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Abstract: 

In this research, a series of copper complexes containing polypyridyl ligands were designed to 
study the influence from ligands, nuclearity, solvents and secondary coordination on reactivity toward 
small-molecule activation. This structure-reactivity relationship was used in investigation for oxygen 
reduction reactions (ORR), and applied in detection of ascorbic acid (AsH2). Firstly, copper(II) complexes 
containing polypyridyl derivatives ligands (i.e., Cu(dpa), Cu(adpa) and Cu2(addpa)) were synthesized 
and fully characterized by elemental analysis, mass spectrometry and X-ray crystallography. Their 
electrochemical behaviors were studied by cyclic voltammetry. The Cu(I) complexes which are active 
species for ORR were generated using AsH2 as a reducing agent. Redox states of the metal were 
examined by UV-Vis, NMR and EPR. It was found that copper complexes with various ligand topologies 
exhibited different reactivity toward O2. Anthracence moiety in Cu(adpa) and Cu2(addpa) played a vital 
role in facilitating reduction of Cu(II) as well as stability enhancement of Cu(I). The dinuclear complex, 
Cu2(addpa) showed significantly higher ORR activity than that of the mononuclear analogue. The 
product of ORR was found to be H2O2, indicating 2e-, 2H+ reduction process. Being stable and inactive 
towards ORR, Cu(adpa) was further investigated as a fluorescence sensor for AsH2. Reaction of 
[Cu(adpa)]2+ with AsH2 in CH3CN resulted in turn-on fluorescence due to [Cu(adpa)]+ formation. 
However, when the same reaction was carried out in aqueous solution, the Cu(I) species was gradually 
oxidized to Cu(II) which hampered the accurate measurement. Notably, addition of Zn(II) in combination 
with acetate anions helped to stabilize the Cu(I) complex and allowed an accurate detection of ascorbic 
acids in vitamin C tablets. Secondary coordination sphere modulation of the copper center was proposed 
to account for this stability enhancement. Overall, the findings obtained from this research have been 
shown to be applicable in various fields. Also, this can be further used in design for efficient catalysts 
as well as molecular sensors in the future.  
 
 

Keywords: small-molecule activation, copper complexes, oxygen reduction, ascorbic acid, structure-
reactivity relationship 
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1. Executive Summary 
 Our research project focuses on synthesis, characterization and reactivity of first-row transition metal 
complexes bearing polypyridine ligands, in part to gain further mechanistic understanding for related biological 
processes catalyzed by metalloenzymes and to provide guidelines for the rational design and synthesis of effective 
metal-based catalysts for future applications. Toward this end, we have carried out experiments to get insight into 
mechanism of O2 reduction mediated by our synthetic copper complexes. 

To begin with, our copper complexes were designed to study the influence from ligands, nuclearity, solvents 
and secondary coordination on reactivity toward small-molecule activation. All copper complexes were synthesized and 
fully characterized to obtain their structural information. Then, the complexes were examined for oxygen reduction 
reaction (ORR), so that the structure-reactivity relationship was obtained. Such findings can be further used in a variety 
of applications. For example, a dinuclear copper complex (Cu2(addpa)) was shown to be competent to catalyze ORR 
via 2-electron, 2-proton process giving rise to the production of H2O2. This reaction is useful in development of fuel 
cells. In addition, an ORR-inactive mononuclear complex, Cu(adpa), was found to be an effective sensor for ascorbic 
acid detection under aerobic conditions.     

This fundamental research has shown that understanding in our synthetic complexes in molecular level can 
serve as basic knowledge which can be applied in various fields. Moreover, the achievements of this project are one 
oral and two poster presentations in international conferences, as well as two publications in an international journal.   
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2. Objective 
    2.1 Synthesis and characterization of mono and dinuclear copper metal complexes with polypyridyl-based ligands 

  2.2 Electrochemical study and comparison between mono and dinuclear metal complexes as catalysts for small-
molecule activation focusing on oxygen reduction reaction (ORR) 

  2.3 Mechanistic investigation towards small-molecule activation by the metal complexes. 
 
3. Research Methodology 

 3.1 Synthesis and characterization of copper(II) complexes 
      3.1.1 Ligand synthesis 

  2,2’-dipicolylamine (dpa)  
 

 
 
 The dpa ligand was prepared according to a published procedure. To the suspension o f anhydrous 
MgSO4 (2.78 g, 23.1 mmol) in CH2Cl2 (3.80 mL) was added 2-pyridinecarboxaldehyde (0.50 g, 4.60 mmol) 
and 2-(aminomethyl)pyridine (0.50 g, 4.60 mmol). The mixture was stirred for 3 h at room temperature under 
N2. After that, the suspension was filtered, and solvent in the filtrate was removed under vacuum to obtain a 
yellow-oil product. The product was redissolved in CH3CN (12.00 mL) and cooled to -5°C for 15 min. The 
NaBH4 was slowly added in the solution and stirred for 18 h at room temperature. The reaction was quenched 
with conc. HCl (7.70 mL) and heated at 60°C for 2h to give the white precipitates in yellow solution. The white 
solid was filtered out, and solvent in the filtrate was removed under vacuum. The crude product was redissoved 
in H2O. To the aqueous solution was added NaOH pellets (3.30 g, 82.5 mmol) and the mixture was stirred for 
15 min. The solution was extracted with diethyl ether (3 x 200 mL) and dried under vacuum to obtain the 
yellow oil product. Yield: 80 %. 1H-NMR (400 MHz, CDCl3, ppm):  8.49 (m, 2H, ArH), 7.50 (m, 2H, ArH), 
7.23 (d, 2H, J = 8.0 Hz, ArH), 7.01 (m, 2H, ArH), 3.84 (s, 4H, -CH2-). 
 

9-[(2,2’-dipicolylamino)methyl]anthracene (adpa) 

 
 

The stirred solution of 9-bis(chloromethyl)anthracene (1.00 g, 4.40 mmol), 2,2’-dipicolylamine (1.05 
g, 5.20 mmol) and K2CO3 (2.43 g, 1.70 mmol) in anhydrous DMF (6.8 mL) was slowly added a solution of 
KI (0.73 g, 4.40 mmol) in DMF (3.6 mL). The reaction was stirred at room temperature over 1 h. To the reaction 
was added 1M HCl, and the solution was washed with EtOAc .  Then, the aqueous solution was alkalized 

dpa 
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with 4 M NaOH and extracted by EtOAc :  THF (1 :  1) .  The organic layer was washed with H2O and brine 
solution.  The solution was dried over anhydrous MgSO4, and the solvent was removed under reduced 
pressure. The product was obtain after crystallization in MeOH : Et2O. Yield:  27%, a pale yellow solid. 1H-
NMR (400 MHz, CDCl3, ppm):  8.49 (d, 2H, J = 4.0 Hz, ArH), 8.39 (s, 1H, ArH), 8.37 (d, 2H, J = 4.8 Hz, 
ArH), 7.95 (m, 2H, ArH), 7.57 (ddd, 2H, J = 1.6, 7.6, 7.6 Hz, ArH), 7.41-7.47 (m, 4H, ArH), 7.31 (d, 2H, J = 
7.6 Hz, ArH), 7.11 (dd, 2H, J = 4.8, 6.0 Hz, ArH), 4.67 (s, 2H, -CH2-), 3.88 (s, 4H, -CH2-). 

