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Heterobimetallic complexes [Cu,Zn;_,(dadb)-yH,0], {where dadb=2,5-diamino-3,6-
dichloro-1,4-benzoquinone (1); x=1 (2), 0.5 (4), 0.25 (5), 0.125 (6), 0.0625 (7), and 0 (3);
y=2; n=degree of polymerization} were synthesized and characterized. All metal complexes
are stable at room temperature but weakly absorb moisture on exposure to air. Monometallic 2
exhibits subnormal magnetic moment whereas 3 exhibits diamagnetism. Heterobimetallic
complexes exhibit normal magnetic moments. Heterobimetallic complexes are characterized
from powder X-ray diffraction, thermal analysis, and electron spin resonance (ESR) spectral
studies. Delocalization of unpaired electron from metal to ligand has been inferred from ESR
and natural bond orbital (NBO) analysis. Greater delocalization of unpaired electron of Cu(II)
on ligand of 4 as compared to that of 2 is reflected from NBO analysis. Heterobimetallic
complexes show higher conductivity than monometallic complexes; all the complexes exhibit
semiconductor behavior.

Keywords: 1-D coordination polymer; Semiconductor; NBO charges; Metal complexes of
2,5-diamino-3,6-dichloro-1,4-benzoquinone; Heterobimetallic complexes; ESR spectra

1. Introduction

m-Conjugated polymers [1] as well as 1-D stacks of coordination polymers (KCP) [2, 3]
are made highly conducting upon partial oxidation. In an idealized situation, a uniform
chain of conjugated polymer possesses filled valence and empty conduction bands. On
partial oxidation of the conjugated polymer the electron is removed from completely
filled valence band giving a partially filled conduction band responsible for increase in
conductivity. If the redox reagents are inhomogeneously distributed through the
polymer chain side reactions occur on the polymeric backbone and yield saturated sites
along the chain direction [4]. Side reactions on the polymer backbone inhibit the
polymer’s ability to achieve higher conductivity. Chemical treatment also adds
impurities to the system, thereby reproducibility becomes difficult. Therefore, synthesis
of good organometallic conductors by avoiding drawbacks of redox treatment is
desirable and is a challenging task in materials chemistry.
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Zhu and Swager [5] reported that anchoring copper(Il) along the conjugated
polymeric chain increases the electrical conductivity of the conjugated polymers.
Delocalization of unpaired electron from copper(Il) onto the conjugated chain of
ligands by forming metal-to-ligand 7-back bonds is responsible for creation of partially
filled bands increasing conductivity. This is supported by reports of electronic
communication between two metal ions bridged by conjugated ligands [6-8]. Thus, a
hybrid design incorporating conjugated polymer and metal ion having unpaired
electron capable of forming metal-to-ligand back bonds may produce electrical
conductance. Thus, metal ions having unpaired electrons are planned to be introduced
into 1-D conjugated coordination polymeric chains to create a partially filled band in
this work. Limitations arising from redox treatment have been carefully planned to
create partially filled bands.

1-D coordination polymer {[Cu(CA)(H,O)](H»O)},, (CA =chloranilic acid) exhibits
antiferromagnetic interactions [9, 10]. Antiferromagnetic interaction localizes the
unpaired electrons and may hinder availability of unpaired electrons to form a
conduction band along the conjugated chain direction. To avoid antiferromagnetic
interaction between adjacent metal ions, the synthesis of 1-D coordination polymers
bridged by conjugated ligand by diluting the magnetic nucleus (Cu(II)) by non-magnetic
metal ions (Zn(IT)) was undertaken. Results of this study give insights to design
materials with electrical properties. Reports on metal complexes of dadb are lacking
except a few by thermal study [11, 12]. In this communication, we report the solid state
electrical conductivity of 1-D coordination polymers Cu,Zn;_,(dadb) (where x=1.0,
0.5, 0.25, 0.125, 0.0625, and 0).

2. Experimental

2.1. Materials and methods

All chemicals were of analytical reagent grade. Solvents were purified and dried prior to
use by standard methods [13]. The 2,5-diamino-3,6-dichloro-1,4-benzoquinone (1) was
prepared as described earlier [12, 14, 15].

2.2. Syntheses of metal complexes

2.2.1. Syntheses of complexes 2, 3,4, and 7. Complexes 2, 3, 4, and 7 were prepared as
described earlier [11].

(a) Cu(dadb)-2H,0 (2): Blackish green solid. Yield: 65%; m.p.: >280°C. Anal. Calcd
for Cu(C¢H,O,N,Cl,) - 2H>0 (%): C, 23.65; H, 1.97; N, 9.19. Found (%): C, 24.24;
H, 1.97; N, 8.63.

(b) Zn(dadb)-H,0O (3): Dark pink solid. Yield: 72%; m.p.: >300°C. Anal. Calcd for
Zn(CgH,0,N,CL) - H,O (%): C, 24.97; H, 1.38; N, 9.71. Found (%): C, 25.54;
H, 1.78; N, 9.24.

(c) CugsZngs(dadb)-2H,0 (4): Gray solid. Yield: 84%; m.p.: 275-278°C dec. Anal.
Calcd for Cuy sZng 5(CsH,O-N>Cl») - 2H,0 (%): C, 23.57; H, 1.96; N, 9.17. Found
(%): C, 22.95; H, 1.56; N, 8.74.



