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ABSTRACT: Interaction of zinc(II) and cadmium(II)
sulfates with pyridine-4-aldoxime (4-pyao) and pyridine-4-
amidoxime (4-pyamo) ligands resulted in four 1D metal−
organic materials (MOMs) with identical composition,
[M(SO4)A2(H2O)2]n, where M = Zn(II), A = 4-pyao for 1,
M = Cd(II), A = 4-pyao for 2, M = Zn(II), A = 4-pyamo for 3,
M = Cd(II), A = 4-pyamo for 4, and mononuclear
[Zn(SO4)(4-pyamo)2(H2O)3] 5. New coordination polymers
represent the mixed-ligand supramolecular isomers different by
the twisting of two pyridine-4-oxime ligands in the metal
coordination environments, and crystallizing in the different space groups. Conformational preferences and nonlinear optical
properties of the 4-pyao and 4-pyamo complexes were investigated using density functional theory. Spectral properties of 1−3
have been also evaluated. The solid-state emission of 1D polymers 1−3 appears to be ligand-based, as the positions of the
emission maxima remain practically unchanged from free ligand to complexes. The enhancement of luminescence and two-
photon absorption in polymers in comparison with the pure ligands is attributed to the chelation of the ligand to the metal
center. The detailed mechanism of this enhancement upon complex formation is analyzed and can be used in future design of
metal−organic nonlinear optical materials.

■ INTRODUCTION

The rational selection of metal centers and organic ligands with
suitable shape, functionality, flexibility, and symmetry plays a key
role in producing metal−organic materials (MOMs) with
desired structures and properties.1−7 The versatile coordination
abilities of Zn(II) and Cd(II) allow a wide variety of architectures
resulting from the self-assembly of these metals with organic
ligands.8−13 Organic bridging ligands, which contain adjustable
flexibility and connectivity information, play crucial role in
construction and structural variations of coordination polymers
(CP).14−16 The phenomenon of supramolecular isomerism (SI)
in MOMs was first generalized by Moulton and Zaworotko in
2001.17 For the past decade it has been disclosed in and enriched
by a series of low- and high-dimensional MOMs. Although the
origin of this phenomenon is not completely understood, and the
generation of supramolecular isomers occurs primarily seren-
dipitously, the interest to this event continues to grow, and some
reports declare the preparation of supramolecular isomers by
design.18−22 Recent examples demonstrate SI in individual
Zn(II) and Cd(II) series,23−27 and although it was suggested that

the similar in electronic d10 configuration but different in the radii
Zn(II) and Cd(II) ions contribute to forming different
coordination networks,8−13 these metals are also capable to
produce from the same starting materials alongside the
isomorphous crystal structures the supramolecular isomers
distinguished either by the conformation of the bridging ligands
or by the crystal packing of the identical coordination arrays.28−30

Nonlinear optical (NLO) properties of MOMs are being
investigated in relation to several technological applications,
including optical communications and upconversion lazing.31

Third order nonlinearities, such as two-photon absorption (2PA)
present special interest, as they are not limited to non-
centrosymmetric structures, unlike second harmonic generation
and other second-order nonlinear optical properties. Several
studies indicated32,33 that 2PA properties are enhanced by metal
coordination in MOMs, when compared to free ligands. The
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mechanism of this enhancement is not well understood.
Supramolecular isomerism provides an excellent opportunity
to investigate the role of ligand organization in the coordination
sphere on 2PA materials design. Ligand assembly in MOM is
more robust and well defined than noncovalent aggregation of
the chromophores, which was shown (both in crystalline phase35

and in aqueous solution36) to result in the coupling of the excited
states of the monomers. In a dimer, this coupling produces
symmetric and antisymmetric combinations, shifted up and
down in energy with respect to the monomeric states. Since
selection rules for 1PA and 2PA absorption differ, the blue shift
on the linear absorption spectra is accompanied by the red shift
on 2PA spectrum and vice versa. These findings were recently
reported by some of us35,36 and independently confirmed.37

