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ABSTRACT

This work investigates the preparation and analysis of Cu (Il) complexes CuE and CuECI, along with their axial adducts
formed through coordination with 4,4'-bipyridine CuEbpy and CuECIbpy and mono-viologen (C1V*.PFs") CuEC1V*.PFs
and CUuECIC;V*.PFs. In addition, reduction reactions were performed on the bis-viologen-based adduct complexes
(CuEV2?*.2PFs") using activated zinc powder under an inert atmosphere, leading to the generation of redox-active
molecular switches centered on the viologen units. All synthesized Cu(ll) complexes were comprehensively characterized
using a suite of analytical techniques, including FT-IR, mass spectrometry, thermal analysis (TGA), X-ray diffraction
(XRD), energy-dispersive X-ray spectroscopy (EDX), UV-Visible spectroscopy in various solvents, and electrochemical
measurements. These characterizations confirm the successful formation of the target complexes and provide insight into
their structural, optical, and redox properties.
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INTRODUCTION

Viologens consist of bipyridine salts where one or both nitrogen atoms carry a quaternary charge. Formally, they are
referred to as 1,1’-disubstituted or 4,4’-bpy salts. When both substituents are methyl groups (R = methyl), the resulting
dication is commonly known as methyl viologen 2. Viologens are compounds is easily reduced to the radical mono cation
and produce violet color. They can change color reversibly many times through reduction and oxidation. The viologen is a
widely used herbicide, as early in the 1930 EL The viologen derivatives exist Viologen (V) exhibits three distinct redox
states: the dication (V?*), the radical cation (V'*), and the fully reduced neutral form (V°), as illustrated in Scheme 1.:
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Scheme 1: Three common viologen redox states [,

Molecular switch is a molecule that is able to convert reversibly between at least two stable states or several stable states
by applying an external stimulus like thermal, chemical, electrical

optical et cetera. What is interesting is that the passage of a molecule from one state to another must be accompanied by a
property of the molecule that can be read or seen by spectroscopic techniques such as NMR, UV Visible also by
voltammetry electrochemical techniques 1.

The main objective of this study was to synthesize and characterize adduct complexes CuEbpy, CuECIbpy, CUEC.V*.PF¢,
and CUECIC.V*.PFs originating from the Cu(ll) complexes of ethyl acetoacetate (CUuE) and ethyl 4-chloroacetoacetate
(CuECI) in combination with bpy. Additionally, the research aimed to monitor the formation of these adducts in the solid
state, as well as the assembly of CUEV2?*.2PFs-, which involves both Cu(ll) precursors and the bis-viologen derivative
V,2*2PFg~. The study further investigated the redox-induced r-dimerization behavior of the coordinated bis-viologen
moieties within CUEV,?*.2PF¢".

EXPERIMENTAL

Materials and Methods
Chemicals materials and Instrumentation

Chemicals reagents and solvents were very purification and their sources from certified and discreet chemical companies.
These chemicals materials were used in the practical study without the need for re-purification. They are described as
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follows: Ethyl4-chloroacetoacetate, Ethyl acetoacetate, bpy, 1,3-Dibromo propane, Copper acetoacetate, Absolute
methanol, Ethanol, Acetonitrile, Acetone, Hexane, Dichloromethane and Dimethylformamide were from Chem-
Lab/Belgium. Dimethyl sulfoxide, Benzene and Ethyl acetate were from Romil/England.

FT-IR spectra were obtained in the 500—4000 cm™ range using a SHIMADZU/FT-IR Affinity spectrophotometer with KBr
pellets. UV-Vis absorption spectra were measured on a T90+ UV-Vis spectrometer (PG Instruments Ltd.) with 1 cm quartz
cuvettes. Thermogravimetric analyses of the metal complexes were performed using an SDT Q600 V20.9 Build 20. XRD
patterns were recorded with a Panalytical diffractometer employing Cu Ka radiation in Iran. 'H-NMR spectra were acquired
on a 400 MHz BRUKER spectrometer using DMSO-ds as solvent. Mass spectra were collected with a 5973 Network Mass
Selective Detector (Agilent Technologies, HP) operating with an El source at 70 eV. Electrochemical measurements were
carried out using a Potentiostat/Galvanostat EIS Analyzer. Melting points were determined with a Cole-Parmer MP-200D
apparatus (UK design, PRC assembly).

PREPARATION OF METHODS
Synthesis of CUE and CuECI complexes

To synthesize the CUE complex, ethyl acetoacetate (3 mL, 23.536 mmol, 2 equivalents) was dissolved in 1 mL of ethanol
and added drop wise to a solution of copper(Il) acetate monohydrate (2.179 g, 11.768 mmol, 1 equivalent) dissolved in 10
mL of ethanol. The addition was carried out over a period of 20 minutes with constant stirring. The resulting mixture was
stirred for an additional 2 hours at room temperature, then heated to 60 °C and maintained at this temperature for 2 hours
under continuous stirring. A solid precipitate was formed during the reaction. For the synthesis of the CUECI complex,
ethyl 4-chloroacetoacetate (2 mL, 14.800 mmol, 2 equivalents) was dissolved in 1 mL of ethanol and added gradually over
10 minutes to a solution of Cu (Il) acetate monohydrate (1.344 g, 7.400 mmol, 1 equivalent) dis-solved in 10ml of a
CH30H—-H>0 mixture, then heated to 60 °C for 2 hours with continuous stirring to ensure complete reaction and complex
formation. In both cases, After vacuum filtration, the precipitate was thoroughly washed with water and methanol, followed
by drying under reduced pressure. The CUE complex was obtained as a green crystalline solid with a yield of 2.00 g (52%)
and a melting point of 195-197 °C. The CuECI complex was obtained as a brown solid with a yield of 2.3302 g (81%) and
a melting point of 170-172 °C. Both complexes exhibit excellent solubility in polar and moderately polar solvents,
including water, methanol, ethanol, acetonitrile, acetone, dichloromethane, ethyl acetate, benzene, DMF, and DMSO,
which facilitates further characterization and potential applications in solution-based systems [,

R
o) EtOH or MeOH
2 + Cu(CH;COO0), » + bpy
o 60 °C, 2h
40 Copper acetate
R= Ethyl acetoacetate or CuE 52%
CI: Ethyl4-chloroacetoacetate CuECI 81%

Scheme 2: Syntheses of CuE and CuECI.
Synthesis of CuEbpy and CUuECIbpy complexes as adduct

To prepare the CuEbpy complex, a solution of the previously synthesized CuE complex (0.400 g, 1.252 mmol, 1 equivalent)
was dissolved in a minimal volume of DMF and added, under continuous stirring, to a solution of bpy (0.980 g, 6.26 mmol,
5 equivalents), also dis-solved in the least possible of DMF. Mixture was stirrer at Lab tem. for 48 h to ensure complete
coordination and adduct formation. Similarly, for the synthesis of the CUECIbpy complex, a solution of CuECI (1.000 g,
2.567 mmol, 1 equivalent) was dissolved in the minimum amount of DMF and added with stirring to a solution of 4,4'-
bipyridine (2.000 g, 12.84 mmol, 5 equivalents), previously dissolved in a minimal volume of DMF. The resulting mixture
was also stirred at ambient temperature for 48 hours. In both syntheses, the resulting precipitates were collected by vacuum
filtration, washed thoroughly with dichloromethane to remove unreacted organic residues, and dried under reduced
pressure. The CuEbpy adduct was obtained as a greenish-yellow solid with a yield of 0.200 g (33%), and a melting point
of 142—144 °C. The CuECIbpy adduct was isolated as a brown solid with a yield 0of 0.710 g (39%), and a melting point of
197-199 °C. Both adduct complexes exhibit good solubility in a wide range of solvents, including water, methanol, ethanol,
acetonitrile, acetone, dichloromethane, ethyl acetate, benzene, DMF, and DMSO, which is advantageous for subsequent
characterization and potential applications in solution-based coordination systems "1,
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— — DMF, 48h
+ 5 E— + bpy
N N/ N\ / N R.T.
R= Ethyl acetoacetate or 4,4'-bipyridine

Cl: Ethyl4-chloroacetoacetate

CuEbpy 33%
CuEClbpy 39%

Scheme 3: Syntheses of CuEbpy and CuECIbpy.

Synthesis of CUEC1V*PFs and CuECIC1V* PFs complexes as adduct

The synthesis of the viologen-based adduct complexes CUEC;V*™PFs~ and CUECIC,V*PFg~ was carried out by reacting
the corresponding copper(Il) B-ketoester complexes with 1-methyl-4,4'-bipyridinium hexafluorophosphate (C.V*-PFg") in
DMF under ambient conditions. For the synthesis of CUEC1V*-PF¢, a solution of C;V*-PF¢ (1.230 g, 3.89 mmol, 5
equivalents) was dissolved in 1 mL of DMF and added gradually, over the course of one minute with continuous stirring,
to a solution of CuE (0.625 g, 1.95 mmol, 1 equivalent) previously dissolved in 3 mL of (DMF). The contents of the
reaction were mixed by agitation inside a firmly closed volumetric flask at Lab tem. for 45 days. Reaction progress was
monitored by (TLC) using a mobile phase of MeCN:H,0: KNOs (10:1:1, v/v/v). Upon completion, The formed precipitate
was isolated through filtration and subsequently dried under to yield the complex CUEC;V*PFs™ as a light green solid
(yield: 0.180 g, 15%), with a melting point of 168 °C.