Downloaded by [Renmin University of China] at 10:42 13 October 2013

4232 R.L. Prasad and A. Kushwaha

(d) Cug.p625Z19.9375(dadb) - 2H,O (7): Gray solid. Yield: 66%; m.p.: 277-280°C dec.
Anal. Calcd for CuoA0625Zn0A9375(C6H202N2C12)-2H20 (OA))Z C, 2351, H, 196,
N, 9.14. Found (%): C, 23.93; H, 1.73; N, 8.70.

2.2.2. Synthesis of Cug,5Zng75(dadb)-2H,0 (5). Heterobimetallic 5 was synthesized
by adding an aqueous solution of ZnSQOy4-7H,0 (0.431g, 1.5mmol)+ CuSO,- 5H,0
(0.125¢g, 0.5mmol) into a pink 50% ethanolic solution (40mL) of dadb (0.414 g,
2mmol) and KOH (0.224 g, 4 mmol) dropwise with constant stirring over a period of
Y h. The reaction mixture turned to an intense dark solution. The reaction mixture was
further stirred for 5h followed by digestion over a water bath for 30 min and cooled to
room temperature. Resulting precipitate was filtered using suction and washed with
distilled water. Precipitate was purified by stirring for 1 h in a solvent mixture of 25%
ethanol, 25% acetone, 5% DMF, and 45% distilled water, filtered, washed with
distilled water thrice followed by ethanol, and dried under vacuum over anhydrous
CaCl,. Light brown solid. Yield: 88%; m.p.: 282-285°C dec. Anal. Calcd for
Cug5Zn¢.75CsH,0,N,Cl, - 2H,O (FW 305.91) (%): Cu, 5.19; Zn, 16.02; C, 23.54;
H, 1.96; N, 9.15. Found (%): Cu, 5.36; Zn, 16.8; C, 22.89; H, 1.42; N, 8.79.

2.2.3. Cug.125Zn¢ g75(dadb)-2H,0 (6). Heterobimetallic 6 was synthesized by adding
an aqueous solution of ZnSOy, - 7H,O (0.503 g, 1.75 mmol) and CuSOy- 5H,0 (0.062 g,
0.25mmol) into a pink 50% ethanolic solution (40 mL) of dadb (0.414 g, 2 mmol) and
KOH (0.224 g, 4mmol) dropwise with constant stirring over a period of '2h. The
procedure was the same as described for synthesis of 5. Light gray solid. Yield: 83%;
m.p.: 275-279°C dec. Anal. Calcd for CUO'12521’10'875C6H202N2C12 . 2H20 (FW 30614)
(%): Cu, 2.59; Zn, 18.68; C, 23.51; H, 1.96, N, 9.15. Found (%): Cu, 1.76; Zn, 19.19;
C, 23.01; H, 1.85; N, 9.0.

2.3. Analyses and measurements

Elemental analyses (carbon, hydrogen, and nitrogen) were performed on an Elemental
Analyzer model Carlo Erba 1108. Copper and zinc analyses were performed by atomic
absorption spectrophotometry using a Perkin Elmer AAnalyst-300 Spectrometer.
Magnetic susceptibility of the powdered samples was measured at room temperature on
a Cahn Faraday electro balance using [Co(NCS)4Hg] as calibrant. Melting points of the
complexes were determined in open capillaries using a Gallenkamp apparatus and are
uncorrected. Powder X-ray diffraction (PXRD) patterns were recorded at room
temperature on a Rigaku miniflex II Desktop X-ray diffractometer with Cu-Ka
radiation (A =1.541836 A). Thermogravimetric analyses (TGA) were recorded on a
Perkin Elmer thermal analyzer model Diamond TG/DTA and NETZSCH STA 409
C/CD. Electronic absorption spectra were recorded on a UV-1700 PHARMA SPEC
UV-Visible spectrophotometer as Nujol mulls. IR spectra as KBR discs were recorded
on a VARIAN 3100 FT-IR spectrophotometer from 4000 to 400cm™'. Room
temperature electron spin resonance (ESR) spectra of powdered samples were recorded
on a Varian, USA model E-112 ESR spectrometer. The microwave frequency was
calibrated using tetracyanoethylene (TCNE), g=2.00277. Variable temperature elec-
trical conductivities of the complexes were measured using conventional two-probe
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technique on a Keithley 236 source measure unit. Spherical pellets were prepared by
putting the samples in a circular die with 13 mm diameter and applying a pressure of
6 ton. These pellets were cured at 110°C for 2 h in the laboratory oven and slowly cooled
to 60°C in 1h and finally cooled to room temperature in desiccators. Top and bottom
surfaces of the cured pellets were coated with conductive silver paint purchased from
Eltecks Corporation, Bangalore, to make electrical contacts. Variable temperature
conductivity measurements were made by using indigenously made furnace by applying
controlled current through a variac. Temperature of the sample was measured by a
laboratory thermometer in its vicinity. Sequentially constant increasing voltage (in the
range +10 to —10 V with an increase of 5V in each step) was applied through the leads
and the current across the leads was measured. Resistance was calculated from the slope
of I/V curves. Specific resistance was calculated from resistance data using the known
dimension of the pellets and converted into the specific conductance.

