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Abstract: The electrochemical properties of B-diketonate complexes, such as [Co(tta)2(H20)2], [Ni(tta)2(H20)2],
[Cu(tta)2] and [Zn(tta)2(H20)2] (tta = deprotonated of 1-thenoyl-4,4,4-trifluoroacetone) have been studied using cyclic
voltammetry (CV). Their redox behaviors including oxidation and/ or reduction process for both central atom and tta ligand
have been discussed. The cyclic voltammogrammes display one irreversible oxidation peak in a positive potential region,
where it appears in the area between + 1.30 and + 1.95 V based on the type of complex. In addition, two reduction peaks
are appeared in the negative region potentials, at the region between — 1.06 to — 2.16 V. The irreversible oxidation potential
peak of thienyl ring has shifted to the lower positive potential, while the reversibly redox potential peak of the fluorinated-
B-diketone moiety shifts to the higher negative potential compared with non-coordinated H-tta ligand. The spectral proper-
ties, energy levels, and energy gap for the respective complexes have been verified with UV-Vis spectrophotometer.
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1. Introduction

In the domain of material chemistry, metal f—diketonate
complexes have attracted considerable interest because not
only in the development of coordination chemistry and
supramolecular chemistry, but also their potential applica-
tions in electro-materials [1-4]. The direct reaction be-
tween the metal ion and S —diketonate molecules can spon-
taneously produce the neutral homoleptic and heteroleptic
metal f—diketonates complexes. In this context, new num-
ber of metal complexes including S —diketonates, such as
(acac), hexaflouroacetyl-acetonate (= hfac) [5], 1-(2-
thienyl)-4,4,4-triflouro-1,3-butanedione (= tta) [6], 1-(2-
furyl)-4,4,4-trifluoro-1,3-butanedione (= tfb) [7] and 3-
benzoyl-1.1.1-trifluoro-acetone (= tba) [8] have been ex-
tensively  reported. For example, complexes
[Co(tta)(H,0),],  [Ni(tta)(H,0),],  [Cu(tta),]  and
[Zn(tta),(H,O),] (tta = deprotonated of 1-thenoyl-4,4,4-
trifluoroacetone (H-tta)) were prepared by reacting of H-tta
with M(OAc),.nH,0O (M = Co, Ni, Cu, Zn; OAc = 0,CMe)
[8, 9]. Furthermore, a similar complexes including different
metal centers, such as [UO,(tfb),],.OHCH; (tfb = deproto-
nated of 1-(2-furyl)-4,4,4-trifluoro-1,3-butanedione) and

[Cu(tba),] (tba = deprotonated of 3-benzoyl-1.1.1-trifluoro-
acetone) [8, 7], were prepared and structurally characte-
rized.

Metal f—diketonates complexes possess properties that
directly affected by the f-diketonates type surrounded
around metal center. In particular, the chelated
B—diketonates ligand and the molecular design can influ-
ence the redox properties of complexes. The redox proper-
ties can give insight into how the f—diketonates can stabil-
ize the reduced or/ and oxidized form for the metal center
in the complexes. Furthermore, it can provide us with use-
ful information about the possibility of the use such com-
plexes in the bioinorganic, electro- and catalytic systems.
For these mentioned reasons, we find a lot of interested in
studying the redox properties of these complexes.

Cyclic Voltammetry (CV) is perhaps the most effective
and versatile electro-analytical technique available to study
the mechanisms of a redox system of complexes. It enables
the electrode potential to be rapidly scanned in search of
redox couples [10]. The important parameters of cyclic
voltammetry are the magnitude of the peak currents, #,, and
i, and the potentials at which peaks occur, £, and Ep,.
Reversible peaks have a distinct absolute potential differ-
ence between the reduction peak (£,) and oxidation peak
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(Epa)- In an ideal system |E,.-E,,| would be 59 mV for a 1
electron process and 30 mV for a 2 electron process [11].
In addition, the ratio of the currents passed at reduction (i)
and end oxidation (i,,) is near unity (,/i,. = 1) for a revers-
ible peak. When such reversible peaks are observed ther-
modynamic information in the form of half cell potential
E° 12 can be determined. When peaks are semi-reversible
such as when (7,./1 is less than or greater than 1, it can be
possible to determine even more information especially
kinetic processes like following chemical reaction. When
peaks are non-reversible it is impossible to determine what
their thermodynamic £, is with cyclic voltammetry.