 
9,10-Bis[(2,2’-dipicolylamino)methyl]anthracene (addpa) 

 

 
 

To a stirred mixture of dpa (6.90 g, 34.7 mmol) , 9,10-dimethylchloroanthracene (4.30 g, 15.6 mmol) and 
K2CO3 (8.71 g, 63 mmol) in DMF, the solution of KI (2.62 g, 15.8 mmol) in DMF was added dropwise. The mixture 
was stirred over 1 h, and 1 M HCl was added into this solution. After that, the solution was washed with EtOAc and 
the aqueous phase was alkalized with 4M NaOH.  The aqueous solution was extracted with 1: 1 EtOAc and THF. 
Then, the organic layer was washed with water and followed by brine solution.  The solution was dried by MgSO4 
and the solvent was removed by rotary evaporation.  The yellow solid of addpa was obtained from recrystallization 

with CH3OH and Et2O. 1H-NMR (400 MHz, CDCl3, ppm):  8.43 (d, 4H, J=4.9 Hz, ArH), 8.40 (dd, 4H, J=3.3, 6.9 
Hz, ArH), 7.50-7.54 (m, 4H, ArH), 7.43 (dd, 4H, J=3.2, 7.4 Hz, ArH), 7.28 (d, 4H, J=8 Hz, ArH), 7.03 (dd, 4H, J=5.2, 
6.0 Hz, ArH), 4.64 (s, 4H, -CH2-), 3.87 (s, 8H, -CH2-). 

 
  2-[bis(2-pyridylmethyl)aminomethyl]nitrobenzene 
 

 
 
 This ligand was prepared by following a published procedure. The mixture solution of dpa (3.86 g, 
19.37 mmol), 2-nitrobenzylbromide (4.19 g, 19.40 mmol) and molecular sieve (5 g) was prepared in CH3CN (80 mL). 
The reaction was stirred at room temperature under N2 for 16 h. The suspension was filtered, and the organic solvent 
was evaporated. Then, the crude product was redissolved in CH2Cl2 and washed with H2O (3 x 300 ml). The organic 
layer was dried with anhydrous NaSO4, and the solvent was removed to obtain a dark-brown oil. Yield:  80 %. 1H-
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NMR (400 MHz, CDCl3, ppm): δ 8.49 (d, 2H, J = 4.4 Hz, ArH), 7.75 (m, 1H, ArH), 7.70 (d, 2H, J = 15.6 Hz, ArH), 
7.64 (t of d, 1H, J = 6 Hz ,ArH), 7.49 (t, 1H, J = 7.2 Hz, ArH), 7.39 (d, 1H, J = 7.6 Hz, ArH), 7.33 (t, 2H, J = 7.6 Hz, 
ArH), 7.13 (m, 2H, ArH), 4.07 (s, 2H, -CH2-), 3.79 (s, 4H,-CH2-). 
 

2-[bis(2-pyridylmethyl)aminomethyl]aniline (tpa)  

 

The tpa ligand was prepared following a published procedure. Into a 2-[bis(2-
pyridylmethyl)aminomethyl]nitrobenzene (3 g, 8.97 mmol) in two-neck round bottom flask, Pd-C (0.3 g) and MeOH 
(150 ml) were added and stirred under H2 for 24 hr. The mixture was filtered through celite and the solvent was 
removed under reduced pressure. Yield:  98%, red brown oil. 1H-NMR (400 MHz, CDCl3, ppm): δ 8.56 (m, 2H, 
ArH), 7.62 (m, 2H, ArH), 7.36 (d, 2H, J = 7.2 Hz, ArH), 7.16 (m, 2H, ArH), 7.07 (m, 2H, ArH), 6.63 (t, 2H, J = 6.0 Hz, 
ArH), 3.82 (s, 4H, -CH2-), 3.71 (s, 2H, -CH2-). 
 
  9-[(2,2’-dipicolylamino)methyl]anthracene (atpa) 
 

 
 
 The atpa ligand was synthesized according to a published method. The stirred solution of 9 -
bis(chloromethyl)anthracene  (1.00 g, 4.40 mmol), 2,2`-dipicolylamine (1.05 g, 5.20 mmol) and K2CO3 (2.43 
g, 1.70 mmol) in anhydrous DMF (6.8 mL) was slowly added a solution of KI (0.73 g, 4.40 mmol) in DMF (3.6 
mL). The reaction was stirred at room temperature over 1 h. The solution was add 1M HCl and washed with 
EtOAc (3X). Then, the aqueous solution was alkalized with 4 M NaOH and extracted by EtOAc : THF (1 : 1). 
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The organic layer was washed with H2O and brine solution. The solution was dried over anhydrous MgSO4 
and the solvent was removed under reduced pressure. The product was obtain after crystallization in MeOH : 
ether. Yield:  27%, a pale yellow solid. 1H-NMR (400 MHz, CDCl3, ppm):  8.49 (d, 2H, J = 4.0 Hz, ArH), 
8.39 (s, 1H, ArH), 8.37 (d, 2H, J = 4.8 Hz, ArH), 7.95 (m, 2H, ArH), 7.57 (ddd, 2H, J = 1.6, 7.6, 7.6 Hz, ArH), 
7.41-7.47 (m, 4H, ArH), 7.31 (d, 2H, J = 7.6 Hz, ArH), 7.11 (dd, 2H, J = 4.8, 6.0 Hz, ArH), 4.67 (s, 2H, -CH2-), 
3.88 (s, 4H, -CH2-). 

 
         3.1.2 Synthesis and characterization of copper(II) complexes 

Cu(dpa)  

 
[Cu(dpa)(ClO4)](ClO4) was prepared from the reaction of dpa (0.20 g, 1.00 mmol) and Cu(ClO4)2 (0.56 g, 

1. 51 mmol)  in CH2Cl2/CH3OH ( 1: 1 v: v) .  Yield:  0. 28 g (60%) .  Blue single crystals suitable for X- ray structure 
determination were obtained by recrystallization of the complex via layer diffusion in CH2Cl2/CH3CN for 7 days.   Anal. 
Calcd (found) of C12H15Cl2CuN3O9: %C = 30.04 (30.34), %H = 3.15 (3.05), %N = 8.76 (8.72). MALDI-TOF MS (m/z) 
of [Cu(dpa)-H]+ for calculated: 261.03; found: 261.23. max/nm (/M-1cm-1) in CH3CN: 606 (117.2).  