Similarly, for preparation of CUECIC,V*PF¢~, from C:V*PFs (1 1.400 g, 2.77mmol, 5 equivalents) in 1ml of DMF was
added gradually over one minute, under stirring, to of CUECI (0.860 g, 2.221 mmol, 1 equivalent) dissolved in 4 mL of
DMF. The mixture was stirred in a sealed volumetric flask at room temperature for 45 days. The reaction was monitored
by TLC using the same eluent system. The precipitate formed was filtered and and then subjected to vacuum drying to
obtain of CuECIC,V*-PFs as a soft brown solid (yield: 0.087 g, 7.5%), with a melting point of 175-177 °C. Both
complexes exhibited low solubility in water, methanol, ethanol, acetonitrile, DMF, and DMSO, and were insoluble in
acetone, dichloromethane (DCM), ethyl acetate (EtOAc), and benzene (CeHe) "1,
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CuEC,V*".PF{ 15 %
CuEClC1V+.PF6- 8 %

R= Ethyl acetoacetate or

+ -
Cl: Ethyl4-chloroacetoacetate CiV ™. PFg

Scheme 4: Synthesis of CUEC1V*.PFs and CUECIC1V*.PFs complex.

RESULTS AND DISCUSSION
Characterization of Cu?*-complexes

FT-IR spectroscopy of Cu?* complexes

Fourier-transform infrared spectra were recorded for the complexes Cuk and CuECI, along with their respective adducts:
CuEbpy, CuECIbpy, CUEC:V*.PFs and CUECIC,V*.PF¢ are recorded and presented in figure 1 and data are listed table 1.
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CuE 1598, | 141 | 1288, | -— | 1178 | - | 868, - |49 |
2083, 7 | 1369 778 0
2953, | 1538
CuECI 3090 1600, | 141 | 1360, 1181 |- | 863,
2983 4 | 1310 , 791,
1530 1138 e 668 37
CuEbpy | 3060, 1644, | 140 | 1361 | 127 | 1169 | - | 864, 422,
3044 | 2077 | 1e1s 7 5, |, 820, 50
;23 1060 779 % | w8
57
8
3068, 147 | 1364 | 127 | 1090 | - | 795, 642 | 57
CuECIbpy | 3047 | 2979 | 1654,16 | 2,14 o |, 759 55 | 463
10,1551 | 19 1o | 1050 15
16
CUEC:V*. | 3056, 1650, | 149 | 1383 | 122 | 1157 | 846 | 741 - |55
PFs 3129 | 2979, | 1618, | 9,14 2 |, 8 | 483
1574 46 1078
2932
CUECIC: | 3098, | 2999, | 171616 | 149 | 1347 | 122 | 1193 | 829 | 716 669 | 55 | 482
V*PEs | 3029 | 2881, | 39,1615, | 8.14 3 |, 9
2848 | 1548 19 1088

Both CuECI and its adducts, CuEbpy and CuEClbpy, CUEC,V*.PFs and CUECIC,V*.PF¢’, exhibit single bands at 3098,
3044, and 3043, 3056 and 3029 cm™ correspondingly. The bands correspond to aromatic and olefinic C—H stretching
vibrations, indicating successful coordination with bipyridine 8%, The metal complexes show aliphatic C—H stretching
bands at 2983 cm™! for both CuECI and CuE, and at 2977 cm™', 2982 ¢m™* for CuEClbpy and CuEbpy, 2979 cm™, 2932
cm™ of CUEC,V*.PFe, 2999, 2881 and 2848cm™* of CUECIC,V*.PFg respectively (9. Characteristic bands appear at 1600
cm™, 1530 cm™ for CuECI; 1602 cm™, 1532 em™ for CuClbpy; 1598 cm™, 1538 cm™ for CuE; and 1644 cm™, 1515 cm™
for CuEbpy, 1650, 1618 and 1574 cm* for CUEC,V*.PFs’, 1716,1639,1615 and 1548 cm™ for CUECIC,V*.PFs". These are
associated with C=C stretching and C=0 vibrations. The corresponding bending vibrations are observed at 1417 cm™ for
CuE, 1414 cm™ for CuEC], 1415 cm™ and 1407 cm™ for CuEbpy, 1499, 1446,1416 cm™ for CUEC,V*.PFs and 1498,
1419 cm* for CUECIC,V*.PFs 1. Bending vibrations are also observed at 1360 cm™, 1310 cm™ for CuECI, 1288 cm™,
1369 cm™ for CuE, 1361 cm™ for CuEbpy, 1316 cm™ for CuECIbpy, 1383 cm™ for CUEC,V*.PFs, 1347 cm? for
CUECIC;V*.PFg [*4, Pronounced bands appear for CuEbpy at 1218 cm™, and for CuEClbpy at 1275 cm™, 1232 cm™, 1222
cm for CUEC,V*.PFes, 1223 cm™ for CUECIC;V*.PFs M. Bending vibrations appear at 1181 cm™, 1138 cm™ for CuEC],
1288 ecm™ for CuE, 1169 cm™, 1060 cm™ for CuEbpy, and 1083 cm™, 1016 cm™ for CuEClbpy, 1157, 1078 cm™ for
CUEC,V*.PFg and 1193, 1088 cm* for CUECIC,V*.PFs. Bands at 863 cm™, 791 cm™, 767 cm™ appear in CuECI, while
868 cm!, 778 cm™ are seen for CuE, and 684 cm™, 820 cm™, 779 cm™! for CuEbpy, 851 cm™, 725 ecm™ for CuEClbpy.
Adduct compounds appear bands at 846 cm™ for CUEC,V*.PFg, 829 cm™ for CUECIC,V*.PFg, these bands are assigned
to vibrational modes involving bending coupled with stretching within the PFs~ anion. Addition to appear bands at 741 cm”
! for CUEC,V*.PFs, 716 cm™ for CUECIC,V*.PFs, included out of plane stretching C-C 12, C—Cl stretching bands appear
at 668 cm™ for CuECI and 645 cm™, 607 cm™ for CuEClbpy, 606 cm™ for CUEC,V*.PFg’, 669 cm™ for CUECIC,V*.PFg
(131 Cu-O stretching appears at 577 cm ™ CuECI, 641 cm™ CuE, 637 cm™, 609 cm™* CuEbpy and 507 cm™' CuEClbpy, 558
sharp cm* for CUEC,V*.PFs’, 559 cm™* for CUECIC,V*.PFg. Finally, adduct bands attributed to Cu—N bending vibrations
are observed at 509 cm™ CuEbpy, 474 cm™ CuEClbpy, 483 cm™ very sharp for CUEC,V*.PFs, 482 cm? for
CUECIC1V*.PFs. the presence of these bands, not observed in the precursor complexes, is assigned to Cu-N bending
vibrations, further confirming coordination with bipyridine and C1V*.PFs~ at the same time, we note the absence of the
appearance of bands in the complexes CuE and CuECI, which indicates the formation of new complexes which it are
adducts complexes 127141,

Mass spectroscopy of Cu?* complexes

LC- mass spectrum of CuE, CuECI, Cukbpy, CuECIbpy, CUEC,V*.PFs and CUECIC:V*.PFs are depicted in figures
2to 7.
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Figure 2: LC- mass spectrum of CuE complex.
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Figure 3: LC- mass spectrum of CUECI complex.
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Figure 4: LC- mass spectrum of CuEbpy complex.
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Figure 5: LC- mass spectrum of CuECIbpy complex.
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Figure 6: LC- mass spectrum of CUEC:1V*.PFs complex.
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Figure 7: LC- mass spectrum of CUECIC1V*.PFs complex.

Figure 2 represent the LC- mass spectra of CUE complex appear peak at m/z =321.1 due to the molecular ion. The show
peak at m/z= 261.1 suggests which confirm the structure [C10H14CuO4]*. The spectra show peaks at m/z= 456.46, 429.45,
411.40 , 369.32, 355.29, 341.31, 322.82, 276.1, 247, 231, 205.9, 193, 176.9 and 164 due to [CisH25Cu.07]*,
[C1sH26Cu20¢] ", [C14H20Cu206]",
[C11H14CU206]+,[C10H12CU206]+,[C10H14CU205]+,[C12H19CU06]+,[C11H17CUO4]+,[C10H15CU03]+,[CgHsCUO4]+,[CeH5CUO4
1*,[CeHsCuO3]*,[CsHsCuO,] and [C4HsCuOs]*  respectively 24, The intensive peak (base peak) at m / z = 146 and 69
was attributed to [C7H1303]*, [CsHeO]* and [C4HsO]* respectively 15171,

Figure 3 represent the LC- mass spectra of CUECI complex appear peak at m / z = 391.1 due to the molecular ion. The

show peak at at m/ z = 391.1 suggests of Cl atom and which confirm the structure [C12H16CICuQOs]*. The spectrum showed
peaks at m/z= 710.54, 732.94, 682.49, 618.84, 582.42, 552.39, 515.50, 487.45, 457.42, 453.48, 291.1, 263.1, 217, 180.9,
148.9, 1151 and 90.9 due to [C25H36C|2CU2011]+,[C23H31C|3CU2012]+, [C23H32C|2CU2011]+, [C18H25C|3CU209]+,
[C19H28C12Cu208] ", [C18H26C12CU207]", [C18H28CU200] ", [C16H24CU200]", [C15H22CU208] ", [C17H26CU206] ", [C11H16CUOS]",
[CoH12CuOs]*, [CeH10CUO3]*, [CaHsCuO4]*, [CsH1102]", [C4H7CI]* and [C4HsO]* respectively. The intensive peak (base
peak) at m/z= 69 was attributed to [C4Hs0]* 1517,

