
/. Am. Chem. Soc. 1995, 117, 9481-9485 9481 

Role of Metal Electronic Properties in Tuning the Second-Order 
Nonlinear Optical Response of Coordination Complexes. A 
Combined Experimental and Theoretical Investigation of a 
Homologous Series of 
(MA^-Disalicylidene-l,2-phenylenediaminato)M(II) (M = Co, 
Ni, Cu) Complexes 
Santo Di Bella,*'1 Ignazio Fragala,*'f Isabelle Ledoux,*>* and Tobin J. Marks*,§ 

Contribution from the Dipartimento di Scienze Chimiche, Universita di Catania, 
95125 Catania, Italy, Molecular Quantum Electronics Department, France Telecom, 
CNET, 92225 Bagneux, France, and Department of Chemistry and Materials Research Center, 
Northwestern University, Evanston, Illinois 60208-3113 

Received May 1, 1995® 

Abstract: The role of metal electronic configuration in determining the second-order nonlinear optical response of 
the homologous series of planar, thermally robust M(salophen) (M = Co, Ni, Cu) transition metal complexes is 
investigated by electric field induced second harmonic generation experiments and ZINDO quantum chemical 
calculations. Both the experimental data and those derived from the theoretical calculations (which are in good 
agreement) indicate that, on passing from closed-shell d8 Ni(II) to the open-shell d9 Cu(II) and d7 Co(II) analogues, 
hyperpolarizability values increase by a factor of ~3 and ~8, respectively. These indicate a major role of metal 
electronic configuration in determining the second-order nonlinear optical response. Partially resonant solution-
phase hyperpolarizability values as high as (-170 ± 40) x 10"30 cm5 esu-1 (fw) = 0.92 eV; fi-fi = 1340 x 1O-48 

esu «s 2 x that for 4-(iV^v"-dimethylamino)-4'-nitrostilbene) are observed for the Co(salophen) complex. The greater 
second-order responses of the Cu(II) and Co(II) complexes can be understood in terms of the different natures of the 
contributing electronic excited states. In particular, the large nonlinearities of Cu(salophen) and Co(salophen) are 
due to more intense low-energy charge-transfer transitions and the existence of either higher (M = Cu) or lower (M 
= Co) lying metal-to-ligand charge-transfer states. While, for the closed-shell Ni(salophen) complex, the two-state 
model represents a suitable approximation for describing the nonlinearity, it breaks down in the case of Cu(salophen) 
and Co(salophen), since other states contribute to the response. Experimental linear and nonlinear optical features 
are fully consistent with the theoretical calculations. 

Introduction 

Recently, transition metal organometallic and coordination 
complexes have emerged1-6 as potential building blocks for 
second-order nonlinear optical (NLO) materials.7 Compared 
to organic molecules, metal complexes offer a larger variety of 
structures, comparable or, in some cases, higher environmental 
stability (e.g., metallophthalocyanines), and a much greater 
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diversity of tunable electronic properties by virtue of the 
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Table 1. Experimental" and ZINDO-Derived Linear Optical Spectroscopic and Nonlinear Optical Response Parameters4 for M(salophen) 
Complexes 

compound 

Co(salophen) 
Ni(salophen) 
Cu(salophen) 

A- max 

exptl (ex 10-4) 

388(1.5) 
480 (0.9) 
428 (2.1) 

calcd 

391 
387 
413 

exptl 

6.01 
4.74 
7.27 

rv 
calcd 

7.34 
5.97 
8.56 

Hi 

exptl 

C 

7.0 ± 0.5 
7.0 ± 0.2 

calcd 

7.7 
8.5 
8.1 

AjU1 

exptl 

- 4 .0 
-5 .1 
-4 .1 

e 

calcd 

-4 .7 
-5 .2 
-3 .1 

pvec 

exptl 

-170 ±40*" 
-20.5 ± 2 
-50.0 ± 5 

calcd 

-105.1 
-17.3 
-53.7 

/3ocalcd 

-40.1 
-11.5 
-37.2 

" Chloroform solution. b Amax in nanometers; rge, [I1, and A1U68 in debyes; /3vec and /So in 10"30 cm5 esu -1 (hco = 0.92 eV). For definition of the 
parameters see text.c Complex insufficiently soluble for accurate measurements. •* Estimated using the calculated dipole moment. ' The larger estimated 
uncertainty is due to the low solubility of the Co(salophen) complex. 

