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Polynuclear Cu(Il)-squarate complex with 2-hydroxyethylpyridine, {[Cu(u-sq)(etpy),]- H>O},
has been prepared and characterized by elemental analysis, magnetic susceptibility, thermal
analysis, IR, and UV-Vis spectroscopic studies (H,sq=squaric acid and etpy =2-hydroxy-
ethylpyridine). The structure of the complex was determined by single crystal X-ray diffraction.
Density functional theory (DFT) and Hartree-Fock (HF) calculations were performed using
the GAUSSIAN 03 program. The complex crystallizes in the monoclinic system, space group
P2,/c. The structure contains chains of squarato-O',03-bridged polynuclear copper(II) units
held together by intermolecular hydrogen bonds, weak 7—m and van der Waals interactions.
The distorted octahedral geometry of Cu(Il) is completed by two neutral bidentate etpy ligands
through the nitrogen of pyridine and hydroxyl O atom. Thermal decomposition of the complex
is studied from 30 to 500°C in a static air atmosphere.

Keywords: Squarato complex; 2-Hydroxyethylpyridine complex; Coordination polymer

1. Introduction

Supramolecular frameworks have potential applications in catalysis, NLO, sensors,
and magnetism [1-5]. The coordination properties of squaric acid (3,4-dihydroxy-
3-cyclobutene-1,2-dione, H,C404, Hysq) were very interesting as a polyfunctional
ligand which can be a p,—ug bridging ligand between metals. There has been increased
interest in the squarate complexes with N- or O-donor ligands due to possible dinuclear,
polynuclear, and supramolecular complexes [6-26]. It is also a useful tool for
constructing crystalline architectures due to hydrogen bonding and 7—x interactions
[27-31]. Recently, supramolecular organoammonium squarate salts of squaric acid
have been reported [27-37].
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Scheme 1. Chemical diagram of the complex.

In the present article, we describe the synthesis, spectral (FT-IR, UV-Vis), thermal
studies, DFT and HF calculations and crystal structure of a polynuclear copper(Il)-
squarate complex with 2-hydroxyethylpyridine (etpy), {[Cu(u-sq)(etpy).]-H,O}, (1)
(scheme 1).

2. Experimental

2.1. Materials and measurements

All chemicals used were analytical reagents purchased commercially. IR spectrum was
obtained with a Perkin Elmer 100 FT-IR Spectrometer using KBr pellets from 4000 to
400cm™"'. The UV-Vis spectrum was obtained for DMF solution of the complex
(107> M) with a Shimadzu UV-3150 spectrometer in the range 900—190 nm. Magnetic
susceptibility measurement at room temperature was performed using a Sherwood
Scientific MXI model Gouy magnetic balance. Elemental analyses for C, H, and N
were performed using a Carlo Erba 1106 microanalyser. A Perkin Elmer Diamond TG/
DTA Thermal Analyzer was used to record simultaneous TG, DTG, and DTA
curves in static air at a heating rate of 10°Cmin~" from 30 to 500°C using platinum
crucibles.

2.2. Preparation of {|Cu(u-sq)(etpy),]|- Hy0},

A solution of 2-hydroxyethylpyridine (0.49 g, 4 mmol) in methanol (10 mL) was added
dropwise with stirring to a solution of CuSq-2H,0 [41] (0.42 g, 2 mmol) in distilled
water (20mL). The solution was heated to 60°C and stirred for 6h, then slowly
cooled to room temperature. The green crystals which formed were filtered and washed
with 10mL of cold distilled water and methanol, and dried in air. Anal. Calcd for 1
CsH,ON,0,Cu: C, 49.15; H, 4.58; N, 6.37. Found: C, 49.23; H, 4.52; N, 6.39%.

2.3. Crystallographic analysis

Diffraction experiments were carried out at 296 K on a Stoe IPDS diffractometer.
The structure was solved by direct methods and refined using SHELXS97 and
SHELXL97 [38]. All non-hydrogen atoms were refined anisotropically by full-matrix
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least-squares [38]. Hydrogen atoms were placed in geometrically idealized positions
and refined as riding atoms. Data collection: X-Area, cell refinement: X-Area, data
reduction: X-RED [39]; program(s) used for molecular graphics: ORTEP-3 for
Windows [40]; software used to prepare material for publication: WinGX [41].