Figure 4 represent the redrawing and original LC- mass spectrum of CuEbpy complex. The spectra showed a peak at
range m / z = 509.5 - 532.8 because to the mother ion . The spectrum showed an peak about m / z = 321.1 due to
[C12H18CuOg]* 21, The intensive peak (base peak) at m/z= 156.1 and 69 was attributed to [C1oHsN2]* and [C4HsO]*. The
spectrum showed peaks at m/z=578.08, 554.07, 532.05, 510.47, 479.56, 452.05, 439.95, 411.90, 386.89 , 371.92, 369.88,
350.86, 231.01, 177, 130, 87.04, 53.03 and 51.07 due tO[ngHzaCUN405]+, [C27H28CUN306]+, [C27H24CUN4O4]+,
[C20H19CU2N206]*, [C22H28CU2N202]*, [CosHasCuN20?]* , [CioH24CuN206]*, [C17H20CUN206]*, [Ci16H21CUNOg]*,
[C;LgHzoCUNzoz]Jr s [C;ustoCUNOs]+ , [C16H17CUNO4]+,

[C12H18CUO4]+, [CsHeCUO3]+, [CgHgN]+, [C4H702]+, [CgH:;;N:rr and [C4H3]Jr respectively[15‘17].

Figure 5 represent the redrawing and original LC- mass spectrum of CUECIbpy complex. The appear of peak atm/z =
128.17 suggests which confirm the structure [C7H1202]*. The intensive peak (base peak) at m / z = 156.18 was attributed
to [CioHsN2]*. The spectrum showed peaks at m / z= 467.01, 451.40, 435.92, 481.04, 393.28, 383.91, 368.87, 350.86,
326.84, 314.78, 235.75, 295.80, 279.73,260.73, 219.68 ,179.62, 102, 76.98, 53.03 and 51.07 due to [C22H29CuNO¢]",
[C21H22C|CUNO4]+, [ClgHzoCUNzoe]+, [C23H31CUN05]+, [C14H15C|CUNOG]+, [C17H22CUN05]+, [ClengCUN05]+,
[C16H17CUNO4]+, [C14H17CUNO4]+, [C12H13CUN05]+, [C8H14CUNO3]+, [C13H14CUN03]+,[C9H12CUOG]+, [C9H11CUNO4]+,
[C7H8CUO4]+, [C7H9CUN02]+, [C7H12C|03]Jr ,[C7H4N]+, [C2H2C|O]+, [C3H3N]Jr and [C4H3]+respectively [15'17].

Figure 6 represent the redrawing and original LC- mass spectrum of CUEC,V *.PF¢ complex appear a peakatm/z =
640.05 because to the mother ion. Four high-intensity peaks appeared in the spectraat m/z =242, 270, 311 and 428 back
to [M'+ - CgH12Cu04*7", [M'Jr - C10H150U057°]+, [M'+ - C14H18C:UN032']+ and [M'+ - C19H27CuNOs™]*  respectively. The
spectrum showed peaks at m/z = 74, 114 and 164 due to [M™* - C3HgO2**]*, [M™* - CsH1002*]* and [M* - C4HsCuO3*]*
respectively Bl The intensive peak (base peak) at m/z = 508, 594, 684, 772, 937, 1099 and 1193 was attributed to
[C20H19Cu2N206]*, [C25H31Cu2N206]*, [C30Ha1Cu2N206]", [C36H4aCU2N30g] ", [CasHs3CU2N3011]", [CssHs7CU2N3012]* and
[Cs7H72Cu3sN4O12]* respectively 15171,

Figure 7 represent the redrawing and original LC- mass spectrum of CUECIC,V *.PF¢ complex appear peak atm/z =
640.05 because to the mother ion. One high-intensity peaks appeared in the spectra at m / z = 283 back to [M™* -
C11H24CuO4*T*. The spectra showed peaks at m/z = 134, 325, 350, 390, 420, 464, 506, 551, 623, 667 and 750 due to [M**
- C3H3; CuO2*t, [|\/|'Jr - C14H16CuNO4* 1", [M'+ - C15H15CuN204™7, [M'+ - C1gH19CuN2047*, [M'Jr - C21H27CuNO4*T", [M'+
- C23H31CUNO5+]+, [M'+ - C24H30CUN203+]+, [C23H25CU2N206+]+, [C28H37CU2N205+]+, [ngHggCUzNgOf]+ and
[CasH41Cu2N3Og*T* respectively Bl The intensive peak (base peak) at m/z = 799, 931 and 999 was attributed to
[CasHa7Cu2N3Og]*, [CazHssCu2NsOs]* and [Ce1HseCu2N3O1o]* respectively Ho471.

X-Ray Diffraction analysis of Cu?* complexes and their adducts
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The XRD pattern of Cu?* complexes are presented in figures 8. The XRD data of the complexes are listed in tables 2.

4000

CuE

—— CuEbpy
CuECI

—— CuECIbpy
—— CuEC,V*.PFy
CuECIC,V*.PF¢

3000

2000

Intevsity

1000 +

Position [°2 Theta]

Figure 8: The XRD pattern of Cuk, CuECI, CuEbpy and CueEClbpy, CUEC:1V*.PFs and CUECIC1V*.PFs complex

The largest peak at 11.8°, 24.7°, 24°, 25°, 38.5%and 24.3° for CuE, CuECI, CuEbpy, CuECIbpy, CuECIbpy, CUEC,V*.PFg
and CUECIC,V*.PFe¢ correspondingly. The crystallite Size D is calculation from Sch. method and Willia-Hall method.
Also the later method is employed to get strain g [!8 191,

D=8 1

5 wse Eqg.l
Table 2: Williamson-Hall model for show values of strain and crystallite sizes.
CuE CuECI CuEbpy CuEClbpy
Slope = Crystalsize Slope = Crystal size  Slope = Crystalsize Slope = Crystal size
strain, € L _ strain, g L _ strain, g L _ strain, & L —
KNMIntercep KMIntercept KMInterce KWVIntercept

t pt
-0.00158  40.2936 3.4597 58.8906774  0.00712  31.899116 0.00282  59.9316742

Table 3: Strain and crystallite sizes of CUEC1V*.PFs and CUECIC1V*.PFs according to Williamson-Hall model.

CuEC,V*.PFs CuECIC,V*.PFg
Slope= strain, € Crystal size Slope= strain, ¢ | Crystal size

L= KMIntercept L= KMIntercept
-0.01368 7.057074933 0.03239 24.85124921

The Scherrer equation represents a basic approach that considers solely the physical broadening, neglecting contributions
from instrumental effects. In contrast, the Williamson—Hall method addresses this limitation 22241,

B cosd = KMD + 4 ¢ sinf Eq. 2
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Figure 9: Plot of compounds : CuE and CuECI, CuEbpy, CUECIbpy, CUEC:1V*.PF¢ and CUECIC1V*.PFs.
Thermo gravimetric analyses of copper complexes

The copper (1) complexes put their were analyzed by thermo gravimetric analyses TGA to 800°C of symblos CuE, CueCl,
CuEbpy, CuECIbpy, CUEC,V*.PFg and CUECIC1V*.PFs heating to 80 ml/ min in under Ar. The TGA curves are depicted
in figure 10. The data are presented in table 4 25261,
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Table 4: Thermogravimetric analyses data of Cu?*complexes.

Complexes Temperature Weight loss % Decomposition | Liberated part
M.wt (g.mol?) | range (°C) (Molecular  weight loss, product
g.mol?)
Found Calculated
36.26 - 1.141 1.01 H* C12H17CuOs’
CUE 170.32
321.1 g.mol 170.32 — | 55.94 56.06 CsHs Ci10H10CuOs
257.29
257.29 - 1/2H,0
429 89 8.429 9.0 CuE
429.89 - | 11.72 15 ‘CH3 C12H18CuOes*
799.92
CuECI 37.76 - 146.62 | 0.2016 1.01 H* C12H15Cl,CuO¢°
390.1 g.mol* 146.62 - | 40.64 42.08 CsHs C11H19CICUOs
224.64
224.64 — | 1251 15 ‘CH3s C11H13Cl>CuOg’
427.31
427.31 — | 22.03 18 H,O CuECI
800.59
CuEbpy 48.85 — | 0.2546 1.01 H* Ca2H25CuN2O¢*
521.09 g.mol*! 134.23
134.23 — | 44.31 45.03 CyHs0° C20H2:CuN20s5°
239.68
239.68 -1 1271 14.02 CH22e C21H25CuN2O¢*
329.04
329.04 ~ 11885 18.0 H.0 CuEbpy
800.71
44,68 — 1439 | 0.5167 1.01 H* C2H23Cl>,CuN2O6”
CuEClbpy 143.9 — | 10.80 9.0 CuECIbpy 1/2H,0
560.05 g.mol? | 226.31
226.31 — | 29.25 29.04 CoHs C20H19Cl2CuN206°
303.72
303.72 — | 21.96 18 H.0 CUuECIbpy
478.78
478.78 — | 28.16 27.01 CHNy* C51H23Cl,CuNOg
800.41
23.67 —65.6 0.2945 1.01 H* C23H28CuFsN206P*
CuEC,V*.PFe | 65.6-171.85 | 3.210 2.02 Ho> CasH2sCUFsN206P
-1
638 g.mol 171.85— 19.04 s CUECV'PFs |,
260.14 2
260.14— 7.015 9.0 CuEC1V*.PFs | 1/2H,0
378.27
378.27 — | 15.67 15.02 ‘CH3 Ca2H26CuFsN206P*
805.37 '
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34.63 - 2131 2.02 H,*> C23H25Cl.CuFsN,OgP*

182.15

182.15 — | 0.9263 101 H Ca3H26Cl2,CuFsN2O6P*

| 205.43 :
CUEC|C1V+.PF6
1 205.43 — | 52.77 CsHsN? C20H26Cl,CuFgNOgP

706.89 g.mol 42418 53.03

424.18 - CuECIC V™.