Having been targeted at the hybrid polymeric materials with
cumulative properties (luminescence and guest inclusion in our
case), we have demonstrated the efficacy of the oxime/anion/
aromatic amine ‘‘blend’’ approach38,39 and succeeded in
preparation of Zn(II) and Cd(II) mixed-ligand MOMs of
different dimensionalities where the bulky classic dioximes or
pyridine-n-aldoxime (n = 2 for 2-pyao, n = 4 for 4-pyao)
molecules act as auxiliary ligands whose coordination to the
metal centers provides the loosely packed materials with the
voids occupied (or might be potentially occupied) by small
organic molecules.28−30,34,40−43 The very limited crystallo-
graphic data available for MOMs with pyridine-4-oxime ligands
(Scheme 1) reveals the monodentate mode of 4-pyao
coordination to the metal center via pyridine nitrogen.42,45−53

The very recent study documented the 4-pyamo bridging
function that is coordinated to the Ag(I) and Cu(I) metal centers
via both pyridine and oxime nitrogens, giving rise to the one-
dimensional 1D and 2D coordination polymers.54 The sulfate
anion, as a simple tetrahedral oxo-anion, has versatile
coordination modes including monodentate, bidentate bridging,
bidentate chelating, tridentate bridging, and even tetradentate
bridging, thus providing extensions of structures.44 We have
recently demonstrated that the combination of Zn(II) or Cd(II)
sulfates with 2-pyao resulted in a series of MOMs through the
successive substitution of water molecules by sulfate bridges in
the metal coordination environments.43 From the crystal
engineering viewpoint, this gave rise to the hybrid solids of
different dimensionalities, including mono-, binuclear, and 1D
polymeric materials, whose interest for the materials science and
primarily for NLO applications might arise from the acentricity
of the synthetized 1D polymeric materials, [Zn(SO4)(2-
pya)(H2O)2]n and [Cd(SO4)(2-pya)(H2O)]n, with the less
amount of water in favor of sulfate anions in the metal
coordination cores. Keeping that in mind, we have performed
the reactions of zinc and cadmium sulfates with 4-pyao and 4-
pyamo ligands (Scheme 1) and produced five new MOMs
including four 1D CPs with similar compositions, [Zn(SO4)(4-
pyao)2(H2O)2]n 1, [Cd(SO4)(4-pyao)2(H2O)2]n 2, [Zn(SO4)-
(4-pyamo)2(H2O)2]n 3, and [Cd(SO4)(4-pyamo)2(H2O)2]n 4,
and mononuclear [Zn(SO4)(4-pyamo)2(H2O)3] 5. Herein we

present the structures, luminescence, and predicted NLO
properties for these new crystalline solids.

■ EXPERIMENTAL AND COMPUTATIONAL DETAILS

Starting Materials and General procedures. Full
synthetic and characterization details are provided in the
Supporting Information. All starting materials and solvents
were used without further purification.

X-ray Diffraction Studies.Diffractionmeasurements for 1−
5 were carried out at room temperature on a Xcalibur “Oxford
Diffraction” diffractometer equipped with CCD area detector
and a graphite monochromator utilizingMoKα radiation at room
temperature. Final unit cell dimensions were obtained and
refined on an entire data set. Lorentz and polarization corrections
were applied for diffracted reflections. In addition, the data were
corrected for empirical absorption using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm. All
calculations to solve the structures and to refine the models were
carried out with the programs SHELXS97 and SHELXL97.55

The C-bound H-atoms were placed in calculated positions and
were treated using a riding model approximation with Uiso(H) =
1.2Ueq(C), while the O-bound H-atoms were found from
differential Fourier maps at intermediate stages of the refinement
and their positions were constrained using the AFIX 83
instruction in SHELXL for oxime groups and DFIX instruction
for water molecules. These hydrogen atoms were refined with
isotropic displacement parameter Uiso(H) = 1.5Ueq(O). Figures
1 and 2 were produced using MERCURY.56

Computational Methods. In order to rationalize the
conformational differences between Zn and Cd complexes in
position of the oxime ligands, the density functional theory
calculations were performed using Gaussian 09.57We studied the
monomer complex units for compounds 1−5 using the
polarizable continuum model with dielectric constant of 2 in
order to simulate the crystalline environment, and M05-QX
exchange-correlation functional (formerly known as M05-11/
4X),58 obtained by interpolation between M05 and M05-2X
functionals59 and including 35% of the exact exchange. We used
SDD Stuttgart effective core potentials for the metal atoms60 and
D95 basis set for the other atoms.61