 
Cu(adpa) 

 
[Cu(adpa)(ClO4)](ClO4) was prepared according to a modified published method.[1]  Reaction of adpa (0.15 

g, 0.39 mmol) and Cu(ClO4)2 (0.16 g, 0.43 mmol) in CH3OH resulted in dark green products. Yield: 0.15 g (61%). 
The single crystals suitable for X-ray crytallography were recrystallized by vapor diffusion of Et2O into the solution in 
CH3CN for 7 days. Anal. Calcd (found) of C27H25Cl2CuN3O9: %C = 48.40 (48.09), %H = 3.76 (3.74), %N = 6.27 
(6.32). MALDI-TOF MS (m/z) of [Cu(adpa)+(ClO4)]+ for calculated: 551.07; found: 551.01. max/nm (/M-1cm-1) in 
CH3CN: 590 (117.9). 
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Cu2(addpa) 

 
 [Cu2(addpa)(ClO4)2](ClO4)2 was prepared from the reaction of addpa (0.20 g, 0.33 mmol) and Cu(ClO4)2 

(0.37 g, 1.00 mmol) in CH2Cl2/CH3OH (1:1 v:v). Yield: 0.32 g (85%). Deep green single crystals were obtained by 
recrystallization of the complex using mixed solvent CH2Cl2/CH3OH.  

Anal. Calcd (found) of C40H36Cl4Cu2N6O16: %C = 42.68 (42.41), %H = 3.22 (3.31), %N = 7.47 (7.34). ESI-MS (m/z) 
of [Cu2(addpa)(ClO4)3]+ for calculated: 1025.00; found: 1025.39. max/nm (/M-1cm-1) in CH3CN: 593 (273.7). 

Cu(atpa) 

 
Copper( II)  perchlorate (0.30 g, 0.81 mmol)  dissolved in MeOH (3.00 mL)  was added into the solution of 

atpa (0.2 g, 0.40 mmol) in CH2Cl2 (3.00 mL). The mixture was stirred at room temperature until blue precipitates 
was observed.  The reaction mixture was then filtered, and the blue solid was recrystallized by CH3CN to obtain the 
[Cu(atpa)]2+ product (70 % yield). Anal. Calcd (found) of C34H32Cl2CuN4O9: %C = 52.69 (52.63), %H = 4.16 
(4.12), %N = 7.23 (7.14). ESI-MS (m/z) of Cu(atpa), [Cu(atpa)-H]+ for calculated: 556.18; found: 556.01.  
 
     3.2 Studies of reactivity toward O2 reduction 
 Unless otherwise noted, all reactions were carried out under inert atmosphere (N2). All solvents were 
deoxygenated prior to use by purging N2 for at least 1 h. The UV-Vis spectral change during the reaction was monitored 
at ambient temperature using a Varian Cary 50 probe UV-Visible Spectrophotometer with a quartz cuvette (path length 
= 10 mm).  
  

Generation of copper(I) complexes  
 

 

N
N

N

N
H

H
N

N

Cu2+

N

N
Cu(ClO4)2

L1 CuL1

CH2Cl2:MeOH
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A stock solution of AsH2 (44 mM) was prepared in a solvent mixture of 5% DMF in CH3CN or 5% H2O in 

CH3CN. To ensure the absence of O2 in our reactions, the solution of copper complexes was purged with N2 gas for 
10 min before starting the reaction. In a typical reaction, to a solution of copper(II) complex (1 mM for Cu2(addpa); 2 
mM for Cu(dpa) and Cu(adpa)) in CH3CN was added an amount of AsH2 stock solution (0-2 equiv). A color change 
of the solution to yellow was observed. Monitoring of this reaction by UV-vis spectroscopy showed a reduction of 
copper(II) complex (max around 600 nm corresponding to a d-d transition band of d9 CuII species) to copper(I) species 
(no d-d transition band).  

NMR and EPR samples were prepared as follows: to a solution of copper(II) complex (10 mM) in CD3CN (550 
L) was added AsH2 (20 L, 0.55 equiv dissolved in 15% D2O in CD3CN). For Cu(adpa) and Cu2(addpa), a color 
change to yellow was noted, consistent with formation of copper(I) species. When compared to a broad 1H-NMR 
spectrum of CuII, the pale-yellow species exhibited a sharp spectrum, supporting an assignment of diamagnetic d10 
CuI species. Analysis of 1H-NMR spectrum also revealed a formation of dehydroascorbic acid (an oxidized form of 
ascorbic acid) after the reaction.  
 
 Oxygen reduction reaction (ORR) 

 
 

After a complete generation of the copper(I) species (for Cu(adpa) and Cu2(addpa)), O2 was purged into the 
CuI solution for 1 h to examine the ORR activity. The reaction can be monitored by spectral change in UV-vis, NMR 
and EPR. 
 
     3.3 H2O2 detection by silver nanoprisms (AgNPrs) 

To obtain a sufficient amount of O2- reduced product after ORR, a catalytic reaction was performed.  Into a 
solution of Cu2(addpa) (10 mM, 0.010 mmol) in CH3CN was added an excess amount of AsH2 (10 equiv). Then, the 
reaction was purged with O2 for 1 h.  The reaction was allowed to stand for 2 h before product determination. 
Unfortunately, due to the direct reaction of Cu2( addpa)  with I- , we cannot perform iodometric titration for detection 
and quantification of H2O2. However, the H2O2 product from ORR was successfully detected by reaction with AgNPrs. 
Owing to precipitation of AgNPrs in organic solvent, UV-Vis spectral change cannot be investigated.  Nevertheless, 
in the presence of H2O2, an obvious color change of the AgNPrs precipitates from magenta to white can be observed 
by naked eye. After the catalytic ORR, an amount of AgNPrs solution (0.02 mL) was added into the reaction solution 
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( 0. 20 mL) , and the white precipitates were observed, confirming the production of H2O2 after ORR.  For a positive 
control experiment, the same amount of AgNPrs (0.02 mL) was added into H2O2 solution (0.1 M) in CH3CN (0.20 
mL) , which resulted in the change in color of precipitates from magenta to white.  When a negative control reaction 
was performed (the same condition, but in the absence of Cu2(addpa) or AsH2), the color of precipitates stayed the 
same as magenta. 