806.53 9.560 9.0 PFs 1/2H,0

The TG curves were drawn as temperature T °C with wt loss % . Decomposition pattern of Cu?* occur in four step for
CuE, four step for CuECI, four steps for CuEbpy, five steps for CUECIbpy of weight losses as shown in figure 8
respectively. Complex of CuE in first phase at 140- 240 °C temperature 0.8217 mg weight loss with 55.94 %, returning
to CsHsCuO4 molecule and liberated part from complex is CgH14CuO2, second phase at 240 - 378 °C temperature 0.1238
mg weight loss with 8.429 %, returning to C2H4 molecule and liberated part from complex is C12H1sCuQg, third phase at
378 — 800 °C temperature 0.1721 mg weight loss with 11.72 %, returning to CsHs molecule and liberated part from
complex is C11H16CuQg. Complex of CUECI in first phase at 137.5- 225 °C temperature 0.7140 mg weight loss with
40.64 %, returning to CsH10CuO molecule and liberated part from complex is CsHgsCl2Os, second phase at 225 — 387.5 °C
temperature 0.2197 mg weight loss with 12.51 %, returning to C2HsO molecule and liberated part from complex is
C10H12CI2Cu0s, third phase at 387.5 — 800 °C temperature 0.3871 mg weight loss with 22.03 %, returning to CsH-O;
molecule and liberated part from complex is CgHoCloCuOQsa. It is noted for the thermal decomposition of both complexes
CUECI is more stable than CuE. Complex of CuEbpy in first phase at 125 - 245 °C temperature 0.9265 mg weight loss
with 44.31 %, returning to CsH10CuO4 molecule and liberated part from complex is C17H220, second phase at 245 — 320
°C temperature 0.2658 mg weight loss with 12.71 %, returning to C4HsO molecule and liberated part from complex is
C21H25CuOs, third phase at 320 — 800 °C temperature 0.3942 mg weight loss with 18.85 %, returning to CsHi1, molecule
and liberated part from complex is C1sH21CuQg 1. Complex of CUECIbpy in first phase at 125 - 225 °C temperature
0.1790 mg weight loss with 10.80 %, returning to CsHsO molecule and liberated part from complex is C20H22Cl,CuN2Os,
second phase at 225 — 300 °C temperature 0.4847 mg weight loss with 29.25 %, returning to C4HsCuNO- molecule and
liberated part from complex is C19H21CI2NQOs, third phase at 300 — 400 °C temperature 0.3638 mg weight loss with 21.96
%, returning to CoHis molecule and liberated part from complex is C24H1:Cl,CuN2Og and fourth phase at 400 — 800 °C
temperature 0.4667 mg weight loss with 28.16 %, returning to C1oHsN2 molecule and liberated part from complex is
Ci13H1sCI,CuOg ?71. It is noted for the thermal decomposition of both complexes CUECIbpy is more stable than CuEbpy.
Returning to Hz?>* molecule and liberated part from complex is CasH27CuFsN2OgP*, third phase at 171.85 — 260.14 °C
temperature 0.6023 mg weight loss with 19.04 %, returning to H,O molecule and liberated part from complex is
Ca3H29CuFgN206P-, fourth phase at 260.14 — 378.27 °C temperature 0.2219 mg weight loss with 7.015 %, returning to
1/2H,0 molecule and liberated part from complex is C2sH29CuFsN20OsP™ and fifth phase at 378.27 —805.37 °C temperature
0.4955 mg weight loss with 15.67 %, returning to “CHs molecule and liberated part from complex is Ca2H26CuFsN2OgP".
Complex of CUEC,V*.PFe in first phase at 23.67 — 65.6 °C temperature 0.009316 mg weight loss with 0.2945 %, returning
to H* molecule and liberated part from complex is Ca3H2sCuFsN2OgP°, second phase at 65.6 — 171.85 °C temperature
0.1015 mg weight loss with 3.210 %, returning to H,>* molecule and liberated part from complex is C23H27CuFgN2O6P?",
third phase at 171.85 — 260.14 °C temperature 0.6023 mg weight loss with 19.04 %, returning to H.O molecule and
liberated part from complex is CasH29CuFsN2OgP", fourth phase at 260.14 — 378.27 °C temperature 0.2219 mg weight loss
with 7.015 %, returning to 1/2H,O molecule and liberated part from complex is CasH29CuFsN2O6P- and fifth phase at
378.27 — 805.37 °C temperature 0.4955 mg weight loss with 15.67 %, returning to "CH3; molecule and liberated part from
complex is CaoH2sCuFsN,OgP" (2831,

Complex of CUECIC,V*.PFs in first phase at 34.63 — 182.15 °C temperature 0.05218 mg weight loss with 2.131 %,
returning to H,> molecule and liberated part from complex is C2sH25Cl.FsN2OsP-, second phase at 182.15 — 205.43 °C
temperature 0.02269 mg weight loss with 0.9263 %, returning to H* molecule and liberated part from complex is
CasH25CloFgN2O6P-, third phase at 205.43 — 424.18 °C temperature 1.292 mg weight loss with 52.77 %, returning to
CsH3N?" molecule and liberated part from complex is CxoH24CloFsNOgP - and fourth phase at 424.18— 806.53 °C
temperature 0.2341 mg weight loss with 9.560 %, returning to 1/2H,0O molecule and liberated part from complex is
C23H27CIoFsN206P- 2831 [t is noted for the thermal decomposition of both complexes CUECIC;V*. PFs~ is more stable
than CUEC.V*. PFs~. The order of thermal stability of complexes was:

CuECIC1V*.PFs > CUEC,V*.PFg > CuEbpy > CuECI > CuECIbpy > CuE.
3.1.5.  Energy Dispersive X-ray spectroscopy of Cu (II) complexes (EDX)

The morphology and structure formation elemental composition characteristics of cu2+ complexes were elucidated by
EDX analysis. The EDX spectra of Cug, CuECI, Cukbpy, CuECIbpy, CUECIC1V+.PF6- and CUEC1V+.PF6- are shown
in Figures 11. EDX analysis revealed the presence of Cu (II) in all compounds that support the formation of copper
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complexes. Also, the presence of (N) atom confirms the content of the Cu-N, i.e. the formation of adduct complex from its
precursor copper complex

Figure 11: EDX spectrum of the CuE, CuECI, CuEbpy, CuECIbpy, CUEC,;V*.PF¢ and CuECIC,V*.PFs complex.

From the EDX spectral analysis revealed that the copper (11) with ethyl 4-chloro acetoacetate and ethyl acetoacetate ligands
and the formation of complexes CuE and CuECI and the formation of a homogeneous form. Figures 11 shows peaks of
elements present in the complexes formed in each of complexes CuE and CuEbpy It shows strong peaks of O, N, C, and
Cu while in complexes CuECI and CuEClIbpy it shows peaks of both O, N, C, Cu and Cl. The complexes CUEC,V*.PFg

it shows strong peaks of O, N, C, Cu, F and P, and CuECIC,V*.PFg it shows strong peaks of C, N, O, Cu, F, P and ClI
[32],
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3.1.6.

Ultraviolet -visible Absorption Spectroscopy of Cu 2* complexes

Ultraviolet -visible Absorption Spectroscopy of the ligands E and ECI and their Cu (II) Complexes

were record in different solvents (CgHs, DCM, acetone, EtOAc.

MeCN, EtOH, MeOH. DMF,

DMSO and H20). The spectra were recorded at low and high concentrations.
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Figure 12: Absorption spectrum of 0.1 mM (black)
of ethyl acetoacetate, 5 mM (purple) of copper
acetate, 0.05 mM (red), 0.5 mM (blue) and 5 mM
(green) of CuE complex in EtOH.
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of ethyl acetoacetate, 5 mbi (purple) of copper
acetate, 0,05 mbd (red), 0.5 mhd (blue) and 5 mhi
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Figure 13: Absorption spectrum of 0.1 mM (black)
of ethyl acetoacetate, 5 mM (purple) of copper
acetate, 0.05 mM (red ), 0.5 mM (blue) and 5 mM
(green) of CuECI] complex in EtOH.
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Figure 15: Abscrption spectrum of 0.1 mhd (black)
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Figore 17: Absorphon spectrum of 0.1 mbd
{black) of ethy] acetoacetate, 0.05 mbd (red), 0.5
mihi (blee) and 5 mbd (green) of CuE complex in
E+OAc. at r.t using quartz cell with path length of

1eom.
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Figure 30: Abzorphon spectom of (.1 mhi Fizure 31: Abzorpton spectrom of (.1 mbi
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Table &: Absorption data of E, CuE and Co{OAck m different solvents.