Our new interest has focused in supramolecular of
MOFs that have been formed by a self assembly of
B—diketonate ligands with divalent metal ions. To keep
these materials in touch with applications, the physical and
chemical properties must be studied. Up to our knowledge,
nobody uses the cyclic voltammetry to study the redox
properties of these materials, knowing that these materials
have been recently prepared and characterized [9]. There-
fore, we have performed cyclicvoltammetry to show the
influence of 1-(2-thienyl) -4, 4, 4-triflouro-1, 3-
butanedione ligand on the redox potential of divalent metal
ions. In addition, the electronic transition spectra are meas-
ured to show the influence energy gaps.

2. Experimental
2.1. General Remarks

Complexes [Co(tta),(H,0),], [Ni(tta),(H,0),], [Cu(tta),]
and [Zn(tta),(H,O),] (#ta = deprotonated of 1-thenoyl-
4,4 ,4-trifluoroacetone (H-tta)) were prepared by reacting of
H-tta with M(OAc),.nH,O (M = Co, Ni, Cu, Zn; OAc =
0,CMe) in a 2:1 molar ratio in warm ethanol (Scheme 1)
[8, 9]. After appropriate work up, all complexes could be
isolated as brown, dark green, light-green and collarless
solids, respectively. Others are analytical grade chemicals
were purchased from commercial providers and were used
as received.

-Please insert Scheme 1 herein-

2.2. Physical Measurements

Cyclicvoltammetry (CV) was performed with a one-
compartment glass cell with a platinum disc (and for solid
film deposition using a platinum plate) (1 mm?® apparent
surface area, 99 %, Schiefer, Hamburg) or a glassy carbon
disc (HTW, Thierhaupten) embedded into a PTFE cylinder
as working electrode. A platinum wire counter electrode
and a silver reference electrode (Ag/Ag’, 0.01 M AgNOs in
a solution of 0.1 M tetra-n-butyl ammonium hexafluoro-
phosphate, TBFP (Fluka, dried in an oil pump vacuum at
120 °C) in acetonitrile) were used. For ease of comparison,
all electrode potentials were converted using the ferro-
cene/ferrocenium redox couple as a reference point (Ep.c =
0 mV) [12]. All CVs were run at a scan rate of dE/d¢ = 200

mV s’ using an electrolyte solution of 0.1 M of tetra-n-
butyl ammonium hexafluorophosphate in acetonitrile with
a concentration of the compounds of 5 mM. CVs were rec-
orded using a Volta-lab 3.1 potentiostat (Radiometer)
equipped with a digital electrochemical analyzer DEA 101
and an electrochemical interface IMT 102. All experiments
were run at room temperature (25 °C) under Argon purified
with a CuO catalyst for dioxygen removal. The electronic
spectra of all molecules are recorded in acetonitrile solu-
tion. The electronic spectra have been measured for the
same solution under inert argon gas using a Perkin-Elmer
Lambda 650 UV-vis spectrophotometer, working in the
wavelength range 190-900 nm.

3. Result and Discussion
3.1. Electrochemical Behaviour

The electrochemical behavior of [Ni(tta),(H,0),],
[Co(tta),(H,0),], [Cu(tta),], and [Zn(tta),(H,O),] are car-
ried out using cyclic voltammetry in acetonitrile solution.
The scan rate was a 200 mV/s. The electrochemical data of
the respective complexes are listed in the Table 1. The cyc-
lic voltammogram of the GC electrode in 0.1 M of tetra-n-
butyl ammonium hexafluorophosphate in acetonitrile solu-
tion in the absence of any complex shows no electron ex-
change occurred as shown in Figure 1. With the addition of
the 1-thenoyl-4,4,4-trifluoroacetone ( = tta) ligands one
irreversible anodic peak at £,, =+ 1.88 V is appeared (see
Figure 2). This potential peak relates to the oxidation of
thienyl unit [13-14]. When the scanning was going toward
the negative potential, the cyclic voltammogram exhibited
one cathodic reversible redox peak at £;,=—1.10 V (AE =
570 mV) vs. Cp,Fe/Cp,Fe as shown in the Figure 2. This
redox peak corresponds to the reduction peak for the fluo-
rinated B-diketone fragment [14].