Chart 1 

M(salophen); M = Co, Ni, Cu 

to the molecular NLO response of metal chromophore families 
having the same metal (e.g., ferrocenyl derivatives),la_e'9b or 
to families having isoelectronic metal fragments (e.g., group 
VI carbonyl derivatives).le'f,9a No comprehensive experimental 
and/or theoretical studies have been carried out to probe how 
second-order molecular NLO response depends upon the 
electronic properties of the coordinated metal center, i.e., upon 
the results of varying the metal ion through a homologous series. 
Such studies are of relevance to the design and optimization of 
molecular NLO response for new, thermally stable chro-
mophores which would take advantage of the versatility offered 
by metal complexation. 

We present here the first comparative experimental/theoretical 
investigation of the molecular second-order NLO properties of 
a homologous series of planar (A^W-disalicylidene-l^-phe-
nylenediaminato)M(II) (M(salophen); M = Co, Ni, Cu) com
plexes10 (Chart 1) to explore the role of the metal electronic 
properties in the second-order NLO response. The study 
combines a self-consistent field linear combination of atomic 
orbitals (SCF-LCAO) approach, within the proven intermediate 
neglect of differential overlap (INDO/S)-sum over states (SOS) 
formalism811 recently implemented for open-shell doublet 
electronic states,12 to calculate the molecular hyperpolarizability, 
/?(—2a>;<u,co), with experimental hyperpolarizability data ac
quired by electric field induced second harmonic generation 
(EFISH) techniques.13 We emphasize that the goal of this initial 
investigation is to probe the effects of the metal electronic 
configuration on fi(—2(u;a),co). Therefore, it has necessarily 
been limited to unsubstituted M(salophen) complexes, thus 
avoiding electronic effects on /3(—2w,a),co) due to the donor 
and/or acceptor substituents (which will be the subject of a later 
paper). 

Results and Discussion 

We have recently communicated3 the second-order NLO 
properties of a series of thermally stable, closed-shell donor-
acceptor bis(salicylaldiminato)nickel(II) complexes, the NLO 
response of which is dramatically "switched on" by the metal 
complexation. The comparison of Ni(EI) complex NLO proper-

(10) Communicated in part: Di Bella, S.; Fragala, I. Abstract of Papers. 
In Perpectives in Inorganic Chemistry, XXIII National Inorganic Chemistry 
Meeting, Bressanone (BZ), Italy, 1994; B6, p 66. 
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116, 4440. 

(12) (a) That is, systems having a single unpaired electron, (b) Di Bella, 
S.; Fragala, I.; Marks, T. J.; Ratner, M. A. To be submitted for publication. 
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ties with those of the open-shell Cu(II) and Co(II) homologues 
offers an interesting case study. The reaction between N,N-
disaUcyUdene-l,2-phenylenediamine (Ifealophen) with the M(II) 
(M = Co, Ni, Cu) ions leads to the formation of thermally stable 
M(salophen) complexes: diamagnetic14 wine-red Ni(salophen) 
and the paramagnetic1415 reddish-brown Cu(II) and brown Co-
(II) analogues. All of these complexes are planar,16-18 differing 
in metal electronic configuration, d8 in the case of the Ni(II) 
complex,14 d9 for the Cu(II) complex,1415 and low-spin d7 for 
the Co(II) complex.1415,19 In spite of these electronic structure 
differences, both experimental and theoretical data indicate that 
the complexes possess nearly identical ground-state dipole 
moments (ag; Table 1), thus suggesting a similar charge 
distribution in the ground state of the molecules. 

The M(salophen) complexes exhibit a very good thermal 
stability. For example, the Co, Ni, and Cu complexes exhibit 
decomposition temperatures (rd)20 of 330, 350, and 300 0C in 
air, respectively (360, 360, and 325 0C under N2), as established 
by differential scanning calorimetry (DSC) and thermogravi-
metric analysis (TGA; see Experimental Section for details). 
Moreover, Cu(salophen) survives, without decomposition, heat
ing at 280 0C for 30 min (under N2), as demonstrated by the 
reversibility of the DSC trace observed upon subsequent cooling 
and reheating to the 30—350 0C range, as well as by elemental 
analysis and the UV-vis spectra of the thermolyzed samples. 

