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Abstract: The synthesis, characterization, thermal stability, optical spectroscopic, electronic structure, and second-
order nonlinear optical (NLO) response of a series of defaceptor bis(salicylaldiminato)nickel(ll) Schiff base
complexes and the free ligand precursors are reported. The effect of the metal center in such complexes is
manifold: it templates the formation of acentric molecular structures, imparts high thermal stability to the chelate
ring, and both “switches on” and enhances NLO response. Metal complexation imparts new linear optical spectroscopic
features, having metal-to-ligand charge transfer character, which are responsible for the second-order nonlinearity.
Moreover, the present synthetic strategy represents a novel route to inorganic NLO chromophores. Solution-phase
hyperpolarizability values, deduced by electric field-induced second-harmonic-generation experiments are as high
as—79 x 10730 cnr esu? (hw = 0.92 eV). Experimental linear and nonlinear optical features are fully consistent
with INDO/SCI-SOS theoretical calculations. They provide a rationale for the NLO response of these materials and
are attractive for designing new, highly efficient second-order nonlinear optical inorganic chromophores.

Introduction yond early studies focused on understanding and rationalizing
the microscopic molecular nonlinearii§t—2w;w,w), attention

has more recently been directed toward optimizing NLO
response, toward achieving enhanced chemical and thermal
stability, as well as toward improving processability for device
fabricationl=3 Crucial prerequisites for achieving large bulk

Molecule-based second-order nonlinear optical (NLO) materi-
als have recently attracted much interest because they involve
new scientific phenomena and because they offer potential
applications in emerging optoelectronic technologie’s.Be-

T Universitadi Catania. second-order NLO responses are that the individual constituents

; France Telecom. have large molecular responses and that they be arranged in a

§ Northwestern University. t tri hitect Considerable effort has b
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de Madrid Cantobianco, Madrid 28049, Spain. directed toward the molecular engineering of such structures,
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the corresponding diamine (Scheme 1; see Experimental Section
for details)l® The yellow imines were readily purified by
recrystallization from ethanol. Ligands-6 were characterized
by H NMR spectroscopy and satisfactory microanalyses. The
crystal structures of unsubstitutedy(salen}! (1) and H-
(salophen? (3) indicate an enolimine tautomeric (nonplanar)
structure, also evident in solutidh. Thus, an analogous,
predominantly enoliminic structurd (n Scheme 1) can be
assumed for the related doraacceptor substituted imines
and4—6.14 In support of this formulation, a broad resonance
in the low field 8 = 12—13 ppm region is evident in th&
NMR spectra of all the present imine ligands. It disappears
upon exchange with D and can be associated with th©H
protons doubtless involved in intramolecular hydrogen bonding
with iminic nitrogen atoms.

The reaction between ligands-6 and Ni(ll) solutions leads
to the formation of stable noncentrosymmetric Ni(ll) complexes
(la—6a; Chart 1, Scheme 1). Yields are 600% for la—4a
and 40-50% for5a and6a. They were characterized by El,
FAB mass spectrometriti NMR spectroscopy, and satisfactory
microanalyses. FAB mass spectra indicate the existence of
monomeric species in the gas phase. Furthermore, available

having sizable second-order. NLO responses, t“”at?'e t_)y theX-ray structures of the unsubstituted Ni(safér(la) and Ni-
metal center, and a comparative experimental/theoretical INVeS-salophertf (3a) complexes indicate monomeric, planar species

tigation of the molecular second-order NLO properties,
B(—2w;w,w), of a series of doneracceptor bis(salicylaldimi-

nato)nickel(ll) Schiff base complexes and related ligands (Chart

1)% This study focuses on the synthesis, characterization

harmonic-generation (EFISH) techniqu& combination with

a quantum chemical analysis, within the proven INDO/S-SOS
(ZINDO) formalism?3Pce-9.89t0 describe/understand the elec-
tronic structure and structure NLO property relationships of this
new class of inorganic NLO chromophores.

Results

Synthesis, Characterization, and Molecular Structure.
Schiff base ligandd—6 were prepared in high yields (80
90%) via condensation of the appropriate salicylaldehyde with

(6) (a) For a preliminary communication of some aspects of this work,
see: DiBella, S.; Fragala.; Ledoux, |.; Diaz-Garcia, M. A.; Lacroix, P.
G.; Marks, T. JChem. Mater1994 6, 881. (b) Salen coordination polymers
have previously investigated for NLO applications: Chiang, W.; Thompson,
M. E.; Van Engen, D. In ref 3c, p 210.

(7) For a general discussion of the EFISH tecnique, see: (a) Oudar, J.

L. J. Chem. Physl977 67, 446. (b) Levine, B, F.; Bethea, C. G. Chem.
Phys.1976 65, 1989.
(8) Kanis, D. R.; Ratner, M. A.; Marks, T. Chem. Re 1994 94, 195.

r

in the solid state. Thus, analogous planar, monomeric molecular
structures can be safely assumed for the remaining donor
acceptor-substituted Ni(Il) complex2aand4a—6a. Therefore,

LA . > ' the formation of planar complexds—6ais expected to effect
thermal properties, linear optical spectroscopic, and second-orde

NLO response, sampled by the electric field-induced second-

greater delocalization of out-of-plane electron density over
the chelate and aromatic rings than in the free ligands.
Thermal Analysis. Ligands 1—6 exhibit relatively low
melting points (126-160 °C). In contrast, complexeka—6a
are more thermally stable materials which decompose, without
melting, at temperatures as high as 38D, as judged by
combined DSC/TGA thermal analysis (Table 1). The data
indicate generally good thermal stability, comparable to or
higher than current generation high-efficiency, thermally stable
NLO organic chromophored. Within the salophen series, the

(10) See, for example: (a) Hoss, H.; Elias, IHorg. Chem.1993 23,
317. (b) Chen, D.; Martell, A. Elnorg. Chem.1987, 26, 1026.