 
     3.4 X-ray crystallography 

Crystals of Cu2(addpa) were selected under an optical microscope and glued on glass fiber for single crystal 
X-ray diffraction experiments. X-ray diffraction data were collected using a Bruker D8 QUEST CMOS using Mo-Kα 
radiation (λ = 0.7107 Å) and operating at T = 296(2) K. Data were measured using ω and ϕ scans of 0.5 (d, 
scan_width)° per frame for 30 (d, scan_rate) seconds using Mo-Kα radiation (50 kV, 30 mA). The total number of runs 
and images was based on the strategy calculation from the program APEX3. Unit cell indexing was refined using 
SAINT (Bruker, V8.34A, 2013). Data reduction, scaling and absorption corrections were performed using SAINT 
(Bruker, V8.34A, 2013) and SADABS-2014/4 (Bruker, 2014/4) was used for absorption correction. The structure was 
solved in the space group P1 with the ShelXT structure solution program using combined Patterson and dual-space 
recycling methods. The crystal structure was refined by least squares using version 2014/7 of ShelXL. All non-hydrogen 
atoms were refined anisotropically. Hydrogen atom positions were calculated geometrically and refined using the riding 
model. The ClO4

- anions were found to be disordered over two positions. The relative occupation of the disordered 
ClO4

- anion was refined as a free variable. All Cl–O bond distances and O···O separations of both (minor and major) 
fractions of the disordered ClO4

- anion were restrained to have identical values within 0.02 Å.  
 
 
     3.5 Cyclic voltammetry 

Cyclic voltammetric measurements were performed with an Autolab PGSTAT101 
potentiostat/galvanostat (Eco Chemie, The Netherlands) using a conventional three-electrode configuration. A 
glassy carbon electrode with a disk diameter of 3.0 mm was employed as a working electrode. Before use, the 
electrode was polished with an aqueous suspension of alumina powder and rinsed thoroughly with deionized water. A 
platinum wire was applied as an auxiliary electrode. All potentials are quoted with respect to a non-aqueous silver/silver 
ion (Ag/Ag+) reference electrode; this electrode was externally calibrated with a ferrocene/ferrocenium ion (Fc/Fc+) 
redox couple and has a potential of 0.542 V versus a standard hydrogen electrode (SHE). Cyclic voltammograms of 
the copper complexes (1.00 mM) were recorded in a deoxygenated solvent (dimethylformamide, DMF or acetonitrile, 
CH3CN) containing 0.10 M tetrabutylammonium hexafluorophosphate (TBAPF6) at scan rates of 50–800 mVs–1. A 
deaeration procedure was carried out with the aid of ultra-high purity (UHP) nitrogen.  
 
     3.6 Computation methods 

Geometry optimizations of dinuclear copper catalyst and its related compounds, were carried out using density 
functional theory (DFT) method. The hybrid density functional B3LYP, the Becke three–parameter hybrid functional 
combined with the Lee–Yang–Parr correlation functional, using the 6–31G(d,p) basis set have been employed in 
calculations. The solvent−effect of polarizable continuum model (PCM) using the CPCM (conductor–like PCM, 
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acetonitrile as a solvent) model with UFF molecular cavity model have been used in the optimization. Therefore, the 
employed method has been called the CPCM(UFF)/B3LYP/6–31G(d,p) method. All calculations were performed with 
the Gaussian 09 program.  
 
     3.7 Generation of CuI species in the presence of Zn(OAc)2 

 Unless otherwise noted, the following experiments were conducted under ambient condition. A stock solution 
of AsH2 was prepared.  In a typical reaction, a solution of CuII(adpa) was combined with Zn(OAc)2 (8 equiv). To this 
solution mixture was added AsH2 stock solution (1.0 equiv). A color change of the solution from blue to pale yellow 
was observed. The reaction was also monitored by UV-vis spectroscopy, which revealed a complete conversion of the 
spectrum for CuII(adpa) to the spectrum for a CuI complex (no d-d transition band). The CuI species seemed to be 
stable for at least 30 min. When Zn(OAc)2 was changed to Zn(NO3)2 or Zn(phen)2, however, the reduction was not 
completed as the d-d band of CuII was present in a significant extent. In fact, they gave the same result as observed 
in the reaction without Zn(OAc)2. This indicated the presence of OAc- is necessary to help facilitate the reduction of 
CuII(adpa) and stabilization of CuI(adpa).  
 Attempts to characterize this new CuI complex in the presence of Zn(OAc)2 by mass spectrometry also have 
been made. Samples for ESI-MS analysis were prepared using the same procedure as for the UV-vis measurements. 
A prominent peak at mass-to-charge ratio (m/z) of 511.1332 was observed, corresponding to [Cu(adpa)-OAc]+. This 
supported the possibility of OAc- being coordinated to Cu(adpa).. 
 An NMR sample was prepared as follows: to a solution of CuII(adpa) was combined with Zn(OAc)2. A shift 
and broadening of a signal corresponding to OAc- was noted, indicating the coordination of OAc- to the paramagnetic 
CuII center. To this solution was added AsH2. The solution became pale yellow, consistent with conversion to CuIL1. 
The yellow product gave a sharp spectrum, corresponding to the CuI species.  
 
     3.8 Reaction in the presence of other divalent metal ions 

In a typical reaction for investigation of CuI(adpa) stabilization with divalent metal ions: Zn(OAc)2, Zn(NO3)2, 
Mg(NO3)2, Ca(NO3)2, Cd(NO3)2 and Zn(Phen)2, each metal ion or metal complex (8 equiv.) was added into CuII(adpa) 
solution before the addition of AsH2 (1 equiv). 
 
     3.9 Detection of AsH2 by fluorescence spectroscopy 

Fluorescence analysis were performed in 70% H2O/CH3CN buffered at pH 5.6 with acetic acetate (ABS) under 
ambient condition. The stock solution of 1 mM CuII(adpa) was prepared in 70% H2O/CH3CN and then diluted into 10 

M in ABS/CH3CN buffer solution to analyze the fluorescence, whereas ascorbic acid and other antioxidants 
(glutathione, citric acid, glucose, lactose, sucrose and fructose) were prepared the stock solution at 0.08 M in H2O and 
subsequently preparing at 2 mM in ABS/CH3CN.   
 
     3.10 Studies of selectivity and interferences 

For selectivity investigation, the analytes solution (5 equiv., 0.05 mL) was added into ABS/CH3CN buffer 
solution of CuII(adpa) (2.00 mL) upon the addition of Zn(OAc)2 (40 equiv, 0.10 mL). The reaction was stirred for 2 min 
prior to analyze by fluorescence. 
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     3.11 Determination of AsH2 in vitamin C tablets 
Vitamin C tablets were purchased from PT Bayer Indonesia, Depok, Indonesia. The stock sample was 

prepared by dissolving three vitamin C tablets in milli-Q water (500 mL). After that, insoluble components were removed 
by filtered with 0.45 M Millipore filter and diluted for suitable analysis by fluorescence as well as HPLC. 
 