2.4. Computational details

Calculations of structural parameters and natural bond orbital (NBO) charges were
carried out on a Pentium IV PC using windows version of Gaussian’03 suite of ab initio
quantum chemical program [16]. Geometry of Cu,(u-dadb)(dadbH),-4H,O and
Cuy(u-dadb)(dadbH), were optimized on b3lyp/cep-31g level by using optimized
structure of dadbH, at the b3lyp/6-3114+g** level. Further, optimized geometry at the
b3lyp/cep-31 g level was used to optimize the structure of Cu,(u-dadb)(dadbH), at the
b3lyp/lanl,dz level. Geometries of Zn,(u-dadb)(dadbH), and CuZn(u-dadb)(dadbH),
were optimized at the b3lyp/lanl,dz level by replacing both/one copper with zinc from
the optimized structure of Cu,(u-dadb)(dadbH), at the b3lyp/lanl,dz level. The NBO
charges were calculated at the b3lyp/lanl2dz level using optimized structures at the
highest level (b3lyp/lanl,dz) for all three complexes.

3. Results and discussion

Solid complexes are stable in air but weakly hygroscopic, gaining some weight on
exposure to air with extent of weight gain depending on relative humidity. The
complexes decompose at 275-300°C. All complexes are insoluble in common organic
solvents such as ethanol, methanol, acetone, chloroform, dichloromethane, ether, and
benzene as well as highly polar solvents such as DMF and DMSO. The C, H, and N
analyses are well within the range of calculated values. Copper and zinc analyses were
also in the calculated range for 5 and 6 by atomic absorption spectrophotometry.

3.1. Powder X-ray diffraction

PXRD of 2-6 and equimolar mixture of 2 and 3 are presented in Supplementary
material (figure S1 a-b). The PXRD of the complexes verifies formation of distinct
heterobimetallic complexes rather than mixture of the respective monometallic
complexes. Comparison of the PXRD lines of 2 and 3 with that of equimolar mixture
to 2 and 3 has been restricted to peaks obtained between 26 values 12-40° due to the
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presence of distinct lines in this region of diffractograms of all the complexes followed
by their comparison with other heterobimetallic complexes. Positions of most
diffraction lines of 2 are at different 26 values than 3 (Supplementary material).
Peaks at 260 values 13.27° m and 14.28° m (m =medium intensity) in PXRD of the
mixture matches with those of the characteristic peak positions of 3 at 13.20° and 2 at
14.36°, respectively, however, the intensities of each peak is almost halved. There is a
broad weak peak in the diffractogram of 2 at 16.23° and a sharp peak at 16.43° in
diffractogram of 3 but equimolar mixture exhibits only one symmetrical weak peak at
16.44°. Thus, the above diffraction lines obtained from equimolar mixture of 2 and 3
indicates that the magnitude of intensities of diffraction peaks of the monometallic
complexes 2 and 3 are additive in their equimolar mixture and yield averaged diffraction
lines. Similarly, a broad weak peak at 17.79° of 2 and a sharp peak at 17.75° of 3 are
averaged to yield a symmetrical broad peak at 17.80° in the mixture. Averaging of peak
intensities of individual peaks of 2 and 3 of the mixture is prominently marked between
26 values 18.40-20.60° and 20.60-24.24° (Supplementary material). The magnitude of
intensities of the peaks at 19.31° and 20.48° of 2 and at 19.01, 19.87°, and 20.78° of 3 are
averaged to yield a relatively broad and symmetrical peak at peak maxima 19.27° in
diffractogram of the mixture. Similarly, the magnitude of intensities of the peaks at
21.68° and 22.95° of 2 and 22.27° and 23.59° of 3 are averaged and yield two peaks at
22.42° and 23.40° in the diffractogram of the mixture to 2 and 3. The positions of the
next two peaks at 25.15° and 27.05° in diffractogram of mixture match with those of 3
found at almost same positions, whereas the peak at 28.30° corresponds to the peak of 2
at 28.26° (Supplementary material). Further, intensities of the three peaks at 32.58,
34.39, and 35.62 of 2 and two peaks at 33.05° and 35.07° of 3 are averaged and yield a
broad envelope in the diffractogram of mixture from 26 values 30.66—37.50°.

Non-match of the PXRD lines of 4 with that of the equimolar mixture indicates that
it is not a mixture of 2 and 3 (Supplementary material). The PXRD lines at 26 values
14.36°, 32.94° and 34.28° in diffractogram of 4 are at almost the same positions as in 2,
whereas the peaks at 26 values 19.44° and 28.34° in diffractogram of 4 are at slightly
higher 26 values as compared to that of the corresponding peaks of 2. A well-marked
broad and symmetrical peak at 36.36° is present in PXRD of 4, whereas corresponding
peak in 2 is present as much weaker and obtained at significantly lower 26 value
(35.50°). Three symmetrical and sharp peaks are present at 20 values 21.64° mw, 22.44°
w and 23.23° m in PXRD of 4 whereas only two peaks (21.70° m and 22.72° bm) are
present in the diffractogram of 2 in 26 20.21-24°. Thus, the number and nature of peaks
from 4 between 26 values 20.21-24° neither matches with that of 2 nor that of equimolar
mixture of 2 and 3 (Supplementary material, figure S2 a-b), indicating that 4 is a new
species. Ignoring slight shifting of some peaks of 4 as compared to that of 2 one can
consider that 4 is essentially 2 with some impurity of 3 which is responsible for
additional peak at 23.23°. Complex 3 exhibits peaks at 13.20° and 26.74° which are
more intense than that of the peak at 22.72°, therefore, for impurities of 3 in 4 there
must be additional peaks in the diffractogram of 4 at 13.20° s and 26.74°. The absence
of peaks of 4 at 13.20° and 26.74° and non-match of the diffractogram of 4 with that of
equimolar mixture indicates that 4 is neither 2 nor a mixture of 2 and 3, i.e. it has a new
identity.