2.4. Computations

Hartree-Fock and DFT are used to obtain equilibrium geometry and fundamental
vibrational frequencies of {[Cu(u-sq)(etpy)>]-H->O},. All calculations have been
performed with standard GAUSSIAN 03W [42] software. DFT is B3LYP-Becke’s
three parameter hybrid method [43] using the correlation functional of Lee er al. [44].
The standard 6-31G(d) basis set was applied in all calculations. The standard analytical
procedure, implemented in GAUSSIAN was used. Both HF and B3LYP methods
overestimate the frequencies of fundamental vibrations significantly. Thus, for a better
correspondence between experimental and calculated values, the HF and B3LYP results
were modified using the empirical scaling factor reported by Scott and Radom [49].

3. Results and discussion

3.1. UV-Vis spectroscopy and magnetism

The electronic spectrum in DMF exhibits a broad absorption band at 460 nm, assigned
to °Eg — T, Strong absorption bands below 300 nm are due to intraligand transitions
of the ligands. The complex exhibits a magnetic moment of 1.64 B.M., lower than the
expected value, indicating antiferromagnetic effect.

3.2. Thermal analysis

Thermal decomposition of the complex was performed in static air from 30 to 500°C
and shows three decomposition stages (Supplementary material). An endothermic peak
in the range of 60—112°C corresponds to the loss of crystal water (found 4.10, Caled
4.88%, DTA,ax =86°C). The anhydrous complex is thermally stable to 190°C. The
TGA curve shows that complex exhibits a continuous mass loss in the temperature
range 190-248°C and therefore, it is difficult to calculate mass loss values. However,
endothermic DTA peaks at 205°C and 231°C may correspond to removal of two etpy
ligands, while the exothermic peak at 300°C is characteristic for degradation of the
squarate. The decomposition ends at 322°C to give metallic Cu. The overall mass loss of
85.57% (Calced 85.27%) agrees with the proposed structure.

3.3. Crystal structure

The relevant crystal data and experimental conditions along with the final parameters
are summarized in table 1. A fragment of the structure of trans-u-(squarato-
0',0)bis(2-hydroxyethylpyridine)copper(IT) hydrate, {{[Cu(u-sq)(etpy),] - H,O},, (1) is
shown figure 1, while experimental and calculated bond lengths and angles together
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Table 1. Crystal data and structure refinement parameters for 1.

Empirical formula

C1sH2CuN>O4

Formula weight 439.90
Temperature (OK) 293(2)
Wavelength (A) 0.71073 Mo-Ka
Crystal system Monoclinic
Space group . P2/c
Unit cell dimension (A, °)

a 8.2204(3)

b 14.1727(4)

¢ 16.4045(6)

B. 104.377(3)
V(A% 1851.36(11)
VA 4
Absorption coefficient (mm ™) 1.22
Decarea Mgm™) 1.578
Crystal size (mm?®) 0.67 x 0.31 x 0.12
6 range for data collection (°) 1.44-28.03
Measured reflections 14672
Independent reflections 3642

Absorption correction
Refinement method
Final R indices [/>20(])]

Integration Stoe X-RED [39]
Full-matrix least-squares on F>
0.068

R[F*>20(F%)] 0.034
WR(F?) 0.087
Goodness-of-fit on F> R 1.02
Largest difference peak and hole (e A™%) 0.46; —0.52

Figure 1. The molecular structure of 1 showing the atom numbering scheme. The thermal ellipsoids are
plotted at the 50% probability level.

with the hydrogen bonds are listed in tables 2 and 3, respectively. The structure is
a distorted octahedron with copper trans-connected to two molecules of etpy
(Cu(1)-0(1) =2.0186(16) A, Cu(1)-0(2)=2.024(16) A, Cu(1)~N(1)=2.0205(19) A,
Cu(1)—N(2)=2.0304(19) A), and two molecules of sq (Cu(1)—0O(3)=2.3459(15) A,
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Table 2. Experimental and calculated bond lengths and angles (A, °).