The linear optical absorption spectra of the present M(salophen) 
complexes in solution are compared in Figure 1, and relevant 
data are tabulated in Table 1. The absorption spectrum of Ni-
(salophen) consists of three intense bands (e = 8000—28000) 
in the region between 290 and 540 nm and of a weak structure 
(i < 200) in the region between 540-620 nm, the latter 
presumably involving contributions from "d—d" transitions.21 

On passing to Cu(salophen), the two more intense, shorter 
wavelength features, mainly associated with intraligand n —-
K* transitions,21 coalesce into a single band, while the strong, 
longer wavelength band, having a similar band shape in both 
Ni and Cu spectra, is blue-shifted (~50 nm). This band, absent 
in the optical spectrum of the free ligand,3 exhibits an ap
preciably different intensity in the two complexes (e = 9000 in 
Ni(salophen) vs 21 000 in Cu(salophen)). The optical transition 
associated with this band involves both the ligand and the metal 
center and is the excitation mainly responsible for the NLO 
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46A, 401. 
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Table 2. Absorption Maxima of the Lowest Energy Charge-Transfer Optical Transition for M(salophen) Complexes in Solvents of Different 
Polarities 

complex 

Co(salophen)" 
Ni(salophen) 
Cu(salophen) 

CCl4 

398(442) 
494 
438 

benzene 

392 (436) 
488 
434 

^nuu 

chloroform 

388 (434) 
480 
428 

(nm) 

ethyl acetate 

388 (434) 
480 
428 

acetone 

386 (430) 
478 
424 

methanol 

b 
466 
414 

I 

0 Values in parentheses refer to the higher wavelength shoulder (see text). b In methanol solution a complete modification of the optical absorption 
spectrum of Co(salophen) is observed presumably due to solvent coordination. 

(salophen) to the Co(II) analogue, /?vec increases by nearly an 
order of magnitude (to (-170 ± 40) x 10-30 cm5 esu-1 at hto 
=? 0.92 eV). This partially resonant /9Vec value represents one 
of the largest reported to date in an EFISH experiment on an 
organometallic1 or coordination complex.2-3 The /f/3i34o product 
(—1310 x 10~48 esu), which is the relevant parameter for poled 
polymer applications,23 is ~2x greater than that reported for 
efficient, thermally robust second-order organic n electron 
chromophores such as the prototypical donor—acceptor stilbene 
4-(iV,Af-dimethylamino)-4'-nitrostilbene (DANS; H'fiuw = 662 
x 10~48 esu).20'24 

The ZINDO-derived M(salophen) /?vec values (Table 1) are 
in generally good agreement with the experimental, EFISH-
derived data and predict an increase in /?vec of ~3x and ~6x 
on substituting Cu(II) and Co(II) for Ni(II), respectively. The 
dominant contribution to /Jvec derives from the yyy component 
of the fiijk tensor, where y is the direction along the principal 
(dipole moment) axis of the molecule. Contributions from all 
other components amount to less than ~5% of the yyy 
component. Within the framework of the SOS perturbation 
theory, the molecular hyperpolarizability can be related to all 
the excited states of the molecule in terms of energy, ftcong, 

300 400 500 600 700 
Wavelength (nm) 

Figure 1. Optical absorption spectra of M(salophen) complexes in 
chloroform solution. 

response (vide infra). Moreover, this band exhibits a negative 
solvatochromism, i.e., a hypsochromic (blue) shift with increas
ing solvent polarity (Table 2), thus indicating a negative dipole 
moment change between the ground and the excited state and, 
hence, significant charge-transfer (CT) character for the associ
ated optical transition. 

The absorption spectrum of Co(salophen) is quite different 
from that of the Ni(II) and Cu(II) homologues (Figure 1). In 
fact, in the region I > 350 nm, in addition to the CT band 
(Table 2) which is further blue-shifted (~40 nm) with respect 
to that of Cu(salophen), a shoulder is apparent at longer 
wavelengths, and a new band envelope (e = 1500-4500) is 
present in the region between 480 and 620 nm. All of these 
new features are expected19 to involve both the ligand and the 
metal center. Analogously to the CT band, the aforementioned 
shoulder also exhibits an appreciable negative solvatochromism 
(Table 2). 