Prediction of the linear absorption spectra using linear
response time dependent density functional theory62 (TD-
DFT) nowadays is routine.63−65Optimization and the minimum
energy passway search on the excited state potential surface made
it possible recently to predict emission66,67 (including dual
emission43,68,69) and photochemical reaction70−74 processes. In
order to predict 2PA cross section profiles, we employed a
posteriori Tamm-Dancoff approximation75 (ATDA) to second
order coupled electronic oscillator formalism,76,77 applied at the
TD-DFT78 level. In this approximation, the excitation energies
ω0X and transition densities ξX between the ground and excited
states are obtained as solutions to the habitual linear response
TD-DFT equations. Therefore, transition dipoles are calculated
as a convolution of the dipole moment operator μwith respective
transition densities

μ μ μξ= | | =X Tr0 ( )
X X0 (1)

Here, the ground state is denoted by |0⟩, whereas 1PA and 2PA
excited states are labeled by |X⟩ and |Y⟩, respectively. At the same
time, Tamm-Dancoff formulas are used to predict state-to-state
transition dipoles μXY and differences between the permanent
and ground state dipole moments (μXX = μX − μ0) as

Scheme 1. Ligands Used in This Study: (a) Pyridine-4-
aldoxime (4-pyao); (b) Pyridine-4-amidoxime (4-pyamo)
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μ μ μ ρ ξ ξ= | | = − *X Y Tr I( ( 2 ) )
XY X Y (2)

μ μ μ ρ ξ ξ= | | = − *X X Tr I( ( 2 ) )
XX X X (3)

since they are not available in linear response TD-DFT. Here, I is
the identity matrix and ρ is the ground state density matrix. Both
permanent79 and state-to-state transition dipoles75 calculated
this way were validated previously by comparison with the high
theory level coupled cluster results. These values are then used in
the Sum over States (SOS) expression80 to predict the two-
photon transition matrix elements
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where α and β run over x, y, and z spatial directions. The factor
(ω0X − ω0Y/2) is called the detuning between the 1PA state and
the virtual state (midway in energy between the ground and the
2PA state), and ΓX0 is the damping constant. The orientationally
averaged 2PA cross section for linearly polarized beam is then
computed by substituting the transition matrix components (eq
4) into the formula
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Hereω =ω0Y/2 and gY(2ω) is the Lorentzian line shape function
given by
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The line width ΓY0 accounts for the experimentally observed
homogeneous and inhomogeneous broadening and is usually
taken as an empirical constant (0.1 eV in our calculations). The
specific choice of the damping constant ΓX0 and the Lorentzian
line shape function was suggested in both experimental81 and
computational82 studies. The proper choice of this parameter
should reproduce experimentally observed linewidths. However,
even without variation of this empirical parameter, the ATDA
method was benchmarked favorably in comparison with
experimental 2PA profiles and predictions by other methods83

and successfully used to predict 2PA profiles accurately for a wide
range of NLO chromophores.54,68,72,73,84−90 We implemented
ATDA method in the local version of Gaussian 09 code.

■ RESULTS AND DISCUSSION

The MOMs 1−5 were obtained in the identical synthetic
conditions (see Supporting Information) by mixing the warm

Figure 1. Coordination surroundings of metal ions in 1−5 with the partial atom labeling: (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5.
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solutions of the corresponding starting sulfate salts, and the
corresponding pyridine-4-aldoxime. The final crystalline solids
were precipitated from the slowly cooled solutions. In the IR
spectra of the complexes, the presence of sulfate anions is

documented by the strong intensity bands at 1130−1057 cm−1,
while the characteristic band of coordinated water molecule is
observed at ∼3377−3324 cm−1. The presence of NH2-groups in
3−5 is documented by the bands at 3463−3456 cm−1. The bands

Figure 2. Top and side projections of polymeric chains in 1 (a, b), 2 (c, d), 3 (e, f), and 4 (g, h). The shortest separations between the overlapping
aromatic moieties are indicated.
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characteristic for oxime groups were registered at 1658−1640,
1239−1229, and 993−980 cm−1. The peaks at∼1671 and 1517−
1504 cm−1 can be attributed to the vibrations of the aromatic
ring, and the band at 1427−1420 cm−1 corresponds to the CN
stretching vibrations of the pyridine ring. Also, in all complexes,
the bands at 1427−1420 cm−1 are assigned to the δ(C−H)
deformation vibrations.
Themain crystallographic parameters for 1−5 are summarized

in Table 1 (the details of coordination geometry for 1−5 is given
in the Supporting Information). The elemental analysis and
single crystal X-ray investigation revealed the similar composi-
tions for 1−4, with two sulfate anions, two oxime, and two water
molecules coordinated to the metal centers, that allowed
considering the obtained materials as supramolecular isomers.17