(11) Bresciani Pahor, N.; Calligaris, M.; Nardin, G.; RandaccidAtta
Crystallogr. 1978 B34, 1360.

(12) Bresciani Pahor, N.; Calligaris, M.; Delise, P.; Dodic, G.; Nardin,
G.; Randaccio, LJ. Chem. Soc., Dalton Tran$976 2478.

(13) Comprehensie Coordination Chemistpilkinson, G., Ed.; Per-
gamon Press: Oxford, 1987; Vol. 2, p 730.

(14) Although a mixture of three stereoisomers could in principle be
formed in the condensation reaction to obtain ligad$, the stereoisomer
having bothtransimine linkages, i.e., with the enolimine tautomeric

(9) () There are several definitional issues associated with comparing structurel in Scheme 1, is expected to be predominant. Moreover, since

calculated microscopic responses to those obtained by expeiifiarthe
present contribution, both derived theoretical and experim¢htablues
employ the Ward definitiof¢ within a perturbation series expansion. (b)
Willetts, A.; Rice, J. E.; Burland, D. M.; Shelton, D. B. Chem. Phys.
1992 97, 7590. (c) Ward, J. FRev. Mod. Phys1965 37, 1.

complexation involves only the dianion of stereoisorheno attempts to
separate the mixture of the three stereoisomers were made.
(15) Montgomery, H.; Morosin, BActa Crystallogr.1961, 14, 551.
(16) Gaetani Manfredotti, A.; Guastini, @cta Crystallogr.1983 C39,
863.
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Table 1. Experimenta#® and ZINDO-Derived Spectroscopic and Nonlinear Optical Properties=t 0.92 eV) for DonorAcceptor Schiff

Base Ni(ll) Complexes and Related Ligands

Amax, NM Ug, D uf, x10*8esu Bu, x 107 esu

compound exptld x 1073) calc ) exptl (Auge calc Auge) exptl calc exptl calc i
1 318 (8.4) 2.8 0 0
la 414 (6.9) 360 (0.26) 8.93.4) 8.4 (4.1) -85 -85 -9.3 —10.1 325
2 308 3.9 4.7 1.2
2a 398 (8.6) 352 (0.31) 8.6 8.4 —108 —83 -9.6 -12.9 219 (mp)
3 362 (13.4) 6.0 0 0
3a 480 (9.0) 387 (0.44) 7.05.1) 8.5 (5.2) —147 —144 —20.5 -17.3 360
4 358 5.8 29 5.0
4a 450 (16.3) 381 (0.50) 55 7.5 —126 —165 -23 —22.0 380
5 418 5.9 32 55
5o 570 (9.3) 485(0.13) e 7.7 —331 —298 —43 —38.7 220
6 420 6.9 54 7.8
6o 570 (13.1) 491(0.18) e 6.9 —546 —286 -79 —-41.9 260

2 Chloroform solution® Estimated uncertainties at5% in x and+10% in .. ¢ Decomposition temperaturé) as assessed by the onset of
the thermolysis endotherm in the DSTAcetone solution® Complex insufficiently soluble for accurate measuremeBstimated using calculated
dipole moment? The calculated: and g, values for compounéa differ from those previously reportétbecause of the different conformation

presently adopted for the 4-OMe substituents (vide infra).
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10000~
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Figure 1. Optical absorption spectra of,f¢alen) and complexeka
and?2ain chloroform solution.

600 700

Table 2. Optical Absorption Maxima of the Lowest Energy
Charge-Transfer Optical Transition for Ni(salen) and Ni(salophen)
Complexes in Solvents Having Different Polarities

Amax, NM
ethyl
complex CCJ benzene chloroformacetate acetone methanol
Ni(salen) 422 414 414 410 400
Ni(salophen) 494 488 480 480 478 466

to “d—d” transitions!® is present in the 500600 nm region
(Figure 1).

The 4-methoxy substitution of the salicylidene rings (@
OMe-salen)) results in a new, relatively intense band in the
longer wavelength region (388 nm) and in a more intense and
blue-shifted absorption band at 308 nm, compared to the 318
nm band ofl. This alteration is reflected in the optical spectrum
of 2a, which is slightly blue-shifted and more intense than that
of la (Figure 1). Substitution of the ethylenediamine bridge

present thermal stabilities increase with 4-methoxysalicylidene of 1 with o-phenylenediamine3j effects a largerr charge
ring substitution and decrease with 3-nitrophenylene ring delocalization over the salicylidene and phenylene aromatic rings

substitution.

Optical Spectroscopy. The solution-phase optical absorption
spectrum €280 nm) of ligand1l consists (Figure 1) of a
relatively intense band centered at 318 rr(8400), involving
a—m* transitions!® and of a low intensity feature: (= 100) in
the 380-420 nm region, responsible for the yellow color, and
presumably involving fr* excitation1® Complexation with
Ni(ll) results in two overlapping principal features assigifed

than in1, resulting in a more intense, broader and red-shifted
a—* band in the optical spectrum (Figures 1 and 2). This
structural modification is also reflected in the optical spectrum
of Ni(Il) complex 3a which exhibits two new intense features
in the longer wavelength region (a band at 381 nm and structure
in the 420-550 nm region), the latter of which is more intense
and red-shifted compared to that of Ni(salen) (Figures 1 and
2). Moreover, in analogy tda, the band centered at 480 nm

to two different types of transitions. There is a broader band (¢ = 9000) in 3a exhibits an analogous negative solvato-

in the region between 300 and 360 nm still involving principally
intraligand 7—x* transitions and a new, relatively intense

structure in the 3806480 nm region, absent in the absorption
spectrum of the free ligand, involving both the ligand and the
metal center. Moreover, the band at 414 rn+(6900) exhibits

chromism (Table 2), but a stronger dipole moment change (
= —5.1, Table 1), thus indicating greater CT character of the
associated optical transition.