4. Results and Discussion 

     4.1 Synthesis of copper (II) complexes 

All ligands were prepared according to modified published procedures, and were obtained in moderate 
yields.  The Cu( II) complexes were synthesized from reaction of dipicolyl amine-based ligand (dpa, adpa, atpa and 
addpa)  and Cu(ClO4) 2.  After stirred for a few minutes, the Cu( II)  products were spontaneously precipitated.  Our 
choice of Cu over other metals was especially inspired by Nature’s choice of Cu over Fe in heme-copper oxidases. 
An intriguing study indicated that the high redox potential and the rich electron density in the d orbitals of Cu are key 
to its high reactivity towards oxygen reduction. All copper complexes were also characterized by standard analytical 
methods including elemental analysis, mass spectrometry, UV-vis and EPR spectroscopy. The structural information 
was obtained from X-ray crystallography (Figure 1). The UV- vis spectra of all Cu( II)  complexes exhibit Cu( II)  d-d 
transition with absorption maxima in range of 580 to 610 nm. 

 

Figure 1. X-ray crystal structure of [Cu2(adpa)(CH3CN)2(ClO4)2]2+ 

The X-ray crystal structure of [Cu2(adpa)(CH3CN)2(ClO4)2]2+ (in collaboration with Assist. Prof. Dr.Kittipong 
Chainok) revealed that each Cu center in the complex is five-coordinate square pyramidal with an axially ligated 
perchlorate at 2.435 Å and a tightly bound CH3CN at 1.980 Å. The relatively long Cu–O bond was attributed to the 
Jahn-Teller distortion of d9 configuration (CuII) in octahedral field via axial elongation. In addition, our result was 
similar to those of reported Cu complexes, which exhibited the bond distance between the axial ligand and CuII in 
range of 2.3-2.6 Å. It was also speculated that the weakly bound perchlorate would dissociate upon reduction of CuII 
to CuI, resulting in a vacant site for substrate binding during the catalytic reaction.  

     4.2 Electrochemical properties of the copper(II) complexes.  

Cyclic voltammetry was used to examine the electrochemical properties of copper complexes (Cu( dpa) , 
Cu(adpa) and Cu2(addpa). The cyclic voltammogram in Figure 2(b)-(d) exhibited single redox couple of Cu(II)/Cu(I). 
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The electrochemical data indicated characteristic metal- based electron transfer corresponding with earlier 
studies of the reduction of [Cu(dpa)]2+ and its derivatives.  

 

Figure 2. Cyclic voltammograms recorded with a glassy carbon electrode (area =  0. 071 cm2)  at 100 mVs–1 from 
+0.30 to –1.20 to +0.30 V for (a) DMF containing only 0.10 M TBAPF6; and DMF containing 0.10 M TBAPF6 in the 
presence of 1.00 mM (b) Cu(dpa), (c) Cu(adpa), and (d) Cu2(addpa).   

 

For comparison of the cathodic electrochemical behavior, copper( II)  complexes containing 
anthracenyl scaffold (Cu(adpa)  and Cu2(addpa) )  were reduced at less negative potential (100-150 mV) 

than Cu(dpa) .  This suggested that conjugated- systems of anthracene help to facilitate in Cu( II)  complex 
reduction. In addition, as compared at same condition copper complexes containing anthracenyl scaffold (Cu(adpa) 
and Cu2(addpa)) tended to be more stable than Cu(dpa) in terms of decomposition of Cu(I) to metallic Cu(0).    

 
     4.3 Reaction of copper complexes with ascorbic acid  

Prior to examine the oxygen reduction reaction (ORR), Cu(I) active species had to be generated by 
chemical reaction.  AsH2 was introduced in our system to serve as a reducing agent as well as a proton source to 
participate in ORR.  Under N2 atmosphere, a color of Cu( II)  complexes in CH3CN ( blue for [ Cu( dpa) ] 2+ , 
[Cu(adpa)]2+, or green for [Cu2(addpa)]4+), was changed to yellow upon addition of excess AsH2 (dissolved 
in DMF/CH3CN) .  This indicated the formation of new species.  Monitoring these reactions by UV- vis titration, d-d 
band of Cu( II)  decreased upon addition of AsH2 and completely disappeared when 0. 5 equiv or 1. 0 equiv of AsH2 
with regards to Cu(adpa) and Cu2(addpa) respectively was reached. 

The yellow species generated from the reaction between CuII(adpa) and AsH2 was found to be stable at 
room temperature for at least 4 h under inert atmosphere. Monitoring this reaction by UV-vis spectroscopy revealed 
that the d-d band of CuII at 593 nm decreased upon addition of AsH2 and completely disappeared when 1 equiv of 
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AsH2 was reached (Figure 3). This result suggested that CuII(adpa) was reduced to CuI(adpa) by 2-electron 
reducing agent, AsH2 (Scheme 1). Furthermore, the reduction of CuII(adpa) to CuI(adpa) was confirmed by 1H-
NMR and EPR spectroscopy (vide infra). 
 

 

Figure 3. (left) UV-Vis spectral changes upon addition of ascorbic acid (0 – 2.0 equiv) to CuII(adpa) solution (1 mM) 
in DMF/CH3CN. (right) Plot of Absorbance at 593 nm vs equiv. of AsH2 added 
 

 
 

Scheme 1. Formation of CuI(adpa) 

In should be noted that [Cu( dpa) ] +  could not be completely generated even after 9 hours (Figure 4 ) . 
Whereas in the case of copper complexes bearing anthracenyl moiety (Cu( adpa)  and Cu2( addpa) ) , d- d band of 
Cu( II)  was entirely disappeared within 20 min after addition of AsH2 (0. 5 or 1. 0 equiv) .  Such difference could be 
derived from the attribute of ligand structure.  This data is in agreement with the result obtained from an 
electrochemical reduction that the presence of anthracene moiety help to facilitate in Cu(II) reduction process. 

  ascorbic acid (AsH2) 
DMF/CH3CN or 

H2O/CH3CN 
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Figure 4. UV-Vis spectral changes upon addition of ascorbic acid (0.5 equiv) to Cu(dpa) solution (2 mM) in 

DMF/CH3CN. The inset shows plot of absorbance at 606 nm vs times. 
 