Complex 4 exhibits 12 distinct lines whereas 5 and 6 exhibit 17 and 28 distinct lines
between 26 values 12-40°. Complexes 5 and 6 exhibit sharper diffraction lines than 4.
Thus, the number of lines is different in each complex and their positions do not
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coincide with those of equimolar mixture of 2 and 3 and monometallic complexes.
These features indicate that 4-6 are new species rather than mixture of monometal-
lic complexes. The distinct identity of 7 has been reported earlier (Supplementary
material, figure S6 b) [11].

3.2. Thermal results

Thermal studies of 2 and 3 and representative heterobimetallic complexes 4 and 7 were
reported earlier [11]. Based on thermal studies we reached the conclusion that the
thermal degradations of monometallic 2 (up to ~800°C) and 3 (up to 1200°C) under
nitrogen exhibit residue corresponding to half mole of respective metal (for 2 obs. 9.00,
Calcd 10.15%; for 3 obs. 11.5, Caled 11.34%). Thermal degradations of 2 and 3 under
air yield a residue corresponding to one mole of CuO (obs. 26.5, Calcd 26.12%) and
half mole of ZnO (obs. 13.9, Calcd 14.11%) (Supplementary material).

For equimolar mixture of 2 and 3, the final residue under nitrogen is calculated to be
10.55%, consistent with composition 1/4 mole of copper and 1/4 mole of zinc metal
following respective degradation pattern of 2 and 3. TGA thermogram of
heterobimetallic 4 under nitrogen exhibits a residue 5.3% (Supplementary material)
corresponding to composition 1/4 mole of copper. Magnitude of observed residue from
TGA of 4 does not match with calculated value for a mixture of their monometallic
complexes 2 and 3 under nitrogen. This indicates that 4 is new species rather than
equimolar mixture of 2 and 3. Calculated residue for an equimolar mixture of 2 and 3
under air is 20.27%, matching with the sum of 1/2 mole of copper oxide and 1/4 mole of
zinc oxide following respective degradation pattern of the monometallic complexes.
However, magnitude of the observed residue (12.62%) from 4 (Supplementary material)
under air does not match with magnitude of residue calculated for an equimolar
mixture. Magnitude of observed residue matches with half mole of CuO (Calcd
13.05%), indicating that 4 follows a different thermal degradation pattern than a
mixture of 2 and 3, i.e. 4 possesses a distinct identity and is not a mixture of 2 and 3.
Thermal degradation pattern of ligand for the metal complexes is governed by the
coordinating metal ion. Thus, metal influences the degradation of ligand through
delocalization of metal electron on the ligand via metal-to-ligand w-bonds (i.e. thermal
study provides indirect evidence of metal ligand orbital overlap). The metal-ligand
m-orbital overlap might be responsible for delocalization of metal electrons on the
ligand to yield electrical conductance.

However, 7 exhibits a residue of 11% (Caled 10.3% for the composition
CU()_()3125ZI’10A4375) and 13.6% (Calcd 13.35% for Cu0A06ZSZn0A437500A5) under nitrogen
and air, respectively. Calculated residue for a mixture of 2 and 3 in 1: 15 molar ratio is
11% and 14.3% under nitrogen and air, respectively, following respective degradation
pattern. As magnitude of residue obtained from 7 and those calculated for the mixture
of 2 and 3 in appropriate mole ratio are within the range of experimental error, it is
difficult to conclude its distinct identity on the basis of thermal study.

3.3. IR spectra

The presence of v(OH) in the IR spectra of metal complexes (Supplementary material)
indicates water in the complexes. The presence of only one band corresponding to
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Table 1. Magnetic moment data and electronic absorption bands of the complexes.

Compound Magnetic moment (BM) Jmax (cm ™) as Nujol mull

1 - 16,722, 22,573, 32,051, 36,316, 37,736, 46,083
2 1.63 16,502, 23,148, 31,847

4 2.03 16,892, 27,933, 40,983, 46,511

5 1.96 17,153, 27,777, 28,901

6 1.88 17,391, 26,317, 28,169, 31,746

7 1.92 17,544, 25,316, 26,455, 28,818, 30,488

3 Diamagnetic 19,011, 25,316, 32,051, 36,765

v,s(N—H) indicates that one hydrogen atom of NH, present in free ligand
(Supplementary material) [17] is absent from complexes due to deprotonation.
Decrease in wavenumber for the NH stretch of the metal complexes compared to
that of the free ligand suggests that nitrogen of NH, is involved in coordination.
Lowering of v,((C=0) observed in IR spectra of metal complexes indicates coordina-
tion of carbonyl [18, 19]. Thus, IR spectra suggest that N and O of ligand are involved
in coordination with metal and water is also present in the complexes. Identical IR
spectra of complexes kept after 4 months to a fresh sample indicate that samples are
stable for longer period.

3.4. Magnetic and electronic spectra

Complex 2 exhibits subnormal magnetic moment (ueg) due to antiferromagnetic
interaction between neighboring copper centers bridged by conjugated ligand [9, 10].
Heterobimetallic complexes show normal magnetic moments (table 1) expected from a
metal complex containing one unpaired electron [20, 21]. Increase of magnetic moments
of the heterobimetallic complexes as compared to 2 indicate that on dilution of
paramagnetic Cu(ll) centers by diamagnetic zinc(Il) ions the antiferromagnetic
interaction was diminished.

