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Three copper complexes have been synthesized in methanol/DMF solution at room temperature. The
compounds show very strong NLO absorption properties
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Three copper complexes, [Cuy(Hsa),(pipe)]-2DMF (1), [Cu(Hsa)(MEA)], (2), and {[Cuy(Hsa),-
(DMF)](DMF)},, (3) (pipe = piperazine; MEA = methenamine, Hsa = (2-hydroxybenzylidene)-2-
phenoxyacetohydrazide), have been synthesized in methanol/DMF solution at room temperature and
structurally characterized by single-crystal X-ray diffraction. In 1, the copper(Il) complexes are
bridged by pipe ligands to form binuclear clusters. In 2, the MEA ligands link copper(Il) complexes
to result in an infinite chain structure. Compound 3 contains tetranuclear clusters, which are bridged
by Hsa to give an infinite chain structure. Third-order nonlinear optical (NLO) properties of the
compounds were determined by Z-scan technique in DMF solution. All three compounds show very
strong NLO absorption properties with absorptive coefficients AMKS), 1.71 x 107" m W' for 1,
139x 107 m W for 2, and 9.30 x 10 "' m W ! for 3, respectively. The NLO refractive index
value y(MKS) of 3 is 5.97 x 10™"¥ m®> W~'. Compound 3 shows strong self-focusing behavior.

Keywords: Third-order nonlinear optics; Copper; Schiff base; Crystal structure; Z-scan

1. Introduction

The chemistry of transition metal complexes based on Schiff bases continues to be an active
research field due to their potential applications in catalysis, electronics, and magnetism
[1-6]. In pursuing various complexes with desired structures and properties, many types of
Schiff bases have been synthesized and widely employed to construct complexes [7-17].
The tridentate ligand salicylaldehyde and its derivatives are especially interesting. These
ligands coordinate metal centers through phenoxy oxygen, imine nitrogen, and deprotonated
enolimine oxygen, and the complexes show interesting catalysis and magnetism. In Ni
derivatives, salicylaldehyde ligands are tridentate to form mononuclear compounds, and
these compounds are active catalysts in epoxidations of cis-stilbene, styrene, cyclohexene,
and trans-4-octene by NaOCI under phase-transfer conditions [16]. In Cu derivatives, these
compounds possess magnetic interactions covering a broad range, from antiferromagnetism
to ferromagnetism [18]. Very recently, some copper(Il) Schiff base compounds show excel-
lent biological activity [7-9]. There has been interest in materials with nonlinear optical
(NLO) properties due to their possible applications in optical switching, optical data pro-
cessing, and optical-phase conjugation. Much of the work in this area has involved inor-
ganic semiconductors, conjugated polymers, and organometallic compounds [19, 20].
Previous studies on Mo(W)/Cu/S clusters showed that these compounds have strong NLO
absorption [21-24]. The values are 107" m W' in ~10™* M dm > solution. Several groups
have reported NLO properties of metal Schiff base compounds, but their work has focused
on second-order NLO properties of those compounds [25-27]. It is very interesting to
explore the third-order NLO properties of transition metal Schiff base complexes. In this
article, we synthesized a salicylaldehyde phenoxyacetohydrazone ligand (Hsa), and three
new copper complexes were obtained in the presence of secondary ligands, including piper-
azine and methenamine, [Cu,(Hsa),(pipe)]-:2DMF (1), [Cu(Hsa)(MEA)], (2), and {[Cu4(H-
sa)4(DMF)](DMF)}, (3) (pipe = piperazine; MEA = methenamine, Hsa = (2-
hydroxybenzylidene)-2-phenoxyacetohydrazide). The third-order NLO refraction and
absorption of these compounds were obtained by standard Z-scan method. The third-order
NLO absorptive coefficients SA(MKS) are 1.71 x 10 m W' for 1, 1.39 x 10 " m W™
for 2, and 9.30 x 10" m W' for 3, respectively. The NLO refractive index value y(MKS)
of 3 is 5.97 x 107"® m*> W', These values are comparable to those of Mo/S/M (M = Cu,
Ag) clusters and better than those of organometallic compounds, semiconductors, and
fullerene [25-27].
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2. Experimental

2.1. General

All materials were commercially available and used as received. Elemental analyses were
carried out with an Elementar Vario EL III instrument. FTIR spectra were recorded from
400 to 4000 cm™' on a Nicolet Magna 750 FTIR spectrometer with KBr pellets.