Selected Atoms Experimental B3LYP HF
{[Cu(p-sq)(etpy)>] - H2O},

N1-Cul 2.0205(19) 1.9724 2.1115
N2-Cul 2.0304(19) 1.9672 2.0869
0O1-Cul 2.0186(16) 3.2096 2.2466
02-Cul 2.0240(16) 2.1402 3.3243
03-Cul 2.3459(15) 1.9578 2.1256
05'-Cul 2.3567(15) - -
C15-Cl6 1.454(3) 1.5029 1.4822
Cl16-C17 1.458(3) 1.5514 1.5094
C17-C18 1.457(3) 1.4851 1.4983
C18-C15 1.468(3) 1.4524 1.4706
03-CI15 1.247(3) 1.2531 1.2250
04-C16 1.259(3) 1.2092 1.2053
05-Cl17 1.250(2) 1.2130 1.1978
06-C18 1.252(3) 1.2719 1.2176
O1-Cul-N1 90.13(7) 72.49 88.98
01-Cul-02 179.38(7) 151.318 156.246
NI-Cul-02 89.34(7) 99.104 81.369
O1-Cul-N2 89.91(7) 78.342 103.891
NI-Cul-N2 178.15(7) 142.919 135.468
02-Cul-N2 90.61(7) 94.749 69.799
01-Cul-03 91.87(6) 95.265 105.034
N1-Cul-0O3 88.35(7) 106.581 103.555
02-Cul-03 88.43(6) 113.339 98.335
N2-Cul-03 93.50(6) 98.322 113.396
0O1-Cul-05(i) 89.95(6) - -
N1-Cul-05(i) 90.67(7) - -
02-Cul-05(i) 89.75(6) - -
N2-Cul-05(i) 87.48(6) - -
03-Cul-05(i) 177.94(5) - -

Symmetry codes: (i) x+1, y, z.

Table 3. Hydrogen bonding interactions in 1.

D-H.--A d(D—H) (A) d(H---A) (A) d(D---A) (A) /(DHA) ()
07-H7C---05 0.86(4) 2.01(4) 2.847(3) 164(4)
O1-HIA---06 0.81(3) 1.73(3) 2.534(2) 172(3)
O7-H7D. - -O4(iii) 0.87(4) 2.01(5) 2.853(3) 163(4)
02-H2A- - -O4(ii) 0.85(3) 1.72(3) 2.557(2) 172(3)

Symmetry codes: (ii) x—1, y, z, (iii) —x £ 2, y—1/2, —z£3/2.

Cu(1)—0(5)' =2.3567(15) A, (): x — 1, y, z). The squarate anion is a O'-O*-bridging
ligand so that 1-D zigzag chains of trans-squarato (0',0°) bridged copper(II) ions are
built. The perfectly zigzag chain is parallel to the a-axis as shown in figure 2. The
etpy ligand is bidentate through pyridine N— and hydroxyl O— forming a six-member
chelate ring.

The Cu-O,q bond length is comparable with those reported for [Cux(bipy)a(p-sq)]-
(CF5S03), - 6H,0 [3] and slightly longer than those found in {[Cu(u-sq)(ina),(H,O),] -
2H,0},, (ina =isonicotinamide) [19] and [Cu(u-sq)(pyrazine)], [3].

The six-membered chelate rings deviate from planarity significantly. The intrachain
Cu—Cu distance of 8.2204(5) A is significantly longer than in related Cu(II) complexes:
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Figure 2. The 1-D chain structure for 1 showing the coordination environment (octahedral are shaded dark,
30% probability ellipsoids).

7425A in  {[Cu(p-sq-0',0%)(H,0)s(ina),] - 2H,0},, [19], 7.851A in [Cu(p-sq-
0',0%)(H,0)5(im)5], [20] and 7.981 A in [Cus(p-sq-0',0%)(H,0)s(apox)], - nH,O [6].
The intermolecular Cu(1)~Cu(1)" distance of 8.2095(5)1& (i: x, 0.5—y, 0.5+ z) is shorter
than the intramolecular distance.