0
2

Fig. 1. Cyclic voltammogram of acetonitrile solvent (¢ = 2.0 x 10°M) in
the presence of [n-Bu,N][PF] (c = 0.1 M) at 25 °C under argon at a scan
rate of 200 mV s™'; potentials are referenced to FcH/FcH" as internal
standard.
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Fig. 2. Cyclic voltammogram of H-tta ligand in 6 ml acetonitrile solution
(c = 2.0 x 10-3M) in the presence of [n-Bu4NJ[PF6] (c = 0.1 M) at

25 °C under argon at a scan rate of 200 mV s-1; potentials are referenced
to FcH/FcH+ as internal standard (E1/2 = 0.00 V, CH3CN).

Table 1. Cyclic Voltammetric data for H-tta and their metal p-diketonates
complexes.

Positive
Negative potential poteind
g P (thiophene
ring)
Com lex Ercd/ onid/ El/Z/ AE/ onid/ onid/
P \% vV vV mv Vv \%
H-tta 138 081 1.10 570 +1.88
1.90
[Colta)(H00] 516 192 204 240 il
. 211 +1.40
[Ni(a):(H:00] 551 509 220 220 +1.64

[Ni(OAc).2H,0] 1.80

1.70

[Zn(ta:(H00]  50e 187 193 310

+ 1.53 (broad)

[Cu(OAc),.H,0] {106‘% {0.5} +1.16
{1.06 {05} 0.82 480 + 195 (+
[Cutta)] 1.66} 112 1080 %81 073

The electrochemical data for the second and third cycle.

The [Cu(tta),] complex exhibits initially two reduction
peaks in the negative region at £,. = — 1.06 and — 1.66 V
with a large corresponding oxidation peak at £,. = — 0.58

V as shown in Figure 3 . The peak separation (AE) of this
couple [E;», = — 0.82 and — 1.12 V] is 480 and 1080 mV,
respectively. Furthermore, it exhibits one irreversible oxi-
dation peak in the positive region at E,, = + 1.95 V. In
analogy to the reported electrochemical data of thiophene
and oligothiphene [13-14] and previously reported copper
complexes: i) the first reversible redox peak correspond to
the reduction behavior of copper atom. ii) the second re-
duction process corresponds to the reduction of the fluori-
nated [-diketone fragment. iii) The irreversible anodic
peak is related to the oxidation of theinyl ring. Copper
complex exhibits two redox processes, each reduction is
associated with a single-electron transfer process. The re-
duction peak corresponds to the first electron transfer of
Cu(IT)~>Cu(I) process, which is overlapped with the reduc-
tion peak of fluorinated F-diketone unit. The E,. and E,,
values were observed in agreement with the reported re-
sults [15-17]. In compression, the reduction potentials of
Cu(Il) exhibits more negative potential value than
Cu(OAc), H,O [E,,=-097 Vand —1.62V,4E=045V
and 1.10 V, E;, = —0.75 V and — 1.07 V] (see Figure 4).
The most significant feature in the cyclic voltammogram of
both [Cu(tta),] and Cu(OAc),.H,O is the ratio of each ca-
thodic to an anodic peak height. It is slightly more than two.
During continued scanning in the negative region up to -
1.50 V only, the height of this ratio becomes one (see Fig-
ures 3 and 4). This indicates that the large anodic oxidation
peak (at £,, = — 0.58 V) corresponds to the two oxidation
processes. One of them relates to the anodic peak of fluori-
nated [-diketone unit. The reduction potential of
®-diketonate is found less negative than non-coordinated
H-tta ligand. One explanation for the defaulting reduction
of Cu(Il) is an electron-withdrawing effect of fluoride
atoms anchored in #ta ligand. The reduction in electron
density on the copper and distortion in geometry may in-
fluence facial conversion of Cu(Il)> Cu(I). The easier
reduction of ®—diketonate ligand suggests a LUMO level
decrease in energy. Moreover, the cyclic voltammogram
exhibits further irreversible anodic peak at + 0.81 V, which
is probably attributed to the Cu(II)/Cu(IIl) couple. This
peak was reported in one of the previous studies [18],
where it was identical with the value obtained from this
study. It shifted to the less positive potential compared with
Cu(OACc),.H,O (see Table 1). When the scanning is going
further toward the positive potential, the cyclic voltammo-
gram of [Cu(tta),] complex exhibit irreversible anodic peak
at + 1.95 V. In analogy to the reported electrochemical data
of thiophene and oligothiphene [13-14], this oxidation po-
tential is related to the thiophene moiety. This oxidation
potential shift to the more positive potential compared to
the non-coordinated H-tta ligand (+ 1.88 V). This observed
peak corresponds to a backward shoulder at — 0.07 V. This
shoulder was shown previously at — 0.10 V in the cyclic
voltammogram of H-tta ligand as shown in Figure 3. It is
appeared after the oxidation of thiophene rings. This may
due to the changing in the thiophene ring through the elec-
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trochemical measurement.
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Fig. 3. Cyclic voltammogram of [Cu(tta)2] in 6 ml acetonitrile solution