Solid state electronic spectra of dadb (1) exhibit a broad envelope of absorption from
~14,000 to 29,500 cm ™' (~715-340 nm) which encompasses one shoulder ~16,900 cm ™'
(~590 nm), almost flat region at maximum absorption ~22,500cm™" (~445nm) and a
broad peak at 31,700 cm ™" (~315nm). Two shoulders are observed at 36,316 (~275nm)
and 37,736cm™!' (~265nm) and a kink at 46,083cm™' (~217nm) (Supplementary
material). Thus, dadb absorbs in almost the whole visible region and to a large extent
into the UV region. The electronic spectrum of 3 also exhibits a broad envelope from
16,000 to 50,000cm™" (625-200nm) which encompasses a shoulder at 19,011 cm™"
(~525nm) and a peak at 25316cm~' (~395nm). Another peak is observed at
31,700cm™" (~315nm) and shoulder at 36,316 (~275nm). On comparison of the
absorption curve of 3 with dadb shows that the shoulder at 16,722cm ™" of the ligand
undergoes blue shift and is observed at 19,011 cm™". Similarly, the peak at 22,573 cm ™"
undergoes a blue-shift and is observed at 25,216 cm™'; the other peaks are observed at
similar positions as in the ligand. On coordination with metal the first two absorption
peaks of dadb shift to higher wavenumbers (lower wavelengths), probably due to
ligand-to-metal charge transfer.
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Complex 2 provides absorption spectrum contributed by ligand absorption and d—d
transitions with ligand absorptions stronger than d-d transitions. Complex 2 also
exhibits a broad envelope of absorptions from 10,000 to 50,000 cm ™" (1000-200 nm) but
with a more clearly defined shoulder/peak than that of ligand 1. Electronic spectrum of
2 exhibits a shoulder at ~16,500cm™' (~605nm) and a well-resolved peak at
23,300cm™" (~430nm) and the third peak of relatively lower intensity at 31,700 cm ™
(~315nm). The first two peaks of 2 are red-shifted compared to those of 3. This
indicates significant metal-to-ligand charge transfer which compensates the ligand-to-
metal charge transfer in 2. However, the absence of any clearly defined shoulder in the
spectrum of 2 for d—d transition indicates that ligand and d—d transitions coincide for 2.
Peak positions due to d—d transitions in square-planar geometry may be proposed for 2
[21, 22]; however, it is not conclusive. For 4-7, the first peak is observed at similar
positions as a shoulder and the second peak undergoes blue-shift compared to both 2
and 3 around 28,000cm™". It is very hard to predict the geometry of these complexes
from their electronic spectra due to interference by ligand absorptions.

3.5. Computational results

Geometry optimization for Cu,(u-dadb)(dadbH),-4H,O at the b3lyp/cep-31g level
yields a distorted octahedral geometry for both Cu(II) ions; however, anhydrous Cu,(u-
dadb)(dadbH), (2) at the b3lyp/lanl2dz level produces square-planar geometry
(Supplementary material) around both metal ions. Computed M-O (L,/L3;) bond
lengths are slightly longer (0.041&) than M-O (L;) bonds in both complexes. The
magnitude of M—O (L) bond lengths are almost in the range of single M—O bond
lengths (2.0 £0.04 A) but M-O (OH») bond lengths in Cu,(u—dadb)(dadbH),-4H,O
are much longer (2.40 A), indicating strong Jahn—Teller distortion in 2, and coordi-
nation of water to copper is weak. Strong axial elongation concluded from ESR spectral
results (vide infra) corroborates the bond length computational result. The absence of
an endothermic peak in the DSC curve of 2 dried in vacuo over anhydrous CaCl, for
20 days confirms the predictions from geometrical optimization that bonding between
metal ion and water are weak and water is lost on prolonged drying. Optimized
molecular geometries for Zn,(u-dadb)(dadbH), (3') and CuZn(u-dadb)(dadbH), (4') at
the b3lyp/lanl2dz level show tetrahedral geometry around zinc(II) ions and square-
planar geometry around copper(Il) ion (Supplementary material).

The magnitudes of computed NBO charges on N»s and Ny of bridging L, are —0.92
for 3’ (Supplementary material). Similarly NBO charges on terminal L, (N,;) and L;
(Ny9) are equal (—0.98). Magnitude of NBO charges on N,; and N, are higher than
those on N,s and N»¢, whereas all coordinated N and O donors of 3" and 2’ are expected
to exhibit equal magnitude NBO charges. This may be explained by enolization of
carbonyl in amino group. When the lone pair electrons of N,g/N3 is strongly involved
in conjugation, the carbonyl bearing O,;/O»3 of 3’ will undergo strong enolization and
non-bonded N,g/N3y will possess the least negative charge. Smallest magnitude of
computed NBO charge (—0.74) on Nyg/N3o of 3 supports enolization of carbonyl in
conjugation with amino. With small involvement of lone pair of N,7/N,g into
conjugation with O,,/O,4, most negative charge will remain localized on N,7/Nyy.
Highest computed negative charge (—0.98) on N»7/N,y of 3 favors negligible
involvement of lone pair electrons of N,7/N,g for enolization of non-bonded carbonyl
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bearing O,,/O,4. Smaller boond length (1.268 A) of C16-054/C1p—0», compared to that
of C13-0,3/C7-05; (1.288 A) also support less enolization of carbonyl bearing O,,/O»4
as compared to that of the carbonyl bearing O,;/O,; of 3'. Similarly, moderate
enolization of carbonyl of bridging L; favors intermediate magnitude of NBO charges
computed for N5 and Ny Sigma bond (ligand — metal) as well as w-back bond
(metal — ligand) are possible between Zn(IlI) and N,s/N,¢ of bridging L, as they are
coplanar; however, only o (ligand — metal) bond is feasible between Zn(II) and
N,7/Nyg of terminal L,/L3 because they are non-planar. On significant metal — ligand
m-back bonding, the magnitude of negative charge on Njs/N, should increase.
Consequently the negative charge on N,s/N»¢ should be equal to, or greater than, that
on N»7/Nyg but this is not observed. Therefore, considering the trend of NBO charges
on various donors it may be concluded that metal — ligand n-back bonds in 3’ are less
significant than o-bonds. Larger bond lengths (1.30 A) of C5-019/Cc—0»( than those of
C16*024/C10*022 and C13*023/C7*021 indicate hlgher enolization of C3*019/C()*020 in
contrast to the conclusion drawn from NBO charge distribution on nitrogen atoms.