The metal coordination surroundings in 1−5 are shown in
Figure 1. The new materials are obtained by successive
substitution of water molecules coordinated to the metal center
by oxime ligands and sulfate anions, as it is evident from
comparison the compositions of polymeric 1−4 and mono-
nuclear 5. In all structures, the metal atoms adjust the similar
N2O4 distorted octahedral coordination cores composed of two
neutral oxime, and two water molecules, and two bidentate-
bridging sulfate anions in 1−4 (Figure 1a−d), and two oxime,
three water molecules, and onemonodentate-coordinated sulfate
anion in 5 (Figure 1e). Two oxime molecules occupy axial
positions being coordinated via pyridine nitrogen, Zn−N and
Cd−N distances being in the ranges 2.097(2)−2.168(4) and
2.301(7)−2.304(14) Å. The two sulfate anions and two water
molecules, the similar entities being in cis-arrangement (Table
1S, Supporting Information), occupy the vertices in the
equatorial plane, with Zn−O distances being in the range
2.110(2)−2.173(4) Å in 1, 3, and 5, and Cd−O distances being
in the range 2.276(13)−2.378(14) Å in 2 and 4. The additional
stabilization of the equatorial environment is provided by the
OH···O hydrogen bonds between coordinated water molecules
and sulfate anions (Table 2S, Supporting Information). The
inspection of 1−4 reveals the conformational dissimilarities
around the metal centers manifested in the different arrangement
of two oxime molecules. The two 4-pyao molecules in 1 display
in practically perpendicular planes, with the dihedral angle of

82.26° between their aromatic cores (Figure 1a), while in 2 the
same angle equals to 1.60°, and the molecules display in anti-
conformation with regard to the arrangement of oxime groups
(Figure 1b). An arrangement of 4-pyamo molecules in 3−4 also
exhibits a pronounced difference. Similar to 1, two 4-pyamo
molecules in 3 adjust the twisted arrangement described by the
dihedral angle of 87.97 ° between the aromatic cores (Figure 1c),
while in 4 the same angle is equal to 10.13 °, and the molecules
display in syn-conformation with the regard to the oxime groups,
the same syn-arrangement of 4-pyamo molecules in the
mononuclear 5 is described by the dihedral angle of 17.98 °

(Figure 1d). Thus, in the studied compounds, the two
coordinated oxime molecules “pass” the whole range of possible
conformations, from the syn- to trans-arrangements at the metal
centers.
In order to analyze the differences in conformations between

Zn and Cd complexes, we performed the potential surface scan at
M05-QX/SDD theory level. A model complexes 6m and 7m
were built, where octahedral coordination around Zn (6m) or Cd
(7m) was saturated by four water molecules in the equatorial
plane, while two axial positions were occupied by two 4-pyao
molecules. The torsion angles between the pyridine rings were
fixed at values between 0.0° and 180.0°, with 10° step size. All
other degrees of freedomwere optimized. The resulting potential
curves were found to have minima at nearly perpendicular
conformations in 6m, and at coplanar conformations for 7m. The
rotation barrier in both cases was found to be close to 1.4 kcal/
mol. This difference was attributed to the lower energy level of
the Cd 4d-orbitals, which allow them to participate more
effectively in the conjugation with both π-systems of the oxime
ligands. This conformational energy preference is fairly small, but
apparently sufficient to result in different packing modes of
analogous complexes in crystal.
Dissimilarities in the crystal packing of CPs 1−4 primarily

revealed in their crystallization in different space groups, for
example, compounds 1, 3, and 4 crystallize in the centrosym-
metric Pbca, P21/c, and Pnma space groups, while compound 2
crystallizes in the acentric monoclinic P21 space group (Table 1).
The structure extensions through the sulfate bridges generate the
helical chains (Figure 2) with the metal···metal separations of