(c = 2.0 x 10-3M) in the presence of [n-BudNJ[PF6] (c = 0.1 M) at

25 °C under argon at a scan rate of 200 mV s-1; potentials are referenced

to FcH/FcH+ as internal standard (E1/2 = 0.00 V, CH3CN).
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Fig. 4. Cyclic voltammogram of Cu(OAc),.H>O in 6 ml acetonitrile solu-
tion (¢ = 2.0 x 10°M) in the presence of [n-Bu,N][PF4] (c = 0.1 M) at
25 °C under argon at a scan rate of 200 mV s ; potentials are referenced
to FcH/FcH™ as internal standard (E12 = 0.00 V, CH;CN).

A cyclic voltammogram of [Ni(tta),(H,0),] is presented
in Figure 5, which displays an irreversible reduction peak
at £,. =— 2.11 V and one reversible reduction peak at E,.
=— 2.31 V. This reversible-mentioned peak associates with
a backward oxidation peak at E,, =—-2.09 V [A4E =022V
and 1.10 V, E;, = — 2.20 V]. This redox peak corresponds
to the reduction peak of the fluorinated F-diketone frag-
ment. The cathodic irreversible peak corresponds to the
reduction peak of the Ni(I[)>Ni(I). This cathodic irrevers-
ible peak shift to the more negative potential compared to
Ni(OAc),.6H,0 (- 1.80 V) (see Figure 6). As the scan is
going to the more positive potential up to + 2.50 V, two
anodic irreversible peaks at +1.40 (as a major peak) and
+1.64 V (as a minor peak) are observed. These anodic po-
tentials correspond to the oxidation of thienyl ring. In addi-

tion, these major and minor oxidation potentials shifts to
the lower potential compared to non-coordinated H-tta li-
gand. The main reason for such shift is due to the extend-
ing of the m-systems in complex through O—M-O unit.
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Fig. 5. Cyclic voltammogram of [Ni(tta),(H,0),] in 6 ml acetonitrile
solution (c = 2.0 x 10°M) in the presence of [n-BuNJ[PFs] (c = 0.1 M)
at 25 °C under argon at a scan rate of 200 mV s™'; potentials are refe-
renced to FcH/FcH' as internal standard (E1; =0.00 V, CH;CN).
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Fig. 6. Cyclic voltammogram of Ni(OAc),.4H,0 in 6 ml acetonitrile solu-
tion (¢ = 2.0 x 10°M) in the presence of [n-Bu,NJ[PF4] (c = 0.1 M) at
25 °C under argon at a scan rate of 200 mV s™; potentials are referenced
to FcH/FcH" as internal standard (E1; = 0.00 V, CH;CN).