Second-order NLO properties of the present complexes are 
also compiled in Table 1 and compared with ZINDO-derived 
theoretical values. Here /3Vec is the vector part of the /3*,* tensor 
which is obtained in an EFISH experiment. The agreement 
between experimental and theoretical data is good. On passing 
from Ni(salophen) to the Cu(II) analogue, the solution-phase 
EFISH hyperpolarizability /3vec value surprisingly increases in 
magnitude by a factor of 2.5, from -20.5 to -50.0 x 10~30 

cm5 esu-1 at r\a> = 0.92 eV. This indicates a strong dependence 
of the NLO response upon the metal electronic configuration. 
The essentially nonresonant22 /?vec value of Cu(salophen) is 
rather large for a non-donor—acceptor substituted metal 
chromophore.1-6 In fact, it is comparable to those observed in 
donor—acceptor-substituted Ni(salophen) derivatives3 and is 
larger than that commonly observed in many similarly substi
tuted organometallic complexes.1 

The most dramatic case of metal-tuned /3 enhancement occurs 
in the Co(II) complex (Table 1). In fact, on passing from Ni-

(22) The calculated dispersive enhancement of /SVec for Cu(salophen) is 
expected to be very low (see /?o in Table 1). On the other hand, the static 
/?o deduced according to the two-state model132 is —26.5 x 10~30 cm5 esu-1. 
This estimate should be considered qualitative at best, in view of the 
demonstrated nonvalidity of the two-state model in the case of the Cu-
(salophen) complex (vide infra). 

transition dipole moment, rgn, and dipole moment variation, 
A/ign, between ground and excited states. The hyperpolariz
ability determined by a sum over states expression can be 
partitioned into two contributions,8 so-called two-level (fiijk,i) 
terms and three-level Q3y*,3) terms, such that Pijk(2w,w,w) = 
/?yvi,2 + Pijk.i- Each two-level component in the sum for /3,̂ ,2 
contains only two states, the ground and one excited state, while 
the three-level contributions involve a ground state and two 
excited states. Analysis of term contributions to the molecular 
hyperpolarizabilities of the present complexes indicates that the 
two-level terms dominate the NLO response (Table 3), as is 
usually the case.8 Therefore, analysis of variables influencing 
fate can be used to understand the NLO response of the present 
complexes and its dependence upon the metal electronic 
properties. Moreover, the good agreement between relevant 
experimental and theoretical linear and nonlinear optical proper
ties (Table 1) suggests that this theoretical formalism can be 
used with confidence to describe the second-order NLO response 
of the present complexes. 

In the case of Ni(salophen), analysis of the theoretical results 
indicates that a single two-level term dominates the /3,̂ ,2 sum 
(Table 3). In other words, in this case the simple two-state 
model8,13a is a very good approximation, and the /8,̂ ,2 sum 
reduces to eq 1 where ftco is the incident (laser) radiation 

PnJ-2co;co,a)) = 3*y flCOr A u 
eg'ge r-ge 

2 [(hcoeg)
2 - (ruo)2][(ruoegf - (2fuo)2] 

(D 
frequency, and ha)eg, rgt, and Afige are, respectively, the energy, 

(23) (a) Burland, D. M.; Miller, R. D.; Walsh, C. A. Chem. Rev. 1994, 
94, 31. (b) Marks, T. J.; Ratner, M. A. Angew. Chem., Int. Ed. Engl. 1995, 
34, 155. 

(24) Cheng, L.-T.; Tam, W.; Stevenson, S. H.; Meredith, G. R.; Rikken, 
G.; Marder, S. R. J. Phys. Chem. 1991, 95, 10631. 
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Table 3. Contributions of Two-Level (/J>vv.2) and Three-Level (/?.v.,»..0 Terms to the Main Tensor Component (/i%ll) of the Quadratic 
Hyperpolarizability (10_,° cm5 esu -1; hw = 0.92 eV) for M(salophen) Complexes and the Energy (hateg) and Composition of the Dominant 
Excited State Involved in the (/Jvvv.:) Terms 

compound /?wv Pm* Pm* 
state f\wei 

(eV) composition'' principal character 

Co(salophen) -99.88 -55.74 -44.14 DIl (43) 3.17 
Ni(salophen) -16.11 -23.21 7.10 S2 (95) 3.21 
Cu(salophen) -53.20 -40.18 -13.02 D5 (55) 2.99 