Either 4-methoxy substitution in the salicylidene fragment,
or 3-NG; substitution in the phenylene fragment of the salophen

a significant solvatochromic shift, characteristic of a large dipole ligand series4—6), results in a new spectroscopic structure in

moment changeNu) between the ground and the excited state,

and indicative of charge transfer (CT) character. In particular,

the longer wavelength region (a relatively intense shoulder at
440 nm for4 and an intense band at420 nm for5 and 6).

a negative solvatochromism, i.e., a hypsochromic (blue) shift These substituent modifications are in turn reflected in the

with increasing solvent polarity, is observed (Table 2), indicating
a reduction in the dipole moment upon electronic excitatitm (
= —3.4; Table 1). Finally, a weak feature £ 100) assigned

(17) See, for example: Moylan, C. R.; Twieg, R. J.; Lee, V. Y.; Swanson,
S. A,; Betterton, K. M.; Miller, R. D.J. Am. Chem. S0d4.993 115 12599.

(18) Crawford, S. M.Spectrochim. Actd963 19, 255.

(19) Bosnich, BJ. Am. Chem. S0d.968 90, 627.

optical spectra oba and6awhich exhibit new spectral features
in the 506-600 nm region, compared to that of the unsubstituted
3acomplex (Figure 2). In contrast, the longer wavelength band
in the optical spectrum ofia is slightly blue-shifted, but
substantially more intense, compared to thaBafFigure 2).

Ground-State Dipole Moment. Ground-state dipole mo-
ments ug, of the present ligands and Ni(ll) complexes measured
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40000 Table 3. INDO Eigenvalues and Mulliken Population Analysis of
f{ 3 the Outermost MQO's for Ni(salen)
b -
-‘_;; 2 ke 3 population, %
30000 - { s b P MO €¢eV Ni 20 2N 2G,® 12G,P  charactet
o : i 62 187 51 8 12 5 24
g 3 RN U s 59 121 0 4 0 0 % G
£ 20000/ ¢ { 1 -t g2 58 1.19 0 4 0 2 94 G
§ VY o, O J 57 —-0.47 2 4 20 38 36 EN
] *.f'\ RN 566 —0.51 1 2 22 36 39 eN
j ol o, e 55  —-7.49 13 22 10 0 55 & Oz
10000 - NP e - 54 -7.94 5 18 2 1 74 @, Ca
53 -845 35 5 11 0 49 ¥ Nap, Csal
“, 52 -855 60 13 3 0 24 4
51 —-8.68 7 1 9 1 82 & Csa
0 T T 50 —9.57 42 4 1 4 49 # Csa
300 400 500 600 700
Wavelength (nm) aCim = imine carbon atoms Csy = salicylidene carbon atoms.

. . . ¢LUMO. ¢ HOMO.
Figure 2. Optical absorption spectra oft$alophen) and complexes

3a—6ain chloroform @, 3a, 4a) or acetone %a, 6a) solution. ligands2 and4—6, positive, values~/s to 1/7 the magnitude
of the related Ni(ll) complexes, are observed. These observa-
tions illustrate the efficacy of metal complexation in “switching

on” and tuning the NLO response, upon formation of noncen-

in chloroform solution are collected in Table 1. Within the salen
series, the dipole moments of ligantl&nd?2 are consistently
lower than the corresponding values of Ni(ll) compleXes trosymmetric structures.

and 2a. This is consistent with a pseudo-centrosymmetric ~ Theoretical Results. Electronic Structure and Optical
structure of the free salen ligands (trans conformation with Spectroscopy. The electronic structure of thex{$alen) ligand
respect to the ethylenediamine bridgE)which becomes 1 can be described in terms of two weakly interactiNg
constrained and noncentrosymmetric in the subsequent Ni(ll) salicylideneamine subunits. The frontier molecular orbitals
complexes, thus resulting in an increased dipole moment. (MO’s) of the latter molecule consists of symmetry combinations
However, for the present salophen series in which a noncen-of filled out-of-plane Qy, 7> benzene, andt C=N imine
trosymmetric enoliminic structure is expected (vide infra), orbitals and of unfilledz* C=N MO’s.

complexation actually results in a smaller dipole moment The metat-ligand bonding in the present Ni(ll) complexes
change. In both complexes of the salen and salophen seriesgan be described analogously to that &f shuare-planar
salicylidene ring 4-methoxy substitution results in a smaller complexes studied previoust§. Thus, the metatligand bond-
dipole moment with respect to the unsubstituted species. ing involves metal 3d, 4s, 4p valence orbitals and more external