Complex Solvent Concentration {mbi) lpay/nm (e cm ™)
CuE MeOH 0.05 277 (20540)
—
. 201 (3648)
. 6356 (70), 378 (189)
E 1
244 (5880)
CuE MeCH 0.05
8 257 (2520
T
. 184 (3561)
’ 649 (113), 391 (251
E 1 245 (2070)
CuE DMF 0.05 274 (3600)
—
. 200 (3638)
8 688 (71), 386 (105), 326 (364)
E 01 270 (3830)
Cu(0A: 1 606 (268), 362 (198), 280 (1667)
3 704 (181), 206 (417)
CuE DMEO 0.05 275 (18340)
035 708 (340%)
3 507 (64), 382 (174), 323 (529)
E 1
265 (4300)
CuE Watar 03 772 (758)
3 306 (202)
£ 0.1 242 (2720)
Complex Solvent Concentration {mhl}) Appawmm (2R om )
CuE Benzen 0.05
g 8 282 (4200)
s 706 (3618)
3 §30 (47), 302 (188), 324 (336)
CuE E10AC 0.05 257 (3760)
s 873 (216), 264 (2846)
3 867 (204), 367 (120}, 305 (575)
E 01 158 (3040)
CuE DCM 0.05 270 (7860)
—
! 100 (3748)
. 630 (26), 387 (129), 316 (470)
E 1
246 (5370)
CuE Acetons 03 330 (604)
3 830 (30), 390 (227), 334 (350)
E 1
328 (8010)
CuE EtOH 0.05
8 178 (10340)
02 201 (13684)
. 370 (213), 633 (67)
E ol 246 (5250)
CuOAck 1
(OAc) 706 (136), 273 (1722)
’ 700 (123}, 300 {(424)
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Table 6: Absorption data of ECIL, CuEC] and Cuf{OAc): in differant solvents.

Complex Solvent Concentration {mMi) Amaz/mm (eB L cm )
CuECl MeOH 0.05 261 (12360)
0= 287 (3756)
’ 600 (500, 373 (141}, 320 (471}
=c ol 246 (5710)
CuECl MeCN 0.05
: 136 (70601
0 268 (3252)
- 708 (52), 380 (185). 336 (2000)
ECI 01 245 (5510)
CuEC] DMF 0.05 272 (2460)
=
. 202 (36421
. 737 (47, 386 (156}, 326 (482)
ECI 01 271 (7080)
CulDAS): 1 806 (268), 362 (198), 280 (1667)
3 704 (181), 206 (417)
CuECI DMED 0.05 168 (12660)
0.5 303 (3748)
5 738 (50), 386 (141}, 325 (470)
ECI 01
265 (4300
CuEC] Watar 0.05 258 (B320)
05 77 (3768)
3 73 (25), 373 (142), 317 (450)
EC1 01 275 (23300
CuECl Benzens 0.05 221 (1300)
03 281 (1202)
3 87 (39), 391 (170), 323 (519)
CuECI EtDAC 5 230 (11440)
268 (3339)
677 (82, 371 (135), 316 (499)
ECI 01 250 (3040)
CuECI DCM 0.05 760 (3500)
03 762 (2676)
3 687 (35), 391 (170), 321 (404)
EC ol 240 (5330)
CuEC] Acetone 05 331 (1284)
5 710 (24), 376 (193), 336 (2000)
EC ol 328 (8010)
CuECI E1OH 0.05
: 237 (82607
03 701 (3744)
3 97 (51), 378 (179), 336 (2000)
ECI 01
250 (0460)
Cul0Ac): 1
(OAc) 706 (136), 273 (1722)
3 700 (123), 300 (424)
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Figure 32: Absorptiom spectrum of 005 mbi
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Fizure 33: Absorption specttum of 0.1 mbi

{olack) of ethyw] acetoacstate, 0,05 mhi {red), 0.5
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Figure 34: Absorpton spectrum of 0.1 mbi Figure 35: Absorption spectrum of 0.1 mbd

{black) of ethyl acstoacstats, 0.05 mbhd (Tad short
dash line), 0.3 mM (blae) and > mMI (green) of
CoEbpy complex in DR .
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Figure 36: Abscrption spectrom of 0.1 mhd (black)
of ethy]l acetoacetate, 005 mbhl (red), 0.5 mhi
{olu=a) amd 3 mbd (green solbid lme) of CoEbpy
complex in E¢OH .
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Figure 37: Absorption specttum of 0.1 Iim
{black) of athyvl]l acetoacetate, 0,05 mbJd (red), 0.5
mMhi (blue dash Lime) and 5 mbd (sreen) of
CuaEbpy complex in hi=aOF .
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Figure 39: Absorption spectrum of 0.1 mvi (black)
of ethyl zcetoacetate, 5 mbhi (purple) of copper
acatate, 0.05 mhd (red), 0.5 mhd (blue) and 5 mhi
{zreaen zolid hne) of CuEbpy complex m DME_
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Figure 40: Absorption spectrum of 0.1 mbd Figure 41: Absorpton specttum of 0.1 mbhd
{black) of ethyl acetoacetate, 0.05 mhdi (red), 0.5 {klack) of athyl acetoacetate, 0,05 mbJd (red), 0.5
mM (blue) amd 5 mMl (green) of CuoEbpy  mbd (blue dash lina) and 5 mbd (sresn) of
complex in DRSO . CuEbpy complex in F O .
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Figure 43: Absorption spactnum of 0.1 mbd (black)
Figure 42: Absorption specttum of 0,05 mbhd of ethyld-chlore acetoacetat, 0.05 mbhi (red), 0.1
{red). 0.1 mhi (blue} and 0.2 ml (zreen) of mh (blue) and 3.2 mbhi (sreen) of CuECIbpy
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Fizure 44: Absorption spectrum of 0.1 mbd Fizure 45: Abscrption spectrum of U-l_ mhd
(black) of ethyld-chloro acetoacetat, 0.05 mhi (black) of ethyld-chloro acetoacetate, 0.05 mld
(red), 0.1 mM (blus) and 0.2 mM (green) of ired). 0.5 mhi (blue) and 5 mMl (zreen) of
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Fiznre 46: Absorption spectnmm of 0.1 mbd Figure 47: Absorption spectmm of 0.1 mld
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CuEClhpy complex in MaOH. mbd (grean) of CuEClbpy complax in heCT,

VASCULAR & ENDOVASCULAR REVIEW

www.VERjournal.com


http://www.verjournal.com/

Molecular Switches Incorporating the Adducts Among Viologen unints and both Copper Bis (ethylacetoacetate) and Copper Bis(ethyl 4-

chloroacetoacetate)
278 0.1 mM ECI B
K | CLECIbp‘E.?—ir | b Ex O aa et
St IS ey
[CuECIbpy in DMSOY

00 ECIC 400 :«CIC ECIC .'\':c -ECIC SO0
Waswelength (nmi

Figure 48: Absorption spectrum of 0.1 mbhi
(black) of ethyld-chloro acetozcetate, 5 mbd
(purpls) of copper acetate, .05 mhi (red), 0.1
miI (blua) and 0.2 mbi {green) of CuEClbpy
complex in DIWF.
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Fizgure 49: Absorpton specttum of 0.1 mhi
{elack) of ethyld-chlore acetcacetat, 0.05 mbi
{red), 0.1 mhi (blue} and 0.2 mbhi (greemn) of
CuECIhpy complex in DMMSO.
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Figure 50: Absorption

spectium of 0.1 mbi

{elack) of ethyld-chloro acetcacstate, 0,05 mbd
{red), 0.1 mhi (blue} and 0.2 mdli (green) of
CuECIhbpy complex in Hx(O .

Table 7: Absorption dzta of E, CuEbpy and Cuf{CAc): in different salvents.

Complex Salvent Concentraticn (b ) Ao (£ _cm ')
Cub by Beneens (kiR S o
5
2 G 3
El
050 (5= 384 (152X) 228 (5HS)
CuEbgpy EslAc 23T (IERI
204 1]
G595 §3TE), 414 (A=
155 258 =N
Lk by pElss.2 | 245 § L4 THE)
TITE
3 GAE §TLE XHO (213}
2 {1
E ! 2 {EIT0N
Tl by HAcetane 5 29 [SH2]
B % 5
654 {70 585 (184} 351 (441
E 1 +
F2E RO
TR EmkH
ukbpy 251 {1740
5
25 223
E}
OAX {9T), 384 (247)
= -1 244 (S5
Ul W
CulDAch ! s {2 TEY, 156 (LTED)
]
L SOMb A4y
Lk by Ak H (h1h5
5
5
050§ 0360, SEG (2k0)
L= L 2 (SRR
Cuk by P TS 248 SR
03
E
CuF by [EETS
5
E 1
LEYTYE R Ray Ty 1 E HIF [l eETh
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E 1
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Table 8: Absorption data of ECL, CuEClbhpy and Cof04 o) in diffsrent solvents.