Figure 7 represents the cyclic voltammogram of
[Co(tta),(H,O0),]. The CV measurements shows that
[Co(tta),(H,0),] complex exhibits similar electrochemical
behavior of the [Ni(tta),(H,O),] complex. The main differ-
ences between the CVs of [Co(tta),(H,O),] and
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[Ni(tta),(H,0),] complexes are: i) the redox potential of the
fluorinated S-diketone fragment [E;, = — 2.04 V] shifts to
the lower potentials compared to H-#ta ligand and
[Ni(tta),(H,O),] complex [19]. Here again, the reaction of
H-tta ligand with nickel or cobalt is followed by a ca. 310
mV more negative shifts. The cathodic irreversible peak
(Epe = — 1.90 V), we suggest, regard to the reducing of
Co(II)>Co(I). ii) The CV of [Ni(tta),(H,0),] complex
display only one reversible mono-electronic redox process.
This could be assigned to the reducing of Ni(Il)->Ni(I).
The redox potential of nickel complex is ca. 160 mV more
negative than the redox potential of cobalt complex. This
reflects a higher electron density at the cobalt center. iii)
the oxidation potential of thiophene ring (£,,= + 1.31 V)
was observed as one major irreversible peak. It shifted to
the lower positive potential compared to H-#ta ligand and
[Ni(tta),(H,0O),] complex.
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Fig. 7. Cyclic voltammogram of [Co(tta),(H.0).] in 6 ml acetonitrile
solution (c = 2.0 x 10°M) in the presence of [n-BuNJ[PFs] (c=0.1 M)
at 25 °C under argon at a scan rate of 200 mV s™'; potentials are refe-
renced to FcH/FcH' as internal standard (E,;; = 0.00 V, CH;CN).

Figure 8 shows the cyclic voltammogram of
[Zn(tta),(H,0),]. The voltammogram exhibits initially two
cathodic peaks. It has been observed that the first peak (£,
=—1.90 V) is irreversible. This could be related to the re-
ducing of Zn(IT)=>Zn(I). The second cathodic peaks is re-
versible redox [E,, = — 2.08 V, 4E = 260 mV and E,,, = —
1.93 V]. It can be related for reducing of the fluorinated S-
diketone unit. In the positive region up to +2.50 V, one
irreversible oxidation potential peak (£,, = + 1.53 V) was
observed for the thiophene/thiophene redox couple. In
compression with the electrochemical data for H-tta [15-16]
and their complexes (in this study), some differences are: 1)

the redox couple of the fluorinated S-diketone unit (E,oq=—
1.93 V) shifts to the higher negative potential compared to
un-coordinated H-tta (E;, = — 1.10 V). ii) it shifted to the
lower negative potential compared to the [Co(tta),(H,0),]
and [Ni(tta),(H,O),] complexes, but it was found higher
than the Cu(tta), complex. iii) The oxidation potential of
thienyl ring (£,, = + 1.53 V) shifts to the lower positive
potential compared to H-tta (E,, = + 1.88 V) ligand. The
direct reaction of a H-tta ligand with zinc(Il) followed one
irreversible mono-electronic reduction process at a much
more negative potentials (£,= — 1.70 V) that assigned to
Zn(I1)>Zn(I) [20]. This redox value is less than the nickel
and cobalt complex by 410 and 360 mV, respectively. This
reflects a higher electron density at the Zn(II) atom com-
pared to Co(IT) and Ni(II) atoms.
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Fig. 8. Cyclic voltammogram of [Zn(tta),(H>0),] in 6 ml acetonitrile
solution (c = 2.0 x 10°M) in the presence of [n-BuNJ[PFs] (c = 0.1 M)
at 25 °C under argon at a scan rate of 200 mV s™'; potentials are refe-
renced to FcH/FcH' as internal standard (Ei; =0.00 V, CH;CN).