Second-Order NLO Response.The molecular hyperpolar- filled MO’s of the Iiga_md dianion. The latter consist of in-plane
izabilities, B(—2w;w,w), of the present compounds were mea- Nzp and Gy lone pairs and of out-plane; benzenesr C=N
sured by the EFISH techniqié® This technique allows the ~ and Qp Orbitals of appropriate symmetry combinationsdad
determination of thew8 dot product when an electric field is ~ P2in Cz,). All these orbitals are strongly admixed and perturbed
applied to a solution of an NLO-active species. Thesalue, t_)y the interaction W|th the metal ion; how_ever, the net metal
i.e., the vector component of th& tensor along the dipole ligand stabilization arises from the donation of the .|n-plane
moment directior?! can be thus extracted if the ground-state Nzp @nd Qyp lone pairs to the empty metal 3gis orbitals.
dipole moment is known. Experimeni3] values of the present INDO eigenvalues and atomic population analyses of the
ligands and complexes are compared in Table 1. It can be seerfrontier MO's for prototypical Ni(salen)X(d) are reported in
that complexation dramatically enhances and, in some casesable 3. They consist of out-of-plane orbitals mainly
“switches on” the second-order NLO response. Bhealues delocalized over the salicylidene rings which have someNC
of 1a—6aare rather large for coordination complex&sanging and Oy contributions, admixed to varying extents with metal
from ~—10 x 10-3 crP esut (hw = 0.92 eV), similar to that 3d orbitals of appropriate symmetry. In partlcglar, the HOMO
of the classical doneracceptor organic chromophopenitroa- and SHOMO possess a largggxontribution, while the LUMO
niline 22to ~—79 x 10-3 crP esury, rivaling A, values reported and SLUMO possess a predominant=Rl character. The
for efficient, second-order organic chromophores such ds 4,4 calculated ground-state dipole moment (8.4 D) is in very good
donor-acceptor-substituted stilben®. The observed NLO  agreement with the experimental value (8.9 D; Table 1) and is
response along thka—6a series parallels the aforementioned directed between the imine groups (Scheme 2). INDO/S
red-shift and intensity increase of the lowest CT excitation, as calculations account well for the experimental linear optical

usually observed in typical donemcceptor organic chro-  SPectroscopic features, and a satisfactory agreement between
mophoreg3 calculated and observed transition energies is found (Table 4).

EFISH measurements on unsubstituted ligaridsnd 3 In particular, the aforementioned band at 414 nm may be

.o S - - characterized as principally—z* (HOMO—LUMO) in char-
indicate a vanishingly small NLO response, while for substituted acter, essentially involving the metal,é- Oz and the G=N

orbitals, and is mainly responsible for the second-order NLO
response (vide infra). Moreover, the calculated negatixg:

(20) (a) Ledoux, I.; Zyss). Chem. Physl1982 73, 203. (b) Barzoukas,
M.; Josse, D.; Fremaux, P.; Zyss, J.; Nicoud, J. -F.; Morley, J1.@pt.
Soc. Am. BL987, 4, 977.

(21) 3 uipi
ﬂ”(wa;w,w) =) —
&t lul

whereﬁi = ﬁiii + 1/3Zj¢i(ﬁijj + ﬂjij + ﬂijj)-

(—=4.1 D) value associated with this transition is in good
agreement with that determined from the negative solvato-
chromism (3.4 D; Table 1).

On passing to Ni(salophenBd), substitution of the ethyl-

(22) Cheng, L. -T.; Tam, W.; Stevenson, S. H.; Meredith, G. R.; Rikken, enediamine bridge dfa with the phenylenediamine ring leads

G.; Marder, S. RJ. Phys. Chem1991, 95, 10631.

(23) Di Bella, S.; Marks, T. J.; Ratner, M. A. Am. Chem. S0d.994

116, 4440.

(24) See, for example: Di Bella, S.; Casarin, M.; FragataGranozzi,
G.; Marks, T. JInorg. Chem.1988 27, 3993.



9554 J. Am. Chem. Soc., Vol. 119, No. 40, 1997 Di Bella et al.

Table 4. Comparison of INDO/S-Derivécand Experimental Optical Transition Enerdies Ni(salen)

exc state Jcale f calce Ama*Pt fexpte compositiod of CI expansion principal character
S1 422 0.008 540 0.00 —0.68552-52 + 0.39 5362 d0xy
+O_35‘55~57
S2 368 0.043 0.3852-62 4 0.35554-56 Oxzy O2C=N
—0_45‘55—‘56
0,56[55~57
446 0.03
S3 364 0.029 —0.3948-52 + 0.37 4062 Oxzr Oopllyy
—|—O,2@51 62 — 0_3%55 -56
0,64155—-62
S4 360 0.257 414 0.07 —0.41,54-57 — 0.6255-56 Oxz, O2C=N
—0_5355%57
S5 342 0.005 392 (sh) +0.59550-62 + 0.27,52-62 dy Gy
—1—0_60153~62
S8 293 0.508 —0.2751-56 + 039 5157 JTT*
0_38153—66 + 0_54154—66
332 0.15
S11 277 0.18p —0.3250-56 + 0.4352-56 dz, d,£=N
0_55‘5%56

aSinglet excited states (S)Transition energiesifa,y) in Nm. ¢ Oscillator strength? See Table 3.

Scheme 2 an electron-donor group such as the methoxy in the salicylidene
rings tends to balance the charge separation with respect to the
unsubstituted complex, thus resulting in a reduced dipole
moment (see Scheme 2). Moreover, note that while irCthe
symmetric complexeda—4a, the total dipole momeniug) is
oriented along theg axis (i.e.,ug = uy) and, in turn along the
B, ny ue CT axis, in the asymmetrically 3-NGubstituted complexes
Q 5a and6a, the uy anduy vectors are not parallel, since the
vector component also makes an appreciable contribution (Table

=N_ N=
" ;Ni: ) 5, Scheme 2).
0 0 Second-Order Molecular Nonlinearity. The calculated
R

R second-order hyperpolarizabilitfés® of the present molecules
are collected in Table 1 and compared with the experimental
data. The agreement between experimental and theoretical
values is very good in terms of both absolute values as well as
in the trends observed within the series.