0.20*60-65 - 0.89*62-64 
0.17*6,-65 + 0.28*62-65 ~ 0.90*6 , -64 
-0.58*62-66 - 0.73*6.V-65 - 0.16*63-68 

Co (d,.-). O (2p.-). Ph (-T) - C - N (.T*). Ph (.T*) 
Ni (d,:). O (2p:) — C-N (JT*) 
Cu (d<:). O (2p:). Ph (.T) — C-N (.T*). Ph (T*) 

"S = singlet excited state; D = doublet excited state. Values in parentheses refer to the percent contribution of the excited state to Bm^. h MO 
63 is the HOMO in Ni(salophen) and Co(salophen). In the latter it represents the partially filled orbital. MO 64 is the HOMO in Cu(salophen) and 
represents the partially filled orbital. 

the transition dipole moment, and the dipole moment variation, 
between the ground and first CT excited state. Therefore, the 
second-order NLO response of Ni(salophen) can be related to 
a single excited state involving the lowest energy CT transition. 
Both the experimental solvatochromic and theoretical data 
indicate that this transition is accompanied by a moderately 
negative dipole moment change between the ground and excited 
states (thus accounting for the measured negative /JVCc value) 
and by an appreciable transition dipole moment value (Table 
1). Analysis of the mixing coefficients of the CI expansion 
indicates that the Ni(salophen) HOMO (1) and LUMO (2) 
orbitals are mainly involved in the transition (Table 3). Analysis 
of these MOs indicates that the HOMO is principally composed 
of Ni (3d.,.-) and O (2p.) orbitals, while the LUMO involves the 
C = N groups and the Ti system within the phenylene ring. 

On passing to Cu(salophen), the theoretical results indicate 
that the two-level contribution associated with the lowest CT 
excited (D5, Table 3) state accounts for ~ 5 5 % of the Byvs.2 sum. 
This contribution is comparable in magnitude to the ^,„,2 sum 
found in Ni(salophen). Analysis of mixing coefficients of the 
configuration interaction (CI) expansion indicates that, in 
contrast to Ni(salophen), other Cu(salophen) MOs in addition 
to the SHOMO2 5 and LUMO contribute substantially in the CI 
mixing (Table 3). The enhanced intensity of the lowest energy 
CT excitation (in terms of rge) observed both experimentally 
and theoretically as well as the smaller experimental and 
calculated A/ip values of Cu(salophen), relative to those of Ni-
(salophen) (Table 1), are consequences of greater charge 
dereal izat ion in the excited state. The sum of two-level terms 
involving the higher lying excited states results in a ~ 4 5 % 
contribution to /3Vyv.2- In particular, various higher lying states, 
having significant metal-to-ligand charge-transfer (MLCT) 
character,26 contribute to the nonlinearity. Therefore, the 
stronger low-energy CT transition in addition to these higher 
lying MLCT states is responsible for the larger hyperpolariz
ability of Cu(salophen). 

In the case of Co(salophen), analysis of two-level term 
contributions indicates that the D I l CT excited state accounts 
for only ~ 4 3 % of the /?Vw.2 sum (Table 3). In analogy to the 
Ni(II) and Cu(II) complexes, this excited state mainly involves 
a transition from the SHOMO (Co (3d,.-), O (2p.) in character) 
to the LUMO ( C = N , 71*), mediated by the phenylene ring 
orbitals, thus resulting in appreciable experimental and calcu
lated r ^ and A/4ge values, comparable to those of the Cu(II) 

(25) The HOMO is represented by the partly filled MO. 
(26) The overlapped nature of the lower wavelength feature in the optical 

spectrum of Cu(salophen) has precluded experimental evaluation of 
solvatochromic effects. 

complex (Table 2). The larger observed and calculated non-
linearity of Co(salophen) is due to the existence of additional 
low-lying MLCT states, as observed in the optical absorption 
spectrum (Figure 1, Table 2), involving the 3d,:.v- metal orbitals 
and the C = N (JI*) and Ph (;r*) MOs. Moreover, in contrast to 
the Ni(II) and Cu(II) complexes, the theoretical analysis 
indicates that the fiyyyj sum also contributes substantially to the 
nonlinearity of Co(salophen) (Table 3). 