Absorbarce

Complex Salvent Concentraticn (k) At nm (e _cm )
D v T T
CukEC by Henxese 351 (196, 281 TN
1
559 { Do, 28I
2
281
CubClbpy Eslhic
3TSIO2Y, 28T (IR
EC EECTECECH]
CubC by iRy 24T {4740
243 {217
T LE]
ELC]
LukCl EinlFH
uEC by : 241 {940
{8
248 {10260
2 . & 0
SHE {I965), 246 (3405)
EC1 Benrens .1 .
CurAchy 230 {3461
1
B
CubC by
-1
555 LAl 2830 {24800
1.2
400 {E03), 280 ¢
CubC by Eslrdc LI FEREE ]
-1 25 {TIRRY
2 2 s T
379 102N, 25T {IE60F
EC 1 245 (R0
TukC ] by AledrH (s 240 {1032
11
245 X135
ECI
CuEC Thpy MM
3, 251 {TO2H
ELC]
CukC gy [
ST TR, 2T (G
ELC1
CurAehs 1 Lo, 28] STy
5 W TELY. 256 (417
b L
P 15 (a4}
Complex S odvent Comcemtration {m b4} em Yy
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ECL
CuECbgry W aier 242 1OSEOR
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181 M. 152 (BE20
S 275 (37

Figure 51: Absorption spectra of 0.5 mbd
{Jolack) of CoVOFFy. 5 mbd (red) of CuE, 1
mbid (bhee), 3 mbl {purples) and 5 mbd (sreen)
of CuEC,V* PF; complex in DMEF.

Figure £1: Abzorption spectra of 0.5 mA (black)
of CV*PFy, 3 mbd (red) of CuECI, 0.1 mkl
{olue), 0.3 mMhd (magnet) and 0.5 mM (parple) of
CaECIKC, V" PF complex in DAF.
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Table 9: Absorption data of CUEC1V*. PFs and CUuECIC:1V*. PFs~ in DMF solvent.

Complex Solvent Concentration (mM) Amax/nm (/M1 cm™)
CUEC,V". PFs DMF 1 382 (217), 274 (341)
3 382 (249), 288 (819)
5 414 (248)
CuECIC.V". PFg DMF 0.1 279 (1432)
03 388 (2623), 296 (9526)
0.5 435 (2168)
L 422 (1094)

The recorded spectra reveal bands originating from internal d-orbital transitions to CuE, CuECI and Cu(OAc); occurred
in ethanol at 653 nm, 697 nm and 700 nm correspondingly, and occurred in DMF at 688 nm, 737 nm and 704 nm
respectively. The d-orbital transitions of CUE and CUECI are shifted to shorter A by 47 nm and 3 nm corresponding in
ethanol and by 16 and 33 nm respectively in DMF compare to those of Cu(OAc), 3. These two blue shifts reflect that the
complexation happened among Cu?* metal ion and each of E and ECI. Also, these shifts support that the ligand E is
stronger that the ligand ECI. The UV absorption bands occurred at 278 nm and 257 nm for CuE and CuECI respectively
in ethanol are blue shifted compared to that of copper acetate (at 300 nm) which reflect harder uv absorption transitions in
the complexes. The ligand E absorbs at 246 nm, 328 nm, 258 nm, 245 nm, 246 nm, 244 nm, 270 nm, 265 and 242 nm
Acetone in DCM, , EtOAC, MeCN, EtOH, MeOH, DMF, DMSO and H-0 acetone. The ligand ECI absorbs at 249 nm,
328 nm, 259 nm, 246 nm, 250 nm, 246 nm, 271 nm 265 nm and 275 nm in same solvents correspondingly 4. These uv
absorptions of both E and ECI are oscillatory with increasing of the dielectric strength of the solvent medium [,

E and ECI, there is hydrogen bonding within their structures in solutions, the hydrogen bonding supports the resonance
and decrease more the energy of m-n* transition. Also, Hydrogen bonding interactions tend to reduce the intensity of the
n—r* transition, causing it to undergo a noticeable blue shift. As a result, this transition moves closer in energy to the n—m*
transition. Consequently, the strong n—n* absorption band overlaps with the weaker n—n* band in both ligands E and ECI
[35]. Moreover, the absorption maxima of ligand ECI (249, 328, 259, 246, 250, 246, 271, 265, and 275 nm) appear at
slightly longer wavelengths compared with those of ligand E (246, 328, 258, 245, 246, 244, 270, 265, and 242 nm),
indicating a red shift for the weaker ligand B%1. This reflects the energetically easier transitions for the ligand ECI compared
with the ligand E in the uv region of the spectrum. These easier uv transition could be related to the longer extended
conjugation system in the ligand ECI due to the existence of Cl atom compared with that of the ligand E. Except for ECI
in H,0, Both the complexes: CuUE and CuUECI showed red shifted uv transitions compared with those of the ligand: E and
ECI respectively. The easier uv transition of the complexes could be related that upon complexation with Cu?* ion, the
well-known structure of the free ligands E and ECI turns into the more planar geometry of the ligands in the complexes
CuE and CuECI respectively 81, This planarity enhances the electron delocalization or resonance in the complex structure
compared with the case of the free ligands which ted to red shifts in the uv absorptions of the complexes. The shifts in
spectral position and the changes in absorption strength between ligands and their copper(ll) derivatives indicate that
coordination has taken place. Such modifications suggest that the resulting metal complexes possess a greater degree of
planarity than the uncoordinated ligands (57381,

Visible spectral bands are produced due to excitations of electrons between the split energy levels within the d-orbitals. In
the visible region of the spectrum, both of CuE and CuECI showed two bands (except for CuE in H;0), sharp band of
higher energy and the second is broad with lower energy in different solvents arising from electronic transitions among the
d-orbitals of the bound Cu(ll) ion 81,

For CuE, the higher intensity visible bands occurred at 392 nm (benzene), 387 nm (DCM), 390 ma (acetone), 367 nm
(EtOAC), 391 nm (MeCN), 379 nm (EtOH), 378 nm (MeOH), 386 nm (DMF), 382 nm (DMSO) and 396 nm (H:0). Also,
CUuECI absorbs at 391 nm, 391 nm, 376 nm, 371 nm, 380 nm, 378 nm, 378 nm, 386 hm, 386 nm and 373 nm in benzene,
DCM, acetone, EtOAc, MeCN, EtOH, MeOH, DMF, DMSO and H:O respectively. This band can be assigned to the
electronic transition dxz, dyz — dxy 6371, Two weak-defined bands appeared in each of CUE and CuECI as one broad
band due to dx? — y? - dxy and dz? — dxy transitions respectively. This broad band occurred at 687 nm, 687 nm, 719 nm,
677 nm, 708 nm, 697 nm, 656 nm, 737 nm, 738 nm and 773 nm in benzene, DCM, acetone, EtOAc, MeCN, EtOH, MeOH,
DMF, DMSO and H0 respectively. In same solvents, (except H20), CUE showed this broad band at 650 nm, 689 nm, 630
nm, 667 nm, 649 nm, 653 nm, 656 nm, 688 nm and 697 nm respectively. These three single electron d-d transitions are
consonant with square planar CuE and CUECI complexes (Cu?* with a d° configuration). The square planer Cu?* d°

configuration has four-fold splitting with decreasing energy in the following order: dxz, dyz < dz2 < d2 x2 - y? < dxy [¥3 3+
46]

The reactions (axial wordinations) of bpy, CiV*.PFg and VZ*.PF, with each of CuE and CUuECI at lab temperature
afforded their adducts as precipitates from DMF media: CuEbpy and CuEClbpy, CUEC1V*.PFg and CUECIC:1V*.PFg,
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CuEVZ+.2PF, and CUECIVZ*.2PF, respectively.

These resulted complexes have notable different physical properties compared with their precursor complexes (CuE and
CUuECI) like their TLC behavior, solubilities, colors and melting point 42421,

The uv transitions of CuEbpy and CuECIbpy (Figures 32 to 50) are either the same or blue shitted compared with those
of their precursors: CUE and CuECI respectively. These blue shifts reflect harder uv transitions to happen CuEbpy and
CuElbpy that could be to less charge delocalization due to the axial coordinations with bpy.

The square planar forms of CuE and CuECI exhibit a characteristic ordering of d-orbital energies: dxz, dyz < dz2 < dx2—y?
< dxy. When these complexes coordinate axially with bpy, structural insights from previously published X-ray data indicate
that the copper(Il) center in B-diketone complexes preferentially adopts a square pyramidal geometry. In this five-
coordinate arrangement, the d-orbital levels shift to the sequence: dxz, dyz < dx?>-y? < dz2 < dxy. This redistribution of
energy levels accounts for the observation of three distinct d—d absorption bands in the spectral®6-371,

Based on the above interpretations, the transitions of d-electrons of CuEbpy be at 384, 690 in benzene, at 389 nm 648 nm
in DCM, at 383 nm, 654 nm in acetone, 384 nm, 688 nm in EtOH, 386 nm, 650 nm in MeOH, 390 nm, 688 nm in DMF
and 381 nm, 730 nm in DMSO. These d-d transition bands could be assigned to dxz, dyz — dxy, and dx?- y?> — dxy, dz?
— dxy respectively 1. The low solubility of CUECIbpy prevents the preparation of high concentration solutions (5 mM)
in different solvents which led to the disappearance of the low intensity d-d transition band (dx2-y> — dxy and dz? — dxy).