2.2. Synthesis of [Cu,(Hsa),(pipe)]-2DMF (1)

A mixture of Cu(CH3COO),-4H,O (0.3 mM, 0.075 g), Hsa (0.3 mM, 0.080 g), and pipe
(0.6 mM, 0.06 g) in methanol and DMF (20 mL, V:V = 10 :2) was stirred for 1 h and then
was filtered. After slow evaporation of the mother liquor for several days, green block-like
crystals suitable for X-ray diffraction were collected by hand and dried in air at ambient
temperature [yield: 76% based on Cu]. [Cu,y(Hsa),(pipe)]-2DMF 1. Elemental Anal. Calcd
for 1 (%): C, 53.62; N, 12.51; H, 5.40. Found: C, 53.63; N, 12.55; H, 5.37. IR(KBr, cmfl):
3423(m), 3249(m), 3041(w), 1668(s), 1616(s), 1600(s), 1535(m), 1494(m), 1448(m), 1384
(m), 1344(m), 1203(w), 1149(m), 1089(w), 1062(w), 908(w), 754(w), 690(w), 657(m).

2.3. Synthesis of [Cu(Hsa)(MEA)], (2) and {{Cu(Hsa) (DMF)](DMF)},, (3)

The syntheses of 2 and 3 were similar to the above description for 1 except that pipe
ligands were replaced by MEA for 2. [Cu(Hsa)(MEA)], 2, yield: 51% based on Cu. Ele-
mental Anal. Calcd for 2 (%): C, 53.67; N, 17.88; H, 4.72. Found: C, 53.64; N, 17.83; H,
4.69. IR(KBr, cm™'): 3455(m), 3243(m), 2944(s), 1610(s), 1542(s), 1496(s), 1448(s), 1340
(s), 1297(m), 1251(m), 1234(m), 1189(m, 1151(w), 1052(m), 1027(m), 910(s), 860(w), 906
(m), 825(s), 781(w), 748(w), 676(w). {[Cuy(Hsa),DMF](DMF)}, 3, yield: 87% based on
Cu. Elemental Anal. Calcd for 3 (%): C, 53.80; N, 9.51; H, 4.24. Found: C, 5376; N, 9.48;

Table 1.  Crystallographic data for 1-3.

1 2 3
Formula C40H48N803CU2 C21H22N603CU1 C55H62N10014CU4
M, 859.94 469.99 1473.42
T(K) 298 298 293
Crystal system Triclinic Monoclinic Triclinic
Space group P-1 p21/C P-1
a(A) 10.0519(11) 11.1786(8) 14.1938(8)
b(A) 10.6162(12) 18.2807(13) 15.3033(8)
c(A) 11.1396(12) 10.1395(7) 17.2213(9)
a (°) 66.865(2) 90.00 108.1420(10)
£ 76.027(2) 98.6410(10) 104.8420(10)
7 (°) 81.850(2) 90.00 103.2210(10)
V(A% 1059.3(2) 2048.5(3) 3236.6(3)
4 1 4 2
Dcateq (g/cm®) 1.404 1.524 1.512
F(0O00) 466 972 1512
Reflections collected 13,355 13,331 40,910
Goodness-of-fit on F2 0.998 1.032 1.010
R\[I>20(])] 0.0582 0.0344 0.0465
WRy[I>20(1)] 0.1715 0.0956 0.1222

Peak/hole (e A7) 1.288/—1.053 0.744/-0.251 0.627/-0.514
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Table 2.  Selected bond lengths (A) and angles (°) for 1-3.