     4.4 Preparation of CuI(adpa) and its reactivity with O2  

CuI(adpa) can be prepared by reacting CuII(adpa) with AsH2 in high concentration (up to 10 mM) for EPR 
and 1H-NMR studies. It was also observed that the yellow solution of CuI(adpa) slowly turned green when exposed 
to air,, indicating the regeneration of CuII(adpa). Preliminary results from UV-vis, EPR and 1H-NMR spectroscopy 
showed that the same reaction could be performed in H2O/CH3CN instead of DMF/CH3CN. In fact, CuI(adpa) in 
H2O/CH3CN seemed to be more reactive to O2 as CuII(adpa) regeneration step was much faster when compared 
to the same reaction in DMF/CH3CN. This may be due to DMF serving as a strongly coordinating solvent in place of 
ClO4

- which could inhibit the substrate (O2) binding. Hence, reactivity studies of CuII(adpa) were carried out in 
H2O/CH3CN. 1H-NMR spectroscopy of CuII(adpa):AsH2 (1:1.5) in D2O/CD3CN revealed a diamagnetic spectrum 
(Figure 5) with sharp peaks at aromatic region for adpa, in stark contrast to the paramagnetic spectrum seen for the 
starting d9 CuII

 complex. The diamagnetic NMR spectrum is consistent with the assignment of d10 CuI
 product, 

CuI(adpa). When passing air or O2 gas into the yellow solution of CuI(adpa), a paramagnetic spectrum of 
CuII(adpa) was regenerated, corresponding to the color change from yellow to green solution. The new signals 
around 4 – 5 ppm were assigned to the oxidized form of AsH2.  
 

 

Figure 5. 1H-NMR spectra of (a) CuII(adpa) (10mM), (b) CuII(adpa) + AsH2 (1:1.5) in D2O/CD3CN and (c) after (b) 
exposed to air for 2 h.  
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Next, the generation of CuI(adpa) and its O2 reactivity were confirmed by EPR spectroscopy. The EPR 
signal due to paramagnetic CuII(adpa) disappeared upon addition of AsH2 (1.5 equiv), corresponding to the formation 
of diamagnetic CuI(adpa). The signal then reappeared after the reaction was exposed to air or O2 (Figure 6). 

 
 
Figure 6. EPR spectra of (a) CuII(adpa) (10 mM in H2O/CH3CN), (b) CuII(adpa) + AsH2 (1:1.5) and (c) CuII(adpa) 
after reaction with O2. The experimental parameters: microwave frequency= 9.838 GHz, microwave power= 0.620 
mW, modulation amplitude= 5.00 G, modulation frequency= 100 kHz.  
 
     4.5 Structural characterization of CuII species after O2 reduction.  

Efforts were made to obtain single crystals for structural characterization of the CuII product following reaction 
of CuII(adpa) with O2. After the reaction was completed, Et2O was added to obtain the green precipitates. This solid 
was then recrystallized by vapor diffusion in CH2Cl2/CH3CN, the same condition to get single crystals of 
[Cu2(adpa)(CH3CN)2(ClO4)2]2+. The mixture was allowed to stand for four weeks to afford dark green crystals, suitable 
for X-ray diffraction. As shown in Figure 7, the structure of the CuII product after O2 reduction resembled that of the 
CuII starting material except the CuII product, [Cu2(adpa)(CH3CN)2(H2O)2]4+ having H2O as an axial ligand instead of 
ClO4

-. This may imply that the axially ligated ClO4
- dissociated from the Cu center to generate a vacant site for O2 

binding during the reaction.  

 

Figure 7. X-ray crystal structure of [Cu2(adpa)(CH3CN)2(H2O)2]4+. 
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Interestingly, reactivity of our copper complexes toward O2 was significantly different. In case of Cu(adpa), 
a yellow solution of [Cu( adpa) ] +  species were relatively stable at room temperature under aerobic systems (air or 
O2). Monitoring this reaction up to 1 day, the diamagnetic spectrum of Cu(I) species was still observed. In contradict 
to [Cu2(addpa)]2+, a paramagnetic spectrum was regenerated within an hour corresponding to the color change from 
yellow to green solution.  To clarify the higher ORR activity of Cu2( addpa)  over Cu( adpa) , our initial assumption 
would be simply derived from its more number of active sites.  Reactivity comparison of the two copper complexes 
with the same equivalents of copper centers i.e., Cu(adpa) (2 mM) vs Cu2(addpa) (1 mM) was investigated by UV-
vis (Figure 8). Interestingly, ORR activity of [Cu(adpa)]+ was significantly lower than that of [Cu2(addpa)]2+, indicating 
that the number of active sites could not use to explain for this case.  Given the crystal structure and intramolecular 
− stacking between the pyridyl and aryl rings in [Cu2( addpa) ] 4+ , the synergistic cooperation for O2 binding 
between two Cu centers is also not likely to operate. Therefore, the lower reactivity of [Cu(adpa)]+ towards O2 may 
be due to the stronger influence from anthracene to stabilize the mononuclear than the dinuclear complex.  Overall, 
Cu2(addpa) showed the best performance for ORR activity. 

 

     
Figure 8 .  (left)  UV-Vis spectra of reaction between [Cu( adpa) ] 2+  (2. 0 mM)  and ascorbic acid (0. 55 equiv)  in 
H2O/CH3CN after purging O2 (0-5 h) and (right) UV-Vis spectral change of reaction between [Cu2(addpa)]4+ (1.0 mM) 
and ascorbic acid (1.10 equiv) in H2O/CH3CN after purging O2 (0-1 h)  

 

     4.6 Catalytic O2 reduction and proposed intermediate 

In the reaction mediated by Cu2(addpa), the amount of AsH2 was increased to 10 equiv to develop in ORR 
catalytic cycles. The finding demonstrated that AsH2 could be completely employed in ORR mediated by Cu2(addpa). 
The production of dehydroascorbic acid (AsH2-oxidized product in hydrated bicyclic form) was detected, while the 
signal of AsH2 was completely absent.  Also, UV- vis data showed 70%  recovery of [Cu2( addpa) ] 4+  after catalytic 
cycles, suggesting a complete reaction of [Cu2( addpa) ] 4+  and AsH2 to generate Cu( I)  active species for catalytic 
ORR. In our system, AsH2 not only can serve as a reductant but also a proton source for O2 reduction. This reducing 
agent offers a unique and efficient system because, unlike other previous reports, an external source of proton is not 
required in our reaction.  
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 Next, the product obtained from catalytic O2 reduction was determined. We attempt to detect H2O2 production 
after catalytic ORR by reaction with silver nanoprisms (AgNPrs) .  A color change of AgNPrs from magenta to white 
in solution from ORR was observed, implicating that H2O2 was produced from ORR. Also, in case of Cu complex or 
AsH2 alone, the magenta of AgNPrs was still observed, indicating that white precipitate was obtained from reaction 
of H2O2. 