Table 1. Selected Crystallographic Parameters in 1−5

1 2 3 4 5

formula C12H16N4O8SZn C12H16N4O8SCd C12H18N6O8SZn C12H18N6O8SCd C12H20N6O9SZn

F.W. 441.72 488.75 471.75 518.78 489.77

crystal system orthorhombic monoclinic monoclinic orthorhombic orthorhombic

space group Pbca P21 P21/c Pnma P212121
Z 8 2 4 4 4

a (Å) 9.1328(6) 6.8863(9) 21.2322(6) 9.5591(10) 7.9153(2)

b (Å) 9.0544(5) 10.0489(9) 8.5552(3) 21.864(2) 10.9871(3)

c (Å) 39.490(4) 12.7212(13) 9.4750(3) 8.5122(8) 21.5221(5)

β (deg) 90.0 90.54(1) 94.688(3) 90.0 90.0

V (Å) 3265.5(4) 880.26(17) 1715.34(9) 1779.1(3) 1871.70(8)

Dc (Mg/m3) 1.797 1.844 1.827 1.937 1.738

μ (mm−1) 1.685 1.408 1.613 1.403 1.486

F(000) 1808 488 968 1040 1008

data/restraints/parameters 3021/6/247 2503/7/250 3354/12/277 1582/15/150 2890/15/293

reflections collected 6753 3345 5923 3609 4698

independent reflections 3021 [R(int) = 0.0394] 2503 [R(int) = 0.0400] 3354 [R(int) = 0.0286] 1582 [R(int) = 0.0645] 2890 [R(int) = 0.0223]

GOOF of F2 1.103 1.079 1.023 1.028 1.062

R1, wR2 [I > 2σ(I)] 0.0571, 0.1038 0.0625, 0.1454 0.0366, 0.0859 0.0578, 0.1158 0.0336, 0.0723

R1, wR2 (all data) 0.0782, 0.1124 0.0678, 0.1545 0.0464, 0.0917 0.0876, 0.1293 0.0392, 0.0768
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5.284 Å in 1, 6.005 Å in 2, 5.483 Å in 3, and 5.369 Å in 4. The
organization of chains is rather similar in the centrosymmetric
structures 1, 3, and 4, with the T-shape arrangements of the
oxime molecules at the neighboring metal centers within the
chains, and dissimilar in 2, with the overlapping of practically
parallel neighboring 4-pyao molecules within the chain (Figure
2c, d). This difference is also reflected in the metal···metal
separation of 6.005 Å in 2 being maximal within this series.
The luminescence for the 1D polymers 1−3, and the 4-pyao

and 4-pyamo ligands was studied in the solid state upon
excitation at 355 nm (Figure 3). Similar to the recently reported
by us pyridine-2-aldoxime-based polymeric Zn(II) and Cd(II)
sulfates,43 the emission of 1D polymers 1−3 displays apparently
ligand-based, as the positions of emission maxima remain
practically unchanged from free ligands to complexes. The more
detailed inspection of emission curves for 4-pyao ligand and
polymeric material 1 reveals their dual fluorescence in the solid
state (Figure 3b). The Gaussian method was employed for
spectrum resolution herein,91,92 and the shapes of the emission
curves indicate superposition of at least two bands with peaks at
2.90 eV (420 nm) and 2.16 eV (575 nm). Similar to our previous
results, these emissions might be assigned to the S1 and S2 lowest
excited states of the ligand, with first one being of the π−π* type
(with respect to the 4-pyaomolecular plane), and the second one
of n−π* type connected with the electron removal from the lone
pair of the pyridine N atom. Since both states are assigned to the
4-pyao ligand, the nature of the metal atom does not affect the
wavelengths of this dual fluorescence, in agreement with the
experimental data (Figure 3a). The enhancement of lumines-
cence in polymers in comparison with the pure ligands may be
attributed to the chelation of the ligand to the metal center. This
enhances the rigidity of the ligand and thus reduces the loss of
energy through a radiationless pathway.93