Compound 1

Cu(1)-0O(1) 1.891(3) Cu(1)-N(1) 1.918(3) Cu(1)-0(2) 1.942(3)
Cu(1)-N(@3) 2.003(3)

O(1)-Cu(1)-N(1) 93.26(1) O(1)-Cu(1)-0(2) 172.51(1) N(1)-Cu(1)-N(3) 172.91(1)
N(1)-Cu(1)-0(2) 81.68(1) O(1)-Cu(1)-N(3) 93.61(1) O(2)-Cu(1)-N(3) 91.65(1)
Compound 2

Cu(1)-0O(1) 1.8957(1) Cu(1)-N(1) 1.9447(2) Cu(1)-0(3) 1.9466(1)
Cu(1)-N(5)a 2.4245(2) Cu(1)-N(3) 2.0879(2)

O(1)-Cu(1)-N(1) 93.57(7) N(1)—Cu(1)-0(3) 80.90(7) O(1)-Cu(1)-0(3) 173.28(7)
O(1)-Cu(1)-N(3) 89.72(6) N(1)-Cu(1)-N(3) 153.22(7) O(3)-Cu(1)-N(3) 93.52(6)
O(1)-Cu(1)-N(5)a 94.03(7) N(1)-Cu(1)-N(5)a 101.82(7) O(3)-Cu(1)-N(5)a 90.86(6)
Compound 3

Cu(1)-0(1) 1.890(3) Cu(1)-N(1) 1.929(3) Cu(1)-N(4) 1.989(3)
Cu(1)-0(2) 1.995(3) Cu(1)-0(6) 2.418(3) Cu(2)-0(4) 1.904(3)
Cu(2)-N(@3) 1.927(3) Cu(2)-0(5) 1.981(3) Cu(2)-N(6) 2.013(3)
Cu(3)-0(7) 1.900(3) Cu(3)-N(5) 1.935(3) Cu(3)-0(8) 1.958(3)
Cu(3)-N(8) 1.988(3) Cu(4)-0O(1) 1.882(3) Cu(4)-N(7) 1.925(3)
Cu(4)-O(11) 1.945(3) Cu(4)-N(2)b 1.990(3) O(1)-Cu(1)-0(6) 96.29(1)
O(1)-Cu(1)-N(1) 92.68(1) O(1)-Cu(1)-N(4) 92.02(1) N(1)-Cu(1)-0(6) 114.31(1)
N(1)-Cu(1)-N(4) 171.53(1) N(1)-Cu(1)-0(2) 80.38(1) N(4)-Cu(1)-0(6) 72.12(1)
O(1)-Cu(1)-0(2) 172.11(1) N(4)-Cu(1)-0(2) 95.34(1) 0O(2)-Cu(1)-0(6) 83.30(1)
O(7)-Cu(3)-0(8) 170.41(1) O(4)—Cu(2)-N(6) 90.48(1) 0O(4)-Cu(2)-N(3) 93.73(1)
N(5)-Cu(3)-0(8) 81.30(1) N(3)-Cu(2)-N(6) 166.21(1) 0(4)-Cu(2)-0(5) 174.38(1)
O(7)-Cu(3)-N(8) 91.07(1) O(5)-Cu(2)-N(6) 95.08(1) 0O(10)-Cu(4)-N(2) 81.17(1)
N(5)-Cu(3)-N(8) 174.72(1) O(7)-Cu(3)-N(5) 93.12(1) O(8)-Cu(3)-N(8) 94.98(1)
N(3)-Cu(2)-0(5) 80.67(1) N(7)-Cu(4)-O(11) 91.97(1) 0O(10)-Cu(4)-N(7) 94.21(1)

Note: Symmetry codes: (a) x ,—y+ 1/2,z+1/2; (b)x+ 1,y + 1, z.

H, 4.22. IR(KBr, cm™"): 3423(m), 3058(w), 2931(w), 1668(s), 1616(s), 1609(s), 1535(s),
1494(s), 1448(s), 1382(m), 1344(m), 1201(m), 1149(s), 1089(m), 1064(m), 908(s), 754(m),
690(w).

2.4. Crystal structure determinations

The X-ray intensity data for the compounds were recorded on a Bruker Smart CCD using
Mo Ko radiation and a graphite monochromator at room temperature. The diffraction data
were integrated using the SAINT program. Semi-empirical absorption corrections were
applied using SADABS. All heavy atoms were found by direct methods with SHELX-97
[28]; other non-hydrogen atoms were found by difference Fourier synthesis. All non-hydro-
gen atoms were refined with anisotropic displacement parameters by full-matrix least-
squares refinement. Hydrogens bound to carbons were placed geometrically and held in the
rigid mode. Further details of the structure analysis are given in table 1. Selected bond
lengths and angles are presented in table 2.