Therefore, only the higher intensity higher energy, d-d transition appeared that is assigned to dxz, dyz — dxy transition
[39]

The reaction of CuE and CuECI with C:V*.PFg at lab temp. for long time results the low yield adducts CUEC1V*.PFg,
CuECIC.V*.PF; that have positive axial ligands (very weak ligands). These uncommon complexes are very sparingly
soluble complexes showed very exceptional behavior in DMF media. The axial coordinated viologen within these
complexes are reduced at dissolving only in DMF at air atmosphere. This reduction is well supported by appearance of the
bands at 414 nm, 422 nm in CUEC1V*.PFg; and CuECIC:1V*.PF, the resulted viologen radical within the structures of
these complexes aren't involved in n-dimerization because of air atmosphere dis-solvation. The reduction happened only
at dissolving in DMF media reflects the highly electron deficiency of these axial viologen units within their complexes.

Cyclic Voltammetry

The electrochemical behavior of the ligands (E and ECI), their corresponding copper(ll) complexes, and the adducts
formed with bpy and CIV*-PFs~ was examined in DMF containing 0.1 M TBAP using cyclic voltammetry (CV). All
reported potentials are referenced against a silver pseudo-reference electrode. To prevent chemical oxidation of the
electrochemically generated species by air, all measurements were performed at ambient temperature under an argon
atmosphere in a conventional three-electrode setup. A glassy carbon disc served as the working electrode, while a platinum
wire was used as the counter electrode. Additional experimental parameters for each measurement are detailed in the
experimental section or provided in the figure captions. Figures 52 - 63 depict the CVs and the potential data are
summarized in Table 10
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Figure 53: CVs of 1 mM CuE i 01 M Figure 54: CVs of 2 mM CuEbpy in 0.1 M
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Figmure 58: CVs of 2 mklM CoECIC:V . PFs in
DM TBAP/DMNFE of 0.1 WV/'e (black =zolid lme)
and 0.2 Wi (blus dash dot line). Working
electrode: 3 mm WVireous Carbon. Referenca

slectrode: Mg quasi- reference electroda.
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Table 10: Experimental voltammetric potentialza with number of transferred electroms for The
compounds E, ECI and  their Co(Il}) Complexe: Adduct 2t 0.1 mWVis A 3 mm glassy carbon
glectrode was emploved as the working electrode, with 0.1 M TBAP in DMF serving as the

reference electrode.
Compound {Via) 11 Epc Ipc Epa Ipa AE Euz Bpa
() LITEY] (m') (pA) | (mhi} (b [
0.1 43700 -3.71 -22. 85 415 43514 -I4042 | 1146
CuE : LmhE
L2578 G545 -410.76 8.76 547.04 -G84.28 | 1048
ol b - = 988.02 15.08 - = -
-198.3513 254 - - - - -
0.1 2mh -3446.348 -2.49 - - - - -
-804.28 -41.83 -5464 632 1085 130628 | -734.445 | 0474
4
-207.026 | -11.03 - - - - -
-422. 104 -301 - - - - -
03 2mh
-816.080 | 0784 -§48.536 1775 170433 | -731.763 | 0.383
B
-1113 25.397 -1053 24 816 20 -1103 0.977
1
01 omMi | 1680 | -12.99 - - - - -
) -2005 -11890 | -1830 13545 | 285 -10463 1.130
CuEbpry
@ 3
- - 43715 1515 - - -
0.1 2mhd - - 20026 §.82 - - -
01 2mh -210.611 | -10.38 - - - - -
-1948 -18.17 - - - - -
2mid -234 687 | -1B.882 -1041 3154 - -ORT B4 | 0147
106313 o4
03 -1968 -17.83 403 57 1.88 1474.43 | -1230.79 | 0.0&67
o0
CuECThpy -1871 -30.403 - - - - -
-646.54 | -18.401 - - - - -
03 — - - 779 | 37813 - - -
-1326 -35.004 - - - - -
-187E -5E.82 - - - - -
2mhd 313.651 -6.424 132090 6.738 50348 333325 | 1048
03 3
- - 511.949 3884 - - -
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Caompound e} | B | Epe Ipc Eza Ipa | AE Enn (o,
(md) i
(mW) (pA) mWV) | (uA) (L)
41336 | 650 | 28018 | 23.01 | 1331 | 24877 | 3.6733
=2 g
03 | o | 92786 | 4174 | 83433 | 1934 | 73.53 | 881095 | 0.4633
CuEC/ V' PFe 1315 | 1045 | 1253 | 13.18 | ez 1284 | 12182
s =1 N N B00.043 | 7108 | - -
MM
- 3031 | -27785 | 1490 | 1225 - 3.6978
400405 5 05 | 33013523
- 21957 - 10.64 | 2042 | _365.717 | 04636
o1 2 | s1o4s7 220876 | 3 1
mM Ti703 | 7387 | 1274 | 1238 | 19 | -12835 | L7017
] 7
1880 | -13.004 - - - - -
- -6.905 - 2348 | 133.1 | -34.6795 | 3.3576
. 413363 80176 | 7 27
C"Epci_f'v - - 41816 | 25433 | 1022 | 73.53 - 04507
2 | 927.863 5 3 | 59L.0963
03 | [ 1315 [ 10412 | o1zm - o4 1268 | 21023
1284
2
1000 | 23043 - - - - -
304731 | 20308 | 530008 | 37.63 | 1361 | 462.8105 | 1.2841
2 7 77
L - - 20886 | 1635 | - - -
]
03  |3mdM | -1082 | -2.423 - 1168 | 3257 - 0.2640
) 766.220 71 | 0201143
bey _ 1113 | A.6E6 - 4412 | 3464 - 0.6502
0.3 Smbhi e mme - o o
THO.335 63 0307675
|2 - - 54567 | 19.87 | - - -
mhd
2855 0s | <2 - - 03110 | 2495 | - - -
| M
E 03 |4 | -2027 | -27.105 - - - -
0.1 [3085 | 1767 | 3747 - - - - -
mh
= 03 |3.085 | 2025 | 3708 - - - - -
MM
CiV P - 26.77 - - - -
Im | 930393
0.3 M | 1038 | 346% | D056 | 36.08 | 1354 | 07028 | 0.0604
] 4

The cyclic voltammograms (CVs) of the complexes CUE and CUECI are depicted in Figures 49 and 56 respectively. These
CVs will be compared with the CVs of their precursor: Cu(OAc)2, E and ECI that are presented in Figures 3.185 —3.187
respectively. The irreversible reduction of the free ligands E and ECI occurred at -2.1027 V and -2.025 V respectively at
0.3 V/s. The irreversible oxidation of Cu?* ion in Cu(OAc)2 is noted at 845.666 mv rt 0.3 /s see Figure 55 and table 11.

The reduction of Cu?* ion in the complexes CUE and CUECI happened at -457.99 mv and -346.348 mv respectively. The
easier Cu®* reduction process (-346.348) in the complex CUE compared with that of CUECI (- 4571.19 mv) is consistent
with the more electron deficiency of Cu?* ion in the complex CUECI. The reductions of the coordinated E and ECI in the
complexes CuE and CuECI respectively are noted at -957.8 mv and -804.26 mv. Here, the coordinated ECI suffers more
electron deficiency than the coordinated E which in turns lends to easier reduction for the coordinated ECI. Both the
reductions of the coordinated E and ECI are anodically shifted compared with the reductions of the free E and ECI. These
shifts reflect the decrease of the electron densities of the ligands after complexations. The coordination of bpy with the
complexes CuE and CuECI results the adduct complexes CuEbpy and CuECIbpy respectively. The CVs of bpy at 0.3
and 0.5 V/s are presented in Figure 3.183, 3.185 and 3.188. The nearly quasi-reversible redox couple was at Ei, = -
939.7675 mV at 0.5 V/s which is related with one-electron reduction.

The square pyramidal complexes: CuEbpy and CuECIbpy showed the reduction peaks at -1113 mv, -2095 vm and -
910.611 mv, -1948 mv at 0.1 V/s respectively. These two reduction peaks are attributed to reductions of coordinated bpy,
E in CuEbpy and coordinated bpy, ECI in CUECIbpy respectively. The reductions of coordinated bpy in CuEbpy and
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CuECIbpy are cathodically and anodically shifted compared with that of the free bpy. The reduction of coordinated ECI
in CUECIbpy is shift at -181 mv compare to the free ECI (occurred at -1767.7 mv for ECI). The easier reduction of the
coordinated bpy in CUECIbpy compared to that of the free bpy indicates the more electron donating of the coordinated
bpy into the Cu?* ion compared with the case of the CuEbpy (stranger Cu-N bond in CUECIbpy). The coordinated ECI
follows opposite trend that is less coordinated to Cu?* ion compared with coordinated E in the CuEbpy with led to harder
ECI reduction with respect to the coordinated E.

The reduction of the coordinated copper (1) ion = Cu?* + 1e~ — Cu™ is very weak to be determined. At 0.3 V/s, the
opposite process: the oxidation of the coordinted Cu* in CuECIbpy happened at around -493.567 mv. In the positive
potential scan, the oxidation of the coordinated Cu(ll) in the CuEbpy occurred irreversibly at 899.262 mv.

Perfectly, this oxidation of the coordinated Cu(ll) in CuEbpy is easily happened at (899.262 mv) compared with that of
Cu(OAc): (at 938.29 mv). This shift reflects the higher electron density of the coordinated Cu(ll) compared with that of
the free ion.