The pyridine-4-aldoxime was recently used as a component of
the mixed crystal with efficient second harmonic generation
NLO property.94 Since some of the crystals reported in this
contribution belong to the centrosymmetric space groups, the
second order nonlinearities vanish in crystals 1, 3, and 4 but can
be observed in crystals 2 and 5 that belong to the acentric space

groups (P21 and P212121). However, the optical nonlinearity of
all the crystals studied may reveal itself in the third order of
external field, such as the two photon absorption. Simultaneous
absorption of two photons have important technological
implications such as optical power limiting,73 up-conversion
lasing,95 and chemical and biological sensing.96,84However, 2PA
process has a relatively low probability, and molecular design,
leading to enhancement of 2PA cross sections attracting
considerable interest. Recently, Cd-,33 Zn-,97,98 Ru-,99 and Pt-
based100 MOMs had been reported. One may therefore raise a
reasonable question on whether crystals 1−5may be found to be
efficient two-photon absorbing materials.
Here, we used the structure of the crystals 1−5 in order to

answer this question, and, perhaps, more importantly, to
formulate the principles of MOM optimization for the purposes
of enhancing their nonlinear optical properties. Before we
present our estimates for the crystals 1−5, one has to note that
experimental investigation of 2PA spectra presents considerable
challenge.101 For that reason, such investigation extends beyond
the scope of present work. Also, one has to be careful when
selecting the representative fragment of the crystal for the
purposes of 2PA spectra prediction, as crystalline environment
may affect the NLO properties. Some of us investigated the effect
of the environment both experimentally35 and theoreti-
cally102,103 and found that stacking interactions of the conjugated
π-systems, leading to H-aggregation36 in the solid state, affect the
optical properties to a much greater degree than the herringbone
(T-shaped) interactions of the phenyl rings. Among the
structures reported in this work, the largest stacking overlap is
found in crystal 5. Comparison of 2PA cross sections for the
monomeric complex and their stacking dimer found in the
crystals of 5 demonstrates insignificant shifts in both pick
position and this height. For this reason, we only report 2PA
results for the monomeric complexes in crystals 1−5 in Table 2.
As one can see from the Table 2, two-photon absorption cross

sections of the complexes 1m−5m is in the range of 18−25 GM,
similar to that of green fluorescent protein chromophore.104

These values present considerable enhancement compared to
2PA cross sections of the 4-pyao and 4-pyamo ligands (3 and 6

Figure 3. (a) Emission spectra for 1−3 and pure 4-pyao and 4-pyamo ligands. (b) Deconvolution of emission bands for 4-pyao ligand and coordination
polymer 1.
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GM, respectively). Comparison with the model complexes
shows that if one of the two organic ligands is substituted with the
water molecule, 2PA efficiency is reduced by half, and still
exceeds the 2PA cross section of the isolated ligand by 2−3-fold.
In order to further investigate the origin of this enhancement, we
analyzed 4-pyamo in greater details. The HOMO−LUMO
transition in this molecule corresponds to the singlet excited state
with large oscillator strength and 2PA cross section. According to
two-state model for the polar chromophores, this cross section is
proportional to the squared change of the permanent dipole
moment upon excitation and squared transition dipole moment
to the ground state. These permanent and transition dipole
moments are also listed in Table 2. After Zn(II) coordination, the
LUMO remains localized on the ligand, but it is somewhat
destabilized and polarized toward the metal, so that the dipole
moment change upon excitation is increased from 2.3 and 2.9 D.
As the result, the resonant 2PA cross section of this state nearly
doubles. Addition of the second ligand in orthogonal
conformation and formation of the complex 3m results in
appearance of another, nearly degenerate state, localized on this
added ligand, with a similar 2PA cross section. The two peaks
overlap on 2PA spectrum and increase the resulting cross section

by ∼50%. The situation is somewhat different for the complex
4m, however. Here the essential states, localized on two ligands,
mix. Resulting symmetric combination has high oscillator
strength and is somewhat stabilized. Antisymmetric combina-
tion, on the other hand, has zero oscillator strength and is slightly
destabilized in energy (J-aggregate type state coupling).
According to the three-state model for symmetric chromo-
phores, 2PA cross section for this state is proportional to the
squared product of two transition dipole moments: one between
ground to intermediate 1PA state, and another one is 1PA to the
final 2PA state. Resulting 2PA cross section of antisymmetric
combination more than doubles compared to the initial ligand-
localized states.
In order to test sensitivity of out 2PA predictions to the

exchange-correlation functional used, we report the results
obtained with widely used functionals B3LYP and CAM-B3LYP
in Table 2 as well. The functionals contain 20% and up to 60% of
the Hartree−Fock exchange, respectively, as compared to 35% of
Hartree−Fock exchange in M05-QX. One can see that B3LYP
and CAM-B3LYP shift the 2PA resonance almost uniformly (by
∼10 nm) to the longer and shorter wavelengths, respectively.
The 2PA cross sections are also increased or decreased by∼25%,