2.5. NLO measurements

The measurements of NLO properties of 1, 2, and 3 were carried out in DMF solution with
a 1-mm quartz cell. The NLO refraction and absorption were obtained by standard Z-scan
method with linearly polarized 7 ns pulses at 532 nm generated from a frequency-doubled
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Q-switched Nd: YAG laser. The spatial profiles of the optical pulses were nearly Gaussian
after passing through a filter. The pulsed laser was focused onto the sample cell with a
30 cm focal length mirror. Incident and transmitted pulsed energies were measured simulta-
neously by two energy detectors (RJP-765 Energy probes, laser precision, Laserprobe
Corp.), which were linked to a computer through an RS232 interface. The sample was
mounted on a translation stage that was controlled by the computer to move along the
z-axis with respect to the focal point. An aperture of 0.5 mm radius was placed in front of
the transmission detector. The transmittance was recorded as a function of the sample
position on the z-axis (closed aperture Z-scan). For measuring the NLO absorption, the
Z-dependent sample transmittance was taken without the aperture (open aperture Z-scan).
In our experiments, we performed a Z-scan on the solvent (DMF) at the pulse energy
focused on our samples, and no obvious NLO phenomenon was observed.

3. Results and discussion

3.1. Crystal structure

Selected bond distances and angles for 1-3 are listed in table 2. Single-crystal X-ray struc-
tural analysis shows that 1 is a binuclear complex, as shown in figure 1(a). The asymmetric
unit of 1 consists of one Hsa ligand, one Cu(Il), a part of pipe, and one DMF. The metal
center is square planar, coordinated with a dinegative tridentate Hsa ligand through the
deprotonated phenolic O1, azomethine N1, and deprotonated enolimide O2, and a pipe
ligand with chair geometry through N3. The bond distances of Cu—O and Cu—N are 1.891
(3) and 2.003(3) A, respectively, which are comparable to those reported in other copper
complexes [17]. The C8-02 and C8-N2 bond distances are 1.288(4) and 1.302(5) A,
respectively, suggesting that Hsa takes the enolate form of the amide functionality. The
N1-C7 bond at 1.287(5) A has a double-bond character. In 1, two square planar copper(Il)
complexes are linked by pipe to result in a dimer. The separation between the symmetry-
related Cu(Il) ions within the dimer thus formed is 6.78(3) A. In comparable structures
[18], the metal complexes are linked by piperazine or 4,4'-bipyridine to generate a dimer.
Interestingly, in these compounds, the shorter linker piperazine, in the chair conformation,
is a good magnetic bridge, but the longer 4,4'-bipyridine does not act as a good magnetic
bridge. In 1, adjacent dimers are assembled into infinite chains via C—H:*-w interaction with
d=3.78 A, as shown in figure 1(b).

As shown in figure 2(a), there are copper(Il), one Hsa, and one MEA in the asymmetric
unit of 2. The copper(Il) adopts a distorted square-pyramidal geometry by coordinating to
one imine-N, amide-O and phenolate-O from Hsa, and two nitrogens from two distinct
MEA ligands. Two oxygens and one imine-N and one nitrogen from MEA constitute the
base of the square pyramid, while N5(x, 0.5 —y, 0.5 + z) occupies the apical position. The
Cu-O and Cu—N bond lengths are comparable to those reported in other copper complexes
[18], but the Cu-N5 distance is 2.4245(2) A, which is much longer than other Cu—N bond
distances. In 2, the copper complexes are bridged by MEA to form an infinite chain along
the ¢ axis, as shown in figure 2(b). The separation between the symmetry-related Cu(Il)
ions within the chain thus formed is 6.14(5) A. Interestingly, if pyridines are employed
instead of MEA, binuclear copper complexes are obtained [29].
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(a)

(b)

Figure 1. (a) ORTEP drawing of 1 with 50% probability displacement ellipsoids. (b) View of the 2-D extended
layers of 1 down the ¢ axis.