Magnitude of NBO charges on non-coordinating N,g and N3q of 2’ is almost the
same as on 3. Trend of magnitude of NBO charges on coordinated nitrogen of 2’ is the
same as for 3. However, magnitude of NBO charge on coordinated atoms of 2 is
smaller than found for 3'. Lowering of NBO charges on coordinated nitrogen atoms of
2/ is attributed to increased o donation to Cu(Il) as compared to Zn(lI), also supported
by smaller Cu—N distance in 2’ (Cu31—N29, 1 93A Cu;l—NZS, 1.95 A) as compared to
that of Zn—-N in 3’ (Zn3;—N», 2. 006 A; Zn31—Nys, 2.04 A) Non-coordinated N»g and
N3 of 4’ possess almost the same NBO charges as on 2" and 3’; however, N,s and N»g of
4’ coordinated to Zn(II) exhibit slightly lower charges than those of corresponding
atoms of 3’ and Ny and N»; of 4’ coordinated to Cu(II) show slightly increased charges
as compared to those of 2. Thus, bridging N»s and N4 in 4’ possess different NBO
charges; N»s bonded with Zn(IT) possesses higher charge (—0.908) than N4 coordinated
to Cu(Il) (—0.837).

Distribution of NBO charges on various oxygen atoms also can be explained on the
basis of extent of enolization of carbonyl in conjugation with amino of the ligand.
Charges on O donors of 2" as well as 3’ exhibit similar trends as N donors except
coordinated O,9/O», of bridging L; possesses higher charge than that of coordinated
0,,/0,3 of terminal L,/L; in contrast to the trend of NBO charges on N donors of 3.
Carbonyl is capable to accept electron density donated by metal (metal — ligand
bonding), provided symmetry of metal and ligand orbitals is matching. Zn(II) and
bridging L; bearing O,9/O,, are coplanar in optimized geometry; therefore, NBO
charges on these atoms increase. However, Zn(Il) and O,;/O,; are not coplanar so
m-back bonding does not take place between Zn(I1) and O,;/O,3. Consequently atomic
charge on O,;/O»3 is lower than that on O9/O,. m-Back bonding decreases negative
charge on metal ion, enhancing o-bonding (ligand — metal charge transfer). Due to
mutual enhancement of o and 7- back bonding, the enolization of C3—09/Cs—0,o may
increase. Larger bond length (1.30 A) computed for C3-019/Cs—Op than those of
C16-024/C19—02> (1.268 A) and C3-0,3/C7—0,; (1.288 A) of 3 corroborate the finding
from NBO charges. Thus distribution of NBO charges on donors indicate significant
metal — ligand charge transfer on those carbonyl oxygen atoms which are coplanar
with Zn(II) in 3'. 7-Back bonding is expected to be the same on all coordinated oxygen
atoms in 2’ as Cu(II) and all O donors are coplanar. Magnitude of negative charges on
019/05 are more than on O,/0,3, whereas reverse trend is expected on the basis of
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extent of enolization of carbonyl group of 2'. More enolized carbonyl will have more
single-bond character and appear to possess less tendency to accept m electrons via
m-back bonding. Carbonyl bearing O,/O,3 has been concluded to exhibit highest
enolization therefore and smaller metal — ligand charge transfer than that of carbonyl
with O;9/0,; consequently, O,;/0,3 possesses lower NBO charges than O;9/O, of 2'.
Computed negative charges on donors result from extent of enolization and m-back
bonding capacity. Oxygen donor coordinated to Zn(II) in 4’ possess similar magnitude
of NBO charges as on pertinent atoms of 3’ and those coordinated to Cu(Il) exhibit
similar magnitude of negative charge as on pertinent atoms of 2'.