Table 2. Properties of the Monomer Complexes 1m−5m, Free Ligands 4-Pyao and 4-Pyamo, as Well as the Model Complexes
Calculated at TD-DFT Level with Three Exchange-Correlation Functionals: M05-QX, B3LYP, and CAM-B3LYPa

model system σ E λ μ(gf) Δμ(f) μ(gi) μ(if)

M05-QX

4-pyao 3 5.00 248 1.12 0.3 1.72 0.84

4-pyamo 6 4.51 275 1.23 2.28 0.26 0.88

[Zn(4-pyao)(H2O)5] 10 4.82 257 2.15 1.78

[Cd(4-pyao)(H2O) 5] 11 4.88 254 2.14 1.98

[Zn(4-pyamo)(H2O) 5] 12 3.71 334 1.35 2.93

[Cd(4-pyamo)(H2O) 5] 12 3.95 314 1.24 2.98

1m 22 4.87 255

2m 13 4.69 264

16 4.90 253

3m 12 3.75 331

14 3.92 316

4m 26 4.05 306

5m 10 3.99 311

14 4.10 302

B3LYP

1m 27 4.67 266

2m 20 4.47 277

18 4.69 264

3m 9 3.43 362

19 3.60 344

4m 24 3.62 342

5m 12 3.59 346

15 3.69 336

CAM-B3LYP

1m 15 5.04 246

2m 9 4.84 256

11 5.07 245

3m 11 4.21 294

15 4.31 288

4m 21 4.39 282

5m 11 4.33 287

13 4.44 279
aThe 2PA cross sections σ (in GM), excitation energies E (in eV), and absorption wavelengths λ (in nm) are reported. Also shown are the
permanent dipole moments difference between 2PA absorbing (final, f) and ground (g) states, as well as transition dipole moments μ (in atomic
units) from the ground to final, ground to intermediate (i, one photon absorbing) state, and intermediate to final states, respectively.
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and (in the case of two 2PA bands) their intensity is slightly
redistributed. These variations, however, do not change our
quantitative conclusions on the mechanisms of 2PA enhance-
ments upon the complex formation.

■ CONCLUSIONS

Four mixed-ligand 1D coordination polymers, [Zn(SO4)(4-
pyao)2(H2O)2]n 1, [Cd(SO4)(4-pyao)2(H2O)2]n 2, [Zn(SO4)-
(4-pyamo)2(H2O)2]n 3, and [Cd(SO4)(4-pyamo)2(H2O)2]n 4,
and mononuclear complex [Zn(SO4)(4-pyamo)2(H2O)3] 5
have been prepared, and their crystal structure and spectra
were analyzed. The coordination polymers 1−4 represent
supramolecular conformational isomers distinguishing by the
restricting rotation of the neutral 4-pyao/4-pyamo ligands along
the metal centers, and crystallizing in the different space groups.
The four 1D coordination polymers form pairs, identical in
compositions materials, and represent supramolecular isomers
that only differ by the arrangement of two oxime molecules
coordinated to the metal centers. The distinctions in the nature
of the metal makes more pronounced impact on structural
dissimilarities, than substitution effect in oxime ligand.
The complexes are further investigated as potential two-

photon absorbing chromophores. TD-DFT calculations predict
that metal coordination considerably enhances nonlinear optical
response of the conjugated ligands. Detailed analyses of the
electronic structure reveals the mechanism of this enhancement.
Metal coordination polarizes the LUMO, increasing the
permanent dipole moment of the excited state, and its 2PA
cross section. Coplanar coordination of the two ligands in Cd(II)
complex more than doubles the 2PA cross section due to J-
aggregate type state coupling. Nonplanar conformation of the
two ligands in Zn(II) complexes results in less pronounced
enhancement of NLO properties.
Our continuous efforts are aimed at the further modifications

of these solids by consecutive substitution of water molecules by
sulfate ligands in the metal coordination environment, that being
in line with our previous findings.29,43 Computational
predictions reported herein, should assist in design of new
coordination polymers with expected nonlinear optical proper-
ties. Coordination polymers 1−3 also reveal ligand-based
luminescence properties in the solid state.
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