The squarate is almost planar with maximum deviation from planarity via O6 at
0.052(2)1&. There are no differences between C—C bond lengths [between 1.454(3) and
1.468(5) A] and they are close to the values found in other squarate complexes [18, 19],
although smaller than those reported for [M(H,0)s](HC404), - 2H,O (M = Co(II) and
Ni(II)) [46]. The squarate anion possesses a pronounced delocalization.

The zigzag chains running along g-axis are linked by moderate hydrogen
bonds between non-coordinating oxygens of the squarate anions and oxygen of
2-hydroxyethylpyridine and between the coordinated oxygens of squarate and water.
There are also weak 7—m and van der Waals interactions responsible for the interchain
packing and molecular stabilization (figure 3a and 3b).

3.4. IR spectroscopy

Experimental and calculated vibrational wavenumbers (cm™') of the most important IR
bands of {[Cu(u-sq)(etpy),]- H,O},, are listed in table 4. The spectrum showed a broad
and intense band located at 3435cm ™" due to the hydrogen bond v(OH)yaer. The band
at 3523cm~! may be assigned to the hydroxyl group of the etpy ligand. Weak
absorptions in the 2982-2854 cm ™' range are due to v(CH). Strong absorptions centered
at 1636, 1609, and 1512 cm ™" are assigned to a combination of squarate C=0 and C—C
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Table 4. Experimental and calculated vibrational wavenumbers (cm ™).

([Cu(p-sq)(etpy)s] - H,0),, B3LYP HF
vw(C—H) 3119-3043 3141-3080 3063-3018
v(CH,) 2982-2854 2999-2848 2970-2854
WC=0) 1636 1647 1758
WC—C) 1609 1612 1599
v(Cu—N) 651 643 627
v(Cu—-0) 457 439 444

stretching vibrations, respectively, characteristic of salts of CnOﬁ_ [37]. This large band
is split, suggesting lower symmetry than K,C404, confirmed by the X-ray investigation.
The vCu—Oyyey, VCu—0Oyq, and vCu—N vibrations are observed at 457, 515, and
651 cm™', respectively, as weak bands.

3.5. DFT and HF calculations

The DFT and HF calculations have been performed using the GAUSSIAN 03 program
[42]. The B3LYP/6-31G basis set was used for geometry optimization and DFT
B3LYP/6-31G basis set was applied to calculate IR frequencies. The ground-state
geometries were obtained in the gas phase by full geometry optimization, starting from
the structural data. Owing to the overlaps of absorption bands, it is difficult to identify
the vibration modes in the IR spectra and in this case, the frequencies derived from the
DFT calculations especially B3LYP basis set may be helpful to distinguish the vibration
modes.

Optimized geometry parameters, i.e. bond lengths and angles, computed by HF and
DFT methods are compared with X-ray data in table 2. The numbering of the atoms
in {[Cu(p-sq)(etpy)-]- H,O},, is shown in figure 1. Calculated bond lengths and angles
deviate significantly from the experimental X-ray data for Cu(II) coordination.
In contrast, both HF and B3LYP predict that the (C—C)yy, (C=0)sq, (C—C)eypy, and
(C-N)¢py bond lengths agree with the experimental measurements.

The harmonic vibrational wavenumbers computed by the B3LYP/6-31G(d) and HF
approach and the corresponding experimental values are collected in table 4. The DFT
and HF harmonic vibrational wavenumbers are usually higher than experimental
values, due to the neglect of anharmonicity, incomplete treatment of electron
correlation, and the use of finite one-particle basis sets. The overestimation is
systematic and can be corrected by scaling the wavenumbers [45].

In the high-frequency region (3000-3500cm™"), the C—H ring stretching modes are
observed between 3119 and 3043 cm™'; the frequencies of this mode is well predicted by
B3LYP method (in the region from 3141 to 3080 cm™") and by HF (in the region from
3063 to 3018cm™).