Conclusions 

This paper presents the first detailed experimental and 
theoretical investigation of the metal-dependent second-order 
NLO response of a homologous series of coordination 
(M(salophen)) complexes. Even if the ground-state properties 
of the complexes are rather similar (in terms of charge 
distribution), both experimental and theoretical data indicate that 
the excited states are appreciably different, and that the observed 
linear optical spectroscopic features on passing from Co(II) to 
Ni(II) and Cu(II) are consistent with the energetic stabilization 
of metal 3d subshells along the series. These electronic 
structural differences are reflected in the different second-order 
NLO response which is significantly larger in the Cu(II) and 
Co(II) complexes. While, for closed-shell Ni(salophen), the 
two-state model represents a suitable approximation for describ
ing the nonlinearity, it clearly breaks down in the case of open-
shell Cu(II) and Co(II) complexes, since other higher or lower 
lying states, respectively, having MLCT character, contribute 
to the nonlinearity. EFISH /?vec data as well as related 
/3-determining parameters are fully consistent with the ZINDO-
derived responses. The results of this study provide further 
evidence of the powerful capabilities of the Z I N D O - S O S model 
even for predicting the frequency-dependent hyperpolarizability 
of open-shell doublet states and the attraction of coordination 
complexes as robust, highly efficient chromophores for second-
order NLO materials. 

Work is in progress to further probe the role of the metal d 
electron configuration on NLO response as well as to target 
and synthesize optimized high-hyperpolarizability transition 
metal chromophores. 

Experimental Section 

Starting Materials. Copper(II) acetate monohydrate (Cu(Ach'H^O; 
Aldrich) was used without purification. H2salophen. Ni(salophen), and 
Co(salophen) were synthesized and purified as described elsewhere.'27 

Chloroform solutions of Co(salophen) were stable under ambient 
atmosphere in the absence of Lewis bases.27 Moreover, optical 
absorption spectra recorded under a nitrogen atmosphere using deoxy-
genated chloroform were found to be identical to those obtained under 
air. 

Synthesis of Cu(salophen). A blue solution of Cu(Ach (1.26 g. 
6.3 mmol) in 80 mL of H2O was added to a boiling yellow solution of 

(27) (a) Chen. D.: Martell. A. E. Inorg. Chem. 1987. 26. 1026. (b) 
Marzilli. L. G.; Marzilli. P. A.; Halpern. J. / Am. Chem. Soc. 1971. 93, 
1374. 
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thsalophen (2 g, 6.3 mmol) in 200 mL of ethanol, with stirring. After 
an initial dark green coloration, a brown precipitate was obtained. The 
mixture was stirred under reflux for 1.5 h. It was then allowed to cool 
to room temperature. The precipitate was collected, washed with an 
H20/ethanol mixture, and dried. The microcrystalline red-brown 
product was recrystallized from an absolute ethanol/chloroform mixture 
and dried in vacuo (1.9 g, 80% yield). The product is soluble in most 
common organic solvents, and is very soluble in chloroform. EI MS 
(70 eV, 30 0C) m/z (relative intensity): 377, 379 (M+, 100, 45). Anal. 
Calcd for C20H14N2O2Cu: C, 63.56; H, 3.73; N, 7.41. Found: C, 63.11; 
H, 3.59; N, 7.22. 

Physical Measurements. Elemental analyses were performed on 
a Carlo Erba 1106 elemental analyzer. Electron ionization (EI) and 
fast atom bombardment (FAB) mass spectra were recorded on a Kratos 
MS 50 double-focusing mass spectrometer equipped with a standard 
FAB source. Thermal measurements were performed with a Mettler 
3000 system equipped with a TG 50 thermobalance, a TC 10 processor, 
and a DSC 30 calorimeter. The weight of the samples was between 
15 and 20 mg for TGA and 4—8 mg for DSC. Thermal analyses were 
made either in air or under prepurified nitrogen using a 10 °C/min 
heating rate. 

Spectroscopy. UV-vis spectra were recorded with a Beckman DU 
650 spectrophotometer, and Amax values are considered accurate to ±2 
nm. Optical absorption spectra of M(salophen) in chloroform solution, 
recorded in the 5 x 10~3 to 2 x 10~6 M range, followed the Beer-
Lambert law, thus indicating that the complexes are monomeric in 
solution. 