Ry For Cy, complexesla-4a, the dominant contribution tg,
He N N= derives from theyyy component of thgix hyperpolarizability
Ny tensor (wherey is the direction along the principal dipole
moment axis of the molecule), which is parallel to the CT axis
R (Scheme 2). In contrast, for unsymmetrical 3-NsDbstituted
5a, 62 complexessa and6a, ug andue are not parallel and whilgyyy
is still the largest tensor, th&yy, = fxyxtensors also contribute

to a largerz charge delocalization over the entire molecule, significantly to the nonlinearity, and the total hyperpolarizability

and the frontier MO’s acquire a significant phenylene ring (B,69% is substantially larger tha, (Table 5).

character. This is reflected in a reduced energy gap between |n accord with experiment, an almost vanishing nonlinearity

the frontier MO’s as well as in a calculated and observed red (3, = 0.4 x 10730 cn® esu'; hw = 0.92 eV; on the basis of

shift of the lowest CT transitiori@vs 3g Table 1). Inaddition,  the crystal structufé) is calculated for the k{salen) ligand,
both the observed and calculated intensity and dipole momenteyen assuming a cis (relative to the ethylene bridge) conforma-
change associated with this transition are larger compared totion. Analogously, in the case of unsubstituteg($alophen),
those of Ni(salen) (Table 1), because of the increaselarge the small calculate@, value (0.9x 1073 cnf esul; ho =
delocalization over the phenylene ring. 0.92 eV; assuming the distorted crystal structragrees well
The 4-methoxy donor substitution in the salicylidene rings with the observed vanishing,.. In addition, even assuming an
and/or the 3-N@ acceptor substitution in the phenylene ring  idealized planar structure, a smjl value (3.1x 10730 cmP
results in some donor character of the frontier filled MO’s and esu; hw = 0.92 eV) is still predicted. This observation further
a dominant acceptor character of the lowest unoccupied MO’s. ynderscores the effect of the metal center in “switching on” the
This, in turn, leads to a larger energy gap between filled and NLO response, because of a greateharge delocalization over

unoccupied MO’s in the case dia and in a reduced gap for  the chelate ring and the existence of new excited states created
complexes5a and 6a, which is also reflected in stronger ypon metal coordination.

calculated blue- and red-shifted lowest energy CT transitions
for 4a and 5a + 6a, respectively, in agreement with the Discussion
experimental data (Table 1). . . . .

The 4-methoxy substitution in the salicylidene rings3af Metgl complexation of ligandd—6 W'Fh Ni(l1) 'eafjs to
leads to a lower calculated total dipole moment4a, in formation of thermally stable, constrained acentric planar
agreement with the experiment (Table 1). Since the dipole (25)Buec = (BE + B2 + PAY2 Note thatfue is always a positive
moment is directed between the imine groups, substitution of quantity regardless of the sign of the individual vectofiatomponents.
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Table 5. Computed Second-Order NLO Respcohard Hyperpolarizability-Determining Parameters (eq 1) for Demfaceptor Schiff-Base
Ni(ll) Complexes

compd Ux, D uy, D Ug, D staté hweg €V lge, D Auge, D Byyy.t Byyy Bu Buec Boyed
la 0.0 8.4 8.4 S4 3.44 4.36 —4.1 —-5.6 —6.9 —-10.1 10.1 7.6
2a 0.0 8.4 8.4 S3 3.52 4.70 —3.7 —-6.0 —7.2 —-12.9 12.9 9.8
3a 0.0 8.5 8.5 S2 3.21 5.97 -5.2 —-18.2 —-16.1 —-17.3 17.3 115
4a 0.0 7.5 7.5 S2 3.26 6.38 —4.9 —-17.6 —-17.3 —22.0 22.0 15.1
5a 4.8 6.1 7.7 S3 2.55 3.58 —-10.7 —29.5 —52.6 —38.7 59.0 27.3
6a 4.8 5.0 6.9 S2 2.52 4.10 —11.6 —43.0 —58.8 —41.5 68.7 325
7a 0.0 19.4 19.4 S4 3.01 5.99 0.2 0.7 3.8 14.2 14.2 7.6
8a 3.2 1.9 3.7 S3 3.12 6.16 —6.6 —33.0 —43.8 —-14.5 55.6 31.7
9a 0.0 0.22 0.22 S3 2.09 5.88 14.9 373.0 424.8 447.6 447.6 88.0

aln 103%%m® esu?! (hw = 0.92 eV).’S = singlet excited state involved in the two-state contributfohiotal static (zero frequency)
hyperpolarizability.

structuresla—6a, which possess new linear optical features phenylene ring, would increase the ground-state dipole moment
responsible for the pronounced second-order optical nonlinearity.but would decrease the CT character of the lowest optical
The effect of the metal center is thus manifold: it templates transition and, hence, the nonlinearity (Table 5). On the other
the formation of acentric structures, imparts high thermal hand, 4-NQ (instead of 3-NQ) phenylene ring substitution in
stability to the chelate ring, and both “switches on” and enhances Ni(salophen) 8a) results 8a vs 5a) in a lower ground-state
the NLO response. Moreover, the good agreement betweendipole moment and a smallége associated with the involved
NLO experimental and theoretical data for the present complexeslowest CT transition, in addition to an increased oscillator
suggests that theory can be used with confidence in rationalizingstrength and a blue shift of the same transition. The balancing
nonlinearity and in designing new molecular architectures having effects of these contributions leads to a slightly smafiee
optimized NLO response. than for 3-NQ, but to a substantially smallgt, (Table 5).