The symmetric and asymmetric v(CH,) modes are in the frequency region of
2982-2854cm™'; DFT calculation predicted them in the frequency region of 2999—
2848 cm ™! and HF in the region of 2970-2854 cm ™. These results compare well with the
experimental results (the mean deviation between experimental and calculated data
is about 17cm™).

Strong absorptions centered at 1636 and 1609cm™ are assigned to a combination
of squarato C=0 and C—C band stretching vibrations, respectively. The B3LYP/

1
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Table 5. Some selected Mulliken charges for 1.

Atom B3LYP HF

Cu 0.930 0.733
N1 —0.596 —0.726
N2 —0.580 —0.714
03 —0.575 —0.508
(ON) —0.528 —0.505
04 —0.609 —0.696
06 —0.609 —0.621
CI5 0.347 0.391
Cl6 0.315 0.351
Cl17 0.227 0.382
CI8 0.302 0.345

6-31G(d) method reproduces very well the frequency of the C—C stretching mode,
1612cm™" for W(C—C). The C=0 stretching vibration also well predicted by this
method (1647 cm ') but HF method overestimates significantly the frequency of C=0
as 1758 cm'. C—C stretching mode is calculated in the 1599 cm ™' frequency value for
the HF method.

The v(Cu—Ogpy) and v(Cu—N) are observed at 457 and 651 em ™!, respectively, and
predicted at 439 and 643 cm ™' (B3LYP) and 444 and 627cm™" (HF), respectively.

The electrostatic energy is the Coulomb potential energy, V = q,q;/(4meoR;;), where
g; and ¢; are a pair of atomic charges separated by R; distance. The problem is in
determining atomic charges. The most popular are Mulliken charges which provide
important information about electronegativity despite the fact that Mulliken [47]
analysis was not devised for estimating intermolecular interactions. It gives charges that
are very dependent on the basis set and are often chemically unrealistic [48].
Nevertheless, as a comparison of various methods of deriving atomic charges,
Wiberg and Rabben [49] concluded that no atomic point charge model is capable of
exactly reproducing the electrostatic potential in the van der Waals region around a
wide range of molecules.

The Mulliken population analysis of 1 show that positive charges are mostly
distributed on squarate rings though the phenyl ring bears some positive charge. The
negative charges are primarily localized on the four oxygens. The nitrogen of
hydroxyethylpyridine is more negatively charged than coordinated squarate oxygens
as shown in table 5. As a result of negative charge distribution, Cu—Nepy and Cu—Ogypy
bond lengths are shorter than Cu-O,y, and hydroxyethylpyridine has a stronger
interaction with copper than bridged squarate anion.

4. Conclusions

Trans-p-(squarato-0',0%)bis(2-hydroxyethylpyridine)copper(I) hydrate, {[Cu(u-sq)
(etpy),] - H,O},, has been prepared and characterized by X-ray diffraction and
computational methods. The complex crystallizes in the monoclinic system,
space group P2;/c. Each Cu(Il) center is octahedrally coordinated by two trans
2-hydroxyethylpyridines and two trans squarates. The structure contains chains of
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squarato-0"',0°-bridged polynuclear copper(I) units held together by O-H-.-O
intermolecular hydrogen-bond interactions.

Infrared bands were assigned with the help of force field calculations. The majority of
the experimental frequencies are well reproduced by the B3LYP/6-31G method and
satisfactorily by HF/6-31G. Comparison of the theoretical with the experimental
spectra provides important information about the ability of these computational
methods to describe the vibrational modes. For a better correspondence between
experimental and calculated values, the HF and B3LYP results were modified using the
empirical scaling factor, reported by Scott and Radom [45].

Calculated bond lengths and angles significantly deviate from the experimental X-ray
data for around the Cu(Il) coordination. In contrast to this, both HF and B3LYP
predict that the (C—C)yq, (C=0)q, (C—C)erpy, and (C—N)py bond lengths agree with the
previously reported values.

Supplementary material

CCDC-676224 contains the supplementary crystallographic data for this article. These
data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html
[orfrom the Cambridge Crystallographic Data Centre (CCDC), 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: +44(0)1223-336033; E-mail: deposit@ccdc.cam.ac.uk].
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