Replacing Znj3, of 3’ by Cu(Il) results in formation of 4'. Thirty out of 46 atoms of 4
acquire unpaired electron with a-spin (Supplementary material); the remaining 16
atoms have B-spin (Co, Cy7, Cig, O19, O22, Nas, Nag, N3g, Cusz, Clay, Clsg, Clag, Hao,
Hy;, Hys, and Hyy). Magnitude of unpaired electron populations on C, H, and CI are
small as compared to those on Cu(Il), O, and N. Substitution of Zns; of 4 by Cu(II)
results in 2'. NBO charges for 2’ show that 36 out of 46 atoms exhibit unpaired electron
with a-spin and the remaining 10 have g-spin (N»g, N3o, Cuszy, Cuss, Clss, Clsg, Hys,
Huy4, Hys, and Hyg). N3g, Cuss, Clsg, Hys, and Hyy possess unpaired electron with g-spin
in 2" as well as 4'; however, the magnitude of unpaired electron population on atoms of
2’ is higher than those of corresponding atoms of 4. Eleven atoms out of 16 exhibiting
unpaired electron with B-spin in 4’ (Cy, Cy7, Cig, O19, O25, N»s, Nog, Clzy, Cl37, Hzg, and
Hyp) switch to a-spin in 2'. Nyg, Zns;/Cusy, Clss, Hys, and Hyg showing a-spin in 4/
switch to B-spin in 2’. All N and O donors of 2’ possess a-spin, whereas O19, Os5, Nos,
N5, and N3 of 4’ possess S-spin. Thus, more atoms of heterobimetallic 4" exhibit -spin
than 2'.

Total magnitudes of unpaired electrons with a-spin (U +«) and B-spin (U+ ) on
positively charged atoms of 4 are smaller than those of 2', whereas on negatively
charged atoms amount with «-spin (U — «) and -spin (U — B) is reversed. Net unpaired
electrons on various atoms of 4 per Cu(Il) (1.1005) is larger than that of 2’ (1.0672)
irrespective of sign and charge (Supplementary material). O9 and O, of 2" possess
equal magnitude of unpaired electrons (U —«, —0.117) with «-spin, whereas O;9 and
0O, of 4 possess unpaired electron with (U — 8, 0.00137) B-spin and (U — «, —0.1182)
a-spin, respectively. Increase of unpaired electrons on O9 of 2’ as compared to 4’ along
with inversion of electron spin (U — B, 0.00137 — U — «, —0.1182) indicates two sources
of unpaired electrons on O of 2’; one from Cusz, and the other from Cus; and the
magnitude of computed spin is the summation of both. Due to similar reason Oy of 2
exhibits lower magnitude unpaired electron than that of 4. The same trend is observed
for the computed magnitude of unpaired electrons on N,s5 and N,g of 2" and 4'. Thus,
larger magnitude of net unpaired electron present on various atoms of 4’ than 2’ is
found because a part of unpaired electron generated by Cus, is counterbalanced by that
of Cus; in 2’ This slight excess of unpaired electron on 4 may be responsible for its
different behavior than 2’ and 3.

3.6. ESR spectral results

Owing to the insolubilities of the metal complexes only solid state ESR spectra have
been recorded. Room temperature solid state ESR spectrum of 2 exhibits an axial
spectrum with a very broad peak corresponding to a parallel and a relatively narrow
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Table 2. ESR spectral data of 2, 4, and 7.

Hrefv

A FWH;, FWH, Frequency (TCNE)
Complex Temperature (G) Zay gl (G) g1 (G) (GHz2) (G)
2 Room temperature -  2.097  2.203 230 2.044 100 9.1 3240
2 LNT - 20975 2.203 230 2.0437 90 9.1 3245
4 Room temperature - 2.098 2.188 290 2.054 148 9.1 3348
7 Room temperature 145 2.127  2.284 320 2.048 90 9.5 3370

Nitrogen super hyperfine =30 G.

peak for the perpendicular features (Supplementary material, figure S5). Non-
resolution of copper hyperfine coupling constant arises from line broadening as a
consequence of smaller spin lattice relaxation time and/or significant spin—spin
exchange interaction in the solid state. Liquid nitrogen temperature (LNT) ESR
spectrum of 2 is almost identical to that of room temperature ESR spectrum (table 2).
The trend g > g, > ge (free electron value) indicates that free electron resides in the
d,._,» orbital of copper in the complex. Pattern of g values and appreciable differences
between g and g, values indicate strong Jahn-Teller distortion around copper and the
effective geometry around copper(II) is almost square-planar [23-25].

The room temperature solid state ESR spectrum of 4 is very similar to that of 2. Full-
width half-height (FWH) value for 4 is greater than that of 2 for parallel and
perpendicular features. Increase in FWH values may be due to partial reduction of line
broadening. Reduction of line broadening for 4 arises from reduction of spin—spin
exchange interactions on dilution of the magnetic center {copper(I)} by non-magnetic
{zinc(II)} in 4 as compared to 2. A mixture of monometallic complexes is expected to
exhibit ESR signal identical to that of 2, therefore, it may be concluded that 4 has
different identity and is not a mixture of 2 and 3. Room temperature solid state ESR
spectrum of 7 is entirely different from those of 2 and 4, exhibiting an axial spectrum
with a well-resolved parallel hyperfine splitting (Supplementary material). Due to
strong dilution of magnetic Cu(II) centers by non-magnetic zinc(II) ions in 7 spin—spin
exchange interaction between magnetic nuclei is reduced, and line broadening of ESR
signal is minimized resulting in resolution of observed hyperfine lines of Cu(II). This
observation confirms that copper(Il) in 7 is surrounded by non-magnetic zinc(II) ions,
consequently, it may be concluded that heterobimetallic 7 is not a mixture of 2 and 3 in
appropriate mole ratio. Concentration of Cu(Il) is in the order 2 > 4 > 7, therefore,
spin—spin interaction is 7 < 4 < 2. Due to reduction of spin—spin interaction 4 shows
increase in FWH of its EPR signals, whereas 7 exhibits well-resolved copper hyperfine
lines in its ESR signal. Nitrogen super hyperfine splitting is also partially visible in
parallel features, indicating delocalization of unpaired electron of copper onto nitrogen
of the ligand. The presence of unpaired electron on N of the ligand obtained from the
NBO analysis corroborates the experimental finding from ESR. Nitrogen super
hyperfine lines appear as a consequence of transfer of unpaired electron from
Cu(Il) > N, therefore, metal — ligand charge transfer concluded from the NBO
analysis is corroborated experimentally from ESR. Further, the conclusion drawn from
IR spectra that nitrogen of NH, is involved in bond formation with metal is supported
by the presence of nitrogen super hyperfine lines in ESR spectra of 7.
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Complex 4

Figure 1. Proposed structures for 2—4.