To gain further insights into mechanism for [Cu2(addpa) ] 4+ mediated catalytic O2 reduction, computational 
calculations were next performed.  From literature, possible Cu2O2 adduct in dioxygen activation reaction could be 
end-on or side-on peroxo species. In the most cases, end-on Cu2O2 species with nucleophilic and basic properties 
tends to produce H2O2 as a product.According to H2O2 production in our ORR, possible copper-dioxygen intermediate 
was proposed to be an end-on species.  The Cu2O2 structure was optimized by DFT calculation as shown in Figure 
9.  

 
Figure 9. Proposed structure of an end-on Cu2O2 intermediate by DFT calculations 

 

At first glance, it might be unusual to propose an end-on peroxo species with tridentate ligands.  However, 
X- ray structure of [Cu2(addpa) ] 4+ both before and after catalytic O2 reduction as well as [Cu2(addpa) ] 2+ from our 
calculations revealed that CH3CN served as an additional ligand.  As a result, the copper centers possessed 
insufficient vacant sites to adopt a side-on intermediate.  The proposed intermediate was also consistent with our 
experimental data as its basic and nucleophilic nature would give H2O2 product.  After protonation of the peroxo 
intermediate, the other remaining Cu( I)  center in each complex could reduce another O2 molecule to complete the 
catalytic cycle.  
 

     4.7 Reaction of [Cu(adpa)]2+ with ascorbic acid under ambient condition 

As mentioned earlier, reduction of [Cu(adpa) ]2+ with AsH2 in CH3CN was successfully investigated by UV-
vis and 1H-NMR. Both spectroscopic data indicated a complete generation of [Cu(adpa)]+ species, and it was found 
to be relatively stable in the air or O2 for at least 5 h.  This result prompted us to think that this copper complex 
might find an application in ascorbic acid sensing.  However, detection of natural reducing agents should be carried 
out in aqueous solution for practical use. Thus, the CH3CN solvent was change to the mixed solvent of H2O/CH3CN 
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(7:3 v/v). It was found that [Cu(adpa)]+ could not be completely formed and also gradually reoxidized to Cu(II), 
suggesting its higher reactivity with O2 in aqueous solution (Figure 10).  

 

 
 
Figure 10.  Monitoring d-d band of Cu(adpa) in H2O/CH3CN (7:3 v/v) at (a) 2 min; and (b) 2 h after addition of AsH2 
(1.0 equiv) in aerobic atmosphere  
  
 From the previous works, several researchers reported that modulation of secondary coordination 
sphere such as non-covalent interaction, especially, metal-  and the addition of electron withdrawing groups 
( e.g. Lewis acid cations)  influences redox potentials of copper center, leading to change in reactivity and 
stability.  In our work, we modulated the secondary coordination sphere of the Cu center by addition of Zn( II)  in 
combination with acetate anions (bridging ligand)  to fine-tune the reactivity of copper complexes toward ORR in 
aqueous solution. 

To test our hypothesis, reduction of [Cu(adpa) ] 2+ by AsH2 (1 equiv)  in H2O/CH3CN (7:3 v/v)  was 
performed under aerobic atmosphere in the presence of 8 equiv of Zn ( OAc) 2,  Zn( NO3) 2 or Zn( phen) 2.  It 
was found that d-d transition band of Cu(II) (max = 632 nm) completely disappeared upon the addition of 
AsH2 only in the presence of Zn(OAc)2, and the spectrum was stable for at least 60 min before the d-d band 
started to increase, implying the regeneration of Cu( II)  (Figure 11).  This could suggest that Zn(OAc) 2 can 
help facilitating reduction of [ Cu( adpa) ] 2+  and stabilizing the Cu( I)  species as well.  The results also 
demonstrated to the important role of acetate anions for Cu(I) stabilization. It was proposed that Zn(II) may 
help to stabilize Cu(I) species via acetate bridging.  

 
 

[Cu(adpa)]2+ 
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Figure 11. (a) Stability test for Cu(I) species generated from reaction of [Cu(adpa)]2+ and AsH2 in the presence of 

Zn(OAc)2 in aqueous solution: 2 min (⎯), 30 min (⎯) and 60 min (⎯) after AsH2 addition (b) Regeneration of 
[Cu(adpa)]2+ after exposed to air for 4 h 
 
 Moreover, it should be noted that [Cu(adpa) ] +  was stable for at least 2 h in H2O/CH3CN (1:  4 v/ v) 
buffered with acetic- acetate buffer solution ( ABS)  at pH 5. 6.  To confirm that no transmetalation between 
Zn(II) and Cu(adpa), H2O2 was employed to reoxidize Cu(I) species from reaction of [Cu(adpa)]2+ and AsH2. 
The results showed that the [Cu(adpa)]2+ was immediately regenerated upon addition of H2O2 (Figure 12). 
This data confirmed that the redox reaction of Cu( adpa)  in the presence of Zn( OAc) 2 was reversible, and 
transmetalation did not proceed. 
 

 
Figure 12. Regeneration of [Cu(adpa)]2+ after addition of H2O2 (10 equiv) to the solution containing Cu(I) species in 
aqueous solution   
 

To point out the essential role of Zn(II) for Cu(I) stabilization, the Zn(II) ions was changed to other divalent 
cations (e.g. Mg(II), Ca(II) and Cd(II)) in Cu(II) reduction reactions. It was found that the [Cu(adpa)]+  was stabilized 
by Zn(II) more than Cd(II), Mg(II) and Ca(II), respectively. The stronger Lewis acidity of Zn(II) was accounted for 
better stabilizing Cu( I)  by delocalization of electrons through OAc -  bridge, analogous to an imidazolate-
bridged Cu- Zn model for CuZnSOD.  All evidence pointed out that both Zn( II)  and OAc-  are required to 
facilitate reduction of the Cu(II) complex and stabilization of the Cu(I) redox state in aqueous solution.    



19 
 

  
     4.8 Fluorescence measurements for Cu(adpa) and Cu(atpa) in the presence of ascorbic acid 

The approach for Cu( I)  stabilization by Zn( II)  combination of OAc-  was applied in ascorbic acid 
sensing. Fluorescence spectroscopy was selected due to its high sensitivity, simple and rapid technique . As 
a molecular sensor, Cu( adpa)  contains a dipicolylamine Cu active site and anthracene as a sensory unit. 
Redox state change of the Cu center provides different fluorescent signals . When AsH2 reacted with copper(II) 
complex, the Cu( II) was reduced to Cu( I) leading to magnetic properties conversion. [Cu(adpa)]2+ did not give the 
fluorescence signal owing to the presence of Cu( II)  paramagnetic ion. Upon addition of AsH2 to [Cu(adpa) ] 2+ , the 
fluorescent signal was emitted at 421 nm which is consistent with the conversion of Cu( II)  to a diamagnetic 
Cu(I) complex as illustrated in Figure 13. This indicated that the AsH2 can be detected by our fluorescence sensor, 
[Cu(adpa)]2+. 