The transition dipole moment, rgt, between the ground and the excited 
states was evaluated from the oscillator strength, /, of the associated 
absorption band by the relationship28 

rse = (2.13 x 10"30v/),/2 (esu-cm) (2) 

where v is the energy (cm-1) of the absorption maxima. The oscillator 
strength was determined from the integrated intensity of the absorption 
band by the expression28 

/ = 4.381 x 10"9Je1, d„ (3) 

The dipole moment variation between the ground and the excited 
states, A|«ge, was determined from the solvatochromism of the relevant 
absorption band by means of the Lippert—Mataga equation29 

2 n 2 + l 

D- 1 
D + 2 nl + 2. 

(4) 

where vcr is the frequency (cm ') of the optical transition in a particular 
solvent and D and n are the dielectric constant and refractive index of 
the solvent, respectively. The intercept, V 1̂ is the frequency of the 
transition in the gas phase, and C2 = 2/U1AfI1JhCa2 where [I1 is the 
ground-state dipole moment, h and c are Planck's constant and the 
speed of light, respectively, a is the Onsager radius, and Afilt is the 
dipole moment change. The constant C2 was determined from the least-
squares fit of eq 4 to the absorption maxima of the CT band in 13 
different solvents. Afigc was calculated from C2 with the measured 
value of the ground-state dipole moment and a value of the Onsager 
radius (6.5 A) estimated from the solute molar volume.11 

EFISH Measurements. Second-order molecular hyperpolarizability 
analyses were performed using a Q-switched mode-locked Nd:YAG 

(28) Reference 7c, p 114. 
(29) Mataga, N.; Kubota, T. Molecular Interactions and Electronic 

Spectra; Marcel Dekker: New Work, 1970; p 371. 

laser operating at 1.34 pim (hco = 0.92 eV) by the electric field induced 
second harmonic generation method.13 The laser delivers pulse trains 
of total duration envelope around 90 ns, each pulse duration being 160 
ps. The molecules to be measured were dissolved in chloroform (used 
as a reference) at_yarious concentrations, x, between 5 x 10~3 and 10"4 

M. The sign of /Jvec (where /3ycc = f}m + /3yxx + /3yzz as f}m for a one-
dimensional charge-transfer molecule) was determined by studying the 
variation of the macroscopic susceptibility, T(x), as a function of x. If 
/3VK is negative, T first decreases with increasing x, and cancels out 
when the contribution from the solvent is exactly compensated by that 
of the dissolved NLO molecule. The T(x) value then increases because 
it is dominated by the contribution of the solute. Further details of the 
experimental methodology and data analysis are reported elsewhere.13130 

EFISH measurements were performed using fresh chloroform solutions. 

The ground-state dipole moment was determined by the standard 
method of Guggenheim.31 

Theoretical Methods. The all-valence INDO/S (intermediate 
neglect of differential overlap) formalism,32 in connection with the sum 
over excited particle—hole states (SOS) formalism,33 was employed. 
Details of the computationally-efficient ZINDO—SOS-based method 
for describing second-order molecular optical nonlinearities have been 
reported elsewhere.8'34 Standard parameters and basis functions were 
used.32 In the present approach, the closed-shell restricted Hartree— 
Fock (RHF) formalism was adopted for the Ni(II) complex, while the 
open-shell restricted Hartree—Fock (ROHF) formalism was adopted 
for the Cu(II) and Co(II) analogues. Thus, the closed-shell 1Ai ground-
state configuration was studied for the Ni(II) complex, while the 2A2 

(d*,)1 and 2Ai (d^)1 ground states were studied for the Cu(II) and Co-
(II) complexes, respectively. The monoexcited configuration interaction 
(MECI) approximation was employed to describe the excited states 
(singlet states for the Ni(II) complex and doublet states for the Cu(II) 
and Co(II) analogues). In all calculations, the lowest 160 energy 
transitions between SCF and MECI electronic configurations were 
chosen to undergo CI mixing and were included in the SOS. Further 
theoretical details of the implementation of the ZINDO code to the 
calculation of hyperpolarizability of open-shell doublet systems are 
reported elsewhere.12 Metrical parameters used for the calculations 
were taken from related crystal structure data.'6-18'35 Calculations were 
performed assuming a C2„ planar geometry. 
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