3.2. Electronic Behavior

Electrochemical potential and the energy band gap are
among the most important physical properties to be taken
into account in order to envision applications of the materi-
al. Therefore, the electronic transition band and transition
energies are calculated using UV-Vis spectrophotometer.
The electronic spectral measurements were used for assign-
ing the stereo-chemistries of metal complexes based on the
positions and number of d—d transition peaks. The electron-
ic absorption spectra of metal(Il) complexes were recorded
in 10 M in acetonitrile in the range 200-1100 nm at room
temperature. The results of the solution spectra are pre-
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sented in Figure 9 and Table 2.
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Fig 9. Electronic Absorption for [Co(tta),(H,0),], [Ni(tta),(H,0),] and

[Cu(tta),] (tta = deprotonated of 1-thenoyl-4,4,4-trifluoroacetone) in 107
M acetonitril solution.

Table 2. UV-Vis spectroscopic data for H-tta and their metal
p—diketonates complexes

Complex Amax (nm) Abs Emax (IMol'cm’™)
273 0.610
H-tta 2 1,090 54500
229
[Co(tta),(H,0),] 269 0,033 a5
o ) 0,185 9250
[Co(OAc),.2H,0] 563 b
0d o 0,444 22200
390
191
. 218
[Ni(tta),(H:0)] 5.0 0,598 29900
d-d 2 0,183 9150
[Ni(OAc)2H,0] ¢ g 0,374 18700
d-d 0,948 47400
214
397 br
217
[Cu(tta),] 279
d-d 339 0,179 8950
[Cu(OAc),. H,0] 629 0,446 22300
d-d 212 1,211 60550
d-d 380
674
191 0,854
233 0234 ﬁ;gg
[Zn(tta),(H,0)] 246 0,128 i
[Zn(OAc),.2H,0] 270 0,499
24950
337 1,794 e
194 1.358

The electronic spectra of all complexes in acetonitrile
are very similar to each other and consist of three bands in
the regions of 190 to 350 nm, which clearly shown in one
large band for the free H-tta. These absorption bands have
assigned to HOMO -> LUMO transitions due to charge
transfer or intra-ligand transitions. In contrast to the H-tta
ligand, the generally increasing wavelengths (i.e. lower
transition energy gap) are observed due to the lowering
energy band gap (Eyomo - ELumo)- The energy gap decreas-
es because the delocalization of z-electrons along the con-
jugated backbone. The n-conjugation makes more occupied
levels available at higher energies and this is the reason for
the lower of the band gap (Enomo - ELumo), Which shifts the
oxidation potentials of thiophene ring to the lower value. In
the same time the reduction of the metal must be higher.

The appearance of a single d-d transition (at 563 nm) in
the cobalt complex is attributed to the low spin six-
coordinate distorted octahedral [21].

The electronic spectra of all the copper(Il) complexes in
acetonitril show a broad band centred at 629 nm. This
broadband is assigned to four-coordinate square-planar
geometry [22]. This d-d transition is in the region of that
observed for structurally well-characterized complexes of
copper(Il) with the square-planar geometry [23]. The other
intense bands are due to charge transfer or intra-ligand
transitions.

4. Conclusion

The metal f—diketonate complexes showed almost simi-
lar electrochemical fashion in acetonitrile. We could con-
clude from the cyclic voltammetry that the direct reaction
of H-tta ligand with metal atom is followed by 310 more
negative shifts, reflecting a higher electron density in the
metal center of complexes. In addition, the major and mi-
nor oxidation potentials related to thiophene entity shifts to
the lower potentials which indicate for extending of the m-
systems in complex through O—M-O unit. In addition, the
direct reaction of H-tfa ligand to the metal atom (atomic
overlap in metal-ligand bond) decreases the HOMO-
LUMO transition (charge transfer of intra-ligand transi-
tions). From the other side, the easier oxidation of thio-
phene suggests an increase HOMO energy level. This can
decrease the charge transfer (MLCT) energy gap. In addi-
tion, the more negative potential for the reduction of
p—diketonate moiety suggest an increase in LUMO energy
level.
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