 

 
Figure 13. Change in (a) Fluorescence signal (Excitation wavelength = 340 nm, slit setting on instrument = 10 and 
PMT = 500); and (b) UV-vis spectrum upon addition of AsH2 (1 equiv) into [Cu(adpa)]2+ solution in the presence of 
Zn(II) in H2O/CH3CN (7: 3 v/v) buffered with ABS at pH 5.6 
 

To expand the pH range of our detection, [Cu( atpa) ] 2+  containing a tetradentate ligand was prepared to 
reduce chelation effect by glutathione. The tetradentate ligand was expected to more tightly bind to the Cu center 
than the tridentate ligand in adpa.  The results revealed that Cu( atpa)  showed highly selective detection for AsH2 
among various natural reducing agents ( sugar group, citric acid and glutathione)  as compared to Cu( adpa) .  In 
addition, the molecular probe, Cu(atpa) also demonstrated no interference (Figure 14) which was suitable for AsH2 
sensing in the next step.  
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Figure 14. a)  Selectivity and (b)  interference study for AsH2 detection using our sensor.  The concentration of 

Cu(atpa) = 10 M, Zn(OAc)2 = 40 equiv and ex = 340 nm. 
 

     4.9 Limit of detection and determination of AsH2 in vitamin C tablets 

Limit of detection (LOD)  for AsH2 was 163 nM which could be determined by 3/S;  is the standard 
deviation for the blank solution, n =  10, and S is the slope of the calibration curve.  Moreover, our sensor was 
subsequently employed to measure the AsH2 amount in vitamin C tablets to verify our accurate detection in real 
samples.  The determination of AsH2 by our system with standard addition method was consistent with acceptable 
quantitative analysis by HPLC, and was closed to the amount specified on the vitamin C tablets (1.00 g).  Also, 
recovery was in between 101 and 104, and relative standard deviation was 1. 5 -  4. 0.  This demonstrated the high 
accuracy of our method. 
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Figure 15. (a) Fluorescence titration curves of Cu(atpa) (10 M) in the presence of Zn(OAc)2 (40 equiv) with AsH2 

and (b)  plot between fluorescence intensity and concentration of ascorbic acid (M)  (Fluorescence parameters: 
excitation wavelength = 340 nm, slit setting on instrument = 10 and PMT = 530) 
 

5. Conclusions 
 In this research, we pointed out an importance of ligand design to fine-tune reactivity of the metal mediators 
toward O2.  In the first project, copper complexes with a series of dipicolylamine ligands were developed to activate 
O2 and to study the structure- reactivity correlation.  Variation of ligand attributes in the copper complexes by 
introducing conjugated- systems of anthracenyl scaffold as well as different nuclearity were found to have an effect 
on ORR activity. For chemical reduction of Cu( II)  complexes, ascorbic acid which is an environmentally benign 
reducing agent was employed to provide both electrons and protons to participate in ORR. The presence of 
anthracene moiety helps to facilitate the reduction of Cu( II)  complex and to stabilize the Cu(I) redox state. Also, it 
was demonstrated that the dinuclear complex exhibited higher ORR activity than the mononuclear analogue. Overall, 
Cu2(addpa) showed the best activity for ORR. Our studies indicated that ORR could be mediated by Cu2(addpa) via 
intermolecular two-electron transfer process and subsequently produced H2O2 as a product.     

As an example of applications from study of structure- reactivity relationship in the first project, a stable 
complex [Cu( adpa) ] +  in CH3CN under aerobic system found a potential use in ascorbic acid sensing.  The copper 
complex rapidly reacted with AsH2 to generate a stable Cu( I) species which resulted in fluorescence enhancement. 
Although [Cu(adpa)]+ in CH3CN was ORR inactive, it seemed to be more active in aqueous solution. The problem 
was solved by modulation of secondary coordination sphere around the copper center.  It was found that Zn( II)  in 
combination with OAc- helped to stabilize the Cu(I) species in aqueous solution. In addition, changing the tridentate 
ligand in Cu( adpa) to a tetradentate ligand of Cu( atpa) helped to improve the selectivity for AsH2 sensing. 
Furthermore, our sensor was successfully used for AsH2 detection in vitamin C tablets with a simple, rapid and 
accurate method. 
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6. Appendix 
    6.1 A research article: “Tuning reactivity of copper complexes supported by tridentate ligands leading to two-electron 
reduction of dioxygen” published in Dalton Transactions (IF = 4.099).  
Suktanarak,P.; Watchasit, S.; Chitchak, K.; Plainpan, N.; Chainok, K.; Vanalabhpatana, P.; Pienpinijtham, P.; Suksai, 
C.; Tuntulani, T.; Ruangpornvisuti, V.; Leeladee, P. Dalton Transactions, 2018, 47, 16337 – 16349. 
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     6.2 A research article: “Stabilisation of copper(I) polypyridyl complexes toward aerobic oxidation by zinc(II) in 
combination with acetate anions: a facile approach and application in ascorbic acid sensing in aqueous solution” 
published in Dalton Transactions (IF = 4.099).  
Suktanarak,P.; Ruangpornvisuti, V.; Suksai, C.; Tuntulani, T.; Leeladee, P. Dalton Transactions, 2019, 48, 997 – 1005. 
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7. Output 
7.1 International Journal Publication 

• Two research articles entitled “Tuning reactivity of copper complexes supported by tridentate ligands 
leading to two-electron reduction of dioxygen” published in Dalton Transaction (IF = 4.099). 
Dalton Transactions, 2018, 47, 16337 – 16349. 
 “Stabilisation of copper(I) polypyridyl complexes toward aerobic oxidation by zinc(II) in combination with 
acetate anions: a facile approach and application in ascorbic acid sensing in aqueous solution” submitted 
to Dalton Transaction (IF = 4.099).  
Dalton Transactions, 2019, 48, 997 – 1005. 

7.2 Application 
             - 

7.3 Others 
• Bio-inspired Transition Metal Complexes: Synthesis, Reactivity and Applications. Invited oral 

presentation at the 41st Congress on Science and Technology of Thailand (STT41), Nakhon 
Ratchasima, Thailand, November 7, 2015. 

• Synthesis and Reactivity of a Dinuclear Copper Complex Toward Oxygen Reduction. Poster 
presentation at Pure and Applied Chemistry International Conference 2016 (PACCON2016), Bangkok, 
Thailand, February 9, 2016. 


