes, the pyridine nitrogen lone 
pair donates into the empty dzZ orbital of tungsten, forming 
a a-linkage. Efficient overlap of the pyridine p orbitals 
with the d,, or d,, orbitals also allows s donation toward 
the metal center, which acts as a potent ground-state T-  

acceptor as a result of the carbonyl ligands. It is therefore 
reasonable to expect that the ground-state dipole moments 
will be directed along the molecular 2-fold axis with excess 
charge on the carbonyl oxygen atoms. Due to the low 
solubility of the complex with X = p-NH, substituent, this 
material could not be measured in a low-polarity solvent. 

According to the two-state model,l* a smaller energy gap 
for the charge-transfer transition should result in a larger 
/3 value. We have recently demonstrated the effectiveness 
of the two-state model in benzene  derivative^.'^ Modi- 
fication of the pyridine ligand is an effective method of 
lowering the **-acceptor orbital and thus reducing the 
energy gap for the CT transition." The use of 4-substi- 
tuted pyridines with electron-accepting groups leads to 
larger /3 values. This trend can be rationalized, since the 
use of a strong accepting group should result in more 
back-transfer of charge upon MLCT excitation. Similarly, 
the use of pyrazine as a ligand also results in a smaller 
energy gap for the CT transition14 and therefore should 
yield a /3 value higher than that of the analogous pyridine 
complex. Indeed, W(CO)s(pyrazine) has a 1/31 value of 6.0 
X esu), which 
is larger than the 1/31 value of W(CO)&pyridine) (101 = 4.4 
x esu). 

Another effective method of increasing the /3 value is to 
increase the conjugation length of the molecule. Table I1 
contains results for styrylpyridine derivatives.15J6 As for 
the simple pyridine complexes, the increase in /3 with 
electron-withdrawing group is consistent with the lowering 
of the a*-acceptor orbital and a decrease in the energy gap 

esu (measured in CHCl,, p = 4.0 X 
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of the CT transition. The electron-withdrawing substit- 
uents once again yield the lowest energy absorption max- 
ima, as expected for the M to L direction of the CT. 

To probe the influence of the metal on 0, we compare 
results for the series of complexes M(CO),(1,10- 
phenanthroline) (M = Cr, Mo, W). The electronic ab- 
sorption spectra of a number of M(CO),L complexes have 
been determined. For a given L, the variations in band 
position are not large (<2000 cm-I), and for a given M, the 
band order is 1,lO-phenanthroline > 5-nitro-1,lO- 
phenanthroline."J8 The electronic absorption spectra of 
Cr, Mo, and W complexes all show weak low-energy MLCT 
bands with A,, = 500,476, and 492 nm; em, = 5046,4373, 
and 7379; and f = 0.13, 0.15, and 0.19, respe~tive1y.l~ 
Consistent with these observations, P values for all three 
complexes M(CO),(l,lO-phenanthroline) (M = Cr, Mo, W) 
measured in CHzClz are the same within experimental 
error in the region -13 X esu with dipole moments 
ranging from 7.5 X to 8.4 X esu. Once again, 
the ligand with an electron-withdrawing group yields a 
higher /3 value and a lower dipole moment: W(c0),(5- 
nitro-1,lO-phenanthroline) has a /3 value of -18 X esu 
and p value of 4.8 X esu. Since the molecular geom- 
etries and orbital overlaps are quite different between 
M(CO),(l,lO-phenanthroline) and W(CO)5(pyridine) de- 
rivatives, their /3 values cannot be directly compared. 

In summary, the M(CO)4L and M(CO)6L complexes 
show respectable nonlinearities that are comparable to 
those of p-nitroaniline ( P  = 9.2 X esu) and 4-meth- 
oxy-4'-nitrostilbene ( B  = 28 X esu).13 The electronic 
properties of the M(CO)5 and M(CO), groups appear to 
be those of an effective ground-state acceptor and excit- 
ed-state donor, a characteristic not found in common or- 
ganic substituents. This characteristic leads to highly 
nonlinear molecular structures with modest ground-state 
dipole moments. This is in sharp contrast to conventional 
donor/acceptor aromatic systems, in which great nonlin- 
earity is accompanied by large dipole moments. 
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