As illustrated in figure 3(a), the structure of 3 features an infinite chain. There are four
independent copper(Il) ions in the asymmetric unit. Cul, Cu3, and Cu4 are in square
pyramidal geometry and each is coordinated by one imine-N, amide-O, amide-N, and
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Figure 2. (a) ORTEP drawing of 2 with 50% probability displacement ellipsoids. Symmetry codes: (i) x, 0.5 — y,
—0.5 +z; (i) x, 0.5 — y, 0.5 + z. (b) View of the 1-D chain of 2 along the b axis.

phenolate-O as the base of the square pyramid, and one ether-O occupies the apical position.
Cu2 has a distorted octahedral environment and is coordinated by imine-N, amide-O, amide-
N and phenolate-O as the basal plane, and one ether-O and amide-O from DMF occupy the
apical positions. The Cu—Oy,s, and Cu—N bond distances are comparable to those in 1 and
2 and other copper(Il) complexes [18]. The Cu—O,picar bond length is much longer than
those of Cu—Oy,gq. In 2, there are four unique Hsa ligands. Each Hsa is pentadentate. It
chelates tridentate with a copper(Il) ion through amide-O, amide-N, and phenolate-O, and
bidentate chelates with adjacent copper(Il) ions through imine-N and ether-O. The intercon-
nection of the four copper(Il) ions by four Hsa ligands results in an infinite chain containing
tetranuclear clusters, as shown in figure 3(b). In most cases, salicylaldehyde pheno-
xyacetohydrazone and its derivatives are tridentate to form mononuclear or dinuclear
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Figure 3. (a) ORTEP drawing of 3 with 50% probability displacement ellipsoids. Hydrogens are omitted for
clarity. Symmetry codes: (i) =1 +x, =1 +y, z; (ii) | +x, 1 + y, z. (b) View of the 1-D chain of 3 along the @ axis.

compounds [30, 31]. In comparable structures, the salicylaldehyde acylhydrazones serving
as tetradentate ligands were reported only in the discrete tirnuclear metal complexes of spe-
cial compartmental ligands [6, 32]. The salicylaldehyde acylhydrazone acting as a tetraden-
tate ligand coordinating to two metal ions to form infinite metal organic coordination chains
is scarce, only one example is observed in the literature [12].

3.2. Effect of the secondary ligands

Secondary ligands play a crucial role in determining the molecular structures of 1-3. In this
study, Hsa ligands react with copper(Il) to result in an infinite chain structure containing lin-
ear tetranuclear clusters; when pipe is used in the self-assembly process, binuclear complex
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Figure 4. (a) The NLO absorptive behavior of 1. (b) The NLO absorptive behavior of 2. (¢) The NLO absorptive
behavior of 3. (d) The NLO refractive behavior of 3.

is obtained; if MEA is used instead of pipe, we obtained a 1-D structure complex. Other N-
containing auxiliary ligands such as 2,2'-bipyridine, phenanthroline, 4,4'-bipyridine, and
ethanediamine have been employed in our work, but uncharacterized blue precipitates were
obtained. We also used Cu(NO3), and CuCl, instead of Cu(CH3COQO),, and 1-3 were iso-
lated. The results here reported reveal that the structural diversity of the metal complexes
can be adjusted by the judicious choice of auxiliary ligands.

3.3. NLO properties

The NLO properties of 1-3 are investigated with a 532 nm laser pulse of 7ns in
25%x10°Mdm 2 for 1, 1.9 x 107* M dm> for 2, and 3.0 x 10~* M dm > for 3 in DMF
solution. These compounds show strong NLO absorption and 3 shows strong NLO refrac-
tive properties. The NLO absorption components were evaluated by Z-scan experiment
under an open-aperture configuration. The NLO absorption data can be represented by
equations (1) and (2) [33, 34],