A detailed analysis of the computational results indicates that These observations have interesting implications for the
the second-order NLO response of the present complexes isdesign of donor-acceptor metal complex architectures having
dominated in all instances by the intense, low-energy HOMO optimized NLO response. For example, the combination of a
— LUMO CT excitation mentioned above, in which the metal stronger (than the methoxy) 4-donor substituent in the sali-
acts as a electron donor. In such cases, the quadratic hypereylidene rings, such as the diethylamino group, and 3,6-NO
polarizability can be simply related to the two-state contribution phenylene ring substitution, leads to a donor-acceptor structure
(eq 1)/2wherehw is the incident (laser) radiation frequency, (9a) which is predicted (Table 5) to possess an almost vanishing

dipole momentgg = uy = 0.22 D, having an opposite direction
_ 3 ha)egrge Alge than in4a—8a), but a very large CT charactehfge. = 14.9 D)
Py —2w0,0) === (hoe? — (hw)))((he)? — (2hw)?) and avery largeNLO responseff, = fyyy = 448 x 1073° cmP
e e ) esul; hw = 0.92 eV, = 88.0 x 10730 cnr esu'?).26

and hweg ge and Auge are, respectively, the energy, the 02N-<;>—No2
transition dipole moment, and the dipole moment variation, N Mo
between the ground and first CT excited state. Therefore, the N )
increasings, values observed on passing frdmto 6a can be {jo ob
directly related to the increasing CT character, hence, greater EGN NEt,
Auge values and to the bathochromic shift of fieletermining 9a

CT transition (Table 5).

The negative experimental and calculafgdvalues are a  copcjusions
consequence of the experimental and calculated negative
solvatochromism, hence negatitgqe values, associated with This paper presents the synthesis and characterization of a
the-determining CT transition (eq 1). This is due to a different novel class of thermally stable, geometrically constrained
orientation of the dipole moment on passing from the ground acentric NLO inorganic chromophores the second-order response
to the excited state. In particular, while in the ground state the of which is “switched on” and tuned by the coordination of a
dipole moment is directed between the imine groups, in the metal center. Even if the NLO response of these new materials
excited state it has an opposite orientation, i.e., between theis modest compared to latest generation organic NLO chromo-
oxygen donor atoms (Scheme 2). The larger NLO response ofphores? ¢ the present synthetic strategy represents a novel route
substituted doneracceptor complexe4a—6a with respect to ~ to metat-organic NLO chromophores which are intriguing
unsubstituted Ni(salophen3)results from an accurate design candidates for further studies and applicatiéhs.
of ring substitution in order to maximizAuge, i.e., the CT
character of the relevant optical transition. For example, an Experimental Section

inverted ring-substitution pattern B, that is 4-NQ acceptor Starting Materials. Salicylaldehyde, 2-hydroxy-4-methoxybenzal-

substitution in the salicylidene rings’d) instead of in the  yepy e ethylenediamine, and nickel(ll) acetate tetrahydrate (reagent
grade, Aldrich) were used without further purification. 1,2-Phenylene-

(26) In this case, positivAuge andf, values are computed because the

=N_ N= ground- and excited-state dipole moments are both directed between the
ng/m\o@ oxygen donor atoms.
(27) (a) Preliminary studies indicate that they can be easily incorporated
ON NO, in thermally stable main-chain polymers for poled polymer NLO

applicationg’® (b) Vitalini, D.; Mineo, P.; Di Bella, S.; Fragalal.;
Ta Maravigna, P.; Scamporrino, Bacromoleculesd1996 29, 4478.
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diamine and 3-nitro-1,2-phenylenediamine (Aldrich) were purified by
sublimation in vacuo.

Synthesis of Ligands and Complexes.All Schiff bases were
prepared using standard procediftdavolving reaction of the ap-
propriate salicylaldehyde with the corresponding diamine (2:1 molar
ratio) in ethanol. The yellow imines were purified by recrystallization
from ethanol (yields 8890%). The complexes were prepat®id by
reaction of an aqueous (fdra—4a) or methanolic (for5a and 6a)
solution of nickel(ll) acetate with a boiling alcoholic solution of the
corresponding Schiff base ligand (1:1 molar ratio). The precipitated
complexes were collected by filtration, washed with agOFethanol
mixture, and then recrystallized from absolute ethanol and/or chloroform
(yields, 60-70%). In the case of complexBaand6a, the precipitates
were washed with methanol (yields480%). While complexe$a—
4aare soluble in most common organic solveAsand5aare soluble
in strongly polar solvents and moderately soluble in acetone.

Hy(salen) (1). Melting point: 125-126 °C. Anal. Calcd for
CieH16N202: C, 71.62; H, 6.01; N, 10.44. Found: C, 71.40; H, 5.98;
N, 10.02.

Ni(salen), 1a. Anal. Calcd for GeH14N2O2Ni: C, 59.13; H, 4.34;
N, 8.62. Found: C, 58.99; H, 4.30; N, 8.29.

H2(4-OMe-salen) (2). Melting point; 162-163°C. H NMR (250
MHz, CDCk): o 3.79 (s, 4H, CH), 3.85 (s, 6H, OMe), 6.346.41
(m, 4H, Ph), 7.08 (d,J = 8.00 Hz, 2H, Ph), 8.20 (s, 2H, GN),
13.74 (br, s, 2H, OH). Anal. Calcd for,@1,0N.O4: C, 65.84; H,
6.14; N, 8.53. Found: C, 65.41; H, 5.99; N, 8.15.