The CVs of C1V*.PFe at two voltage scan rates (0.3 V/s and 0.5 V/s) are shown in Figure 3.189. Two redox waves are
noted the first is irreversible happened at -930.393 mv and the second is quasi-reversible occurred at -970.28 mv (at 0.3
V/s: AE=135.44 mv, llp—“ =0.9606). They are related to one-electron reduction of C1V*.PFs to C1V* viologen radical. Upon
pc

coordination of C1V*.PFs to the Cu?* ion in CUEC1V*.PFe and CUECIC1V*.PFs, these two reductions are shifted to -
708.891 mv, - 1103 mv and -927.863 mv -1315 mv respectively at 0.3 V/s. The first and second reductions are easier and
harder happened respectively in both complexes. These shifts indicate the higher need to the reduction of C:V*.PFs after
the coordination and the favorability of the formation the intermolecular z-diner C1V°....VVC1 within two complexes.

The complex CUECIC1V*.PFs showed reduction at - 413.363 mv due to the process Cu?t + 1le” — Cut which
reoxidized at -280.176 mv  (Cut — Cu?*+ le™). This reduction was very weak to be determined in the complex
CUuEC1V*.PF¢ but the reoxidation was noted at -110.797 mv.

The coordinated E and ECI in the complexes CUEC:1V*.PFs and CUECIC1V*.PFs showed easier reductions at -1873 mv
and -1999 mv respectively compared with those of E (- 2027 mv) and ECI (-2025 mv) respectively. The higher negative
shift (easier reduction) of the coordinated E compared to ECI is wonderfully agreed with the higher election donation of
E to the Cu?* ion. Therefore, the Cu2* oxidation is easily happened in CUEC1V*.PFs (~ 800.043 mv) compared with the
CUECIC1V*.PF¢ (~808.861 mv) (due to the higher electron density received by Cu?* from E than ECI )of Cu?* to Cu* ion
in CUEV*.PF¢ is consistent with the higher electron deficiency of Cu?* ion than that in CUECIV*.PFs".

Our electrochemical results, supported the formation of the complexes and showed well the electronic properties of the
coordinated Cu(ll) ion, ligands and viologen units

4. Reduction of viologen derivative and its complex

The UV-Visible absorption spectra were obtained after reducing the mixtures using solvation in Zn
powder, with concentrations of 0.3 mM of CuEV22*.2PFs. Additionally. reduction was carried out
using activated zinc powder. The absorption spectra were recorded over a range of 190-900 mmn and
are presented in Figures 64 - 67 with the corresponding electronic absorption data summarized in

Table 11.

2.5
—— CuEV, = 2PF, 306 #, —— CuEV=2PF,
|— - -CuEV,".2PF, reduced for 10 min ! ". l— - -CuEV,>*.2PF, reduced for 10 min|
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Figure 64: Absorption spectrum of 0.3 mM of Figure 65: Absorption spectrum of 0.3 mM of
CIIE"72:+-2PF6_ (blac-k) and 0.3 mM reduced CIIE"7:2+.2PF{ (black} and 03 mM reduced
CuEV:™.2PF¢ (purple) by activated zinc powder CuEV;*.2PFs (purple) by activate Zn in DMF.
in DMF. Blank: 0.3 mM CuEV:>*.2PF" Blank: DMEF.
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Figure 66: Absorption spectrum of 0.5 mM Figure 67: Absorption spectrum of 0.5 mM
CuEV;*2PFs (black) and 0.3 mM oxidized CuEV;*.2PFs (black) and 0.3 mM oxidized
CuEV;* (purple) in DMEF. Blank: 0.5 mM CuEV;* (purple) in DMF. Blank: DMF.
CuEV:*.2PF¢.

The adduct Cu (1) complexes (CUEV22+.2PF6-) are reduce with activate Zn and observe by UV-Visible. To monitor all
spectral changes after reduction of viologen unites (coordination to Cu (I1) ion in adduct complexes and those bonded to
the terminal of ligand in complex), two blanks are used in absorption spectra. The first blank is the solvent DMF itself and
the second is non-reduced complex solution. The absorption spectra of reduced solution are depicted in Figures 64 — 67 .
Table 14 presents the collected data on electronic absorption. In Cu(ll)-viologen complexes of CuEV2?*.2PFs™ reduction
leads to the formulation of viologen (V+*), which dimerize into [V+*]> dimers through strong n-n stacking interactions. The
spectral shift from 550-600 nm to 700-800 nm in UV-Vis spectra, As is clearly observed the appearance of peaks at 800
in all compounds , this indicating the occurrence of the process of reduction and the formation of a dimer, confirms dimer
formation. The presence of Cu(ll) can modulate the stability and redox properties of the dimer, differentiating the behavior
of coordinated vs. free viologen radicals [47-50]

and

0-0~-0

(]
—} O ==
H—d ~Eu  h—H
\..-D/ ""‘*-‘D__,
o
—

Figure 68: Intra-molecular dimerized viologen radicals of CuEV2?*.2PFs in DMF.
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Table 11: The observed electronic-absorption features of CUEV2?*.2PFs” compounds, their reduced forms by activated
zinc powder and reoxidized form by air atmosphere in DMF

Compound A max in nm A max (nm)
(e in Mt.cm) Blank: DMF Blank: compound soln. in DMF
Reduced Reoxidized Reduced form Reoxidized
form form form
CUEV2?".2PF¢ 433 (325) 379 -873 381 428 - 876 423 - 864
CONCLUSION

The reaction of two equivalents of ethyl acetoacetate and ethyl 4-chloroacetoacetate with one equivalent of copper(ll)
acetoacetate resulted in the formation of two primary copper(11) complexes: Cuk and CueCI. These complexes were further
reacted with 4,4'-bipyridine (bpy) and monoviologen (C1V*.PFs) to afford the corresponding axial adducts: CuEbpy,
CuEClbpy, CuEC1V*.PFs", and CuECIC1V*PFs . All synthesized compounds were isolated as solids and characterized
using multiple analytical techniques, including FT-IR, mass, XRD, thermal analysis (TGA - DSC), UV-Visible
spectroscopy, and cyclic voltammetry. XRD analysis enabled the calculation of crystal sizes (D) using both the williamson—
Hall (W-H) method and scherrer equation and the, with strain values derived from the latter. Thermal stability studies
showed that CUECIbpy exhibited greater stability than CuEbpy, with the general order of thermal stability being:

CuECIC1V*.PFs > CuEC1V*.PFs > CuEbpy > CuECI > CuECIbpy > Cuk

All decomposition processes were non-spontaneous and endothermic. The formation of adducts was further confirmed via
UV-Visible spectroscopy, conducted in various solvents and concentrations (0.05, 0.5 and 5) mM. The d-d transitions of
CuE and CuECI in both ethanol and DMF exhibited blue shifts compared to copper(ll) acetate, indicating successful
complexation and suggesting that ligand E is a stronger donor than ECI. UV absorption bands of CuE and CuECI were also
blue-shifted, reflecting the enhanced rigidity and planarity of the complexes, which hinder t—n* and n—n* transitions.
Both ligands E and ECI displayed solvent-dependent UV absorption behavior due to intra- and intermolecular hydrogen
bonding, which modulates their transition energies. Upon coordination with Cu?*, the complexes exhibited red-shifted UV
bands (except in water), attributed to increased planarity and conjugation, enhancing electron delocalization. In the visible
region, both Cuk and CuECI presented two main d-d transition bands: a high-energy sharp band (dxz, dyz — dxy) and a
low-energy broad band (dx*-y?/dz> — dxy), confirming a square planar geometry consistent with a d® Cu?* configuration.
Axial coordination with ligands such as bpy or viologens induced shifts in both UV and d-d transitions, signifying a change
in geometry from square planar to square pyramidal. This geometry was supported by literature X-ray structures for similar
B-diketone Cu(ll) systems. For example, CuEbpy and CuECIbpy exhibited blue-shifted transitions compared to their
precursor complexes, attributed to reduced n-delocalization due to axial ligand coordination. In CuECIlbpy, only high-
energy transitions were observable due to its low solubility and weak absorption in solution. Adducts with viologen ligands
(C1V*.PF¢) displayed unusual spectral behavior in DMF, where spontaneous reduction of the axial viologen units occurred
in air, producing viologen radicals detected by absorption bands at ~414—-422 nm. These radicals did not form n-dimers
under atmospheric conditions, reflecting high electron deficiency and unique electronic environments of the coordinated
viologen units. Electrochemical studies demonstrated that the coordination of C1V*.PFs™ to Cu(Il) in CuEC,V*.PFs and
CuECIC,V".PFs significantly altered the redox behavior. The first viologen reduction became easier (shifted to less
negative potential), while the second became more difficult, suggesting enhanced electronic interaction and the likely
formation of intramolecular n-dimer species (C1V'...VC1). A weak Cu(Il)/Cu(I) redox couple was clearly observed in
CuECIC,V".PFs", and partially in CuEC1V*.PFs". The ligands E and ECI, upon coordination, showed facilitated reductions
compared to their free forms, with ligand E promoting a lower Cu(ll) oxidation potential due to its stronger electron-
donating ability. Lastly, the interaction of CuE and CuECI with bis-viologen (V2*".2PFs") was investigated. The reduction
of the resulting complexes (CuEV2?*.2PFs") was performed using activated zinc in DMF under argon atmosphere. These
reductions triggered the redox-responsive behavior of the viologen moieties, forming novel molecular switches, which
serve as promising systems for redox-driven molecular devices
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