1 o 2
T(z) = m/—m In[1 4 ¢(z)]e* dz )
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1 _ e*O(oL

q(z) = pl(z) ——— )
%o

which describe a third-order NLO process, where T(z) represents the transmittance, defined
as the ratio of the transmitted pulse energy and incident pulse energy. The parameters o, and
p are the linear and nonlinear absorption coefficients, respectively. L is the sample thickness.
1(z) is the incident light irradiance and 7 is pulse length. Figure 4(a—c) depict the NLO absorp-
tive properties of 1-3. It can be seen from figure 4(a—c), the normalized transmittance drops
to about 0.46 for 1, 0.51 for 2, and 0.30 for 3 at the focus, which shows that 1-3 have strong
NLO absorptive effect. The third-order NLO absorptive coefficients S(MKS) are
171 x 107 m W for1,1.39 x 107 m W ! for 2, and 9.30 x 10! m W™ ! for 3, respec-
tively. These values can be comparable to those of cluster compounds [(MoOS;Cuz(SCN)
(Py)s] B=48x10""mW™") [21], [MoCu,0S;(pph);] (B=2.6x10"""m W) [22],
[Et4]3[WOS;5(Cul)z(up-1] B=10x10""mwH [35], [WOS;Cu,(4-BuPy), ],
(B=2.5x10"""m W) [36] and [CsMes),Moy(113-S);SCu, X (u-X)], (X = CI~, Br, SCN")
B=877x10"mwW ", 610x107""m W™ 749 x 107" m W) [37].

The NLO refractive effect of 3 is estimated by dividing the normalized Z-scan data
obtained under the closed-aperture configuration by the normalized Z-scan data obtained
under the open-aperture configuration. An effective third-order nonlinear refractive index
»(MSK) can be derived from the difference between normalized transmittance values at val-
ley and peak positions using equation (3),

ATp_y

7(MKS) = —— =Y 3
YMKS) = G 06kLy 1 ®)

where [ is the peak irradiation intensity at the focus; L is the effective optical path length; 1
is the wavelength of the laser; x is 2a/A. y is the effective third-order nonlinear refractive
index; and ATp.y is the difference between normalized transmittance values at the valley
and peak positions. Figure 4(d) illustrates the NLO refractive properties of 3. The data show
that 3 has a positive sign for the refractive nonlinearity, which gives rise to self-focusing
behavior. ATpy is 0.61. The refractive index y can be calculated to be
5.97 x 107" m?> W', which is comparable to that of [WCu,OS5(PPhs)4] [22].
The third-order NLO susceptibility ¥ values of 1-3 are calculated by equation (4),

3) _ n3cy 2 n3cip 2

= \/(807#) +(160n2> @
where c is the speed of light in a vacuum and ny is the linear refractive index of the sample.
The X(3) values of 1-3 are 3.42 x 107!, 2.78 x 107!, and 1.91 x 107! esu, respectively.
The corresponding modulus of the hyperpolarizability ' can be obtained from |y/| = 4/
(NF"), where N is the number density of a compound and F* = 3 is the local field correction
factor. The |y'| values of 1-3 are 7.6 x 107>°, 8.2 x 107%°, and 3.52 x 10>’ esu. These val-
ues are comparable to those of [(n-Bu)s N]J,[MoOS;(CuSCN);] (v' = 4.8 x 1072 esu) [38],
[WOS;Cuy(PPh3),] (¥ =9x107%° esu) [22] and [Ety N);[WOS;(Cul)(u-I)] (v’
=28 x10"%° esu) [35], and larger than that of Cg [39], but smaller than those of
other cluster compounds. Hou and his co-workers deemed that 1-D chain polymers have
self-defocusing behavior [40], but 3 has a self-focusing effect.
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4. Conclusion

We reported three copper(Il) Schiff base complexes. The secondary ligands play a crucial
role in determining the molecular structures of 1-3. All three compounds show the third-
order NLO absorptive effect. Compound 3 has a positive sign for the refractive nonlinearity
and gives rise to self-focusing behavior. The [y'| values of 1-3 are 7.6 x 1079, 82 x 1077,
and 3.52 x 107 esu, smaller than those of some cluster compounds, but larger than that of
Cso. These complexes will be good candidates for NLO materials.

Supplementary material

Crystallographic data for the structures reported in this article in the form of CIF files have
been deposited with the Cambridge Crystallographic Data Center as supplementary publica-
tion Nos. 1011461, 1011462, and 1011463 for 1-3, respectively. Copy of the data can be
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html or from CCDC,
12 Union Road, Cambridge CB2 IEZ, UK (Fax: +44 1223 336 033; Email: deposit@ccdc.
cam.ac.uk).
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