Ni(4-OMe-salen) (2a). Melting point: 217219°C. EI MS (70
eV) m/z 384, 386 (M). H NMR (250 MHz, CDC}): ¢ 3.35 (s,
4H, CHp), 3.74 (s, 6H, OMe), 6.16 (dd,= 8.7, 2.5 Hz, 2H, Ph), 6.51
(d,J=2.4Hz, 2H, Ph), 6.91 (dl = 8.7, 2H, Ph), 7.29 (s, 2H, CHN).
Anal. Calcd for GgH1gNo>OsNi: C, 56.15; H, 4.71; N, 7.27. Found:
C, 55.82; H, 4.50; N, 6.93.

H(salophen) (3). Melting point: 164-165 °C. H NMR (250
MHz, DMSO-dg): 6 6.9—7.0 (m, 4H, Ph), 7.37.6 (m, 8H, Ph), 8.85
(s, 2H, CH=N), 13.02 (br, s, 2H, OH). Anal. Calcd for,g16N2Ox:

C, 75.93; H, 5.10; N, 8.85. Found: C, 75.80; H, 4.99; N, 8.71.

Ni(salophen) (3a). FAB MS (3NBA) m/z 373 (MH"). H NMR
(250 MHz, DMSO¢g): 6 6.67 (t,J = 7.3 Hz, 2H, Ph), 6.88 (d] =
8.5 Hz, 2H, Ph), 7.33 (m, 4H, Ph), 7.60 @= 8.0 Hz, 2H, Ph), 8.15
(dd,J = 6.2, 3.0 Hz, 2H, Ph), 8.90 (s, 2H, G¥N). Anal. Calcd for
CooH14N2O:Ni: C, 64.39; H, 3.78; N, 7.51. Found: C, 64.01; H, 3.70;
N, 7.32.

H2(4-OMe-salophen) (4). Melting point: 167-168°C. 'H NMR
(250 MHz, CDC}): ¢ 3.83 (s, 6H, OMe), 6.456.55 (m, 4H, Ph),
7.22-7.32 (m, 6H, Ph), 8.54 (s, 2H, G#N), 13.62 (s, 2H, OH). Anal.
Calcd for GoH20N204: C, 70.20; H, 5.35; N, 7.44. Found: C, 69.89;
H, 5.31; N, 7.15.

Ni(4-OMe-salophen) (4a). FAB MS (3NBA) m/z 433 (MH"). H
NMR (250 MHz, CDC}): 6 3.80 (s, 6H, OMe), 6.32 (dd] = 8.89,
2.43 Hz, 2H, Ph), 7.157.22 (m, 4H, Ph), 7.65 (dd] = 7.65, 3.33,
Hz, 2H, Ph), 8.09 (s, 2H, CHN). Anal. Calcd for GH1gN2O4: C,
61.01; H, 4.19; N, 6.47. Found: C, 60.69; H, 3.98; N, 6.18.

H(sal-3-NO,-ophen) (5). Melting point: 156-158°C. *H NMR
(250 MHz, DMSO#dg): ¢ 6.72 (t,J = 8.10 Hz, 2H, Ph), 7.0 (m, 3H,
Ph), 7.4-7.5 (m, 3H, Ph), 7.88.0 (m, 3H, Ph), 8.91 (s, 2H, CFN),
11.75 (br, s, 2H, OH). Anal. Calcd for84:sN3O4: C, 66.48; H,
4.18; N, 11.63. Found: C, 66.01; H, 3.98; N, 11.20.

Ni(sal-3-NO,-ophen) (5a). FAB MS (3NBA) m/z 418 (MH*). H
NMR (250 MHz, DMSO#g): 6 6.32 (t,J = 7.5 Hz, 2H, Ph), 6.69 (t,
J=17.5Hz, 1H, Ph), 6.82 (d] = 8.1 Hz, 2H, Ph), 7.38 (m, 2H, Ph),
7.59 (d,J = 7.5 Hz, 1H, Ph), 7.72 (d] = 8.3 Hz, 2H, Ph), 7.92 (d]
=7.1Hz, 1H, Ph), 8.31 (s, 2H, GFN). Anal. Calcd for GoH13NzO4-

Ni: C, 57.46; H, 3.13; N, 10.05. Found: C, 56.9; H, 3.26; N, 9.82.

H2(4-OMe-sal-3-NQ-ophen) (6). Melting point: 176-178°C. H
NMR (250 MHz, DMSOds): 6 3.81 (s, 6H, OMe), 6.566.75 (m,
5H, Ph), 7.36 (ddJ = 7.45, 1.37 Hz, 1H, Ph), 7.72 (d,= 8.62 Hz,
2H, Ph), 7.91 (ddJ = 8.71, 1.36 Hz, 1H, Ph), 8.78 (s, 2H, EtN),
12.22 (br, s, 2H, OH). Anal. Calcd for,@&H19N3OgNi: C, 62.70; H,
4.54; N, 9.97. Found: C, 62.40; H, 4.32; N, 9.61.

Di Bella et al.

Ni(4-OMe-sal-3-NO,-ophen) (6a). EI MS (70 eV)m/z 477, 479
(M*).2H NMR (250 MHz, DMSOdg) 6 3.75 (s, 6H, OMe), 6.26.4
(m, 5H, Ph), 7.45 (dJ = 8.6 Hz, 1H, Ph), 7.64 (d] = 8.6 Hz, 2H,
Ph), 7.80 (dJ = 7.3 Hz, 1H, Ph), 8.32 (s, 2H, GN). Anal. Calcd
for C22H17N305Ni: C, 5526, H, 358, N, 8.79. Found: C, 549, H,
3.48; N, 8.48.