Based on electronic, geometry optimization, and ESR spectral studies, a tetrahedral
polymeric 1-D structure for 3, square-planar 1-D structure [9, 10] for 2, and 1-D
structure possessing square-planar structure around copper and tetrahedral around zinc
for 4-7 are tentatively proposed (figure 1).

3.7. Conductivity of the complexes

Specific conductance of complexes from 313 K to 393 K was measured by the two-probe
method using silver paint on compressed pellets prepared at 6 ton pressure and cured at
120°C. Increase in conductivity of all the complexes with increasing temperature
indicates that the complexes are semiconductors [2, 26]. Complex 2 exhibits higher
conductivity (~10 times) than that of 3 possessing lowest conductivity among all the
complexes under present study. Computation of NBO charges on 2’ shows that
unpaired electron is delocalized on the conjugated polymer back bone producing lower
HOMO-LUMO gap (2.23¢V) than that of 3 (2.47¢V). Higher conductivity of 2 as
compared to that of 3 arises from the combined effect of excitation energy (£, HOMO-
LUMO gap) [27], the presence of unpaired electron and coplanar geometry of ligand
and metal of 2. Complex 4 exhibits intermediate conductivity at room temperature
between those of 2 and 3 but at higher temperature exhibits higher conductivities than
monometallic complexes. Observed conductivity of 4 at room temperature is in the
expected range as computed from the HOMO-LUMO gap (2.29 ¢V) between those of 2
and 3. Conductivities of 5-7 are greater than the conductivities of monometallic
complexes with 6 exhibiting highest conductivity at all temperatures (figure 2).
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Figure 2. Temperature vs. electrical conductivity of 2-7.

Spin—spin interaction between adjacent metal ions of 2 localizes unpaired electrons of
Cu(II) and results in antiferromagnetic interactions; consequently, conductivity of 2 is
considerably reduced despite having unpaired electron. ESR spectra also reveal that
dilution of Cu(II) with Zn(II) reduces the spin—spin exchange interaction progressively
from 4 to 5 to 6 and 7. Increase in conductivity matches with decreasing spin—spin
interaction in the heterobimetallic complexes at room temperature. Due to the presence
of insufficient number of carriers in 7 to donate unpaired electron to the conjugated
polymeric system, 7 exhibits slightly lower conductivity than 6 with increasing
temperature. Observed conductivity of the heterobimetallic complexes are in the
order 4 <5 < 6 > 7. Heterobimetallic complexes exhibit higher conductivity than
monometallic complexes due to enhanced unpaired electron populations on the
conjugated polymeric chain (i.e., on ligand atoms also) rather than being localized on
metal as revealed from computational studies and reduced spin—spin interactions
observed from ESR spectra.

4. Conclusion

PXRD, ESR spectral lines, and thermal degradation of the complexes indicate distinct
identities of the heterobimetallic complexes. ESR spectra and ab initio computational
results suggest significant metal — ligand charge transfer and greater delocalization of
unpaired electron of copper(Il) on ligand atoms of heterobimetallic than monometallic
complexes. Higher conductivity of 2 than 3 indicates that a partial filled band has been
created to some extent in 2 from delocalization of unpaired electron of Cu(Il) on
various atoms of the conjugated chain. Higher conductivity of heterobimetallic
complexes than those of monometallic complexes shows that localization of unpaired
electron due to spin—spin interaction is reduced in heterobimetallic complexes.
Although the increase in conductivity of heterobimetallic complexes as compared to
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monometallic complexes is significant, but smaller than expected (~100-1000 times),
our objective to create partially filled band without redox treatment is fulfilled by
incorporation of metal ion having unpaired electron into the chain of conjugated
coordination polymer.

Computed geometries around Cu(Il) and Zn(II) in heterobimetallic complexes are
square-planar and tetrahedral, respectively. Due to non-planarity around Zn(II),
unpaired  electron  of  heterobimetallic ~ complexes  remains  localized.
Consequently, movement of electron from one domain to adjacent domains along
the conjugated chain cannot take place by orbital delocalization; however, it may take
place by hopping mechanism which requires an activation energy. Semiconductor
behavior of heterobimetallic complexes supports the above conclusion. The 1-D
conjugated polymer having two different metal ions may yield higher conductivity
provided both metal ions exhibit similar geometry to allow delocalization of unpaired
electron throughout the polymer chain, in addition to reducing spin—spin interaction
between adjacent metal ions. Thus, choosing suitable combination of metal ions one
may achieve conductivity without complications of redox treatment.

Supplementary material

Original IR spectra and data, PXRD pattern, Computed NBO charge, unpaired
electron population, unpaired electron spin at various atoms of the complexes,
optimized structures, UV-visible spectra, TGA thermograms, and original ESR spectra
are available in supplementary information file.
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