Physical Measurements. Elemental analyses were performed on
a Carlo Erba 1106 elemental analyzer. El and FAB mass spectra were
recorded on a Kratos MS 50 double-focusing mass spectrometer
equipped with a standard FAB source. FAB MS spectra were obtained
by using 3-nitrobenzyl alcohol (3NBA) as the matri% NMR spectra
were recorded on a Bruker AC-250 spectrometer. Thermal measure-
ments 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 samples was 20 mg for thermogravimetric analysis
(TGA), and 4-8 mg for differential scanning calorimetry (DSC).
Thermal analyses were made under prepurified nitrogen using a 10
°C/min heating rate. Thermal stabilities were estimated by combined
DSC and TG analyses. The intercept of the leading edge of the
decomposition endotherm with the base line of each DSC scan was
assigned as the decomposition temperatig.}{ At this Tq, the
corresponding weight loss in each thermogram was always less than
2%.

Spectroscopy. UV —vis spectra were recorded with a Beckman DU
650 spectrophotometer, aiglax values are considered accuratettb
nm. Optical absorption spectra of complextes-4a in chloroform
solution, recorded in the & 103to 2 x 107® M range, followed the
Lambert-Beer law, thus indicating that the complexes were monomeric
in solution.

The dipole moment variation between the ground and the excited
state,Auge, Was determined from the solvatochromism of the relevant
absorption band by means of the LippeMataga equatioli where

D-1 nP—-1
ref2r3-1]

ver is the frequency (cmt) of the optical transition in a particular
solvent,D andn are the dielectric constant and refractive index of the
solvent, respectively. The intercepty,, is the frequency of the
transition in the gas phase, a@ = 2ugAug/hca’; whereuq is the
ground-state dipole momert, and c are Planck’s constant and the
speed of light, respectively is the Onsager radius, anfge is the
dipole moment change. The const@atvas determined from the least-
squares fit of eq 4 to the absorption maxima of the CT band in 13
different solvents. Auge was calculated fronC, with the measured
value of the ground-state dipole moment and a value of the Onsager
radius (6.0 A and 6.5 A fofla and 3a, respectively) estimated from
the solute molar volum&

EFISH Measurements. Second-order molecular hyper-
polarizability analyses were performed using a Q-switched mode-locked
Nd:YAG laser operating at 1.34m (hw = 0.92 eV) by the electric
field-induced second-harmonic-generation metifo@he 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) or acetone (for compleaesd6a)
at various concentrations, between %102 and 5x 104 M, and
the solutions were placed in the wedge-shaped measurement cell. A
high voltage pulse (around 5 kV), synchronized with the laser pulse,
breaks the centrosymmetry of the liquid by dipolar orientation of the
molecules. Translation of this cell perpendicular to the beam direction
modulates the second-harmonic signal into Maker fringes. The
amplitude and periodicity of the fringing pattern are related to the
macroscopic susceptibility;(x), of the solution and to the coherence
length,l(x). Calibrations were made with respect to the pure solvent.
T'(x) is related to the microscopic hyperpolarizability of the solvent,
ys and of the dissolved moleculgy, by

2
-1

v,.=v3_+C n
cr CT 12n2+1

)

(28) Olszewski, E. J.; Martin, D. R. Inorg. Nucl. Chem1964 26,
1577.

(29) Mataga, N.; Kubota, TMolecular Interactions and Electronic
Spectra;Marcel Dekker: New Work, 1970; p 371.
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Nfo (7s Ym interaction (CIS) approximation was employed to describe the excited
I'(x) = 1+ x\M. + XM_ () states. In all calculations, the lowest 160 energy transitions between
s m SCF and CIS electronic configurations were chosen to undergo Cl
) . . . mixing and were included in the SOS. This SOS truncation was found
wherep is the density of the solvenly is Avogrado’s numberf is an to be sufficient for complete convergence of the second-order response
averaged local field factor, arlds andMn, are the molecular masses i, g cases considered. All calculations were performed using the
of the solvent and of the solute, respectivelyn, is given by ZINDO prograni®® implemented on an IBM ES/9000 system.
Metrical parameters used for the calculations were taken from related
_ ﬂg'ﬂﬂ crystal structure dati:*® Standard bond distances and bond angles
Ym= Ve 5kT ) were adopted for doneracceptor substituentd. A synconformation
of methoxy groups with respect thes£-OMe bonds was adopted for
wherey. is the scalar part of the third-order hyperpolarizabilitythe substituted 4-OM@a, 4a, and6acomplexes? This conformation was
ground-state dipole moment, apd = By + By + Pyzz = Pyyy for found always to be more stable than i one. Calculations were

one-dimensional charge-transfer molecule. In this work, we have Performed assuming @, planar (pseudo-planar fdra and2a; local
neglected the smafte contribution. The sign off, was determined ~ Cz for asymmetrically 3-N@ substituted complexe$a and 6a)

by studying the variation oF(x) as a function ok. If 8, is negative, geometry. In the case of free ligan@is6, no attempts to perform a

T first decreases when increasimgand then cancels out when the ~ complete conformational analysis were made, thus no calculated
contribution from the solvent is exactly compensated by that of the SPectroscopic and NLO data were reported, except those for unsubsti-
dissolved NLO molecule. ThE(x) value then increases because itis futéd 1 and 3 species, for which the crystallographic structure was
dominated by the contribution of the solute. Further details of the assumed:*?
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